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ABSTRACT

Globally, diabetic kidney disease (DKD) is the leading cause of end-stage renal disease. As the most common
microvascular complication of diabetes, DKD is a thorny, clinical problem in terms of its diagnosis and
management. Intensive glucose control in DKD could slow down but not significantly halt disease progression.
Revisiting the tremendous advances that have occurred in the field would enhance recognition of DKD
pathogenesis as well as improve our understanding of translational science in DKD in this new era. In this review,
we summarize advances in the understanding the local microenvironmental changes in diabetic kidneys and discuss
the involvement of genetic factors in the pathogenesis of DKD. The review also focuses on understanding how the
hemodynamic, metabolic, inflammatory, and alternative pathways are all entangled in pathogenesis of DKD and
discuss various conventional and novel therapeutic targets that may play role in slowing DKD.
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1. INTRODUCTION

Diabetes has long been a growing epidemic in India and
around the world. In 2011, there were 20.8 million
people aged 18 years and older who carried a diagnosis
of diabetes in the US alone.™ There are estimated 72.96
million cases of diabetes in adult population of India.
The prevalence in urban areas ranges between 10.9% and
14.2% and prevalence in rural India was 3.0-7.8% among
population aged 20 years and above with a much higher
prevalence among individuals aged over 50 years
(INDIAB Study).””! The number of adults aged 18-79 in
the US that were newly diagnosed with diabetes has
more than tripled from 493,000 in 1980 to over 1.5
million in 2011.1*! The increased prevalence of diabetes
has also led to an increase in the number of macro- and
microvascular complications of diabetes such as
coronary heart disease, stroke, visual impairment,
diabetic kidney disease (DKD), and end stage renal
disease (ESRD). Over the past few decades, the
prevalence of T2DM has steadily increased worldwide.
In 2017, the International Diabetes Federation (IDF)
predicted that there were 451 million people with
diabetes worldwide, and the number was expected to
increase to 693 million by 2045.F! Among these

diagnosed cases of diabetes, about 90% of patients have
T2DM, and nearly half of T2DM patients eventually
progress to chronic kidney disease (CKD)."]
Impressively, it was estimated that, among people aged
20e79 years, 425 million had diabetes, 50% were
undiagnosed, and approximately 4.0 million died, which
accounted for 14.5% of global all-cause mortality among
people in this age range./*! Additionally, diabetes remains
the most common reason for progressing to end stage
renal disease in the US and in many parts of the world.'*
% The kidney is a vulnerable organ as well as the most
important target of microvascular damage in both type 1
(TIDM) and type 2 diabetes mellitus (T2DM).["®! The
first description of the association between diabetes and
kidney damage in humans was in 1552 BC.*™ As the
disease spectrum has changed around the world, DKD
has become the single most frequent cause of ESRD at
daunting rates over the past 30 years, in both developed
and developing countries.2®!

2. HISTOPATHOPHYSIOLOGY AND
HEMODYNAMIC PATHWAYS OF DKD

The histopathologic changes of DKD have been well

documented previously and will not be described in
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detail here, Ultrastructurally, podocytes suffer
hypertrophy and then foot process effacement which
leads to functional changes such as increased albumin
excretion.®®?” 1t should be noted that, in patients with
type 2 diabetes, GFR loss can occur independently of
albuminuria®?? and it has been demonstrated that
microalbuminuria is observed in only 45% of this
population.® The histopathologic change of DKD has
been attributed to diabetic macroangiopathy as opposed
solely to microangiopathy and has also been attributed to
aging, atherosclerosis, hypertension, and episodes of
acute kidney injury.?*! Activation of the RAS leads to
increased angiotensin Il levels which subsequently cause
efferent arteriolar vasoconstriction. Elevated levels of
angiotensin Il are associated with increased albuminuria
and nephropathy in both humans and mice.”>?! ACEls
and ARBs have a long track record in reducing the
doubling rate of creatinine, albuminuria, and progression
to nephropathy, ESRD, and death.””! Another potent
vasoconstrictor of the efferent arteriole is endothelin-1
(ET-1). ET-1 has various physiologic functions in the
kidney that mimic RAS including mediating
vasoconstriction and hence playing a role in
hypertension, endothelial dysfunction, inflammation, and
fibrosis.®®  Additionally, increased ET-1 expression
activates a signaling cascade which leads to mesangial
cell hypertrophy and proliferation as well as extracellular
matrix (ECM) production. It is also thought to activate
receptors that directly increase glomerular permeability,
hence leading to worsening albuminuria and progression
of DKD.™®

3. METABOLIC PATHWAYS OF DKD

In T2DM, Beta cell failure, mitochondria
dysfunction®3% abnormal endoplasmic  reticulum
stresst®*4 and declined autophagic activity have been
implicated as potential causes of insulin resistance.l®®
However, as the major microvascular complication of
T2DM, the pathogenesis of DKD is complex and
multifactorial. Traditionally, the initiation of DKD was
thought to be induced mostly by hemodynamic changes
and metabolic disorders. These alterations subsequently
cause activation of the renin-angiotensin-aldosterone
system (RAAS)E*3 increased excretion of metabolic
products, proinflammatory/profibrotic growth
factors/chemo-cytokines, and dysregulation of a number
of intracellular signalling cascades that are associated
with oxidative stress®®®*Y inflammationt*¥!, and
fibrosis™**“*® as well as the complement system.[*! In
2001 Brownlee explained about this pathway,®” He
helped to clarify that hyperglycemia leads to increased
glycolysis which then upregulates four distinct entities:
the polyol pathway, hexosamine pathway, production of
advanced glycation end products (AGEs), and activation
of protein kinase C (PKC). Glyceraldehyde-3-phosphate
dehydrogenase (GADPH) converts glyceraldehyde3-
phosphate to 1,3-diphosphoglycerate is inhibited by
excess superoxide produced by the electron-transport
chain which occurs in the setting of hyperglycemia.>*?

place and causes an upregulation of upstream
components of glycolysis, specifically glucose, glucose-
6-phosphate, and fructose-6-phosphate.

4. GENETIC RISK FACTORS

From a genetic standpoint, diabetes can be classified into
two categories: monogenic, including neonatal diabetes
mellitus and maturity onset diabetes of the young, and
polygenic, including TIDM and T2DM. Until now, in
the clinic, it was clear that T2DM-induced DKD does not
develop in all T2DM patients, even those with poor long-
term glycemic control and lifestyle intervention. It is
noteworthy that diabetic patients who have a family
history of hypertension or cardiovascular disease are
more likely to develop DKD.®*% This fact supports the
idea that genetic factors may play central roles in the
predisposition of T2DM-DKD. In T2DM-DKD, genetic
susceptibility is mainly evidenced by familial
aggregation, and the prevalence of DKD varies among
different racial and ethnic groups.®” In the 1980s, a
pioneering genetic study of DKD was reported in a small
study of families having two or more siblings diagnosed
with TIDM.F®

5. DRUG TARGETS IN DKD

Currently, the available therapies for DKD include
treatment of hypertension with RAS inhibition, glycemic
control, and dietary interventions. Inhibition of the RAS
has been the primary therapeutic intervention for DKD
for two decades. Several clinical trials demonstrated that
administration of single RAS inhibitors, angiotensin Il
receptor blockers (ARBs), or ACE inhibitors was
modestly renal-protective in patients with DKD and
“overt proteinuria/macroalbuminuria” (generally, urine
proteinto-creatinine ratio >500 mg/g or albumin-to-
creatinine ratio >300 mg/g)®*®Y  Aldose reductase
inhibitors prevent the conversion of glucose to sorbitol
by inhibiting the enzyme aldose reductase. Epalrestat
was shown to prevent mesangial expansion and improve
urine albumin excretion in diabetic rats.!*?

6. RISK OF RAS DUAL THERAPY IN DKD -
REASON FOR NOVAL THERAPIES
Combination therapy with two agents (e.g., ACE
inhibitor, ARB, and/or a direct renin inhibitor) may be
synergistic and result in greater renal protection.®*%4
These clinical trials were stopped early because of safety
concerns and high rates of adverse events, particularly
hyperkalemia and acute kidney injury with dual
therapy.!®® There were no apparent benefits on outcomes
from combination therapy. However, the trials were
stopped prematurely, the efficacy results from these trials
are inconclusive. Despite evidence that single RAS
inhibition with either an ARB or an ACE inhibitor can
reduce the risk of DKD progression, there is increased
risk of adverse events with dual RAS blockade and no
obvious additional benefit of this form of combination
therapy in recent clinical trials. Development of RAS-
independent therapies is an important direction for future

Inhibition of GADPH prevents glycolysis from taking  work.[%5%®
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7. THERAPEUTIC AGENTS TARGETING THE
HEMODYNAMIC PATHWAY
In general, the natural history of DKD could be divided
into five stages: the initial increased GFR due to
hyperfiltration, the ‘silent” phase, the ‘incipient’ phase,
the ‘overt’ phase, and eventual development of ESRD.""]
However, it is clear that not all T2DM patients exactly
follow this classic pattern of the development of kidney
complications. Based on the United Kingdom
Prospective Diabetes Study (UKPDS) report, after a
median of 15 years of follow-up after T2DM diagnosis,
38% of enrolled patients developed albuminuria and 29%
developed renal dysfunction.® Impressively, of those
participants who developed kidney impairment, 61% did
not have preceding albuminuria and 39% never
developed albuminuria during the study. It should be
noted that some DKD patients present with impaired
GFR and no albuminuria because the timing of T2DM
onset in these patients is often unknown and early onset
of DKD may reflect a long silent period. The potential
GFR decline with age and albuminuria could be masked
due to treatments of hypertension. Currently, although
the overall prevalence of diabetes-associated kidney
diseases is increasing, it is in part attributable to the
presence of nondiabetic kidney diseases (NDKD) such as
various primary  or  secondary  forms  of
glomerulonephritis, which may not be suspected on the
basis of clinical signs or urine abnormalities.l")
Therefore, CKD in a T2DM patient may represent true
DKD, NDKD, or mixed forms of DKD and NDKD. Of
note, the prevalence of DKD and NDKD varies
significantly among T2DM-DKD patients receiving renal
biopsy from different institutions worldwide.*® To some
extent, these kinds of continuously evolving paradigms
of development of kidney diseases in T2DM patients
make it difficult for physicians to make a precise
diagnosis of DKD. Renal biopsy remains the current
most reliable. ET-1 antagonists first showed promise in
diabetic rat models when they were compared to ACEI
and had significantly decreased renal glomerular
diameter and deposition of eosinophilic material within
glomeruli.l’™ In another experimental model, the ET-1
antagonist avosentan demonstrated attenuated mesangial
and glomerular matrix protein accumulation as well as
normalization in creatinine clearance; these findings
were comparable or superior to mice that had been
randomized to ACELIY The ASCEND trial was a
multinational, double-blind, placebo-controlled trial
which randomized patients with type 2 diabetes with
overt nephropathy to avosentan or placebo in addition to
continued RAS-inhibition. Although the trial was
stopped prematurely due to an excess of cardiovascular
events in the intervention group, there was a dose-
dependent reduction in albuminuria in the avosentan
groupt when compared to the placebo arm. A post hoc
analysis of the ASCEND trial found that the increased
events of congestive heart failure (CHF) were preceded
by increases in body weight and that future trials with
ET-1 receptor antagonists would benefit from close
monitoring of body weight to sooner identify any

potential CHF development.™ In a more recent study,
data from two-phase 2b, randomized, double-blind,
placebo controlled trials in patients with type 2 diabetes
with overt nephropathy were pooled to compare
concomitant atrasentan and RAS-inhibitor use with a
placebo group. Compared to placebo, the atrasentan/RAS
inhibitor group had a dose dependent improvement in
albuminuria. While there was also a significant increase
in body weight, the rates of cardiovascular events did not
differ between the groups.’ The SONAR trial is
currently undergoing large-scale recruitment and will
evaluate the effect of concomitant administration of
atrasentan and RAS inhibitor on firm clinical endpoints
such as the first occurrence to a composite renal
endpoint, doubling of serum creatinine, or the onset of
ESRD.["™ Two newly emerged agents, sodium-glucose
cotransporter 2 (SGLT-2) inhibitors and glucagon-like
peptide 1 (GLP-1) receptor agonists, have been
incorporated into clinical practice for their renoprotective
capacity in reducing glycemia, blood pressure, body
weight, albuminuria, and GFR decline in T2DM patients,
especially in those patients in moderate to severe stages
of DKD.I'® Mechanistically, SGLT2 is a low affinity,
high capacity glucose transporter distributed in renal
proximal tubules. It is responsible for 90% of glucose
reabsorption.[""!

8. IMPORTANCE OF GLYCEMIC CONTROL
Glycemic control is essential to the optimal management
of diabetes and prevention of complications, including
DKD in both type 1 and type 2 diabetes A strong positive
association between A1C concentration and incident
DKD was found after 11 years of follow-up in type 2
diabetes in the Atherosclerosis Risk in Communities
study.l’® The association was present in the absence of
albuminuria and retinopathy at baseline. Similar to the
DCCT/EDIC in type 1 diabetes, several studies in
relatively early-onset type 2 diabetes found that
controlling hyperglycemia (to an A1C of ~7% vs. an
Al1C of ~9%) prevented new-onset and progressive
albuminuria.l™

9. DRUG TARGETS THAT INHIBITS AGEs

Primary among the aberrant metabolic products that
drive the DKD processare advanced glycation end
products (AGEs) and reactive oxygen species (ROS).
These products are key activators for upregulation of
proinflammatory and pro-fibrotic mediator production.
Multiple cell types produce these mediators, ultimately
resulting in the pathogenesis of DKD, AGEs are
modified proteins, peptides, and amino acids that are
nonenzymatically glycated and oxidized after interaction
of amino groups with aldose sugars. AGESs increase in
hyperglycemic conditions and after consumption of
foods high in protein, especially animal meats cooked at
high temperatures. AGEs are increased in the kidneys of
patients with DKD, and serum levels of AGEs correlate
with DKD severity.® Pyridoxamine (PDX), a derivative
of vitamin B6, inhibits the formation of AGEs. In two
different rodent models of DKD, administration of PDX
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improved albuminuria and attenuated increases in serum
creatinine.® In an analysis of pooled data from two
phase II clinical trials of PDX for 24 weeks’ duration in
people with DKD and overt proteinuria, increases in
serum creatinine levels were attenuated.

10. SODIUM-GLUCOSE COTRANSPORTER 2 IN
DKD
sodium-glucose cotransporter 2 (SGLTZ2) inhibitors are
of potential therapeutic benefit in DKD. They inhibit the
reabsorption of glucose in the proximal tubule, reduce
HbA1lc levels by 0.5-1%% and contribute to weight
loss as a result of glucosuria andimprove systolic
anddiastolic blood pressures as a result of osmotic
diuresis.®*®4 |n diabetic mouse models, dapagliflozin, a
SGLT2 inhibitor, reduced hyperglycemia, albuminuria,
the expression of inflammatory cytokines and oxidative
stress, glomerular mesangial expansion, and interstitial
fibrosis when compared to controls. Currently, two
gliflozins, canagliflozin and dapagliflozin, have been
approved by the FDA for use in the treatment of type 2
diabetes.

11. DRUGS THAT TARGET ON
INFLAMMATORY PATHWAYS
As we know, NF-kB expression in the kidney is
associated with inflammation and cell death and leads to
interstitial cell infiltration and proteinuria. In diabetic rat
models, the thiazolidinedione, pioglitazone, was shown
to decrease expression of TGF-g, type IV collagen, and
ICAM-1,[ 1,25-Dihydroxyvitamin D3 has been shown
to block hyperglycemia-induced renal injury by
inhibiting NF-xB activation in vitro.®® In humans, there
have also been various small studies showing that
vitaminD3 has anantiproteinuric effect in patients with
diabetes.®® It remains to be seen whether the
antiproteinuric effect is due primarily to NF-xB
inhibition or a combination of effects from vitamin D.
The Janus kinase/signal transducers and activators of
transcription (JAK/STAT) signaling pathway is a way
for chemical signals outside of a cell to be relayed to
gene promoters at the DNA level. JAK2 is present in
renal and vascular tissue.’” It is activated by ROS
caused by hyperglycemic states and is associated with
hypertrophy of mesangial cells.* The JAK/STAT
pathway was shown to be inhibited by suppressors of
cytokine signaling (SOCS) proteins.  Increased
expression of SOCS1 and SOCS3 was seen in biopsies of
patients with DKD when compared to those with
minimal change disease.’” When SOCS1 and SOC3
adenovirus were delivered into the kidneys of diabetic
rats, their renal function significantly improved; they had
decreased mesangial expansion, fibrosis, and influx of
macrophages, as well as decreased expression of
inflammatory and profibrotic proteins.®? It is unclear if
the JAK/STAT pathway will ever be a reasonable target
for therapeutics in DKD given its ubiquitous presence in
the body and the potential for adverse effects.l"
However, JAK/STAT pathway inhibitors have a long
history of safety and efficacy in autoimmune diseases

such as rheumatoid arthritis. Baricitinib (LY3009104) is
a JAK1/JAK2 inhibitor that initially developed to treat
rheumatoid arthritis and is now also being evaluated in a
phase 2 study for patients with DKD.[*!

12. NON PHARMACOLOGICAL APPROACHES

ON INFLAMMATORY PATHWAYS
Interestingly, various complementary therapeutics have
been pursued in the quest for improving DKD, including
milk thistle, turmeric, and green tea. Silymarin is the
main active component found in seeds of milk thistle and
has been used since ancient times for a variety of
ailments; it is thought to have powerful anti-
inflammatory, antioxidant, and antifibrotic properties.!*!
In a randomized, doubleblind, placebo-controlled trial of
60 patients with type 2 diabetes with macroalbuminuria,
silymarin was found to significantly reduce albuminuria
and urinary and serum levels of TNF-a and
malondialdehyde, the latter being a marker of oxidative
stress, when compared to controls.® Turmeric is a
popular South Asian spice of the ginger family and has
been shown in experimental models to reduce expression
of both TGF-B and 1L-8.*%! |n a randomized, double-
blind, placebo-controlled trial of 40 patients with type 2
diabetes with overt nephropathy, those randomized to
curcumin, the active ingredient in turmeric, were noted
to have significantly decreased proteinuria, serum levels
of TGF-B, and serum and urinary levels of IL-8 when
compared to controls.!*”}

CONCLUSION

DKD is a multifactorial diabetic complication with
numerous mechanistic pathways contributing to disease
pathogenesis. Despite the tremendous advancement in
delineating these pathways that contribute to DKD,
clinicians are still a long way away from having a new
drug in their prescribing guidelines. Many of the above
therapeutics have been successful in experimental
models, yet few have proven sufficiently efficacious to
be brought into the mainstream management of DKD,
more attention is now paid to genetic risk factors and
epigenetic modification in DKD development. Emerging
valuable tools are ready for constructing multiple bridges
among translational, precision, and personalize medicine
of DKD in the clinic. Ultimately, the treatment of DKD
will likely require a multifaceted approach given the
numerous pathways involved in the diabetic kidney.
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