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a  b  s  t  r  a  c  t

Chronic  kidney  disease  has  a significant  worldwide  prevalence  affecting  7.2%  of the  global  adult  popu-
lation  with  the  number  dramatically  increasing  in  the  elderly.  Although  the  causes  are  various,  diabetes
is  the  most  common  cause  of  CKD  in  the  United  States  and  an increasing  cause  of  the  same  worldwide.
Therefore,  we  chose  to  focus  on diabetic  chronic  kidney  disease  in this  review.

The  pathogenesis  is  multifactorial  involving  adaptive  hyperfiltration,  advanced  glycosylated  end-

 

al disease

 filtration rate
y

product  synthesis  (AGES),  prorenin,  cytokines,  nephrin  expression  and  impaired  podocyte-specific  insulin
signaling.  Treatments  focus  on  lifestyle  interventions  including  control  of  hyperglycemia,  hypertension
and  hyperlipidemia  as  well  treatment  of  complications  and preparation  for renal  replacement  ther-
apy.  This  review  examines  the  current  literature  on  the  epidemiology,  pathogenesis,  complications  and
treatment  of  CKD  as  well  as  possible  areas  of future  disease  intervention.
e Published by Elsevier Ireland Ltd.
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ic kidney disease (CKD) affects a significant portion of the

pulation with a prevalence of 7.2% in adults over age 30
atically increasing to 23.4–35.8% over age 65 [1]. Further-

pulation based studies in the United States reveals a CKD
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nd include glomerular kidney disease, tubular and inter-
ney disease, obstructive uropathy, pre renal and vascular
, diabetes and hypertension. Globally, diabetes is the most

 cause of CKD.
 are multiple etiologies involved in the pathogenesis of
KD. The initial mechanism of damage involves adaptive
ation which leads to long term damage of functioning
. Additional mechanisms of disease include advanced
ted end products (AGEs), vascular endothelial growth fac-
), prorenin and the renin–angiotensin system, cytokines,
xpression and impaired podocyte signaling. Importantly,
sociated with an increased risk of cardiovascular disease,

 and end stage renal disease. Most patients are likely to
develop end stage renal disease. Treatments are limited

 on treatment of associated causes including diabetes and
sion, slowing progression of disease, treatment of compli-
d preparation for renal replacement therapy. This review

 the current literature on the epidemiology, pathogene-
lications and treatment of CKD as well as possible areas of
ease intervention.

emiology

tes mellitus is a disease that affects over 23.5 million
 adults [3] and type 2 diabetes accounts for over 90%
betes is the most common cause of CKD. The prevalence
egree of CKD among adults with type 2 diabetes is 40%

 The 2009 annual report published by the United States
ta Systems, reports the prevalence rate of CKD in type 2
according to stage was 8.9% for stage I, 12.8% for stage
for stage III, and 2.7% for stages IV and V combined. The
isk of developing CKD in type 1 diabetes is 25% [5,12–17].
der population is especially affected by diabetic nephropa-
incidence of end stage renal disease (ESRD) related to
among the elderly markedly increased from the 1980s
the late 1990s at which time there was slight decrease
ing off to approximately 350–370/100,000 [4,18,19]. This
ent decline in CKD is likely due to earlier recognition and
ions.

 2010 Annual report published by the United States Renal
tems, the median age of incident ESRD population was
008 which varied by race; the median age ranged from
ng African Americans to 66.8 among whites. The rate of
e of CKD remains highest among the African American
e American population, and lowest among the Caucasian

 population paralleling the rate of diabetes in these pop-
20,21]. The trend of increasing prevalence is expected to

 to grow as the elderly population continues to rise with
 life expectancy.
n diabetes causes significant disability and contributes

 health care costs; annually approaching $23 billion with
he US [22]. McFarlane et al. [23] evaluated the risk of hos-
on, cardiovascular risk and death in patients with chronic
sease and reported that the adjusted risk of hospitaliza-
ased as the estimated glomerular filtration rate (eGFR)

 ranging from an increase of 14% with an estimated GFR
 ml/min/1.73 m2 to an increase of 315% with an estimated

ss than 15 ml/min/1.73 m2.

tic nephropathy
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is defined as progressive, irreversible loss in kidney
 The National Kidney Foundation (NKF) Kidney Disease
s Quality Initiative (K/DOQI) defined CKD as lasting three
onths with either kidney damage defined by structural or

buminu
median
microa
in  11 y

f 
Find authenticated court documents without
idence of structural kidney damage such as albuminuria, abnormal uri-
ent (i.e. casts, tubular epithelial cells), abnormal imaging studies, renal
recipients [26].

l abnormalities of the kidney with or without decreased
a GFR of less than 60 ml/min/1.73 m2. These abnormal-
de markers of kidney damage [1] such as albuminuria,

l urinary sediment (casts, epithelial cells), abnormal imag-
cystic kidneys, hydronephrosis), blood and urine markers
ar syndromes’ and renal transplant recipients. In addi-
he gold standard isotopic measures, several equations
to estimate GFR. The Modification of Diet in Renal Dis-
RD) equation [1], validated in patients with diabetic
nd non-diabetic kidney disease and in transplant recip-
ost commonly used. It is verified in US and European

nd African-Americans, but not with other racial/ethnic
xtremes of age, pregnancy and certain other conditions
hronic Kidney Disease Epidemiology Collaboration (CKD-
tion is a new estimate of glomerular filtration and may  be
urate [24,25] at higher levels of eGFR.
s of chronic kidney disease: The stages of chronic kidney
s described in Table 1 are defined on the basis of eGFR [26]
ence of kidney damage.

factors

d  blood pressure: Elevated systolic blood pressure is well
 to accelerate diabetic nephropathy [27–29]. The devel-
t  of impaired renal function was  associated with higher
lood pressures even in patients who were normotensive
d without proteinuria [28] in long-term follow-up of type
tes patients.
es: Strong evidence for the role of glycemia was provided
DCCT (type 1 diabetes) and the UKPDS (type 2 diabetes)
ntion trials where improved glycemia resulted in signifi-
ower progression rates for albuminuria [30]. The duration
tes is associated with progression of nephropathy in long-
llow-up in Saudis with duration of diabetes >10 years

he odds of nephropathy were 4.6-fold higher in urban
-Americans with duration of diabetes greater than 5 years
pared to <1 year [32].
terol:  Elevated levels are associated with increased risk of
pathy [26].
lbuminuria:  The prevalence of microalbuminuria in
Indian diabetics was  36%, similar to urban African-
ans with type 2 diabetes for <1 year [32,33]. Microal-
ria predicts progression to clinical proteinuria and
ed  renal function in patients with type 2 diabetes [34–36]

l as increased CVD and mortality [30,37,38]. The rate
ression in UKPDS, from diagnosis of diabetes without

lbuminuria to microalbuminuria is 2% per year; from
lbuminuria to macroalbuminuria is 2.8% per year; and
lbuminuria to elevated creatinine or renal replacement

 is about 2.3% per year. Patients without microal-

ria at diagnosis remained free of nephropathy for a

 period of about 19 years, while those who  developed
lbuminuria progressed to macroalbuminuria (or worse)
ears [39]. Microalbuminuria is infrequently reversible to
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lbuminuria in type 2 diabetes (21% over 2 years) [40]. In
t, this occurs in up to 50% of type 1 diabetes with short
n  microalbuminuria [41]. Thus, although microalbumin-
cedes proteinuria and decreased renal function, not all

lbiminuria will progress. The challenge is in identifying
ith microalbuminuria who are likely to progress from
ho will not. The GFR may  also decline in the absence of
roalbuminuria [36,42].
g:  In types 1 and 2 diabetes, albuminuria was  greater in

s [43].
 factors: An insertion /deletion polymorphism (specif-
he deletion allele) of the ACE gene predicted severe
ral kidney changes in patients with microalbuminuria
t all studies confirm this. Identifying the genetic risk of

 nephropathy [45] requires further study.
 BMI:  Advancing age and obesity are also risk factors [28].

ological disease progression

al hemodynamic and structural causes of diabetic
thy, best characterized in type 1 diabetes are summarized
–49]:

ular  hyperfiltration: Vasodilatation and glomerular
ltration, resulting in increased glomerular filtration rate,
wn to occur early in type 1 diabetes, but not always in type
es [46,49–52]. While hyperfiltration frequently predicts a

 in renal function, it is not invariable.
ular  lesions without clinical disease: This stage is
erized by glomerular lesions-glomerular basement mem-
thickening and mesangial expansion; without excess
n  excretion. Typical Kimmelstiel–Wilson lesions (nodular
ulosclerosis) are found in only a small proportion early in
pathy [49].
nt  diabetic nephropathy: This stage develops after about
years of type 1 diabetes characterized by microalbu-

 and structural lesions [53,54]; the GFR may  be well
ed. It is of clinical interest because interventions, espe-
lood pressure control may  prevent progression to overt
pathy.
iabetic nephropathy: There is persistent and progres-
orsening proteinuria, a decline in GFR, frequently leading
. This stage is characterized by advanced glomerular
diffuse and nodular glomerulosclerosis, fibrinoid caps,
r  drops and arteriolar hyalinosis [49].

anisms

echanisms by which diabetes induces renal damage are
uate to formulate a cohesive model of nephropathy.
hysical and metabolic factors together result in mesan-
rtrophy, glomerular basement thickening, podocyte and
ial dysfunction.
rular hyperfiltration [55–57]: Various mediators
the renin–angiotensin system, vascular endothelial
actor (VEGF), nitric oxide and transforming growth
ta (TGF-B).
glycemia: Hyperglycemia is linked to multiple metabolic
ions (Fig. 1).
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ed VCAM expression causing vascular injury, mesangial
wth, enhanced expression of growth factors, extracellu-
brane proteins, ROS and activation of protein kinase C,

g cytokines and growth factors.
 kinase C (PKC): Hyperglycemia activates isoforms of

 kinase C through diacylglycerol (DAG), which activates
inase and vasotropic substances such as angiotensin II,
elin  and prostanoids causing glomerular hyperfiltration.
tivation increases ROS and the actions of fibrotic factors

 TGF-beta and connective tissue growth factor (CGTF)
g  in glomerular hypertrophy and mesangial expansion.

creases cytokines and extracellular membrane proteins
 collagen leading to glomerulosclerosis and renal failure

ar  endothelial growth factor (VEGF) expression in
tes  is upregulated by hyperglycemia, increasing vascular
bility in the nephron [60].

 reductase pathway: Its role in CKD is unclear [61,62].

in: Nephrin, a protein found in podocytes is crucial in
ing an intact filtration barrier. Lower renal expression of
in kidney biopsies of patients with diabetes is reported

 (mammalian Target Of Rapamycin) is a serine/threonine
inase which integrates multiple signals including insulin,
alance and oxidative stress and regulates cell growth
ival. In glomeruli from patients with diabetic nephropa-
R activated target genes were increased including VEGF,
itochondrial genes as well as mTOR mRNA [64]. mTOR may
e in glomerular hypertrophy and podocyte enlargement.
–Angiotensin System Aldosterone (RAAS) (see Table 2):

in:  Increased serum prorenin levels precede and predict
et of microalbuminuria in normotensive type 1 diabetes
vels were also higher in non-diabetic siblings of these
s  [66,67] and may  be a marker for increased risk of
pathy in non-diabetic patients at high risk for diabetes.
ensin II (Ang II) Ang II stimulates synthesis of matrix
s, increases VEGF, oxidative stress, and decreases NO pro-

 and loss of endothelial integrity. Ang II causes efferent
ar vasoconstriction and increased intraglomerular pres-
ding to renal hyperfusion [68,69].
rone  is known to be mitogenic and increases renal fibro-
ugh profibrotic TGF-beta [70,71].

albuminuria:  Elevated levels of inflammatory markers
rtional to the degree of albuminuria [68]. In patients with
abetes and persistent microalbuminuria, elevated levels
rkers of inflammation and endothelial dysfunction pre-
velopment of nephropathy over a 2-year follow-up period

ammatory factors lead to accumulation of macrophages

ular interstitium, producing free radicals, inflammatory
 and proteases that induce tubular damage [18,71].
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trum ranges from high bone turnover secondary to ele-
H levels (secondary hyperparathyroidism) to those with

 turnover associated with normal-to-low PTH levels (ady-
ne disease, osteomalacia), including abnormal mineral

sm, altered bone structure and composition, and extra-
alcification.
dary hyperparathyroidism ensues with a decline in GFR,
y phosphorus retention, hypocalcemia and impaired
droxyvitamin-D production [80]. FGF-23 plays a key
enal phosphate excretion and homeostasis; and sup-
,25(OH)2-vitamin D3. Persistent hyperphosphatemia and
2-vitamin D3 are principal stimuli for its production. In

ith CKD, FGF-23 levels increase in response to phosphate
 which in turn suppresses 1-alpha-hydroxylase and renal

 of 1,25(OH)2-vitamin D3 which then leads to increased
 of PTH. FGF-23 has been positively associated with left
ar hypertrophy and CV mortality, especially in patients

 eGFR [81,82]. Recently, Klotho has been identified as a cru-
tor essential for the biological effect of FGF-23 [80]. CKD

 state of Klotho deficiency [83], with the lowest values in
e V patients. Klotho protein may  have anti-apoptotic and
scent effects on endothelial cells including effects on vas-
ifications, endothelial dysfunction and kidney injury and
e ultimate role of FGF23 and its cofactor, Klotho protein,
ther study.
revalence of adynamic bone disease or bone’s resis-
the action of PTH ranges from 5% to 70% with a higher
ce in advanced stages of CKD [84]. The CKD milieu

 low bone formation. This milieu includes altered vitamin-
/phosphorus metabolism, acidosis, diabetes, age and
ich increase circulating cytokines) [85–89].

nce of modifiable risk factors
 weight reduction, exercise and smoking

miological studies reveal a relationship between lifestyle
 including diet, obesity, exercise and smoking and CKD.
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, evidence of benefit is limited as there are few robust
ion studies [90–98].
et recommended is low protein and low carbohydrate
e early stages of CKD, protein intake should not exceed

kg/wt d, while in later stages of CKD protein should be
 0.8 g kg/wt d. Dietary restriction can help improve renal
by decreasing urinary albumin excretion, presumably
the decline in eGFR [90,91]. In addition, a diet consist-

 more than 130 g of carbohydrates per day has also been
90], to decrease the toxic effects of hyperglycemia on the

d glucose control

rous  studies have shown that hyperglycemia is strongly
 with the development and progression of CKD [99]. The
y showed an increased hazard ratio for CKD with increas-

C: compared to an A1C of <6%, the HR was  1.37, 2.49 and
Cs of 6–7%, 7–8% and >8% HR respectively. Furthermore,

ncrease in A1C was associated with a 31% higher risk of
se who developed either albuminuria or retinopathy early
dy were at much higher risk of CKD than those with nei-
risingly, of individuals who developed CKD, only 1/4 had

ed retinopathy, 13% had albuminuria, 29% had both and
either with higher A1C. The large ADVANCE trial in type 2
atients showed a 21% relative risk reduction in nephropa-

intensive glycemic regulation (target A1C ≤ 6.5%) versus
nal treatment (mean A1C 7.3%) [100]. When intensive

ontrol was coupled with good blood pressure control there
ditive benefit in overall clinical outcomes, including renal
ith a risk reduction of 33% in new or worsening nephropa-
ifically a 54% reduction in new onset macroalbuminuria
/24 h) and 26% reduction in new onset microalbuminuria
–300 mg/24 h). The ACCORD [102] trial demonstrated a
ction in microalbuminuria in the intensively treated study

 decrease in macroalbuminuria. Due to an increased over-
lity in the intensive group with A1C of <6% as compared
ndard glycemia group (A1C 7–8%), the study was  stopped

 STENO-2 study demonstrated the importance of multiple
r control with a 61% reduction of progression to diabetic
thy in type 2 diabetes with baseline micro-albuminuria
.
ering the benefits and risks, the diabetes and nephrology

nal organizations recommend an overall A1C goal of 7.0%
n order to optimally preserve renal function. The readers

 recent and comprehensive review detailing management
 for type two diabetes and glycemia in the elderly [105].

d pressure control

lines for blood pressure goals in diabetes, based on
inion, is <130/80 [90]. One of the earliest trials which
ated the benefit of maintaining lower blood pressures
ics with no or early nephropathy was the Normoten-
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ed into intensive control (mean BP of 128/75 mm Hg,

oldipine or enalapril to achieve 10 mm Hg reduction of BP
line) and moderate control (mean 137/81, with placebo

oups. After 5 years, there was a significant increase in
f urinary albumin excretion in the moderate compared

ensive group. Overall renal function, assessed using 24 h
tinine clearance, remained stable in both normoalbumin-
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 blood pressure group. This was not the case in patients
already displayed overt macroalbuminuria at baseline, as
l function continued to decline regardless of which blood

group they were enrolled in [106].
r data from the ABCD study using hypertensive patients,
lso with Nisoldipine or Enalapril (switched to solely

 during course of trial due to its cardiovascular bene-
 5-year follow up, the intensive (mean BP 133/78) and

 (mean BP 139/86) groups’ results were similar to the
tioned normotensive study arm. Renal function remained

r those who had normoalbuminuria or microalbumin-
aseline, independent of initial therapy (Nisoldipine or
). Once again, those with overt macroalbuminuria con-

 show decline in renal function, with the rate of decline
5 ml/min/year. This decline was  still markedly less than

 hypertensives (10–12 ml/min/year), hence, very much
e of a significant benefit even in more advance CKD [106].

 et al. conducted a 5-year randomized study of 94 type
s with normal blood pressure and renal function but

roalbuminuria. Even in these normotensive patients there
nefit of tighter blood pressure control with enalapril
function. In the enalapril group, the initial 24 h urine

umin of 143 mg/24 h initially decreased to a mean of
4 h, but rose to 140 mg/24 h after 5 years of treatment.
st, the placebo group began with a mean microalbumin
123 mg/24 h with an astonishing increase in microal-
ia to a mean of 310 mg/24 h [107]. Additionally, there

ificant differences in kidney function which decreased
n the placebo group over the course of 5 years, while
g stable in the enalapril group. These findings lead to
lusion that intensive blood pressure control is benefi-
enal protection, especially when started early and may
aluable in advanced CKD. Currently, the recommenda-

 the American Society of Hypertension [3], patients with
sion with eGFR > 50 ml/min/1.73 m2 or greater, should be

 anti-hypertensive medications. The medication regimen
ts with systolic blood pressures >20 mm Hg above goal

clude an angiotensin converting enzyme inhibitor (ACEI)
iotensin receptor blocker (ARB) plus a thiazide diuretic or

 channel blocker. Patients with a systolic blood pressures
g above goal can be started just on an ACE inhibitor or

agement of complications

gement  is focused on correcting or stabilizing the follow-
lications.
ent for hyperkalemia includes potassium restriction

l/d, and kayexalate, a potassium binder that lowers serum
 levels via GI loss. Additional interventions include the

tion and/or adjustment of medications with the potential
 or exacerbate hyperkalemia (i.e. ACEi, potassium sparing
, beta-blockers) [108].

e overload can best be managed with fluid restriction
tic therapy [108,109].
gh  still somewhat controversial, many studies have
e potential benefit of aggressive treatment of metabolic

 Sodium bicarbonate supplementation resulted in a sig-
ecrease in progression to dialysis at the end of 2 years
herefore, sodium bicarbonate may  be a safe and effective
t for metabolic acidosis, with the possible added benefit
ng the rate of decline in renal function.

lling hyperphosphatemia is important because of the

 risk development of secondary hyperparathyroidism,
odystrophy and cardiovascular mortality, mostly seen in
dialysis population [109,110]. This can be achieved with
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