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Abstract: Diabetic kidney disease (DKD) is one of the most common causes of end-stage renal
disease worldwide. The treatment of DKD is strongly associated with clinical outcomes in patients
with diabetes mellitus. Traditional therapeutic strategies focus on the control of major risk factors,
such as blood glucose, blood lipids, and blood pressure. Renin–angiotensin–aldosterone system
inhibitors have been the main therapeutic measures in the past, but the emergence of sodium–
glucose cotransporter 2 inhibitors, incretin mimetics, and endothelin-1 receptor antagonists has
provided more options for the management of DKD. Simultaneously, with advances in research on
the pathogenesis of DKD, some new therapies targeting renal inflammation, fibrosis, and oxidative
stress have gradually entered clinical application. In addition, some recently discovered therapeutic
targets and signaling pathways, mainly in preclinical and early clinical trial stages, are expected
to provide benefits for patients with DKD in the future. This review summarizes the traditional
treatments and emerging management options for DKD, demonstrating recent advances in the
therapeutic strategies for DKD.
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1. Introduction

Diabetic kidney disease (DKD) is one of the most common and serious complications
of diabetes mellitus (DM) and remains the leading cause of end-stage renal disease (ESRD)
in Western countries [1]. The global prevalence of DM is rapidly increasing, and around
35–40% of patients with type 1 DM (T1DM) or type 2 DM (T2DM) develop DKD, which
results in devastating clinical outcomes [2]. The grave burden of DM has made the treatment
of DKD an urgent problem to be solved.

Although there were no specific drugs with the exception of renin–angiotensin–
aldosterone system (RAAS) inhibitors for a long time, the therapeutic strategies for DKD
have advanced significantly over the last decade [3]. With clinical trials reporting positive
results, a variety of drugs that have renoprotective effects are emerging, including sodium–
glucose cotransporter 2 (SGLT2) inhibitors, glucagon-like peptide-1 receptor (GLP-1R)
agonists, and dipeptidyl peptidase-4 (DPP-4) inhibitors [4]. Furthermore, major advances
have been made in understanding the pathogenesis of DKD, and the roles of oxidative
stress, renal fibrosis, and inflammation have been emphasized [5]. As such, these path-
ways present potential targets for the treatment of DKD. This review will focus on the
current and emerging therapeutic strategies for DKD and summarize recent advances in
DKD management.

2. Lifestyle Improvements

Lifestyle intervention is an essential component of the strategy for managing DM
and its complications. For all patients with DM, lifestyle modifications, including weight
loss, smoking cessation, adequate physical exercise, and restriction on sodium and protein
intake, are crucial to preventing the onset of DKD and other adverse events [6].
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Obesity is a powerful risk factor for albuminuria, and DKD is more prevalent in
patients with DM who are obese [7]. Obesity has adverse effects on blood glucose, blood
lipids, and blood pressure, which are closely associated with DKD [7]. Furthermore, obesity
directly influences the kidneys by changing glomerular hemodynamics and increasing
mechanical compression [8]. One clinical study showed the beneficial effects of weight loss
on reducing the incidence of albuminuria and progressive kidney diseases in patients with
DM following a low-calorie diet or bariatric surgery [9].

Smoking is an independent risk factor for the occurrence and development of DKD [10].
A meta-analysis of 41,271 subjects with T2DM revealed that smoking was one of the most
significant baseline indicators related to renal events, and the incidence of DKD increased
by almost 50% in subjects who smoked [11]. The Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines suggest that patients with established DKD or patients who
are at risk of DKD should avoid smoking [12].

Clinical data of patients with T1DM or T2DM have demonstrated that regular phys-
ical activity improves insulin sensitivity and cardiovascular outcomes [13]. One animal
experiment has also shown that albuminuria is reduced in rats with DM by increasing
exercise [14]. It is recommended that patients with DM perform 150 min of moderate exer-
cise weekly, but for patients with overt nephropathy, carefully monitoring blood pressure
during exercise is necessary [15].

Sodium restriction has been demonstrated to afford a potent benefit with respect to
albuminuria in patients with DM [16]. Standard protein restriction (<0.8 g per kg of body
weight per day) is not generally recommended, as it is difficult to achieve clinically and
may increase the risk of malnutrition and bone remodeling [17]. Thus, a more reasonable
protein intake needs to be established in future studies.

In addition, recent studies have illustrated that the influence of lifestyle on the oc-
currence and development of certain metabolic diseases may begin as early as embryonic
stage, and the fetal programming hypothesis has been derived [18,19]. Fetal programming
proposes that the fetus develops adaptations to its growth environment that persist after
birth and may lead to metabolic diseases in adulthood [18]. For example, previous studies
have shown that maternal malnutrition, calorie restriction, and a high-fat diet can adversely
affect fetal kidney production, predisposing offspring to kidney diseases [19,20]. Mothers
with DKD have higher rates of preterm birth, and their babies are more likely to have
congenital abnormalities such as congenital kidney and urinary tract abnormalities, than
the babies of mothers with DM without kidney diseases [21]. Paternal obesity can result
in higher triglyceride concentrations in the kidneys of offspring, as well as increasing
the risk of tubular damage [22]. One study analyzed the effects of feeding male rats a
high-fat, high-sugar, and high-salt diet over two generations (F0 and F1) on the renal
function of their offspring using the estimated glomerular filtration rate (eGFR) and the
urinary albumin-to-creatinine ratio (UACR) as indicators of kidney damage. The eGFR and
UACR were not obviously changed in F1 offspring, whereas F2 female offspring showed
a significant decrease in eGFR and a significant increase in UACR [23]. The underlying
molecular mechanism of fetal programming may be mediated by epigenetic modification.
The lifestyle habits and physiological states of the parents lead to early epigenetic changes
in spermatogenesis, which in turn lead to changes in target organs and the emergence of
specific phenotypes in offspring [24]. DNA methylation is an important epigenetic modifi-
cation that plays a key role in the development of DM and DKD and is closely related to
renal fibrosis [25]. This suggests treatment targeting DNA methylation in parents with a
genetic risk of DKD during fetal development as a novel lifestyle intervention.

3. Pharmacological Therapies
3.1. Glycemic Control

Poor glycemic control is an independent predictor of albuminuria and ESRD pro-
gression in patients with DM [26]. Several clinical trials have demonstrated that diabetic
complications, including renal disease, are mainly observed in the context of elevated
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glucose concentrations, and in addition to chronic hyperglycemia, even transient increases
in blood glucose may have long-term influence on the progression of DKD [27,28]. Thus, in
patients with classic DKD, standard therapy still focuses on glycemic control, and the effects
of intensive glycemic control on preventing DKD during early DM have been validated in
some large clinical trials [29–31].

The importance of intensive glycemic control in reducing albuminuria and improving
the reduction in eGFR were initially confirmed in the Diabetes Control and Complications
Trial (DCCT) and the Epidemiology of Diabetes Interventions and Complications (EDIC)
study [29,30]. In the subsequent United Kingdom Prospective Diabetes Study (UKPDS),
although there was no significant difference in doubling of serum creatinine (SCr) compared
with placebo, a reduced rate of development of albuminuria was observed in the intensive
glycemic control group [31]. Furthermore, one observational study further validated that
intensive glycemic control could reduce the risk of developing ESRD, especially in patients
with preserved renal function [32].

However, a retrospective analysis demonstrated that the renoprotective effect of inten-
sive glycemic control was predominantly observed in patients with early DM and subjects
without kidney diseases [33]. For patients with long-term DM or patients with kidney
diseases, intensive glycemic control did not prevent the progression of DKD. In fact, it
might incur a great risk of hypoglycemia and higher cardiovascular mortality or all-cause
mortality, especially in patients with a therapeutic goal of glycosylated hemoglobin (HbA1c)
below 6.9% [34]. Each class of glucose-lowering agent has side effects and suitable popu-
lations. Although the National Kidney Foundation Disease Outcomes Quality Initiative
(KDOQI) guidelines suggest keeping HbA1c levels ≤7.0% in patients with DM, for indi-
viduals with longstanding DM, cardionephric complications, and a limited life expectancy,
the target HbA1c level can be adjusted to >7.0%. These findings suggest that glycemic
control in patients with DM should be individualized according to the patient’s sensitivity
to hypoglycemia and the potential cardionephric disease status.

3.2. Blood Lipid Control

Hyperlipidemia is another risk factor for DKD progression, especially increases in
triglycerides, low-density lipoprotein cholesterol (LDL-C), and apolipoprotein-B-100, which
may increase the incidence of cardiovascular events in patients with DM with persistent
albuminuria [35]. Thus, the KDOQI guidelines recommend that patients with DKD receive
statin therapy to prevent cardiovascular events [36].

The renoprotective effects of statin-based treatments remain to be demonstrated.
The Anglo-Danish-Dutch Study of Intensive Treatment in People with Screen Detected
Diabetes in Primary Care (ADDITION-Europe) claimed no obvious renoprotective effect of
statins in patients with DM [37], but the Prospective Evaluation of Proteinuria and Renal
Function in Diabetic Patients with Progressive Renal Disease trial (PLANET I trial) revealed
that atorvastatin reduced renal events and albuminuria in patients with DKD [38]. The
cause of this heterogeneity may be that subjects in the PLANET I trial accepted treatment
with atorvastatin and RAAS inhibitors simultaneously. On the contrary, fibrates, such as
fenofibrate, were clearly proven to protect the kidneys and demonstrated a reduction in
albuminuria in patients with DM in the Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) trial [39]. However, the fact that fenofibrate may increase SCr limits its
application in populations with established DKD.

3.3. Blood Pressure Control

Hypertension is an important factor associated with DKD progression [40]. One animal
model has confirmed that controlling blood pressure in rats with DM can reduce the onset
of albuminuria and glomerulosclerosis [41]. One randomized controlled trial designed
to test the effects of blood pressure control on cardiovascular events in patients with
DM demonstrated that systolic blood pressure was linearly associated with an increased
incidence of myocardial infarction, stroke, and DKD [42]. One clinical study of patients with
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T2DM with hypertension found that blood pressure variability was related to albuminuria
and HbA1c level, and systolic blood pressure variability was a predictor of the degree
of kidney damage [43]. One recent observational study evaluating the effect of changes
in blood pressure on renal function showed that a 5 mmHg increase in blood pressure
variability was associated with a 5% increased risk of albuminuria [44]. These studies
suggest that controlling blood pressure and minimizing the variability of blood pressure
might delay the progression of DKD.

In addition to increasing the risk of cardiovascular events, hypertension can activate
the production of multiple cytokines, chemokines, and growth factors through hemody-
namic mechanisms, leading to renal inflammation and fibrosis [45]. Glomerular hyper-
tension in patients with DM can also directly cause podocyte detachment by increasing
mechanical stress [46]. The treatment of hypertension could alleviate renal inflammation
and fibrosis and mitigate podocyte injury.

Hyperglycemia can lead to glomerular hypertension through multiple pathways, such
as dilating afferent arterioles by releasing vasoactive substances and tubuloglomerular
feedback, and constricting efferent arterioles by increasing local angiotensin II (Ang II)
levels [47]. The RAAS is one of the best-studied mechanisms of blood pressure regulation,
and therapies targeting the RAAS occupy a central position in the field of DKD treatment.

RAAS inhibitors, which mainly include angiotensin-converting enzyme inhibitors
(ACEIs) and angiotensin receptor blockers (ARBs), have been used to treat DKD for several
decades. RAAS inhibitors have been widely demonstrated to be effective in protecting
kidney function in several landmark studies [48–50]. The captopril study showed that
captopril had benefits in patients with T1DM with overt albuminuria [48]. The Renal
and Cardiovascular Outcomes in Patients with Type 2 Diabetes and Nephropathy Study
(RENAAL) and the Irbesartan Diabetic Nephropathy Trial (IDNT) study, respectively,
illustrated the benefits of losartan and irbesartan in patients with T2DM [49,50].

The renoprotective effect of RAAS inhibitors was initially considered to be achieved
by controlling blood pressure and was not recommended for use in patients with DKD
without hypertension [51]. However, RAAS inhibitors have been reported to exert many
nonhemodynamic effects on the kidneys. For example, Ang II, the core member of the
RAAS, can increase glomerular capillary pressure, stimulate renal cell proliferation, pro-
mote extracellular matrix (ECM) synthesis, and cause macrophage infiltration to participate
in fibrosis and inflammation, which contribute to the development of kidney injury [52,53].
RAAS inhibitors could partially reverse the above changes to alleviate fibrosis and inflam-
mation in patients with DKD. Furthermore, increasing interest in podocyte biology has
suggested that blocking the RAAS may directly reverse the damaged podocyte structure in
patients with DM [54]. The evidence suggests that RAAS inhibitors have benefits beyond
their blood-controlling effect.

3.4. Aldosterone Antagonists

Since the combination of ACEI and ARB did not provide more beneficial effects than
monotherapy and instead increased the risk of hyperkalemia and acute kidney injury
(AKI), the enthusiasm for enhanced RAAS blockade shifted to combining mineralocorticoid
receptor antagonists (MRAs) with RAAS inhibitors [55]. Aldosterone, a mineralocorticoid
hormone produced via the activation of the mineralocorticoid receptor (MR) by AngII,
is involved in the pathogenesis of DKD [56]. Treatment with ACEI or ARB can only par-
tially suppress aldosterone, but the addition of MRAs may offer additional renoprotective
effects [57].

Spironolactone and eplerenone are the first studied MRAs. Animal studies have
demonstrated that spironolactone could improve glomerulosclerosis in rats with DM,
and eplerenone could decrease intraglomerular pressure and albuminuria in mice with
DM [58,59]. Eplerenone has a synergistic effect with enalapril of preventing albuminuria
and glomerulosclerosis in rats with DM [60]. One meta-analysis confirmed that spironolac-
tone combined with RAAS inhibitors could significantly reduce albuminuria and UACR in
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patients with DKD [61]. However, the high risk of hyperkalemia limits the application of
the two drugs [62]. The Eplerenone in Mild Patients Hospitalization and Survival Study
in Heart Failure (EMPHASIS-HF) study demonstrated the beneficial effects of eplerenone
for patients with heart failure, but its post hoc analysis found that patients with reduced
eGFR had a higher incidence of hyperkalemia even when they received lower doses of
eplerenone [63,64]. Finerenone is a novel MRA with high selectivity for MR and fewer
side effects [65]. One study with 96 patients with T2DM demonstrated that the combina-
tion of finerenone and RAAS inhibitors improved albuminuria without increasing serum
potassium levels [66]. Two subsequent large clinical trials with patients with DM and
chronic kidney diseases, the Effect of Finerenone on Chronic Kidney Disease Outcomes
in Type 2 Diabetes (FIDELIO) study and the Cardiovascular Events with Finerenone in
Kidney Disease and Type 2 Diabetes (FIGARO) study, investigated the long-term effects
of finerenone on kidney and cardiovascular outcomes and showed that finerenone had
a significant cardio-renal protective effect, especially for patients with severe kidney dis-
ease [67,68]. Although finerenone carried a risk of hyperkalemia, no fatal cases have been
reported and discontinuation rates due to hyperkalemia were low. Finerenone has now
been approved for DKD indications. Additionally, one recent study analyzed the effects of
empagliflozin, a SGLT2 inhibitor, in patients with heart failure treated with MRAs. The
results showed that patients receiving empagliflozin had lower rates of hyperkalemia and
withdrawal of MRAs compared with placebo, suggesting that combination therapy may be
an effective approach to improving the safety of MRAs [69]. Major clinical studies related
to aldosterone antagonists are summarized in Table 1.

The underlying mechanism of the renoprotective function of MRAs is still not fully
understood, and some preclinical studies have shown that it may be related to the reduction
of renal neutrophil gelatinase-associated lipocalin (NGAL) and the inhibition of Rac1 [70,71].
However, the beneficial effects of combined therapy with MRAs and RAAS inhibitors in
patients with DKD have been confirmed. In the future, combination therapy may replace
traditional RAAS blockade as routine prevention and management in patients with DM
with risk factors for DKD.

Table 1. Major clinical studies related to aldosterone antagonists.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signal Reference

Eplerenone

Eplerenone
in Mild
Patients

Hospitalization
and Survival

Study in
Heart Failure
(EMPHASIS-

HF)
study

Multicenter,
randomized,
double-blind,

placebo-
controlled trial
of eplerenone

25–50 mg qd in
patients who

aged at least 55
years with

NYHA
functional class

II symptoms
and an ejection
fraction ≤ 35%

(median 21
months).

2737

37%
reduction in

MACE
(death from
CV causes or
hospitaliza-

tion for
HF)

24% reduction
in death from

CV causes; 42%
reduction in

hospitalization
for HF; 31%
reduction in

hospitalization
for CV causes;

no effect on
hospitalization
for worsening
renal function;

no effect on
renal failure.

Increased
risk of hyper-

kalemia
(11.8% vs.

7.2%,
p < 0.001) in
group with
eplerenone
compared

with placebo.

[63]
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Table 1. Cont.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signal Reference

Finerenone

Chronic
Kidney
Disease

Outcomes in
Type 2

Diabetes
(FIDELIO)

study

Multicenter,
randomized,
double-blind,

placebo-
controlled trial

of
finerenone

10–20 mg qd in
patients with

T2DM who had
persistent,

moderately
elevated

albuminuria
with an eGFR of
25 to < 60 mL/

minute/1.73 m2

or persistent,
severely
elevated

albuminuria
with an eGFR of

25 to <75 mL
/minute/1.73 m2

(median
2.6 years).

5734

18% reduction
in composite

renal outcome
(kidney
failure, a
sustained

decrease of at
least 40% in

the eGFR
from baseline,
or death from
renal causes);

13% reduction
in kidney

failure (ESRD
or sustained
decrease in

eGFR to
<15 mL/min/
1.73 m2); 19%
reduction in

sustained
decrease of
≥40% in

eGFR from
baseline.

14% reduction
in key

secondary
composite

outcome (the
death from CV

causes,
nonfatal MI,

nonfatal stroke,
or

hospitalization
for HF).

The rate of
hyperkalemia

and
hyperkalemia-

related
discontinuation
for patients

with
finerenone vs.

placebo
were 18.3%

vs. 9.0% and
2.3% vs.

0.9%.

[67]

Cardiovascular
Events with

Finerenone in
Kidney

Disease and
Type 2

Diabetes
(FIGARO)

study

Multicenter,
randomized,
double-blind,

placebo-
controlled trial
of finerenone

10–20 mg qd in
patients with

T2DM who had
persistent,

moderately
elevated

albuminuria
with an eGFR of

25 to 90 mL/
minute/1.73 m2

or persistent,
severely
elevated

albuminuria
and an eGFR of
at least 60 mL/

minute/1.73 m2

(median
3.4 years).

7437

13%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
nonfatal
stroke, or

hospitaliza-
tion for

HF).

18% reduction
in composite

renal outcome
(kidney failure,

a sustained
decrease from
baseline of at

least 40% in the
eGFR, or death

from renal
causes); 29%
reduction in

kidney failure
(ESRD or
sustained

decrease in
eGFR to
<15 mL/

min/1.73 m2);
13% reduction

in sustained
decrease of

≥40% in eGFR
from baseline.

The rate of
hyperkalemia,
hyperkalemia-

related
discontinuation
and hospital-

ization for
patients with
finerenone vs.
placebo were

10.8% vs.
5.3%, 1.2% vs.

0.4% and
0.6% vs.

0.1%.

[68]

NYHA, New York Heart Association; MACE, major adverse cardiovascular events; CV, cardiovascular; HF, heart
failure; T2DM, type 2 diabetes mellitus; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease;
MI, myocardial infarction.
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3.5. Diuretics

As mentioned above, the antialbuminuric effects of aldosterone antagonists have been
established in clinical studies, and while the efficacy of other diuretics for DKD has been
less well-studied, evidence suggests that they may have similar antialbuminuric properties.

Several studies have shown that thiazide diuretics, such as hydrochlorothiazide and
losalidone, have obvious albuminuria-reducing effects in patients with DKD, possibly by
reducing intraglomerular pressure, but there are also results supporting that their renopro-
tective effects may be independent of their antihypertensive effects [72–74]. A low-sodium
diet clearly enhances the antialbuminuric effects of RAAS inhibitors, but this is often diffi-
cult to achieve clinically, although the natriuretic effect of diuretics may address this issue.
One study involving 45 patients with DM evaluated effects of sodium restriction and hy-
drochlorothiazide on albuminuria. The experimental group received hydrochlorothiazide
or sodium restriction, while the control group received placebo or a regular sodium diet.
The results showed that both sodium restriction and hydrochlorothiazide significantly
reduced albuminuria [75]. Another study involving 34 nondiabetic patients showed that
RAAS blockers combined with sodium restriction and RAAS blockers combined with
diuretic therapy were nearly equally as effective in reducing albuminuria and blood pres-
sure [76]. These results suggest that the addition of thiazides may be a good option for
patients with DKD who cannot achieve a low-sodium diet.

Other diuretics have also been reported to have renoprotective effects. One study
showed that the addition of furosemide on the basis of half-dose RAAS inhibitor had
a better antialbuminuric efficacy than full-dose RAAS inhibitor therapy [77]. Thiazide
diuretics combined with loop diuretics have been shown to improve eGFR in patients with
DKD [78]. This effect may be partly explained by the powerful hypotensive effect of loop
diuretics. However, there is currently no evidence that loop diuretics by themselves have
albuminuria-reducing effects. Amiloride can reduce albuminuria by inhibiting distal renal
tubular epithelial sodium channels, and one study showed a significant reduction in UACR
in patients with DM who were treated with amiloride [79,80]. Acetazolamide, a carbonic
anhydrase inhibitor, can reduce glomerular hyperfiltration by activating tubuloglomerular
feedback [81]. Acetazolamide has been shown to improve transient albuminuria in patients
with acute mountain sickness [82].

Although the antialbuminuric effects of most diuretics and their mechanisms require
more research to elucidate and the fluid and electrolyte disturbances caused by them
are nonnegligible side effects, diuretics should be considered an essential component of
combination therapy.

3.6. SGLT2 Inhibitors

RAAS inhibitors were the only approved pharmacotherapy for patients with DKD
until the advent of SGLT2 inhibitors. SGLT2 inhibitors are oral hypoglycemic drugs that
exert hypoglycemic effects by inhibiting SGLT2, which is a cotransporter located in proximal
tubule that transports sodium and glucose in a 1:1 ratio via the sodium-potassium ATPase-
mediated sodium concentration gradient [83,84]. Nearly eight years of clinical trials have
proven that SGLT2 inhibitors have strong cardiorenal protective effects.

The first major study validating the effects of SGLT2 inhibitors was the Empagliflozin,
Cardiovascular Outcomes, and Mortality in Type 2 Diabetes (EMPA-REG) Outcome Trial [85].
This trial was designed to evaluate the cardiovascular safety of empagliflozin in patients
with DM with cardiovascular diseases. Aside from showing significantly decreased in-
cidence of cardiovascular events in patients treated with empagliflozin, this study also
demonstrated a 39% reduction in the composite events of albuminuria progression, creati-
nine doubling, renal replacement therapy, and renal death. Subsequently, the Canagliflozin
Cardiovascular Assessment Study (CANNAS) was conducted to evaluate another SGLT2
inhibitor, canagliflozin. Compared with the results of the EMPA-REG Outcome Trial,
canagliflozin showed a similar improvement in cardiovascular outcomes and kidney dis-
ease risk in patients with DM, but it significantly increased amputation and fracture rates
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in these patients, which has not been reported thus far in the cardiovascular outcomes
trials of other SGLT2 inhibitors [86]. The third SGLT2 inhibitor, dapalizine, has also been
evaluated for its efficacy in major trials. The Dapagliflozin Effect on Cardiovascular Events-
Thrombolysis in Myocardial Infarction 58 (DECLARE-TIMI 58) demonstrated significant
cardiorenal protection in the dapagliflozin-treated group compared with the placebo group,
although the cohort had a low baseline risk of cardiovascular-related events [87]. Major
clinical studies related to SGLT2 inhibitors are summarized in Table 2 [85–88].

Table 2. Major clinical studies related to SGLT2 inhibitors.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Empagliflozin

Empagliflozin,
Cardiovascu-
lar Outcomes,
and Mortality

in Type 2
Diabetes

(EMPA-REG)
Outcome

Trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial

of
empagliflozin

10 mg or 25 mg
qw in patients

with T2DM
who had a BMI

of 45 or less
and an eGFR of
at least 30 mL/
min/1.73 m2

(median
3.1 years).

7020

14%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

11% reduction
in key

secondary
composite
outcome

(MACE or
hospitalization
for UA); 39%
reduction in
composite

renal outcome
(onset of

macroalbumin-
uria, doubling
of the SCr and

an eGFR of
≤45 mL/min/

1.73 m2, the
need for renal
replacement
therapy, or
death from

renal disease).

Increased
risk of genital
infection in
group with
10 mg em-
pagliflozin

(6.5% vs.
1.8%,

p < 0.001)
and group
with 25 mg

em-
pagliflozin

(6.3% vs.
1.8%,

p < 0.001)
compared

with placebo.

[85]

Canagliflozin

Canagliflozin
Cardiovascu-

lar
Assessment

Study
(CANVAS)

Multicenter,
randomized,
double-blind,

placebo-
controlled trial
of canagliflozin

100 mg or
300 mg qd in
patients with
T2DM who

had a history
of symptomatic
atherosclerotic
CV disease or
were 50 years
of age or older
with at least
2 risk factors

for CV disease
(median

188.2 weeks).

10,142

14%
reduction in

the death
from CV
causes,

nonfatal MI,
or nonfatal

stroke.

70% increase in
regression of
albuminuria;

40% reduction
in composite

renal outcome
(40% reduction

in eGFR, the
need for renal
replacement
therapy, or
death from

renal disease).

Increased
risk of genital

infection
(0.35% vs.

0.11%,
p < 0.001) and
increased risk

of
amputation
of toes, feet,

or legs (0.63%
vs. 0.34%,

p < 0.001) in
group with

canagliflozin
compared

with placebo.

[86]
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Table 2. Cont.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Dapagliflozin

Dapagliflozin
Effect on Car-
diovascular

Events-
Thrombolysis

in
Myocardial

Infarction 58
(DECLARE-

TIMI 58)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial

of
dapagliflozin

10 mg qd
patients with
T2DM who

had or were at
risk for

atherosclerotic
CV disease and

had a
HbA1c ≥ 6.5%

but <12.0%,
and a Scr

clearance ≥
60 mL/min

(median
4.2 years).

17,160

No effect on
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal
stroke); 17%
reduction in
CV death or
hospitaliza-

tion for heart
failure.

24% reduction
in composite

renal outcome
(new ESRD,

≥40% decrease
in eGFR to <60,

death from
renal or CV
causes); No

effect on
secondary

efficacy
outcomes (the

death from any
cause).

Increased
risk of genital

infection
(0.9% vs.

0.1%,
p < 0.001) in
group with

dapagliflozin
compared

with placebo.

[87]

Canagliflozin

Canagliflozin
and Renal

Endpoints in
Diabetes

with
Established

Nephropathy
Clinical

Evaluation
(CRE-

DENCE)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial
of canagliflozin
100 mg qd in
patients with
T2DM who

had an eGFR of
30 to <90 mL/
min/1.73 m2

and
albuminuria

and were
treated with

RAAS
inhibitors
(median

2.62 years).

4401

32%
reduction in
ESRD (the
need for

renal
replacement
therapy or
sustained
eGFR of

<15 mL/min/
1.73 m2); 34%
reduction in
composite

renal
outcome
(ESRD,

doubling of
SCr, or death

from renal
disease).

20% reduction
in MACE (the
death from CV

causes,
nonfatal MI, or

nonfatal
stroke).

No
significant

difference in
rates of
adverse
events

(amputation,
fracture, and

diabetic
ketoacidosis)
between two

groups.

[88]

SGLT2, sodium-dependent glucose transporters 2; T2DM, type 2 diabetes mellitus; BMI, body mass index;
eGFR, estimated glomerular filtration rate; MACE, major adverse cardiovascular events; CV, cardiovascular; MI,
myocardial infarction; UA, unstable angina; SCr, serum creatinine; HbA1c, glycosylated hemoglobin; ESRD,
end-stage renal disease.

It is worth mentioning that the effects of SGLT2 inhibitors on the risk of AKI in
patients with DKD are heterogeneous. The cardiovascular safety data from large clinical
studies of SGLT2 inhibitors showed significant differences in the effects of different SGLT2
inhibitors on the risk of AKI [85–87]. For example, empagliflozin reduced the incidence
of AKI, while patients treated with canagliflozin and dapagliflozin developed AKI and
even required hospitalization and dialysis, which may have been related to the differences
in chemical structure and pharmacology of different SGLT2 inhibitors [89]. To investigate
the effects of different SGLT2 inhibitors on AKI risk, a recent experiment compared the
effects of empagliflozin and canagliflozin in a rat model of AKI using SCr and blood urea
nitrogen (BUN) as indicators of AKI [90]. The results showed that SCr and BUN were
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higher in the canagliflozin group than the empagliflozin group. Empagliflozin ameliorated
tubular necrosis and inflammation, significantly reduced the expression of kidney injury
molecule-1, and restored normal levels of urinary microRNA-26a, while canagliflozin
had no significant effect on these parameters. These results support the idea that SGLT2
inhibitors play a compound role in AKI, and clinical studies of SGLT2 inhibitors with AKI
risk as the primary endpoint should be conducted in the future.

The physiological mechanisms underlying the cardiorenal benefits of SGLT2 inhibitors
have not been thoroughly clarified. It is widely accepted that SGLT2 inhibitors correct
afferent arteriole dilatation and glomerular hyperfiltration by increasing the sodium con-
centration in the macula densa. SGLT2 is upregulated in hyperglycemia and results in
increased the reabsorption of sodium in the proximal tubule via the sodium–glucose co-
transporter, which in turn leads to the low sodium concentration in the macula densa and
activates tubuloglomerular feedback, causing the vasodilation of afferent arterioles and
increased intraglomerular pressure and filtration; SGLT2 inhibitors reverse these changes,
improve sodium and fluid retention, and reduce intraglomerular pressure [91]. Another
hypothesis regarding the renoprotective effect of SGLT2 inhibitors is related to altered
renal oxygen consumption [92]. One study showed that the inhibition of SGLT2 reduced
oxygen consumption of proximal tubular cells and improved renal cortical oxygenation,
mainly by reducing sodium–potassium ATPase activity [93]. In addition, one animal exper-
iment showed that SGLT2 inhibitors can inhibit renal inflammation and fibrosis, and the
mechanism may be that a reduction in glucose entering proximal tubule cells can alleviate
mitochondrial damage [94]. The renoprotective mechanisms of SGLT2 inhibitors are shown
in Figure 1.

Admittedly, SGLT2 inhibitors are limited by potential side effects such as ketoacidosis
and urinary tract infections [95]. This may be due to the high doses of SGLT2 inhibitors
currently in use; thus, reducing the doses of SGLT2 inhibitors may overcome these chal-
lenges. One preclinical study compared the cardiorenal effects of the SGLT-2 inhibitor
empagliflozin with telmisartan in nephrectomized rats on a high-salt diet. The effects of
0.6 mg/kg empagliflozin (which was much lower than the dose used in other preclinical
studies) on blood pressure and cardiac and renal fibrosis were comparable with the usual
dose of telmisartan (5 mg/kg) [96]. Based on this result, future clinical studies should
explore the minimum protective dose of SGLT2 inhibitors that can be used without affecting
the efficacy of the current standard doses of SGLT2 inhibitors in patients with DKD, which
could improve safety and lead to more widespread application of SGLT2 inhibitors.

3.7. Incretin Mimetics

Incretins are peptides that are secreted by intestinal cells and are involved in glycemic
regulation. Incretins exert hypoglycemic effects by stimulating pancreatic β-cell prolifer-
ation to increase insulin and inhibit glucagon release from pancreatic α-cells [97]. GLP-1
is one of the identified incretins and is secreted by L cells in the intestine [98]. GLP-1
works by activating its receptor GLP-1R and is rapidly degraded by DPP-4 after exerting
its effects [99]. Based on the above theory, two hypoglycemic drugs have been developed:
GLP-1R agonists and DPP-4 inhibitors, which are also known as incretin mimetics. Recent
findings suggest that these two drugs also have direct and indirect benefits on the kidneys
of patients with DM.
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Figure 1. The renoprotective mechanisms of SGLT2 inhibitors. The molecular mechanisms of SGLT2
under hyperglycemia conditions with and without SGLT2 inhibitor. (a) SGLT2 is upregulated under
hyperglycemic conditions. The reabsorption of sodium and glucose increased, which resulted in
the activation of Na+-K+ ATPase, thus leading to increased ATP and oxygen consumption and
mitochondrial damage. The increased resorption of sodium resulted in the low sodium concentration
in the macula densa and activated tubuloglomerular feedback, causing the vasodilation of afferent
arterioles and increased intraglomerular pressure. (b) SGLT2 inhibitors reversed the above changes
through inhibiting the resorption of sodium and glucose and increasing the sodium concentration in
the macula densa, leading to afferent arteriole constriction and reduced intraglomerular pressure.
SGLT2, sodium-dependent glucose transporters 2; ATP, adenosine triphosphate; ADP adenosine
diphosphate; AMP, adenosine monophosphate; Na+-K+ ATPase: sodium-potassium ATPase. Upper
arrow in red indicates increase; down arrow in blue indicates decrease.

3.7.1. GLP-1R Agonists

Apart from their hypoglycemic effects, emerging evidence illustrated that GLP-1R
agonists may have complex renoprotective effects. GLP-1R agonists can induce natriure-
sis and diuresis by suppressing the sodium-hydrogen exchanger 3 (NHE3) in the brush
border of proximal tubular cells, and they also reduce Ang II levels and thereby inhibit
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renal RAAS activation [100,101]. These mechanisms may partially explain the hypoten-
sive effects of GLP-1R agonists. Cellular experiments illustrated that GLP-1R agonists
improved endothelial function by inhibiting endothelin (ET)-1 [102]. Animal models have
proven that GLP-1R agonists can lower blood lipids, especially LDL-C, total cholesterol,
and triglycerides, and this effect may be achieved by reducing intestinal chylomicron
production and activating brown adipose tissue [103,104]. Furthermore, GLP-1 has been
demonstrated to cause decreased food intake and weight loss by increasing satiety and
reducing appetite [105]. Together, these findings reveal that GLP-1R agonists are able to
improve multiple traditional risk factors associated with DKD progression.

At least six GLP-1R agonists have been tested in clinical research (Table 3) [106–111].
Compared with placebo, GLP-1R agonists led to varying degrees of improvement in major
adverse cardiovascular events and renal function assessment indicators. These observations
verify the effect of GLP-1R agonists on cardiorenal function, but more trials are needed to
explore the underlying mechanisms.

Table 3. Major clinical studies related to GLP-1R agonists.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Lixisenatide

Lixisenatide
in Patients

with Type 2
Diabetes and

Acute
Coronary
Syndrome

(ELIXA) trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of

lixisenatide
10–20 µg qd in
patients with

T2DM who had a
MI or had been
hospitalized for
UA within the

previous 180 days
(median

25 months).

6068

No effect on
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

19.2%
reduction in
new onset

macroalbumin-
uria; No

significant
effect on eGFR

Increased
risk of gas-

trointestinal
event (4.9%

vs. 1.2%,
p < 0.001) in
group with
lixisenatide
compared

with placebo.

[106]

Liraglutide

Liraglutide
and Cardio-

vascular
Outcomes in

Type 2
Diabetes

(LEADER)
study

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
liraglutide 1.8 mg

qd in patients
with T2DM who

had a
HbA1c ≥ 7.0%

and aged at least
50 years old with
at least one CV

coexisting
condition or aged
at least 60 years
with at least one

CV risk factor
(median 3.8 years).

9340

13%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

22% reduction
in composite

renal outcome
(onset of

macroalbumin-
uria, doubling
of the SCr and

an eGFR of
≤45 mL/minute/

1.73 m2, the
need for

continuous
renal

replacement
therapy, or
death from

renal disease);
26% reduction
in progression
of albuminuria

Acute
gallstone

disease is the
main severe

adverse
event.

Nausea,
vomiting and
diarrhea are

the most
common

causes
leading to the
discontinua-

tion.

[107]
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Table 3. Cont.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Semaglutide

Semaglutide
and Cardio-

vascular
Outcomes in
Patients with

Type 2
Diabetes

(SUSTAIN-6)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
semaglutide 0.5 or

1.0 mg qw in
patients with

T2DM who had a
HbA1c level ≥ 7%
and aged at least
50 years or with
established CV
disease, chronic
heart failure or

CKD of stage 3, or
aged at least with
one CV risk factor
(median 2.1 years).

3297

26%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

36% reduction
in new or

worsening
nephropathy

Increased
risk of gas-

trointestinal
disease and

reduced
risk of severe

adverse
events

(including
serious
cardiac

disorders) in
group with
semaglutide

compared
with placebo.

[108]

Exenatide

Effects of
Once-Weekly
Exenatide on
Cardiovascu-
lar Outcomes

in Type 2
Diabetes

(EXSCEL)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
exenatide 2 mg

qw in T2DM
patients who had

HbA1c of
6.5–10.0% and

with or without
previous CV

disease (median
3.2 years).

14,752

9% reduction
in MACE
(the death
from CV
causes,

nonfatal MI,
or nonfatal

stroke).

12% reduction
in composite

renal outcome
(onset of

macroalbumin-
uria, doubling
of the Scr and

an eGFR of
≤45 mL/minute/

1.73 m2, the
need for

continuous
renal

replacement
therapy, or
death from

renal disease);
26% reduction
in progression

of
albuminuria)

No
significant

difference in
risk

of adverse
events (acute
pancreatitis,
pancreatic

cancer, severe
hypo-

glycemia and
medullary

thyroid
carcinoma)

between two
groups.

[109]
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Table 3. Cont.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Albiglutide

Albiglutide
and cardio-

vascular
outcomes in
patients with

type 2
diabetes and
cardiovascular

disease
(HAR-

MONY)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of

albiglutide
1.5 mg qw in

patients aged at
least 40 years

with T2DM who
had HbA1c
≥7.0% and
established

disease of the
coronary,

cerebrovascular,
or peripheral

arterial
circulation
(median

1.5 years).

9463

22%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

Renal
outcomes are
not available

No
significant

difference in
risk of

adverse
events (acute
pancreatitis,
pancreatic

cancer, severe
hypo-

glycemia and
medullary

thyroid
carcinoma)

between two
groups.

[110]

Dulaglutide

Dulaglutide
and cardio-

vascular
outcomes in

type 2
diabetes

(REWIND)
trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of

dulaglutide
1.5 mg qw in
patients with

T2DM who aged
at least 50 years
with CV or renal

risk factors
(median

5.4 years).

9901

22%
reduction in
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke)

15% reduction
in composite

renal outcome
(development

of
UACR >33·9
mg/mmol in

those with
lower baseline
concentration,

sustained
≥30% decline

in eGFR, or the
need of renal
replacement

therapy)

No
significant

difference in
risk of severe

adverse
events and

increased risk
in gastroin-

testinal event
(47.4% vs.

37.1%,
p < 0.0001) in
group with
dulaglutide
compared

with placebo.

[111]

GLP-1R, Glucagon-like peptide 1 receptor; T2DM, type 2 diabetes mellitus; MI, myocardial infarction; UA,
unstable angina; MACE, major adverse cardiovascular events; CV, cardiovascular; eGFR, estimated glomerular
filtration rate; HbA1c, glycosylated hemoglobin; SCr, serum creatinine; CKD, chronic kidney disease; UACR,
urinary albumin-to-creatinine ratio.

A comparison of data on emplagiflozin and liraglutide revealed that SGLT2 inhibitors
had a more pronounced benefit on renal endpoints (doubling SCr levels and ESRD progres-
sion) than GLP-1R agonists [112]. This difference may be explained by the ability to reduce
intraglomerular pressure of GLP-1R inhibitors and SGLT2 inhibitors. SGLT2 inhibitors
increase the sodium concentration of the macula densa and reduce intraglomerular pres-
sure through tubuloglomerular feedback [91]. Furthermore, SGLT2 inhibitors prevent the
proximal tubule reabsorption of glucose and sodium, resulting in decreased salt and water
retention and thereby reducing systemic blood pressure [113]. Together with secondary
RAAS inhibition and weight loss, these mechanisms constitute the potent antihyperten-
sive effects and renal benefits of SGLT2 inhibitors [114]. In contrast, the antihypertensive
mechanisms of GLP-1, mainly by inhibiting NHE3 and reducing Ang II, are less extensive
and effective than that of SGLT2 inhibitors [100,101]. Additionally, similar to empagliflozin,
liraglutide reduce all-cause mortality, although this is more attributable to its nonrenal
benefits [112]. However, it is amazing that liraglutide shows strong potential for reducing



Int. J. Mol. Sci. 2022, 23, 10882 15 of 36

albuminuria without obvious influence on SCr level and ESRD progression [107]. The
definite renal efficacy of GLP-1R agonists remains to be explored in future studies with
renal events as the primary endpoints.

3.7.2. DPP-4 Inhibitors

To date, several DPP-4 inhibitors have been tested in large clinical studies: sitagliptin,
saxagliptin, linagliptin, and alogliptin (Table 4) [115–118]. The renal excretion of linagliptin
is a secondary elimination pathway; thus, linagliptin is the only DPP-4 inhibitor that does
not require dose adjustment in patients with DM with impaired renal function. Therefore,
linagliptin is currently the most commonly used and valued DPP-4 inhibitor [98]. The
most recent clinical study investigating the renoprotective effects of linagliptin in patients
with DM is the Cardiovascular and Renal Microvascular Outcomes Study of Linagliptin
(CARMELINA), which showed that linagliptin might be effective in patients with very
high cardiovascular and renal risks, and it improved the predicted eGFR without affecting
heart failure hospitalization rates or the risk of other cardiovascular complications [118].

Table 4. Major clinical studies related to DPP-4 inhibitors.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Saxagliptin

Saxagliptin
and Cardio-

vascular
Outcomes in
Patients with

Type 2
Diabetes
Mellitus
(SAVOR-

TIMI 53) trial

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
saxagliptin 5 mg

qd in patients
with T2DM who
had a HbA1c of
6.5–12.0%, and
either a history
of established
CV disease or
multiple risk

factors for
vascular disease

(median
2.1 years).

16,492

No effect on
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

No effect on
secondary

efficacy end
point (MACE

plus
hospitalization

for heart
failure,

coronary revas-
cularization, or
UA); No effect

on eGFR.

Increased
risk of hypo-

glycemia
(15.3% vs.

13.4%,
p < 0.001) in
group with
saxagliptin
compared

with placebo.

[115]

Alogliptin

Alogliptin
after Acute
Coronary

Syndrome in
Patients with

Type 2
Diabetes

(EXAMINE)

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
alogliptin 25 mg/
12.5 mg/6.25 mg

qd in patients
with T2DM and
either an acute

MI or UA
requiring

hospitalization
within the

previous 15 to
90 days (median

18 months).

5380

No effect on
MACE (the
death from
CV causes,

nonfatal MI,
or nonfatal

stroke).

No effect on
principal

secondary end
point (MACE

with the
addition of

urgent revascu-
larization due
to UA within

24 h after
hospital

admission); No
effect on eGFR

renal
replacement

therapy

No
significant

difference in
risk of

adverse
events

(severe hypo-
glycemia,

cancer,
dialysis,

acute
pancreatitis,
pancreatic
cancer and

angioedema)
between two

groups.

[116]
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Table 4. Cont.

Drugs Clinical
Trials Study Design Number of

Patients
Primary

Outcomes
Secondary
Outcomes

Safety
Signals Reference

Sitagliptin

Effect of
Sitagliptin on
Cardiovascu-
lar Outcomes

in Type 2
Diabetes
(TECOS)

study

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of

sitagliptin
100 mg qd in
patients with

T2DM who had
established

atherosclerotic
CV disease, and

HbA1c of
6.5–8.0% and

were receiving
stable-dose

monotherapy or
dual-

combination
therapy of

hypoglycemic
agent (median

3.0 years).

14,671

No effect on
MACE (time
to CV death,
nonfatal MI,

nonfatal
stroke, or

hospitaliza-
tion for

UA).

no effect on
eGFR

No
significant

difference in
risk of

adverse
events

(infections,
cancer, renal

failure,
severe hypo-

glycemia,
acute

pancreatitis
and

pancreatic
cancer)

between two
groups.

[117]

Linagliptin

The Cardio-
vascular and

Renal
Microvascular

Outcome
Study
With

Linagliptin
(CARMELINA)

Multicenter,
randomized,
double-blind,

placebo-
controlled trial of
linagliptin 5 mg
qd in patients

with T2DM who
had HbA1c of

6.5–10.0%,
history of

vascular disease
and

UACR > 200 mg/g,
and reduced

eGFR and micro-
or macroalbu-

minuria (median
2.2 years).

6991

No effect on
MACE (time

to first
occurrence of

the
composite of

CV death,
nonfatal MI,
or nonfatal

stroke).

No effect on
secondary

outcome (time
to first

occurrence of
adjudicated
death due to
renal failure,

ESRD, or
sustained

≥40% decrease
in eGFR from

baseline).

The rate of
adverse

events, hypo-
glycemia,
and acute

pancreatitis
for patients

with
linagliptin vs.

placebo
were 77.2%
vs. 78.1%,
29.7% vs.

29.4%, and
0.3% vs.

0.1%.

[118]

DPP-4, dipeptidyl peptidase-4; T2DM, type 2 diabetes mellitus; HbA1c, glycosylated hemoglobin; CV, cardio-
vascular; MACE, major adverse cardiovascular events; MI, myocardial infarction; UA, unstable angina; eGFR,
estimated glomerular filtration rate; UACR, urinary albumin-to-creatinine ratio; ESRD, end-stage renal disease.

It was previously thought that the effects of DPP-4 inhibitors were mainly dependent
on GLP-1 and its receptor, but the evidence that DPP-4 inhibitors also benefit the kidneys
of mice lacking the GLP-1R suggests that the incretin-independent effects of DPP-4 in-
hibitors need to be explored [119]. Emerging evidence indicates that stromal cell-derived
factor 1 (SDF-1), one of the substrates of DPP-4, is upregulated after the inhibition of
DPP-4 and may be associated with the antioxidative and antifibrotic effects of DPP-4 in-
hibitors. [120,121]. One study demonstrated that linagliptin upregulated type I collagen,
apolipoprotein C1, and heterogeneous nuclear ribonucleoprotein A2/B1 in nondiabetic
rats, and these results were obtained through mass spectrometric analysis [122]. Also
using mass spectrometry analysis, another study with GLP-1R knockout mice showed that
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linagliptin treatment significantly upregulated thymosin b4, downregulated Y-box-binding
protein-1, and counteracted nephrectomy-induced transforming growth factor-β1 (TGF-
β1) upregulation [123]. These mechanisms may contribute to the antirenal fibrotic effects
of DPP-4 inhibitors independent of incretin. The renoprotective mechanisms of DPP-4
inhibitors are shown in Figure 2.
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Figure 2. The renoprotective mechanisms of DPP-4 inhibitors. DPP-4 inhibitors can exert renopro-
tective effects dependent on or independent of the incretin. GLP-1, an identified incretin, works by 
the activation of GLP-1R. GLP-1 is rapidly degraded by DDP-4 after exerting its effects. After inhib-
iting the degradation of GLP-1, DPP-4 inhibitors resulted in decreased blood glucose, improved 
hypertension by inhibiting Ang II, protected endothelial function by inhibiting ET-1, and inhibited 
NHE3 to exert natriuretic effect. On the other hand, DPP-4 inhibitors inhibited oxidative stress and 
improved renal fibrosis by regulating SDF-1, collagen I, Apo-C1 and other substrates independent 
of GLP-1 and its receptors. DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide 1; GLP-1R, 
glucagon-like peptide 1 receptor; SDF-1, stromal cell-derived factor 1; Apo-C1, apolipoprotein C1; 
Ang II, angiotensin II; ET-1, endothelin-1; NHE3, sodium-hydrogen exchanger 3. Upper arrow in 
red indicates increase; down arrow in blue indicates decrease; down arrow in black indicates the 
direction of blood flow. 

The increased risk of hypoglycemia and reduced insulin clearance make the applica-
tion of insulin in patients with advanced DKD still controversial [124]. Incretin mimetics 
have potent hypoglycemic effects with lower risk of hypoglycemia and can be regarded 
as alternatives for insulin [125]. For obese patients, the combination of GLP-1R agonists 
and insulin can reduce the risk of weight gain [126]. For patients with cardiovascular risk, 
GLP-1R agonists have higher safety than insulin [127]. Except saxagliptin, the safety of all 
DPP-4 inhibitors has been proven in patients with any level of eGFR; therefore, DPP-4 
inhibitors may be more suitable than insulin for patients with severe renal insufficiency 
[124]. Furthermore, since SGLT-2 inhibitors and incretin mimetics lower blood glucose 
through different mechanisms, the hypoglycemic effects of combination therapy have 
been studied. One clinical study investigating the effects of triple therapy with SGLT-2 
inhibitors, DPP-4 inhibitors, and metformin in patients with T2DM demonstrated that the 
addition of saxagliptin and dapagliflozin obviously improved metformin-uncontrolled 
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Figure 2. The renoprotective mechanisms of DPP-4 inhibitors. DPP-4 inhibitors can exert renopro-
tective effects dependent on or independent of the incretin. GLP-1, an identified incretin, works
by the activation of GLP-1R. GLP-1 is rapidly degraded by DDP-4 after exerting its effects. After
inhibiting the degradation of GLP-1, DPP-4 inhibitors resulted in decreased blood glucose, improved
hypertension by inhibiting Ang II, protected endothelial function by inhibiting ET-1, and inhibited
NHE3 to exert natriuretic effect. On the other hand, DPP-4 inhibitors inhibited oxidative stress and
improved renal fibrosis by regulating SDF-1, collagen I, Apo-C1 and other substrates independent
of GLP-1 and its receptors. DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide 1; GLP-1R,
glucagon-like peptide 1 receptor; SDF-1, stromal cell-derived factor 1; Apo-C1, apolipoprotein C1;
Ang II, angiotensin II; ET-1, endothelin-1; NHE3, sodium-hydrogen exchanger 3. Upper arrow in
red indicates increase; down arrow in blue indicates decrease; down arrow in black indicates the
direction of blood flow.

The increased risk of hypoglycemia and reduced insulin clearance make the applica-
tion of insulin in patients with advanced DKD still controversial [124]. Incretin mimetics
have potent hypoglycemic effects with lower risk of hypoglycemia and can be regarded
as alternatives for insulin [125]. For obese patients, the combination of GLP-1R agonists
and insulin can reduce the risk of weight gain [126]. For patients with cardiovascular risk,
GLP-1R agonists have higher safety than insulin [127]. Except saxagliptin, the safety of all
DPP-4 inhibitors has been proven in patients with any level of eGFR; therefore, DPP-4 in-
hibitors may be more suitable than insulin for patients with severe renal insufficiency [124].
Furthermore, since SGLT-2 inhibitors and incretin mimetics lower blood glucose through
different mechanisms, the hypoglycemic effects of combination therapy have been stud-
ied. One clinical study investigating the effects of triple therapy with SGLT-2 inhibitors,
DPP-4 inhibitors, and metformin in patients with T2DM demonstrated that the addition of
saxagliptin and dapagliflozin obviously improved metformin-uncontrolled HbA1c [128].
One 28-week clinical trial investigated the effects of exenatide and dapagliflozin, alone
and in combination, in patients with T2DM. The results showed that both drugs improved
blood glucose that was poorly controlled by metformin, and the combination of the two
drugs was more effective than either drug alone [129]. Another 104-week trial came to the
similar conclusion that the combination of exenatide and dapagliflozin was beneficial for
glycemic control in patients with T2DM and had favorable safety [130]. One recent 16-week
clinical trial showed that the addition of SGLT2 inhibitors and GLP-1R agonists while
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tapering insulin brought greater glycemic improvement without weight gain compared
with insulin-only therapy, suggesting that combination therapy may achieve reduction
or even withdrawal of insulin [131]. These findings suggest that incretin mimetics and
SGLT2 inhibitors have advantages over traditional hypoglycemic drugs in hypoglycemic
and renoprotective effects, and with the advent of novel agents, they are expected to be
alternative options for patients with DM or DKD.

3.8. Endothelin-1 Receptor Antagonists

The ET family was identified in the late 1980s, and three isoforms of ET have been
described: ET-1, ET-2, and ET-3 [132]. ET-1 is a strong vasoconstrictor that exerts vasoactive
activity mainly by activating ET-A receptors [132].

Preclinical and clinical studies have described that ET-1 activity is increased in patients
with DM and that ET-1 receptor antagonists (ERAs) reduce albuminuria and protect renal
function [133–135]. The renal benefits of ERAs can be partly explained by their hemody-
namic effects. The activation of ET-A receptors can constrict efferent arterioles, causing
glomerular hypertension, which is associated with water and sodium retention [136]. There-
fore, ERAs may improve intraglomerular pressure to preserve renal function and reduce
the risk of heart failure due to hypervolemia by inhibiting ET-A receptors. However, the
nonhemodynamic renoprotective effects of ERAs are also becoming increasingly valued.
For example, the glycocalyx of endothelial cells prevents albumin leakage and regulates
vascular homeostasis, and ERAs have been confirmed to protect glycocalyx function in
hyperglycemic environments, which may be one of the mechanisms leading to the im-
provement in albuminuria in patients with DM [137]. Additionally, exposure of protein in
cultured podocytes results in ET-1 release, leading to renal injury, and ERAs can preserve
podocyte function and reduce the release of ET-1 in the kidney [137]. Moreover, ERAs also
exert varying degrees of protection of renal tubular cells and mesangial cells, although
whether these effects are directly related to the reduction in albumin leakage remains to be
studied [138].

Although available clinical trials have shown that ERAs may be novel drugs for DKD,
no consistent conclusions regarding their effectiveness and safety in patients with DKD
have been reached. The Avosentan for Overt Diabetic Nephropathy (ASCEND) study
showed that patients treated with avosentan demonstrated a reduction in doubled SCr and
albuminuria compared with the placebo group, demonstrating that avosentan has renal
benefit [134]. Unfortunately, the clinical development of avosentan failed to continue due
to major secondary adverse cardiovascular events. Subsequently, another ET-1 antagonist,
atrasentan, which is more selective for the ET-A receptor, was evaluated for its safety in the
Study of Diabetic Nephropathy with Atrasentan (SONAR) with 2500 subjects [135]. The
SONAR study was also terminated early because the primary endpoint was not reached
within the expected time, but the results showed that treated patients demonstrated a
doubling in SCr and progressed to ESRD at a slower rate. A recent meta-analysis revealed
significantly reduced albuminuria and improved eGFR in patients with DKD receiving
combined treatment with ERAs and RAAS inhibitors, and decreased blood pressure was
also observed. [139]. From these studies, it can be concluded that ERAs may be an effective
intervention for controlling blood pressure and albuminuria in patients with DKD with
decreased eGFR. However, the presence of side effects, such as heart failure, anemia, and
hypoglycemia, is a challenge that needs to be overcome before ERAs can be put into
clinical use.

4. Surgical Treatment

Metabolic surgery occupies an important position in the interventions of patients
with severe obesity with DM; however, emerging evidence implies that metabolic surgery
improves the albuminuria and reduces the progression of ESRD in patients with obesity,
whereas this renoprotective effect occurs independent of body weight [140,141].
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Roux-en-Y gastric bypass (RYGB) is the metabolic surgery with the most prominent
renal protective effects. Preclinical studies have demonstrated improved glomerular mor-
phology, reduced mechanical stretch of podocytes, and reduced macrophage infiltration
and fibrosis after metabolic surgery [142]. One clinical study demonstrated that RYGB was
more effective than drug therapy in relieving albuminuria over 24 months [143]. Trans-
mission electron microscopy showed that RYGB improved the glomerular ultrastructure
in rats with DKD [142]. Bulk RNA sequencing showed that RYGB corrected multiple
mechanisms related to the pathogenesis of DKD, such as renal fibrosis, inflammation,
and biooxidation [144]. In addition, sleeve gastrectomy and duodenojejunal bypass have
also been shown to slow the progression of albuminuria, albeit to a lesser extent than
RYGB [145,146]. These findings support the growing interest of investigators in metabolic
surgery as a potential treatment for decreased renal function in patients with DKD.

Because the clinical specimens of kidneys from patients with DM receiving metabolic
surgery are not easily available, the molecular mechanism of its renoprotective effects has
not been fully clarified. Additionally, no studies have examined changes in dyslipidemia,
blood pressure, and eGFR before and after metabolic surgery, and these deficiencies should
be the focus of future research in this field.

5. New Potential Therapeutic Strategies
5.1. Protein Kinase C Inhibition

Protein kinase C (PKC) is a key intracellular signaling molecule involved in the
pathogenesis of DKD. DM can activate PKC through glucose itself, Ang II, and advanced
glycation end products (AGEs), and elevated PKC can in turn participate in the pathophys-
iology of DKD [147]. The effects of the α and β isoforms of PKC have been established
in preclinical trials. PKC-α contributes to albuminuria by downregulating proteoglycans
on the glomerular basement membrane and modulating vascular endothelial growth fac-
tor expression, while PKC-β is involved in the occurrence of vascular dysfunction in
DM [148,149].

The PKC-β inhibitor ruboxistaurin is renoprotective according to preclinical and clini-
cal studies. In animal experiment, ruboxistaurin ameliorated the increase of albuminuria
and SCr in rats with DKD [150]. In a clinical trial, ruboxistaurin reduced albuminuria and
improved eGFR in patients with T2DM [151]. However, large clinical studies are required
before the drug can enter the clinic. In addition, investigating the relationship between
diabetic complications and other PKC subtypes, such as δ and ε, may provide a novel
direction for DKD treatment.

5.2. Adiponectin

As an adipokine, adiponectin improves insulin sensitivity and reduces serum glu-
cose levels in obesity-related metabolic disorders, including DM, by promoting glucose
transporter-4-mediated glucose uptake in muscle and adipose tissue and inhibiting hepatic
gluconeogenesis [152]. In an animal experiment, adiponectin knockout mice exhibited
marked albuminuria, and the loss of podocyte foot processes was observed in kidney tissue;
adiponectin reversed these changes [153]. Adiponectin has been confirmed to prevent renal
hypertrophy in patients with DKD and the mechanism may be related to its promotion
of calorie consumption [154,155]. One recently developed adiponectin receptor agonist,
AdipoRon, may have better efficacy than adiponectin, but its safety remains to be con-
firmed [156]. The prospect of adiponectin in the treatment of DKD may be realized in the
near future.

5.3. Anti-Inflammatory Treatments

DKD is generally considered a noninflammatory disease. However, a genome-wide
transcriptome profiling study identified strong inflammatory signaling pathways in the
pathogenesis of DKD [157]. This finding is also supported by recent single-nucleus RNA
sequencing of renal biopsy specimens from patients with T2DM [158]. Multiple reports
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have indicated that inflammatory cells, such as leukocytes, monocytes, and macrophages,
are associated with the development of DKD, and inflammatory factors such as interleukins
(ILs) and tumor necrosis factor-α (TNF-α) in the kidneys of animals and humans with DM
are upregulated [159,160]. In addition, one animal study has demonstrated a protective
effect of inhibiting the entry of inflammatory cells into the kidneys [161]. These conclu-
sions suggest that inflammation in the kidney is a key pathophysiological basis for the
progression of DKD and reveal the potential of targeted anti-inflammatory therapy in the
treatment for DKD.

5.3.1. Agents Inhibiting Inflammatory Factors

The proinflammatory factor IL-20 is recognized as a causative factor in kidney injury
and may be an important therapeutic target for slowing the progression of DKD [162].
The use of anti-IL-20 monoclonal antibodies has shown renal protection in mouse models,
and subsequently, a human recombinant monoclonal antibody against IL-20 demonstrated
safety in human experiments [163]. Another IL, IL-1, is related to an increased rate of
ESRD [164]. Canakinumab, an IL-1 monoclonal antibody, can decrease the occurrence of
myocardial infarction and systemic inflammation [165]; however, whether it has a protective
effect on the progression of DKD needs to be verified by including more patients at risk
of DKD.

Chemokines and chemokine receptors also play important roles in the progression of
DKD. C-C motif chemokine ligand 2 (CCL2), a monocyte chemoattractant protein, has been
identified to be overexpressed in kidneys of animals and patients with DM, and inhibition
of CCL2 is associated with renoprotective effects [166,167]. Emapticap pegol (NOX-E36),
which specifically binds and inhibits CCL2, was demonstrated to have renoprotective
effects in a study in patients with T2DM [168]. CCX140-B, a selective CCL2 receptor2
antagonist, has been confirmed to sustainedly improve albuminuria in patients with T2DM
in a 52-week phase 2 trial [169].

5.3.2. JAK/STAT Inhibitors

The Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway
is a family of intracellular signaling molecules activated by binding extracellular cytokine,
chemokine, growth factor, and hormone ligands to glomerular cell surface receptors,
and their persistent activation is closely related to many inflammatory diseases [170].
The analysis of RNA transcription profiles has revealed that the JAK–STAT pathway is
significantly upregulated in the kidneys of patients with DKD, especially JAK1 and STAT1,
3, and 5 [171].

Baricitinib is a selective inhibitor of JAK-1 and JAK-2. One clinical study designed
to investigate the effects of baricitinib in patients with T2DM showed that treatment with
baricitinib in combination with RAAS inhibitors improved albuminuria and reduced inflam-
matory biomarkers, such as serum TNF receptor 1, TNF receptor 2, and urinary CCL2 [172].
However, adverse events, such as anemia and elevated alanine aminotransferase, may limit
its development.

5.3.3. ASK1 Inhibitors

Apoptotic signal-regulated kinase 1 (ASK1) is a stress-responsive mitogen-activated
protein kinase (MAPK) that signals through a series of downstream kinases to regulate the
expression of target genes, including inflammatory cytokine genes [173]. Kidney biopsy
samples have revealed elevated ASK1 activity in patients with DKD. One preclinical exper-
iment has demonstrated that the inhibition of ASK1 could improve eGFR and albuminuria
and alleviate histopathological damages in DKD [174].

Selonsertib is a selective ASK1 inhibitor and its renoprotective effect in patients with
T2DM was investigated in a clinical study with change of eGFR as the primary endpoint;
although selonsertib showed no significant effect on eGFR and UACR compared with
placebo, the post hoc analysis suggested that selonsertib had potential renal benefits [175].
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5.4. Antioxidant Treatments

Oxidative stress caused by the formation of reactive oxygen species (ROS) due to
cellular respiratory dysfunction under diabetic conditions is thought to exert a crucial effect
in the development of DKD [176]. Hyperglycemia has been demonstrated to promote the
overproduction of ROS through a variety of molecular mechanisms, such as the formation
of AGEs, activation of PKC, upregulation of the hexosamine pathway, and autoxidation
of glucose [177]. Elevated ROS can in turn act as second messengers to redox-modify
multiple proteins, including PKC, IκB kinase β, and Kelch-like ECH-associated protein 1
(Keap1), as well as activating alternative downstream signaling pathways that play critical
roles in β-cell dysfunction and insulin resistance, facilitating the development of DM
and its complications [178,179]. Therefore, although there is insufficient clinical evidence,
antioxidant therapy targeting oxidative stress and its downstream targets may achieve
precise intervention in patients with DKD.

5.4.1. Nrf2 Activators

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that was
confirmed to prevent damage from oxidative stress [180]. Under stress-free conditions,
Nrf2 is generally degraded by Keap1-mediated proteasome. When under oxidative stress,
the affinity of Keap1 for Nrf2 will decrease, thereby preventing the degradation of Nrf2,
and undegraded Nrf2 enters the nucleus to enhance the expression of genes associated
with antioxidation through binding to antioxidant response elements (AREs); thus, Nrf2
inhibits oxidative stress mainly through the Nrf2/Keap1/ARE pathway [181].

The most promising Nrf2 agonist at present is bardoxolone methyl, a synthetic deriva-
tive of oleanolic acid. One early clinical trial with patients with T2DM designed to inves-
tigate the efficiency and safety of bardoxolone methyl demonstrated robust increases in
eGFR in subjects, but the trial was terminated prematurely due to the risk of cardiorenal
events [182]. In the subsequent Randomized Clinical Trial on the Effect of Bardoxolone
Methyl on GFR in Diabetic Kidney Disease Patients (TSUBAKI), it was also confirmed that
patients treated with bardoxolone methyl demonstrated recovery in eGFR and had a lower
incidence of ESRD [183]. These two trials showed the feasibility of alleviating DKD by
modulating the Nrf2/Keap1/ARE pathway, and the ongoing AYAME phase III clinical trial
may illustrate this more clearly in the future [184].

5.4.2. NOX Inhibitors

NADPH oxidase (NOX) is an enzyme family proven to be an important source of
ROS that is upregulated in patients with DM [185]. NOX4, an isoform of this family, is
the enzyme that plays crucial roles in the production of ROS in the diabetic kidney [186].
GKT137831 is an inhibitor that selectively inhibits NOX1/4, and it has been shown to
improve the histological damage in mice with DKD [187]. However, GKT137831 did not
reduce albuminuria in patients with DM in previous clinical evaluations, and its long-term
efficacy in DKD will be further illustrated in an ongoing trial [188]. Recently, another
isoform, NOX5, has also demonstrated involvement in the pathogenesis of DKD [189].
Although research on the NOX family is not sufficiently deep, the existing evidence proves
that this is a promising therapeutic target for DKD.

5.4.3. Bioactive Antioxidants

Studies have shown that some bioactive compounds with antioxidant properties,
either from the diet or from plants, protect against DM and its complications, and these
natural products are generally considered to have better safety profiles than other drugs.

Several vitamins are effective antioxidants and are closely linked to the onset of
DM. Vitamin C can directly scavenge ROS, and its effect on T2DM has been evaluated
in numerous studies. Both animal models and clinical studies have shown that vitamin
C significantly inhibits oxidative stress and improves albuminuria and glomerulosclero-
sis [190,191]. Studies of high doses of vitamin D administered orally over a short period



Int. J. Mol. Sci. 2022, 23, 10882 22 of 36

of time have also revealed that vitamin D prevents oxidative stress in macromolecules
and balances mitochondrial activity [192,193]. Vitamin E is the most effective antioxidant,
especially for protecting lipids from oxidation, and in vivo studies in rats have shown that
vitamin E can scavenge free radicals produced by NADPH oxidase [194].

Curcumin, which is found in turmeric, has antioxidant and anti-inflammatory proper-
ties [195]. One animal experiment showed that taking curcumin can effectively improve
kidney damage and significantly reduce blood glucose concentration [196]. However, the
antioxidant mechanism of curcumin is still unclear. In addition to scavenging ROS directly,
curcumin may also regulate certain signaling pathways, such as reducing superoxide pro-
duction by inhibiting the PKC/MAPK signaling pathway and inhibiting Nrf2 degradation
by binding to Keap1 [197,198].

Resveratrol is a natural polyphenolic compound that is commonly found in peanuts
and berries [199]. Resveratrol has natural antioxidant properties and is a powerful scav-
enger of superoxide, hydroxyl radicals, and peroxynitrite [200]. The protective effect of
resveratrol on cardiac function in hyperglycemic environments has been verified [152].
One animal study demonstrated that resveratrol improved podocyte injury in mice with
DM by attenuating oxidative stress, suggesting that resveratrol also had nephroprotective
effects [201]. In addition, resveratrol also has a protective effect on diabetic kidneys by
activating Sirtuin 1, which is one of the pieces of evidence suggesting that resveratrol may
be a new preventative for DKD [202].

5.5. Antifibrotic Treatments

Renal fibrosis is the final common pathway of pathophysiological processes such
as abnormal renal hemodynamics, a high-glucose environment, oxidative stress, RAAS
hyperactivation, ischemia, and inflammation, and it is the main reason for the progression of
DKD and the occurrence of ESRD. Some of the therapeutic strategies mentioned above, such
as RAAS inhibition, reduce renal fibrosis but with limited efficacy [53]. To achieve more
precise interventions, a rational approach may be to develop specific antifibrotic treatments.

Pirfenidone, which is an antifibrotic drug used to treat idiopathic pulmonary fibrosis,
was recently also evaluated for its antifibrotic effects in DKD. An animal model suggested
that pirfenidone reduced mesangial matrix expansion associated with renal fibrosis but
had no effect on albuminuria [203]. One randomized clinical trial showed that low-dose
pirfenidone reduced the decline in eGFR in patients with DKD, but gastrointestinal side
effects caused by high-dose pirfenidone led to study termination [204]. Pentoxifylline
is another promising antifibrotic drug that was previously mainly used to treat vascular
diseases and has been proven to attenuate the pathogenesis of renal fibrosis by inhibiting
ECM accumulation and cellular proliferation [205]. One clinical trial in patients with T2DM
showed that the combination of RAAS inhibitors and pentoxifylline improved eGFR and
albuminuria [206].

TGF-β is thought to be a key driver of renal fibrosis in many progressive kidney
diseases because of its ability to lead to myofibroblast activation and the overproduction
of ECM [207]. Therefore, drugs targeting TGF-β are the current focus in the field of
antifibrosis research. Tranilast, a TGF-β blocker, showed benefits in patients with DKD in
several small clinical studies [208,209]. Subsequently, a derivative of tranilast, FT011, was
developed that was shown to attenuate glomerulosclerosis and albuminuria in rats with
DKD, but it has not been clinically evaluated [210]. Anti-TGF-β1 monoclonal antibodies
were tested in a phase II clinical trial, but no obvious efficacy was observed [211]. Another
method of blocking TGF-β1 is to inhibit connective tissue growth factor (CTGF), which is
a downstream molecule of TGF-β. An animal study demonstrated that the upregulation
of CTGF expression was involved in the progression of DKD [212]. One phase I study
demonstrated that anti-CTGF monoclonal antibodies reduced albuminuria in patients
with DM, but their efficacy needs to be verified in larger experiments [213]. Targeting
cell division autoantigen 1 (CDA1) is thought to suppress the effect of TGF-β in renal
fibrosis. CDA1BP1 is a protein identified as a key regulator of CDA1 activity [214]. A recent
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preclinical experiment demonstrated that inhibitors targeting the CDA1/CDA1BP1 axis
can significantly attenuate renal ECM accumulation and glomerular injury, and clinical
trials will follow [215].

Because TGF-β has important immunomodulatory effects and it is difficult to directly
target TGF-β, many studies have been devoted to finding new antifibrotic targets and
drugs in recent years.

Deficiencies in nitric oxide (NO) and cyclic guanosine monophosphate (cGMP) have
been shown to directly promote the progression of renal fibrosis [216]. Soluble guanylate cy-
clase (sGC) regulates NO signaling by catalyzing the formation of cGMP, and the prosthetic
heme moiety of its β subunit is integral for NO binding [217]. Two drugs, sGC stimulators
and sGC activators, have been developed to promote the sGC-catalyzed production of
cGMP and NO through different mechanisms [218]. The sGC stimulators directly stimulate
sGC and stabilize the nitroso-heme complex of sGC to synergize with NO [219]. The earliest
reported sGC stimulator is YC-1, but its potency and specificity are weak [220]. The more
potent sGC stimulators BAY 41-2272 and BAY 41-8543 were proven to reduce albuminuria
and prevent renal matrix deposition in rat models [221,222]. Riociguat is the first approved
sGC stimulator. In preclinical trials, riociguat treatment improved glomerulosclerosis and
interstitial fibrosis in hypertensive rats, and the combined treatment with riociguat and
telmisartan reduced albuminuria in mice with DM [223,224]. Unlike sGC stimulators, sGC
activators increase the active iron of sGC only when heme iron is oxidized, and they exert
only an additive effect with NO through binding to the heme-binding complex [219]. BAY
58-2667, a sGC activator, was shown to ameliorate podocyte damage in rats with DM and
improve eGFR and renal fibrosis in mice with DM [225,226]. Another sGC activator, BI
703404, was proven to reduce albuminuria and glomerulosclerosis in rats with DKD [227].

Hypoxia-inducible factor (HIF) is a nuclear transcription factor activated under hy-
poxic conditions, consisting of HIF-α and HIF-1β in the form of heterodimers [228]. HIF-α
has three isoforms, among which HIF-1α mainly regulated by oxygen and is normally
hydroxylated by prolyl hydroxylase domain protein (PHD), after which it is then degraded
by von Hippel–Lindau protein (VHL) [229]. Hypoxia and the aberrant activation of HIF
signaling have been identified as contributing factors for renal fibrosis in patients with DM,
and HIF stabilizers that inhibit the degradation of HIF-α may be promising for prevent-
ing renal fibrosis, which has been confirmed in preclinical studies [230]. Cobalt chloride
ameliorated renal injury in rats with DM by inhibiting the binding of HIF-1α to VHL [231].
The PHD inhibitor enarodustat, which is primarily used to treat renal anemia, has recently
been indicated to be potentially renoprotective in mice with DM, and more HIF stabilators
are being actively developed [232].

Apelin, which is an adipokine found in adipose tissue, has been shown to alleviate
clinical symptoms in patients with DM by regulating blood glucose [233]. In the field of
DKD, a study reported that Apelin-13 can inhibit the epithelial mesenchymal transition
of glomerular cells in a high-glucose environment, ultimately delaying the occurrence of
DKD [234]. One recent animal experiment showed that Apelin-13 treatment alleviated
DKD by inhibiting glomerular fibrosis [235].

Pyrroloquinoline quinone (PQQ), which is a natural bioactive compound, was previ-
ously shown to protect human renal tubular epithelial cells under high-glucose conditions,
but the underlying mechanism is unclear [236]. In a recent study, the protective effect
of PQQ on DKD-induced renal fibrosis was assessed by inhibiting the pyroptosis signal-
ing pathway in mice with T1DM, and it was concluded that PQQ could alleviate renal
fibrosis by inhibiting the activation of the nuclear factor-κB/pyroptosis pathway under
hyperglycemic conditions [237].

SIRT3, which is a major mitochondrial deacetylase, blocks organ fibrosis by modulat-
ing TGF-β/Smad signaling [238]. One study showed that inhibiting SIRT3 by administering
SIRT3 siRNA in diabetic mice induces renal fibrosis, further indicating that the mechanism
is that SIRT3 deficiency induces abnormal glycolysis, which can promote fibrotic program-
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ming [239]. This suggests that the restoration of SIRT3 may be an effective strategy for
combatting diabetes-related renal fibrosis by inhibiting abnormal glycolysis.

Although most of these treatments have not been clinically evaluated, their potential
to inhibit diabetes-related renal fibrosis has brought renewed enthusiasm to the field of
DKD therapeutics.

5.6. Treatments Targeting Autophagy

Autophagy is a highly conserved lysosomal degradation pathway that clears damaged
proteins and organelles to maintain cellular homeostasis [240]. Autophagy is demonstrated
to be deregulated by RAAS activation, insulin resistance, and oxidative stress-induced
dysregulation under diabetic conditions, resulting in glomerular and tubulointerstitial
lesions [241]. One animal study demonstrated that the removal of autophagy-related
gene 5 from the renal proximal tubule led to autophagy deficits and more severe renal
impairment, suggesting that autophagy has a protective effect in DKD [242]. Therefore,
autophagy-mediated pathway upregulation may be a useful target for DKD treatment.

The mammalian target of rapamycin (mTOR) signaling pathway is an important ele-
ment of autophagy, and an animal model showed that rapamycin has beneficial effects on
the histopathological changes in rats with DKD by inhibiting the mTOR signaling pathway,
but it has some side effects, including immunosuppression and renal toxicity [243,244].
Therefore, it is necessary to identify safer mTOR inhibitors. Emerging evidence shows that
Chinese medicines may have unique potential in this regard. Cyclocarya paliurus, which
is a Chinese herb, has been confirmed to reduce albuminuria and SCr levels, as well as
improving mesangial matrix deposition and glomerular fibrosis by reducing mTOR phos-
phorylation via the AMP-activated protein kinase-mTOR-regulated autophagy pathway
in a DKD rat model [245]. Another traditional Chinese medicine, Jiedu Tongluo Baoshen
Formula, can downregulate the expression of renal mTOR-related proteins in rats with
DM, enhancing podocyte autophagy, reducing podocyte damage, and effectively treating
DKD [246].

Identifying other autophagy-related signaling pathways is also a potential renopro-
tective approach for future studies. One recent study demonstrated that hyperglycemia
increased the expression of microRNA-214 (miR-214) in the kidney, which in turn led to
the downregulation of unc-51-like autophagy-activating kinase 1 (ULK1), which may be
responsible for the autophagy damage in DM. Removing the miR-214 of renal proximal
tubules reduced the downregulation of ULK1 in kidneys and prevented autophagy dam-
age, whereas p53 inhibition decreased the induction of miR-214 and ameliorated renal
injury [247]. This experiment identified the role of p53/miR-214/ULK1 pathway in renal
autophagy damage, which is expected to be a possible therapeutic target for DKD.

6. Interventions for Nonalbuminuric DKD

DKD was previously thought to have a uniform natural history characterized by the
development of persistent albuminuria with a decline in eGFR and eventually leading to
renal failure [248]. However, cross-sectional studies have shown that there are 20% and 40%
of patients with T1DM and T2DM respectively who develop DKD without albuminuria,
and this phenotype is described as nonalbuminuric DKD [249,250]. Nonalbuminuric DKD
is significantly different from albuminuric DKD in phenotype and outcomes, and the
treatment for these patients should be more individualized [251]. Although there is no
specific intervention, studies for the pathogenesis and characteristics of nonalbuminuric
DKD may provide theoretical guidance for its preventions and treatments.

The heterogeneity of nonalbuminuric DKD makes its diagnosis crucial and challeng-
ing. UACR is generally considered to be an important criterion for early diagnosis of
DKD, but for patients without albuminuria, eGFR is clearly a more appropriate diagnostic
indicator [252]. A variety of biomarkers, such as NGAL, liver-type fatty acid-binding
protein, and lipocalin-type prostaglandin D2 synthase, have been demonstrated to evaluate
the progression of nonalbuminuric DKD [253–255]. Furthermore, albuminuric DKD is
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closely associated with microvascular diseases, but the findings of carotid artery injury and
intrarenal arteriosclerosis suggest macrovascular dysfunctions may play a more critical role
in the progression of nonalbuminuric DKD [256]. The histopathology suggested that renal
interstitial fibrosis, which leads to declining eGFR independent of albuminuria, was more
severe in patients with nonalbuminuric DKD than in those with albuminuria [257]. These
facts suggest that macrovascular and renal interstitial damage may also serve as predictors
of the development of nonalbuminuric DKD.

One meta-analysis demonstrated that renal function declined more rapidly in men
than in women amo patients with kidney diseases caused by other causes, but it was oppo-
site in populations with nonalbuminuric DKD [258]. One clinical study showed that the
sample of patients with nonalbuminuric DKD had a much higher percentage of Caucasians
than Asians [259]. Compared with patients with albuminuric DKD, patients with nonalbu-
minuric DKD have higher body mass index and LDL [260]. These differences in incidence
reveal the high-risk groups for nonalbuminuric DKD, and measures to control risk factors,
such as weight loss and lipid-lowering therapies, may be beneficial for preventing the
occurrence of nonalbuminuric DKD.

Pharmacological therapies for nonalbuminuric DKD should focus on improving eGFR
rather than traditional antialbuminuric therapy. Many patients with nonalbuminuric DKD
have a usage history of RAAS inhibitors, and the discontinuation of RAAS inhibitors
often leads to the appearance of proteinuria [257]. The clinical outcomes of these patients
demonstrated that RAAS inhibitors could reduce albuminuria, but they failed to inhibit
the decline in eGFR [249]. One recent clinical trial showed that ertugliflozin improved the
declining eGFR in patients with DKD, especially those without albuminuria, suggesting that
SGLT2 inhibitors may be more suitable for patients with nonalbuminuric DKD [261]. More
clinical studies targeting nonalbuminuric patients should be the focus of future research.

7. Conclusions

In recent years, the adverse effects of DKD in patients with DM have received increas-
ing attention, and the importance of developing new treatments for DKD has been widely
recognized. The demonstration of the renoprotective effects of SGLT2 inhibitors, GLP-1R
agonists, and DPP-4 inhibitors has introduced a new era in the field of DKD treatment.
Novel drugs targeting inflammation, fibrosis, oxidative stress, and other new targets also
show promise for patients with DKD, although a large number of clinical studies are
needed to assess their safety and efficacy. In addition, a single class of drug therapy may
not produce significant therapeutic effects, but with the continued emergence of agents that
work through different mechanisms, combination therapy with multiple drugs is expected
to achieve a breakthrough in the treatment of DKD in the future.
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emapticap pegol (NOX-E36) in type 2 diabetic patients with albuminuria. Nephrol. Dial. Transplant. 2017, 32, 307–315. [CrossRef]

169. De Zeeuw, D.; Bekker, P.; Henkel, E.; Hasslacher, C.; Gouni-Berthold, I.; Mehling, H.; Potarca, A.; Tesar, V.; Heerspink, H.J.;
Schall, T.J. The effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with type 2 diabetes and nephropathy: A
randomised trial. Lancet Diabetes Endocrinol. 2015, 3, 687–696. [CrossRef]

170. Niewczas, M.A.; Pavkov, M.E.; Skupien, J.; Smiles, A.; Md Dom, Z.I.; Wilson, J.M.; Park, J.; Nair, V.; Schlafly, A.; Saulnier, P.J.; et al.
A signature of circulating inflammatory proteins and development of end-stage renal disease in diabetes. Nat. Med. 2019, 25,
805–813. [CrossRef]

171. Brosius, F.C.; Tuttle, K.R.; Kretzler, M. JAK inhibition in the treatment of diabetic kidney disease. Diabetologia 2016, 59, 1624–1627.
[CrossRef] [PubMed]

172. Tuttle, K.R.; Brosius, F.C., 3rd; Adler, S.G.; Kretzler, M.; Mehta, R.L.; Tumlin, J.A.; Tanaka, Y.; Haneda, M.; Liu, J.; Silk, M.E.; et al.
JAK1/JAK2 inhibition by baricitinib in diabetic kidney disease: Results from a Phase 2 randomized controlled clinical trial.
Nephrol. Dial. Transplant. 2018, 33, 1950–1959. [CrossRef]

173. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-
associated diseases in organs. Oncotarget 2018, 9, 7204–7218. [CrossRef]

http://doi.org/10.1111/jphp.13043
http://doi.org/10.1111/jphp.12504
http://doi.org/10.2337/diacare.28.11.2686
http://doi.org/10.1038/aps.2017.50
http://www.ncbi.nlm.nih.gov/pubmed/28770830
http://doi.org/10.1172/JCI32691
http://www.ncbi.nlm.nih.gov/pubmed/18431508
http://doi.org/10.1007/s00125-015-3605-9
http://www.ncbi.nlm.nih.gov/pubmed/25957229
http://doi.org/10.3904/kjim.2019.109
http://doi.org/10.1681/ASN.2017060627
http://doi.org/10.2337/db10-1181
http://doi.org/10.1073/pnas.1908706116
http://doi.org/10.1111/jcmm.13983
http://doi.org/10.1111/jcmm.14237
http://doi.org/10.1152/ajprenal.00332.2011
http://www.ncbi.nlm.nih.gov/pubmed/21880831
http://doi.org/10.1002/JLB.MR1217-489R
http://www.ncbi.nlm.nih.gov/pubmed/29999545
http://doi.org/10.1002/art.39083
http://www.ncbi.nlm.nih.gov/pubmed/25707477
http://doi.org/10.1681/ASN.2016020177
http://www.ncbi.nlm.nih.gov/pubmed/27516236
http://doi.org/10.1016/j.jacc.2018.03.490
http://www.ncbi.nlm.nih.gov/pubmed/29793629
http://doi.org/10.2174/157016110793563816
http://www.ncbi.nlm.nih.gov/pubmed/20180766
http://doi.org/10.1371/journal.pone.0017822
http://doi.org/10.1093/ndt/gfv459
http://doi.org/10.1016/S2213-8587(15)00261-2
http://doi.org/10.1038/s41591-019-0415-5
http://doi.org/10.1007/s00125-016-4021-5
http://www.ncbi.nlm.nih.gov/pubmed/27333885
http://doi.org/10.1093/ndt/gfx377
http://doi.org/10.18632/oncotarget.23208


Int. J. Mol. Sci. 2022, 23, 10882 33 of 36

174. Liles, J.T.; Corkey, B.K.; Notte, G.T.; Budas, G.R.; Lansdon, E.B.; Hinojosa-Kirschenbaum, F.; Badal, S.S.; Lee, M.; Schultz, B.E.;
Wise, S.; et al. ASK1 contributes to fibrosis and dysfunction in models of kidney disease. J. Clin. Investig. 2018, 128, 4485–4500.
[CrossRef] [PubMed]

175. Chertow, G.M.; Pergola, P.E.; Chen, F.; Kirby, B.J.; Sundy, J.S.; Patel, U.D. Effects of Selonsertib in Patients with Diabetic Kidney
Disease. J. Am. Soc. Nephrol. 2019, 30, 1980–1990. [CrossRef] [PubMed]

176. Bhatti, J.S.; Sehrawat, A.; Mishra, J.; Sidhu, I.S.; Navik, U.; Khullar, N.; Kumar, S.; Bhatti, G.K.; Reddy, P.H. Oxidative stress in
the pathophysiology of type 2 diabetes and related complications: Current therapeutics strategies and future perspectives. Free.
Radic. Biol. Med. 2022, 184, 114–134. [CrossRef]

177. David, J.A.; Rifkin, W.J.; Rabbani, P.S.; Ceradini, D.J. The Nrf2/Keap1/ARE Pathway and Oxidative Stress as a Therapeutic Target
in Type II Diabetes Mellitus. J. Diabetes Res. 2017, 2017, 4826724. [CrossRef]

178. Zhang, P.; Li, T.; Wu, X.; Nice, E.C.; Huang, C.; Zhang, Y. Oxidative stress and diabetes: Antioxidative strategies. Front. Med. 2020,
14, 583–600. [CrossRef]

179. Gerber, P.A.; Rutter, G.A. The Role of Oxidative Stress and Hypoxia in Pancreatic Beta-Cell Dysfunction in Diabetes Mellitus.
Antioxid. Redox Signal. 2017, 26, 501–518. [CrossRef]

180. Ito, M.; Tanaka, T.; Nangaku, M. Nuclear factor erythroid 2-related factor 2 as a treatment target of kidney diseases. Curr. Opin.
Nephrol. Hypertens. 2020, 29, 128–135. [CrossRef]

181. Bryan, H.K.; Olayanju, A.; Goldring, C.E.; Park, B.K. The Nrf2 cell defence pathway: Keap1-dependent and -independent
mechanisms of regulation. Biochem. Pharmacol. 2013, 85, 705–717. [CrossRef]

182. Pergola, P.E.; Raskin, P.; Toto, R.D.; Meyer, C.J.; Huff, J.W.; Grossman, E.B.; Krauth, M.; Ruiz, S.; Audhya, P.; Christ-Schmidt,
H.; et al. Bardoxolone methyl and kidney function in CKD with type 2 diabetes. N. Engl. J. Med. 2011, 365, 327–336. [CrossRef]
[PubMed]

183. Nangaku, M.; Kanda, H.; Takama, H.; Ichikawa, T.; Hase, H.; Akizawa, T. Randomized Clinical Trial on the Effect of Bardoxolone
Methyl on GFR in Diabetic Kidney Disease Patients (TSUBAKI Study). Kidney Int. Rep. 2020, 5, 879–890. [CrossRef] [PubMed]

184. Nangaku, M.; Takama, H.; Ichikawa, T.; Mukai, K.; Kojima, M.; Suzuki, Y.; Watada, H.; Wada, T.; Ueki, K.; Narita, I.; et al.
Randomized, double-blind, placebo-controlled phase 3 study of bardoxolone methyl in patients with diabetic kidney disease:
Design and baseline characteristics of AYAME study. Nephrol. Dial. Transplant. 2022, gfac242. [CrossRef] [PubMed]

185. Vermot, A.; Petit-Härtlein, I.; Smith, S.M.E.; Fieschi, F. NADPH Oxidases (NOX): An Overview from Discovery, Molecular
Mechanisms to Physiology and Pathology. Antioxidants 2021, 10, 890. [CrossRef]

186. Yang, Q.; Wu, F.R.; Wang, J.N.; Gao, L.; Jiang, L.; Li, H.D.; Ma, Q.; Liu, X.Q.; Wei, B.; Zhou, L.; et al. Nox4 in renal diseases: An
update. Free. Radic. Biol. Med. 2018, 124, 466–472. [CrossRef]

187. Gorin, Y.; Cavaglieri, R.C.; Khazim, K.; Lee, D.Y.; Bruno, F.; Thakur, S.; Fanti, P.; Szyndralewiez, C.; Barnes, J.L.; Block, K.; et al.
Targeting NADPH oxidase with a novel dual Nox1/Nox4 inhibitor attenuates renal pathology in type 1 diabetes. Am. J. Physiol.
Ren. Physiol. 2015, 308, F1276–F1287. [CrossRef]

188. Reutens, A.T.; Jandeleit-Dahm, K.; Thomas, M.; Salim, A.; De Livera, A.M.; Bach, L.A.; Colman, P.G.; Davis, T.M.E.; Ekinci, E.I.;
Fulcher, G.; et al. A physician-initiated double-blind, randomised, placebo-controlled, phase 2 study evaluating the efficacy and
safety of inhibition of NADPH oxidase with the first-in-class Nox-1/4 inhibitor, GKT137831, in adults with type 1 diabetes and
persistently elevated urinary albumin excretion: Protocol and statistical considerations. Contemp. Clin. Trials 2020, 90, 105892.
[CrossRef]

189. Jha, J.C.; Banal, C.; Okabe, J.; Gray, S.P.; Hettige, T.; Chow, B.S.M.; Thallas-Bonke, V.; De Vos, L.; Holterman, C.E.; Coughlan,
M.T.; et al. NADPH Oxidase Nox5 Accelerates Renal Injury in Diabetic Nephropathy. Diabetes 2017, 66, 2691–2703. [CrossRef]

190. Boonthongkaew, C.; Tong-Un, T.; Kanpetta, Y.; Chaungchot, N.; Leelayuwat, C.; Leelayuwat, N. Vitamin C supplementation
improves blood pressure and oxidative stress after acute exercise in patients with poorly controlled type 2 diabetes mellitus: A
randomized, placebo-controlled, cross-over study. Chin. J. Physiol. 2021, 64, 16–23. [CrossRef]

191. Lee, E.Y.; Lee, M.Y.; Hong, S.W.; Chung, C.H.; Hong, S.Y. Blockade of oxidative stress by vitamin C ameliorates albuminuria and
renal sclerosis in experimental diabetic rats. Yonsei Med. J. 2007, 48, 847–855. [CrossRef] [PubMed]

192. Wimalawansa, S.J. Vitamin D Deficiency: Effects on Oxidative Stress, Epigenetics, Gene Regulation, and Aging. Biology 2019,
8, 30. [CrossRef] [PubMed]

193. Cojic, M.; Kocic, R.; Klisic, A.; Kocic, G. The Effects of Vitamin D Supplementation on Metabolic and Oxidative Stress Markers
in Patients With Type 2 Diabetes: A 6-Month Follow Up Randomized Controlled Study. Front. Endocrinol. 2021, 12, 610893.
[CrossRef] [PubMed]

194. Niki, E. Role of vitamin E as a lipid-soluble peroxyl radical scavenger: In vitro and in vivo evidence. Free. Radic. Biol. Med. 2014,
66, 3–12. [CrossRef]

195. Kotha, R.R.; Luthria, D.L. Curcumin: Biological, Pharmaceutical, Nutraceutical, and Analytical Aspects. Molecules 2019, 24, 2930.
[CrossRef]

196. Arun, N.; Nalini, N. Efficacy of turmeric on blood sugar and polyol pathway in diabetic albino rats. Plant Foods Hum. Nutr. 2002,
57, 41–52. [CrossRef] [PubMed]

197. Soetikno, V.; Sari, F.R.; Sukumaran, V.; Lakshmanan, A.P.; Mito, S.; Harima, M.; Thandavarayan, R.A.; Suzuki, K.; Nagata, M.;
Takagi, R.; et al. Curcumin prevents diabetic cardiomyopathy in streptozotocin-induced diabetic rats: Possible involvement of
PKC-MAPK signaling pathway. Eur. J. Pharm. Sci. 2012, 47, 604–614. [CrossRef]

http://doi.org/10.1172/JCI99768
http://www.ncbi.nlm.nih.gov/pubmed/30024858
http://doi.org/10.1681/ASN.2018121231
http://www.ncbi.nlm.nih.gov/pubmed/31506292
http://doi.org/10.1016/j.freeradbiomed.2022.03.019
http://doi.org/10.1155/2017/4826724
http://doi.org/10.1007/s11684-019-0729-1
http://doi.org/10.1089/ars.2016.6755
http://doi.org/10.1097/MNH.0000000000000556
http://doi.org/10.1016/j.bcp.2012.11.016
http://doi.org/10.1056/NEJMoa1105351
http://www.ncbi.nlm.nih.gov/pubmed/21699484
http://doi.org/10.1016/j.ekir.2020.03.030
http://www.ncbi.nlm.nih.gov/pubmed/32518870
http://doi.org/10.1093/ndt/gfac242
http://www.ncbi.nlm.nih.gov/pubmed/36002026
http://doi.org/10.3390/antiox10060890
http://doi.org/10.1016/j.freeradbiomed.2018.06.042
http://doi.org/10.1152/ajprenal.00396.2014
http://doi.org/10.1016/j.cct.2019.105892
http://doi.org/10.2337/db16-1585
http://doi.org/10.4103/cjp.cjp_95_20
http://doi.org/10.3349/ymj.2007.48.5.847
http://www.ncbi.nlm.nih.gov/pubmed/17963344
http://doi.org/10.3390/biology8020030
http://www.ncbi.nlm.nih.gov/pubmed/31083546
http://doi.org/10.3389/fendo.2021.610893
http://www.ncbi.nlm.nih.gov/pubmed/34489860
http://doi.org/10.1016/j.freeradbiomed.2013.03.022
http://doi.org/10.3390/molecules24162930
http://doi.org/10.1023/A:1013106527829
http://www.ncbi.nlm.nih.gov/pubmed/11855620
http://doi.org/10.1016/j.ejps.2012.04.018


Int. J. Mol. Sci. 2022, 23, 10882 34 of 36

198. Shin, J.W.; Chun, K.S.; Kim, D.H.; Kim, S.J.; Kim, S.H.; Cho, N.C.; Na, H.K.; Surh, Y.J. Curcumin induces stabilization of Nrf2
protein through Keap1 cysteine modification. Biochem. Pharmacol. 2020, 173, 113820. [CrossRef]

199. Galiniak, S.; Aebisher, D.; Bartusik-Aebisher, D. Health benefits of resveratrol administration. Acta Biochim. Pol. 2019, 66, 13–21.
[CrossRef]

200. Qiao, Y.; Gao, K.; Wang, Y.; Wang, X.; Cui, B. Resveratrol ameliorates diabetic nephropathy in rats through negative regulation of
the p38 MAPK/TGF-β1 pathway. Exp. Ther. Med. 2017, 13, 3223–3230. [CrossRef]

201. Zhang, T.; Chi, Y.; Kang, Y.; Lu, H.; Niu, H.; Liu, W.; Li, Y. Resveratrol ameliorates podocyte damage in diabetic mice via
SIRT1/PGC-1αmediated attenuation of mitochondrial oxidative stress. J. Cell. Physiol. 2019, 234, 5033–5043. [CrossRef] [PubMed]

202. Wu, L.; Zhang, Y.; Ma, X.; Zhang, N.; Qin, G. The effect of resveratrol on FoxO1 expression in kidneys of diabetic nephropathy
rats. Mol. Biol. Rep. 2012, 39, 9085–9093. [CrossRef] [PubMed]

203. RamachandraRao, S.P.; Zhu, Y.; Ravasi, T.; McGowan, T.A.; Toh, I.; Dunn, S.R.; Okada, S.; Shaw, M.A.; Sharma, K. Pirfenidone is
renoprotective in diabetic kidney disease. J. Am. Soc. Nephrol. 2009, 20, 1765–1775. [CrossRef]

204. Sharma, K.; Ix, J.H.; Mathew, A.V.; Cho, M.; Pflueger, A.; Dunn, S.R.; Francos, B.; Sharma, S.; Falkner, B.; McGowan, T.A.; et al.
Pirfenidone for diabetic nephropathy. J. Am. Soc. Nephrol. 2011, 22, 1144–1151. [CrossRef] [PubMed]

205. Lin, S.L.; Chen, R.H.; Chen, Y.M.; Chiang, W.C.; Lai, C.F.; Wu, K.D.; Tsai, T.J. Pentoxifylline attenuates tubulointerstitial fibrosis by
blocking Smad3/4-activated transcription and profibrogenic effects of connective tissue growth factor. J. Am. Soc. Nephrol. 2005,
16, 2702–2713. [CrossRef]

206. Navarro-González, J.F.; Mora-Fernández, C.; Muros de Fuentes, M.; Chahin, J.; Méndez, M.L.; Gallego, E.; Macía, M.; del Castillo,
N.; Rivero, A.; Getino, M.A.; et al. Effect of pentoxifylline on renal function and urinary albumin excretion in patients with
diabetic kidney disease: The PREDIAN trial. J. Am. Soc. Nephrol. 2015, 26, 220–229. [CrossRef]

207. Isaka, Y. Targeting TGF-β Signaling in Kidney Fibrosis. Int. J. Mol. Sci. 2018, 19, 2532. [CrossRef]
208. Soma, J.; Sato, K.; Saito, H.; Tsuchiya, Y. Effect of tranilast in early-stage diabetic nephropathy. Nephrol. Dial. Transplant. 2006, 21,

2795–2799. [CrossRef]
209. Soma, J.; Sugawara, T.; Huang, Y.D.; Nakajima, J.; Kawamura, M. Tranilast slows the progression of advanced diabetic nephropa-

thy. Nephron 2002, 92, 693–698. [CrossRef]
210. Gilbert, R.E.; Zhang, Y.; Williams, S.J.; Zammit, S.C.; Stapleton, D.I.; Cox, A.J.; Krum, H.; Langham, R.; Kelly, D.J. A purpose-

synthesised anti-fibrotic agent attenuates experimental kidney diseases in the rat. PLoS ONE 2012, 7, e47160. [CrossRef]
211. Voelker, J.; Berg, P.H.; Sheetz, M.; Duffin, K.; Shen, T.; Moser, B.; Greene, T.; Blumenthal, S.S.; Rychlik, I.; Yagil, Y.; et al.

Anti-TGF-β1 Antibody Therapy in Patients with Diabetic Nephropathy. J. Am. Soc. Nephrol. 2017, 28, 953–962. [CrossRef]
[PubMed]

212. Wang, W.; Guo, J.; Wang, D. Promotion of chemerin in rat diabetic kidney disease through enhancement of TGF-β1/Smads/CTGF
pathway. Am. J. Transl. Res. 2021, 13, 10206–10217.

213. Adler, S.G.; Schwartz, S.; Williams, M.E.; Arauz-Pacheco, C.; Bolton, W.K.; Lee, T.; Li, D.; Neff, T.B.; Urquilla, P.R.; Sewell, K.L.
Phase 1 study of anti-CTGF monoclonal antibody in patients with diabetes and microalbuminuria. Clin. J. Am. Soc. Nephrol. 2010,
5, 1420–1428. [CrossRef] [PubMed]

214. Chen, L.; Wu, J.; Hu, B.; Liu, C.; Wang, H. The Role of Cell Division Autoantigen 1 (CDA1) in Renal Fibrosis of Diabetic
Nephropathy. BioMed Res. Int. 2021, 2021, 6651075. [CrossRef] [PubMed]

215. Chai, Z.; Wu, T.; Dai, A.; Huynh, P.; Koentgen, F.; Krippner, G.; Ren, S.; Cooper, M.E. Targeting the CDA1/CDA1BP1 Axis Retards
Renal Fibrosis in Experimental Diabetic Nephropathy. Diabetes 2019, 68, 395–408. [CrossRef]

216. Ito, K.; Chen, J.; Seshan, S.V.; Khodadadian, J.J.; Gallagher, R.; El Chaar, M.; Vaughan, E.D., Jr.; Poppas, D.P.; Felsen, D. Dietary
arginine supplementation attenuates renal damage after relief of unilateral ureteral obstruction in rats. Kidney Int. 2005, 68,
515–528. [CrossRef]

217. Tesfamariam, B. Targeting heme-oxidized soluble guanylate cyclase to promote osteoblast function. Drug Discov. Today 2020, 25,
422–429. [CrossRef]

218. Stasch, J.P.; Schlossmann, J.; Hocher, B. Renal effects of soluble guanylate cyclase stimulators and activators: A review of the
preclinical evidence. Curr. Opin. Pharmacol. 2015, 21, 95–104. [CrossRef]

219. Sandner, P.; Follmann, M.; Becker-Pelster, E.; Hahn, M.G.; Meier, C.; Freitas, C.; Roessig, L.; Stasch, J.P. Soluble GC stimulators
and activators: Past, present and future. Br. J. Pharmacol. 2021. [CrossRef]

220. Schinner, E.; Schramm, A.; Kees, F.; Hofmann, F.; Schlossmann, J. The cyclic GMP-dependent protein kinase Iα suppresses kidney
fibrosis. Kidney Int. 2013, 84, 1198–1206. [CrossRef]

221. Peters, H.; Wang, Y.; Loof, T.; Martini, S.; Kron, S.; Krämer, S.; Neumayer, H.H. Expression and activity of soluble guanylate
cyclase in injury and repair of anti-thy1 glomerulonephritis. Kidney Int. 2004, 66, 2224–2236. [CrossRef] [PubMed]

222. Stasch, J.P.; Dembowsky, K.; Perzborn, E.; Stahl, E.; Schramm, M. Cardiovascular actions of a novel NO-independent guanylyl
cyclase stimulator, BAY 41-8543: In vivo studies. Br. J. Pharmacol. 2002, 135, 344–355. [CrossRef] [PubMed]

223. Sharkovska, Y.; Kalk, P.; Lawrenz, B.; Godes, M.; Hoffmann, L.S.; Wellkisch, K.; Geschka, S.; Relle, K.; Hocher, B.; Stasch, J.P. Nitric
oxide-independent stimulation of soluble guanylate cyclase reduces organ damage in experimental low-renin and high-renin
models. J. Hypertens. 2010, 28, 1666–1675. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bcp.2020.113820
http://doi.org/10.18388/abp.2018_2749
http://doi.org/10.3892/etm.2017.4420
http://doi.org/10.1002/jcp.27306
http://www.ncbi.nlm.nih.gov/pubmed/30187480
http://doi.org/10.1007/s11033-012-1780-z
http://www.ncbi.nlm.nih.gov/pubmed/22733486
http://doi.org/10.1681/ASN.2008090931
http://doi.org/10.1681/ASN.2010101049
http://www.ncbi.nlm.nih.gov/pubmed/21511828
http://doi.org/10.1681/ASN.2005040435
http://doi.org/10.1681/ASN.2014010012
http://doi.org/10.3390/ijms19092532
http://doi.org/10.1093/ndt/gfl325
http://doi.org/10.1159/000064071
http://doi.org/10.1371/journal.pone.0047160
http://doi.org/10.1681/ASN.2015111230
http://www.ncbi.nlm.nih.gov/pubmed/27647855
http://doi.org/10.2215/CJN.09321209
http://www.ncbi.nlm.nih.gov/pubmed/20522536
http://doi.org/10.1155/2021/6651075
http://www.ncbi.nlm.nih.gov/pubmed/33997036
http://doi.org/10.2337/db18-0712
http://doi.org/10.1111/j.1523-1755.2005.00429.x
http://doi.org/10.1016/j.drudis.2019.12.004
http://doi.org/10.1016/j.coph.2014.12.014
http://doi.org/10.1111/bph.15698
http://doi.org/10.1038/ki.2013.219
http://doi.org/10.1111/j.1523-1755.2004.66012.x
http://www.ncbi.nlm.nih.gov/pubmed/15569311
http://doi.org/10.1038/sj.bjp.0704483
http://www.ncbi.nlm.nih.gov/pubmed/11815369
http://doi.org/10.1097/HJH.0b013e32833b558c
http://www.ncbi.nlm.nih.gov/pubmed/20613628


Int. J. Mol. Sci. 2022, 23, 10882 35 of 36

224. Ott, I.M.; Alter, M.L.; von Websky, K.; Kretschmer, A.; Tsuprykov, O.; Sharkovska, Y.; Krause-Relle, K.; Raila, J.; Henze, A.; Stasch,
J.P.; et al. Effects of stimulation of soluble guanylate cyclase on diabetic nephropathy in diabetic eNOS knockout mice on top of
angiotensin II receptor blockade. PLoS ONE 2012, 7, e42623. [CrossRef] [PubMed]

225. Czirok, S.; Fang, L.; Radovits, T.; Szabó, G.; Szénási, G.; Rosivall, L.; Merkely, B.; Kökény, G. Cinaciguat ameliorates glomerular
damage by reducing ERK1/2 activity and TGF-ß expression in type-1 diabetic rats. Sci. Rep. 2017, 7, 11218. [CrossRef]

226. Harloff, M.; Prüschenk, S.; Seifert, R.; Schlossmann, J. Activation of soluble guanylyl cyclase signalling with cinaciguat improves
impaired kidney function in diabetic mice. Br. J. Pharmacol. 2022, 179, 2460–2475. [CrossRef]

227. Boustany-Kari, C.M.; Harrison, P.C.; Chen, H.; Lincoln, K.A.; Qian, H.S.; Clifford, H.; Wang, H.; Zhang, X.; Gueneva-Boucheva,
K.; Bosanac, T.; et al. A Soluble Guanylate Cyclase Activator Inhibits the Progression of Diabetic Nephropathy in the ZSF1 Rat.
J. Pharmacol. Exp. Ther. 2016, 356, 712–719. [CrossRef]

228. Catrina, S.B.; Zheng, X. Hypoxia and hypoxia-inducible factors in diabetes and its complications. Diabetologia 2021, 64, 709–716.
[CrossRef]

229. Gunton, J.E. Hypoxia-inducible factors and diabetes. J. Clin. Investig. 2020, 130, 5063–5073. [CrossRef]
230. Liu, J.; Wei, Q.; Guo, C.; Dong, G.; Liu, Y.; Tang, C.; Dong, Z. Hypoxia, HIF, and Associated Signaling Networks in Chronic

Kidney Disease. Int. J. Mol. Sci. 2017, 18, 950. [CrossRef]
231. Ohtomo, S.; Nangaku, M.; Izuhara, Y.; Takizawa, S.; Strihou, C.; Miyata, T. Cobalt ameliorates renal injury in an obese, hypertensive

type 2 diabetes rat model. Nephrol. Dial. Transplant. 2008, 23, 1166–1172. [CrossRef] [PubMed]
232. Sugahara, M.; Tanaka, S.; Tanaka, T.; Saito, H.; Ishimoto, Y.; Wakashima, T.; Ueda, M.; Fukui, K.; Shimizu, A.; Inagi, R.; et al. Prolyl

Hydroxylase Domain Inhibitor Protects against Metabolic Disorders and Associated Kidney Disease in Obese Type 2 Diabetic
Mice. J. Am. Soc. Nephrol. 2020, 31, 560–577. [CrossRef] [PubMed]

233. Wysocka, M.B.; Pietraszek-Gremplewicz, K.; Nowak, D. The Role of Apelin in Cardiovascular Diseases, Obesity and Cancer.
Front. Physiol. 2018, 9, 557. [CrossRef] [PubMed]

234. Sabry, M.M.; Mahmoud, M.M.; Shoukry, H.S.; Rashed, L.; Kamar, S.S.; Ahmed, M.M. Interactive effects of apelin, renin-angiotensin
system and nitric oxide in treatment of obesity-induced type 2 diabetes mellitus in male albino rats. Arch. Physiol. Biochem. 2019,
125, 244–254. [CrossRef] [PubMed]

235. Gao, Z.; Zhong, X.; Tan, Y.X.; Liu, D. Apelin-13 alleviates diabetic nephropathy by enhancing nitric oxide production and
suppressing kidney tissue fibrosis. Int. J. Mol. Med. 2021, 48, 175. [CrossRef]

236. Yamada, Y.; Nishii, K.; Kuwata, K.; Nakamichi, M.; Nakanishi, K.; Sugimoto, A.; Ikemoto, K. Effects of pyrroloquinoline quinone
and imidazole pyrroloquinoline on biological activities and neural functions. Heliyon 2020, 6, e03240. [CrossRef]

237. Qu, X.; Zhai, B.; Liu, Y.; Chen, Y.; Xie, Z.; Wang, Q.; Wu, Y.; Liu, Z.; Chen, J.; Mei, S.; et al. Pyrroloquinoline quinone ameliorates
renal fibrosis in diabetic nephropathy by inhibiting the pyroptosis pathway in C57BL/6 mice and human kidney 2 cells. Biomed.
Pharmacother. 2022, 150, 112998. [CrossRef]

238. Zhang, J.; Zhu, Y.; Hu, L.; Yan, F.; Chen, J. miR-494 induces EndMT and promotes the development of HCC (Hepatocellular
Carcinoma) by targeting SIRT3/TGF-β/SMAD signaling pathway. Sci. Rep. 2019, 9, 7213. [CrossRef]

239. Srivastava, S.P.; Li, J.; Kitada, M.; Fujita, H.; Yamada, Y.; Goodwin, J.E.; Kanasaki, K.; Koya, D. SIRT3 deficiency leads to induction
of abnormal glycolysis in diabetic kidney with fibrosis. Cell Death Dis. 2018, 9, 997. [CrossRef]

240. Yang, D.; Livingston, M.J.; Liu, Z.; Dong, G.; Zhang, M.; Chen, J.K.; Dong, Z. Autophagy in diabetic kidney disease: Regulation,
pathological role and therapeutic potential. Cell. Mol. Life Sci. 2018, 75, 669–688. [CrossRef]

241. Ding, Y.; Choi, M.E. Autophagy in diabetic nephropathy. J. Endocrinol. 2015, 224, R15–R30. [CrossRef] [PubMed]
242. Peng, X.; Wang, Y.; Li, H.; Fan, J.; Shen, J.; Yu, X.; Zhou, Y.; Mao, H. ATG5-mediated autophagy suppresses NF-κB signaling to

limit epithelial inflammatory response to kidney injury. Cell Death Dis. 2019, 10, 253. [CrossRef]
243. Yang, Y.; Wang, J.; Qin, L.; Shou, Z.; Zhao, J.; Wang, H.; Chen, Y.; Chen, J. Rapamycin prevents early steps of the development of

diabetic nephropathy in rats. Am. J. Nephrol. 2007, 27, 495–502. [CrossRef] [PubMed]
244. Nguyen, L.S.; Vautier, M.; Allenbach, Y.; Zahr, N.; Benveniste, O.; Funck-Brentano, C.; Salem, J.E. Sirolimus and mTOR Inhibitors:

A Review of Side Effects and Specific Management in Solid Organ Transplantation. Drug Saf. 2019, 42, 813–825. [CrossRef]
[PubMed]

245. Zhang, X.X.; Jiang, C.H.; Liu, Y.; Lou, D.X.; Huang, Y.P.; Gao, M.; Zhang, J.; Yin, Z.Q.; Pan, K. Cyclocarya paliurus triterpenic acids
fraction attenuates kidney injury via AMPK-mTOR-regulated autophagy pathway in diabetic rats. Phytomedicine 2019, 64, 153060.
[CrossRef] [PubMed]

246. Jin, D.; Liu, F.; Yu, M.; Zhao, Y.; Yan, G.; Xue, J.; Sun, Y.; Zhao, D.; Li, X.; Qi, W.; et al. Jiedu Tongluo Baoshen formula enhances
podocyte autophagy and reduces proteinuria in diabetic kidney disease by inhibiting PI3K/Akt/mTOR signaling pathway.
J. Ethnopharmacol. 2022, 293, 115246. [CrossRef]

247. Ma, Z.; Li, L.; Livingston, M.J.; Zhang, D.; Mi, Q.; Zhang, M.; Ding, H.F.; Huo, Y.; Mei, C.; Dong, Z. p53/microRNA-214/ULK1
axis impairs renal tubular autophagy in diabetic kidney disease. J. Clin. Investig. 2020, 130, 5011–5026. [CrossRef]

248. Hung, P.H.; Hsu, Y.C.; Chen, T.H.; Lin, C.L. Recent Advances in Diabetic Kidney Diseases: From Kidney Injury to Kidney Fibrosis.
Int. J. Mol. Sci. 2021, 22, 11857. [CrossRef]

249. Porrini, E.; Ruggenenti, P.; Mogensen, C.E.; Barlovic, D.P.; Praga, M.; Cruzado, J.M.; Hojs, R.; Abbate, M.; de Vries, A.P. Non-
proteinuric pathways in loss of renal function in patients with type 2 diabetes. Lancet. Diabetes Endocrinol. 2015, 3, 382–391.
[CrossRef]

http://doi.org/10.1371/journal.pone.0042623
http://www.ncbi.nlm.nih.gov/pubmed/22900035
http://doi.org/10.1038/s41598-017-10125-3
http://doi.org/10.1111/bph.15425
http://doi.org/10.1124/jpet.115.230706
http://doi.org/10.1007/s00125-021-05380-z
http://doi.org/10.1172/JCI137556
http://doi.org/10.3390/ijms18050950
http://doi.org/10.1093/ndt/gfm715
http://www.ncbi.nlm.nih.gov/pubmed/17967803
http://doi.org/10.1681/ASN.2019060582
http://www.ncbi.nlm.nih.gov/pubmed/31996409
http://doi.org/10.3389/fphys.2018.00557
http://www.ncbi.nlm.nih.gov/pubmed/29875677
http://doi.org/10.1080/13813455.2018.1453521
http://www.ncbi.nlm.nih.gov/pubmed/29564917
http://doi.org/10.3892/ijmm.2021.5008
http://doi.org/10.1016/j.heliyon.2020.e03240
http://doi.org/10.1016/j.biopha.2022.112998
http://doi.org/10.1038/s41598-019-43731-4
http://doi.org/10.1038/s41419-018-1057-0
http://doi.org/10.1007/s00018-017-2639-1
http://doi.org/10.1530/JOE-14-0437
http://www.ncbi.nlm.nih.gov/pubmed/25349246
http://doi.org/10.1038/s41419-019-1483-7
http://doi.org/10.1159/000106782
http://www.ncbi.nlm.nih.gov/pubmed/17671379
http://doi.org/10.1007/s40264-019-00810-9
http://www.ncbi.nlm.nih.gov/pubmed/30868436
http://doi.org/10.1016/j.phymed.2019.153060
http://www.ncbi.nlm.nih.gov/pubmed/31401495
http://doi.org/10.1016/j.jep.2022.115246
http://doi.org/10.1172/JCI135536
http://doi.org/10.3390/ijms222111857
http://doi.org/10.1016/S2213-8587(15)00094-7


Int. J. Mol. Sci. 2022, 23, 10882 36 of 36

250. Oshima, M.; Shimizu, M.; Yamanouchi, M.; Toyama, T.; Hara, A.; Furuichi, K.; Wada, T. Trajectories of kidney function in diabetes:
A clinicopathological update. Nat. Rev. Nephrol. 2021, 17, 740–750. [CrossRef]

251. Yamamoto, Y.; Hanai, K.; Mori, T.; Yokoyama, Y.; Yoshida, N.; Murata, H.; Shinozaki, T.; Babazono, T. Kidney outcomes and
all-cause mortality in people with type 2 diabetes exhibiting non-albuminuric kidney insufficiency. Diabetologia 2022, 65, 234–245.
[CrossRef] [PubMed]

252. Papadopoulou-Marketou, N.; Kanaka-Gantenbein, C.; Marketos, N.; Chrousos, G.P.; Papassotiriou, I. Biomarkers of diabetic
nephropathy: A 2017 update. Crit. Rev. Clin. Lab. Sci. 2017, 54, 326–342. [CrossRef] [PubMed]

253. Lacquaniti, A.; Donato, V.; Pintaudi, B.; Di Vieste, G.; Chirico, V.; Buemi, A.; Di Benedetto, A.; Arena, A.; Buemi, M. “Normoalbu-
minuric” diabetic nephropathy: Tubular damage and NGAL. Acta Diabetol. 2013, 50, 935–942. [CrossRef] [PubMed]

254. Kamijo-Ikemori, A.; Sugaya, T.; Yasuda, T.; Kawata, T.; Ota, A.; Tatsunami, S.; Kaise, R.; Ishimitsu, T.; Tanaka, Y.; Kimura, K.
Clinical significance of urinary liver-type fatty acid-binding protein in diabetic nephropathy of type 2 diabetic patients. Diabetes
Care 2011, 34, 691–696. [CrossRef] [PubMed]

255. Uehara, Y.; Makino, H.; Seiki, K.; Urade, Y. Urinary excretions of lipocalin-type prostaglandin D synthase predict renal injury in
type-2 diabetes: A cross-sectional and prospective multicentre study. Nephrol. Dial. Transplant. 2009, 24, 475–482. [CrossRef]

256. Chen, C.; Wang, C.; Hu, C.; Han, Y.; Zhao, L.; Zhu, X.; Xiao, L.; Sun, L. Normoalbuminuric diabetic kidney disease. Front. Med.
2017, 11, 310–318. [CrossRef]

257. Ekinci, E.I.; Jerums, G.; Skene, A.; Crammer, P.; Power, D.; Cheong, K.Y.; Panagiotopoulos, S.; McNeil, K.; Baker, S.T.; Fioretto,
P.; et al. Renal structure in normoalbuminuric and albuminuric patients with type 2 diabetes and impaired renal function. Diabetes
Care 2013, 36, 3620–3626. [CrossRef]

258. Neugarten, J.; Acharya, A.; Silbiger, S.R. Effect of gender on the progression of nondiabetic renal disease: A meta-analysis. J. Am.
Soc. Nephrol. 2000, 11, 319–329. [CrossRef]

259. Thomas, M.C.; Macisaac, R.J.; Jerums, G.; Weekes, A.; Moran, J.; Shaw, J.E.; Atkins, R.C. Nonalbuminuric renal impairment in
type 2 diabetic patients and in the general population (national evaluation of the frequency of renal impairment cO-existing with
NIDDM [NEFRON] 11). Diabetes Care 2009, 32, 1497–1502. [CrossRef]

260. Boronat, M.; García-Cantón, C.; Quevedo, V.; Lorenzo, D.L.; López-Ríos, L.; Batista, F.; Riaño, M.; Saavedra, P.; Checa, M.D.
Non-albuminuric renal disease among subjects with advanced stages of chronic kidney failure related to type 2 diabetes mellitus.
Ren. Fail. 2014, 36, 166–170. [CrossRef]

261. Cherney, D.Z.I.; Dagogo-Jack, S.; Cosentino, F.; Pratley, R.E.; Frederich, R.; Maldonado, M.; Liu, C.C.; Cannon, C.P. Heart and
Kidney Outcomes With Ertugliflozin in People with Non-albuminuric Diabetic Kidney Disease: A post hoc Analysis from the
Randomized VERTIS CV Trial. Kidney Int. Rep. 2022, 7, 1782–1792. [CrossRef] [PubMed]

http://doi.org/10.1038/s41581-021-00462-y
http://doi.org/10.1007/s00125-021-05590-5
http://www.ncbi.nlm.nih.gov/pubmed/34739552
http://doi.org/10.1080/10408363.2017.1377682
http://www.ncbi.nlm.nih.gov/pubmed/28956668
http://doi.org/10.1007/s00592-013-0485-7
http://www.ncbi.nlm.nih.gov/pubmed/23754672
http://doi.org/10.2337/dc10-1392
http://www.ncbi.nlm.nih.gov/pubmed/21273494
http://doi.org/10.1093/ndt/gfn515
http://doi.org/10.1007/s11684-017-0542-7
http://doi.org/10.2337/dc12-2572
http://doi.org/10.1681/ASN.V112319
http://doi.org/10.2337/dc08-2186
http://doi.org/10.3109/0886022X.2013.835266
http://doi.org/10.1016/j.ekir.2022.05.007
http://www.ncbi.nlm.nih.gov/pubmed/35967112

	Introduction 
	Lifestyle Improvements 
	Pharmacological Therapies 
	Glycemic Control 
	Blood Lipid Control 
	Blood Pressure Control 
	Aldosterone Antagonists 
	Diuretics 
	SGLT2 Inhibitors 
	Incretin Mimetics 
	GLP-1R Agonists 
	DPP-4 Inhibitors 

	Endothelin-1 Receptor Antagonists 

	Surgical Treatment 
	New Potential Therapeutic Strategies 
	Protein Kinase C Inhibition 
	Adiponectin 
	Anti-Inflammatory Treatments 
	Agents Inhibiting Inflammatory Factors 
	JAK/STAT Inhibitors 
	ASK1 Inhibitors 

	Antioxidant Treatments 
	Nrf2 Activators 
	NOX Inhibitors 
	Bioactive Antioxidants 

	Antifibrotic Treatments 
	Treatments Targeting Autophagy 

	Interventions for Nonalbuminuric DKD 
	Conclusions 
	References

