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ABSTRACT

Background: 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.
Scope of review: In this review, we summarize advances in the understanding of the local microenvironmental changes in diabetic kidneys and
discuss the involvement of genetic and epigenetic factors in the pathogenesis of DKD. We also review DKD prevalence changes and analyze the
challenges in optimizing the diagnostic approaches and management strategies for DKD in the clinic. As we enter the era of ‘big data’, we also
explore the possibility of linking systems biology with translational medicine in DKD in the current healthcare system.
Major conclusion: Newer understanding of the structural changes of diabetic kidneys and mechanisms of DKD pathogenesis, as well as
emergent research technologies will shed light on new methods of dealing with the existing clinical challenges of DKD.

� 2019 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The kidney is a vulnerable organ as well as the most important target
of microvascular damage in both type 1 (T1DM) and type 2 diabetes
mellitus (T2DM) [1e3]. The first description of the association between
diabetes and kidney damage in humans was in 1552 BC [4,5]. As the
disease spectrum has changed around the world, diabetic kidney
disease (DKD) has become the single most frequent cause of end-
stage renal disease (ESRD) at daunting rates over the past 30 years,
in both developed and developing countries [6e12], It is no exag-
geration to call DKD “a medical catastrophe of worldwide dimension”
[13,14]. Every year, management of DKD is not only a comprehensive
medical undertaking but also associated with substantial immediate
and long-term health care costs in developed countries [15e17] as
well as in emerging and developing economies [18e21].
Previously known as diabetic nephropathy, DKD is the new medical
term introduced in 2007 by the Kidney Disease Outcomes Quality
Initiative (KDOQI) [22]. DKD is proposed as a presumptive diagnosis of
kidney disease caused by diabetes, and physicians are now carefully
screening diabetic patients to identify persons most likely to have
secondary kidney diseases based on solid clinical evidence, in order to
avoid invasive kidney biopsy [22,23]. Although new mechanisms [24],
new approaches [25e27], and new biomarkers have been described
in succession [28e31], the accuracy of the DKD diagnosis without
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renal biopsy has been questioned in the clinical setting. Indeed, the
pathogenesis of DKD is multifactorial. The interweaving of unpredict-
able clinical risk factors [5,32], difficulties in individual disease man-
agement [33], diversity in genetic background [34], kidney structure
abnormalities [35], and aberrant activation of the intracellular signaling
pathways determine the complexity of this multi-organ syndrome.
Therefore, it is urgent that precise and effective translation of basic
research findings on DKD into clinical applications has to be facilitated.
As we enter a new era, burgeoning approaches such as multi-OMICS
analyses and application of mathematical models, and even artificial
intelligence, in biomedicine are becoming stronger weapons for
dealing with DKD in the 21st century. In this review, we will dissect
knowledge of translational research on DKD and common comorbid-
ities in T2DM patients from bench work to bedside.

2. THE FOCUS ON TRANSLATIONAL MEDICINE OF DKD: FROM
THE NIGHTMARE TO THE LIGHT OF DAWN

Conventionally, DKD is a glomerulocentric clinical problem with fea-
tures of diffuse or nodular glomerulosclerosis. Over a long period of
time, hemodynamic changes including high intraglomerular pressure
and hyperfiltration have become recognized as the dominant mecha-
nisms in the onset and progression of DKD. In recent years, trans-
lational research has offered the field an updated understanding of the
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microenvironmental changes in diabetic kidneys, as well as further
recognition of the multidimensional pathogenesis of DKD.

2.1. Structure changes build a ‘sophisticated’ microenvironment
In the diabetic kidney, the glomerulus was previously thought to be the
earliest diseased compartment after T2DM diagnosis (Figure 1A).
Although hyperglycemia immediately causes an increase in the
amount of glucose filtered through the glomerular filtration barrier [35],
early damage in glomeruli normally takes 0e3 years to occur. The
characteristic pathological glomerular changes in DKD have been well
documented and include thickening of the glomerular basement
membrane (GBM), podocyte injury, mesangial matrix expansion, and
loss of glomerular endothelium fenestrations [36]. Subsequently, these
cellular dysfunctions directly cause changes in the microvascular
permeability and damage of glomerular filtration barrier and eventually
result in excretion of the clinical hallmarks of DKD: microalbuminuria or
albuminuria. Among these pathologic changes, thickening of the GBM
is an early finding in DKD (Figure 1B). It is caused by the abnormal
turnover and modification of the extracellular matrix (EMC) produced by
endothelial cells and podocytes. GBM thickening is also considered an
early sign of endothelial and podocyte activation in DKD [35]. DKD-
caused podocytopathy features cellular hypertrophy, foot process
effacement, and podocyte loss. Meanwhile, hyperglycemia also ac-
celerates mesangial cell proliferation, by which excessive ECM is
produced, resulting in glomerulosclerosis. Typically, hyperglycemia
may lead to strikingly increased non-enzymatic glycosylation of pro-
teins in the mesangial matrix. This nonenzymatic glycosylation of the
matrix causes the most distinctive lesions of DKD, called Kimmelstiel-
Wilson (KeW) nodules [37]. KeW nodules are pink hyaline materials
surrounded by capillary loops in diseased glomerulus by which nodular
glomerulosclerosis is formed (Figure 1C,D). They often present with
microaneurysms in diseased glomeruli caused by DKD.
In contrast to the meticulous exploration of glomerular damage, the
renal tubulointerstitial compartment has been largely overlooked in
DKD over the past years. Currently, ongoing research has shifted the
Figure 1: Pathologic lesions in human DKD. (A) Nonnodular diabetic glomeruloscleros
indicates a thickening of tubular basement membrane (TBM). (B) Electric microscopy shows
Nodular diabetic glomerulosclerosis, thickening of TBM, ECM accumulation, and interstitium
Black arrowhead denotes thickening of TBM. (D) Immunofluorescence staining of immun
depicting a ‘sophisticated’ microenvironment formation in diabetic kidneys. ECM: extrace
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glomerulocentric paradigm to tubulopathy in DKD. As the ‘prime
mover’ of DKD [38], tubulointerstitial change is now thought to be a
determining factor of the rate of attrition of renal function rather than
diabetic glomerular damage [39]. In fact, there are often substantial
changes in tubules, the largest resident cell population in the kidney,
as well as in the interstitium, as observed on kidney biopsy specimens
in DKD patients. In DKD, kidney tubule dysregulation may precede or at
least accompany pathognomonic changes of the glomerulus.
Anatomically, the renal tubule is the portion of the nephron that contains
the tubular fluid filtered through the glomerulus. The components of the
renal tubules include the proximal convoluted tubule, loop of Henle,
distal convoluted tubule, and collecting duct. The proximal tubule is the
portion of the duct system contiguous with the parietal epithelium of
Bowman’s capsule and leads to the loop of Henle. In diabetic kidneys,
tubular hypertrophy is observed after only a few days of hyperglycemia.
In parallel with diabetic glomerular changes, increased tubular base-
ment membrane (TBM) width is one of the earliest structural changes
that can be readily quantitated in the diabetic kidney, even among
patients with normoalbuminuria (Figure 1A,C). TBM may represent a
better indicator of the severity of DKD than the thickening of the
GBM [40,41]. Along with DKD progression, tubular atrophy, peritubular
capillary rarefaction, and interstitial fibrosis are major pathologic
changes in tubulointerstitial compartment. In addition, about 7% of
T2DM patients were reported to have non-functioning atubular
glomeruli because of atrophy occurring at the critical junction between
Bowman’s capsule and the proximal tubule [42]. Furthermore, as an
independent risk factor, hyperglycemia itself could directly cause acute
tubular necrosis, tubular cell apoptosis, epithelialemesenchymal
transition, and ECM deposition. In the advanced stage of DKD, tubu-
lointerstitial and glomerular changes coalesce into fibrosis (Figure 1C).
Besides glomerular and tubular injuries, vascular changes and in-
flammatory cell infiltration are also indispensable components in the
formation of the ‘sophisticated’ microenvironment in diabetic kidneys
(Figure 1E). Vascular changes include endothelium and pericyte ab-
normalities. As a heterogeneous population of cells around the
is. The black arrow indicates ECM deposition in the mesangial area. Black arrowhead
the thickness of the GBM in human diabetic kidneys compared with healthy control. (C)
expansion in diabetic kidneys. The black star denotes Kimmelstiel-Wilson (KW) nodule.
oglobulin G shows KW nodule (white star) in diabetic kidney. (E) Schematic diagram
llular matrix.
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Figure 2: The pathogenesis of DKD. Inherited and acquired risk factors have become hotspots in DKD research.

Review
peritubular capillaries, the ratio of pericytes to endothelial cells is 1:2.5
[43]. Hyperglycemia causes peritubular pericyte migration away from
the capillary into the interstitial space. The capillary becomes desta-
bilized, resulting in microvascular rarefaction in T2DM DKD as well as
kidney damage in T1DM [39]. The migrating peritubular pericytes are
thought to undergo pericyteemyofibroblast transition, which acceler-
ates tubulointerstitial changes [44]. In addition, DKD is associated with
both systemic and local renal inflammation with the participation of
crucial inflammatory cells such as macrophages, mast cells, and T
lymphocytes. These infiltrated cells are tightly associated with albu-
minuria levels, a reduced rate of estimated glomerular filtration, and
increased severity of DKD.

2.2. Re-recognition of the pathogenesis of DKD
In T2DM, b-cell failure, mitochondria dysfunction [45e47], abnormal
endoplasmic reticulum stress [48,49], and declined autophagic ac-
tivity have been implicated as potential causes of insulin resistance
[50]. 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)
[51e53], increased excretion of metabolic products, proin-
flammatory/profibrotic growth factors/chemo-cytokines, and dysre-
gulation of a number of intracellular signalling cascades that are
associated with oxidative stress [54e59], inflammation [60e62],
and fibrosis [63e66], as well as the complement system [67]. On one
hand, these local or circulating kidney events could themselves serve
as independent risk factors for accelerating DKD progression. On the
other hand, they also mediate cross-talk among podocyte-
mesangium-endothelium-epithelium in diabetic kidneys [68]. These
cellecell communications ultimately contribute to irreversible kidney
damage.
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While kidney damage follows a typical course in the first two decades
after the initial T1DM diagnosis [69,70], the clinical course of DKD in
T2DM is far less predictable. The heterogeneity in the onset and
progression of DKD is reflected in a lack of congruence among
measures of glycemic control, the degree of albuminuria, the rate of
decline in kidney function, and long-term clinical outcomes [71,72]. In
recent years, a growing body of evidence has pointed to inherited
factors together with an acquired factor of ‘metabolic memory’ playing
an intricate role in the development of T2DM-induced DKD (Figure 2). It
further enhances the understanding of the pathogenesis of DKD.

2.2.1. Genetic risk factors
From a genetic standpoint, diabetes can be classified into two cate-
gories: monogenic, including neonatal diabetes mellitus and maturity-
onset diabetes of the young, and polygenic, including T1DM 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 [73e76]. 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 [77]. In the 1980s, a pioneering
genetic study of DKD was reported in a small study of families having
two or more siblings diagnosed with T1DM [78]. The observation was
soon replicated in other epidemiologic studies in both T1DM- and
T2DM-DKD. Unfortunately, few of these initial research findings have
remained positive, as knowledge and techniques of the genetic ar-
chitecture underlying DKD have evolved. Over the past decades, from
the application of traditional linkage analyses and candidate gene
screen, to genome-wide association studies (GWAS), and now to the
emerging next-generation sequencing (NGS) technology, tremendous
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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progress in genome-wide studies has been observed to identify sus-
ceptible genetic loci or genes for dissecting DKD.
In early years, linkage analyses and candidate gene screen indeed
identified a few T2DM risk genes, such as calpain 10 [79], tran-
scription factor 7-like 2 [80], peroxisome proliferator-activated re-
ceptor gamma [81], insulin receptor substrate 1 [82,83], and
angiotensin-converting enzyme [84,85]. It was found that the ge-
netic peculiarity of T2DM was a high frequency of alleles with low or
average effect for DKD predisposition [86]. Because the frequencies of
these variants differ significantly among various ethnic groups, the
population risk also differs [86]. However, the overall contributions of
these approaches to the study of T2DM heritability remained under-
powered, and some results were conflicting. For instance, different
groups reported a discrepancy in the distribution of the angiotensin-
converting enzyme genetic polymorphism between patients with and
without nephropathy [87e89].
A significant advance in the study of genetic predisposition to diabetes
and its complications was the use of GWAS [90,91]. GWAS was the
first powerful tool for investigating the genetic architecture of human
disease, and it has been proven to be extremely effective in identifying
genetic loci that regulate the metabolic traits of T2DM and associated
kidney disease [34]. To date, more than 100 genetic variants asso-
ciated with T2DM and DKD have been identified [92]. These genes
reveal the genetic architecture of T2DM and offer new insights into the
pathogenesis of DKD, especially in the onset of T2DM, albuminuria,
and declined renal function in various populations. Most recently, the
largest GWAS of DKD in a population of European and Asian ancestry
with T2DM reported that a novel signal near GABRR1 was associated
with microalbuminuria in European T2DM case subjects; however, no
replication of this signal was observed in Asian subjects with T2DM
[93]. Certainly, GWAS has technique limitations, because it is based on
the theory of an unbiased and hypothesis-free approach to scan for a
‘common variant,’ whereas it is possible that fewer common alleles
also contribute to DKD. Moving forward, NGS approaches including
whole-exome sequencing and whole-genome sequencing will help
characterize the detailed genetic architecture of DKD by providing
more information on common variants, rare variants, copy number
variants, and the relationship between these changes for each
individual.
Although the majority of these identified loci or genes have been
robustly associated with the onset of DKD, they are unable to account
for the heritability of DKD, which reflects the existence of risk factors
beyond genetic sequence variations, such as epigenetics. Currently,
rapid advances in epigenome-wide association studies by scanning
the epigenetic modification of the whole genome have become
strongly complementary to GWAS. Intriguingly, the epigenetic risk
factor is recognized to be firmly linked to a critical acquired factor in
the pathogenesis of DKD: metabolic memory.

2.2.2. Metabolic memory
The concept of ‘metabolic memory’ refers to an early glycemic envi-
ronment that may cause long-term programming effects on retinop-
athy, nephropathy, and macrovascular diseases even with stringent
metabolic controls in the years after diagnosed with diabetes. Patients
can also benefit from intensive glucose controls in the occurrence of
the above complications. It is reported that more than 5 years of
intensive glucose control could significantly reduce the occurrence of
DKD, retinopathy, and long-term microvascular complications in T2DM
patients [94]. In contrast to genetic factors, metabolic memory, as an
acquired risk factor, certainly originates from hyperglycemia in DKD. A
MOLECULAR METABOLISM 30 (2019) 250e263 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
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10-year follow-up study in T2DM patients found continued benefits of
intensive glycemic control on micro- and macrovascular risks and
death [95,96]. Over the years, increasing experimental and clinical
evidence has supported this ‘legacy effect’ involving the consolidation
of metabolic hints and transcriptional changes through historical
mechanisms and epigenetic modifications [97,98].Epigenetics de-
scribes the study of heritable differences in gene expression without
changing the underlying DNA sequence, which means a change
occurred in phenotype without a change in genotype. At least three
systems are involved in epigenetics, including DNA methylation, his-
tone modification, and RNA interference [99]. In DKD, it is well known
that epigenetic modifications affect gene expression related to ECM,
transforming growth factor-b signaling pathway, RAAS system acti-
vation, and so on. In particular, the pathogenesis of DKD is associated
with the interplay of non-enzymatic glycation of proteins, oxidative
stress, chronic inflammation, hypoxia, and environmental and lifestyle
changes. These pathologic factors also contribute to modifying the
epigenetic profiles in the metabolic memory of DKD.
As the first epigenetic modification to be described decades ago, DNA
methylation is the best-studied modification in transmitting epigenetic
information. It is the process by which methyl groups are added to the
DNA molecule. Cytosine and adenine, two of DNA’s four bases, can be
methylated. In T2DM, a most recent published clinical trial screened
cytosine methylation levels at 397,063 genomic cytosine-phosphate-
guanine sites to delineate the association between epigenetic modi-
fication and the estimated glomerular filtration rate (eGFR) change over
a 6-year period in diabetic Pima Indians [100]. The results indicated
that methylation levels at 77 sites were significantly associated with
eGFR decline in blood leukocytes of DKD patients. Five of 77 regions
showed an association between DNA methylation and changed gene
expression and renal fibrosis [100]. This genome-wide, longitudinal
study provides the first clues on the epigenetic link between lifestyle
changes and the development of DKD in humans [100,101].
DNA methylation and histone modifications are highly interrelated and
rely on each other mechanistically in maintaining normal chromatin
functions [102]. Histone modification is a covalent posttranslational
modification to histone proteins through multiple mechanisms
including acetylation, methylation, phosphorylation, ubiquitylation, and
sumoylation. In the field of T2DM, an increasing number of studies
have shown that histone modifications are profoundly associated with
metabolic memory, which could exacerbate diabetic complications. For
example, the glycemic environment upregulates a proinflammatory
gene that has been well recognized in the pathogenesis of DKD,
thioredoxin-interacting protein (TXNIP) [103], through histone modifi-
cations. High glucose levels have persistent inhibitory effects on
repressive histone markers (e.g., H3K9ac, H3K4me3, and H3K4me1)
in the promoter of TXNIP [98,104]. In nondiabetic or new-onset T2DM
kidneys, H3K23 acetylation, H3K4 dimethylation, and H3 phosphory-
lation at serine 10 are reduced. However, at serine 10, H3K9 and
H3K23 acetylation, H3K4 dimethylation, and H3 phosphorylation are
significantly increased in the advanced stage of DKD [105]. Modulation
of plasma histone deacetylase activity and inflammatory status are at
least partially related to exercise effects in T2DM patients [106]. This
fresh evidence of epigenetic changes implies that the original changes
in these markers might be due to the prior hyperglycemia. In DKD, it is
clear that the modification of epigenetic status by metabolic memory
and following microenvironmental changes plays a critical role in
albuminuria change, renal function decline, and even more complex
outcomes [98], and the features may be inherited through multiple
generations.
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3. DKD IN THE CLINIC: THE ARENA TO DEAL WITH THE DEVIL

Much of the basic research in DKD has offered a multitude of findings
that are expected to be translated into revealing etiological mecha-
nisms, supporting noninvasive diagnosis, or designing new strategies
of DKD management. Yet, these individual findings are still far from
being able to serve as clinical predictors that can counter the current
recognition of glycemia, hyperlipidemia, obesity, aging, and other
common complications of DKD. Therefore, providing a more
comprehensive selection of factors for the diagnosis and management
of DKD is a priority in the clinic.

3.1. Prevalence of DKD
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 [12]. 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) [16,107e109]. 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 [12,110]. In addition, the prevalence of dia-
betes in women is estimated to be 8.4%, which is slightly lower than
the prevalence in men (9.1%). The top three countries or territories in
terms of prevalence of diabetes are China, India, and the United States
(Figure 3, http://www.diabetesatlas.org/) [12]. In China, DKD has
surpassed glomerulonephritis and become the leading cause of ESRD.
Specific to T2DM, about 35%e50% of patients will eventually develop
various kidney damages defined as microalbuminuria, persistent
albuminuria, renal function impairment, and others [16]. Although the
overall prevalence of diabetes and its complications is increasing,
reports have emerged indicating that the prevalence may be stabilizing
in some DKD populations. In the United States, from 1988 to 2014, the
overall prevalence of DKD among adults was kept at a relatively stable
Figure 3: Diagnostic data distributions of DKD, NDKD, or mixed forms in the clinic. T
institutions worldwide. The diagnostic data of DKD in the top three countries (China, India,
are presented [35].
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level, whereas the prevalence of albuminuria declined and the prev-
alence of reduced eGFR increased [6].

3.2. Challenges in the diagnosis and management of DKD
Apart from the updated understanding of the advances of the molec-
ular signals involved in the development of DKD, physicians are
focusing on two major concerns about DKD, optimizing the process of
diagnosis and designing precise strategies for the management of DKD
patients in the clinic. 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 [111]. 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 [112]. Impressively, of those par-
ticipants who developed kidney impairment, 61% did not have pre-
ceding 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 [35]. 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 in-
stitutions worldwide (Figure 3) [35]. 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
he prevalence of DKD and NDKD varies among diabetes patients biopsied from different
and the United States) of people with diabetes as well as the data of Europe and Africa
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approach to distinguish the above three entities. However, whether all
T2DM patients need a kidney biopsy has become a tough topic in the
field. A pooled meta-analysis which included 48 studies (4876 pa-
tients) found that NDKD (3e82.9%) is highly prevalent in patients with
diabetes, and immunoglobulin A nephropathy is the most common
NDKD [113]. The reality is that only a proportion of T2DM patients with
kidney impairment are biopsied in the clinic, and an estimate of the
rate of suspected DKD patients who receive renal biopsy is lacking.
The T2DM-DKD patients who undergo renal biopsy constitute a het-
erogeneous group of renal damage. If the evidence were sufficient,
physicians would be more willing to consider and analyze complex
clinical factors, including family history, the existence of a variety of
risk factors, and the onset timing of microalbuminuria, macro-
albuminuria, anemia, and parathyroid hormone levels to aid the
diagnosis rather than to adopt the method of invasive biopsy in suspect
DKD patients. After all, as an invasive approach, renal biopsy is a real
psychological burden for DKD patients. Furthermore, because of in-
sulin deficiency, diabetic patients are more prone to anemia and bone
and mineral metabolism disorders and enter the advanced stage of
CKD earlier than patients with other types of CKD [114e116]. It is
unfortunate that the time frame is difficult to determine the course of
DKD, and monitoring the development of DKD based merely on pure
clinical information might not be an ideal approach. Under this
circumstance, seeking a noninvasive approach to aid DKD precise
diagnosis is urgently needed.
In addition to the issues of diagnosis, another challenge is the man-
agement of DKD. In fact, a satisfying strategy for DKD management
must be personalized. Recent research reported that T2DM patients
could be stratified into five significantly different clusters based on six
variables including glutamate decarboxylase antibodies, age at diag-
nosis, body mass index (BMI), Hemoglobin A1c (HbA1c), and
homoeostatic model assessment 2 estimates of b-cell function and
insulin resistance [117]. Among these five clusters, the individuals
most resistant to insulin had higher risk to develop DKD. This finding
was exciting step towards personalized medicine in the field. Mean-
while, the development of effective medications, precision nutrition,
and systemic medical monitoring mechanisms are also critical for DKD
management [33,118]. In the clinic, few effective drugs exist to hinder
DKD progression. Based on more stringent metabolic controls of gly-
cemia, blood pressure, body weight, and lipids, augmenting the effi-
cacy of the renin-angiotensin system (RAS) blockade to ameliorate
proteinuria is the current general consensus in DKD management
[119]. Over the years, tremendous efforts have been made in seeking
novel approaches that go beyond the current therapeutic strategies of
DKD. Unfortunately, a number of randomized controlled trials (RCTs)
for DKD have been terminated because of safety concerns or lack of
efficacy; such trials included those using bardoxolone methyl [120],
vitamin D receptor activators [121], and AGE inhibitors [122e124]
among other treatments. Despite the incredibly high failure rate of new
approaches (>90% overall and 50% in phase III trials) [119,125],
ongoing trials are offering hopes for the field. Two newly emerged
agents, sodium-glucose cotransporter 2 (SGLT-2) inhibitors and
glucagon-like peptide 1 (GLP-1) receptor agonists, have been incor-
porated 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 [126e132]. Mechanistically, SGLT2 is a low-
affinity, high capacity glucose transporter distributed in renal prox-
imal tubules. It is responsible for 90% of glucose reabsorption [133].
Therefore, application of an SGLT2 inhibitor could block glucose
reabsorption in diabetic kidneys to produce renoprotective potential in
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DKD patients. Meanwhile, SGLT2 inhibitors are able to increase insulin
sensitivity, improve insulin release from b cells at the first phase,
reduce SGLT2-mediated glucose uptake in smooth muscle cells, and
decrease gluconeogenesis. In comparison, as a type of incretin-based
medicine, GLP-1 receptor agonists act on the pancreas in order to
provide indirect renal protection by improving blood glucose, blood
pressure, and body weight control [134,135].
As illustrated in Table 1, recent landmark achievements in DKD clinical
trials including Canagliflozin and Renal Events in Diabetes with
Established Nephropathy Clinical Evaluation (CREDENCE) [132],
Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUTCOME) [136], Liraglutide Effect and
Action in Diabetes: Evaluation of Cardiovascular Outcome Results
(LEADER) [137], and Dulaglutide With Insulin Glargine on Glycemic
Control in Participants With Type 2 Diabetes and Moderate or Severe
Chronic Kidney Disease (AWARD-7) [130] revealed that SGLT-2 in-
hibitors and GLP-1 receptor agonists were capable of improving long
term renal outcomes of DKD in the clinic. The latest version of “the
Standards of Medical Care in Diabetes” issued by the American Dia-
betes Association have graded the application of SGLT-2 inhibitors in
T2DM-DKD treatment as evidence A (https://care.diabetesjournals.org/
living-standards#June 3). In CREDENCE, after a median follow-up of
2.62 years, the relative risk of the primary outcome was 30% lower in
2202 patients received canagliflozin, compared with 2199 patients
assigned to the placebo group [132]. Consistently, Empaglifozin in
EMPA-REG Outcome also exhibits its capacity in reducing incident or
worsening nephropathy (39%), progression to macroalbuminuria
(38%), doubling of serum creatinine (44%), and risk in renal
replacement therapy (55%) in DKD patients, compared with the pla-
cebo group [136]. In other words, SGLT2 inhibitors presented stronger
renoprotective abilities than GLP-1 receptor agonists, Dipeptidyl
peptidase 4, and Endothelin Receptor Antagonist in DKD treatment by
thus far (Table 1). Nevertheless, the side effects and long-term safety
of SGLT2 inhibitors or GLP-1 receptor agonists are needed to be further
assessed [138]. In addition, several ongoing phase III trials include the
studies focus on the efficacy of SGLT2 inhibitors (DAPA-CKD and
EMPA-Kidney) and GLP1 receptor agonists (FLOW) are also expected to
contribute to DKD prevention (https://clinicaltrials.gov/ct2/home).
Of particular interest, a recent RCT of patients within 10 years of
diagnosis of T2DM indicated that a lifestyle intervention actually could
not meet the criterion for equivalence of glycemic control with standard
care, although it did provide some benefits for DKD [139]. This
conclusion does not mean that lifestyle change is not an important
element in DKD prevention, but it indeed reflects the complexity and
importance of establishing a precise DKD management system com-
prises monitoring, analysis, and translation sections to address the gap
of translational, precision, and personalized medicine.

4. THE PROMISE OF SYSTEMS BIOLOGY LINKING TO
TRANSLATIONAL MEDICINE IN DKD: ONE WORLD, ONE DREAM

Despite the abundant information we have gained about single
molecule in the regulation of DKD, we still do not completely under-
stand how the renal system responds to DKD development and pro-
gression and could not resolve the existing conflicts. A major reason is
that the current molecular reductionist approach is insufficient to
illustrate the complex physiology of kidney as a whole system,
although it is necessary to attain all the basic information about DKD. In
the clinic, physicians indeed have difficulties in screening patients
regularly with eGFR, urine albumin/creatinine ratio, and potential
biomarkers, although it was recommended in all guidelines. Thus,
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Table 1 e The Selected Landmark Achievements of the Clinical Trials in Diabetic Kidney Disease.

Name of the Trials Tested Drugs Brief Description of the Trial Renal Outcomes Ref.

SGLT2 Inhibitor
CREDENCE Canaglifozin Patients recruited: 4,401 (690 sites, 34 countries);

Median Follow-up:2.62years; eGFR:30 to <90 ml/
min/1.73 m2;
Urinary Albumin/Creatinine Ratio (UACR): 300
e5000 mg/g; HbA1c:6.5e12%;
Established cardiovascular disease;
Treated with RAS blocker.

30% lower relative risk of the primary outcome (a
composite of ESRD, a doubling of the serum creatinine
level, or death from renal or cardiovascular causes):
43.2 vs. 61.2 per 1000 patient-years

[132]

EMPA-REG OUTCOME Empaglifozin Patients recruited: 7,020 (590 sites, 42 countries);
Median duration of treatment: 2.6 years;
Median observation time: 3.1 years; eGFR:�30 ml/
min/1.73 m2;
Established cardiovascular disease.

39% relative risk reduction of incident or worsening
nephropathy:12.7% vs. 18.8%;
38% relative risk reduction of progression to
macroalbuminuria:11.2% vs. 16.2%;
44% relative risk reduction of doubling of Scr: 1.5%
vs. 2.6%; 55% lower relative risk in replacement
therapy: 0.3% vs. 0.6%.

[136]

GLP-1 Receptor Agonist
LEADER Liraglutide Patients recruited: 9,340;

Median Follow-up:3.84years; eGFR: �30 ml/min/
1.73 m2;
A high risk of cardiovascular disease.

Lower incidents of the renal outcome (new-onset
persistent macroalbuminuria, persistent doubling of
the Scr level and eGFR of 45 ml or less per min/
1.73 m2, need renal-replacement therapy, or
death):5.7% vs. 7.2%; New-onset persistent
macroalbuminuria: 3.4% vs. 4.6%; eGFR decline:7.44
vs. 7.82 ml/min/1.73 m2.

[137]

AWARD-7 Dulaglutide Patients recruited: 577 (99 sites, 9 countries);
Duration of treatment: 52 weeks; HbA1c:7.5e10.5%;
Moderate-to-severe CKD;
Treated with insulin or insulin plus an oral
antihyperglycemic drug, RAS blocker, GLP-1 receptor
agonist or DPP4 inhibitor.

HbA1c-lowering effects persisted to 52 weeks; eGFR
was higher at 52 weeks;
No significant difference on UA reduction.

[130]

Dipeptidyl Peptidase 4 (DPP-4) Inhibitor
CARMELINA Linagliptin Patients recruited: 6,979 (605 sites, 27 countries);

Median Follow-up:2.2years; HbA1c:7.5e10.5%;
High CV risk and renal risk.

No significant difference in kidney composite outcome:
9.4% vs. 8.8%.

[165]

SAVOR-TIMI 53 Saxagliptin Patients recruited: 16,492 (25 countries); Median
Follow-up:2.1years; HbA1c:6.5e12%;
Established cardiovascular disease.

Improvement in and/or less deterioration in ACR,
without affecting eGFR.

[166]

Selective Endothelin Receptor Antagonist
SONAR Atrasentan Patients recruited: 2,648 (689 sites, 41 countries);

Median Follow-up:2.2years; eGFR:25e75 ml/min/
1.73 m2; Urinary Albumin/Cr: 300e5000 mg/g;
Treated with RAS blocker at least 4 weeks.

Lower primary composite renal endpoint event: 6.0%
vs. 7.9%;

[167]

Table 2 e List of Selected Promising Biomarkers for Incipient Diabetic Kidney Disease in Human.

Biomarkers Methods Direction of Excretion Biological Mechanisms Ref.

KIM-1 TEM [(serum, urine) Predicting renal function decline and prior to the changes of eGFR [142,143]
NGAL TEM [(plasma, urine) Tubular Damage in DKD [144,147]
NAG TEM [(urine) Predicting the severity of DKD [149]
MCP-1 TEM [(serum, urine) Promoting kidney local microenvironment [168,169]
EGF/MCP-1 ratio TEM Y(urine) Tubular cell survival factor [141]
Complement 7 MiA [(serum, kidney) Early warning signal of DKD [148]
miR126,155,29b MiA [ (urine, kidney) Regulating response to proinflammatory molecules [152]
miR362-3P,877-3P,150-5P MiA [ (urinary exosome) miRNA candidates in incipient T2DM-DKD [151]
miR15a-5P MiA Y(urinary exosome) miRNA candidates in incipient T2DM-DKD [151]
miR27-3b,1228-3p MiA Y (urine, kidney) Discriminating DKD from other nephritis in T2DM patient [155]
Haptoglobin Pro [(urine) Early indicator of DKD [154]
AMBP Pro [(urine) Proximal tubular dysfunction in DKD [154]
TGOLN2 Pro [(serum) Distinguishing T2DM and T2DM-DKD Zhou unpublished
7-methyluric acid Metab Y (urine) Distinguishing T2DM and T2DM-DKD [163]
Xanthosine Metab Y (urine) Distinguishing T2DM and T2DM-DKD [163]
Gluconic acid Metab [(serum) Predicting the severity of DKD Zhou unpublished

Abbreviations: AMBP: a-1-microglobulin/bikunin precursor; TGOLN2: Trans-golgi network protein 2; TEM: traditional experimental method; MiA: microarray; Pro: proteomics; Metab:
metabolomics.
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Figure 4: Systems biology links to translational medicine lighting the way to prevent DKD. Schematic diagrams show (A) the methods of big data collection, including
OMICS data at different levels in available public database, and precise model construction, including model development, validation, and prediction in the current systems biology
medical research and (B) the translational applications in the clinic. GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas; ENA, European Nucleotide Archive; MSigDB,
Molecular Signatures Database; STRING, String ProteineProtein Interaction Networks; dbSNP: Single Nucleotide Polymorphism Database; MethBank, Methylation Bank; ODE,
Ordinary Differential Equation; PDE, Partial Differential Equation; SDE, Stochastic Differential Equations.
identifying patients at risk or with disease is a problem even with the
simple tools applied today. The field has realized the importance of
constructing an integrative bridge to link systems biology to the current
medical models including translational, precision, and personalized
medicine, by which to systemically analyze the complicated spatiale
temporal intercellular organization of DKD. The purpose of this
connection is to identify novel non-invasive biomarkers for DKD
MOLECULAR METABOLISM 30 (2019) 250e263 � 2019 The Author(s). Published by Elsevier GmbH. This is an ope
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diagnosis as well as to develop more effective therapeutic targets to
slow down DKD development.
In general, two approaches, called bottom-up and top-down, are
employed in systems biology for the understanding of complex sys-
tems within living organisms [140]. In the field of biomedicine, the
bottom-up approach to systems biology normally starts with small
regulatory networks based on the known chemical reactions and
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regulations in the biological systems. Through building sophisticated
mathematical models based on these networks, the bottom-up
approach is responsible for explaining current findings, resolving
conflicts, and making new predictions that could provide compre-
hensive mechanisms for the systems and novel treatment designs for
diseases. However, few studies using the bottom-up approach have
been reported in DKD related research. In comparison, the top-down
approach to systems biology is popularly applied in numerous
biomedical studies. In principle, it starts with high-throughput OMICS
data (e.g. transcriptomics, proteomics, and metabolomics) and ends
with a very large, complex molecular regulatory/interaction network
through analysis using appropriate bioinformatics methodologies [26].
Specifically, a typical function of linking the top-down approach to
translational DKD research is biomarker identification, especially for
the diagnosis of incipient DKD. As presented in Table 2, several well-
known biomarkers such as Kidney Injury Molecule 1 (KIM-1),
Neutrophil Gelatinase-Associated Lipocalin (NGAL), Monocyte Che-
moattractant Protein-1 (MCP-1), Epidermal Growth Factor (EGF), N-
acetyl-b-D-glucosaminidase (NAG), b2-microglobulin, Complement 7,
IgG4, and Smad1 have already been identified as early signals of DKD
by traditional experimental methods in various clinical cohorts studies
over the past years [141e149]. However, few of these biomarkers
have been truly implemented in the clinic so far because the specificity
and sensitivity of most of these biomarkers lack rigorous external
clinical validation. Microalbuminuria is still currently the most reliable
predictor of DKD [150]. In recent years, advances in microarray and
mass spectrometry have enhanced our capacity in identifying thou-
sands of RNAs or proteins in a single experiment [151e154]. A
number of identified novel microRNAs or proteins, such as miR27-3b/
1228-3p [155], a1-Antitrypsin [156], Transferrin [157], Haptoglobin
[158]. and Vitamin D-binding protein [159] not only reflect defects in
the glomerulus and tubules in diabetic kidneys [160], but also serve as
tools to differentiate uncomplicated diabetes, incipient DKD, and overt
DKD in the clinical setting [161]. Along with rapidly evolving metab-
olomics, large-scale analysis of small molecules to be interrogated in a
targeted or untargeted manner has become a reality [29,162,163]. Our
unpublished serum metabolomics data show a distinct profile of me-
tabolites at different stages of T2DM-DKD, providing a means by which
to monitor DKD development by using specific serum/urinary bio-
markers rather than invasive biopsy. In particular, multi-OMICS
combinational analyses and sophisticated computational algorithms
allow scientists and physicians to identify the most accurate mole-
cules, proteins, or metabolites to manage DKD in this new era.
As we enter the ‘big data’ era, it is the right time for the confluence of
the bottom-up and top-down approaches in the systems biology for
DKD research (Figure 4). With the rapid development of experimental
high-throughput techniques, big data is generated in an explosive way
daily, but only a small part of it is analyzed and truly used in DKD related
research. The paradigm shows how to converge the different ap-
proaches in DKD research. Diverse data such as OMICS databases (e.g.
Gene Expression Omnibus, GEO; The Cancer Genome Atlas, TCGA), and
software (e.g. Ingenuity Pathway Analysis, IPA; String ProteineProtein
Interaction Networks, STRING) will be integrated and the data divided
into four sets: initiation set, training set, test set, and validation set. The
initiation set will be used to build models for DKD and train the model
with the training set by searching the high-dimensional parameter
space using sophisticated algorithms such as machine learning or the
MetropoliseHastings algorithm [164]. The models will be validated and
refined with the validation set, and the predictions generated from the
model will be verified with the test set. The goal is to find the self-
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consistent closure of these bottom-up and top-down analyses to un-
derstand the mechanism of the renal system and the misregulations in
DKD. Although it will not be a short-term challenge, the clinical appli-
cation of big data will likely be a milestone of translational, precision,
and personalized medicine triumphs for DKD [29].

5. SUMMARY

DKD is undoubtedly a worldwide medical catastrophe, with features of
high prevalence, multifactorial pathogenesis, and lack of effective
strategies in the treatment and management. Beyond a traditional
understanding of the pathogenesis of hemodynamic changes and
metabolic disorders, 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. However,
translating these findings or recognition into the clinic and performing
large-scale RCTs to validate identified biomarkers are the urgent
missions that should be facilitated by physicians and scientists
worldwide. We believe that new conceptions and novel techniques will
light our way in efforts to prevent DKD in this new era.
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