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Abstract: Diabetic kidney disease (DKD), or diabetic nephropathy (DN), is one of the most prevalent
complications of type 2 diabetes mellitus (T2DM) and causes severe burden on the general welfare
of T2DM patients around the world. While several new agents have shown promise in treating this
condition and potentially halting the progression of the disease, more work is needed to understand
the complex regulatory network involved in the disorder. Recent studies have provided new insights
into the connection between autophagy, a physiological metabolic process known to maintain cellular
homeostasis, and the pathophysiological pathways of DKD. Typically, autophagic activity plays a
role in DKD progression mainly by promoting an inflammatory response to tissue damage, while
both overactivated and downregulated autophagy worsen disease outcomes in different stages of
DKD. This correlation demonstrates the potential of autophagy as a novel therapeutic target for the
disease, and also highlights new possibilities for utilizing already available DN-related medications.
In this review, we summarize findings on the relationship between autophagy and DKD, and the
impact of these results on clinical management strategies.
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1. Introduction

Diabetic kidney disease (DKD), or diabetic nephropathy (DN), is a common but severe
complication in diabetic patients. The disorder mainly consists of persistent proteinuria
with progressive worsening of renal function, and can ultimately cause irreversible kidney
damage [1]. As the leading cause of end-stage kidney disease (ESKD), DKD is associated
with increased morbidity and mortality in diabetes patients, and thus poses a considerable
threat to healthcare systems across the globe. It has been estimated that of the global
population of type 2 diabetes mellitus (T2DM) patients, over 35–40 percent eventually
develop DKD [2]. Several risk factors for DKD have been identified, most of which are
related to the underlying metabolic syndrome. Genetic components also play a role in the
development of the disease, and a persisted hyperglycemic state remains an important
contributing factor to the progression of DKD [3]. The pathophysiological mechanism of
DKD arises from the interaction between various metabolic pathways, including reactive
oxygen species (ROS) and advanced glycation end-products (AGEs) [2,4,5]. This mecha-
nism triggers abnormal downstream cellular responses, which in turn lead to gross vascular
injury and renal cell damage.

Considering the high prevalence of DKD and the large population of T2DM patients
at risk, updates on the understanding and management of the disorder are essential. Clini-
cally, blood glucose/pressure control and renin-angiotensin-aldosterone system (RAAS)
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medications are supported by strong evidence for halting the development and progression
of DKD. However, much is unknown about the underlying mechanism and stage-specific
strategy for DKD. Over the years, researchers have identified numerous pathways that
are related to the pathophysiology of DKD, with oxidative stress and metabolic imbalance
caused by a persisted hyperglycemic state taking center stage. These pathways include
the mitogen-activated kinases (MAPK) pathway, which leads to podocyte apoptosis and
extracellular matrix deposition, and pathways that are heavily involved in inflammation,
such as the Janus kinase-signal transducers and activators of transcription (JAK/STAT) and
nuclear factor kappa-B (NF-κB) pathways [3]. Together, these pathways contribute to the
complex regulatory network of DKD.

Autophagy is known to be an important mechanism for maintaining intracellular
homeostasis. The process plays a wide variety of physiological roles, and dysregulation of
autophagy can cause irreparable tissue damage [6]. There are three subtypes of autophagy:
microautophagy, macroautophagy, and chaperone-mediated autophagy. Macroautophagy
is the most prevalent form of the three, and thus will be referred to as autophagy here-
after unless otherwise specified. The process of autophagy can be divided into several
stages: first, the initiation of autophagy due to stress stimulation; next, the formation of
phagophores and encapsulation of intracellular components into autophagosomes; and
last, the fusion of autophagosomes with lysosomes, which form autophagolysosomes that
ultimately go through the degradation process [7]. Multiple genes and signaling pathways
can interfere with this process, and are closely related to the microenvironment the cells
are in.

In light of its role in various diseases, increasing evidence indicates that the regulation
of autophagy plays a complex role in the progression of DKD, and conversely that the
modulation of autophagy in DKD may have potential as a therapeutic target in the future.
In this review, we aim to explore the most recent understanding of the role of autophagy
in DKD progression, while establishing the relationship between autophagy and current
clinical management strategies and medications.

2. The Role of Autophagy in Kidney Diseases

The physiological role of autophagy is moderated by a complex network of signaling
events, along with more than 30 autophagy-related (Atg) proteins that regulate the forma-
tion of phagophores and autophagosomes [8]. The formation of phagophore membranes
in mammalian cells appears to be in dynamic equilibrium with other cytosolic membrane
structures that primarily originate from the endoplasmic reticulum. The Atg protein family
regulates various processes related to autophagic initiation, such as lipid recruitment and
increased sensitivity to growth factor and nutrient availability [9]. Autophagy regulation is
critical in various diseases as it is related to inflammatory and fibrotic responses during
cellular stress [10]. In the case of kidney diseases, with the aid of computational gene tran-
scriptional pathway analysis, responsive autophagy was found to be activated in multiple
types of glomerular injury, including membranous nephropathy (MN), focal segmental
glomerulosclerosis (FSGS), IgA nephropathy (IgAN), and especially in DN [11]. However,
autophagy seems to play dual, somewhat opposing, roles in kidney disease. In acute kidney
injury models, it has been suggested that autophagy plays a physiological role in inhibiting
excessive inflammatory response, therefore alleviating early kidney injuries, explaining
the aforementioned reactive activation of autophagy observed [12]. However, in studies
concerning the later stages of kidney fibrosis, or in a proposed acute kidney injury (AKI) to
chronic kidney disease (CKD) transition model, dysregulated autophagy was associated
with uncontrolled fibrosis and further kidney function decline [13]. The role of autophagy
regulation in kidney disease is an intriguing topic that requires more investigation.

Regarding the role of autophagy in DKD, most studies suggest that a decline in au-
tophagic activity can be observed at the peak of DKD progression, so autophagy has been
seen as a primary target for developing novel means of intervention [14]. Functioning
autophagic processes are essential to preventing the development of DKD, as autophagy
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allows kidney cells to remove damaged organelles and proteins accumulated from pro-
longed cellular stress. Autophagy is known to be connected to the pathophysiological
components of diabetes and subsequent complications. Besides mediating the oxidative
stress and ROS generated by diabetes, autophagy also inhibits the accumulation of AGEs, a
key element involved in the development of DKD [15]. Additionally, under a prolonged
hyperglycemic state, the deactivation of nutrient-sensing pathways such as the AMP-
activated protein kinase (AMPK) and the downstream mechanistic target of rapamycin
(mTOR) pathways [16,17] can lead to decreased autophagic activity. Fewer quantities of
phosphorylated(p)-AMPK, the activated form of AMPK, have been found in a high-glucose
state, which leads to increased mTOR activity and inhibits the typical induction of au-
tophagy and formation of autophagosomes [18]. In this manner, impaired autophagic
regulation contributes to the development of DKD.

In the following sections, we will summarize the most recent updates on established
autophagic regulatory pathways, as well as how the regulation of autophagy can affect the
progression of DKD (Table 1).

Table 1. Summary of autophagy-related pathways.

Pathway Effects on Autophagy References

JAK/STAT Activated in DKD mice and suppresses
autophagy, reversed by JAK inhibitor in vitro. [19]

P53

Activated in AGE-treated podocytes, inducing
miR-34a transcription, which, in turn, suppresses
SIRT1 and enhances p53 activation.
Activated in diabetic patients, downregulates
ULK-1 and autophagy.

[20,21]

P2Y2R Downregulates SIRT-1, leading to suppressed
autophagy in DN mice. [22]

Macrophage
Hyperglycemic state suppresses autophagy in
macrophages, promotes migration and adhesion,
and alters macrophage polarization.

[23,24]

HDACs
Activated in DM patients, mice models, and
AGE-treated podocytes, modulates podocyte
motility and suppresses autophagy.

[25]

3. The Mechanistic Basis for Autophagy in DKD
3.1. An Increased Understanding of Nutrient-Sensing and Downstream Pathways

Due to a constant hyperglycemic state, the nutrient-sensing AMPK and mTOR sig-
naling pathways have established their role in influencing DM-induced pathological
changes [26–28]. The downregulation of AMPK signaling in DN leads to decreased au-
tophagic activity and worse outcomes [29], while the mTOR signaling pathway, which is
overactivated in DN, blocks the initiation of autophagy [30,31]. Recently, the JAK/STAT
signaling pathway has been shown to be closely related to energy expenditure while also
being regulated by AMPK signaling [32,33]. Previous studies have demonstrated the poten-
tial of hindering DN development via regulating JAK/STAT signaling; the pathway’s effect
on autophagy regulation has also been shown in chronic myeloid leukemia cells [34,35].
However, reports regarding the impact of the JAK/STAT pathway on autophagy in kidney
cells is lacking. A recent update by Chen et. al. found that in a DKD mice model the
JAK/STAT signaling pathway was activated in podocytes under hyperglycemic conditions,
and MAP1LC3 (LC3) expression, which serves as a proxy for autophagic activity, was down-
regulated, leading to subsequent cellular apoptosis and DKD progression [19]. By inhibiting
the JAK/STAT signaling pathway in cell models via the JAK inhibitor ruxolitinib, impaired
autophagic flux was restored. Another pathway closely related to nutrient-sensing, the
p53 signaling axis, was recently introduced as a regulator of autophagic signaling [36].
Activated p53 signaling under DKD models was found to impair autophagy response in
renal tubular cells via the unc-51-like autophagy-activating kinase 1 (ULK1) pathway [20],
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and in podocytes via the nutrient-sensing Sirtuin-1 (SIRT1) pathway, leading to subsequent
DKD progression [21]. Together, these results indicate that impaired autophagic activity
from dysregulated nutrient-sensing pathways can promote the development of DKD.

Researchers are still looking to further investigate the cellular response to hyper-
glycemic states, specifically with regards to the involvement of common energy-containing
nucleotides such as adenosine triphosphate (ATP), adenosine diphosphate (ADP), uri-
dine triphosphate (UTP), and uridine diphosphate (UDP) [22]. Under hyperglycemic
conditions, these nucleotides can be released extracellularly, and can subsequently trigger
cellular purinergic P2 (P2Y) receptors. Among the eight known subtypes of P2Y receptors,
P2Y2R was found to be prominently expressed in renal glomerular, mesangial, podocyte,
and tubular cells. These updates expand the known scope of nutrient-sensing pathways,
demonstrating their involvement in the autophagy-DKD axis.

3.2. Autophagic Activity Affects Macrophage Phenotypic Change

The current understanding of upstream pathways of DKD helps in identifying poten-
tial therapeutic targets, as well as predicting the effect of interrupting the involved signaling
axes. Additionally, the downstream effects of autophagy and how the process complicates
the development of DKD progression is of equal significance, as this information can assist
researchers in identifying the various effects of autophagic regulation.

Within the pathophysiology of DKD, the dysregulation of autophagic activity itself
contributes to the impaired repair of renal cells under stress. Another important phys-
iological repair mechanism arises from the effect of macrophages [37]. The migration
and adhesion of macrophages to diabetic kidney tissue is known to play a major role in
DKD progression, as it leads to the release of cytokines and chemokines, which subse-
quently induce inflammatory damage to the kidney. Interestingly, studies have connected
macrophage functionality with autophagic activity. It was found that a hyperglycemic
state not only affects autophagic activity in kidney cells but also reduces the number of
autophagosomes in RAW264.7 cells, a mouse macrophage cell line [23]. The inhibition of
autophagy in macrophages was accompanied with an increased expression of P62, which
promoted the adhesion and migration capacity of macrophages. This same pattern of
autophagic and P62 upregulation can also be seen in the renal tissues of a DN rat model.
This is also, in part, related to the fact that macrophage autophagy can inhibit M1 pro-
inflammatory macrophage polarization, which, in turn, can alleviate the progression of
tissue damage [24]. M2 macrophages were also found to be able to secrete autophagy-
activating exosomal miR-25-3p, and ameliorate high glucose-induced podocyte injury,
adding to the complex relationship between macrophages and autophagy [38]. Yuan et al.
reported that the interaction between autophagy and macrophage phenotypic change may
be the underlying mechanism behind the beneficial effects of mesenchymal stem cell (MSC)
treatment [39]. By treating DN mice via MSC vein infection, their data showed a restoration
of autophagic activity and an inhibited inflammatory response in macrophages, which
alleviated renal injuries. The authors also identified activation of transcription factor EB
(TFEB) as the mechanism behind the effects of the MSC treatment. TFEB nuclear localiza-
tion was significantly increased after MSC treatment in RAW 264.7 cells, which elicited
the polarization of M2 macrophages. A better understanding of the interactions between
autophagy, DKD, and macrophage function may provide us with a fresh outlook on the
effects of autophagy outside of kidney tissue, and the other intercellular events that are a
part of DKD progression.

3.3. New Prospects in Gene and Epigenetic Regulation

The final aspect concerning the regulatory pathways of autophagy in DKD that we
wish to highlight in this section is the role of epigenetics. With precision medicine being
the future trend in healthcare, the recognition of the specific genetic components of disease
has become increasingly crucial. Epigenetic mechanisms such as histone modifications and
microRNA regulation are believed to assist in physiological adjustments to environmental
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conditions. Components of epigenetic modulation, including noncoding RNAs (ncRNAs),
histone deacetylases (HDACs), and DNA methylation, were all found to play a unique role
in DKD progression [40,41]. Studies have shown that persistent inflammation and cytokine
exposure under diabetic conditions leads to epigenetic modifications, and ultimately in-
duces lasting open chromatin structures at pathological gene sites, a possible mechanism
for “metabolic memory” [42]. Numerous miRNAs are involved in autophagic suppression
under diabetic conditions, with some achieving their effect by taking part in some of the
aforementioned signaling events [43,44]. Reversing the effects of these miRNAs, then, is
expected to reduce glomerular mesangial hypertrophy in early stages of DN in animal
models, which may be a viable therapeutic strategy in the future.

In addition to the effect of miRNAs, HDACs have also been identified as an important
family of enzymes that take part in numerous physiological processes, including diabetes
and insulin resistance [45]. In the case of DKD, it was established that HDACs can promote
fibrosis and chemokine production in kidney cells. Further research found that differ-
ent isoforms of HDACs may also exert individual effects on autophagy in DKD [46,47].
HDACs 4 and 5 were among the earliest enzymes within the family that were found to play
an inhibitory effect on autophagy; in fact, suppressed autophagic activity and increased
inflammation were both observed. Adding to this connection, Liang et al. showed that
HDAC6, an HDAC that is predominantly located in the cytoplasm and is related to the sta-
bility of microtubules, was activated in T2DM patients, db/db mice models, and advanced
glycation end products (AGE)-treated podocytes [25]. Their further results indicated that
the podocytes suffered from subsequently enhanced motility and suppressed autophagy,
leading to DN progression, which could be rescued by tubacin, an HDAC6-specific inhibitor.
A number of medications such as valproic acid—a widely used anti-epileptic drug—have
been recognized as possessing HDAC-inhibiting effects [48]. Although specific medications
that target epigenetic mechanisms may not currently be readily available, the advancement
of pharmaceutical technology, tailored gene therapy, and epigenetic interventions may
provide an exciting avenue for treating DKD in the future.

4. The Role of Autophagy within the DKD Clinical Regimen

Developing optimal management strategies against DKD is vital for DM patients. Cur-
rent evidence-based clinical treatment guidelines suggest modifying existing treatment ap-
proaches using oral hypoglycemic agents (OHAs), such as metformin and sodium–glucose
cotransporter 2 inhibitors (SGLT2i), based on albuminuria or low eGFR status [49,50]. For
DM patients with albuminuria or/and hypertension, the prescription of renin-angiotensin-
aldosterone system (RAAS) blockers is also strongly recommended.

The role of autophagy in DKD progression has received increasing attention, and
various studies have focused on the correlation between autophagy and DN-related medi-
cations. In the following section, we will summarize current findings and how they may
affect the utilization of these agents (Figure 1).

4.1. The Importance of OHAs in DM Management

In patients suffering from DKD, blood sugar control is highly important. Effective
blood sugar control may not only stop disease progression, but may also prevent the devel-
opment of other comorbidities [51]. With increasing patients being diagnosed with DM,
OHAs are now the centerpiece of DM management. Common agents include metformin,
sodium–glucose cotransporter 2 inhibitors (SGLT2i), dipeptidyl peptidase-4 inhibitors
(DPP4i), and glucagon-like peptide-1 receptor analogs (GLP-1 RA), with each having differ-
ent mechanisms of action. Since these agents have become broadly available, researchers
have been working to understand their impact on metabolic disorders, as well as the
underlying mechanisms behind each drug. With DKD being the most prevalent secondary
complication from DM, more insights into the influence of OHAs on DKD is essential.
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4.1.1. Metformin

• Metformin as a first-line OHA

Evidence has shown that a rigorous control of blood glucose to near-normoglycemia
levels is beneficial to diabetic patients, as this can delay the onset and progression of
albuminuria and reduced-eGFR [52,53]. As a first-line agent, metformin is a safe and
effective medication that has been shown to help improve patients’ Hemoglobin A1c
(HbA1c), as well as body weight and cardiovascular mortality [54–56]. The use of met-
formin in patients with kidney diseases is limited due to the drug requiring renal clear-
ance. Current FDA guidance states that metformin is contraindicated in patients with an
eGFR < 30 mL/min/1.73 m2, and that the effects of the drug should be monitored when an
eGFR < 45 mL/min/1.73 m2 is noted. It is currently believed that activation of the AMPK
signaling pathway is the key mechanism behind the drug’s benefits [57]. This mechanistic
action was first seen in liver cells, where enhanced insulin sensitivity and fat metabolism
were observed as a result of AMPK activation.

• Metformin as a renoprotective agent that restores autophagic activity

Since the AMPK pathway plays an important role in autophagic activity, the regulatory
effects of metformin were reasonably assumed to revolve around assistance in restoring
impaired autophagy in DN. Results from diabetic mice models agreed with this hypothesis,
showing that, indeed, metformin enhanced defective autophagic activity during kidney
injury [58–61]. These studies suggested that metformin induces several autophagic path-
ways, including the Sirt1/FoxO1 axis and the mTOR pathway, both in vitro and in vivo.
The activation of autophagic pathways halted structural changes in glomeruli and pre-
served renal function after injury. Wang et al. also observed that metformin inhibited the
epithelial-to-mesenchymal transition (EMT) in vitro, and tubulointerstitial fibrosis (TIF)
in vivo [60]. These findings further validated the benefits of using metformin as a first-line
DM medication. Similar autophagy-inducing effects of metformin were also reported
in other disease models [62–64], primarily leading to the amelioration of inflammation,
oxidative stress, and respective pathological progression, underscoring the significance of
the interaction between autophagy and metformin.
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Our current understanding suggests that the involvement of metformin in autophagic
regulatory pathways can help attenuate kidney damage in DKD. Despite its limited role in
later stages of kidney damage due to renal clearance, the renoprotective effects of metformin
via autophagy regulation may further elevate its importance in DN prevention.

4.1.2. SGLT2, DPP4 Inhibitors and GLP-1 Analog

• The multifaceted benefits of SGLT2i

SGLT2i are another class of OHAs that have been commonly prescribed in recent
years, and have been recognized for their multifactorial benefits, especially with regards to
their cardiovascular and renoprotective effects [65–67]. The primary function of SGLT2i,
reducing blood glucose, is achieved via the inhibition of SGLT2 receptors in proximal
tubular cells, which leads to a subsequent increase in glucosuria. The beneficial effects of
SGLT2i in DKD and CKD have been demonstrated via several large clinical trials, with
significant outcome improvements and risk reduction of ESRD and death from renal
causes [68–70]. The significance of SGLT2i as a first-line agent for T2DM patients with CKD
has been highlighted in various clinical practice guidelines, including the Kidney Disease
Improving Global Outcomes (KDIGO) guidelines.

• SGLT2i promote autophagy via glucose-independent effects

Among the many clinical benefits of SGLT2i, glucose-independent effects such as the
moderation of intrarenal hemodynamics were identified as one potential mechanism of
action [71]. Recent evidence suggests that restoration of autophagic activity by SGLT2i is
also an essential process for alleviating DN. This reactivation of autophagic activity was
noted in both in vitro HK-2 cells and diabetic (db/db) mouse models [72,73]. In a recent
in vitro study, dapagliflozin restored autophagic activity in high glucose-treated HK-2
cells [73]. It was then suggested that dapagliflozin, as well as SGLT2 knockdown, reversed
high glucose-induced autophagic suppression by restoring the suppressed AMPK pathway
in HK-2 cells. The activation of AMPK also suppressed NF-κB p65 translocation, and the
subsequent decrease in inflammatory cytokine expression suggested a protective effect.
Another study by Korbut et al. demonstrated that empagliflozin could ameliorate mesangial
proliferation in diabetic mouse kidneys [72]. The authors also observed a normalized renal
expression of the apoptosis regulators caspase-3 and Bcl-2, which they proposed as a
possible mechanism behind the increase in autophagic activity. The renoprotective effect of
SGLT2i reported in these studies persists even without resolution regarding hyperglycemic
circumstances, which supports the notion of a glucose-independent effect in kidneys.

Based on current results, autophagy likely plays a role in the effects of SGLT2i on
DKD prevention, and the glucose-independence of SGLT2i further broaden the utility of
the agents beyond glucose control. Combined with their cardiovascular benefits, SGLT2i
have demonstrated a crucial role in DM and DKD management.

• DPP4i and GLP-1 RA also display glucose-independent effects

DPP4i and GLP-1 RA are antihyperglycemic agents that are often used in various com-
bination therapies, and the mechanism of action of both compounds involves the intricate
regulatory cascade of the incretin system. The pharmacological effect of DPP4i leads to
an increased concentration of GLP-1 and glucose-dependent insulinotropic polypeptide,
which are both active incretin hormones, whereas GLP-1 RA directly activates GLP-1 re-
ceptors in the pancreas, leading to increased insulin release and reduced glucagon [74,75].
Previous evidence showed that DPP4i displays antifibrotic properties and the ability to
inhibit endothelial-to-mesenchymal transition, and that these direct effects assisted in
preserving renal function [76]. Among the DPP4i family, linagliptin stands out in the
field of nephrology due to its extra-renal clearance property. Korbut et al. demonstrated
that the autophagy-activating and renal function-preserving effects of dapagliflozin in
db/db mice was also achieved by linagliptin, both as a monotherapy or in combination
therapy [72]. However, few studies have explored the effects of DPP4i on autophagy, and
the potential underlying mechanism is also poorly understood. It is also worth noting
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that clinically, the role of DPP4i in DKD progression has been limited due to their inter-
mediate blood glucose reduction efficacy and neutral effects on cardiovascular/weight
change, making them less favorable when compared with other agents. However, like
SGLT2i, the attenuation of glomerular change in current findings was reported even in
the absence of antihyperglycemic activity, implying that it is critical to understand the
mechanism behind DPP4i glucose-independent autophagy regulation. Lastly, GLP-1 RA
are known for their cardiovascular benefits, while maintaining a high efficacy with regards
to blood glucose reduction. GLP-1 RA share similar signaling events with the pathways
of metformin and SGLT2i, with Yang et al. reporting increased autophagic activity after
liraglutide administration via activation of the AMPK—mTOR axis [77]. This effect led to
reduced oxidative stress and preserved kidney function in diabetic mice, which was also
independent of glucose control, according to their data. Combined with a lower risk of
developing hypoglycemia or other adverse events, GLP-1 RA exhibit favorable traits for
blood glucose control.

In conclusion, many of the most common antihyperglycemic agents exhibit signs of
being able to regulate autophagic activity in diabetic kidneys. While most share similar
signaling axes, their individual clinical utility will depend on the glucose-independent
effects they possess.

4.2. RAAS Blockade

• The role of RAAS blockade in DKD management

RAAS is known to be a key regulatory mechanism in the pathophysiological process
of DKD. Components of the RAAS such as angiotensin II (Ang II) were found to con-
tribute to renal cell hypertrophy during the development of DKD, and further induced
renal inflammation [78]. Thus, RAAS blockade agents, such as angiotensin-converting
enzyme inhibitors (ACEi), angiotensin receptor blockers (ARB), and mineralocorticoid
receptor antagonists (MRA), have been mainstream therapies for treating patients with DM
and DKD.

RAAS was found to be linked to autophagy regulation via studies using various
disease models. Gao et al. showed that aldosterone may exert an inhibitory effect on
AMPK-mediated autophagy in a high phosphate-induced vascular calcification model [79],
and that angiotensin IV suppressed excessive FOXO1-induced autophagy in diabetic
cardiomyopathy mice [80]. Wang et al. reported that in an aldosterone-induced mesangial
cell proliferation and injury kidney model adaptive autophagy was observed via the
responsive activation of the FOXO1 signaling pathway [81]. While innate autophagy
activation is known to play a role in RAAS-induced renal stress, there have been limited
efforts to date to explore if RAAS blockade agents can directly affect autophagy in the
kidney. One connection between RAAS blockade and autophagy was made through a
phenomenon known as the aldosterone escape effect, where long term usage of RAAS
blockade agents can fail to continuously suppress serum aldosterone levels [82]. Dong
et al. showed that spironolactone, a first-generation mineralocorticoid receptor antagonist
(MRA), treatment can partially block the RAAS and promote autophagy in podocytes,
which led to improved renal outcomes in a DN rat model. The authors proposed using
spironolactone to counter the aldosterone escape effect [83].

In summary, as RAAS blockers are a first-line medication widely prescribed to diabetic
and hypertensive patients, the relationship between RAAS blockade agents and autophagy
in the kidney should be further explored. A better understanding of the RAAS—autophagy
axis may impact management strategies and future perspectives on how these medications
affect DKD.

4.3. Novel Therapeutic Agents

To further address DKD management, new means of pharmacological intervention
are necessary to tailor treatments to the needs of different patient groups. Several novel
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therapeutic agents have been reported to exert varying effects on autophagy in DKD
progression.

4.3.1. Klotho

Klotho is a protein known for its complex and varying roles in multiple organ sys-
tems. First characterized in the kidney, Klotho rose to prominence as a regulator of the
metabolic pathway of chronic kidney disease—mineral and bone disease (CKD-MBD) [84].
In recent years, Klotho was found to exert a multifaceted impact on kidney disease modu-
lation [85–87]. Klotho’s renoprotective effects in DKD progression have been reported by
multiple studies over the years, and these effects have been primarily associated with the
Wnt/β-catenin, FGF23, and the Nrf2 signaling pathways [88–91]. Considering its involve-
ment in cellular homeostasis, a correlation between Klotho and autophagy promotion was
first identified in an ischemia-reperfusion injury mouse model, where the protein restored
autophagic flux and mitigated renal fibrosis progression [92]. This effect was believed to
be related to a central regulator of autophagy, the Beclin 1/Bcl2 complex. Klotho was also
reported to reduce excessive autophagic activity in a tacrolimus-induced injury mouse
model [93]. Recently, Xue et al. demonstrated that Klotho-mediated autophagy also played
an important role in DKD progression. The authors showed that Klotho overexpression
induced AMPK activation and extracellular signal-regulated kinase (ERK) inhibition, im-
proved tubular cell autophagy, and protected against DKD, demonstrating the potential
of Klotho as a therapeutic target [94]. It is also known that the Klotho protein can be
divided into an endogenous membrane-bound form and/or a secreted soluble form [95].
Therefore, further studies are imperative to help distinguish the respective effects of the
various Klotho isoforms on autophagy in DKD.

4.3.2. Vitamin D/Vitamin D Receptor

Studies regarding the vitamin D/vitamin D receptor (VD/VDR) signaling pathway
have been conducted in various disease models. In addition to regulating calcium and
phosphorus homeostasis, VDR signaling also plays an important role in kidney disease.
Early reports showed that vitamin D levels are significantly lower in DM patients with
DKD compared to those without DKD, but that this does not result from worsened renal
function [96]. It was then proposed that vitamin D may exert an antidiabetic effect by
increasing intracellular calcium concentrations, resulting in activation of β-cell calcium-
dependent endopeptidase and subsequently enhanced insulin secretion [97]. Studies have
provided evidence of a renoprotective effect of VD/VDR signaling, which was believed to
be achieved via inhibition of inflammation [98]. Furthermore, recent data also demonstrate
a newfound regulatory relationship between VD/VDR and autophagy. This interaction
was discovered in both podocytes and tubular epithelial cells, via the autophagy-related
protein Atg16L1 and the AMPK pathway, respectively [99,100]. The expression of Atg16L1
protein is suppressed under high glucose conditions and restored by VDR signaling to
normalize autophagosome formation. Active vitamin D3 (aVitD3; 1,25-OH vitamin D3)
treatment in diabetic rat models was shown to alleviate DKD progression, which provides
a promising outlook for developing a vitamin D-based therapy. To build upon the many
known benefits of vitamin D supplementation, thorough studies on the renoprotective
properties of vitamin D should receive more attention.

4.3.3. Rapamycin

Rapamycin is a potent immunosuppressive drug that is usually used to avoid rejection
in patients who undergo organ transplantation. Rapamycin achieves its function via inhibi-
tion of mTOR [101]. As mTOR takes part in various physiological activities, its inhibition
by rapamycin can have a wide range of effects. An early report in 2009 demonstrated that
systemic administration of rapamycin in diabetic mice can alleviate pathological changes
and functional decline of the kidney [102]. One recent study confirmed this effect, while
identifying the inhibition of the mTOR-S6K1-LC3II signaling pathway in podocytes as the
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primary mechanism of action [103]. However, despite promising results, the severe side
effects of rapamycin may limit its clinical viability as a therapeutic agent. Several studies
have thus focused on plant-derived nutritional supplements [104–106] or the essential
circadian hormone melatonin [107,108]. However, more studies are needed to qualify these
compounds as viable treatment options.

In summary, the use of OHAs has already been shown to have multiple beneficial
effects in DM and DKD patients, and a better understanding of the potential glucose-
independent effects of these compounds may shed new light on directions for their usage.
Similarly, more research into the relationship between RAAS blockade agents and au-
tophagy in the kidney will reveal novel perspectives on the usage of these medications for
DKD. Finally, current evidence provides support for the feasibility of novel therapeutic
targets, such as Klotho, VD/VDR, and rapamycin, but information regarding the mecha-
nism of action of these compounds will be necessary for expanding the spectrum of DKD
treatment.

5. Excessive Autophagy and DKD Progression

As mentioned in the previous section, sufficient activation of autophagy in the early
stages of CKD is believed to help balance an excessive inflammatory response and prevent
further tissue damage. Indeed, this “balancing” effect has been a primary research focus
in the field. However, recent publications suggest that the impact of autophagy in DKD
appears to extend beyond a protective effect.

The modulation of autophagy in DKD revolves around the pathophysiological com-
ponents of oxidative stress, intracellular ROS, and AGE metabolism. Due to the previously
established role of autophagy in maintaining cellular homeostasis, it was commonly be-
lieved that activating autophagic activity can, in turn, alleviate the stress that diabetes
places on kidney tissue. However, in a murine model of post-ischemic AKI, Livingston
et al. found that after acute injury autophagy was persistently activated during the inter-
stitial fibrosis process in renal tubular cells [109]. Instead of playing a protective role, this
activation led to profibrotic phenotypic alterations and subsequent maladaptive repair,
which promoted chronic pathological changes. The authors also showed that fibroblast
growth factor 2 (FGF2), a well-documented pro-fibrotic cytokine, was selectively induced
by the persistent activation of autophagy. The same phenomenon was also identified in
post-AKI patients’ renal biopsy samples in the same study. FGF2 is a key component in DN
progression, and overexpression of FGF2 in DN patients is believed to lead to epithelial–
mesenchymal transition (EMT) and the development of fibrosis [110,111]. This correlation
between autophagy activation and FGF2 induction adds to the complexity of autophagy in
DN. Additionally, G2/M cell cycle arrest, an indicator of post-injury fibrotic progression,
was found to be promoted by autophagy in the same post-ischemic AKI model [109], but
was suppressed by Atg-5-mediated autophagy in a unilateral ureteral obstruction (UUO)
murine model in a study by Li et al. [112]. This dynamic change in the role of autophagy
was discussed in an earlier study using autophagy reporter mice [113], but based on exist-
ing evidence it remains difficult to define a precise function of autophagy as a protective or
pro-fibrotic regulator.

The ill-defined functional role of autophagy in DKD also affects current understand-
ing of optimal management strategies for DKD patients. In previous sections, while we
discussed how various medications may promote autophagic activity and allay the pro-
gression of DKD, several studies have also reported an opposing association between these
agents and autophagy. Niu et al. showed that in high glucose-treated human umbilical vein
endothelial cells (HUVECs) and a diabetic mouse model metformin was found to downreg-
ulate autophagy via the hedgehog signaling pathway [114]. This autophagy suppression
effect attenuated endothelial dysfunction after exposure to the high-glucose condition.
Another previously discussed class of OHAs, DPP4i, currently lack mechanistic studies
regarding their regulation of autophagy in the kidney. However, in an acute pancreatitis-
induced lung injury model, it was found that sitagliptin could inhibit excessive autophagy
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via activating the p62-Keap1-Nrf2 signaling pathway, which achieved an anti-inflammatory
effect [115]. As the activation of the Nrf2 pathway has been linked to antioxidation and
reduction in kidney fibrosis in recent studies [116], this brings up the question of whether
DPP4i can produce similar effects in the kidney.

As this is an actively evolving area of research, there is very limited literature available
to further discuss the potentially conflicting roles of autophagy in DKD development.
With further investigation regarding the etiology and stage-specific regulatory functions of
autophagy in DKD and kidney fibrosis, we hope to see the future development of precision
therapeutic agents for patients with DKD.

6. Conclusions

The healthcare burden of diabetes is, in large part, caused by the development of DKD
and subsequent kidney dysfunction. It has become increasingly apparent that mere control
of blood glucose or blood pressure is not a sufficient strategy against DKD. As autophagy
has become an exciting area of interest, emerging evidence has strengthened the connection
between the process and DKD, while yielding promising candidate therapeutic targets.
A close regulation of autophagy in DKD patients may be a future prospect in the field of
precision medicine, and further exploration of the matter is essential for curtailing and
preventing the progression of DKD.

Author Contributions: Conceptualization, C.-H.T., I.-J.C. and L.-L.H.; Writing—Original Draft Prepa-
ration, C.-H.T.; Writing—Review and Editing, K.M.S., I.-J.C. and L.-L.H.; Supervision, I.-J.C. and
L.-L.H. All authors have read and agreed to the published version of the manuscript.

Funding: This study is supported by a Sundry fund, L.-L.H.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nichols, G.A.; Déruaz-Luyet, A.; Hauske, S.J.; Brodovicz, K.G. The association between estimated glomerular filtration rate,

albuminuria, and risk of cardiovascular hospitalizations and all-cause mortality among patients with type 2 diabetes. J. Diabetes
Complicat. 2018, 32, 291–297. [CrossRef]

2. Cao, Z.; Cooper, M.E. Pathogenesis of diabetic nephropathy. J. Diabetes Investig. 2011, 2, 243–247. [CrossRef]
3. Sugahara, M.; Pak, W.L.W.; Tanaka, T.; Tang, S.C.W.; Nangaku, M. Update on diagnosis, pathophysiology, and management of

diabetic kidney disease. Nephrology 2021, 26, 491–500. [CrossRef]
4. Thallas-Bonke, V.; Thorpe, S.R.; Coughlan, M.T.; Fukami, K.; Yap, F.Y.; Sourris, K.C.; Penfold, S.A.; Bach, L.A.; Cooper, M.E.;

Forbes, J.M. Inhibition of NADPH oxidase prevents advanced glycation end product-mediated damage in diabetic nephropathy
through a protein kinase C-alpha-dependent pathway. Diabetes 2008, 57, 460–469. [CrossRef] [PubMed]

5. Forbes, J.M.; Coughlan, M.T.; Cooper, M.E. Oxidative stress as a major culprit in kidney disease in diabetes. Diabetes 2008, 57,
1446–1454. [CrossRef] [PubMed]

6. Parzych, K.R.; Klionsky, D.J. An overview of autophagy: Morphology, mechanism, and regulation. Antioxid. Redox Signal. 2014,
20, 460–473. [CrossRef]

7. Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24–41. [CrossRef]
8. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 2011,

27, 107–132. [CrossRef] [PubMed]
9. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12. [CrossRef]
10. Choi, A.M.; Ryter, S.W.; Levine, B. Autophagy in human health and disease. N. Engl. J. Med. 2013, 368, 651–662. [CrossRef]

[PubMed]
11. Chung, C.F.; Papillon, J.; Navarro-Betancourt, J.R.; Guillemette, J.; Bhope, A.; Emad, A.; Cybulsky, A.V. Analysis of gene

expression and use of connectivity mapping to identify drugs for treatment of human glomerulopathies. Front. Med. 2023, 10,
1122328. [CrossRef]

12. Marino, M.L.; Fais, S.; Djavaheri-Mergny, M.; Villa, A.; Meschini, S.; Lozupone, F.; Venturi, G.; Della Mina, P.; Pattingre, S.;
Rivoltini, L.; et al. Proton pump inhibition induces autophagy as a survival mechanism following oxidative stress in human
melanoma cells. Cell Death Dis. 2010, 1, e87. [CrossRef]

13. Tang, C.; Livingston, M.J.; Liu, Z.; Dong, Z. Autophagy in kidney homeostasis and disease. Nat. Rev. Nephrol. 2020, 16, 489–508.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.jdiacomp.2017.12.003
https://doi.org/10.1111/j.2040-1124.2011.00131.x
https://doi.org/10.1111/nep.13860
https://doi.org/10.2337/db07-1119
https://www.ncbi.nlm.nih.gov/pubmed/17959934
https://doi.org/10.2337/db08-0057
https://www.ncbi.nlm.nih.gov/pubmed/18511445
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://www.ncbi.nlm.nih.gov/pubmed/21801009
https://doi.org/10.1002/path.2697
https://doi.org/10.1056/NEJMra1205406
https://www.ncbi.nlm.nih.gov/pubmed/23406030
https://doi.org/10.3389/fmed.2023.1122328
https://doi.org/10.1038/cddis.2010.67
https://doi.org/10.1038/s41581-020-0309-2
https://www.ncbi.nlm.nih.gov/pubmed/32704047


Cells 2023, 12, 2691 12 of 16

14. Gonzalez, C.D.; Lee, M.S.; Marchetti, P.; Pietropaolo, M.; Towns, R.; Vaccaro, M.I.; Watada, H.; Wiley, J.W. The emerging role of
autophagy in the pathophysiology of diabetes mellitus. Autophagy 2011, 7, 2–11. [CrossRef] [PubMed]

15. Takahashi, A.; Takabatake, Y.; Kimura, T.; Maejima, I.; Namba, T.; Yamamoto, T.; Matsuda, J.; Minami, S.; Kaimori, J.Y.; Matsui,
I.; et al. Autophagy Inhibits the Accumulation of Advanced Glycation End Products by Promoting Lysosomal Biogenesis and
Function in the Kidney Proximal Tubules. Diabetes 2017, 66, 1359–1372. [CrossRef]

16. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.
Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

17. Parmar, U.M.; Jalgaonkar, M.P.; Kulkarni, Y.A.; Oza, M.J. Autophagy-nutrient sensing pathways in diabetic complications.
Pharmacol. Res. 2022, 184, 106408. [CrossRef]

18. Kim, Y.C.; Guan, K.L. mTOR: A pharmacologic target for autophagy regulation. J. Clin. Investig. 2015, 125, 25–32. [CrossRef]
19. Chen, D.; Liu, Y.; Chen, J.; Lin, H.; Guo, H.; Wu, Y.; Xu, Y.; Zhou, Y.; Zhou, W.; Lu, R.; et al. JAK/STAT pathway promotes the

progression of diabetic kidney disease via autophagy in podocytes. Eur. J. Pharmacol. 2021, 902, 174121. [CrossRef]
20. 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]
21. Liang, Y.; Liu, H.; Zhu, J.; Song, N.; Lu, Z.; Fang, Y.; Teng, J.; Dai, Y.; Ding, X. Inhibition of p53/miR-34a/SIRT1 axis ameliorates

podocyte injury in diabetic nephropathy. Biochem. Biophys. Res. Commun. 2021, 559, 48–55. [CrossRef]
22. Dusabimana, T.; Kim, S.R.; Park, E.J.; Je, J.; Jeong, K.; Yun, S.P.; Kim, H.J.; Kim, H.; Park, S.W. P2Y2R contributes to the

development of diabetic nephropathy by inhibiting autophagy response. Mol. Metab. 2020, 42, 101089. [CrossRef] [PubMed]
23. Jiang, Y.; Zhao, Y.; Zhu, X.; Liu, Y.; Wu, B.; Guo, Y.; Liu, B.; Zhang, X. Effects of autophagy on macrophage adhesion and migration

in diabetic nephropathy. Ren. Fail. 2019, 41, 682–690. [CrossRef]
24. Wen, J.H.; Li, D.Y.; Liang, S.; Yang, C.; Tang, J.X.; Liu, H.F. Macrophage autophagy in macrophage polarization, chronic

inflammation and organ fibrosis. Front. Immunol. 2022, 13, 946832. [CrossRef]
25. Liang, T.; Qi, C.; Lai, Y.; Xie, J.; Wang, H.; Zhang, L.; Lin, T.; Jv, M.; Li, J.; Wang, Y.; et al. HDAC6-mediated α-tubulin deacetylation

suppresses autophagy and enhances motility of podocytes in diabetic nephropathy. J. Cell Mol. Med. 2020, 24, 11558–11572.
[CrossRef]

26. Shati, A.A. Salidroside ameliorates diabetic nephropathy in rats by activating renal AMPK/SIRT1 signaling pathway. J. Food
Biochem. 2020, 44, e13158. [CrossRef] [PubMed]

27. Park, H.S.; Lim, J.H.; Kim, M.Y.; Kim, Y.; Hong, Y.A.; Choi, S.R.; Chung, S.; Kim, H.W.; Choi, B.S.; Kim, Y.S.; et al. Erratum to:
Resveratrol increases AdipoR1 and AdipoR2 expression in type 2 diabetic nephropathy. J. Transl. Med. 2016, 14, 210. [CrossRef]

28. Chen, J.; Yang, Y.; Lv, Z.; Shu, A.; Du, Q.; Wang, W.; Chen, Y.; Xu, H. Study on the inhibitive effect of Catalpol on diabetic
nephropathy. Life Sci. 2020, 257, 118120. [CrossRef]

29. Kim, J.; Kim, Y.C.; Fang, C.; Russell, R.C.; Kim, J.H.; Fan, W.; Liu, R.; Zhong, Q.; Guan, K.L. Differential regulation of distinct
Vps34 complexes by AMPK in nutrient stress and autophagy. Cell 2013, 152, 290–303. [CrossRef]

30. Inoki, K.; Mori, H.; Wang, J.; Suzuki, T.; Hong, S.; Yoshida, S.; Blattner, S.M.; Ikenoue, T.; Rüegg, M.A.; Hall, M.N.; et al. mTORC1
activation in podocytes is a critical step in the development of diabetic nephropathy in mice. J. Clin. Investig. 2011, 121, 2181–2196.
[CrossRef] [PubMed]

31. Deleyto-Seldas, N.; Efeyan, A. The mTOR-Autophagy Axis and the Control of Metabolism. Front. Cell Dev. Biol. 2021, 9, 655731.
[CrossRef] [PubMed]

32. Gurzov, E.N.; Stanley, W.J.; Pappas, E.G.; Thomas, H.E.; Gough, D.J. The JAK/STAT pathway in obesity and diabetes. Febs. J.
2016, 283, 3002–3015. [CrossRef]

33. Speirs, C.; Williams, J.J.L.; Riches, K.; Salt, I.P.; Palmer, T.M. Linking energy sensing to suppression of JAK-STAT signalling: A
potential route for repurposing AMPK activators? Pharmacol. Res. 2018, 128, 88–100. [CrossRef]

34. Bagca, B.G.; Ozalp, O.; Kurt, C.C.; Mutlu, Z.; Saydam, G.; Gunduz, C.; Avci, C.B. Ruxolitinib induces autophagy in chronic
myeloid leukemia cells. Tumour. Biol. 2016, 37, 1573–1579. [CrossRef] [PubMed]

35. Liu, Y.; Wang, W.; Zhang, J.; Gao, S.; Xu, T.; Yin, Y. JAK/STAT signaling in diabetic kidney disease. Front. Cell Dev. Biol. 2023, 11,
1233259. [CrossRef]

36. White, E. Autophagy and p53. Cold Spring Harb. Perspect Med. 2016, 6, a026120. [CrossRef]
37. Li, H.D.; You, Y.K.; Shao, B.Y.; Wu, W.F.; Wang, Y.F.; Guo, J.B.; Meng, X.M.; Chen, H. Roles and crosstalks of macrophages in

diabetic nephropathy. Front. Immunol. 2022, 13, 1015142. [CrossRef] [PubMed]
38. Huang, H.; Liu, H.; Tang, J.; Xu, W.; Gan, H.; Fan, Q.; Zhang, W. M2 macrophage-derived exosomal miR-25-3p improves high

glucose-induced podocytes injury through activation autophagy via inhibiting DUSP1 expression. IUBMB Life 2020, 72, 2651–2662.
[CrossRef]

39. Yuan, Y.; Li, L.; Zhu, L.; Liu, F.; Tang, X.; Liao, G.; Liu, J.; Cheng, J.; Chen, Y.; Lu, Y. Mesenchymal stem cells elicit macrophages
into M2 phenotype via improving transcription factor EB-mediated autophagy to alleviate diabetic nephropathy. Stem. Cells 2020,
38, 639–652. [CrossRef]

40. Kato, M.; Natarajan, R. Diabetic nephropathy—Emerging epigenetic mechanisms. Nat. Rev. Nephrol. 2014, 10, 517–530. [CrossRef]
[PubMed]

https://doi.org/10.4161/auto.7.1.13044
https://www.ncbi.nlm.nih.gov/pubmed/20935516
https://doi.org/10.2337/db16-0397
https://doi.org/10.1038/ncb2152
https://www.ncbi.nlm.nih.gov/pubmed/21258367
https://doi.org/10.1016/j.phrs.2022.106408
https://doi.org/10.1172/JCI73939
https://doi.org/10.1016/j.ejphar.2021.174121
https://doi.org/10.1172/JCI135536
https://doi.org/10.1016/j.bbrc.2021.04.025
https://doi.org/10.1016/j.molmet.2020.101089
https://www.ncbi.nlm.nih.gov/pubmed/32987187
https://doi.org/10.1080/0886022X.2019.1632209
https://doi.org/10.3389/fimmu.2022.946832
https://doi.org/10.1111/jcmm.15772
https://doi.org/10.1111/jfbc.13158
https://www.ncbi.nlm.nih.gov/pubmed/32030786
https://doi.org/10.1186/s12967-016-0967-9
https://doi.org/10.1016/j.lfs.2020.118120
https://doi.org/10.1016/j.cell.2012.12.016
https://doi.org/10.1172/JCI44771
https://www.ncbi.nlm.nih.gov/pubmed/21606597
https://doi.org/10.3389/fcell.2021.655731
https://www.ncbi.nlm.nih.gov/pubmed/34277603
https://doi.org/10.1111/febs.13709
https://doi.org/10.1016/j.phrs.2017.10.001
https://doi.org/10.1007/s13277-015-3947-4
https://www.ncbi.nlm.nih.gov/pubmed/26298727
https://doi.org/10.3389/fcell.2023.1233259
https://doi.org/10.1101/cshperspect.a026120
https://doi.org/10.3389/fimmu.2022.1015142
https://www.ncbi.nlm.nih.gov/pubmed/36405700
https://doi.org/10.1002/iub.2393
https://doi.org/10.1002/stem.3144
https://doi.org/10.1038/nrneph.2014.116
https://www.ncbi.nlm.nih.gov/pubmed/25003613


Cells 2023, 12, 2691 13 of 16

41. Wang, X.; Zhao, J.; Li, Y.; Rao, J.; Xu, G. Epigenetics and endoplasmic reticulum in podocytopathy during diabetic nephropathy
progression. Front. Immunol. 2022, 13, 1090989. [CrossRef]

42. Reddy, M.A.; Zhang, E.; Natarajan, R. Epigenetic mechanisms in diabetic complications and metabolic memory. Diabetologia 2015,
58, 443–455. [CrossRef]

43. Deshpande, S.; Abdollahi, M.; Wang, M.; Lanting, L.; Kato, M.; Natarajan, R. Reduced Autophagy by a microRNA-mediated
Signaling Cascade in Diabetes-induced Renal Glomerular Hypertrophy. Sci. Rep. 2018, 8, 6954. [CrossRef] [PubMed]

44. Ma, J.; Wang, Y.; Xu, H.T.; Ren, N.; Zhao, N.; Wang, B.M.; Du, L.K. MicroRNA: A novel biomarker and therapeutic target to
combat autophagy in diabetic nephropathy. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 6257–6263. [CrossRef]

45. Sharma, S.; Taliyan, R. Histone deacetylase inhibitors: Future therapeutics for insulin resistance and type 2 diabetes. Pharmacol.
Res. 2016, 113, 320–326. [CrossRef]

46. Khan, S.; Bhat, Z.R.; Jena, G. Role of autophagy and histone deacetylases in diabetic nephropathy: Current status and future
perspectives. Genes Dis. 2016, 3, 211–219. [CrossRef]

47. Wang, X.; Liu, J.; Zhen, J.; Zhang, C.; Wan, Q.; Liu, G.; Wei, X.; Zhang, Y.; Wang, Z.; Han, H.; et al. Histone deacetylase 4 selectively
contributes to podocyte injury in diabetic nephropathy. Kidney Int. 2014, 86, 712–725. [CrossRef] [PubMed]

48. Khan, S.; Jena, G.; Tikoo, K.; Kumar, V. Valproate attenuates the proteinuria, podocyte and renal injury by facilitating autophagy
and inactivation of NF-κB/iNOS signaling in diabetic rat. Biochimie 2015, 110, 1–16. [CrossRef] [PubMed]

49. Kidney Disease: Improving Global Outcomes (KDIGO) Diabetes Work Group. KDIGO 2022 Clinical Practice Guideline for
Diabetes Management in Chronic Kidney Disease. Kidney Int. 2022, 102 (Suppl. S5), S1–S127. [CrossRef] [PubMed]

50. ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Hilliard, M.E.; Isaacs, D.;
Johnson, E.L.; et al. American Diabetes Association. 9. Pharmacologic approaches to glycemic treat-ment: Standards of Care in
Diabetes—2023. Diabetes Care 2023, 46 (Suppl. S1), S140–S157. [CrossRef] [PubMed]

51. Abdel-Rahman, E.M.; Saadulla, L.; Reeves, W.B.; Awad, A.S. Therapeutic modalities in diabetic nephropathy: Standard and
emerging approaches. J. Gen. Intern. Med. 2012, 27, 458–468. [CrossRef]

52. Zoungas, S.; Arima, H.; Gerstein, H.C.; Holman, R.R.; Woodward, M.; Reaven, P.; Hayward, R.A.; Craven, T.; Coleman, R.L.;
Chalmers, J. Effects of intensive glucose control on microvascular outcomes in patients with type 2 diabetes: A meta-analysis of
individual participant data from randomised controlled trials. Lancet Diabetes Endocrinol. 2017, 5, 431–437. [CrossRef] [PubMed]

53. Agrawal, L.; Azad, N.; Bahn, G.D.; Ge, L.; Reaven, P.D.; Hayward, R.A.; Reda, D.J.; Emanuele, N.V. Long-term follow-up of
intensive glycaemic control on renal outcomes in the Veterans Affairs Diabetes Trial (VADT). Diabetologia 2018, 61, 295–299.
[CrossRef]

54. Wu, M.S.; Johnston, P.; Sheu, W.H.; Hollenbeck, C.B.; Jeng, C.Y.; Goldfine, I.D.; Chen, Y.D.; Reaven, G.M. Effect of metformin on
carbohydrate and lipoprotein metabolism in NIDDM patients. Diabetes Care 1990, 13, 1–8. [CrossRef] [PubMed]

55. Stumvoll, M.; Nurjhan, N.; Perriello, G.; Dailey, G.; Gerich, J.E. Metabolic effects of metformin in non-insulin-dependent diabetes
mellitus. N. Engl. J. Med. 1995, 333, 550–554. [CrossRef] [PubMed]

56. Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [CrossRef]
[PubMed]

57. Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174. [CrossRef]

58. Ren, H.; Shao, Y.; Wu, C.; Ma, X.; Lv, C.; Wang, Q. Metformin alleviates oxidative stress and enhances autophagy in diabetic
kidney disease via AMPK/SIRT1-FoxO1 pathway. Mol. Cell Endocrinol. 2020, 500, 110628. [CrossRef]

59. Xu, J.; Liu, L.Q.; Xu, L.L.; Xing, Y.; Ye, S. Metformin alleviates renal injury in diabetic rats by inducing Sirt1/FoxO1 autophagic
signal axis. Clin. Exp. Pharmacol. Physiol. 2020, 47, 599–608. [CrossRef]

60. Wang, F.; Sun, H.; Zuo, B.; Shi, K.; Zhang, X.; Zhang, C.; Sun, D. Metformin attenuates renal tubulointerstitial fibrosis via
upgrading autophagy in the early stage of diabetic nephropathy. Sci. Rep. 2021, 11, 16362. [CrossRef]

61. Sun, T.; Liu, J.; Xie, C.; Yang, J.; Zhao, L.; Yang, J. Metformin attenuates diabetic renal injury via the AMPK-autophagy axis. Exp.
Ther. Med. 2021, 21, 578. [CrossRef] [PubMed]

62. Bharath, L.P.; Agrawal, M.; McCambridge, G.; Nicholas, D.A.; Hasturk, H.; Liu, J.; Jiang, K.; Liu, R.; Guo, Z.; Deeney, J.; et al.
Metformin Enhances Autophagy and Normalizes Mitochondrial Function to Alleviate Aging-Associated Inflammation. Cell
Metab. 2020, 32, 44–55.e46. [CrossRef] [PubMed]

63. Lu, G.; Wu, Z.; Shang, J.; Xie, Z.; Chen, C.; Zhang, C. The effects of metformin on autophagy. Biomed. Pharmacother. 2021, 137,
111286. [CrossRef]

64. Xu, X.; Sun, Y.; Cen, X.; Shan, B.; Zhao, Q.; Xie, T.; Wang, Z.; Hou, T.; Xue, Y.; Zhang, M.; et al. Metformin activates chaperone-
mediated autophagy and improves disease pathologies in an Alzheimer disease mouse model. Protein Cell 2021, 12, 769–787.
[CrossRef] [PubMed]

65. Minze, M.G.; Will, K.J.; Terrell, B.T.; Black, R.L.; Irons, B.K. Benefits of SGLT2 Inhibitors Beyond Glycemic Control—A Focus on
Metabolic, Cardiovascular and Renal Outcomes. Curr. Diabetes Rev. 2018, 14, 509–517. [CrossRef]

66. Cowie, M.R.; Fisher, M. SGLT2 inhibitors: Mechanisms of cardiovascular benefit beyond glycaemic control. Nat. Rev. Cardiol.
2020, 17, 761–772. [CrossRef]

https://doi.org/10.3389/fimmu.2022.1090989
https://doi.org/10.1007/s00125-014-3462-y
https://doi.org/10.1038/s41598-018-25295-x
https://www.ncbi.nlm.nih.gov/pubmed/29725042
https://doi.org/10.26355/eurrev_201907_18446
https://doi.org/10.1016/j.phrs.2016.09.009
https://doi.org/10.1016/j.gendis.2016.04.003
https://doi.org/10.1038/ki.2014.111
https://www.ncbi.nlm.nih.gov/pubmed/24717296
https://doi.org/10.1016/j.biochi.2014.12.015
https://www.ncbi.nlm.nih.gov/pubmed/25572918
https://doi.org/10.1016/j.kint.2022.06.008
https://www.ncbi.nlm.nih.gov/pubmed/36272764
https://doi.org/10.2337/dc23-S009
https://www.ncbi.nlm.nih.gov/pubmed/36507650
https://doi.org/10.1007/s11606-011-1912-5
https://doi.org/10.1016/S2213-8587(17)30104-3
https://www.ncbi.nlm.nih.gov/pubmed/28365411
https://doi.org/10.1007/s00125-017-4473-2
https://doi.org/10.2337/diacare.13.1.1
https://www.ncbi.nlm.nih.gov/pubmed/2404714
https://doi.org/10.1056/NEJM199508313330903
https://www.ncbi.nlm.nih.gov/pubmed/7623903
https://doi.org/10.1007/s00125-017-4342-z
https://www.ncbi.nlm.nih.gov/pubmed/28776086
https://doi.org/10.1172/JCI13505
https://doi.org/10.1016/j.mce.2019.110628
https://doi.org/10.1111/1440-1681.13226
https://doi.org/10.1038/s41598-021-95827-5
https://doi.org/10.3892/etm.2021.10010
https://www.ncbi.nlm.nih.gov/pubmed/33850550
https://doi.org/10.1016/j.cmet.2020.04.015
https://www.ncbi.nlm.nih.gov/pubmed/32402267
https://doi.org/10.1016/j.biopha.2021.111286
https://doi.org/10.1007/s13238-021-00858-3
https://www.ncbi.nlm.nih.gov/pubmed/34291435
https://doi.org/10.2174/1573399813666170816142351
https://doi.org/10.1038/s41569-020-0406-8


Cells 2023, 12, 2691 14 of 16

67. Salvatore, T.; Galiero, R.; Caturano, A.; Rinaldi, L.; Di Martino, A.; Albanese, G.; Di Salvo, J.; Epifani, R.; Marfella, R.; Docimo, G.;
et al. An Overview of the Cardiorenal Protective Mechanisms of SGLT2 Inhibitors. Int. J. Mol. Sci. 2022, 23, 3651. [CrossRef]

68. Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull, S.;
et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [CrossRef]

69. Heerspink, H.J.L.; Stefánsson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, F.-F.; Mann, J.F.E.; McMurray, J.J.V.;
Lindberg, M.; Rossing, P.; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436–1446.
[CrossRef]

70. EMPA-Kidney Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2022, 388, 117–127.
[CrossRef]

71. van Bommel, E.J.M.; Muskiet, M.H.A.; van Baar, M.J.B.; Tonneijck, L.; Smits, M.M.; Emanuel, A.L.; Bozovic, A.; Danser, A.H.J.;
Geurts, F.; Hoorn, E.J.; et al. The renal hemodynamic effects of the SGLT2 inhibitor dapagliflozin are caused by post-glomerular
vasodilatation rather than pre-glomerular vasoconstriction in metformin-treated patients with type 2 diabetes in the randomized,
double-blind RED trial. Kidney Int. 2020, 97, 202–212. [CrossRef] [PubMed]

72. Korbut, A.I.; Taskaeva, I.S.; Bgatova, N.P.; Muraleva, N.A.; Orlov, N.B.; Dashkin, M.V.; Khotskina, A.S.; Zavyalov, E.L.; Konenkov,
V.I.; Klein, T.; et al. SGLT2 Inhibitor Empagliflozin and DPP4 Inhibitor Linagliptin Reactivate Glomerular Autophagy in db/db
Mice, a Model of Type 2 Diabetes. Int. J. Mol. Sci. 2020, 21, 2987. [CrossRef] [PubMed]

73. Xu, J.; Kitada, M.; Ogura, Y.; Liu, H.; Koya, D. Dapagliflozin Restores Impaired Autophagy and Suppresses Inflammation in High
Glucose-Treated HK-2 Cells. Cells 2021, 10, 1457. [CrossRef]

74. Thornberry, N.A.; Gallwitz, B. Mechanism of action of inhibitors of dipeptidyl-peptidase-4 (DPP-4). Best Pract. Res. Clin.
Endocrinol. Metab. 2009, 23, 479–486. [CrossRef] [PubMed]

75. Drucker, D.J. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740–756.
[CrossRef]

76. Zeisberg, M.; Zeisberg, E.M. Evidence for antifibrotic incretin-independent effects of the DPP-4 inhibitor linagliptin. Kidney Int.
2015, 88, 429–431. [CrossRef]

77. Yang, S.; Lin, C.; Zhuo, X.; Wang, J.; Rao, S.; Xu, W.; Cheng, Y.; Yang, L. Glucagon-like peptide-1 alleviates diabetic kidney disease
through activation of autophagy by regulating AMP-activated protein kinase-mammalian target of rapamycin pathway. Am. J.
Physiol. Endocrinol. Metab. 2020, 319, E1019–E1030. [CrossRef]

78. Chawla, T.; Sharma, D.; Singh, A. Role of the renin angiotensin system in diabetic nephropathy. World J. Diabetes 2010, 1, 141–145.
[CrossRef]

79. Gao, J.W.; He, W.B.; Xie, C.M.; Gao, M.; Feng, L.Y.; Liu, Z.Y.; Wang, J.F.; Huang, H.; Liu, P.M. Aldosterone enhances high
phosphate-induced vascular calcification through inhibition of AMPK-mediated autophagy. J. Cell Mol. Med. 2020, 24, 13648–
13659. [CrossRef] [PubMed]

80. Zhang, M.; Sui, W.; Xing, Y.; Cheng, J.; Cheng, C.; Xue, F.; Zhang, J.; Wang, X.; Zhang, C.; Hao, P.; et al. Angiotensin IV attenuates
diabetic cardiomyopathy via suppressing FoxO1-induced excessive autophagy, apoptosis and fibrosis. Theranostics 2021, 11,
8624–8639. [CrossRef]

81. Wang, B.; Ding, W.; Zhang, M.; Li, H.; Guo, H.; Lin, L.; Chen, J.; Gu, Y. Role of FOXO1 in aldosterone-induced autophagy: A
compensatory protective mechanism related to podocyte injury. Oncotarget 2016, 7, 45331–45351. [CrossRef] [PubMed]

82. Sato, A.; Saruta, T. Aldosterone breakthrough during angiotensin-converting enzyme inhibitor therapy. Am. J. Hypertens 2003, 16,
781–788. [CrossRef]

83. Dong, D.; Fan, T.T.; Ji, Y.S.; Yu, J.Y.; Wu, S.; Zhang, L. Spironolactone alleviates diabetic nephropathy through promoting
autophagy in podocytes. Int. Urol. Nephrol. 2019, 51, 755–764. [CrossRef]

84. Zou, D.; Wu, W.; He, Y.; Ma, S.; Gao, J. The role of klotho in chronic kidney disease. BMC Nephrol. 2018, 19, 285. [CrossRef]
[PubMed]

85. Lu, X.; Hu, M.C. Klotho/FGF23 Axis in Chronic Kidney Disease and Cardiovascular Disease. Kidney Dis. 2017, 3, 15–23.
[CrossRef]

86. Buchanan, S.; Combet, E.; Stenvinkel, P.; Shiels, P.G. Klotho, Aging, and the Failing Kidney. Front. Endocrinol. 2020, 11, 560.
[CrossRef]

87. Donate-Correa, J.; Martín-Carro, B.; Cannata-Andía, J.B.; Mora-Fernández, C.; Navarro-González, J.F. Klotho, Oxidative Stress,
and Mitochondrial Damage in Kidney Disease. Antioxidants 2023, 12, 239. [CrossRef]

88. Wang, Q.; Ren, D.; Li, Y.; Xu, G. Klotho attenuates diabetic nephropathy in db/db mice and ameliorates high glucose-induced
injury of human renal glomerular endothelial cells. Cell Cycle 2019, 18, 696–707. [CrossRef]

89. Zou, X.R.; Zhan, L.R.; Chen, L.; Long, Q.H.; Yuan, J.; Wang, L.; Wang, X.Q. Influence of the Klotho/FGF23/Egr1 signaling
pathway on calcium-phosphorus metabolism in diabetic nephropathy and the intervention of Shenyuan granules. J. Biol. Regul.
Homeost Agents 2019, 33, 1695–1702. [CrossRef]

90. Xing, L.; Guo, H.; Meng, S.; Zhu, B.; Fang, J.; Huang, J.; Chen, J.; Wang, Y.; Wang, L.; Yao, X.; et al. Klotho ameliorates diabetic
nephropathy by activating Nrf2 signaling pathway in podocytes. Biochem. Biophys. Res. Commun. 2021, 534, 450–456. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms23073651
https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.1056/NEJMoa2024816
https://doi.org/10.1056/NEJMoa2204233
https://doi.org/10.1016/j.kint.2019.09.013
https://www.ncbi.nlm.nih.gov/pubmed/31791665
https://doi.org/10.3390/ijms21082987
https://www.ncbi.nlm.nih.gov/pubmed/32340263
https://doi.org/10.3390/cells10061457
https://doi.org/10.1016/j.beem.2009.03.004
https://www.ncbi.nlm.nih.gov/pubmed/19748065
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1038/ki.2015.175
https://doi.org/10.1152/ajpendo.00195.2019
https://doi.org/10.4239/wjd.v1.i5.141
https://doi.org/10.1111/jcmm.15813
https://www.ncbi.nlm.nih.gov/pubmed/33150736
https://doi.org/10.7150/thno.48561
https://doi.org/10.18632/oncotarget.9644
https://www.ncbi.nlm.nih.gov/pubmed/27244896
https://doi.org/10.1016/S0895-7061(03)00913-0
https://doi.org/10.1007/s11255-019-02074-9
https://doi.org/10.1186/s12882-018-1094-z
https://www.ncbi.nlm.nih.gov/pubmed/30348110
https://doi.org/10.1159/000452880
https://doi.org/10.3389/fendo.2020.00560
https://doi.org/10.3390/antiox12020239
https://doi.org/10.1080/15384101.2019.1580495
https://doi.org/10.23812/19-207-a
https://doi.org/10.1016/j.bbrc.2020.11.061
https://www.ncbi.nlm.nih.gov/pubmed/33256980


Cells 2023, 12, 2691 15 of 16

91. Xin, C.; Sun, X.; Li, Z.; Gao, T. Relationship of Soluble Klotho and Early Stage of Diabetic Nephropathy: A Systematic Review and
Meta-Analysis. Front. Endocrinol. 2022, 13, 902765. [CrossRef]

92. Li, P.; Shi, M.; Maique, J.; Shaffer, J.; Yan, S.; Moe, O.W.; Hu, M.C. Beclin 1/Bcl-2 complex-dependent autophagy activity modulates
renal susceptibility to ischemia-reperfusion injury and mediates renoprotection by Klotho. Am. J. Physiol. Renal. Physiol. 2020,
318, F772–F792. [CrossRef] [PubMed]

93. Lim, S.W.; Shin, Y.J.; Luo, K.; Quan, Y.; Ko, E.J.; Chung, B.H.; Yang, C.W. Effect of Klotho on autophagy clearance in tacrolimus-
induced renal injury. FASEB J. 2019, 33, 2694–2706. [CrossRef] [PubMed]

94. Xue, M.; Yang, F.; Le, Y.; Yang, Y.; Wang, B.; Jia, Y.; Zheng, Z.; Xue, Y. Klotho protects against diabetic kidney disease via AMPK-
and ERK-mediated autophagy. Acta Diabetol. 2021, 58, 1413–1423. [CrossRef]

95. Jadhav, S.; Tripathi, S.; Chandrekar, A.; Waikar, S.S.; Hsiao, L.L. A novel antibody for the detection of alternatively spliced secreted
KLOTHO isoform in human plasma. PLoS ONE 2021, 16, e0245614. [CrossRef]

96. Sánchez-Hernández, R.M.; García-Cantón, C.; Lorenzo, D.L.; Quevedo, V.; Bosch, E.; López-Ríos, L.; Riaño, M.; Boronat, M. The
specific relationship between vitamin D deficiency and diabetic nephropathy among patients with advanced chronic kidney
disease: A cross-sectional study in Gran Canaria, Spain. Clin. Nephrol. 2015, 83, 218–224. [CrossRef]

97. Harinarayan, C.V. Vitamin D and diabetes mellitus. Hormones 2014, 13, 163–181. [CrossRef] [PubMed]
98. Delrue, C.; Speeckaert, R.; Delanghe, J.R.; Speeckaert, M.M. The Role of Vitamin D in Diabetic Nephropathy: A Translational

Approach. Int. J. Mol. Sci. 2022, 23, 807. [CrossRef]
99. Shi, L.; Xiao, C.; Zhang, Y.; Xia, Y.; Zha, H.; Zhu, J.; Song, Z. Vitamin D/vitamin D receptor/Atg16L1 axis maintains podocyte

autophagy and survival in diabetic kidney disease. Ren. Fail. 2022, 44, 694–705. [CrossRef]
100. Li, A.; Yi, B.; Han, H.; Yang, S.; Hu, Z.; Zheng, L.; Wang, J.; Liao, Q.; Zhang, H. Vitamin D-VDR (vitamin D receptor) regulates

defective autophagy in renal tubular epithelial cell in streptozotocin-induced diabetic mice via the AMPK pathway. Autophagy
2022, 18, 877–890. [CrossRef]

101. Lamming, D.W. Inhibition of the Mechanistic Target of Rapamycin (mTOR)-Rapamycin and Beyond. Cold Spring Harb. Perspect
Med. 2016, 6, a025924. [CrossRef]

102. Mori, H.; Inoki, K.; Masutani, K.; Wakabayashi, Y.; Komai, K.; Nakagawa, R.; Guan, K.L.; Yoshimura, A. The mTOR pathway is
highly activated in diabetic nephropathy and rapamycin has a strong therapeutic potential. Biochem. Biophys. Res. Commun. 2009,
384, 471–475. [CrossRef] [PubMed]

103. Liu, L.; Yang, L.; Chang, B.; Zhang, J.; Guo, Y.; Yang, X. The protective effects of rapamycin on cell autophagy in the renal tissues
of rats with diabetic nephropathy via mTOR-S6K1-LC3II signaling pathway. Ren. Fail. 2018, 40, 492–497. [CrossRef] [PubMed]

104. Wang, X.; Gao, L.; Lin, H.; Song, J.; Wang, J.; Yin, Y.; Zhao, J.; Xu, X.; Li, Z.; Li, L. Mangiferin prevents diabetic nephropathy
progression and protects podocyte function via autophagy in diabetic rat glomeruli. Eur. J. Pharmacol. 2018, 824, 170–178.
[CrossRef]

105. Tu, Q.; Li, Y.; Jin, J.; Jiang, X.; Ren, Y.; He, Q. Curcumin alleviates diabetic nephropathy via inhibiting podocyte mesenchymal
transdifferentiation and inducing autophagy in rats and MPC5 cells. Pharm. Biol. 2019, 57, 778–786. [CrossRef] [PubMed]

106. Li, X.Z.; Jiang, H.; Xu, L.; Liu, Y.Q.; Tang, J.W.; Shi, J.S.; Yu, X.J.; Wang, X.; Du, L.; Lu, Q.; et al. Sarsasapogenin restores podocyte
autophagy in diabetic nephropathy by targeting GSK3β signaling pathway. Biochem. Pharmacol. 2021, 192, 114675. [CrossRef]
[PubMed]

107. Siddhi, J.; Sherkhane, B.; Kalavala, A.K.; Arruri, V.; Velayutham, R.; Kumar, A. Melatonin prevents diabetes-induced nephropathy
by modulating the AMPK/SIRT1 axis: Focus on autophagy and mitochondrial dysfunction. Cell Biol. Int. 2022, 46, 2142–2157.
[CrossRef]

108. Tang, H.; Yang, M.; Liu, Y.; Zhu, X.; Liu, S.; Liu, H.; Sun, L.; Song, P. Melatonin alleviates renal injury by activating mitophagy in
diabetic nephropathy. Front. Endocrinol. 2022, 13, 889729. [CrossRef]

109. Livingston, M.J.; Shu, S.; Fan, Y.; Li, Z.; Jiao, Q.; Yin, X.M.; Venkatachalam, M.A.; Dong, Z. Tubular cells produce FGF2 via
autophagy after acute kidney injury leading to fibroblast activation and renal fibrosis. Autophagy 2023, 19, 256–277. [CrossRef]
[PubMed]

110. Strutz, F.; Zeisberg, M.; Ziyadeh, F.N.; Yang, C.Q.; Kalluri, R.; Müller, G.A.; Neilson, E.G. Role of basic fibroblast growth factor-2
in epithelial-mesenchymal transformation. Kidney Int. 2002, 61, 1714–1728. [CrossRef]

111. Deng, J.; Liu, Y.; Liu, Y.; Li, W.; Nie, X. The Multiple Roles of Fibroblast Growth Factor in Diabetic Nephropathy. J. Inflamm. Res.
2021, 14, 5273–5290. [CrossRef] [PubMed]

112. Li, H.; Peng, X.; Wang, Y.; Cao, S.; Xiong, L.; Fan, J.; Wang, Y.; Zhuang, S.; Yu, X.; Mao, H. Atg5-mediated autophagy deficiency in
proximal tubules promotes cell cycle G2/M arrest and renal fibrosis. Autophagy 2016, 12, 1472–1486. [CrossRef] [PubMed]

113. Li, L.; Wang, Z.V.; Hill, J.A.; Lin, F. New autophagy reporter mice reveal dynamics of proximal tubular autophagy. J. Am. Soc.
Nephrol. 2014, 25, 305–315. [CrossRef]

114. Niu, C.; Chen, Z.; Kim, K.T.; Sun, J.; Xue, M.; Chen, G.; Li, S.; Shen, Y.; Zhu, Z.; Wang, X.; et al. Metformin alleviates
hyperglycemia-induced endothelial impairment by downregulating autophagy via the Hedgehog pathway. Autophagy 2019, 15,
843–870. [CrossRef] [PubMed]

https://doi.org/10.3389/fendo.2022.902765
https://doi.org/10.1152/ajprenal.00504.2019
https://www.ncbi.nlm.nih.gov/pubmed/31984794
https://doi.org/10.1096/fj.201800751R
https://www.ncbi.nlm.nih.gov/pubmed/30307767
https://doi.org/10.1007/s00592-021-01736-4
https://doi.org/10.1371/journal.pone.0245614
https://doi.org/10.5414/CN108446
https://doi.org/10.1007/BF03401332
https://www.ncbi.nlm.nih.gov/pubmed/24776618
https://doi.org/10.3390/ijms23020807
https://doi.org/10.1080/0886022X.2022.2063744
https://doi.org/10.1080/15548627.2021.1962681
https://doi.org/10.1101/cshperspect.a025924
https://doi.org/10.1016/j.bbrc.2009.04.136
https://www.ncbi.nlm.nih.gov/pubmed/19422788
https://doi.org/10.1080/0886022X.2018.1489287
https://www.ncbi.nlm.nih.gov/pubmed/30200803
https://doi.org/10.1016/j.ejphar.2018.02.009
https://doi.org/10.1080/13880209.2019.1688843
https://www.ncbi.nlm.nih.gov/pubmed/31741405
https://doi.org/10.1016/j.bcp.2021.114675
https://www.ncbi.nlm.nih.gov/pubmed/34252407
https://doi.org/10.1002/cbin.11899
https://doi.org/10.3389/fendo.2022.889729
https://doi.org/10.1080/15548627.2022.2072054
https://www.ncbi.nlm.nih.gov/pubmed/35491858
https://doi.org/10.1046/j.1523-1755.2002.00333.x
https://doi.org/10.2147/JIR.S334996
https://www.ncbi.nlm.nih.gov/pubmed/34703268
https://doi.org/10.1080/15548627.2016.1190071
https://www.ncbi.nlm.nih.gov/pubmed/27304991
https://doi.org/10.1681/ASN.2013040374
https://doi.org/10.1080/15548627.2019.1569913
https://www.ncbi.nlm.nih.gov/pubmed/30653446


Cells 2023, 12, 2691 16 of 16

115. Kong, L.; Deng, J.; Zhou, X.; Cai, B.; Zhang, B.; Chen, X.; Chen, Z.; Wang, W. Sitagliptin activates the p62-Keap1-Nrf2 signalling
pathway to alleviate oxidative stress and excessive autophagy in severe acute pancreatitis-related acute lung injury. Cell Death
Dis. 2021, 12, 928. [CrossRef] [PubMed]

116. Aranda-Rivera, A.K.; Cruz-Gregorio, A.; Pedraza-Chaverri, J.; Scholze, A. Nrf2 Activation in Chronic Kidney Disease: Promises
and Pitfalls. Antioxidants 2022, 11, 1112. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41419-021-04227-0
https://www.ncbi.nlm.nih.gov/pubmed/34635643
https://doi.org/10.3390/antiox11061112

	Introduction 
	The Role of Autophagy in Kidney Diseases 
	The Mechanistic Basis for Autophagy in DKD 
	An Increased Understanding of Nutrient-Sensing and Downstream Pathways 
	Autophagic Activity Affects Macrophage Phenotypic Change 
	New Prospects in Gene and Epigenetic Regulation 

	The Role of Autophagy within the DKD Clinical Regimen 
	The Importance of OHAs in DM Management 
	Metformin 
	SGLT2, DPP4 Inhibitors and GLP-1 Analog 

	RAAS Blockade 
	Novel Therapeutic Agents 
	Klotho 
	Vitamin D/Vitamin D Receptor 
	Rapamycin 


	Excessive Autophagy and DKD Progression 
	Conclusions 
	References

