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 It gives me great pleasure to write this foreword on this new book about diabetic nephropathy. 
In the last two decades, we have made tremendous progress in treating diabetes with an 
improvement in overall glycemic control and better blood pressure control leading to a 
marked reduction in the microvascular complications of diabetes and their progression. As a 
result, there has been a signifi cant decline in the rate of end-stage renal disease needing dialy-
sis. However, the diabetes and obesity epidemic continues to take its toll, by increasing the 
total number of patients with the condition, so that although the rate has declined, the number 
of patients on dialysis continues to increase. Thus, clinical and societal burden of patients 
with diabetic nephropathy remains a major public health problem. In addition, certain suscep-
tible individuals either through genetic predisposition or through neglect of their risk factors 
continued to have accelerated disease with poor long-term prognosis. Therefore, we need to 
continue to improve our understanding of the condition, its pathophysiology, and current 
treatment, while developing new treatment strategies, based on the appreciation of novel 
treatment targets. 

 This book summarizes the current state of the art in diabetic nephropathy. The fi rst part 
discusses the fascinating history of the condition and the challenging scope of the problem 
along with its natural history. It discusses the pathogenesis including hemodynamic alterations 
related to the renin–angiotensin system and the structural changes that ensue, both in adults 
and in children as well as in both types of diabetes. 

 The second and third parts discuss the clinical presentation including strategies for early 
diagnosis, using novel genetic markers and predictors, as well as clinical pearls to help us to 
recognize atypical presentations and develop an appropriate differential diagnosis. Important 
associations are discussed, particularly hypertension, cardiovascular disease, lipid disorders, 
and eye complications, as well as the special situation of pregnancy. Finally, they discuss trans-
plantation not just to the kidney, but the combined kidney–pancreas transplantation that offers 
the potential for complete cure of the condition. 

 This book will serve as an important reference source for the clinician and researcher and 
help us fi nd ways to eliminate this devastating complication of diabetes.  

    New Orleans, LA, USA Vivian     Fonseca, M.D.     

   Foreword     
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 Diabetic nephropathy is the most common cause of end-stage kidney disease in the USA and 
Europe, and its incidence and prevalence continue to rise at a great human and economic cost. 
Over the past decade there has been literally an explosion of research to all aspects of diabetes 
and diabetic nephropathy, such as better defi nition of clinical patterns, i.e., latent autoimmune 
diabetes of the adult (LADA), maturity onset diabetes of the young (MODY), etc. Novel clini-
cal biomarkers beyond microalbuminuria are being explored, and the implications of protein-
uria in diabetes are being reassessed. Recent research continues to discover and characterize 
new molecular, immunologic, genetic, and epigenetic mechanisms in the pathogenesis of 
 diabetic kidney disease. Advances in the approach to eye disease associated with diabetes in 
relation to diabetic kidney disease, diabetes during pregnancy, and diabetic kidney disease in 
children are among the topics covered. The spectrum of histopathology is described in greater 
detail with focus on pathophysiology. Newer drugs with novel mechanisms of action have been 
introduced to clinical practice, and additional drugs are likely to follow in the near future. 
Advances in biotechnology are opening up a whole new vista with an eye to futuristic therapies 
taking advantage of newer insights into regenerative medicine. There are improvements in 
transplant medicine, exploring newer protocols in kidney pancreas transplant, islet cell trans-
plant, and even in cross-species transplantation. That diabetes is not a simple lack of glycemic 
control and it is associated with a broad array of metabolic disorders including lipid abnormali-
ties had been appreciated for sometime, but, again, recent research has contributed new insight 
into our understanding of these associated metabolic disorders and the consequent cardiovas-
cular morbidity. 

 The purpose of this book is to provide a convenient single volume to practitioners and 
investigators, as well as medical students and residents, where an overview of the recent 
advances in the theory and practice of diabetic kidney disease with an eye on future prospects 
is available. This, of course, is an ambitious goal; however, we are pleased that we have been 
able to arrange a coherent collection of chapters authored by prominent experts in their fi elds 
making it possible to not only view the current state of the art in diabetic nephropathy but also 
provide a starting place for additional reading for those who might wish to further investigate 
a certain aspect of diabetic nephropathy. We are hopeful that the readers of this book, whether 
clinicians, clinician-scientist, or basic researchers, will fi nd this book a useful compilation, and 
the reader regardless of her/his level of knowledge in the fi eld will be able to glean some useful 
information for her/his purpose. 

 We are thankful to our contributors for preparing their chapters, for their patience and 
understanding with the editors’ suggestions, and making this book a comprehensive review of 
the current status of diabetic kidney disease. This book would not have been possible without 
the expert guidance, support, and assistance of our developmental editor Connie Walsh and 
senior editor Gregory Sutorius, and we wish to thank them for their efforts. 

 Chicago, IL, USA Edgar V. Lerma, M.D. 
 New Orleans, LA, USA Vecihi Batuman, M.D.  

  Pref ace       
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           Introduction 

 Symptoms of diabetes are recorded as far back as 400  b.c .; 
the Indian physician Susruta describes diabetes in an ancient 
Hindi document as “madhumeha” or the honeyed-urine dis-
ease [ 1 ]. Around 150  a.d ., the Greek physician Aretaeus of 
Cappadocia wrote:

  Diabetes is a remarkable disorder, and not one very common to 
man. It consists of a moist and cold wasting of the fl esh and 
limbs into urine… the secretion passes in the usual way, by the 
kidneys and the bladder. It is not improbable, also, that some-
thing pernicious, derived from other disease which attack the 
bladder and kidneys may sometimes prove the cause of this 
affl iction. The patients never cease making water, but the dis-
charge is as incessant as a sluice let off. This disease is chronic 
in character, and is slowly engendered, though the patient does 
not survive long when it is completely established for the maras-
mus produced is rapid and death is speedy [ 2 ].... 

   For many centuries thereafter, diabetes mellitus was 
regarded as a disease of the kidney.  

    The Discovery of Diabetic Nephropathy 

 Following the now famous paper published by Paul 
Kimmelstiel and Clifford Wilson in 1936, many incorrectly 
assume that diabetic renal disease was recently recognized. 
However, the discovery of diabetic nephropathy has been a 
gradual process, and the meaning of diabetic renal disease 
has changed over time [ 3 ]. 

 Erasmus Darwin [ 4 ] described it as urine that could be 
coagulated by heat, confi rming the observations of 

Cotunnius [ 5 ] and Rollo [ 6 ] that the urine of some diabetics 
contained protein [ 7 ]. In the 1830s, research conducted by 
the “father of nephrology” Richard Bright into the causes of 
kidney disease led to what became known as Bright’s dis-
ease. Pierre-François Olive Rayer [ 8 ] and Wilhelm 
Griesinger [ 9 ] were the fi rst to hypothesize that diabetes 
might cause a form of Bright’s disease. 

 In the 1850s, much data on renal histology in patients with 
diabetes were published. Lionel Beale examined the histol-
ogy of enlarged diabetic kidneys and analyzed them chemi-
cally, showing an excess of fat present in the tubules. Luciano 
Armanni (1875, cited by Ebstein) and Wilhelm Ebstein [ 10 ] 
described vacuolization of renal tubular epithelium. 

 The concept of diabetic nephropathy continued to 
develop, and in 1883, Ehrlich confi rmed glycogen infi ltra-
tion—a common postmortem fi nding in the pre-insulin era. 
For the next 50 years, these tubular deposits of glycogen 
were the only lesion believed to be specifi cally associated 
with diabetes, later called “nephropathia diabetic” by 
Aschoff in 1911. 

 Kenzo Waku [ 11 ] published a description of diffuse capil-
lary wall thickening studied by silver staining in 8 of 13 dia-
betic patients, in a Japanese journal written in German. No 
clinical details of the patients were provided, and the study 
gained little attention. It was not until 1936, when Kimmelsteil 
and Wilson published their paper “Intercapillary lesions in 
glomeruli of kidney” in the American Journal of Pathology, 
that interest intensifi ed in the study of diabetic vascular 
complications.  

    The Pathology of Diabetic Renal Disease 

 Paul Kimmelstiel (1900–1970), a native of Hamburg, 
Germany, came to the USA in 1933. Clifford Wilson (1906–
1997), a relatively unknown British clinician, went to 
Harvard University as a Rockefeller travelling fellow and 
met Kimmelstiel. Their fi rst paper [ 12 ] described glomerular 
lesions in eight patients who died of renal failure. The lesions 
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were attributed to diabetes mellitus because seven of the 
eight patients were known to have the disease. Most of the 
patients had hypertension, heavy albuminuria, and edema, 
and were aged 48–68 years. The diabetic patients had diabe-
tes from a range of 10 months to 10 years. Their glomeruli 
showed uniform lesions involving large expansion of the 
intercapillary space. This expansion was shown to be con-
tinuous with the hyaline lesions of the afferent glomerular 
arteriole. Kimmelstiel and Wilson did not emphasize the 
association of these lesions with diabetes, but suggested that 
the appearance was an acceleration of senile glomeruloscle-
rosis. They noted that it was a rare fi nding and that it could 
complicate glomerulonephritis. 

 Although Kimmelstiel and Wilson’s observations were 
received initially with uncertainty, they stimulated interest 
in diabetic vascular pathology. After their publication, the 
eponym “Kimmelstiel–Wilson nodules” began to be 
applied to diabetic renal lesions. However, it was Arthur 
Allen (1941) who clarifi ed the link with diabetes [ 13 ]. He 
studied autopsies of 105 patients with diabetes (all of which 
were over age 40), 100 patients with hypertension, 100 
patients without hypertension or diabetes, and 34 patients 
with glomerulonephritis. Thirty four percent of the diabet-
ics showed the lesion, but otherwise it was seen in only 
three other patients.  

    Initial Studies of Renal Biopsies 

 Before 1950, renal histology samples were mostly obtained 
from autopsied patients. The only way of analyzing kidney 
tissue from a live person was through an open operation. In 
1951, Danish physicians Poul Iversen and Claus Brun 
described a method involving needle biopsy [ 14 ]. It became 
possible to obtain renal specimens of diabetic patients in all 
stages of disease. By the end of the 1950s, there were a large 
amount of data collected such as those published by Robert 
Kark in Chicago [ 15 ]. These data revealed that patients with 
mild glomerular disease may have heavy proteinuria, and 
patients with less renal involvement may have complex 
lesions of nodular glomerulosclerosis. 

 In 1957 the electron microscope [ 16 ] and in 1959 
immunofluorescent protein tracing [ 15 ] were used to 
study glomerular lesions in patients with diabetes melli-
tus. Using these techniques, the hypothesis of a diffuse 
thickening of the basement membrane in diabetics was 
proven. In 1956, Ruth Østerby-Hansen published a study 
[ 17 ], which showed that there was no thickening of the 
peripheral glomerular basement membrane in early dia-
betic patients. This finding brought forth the possibility 
of treatment through modifying whatever was causing 
subsequent changes.  

    Radioimmunoassay and the Concept 
of Microalbuminuria 

 In New York in the 1950s, Rosalyn Yalow and Solomon 
Aaron Berson developed the technique of radioimmunoas-
say, and they later published their fi ndings [ 18 ]. The tech-
nique allowed for the precise measurement of minute 
amounts of proteins and hormones. In 1960, Harry Keen and 
associates from Guy’s Hospital used the technique to detect 
small amounts of albumin in the urine of diabetics. Their 
paper [ 19 ] was published in the Lancet in 1963. Keen studied 
diabetics at all stages of disease, including those who had no 
proteinuria on conventional testing. Keen realized that ele-
vated albumin excretion below the proteinuric level might be 
important in the natural history of diabetic renal disease, and 
the concept of microalbuminuria was developed. 

 In 1982, GianCarlo Viberti published fi ndings that con-
fi rmed that microalbuminuria could predict the subsequent 
evolution of overt nephropathy with proteinuria in type 1 
diabetics [ 20 ], and in 1984, Carl-Erik Mogensen showed the 
same fi nding in type 2 diabetics [ 21 ]. Concurrently, it became 
apparent that the reduction of blood pressure could postpone 
renal failure [ 22 ].  

    The Discovery of the Renin–Angiotensin–
Aldosterone System 

 In the 1950s, Mann et al. documented the natural history of 
diabetic renal disease. Death from renal failure that resulted 
from diabetic nephropathy usually occurred in patients who 
had longstanding type 1 diabetes. However, after the 1970s 
with improved treatments, much larger number of patients 
with type 2 diabetes began to survive and develop end-stage 
renal disease. Attention began to shift from the treatment to 
the prevention of diabetic nephropathy. 

 Pharmacologic blockade of the renin–angiotensin–aldoste-
rone system (RAAS) has become the standard of care for 
patients with type 2 diabetes mellitus and renal involvement 
[ 23 ]. The history of the discovery of the RAAS began in 1898 
with the studies by Tigerstedt and Bergman, who reported the 
pressor effect of renal extracts; they named the renal substance 
renin based on its origin [ 24 ]. Angiotensin- converting enzyme 
inhibitors (ACE-i) were the fi rst class of clinically applicable 
drugs that specifi cally block the RAAS. Originally, ACE-i 
were developed as antihypertensives, in particular aimed at 
the treatment of high renin hypertension. The fi rst proposals 
[ 25 ,  26 ] that the outcome of diabetic nephropathy could be 
improved using RAAS blockade with ACE-i drugs began in 
the early 1980s. Brenner and Zatz showed that rats with diabe-
tes that were treated with ACE-i were protected against 
nephropathy; however, conventional blood pressure lowering 

M. Haggar and V. Fonseca



3

agents did not [ 27 ]. The fi rst controlled trial [ 28 ] of ACE-i in 
humans with diabetes appeared in 1987. 

 In 1993, the landmark study using captopril was published 
[ 29 ]. The trial demonstrated that captopril protected against 
deterioration of renal function in patients with type 1 diabetes 
and diabetic nephropathy and was signifi cantly more effective 
than blood pressure control alone. Captopril reduced the risk 
of doubling of the serum creatinine by 48 % when compared 
with standard antihypertensive therapy. Both treatment groups 
had similar blood pressures; thus, the effect of captopril on 
progression was determined to be independent of its antihy-
pertensive properties, an effect termed “renoprotection.” 

 In 2001, the Irbesartan Diabetic Nephropathy Trial [ 30 ], 
designed to ascertain whether the use of the angiotensin-II 
receptor blocker Irbesartan or the calcium channel blocker 
amlodipine provided similar renoprotection in overt nephrop-
athy associated with type 2 diabetes, was published. Irbesartan 
was shown to reduce the risk of doubling the serum creatinine 
by 33 % when compared with standard antihypertensive ther-
apy and by 37 % when compared with treatment with amlo-
dipine. Blood pressures were again similar across groups, 
indicating that these salutary effects were a result of renopro-
tection. Similar results were reported using losartan in the 
Reduction of End Points in NIDDM with the Angiotensin II 
Antagonist Losartan (RENAAL) trial [ 31 ]. 

 Results of the Irbesartan in Patients with Type 2 Diabetes 
and Microalbuminuria (IRMA II) trial were also published in 
2001. IRMA II studied the effects of the use of Irbesartan 
(300 or 150 mg/day versus placebo) to prevent progression 
from the earlier stage of microalbuminuria to the later stage 
of overt nephropathy in patients with hypertension and type 2 
diabetes. The study demonstrated that patients receiving 
Irbesartan (300 mg/day) had about one third the risk of devel-
oping overt nephropathy compared with the patients not 
receiving (adjusted risk reduction 68 % at 300 mg/day) [ 32 ].  

    Value of Glycemic Control 

 Diabetes is the most common cause of ESRD in Western coun-
tries, and glycemic control is correlated with the development 
and progression of diabetic nephropathy (DN). Epidemiologic 
studies have demonstrated that DN risk is higher in patients 
with poor metabolic control [ 26 ,  33 ,  34 ]. Although genetic fac-
tors modulate DN risk and some patients do not develop this 
complication despite several years of poor glycemic control, 
there is evidence that hyperglycemia is a necessary precondi-
tion for DN lesions. Two major early glomerular lesions, glo-
merular basement membrane thickening and mesangial 
expansion, are not present at diagnosis of diabetes but are 
found 2–5 years after onset of hyperglycemia [ 33 ]. 

 Studies in identical twins who are discordant for type 1 
diabetes support the concept that hyperglycemia is necessary 

for the development of diabetic glomerulopathy. Twin stud-
ies show that the nondiabetic siblings had structurally nor-
mal kidneys, while their diabetic twin pair had glomerular 
lesions [ 35 ]. Moreover, normal kidneys from nondiabetic 
donors that are transplanted into patients with diabetes 
develop lesions of DN [ 36 ,  37 ]. 

 A number of articles now suggest a long-term survival 
advantage with simultaneous pancreas kidney (SPK) trans-
plantation, compared with single kidney transplantation 
alone for patients with end-stage renal disease caused by dia-
betic nephropathy [ 38 ]. SPK offers the opportunity to test the 
ability of pancreas transplantation to prevent the develop-
ment of diabetic glomerular lesions, because the renal graft 
has never been exposed to hyperglycemia. Patients who have 
dual-organ operation almost always normalize their glyce-
mic values afterward, and this is partly why these patients 
live longer than those who get a kidney alone. In 1985, 
Bohman et al. were the fi rst to demonstrate that the develop-
ment of diabetic glomerulopathy was prevented in the recipi-
ents of SPK [ 39 ]. In 1993, the same group confi rmed prior 
observations when they reported data on a cohort of 20 SPK 
patients who were followed for up to 6 years, compared with 
a group of 34 kidney transplant recipients with diabetes [ 40 ]. 
More recent studies support the same observation [ 41 ,  42 ].  

    Treatment of Hyperglycemia 

 In type 1 diabetes, the Diabetes Control and Complications 
(DCCT) Research Group trial demonstrated that intensive 
treatment was associated with decreased incidence of micro-
albuminuria and reduced progression to macroalbuminuria 
as compared with conventional treatment [ 43 ]. In type 2 dia-
betes, the UK Prospective Diabetes Study (UKPDS) Group 
trial demonstrated a reduced incidence of microalbuminuria 
in the intensively treated group as compared with conven-
tional treatment, but a parallel fi nding in macroalbuminuria 
was not signifi cant [ 44 ]. However, the Kumamoto study [ 45 ] 
and the Veterans Affairs Cooperative study [ 46 ] both showed 
that intensive treatment was effective for primary prevention 
(decreased incidence of microalbuminuria) and secondary 
prevention (reduced progression to macroalbuminuria). 

 The Epidemiology of Diabetes Interventions and Compli-
cations (EDIC)/DCCT follow-up study [ 47 ] and the UKPDS 
study also found that lowering HbA1c reduced decline in 
GFR in type 1 and type 2 diabetes, respectively.  

    Intensive Glycemic Control 

 The benefi t of intensive glycemic control for nephropathy is 
currently under debate. Intensive treatment of hyperglycemia 
may prevent DN, including development of microalbuminuria, 
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but there is little evidence that it slows the progression of 
chronic kidney disease [ 48 ]. 

 In the Action to Control Cardiovascular Risk in Diabetes 
(ACCORD) trial, assignment of the treatment group to an 
HbA1c goal of less than 6 % led to increased mortality and 
cessation of the trial [ 49 ]. Furthermore, in one analysis of 
data from the ACCORD study, combined intensive glycemic 
and blood pressure control did not produce an additive ben-
efi t on microvascular outcomes in patients with type 2 diabe-
tes. This differs from the fi ndings of the ADVANCE study 
[ 50 ], which showed that intensive glucose and BP controls 
were independently benefi cial and their combination pro-
duced synergistic benefi ts in nephropathy, new-onset micro-
albuminuria, and new-onset macroalbuminuria.  

    Current Status 

 The rate of diabetes-related ESRD incidence among indi-
viduals with diabetes is decreasing [ 51 ]. However, the over-
all prevalence of diabetes-related ESRD in the general 
population continues to increase because of the growing 
number of individuals with diabetes. Therefore, diabetic 
nephropathy continues to be a major public health problem.     
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        Diabetic nephropathy is a common complication of diabe-
tes and the leading cause of chronic kidney disease in the 
developed world. Approximately 40 % of persons with dia-
betes develop diabetic nephropathy, manifested as albu-
minuria and/or decreased glomerular fi ltration rate. Even 
mild degrees of albuminuria and decrease in glomerular 
fi ltration rate are associated with signifi cantly increased 
risks of cardiovascular disease, end-stage renal disease, and 
premature deaths. 

    Epidemiology of Diabetic Nephropathy 

 Prevalence of diabetes has reached epidemic proportions in the 
world. According to the International Diabetes Federation, 
there were 366 million people with diabetes in 2011, and this 
is expected to rise to 552 million by 2030 [ 1 ]. Most people 
with diabetes live in low- and middle-income countries, and 
these countries are anticipated the greatest increase in diabe-
tes over the next decades. In the USA, 11.3 % or 25.6 million 
adults aged 20 years or older had diabetes in 2011, with 
prevalence increasing in older age groups (26.9 % of people 
aged ≥65 years) [ 2 ]. 

 With the global epidemic of diabetes, diabetic nephropa-
thy has become an important clinical and public health chal-
lenge. IH de Boer and colleagues estimated the disease 
burden of diabetic nephropathy in the US adult population 
aged 20 years or older using data from the National Health 
and Nutrition Examination Survey [ 3 ]. Diabetic nephropathy 
was defi ned as diabetes with the presence of albuminuria, 
impaired glomerular fi ltration rate, or both. The prevalence 
of diabetic nephropathy in the US adult population aged 
20 years and older was 3.3 % (95 % confi dence interval, 
2.8–3.7 %) (Table  2.1 ). The estimated number of persons 

with diabetic nephropathy in the USA was 6.9 million 
(95 % CI, 6.0–7.9 million) during 2005–2008 [ 3 ]. Among 
the US adults with diabetes, the prevalence of any diabetic 
nephropathy was 34.5 %, the prevalence of albuminuria 
(with or without impaired glomerular fi ltration rate) was 
23.7 %, and the prevalence of impaired glomerular fi ltration 
rate (with or without albuminuria) was 17.7 % in 2005–2008 
(Table  2.1 ).

   The prevalence of diabetic nephropathy in the general 
population was not available from other countries. However, 
the prevalence of albuminuria in diabetes patients was 
reported in various populations. Parving HH et al. reported 
the prevalence of micro-/macroalbuminuria in a cross- 
sectional study among 32,208 type 2 diabetes patients from 
33 countries [ 4 ]. The overall prevalence of microalbuminuria 
and macroalbuminuria was 38.8 % and 9.8 %, respectively, 
in the study population. Asian and Hispanic patients had the 
highest prevalence of microalbuminuria (43.2 % and 43.8 %) 
and macroalbuminuria (12.3 % and 10.3 %) while Caucasians 
had the lowest microalbuminuria (33.3 %) and macroalbu-
minuria (7.6 %). Twenty-two percent of patients had 
impaired renal function (glomerular fi ltration rate <60 mL/
min/1.73 m 2 ). Unnikrishnan RI and colleagues reported that 
the prevalence of overt nephropathy and microalbuminuria 
was 2.2 % and 26.9 %, respectively, among type 2 diabetes 
patients in urban Asian Indians [ 5 ]. Among 8,897 Japanese 
type 2 diabetes patients from 29 medical clinics (i.e., general 
practitioners) or general/university-affi liated hospitals from 
different areas, the prevalence of microalbuminuria and 
decreased glomerular fi ltration rate (<60 mL/min per 1.73 m 2 ) 
was 31.6 % and 10.5 %, respectively [ 6 ]. 

 The prevalence of diabetic nephropathy varied among 
ethnic groups in the US population. The Pathways Study, a 
cross-sectional analysis among 2,969 primary care diabetic 
patients of a large regional health maintenance organization 
observed the racial/ethnic differences in early diabetic 
nephropathy despite comparable access to diabetes care [ 7 ]. 
Among those without hypertension, microalbuminuria was two-
fold greater (odds ratio 2.01; 95 % confi dence interval 1.14–3.53) 
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and macroalbuminuria was threefold greater (odds ratio 
3.17; 95 % confi dence interval 1.09–9.26) for Asians as 
compared with whites. Among those with hypertension, 
adjusted odds of microalbuminuria were greater for Hispanics 
(odds ratio 3.82; 95 % confi dence interval 1.16–12.57) than 
whites, whereas adjusted odds of macroalbuminuria were 
threefold greater for blacks (odds ratio 3.32; 95 % confi -
dence interval 1.26–8.76) than for whites [ 7 ]. 

 The prevalence of diabetic nephropathy has been increas-
ing in the US population. For example, de Boer and col-
leagues reported that the diabetic nephropathy prevalence 
increased 18 % from 1988–1994 to 1999–2004 and 34 % 
from 1988–1994 to 2005–2008 ( p  = 0.003 for trend). Increase 
in the prevalence of diabetic nephropathy was directly related 
to the increased prevalence of diabetes, without a change in 
the prevalence of diabetic nephropathy among those with 
diabetes [ 3 ]. Increases in diabetic nephropathy prevalence 
were largest for persons aged 65 years or older among whom 
diabetic nephropathy was most common. 

 Diabetic nephropathy is the single leading cause of end- 
stage renal disease, accounting for nearly half of all end- 
stage renal disease cases [ 8 ]. The US Renal Data System 
reported that the incidence rates (per million population) of 
end-stage renal disease due to diabetes, hypertension, glo-
merulonephritis, and cystic kidney disease in 2010 were 152, 
99, 22.7, and 8.1, respectively [ 8 ]. The prevalence of end- 
stage renal disease due to diabetes, hypertension, glomerulo-
nephritis, and cystic kidney disease in 2010 were 656, 437, 
263, and 85, respectively. Diabetic nephropathy is also the 
major cause of end-stage renal disease in other western pop-
ulations [ 9 ,  10 ]. 

 The costs for diabetic nephropathy to individual and soci-
ety are considerable [ 8 ,  11 ,  12 ]. In the USA, total Medicare 
spending in 2010 was $522.8 billion and expenditure for end-
stage renal disease was $32.9 billion [ 8 ]. This    number did not 
include expenditure for non-Medicare patients, which was 
additionally estimated to be $14.5 billion [ 8 ]. In 2010, overall 
per person per year costs for patients with chronic kidney dis-
ease reached $22,323 for Medicare patients aged 65 and older 
and $13,395 for non-Medicare patients aged 50–64 in the 
MarketScan database [ 8 ]. Among Medicare patients with 
both chronic kidney disease and diabetes, per person per year 
costs for African-Americans reached $28,651 and $24,593 in 
whites in 2010 [ 8 ]. The cost of diabetic nephropathy progres-

sion was recently analyzed using information from the Kaiser 
Permanente Northwest health maintenance organization [ 12 ]. 
Among patients who progressed, annual medical costs were 
37 % higher following progression from normoalbuminuria 
to microalbuminuria ($10,188 vs. $7,424) and 41 % higher 
following progression from microalbuminuria to macroalbu-
minuria ($12,371 vs. $8,753). 

 In summary, the prevalence of diabetic nephropathy is 
high and increasing in the US and other populations. Diabetic 
nephropathy accounts for nearly half of all incident cases of 
end-stage renal disease in the USA. In addition, diabetic 
nephropathy is associated with increased mortality from car-
diovascular disease and all causes. Medicare and non- 
Medicare spending on diabetic nephropathy and consequent 
end-stage renal disease is substantial in the USA. Therefore, 
the prevention of diabetic nephropathy is important to 
improve health outcomes of persons with diabetes and to 
reduce the societal burden of chronic kidney disease.  

    Obesity, Metabolic Syndrome, and Diabetic 
Nephropathy 

 The growing prevalence of obesity and metabolic syndrome 
(the cluster of risk factors including hypertension, insulin 
resistance and dyslipidemia) is the major driving force for 
the continued increase in the prevalence of type 2 diabetes 
[ 13 ]. These disorders likely interact to exacerbate the kidney 
damage (Fig.  2.1 ).

   Hypertension associated with obesity, metabolic syndrome, 
and diabetes may play an important role in the pathogenesis 
of diabetic nephropathy. Previous studies indicate that cen-
tral obesity, metabolic syndrome, and diabetes lead to 
increase of blood pressure [ 14 – 17 ]. Clinical trials also 
indicate that weight loss reduces blood pressure in most 
hypertensive subjects and is effective in primary prevention 
of hypertension [ 15 ]. 

 Central obesity induces hypertension initially by increasing 
renal tubular reabsorption of sodium and causing a hyperten-
sive shift of renal-pressure natriuresis through multiple 
mechanisms including activation of the sympathetic nervous 
system and renin–angiotensin–aldosterone system, as well 
as physical compression of the kidneys [ 18 ,  19 ]. The hyper-
tension, as well as the increases in intraglomerular  capillary 

    Table 2.1    Prevalence (95 % confi dence interval) of diabetic nephropathy in the US population, NHANES 2005–2008   

 Overall US population 

 Persons with diabetes 

 Total  Albuminuria  Impaired GFR 

 Age ≥20 years  3.3 (2.8, 3.7)  34.5 (30.5, 38.5)  23.7 (19.3, 28.0)  17.7 (15.2, 20.2) 
 Age 20–64 years  1.8 (1.4, 2.1)  24.6 (19.9, 29.3)  20.7 (16.3, 25.1)  6.0 (3.9, 8.2) 
 Age ≥65 years  10.7 (9.3, 12.2)  51.2 (45.7, 56.7)  28.7 (23.5, 33.8)  37.4 (3.5, 43.3) 

  Data are adopted from de Boer IH et al. JAMA. 2011;305(24):2532–9  
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pressure   , and the metabolic abnormalities (e.g., dyslipidemia, 
hyperglycemia) likely interact to accelerate renal injury. Similar 
to obesity-associated glomerular hyperfi ltration, renal vaso-
dilation and increases in glomerular fi ltration rate and 
 intraglomerular capillary pressure, and increased blood 
 pressure also are characteristics of diabetic nephropathy [ 20 ]. 
Increased systolic blood pressure further exacerbates the 
 disease progression to proteinuria and a decline in glomeru-
lar fi ltration rate leading to end-stage renal disease [ 21 ]. 
Multiple studies have clearly shown the protective effect on 
the kidneys of reducing blood pressure in diabetes. 
Furthermore, tight blood pressure control in diabetic patients 
may slow progression of nephropathy to a greater extent than 
tight control of blood glucose [ 22 ]. 

 Hyperfi ltration and increased glomerular fi ltration rate 
are the common early renal changes associated obesity and 
diabetes [ 20 ,  23 ]. The underlying mechanism may include 
increased salt reabsorption by the proximal tubule or loop of 
Henle, leading to tubuloglomerular feedback-mediated 
reduction in afferent arteriolar resistance, increased intraglo-
merular capillary pressure, and increased glomerular fi ltra-
tion rate [ 24 ]. The increased glomerular fi ltration rate 
initially serves as a compensatory response that permits 
restoration of salt balance but eventually contributes to 
renal injury, especially when blood pressure is elevated. 
Tubuloglomerular feedback-mediated dilation of afferent 
arterioles and attendant impairment of renal autoregulation 
permit increases in blood pressure to be transmitted to the 
glomerular capillaries causing even greater increases in 
intraglomerular capillary pressure and glomerular injury 
than would occur with comparable increases in blood pressure 
in kidneys of non-obese, nondiabetic subjects [ 25 ]. In addi-
tion, hyperglycemia may also contribute to the development 
of glomerular hyperfi ltration through mechanisms similar to 

those occurring in obesity. Reduced delivery of salt to the 
macula densa, as a consequence of increased proximal reab-
sorption of glucose and sodium, may reduce afferent arteriolar 
resistance and increase intraglomerular capillary pressure 
and glomerular fi ltration rate via attenuated tubuloglomeru-
lar feedback [ 26 – 28 ]. Also, afferent vasodilation and efferent 
vasoconstriction in response to circulating or locally formed 
vasoactive factors (e.g., angiotensin II) produced in response 
to hyperglycemia or shear stress may promote diabetic 
 glomerular hyperfi ltration [ 29 ,  30 ]. Even though the mecha-
nisms explaining the increase in  glomerular fi ltration rate in 
diabetes and obesity uncomplicated by diabetes may be 
 similar, the factors that trigger tubuloglomerular feedback-
mediated renal vasodilation and glomerular hyperfi ltration 
are different. Some studies suggest that hyperglycemia, 
 obesity, and hypertension may have at least partially additive 
effects on glomerular hemodynamics [ 25 ]. For example, 
mice lacking the gene for the melanocortin-4 receptor are 
obese, hyperinsulinemic, and hyperleptinemic but normoten-
sive at 55 weeks of age [ 32 ]. These animals have moderately 
increased glomerular fi ltration rate and only modest albu-
minuria compared with WT mice; however, their glomerular 
fi ltration rate and albuminuria increased further when ren-
dered hypertensive following treatment with N(G)-nitro- 
l -arginine methyl ester. These data suggest that elevations in 
blood pressure exacerbate obesity-related glomerular hyper-
fi ltration and albuminuria, further supporting the concept of 
an additive, or perhaps synergistic, effect of various compo-
nents of obesity, metabolic syndrome, diabetes, and hyper-
tension on glomerular hemodynamics. In addition, obesity, 
metabolic syndrome and diabetes are states of low- grade 
infl ammation and oxidative stress, all of which may lead to 
kidney damage, progressive loss of nephrons, and decline in 
glomerular fi ltration rate over time. Another element of the 

  Fig. 2.1    Interaction of obesity-, metabolic syndrome-, and diabetes-related kidney disease.  SNS  sympathetic nervous system,  RAAS  renin–angiotensin–
aldosterone system       
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metabolic syndrome, hyperlipidemia, has been linked to 
reductions in glomerular fi ltration rate in diabetic nephropa-
thy, especially in the latter stages of the disease. Numerous 
clinical trials have pointed to the importance of lipid control 
in preserving glomerular fi ltration rate in patients with dia-
betes [ 33 ]. However, further studies are needed to determine 
if the benefi cial effects of lipid- lowering agents in diabetic 
nephropathy are due to improvement in the lipid profi le or if 
there are other renoprotective effects. 

 Diabetic nephropathy and elements of the metabolic syn-
drome including insulin resistance and hyperinsulinemia are 
associated with the development of microalbuminuria early 
in the disease process [ 34 ,  35 ]. The development of microal-
buminuria in diabetic nephropathy was traditionally thought 
to stem from damage to the glomerular fi ltration barrier as a 
consequence of increases in blood pressure which are trans-
mitted to the glomeruli, raising intraglomerular capillary 
pressure and glomerular fi ltration rate, and/or hyperglycemia- 
associated infl ammation and oxidative stress [ 34 ]. An alter-
native explanation is that diabetes also impairs proximal 
tubular reabsorption of albumin which fi lters across the glo-
merular barrier [ 36 ]. Hyperlipidemia is known to be a risk 
factor for the development of albuminuria in patients with 
diabetes [ 37 ]. 

 Diabetes and obesity are both states of low-grade infl am-
mation associated with macrophage infi ltration into the 
adipose tissue and the kidney. The infi ltrating macrophages 
become a source of a whole host of proinfl ammatory cyto-
kines including tumor necrosis factor-α, interleukin-6, and 
monocyte chemoattractant protein-1 [ 38 ]. Furthermore, 
increased adiposity triggers the release of adipokines into the 
circulation that in turn may cause renal injury via production 
of reactive oxygen species. Persistent hyperglycemia also 
activates vasoactive hormonal pathways including the renin–
angiotensin system and endothelin. These in turn activate 
common second messenger signaling pathways such as 
 protein kinase C and mitogen-activated protein kinase and 
transcription factors such as nuclear factor-κB that lead to 
the alteration in gene expression of a plethora of growth factors 
and cytokines such as transforming growth factor-β. 
Transforming growth factor-β is a key player in promoting 
podocyte apoptosis, mesangial cell proliferation and extra-
cellular matrix synthesis, and cellular events that are impor-
tant in the development of diabetes and obesity-associated 
glomerular injury [ 39 ]. Hyperglycemia and associated meta-
bolic disturbances also cause mitochondrial dysfunction and 
enhanced generation of reactive oxygen species, which directly 
alter the expression of key proteins and cytokines causing 
renal injury. Kidneys of obese individuals often have glomeru-
lar/mesangial lipid deposits (foam cells) present, which 
 supports the concept of lipotoxicity, i.e., lipid-induced renal 
injury [ 25 ]. One of the mechanisms by which hyperlipidemia 
 promotes glomerular injury is through renal upregulation of 

sterol-regulatory element-binding proteins, which in turn 
promotes podocyte apoptosis and mesangial cell prolifera-
tion and cytokine synthesis. 

 In summary, data from basic and clinical studies suggest 
that obesity, hypertension, hyperglycemia, hyperlipidemia, 
and other elements of the metabolic syndrome are highly 
interrelated and contribute to the development and progres-
sion of diabetic nephropathy. Therefore spontaneously tar-
geting at prevention and treatment of obesity, metabolic 
syndrome, and diabetes may help to maximize the reduction 
of associated kidney damage.  

    Geriatrics and Diabetic Nephropathy 

 Increase in the prevalence of diabetic nephropathy also 
derives directly from the growth in the prevalence of dia-
betic nephropathy among individuals aged 65 years and 
older. Individuals older than 65 years are disproportionately 
affected by diabetes and related end-stage renal disease. 
According to data from the National Health and Nutrition 
Examination Survey, diabetes prevalence was 26.9 % 
among people aged ≥65 years [ 2 ,  40 ]. The prevalence of 
diabetic nephropathy was increased from 7.1 % in 1988–
1994 to 8.6 % in 1999–2004 and 10.7 % in 2005–2008 
among individuals aged 65 years and older [ 3 ,  41 ]. Recent 
data also revealed that the adjusted point prevalence rates 
per million population of reported diabetes-related end-
stage renal disease for individuals aged 60–69 and ≥70 
years were 410.3 and 475.7 in whites and 1439.9 and 1471.5 
in  African- Americans [ 8 ,  42 ]. 

 Although diabetic nephropathy represents a major health 
threat for the aging American population, chronic kidney 
disease care in elderly subjects with diabetes is suboptimal. 
Patel and colleagues [ 43 ] reported that only 7.2 % of 6,033 
veterans (mean age 66 ± 11 years) with diabetes and chronic 
kidney disease underwent evaluation by a nephrologist dur-
ing a 5-year study period. Furthermore, clinical guidelines 
developed by the American Geriatrics Society Panel on 
Improving Care for Elders with Diabetes have not specifi -
cally focused on the subject of advanced chronic kidney dis-
ease in older patients with diabetes [ 44 ]. 

 One of the challenges of managing the elderly with dia-
betic nephropathy is that they may develop more complica-
tions, especially heart, eye, and peripheral vascular diseases. 
In its 2011 National Diabetes Fact Sheet, the Centers for 
Disease Control reported that in 2004, heart disease and 
prior stroke were, respectively, noted on 68 % and 16 % of 
diabetes-related death certifi cates among people aged 65 
years or older [ 2 ]. Moreover, the CDC indicated that, in 
2005, 27 % of adults with diabetes who were 75 years or 
older reported some degree of visual impairment compared 
with 15 % of diabetic patients who were between 18 and 
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44 years of age [ 2 ]. Individuals aged 65 years or older 
account for 55 % of diabetic subjects who had nontraumatic 
lower extremity amputations [ 45 ]. Caring for elderly 
patients with diabetic renal disease imposes a huge fi nancial 
burden on governments and family members. For example, 
the American Diabetes Association indicated that the total 
estimated cost of diabetes in 2007 was $174 billion, includ-
ing $58 billion to treat diabetes-related chronic complica-
tions [ 46 ]. 

 Diabetic nephropathy in the elderly is mainly due to type 
2 diabetes and its distribution is uneven among racial groups. 
American-Indians, African-Americans, and Mexican- 
Americans have a greater incidence than Caucasians by as 
much as three to one depending on the minority cohort 
selected for comparison [ 42 ]. Genetic susceptibility, subop-
timal care in minority groups, delayed diagnosis of type 2 
diabetes, and environmental factors are reasons proposed to 
explain such disparity. 

 The histologic diagnosis of diabetic nephropathy in older 
patients may be challenging because mesangial matrix 
expansion and thickening of the glomerular basement mem-
brane have also been attributed to kidney senescence [ 47 ]. 
Likewise, tubular atrophy and interstitial fi brosis may be 
aging related or due to chronic infl ammation or vascular dis-
ease [ 48 ]. Elderly patients with type 2 diabetes may have 
renal ischemia due to renal artery stenosis. Sawicki and col-
leagues [ 49 ] reported that the prevalence of renal artery ste-
nosis in subjects with type 2 diabetes and hypertension was 
greater than 10 %. Bilateral artery stenosis was found in 
43 % of these cases. 

 Nearly all studies demonstrating benefi cial effects of met-
abolic and blood pressure controls on diabetic kidney disease 
have been performed in young to middle-aged cohorts. 
Importantly, the management of diabetic kidney disease in 
older people is frequently based on extrapolations of data 
gathered in selected and motivated younger people. 
Moreover, people older than 70 years have been virtually 
excluded in trials supporting major US practice guidelines 
for the use of angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers in chronic kidney disease. In 
managing diabetes and diabetic nephropathy in the elderly, 
clinicians should keep in mind several key points. (1) Elderly 
diabetic patients constitute a diverse group expressing vari-
ous clinical and functional situations. (2) The American 
Geriatric Society Panel on Improving Care for Elders with 
Diabetes recommends that treatment of elderly patients with 
diabetes focus on specifi c problems and priorities [ 50 ]. (3) 
The American Geriatric Society has also introduced the 
concept of time horizon for the benefi ts of certain treatments. 
Glycemic control may take as long as 8 years to have posi-
tive results on microvascular complications. Benefi ts of good 
blood pressure and lipid control may not be noticeable before 
2 or 3 years [ 51 ]. (4) Many elderly patients with diabetes are 
frail and are also at greater risk for developing several 

 common geriatric syndromes, such as depression, cognitive 
impairment, urinary incontinence, injurious falls, and persis-
tent pain. The Assessing Care of Vulnerable Elders (ACOVE) 
project defi nes a frail elderly patient as a vulnerable person 
who is older than 65 years and is at increased risk of death or 
functional decline within 2 years [ 51 ]. (5) In consequence, 
renoprotection in a geriatric population should be tailored 
according to patients’ autonomy, degree of frailty, life expec-
tancy, comorbidity index, and the stage of diabetic nephropa-
thy. (6) Elderly diabetic patients may be susceptible to 
nephrotoxic agents such as radiocontrast; specifi c caution 
should be taken in preventing and monitoring radiocontrast- 
induced nephropathy. 

 Caring for geriatric patients affl icted by diabetic nephropa-
thy requires a long-term commitment by patients and health 
care professionals. This care is better accomplished by a team 
consisting of a primary care physician or geriatrician, an endo-
crinologist, a nephrologist, a cardiologist, an  ophthalmologist, 
a podiatrist, a nutritionist, and a nurse educator. Much effort 
should be made to diagnose type 2 diabetes early and edu-
cate diabetic subjects and primary care providers about the 
effectiveness of glycemic control and blood pressure lower-
ing to prevent or delay diabetic nephropathy and end-stage 
renal disease.     
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           Introduction 

 Diabetic kidney disease (DKD) has historically been called 
diabetic nephropathy if there is macroalbuminuria or pro-
teinuria [ 1 ,  2 ]. DKD is a progressive kidney disease as a 
complication of prolonged hyperglycemia that occurs in 
both type 1 (T1) and type 2 (T2) diabetes mellitus (DM). 
Some of the secondary causes of DM include medications, 
pancreatic disorder, and excess of hormones such as cortisol, 
catecholamine, or growth hormone, and genetic predisposi-
tion [ 3 ]. According to national diabetes fact sheet of 2011, 
DM is the most common cause of renal failure in 2008 in the 
United States (USA), making about 44 % of all new cases 
[ 4 ]. Another survey among US adults collected by National 
Health and Nutrition Examination Survey (NHANES) in 
2010 showed that prevalence of end stage renal disease 
(ESRD) due to diabetes increased 1.8 % to 656 million per 
population [ 5 ]. The incidence of ESRD secondary to diabe-
tes is the most common accounting for 152 per million popu-
lation in 2010 [ 5 ]. T2DM accounts for about 90 % of 
diabetes; thus it is a more common cause of DKD including 
ESRD [ 5 ]. ESRD secondary to T2DM varies among coun-
tries and racial group from 43 % in Europe to 61 % in 
Australia [ 6 ]. Similarly among patients with T1DM, ESRD 
from initial diagnosis has occurred 2.2 % at 20 years and 

7.8 % at 30 years in Finland [ 7 ] and 4 % at 10 years and 7 % 
at 20 years after development of persistent microalbuminuria 
in Diabetes Control and Complication Trial (DCCT) and 
Epidemiology of Diabetes Interventions and Complications 
(EDIC) Study [ 8 ]. 

 The use of terminology for DKD has been introduced for 
consistent classifi cation of chronic kidney disease (CKD) by 
Diabetes and CKD guidelines and its use has been endorsed by 
Kidney Disease Outcomes Quality Initiative (KDOQI) Clinical 
Practice Guidelines and Clinical Practice Recommendations 
(CPGCPR) for Diabetes and CKD [ 9 ]. It has been suggested to 
use the term DKD as “presumptive diagnosis of kidney disease 
caused by diabetes” in place of diabetic nephropathy [ 9 ]. 
KDOQI CPGCPR recommends using the term diabetic glo-
merulopathy for kidney disease due to diabetes diagnosed by 
kidney biopsy [ 9 ].  

    Natural History of DKD in T1DM 

 Studies in the 1960s to 1980s have recognized that at diagno-
sis of T1DM changes occur in kidneys’ function, structure 
and biochemical parameters and have laid the groundwork to 
characterization of the natural course of DKD, which occurs 
in series of fi ve stages [ 10 – 15 ]. As the clinical onset of 
T1DM is well known compared to T2DM, where diagnosis 
may have been delayed, much of our understanding of DKD 
has been delineated mainly from experimental animal mod-
els and partly from patients with T1DM. However, not all 
animal models resemble the actual human disease process 
and thus the knowledge of the course of kidney disease 
comes with limitations. Approximately 25–40 % of patients 
with T1DM and 5–40 % with T2DM develop diabetic 
nephropathy [ 10 ]. Numerous factors have been associated 
with the development of DKD such as hypertension, cardio-
vascular disease (CVD), hyperlipidemia, and obesity 
(BMI ≥ 30) [ 9 ]. This chapter will discuss the current under-
standing of the etiology, disease course, different stages of 
and modifi cation related to DKD. 

      Natural Course 
(Stages/Evidence- Based Discussion) 
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 Associated metabolic abnormalities resulting from DM 
lead to alterations in hemodynamics, structural, and bio-
chemical parameters within kidneys [ 1 ,  10 ]. Many investiga-
tive studies have paved the way in identifi cation of different 
stages that occur in DKD. Nephropathy is preceded by 
microalbuminuria. DKD (also been previously known as dia-
betic nephropathy) can be described in fi ve stages in relation 
to changes at function such as urinary albumin excretion 
(UAE) and glomerular fi ltration rate (GFR), and structure in 
terms of renal morphology. The majority of changes in dif-
ferent stages have been best delineated by Mogensen in 1983 
[ 1 ,  10 ,  16 ]. In this chapter, we will discuss the various stages 
of DKD, which are summarized in Table  3.1  including the 
unique characteristics at each stage.

   The natural history of DKD in T1DM and T2DM is not 
quite the same but the stages have more similarities than dif-
ferences, which will be discussed later in this chapter under 
the stages for T2DM. The differences can be seen in various 
ethnicities and age groups between the two types of diabetes. 
For example, patients with T1DM are younger at diagnosis 
compared to T2DM [ 8 ,  15 ,  17 – 19 ]. The DKD utilizes the 
same UAE values for classifi cation of microalbuminuria and 
macroalbuminuria, and GFR value for both T1DM and 
T2DM and CKD stages. 

 The National Kidney Foundation (NKF) classifi es CKD 
based on GFR, which is different from staging by UAE level 
in other systems. NKF defi nes CKD as “kidney damage or 
GFR less than 60 mL/min/1.73 m 2  for 3 or more months” 
[ 20 ]. It also defi nes “kidney damage” as “pathologic abnor-
malities or markers of damage, including abnormalities in 
blood or urine tests or imaging studies” [ 20 ,  21 ]. There can 
be coexistence of DKD and CKD as not all CKD are due to 
DKD [ 9 ]. NKF recommends utilizing Modifi cation of Diet 
in Renal Disease (MDRD) equation for estimation of GFR 
[ 9 ]. The stages of CKD classifi ed by GFR in relation to UAE 
value are shown in Table  3.2 . Some cases of CKD may need 
kidney biopsy to confi rm the diagnosis of DKD [ 9 ].

      Stage 1: Hypertrophy-Hyperfi ltration 

 The initial stage is known as hypertrophy-hyperfi ltration or 
-hyperfunction. At diagnosis of T1DM the changes in func-
tion, morphology, and biochemical profi le occur within dia-
betic kidneys. The experimental models of animals and 
humans with DM have displayed initial structural changes of 
growth in kidney size and function [ 16 ,  22 – 24 ]. The func-
tional changes such as increase in GFR [ 11 ,  17 ,  24 ], renal 
plasma fl ow (RPF) [ 11 ,  15 ,  24 ,  25 ], and fi ltration fraction 
(FF) [ 11 ,  24 ] occur in subjects with diabetes in the initial 
stage [ 22 ]. At diagnosis and less than 1-year duration of DM, 
these changes have been shown to be present [ 11 ]. Structural 

alteration of increased kidney volume [ 15 ,  24 ,  26 ] can be 
seen within days to weeks of T1DM diagnosis and may con-
tribute to increased GFR [ 22 ,  27 ]. Biochemical or hormonal 
alterations in DM includes hyperglycemia, hypoinsulinemia, 
hyperglucagonemia, normal to elevated growth hormone, 
and increased UAE, which may also contribute to increased 
GFR [ 14 ,  22 ,  24 ,  28 ]. The changes occurring in stage 1 may 
be completely or partially reversible [ 27 ]. 

 The increased GFR demonstrated in animal models of 
T1DM [ 29 ] as well as in most human cases of T1DM [ 24 ,  26 ] 
as a consequence of renal hypertrophy [ 30 ] and intrarenal 
hemodynamic abnormalities due to hyperglycemia is respon-
sible for hyperfi ltration [ 1 ,  10 ,  31 ]. This in turn leads to glo-
merular hypertension [ 32 ]. 

 The streptozotocin-induced diabetes rat model in the 
early stage has shown kidney hypertrophy [ 14 ,  33 ] and 
altered renal metabolism of pyrimidine nucleotide metabo-
lism especially uridine triphosphate (UTP) with greater RNA 
content and increased transforming growth factor-beta 
(TGF-β) receptor in the renal cortex [ 33 ,  34 ]. In the diabetic 
kidney cortex, as a result of altered UTP metabolism, there is 
increased glycogen content leading to formation of Armanni- 
Ebstein lesion (subnuclear vacuolation in the proximal 
tubules) and thickening of glomerular basement membrane 
(GBM) and deposition of basement membrane like material 
in the mesangium [ 33 ,  35 ,  36 ]. These early changes includ-
ing increased renal weight and hypertrophy can be prevented 
or reversed with insulin therapy [ 14 ] if it is started at diagno-
sis of diabetes and dosed continuously [ 37 ]. The changes 
may not be reversible if insulin is initiated after 3 weeks of 
onset of diabetes even if the therapy is continued [ 14 ]. 
However, diabetic kidneys in humans may return to normal 
size when hyperglycemia is controlled for 3 months [ 31 ]. 

 The short-term study by Christiansen et al. in nine humans 
newly diagnosed with T1DM has evaluated the changes in 
GFR, RPF, FF, and kidney size before and after 8 days of 
insulin treatment [ 24 ]. The study found that before insulin 
therapy there is a statistically signifi cant elevation in GFR by 
44 %, RPF by 18 %, and increased kidney size by 29 % com-
pared to subjects without diabetes [ 24 ]. After insulin therapy 
GFR, RPF, and FF had decreased signifi cantly but GFR 
remained 20 % above normal value and kidney size did not 
change compared to control group [ 24 ]. This study showed 
that subjects with T1DM have statistically signifi cantly big-
ger kidney size and increased GFR at diagnosis but there was 
no signifi cant change in kidney size after insulin treatment 
[ 24 ]. After improvement of hyperglycemia over 1–2 weeks, 
approximately 20 % reduction in GFR was found in other 
studies [ 17 ,  38 ]. However, GFR in T1DM did not decrease to 
a similar value compared to subjects without DM, as com-
plete normalization of glycemic control was not obtained in 
T1DM group [ 17 ,  24 ,  38 ]. This study and some of the earlier 
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    Table 3.1    Classifi cation and characteristics of diabetic nephropathy stages in T1DM   

 Stages  UAE values  Characteristics 

 1: Hypertrophy-hyperfi ltration 
(at diagnosis) 

 Normal UAE: <20 μg/min, <30 mg/24 h, 
<30 mg mg/g 

 • Kidneys have increased size and weight, 
hypertrophy of glomerulus, increased 
intraglomerular pressure, increased TGF-β 
receptors, hyperfunction, may have normal BM 

 • GFR can be normal or increased usually greater 
than 150 mL/min 

 • BP is usually normal or but can be increased 
(especially if there is coexisting essential 
hypertension) 

 • The changes in kidney function are reversible 
 2: Silent stage normoalbuminuria  Normal UAE as above: <20 μg/min, 

<30 mg/24 h, <30 mg mg/g 
 • Kidneys have increased GBM width, expansion 

of mesangium, and increased tubular BM width. 
Possible accumulation of BM like material and 
membrane 

 UAE can be increased during stressful situation  • GFR can be normal, decreased, or high (greater 
than 150 mL/min) 

 • BP starting to increase 
 3: Incipient diabetic nephropathy  Microalbuminuria: 20–200 μg/min, 

30–300 mg/24 h, 30–300 mg/g a  (USA), 
2.5–25 mg/mmol (men) and 3.5–35 mg/mmol 
(women) in Europe & elsewhere 

 • Kidney lesions can range from stage 2 to 4 with 
some starting glomerular closure and elevated 
intraglomerular pressure 

 • Renal function is well preserved but 
hyperfi ltration maybe present 

 • GFR can be well preserved but can be increased 
or decreased (from 70 to greater than 150 mL/
min) 

 • BP is usually higher compared to nondiabetic 
patients with exaggerated rise during exercise. 
Loss of nocturnal dip in BP 

 • With strict glycemic, BP, and lipid control this 
stage can be reversible 

 • Without treatment approximately 80 % of 
patients will progress to stage 4 

 • Retinopathy is often present in most T1DM 
 4: Overt diabetic nephropathy  Macroalbuminuria b : 200 μg/min, ≥300 mg/24 h, 

>300 mg/g a  
 • Kidneys have advanced lesions including 

diffuse or nodular glomerulosclerosis, increased 
mesangial volume, additional increase in GBM 
width, mesangial expansion, more frequent 
glomerular closure, and tubulointerstitial 
lesions 

 • GFR usually starts to decline (can range from 
70 to 15 mL/min) but can be normal 

 • BP is usually high in majority of patients 
 • Renal changes are usually not reversible 
 • In a few T1DM UAE can regress 

 5: End stage renal disease (uremia)  Decreased UAE as closure of nephron  • Kidneys have advanced lesions with 
hypertrophy of the rest of glomeruli, and 
generalized closure of glomeruli 

 • GFR is usually decreased and typically 
<15 mL/min requiring renal replacement 
therapy 

 • BP is further increasing 
 • Renal lesions can recur after kidney transplant 

  Modifi ed and adapted from [ 6 ,  9 ,  16 ,  33 ,  96 ,  100 ] 
  BM  basement membrane,  UAE  urinary albumin excretion,  GBM  glomerular basement membrane,  BP  blood pressure,  GFR  glomerular fi ltration 
rate,  TGF - β  transforming growth factor-beta 
  a ACR on spot urine sample 
  b Measurement of total proteinuria (≥500 mg/24 h or ≥430 mg/L in a spot urine sample) can also defi ne this stage  
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studies do not mention hemoglobin A1C (HbA1C) level. 
Similar fi ndings have been demonstrated by other short-term 
studies [ 15 ,  17 ,  26 ,  31 ]. 

 Mogensen et al. in their short-term study of six newly 
diagnosed T1DM have evaluated whether a reduction of kid-
ney size and GFR occurs after 3 months of insulin treatment 
[ 31 ]. The mean GFR before insulin therapy decreased from 
142.7 ± 9.7 mL/min (range 137–159) to 129 ± 10.2 mL/min 
(range 118–147) after 3 months of insulin therapy, which 
was a signifi cant fall by 12 % and at the same time the kidney 
size as well as the kidney weight decreased by 13 % [ 26 ]. 
The kidney size was enlarged to a similar degree in both 
newly diagnosed T1DM patients before treatment compared 
to those patients with previously treated 1–12 years of T1DM 
[ 26 ]. This study showed that after strict glycemic control to 
near or normal value anatomical and functional abnormali-
ties can be reversed as both the GFR and the kidney size fell 
to normal or near normal values [ 17 ,  26 ,  31 ]. It was also 
noted that easier glycemic control close to normal values was 
attained in short to moderate duration of DM. No signifi cant 
change was found on RPF of newly diagnosed T1DM [ 31 ] 
and of T1DM duration of 1–12 years [ 26 ]. 

 Hyperfi ltration secondary to renal hypertrophy occurs as 
a result of both glomerular and tubular hypertrophy [ 1 ]. 
Tubular hypertrophy results in increased kidney weight 
[ 39 ]. Proximal tubular hypertrophy is associated with 
increased salt reabsorption, which can affect glomerular 
hyperfi ltration [ 30 ]. In early diabetes, increased GFR is 

accompanied by glomerular hypertrophy with enlargement 
of capillary surface area, indicating a positive correlation 
between the two [ 13 ]. GFR elevation is affected by glyce-
mic state, thus near normal metabolic control can reverse 
GFR to normal levels [ 13 ]. 

 Early in the course of T1DM in humans and animal 
models showed hemodynamic changes and elevated GFR, 
however the exact mechanisms are not fully understood. 
GFR is affected by RPF, transglomerular pressure, and 
ultrafi ltration coeffi cient (Kf) [ 24 ,  40 ]. The hemodynamic 
changes within the kidney leading to increased GFR have 
been demonstrated in micropuncture studies of animal 
models. In the rat model with early stage of diabetes, stud-
ies showed that in moderately hyperglycemic rats there is 
glomerular hyperfi ltration [confi rmed by elevated single 
nephron GFR (SNGFR) measurements], increased effec-
tive RPF, and increased intraglomerular capillary pressure 
[ 32 ]. However, in severely hyperglycemic rats SNGFR 
was reduced [ 32 ]. Other rat models showed increased 
GFR, RFP, and transglomerular pressure, and normal or 
increased Kf [ 41 ,  42 ]. The increased intraglomerular capil-
lary pressure stimulates intrarenal renin-angiotensin sys-
tem (RAS) [ 1 ]. 

 Poorly controlled T1DM is associated with abnormal    
growth hormone (GH) level, and infusion of GH results in 
statistically signifi cant elevations in GFR and RPF but no 
change in FF [ 40 ,  43 ]. Another study by Christensen et al. 
demonstrated that normal subjects who received human GH 

   Table 3.2    CKD stages by GFR in relation to UAE value   

 GFR (mL/min/1.73 m 2  BSA)  CKD stages  Description 

 ≥90  1  GFR may be normal or increased. Changes in kidney function and structure can be detected 
 DKD if UAE is in macroalbuminuria range 
 Possible DKD if UAE is in microalbuminuria range 
 At risk for DKD if UAE is in normoalbuminuria range a  

 60–89  2  GFR is mildly decreased. There are changes in kidney function and structure 
 The rest for possibility of DKD in relation to UAE range is the same as in Stage I 

 30–59  3  GFR is moderately decreased 
 DKD if UAE is in macroalbuminuria range 
 Possible DKD if UAE is in microalbuminuria range 
 Less likely DKD if UAE is in normoalbuminuria range b  

 15–29  4  GFR is severely decreased 
 DKD if UAE is in macroalbuminuria range 
 Less likely DKD if UAE is in microalbuminuria range b  
 Less likely DKD if UAE is in normoalbuminuria range b  

 <15 or dialysis  5  End stage renal failure 
 The rest for possibility of DKD in relation to UAE range is the same as in Stage IV 

  Modifi ed and adapted from [ 9 ,  20 ,  21 ,  69 ] 
  BSA  body surface area,  CKD  chronic kidney disease,  DKD  diabetic kidney disease,  GFR  glomerular fi ltration rate,  UAE  urinary albumin excretion 
  a There may be signifi cant loss of kidney function if GFR less than 90 mL/min. Risk of DKD includes DM, poor glycemic control, hypertension, 
CVD, UAE in high normal range, nonwhite race, family history of hypertension, or CKD, retinopathy, and DM [ 9 ,  21 ] 
  b If kidney biopsy does not show glomerulopathy, consider CKD and diabetes coexistence and will require further investigation as described in 
NKQI guidelines  
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for 1 week to the level comparable to that seen in patients 
with T1DM showed a statistically signifi cant rise in GFR 
and RPF but no signifi cant change in kidney size, UAE, or 
urine beta 2-microglobulin excretion [ 40 ]. The author 
 concluded that increased RPF due to elevated GH contrib-
utes to elevated GFR [ 40 ]. 

 Glycemic control affects GFR and RPF in some studies 
but not in others. Hyperglycemia induced by infusion of glu-
cose to well-controlled T1DM and normal subjects to blood 
glucose level of greater than 140–250 mg/dL in two studies 
caused an elevation in GFR and RPF, and decreased sodium 
excretion [ 44 – 46 ]. However, another study in T1DM patients 
did not fi nd a consistent increase in GFR and RPF after glu-
cose administration [ 47 ]. 

 Not all studies showed the link between early hyperfi ltra-
tion and later progression to proteinuria stage [ 2 ]. The inter-
relation among hemodynamic, structural, and functional 
changes within the diabetic kidneys has been implicated in 
the development and progression of nephropathy. 

 Glomerular hyperfi ltration means elevated GFR and is 
usually defi ned as two standard deviations above the mean 
GFR of healthy person although there is no defi nite agreed 
value; some studies used GFR greater than 125 mL/
min/1.73 m 2  [ 48 ]. In a study by Mogensen et al. in subjects 
with T1DM diagnosed at age 20 or younger with a follow 
up to 14–16 years, patients who progressed to diabetic 
nephropathy had GFR greater than 150 mL/min/1.73 m 2  
and renal hyperfi ltration was defi ned as GFR greater than 
150 mL/min/1.73 m 2  [ 49 ]. Short duration of diabetes with 
GFR greater than 150 mL/min/1.73 m 2  with concurrent 
microalbuminuria has greater risk of late diabetic nephrop-
athy [ 2 ,  50 – 52 ]. 

 The correlation between the GFR, RPF, FF, UAE, and the 
duration of T1DM merits further discussion. In patients 
with newly diagnosed T1DM, mean GFR was 156 ± 25 mL/
min before insulin treatment and mean GFR decreased to 
124 mL/min ± 11, within fi rst 1–4 weeks of insulin treat-
ment [ 17 ]. Similarly FF was increased before, and showed a 
signifi cant fall after the fi rst few weeks of insulin treatment. 
However, RPF was within the normal range before and did 
not change after treatment [ 17 ]. In terms of duration of DM, 
GFR was signifi cantly increased in DM with duration of 
1–6 and 7–12 years, with mean values of 140 ± 20 and 
137 ± 15 mL/min respectively. GFR started to fall after a 
duration of 13–18 years and more than 18 years of DM, with 
mean values of 123 ± 19 and 110 ± 31 mL/min respectively 
[ 17 ]. RPF and FF increased signifi cantly with respect to 
1–12 years duration of T1DM and both started to decline 
after 13–18 or more than 18 years of DM [ 17 ]. As for UAE, 
it remained within the normal range even after 19 or more 
years of T1DM and thus was independent of the duration of 
DM in patients without proteinuria though UAE rate fell 
signifi cantly with insulin treatment [ 17 ].  

    Stage 2: The Silent Stage 

 The second phase of DKD is known as the silent stage with 
normoalbuminuria. This stage lacks clinical signs and has 
normal to near normal UAE regardless of duration of T1DM 
[ 16 ]. This stage can occur from 1 to more than 15 years dura-
tion of T1DM [ 16 ]. GFR is usually normal to elevated [ 10 ]. 
The increased GFR can range between 20 and 30 % higher 
above normal in treated, and even higher, 30–44 %, in those 
with untreated diabetes [ 10 ,  24 ]. However, in some T1DM 
patients there are signifi cant structural changes in the kidney 
such as thickening of basement membrane and expansion of 
mesangium, which may develop after 2 years of DM [ 1 ,  27 ]. 
Although the kidney function may be well preserved in many 
patients with normal UAE, the structural changes may or 
may not be detected on renal biopsy [ 53 ]. Once these lesions 
develop the changes may not be reversible and may progress 
over time [ 27 ]. The studies did not show consistent data for 
RPF as some showed increased [ 24 ] while others demon-
strated normal or depressed values [ 47 ]. 

 Caramori et al. conducted a study in patients with T1DM 
with normoalbuminuria who had T1DM for at least 10 years 
and they were compared for differences in renal structures 
(by renal biopsies) and clinical features to another group 
with normal and low GFR (<90 mL/min/1.73 m 2 ) [ 54 ]. The 
study found that patients with low GFR had more advanced 
diabetic glomerular lesions such as higher GBM width, frac-
tional volume of the glomerulus occupied by mesangium, 
fractional volume of the glomerulus occupied by mesangial 
cells, fractional volume of the glomerulus occupied by 
mesangial matrix, but lower surface density of the peripheral 
GBM per glomerulus compared to those with normal GFR. 
Low GFR was more common in females than males, if reti-
nopathy and/or hypertension were present [ 54 ]. Retinopathy 
was present in 64 % of total patients; 58 % in normal GFR 
group and 91 % in low GFR group. Thus retinopathy was 
more common in the low GFR group with more of prolifera-
tive type. Hypertension was present in 36 % of patients and 
20.9 % were receiving antihypertensive and 6 % were receiv-
ing angiotensin converting enzyme inhibitors (ACEIs) or 
angiotensin receptor blockers (ARBs). Prevalence of hyper-
tension was similar in both groups but use of antihyperten-
sive medication was statistically signifi cantly higher in the 
low GFR group. There was no statistically signifi cant differ-
ence between mean HbA1C levels between two groups [ 54 ]. 

 However, the study conducted by Hansel et al. did fi nd 
reduced GFR in normoalbuminuric T1DM patients who 
were not on antihypertensive medications and in microalbu-
minuric T1DM patients [ 55 ]. Impaired renal function may be 
present in T1DM patients despite normal UAE values. These 
results showed that normoalbuminuric group had signifi -
cantly lower HbA1C (mean 7.9 %), GFR, and mean arterial 
blood pressure (BP) compared to microalbuminuric patients 
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(mean HbA1C was 8.9 %) [ 55 ]. BP in normoalbuminuric 
subjects was not signifi cantly different from BP of the con-
trol group. The author concluded that normal UAE is a reli-
able indicator of well-preserved renal function. Glomerular 
hyperfi ltration, elevated BP, and poor metabolic control can 
be seen in microalbuminuric patients [ 55 ,  56 ]. 

 When changes in kidney function are not readily 
detectible at baseline, use of provocation tests such as exer-
cise test has been suggested [ 10 ]. Vittinghus et al. demon-
strated that in normal subjects without diabetes, extreme 
exercise can lead to protein excretion in urine [ 57 ]. As 
UAE is more common at moderately high workload in 
patients with 3–17 years of T1DM, it was concluded that 
GBM was not able to retain albumin during higher fi ltra-
tion pressure that occurs during exercise [ 58 ]. It has been 
postulated that the albumin excretion is from glomerular 
area in diabetic subjects as high intensity exercise resulted 
in only a small increase in beta-2- microglobulin excretion 
[ 10 ]. The exercise test done by Mogensen et al. showed 
that patients with T1DM achieving 55–65 % of maximal 
heart rate (HR) had higher urinary albumin [ 10 ]. The stud-
ies by Koivisto et al. [ 59 ] and Viberti et al. [ 60 ] demon-
strated that insulin treatment results in normalization of 
albuminuria after exercise in patients with T1DM. The 
post-exercise albuminuria was likely a refl ection of hemo-
dynamic changes in kidneys [ 10 ,  57 ]. 

 Less than 40 % of T1DM patients will progress to microal-
buminuria; thus it is prudent to prevent ESRD with early detec-
tion in susceptible patients in this stage [ 1 ]. In this stage when 
there is poor glycemic control, UAE can increase during exer-
cise and at rest. Ambulatory blood pressure (AMBP) monitor-
ing studies have shown a modest rise in BP in this phase up to 
5 years before UAE increases [ 56 ]. No signifi cant difference in 
the increased systolic BP (SBP) and no correlation between 
increased albuminuria and BP rise have been shown [ 57 ]. At 
the start of the study the patients with T1DM who progressed 
from normoalbuminuria to microalbuminuria stage have clini-
cal characteristics of higher HbA1C (mean > 9 %) and higher 
diastolic BP (DBP) at the start of the study, male sex, history of 
smoking and more severe retinopathy [ 63 ]. 

 Detection of kidney disease in this phase is limited. 
Investigators have tried to identify specifi c biomarkers as 
predictors associated with this phase but studies are still in 
progress. Some of the studies include plasma markers such 
as prorenin [ 62 ] level, which was shown to be elevated in 
T1DM patients and may have genetic predisposition among 
siblings of T1DM people. Another study suggested that 
detection of immune-unreactive and immune-reactive albu-
min fragments in urine by high-performance liquid chroma-
tography (HPLC) [ 63 ] may provide earlier detection of those 
who will progress to next stage, microalbuminuria. An addi-
tional study used serum cystatin C to estimate GFR to detect 
changes in renal function in T1DM [ 64 ]. Another showed 

that total renin [ 61 ] can be increased up to 5 years before the 
onset of microalbuminuria. It should be noted that long- 
standing T1DM patients with normoalbuminuria are at sub-
stantial risk of progressing to diabetic nephropathy stage.  

    Stage 3: Microalbuminuria or Incipient 
Diabetic Nephropathy (IDN) 

 The third stage is known as microalbuminuria or IDN. 
Depending on the population the prevalence of microalbu-
minuria varies from 7 to 22 % in T1DM and the annual 
incidence is about 1 to 2 % in both T1DM and T2DM [ 9 , 
 65 – 67 ]. In subjects with T1DM, it often occurs after 5–15 
years after the initial diagnosis and has increased UAE 
rate to microalbuminuria range of 20–200 μg/min or 
30–300 mg/24 h [ 9 ,  49 ]. Microalbuminuria is also defi ned 
as albumin-to- creatinine ratio (ACR) of 30–300 mg/g in the 
USA and 2.5–25 mg/mmol in Europe and elsewhere, and it 
is also a marker of CKD [ 49 ]. The urine should be collected 
at rest or as an outpatient procedure and two of three urine 
samples are required to be in the microalbuminuria range 
within 3–6 months at least 1 month apart to confi rm clas-
sifi cation [ 9 ,  68 ,  69 ]. Excluding other causes for increased 
UAE especially if duration of diabetes is less than 6 years 
is advised [ 9 ]. The UAE range in this category is above 
normal but below overt diabetic nephropathy (ODN) value. 
Hyperfi ltration can also occur in this stage in T1DM [ 2 ]. 
GFR is usually preserved but it can be increased or 
decreased. Regression of microalbuminuria [ 70 ] or pro-
gression to ODN can occur in stage 3 [ 71 ]. Uncontrolled or 
untreated hypertension worsens DKD. Kidney structural 
lesions in this stage are detectable on renal biopsy. 

 It is important to note that UAE measurements can be 
affected by hydration status, recent vigorous exercise, uri-
nary tract infection, hematuria, fever, and other kidney dis-
ease, and prolonged erect posture at the time of collection 
especially during 24 h urine collections [ 9 ,  20 ,  21 ]. Current 
radioimmunoassay methods can detect urinary albumin in 
microgram concentration and are sensitive, and thus the 
American Diabetes Association (ADA) and KDOQI clinical 
practice guidelines recommend using spot urine ACR prefer-
ably in the fi rst morning void to avoid 24 h urine collection 
and conditions that can cause variability of UAE value [ 9 ,  69 ]. 
Urine ACR approximates 24 h UAE as it is not affected by 
various ways of urine collection and 24-h and timed urine 
collections are not as accurate or convenient [ 9 ]. 

 Results from a study of 43 T1DM patients by Mogensen 
et al. [ 2 ] showed that of 4 patients (9.2 %) with initial 
UAE < 15 μg/min, who have progressed to microalbumin-
uria range (mean UAE of 41.1 ± 17.4), had their GFR 
increased to >150 mL/min/1.73 m 2 . Of the 12 patients 
(27.9 %) with initial UAE < 70 μg/min, 9 patients (20 %) 
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had statistically signifi cant progression of UAE to 
2,373 ± 2,488 range and GFR had decreased to 93 ± 47 mL/
min/1.73 m 2  at mean follow up of 7 years [ 16 ]. Those 
patients had higher initial mean SBP and DBP and even 
higher mean SBP and DBP at follow up. Initial SBP was 
10 mmHg higher compared to those that remained normo-
albuminuric. Thus those that progressed to macroalbumin-
uria range had a tendency to have declining GFR and RPF, 
and higher SBP (means were >11 mmHg) at follow up 
compared to normoalbuminuric or microalbuminuric 
groups. No difference in BP was noted from initial exami-
nation to follow up in those who remained normoalbumin-
uric and progressed to microalbuminuria range. The 
patients who remained normoalbuminuric (27 patients) at 
follow up had stable UAE (their initial UAE was <15 μg/
min) and BP and a statistically signifi cantly decreased RPF. 
In short, fi ndings from this study showed that T1DM 
patients with UAE between 20 and 70 μg/min had higher 
GFR >150 mL/min/1.73 m 2  on initial exam compared to 
patients with UAE > 70 μg/min. In patients with UAE 
>70 μg/min and less than 200, GFR starts to decline during 
this stage [ 16 ]. This long-term study showed that hyperfi l-
tration contributed to the pathogenesis of late DKD [ 2 ,  16 ]. 

 In DCCT/EDIC study the cumulative incidences of per-
sistent microalbuminuria in the conventional therapy group 
at 10, 20, and 30 years duration of T1DM were 14 %, 33 %, 
and 38 %, respectively [ 8 ]. Persistent microalbuminuria 
occurred more frequently after 20 years of diagnosis of dia-
betes. In the intensive therapy group the cumulative inci-
dence of persistent microalbuminuria at 10, 20, 30 years 
duration of T1DM were 10 %, 21 %, 25 %, respectively and 
persistent microalbuminuria occurring after 20 years of 
diagnosis of diabetes were lower than conventional group 
[ 8 ]. Progression to macroalbuminuria, impaired GFR, and 
ESRD occurred at 10 year cumulative incidence of 28 %, 
15 %, and 4 % respectively and regression to normoalbu-
minuria occurred at 40 %. Among patients with regression 
to normoalbuminuria after 10 years of initial persistent 
microalbuminuria diagnosis, the prevalence of them on 
ACE inhibitors and angiotensin receptor blockers (ACEIs 
and ARBs, respectively) were 47 %, on lipid-lowering med-
ications were 12 %, mean HbA1C at the time of regression 
was 7.7 %, and mean BP was 121/77 mmHg [ 8 ]. Even if 
they progress to macroalbuminuria stage, the regression to 
normoalbuminuria has occurred in a minority of patients if 
GFR was not impaired [ 8 ]. 

 Clinically in this phase there is an increase of both SBP 
and DBP and a loss of nocturnal dip in BP before progress-
ing to microalbuminuria stage [ 72 ]. Renal function may be 
increased, normal, or decreased. Effective intervention in 
this phase may prevent further decline in renal function. 

 The study by Mogensen et al. of 28 T1DM patients found 
that there is a correlation with an increase in BP and 

albuminuria [ 10 ]. Other studies have similar fi ndings show-
ing that intervention during IDN helps in preserving renal 
function more effectively than in ODN [ 73 ]. There was no 
increase in urinary beta-2 microglobulin, which implied that 
tubular function was not affected and the increased UAE 
indicated progressive glomerular changes [ 10 ]. During this 
stage renal function is still preserved but GFR was elevated 
at the entry and during follow up. There was a signifi cant 
decline in RPF and signifi cant rise in DBP during this period, 
thus it is speculated that RPF changes may refl ect modifi ca-
tions of glomeruli and possible rise in BP in this stage [ 10 ]. 

 There is a signifi cant correlation between the rise in 
exercise- induced albuminuria and SBP during exercise but 
not with HR, leading to speculation that microcirculatory 
and structural changes in glomeruli may exist [ 74 ]. There is 
a decline in creatinine excretion noted after insulin treatment 
in subjects with diabetes with early nephropathy suggesting 
impaired renovascular auto-regulation contributing to higher 
SBP during exercise [ 75 ]. It has been postulated that elevated 
BP may worsen diabetic nephropathy after appearance of 
microalbuminuria. 

 Studies in human T1DM have shown that microalbu-
minuria can be transient and can regress to normoalbumin-
uria [ 70 ]. A study by Perkins et al. showed that there was a 
58 % regression of microalbuminuria in subjects with 
T1DM [ 70 ] but the study by Hovind et al. showed lower 
rates [ 71 ]. Notably, in the study by Perkins et al., microal-
buminuria of short duration, HbA1c <8 %, low SBP 
(<115 mmHg), and low levels of both cholesterol and tri-
glycerides had positive association with the regression of 
microalbuminuria [ 70 ]. 

 Poor metabolic control can also contribute to elevated BP. 
Both poor glycemic and BP management may contribute to 
progression of DKD as observed in interventional studies to 
treat hypertension in diabetes [ 76 ]. Early antihypertensive 
treatment with goal BP less than 135/85 mmHg can reverse 
microalbuminuria and preserve GFR [ 16 ,  76 ,  77 ]. Improved 
metabolic control also prevents progression of microalbu-
minuria [ 78 ]. 

 Microalbuminuria is a clinical manifestation of DKD 
and renal morphologic studies have demonstrated that 
microalbuminuric phase can be associated with advanced 
glomerular structural changes [ 79 ]. Untreated persistent 
microalbuminuria will lead to ODN [ 2 ]. Thus it is benefi -
cial to repeat spot urinary microalbumin if there is isolated 
elevation in urinary microalbumin to confi rm diagnosis. 
Current recommendations to screen for diabetic nephropa-
thy in T1DM includes biannual urinary albumin, assess-
ment of GFR by obtaining creatinine, and appropriate 
staging [ 9 ,  69 ]. This stage clearly indicates that effective 
blood pressure, lipid, and glycemic control will help pre-
vent progression to macroalbuminuria stage and may facili-
tate regression to normoalbuminuria stage [ 9 ].  
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    Stage 4: Macroalbuminuria 

 This stage is known as macroalbuminuria or ODN. It is 
defi ned by increased UAE rate ≥300 mg/24 h or >200 μg/
min, on at least two of three urine samples collected within 
6 months while excluding other causes of elevated UAE [ 1 , 
 9 ,  10 ,  49 ,  68 ]. It is also characterized as persistent protein-
uria greater than 0.5 g/24 h in total protein excretion [ 16 ]. 
In patients with T1DM, this stage usually occurs after 
10–15 years but in some patients it can also appear 40–50 
years later [ 23 ]. In Denmark T1DM patients have 31 % risk 
of developing persistent proteinuria and the risk was higher 
in males than females and with early onset under age 10 
[ 80 ]. In the same study 6 % developed persistent protein-
uria after 10 years of T1DM and prevalence of 18 % during 
fi rst 20 years of T1DM with most occurring after duration 
of 12–25 years [ 80 ]. The prevalence of persistent protein-
uria after 35 or 40 years of T1DM was low and about 70 % 
of T1DM will not develop ODN [ 80 ]. If patients do not 
receive adequate treatment during the macroalbuminuria 
phase, there is a high probability that they will develop sub-
sequent renal failure [ 23 ]. 

 In early course of ODN, most patients’ GFR and serum 
creatinine can be within the normal ranges but some people 
will have hyperfi ltration [ 16 ]. As ODN stage progresses 
there is a decline in GFR [ 6 ]. Further progression in the kid-
ney structural changes can be detected in early and interme-
diate course of ODN, such as additional increase in thickening 
of GBM, expansion of mesangium, and rate of glomerular 
closure [ 16 ]. In advanced stage 4    the remaining glomeruli 
hypertrophy more [ 16 ]. Proteinuria is a clinical sign of future 
deterioration of renal function and it implies poor prognosis 
and shorter life expectancy [ 81 ]. The mean time of survival 
was 7 years after inception of proteinuria, and approximately 
2–7 years after serum creatinine rises [ 80 ]. 

 There are at least two peaks of incidence in ODN with no 
defi nite clear contributors although poor glycemic or BP 
control, genetic, molecular, and environmental factors have 
been proposed in predisposition [ 71 ]. More than two-thirds 
of patients with macroalbuminuria have uncontrolled sys-
temic hypertension and this has been associated with increase 
in proteinuria [ 82 ,  83 ]. Untreated macroalbuminuria leads to 
progressive elevation of BP and declining GFR with eventual 
progression to ESRD [ 71 ]. In the study by Parving et al.  
patients with T1DM and persistent proteinuria before treat-
ment have mean decline in GFR with mean value of 0.9 mL/
min/month with further elevation in BP and UAE values and 
during antihypertensive treatment mean GFR decline rate 
decreased to 0.39 mL/min/month [ 84 ]. The study by 
Mogensen et al. during this stage demonstrated that the mean 
decline in GFR was 1.24 mL/min/month before antihyper-
tensive treatment and it decreased to 0.45 mL/min/month 
during antihypertensive treatment with decreased yearly 

UAE to −7 % with improved SBP and DBP [ 73 ]. Viberti 
et al. showed that strict glycemic control may have benefi cial 
effect on slowing the rate of GFR decline in this stage [ 85 ]. 

 The trials have shown that controlling BP slows the GFR 
decline rate [ 51 ,  73 ]. Long-term antihypertensive medica-
tions during this stage have shown to decelerate the progres-
sion of albuminuria and declining GFR by 60 % and 
signifi cantly reduced both SBP and DBP [ 10 ]. However the 
fi ltration rate continues to decrease despite treatment in 
patients with diffi culty achieving BP goal of 140/90 or lower 
during that period [ 51 ].  

    Stage 5: Uremia 

 This most advanced phase is called uremic stage or end stage 
renal failure. It is common in both T1DM and T2DM and 
occurs in 30–40 % of T1DM and 10–35 % of T2DM [ 1 ,  16 ]. 
It is characterized by uremia and often has decreasing UAE 
due to closure of nephrons [ 16 ]. There are advanced kidney 
lesions and generalized glomerular obliteration. BP in this 
stage is usually high. Patients with DM and ESRD require 
renal replacement therapy (RRT), which includes dialysis or 
renal transplantation, which has better outcomes. Diabetes- 
associated renal lesions have been shown to recur in trans-
planted kidney [ 1 ]. ESRD is associated with high 
cardiovascular mortality [ 9 ] (Table  3.1 ).   

    Natural History of Diabetic Kidney 
Disease in T2DM 

 The natural history of DKD in T2DM patients has been less 
well delineated compared to T1DM patients. This could be 
partly because most T2DM patients are older and have 
unknown duration of diabetes prior to diagnosis and concur-
rent obesity, hypertension, hyperlipidemia and higher rates of 
CVD that limit the expression of DKD [ 9 ]. Microalbuminuria 
occurs in approximately 7 % at the time of diagnosis and up 
to 18 % within 5 years of T2DM diagnosis, suggesting exis-
tence of 10 years of undiagnosed T2DM [ 1 ]. 

 The study in Pima Indians has provided valuable insight 
about DKD in T2DM. Pima Indians have the highest preva-
lence of T2DM, with prevalence of 40–45 % in adults over 
age 35 years, and they have low incidence of T2DM during 
childhood to peak incidence at 40 years for male and 50 
years for female [ 86 ]. Most are obese subjects with diabetes 
and insulin resistance [ 6 ,  87 ]. The kidney structural and 
functional changes in T1DM are similar in T2DM for most 
part [ 9 ]. Among Pima Indians with kidney disease the high-
est mortality occurs in subjects with T2DM on RRT and 
mortality rate increases with duration of diabetes and from 
CVD, infection, and malignancy [ 88 ]. 
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    Stage 1: Initial Stage in T2DM 

 At initial diagnosis of T2DM and early stage 1 of DKD, hyper-
fi ltration may or may not occur. If hyperfi ltration does occur in 
T2DM, it is less frequent, at rates of 15–45 % compared to 
90–95 % in T1DM [ 6 ,  89 – 91 ]. In a study of 16 recently diag-
nosed non-proteinuric T2DM patients, hyperfi ltration (ele-
vated GFR) was present in 44 % of patients, with median GFR 
(133 mL/min/1.73 m 2 ; range, 95–165) in the group with 
T2DM, which was signifi cantly higher than obese nondiabetic 
controls (median, 118; range, 95–139) [ 90 ]. Vora et al. studied 
110 Caucasian patients newly presenting with T2DM showed 
signifi cantly elevated GFR, effective RPF, and FF compared 
to nondiabetic control group [ 91 ]. These patients have BP in 
the normal range and did not have prior treatment for diabetes. 
The mean age was 52.5 ± 10.1 years, GFR was above 140 mL/
min in 16 % and above mean ±2 SD of the normal in 45 %, 
and microalbuminuria was noted in 7 % of T2DM patients 
[ 91 ]. In 20 Pima Indians with T2DM mean GFR (140 ± 6 mL/
min) was 15 % higher than patients without diabetes 
(122 ± 5 mL/min) [ 87 ]. However, this study found normal 
GFR in newly diagnosed T2DM [ 92 ]. As GFR typically 
declines with age, it is possible to have hyperfi ltration while 
GFR remains within normal adult range [ 1 ]. The interpretation 
of GFR and hyperfi ltration must be carefully analyzed. 

 There may be elevated BP at diagnosis of T2DM, and 
most patients require treatment [ 16 ]. This is different from 
T1DM where most people during normoalbuminuric range 
have normal BP, and elevation in BP is obviously linked to 
renal disease with higher BP corresponding to greater UAE 
level [ 16 ]. The T2DM patients often display hyperinsu-
linemia and insulin increases renal sodium reabsorption. 
Thus high insulin may indirectly play a role in hypertension 
by sodium retention [ 16 ,  93 ]. During the initial stage, not all 
T2DM patients have increased glomerular volume [ 94 ].  

    Stage 2: Normoalbuminuria 

 T2DM patients with normoalbuminuria comparable to stage 
2 in T1DM may or may not have hyperfi ltration and usually 
have normal renal size and may have diabetic glomerulopa-
thy [ 16 ]. The GFR has positive correction with UAE, border-
line correlation with renal size but none with glycated 
hemoglobin, which is different from the fi nding in T1DM 
patients [ 16 ]. The annual CVD death risk in patients without 
nephropathy (urinary albumin concentration (UAC) less than 
microalbuminuria range) was 0.7 % in the United Kingdom 
Prospective Disease Study (UKPDS) [ 19 ]. 

 Schmitz et al. studied    19 normoalbuminuric T2DM 
patients with light microscopy to determine the relationship 
between glomerular morphology and UAE showed that 
there was no increase in glomerular volume and no signifi cant 

frequency in occlusion of glomeruli [ 94 ]. These patients 
were only on oral hypoglycemics or diet controlled. In this 
study the fraction of red-stained material (periodic- acid 
Schiff positive substance) in open glomeruli was increased 
by 14 % signifying the existence of glomerulopathy in 
T2DM subjects, but also indicating that high UAC did not 
refl ect more advanced glomerulopathy [ 94 ]. The fi nding of 
increased glomerular size in both early and late T1DM was 
not demonstrated in this study in T2DM. In addition, hyper-
fi ltration was not a precursor to the fi nding of glomerulopa-
thy as suggested by the same study [ 94 ]. Higher DBP was 
seen in T2DM patients who progress from normoalbumin-
uria to microalbuminuria and there was no difference in 
HbA1C but mean value was 8.8 % [ 63 ].  

    Stage 3: Microalbuminuria or Incipient 
Diabetic Nephropathy 

 The prevalence of microalbuminuria in T2DM varies from 
6.5 to 42 % and it may be present at or before diagnosis of 
T2DM, which is different from T1DM [ 1 ,  65 – 67 ]. The pres-
ence of microalbuminuria in T2DM increases the CVD risks 
such as MI or stroke and it may not be a specifi c indicator for 
diabetic renal disease as in T1DM patients as other factors 
such as incipient or overt cardiac insuffi ciency, urinary tract 
infection, and urinary obstruction can contribute to it [ 9 ]. In 
hypertensive T2DM patients BP levels tend to increase as 
UAE progresses to microalbuminuric range [ 16 ]. In T2DM, 
GFR is reduced especially in patients with microalbuminuria 
or in older patients with normoalbuminuria [ 6 ]. 

 Regression of microalbuminuria or remission to normoal-
buminuria can occur in T2DM. In a study that included 216 
T2DM Japanese patients with microalbuminuria, Araki et al. 
defi ned regression as a 50 % decrease in UAE values over a 
2-year period [ 95 ]. Six year cumulative incidence of remis-
sion was at 51 %, regression was at 54 %, and progression to 
ODN was at 28 % [ 95 ]. The factors associated with regres-
sion or remission were short duration of microalbuminuria, 
use of ACEIs or ARBs, lower HbA1C (less than 6.95 %), 
and SBP less than 129 mmHg [ 95 ]. 

 The data from UKPDS of 5,097 newly diagnosed T2DM 
patients describe the progression of DKD through the stages 
from microalbuminuria, macroalbuminuria (UAC values 
used in the study were 50–299 and ≥300 mg/L, respectively), 
persistently elevated plasma creatinine (EPC) (creatinine 
≥175 μmol/L [ 96 ]) or RRT, and death [ 19 ]. From the time of 
diagnosis of T2DM development of microalbuminuria 
occurred at 2.0 % per year. The prevalence of microalbu-
minuria 10 years after diagnosis of diabetes was 24.9 % 
with increasing annual CVD death risk of 2.0 % in microal-
buminuria group [ 19 ]. Many patients with T2DM with 
 microalbuminuria also progress to overt proteinuria [ 1 ]. 
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Substantial renal impairment without signifi cant proteinuria 
has also been described in both T1DM [ 97 ] and T2DM [ 98 ] 
patients. As the risk of ESRD in T2DM patients and renal 
impairment is similar with or without microalbuminuria, it is 
important to assess serum creatinine and estimated GFR as 
recommended by ADA and NKDQI guidelines [ 9 ,  69 ].  

    Stage 4: Overt Diabetic Nephropathy 

 This stage in T2DM may appear 5 years earlier compared to 
in T1DM as time to diagnosis is delayed [ 6 ]. The results 
from UKPDS showed that progression from microalbumin-
uria to macroalbuminuria was 2.8 % per year [ 19 ]. The prev-
alence of macroalbuminuria was less with 5.3 % 10 years 
after T2DM diagnosis, and these patients had higher annual 
CVD death risk of 3.5 %, which was higher than transition-
ing to renal failure [ 19 ].  

    Stage 5: End Stage Renal Disease 

 Cumulative incidence of ESRD is 10–35 % among T2DM 
patients [ 6 ]. Generally Nelson et al. reported the cumulative 
incidence of ESRD development in Pima Indians with T2DM 

was 40 % after 10 years and 61 % after 15 years of detected 
proteinuria (protein-to-creatinine ratio ≥0.5 g/g) [ 99 ]. GFR 
decline rate is similar among T2DM patients who develop 
diabetes at young age (like Pima Indian) compared to T1DM 
[ 6 ]. From UKPDS study the transition from macroalbumin-
uria to EPC or RRT was at 2.3 % per year and with a preva-
lence of EPC or RRT was at 0.8 % 10 years following T2DM 
diagnosis. The patients with EPC or on RRT have annual risk 
of cardiovascular death at 12.1 % and annual death rate of 
19.2 %, both of which were much higher than in stages 1–4 
[ 19 ]. Thus CVD death risk increases with progressive UAE 
elevation and DKD stages [ 19 ]. This stage has higher CVD 
risk and patients eventually need RRT for survival. 
Antihypertensive medications and improved glycemic con-
trol are benefi cial in this stage [ 9 ] (Table  3.3 ).
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           Introduction 

 Diabetic nephropathy, a microvascular complication of diabe-
tes, is clinically characterized by an initial increase in glo-
merular fi ltration rate (GFR) and microalbuminuria [ 1 ]. If left 
untreated, these early pathophysiologic changes will progress 
to renal fi brosis and tubulointerstitial damage along with a 
decline in GFR, ultimately leading to kidney failure [ 2 ,  3 ]. 

 Diabetic nephropathy and its related pathophysiologic alter-
ations in renal microcirculation is thought to develop as a result 
of the interaction between metabolic and hemodynamic factors 
that together activate common intracellular pathways that trig-
ger the production of various cytokines and growth factors lead-
ing to kidney disease. Persistent elevations in blood glucose 
alter renal hemodynamics through activation of several vasoac-
tive hormonal pathways, including the renin-angiotensin-aldo-
sterone system (RAS), endothelin, and urotensin [ 4 ,  5 ]. These 
hormones then in turn can activate second messenger signaling 
pathways, including protein kinase C, transcription factors, 
including NK-κB, and cytokines, including TGF-β, VEGF, and 
PDGF, all of which can lead to the development of albuminuria, 
glomerulosclerosis, and tubulointerstitial fi brosis characteristic 
of diabetic nephropathy [ 6 ,  7 ]. This chapter will provide a 
detailed review of these hemodynamic and hormonal mecha-
nisms that underlie the development of diabetic nephropathy.  

    Renin-Angiotensin-Aldosterone System 

 The role of the RAAS in the pathophysiology of diabetic 
nephropathy (diabetic nephropathy) is well established. 
Whereas older studies focused on the systemic RAS and pro-

vided controversial and contradictory results, more recent 
advances have examined the role of the local intrarenal RAS 
that acts independently of the systemic RAS and has been 
shown to be activated in both experimental and human diabe-
tes [ 8 ,  9 ]. While classically angiotensin II (Ang II) was 
regarded as the single effector molecule of the RAS, in recent 
years studies have demonstrated that aldosterone, renin, and 
prorenin have direct effects in the diabetic kidney [ 10 ]. 
Further, more recent studies have shown that metabolites of 
Ang II, including angiotensin 1-7 (Ang (1-7)) and angiotensin 
1-9 (Ang (1-9)), may play an important role in the  development 
and progression of diabetic nephropathy [ 11 ,  12 ]. 

 Indeed, the renal RAS is unique among local RAS systems 
because all of the necessary components for intrarenal Ang II 
are present along the nephron in both intratubular and intersti-
tial compartments [ 13 ,  14 ]. AT II formation is dependent on 
the availability of the substrates angiotensinogen (AGT), 
angiotensin I (Ang I), and the enzymatic activities of renin, 
angiotensin converting enzyme (ACE), angiotensin converting 
enzyme 2 (ACE 2), and ACE-independent enzymatic path-
ways including the serine proteases, such as chymase. 
Angiotensin 1-7, Ang (1-7), a metabolite of Ang II, can be 
formed directly from ANG II via hydrolysis from ACE2 or 
indirectly from Ang I via ACE [ 15 ,  16 ] (Fig.  4.1 ). The study of 
the evolving and complex interactions between these various 
hormones and their receptors has led to a much greater under-
standing of the pathophysiology of diabetic nephropathy.

       Angiotensin II (Ang II) 

 Ang II, the most potent effector hormone of the RAS, has 
diverse actions in many different renal cell types. While 
there are confl icting data regarding increased activation of 
the systemic RAS in type 1 or type 2 diabetes, it is well 
established that the intrarenal RAS is up-regulated in dia-
betic nephropathy, contributing to much of the pathophysiol-
ogy of this condition [ 17 ,  18 ]. Further, most recent studies 
have demonstrated that cell-specifi c RAS exists, for example 
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in the proximal tubule, and is up regulated in the diabetic 
kidney [ 9 ]. Although the intrarenal RAS is activated early in 
diabetes, the exact mechanism remains unknown. The dis-
covery of GR91, a G-protein-coupled receptor that is activated 
by succinate, may provide a link between hyperglycemia and 
RAS activation [ 19 ]. In rat models, infusion of succinate 
increases PRA and blood pressure, both of which are abol-
ished by angiotensin-converting enzyme (ACE) inhibition or 
bilateral nephrectomy [ 19 ]. High levels of glucose stimulate 
succinate accumulation, and this directly increases renin 
release from isolated juxtaglomerular apparatus in vitro [ 20 ]. 

 Data concerning intrarenal RAS states in diabetic 
nephropathy are inconsistent. Direct measurements have 
failed to establish that intrarenal RAS Ang II is consistently 
elevated diabetes [ 21 ]. On the other hand, urinary AGT lev-
els have been shown to be consistently elevated in both 
experimental models and human forms of diabetic nephropa-
thy [ 22 ,  23 ]. The localization of renin in the collecting tubule 
and the delivery of proximally produced AGT, along with 
ACE in the tubular fl uid, allows for the local formation of 
both Ang I and Ang II, despite suppression of juxtaglomeru-
lar renin [ 24 ]. 

 Recent studies in type 2 diabetes mellitus have shown that 
there is a major role for ACE-independent formation of Ang 
II. There have been several reports that chymase is markedly 
unregulated in mesangial cells, mast cells, and vascular 
smooth muscle cells in experimental models of diabetic 
nephropathy and that chymase inhibitors, such as chymo-
statin, signifi cantly block Ang II formation [ 25 ,  26 ]. Park 
et al. reported that afferent arteriole vasoconstriction in 
control kidneys that is produced by Ang I was signifi cantly 
blunted by ACE inhibition, but not by serine protease 

 inhibition [ 27 ]. On the other hand, afferent arteriole 
vasoconstriction produced by intrarenal conversion of Ang I 
to Ang II was signifi cantly blunted by serine protease inhibi-
tion but not ACE inhibition in diabetic kidneys [ 27 ]. These 
data suggest that there appears to be a switch from ACE-
dependent to serine-protease dependent Ang II formation in 
the diabetic kidney. 

 In the kidney, Ang II acts via signaling through its two 
receptor subtypes, the AT-1 and AT-2 receptors. The AT-1 
receptor is thought to be widely distributed throughout the 
kidney, while the AT-2 receptor is only found in glomeru-
lar endothelial cells and tubular epithelial cells in the cor-
tex, interstitial, and tubular cells in the outer medulla, and 
inner medullary collecting duct cells [ 28 ,  29 ]. It is gener-
ally accepted that these receptors mediate the opposing 
effects of Ang II such that activation of AT-1 receptors 
leads to vasoconstriction, sodium retention, and cell pro-
liferation, while activation of the AT-2 receptors leads to 
vasodilation, natriuresis, and inhibition of cell prolifera-
tion [ 30 ,  31 ]. Interestingly, several reports have demon-
strated that the expression of renal AT-1 receptors is 
decreased in diabetic nephropathy, suggesting that it may 
be the sensitivity of the AT-1 receptors to Ang II, rather 
than the level of its  expression, that mediates the harmful 
effects of Ang II activation of the AT-1 receptor [ 18 ,  32 ]. 
Further, both the early hyperfi ltration and later decline in 
GFR seen with diabetic nephropathy is thought to be asso-
ciated with AT-1 receptor-mediated alterations in vascular 
responsiveness to Ang II [ 33 ,  34 ]. 

 In addition to hemodynamic effects, it is becoming 
increasingly well documented that Ang II via the AT-1 recep-
tor contributes signifi cantly to the development and progres-
sion of diabetic renal structural injury. These deleterious 
actions of Ang II have been mainly attributed to the stimula-
tion of profi brotic cytokines such as TGF-β, VEGF, PDGF, 
and also to the downstream activation of signaling pathways 
involving PKC and NF-κB [ 35 ,  36 ]. The net result of all of 
these actions is the formulation of tubulointerstitial fi brosis 
and glomerulosclerosis. Ang II has also been shown to be a 
potent infl ammatory agent in the kidney, activating the dif-
ferentiation and proliferation of monocytes and macrophages 
[ 37 ]. Further, Ang II has been reported to increase accumula-
tion of advanced glycation end-products, which in turn also 
contributes to renal injury. 

 In mesangial cells, AII induces hypertrophy and hyperpla-
sia and promotes extracellular matrix accumulation by both 
increasing the synthesis of and decreasing the degradation 
of extracellular matrix components [ 37 ]. In podocytes, AII 
exerts effects that alter the permselectivity of the glomerular 
fi ltration barrier. In vitro studies have demonstrated that 
exposure of podocytes to AII results in the redistribution and 
loss of nephrin as well as changes in the cytoskeleton distri-
bution, including loss of stress fi bers, cortical accumulation 

  Fig. 4.1    Evolving view of the RAAS       
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of F-actin, and cell retraction [ 38 ]. Also, AII can induce reor-
ganization of F-actin fi bers paralleled by increased albumin 
permeability across the podocyte monolayers [ 39 ]. AII stim-
ulates production of alpha3(IV) collagen and promotes both 
hypertrophy and apoptosis of the podocyte [ 40 ]. In tubular 
cells, AII induces cell hypertrophy, apoptosis, and epithelial-
myofi broblast transdifferentiation. It also promotes extracel-
lular matrix accumulation by upregulating TGFβ receptor 
type 2 expression, thus amplifying the effects of TGFβ1 on 
the tubule [ 41 ]. 

 The role of the AT-2 receptor in the pathobiology of the 
diabetic kidney is much less well understood and there is 
much confl icting data regarding these receptors. Indeed, 
experimental models of diabetic nephropathy have reported 
both increased and decreased expression of the AT-2 recep-
tor [ 29 ,  31 ]. The decrease in the AT-2 receptors expression 
supports the concept that AT-2 receptors may mediate bene-
fi cial effects of Ang II, such as cell differentiation and apop-
tosis protecting against glomerulosclerosis and that these 
benefi cial effects are lost through downregulation of AT-2 
receptor expression. Further support for the important role of 
the AT-2 receptor in diabetic nephropathy comes from a 
report of an AT-2 receptor gene polymorphism that is associ-
ated with the decline in renal function and premature aging 
in the arterial system of type 1 diabetics [ 42 ]. However, the 
effects of AT-2 receptor activation are certainly not uniform 
and there is much debate regarding the role of the AT-2 
receptor in diabetic renal damage. Several recent studies 
have shown that blockage of the AT-2 receptor may confer 
some renal protection in certain settings [ 43 ,  44 ]. Further, the 
AT-2 receptor has been implicated in promoting renal dam-
age through generation of reactive oxygen species. 
Additionally, it has been shown that the blockade of both 
AT-1 and AT-2 receptors is necessary to completely block the 
infl ammatory process in a model of diabetic kidney damage 
[ 44 ]. Obviously, further study and investigation of the role of 
the AT-2 receptor in diabetic nephropathy is much needed, 
particularly in view of the importance of the RAS in the 
pathology of diabetic nephropathy. 

 It is important to note that not all studies are in agree-
ment with regard to the level of expression of not only the 
AT-1 and AT-2 receptors but other components of the RAS 
as well. This likely explanation for these divergent fi ndings 
is the different experimental animal models of diabetic 
nephropathy used in the various studies, duration of diabe-
tes, as well as the techniques used to measure the levels of 
expression of the RAS. In addition, diabetes may not only 
alter the level of expression of various RAS components 
but may also alter the distribution of these components in 
various kidney compartments. These observations once 
again stress the importance of not only an intrarenal RAS 
but also cell-specifi c expression of RAS in the pathology of 
diabetic nephropathy.  

    ACE2 

 The complexity of the intrarenal RAS continues to evolve 
with discovery of new enzymes and receptors. One such 
enzyme is ACE2, a novel enzyme of the RAS, that leads to 
generation of angiotensin degradation products, such as 
A1-7, a peptide which is antiangiogeneic and has vasodila-
tory properties that can antagonize the effects of AII [ 45 ] 
(see Fig.  4.1 ). Many experts now consider this enzyme to be 
part of a counter-regulatory mechanism to the classical RAS. 
Since its initial discovery, ACE2 has been identifi ed in a 
number of human tissues including the heart, kidneys, and 
testes, suggesting that this enzyme may play an important 
role in both renal and cardiovascular homeostasis [ 46 ]. 

 ACE2 is the fi rst ACE homologue with 42 % sequence 
homology and this metalloprotease contains only one 
HEXXH consensus sequence, resulting in monocarboxy- 
peptidase activity [ 46 ]. Also, ACE2 has a 48 % sequence 
homology with collectrin, a newly discovered protein 
responsible for regulation of renal amino acid transport and 
maintenance of collecting duct morphology [ 47 ]. It exists as 
both membrane bound and soluble forms. While ACE2 is 
capable of cleaving the terminal leucine from Ang I to gener-
ate Ang(1-9), it has a 400-fold affi nity for Ang II, cleaving 
the terminal phenylalanine residue from ANG II to generate 
Ang(1-7) [ 47 ]. While Ang II, has well known vasoconstric-
tor, proinfl ammatory, and prooxidant effects, mediated 
largely through the AT-1 receptor, Ang(1-7), the primary 
product of AT II degradation via ACE2, acts through the Mas 
receptor, to produce vasodilation by means of increased bra-
dykinin and nitric oxide, to increase release of prostaglan-
dins, and to inhibit norepinephrine release [ 48 ,  49 ]. 

 ACE2 expression has been identifi ed in multiple com-
partments of the kidney including the renal cortical tubules 
(predominantly) and the apical border of the proximal con-
voluted tubule, where ACE2 co-localizes with podocyte 
specifi c markers such as nephrin, podocin, and synaptopo-
din [ 50 ,  51 ]. 

 ACE2 expression in the kidney has been studied in diabe-
tes mellitus type 1 and type 2 models. In a study of 8-week- 
old db/db mice, a model of early type 2 diabetes, ACE2 
mRNA and expression are elevated, while ACE expression is 
decreased in both glomeruli and cortex prior to the develop-
ment of diabetic nephropathy [ 50 ]. Thus, it appears that in 
early stages of diabetic kidney disease, ACE2 is upregulated, 
probably as a protective mechanism against the ACE- 
dependent Ang II formation. As a result of prolonged hyper-
glycemia and consequent activation of proinfl ammatory and 
profi brotic pathways, ACE2 expression becomes downregu-
lated and this may contribute to kidney disease progression. 
Further, in diabetic kidney models, decreased ACE2 expres-
sion is associated with increased albuminuria and inhibition 
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of ACE2 by MLN-4760 increased urinary albumin excretion 
three to fourfold [ 53 ]. ACE2 inhibition also has been reported 
to cause increased mesangial matrix expansion, increased 
vascular thickness, and focal loss of podocytes, indicating 
that ACE2 may be necessary for podocyte maintenance. 
Finally, in two models of type 1 diabetes, ACE2 gene dele-
tion caused accelerated development of diabetic kidney dis-
ease [ 54 ]. Additionally, human studies have shown that ACE 
expression is increased while ACE2 expression is decreased 
in the tubules of diabetic nephropathy [ 52 ]. These current 
fi ndings suggest that ACE2 likely participates in a compen-
satory mechanism in the diabetic kidney prior to the onset of 
diabetic nephropathy while protecting against podocyte loss, 
thus preventing the worsening glomerular injury.  

    Metabolites of Ang II: Ang(1-7) and Ang(1-9) 

 Angiotensin (1-7) is a heptapeptide member of the RAS and 
can be formed as a result of the metabolism of Ang(1-9) by 
ACE and metabolism of Ang II by ACE2 (see Fig.  4.1 ). In 
the kidney, Ang(1-7) appears to be generated from its precur-
sor Ang I by neprilysin, thimet oligopeptidase, or prolyl oli-
gopeptidase that are located either on the brush border or in 
the cytoplasm [ 12 ,  57 ]. However, studies in rat kidney cortex 
have shown that Ang(1-7) is primarily generated via ACE2- 
dependent degradation of Ang II [ 50 ]. Ang(1-7), through its 
binding to the Mas receptor is a potent vasodilator that also 
has been shown to have antihypertensive, anti-infl ammatory, 
and antiproliferative properties in the kidney [ 15 ,  55 ]. These 
actions, therefore, essentially antagonize the actions of Ang 
II mediated via the AT-1 receptor. To date, however, there is 
limited information regarding the direct effects of Ang(1-7) 
in the diabetic kidney. In streptozotocin-induced Wistar rats, 
there is a downregulation in the expression of Ang(1-7) 
mRNA compared with the nondiabetic rat, but differences in 
renal Ang(1-7) levels were not detected [ 56 ]. In this same 
experimental model, treatment with Ang(1-7) and/or the 
Ang(1-7) receptor Mas agonist AVE-00991 reduced albu-
minuria and prevented diabetes-induced abnormal vascular 
responsiveness to norepinephrine, endothelin-1, and Ang II 
[ 11 ]. Similarly, treatment of streptozotocin-induced diabetic 
rats with Ang(1-7) attenuated NADPH oxidase activation, 
diminished proteinuria, and decreased diabetes-induced 
increase in renal vascular responsive to AT II [ 58 ]. These 
observations support the paradigm that Ang(1-7) is a reno-
protective agent in diabetes. 

 In the nonrenal vasculature, Ang(1-7) exerts a vasodila-
tory effect that involves increased production of nitric oxide, 
prostaglandins, or endothelium-dependent hyperpolarizing 
relaxing factor [ 59 ,  60 ]. These effects are blocked by the 
Ang(1-7) Mas receptor antagonist, suggesting involvement 
of Mas receptor signaling pathways. 

 However, the role in Ang(1-7) in the regulation of renal 
hemodynamics is incompletely understood and the data are 
confl icting. In rat renal vasculature, in vitro studies have 
been performed showing that although Ang(1-7) did not 
affect vascular function, it prevented Ang II-induced vaso-
constriction of isolated renal arteries in vitro. In Wistar 
Kyoto rats and SHR rats, Ang (1-7) increases renal blood 
fl ow and inhibits Ang II pressor responses [ 61 ,  62 ]. The lat-
ter effect is blocked by antagonism of the Mas receptor, 
cyclo-oxygenase inhibition, or NOS inhibition, suggesting a 
role for Mas-mediated release of prostaglandins and nitric 
oxide in the vasodilatory response to Ang(1-7). 

 Ang I can be degraded into Ang (1-9) by ACE2 [ 63 ]. The 
role of Ang(1-9) in the kidney remains poorly understood 
and has not been properly evaluated. Some investigators 
believe Ang (1-9) may have a benefi cial role as Ang(1-9) can 
be converted into a potential vasodilator Ang(1-7). However, 
increased conversion of exogenous Ang(1-9) into Ang II in 
glomerular extracts from diabetic rats has been reported with 
the reaction catalyzed by an unknown carboxypeptidase 
[ 12 ]. This observation suggests that Ang(1-9) may have a 
detrimental role in kidney function at it may provide an 
 additional pathway for Ang II formation in the diabetic kid-
ney. Conversion of Ang I to Ang(1-9) is thought to be of 
signifi cance only under conditions that raise Ang II levels 
such as treatment with an angiotensin receptor blocker [ 64 ]. 
Further studies are defi nitely needed to determine the role of 
Ang (1-9) in the diabetic kidney. 

 Recent studies have identifi ed the importance of Ang IV, 
a N-terminal angiotensin degradation product, in cardiovas-
cular disease [ 65 ]. Ang IV is generated in response to tissue 
injury and binds to the AT-4 receptor. In the kidney, Ang IV 
has been shown to have both vasoconstrictor and vasodila-
tory effects and induces PAI-1 expression in models of 
hypertension [ 66 ]. However, there is no signifi cant data 
regarding the role of Ang IV in the diabetic kidney.  

    Renin and Prorenin 

 It is well established that ACE inhibition is only partially 
effective in attenuating the progression of diabetic nephrop-
athy. It has been speculated that this may be due to local 
kidney tissue renin accumulation, which, in turn, may lead 
to higher renal Ang II levels via renin-dependent, but ACE 
independent pathways [ 67 ]. However, plasma renin activity 
is generally decreased in diabetics, while renal levels are 
elevated, especially in the tubules [ 68 ]. Unlike the juxtaglo-
merular cells where Ang II inhibits renin release via the 
AT-1 receptor, in the collecting duct Ang II stimulates renin 
expression via the AT-1 receptor [ 69 ]. In animal models of 
diabetes and hypertension, collecting duct prorenin and 
renin are upregulated. The elevated levels of prorenin 
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observed in diabetes may come from the epithelial cells of 
the collecting duct [ 70 ]. Thus, whereas the juxtaglomerular 
apparatus may suppress renin production in the diabetic, 
upregulated renin production produced in the distal nephron 
may be able to support continued intrarenal Ang II forma-
tion and amplify or maintain the hypertensive state as well 
as renal damage [ 69 ]. The increase in local tubular renin has 
been thought to be responsible for increased local formation 
of Ang II that subsequently leads to increased tubulointersti-
tial fi brosis and injury. 

 Prorenin is a precursor of renin that under normal physi-
ologic conditions lacks renin enzymatic activity. Plasma pro-
renin levels have been shown to be elevated in patients with 
type 2 diabetes, especially those with microalbuminuria [ 71 ]. 
Both prorenin and renin have been demonstrated to have 
direct action in the kidney via binding to the membrane- 
associated protein called the prorenin/renin receptor, (pro) 
renin receptor [ 72 ]. This receptor, which is expressed in the 
heart, brain, placenta, liver, and kidney tissue, binds prorenin 
and, with a lesser affi nity, renin. When bound to this recep-
tor, prorenin undergoes a conformational change and 
becomes enzymatically active without undergoing proteoly-
sis. This mechanism may contribute to local Ang II forma-
tion, especially in tissues that lack the renin gene. This 
receptor has been localized predominantly to mesangial 
cells, distal tubules, glomeruli, and the macula densa [ 72 ,  73 ]. 
Activation of the (pro)renin receptor in cultured mesangial 
via binding of prorenin/renin to this receptor has been shown 
to activate the mitogen-activated protein kinase (MAPK)-
extracellular signal-regulated kinase (ERK) pathway as well 
as increase profi brotic mediators such as TGF-β, PAI-1, 
fi bronectin, and collagen 1 [ 73 ,  74 ] even in the presence of 
an angiotensin receptor blocker or ACE inhibitor [ 73 ]. These 
fi ndings suggest that activation of the (pro)renin receptor in 
mesangial cells by elevated levels of prorenin as occurs in 
diabetes, may lead to signifi cant glomerulosclerosis, inde-
pendent of Ang II formation. 

 The (pro)renin receptor has been found in human podo-
cytes where prorenin infusion leads to an increase in intra-
cellular Ang II that is blocked by the direct renin inhibitor, 
aliskiren [ 75 ]. As seen with mesangial cells, stimulation of 
the (pro)renin receptor in podocytes results in the activation 
of the MAPK-ERK pathway but does not lead to increased 
levels of PAI-1 or TGF-β [ 75 ]. It should be noted that exces-
sive stimulation of the (pro)renin receptor by high levels of 
prorenin is self-limiting. 

 A site-specifi c binding protein, a so-called  decoy protein  
has been found and it prevents prorenin activation on binding 
to the (pro)receptor [ 73 ]. In an experimental model of dia-
betic nephropathy, the “decoy protein” has been demon-
strated to lessen glomerulosclerosis and tubulointerstitial 
fi brosis, both directly and indirectly [ 76 ,  77 ]. These fi ndings 

support the concept of the role for renin and prorenin in the 
pathophysiology of diabetic nephropathy, either alone, or in 
concert together with Ang II. However, more studies are 
needed to determine if blockade of the (pro)renin receptor 
will provide signifi cant renoprotective effects in diabetic 
nephropathy in humans.  

    Aldosterone 

 Aldosterone has become increasingly recognized as an 
important mediator of kidney damage in diabetic nephropa-
thy. Long-term ACE inhibition is associated with increases 
in plasma aldosterone levels in many patients after an initial 
reduction or unchanged levels, so-called  aldosterone escape  
[ 81 ]. Whereas aldosterone was previously believed to be 
involved in just water and electrolyte balance, there is emerg-
ing evidence for it having direct action on target cells leading 
to renal injury via oxidative stress, infl ammation, and fi bro-
sis. These fi ndings led to the belief that one of the reasons for 
incomplete renal protection offered by ACE inhibition is 
elevation in aldosterone levels. In experimental animal mod-
els of diabetes, the administration of spironolactone, a 
 mineralocorticoid receptor antagonist, lead to decreased 
albuminuria, glomerulosclerosis, macrophage infi ltration, 
renal MCP-1 synthesis, and expression of NF-β [ 78 ]. In 
patients with type 2 diabetes mellitus and diabetic nephropa-
thy, spironolactone usage has been shown to decrease albu-
minuria and PAI-1 [ 79 ]. A more recent study showed that the 
use of a more selective mineralocorticoid receptor antago-
nist, eplerenone, reduced proteinuria in hypertensive diabetic 
patients to a similar extent to that seen with ACE inhibitors 
[ 80 ]. Additionally, clinical studies have also demonstrated a 
relationship between increased serum levels of aldosterone 
and deterioration in kidney function. 

 With the exception of the brain, extra-adrenal synthesis of 
aldosterone is controversial. However, the enzyme responsi-
ble for aldosterone synthesis from deoxycorticosteroid, P450 
11β2 (CYP11β2) has been reported to be present in the rat 
kidney, mainly in the glomerulus and podocytes [ 82 ]. 
Upregulation of this enzyme was observed in a rat model of 
type 1 diabetes [ 82 ]. It is unknown if such a system exists in 
the human kidney and further study is needed in this area.  

    Renal Vascular Response to Diabetes 

 Both hemodynamic and non-hemodynamic pathogenic path-
ways contribute to the development of glomerulosclerosis 
and, subsequent, tubulointerstitial fi brosis in diabetic 
nephropathy. The hemodynamic changes involve changes in 
arteriolar function that ultimately cause hyperfi ltration early 
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during the course of diabetes. In addition to the RAS, several 
other hormone systems and electrolytes may play a key role 
in this process.  

    9C-Peptide 

 C-peptide is a 31-residue cleavage product of insulin synthe-
sis that is secreted from the pancreas along with insulin. 
Thus, type 1 diabetics with impaired insulin secretion have 
decreased C-peptide levels. Although originally thought to 
be biologically inert, C-peptide is now recognized to exert 
renoprotective effects in patients and animals with type 1 
diabetes [ 83 ]. C-peptide administration has been shown to 
attenuate hyperfi ltration, hypertrophy, and albuminuria pre-
sumably through the effects on the Na+/K+ ATPase, but the 
precise mechanism has remained speculative [ 84 ]. A study 
from Nordquist and colleagues showed that C-peptide exerts 
a direct vasoconstrictor effect on isolated perfused afferent 
arterioles from mice with alloxan-induced type 1 diabetes, 
while having minimal effect on afferent arterioles from non- 
diabetic mice [ 85 ]. This fi nding suggests that reduced endog-
enous C-peptide levels may contribute to the afferent 
arteriolar vasodilation associated with diabetic hyperfi ltra-
tion. Further, as C-peptide has been shown to be a vasodila-
tor in most vascular beds, its vasoconstrictor effect on the 
afferent arteriole in type 1 diabetes underscores the likeli-
hood that novel mechanisms control afferent arteriolar func-
tion under these conditions.  

    COX-2 

 New evidence is also increasing regarding the role of 
 arachadonic acid metabolites, specifi cally COX-2, in the 
renal vascular dysfunction seen with diabetic nephropathy. 
Although altered metabolism of arachadonic acid has been 
linked to diabetic hyperfi ltration based on the effects of 
 nonsteroidal anti-infl ammatory drugs, only recently has 
 evidence emerged of specifi c involvement. In streptozotocin-
induced diabetic rat kidneys there is evidence for increased 
expression of COX-2 and reversal of hyperfi ltration with 
COX-2 inhibition whereas in normal rats there was no effect 
on GFR [ 86 ]. Subsequent studies have confi rmed these 
fi ndings and suggested that peroxynitrite as a contributing 
stimulus for the upregulation of COX-2 [ 87 ,  88 ]. In adoles-
cents and young adults with diabetes and hyperfi ltration, 
COX-2 inhibition has been shown to blunt hyperfi ltration 
while in those diabetics with a normal GFR and no hyperfi l-
tration, COX-2 inhibition increased the GFR [ 89 ]. Obviously, 
these divergent fi ndings attest to the complexity of COX-2-
dependent infl uences on glomerular function in type 1 dia-
betics. Further, it appears as though the renal hemodynamic 

response to COX-2 inhibition is sex specifi c, such that the 
dependence on vasodilator prostaglandins is greater in 
women than men, suggesting that sex hormones may con-
tribute to the pathogenesis of diabetic nephropathy through 
renal vascular events that occur early in diabetes [ 90 ]. 

 In a study in type 1 diabetics, a chronic infusion of the 
somatostatin analog, octreotide, was able to partially reverse 
the early hyperfi ltration and increase in renal size, seen in 
these patients [ 96 ]. Although plasma glucose, plasma gluca-
gon, and growth hormone levels were unchanged, there was 
a decrease in the plasma concentration of insulin-like growth 
factor 1 (IGF-1). Interestingly, an infusion of IGF-1 in nor-
mal subjects has been shown to similar hemodynamic fi nd-
ings to that seen in early diabetic patients, renal vasodilation, 
and an elevation in GFR [ 97 ]. These results have also been 
replicated in animal models [ 98 ]. 

 Another important effect of hyperglycemia may be the 
accumulation of sorbitol and the formation of glycosylated 
proteins. Excess glucose can be converted intracellularly, via 
aldose reductase, to sorbitol that then accumulates in the cell. 
Studies in human type 1 diabetics with microalbuminuria 
demonstrated that the infusion of tolrestat, an aldose reduc-
tase inhibitor, lowers the GFR toward normal and reduces 
albumin excretion [ 99 ]. 

 Chronic hyperglycemia induces some of the excess cir-
culating glucose to combine with free amino acids on circu-
lating and tissue proteins. This process initially forms 
reversible glycation products that later transform into irre-
versible advance glycation end products. In rat models, the 
infusion of glycation products to the level seen in diabetic 
rats can increase real plasma fl ow, GFR, and intraglomeru-
lar pressure typical of untreated diabetes [ 100 ]. Infusion of 
advanced glycation products in vivo results in signifi cant 
increases in expression of various components of the RAS 
[ 103 ]. Further, infusion of Ang II increases both serum and 
renal accumulation of glycation products, highlighting the 
complex interaction of events underlying the pathology of 
diabetic nephropathy.  

    Diabetes and Renal Autoregulation 

 Glomerular hyperfi ltration and glomerular capillary hyper-
tension are generally thought to play a signifi cant role in the 
pathology of diabetic nephropathy, especially glomerulo-
sclerosis. These conditions are often exacerbated by even 
mild elevations in systemic arterial pressure that is transmit-
ted to the glomerulus through vasodilated preglomerular 
microvasculature. Even mild reductions in systemic blood 
pressure have been demonstrated to produce signifi cantly 
less glomerular damage. In order for systemic arterial 
 pressure    to be transmitted to the glomerulus there would be 
need for impairment of renal autoregulatory capability. 
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This would imply that hyperglycemia impairs autoregulation 
of local glomerular microcirculation with dilation of arteri-
oles, more so of the afferent arteriole, thus affecting the 
transcapillary hydraulic pressure difference [ 91 ]. A number 
of different factors may contribute to the altered autoregula-
tion seen in diabetes, including hormones such as IGF-1 and 
sex hormones, sorbitol, and increased sodium reabsorption 
and tubuloglomerular feedback. 

 Enhanced tubular sodium reabsorption, due to increased 
sodium glucose transport in the proximal tubule, has also 
been demonstrated to play an important role in renal blood 
fl ow autoregulation. Hyperinsulinemia and high glucose 
concentration in the ultrafi ltrate stimulate sodium-glucose 
transport in the proximal tubule leading to increased sodium 
reabsorption [ 101 ]. This rise in proximal sodium reabsorp-
tion decreases solute and fl uid delivery to the macula densa, 
thereby activating the tubuloglomerular feedback-dependent 
afferent arteriolar vasodilation and increase in GFR. 

 It has also been postulated that hyperglycemia sensitizes 
the target organs to blood pressure-induced damage, most 
likely by activation of the local RAS with local Ang II pro-
duction. High glucose levels have been shown to increase the 
expression of renin and AGT in mesangial and tubular cells, 
which could increase intrarenal Ang II levels, and then acti-
vate various cytokines, leading to extracellular matrix accu-
mulation. Indeed, diabetes mellitus has been demonstrated to 
affect both mechanisms of autoregulation, the myogenic 
response as well as tubuloglomerular feedback. Thus, it is 
not surprising to fi nd studies demonstrating that renal auto-
regulation is impaired in diabetes. In a micropuncture study 
of a rat model of type 2 diabetes, renal autoregulation was 
shown to be impaired early in the diabetic rats, but not in 
non-diabetic controls [ 92 ]. These changes were noted prior 
to the development of overt hyperglycemia, consistent with 
the notion that an autoregulatory defect is an early event in 
diabetes and can contribute signifi cantly to the development 
of diabetes nephropathy. However, a study by Lau et al. in 
rats with streptozotocin-induced diabetes revealed that these 
rats have signifi cantly augmented renal blood fl ow and auto-
regulatory capability at low perfusion pressures, compared 
with non-diabetic rats [ 93 ]. Thus, there is a lack of consensus 
regarding the autoregulatory capability of the renal vascula-
ture early in diabetes. The complexity of this situation is 
likely due, at least in part, to the gradual impairment of glo-
merular autoregulation that occurs with increasing duration 
of diabetes in both humans and rodents [ 94 ,  95 ]. 

 Recent studies have suggested that primary changes in 
preglomerular microvascular smooth muscle play a key role 
in the afferent arteriolar vasodilation seen in the hyperfi ltra-
tion present early in diabetic nephropathy. Pharmacologic 
blockade of ATP-sensitive K+ channels causes contraction 
of afferent arterioles from rats with streptozotocin-induced 
diabetes, while having minimal impact on afferent arterioles 

from normal rats [ 102 ]. This observation suggests that open 
K+ channels contribute to tonic afferent arteriolar vasodila-
tion during diabetes. It is felt that these K+ channels likely 
contribute to afferent arteriolar dilation in diabetes by pro-
moting vascular smooth muscle membrane hyperpolariza-
tion thereby reducing calcium infl ux through voltage-gated 
channels and ultimately decreasing intracellular calcium 
concentration. This impaired electromechanical coupling 
would be expected to impair vasoactive responses to multi-
ple humoral agents, the myogenic response, tubuloglomeru-
lar feedback, and ultimately autoregulation, all of which are 
present in diabetic nephropathy.     
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           Introduction 

 In 1936 Kimmelstiel and Wilson [ 1 ] reported a series of eight 
autopsies from patients in which they observed thickening of 
the intercapillary regions of the glomerular capillaries with 
the formation of nodules in autopsies and suggested that a 
combination of diabetes mellitus and arteriosclerosis was 
responsible for the fi ndings. Seven of the patients he described 
had diabetes mellitus for years preceding their death and one 
patient had no information available as he died 3 h after 
admission with no previous history. The authors concluded 
that the lesion identifi ed represented the typical changes in 
the glomerulus that occurred in patients with long-standing 
diabetes mellitus and termed this lesion diffuse intercapillary 
glomerulosclerosis. Because of their seminal contribution 
pointing out the structural changes in glomeruli of diabetic 
patients, the most salient fi nding in this lesion, the mesangial 
nodules are still referred to as Kimmelstiel–Wilson nodules. 
At about the same time, another diabetic patient was reported 
by Murakami in Japan [ 2 ] with similar histological picture. 
Since the life span of patients with diabetes mellitus was 
quite compromised until insulin became available, the renal 
lesions did not fully develop in many patients. 

 Gellman et al. in 1959 for the fi rst time reported an over-
view and clinical correlation of fi ndings in renal biopsies 
from patients with diabetes mellitus [ 3 ]. The only material 
available prior to this manuscript was descriptions based on 
kidneys examined at autopsy. 

 There have been attempts to separate typical from atypical 
diabetic nephropathy using various parameters including 
concomitant superimposed glomerular conditions and other 
tubular interstitial and vascular alterations, either directly 
related to diabetes or superimposed conditions. 

 The morphological fi ndings in diabetic nephropathy 
occurring in patients with type 1 and 2 diabetes overlap 
 signifi cantly to a point that it is virtually of no value to 
 separate them. In general patients with type 2 diabetic 
nephropathy reveal more signifi cant vascular alterations and 
more heterogeneity in their glomerular lesions which can be 
morphologically altered by the effects of a number of comor-
bid disorders such as hypertension [ 4 ]. 

 The alterations that take place in the kidneys of patients with 
diabetic nephropathy can be generically conceptualized as 
expansion of the extracellular matrices which include glomeru-
lar basement membrane and mesangial matrix, and segmental 
glomerular collapse, generally a more advanced change, charac-
terized by focal and segmental glomerulosclerosis/hyalinosis.  

    Morphologic Findings in Diabetic 
Nephropathy and Related Physiopathology 

 The clinically latent period between the onset of clinical 
detection of diabetes and specifi c morphological fi ndings 
that can be related to it generally lasts for more than 10 
years. This period is usually manifested in the kidney by 
hyperperfusion, increased kidney size, enlarged glomeruli, 
and hyperfi ltration [ 5 ]. The glomerular hemodynamic 
changes take place as a consequence of increased plasma 
fl ow and elevated glomerular transcapillary hydrostatic 
pressure resulting from a decrease in both afferent and effer-
ent arteriolar resistances with the efferent arterioles being 
more dilated than the afferent ones. Many factors have been 
implicated in this phenomenon including prostanoids, nitric 
oxide (NO), atrial natriuretic factor, growth hormone, glu-
cagon, insulin, and angiotensin II, making this situation a 
diffi cult one to sort out. Elevated intraglomerular pressure 
has been linked to mesangial matrix overproduction and 
podocyte injury [ 6 ]. 

 Other factors of importance in the diabetic milieu which 
also alter hemodynamics include vascular endothelial 
growth factor (VEGF) likely mediated through production 
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of NO and the effect of transforming growth factor-β (TGF-
β) leading also to hyperfi ltration by producing dilatation of 
the afferent arterioles via inhibiting calcium transients. 
Shear stress and mechanical stretch caused by hemody-
namic alterations represent yet additional factors inducing 
release of pertinent cytokine and growth factors. The local 
activation of local cytokines and growth factors mechanisti-
cally associate hemodynamic stress to structural changes in 
the diabetic glomerulus [ 7 – 13 ]. Other researchers have 
attempted to link glomerular hyperfi ltration to a primary 
defect in tubular sodium reabsorption such that diabetic-
induced hypertrophy of tubules mediates stimulation of 
sodium chloride reabsorption, again linking renal structural 
changes with the hemodynamic adaptations that take place 
in diabetic renal disease [ 3 ,  13 ,  14 ]. 

 In the 30 % or so of diabetic patients that will develop 
overt nephropathy, microalbuminuria is the earliest clinical 
manifestation which may progress over several years to 
nephrotic range proteinuria and decreased renal function. 
However, there are signifi cant numbers of patients with dia-
betic nephropathy that progress into renal failure without 
ever developing nephrotic range proteinuria. 

 There are morphological correlates associated with this 
progression. The great majority of patients that are biopsied 
are, as expected, those that have developed clinical manifes-
tations beyond microalbuminuria. The development of 
nephrotic range proteinuria, in some cases massive protein-
uria, is an indication for renal biopsy to attempt to identify if 
any concomitant glomerulopathies may be responsible for 
these changes, as therapeutic interventions are needed if that 
is the case. However, more often than not that is not the case. 

 Glomerular basement membrane thickening represents 
the earliest specifi c change in the diabetic glomerulus in type 

1 and 2 diabetic patients and increases with duration of dis-
ease [ 6 ,  8 ,  15 ]. The overlap that is seen in glomerular dia-
betic lesions in type 1 and 2 patients has been recognized. 
The initial fi nding detectable ultrastructurally is subepithe-
lial lamellation of the lamina densa as a manifestation of 
early deposition of additional basement membrane material 
which is responsible for the increase in thickness. 

 Upper limits for normal glomerular basement membrane 
thickness vary according to the methods used and in some 
instances, fi xation and processing of tissues for electron 
microscopy. If the orthogonal intercept method is employed to 
measure the glomerular basement membranes, the upper limit 
of thickness is 520 nm (0.52 μm) for adult men and 471 nm 
for women [ 16 ]. Using cutoff levels based on variations in 
thickness from normal glomerular basement membrane thick-
ness of more than two standard deviations, Haas et al. pub-
lished data that indicates that in males over 9 years of age, 
glomerular basement membranes thicker than 430 nm 
(0.43 μm) are abnormal and this number refl ects the upper 
limit of acceptable thickness and in females 399 nm (0.399 μm) 
is the corresponding cutoff [ 17 ]. For children younger than 9 
years of age a table provides guidance. The thickness of the 
glomerular basement membranes may change with fi xation 
and processing protocols used in the various laboratories. It is 
also markedly altered if material is taken from paraffi n for 
ultrastructural assessment [ 18 ]. Each renal pathology labora-
tory should establish its own reference values to determine 
normal range of thickness for the glomerular basement mem-
branes using an approach that has been accepted such as the 
ones mentioned. This will avoid incorrect assessments of the 
glomerular basement membranes. 

 Concomitantly with the increased thickness in the glo-
merular basement membranes, there is deposition of mesangial 

  Fig. 5.1    ( a ) Hematoxylin and eosin (H&E) stain-X500; ( b ) periodic 
acid Schiff (PAS) stain-X500. Nodular glomerulosclerosis. Diabetic 
nephropathy. The hallmark of diabetic nephropathy, nodular glomeru-

losclerosis. Well-defi ned mesangial nodules of variable size, and thick-
ening of peripheral capillary walls. Note that the mesangial cells that 
remain are at the periphery of the mesangial nodules       

 

J. Aufman and G.A. Herrera



41

  Fig. 5.2    ( a ) H&E stain-X750; ( b ) PAS-X750. Nodular glomerulosclerosis. Diabetic nephropathy. Details of mesangial nodules ( asterisks ) which 
are PAS positive       

matrix leading to mesangial expansion [ 4 ,  6 ,  14 ,  19 ]. 
However, this fi nding by itself is rather nonspecifi c and can 
be seen in virtually any primary glomerular disease in its 
early stages and even as a reactive change in glomeruli in 
patients with primary tubular interstitial or vascular diseases. 
Therefore, the diagnostic value of this fi nding is rather lim-
ited. Once the expanded mesangium becomes nodular, then 
nodular glomerulosclerosis is recognized and this fi nding is 
far more specifi c for diabetic nephropathy (Figs.  5.1 ,  5.2 , 
 5.3 ,  5.4 ,  5.5 ,  5.6 ,  5.7 ,  5.8 , and  5.9 ). It is not exclusively seen 
in diabetic nephropathy but it is a good marker in the proper 
clinical setting.

           The molecular mechanism responsible for the mesangial 
matrix expansion is secretion and activation of TGF-β by 
mesangial cells [ 4 ,  20 ]. Mesangial nodules vary in number and 
size from glomerulus to glomerulus and they vary from slightly 
hypercellular at the beginning to eventually paucicellular or 
even almost acellular with remaining mesangial cells generally 
located at the periphery surrounding the acellular center with 
increased matrix [ 19 ]. Mesangial nodules are positive with the 
PAS (periodic acid Schiff) and silver methenamine stains 
(Figs.  5.1b ,  5.2b ,  5.3 , and  5.4 ) and stain blue with the trichrome 
stain. In some nodules lamellation is appreciable, most notice-
able in the silver methenamine stained sections. 

  Fig. 5.3    Silver methenamine-X750. Nodular glomerulosclerosis. 
Diabetic nephropathy. Mesangial nodules are silver positive indicating 
increased mesangial matrix as their main component. Lamellation of 
mesangial nodule ( circle ). Few mesangial cells at the periphery       

  Fig. 5.4    PAS-X750. Hyaline arteriolosclerosis. Diabetic nephropathy. 
Hyaline material in the wall of arteriole is PAS positive, somewhat 
more glassy than the staining of mesangial nodules       
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  Fig. 5.5    ( a ,  b ) Silver methenamine stain-X750. Microaneurysm for-
mation. Diabetic nephropathy. Process of microaneurysm formation 
(early events) with mesangiolysis in ( a ) and aneurysm (A) already 

formed in ( b ). Note that peripheral capillary walls are thinner than nor-
mal outlining the aneurysm. Also note mesangiolysis in adjacent 
mesangial nodules       

  Fig. 5.6    ( a ,  b ) Transmission 
electron microscopy, uranyl 
acetate and lead 
citrate-AX15500, BX13500. 
Diabetic nephropathy. 
Thickening of glomerular 
basement membranes 
accompanied by subepithelial 
lamellation ( a ), the latter best 
seen on ( b ) ( circled areas )          

 Mesangiolysis is a key injury in the development and pro-
gression of nodular glomerulosclerosis, the most characteris-
tic advanced lesion in diabetic nephropathy [ 19 ,  21 – 23 ]. 
Experimental studies by Matsusaka et al. [ 24 ] have shown 
that podocyte death is inducible and that if the degree of such 
injury is suffi cient, mesangiolysis ensues. The loss of podo-
cytes early in the process of diabetic nephropathy represents 
a signifi cant contributory factor to mesangiolysis and resul-
tant mesangial matrix accumulation. Mesangiolysis is asso-
ciated with formation of microaneurysms. In aneurysmal 

areas, the surrounding glomerular basement membrane 
becomes thin. So the process has been delineated by some 
authors as occurring as follows: repetitive mesangiolysis 
(destruction/dissolution of mesangial matrix) resulting in 
formation of microaneurysms, capillary collapse, and matrix 
deposition leading to the formation of mesangial nodules 
(Fig.  5.5 ) [ 21 ]. 

 Other glomerular fi ndings include insudative and exuda-
tive deposits. In 1994, Stout defi ned “insudative lesions” as 
consisting of intramural accumulations of presumably 
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imbibed plasma proteins and lipids within renal arterioles, 
glomerular capillaries, Bowman’s capsule, or proximal con-
voluted tubules [ 25 ]. These deposits are eosinophilic and 
acellular, thus described as “hyaline.” If they are seen “hang-
ing” from or within Bowman’s capsule they are referred to 
capsular drops (Fig.  5.10 ). They are typically found between 
parietal epithelial cells and Bowman’s capsule. Stout pointed 
out that these lesions can be identifi ed in 5.3 % of biopsies 
from patients with glomerular pathology other than diabetic 
nephropathy [ 19 ]. These lesions are rather suggestive of dia-
betic nephropathy but not entirely specifi c for it, although 
some believe that the capsular drops are specifi c, but not 
entirely pathognomonic of diabetic nephropathy [ 26 ]. If in 
turn, they protrude from or are intimately related to the 
peripheral capillary walls, they are called hyaline of “fi brin” 
caps. However, the term fi brin cap is considered obsolete as 
they contain no fi brin. Hyalinosis is a much better term.

   Associated lesions are observed in the vasculature 
(Figs.  5.4  and  5.11 ). Hyaline arteriolosclerosis of both affer-
ent and efferent arterioles is a characteristic diabetic fi nding. 
In fact, according to Stout, hyalinosis of the efferent arteriole 
is rather specifi c for diabetic nephropathy [ 25 ]. In contrast, 
hyalinosis of the afferent arteriole occurs in a number of 
other conditions, most notably vascular nephrosclerosis and 
cyclosporine nephrotoxicity. Identifying efferent arterioles 

in renal samples cannot be done reliably which makes this 
fi nding a diffi cult one to confi rm and the dogma has been to 
determine the presence of hyalinosis in both arterioles at the 
vascular pole in glomeruli as the fi nding to be trusted as a 
typical fi nding in diabetic nephropathy.

   In regard to atherosclerosis, lesions found in the arterioles 
and arteries are relatively nonspecifi c (Figs.  5.12  and  5.13 ) 
[ 25 ]. However, accelerated atherosclerosis represents a 
rather common alteration appreciated in renal biopsies from 
patients with diabetes, predominantly in those with advanced 
renal disease (Fig.  5.13 ). Bohle and associates found that the 
accelerated atherosclerosis was most common in those 
patients with advanced diabetic nephropathy [ 27 ]. Intimal 
fi brous thickening is the most characteristic fi nding; how-
ever, thickening of the media can also be seen.

    Tubular interstitial manifestations characterized by inter-
stitial fi brosis, tubular atrophy, and dropout (Fig.  5.14 ) typi-
cally occur associated with and as a direct result of the 
glomerular and vascular changes and, as expected, these 
changes parallel in degree the fi ndings seen in the other two 
renal compartments [ 19 ,  23 ]. Tubular basement membranes 
thicken in parallel to similar alterations in the glomerular 
basement membranes. Interstitial infl ammation generally 
with mononuclear cells occurs and also leads to interstitial 
fi brosis, tubular atrophy, and dropout. Many studies show 

  Fig. 5.7    Transmission electron 
microscopy, uranyl acetate and 
lead citrate-X8500. Diabetic 
nephropathy. Uniform thickening 
of the glomerular basement 
membranes (all measuring more 
than 520 nm to 0.52 μm) in 
thickness       
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  Fig. 5.8    ( a ,  b ) Transmission 
electron microscopy, uranyl 
acetate and lead citrate-AX7500; 
BX12500. Diabetic nephropathy. 
Mesangial expansion in ( a ) with 
increased matrix clearly seen in 
( b ) associated with formation of 
obvious mesangial nodule       

that the severity of chronic glomerular and tubular interstitial 
pathology is closely related [ 27 ].

   Focal, segmental glomerulosclerosis has been shown to 
be also an important component of the glomerular lesions in 
some diabetic patients, usually occurring in the more 
advanced stages of the disease. The implications for this 
fi nding are signifi cant in the prognosis and management of 
these patients and will be discussed later.  

    Comparison of Diabetic Nephropathy 
in Type 1 and 2 Diabetic Patients 

 Most of our knowledge of diabetic nephropathy has come 
from studying the disease in type 2 diabetic patients since 
they are much more common than type 1 only (about 20 % of 
all diabetic patients) but there has been a signifi cant number 

 

J. Aufman and G.A. Herrera



45

of studies focusing on the renal pathology in type I diabetic 
patients. As previously stated, much overlap exists in the 
renal structural changes that occur in both conditions. 

 About 40 % of patients with long-standing type 1 diabetes 
mellitus develop overt renal disease progressing to signifi cant 
renal insuffi ciency [ 19 ]. The decline in glomerular fi ltration 
rate, hypertension, and proteinuria in general seem to correlate 
with a number of renal structural abnormalities, including 
increased mesangial fractional volume [Vv(mes/glom)], 
decreased glomerular fi ltration surface, interstitial expansion, 
increased numbers of globally sclerosed glomeruli, and arterio-
lar hyalinosis. However since all these appear to correlate, it 
has been impossible to determine if one of these fi ndings is 
more closely related to progressive renal functional impairment 
in diabetic nephropathy in cross- sectional studies [ 28 – 31 ]. 

 However, the correlation of structural changes with renal 
functional fi ndings is diffi cult in some instances, especially in 
type 1 diabetic patients, in some specifi c aspects. It has been 
shown that severe glomerular lesions may be seen in normo-
albuminuric patients with type I diabetes and also that 

 normoalbuminuric patients with decreased glomerular fi ltra-
tion rate have more advanced lesions than expected. Glomerular 
basement membrane width after long type 1 diabetes duration 
is a strong independent predictor of diabetic nephropathy risk 
in normoalbuminuric type 1 diabetes patients [ 32 ]. 

 A study by Fioretto et al. attempted to relate structural 
renal changes to functional alterations in insulin-dependent 
diabetic patients [ 29 ]. It was found in a 5-year follow-up 
study that increasing mesangial fractional volume was 
closely linked to the development of albuminuria and early 
overt nephropathy, while interstitial expansion and glomeru-
lar glomerulosclerosis did not progress this time period as 
anticipated would happen. In addition, the structural changes 
of diabetic nephropathy were progressive, even in patients 
with stable renal function [ 31 ]. 

 Perrin also evaluated the course of diabetic nephropathy 
in normoalbuminuric patients with type I diabetes mellitus 
for 6 years with sequential renal biopsies. The study con-
sisted of a cohort of six patients who had hypertension and 
were treated with antihypertensive medications for 2 years or 

  Fig. 5.9    Transmission electron 
microscopy, uranyl acetate and 
lead citrate-X12500. Diabetic 
nephropathy. Fibrillary collagen 
in mesangial nodule. Note 
parallel disposition of collagen 
fi bers and periodicity in fi bers       
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  Fig. 5.10    ( a ,  c ) PAS stain; ( b ) transmission electron microscopy, ura-
nyl acetate and lead citrate-AX750, BX5800, CX750. Diabetic 
nephropathy. In ( a ) capsular drop (PAS positive) (CD) hanging from 

Bowman’s capsule with corresponding ultrastructural appearance in ( b ) 
( circled ). In ( c ) capsular drop (*CD) and hyaline cap (*HC)       

more, and this group was compared with an untreated group 
composed of four similar additional patients. The study 
demonstrated that no progression occurred in the treated 
patients who also improved their metabolic control, but mor-

phologic parameters deteriorated in the untreated patients. 
Glomerular and mesangial volume, mesangial matrix vol-
ume fraction, and foot process width of visceral epithelial 
cells increased signifi cantly [ 31 ]. 
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 The role of hypertension in the progression of diabetic 
nephropathy has been a subject of debate. Initially it was felt 
that the development of serious diabetic nephropathy was 
independent of hypertension. More recently, studies have 
indicated that the presence of hypertension in patients with 
overt diabetic nephropathy is associated with a more rapid 
decline of glomerular fi ltration rate and that effective treat-
ment of the hypertension has resulted in slowing the rate of 
decline of the glomerular fi ltration rate in these patients, who 
are far more commonly patients with type 2 diabetes [ 31 ]. 

 Podocytes are reduced in nephropathy associated with both 
type 1 and 2 diabetes mellitus [ 20 ]. Podocyte reduction has 
also been demonstrated in animal models of diabetic nephrop-
athy [ 33 ,  34 ]. This reduction in podocytes may precede and in 
some studies predict the appearance of clinically detectable. It 
does not appear that podocytopathy is more common in 
patients with either type 1 or 2 diabetic nephropathy. 

 The information available in the literature supports that glo-
merular, predominantly mesangial, structural changes are 
important in the clinical transition to microalbuminuria or 
overt nephropathy (rather than glomerular basement mem-
brane thickening), at least in insulin-dependent diabetic 
patients, while interstitial pathology does not seem to have a 
pathogenetic role at this stage of the disease [ 23 ,  35 ]. Interstitial 
fi brosis is more likely directly implicated in the progression of 
the diabetic nephropathy to end-stage renal disease. 

 More heterogeneity is seen in biopsies from patients with 
nephropathy and type 2 diabetes when compared with those with 
type 1 [ 19 ]. This is probably a result of aging, hypertension, and 
atherosclerosis, conditions that are usually present in these cases 
in a more fl orid manner, but the possibility that this may be at 
least partly inherent to the disease process in this subset of dia-
betic patients cannot be completely excluded at this time. 

 If type 2 diabetic patients with similar renal function are 
compared with type 1 patients, structural changes related to 
diabetic nephropathy are less severe and the correlations 
between renal function and glomerular structural alterations 
are less precise, probably because there are a number of fac-
tors playing a role related to vascular pathology and other 
conditions that are not integral parts of the nephropathy in 
type 1 diabetic patients [ 19 ]. 

 Finally, some researchers have noted that by the time 
renal function abnormalities become manifest, renal struc-
tural lesions are quite advanced [ 8 ].  

    Pathologic Classifi cation of Diabetic 
Nephropathy 

 In order to better understand diabetic nephropathy, a unify-
ing pathologic classifi cation has been proposed to encom-
pass renal lesions seen in type 1 and 2 diabetes mellitus to be 
able to relate them to structural kidney alterations and 

  Fig. 5.11    PAS stain-X750. Diabetic nephropathy. Hyaline arteriolo-
sclerosis in afferent and efferent arterioles       

  Fig. 5.12    ( a ) PAS stain; ( b ) transmission electron microscopy, uranyl acetate and lead citrate-AX7500, B-X350. Diabetic nephropathy. Hyalinosis 
in the wall of small size artery in ( a ). Electron dense material in vessel wall in ( b ) corresponds to the area with hyalinosis       
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 consequently, clinical manifestations [ 23 ]. The glomerular 
alterations that may occur in diabetic patients with glomeru-
lar alterations are divided into four classes: 

 Class I is characterized by glomerular basement membrane 
thickening proven by electron microscopy and only, mild non-
specifi c changes by light microscopy that do not meet criteria 
for any of the other classes. Class II encompasses mesangial 
expansion which is divided into mild (IIa) or severe (IIb) but 
without identifi able mesangial nodularity. This category is 
analogous to what has been referred to as “diffuse diabetic glo-
merulosclerosis.” If the mesangial matrix is more than 25 % of 
the total mesangium it should be classifi ed as Class IIb, but 
without mesangial nodularity in more than 50 % of the glom-
eruli. Class III is referred to as nodular glomerulosclerosis. 

At least one convincing mesangial nodule should be present in 
a glomerulus to be included in this category. No more than 
50 % globally sclerosed glomeruli should be present in the 
specimen examined. Class IV represents a more advanced 
form of nodular glomerulosclerosis with more than 50 % glob-
ally sclerosed glomeruli in the sample. This classifi cation has 
been tested with good interobserver reproducibility (intraclass 
correlation coeffi cient = 0.84). 

 This classifi cation serves several purposes including: (1) 
improves communication between renal pathologists among 
themselves and with clinicians, (2) provides structural crite-
ria to be used for prognostic and interventional studies, and 
(3) improves ability to manage patients clinically using mor-
phologic parameters to evaluate effi cacy of various interven-
tions in delaying progression or renal disease and aids in 
determining the need for other therapeutic maneuvers. 
According to the authors, this classifi cation is based on glo-
merular pathology only because these are relatively easy to 
recognize with good interobserver agreement and also 
because glomerular lesions best refl ect the natural course of 
progressive diabetic nephropathy [ 19 ]. 

 Tubular interstitial and vascular pathology are not incor-
porated into this categorization of renal lesions in samples 
from diabetic nephropathy but are encouraged to be tabu-
lated in a scoring format for a more comprehensive evalua-
tion of the fi ndings. 

 This classifi cation ignores focal, segmental glomeruloscle-
rosis, an important lesion that may carry with it clinical and 
prognostic signifi cance, especially as it directly relates to podo-
cyte injury and related issues addressed later in the chapter.  

    Structural Abnormalities of the Thickened 
Glomerular Basement Membranes and 
Expanded Mesangium in Diabetic 
Nephropathy: Light, Ultrastructural and 
Immunofl uorescence Microscopy Data 

 Although there is a tendency to consider diabetic nephropa-
thy a progressive disease as patients live longer with the dis-
ease, there is evidence that functional abnormalities are not 
always progressive and regression from one state to a better 
one occurs [ 4 ,  36 ,  37 ]. Renal biopsies have shown that glo-
merular changes refl ect and correlated with renal dysfunc-
tion but interstitial fi brosis is the best indicator of prognosis/
progression to end-stage renal disease [ 19 ]. 

 Seminal studies carried out by several ways led to the 
concept that the structural and functional architecture and 
composition of the glomerular basement membranes con-
sists of a backbone of collagen IV that forms a compacted 
meshwork and plays a crucial role in the size and charge- 
selective sieving properties of the ultrafi ltration unit in the kid-
ney. The proteoglycan-containing layer provides a negatively 

  Fig. 5.13    ( a ) H&E-X350. Diabetic nephropathy. Atherosclerosis in 
medium to large size arteries          

  Fig. 5.14    Trichrome stain-X350. Diabetic nephropathy. Interstitial 
fi brosis (blue staining) associated with tubular atrophy/dropout and 
thickening of tubular basement membranes       
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charged screen which is placed in front of the lamina densa 
with a major role in fi ltration of macromolecules. Glomerular 
basement membranes undergo fundamental alterations in 
diabetes that impair the fi ltration barrier. Biochemical altera-
tions of the glomerular basement membranes occur along 
with the thickening of the lamina densa that typically occurs 
in diabetic nephropathy. It has been proposed that there is 
increased synthesis of basement membrane components and 
decreased incorporation of heparan sulfates into glycosami-
noglycans resulting in decreased amounts of heparan sulfate 
proteoglycans (HSGP) in the diabetic glomerular basement 
membranes in relation to total protein [ 38 ]. However, the 
contribution of HSPG to early albuminuria has been chal-
lenged. In vivo rat studies removing HSGP from the glomer-
ular basement membranes did not result in proteinuria [ 39 ], 
suggesting that heparan sulfate is not a major determinant for 
the charge-selective characteristics of the capillary wall. 
Also recent studies using antibodies for heparan sulfate in 
renal biopsies with type I diabetic nephropathy have demon-
strated that the staining is not different in intensity to that 
detected in controls [ 40 ]. This last study convincingly dem-
onstrated a lack of scientifi c evidence to support those 
changes in heparin sulfate expression, structure, or sulfation 
played a role in the early proteinuria in patients with diabetic 
nephropathy. 

 In the normal glomerulus, the mesangium predominantly 
contains collagen IV, though many other extracellular matrix 
proteins and glycoproteins are also typically observed. In dia-
betic nephropathy there is increased mesangial staining for 
collagen IV, laminin, and fi bronectin while staining for HSPG 
in the glomerular basement membranes has recently been 
found to be similar than in control glomeruli. As  mesangial 
nodules became bigger, it has been shown that the staining for 
interstitial collagens such as V and III (but not collagen I) 

increased, while the corresponding staining for collagen IV 
decreased [ 41 ,  42 ]. However, it has been shown that the 
amount of collagen IV in mesangial nodules actually is 
increased and its decreased staining is due to decreased den-
sity of collagen IV in relation to other extracellular matrix pro-
teins. This also correlates with the focal deposition of fi brillary 
collagen in some mesangial nodules, typically observed in 
advanced diabetic nephropathy [ 35 ]. Another protein that 
accumulates in the mesangial nodules is tenascin which makes 
the restructuring of the mesangium a challenge as destruction 
of tenascin by metalloproteinases is diffi cult [ 43 ]. 

 Mesangial expansion represents the fi rst noticeable 
fi nding by light microscopy in patients with diabetic 
nephropathy but is often considered nonspecifi c and of 
questionable value in making a defi nitive diagnosis of dia-
betic nephropathy. Mesangial matrix expansion has been 
documented in renal biopsies within 5 years of the diagno-
sis of diabetes mellitus. 

 Immunofl uorescence features of diabetic nephropathy 
are rather constant. Linear staining for IgG and albumin 
(Fig.  5.15a ) along peripheral capillary walls in glomeruli 
and along tubular basement membranes represents the most 
characteristic fi ndings. In some cases there is also linearity 
with similar pattern for both light chains. This pattern of 
linear staining in diabetic glomeruli has been thought to be 
due to stickiness of the glomerular basement membranes to 
antibodies used for immunofl uorescence and is not related 
to immune complex-mediated processes or circulating cyto-
toxic antibodies. Granular deposition of C3 and IgM 
(Fig.  5.15b ) is also seen with some frequency, especially in 
the more advanced cases. If segmental glomerulosclerosis/
hyalinosis is present in addition to trapping of C3 and IgM 
there is also variable granular C1q staining, also attributed 
to trapping.

  Fig. 5.15    Direct immunofl uorescence for albumin and IgM, respectively, AX350, BX500. Diabetic nephropathy. Linear staining along peripheral 
capillary walls in glomeruli and along tubular basement membranes for IgG in ( a ). Granular, predominantly mesangial staining for IgM in ( b )       
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   Ultrastructurally the light microscopic fi ndings are con-
fi rmed. Thickening of the glomerular basement membranes 
and expansion of mesangial areas eventually leading to the 
formation of well-defi ned nodules with increased extracellu-
lar matrix are observed (Fig.  5.8 ). These changes are diffuse 
and generalized but can vary considerably from one glomeru-
lus to the next. In the early stages of diabetic nephropathy 
when glomerular basement membrane thickening represents 
an early development, light microscopy is limited in terms of 
assessing this fi nding unequivocally making it a must to rely 
on ultrastructural evaluation to determine that the glomerular 
basement membranes are indeed thickened. Glomerular base-
ment membrane thickening detected ultrastructurally may be 
seen as early as 2 years after the diagnosis of diabetes mellitus 
in some patients and increased thickness of the glomerular 
basement membranes occurs with time [ 15 ,  19 ,  44 ]. 

 In addition, there is effacement of the foot processes of the 
visceral epithelial cells and sometimes these are detached from 
the glomerular basement membranes, most commonly in 
advanced lesions. The glomerular basement membranes some-
times exhibit subepithelial lamellation, predominantly in early 
cases (Fig.  5.6 ). Mesangial expansion with increased matrix 
and focal hyalinotic foci is seen in mesangial nodules [ 19 ]. 
There is also cellular debris and in some cases, mostly those 
with advanced alterations, fi brillary collagen is seen (Fig.  5.9 ). 
Hyaline deposits, represented by electron dense areas, contain-
ing plasma proteins can be seen in various glomerular locations 
corresponding the already described “capsular drops and/or 
hyaline caps.” Similar hyaline deposits are confi rmed predomi-
nantly in arterioles and small arteries (Fig.  5.12 ). 

 In a small number of patients with diabetic nodular glo-
merulosclerosis, there is deposition of randomly disposed 
fi brillary material composed of 10–25 nm in diameter non-
branching fi brils (Figs.  5.16  and  5.17 ) [ 45 ]. This could be a 
confusing fi nding for pathologists who will need to exclude 

a number of conditions, but diabetic patients with diabetic 
fi brillosis behave clinically identical to those patients with 
similar degree of structural renal abnormalities. 
Microaneurysms can be detected. There are no immune 
complexes, monoclonal protein deposits, or fi brils with char-
acteristics of amyloid, all of these fi nding of importance 
when a differential diagnosis with some other entities that 
may have similar morphological glomerular fi ndings is being 
considered.

        Understanding the Pathology in Diabetic 
Nephropathy: From the Research Laboratory 
to the Evaluation of Renal Samples 

 In the last 30–35 years, extensive research has been conducted 
dealing with the pathogenesis of diabetic nephropathy and 
addressing issues such as progression to end-stage renal dis-
ease. Emphasis has been placed on understanding the patho-
genesis of diabetic nephropathy in an effort to decipher new 
therapeutic protocols aimed at ameliorating and/or stopping 
the development and/or progression of diabetic nephropathy. 

 Diabetic renal lesions develop for at least one decade 
before they result in detectable renal functional alterations, 
so there is plenty of time to work on reversing initial changes 
that may take place heralding the more deleterious structural 
effects more diffi cult to control and ameliorate/stop. 

 While many different pathobiological pathways have 
been considered to play a role in the genesis of the renal 
lesions in diabetes mellitus, some have gained more accept-
ability over the years. In particular, there are three pathways 
that appear to be the most important in diabetic nephropathy, 
for all of which hyperglycemia appears to be the main driv-
ing force: (1) The myo-inositol/polyol pathway, (2) the path-
ways associated with formation of advanced glycation end 
products (AGEs) and generation of reactive oxygen species 
(ROS), and (3) hyperfi ltration. The cyclohexanehexol myo- 
inositol (also called polyol) pathway remains at the center of 
most hypotheses [ 20 ,  46 ]. 

 Chronic hyperglycemia is postulated to be associated 
with impaired myo-inositol metabolism and end organ dam-
age. Diabetes mellitus has been shown to cause increased 
polyol pathway activity generating decreased tissue myo- 
inositol by depleting tissue stores of myo-inositol, paving the 
way to the genesis of pathological changes. Reduced intra-
cellular myo-inositol is thought to result in abnormal phos-
pholipid metabolism and decreased Na+-K+-ATPase activity 
leading to abnormal cellular function. Investigators have 
substantiated that myo-inositol is decreased in the diabetic 
kidney. Another important event in this pathway is activation 
of protein kinase C-β (PCK-β). The sequence of events that 
occur in this pathway has been described in an animal model 
of STZ-induced diabetic rats (model of type 1 diabetes) and 

  Fig. 5.16    Silver methenamine stain-X500. Diabetic fi brillosis. Note 
increased staining in mesangial nodules alternating with empty appear-
ing (nonstaining areas) where the fi brillary material (which does not 
take the silver) accumulates       
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  Fig. 5.17    ( a – c ) Transmission 
electron microscopy, uranyl 
acetate and lead citrate-AX9500, 
BX12500, CX17500. Diabetic 
fi brillosis. Fibrils measuring 
15–25 nm in diameter in 
mesangial nodules       

db/db mice (model of type 2 diabetes—leptin defi ciency) 
[ 47 ,  48 ]. When these animals are treated with inhibitors of 
PCK-β or inhibitors of the polyol pathway (i.e., aldose 
reductase), amelioration of the disease was noted. This sug-
gests that therapeutic interventions aiming at this pathway 
may be attractive as treatments to ameliorate the progression 
of diabetic nephropathy. 

 The second pathway is characterized by the interaction of 
AGEs with their receptor, RAGE, to lead to a complex series 
of events that culminate in cellular dysfunction thus generat-
ing an infl ammatory response and ROS leading to oxidative 
stress. Both in vitro and in vivo animal studies have shown 
the relevance of this pathway in diabetic nephropathy. 
It remains to demonstrate that the same is true in humans. 
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The ROS generated also results in cellular dysfunction 
affecting both the glomerular and tubular cells, compound-
ing the negative effects on renal function. ROS is generated 
predominantly via the NADPH oxidase system or at the level 
of the mitochondria. NADPH oxidase inhibitors work well in 
ameliorating the effects of this pathway in animal studies, 
representing additional possible therapeutic avenues to 
address diabetic nephropathy and its progression [ 30 ]. 

 The third pathway relates to the hyperfi ltration that is 
present in patients with diabetic nephropathy and has proven 
to have an adverse effect on the course of diabetic nephropa-
thy promoting progression to renal failure. Reduction of glo-
merular hyperfi ltration using angiotensin system inhibitors 
has had remarkable benefi cial effects in the decrease of pro-
teinuria and progression of diabetic nephropathy in animal 
studies and in human trials of patients with diabetic 
nephropathy. 

 The three pathways converge and produce simultaneous 
damage to glomerular, tubular, interstitial, and endothelial 
cells acting as the axis of renal structural damage in diabetic 
nephropathy (Fig.  5.18 ) [ 30 ].

   Expansion of the glomerular mesangium at the expense of 
glomerular capillary fi ltration surface area represents a cru-
cial and well-established mechanism leading to progressive 
loss of renal function in diabetic nephropathy. 

 Pathogenetic events involved in the creation of the 
 characteristic glomerular lesion have been delineated. Though 
much work still remains to be done, the evidence available 
points toward initial glomerular basement membrane and 
peripheral capillary wall alterations, namely thickening and 

biochemical changes of the glomerular basement membranes 
followed by mesangial changes leading to the formation of 
mesangial nodules. The role that TGF-β plays in the genera-
tion of mesangial nodules has been well established. 

 In vitro studies have allowed detailed examination of the 
mechanisms involved when mesangial cells are cultured in 
high ambient glucose concentrations with emphasis on cell 
function [ 30 ]. Extension of these studies to in vivo situa-
tions has confi rmed that most of the in vitro fi ndings refl ect 
reality as it occurs in humans. Studies of diabetic mice indi-
cate that like in humans there is variable susceptibility to 
developing diabetic nephropathy [ 45 ,  47 ,  48 ]. In contrast, 
unlike in humans, each inbred mouse strain represents a 
genetically homogeneous and easily replenishable resource 
that is amenable to be used in repeated experimental studies 
providing an excellent platform to gain insights into the 
pathogenesis of diabetic nephropathy. Mice provide unpar-
alleled fl exibility for studying diabetic nephropathy. There 
are many mice models modifi ed by strain and genetic muta-
tions that have been used and these are reviewed in a recent 
publication, highlighting their value and pitfalls for various 
applications [ 47 ]. Obviously the most useful ones recapitu-
late morphological changes in humans, including glomeru-
lar basement membrane thickening and mesangial 
expansion. These are the db/db and Akita mice models. 
Some of these mice recapitulate early and late morphologic 
manifestations of diabetic nephropathy (mice with eNOS 
defi ciency, OVE26 FVB mice, and BTBR ob/ob mice). 
Unfortunately all animal models of diabetic nephropathy 
also have important limitations. 
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  Fig. 5.18    Schematic representation of factors/pathways leading to structural changes in progressive diabetic nephropathy       
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 The in vitro studies have shown increased mesangial cell 
proliferation driven by PDFG-beta followed by TGF-β secre-
tion and/or activation leading to mesangial matrix deposi-
tion; however, the rats do not progress to renal failure. In 
contrast, prolonged mild type 2 diabetes mellitus results in 
morphological changes typical of preclinical diabetic 
nephropathy in GK (Goto-Kakizaki)-rats but does not lead to 
albuminuria or progressive renal disease. Finally, the asso-
ciation of type 2 diabetes with hyperlipidemia in obese 
Zucker rats results in early podocyte damage and subsequent 
progression to sequential glomerulosclerosis suggesting that 
in at least a subset of patients with diabetic nephropathy, a 
concomitant podocytopathy occurs [ 49 ]. In clinical practice, 
there are diabetic patients that develop massive proteinuria 
and show in their biopsies segmental glomerulosclerosis; 
this subset of patients with diabetic nephropathy may be the 
ones with the concomitant podocytopathy [ 20 ,  45 ]. It remains 
to be deciphered whether the podocyte dysfunction is directly 
related to the diabetic nephropathy or a secondary pathologi-
cal process. 

 Experimental studies have shown that the damage to the 
podocytes results from modifi cation of the podocytes them-
selves [ 33 ]. Podocyte loss but not necessarily injury likely 
occurs late in the course of diabetic nephropathy and appears 
to correlate best with progression of the diabetic nephropa-
thy [ 50 ]. Morphological alterations have been noted that 
appear to be of importance in characterizing and understand-
ing this lesion in diabetes. Podocytes detach from the glo-
merular basement membranes and bulge exposing 
endocytotic vesicles rich in albumin. The detachment of the 
podocytes from the glomerular basement membranes appears 
to be a key initial fi nding that initiates the cascade of events 
that follow. This detachment has been suggested to be linked 
to the disappearance of the α3β1 integrin, a key molecule 
which is likely bound to the laminin in the glomerular base-
ment membranes and anchors the visceral epithelial cells to 
the glomerular basement membranes [ 51 ]. Collapse of the 
glomerular capillary walls follows with progressive disap-
pearance of capillary walls and accumulation of hyaline and 
lipidic material together with synthesis of extracellular 
matrix components, including some that are not part of the 
normal glomerular composition. As a result of the above, the 
glomerular basement membranes and the basement 
 membranes of the Bowman’s capsule form attachments and 
this interaction further fosters generation and eventual depo-
sition of additional extracellular matrix. 

 Interestingly, pathophysiological alterations in mesangial 
cells have been traditionally considered to be the essence of 
diabetic kidney disease, in terms of initiation, development, 
and progression of this disorder. Recent evidence implicates 
the podocyte as a likely player in early disease initiation. 
Furthermore, insulin resistance appears to contribute to 
endothelial dysfunction suggesting some role also for glomerular 

endothelial cell damage in the pathogenesis of diabetic 
nephropathy [ 20 ]. Insulin resistance very likely contributes 
to endothelial dysfunction [ 20 ]. 

 The additional understanding of how podocyte damage 
can participate in the initiation and/or progression of diabetic 
nephropathy represents an important contribution to the 
understanding of how diabetic patients progress into renal 
failure and why some of these patient do so rapidly after 
years of stable renal function. Regoli and Bendayan have 
suggested that a decrease of α3β1 at the podocyte basal 
membrane facing the glomerular basement membrane may 
be an important biochemical alteration leading to dysfunc-
tion of the capillary walls [ 51 ]. This change occurs before 
morphological alterations are detectable in the glomerular 
basement membranes and appears to be, therefore, an early 
(and perhaps key initiating) event preceding overt diabetic 
nephropathy. 

 Progression of diabetic nephropathy has been addressed 
in the research laboratory using cell culture and animal mod-
els [ 52 ]. For example, exposure of glomerular mesangial 
cells and proximal tubular cells to hyperglycemic conditions 
may alter cell proliferation and/or extracellular matrix turn-
over by means of modulating cytokine production. 
Mechanisms involved in these processes have been eluci-
dated. Extension of these studies to experimental in vivo 
situations has confi rmed a signifi cant number of these fi nd-
ings but has also shown some unexpected results. Increased 
glomerular cellular proliferation and mesangial matrix accu-
mulation driven by the combined effects of PDGF-β and 
TGF-β occur in streptocotocin-induced diabetes but this is 
not accompanied by the development of the nephropathy to 
renal failure. Furthermore, although prolonged mild type 2 
diabetes induces morphological changes characteristic of 
preclinical diabetic nephropathy in GK-rats it does not result 
in albuminuria or in progressive renal disease [ 52 ]. 

 Endothelial cell injury is extremely important in diabetic 
nephropathy. Injury to the renal vasculature via damage to 
endothelial cells leads to increased expression of adhesion 
molecules and chemokines, resulting in macrophage infl ux 
into the renal parenchyma, and establishes a microenviron-
ment of constant “low-grade infl ammation” [ 20 ]. 

 Finally, the association of type 2 diabetes with hyperlipid-
emia in obese Zucker rats results in early podocyte damage 
and subsequent progression to glomerulosclerosis, tubular 
interstitial damage, and renal insuffi ciency emphasis after 
the role of podocyte injury [ 38 ,  53 ]. There is much work left 
to be done to identify specifi c mediators involved in the gen-
esis and development of the above mentioned processes, 
including defi ning conditions/mechanisms that will deter-
mine progression of subclinical morphological changes to 
overt nephropathy. This area remains as one of the most 
important to focus on in future novel developments of thera-
peutic interventions in diabetes. 
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 Another approach that has been taken to further enhance 
our understanding of events that participate in the progres-
sion of diabetic nephropathy is to study genes that can be 
involved in this progression. High-throughput and genome- 
wide approaches in animal models have been used to detect 
relevant genes. Several genes such as Tim44 (translocase of 
inner mitochondrial membrane-44), RSOR/MIOX (renal- 
specifi c oxidoreductase-inositol oxygenase), UbA52 (ubiq-
uitin A), Rap1b (Ras-related GTPase), gremlin, osteopontin, 
hydroxysteroid dehydrogenase-3β isotype 4, and those in the 
Wnt signaling pathway have been identifi ed as differentially 
expressed in kidneys of diabetic rodents. Functional analysis 
of those genes and translational research efforts to determine 
the impact of these genes in humans will be of potential 
value in the prevention and treatment of diabetic nephropa-
thy. Identifi cation of other pertinent biomarkers and thera-
peutic target genes will soon follow [ 54 ]. 

 Papillary necrosis occurs with some frequency in patients 
with diabetic nephropathy and deserves a few comments. It 
is more common in females. A common risk for developing 
papillary necrosis is recurrent urinary tract infections, which 
tend to occur with some frequency in patients with diabetes 
mellitus. Clinical presentation is typically pyuria and micro-
scopic hematuria, though there are cases, which present with 
acute renal failure, if there is bilateral ureteral obstruction 
due to sloughing of papillae. The presence of papillary 
necrosis is usually a poor prognostic sign for patients with 
diabetes mellitus and most times accompany other manifes-
tations of diabetic nephropathy.  

    Reversibility of Structural and Functional 
Damage in Advanced Diabetic Nephropathy 

 Reversibility of the structural changes that occur in diabetic 
nephropathy remains controversial [ 4 ,  36 ,  50 ]. The mainstay 
of current therapy for diabetic nephropathy includes control 
of hyperglycemia and blood pressure, and inhibition of the 
renin-angiotensin-aldosterone system (RAAS   ). While these 
therapies can be effective in slowing progression they have 
had no proven effect on reversing structural or functional 
damage and their effi cacy is indeed limited. The paradigm to 
be deciphered poses the question whether restoration of a 
normal metabolic milieu or direct effects of given molecules 
such as leptin represent the best avenue toward attempting to 
reverse the changes attributed to the diabetic nephropathy. 

 In order to evaluate possible therapeutic interventions that 
can be aimed at reversing lesions, there is a need to use effec-
tive in vitro and in vivo platforms in the research laboratory. 
No relevant animal models exist in which reversibility can be 
tested. One of the issues that have become important is the 
role of podocytes in the advancement and irreversibility of 
diabetic nephropathy. As diabetic nephropathy advances, 
podocytes are lost in at least a subset of these patients, mostly 

those with advanced nephropathy. Podocytes are nonreplicat-
ing cells which make reversibility by means of regeneration 
of visceral epithelial cells not possible. Some investigators 
defend the opinion that the restoration of functional podo-
cytes abrogates the injury process in diabetic nephropathy 
and allows reversal of the structural changes during the repar-
ative phase. Therefore, conceptually speaking, while recon-
stitution of a normal glomerulus after podocyte loss may be a 
signifi cant challenge, it has been shown that this problem can 
be overcome, at least experimentally. Some believe that 
podocytes in diabetic nephropathy can regenerate so that 
reversal of diabetic nephropathy is attainable. 

 In a murine model of type 2 diabetic nephropathy, BTbR 
ob/ob leptin-defi cient mice with diabetic nephropathy were 
administered leptin. The identifi cation of leptin receptors 
within isolated glomeruli from BTBR mice established the 
possibility that leptin can exert a direct effect in reversing 
alterations. In fact, leptin replacement, but not inhibition of 
the renin-angiotensin-aldosterone system (RAAS), resulted 
in near complete reversal of structural and functional altera-
tions. Mesangial matrix expansion, mesangiolysis, basement 
membrane thickening, and podocyte loss were all reversed 
along with proteinuria and accumulation of ROS. This model 
closely resembles diabetic nephropathy (much better than 
other animal models available) which emphasizes the impor-
tance of these studies and their relevance to humans [ 55 ]. 

 Some studies have shown to a limited but yet important 
degree that reversal of nephropathy is governed by leptin sig-
naling rather than by restoration of a normal metabolic 
milieu in the mesangium [ 36 ]. The demonstration that 
pStat3, a key downstream molecule in the leptin signaling 
pathway, provides strong evidence that leptin signaling in the 
kidney contributes, though to an unknown degree, to reversal 
of nephropathy, although it is recognized that the pStat3 
could be the result of other signaling pathways. Studies to 
address these two possibilities will provide the fi nal answer 
to this question [ 36 ].  

    Differential Diagnosis of Diabetic 
Nephropathy 

 From a structural point of view the lesions in diabetic 
nephropathy are not specifi c. Therefore, there is a differen-
tial diagnosis to be considered depending on which fi ndings 
are present. 

 Isolated glomerular basement membrane thickening can be 
a nonspecifi c alteration in vascular nephrosclerosis. This is 
accompanied by alterations in the renal vasculature that can 
support such diagnosis; however, vascular changes are also 
common in diabetic nephropathy, sometimes preceding detect-
able characteristic glomerular changes. The combination of 
the typical glomerular alterations and the accompanying vas-
cular changes, most notably hyalinosis in afferent and efferent 
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arterioles with the typical immunofl uorescence pattern and 
ultrastructural features, are suffi cient to establish a solid diag-
nosis of diabetic nephropathy, nodular glomerulosclerosis. 

 The fi nding of nodular glomerulosclerosis should insti-
gate a focused differential diagnosis. While diabetic nephrop-
athy is by far the most common pathology responsible for the 

formation of mesangial nodules, these are not specifi c at all. 
The one important lesion to differentiate from nodular dia-
betic glomerulosclerosis is light/heavy chain deposition dis-
ease (Figs.  5.19  and  5.20 ) [ 45 ]. In this case detection of 
monotypical light or heavy chains in the glomerulus, intersti-
tium, and or vasculature permits an accurate diagnosis. 

  Fig. 5.19    ( a ) H&E-X500; ( b ) transmission electron microscopy, ura-
nyl acetate and lead citrate-X18500. Nodular glomerulosclerosis. Light 
chain deposition disease. In ( a ) note pattern of nodular glomeruloscle-

rosis similar to what is seen in diabetic nephropathy. Punctate electron 
dense material (light chains) in subendothelial zones making possible a 
diagnosis of light chain deposition disease       

  Fig. 5.20    ( a ,  b ) Transmission electron microscopy, uranyl acetate 
and lead citrate-AX8500, BX15000. Nodular glomerulosclerosis. 
Light chain deposition disease. Note mesangial nodule with increased 

matrix ( a ) and deposition of punctate electron dense material in 
mesangium best shown in ( b )       
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However, there are situations where the deposition of the 
monoclonal proteins may be subtle or early and fl uorescence 
and ultrastructural manifestations may be quite subtle. It is 
also a challenge to diagnose superimposed light or heavy 
chain deposition disease in a patient with diabetic nephropa-
thy as the pathological glomerular fi ndings overlap signifi -
cantly and the glomerular diabetic milieu makes it diffi cult to 
detect the abnormal proteins in the glomerulus. It is often 
easier to look for the monoclonal protein in the tubular inter-
stitial compartment generally along tubular basement mem-
branes and confi rm its presence by immunofl uorescence and/
or electron microscopy.

    There is a subset of patients with so-called idiopathic 
nodular glomerulosclerosis. This entity was fi rst described 
by Alpers [ 56 ] and Biava in 1989 and in 1999 [ 57 ]. 
Herzenberg et al. coined the term idiopathic nodular glomer-
ulosclerosis to refer to this condition. These patients exhibit 
in their renal tissue fi ndings identical to those observed in 
diabetic nephropathy by light, immunofl uorescence and 
ultrastructural examination. This entity has been epidemio-
logically linked to hypertension and smoking. The incidence 
of this condition is low; it was found in 0.45 % of 5,073 renal 
biopsies examined at Columbia University in a 5-year period 
[ 58 ]. The authors of all  idiopathic glomerulosclerosis publi-
cations carefully excluded cases with clinical or preclinical 
diabetes from their series. Idiopathic nodular glomeruloscle-
rosis involves interplay of hypertension, smoking, increased 
glomerular extracellular matrix production, and angiogene-
sis [ 58 ]. Neovascularization in the affected glomeruli repre-
sents a rather constant fi nding in these cases. Secretion and 
activation of TGF-β is responsible in the same manner as it is 
in diabetic nephropathy, for the increased mesangial matrix 
and eventual mesangial nodularity. 

 Other entities in the differential diagnosis, though usually 
creating less of a dilemma in differentiation from diabetic 
nephropathy, include chronic thrombotic microangiopathy, 
membranoproliferative glomerulonephritis with “lobular” 
glomerular appearance, amyloidosis (Fig.  5.21 ), fi brillary 
and immunotactoid glomerulopathies which in some cases 
may mimic nodular glomerulosclerosis. The combination of 
light, special stains, immunofl uorescence and electron 
microscopy suffi ces to make the correct diagnosis in the 
great majority of the cases [ 58 ].

       Superimposed Pathology (Nondiabetic 
Lesions) That Can Alter Structural Alterations 
in Diabetic Nephropathy Cases  

 Diabetic patients with renal disease attributable to their disease 
are usually not biopsied unless the clinical course is not the 
usual one. There are a number of clinical situations that lead to 
a renal biopsy. Among these are progression to renal failure 
faster than expected, especially if other fi ndings are detected 

such as the presence of circulating monoclonal proteins, posi-
tive serologies for collagen vascular disease, or ANCA (anti-
neutrophilic cytoplasmic antibodies) in the serum, or nephrotic 
range proteinuria. One of the complicating factors in the 
understanding of structural changes that are part of diabetic 
nephropathy is that other conditions can coexist with diabetic 
nephropathy changing the characteristic structural alterations 
that are present. Virtually any immune complex-mediated pro-
cess can be seen in a diabetic glomerulus. A renal biopsy is 
indicated if there is a clinical suspicion that this is the case. 
Immunofl uorescence and electron microscopy will highlight 
the particular fi ndings associated with these superimposed 
processes. The most common immune complex-mediated 
lesion found in diabetic patients superimposed on diabetic 
nephropathy is membranous nephropathy [ 19 ]. 

 There are also tubular interstitial conditions such as acute 
tubular necrosis (Fig.  5.22 ) and acute tubular interstitial 
nephritis (Fig.  5.23 ) that may accelerate the pace of renal 
failure in patients with diabetic nephropathy. A renal biopsy 
will make the diagnosis.

    The same is true of superimposed vascular diseases that 
may be uncovered in renal biopsies. Some of these include 
thrombotic microangiopathy and vasculitis. 

 The presence of monoclonal proteins in the renal biopsy 
detected by immunofl uorescence, proliferative glomerular 
changes, glomerular necrosis/crescents, and immune com-
plexes detectable by immunofl uorescence/electron micros-
copy indicate a superimposed process in a diabetic patient 
with evidence of nephropathy. 

 A recent publication highlights nondiabetic conditions 
that can be seen in patients with diabetic nephropathy with 
focal segmental glomerulosclerosis being the most common 
followed by hypertensive nephrosclerosis and acute tubular 
necrosis [ 59 ]. 

 Finding of concomitant diseases alerts the clinician to 
treat those with the hope to improve renal function. 
Frequently, the clinical response is slow and sometimes quite 
sluggish, as the damage in the renal parenchyma caused by 
the diabetic changes makes recuperation from these super-
imposed conditions much more diffi cult.  

    Conclusions 

 Diabetic nephropathy represents a well-characterized entity 
with structural abnormalities in the renal parenchyma that 
can generally be recognized with certainty in specimens sub-
mitted for pathological assessment. 

 The ideal biomarker for diabetic nephropathy does not 
exist. Despite the large number of biomarkers that have been 
discovered, none has been proven to be superior to albumin-
uria [ 60 ]. 

 There are a number of experimental models that have pro-
vided crucial information regarding how lesions in this condition 

J. Aufman and G.A. Herrera



57

  Fig. 5.21    ( a ) H&E; ( b ) 
Transmission electron 
microscopy, uranyl acetate and 
lead citrate-AX350; BX13500. 
AL-amyloidosis superimposed 
on diabetic nephropathy. Note 
amorphous, eosinophilic material 
in expanded mesangial area in 
( a ). In ( b ) note randomly 
disposed, nonbranching fi brils 
indicative of amyloid       
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develop and progress. The elucidation of mechanistic phe-
nomena that lead to the morphological/structural changes 
provides a solid platform to device new therapeutic interven-
tions to ameliorate or reduce the speed of progression to 
renal failure or to stop its progression altogether. The main 
problem is that there are many intertwined factors that are 
involved and teasing these becomes rather complicated. It is 
likely that a multiprong approach will remain necessary in 
the treatment of these patients in order to obtain positive 
results. Controlling blood sugar, blood pressure, and protein-
uria are all benefi cial and very much indicated for the man-
agement of these patients with diabetic nephropathy. These 
therapeutic interventions may be even considered milestones 
in the treatment of diabetic nephropathy. However, these 
maneuvers have not been proven to be enough to stop com-
pletely progression of the renal damage and eventual end- 
stage renal disease. The challenge for the future rests in a 
better understanding of the complex interactions between 
hyperglycemia, metabolic, hemodynamic, and intracellular 
factors together with the actions of growth factors and cyto-

kines involved in the pathogenesis of diabetic nephropathy to 
design new therapeutic interventions with a broader range of 
action aimed directly at molecular mechanisms that play a 
role in progression to end-stage kidney disease. New 
approaches that have been proposed include those targeting 
oxygen biology, such as hypoxia, oxidative stress, and dys-
erythropoiesis, all of which have been implicated in diabetic 
nephropathy [ 61 ]. 

 More recently used approaches such as transcriptome and 
proteome profi ling and molecular genetics using cell lines, 
animal models, and human samples have increased our 
understanding of the mechanisms important in the progres-
sion of diabetic nephropathy. As a result, new biomarkers 
have been discovered which could lead to therapeutic maneu-
vers that can contribute to the amelioration of the diabetic 
nephropathy and decrease mortality and morbidity in chronic 
kidney disease patients that progress to end-stage renal dis-
ease. Target genes can also be modulated using data mining 
to identify those that are of relevance for the diagnosis and 
therapy of diabetic nephropathy [ 54 ].     

  Fig. 5.22    X7500. Transmission 
electron microscopy, uranyl 
acetate and lead citrate. Acute 
tubular necrosis superimposed on 
diabetic nephropathy. Tubular 
injury in a background of 
interstitial edema and no 
infl ammatory activity       
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  Fig. 5.23    ( a ) H&E stain; ( b ,  c ) transmission electron microscopy, ura-
nyl acetate and lead citrate. AX500, BX7500, CX8500. In ( a ) note 
interstitial infl ammatory process with eosinophils associated with focal 

tubulitis and tubular damage. ( b ,  c ) Illustrate corresponding ultrastruc-
tural fi ndings with a dense interstitial infl ammatory infi ltrate associated 
with focal tubular damage and tubulitis       
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           Introduction 

 Diabetes mellitus (DM) is a disease of the metabolic homeo-
stasis characterized by chronic hyperglycemia resulting from 
defects in insulin secretion, insulin action, or both. There are 
two types of DM: type 1 and type 2 [ 1 ]. Type 1 DM (T1DM) 
is caused by an absolute insulin defi ciency resulting from a 
loss of the insulin-producing β-cells of the pancreas. Type 2 
DM (T2DM) is caused by the relative insulin defi ciency 
where insulin resistance is compensated for initially by an 
increased insulin secretion followed by insuffi cient insulin 
secretion to match the increased requirements imposed by 
the insulin-resistant state.  

    Epidemiology of DM 

 In 2007, the total child population of the world (0–14 years) 
was estimated to be 1.8 billion, of whom 0.02 % have diabe-
tes. This means that approximately 440,000 children around 
the world have diabetes with 70,000 new cases diagnosed 
each year [ 2 ]. In most industrialized countries, T1DM 
accounts for over 90 % of DM in children and adolescents 
[ 2 ]. Mean annual incidence rates for T1DM in 0–14 years of 
age group in different countries vary between 0.1 and 57.6 
per 100,000. It is lowest in Asia (China—0.1 per 100,000, 
Japan—2.4 per 100,000) and highest in Finland (57.6 per 
100,000). In the United States, it is highest in white (27 per 
100,000), followed by African American (18 per 100,000) 
and Hispanic (15 per 100,000) children [ 2 ]. A rise in the inci-
dence was reported in many countries with most cases pre-
senting in cooler months of the year. T1DM is two to three 

times more common in the offspring of diabetic men (3.6–
8.5 %) compared with diabetic women (1.3–3.6 %) [ 2 ]. 
When both parents are affected, the risk increases to 30 %. 
The age of clinical presentation of T1DM has a bimodal dis-
tribution with one peak at 4–6 years of age and a second at 
10–14 years of age [ 3 ]. T2DM is becoming increasingly 
more common and accounts for up to 45 % of new-onset 
cases among adolescents in certain at-risk populations [ 4 ]. 
In the United States, T2DM accounted for 12 % of all new 
cases of pediatric diabetes in 1990, whereas by 2000, almost 
50 % of patients diagnosed with diabetes had T2DM [ 5 ]. 
T2DM accounted for 26 % of prevalent black case subjects 
and 10 % of non-Hispanic white case subjects 0–19 years of 
age. Among black female subjects 10–19 years of age, 46 % 
of new cases of diabetes were classifi ed as T2DM [ 6 ]. 
At mean age of 14 years in patients with T2DM, 41.1 % were 
Hispanic, 31.5 % black and 27.4 % white, 89.4 % had a fam-
ily history of DM, and 64.9 % were female [ 7 ]. T2DM is 
diagnosed at a mean age of 13.5 years.  

    Etiology of DM 

 Etiological classifi cation of DM is presented in Table  6.1  [ 1 ]. 
Major causes of non-monogenic DM include (1) a common 
polygenic predisposing pattern, (2) epigenetic mechanisms, 
at least partially linked to nutritional disturbances during 
gestation infl uencing fetal programming, and (3) detrimental 
societal environment promoting the development of obesity 
by (a) giving free access to excess food rich in calories, 
sucrose, and lipids, (b) limiting physical activity, or (c) 
exposing to pollutants or infectious agents that could exert a 
toxic effect on the β-cell. Although the exact prevalence of 
monogenic DM in children is unknown, the majority of 
patients with genetically proven monogenic DM are initially 
incorrectly diagnosed as T1DM or T2DM [ 8 ]. In children, 
almost all monogenic DM results from mutations in genes 
that regulate β-cell function with few cases resulting from 
insulin resistance [ 9 ].

      Diabetes in Children and Adolescents 

           Ihor     V.     Yosypiv     

 6

        I.  V.   Yosypiv ,  M.D.      (*) 
  Division of Pediatric Nephrology, Department of Pediatrics SL37 , 
 Tulane Hospital for Children ,   1430 Tulane Avenue , 
 New Orleans ,  LA   70112 ,  USA   
 e-mail: iiosipi@tulane.edu  

mailto:iiosipi@tulane.edu


64

      Table 6.1    Etiological classifi cation of DM   

  Type 1  
 (a) Immune mediated 
 (b) Idiopathic 
  Type 2  
  Genetic defects of β-cell function  
 HNF1α (MODY3) 
 HNF4α (MODY1) 
 HNF1β (MODY5) 
 Glucokinase (MODY2) 
 IPF1 (MODY4) 
 NeuroD1 (MODY6) 
 KCNJ11 
 Mitochondrial DNA mutation 
  Genetic defects of insulin action  
 Type A insulin resistance 
 Leprechaunism 
 Rabson–Mendenhall syndrome 
 Lipoatrophic diabetes 
  Diseases of exocrine pancreas  
 Pancreatitis 
 Pancreatic trauma or neoplasia 
 Cystic fi brosis 
 Hemochromatosis 
  Endocrinopathies  
 Acromegaly 
 Cushing’s syndrome 
 Glucagonoma 
 Pheochromocytoma 
 Hyperthyroidism 
 Somatostatinoma 
 Aldosteroma 
  Drug -  or chemical - induced  
 Glucocorticoids 
 Thyroid hormone 
 Diazoxide 
  β -adrenergic agonists 
 Thiazides 
 Dilantin 
 Α-interferon 
  Infections  
 Congenital rubella 
 Cytomegalovirus 
  Uncommon forms of immune - mediated diabetes  
  Other genetic syndromes sometimes associated with diabetes  
 Down 
 Klinefelter 
 Turner 
 Wolfram 
 Friedreich’s ataxia 
 Huntington’s chorea 
 Laurence–Moon–Biedl 
 Myotonic dystrophy 
 Porphyria 
 Prader–Willi 

   HNF  hepatocyte nuclear factor,  MODY  maturity-onset diabetes of the young  

       Pathophysiology of DM 

 Most cases of T1DM are due to T-cell mediated destruction 
of pancreatic β-cells. T1DM becomes clinically symptom-
atic when approximately 90 % of pancreatic β-cells are 
destroyed [ 10 ]. Susceptibility to autoimmune T1DM is 
determined by multiple genes with HLA genes having the 
strongest known association [ 11 ]. The environmental trig-
gers (chemical or viral), except possible association with 
enterovirus infection, which initiate destruction of pancre-
atic β-cells remain largely unknown [ 12 ,  13 ]. In a recent 
study, 17.8 % of children with diabetic ketoacidosis (DKA) 
had viral and 12.9 % had bacterial infection [ 14 ]. Once the 
autoimmune process is triggered by infection, effector 
mechanisms like antibody-dependent cellular cytotoxicity, 
delayed hypersensitivity, complement activation, and cyto-
toxic concentrations of cytokines like interferon-γ and inter-
leukin- 1 could result in destruction of β-cells [ 13 ]. The 
pathophysiology of T2DM most likely represents autoim-
mune T1DM in overweight or obese individuals with under-
lying insulin resistance. This possibility is supported, in part, 
by the fi ndings that 15–40 % of children and young adults 
with T2DM have T1DM-associated autoantibodies [ 15 ].  

    Development of the Pancreas 

 The mature pancreas is a glandular organ that carries out two 
major functions: exocrine and endocrine. The exocrine pan-
creas, constituting almost 99 % of the total mass of the organ, 
comprises a ramifying tubular tree of ductal branches, which 
drain the digestive enzymes secreted by acinar cells to the 
duodenum [ 16 ]. The endocrine pancreas comprises the islets 
of Langerhans, clusters of 100–1,000 hormone-secreting 
cells scattered throughout the exocrine tissue and intercon-
nected via blood vessels. The primary function of islets is to 
maintain metabolic homeostasis through the production of 
hormones that regulate blood glucose levels. Five primary 
endocrine cell types, each responsible for secreting a partic-
ular hormone, are found in islets: α-cells (glucagon); β-cells 
(insulin); δ-cells (somatostatin); ε-cells (ghrelin); and 
PP-cells (pancreatic polypeptide) [ 16 ,  17 ]. 

 Understanding how the pancreas develops is vital to fi nd-
ing new treatments for a range of pancreatic diseases, includ-
ing DM. In the developing embryo, appropriate patterning of 
the endoderm destined to become pancreas requires the spa-
tial and temporal coordination of transcription and soluble 
growth factors secreted by the surrounding tissues. Once 
pancreatic progenitor cells are specifi ed in the developing 
epithelial endoderm, epithelial–mesenchymal interactions, 
as well as a networks of transcription factors, delineate three 
distinct lineages, including endocrine, exocrine, and ductal 
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cells (Fig.  6.1 ). Both endocrine and exocrine lineages arise 
from embryonic endodermal epithelium (Fig.  6.1 ), which 
expresses the proteins pancreatic and duodenal homeobox 1 
(Pdx1) and pancreas-specifi c transcription factor 1 (Ptf1a) 
[ 16 ,  18 ]. During development of the pancreatic epithelium, 
endocrine cells emerge in two waves of differentiation as 
they exit the tubular epithelium, differentiate, migrate, 
coalesce to form islets, and proliferate. In the mouse, endo-
crine differentiation begins on embryonic day 9.5 (E9.5) 
[ 18 ]. Following early differentiation, the epithelium under-
goes a second wave of expansion and differentiation called 
the “secondary transition,” starting around E12.5 in the 
mouse and the sixth week of embryonic development in 
humans [ 18 ,  19 ]. Scattered cells located within the “trunk” 
domain of the ductal epithelium individually take on an 
endocrine fate marked by transient expression of neurogenin 
3 (Ngn3) and its downstream target gene, zinc fi nger tran-
scription factor insulinoma-associated protein 1 (IA-1), 
delaminate, and form endocrine cell clusters, while acinar 
cells at branch tips actively proliferate and increase in size as 
they accumulate digestive enzyme. Lateral interactions 
between epithelial cells, mediated via Notch/Hes1 signaling, 
are central to the control of endocrine/exocrine specifi cation 
[ 20 ,  21 ]. Downstream of the Ngn3-positive pan-endocrine 
progenitor cell population, α/PP and β/δ lineages are speci-
fi ed by the opposing actions of transcription factors aristaless- 
related homeobox gene (Arx) and paired box 4 (Pax4), 
respectively (Fig.  6.1 ). Secondary wave endocrine cells pri-
marily differentiate into β-cells, along with other endocrine 
lineages, delaminate from the epithelium, and coalesce into 
small islet-like clusters that progressively form larger islet 

aggregates during postnatal development. In adults, the for-
mation of new β-cells gradually ceases, but can be induced 
under conditions of increased metabolic demand, such as 
insulin resistance. Most available evidence suggests that 
duplication of preexisting differentiated β-cells, rather than 
differentiation of stem or progenitor cells, is the predominant 
mechanism [ 22 ]. Unraveling the cell intrinsic vs. extrinsic 
mechanisms that drive β-cell generation, either during devel-
opment, homeostasis, or disease, remains a major and imme-
diate challenge of the fi eld [ 23 ].

       Developmental Programming of DM 

 A growing body of evidence supports the concept that 
changes in the intrauterine milieu during “sensitive” periods 
of embryonic development or in infant diet after birth affect 
the developing individual, resulting in general health altera-
tions later in life. This phenomenon is referred to as “devel-
opmental programming” or “developmental origins of health 
and disease.” The risk of developing T2DM is increased in 
infants born prematurely at <37 weeks of gestation or in low 
birth weight (LBW) infants weighing <2,500 g at birth [ 24 , 
 25 ]. Recent epidemiologic studies demonstrate a relation-
ship between T2DM with both LBW and high birth weight 
(>4 kg) [ 26 ]. In addition, LBW neonates undergoing catch-
 up growth have impaired glucose tolerance at 7 years of age 
[ 27 ,  28 ]. Thus, accelerated postnatal growth during early 
postnatal life is an independent risk factor for adverse meta-
bolic outcomes. In mono- and di-zygotic twins discordant 
for T2DM, LBW twins had higher rates of T2DM compared 
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to their co-twin, indicating that nongenetic intrauterine fac-
tors are important in determining the risk of T2DM [ 29 ]. 
Developmental programming due to intrauterine growth 
retardation (IUGR) resulting from maternal undernutrition 
or gestational DM increases the risk of insulin resistance and 
T2DM [ 30 ,  31 ]. In gestational DM, intrauterine exposure to 
hyperglycemia and hyperinsulinemia may affect develop-
ment of pancreatic β-cells and adipose tissue resulting in 
obesity and altered glucose metabolism in later life. 
Experimental animal studies demonstrate that exposure to 
intrauterine DM may be associated with impaired renal func-
tion and hypertension in an offspring. In this regard, mater-
nal streptozotocin-induced DM in the rat results in glomerular 
hypertrophy, reduced GFR, and an elevated blood pressure in 
the offspring without change in total nephron number as 
early as at 1 month after birth [ 32 ]. Changes in vascular reac-
tivity could be contributing to the hypertension observed in 
these offsprings of diabetic mothers [ 33 ]. 

 Epigenetic modifi cations provide one potential mecha-
nism for how environmental infl uences in early life cause 
long-term changes in chronic disease susceptibility. The 
major players in epigenetic mechanisms of gene expression 
regulation are DNA or chromatin protein methylation, acety-
lation, and chromatin remodeling. Posttranslational modifi -
cations of histones such as histone acetylation and 
methylation of cytosine bases adjacent to guanines (CpG 
dinucleotides) may affect chromatin function and alter gene 
expression in the absence of changes in DNA sequence [ 34 , 
 35 ]. It has been shown that a maternal low protein diet or 
tobacco use is associated with reduced global methylation in 
the liver of the offspring in the rat or in the human placenta, 
a metabolic and endocrine organ that may be considered an 
“imprint” of fetal exposure in utero [ 36 ,  37 ]. In the rat model 
of IUGR, reduced expression of pancreatic and duodenal 
homeobox 1 ( Pdx1 ), a key transcription factor that directs 
pancreatic progenitor cell development, was associated with 
changes in histone acetylation and methylation at this locus 
in an offspring [ 38 ]. Epigenetic modifi cations of the hepato-
cyte nuclear factor 4α ( HNF4α ), a key transcription factor 
that regulates differentiation of pancreatic β-cells, have been 
reported in an offspring of mothers subjected to dietary pro-
tein restriction during gestation [ 39 ]. In addition, histone 
modifi cations of  GLUT4 , an insulin-responsive glucose 
transporter gene in skeletal muscle, are observed in the rat 
IUGR offspring [ 40 ]. Together, these fi ndings support a role 
for both pancreatic and peripheral epigenetic modifi cations 
in metabolic disease pathogenesis and represent a plausible 
mechanism by which early life environment may alter gene 
expression to infl uence an individual’s susceptibility to met-
abolic disease in later life. 

 Environmental infl uences during an individual’s early 
life are not the sole cause of long-term changes in chronic 
disease susceptibility. Emerging data suggest that integra-

tion of signals from an individual’s mother’s lifetime nutri-
tional or health experience contributes to intergenerational 
transfer of environmental information. For example, off-
springs of LBW or preterm mothers are more likely to be 
born LBW or preterm, indicating transgenerational effect 
for LBW or preterm birth [ 41 ]. Epigenetic imprinting, alter-
ation of gene expression based on their methylation status, 
is likely to play a role in transmitting epigenetic information 
from previous generations [ 42 ].  

    Clinical Manifestations of DM 

 The classic symptoms of DM are polydipsia, polyuria, and 
weight loss. Reemergence of bedwetting, nocturia, daytime 
urine incontinence, and a need to leave classes in school to 
use the restroom suggest polyuria. In younger children who 
are not toilet trained, increased frequency of wet diapers and 
diapers that are more heavy (wet) may be noted by caregiv-
ers. In girls, perineal    candidiasis may be observed [ 43 ]. 
Initially, appetite is increased, but over time, children may 
become anorexic, contributing to weight loss. Weight loss 
results from hypovolemia (from polyuria) and increased 
catabolism (from impaired glucose utilization in skeletal 
muscle and increased fat and muscle breakdown). In the 
absence of the classic symptoms, DM can be suspected in 
the presence of elevated plasma glucose levels or glucos-
uria. T2DM is also strongly associated with acanthosis 
nigricans, polycystic ovary syndrome (PCO), and metabolic 
syndrome [ 44 – 46 ].  

    Acute Complications of DM 

 DKA and hyperosmolar hyperglycemic state (HHS, also 
known as nonketotic hyperglycemia) are two of the most 
serious acute complications of DM. DKA results from abso-
lute or relative insulin defi ciency and the combined effects 
of increased levels of the counterregulatory hormones: cat-
echolamines, glucagon, cortisol, and growth hormone [ 47 ]. 
The combination of low serum insulin and high levels of 
counterregulatory hormones results in an accelerated cata-
bolic state with increased glucose production by the liver 
and kidney (via glycogenolysis and gluconeogenesis), 
impaired peripheral glucose utilization, resulting in hyper-
glycemia and hyperosmolality, increased lipolysis and keto-
genesis, causing ketonemia and metabolic acidosis. DKA 
occurs in 15–70 % of children with DM at the time of diag-
nosis [ 48 – 50 ]. In the presence of DKA, tachypnea, deep res-
pirations, a fruity breath secondary to exhaled acetone, 
neurologic fi ndings ranging from drowsiness, lethargy, and 
obtundation to coma may be observed. Clinical signs of 
cerebral edema include fl uctuating level of consciousness, 
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sustained heart rate deceleration (decline more than 20 beats 
per minute) not attributable to improved intravascular vol-
ume or sleep state, age-inappropriate incontinence, vomit-
ing, headache, lethargy or diffi culty to be aroused from 
sleep, and diastolic blood pressure >90 mmHg [ 51 ]. The 
mortality rate from DKA in children is 0.15–0.30 % with 
cerebral edema accounting for 60–90 % of all DAK-related 
deaths [ 52 ,  53 ]. 

 HHS may occur in children with T1DM, but is more 
common in T2DM [ 48 ]. In the United States, population 
rates for HHS hospitalization rose 52.4 % from 2.1 to 3.2 
per one million children from 1997 to 2009 [ 54 ]. Symptoms 
of HHS develop more insidiously, as compared to DKA. 
The earliest symptoms of marked hyperglycemia are poly-
uria, polydipsia, and weight loss. As the degree or duration 
of hyperglycemia progresses, neurologic symptoms includ-
ing lethargy, focal signs, and obtundation can be seen. 
Neurological symptoms are most common in HHS, while 
hyperventilation and abdominal pain are primarily limited 
to patients with DKA. The criteria for HHS include plasma 
glucose concentration >600 mg/dL (>33.3 mmol/L), serum 
osmolality >320 mOsm/kg, small ketonuria, absent to mild 
ketonemia, arterial pH > 7.30, serum bicarbonate 
>15 mmol/L, stupor, or coma.  

    Diagnosis 

 It is important to diagnose DM promptly and differentiate 
T1DM from T2DM or monogenic DM. The diagnostic cri-
teria for DM are based upon the guidelines of the American 
Diabetes Association (ADA) and are the same as those used 
in adults: fasting plasma glucose (FPG) >126 mg/dL 
(7 mmol/L), symptoms of hyperglycemia and a random 
venous plasma glucose >200 mg/dL (11.1 mmol/L), abnor-
mal OGTT defi ned as plasma glucose >200 mg/dL 
(11.1 mmol/L) measured 2 h after a glucose load of 1.75 g/
kg (maximum dose of 75 g), and hemoglobin A1C > 6.5 % 
[ 55 ]. Patients who manifest impaired fasting glucose (100–
125 mg/dL or 5.6–6.9 mmol/L) or glucose tolerance (140–
199 mg/dL or 7.8–11.0 mmol/L) are considered to have 
prediabetes. The following fi ndings generally suggest the 
presence of T2DM: BMI > 85th percentile, presentation 
after the onset of puberty, presence of acanthosis nigricans, 
hypertension, dyslipidemia, PCO syndrome, and ethnicity 
(Hispanic, African, Native, and Asian American). In 
T1DM, the presence of pancreatic islet cell autoantibodies, 
reduced insulin and C-peptide levels, and no evidence of 
insulin resistance with fasting C-petide levels within the 
normal range (0–20 %) are usually observed. Patients with 
T1DM and T2DM can have a family history of DM and 
present with ketoacidosis. The following fi ndings may sug-
gest the presence of monogenic DM: diagnosis of DM 

before 6 months of age, family history of DM with a parent 
affected, non-obese patient, pancreatic islet autoantibodies 
are absent, and evidence of endogenous insulin production 
outside the “honeymoon” period (after 3 years of diabetes) 
with detectable C-peptide (>200 nmol/L) when glucose 
>8 mmol/L or presence of specifi c gene mutations known 
to be associated with DM (Table  6.1 ) [ 11 ,  56 ]. Overall, 
70 % of patients fell into T1DM (55 %) or T2DM (16 %). 
An additional 20 % exhibit both autoimmunity and insulin 
resistance, a pattern typical for obese patients with T1DM. 
The fi nal 10 % of patients are insulin sensitive in the 
absence of β-cell autoimmunity, suggesting that these 
patients need additional evaluation for the possibility of 
monogenic DM [ 57 ]. In addition, DM may result from 
other diseases of pancreatic exocrine system, endocrine 
anomalies in glucose regulation, and use of medications or 
viruses (Table  6.1 ).  

    Monogenic DM 

    Genetic Defects of β-Cell Function 

 DM associated with monogenetic defects in β-cell function 
is characterized by onset of hyperglycemia at an early age 
(generally before age 25 years). This spectrum of DM is 
referred to as maturity-onset diabetes of the young (MODY) 
and is characterized by impaired insulin secretion with 
minimal or no defects in insulin action. MODY is the most 
common form of monogenic DM, accounting for 2–5% of 
diabetes [ 58 ]. It is inherited in an autosomal dominant pat-
tern. Abnormalities at six genetic loci on different chromo-
somes have been identifi ed to date (Table  6.1 ). The most 
common form is associated with mutations in a hepatic 
transcription factor (HNF)-1α [ 59 ]. A second form is asso-
ciated with mutations in the glucokinase gene resulting in a 
defective glucokinase, an enzyme that converts glucose to 
glucose-6- phosphate. Because of defects in the glucokinase 
gene, increased plasma levels of glucose are necessary to 
elicit normal levels of insulin secretion [ 60 ]. The less com-
mon forms of MODY result from mutations in other tran-
scription factors, including HNF-4α, HNF-1β, insulin 
promoter factor (IPF)-1, and neurogenic differentiation 
factor-1 (NeuroD1).  IPF1  gene mutations can lead to 
MODY4 by reduced binding of the protein to the insulin 
gene promoter [ 61 ]. Mutations in the  HNF - 1β  gene cause 
MODY5. In addition to early onset DM, affected patients 
can develop pancreatic atrophy, congenital anomalies of 
the kidney and urinary tract (CAKUT) (renal dysplasia, 
renal cysts, glomerulocystic disease, oligomeganephronia), 
chronic kidney disease (CKD), and genital abnormalities 
(epididymal cysts, atresia of vas deferens, and bicornuate 
uterus) [ 62 ]. Some patients may have a phenotype consistent 
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with familial juvenile hyperuricemic nephropathy or auto-
somal recessive form of polycystic kidney disease [ 63 ,  64 ]. 
NeuroD1 normally functions as a regulatory switch for 
endocrine pancreatic development.  NeuroD1  mutations 
cause MODY6 [ 65 ].  

    Other Causes of Familial DM 

 Transient (TNDM) or permanent (PNDM) neonatal DM is 
usually diagnosed in the fi rst 3 months of life. TNDM will 
resolve at a median age of 3 months, but can relapse in up to 
50 % of cases [ 66 ]. Most patients with TNDM have abnor-
mal imprinting of the  ZAC  and  HYMAI  genes on chromo-
some 6q. The most common known cause of PNDM is 
mutation in the KCNJ11 gene which encodes the Kir6.2 
subunit of the β-cell K ATP  channel [ 67 ]. X-linked (IPEX) 
syndrome can also lead to neonatal DM. IPEX syndrome is 
a rare monogenic primary immunodefi ciency due to muta-
tions of  FOXP3 , a key transcription factor for regulatory T 
cells [ 68 ]. The initial presenting symptoms are severe enter-
itis and/or type-1 diabetes mellitus, alone or in combination 
with eczema and elevated serum IgE. Most patients with 
this disorder die within the fi rst year of life regardless of the 
type and site of the mutation. Point mutations in mitochon-
drial DNA have been found to be associated with diabetes 
and deafness. The most common mutation occurs at posi-
tion 3,243 in the tRNA gene [ 69 ]. Patients have a defect in 
insulin secretion and sensorineural hearing loss. The mean 
age of onset of diabetes and hearing loss is between the ages 
of 30 and 40. 

 Other types of monogenic DM result from a dominantly 
inherited missense mutation in the sulfonylurea 1 receptor 
subunit (Sur1) characterized by hyperinsulinemia in child-
hood and diabetes in adulthood, inability to convert proin-
sulin to insulin, production of mutant insulin molecules, or 
insulin resistance [ 70 – 73 ]. For example, Leprechaunism 
and the Rabson–Mendenhall syndrome are due to muta-
tions in the insulin receptor gene with subsequent altera-
tions in insulin receptor function and extreme insulin 
resistance [ 9 ]. Leprechaunism is usually fatal in infancy 
and is characterized by small body size, elfi n facies, and 
enlarged clitoris and breasts. Rabson–Mendenhall syn-
drome is a rare, autosomal recessive disorder characterized 
by growth retardation, coarse and senile-looking faces, 
mental precocity, early dentition, and pineal hyperplasia. 
Particular forms of PCO syndrome with severe hyperan-
drogenism, acanthosis nigricans, and marked insulin resis-
tance defi ne the type A insulin resistance syndrome. 
Familial partial lipodystrophy (FPLD) is a monogenic form 
of dominantly inherited DM caused by a mutation in the 
 LMNA  gene and associated with the loss of subcutaneous 
fat from the limbs and trunk, with excess fat deposited 

around the face and neck [ 74 ]. Wolfram syndrome (diabe-
tes insipidus, diabetes mellitus, optic atrophy, and deaf-
ness) is a rare autosomal recessive disorder with incomplete 
penetrance [ 75 ,  76 ]. Patients with Wolfram syndrome 
develop insulin-requiring DM and optic atrophy in early 
childhood. Later in adolescence, they develop diabetes 
insipidus, hydronephrosis, progressive sensorineural deaf-
ness, and neurologic dysfunction [ 77 ]. Wolcott–Rallison 
syndrome is another rare autosomal recessive disorder 
associated with mutations in  EIF2AK3  and characterized 
by onset of DM in the fi rst 3 years of life, epiphyseal dys-
plasia, CKD, acute hepatic failure, and developmental 
restriction [ 78 ]. 

 It is important to distinguish MODY from T1DM or 
T2DM because the optimal treatment and risk for diabetes 
complications varies with the underlying genetic defect. For 
example, patients with MODY due to HNF1α or HNF4 α 
mutations are frequently misdiagnosed as having insulin 
requiring T1DM because they present at an early age and are 
not obese. However, many of these patients can be success-
fully managed with sulfonylureas monotherapy. In addition, 
diagnosing monogenic DM allows earlier identifi cation of 
family members at risk. In a patient with presumed T1DM, 
measurement of serum autoantibodies (islet-cell antibodies 
(ICA), glutamic acid decarboxylase (GAD65), insulin, tyro-
sine phosphatases, IA-2 and IA-2β) should be performed 
prior to consideration of genetic testing for MODY. The 
presence of autoantibodies makes MODY very unlikely. 
Unfortunately, there are currently no biochemical tests that 
reliably differentiate between the MODY and T2DM dis-
eases. The diagnosis of MODY is made by performing diag-
nostic genetic testing by direct sequencing of the gene. A list 
of laboratories is available on at   www.ncbi.nlm.nih.gov/
sites/GeneTests     or   www.athenadiagnostics.com    . Genetic 
testing should only be performed after informed consent and 
genetic counseling.   

    Treatment of DM 

 Therapy of DM by a multidisciplinary team involves training 
the caregivers and the patient to provide appropriate care, 
education and lifestyle modifi cations, specifi cally diet, exer-
cise and weight loss, progressive increase in independence 
and self-care by the growing child, strict glycemic control, 
avoidance of severe hypoglycemia, control of comorbidities, 
including hypertension, dyslipidemia, nephropathy and 
hepatic steatosis, and maintenance of normal growth and 
development. Specifi c guidelines on how and when to 
administer insulin and other medications, how to rotate 
injection sites, test for and record blood glucose test results, 
timing and carbohydrate content of meals and snacks, how to 
adjust insulin dose based on blood glucose concentrations 
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and carbohydrate intake, test urine for ketones at times of 
illness, or if two consecutive blood glucose readings are 
greater than 250 mg/dL (13.9 mmol/L), intervene with 
dietary measures and/or glucagon if blood glucose level is 
too low [ 55 ]. Adolescent drivers with DM should test blood 
glucose levels before driving and carry carbohydrate snacks 
with them at all times. Adolescents should be counseled on 
risky behaviors such as alcohol or drug use, eating disorders, 
cigarette smoking, and unprotected sexual intercourse. A 
system to ensure gradual transition into adult care should be 
in place.  

    Treatment of T1DM 

    Insulin 

 All insulin is now manufactured by recombinant DNA tech-
nology and is based on the amino acid sequence of human 
insulin. Three rapid-acting insulin analogues are available: 
lispro (Humalog), aspart (NovoLog), and glulisine (Apidra). 
These insulins start to act in 0.15–0.35 h and last for 3–5 h. 
Rapid acting analogues are used as prandial or snack boluses 
and in insulin pumps. Regular insulin is short-acting and is 
used in intravenous infusion to treat DKA. Neutral prot-
amine Hagedorn (NPH) is intermediate in peak and duration 
of action (onset: 2–4, peak: 4–12, duration: 12–24 h). Basal 
long-acting analogues include detemir (Levemir) and 
glargine (Lantus) (onset: 1–4, peak: 6–12, duration: 20–24 h).  

    Insulin Regimens 

 During the honeymoon period, single daily injection of insu-
lin may be suffi cient. Ultimately, however, most patients will 
require at least two injections of insulin per day (at breakfast 
and dinner) with mixing short/rapid-acting (1/3 of a dose) 
and NPH (2/3 of a dose) insulin. Children on this regimen 
often require more (~2/3) of the total insulin dose in the 
morning and less (~1/3) in the evening. Basal-bolus regi-
mens aim to achieve more physiologic insulin concentra-
tions. The basal insulin provides fasting insulin needs and 
the bolus provides insulin to cover food requirements and to 
correct hyperglycemia. Of the total daily insulin require-
ments, 40–60 % should be basal insulin and the rest prepran-
dial rapid-acting or regular insulin. Insulin dosage depends 
of such factors as age, weight, stage of puberty, duration and 
phase of DM, nutritional intake, exercise, results of blood 
glucose monitoring, and intercurrent illness. During the par-
tial remission, the total daily insulin dose is <0.5 IU/kg/day. 
Outside the partial remission phase, prepubertal children 
usually require 0.7–1.0 IU/kg/day while pubertal children 
require 1–2 IU/kg/day of insulin [ 79 ].  

    Monitoring 

 Blood glucose is monitored before meals or snacks, at bed-
time, when ill, and with sports. Reasonable goals for fasting 
and preprandial blood glucose levels are preschool age: 100–
180 mg/dL (5.6–10.0 mmol/L), school age: 90–180 mg/dL 
(5.0–10.0 mmol/L), and teenagers: 90–130 mg/dL (5.0–
7.2 mmol/L). The goals for HbA1C (refl ecting average blood 
glucose concentration over the 2 previous months) are <6 
year old: 7.5–8.5 %, 6–12 years: <8 %, 13–19 years: <7.5 %. 
Urine or blood ketones should be monitored when blood glu-
cose values are >250 mg/dL (13.9 mmol/L) or when children 
are not feeling well to abort episodes of DKA.   

    Treatment of T2DM 

 Pharmacologic therapy should be started from metformin 
which has an advantage over sulfonylureas of similar reduc-
tions in HbA1C without the risk of hypoglycemia. Failure of 
monotherapy with metformin over 3 months indicates the 
need to add glitazone, sulfonylurea, or insulin alone or in 
combination with meglitidine, amylin, or DPP-IV inhibitor 
[ 80 ]. Only metformin and insulin are approved for use in 
children in most countries. Lifestyle changes in diet and 
exercise should be continued in addition to pharmacologic 
therapy. Patients at risk for pregnancy should be counseled 
on the effects of DM and oral agents on conception and fetal 
development. Bariatric surgery may be recommended in 
adolescents with T2DM with BMI > 35 [ 81 ]. Studies demon-
strate resolution of T2DM in 91 % of adolescent patients 
who underwent gastric bypass surgery [ 82 ].  

    Treatment of DKA and HHS 

 The biochemical criteria for the diagnosis of DKA are 
hyperglycemia [>200 mg/dL (>11 mmol/L)], venous 
pH < 7.3, or bicarbonate <15 mmol/L, ketonemia or keto-
nuria. The severity of DKA is categorized by the degree of 
acidosis. Mild: venous pH < 7.3 or bicarbonate 
<15 mmol/L; moderate: pH < 7.2, bicarbonate <10 mmol/L; 
severe: pH < 7.1, bicarbonate <5 mmol/L. Goals of therapy 
are correct dehydration, acidosis, reverse ketosis, restore 
blood glucose to near normal, and avoid complications of 
therapy. In severe volume depletion or shock, isotonic 
saline (or Ringer’s lactate) in 20 mL/kg boluses should be 
given to restore circulatory volume. Insulin therapy is 
essential to normalize blood glucose and suppress lipoly-
sis and ketogenesis. Insulin at 0.1 unit/kg/h should be 
administered after initial fl uid replacement and continued 
until resolution of DKA (pH > 7.30, bicarbonate 
>15 mmol/L). Five percent glucose should be added to IV 
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fl uid when plasma glucose falls to 250–300 mg/dL 
(14–17 mmol/L) to prevent hypoglycemia. If the patient is 
hypokalemic, potassium replacement (40 mmol/L) should 
be initiated at the time of initial volume expansion. 
Otherwise, potassium should be given after initial volume 
expansion and concurrent with starting insulin therapy. If 
patient is hyperkalemic, potassium administration should 
be deferred until urine output is documented. Bicarbonate 
or phosphorus administration is not recommended unless 
the acidosis is profound. Transition from IV to subcutane-
ous insulin should be initiated when oral intake is tolerated 
before a mealtime 15–30 min (rapid insulin) or 1–2 h (reg-
ular insulin) before stopping insulin infusion [ 48 ]. 
Treatment of cerebral edema involves elevation of the head 
of the bed, reduction of fl uid administration by one-third, 
and giving mannitol (0.5–1.0 g/kg IV over 20 min) or 3 % 
saline [ 83 ]. After treatment for cerebral edema has been 
started, a cranial CT scan should be obtained to rule out 
other possible intracranial causes of neurologic deteriora-
tion (e.g., thrombosis or hemorrhage). Intubation may be 
necessary for impending    respiratory failure.  

    Treatment of Monogenic DM 

 TNDM or PNDM usually requires treatment with insulin 
[ 56 ]. These patients may be also treated with sulphonylureas 
which are used in higher doses compared to doses used in 
adults [ 84 ]. Patients with MODY3 ( HNF - 1α  mutations) or 
MODY1 ( HNF - 4α  mutations) can be treated with diet, insu-
lin, and low doses of sulphonylureas (Gliclazide) [ 85 ]. 
Patients with MODY5 ( HNF - 1β  mutations), mitochondrial 
DM, and Wolfram or Roger’s syndrome are treated with 
insulin [ 86 ]. Treatment of insulin resistance syndromes (type 
A insulin resistance, lipodystrophy, leprechaunism, and 
Rabson–Mendenhall syndrome) includes the use of insulin 
sensitizers (metformin and glitazones) and insulin [ 9 ]. In 
patients with pancreatic aplasia exocrine pancreatic supple-
ments are required. The only known effective cure for IPEX 
syndrome is hematopoietic stem cell transplantation [ 68 ]. 
Table  6.2  lists useful resources on DM for patients, parents, 
and caregivers.

       Chronic Complications and Comorbidities 
of DM 

 Children and adolescents with DM are at risk for a number of 
comorbid conditions. Associated autoimmune diseases (e.g., 
thyroid dysfunction, celiac disease) occur more frequently in 
children with T1DM [ 87 ]. Linear growth is affected nega-
tively by DM. Patients with DM are at increased risk for dys-

lipidemia, a major risk factor for cardiovascular disease. 
Dyslipidemia is observed in 33 % of children with T2DM 
[ 88 ]. Obesity and T2DM are also associated with nonalco-
holic fatty liver disease (NAFLD) [ 89 ]. Microvascular com-
plications of diabetes include retinopathy, nephropathy, and 
neuropathy [ 89 ]. Screening for retinopathy is recommended 
when the child has had DM for 3–5 years. DM-associated 
nephropathy is a progressive disorder of the microvascula-
ture of the kidney, occurring in 14–22 % of children with 
T2DM at presentation [ 89 ]   . The prevalence and risk of pro-
gression of neuropathy has not been systematically studied 
among children with DM. Macrovascular complications 
(coronary artery, peripheral, and cerebral vascular disease) 
are frequent in adolescents with T2DM. Observational stud-
ies of children report essential hypertension in 5.9 % and in 
17–32 % of patients at presentation in T1DM and T2DM, 
respectively [ 90 ]. Left ventricular hypertrophy is observed in 
22–47 % of children with T2DM [ 89 ]. Increased arterial 
stiffness is reported in adolescents with T2DM compared to 
obese and healthy-weight controls, indicating premature 
aging of the cardiovascular system [ 91 ]. Blunted nocturnal 
dipping of blood pressure is associated with nephropathy in 
children with T1DM and T2DM, and may be an early marker 
for impaired renal function [ 92 ,  93 ]. Clearly, the increasing 
prevalence of T2DM in children and adolescents, particu-
larly among specifi c minority groups, requires additional 
large-scale studies to prospectively study hypertension as an 
important risk factor for cardiovascular disease. Psychological 
complications in adolescents with T2DM include an 
increased risk for depression and binge eating, observed in 
15–26 % of patients [ 94 ,  95 ]. Notably, both men and woman 
with T1DM have a smaller number of live births than 
matched controls, indicating that T1DM has an effect on fer-
tility and family size in humans [ 96 ].  

    Diabetic Nephropathy 

 Diabetic nephropathy is one of the most severe complica-
tions in patients with T1DM, leading to ESRD and the 
need for renal replacement therapy. The earliest sign of 
diabetic nephropathy is microalbuminuria (persistent albumin 
excretion between 30 and 300 mg/day or 20–200 μg/min). 

   Table 6.2    Useful resources on DM for patients, parents, and caregivers   

   http://www.childrenwithdiabetes.com     
   http://www.ndep.nih.gov     
   http://www.diabetes.org     
   http://www.childrensdiabetesfdn.org/publications.html     
   http://www.uchsc.edu/misc/diabetes/udform.html     
   http://www.designersink.com     
   http://www.henhousepress.com/index.html     
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Recent studies suggest that novel biomarkers for diabetic 
nephropathy in children may include profi brotic growth fac-
tors such as TGF-β1. In this regard, children with T1DM 
have increased levels of TGF-β1 in the urine at disease onset 
with reduction after metabolic control with insulin [ 97 ]. 
Microalbuminuria, if not treated successfully, may progress 
to overt proteinuria, defi ned as persistent albumin excretion 
>300 mg/day (>200 μg/min) [ 98 ]. In a large population- 
based study, the cumulative prevalence of microalbuminuria 
was 26 % after 10 years of diabetes and 51 % after 19 years 
of diabetes [ 99 ]. The prevalence of ESRD in pediatric DM    
differs between countries and ethnic groups. Studies from 
Canada demonstrate that children with T2DM have a 23-fold 
increased risk of ESRD and a 39-fold increased risk of dialy-
sis compared with control subjects [ 100 ]. In this study, chil-
dren with T2DM had a fourfold increased risk of renal failure 
compared to youth with T1DM. Presence of albuminuria was 
a risk factor associated with ESRD in adolescence [ 101 ]. 
During a 20-year follow-up of 11,681 young patients with 
T1DM in nationwide population-based study in Sweden, 
only 127 patients had developed ESRD due to diabetic 
nephropathy, a presumed refl ection of better glycemic con-
trol [ 101 ]. The cumulative incidence at 30 years of T1DM 
duration was low, with a male predominance (4.1 % [95 % 
CI 3.1–5.3] vs. 2.5 % [1.7–3.5]). In addition, a reduced 
risk, or a delay, in development of ESRD in patients diag-
nosed with T1DM before the age 5 and 10 years was found 
[ 101 ,  102 ]. Strict control of the serum glucose concentration, 
adequate control of elevated blood pressure and dyslipid-
emia, and use of angiotensin converting enzyme (ACE) 
inhibitor can slow the rate of progression of microalbumin-
uria or even reduce proteinuria and progressive nephropathy 
in children with DM [ 103 ,  104 ]. A 5-year, double-blind, 
placebo- controlled study of candesartan in nonalbuminuric 
and normotensive young adults with T1DM reported a reduc-
tion in mesangial matrix volume and decline in blood pres-
sure with the use of candesartan, suggesting that changes in 
renal  morphology can be prevented or arrested by early inter-
vention [ 105 ]. The strongest risk markers for the develop-
ment of microalbuminuria and hypertension in young adults 
with T1DM were poor metabolic control after puberty, high 
daytime systolic blood pressure and increased glomerular 
basement membrane thickness at 10 years [ 106 ]. Anti-
hypertensive therapy should be targeted to decrease blood 
pressure values below the 90th percentile for age, gender, 
and height. Preemptive living donor transplantation before 
initiation of dialysis is preferred in non-monogenic DM 
[ 107 ]. Screening for mutations associated with monogenic 
DM should be performed in potential living-related donors 
for children with known monogenic DM. Family history of 
T2DM, use of tacrolimus, and hyperglycemia in the fi rst 2 
weeks after kidney transplantation are the risk factors for 
posttransplant DM in children [ 108 ].  

    Screening and Prevention of DM 

 Screening for T2DM should begin in high-risk children 
(BMI > 85th percentile for age and sex, family history of 
T2DM in a fi rst- or second-degree relative, presence of acan-
thosis nigricans, PCO syndrome, hypertension dyslipidemia, 
maternal history of DM or gestational DM, American Indian, 
Asian/Pacifi c Islander, African American, or Latino ethnic 
background) at age of 10 years or at the onset of puberty [ 1 ]. 
The most commonly used screening tests for T2DM include 
measurement of FPG, 2-h plasma glucose during a 2-h 
OGTT, and A1C. A recent randomized controlled trial con-
ducted in overweight or obese children in the United States 
demonstrated a reduction in the risk of T2DM as estimated 
by insulin area under the curve from an oral GTT after 13 
weeks of 20 or 40 min/day of aerobic training regardless of 
sex or race [ 109 ]. 

 For T1DM, screening for potential complications of the 
disease (microalbuminuria, retinopathy, dyslipidemia, and 
neuropathy) is recommended. Annual screening for microal-
buminuria should be initiated when the child is 10 years old 
and has had T1DM for 5 years [ 110 ]. The preferred screen-
ing strategy for microalbuminuria is measurement of the 
urine albumin-to-creatinine ratio in an untimed urinary sam-
ple. All children who have had T1DM for 3–5 years or more 
should have an annual ophthalmologic evaluation starting at 
10 years of age [ 55 ]. A fasting lipid profi le should be obtained 
in prepubertal children (2–10 years), if there is a family his-
tory of hypercholesterolemia (defi ned as total cholesterol 
>240 mg/dL, [6.2 mmol/L]), a cardiovascular event before 
55 years of age, or if the family history is unknown or the 
child is overweight or obese. Adolescents (puberty or >10 
years of age) should be screened at the time of diagnosis. 
Testing for vibration (using a tuning fork) and pressure sen-
sation (using a 10 g monofi lament) is recommended at least 
annually in children older than 10 years of age. 

 Although no successful strategy for the prevention of 
T1DM has yet been identifi ed, children who are at high risk 
for T1DM can be identifi ed using a combination of immune, 
genetic, and metabolic markers. Genetic markers (e.g., major 
susceptibility genes for T1DM located in the HLA region on 
chromosome 6p) may be helpful in assessing the risk of 
T1DM in close relatives of a patient with T1DM [ 111 ]. 
Measurement of autoantibodies (GAD, IAA, and IA2/
ICA512) was reported to prospectively identify all chil-
dren without familial DM who developed diabetes within 
8 years [ 112 ]. However, a large proportion of individuals 
with positive screening test results is found not to have 
DM upon further diagnostic testing [ 113 ]. Determination of 
the acute (or “fi rst phase”) insulin response to glucose (FPIR) 
during an intravenous glucose tolerance test (IVGTT) and 
2-h glucose during OGTT can be used for prediction of DM. 
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In the FPIR test, the rise in serum insulin above baseline is 
measured during the fi rst 10 min after an intravenous glucose 
challenge [ 114 ]. The response correlates with the function-
ing  ß -cell mass. Abnormalities of FPIR and 2-h glucose dur-
ing OGTT have similar sensitivities for diabetes prediction 
within 6 months of diagnosis (76 % for OGTT [95 % CI 
60–83 %] and 73 % for FPIR [95 % CI 60–83 %]) [ 115 ]. 
Considering the high prevalence of DM with strong evidence 
for a genetic predisposition, more efforts are needed to pro-
mote awareness around familial clustering and primary pre-
vention [ 116 ]. Although such parameters as IGF-1, IGFBP3, 
fasting insulin, glucose, and lipid levels can be measured in 
LBW or small for gestational age infants to screen for DM, 
the predictive capacity of these factors as biological markers 
for later DM or obesity may not be of clinical use [ 117 ,  118 ].  

    Transition of Adolescents with DM 
to Adult Health Care Service 

 Due to advances in medical care, nearly all children with 
DM will survive into adult life. Adolescents leave behind 
their childhood taking new responsibilities and striving to 
become an independent adult. This coincides with their 
move from the children’s into the adult health care service. 
This transition has a potential to cause instability in the ado-
lescent’s already vulnerable state [ 119 ,  120 ]. Therefore, an 
important role for the health care team is to ensure that the 
transition process will build up and develop a person empow-
ered to become an independent individual. While children’s 
health care service may be perceived as family centered, 
socially oriented, informal, and relaxed, adult service may be 
perceived as person centered, disease oriented, formal, and 
direct. Principles of a successful transition should be 
explained beforehand, allowing the adolescent and family 
suffi cient time to familiarize themselves with the idea that 
care will be delivered in a different setting and by a different 
team at some point in the future. The most appropriate time 
to introduce this concept is debatable, but it is clear that its 
introduction at an early stage allows adequate time for prepa-
ration such as health education and promotion of indepen-
dence. The timing of the transfer should take into account 
adolescent’s physical development and emotional maturity, 
occur at a time of relative stability in their health, and be 
coordinated with other life transitions [ 121 ].     
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           Introduction 

 Kidney disease in diabetes greatly diminishes quality and 
quantity of life, and is very expensive. Focused attention to 
the early stages of diabetic nephropathy is urgently needed, 
to defi ne better therapies that may slow it down or even stop 
its progression, thus reducing its heavy burden.  

    Current Screening and Early Diagnosis 
of Diabetic Nephropathy 

 The classical presentation of diabetic nephropathy is well 
known, as is its threat to life and limb. Sixty years ago, dia-
betics with proteinuria might only survive 3 years [ 1 ]. Today, 
that survival is much longer, but a great burden of morbidity 
persists. Chronic kidney disease (CKD) occurs in up to 40 % 
of all diabetics. Its feared complication of end-stage renal 
disease (ESRD) occurs in only a few percent of all diabetics 
[ 2 ] (Fig.  7.1 ), but it exacts a great toll in terms of expense, 
morbidity, and mortality. Earlier diagnosis is likely to lead to 
better treatment. The serum glucose and the glycohemoglo-
bin levels correlate with outcome in diabetes, but are not 
markers of renal injury. The American Diabetes Association 
(ADA) recommends that urine albumin excretion be tested 
as an early marker of renal injury yearly in every patient with 
type 2 diabetes and yearly after 5 years of diabetes duration 
in every patient with type 1 diabetes [ 3 ]. Measurement of the 
serum creatinine should also be done yearly in all diabetics.

       Methods and Approach 

 This chapter will address screening, early diagnosis, genetic 
markers, and predictors of diabetic nephropathy. The words 
“diabetic nephropathy” will be used throughout, rather than 
the separate term “diabetic kidney disease” for lesser degrees 
of injury. Type 1 diabetes will be distinguished from type 2, 
where possible. The literature on these topics was reviewed 
using multiple PubMed searches, with attention to publica-
tions of original data in the last 3 years. Studies in laboratory 
animals were excluded. Publications showing correlations 
with diagnosis and/or prognosis were sought, as were publi-
cations testing mechanism via therapies and their effects on 
one or more markers. It is possible that important publica-
tions were missed, which hopefully will be only a small 
imperfection.  

    Serum Creatinine and GFR 

 Established diabetic nephropathy will present as nephrotic 
syndrome with azotemia and hypertension. Those features 
are neither specifi c nor early. Their use is for diagnosis, 
not screening. But the serum creatinine and its derived 
estimated glomerular fi ltration rate (eGFR) can have a pre-
dictive value. In type 1 diabetics with proteinuria but an 
eGFR above 60 mL/min, the initial fi ve estimates of the 
eGFR provided an accurate prediction of the risk of ESRD 
over long-term follow-up [ 4 ]. A fall in eGFR of more than 
11 mL/min/year was associated with a 50 % risk of ESRD 
over 5 years, whereas a fall in eGFR of less than 7 mL/
min/year was associated with a 5-year risk of ESRD of 
only 4 %. This prediction was better than use of baseline 
characteristics of glycohemoglobin, blood pressure, or uri-
nary albumin. On modern electronic medical record sys-
tems, graphing functions can show this evolution of eGFR 
versus time, which enables predictions that may improve 
clinical care.  
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    Albuminuria 

 Proteinuria has been known as a sign of renal disease since 
the 1800s [ 5 ]. Kimmelstiel and Wilson documented its asso-
ciation with diabetic nephropathy in 1936 [ 6 ]. By 1980, 
the paradigm for diabetic nephropathy was that it started 
with an asymptomatic phase involving “microalbuminuria,” 
or urinary albumin in amounts too low to be detected by 

usual methods for testing proteinuria [ 7 ]. These amounts of 
albumin are in the range of 30–300 mg/day. The “micro” 
prefi x refers to smaller amounts of albumin, below the 
threshold of the dipstick test for proteinuria, not to smaller 
albumin molecules. This stage of microalbuminuria was 
felt to be an obligatory intermediate stage to the develop-
ment of dipstick- positive proteinuria, then by a further 
increase in urinary protein to the nephrotic range with con-
current decline in GFR and subsequent evolution to renal 
failure. Microalbuminuria became a surrogate early marker 
for diabetic nephropathy. Its signifi cance is underlined by its 
correlation with increased mortality, and the even higher 
mortality for higher amounts of proteinuria [ 8 ] (Fig.  7.2 ). 
Further, Gaede et al. showed that in type 2 diabetics with 
microalbuminuria, a multifactorial intervention not only 
reduced cardiovascular death but also reduced progression to 
ESRD [ 9 ]. This appears to justify the ADA guidelines as 
stated above.

   But recent studies show that both type 1 and type 2 diabet-
ics can develop CKD without albuminuria [ 10 ]. It is possible 
that part of this discrepancy results from measurement issues, 
i.e., that more sensitive measurement of urinary albumin 
might show positive results in subjects initially thought to 
have normoalbuminuria [ 11 ]. Nonetheless, only ~40 % of 
patients with microalbuminuria will develop proteinuria over 
a 10-year follow-up time [ 12 ]. This duality and unpredict-
ability of microalbuminuria emphasize the need to search for 
and identify injury markers other than urinary albumin for 
identifi cation of diabetics with impending kidney disease.  

  Fig. 7.1    Diagram of the epidemiology of diabetes and associated kidney 
disease. The area of the circles is proportional to the number of affected 
people. Estimate of the number of Americans with diabetes in 2013 is 
from the American Diabetes Association (  www.diabetes.org    ), and the 
fraction of those with CKD is estimated as in Plantinga et al. [ 2 ]. The 
prevalence of diabetic ESRD now is ~300,000 in the USA, so the fraction 
of all current diabetics with ESRD is 300,000/25,000,000 = 0.01 or 1 %       

  Fig. 7.2    Risk of mortality in individuals with type 1 diabetes from the 
FinnDiane study associated with each level of albuminuria and end-
stage kidney disease (ESKD). The adjusted hazard ratios with 95 % c.i. 
are standardized against individuals with urinary albumin excretion in 
the normoalbuminuric range. Adjusted standardized mortality rates 

(SMRs) are shown, standardized for the Finnish population. Reprinted 
by permission from Groop et al. [ 8 ]. From Groop PH et al. The pres-
ence and severity of chronic kidney disease predicts all-cause mortality 
in type 1 diabetes. Diabetes 2009 Jul;58(7):1651–1658. Reprinted with 
permission from American Diabetes Association       
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    Urinary Proteins 

 Increased urinary type IV collagen has been associated with 
loss of kidney function in subjects with type 2 diabetes [ 13 ]. 
This makes sense because type IV collagen is a substantial 
component of tubular and glomerular basement membranes, 
and its synthesis is stimulated by hyperglycemia [ 14 ]. An 
additional study showed that elevation in urinary collagen IV 
is associated with loss of kidney function in both type 1 and 
type 2 diabetes, without correlation to albuminuria [ 15 ]. 
Further study of urinary collagen is needed to confi rm its 
utility as a marker for kidney disease in diabetics that have 
minimal or no elevations in urinary albumin. 

 The pro-fi brotic cytokine transforming growth factor 
beta-1 (TGFbeta) has been amply studied in experimental 
and human diabetic nephropathy [ 16 ]. Serum levels of 
TGFbeta appear to be increased in diabetics with albumin-
uria compared to those without it [ 17 ], and kidney biopsy 
studies of diabetic nephropathy have pointed to the mecha-
nistic relevance of TGFbeta [ 18 ]. The renal expression of 
collagen IV and TGFbeta is reduced by ACE inhibitors. 
Urinary TGFbeta may be decreased by losartan [ 19 ] and may 
also be decreased by better control of the blood pressure in 
type 2 diabetics with proteinuria [ 20 ]. These data may con-
fi rm mechanisms but may not yet be useful for day-to-day 
patient care. 

 Infl ammation could play a role in progressive diabetic 
nephropathy. Urinary interleukin-6, interleukin-8, monocyte 
chemoattractant protein-1, interferon gamma-inducible pro-
tein, and macrophage infl ammatory protein-1 were signifi -
cantly associated with declining renal function in a cohort of 
145 type 1 diabetics [ 21 ]. The same group used a highly sen-
sitive immunoassay to show elevations of urinary immuno-
globulins in albuminuric and even normoalbuminuric 
diabetics; these were not found in healthy control subjects 
[ 22 ]. These observations require confi rmation, especially in 
view of the emerging data on the serum marker of infl amma-
tion, tumor necrosis factor alpha, as discussed below. 

 Six recent publications report noninfl ammatory urinary 
protein markers of diabetic nephropathy. Merchant et al. 
evaluated the urinary peptidome in type 1 diabetics, and 
found decreased urinary alfa-1 (IV) and V collagens and 
tenascin-X, and increased FAT tumor suppressor 3, inositol 
pentakisphosphate kinase, and zona occludens-3 [ 23 ]. In 
renal biopsies of these patients, there was increased expres-
sion of the latter two proteins. Vaidya et al. showed eleva-
tions in urinary interleukin-6, CXCL 10/IP-10,  N -acetyl 
glucosaminidase (NAG), and kidney injury molecule-1 
(KIM-1), but progressive renal injury was only associated 
with urinary KIM-1 and NAG [ 24 ]. Nauta et al. tested six 
urinary biomarkers in subjects with diabetes and found that 
only heart fatty acid binding protein (H-FABP) was associated 

with kidney function independently of albuminuria [ 25 ]. 
Schlatzer et al. found four urinary protein biomarkers that 
predicted early renal injury in type 1 diabetics [ 26 ]. These 
were Tamm–Horsfall protein, progranulin, clusterin, and 
alpha-1 acid glycoprotein. But another large scale proteomic 
study found reduced urinary uromodulin (Tamm–Horsfall 
protein) as a marker of diabetic nephropathy [ 27 ]. Very 
recently, it was reported that urinary haptoglobin levels pre-
dicted early renal functional decline in patients with type 2 
diabetes and microalbuminuria [ 28 ]. Each of these studies 
used albuminuria for comparison to the change in the uri-
nary protein marker. Three included renal function decline 
as the comparison variable. Only one also included normo-
albuminuric diabetics [ 27 ]. Thus, the markers reported in 
many studies may not accurately predict or correlate with 
normoalbuminuric diabetic nephropathy. 

 In the specifi c case of tubular markers, Nielsen et al. 
recently evaluated the urinary levels of neutrophil gelatinase- 
associated lipocalin (NGAL), KIM-1, and liver fatty acid 
binding protein (L-FABP) and found them to correlate with 
loss of kidney function in type 1 diabetics, but that correla-
tion was lost when controlling for hypertension and albumin-
uria [ 29 ]. In type 2 diabetics, urinary NGAL and L-FABP did 
not add to albuminuria as a marker of injury in two recent 
studies [ 30 ,  31 ]. Nonetheless, another group reported cor-
relations of urinary cystatin C and non-albumin protein 
with loss of renal function [ 32 ]. The variability of these 
results shows that further work is needed. Studies should 
move beyond testing for correlations with existing injury, 
such as albuminuria, and instead attempt to correlate mark-
ers with loss of kidney function, such as the slopes of eGFR 
versus time. Finally, defi ning the utility of tubular markers 
must include well-defi ned populations to enable robust 
conclusions.  

    Non-urinary Markers 

    Blood Pressure 

 In persons with type 1 diabetes, an increase in systolic blood 
pressure during sleep precedes the development of microal-
buminuria [ 33 ]. Other data show that nocturnal dosing of 
antihypertensive medications reduces cardiovascular risk in 
subjects with CKD, including diabetics and nondiabetics 
[ 34 ]. A cross-sectional study has shown lesser renal injury, 
as proteinuria, in type 2 diabetics who ingest one or more of 
their antihypertensive medications at bedtime [ 35 ]. This 
tends to confi rm nocturnal hypertension or non-dipping of 
blood pressure as a marker of risk in subjects with type 1 and 
type 2 diabetes. Prospective studies are needed in diabetics 
with kidney disease, to test whether nocturnal dosing of anti-
hypertensives may prevent loss of kidney function.  

7 Screening, Early Diagnosis, Genetic Markers, and Predictors of Diabetic Nephropathy



82

    Funduscopic Exam 

 The coexistence of diabetic retinopathy (DR) and nephropathy 
has been known for many decades. Good control of glycemia 
in type 1 diabetics reduces the risk of retinopathy, as it does 
that of nephropathy [ 36 ], and a multifactorial approach in 
type 2 diabetics with microalbuminuria reduces the risk of 
retinopathy and nephropathy [ 9 ]. But diabetic retinopathy 
(DR) still occurs in up to 40 % of type 1 and type 2 diabetics 
[ 37 ]. Type 1 diabetics with diabetic nephropathy will almost 
always have DR, which will be present in 50 % of type 2 dia-
betics with diabetic nephropathy [ 38 ]. In a type 2 diabetic with 
kidney disease, the presence of proliferative DR strongly 
points to diabetic nephropathy [ 39 ]. The absence of DR is a 
useful feature in type 1 diabetics, less so in the type 2.  

    Neuropathy 

 In a series of 109 diabetics who underwent kidney biopsy, 18 
had lesions other than diabetes [ 40 ]. Neuropathy by clinical 
exam was highly predictive of diabetic nephropathy on kid-
ney biopsy (Fig.  7.3 ). Using neuropathy or retinopathy as 
associated features may thus be very useful for diagnosis. It 
is not known how these clinical features could be used for 
early identifi cation of diabetic nephropathy.

       Blood Testing 

 Good control of the blood glucose will reduce the risk of 
diabetic nephropathy [ 36 ]. But blood glucose and glycosyl-
ated hemoglobin levels are not good predictors of diabetic 
nephropathy. Indeed, in type 2 diabetics, while the average 

glycosylated hemoglobin level was not statistically associ-
ated with CKD, greater than 10 % variability in the glycosyl-
ated hemoglobin level was a signifi cant predictor of CKD 
[ 41 ]. This observation may simply be the refl ection of poor 
glucose control. Perhaps untoward swings of protein glyco-
sylation have an independent and adverse effect. 

 Desai et al. showed that in diabetics with eGFR less than 
40 mL/min, elevation in the cardiac marker troponin T to 
may be a signifi cant predictor of ESRD, independent of pro-
teinuria or eGFR [ 42 ]. These fi ndings could simply be paral-
lel markers of end-organ damage, rather than have 
mechanistic implications. But they do illustrate that useful 
biomarkers may be unexpected ones that are not typically 
associated with kidneys.  

    TNF Receptors 

 As discussed above, urinary markers for infl ammation are 
found in diabetic nephropathy. The serum levels of tumor 
necrosis factor receptor 1 (TNFR1) have now been shown to 
predict risk for ESRD in type 2 diabetics even when adjusting 
for urinary albumin [ 43 ]. A similar risk for an early decline in 
GFR was found for elevated TNFRs in type 1 diabetics even 
before they developed proteinuria [ 44 ]. New therapies target-
ing infl ammatory pathways are thus plausible. But enthusiasm 
for these data is tempered by the  accompanying editorial that 
rightly points out that these observational studies may point to 
signifi cant associations but not prove causality [ 45 ].  

    Uric Acid 

 Beyond its role in gout and nephrolithiasis, uric acid has received 
much attention as a correlate of cardiovascular disease [ 46 ]. It 
may be a marker and mechanism for CKD [ 47 ]. For baseline 
serum uric acid levels over 3 mg/dL, Ficociello et al. showed a 
direct dose–response relationship to the loss of GFR in type 1 
diabetics with albuminuria [ 48 ]. Higher baseline serum uric 
acid levels predicted progression to albuminuria in another 
study of type 1 diabetics [ 49 ]. As shown (Fig.  7.4 ) these data are 
statistically signifi cant but have limited clinical value 
because of the substantial overlap between the progressors 
and non-progressors. Nonetheless, treatment of the elevated 
uric acid levels could be benefi cial and warrants testing.

       Kidney Ultrasound 

 Hyperfi ltration may occur in diabetes, perhaps mediated by 
tubular glucose and sodium reabsorption that leads to 
reduced distal nephron sodium delivery that causes an 
increase in GFR [ 50 ]. Renal hypertrophy may also occur, 
and lead to kidney enlargement. Type 1 diabetics with bigger 

  Fig. 7.3    The relationship of clinical neuropathy (numbness on exam) 
to the presence of diabetic nephropathy or nondiabetic kidney disease 
on kidney biopsy. Type 1 diabetics with clinical neuropathy had 90 % 
occurrence of diabetic nephropathy by kidney biopsy. No type 2 dia-
betic with neuropathy had nondiabetic kidney disease on biopsy. 
Adapted from Amoah et al. [ 40 ]       
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kidneys may have a greater probability of developing micro-
albuminuria [ 51 ] (Fig.  7.5 ). The vascular resistive index as 
tested by Doppler ultrasound was found to be elevated in dia-
betic compared to nondiabetic children [ 52 ]. Thus, kidney 
ultrasound may serve as an early marker of diabetic nephrop-
athy. Improving tissue-level resolution of ultrasound or other 
imaging technology may lead to even better imaging mark-
ers of diabetic nephropathy.

        Genetic Markers and Prediction of Diabetic 
Nephropathy 

 Beyond well-recognized diseases such as autosomal domi-
nant polycystic kidney disease (ADPKD) or Alport syn-
drome, the familial predisposition to ESRD was clearly 
recognized 20 years ago [ 53 ]. The presence of a fi rst-degree 
relative with ESRD increases an African American’s risk for 
developing ESRD by ninefold and a white American’s risk 
by fourfold. A gradient of risk is evident, whereby fi rst-
order relatives of a subject with ESRD have a higher risk of 
developing ESRD than do second-order relatives, who in 
turn have a higher risk than third-order relatives of a subject 
with ESRD. This points to genetic determinants of kidney 
disease. For nondiabetic kidney disease, identifi cation of 
allelic variation at chromosome 22q12.3 has been exten-
sively studied and risk variants of the APOL1 gene have 
been identifi ed [ 54 ]. The odds ratios for the predisposition 
to nondiabetic kidney disease by the APOL1 risk alleles are 
between 7 and 10 [ 55 ]. Diabetic nephropathy has other 
genetic associations, of which some are shown in the table 
below (Table  7.1 ).

   The odds ratios for the positively associated genes are well 
below the odds ratio of having the APOL1 risk allele. The low 
odds ratios show that testing for the genes of Table  7.1  cannot 
serve to screen for diabetic nephropathy. In addition, the 
genetic infl uences on diabetic nephropathy are likely to be 
multifactorial in their effect to predispose a particular diabetic 
patient to kidney disease. Confi rmatory studies are needed 
for any genetic marker before it can be considered reliable or 
even useful for mechanistic studies.  

  Fig. 7.4    Mean baseline serum uric acid levels according to albuminuria 
status at the 6-year follow-up visit in a cohort of type 1 diabetics. Elevated 
serum uric acid levels are a predictor of the development of albuminuria in 
patients with type 1 diabetes, but there is substantial overlap between 
the elevated and non-elevated serum uric acid levels. From Jalal et al. 
Serum uric acid levels predict the development of albuminuria over 
6 years in patients with type 1 diabetes: fi ndings from the Coronary Artery 
Calcifi cation in Type 1 Diabetes study.  Nephrol Dial Transplant  25:1865–
1869, 2010. Reprinted with permission of Oxford University Press       

  Fig. 7.5    The actuarial risk of developing microalbuminuria in type 1 
diabetics, according to the baseline kidney volume as assessed by ultrasound. 
There is a signifi cantly greater risk of developing microalbuminuria in 
subjects with enlarged kidneys at baseline. Reproduced by permission, from 

Zerbini et al. [ 51 ]. From Zerbini G, et al. Persistent renal hypertrophy and 
faster decline of glomerular fi ltration rate precede the development of 
microalbuminuria in type 1 diabetes. Diabetes 2006 Sep;55(9):2620–2625. 
Reprinted with permission from American Diabetes Association       
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    The Role of MicroRNA 

 MicroRNAs (miRNAs) are single-stranded RNAs that regulate 
gene expression by blocking translation or by promoting break-
down of mRNAs. Many recent studies have pointed to the 
potential role of miRNA in diabetic nephropathy but these 
studies have been either in vitro or in rodent models [ 67 ]. 
A PubMed search yielded only one study that tested miRNA in 
humans, in which it was reported that urinary miR-15 was low 
in subjects with glomerulosclerosis [ 68 ]. Further human stud-
ies are eagerly awaited.  

    Glomerular Markers 

 Kidney biopsy studies of diabetic nephropathy have reported 
the mechanistic relevance of TGFbeta1 and nephrin [ 18 ,  69 , 
 70 ]. The increased renal expression of TGFbeta is reduced 
by ACE inhibitors, and that of nephrin is restored [ 18 ,  70 ]. 
Urinary mRNA for podocyte markers nephrin, podocin, syn-
aptopodin, and alpha-actinin-4 may be increased in subjects 
with diabetic nephropathy, but had no correlation with GFR 
decline in one study [ 71 ]. The same group showed in a sub-
sequent report that ACE inhibition decreased urinary mRNA 
for synaptopodin [ 72 ]. Data such as this may clarify the 
mechanism of benefi t of known therapies, but since podocyte 
injury occurs in many glomerular diseases, evidence for it 
cannot be considered as a discriminatory marker. 

 The glomerular and tubular basement membrane thicken-
ing, and the mesangial expansion of diabetic nephropathy 
are diagnostic, but they are invasive markers that cannot be 
applied to all patients. Nonetheless, kidney biopsy studies 
are of great value in defi ning diabetic nephropathy and can 
usefully be added to studies that aim to identify accurate 
noninvasive biomarkers.  

    Utility of Markers 

 The utility of any marker for present or future injuries can be 
shown by its predictive value for those injuries. The modifi -
cation of the injury marker by known therapies provides 
additional insight. This has been reported for microalbumin-
uria. The Steno-2 study showed the benefi t of intensive mul-
tifactorial intervention for type 2 diabetics with 
microalbuminuria, as a reduction in mortality and in occur-
rence of ESRD [ 9 ]. These optimistic data are tempered by 
the fact that type 2 diabetics may have quite variable histol-
ogy upon kidney biopsy, unrelated to age, duration of diabe-
tes, renal function, blood pressure, or urinary protein 
excretion [ 73 ]. The kidney biopsy may show classical dia-
betic nephropathy, or show more vascular than glomerular 
disease, or even nondiabetic disease superimposed on dia-
betic nephropathy. It is very likely that these different histo-
pathologies will have different patterns of biomarkers and 
will respond differently to treatment.  

    “Unbiased” Insight to New Mechanisms 

 Many of the above-cited studies have tested markers and their 
correlates based on existing knowledge, i.e., have used a 
“likely candidate” approach. A two-species and unbiased 
approach using mice and humans was used by Hodgin et al., 
which identifi ed hitherto unsuspected pathways in the patho-
genesis of diabetic nephropathy [ 74 ]. These were the Janus 
kinase/signal transducer and activator of transcription (JAK/
STAT) and vascular endothelial growth factor receptor 
(VEGFR) pathways. Phase II studies of JAK/STAT inhibitors 
have been started based on these data. 

 Urinary proteomic studies have been done, also in an 
unbiased approach. Otu et al. unfortunately provide no 

 Marker 
 Type 1 or 
type 2 diabetes  Odds ratio  Reference 

 PPAR gamma Ala (PPARG2 Ala12 allele)  Type 2  0.47  [ 56 ] 
 GLUT1 mutation (Xba-)  Type 2  0.6  [ 57 ] 
 ACE genotype (II versus D)  Both  0.78  [ 58 ] 
 ACE2, AII receptor  Type 1  Not signifi cant (n.s.)  [ 59 ] 
 M235T AGT (angiotensinogen variant)  Type 1  n.s.  [ 60 ] 
 APOE (apolipoprotein E)  Both  Contradictory  [ 61 ] 
 ADIPOQ (adiponectin)  Type 1  1.46  [ 62 ] 
 Gremlin  Type 1  1.69  [ 63 ] 
 GLUT1 mutation (Xba-)  Type 2  1.9  [ 64 ] 
 CNDP1 (carnosinase)  Type 2  2.46  [ 65 ] 
 ELMO1 (engulfment and motility)  Type 2  2.67  [ 66 ] 
 ACE D allele  Type 1  5.0  [ 60 ] 

    Table 7.1    Genetic markers of 
diabetic nephropathy   

E.P. Cohen and J.-M. Krzesinski



85

identifi cation of the proteins identifi ed in their report [ 75 ]. 
Alkhalaf et al. did identify collagen I and III fragments as 
promising urinary biomarkers [ 76 ]. Although collagens I 
and III are localized to interstitium in normal kidneys, they 
may participate in glomerular scarring [ 77 ], which links 
these observations to those of Araki, cited above.  

    Markers of Other Disease 

 Evaluation of a diabetic patient with proteinuria or azotemia 
must also test for other kidney diseases. Superimposed or 
nondiabetic kidney disease was reported in 10 of 122 kidney 
biopsies done for diagnosis in diabetics [ 78 ], and 30 % of 
biopsies of type 1 and type 2 diabetic patients showed 
nondiabetic kidney disease in a more recent report [ 79 ]. 
Urinalysis fi ndings of microhematuria, i.e., more than ten 
red cells per high power fi eld [ 80 ], are unusual for diabetic 
nephropathy and will suggest other kidney disease. As stated 
above, an absence of retinopathy is associated with nondia-
betic kidney disease especially in type 1 diabetics. Markers 
of other kidney diseases, such as paraproteins, antineutrophil 
cytoplasmic antibodies, or antinuclear antibodies, will 
clearly point to disease other than or at least superimposed 
on diabetes. Reliable identifi cation of diabetic nephropathy, 
rather than nondiabetic kidney disease, is important clini-
cally. It is also important for clinical research in diabetic 
nephropathy, because the results of interventions will be dis-
torted if some of the studied population does not have dia-
betic nephropathy.  

    Markers May Lead Us Astray 

 The benefi ts of using ACE inhibitors or angiotensin receptor 
blockers (ARBs) led to testing their combination [ 81 ], the 
rationale being that using ACE inhibitor plus ARB to sup-
press the RAS might be expected to yield more benefi t than 
using one drug alone. This was found to lower albuminuria 
but was associated with adverse effects including worse 
renal function [ 82 ]. There has been a similar experience with 
the renin antagonist aliskiren. In combination with the ARB 
losartan, it reduces proteinuria in patients with diabetic 
nephropathy [ 83 ], but aliskiren in combination therapy does 
not improve renal outcomes and increases the risk of adverse 
effects, including hyperkalemia [ 84 ,  85 ]. Similarly, knowl-
edge of the role of hypertension as marker and mechanism of 
renal injury led to study of intensive blood pressure control 
in diabetics. Data from the Reduction of Endpoints in 
NIDDM with the Angiotensin II Antagonist Losartan 
(RENAAL) study shows a progressive rise in risk of death or 
ESRD for systolic blood pressure (BP) above 140 systolic 

[ 86 ]   . But the Action to Control Cardiovascular Risk in 
Diabetes (ACCORD) trial showed that diabetics reaching an 
average systolic BP of 120 mmHg had more serious adverse 
events and no overall cardiovascular endpoint improvement 
when compared to those with an average systolic BP of 
134 mmHg [ 87 ]. In diabetics with albuminuria or frank pro-
teinuria, no trial appears to show a benefi t of lowering the 
systolic BP to less than 130 mmHg. Because cardiovascular 
morbidity and mortality are the major problem in diabetics, 
our interest in biomarkers for renal injury must not distract 
us. A large Danish study reports 45 times more cardiovascu-
lar than ESRD deaths in subjects with type 2 diabetes [ 88 ]. 
In this regard, one trial showed that a single ARB, olmesar-
tan, could delay the occurrence of microalbuminuria in type 
2 diabetics, but at the price of increased fatal cardiovascular 
events [ 89 ]. In this trial, the average achieved systolic BP 
was 126 mmHg in the olmesartan-treated patients. Achieving 
a reduction in the albuminuria biomarker will be 
 counterproductive if it leads to greater mortality. One is 
faced with similar problems if markers other than urinary 
albumin become the target for mitigation or treatment of dia-
betic nephropathy.  

    Statistical Issues 

 The use of microalbuminuria is now a standard for care of 
diabetic patients. As noted above, decline in GFR can occur 
without an increase in albuminuria, so that this marker has an 
incomplete sensitivity for kidney disease in diabetics. It is 
also not specifi c, because elevations in urine albumin may 
occur in many kidney diseases. A similar analysis must be 
done for any biomarker that is proposed as mechanistically 
important in diabetic nephropathy. The proposed marker 
must survive a stringent statistical validation before it could 
be used for clinical care.  

    Cost–Benefi t and Defi ciencies in Current 
Studies 

 As of April 2013, PubMed reports over 500 publications 
since 2010 for the search term “biomarkers diabetic nephrop-
athy.” This is a lot of data and a lot of publication, and is 
nearly impossible for one person to know, let alone imple-
ment in practice. Indeed, most of the current data are at the 
discovery and correlation phase. We found only a few recent 
studies that addressed cost–benefi t of testing proteinuria as a 
biomarker [ 90 – 92 ]. None of the newer markers have undergone 
cost–benefi t analysis. “Newer” molecules such as miRNAs 
appear to be more popular than “older” ones, such as uric 
acid, without regard to cost. 

7 Screening, Early Diagnosis, Genetic Markers, and Predictors of Diabetic Nephropathy



86

 Many studies correlate one or more biomarkers to catego-
ries of disease, such as micro- or macroalbuminuric subjects. 
Not enough studies test the relation of the biomarker to 
progressive loss of kidney function. Few studies have the 
certainty of diagnosis by kidney biopsy, which may show 
unsuspected nondiabetic kidney disease in 10–30 % of 
cases. No studies have careful phenotypic case defi nition, 
including funduscopic exam and assessment of neuropathy. 
Only one study has identifi ed a marker that defi nes subjects 
who have irreversible disease that will progress to ESRD. 
Reliable markers of irreversibility are needed, because 
reliable identifi cation of patients with irreversible disease 
will compel the planning for renal replacement therapy, i.e., 
dialysis and/or kidney transplantation.  

    Use of Markers at Different Stages of Disease 

 It is useful to consider the stage of kidney disease and current 
use of biomarkers for diabetic nephropathy. Table  7.2  shows 
our interpretation of current knowledge. One should also add 
the information that one gets from the history and physical 
examination. A patient who has kidney disease but with a 
less than 5-year duration of diabetes, a normal funduscopic 
exam, and no evidence of neuropathy is unlikely to have dia-
betic nephropathy. Conversely, one needs no special bio-
marker to make the diagnosis of diabetic nephropathy for a 
patient who has had diabetes for more than 10 years, dot 
hemorrhages on funduscopic exam, and a symptomatic sen-
sorimotor neuropathy. There are many patients between 
these extremes, for whom new markers may be needed.

       Recommendations 

 Going forward, we recommend the performance of compre-
hensive and cost-sensitive biomarker studies in diabetic 
nephropathy. These studies will include cases that are clearly 
diabetic nephropathy, and for which the phenotype is exten-
sively documented, including the essential variables of blood 
pressure and albuminuria. The population will include dia-
betics with macro-, micro-, and normoalbuminuria. Suitable 
normal controls and also subjects with nondiabetic kidney 

disease will be included. Use of a few well-studied cohorts in 
which there is testing of multiple markers may be preferable 
to many cohorts that each test a separate biomarker. 

 The ideal biomarker will be noninvasive, easily and 
cheaply measured, and will closely correlate with loss of 
kidney function. It will improve on the diagnostic and pre-
dictive value of the clinical evaluation that includes his-
tory, physical exam, funduscopic exam, and urinalysis. 
The best biomarkers will be cost-effective, sensitive, and 
specifi c, and their measurement will relieve illness and 
prolong life.     
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           Overview of Traditional and Nontraditional 
Concepts in Diabetic Nephropathy 

 Diabetic nephropathy is the leading cause of end stage renal 
disease (ESRD) and can develop in 20–25 % of patients with 
type 1 or type 2 diabetes (T1DM or T2DM). The “typical” 
classic defi nition of diabetic nephropathy has previously 
included persistent macroalbuminuria (>300 mg/24 h or 
>200 μg/min), the presence of diabetic retinopathy, and the 
absence of nondiabetic renal diseases. Albuminuria has been 
thought to be the hallmark of glomerular disease for decades 
and was presumed to increase proportionately with the dam-
age to the glomerular basement membrane (GBM). However, 
the association of diabetes and albuminuria has now been 
questioned because of the increasing recognition of “atypi-
cal” cases of diabetic nephropathy with normoalbuminuria. 

 Because the onset of T1DM can be ascertained with 
greater certainty, the development of diabetic nephropathy 
has been more accurately monitored and defi ned over time for 
T1DM compared to T2DM. The natural history of the “typi-
cal” T1DM patient has been classically described in step-
wise stages, during which pathophysiologic and clinical 
changes develop over an extended period of time. The fi rst 
5–10 years after the onset of diabetes are associated with 
“silent” changes in renal structure and function, which include 

glomerular hypertrophy, hyperplasia, and hyperfi ltration 
(HF) with increased glomerular fi ltration rate (GFR), and 
increased kidney size. The “typical” pathologic changes 
include mesangial cell hypertrophy, hyperplasia, increased 
mesangial matrix, thickening of the GBM, and tubular base-
ment membrane (TBM), as well as varying degrees of tubu-
lointerstitial injury and fi brosis. Microalbuminuria, defi ned as 
30–300 mg/24 h [20–200 μg/min] if it occurs, is considered a 
strong predictor of the development of nephropathy. After 10 
years of T1DM, about 40–50 % of patients with microalbu-
minuria begin to excrete increasing amounts of albumin into 
the range of macroalbuminuria (>300 mg/24 h or >200 μg/
min). This is associated with progressive decline of the GFR, 
from supernormal HF rates to “normal” and eventually to 
reduced levels. Albuminuria is ostensibly attributed to thick-
ening and distortion of the GBM and is an independent agent 
of injury to the tubules and interstitium. About 50 % of 
patients with T1DM and macroalbuminuria reach ESRD after 
15–20 year, and the diagnosis of diabetic nephropathy is rare 
in T1DM before 10 years duration (Tables  8.1  and  8.2 ).

    The progression of diabetic nephropathy in T2DM has 
not been clearly delineated because of prolonged periods of 
asymptomatic, undiagnosed disease. About 3 % of “newly 
diagnosed” T2DM patients have overt nephropathy and mac-
roalbuminuria, refl ecting the delay in diagnosis. It is, how-
ever, estimated that the time to albuminuria from the onset of 
diabetes and the time to ESRD from the onset of albuminuria 
is similar in T1DM and T2DM [ 1 ]. Overall, diabetic 
nephropathy develops in 30–50 % of patients with T1DM 
within 5–10 years after the onset of diabetes, and in 20–30 % 
of patients with T2DM, often after a considerable duration of 
undiagnosed diabetes. 

 Many “atypical” features of T1DM and T2DM have 
become apparent over the last two decades. The prevalence 
of normoalbuminuria in subjects with T2DM and GFR 
<60 mL/min/1.73 m 2  was reported to be 39 % [ 2 ]. After 
accounting for the use of renin-angiotensin system inhibitors 
(RAS), the prevalence of normoalbuminuria in subjects with 
GFR <60 mL/min/1.73 m 2  was 23 %. Another study reported 
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a relatively high prevalence of discordance between impaired 
renal function and urinary albumin excretion— approximately 
22 % of participants in a population survey had an estimated 
GFR <60 mL/min/1.73 m 2  and in these subjects 17 % had 
normoalbuminuria [ 3 ]. For hyperglycemic subjects with 
GFR between 60 and 89 mL/min, the prevalence of normoal-
buminuria was reported to be 51 % [ 4 ]. This is noteworthy 
because albuminuria was thought to be linked to diabetic 
nephropathy and progression of renal insuffi ciency. The dis-
sociation of albuminuria from declining GFR and even from 
the renal pathologic changes suggests alternative mecha-
nisms are responsible for renal injury and the use of albumin-
uria as a biomarker of diabetic renal disease may not be 
reliable. In the early stages of diabetic nephropathy, changes 

in albumin excretion rates (AERs) and GFR may occur 
 independently. Despite the lack of association of albumin-
uria with GFR, Jerums et al. report that patients with increas-
ing amounts of proteinuria have a more rapid decline of 
GFR. Urinary albumin has classically been attributed to per-
meability defects in the glomerular fi lter. Russo et al. has 
suggested that the “normal-appearing” glomerulus may fi lter 
large amounts of albumin and albuminuria may result from 
failure of the proximal convoluted tubule (PCT) to reabsorb 
it [ 5 ]. This theory may explain the discordance between glo-
merular ultrastructural changes and albuminuria, but remains 
controversial. Nonetheless, PCT aberrations may play an 
important role in the induction and progression of diabetic 
nephropathy [ 6 ]. We intend to discuss some common but 
atypical features of diabetic nephropathy that do not follow 
the traditional sequence of hyperfi ltration, microalbumin-
uria, and macroalbuminuria with gradual loss of nephron 
function. The process, however, appears to begin with the 
putative role of hyperglycemia and its effect on PCT func-
tion and induction of hyperfi ltration.  

    Hyperfi ltration and Kidney Growth 

 At the onset of diabetes mellitus, and within days of hyper-
glycemia [ 7 ] a series of changes occur that include the induc-
tion of multiple growth factors that stimulate hyperplasia of 
PCT cells and soon thereafter hypertrophy and lengthening 
of the proximal tubule [ 8 ]. In addition to the enlarged PCT, 
there is glucose-dependent up-regulation of transporters 
such as SGLT2 in the early PCT and SGLT1 in more distal 
sites of the PCT, which increase sodium-dependent transport 
of glucose and other solutes such as amino acids and phos-
phate [ 9 ]. Consequently, relatively less of the fi ltered sodium 

   Table 8.1    Categories of albuminuria      

 Relationship among categories for albuminuria and proteinuria 

 Measure 

 Categories 

 Normal to mildly 
increased (A1) 

 Moderately 
increased (A2) 

 Severely 
increased (A3) 

 AER (mg/24 h)  <30  30–300  >300 
 PER (mg/24 h)  <150  150–500  >500 
 ACR 

 (mg/mmol)  <3  3–30  >30 
 (mg/g)  <30  30–300  >300 

 PCR 
 (mg/mmol)  <15  15–50  >50 
 (mg/g)  <150  150–500  >500 

 Protein reagent strip  Negative to trace  Trace to +  + or greater 

  From KDIGO 2012 Clinical Practice Guidelines for the Evaluation and 
Management of Chronic Kidney Disease. Kidney Int. Supplement (3), 
issue 1: 2013. Used with permission 
  ACR  albumin-to-creatinine ratio,  AER  albumin excretion rate,  PCR  
protein-to-creatinine ratio,  PER  protein excretion rate [ 159 ]  

   Table 8.2    Prognosis of CKD by GFR and albuminuria categories: KDIGO 2012   

 Persistent albuminuria categories 

 Description and range 

 A1  A2  A3 

 Normal to mildly increased  Moderately increased  Severely increased 

 <30 mg/g  30–300 mg/g  >300 mg/g 

 <3 mg/mmol  3–30 mg/mmol  >30 mg/mmol 

 GFR categories 
(mL/min/1.73 m 2 ) 
 Description and range 

 G1  Normal or high  ≥90  Low risk  Moderately increased risk  High risk 
 G2  Mildly decreased  60–89  Low risk  Moderately increased risk  High risk 
 G3a  Mildly to moderately 

decreased 
 45–59  Moderately 

increased risk 
 High Risk  Very high risk 

 G3b  Moderately to severely 
decreased 

 30–44  High risk  Very high risk  Very high risk 

 G4  Severely decreased  15–29  Very high risk  Very high risk  Very high risk 
 G5  Kidney failure  <15  Very high risk  Very high risk  Very high risk 

  From KDIGO 2012 Clinical Practice Guidelines for the Evaluation and Management of Chronic Kidney Disease. Kidney Int. Supplement (3), 
issue 1: 2013. Used with permission [ 159 ]  
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load is delivered to distal sites such as the macula densa, 
which activates the tubuloglomerular feedback (TGF) mech-
anism to dilate the afferent arteriole (via nitric oxide- 
mediated inhibition of    adenosine) and increase renal blood 
fl ow (RBF), and GFR, in an attempt to correct the perceived 
low fi ltered load of sodium. Dilatation of the afferent glo-
merular arteriole increases RBF and intra-glomerular pres-
sure well before the onset of albuminuria [ 10 ]. These changes 
occur more frequently in patients with T1DM. The increased 
blood fl ow to the glomerulus via the dilated afferent arteriole 
increases intra-glomerular hydrostatic pressure, which stim-
ulates growth factors such as platelet-derived growth factor 
to increase glomerular size and increase GFR to supernormal 
levels or HF [ 11 ]. The increased reabsorption of solute and 
fi ltrate in the hypertrophied PCT may lower the hydrostatic 
pressure in Bowman’s capsule (BC), creating a favorable 
pressure gradient that might contribute to HF [ 12 ,  13 ]. 
Advanced glycation end products (AGEs) may also contrib-
ute to HF. Infusion of early glycation products in rats 
increases RBF, GFR, and intra-glomerular pressure— 
mimicking poorly controlled diabetes [ 14 ]. Also, increased 
tubular exposure to glucose can lead to overexpression of the 
enzyme ornithine decarboxylase (ODC), which has been 
shown to induce hyperplasia and hypertrophy of PCT, con-
tributing to HF by increasing PCT sodium reabsorption [ 15 ]. 
The ODC-induced kidney growth and increase in PCT 
sodium reabsorption could be attenuated by difl uoromethy-
lornithine (DFMO), an inhibitor of ODC [ 16 ]. Thomson 
et al. proposed the “tubulo-centric” model of HF, in which 
HF results mainly from a “primary” increase in PCT sodium 
reabsorption, decreasing sodium delivery to the distal tubule 
and activating TGF which dilates the afferent arteriole [ 17 ]. 
The PCT in diabetic subjects may respond paradoxically to 
salt delivery and inappropriately induce vasodilation on low 
salt diet and vasoconstriction on a high salt diet—the so- 
called salt paradox [ 18 ,  19 ]. It appears that HF appears to 
refl ect a fundamental defect in PCT function in diabetes mel-
litus. HF may then increase the risk of developing micro- or 
macroalbuminuria, a complication that could be ameliorated 
by strict blood pressure (BP) control or improved glycemic 
control [ 20 ]. BP lowering may reduce the shear stress injury 
on dilated, patulous afferent and glomerular capillaries. We 
can conclude that the cause of HF remains atypical and may 
be due to several different mechanisms.  

    Classical vs. Nonclassical Defi nitions 
of Diabetic Nephropathy Based on Proteinuria 

 Classical albuminuric diabetic nephropathy develops in four 
consecutive stages over time: (a) renal hypertrophy and HF 
which occur early, with increased GFR and normoalbumin-
uria; (b) renal hypertrophy and HF are followed by a phase 

of intermittent to persistent microalbuminuria in T1DM 
which may persist for many years and during which struc-
tural changes develop; (c) persistent microalbuminuria, 
likely with hypertension, converts to macroalbuminuria 
which is associated with normal GFR, but reduced from the 
previous stage of HF; and (d) increasing levels of macroalbu-
minuria are associated with reduced GFR, and progression to 
ESRD and a GFR <15 cc/min. However, the relationships 
between HF, albuminuria, and development of decreased 
GFR are not entirely clear. For example, one study estimated 
HF by using an equation based on the reciprocal of serum 
cystatin C levels and found no evidence that HF predisposed 
to the development of microalbuminuria in T1DM [ 21 ]. This 
disparate fi nding may be related to better control of 
 glucose, blood pressure, and hyperlipidemia over many 
years, thus minimizing the role of HF as a predictor of 
microalbuminuria. Studies have shown a less predictive 
value of microalbuminuria and even spontaneous remissions 
of microalbuminuria in 25–40 % of patients [ 22 ]. Also, the 
GFR may progressively decrease even in normoalbuminuric 
patients with either T1DM or T2DM [ 23 ] contradicting the 
concept that albuminuria induces progressive renal insuffi -
ciency. Some patients with diabetes and albuminuria remain 
stable; some show regression of microalbuminuria, while 
others can develop renal insuffi ciency without albuminuria. 
Albuminuria is a presumed tubular toxin, but non- albuminuric 
T2DM can still develop ESRD, although their rate of decline 
in eGFR is reduced after reaching eGFR of 60 mL/
min/1.73 m 2 . In subjects with T2DM and GFR <60 cc/min 
the prevalence of normo-, micro-, and macroalbuminuria has 
been reported as 39 %, 35 %, and 26 %, respectively. After 
accounting for the use of angiotensin-converting enzyme 
(ACE)-inhibition, the prevalence of normoalbuminuria was 
23 % [ 2 ]. The discordance between albuminuria and GFR 
argues against using the urinary AER as a marker for renal 
injury [ 24 ,  25 ] and has led to a search for a different bio-
marker of diabetic nephropathy. To further magnify the 
dilemma of albuminuria vs. normoalbuminuria, Russo et al. 
suggested that albumin fi ltration at the glomerulus may be 
much greater than previously thought and the discovery of 
albuminuria may be primarily due to failure of an albumin 
retrieval pathway in the PCT [ 5 ]. However, this proposal 
does not address the fi nding of normoalbuminuria in some 
T2DM patients with renal insuffi ciency. An animal model of 
T2DM with normoalbuminuria (the Cohen diabetic rat) has 
been shown to develop progressive renal insuffi ciency with 
typical diabetic glomerulosclerosis, but without proteinuria 
[ 26 ]. Similarly, typical changes of diabetic nephropathy have 
been reported in normoalbuminuric patients with T1DM 
who have reduced GFR. In the last 5 years, there has been 
much debate on the roles of the glomerular fi ltration barrier 
(podocyte, slit diaphragm, GBM) and the PCT cells in albu-
minuria [ 27 ]. Data suggest that the podocyte slit diaphragm 
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has pores that are much larger than previously known, large 
enough to permit albumin fi ltration [ 28 ]. Several studies 
have indicated that PCT cells reclaim fi ltered proteins, 
including albumin, to minimize proteinuria [ 29 – 31 ]. Could 
this reclamation/retrieval system, if true, play a role in the 
non-proteinuric diabetic patient? Further studies in diabetic 
rats might clarify the postulated mechanisms for non- 
proteinuric diabetic nephropathy.  

    Non-albuminuric Diabetic Nephropathy 

 HF predisposes to the development of micro- and macroal-
buminuria, with a hazard ratio of 2.3 when compared with a 
concurrent (normoalbuminuric) control group [ 32 ]. But there 
is no evidence as yet that HF predicts declining GFR [ 1 ]. 
Microalbuminuria (dipstick negative) has been classically 
associated with progression to macroalbuminuria (dipstick 
positivity) in the majority of T1DM and T2DM patients. 
Others report that only 30–45 % of patients with microalbu-
minuria progress to more advanced stages of kidney disease 
[ 33 ]. In the Joslin Clinic Study of 386 patients with microal-
buminuria who were followed for 6 years, regression of 
microalbuminuria was reported in 58 % of the subjects—
especially in younger patients, patients with microalbumin-
uria of short duration, HbA1c < 8 %, systolic BP < 115 mmHg, 
cholesterol <5.12 mmol/L (92 mg/dL), and triglycerides 
<1.64 mmol/L (29 mg/dL). Interestingly, the use of ACE 
inhibitors was not associated with regression of microalbu-
minuria [ 34 ]. In contrast, the Melbourne Diabetic 
Nephropathy Study Group investigation showed regression 
of microalbuminuria in 54 % of normotensive subjects with 
T1DM when treated with the ACE inhibitor, perindopril 
[ 35 ]. The reason for reversion to normoalbuminuria without 
ACE-inhibition (Joslin) or with ACE-inhibition (Melbourne) 
remains unexplained, but may be due to hemodynamic fac-
tors, reduced glucose toxicity, improved integrity of the 
microcirculation, or due to a separate phenotype of diabetes, 
which might explain the failure of therapies designed to 
attenuate increasing albumin excretion to salvage renal func-
tion [ 36 ]. A cohort of 79 T1DM patients who developed new 
onset microalbuminuria after 4 years of follow-up were 
tracked by estimating their GFR by the Modifi cation of Diet 
in Renal Disease formula for an additional 12 years. There 
was no concordance between GFR and degree of microalbu-
minuria. In this study, 11 of 23 patients, who progressed to 
stages 3–5 chronic kidney disease (CKD), never developed 
overt proteinuria that was independent of ACE inhibition. 
Perkins et al. also dissociated declining renal function from 
proteinuria [ 37 ]. Yokoyama et al. studied a population of 
patients with T2DM, renal insuffi ciency (eGFR < 60 mL/
min/m 2 ), and normoalbuminuria. This clinical presentation 

was more likely in older patients, female sex, with longer 
duration of diabetes, higher prevalence of hypertension, 
hyperlipidemia, diabetic neuropathy, and cardiovascular dis-
ease. They ascribed these fi ndings to age-associated senes-
cence, interstitial fi brosis, renal ischemia due to intra-renal 
arteriosclerosis, and/or cholesterol emboli [ 4 ,  38 ,  39 ]. In 
another study there were no differences in the duration of 
diabetes, BMI, prevalence of retinopathy, vascular disease, 
smoking history, HbA1c      levels, diastolic BP, total choles-
terol (LDL or triglycerides), or the use of RAS-blockers in 
the normoalbuminuric as compared to the microalbuminuric 
patients [ 40 ]. It was proposed that intravascular disease of 
the afferent arteriole may contribute to the normoalbumin-
uric model, but intra-renal vascular resistance on renal 
duplex Doppler scan was elevated to a similar degree in 
patients with and without proteinuria in a study of patients 
with T2DM and GFR < 60 cc/min suggesting that normoal-
buminuria in CKD is not likely to be due to vascular disease. 
A similar non-proteinuric progression of CKD in younger 
T1DM patients with less likelihood for intra-renal vascular 
disease supports the notion that intra-renal vascular disease 
is not an important contributor to non-albuminuric CKD. 
There were no associations between renal Doppler-resistive 
index (RI) and AER, systolic BP, or levels of HbA1c or cho-
lesterol (total, LDL, HDL, or triglyceride level). The RI is 
increased to the same extent in T2DM with CKD regardless 
of their albuminuric status, whether normo-, micro-, or mac-
roalbuminuric and was independent of the use of RAS inhib-
itors. Thus, hemodynamic manipulation or microvascular 
disease does not appear to explain CKD in normoalbumin-
uric diabetics [ 40 ]. Yokoyama et al. studied the slope of 
eGFR based on serial measurements of serum creatinine in 
normoalbuminuric patients with and without diabetes and 
hypertension [ 38 ]. They found that the slope (%/year decline 
in eGFR) was signifi cantly larger in subjects with diabetes 
and normoalbuminuria than in subjects without diabetes and 
normoalbuminuria. Also, the degree of hyperglycemia and 
HbA1c contributed to the induction of HF and accelerating 
the subsequent decline in GFR even in normoalbuminuric 
T2DM patients [ 41 ]. The authors concluded that the renal 
pathophysiologic mechanisms that explain the relationship 
between declining GFR and UAE in T2DM are not well 
characterized, as they were unable to demonstrate a relation-
ship between a declining GFR and UAE in T2DM. In sum-
mary, many, but not all, patients with T2DM or even T1DM 
develop renal failure during their lifetime. The classical con-
cept of worsening proteinuria as a cause of progressive renal 
dysfunction has been recast by increasing recognition of 
non-albuminuric diabetic nephropathy. Investigators are 
seeking other risk factors and biomarkers that may predict 
poor outcomes, so that strategies may be developed for 
early intervention.  
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    Atypical Pathology in Diabetic Nephropathy 

 Chronic hyperglycemia is a major cause of diabetic nephrop-
athy. A number of circulating factors (growth factors   , angio-
tensin II, TGF-β (TGF-beta), endothelin (ET), AGE, and 
oxidants), as well as glomerular HF with increased glomeru-
lar capillary hydrostatic pressure eventually result in the 
structural changes of diabetic nephropathy that include—
mesangial expansion with mesangial cell proliferation and 
increased deposition of extracellular matrix proteins, such as 
types IV and V collagen, laminin, and fi bronectin. Mesangial 
expansion restricts the glomerular capillary lumen and 
reduces fi ltration surface. Mesangial cellularity later dimin-
ishes as homogeneous acellular collagen nodules develop 
into diabetic nodular glomerulosclerosis (DNG). DNG is 
characterized by acellular nodular accumulations of extra-
cellular mesangial matrix (Kimmelstiel Wilson lesion), dif-
fuse mesangial sclerosis, diffuse thickening of the GBM and 
TBM, chronic interstitial infl ammation, tubulointerstitial 
fi brosis and scarring, moderate to severe intimal and medial 
sclerosis of arteries, and hyalinosis of the afferent and effer-
ent arterioles of the glomerulus. However, there is much het-
erogeneity of renal biopsy fi ndings. Renal biopsies in 34 
T2DM patients with eGFR > 90 mL/min/1.73 m 2 , micro-
albuminuria and preserved GFR revealed near normal 
 fi ndings, disproportionately severe tubular-interstitial lesions   , 
advanced glomerular arteriolar hyalinosis, or global glomer-
ulosclerosis—with less than one third having typical diabetic 
nephropathy [ 41 ]. It is important to consider that these 
biopsy fi ndings in early T2DM may be due to the effects of 
aging, hypertension, and atherosclerosis, compared to 
younger patients with T1DM. Also, microalbuminuria is not 
specifi c for diabetic nephropathy and may be a manifestation 
of microvascular and endothelial injury in nondiabetic 
nephropathies. Furthermore it is estimated that 10–30 % of 
patients with T2DM and macroalbuminuria may have non-
diabetic renal morphologic changes, while the majority of 
T2DM patients with eGFR < 60 mL/min/1.73 m 2  and micro- 
or macroalbuminuria demonstrate the typical diabetic 
nephropathy (DN) pattern on renal biopsy. Patients with 
early diabetes and microalbuminuria exhibited moderate 
increases in glomerular and mesangial volume on kidney 
biopsy and could not be distinguished from subjects who 
remained normoalbuminuric after an equal duration of dia-
betes. The exact relationship between proteinuria, regression 
to non-albuminuria, renal morphologic change, and progres-
sive loss of GFR in T2DM remains unclear, since the various 
patterns of glomerular change do not always correlate with 
the rate of decline in GFR [ 42 ]. Data suggest that progres-
sively declining GFR and albuminuria are separate and inde-
pendent events in the diabetic kidney. This break in the 
traditional concept of diabetic nephropathy has led to con-

sideration of other factors that can alter the fi ltration and/or 
excretion of albumin including the possibilities of alterations 
of the slit diaphragm proteins [ 43 ,  44 ], or change in the reab-
sorptive capacity of the PCT cells.  

    Genetics of Diabetic Nephropathy 

 The genetic variations that affect the development of T2DM 
are generally unknown. Genome-wide association studies 
have identifi ed gene targets that predispose individuals to 
diabetic nephropathy. In Japanese patients with T2DM, 
Maeda and colleagues demonstrated a role for transcription 
factor 7-like 2 (TCF7L2), which mediates part of the Wnt- 
signaling pathway and maps onto chromosome 10q250 
[ 45 ]. They also identifi ed polymorphisms in SLC12A3 
(which encodes a renal thiazide-sensitive sodium-chloride 
co- transporter) in Caucasian patients with T2DM [ 46 ]. They 
also demonstrated that overexpression of the engulfment and 
cell motility-1 gene (ELMO1) is associated with develop-
ment of diabetic nephropathy in white patients with T1DM. 
Increased expression of ELMO1 might enhance the expres-
sion of extracellular matrix proteins [ 47 ]. Pezzolesi reported 
an association between susceptibility to diabetic nephropa-
thy and two loci; FRMD3 (chromosome 9q21-22) and CARS 
(chromosome 11p15.5) in the GoKinD cross-sectional 
cohort. FRMD3 contains genes that maintain red blood cell 
(RBC) shape and mechanical properties of membranes in 
several cell types, while CARS codes for the attachment of 
amino acids to their cognate transfer (t) 0052NA iso- 
accepting families [ 48 ]. Genetic susceptibility may also 
include the role of the ACE gene genotype. Patients with 
T2DM and the DD polymorphism are at increased risk for 
diabetic nephropathy, more severe proteinuria and ESRD 
[ 49 ]. Granhall demonstrated that several different loci in the 
Niddm1i region, a major glucose controlling region on chro-
mosome 1, conferred various defects in insulin secretion in 
non-obese spontaneously diabetic Goto-Kakizaki (GK) rats 
[ 50 ]. The defects were not caused by a reduction in the pan-
creatic β-cell mass, but were due to alterations in glucose- 
stimulated calcium-dependent insulin release and to altered 
β-cell mitochondrial glucose handling, depending on the 
defective gene locus. Altered expression of exocytotic genes 
contributing to impaired insulin secretion was also reported 
by Andersson et al. [ 51 ]. Interestingly, the gene encoding for 
transcription factor TCF7L2 is located in the Niddm1i locus, 
and has recently been identifi ed as a candidate gene for 
T2DM in humans [ 52 ]. Esguerra identifi ed a perturbed 
miRNA network in the GK rat islets, which may contribute 
to decreased production of key proteins of the insulin exocy-
totic machinery [ 53 ]. miRNAs are short regulatory RNAs 
involved in many fundamental biological processes, which 
may increase or decrease expression of functional proteins 
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such as silencing pancreatic duodenal homeobox 1 (PDX-1) 
in pancreatic islet cells. Yang et al. have shown that PDX-1 
expression was decreased in pancreatic islets from patients 
with T2DM compared with nondiabetic human donors, due 
to increased DNA methylation of PDX-1 in the islet cells 
[ 54 ]. They also showed that hyperglycemia and elevated gly-
cosylated hemoglobin (HbA1c) correlated negatively with 
mRNA expression and increased DNA methylation of 
PDX-1 in human islets. T2DM also includes insulin resis-
tance at peripheral sites. Studies indicate that insulin resis-
tance alone does not result in T2DM unless there is a β-cell 
inability to compensate for the insulin resistance with appro-
priate hyperinsulinemia [ 55 ]. Genetic susceptibility and the 
environment (obesity) may combine to impair insulin signal-
ing, and lead to varying degrees of insulin resistance and 
T2DM. Increased levels of non-esterifi ed fatty acid (NEFA) 
affect insulin signaling [ 56 ]. Adipose tissue normally 
secretes adipokines such as leptin and adiponectin, which 
enhance the sequestration of FFA as adipose triglyceride 
stores, reducing the deleterious effects of circulating FFAs 
and enhancing insulin sensitivity [ 57 ]. The polygenic nature 
of diabetes heredity, with many islet genes which may impair 
β-cell glucose metabolism, islet K+ channel function, expres-
sion of transcription factors, as well as a number of environ-
mental factors have made for slow progress in the 
understanding of the genetic basis of diabetes and diabetic 
nephropathy. Aside from glucotoxicity and its effect on 
mesangial cells and podocytes, a congenital/genetic decrease 
in renal expression of nephrin and fewer slit diaphragms has 
been described [ 58 ]. Genetic susceptibility may also include 
the role of the ACE gene genotype. Patients with type 2 dia-
betes and the DD polymorphism are at increased risk for dia-
betic nephropathy, more severe proteinuria and ESRD [ 49 ]. 
Diabetic nephropathy represents only one target of the poly-
morphic genetic alteration resulting in diabetes. Whether this 
is due to an altered miRNA expression, adiponectin defects, 
or to one of the myriad proteins which are responsible for 
normal mesangial function, collagen assembly or protein 
handling remains to be determined.  

    The Toll of Infl ammation and Oxidative 
Stress Induced by Glucotoxicity 

 Because normoalbuminuric diabetic patients can develop 
CKD with eGFR < 60 mL/min/1.73 m 2 , consideration must 
be given that other mechanisms lead to CKD in these patients. 
Hyperglycemia has been shown to be associated with infl am-
mation [ 59 ]. Hyperglycemia suppresses the monocyte mem-
brane receptor (CD-33), which normally down-regulates 
cytokine production, resulting in increased production 
of infl ammatory cytokines TNFα (TNF-alpha), IL-1β 
(IL-1- beta), and IL-8 [ 60 ]. Diabetes begets diabetes because 

TNFα inhibits pancreatic insulin production [ 61 ]. 
Hyperglycemia also leads to enhanced glycolysis and mito-
chondrial overproduction of superoxide (O 2  − ) and other reac-
tive oxygen species (ROS), which directly activate protein 
kinase-C (PKC) and nuclear factor-κ (kappa) B (NF-κB) [ 62 , 
 63 ]. In turn, glucose-activated PKC increases the production 
of extracellular matrix, increases permeability and vascular 
cell proliferation, leading to renal and retinal anomalies. 
Niewczas found a strong correlation between the levels of 
infl ammatory mediators (TNF-α and Fas) and reduced 
cystatin- C-estimated GFR (cC-GFR) in T1DM patients, 
independent of the degree of proteinuria [ 64 ]. TNF-α and 
Fas mediate infl ammation and apoptosis, respectively. 
TNF-α mediates its signal via TNF-receptors 1 and 2 (TNFR- 
1, TNFR-2), which are membrane bound as well as circulat-
ing soluble receptors. Induction of the receptors releases a 
broad spectrum of infl ammatory substances including IL-8 
(CXCL-8), monocyte chemotactic protein-1 (MCP-1 or 
CCL-2), interferon gamma-inducible protein-10 (CXCL- 
10), intercellular adhesion molecule-1 (ICAM-1), and vascu-
lar cell adhesion molecule-1 (VCAM-1). TNF-α increases 
permeability (as does PKC) and reduces GFR in animal 
models [ 65 ,  66 ]. Exposure of kidney cells to TNF-α or 
sTNFR-1 increases mRNA expression of TNFRs in the tubu-
lointerstitium, triggering cell death [ 67 ]. Circulating levels 
of TNFRs 1 and 2 (not free or total TNF-α) were strongly 
associated with the risk of ESRD in T2DM independently of 
all relevant clinical covariates, and regardless of whether uri-
nary albumin excretion was in the normoalbuminuric or 
macroalbuminuric range [ 68 ]. The levels of TNF-α and 
TNFRs 1 and 2 did not appear to be due to reduced GFR 
since most patients in Niewczas’ study had normal renal 
function, and even the renal function loss resulting from uni-
nephrectomy (in animals) does not raise serum TNFR con-
centrations [ 69 ]. Thus, glucotoxicity appears to cause 
infl ammation, tubulointerstitial changes, and reduced GFR 
even before the onset of proteinuria, and may explain why 
even mildly increased HbA1c levels correlate strongly with 
progressive CKD [ 70 ].  

    Contribution of Immunoglobulin Light 
Chains to Diabetic Nephropathy 

 There is evidence that immunoglobulin light chains may 
play a role in diabetic nephropathy as well. Free light chains 
(FLCs) fi t into the proposal that endocytosis of albumin 
induces cytokine production by the PCT to promote tubu-
lointerstitial nephritis [ 71 ]. The relevance of FLC in this cas-
cade of infl ammatory cytokine production becomes evident 
after reviewing studies which demonstrate FLC to be much 
more injurious to proximal tubule cell function than albumin. 
Immunoglobulin light chains are 22,000 Da polypeptides that 
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are synthesized by plasma cells and assembled with heavy 
chains to form different classes of intact immunoglobulins, 
e.g., immunoglobulin G (IgG) and immunoglobulin A (IgA). 
Plasma cells normally produce a slight excess of light chains, 
which can be measured with the FLC radioimmunoassay. The 
circulating levels are fairly constant in the normal adult; nor-
mal levels of κ (kappa) 3.3–19.4 mg/L and of λ (lambda) 
5.71–26.3 mg/L, yielding a κ (kappa)/λ (lambda) ratio of 
0.25–1.65. Serum FLC may rise during chronic infl ammatory 
states such as rheumatoid arthritis, multiple sclerosis, or when 
malignant B-cells or plasma cells produce a monoclonal FLC. 
κ (kappa)-FLC exist primarily as monomers (~22.5 kDa 
molecular mass) while λ (lambda)-FLC circulate as cova-
lently linked dimers with a molecular mass of ~45 kDa. The 
smaller κ (kappa)-FLC has a higher renal clearance than the 
larger λ (lambda)-FLC to account for the higher κ (kappa)/λ 
(lambda) FLC ratio of 2.04–10.37 in normal urine. The kid-
ney is the major site of metabolism of light chains. The FLC 
are endocytosed by the PCT cells via megalin/cubilin recep-
tors and are eventually catabolized within lysosomes with 
only minute quantities appearing in normal urine [ 72 ]. 

 Increased urine FLC may be due to increased production 
as in multiple myeloma or lymphoma or injury to the proxi-
mal tubule brush border receptors. Patients with paraprotein-
emic diseases produce monoclonal glomerulopathic light 
chains, which have altered molecular structure and misfold, 
resulting in light chain deposition disease or amyloidosis, or 
produce monoclonal tubulopathic light chains, which can 
induce cast nephropathy or the myeloma kidney. 

 Studies have shown that myeloma light chains become 
endocytosed by PCT cells, activate NF-κB and induce the 
production and release of interleukins IL-6 and IL-8, and 
monocyte chemoattractant protein-1 (MCP-1) [ 73 ]. There 
was variability among six different types of myeloma light 
chains, although the induction of infl ammatory cytokines 
was >10-fold higher than equal doses of albumin [ 73 ]. A 
similar greater potency of myeloma light chains over that of 
albumin was also demonstrated in the induction of IL-6, and 
MCP-1 by activation of MAP kinases ERK1,2, JNK, and 
p38 in the PCT [ 74 ]. Light chains from patients with plasma 
cell dyscrasia can also induce production of hydrogen perox-
ide and MCP-1, effects which were inhibited by pyrrolidine 
dithiocarbamate, an inhibitor of NF-κB [ 75 ]. Human serum 
albumin had no effect on cytokine production. It would 
appear that light chains, when present, are a more potent 
contributor than albumin to the initiation and progression of 
tubulointerstitial infl ammation and fi brosis, which is a supe-
rior marker of risk for progression of CKD than changes 
noted in glomeruli [ 76 ]. The contribution of FLC to diabetic 
nephropathy becomes compelling after noting their effects 
on PCT. Polyclonal FLCs in plasma of T2DM are increased 
before the onset of proteinuria or reduction in GFR [ 77 ]. 
This increase can have potentially profound effects on PCT 

because of the HF that accompanies it. As noted above, 
hyperglycemia sequentially induces PCT hyperplasia, hyper-
trophy, lengthening of the proximal tubule and glomerular 
HF. The combination of increased serum FLC and HF leads 
to increase in the fi ltered load of FLC, which can be endocy-
tosed in larger quantities by an increase in megalin and cubi-
lin receptors resulting from a lengthened proximal tubule. 
The endocytosed FLC would then activate NF-κB and MAP 
kinases to increase ROS, IL-6, IL-8, and MCP-1 in greater 
quantities than equidoses of albumin to increase interstitial 
infl ammation, fi brosis, and apoptosis [ 73 ]. It is plausible that 
this process early in the course of diabetic nephropathy 
might contribute to the eventual decrease in GFR and risk for 
advancing CKD. The reduction in whole-kidney GFR would 
be expected to induce HF of the remaining glomeruli by 
afferent arteriolar vasodilatation resulting from vasodilators 
such as prostaglandin I 2 , and possibly E 2 , and D 2  [ 78 ]. As 
whole-kidney GFR decreases, the fi ltered load of polyclonal 
FLCs progressively increases to progressively higher levels 
through hyperfi ltering nephrons as the patient progresses 
from stage 1 to stage 5 CKD. Moreover, FLCs have been 
shown to be prominently higher in CKD associated with dia-
betes than in other causes of CKD [ 77 ]. Mean serum and 
urine polyclonal κ (kappa) and λ (lambda) FLC were signifi -
cantly higher in patients with diabetic nephropathy (mean 
eGFR 25 mL/min) when compared to the entire CKD sub-
jects (mean eGFR 29.4 mL/min). Serum FLC levels progres-
sively increased with each stage of CKD, being fi vefold 
higher at a pre-dialysis stage of their disease. The fractional 
excretion of FLCs was also higher in the diabetic group, sug-
gesting a defective proximal tubule function [ 6 ]. As in the 
early stages of diabetes, the combination of progressively 
increasing levels of FLC in plasma and maximally hyperfi l-
trating glomeruli signifi cantly increases the fi ltered load of 
FLC per nephron. In this scenario, the FLC-induction of 
infl ammatory cytokines would increase apoptosis and inter-
stitial infl ammation and fi brosis to a greater extent and con-
tribute to and possibly accelerate progression of CKD. Based 
on the combination of increased and increasing serum levels 
of FLCs and HF in early and at each stage of CKD in diabe-
tes, there are reasons to implicate FLC as a contributor to 
diabetic nephropathy, irrespective of whether or not there is 
albuminuria or decreased whole-kidney GFR. The contribu-
tion of the PCT to this process is also in keeping with the 
proposal that the PCT is a major site for the initiation and 
progression of kidney disease in diabetes. Despite the known 
nephrotoxicity of monoclonal FLC, the toxicity of poly-
clonal FLCs has not been thoroughly appreciated. Polyclonal 
FLCs may be toxic to renal tubule cells. Groop et al. showed 
that newly diagnosed T1DM, long standing T1DM, or T2DM 
had increased excretion of κ (kappa) light chains with  normal 
serum concentration of κ (kappa) light chains, implying that 
the increased urinary κ (kappa) light chains were of renal 
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origin, although it can be explained by a higher fractional 
excretion of κ (kappa) light chains, suggesting either 
increased κ (kappa) light chain production or decreased 
proximal tubule reabsorption possibly implicating early PCT 
dysfunction [ 79 ]. Urinary IgLCs can be higher in T2DM 
with albuminuria and normoalbuminuria than in normal con-
trols before the onset of renal disease [ 80 ]. 

 Antigenic stimulation of immunoglobulin light chains can 
induce plasma extravasation, cutaneous swelling, and mast 
cell degranulation whereas cross-linking of receptor- bound 
IgLC by an antigen leads to mast cell degranulation, release 
of pro-infl ammatory IL-8, and the induction of a local infl am-
matory response [ 81 ,  82 ]. Immunoglobulin light chains and 
IgE could exert similar pro-infl ammatory effects via poly-
morphonuclear cells (PMNs) by sharing a common function-
ality [ 82 ]. Non-clonal FLC do not appear to be merely 
spillover products, but are mediators of infl ammation by tar-
geting various cell lines that are capable of anti- angiogenic, 
proteolytic, and complement-activating activities. It is, there-
fore, possible that monoclonal and polyclonal FLC would 
have similar patterns of affecting cell function, which gives 
credence to the proposal that polyclonal FLC can induce and 
possibly accelerate progression of diabetic nephropathy. 
Future studies must examine this interesting possibility.  

    Type IV RTA 

 Hyporeninemic hypoaldosteronism or type IV renal tubular 
acidosis (RTA) is frequently encountered in patients with 
diabetic nephropathy. Type IV RTA is characterized by 
impaired secretion of both H+ and K+ due to a decrease in 
renin and/or aldosterone release, resulting in metabolic aci-
dosis and hyperkalemia. Hyperkalemia compounds the 
degree of acidosis by impairing NH 4  +  production and excre-
tion. The metabolic acidosis is usually mild with the plasma 
HCO 3  −  concentration remaining above 15 mEq/L. The urine 
pH is usually below 5.3, unlike distal RTA (RTA-I) where 
urine pH is nearly always over 5.5. The metabolic anomaly is 
disproportionately severe while the GFR is only mild to 
moderately decreased. There are no recent estimates of its 
prevalence or associations. Potassium concentrations were 
studied in 1,764 consecutive diabetic patients at a hospital 
clinic, normal potassium defi ned as 3.5–5.0 mmol/L. They 
found potassium levels >5 mmol/L in 369 patients (21 %) as 
compared to 4 % with hypokalemia whereas 14 of 67 (20 %) 
had potassium >5.4 mmol/L due to potassium-sparing medi-
cations and 12 of 67 (18 %) had serum creatinine greater than 
140 μmol/L or 1.58 mg/dL [ 82 ]. Hyperkalemia appears to be 
relatively common in unselected diabetic outpatients, and 
physicians must consider the dangers of prescribing medica-
tions that increase potassium [ 83 ]. The treatment of type IV 
RTA includes a low potassium diet, polystyrene sulfonate, 
fl udrocortisone, sodium bicarbonate, and loop diuretics.  

    Diabetes and Renal Tumors 

 A population-based retrospective cohort study of Swedish 
inpatients discharged with a diagnosis of diabetes mellitus 
between 1965 and 1983, followed up until 1989, showed an 
increased incidence of renal cell cancer (267 cases vs. the 
182.4 that had been expected using age-specifi c, sex- specifi c, 
and period-specifi c standardized incidence ratios, SIRs). 
Increased risks were observed in both women (SIR = 1.7, 
95 % confi dence interval, CI = 1.4–2.0) and men (SIR 1.3, 
95 % CI = 1.1–1.6) throughout the 25-year observation period. 
A higher risk was observed for kidney cancer mortality 
(SMR = 1.9; 95 % CI = 1.7–2.2 for women and SMR 1.7; 95 % 
CI = 1.4–1.9 for men). Compared with the general population, 
patients with DM showed an increased risk of renal cancer 
[ 84 ]. The marked increase of solid tumors in patients with 
diabetes mellitus was investigated by Habib and others in a 
retrospective analysis of 473 patients who underwent nephrec-
tomy for RCC in a South Texas population [ 85 ]. Of the 473 
cases with RCC, 120 patients (25.4 %) had a history of DM, 
more common in women and in Hispanics compared to White 
and other ethnic backgrounds. The majority of patients were 
50–59 years of age. Clear cell histology predominated in 90 % 
of the cases of RCC in these diabetic patients.    In 98 % of these 
tumors, the clear cell subtype resulted from a somatic muta-
tion within the VHL tumor- suppressor gene found on the 
short arm of chromosome 3 3p25 [ 86 – 88 ]. Mutation of VHL 
activate hypoxia-inducible factor-1 (HIF-1) which leads to 
increased expression of pro- angiogenic factors including 
PDGF and VEGF, factors that play a key role in renal cell 
tumor genesis. Renal tumor incidence in diabetic patients may 
also be related to prolonged exposure to pro-insulin produces 
with homology to IGF-1, other growth factors, increased 
endogenous estrogen levels or hypertension [ 84 ]. The authors 
showed that HbA1c values were signifi cantly higher in 
patients with tumors 1–5 cm, compared to tumors >5–10 cm 
suggesting that HbA1c might be a useful marker for early 
detection of small, silent RCCs, before they become clinically 
manifest. Hispanics have a higher prevalence of obesity, type 
2 diabetes and high fat diet, factors which may play a role in 
increased incidence of RCC. Evidence exists of an association 
between obesity and risk of RCC [ 89 ].  

    Diabetic Cystopathy 

 Diabetic cystopathy (DC) is a newer term for neurogenic 
bladder and refers to motor and sensory dysregulation of the 
bladder detrusor and the entire contractile apparatus. Poor 
emptying will progress to urgency, urge incontinence, and 
overfl ow incontinence. Bladder dysfunction was discovered 
in diabetic patients without retinopathy, and in patients with-
out subjective urinary symptoms [ 90 ]. A 2011 study of 52 
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diabetic men with lower urinary tract symptoms (LUTS), 
with mean age of 61 years, and mean duration of diabetes of 
11 years described their urodynamic profi le. Impaired fi rst 
sensation (>250 mL) was noted in 23 %, increased capacity 
(> 600 mL) in 25 %, detrusor underactivity in 79 %, detrusor 
overactivity in 38.5 %, high post-void residual volume (>1/3 
capacity) in 65 %, and bladder outlet obstruction in 29 %. 
Both sensory and motor diabetic cystopathy correlated with 
abnormal motor and sensory nerve conduction velocity stud-
ies on these patients. Bansal et al. concluded that electro-
physiological evidence of motor or sensory neuropathy can 
predict the presence of cystopathy in a large proportion of 
diabetic patients [ 91 ].  

    Papillary Necrosis 

 Renal papillary necrosis (RPN) is a coagulative necrosis of 
the renal medullary pyramid and its tip—the papilla. RPN 
may be caused by conditions, medications, or toxins that 
share the ability to induce local ischemia. Since the kidney 
has multiple mechanisms to maintain kidney oxygenation 
during renal ischemia papillary necrosis usually occurs when 
several conditions coexist in the same patient [ 91 ]. Patients 
with hemoglobinopathies or microvascular disease (vasculi-
tides, diabetes mellitus) become increasingly susceptible to 
ischemia when hypovolemia, hypoxia, or shock coexists. 
Most cases of RPN occur during the fi fth and sixth decade of 
life, and is very uncommon in patients under 40 years of age 
or in children, unless they have several coexisting condi-
tions, for example, sickle cell disease or trait, combined with 
nonsteroidal use, and/or volume depletion. RPN may be 
acute or chronic. It is often bilateral. The clinical severity 
depends on the degree of ischemia [ 92 ], the number of papil-
lae involved, concurrent hemodynamic status/medications, 
and the presence or absence of obstruction.  

    Diabetes and Contrast-Induced Nephropathy 

 Diabetics are at increased risk of contrast-induced nephropa-
thy (CIN) when exposed to radiocontrast dye. CIN refers to 
acute kidney injury (AKI) which develops after radiocontrast 
infusion. Among patients with no risk factors the risk of CIN 
is <1 %, while patients with risk factors (DM, CHF, CKD, 
myeloma, or dehydration) have risk of 10–20 % [ 93 ]. The 
typical morphologic change associated with CIN is acute 
tubular necrosis (ATN). CIN is generally reversible within 
3–6 days, unlike the recovery from other forms of ATN, 
which resolve slowly over 3–5 weeks. The mechanism of 
CIN-ATN is not clearly understood; the ATN may be caused 
by renal vasoconstriction (mediated by endothelin and ade-
nosine) with resulting hypoxia/ischemia or the ATN is a 
direct result of the cytotoxic nature of radiocontrast agents, 

inducing the production of oxygen-free radicals and ROS. 
The quick recovery from CIN may be related to less destruc-
tive effects on the renal tubule cells. Protein excretion is 
absent or negligible. This is hard to determine if the urine is 
checked by dipstick within 24–36 h of contrast exposure 
because iodinated contrast agents induce a false positive 
result with the dipstick or the sulfosalicylic acid method is 
used to detect protein. It remains puzzling why CIN-ATN is 
associated with an FENa <1 % while most patients remain 
nonoliguric. Patients with DM are at increased risk of CIN, 
possibly related to impaired nitric oxide generation [ 94 ]. 
Diabetic patients with CKD (creatinine > 1.69 mg/dL) are at 
higher risk for CIN than nondiabetics with CKD and creati-
nine > 1.69 mg/dL. After having IV contrast for a CT scan, 
the incidence of CIN was 8.8 % in the diabetics with CKD, 
vs. 4.4 % in the nondiabetics with CKD [ 95 ]. Among dia-
betic patients with normal renal function, diabetes did not 
increase the risk of CIN [ 96 ]. It has been well established 
that glucotoxicity and hyperglycemia result in cellular imbal-
ance favoring ROS over natural antioxidant defenses. 
Hyperglycemia causes gradual deterioration of glomerular 
mesangial cells (MCs). Wasaki et al. studied the response of 
rat mesangial cells (MCs) cultured in normal glucose and 
high-glucose medium when exposed to diatrizoate (a high- 
osmolar contrast agent) and to iohexol (a low osmolar con-
trast agent) [ 97 ]. Cytotoxic effects were monitored by neutral 
red uptake in the MCs. Both contrast media decreased the 
viability of the cells pre-cultured under basal-glucose condi-
tions. MCs that were pre-cultured under high-glucose condi-
tions showed increased cytotoxic effects with both contrast 
media, showing increased intracellular peroxide levels. 
Interestingly, pre-culture treatment with the antioxidant, 
 D -alpha-tocopherol (Toc) prevented the increased cytotoxic 
effects of diatrizoate on the high-glucose cells. No protective 
effect was noted for the Toc-treated cells exposed to a differ-
ent agent, iohexol. It appears that MCs exposed to high glu-
cose are already experiencing oxidative stress, and 
demonstrate increased susceptibility to the cytotoxic effects 
of contrast media. Recent studies comparing short-term high 
loading dose of atorvastatin alone or combined with 
 N -acetylcysteine showed a signifi cant benefi cial effect of 
atorvastatin in reducing the rate of contrast-induced AKI in 
low to medium risk patients [ 98 – 100 ]. Atorvastatin has been 
shown to have immediate antioxidant activity and antiplate-
let effects via inhibition of Nox-2. Patients with hypercholes-
terolemia were assigned to either a low cholesterol diet or 
atorvastatin (40 mg/day). Oxidative stress (as assessed by 
serum Nox-2 and urinary isoprostanes), was reduced, as well 
as platelet aggregation (as assessed by platelet recruitment, 
platelet isoprostanes, Nox2, and PKC) in the atorvastatin 
group, while no change was noted in the low cholesterol 
group [ 101 ]. Many studies have focused on the use of oral 
 N -acetylcysteine with or without i.v. isotonic saline or 
sodium bicarbonate infusion to reduce the risk of contrast 
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nephropathy in at risk patients. Mueller et al. reported iso-
tonic saline hydration was superior to half-isotonic hydration 
in the prevention of contrast media-associated nephropathy 
[ 102 ]. The effi cacy of such treatments varies considerably by 
center, by specifi c contrast procedure, by type of contrast, 
and by dose of contrast [ 103 – 106 ]. In general, a variety of 
preventative measures may individually or in combination 
reduce the risk of contrast nephropathy; (a) alternative imag-
ing studies, such as ultrasound, CT without contrast, MRI; 
(b) lower doses of contrast, preferably less than 30 mL; (c) 
low or iso-osmolal nonionic (iodixanol) contrast agents; (d) 
avoid repetitive contrast studies within 72 h; (e) avoid vol-
ume depletion; (f) avoid nonsteroidal anti-infl ammatory 
medications; (g) administration of intravenous isotonic 
saline or sodium bicarbonate; (h) administration of antioxi-
dants,  N -acetylcysteine, atorvastatin.  

    Nondiabetic Renal Disease in the Diabetic 
Patient 

 Since the realization that albuminuria is not necessarily 
linked to renal function loss in patients with diabetes, it has 
become increasingly important to clarify the prevailing renal 
disorder when certain parameters indicate that the renal dis-
order is not related to diabetes. The major clues which can be 
used to justify renal biopsy in diabetic patients in search of 
nondiabetic glomerular disease are: (a) the onset of protein-
uria less than 5 years from the onset of T1DM, since the 
latent period for overt macroalbuminuria is usually 10–15 
years from diagnosis. To estimate the precise time of the 
onset of diabetes is often diffi cult in T2DM, but the latent 
period is likely similar; (b) the presence of active urine sedi-
ment such as RBC, RBC casts, or acanthocytes; (c) acute 
deterioration of renal function; diabetic nephropathy is a 
slowly progressive loss of GFR; (d) the absence of retinopa-
thy or neuropathy in T1DM; in contrast, retinopathy is rela-
tively less prevalent in T2DM with biopsy-proven diabetic 
nephropathy [ 107 ]; (e) signs and symptoms of another sys-
temic disease; (f) reduction in GFR > 30 % within 2 months 
of start of angiotensin blockade [ 108 ]; (g) loss of 
GFR > 10 mL/min/year with increasing albuminuria, in the 
absence of retinopathy; (h) hypercalcemia.  

    Therapeutic Measures for Diabetic 
Nephropathy 

 In addition to the use of approved medications for the treat-
ment of diabetes mellitus, several investigational agents have 
been studied, with mixed results. 

    Antihypertensive Therapy 

 RAS blockade has been shown to reduce proteinuria and 
slow the progression of diabetic renal disease. An extension 
of this concept, specifi cally dual inhibition of the RA System 
with ACE-inhibitor + ARB, or ACE-I or ARB + renin blocker 
[ 109 ] has not shown benefi t for preservation of renal func-
tion or for stroke prevention [ 110 ,  111 ]. Dual blockade actu-
ally increased the risk of requiring dialysis, and in another 
study it increased cardiovascular risk.  

    Aldosterone Blockade 

 Aldosterone blockade confers the theoretical advantage of 
inhibiting mineralocorticoid receptors on podocytes [ 112 , 
 113 ], possibly being more effective in reducing proteinuria 
than an ARB [ 114 ]. Elevation of serum potassium may limit 
the use of aldosterone receptor blockers whether they are 
used as a sole treatment or in combination with and ACE 
inhibitor or an ARB.  

    Endothelin Receptor Blockade 

 Avosentan lowers the albumin-to-creatinine ratio by nearly 
45 % and lowers BP when added to ACE inhibitors, but was 
associated with increasing edema and heart failure, terminat-
ing the trial [ 115 ].  

    SGLT 2 Inhibitors 

 SGLT 2 inhibitors are a new class of oral drugs in phase II 
development for the treatment of type 2 DM [ 116 ]. Agents 
that block the sodium-glucose transporter-2 in the PCT allow 
excessively fi ltered glucose to be excreted in the urine—
effectively lowering blood glucose levels, HbA1c, and pos-
sibly BP. The reduction in systemic hyperglycemia may be 
the renoprotective benefi t. This is an insulin-independent 
method of lowering blood glucose. Glucose control is 
improved, and weight loss and BP reduction are associated 
with their use, with low risk of hypoglycemia. A mean reduc-
tion in HbA1c ranging from 0.58 to 0.89 % was observed in 
the dapaglifl ozin group compared with 0.23 % in the placebo 
group [ 117 ]. Mean systolic BP was reduced by 3–5 mm/Hg 
and diastolic BP by approx. 2 mm/Hg, which could poten-
tially convey additional cardiovascular benefi t. The use of 
SGLT-2 inhibitors may increase the frequency of UTIs [ 118 ]. 
Genital tract infections (vulvovaginitis/balanitis) were more 
frequent.  
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    Inhibitors of Advanced Glycation End-Product 
Production and Action 

 The accumulation of advanced glycated proteins may play a 
role in the progression of microvascular and macro-vascular 
complications [ 119 ,  120 ]. Studies with nonspecifi c blockers 
of AGE formation were found to be unsafe [ 121 ,  122 ]. New 
agents, which block the receptor for AGE (RAGE) are being 
studied [ 123 ,  124 ].  

    Inhibition of Infl ammation 

 Metabolic pathways linked to infl ammation play signifi cant 
roles in the development of diabetes. Insulin resistance has 
been found to be modulated by macrophages [ 125 ]. Adipose 
tissue macrophages may regulate a variety of cytokines that 
affect insulin resistance [ 126 ]. Adiponectin, an adipocyte- 
derived hormone activates an energy-sensing enzyme, AMPK, 
which suppresses infl ammation, in part via inhibition of 
NF-κB activation and NADPH oxidase production [ 127 ,  128 ]. 

 MCP-1 (chemokine CC    motif ligand-2 [CCL-2]) recruits 
macrophages to experimental diabetic kidneys [ 129 ,  130 ]. 
Blockade of MCP-1 or its receptor CCR-2 may affect pro-
gression of diabetic kidney disease. Other infl ammatory 
cytokines are unregulated in models of diabetic kidney 
 disease, including TNF-α, IL-6, IL-1β, and IL-18. 
Mycophenolate mofetil and pentoxiphyline have been shown 
to reduce cytokine elevation in preclinical models [ 131 ].  

    Modifi cation of m-Tor Pathway 

 Activation of AMPK by AMPK activators, AICAR, berberine 
[ 132 – 135 ], resveratrol [ 136 ,  137 ], calorie restriction, exercise, 
metformin, or rosiglitazone offer renoprotection and cardio-
vascular protection, the latter two reducing the rate of renal 
decline when compared to sulfonylurea agents [ 138 ]. 
Metformin activates AMPK (amp-activated protein kinase) 
and orchestrates the regulation of pathways that consume or 
generate ATP; the phosphorylation of AMPK is the mecha-
nism whereby metformin suppresses hepatic gluconeogene-
sis, lowering blood glucose, and reducing kidney hypertrophy 
(independent of blood glucose) [ 133 ]. The mammalian target 
of rapamycin, mTOR, is downstream of AMPK, and plays an 
important role in diabetic kidney hypertrophy. Rapamycin 
inhibits renal hypertrophy in mouse and rat models [ 139 – 141 ]. 
mTOR, a serine/threonine protein kinase, controls cell growth 
and metabolism in response to energy (via AMPK). Rapamycin 
binding to the intracellular receptor, FK-506-binding protein 
FKBP12, inhibits growth via inhibition of mTORC1. Diabetes 
is associated with increased mTORC1 activity, and inhibiting 
mTORC1 may be protective against diabetes podocyte dys-
function [ 142 ]. Diabetic renal hypertrophy and the effects of 

hyperglycemia on mesangial cells has been closely linked to 
mTOR activity and its downstream effector proteins; 
mTORC1, mTORC2 and 4E-BP1 [ 143 ].  

    Inhibiting Fibrosis and Oxidative Stress 

 Bardoxolone, an anti-infl ammatory and antioxidant, targets 
Nrf-2 signaling and mitochondrial oxidative stress, up- 
regulating a variety of antioxidant molecules (SOD, GPX, and 
catalase) [ 144 ,  145 ]. One clinical trial found that bardoxolone 
dosing resulted in reductions of serum creatinine and increased 
GFR in diabetic patients with CKD [ 146 ]. The effects may 
relate to the blockade of oxidative damage, a hemodynamic 
effect, or to the ability to stimulate AMPK binding mTOR 
[ 147 ,  148 ]. Unfortunately while bardoxolone increased GFR 
it also increased proteinuria [ 149 ]. Other side effects were 
related to low magnesium, phosphorus, and increased liver 
enzymes. Recently however the Beacon Study of bardoxolone 
revealed excess adverse reactions, excess mortality, and the 
study was halted; diminishing hopes that bardoxolone would 
benefi t patients with diabetic nephropathy [ 150 ].  

    Pirfenidone 

 Another anti-infl ammatory, antifi brotic agent, pirfenidone, 
has been found to be effective in animal models of kidney 
disease [ 151 – 153 ]. Anti-TGF-β-mediated antifi brotic 
approaches have been shown in mouse models of kidney dis-
ease [ 154 ,  155 ]. A multicenter phase-2 trial of an anti-TGF- 
β-1-specifi c antibody in patients with diabetic kidney disease 
is currently ongoing (clinicaltrials.gov # NCT 01113801).  

    microRNA Therapy 

 miRNA such as miR-192 is up-regulated in diabetes, possi-
bly induced by hyperglycemia and/or TGF-β. miR-192 is the 
master regulator of other key renal miRNAs and downstream 
genes, which regulate TGF-β signaling for renal mesangial 
cell fi brosis [ 156 ]. RNA-based therapeutics for blocking dis-
ease associated genes and noncoding RNAs such as chemi-
cally modifi ed oligonucleotide (oligo) small interfering 
RNAs (siRNAs) and anti-miRNAs have been used before 
[ 157 ]. Locked nucleic acid (LNA)-modifi ed oligos have 
shown promise in the fi eld of small interfering RNA and 
miRNA therapies. Treatment with LNA-anti-miRNA-192 
down-regulated the mRNA expression of key extra-cellular 
matrix-associated pro-fi brotic genes such as collagen Iα2 
(COLA42), COLA41, TGF-β, connective tissue growth fac-
tor and fi bronectin. The cumulative effect of LNA-anti- 
miRNA-192 was a decrease in kidney injury and an 
improvement in proteinuria [ 156 ].  
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    Allopurinol 

 Allopurinol treatment to lower serum uric acid levels in 
patients with CKD may slow the rate of renal function 
decline. Long term studies in T1DM patients with CKD and 
proteinuria are underway [ 158 ].   

    Summary and Conclusions 

 The pathogenesis of diabetic nephropathy may be casually 
perceived to be due to hyperglycemia, but interplay of many 
atypical mechanisms has been formulated. The earliest event 
is increased growth of the PCT and dilation of the glomerular 
afferent arteriole, leading to hyperfi ltration. Several theories 
relate hyperfi ltration to overexpression of ODC, a primary 
increase in sodium reabsorption, TGF, or to AGEs. The 
“classic” association of DN with albuminuria has been 
shown to be nondiagnostic, as many diabetic patients may 
progress to renal failure without albuminuria. Genetic altera-
tions increase susceptibility to diabetes and DN. A dozen or 
more cytokines and hormones interact and create an infl am-
matory state. It is possible that this results in an increase in 
FLC production and fi ltration—with increased reabsorption 
of the FLC by the longer and larger PCT. It may be possible 
that the excessive light chain reabsorption injures the PCT 
cells resulting in renal pathological changes, as well as 
reduced reabsorption and increased excretion of the fi ltered 
FLC. The renal injury may be a tubulointerstitial injury, 
which could possibly explain the discrepancies in renal 
biopsy fi ndings in diabetic patients, many of whom do not 
present the classical DNG. Hyperglycemia alone induces the 
production of several cytokines including TNF-α, IL-1β, 
IL-8, TGF-β, ROS, and VEGF. Hyperglycemia may also 
cause the rearrangement of nuclear proteins so that they code 
for increased matrix and fi brosis. The chronic infl ammatory 
state may induce endothelial cell injury, with increasing lev-
els of extracellular microparticles (EMPs), which may serve 
as a marker the progressive micro- and macro-vascular dis-
ease accompanying diabetes. We hope that this chapter pro-
vides clinical and experimental information which can be 
used to improve the diagnosis and treatment of diabetic 
patients. The increasing incidence of this systemic disease 
with pleiotropic and atypical manifestations warrants contin-
ued intense scrutiny to uncover the pathophysiologic mecha-
nisms which lead to renal injury and death.     
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        Healthy subjects excrete <150 mg of protein in a 24-h period. 
Of this protein, only 10–20 % is albumin, and the remaining 
portion is composed of immunoglobulins, enzymes, low 
molecular weight proteins and peptides as well as Tamm–
Horsfall proteins. Thus, normal albumin excretion is extremely 
small. Routinely used dipsticks measure albumin only, but its 
detection is not evident until the concentration of albumin 
exceeds 300 mg. Therefore routine testing for  urinary albumin 
requires either a chemical method or a dipstick that recognizes 
only albumin at very low concentrations. 

 In recent years, the leading cause of proteinuria (albumin-
uria) in the United States and Europe is the diabetic kidney 
disease or diabetic nephropathy (DN) rather than primary 
glomerular diseases [ 1 ,  2 ]. Proteinuria of glomerular origin 
represents the most important, singular sign of kidney dis-
ease and heralds the onset of clinical DN.  Not proteinuria but 
albuminuria is more specifi c and is commonly used to defi ne 
the earliest stages of DN . In particular, raised urinary albu-
min levels between 30 and 300 mg/day are considered 
pathognomonic of diabetic kidney disease in both type 1 and 
in newly diagnosed type 2 diabetic subjects. Albuminuria 
<30 mg/day is considered normal, and its prognostic signifi -
cance in the progression of diabetic kidney disease is less 
clear. It should be noted that proteinuria may be an early 
manifestation of an isolated nondiabetic renal disease or 
nondiabetic renal disease superimposed on typical DN, in 
nearly 35–50 % of patients with type 2 and less commonly 
with type 1 diabetes [ 3 ,  4 ]. 

    Defi nitions of Proteinuric States in Diabetic 
Nephropathy 

 The preferred measure of proteinuria in diabetic patients is 
urine albumin excretion or albuminuria in the diagnosis of 
DN [ 5 ]. Effective potential therapeutic interventions at the 
earlier stages of albuminuria are available with complete, 
partial, or no reversal/resolution in DN. The latter usually 
correlates with nondiabetic renal diseases, particularly in the 
absence of diabetic retinopathy. Early studies have shown 
that diabetic patients, particularly type 1 diabetics, demon-
strate various levels of albuminuria–proteinuria during the 
evolution of DN. This evolutionary course has been divided 
into various stages for proper management of DN [ 6 ,  7 ]. 

 Stages 1 and 2 develop within the fi rst 5 years and refer to 
normoalbuminuric state defi ned as albumin excretion rate in 
urine up to 30 mg/24-h. 

 Stage 3, also known as incipient diabetic nephropathy, 
generally occurs in 35–40 % of patients after 6–15 years of 
the onset of diabetes. This stage is characterized by albumin 
excretion 30–300 mg/24-h (20–200 μg/min), which is 
defi ned as microalbuminuria. Microalbuminuria represents 
the earliest clinical sign of DN and is signifi cant in predict-
ing further deterioration of renal function and development 
of hypertension without adequate metabolic and blood pres-
sure control. This transition from normo- to microalbumin-
uria is a crucial step in the evolution of DN, as 35–44 % of 
diabetic patients may progress to renal failure between 15 
and 25 years. 

 The stage 4 is overt DN, which occurs between 15 and 
25 years and is qualifi ed by proteinuria of >500 mg/24 h or 
albuminuria >300 mg/24 h, detectable by routine urinalysis 
by dipstick along with hypertension and decline in estimated 
glomerular fi ltration rate (eGFR). 

 The magnitude of proteinuria may increase with progression 
of renal disease to nephrotic range (3–3.5 g/day) or nephrotic 
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range albuminuria (2.2 g/day), within the next 5–10 years, 
leading to end stage renal disease (ESRD) in a fraction of 
cases in type 1 diabetes. However, several studies have 
shown that regression of microalbuminuria is more common 
than progression to overt (clinical) proteinuria or ESRD in 
some type 1 diabetic patients [ 8 ]. In type 2 diabetic patients, 
the progression to ESRD is faster but varied depending on 
ethnicity, age, male gender, presence of retinopathy, and 
increased baseline albumin excretion [ 8 ]. 

 It should be noted that renal impairment can occur in 
both type 1 and type 2 diabetic patients without albumin-
uria, or without progression from microalbuminuria to overt 
proteinuria [ 9 ].  

    Should We Use the Terms “Microalbuminuria 
and Overt Proteinuria”? 

 Some investigators [ 10 ,  11 ] and a consensus panel [ 12 ] pro-
pose that the use of terms microalbuminuria and overt pro-
teinuria should be discontinued and replaced by such terms 
as albuminuria or albuminuria–proteinuria. Their proposal is 
based on the observations from several studies that reported 
an associated high risk of cardiovascular events even in the 
presence of extremely low urinary albumin excretion rate 
[ 10 – 14 ]. Also, albuminuria is a continuous variable that 
should be regarded as a signifi cant marker of endothelial 
dysfunction, causing systemic complications. Some investi-
gators believe that microalbuminuria is a misnomer and 
implies “small size” albumin molecule rather than small 
quantity of albumin in the urine and has restricted or limited 
usage. 

 The use of the term “albuminuria–proteinuria” appears to 
be the more meaningful terminology than microalbuminuria 
[ 11 ], as most of the clinicians routinely measure proteinuria 
than albuminuria in their management of nondiabetic kidney 
disease. The clinicians, however, order the urine albumin 
measurement only in diabetics, but they follow protein to 
creatinine ratio in nondiabetic patients. Therefore, the use of 
the term “albuminuria–proteinuria” is justifi ed. 

 It should be noted that almost all therapeutic trials in dia-
betic patients were conducted either with normoalbuminuria, 
microalbuminuria, or overt proteinuria. Also, this type of 
classifi cation is important, as the disease progression is 
dependent on the extent of albuminuria, particularly in type 
1 diabetic patients. Until further studies are available that 
confi rm the safety lower limits of albuminuria, we will retain 
this terminology of microalbuminuria in this chapter in order 
to discuss the prognosis and treatment of albuminuria in 
diabetic subjects.  

    Measurement of Urinary Albumin 

    Urine Collection 

 Most of the studies suggest that the fi rst morning void 
urine specimen, if analyzed immediately, provides the 
best results of albuminuria with little variability. If the 
fi rst voided sample is not available, second morning void 
sample can be used.  

    Urine Storage 

 Determination of albumin is preferred in a fresh sample. 
However, it is not possible in clinical studies with large num-
ber of samples. It is suggested that the urine samples can be 
kept at 4 °C for at least 1–2 weeks before analysis, or at 
−80 °C for prolonged period of time. Albumin seems to be 
stable at these temperatures.  

    Current Methods for Albumin Determination 

 There are several methods to determine small amounts of 
albumin in the urine. In the laboratory, a large number of sam-
ples can be analyzed in a few hours, which is cost- effective. 
The most commonly used techniques are radioimmunoassay, 
immunoturbidimetry, laser immunonephelometry, enzyme-
linked immunosorbent assay, and single radial immunodiffu-
sion assay. High performance liquid chromatography (HPLC) 
method seems to measure both the fragments and the entire 
albumin molecule and is the suggested methodology for urine 
albumin determination. Therefore, urine albumin concentra-
tions by HPLC method are higher than with other routine 
immunoassay methods, resulting in much higher incidence 
rates of albuminuria in diabetic patients. 

 In the offi ce setting, a number of dipsticks were developed 
to test for albumin. These dipsticks take only few minutes for 
analysis, but they are expensive. Several dipsticks have been 
developed over the years to detect low grade albuminuria and 
are useful in the primary care setting and diabetes clinics. 
Table  9.1  shows various in-offi ce albumin tests.

       Reporting Urinary Albumin 

 Historically, urinary albumin is expressed as mg/24-h. Since 
collection of urine for 24 h is not feasible in all patients, it has 
become a common practice to express as the ratio of urinary 

S.V. Seshan and A.S. Reddi



109

albumin to urinary creatinine (ACR) in a spot urine sample. 
However, confusion arises from reporting results in units of 
“mg albumin/mmol creatinine,” “mg albumin/g creatinine,” 
“μg albumin/mg creatinine,” “g albumin/mol creatinine,” or 
“mg albumin/mg creatinine” [ 12 ]. Since there are no uni-
form guidelines, the clinician should follow the individual 
laboratory reporting system. The following Table  9.2  is one 
of the representations of defi ning albuminuria.

        Signifi cance of Albuminuria in Type 1 
Diabetic Patients 

 Several prospective studies from various laboratories have 
demonstrated that an elevation in albumin excretion rate 
without clinical proteinuria predicts the risk of developing 
clinical diabetic nephropathy later in life [ 15 – 19 ]. From 
Table  9.3 , it is evident that higher percentage of microalbu-
minuric patients progress to clinical proteinuria than patients 
with normoalbuminuria.

       Signifi cance of Albuminuria in Type 2 
Diabetic Patients 

 The renal prognostic value of microalbuminuria in type 2 
diabetes is not as clear as in type 1 diabetes. This is probably 
related to several factors, including the onset of diabetes, 
coexisting hypertension, obesity, and hyperinsulinemia. It is 

generally accepted that type 2 diabetics demonstrate either 
micro- or macroalbuminuria at the time of diagnosis. Also, 
the majority of the patients are either hypertensive, obese, or 
hyperinsulinemic at the onset of diagnosis. In addition, some 
of the so-called type 2 diabetics may have a nondiabetic 
renal disease causing heavy proteinuria. Despite the above 
limitations, several studies have shown that microalbumin-
uria can predict the later development of overt proteinuria in 
type 2 diabetic patients (Table  9.4 ).

   A recent study confi rmed the observations shown in 
Table  9.4 . Berhane et al. [ 30 ] evaluated the predictive 
value of albuminuria and eGFR for ESRD in 2,420 Pima 
Indians with type 2 diabetes. Based on ACR, the patients 
were classifi ed into normoalbuminuric (ACR <30 mg/g), 
microalbuminuric (ACR 30–300 mg/g), and macroalbu-
minuric (≥300 mg/g) groups. During a mean follow-up of 
10.2 years, 287 patients developed ESRD. The incidence 
of ESRD increased with increasing albuminuria, and the 
highest incidence was associated with macroalbuminuria. 

    Table 9.1    Albumin tests in the offi ce and clinics   

 Name  Test description 

 Micral test strips  Color match strips with results in 1 min 
 Clinitek microalbumin 
2 reagent strips 

 Provides albumin, creatinine, and 
albumin–creatinine results in 1 min 

 ImmunoDip 
microalbumin strips 

 Color match strips with results in 3 min 

 HemoCue Albumin 201  Urine sample is drawn into the cuvette and 
read in an analyzer with the result in 90 s 

   Table 9.2    Defi nitions of albuminuria   

 Category 

 24-h 
collection 
(mg/24-h) 

 Timed 
collection 
(μg/min) 

 Spot collection ACR: 
mg/mg (μg/mg) 

 Normoalbuminuria  <30  <20  <0.02 (<30) 
 Microalbuminuria  30–300  20–200  0.02–0.2 (30–300) 
 Overt or clinical 
proteinuria or 
macroalbuminuria 

 >300  >200  >0.2 (≥300) 

   ACR  albumin:creatinine ratio  

   Table 9.3    Predictive value of microalbuminuria for the development 
of diabetic nephropathy in type 1 diabetic patients with normo- or 
microalbuminuria   

 Study [Ref.] 
 Patients 
(no.) 

 Follow-up 
period 
(years) 

 Cut-off 
UAE 
(μg/min) 

 Patients progressed 
to clinical 
proteinuria (%) 

 Viberti 
et al. [ 15 ] 

 63  14  >30 
 <30 

 87 
 4 

 Parving 
et al. [ 16 ] 

 23  6  >28 
 <28 

 75 
 13 

 Mogensen and 
Christensen [ 17 ] 

 43  10  >15 
 <15 

 86 
 0 

 Mathiesen 
et al. [ 18 ] 

 71  6  >70 
 <70 

 100 
 5 

 Almdal 
et al. [ 19 ] 

 118  5  >20 
 <20 

 19 
 2 

    Table 9.4    Progression of microalbuminuria to nephropathy in patients 
with type 2 diabetes (adapted from [ 20 ])   

 Author [Ref.]  No. 
 Observation 
period (year) 

 Patients developing clinical 
proteinuria (%/year) 

 Mogensen [ 21 ]  59  9  2.4 
 Nelson et al. [ 22 ]  50  4  9.3 
 Ravid et al. [ 23 ]  49  5  8.4 
 Ahmad et al. [ 24 ]  51  5  4.8 
 Gæde et al. [ 25 ]  80  4  5.8 
 Estacio et al. [ 26 ]  150  5  4.0 
 HOPE Study 
Group [ 27 ] 

 1,140  4.5  4.5 

 Parving et al. [ 28 ]  201  2  7.5 
 Parving et al. [ 29 ]  86  5  7.0 
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Also, low GFR was associated with the highest incidence 
of ESRD. Combined albuminuria and eGFR had an additive 
effect on the development of ESRD. A recent meta-analysis 
also confi rmed that both albuminuria and estimated GFR 
predicted an additive risk for ESRD [ 31 ]. Thus, albuminuria 
can predict the development of ESRD.  

    Mechanisms of Albuminuria-Proteinuria in 
Diabetes 

 The mechanisms responsible for albuminuria–proteinuria in 
diabetes have been thoroughly studied. Hemodynamic altera-
tions, hyperglycemia, hormones, size and charge-selective 
properties of the glomerular capillary wall, alterations in the 
glomerular basement membrane (GBM) composition, reactive 
oxygen species, glycation of proteins, and altered podocyte 
biology have been implicated. Mesangial cell pathophysiology 
has long been considered central to the development of albu-
minuria and glomerulosclerosis in diabetes. In recent years, 
however, the participation of podocytes in proteinuria and glo-
merulosclerosis has been extensively studied at the molecular 
level [ 32 – 38 ]. We, therefore, focus our discussion on podocyte 
biology in albuminuria–proteinuria of diabetes. 

    Podocyte Biology 

 In order to reach the Bowman space, the ultrafi ltrate passes 
through the fenestrae of the endothelium, the GBM, and the 
slit pore or slit diaphragm of the podocytes. These podocytes 
are highly specialized cells with primary, secondary, and 
complex tertiary cellular processes, the latter being the foot 
processes which interdigitate with adjacent epithelial foot 
processes and anchor fi rmly on the basement membranes. 
Since they are terminally differentiated, they are incapable of 
being replaced by compensatory proliferation of the adjacent 
epithelial cells. 

 The slit diaphragms lie between two foot processes of the 
podocyte and form the fi nal barrier to fi ltration of water and 
solutes. Although low molecular weight proteins may pass 
through these barriers easily, proteins such as albumin are 
not easily fi ltered. 

 Studies have shown that the slit diaphragms contain a 
number of proteins that restrict the passage of albumin into 
the Bowman space. The fi rst protein to be identifi ed was 
nephrin. Mutations in the gene-encoding nephrin (NPHS1) 
causes congenital nephrotic syndrome of the Finnish type. 
The other slit diaphragm proteins include P-cadherin, Neph1 
and 2, FAT1 (fatty acid transporter tumor suppressor homo-
log- 1), and FAT2. The foot processes are not static, but they 

contain a contractile cytoskeleton. This cytoskeleton contains 
actin, α-actinin-4, synaptopodin, myosin-II, talin, and vinculin. 
The cytoskeleton of the foot processes connects to both 
the GBM and the slit diaphragm. The slit diaphragm proteins 
are connected to the cytoskeleton by various proteins, 
including podocin, CD2AP (CD2-associated protein), ZO-1 
(zonula occludens-1), and densin. Podocin seems to play a 
key role in nephrin signaling and also in activating TRPC6 
(transient receptor potential cation channel subfamily C, 
member 6). The foot processes are attached to the GBM via 
α 3 β 1  integrin and dystroglycan. The integrin dimers specifi -
cally interconnect TVP (talin, paxillin, vinculin) complex to 
laminin 11 of the GBM. 

 In addition to several proteins, the podocytes express 
receptors for angiotensin II and many other cytokines and 
growth factors. Therefore, drugs aimed at blocking these 
receptors may prevent proteinuria and glomerulosclerosis. 

 In diabetes, abnormalities in podocyte-specifi c proteins 
have been reported. For example, nephrin, P-cadherin, and 
ZO-1 expressions are reduced in diabetic glomeruli and 
podocytes [ 39 – 42 ]. Decreased synthesis or loss of these 
proteins has been shown to cause proteinuria. Combined 
structural and functional changes have been observed in these 
podocytes, as a result of injury, even in the earlier stages of 
DN. The structural changes are best visualized by electron 
microscopy demonstrating decreased podocyte number and/
or density, via apoptosis or varying degrees of podocyte 
detachment and broadening of the foot processes, leading to 
diminished width of the slit diaphragm as well as reduced 
nephrin protein and signifi cant loss of negative charge [ 39 – 42 ]. 
Podocyte or foot process denudation from the GBM has been 
attributed to suppression of anchor protein integrin α 3  and 
overexpression of β 1  integrin in response to high glucose lev-
els and angiotensin II. Furthermore, other actin-binding pro-
teins in the podocytes, such as α-actinin-4, synaptopodin, and 
surface anionic protein podocalyxin were all down- regulated, 
contributing towards podocyte damage and dysfunction. 
These structural and molecular changes of the podocytes have 
been shown to promote albuminuria–proteinuria in both 
experimental and human studies [ 39 – 42 ]. Concurrent activa-
tion of the growth factors and cytokine systems by hypergly-
cemia, glycated proteins, hypertension- induced mechanical 
stress and high renal angiotensin II induce transforming 
growth factor-beta 1 (TGB-β1) and increased vascular endo-
thelial growth factor A (VEGF-A), a permeability and angio-
genic factor by the podocytes. TGF- β1 causes podocyte 
apoptosis and increased extracellular matrix deposition [ 43 ]. 
Podocyte loss also causes decreased VEGF-A messenger RNA 
expression in DN [ 44 ]. Thus, podocytes play an important 
role in the development of albuminuria and glomerulosclerosis 
in diabetes.   
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    Extrarenal Manifestations of Albuminuria 

 There are several associated extrarenal abnormalities in 
patients with albuminuria or microalbuminuria. The micro-
albuminuric patients are at a higher risk not only for cardio-
vascular and other microvascular diseases such as 
retinopathy and neuropathy than normoalbuminuric dia-
betic patients as well. The mechanisms responsible for 
increased cardiovascular mortality in microalbuminuric 
patients are poorly understood. However, microalbumin-
uria seems to be a marker for widespread endothelial dys-
function, and a number of cardiovascular risk factors are 
present in microalbuminuric patients. Table  9.5  summa-
rizes some of the abnormalities (associations) that are 
found in microalbuminuric patients, which predispose them 
to increased early morbidity and mortality from cardiovas-
cular disease (CVD).

       Albuminuria and Cardiovascular Disease 

 Albuminuria is a risk factor for CVD [ 46 ]. Even normal 
albumin excretion rates, i.e., below 30 mg/24-h are associ-
ated with CVD complications. It is imperative that microal-
buminuria carries even more CVD complications [ 14 ]. In 
earlier studies, it has been shown that the relative mortality 
from CVD is increased 40-fold in type 1 diabetic patients 
with proteinuria as compared with the general population 
[ 47 ]. Subsequently, follow-up studies in type 1 diabetic 
patients for 10, 18, or 23 years suggested that microalbu-
minuria is a strong risk factor for early death, particularly 
CV death (reviewed in [ 45 ]). In another cross-sectional 
study [ 48 ], 476 type 1 adult diabetic patients were followed 
for a 5-year period. During this follow-up, 19 patients died 
and 30 developed CV or renal disease, such as myocardial 
infarction ( N  = 8), stroke ( N  = 3), amputation ( N  = 6), and 
renal insuffi ciency ( N  = 13). Urinary albumin concentra-
tion in a single early morning urine sample was found to 
be a strong prognostic marker for the development of CVD 
or death. 

 The relationship between the degree of albuminuria and 
CV risk was examined by the investigators of the Heart 
Outcomes Prevention Evaluation (HOPE) study [ 49 ]. This 
was a cohort study conducted between 1994 and 1999 with a 
median follow-up of 4.5 years. The prevalence of microalbu-
minuria in diabetic patients was 32.6 % as compared with 
14.8 % in patients without diabetes. The results suggest that 
any degree of albuminuria is a risk factor for CV events, such 
as myocardial infarction, stroke or CV death, or hospitaliza-
tion for congestive heart failure. The risk of CVD increases 

with an increase in ACR, starting well below the microalbu-
minuria cut-off. This study is thus consistent with many 
other previous studies [ 45 ]. 

 Dinneeen and Gerstein [ 50 ] critically analyzed the litera-
ture linking microalbuminuria with total and cardiovascular 
morbidity and mortality in type 2 diabetic patients. A total of 
11 cohort studies were selected from 264 citations for analy-
sis. These 11 studies included a total of 2,138 patients with a 
mean follow-up of 6.4 years. The duration of diabetes ranged 
from newly diagnosed to 13 years. The prevalence of micro-
albuminuria ranged from 20 to 36 % in the eight cohorts that 
excluded patients with clinical proteinuria. All studies 
reported signifi cant association between microalbuminuria 
and total mortality or cardiovascular morbidity and mortal-
ity. The authors concluded that microalbuminuria is a strong 
predictor of total and cardiovascular morbidity and mortality 
in patients with type 2 diabetes. The observations that a 
reduction in albuminuria parallels an improvement in CVD 
prognosis supports the concept that microalbuminuria is a 
strong risk factor for CVD.  

    Table 9.5    Extrarenal manifestations of microalbuminuria in both 
types of diabetic patients (adapted from [ 45 ])   

 Functional parameter  Change 

  Hemodynamic  
 Blood pressure  ↑ 
 Left ventricular function  ↓ 
 Left ventricular mass  ↑ 
 End-diastolic volume  ↓ 
 Maximal oxygen uptake  ↓ 
  Cardiovascular risk factors  
 Total cholesterol  ↑ 
 VLDL cholesterol  ↑ 
 LDL cholesterol  ↑ 
 Apolipoprotein B  ↑ 
 HDL cholesterol  ↓ 
 Plasma fi brinogen  ↑ 
  Endothelial cell function  
 von Willebrand factor  ↑ 
 PAI  ↑ 
 Adhesion molecules  ↑ 
 Function of nitric oxide  ↓ 
 TER albumin   ↑ 
 TER fi brinogen   ↑ 
 ACE level  ↑ 
 Homocystine level  ↑ 
  Microvascular disease  
 Proliferative retinopathy  ↑ 
 Peripheral neuropathy  ↑ 
   ↑  Increase, ↓ decrease,  PAI  plasminogen activator inhibitor,  TER  trans-
capillary escape,  ACE  angiotensin-converting enzyme  
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    Albuminuria and Hypertension 

 As shown in Table  9.5 , one of the concomitant abnormalities 
in microalbuminuric patients is elevated blood pressure. 
Studies have shown that microalbuminuria precedes the 
increase in systemic blood pressure during the development 
of diabetic nephropathy in type 1 patients. Also, a signifi cant 
correlation was found between arterial blood pressure and 
albumin excretion rate in microalbuminuric patients [ 51 ]. 
The prevalence of hypertension was greater than 80 % in 
both male and female patients with overt proteinuria. 

 The association between ambulatory blood pressure mon-
itoring (ABPM) and microalbuminuria has been studied in 
normotensive type 1 diabetic patients by several investiga-
tors, in order to defi ne the variability in blood pressure and 
albumin excretion rate (reviewed in [ 45 ]). These studies have 
shown that 24-h blood pressure is signifi cantly higher in 
micro- than in normoalbuminuric patients. Furthermore, the 
physiological nocturnal fall in systolic blood pressure was 
blunted. Some of these studies found a correlation between 
microalbuminuria and ABPM and not with casual or offi ce 
blood pressure readings. The conclusion from all these stud-
ies is that 24-h blood pressure recording is a useful technique 
in detecting abnormalities in blood pressure that are not 
apparent in casual blood pressure measurement in normoten-
sive type 1 diabetic patients. 

 Table  9.6  summarizes ABPM in normotensive adult type 
1 diabetic patients with normo- and microalbuminuria. Also, 
the ambulatory blood pressure recordings were compared 
with offi ce or clinic blood pressures in these diabetics and 
matched healthy controls.

       Determinants of Albuminuria 

 Several factors can infl uence albuminuria or microalbuminuria. 
The most important determinants are hyperglycemia and blood 
pressure. Determinants such as familial predisposition to pro-
teinuria, duration of diabetes, age, endothelial cell dysfunction, 
lipid abnormalities, and probably smoking may be involved in 
the development and progression of microalbuminuria.  

    Screening for Albuminuria 

 A routine urinalysis should be performed in all patients 
before screening for microalbuminuria. If the dipstick is 
positive for proteinuria, there is no need to screen for micro-
albuminuria because the patient already has overt proteinuria. 
If the dipstick is negative, then screening for microalbumin-
uria is indicated. The consensus is that the screening should 
begin from puberty and 5 years after the diagnosis of type 1 
diabetes. Urine samples can be collected over a 24-h period, 
early morning specimen or a random spot collection, which-
ever is convenient to the patient, and follow the criteria 
shown in Table  9.1  to defi ne albuminuria. 

 Before albuminuria is established in any patient, it is 
essential to rule out other causes that increase or decrease 
albumin excretion (Table  9.7 ). Also, two of three collections 
done in a 3–6 month period should show elevated albumin 
levels before the diagnosis of microalbuminuria is enter-
tained. A suggested schema for screening type 1 or type 2 
patients for microalbuminuria is shown in Fig.  9.1 .

        Proteinuria of Nondiabetic Origin 

 Occasionally, patients with established diabetes present with 
dipstick positive or heavy proteinuria that is not expected for 
the duration or control of hyperglycemia. Also, unexpected 
deterioration in renal function is seen. Such atypical presen-
tation is more common in type 2 diabetic than type 1 diabetic 
patients. These patients require a thorough clinical work-up 
of proteinuria. Such patients usually undergo a renal biopsy 
to establish DN and its various stages, but also to document 
existence of a nondiabetic renal disease alone or superim-
posed on DN. In addition to a defi nitive diagnosis, the histo-
pathologic fi ndings provide pertinent prognostic information 

   Table 9.6    Ambulatory blood pressure (mmHg) recordings in normo-
tensive type 1 diabetic patients with or without microalbuminuria 
(adapted from [ 45 ])   

 Subjects 

 Daytime  Nighttime  24-h  Offi ce 

 SBP  DBP  SBP  DBP  SBP  DBP  SBP  DBP 

 Controls  122  72  114  60  118  68  116  68 
 Normoalbuminuria  122  75  112  63  118  70  118  71 
 Microalbuminuria  128  79  121  70  126  75  122  74 

   SBP  systolic blood pressure,  DBP  diastolic blood pressure  

   Table 9.7    Clinical conditions associated with increased or decreased 
albumin excretion   

 Increase  Decrease 

 Urinary tract infection  Nonsteroidal antiinfl ammatory drugs 
 Blood in urine  ACE-inhibitors or angiotensin 

receptor-blockers 
 Fever  Malnutrition 
 Exercise within 24-h  Low protein diets 
 Uncontrolled hyperglycemia  Inadequate 24-h urine collection 
 Uncontrolled hypertension  Overnight urine collection 
 Congestive heart failure 
 High protein intake 
 Excessive diuresis 
 Upright posture 
 Menstrual and vaginal 
bleeding 
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as well as a direction for appropriate therapy and management. 
The indications for renal biopsy are shown in Table  9.8 .

   When renal biopsies were performed in patients with 
atypical presentation, as shown in Table  9.8 , a variety of 

nondiabetic renal diseases were observed. Such renal lesions 
were present either alone or superimposed on DN, making 
management more diffi cult. The following glomerular 
lesions have been documented.

Dipstick for proteinuria

Negative Positive

Determine albumin

NoYes

Repeat albumin & 
eGFR  in 1 yr

Consider causes of 
albuminuria

Yes No

Treat  & repeat 
albumin

Albuminuria (+)

Estimate GFR &
albumin

in 3-6 month period

Albumin (+)

Begin treatment

Consider causes of
proteinuria

Yes No

Treat & repeat 
dipstick

Yes

Overt proteinuria, estimate
GFR & begin

treatment

Post-puberty and/or 5-yr after diagnosis
(Type 2 diabetes at diagnosis)

Repeat albumin &
eGFR in 1 yr

  Fig. 9.1    Screening for albuminuria and estimated GFR (eGFR) in type 1 and type 2 diabetic patients       
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   Minimal change nephrotic syndrome/focal segmental 
glomerulosclerosis  

  Membranous glomerulonephritis  
  Crescentic glomerulonephritis  
  Postinfectious glomerulonephritis  
  IgA nephropathy-primary/secondary  
  Lupus nephritis  
  HCV-associated glomerulonephritis  
  Fibrillary glomerulonephritis  
  Monoclonal immunoglobulin-mediated diseases  
  Collapsing glomerulopathy    

 It is, therefore, suggested that the nephrologist should 
include nondiabetic renal lesions in the differential diagnosis 
of abnormal proteinuria. Table  9.9  shows clinical features of 
various glomerular diseases with proteinuria that may be 
helpful for appropriate management.

       Treatment of Albuminuria–Proteinuria 

 A detailed review of treatment of albuminuria is beyond the 
scope of this chapter. Only generalizations are presented here. 
Almost all studies recommend an angiotensin- converting 
enzyme inhibitor (ACE-I), or an angiotensin receptor-blocker 
(ARB) as an initial drug of choice for albuminuria. In addi-
tion, control of glucose to achieve HbA1c ≤7 % has an inde-
pendent positive effect in reducing albuminuria. Lowering 
blood pressure and controlling glucose have an additive 
effect in preventing the progression of albuminuria and renal 
dysfunction. 

 ACE-Is provide a selective benefi t over other antihyper-
tensive agents in both delaying the progression of albuminuria 
and decline in GFR in patients with high levels of albuminuria. 

     Table 9.8    Indications for kidney biopsy in diabetic patients with renal disease   

 1. Proteinuria or nephrotic syndrome of sudden onset, appearing less than 5–10 years of type 1 DM 
 2. Proteinuria and/or impaired renal function in the absence of retinopathy in type 1 DM a  
 3. Proteinuria associated with a nephritic syndrome characterized by micro- or macrohematuria, renal insuffi ciency with RBC casts in types 1 

and 2 DM 
 4. Unexplained renal failure with or without proteinuria 
 5. Presence of a systemic disease with abnormal serologic fi ndings and clinical renal disease 
 6. Abnormal imaging studies such as ultrasonography and Doppler studies, after excluding renovascular disease 
 7. Absence of urologic disease or infection 

   a Prevalence of retinopathy less predictable for DN in type 2 DM  

   Table 9.9    Differential diagnosis of diabetic and nondiabetic renal diseases   

 Diagnosis  Proteinuria  Hematuria  Creatinine  S Alb  Serology  BP  Systemic symptoms 

 Diabetic 
nephropathy 

 Variable  Cr 30 %  Gradual 
increase 

 Nl or low  Negative  Variable  Long duration >10 year, 
nonspecifi c 

 Minimal change 
disease 

 NRP  None  Normal  Low  Negative  –  – 

 Focal segmental 
sclerosis 

 NRP  None  Normal  Low  Negative  –  – 

 Membranous GN, 
primary 

 NRP  <20 %  Normal  Low  PLA2R abs  – 

 Membranous GN, 
secondary 

 NRP  None-1+  Normal  Low  Depending on systemic 
disease 

 –  Disease specifi c 

 Post-infectious GN  Mild to moderate  1–3+  Elevated  Nl or low  + or neg blood cultures  Variable  Evidence of infection 
 IgAN  Mild  1–3+  Variable  Nl or low  Negative  Variable  Some cases with MRSA infection 
 Crescentic GN  Mild  3+  Elevated  Nl  ANCA, antiGBM  –  Rash, lung symptoms 
 Lupus nephritis  Variable to NRP  1–3+  Variable  Nl or low  ANA+  Variable  SLE symptoms 
 HCV/HBV infection  Variable to NRP  1–3+  Variable  Low  HBV+, HCV+  –  Extrarenal or hepatic disease 
 Fibrillary GN  Mild to NRP  1+  Variable  Low  Negative  –  – 
 Monoclonal protein 
disease 

 Mild to NRP  1–3+  Variable  Nl or low  M-spike  –  Depending on type of disease 

   NRP  nephrotic range proteinuria >3 g/24 h,  Nl  normal,  Neg  negative, variable: creatinine levels may depend on active/proliferative GN or chronic 
sclerosing changes  
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Also, the use of ACE-Is has been shown to reduce major CV 
events, such as stroke, myocardial infarction, or death, in 
diabetic patients. In normoalbuminuric type 2 diabetic 
patients, ACE-Is have been shown to delay the onset of 
microalbuminuria. ARBs seem to have minimal effect in pre-
venting the onset of albuminuria in normotensive type 1 and 
type 2 diabetic subjects. However, ARBs have been shown to 
reduce the progression from micro- to macroalbuminuria as 
well as the development of ESRD in type 2 diabetic patients. 
Furthermore, the CV events were prevented by ARBs in type 
2 diabetics. 

 A combination of an ACE-I and an ARB is not suggested 
at this time, although such a combination has been shown to 
have an additive effect in reducing proteinuria in both types 
of diabetics in the past. Also, addition of renin inhibitor is 
not suggested at this time. An additive benefi t in terms of 
proteinuria can be achieved with a combination of an ACE-I 
or an ARB and an aldosterone blocker in patients with eGFR 
>60 mL/mL. Even in these patients, serum potassium levels 
may be slightly elevated. Therefore, close monitoring of 
serum potassium is warranted with this combination 
therapy. 

 Other antihypertensive drugs such as calcium channel 
blockers, diuretics, or β-blockers have been shown to lower 
proteinuria and can be used as additional drugs to lower 
blood pressure who are on either ACE-Is or ARBs. These 
drugs can be used as fi rst-line therapy in selected individuals 
who cannot tolerate either ACE-Is or ARBs. Serum electro-
lytes, creatinine, and lipid panel should be obtained periodi-
cally in patients on diuretics. 

 Low protein diet (0.8 g/kg/day) can be used in selected 
diabetic patients whose proteinuria is progressing despite 
good glucose and blood pressure control and on adequate 
dosage of an ACE-I or ARB. 

 Several other therapies have been applied to improve both 
proteinuria and eGFR. Table  9.10  summarizes therapies that 
have been tried with variable success.

   In recent years, a number of new therapeutic drugs have been 
tried in animals and humans for diabetic kidney disease. These 
therapeutic drugs are summarized in Table  9.11  [ 52 – 56 ].

       Podocyte-Specifi c Drugs 

 As discussed under “Mechanisms of Albuminuria-Proteinuria,” 
either decreased synthesis or mutations in genes that encode 
the podocyte proteins cause albuminuria. Therefore, 
 development of podocyte-specifi c drugs is clearly indicated. In 
diabetic animal models, a number of pharmaceutical strategies 
have been tried with success. These studies are summarized in 
Table  9.12  [ 57 ,  58 ].

   Table 9.10    Medical management of diabetic kidney disease   

 Proven benefi t  Probable benefi t  Benefi t to be proven a  

 Blood glucose 
control 

 Control of 
hyperlipidemia 

 Aldose reductase inhibitors 

 Blood pressure 
control 

 Smoking 
cessation 

 Inhibitors of AGE 

 Low protein diet  Low salt diet  Antiplatelet and related therapy 
 Antioxidants 
 PKC inhibitors 
 Sulodexide 
 Growth factor inhibitors 
 Gene therapy 

   AGE  advanced glycation end products,  PKC  protein kinase C,  GAG  
glycosaminoglycans 
  a Need large human studies  

   Table 9.11    Potential therapies for treatment of diabetic kidney disease   

 Therapeutic agent  Proposed mechanism 

 Pirfenidone  Inhibition of TGF-β1, TNF-α, collagen synthesis 
 Tranilast  Inhibition of TGF-β1 
 Doxycycline  Inhibition of matrix metalloproteinase activity 
 Pentoxifyline  Inhibition of proinfl ammatory cytokines 
 Connective tissue 
growth factor 
(CTGF) antagonist 

 Inhibition of matrix production and TGF-β1 

 Anti-TGF-β1  Inhibition of matrix formation 
 Bardoxolone  Decrease in oxidative stress 
 Bosentan  Endothelin (ET)-a and b antagonist 
 Atrasentan  ET-a selective receptor antagonist 
 Avosentan  ET-a antagonist 
 Pericalcitol  Inhibition of pro-fi brotic cytokines 
 Allopurinol  Inhibition of xanthine oxidase 
 B vitamin (folic 
acid, B 6 , B 12 ) 

 Decrease in oxidative stress and glycation 

 Adiponectin  Activation of an energy-sensing enzyme, AMPK 
 Rapamycin  Inhibition of mTOR (mammalian target of 

rapamycin) 

   Table 9.12    Podocyte-specifi c drugs   

 Vehicle  Target  Result 

 PKCα-inhibitor  Prevents nephrin loss  ↓Proteinuria 
 Low molecular weight 
heparin 

 Binding to RAGE and 
inactivates its actions 

 ↓Albuminuria 

 RAGE-antibody  Inactivation of RAGE  ↓Albuminuria 
 BMP7  Podocyte overexpression  ↓Albuminuria 
 BMP7 injection  Podocyte preservation of 

BMP7 
 ↓Albuminuria 

 CTGF-AS-ODN  Counteracts CTGF action  ↓Albuminuria 
 sFlt-1  Podocyte overexpression  ↓Albuminuria 
 Handle region peptide 
(a decoy peptide) 

 Inhibits binding of 
prorenin to its receptor 

 ↓Proteinuria 

   BMP  bone morphogenetic protein 7,  CTGF-AS-ODN  connective tissue 
growth factor antisense oligodeoxynucleotide,  PKC  protein kinase C, 
 RAGE  receptor for advanced glycation end product,  (Flt-1  soluble fms-
like tyrosine kinase 1, or soluble vascular endothelial growth receptor-1)     
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       Conclusions 

 The presence of albuminuria–proteinuria in diabetic patients 
is an indication of early renal disease and signifi es systemic 
endothelial dysfunction. Even a small amount of albumin-
uria (<30 mg/day) carries a risk for CVD. Abnormalities in 
podocyte-specifi c proteins seem to be the underlying mecha-
nisms for albuminuria–proteinuria. Whenever a diabetic 
patient presents with heavy albuminuria–proteinuria, the 
nephrologist should consider the coexistence of nondiabetic 
primary glomerular diseases. Renal biopsy in such a patient 
is clearly warranted (Table  9.8 ). 

 The screening for albuminuria should begin from puberty 
and 5 years after the diagnosis of diabetes in type 1 patients. 
Urine samples can be collected over a 24-h period, early 
morning specimen or a random spot collection, whichever is 
convenient to the patient. ACR in a morning voided speci-
men is usually the standard way of expressing the excretion 
of albuminuria in the outpatient setting. Reagent strips for 
documenting the minute quantities of albuminuria are avail-
able in the offi ce setting and diabetes clinics. Screening for 
albuminuria should begin during the fi rst visit in type 2 dia-
betic patients. 

 ACE-Is or ARBs are the drugs of choice for the treatment 
of albuminuria. Prevention of albuminuria delays the pro-
gression of kidney disease as well as CVD. Combination of 
an ACE-I and an ARB is not recommended; however, a com-
bination of either one of these drugs and an aldosterone 
antagonist seems to have an added benefi t in the prevention 
of renal and CV diseases. Many new drugs targeting podo-
cytes are being evaluated in animals and humans to prevent 
albuminuria–proteinuria in diabetic and nondiabetic patients. 
It is hoped that their introduction into the clinical practice is 
expected to decrease the morbidity and mortality in patients 
with albuminuria–proteinuria.     
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          Introduction 

    Hypertension (typically diagnosed if two offi ce blood pres-
sures are ≥140/90 mmHg) is currently the most common 
chronic condition for which Americans obtain medical care 
[ 1 ]. Across the USA, the age-adjusted prevalence of hyper-
tension has remained relatively stable from 1994 to 2010 at 
around 30 %, but because of aging and obesity, it is expected 
to increase by a further 7.2 % by the year 2030 [ 1 ]. Diabetes 
mellitus (traditionally diagnosed after two fasting blood glu-
cose measurements are >125 mg/dL, but more recently if A1c 
is >6.5 % [ 2 ]), especially the more common type 2, also has 
a prevalence that is strongly infl uenced by age and obesity; 
multiple datasets suggest there has been a near doubling of 
the incidence of diabetes in the last three decades in the USA. 
The age- and gender-dependence of the prevalence of hyper-
tension and diabetes in the USA (derived primarily from the 
most recent National Health and Nutritional Examination 
Surveys, NHANES [ 1 ,  3 ]) is shown in Figs.  10.1  and  10.2 .

    The burden of hypertension, diabetes, and their combina-
tion is substantial. For example, in 2009–2010 data from the 
National Center for Health Statistics and National Health 
Interview Survey, 57 % of American women and 54 % of 
American men had been diagnosed with hypertension; 
the corresponding proportions for diabetes were 18 % for 
women and 24 % for men. These fi gures are likely to be 
underestimates, because undiagnosed hypertension was 
found in 6 % of the US adults in the NHANES of 
2007–2010, and undiagnosed diabetes was estimated at 
2.3 % of Americans ≥20 years of age in extrapolations of the 

2007–2008 NHANES data to 2010 [ 4 ]. In 2010, diagnosed 
or undiagnosed hypertension affected an estimated 77.9 
 million Americans ≥20 years of age, compared to 25.8 
 million with diagnosed or undiagnosed diabetes [ 1 ,  3 ]. 

 Hypertension and diabetes are just two of the all-too- 
commonly clustered cardiovascular risk factors in many 
Americans, which also include obesity and dyslipidemia 
(especially elevated serum levels of triglycerides and, per-
haps more importantly, low-density lipoprotein cholesterol). 
A summary of the estimated prevalence of these interrelated 
risk factors, based on recent national survey data, extrapo-
lated from the entire US adult population [ 1 – 3 ] (and for their 
overlap in a 60-year-old person, the closest age of the aver-
age American with diabetes, from the Framingham Heart 
Study in 2000–2005 [ 4 ]), is shown in Fig.  10.3 . One of the 
more important features of this fi gure is the 67–90 % overlap 
of diabetes with hypertension (depending on age, body-mass 
index, and kidney function), which provides a very strong 
impetus for population-based strategies to improve outcomes 
in diabetics (see below).

   Across the globe, both diabetes and hypertension contrib-
ute strongly to disability and death. Worldwide, high blood 
pressure was identifi ed as the largest (and most important) 
risk factor for the Global Burden of Disease in 2010, account-
ing for 7 % of the global disability-adjusted life-years, edging 
out tobacco smoking (6.3 %) and household air pollution 
from solid fuels (4.3 %) [ 6 ]. This was a huge change from 
1990, when childhood infectious diseases were more often 
fatal, and refl ects the increasing incidence of cardiovascular 
disease (and its risk factors) across the earth. Using existing 
epidemiological data through 2002, another group estimated 
that 26.4 % (or about 972 million) of the world’s population 
had hypertension in 2000, with 29.2 % (or 1.56 billion) pro-
jected to have the condition by 2025. Most of the growth was 
expected to occur in developing nations [ 7 ]. The International 
Diabetes Federation estimates that 366 million people had 
diabetes in 2011, which will increase to 552 million by 2030, 
because the prevalence of type 2 diabetes is increasing in 
every country surveyed. Perhaps because 80 % of people 
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with diabetes live in low- and middle-income countries, 
about half of those with diabetes have not yet been diagnosed. 
Refl ecting its importance as a risk factor for mortality (with 
4.6 million deaths in 2011), the prevalence of diabetes is 
greatest worldwide between the ages of 40 and 59 years [ 8 ].  

    Pathophysiology of Hypertension 
in Diabetics 

 Although perhaps something of an oversimplifi cation, one of 
the most important factors in the co-development of hyper-
tension and diabetes is insulin resistance. This problem can 
be most directly studied using insulin-clamp techniques that 

are most appropriate in a research setting, but surrogates have 
been developed, including fasting and postprandial serum 
insulin levels that lend themselves to large studies, including 
clinical trials. The results of such studies suggest that nearly 
50 % of Americans with primary hypertension have insulin 
resistance. Genetics have also been implicated, because fi rst-
degree relatives of patients with hypertension also have an 
increased risk of insulin resistance and dyslipidemia, even if 
they are normotensive. Probably more important for most 
Americans are environmental factors, like high-fat and high-
calorie diets and sedentary lifestyles that lead to central adi-
posity and ectopic lipid deposition. These factors probably 
combine with the increased risk of insulin resistance to cause 
infl ammatory and oxidative stress, which has many negative 

  Fig. 10.1    Age- and gender-
specifi c prevalence of 
hypertension in the USA, 
according to the National Health 
and Nutrition Examination 
Surveys 2007–2010 (Adapted 
from reference [ 1 ]). Note that 
men have a higher prevalence of 
hypertension than women until 
about age 60, after which the 
reverse is true. Whether this can 
be attributed to a survivorship 
effect is not clear       

  Fig. 10.2    Age- and 
gender-specifi c prevalence 
of diabetes mellitus in the USA 
in 2010, according to the US 
Centers for Disease Control 
and Prevention’s National Center 
for Chronic Disease Prevention 
and Health Promotion, Division 
of Diabetes Translation 
(data from reference [ 2 ])       
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effects. In addition to enhancing the activity of the renin–
angiotensin–aldosterone and sympathetic nervous systems, 
and causing sodium/water retention, many maladaptive 
derangements occur in blood vessels. These include an 
increase in vascular smooth muscle cell proliferation, arterial 
stiffness, and vascular tone, and endothelial dysfunction, a 
decreased ability to vasodilate in response to appropriate 
stimuli (e.g., nitric oxide) [ 9 ]. Some of these effects (espe-
cially closely linked to hyperinsulinemia) appear to be medi-
ated by an elevation in intracellular calcium concentrations 
within vascular smooth muscle cells, which has, in turn, been 
recently linked to abnormal vitamin D levels and metabo-
lism. Some believe that better understanding of these patho-
physiological links between hypertension and diabetes has 
implications for better treatment of either condition, as anti-
hypertensive drug classes may have differential effects on 
incident diabetes, and some hypoglycemic drugs may 
increase blood pressure (see below).  

    Hypertension and Type 1 Diabetes Mellitus 

 Type 1 diabetes (characterized by a complete lack of insulin) 
constitutes only about 6-8% of Americans with diabetes, as 
the other 92-94% have type 2 diabetes (characterized by 
peripheral insulin insensitivity). Most affected patients are 

children or adolescents, who, because of their young ages, 
are at low risk for hypertension. They are therefore also at 
low risk for competing causes of death (compared to their 
type 2 diabetic counterparts, discussed below), so a larger 
proportion of type 1 diabetics develop chronic kidney disease 
(compared to type 2 diabetics). Most type 1 diabetic patients 
develop microalbuminuria, proteinuria, and subsequently 
renal disease before hypertension (see Chaps.   3     and   7     of this 
book for more details). However, elevated blood pressure 
accelerates the disease processes in these young individuals, 
and greatly increases their risk of both macrovascular and 
microvascular manifestations of diabetes. For this reason, 
 early , intensive antihypertensive therapy is often recom-
mended, particularly with an inhibitor of the renin–angioten-
sin system (for which there are clinical trial data using 
macroalbuminuria as the endpoint) [ 2 ]. Typically, beta-
blockers are best avoided as antihypertensive therapy for type 
1 diabetics, as such patients are more prone to hypoglycemia, 
signs and symptoms of which can be diminished and even 
masked by beta-blockade [ 2 ]. Otherwise considerations 
about blood pressure management in type 1 diabetics are 
quite similar to those for the much more common type 2 dia-
betics, which have been more extensively studied (see below).  

    Hypertension and Type 2 Diabetes 

 We have far more data, and thus much stronger evidence 
(even including some from randomized clinical trials, see 
below), for the role of blood pressure as a major contributor 
to the risk of both cardiovascular and renal disease in type 2 
diabetics. Nearly all epidemiological studies, starting with 
the Framingham Heart Study, have consistently identifi ed 
hypertension as an independent risk factor for heart disease, 
stroke, cardiovascular death, and end-stage renal disease, 
whether the subject was initially diabetic or not. Perhaps the 
most revealing of the recent literature on the prognostic 
importance of hypertension in diabetics comes from a 
roughly 4-year follow-up study of 1,145 Framingham par-
ticipants after the new diagnosis of diabetes, of whom 125 
died and 204 experienced a cardiovascular event [ 10 ]. After 
appropriate adjustments for demographic and other clinical 
variables, hypertension was associated with a highly signifi -
cant 72 % increase in the risk of mortality, and a similarly 
signifi cant 57 % increase in the risk of cardiovascular event 
in individuals with newly diagnosed diabetes. Hypertension 
carried a far greater population-attributable risk than diabe-
tes for both death (30 % vs. 7 %) and cardiovascular event 
(25 % vs. 9 %) in these subjects. Some would argue that 
conclusions drawn from observational studies are inherently 
weaker than observations made about primary analyses of 
clinical trials. Fortunately, we have abundant data from clini-
cal trials in both diabetic subjects treated with antihyperten-
sive drug therapy (compared to those who did not receive 

  Fig. 10.3    Venn diagram representing the prevalence (and strong over-
lap) of hypertension (33 %), diabetes (11.8 %), obesity (34.6 %), and 
elevated serum low-density lipoprotein cholesterol level (>130 mg/dL, 
31.1 %) in the civilian, non-institutionalized US adult population (rep-
resented by the area within the  square box ) in recent National Surveys 
that included the year 2010 [ 1 – 4 ]. The overlap proportions are taken 
from either national survey data (when available) or reference [ 5 ]       
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such therapy) and hypertensive subjects who were or were 
not diabetic (at baseline) that consistently show signifi cant 
benefi ts of lowering blood pressure to prevent major cardio-
vascular and/or renal endpoints.  

    Cardiovascular Outcomes in Hypertensive 
Diabetics vs. Hypertensive Nondiabetics 

 The Blood Pressure Lowering Treatment Trialists’ 
Collaboration most recently published data comparing out-
comes in clinical trials of antihypertensive drug therapy in 
diabetics vs. nondiabetics in 2005 [ 11 ]. Although their origi-
nal intent was not to directly compare risks among diabetics 
and nondiabetics, but instead to identify the benefi ts of simi-
lar blood pressure-lowering treatments in these groups, their 
data about fatal or nonfatal myocardial infarctions (“Coronary 
Heart Disease”) can be rearranged as in Fig.  10.4 . Random- 
effects meta-analysis of these data shows that diabetics con-
sistently have a higher risk of coronary heart disease events 
than nondiabetics, even when treated with similar, if not 
identical, antihypertensive regimens. On average, diabetics 
in these trials (who were well treated with all appropriate 
other therapies at the times the trials were executed) experi-
enced an 88 % (95 % confi dence interval, CI: 83–99 %) 
increased risk of fatal or nonfatal myocardial infarction 

( P  ≪ 0.0001), compared to nondiabetics. Similar calculations 
indicate that the risk of fatal or nonfatal stroke in clinical tri-
als of antihypertensive agents is highly signifi cantly increased 
by 43 % (95 % CI: 38–52 %) in diabetics, compared to non-
diabetics. Similarly, cardiovascular death was signifi cantly 
increased by 90 % (95 % CI: 84–101 %) for diabetics com-
pared to nondiabetics. These estimates are in substantial 
agreement with many other datasets, including those from 
large epidemiological studies, indicating that diabetes 
usually doubles long-term cardiovascular risk, in both hyper-
tensive and non-hypertensive individuals.

       Renal Outcomes in Hypertensive Diabetics 

 Although there are fewer data from randomized clinical tri-
als for renal vs. cardiovascular endpoints, many lines of evi-
dence strongly implicate hypertension as a major risk factor 
for end-stage renal disease and progressive renal disease in 
diabetics. Perhaps most tragic are the data collected for each 
patient who starts renal replacement therapy in the USA on 
the “Intake Form,” which are summarized annually by the 
United States Renal Data Systems [ 12 ]. According to the 
2012 report, 50,305 of the 114,032 (or 44.1 %) individuals 
who were diagnosed with end-stage renal disease in 2010 
had diabetes as the primary reason for their fate; a further 

  Fig. 10.4    Meta-analysis of coronary heart disease (fatal or nonfatal 
myocardial infarction) in randomized clinical trials comparing antihy-
pertensive drug regimens in hypertensive diabetics vs. hypertensive 

nondiabetics. Data from reference [ 11 ]. The summary odds ratio for 
coronary heart disease across 186,620 subjects was 1.88 (95 % CI: 
1.83–1.99) for diabetic compared to nondiabetic hypertensives       
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28.5 % had hypertension as the primary cause of kidney fail-
ure. However, these data are likely biased, because the Intake 
Form allows only a single answer to a typically complex 
question, and the options are given alphabetically (putting 
“Diabetes” ahead of “Hypertension” in the list). The Intake 
Form was modifi ed once, in 2001, to allow identifi cation of 
more than one condition that resulted in renal replacement 
therapy. In that year, 15 % of those reaching end-stage renal 
disease had diabetes alone as the cause, 33 % had hyperten-
sion alone, and 39 % had both hypertension and diabetes 
checked on the Intake Form. These data, which have not 
been replicated, suggest that, even (or perhaps especially) 
among diabetics, hypertension is a major contributor to the 
risk of end-stage renal disease. 

 In addition to these population-based epidemiological data 
about the risk of end-stage renal disease being signifi cantly 
higher in hypertensive diabetics, many longitudinal databases 
also show a highly signifi cant increase in the risk for several 
renal endpoints in hypertensive (compared to normotensive) 
diabetics. Interestingly, the Framingham Heart Study has not 
contributed extensively to this literature, primarily because 
they originally enrolled only 5,209 subjects in their study, and 
it is far more likely that these individuals died of cardiovascu-
lar causes before they developed end- stage renal disease. 
However, large databases from the Multiple Risk Factor 
Intervention Trial [ 13 ], the Department of Veterans Affairs 
Medical Centers [ 14 ], and the Kaiser Permanente of Northern 
California Health Plan [ 15 ] have consistently shown that 
hypertension is a major, signifi cant contributor to both chronic 
kidney disease and end-stage renal disease, even (or perhaps 
especially) among diabetics. Similar conclusions have been 
reached in long-term follow- up of populations from Finland 
[ 16 ], China [ 17 ], and Norway [ 18 ]. 

 Perhaps even more compelling than epidemiological data 
about the importance of elevated blood pressures in diabetics 
in preventing kidney disease are the large number of success-
ful clinical trials, summarized in detail below, that have 
shown major benefi ts in retarding the progression of kidney 
disease, and sometimes even preventing or delaying the 
onset of end-stage renal disease.  

    Hypertension Treatment Strategies 
in Diabetics 

    Lifestyle Modifi cations 

 Few would argue that intensive non-pharmacological inter-
vention, typically starting with diet and exercise, should not 
be highly recommended for diabetics with elevated blood 
pressures [ 2 ]. Recent clinical trial data supporting these 
interventions in hypertensive diabetics, however, are scarce, 
as it is probably unethical now to randomize diabetic hyper-

tensive patients to a strategy that does not include diet and 
exercise. A summary of the effects of dietary modifi cations 
(typically to lower both calories and sodium) on blood pres-
sure can be found in two excellent, recent reviews [ 19 ,  20 ]. 
Many other lifestyle modifi cations have a salutary effect on 
blood pressure, but those highlighted in a recent American 
Heart Association Scientifi c Statement [ 21 ] included 
increased physical activity (typically aerobic exercise) and 
device-guided breathing. The benefi ts of aerobic exercise in 
hypertensive diabetics probably derive from both weight loss 
(with or without a diet plan) and improved insulin sensitivity. 
The best data on this point come from a large epidemiologi-
cal study in Finland [ 22 ], and the Finnish Diabetes Prevention 
Study [ 23 ], which showed that overweight subjects with 
impaired glucose tolerance experienced a 58 % reduction in 
the risk of diabetes over an average of 3.2 years after being 
randomized to individualized counseling about reducing 
weight, total and saturated fat, and increasing dietary fi ber 
and physical activity; the benefi ts were directly related to 
successful achievement of these goals. 

 A benefi cial lifestyle modifi cation that should not really 
require much discussion is tobacco avoidance [ 2 ]. Cigarettes 
and other forms of tobacco use increase the risk of athero-
sclerotic cardiovascular disease, independently of blood 
pressure and diabetes. Although the “evidence-base” for 
tobacco avoidance in diabetics, hypertensives, or the combi-
nation is lacking (primarily because it would be unethical to 
recommend that smokers with these problems continue using 
tobacco), all current guidelines recommend cessation of 
tobacco use, which has been shown in long-term epidemio-
logical studies to signifi cantly decrease the risk of most of 
the chronic complications of hypertension and diabetes 
(including cardiovascular death, myocardial infarction, 
stroke, and amputation).  

    Effects of Antihypertensive 
Drugs on Incident Diabetes 

 Although lowering elevated blood pressure is highly benefi -
cial in preventing both cardiovascular and renal endpoints in 
individuals with hypertension, different classes of antihyper-
tensive agents have disparate effects on glucose tolerance 
(and incident diabetes). It has been known since the late 
1950s that thiazide diuretics may increase insulin require-
ments in diabetics, or increase the risk of incident diabetes in 
those who are not yet diabetic. Data on this point are con-
founded by the fact that hypertension itself increases these 
risks, presumably due to both the higher risk of overweight/
obesity and increased insulin resistance. Some beta-blockers 
have been noted to increase both these risks, perhaps by lim-
iting exercise tolerance and decreasing peripheral arterial 
fl ow (and glucose uptake by large skeletal muscles). 
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On the other hand, both angiotensin-converting enzyme 
(ACE) inhibitors and angiotensin receptor blockers (ARBs) 
have been shown in randomized clinical trials to improve 
insulin sensitivity and reduce the risk of incident diabetes. 
Network meta-analyses have been used to compare the risks 
of incident diabetes across all antihypertensive drug classes 
(including placebo/no treatment) in long-term randomized 
clinical trials in hypertensive individuals [ 24 ]. The most 
recent of these is summarized in Fig.  10.5  [ 25 ].

   The clinical implications of these data are controversial 
[ 24 ,  26 ].    The Multiple Risk Factor Intervention Trial [ 27 ], 
the population-based Finnish Monitoring of Trends and 
Determinants in Cardiovascular Disease Experience [ 28 ], 
the Antihypertensive and Lipid-Lowering treatment to pre-
vent Heart Attack Trial (   ALLHAT) [ 29 ], and the long-term 
follow-up of the Systolic Hypertension in the Elderly Trial 
[ 30 ] all showed no signifi cant increase in cardiovascular risk 
among individuals who were not diabetic at baseline, but 
who developed it during the time of observation, compared 
to those who maintained euglycemia during follow-up. This 
conclusion can be easily faulted, however, because the dura-
tion of follow-up, particularly in clinical trials, was relatively 
short (e.g., in ALLHAT, the protocol called for initial testing 
for incident diabetes at 2 years of follow-up, and therefore 
limited the time for development of subsequent cardiovascu-
lar disease to 2.9 years, on average). A population-based 
observational study from Italy suggested (based on 11 out-
come events in the new diabetic population) that new-onset 
diabetes was associated with a signifi cantly higher risk of 
cardiovascular events (compared to nondiabetics), which did 
not differ from cardiovascular event rates over 13 years in 
those who were diabetic at baseline [ 31 ]. A population-based 
study from Gothenburg, Sweden, concluded that it took 9 

years for the cardiovascular risk of new-onset diabetes to 
achieve statistical signifi cance [ 32 ]. The Framingham Heart 
Study also concluded that the cardiovascular risk associated 
with incident diabetes was time-dependent, and became sig-
nifi cant after more than a decade of type 2 diabetes for coro-
nary heart disease, but only ~7 years for coronary heart 
disease death [ 33 ]. This experience was similar to that seen 
in the Valsartan Long-term Use Evaluation (VALUE) trial, 
in which the 1,298 patients who developed diabetes during 
follow- up had a cardiac morbidity that was intermediate 
(hazard ratio 1.43, 95 % CI: 1.16–1.77) between those who 
were diabetic at randomization (hazard ratio 2.20, 95 % CI: 
1.95–2.49), compared to the referent group who remained 
euglycemic throughout [ 34 ]. 

 There is little doubt that, in large populations, the 
increased risk of incident diabetes associated with diuretics 
or beta-blockers (even though statistically signifi cant) is 
vastly outweighed by the overwhelmingly benefi cial effects 
of blood pressure lowering. Even if the cardiovascular and/or 
renal risk of incident diabetes does not increase signifi cantly 
for a decade, the short-term incremental costs involved in 
routine medical care for diabetics will be substantial: moni-
toring blood glucose (and A1c twice yearly), lowering serum 
lipids to a lower threshold, monitoring renal function (albu-
minuria and serum creatinine), and ophthalmological and 
podiatric screening [ 2 ]. These types of considerations have 
led to the common recommendation to begin antihyperten-
sive drug therapy for most diabetics with either an ACE- 
inhibitor or an ARB, as they are least likely to increase 
plasma glucose levels or insulin requirements [ 2 ].  

    Pharmacological Treatment 
of Hypertension in Diabetes 

    Overview 
 Essentially all authorities agree that controlling blood pres-
sure is benefi cial for diabetics [ 2 ], but disagreement has 
recently emerged regarding which class of antihypertensive 
agent should be preferred as fi rst-line drug therapy, and what 
the target blood pressure should be. The American Diabetes 
Association still recommends either an ACE-inhibitor or an 
ARB, although it has softened its wording about initial ther-
apy, and now recommends only that the antihypertensive 
regimen include one of these agents [ 2 ]. In 2005, the Blood 
Pressure Lowering Treatment Trialists’ Collaboration found 
“comparable” differences across four initial types of antihy-
pertensive drugs (ACE-inhibitor, ARB, calcium antagonist, 
diuretic/beta-blocker) vs. placebo for preventing total major 
cardiovascular events in diabetics, and “limited evidence” 
that lower blood pressure goals produced larger reductions in 
total major cardiovascular events in diabetics [ 11 ]. This last 
conclusion was soundly rejected by the results of the Action 
to Control Cardiovascular Risk in Diabetes (ACCORD)-Blood 

  Fig. 10.5    Results of network meta-analysis of incident diabetes in 34 
clinical trials involving antihypertensive drugs (and placebo/no treat-
ment). The numbers in  parentheses  after each class of drug are the fre-
quency of use in clinical trials; the numbers separated by the  slash  
below the drug class correspond to the number of incident diabetics/
number of subjects at risk. Data from reference [ 25 ]       
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Pressure trial [ 35 ], which caused a revision of the decade-old 
recommendation for diabetics to achieve a blood pressure 
<130/80 mmHg [ 2 ], discussed in detail below. Some have 
suggested that the argument about initial antihypertensive 
therapy in diabetics is (or should be) moot, as nearly all dia-
betics (in clinical trials, as well as in general clinical prac-
tice) have required two or more blood pressure- lowering 

agents to achieve even the currently recommended blood 
pressure target of <140/90 mmHg [ 2 ]. 

 The numbers of diabetics with major cardiovascular 
events (composite of cardiovascular death, stroke, or 
myocardial infarction) observed (or estimated) in 28 
randomized clinical trials of antihypertensive drugs 
involving 78,754 subjects are summarized in Table  10.1 . 

   Table 10.1    Major cardiovascular events observed (or estimated*) in outcome-based clinical trials of antihypertensive drugs in diabetics      

 Trial acronym  Drug class  Events/at risk  Drug class  Events/at risk  Drug class  Events/at risk 

 SHEP*  Diuretic  39/283  Placebo  58/300 
 ABCD  CCB  47/235  ACE  29/235 
 FACET  CCB  23/191  ACE  14/189 
 UKPDS  ACE  94/400  Beta-blocker  72/358 
 NORDIL  CCB  44/351  Beta-blocker a   44/376 
 Syst-Eur*  CCB  13/252  Placebo  31/240 
 MICRO-HOPE  ACE  277/1,808  Placebo  351/1,769 
 Syst-China*  CCB  5/51  Placebo  10/47 
 INSIGHT*  CCB  46/649  Diuretic  49/653 
 PROGRESS  ACE  82/394  Placebo  91/368 
 IDNT  ARB  138/579  Placebo  144/569  CCB  128/567 
 RENAAL  ARB  124/751  Placebo  118/762 
 IRMA-2*  ARB  11/194  Placebo  18/201 
 LIFE  ARB  103/586  Beta-blocker  139/609 
 ALLHAT  Diuretic  906/5,393  CCB  555/3,214  ACE  521/3129 
 CONVINCE  CCB  101/1,616  Beta-blocker  116/1,623 
 INVEST*  CCB  463/3,169  Beta-blocker  450/3,231 
 SCOPE  ARB  46/313  Placebo  51/284 
 PERSUADE  ACE  103/721  Placebo  130/781 
 DIAB-HYCAR  ACE  282/2,443  Placebo  276/2,469 
 DETAIL  ACE  12/130  ARB  150/120 
 ASCOT  CCB  246/2,565  Beta-blocker  257/2,572 
 ADVANCE  ACE  480/5,569  Placebo  520/5,571 
 CASE-J  ARB  68/1,011  CCB  70/1,007 
 ONTARGET  ARB  568/3,246  ACE  558/3,146 
 ACCOMPLISH  CCB  170/3,347  Diuretic  203/3,468 
 PRoFESS  ARB  498/2,840  Placebo  511/2,903 
 TRANSCEND  ARB  211/1,059  Placebo  211/1,059 

   SHEP  Systolic Hypertension in the Elderly Program [ 64 ];  ABCD  Appropriate Blood pressure Control in Diabetes (N Engl J Med. 2000;343:1969); 
 FACET  Fosinopril Amlodipine Cardiovascular Events Trial (Diabetes Care. 1998;21:1779–1780);  UKPDS  United Kingdom Prospective Diabetes 
Study #39 [ 63 ];  NORDIL  Nordic DILtiazem study (Lancet. 2000;356:359–365);  Syst-Eur  Systolic hypertension in Europe trial (N Engl J Med. 
1999;340:677–684);  MICRO-HOPE  MIcroalbuminuria, Cardiovascular and Renal Outcomes-Heart Outcomes Prevention Evaluation [ 52 ];  Syst- 
China   Systolic Hypertension in China study (Arch Intern Med. 2000;160:211–220);  INSIGHT  International Nifedipine GITS Study: Intervention 
as a Goal in Hypertension Treatment (Hypertension. 2003;41:431–6);  PROGRESS  Perindopril pROtection aGainst Recurrent Stroke Study (Blood 
Press. 2004;13:7–13);  IDNT  Irbesartan Diabetic Nephropathy Trial [ 41 ];  RENAAL  Reduction of Endpoints in Non-Insulin Dependent Diabetes 
Mellitus with the Angiotensin II Antagonist Losartan [ 42 ];  IRMA-2  IRbesartan in patients with type 2 diabetes and Microalbuminuria study #2 
[ 44 ];  LIFE  Losartan Intervention For Endpoint reduction trial [ 36 ];  ALLHAT  Antihypertensive and Lipid-Lowering to prevent Heart Attack Trial 
[ 53 ];  CONVINCE  Controlled ONset Verapamil INvestigation of Cardiovascular Endpoints (JAMA. 2003;289:2073–2082);  INVEST  International 
Verapamil-trandolapril STudy (Hypertension. 2004;44:637–642);  SCOPE  Study on Cognition and Prognosis in the Elderly (Blood Press. 
2005;14:31–37);  PERSUADE  PERindopril SUbstudy in coronary Artery disease and DiabetEs (Eur Heart J. 2005;26:1369–1378);  DIAB-HYCAR  
DIABetes, Hypertension, microalbuminuria or proteinuria, Cardiovascular events And Ramipril study (BMJ. 2004;328:495, erratum 686);  DETAIL  
Diabetics Exposed to Telmisartan And enalaprIL Study[ 50 ];  ASCOT  Anglo-Scandinavian Cardiac Outcomes Trial [ 61 ];  ADVANCE  Action in 
Diabetes and Vascular disease: preterAx ®  and diamicroN-mr ®  Controlled Evaluation (Lancet. 2007;370:829–840);  CASE-J  Candesartan 
Antihypertensive Survival Evaluation in Japan (Hypertens Res. 2010;33:600–606);  ONTARGET  ONgoing Telmisartan Alone or in combination 
with Ramipril Global Endpoint Trial [ 56 ];  ACCOMPLISH  Avoiding Cardiovascular events through COMbination therapy in Patients LIving with 
Systolic Hypertension [ 62 ];  PRoFESS  Prevention Regimen for Effectively Avoiding Second Strokes (N Engl J Med. 2008:359:1225–1237); 
 TRANSCEND  Telmisartan Randomized AssessmeNt Study in angiotensin Converting Enzyme-inhibitor iNtolerant subjects with cardiovascular 
Disease (Lancet. 2008;371:1174–1183)  
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The results from a new network meta-analysis of these data are 
shown in Fig.  10.6 . These data support (and extend) the 2005 
analyses of the Blood Pressure Lowering Treatment Trialists’ 
Collaboration, which suggested that there were few important 
outcome differences across randomized agents. These data are 
confounded by the fact that most placebo-treated patients in 
these studies received other antihypertensive agents, in addi-
tion to the randomized therapy, which dilutes the protective 
effect of the active agent. Most authorities now hold that most 
truly signifi cant differences (when they exist) in these analyses 
are more likely due to lack of statistical power, study design 
issues, and other technical factors, rather than a clear superior-
ity of one drug class over another.

        Angiotensin Receptor Blockers 
 Angiotensin II receptor blockers offer many advantages for 
the treatment of hypertension in type 2 diabetics. They are 
generally effective in lowering blood pressure (particularly 
when combined with a diuretic or calcium antagonist), are 
well tolerated (even better than placebo in several compara-
tive trials in nondiabetics), reduce proteinuria and albumin-
uria (both acutely and chronically), prevent major 
cardiovascular and renal events, and are contraindicated only 
in patients immediately before or during pregnancy, with 
known renovascular hypertension, or prior allergy to the 

 specifi c agent. Several ARBs are now generically available, 
although none are currently on most $4/month lists. 

 Probably the best clinical trial evidence for an ARB to pre-
vent major cardiovascular events comes from the type 2 dia-
betic subgroup enrolled in the Losartan Intervention For 
Endpoint (LIFE) reduction trial [ 36 ]. Critics will argue that 
this study enrolled only patients with very strict criteria for 
left ventricular hypertrophy, and therefore its results should 
not be generalizable to other patients without such abnormali-
ties. Two years after its publication, the fi rst author of this 
very report pointed out that atenolol, the initial comparator 
agent in LIFE, is a suboptimal once-daily  antihypertensive 
agent [ 37 ]. Despite these objections, however, the 1,195 
 subjects in LIFE all had hypertension, type 2 diabetes, and 
electrocardiographic evidence for left ventricular hypertro-
phy, and were randomized to initial antihypertensive therapy 
with either losartan or atenolol, followed by hydrochlorothia-
zide, and other antihypertensive drugs, as needed. Blood pres-
sures fell from an average of 177/96 mmHg at randomization 
to 146/79 mmHg in the losartan group, compared to 
148/79 mmHg in the atenolol group. The primary composite 
endpoint was cardiovascular death, stroke, or myocardial 
infarction, which was signifi cantly reduced in the group ran-
domized to losartan (relative risk: 0.76, 95 % CI: 0.58–0.98, 
 P  = 0.031), even after statistical adjustment for both baseline 
Framingham risk score and the degree of left ventricular 
hypertrophy. This unusual, post hoc, step was pre-specifi ed in 
the LIFE data analysis protocol, to reduce the probability of a 
Type II statistical error, which was felt to most likely arise 
from an unbalanced randomization process. Both all- cause 
and cardiovascular mortality were also signifi cantly reduced 
in the losartan group (by 39 % and 37 %, respectively). These 
data were consistent with a suggestion, popular from 1995 to 
2005, that how one lowered blood pressure might be an 
important determinant of outcomes [ 38 ]; today, most authori-
ties agree that lowering blood pressure is more important than 
which agent is selected to start the process [ 39 ,  40 ]. 

 Two classic, placebo-controlled, multicenter, prospective, 
randomized clinical trials have made type 2 diabetic nephrop-
athy a “compelling indication” for an ARB, resulting in two 
FDA-approvals for this condition.    Many are not aware that in 
both the Irbesartan Diabetic Nephropathy Trial (IDNT) [ 41 ] 
and the Reduction of Endpoints in Non-Insulin Dependent 
Diabetes Mellitus with the Angiotensin II Antagonist 
Losartan (RENAAL) Trial [ 42 ], potentially eligible type 2 
diabetics had their blood pressures treated with diuretics, 
beta-blockers, and/or other antihypertensive drugs,  before  
randomization to an ARB or placebo or amlodipine (in 
IDNT). The entry criteria for the two studies were only 
slightly different: IDNT required type 2 diabetics between 
30 and 70 years of age, a blood pressure >135/85 mmHg, 
>900 mg/day of proteinuria, and a serum creatinine between 
1 and 3 mg/dL in women or 1.2–3.0 mg/dL in men. 

  Fig. 10.6    Results of a network meta-analysis comparing the risk of 
major cardiovascular events (cardiovascular death, myocardial infarc-
tion, or stroke) in 78,754 diabetic subjects across all randomized drug 
classes (placebo, diuretic, beta-blocker, calcium antagonist, ACE- 
inhibitor, angiotensin II receptor blocker) in 28 clinical trials of antihy-
pertensive drugs (excluding the combination arms of ONTARGET). 
Numbers in  parentheses  are the number of trials using this randomized 
drug class.  Horizontal bars  indicate the 95 % confi dence limits; the 
 boxes  represent the odds ratios (drawn with area proportional to available 
statistical information).  CI  confi dence interval,  ACE-inhibitor  angioten-
sin-converting enzyme inhibitor,  ARB  angiotensin receptor blocker,  CCB  
calcium channel blocker,  CV  cardiovascular. Numbers separated by the 
 slash  below the drug class represent the numbers of diabetics with major 
cardiovascular events/numbers randomized across all trials       
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For RENAAL, type 2 diabetics had to be 30–70 years old, 
with urinary albumin/creatinine ratios of >300 mg/g, and 
serum creatinine levels between 1.3 and 3.0 mg/dL. The 
results, published back-to-back in the  New England Journal 
of Medicine , were astonishingly similar. Blood pressure was 
reduced in IDNT from 159/87 mmHg at randomization, to 
140/77 mm in the group randomized to irbesartan, 
141/77 mmHg in the group randomized to amlodipine, and 
144/80 mmHg in the group randomized to placebo. 
In RENAAL, blood pressures were reduced from 
152/82 mmHg at randomization, to 140/74 mmHg in the 
losartan group, and 142/74 mmHg in the placebo group (at 
the end of the study). Not only was the primary composite 
endpoint for both trials identical (doubling of serum creati-
nine, end-stage renal disease, or death), but also the fi nal 
 P -value comparing the incidence of the primary endpoint 
across the ARB and placebo was exactly 0.02 for each trial! 
The results of traditional meta-analyses summarizing these 
two landmark trials are shown in Fig.  10.7 . It is probably not 
surprising that there was no overall effect on mortality, as the 
average age of the diabetic subjects was nearly 60 years, and 
nearly two-thirds had retinopathy at randomization. However, 
the overall highly signifi cant delay of the primary endpoint, 
and the signifi cant reduction in the number of people requir-
ing renal replacement therapy were impressive. 
Pharmacoeconomic analyses of these and similar outcomes 
studies indicate that ARBs (even at pre-generic prices!) are 
cost-saving within 2 years of institution of therapy in patients 
with either early or late diabetic nephropathy [ 43 ].

   Although not recognized by the US FDA as a valid surro-
gate endpoint, albuminuria and/or proteinuria have been 

extensively studied in both type 1 and type 2 diabetics. 
In nearly all trials, ARBs are quite effective in both reducing 
albuminuria in the short term and preventing its development 
in the longer term (typically 2–4 years). Perhaps the most 
famous trial of this type was the Irbesartan Microalbuminuria 
trial [ 44 ], published simultaneously with IDNT and RENAAL. 
In this prospective trial, 610 type 2 hypertensive diabetics 
with microalbuminuria (20–200 μg/min) were randomized to 
placebo or low or high dose irbesartan for 2 years, and fol-
lowed for the development of frank proteinuria (≥288 mg/
day, and an increase from baseline of ≥15 %). Blood pres-
sures were barely different across the groups (145/84 mmHg 
with placebo, 143/84 mmHg with 150 mg/day, and 
142/84 mmHg with 300 mg/day of irbesartan), and there were 
fewer adverse effects and discontinuations in the drug-treated 
groups. After 2 years, only the group receiving irbesartan at 
300 mg/day showed a signifi cant (70 %) reduction in the inci-
dence of proteinuria; the lower dose had only a trend at 39 %. 
A recent meta-analysis suggested that renin–angiotensin–
aldosterone system inhibitors signifi cantly reduced albumin-
uria in both type 1 and type 2 diabetics, with a larger effect on 
those with higher levels of baseline albuminuria [ 45 ]. 

 Several of the many objections to albuminuria as a valid 
or useful surrogate endpoint in kidney disease in diabetics 
can be summarized by the conclusions of important studies. 
In type 1 diabetes especially, the degree of albuminuria var-
ies considerably, depending on recent blood pressure con-
trol, volume status, dietary sodium intake, and other factors. 
One prospective study of 75 normotensive type 1 diabetics 
without albuminuria at baseline suggested that patients with 
an increase in blood pressure during sleep predicted the 

  Fig. 10.7    Results of traditional 
Mantel–Haenzsel meta-analyses 
of comparisons of an angiotensin 
receptor blocker (irbesartan or 
losartan) vs. placebo in two 
landmark trials of type 2 diabetic 
nephropathy. Data from references 
[ 41 ,  42 ]. Horizontal bars 
correspond to the 95 % confi dence 
limits for each comparison;  solid 
boxes  are drawn in proportion to 
the number of subjects 
experiencing each endpoint 
(compared to the referent primary 
composite endpoint).  ARB  
angiotensin receptor blocker,  95 % 
CI  95 % confi dence interval,  IDNT  
Irbesartan Diabetic Nephropathy 
Trial,  RENAAL  Reduction of 
Endpoints in Non-Insulin 
Dependent Diabetes Mellitus with 
the Angiotensin II Antagonist 
Losartan. Note that these analyses 
ignore otherwise valid data from 
the amlodipine arm of IDNT       
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development of microalbuminuria [ 46 ]. This issue can pre-
sumably be overcome by requiring two successive determi-
nations above threshold (e.g., as in the Irbesartan 
Microalbuminuria trial [ 44 ]). Secondly, a 3.2-year clinical 
trial that enrolled 4,447 type 2 diabetics without albumin-
uria, comparing 40 mg of olmesartan vs. placebo, showed a 
slightly lower offi ce blood pressure (by 3.1/1.9 mmHg), a 
slowing of the rate of onset of microalbuminuria (by 23 %, 
95 % CI: 6 %–37 %,  P  = 0.01), no difference in nonfatal car-
diovascular events ( P  = 0.37), but an increase in cardiovascu-
lar death (15 vs. 3,  P  = 0.01) in the olmesartan group [ 47 ]. 
Although the excess death rate has been attributed to chance, 
an imbalance in the numbers of patients with known coro-
nary heart disease, and other factors, many would argue that 
it takes far longer than 3.2 years for the disease process in 
hypertensive diabetics to progress from microalbuminuria to 
clinical cardiovascular events, suggesting that this study was 
underpowered to detect a signifi cant difference in the “hard 
endpoints” of stroke, myocardial infarction, or cardiovascu-
lar death. The role of albuminuria as an outcomes effect 
modifi er in chronic kidney disease is likely to remain contro-
versial for some years to come [ 48 ].  

    ACE-Inhibitors 
 ACE-inhibitors share many of the advantages of ARBs for 
the treatment of diabetics with hypertension, but carry the 
added risk of chronic, nonproductive cough (~13 %) and 
angioedema (0.7 %). Perhaps because they were the fi rst 
available agents that directly inhibited the renin–angiotensin 
system, they have been well tested in clinical trials that 
included diabetics. Perhaps the most illustrative is the 
Captopril Collaborative Study Group’s comparison of capto-
pril vs. placebo in type 1 diabetics with nephropathy [ 49 ]. 
This trial enrolled 409 type 1 diabetics with urinary protein 
excretion >500 mg/day and serum creatinine <2.5 mg/dL, 
and used doubling of serum creatinine as the primary end-
point. After a 3-year median follow-up period, blood pres-
sure differences between the groups were <2/4 mmHg; 
signifi cantly fewer patients in the captopril-treated group 
experienced doubling of serum creatinine (25 vs. 43, 
 P  = 0.007), or the secondary composite (but clinically impor-
tant) endpoint of death, dialysis, or transplantation (23 vs. 
42,  P  = 0.006). 

 This landmark study made it diffi cult to justify doing sim-
ilar placebo-controlled renal outcome trials in type 2 diabet-
ics, as it was widely assumed that similar benefi ts should 
accrue. One head-to-head comparison of an ARB with an 
ACE-inhibitor has been done in type 2 diabetics, but it used 
the surrogate endpoint of decline in glomerular fi ltration rate 
(measured by iohexol clearance) as its primary outcome 
measure, and was successful in establishing statistical “non- 
inferiority” of telmisartan with enalapril in a 5-year study of 
250 type 2 diabetics [ 50 ]. Many feel that this endpoint was 

not as robust as those used in previous renal studies, and may 
have been unduly infl uenced by lack of a fi nal measurement 
in 14 % of the telmisartan- and 13 % of the enalapril-treated 
subjects. Many other trials have established ACE-inhibitors 
as being particularly valuable for reducing proteinuria and 
delaying the progression of chronic kidney disease in patients 
without diabetes [ 51 ]. 

 ACE-inhibitors have also been studied extensively to pre-
vent cardiovascular disease events in diabetics. Perhaps the 
most optimistic effects were seen with ramipril in the 3,677 
diabetics randomized in the Heart Outcomes Prevention 
Evaluation (HOPE) [ 52 ]. Although stopped 6 months earlier 
than planned, the diabetics randomized to ramipril enjoyed a 
highly signifi cant 25 % relative risk reduction for the primary 
composite endpoint of cardiovascular death, myocardial 
infarction, or stroke, as well as signifi cant reductions in each 
of its components, as well as a 24 % reduction in all- cause 
mortality and development of >300 mg/day of proteinuria. 
Later trials enrolling large numbers of diabetics and nondia-
betics, which compared placebo with either perindopril or 
trandolapril, were not nearly as positive, probably because of 
more extensive and appropriate treatment of other risk fac-
tors in both randomized groups (including antiplatelet agents, 
beta-blockers in subjects with a history of myocardial infarc-
tion, and lipid-lowering agents). The overwhelmingly posi-
tive results of HOPE and its diabetic substudy might be 
attributed to the reluctance of the Data Safety and Monitoring 
Board to halt the trial, which would be far more likely today 
(for many reasons) than in 1999. 

 It is important to balance the perhaps uniquely positive 
results of HOPE and its diabetic substudy by contrasting it 
with the results of the clinical trial that enrolled the largest 
number of type 2 diabetics ever, the Antihypertensive and 
Lipid-Lowering to prevent Heart Attack Trial (ALLHAT) 
[ 53 ], discussed further below. In their enrolled cohort of 
13,101 diabetics, lisinopril was not superior to chlorthali-
done in preventing any type of cardiovascular event, and may 
have been signifi cantly worse in preventing stroke in black 
subjects (diabetic or not). 

 Many small studies in diabetes, heart failure, chronic kid-
ney disease, and other conditions suggested that combining an 
ACE-inhibitor and an ARB might be benefi cial. This seemed 
especially promising for reduction of albuminuria in diabetics 
[ 54 ], or prevention of death or rehospitalization in patients 
with systolic heart failure [ 55 ]. However, when the large trial 
(with 25,620 randomized subjects) was undertaken combin-
ing full doses of telmisartan + ramipril, there was a slightly 
lower blood pressure in the group given the combination, but 
no improvement in cardiovascular events, signifi cantly more 
hyperkalemia and renal dysfunction [ 56 ], and a signifi cantly 
greater risk of the composite of doubling of serum creatinine, 
end-stage renal disease, or death [ 57 ]. Among the 9,612 
enrolled diabetics, similar (nonsignifi cant) trends were 
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observed for these important endpoints. These data suggested 
that there were few differences between full doses of an ACE-
inhibitor and an ARB, and that the combination might be 
harmful to the kidney. More recently, losartan (100 mg/day) 
was given to 1,448 type 2 diabetics with an albumin/creati-
nine ratio of >300 mg/g and a baseline estimated glomerular 
fi ltration rate ( e GFR) between 30 and 89.9 mL/min/1.73 m 2 , 
to which was added either placebo or lisinopril (10–40 mg/
day). Although originally intended to compare regimens with 
regard to a “hard renal endpoint” (a composite of the fi rst 
occurrence of decline in  e GFR ≥30 mL/min/1.73 m 2  if base-
line  e GFR was ≥60 mL/min/1.73 m 2 , decline in  e GFR of 
≥50 %, end-stage renal disease, or death), the trial was termi-
nated early (despite a nonsignifi cant 12 % reduction in the 
primary composite endpoint) because of excess hyperkalemia 
(6.3 vs. 2.6 events per 1,000 person- years in the combination 
vs. monotherapy arms) and acute kidney injury (12.2 vs. 6.7 
events per 1,000 person-years) [ 58 ]. These data confi rmed the 
potential harms of combining an ACE-inhibitor + ARB in 
type 2 diabetics, which increased the risk of shared toxicities 
(e.g., hyperkalemia, increase in serum creatinine), with no 
major benefi t on cardiovascular or renal outcomes.  

   Renin Inhibitor(s) 
 The newest method of interfering with the renin–angiotensin 
system attacks the rate limiting step: hydrolysis of angioten-
sinogen to angiotensin I, by directly inhibiting renin. 
Aliskiren, the original renin inhibitor, was launched in 2007, 
and seemed to have many of the advantages of an ARB: dose-
dependent blood pressure reductions, excellent tolerability 
profi le, and contraindications only for pregnancy and renal 
artery disease. The initial trial in hypertensive type 2 diabetics 
with an early morning albumin/creatinine ratio between 300 
and 3,499 mg/g compared losartan 100 mg/day, with or with-
out aliskiren force-titrated from 150 mg/day for 3 months, to 
300 mg/day, for another 3 months [ 59 ]. The results were quite 
promising: only a little (and nonsignifi cant) lowering of blood 
pressure, quite similar adverse effects, and a 20 % overall 
reduction in albumin/creatinine ratio, with aliskiren + losar-
tan, compared to losartan alone. This led to high expectations 
about the “hard outcomes study” that compared adding aliski-
ren (300 mg/day) to either an ACE-inhibitor or an ARB in 
8,561 diabetics with chronic kidney disease, cardiovascular 
disease, or both. Although blood pressure and albuminuria 
were slightly lower in the group given aliskiren, the study was 
stopped prematurely because of signifi cantly higher risk of 
hyperkalemia, hypotension, or adverse effects requiring dis-
continuation of drug therapy in the aliskiren group [ 60 ]. After 
the announcement of the trial’s early termination, other trials 
of aliskiren in diabetics and marketing efforts for all dose 
forms of the aliskiren + valsartan combination were halted, 
and the FDA-approved product information for aliskiren was 
updated to include a contraindication for combining aliskiren 

with either an ARB or ACE-inhibitor in diabetics, and a 
warning against using aliskiren in patients with an  e GFR 
<60 mL/min/1.73 m 2 , if the patient is already taking an ACE-
inhibitor or ARB. 

 A recent post hoc analysis of the trial comparing the com-
bination of telmisartan + ramipril to monotherapy with either 
in type 2 diabetics also showed a higher risk of hypotension, 
hyperkalemia, and the need for acute dialysis in those receiv-
ing dual inhibitors of the renin–angiotensin system [ 61 ]; 
excess risk was also observed in the losartan + lisinopril- 
treated group of the more recent trial funded by the 
Department of Veterans Affairs [ 58 ]. Taken together, these 
data indicate that monotherapy should be more advantageous 
than combining two drugs that interfere at different sites of 
the renin–angiotensin–aldosterone cascade.  

   Calcium Antagonists 
 Both dihydropyridine and non-dihydropyridine calcium 
antagonists have been used to lower blood pressure in many 
diabetic patients, based on a number of clinical trials. Early 
studies of non-dihydropyridine calcium antagonists showed 
mild-to-moderate reductions in proteinuria, which are often 
additive to those of renin–angiotensin system inhibitors, 
whereas “naked” dihydropyridine calcium antagonists tend 
to increase proteinuria, and were signifi cantly inferior to an 
ARB in IDNT in preventing its renal endpoints [ 41 ]. 
As a result, most physicians now use calcium antagonists in 
combination with a renin–angiotensin-system inhibitor, as 
was commonly the case in RENAAL [ 42 ]. Calcium antago-
nists have no major adverse effect on glucose or cholesterol 
metabolism, are reasonably well tolerated, and have plentiful 
outcomes data from randomized clinical trials in both dia-
betic and nondiabetic hypertensives. 

 Two trials are especially illustrative of the potential ben-
efi ts of calcium antagonists in diabetics: the Anglo- 
Scandinavian Cardiac Outcomes Trial (ASCOT) and the 
Avoiding Cardiovascular events through COMbination ther-
apy in Patients LIving with Systolic Hypertension 
(ACCOMPLISH). The former compared amlodipine (with 
perindopril, as needed) and atenolol (with bendrofl umethia-
zide, as needed), with fatal or nonfatal myocardial infarction 
as the primary endpoint. Concomitantly, eligible subjects 
were randomized to atorvastatin or placebo, which was so 
successful in reducing the incidence of the primary endpoint 
that it was stopped early, leaving the blood pressure- lowering 
arm of the trial with lower-than-expected statistical power. 
This was thought to justify a change in the primary outcome 
measure to total cardiovascular events and procedures for all 
pre-specifi ed subgroup analyses, including that for the 5,137 
diabetics [ 62 ]. Although the study protocol recommended a 
target of <130/80 mmHg for diabetics, their blood pressure 
was reduced, at 1 year, to 143/81 and 148/84 mmHg, in the 
amlodipine and atenolol groups, respectively, and to 137/76 
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and 136/75 mmHg at the end of the study. During follow-up, 
the Kaplan–Meier curves for total cardiovascular events and 
procedures in diabetics were    superimposable for the fi rst 3 
years, but diverged thereafter, resulting in an overall signifi -
cant advantage for the amlodipine-treated group ( P  = 0.0261). 
This difference was presumably driven by putatively signifi -
cant differences ( P  < 0.05, uncorrected for multiple compari-
sons) in fatal and nonfatal stroke, chronic stable angina, 
nonfatal stroke, peripheral arterial disease, and other revas-
cularization procedures, all favoring amlodipine. The origi-
nal primary outcome measure was not signifi cant ( P  = 0.46), 
although the trend favored amlodipine. Overall, these results 
in diabetics paralleled those seen in the entire ASCOT study 
cohort, and have been criticized by those who believe that 
secondary outcomes can be properly evaluated only if the 
primary outcome is signifi cant. 

 The ACCOMPLISH trial enrolled 11,505 high-risk hyper-
tensive subjects (including 6,946 with diabetes), and random-
ized them to initial therapy with benazepril and either 
amlodipine or hydrochlorothiazide [ 63 ]. The primary out-
come measure was a composite of cardiovascular death, 
myocardial infarction, stroke, hospitalization for angina, 
resuscitated cardiac arrest, or coronary revascularization. The 
protocol recommended a target blood pressure of 
<130/80 mmHg for all diabetics, but the average offi ce blood 
pressures were 132/73 and 133/74 mmHg in the amlodipine- 
and hydrochlorothiazide-treated groups during follow-up. 
Despite its early termination due to superiority of amlodipine 
over hydrochlorothiazide, diabetics randomized to the former 
therapy enjoyed a signifi cant 23 % reduction in the primary 
endpoint ( P  = 0.003), with signifi cantly lower rates of coro-
nary events (revascularization and the composite of myocar-
dial infarction, unstable angina pectoris, or sudden cardiac 
death). In addition, the post hoc renal endpoint (increase in 
serum creatinine by >50 % and above the reference range) 
was signifi cantly reduced in incidence by 47 % (95 % CI: 
36–55 %,  P  < 0.001) in diabetics, and even more in nondia-
betics (62 %). These data have caused some guideline com-
mittees to favor a calcium antagonist over hydrochlorothiazide 
as second-line antihypertensive therapy for diabetics, but 
most ALLHAT investigators believe that chlorthalidone may 
have produced different results, if it had been used instead of 
the much shorter-acting and less potent hydrochlorothiazide.  

   Beta-Blockers 
 As discussed above, most authorities currently recommend a 
beta-blocker for diabetics only if there is a compelling indi-
cation (e.g., post-MI, heart failure with preserved left ven-
tricular function), because of their propensity to mask 
hypoglycemic signs and symptoms, potential hyperglyce-
mia, and reduction of exercise tolerance (which may pro-
mote weight gain). Before concerns about atenolol were 
raised [ 36 ,  37 ,  62 ], the United Kingdom Prospective Diabetes 

Study (UKPDS) 39 randomized 1,158 newly diagnosed type 
2 diabetics with hypertension to twice-daily captopril or 
once-daily atenolol, with a second randomization (discussed 
below) to different target offi ce blood pressure levels. During 
9 years of follow-up, signifi cantly more subjects abandoned 
atenolol than captopril, but there were no signifi cant differ-
ences across treatment arms for any of the several pre- 
specifi ed endpoints (although they all favored atenolol) [ 64 ].  

   Diuretics 
 Diuretics have long been used to lower blood pressure in dia-
betics; for many such patients, attainment of blood pressure 
goals is diffi cult to impossible without a diuretic. These agents 
decrease the intravascular volume that is common in many 
type 2 diabetics, prevent heart failure, and counter the hyperka-
lemic effects of renin–angiotensin system inhibitors. Their 
adverse effects sometimes include erectile dysfunction, hypo-
kalemia, and an increased risk of worsening glycemic control. 

 There is nonetheless a solid base of clinical trial evidence 
supporting the use of diuretics for hypertensive diabetics. In 
the Systolic Hypertension in the Elderly Program (SHEP) 
trial, chlorthalidone-based therapy was signifi cantly better 
than placebo in reducing major cardiovascular disease 
events, with the same 34 % relative risk reduction, but a two-
fold higher absolute risk reduction [ 65 ]. A meta-analysis 
from the Individual Data Analysis of Antihypertensive Drug 
Interventions project that included the Hypertension 
Detection and Follow-up Program, European Working Party 
on Hypertension in the Elderly, Swedish Trial of Older 
Patients with Hypertension, and SHEP showed a signifi cant 
reduction in stroke (36 %) and major cardiovascular events 
(20 %) with an initial diuretic, compared to control interven-
tion [ 66 ]. Lastly, and perhaps most importantly, as briefl y 
mentioned above, the ALLHAT trial enrolled more diabetics 
than any other trial, and concluded that the diuretic they 
chose, chlorthalidone, was superior to all other classes of ini-
tial antihypertensive drugs for preventing one or more forms 
of cardiovascular disease among all hypertensives, as well as 
diabetics [ 53 ]. This conclusion, based largely on the inclu-
sion of heart failure as an independent endpoint, rather than 
part of a composite (as originally planned), was originally 
quite controversial. Since then, the controversy has shifted to 
how large the differences are between chlorthalidone and the 
much more popular hydrochlorothiazide. Using very selec-
tive criteria that included data from only 9 trials, investiga-
tors from Connecticut concluded that chlorthalidone was 
clearly superior to hydrochlorothiazide in preventing cardio-
vascular events [ 67 ]; other investigators did not fi nd a signifi -
cant difference in outcomes between the two drugs in two 
other network meta-analyses that included data from 5 and 
83 clinical trials [ 68 ,  69 ], although outcomes data (particu-
larly in preventing heart failure) are far more plentiful with 
chlorthalidone [ 70 ].  
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   Other Drug Classes 
 Most authorities agree that an alpha-1 adrenergic antagonist 
was inferior to low-dose chlorthalidone in preventing heart 
failure and combined cardiovascular disease events in 
ALLHAT diabetics [ 71 ]. There are many possible explana-
tions for this disparity, including the use of seated (rather 
than standing) blood pressures, but it reinforces the impor-
tance of hard endpoints in clinical decision-making. Many 
previous studies had shown putatively benefi cial effects of 
alpha-1 blockers on blood pressure and glucose and lipid 
metabolism, which were also seen in ALLHAT, but eventu-
ally found to be less important for preventing cardiovascular 
disease outcomes. Centrally acting alpha-2 agonists are 
sometimes needed to control blood pressure, and have few 
adverse metabolic effects, but sedation, dry mouth, and other 
common adverse effects make them less popular for routine 
therapy of hypertension. Aldosterone antagonists are also 
occasionally useful, but hyperkalemia and worsened renal 
impairment are common adverse effects.    

    Blood Pressure Treatment Targets 
for All Diabetics? 

 Controversy currently exists regarding the wisdom of a 
lower-than-usual blood pressure target for all diabetics. This 
had been a basic tenet in the diabetes and hypertension com-
munities for many years, but has recently been challenged by 
the ACCORD trial. 

 Evidence supporting a lower-than-usual blood pressure 
target came from at least three clinical trials: the UKPDS, the 
Hypertension Optimal Treatment Study, and a small 
multiple- intervention trial in Denmark. Back in 1985, 1,148 
newly diagnosed type 2 diabetics in the United Kingdom 
were randomized to a “lower blood pressure target” 
(≤150/85 mmHg) or “less tight control” (≤180/100 mmHg), 
and followed for 8.4 years [ 72 ]. The group randomized to the 
lower target achieved a mean blood pressure of 144/84 mmHg, 
compared to 154/87 mmHg for the other group, and suffered 
signifi cantly fewer diabetes-related endpoints (the primary 
outcome measure, by 24 %), deaths (32 %), strokes (44 %), 
and microvascular endpoints (37 %). Formal cost- 
effectiveness analyses, based on then-current British health-
care costs, indicated that lowering blood pressure to the 
lower target saved both discounted disease-free life-years 
 and  money (£1,049 per endpoint-free year of life saved) 
[ 73 ]. Note that the incremental blood pressure reduction 
between the two randomized groups seen in UKPDS 
(10/5 mmHg) was  exactly  that recommended a year earlier 
(for diabetics compared to nondiabetics) by the 1997 US 
hypertension guidelines committee, which was also sup-
ported by a pharmacoeconomic analysis showing overall 
cost-savings for the lower target [ 74 ]. The second trial that 

showed a signifi cant benefi t of a lower-than-usual blood 
pressure target for diabetics randomized 1,501 diabetics 
(among the enrolled total of 18,790 subjects) to diastolic 
blood pressures of ≤80, ≤85, or ≤90 mmHg [ 75 ]. Over a 
median of 3.8 years of follow-up, diabetics randomized to 
the lowest diastolic BP had a signifi cant, 51 % lower risk of 
major cardiovascular events, compared to those randomized 
to ≤90 mmHg. The results of this trial were therefore used to 
support lowering the diastolic blood pressure target for dia-
betics to <80 mmHg in many national and international 
guidelines written between 1998 and 2012. This target was 
seemingly supported by a small trial of 180 type 2 diabetics 
in Denmark, which showed a signifi cant 55 % reduction in 
the risk of cardiovascular complications in those who 
received “intensive therapy,” which included a lower-than- 
usual blood pressure target [ 76 ]. Extended follow-up for 
another 5.5 years demonstrated a signifi cant 45 % reduction 
in overall mortality in the “intensive therapy” group [ 77 ]. 

 The largest and most direct test of the lower blood pres-
sure target for diabetics was the ACCORD trial, which 
enrolled 10,251 subjects, and randomized them to a systolic 
blood pressure of <140 or <120 mmHg [ 35 ]. Although some 
argue that the <120 mmHg is too low, the average achieved 
systolic blood pressure in this group was 119 mmHg, prov-
ing that it was possible to meet such a low goal. However, the 
overall cardiovascular event rates were not signifi cantly dif-
ferent ( P  = 0.20), although the 12 % relative risk reduction 
favored the lower goal; only the secondary endpoint of fatal 
or nonfatal stroke was reduced signifi cantly (by 41 %, 
 P  = 0.01). Because of its large size, the ACCORD results 
overwhelm those of earlier trials, and have infl uenced many 
recent guideline committees to revise or reject previous rec-
ommendations for a lower-than-usual blood pressure treat-
ment target for all diabetics. 

 There does seem to be some support, however, for a 
lower-than-usual blood pressure treatment target for diabet-
ics with nephropathy, based on post hoc analyses of both 
IDNT and RENAAL. This makes perfect sense from the pre-
cepts of preventive medicine, as the recommended treat-
ments are nearly always more intensive (and more benefi cial) 
for high-risk, compared to low-risk, groups. This principle is 
supported by analyses of stroke prevention with antihyper-
tensive drugs, previously recommended targets for LDL- 
cholesterol reduction across the cardiovascular risk 
continuum, and former post-exposure prophylaxis for 
needlesticks that might transmit the human immunodefi -
ciency virus. So several very recent guidelines have recom-
mended a lower-than-usual blood pressure for diabetics [ 2 ] 
(and nondiabetics) [ 48 ] if microalbuminuria (albumin/creati-
nine ratio >30 mg/g) is present. While one might argue that 
this recommendation is not completely evidence based, it fi ts 
with the more intensive treatment of predictors of outcomes 
that is common in other disease states. 
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 To summarize, the optimal treatment of hypertension in 
diabetics is still quite controversial, but probably includes 
lifestyle modifi cations whenever feasible, one inhibitor of 
the renin–angiotensin system, and suffi cient other antihyper-
tensive medications to keep the blood pressure at a level 
inversely proportional to the absolute risk of cardiovascular 
and renal disease in the individual patient, based on assess-
ment of all other risk factors, including albuminuria.     
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        Diabetes and chronic kidney disease (CKD) lead to excess 
cardiovascular disease. Together these two entities have even 
more cardiovascular risk leading to excess morbidity and 
mortality. In fact, adverse cardiovascular outcomes are sig-
nifi cantly more likely than end stage renal disease (ESRD) in 
patients with diabetic nephropathy. These diseases (diabetes, 
CKD, and cardiovascular diseases) are growing major public 
health problems as illustrated by the prevalence and costs 
illustrated in Fig.  11.1 . This chapter will review selected 
aspects of cardiovascular disease in patients with diabetic 
nephropathy. Because there is abundant literature in these 
areas, references are only selective and representative.

      Cardiovascular Disease in Diabetes 

 Diabetes is well known to cause excess cardiovascular dis-
ease in general [ 1 ]. This has been most examined in terms of 
the incidence of coronary heart disease leading to myocardial 
infarction. In fact, diabetes has been considered a coronary 
heart disease equivalent by the National Cholesterol Education 
Program [ 2 ,  3 ]. This consideration as a coronary heart disease 
equivalent is derived from the fact that patients with type 2 
diabetes are at the same risk for a myocardial infarction as 
those that have had a previous myocardial infarction. Many 
studies have examined this relationship and various aspects. 
Both the Framingham Heart Study and the Multiple Risk 

Factor Intervention Trial (MRFIT) suggested that the risk for 
cardiovascular disease is twofold or threefold higher in men 
and women respectively even after adjusting for age and the 
presence of other risk factors such as hypertension, smoking, 
hyperlipidemia, and left ventricular hypertrophy [ 4 ,  5 ]. This 
risk is probably higher in those with type 1 diabetes, but the 
prevalence of type 2 diabetes is much higher and therefore the 
greatest public health impact is with type 2 diabetes. 

 Glucose intolerance even in the absence of overt diabetes 
is also associated with excess cardiovascular risk, for exam-
ple [ 6 ]. In addition to the risk directly from diabetes and 
impaired glucose tolerance, patients with diabetes also have 
a greater incidence of other cardiovascular risk factors such 
as hypertension, obesity, hyperlipidemia, and elevated fi brin-
ogen. The combination of obesity, hypertension, diabetes, 
and hyperlipidemia has been labeled the metabolic syn-
drome, and also referred to as syndrome X [ 7 ]. Obesity- 
related infl ammation may be one of the mechanistic links in 
these relationships [ 8 ]. Microalbuminuria, which occurs 
early in diabetic nephropathy, is associated with increased 
cardiovascular disease in both diabetic and non-diabetic 
patients. This has been demonstrated in numerous studies, 
including the HOPE (Heart Outcomes Prevention Evaluation) 
trial [ 9 ]. The risk increases progressively with increasing 
levels of microalbuminuria. This was also seen in the United 
Kingdom Prospective Diabetes Studies (UKPDS) [ 10 ]. 
Several studies have suggested that microalbuminuria and 
reduced glomerular fi ltration rate (GFR) are independent 
risk factors for cardiovascular disease and diabetics [ 11 ]. 

 Traditional cardiovascular risk factors do not fully explain 
the cardiovascular risks associated with diabetes and obesity. 
A variety of mechanisms in addition to the effects of hyper-
tension and altered lipid metabolism may contribute to the 
cardiovascular disease risk in diabetes. These potential 
mechanisms include endothelial dysfunction, infl ammation, 
platelet activation, and other coagulation abnormalities. 

 From a clinical standpoint, these considerations have led 
to the general approach that patients with diabetes have to be 
considered to have a very high likelihood of having heart 
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disease and treated aggressively. In addition, there is recog-
nition that diabetic patients often have less symptoms with 
coronary events than patients without diabetes, in large part 
secondary to autonomic denervation of the heart.  

    Cardiovascular Disease in Chronic Kidney 
Disease 

 CKD is also independently associated with increased cardio-
vascular disease. This can again be illustrated by USRDS 
(United States Renal Data System) data, Fig.  11.2 . Numerous 
studies over the last decade have documented that cardiovas-
cular disease incidence and mortality are increased in asso-
ciation with both decreased GFR and separately with 
increased urinary albumin, e.g., [ 12 ,  13 ]. This holds true both 
for patients without diabetes and have with diabetes. The 
increased cardiovascular disease have been well known in 
dialysis patients for decades but the data for CKD only began 
accumulating some 10–12 years ago. This increased cardio-
vascular disease has been noted for both coronary artery dis-
ease and overall cardiovascular mortality [ 12 ]. The increased 
mortality appears to begin as GFR decreases below 60 mL/
min/1.73 m 2  [ 12 ,  14 ]. In fact, mortality, mostly cardiovascular 
mortality, is a “competing risk” to ESRD for patients with 
CKD—many patients with CKD including those with diabe-
tes die without reaching ESRD [ 15 ,  16 ]; this is particularly 
true in older individuals. Most of the patients with CKD have 
several other cardiovascular risk factors and so analysis has 
to accurately account for the other risk factors. And these 
other risk factors such as hypertension, metabolic syndrome, 

diabetes, dyslipidemia, etc. correlate with the severity of the 
kidney disease. In addition, a variety of non-traditional risk 
factors are prevalent in both CKD and CV diseases; such fac-
tors include mediators or markers of infl ammation, oxidative 
stress, endothelial dysfunction, coagulation, defects microal-
buminuria, etc.

   Patients with kidney disease also have worse prognosis 
after many cardiovascular events such as myocardial infarc-
tion and percutaneous coronary procedures [ 13 ,  17 ]. The rea-
sons for these worse outcomes are likely multiple including 
other comorbid conditions. Unfortunately, there are also data 
that demonstrate that patients with kidney disease are less 
likely to be treated aggressively preventively prior to cardio-
vascular events. Part of this under-treatment may be that 
patients with kidney disease have been excluded from many 
clinical trials, and also some therapeutic nihilism (percep-
tions that treatments would be ineffective in these compli-
cated patients) may exist. 

 Despite these clear associations between CKD and car-
diovascular disease, incorporation of kidney disease into the 
risk assessment of patients for cardiovascular disease has not 
occurred at many levels. CKD defi nitions and measurements 
or estimations of GFR differ between studies. Therefore the 
full acceptance of CKD as a risk factor for cardiovascular 
disease has remained somewhat limited without incorpora-
tion into most general models of risk prediction such as the 
Framingham score. 

 Another factor which complicates incorporation of renal 
function into risk assessment is that measurement of renal 
function is complicated. Currently renal function is best 
assessed by estimating equations of GFR. The most common 

  Fig. 11.1    Point prevalence distribution and annual costs of Medicare 
(fee-for-service) patients, age 65 and older, with diagnosed diabetes, 
CHF, and CKD, 2011. Adapted from the 2013 USRDS report, [ 39 ]. 
Populations were estimated from a 5 % Medicare sample using a point 

prevalent model. Population was further restricted to patients aged 65 
and older, without ESRD. Diabetes, CHF, and CKD determined from 
claims data; costs were for calendar year 2011       
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equation used is the MDRD (Modifi cation of Diet in Renal 
Disease) equation which uses a function of the inverse of 
serum creatinine, age, sex, and ethnicity to estimate GFR; 
unfortunately this equation has a variety of limitations 
including inaccuracies particularly in the high range of GFR. 
The Chronic Kidney Disease Epidemiology collaboration 
(CKD-EPI) equation is a more recently developed estimating 
equation again based on creatinine but with some more pre-
cision [ 18 ]. Recently, several studies have demonstrated that 
cystatin C may be a better marker of decreased GFR (or at 
least the CV risk associated with CKD) than other methods 
of estimation of GFR, e.g., [ 19 ,  20 ]. In other studies, formula 
or predictive models incorporating cystatin C with other 
parameters achieve the best estimation of subsequent events 
(such as ESRD or mortality) associated with CKD [ 21 ].  

    Cardiovascular Disease in Diabetic 
Nephropathy 

 The preceding discussion indicated that both diabetes and 
CKD are associated with increased cardiovascular morbidity 
and mortality. Together diabetes and CKD, specifi cally in 
most cases from diabetic nephropathy, lead to substantially 
increased morbidity and mortality from cardiovascular dis-
ease. Some 40 % of diabetic patients (known and those undi-
agnosed) in the United States have CKD [ 22 ]. And CKD 
essentially doubles the risk of cardiovascular disease events 
and death in patients with type 2 diabetes [ 23 ]. This additive 
or even multiplier effect is illustrated in Fig.  11.3 . In fact 
some recent data suggest that much of the increased cardio-
vascular risk with diabetes is accounted for by the patients 
that have CKD [ 24 – 26 ]. These data suggest that this holds 

for both type 1 and type 2 diabetes. In other words, diabetes 
per se in the absence of kidney disease is not associated with 
nearly the increased cardiovascular risk as that associated 
with the combination of diabetes and CKD. Several studies 
have indicated that decreased GFR and increased urinary 
albumin are independent risk factors [ 11 ,  12 ,  24 ,  27 ,  28 ]. 
There also is a detrimental compound effect such that the 
presence of both decreased GFR and increased urinary 
 albumin has more than an additive effect to increase cardio-
vascular risk [ 24 ].

   The mechanisms by which kidney disease increases car-
diovascular disease clearly include such associated risk fac-
tors as hypertension, insulin resistance, endothelial 
dysfunction, oxidative stress, and infl ammation. But there 
are likely other aspects that relate specifi cally to renal dys-
function. One candidate for such a renal specifi c effect to 
increase cardiovascular disease is FGF-23 which has clearly 
been shown to be associated with excess cardiovascular dis-
ease in both patients with CKD and ESRD [ 29 – 31 ]. And 
FGF-23 is one of the earliest abnormalities in the hormonal 
disorders associated with mineral metabolism arrangements 
in early CKD [ 29 ]. FGF-23 is associated particularly with 
congestive heart failure but is also associated with increased 
atherosclerosis [ 29 ]. FGF-23 may directly lead to cardiac 
abnormalities [ 32 ]. Additionally, in patients with diabetes 
with CKD, compared to those without diabetes in CKD, the 
abnormalities in FGF 23 are more severe [ 33 ]. There may 
also be other factors as well that lead to increased cardiovas-
cular disease in patients with CKD and end-stage renal dis-
ease, but these have not yet been clearly identifi ed in both 
experimental models and humans. 

 The preventive treatment of the cardiovascular risks in 
patients with diabetic nephropathy include control of blood 

  Fig. 11.2    Cardiovascular disease in patients with or without CKD. Point prevalence Medicare enrollees with CVD, age 66 and older, with fee-
for- service coverage for the entire calendar year of 2011. Adapted from the 2013 USRDS report, [ 39 ]       
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glucose, treatment of dyslipidemia, smoking cessation, anti- 
platelet therapy, and control of blood pressure using inhibi-
tion of the renin-angiotensin system. Aldosterone antagonists 
may also have a role but have not been as well studied. 
The benefi ts of statins in CKD have not been as clear cut 
as in patients without CKD, and the role if any in most 
ESRD patients is limited [ 34 ]. Some therapies (glucose and 
blood pressure control) have clearly been shown to slow the 

progression of the microvascular complications of diabetes 
(e.g., retinal disease, neuropathy) and the progression of the 
kidney disease. However, recent trials of intensive glucose 
control have failed to demonstrate prevention of macrovas-
cular complications of diabetes. For instance, analyses of 
multiple studies of intensive lowering of glucose in type 2 
diabetes failed to demonstrate a benefi t on all-cause mortal-
ity or cardiovascular mortality [ 35 ,  36 ], Fig.  11.4 ; some 

  Fig. 11.3    Relative rates of atherosclerotic vascular disease, congestive 
heart failure, renal replacement therapy, and death compared in a 5 % 
sample of the United States Medicare population in 1998 and 1999 
( n  = 1,091,201). Derived from data in Foley RN, et al. J Am Soc Nephrol. 

2005;16:489–495 [ 23 ].  CHF  congestive heart failure,  AMI  acute myocar-
dial infarction,  VA / TIA  cerebrovascular accident/transient ischemic attack, 
 PVD  peripheral vascular disease,  ASVD  atherosclerotic vascular disease. 
ASVD defi ned as the fi rst occurrence of AMI, CVD/TIA, or PVD       

  Fig. 11.4    Evaluation of the    effects of intensive control of glucose on 
( a ) cardiovascular deaths and ( b ) all-cause mortality.  ACCORD  Action 
to Control Cardiovascular Risk in Diabetes,  ADVANCE  Action in 
Diabetes and Vascular Disease: Preterax and Diamicron Modifi ed 
Release Controlled Evaluation,  UKPDS 33 / 34  United Kingdom 

Prospective Diabetes Study,  VADT  Veterans Affairs Diabetes Trial. 
From Kelly TN, Bazzano LA, Fonseca VA, Thethi TK, Reynolds K, He 
J. Systematic review: glucose control and cardiovascular disease in type 
2 diabetes. Ann Intern Med 2009; 151(6):394–403. Reprinted with per-
mission from The American College of Physicians       
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 benefi ts in some specifi c cardiovascular outcomes were 
found to be counterbalanced by increased risk of severe 
hypoglycemia. In fact, some agents are possibly associated 
with worse cardiovascular outcomes (e.g., sulfonylureas, 
rosiglitazone, insulin). But some trials have found benefi t, 
such as with metformin in the UKPDS study [ 37 ]. Recently 
in the Look AHEAD study, weight loss and increased exer-
cise did not improve the rate of cardiovascular events [ 38 ]. 
Undoubtedly, some, and perhaps most, of the lack of benefi t 
derives from interventions being started long after disease 
processes began. Fortunately, there are many on-going large, 
well- powered trials that may yield additional insight into 
newer therapeutic modalities to control glucose and alter 
 cardiovascular outcomes.

   In sum, cardiovascular disease is a frequent cause of mor-
bidity and mortality in patients with diabetic nephropathy. 
Understanding the intertwined mechanisms and optimal 
therapies are still under intense investigation particularly 
considering the signifi cant health consequences and the large 
population health implications.     
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           Introduction 

 Patients with chronic kidney disease (CKD) and Diabetes 
Mellitus (DM) are at particularly high risk for developing 
Cardiovascular (CV) events. CKD is common among adults 
in the United States. It is estimated that more than 10 % of 
people aged 20 years or older in the United States have CKD 
(  http://www.cdc.gov/diabetes/pubs/factsheets/kidney.htm    ). 
Premature death both from cardiovascular disease (CVD) 
and all causes is higher in adults with CKD compared to 
those without. Individuals with CKD are 16–40 times more 
likely to die than reach End Stage Renal Disease (ESRD) 
(CDC,   www.cdc.gov    ). On the other hand, more than 35 % of 
people aged 20 years or older with diabetes have CKD. DM 
is the leading cause of kidney failure and ESRD (  www.cdc.
gov    ) [ 1 ]. It is associated with high risks of cardiovascular 
morbidity and mortality that are greatly increased in the 
presence of CKD [ 2 ] and leads to a substantial personal and 
economic cost [United States Renal Data System 2012 
Annual Data Report (ADR) Atlas 2012, available from   www.
usrds.org    , accessed August 7, 2013]. An aging population 
with increasing prevalence of diabetes [ 3 ] and an alarming 
rise in the incidence of CKD in the USA [ 4 ] will increase 
even further the burden of diabetic renal disease. 

 High LDL, low HDL, and hypertriglyceridemia are all 
known risk factors for coronary artery disease (CAD). In the 
general population, there is a continuous strong positive 
correlation between the plasma levels of LDL and the risk of 

CAD and coronary mortality [ 5 ]. This chapter aims to defi ne 
the pathophysiology of dyslipidemia in patients with DM 
and CKD and explore its impact on CV mortality. Guidelines 
for evaluation and assessment as well as therapeutic modali-
ties will be outlined.  

    Pathophysiology 

 The spectrum of lipid abnormalities in patients with CKD 
appears to be related to the degree of renal dysfunction as 
well as the degree of proteinuria (Table  12.1 ) [ 6 ]. In patients 
with coexisting diabetes, a large body of evidence suggests a 
central role for lipids contributing to CVD, a pattern termed 
diabetic dyslipidemia. In addition, there is a proinfl amma-
tory milieu at the level of the vascular endothelium due to the 
accumulation of advanced glycation end products that stimu-
lates accelerated atherosclerosis. Considerable work has 
demonstrated that the diabetic lipid profi le possesses an 
intrinsic atherogenicity that is not present in those without 
diabetes [ 7 ].

   Hypertriglyceridemia is common to both patients with type 
2 DM and those with proteinuric dyslipidemia. In type 2 DM, 
it is mainly due to increased availability of circulating glucose 
and FFAs (free fatty acids) as well as decreased lipolysis of 
VLDL. In CKD, the mechanism of hypertriglyceridemia 
appears to be multifactorial and affected by the presence or 
absence of proteinuria. LPL (Lipoprotein lipase) activity is 
signifi cantly reduced, partially due to the presence of circulat-
ing inhibitors [ 8 ]. ApoC-III, an inhibitor of LPL in humans 
[ 9 ], has increased levels in patients with CKD due to decreased 
degradation [ 10 ]. Recent evidence also points to the down-
regulation of glycosylphosphatidylinositol- anchored high 
density lipoprotein-binding protein-1 (GPIHBP1) molecules, 
responsible of anchoring LPL to the endothelium and chylo-
microns [ 11 ]. Two studies have suggested that elevated para-
thyroid hormone level contributes to elevated triglycerides 
(TG) in CKD [ 12 ,  13 ], an effect that seems to be found also in 
patients with primary hyperparathyroidism [ 14 ]. 
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 HDL levels appear to be uniformly decreased in patients 
with CKD as compared to controls. Serum apoA-1 and A-2, 
two of the main lipoprotein component particles of HDL, are 
reduced in diabetic patients with CKD [ 15 ]. Serum levels of 
LCAT (lecithin cholesterol acyltransferase), the enzyme 
responsible for the maturation of HDL via the disposal of 
oxidized fatty acids, are also decreased [ 6 ]. More recent evi-
dence points to an impairment in the functionality of avail-
able HDL in patients with ESRD [ 16 ]. 

 LDL-cholesterol is reported to remain normal through the 
different stages of CKD [ 17 ,  18 ]. Nevertheless, the composi-
tion of LDL is markedly altered, with a predominance of 
small dense LDL [ 19 ,  20 ], suggesting a more relevant role 
for the measurement of small LDL instead of regular LDL 
for CVD assessment. The conversion of IDL to LDL is also 
impaired due to the reduced activity of hepatic lipase in CKD 
[ 21 ]. Several studies point to the increased prevalence of 
elevated Lp(a) levels in patients with CKD [ 22 ,  23 ]. 

 The presence of nephrotic syndrome markedly alters the 
lipid profi le of individuals with CKD. In addition, diabetic 
patients with proteinuria exhibit higher rates of dyslipidemia 
than those without proteinuria [ 24 ]. In a study of patients 
with nephrotic syndrome without complicating DM, Joven 
et al. confi rmed the presence of increased VLDL and LDL as 
well as normal levels of HDL [ 25 ]. They also demonstrated 
elevated levels of apo CIII, further suggesting the inhibition 
of LPL as a factor for decreased catabolism of VLDL and 
elevated TG levels. In a more recent study on rats with the 
nephrotic syndrome, the increased synthesis of fatty acids 
was found to be of hepatic origin, with up-regulation of fatty 
acid synthase and acyl-CoA carboxylase [ 26 ]. 

 In ESRD, the resultant decrease in proteinuria may con-
tribute to the return to the typical profi le of dyslipidemia of 
CKD. In these patients, several additional factors seem to 
contribute to dyslipidemia. HDL particles are dysfunctional in 
both their capacity to act as reverse cholesterol transporters 

and their anti-infl ammatory properties [ 16 ]. Pre-beta- HDL, 
an inhibitor of serum LPL that is not cleared in uremic 
patients, also contributes to hypertriglyceridemia [ 8 ]. 

 Patients undergoing peritoneal dialysis (PD) have several 
lipid abnormalities different from those on hemodialysis 
(HD). The glucose found in high concentration in PD fl uids 
acts as a substrate for further cholesterol synthesis [ 27 ]. 
Continuous protein clearance in PD patients, as compared to 
HD-dependent patients, contributes to a lipid profi le similar 
to those with the nephrotic syndrome [ 28 ]. 

 The presence of insulin resistance (IR), whether intrinsic 
to CKD or secondary to Type 2 DM, further exacerbates lipid 
abnormalities. IR has been described in patients with non-
 DM induced CKD [ 29 ] and is thought to be secondary to 
post-receptor defects [ 30 ]. An additional contribution from 
secondary hyperparathyroidism to the etiology of IR in CKD 
may also be possible [ 31 ]. The effect of IR on lipid metabo-
lism is obviously more pronounced in patients with Type 2 
DM, with resulting high TGs, low HDL, increased small 
dense LDL and apo-B, as well as slightly increased LDL 
(Table  12.2 ) [ 32 ].

   While most studies focus on CKD in patients with Type 2 
diabetes, an analysis of the lipid profi le of the CCT/EDIC 
cohort of patients with Type 1 diabetes demonstrated a 
 specifi c profi le of CKD that is characterized by high TG levels, 
predominantly in the VLDL subclasses [ 2 ].  

    Dyslipidemia, CKD, DM, 
and Cardiovascular Risk 

 The Third Report of the Expert Panel on Detection, 
Evaluation and Treatment of High Blood Cholesterol in 
Adults (Adult Treatment Panel III, or ATP III) from the 
National Cholesterol Education Program (NCEP) considers 
DM as a CAD equivalent [ 33 ]. Death from CVD is two to 

   Table 12.1    Lipid abnormalities in patients with CKD with and without proteinuria   

 CKD stage 1–2  CKD stage 3  CKD stage 4–5 

 Without proteinuria  With proteinuria  Without proteinuria  With proteinuria  Without proteinuria  With proteinuria 

 Total cholesterol  Normal  Increased  Normal  Increased  Normal  Increased 
 LDL  Nl or reduced  Increased  Nl or reduced  Increased  Nl or reduced  Increased 
 HDL  Nl to low  Nl to low  Low  Nl to low  Low  low 
 TGs  Nl to increased  Increased  Increased  Increased  Increased  Increased 

   Table 12.2    Dyslipidemia in patients with DM and/or CKD versus the general population   

 Dyslipidemia without DM or CKD  Diabetic dyslipidemia  Dyslipidemia in CKD  Dyslipidemia in CKD and DM 

 Total cholesterol  Normal or increased  Normal or increased  Normal or decreased  Increased 
 LDL-C  Increased  Increased  Normal  Increased 
 HDL-C  Decreased  Decreased  Decreased  Decreased 
 Triglycerides  Normal  Increased  Increased  Increased 
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three times more common in diabetic patients than in the 
non-diabetic population [ 34 ]. DM has been defi ned as a 
CAD risk equivalent because the likelihood of future events 
may approach that of people without diabetes who have 
already had a myocardial infarction [ 33 ]. An almost similar 
risk appears to be induced by the presence of CKD [ 35 ]. 
Although the Framingham Study [ 36 ] did not show an asso-
ciation between baseline renal function and incident CVD 
events and the results of the First National Health and 
Nutrition Evaluation Survey [ 37 ] did not support moderate 
renal insuffi ciency as an independent risk factor for CVD, 
there is a large body of evidence suggesting the opposite, 
namely that CKD (defi ned as serum creatinine greater than 
1.5 mg/dL [133 μmol/L] and a glomerular fi ltration rate 
(GFR) less than 60 mL/min per 1.73 m 2 ) constitutes a risk 
factor for CVD. Numerous observational studies have shown 
that both a reduced GFR and proteinuria are independently 
associated with an increased risk of cardiovascular events in 
community-based populations [ 38 – 42 ]. Rashidi et al. showed 
that the 9-year rates of cardiovascular death among 1,899 
individuals were 15.7 %, 15.8 %, and 13 % respectively in 
those with history of myocardial infarction but no diabetes or 
CKD, history of diabetes but no myocardial infarction or 
CKD, history of CKD but no myocardial infarction or diabe-
tes [ 43 ]. A serum creatinine level greater than 133 μmol/L 
(1.5 mg/dL) was associated with a 70 % increase in risk of 
all-cause mortality in participants followed up for 5 years in 
the Cardiovascular Health Study [ 44 ]. In the TNT (Treating 
to New Targets) Study, 17.4 % of patients with Type 2 DM 
and CKD experienced a major CV event versus 13.4 % of 
patients with type 2 DM with normal eGFR [ 45 ]. This, in 
addition to several other studies [ 38 ,  46 ] has led the 
National Kidney Foundation and the American College of 
Cardiology (ACC)/American Heart Association (AHA) to 
recommend that CKD be also considered as a CAD risk 
equivalent [ 47 ,  48 ]. 

 When DM is complicated by CKD the cardiovascular risk 
increases dramatically. An increase in this risk is noted 
already in the early stages of microalbuminuria [ 40 ]. People 
with diabetes and microalbuminuria have twice the CVD 
risk of those with normoalbuminuria, and as albuminuria 
progresses and GFR deteriorates, CVD risk increases pro-
gressively [ 2 ]. Death from CVD in patients with CKD is sub-
stantially more frequent than progression to ESRD [ 38 ,  49 , 
 50 ]. Chang et al. showed a multiplicatively synergistic effect 
of diabetes and ESRD for CV-related risks, especially for 
acute myocardial infarction and stroke, of which the adjusted 
hazard ratios (aHRs) [95 % confi dence intervals] were 5.24 
[4.83–5.68] and 2.43 [2.32–2.55], respectively in compari-
son with people without diabetes or ESRD [ 51 ]. New-onset 
diabetes after ESRD had similar effects with aHRs of 4.12 
[3.49–4.87] and 1.75 [1.57–1.95], respectively [ 51 ]. 
Moreover, dyslipidemia in patients with both DM and CKD 

may also increase albuminuria and accelerate progression of 
diabetic kidney disease [ 2 ]. 

 Statin therapy is widely used because it has been proved 
to reduce the incidence of CV events and mortality in diverse 
patient populations at increased risk [ 52 – 54 ]. Data regarding 
the treatment of dyslipidemia and use of statins in patients 
with CKD and DM relies mainly on post hoc and subgroup 
analysis of large statin trials conducted in the general 
population. 

 The Kidney Disease Outcomes Quality Initiative (KDOQI) 
Clinical Practice Guidelines for treating patients with renal 
disease and dyslipidemia were introduced by the National 
Kidney Foundation in an effort to guide management of dys-
lipidemia in people with kidney disease. The recent updated 
KDIGO (Kidney Disease Improving Global Outcomes) 
guidelines emphasized that adverse events related to appro-
priate statin regimens do not occur in higher frequency in 
patients with CKD. Yet, it is not uncommon that the medical 
community, while acknowledging that these patients are at 
very high risk for macrovascular complications, is reluctant to 
treat these patients for concerns of medication side effects 
and effi cacy. 

 Several studies have shown a benefi cial effect of statins 
on kidney function. CARDS (Collaborative Atorvastatin 
Diabetes Study) showed a modest positive effect of atorvas-
tatin therapy on eGFR [ 55 ]. In the HPS (Heart Protection 
Study), GFR decreased less in patients with T2DM on simv-
astatin therapy during a mean 4.8 years of follow-up com-
pared to those not taking statins [ 56 ]. In the GREACE (Greek 
Atorvastatin and Coronary Heart Disease Evaluation) trial, 
atorvastatin treatment was associated with an improvement 
in creatinine clearance [ 57 ]. In a combined analysis across 
the WOSCOPS (West of Scotland Coronary Prevention 
Study), CARE (Cholesterol and Recurrent Events), and 
LIPID (Long-term Intervention with Pravastatin in Ischemic 
Disease) trials, pravastatin was associated with a signifi cant 
small net benefi t in eGFR [ 58 ]. In the TNT (Treating to New 
Targets) Study, there was consistently greater improvement 
in eGFR on 80 mg versus 10 mg of atorvastatin in diabetic 
participants as well as all participants [ 45 ,  59 ,  60 ]. A subse-
quent cohort analysis from the large Veterans Integrated 
Service Network database (VISN 16) showed that statin 
therapy resulted in 13 % decrease in the odds of developing 
kidney dysfunction during 3 years of follow up [ 61 ]. Such an 
effect was not reproduced by others. In the ALLHAT 
(Antihypertensive and Lipid Lowering Therapy to Prevent 
Heart Attack Trial), there was no effect of pravastatin, on 
eGFR [ 62 ]. In a meta-analysis by Strippoli et al. [ 63 ], no 
signifi cant effect of statin therapy on creatinine clearance 
was demonstrated. These confl icting results may have been 
due to the different use of antihypertensive agents, mainly 
angiotensin- converting enzyme inhibitors, in these clinical 
trials. This has led the KDOQI work group to conclude that 
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it is uncertain whether treatment with statins does slow the 
progression of diabetic kidney disease [ 2 ]. 

 The literature on the benefi cial effect of statins and their 
cardiovascular protection in the general population is exten-
sive. However, as mentioned earlier, data on their benefi cial 
effect in patients with diabetes and CKD still relies on sub-
group analysis of the large clinical trials. In CARDS, there 
was an impressive decrease in cardiovascular deaths in peo-
ple with Type 2 DM on atorvastatin in the absence of mark-
edly decreased kidney function [ 55 ]. The CARDS 
investigators found that patients with an eGFR of 30–60 mL/
min/1.73 m 2  (i.e., stage 3 CKD) experienced the same sub-
stantial decreases in CVD end points with atorvastatin ther-
apy as seen in the trial overall. Treatment of 26 such patients 
during 4 years would prevent 1 fi rst major CVD event, and 
38 events would be avoided for every 1,000 patients treated 
for 4 years [ 55 ]. Other studies also support the effi cacy of 
statin therapy for preventing CVD in the presence of impair-
ment of kidney function, including the Pravastatin Pooling 
Project (PPP) [ 64 ], the TNT Study [ 45 ] and the 4S 
(Scandinavian Simvastatin Survival Study) [ 65 ]. In patients 
with CKD, treatment with high dose atorvastatin (80 mg) 
resulted in signifi cant reductions in the risk of cardiovascular 
event, cerebrovascular event, and congestive heart failure 
with hospitalization compared to lower dose atorvastatin 
(10 mg) [ 45 ]. Patients in the HPS with diabetes and CVD 
received the greatest benefi t from statin therapy. Data from 
the HPS and the Pravastatin Pooling study [ 56 ,  64 ] showed 
that among diabetic patients without occlusive arterial dis-
ease, 5 years of treatment would be expected to prevent about 
45 people per 1,000 from having at least one major vascular 
event (and, among these 45 people, to prevent about 70 
fi rst or subsequent events during this treatment period) [ 56 ]. 
The authors suggested statin therapy to be considered rou-
tinely for all diabetic patients at suffi ciently high risk of 
major vascular events, irrespective of their initial cholesterol 
concentrations [ 56 ]. In that study, the incidence of the pri-
mary outcome was lowest in individuals with neither CKD 
nor diabetes (15.2 %), intermediate in individuals with either 
only CKD (18.6 %) or diabetes (21.3 %), and highest in indi-
viduals with both (27.0 %) [ 64 ]. Pravastatin reduced the rela-
tive likelihood of the primary outcome to a similar extent in 
subgroups defi ned by the presence or absence of CKD and 
diabetes. It was associated with a signifi cant reduction in the 
relative risk of the primary outcome by 25 % in patients with 
CKD and concomitant diabetes and by 24 % in individuals 
with neither characteristic. However, the absolute reduction 
in the risk of the primary outcome as a result of pravastatin 
use was highest in patients with both CKD and diabetes 
(6.4 %) and lowest in individuals with neither (3.5 %) [ 64 ]. 

 Initial results of cardiovascular outcome trials in patients 
with advanced or end-stage kidney disease raised safety con-
cerns related to potential toxic effects of high-dose statins in 

patients with reduced renal clearance and may have limited 
the use of statins in the CKD population [ 60 ]. However, most 
studies so far support the concept that the incidence of non-
cardiovascular deaths, rhabdomyolysis, and abnormal liver 
function test results are not increased with statins and that 
statins, at reduced doses, are generally safe in patients with 
renal disease [ 2 ,  66 ]. The KDOQI clinical practice guide-
lines for diabetes and CKD advises that people with DM and 
CKD (other than stage 5) should receive LDL-C lowering 
therapy and recommends against routine liver function tests 
or muscle enzymes  for patients with type 2 diabetes who 
are taking statins ,  except in specifi c circumstances  [ 2 ]. 
The more recent update to the guidelines by KDIGO reaf-
fi rms that routine monitoring with liver function tests or CPK 
in asymptomatic patients is not backed by evidence from 
clinical trials [ 66 ]. 

 After the publication of the KDOQI guidelines, Slinin 
et al., in 2012, published a systematic review of clinical trials 
providing evidence for the management of hyperglycemia, 
dyslipidemia, and albuminuria in individuals with diabetes 
[ 67 ]. They identifi ed 11 studies ( n  = 7,539) that assessed lipid 
management in patients with DM and kidney disease. They 
concluded that: (1) overall statins did not reduce all-cause 
mortality or stroke compared to placebo in adults with both 
diabetes and CKD and they found insuffi cient evidence to 
judge the effi cacy of statins for other clinical cardiovascular 
and kidney outcomes (2) high-dose statin therapy did not 
decrease all-cause mortality, stroke, or the risk of major 
cardiovascular events compared to lower dose statin therapy 
in participants with diabetes and CKD (3) in patients with 
diabetes and albuminuria, fenofi brate increased regression of 
microalbuminuria to normoalbuminuria compared to placebo 
(4) none of the trials reported adverse events or withdrawals 
for the subgroup of participants with CKD and diabetes. 
However, they again noted that patients with kidney disease 
and diabetes constituted subgroup or post hoc analyses in 
most of these studies. 

 Patients undergoing maintenance hemodialysis (HD) 
constitute a separate category and have a greatly increased 
risk of premature CVD and myocardial infarction. Based on 
data from US Renal Data System Coordinating Center Case- 
Mix Adequacy Study, the prevalence of clinical CAD in HD 
patients is 40 % and CVD mortality is 10–30 times higher 
than in the general population [ 68 ]. The pattern of death 
from CVD in such patients differs from that in the general 
population. Multiple factors get into play including sudden 
cardiac death (from electrolyte abnormalities and arrhyth-
mias) [ 69 ] as well as heart failure and cardiomyopathy from 
volume overload [ 70 – 72 ]. The average annual incidence of 
myocardial infarction or death from CAD in patients receiv-
ing HD and who have type 2 DM is 8.2 % according to the 
4D trial [ 73 ]. In dialysis patients, observational studies, 
such as the US Renal Data System Dialysis Morbidity and 
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Mortality Wave 2 study [ 74 ] and the Dialysis Outcomes 
and Practice Patterns Study (DOPPS I) [ 75 ], showed that 
statin use was associated with a reduction in mortality. These 
results were not confi rmed by large randomized, controlled 
statin trials in hemodialysis patients. The 4D study [ 73 ] is the 
only randomized controlled trial that included solely patients 
with T2DM and ESRD on HD and compared atorvastatin 
20 mg to placebo. It showed that atorvastatin was associated 
with a non-signifi cant decrease in the primary end point of 
major CVD in type 2 DM on HD [ 73 ]. Furthermore, no 
increase in the rate of serious adverse events was found, but 
investigators noted a signifi cant increase in fatal stroke. It was 
the fi rst large scale cardiovascular outcome trial that did not 
show overall benefi t from administration of a potent dose of a 
statin and did not confi rm the generally accepted assumption 
that for every 30-mg/dL change in LDL-C level, the RR of 
CAD is changed in proportion by about 30 % [ 2 ]. This study 
has led the KDOQI to label the evidence that “Atorvastatin 
treatment in patients with type 2 diabetes on maintenance 
hemodialysis treatment does not improve cardiovascular out-
comes” as “Strong.” Two other randomized controlled trials 
studied patients on HD, both with and without diabetes: 
AURORA [ 76 ] and SHARP [ 77 ]. In Aurora (A Study to 
Evaluate the Use of Rosuvastatin in Subjects on Regular 
Hemodialysis: An Assessment of Survival and Cardiovascular 
Events) [ 76 ], investigators studied the effect of rosuvastatin 
10 mg versus placebo and included only patients on HD, 731 
of which had Type 2 DM. Similarly to 4D, they reported no 
effect of rosuvastatin on a composite cardiovascular and 
cerebrovascular endpoint for the overall trial population 
[ 78 ]. The SHARP study (Study of Heart and Renal Protection) 
evaluated the combination of Simvastatin 20 mg and ezeti-
mibe 10 mg versus placebo and included 9,270 patients with 
CKD, 3,023 of them on HD and 2,094 with Type 2 DM. It is 
the largest randomized clinical study of cholesterol lowering 
agents in patients with CKD and its results were published 
after the publication of the KDOQI guidelines. It showed 
that, in patients with both CKD and Type 2 DM, LDL choles-
terol lowering (achieved difference of 32 mg/dL) reduced by 
22 % a composite outcome of major atherosclerotic events 
(defi ned as nonfatal MI, any cardiac death, non-hemorrhagic 
stroke, or arterial revascularization excluding dialysis access), 
in patients with or without ESRD. The lack of therapeutic 
effect likely emphasizes the fact that the benefi t of statins is 
limited when their use is postponed until patients have 
already reached ESRD. This body of evidence led the 
KDIGO group to reaffi rm that while statin therapy with or 
without ezetimibe may be continued in ESRD patients on 
hemodialysis, their continued use will depend on periodic 
risk/benefi t assessment [ 66 ]. 

 In order to maximize benefi t, statin therapy should be 
initiated early in the course of the kidney disease and diabe-
tes [ 55 ]. Because concomitant CKD and diabetes occur in 

nearly 40 % of incident dialysis patients in the United States 
[ 56 ,  64 ], prescription of statins at earlier stages of renal 
impairment might reduce the burden of CVD among people 
with ESRD [ 56 ]. 

 The use of omega-3 fatty acids in patients on chronic 
hemodialysis is currently not supported. The OPACH study 
(Omega-3 Fatty Acids as Secondary Prevention Against 
Cardiovascular Events in Patients Who Undergo Chronic 
Hemodialysis) was a randomized, double-blind, placebo 
controlled trial in 206 chronic HD patients who received 
either 1.7 g/day of omega-3 fatty acids or placebo [ 79 ]. 
Although no signifi cant reduction was seen in the combined 
primary end point of cardiovascular events or death, there 
was a 70 % (95 % CI 0.10–0.92;  p  = 0.036   ) relative risk 
reduction in the risk of myocardial infarction, with no differ-
ence in the incidence of adverse events. 

 Recipients of kidney transplants constitute a separate 
category of patients that also need special consideration. 
Many transplant recipients have either pre-existing CVD or 
multiple CV risk factors at the time of transplantation. 
Additional risk factors (including diabetes, hypertension, 
and hyperlipidemia) may develop, or be aggravated by 
immunosuppressive therapy following transplantation [ 80 ]. 
Many of the commonly used statin drugs share the metabo-
lism by the microsomal enzyme system CyP 3A4, resulting 
in greatly increased statin levels and higher potential for 
adverse effects. Fluvastatin does not share this interaction 
[ 81 ] permitting its safe use in transplant recipients 
(Table  12.3 ). In the ALERT study, investigators conducted a 
large interventional trial in renal transplant patients studying 
the effect of Fluvastatin on cardiac death or defi nite nonfatal 
myocardial infarction [ 82 ]. Out of 2,012 total patients, the 
ALERT study included 396 (18.8 %) with diabetes and showed 
that renal transplant patients benefi t from Fluvastatin therapy 
with a reduction in cardiac death and nonfatal myocardial 
infarction. The authors estimated that it would be necessary 
to treat 31 renal transplant patients for 5 years to prevent a 
cardiac death or nonfatal myocardial infarction [ 82 ].

   Trials assessing fi brate therapy in CKD are not as common 
as ones with statins. In the FIELD study, Davis et al. demon-
strated that fenofi brate reduces the progression of albumin-
uria and the decline of GFR in type 2 DM, despite a small 
initial rise in plasma creatinine [ 83 ]. Another large, double-
blind randomized placebo controlled clinical trial, the Action 
to Control Cardiovascular Risk in Diabetes (ACCORD), also 
showed an early, sustained rise in serum creatinine with 
fenofi brate in patients with type 2 diabetes [ 84 ]. In both trials, 
fenofi brate remained safe and well tolerated, but with a small 
increase in rates of pancreatitis and pulmonary embolism 
in FIELD [ 84 ,  85 ]. The benefi ts of fenofi brate may not be 
solely lipid-mediated but also refl ect antioxidant and anti-
infl ammatory effects [ 86 ]. Indeed, triacylglycerols have been 
linked to nephropathy through mesangial cell uptake of VLDL, 
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inducing foam cell formation [ 87 ] and through VLDL induc-
tion of plasminogen activating inhibitor- 1 (PAI-1) with up-
regulated coagulation and intra-renal microthrombi [ 88 ]. HDL 
does not greatly alter PAI-1 release [ 89 ] but has been shown in 
humans to be renoprotective [ 90 ], perhaps through suppres-
sion of infl ammatory cell adhesion molecules, anti-oxidant 
effects, and reverse cholesterol transport [ 91 ]. Peroxisome-
proliferator-alpha receptor agonists such as fenofi brate have 
positive effects on both HDL and TG and may exert some of 
their benefi ts through many of these mechanisms [ 83 ,  86 ].  

    Evaluation and Assessment 

 In people with diabetes and CKD, a complete lipid profi le 
(total cholesterol, HDL-C, and triglycerides) should be mea-
sured and LDL-C calculated from these values as recom-
mended by the KDOQI 2007 and the ATP III Guidelines 
[ 2 ,  33 ]. The recent statement by the KDIGO Work Group 
also recommend an initial assessment of LDL levels but are 
against the routine measurement of follow-up LDL-levels, 
since LDL levels tend to be lower in patients with CKD and 
less signifi cantly correlated with CVD risk [ 66 ]. Dyslipidemia 
associated with diabetes and CKD may occur without an 
elevated LDL-C level due to increased lipoprotein remnants, 
hence measuring Non-HDL-C (total cholesterol − HDL-C) is 
clinically important. 

 Patients with Type 2 DM or insulin resistance are consid-
ered to have predominantly small LDL [ 92 ]. A consensus 
statement endorsed by the American Diabetes Association 
and the American College of Cardiology advocates for mea-
suring atherogenic particle concentration either as apolipo-
protein B (apoB) or LDL particle concentration in subjects at 
high risk for cardiometabolic disorders for assessing CVD 
risk and guiding therapy, in conjunction with using LDL and 
non-HDL cholesterol and suggests the following targets for 
those at highest risk: LDL cholesterol <70 mg/dL, non-HDL 

cholesterol <100 mg/dL, apoB <80 mg/dL [ 93 ]. A variety of 
lipoprotein assays are available to subfractionate lipoprotein 
particles according to size, density, or charge and have been 
proposed for improving assessment of risk of CVD and for 
guiding lipid-lowering therapies especially in individuals 
with low or normal LDL cholesterol [ 92 ]. They can detect 
atherogenic lipoprotein particle concentrations (e.g., apoB or 
LDL particle concentration) and small dense LDL particles, 
which are believed to be more atherogenic than larger LDL 
particles. However, the lack of standardization and the 
absence of a “gold standard” technique have slowed the 
adoption of these assays and their utilization. They are cur-
rently mostly used in specialized lipid clinics or research 
studies [ 92 ]. Based on current guidelines, LDL-C and non 
HDL-C remain the primary targets in reducing lipid-based 
risk in patients with diabetes [ 33 ].  

    Management 

 Most clinicians consider the decrease in cardiovascular risk 
as the ultimate goal of lipid lowering therapy. Clinical trials in 
the general population have shown that LDL-cholesterol low-
ering in moderate to high-risk patients leads to a reduction in 
cardiovascular event and is one of the major modifi able risk 
factors for CVD [ 94 ]. Based upon data from the Framingham 
Heart Study, the risk for myocardial infarction is also esti-
mated to increase by about 25 % for every 5 mg/dL 
(0.13 mmol/L) decrease in HDL level below median values 
for men (45 mg/dL) and women (55 mg/dL) and a high HDL 
(>60 mg/dL or 1.6 mmol/L) is considered to be cardioprotec-
tive [ 95 ]. The cardiovascular risk of low HDL is more exag-
gerated in patients with diabetes [ 96 ]. Hypertriglyceridemia 
itself is also associated with an increased risk for CVD [ 97 ]. 
The new ACC/AHA guidelines for the treatment of dyslipid-
emia highlight the importance of risk factors and suggest a 
shift from target LDL and non-HDL- cholesterol levels to the 

     Table 12.3    Safety of statins and fi brates in patients with CKD      

 Dose adjustment 

 Medication 
 CYP 450 
metabolism 

 Gemfi brozil a  
interaction 

 Fenofi brate a  
interaction  GFR 60–90 mL/min  GFR 15–59 mL/min  GFR <15 mL/min 

 Rosuvastatin  No  Yes  No  No  5–10 mg  5–10 mg 
 Atorvastatin  Yes  Yes  No  No  No  No 
 Simvastatin  Yes  Yes  No  No  No  5 mg 
 Lovastatin  Yes  Yes  Not available  No  Decrease by 50 %  Decrease by 50 % 
 Pravastatin  No  Yes  No  No  No  No 
 Fluvastatin  No  No  No  No  Not defi ned  Not defi ned 
 Gemfi brozil  Yes  NA  NA  No  No  No 
 Fenofi brate  No  NA  NA  Decrease by 50 %  Decrease by 75 %  Avoid 

  Modifi ed from Harper CR, Jacobson TA. Managing dyslipidemia in chronic kidney disease. J. Am. Coll. Cardiol. [Internet]. 2008 Jun 24 [cited 
2013 Oct 25];51(25):2375–84. Available from:   http://www.ncbi.nlm.nih.gov/pubmed/18565393    
aFibrates may cause a moderate reversible increase in serum creatinine. Gemfi brozil is less likely to cause this increase but is more likely to cause 
rhabdomyolysis when combined with a statin (Harper et al)  
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intensity of statin therapy, with higher intensity targeting 
patients at high risk of CVD [ 98 ]. The KDIGO Clinical 
Practice Guidelines also recommend against the use of LDL-
cholesterol levels as a target of therapy in patients with CKD 
[ 66 ]. The intensifi cation of treatment in patients with CKD 
does raise the risk of statin-related side effects with higher 
doses and clinicians need to proceed with caution [ 66 ]. Since 
both CKD and DM are considered risk factors for CVD, high-
intensity treatment appears justifi ed in patients with both dis-
ease entities. While the KDIGO recommendations did 
advocate for the use of statins in patients with CKD younger 
than 50 years of age with coexisting diabetes mellitus [ 66 ], 
more research is needed to establish optimal target LDL cho-
lesterol levels, if any, and the effect of lipid lowering therapy in 
this population. Suggestions from the available evidence 
regarding therapeutic targets for patients with both CKD and 
Type 2 DM are summarized in Table  12.4 . Treatment with a 
statin should not be initiated in patients with type 2 diabetes 
on maintenance HD who do not have a specifi c cardiovascu-
lar indication for treatment [ 2 ].

   As in the general population, statins are benefi cial in 
patients with CKD [ 68 ]. Assessing drug interactions (with 
macrolide antibiotics, azole antifungal agents, dihydropyri-
dine calcium channel blockers, and cyclosporine A) is 
important for safety. Acute and chronic liver disease should 
be excluded before initiation of a statin, but it is not neces-
sary to obtain routine liver enzymes to screen for hepatotox-
icity thereafter. Different statins and other anti-hyperlipidemic 
medications are available on the market and their safe dosage 
varies for patients with CKD (Table  12.3 ). The US FDA 
warned against using high dose Simvastatin (80 mg) due to 
the risk of myopathy and serious drug interaction (US Food 
and drug Administration website.   http://www.fda.gov/drugs/
drugsafety/ucm256581.htm    ). Other than improving lipid 
profi le, it is important to remember that statins may have 
additional pleiotropic effects, including improved endothelial 
function and plaque stabilization [ 4 ]. 

 Treating elevated TG becomes a primary goal only in the 
small number of patients with very-high TG (>500 mg/dL or 
5.65 mmol/L) since severe hypertriglyceridemia can be asso-
ciated with acute pancreatitis [ 99 ]. Hypertriglyceridemia 
is usually treated fi rst with weight reduction, diet, and exer-
cise. Guidelines recommend low-fat diet, medium-chain TG 
and fi sh oils for treatment of hypertriglyceridemia [ 100 ]. 
Pharmacotherapy with fi brates and nicotinic acid is added 
only when the response to lifestyle interventions is not ade-
quate [ 100 ]. Secondary causes of hypertriglyceridemia, such 
as poorly controlled diabetes, excessive alcohol consumption, 
hypothyroidism, liver disease, nephritic syndrome, immuno-
suppressive agents (corticosteroids, cyclosporine, and siroli-
mus), anabolic steroids and other medications (13- cis -retinoic 
acid, anticonvulsants, highly active retroviral therapy, diuret-
ics, beta blockers and oral contraceptives) should be sought. 
Fibrates should be used cautiously in patients with CKD and 
they may cause a reversible increase in serum creatinine [ 68 ]. 
The dose of fi brates should be reduced in patients with stage 
2–4 CKD, and most should be avoided in stage 5 CKD patients 
treated with dialysis (Table  12.3 ). Although gemfi brozil is the 
NKF fi brate of choice, fenofi brate is the preferred option 
when combining with a statin [ 68 ]. Nevertheless, the risk of 
side effects from the combination of statins and fi brates has 
led the KDIGO Work Group to recommend avoiding their 
combination in patients with CKD [ 66 ]. 

 Bile acid sequestrants or ezetimibe (cholesterol absorp-
tion inhibitor) could be added to statin therapy if needed. 
Ezetimibe has fewer gastrointestinal adverse effects than bile 
acid sequestrants and is safe and well tolerated in moderate 
to severe CKD without dosing modifi cation for reduced GFR 
[ 68 ]. Its use in monotherapy is not recommended but in com-
bination therapy, it may lead to a lower dose of statin, and 
hence potentially less side effects from statin use [ 66 ]. The 
bile acid sequestrants, including colesevelam,  cholestyramine, 
and sevelamer which works like a bile acid sequestrant, are 
generally safe to use in CKD due to their lack of systemic 

   Table 12.4    Target lipid levels in patients with DM and CKD*      

 LDL goal  TG goal  Non HDL goal 

 General 
population 

 0–1 risk factors  <160 mg/dL  <150 mg/dL  <190 mg/dL 
 2+ risk factors  <130 mg/dL  <160 mg/dL 
 CAD or CAD equivalent  <100 mg/dL  <130 mg/dL 
 (10 year risk >20 %) 

 Diabetes  <100 mg/dL in patients without overt CVD  If ≥500 mg/dL start therapeutic lifestyle 
changes and Fibrates or Niacin 

 If ≥500 mg/dL start therapeutic lifestyle 
changes and Fibrates if needed (use with 
caution) 

 <130 mg/dL 
 <70 mg/dL in patients with overt CVD 

 Diabetes and CKD stage 1–4  <100 mg/dL  <130 mg/dL 
 <70 mg/dL (optional) 

 Diabetes on maintenance hemodialysis  <100 mg/dL  If ≥500 mg/dL start therapeutic lifestyle 
changes and fi brates if needed 

 <130 mg/dL 

  *Recent ACC/AHA and KDIGO recommendations do not advocate the use of targets of therapy but rather a ‘fi re and forget’ approach  
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absorption; however, they can increase TG and are hence 
contraindicated in patients with marked elevated TG [ 68 ]. 
Nicotinic acid can also be used, but the data is limited on the 
effi cacy and safety of nicotinic acid in CKD [ 68 ].  

    Special Considerations 

    Kidney Transplant Recipients 

 These patients are especially vulnerable to myopathies 
because they may be receiving other medications that 
increase statins toxicity (e.g., Cyclosporine A, Tacrolimus, 
macrolide antibiotics, azole antifungal agents, fi brates, ami-
odarone, nefazodone, dihydropyridine calcium blockers). 
Statin dose should be reduced by 50 % in patients treated 
with cyclosporine, and additional agents that may increase 
statin blood levels should be avoided if possible. Much of the 
high prevalence of dyslipidemias in kidney transplantation 
recipients is caused by the use of corticosteroids, cyclospo-
rine A, and sirolimus [ 17 ].  

    Angiotensin System Inhibitors 
and Dyslipidemia 

 Hypercholesterolemia stimulates the expression of several 
components of the renin angiotensin system in tissues with 
pivotal roles in the development of atherosclerosis. It can 
stimulate circulating angiotensin II as well as angiotensin 2 
Type 1 receptor expression [ 101 ]. Early studies supported an 
ability of LDL cholesterol to increase angiotensin 2 Type 1 
receptor gene expression in vascular smooth muscle cells 
[ 102 ]. Oxidized LDL can also increase its expression in 
human coronary artery endothelial cells [ 103 ]. These effects 
may contribute to the benefi cial action of 3-hydroxy-3- 
methylglutaryl-CoA reductase inhibition on atherosclerotic 
burden. Conversely, the Losartan Intervention for Endpoint 
reduction in hypertension (LIFE) trial showed that the use of 
an angiotensin receptor blocker was associated with a reduc-
tion in total cholesterol and non-HDL levels. Another angio-
tensin receptor blocker, Irbesartan, was also found to 
signifi cantly reduce TG levels and increase HDL levels with 
the effects being much more pronounced in patients with the 
metabolic syndrome [ 104 ].  

    Oral Hypoglycemic Agents and Lipids 

 Improving glycemic control in patients with Type 2 DM gen-
erally leads to a reduction in plasma TG levels. Some studies 
have also demonstrated benefi cial effect of certain oral 
hypoglycemic agents on the lipid profi le. A metaanalysis by 

Monami et al. [ 105 ] concluded that DPP-4 (dipeptidyl 
peptidase 4) inhibitors, sulfonylureas and pioglitazone were 
all associated with a signifi cant reduction in total cholesterol 
and that acarbose, pioglitazone as well as DPP-4 inhibitors 
were associated with a signifi cant reduction in TG. HDL 
levels were increased by acarbose and pioglitazone and 
decreased by sulfonylureas [ 105 ]. Metformin, which is known 
to improve insulin resistance, has been shown to decrease cho-
lesterol and TG levels while increasing HDL [ 106 ]. It is also 
thought to prevent plaque progression through a mechanism 
mediated by AMP-kinase activation which leads to inhibition 
of HMG CoA reductase activity [ 107 ].   

    Conclusion 

 The co-management of two complicated diseases, diabetes, 
and renal insuffi ciency, is a challenge faced by clinicians 
tasked with delivering comprehensive evidence-based therapy 
on a daily basis. Dyslipidemia in individuals with diabetes and 
CKD is one of the facets of disease management where atten-
tion to details, and application of guidelines helps prevent gaps 
in the delivery of care and improve outcomes.     
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        Diabetes mellitus is a pandemic that has been associated with a 
signifi cant increase in incidence among all ages, genders, eth-
nic groups, and regions over the last decade. It is estimated that 
366 million will have diabetes worldwide in 2030 [ 1 ]. Over 
30 % of diabetics have some form of diabetic retinopathy (DR). 

 Diabetic retinopathy (DR) is the leading cause of prevent-
able blindness among individuals of working age (20–
65 years), and a major cause of vision loss in the elderly 
population. Visual loss occurs secondary to complications of 
DR such as vitreous hemorrhage, retinal detachment, dia-
betic macular edema (DME), or macular ischemia. 

 In 2010, 285 million people had diabetes worldwide. Over 
one-third of diabetics had signs of DR, and a third of them had 
vision threatening retinopathy, defi ned as severe non-prolifer-
ative DR (NPDR), proliferative diabetic retinopathy (PDR), or 
DME [ 2 ]. The likelihood of developing retinopathy is strongly 
related to the duration of diabetes in patients with both type 1 
and type 2 diabetes. In the Wisconsin Epidemiologic Study of 
Diabetic Retinopathy (WESDR), the overall 10-year inci-
dence of retinopathy was 74 %, and among those with reti-
nopathy at baseline, 64 % developed more severe retinopathy 
and 17 % progressed to develop PDR. After 25 years, the inci-
dence of retinopathy in patients with type 1 diabetes was 
97 %. Among those with retinopathy at baseline, 42 % pro-
gressed to develop PDR [ 3 ], and 17 % developed clinically 

signifi cant macular edema (   CSME) [ 4 ]. Although the main 
purpose of this chapter is to summarize the clinical state of the 
art in diabetic eye disease, a brief discussion on the relation-
ship of diabetic retinopathy to diabetic nephropathy as well as 
the pathogenesis of diabetic retinopathy is in order. 

 Epidemiological evidence exists regarding the correlation 
of morphologic parameters of diabetic retinopathy and 
nephropathy, especially early in the disease. The severity of 
diabetic retinopathy has been proven to correlate with mor-
phologic measures of kidney biopsies, such as glomerular 
mesangial fractional volume and glomerular basement mem-
brane width in patients with type 1 diabetes [ 5 ,  6 ]. Glomerular 
and retinal pathology also correlates with the clinical features 
of patients with type 2 diabetes mellitus and hypertension [ 7 ]. 

 The exact mechanism of vascular “degeneration” in the 
diabetic retina is not known, but the following are blamed for 
the process: (1) self-destructive biochemical abnormalities 
within the endothelial cells and pericytes secondarily leading 
to basement membrane abnormalities, (2) occlusion of the 
vascular lumen by these dead cells and leukocytes and/or 
platelets, and (3) additional capillary endothelial cell apopto-
sis secondary to products generated by other neuroretinal 
cells (such as ganglion cells or glia) [ 8 ]. 

 In addition to the vasculopathy or, according to some, as a 
result of it, certain infl ammatory changes take place in the neuro-
retina of diabetic animals and patients, and also in cultured retinal 
cells exposed to elevated concentrations of glucose [ 9 ]. The con-
cept that localized neuroretinal infl ammatory processes play a 
role in the development of diabetic retinopathy is relatively new, 
but the evidence that supports this hypothesis is accumulating 
rapidly. Research in this fi eld may offer novel targets to inhibit 
the ocular disease using selective pharmacologic infl ammation 
mediator inhibitors in the early stages of diabetic retinopathy, 
before it advances to the occlusion of retinal capillaries [ 10 ,  11 ]. 

 Multiple epidemiologic studies have shown that hyper-
glycemia, hypertension, dyslipidemia, and obesity are risk 
factors for development and progression of diabetic retinop-
athy and CSME. The following sections discuss these risk 
factors in more detail. 
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    Hyperglycemia 

 One of the most important risk factors for DR and DME is 
poor glycemic control. Two large randomized clinical trials, 
the Diabetes Control and Complications Trial (DCCT) and 
the United Kingdom Prospective Diabetes Study (UKPDS), 
provided strong evidence that tighter glycemic control 
reduces the risk of development and progression of DR in 
both type 1 and 2 diabetes. 

 In the DCCT, 1,441 patients with type 1 diabetes were 
randomly assigned to either conventional or intensive insulin 
treatment and followed for a period of 4–9 years. In this 
study, the 3-year risk of development and progression of reti-
nopathy was reduced by 75 and 54 % in the intensive insulin 
treatment group compared with the standard treatment group. 
Analysis of data from DCCT demonstrated that the risk of 
progression of retinopathy reduced by 35–40 % for every 
10 % decrease in HbA 1 C [ 12 – 16 ]. Later, patients from DCCT 
were enrolled in the observational 7-year follow-up phase of 
the study, which demonstrated that the risk reduction of reti-
nopathy progression was maintained in those patients ini-
tially randomized for intensive therapy even after cessation 
of intensive HbA 1 C control [ 17 ]. 

 The UKPDS and Action to Control Cardiovascular Risk 
in Diabetes (ACCORD) study confi rmed the signifi cant ben-
efi t of glycemic control on the development and progression 
of retinopathy in type 2 diabetics [ 18 – 20 ].  

    Hypertension 

 Hypertension is an important risk factor for DR. In the 
UKPDS, tight blood pressure control (systolic blood pres-
sure <150 mmHg) in patients with type 2 diabetes reduced 
the risk of progression of retinopathy by 34 %. The UKPDS 
showed that benefi ts from tight blood pressure control were 
present in patients on both beta-blockers and angiotensin 
converting enzyme (ACE) inhibitors, with no statistically 
signifi cant difference between the two [ 21 ]. However, some 
clinical trials suggest that ACE inhibitors may have addi-
tional benefi cial effects on diabetic retinopathy, independent 
of their blood pressure lowering effect [ 22 – 24 ]. The 
ACCORD study did not demonstrate a signifi cant advantage 
of intensive blood pressure control (systolic pressure <120) 
over standard blood pressure control (systolic pressure <140) 
in controlling the progression of diabetic retinopathy [ 20 ].  

    Hyperlipidemia 

 The role of elevated cholesterol and triglyceride in develop-
ment and progression of DR has been confi rmed in several 
studies. The DCCT showed that severity of retinopathy was 

associated with elevated triglycerides and inversely related to 
the level of HDL cholesterol in type 1 diabetes [ 25 ]. ACCORD 
demonstrated that intensive treatment of dyslipidemia with 
fenofi brate and simvastatin reduced the rate of progression of 
diabetic retinopathy in type 2 diabetics [ 20 ]. Other studies 
reported that an elevated serum lipid level was independently 
associated with development of DME [ 26 ,  27 ].  

    Pregnancy 

 Diabetic retinopathy may be accelerated during pregnancy 
because of hormonal or glycemic control changes. In 
DCCT’s ancillary study, some patients had transient worsen-
ing of retinopathy during pregnancy, even to the proliferative 
level. However, at the end of the study, mean levels of reti-
nopathy in subjects who had become pregnant were similar 
to those patients who had not become pregnant [ 28 ]. It is 
known that pregnancy induces a transient increase in the risk 
of retinopathy [ 28 – 30 ]; therefore, ophthalmic examination 
should be performed more frequently during pregnancy and 
the fi rst year postpartum.  

    Nephropathy 

 Multiple studies have demonstrated that proteinuria is asso-
ciated with increased risk of sight threatening or PDR in type 
1 diabetics [ 3 ,  31 ]. Proliferative retinopathy has also been 
shown to be an independent marker of long-term nephropa-
thy in type 1 diabetes [ 32 ].  

    Other Risk Factors 

 Several studies suggest a role for other factors, including 
anemia [ 33 – 35 ], sleep apnea [ 36 ], infl ammatory markers, 
homocysteine [ 37 ], as well as genetic predisposition [ 38 –
 41 ], in development and progression of diabetic retinopathy. 
In addition, the association between microalbuminuria and 
the presence/severity of diabetic retinopathy has been 
reported in several studies [ 42 ,  43 ].  

    Classifi cation of Diabetic Retinopathy 

 Diabetic retinopathy is classifi ed into an early stage, NPDR 
and a more advanced stage, PDR. 

    Non-proliferative Diabetic Retinopathy 

 Characteristic retinal fi ndings in NPDR include microaneu-
rysms (Fig.  13.1a ), cotton wool spots which represent nerve 
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fi ber layer infarcts (Fig.  13.1a ), hard exudates, intraretinal 
hemorrhages (Fig.  13.1a, b, d ), dilation and beading of reti-
nal veins (Fig.  13.1c ), intraretinal microvascular abnormali-
ties (IRMA) (Fig.  13.1c ), and areas of capillary non-perfusion 
(Fig.  13.1d ).

   Non-proliferative retinopathy is further categorized into 
four levels of severity based on the presence and extent of reti-
nal fi ndings: mild, moderate, severe, and very severe. In the 
mild-to-moderate non-proliferative categories, there are rela-
tively few intraretinal hemorrhages and microaneurysms. 
Hard exudates and cotton wool spots can also be seen. The 
severe non-proliferative retinopathy is clinically detected by 
evaluating the retina in the four mid peripheral quadrants. 

Patients with any one of the following features are considered 
to have severe NPDR: (1) severe intraretinal hemorrhages and 
microaneurysms in all four quadrants; (2) venous beading in 
two or more quadrants; or (3) moderate IRMA in at least one 
quadrant. If any two of these features are present, the retinopa-
thy level is considered to be very severe non-proliferative.   

    Diabetic Macular Edema 

 Excessive vascular permeability and loss of blood–retinal 
barrier result in the leakage of fl uid and plasma constituents 
into the retinal tissue. This is usually most prominent in the 

  Fig. 13.1    Retinal changes seen in non-proliferative diabetic retinopa-
thy. ( a ,  b ) Fundus photographs illustrating retinal “dot and blot” hemor-
rhages ( small white arrows ), retinal “cotton wool” spots ( large white 
arrows ), and clusters of microaneurysms ( small black arrows ). ( c ) 
Fundus photograph depicting intraretinal microangiopathy ( straight 

arrow ) and venous beading ( curved arrow ). ( d ) Intravenous fl uorescein 
angiogram (IVFA) disclosing areas of peripheral retinal capillary non-
perfusion ( straight arrow ). The scattered white spots are microaneu-
rysms fi lled with the fl uorescein dye; the microaneurysms are usually 
better seen on IVFA than on fundus examination or photography       
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macular area of the retina leading to the development of 
macular edema (Fig.  13.2 ). DME may be associated with any 
stage of diabetic retinopathy. It can manifest as focal or dif-
fuse retinal thickening with or without exudates. Macular 
edema is the most frequent cause of visual impairment in 
patients with NPDR. In the Early Treatment Diabetic 
Retinopathy Study (ETDRS), the 3-year risk of moderate 
visual loss (a doubling of the initial visual angle or loss of 15 
letters on a logarithmic visual acuity chart) secondary to 
macular edema was 32 %. The ETDRS investigators classi-
fi ed macular edema by its severity. It was defi ned as CSME 
if any of the following features were present: (1) thickening 
of the retina at or within 500 μm of the center of the macula; 

(2) hard exudates at or within 500 μm of the center of the 
macula, if associated with thickening of the adjacent retina; 
or (3)    a zone of retinal thickening of 1 disc diameter (DD) or 
larger, any part of which is within one disc diameter of the 
center of the macula [ 44 ]. In addition to optimizing diabetic 
control, patients with CSME benefi t from ocular-specifi c 
treatments such as laser photocoagulation or intravitreal 
injection of pharmacologic agents. This is discussed further 
in the treatment section. Ancillary tests such as fl uorescein 
angiography (FA) (Figs.  13.1d  and  13.2b ) and optical coher-
ence tomography (OCT) (Fig.  13.2c ) complement the clini-
cal exam and are helpful for detection of DME, guidance of 
treatment, and monitoring treatment response.

  Fig. 13.2    Clinically signifi cant macular edema associated with dia-
betic retinopathy. ( a ) Fundus photograph illustrating a ring of hard exu-
dates (lipid deposits) that have escaped out of the retinal circulation 
surrounding an area of retinal swelling ( straight arrow ). Note that the 
process involves the center of the macula; the corresponding fl uorescein 

angiogram ( b ) discloses a cluster of leaky microaneurysms ( straight 
arrow ) in the center of the hard exudate ring. ( c ) Optical coherence 
tomography (OCT) discloses swelling of the involved retina with dis-
ruption of the normal foveal contour ( straight arrow )       
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       Proliferative Diabetic Retinopathy 

 Proliferative retinopathy is characterized by formation of 
new blood vessels and/or fi brous tissue induced by retinal 
ischemia. Patients can present with neovascularization on the 
optic disc (Fig.  13.3a ), other parts of the retina (Fig.  13.3b ), 
iris (Fig.  13.3c ), and/or anterior chamber angle (Fig.  13.3d ); 

pre-retinal and/or vitreous hemorrhages (Fig.  13.4a, b ); vit-
reoretinal traction bands (Fig.  13.4c, d ); or tractional retinal 
detachment (Fig.  13.4c, d ). PDR is considered high risk if 
neovascularization is accompanied by vitreous/pre-retinal 
hemorrhage or if it is located on the optic disc and occupies 
at least 1/3 the disc area even in the absence of vitreous 
 hemorrhage. Neovascular glaucoma, a potentially irrevers-
ible and blinding complication, can result from new vessel 

  Fig. 13.3    Types of neovascularization seen in proliferative diabetic 
retinopathy. ( a ) Fundus photograph illustrating neovascularization at 
the disc (NVD) ( white arrow ). Scattered hemorrhages and laser scars 
( black spots ) are also seen.  Inset : Histopathologic appearance of retinal 
neovascularization, forming vascular tufts ( black arrows ) in neuroret-
ina. Note the substantial loss of retinal structural integrity secondary to 
fl uid ( asterisk ) leaking from newly formed abnormal vascular struc-
tures. Edema ( asterisk ) is seen in all layers of retina including the peri-
vascular space surrounding the vascular tufts. The internal limiting 
membrane (ILM) is thickened, pushed inward, and is barely intact over 

the larger tuft. ( b ) Fundus photograph illustrating neovascularization 
affecting other parts of the retina (neovascularization elsewhere (NVE), 
 white arrow ). The scattered whitish tissue also represents NVEs that are 
primarily composed of fi brous rather than vascular tissue. ( c ) Slit-lamp 
photograph showing neovascularization of the iris ( white arrow ). ( d ) 
Photograph of the anterior chamber angle, depicting neovascularization 
( white arrow ). The patient developed neovascular glaucoma, a serious 
complication of proliferative diabetic retinopathy that may lead to irre-
versible loss of vision in the involved eye       
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formation on the iris and anterior chamber angle structure 
(Fig.  13.3c, d ). Patients with high-risk PDR or neovascular-
ization of iris/angle require prompt    panretinal laser photoco-
agulation (PRP) to reduce the chance of severe visual loss.

        Screening for Diabetic Retinopathy 

 As diabetic retinopathy can progress with relatively few visual 
symptoms, the importance of regular eye screening and subse-
quent early intervention is essential for all diabetic patients. In 
patients with type 1 diabetes screening eye examination can be 
delayed until 3–5 years after diagnosis of diabetes as preva-
lence of retinopathy during fi rst 4 years after diagnosis is 
reported to be 1 % [ 45 ,  46 ]. On the other hand, the time of 
onset of type 2 diabetes is often diffi cult to determine and may 

precede the diagnosis by number of years. Therefore, type 2 
diabetics should be referred for eye exam at the time of diag-
nosis. Table  13.1  summarizes the recommended frequency of 
eye exam by the American Academy of Ophthalmology [ 47 ].

  Fig. 13.4    Fundus photographs illustrating sight threatening complica-
tions of proliferative diabetic retinopathy. ( a ) Vitreous and pre-retinal 
or subhyaloid ( white arrow ) hemorrhages. The hemorrhage may some-
times be very dense, obscuring visualization of the underlying retina. 
( b ) Large subhyaloid hemorrhage covering the entire posterior pole and 

macula. Note also the scars of previous panretinal laser photocoagula-
tion (PRP,  white arrow ). ( c ,  d ) Massive proliferation of fi brous bands 
and fi brovascular tissue leading to traction and retinal detachment of the 
macula. Note also the scars of previous panretinal laser photocoagula-
tion (PRP,  white arrow  in ( c ))       

   Table 13.1    The American Academy of Ophthalmology recommendations 
on the frequency of eye examinations for different stages of diabetic 
retinopathy   

 Status of retinopathy 
 Frequency of 
follow-up (months) 

 No retinopathy  12 
 Mild-to-moderate NPDR without macular edema  6–12 
 Mild/moderate NPDR with CSME  2–4 
 Severe/very severe NPDR  2–4 
 PDR  2–4 
 Inactive/involuted PDR without macular edema  6–12 
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       Treatment of Diabetic Retinopathy 

 Large, randomized trials have shown the benefi ts of systemic 
therapies for the prevention and treatment of diabetic retinop-
athy. The DCCT showed that intensive metabolic control in 
type 1 diabetics reduced the risk of developing retinopathy by 
76 %, and slowed progression of retinopathy by 54 %. 
Furthermore, intensive glycemic control was associated with 
reduction in the incidence of macular edema, and the need for 
panretinal and focal laser photocoagulation [ 16 ]. UKPDS 
showed that intensive blood glucose and blood pressure con-
trol slowed progression of retinopathy in type 2 diabetics [ 18 ]. 

 Multiple studies have demonstrated that ACE inhibitors 
reduce the incidence and risk of progression of diabetic reti-
nopathy in patients with type 1 diabetes [ 22 – 24 ,  48 ]. 

 As mentioned before, two large clinical trials, the 
Fenofi brate Intervention and Event Lowering in Diabetes 
(FIELD) [ 49 ] and ACCORD [ 20 ] trials, demonstrated that 
hyperlipidemia control with fenofi brate reduces the risk of 
progression of retinopathy by up to 40 %. 

 In addition to optimizing metabolic status, and blood pres-
sure control, eye-specifi c treatments are needed in patients 
with vision threatening complications of diabetes (PDR and 
macular edema). The Diabetic Retinopathy Study (DRS) was 
a prospective, randomized clinical trial  evaluating laser pan-
retinal photocoagulation (PRP) treatment (Fig.  13.4b, c ) to 
one eye of patients with advanced NPDR or PDR in both eyes. 
The primary outcome measurement was severe visual loss, 
defi ned as visual acuity of less than 5/200 on two consecutive 
follow-up examinations 4 months apart. The DRS demon-
strated a 50 % or greater reduction in the rate of severe visual 
loss in eyes treated with PRP compared to untreated control 
eyes during a follow-up of over 5 years [ 50 ]. In this study, 
treated eyes with high-risk PDR achieved the greatest benefi t. 

 The ETDRS showed that focal/grid laser photocoagula-
tion for clinically signifi cant diabetic macular edema 
(CSME) substantially reduced the risk of moderate visual 
loss. In addition, it increased the chance of visual improve-
ment, decreased the frequency of persistent macular edema, 
and caused only minor visual fi eld loss [ 44 ]. 

 A large body of scientifi c evidence has implicated vascu-
lar endothelial growth factor (VEGF) in the pathophysiology 
of DME. Multiple studies have shown that intravitreal injec-
tion of the anti-VEGF antibodies, bevacizumab and ranibi-
zumab, alone or in combination with other treatments, 
improves visual acuity by an average of one to two lines on a 
Snellen chart, with an improvement of three or more lines in 
25–45 % of patients over a period of 2 years. These results 
are signifi cantly better than the outcome of laser treatment 
alone [ 51 – 55 ]. 

 Glucocorticoids are known to reduce retinal infl ammation 
and may have a role in restoring the integrity of the blood–

retina barrier. Therefore, intravitreal injection of steroids has 
been tried for treatment of DME in multiple studies. 
Intravitreal injection of triamcinolone has been associated 
with equivocal results in treatment of DME [ 56 – 58 ]. 
Fluocinolone acetonide intravitreal implant has been shown 
to be effective in improving vision and resolution of macular 
retinal thickening in patients with refractory DME [ 59 – 61 ]. 
However, during a 4-year follow-up, more than 60 % of 
implanted eyes developed glaucoma of whom half required 
glaucoma surgery. In addition, more than 90 % of patients 
developed visually signifi cant cataract that required cataract 
extraction [ 59 ]. A dexamethasone intravitreous drug delivery 
system has also been shown to be effective in improvement 
of vision, and reduction of central retinal thickness in eyes 
with persistent DME with a lower side effect profi le [ 62 ]. 

 In addition to laser and pharmacotherapy, a group of 
patients with diabetic retinopathy will require surgical man-
agement to restore vision or prevent further visual loss. Pars 
plana vitrectomy, which involves surgical removal of vitre-
ous opacities and proliferative retinal tractional membranes, 
is indicated in patients with dense, non-clearing vitreous 
hemorrhage, tractional retinal detachment involving the 
macula, diffuse DME associated with vitreomacular traction, 
or combined tractional and rhegmatogenous (derived from 
the Greek  rhegma , which means a rupture or break) retinal 
detachment (RRD). RRD is the most common type of RD 
that arises when a tear in the retina occurs and leads to fl uid 
accumulation between the neurosensory retina and the 
underlying retinal pigment epithelium.  

    Other Ocular Manifestations 

 In addition to the retina, diabetes can affect other parts of the 
eye, including the conjunctiva, tear fi lm, cornea, and iris. 
Patients can present with conjunctival microaneurysms, dry 
eye, decreased corneal sensation, poor corneal wound healing, 
as well as neovascularization of iris/anterior chamber angle. 

 Dry eye syndrome is more common in diabetics second-
ary to decreased tear fi lm, abnormal tear lipid layer, higher 
tear osmolarity, and glucose level [ 63 ,  64 ]. Worsening of dry 
eye symptoms may correlate with the severity of diabetic 
retinopathy [ 65 ]. 

 Diabetics have reduced corneal sensation as part of dia-
betic polyneuropathy. As corneal innervation provides pro-
tective and trophic functions, diabetics can develop 
neurotrophic keratopathy. Confocal biomicroscopy studies 
in vivo have confi rmed the reduction in the number and 
branching of corneal nerves as well as increase in the tortu-
osity of subbasal corneal nerve plexus [ 66 ,  67 ]. Changes in 
subbasal nerve plexus of diabetic corneas appear to be related 
to progression of diabetic retinopathy and peripheral neu-
ropathy. Therefore, corneal confocal microscopy can be used 
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as an adjuvant technique for the early diagnosis and assess-
ment of diabetic neuropathy [ 68 ]. 

 Last but not least, the diabetic papillopathy, a relatively 
rare and benign ocular complication of diabetes mellitus, is 
worth mentioning here [ 69 ,  70 ]. Ischemia of the optic nerve 
is considered to be a likely mechanism for this pathology; 
however, this process is independent of the ischemia of DR 
[ 70 ]. Optic disc edema may vary from minimal to extensive 
with hemorrhages and exudates even to the degree of form-
ing a “macular star.” Papillopathy of diabetes may be a both-
ersome entity to detect because it mimics both papilledema 
due to raised intracranial pressure and anterior ischemic 
optic neuropathy (AION). The setting and absence of sys-
temic fi ndings associated with increased intracranial pres-
sure such as headache and rushing noise help differentiate 
the papilledema from diabetic papillopathy. When diabetic 
papillopathy is bilateral or detected in a juvenile diabetic 
patient as conventionally occurs, it is not likely to be mis-
taken for AION [ 69 ]. However, some cases may present uni-
laterally or asymmetrically in older patients and the 
differentiation in such cases may be challenging. During the 
acute phase there may be loss of central vision, enlarged 
blind spots, or other fi eld defects. However, unlike AION, 
these usually resolve and the prognosis is good without 
chronic impairment of vision. The prognosis might be poorer 
in older patients with type 2 diabetes [ 71 ].     
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           Introduction 

 Women who become pregnant with chronic kidney disease 
(CKD) may have increased maternal and fetal morbidity and 
mortality, including the risk of increasing the progression of 
the underlying renal disease. Pregnancy in women with dia-
betes mellitus can therefore be of signifi cant concern, espe-
cially because diabetes mellitus (DM) is the most common 
cause of CKD leading to end-stage renal failure and the prev-
alence of DM continues to increase [ 1 ,  2 ]. While most of 
these patients are older and have type 2 DM and multiple 
comorbidities, many women of child-bearing age are affected 
by this disease. It has been estimated that 13 % of the US 
population aged 20 years or older have a hyperglycemic con-
dition, with Hispanic and African-Americans disproportion-
ately affected. In addition, Jovanovic and Pettitt in 2001 
reported that gestational diabetes (GD) affects up to 14 % of 
all pregnancies, and the prevalence continues to increase 
[ 3 ,  4 ]. Hyperglycemic disorders of pregnancy are therefore 
common and bring unique concerns for both maternal and 
fetal outcomes. Pregnancy in women with established dia-
betic nephropathy (DN) raises even greater concerns about 
further increasing maternal and fetal morbidity and mortal-
ity, as well as the concern that pregnancy itself may accelerate 

renal functional deterioration. Since the initial reports from 
the 1950s of grave consequences of diabetic women who 
became pregnant, signifi cant progress has been made not 
only in the diagnosis, management, and treatment of diabetes 
but also in the management of high-risk pregnant women 
[ 5 – 7 ]. While all women should receive optimal prenatal care, 
women with diabetic nephropathy should also receive pre-
conception counseling that may often result in important 
changes in their care to optimize pregnancy outcomes for 
both mother and fetus [ 8 ]. The goal of this chapter is to pro-
vide an understanding of issues associated with pregnancy in 
diabetic nephropathy so that physicians providing care for 
these women can do so with a comprehensive understanding 
of the risks and potential complications to provide evidence-
based counseling and care for these women. 

 Previous studies have shown that hyperglycemia in preg-
nancy may increase the risk of increased birth weight and 
increased cord blood serum C-peptide levels [ 9 ]. Pregnancy 
in women with diabetes mellitus increases risks for pre-
eclampsia, preterm delivery, congenital malformations, and 
both maternal and fetal mortality [ 10 ] though these compli-
cations may be reduced for women with type 2 diabetes com-
pared to those with type 1 [ 11 ]. Pregnancy in women 
diagnosed with diabetic nephropathy (DN) raises additional 
concerns. In normal pregnancy, glomerular fi ltration rises 
immediately after conception reaching its highest values dur-
ing the second trimester and returning to about 20 % during 
the third trimester and returning to normal within 3 months 
after delivery. These changes are also associated with a sig-
nifi cant increase in renal blood fl ow, increased sodium reten-
tion, decreased peripheral vascular resistance, and resistance 
to the action of angiotensin II [ 12 ]. Pregnancy may also be 
associated with a small increase in protein excretion and even 
renal glycosuria. Pregnancy in women with underlying CKD 
is often complicated by increased proteinuria, hypertension, 
and a reduced glomerular fi ltration rate, all of which depend 
more on the severity of the underlying kidney disease rather 
than the etiology [ 13 ,  14 ]. One of the bigger challenges in the 
management of these women is differentiating superimposed 
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preeclampsia from the changes associated with the underly-
ing disease, though new tests based on recent developments 
in our understanding of the pathogenesis of preeclampsia 
hold great promise for advanced diagnostic studies [ 15 ,  16 ]. 
Fortunately, in women with mild underlying CKD, many of 
these complications reverse after delivery. Given the chal-
lenges of managing women with CKD in pregnancy, those 
with underlying diabetic nephropathy carry signifi cant con-
cern.    A review of the risks and concerns for physicians who 
provide care to women with diabetic nephropathy so that 
they can provide appropriate counsel prior to conception and 
during and after pregnancy is provided.  

    Overview of Diabetic Nephropathy 

 The clinical hallmark of diabetic nephropathy is proteinuria. 
DN has both a subclinical phase that begins with microalbu-
minuria and a clinical phase in which macroalbuminemia 
and reduced glomerular fi ltration rate are present. The initial 
fi nding in the subclinical phase is microalbuminuria and all 
patients with diabetes should be screened for diabetic 
nephropathy by determining urinary albumin excretion using 
a spot urine sample and measuring urine protein and creati-
nine [ 17 ]. Microalbuminuria is defi ned as an elevated urine 
albumin to creatinine ratio (ACR) of greater than 30 mg/g in 
two out of three samples without known other CKD. In those 
diabetic patients who have CKD, the etiology can be attrib-
uted to diabetes if there is an ACR greater than 300 mg/g 
(macroalbuminuria) or ACR 30–300 mg/g (microalbumin-
uria) in the presence of diabetic retinopathy and type 1 dia-
betes of at least 10 years’ duration [ 18 ].    In progressive 
disease, microalbuminuria increases to levels of macroalbu-
minuria, and then overt nephrotic syndrome may develop. 
During this period of time, without treatment, hypertension 
may develop, and the glomerular fi ltration rate begins to fall 
with patients developing end-stage renal disease (ESRD) 
over several years. The goal of therapy is to either prevent or 
slow the development and progression of clinical disease. 
Mainstays of therapy in nonpregnant patients with DN are 
tight control of blood glucose, angiotensin converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers 
(ARBs), and strict control of hypertension. Supportive ther-
apy includes dietary therapy, management of hyperlipid-
emia, and smoking cessation. The pathogenesis of DN is 
dependent on glomerular hyperfi ltration, hyperglycemia, and 
advanced glycosylation end-products [ 19 – 22 ]. Other mecha-
nisms that play a role include cytokine activation and 
impaired renal nephrin expression [ 23 ,  24 ]. This raises con-
cerns unique to DN because normal pregnancy is already 
associated with hyperfi ltration. 

 There is evidence from the Diabetes Control Complications 
Trial Research Group and Epidemiology of Diabetes 
Interventions and Complications that achieving a hemoglobin 

A1c (HbA1c) level of approximately 7.0 % is able to mitigate 
some of the renal complication of diabetes [ 25 ,  26 ]. Studies 
have shown that in both type 1 and type 2 diabetes, improved 
glycemic control and agents that reduce glomerular capillary 
pressure by interfering with the actions of angiotensin II are 
associated with reduced incidence of microalbuminuria and 
prevent or slow the development of overt diabetic nephropa-
thy [ 27 – 31 ]. Mainstays of management in diabetes to prevent 
kidney disease are therefore monitoring the glomerular fi ltra-
tion rate, monitoring for the presence of microalbuminuria 
using ACE inhibitors or ARBs (contraindicated in pregnant 
women), as well as lipid management and smoking cessation 
if necessary. The approach to diabetic women who wish to 
conceive or are pregnant may be different.  

    Pre-pregnancy Risks and Counseling 

 All women with diabetes should receive pre-pregnancy 
counseling [ 8 ,  32 – 34 ]. Women with diabetes and particularly 
diabetic nephropathy need to be counseled as to the safety of 
conceiving and the likelihood of a successful pregnancy if 
they do. Therefore physicians who care for diabetics who 
desire families must have a complete understanding of 
 clinical guidelines and the relevant literature to provide the 
necessary information from which decisions can be made on 
an individual basis. For many years, women with diabetes 
were discouraged from becoming pregnant. Despite an 
increased risk of complications, with improved care and 
careful monitoring, studies have shown that diabetic women 
can safely and successfully have children [ 35 ,  36 ]. 

 Counseling prior to conception for diabetics should 
include a discussion of potential maternal or fetal health 
risks with an obstetrician and other appropriate physicians 
before deciding on pregnancy. If they have not received an 
evaluation for proteinuria and renal function within the past 
12 months, it should be performed at the initial visit [ 8 ]. The 
major concerns discussed in this chapter focus on hyperten-
sion and diabetic nephropathy, but women with long- standing 
diabetes may also have other comorbidities that must be con-
sidered. In addition, these women, especially those with 
hypertension and/or microalbuminuria, must have a thor-
ough review of their medications because they may be 
receiving ACE inhibitors, ARBs, or other drugs that are 
potentially harmful in pregnancy [ 37 ,  38 ]. 

 Although ACE inhibitors and ARBs are mainstays for the 
treatment of both type 1 and type 2 diabetic nephropathy, this 
group of drugs is unfortunately contraindicated in pregnant 
women [ 39 ]. In a recent meta-analysis of 49 randomized 
controlled trials, ACE inhibitors and ARBs were found to 
not only prevent progression but also reverse microalbumin-
uria [ 31 ]. However, ACE inhibitors and ARBs are contrain-
dicated in pregnancy because of the risk of fetal 
malformations; therefore, modifi cation of antihypertensives 
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in patients considering pregnancy is very important [ 40 – 42 ]. 
Reported fetal effects include severe oligohydramnios, renal 
failure, arterial hypotension, intrauterine growth retardation 
(IUGR), respiratory distress syndrome, pulmonary hypopla-
sia, hypocalvaria, limb defects, persistent patent ductus arte-
riosus, cerebral complications, and death [ 40 ]. Therefore, 
discontinuing ACE inhibitors or ARBs is an essential part of 
the preconception evaluation. Similarly, these drugs should 
be discontinued immediately when pregnancy is confi rmed 
in women receiving either of these agents. When these drugs 
are discontinued and antihypertensive therapy is required, 
several agents such as methyldopa or labetalol can be started 
as they have an excellent safety profi le in pregnancy [ 41 ]. 
   Women with mild hypertension, particularly in early preg-
nancy, may require no other therapy because of the physio-
logic decrease in blood pressure that occurs [ 42 ]. Therapy 
must be individualized but can be guided by consensus state-
ments including those that suggest that certain patients 
should be started on antihypertensives, particularly those 
with a systolic pressure of 140 mmHg or a diastolic pressure 
of 90 mmHg in women with gestational hypertension with-
out proteinuria or preexisting hypertension before 28 weeks’ 
gestation, those with gestational hypertension and protein-
uria or symptoms at any time during the pregnancy, those 
with preexisting hypertension and underlying conditions or 
target-organ damage, and those with preexisting hyperten-
sion and superimposed gestational hypertension [ 42 – 44 ]. 

 Women with diabetic nephropathy are also more likely to 
have other signifi cant medical problems such as ischemic 
cardiovascular disease or diabetic gastroparesis [ 45 ]. In 
addition, all women with diabetes are at risk for the develop-
ment of either gestational hypertension or preeclampsia, 
though the risk is greater in those with preexisting hyperten-
sion and diabetic nephropathy [ 46 ]. 

 Counseling women with preexisting diabetic nephropathy 
needs to be very individualized. Within this population of 
women, risks and outcomes may differ between those with 
only microalbuminuria, and those with overt clinical diabetic 
nephropathy as manifested by proteinuria and/or a decreased 
glomerular fi ltration rate. For all these women, understand-
ing not only the maternal and fetal risks but also the risk of 
accelerating the progression of underlying renal disease is 
essential. The following discussion focuses on the reported 
outcomes of pregnancy in women with diabetic nephropathy 
over the past 30 years.  

    Gestational Diabetes Mellitus 

 Gestational diabetes mellitus (GDM) is another problem asso-
ciated with impaired glucose tolerance that may occur during 
pregnancy. The International Association of Diabetes and 
Pregnancy Study Group (IADPSG) defi nes GDM as a fasting 
plasma glucose ≥92 mg/dL but <126 mg/dL or at least one 

abnormal result with the 75 g oral glucose tolerance test (GTT) 
at 24- to 28-week gestation, fasting glucose ≥92 but <126 mg/
dL or 1 h glucose ≥180 mg/dL or    2 h glucose is > 153 mg/dl. If 
the fasting plasma glucose is ≥126 md/dL or random glucose 
≥200 mg/dL or the HbA1c ≥ 6.5 then overt diabetes can be 
diagnosed [ 47 ]. 

 According to National Diabetes Statistics in 2011, GDM 
is seen in about 2–10 % of pregnant women [ 48 ]. Increasing 
maternal age, lower socioeconomic status, African- 
Americans or Hispanics ethnicity, obesity, and family history 
of diabetes are associated with an increased risk of develop-
ing GDM, with a higher prevalence in the United States [ 49 ]. 

 Identifying women with gestational diabetes is important 
because the Hyperglycemia and Adverse Pregnancy Outcome 
(HAPO) study showed a direct association between increas-
ing levels of fasting, 1-h, and 2-h plasma glucose post a 75 g 
oral GTT and adverse maternal and fetal outcomes including 
preeclampsia, abnormal birth weight, cord blood serum 
C-peptide level, primary cesarean delivery, clinical neonatal 
hypoglycemia, premature delivery, and shoulder dystocia. 
There is an increased risk of developing overt diabetes in 
women with GDM and a concern for impaired glucose 
 tolerance and development of obesity and diabetes in the 
babies born to women with GDM [ 50 ]. 

 GDM can have signifi cant adverse affects on the fetus. 
Elevated glucose levels can stimulate insulin release by the 
fetus and may also lead to respiratory distress in the infant 
after delivery due to the inhibition of fetal lung maturation. 
   Women with GDM commonly have large for gestational age 
babies as the fetus is exposed to the excess glucose. This 
results in conversion of the glucose to fat and deposition of 
adipose tissue. Delivery may then be complicated by increased 
rates of cesarean sections, and birth injuries including shoul-
der dystocia, and nerve palsies. Hypoglycemia is another sig-
nifi cant complication that can occur in the newborn baby [ 51 ]. 

 The management and treatment of gestational diabetes 
include dietary modifi cation, exercise, self-monitoring of 
blood glucose, and if necessary, hypoglycemic therapy. In a 
large randomized control trial of 958 women, treatment of 
mild GDM decreased the risk of perinatal problems like pre-
eclampsia, gestational hypertension, macrosomia, and shoul-
der dystocia compared to the control group though there was 
no signifi cant decrease in stillbirths or perinatal death [ 52 ]. In 
a randomized clinical trial, Crowther et al. showed there was a 
signifi cant decrease in the rate of serious perinatal outcomes 
(i.e., death, shoulder dystocia, bone fracture, and nerve palsy) 
from 4 to 1 % in women with gestational diabetes who received 
intervention with dietary advice, blood glucose monitoring, 
and insulin therapy compared to those who received routine 
care. The women in the intervention group also reported better 
quality of life and general health status postpartum [ 53 ]. 

 Exercise along with diet was found to lower the glucose 
concentration and HbA1c levels more in women with GDM 
when compared to diet alone and can help avoid the need for 
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insulin treatment [ 54 ]. The American Diabetes Association 
(ADA) recommends that nutrition therapy for women with 
GDM should aim at achieving normal blood glucose levels 
and also provide adequate energy levels to promote both 
maternal and fetal well-being and allow for appropriate 
weight gain during pregnancy. Diet should be tailored to 
meet individual nutrition needs and blood glucose levels and 
ketosis. They recommended that the required carbohydrates 
be provided in small-to-moderate-sized meals and snacks 
throughout the day [ 55 ]. 

 In a retrospective cohort study Chen et al. examined the 
association between gestational weight gain and perinatal out-
comes in 31,074 women with GDM. They found that women 
who had gestational weight gain above the Institute of Medicine 
(IOM) guidelines had a higher risk of having large for gesta-
tional age neonates, preterm delivery, and primary cesarean 
delivery when compared to women who gained weight within 
the IOM guidelines. They also reported that women who had 
gestational weight gain below the IOM guidelines had a higher 
risk of having small for gestational age neonates and lower 
odds of having large for gestational age neonates but these 
women were able to maintain diet- controlled GDM [ 55 ]. 
Others have also reported that excessive weight gain may 
increase the risk of large for gestational age infants [ 56 – 60 ]. 

 Insulin therapy should be initiated in women with GDM 
who have uncontrolled glucose levels with diet and exercise. 
The ADA recommends that insulin should be initiated in 
women with GDM who fail to achieve fasting blood glucose 
level less than or equal to 105 mg/dL or the 1 h postprandial 
glucose level ≤155 mg/dL or the 2 h postprandial glucose 
level ≤130 mg/dL. Insulin treatment should be administered 
in divided doses with the risk of perinatal complications 
being lowest when insulin was administered four times daily 
compared to twice daily insulin [ 61 ]. The use of oral antihy-
perglycemic agents is not recommended by the ADA and 
ACOG (The American College of Obstetricians and 
Gynecologists’ Committee on Obstetric Practice) during 
pregnancy. Metformin carries a Category B warning and gly-
buride has a Category C warning by the FDA. 

 Women with GDM have up to a 41 % increased risk of 
recurrence of GDM during subsequent pregnancies and there 
is an increased risk of development of subsequent type 2 dia-
betes and cardiovascular disease [ 62 – 64 ]. Women with 
GDM also require long-term follow-up. The ACOG recom-
mends that all women with GDM should undergo screening 
for diabetes at 6–12 weeks postpartum [ 65 ]. 

 The goal of treatment in women with GDM is to provide 
excellent support to assure successful outcomes. The ADA 
recommends that the nutrition therapy for women with GDM 
should aim at achieving normal blood glucose levels and also 
provide adequate energy levels to promote both maternal and 
fetal well-being and allow for appropriate weight gain during 
pregnancy. Diet should be tailored to meet individual nutri-

tion needs and blood glucose levels and ketosis. They recom-
mended providing the required carbohydrates in 
small-to-moderate-sized meals and snacks throughout the 
day [ 55 ]. However, diet alone may not achieve optimal gly-
cemic control. Insulin is the standard against which all thera-
pies are measured; a recent study reviewed eight randomized 
control trials published since 2009 that compared the use of 
the oral agents metformin and glyburide with insulin [ 66 ]. 
While these agents are effective, there were some differences 
between agents in individual studies, but they found few 
adverse events occurred overall. The authors concluded that 
larger, prospective studies to fully evaluate the long-term 
safety of oral hypoglycemic agents are necessary.  

    The Pregnant Diabetic 

    Early Diabetic Nephropathy: Microalbuminuria 

 Pregnancy in women with diabetic nephropathy poses addi-
tional theoretical challenges because of the physiologic 
hyperfi ltration though there is little evidence of increased 
intraglomerular pressure [ 67 ,  68 ]. However proteinuria is of 
real concern, given that proteinuria increases in pregnancy. 
An important question is whether or not proteinuria, includ-
ing microalbuminuria, predicts adverse outcomes in these 
women? Twenty years ago, Combs et al. looked at the impact 
of proteinuria on pregnancy in diabetic women. They showed 
that the risk of preeclampsia was 7 % when early pregnancy 
proteinuria was less than 190 mg/24 h, increased to 31 % 
when proteinuria was 190–499 mg/24 h, and was 38 % when 
proteinuria exceeded 500 mg/24 h [ 68 ].    Ten years later, 
Eckbom et al. also reviewed outcomes in diabetic pregnan-
cies that correlated urinary albumin excretion with outcomes 
of proteinuria. They showed there were increasing rates of 
preterm delivery, small for gestational age infants, and pre-
eclampsia depending on whether there was normoalbumin-
uria, microalbuminuria, or overt nephropathy with proteinuria 
greater than 300 mg/24 h [ 70 ]. Thirty-fi ve percent of women 
with microalbuminuria prior to pregnancy had preterm deliv-
ery due to preeclampsia, which was also associated with a 
higher HbA1c at 2–6 weeks of gestation. In addition, many 
of these women also developed nephrotic range proteinuria. 
These fi ndings are also consistent with those reported by 
Biesenbach et al. They compared urinary albumin excretion 
during and after pregnancy in women with type 1 DM; 30 
women had normoalbuminuria and 12 women had microal-
buminuria prior to conception. In both groups of patients the 
urinary albumin excretion reached a peak during the third 
trimester with a greater increase in microalbuminuria in dia-
betic women with preexisting microalbuminuria (almost sev-
enfold) compared to those with normoalbuminuria (fourfold) 
though normalization occurred within 12 weeks after delivery 
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in both patient groups. Renal function remained normal 
during pregnancy in both of the groups [ 71 ]. 

 Using logistic regression analysis, Ekbom et al. reported 
that the relative risk for preeclampsia in insulin-dependent 
diabetic women with microalbuminuria was 16. Six of ten 
women with microalbuminuria compared to 2 of 54 normo-
albuminuric diabetic women developed preeclampsia [ 72 ]. 
Similarly, in a prospective study of 846 diabetic women, 
Jensen et al. also reported a signifi cantly higher incidence of 
preeclampsia (odds ratio 4.0) in diabetic women with micro-
albuminuria compared to those with normoalbuminuria [ 73 ]. 
Nielsen et al. however reported no cases of preeclampsia in 
fi ve of ten women with microalbuminuria who received 
intensive blood pressure and glycemic control [ 74 ]. 

 Women with early diabetic nephropathy, manifested as 
“only” microalbuminuria, are at increased risk for the devel-
opment of preeclampsia, preterm delivery, and signifi cant 
increases in urinary albumin excretion during pregnancy. 
Pregnancy, however, has not been found to be a risk factor 
for the development of microalbuminuria or long-term pro-
gression of nephropathy in women with no nephropathy or 
only microalbuminuria at baseline [ 74 ,  75 ]. Intensive ther-
apy may reduce these complications.  

    Clinical Diabetic Nephropathy: Proteinuria 

 When pregnancy occurs in women with clinical diabetic 
nephropathy, either proteinuria >300 mg/24 h or reduced 
glomerular fi ltration rate, there is increased concern regard-
ing maternal morbidity and mortality and fetal outcomes, 
and the affect of the pregnancy on the progression of the 
underlying kidney disease. Early reports from the 1950s of 
pregnant diabetic women with kidney disease describe diffi -
cult pregnancies with signifi cant maternal morbidity and 
fetal mortality [ 5 – 7 ] and therefore pregnancy was strongly 
discouraged. By the time Hare and White reviewed a series 
of patients in 1977, the fetal survival rate had improved to 
72 % in diabetic nephropathy, but it was still lower than the 
survival rate for diabetics without kidney disease [ 76 ]. 
   In 1986, Grenfell et al. reported the outcomes of 22 pregnan-
cies in 20 women from 1974 to 1984 with proteinuria during 
or before pregnancy and compared them to diabetic women 
without proteinuria. Four women had elevated serum creati-
nine. The proteinuria diabetic women had a higher rate of 
preterm delivery and small for gestational age infants but all 
pregnancies were successful. One patient subsequently died 
of renal failure and three had further deterioration of renal 
function. The authors concluded that pregnancy should be 
discouraged in these patients because of poor long-term 
maternal outcome [ 77 ]. 

 Fortunately, there have been signifi cant improvements in 
both obstetric and neonatal care since that time, as well as 

signifi cant advances in the management of diabetes, hyper-
tension, and specifi cally diabetic nephropathy over this time 
contributing to the improved outcomes. It is essential how-
ever for physicians, both obstetricians and nephrologists, 
who provide care to women with diabetic nephropathy to 
know what outcomes are most likely to occur in an individ-
ual patient, based on the many reports published in the litera-
ture so that they can best counsel and advise diabetic women 
as to risks to the mother and fetus, as well as the risk of caus-
ing irreversible renal damage. Armed with this knowledge, 
one can provide appropriate expectations and guidelines that 
can help patients make an informed decision as to the likeli-
hood of safe and successful outcomes, and also increase 
awareness of potential problems for the patient and the 
 physicians providing care. 

 In 1981, Kitzmiller et al. described one of the fi rst series 
on pregnancy in women with diabetic nephropathy in which 
outcomes were signifi cantly improved. As in many early 
studies, the abortion rate, both spontaneous and planned, was 
high (25.7 %). Of the remaining pregnancies, proteinuria 
increased in most women and both hypertension and reduced 
renal function were present in the third trimester in approxi-
mately 75 % of women. While early delivery (prior to 37 
weeks) occurred in 71 %, with low birth weights correlating 
with maternal blood pressure and proteinuria, fetal survival 
was 89 %. Proteinuria improved after delivery in 65 % of 
cases, and hypertension resolved in 43.5 %. They reported 
that creatinine clearance decreased by a rate of 0.81 mL/min/
month in women following delivery, no different than non-
pregnant women with diabetic nephropathy [ 78 ]. Later, 
Reece et al. described 31 pregnancies in women with dia-
betic nephropathy over a nearly 10-year period from the 
Yale-New Haven Hospital. Initially, 39 % of women had a 
serum creatinine greater than 1.2 mg/dL, increasing to 45 % 
of women during pregnancy; there was an increase in heavy 
proteinuria (>3.0 g/day) from 26 to 71 % and hypertension 
increased from 26 to 58 %. Following delivery, proteinuria 
returned nearly to prepartum values with no evidence of 
adverse affect on underlying renal function with an infant 
survival rate of 94 %. Of note, the creatinine clearance, mea-
sured in the fi rst or second trimester, was below 50 in only 
four women. They too reported rates of renal functional 
decline following pregnancy in diabetic nephropathy to be 
similar to those reported by Kitzmiller, and not different than 
those patients with nephropathy who did not get pregnant 
[ 79 ]. They concluded that the likelihood of successful out-
come in their patients with diabetic nephropathy was compa-
rable to other insulin-dependent diabetics. Two years later, 
Reece provided follow-up data on 11 women, with mild-to- 
moderate diabetic nephropathy who did not seem to develop 
an accelerated rate of decline in renal function. Although all 
of these patients were hypertensive and had increased pro-
teinuria during pregnancy, the mean serum creatinine just 
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prior to conception (1.3 mg/dL) and the last follow-up value 
(1.2 mg/dL) were not signifi cantly different. The observed 
rate of decline in renal function appeared to be consistent 
with the expected natural course of diabetic nephropathy in 
the absence of pregnancy [ 80 ]. In a subsequent review, Reece 
reported successful pregnancy outcomes in >95 % of 27 
pregnant women with diabetic nephropathy (>300 mg pro-
teinuria/24 h). Care included stringent metabolic control of 
glucose and management of hypertension. While chronic 
hypertension and preeclampsia were common maternal com-
plications, there were no fetal deaths [ 81 ]. Based on 
Kitzmiller and Reece’s data, it is suggested that while the 
risk of complications that occur during pregnancy, i.e., pre-
eclampsia, preterm delivery, and small for gestational age 
baby, may be greater in women with early diabetic nephropa-
thy, the likelihood of a successful pregnancy is very high 
without increasing the risk of renal functional decline. 
Although numbers of patients were small, this fi nding is con-
sistent with a report from Pittsburgh that followed patients 
over a 2-year period to determine if pregnancy accelerated 
progression of diabetic complications [ 82 ]. 

 However, in diabetic women with more severe disease, 
outcomes in pregnancy may be signifi cantly more variable. 
Biesenbach et al. reported more rapid progression of renal 
failure related to pregnancy in fi ve women, four of whom had 
signifi cant disease with creatinine clearance less than 80 mL/
min, proteinuria greater than 2 g/24 h, and hypertension prior 
to pregnancy.    They attributed the advanced progression of 
the kidney disease to increased hypertension in the third tri-
mester [ 83 ]. In contrast, Mackie et al. reported outcomes in a 
series of 17 women, six of whom had a mean serum creati-
nine of 1.8, while the remaining women had proteinuria with 
preserved renal function. The mean gestational age was 31 
weeks in the former group and 36 in the latter with only one 
neonatal death. They found no long-term effect on maternal 
renal function and concluded that their favorable outcomes 
were largely due to improved neonatal care [ 84 ]. 

 In a larger series from Germany, Kimmerle et al. described 
outcomes in 40 pregnancies in 22 women with diabetic 
nephropathy and compared outcomes to 110 pregnancies in 
91 women at their center who were diabetic without nephrop-
athy. Four pregnancies were terminated early because of 
worsening renal function and severe hypertension. Of the 
remaining pregnancies, there was no maternal mortality but 
early delivery occurred in 34 % and one-fourth of newborns 
had respiratory distress, complications not seen in diabetics 
with normal kidney function. Proteinuria increased and 
reached the nephrotic range in 53 % of pregnancies. While 
pregnancy did not seem to accelerate the progression of kid-
ney disease, those women with more signifi cant proteinuria 
or kidney dysfunction when they became pregnant appear to 
be at greater risk for increased morbidity [ 85 ]. Gordon et al. 
followed 46 pregnancies in 45 women at their center in 

Columbus, Ohio, and while perinatal survival was 100 %, the 
risk of early delivery was higher in women with initial serum 
creatinine greater than 1.5 mg/dL, or more than 3 g protein-
uria/24 h. More than half their patients developed preeclamp-
sia and in over one-third, the creatinine clearance decreased 
more than 15 %. In those women in whom follow-up was 
available for a mean of 2.8 years, renal functional decline 
was greater for those women with initial creatinine clearance 
less than 90 mL/min and proteinuria greater than 1 g/day and 
almost one-fourth of these women continued to have protein 
excretion greater than 3 g/24 h [ 86 ]. 

 In a more recent study of pregnancy in women with dia-
betic nephropathy, Nielsen and colleagues in Copenhagen fol-
lowed 117 pregnant women with type 1 diabetes, ten of whom 
had microalbuminuria and seven had clinical diabetic 
nephropathy (serum creatinine 0.5–1.1 and urinary albumin 
excretion rate 450–3,290 mg/24 h). They used an aggressive 
approach to antihypertensive therapy so that half the patients 
with microalbuminuria and all patients with diabetic nephrop-
athy received antihypertensive therapy. They reduced the rates 
of preeclampsia and preterm delivery in women with microal-
buminuria resulting in outcomes similar to normoalbuminuric 
diabetic women. Women with diabetic nephropathy had 
higher birth weights and later gestational ages, but still deliv-
ered early with smaller infants compared to other groups. 
Three of seven (43 %) women with diabetic nephropathy had 
preeclampsia, compared to 7 % of the normoalbuminuric 
patients and none of those with microalbuminuria. The authors 
concluded that early antihypertensive therapy and strict meta-
bolic control improved pregnancy outcomes [ 74 ,  87 ]. 

 Given these data, one should anticipate that women with 
diabetic nephropathy are very likely to develop increasing 
amounts of proteinuria. Diabetics with signifi cant protein-
uria may be at increased risk for thrombotic complications 
and guidelines published by the Royal College of Obstetrics 
and Gynecology recommend considering the use of throm-
boprophylaxis for proteinuria >5 g/day [ 8 ]. These women 
are also at risk for the development of preeclampsia. A 
Cochrane review on the use of antiplatelet agents to prevent 
preeclampsia concluded that low-dose antiplatelet agents 
signifi cantly reduced the risk of preeclampsia in high-risk 
women compared to women at moderate risk [ 88 ]. They also 
concluded that antiplatelet agents, primarily low-dose aspi-
rin, offer moderate benefi t. This review however did not 
focus on diabetic women. Antiplatelet agents were also asso-
ciated with lower rates of small for gestational age babies, 
preterm delivery, and fetal or neonatal deaths. Therefore one 
should strongly consider the use of low-dose aspirin in all 
women with diabetic nephropathy, particularly those who 
have reduced glomerular fi ltration rates and/or proteinuria 
and are therefore at higher risk for preeclampsia. 

 The risk of developing worsening renal function however 
may depend to a great extent on the level of prepartum renal 
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function, with a signifi cant risk of preeclampsia and preterm 
delivery in all women with clinical diabetic nephropathy. 
Despite these challenges, the likelihood of a viable neonate 
is very high. The changes in renal function and worsening 
proteinuria are consistent with those seen in most pregnant 
women with other chronic renal diseases, and in most 
patients, proteinuria improves postpartum, often to baseline 
levels, as does blood pressure and renal function. The impor-
tance of both strict blood pressure and glucose control in 
achieving successful pregnancies has been emphasized by 
many investigators [ 8 ,  25 – 29 ,  81 ,  86 ,  87 ]. Intensive glycemic 
control however carries the risk of maternal hypoglycemia 
which can result in impaired glucose counter-regulatory 
mechanisms. In several studies, an association between 
maternal hypoglycemia and fetal embryopathy was not 
established; however, the risk of a teratogenic effect of hypo-
glycemia in early pregnancy remains unanswered [ 89 ]. 
While counseling individual patients can be challenging, 
making sure that patients are aware of the potential prob-
lems, based on their degree of pre-pregnancy proteinuria and 
renal function, is essential. It is also important that all physi-
cians involved in the care of women with diabetic nephropa-
thy have the appropriate training and background to provide 
appropriate supportive and expectant care throughout preg-
nancy and that they communicate and work effectively as a 
team to achieve the best outcomes.   

    Does Pregnancy Accelerate Kidney Disease 
in Women with Underlying Diabetic 
Nephropathy? 

 There has long been concern regarding whether or not preg-
nancy in diabetic women accelerates diabetic nephropathy 
and can contribute to earlier development of ESRD. The 11 
pregnancies complicated by mild-to-moderate diabetic 
nephropathy that were described by Reece et al. did not seem 
to have acceleration of the rate of decline in renal function, 
despite that fact that all of these patients were hypertensive 
and had increased proteinuria during pregnancy. Their mean 
serum creatinine just prior to conception (1.3 ± 0.5 mg/dL) 
and the last follow-up value (1.2 ± 0.3 mg/dL) were not sig-
nifi cantly different. The observed rate of decline in renal 
function appeared to be consistent with the expected natural 
course of diabetic nephropathy in the absence of pregnancy 
[ 80 ]. In a series from the University of Cincinnati, Miodovnik 
et al. reviewed outcomes of 182 pregnant women from their 
diabetes-in-pregnancy trial, 46 of whom had nephropathy 
with a minimum of 3-year outcome data.    They concluded 
that while a substantial proportion of these women will even-
tually develop ESRD, this risk was not attributable to preg-
nancy and they could not identify signifi cant risk factors for 
the development of ESRD. As in other studies, women with 

diabetic nephropathy did however have statistically higher 
incidences of preterm delivery, hypertension, and preeclamp-
sia than those women without nephropathy [ 90 ]. 

    Reece et al., in 1998, reviewed the world literature of 
pregnancy in women with diabetic nephropathy from 1981 
to 1996 and reported the outcomes in 315 patients from this 
survey [ 80 ]. Chronic hypertension was present in 42 % of 
women, with 60 % becoming hypertensive by the third tri-
mester. Proteinuria and mean arterial pressure signifi cantly 
increased from the fi rst to the third trimester, and preeclamp-
sia was reported in 41 % of pregnancies. There was an over-
all perinatal mortality of 5 % with preterm delivery in 22 % 
and IUGR in 15 %. They noted that both gestational age and 
birth weight were signifi cantly correlated with fi rst- and 
third-trimester renal function and third-trimester proteinuria 
and blood pressure. Though 17 % of the 185 patients avail-
able for long-term follow-up (mean 35 months) developed 
ESRD the authors concluded that pregnancy did not appear 
to accelerate renal functional deterioration. While many 
women had transient worsening of renal function, they did 
note a small, but signifi cant, increase in proteinuria postpar-
tum. They also noted that improved perinatal care contrib-
uted to a fetal survival rate of 95 % [ 81 ]. 

 Dunne et al. retrospectively reviewed 21 pregnancies in 
18 women with diabetic nephropathy, categorized as mild, 
moderate, or severe based on a serum creatinine of less than 
1.1, 1.1–1.7, and greater than 1.7 mg/dL, respectively. The 
authors did not stratify outcome related to renal function and 
although there was a 100 % live birth rate, there was a higher 
rate of neonatal mortality, perinatal mortality, and congenital 
malformations than a matched population. In addition, there 
was a signifi cant risk of increased proteinuria and hyperten-
sion, though after a 48-month follow-up there was no dete-
rioration of renal function [ 36 ]. In 2002, Rossing et al. 
reported their results from a long-term observational case–
control study from Denmark of all diabetics from 1970 to 
1989 with at least 10 years of follow-up, and compared the 
progression of kidney disease in 26 women who became 
pregnant after the diagnosis of diabetic nephropathy with 67 
diabetic women without nephropathy who became pregnant. 
They compared the slopes of 1/serum creatinine over time 
between the two groups and found no difference in progres-
sion of renal deterioration related to pregnancy. They 
described a lower rate of functional renal decline, which they 
attributed to aggressive antihypertensive therapy. Of note, 
the mean serum creatinine at onset of nephropathy was 
0.9 mg/dL with mean proteinuria of 597 mg/24 h and only 
three women had an elevated serum creatinine at the onset of 
pregnancy. In women with diabetic nephropathy, proteinuria 
and hypertension were common and one-third of these 
women either died or reached ESRD after 10 years. However, 
the authors concluded that the prognosis for a successful 
pregnancy was high if renal function was well preserved at 
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the onset of pregnancy [ 91 ]. In a recent prospective observa-
tional study from Brazil, Young and colleagues followed 43 
pregnant women with diabetes, 11 of whom had early dia-
betic nephropathy. The mean serum creatinine of the women 
with nephropathy was 0.8 mg/dL with a mean urinary albu-
min excretion rate of 119 mg/24 h. Though the women with 
nephropathy had a statistically higher rate of preterm deliv-
ery, preeclampsia, and small for gestational age births, the 
authors concluded that pregnancy was not associated with 
the development or progression of diabetic nephropathy in 
women with mild renal dysfunction [ 92 ]. 

 While the risks of preeclampsia, preterm delivery, and 
small for gestational age babies are increased in diabetic 
women with mild diabetic nephropathy, there does not 
appear to be an increased risk for accelerating the progres-
sion of renal failure when compared to diabetic women with 
either microalbuminuria or no kidney disease. This does not 
appear to be true for diabetic women with more signifi cant 
kidney disease. 

 Biesenbach et al. described four of fi ve female patients 
with type 2 diabetes mellitus with preexisting impaired renal 
function (creatinine clearance less than 80 mL/min), signifi -
cant proteinuria (greater than 2 g/24 h urine), and hyperten-
sion who had a further decline in renal function during 
pregnancy. The mean decline of the glomerular fi ltration rate 
was 1.8 mL/min per month during pregnancy and 1.4 mL/
min per month postpartum until the start of dialysis treat-
ment. They suggested that the difference in the progression of 
diabetic nephropathy during and after pregnancy was due to 
increased hypertension during pregnancy, particularly in the 
third trimester, despite an intensifi ed antihypertensive ther-
apy. They concluded that pregnancy in these patients resulted 
in an earlier requirement for renal replacement therapy than 
would have been expected without pregnancy [ 83 ]. In another 
series of women with moderate-to-severe diabetic nephropa-
thy, defi ned as a serum creatinine >1.4 mg/dL, Purdy et al. 
followed 11 women to determine if pregnancy had an affect 
on long-term (35–138 months) renal outcome and compared 
them to pregnancies in diabetic women without nephropathy. 
Five of these women had permanent deterioration of renal 
function that was greater than the predicted progression of 
disease and reached ESRD less than 2 years postpartum. 
Preeclampsia occurred in three patients. One- fourth of these 
women had transient reduction in renal function; one-fourth 
had no change. Consistent with previous reports, preterm 
delivery and IUGR rates were high in all of the women. The 
authors concluded there was a greater than 40 % risk of pro-
gression of diabetic nephropathy attributable to pregnancy 
[ 93 ]. In a retrospective review of 36 Pakistani women with 
moderate-to-severe diabetic nephropathy (mean serum creat-
inine 1.8 mg/dL, all of whom had diabetic retinopathy), Irfan 
also reported increased progression of kidney disease [ 94 ]. 

Proteinuria increased in 79 %, hypertension worsened in 
73 %, and renal function transiently deteriorated in 27 % with 
45 % showing a permanent decline. These patients were com-
pared to an equal number of nonpregnant diabetic women 
with similar renal dysfunction. The authors concluded that in 
women with diabetic nephropathy, pregnancy was associated 
with a >40 % risk of increased progression of renal failure. 

 In summary, women with diabetic nephropathy have a 
signifi cantly increased risk of preeclampsia and are more 
likely to experience preterm delivery and IUGR. Increased 
proteinuria, hypertension, and transient reductions in renal 
function are common. However, in women with either 
 microalbuminuria or mild renal disease, there does not 
appear to be an adverse long-term effect on renal function. 
Pregnancy in women with moderate or more severe diabetic 
nephropathy is much more likely to accelerate the progres-
sion of renal disease. Aggressive treatment of hypertension 
and hyperglycemia may reduce these risks and are particu-
larly important in the management of pregnancy in women 
with diabetic nephropathy.  

    Pregnancy in Diabetic Transplant Patients 

 Pregnancy in diabetic kidney and kidney–pancreas trans-
plant recipients provides additional challenges in manage-
ment and care. These women are particularly in need of both 
preconception counseling and care by those with experience 
in kidney and kidney–pancreas transplantation. Patients 
must be counseled regarding not only maternal and fetal 
risks but also risks related to allograft rejection or failure. 
Recommendations for pregnancy in renal transplant recipi-
ents include excellent and stable graft function, minimal or 
no proteinuria, well-controlled hypertension on few if any 
antihypertensives, and discontinuation of both mycopheno-
late mofetil and rapamycin prior to conception [ 95 ]. While 
outcomes are very good when these guidelines are followed, 
there is still a higher rate of preterm delivery, low birth 
weight, and preeclampsia in this population [ 96 – 98 ]. There 
is a limited but growing body of literature on post-transplant 
outcomes in diabetic transplant recipients [ 8 ,  99 ,  100 ]. A 
1998 report from the International Pancreas Transplant 
Registry described outcomes of 19 pregnancies in 17 women. 
There was the loss of one pancreas transplant due to acute 
rejection following delivery, and the loss of one kidney trans-
plant 3 months following delivery [ 99 ]. While the overall 
outcomes of pregnancy in women with combined kidney–
pancreas transplant are good, a higher incidence of infec-
tions and graft loss has been reported [ 100 ]. Diabetic 
transplant recipients who consider pregnancy must therefore 
be carefully monitored for appropriate immunosuppressive 
therapy, antihypertensive therapy, and graft function.  
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    Conclusion 

 How can this reviewed literature be applied to individual dia-
betic women seeking guidance, ideally, before pregnancy 
and but also during pregnancy? All pregnant women with 
diabetic nephropathy have a higher risk of preterm delivery, 
preeclampsia, and small for gestational age births though 
this risk may be minimized by excellent glycemic and blood 
pressure control. Women with preclinical or mild diabetic 
nephropathy with only microalbuminuria or minimal pro-
teinuria and well-preserved glomerular fi ltration rate, and 
normal or only minimally elevated blood pressure may have 
transient increases in proteinuria and blood pressure. These 
women do not have signifi cant progression of their renal fail-
ure, but in women with moderate diabetic nephropathy and 
lower creatinine clearances prior to conception renal func-
tion may signifi cantly worsen during and after pregnancy 
without complete recovery [ 93 ,  94 ]. 

 This review provides guidelines for counseling women 
with diabetes who are considering pregnancy. While all of 
these women face similar risks and challenges, differences 
exist between those with microalbuminuria and those with 
overt proteinuria and/or decreased renal function. Similar 
risks exist for those women who present already pregnant. 
Aggressive blood pressure and glycemic control to reduce 
the risk of preeclampsia and other complications is an essen-
tial element in the care of all these women. Aspirin therapy 
should also be considered in these patients to reduce the risk 
of preeclampsia. Central to this process is a knowledgeable 
team of physicians who effectively communicate with each 
other regarding all aspects of care. Sharing information 
across disciplines and if necessary, institutions, is particu-
larly important for these patients where input from each team 
member is necessary to maximize the likelihood of success-
ful fetal and maternal outcomes.     
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           Transplant Immunology and Immunological 
Risk Assessment 

    MHC/HLA Molecules 

 When a foreign organ is transplanted into a nonidentical 
individual of the same species, the organ is called allograft. 
The immune response from recipient to allograft is termed 
alloimmune response, which is initiated by T-cell recogni-
tion of alloantigens (allorecognition) [ 1 – 3 ]. The strongest 
transplant antigens are coded by the major histocompatibil-
ity complex (MHC) genes. In humans, the MHC molecules 
are called human leukocyte antigens (HLA) and the genetic 
region is located on the short arm of chromosome 6. Each 
parent provides a haplotype (a linked set of MHC genes) to 
each offspring as mendelian codominant inheritance. There 
are two classes of MHC or HLA molecules. Class I mole-
cules (HLA-A, -B, and -C) are composed of a polymorphic 
heavy chain (a chain, 44 kDa) and a nonpolymorphic light 
chain (ß2 microglobulin, 12 kDa). They are expressed on all 
nucleated cells, and generally present endogenous small 
antigens (typically 9–11 amino acids), such as viruses and 
self-protein fragments, in the context of self-MHC to CD8+ 
T lymphocytes. Class II molecules (HLA-DP, -DQ, and -DR) 
are composed of polymorphic a chain (35 kDa) and ß chain 
(31 kDa). They are constitutively expressed only on profes-
sional  antigen-presenting cells (APC), including dendritic 
cells, macrophages, and B-cell. But their expression may be 

upregulated on epithelial and vascular endothelial cells after 
exposure to pro-infl ammatory cytokines. Class II molecules 
present relatively larger antigens (12–28 amino acids) 
derived from extracellular proteins to CD4+ T cells [ 1 – 4 ]. 
The degree of HLA mismatching between donor and recipi-
ent plays a role in determining the risk of chronic rejection 
and graft loss. HLA-A, -B, and -DR (three pairs, six anti-
gens) are traditionally used for typing and matching before 
kidney and/or pancreas transplant. HLA-Cw, -DP, and -DQ 
are now increasingly typed and used in many transplant cen-
ters. The long-term graft survival is best in HLA-identical 
living-related kidney transplants. The major impact comes 
from the match of the DR antigen, and the order of impor-
tance for HLA match is DR > B > A [ 1 ,  3 ,  4 ].  

    Non-HLA Antigens/Antibodies 

 Acute and chronic graft rejection can occur in HLA-identical 
sibling transplants, indicating the presence of immune 
response to non-HLA antigens. There are several non-HLA 
antigens and their antibodies derived from either alloimmu-
nity or autoimmunity have been reported [ 5 ,  6 ]. 

  ABO blood group antigens  are not only expressed on red 
blood cells but they are also expressed on vascular endothe-
lial cells and other cells. ABO incompatible organ transplant 
causes hyperacute rejection due to the presence of the pre-
formed hemagglutinin A and/or B antibody. ABO compati-
bility between donor and recipient are essential for organ 
transplant, similar to red blood cell transfusion. 
Desensitization protocol to remove the preformed hemag-
glutinin A and/or B from recipient circulation has been used 
for ABO incompatible kidney transplant [ 1 ,  7 ]. The rhesus 
(Rh) factor and other red cell antigens are not that relevant to 
organ transplant as they are not expressed on endothelium. 

  Minor histocompatibility antigens  ( MiHA ) are small 
endogenous peptides that occupy the antigen-binding site of 
donor MHC molecules. They are generally recognized by 
CD8+ cytotoxic T cells in the context of self-MHC, thus 
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causing graft rejection. In bone marrow transplant, MiHA 
play an important role in graft-versus-host (GVH) disease in 
patients who received HLA-matched cells [ 8 ]. H-Y MiHA is 
encoded by the Y chromosome in males and can induce allo-
immune response when a male organ is transplanted into a 
female recipient [ 9 ]. MICA and MICB (MHC class 1-related 
chain A and B) are also expressed on endothelial cells. 
Antibodies against MICA and/or MICB can cause antibody- 
mediated rejection (AMR) and graft loss [ 10 ]. 

 Other reported antibodies causing graft rejection include 
anti-angiotensin-2 receptor, anti-glutathione S-transferase 
T1, and anti-endothelial antibodies [ 11 – 13 ]. Anti-endothelial 
antibody can be detected by using donor monocytes for 
crossmatch [ 13 ]. Some minor transplant antigens may come 
from mitochondrial proteins and enzymes. As our knowl-
edge in transplant immunology advances, there will likely be 
more alloreactive and autoreactive antibodies to be discov-
ered in the future.  

    Allorecognition Pathways 

 Allorecognition can occur by one of the three mechanisms 
referred to as direct, indirect, and semi-direct pathways [ 14 –
 16 ]. In the direct pathway, recipient T cells recognize intact 
allogeneic HLAs expressed by donor cells, while in the indi-
rect pathway, T cells recognize peptides derived from donor 
HLAs presented by recipient APC. In the semi-direct path-
way, recipient dendritic cells or other APC acquire intact 
HLAs from donor cells and present them to recipient T cells. 
The direct and indirect pathways are well understood in organ 
transplantation, the semi-direct pathway is not known of clin-
ical importance. The direct pathway is very important in the 
immediate post transplant period. Without appropriate immu-
nosuppression, a strong and effective alloresponse would fol-
low, which is primarily due to the high number of recipient 
T cells that will recognize the graft antigens and cause acute 
cellular rejection (ACR). While the indirect pathway of 
allorecognition may also participate in acute rejection (AR), 
it usually dominates in the late onset of rejection, especially 
the chronic rejection [ 14 – 16 ]. As long as the allograft is pres-
ent in the host, the recipient APCs can pick up the alloantigen 
shed from graft and start alloimmune response. Therefore, 
maintenance immunosuppression is required for the lifetime 
of allograft to prevent late rejection and chronic rejection.  

    Three-Signal Model of T-Cell Activation 

 T-cell activation is the key process of allograft rejection. 
T cells recognize alloantigen through T-cell receptor (TCR). 
The initiation of intracellular signaling requires additional 

peptides known as CD3 complex, and the antigen-specifi c 
signal (signal 1) is transduced through the TCR-CD3 com-
plex [ 1 – 3 ]. Two signals are needed for T-cell full activation. 
The second co-stimulatory signal depends on the receptor–
ligand interactions between T cells and APCs (signal 2). 
Numerous co-stimulatory pathways have been described and 
blockage of these pathways can lead to antigen-specifi c inac-
tivation or death of T cells [ 17 – 19 ]. The best studied ones are 
the CD28-B7 and CD154-CD40 pathways. CD28 and 
CD154 are expressed on T cells, and their ligands B7 and 
CD40 are expressed on APCs. CD28 has two ligands, B7-1 
(CD80) and B7-2 (CD86). T cells also express cytotoxic 
T-lymphocyte-associated antigen-4 (CTLA-4), which is 
homologous to CD28 and has a higher affi nity than CD28 to 
bind B7. However, when CTLA-4 binds B7 (both CD80 and 
CD86), it produces an inhibitory signal to terminate T-cell 
response. This unique action leads to the clinical develop-
ment of a fusion protein CTLA-4-Ig (belatacept) as a novel 
immunosuppressive medication [ 19 ]. CD154-CD40 block-
ages have also been shown to prevent allograft rejection in 
animal models, including anti-CD154 antibody and mole-
cules that target CD40 [ 18 ]. 

 The combination of signal 1 and 2 activates three down-
stream signal transduction pathways: the calcium- calcineurin 
pathway, the RAS-mitogen-activated protein (MAP) kinase 
pathway, and the IKK-nuclear factor kappa-beta (NF-kB) 
pathway. These three pathways further activate transcription 
factors including the nuclear factor of activated T cells 
(NFAT), activated protein-1 (AP-1), and NF-kB, respec-
tively. Several new molecules and cytokines including CD25, 
CD154, IL-2, and IL-15 are subsequently expressed [ 1 – 3 ]. 
IL-2 and IL-15 deliver growth signals (signal 3) through the 
mammalian target-of-rapamycin (mTOR) pathway and 
phosphoinositide-3-kinase (PI-3K) pathway, which subse-
quently trigger the T-cell cycle and proliferation. The fully 
activated T cells undergo clonal expansion and produce a 
large number of cytokines and effector T cells, which eventu-
ally produce CD8+ T-cell mediated cytotoxicity, help 
macrophages- induced delayed type hypersensitivity (DTH) 
response (by CD4+ Th1), and help B cells for antibody pro-
duction (by CD4+ Th2). A subset of activated T cells 
becomes the alloantigen-specifi c memory T cells [ 20 ,  21 ].  

    B Lymphocytes 

 B cells    express clonally restricted antigen-specifi c receptors 
as immunoglobulins on their surfaces. When these receptors 
bind donor HLA antigen in the context of help from helper 
T cells (CD4+ Th2), B cells are activated. Then, they divide, 
differentiate, and become plasma cells to secret antibodies. 
Some activated B cells become memory B cells [ 22 – 24 ]. 
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The helper T cells may help B-cell activation either through 
intimate membrane contact involving a variety of receptors 
and ligands (such as CD40:CD154) or through the secreted 
soluble cytokines (such as IL-4) [ 18 ,  23 ,  24 ]. These HLA 
antibodies bind antigens and can cause graft injury either by 
activating complement cascade (complement-dependent 
cytotoxicity, CDC), or via Fc receptor on NK cells, neutro-
phils, and eosinophils (antibody-dependent cellular cytotox-
icity, ADCC) [ 1 ,  14 ]. In addition to antibody production, 
B cells are also APCs. B cells can present allograft-derived 
antigens to T cells for T cell activation through the indirect 
pathway of allorecognition [ 2 – 4 ].  

    Innate and Adaptive Immune Responses 
in Graft Rejection 

 Innate immunity refers to the nonspecifi c natural immune 
system that involves macrophages, neutrophils, NK cells, 
cytokines, toll-like receptors, and complement components 
[ 25 ]. Alloimmune is an adaptive immunity that involves rec-
ognition of alloantigen and confers antigen specifi city and 
memory by T and B cells as discussed above. However, allo-
immune response not only produces specifi c effector T cells 
and antibodies but also secretes chemokines and cytokines, 
which recruit components of the innate immune system, 
such as complement activation and leukocyte migration from 
the circulation into a site of infl ammation [ 1 – 4 ]. On the other 
hand, ischemic injury of allograft initially activates the innate 
immune response, which leads to increased antigen presenta-
tion to T cells by up-regulating the expression of class II 
HLAs, adhesion molecules, and cytokines [ 2 – 4 ]. Therefore, 
the innate and adaptive immune responses are closely inter-
related and both play important role in allograft rejection and 
rejection-associated tissue damage.  

    Sensitization and Panel Reactive Antibody 

 Human sensitization is defi ned by the presence of antibodies 
in the recipient’s blood against a panel of selected HLA anti-
gens representing donor population. It is reported as the per-
cent panel reactive antibody (PRA). PRA estimates the 
likelihood of positive crossmatch to potential donors [ 1 ,  14 ]. 
The higher the PRA level, the lower the likelihood of receiv-
ing a compatible kidney, and the longer the waiting time on 
the kidney waitlist. Sensitization is caused by previous expo-
sure to HLA antigens, usually through previous organ trans-
plant, pregnancy, or blood transfusion. Particularly relevant 
is the exposure of women to their partner’s HLA during 
pregnancy. This results in direct sensitization against the 
partner, potentially making the partner and/or their child an 
unsuitable donor. The percent PRA in an individual patient 

may vary from one testing date to another secondary to either 
a change in antibody titers, or a change in the usage of HLA 
antigens in the assay. The technology of PRA assay has been 
advanced from the initial CDC assay, then the enzyme-linked 
immunoabsorption (ELISA), to the current multiplexed 
particle- based fl ow cytometry (Luminex). Single antigen 
beads are increasingly used to characterize the preformed 
HLA antibodies before transplant as well as any de novo 
development of HLA antibodies (donor-specifi c antibodies, 
DSA) after transplant [ 1 ,  26 ].  

    Crossmatch and Donor-Specifi c Antibody 

 Solid phase-based ELISA or Luminex assay can detect and 
characterize the preformed HLA antibodies in an individual 
patient. The corresponding antigens are considered as unac-
ceptable for that patient and are listed into the UNOS data-
base. A patient will not be offered a kidney from the deceased 
donor who expresses an unacceptable HLA antigen (positive 
virtual crossmatch). Only those patients whose HLA anti-
bodies are not donor directed will appear on the match run 
(negative virtual crossmatch). Such “virtual crossmatch” can 
improve effi ciency of organ allocation by decreasing the risk 
of positive crossmatch before transplant [ 26 ]. When a poten-
tial donor is identifi ed, a fi nal crossmatch with fresh serum 
from recipient and lymphocytes from donor has to be per-
formed to rule out any preformed DSA, which can produce 
hyperacute AMR. The fi nal crossmatch must be negative to 
proceed with transplantation. The commonly used two tests 
are CDC crossmatch and fl ow cytometry crossmatch. The 
choice of crossmatch test remains a controversial issue. It is 
usually determined by individual transplant program accord-
ing to center experience and availability. 

 T cells express HLA class I antigens only, while B cells 
express both HLA class I and class II antigens. Furthermore, 
B cells express HLA class I antigens at quantitatively greater 
level than on T cells. T-cell positive crossmatch is considered 
as true and signifi cant sensitization with DSA against HLA 
class I antigens. T-cell negative/B-cell positive crossmatches 
may represent either HLA class II antibodies or low titers of 
HLA class I antibodies. T-cell positive/B-cell negative results 
are likely due to presence of non-HLA antibodies [ 1 ,  3 ]. 

  Complement-dependent cytotoxicity  ( CDC )  crossmatch . The 
donor lymphocytes (T cells, B cells, or mixed) are isolated 
from blood or lymph nodes, and placed in wells. The recipient 
serum is then added along with rabbit complement. The cyto-
toxicity is determined by counting the lyses of lymphocytes 
compared with a control. It is usually modifi ed by addition of 
antihuman globulin to increase the sensitivity (AHG-CDC), 
as antihuman globulin can induce cross- linking of antibodies 
and increase the visual cytotoxicity. If the initial CDC cross-
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match is positive, it will be repeated with the addition of 
dithiothreitol (DTT), which reduces the disulfi de bonds of 
IgM if it is present. Initial positive and repeated DTT positive 
tests indicate the presence of DSA of IgG rather than IgM. 
IgM antibodies are generally not considered to be real sensi-
tization. Transplantation should not proceed if there is evi-
dence of a positive crossmatch secondary to a cytotoxic IgG 
anti-HLA antibody (DSA). However, there are various desen-
sitization protocols that can be used to remove the preformed 
DSA to achieve negative fi nal crossmatch for HLA incompat-
ible transplants if a living donor is involved [ 27 – 31 ]. 

  Flow cytometry crossmatch  ( FCXM ). Donor T and B lym-
phocytes are isolated and mixed with recipient serum. A 
fl uorescence-labeled antihuman IgG is then added. The cells 
bound any recipient antibodies are stained with fl uorescence- 
labeled antihuman IgG, and cause the channel shifts (CS) in 
fl uorescent intensity. FCXM is much more sensitive than 
CDC or AHG-CDC in detecting low level of antibodies. It 
does not depend on the complement activation of antibody; 
therefore, non-cytotoxic antibodies can also be detected. The 
signifi cance of non-complement activating or non-cytotoxic 
antibodies in vivo is unclear. Single antigen bead (Luminex) 
can be used to further characterize any DSA presence and to 
determine if the DSA is responsible for the channel shift in 
the fl ow crossmatch [ 1 – 3 ]. 

 Again, these two crossmatches differ in the degree of sen-
sitivity. Conservative transplant program may choose sensi-
tive FCXM, which will signifi cantly reduce the incidence of 
post-transplant AMR. However, it may also be too sensitive 
in that clinically irrelevant antibodies are detected. 
Consequently, some viable transplant opportunities are poten-
tially lost. Crossmatch test can also be performed with recipi-
ent’s previous sera. The scenario of current sera negative, 
historical sera positive suggests previous antibodies may have 
waned in titer, but the specifi c memory B cells could rapidly 
expand and produce the antibodies when re- exposed to the 
specifi c alloantigen. Although this is not considered as a con-
traindication for transplantation, it does increase the risk of 
AMR after transplant. Close monitoring of DSA titer and 
more immunosuppression are usually recommended.   

    Immunosuppressive Therapy 

 Modern immunosuppressive protocol typically includes an 
induction therapy and a long-term maintenance. Antibody 
induction is recommended in patients with immunologic 
risk, but the choice of antibody remains controversial. In the 
USA, about 60 % of kidney transplant patients in the year of 
2011 were given a T-cell depleting antibody induction, pre-
dominately the antithymocyte globulin (ATG). Other 40 % 
of patients received either IL-2 receptor antibody (IL-2R Ab) 

or no antibody induction [ 32 ]. Maintenance immunosup-
pression is required for the lifetime of functioning allograft 
to prevent rejection of transplanted kidney. It is generally 
accepted that more intensive immunosuppression is given 
initially and less immunosuppression is subsequently main-
tained to minimize the overall risk of infection and malig-
nancy. A maintenance regimen typically consists of two of 
the four classes of drugs with or without glucocorticoids: (1) 
calcineurin inhibitor (CNI) (tacrolimus or cyclosporine), (2) 
antimetabolite (mycophenolate mofetil (MMF) or enteric- 
coated mycophenolate sodium), (3) mTOR inhibitor (siroli-
mus, or everolimus), and (4) costimulation blocker 
(belatacept). In the USA, the most popular maintenance 
either at beginning of transplant or at 1 year after transplant 
remains the combination of corticosteroid, mycophenolic 
acid (MFA), and tacrolimus [ 32 ]. 

    Induction Antibody Preparations 

  OKT - 3  is a murine monoclonal antibody against CD3 mole-
cule. It binds to the TCR-associated CD3 glycoprotein, lead-
ing to initial activation and cytokine release, followed by 
blockade of function and T-cell depletion. It is associated 
with severe side effects, and ATG preparation was demon-
strated to be superior than OKT-3 in decreasing the incidence 
of rejection and better tolerability [ 33 – 36 ]. The use of OKT-3 
was subsequently decreased and led to cessation of its pro-
duction in 2009. 

  Antithymocyte globulin  ( ATG ). There are two forms of ATG 
that are polyclonal immunoglobulins from horses (ATGAM) 
or rabbits (thymoglobulin) immunized with human thymo-
cytes. ATG binds to various cell surface markers, leads to 
complement-dependent lysis of lymphocytes. OKT-3, 
ATGAM, thymoglobulin, and alemtuzmab are often 
referred as lymphocyte-depleting antibodies, which are 
usually used in patients who have high immunological risk 
of rejection [ 33 ]. ATG use is associated with cytokine 
release syndrome, myelosuppression, and rarely anaphy-
lactic reaction. Several studies found that thymoglobulin 
was more effective in preventing rejection and was associ-
ated with better graft survival than ATGAM [ 37 – 39 ]. The 
dose of thymoglobulin induction has ranged from 1 to 
4 mg/kg/day for 3–10 days. Intraoperative administration 
of thymoglobulin was found to be associated with a lower 
incidence of delayed graft function (DGF) and shorter hos-
pital stay [ 40 ]. Doses less than 3 mg/kg may not effectively 
prevent acute rejection (AR). Higher dose and longer dura-
tion of induction was associated with increased risk of 
infection and lymphoma. Therefore, the optimal dose of 
thymoglobulin induction might be a total of 6 mg/kg 
administered as 1.5 mg/kg/day in 3–5 days [ 41 ,  42 ]. 
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  IL - 2 Receptor Antibody  ( IL - 2R Ab ). Daclizumab and basilix-
imab are the two IL-2R Abs. Daclizumab is a humanized 
antibody and basiliximab is a chimeric monoclonal antibody. 
Both bind to the alpha chain of IL-2 receptor (CD25) 
expressed on activated T lymphocytes. They prevent T cell 
proliferation without causing cell lysis and have minimal 
adverse effects. IL-2R Abs are also known as non-depleting 
antibodies, and frequently used in patients who have a low-
to- moderate risk of rejection [ 43 – 46 ]. Basiliximab is admin-
istered as two doses within 4 days of transplantation, whereas 
daclizumab is administered as fi ve doses over 8 weeks. This 
difference in convenience of administration led to more fre-
quent use of basiliximab than daclizumab. Subsequently, 
Roche pharmaceuticals withdrew daclizumab from market 
in October 2008. 

  Alemtuzumab  is a humanized anti-CD52 monoclonal anti-
body, which triggers antibody-dependent lysis of lympho-
cytes (both B and T cells), NK cells, and, to a lesser extent, 
of monocytes and macrophages. Alemtuzumab is FDA 
approved for treating B cell lymphomas. As an induction 
agent, it produces a profound depletion of lymphocytes and 
is associated with more frequent and severe adverse effects, 
such as neutropenia, thrombocytopenia, thyroid disease, 
autoimmune hemolytic anemia, and other autoimmune dis-
eases [ 47 – 49 ]. It is hoped that alemtuzumab induction could 
permit patients to be maintained on unconventional strategy 
with less intensive immunosuppression, such as tacrolimus 
monotherapy [ 50 ], steroid-free [ 51 ], steroid- and CNI-free 
regimen [ 52 ]. 

  Rituximab  is a chimeric monoclonal Ab against CD20, which 
is expressed on the majority of B cells. It was fi rst approved 
in 1997 for refractory B cell lymphomas and it is increas-
ingly applied for autoimmune diseases. In the realm of kid-
ney transplant, rituximab has been used in combination with 
plasmapheresis and IVIG to treat AMR, and to desensitize 
patients with preformed antibodies for ABO- and/or HLA 
incompatible kidney transplant [ 30 ,  53 ].  

    Considerations in Choosing Antibody 
Induction Therapy 

 Antibody selection should be guided by a comprehensive 
assessment of immunologic risk, patient comorbidities, 
fi nancial burden, and the maintenance immunosuppressive 
regimen. Clinical trials comparing different antibody induc-
tion in various patient populations and with different mainte-
nance immunosuppression are recently reviewed by the 
author [ 33 ]. The published data remain in line with the 2009 
KDIGO guidelines [ 54 ]. Lymphocyte-depleting antibody is 
recommended for those with high immunologic risk as out-

lined in the 2009 KDIGO clinical practice guidelines (sensi-
tized patient, presence of DSA, ABO incompatibility, high 
HLA mismatches, DGF, cold ischemia time >24 h, African 
American ethnicity, younger recipient age, older donor age), 
though it increases the risk of infection and malignancy [ 54 ]. 
For low or moderate risk patients, IL-2R Ab induction 
reduces the incidence of acute rejection and graft loss with-
out much adverse effects, making its balance favorable in 
these patients [ 55 – 57 ]. IL-2R Ab induction should also be 
used in the high risk patients with other comorbidities (his-
tory of malignancy, viral infection with HIV, HBV, or HCV, 
hematological disorder of leucopenia or thrombocytopenia 
and elderly) that may preclude usage of lymphocyte- 
depleting antibody safely [ 58 – 60 ]. Many patients with very 
low risk (non-sensitized, Caucasian, Asian, well 
 HLA- matched, living-related donor transplant) may be 
induced with intravenous steroids without using any anti-
body, as long as combined potent immunosuppressives are 
kept as maintenance. In these patients, benefi ts with antibody 
induction may be too small to outweigh its adverse effects 
and the fi nancial cost [ 33 ,  54 ,  61 ]. Clinical comparison trials 
have not demonstrated any graft or patient survival benefi t of 
using T-cell depleting Ab induction in patients with low 
immunological risk [ 33 ,  54 ]. Rituximab induction is useful 
in desensitization protocols for ABO and/or HLA incompat-
ible transplants. Alemtuzumab induction might be more suc-
cessful for adopting less intensive maintenance protocols. 
However, the long-term safety and effi cacy of unconven-
tional strategy remain to be determined.  

    Maintenance Immunosuppressive Drugs 

  Glucocorticoids  have been used for preventing and treating 
graft rejection since the early 1960s. They have multiple 
actions. In addition to the nonspecifi c anti-infl ammatory 
actions, glucocorticoids have critical immunosuppressive 
effect by blocking T-cell and APC-derived cytokine expres-
sion. Glucocorticoids bind to cytoplasmic receptor to form a 
complex, which translocates into the nucleus and binds to 
glucocorticoid response elements (GRE) in the promoter 
regions of cytokine genes. Glucocorticoids also inhibit the 
translocation of transcription factor AP-1 and NF-kB into the 
nucleus. Therefore, production of several cytokines (IL-1, 2, 
3, 6, TNF-a, gamma-interferon) is inhibited [ 2 ,  62 ]. Large 
dose of glucocorticoids can be given in the perioperative 
period as induction therapy (methylprednisolone 250–
500 mg IV), which is usually followed by oral prednisone 
30–60 mg/day. The dose is tapered over 1–3 months to a 
typical maintenance dose of 5–10 mg/day. Side effects are 
well known, including weight gain, cataract, bone loss, frac-
ture, avascular necrosis, glucose intolerance, hyperlipidemia, 
and hypertension [ 63 ,  64 ]. 

15 Transplantation: Kidney, Kidney–Pancreas Transplant



180

  Calcineurin Inhibitors  ( CNIs ). The introduction of  cyclospo-
rine  into clinical usage in 1978 revolutionized solid organ 
transplant arena. It signifi cantly decreased the incidence of 
acute rejection and improved early graft survival [ 65 – 68 ]. 
Cyclosporine is an 11-amino-acid cyclic peptide from 
 Tolypocladium infl atum . It binds to intracellular cyclophilin 
to form a complex. This complex inhibits calcineurin phos-
phatase, blocks migration of NFAT from the cytoplasma into 
nucleus, therefore, inhibits cytokine (IL-2, IL-4, etc.) pro-
duction [ 2 ,  62 ]. Microemulsion formulation (Neoral) is mis-
cible in water and has better oral bioavailability than original 
preparation [ 66 ,  67 ]. Side effects of cyclosporine include 
acute and chronic nephrotoxicity, electrolyte disorders 
(hyperkalemia, hypomagnesemia, hyperuricemia), throm-
botic microangiopathy (TMA), hypertension, neurotoxicity 
(tremor, dysesthesias, insomnia, headache), gingival hyper-
plasia, hypertrichosis, hirsutism, new onset diabetes after 
transplant (NODAT), hyperlipidemia, and bone pain syn-
drome. Clinical monitoring of trough level or peak level 2 h 
after administration is required to adjust cyclosporine dosage 
[ 69 ].  Tacrolimus  ( FK506 ) was approved by FDA in 1994 for 
liver transplant and in 1997 for kidney transplant. It is a mac-
rolide antibiotic from  Streptomyces tsukubaensis . It binds to 
FK506-binding protein (FKBP) to form a complex that 
inhibits calcineurin phosphatase with greater potency than 
cyclosporine. The use of tacrolimus has increased steadily, 
and it is now the dominant CNI, as it is associated with lower 
incidence of rejection [ 70 – 74 ]. Side effects are similar to 
cyclosporine in that it can cause acute and chronic nephro-
toxicity, TMA, and electrolyte problems. But tacrolimus has 
a lower incidence of hypertension, hyperlipidemia, cosmetic 
skin changes, and gum hyperplasia, and a higher incidence 
of neurotoxicity and NODAT. The risk factor for NODAT 
includes African American ethnicity, older age, HCV infec-
tion, and obesity. Hirsutism is uncommon, but hair loss and 
even alopecia are associated with tacrolimus usage. Trough 
level monitoring is required to adjust its dosage. There is a 
new preparation of modifi ed-release tacrolimus to permit 
once-daily dosing [ 75 ]. Both CNIs are metabolized by the 
cytochrome P-450 CYP3A4 enzyme. Any drug or nutrition 
supplement that induces or inhibits this enzyme may increase 
or decrease CNI level and need to adjust CNI dose respec-
tively. Such common drug–drug interactions are summarized 
in Table  15.1 .

    Antimetabolites . There are several antimetabolites available. 
 Azathioprine  has been used as an immunosuppressive agent 
since early 1960s [ 76 – 78 ]. It is a prodrug of 6- mercaptopurine, 
which interferes with DNA synthesis by inhibiting metallo-
proteinase and synthesis of thioguanine nucleotides. It is 
metabolized by xanthine oxidase. Therefore, concurrent use 
of allopurinol, febuxostat, or any other xanthine oxidase 
inhibitor should be avoided as it can cause severe leucopenia. 

The usual maintenance dose is 2 mg/kg/day. Common side 
effects include bone marrow depression, leukopenia, macro-
cytosis, pancreatitis, and liver toxicity. 

  Mycophenolic acid  ( MFA ) is from penicillium molds. It 
inhibits inosine monophosphate dehydrogenase, therefore, 
blocks the synthesis of guanosine monophosphate nucleo-
tides and prevents the proliferation of T- and B cells [ 2 ,  77 ]. 
MMF is a prodrug that requires hydrolysis of the mofetil 
ester in acid environment to release MFA [ 79 – 82 ]. Thus, 
proton-pump inhibitor may reduce the exposure of MMF. 
Enteric-coated MFA is an active compound and its absorp-
tion is not affected by proton-pump inhibitor [ 83 – 86 ]. The 
typical dose is 1,000 mg of MMF or 720 mg of enteric- 
coated MFA twice daily when used in combination of cyclo-
sporine, and cyclosporine can inhibit their absorption by 
30–50 %. When used with tacrolimus, reduced dose of MMF 
or MFA may also be effective as tacrolimus does not reduce 
their absorption. MFA is superior to azathioprine in prevent-
ing acute rejection after kidney transplant [ 81 ,  82 ]. The com-
bination of MFA and CNI has reduced graft rejection and 
improved graft survival. MFA has largely replaced azathio-
prine and is widely used in maintenance protocols [ 79 – 86 ]. 
The side effects include gastrointestinal symptoms and bone 
marrow suppression. The enteric-coated MFA is better toler-
ated due to less gastrointestinal symptoms [ 85 – 87 ]. MFA 
level can be measured as clinical monitoring, but it is usually 
unnecessary. MFA should be stopped 6 weeks before con-
ception, as it increases the risk of fetal loss in the fi rst trimes-
ter as well as fetus congenital malformations (cleft lip and 
palate, anomalies of external ear, distal limbs, heart, esopha-
gus, and kidney). 

  Lefl unomide  is a synthetic isoxazole derivative and it inhibits 
pyrimidine synthesis by inhibiting dihydroorotate dehydro-
genase. It is approved for rheumatoid arthritis, and it is 
sometimes used in transplant patients for BK virus nephrop-
athy. However, its effi cacy against BK virus remains contro-
versial [ 88 ,  89 ]. Side effects include anemia, GI toxicity, and 
elevated liver enzymes. 

  Mammalian Target - of - Rapamycin  ( mTOR )  Inhibitors 
Sirolimus  ( rapamycin ) was approved by FDA in 1999 for 
prophylaxis of rejection in kidney transplant. It is a macrolide 
antibiotic derived from  S. hygroscopicus . It binds to FKBP to 
form a complex, which inhibits mTOR. Inhibition of mTOR 
blocks the T-cell proliferation driven by IL-2 [ 90 – 92 ]. 
Everolimus is a derivative of sirolimus [ 93 ]. Both of them are 
metabolized by cytochrome P-450 CYP3A4. Therefore, they 
are subject to the similar drug–drug interaction as CNI in 
Table  15.1 . The adverse effects of mTOR inhibitors include 
hyperlipidemia, leucopenia, thrombocytopenia, podocyte 
injury, proteinuria, focal and segmental glomerulosclerosis, 
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delayed recovery of ATN, delayed wound healing, lympho-
cele formation, oral ulcers, pneumonitis, pleural effusion, 
and ascites. The combination of mTOR inhibitor and CNI 
may increase the nephrotoxicity, TMA, and hypertension 
[ 91 ,  92 ,  94 ]. However, mTOR inhibitors may have antineo-
plastic and antiviral benefi ts and their usages are associated 
with lower incidence of malignancy and viral diseases (cyto-
megalovirus (CMV) and BKV infection) [ 90 – 94 ]. 

  Belatacept  is the fi rst co-stimulatory pathway blockage 
approved as a maintenance immunosuppressive agent for kid-
ney transplant. Belatacept is a fusion protein combining 
CTLA-4 with the Fc portion of IgG. It blocks the co- 
stimulatory pathway CD28–CD80/86 (signal 2) by binding to 
CD80/86 on T cells, therefore, inhibits T-cell activation [ 95 ]. 
In the clinical trials with basiliximab induction and MFA and 
glucocorticoid maintenance, belatacept group provides sig-
nifi cantly better kidney function than cyclosporine control 
despite of higher incidence of acute rejection in the fi rst year 
[ 95 ]. It is also associated with less chronic allograft nephrop-
athy and better cardiovascular and metabolic profi les. 
Belatacept is given intravenously once monthly after the more 
frequent administration for the initial 2 months. The signifi -
cant side effect is the increased risk of post- transplant lym-
phoproliferative disease (PTLD) primarily involving the CNS 
in patients without Epstein-Barr virus (EBV) immunity. 
Therefore, belatacept is contraindicated in patients who are 
EBV seronegative or with unknown EBV serostatus before 
transplant. Other risk factors for PTLD may include CMV 
infection and over immunosuppression [ 95 – 98 ].  

    Other Clinically Used Agents 

  IVIG  is prepared from pooled donor plasma. It contains more 
than 90 % of intact IgG that can neutralize auto- and allo- 
antibodies. It blocks Fc receptor on effector cells, inhibits 

infl ammatory cytokines, and attenuates complement- 
mediated injury. IVIG may also have a long-term immune 
modulate effect through inhibiting lymphocyte proliferation 
and antibody production [ 99 ]. IVIG is frequently used in 
treating AMR as well as in desensitization protocol for ABO 
and/or HLA incompatible transplants [ 100 – 102 ]. Commonly 
side effects include fever, chills, headache, chest tightness, 
sweating, and nausea. Occasionally, the IVIG forms contain-
ing high sucrose (such as sandoglobulin) can cause throm-
botic event and AKI from sucrose nephropathy. 

  Bortezomib  is a tripeptide that inhibits 26S proteasome. It 
prevents the degradation of pro-apoptotic factors and acti-
vates programmed cell death in immortal neoplastic cells, 
especially the plasma cells. Bortezomib is approved for the 
treatment of myeloma. It may be useful in desensitizing the 
patient with preformed DSA before transplant and for the 
treatment of AMR after transplant [ 103 ]. 

  Eculizumab  is a humanized antibody against complement C5. 
It inhibits the cleavage of C5 into C5a and C5b, therefore pre-
venting formation of membrane attach complex C5b-9. 
Eculizumab is approved for paroxysmal nocturnal hemoglo-
binuria and atypical hemolytic uremia syndrome. It has been 
reported in treating AMR, especially the severe ones refractory 
to plasmapheresis and IVIG-based conventional therapy [ 104 ].  

    Considerations in Choosing a Maintenance 
Regimen 

 There are several important factors to consider when choos-
ing a maintenance immunosuppressive regimen for a partic-
ular patient. The patient factor includes the immunologic 
risk, clinical characteristics, and comorbidities. The medica-
tion factor may include the drug effi cacy, specifi c side effect, 
and fi nancial cost. The ideal protocol should not only effec-

     Table 15.1    Drugs that affect cytochrome P-450 enzyme and CNI metabolism   

  Induction of P - 450 and reduction of CNI level  
 (1) Anticonvulsants: barbiturates,   phenytoin    ,   carbamazepine    , and primidone 
 (2) Antimycobacterial drugs:   rifampin    , rifabutin, rifapentine, and   isoniazid     
 (3) Herbal supplement: St. John’s wort 

  Inhibition of P - 450 and increase of CNI level  
 (1) Calcium channel blockers: v  erapamil    ,   diltiazem    ,   nicardipine    , and   amlodipine     
 (2) Antiarrhythmics: amiodarone, dronedarone, quinidine, and lidocaine 
 (3) Antifungal drugs: k  etoconazole    , itraconazole, clotrimazole, voriconazole,   fl uconazole    , miconazole, and posaconazole 
 (4) Antibacterial agents:   erythromycin    ,   clarithromycin    , telithromycin, and synercid 
 (5) Protease inhibitors: amprenavir, atazanavir, boceprevir, darunavir, delavirdine, fosamprenavir, ritonavir, indinavir, saquinavir, tipranavir, 

telaprevir, and nelfi navir 
 (6) Antidepressant: fl uvoxamine 
 (7) Diet supplement: grapefruit juice 
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tively prevent graft rejection (both acute and chronic) but 
also be affordable and tolerable, which can collectively pro-
vide better quality of life as well as superior graft and patient 
survival. In general, the risk for acute rejection is highest in 
the fi rst several months after transplantation, while the risk 
of serious infection and malignancy as well as other adverse 
effects correlate with the total amount of immunosuppres-
sion. Therefore, the immunosuppression is usually tapered 
slowly to a maintenance level by 6–12 months after trans-
plant in absence of rejection episode. 

 Steroid minimization (steroid-withdrawal or steroid-free) 
protocols have been tried as a strategy to avoid its adverse 
effects. The FREEDOM trial included three groups: steroid- 
free, steroid-withdrawal (after 7 days), and standard-steroids 
(tapering to 5–10 mg/day by 3 months). All groups received 
basiliximab induction, and enteric-coated MFA and cyclo-
sporine maintenance. At 1 year, acute rejection rates were 
signifi cantly higher in both steroid-free (31.5 %) and steroid- 
withdrawal (26.1 %) groups than standard-steroids group 
(14.7 %). There was no difference in renal function, graft, or 
patient survival [ 105 ]. Another trial compared long-term 
results of steroid withdrawal (after 7 days) with continuance 
of low-dose steroid. Enrolled patients received either thymo-
globulin (68 %) or IL2R antibody (32 %) induction. All 
patients were treated with tacrolimus and MMF as the main-
tenance. At 5 years, early steroid-withdrawal group had sig-
nifi cant increases in both biopsy-confi rmed acute rejection 
(18 % vs. 11 %) and CAN (10 % vs. 4 %) without signifi cant 
difference in steroid-associated adverse effects [ 106 ]. 
Therefore, continued steroid in the maintenance protocol is 
generally preferred, especially in high risk groups, such as 
African American patients or sensitized patients. Recent 
studies suggest steroid minimization might be achievable in 
selected low-risk patients when potent induction therapy 
with T-cell depleting antibody has been given and/or combi-
nation of tacrolimus and MFA is maintained [ 107 – 109 ]. 

 Because of the acute and chronic nephrotoxicity, CNI- free 
or withdrawal protocols are desirable for renal graft benefi t. 
The CAESAR study found that cyclosporine withdrawal at 4 
months after transplant was associated with higher incidence 
of acute rejection than the group with either low-dose or stan-
dard-dose of cyclosporine. There was no difference in renal 
function among the three groups at 1 year of follow-up [ 110 ]. 
The SYMPHONY study compared four regimens: standard-
dose cyclosporine/MMF/steriod, daclizumab/low- dose 
cyclosporine/MMF, daclizumab/MMF/steroid/low- dose 
tacrolimus, and daclizumab/MMF/steroid/sirolimus. The 
results clearly favored the group with daclizumab/MMF/ste-
roid/low-dose tacrolimus. At the end of 1 year of follow- up, 
low-dose tacrolimus group (target trough levels of 3–7 ng/
mL) had lowest rate of rejection (12.3 %, about half of other 
groups), superior graft function and signifi cantly better graft 

survival, but higher incidence of NODAT than other groups. 
Interestingly, low-dose cyclosporine did not have a signifi -
cant impact on any outcome than standard-dose cyclosporine 
[ 111 ]. At 3 years, low-dose tacrolimus group continued to 
provide the best results with highest renal function and best 
graft survival rate. Other three groups had similar outcomes 
to each other, but inferior to the low-dose tacrolimus group 
[ 112 ]. In another long-term study with a median follow-up of 
8 years, patients were randomly assigned into tacrolimus/
MMF, tacrolimus/sirolimus, or cyclosporine/sirolimus. All 
received IL2R antibody induction and maintenance steroid. 
Compared with other two groups, tacrolimus/MMF group 
had signifi cantly lower incidence of acute rejection and better 
renal function at 1, 2, and 7 years. Tacrolimus/sirolimus 
group had higher incidence of death with functioning graft 
(DWFG) than other two groups [ 113 ]. 

 Trials using mTOR inhibitor sirolimus to replace MMF or 
CNI in maintenance have not proved to be benefi cial and are 
frequently associated with higher incidence of rejection and 
inferior graft survival [ 91 ,  92 ,  114 – 116 ]. Thus, low-dose 
tacrolimus combined with MFA and steroid seems to provide 
the most effective maintenance with good outcomes. The 
novel costimulation blockage belatacept is designed to pro-
vide effective immunosuppression while avoiding renal tox-
icity and metabolic adverse effects associated with CNI. 
Signifi cantly better renal function and improved cardiovas-
cular and metabolic profi le have been demonstrated, which 
might be an important step towards ultimately better graft 
and/or patient survival [ 96 – 98 ].   

    Patient Selection and Transplant Surgery 

    Recipient Selection 

 As the waiting list for kidney transplantation continues to 
grow exponentially, the need for selecting appropriate candi-
dates for transplant becomes paramount. To maximize the 
success rates of transplant, a careful review and evaluation of 
coexisting medical and psychosocial comorbidities should be 
performed to intervene if possible prior to the procedure. 
ESRD patients in the USA qualify for kidney transplant list-
ing once they have a glomerular fi ltration rate (GFR) <20 ml/
min or have initiated chronic dialysis. Preemptive transplan-
tation prior to dialysis improves recipient survival [ 117 ]. 
A full review of recipient selection criteria is beyond the 
scope of this chapter; in addition, transplant centers and insur-
ance companies may have specifi c criteria for their candi-
dates. However, clinical guidelines from transplant societies 
have been published [ 118 ], and most centers adhere to these. 

 Transplant candidates are evaluated in a multidisciplinary 
setting, involving physicians and surgeons, psychologists 
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and social workers, fi nancial counselors and dieticians. This 
may take weeks, depending on the extent of testing that 
needs to be done for each patient. At the end of the evalua-
tion, patients are presented at a multidisciplinary Selection 
Committee, where patients may be discussed in an unbiased 
setting and listed with unanimous voting. A brief summary 
of recipient criteria is described below. 

    Medical 
 Cardiovascular/pulmonary—Cardiopulmonary reserve should 
be tested to ensure that patients would be able to withstand 
major abdominal surgery. Patients with diabetes and other ath-
erosclerotic diseases may need intervention prior to listing. 
Attention should be paid to the peripheral vascular system, 
especially in patients who have had previous hemodialysis 
catheters. Chronic thrombosis/atherosclerosis of iliac vessels 
may also preclude the possibility of transplant. 

 Infection—Recipients are typically tested serologically for 
presence of chronic infections such as CMV, EBV, hepatitis, 
syphilis, and HIV. Other infections may be tested for, based on 
endemic prevalence. These infections may not be contraindi-
cations by themselves, and some transplant centers around the 
country transplant HIV positive recipients as well [ 59 ]. 

 Cancer—Candidates should undergo age-appropriate 
cancer screening. ESRD patients have a higher risk of native 
kidney cancers and these should be screened for. A recent 
history of cancer may require a period of waiting prior to 
listing, to avoid recurrence that may occur with transplant 
immunosuppression. This waiting period may vary by spe-
cifi c tumors and their pathology, but remote recurrences have 
been reported with aggressive cancers like breast cancers 
and melanomas [ 119 ]. 

 HLA typing—Candidates will have HLA typing of their 
blood to be listed in the national database. In the current 
database, patients PRA (panel reactive antibody) level and 
unacceptable antigens (which the recipient cannot receive 
from a potential donor) must also be listed to minimize the 
risk of a positive crossmatch. Sensitizing history, such as 
previous transplants, pregnancies, and blood transfusions 
must be documented during the evaluation.  

    Psychosocial/Financial 
 A history of habitual noncompliance, especially with dialysis 
sessions and medications may indicate future risk of trans-
plant failure. Patients with active substance abuse, recurrent 
criminal activity, mental illnesses, or other psychosocial situ-
ations that may impair the ability to understand or comply 
with a post-transplant regimen are also to be noted. Financial 
constraints are just as important for successful transplanta-
tion. Evaluation and discussion of specifi c coverage, copay-
ments, and out of pocket expenses for the transplant 
procedure, immunosuppressive medications, lab testing, and 
clinical follow-up must be individualized for every patient.   

    Contraindications for Transplant 

 There are very few absolute contraindications to transplant, 
although most centers would not transplant candidates with
 –    Active untreated infection  
 –   Current malignancy with short life expectancy  
 –   Severe chronic comorbid diseases with shortened life 

expectancy or which would preclude safely undergoing 
major abdominal surgery  

 –   Active substance abuse  
 –   Reversible renal failure     

    Living Donor Selection 

 Living donation makes up a little less than 50 % of all kidney 
donations in the USA. While family members have usually 
been the predominant source of living donation, recently, 
unrelated donation from friends and coworkers has increased. 
Altruistic anonymous donation from strangers is also a phe-
nomenon that is growing. A national UNOS sponsored 
swapping of incompatible donors for the purpose of facilitat-
ing multiple living donor transplants is currently underway. 

 The evaluation process of a potential living donor should 
be comprehensive and cautious, to minimize the risks in a 
healthy altruistic individual who is undergoing a major pro-
cedure simply to help another. To minimize a bias that a 
transplant program may have for recipients, current laws 
mandate that centers have an independent donor advocate 
that will not be involved in the care of the recipient, and acts 
only in the best interest of the donor, helping them through 
the whole process of donation. 

 The evaluation should determine the donors’ understand-
ing of this procedure, their motivation to donate and a review 
of any comorbid conditions. The short- and long-term risks 
of this procedure should be clearly described to candidates. 
Blood typing and crossmatching may be done initially to see 
if the donor is a match for the recipient. Incompatible blood 
and crossmatch transplants do currently occur, but is not the 
norm and will not be the focus of this chapter. 

 Sixty percent of transplant centers reported that they had 
no upper age limit for kidney donors [ 120 ], as long as they 
met all other criteria for donation. However, most transplant 
centers will not use donors aged <18, as they are not legally 
adults and hence cannot give informed consent. Most centers 
require donors to have a GFR of >80 mL/min. While this 
may be calculated from blood testing using the MDRD or 
CKD-EPI formulae, they are not always accurate and may 
underestimate true GFR. In equivocal cases, confi rmatory 
testing with 24 h creatinine clearance or isotopic nuclear 
testing may be required. 

 Urine testing is typically performed as well for blood and 
protein. Most centers require <300 mg/day of protein loss in 

15 Transplantation: Kidney, Kidney–Pancreas Transplant



184

the urine. Hematuria of >10 RBC/hpf should be further eval-
uated with urologic testing [ 120 ]. A history of nephrolithia-
sis should prompt a stone diathesis workup to ensure there is 
no metabolic predisposition to this. Hypertension in the 
donor needs to be worked up, possibly with ambulatory 
monitoring. Well-controlled hypertension with one or two 
medications may not be a contraindication to donation. 

 Other testing usually involves age-appropriate cancer 
screening, infectious screening, and other cardiopulmonary 
testing as required, similar to the recipient workup. Imaging 
of the donors’ kidneys is done to determine anatomy and 
help decide if safe donation is feasible. Approximately 30 % 
of the population has abnormal vascular anatomy, which 
may factor in this decision [ 121 ]. 

 Psycho/social testing is also paramount in the evaluation; 
it is illegal to be compensated for donating a kidney, and any 
evidence of coercion must be investigated. A confi dential 
means of backing out of the surgery should be offered. The 
evaluation, surgery, and recovery period is paid by the recipi-
ents insurance; hence the donor is not required to have insur-
ance to undergo this procedure. The transplant center is 
required to follow the donor for 2 years post donation. 
However, it is important to counsel donors on maintaining a 
healthy lifestyle to minimize the risk of any long-term 
complications.  

    Kidney Transplant Surgery Procedure 

 Although kidney transplantation is the most commonly per-
formed solid organ transplant, recipients usually have mul-
tiple comorbidities that present individual challenges to each 
transplant. Also, there has a been a steady increase in the use 
of ECD kidneys and use of kidneys with anomalies, such as 

horseshoe kidneys, small pediatric kidneys, and kidneys with 
abnormal vascular anatomy, all of which increase the com-
plexity of the operation. 

    Deceased Donor Procurement 
 In case of deceased donor organ procurement, the kidneys 
may be procured with other organs. The procedure involves 
cessation of blood fl ow and fl ushing the vascular system with 
organ preservative solution. The kidneys are separated, with 
an aortic cuff for each kidney. The vena cava is typically left 
attached to the right kidney due to the short length of the 
right renal vein. This allows for backtable reconstruction of 
the vein (see later). Each kidney is procured with adequate 
length of ureter, care being taken to preserve periureteral fat, 
which contains vasculature that supplies the ureter.  

    Living Donor Procurement 
 Living donor procurement has signifi cantly increased over 
the past decade, especially with the advent of minimally 
invasive surgery. While most live donor procurements are 
performed laparoscopically, there have been reports of mini- 
incision removals and even robotic kidney removals. In most 
instances, the left kidney is procured, as the vein is much 
longer and easier to implant.  

    Backtable Preparation 
 Prior to implantation, backtable preparation is required to 
clean the kidney of perinephric fat and the adrenal gland, 
which may be adherent. The vessels are then dissected clean 
for a short length to make the anastomosis easier. 

 The veins may have branches that may need ligation. In 
the case of a cadaveric kidney right vein, which is short, the 
vein length may be extended by reconstructing the vena 
cava, which it is usually attached to (Fig.  15.1 ).

  Fig. 15.1    Backtable 
reconstruction of deceased donor 
kidney.  Red line  indicates artery 
with attached aortic cuff;  blue 
line  indicates vein. Note the vein 
has been reconstructed by using 
donor vena cava to lengthen the 
vein. The  yellow line  indicates 
the ureter       
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   In cases of kidneys with multiple arteries, the arteries may 
require reconstruction by anastomosing a smaller artery to 
the side of a main artery, or by syndactylyzing the lumens of 
the arteries so that there is only one lumen for anastomosis. 
It is important to remember that each artery is typically and 
end artery with minimal collateralization. Hence it is impor-
tant to preserve each of the arteries if possible.  

    Implantation 
 The implantation procedure usually lasts between 2 and 4 h. 
An incision is made in the iliac fossa. In smaller children a 
midline incision may sometimes be performed. A space is 
created in the retroperitoneum by sweeping the peritoneum 
upwards to expose the retroperitoneal iliac vessels. 

 The artery and vein are usually anastomosed in an end-to- 
side manner to the external iliac vessels. In cases of signifi -
cant atherosclerotic disease of the external iliacs, the common 
iliacs may be explored and used if not as diseased. End-to-
end anastomoses to the internal iliac vessels have also been 
described (Fig.  15.2 ). In cases of small children where the 
iliac vessels may be too small for anastomosis, they may 
need to be performed to the lower aorta and vena cave.

   The ureter is anastomosed to the bladder using absorbable 
suture to minimize the risk of the retained suture acting as a 
nidus for future stone formation. In patients who have been 
anuric for years, the bladder may be very small and diffi cult 
to isolate. In such instances, anastomosing the transplant 

ureter to the native ureter may also be performed. Some sur-
geons may use ureteral stents within the ureteral anastomo-
sis. There has been some literature suggesting this may 
reduce ureteral leaks, but may also increase the risk of a uri-
nary tract infection. The stent is usually removed 4–6 weeks 
post-surgery [ 120 ].   

    Surgical Complications 

 A complex surgical procedure such as a kidney transplant is 
not without specifi c complications. For the purposes of this 
chapter, these complications may be divided into vascular, 
ureteral, and other occurrences. 

    Vascular 
 Intraoperative bleeding may occur postreperfusion if ade-
quate attention has not been paid to backtable preparation or 
meticulous anastomotic technique. Immediate vasoconstric-
tion of vessels may hide these bleeders until the postopera-
tive period where a spike in blood pressure may open these 
up, so a careful inspection of all anastomoses and vessels is 
warranted prior to closure. 

 Thrombosis is probably the commonest cause of early 
graft loss. Thrombosis may occur in the artery or vein. 
Immediate vascular thrombosis that may occur with a hyper-
acute rejection due to an unrecognized positive crossmatch 
or incompatible blood typing is rare, but should be suspected 
in such instances. 

 Arterial thrombosis may occur due an unrecognized inti-
mal fl ap that causes dissection along the vessel, causing 
obstruction. This may occur among patients with signifi cant 
atherosclerotic disease of the iliac vessels. 

 Venous thrombosis usually occurs due to kinking of the 
vein. Being thin-walled, the vein is easily susceptible to this 
during the fi nal positioning of the kidney at the end of the 
operation and this must be noted. The iliac veins themselves 
may be diseased from previous groin hemodialysis catheters, 
so it is often prudent to evaluate these preoperatively. 
Previous venous thrombosis of the iliac veins may predis-
pose these patients to pulmonary embolus during the han-
dling of this vein during the venous anastomosis. 

 Renal artery stenosis may occur with disease of the artery 
or with poor anastomotic technique and should be suspected 
with recalcitrant hypertension a few months after transplant. 
Reimplantation or balloon angioplasty has shown successful 
outcomes.  

    Ureteral 
 The ureter anastomosis may leak, causing urine to accumu-
late in the retroperitoneal space and creating an urinoma. 
Patients may present with a fl uid collection around the kid-
ney, which may be painful. It may be noted that the patients’ 

  Fig. 15.2    Kidney and pancreas transplants. The donor renal artery and 
vein are anastomosed to the recipient left iliac artery and vein. The 
donor ureter is anastomosed to recipient bladder. The donor pancreas 
reconstructed artery and vein are anastomosed to the recipient right 
iliac artery and vein, while the donor duodenal segment is anastomosed 
to the recipient ileum       
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serum creatinine levels may not fall, and may actually 
increase, as this urine is reabsorbed into the bloodstream. If 
the patient has a surgical drain in place, this condition may 
be suspected with increased drain output with drain fl uid cre-
atinine value being much higher than the serum creatinine 
value. Stenting of the ureter at surgery may reduce the inci-
dence of leaks. Treatment of urine leaks is either surgical    
reimplantation if early (typically <2 weeks) or percutaneous 
drainage and anterograde stenting if diagnosed later. 

 Another complication of the ureteral anastomosis is stric-
turing. The ureter is very susceptible to ischemia due to its 
tenuous blood supply. Early strictures may be most likely to 
anastomotic surgical error or devascularization due to exten-
sive dissection of the ureter. Late strictures may be due to 
chronic ischemia, although BK virus infection or a signifi -
cant rejection episode may also do this. Patients may present 
with graft dysfunction or urinary infections with the pres-
ence of hydronephrosis. Treatment may require initial percu-
taneous drainage, with planned reconstruction once the 
kidney function has recovered. Short segment strictures may 
be treated with reanastomoses, although ballooning of such 
strictures has been described; long segment strictures may 
require a fl ap creation of the bladder (Boari fl ap) to bridge 
the resected segment.  

    Others 
 A lymphocele is a localized collection of lymphatic fl uid 
draining from severed lymphatics around the iliac arteries 
during the surgical dissection. As the collection is extraperi-
toneal, this fl uid collection cannot drain and thus may cause 
compression of the transplant kidney with dysfunction and 
may also get infected. Treatment is typically by creation of a 
peritoneal window, allowing this fl uid to drain and be 
absorbed in the peritoneum. This procedure can typically be 
performed laparoscopically.    

    Kidney Allograft Dysfunction 

 The common causes of acute graft dysfunction are summa-
rized in Table  15.2 . The clinical workup is similar to AKI of 
native kidneys in both pre-renal and post-renal aspects. 
There are several types of rejection that can occur in trans-
planted kidney. In the era of potent immunosuppressive med-
icine, acute rejection rate is about 10 % within the fi rst year 
after transplantation. However, it remains an important cause 
of graft loss if not diagnosed timely and treated properly [ 1 , 
 14 ,  122 ,  123 ].

    Hyperacute rejection  occurs immediately after transplant. It 
is mediated by the preformed anti-donor antibodies, usually 
either anti-HLA (DSA), anti-ABO, or other non-HLA anti-
bodies [ 123 ]. Hyperacute rejection results in an irreversible 

vascular rejection, intravascular thrombosis, and graft necro-
sis. The graft is tender and does not make much urine. Renal 
scan shows no or little uptake, which is different from ATN. 
Surgical exploration and graft nephrectomy is indicated. The 
routine pretransplant crossmatch and verifi cation of ABO 
compatibility between donor and recipient should prevent 
the majority of hyperacute rejection episodes. 

  Accelerated acute rejection  (or delayed hyperacute rejec-
tion) can occur within 24 h to several days after transplant. It 
represents an anamnestic response by memory B and T cells 
from prior sensitization events, and may involve both 
humoral and cellular components. Even a negative cross-
match before transplant may not prevent the development of 
accelerated acute rejection, as the preformed DSA (or non- 
HLA antibody) titer may be too low to be detected before 
kidney transplant [ 1 ,  123 ]. 

  Acute rejection , either cellular, antibody-mediated or both, is 
more common and reversible than hyperacute rejection and 
accelerated acute rejection. The incidence of acute rejection 
has been steadily decreased over last two decades due to the 
wide use of antibody induction therapy and potent new 
immunosuppressive maintenance. Although the majority of 
acute rejection episodes occur in the fi rst 3–6 months, it can 
happen anytime in the lifetime of an allograft kidney. It may 
develop in a graft already suffering from DGF after trans-
plant surgery. This can be diffi cult to be recognized if the 
patient clinically is anuric or oliguric [ 124 ,  125 ]. Therefore, 
any new graft with DGF should have serial biopsies to detect 
the covert development of rejection and be treated properly. 
The classic signs and symptoms of acute rejection may 
include low grade of fever, malaise, decreased urine output, 
and graft tenderness. Urine analysis may show white blood 
cells and red blood cells. It is not uncommon for these 
patients to be misdiagnosed and treated as urinary tract infec-

   Table 15.2    Differential diagnosis of delayed graft function or acute 
graft dysfunction   

  1. Pre - renal azotemia  
 Volume depletion (diuretics, poor intake, vomiting, diarrhea) 
 Vascular constriction (CNI toxicity, NSAID) 

  2. Intrinsic renal diseases  
 Arterial or venous stenosis, thrombosis or compression 
 ATN 
 Acute or accelerated acute rejection (cellular, humoral, or both) 
 Pyelonephritis 
 Thrombotic microangiopathy (TMA) 
 Recurrent glomerular disease (FSGS, aHUS) 

  3. Post - renal obstruction  
 Foley catheter obstruction 
 Perinephris fl uid collection (urine leak, hematoma, lymphocele) 
 Donor ureteral obstruction (kinking, stricture, blood clots) 
 Neurogenic bladder 
 Enlarged prostate (BPH, prostate cancer) 
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tion at outside facility. However, the majority of patients do 
not have these classic signs and symptoms of acute rejection, 
instead, they only present as asymptomatic graft dysfunction 
as detected by laboratory monitoring. Kidney biopsy is nec-
essary to make a defi nitive diagnosis of rejection. The use of 
noninvasive biomarkers in predicting and/or diagnosing 
acute rejection remains experimental. On the other hand, any 
patient presented with high grade fever, graft tenderness, and 
systemic symptoms should be worked up and treated for 
infectious process immediately, such as pyelonephritis, 
wound infection, abscess, or CMV disease. 

  Acute cellular rejection  (ACR) is diagnosed by histologic 
fi nding of T-lymphocyte infi ltration in tubular-interstitial 
parenchyma (tubulitis) and vascular wall (arteritis). The 
Banff classifi cation (Table  15.3 ) provides standardized 
pathohistological defi nition of types and grades of rejection 
[ 122 ]. Pulse corticosteroid is the fi rst-line therapy for ACR 
in most centers. M  ethylprednisolone    , 3–5 mg/kg, is given 
intravenously for several (3–7) days. Mild or moderate ACR, 
such as Banff class borderline changes, 1A or 1B, usually 
responds well to steroid pulse therapy. After intravenous 
pulse steroids, oral steroids are given and then tapered rap-
idly to a maintenance dosage [ 126 ,  127 ].

    Steroid - resistant ACR  was traditionally defi ned as lack of 
improvement in renal function within 5–7 days of intrave-
nous pulse steroids. We consider those with progressively 

decreasing urine output or worsening renal function despite 
of 2–3 days of pulse corticosteroids as steroid resistance. In 
these cases, we start polyclonal ATG early. Also, severe ACR 
with vascular involvement, such as Banff class 2A or above, 
often needs ATG therapy, as pulse steroids alone may not pro-
vide complete resolution of vascular rejection or recovery of 
renal function [ 128 ,  129 ]. There are two forms of ATG, either 
ATGAM or thymoglobulin. A direct comparison between 
thymoglobulin and ATGAM was performed in patients with 
ACR, and thymoglobulin resulted in a higher rate of reversal 
of rejection and a lower rate of recurrent ACR [ 128 ]. The 
typical dose of thymoglobulin is either 3 mg/kg per day for 3 
days or 1.5 mg/kg per day for 5 days. The FDA- approved 
total dose of thymoglobulin for treatment of steroid- resistant 
acute rejection is 10 mg/kg. ATG is associated with severe 
side effects. The cytokine release syndrome can be prevented 
by concurrent administration of steroids, acetaminophen, and 
diphenhydramine. Antiviral and antimicrobial prophylaxis 
against CMV infection and pneumocystis carinii pneumonia 
(PCP) are recommended after ATG therapy [ 128 ,  129 ]. The 
risk of developing PTLD should be kept in mind, and patients 
should be monitored for this complication. Repeat kidney 
biopsy is indicated in ACR that is resistant to steroids and/or 
ATG to rule out other pathology, such as concurrent ATN, 
AMR, BKV nephropathy, or chronic irreversible fi brosis. The 
underline chronic fi brosis can be masked by interstitial 
infl ammation of ACR, and it usually becomes more recogniz-
able on repeat biopsy after the treatment of ACR. 

   Table 15.3    Banff    2007 classifi cation of renal allograft pathology   

  1. Normal : a histologically normal biopsy 
  2. Antibody-mediated changes  

 (1) Acute AMR 
 • Type I: ATN-like histology (C4d positive), with minimal infl ammation 
 • Type II: capillary-glomerulitis, with margination and/or thromboses (C4d positive) 
 • Type III: arterial-transmural infl ammation/fi brinoid changes (C4d positive) 

 (2) Chronic active AMR: glomerular double counters and/or multilayering of the PTC basement membrane and/or IF/TA and/or fi brous 
intimal thickening in arteries and C4d positive. 

  3. Borderline changes : suspicious for acute T cell mediated rejection, tubulitis foci (t1, t2, or t3, with i0 or i1) without intimal arteritis. 
  4. T cell mediated rejection  

 (1) ACR 
 • Type IA: signifi cant interstitial infl ammation (>25 % of parenchyma affected, i2 or i3) and foci moderate tubulitis (t2). 
 • Type IB: signifi cant interstitial infl ammation (>25 % of parenchyma affected, i2 or i3) and severe tubulitis (t3) 
 • Type IIA: mild to moderate arteritis (v1) 
 • Type IIB: severe arteritis with greater than 25 % loss of the luminal area (v2) 
 • Type III: transmural arteritis, and/or arterial fi brinoid alterations, and necrosis of medial smooth muscle cells occurring in 
association with lymphocytic infl ammation of the vessel (v3) 

 (2) Chronic active T cell mediated rejection: chronic arteriopathy involves arterial intimal fi brosis with mononuclear cell infi ltration in 
fi brosis and formation of neo-intima. 

  5. Interstitial fi brosis and tubular atrophy  ( IF / TA )  without evidence of any specifi c etiology  
 • Grade I: mild IF/TA (<25 % of cortical area) 
 • Grade II: moderate IF/TA (25–50 % of cortical area) 
 • Grade III: severe IF/TA (>50 % of cortical area) 
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  Antibody - mediated rejection  (AMR) was historically pre-
sumed when biopsy revealed severe vascular rejection or 
when the rejection was not responsive to the conventional 
treatment of ACR. The advent of C4d staining, sensitive 
assay to detect DSA, and the description of typical histologic 
fi ndings of AMR has improved our recognition that rejection 
is often AMR either alone or in conjunction with ACR [ 1 , 
 122 ,  130 ,  131 ]. Current diagnosis of AMR is based on three 
of the four criteria: (1) graft dysfunction; (2) detection of 
DSA; (3) the characteristic histologic fi ndings; and (4) posi-
tive C4d staining in the peritubular capillaries (PTC). 
However, the risk of AMR is very high in pre-sensitized 
patients, such as HLA and/or ABO incompatible transplants 
after desensitization protocol, the husband to wife or the 
child to mother donation, and the patients with known pre-
formed DSA. In such high risk patients, AMR should be 
considered with fewer (two of the four) diagnostic criteria in 
the absence of another identifi able cause of graft dysfunc-
tion, so the treatment may be initiated without delay. 

 DSA testing should be performed during the workup of 
graft dysfunction when AMR is concerned. Routine screen-
ing for the development of de novo DSA may permit early 
detection of AMR in high risk patients. C4d is a degradation 
product of the classic complement pathway. A unique fea-
ture of C4d is that it binds covalently to the endothelial base-
ment membrane, thereby avoiding removal during tissue 
processing. C4d deposition in PTC serves as an immuno-
logic footprint of AMR. It is in a linear pattern and best dem-
onstrated by immunofl uorescence in frozen tissue section [ 1 , 
 130 ,  132 ]. But some patients with AMR may not have both 
positive DSA and C4d staining. Cases with positive DSA but 
negative C4d staining may result from either technique error 
(false negative), non-complement activating DSA, or low 
level of DSA detected by highly sensitive assay without clin-
ical relevance [ 1 ,  131 ]. In addition, the production of DSA 
precedes C4d deposition in the course of AMR, and a biopsy 
performed too early may not fi nd the typical C4d deposition. 
Also, AMR can be caused by non-HLA antibodies that result 
in C4d deposition without DSA; such non-HLA antibodies 
may include anti-MICA, anti-MICB, and anti-endothelial 
antibodies [ 10 ,  13 ]. 

  Treatment of AMR  is often refractory to the treatment used 
for ACR. The optimal therapy for AMR remains to be 
defi ned, but it usually consists of a combination of several 
modalities, such as plasmapheresis or immunoadsorption, 
IVIG, corticosteroids, rituximab, ATG, bortezomib, eculi-
zumab, and occasionally splenectomy [ 27 ,  53 ,  100 ,  101 , 
 103 ,  133 ,  134 ]. Plasmapheresis or immunoadsorption with 
protein A removes the circulating DSA, but neither can sup-
press antibody production [ 27 ,  101 ]. AMR associated with 
high circulating DSA titer usually justify plasmapheresis or 

immunoadsorption as a part of its treatment. IVIG is often 
administrated after plasmapheresis. Possible actions of IVIG 
include anti-idiotypic antibodies neutralizing DSA, inhibit-
ing complement binding, or activation and suppressing DSA 
synthesis [ 100 ]. Rituximab depletes B cells and it has been 
used to treat AMR [ 53 ,  133 ]. Corticosteroids and ATG 
remain benefi cial as they can control the B cell response by 
depleting or inhibiting the helper T cells. Bortezomib acti-
vates apoptosis of plasma cells, therefore directly decreases 
DSA production [ 103 ]. Eculizumab is now being reported in 
managing AMR, especially the severe ones refractory to the 
conventional therapy [ 104 ]. Splenectomy has also been 
reported as a rescue treatment in patients with severe AMR 
not responding to other treatments [ 134 ]. DSA should be 
quantifi ed and the trends are monitored to guide clinical 
treatment. Repeat kidney biopsies are frequently needed to 
assess the success of treatment and to rule out other concur-
rent pathologic processes, especially in those not responding 
to a reasonable course of treatment. 

 Acute rejection is a predictor of developing CAN and/or 
transplant glomerulopathy [ 135 ]. An increase in proteinuria 
after rejection is associated with poor graft outcome. Early 
diagnosed and completely reversed rejection after treatment 
may not affect long-term graft survival [ 136 ]. Whenever a 
rejection is diagnosed and treated, it is important to address 
the possibility of noncompliance or inadequate immunosup-
pression. The failure to correct the contributing factor may 
increase the risk of recurrent rejection and/or development 
of chronic rejection. Patient noncompliance with medica-
tions may be caused by their inability to tolerate the side 
effects or by the fi nancial diffi culty to afford drugs. 
Inadequate immunosuppression may also be caused by add-
ing new drug or herbal supplement (Table  15.1 ) that induces 
cytochrome P-450 enzyme and increases the metabolism of 
CNI and/or mTOR inhibitor, which leads to decline in the 
drug trough level. Rescue therapy for refractory rejection is 
commonly based upon the administration of   tacrolimus     and/
or MFA to those not receiving them as maintenance prior to 
rejection episode [ 137 ,  138 ]. Other rescue modalities that 
may be considered include alemtuzumab [ 139 ,  140 ] and 
graft radiation [ 141 ]. 

  Subclinical rejection  is usually defi ned as histological evi-
dence of acute rejection by protocol biopsies, but clinically 
patients have normal or stable graft function [ 142 – 144 ]. 
Untreated subclinical rejection may be a precursor to chronic 
rejection [ 144 ]. However, treatment of subclinical rejection 
may not consistently prevent chronic rejection and fi brosis 
lesions. It remains controversial whether protocol biopsy to 
diagnose subclinical rejection is necessary in all transplant 
patients. In many cases, it is diffi cult to separate a subclinical 
rejection from a normal graft accommodation. Therefore, 
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protocol biopsy probably should be limited to high risk 
patients at current clinical practice [ 142 ,  143 ]. 

  Chronic active AMR  is diagnosed by combination of the typ-
ical chronic changes from biopsy (glomerular double coun-
ters, multilayering of PTC basement membrane, IF/TA, 
fi brous intimal thickening in arteries) and ongoing humoral 
activity (positive DSA, C4d staining in PTC) [ 14 ,  122 ]. It is 
usually irreversible and there is no effective acute interven-
tion for it. Empathetic treatment may include rituximab and/
or IVIG to “control” the humoral activity. The maintenance 
immunosuppressive drugs may also be increased or adjusted 
with more potent ones wishfully to “stabilize” the graft func-
tion (Figs.  15.3 ,  15.4 ,  15.5 ,  15.6 ,  15.7 , and  15.8 ).

         Chronic allograft nephropathy  (CAN) is a slow, progressive 
loss of renal function one or more years after kidney trans-
plant, which is often referred as chronic rejection, transplant 
glomerulopathy, or IF/TA [ 14 ,  122 ]. Clinically, it is usually 
diagnosed by a slowly rising serum creatinine level, increas-
ing proteinuria, and worsening hypertension. CAN repre-
sents a complex process culminating immunological and 
non-immunological injuries. It is the second most common 
cause of graft loss after the leading cause, death with a func-
tioning graft. Optimal treatment of CAN remains unknown. 
Other causes of chronic allograft dysfunction are summa-
rized in Table  15.4 . When a specifi c cause of graft dysfunc-
tion is identifi ed, then appropriate treatment may improve or 
stabilize the graft function.

  Fig. 15.3    Acute cellular rejection. There is infi ltration of tubules (tubuli-
tis) and interstitium with T cells ( courtesy of Suzanne Meleg - Smith    ,  MD )       

  Fig. 15.4    Acute vascular rejection. In addition to the infi ltration of 
tubules and interstitium, there is infi ltration of arterial intima with T 
cells ( courtesy of Suzanne Meleg - Smith ,  MD )       

  Fig. 15.5    Acute antibody-mediated rejection. There are positive C4d 
depositions in the peritubular capillaries ( courtesy of Suzanne Meleg - 
Smith    ,  MD )       

  Fig. 15.6    Chronic rejection with transplant glomerulopathy. The glo-
merular capillary walls display “double contour” ( courtesy of Suzanne 
Meleg - Smith ,  MD )       
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       Long-Term Medical Complications 

    Obesity and Metabolic Syndrome (MS) 

 MS is a clustering of problems that include obesity, dyslipid-
emia, hypertension, and hyperglycemia. The key component 
of MS is obesity, especially abdominal obesity, which is 
associated with insulin-resistance as well as chronic infl am-
matory and pro-thrombotic status. Obesity/MS is  increasingly 
recognized as an important cause of CKD. Each component 
of MS has been suggested to cause renal injury [ 145 – 147 ].  

    Obesity Paradox in ESRD Patients 

 Patients with ESRD have an exceptionally higher mortality 
rate compared to matched controls. Epidemiologic studies 
show that where obesity is concerned, there is a paradoxi-
cally inverse association between body mass index (BMI) 
and mortality in patients with ESRD. Higher BMI in dialysis 
patients has translated to a lower mortality, so called the 
“obesity paradox” or “dialysis paradox” [ 148 ,  149 ]. Recently, 
the mortality and BMI changes of dialysis patients during 
transplant waitlist period were studied, and it was found that 
lower BMI or muscle mass and/or unintentional weight loss 
or muscle loss was associated with a higher mortality [ 150 ]. 
Interestingly, there may be a “carry-over effect” of under-
weight after kidney transplant, as underweight status on 
dialysis was associated with higher mortality in the fi rst year 
after kidney transplant [ 151 ]. Underweight or unintentional 
weight loss may refl ect a poor health status and/or malnutri-
tion, which is associated with high mortality in these patients. 
The impact of intentional weight loss among obese patients 
in preparation for kidney transplant remains unknown.  

    Kidney Transplantation in Obese Patients 

 There is no doubt obesity directly impacts transplant out-
comes. Obesity is associated with higher surgical complica-
tion rate (wound infection, incision breakdown, and healing 
delay), longer hospital stay, and higher medical costs [ 152 , 
 153 ]. Obesity also increases the risk for graft failure and 
patient death after kidney transplant [ 153 ]. Despite these 
relative poor outcomes, obese ESRD patients are routinely 
considered for kidney transplant because of the survival ben-
efi t as compared to dialysis therapy [ 154 ,  155 ]. One study 
demonstrated that kidney transplant was associated with a 
signifi cantly lower risk of mortality of 61 % for deceased 
donor kidneys and 77 % for living donor kidneys [ 154 ]. This 
survival benefi t of kidney transplant might drop off with a 
BMI >41 kg/m 2 .  

  Fig. 15.7    Chronic transplant glomerulopathy. There is multilayering 
of glomerular basement membrane on electron microscopy ( courtesy of 
Suzanne Meleg - Smith ,  MD )       

  Fig. 15.8    Chronic antibody-mediated rejection. The peritubular capil-
lary has laminated basement membrane on electron microscopy ( cour-
tesy of Suzanne Meleg - Smith ,  MD )       

   Table 15.4    Differential diagnosis of chronic allograft dysfunction   

  1. Immunological causes  
 Chronic active rejection (cellular, humoral, or both) 
 Chronic rejection (cellular, humoral, or both) 

  2. Non - immunological causes  
 Chronic CNI toxicity 
 Infection (BKV nephropathy, chronic pyeonephritis) 
 Chronic obstruction/hydronephrosis 
 Recurrent or de novo glomerular diseases 
 Recurrent or de novo diabetic nephropathy 
 Hypertensive nephrosclerosis 
 Renal artery stenosis 
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    Obesity/MS After Kidney Transplantation 

 Successful kidney transplant not only prolongs patient life but 
also improves the quality of life [ 156 ]. Patients usually report 
a better appetite as the uremic syndrome has been resolved. 
Many patients develop new onset obesity/MS and the preex-
isting obesity/MS can get worse after kidney transplant [ 157 ]. 
Obesity/MS after kidney transplant is associated with cardio-
vascular morbidities and higher risk for patient death and 
graft failure [ 158 ]. The commonly used immunosuppressive 
drugs including corticosteroids, CNI (cyclosporine, tacroli-
mus), and mTOR inhibitor (sirolimus, zortress) have adverse 
metabolic effects and can cause or contribute to the develop-
ment of obesity/MS as summarized in Table  15.5  [ 159 ,  160 ].

       New Onset Diabetes After Transplant 

 NODAT is a serious complication in renal transplant patients 
as it is associated with CAN, CVD, graft failure, and patient 
death [ 161 – 163 ]. Risk factors for NODAT include African 
American or Hispanic ethnicity, family history of diabetes, 
pre-transplant glucose intolerance, hepatitis C infection, and 
immunosuppressive drugs. Obesity/MS is an independent 
predictor for developing NODAT [ 163 ,  164 ]. The commonly 
used immunosuppressive drugs (corticosteroids, cyclospo-
rine, tacrolimus, sirolimus, and zortress) adversely affect 
insulin secretion and glucose metabolism and their usage 
can cause or contribute to NODAT (Table  15.5 ) [ 159 ,  160 ]. 
The new biologic agent belatacept is designed to provide 

effective immunosuppression while avoiding renal toxicity 
and metabolic adverse effects associated with CNI [ 165 –
 167 ]. The BENEFIT and BEBEFIT-EXT studies have com-
pared belatacept with cyclosporine-based regimens. There is 
signifi cantly lower systolic and diastolic blood pressures and 
better lipid profi le in the belatacept arm. Additionally there 
is a lower rate of NODAT after 12 months in the belatacept 
arm compared with cyclosporine arm [ 165 ,  166 ]. Although 
patient and graft survival are not signifi cantly different in 
these trials, signifi cant better renal function and improved 
cardiovascular profi le might be an important step towards 
ultimately better graft and patient survival [ 166 ,  167 ]. The 
continuing research    and innovation hopefully will lead to 
more biological agent lack of metabolic adverse effects to be 
developed, so that the full potential and benefi t of kidney 
transplantation can be realized in all transplant patients.  

    Post-transplant Infection 

 The risk of infection is related to the cumulated overall 
immunosuppression and the epidemiologic exposure of 
transplant patients [ 168 ,  169 ]. Patients usually receive anti-
bacterial and anti-PCP prophylaxis with TMP-SMX (either 
single strength daily or double strength every other day at 
bed time) for 1 year or longer. If patients cannot tolerate 
TMP-SMX, alternative regimen consisting of atovaquone 
with levofl oxacin, pentamidine, or dapsone may be used 
[ 168 – 170 ]. Depending on the risk of CMV disease, patients 
should receive valganciclovir or acyclovir prophylaxis for 

    Table 15.5    The metabolic adverse effects of the commonly used immunosuppressive drugs in kidney transplant   

 Medications  Body weight  Blood pressure  Glucose  TG/LDL-C  HDL-C 

 Corticosteroids  Increase appetite  Overstimulation 
of mineralocorticoid 
receptor 

 Reduce insulin sensitivity  Decrease LDL degradation  Decrease hepatic 
HDL-C production 

 Abnormal fat 
distribution 
(central obesity) 

 Sodium retention  Decrease insulin secretion  Stimulate hepatic VLDL 
production 

 Raise body weight  Increase blood pressure  Elevate blood glucose  Decrease VLDL removal  Low HDL-C 

 Elevate LDL-C and TG 

 Calcineurin 
inhibitors 

 Neutral effect  Increase sympathetic 
nerve activity 

 Inhibit glucokinase    activity  Down-grade hepatic cholesterol 
7a-hydroxylase and mitochondrial 
steroid 26-hydroxylase 

 Decrease cellular 
cholesterol and 
phospholipid effl ux 
to apolipoprotein A-I  1. Cyclosporine  Stimulate renin- 

angiotensin system 
 Direct islet cell toxicity  Inhibit lipoprotein lipase 

 2. Tacrolimus  Direct vasoconstriction  Suppress insulin release  Reduce bile acid synthesis  Lower HDL-C 

 Elevate blood pressure  Increase glucose  Raise LDL-C and TG 

 mTOR 
inhibitors 

 Neutral effect  Neutral effect  Prevent Akt activation  Increase lipase activity 
in adipose tissue 

 Neutral effect 

 1. Sirolimus  Inhibit glucose transporter 
expression 

 Decrease lipoprotein lipase 
activity 

 2. Everolimus  Decrease glucose uptake and 
metabolism in skeletal muscle 

 Stimulate hepatic synthesis 
of TG and VLDL 

 Increase glucose  Increase TG and LDL-C 
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herpes virus infection (see below in CMV disease). Anti- 
candida prophylaxis for mucocutaneous infection can be 
achieved with oral clotrimazole, nystatin, or fl uconazole (in 
pancreas transplant recipients) for several weeks or months 
after transplant. Infl uenza vaccination should be given yearly. 
Due to safety concerns, live vaccines, such as nasal infl u-
enza, varicella, varicella zoster, MMR, smallpox, yellow 
fever, and oral typhoid, should be avoided after transplant 
surgery. Before transplant, patients should complete all nec-
essary vaccines. Live vaccines should be given to patients 
not taking immunosuppressive drugs at least 1 month, pref-
erably 3 months before transplant surgery [ 168 ].  

    BK Virus Nephropathy 

 BK virus is a “small, slow” polyoma virus, structurally simi-
lar to JC virus that causes progressive multifocal encepha-
lopathy (PML) in immuocompromised patients. About 
65–90 % of adults are infected with BK virus and it is latent 
in renal tubular cells [ 171 ,  172 ]. Reactivation occurs after 
kidney transplant presumptively due to the combination of 
immunosuppression and ischemia-reperfusion injury. 
Clinically, it can present as BK viruria, viremia, ureteral ste-
nosis/hydronephrosis, hemorrhagic cystitis, sterile pyuria, or 
BK virus nephropathy. BK nephropathy has been reported in 
3–10% of kidney transplant patients. Without recognition 
and treatment, BK nephropathy causes progressive deterio-
ration of renal function and graft failure. BK nephropathy 
increases the risk of acute rejection, and it can also coexist 
with rejection [ 173 ,  174 ]. 

 Kidney biopsy is necessary to diagnose BK nephropathy. 
Positive biopsy fi ndings include viral inclusions in tubular 
cells, positive IF-antibody staining, positive in-situ hybrid-
ization for viral DNA, and/or viral particles on EM study. 
Negative kidney biopsy does not rule out BK nephropathy 
due to the nature of focal lesions initiated in deep medulla at 
early stage. Noninvasive tests suggesting possible BK 
nephropathy include high BK viremia (>10 4  copies/mL), 
viruria (>10 7  copies/mL), or presence of urine Decoy cells 
by cytology. 

 There is no FDA-approved antiviral agent for BKV. The 
cornerstone of treatment remains to be reduction of overall 
immunosuppression [ 168 ,  169 ,  171 ,  172 ]. This is frequently 
achieved by decreasing or discontinuing antimetabolite 
(such as MFA) and/or lower CNI trough level. Reduction of 
immunosuppression should control viral activation as 
refl ected by reduction of viral load in plasma and urine. It 
may improve or stabilize renal function, and it also increases 
the risk of rejection. So, patient should be closely moni-
tored for viral load as well as renal function. Other reported 
treatments include low-dose of cidofovir (0.25–0.5 mg/kg 
every other week), lefl unomide (40 mg/day), quinolone, 

and IVIG [ 88 ,  89 ,  175 – 179 ]. The effi cacies of these agents 
have not been well studied or approved, but they are fre-
quently tried for patients with persistent high viral load and/
or deteriorating graft function. Sirolimus may have antiviral 
effect for BKV proliferation [ 180 ]. After graft failure from 
BKV nephropathy, retransplant can be successfully per-
formed [ 181 ].  

    Cytomegalovirus Disease 

 CMV disease is associated with high morbidity and mortal-
ity after kidney transplantation. It not only causes direct 
injury to the infected organs and tissues (such as CMV pneu-
monitis, colitis, hepatitis, encephalitis, nephropathy) but also 
has indirect effects on the allograft, including acute rejection 
and CAN [ 182 – 185 ]. It has been proposed that CMV may 
even play a role in the pathogenesis of CVD and other oppor-
tunistic infection. It is commonly recognized that donor- 
positive, recipient-negative serostatus (D+/R−) has the 
highest risk of developing CMV disease, while D+/R+ and 
D−/R+ have moderate risk, and D−/R− has the lowest risk. 
The patient who received T cell depleting antibody for induc-
tion or rejection is also at high risk for CMV disease 
[ 186 – 188 ]. 

 There are two approaches for preventing CMV disease in 
high risk patients: universal chemoprophylaxis or preemp-
tive treatment. Universal prophylaxis is to give oral ganciclo-
vir or valganciclovir to patients at high risk immediately 
after transplant for a defi ned period, typically 3–6 months. 
Preemptive approach involves quantitative assays (CMV- 
PCRs) to monitor patients at predefi ned intervals, usually 
every 1–2 weeks for the fi rst 3 months, and positive assays 
result in antiviral therapy. CMV prophylaxis has been shown 
to improve the graft survival [ 189 ,  190 ]. We use universal 
approach: patients at high risk (D+/R− mismatch or usage of 
T cell depleting antibody) are currently given 6-month pro-
phylaxis and patients at moderate risk (D+/R+ or D−/R+) are 
given 3-month prophylaxis with valganciclovir. For those at 
low risk (D−/R−), we use acyclovir for herpes virus prophy-
laxis for 3 months. 

 CMV disease is usually diagnosed by clinical presentation 
with documentation of CMV involvement, such as CMV 
viral inclusions in biopsied tissues, positive antigenemia 
(early antigen pp65 in neutrophils), or DNA quantitative 
assays (CMV viral load). CMV culture is too slow and insen-
sitive method, while CMV serology (IgG or IgM titers) is not 
reliable as patient may not produce any antibody to CMV due 
to immunosuppression. Our treatment of CMV disease 
includes 2–3 weeks of IV ganciclovir (5 mg/kg, twice daily, 
with dose adjustment for renal function) until clinical symp-
toms are resolved and viremia is cleared, then 3 months of 
oral ganciclovir (1 g three times daily) or valganciclovir 
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(900 mg once daily) with dose adjustment based on renal 
function. New data suggest that oral valganciclovir alone may 
be used to treat mild to moderate CMV disease [ 191 ]. When 
patients fail to response to treatment, CMV mutant assays 
should be sent to determine ganciclovir-resistance. Foscarnet 
is usually active against most ganciclovir-resistant strains of 
CMV and cidofovir may also be considered [ 168 ,  169 ,  182 ].  

    Epstein-Barr Virus Infection 

 EBV primarily infects B cells and plays a central role in the 
development of PTLD after organ transplant. PTLD spec-
trum ranges from benign polymorphic and polyclonal forms 
to monoclonal and highly malignant disease [ 192 ]. It may 
involve in kidney graft, lymph nodes, spleen, liver, and brain 
[ 192 ,  193 ]. Risk factors for PTLD include EBV serology 
mismatch with seropositive donor organ transplanted into 
seronegative recipients (D+/R−) and usage of T cell deplet-
ing antibody [ 36 ]. The new immunosuppressive drug belata-
cept has been noted to increase the risk of PTLD in patients 
without EBV immunity. Therefore, belatacept is 
 contraindicated in patients who are EBV seronegative [ 165 –
 167 ]. Although the majority of PTLD is of B-cell origin, 
T-cell, natural killer cell, and null cell tumors are also 
reported, and they are more often EBV negative and in late 
PTLD [ 194 ,  195 ]. PET scan is very sensitive imaging for 
localizing PTLD lesions and the clinical management usu-
ally depends on the stage of tumor [ 196 ]. Partial reduction or 
total withdrawal of immunosuppression is the fi rst-line treat-
ment, and it can cause PTLD to regress, especially in the 
early polyclonal forms. Antiviral agent, such as acyclovir, 
can be used to control EBV infection in cases of EBV-
positive B-cell lymphomas. Cases with CD20-positive PTLD 
can be treated with rituximab [ 197 ,  198 ]. Radiation and/or 
chemotherapy with CHOP may be needed for diffuse lesions 
or incomplete response to other therapy. Sirolimus has been 
shown to have antiproliferative effect and is benefi cial in 
managing PTLD [ 199 ,  200 ]. The trends of quantitative EBV 
viral loads should be closely monitored in high risk patients 
after kidney transplant (such as children) for timely adjusting 
immunosuppression and/or initiating antiviral therapy.  

    Other Malignancy 

 The incidence of malignancy has been rising in transplant 
recipients, and malignancy has become the second most 
common cause of death after CVD. The incidence of all 
types of cancer is higher for transplant recipients than the 
general population [ 201 – 203 ]. The most frequent cancers 
clinically observed are non-melanoma skin cancer, kidney 
cancer in native atrophic kidneys, PTLD, cervical, oral, and 

pharynx cancer. The increase in cancer risk may be associ-
ated with cumulative immunosuppression that inhibits the 
normal antitumor surveillance. Viral infections also contrib-
ute to several cancers, such as EBV in PTLD; HBV and 
HCV in liver cancer; HPV in cervical, vulva, oral, and anal 
cancer; and HHV-8 in Kaposi’s sarcoma. Virus can be trans-
mitted from donor organ to recipient and viral screening of 
organ donor may decrease the risk of viral infection [ 204 , 
 205 ]. How to achieve a long-term balance between immuno-
suppression and risk of infection and malignancy is a chal-
lenging task. The routine cancer surveillance guidelines used 
in the general population are also the current care standard 
for transplant recipients. But high risk patients should have 
more frequent and specifi c screening based on individual’s 
risk factor, such as annual imaging study of liver for hepatitis 
patients and native kidneys for positive cystic lesions, and 
regular skin examination by a dermatologist [ 206 ,  207 ]. 
mTOR inhibitor may have some anti-oncogenic effect, as 
mTOR inhibitor-based protocols are associated with lower 
rate of malignancy [ 199 ,  208 ,  209 ]. These lead clinician to 
choose mTOR inhibitor as maintenance for patients at risk 
for and/or suffering from cancer after kidney transplant.   

    Pancreas Transplantation 

 The fi rst human pancreas transplant was performed in 1966 
by Dr. Lillehei at the University of Minnesota [ 210 ]. The 
procedure was performed simultaneously with a kidney 
transplant in a young female with diabetic nephropathy. 
Unfortunately, the patient could only remain insulin-free for 
a few weeks. Although other pancreas transplants were per-
formed over the next few years, the success rates did not 
improve much; by 1977, 1 year graft survival rates were only 
5 % for 64 reported procedures, based on the International 
Pancreas Transplant Registry (IPTR) data. 

 But improvement in surgical techniques, immunosup-
pressive medications, and organ donor management has 
allowed pancreatic transplantation to become a well accepted 
and commonly performed procedure. 

    Indications for Pancreatic Transplants 

 The most common indication for a pancreatic transplant is 
insulin-dependant diabetes (IDDM). In most cases, patients 
have classic Type 1 DM, an autoimmune disease with the 
presence of anti-insulin or anti-islet cell antibodies. As these 
patients do not make insulin, they usually do not have mea-
surable C-peptide levels. Such patients would also have a 
decreased stimulated insulin secretion test. Patients who 
develop IDDM from previous pancreatic resections or from 
chronic pancreatitis have also received pancreas transplants. 
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 Many of these patients will have devastating complica-
tions of IDDM, including hypoglycemic unawareness, dia-
betic ketoacidosis as well as other organ sequelae such as 
nephropathy, retinopathy, and neuropathy. 

 Recently, there has been recognition of adult onset diabe-
tes that is insulin responsive. So while these patients may 
previously have been characterized as Type 2 diabetics, they 
show features of Type 1 patients, in that they are not obese 
and they develop ketoacidosis and retinopathy. Some have 
even demonstrated late onset of insulin antibody develop-
ment. Syndromes such as Latent Autoimmune Diabetes in 
Adults (LADA) [ 211 ] and Maturity Onset Diabetes of the 
Young (MODY) [ 212 ] have been described. Such patients 
had previously been classifi ed as Type 1½ diabetics, but rec-
ognition of these syndromes would allow these patients to 
benefi t from a pancreas transplant as well. 

 In most instances, pancreatic transplants are performed in 
conjunction with a kidney transplant. The presence of dia-
betic renal disease, resulting in a GFR of less than 20 cc/min 
or necessitating dialysis is an indication for a kidney trans-
plant as well. 

 The workup for a transplant candidate is exhaustive and 
similar to that of the kidney transplant recipient (see previ-
ous). Recognition of the various sequelae of diabetics has to 
be described. In most centers, candidates are usually younger 
(<50 years of age) and non-obese (BMI <30). Results of pan-
creas transplants have not been as good in older or obese 
patients. 

 There are three scenarios in which pancreas transplants 
are performed:
    (a)     Simultaneous pancreas kidney transplant  ( SPK ). In this 

scenario, a recipient receives both organs from the same 
cadaveric donor in a single surgical procedure. The 
advantages of this scenario are that the recipient only 
undergoes one surgical procedure and the organs are 
immunologically similar. Thus rejection will usually 
occur concomitantly in both organs and it is easier to 
diagnose. Also, in most parts of the USA, the kidney is 
allocated with the pancreas; thus the kidney may be allo-
cated faster with the shorter pancreas waiting list, than 
with the much longer kidney list.   

   (b)     Pancreas after kidney transplant  ( PAK ). Here, the recipi-
ent receives a pancreas transplant after they have had a 
previous kidney transplant. This scenario has become 
more common with the popularity of living donor kid-
ney transplants. So recipients may get on the list for a 
deceased donor pancreas after they receive a living 
donor kidney. The advantages of this are that the recipi-
ent will get a living donor kidney, which is typically bet-
ter than a deceased donor one. Also, the living donor 
transplant may be timed so that the recipient may get 
their kidney transplant without needing to wait on the 

list or even before they start dialysis, which is also 
advantageous. The potential disadvantages are that the 
recipient has to undergo two surgical procedures. The 
two organs are not immunologically similar, and thus 
rejection could happen separately for each of these 
organs and this is diffi cult to monitor.   

   (c)     Pancreas transplants alone  ( PTA ). This transplant is done 
for patients that have IDDM without renal failure, and 
thus do not need a kidney transplant. This is perhaps the 
most controversial of pancreas transplant scenarios. The 
decision on how to manage complicated IDDM patients 
is not easy. Whether a brittle diabetic would be better off 
with an insulin pump, risking the sequelae of diabetes or 
choosing a major surgical procedure and immunosup-
pressant medications is diffi cult to answer. However, 
there are studies that have shown that in selected diabetics 
that are extremely brittle, with frequent attacks of hypo-
glycemic awareness and ketoacidosis despite intensive 
insulin regimen, pancreas transplants may be lifesaving. 
A PTA may also prevent the onset of renal failure in these 
patients, reducing the need for a future kidney transplant. 
The American Diabetic Association has supported PTA 
for these indications as well [ 213 ].      

    Surgical Procedure 

 The deceased donor organ is usually procured with a cuff of 
duodenum at the head and spleen attached to the tail. 
Preservation of the duodenum is necessary as it shares blood 
supply with the head of the pancreas and also serves as a 
repository of exocrine secretions for drainage. The prepara-
tion of the pancreas allograft requires removal of the spleen 
and vascular reconstruction of the arterial system. The pan-
creas has two arteries supplying it, the superior mesenteric 
artery for the head and the splenic artery for the body and 
tail. The two stumps of these vessels are sewn to a Y-graft of 
the donor common, internal and external iliac arteries to cre-
ate a single arterial conduit for anastomosis. 

 The pancreas allograft is usually placed in the pelvis, with 
the arterial conduit and the portal vein (venous drainage of 
the pancreas) anastomosed to the iliac vessels in the recipient 
(Fig.  15.1 ). In some instances, the portal vein can be anasto-
mosed to the superior mesenteric veins so the pancreas may 
have a portal rather than systemic drainage, and some con-
sider this to be more physiologic. 

 The duodenum of the allograft is usually anastomosed to 
the recipients’ intestine, so that the exocrine secretions of the 
allograft can be drained. Previous attempts at bladder drain-
age of the exocrine secretions resulted in high rates of hem-
orrhagic cystitis and metabolic acidosis, due to loss of 
exocrine bicarbonate in the urine.  

R. Zhang and A. Paramesh



195

    Post-transplant Monitoring 
of Pancreas Transplants 

 With a successful transplant, serum glucose levels should 
normalize within hours after surgery. Serum amylase and 
lipase levels are very nonspecifi c, and may be elevated by 
rejection, infection, or other causes of pancreatitis, including 
some of the antirejection medications themselves. It is 
important to understand the development of hyperglycemia 
is a late fi nding and usually represents burnout of the pan-
creas. Measurement of C-peptide levels may confi rm if the 
pancreas is still making insulin or not. 

 Rejection of the allograft is diffi cult to diagnose as biopsy 
of the pancreas is diffi cult. One of the benefi ts of an SPK as 
mentioned previously is that rejection tends to occur simul-
taneously in both organs; hence rejection in a pancreas 
allograft can be diagnosed by biopsy of the kidney allograft, 
which is much easier.  

    How Successful Are Pancreas Transplants? 

 Patients who receive pancreas transplants benefi t from 
improved survival and quality of life. Secondary 
 complications of diabetes may stop progressing, and may 
even reverse. The pancreas may also protect the kidney 
transplant from developing diabetic nephropathy. Long term 
US survival data from the Scientifi c Registry of Transplant 
Recipients (SRTR) [ 214 ] shows 1 and 5 year pancreas graft 
survival rates were 87 and 72 % for SPK recipients, 77.1 and 
59 % PAK recipients, and 85 and 52 % for PTA recipients.  

    Pancreas Islet Transplantation 

 Islet transplantation via an injection would seem to be a bet-
ter option than a major surgical procedure. However, long- 
term results of islet transplants have not yet shown good 
outcomes universally. In 2000, the University of Edmonton 
in Canada reported on seven patients that remained insulin- 
free 1 year after islet transplantation [ 215 ]. However, initial 
enthusiasm was dampened when in 2005, the same group 
reported that although 85 % of patients had measurable 
C-peptide levels, only 10 % of patients could remain insulin- 
free at 5 years [ 216 ]. Subsequent studies also showed that 
these patients also developed increased risk of renal failure 
[ 217 ] due to use of nephrotoxic immunosuppressants and 
many of them were now sensitized [ 218 ] due to the exposure 
of the foreign proteins, making it harder for them to receive 
kidney transplants. Due to these issues, further studies into 
pancreatic islet transplants are needed.  

    Other Advances in Pancreatic Transplantation 

 Living donor pancreas transplants utilizing the distal pan-
creas have been reported in several centers across the world. 
In one of the largest series, the University of Minnesota 
reported on 110 patients whose graft survival after living 
donor transplants was similar to cadaveric whole organ 
transplants [ 219 ]. Human bone marrow stem cells have been 
shown differentiation into pancreatic islet cells and glomeru-
lar cells, and potentially this could help treat diabetes and 
nephropathy as well [ 220 ].      
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           Introduction 

 Glycemic control in diabetes mellitus (DM) can be challeng-
ing to every physician. Management of blood sugars is the 
hallmark by which we measure our success (and failure), and 
it is critical in the prevention of complications related to dia-
betes including kidney disease. Glycemic control in those 
with chronic kidney disease (CKD) brings another level of 
challenge to care of the patient with diabetes. It requires 
detailed knowledge of which medications can be safely used 
and how kidney disease affects metabolism of these medica-
tions. In addition, the glycemic target needs to be individual-
ized for each patient and our ability to interpret the data can 
be altered in the setting of kidney disease.  

    Medications 

 Medical therapy for diabetes is continually advancing with 
new therapies available for use and updates to our current 
understanding and the safety profi le of medications already 
in use. Please refer to Table  16.1  for adjustments in dosing 
for diabetes medications used in CKD.

      Insulin 

 All available types of insulin can be used in CKD. However, 
the insulin type, dose, and pattern of administration must be 
adjusted to each individual patient to achieve target glycemia 
while limiting hypoglycemia. There are multiple forms of 
insulin available (Table  16.2 ).

      Rapid-Acting Insulins 
 There are three rapid-acting insulin analogs available, aspart 
(Novolog), lispro (Humalog), and glulisine (Apidra). They 
have the most rapid onset of action with peak concentrations 
at about 30–90 min and overall short duration, estimated to 
be about 5 h. However, the duration of action of glulisine 
may be slightly longer than that of aspart or lispro. 

 Because of their rapid peak and relatively short duration, 
these insulin analogs most resemble physiologic insulin 
secretion making their use ideal for mealtime administration 
and when rapid correction of high blood sugars is needed. 
They can be given immediately before or up to 15 min prior 
to eating which is convenient for patients. They are used as 
part of the regimen in “basal–bolus therapy,” also known as 
multiple daily injections (MDI). 

 In patients with gastroparesis, giving these insulin ana-
logs after meals can be benefi cial resulting in better match-
ing of the peak insulin levels with the glucose absorption 
from the meal. In addition, in patients with poor appetites, 
sometimes the insulin can be given after meals to allow for 
adjustment of the insulin dose in proportion to how much 
food was actually consumed. These insulin analogs are also 
used in continuous subcutaneous insulin infusions (CSII), 
also known as insulin pumps.  

    Short-Acting Insulin 
 Regular crystalline insulin has an onset of action at 
30–60 min, peak concentration at 2–3 h, and a total duration 
of about 5–8 h after administration. It is recommended that 
regular insulin be given about 30 min before eating. The only 
advantage of regular insulin is substantially lower cost com-
pared to the rapid-acting insulin analogs.  

    Intermediate-Acting Insulin 
 Isophane insulin or NPH (neutral protamine Hagedorn) is the 
only available intermediate-acting insulin. It has an onset of 
action at 2–4 h, peak concentration at 4–10 h, and duration any-
where from 10 to 18 h. Therefore, to achieve 24 h coverage as 
a basal insulin, it usually has to be given twice daily. It can have 
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   Table 16.1    Dose adjustment for insulin compounds and medications 
for diabetes in CKD   

 Medication class  CKD stages 3 and 4 and predialysis stage 5 

  Insulin  
 Glargine  No advised dose adjustment a  
 Detemir  No advised dose adjustment a  
 NPH  No advised dose adjustment a  
 Regular  No advised dose adjustment a  
 Aspart  No advised dose adjustment a  
 Lispro  No advised dose adjustment a  
 Glulisine  No advised dose adjustment a  
  First-generation sulfonylureas  
 Acetohexamide b   Avoid use 
 Chlorpropamide  eGFR 50–80: reduce dose by 50 % 

 eGFR <50: avoid use 
 Tolazamide  Avoid use 
 Tolbutamide  Avoid use 
  Second-generation sulfonylureas  
 Glipizide  eGFR <30: use with caution 
 Glimepiride  eGFR <60: use with caution 

 eGFR <30: avoid use 
 Glyburide  eGFR <60: avoid use 
 Gliclazide b   No dose adjustment 
  Meglitinides  
 Repaglinide  No dose adjustment but may wish to use caution 

with eGFR <30 
 Nateglinide  eGFR <60: avoid use (but may consider use if 

patient is on hemodialysis) 
  Biguanides  
 Metformin c   Per FDA, do not use if serum Cr ≥1.5 mg/dL 

in men 
 ≥1.4 mg/dL in women 
  Consider  
 eGFR ≥45–59: use caution with dose and follow 
renal function closely (every 3–6 months) 
 eGFR ≥30–44: max dose 1,000 mg/day or use 
50 % dose reduction. Follow renal function 
every 3 months. Do not start as new therapy 
 eGFR <30: avoid use 

  Thiazolidinediones  
 Pioglitazone  No dose adjustment 
 Rosiglitazone  No dose adjustment 
  Alpha-glucosidase inhibitors  
 Acarbose  Serum Cr >2 mg/dL: avoid use 
 Miglitol  eGFR <25 or serum Cr >2 mg/dL: avoid use 
  DPP-4 inhibitor  
 Sitagliptin  eGFR ≥50: 100 mg daily 

 eGFR 30–49: 50 mg daily 
 eGFR < 30: 25 mg daily 

 Saxagliptin  eGFR > 50: 2.5 or 5 mg daily 
 GFR ≤ 50: 2.5 mg daily 

 Linagliptin  No dose adjustment 
 Alogliptin  eGFR >60: 25 mg daily 

 eGFR 30–59: 12.5 mg daily 
 eGFR <30: 6.25 mg daily 

unpredictable absorption and high variability even within the 
same patient, making its use sometimes problematic.  

    Long-Acting Insulins 
 Glargine insulin (Lantus) was the fi rst long-acting insulin 
analog that was developed. Glargine is soluble at an acidic pH 
but less soluble at a physiologic pH. Subcutaneous injection 
leads to precipitation which results in slower absorption. 
A unique property of glargine is that it does not have a clear 

 Medication class  CKD stages 3 and 4 and predialysis stage 5 

  Incretin mimetic  
 Exenatide  eGFR 30–50: use caution 

 eGFR <30: avoid use 
 Liraglutide  No dose adjustment but use caution when 

starting or titrating the dose 
  Amylin analog  
 Pramlintide  No dose adjustment known but not studied in 

ESRD 
  Dopamine receptor agonist  
 Bromocriptine 
mesylate 

 No dose adjustment known but not studied: use 
with caution 

  Bile acid sequestrant  
 Colesevelam  No dose adjustment known but limited data 
  SGLT2 inhibitor  
 Canaglifl ozin  eGFR 45 to <60: max dose 100 mg once daily 

 eGFR <45: avoid use 

 Dapaglifl ozin  eGFR <60: avoid use 

   a Adjust doses based on patient response 
  b Not available in the United States 
  c Recommendations are controversial  

   Table 16.2    Pharmacokinetic properties of insulin   

 Insulin  Onset  Peak  Duration 

  Long-acting  
 Glargine (Lantus)  2–4 h  None  20–24 h 
 Detemir (Levemir)  1–3 h  6–8 h  18–20 h 
  Intermediate-acting  
 NPH  2–4 h  4–10 h  10–18 h 
  Short-acting  
 Regular  0.5–1 h  2–3 h  5–8 h 
  Rapid-acting  
 Aspart (Novolog)  5–15 min  0.5–2 h  3–5 h 
 Lispro (Humalog)  5–15 min  0.5–2 h  3–5 h 
 Glulisine (Apidra)  5–15 min  0.5–2 h  3–5 h 
  Premixed  
 70 % NPH/30 % regular  0.5–1 h  3–12 h (dual)  10–16 h 
 50 % NPH/50 % regular  0.5–1 h  2–12 h (dual)  10–16 h 
 75 % NPL/25 % lispro  5–15 min  1–4 h (dual)  10–16 h 
 50 % NPL/50 % lispro  5–15 min  1–4 h (dual)  10–16 h 
 70 % NPA/30 % aspart  5–15 min  1–4 h (dual)  10–16 h 

   NPH  neutral protamine Hagedorn,  NPL  neutral protamine lispro,  NPA  
neutral protamine aspart  
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peak concentration; it lasts approximately 22 h after injection 
and usually only has to be given once daily. 

 Detemir insulin (Levemir) was the second long-acting 
insulin analog developed. After injection, detemir binds to 
albumin thus giving its prolonged action. It has a slight 
peak about 6–8 h after injection and lasts about 18–20 h. 
For patients with type 1 diabetes, it usually is given twice 
daily; for those with type 2 diabetes, once daily administra-
tion sometimes suffi ces.  

    Premixed Insulin 
 There are multiple premixed preparations of insulin that 
contain a fi xed percentage of two different types of insulin. 
The most commonly used form is insulin “70/30” which 
consists of 70 % NPH and 30 % regular insulin mixed 
together and is injected twice daily. There are also other mix-
tures of NPH with rapid-acting insulins in a 75/25 % ratio. 
Because two different insulin types are present, there are two 
different peaks in insulin concentration. These combina-
tions, though simpler for the patient to administer, greatly 
restrict adjustment of the insulin and require fi xed dosing 
and mealtimes. In a patient who has stopped eating or has a 
decreased appetite, the risk of hypoglycemia is high.  

    Insulin U-500 
 All insulin is U-100, which is defi ned as 100 units of insulin 
per 1 mL. The exception is U-500 which is 500 units of insu-
lin per 1 mL and is only available as regular insulin. However, 
the high concentration of U-500 insulin alters the properties 
of regular insulin and its pharmacokinetics is instead more 
like those of NPH. It is generally used in patients who are 
severely insulin resistant and require very high doses of insu-
lin. Although generally given as a subcutaneous injection, it 
may also be administered via an insulin pump.  

    Use in Kidney Disease 
 Approximately one-third of insulin degradation is by the 
kidney, and a decrease in kidney function is associated with 
prolongation of the insulin half-life, so less insulin is needed 
as GFR declines [ 1 ]. The kidney is responsible for approxi-
mately 30–80 % of insulin breakdown. Patients with kidney 
disease are at higher risk of hypoglycemia due to decreased 
clearance of insulin but also a decline in renal gluconeogen-
esis from lower kidney mass. The presence of anorexia and 
weight loss in nephropathy can contribute to increased insu-
lin sensitivity as well. There are no limitations on which 
insulin can be used in kidney disease; however, the doses 
may need to be adjusted; there are no specifi c guidelines for 
this. The insulin type chosen and the dose must be individu-
alized for each patient. As with all therapy in diabetes, doses 
should be used to attain goal glycemic control with a minimum 
of hypoglycemic events. An inpatient study randomizing 

weight-based basal and bolus insulin in patients with an 
eGFR <45 mL/min/1.73 m 2  to 0.5 units/kg body weight vs. 
0.25 units/kg showed similar glycemic control but signifi -
cantly less hypoglycemia in the group with the lower weight- 
based dose [ 2 ]. All patients on insulin need to have an 
individualized regimen based on their level of glucose  control 
and level of CKD, and these patients need to be extra vigilant 
in monitoring glucose levels and adjusting insulin doses. 

 Patients with more advanced kidney disease (stage 4–5) 
and on dialysis may have delayed gastric emptying. Thus, 
use of rapid-acting insulin after the meal, similar to patients 
with gastroparesis, can be helpful. Patients on dialysis have 
additional factors to consider. Those on hemodialysis can 
have different clearance rates of insulin that correlate with 
the timing of dialysis. However, glucose control in patients 
on dialysis tends to be highly variable and even unpredict-
able, making glycemic control in this population challeng-
ing. Patients who are on peritoneal dialysis will have 
exposure to large amounts of glucose in the dialysate which 
can cause problematic hyperglycemia. In those who cycle 
peritoneal dialysis overnight, the use of NPH or a premixed 
insulin such as 70/30 can be useful to address the glucose 
absorption from the dialysis fl uid.   

    Oral Medications 

    Sulfonylureas 
 Sulfonylureas represent the oldest oral medications available 
for treatment of diabetes. They bind to the sulfonylurea 
receptor on the pancreatic beta-cells and lead to an increase 
in insulin secretion. The fi rst-generation sulfonylureas (ace-
tohexamide, chlorpropamide, tolazamide, tolbutamide) are 
rarely prescribed. The second-generation sulfonylureas 
which include glipizide, glimepiride, glyburide, and glicla-
zide (the latter is not available in the United States) are com-
monly prescribed. They are typically taken once to twice 
daily and are also available in long-acting preparations. 
Sulfonylureas typically lower hemoglobin A1c (A1c) by 
1.5–2 % and can cause hypoglycemia. 

 Sulfonylureas and their metabolites are cleared by the 
kidney which leads to an increased risk of hypoglycemia as 
GFR declines. The fi rst-generation sulfonylureas should be 
avoided in CKD stage 3 or worse since these medications 
and their metabolites are dependent on the kidney for clear-
ance. With the second-generation sulfonylureas, the risk of 
hypoglycemia is greatly increased with glimepiride and gly-
buride if the eGFR is <60 mL/min/1.73 m 2  due to decreased 
clearance of glyburide and two active metabolites of 
glimepiride [ 3 ]. The use of glyburide should be avoided with 
eGFR <60 mL/min/1.73 m 2  [ 4 ]. Glimepiride should be used 
cautiously if the eGFR is <60 mL/min/1.73 m 2  and not be 
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used with eGFR <30 mL/min/1.73 m 2  [ 3 ]. Less than 10 % of 
glipizide is cleared renally but it should still be used with 
caution with an eGFR <30 mL/min/1.73 m 2  due to the risk of 
hypoglycemia [ 5 ,  6 ].  

   Meglitinides 
 Nateglinide and repaglinide, like sulfonylureas, increase 
insulin secretion by closing an ATP-dependent potassium 
channel on the beta-cells of the pancreas. They require the 
presence of glucose and result in a rapid and short duration 
of insulin release. Because of this, they should be taken prior 
to meals. They also can cause hypoglycemia. 

 The active metabolite of nateglinide accumulates in CKD 
and can cause hypoglycemia; nateglinide should not be used 
with an eGFR <60 mL/min/1.73 m 2 . However, this active 
metabolite is cleared by hemodialysis, so nateglinide can be 
used in these individuals [ 7 ]. Conversely, repaglinide appears 
safe to use in individuals with CKD [ 8 ]. However, it is rea-
sonable to exercise caution in those with more severe renal 
dysfunction, such as an eGFR <30 mL/min/1.73 m 2 , and start 
at the lowest dose (0.5 mg) with slow titration upwards.  

   Biguanides (Metformin) 
 Metformin reduces hepatic gluconeogenesis and increases 
insulin sensitivity. On average, metformin reduces A1c by 
1.0–2.0 %. It does not cause hypoglycemia and it may lead to 
weight loss in some patients. The most common side effects 
are gastrointestinal and include diarrhea, bloating, and 
cramping. Vitamin B12 defi ciency has also been reported 
with extended use [ 9 ]. 

 The FDA recommends that metformin should not be used 
with serum creatinine levels ≥1.5 mg/dL in men and 
≥1.4 mg/dL in women or with decreased creatinine clear-
ance in people over age 80. Because metformin is renally 
cleared [ 10 ], this recommendation is in place to reduce the 
risk of lactic acidosis in individuals with even modest renal 
impairment. The overall incidence of lactic acidosis with 
metformin use, however, appears to be rare. A Cochrane 
database review of 347 prospective trials and observational 
cohort studies showed no cases of fatal or nonfatal lactic aci-
dosis in 70,490 patient-years of metformin users or in 55,451 
patient-years of users of other antihyperglycemic agents 
[ 11 ]. In a study evaluating metformin-associated lactic aci-
dosis in 14 patients, other causes of lactic acidosis (including 
clinical shock or tissue hypoxia) seemed to be the driving 
cause and not specifi cally metformin; 10 of these patients did 
have metformin accumulation related to elevated serum cre-
atinine (range 3.05–11.8 mg/dL) whereas 4 patients, all with 
lower creatinine levels though still reduced GFR, had no evi-
dence of metformin accumulation [ 12 ]. It is reasonable to 
consider use of a GFR-based guideline such as outlined here 
rather than one based on creatinine alone. Metformin can be 
used without dose reduction with eGFR >60 mL/min/1.73 m 2 . 
Given the very rare occurrence of lactic acidosis even with 

reduced GFR and the excellent effi cacy of metformin, there 
is a general consensus now that metformin can be used even 
in patients with stage 3 CKD [ 13 ,  14 ]. If the eGFR is ≥45–
59 mL/min/1.73 m 2 , it may be prudent to continue use of 
metformin but caution with dosing should be taken and the 
renal function followed more closely, such as every 3–6 
months. If the eGFR is ≥30–44 mL/min/1.73 m 2 , the dose 
should be limited to a maximum of 1,000 mg daily and renal 
function followed every 3 months. Metformin should be 
avoided with eGFR <30 mL/min/1.73 m 2 . It is recommended 
that metformin be stopped in the presence of situations that 
are associated with hypoxia or an acute decline in kidney 
function such as sepsis/shock, hypotension, acute myocar-
dial infarction, and use of radiographic contrast or other 
nephrotoxic agents [ 13 ,  14 ].  

   Thiazolidinediones 
 Thiazolidinediones are peroxisome-proliferator-activated 
receptor γ (PPARγ) agonists that increase peripheral insulin 
sensitivity. The average reduction in A1c is 0.5–1.5 %. The 
major side effects are weight gain and fl uid retention. They do 
not cause hypoglycemia. Pioglitazone is the only thiazolidin-
edione commonly prescribed. 

 The Rosiglitazone Evaluated for Cardiovascular 
Outcomes and Regulation of Glycemia in Diabetes 
(RECORD) study and additional data were reviewed by the 
FDA and in 2010, due to its association with adverse cardio-
vascular events, use of rosiglitazone was restricted to those 
unable to control their diabetes with other medications [ 15 ]. 
Physician must document a patient’s eligibility for the medi-
cation, and patients are required to review safety information 
regarding the cardiovascular side effects and acknowledge 
the risks associated with use. Recently, the FDA has reviewed 
the restrictions and removed them. 

 No dose adjustment is indicated with pioglitazone or rosi-
glitazone in CKD since they are cleared by the liver. However, 
since the thiazolidinediones are associated with fl uid reten-
tion, this may be problematic in patients with more advanced 
CKD. Pioglitazone has been associated with an adverse 
effect on bones, and this should be taken into consideration 
in those with or at risk of developing renal osteodystrophy.  

   Dipeptidyl Peptidase Inhibitors 
 The dipeptidyl peptidase (DPP)-4 inhibitors (sitagliptin, sax-
agliptin, linagliptin, alogliptin) decrease the breakdown of 
the incretin hormones, such as glucagon-like peptide 1 
(GLP-1). GLP-1 is secreted by the GI tract in response to 
food and leads to insulin secretion in a glucose-dependent 
mechanism while also decreasing glucagon release. GLP-1 
also slows gastric emptying. 

 Sitagliptin was the fi rst available DPP-4 inhibitor. 
Approximately 80 % of sitagliptin is cleared by the kidney; a 
reduction in the standard dose of 100 mg daily is advised 
with declines in GFR. With an eGFR of ≥30 to <50 mL/
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min/1.73 m 2 , 50 mg once daily should be used and with an 
eGFR <30 mL/min/1.73 m 2 , a dose of 25 mg once daily is 
advised [ 16 ]. Saxagliptin also needs a dose reduction with 
eGFR ≤ 50 mL/min/1.73 m 2  to 2.5 mg daily; otherwise, the 
standard dose with eGFR >50 mL/min is 2.5 or 5 mg daily. 
Only a small amount of linagliptin is cleared renally; thus, no 
dose adjustment is indicated with a reduced GFR [ 17 ]. 
Alogliptin similarly needs a dose reduction from 25 to 
12.5 mg daily with an eGFR < 60 mL/min/1.73 m 2  and then 
to 6.25 mg daily with an eGFR < 30 mL/min/1.73 m 2 .  

   Alpha-Glucosidase Inhibitors 
 Alpha-glucosidase inhibitors (acarbose, miglitol) decrease 
the breakdown of oligo- and disaccharides in the small intes-
tine. The ingestion of carbohydrates is delayed and slows the 
absorption of glucose after a meal. The major side effects are 
bloating, fl atulence, and abdominal cramping. They typi-
cally lower A1c by 0.5–1.0 %. 

 Acarbose is minimally absorbed, with <2 % of the drug 
and active metabolites present in the urine. However, with 
reduced renal function, serum levels of acarbose and metab-
olites are signifi cantly higher. Miglitol has greater systemic 
absorption with >95 % renal excretion. It is recommended 
that use of miglitol be avoided if the GFR is <25 mL/
min/1.73 m 2  [ 18 ]. Additionally, neither medication has been 
studied long term in patients with a creatinine >2 mg/dL; 
their use should be avoided in this population.  

   Other Oral Agents 
 The use of bromocriptine, a dopamine receptor agonist, has 
not been adequately studied in patients with CKD. 

 Colesevelam (bile acid sequestrant) shows no difference 
in effi cacy or safety in those with an eGFR <50 but the data 
are limited. It has not been adequately studied in more 
advanced CKD. 

 Canaglifl ozin reduces renal glucose absorption by inhibit-
ing the sodium-glucose co-transporter 2 (SGLT2) which is 
found in the proximal tubule. This leads to a reduction in the 
reabsorption of glucose and therefore increases the excretion of 
glucose in the urine. The increase in urine glucose results in a 
weight loss of up to 5 kg over 1 year. Because of an increase in 
adverse events, no more than 100 mg once daily should be used 
in patients with an eGFR of 45 to <60 mL/min/1.73 m 2 , and it 
should not be used at all if the eGFR is <45 mL/min/1.73 m 2 . 
Dapaglifl ozin, a second SGLT2 inhibitor, should not be used if 
the eGFR is <60 ml/min/1.73m 2 .   

    Other Subcutaneous Medications 

   GLP-1 Receptor Agonists 
 Exenatide (Byetta) and liraglutide (Victoza) are injectable 
incretin mimetics. They are FDA approved for use with 

metformin and/or sulfonylureas. However, in practice, they 
are also used in conjunction with insulin therapy. They con-
tribute to central satiety leading to a reduction in appetite and 
therefore weight loss. They also promote insulin release, 
delay glucagon release, and slow gastric emptying. Some 
studies have shown an association with an increased risk of 
pancreatitis. 

 Clearance of exenatide decreases with declines in GFR 
[ 19 ]. Additionally, in a case report of a patient with renal 
impairment and CKD, use of exenatide led to a rise in serum 
creatinine that resolved when the medication was stopped 
[ 20 ]. The FDA reported cases of acute renal failure associated 
with exenatide use and recommends it be used with caution in 
those with a GFR of 30–50 mL/min and not be used if the 
GFR is <30 mL/min [ 21 ]. Liraglutide is not metabolized 
primarily by the kidney and no dose adjustment is indicated in 
those with renal impairment, including ESRD, though data in 
this population are limited [ 22 ]. The manufacturer has reported 
cases of renal failure and worsening of chronic renal impair-
ment with liraglutide and advises caution with initiating or 
increasing the dose in those with nephropathy.  

   Amylin Analog 
 Pramlintide (Symlin) is the only available amylin analog; it is 
given as an injection along with insulin therapy at meals. 
Amylin is co-secreted by beta-cells of the pancreas and endog-
enous levels tend to be low in those with diabetes. Pramlintide 
decreases glucagon secretion, slows gastric emptying, and can 
decrease appetite. 

 Dose adjustments for pramlintide are not indicated in the 
presence of mild–moderate renal disease; its use has not 
been studied in ESRD.    

    Strategy for Glycemic Control 

 Insulin therapy for patients with type 1 and type 2 DM differs 
greatly. However, the primary goal of optimizing glycemic 
control to reduce the development of microvascular and macro-
vascular complications is the same. Those with type 1 diabetes 
have an absolute need, of course, for insulin. On occasion, 
additional therapies are used in conjunction with insulin. Those 
with type 2 diabetes have a wide array of therapies available for 
use, ranging from a single oral medication to insulin. 

    Type 1 Diabetes 

 In type 1 diabetes, the ideal method for insulin dosing is to 
reproduce physiologic secretion by the pancreas. For best 
success in achieving target glycemic control, patients with 
type 1 diabetes should use a regimen that mimics endogenous 
insulin secretion. This is best achieved with combination 
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therapy through use of a long-acting basal insulin and MDI 
of a rapid-acting insulin with meals. 

 Prior to the availability of insulin analogs, a combination 
of twice daily NPH and regular insulin was used in attempt 
to mimic physiologic insulin secretion. Typically, the two 
were given together before breakfast and before dinner. 
Since both types of insulin serve to treat fasting and post-
prandial glucose levels, it can be a diffi cult regimen to use to 
achieve target glycemic control. This regimen requires that 
patients maintain similar mealtimes and meal sizes each day, 
and it also does not truly imitate normal physiologic insulin 
secretion. Thus, the use of insulin analogs has greatly 
advanced our care for type 1 diabetes. 

 Glargine insulin does not have a distinct peak, is superior to 
twice daily NPH in reducing fasting glucose levels with less 
hypoglycemia [ 23 ], and results in more stable fasting values 
[ 24 ]. Long-term reductions in A1c and number of hypoglyce-
mic events, with improvement in hypoglycemic awareness, 
were seen in individuals receiving glargine for 1 year who had 
at baseline an A1c of 7.1 % [ 25 ]. Compared to NPH, glargine 
has been shown to have less intra- and interindividual variabil-
ity with greater predictability and reproducibility. 

 Detemir is another option as a basal insulin for patients 
with type 1 diabetes and may offer less variability than NPH. 
In comparisons of twice daily detemir and NPH, those 
receiving detemir had less variability in fasting glucose lev-
els and overnight plasma glucose profi les as well as less 
hypoglycemia [ 26 ]. Whereas glargine can be given once 
daily, detemir should be dosed twice daily due to its shorter 
duration of action. 

 Use of a rapid-acting insulin analog such as lispro, aspart, 
or glulisine as the bolus insulin is superior to regular insulin 
with respect to better postprandial glucose control and less 
hypoglycemia [ 27 – 29 ]. 

 Which regimen to use is based on the comfort of the 
patient and physician; the insulin regimen should be tailored 
for each person. For basal therapy, once daily glargine would 
be an optimal fi rst choice, followed by twice daily detemir, 
then NPH, with any of the rapid-acting insulin analogs as 
prandial insulin. 

 The closest approximation of physiologic insulin secre-
tion can be achieved by using a pump that delivers insulin by 
continuous subcutaneous infusion. A single type of insulin is 
used in the pump such as a rapid-acting analog. This insulin 
serves as the basal, bolus, and correction insulin. The pump 
is programmed to deliver different basal rates throughout the 
day, which is an advantage over the use of a long-acting insu-
lin such as glargine or detemir. As an example, often basal 
rates are lower overnight but need to increase in the early 
morning to address the “dawn phenomenon.” As another 
example, different basal rates can be programmed to take 
into account exercise patterns or dialysis patterns. Insulin 
pumps can be used in all stages of CKD. Insulin pumps 

require vigilance on the part of the patient and their use should 
be overseen by endocrinologists and diabetes educators with 
experience in their use. 

 External devices known as continuous glucose monitor-
ing systems (CGMS) are now available that can continually 
measure glucose levels. A small plastic catheter is inserted 
subcutaneously and measures glucose every 5 min. Patients 
can view this in real time and detect upward and downward 
trends in glucose. Also helpful is that alarms for high and 
low readings can be set. We recommend these systems also 
be supervised by experienced endocrinologists and diabetes 
educators.  

    Type 2 Diabetes 

 There are multiple treatment options for type 2 diabetes. 
When medical therapy is initiated in type 2 diabetes, if the 
diabetes is mild, starting with an oral agent is preferred 
because of ease of administration. If kidney function per-
mits, metformin is an ideal fi rst choice given the lack of asso-
ciated hypoglycemia and its potential benefi ts on weight; it is 
also inexpensive and readily available. As noted above, CKD 
can be a limiting factor in its use. A DPP-4 inhibitor can also 
be considered as there is no associated hypoglycemia, though 
reduction in A1c tends to be modest. Sulfonylureas are inex-
pensive and effective; however, as they carry a risk of hypo-
glycemia they require vigilant monitoring on the part of the 
physician and patient; the initial starting dose should be low 
and titrated with caution. It is possible that they may also 
contribute to premature beta-cell failure as they “squeeze” 
insulin production from the pancreas. Pioglitazone can be a 
reasonable choice since it decreases insulin resistance and is 
safe in CKD. However, weight gain and fl uid retention are 
undesirable side effects. The recently approved SGLT2 
inhibitors, canaglifl ozin and dapaglifl ozin, are also reason-
able choices as second agents, although they will have lim-
ited use when the eGFR dips below 60 mL/min/1.73 m 2 . 

 GLP-1 receptor agonists can be added to oral agents such 
as sulfonylureas (but not DPP-4 inhibitors); in CKD, liraglu-
tide is the preferred choice. Since they are injections, they 
may not be desirable to patients but the potential for reduc-
tion in hyperglycemia along with weight loss is appealing. 
They can also be used as single agents. 

 In type 2 diabetes, there is a combination of a defect in insu-
lin action leading to insulin resistance combined with progres-
sive beta-cell failure. In patients with severe insulin resistance, 
beta-cell failure, or uncontrolled A1c despite use of other medi-
cations, insulin therapy should be initiated. There is no clear 
consensus on which regimen to use in which patient. The insu-
lin regimen needs to be customized to the patient and time of 
day when hyperglycemia is occurring in an effort to minimize 
hypoglycemia while providing adequate control. 
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 Often a long-acting insuin is added to oral hypoglycemic 
agnets or a GLP-1 agonist. A typical regimen includes add-
ing basal insulin at bedtime to treat suboptimal fasting blood 
glucose levels due to hepatic gluconeogenesis that is inade-
quately treated with the oral agent [ 30 ]. In the Treat-to-Target 
trial, glargine or NPH was added at bedtime in patients 
already taking one or two oral hypoglycemic agents and 
titrated to a target fasting glucose of ≤100 mg/dL. The start-
ing insulin dose was 10 U and the dose was titrated weekly 
with an increase of 2 U for every 20 mg/dL glucose level 
above target. Nearly 60 % of participants attained an A1c 
≤7 % after 14 weeks. Study end A1c and fasting glucose 
levels were similar; however, those taking NPH experienced 
more hypoglycemic events [ 31 ]. A basal insulin such as 
glargine, detemir, or NPH, therefore, can be initiated at a 
dose of 10–15 U at bedtime. Subsequently, every 3 days, the 
insulin dose can be increased by 1–2 U to reach a target fast-
ing blood sugar of 100–140 mg/dL [ 32 ]. The risk of noctur-
nal hypoglycemia may be higher with NPH. Basal insulin 
can also be used in the morning and titrated to normalize 
daytime hyperglycemia. 

 If goal glycemic control cannot be attained with basal insu-
lin alone, or there is concurrent hypo- and hyperglycemia, then 
prandial insulin may need to be added. This is typically found 
in individuals who are hyperglycemic during the day but have 
controlled fasting blood sugar levels. Postprandial hyperglyce-
mia has been associated with increased risk of cardiovascular 
disease (CVD) [ 33 ,  34 ], and is an equally important target for 
glycemic control. The addition of lispro to failing sulfonyl-
urea therapy was studied in 25 patients with baseline poor 
glycemic control. The use of lispro plus sulfonylureas com-
pared to sulfonylureas alone signifi cantly reduced postpran-
dial glucose levels, decreased A1c levels by 1.9 %, and also 
decreased fasting glucose levels [ 35 ].   

    Glycemic Target 

 Uncontrolled hyperglycemia is the prime cause of vascular 
complications including kidney disease. Glycemic control is 
necessary to delay the progression of diabetes-related kidney 
disease, and multiple factors must be taken into consider-
ation when determining the appropriate level of glycemic 
control. 

    Glycemic Goal to Attain A1c ~7.0 % 

 In general, the recommended target A1c in diabetes has been 
less than or around 7 % by the ADA [ 36 ]; the ADA also rec-
ommends stricter (<6.5 %) or looser (<8 %) goals for certain 
individuals. AACE endorses a goal A1c of ≤6.5 % in healthy 
patients at low risk of hypoglycemia but it acknowledges that 

the goals should be individualized [ 37 ]. The 2007 Kidney 
Disease Outcomes Quality Initiative (KDOQI) guidelines 
for diabetes and CKD endorse a target A1c of <7.0 % [ 38 ]. 
However, their updated guidelines from 2012 instead recom-
mend a target A1c of ~7.0 % [ 39 ]. 

 In type 1 diabetes, a number of studies have shown that 
the development of microalbuminuria is associated with 
worse glycemic control. The Diabetes Control and 
Complications Trial (DCCT) showed that intensive therapy 
in patients with type 1 diabetes (mean A1c 9.1 % vs. 7.2 %) 
reduced the occurrence of microalbuminuria by 34 % in the 
primary prevention group and by 43 % in the secondary 
intervention group who had known early complications at 
baseline. Similarly, risk reduction in progression to clinical 
albuminuria was noted [ 40 ,  41 ]. To assess whether risk 
reduction of diabetic nephropathy persists long term, the 
Epidemiology of Diabetes Interventions and Complications 
(EDIC) Study demonstrated there were fewer cases of new 
microalbuminuria and progression to albuminuria in the 
original intensive group [ 42 ]. In the long-term follow-up 
study of the original DCCT treatment groups, it was found 
that intensive treatment also resulted in a signifi cant 
decrease in the development of estimated GFR levels of 
<60 mL/min/1.73 m 2 . 

 In patients with type 2 diabetes, the UK Prospective 
Diabetes Study (UKPDS) demonstrated a reduction in devel-
opment of microalbuminuria by 24 % in subjects in the inten-
sive management group (A1c 7.0 % vs. 7.9 %). These subjects 
also had signifi cantly reduced rates of rises in creatinine. 
Similar fi ndings were shown in the Veteran Affairs Cooperative 
Study on Glycemic Control and Complications in Type 2 
Diabetes Feasibility Trial, where subjects had signifi cantly 
lower rates of microalbuminuria and albuminuria. Similar 
results were also found in the Kumamoto study and ADVANCE 
trial [ 43 – 46 ]. A systematic review and meta- analysis of seven 
trials evaluating the impact of intensive glucose control on 
kidney-related end points in patients with type 2 diabetes 
showed reduced risk of developing microalbuminuria and 
macroalbuminuria. However, they also found there was no 
benefi t in regard to doubling of serum creatinine, develop-
ment of ESRD, or death related to kidney disease [ 47 ]. 

 The ACCORD study showed higher risks of hypoglycemia 
and mortality in patients with type 2 diabetes treated with 
intensive glucose control (mean A1c 6.4 % vs. 7.5 %) without 
any risk reduction on CVD. The increased mortality could 
not be attributed to hypoglycemia [ 48 ]. In the ADVANCE 
trial more intensive glycemic control (A1c 6.5 % vs. 7.3 %) 
showed no reduction in CVD but a 21 % reduction in 
nephropathy [ 46 ]. The VADT study (intensive group with 
A1c 6.9 % vs. 8.4 %) also showed no benefi t on CVD risk 
with stricter glucose control [ 49 ]. The data clearly show 
that lowering A1c leads to benefi t in regard to microvascu-
lar complications including nephropathy. Benefi ts in A1c 
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reduction are also clearly seen on rates of retinopathy and 
neuropathy. However, the positive effect of lowering A1c is 
much less in regard to macrovascular disease. Thus, it is rea-
sonable that a target A1c ~7.0 % offers an optimal risk-to- 
benefi t ratio rather than a target that is considerably lower. 
Additionally, any improvement in glycemic control even to 
A1c levels above 7 % results in improvement in nephropa-
thy, as well as retinopathy and neuropathy, when compared 
to a higher A1c. This supports that the best A1c attainable 
should be achieved when possible, even if it cannot be 7 %. 

 Patients on chronic dialysis no longer need to achieve 
good glycemic control to prevent deterioration of kidney 
function. However, good control can still have benefi ts in 
delaying the progression of retinopathy and neuropathy. 
Whether improved glucose control reduces mortality in those 
undergoing dialysis is unclear. Some analyses suggest that 
there is no clear correlation, indicating the need to individu-
alize glucose control without routinely recommending inten-
sive control for all patients on dialysis [ 50 ,  51 ]. Conversely, 
there are a number of studies demonstrating improved sur-
vival with lower A1c levels [ 52 – 55 ]. The Dialysis Outcomes 
and Practice Patterns Study (DOPPS) concluded the optimal 
target A1c is 7–7.9 % as mortality was found to be increased 
with A1c levels that were both higher and lower than this 
range [ 56 ].  

    Hypoglycemia Risk 

 As expected, lower A1c levels are associated with higher 
risk of hypoglycemia, necessitating tailored A1c targets for 
different individuals. The risk of hypoglycemia, which in 
turn can cause injury, myocardial infarction, seizure, stroke, 
or death, is greatest in those who are frail and elderly, with 
erratic eating habits, on insulin and sulfonylureas, and with 
CKD. In patients at risk of hypoglycemia, a higher target 
A1c should be strongly considered. Higher A1c targets 
should also be considered for children, those with shortened 
life expectancies, those with a known history of severe 
hypoglycemia or hypoglycemia unawareness, the presence 
of comorbidities such as seizures, or a long (>25 years) his-
tory of diabetes with development of only minimal 
complications. 

 As noted previously, patients with progressing kidney dis-
ease with substantial decreases in GFR have increased risks 
for hypoglycemia for multiple reasons: decreased clearance 
of insulin, decreased clearance of oral agents, and impaired 
renal gluconeogenesis. This decline in gluconeogenesis may 
reduce the ability of a patient to defend against hypoglyce-
mia in the face of excessive insulin, excess oral agents, or 
lack of food intake.   

    Monitoring Glycemic Control 

 Hemoglobin A1c should be measured every 3 months if 
therapy is changed or if the A1c is not at goal; it can other-
wise be followed every 6 months if at goal and glucose con-
trol is stable. Patients should be encouraged to check their 
blood sugars frequently with a calibrated, validated glucose 
meter. The intensity of blood glucose monitoring is depen-
dent on the severity of diabetes and intensity of treatment. 
For example, a patient taking insulin injections four times 
daily should check blood glucose levels four times per day or 
more. Conversely, a patient with mild diabetes controlled 
with lifestyle management may only need to check blood 
sugars a few times per week. Goal fasting and premeal blood 
sugars are <130 mg/dL and goal postprandial blood sugars 
are <180 mg/dL [ 36 ]. 

    Accuracy of A1c in Chronic Kidney Disease 

 The measurement of hemoglobin A1c can be inaccurate in 
some patients with progressive kidney disease. Contributing 
factors include anemia from reduced life-span of the red 
blood cell, hemolysis, and iron defi ciency, which may result 
in falsely low values, but falsely increased levels can occur 
from carbamylation of hemoglobin and the presence of acido-
sis. Fructosamine and glycated albumin are alternative mea-
sures available to estimate glycemic control. Fructosamine 
refl ects the glycation of multiple serum proteins whereas 
glycated albumin refl ects glycation of only albumin; both 
provide an estimate of control over the past 2 weeks. It is 
unclear if they offer superior measures of glucose control 
compared to A1c in patients with CKD. Studies suggest 
glycated albumin is superior to A1c in dialysis patients since 
A1c tends to underestimate glycemic control in those with 
ESRD [ 57 ]; however, the differences are rather small.   

    Conclusion 

 Caring for diabetes in patients with CKD demands detailed 
attention to multiple aspects of their care. At the center of this 
is glycemic control. Control should be optimized for the 
patient, taking measures to reduce complications while mini-
mizing adverse events. Adequate treatment often necessitates 
a multifactorial approach through the use of an endocrinolo-
gist, nephrologist, dietician, diabetes educator, and additional 
specialists experienced in the complications of diabetes to 
provide a comprehensive care program to reduce progression 
of disease.     
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           Scope of the Problem 

    Epidemiology 

 Diabetes mellitus (DM) is the most common cause of chronic 
kidney disease (CKD) and end stage renal disease (ESRD) in 
the United States [ 1 ]. Diabetes affects approximately 40 % 
of the over 20 million Americans with CKD and 45 % of the 
approximately 413,725 Americans on dialysis [ 1 ,  2 ]. Patients 
with diabetes and CKD are at increased risk of cardiovascu-
lar and all-cause mortality [ 3 ,  4 ]. This mortality risk increases 
as kidney function deteriorates. The mortality for patients 
with ESRD and diabetes is estimated to be greater than 70 % 
at 5 years [ 1 ]. In addition to these substantial health risks, 
Medicare spends nearly 36 billion dollars treating ESRD 
annually, a number that has increased by approximately 15 
billion dollars in the past 10 years [ 1 ].  

    Early Recognition 

 The problem of CKD in patients with diabetes is expected to 
worsen in the next two decades, as the incidence of diabetes 
increases. It has been estimated that by the year 2030, diabe-
tes will reach pandemic proportions worldwide with over 
366 million adults affl icted [ 5 ]. In order to slow the growing 
epidemic of kidney disease in patients with diabetes and 
improve outcomes in this population, the National Kidney 
Foundation (NKF) and National Institute of Health (NIH) 

have established programs that promote the early recognition 
and treatment of patients with diabetes and CKD [ 6 ,  7 ]. 
One example of such a program is the Kidney Early 
Evaluation Program (KEEP) [ 7 ,  8 ]. Established by the NKF 
in 1997, KEEP is a free community-screening program for 
adults at high risk for CKD. High-risk status is defi ned as a 
personal history of diabetes or hypertension, or a fi rst-degree 
relative with diabetes, hypertension, or kidney disease. 
The KEEP program was designed to increase awareness of 
CKD among high-risk individuals, to provide free testing for 
kidney disease, to recommend a CKD treatment plan with 
educational information and to provide referrals and ongoing 
support for follow-up. Since its establishment, the KEEP 
program has screened approximately 170,000 people in the 
United States [ 9 ]. Although the full impact of the KEEP 
program is not yet known, the hope is that early detection will 
facilitate early treatment and slow the growing prevalence of 
ESRD and CKD-related mortality.  

    Proven Interventions 

 Multiple interventions have been proven to decrease cardiovas-
cular risk and slow the progression of kidney disease in patients 
with diabetes and CKD. These interventions include the use of 
angiotensin inhibitors and strict control of blood pressure and 
blood glucose. Although not as rigorously supported, addi-
tional treatments such as cholesterol control, smoking cessa-
tion, dietary interventions, and weight reduction may also slow 
the progression of CKD. When implemented together, these 
interventions have additive risk reduction benefi ts. 

    Angiotensin Inhibition 
 The clinical benefits of angiotensin inhibition in the 
treatment of patients with diabetes and albuminuria have 
been shown in multiple large randomized controlled tri-
als [ 10 – 15 ]. These benefits have included improved 
blood pressure control, regression of proteinuria, slower 
rates of renal function decline, decreased rates of ESRD, 
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and decreased mortality [ 16 ]. Due to these benefits, NKF 
has issued guidelines recommending the use of either an 
angiotensin-converting enzyme (ACE) inhibitor or an 
angiotensin receptor blocker (ARB) for the treatment of 
patients with diabetes and either microalbuminuria, mac-
roalbuminuria, or CKD [ 17 ].  

    Blood Glucose Control 
 Tight glucose control has been shown to prevent the develop-
ment and progression of albuminuria [ 18 – 22 ]. Furthermore, 
large randomized controlled trials have shown that intensive 
glucose control slows decline in renal function [ 19 ,  23 ]. 
Determining the optimal blood glucose to target for treatment 
has been more diffi cult, as controlling hemoglobin A1c 
(HgBA1c) to a target of 6 % or less has been associated with a 
higher risk of all-cause mortality [ 22 ]. It is currently recom-
mended by the American Diabetes Association (ADA) and 
NKF to control HgBA1c to a target level of approximately 
7.0 % in patients with diabetes with or without CKD [ 17 ,  24 ].  

    Blood Pressure Control 
 Strict blood pressure control has been shown to slow the 
decline of kidney function in patients with diabetes and CKD 
in multiple prospective trials [ 25 ,  26 ]. The optimal level of 
blood pressure to minimize risk remains uncertain. The 
Kidney Disease: Improving Global Outcomes (KDIGO) 
clinical practice guidelines currently recommends targeting 
a blood pressure lower than 140/90 in nonalbuminuric 
patients with diabetes and CKD and targeting a blood pres-
sure of less than 130/80 in albuminuric patients with diabetes 
and CKD [ 27 ].  

    Additional Therapies 
 Additional interventions have shown limited benefi t in the 
treatment of patients with diabetes and CKD. Salt restriction 
to ≤70 mEq/day has been shown to enhance the anti- 
proteinuric effects of angiotensin inhibition [ 28 ]. Weight 
loss has been shown to decrease proteinuria in overweight 
patients with diabetes [ 29 ]. Cholesterol lowering with statins 
or fi brates may slow the rate of renal function decline and 
progression of albuminuria [ 30 ,  31 ]. Smoking has been asso-
ciated with the progression of kidney disease in patients with 
type 2 diabetes [ 32 ] and its cessation has been associated 
with a decreased risk of CKD progression [ 33 ]. Finally, 
decreasing dietary protein may mitigate the risk of ESRD 
and death in patients with diabetes and CKD [ 34 ].  

    Combined Therapy 
 The potential additive benefi ts of intensive intervention in 
patients with diabetes and CKD has been shown in a pro-
spective study of 160 white Danish patients, the Steno 2-trial 
[ 35 ]. In this study, patients were randomly assigned to multi-
factorial intensive therapy or standard therapy. Multifactorial 

intervention included dietary counseling, exercise, smoking 
cessation, targeting blood glucose to HgBA1C <6.5 %, tar-
geting blood pressure to <140/85 and <130/80 mmHg for the 
last 2 years, ACE inhibitor therapy, targeting total choles-
terol <190 and <175 mg/dL for the last 2 years, targeting 
triglycerides <150 mg/dL, aspirin, and vitamin therapy. 
After 7.8 years of follow-up, the intensive therapy group had 
a signifi cant reduction in the primary composite cardiac end 
point, which included cardiac death, as well as a signifi cant 
reduction in albuminuria [ 35 ]. At 13.3 years, including 
5.5 years of observational follow-up, the intensive therapy 
group has a signifi cantly decreased risk of all-cause mortal-
ity when compared to the control group [ 36 ].   

    Under-Recognition of CKD 

 CKD has been shown to be under-recognized in the general 
population, in populations at high risk for CKD and in 
patients with diabetes [ 37 ,  38 ]. Cross-sectional analysis of 
the National Health and Nutrition Examination Survey 
(NHANES) from 1999 to 2000 revealed awareness rates of 
40.5 %, 29.3 %, 22 %, and 44.5 % in patients with stage 1, 2, 
3, and 4 kidney disease, respectively [ 38 ]. Of the 274 patients 
with CKD who were unaware of their diagnosis, 68.8 % 
were also noted to have a history of diabetes. In a more recent 
analysis of the KEEP database, which includes patients at 
high risk for CKD, awareness rates were found to be simi-
larly low; 4.36 %, 4.86 %, 5.39 %, 32.08 %, 44.87 % in 
patients with stage 1, 2, 3, 4, and 5 kidney disease, respec-
tively [ 37 ]. When patients from the KEEP database with dia-
betes were examined only 9.4 % of patients were aware of 
their CKD diagnosis [ 39 ]. 

 Low rates of CKD documentation and coding have also 
been reported among primary care physicians [ 40 – 42 ]. 
Retrospective and cross-sectional chart reviews have revealed 
documentation rates between 4 and 38 % in patients with 
moderate CKD [ 40 ,  41 ]. These low documentation and 
coding rates may be related to a lack of CKD knowledge. 
In a recent analysis by Navaneethan et al., only 36.5 % of 
primary care physicians were aware of NKF guidelines for 
nephrology referral [ 42 ]. Furthermore analysis of the 
KEEP database has revealed that only 12.3 % of patients 
with CKD who met NKF nephrology referral criteria were 
actually seen by a nephrologist [ 43 ]. This is an important 
fi nding given the known benefi ts of early referral in 
patients with CKD [ 44 ,  45 ]. These benefi ts include cost 
savings and decreased morbidity and mortality rates [ 44 ]. 
In a retrospective study of the Veterans Health 
Administration clinic records, including 39,031 patients, 
consistent nephrology care was independently associated 
with a lower risk of death in patients with moderately severe 
to severe CKD [ 46 ].  
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    Undertreatment of CKD 

 As outlined above, several key interventions have been 
proven to slow the progression of CKD in patients with dia-
betes. Despite the proven benefi t of these interventions, the 
majority of patients with diabetes and CKD are not receiving 
appropriate treatment. Analysis of the KEEP database, using 
data from 2005 to 2010, has revealed that target levels of 
blood pressure, blood glucose, and cholesterol were achieved 
concurrently in only 8.4 % of patients. In patients with stage 
1 and stage 2 CKD, 6.0 % achieved these target levels, in 
patients with stage 3 CKD 8.5 % achieved these target levels 
and in patients with stage 4 and stage 5 CKD 9.0 % achieved 
these target levels [ 43 ]. Interestingly, only 9.9 % of patients 
with CKD co-managed by a nephrologist achieved target 
level control. Similar studies have shown that rates of uncon-
trolled blood pressure exceed 50 % in patients with CKD 
[ 47 ]. In a retrospective study of the NHANES database from 
2003 to 2008, in which CKD awareness rates were only 
7.4 % among patients with stage 1 through 4 disease, aware-
ness of CKD was not associated with improvements in BP 
control, ACEI/ARB use, or blood glucose control [ 48 ]. 

 Given the importance of early diagnosis and treatment of 
CKD in patients with diabetes and the known benefi ts of inter-
ventions, it is imperative that health care professionals increase 
their rates of guideline adherence. This includes improved 
rates of blood pressure, blood glucose, and cholesterol control 
and the employment of multifactorial lifestyle interventions 
including dietary and weight-loss counseling and smoking 
cessation. Novel strategies to improve the treatment of patients 
with diabetes and patients with CKD have been employed but 
with only limited success. These strategies have included edu-
cational programs, multidisciplinary programs, behavioral 
interventions, telephone interventions, close follow-up by 
mid-level providers, and risk- communication interventions 
[ 49 – 54 ]. One potential strategy for increasing the adherence 
of patients and physicians to treatment guidelines is through 
the use of information technology interventions built into the 
electronic medical record (EMR) including the use of com-
puterized clinical decision support (CCDS). The rest of this 
chapter will focus on the use of CCDS to improve the care of 
patients with diabetes and CKD. We will fi rst defi ne CCDS, 
we will then review existing CCDS systems that have been 
used to facilitate the treatment of patients with diabetes and 
CKD and we will fi nish by discussing the characteristics of an 
optimal CCDS system to help manage patients with diabetes 
and CKD.   

    Introduction to CCDS 

 Clinical decision-making is part of the art of medicine. 
Deciding what diagnostic tests to order, when to initiate 
treatment, and how to treat is learned through countless 

hours of study and experience in medical school, training, 
and practice. Despite our best efforts, health care profession-
als make medical errors on a daily basis and adherence to 
guideline-appropriate treatment is poor. The Institute of 
Medicine has estimated that approximately 98,000 US resi-
dents die each year due to preventable medical errors [ 55 ]. 
Although health care professionals are often extremely 
bright, talented, and dedicated individuals, there are too 
many decisions to be made during a fi nite medical encounter. 
In addition, the growing body of medical literature makes it 
is near impossible for health care professionals to stay com-
pletely up-to-date on studies that should be guiding their 
decisions. CCDS strives to improve the decision-making 
process of physicians. 

 CCDS has been defi ned as the application of health infor-
mation technology to aid clinical decision-making through 
the use of patient-specifi c electronic health information [ 56 ]. 
The most common features of these CCDS systems are a 
clinical knowledge base, an integration of that clinical 
knowledge base with patient-specifi c information stored in 
the EMR, and a system by which recommendations are pre-
sented back to the clinician [ 57 ]. A recent systematic review 
by Bright et al. identifi ed 148 randomized controlled trials 
done between January 1976 and January 2011 that imple-
mented CCDS at the point of care to aid decision-making 
[ 58 ]. The identifi ed trials varied greatly with regard to the 
population studied, the clinical problem, the design and fea-
tures of the CCDS system used, and the outcomes measured. 
Besides underscoring the breadth of CCDS systems studied 
over the past 25 years, this review also highlights the current 
problems with CCDS research. In order to simplify the clas-
sifi cation of CCDS systems, we will only focus on clinically 
relevant aspects of CCDS for the rest of this chapter. 

    Clinically Relevant CCDS 

 CCDS has been most commonly used to address clinical needs. 
The four most commonly described clinically relevant 
aspects of CCDS systems include: (1) the primary clinical 
problem for which CCDS is being implemented, (2) the 
target audience for which recommendations are presented, 
(3) when recommendations are presented, (4) how recom-
mendations are presented and the control given to users in 
accessing or manipulating the recommendations [ 57 ]. 

    Primary Clinical Problem 
 CCDS systems have been used to improve the quality of care 
across multiple target areas. These areas have included pre-
ventive care, diagnosis, treatment, effi ciency, and cost con-
tainment [ 57 ]. With regard to preventive care, CCDS tools 
have been studied as a means to improve immunization rates, 
cancer-screening rates, and adherence to disease manage-
ment guidelines for secondary prevention of cardiovascular 
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disease [ 59 – 62 ]. In a systematic review by Souza et al. of 
existing randomized CCDS systems for primary preventive 
care, 41 trials were identifi ed [ 62 ]. These CCDS systems 
improved the screening and treatment of dyslipidemia in pri-
mary care, but were less rigorously supported for use in can-
cer screening, vaccinations, and other preventive care. They 
also did not improve patient outcomes, safety, cost, or pro-
vider satisfaction. 

 CCDS systems have been used to aid physician diagnosis. 
In radiology, CCDS systems have improved image interpre-
tation for a multitude of diseases including breast and lung 
cancer [ 63 ,  64 ]. In internal medicine, CCDS systems have 
been used to aid in the diagnosis of pneumonia through self- 
auscultation [ 65 ], diabetic proliferative retinopathy [ 66 ], 
tuberculosis [ 67 ], and acute coronary syndrome [ 68 ]. There 
are also many popular online diagnostic websites for both 
physicians and patients including webMD ®  and DxExplain ® . 

 CCDS systems have been most extensively used to 
improve medical treatment. CCDS systems have been used 
to alert physicians to drug–drug interactions, drug dosing 
errors, and nonadherence to treatment guidelines [ 68 – 70 ]. 
These systems have also been used to improve adherence to 
disease management guidelines in multiple chronic condi-
tions including asthma, HIV, neonatal care, diabetes, and 
hypertension [ 71 – 75 ]. For the most part, CCDS has improved 
the process of care in chronic conditions, but have not sig-
nifi cantly improved patient outcomes [ 58 ]. 

 In addition to screening, diagnosis, and treatment, inter-
ventions implemented by CCDS have been used to improve 
the effi ciency of delivered care [ 76 ]. Examples of these 
interventions include care plans, order set guides, and drug 
formulary alerts [ 57 ]. These interventions have been 
designed to prevent duplicate testing and maximize cost 
savings. Few studies have examined the impact of these sys-
tems on effi ciency and cost. Although diffi cult to implement 
and initially costly, CCDS systems may eventually result in 
signifi cant cost savings by decreasing hospitalizations, 
shortening length of stay, decreasing the frequency of drug 
adverse events, and eliminating duplicate or excessive tests 
[ 71 ,  77 ].  

    Target Audience 
 CCDS systems have been designed for use by physician, 
nurses, nurse-practitioners, physician-assistants, pharmacists, 
and health care professionals in training [ 56 ,  77 ]. The majority 
of existing systems are targeted for physician use [ 56 ].  

    When to Present Recommendations 
 There has been considerable variation in when recommenda-
tions are presented to CCDS users. Information has been 
presented prior to patient encounters, in real-time during 
patient encounters or after patient encounters. It appears 
CCDS recommendations are most often followed when they 

are presented in real-time; however, patient summaries or 
lists of high-risk patients may be useful before or after patient 
encounters [ 78 ,  79 ].  

    How to Present Alerts and User Control of Alerts 
 An area of extensive study in CCDS implementation has been 
how to present recommendations or alerts to providers and 
the degree of provider control over these alerts. Considerations 
have included the format of alerts, how intrusive alerts and 
recommendations are to workfl ow, and how health care 
professional access and dismiss alerts [ 78 – 80 ]. 

 The format of recommendations and alerts and their intru-
siveness to workfl ow has varied greatly among CCDS trials. 
CCDS output has been presented as automatic pop-ups dur-
ing a patient encounter that alert of incorrect prescribing or 
inadequate treatment, a list of patients not meeting appropri-
ate screening or treatment goals, or as passive guidelines 
that can assist providers with treatment. The format of alert 
presentation often varies according to the importance of 
information presented with pop-up alerts that interrupt work-
fl ow presenting urgent information and passive lists convey-
ing less urgent information. 

 The ease with which providers access and dismiss alerts 
has been described as its user control. CCDS can vary with 
regard to user control from interruptive alerts that physicians 
cannot clear until the problem is noted and corrected to com-
pletely passive alerts that health care professionals access on 
demand [ 57 ]. Furthermore, the degree of user control can be 
matched to the intention of the alert. Alerts indicating severe 
drug–drug interactions are often interruptive alerts that must 
be addressed prior to completing an order, while alerts that 
guide optimal care of chronic illness are often passive remind-
ers that physicians can choose to address. The degree of user 
control of CCDS can dramatically impact a health care pro-
fessional’s impression of the CCDS system and the resultant 
actions which they may take. Interruptive reminders may dis-
rupt workfl ow and frustrate physicians, while passive reminders 
have a tendency to be ignored. Furthermore, important 
interruptive reminders may start to be ignored if they appear 
too frequently or if CCDS users deem them inaccurate or 
unnecessary, a phenomenon known as “alert fatigue.” 

 “Alert fatigue” has the potential to prevent changes in pro-
vider practice [ 79 ]. The overall frequency of over-ridden 
alerts has been estimated to be approximately 96 % [ 79 ]. 
Interruptive alerts have fared better than non-interruptive 
alerts. The frequency of provider over-riding drug interac-
tion alerts has been found to 88 % and providers over-riding 
drug allergy alerts has been found to be 69 % [ 81 ], while the 
frequency with which providers have been found to ignore 
non-interruptive alerts has been found to be 98.6 % [ 82 ]. 
In designing future CCDS systems, an integral component 
will be to how to optimally confi gure user control of CCDS 
output to the importance of the alert. In order to prevent 
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“alert fatigue” it may become necessary to confi gure alert 
presentation and to control an individual provider’s tendencies. 
For example, for a provider that regularly dismisses or 
ignores alerts, CCDS systems could only present messages 
that are deemed urgent and make these messages diffi cult to 
dismiss or ignore [ 80 ].   

    Future Directions with CCDS 

 In this brief overview of clinically relevant aspects of CCDS 
interventions, we have introduced a variety of terms used to 
describe existing designs of CCDS. For the most part, 
although varied, current CCDS systems have successfully 
improved provider practice. In a systematic review by 
Kawamoto et al. characteristics of CCDS that successfully 
improved provider practice were described, and included 
computer-based recommendations/alerts, automated alerts 
that did not disrupt workfl ow, and action-oriented recom-
mendations [ 81 ]. 

 Despite improvements in provider practice, consistent 
improvements in clinical outcomes with CCDS implementa-
tion have not yet been realized. As described in a recent sys-
temic review by Roshanov et al., CCDS systems improved 
the process of medical care in 52–64 % of studies, but only 
15–31 % of those studies led to an improvement in patient 
outcomes [ 79 ]. Furthermore, initial studies have shown signifi -
cant costs associated with CCDS implementation. In order to 
validate their adoption by health care systems, future CCDS 
studies need to show improvements in patient outcomes as well 
as prove their effi ciency and cost-effectiveness.   

    Existing CCDS Systems for Diabetes, 
Hypertension, and CKD 

 There have been many studies addressing the effect of CCDS 
systems on the care of patients with diabetes, hypertension, 
and CKD. These interventions have addressed nephrologic 
care along different content areas with dramatically different 
CCDS designs. Content areas have included preventive care, 
treatment, effi ciency, and cost. We will now introduce the 
existing studies of CCDS systems in patients with diabetes, 
hypertension, and CKD and end with a discussion of the 
optimal CCDS system for patients with diabetes and CKD. 

    Preventing Adverse Drug Events in CKD 

 CCDS systems have been used to check drug–drug interac-
tions, drug allergies, and drug dosing in patients with kidney 
disease [ 77 ,  83 ]. These systems have been used in both acute 
and chronic kidney failure and in both outpatient and acute care 

settings [ 77 ,  83 ]. The ultimate goal of these systems is to reduce 
adverse drug events (ADEs), defi ned as drug- related patient 
injuries [ 69 ], though results thus far have been mixed. 

    Acute Kidney Injury 
 CCDS has successfully improved medication dosing during 
episodes of acute kidney injury (AKI). In a study by McCoy 
et al., 1598 adult inpatients with an episode of AKI were 
randomized to a CCDS system which consisted of a passive 
alert or an interruptive alert if one of at least 122 known 
nephrotoxic or renally cleared medications were dosed [ 84 ]. 
The interruptive alert but not the passive alert signifi cantly 
improved the frequency with which providers modifi ed or 
discontinued nephrotoxic or renally cleared medications dur-
ing episodes of AKI.  

    CKD 
 In a study by Chertow et al., the effect of CCDS on pre-
scriber practices and patient outcomes in hospitalized 
patients with CKD was evaluated [ 85 ]. The intervention con-
sisted of real-time recommendations for drug selection, drug 
dosing, and drug frequency which appeared as alerts in the 
EMR. This intervention was compared to controls, in which 
drug dosing information was available online but not incor-
porated real-time into the ordering process, over four con-
secutive 2-month intervals (intervention—alternating with 
control) in a sample of 7,490 patients with a creatinine clear-
ance <80 mL/min. CCDS was found to signifi cantly increase 
the frequency of appropriate medication prescribing in 
patients with CKD to 51 % compared to 30 % in the control 
group. This included appropriate orders for dose changes 
(67 % vs. 54 %) and frequency changes (59 % vs. 35 %). 
There was also found to be a signifi cant difference in length 
of stay in the intervention group vs. control (4.3 vs. 4.5) 
days, but no difference in hospital costs or episodes of AKI 
with the intervention [ 85 ]. 

 In a review by Tawadrous et al., the effect of CCDS sys-
tems on prescribing practices in patients with AKI and CKD 
was examined [ 77 ]. The review yielded 17 prospective stud-
ies of CCDS. Of these 17 studies, 12 studies recommended 
drug dosing relative to the level of kidney function and the 
remaining fi ve recommended dosing in response to clinical 
parameters of serum drug levels. The majority of these stud-
ies improved clinician-prescribing outcomes by improving 
rates of appropriate dosing and/or frequency of medication 
as well as the time to modify inappropriate drugs. Overall in 
this review, CCDS was found to decrease the rate at which 
patients developed AKI. However, other patient-important 
outcomes, such as rates of ADEs and length of hospital stay, 
were not shown to improve. 

 The above studies demonstrate a clear role for CCDS in 
improving clinician prescribing in terms of avoiding contra-
indicated medications and properly dosing medications in 
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patients with kidney disease. Further research is needed to 
determine whether CCDS improves clinical outcomes such 
as decreasing the frequency of drug adverse events and 
whether CCDS can ultimately decrease costs.   

    CCDS to Prompt Recognition of CKD 

 Despite mandatory estimated glomerular fi ltration rate 
(eGFR) reporting only modest increases in CKD awareness 
among primary care providers has been realized [ 86 ,  87 ]. 
CCDS systems have been integrated into outpatient primary 
care EMRs to prompt recognition of CKD in an effort to 
improve clinical outcomes. Two of these CCDS systems 
were designed to provide comprehensive CKD care and will 
be discussed in an upcoming section, with only one study 
concentrated primarily on increasing recognition of CKD in 
a primary care [ 88 ,  89 ]. 

 In a study by Abdel-Khader et al., the effect of a CCDS 
plus an educational session for primary care providers versus 
an educational session alone on nephrology referral and pro-
teinuria quantifi cation was tested in primary care clinics 
throughout Canada [ 86 ]. The study was designed as a cluster 
randomized trial. The CDSS consisted of a passive alert in 
the EMR that would be activated for patients who had an 
eGFR <45 mL/min/1.73 m 2  within 12 months of the patient’s 
offi ce visit and had not been seen by a university nephrolo-
gist. The fi rst alert suggested a nephrology referral and pro-
vided the option to enter an order set containing an order for 
the referral. The second alert suggested ordering a spot urine 
albumin–creatinine ratio for patients who had not had a 
quantitative albuminuria/proteinuria assessment within the 
last year. The educational session and CCDS prompt did not 
improve nephrology referrals or proteinuria quantifi cations 
between the intervention and control group [ 86 ]. Although 
this study was an excellent example of a randomized con-
trolled trial of a CCDS system for patients with CKD, it had 
several limitations on its generalizability to all CCDS sys-
tems for CKD. It was relatively small and underpowered, it 
was performed in university-based primary care clinics and 
fi nally and most importantly the CCDS was designed with a 
passive, non-interruptive alert [ 87 ]. Given the high frequency 
with which providers ignore passive alerts, future trials of 
CCDS to improve provider recognition of CKD should prob-
ably be designed with interruptive alerts that force provider 
recognition.  

    CCDS Systems to Improve Blood 
Pressure Control 

 The effect of decision support systems on blood pressure 
control has been reviewed by Anchala et al. [ 90 ]. This review 

identifi ed four cluster-randomized controlled trials that 
measured differences in systolic blood pressure from the 
beginning to the end of the study. Three of these studies used 
computer-based clinical decision support systems that pro-
vided recommendations for medication management if a 
patient was not at goal blood pressure [ 75 ,  91 ,  92 ], while one 
study utilized a CCDS system that provided only a real-time 
patient-specifi c cardiovascular risk assessment with no hyper-
tension management recommendations [ 93 ]. Based on results 
from the existing four studies, the authors of the review con-
cluded that CCDS did not result in a signifi cant reduction in 
systolic blood pressure. Limitations of this review included 
the exclusion of studies that did not report outcomes, the het-
erogeneity in the included studies and a large percentage of 
patients that were lost to follow-up (>25 %). The most nota-
ble limitation of their study was that not all of the included 
studies provided recommendations to providers regarding 
how to treat and specifi cally what medications and dosages 
to use. 

 An example of a good study in this review that included 
treatment recommendations as part of the CCDS treatment 
algorithm was done by Hicks et al. [ 92 ]. In this cluster 
 randomized trial performed in 14 primary clinics affi liated 
with a large academic medical center in Boston, practices 
were randomized to a CCDS intervention designed to remind 
physicians of blood pressure treatment guidelines versus 
standard of care. Guidelines for blood pressure control were 
developed emphasizing disease-specifi c medication use. 
Patients were eligible for inclusion in the trial if they had a 
least one outpatient visit for hypertension in the preceding 
year to one of the clinics participating in the trial. The CCDS 
consisted of a reminder to start an appropriate antihyperten-
sive medication in patients with a diagnosis of hypertension 
in the problem list or with three blood pressure readings 
≥140/90 who were not on an appropriate guideline recom-
mended medication for their disease class. The reminder was 
generated by an algorithm that was run in the EMR which 
searched vitals, medications, allergies, and problem lists and 
cross-checked these patient-specifi c problems with a disease- 
specifi c algorithm. If the patient was not on a disease- 
appropriate medication, a reminder was given to the provider 
in the EMR. Paper print outs of the reminders were also 
given to providers prior to a patient encounter. Of 2,027 eli-
gible patients 1,048 were randomized to usual care, 786 to 
the CCDS intervention, 120 to care with a nurse practitioner, 
and 73 to care with NP and CCDS. Analysis of results 
revealed no signifi cant improvement in blood pressure control 
between the CCDS group and the control group; however, 
CCDS use did result in a signifi cant increase in recom-
mended medication prescribing. The lack of improvement in 
blood pressure was thought to be due to the fact that the 
CCDS was designed to remind physicians to prescribe an 
appropriate class of medication and not to intensify therapy. 
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In fact 90 % of patients in both groups were taking a 
guideline- appropriate medication at the start of the study. 
The authors suggested that future CCDS designs for hyper-
tension management focus on intensifi cation of therapy. 

 In summary, existing studies of CCDS in hypertension 
have shown an improvement in processes of care such as 
medication prescribing, without an improvement in blood 
pressure control. To accomplish this, future studies should 
ideally focus on treatment recommendations built into the 
EMR with appropriate recommendations for intensifi cation 
of therapy.  

    CCDS Systems to Improve Diabetes 
Management 

 The largest percentage of CCDS systems designed to treat 
chronic disease have been used to treat diabetes mellitus [ 79 ]. 
These CCDS systems have added many advantageous ele-
ments to diabetes care including a standardized care process 
for providers with emphasis on multifaceted risk reduction, 
improved continuity among providers due to a shared multi-
disciplinary EMR, and the ability to involve and empower 
patients in the care process through patient portals with acces-
sible personalized health information [ 79 ]. Two examples of 
diabetes CCDS studies with effective interventions include the 
TRANSLATE trial and the COMPETE II trial. 

 The TRANSLATE trial was a group randomized trial that 
tested the effect of a multicomponent diabetes intervention 
on diabetes care in 24 single specialty community primary 
care practices without an existing EMR system [ 94 ]. In prac-
tices randomized to the intervention, a site coordinator and 
local physician advocate was assigned, an electronic diabe-
tes registry was established and a site coordinator was trained 
in its use. The electronic registry, based on coordinator and 
clinic staff input as well as a laboratory interface, generated 
reminders for unscheduled appointments (for foot exams, 
eye exams, etc.), and reminders that graphed HgBA1c, SBP, 
and LDL values over time and indicated whether a patient 
was at target. These reminders were given to patients at every 
visit. In addition, high-risk patients were contacted by study 
coordinators. Site coordinators updated physicians on their 
progress monthly. In this study of 7,101 randomized patients, 
intervention practices resulted in signifi cant improvements 
in SBP, HgBA1c, LDL cholesterol from baseline to 12 
months when compared to control. This study found that at 
12 months, 15 more targets for SBP, HgBA1c, or LDL were 
achieved by the intervention compared to the control for 
every 100 individuals randomized. 

 In the COMPETE II randomized trial, Holbrook et al. 
tested the effect of a web-based diabetes tracker shared by 
both patient and provider on 13 diabetes risk markers [ 95 ]. 
Patients with diabetes were assigned to the intervention arm 

consisting of an electronic, web-based, color-coded, diabetes 
tracker that interfaced with the patient’s EMR and with a 
telephone reminder system or to standard care. The tracker 
monitored 13 diabetes-related quality variables for patients 
giving them targets for each variable as well as advice to help 
them reach these targets. In addition to the intervention 
patients received monthly mailings of the tracker coder page 
with instructions to bring this page to their physician appoint-
ments as well as receiving monthly automated telephone 
reminders for medications, laboratory, and physician visits. 
A total of 511 patients were randomized into the trial and 
these patients were followed for an average of 5.9 months. 
The primary outcome for this study was an “improvement of 
process,” defi ned as the difference between intervention and 
control with regard to a composite outcome of quality that 
was calculated based on achieved values of HgBA1c, blood 
pressure, LDL cholesterol, body mass index, albuminuria, 
foot check frequency, smoking and physical activity index 
compared to targets. The process composite score increased 
signifi cantly more in the intervention group than the control 
group. The authors also noted a small but statistically 
 signifi cant improvement in SBP control and HgBA1c between 
the intervention and control groups, but at the end of the 
6-month study only 19 patients or 7.5 % of patients in the 
intervention group had SBP, HgBA1c, and LDL in target. 
The authors concluded that they achieved only modest 
improvements in outcome, attributing this to short follow-up 
and their focus on process outcomes. 

 Ali et al. reviewed published studies from the Medline 
database looking at the effect of an EMR equipped with 
CCDS on clinical diabetes care [ 96 ]. The result was 33 indi-
vidual studies of which 21 reported on quantitative clinical 
care process indicators with pre- and post-intervention 
measures. There were 13 reported randomized or cluster ran-
domized trials and 23 of 26 trials were set in primary health 
care clinics. There were no studies that reported on hard 
clinical end points such as cardiovascular events or mortality. 
Major fi ndings from this review were that CDSS incorpo-
rated into EMR led to a decrease in the variability of clinical 
care received between clinics and between providers at the 
same clinic. It was also noted that multifaceted interventions, 
for example those that also involved implementation of clini-
cal case managers, improved outcomes to a greater degree 
than single interventions and that CCDS tools that were 
interactive with patient portals and a greater number of fea-
tures were associated with better outcomes. The majority of 
the studies received good reviews from patients who reported 
an increased sense of empowerment with CCDS. This review 
was limited by the heterogeneity of reviewed studies and a 
lack of reporting on hard clinical end points like cardiovas-
cular events or mortality. In conclusion CCDS systems 
for diabetes have been shown to improve the clinical care 
process with multifaceted interventions and patient accessible 

17 Computerized Clinical Decision Support for Patients with Diabetes and Chronic Kidney Disease



222

options predicting the greatest success. Future studies should 
utilize a standard evaluation metric and include evaluation of 
hard clinical end points.  

    CCDS to Treat CKD 

 There have been only two prospective studies examining the 
effect of CDS in patients with CKD. Both trials identifi ed 
patients with CKD from the EMR and then recommended 
treatment based on this designation; however, only one 
study gave computerized real-time recommendations to the 
provider. 

 In the fi rst study by Fox et al., the effect of quality 
improvement measures implemented at two urban minority 
practice sites, one with an EMR and one with paper-based 
charting, were measured [ 88 ]. These quality improvement 
measures included the use of practice enhancement assis-
tants, CCDS and academic detailing. A CCDS tool was 
designed based on NKF guidelines. This tool extracted labo-
ratory elements from the EMR including eGFR, HgBA1c, 
medications related to CKD as well as calcium, phospho-
rous, intact parathyroid hormone, and 25-OH vitamin D lev-
els. Based on these current laboratory parameters, a 
recommendation reminder sheet was created for each patient 
with CKD seen by a specifi c provider. This reminder sheet 
included current laboratory parameters for the patient and 
recommendations for quality improvement to help the patient 
achieve NKF-defi ned CKD treatment goals. In the practice 
with EMR, the reminder sheet was placed in a physician “to 
do” section as a passive task reminder, once approved 
reminder notes were placed into the EMR to improve CKD 
care including notes to diagnose CKD, discontinue harmful 
medications and to order appropriate diagnostic tests. In the 
paper-based clinic, the initial reminder sheet and reminder 
notes were placed in the paper-based chart. In addition to the 
CCDS tools, the quality improvement intervention included 
the implementation of two practice enhancement assistants 
who would review charts and check for guideline implemen-
tation approximately every 3 months and make suggestions 
for meeting CKD guidelines. Inclusion criteria for CDSS 
implementation into the EMR included age older than 18 and 
estimated GFR (eGFR) <60 mL/min, and 180 patients from 
both clinics met this criteria. The quality improvement project 
with CCDS improved rates of CKD and anemia diagnosis 
and decreased the use of potentially harmful medications in 
CKD including metformin and NSAIDs. The authors also 
noted a small but signifi cant improvement in eGFR at 1 year 
post-intervention. 

 In the second study by Manns et al., the effect of an 
enhanced eGFR laboratory prompt was evaluated at 93 
primary care clinics in Canada in patients older than 66 
with an eGFR <60 mL/min and diabetes or proteinuria [ 89 ]. 

The enhanced prompt included education about the signifi cance 
of CKD and management suggestions including recommen-
dations to measure urine albumin/creatinine ratio (UACR), 
prescribe an ACEi or ARB in patients with diabetes with 
UACR >35 mg/mmol, reduce BP to <130/80 mmHg, reduce 
LDL cholesterol to <2.5 mmol/L, and target hemoglobin A1c 
to <7 %. These recommendations were mailed to the provider. 
Primary care clinics were cluster randomized to receive a 
paper-based standard eGFR prompt which consisted of a 
statement defi ning CKD and indications for nephrology refer-
ral or the enhanced prompt as described. The primary outcome 
was the proportion of patients who fi lled a prescription for an 
ACEi or ARB within 1 year of the fi rst prompt being received 
by the physician. The authors found that the enhanced prompt 
did not improve ACEi or ARB prescribing practices in 5,444 
elderly CKD patients with diabetes or proteinuria. There was 
also no difference in the proportion of patients receiving a pre-
scription for new a cholesterol-lowering drug or an additional 
antihypertensive medication from a different therapeutic class 
between groups for the year after the prompt was instituted. 
Although this was a large randomized trial, the design of the 
study and the intervention limit the generalizability of these 
fi ndings. Treatment recommendations were not incorporated 
into the EMR and were not given at the time and place of the 
physician visit. Furthermore 77 % of patient had achieved the 
primary outcome, were on an ACEi or ARB, prior to inter-
vention suggesting minimal room for improvement [ 97 ]. 
Future studies of CDS in CKD should be designed with com-
puterized systems that incorporate real-time recommenda-
tions into the EMR and be powered to detect improvements in 
clinical outcomes.   

    Optimal CCDS for Diabetes and CKD 

 Caring for patients with diabetes mellitus requires attention 
to detail, close follow-up, and a multidisciplinary approach. 
Moreover patients with diabetes and CKD represent a very 
high-risk subgroup that requires even more diligence. 
Physicians must remain up-to-date on the latest treatments 
for these patients, manage complex comorbidities including 
psychiatric illness and deal with challenging social prob-
lems. As we have previously documented, physicians are 
falling short in the care of patients with diabetes and CKD. 
Furthermore, the growing epidemic of patients with diabetes 
and CKD makes the future care of a large number of these 
patients daunting. It is obvious that physicians need help. We 
believe that the addition of CCDS tools into the EMR can 
greatly augment the care of patients with diabetes and CKD. 
In the previous section we introduced studies examining the 
effect of CCDS on diabetes, hypertension, and CKD care. 
In this section we will describe what we believe are char-
acteristics of an optimal CCDS system for patients with 
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diabetes and CKD, characteristics we hope will improve 
patient outcomes. 

 Based on the successes and failures of the previously 
described CCDS systems [ 78 ], we feel that the optimal 
CCDS for diabetes and CKD should have several key sys-
tematic characteristics. These characteristics include integra-
tion into the existing EMR, real-time recommendations with 
minimal disruption to workfl ow, recommendations rather 
than assessments whenever appropriate, and customized 
alert messages with situation-specifi c user control. 
Furthermore we believe the optimal CCDS for diabetes and 
CKD should address fi ve key functions: (1) identify patients 
with CKD and those at high risk for progression to ESRD; 
(2) prevent drug adverse events; (3) identify patients who are 
not meeting diabetes, hypertension, or hyperlipidemia treat-
ment goals; (4) make recommendations to help providers 
and patients reach treatment goals; and (5) engage the patient 
with the help of tools to help them better understand their 
condition and the rationale for their therapeutic plan. In the 
rest of this chapter we will review how a CCDS for patients 
with diabetes and CKD could be designed to optimally 
address these fi ve functions. 

    Identify Patients with CKD and Those at High 
Risk for Progression 

 The optimal CCDS system would automatically identify 
patients with diabetes as having CKD if their eGFR is less 
than 60 mL/min or if they have proteinuria, an abnormal 
urine sediment or structural renal abnormalities regardless of 
their eGFR. A message would appear passively in the EMR 
(accessed by clicking an icon) only if a patient is determined 
to have CKD without clear documentation of this diagnosis. 
This alert could also include a link to standard NKF classifi -
cations of CKD or other educational material for providers 
and patients. 

 This alert would be the fi rst step in classifying patients with 
CKD who are at increased cardiovascular and renal risk. Given 
the high prevalence of CKD in patients with diabetes, it will 
also be important to subclassify patients in the highest risk 
category and alert providers and patients to this. A more 
sophisticated risk stratifi cation algorithm (described below) 
could be utilized to identify these patients. The charts of these 
patients would then be fl agged with their high-risk status, 
possibly with an interruptive alert to prevent it from being 
overlooked. If a nephrologist or cardiologist is not seeing these 
patients, a recommendation for referral would be made by the 
system. Furthermore, more intensive care could be recom-
mended for high-risk patients including protein restriction, 
bicarbonate or phosphate binder therapy, depression screen-
ing, insomnia screening, health psychology referral, CKD 
education referral, and renal replacement planning. 

    Risk Prediction Using CCDS 
 Risk prediction is a potentially valuable tool in patients with 
diabetes and CKD, enabling physicians to stratify patients as 
low risk or as high risk for cardiovascular events and or pro-
gression to ESRD. Determining which patients with diabetes 
and CKD are at high risk for progression to ESRD would 
enable either early preparation for dialysis, preparation for 
renal transplant, or if the patient chooses, end of life planning. 
Conversely, identifying patients at high risk for cardiovascu-
lar events rather than progression to ESRD could prompt 
cardiology referral or end-of-life discussions and conserve 
valuable health resources that would otherwise be used pre-
paring a patient for dialysis or transplant. 

 CCDS has the potential to enable easier risk stratifi ca-
tion of patients with diabetes and CKD by applying well- 
validated risk stratifi cation equations to patient-specifi c 
health information in real-time [ 54 ,  98 ]. Risk presentations 
could be expressed in the EMR as either a numeric percent-
age, a risk category (high, medium, or low) or as a graphi-
cal alert. This risk presentation could then be linked to 
other CCDS interventions that recommend strategies for 
reducing cardiovascular and renal risk and for preparing for 
ESRD. 

 Risk presentation built into the EMR could also have ben-
efi cial effects for patients. Risk output could be printed out 
from the EMR or displayed through a patient-accessible por-
tal and given to patients. These risk assessments could help 
patients make informed decisions regarding their care includ-
ing renal replacement planning and could motivate patients 
to improve their blood pressure, hemoglobin A1c, and cho-
lesterol control through diet and exercise. These risk presen-
tations would ideally be presented through simple risk 
graphics, which focus on frequencies and which are tailored 
to a population with low numeracy [ 99 – 101 ]. A comparable 
risk, such as the decrease in risk with appropriate treatment, 
could be displayed next to current risk, and strategies to 
decrease risk could also be provided for patients [ 99 ].   

    Preventing Drug Adverse Events 

 We have described previous CCDS systems to decrease drug 
adverse events in patients with kidney disease [ 77 ]. The opti-
mal CCDS system for patients with diabetes and CKD would 
provide alerts for drug–drug interactions and drug dosing 
errors. For serious alerts, severe drug–drug interactions or 
drug dosing errors, alerts would be interruptive and diffi cult 
to ignore. This format of alert has been shown to be more 
effective than passive alerts in modifying physician behavior 
[ 81 ]. In addition, interruptive alerts would appear when 
nephrotoxic medications such as aminoglycosides, NSAIDs, 
and intravenous contrast dye are ordered in patients with 
diabetes and CKD. The CCDS system could also generate 
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a printable list of nephrotoxic medications that could be 
given to high-risk patients. 

 For less severe drug interactions or dose recommenda-
tions, a passive alert would appear in the EMR. The user 
control of these alerts could be customized based on an 
ongoing review of the CCDS system. Commonly ignored 
alerts could be made more passive with little to no interrup-
tion of workfl ow and ultimately could be removed from the 
CCDS system. This would prevent “alert fatigue” and ensure 
continued support of the CCDS by physician users.  

    Identify Patients Not Meeting DM, 
Hypertension, or Hyperlipidemia Treatment 
Goals 

 With the recent promotion of EMR by the federal government, 
it is believed the majority of patients with diabetes and CKD 
will have an electronic chart by the year 2014 [ 102 ]. From 
this electronic chart, it is imperative that key diabetes and 
CKD treatment parameters be easily searchable including, at 
minimum, HgBA1c, blood pressure, and LDL cholesterol. 
The ideal CCDS system would be able to identify patients 
who are not meeting targets for these three variables. A pro-
vider would be fl agged through a passive alert in real- time 
that their patient is not meeting the target and would also get 
an email list of patients not meeting specifi c targets. If a 
patient with diabetes and CKD has not had the appropriate 
diagnostic work-up, recommendations for subsequent testing 
would be generated. These recommendations would ideally 
be linked to the guidelines that support them.  

    Recommendations to Help Providers Reach 
Treatment Goals 

 The most complicated part of implementing CCDS for 
patients with diabetes and CKD will be the generation of 
patient-specifi c recommendations for blood pressure, blood 
glucose, and cholesterol control. An additional level of 
sophistication would allow the provider and patient to set 
goals that might in some instances differ from the standard 
target, such as a higher blood pressure goal for a patient 
intolerant to attempts to lower blood pressure below 
130/80 mmHg or a patient who has developed symptomatic 
hypoglycemia with attempts at achieving a HbA1c at the rec-
ommended level. These patient-specifi c goals would remain 
as part of the record and would be used as the parameters for 
treatment recommendations. 

    Blood Pressure 
 The optimal CCDS system for patients with diabetes, 
CKD, and hypertension would provide recommendations for 

medication initiation and titration until blood pressure is at 
goal. In order to improve provider acceptance, recommenda-
tions would be based on up-to-date clinical knowledge and 
would be guided by patient-specifi c information. 

 The knowledge base would be generated from clinician 
review of recent randomized trials and would be continually 
updated. This knowledge base would also be supplemented 
by patient-specifi c information. For example, rather than rec-
ommending an angiotensin inhibitor for all patients, the 
CCDS system would suggest an alternative medication or 
medication dosing in patients with an allergy to ACE inhibi-
tors and would recognize the patient previously treated with 
an ACEI or ARB who did not tolerate it for other reasons. 
This patient-specifi c feedback would be an integral compo-
nent of such a CCDS system. All medication recommenda-
tions would fl ow through a step-wise algorithm, which would 
be cross-checked with current medications and contraindi-
cated medications until a specifi c medication or a dose 
increase is suggested. This would continue at each  subsequent 
visit until the patient reaches a goal blood pressure of 130/80 
(or other goal determined by provider and patient as dis-
cussed above).  

    HgBA1c 
 The optimal CCDS system for patients with CKD and diabe-
tes would identify high-risk patients who are not at goal 
HgBA1c and would then provide therapeutic recommenda-
tions for providers. As described above, goal HgBA1c would 
be set based on patient-specifi c information; HgBA1c goals 
higher than 7.0 would be set for older patients and patients 
with multiple prior episodes of symptomatic hypoglycemia. 
Alerts would recommend increasing or altering insulin ther-
apy or recommend nutrition referral or a specifi c diet plan 
for patients not at goal HgBA1c. 

 In order to optimize the diabetes treatment portion of 
such a CCDS system, one would build on successful attri-
butes of previous systems [ 96 ]. These attributes include 
multifactorial and multidisciplinary CCDS recommenda-
tions, and patient portals [ 96 ]. Such a CCDS system would 
be used by a multidisciplinary team of providers including 
nephrologists, endocrinologists, cardiologists, nutritionists, 
and health psychologists. Patient-specifi c portals would 
allow patients and providers to jointly track patient-specifi c 
diabetes information. This portal would protect health care 
information and would ideally include the recommenda-
tions of providers. Furthermore care coordinators could 
jointly tract patient information and help navigate patients 
to different appointments.  

    Cholesterol Management 
 Previous studies have used CCDS to successfully improve 
cholesterol management [ 90 ]. One can envision a CCDS 
system that would alert physicians when the LDL level of 
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their patient with diabetes and CKD is over goal. The CCDS 
would then recommend a multifactorial patient-specifi c plan 
to improve cholesterol levels. Again patients would be able 
to track their cholesterol management along with the physi-
cian using a patient portal with specifi c health information 
and recommendations.  

    Other Interventions 
 An ideal CCDS system would also suggest additional 
health management strategies for high-risk patients. This 
would include protein restriction for patients with advanced 
kidney disease, renal replacement options for patients at 
high risk of progressing to ESRD, and referral to weight 
loss or smoking cessation clinic for obese patients and 
smokers. In addition, recommendations could be made by 
the CCDS system to promote psychiatric and social health. 
These recommendations could include insomnia or depres-
sion screens, referral to educational interventions, which 
stress patient empowerment, or substance abuse rehabilita-
tion. The goal through the implementation of these recom-
mendations would be to improve the patient’s quality of 
health by keeping them active and employed members of 
society.   

    Ensuring Success 

 Part of ensuring the success of a CCDS system requires 
building on the success of previous systems. As mentioned, 
such an intervention would be computerized with real-time 
recommendations and would utilize customized alert mes-
sages with situation-specifi c user control. As advocated by 
the Agency for Healthcare Research and Quality and 
Sirajuddin et al., the goal would be to provide the right alert, 
for the right patient, in the right format at the right time 
[ 103 ]. In addition, the CCDS system would have several 
unique features that address the shortcomings of previous 
systems. The CDS would be multicomponent and multidis-
ciplinary and would be able to be used and shared by all 
providers for a particular patient. Care would be compre-
hensive across a range conditions that affl ict patients with 
diabetes and CKD. The CCDS would deliver recommenda-
tions for both providers and patients and would include 
patient portals where patients would be able to access their 
health information including treatment targets and recom-
mendations for reaching these targets. All recommendations 
would be accompanied by links to supporting literature. 
Finally, such a CCDS system would include pathways for 
accessing additional resources that augment recommenda-
tions whenever possible such as involvement of nurse 
educators, care coordinators, and patient navigators in the 
patient’s care.  

    Monitoring Outcomes 

 The success of a novel CCDS system such as that outlined 
here will need to be documented by the results of studies that 
demonstrate its effi cacy in not only improving patient and 
provider practice, but also in improving clinical outcomes 
and quality of life. Studies of such a CCDS system will need 
to demonstrate improvements in hard clinical end points like 
progression to ESRD and all-cause and cardiovascular mor-
tality. Other important clinical end points that should be 
measured include the percentage of patients being trans-
planted rather than receiving dialysis as well as the graft sur-
vival rates of transplanted patients. In addition to these 
clinical end points, important quality of life and user satis-
faction markers should be measured. 

 The ideal CCDS system will also need to demonstrate 
cost-effectiveness. Initial studies of CCDS systems have 
shown that start-up can be costly, with the majority of the 
cost coming from clinician review and maintenance of the 
CCDS knowledge base [ 104 ]. Future studies will need to 
demonstrate cost savings over time. Ideally if given enough 
time, optimal CCDS systems would be self-sustaining with a 
decreased need for intensive clinical input. Ultimately they 
could deliver care to multiple patients with minimal provider 
input, and could become a viable option for care in low 
income and resource challenged settings. It is plausible that 
health care costs could be reduced by preventing the major 
morbidity and mortality associated with CKD and its pro-
gression to ESRD and the resultant need for renal replace-
ment therapy. 

 In conclusion CCDS is a potentially valuable tool to 
improve the management of patients with diabetes and CKD. 
CCDS can be used to identify patients with diabetes and 
CKD from the EMR, prevent drug adverse events and make 
specifi c recommendations to help providers and patients 
reach treatment goals. Key features of optimal CCDS will be 
computerized, real-time, patient-specifi c recommendations 
that are integrated into workfl ow, multidisciplinary provider 
use, and patient portals. Ultimately the success of these sys-
tems will be defi ned by whether they improve ESRD and 
mortality rates as well as quality of life.      
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          Introduction 

 Prevention of progression of diabetic nephropathy is a 
multi- faceted task, and has proven to be a “moving target” 
over the last several decades. Although the lifetime risk of 
developing end-stage renal disease is now quite similar for 
type 1 and type 2 diabetics (perhaps due to reducing death 
rates from cardiovascular diseases) [ 1 ,  2 ], the earlier (and 
usually more easily identifi ed) age of onset of type 1 diabetics 
suggests they have a lower time-dependent risk of nephrop-
athy. This had been reasonably well characterized in the 
decades before preventive measures were envisioned or 
widely available, and has been discussed in Part I of this 
book. From a clinical perspective, 5–10 years after diagnosis 
of type 1 diabetes, about 40 % of individuals reproducibly 
excreted abnormal amounts of protein (especially albumin) in 
the urine (see Table  18.1  for the historical and new ranges 
and nomenclature [ 3 ,  4 ]). These were typically small enough 
amounts to escape detection by the traditional dipstick 
urinalysis, although special techniques were later developed 
to quantitate them. The new terminology for this level of uri-
nary albumin excretion is “moderately increased” albumin-
uria [ 3 ,  4 ], as many people were apparently confused by the 
older term (now relegated to the dustbin of history), and 
thought it represented much smaller molecules of albumin 
that were cleared into the urine. Classically, this amount of 
urinary albumin did not yet meet the diagnostic criterion 
for “diabetic nephropathy” (which was >300 mg/day of 
albumin), and therefore many research projects were 
launched to determine if various therapeutic interventions 

could reduce the incidence of progression to the defi ned 
threshold for urinary albumin excretion (which varied some-
what geographically, according to the units of common mea-
surement at the time: μg/min or mg/day). In type 1 diabetics, 
about 50 % of those who produced 30–299 mg/day of albu-
minuria went on, over the next 10 years, to excrete >300 mg/
day of albumin (producing a “positive dipstick test for pro-
teinuria”). Several investigators have reported that individuals 
who cross this diagnostic threshold were more likely to have 
had an early detection of “moderately increased albuminuria” 
(or 30–299 mg/day) in the preceding decade. Detection of 
clinical proteinuria typically preceded a steady decline in glo-
merular fi ltration rate, with about 50 % of these progressing 
to end-stage renal disease over the next 7–10 years. 
Interestingly, but not well understood, was the fact that  regres-
sion  of (usually short-term) moderately elevated albuminuria 
(30–299 mg/day) occurred in a substantial proportion of type 
1 diabetic patients (range over the literature: 15–65 %) [ 7 ]. 
However, once a patient developed >300 mg/day of albu-
minuria, regression back to <30 mg/day was not observed. 
The situation in type 2 diabetics is generally somewhat more 
complex, because the age of onset of diabetes is less certain, 
and type 2 diabetics are generally older (and therefore at 
higher risk for many other complications, including death). 
Despite all this, the degree of albuminuria at baseline was a 
signifi cant, strong, and graded predictor of both cardiovascu-
lar events and mortality [ 5 ], as well as renal outcomes [ 6 ] in 
meta-analyses of large cohorts.

   It is now recognized, however, that urinary albumin excre-
tion rates can be confounded by many parameters, including 
recent exercise, blood pressure control, urinary fl ow rate, uri-
nary dilution, intravascular volume status, and dietary 
sodium intake. The intrinsic variability of albuminuria (even 
day-to-day) is such a major issue that the US Food and Drug 
Administration (FDA) has never recognized it as an appro-
priate surrogate endpoint for clinical trials, despite wide 
acceptance in the diabetes and kidney disease community 
[ 1 – 3 ]. Many improvements to methodology for specimen 
collection and analysis have resulted in the early morning 
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fi rst-voided urine as the currently recommended technique 
for estimating urinary albumin excretion [ 1 – 3 ]. Most clinical 
trial endpoints that use this technique also require two suc-
cessive determinations about the diagnostic threshold, in an 
attempt to minimize the intrinsic variability of the test. 

 Once the diabetic patient has reached the threshold of 
>300 mg/day of albuminuria (or albumin/creatinine ratio 
≥300 mg/g), some authorities claim that the diagnosis of dia-
betic nephropathy is met; for example, Canadian health 
authorities reimburse physicians more for offi ce visits for 
such diabetic patients, which is presumably why this diag-
nostic threshold was chosen by the Heart Outcomes 
Prevention Evaluation investigators [ 8 ]. Yet, even after this 
diagnosis, there are several useful interventions to prevent an 
inexorable decline to end-stage renal disease in diabetics 
with nephropathy (see below, and Chap.   10    ). Although some 
might characterize these as “late interventions” for diabetic 
nephropathy, they are still worthwhile, as delay of dialysis or 
transplantation carries a large human and economic cost.  

    Interventions for Early Diabetic 
Nephropathy 

    Glycemic Control 

 The most impressive results for control of blood glucose 
were seen in the Diabetes Control and Complications Trial 
(DCCT) [ 9 ], and its long-term follow-up, Epidemiology of 
Diabetes Interventions and Complications (EDIC) study 
[ 10 ]. This trial originally enrolled 1,441 type 1 diabetics with 
no retinopathy at baseline (1,365 of whom had normal albu-
min excretion rates), and randomized them to an intensive 
vs. standard insulin regimen. After the fi rst 6.5 years, the 
intensive therapy group (average A1c = 7.2 %) had a signifi -
cant, 39 % reduction in incident “albuminuria >40 mg/day,” 
as well as a signifi cant 54 % reduction in incident “albumin-
uria >300 mg/day,” compared to the standard therapy group 
(average A1c = 9.1 %) [ 11 ]. Longitudinal follow-up showed 
the signifi cantly increased risk of cardiovascular events in 

those who developed albuminuria, with a signifi cant difference 
observed across randomized treatment groups [ 10 ]. In addi-
tion, those originally randomized to intensive glucose 
control were signifi cantly less likely to develop incident 
“albuminuria >40 mg/day” (7 % vs. 16 %), “albuminuria 
>300 mg/day” (1.4 % vs. 9 %), or hypertension (30 % vs. 
40 %). Follow-up 22 years after randomization showed a 
persistent benefi t on development of impaired renal function 
(estimated glomerular fi ltration rate <60 mL/min/1.73 m 2 , 
3.9 % vs. 7.6 %) [ 12 ]. Similar benefi ts were seen in a pro-
spective, 7.5-year, Swedish trial that enrolled 102 type 1 dia-
betic patients: only 1 of 48 treated to an average A1c of 7.1 % 
developed urinary albumin excretion >200 μg/min, com-
pared to 9 of 54 treated to an average A1c of 8.5 % [ 13 ], as 
well as a meta-analysis of smaller trials reported through 
1993 [ 14 ]. Perhaps the most impressive report of the effi cacy 
of glycemic control in type 1 diabetes comes from a series of 
8 patients who received pancreatic transplants, which led not 
only to persistent euglycemia, but also striking reductions in 
albuminuria, 5 and 10 years later, with reversal of much of 
the glomerular pathology seen on biopsy during the trans-
plant [ 15 ]. 

 The clinical trial data about improved glycemic control 
and early renal endpoints in type 2 diabetes are consistent 
with those in type 1 diabetes, but are somewhat less 
 impressive, perhaps because of smaller numbers of enrolled 
patients, a relatively short duration of follow-up, or small 
differences in achieved A1c levels across randomized groups. 
Many of these individual trials are discussed in detail in 
Chap.   16    . It is perhaps more effi cient to summarize the data 
from seven trials involving 28,065 type 2 diabetics, as com-
bined in meta-analyses. Subjects who received the more 
intensive glucose control experienced a signifi cantly reduced 
risk of developing albuminuria >30 mg/day (risk ratio: 0.86, 
95 % confi dence interval [CI]: 0.76–0.96), albuminuria 
>300 mg/day (risk ratio: 0.74, 95 % CI: 0.65–0.85), but  not  
of doubling serum creatinine, end-stage renal disease, or 
death [ 16 ]. Meta-regression analysis showed, as have many 
earlier observational studies, that greater differences in 
achieved A1c levels across randomized groups were associ-
ated with greater benefi ts on albuminuria (at both thresh-
olds). It is likely that, since the publication of the Action to 
Control Cardiovascular Risk in Diabetes-Glucose trial 
results [ 17 ], which showed signifi cant harm (including 
death), associated with more intensive lowering of A1c, no 
further trials exploring aggressive lowering of A1c levels 
will be performed in type 2 diabetics.  

    Inhibitors of the Renin-Angiotensin System 

 Although the fi rst FDA-approved angiotensin converting- 
enzyme (ACE)-inhibitor initially caused an increase in the 
incidence of dipstick-detectable proteinuria, essentially all 

   Table 18.1    Historical comparison of important levels of urinary albumin 
excretion   

 Albumin 
excretion 
rate (mg/day)  Historical descriptor 

 Albumin/
creatinine 
ratio (mg/g) 

 “New” 
classifi cation 
(before 
“albuminuria”) 

 <30  “Normal”  <30  “Normal to mildly 
increased” 

 30–300  “Microalbuminuria”  30–300  “Moderately 
increased” 

 >300  “Macroalbuminuria”  >300  “Severely 
increased” 

  Adapted from [ 3 ,  4 ]  
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subsequent studies have shown a strong antiproteinuric effect 
of all ACE-inhibitors, angiotensin receptor blockers (ARBs), 
and aliskiren, a direct renin inhibitor. These effects on pro-
tein and albumin excretion appear to be independent of their 
blood pressure-lowering effi cacy. As a result, they have been 
widely studied, and are now often recommended for diabetic 
patients with persistent albuminuria, although this indication 
is not formally sanctioned by the US FDA. 

    Normotensive Type 1 Diabetics (with “Normal 
to Mildly Increased Albuminuria”) 
 Five trials have randomized normotensive type 1 diabetics 
with “normal to mildly increased albuminuria” to placebo or 
an inhibitor of the renin-angiotensin system; none have 
shown signifi cant benefi ts in this earliest possible stage of 
diabetic nephropathy (often called “primary prevention” by 
nephrologists). The largest was the Diabetic Retinopathy 
Candesartan Trials (DIRECT) Program, which enrolled 
3,326 normotensive type 1 diabetics with a median urinary 
albumin excretion rate of 5.0 μg/min, and randomized them 
to placebo or 16 mg/day of candesartan (with a dose increase 
to 32 mg/day after 1 month) [ 18 ]. Although the trial was pri-
marily designed to compare retinopathy rates, over 4.7 years 
of median follow-up, there were no signifi cant differences 
across randomized groups in either the primary renal end-
point (urinary albumin excretion ≥20 μg/min in timed, over-
night urine collections), or the rate of change in urinary 
albumin excretion compared to randomization. Although 
understandably disappointed, the investigators cited their 
subjects’ low burden of vasculopathy, young age, normoten-
sive status, and very low baseline albumin excretion rate as 
possible reasons why candesartan showed no signifi cant pre-
vention of “moderately increased albuminuria.” An earlier 
trial enrolled 530 normotensive insulin-dependent diabetics 
aged 20–59 years, 83 % of whom had “normal to mildly 
increased albuminuria” (i.e., <20 μg/min), and randomized 
them to lisinopril 10 mg/day (initially) or placebo [ 19 ]. 
After 2 years of median follow-up, diastolic blood pressures 
were lower in the lisinopril-treated subjects, but the albumin 
excretion rate was only 12.7 % lower (95 % CI: − 2.9–26.0 %, 
 P  = 0.10), and the numbers of subjects who crossed threshold 
levels of albuminuria were not signifi cantly different 
( P  = 0.50) across randomized groups. Many supplemental 
analyses were undertaken, but all showed very little, if any, 
benefi t in the group of subjects who had the lowest amounts 
of albuminuria at baseline. A third trial compared losartan, 
enalapril, and placebo in 285 normotensive type 1 diabetics 
with “normal” baseline albumin excretion rates [ 20 ]. 
There were no signifi cant differences across the groups with 
respect to the primary outcome (mesangial fractional volume 
per glomerulus, on biopsy), but the albumin excretion rate 
increased signifi cantly in those randomized to losartan, but not 
enalapril, each compared to placebo. Similarly, the 5-year 
cumulative incidence rate of developing “moderately 

increased albuminuria” was 17 % for losartan ( P  = 0.01), 6 % 
for placebo, and 4 % for enalapril ( P  = 0.96). 

 Taken together (Fig.  18.1 ), these data indicate that there is 
little reason to recommend “prophylactic” administration of 
either an ACE-inhibitor or ARB to a type 1 diabetic with an 
albumin/creatinine ratio <30 mg/g [ 21 ]. This strategy fi ts 
well with other data, especially if “regression” of albumin/
creatinine ratios in the 30–299 mg/g range is as frequent now 
as in early studies (15–65 %). Most authors, and recent 
guidelines [ 1 ,  3 ,  4 ], recommend instead annual screening of 
type 1 diabetics with a fi rst morning voided urinary albumin/
creatinine ratio (after the fi fth year of diabetes), and potential 
treatment (with an ACE-inhibitor or ARB) of only those who 
show persistent albumin/creatinine ratios >30 mg/g.

       Normotensive Type 1 Diabetics (with 
“Moderately Increased Albuminuria”) 
 Several ACE-inhibitors have signifi cantly reduced urinary 
albumin excretion rates in multiple randomized trials in nor-
motensive type 1 diabetics with what would now be called 
“moderately increased albuminuria” (at baseline) [ 21 ]. In one 
of the larger European trials, 92 normotensive type 1 diabetics 
with persistent urinary albumin excretion rates between 20 
and 200 μg/min were randomized to captopril 50 mg twice 
daily, or placebo, and followed for 2 years [ 22 ]. The primary 
outcome was a persistent increase in urinary albumin excre-
tion to ≥200 μg/min, and at least 30 % higher than baseline, 
which was seen in 12 placebo-treated, vs. four captopril-
treated subjects ( P  = 0.05). The time course of progression to 

  Fig. 18.1    Results of a Mantel–Haenszel meta-analysis of trials com-
paring an angiotensin converting-enzyme inhibitor (ACE-I) or angio-
tensin receptor blocker (ARB) with another “control” treatment, on the 
transition of normotensive type 1 diabetics with “normal to mildly 
increased albuminuria” (traditionally <30 mg/day or 20 μg/min) past 
the lower threshold for “moderately increased albuminuria” (tradition-
ally 30 mg/day or 20 μg/min).  OR  odds ratio;  95  %  CI  95 % confi dence 
interval,  EUCLID  EUrodiab Controlled trial of Lisinopril in Insulin- 
dependent Diabetes [ 19 ], Tuomenin = Diabetes Care. 1998;21:1345–
1348, Kvetney = Q J Med. 2001;94:89–94, Mauer (ACE) = ACE-inhibitor 
arm [ 20 ], Mauer (ARB) = ARB arm [ 20 ], Haller Prevent = Prevention 
arm of [ 18 ], Haller Protect = Protection arm of [ 18 ]       
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the primary endpoint was signifi cantly delayed by captopril 
( P  = 0.03), as was the geometric mean of the albumin excretion 
rate ( P  < 0.01). Analysis of two similar trials that randomized 
235 normotensive type 1 diabetics with baseline urinary albu-
min excretion between 20 and 199 μg/min to either placebo or 
captopril 50 mg twice daily, also showed a signifi cant reduc-
tion in progression to ≥200 μg/min of albuminuria (25 of 114 
placebo-treated, vs. 8 of 111 captopril-treated,  P  = 0.004), as 
well as an overall reduction in albuminuria only in the capto-
pril-treated group, which was statistically independent of the 
hypotensive effect of captopril [ 23 ]. Lisinopril was compared 
with placebo for 2 years in 79 normotensive type 1 diabetics 
with “moderately increased albuminuria” in a subgroup of the 
EUCLID study [ 19 ]. Although an intention-to-treat analysis 
of this subgroup failed to show a signifi cant difference (despite 
a 50 % difference in albumin excretion rates), the rates  fell  
(compared to baseline) in the lisinopril-treated subjects, and 
 rose  in the placebo-treated subjects. Other analyses, including 
a per- protocol analysis and adjustment for numerous covari-
ates (including blood pressure at 1 month), did show a signifi -
cant effect of lisinopril on albumin excretion rates. A 2005 
meta- analysis that included data from 11 randomized clinical 
trials concluded that an ACE-inhibitor reduced the risk of nor-
motensive type 1 diabetics with “moderately increased albu-
minuria” developing clinical proteinuria (relative risk: 0.36, 
95 % CI: 0.22–0.58), and regression to “normal or mildly 
elevated albuminuria” (relative risk: 5.3, 95 % CI: 2.5–11.5) 
[ 24 ]. These estimates were little changed in subsequent meta-
analyses [ 21 ] (Fig.  18.2 ). Figure  18.3  summarizes the effects 

of inhibitors of the renin-angiotensin system on the regression 
of moderately increased albuminuria back to normal to mildly 
increased albuminuria in type 1 diabetics.

       Hypertensive Type 1 Diabetics with Overt 
Nephropathy (and Proteinuria) 
 Although some would not classify such patients as having 
“early diabetic nephropathy,” the only trial in type 1 diabetic 
nephropathy with “hard renal endpoints” was the Captopril 
Cooperative Study Group’s comparison of captopril and pla-
cebo in 409 subjects [ 25 ], discussed in detail in Chap.   10    . 
The clear, major benefi ts    of the ACE-inhibitor are not only 
reducing the risk of doubling serum creatinine (the primary 
endpoint), but also in the clinically important endpoint of 
death, dialysis, or renal transplantation, as well as protein-
uria (with 8 captopril-treated patients experiencing a com-
plete, long-term remission of proteinuria! [ 26 ]). This also 
made it ethically diffi cult for others to evaluate the effects of 
other (newer) antihypertensive agents against placebo in 
type 1 diabetic nephropathy patients. This historical situation 
left the door open to investigation of newer agents in type 2 
diabetics.  

   Trials in Type 2 Diabetics 
 Although a 2012 meta-analysis from the Cochrane 
Collaboration concluded that ACE-inhibitors prevented 
both new onset diabetic kidney disease and death in diabet-
ics with albuminuria <30 mg/day [ 27 ], no distinction was 
made in these meta-analyses between types 1 and 2 diabe-
tes. Furthermore, this conclusion was largely driven by the 
HOPE trial [ 8 ], which included both hypertensive and non- 
hypertensive type 2 diabetics. This review recognized that 
some ARBs may have similar benefi ts [ 28 ], as discussed 
below, in addition to their signifi cant, and very important, 

  Fig. 18.2    Results of a Mantel–Haenszel meta-analysis of trials compar-
ing an ACE-I or ARB with another “control” treatment, on the transition 
of normotensive type 1 diabetics with “moderately increased albuminuria” 
(traditionally 30–299 mg/day or 20–199 μg/min) past the threshold for 
“severely increased albuminuria” (traditionally 300 mg/day or 200 μg/
min).  OR  odds ratio,  95  %  CI  95 % confi dence interval, Chase = Ann 
Ophthalmol. 1993;25:284–289, Viberti = JAMA. 1994;271:275–279, 
Crepaldi = Diabetes Care. 1998;21:104–110, Mathiesen = BMJ. 
1999;319:24–25, O’Hare = Diabetes Care. 2000;23:1823–1829, 
Ahmad = Diabetes Res Clin Pract. 2003;60:131–138       

  Fig. 18.3    Results of a Mantel–Haenszel meta-analysis of trials com-
paring an ACE-I or an ARB, with another “control treatment,” on 
regression of moderately increased albuminuria (traditionally 
30–299 mg/day or 20–200 μg/min) back to normal to mildly increased 
albuminuria (traditionally <30 mg/day or <20 μg/min).  OR  odds ratio, 
 95  %  CI  95 % confi dence interval, Chase = Ann Ophthalmol. 
1993;25:284–289, Crepaldi = Diabetes Care. 1998;21:104–110, 
O’Hare = Diabetes Care. 2000;23:1823–1829, Jerums = Am J Kidney 
Dis. 2001;37:890–899       
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benefi ts on reducing the risk of doubling serum creatinine, 
end-stage renal disease, or death in type 2 diabetics with 
overt nephropathy [ 29 ,  30 ], as discussed briefl y below, and 
in detail in Chap.   10    .  

   Normotensive Type 2 Diabetics 
 Perhaps because type 2 diabetics are older and more likely to 
have hypertension, the number of trials in normotensive sub-
jects is much smaller in type 2 than type 1 diabetes. The fi rst 
trial that compared enalapril and placebo in normotensive 
type 2 diabetics was performed in Israel, but is thought to be 
generalizable to most other populations [ 31 ]. The trial suc-
cessfully followed 94 of the original 156 normotensive type 
2 diabetics with serum creatinine levels <1.4 mg/dL and 24-h 
urinary albumin excretion between 30 and 300 mg/day. After 
7 years of treatment, albuminuria was stable in those given 
enalapril, but increased signifi cantly in those given placebo; 
the relative risk reduction was 42 % for development of “mod-
erately increased albuminuria” with enalapril compared to 
placebo. Similarly, serum creatinine increased in those given 
placebo, but stabilized in the enalapril-treated group. 

 The Appropriate Blood pressure Control in Diabetes trial 
randomized 480 normotensive type 2 diabetics to either pla-
cebo ( n  = 243, but 48 % required antihypertensive medica-
tion during the 5.3 years of follow-up), or nisoldipine 
( n  = 118) or enalapril ( n  = 119) [ 32 ]. Subjects randomized to 
antihypertensive therapy had signifi cantly lower blood pres-
sures (128/75 vs. 137/81 mmHg, on average), but no signifi -
cant difference in creatinine clearance ( P  = 0.43), compared 
to those originally given placebo. However, active antihyper-
tensive therapy signifi cantly reduced the time to transitions 
from “normal to mildly increased albuminuria” to “moder-
ately increased albuminuria” ( P  = 0.04) or from the latter to 
“severely increased albuminuria” ( P  = 0.02), with no signifi -
cant difference between enalapril and nisoldipine. During 
follow-up, 15 subjects given antihypertensive drugs reverted 
from “moderately increased albuminuria” to “normal to 
mildly increased albuminuria,” as compared to 8 in those 
originally assigned to placebo. There was no signifi cant 
change over the 5.3 years of follow-up in the 11 % of sub-
jects who had severely increased albuminuria at randomiza-
tion. The authors therefore concluded that lowering blood 
pressure, rather than ACE-inhibitor therapy per se, was asso-
ciated with a reduction in progression of albuminuria. 

 The most recent results come from 725 type 2 diabetics 
in the normotensive subgroup in the DIRECT study [ 18 ], all 
of whom had <20 (median = 8) μg/min of albuminuria at 
randomization. As with the pooled results (in both normo-
tensive type 1, and normotensive and hypertensive type 2 
diabetics) after 4.7 years, there was no signifi cant difference 
in either incident “moderately increased albuminuria,” or 
the annual rate of change of albuminuria, between candesar-
tan or placebo. These results carry the same  caveats  as those 
from this trial pertaining to normotensive type 1 diabetics 

(discussed above), and may simply refl ect the very low 
albumin excretion rates and low burden of vasculopathy in 
the enrolled subjects. 

 A set of 2012 meta-analyses that included 49 trials found 
a smaller, yet still signifi cant, effect of renin-angiotensin 
system inhibitors in type 2 diabetics (normotensive or hyper-
tensive) with albuminuria <30 mg/day (~12 % reduction in 
seven trials), compared to individuals with 30–299 mg/day 
(~23 % reduction in 21 trials) [ 21 ]. Similar conclusions can 
be derived from Figs.  18.4  and  18.5 , which include a some-
what different set of trials. In the 2012 meta-analyses [ 21 ], 
the reduction in progression from the former to the latter was 
signifi cant for type 2, but not type 1 diabetics. The authors 
therefore suggested that  all  type 2 diabetics might benefi t from 
such therapy, which was deemed cost-effective, as far back as 
1999 [ 33 ]. Similarly, two random-effects meta- analyses ([ 21 ] 
and Fig.  18.6 ) have shown signifi cant  regression of moder-
ately increased albuminuria to normal or mildly increased 
albuminuria with either an ACE-inhibitor or an ARB; the sig-
nifi cant inhomogeneity across the included trials is likely due 
to a smaller effect of the ARB (see below).

        Hypertensive Type 2 Diabetics with Moderately 
Increased Albuminuria 
 A wider variety of agents has been tested in hypertensive 
type 2 diabetics, consistent with the greater prevalence of 
this condition than normotensive type 2 diabetes. In the 
United Kingdom Prospective Diabetes Study, there were no 

  Fig. 18.4    Results of a Mantel–Haenszel meta-analysis of trials com-
paring an ACE-I or an ARB with another “control” treatment, on pro-
gression of normal to mildly increased albuminuria (traditionally 
<30 mg/day or <20 μg/min) to moderately increased albuminuria (tra-
ditionally 30–299 mg/day or 20–199 μg/min) in type 2 diabetics.  OR  
odds ratio,  95  %  CI  95 % confi dence interval, Lebovitz = Kidney Int. 
1994;45 (Suppl. 45):S150–S155, Chan = Kidney Int. 2000;57:590–600, 
Baba = Diabetes Res Clin Pract. 2001;54:191–201, Ruggenenti [ 35 ], 
Patel = [ 40 ] and J Am Soc Nephrol. 2009;20:883–92, Bilous, NT = nor-
motensive group in [ 18 ], Bilous, HTN = hypertensive group in [ 18 ], 
Haller = [ 46 ]       
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signifi cant differences between atenolol and captopril in 
doubling serum creatinine, average serum creatinine concen-
trations, or urinary albumin concentration ≥50 mg/L [ 34 ]. 
However, the numbers of subjects developing urinary albu-
min concentrations >300 mg/L were higher in the atenolol 
group (14/146 vs. 7/153,  P  = 0.09). These fi ndings may be 
confounded by the use of urinary concentrations of albumin, 
lower adherence to atenolol, and other factors. In another 
trial, half-maximal doses of trandolapril were studied, alone 
and in combination with 180 mg/day of verapamil-sustained 
release, compared to placebo or verapamil 240 mg/day, in 
1,204 hypertensive diabetics with baseline albumin excretion 
<20 μg/min, with the primary endpoint being time to two 
consecutive determinations of overnight albumin excretion 
≥20 μg/min [ 35 ]. After a median of 3.6 years, those given 
trandolapril (alone: 18/301, or in combination: 17/300) had a 
signifi cantly lower risk of the primary endpoint, compared to 
placebo (30/300), with verapamil monotherapy not signifi -
cant (36/303,  P  = 0.54). The authors believed these results 
were independent of blood pressure changes. Similarly, half- 
maximal doses of candesartan and lisinopril, or their combi-
nation, were given to 199 hypertensive type 2 diabetics who 
had moderately increased albuminuria at randomization 
[ 36 ]. Over 12 weeks, both monotherapies reduced blood 
pressure (12/10 and 16/10 mmHg, for candesartan and lisin-
opril, respectively), and albumin excretion rates compared 
to baseline (30 and 46 %, both  P  < 0.001), and even more so 
in those given the combination (25/16 mmHg, and 50 %). 
In contrast, full doses of an ACE-inhibitor + ARB were associ-
ated with renal harm (and an increase in albuminuria) in the 
overall Ongoing Telmisartan Alone or in combination with 
Ramipril Global Endpoints Trial (ONTARGET) cohort [ 37 ]. 
When these results were combined in a meta-analysis of 85 
trials involving 21,708 subjects, progression of albuminuria 
from moderately increased to severely increased was signifi -
cantly reduced by an ACE-inhibitor vs. placebo, an ARB vs. 
placebo, but not the combination vs. monotherapy [ 38 ]. Only 
one trial has been performed comparing the long-term renal 
effects of an ARB vs. an ACE-inhibitor in hypertensive type 
2 diabetics; it enrolled only 250 subjects and was designed as 
a non-inferiority study [ 39 ]. Although the dropout rate was a 
concern (see Chap.   10    ), the change in isotopically measured 
glomerular fi ltration rate was not signifi cantly different after 
5 years of treatment with either enalapril or telmisartan. 

 Two “mega-trials” have reported changes in albuminuria 
after randomizing type 2 diabetics (with or without hyperten-
sion) to an ACE-inhibitor [ 8 ] or an ACE-inhibitor + diuretic 
combination [ 40 ]. The Heart Outcomes Prevention 
Evaluation trial analyzed a subset of 3,677 diabetics who 
were not well treated for other cardiovascular risk factors, 
but nonetheless observed, in the group given ramipril, instead 
of placebo, a signifi cant 24 % reduction in the incidence 
of albuminuria >300 mg/day (or equivalent,  P  = 0.027) [ 8 ]. 

  Fig. 18.5    Results of a random-effects meta-analysis of trials com-
paring an ACE-I or an ARB with another “control” treatment on pro-
gression of moderately increased albuminuria (traditionally 
30–299 mg/day, or 20–199 μg/min) to severely increased albumin-
uria (traditionally ≥ 300 mg/day or ≥200 μg/min) in type 2 diabetics. 
 OR  odds ratio,  95  %  CI  95 % confi dence interval, Lebovitz = Kidney 
Int. 1994;45 (Suppl. 45):S150–S155, Ravid = [ 31 ], CMSG = Captopril 
Microalbuminuria Study Group [ 23 ], Ahmad = Diabetes Care. 
1997;20:1576–1581, Chan = Kidney Int. 2000;57:590–600, 
Baba = Diabetes Res Clin Pract. 2001;54:191–201, Parving = [ 41 ], 
Makino = Diabetes Care. 2007;30:1577–1578, Ogawa = Hypertens 
Res. 2007;30:325–334, Patel = [ 40 ]. Note that the fi xed-effects meta-
analysis shows signifi cant inhomogeneity, likely due to a smaller 
effect of the low doses of an ARB       

  Fig. 18.6    Results of a random-effects meta-analysis of trials compar-
ing an ACE-I or an ARB with another “control” treatment on regression 
of moderately increased albuminuria (traditionally 30–299 mg/day or 
20–199 μg/min) back to normal to mildly increased albuminuria (tradi-
tionally <30 mg/day or <20 μg/min) in type 2 diabetics.  OR  odds ratio, 
 95  %  CI  95 % confi dence interval, Lebovitz = Kidney Int. 1994;45 
(Suppl. 45):S150–S155, Chan = Kidney Int. 2000;57:590–600, 
Baba = Diabetes Res Clin Pract. 2001;54:191–201, Parving = [ 41 ], 
Makino = Diabetes Care. 2007;30:1577–1578, Ogawa = Hypertens Res. 
2007;30:325–334, Patel = [ 40 ]. Note that the fi xed-effects meta-analysis 
shows signifi cant inhomogeneity, likely due to a smaller effect of the 
low doses of an ARB       
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The Action in Diabetes and Vascular disease: preterAx ®  
and diamicroN ® - MR  Controlled Evaluation (ADVANCE) 
trial enrolled 11,140 hypertensive type 2 diabetics, random-
ized them to either placebo or perindopril + indapamide, 
and followed them for a median of 4.3 years [ 44 ]. In the 
entire recruited cohort, the combination of the ACE- 
inhibitor + diuretic reduced the incidence of “moderately 
increased albuminuria” by 21 % (95 % CI: 14–27 %, 
 P  < 0.0001), although the rates of signifi cantly new or wors-
ening nephropathy did not quite meet statistical thresholds 
(3.3 % vs. 3.9 %,  P  = 0.055). In each study, there was no 
evidence that the antihypertensive effects of the ACE- 
inhibitor (or combination) were signifi cantly related to the 
improvement in these renal outcomes. Many subsequent 
meta-analyses have therefore concluded that an ACE- 
inhibitor should be part of the antihypertensive regimen for 
hypertensive type 2 diabetics, regardless of the baseline uri-
nary protein excretion rate. 

 Several trials have investigated the role of an ARB in 
reducing albuminuria in hypertensive type 2 diabetics. 
Perhaps the clearest was the Irbesartan Microalbuminuria 
Trial #2 [ 41 ], which randomized 590 subjects to placebo or 
irbesartan (150 or 300 mg/day), and followed them for 2 
years for the development of albumin excretion rates 
>200 μg/min, and a 30 % increment from baseline. This end-
point was signifi cantly prevented only by the 300 mg/day 
dose, although a trend was present for the 150 mg/day dose, 
compared to placebo. A similar, signifi cant response of albu-
min excretion to the dose of an ARB has been detected in a 
meta-analysis of this and similar studies [ 42 ]. In a substudy 
of 133 subjects in this trial, a month after withdrawal of anti-
hypertensive agents, blood pressure was unchanged in those 
originally taking placebo, but returned nearly to baseline in 
the irbesartan-treated groups [ 43 ]. Perhaps more importantly, 
the urinary albumin excretion rate increased in the placebo 
and low-dose irbesartan groups, but remained 47 % below 
baseline in the high-dose irbesartan group, which suggested 
that the high-dose ARB had persistent long-term benefi ts, 
even after it was discontinued for a month. Even more inter-
esting was the 2-year follow-up after the study’s completion, 
which showed that individuals who experienced the greatest 
degree of reduction in urinary albumin excretion had the 
slowest rates of decline in glomerular function [ 44 ]. This is 
therefore one of the few trials in diabetics with initially nor-
mal to mildly increased albuminuria that has been able to 
link progression to moderately increased albuminuria, and 
then to a decline in renal function, both independent of blood 
pressure changes. A 24-week comparison of valsartan with 
amlodipine in 332 type 2 diabetics (with or without hyper-
tension) with moderately increased albuminuria showed val-
sartan (with a 44 % reduction) more effective than amlodipine 
(with a 8 % reduction) [ 45 ], despite similar reductions in 
blood pressure. A much larger, 3.2-year-long, trial compared 

olmesartan vs. placebo in 4,447 type 2 diabetics with normal 
to mildly increased albuminuria at baseline [ 46 ]. The blood 
pressure target of <130/80 mmHg was achieved in 80 % of 
those given olmesartan and 71 % of those given placebo, 
but the time to onset of an albumin/creatinine ratio of ≥35 
(for women) or ≥25 (for men) mg/g was signifi cantly delayed 
in the olmesartan-treated group (8.2 % of the eligible 
patients, compared to 9.8 % of placebo-treated subjects). 
This “benefi t” was perhaps balanced by no signifi cant differ-
ences in doubling of serum creatinine and a larger number of 
fatal cardiovascular events (15 vs. 3) in the olmesartan-
treated subjects. 

 More recently, the direct renin inhibitor has been used in 
clinical trials, but because of the prior proven effi cacy of an 
ARB in preventing renal endpoints in hypertensive type 2 dia-
betics, the study design involved adding aliskiren (or placebo) 
to an ARB (or ACE-inhibitor). The 6-month trial, in which all 
subjects received losartan, used urinary albumin excretion as 
the endpoint, and was positive (showing a 20 % reduction with 
aliskiren vs. placebo,  P  < 0.001), with only a small difference 
in blood pressures between the groups [ 47 ]. However, the 
long-term study, which layered aliskiren or placebo on either 
an ARB or an ACE-inhibitor was stopped prematurely at 
2.7 years, because of excess hyperkalemia and hypotension 
in the aliskiren-treated group [ 48 ], despite a signifi cant 14 % 
reduction in the urinary albumin/creatinine ratio.  

   Hypertensive Type 2 Diabetics with Overt 
Nephropathy 
 In addition to the DETAIL trial that found “non-inferiority” of 
an ACE-inhibitor with an ARB in preventing the time- 
dependent decline in glomerular fi ltration rate in 250 hyper-
tensive type 2 diabetics with nephropathy [ 39 ], three trials 
have randomized hypertensive type 2 diabetics with overt 
nephropathy to placebo, an ARB, or amlodipine, in the 
Irbesartan Diabetic Nephropathy Trial (IDNT) [ 29 ]. As men-
tioned briefl y above (and discussed in detail in Chap.   10    ), the 
IDNT and the Reduction of Endpoints in Non- Insulin 
Dependent Diabetes Mellitus with the Angiotensin II 
Antagonist Losartan (RENAAL) study [ 30 ] showed a signifi -
cant 20 or 16 % reduction, respectively, in the incidence of 
doubling serum creatinine, end-stage renal disease, or death, 
compared to placebo. In both trials, reductions in this endpoint 
were preceded by, and associated with, a signifi cant decline in 
urinary albumin excretion. Elaborate statistical analyses sug-
gested that the reduction in the primary renal endpoint in each 
trial was independent of blood pressure- lowering. This was 
perhaps easier to demonstrate in IDNT, which included the 
amlodipine arm as a sort of “positive control” for its hypoten-
sive effects, which were quite similar to those of irbesartan 
(141/77 vs. 140/77 mmHg, respectively), yet irbesartan was 
better than amlodipine (by 23 %,  P  = 0.006) in prevention of 
the primary renal endpoint. 
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 A more recent trial, the Olmesartan Reducing Incidence 
of End-stage Renal Disease in Diabetic Nephropathy Trial 
(ORIENT), randomized 577 hypertensive Japanese or 
Chinese type 2 diabetics with overt nephropathy (morning 
albumin/creatinine ratio >300 mg/g) to olmesartan or pla-
cebo for an average of 3.2 years [ 49 ]. The primary endpoint 
was the same as that of IDNT and RENAAL, but the major 
difference was that ~73 % of subjects in both randomized 
groups continued therapy with an ACE-inhibitor (although 
dose changes were prohibited by protocol). During follow-
 up, the olmesartan-treated group had signifi cantly lower 
blood pressure (by 2.8/1.6 mmHg, on average), a highly 
signifi cant reduction in urinary albumin excretion (−24.9 % at 
144 weeks compared to baseline, vs. −3.1 % compared to 
baseline in the placebo-group,  P  = 0.005), but a non- signifi cant 
reduction in the primary renal endpoint (41.1 % vs. 45.4 %, 
 P  = 0.79). Cardiovascular death was more common (10 vs. 3) 
in the olmesartan-treated group, which was attributed to an 
imbalanced randomization: 21.3 % of those randomized to 
olmesartan had cardiovascular disease at baseline, compared 
to only 11.6 % given placebo. Further subgroup analyses of 
the ORIENT trial are underway, but the simple message may 
be (as with combinations of ramipril + telmisartan [ 37 ] or 
aliskiren + an ACE-inhibitor or ARB [ 48 ]), that combining 
two inhibitors of the renin- angiotensin system increases the 
risk of hypotension and hypokalemia, and does not improve 
renal outcomes in type 2 diabetics.    

    Blood Pressure Lowering 

 Although often overlooked in the vigorous debate about the 
importance of having an inhibitor of the renin-angiotensin 
system in the treatment regimen of many type 1 and all type 
2 diabetics, simply lowering blood pressure both reduces 
albuminuria (particularly in the higher categories), and 
delays the loss of renal function. During the last millennium, 
this was hotly debated, and frequently cited as “the reason” 
that early trials of ACE-inhibitors showed renal benefi ts in 
diabetic nephropathy. The clearest early demonstration of 
the role of strict blood pressure control was a series of 11 
type 1 diabetics with baseline blood pressure of 
143/96 mmHg, albumin excretion rate of 1,038 μg/min, and 
decline in glomerular fi ltration rate of 0.89 mL/min/month 
[ 50 ]. After 72 months of intensive antihypertensive treat-
ment (usually with a diuretic, beta-blocker, and hydralazine), 
blood pressure fell to 129/84 mmHg, albumin excretion rate 
was only 504 μg/min, and the decline in renal function was 
0.22 mL/min/month. These observations have been validated 
by subsequent analyses of on-treatment blood pressures in 
both IDNT [ 51 ] and RENAAL [ 52 ]. 

 Calcium antagonists appear to be heterogeneous with 
respect to reducing urinary albumin excretion in diabetic 

subjects, particularly in short-term trials. Dihydropyridine 
compounds, notably nifedipine, have been associated with 
increases in urinary protein excretion, whereas the non- 
dihydropyridine compounds, verapamil and diltiazem, tend 
to reduce it [ 53 ]. These effects were more easily discerned in 
patients who were not treated with an inhibitor of the renin- 
angiotensin system (which is now commonly recommended). 
It appears that combining even a dihydropyridine calcium 
antagonist with an inhibitor of the renin-angiotensin system 
reduces not only albuminuria, but also the longer-term risk 
of renal deterioration, as demonstrated in RENAAL [ 52 ]. 
Verapamil did not reduce the long-term risk of severely 
increased albuminuria, either as monotherapy (compared to 
placebo), or when added to trandolapril (compared to 
 trandolapril monotherapy) [ 35 ]. 

 Several recent trials have demonstrated that aldosterone 
antagonists have an antiproteinuric effect, even when added 
to ACE-inhibitors in either type 1 or type 2 diabetics [ 54 ]. 
However, experience with the combination in patients with 
impaired renal excretory function (e.g., >Stage 2 chronic 
kidney disease) indicates that serum potassium, creatinine, 
and non-steroidal anti-infl ammatory drugs must be carefully 
monitored in such patients who are given spironolactone or 
eplerenone.  

    Dietary Protein Restriction 

 There is currently much less enthusiasm for dietary protein 
restriction as a means of preventing the progression of dia-
betic nephropathy, although two trials done in the last mil-
lennium were positive. These two trials enrolled 19 and 35 
type 1 diabetics, and showed that daily consumption of only 
0.6 g of protein per kg of ideal body weight reduced the rate 
of decline in glomerular fi ltration rate by 60–75 %, and uri-
nary albumin excretion [ 55 ,  56 ]. A subsequent trial in 
Denmark, however, showed no differences in the decline in 
renal function, but instead a higher risk of both end-stage 
renal disease or death, and mortality alone [ 57 ]. While some 
would argue that these trials were done in patients with late 
diabetic nephropathy, there are general concerns about the 
wisdom of restricting dietary protein in diabetics with 
nephropathy, who are already at risk for protein-calorie mal-
nutrition, and must follow strict dietary regimens that limit 
carbohydrate, fat, and potassium consumption.  

    Dietary Sodium Restriction 

 Dietary sodium intake (or diuretic therapy) has a direct effect 
on proteinuria in patients with non-diabetic chronic kidney 
disease who are treated with inhibitors of the renin- 
angiotensin system. Several small studies in patients with 
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diabetic nephropathy suggest a similar antiproteinuric effect 
of low-sodium diets [ 58 – 60 ], but it is not clear whether this 
phenomenon is mediated or otherwise infl uenced by con-
comitant blood pressure changes. It is likely that a low- 
sodium diet will lower blood pressure and reduce the need 
for diuretic therapy; both outcomes would presumably be 
benefi cial for diabetics with early or late nephropathy.  

    Summary 

 To summarize, commonly recommended interventions for 
diabetics with early stages of nephropathy include: strict 
glycemic control, one inhibitor (but  not  two inhibitors) of the 
renin-angiotensin system to prevent progression (and possibly 
enhance the chance of regression) of albuminuria, adequate 
(but probably not intensive) lowering of blood pressure, and 
dietary sodium restriction. An exception is the type 1 diabetic 
with normal to mildly elevated albuminuria, in whom trials of 
inhibitors of the renin-angiotensin system have not proven 
signifi cant prevention of progression to moderately increased 
albuminuria. Otherwise, these recommendations hold for all 
stages of diabetic nephropathy, although outcomes data are 
better in type 1 diabetics with ACE-inhibitors than ARBs, 
with the reverse being true for type 2 diabetics.     
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           Introduction 

 Since the emergence of diabetic kidney disease as a major 
public health issue in the 1970s, the scope and the extent of the 
problem have continued to grow. Worldwide intense research 
continues. There has been much new insight gained in the last 
quarter century, still however short of a cure. In this chapter we 
will briefl y review the future frontiers of diabetes research 
focused mostly as relates to diabetic kidney disease. 

 During the past decade new types of medications that coun-
ter glucose dysregulation through different mechanisms have 
been introduced to clinical practice. Currently many studies 
are in progress to evaluate how these new types of blood glu-
cose regulating drugs will infl uence the natural course of dia-
betes and target organ damage caused by diabetes especially 
diabetic nephropathy. These new drugs that are currently 
approved    by the FDA and available for use in the US are dis-
cussed in detail in Chap.   16    , and elsewhere in the published 
literature [ 1 – 4 ]. Included among these newer therapeutics are: 
(1) the dipeptidyl peptidase (DPP) 4 inhibitors (sitagliptin, 
saxagliptin, linagliptin, aloglitpin), which decrease the 
breakdown of the incretin hormones, such as glucagon-like 
peptide 1 (GLP-1), (2) the alpha-glucosidase inhibitors 
(acarbose, miglitol) which decrease the breakdown of oligo- 
and disaccharides in the small intestine, (3) the  GLP - 1 
Receptor Agonists  ( incretin mimetics ), exenatide (Byetta) 
and liraglutide (Victoza), and (4) the sodium- glucose 
co-transporter 2 inhibitors that include the recently approved 
canaglifl ozin (and several others under development) [ 5 ]. 

 These new drugs have opened a new frontier in the treat-
ment of diabetes, as they work through mechanisms other 
than stimulating insulin secretion. Among these novel classes 
of drugs, SGLT2 inhibitors, which block renal tubular 

reabsorption of glucose and lead to a caloric defi cit as well 
as increased sodium excretion in the kidney may have weight 
losing and blood pressure lowering effects and may be 
uniquely helpful in preventing diabetic nephropathy [ 5 – 7 ]. 
In a recent study a newer SGLT2 inhibitor, empaglifl ozin, was 
shown to attenuate GFR measured by inulin clearance mea-
sured under clamped hyperglycemia in hyperfi ltering type 1 
diabetics by as much as 33 mL/min/1.73 m 2  from a baseline of 
172 ± 23 to 139 ± 25 mL/min/1.73 m 2  [ 8 ]. As hyperfi ltration is 
an early change in diabetic nephropathy, this favorable effect 
raises the expectation that SGLT2 inhibitors may prevent or 
delay the onset of nephropathy if  initiated early during the 
course of diabetes. Additional clinical trials are needed to 
determine if this modality reduces kidney complications. 

 Despite the recent progress, there is need for further 
groundbreaking research to reduce the burden of disease as 
well as the target organ damage caused by diabetes.  

    The Role of Immune System and Prospects 
of Immunotherapy in Diabetes 

 An exciting front has opened exploring the role of immune 
system, especially the innate immunity in the pathogenesis 
of diabetes. Pointing to the relation between the recent obe-
sity epidemic and the rapidly rising prevalence of both type 
1 and type 2 diabetes, research has revealed evidence that 
chronic low-level infl ammation predominantly mediated 
through innate immunity as a primary determinant of 
obesity- related pathology including the full spectrum of dia-
betic disease [ 9 ]. 

 Since the fi rst demonstration in 1974 of islet cell antibod-
ies [ 10 ], type 1 diabetes was believed to be autoimmune in 
nature. Although initially these antibodies were believed to 
be responsible for β-cell destruction, later research has 
shown that these antibodies (representing the humoral arm of 
the immune system) are not necessarily responsible for the 
β-cell destruction but they are rather markers of islet cell 
destruction, and that the cellular arm of the immune system, 
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specifi cally T-lymphocytes, mediate the β-cell destruction 
[ 11 ]. Studies have further shown that the T-lymphocytes do 
not act alone. They initiate the response after interaction with 
antigen-presenting cells such as dendritic cells and macro-
phages, and appear to receive help also from B-lymphocytes 
involving a complex array of interactions between the innate 
and adaptive immunity systems. The initial immune response 
triggers and propagates secondary and tertiary responses that 
result in impairment of β-cell function, progressive destruction 
of β-cells, and consequent development of type 1 diabetes. 
The process may be insidious and may evolve at different 
speeds, over many years in older individuals and much more 
rapidly in young children, with the overt expression of clinical 
symptoms becoming apparent only when most β-cells have 
been destroyed. Initially it has been thought that this process 
results in complete β-cell destruction, but several studies 
have now demonstrated some degree of residual β-cell func-
tion or existence (at autopsy) in long-standing type 1 diabe-
tes. This has inspired studies aimed at the preservation and 
even regeneration of the β-cells as well as β-cell function, 
with the hope that restoring endogenous insulin secretion 
will yield better glycemic control, and slow the development 
of the dreaded complications of diabetes, such as retinopathy 
and nephropathy [ 11 ]. 

 Glycemic control refl ects the balance between dietary 
intake and gluconeogenesis (rate of appearance of glucose in 
circulation) and tissue uptake or utilization through storage 
as glycogen or fat and oxidation (rate of glucose disappear-
ance from circulation). This is coordinated primarily by 
insulin production in the pancreas from the β-cells along 
with interplay of other glucoregulatory hormones including 
glucagon, amylin, the incretins GLP-1 and glucose- 
dependent insulinotropic peptide (GIP), epinephrine, corti-
sol, growth hormone, etc. [ 12 ]. Insulin regulates serum 
glucose through its actions on liver, skeletal muscle, and fat 
tissue. When there is insulin resistance, insulin cannot sup-
press hepatic gluconeogenesis, which leads to hyperglyce-
mia. On the other hand, insulin resistance in the adipose 
tissue and skeletal muscle leads to increased lipolysis caus-
ing hyperlipidemia in addition to hyperglycemia, and com-
pensatory hyperglycemia. Evidence suggests that when there 
is insulin resistance the pancreas is forced to increase its 
insulin output, which stresses the β-cells eventually resulting 
in β-cell exhaustion. The high blood glucose levels and high 
levels of saturated fatty acids create an infl ammatory envi-
ronment resulting in activation of the innate immune cells in 
metabolic tissues, which result in activation of the nuclear 
transcription factors-kappa B (NF-κB), and release of infl am-
matory mediators, including, interleukin-1β (IL-1β), and 
tumor necrosis factor-alpha (TNFα), promoting systemic 
insulin resistance and β-cell damage as a result of autoim-
mune insulitis [ 9 ]. The consequent insulin resistance further 
leads to high glucose levels, along with high serum levels of 

free fatty acids, as well as IL-1, leading to glucotoxicity, 
lipotoxicity, and IL-1 toxicity resulting in apoptotic β-cell 
death. These studies have revealed that, in obesity, adipose 
tissue is an immunologically active site for both MHC class 
I and MHC class II-mediated antigen presentation by macro-
phages to CD8+ and CD4+ T cells, which contribute to adi-
pose tissue infl ammation and peripheral insulin resistance. 
This line of research has revealed an important role of regu-
latory T cells (Treg) in the pathogenesis of diabetes and has 
led to studies exploring specifi c sequences on T cells respon-
sible for mediating immune destruction of islet cells, and 
potential strategies to neutralize these cells [ 13 ]. Importantly, 
investigations into immunopathogenesis of diabetes suggest 
that the traditional dualistic concept of type 1 and type 2 may 
no longer be valid, and may inspire in the future therapies 
that may pre-empt diabetic pathophysiology in both young 
and older individuals [ 9 ]. 

 This line of research has already identifi ed potential novel 
therapy interventions [ 14 – 16 ]. A recent 2-year trial has dem-
onstrated that selective depletion of B-lymphocytes with ritux-
imab, an anti-CD20 monoclonal antibody, slowed decline of 
β-cell function in recent-onset type 1 diabetes mellitus 
(T1DM), although it did not appear to fundamentally alter the 
underlying pathophysiology of the disease [ 16 ]. Interestingly, 
however, therapeutic approaches  originally believed to be 
applicable to type 2 diabetes, i.e., exercise, weight loss, and 
insulin sensitizing agents have been found effective in slowing 
or even preventing type 1 diabetes [ 9 ,  17 ]. 

 Also on the horizon are therapies aimed at countering the 
progressive destruction of β-cells, and attempting to exploit 
the inherent regenerative capacity of the β-cell mass. Based 
on the recent insight that revealed a pivotal role for IL-1β in 
β-cell destruction, therapy attempts utilizing a novel IL-1β 
neutralizing antibody, XOMA 052, have shown promise in 
animal models [ 18 ,  19 ]. Clinical trials to explore feasibility 
of anti-IL-β approach using either monoclonal neutralizing 
antibodies, such as, canakinumab, or IL-1 receptor antago-
nist (IL-Ra) anakinra, have been initiated [ 14 ,  20 ,  21 ]. 

 In a preliminary clinical trial in children with newly 
diagnosed type 1 diabetes, the effects of a short course 
(28 days) treatment with recombinant IL-1R antagonist pro-
tein, anakinra, were evaluated. Anakinra-treated patients had 
similar HbA1c and mixed-meal tolerance testing (MMTT) 
responses, but insulin requirements were lower at 1 and 4 
months after diagnosis compared to controls. Children treated 
with anakinra had lower insulin-dose-adjusted HbA1c 1 
month after diagnosis. Although anakinra did not prevent the 
development of diabetes in these children with newly diag-
nosed type 1 diabetes, it was well tolerated and appeared 
promising justifying additional studies perhaps with different 
protocols to explore clinical effi cacy [ 21 ]. 

 Currently, there are also ongoing trials exploring primary 
prevention in genetically susceptible infants by maneuvers, 
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such as, using infant formulas free of either cow’s milk or 
of bovine insulin, infant formula supplemented with the 
omega-3- fatty acid docosahexaenoic acid, delayed introduc-
tion of gluten-containing foods, and vitamin D supplementa-
tion [ 22 ].  

    Renal Fibrosis and Epithelial-
to- Mesenchymal Transition: Potential 
for Reversibility? 

 Regardless of the etiology, kidney disease progresses predom-
inantly through tubulointerstitial fi brosis, which is another 
major consequence of the heightened immune environment 
present in the diabetic kidney. The infl ammatory milieu that 
leads to the activation of both the innate and adaptive immune 
systems that results in the production of IL-1β, activation of 
NF-κB and increased transcription, and release to medium of 
a cascade of cytokines. These cytokines include TNF-α, 
MCP-1, interleukins 6, 8, etc., but most prominently TGF-
β1, which has been recognized as a major mediator of kidney 
fi brosis in both diabetic and non- diabetic kidney diseases 
[ 23 – 25 ]. In a recent study, the expression levels of TGF-β1, 
p53, and microRNA-192 (miR- 192) were shown increased 
in the renal cortex of diabetic mice, and these changes were 
associated with glomerular expansion and fi brosis [ 26 ]. 
Detailed studies showed that the infl ammatory setting 
responsible for these events include recruitment of mono-
cytes from the circulation and CD14 +  fi brocytes from the 
bone marrow. The monocytes differentiate into both M1 and 
M2 macrophages, contribute more cytokines in the medium 
perpetuating the cycle of infl ammatory events [ 27 ]. A major 
component of fi brosis has now been shown to be due to the 
resident macrophages, kidney tissue fi broblasts, and epithe-
lial-to-mesenchymal transformation (EMT) and endothelial-
to-mesenchymal proliferation (EndEMT) driven through the 
effects of TGF-βs. The residential fi broblasts proliferate, the 
renal epithelia and endothelia acquire myofi broblast pheno-
type, and with increased synthesis and decreased degrada-
tion of matrix proteins resulting in increased collagen and 
matrix deposition especially in the tubulointerstitial space 
the kidney is progressively destroyed [ 26 – 29 ]. Evidence 
suggests that intrarenal renin-angiotensin system may have a 
key role in this process, which may be independent of circu-
lating angiotensin, and measurement of urinary angiotensin-
ogen levels has been proposed as a marker of intrarenal 
renin-angiotensin system [ 30 – 33 ]. Urinary angiotensinogen 
levels may have a particular value in identifying patients at 
risk of diabetic kidney disease and suggest that renal renin-
angiotensin system plays a key role in the pathogenesis of 
diabetic nephropathy [ 32 ,  34 ]. 

 Our improved understanding of the process of fi brosis has 
identifi ed some exciting potential therapeutic opportunities 

that can halt the process, but also, conceivably, that can even 
reverse established fi brosis. First, antagonizing pro-fi brotic 
cytokines, especially TGF-βs, and other growth factors includ-
ing PDGF, VEGF may slow progression of kidney disease. 
Of interest is the relation between angiotensin II and TGF-β1, 
and the well-known role of renin-angiotensin- aldosterone 
system (RAAS) antagonists in slowing progression of kidney 
disease [ 27 ,  28 ,  35 ]. Clearly, these interventions although 
found helpful in slowing progression, have not reduced the 
incidence of diabetic nephropathy. Strategies that can reverse 
renal and other tissue fi brosis are now imaginable through 
use of agents that can reverse EMT in the opposite direction 
towards restoring original phenotypes of the epithelia or 
endothelia through agents, such as BMP-7 [ 27 ]. The BMP7 
receptor Alk3 plays a key role in opposing fi brogenesis, and 
Alk3 agonists also appear as an attractive therapeutic 
approach in diabetic nephropathy [ 27 ]. 

 Another promising therapeutic target in diabetic nephrop-
athy is the nuclear factor erythroid 2-related factor 2 (Nrf2), 
a master regulator of oxidative stress, which has an anti- 
EMT effect through its interaction with hemeoxygenase-1. 
In addition, it was recently shown that BMP7 receptor Alk3 
in renal tubules is essential for anti-fi brogenesis and tissue 
repair in the kidneys. Alk3-agonistic compounds showed 
renoprotection in experimental kidney fi brosis models, 
including models of diabetic nephropathy; this renal protec-
tion was associated with the inhibition of EMT, infl amma-
tion, and apoptosis [ 27 ]. Strategies to prevent or reverse 
EMT are likely to be part of the future therapies in diabetic 
kidney disease as well as other complications associated 
with diabetes. 

 It has been recognized for some time that the kidneys may 
have intrinsic ability for self-regeneration. An earlier 10-year 
follow-up study of eight type 1 diabetes patients who 
received pancreas transplants and who had varying degrees 
of diabetic nephropathy before reaching end-stage demon-
strated reversal of all the kidney lesions after 10 years of 
normoglycemia [ 36 ]. In experimental models as well as in 
humans with diabetic and non-diabetic kidney disease, rever-
sal of kidney lesions and functional restoration was observed. 
Research since then has confi rmed the existence of a “reno-
poietic” renal stem cell/progenitor system that can replace 
tubular cells as well as podocytes, which are neuron-like 
cells with limited ability to regenerate and which are the 
principal drivers of the characteristic glomerular sclerosis in 
diabetic nephropathy [ 37 ]. There are indications that these 
podocyte- and tubule-committed progenitor cells can be 
pharmacologically manipulated to promote kidney regenera-
tion, or also isolated, clonally expanded, directed to injury 
site by molecular manipulations and transplanted into injured 
kidney to reverse kidney damage [ 37 ]. Further research into 
understanding the molecular mechanisms of activating pro-
genitor cells is likely to contribute to regenerative nephrology 

19 Novel Treatments and the Future of Diabetic Nephropathy: What Is on the Horizon?



244

and be part of future strategies for the treatment of diabetic 
and non-diabetic kidney disease. 

 Vascular changes seen in diabetes are largely responsible 
for not only kidney disease, but also are the main cause of 
cardiovascular morbidity as well as retinopathy. Accelerated 
atherosclerosis is a main feature of diabetes, and multiple fac-
tors along with hyperglycemia, including advanced glycation 
end products (AGE), increased free fatty acids and LDL cho-
lesterol, reactive oxygen species, angiotensin II, activation of 
NF-κB and production of infl ammatory cytokines, etc., con-
tribute to vascular injury [ 38 ]. The effects of insulin receptors 
beyond glucose regulation have been shown to promote the 
integrity of both the vascular endothelial cells as well as podo-
cytes, thus identifying another mechanism through which vas-
culopathy, and podocytopathy, which aggravate both 
atherosclerosis and glomerulosclerosis is mediated as a result 
of insulin resistance [ 27 ,  38 ]. Ongoing research suggests that 
enhancing the protective effects of insulin-regulated genes 
on vascular endothelial cells, and delivery of non-diabetic 
endothelial progenitor cells can prevent or even reverse the 
vascular disease in diabetes [ 38 ,  40 ]. Countering accelerated 
atherosclerosis through the use of statins and renin-angiotensin 
system antagonists is already an established therapy in dia-
betes. These newer insights are likely to generate more effec-
tive treatments through gene manipulations that can lead to 
induction of antioxidant and anti-infl ammatory factors that 
promote vascular survival and preserve vascular integrity, 
which in turn would be expected to help prevent both diabetic 
kidney disease and retinopathy [ 38 ].  

    The Promise of Metabolomics 
and Proteomics 

 A signifi cant constraint in the approach against treatment of 
diabetic nephropathy is the limited availability of biomark-
ers. Microalbuminuria has its limitations and is not always 
predictable (see the    chapters 8 and 9 in this book. Some 
investigators have suggested that increased urinary excre-
tion of polyclonal immune globulin light chains, particu-
larly kappa light chains, as a refl ection of early tubular 
dysfunction, i.e., decreased endocytosis through the endo-
cytic receptors megalin and cubilin [ 41 ], may be a more 
reliable marker [ 42 – 44 ]. A more comprehensive search for 
biomarkers through metabolomics studies using gas chro-
matography–mass spectrometry to screen for large numbers 
of metabolites in the urine of patients with diabetic nephrop-
athy are under way, and have yielded promising clues [ 45 ]. 
In a recent pilot study Sharma et al. observed that urine from 
subjects with diabetic kidney disease showed reduced levels 
of metabolites, many were soluble organic anions related to 
mitochondrial function and refl ecting globally suppressed 
mitochondrial function in diabetic nephropathy patients. 

The authors also found that exosomes from patients with 
diabetes and kidney disease had less mitochondrial DNA, 
and kidney tissues from patients with diabetic kidney dis-
ease had lower gene expression of PGC1a (a master regula-
tor of mitochondrial biogenesis). These observations 
suggest that urine metabolomics may be a promising strat-
egy to identify early biomarkers of kidney disease in dia-
betic patients, and that organic anion transporters and 
mitochondrial function maybe dysregulated in diabetic kid-
ney disease [ 45 ]. 

 The fi eld is likely to expand as studies on urinary exosomes 
are more closely investigated. Exosomes are 40–100 nm vesi-
cles that contain proteins, mRNA, and microRNAs (miRNA) 
that have the potential to serve as biomarkers of renal dysfunc-
tion. Newer methodologies including various ultracentrifu-
gation techniques are now allowing more effi cient exosome 
isolation enabling proteomics analysis and RNA and 
miRNA analysis. Such techniques are likely to lead to 
identifi cation of newer biomarkers of kidney involvement in 
diabetics, as well as newer insight into mechanisms of kidney 
disease [ 46 ]. 

 Proteomic analyses from diabetic kidneys and other 
organs, such as liver and skin, are relatively new and appear 
to identify differential expression of various proteins in 
affected organs compared to healthy organs. These studies 
have identifi ed accumulation of protein aggregates due to 
impaired proteasomal activity, novel oxidative and glyco-
lytic mechanisms, and novel regulators of TGF-β signaling, 
tight junction maintenance, oxidative stress, etc. [ 47 – 50 ]. 
These investigations have started to point to potential novel 
therapeutic approaches awaiting pre-translational and trans-
lational studies.  

    Genes, Epigenetics, and microRNAs 

 The genetic determinants of kidney disease in diabetes are 
still not fully defi ned. Although nearly half the diabetics 
will develop kidney disease, the other half will not suggest-
ing a genetic basis of vulnerability independent of hypergly-
cemia, hypertension, or albuminuria. Earlier studies have 
focused on angiotensin converting enzyme insertion/dele-
tion polymorphism as a determinant of susceptibility to kid-
ney disease in both type 1 and type 2 diabetes and suggested 
that the D allele or DD homozygous might be associated 
with increased risk of nephropathy [ 51 – 55 ]. It has also been 
suggested that the DD genotype may respond better to 
angiotensin converting enzyme inhibitors or angiotensin 
receptor blockers prompting investigators to suggest a phar-
macogenomics approach to treatment in diabetic popula-
tions [ 56 ]. However, most of the studies were not defi nitive, 
suggested a much more complex gene–environment interac-
tion and pointed to the need for further investigations [ 55 ]. 
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Nearly two decades of use of converting enzyme inhibitors 
and angiotensin receptor blockers may have helped to slow 
the progression of diabetic nephropathy in many people, but 
the incidence of diabetic nephropathy continues to increase. 

 More recent genetic research has broadened our under-
standing of the role of genetics and epigenetics in the patho-
genesis of diabetic nephropathy and suggested novel 
directions of therapeutic interventions. Genome wide asso-
ciation scans (GWAS) for single nucleotide polymorphisms 
(SNPs) have pointed to previously unidentifi ed pathways 
that may be responsible for susceptibility to diabetic 
nephropathy [ 57 – 59 ]. Multiple chromosomal loci including 
3q, 7q, 10p, 14q, and 18q have been identifi ed as possible 
determinants of susceptibility to diabetic nephropathy in 
both type 1 and type 2 diabetes, however, the specifi c roles of 
these loci in the pathogenesis of diabetic nephropathy have 
not been fully established [ 60 ]. 

 Gene–environment interactions and the role of epigenetics 
appear to be closely involved in the pathobiology of diabetes, 
obesity, and diabetic nephropathy [ 61 ,  62 ]. Some of these 
studies have focused on the intrauterine environment and 
alterations in DNA methylation and histone post- translational 
modifi cations that result in disease in adult life and some 
even persist across generations [ 61 ]. Dysregulation of post- 
transcriptional modifi cations of histones in chromatin that 
include histone methylation can result in aberrant gene 
behavior that favors development of diabetes and its compli-
cations. Genome-wide studies have revealed cell-type spe-
cifi c changes in histone methylation patterns in diabetic 
populations. Experimental studies in vitro have shown long 
lasting epigenetic alterations of infl ammatory gene promot-
ers after prior exposure to diabetic conditions implying a 
possible mechanism for metabolic memory [ 62 ]. 

 Histone deacetylases, especially sirtuins, which deacetylate 
histones and various transcription factors, are also being 
explored as epigenetic therapeutic targets in many acute and 
chronic diseases. A recent study observed that sirtuin 1 was 
down-regulated in the kidneys of diabetic mice before the onset 
of albuminuria, and overexpression of sirtuin in the proximal 
tubules of mice prevented diabetic nephropathy [ 63 ]. 

 In addition to histone methylation, DNA methylation 
miRNAs have also been implicated in diabetic nephropathy 
[ 64 ,  65 ]. miRNAs are small (19–23 nucleotide long) non- 
coding RNA molecules that play important roles in the tran-
scriptional and post-transcriptional gene expression through 
either mRNA degradation or translational repression [ 66 ]. 
Studies have demonstrated that a long non-coding RNA, the 
plasmacytoma variant translocation 1 (PVT1), increases 
plasminogen activator inhibitor 1 (PAI-1) and    TGF-β1 in 
mesangial cells, the two main contributors to ECM accumu-
lation in the glomeruli under hyperglycemic conditions, as 
well as fi bronectin 1 (FN1), a major ECM component, and 
miR-1207-5p, a PVT derived miRNA plays a key role in this 

process [ 67 ,  68 ]. Recent studies in diabetic mice have 
suggested that cross talk between mRNAs, TGF-β1, and p53 
may play an important role in the pathogenesis of diabetic 
nephropathy. Among many miRNAs, this study has suggested 
that miR-192 is increased in the kidneys of diabetic mice 
along with p53, TGF-β1, and blocking miR-192 reversed 
increased expression of p53 and TGF-β1. This intervention 
reduced and reversed renal fi brosis, suggesting an important 
role for miRNAs in the pathogenesis of diabetic nephropathy 
and identifi ed miRNA targeting as a novel therapeutic strat-
egy [ 26 ]. 

 In a streptozotocin model of diabetes, high concentrations 
of miR-375 appeared as a marker of beta cell death and a 
potential predictor of diabetes in mice [ 69 ]. Other investiga-
tors showed similar associations with miR-21, i.e., increased 
expression in the kidney as a potential marker for diabetic 
nephropathy, and as a therapeutic target as miR-21 knock-
down plasmid delivery, similar to opposing miR-192, also 
reduced TGF-β1 expression, suppressed NF-κB activation 
and helped reverse proteinuria and renal infl ammation in db/db 
diabetic mice, a model for type 2 diabetes [ 70 ]. To date 
miRNAs that have been identifi ed as contributing to diabetic 
kidney disease include miR-192, miR-216a, miR-217; 
miR- 377, miR-21, miR-29c, as well as miR-1207-5p, and 
miRNA targeted therapies are being explored as a possible 
strategy to treat diabetes and diabetic kidney disease [ 67 ,  68 ]. 

 Thus, genetics, search for loci and SNPs in GWAS studies, 
along with exciting new insight revealed through better under-
standing of epigenetics, and the role of miRNAs have opened 
up new areas of research in the pathobiology of diabetes. This 
research is identifying new mechanisms and new therapy 
approaches that are on the verge of translational studies that 
may enable us to not only treat diabetes and its serious com-
plications including diabetic nephropathy, but, more impor-
tantly, identify susceptible populations and possibly prevent 
diabetes through pre-emptive strategies.  

    In Pursuit of Futuristic Therapies 

 During the past few years, signifi cant progress has been 
made with gene-based therapies in animal models, and we 
can expect that some translational studies will be initiated in 
humans in the near future. Gene therapy aimed at protection 
and regeneration of β-cells is one area that has attracted 
attention. A broad array of strategies is being explored with 
gene therapy approaches, including insulin gene, various 
growth factors, and modulators of the infl ammatory pathways 
involved in the pathogenesis of islet cell failure [ 48 ,  71 ,  72 ]. 
Some studies have shown that the serine-threonine kinase 
Akt1, encoded by the Akt1-gene, can promote β-cell survival 
and regeneration. Using an enhanced adenoviral vector 
delivery of constitutively active Akt1 targeted to islet cells 
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was shown to promote β-cell survival and proliferation in a 
streptozotocin-induced model of diabetes in mice [ 73 ,  74 ]. 

 Innovative strategies are currently being explored to exploit 
the transdifferentiation of the pluripotential cells in the 
pancreas to regenerate into β-cells. Attempts are underway to 
reconstruct pancreas development, including islet β-cell and 
α-cell differentiation, from fetal progenitor cells [ 75 ]. 

 Plasmid DNAs targeted to the pancreas in vivo using 
ultrasound-targeted microbubble destruction (UTMD) 
appears promising to achieve islet regeneration. In this tech-
nique intravenous microbubbles carrying plasmids are 
destroyed within the pancreatic microcirculation by ultra-
sound, achieving local gene expression that is further tar-
geted to β-cells by a rat insulin promoter (RIP3.1). In one 
study, a series of genes involved in the development of endo-
crine pancreas were delivered to rats after streptozotocin- 
induced diabetes. RIP3.1-NeuroD1 promoted islet cell 
regeneration from surviving β-cells, with normalization of 
glucose, insulin, and C-peptide levels at 30 days; however 
the improvement was transient. Nevertheless, this proof-of- 
concept study demonstrated the feasibility of selective gene 
delivery to the pancreas without using viral vectors, opening 
up further possibilities for successful gene therapy [ 76 ]. 

 Other techniques that appear effective in rodent models of 
diabetes include delivery of bone marrow-derived mesen-
chymal stem cells (BM-MSCs). BM-MSCs transplantation 
decreased blood glucose concentrations and attenuated β-cell 
injury, prevented renal damage, and decreased proteinuria by 
inhibiting TGF-β1 expression and upregulating synaptopodin 
and IL-10 expression in rats with diabetic nephropathy [ 77 ]. 

 At a time when pancreatic islet cell transplantation 
appeared to have limited potential because of limited donor 
availability and rejection (discussed elsewhere in the book), 
novel strategies are emerging to improve the chances of 
transplanted cells’ survival and proliferation to achieve suf-
fi cient mass, and prevent rejection. There are multiple differ-
ent approaches to preserve β-cell viability and functionality 
both in situ and in islet cell transplantation. One promising 
line of research is exploring the role of estrogen and estrogen 
receptors in the preservation of β-cells, demonstrating that 
estrogen receptor modulation can be helpful in preventing 
islet cell failure [ 78 – 80 ]. 

 In another line of research, various methodologies are 
being pursued to encapsulate cultured human islet cells before 
implantation to improve the chances of engraftment and 
reduce the risk of rejection. In one study alginate- encapsulated 
islet cells yielded superior outcomes in a mouse model of dia-
betes as well as a single type 1 diabetes patient [ 81 ], while 
another study used coating by biosilicifi cation to improve 
survival and function of islet cells in culture [ 82 ]. Other strat-
egies include directing engraftment to other sites, such as, the 
small intestine rather than the portal vein, which seems to 
yield better control of diabetes in an animal model [ 83 ]. 

Investigators have also attempted to differentiate human 
endometrial stromal stem cells (ESSC) into insulin secreting 
cells and found in a mouse model of diabetes that when injected 
into the renal capsule these cells secreted insulin in response 
to high glucose levels and achieved normoglycemia [ 84 ]. 

 Novel immunosuppression protocols are also being 
explored to improve the success rate in single donor islet cell 
transplants and in one study the use of antithymoglobulin 
plus anti-infl ammatory agents of anakinra and etanercept for 
induction and tacrolimus plus mycophenolate mofetil for 
maintenance was shown to result in successful single-donor 
islet cell transplantation in eight patients [ 85 ]. Obviously 
larger scale clinical trials are needed to demonstrate the effi -
cacy of such protocols, however, in the upcoming years, it is 
likely that we will see more effective immune suppression 
protocols that will improve the success rate in single donor 
islet cells. Clearly, during the recent years, multiple  strategies 
have emerged that promise successful engraftment or differ-
entiation of islet cells.  

    Xenotransplantation 

 Cross-species transplantation of organs from animals into 
humans was attempted since as early as the seventeenth 
century. An early example in the twentieth century was when 
Dr Keith Reethma transplanted chimpanzee kidneys to 13 
patients at Tulane between 1963 and 1964. Although the 
patients lived only 9–60 days, one patient survived for 9 
months and even returned to work, indicating potential feasi-
bility [ 86 ,  87 ]. Attempts to cross-species transplantation of 
organs including kidney, liver, neuronal cells, pancreas, and 
islet cells continued through the 2000s. Zoonotic infections 
and rejection were the main causes of failure, and as of today 
these diffi culties inherent in xenotransplantation have not 
been overcome [ 87 ,  88 ]. However, xenotransplantation still 
appears to be a promising but diffi cult frontier, which could 
potentially provide reliably an endless source of insulin 
producing cells, although severe rejection continues to be an 
insurmountable challenge. 

 If a xenograft from an animal could be genetically modifi ed 
to express human genes and avoid rejection by the human 
body, then we would have an endless supply of spare organs for 
patients with organ failure including diabetes with pancreas 
failure. Genetic manipulations are now being attempted to 
counter rejection along with experiments with biologicals that 
selectively target costimulatory molecules, or suppression of 
immunity locally and by encapsulating xenografts in immuno-
logically inert scaffolds, some designed and fabricated by 
three-dimensional printing are strategies that are being explored 
[ 78 ,  89 – 91 ]. Although this technology is not ready for transla-
tional studies yet, animal experiments suggest that they could 
be introduced to clinical trials in the near future.  
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    Regenerative Medicine and Nanotechnology 

 Imagining the future of diabetes and diabetic nephropathy 
must include the exciting developments in regenerative med-
icine and nanotechnology. There is work on newer implant-
able devices that can sense blood glucose concentration and 
deliver appropriate doses of insulin continuously. Recent 
advances in nanotechnology and biosensors raise the expec-
tation that biochips can be designed that can continuously 
monitor blood glucose as well as other disease biomarkers. 
Such devices would need to be fully integrated closed loop 
systems and implantable via minimally invasive methods, 
possibly subcutaneously. Issues such as long-term biocom-
patibility, reliability, and high-degree of integration need to 
be overcome before such technology can be introduced clini-
cally [ 92 ,  93 ]. 

 A major breakthrough in biotechnology that can help dia-
betic patients with kidney disease can be imagined in the fi eld 
of regenerative medicine and three-dimensional printing [ 94 –
 96 ]. Signifi cant strides have been made in this fi eld during the 
past decade, and the feasibility of fabricating viable and poten-
tially transplantable tissues has been demonstrated [ 97 ,  98 ]. 
Using this technology, recently scientists from Massachusetts 
General Hospital successfully constructed a kidney that pro-
duced rudimentary urine in vitro when perfused through their 
intrinsic vascular bed. When transplanted orthotopically and 
perfused by the recipient’s circulation, the grafts produced 
urine through the ureteral conduit in vivo. The technological 
advances in the fi eld of three-dimensional printing are likely 
to fi nd broad applications including creation of biocompati-
ble scaffolds encapsulating functional islet cells to facilitate 
successful engraftment, or creating functional sheets of cells 
to replace injured parts of organs [ 99 ,  100 ]. 

 Thus, emerging technologies and interdisciplinary efforts 
are likely to produce increasingly sophisticated solutions for 
not only diabetic patients with kidney disease but also for 
other organ failures. But can we prevent diabetes before it 
presents as full-blown clinical disease?  

    Strategies to Prevent Diabetes and Diabetic 
Nephropathy 

 The recent insights into the immunopathogenesis and immu-
nogenetics of diabetes have yielded a large number of promis-
ing biomarkers, which can identify diabetics in the earliest 
phases of the disease, and may even help identify patients at 
risk. This, in turn would allow preventive interventions, taking 
advantage of our increased understanding of pathophysiology. 
Studies evaluating the effect of various immunotherapies 
aimed at preventing β-cell destruction in type 1 diabetics with 
residual C-peptide or patients developing diabetes are under 

way. Clinical trial networks such as TrialNet and the Immune 
Tolerance Network in the U.S. and similar networks in Europe 
have been have started exploring such pre-emptive strategies 
[ 101 ,  102 ]. It is now in the realm of possibility that with 
early biomarkers, such as miRNAs pre-emptive interventions 
to avert clinical diabetes will become available. These pre-
emptive therapies are likely to include new therapies that 
involve epigenetic manipulations and biologicals that will halt 
β-cell destruction and perhaps even help regenerate residual 
β-cells to suffi cient mass. There will likely be advanced 
technologies that may help with the replenishment of islet 
cells, or interventions to regenerate islet cells, and new drugs 
that help correct the metabolic disorders associated with dia-
betes beyond glucose control, which in turn would help pre-
vent diabetic nephropathy and other crippling organ damage 
associated with diabetes, such as retinopathy, limb loss, etc. 
It looks as though thanks to new insight into the molecular 
biology and immunopathogenesis of diabetes along with the 
advances in space age technologies, we are on the verge of an 
explosion in new treatment options for diabetes and diabetic 
kidney disease. However, we should not lose sight of the fact 
that the increase in the diabetes epidemics and the associated 
organ damage that wreaks havoc on lives and the societies 
across the globe is above all a consequence of the modern life 
style that involves unhealthy diet as well as decreased physical 
activity and the rising epidemic in the closely associated meta-
bolic disorder, obesity [ 102 – 105 ]. 

 Without doubt, there is a need for more effective medical 
and perhaps technological treatments for particularly the 
“true” type 1 diabetes, as our ability to intervene pre- 
emptively before full-blown disease develops. Clearly there 
is impressive progress in this area and we can expect novel 
therapies and technologies in the near future. Yet, there is 
little question that the many more hundreds of millions of 
patients can be helped much more cost effectively through an 
internationally coordinated program that can help reduce 
obesity, increase physical activity, and educate populations 
on healthy diet. Studies have shown that people at high risk 
for type 2 diabetes, i.e., individuals with impaired glucose 
tolerance without overt diabetes, could sharply lower their 
chances of developing the disorder through diet and exercise 
[ 102 ,  106 ,  107 ]. The future strategies must therefore include 
coordinated efforts globally to implement lifestyle changes 
that will likely have the greatest impact on lowering the 
burden of diabetes and diabetic kidney disease.     
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