Biomarkers in diabetic kidney disease

Measures to assess kidney function and injury in the diabetic population are currently either inadequate
or manifest late in the progressive phase, leading to extensive irreversible damage. Recent efforts to
identify novel biomarkers in the diabetic population have been evolving either to detect early kidney
injury or repair that ultimately lead to progression of diabetic kidney disease. Emerging roles of urinary
biomarkers have proven beneficial due to the ability to standardize the various markers to creatinine or
peptides already present in the urine. The role of neutrophil gelatinase-associated lipoprotein, kidney
injury molecule-1 and podocin derivatives have gained enormous significance in the process of early
identification of kidney injury in the diabetic population. The recent identification of various novel genomic
and proteomic applications in investigations of acute kidney injury and chronic kidney diseases has garnered
much attention. This article will discuss the evolution of novel biomarkers of diabetes early in the disease
process and focus on the new applications being utilized for better understanding of the disease process

and early detection.
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Diabetes has become a global public health
dilemma and will continue to pose a major chal-
lenge throughout the 21st century for healthcare
providers. The prevalence of diabetes (both diag-
nosed and undiagnosed) is approximately 14%
of the adult population in the USA according
to a 2007 census, and this number is estimated
to increase to 21-33% by the year 2050 [101].
All-cause mortality attributable to diabetes in
the adult population in North America and the
Caribbean region is higher than the general popu-
lation for cardiovascular disease and cancer [1].
Past studies have shown that the onset and pro-
gression of Type 2 diabetes mellitus (T2DM) in
high-risk individuals could be prevented and/
or postponed with lifestyle modification and
medications [2.3]. Recognizing individuals with
a high risk of developing diabetes has therefore
become an essential process for targeting preven-
tive measures. Even though numerous risk equa-
tion scores based on genetic factors [4], clinical
indicators (5] and lifestyle modifiers [6] have been
published, none of them have been established as
a universal practical tool for prediction of compli-
cations related to diabetes. Thus, the emergence
of biomarkers has gained significant interest both
to improve clinical predictions of diabetes and
also to understand the pathogenesis of the disease.

The most commonly used measures for detec-
tion of kidney function in the diabetic population
by healthcare providers, such as serum creatinine,
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calculation of glomerular filtration rate (GFR)
and proteinuria, largely identify an underlying
pathologic process that is well established (7).
Eventually, this has led to an increased effort to
identify new biomarkers that reflect kidney func-
tion and injury that can ultimately predict the
progression or regression of kidney damage early
in the disease process. Newer technologies, such
as genomic analysis involving RNA subtraction,
DNA microarrays and proteomic approaches, to
identify novel proteins that reflect renal injury
are rapidly emerging. Urine itself is being used as
a diagnostic medium for noninvasive detection of
biomarkers. Although these biomarkers are not
used in clinical settings at present, there is poten-
tial for clinical utility of new biomarkers in dia-
betic kidney disease. They may assist in the early
detection of kidney disease in the preproteinuric
phase as well as monitor the progression of kid-
ney disease and help in differentiating diabetic
kidney disease from other causes of proteinuria,
thus enabling diagnosis and management of the
disease process.

Albuminuria & renal injury

Albumin is the most abundant water soluble
protein in plasma, originating from the liver.
Under normal physiological conditions, most
of the urinary albumin filtered through the
glomerulus is later reabsorbed by proximal tubu-
lar cells. In diabetics, alterations in glomerular
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filtration or proximal tubule reabsorption con-
tribute to increased excretion of urinary albu-
min. Albuminuria (proteinuria) in diabetic
patients is an independent risk factor for devel-
opment of both renal and cardiovascular compli-
cations in diabetic and general populations (8,9].
Importantly, some investigators believe albumin
per se may play a direct role in the progression
of renal disease 9. The most commonly used
biomarker in the diabetic population is micro-
abluminuria. Microalbuminuria is defined as
excretion of 30-300 mg/day of albumin in the
urine [10]. In the T2DM population, 20-40%
of subjects develop microabluminuria within
1015 years of diagnosis [11]. Therefore, all the
hemodynamic changes in the glomeruli causing
glomerular hyperfiltration and altered vascular
endothelial tone must have occurred before
the onset of microabluminuria, suggesting
significant structural injury [12].

The mechanisms and pathogenesis of diabetic
nephropathy are complex and multifactorial.
The primary glomerular changes in diabetic
nephropathy are diffuse and nodular glomeru-
sclerosis with involvement of the glomerular
basement membrane, leading to a five- to ten-
fold thickening of the glomerular basement
membrane. Other glomerular changes include
mesangial widening and hyaline deposits in the
glomerular arterioles, particularly the efferent
arteriole. Immunofluorescent staining reveals
linear deposits of IgG, due to nonspecific adsorp-
tion on the glomerular capillary wall, usually
with concurrent albumin deposition [7]. The
combination of hyperglycemia, glycated proteins
and oxidative stress cause an undue strain on
the hemodynamic pathways and activate meta-
bolic pathways that induce a group of growth
factors in the kidney. Oxidative stress plays
an important role in pathogenesis and various
candidate biomarkers of oxidative stress have
been mentioned in the literature for the dia-
betic population, including hydrogen peroxide,
malonyldialdehyde, thiobarbituric acid reacting
substances, superoxide dismutase, glutathione
peroxidase and carbon monoxide [13-15]. The
use of breath microassays of volatile organic
compounds, which are produced by oxidation
of polyunsaturated fatty acids in membranes,
have been studied in the past (16-19]. Oxidative
age, a new breath biomarker of oxidative stress,
was developed to compare the abundance of
alkanes and monomethylated alkanes in an
individual’s breath methylated alkane contour
to the expected abundance in normal subjects
of the same age [20]. Numerous mechanisms
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and pathways have been suggested to contrib-
ute towards diabetes-induced oxidative stress.
Hyperglycemia-induced mitochondrial reactive
oxygen species production has been studied to
be a key event in the development of diabetic
complications [21,22]. Urinary 8-hydroxydeoxy-
guanosine, a breakdown product related to oxi-
dative injury to mitochondrial DNA, was stud-
ied as a key sensitive biomarker of intracellular
oxidative stress 7z vivo. In another study, urinary
8-hydroxydeoxyguanosine excretion was shown
as a very significant clinical marker to predict
the development of diabetic nephropathy [23].
Even though the etiology of diabetic kidney
disease is primarily glomerular, the involve-
ment of tubulointerstitial injury is quite com-
monly noted and increasingly recognized. The
extent of tubulointerstitial damage is thought
to be a better indicator of long-term prognosis
than the severity of damage to glomeruli [24.25].
Tubulointerstitial fibrosis is also noted to be
caused by renin-angiotensin system activation
and the nonhemodynamic effects of Ang II
mediated by Ang I and Ang II receptors located
in the glomerulus. In addition, the production of
various prothrombotic factors, such as TGF-f3,
CTGF, EGF and other chemokines, are thought
to play a major role in renal injury [26,27]. Many
of these various biomarkers seem to appear
long before the onset of microalbuminuria in
urine, making them a significant source for the
emerging platform for future research studies.

Biomarkers

Up to 25% of newly diagnosed T2DM patients
already show evidence of systemic inflamma-
tion at the time of diagnosis, suggesting the
disease process has been ongoing for a period of
time [28]. The development of various biomarkers
has initially focused on early detection of acute
kidney injury along with etiology (i.e., ischemia
vs toxin related) and location of tubular injury
(i.e., proximal vs distal). Therefore, under-
standing the disease process and identification
of early-onset biomarkers reflecting renal injury
would be beneficial.

Inflammatory biomarkers

Recently, neutrophil gelatinase-associated lipo-
calcin (NGAL) and IL-18 have derived most of
the attention in relation to acute kidney injury.
Matrix metalloproteinases (MMDPs) are a class of
zinc-dependent proteinases that act in the degra-
dation and turnover of extracellular matrix pro-
teins. Of the many mammalian MMPs currently
discovered, MMP-9 was noted to be in higher
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concentrations in persons with obesity, meta-
bolic syndrome and T2DM [29-31]. Binding of
NGAL with MMP-9 has been demonstrated to
decrease the degradation of these complexes and
enhance their proteolytic activity [32]. Hence, the
detection of urine NGAL has been shown to be
sensitive for renal damage in T2DM, and NGAL
along with MMP-9 in urine has also been noted
in increasing concentrations in Type 1 diabetes
mellitus (T1DM) [32-35]. Another study demon-
strated the use of urinary NGAL and IL-18 as
early predictors of needing dialysis and 3-month
recovery of graft function in kidney transplant
patients [36]. Both urinary and serum NGAL
predicted chronic kidney disease (CKD) pro-
gression independently of age and estimated
GFR 37

Studies have identified that increased mRNA
expression of NGAL in diabetic/obese mice and
obese human beings is closely associated with
insulin resistance and hyperglycemia [38]. A
recent study conducted by Yang ez a/. demon-
strated trending down of serum NGAL con-
centrations from the normoalbuminuria group
to the macroalbuminuria group [34]. Urinary
NGAL concentrations were noted to be higher
in the macroalbuminuric group compared with
the normoalbuminuric group. As the disease
progression continued, urinary concentrations
of NGAL were elevated due to the decreased
absorptive functions of nephric tubules and the
increased secretion of urine. Moreover, urinary
NGAL was negatively correlated with MDRD
(modification of diet in renal disease [calculation
of GFR]) GFR and positively correlated with
cystatin C, serum creatinine and blood urea
nitrogen, thus suggesting the role of NGAL as a
biomarker in the diabetic population [34].

Increasing concentrations of MMP-9 (gelatin-
ase B) have been observed in subjects with obes-
ity, metabolic syndrome and T2DM [30,31,39].
A recent study carried out by Thrailkill ez a/.
demonstrated the positive correlation of urinary
NGAL and MMP-9 excretion with HbA, and
fasting plasma glucose. Moreover, they observed
that the urinary concentrations of NGAL or
MMP-9 excretions were higher in TIDM sub-
jects with a longer duration of action. They
also reported a significant increase in urinary
MMP-9 concentrations with elevated urinary
albumin excretion for T1IDM subjects [32].

Urinary peptidomes

Qualitative detection of various urinary pro-
teins may aid our understanding of the mecha-
nisms that lead to CKD and thus may serve as
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carly biomarkers to diagnose kidney injury. A
recent study carried out in diabetic patients by
Merchant ez al. demonstrated increased expres-
sion of urinary proteins, such as cadherin-like
protein FAT suppressor 2, inositol pentakisphos-
phate 2-kinase and zona occludens-3, in patients
with early renal function decline as compared
with patients with stable renal function.
Furthermore, it also emphasized the decreased
urinary expression of peptide fragments of extra-
cellular matrix proteins, such as (a-I(IV) colla-
gen o-1(V) collagen and tenascin-X), in patients
with early renal function decline compared with
normal subjects 40].

Podocin mRNA

Detection of podocytes and their fragments
in the urine of subjects with glomerular dis-
ease has been an area of increasing focus for
the past decade. It has been observed that the
loss of podocytes in urine is associated with
progressive worsening of CKD [37.41,42]. The
presence of mRNAs of three different podo-
cytes (nephrin, podocin and synaptopodin) has
been demonstrated in the urinary sediment of
patients with proteinuria [43]. The investiga-
tors concluded that the urinary expression of
nephrin and podocin was useful for detecting
the rate of progression of CKD compared with
expression of synaptopodin in urine. In a rat
model of podocyte injury, a single injection of
diphtheria toxin resulted in the initial eleva-
tion of proteinuria, podocin and nephrin fol-
lowed by a second peak 1 week later, which
was only podocin-positive and nephrin-nega-
tive [44). A study of 7z vivo podocyte damage
using continuing versus transient injury along
with primary and secondary injury concluded
that the expression of viable podocytes in urine
correlated with the active ongoing phase of
glomerular damage compared with proteinu-
ria, which could not differentiate ongoing dam-
age from persistent glomerular defects [45]. In
a study performed in 29 patients with CKD
and 10 healthy controls who underwent kidney
biopsy, investigators concluded the expression
of TGF-B mRNA to have a direct correlation
with the degree of tubulointerstitial injury and
glomerular filtration rate [46).

Genetic biomarkers

The genetic basis for identification of suscep-
tibility foci in T2DM has been undergoing
extensive evolution in the past decade [47]. A
recent study carried out in a Chinese population
suggests the presence of a susceptibility locus at

www.futuremedicine.com

123



124

Buddineni, Chaudhary & Whaley-Connell

13q31.1 as a novel biomarker in subjects with
T2DM [48]. Genome-wide association studies
conducted in Europe to identify susceptibil-
ity loci for GFR, estimated serum creatinine,
cystatin C and CKD reported significant SNP
associations with CKD subjects at the UMOD
locus. As reported in the study, UMOD encodes
Tamm Horsfall protein, the most common
protein in human urine. Rare mutations of the
UMOD locus are associated with the mende-
lian form of kidney disease [49,50]. In another
study, carried out in a Japanese population, the
identification of two new loci at UBE2E2 on
chromosome 3 and in C2CD4A-C2CD4B on
chromosome 15 was associated with increased
susceptibility towards development of T2DM
in the Japanese population; this finding was
also replicated in other east Asian popula-
tions [s1]. Further research exploring genome-
wide association studies would be beneficial
to better conceptualize the biomarkers in the
diabetes population.

Other biomarkers
Numerous other biomarkers have been a focus
of interest and are being exclusively reviewed
to predict the onset and progression of kidney
injury. Plasma levels of asymmetrical dimethyl-
arginine (ADMA) have been found to be elevated
in patients with CKD and a strong predictor of
future cardiovascular events in CKD popula-
tions [s2]. Investigators have demonstrated the
correlation between ADMA and progression
of CKD [53]. ADMA concentrations have been
shown to be elevated in T1DM patients who do
not suffer from any diabetic vascular complica-
tions. Further studies are necessary in order to
establish the role of ADMA in eatly detection
or progression of diabetic compliations [54,55).
An evaluation of 31 novel biomarkers as pre-
dictors for clinically incident diabetes using a
large population-based cohort followed-up for
10 years has been performed. After accounting
for classic risk factors, it was concluded that the
presence of adiponectin, apoB, CRP, IL-1ra
and ferritin were the strongest risk factors for
incident diabetes [s¢]. Other investigators have
demonstrated the correlation of increasing lev-
els of urinary liver fatty acid-binding protein
(L-FABP) in transgenic cisplatinum-induced
mouse models and the extent of histological
injury along with glomerular filtration rates [57].
Another study demonstrated the increasing lev-
els of urinary kidney injury molecule-1 (KIM-1)
in patients with ischemic acute tubular necro-
sis as compared with other forms of CKD and
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acute renal failure [s8]. Recent studies reported
increased levels of urinary KIM-1 and N-acetyl-
B-p-glucosaminidase (NAG) in patients with
T1DM associated with microalbuminuria
in comparison with diabetics associated with
normoalbuminuria and nondiabetic healthy
controls. As reported in the study, low urinary
levels of KIM-1 and NAG were associated with
regression of microalbuminuria during a 2-year
follow-up [59].

It was also noted that urinary levels of KIM-1
and NAG were significantly elevated in TIDM
subjects associated with microalbuminuria. The
fact that proximal and interstitial cells respond
to high concentrations of glucose with produc-
tion of profibrotic mediators supports the theory
that tubulointerstitial disease may be primary
rather than secondary in diabetes mellitus [60,61].

Conclusion

Several novel biomarkers of kidney injury, as
highlighted in this article, are under the scope
of evolving research. Most of these biomarkers
still need to be validated with larger prospective
randomized cohorts before their routine use in
diabetic populations. The advancements in the
field of proteomic techniques and other biomar-
ker panels would make their use more accessible
and reliable in the near future. These techniques
will also provide insight into the pathogenesis of
diabetes, and guide in prevention and treatment.
The role of KIM-1 and NAG in the diagnosis
and monitoring of the course of renal disease in
the diabetic population looks very promising.
Thus, in future some of these biomarkers may
play a role in the early detection and progression
of diabetes as compared with the currently avail-
able tools. Furthermore, ongoing genome-wide
association studies will help to better under-
stand the biomarkers of diabetes and could open
new avenues for diagnosis and management of
kidney disease.

Future perspective

More studies need to be conducted to ana-
lyze novel risk factors for diabetes risk pre-
diction, prevention and early diagnosis of
kidney disease. Robust and large-scale stud-
ies are required to evaluate the clinical role
of biomarkers in diabetic nephropathy, thus
leading to early diagnosis as well as a better
understanding of its pathogenesis. Although
most of the studies evaluating diabetic neph-
ropathy are related either to a single biomarker
or a group of related biomarkers, incorporat-
ing information from multiple biomarkers with
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Executive summary

= Although none of the biomarkers are currently used in clinical settings, there is potential clinical utility of new biomarkers in diabetic
kidney disease. They may assist in early detection of kidney disease in the preproteinuric phase as well as monitoring the progression
of kidney disease and help to differentiate diabetic kidney disease from other causes of proteinuria, thus aiding in diagnosis and
management of the disease process.

= Utility of biomarkers, such as IL-18, neutrophil gelatinase-associated lipocalcin and kidney injury molecule-1, are evolving to distinguish
the site and degree of impairment in chronic kidney disease (CKD) patients. More importantly, the elevation of urinary levels of kidney
injury molecule-1 and N-acetyl-B-p-glucosaminidase are noted in the Type 1 diabetes mellitus population with microalbuminuria. Plasma
levels of asymmetrical dimethylarginine have been observed to be elevated in patients with CKD and noted as a strong predictor of
future cardiovascular events in CKD populations. Asymmetrical dimethylarginine concentrations are known to be elevated in the Type 1

proteinuric patients.

diabetic nephropathy.

diabetes mellitus population without any known vascular complications.
= |dentification of two new loci at UBE2E2 on chromosome 3 and in C2CD4A-C2CD4B on chromosome 15 are associated with
susceptibility of CKD in Type 2 diabetes mellitus populations.
= Detection of urinary podocytes and their fragments has been shown to be useful in determining the rate of CKD worsening in

= Urinary 8-hydroxydeoxyguanosine excretion has been shown to be a very significant clinical marker to predict the development of
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