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ABSTRACT
Although hyperglycemia, high blood pressure and aging increase the risk of developing
kidney complications, some diabetes patients exposed to these risk factors do not develop
kidney disease, suggesting the presence of endogenous protective factors. There is a grow-
ing need to understand these factors determining protection of the kidney in order to
improve the design of preventive strategies and to enhance the processes responsible for
renoprotection. The aim of this review was to present the existing molecular and epidemi-
ological data on factors showing protective effects in diabetic kidney disease, and to sum-
marize the evidence regarding their potential in the area of future clinical diagnostics,
therapeutics and early preventive strategies. These include transcriptomic and proteomic
studies regarding the anti-inflammatory, anti-fibrotic and regenerative factors that were
associated with slower progression of renal function loss. Another focus is the new evi-
dence regarding the evaluation of alterations in the regulatory epigenome and its involve-
ment in the risk of diabetic kidney disease. Further effort is required to validate and extend
these findings, and to define their potential for clinical implementation in the future.

INTRODUCTION
Patients with diabetes mellitus are at increased risk of end-stage
renal disease (ESRD), and they contribute half of all new cases
of ESRD in the USA population1,2. Studies of the natural his-
tory of diabetic nephropathy show that (during 15 years of dia-
betes) 20–30% patients with type 1 and type 2 diabetes will
develop chronic kidney disease (CKD) and will likely progress
to ESRD, whereas the remaining 60–70% are protected during
their lifetime3,4. It could be hypothesized that this variation in
the intra-individual risk of ESRD is attributable to the varying
intensity of specific endogenous protective factors in early dis-
ease stages. Knowing the nature of these mechanisms should
facilitate the development of new preventive strategies to reduce
the risk of ESRD and mortality.
Diabetic kidney disease (DKD) is considered a complex dis-

ease with a central role of chronic inflammation, progressive

tubular damage and fibrosis of the tubulointerstitium5–8. This
injury occurs as a result of an imbalance existing between the
intensity of damaging (e.g., advanced glycated end-products,
free radicals, pro-inflammatory and pro-fibrotic molecules) and
protective factors in the kidney (Figure 1). Some of the epi-
demiological studies from the past 10 years showed robust risk
markers that predict kidney outcomes (ESRD, CKD stage 3 or
progressive renal decline); however, the prognostic value of
these markers in the early course of the disease is still limited9.
These studies have been nicely reviewed elsewhere9,10. Recently,
increasing studies were carried out giving more attention to a
preclinical potential of various protective factors (e.g., survival,
proliferative, anti-inflammatory and anti-oxidant factors) and
their use as targets for prevention. The main focus of this
review was to survey the existing human data on factors show-
ing the protective effect in DKD, and to summarize the evi-
dence regarding their role in the area of future preventive
strategies. These, in addition to risk factors could be assessed as
biomarkers, and then simultaneously incorporated into futureReceived 28 November 2019; revised 3 March 2020; accepted 17 March 2020
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prediction risk models. This approach would allow clinicians to
more comprehensively ascertain the individual’s risk of ESRD.
Alternatively, a better understanding of the protective factors
and functional mechanisms underlying their regulation could
aid the design and monitoring of the effect of future therapeu-
tics, suited for strengthening natural physiological mechanisms.

EPIDEMIOLOGICAL STUDIES IN DIABETIC
NEPHROPATHY
Diabetic nephropathy is manifested by the presence of albu-
minuria, or progressive loss of kidney function11. Albuminuria
is known to be a common risk factor of ESRD and CVD, and
a reduction of urinary albumin excretion through any interven-
tion results in a decrease in the future incidence of these out-
comes12. However, many patients with type 1 diabetes or
type 2 diabetes follow a pathway to progressive renal function
loss before the onset of macroalbuminuria or even microalbu-
minuria, and despite improvements in their outcome resulting
from multifactorial management. Progressive renal decline was
characterized as a linear process that instantly precedes ESRD,
and that commences when patients have normal renal func-
tion11. At this stage, only a subset of patients will develop clini-
cally significant renal decline in the future. These high-risk

patients are currently indistinguishable from the patients with
no renal decline; that is, in whom estimated glomerular filtra-
tion rate (eGFR) loss during the next decades will not exceed
1–2 mL/min/1.73 m2/year as an effect of aging, or the patients
with slow decline, at low risk of ESRD in their expected life-
time13. Although the mechanisms underlying progressive renal
decline are still poorly understood, for early prevention to be
successful, better understanding of the factors associated with
high variability of the rates of GFR loss is required. Unfortu-
nately, studies in animal models of diabetic nephropathy (DN)
have met with challenges, as a result of inefficacy to precisely
reflect the human disease phenotype. Subsequently, epidemiolo-
gists have been working to identify risk factors for renal func-
tion loss in patients with type 1 and type 2 diabetes; some of
these studies have led to a better understanding of the major
molecular processes contributing to the disease risk, such as the
role of chronic inflammation, progressive fibrosis and tubuloin-
terstitial damage.
Today, inflammation is considered the major contributor to

the pathology of the onset and progression of DKD, and is also
involved in cardiovascular complications and all-cause poor
prognosis in diabetes5–7. From the early phase, many epidemio-
logical studies of progressive renal decline have focused on the
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Figure 1 | Different injury and protective mechanisms involved in the initiation and progression of Diabetic Kidney Disease. AGEs, advanced
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assessment of proteomic markers among pro-inflammatory fac-
tors. For example, studies from the Joslin Diabetes Center have
examined the contribution of inflammatory processes in the
progression of renal function loss in people with type 1 and
type 2 diabetes. Much attention has been paid to tumor necro-
sis factor-alpha (TNF-a) pathway markers in the prediction of
early and late renal decline14–16. Circulating levels of TNF
receptors (TNFR1 or TNFR2) were shown to be excellent pre-
dictors of progressive kidney disease in patients with a wide
variety of CKD and albuminuria stages. Other robust markers
include molecules implicated in fibrosis and matrix accumula-
tion, and markers indicating tubulointerstitial damage. Less
consideration has been given to the factors17,18 that counteract
these damage processes and whether these factors differ in their
effect between CKD stages18–20. More recently, it has been
shown that protective factors, including proliferative, survival,
anti-inflammatory and anti-fibrotic factors, among others, are
related to lower odds of progressive renal function loss. Taken
together, all these studies provided promising candidate mole-
cules associated with DKD; however, they often examined sin-
gle markers. Sporadic studies tested a combined use of the
interconnected pairs of biomarkers with opposing actions, such
as epidermal growth factor (EGF) and monocyte chemoattrac-
tant protein-1 (MCP-1) or transforming growth factor (TGF)-
b1 and its endogenous counter-regulator, bone morphogenetic
protein-7 (BMP-7), which was shown to offer superior value
compared with either of this markers alone. However, contem-
porary risk modeling, especially in multifactorial diseases,
should not rely on one single biomarker, but rather require
assessment of sets of biomarkers that would include pro-in-
flammatory and other injury molecules, also incorporating pro-
tective factors, as well as their interactions, interconnections
and interdependencies, that will in sum address the complexity
of underlying processes. The interactions between proteins are
often summarized in a form of an interaction network graph,
where nodes represent biomarkers and edges represent interac-
tions. For illustrative purposes, the robust biomarkers derived
from previous human studies of progressive renal decline,
including markers involved in inflammation, fibrosis, proximal
tubulopathy and mitochondrial dysfunction processes, intercon-
nected in a protein–protein interaction network model, are
plotted in Figure 2. A putative model interconnects “protective”
markers downregulated (highlighted in blue) and “risk” markers
upregulated (highlighted in red) in diabetes patients with pro-
gressive renal loss through interaction terms extracted from the
Search Tool for the Retrieval of Interacting Genes. In addition,
biomarkers are grouped according to their predefined role in
diabetic kidney pathophysiology.

HUMAN STUDIES OF PROTECTIVE FACTORS FOR
RENAL FUNCTION LOSS
Prospective studies assessing protective factors for progressive
renal function loss are summarized in Table 1. Several protec-
tive tubular proteins, including EGF, Klotho, uromodulin,

BMP-7, have been associated with a slower decline in eGFR
in diabetes patients. The data are most consistent for urinary
EGF – a key survival factor expressed on the apical mem-
brane of distal tubule cells21 – with urinary concentrations
decreasing during acute renal injury22–29. Tissue and urine
levels of EGF were positively correlated with GFR across
CKD stages, and were associated with eGFR trajectories and
slower progression to ESRD during follow up in some stud-
ies22–29, but it has not always been an independent predictor
of progression23. Profiles of tissue expression and urinary
excretion of EGF were characterized by the studies utilizing
systems biology approaches; including proteomic, as well as
transcriptomic, data combined with clinical follow-up data22,23.
It has been shown that tissue and urinary EGF represents a
regulator of multiple pathways, and an important marker in
the prediction of the future loss of kidney function. Further-
more, these observations were validated in other cohorts con-
sisting of a various etiologies of kidney diseases22. The effect
of EGF was the strongest, and was independent from clinical
factors and other markers22. In a cohort of 642 normoalbu-
minuric type 2 diabetes patients with normal renal function at
baseline, low urinary EGF was associated with the increased
risk of kidney outcomes (CKD stage 3, rapid GFR decline or
a composite of both outcomes), suggesting the role in the
onset of DN. However, the incremental prognostic value of
adding urine EGF to the established risk model was not sig-
nificant23. In agreement with these publications, we have
found increased odds of early progressive renal decline associ-
ated with decreased urinary levels of EGF in the longitudinal
cohort involving 1032 type 2 diabetes patients enrolled into
the Joslin Kidney Study24. Relevant to this observation was
the finding that the effect of EGF became much stronger
when urinary EGF excretion was standardized by urinary
MCP-1 levels, and expressed as the EGF-to-MCP-1 ratio. The
effect of this ratio was very strong in univariate as in multiple
logistic analyses when controlled for clinical risk factors and
other markers, including plasma TNF receptor 1 and plasma
kidney injury molecule 1. This indicates that this ratio might
be causally related to or it measures an intensity of a specific
disease process that contributed to early renal decline, which
was independent from other examined determinants. It was
suggested that downregulation of EGF with simultaneous
upregulation of MCP-1 reflected increased apoptosis in the
proximal tubules, and might reflect an index of tubulointersti-
tial damage in reflux nephropathy25. Recently, a strong associ-
ation between levels of the EGF-to-MCP-1 ratio and the risk
of DKD onset and progression has been observed in type 2
diabetes patients from two smaller studies in early and late
DKD26,27. It is uncertain whether decreased EGF expression
only reflects the damaged tubules or decreased EGF affects
the development of tubulointerstitial injury. It is a protective
cytokine regulating tubular recovery after injury, but the speci-
fic protective mechanisms are not fully understood. Future
studies should dissolve the questions as to whether treatment
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to increase EGF or supplementation of EGF will improve the
prognosis of the DKD patients28, and to address EGF and the
EGF-to-MCP-1 ratio role in DN.

Some markers with established function have more recently
been identified as kidney protective. For example, soluble
Klotho, a fibroblast growth factor 23 coreceptor, which is
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Figure 2 | Protein–protein interaction network model for selected protective and risk biomarkers in progressive diabetic kidney disease. On the
basis of available literature, biomarkers were grouped according to their involvement in the processes in diabetic kidney pathology (inflammation,
fibrosis, proximal tubulopathy, growth and regeneration, and mitochondrial dysfunction). Interactions were derived from the Search Tool for the
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activated receptor alpha; TGFB1, transforming Growth Factor Beta 1; TGFBR, TGF beta receptor; TIMP1, tissue inhibitor of metalloproteinase 1;
TNFRSF, tumor necrosis factor receptor; TRAF2, TNF receptor-associated factor 2; VEGFA, vascular endothelial growth factor A; UMOD; uromodulin.
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expressed mainly in the kidney tubules, was originally identified
as an anti-aging gene29. Klotho appears to be a negative
upstream regulator of renal fibrosis, also controlling multiple
fibrosis-implicated processes. It has been shown that Klotho
deficiency turns the kidney prone to damage from oxidative
stress, ischemia and inflammation, whereas its supplementation
(in acute as well as chronic settings) attenuates fibrosis-related
kidney diseases30,31. Circulating Klotho is decreased in mouse
models of diabetes and in patients in early stages of CKD, even
in the absence of GFR loss, and it could be further related to a
higher risk of eGFR decline32,33. In the most recent meta-analy-
sis that considered eight prospective studies (although just two
studies were carried out on diabetes34,35, it was found that
decreased Klotho levels were associated with increased adverse
kidney outcomes, which indicated that Klotho could be a prog-
nostic biomarker for patients with CKD36. The meta-analysis
highlighted the variability in the results from the studies
included, related to differences in study population, size and
sample selection, which points to the need for future research.
Promising findings were recently presented for a TGF-b1

inhibitor, BMP-7, which is involved in renal morphogenesis. As
a member of the TGF-b family, BMP-7 was first speculated to

be a pro-fibrotic factor, but recently an abundance of research
presented a strong anti-fibrotic, anti-inflammatory and anti-
apoptotic effect. BMP-7 was identified as one of potential genes
for DN in the most recent genome-wide association study in
the Juvenile Diabetes Research Foundation Diabetic Nephropa-
thy Collaborative Research Initiative, which has assembled
20,000 participants with type 1 diabetes, with and without
DKD37. Earlier, a proteomic analysis carried in type 2 diabetes
patients from the ADVANCE trial, showed a graded increase
in the risk of CKD in individuals with lower circulating BMP-7
levels or significantly higher TGF-b1 levels38. When added to
clinical predictors, the two markers were able to increase the
area under the receiver operating characteristic curve from 0.73
to 0.94, which was highly significant. It is important to recall
that the study design intended on matching for multiple risk
factors at baseline, which makes the results of the study less-re-
flective of its discriminative value in clinical settings.
Uromodulin (UMOD), a most abundant urine protein with

a long history in DN, was examined as a predictor for progres-
sive kidney disease in five studies of type 1 diabetes; however,
the results of these studies are conflicting39–43. The authors of
the studies in non-diabetic CKD hypothesized that the observed

Table 1 | Epidemiological studies of the protective markers for progressive kidney disease in cohorts of patients with type 1 and type 2 diabetes

Marker Outcome Role in DN Author Study design Population

EGF ESRD or 40% eGFR loss Cell regeneration Ju et al.22 Prospective Four cohorts with different
CKD etiologies

EGF CKD3, eGFR loss 5% per year Betz et al.23 Prospective T2D (NA; CKD Stage 1-2)
EGF, EGF/MCP1 30% GFR loss Nowak et al.24 Prospective T2D (NA, low albuminuria;

CKD Stage 1-2)
EGF, EGF/MCP1 Prevalence of DN, GFR slope Wu et al.26 Cross-sectional/

prospective
T2D (high albuminuria; early/
advanced CKD)

EGF, EGF/MCP1 25% GFR loss Satrpoj et al.27 Prospective T2D (varying albuminuria and
CKD stages)

Klotho 30% GFR loss Anti-fibrotic
Anti-inflammatory

Drew et al.33 Prospective Elderly, 40% with diabetes
(CKD stage 1–3)

Klotho eGFR slope Kim et al.34 Prospective T2D (NA; CKD stage 1–2)
Klotho 50% eGFR loss Fountoulakis et al.35 Cross-sectional/

prospective
T2D (NA and low albuminuria;
CKD <3b)

BMP7
BMP7/TGF1beta

Doubling of serum creatinine,
death due to kidney disease

Anti-fibrotic
Anti-inflammatory
Anti-apoptotic

Wong et al.38 NCC within
prospective

T2D (NA and low albuminuria;
various CKD stages)

Uromodulin 30% GFR loss, renal transplant Inconclusive Sejdu et al.39 Prospective T1D, T2D (varying albuminuria
and CKD stages)

Uromodulin 30% GFR loss, MA or both Schlatzer et al.40 Nested case-control T1D (NA; CKD stage 1)
Uromodulin GFR loss 3 mL/min per year Bjornstad et al.41,42 Prospective T1D (NA; CKD stage 1)
Uromodulin 20% GFR loss Colombo et al.43 Prospective T1D (varying degrees of

albuminuria; CKD stage 2–3)
Uromodulin CKD stage 3 Sjaarda et al.44 Prospective/

mendelian
randomization

T2D, IFG
(CKD 1–2)

BMP7, bone morphogenetic protein 7; CVD, cardiovascular disease; EGF, epidermal growth factor; IFG, impaired fasting glucose; MCP-1, monocyte
chemoattractant protein-1; NCC, nested case control; T1D, type 1 diabetes; T2D, type 2 diabetes; TGF-b1, transforming growth factor-b1.
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differences in the magnitude and the direction of the observed
association might depend on the timing of the injury and CKD
stage, as well as the population being studied and its related
comorbid conditions. Rare mutations in UMOD cause autoso-
mal dominant tubulointerstitial kidney disease, which leads to
CKD and ESRD. In epidemiological analysis of prediabetes and
type 2 diabetes with established cardiovascular risk factors,
increased blood UMOD levels were associated with a decreased
risk of incident CKD44. However, when utilizing a Mendelian
randomization approach, based on GWAS results for the
UMOD gene, an opposite association emerged, suggesting the
causality of higher UMOD levels as a risk factor for DKD44.
These inconsistent findings might arise from the fact that
patients with low UMOD present a reduced tubular mass.
Therefore, it is possible that decreased UMOD reflects tubular
functional reserve that is decreased in normoalbuminuria41,42,44.
Despite the advancement in proteomic technologies, only few

large-scale studies have been carried out in DN, and no studies
have been specifically carried out regarding the identification of
circulating protective markers. One exception is the recent
assessment of the determinants of DKD in a cohort of Joslin
Medalists. The study was built on the findings from the long-
lasting cohort set up in the Joslin Diabetes Center, specifically
to study protective factors of diabetes complications. It involves
patients who have had type 1 diabetes for ≥50 years with
approximately half of the cohort never reaching DN45,46, irre-
spective of the glycemic control they experienced. The study
used kidney biopsies and proteomic as well as metabolomic
approaches to identify markers whose expression patterns
might explain the profound protection in this cohort. To screen
for markers underlying protection from DN, the authors uti-
lized untargeted metabolomics, as well as an aptamer-based
array that measures 1123 proteins in plasma47,48. The circulat-
ing levels of 120 proteins were increased in diabetes patients
who were protected from CKD compared with those with
CKD stage 3b, which shows potential protective factors against
DN. The results of integrated network analysis identified
enhancement/upregulation of several novel (pyruvate
kinase M2, amyloid precursor protein), as well as previously
known pathways (EGFR) in CKD-protected Medalists48. Subse-
quently, the presence of plasma pyruvate kinase M2 has been
confirmed in a general population of patients with type 1 and
type 2 diabetes. Higher plasma pyruvate kinase M2 at baseline
has been independently associated with a slower GFR decline
and slower progression to ESRD in type 1 diabetes patients
from the Joslin Kidney Study47. The validation and extension
of these findings in longitudinal cohorts of diabetes patients
would be desirable. Also, as circulating proteins might originate
from different sources, the functional interpretation of the exact
role of the identified proteins remains to be explored.
Of other candidate proteins, various anti-inflammatory and

anti-fibrotic molecules, growth factors, and anti-oxidant factors
were mechanistically characterized in the context of kidney
pathology. However, not many have ever been studied in the

context of human DKD in prospective studies. A recurring
conclusion in published transcriptomic studies is the impor-
tance of oxidative stress, which is underlying all facets of kidney
pathophysiology, including vascular, glomerular and tubular
dysfunction for DN progression49,50. The anti-oxidant factors
were previously reported in the context of DKD, although
mainly in functional or small cross-sectional studies49–53. In
addition, investigation of other protective factors in diabetes
patients, such as growth factors, adenosine, immune proteins,
fibroblast growth factor receptors and netrins, is in early
stages54–61.

CLINICAL APPLICATION OF THE PROTECTIVE
FACTORS: FUTURE POSSIBILITIES
Clinical management of patients with diabetes could be signifi-
cantly improved if it would be possible to estimate if they
develop DN and how fast their GFR decline or their likely
response to targeted treatment would be. Protective factors
could encompass several advantages in this area. As kidney-
specific markers, they are expected to provide superior speci-
ficity and are less confounded by non-renal processes. Second,
they might represent unique processes that are not captured by
clinical characteristics, as well as other markers (as shown for
EGF). Third, their expression is often downregulated according
to the decreased GFR, so their levels are not affected by fil-
trated protein, which suggests they could add significant prog-
nostic value to albuminuria. Bioinformatic analyses have shown
a considerable fraction of the protective factors mapping to
extracellular space (with highest enrichment in the kidney),
which suggests their utility as biomarkers or drug targets18. The
future will tell if adding the protective markers into established
risk factors (ACR, GFR, TNFR1) will confirm these markers as
useful targets for the prevention of DN in clinical settings.
One important clinical problem that emerged from epidemi-

ological studies is the importance of accurate tests of renal
decline in non-albuminuric diabetes patients, for both clinical
settings and drug trials62–65. Very recently, it was documented
that although the presence of albuminuria influences the rate of
eGFR decline63,66, with macroalbuminuric patients presenting
the most pronounced loss in eGFR 63,66, as many as 48%
patients progress to CKD stage 3 remaining normoabumin-
uric63. Previously, studies of Joslin Clinic patients identified 9%
of patients with type 1 diabetes and 20% of patients with
type 2 diabetes (with normal eGFR at study entry) whose renal
function had significantly and persistently declined without any
increase in the albumin-to-creatinine ratio13,64, realizing the
need for new tests to identify people at risk for eGFR loss ear-
lier than albuminuria. Since the recognition of early renal
decline in normoalbuminuria, later studies in type 1 and type 2
diabetes have extended their findings about previously known
biomarkers of renal loss 65. These biomarkers are implicated in
the mechanisms that result in a decline in eGFR, but are not
directly linked to the progression of albuminuria. Again, these
extended studies have confirmed that the described biomarkers
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could be useful in risk stratification of early renal decline in
low albuminuria (microalbuminuria), and might also be clini-
cally important if only the patients with normoalbuminuria are
considered. In regard to the latter, tubular markers (e.g.,
increased plasma kidney injury molecule 1, and decreased
plasma uromodulin, urine EGF, and EGF-to-MCP-1 ratio) were
evaluated in well-designed cohorts of diabetes patients, and
showed promise as independent predictors of early renal
decline24,41,42,65,67. In line with this, data provided by recent
analysis of Japan’s nationwide renal biopsy registry have shown
the extent of interstitial fibrosis and tubular atrophy as the
strongest histological predictor of renal decline in non-albumin-
uric DKD66. Additionally, markers implicated in kidney fibrosis
(e.g., markers of collagen formation and degradation, N-acetyl-
seryl-aspartyl-lysyl-proline, and matrix metalloproteinase-7-to-
WAP four-disulfide core domain 2 ratio) were associated with
the eGFR trajectory in several pilot studies in normoalbumin-
uria68–72. Future research is required to establish whether they
improve the stratification of patients regarding progression risk.
The direct application of the results of epidemiological studies
lies in the inclusion of the preselected risk and protective mark-
ers into multimarker prognostic tests built on sets of molecules
involved in independent biological processes. The generation of
such multimarker tests is currently being investigated and is
expected to deliver clinical benefit through enhanced capacity
to predict the individual’s rate of disease progression. Consis-
tently, an improved multitherapeutic approach in DN could
cover blocking mechanisms of injury, as well as enhancing the
nephroprotective mechanisms; for example, by stimulating
endogenous programs of anti-inflammatory and anti-reactive
oxygen species response, enhancing endogenous mechanisms to
normalize aberrant (DNA) methylation or improving the sensi-
tivity to cell survival factors. To make the second task feasible,
it would be essential to better understand the factors determin-
ing protection of the kidney in order to design strategies to
enhance the processes necessary for recovery. These goals
require multiple experimental as well as epidemiological
approaches. Whereas utility as a disease marker is determined
by carrying out more studies in humans, their evaluation as a
drug target necessitates further validation in a setting of animal
studies or clinical trials. Although it is possible that some of the
discussed candidate proteins simply indicate ongoing protec-
tion, early results from studies in animals are encourag-
ing30,47,73–75. So far, only activators of anti-inflammatory and
anti-oxidant transcription factor nuclear factor erythroid fac-
tor 2 have reached clinical trials (Table 2). Although with these
data, bardoxolone methyl has improved eGFR in DN, further
precise tailoring of this therapy on the background of its safety
remains an important clinical issue76. An intriguing possibility
is that the profiling of protective pathways will allow early iden-
tification of individuals whose predisposition is attributable to
defects in single protective mechanisms, and then applying tar-
geted treatment. Whereas further investigation is required, ther-
apeutics are assembled making the future clinical trials feasible.

Another focus of contemporary translational research activity
involves exploring the changes in the epigenome and its
involvement in DN. Epigenetic profiling could be valuable for
diagnostic tests development and might facilitate precision
medicine approaches. Epigenome is a main mechanism relating
environmental exposures to altered gene function, and it is
responsive to modifiable environmental factors. Pinpointing the
modified sequences, which reflect plasticity of the human gen-
ome altered by the environmental exposures, could inform tai-
lored strategies to prevent deregulated gene function. Although
epigenetic studies in human DN are in very early stages, their
preliminary findings are briefly outlined in the following sec-
tion.

STUDIES REGARDING EPIGENETIC FACTORS IN
HUMAN DIABETIC NEPHROPATHY
Gene regulation is maintained through activity of transcription
factors, genetic mechanisms and epigenetic mechanisms, that
include DNA methylation, histone modifications and non-cod-
ing RNAs. DNA methylation, together with histone acetylation,
mutually regulate chromatin structure, genomic stability, and
maintain tissue homeostasis and gene expression, and disrup-
tion of these mechanisms leads to diabetes and its complica-
tions. Earlier, a study in DN was published that has utilized
transcriptome profiling of fibroblasts from 100 type 1 diabetes
patients from the longstanding Genetics of Kidneys in Diabetes
cohort. It has suggested that patients who were protected from
DN might undergo more robust epigenetic modifications result-
ing in enriched expression of genes involved in cell healing and
repair pathways, and that epigenetic factors play a role in DN
risk77.
Variations in the methylation of the loci in genes involved in

fibrosis occur in animal models and patients with DN, and they
coincide with expression of the downstream transcripts in the
kidney tissue, suggesting a functional mechanism of gene regu-
lation. In experimental studies, methylation of protective genes
was altered, whereas its reversal has attenuated fibrosis75,78,79.
One example is Klotho, which is associated with less renal
decline. Its decreased expression is maintained through altered
methylation of its promoter, whereas the correction of this
defect increased Klotho expression, and subsequently attenuated
pro-fibrotic gene expression and renal fibrosis in experimental
studies79.
Given the species-specific differences in gene regulation,

model organism studies of epigenetic factors cannot substitute
studies carried out on humans. The introduction of new tech-
niques has facilitated the implementation of epigenome-wide
association studies. The majority of these studies compared
DNA methylation in patients with and without DN using
microarray technology, and utilized whole blood or blood
leukocytes. Potential sites with differential methylation in DKD
have been found at loci that either encode genes previously
implicated in the kidney pathology or contain regulatory ele-
ments controlling DN relevant genes80–82. Nevertheless, there is
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very little overlap in the cytosine-phosphate-guanine (CpG)
sites identified between those studies. The largest epigenome-
wide association study carried out for non-diabetic CKD
included 4,859 participants, and found multiple differentially
methylated loci; four of them predicted eGFR decline, corre-
sponded to changes in downstream transcripts and coincided
with fibrosis in kidney tissue83. Among these genes, a protective
variant has been identified in renal PTPN6 that is related to
interleukin-4 signaling. Furthermore, there have been efforts to
understand epigenetic regulation of gene expression in kidney
tubules. Two cross-sectional studies have assessed CpGs in
microdissected kidney tissue from people without diabetes and
patients with type 2 diabetes and various degrees of kidney dis-
ease. In the first study, Ko et al.84 tested a small cohort with
expression data from renal tissue; a set of CpGs related to the
fibrotic pathway were found and were correlated with down-
stream gene expression, which was associated with DN. Inter-
estingly, a set of genes known to be related to kidney
development, including genes encoding transcription factors,
also showed significant cytosine methylation changes. In a fol-
low-up analysis in a similar study setting, the authors used
omics data (gene expression, clinical, histology, methylation) to
build predictive models for kidney function decline85. Only
methylation changes have improved the baseline models. CpG
found at the EGF promoter was associated with eGFR decline,
which was also suggested as a major mechanism for decreased
expression level of kidney EGF in DN. Adding this CpG site
has offered an improvement in model performance available

for traditional factors, suggesting the potential as a biomarker.
Larger epigenome-wide scale changes studies, aided by novel
analyses, could continue to enhance the understanding of the
complex pathogenesis of DN, assisting the future design of
molecularly targeted preventive interventions and, perhaps,
delivery of novel biomarkers.
In addition to the classical epigenetic modifications that

include chromatin remodeling through DNA methylation and
histone modifications, non-coding RNAs are other mechanisms
of gene regulation and are involved in attenuating the progres-
sion of DN through direct gene silencing. Kato et al.86 first
expressed a hypothesis that TGF-b1 might play an important
role in the early stages of the development of DN, whereas
some non-coding RNAs regulate the key molecules in the
TGF-b1 pathway. This hypothesis was recently explored by
Pezzolesi et al.87, who assessed several extracellular microRNAs
(miRNAs) involved in the TGF-b1 pathway; two miRNAs –
let-7c-5p and miR-29a-3p – were associated with a 50% reduc-
tion in the risk of rapid progression to ESRD in type 1 diabetes
patients with normal renal function at baseline. The authors
concluded that miRNAs could be considered as preclinical indi-
cators to evaluate changes and to predict the risk of DN. How-
ever, in contrast to tissue miRNA profiling, human studies of
extracellular miRNAs are in the early phase. The majority of
published data have utilized a cross-sectional design and evalu-
ated the levels of miRNAs in healthy diabetes patients versus
patients with DKD. Studies using urine met with challenges,
due to difficulties in the assessment of urinary miRNAs, and

Table 2 | Current human interventional studies targeting pathways that involve transcription-related factor 2 nuclear factor erythroid factor 2

Target protein MOA: DRUG (generic name) Indications Status References for human
interventional studies in DN

NRF2
NF-B and STATs

NRF2 agonist (activates
KEAP1-Nrf2 pathway),

NF-B inhibitor, bardoxolone
methyl (RTA 402)

(BEACON),
CKD stage 4,
T2D

Terminated RCT, phase III NCT01683409
PMID: 24206459
PMID: 24169612
PMID: 24903467

NRF2
NF-B and STATs

Bardoxolone methyl (RTA 402) (BEACON),
CKD stage 4,
T2D

Post-hoc analysis PMID: 29402767
PMID: 30318163
PMID: 31377056

NFR2
NF-B and the STATs

Bardoxolone methyl (RTA 402) (PHOENIX);
CKD stage 3–4, T1D, other
rare CKD

Completed RCT, phase II NCT03366337

NFR2
NF-B and the STATs

Bardoxolone methyl (RTA 402) (TSUBAKI)
CKD patients with T2D

Completed RCT, phase II NCT02316821

NRF2
NF-B and STATs

Bardoxolone methyl (RTA 402) (AYAME)
CKD stage 3–4, T1D or T2D

Active RCT, phase III NCT03550443

NRF2
NF-B and STATs

Bardoxolone methyl (RTA 402) (EAGLE)
CKD stage >4, CKD, Alport

Phase III RCT, recruiting NCT03749447

NRF2
SIRT1

SIRT1 agonist, upregulates NRF2
(resveratrol)

Non-diabetic CKD stage 3–4 Completed RCT, phase III NCT02433925

Data for human interventional studies and respective national clinical trial (NCT) numbers were accessed from www.clinicaltrials.gov on 1 November
2019. CKD, chronic kidney disease; DN, diabetic nephropathy; MOA, mechanism of action; NF-jB, nuclear factor Kappa B; NRF2, nuclear factor ery-
throid factor 2; PMID, PubMed identifier; RCT, randomized clinical trial; SIRT1, sirtuin 1; STATs, signal transducers and activators of transcription; T1D,
type 1 diabetes; T2D, type 2 diabetes.
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because of their low abundance and high intra-individual vari-
ability of measured concentrations. However, it is anticipated
that novel approaches, such as measurement of miRNAs encap-
sulated in urinary microvesicles originating from the kidney,
will facilitate future research by providing more robust markers
of kidney processes in DN88.

CONCLUSION
Over the past decade, there has been a significant advancement
in the characterization of the risk and protective factors associ-
ated with progressive renal function loss in diabetes. As well as
providing insights into pathophysiological mechanisms in DN
progression, these factors, when combined into a multimarker
prognostic test, could capture individuals’ risk of future renal
function loss. The available data support significant differential
methylation for a human kidney protective mechanism, and
have highlighted changes in pathways encompassing known
disease biomarkers, such as EGF. Significant questions remain
regarding the role of the protective factors, and the underlying
epigenetic mechanisms, as targets for future pharmacological
and behavioral interventions.
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