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ABSTRACT

Diabetes mellitus (DM) significantly impairs
patients’ quality of life, primarily because of
its complications, which are the leading cause
of mortality among individuals with the dis-
ease. Autophagy has emerged as a key process
closely associated with DM, including its com-
plications such as diabetic nephropathy (DN).
DN is a major complication of DM, contribut-
ing significantly to chronic kidney disease and
renal failure. The intricate connection between
autophagy and DM, including DN, highlights
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the potential for new therapeutic targets.
This review examines the interplay between
autophagy and these conditions, aiming to
uncover novel approaches to treatment and
enhance our understanding of their underly-
ing pathophysiology. It also explores the role
of autophagy in maintaining renal homeosta-
sis and its involvement in the development
and progression of DM and DN. Furthermore,
the review discusses natural compounds that
may alleviate these conditions by modulating
autophagy.
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Key Summary Points

This review explains how autophagy is
associated with type 1 and type 2 diabetes
mellitus, detailing mechanisms that cause a
decrease in autophagy in these conditions

The mechanisms of kidney damage in dia-
betic nephropathy, particularly the role of
oxidative stress and its link to autophagy, are
described in the review

The role of autophagy in maintaining kid-
ney health is discussed, and key molecules
that are targeted by autophagy in diabetic
nephropathy are identified

This review also lists natural compounds
that could potentially reduce the impact of
diabetes mellitus and diabetic nephropathy
by influencing autophagy

INTRODUCTION

Diabetes mellitus (DM) results from a complex
interaction of genetic, environmental, and
other factors. Characterized by chronic hyper-
glycemia, DM can damage islet pB-cells and cause
insulin resistance (IR). These conditions disrupt
glucose metabolism and can trigger chronic low-
grade inflammation.

DM complications severely affect quality
of life and are a leading cause of death, often
due to sustained hyperglycemia and ongoing
metabolic issues. Diabetic nephropathy (DN),
a key microvascular complication of DM, not
only contributes significantly to chronic kidney
disease, potentially leading to renal failure and
death, but also elevates the risk of cardiovascu-
lar disease and cancer [1, 2]. Yet, the underlying
causes of DN are not fully understood, and effec-
tive treatments for its progression are scarce [3].

Autophagy, a fundamental metabolic process,
allows cells to break down and recycle abnor-
mal proteins and damaged organelles for energy.
Recent research indicates that modulating
autophagy is a promising therapeutic approach
for DM and its complications. Additionally,

some established drugs used to treat DM and
DN have been found to induce autophagy [4-6].
Consequently, the modulation of autophagy-
related signaling pathways has garnered increas-
ing interest. Understanding autophagy’s impact
on DM and DN, and its molecular mechanisms,
may lead to innovative treatments.

Autophagy is essential for pancreatic p-cells,
maintaining their function by clearing damaged
proteins and organelles. Dysregulated autophagy
can cause p-cell dysfunction or death, impacting
insulin production and release [7-9]. Autophagy
also regulates the cell’s response to nutrients in
DM by controlling growth and metabolism via
the mammalian target of rapamycin (mTOR, a
serine/threonine protein Kinase that negatively
regulates autophagy) pathway [10-14]. The
activation of adenosine 5’-monophosphate-
activated protein kinase (AMPK) can lead to the
inhibition of mTOR. This pathway has been
proven to be effective in alleviating IR [4, S].
Hyperglycemia and lipid metabolic disorders
(glucolipotoxicity) that appear in the prediabetic
stage are major risk factors for p-cell functional
damage. Studies have found that glucolipotoxic-
ity causes excessive activation of autophagy in
p-cells, leading to p-cell damage [8, 15, 16].

Modulating the AMPK/mTOR/sirtuin 1
(SIRT1) pathway affects both p-cell homeostasis
and kidney health by influencing autophagy. In
DN, the activation of the AMPK/mTOR/SIRT1
pathway can enhance autophagy activity and
reduce kidney damage [17, 18]. On the other
hand, the phosphoinositide 3-kinase (PI3K)/pro-
tein kinase B (Akt)/mTOR pathway negatively
regulates DN by inhibiting autophagy, causing
kidney damage and fibrosis [19, 20]. In DN,
autophagy is linked to inflammatory responses,
with high glucose (HG) conditions correlating
with reduced autophagy and increased kidney
damage [21-27]. Mitochondrial autophagy,
which clears damaged mitochondria, is vital
for maintaining cellular homeostasis [28]. In
the context of DN or a HG environment, mito-
chondrial autophagy becomes disrupted in renal
glomerular mesangial cells (MCs) and proximal
tubular epithelial cells (PTECs), which is asso-
ciated with the AMPK/ UNC-51-like kinase
1 (ULK1)/phosphatase and tensin homolog
deleted on chromosome ten (PTEN)-induced
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putative kinase 1 (PINK1)/parkin pathway. This
disruption can lead to increased oxidative stress
and inflammatory responses, thereby accelerat-
ing the progression of DN [17, 29, 30].

This review synthesizes findings across disci-
plines to offer a multidisciplinary perspective
on targeting autophagy for treating DM and
DN. Additionally, the review lists and discusses
a variety of natural compounds that may alle-
viate DM and DN by modulating autophagy.
It not only reviews preclinical studies but also
explores how these findings can be translated
into clinical applications through the limited
existing clinical trials and case reports, includ-
ing improvements to current treatment meth-
ods and the development of new drugs. The
review particularly emphasizes the importance
of assessing safety and efficacy when considering
autophagy modulators, a critical factor in drug
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development. Finally, the review concludes by
proposing future research directions and chal-
lenges, aiming to foster further advancements.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

AUTOPHAGY AND DM

The primary pathological changes in DM
include islet p-cell apoptosis in type 1 diabetes
mellitus (T1DM) and IR in type 2 diabetes mel-
litus (T2DM). Autophagy plays a key role in both
T1DM and T2DM processes [3] (Fig. 1). Conse-
quently, the interaction between autophagy and
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Fig. 1 Mechanisms of autophagy inhibition in TIDM
and T2DM. This figure was created using Figdraw tools
(www.figdraw.com). Abbreviations: I-DSL 1-deoxysphin-
golipids, CUL3 cullin 3, HG high glucose, IRS-1 insulin
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receptor substrate-1, KLHL9/13 Kelch-like protein 9/13,
ROS reactive oxygen species, TIDM type 1 diabetes mel-
litus, 72DM type 2 diabetes mellitus
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DM has been extensively studied in both in vivo
and in vitro settings.

Apoptosis and Regeneration of Islet p-Cells

In T1DM, functional islet B-cell mass is drasti-
cally reduced to < 10% of normal levels because
of autoimmune-mediated apoptosis, impairing
insulin secretion [9]. Early in T1DM, autophagy
is paradoxically overactivated by HG-induced
oxidative stress, leading to lysosome depletion
and autophagy deficiency [7, 8]. This deficiency
worsens mitochondrial damage and oxidative
stress, further inducing lysosomal damage and
B-cell apoptosis. For example, the study by
Canet et al. [7] found that T1DM can impair
mitochondrial function and promote oxidative
stress and autophagy in leukocytes. Research
shows that intermittent hypoxia can stimulate
B-cell autophagy but may also induce apopto-
sis and worsen dysfunction [31]. This adverse
effect can be mitigated by rapamycin, which
enhances autophagy induction. In addition
to hypoxia, the combination of glucose and
palmitic acid (PA), a saturated fatty acid, can
induce B-cell apoptosis and inhibit autophagy.
Mitogen-activated protein kinase phos-
phatase-5 (MKP-5), a regulator in the extracel-
lular signal-related kinase (MAPK) pathway,
plays a role in lipid metabolism and reducing
lipid toxicity. Insufficient levels of MKP-5 can
lead to increased lipid toxicity. Song et al. [32]
found that overexpression of MKP-5 reversed
the impairment of insulin secretion and abnor-
mal decrease in the expression of islet func-
tion genes induced by glucose and PA, thereby
maintaining normal insulin secretory function,
while the absence of MKP-5 exacerbated islet
cell dysfunction. Additionally, MKP-5 overex-
pression also reduced the production of reac-
tive oxygen species (ROS) in response to PA and
the increase in inflammation-related genes. On
the other hand, Zhao et al. [33] confirmed that
MKP-5 overexpression improved the inhibition
of autophagic signaling in pancreatic p-cells by
enhancing the c-Jun N-terminal kinase (JNK)
and p38MAPK pathways, thereby suppress-
ing the apoptosis, dysfunction, inflamma-
tory response, and oxidative stress induced by

PA. On a molecular level, quercetin has been
shown to significantly increase the expression
of autophagy-related markers and decrease the
expression of ER stress indicators as well as
several micro-ribonucleic acids (RNAs) such as
eukaryotic elongation factor 2, JNK, X-box binding
protein 1, C/EBP homologous protein, heavy-chain
binding protein, and activating transcription fac-
tor 6 (ATF-6). These micro-RNAs regulate the
signaling pathways of both autophagy and
ER stress, potentially enhancing insulin secre-
tion [21]. Furthermore, Bai et al. [34] discov-
ered that rno-circRNA-008565 can inhibit JNK
expression and promote autophagy in rat islet
B-cells through the MAPK signaling pathway.
This finding suggests that p-cell autophagy is
modulated at the genetic level and could be a
target for therapeutic intervention in T1DM.

Autophagy is recognized for its crucial role
in promoting p-cell regeneration, which can
have profound implications for DM therapy. In
a study by Hu et al. [11], it was discovered that
the overexpression of the wild-type hCDC14A
gene in murine B-TC3 cells enhances their
viability, proliferation, and autophagy. This
enhancement is believed to be associated with
increased islet secretion and a reduction in cell
apoptosis, potentially through the inhibition of
the mTOR pathway and activation of the AMPK
pathway. These pathways are pivotal in cellu-
lar metabolism and growth, and their modu-
lation by hCDC14A overexpression suggests a
mechanism by which B-cell function and mass
could be preserved or even expanded. Inter-
mittent fasting can counteract the inhibitory
effects of a high-fat diet (HFD) on autophagy
in p-cells, supporting cell survival [12]. This res-
toration is mediated through the AMPK/mTOR
pathway, which is a key regulator of cellular
energy homeostasis. By activating autophagy,
intermittent fasting helps maintain the quality
of cellular organelles through the autophagy-
lysosome pathway, which is essential for p-cell
health and function. As a result, these fasting-
induced changes can enhance p-cell survival and
improve glucose tolerance, offering a potential
dietary strategy for managing DM and promot-
ing p-cell regeneration.
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IR

IR, a key mechanism in T2DM, is influenced by
autophagy, which regulates p-cells and insu-
lin-responsive tissues, such as the liver, skel-
etal muscle, and adipose tissue [3]. Mice lack-
ing the autophagy-related 16 like 1 (Atg16L1)
gene show increased expression of Kelch-like
protein (KLHL) 9 and KLHL13, which interact
with Cullin 3, to degrade insulin receptor sub-
strate-1 (IRS-1, a key mediator of insulin sign-
aling), contributing to IR [35]. Studies by Yang
et al. [36] indicate that inducing autophagy can
alleviate IR in HFD-fed rats by stabilizing IRS-1.
Furthermore, Yang et al. [4] and Nowell et al.
[5] have identified that glucagon-like-peptide-1
(GLP-1) receptor agonists, such as liraglutide
and exenatide, which are widely used in T2DM
treatment, can induce autophagy. This induc-
tion of autophagy by GLP-1 receptor agonists
is suggested to alleviate IR through the AMPK/
mTOR pathway. By modulating this pathway,
GLP-1 receptor agonists may improve insulin
sensitivity and provide therapeutic benefits for
patients with T2DM.

Inflammation in the liver can lead to steato-
sis, a sign of liver IR, impairing lysosomal func-
tion and autophagy. The inducible nitric oxide
synthase (iNOS), an inflammatory marker,
becomes activated under conditions of obesity
and generates nitric oxide. This overproduction
can impair lysosomal function, a critical compo-
nent of autophagy, thereby disrupting the cell’s
ability to recycle and remove damaged cellular
components. Qian et al. [14] discovered that
the co-overexpression of mTOR and SLC38A9
can exacerbate lysosomal nitric oxide produc-
tion, inhibiting autophagy. Conversely, the
absence of iNOS can activate the transcription
tfactor EB (TFEB), a master regulator of lysosomal
biogenesis. This activation enhances lysosomal
function and autophagy, improving hepatocyte
insulin sensitivity. However, this beneficial effect
can be attenuated by the inhibition of TFEB and
Atg7, a key autophagy-related gene. Sitaglip-
tin, a widely prescribed dipeptidyl-peptidase 4
(DPP-4) inhibitor for T2DM, offers another per-
spective on the interplay between inflamma-
tion, autophagy, and IR. It has been shown to

suppress inflammatory responses and stimulate
autophagy via the AMPK/mTOR pathway, lead-
ing to a significant alleviation of liver steatosis
and IR [6]. Further research by Du et al. [10] indi-
cates that HFD can excessively activate mamma-
lian target of rapamycin complex 1 (mTORC1),
which in turn inhibits the phosphorylation of
IRS-1, promoting IR in vivo. This inhibition can
result in decreased glucose uptake and impaired
glycogen synthesis. The study suggests that
enhancing autophagy could be a viable strategy
to reduce liver steatosis and IR, offering poten-
tial therapeutic benefits in the context of T2DM
and metabolic syndrome.

Studies on human skeletal muscle reveal
how insulin signaling and mTOR interact, with
fasting triggering autophagy for cellular repair.
During the fed state, insulin signaling activates
mTOR, promoting anabolic processes. In stark
contrast, fasting results in insulin signaling hav-
ing the opposite effect, leading to mTOR inac-
tivation. This inactivation triggers autophagy, a
cellular housekeeping mechanism that facilitates
the clearance of damaged cellular components
and supports cellular repair [13]. Furthermore,
a substantial body of evidence indicates that
enhancing autophagy activity can effectively
improve IR and the balance of glucolipid metab-
olism in key tissues such as the hypothalamus,
skeletal muscle, liver, and adipose tissue. More-
over, autophagy can also increase the number
and functionality of p-cells in the pancreas. This
suggests that the activation of autophagy repre-
sents an innovative approach to the treatment
of T2DM [13, 37]. Exercise, like fasting, strongly
induces autophagy and can mitigate IR and
muscle atrophy through various pathways. The
AMPK/ULK1 and mTOR pathways are key play-
ers in these processes, with the former activating
autophagy and the latter being negatively regu-
lated by it. Interestingly, Yang et al. [38] found
that exercise can improve IR by adjusting the
gut microbiota, reversing the decrease in total
intestinal and plasma short-chain fatty acids
and strengthening autophagy in skeletal muscle
cells through their interaction with G protein-
coupled receptor 43. Studies by Xiang et al. [39]
and Cui et al. [40] found that exercise can pro-
mote autophagy and enhance insulin sensitivity
via the AMPK/mTOR/ULK1 pathway, and it can
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show superior effects on reducing muscle atro-
phy than metformin. The aforementioned stud-
ies offer a complex but effective mechanism by
which exercise can enhance metabolic health.

Adipose tissue serves as the central hub for
fat storage, energy expenditure, glucose and
insulin metabolism, and hormonal regulation,
playing a crucial role in maintaining systemic
energy metabolism homeostasis. Obesity triggers
inflammation in white adipose tissue, increas-
ing the levels of pro-inflammatory mediators
[2]. Furthermore, in individuals with IR, exces-
sive lipolysis and impaired lipid formation in
adipose tissue lead to the release of cytokines
and lipid metabolites [41]. This suggests that the
substantial accumulation of adipose tissue could
potentially induce IR. Shi et al. [42] discovered
that the deletion of Forkhead box O1 (FoxO1) in
adipocytes, a transcription factor that regulates
autophagy, suppresses B-cell lymphoma/leuke-
mia 2 (Bcl2) interacting protein 3 and activates
the FUN14 domain containing 11/dynamin-
related protein 1/optic atrophy 1 cascade. They
also found upregulation of Atg7 and cathepsin
L, which are involved in autophagy. However,
the suppression of autophagy via cathepsin L
induced by HFD can negate these benefits. This
implies that the autophagic clearance of mito-
chondria is essential for the healthy browning
of adipose tissue. Song et al. [43] reported that
the absence of phosphatidylinositol 3-kinase
catalytic subunit type 3 (PIK3C3) inhibits adi-
pocyte autophagy and impedes the differentia-
tion, survival, and function of adipocytes. This
leads to the loss of white adipose tissues and an
impaired “browning” process of white adipose
tissues, ultimately contributing to dyslipidemia,
IR, and T2DM. Notably, this study did not find
any changes in glucose tolerance in adipocyte-
specific PIK3C3-deficient mice. Xiong et al. [44]
also found that apigenin can promote brown-
ing by activating autophagy through the inhi-
bition of the PI3K/ Akt/mTOR pathway. While
evidence suggests a link between autophagy and
IR in adipose tissue, further research is needed to
clarify this relationship.

AUTOPHAGY AND DN
Oxidative Stress and DN

Oxidative stress, central to kidney injury in
DN, is closely linked to autophagy. Oxidative
stress in DN arises from pathways including the
polyol pathway, advanced glycation end prod-
uct (AGE)-receptor interactions, protein kinase
C (PKC) activation, and hexosamine pathway
overactivation. Each of these mechanisms plays
a significant role in the injury and dysfunction
of renal cells in DN (Fig. 2). Yet, clinical stud-
ies show that targeting a single mechanism is
inadequate to stop DN progression. This suggests
that these pathways do not operate in isolation
but are interrelated and contribute collectively
to the pathogenesis of DN [28, 45]. Therefore,
understanding the complex interplay among
these mechanisms is crucial for gaining a com-
prehensive understanding of the overall patho-
physiology of DN.

Hyperglycemia activates the polyol path-
way, reducing superoxide dismutase (SOD) pro-
duction and increasing oxidative stress. This
decrease in SOD activity results in an insufficient
capacity to break down the superoxide radicals
generated within the cell, thereby causing an
escalation in oxidative stress [46]. Furthermore,
Morresi et al. [47, 48] have discovered that high
glucose levels can activate the p53 protein and
suppress the activity of various antioxidant
enzymes, including glutathione peroxidase.
This suppression disrupts the delicate balance
between cellular oxidation and antioxidation
processes, leading to an increase in intracellular
oxidative stress. Consequently, this results in
elevated levels of reactive ROS and the forma-
tion of AGEs. Given that all four aforementioned
mechanisms stem from intermediates of glucose
metabolism, it is plausible that oxidative stress
induced by hyperglycemia acts as an upstream
signaling pathway that triggers these pathogenic
mechanisms. This highlights the central role of
oxidative stress in the etiology of diabetic com-
plications and suggests that interventions target-
ing oxidative stress may have broad therapeutic
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Fig.2 Mechanisms of oxidative stress, autophagy, and
DN. This figure was created using Figdraw tools (www.
figdraw.com). Abbreviations: AGEs advanced glycation
end products, Aks protein kinase B, AMPK adenosine
5'-monophosphate-activated protein kinase, DNA deoxy-
ribonucleic acid, eNOS endothelial nitric oxide synthase,

GAPD glyceraldehyde-3-phosphate dchydrogenase, Gle-

benefits in mitigating the renal and other tissue
injuries associated with DM.
Hyperglycemia-induced glucose metabolism
disorder is a primary cause of increased superox-
ide production and heightened oxidative stress
in the kidney. To mitigate cellular damage from
oxidative stress, the body activates an antioxi-
dant defense system designed to neutralize free
radicals. Regulating the nicotinamide adenine
dinucleotide phosphate, reduced form (NADPH)/
nicotinamide adenine dinucleotide phosphate,
oxidized form (NADP") ratio is key to the anti-
oxidant defense system, facilitating glutathione
and cysteine interconversion. This dynamic pro-
cess supports the continuous cycling of these
antioxidants, allowing them to be activated

exosamine pathy

NAc N-acetylglucosamine, HSP72 heat shock protein 72,
mTOR mammalian target of rapamycin, P53 tumor pro-
tein p53, PAI-1 plasminogen activator inhibitor-1, PINK1
phosphatase and tensin homolog deleted on chromosome
ten-induced putative kinase 1, ROS reactive oxygen species,
SOD superoxide dismutase, UDP uridine diphosphate

or deactivated as needed. Reduced glutathione
plays a crucial role as an electron donor, partici-
pating in the reduction of hydrogen peroxide
(H,0,) to water, thereby preserving intracellu-
lar oxidation balance. However, hyperglycemia
and oxidative stress can inhibit glyceraldehyde-
3-phosphate dehydrogenase, an enzyme in the
glycolysis pathway, leading to the activation of
the polyol pathway. This activation results in
NADPH depletion and a diminished production
of reduced glutathione. Consequently, the cell’s
ability to promptly detoxify excessive super-
oxide is compromised, exacerbating oxidative
damage within the cell [49]. Oxidative damage
not only leads to the accumulation of superox-
ide but can also result in protein carbonylation,
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inflicting irreversible harm on proteins and serv-
ing as a marker of severe, chronic oxidative dam-
age. To preserve intracellular protein stability,
cells employ proteasomal and autophagic sys-
tems to degrade damaged proteins, both small
and large. These mechanisms are essential for
minimizing the buildup of oxidatively damaged
proteins, especially during periods of mild oxi-
dative stress [50].

Mitochondria initiate oxidative stress and
are the main targets for oxidative damage. To
maintain mitochondrial homeostasis, the cell
employs mitochondrial repair, regeneration, and
autophagy degradation. The PINK1/parkin path-
way, activated by mitochondrial damage, initi-
ates mitophagy to degrade damaged mitochon-
dria. Through this process, impaired organelles
and biomacromolecules are broken down into
nucleotide fragments and fatty acids. This not
only preserves protein stability within the cell
but also releases nutrients into the cytoplasm,
which can be repurposed for cellular metabo-
lism and the synthesis of new biomolecules
[28]. In the context of DN, renal autophagy
can be impaired because of deoxyribonucleic
acid (DNA) damage inflicted by excessive oxi-
dative stress, the downregulation of the AMPK
signaling pathway by HG or the upregulation
of mTOR, while metformin can activate mito-
chondrial autophagy through the AMPK path-
way and alleviate renal oxidative stress and tub-
ulointerstitial fibrosis in diabetic mice [51]. The
accumulation of superoxide can lead to damage
in mitochondrial DNA, causing an increased
accumulation of dysfunctional mitochondria.
This results in a reduced number of normal
mitochondria, decreased glycolysis rate, and
insufficient adenosine triphosphate (ATP) sup-
ply. These factors further exacerbate the inhibi-
tory effects of oxidative stress on renal structure
and function [51, 52]. Li et al. [52] found that
by activating DNA damage repair, the levels of
nicotinamide adenine dinucleotide (NAD*) can
be reduced and mitochondrial function can be
improved in diabetic rats, thereby reducing the
production of superoxide under HG conditions.
Moreover, the inhibition of autophagy due to
oxidative stress can lead to a further downreg-
ulation of autophagy levels, creating a vicious

cycle that perpetuates cellular damage and con-
tributes to the progression of DN.

The activation of PKC and intensification of
oxidative stress are key regulatory factors that
can modulate the expression of various genes
implicated in the pathogenesis of DN. Specifi-
cally, these factors can induce the production
of collagen fibers and pro-inflammatory agents
through the action of transcription factors such
as B and the plasminogen activator inhibitor-1
(PAI-1), as well as the nuclear factor kappa B (NF-
xB). This induction is instrumental in accelerat-
ing the process of renal fibrosis, a hallmark of
DN. Jiang et al. [53] have reported findings in
diabetic mice that suggest a significant role for
the PKC-a/P66SHC pathway in DN-mediated
podocyte injury. In their study, the inhibition
of Klotho protein expression, a protein known
for its anti-aging effects and protective role in
the kidney, led to the upregulation of PKC-a and
p66SHC, along with an increase in ROS genera-
tion. These changes were associated with podo-
cyte injury and the onset of proteinuria, a criti-
cal indicator of renal dysfunction. The PKCa/
P66SHC pathway, therefore, appears to play a
pivotal role in the development and progres-
sion of DN, particularly in the context of podo-
cyte injury. Understanding the mechanisms by
which PKCa and P66SHC contribute to renal
pathology may offer new therapeutic targets
for the treatment of DN and the preservation of
renal function.

The overactivation of the hexosamine path-
way, a biosynthetic route involved in the utili-
zation of glucose, culminates in the production
of uridine diphosphate and N-acetylglucosa-
mine (UDP-GIcNAc). Excess UDP-GIcNAc can
inhibit the Akt/endothelial nitric oxide syn-
thase (eNOS) and heat shock protein 72 phos-
phorylation through a kinase-like effect on Ser/
Thr phosphorylation sites. This inhibition dis-
rupts the normal signaling pathways that are
protective against cellular stress. The dysregula-
tion of these pathways results in the upregula-
tion of profibrotic factors such as transforming
growth factor-p (TGF-B) and plasminogen acti-
vator inhibitor-1 (PAI-1). TGF-B, in particular, is
a potent inducer of fibrosis, and PAI-1 is known
to contribute to the pathogenesis of DN by
affecting fibrinolysis and wound healing. The
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increased expression of these factors drives DN-
related oxidative stress and renal fibrosis, lead-
ing to the progressive loss of kidney function
characteristic of the disease [54]. In conclusion,
understanding the interplay among oxidative
stress pathways is crucial for developing com-
prehensive DN treatments.

Autophagy and Renal Homeostasis

Podocytes are specialized, terminally differenti-
ated cells within the glomerulus that are essen-
tial for preserving the integrity of the glomeru-
lar filtration barrier. Their damage and loss are
primary contributors to the development of
glomerulosclerosis and significant proteinuria
in patients with DN. Podocytes require robust
autophagy for physiological function, which
is often inhibited early in DN, contributing to
podocyte damage. This inhibition accelerates
podocyte and endothelial damage, leading to
the breakdown of the glomerular filtration bar-
rier, glomerulosclerosis, and ultimately the pro-
gression of DN and severe proteinuria [1]. Zhou
et al. [55] have identified that the progranulin
(PGRN) signal enhances mitochondrial bio-
genesis and autophagy, mitigating the mito-
chondrial dysfunction in podocytes induced
by HG through the PGRN/SIRT1/peroxisome
proliferator-activated receptor y coactivator
1-a (PGC-1a)/FoxO1 pathway. The inhibition
of mitophagy, a specific form of autophagy
targeting damaged mitochondria, can negate
these benefits, underscoring the involvement
of mitophagy in podocyte injury. Hou et al. [56]
observed that the activation of AGEs results in
decreased lysosomal activity and the inactiva-
tion of the transcription factor EB (TFEB), lead-
ing to the inhibition of autophagy and dam-
age to podocytes. The induction of autophagy
through the use of rapamycin can ameliorate
lysosomal dysfunction, reduce proteinuria, and
alleviate podocyte damage in DN. These find-
ings collectively highlight the critical role of
autophagy in maintaining podocyte homeo-
stasis and the potential therapeutic benefits of
targeting autophagy pathways in the treatment
of DN.

Phenotypic alterations in PETCs mark one of
the earliest indicators of DN, with the severity of
tubulointerstitial damage being a strong predic-
tor of patient prognosis. Interestingly, despite
only low levels of autophagy being observed in
renal PTECs, mice with proximal tubular-specific
deletion of Atg5 or Atg7, key autophagy-related
genes, exhibit severe mitochondrial dysfunc-
tion, albumin accumulation, and deteriorated
renal histology, ultimately leading to exacer-
bated renal function impairment and prema-
ture renal failure [57, 58]. Lee et al. [30] also
found that autophagy shows a protective effect
in resisting the death of PTECs induced by HG.
These findings suggests that even a low level
of autophagy is critical for the maintenance
of renal health. Furthermore, the inhibition of
renal tubular glucose reabsorption through the
use of sodium-glucose cotransporter 2 (SGLT-2)
inhibitors has been shown to increase microtu-
bule-associated protein 1 light chain 3B, lipi-
dated form levels in PTECs, which can mitigate
HG-induced oxidative stress and apoptosis [59],
suggesting that that the level of glucose uptake
may directly influence the autophagic activ-
ity within PTECs. Liu et al. [60] demonstrated
that tumor necrosis factor a (TNF-a)-induced
protein 8-like 1 can disrupt the PINK1/Parkin
pathway, which is essential for mitochondrial
autophagy and mitochondrial homeostasis in
PTECs. Li et al. [22] observed that HG stimu-
lation and AGE overload in PTECs can inhibit
autophagy. The impaired degradation of AGEs
due to autophagy deficiency can trigger inflam-
matory responses and exacerbate DN, suggest-
ing that autophagy deficiency in PTECs can
contribute to HG-induced inflammation in DN.
Fujimura et al. [61] discovered that the absence
of mitochondrial autophagy in PTECs results in
mitochondrial dysfunction, increased ROS lev-
els, and decreased ATP levels, leading to cellular
damage and senescence of renal tubular cells.
The induction of mitophagy has been shown to
ameliorate renal tubular injury, improve renal
function, and effectively inhibit hyperphos-
phatemia caused by renal injury.

MC:s play a vital role in preserving the struc-
tural integrity of the glomerular microvascular
bed and maintaining the homeostasis of the
mesangial matrix. Early pathological changes
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in DN, such as HG-induced proliferation of
MCs, expansion of the mesangial matrix, and
thickening of the basement membrane, are
indicative of the disease’s progression. Mao
et al. [62] found that HG-induced MC prolif-
eration not only increases the level of serum
TGFp1 but also inhibits autophagy. This leads
to apoptosis, cytoskeletal rearrangement, and
ultimately podocyte injury. Additional research
has indicated that AGEs and HG can suppress
the autophagy levels in MCs through the recep-
tor of AGEs/signal transducer and activator of
transcription 5 pathway and by inhibiting the
expression of F-box and WD repeat domain
containing 7, contributing to accelerated cel-
lular senescence and exacerbating renal inflam-
mation and fibrosis in DN [63-65]. Meng et al.
[63] found that the application of insulin in con-
junction with improved autophagy led to fur-
ther improvements in various aspects of mice
with DN, including blood glucose, glycated
hemoglobin (HbAlc), glucose tolerance, renal
function, oxidative stress, and AGEs. E et al. [29]
and Wen et al. [66] discovered that activating
autophagy in MCs can mitigate AGE-induced
MC injury by scavenging ROS and inhibit apop-
tosis and oxidative stress. These findings high-
light the protective role of autophagy in MCs
and suggest that inducing autophagic processes
could offer a promising therapeutic strategy for
the repair of MCs injury and slow the progres-
sion of DN. Furthermore, the studies provide a
foundation for further investigation into the
therapeutic potential of modulating autophagy
in MCs as a treatment for DN.

Injury to glomerular endothelial cells (GECs)
is a key early factor in DN development, with
autophagy playing a crucial role in maintain-
ing GEC integrity. Conditions such as HG
levels, ROS accumulation, and inhibition of
autophagy can trigger GECs dysfunction and
apoptosis, which in turn can lead to proteinu-
ria and early renal injury. The damage to GECs
has a cascading effect, impacting mesangial
cells, glomerular epithelial cells, and podocytes,
ultimately exacerbating the progression of DN
[67]. Takagaki et al. [24] provided evidence that
the knockdown of Atg5, a critical gene involved

in autophagy, can intensify GECs damage and
worsen DN. This underscores the importance
of autophagy in maintaining the integrity of
GECs. Furthermore, Tian et al. [68] discovered
that inducing autophagy in GECs through the
activation of the AMPK/nuclear factor-erythroid
2-related factor 2 (Nrf2) pathway can reduce kid-
ney injury markers and lower the levels of serum
creatinine, urinary protein, and urea nitrogen
in mice with DN. The collective findings from
these studies suggest that autophagy in GECs
plays a crucial role in DN treatment and man-
agement. Enhancing autophagy may offer a val-
uable strategy to protect GECs, ameliorate renal
injury, and possibly slow the progression of DN.
In summary, modulating autophagy in renal
cells is a promising therapeutic strategy for DN
treatment, protecting renal health and function.

DN, characterized by pro-inflammatory
factor overexpression and inflammatory cell
infiltration, involves macrophage autophagy
in polarization and fibrosis. In DN, there is
an increase in macrophage infiltration and
phenotypic changes in the kidneys of both mice
and patients, which are linked to proteinuria
and renal fibrosis. Macrophage autophagy
plays a critical role in polarization, chronic
inflammation, and organ fibrosis. Zhao et al.
[26] found that HG stimulates macrophage
exosome secretion, inhibiting PTEC autophagy
and affecting renal cell function by targeting
Atg9b. This finding suggests that HG-induced
changes in macrophages can affect renal cell
function through modulation of autophagy. Yan
et al. [25] proposed that the activation of the
TFEB and induction of autophagy can promote
the M2 polarization of macrophages. This shift
towards an anti-inflammatory phenotype can
help alleviate inflammation and renal injury
in DN, indicating the potential of macrophage
autophagy as a therapeutic target. Furthermore,
in the glomerular tissue of patients with DN,
there are significant changes in the number of
various immune cells and multiple immune-
related signaling pathways. The presence of
specific phenotypes of T cells, B cells, dendritic
cells, and natural killer cells can either increase
or decrease the risk of DN [69-71]. Wang et al.
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[72] conducted in vivo research showing that
knockdown of SGLT-2 can significantly alleviate
the Th17/Treg imbalance in db/db mice and
inhibit the progression of DN. Given the
association between SGLT-2 and autophagy [59],
it is plausible that other immune cells may also
be involved in the progression of inflammation
and fibrosis in DN through autophagy-related
mechanisms. However, more evidence is needed
to fully understand and support this hypothesis.

Autophagic-related Molecules and DN

Autophagy is a complex process that involves a
multitude of molecules and signaling pathways,
some of which have been proven to be associ-
ated with DN (Table 1).

mTOR, a central regulator of autophagy,
exists in two distinct complexes, mTORC1 and
mTORC2. These complexes are influenced by
a variety of upstream signaling pathways and
are sensitive to intracellular nutrient levels and
redox states. mTOR directly or indirectly regu-
lates the expression of genes or protein modi-
fications associated with autophagy. Previous
research has established a link between the
overexpression of mTOR, resultant inhibition
of autophagy, and IR. This inhibition has been
shown to promote the synthesis and accumula-
tion of AGEs, which are implicated in the patho-
genesis of diabetic complications [10, 73]. Fuz-
ther studies have demonstrated that inhibiting
mTOR expression, thereby inducing autophagy,
can have significant therapeutic effects in DN.
Enhancement of autophagy through mTOR
inhibition can substantially alleviate key patho-
logical features of DN, including mesangial cell
proliferation, podocyte apoptosis, glomerular
injury, renal fibrosis, and proteinuria [74-76].

SIRT1, an NAD*-dependent deacetylase, plays
a key role in cellular repair processes that miti-
gate DN pathogenesis. These processes include
antioxidant defense, autophagy modulation,
and anti-senescence. SIRT1 promotes autophagy
in different cell types by regulating multiple
autophagy-related pathways. Under fasting

conditions, it interacts with PGC-1a, FoxOl1,
and CREB-regulated transcription coactivator
2 (CRTC2) to enhance gluconeogenesis and
inhibit glycolysis [77-79]. Furthermore, SIRT1
regulates PGC-1a and peroxisome prolifera-
tor-activated receptor a (PPAR-a) to promote
fatty acid oxidation and gluconeogenesis, as
well as liver glucose output, thereby maintain-
ing energy supply and ensuring stable blood
glucose levels [80]. The expression of SIRT1 is
tightly controlled by the intracellular concen-
tration of NAD™, which is often decreased in the
diabetic state [81]. Consequently, SIRT1 expres-
sion is significantly reduced in the kidneys of
both T1DM and patients with T2DM. Studies
on diabetic animals have shown that activating
SIRT1 can reduce inflammation and oxidative
stress, decrease MCs proliferation, improve renal
autophagy activity, promote mitochondrial
regeneration, improve blood glucose homeosta-
sis, and alleviate IR by deacetylating transcrip-
tion factors involved in the pathogenesis of the
disease, such as NF-xB, FoxO, and p53. This con-
tributes to the renoprotective role in DN, mak-
ing SIRT1 a promising target for the treatment
of DN [17, 82].

AMPK, an energy sensor expressed in renal
cells, inhibits the mTOR pathway to induce
autophagy and plays a protective role in DN.
By enhancing autophagy activity, AMPK can
ameliorate damage to the glomerular filtration
barrier, a key pathological feature of DN [83].
Research has indicated that AMPK expression
is significantly suppressed in DN model mice.
Boosting AMPK expression has been shown
to effectively mitigate DN-associated damage,
including podocyte and glomerular endothelial
cell injury, thickening of the glomerular base-
ment membrane, and inflammatory cell infil-
tration. These effects result in improved labora-
tory indicators of renal function [23, 24]. Li et al.
[22] discovered that vitamin D and its receptors
can activate AMPK, which in turn alleviates the
autophagy deficiency observed in renal cells of
mice with DN. This activation leads to a reduc-
tion in renal tubular injury, inflammation, and
renal fibrosis, further highlighting the potential
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Table 1 Key findings related to autophagy-associated molecules in DM and DN

Autophagy- Experimental methods Key findings

associated

molecules

mI'OR Animal models, cell culture, signal pathway analysis Overexpression of mMT'OR is associated with the inhibi-
(mIT'ORCl1 tion of autophagy and IR. Inhibition of mMTOR can
and significantly alleviate the key pathological features of
mTORC2) DN

SIRT 1 Animal models, cell culture, gene expression analysis  SIRT1 promotes autophagy through various path-

ways, including antioxidant stress, modulation of
autophagy activity, and anti-aging mechanisms. The
activation of SIRT'1 can reduce inflammation and
oxidative stress, improve renal autophagy activity,
promote mitochondrial regeneration, improve blood

glucose homeostasis, and alleviate IR

AMPK Animal models, cell culture, gene expression analysis AMPK, acting as an energy sensor, induces autophagy
by inhibiting the mT'OR pathway. The expression
of AMPK is significantly suppressed in diabetic
nephropathy (DN) mouse models. Enhancing the
expression of AMPK can effectively alleviate damage
associated with DN

DPP-4 Enzyme activity assay, cell culture DPP-4 inhibitors such as sitagliptin, quercetin, dihy-
dromyricetin, ginsenoside Rgl, and berberine can
enhance autophagy, improve blood glucose control,

and kidney function

SGLT-2 Enzyme activity assay, cell culture SGLT-2 inhibitors such as dapagliflozin, phlorizin,
and mangiferin can activate autophagy, reducing oxi-
dative stress and apoptosis induced by hyperglycemia
GLP-1 Cell culture, signal pathway analysis GLP-1 and GLP-1 receptor agonists such as liraglutide,
exenatide, allicin, glycyrrhizic acid, and oxymatrine
can improve insulin resistance and diabetic nephropa-

thy by activating autophagy

Abbreviations: AMPK adenosine 5’-monophosphate-activated protein kinase, DM diabetes mellitus, DN diabetic nephropa-
thy, DPP-4 dipeptidyl-peptidase 4, GLP-1 glucagon-like-peptide-1, IR insulin resistance, 27 OR mammalian target of rapa-
mycin, SGLT-2 sodium-glucose cotransporter 2, SIRT I sirtuin 1

of AMPK as a therapeutic target in DN. In sum- NATURAL SUBSTANCES TO

mary, targeting autophagy-related pathways like
mTOR, SIRT1, and AMPK offers promising thera- ALLEVIATE DM AND DN VIA

peutic strategies for DN treatment. AUTOPHAGY

The United Kingdom Prospective Diabetes Study
highlights the need for a multifaceted approach
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to control blood glucose, often combining oral
antidiabetic drugs with insulin. Limitations
of traditional oral diabetes medications are
driving the search for new treatments. Emerging
treatments like DPP-4 inhibitors, SGLT-2
inhibitors, and GLP-1 or GLP-1 receptor agonists
broaden therapeutic options for DM [84]
(Table 1). While inducing autophagy in DN has
therapeutic potential, conventional inducers like
rapamycin can have significant side effects [85].
This has led to interest in natural substances that
induce autophagy with lower toxicity, offering a
safer therapeutic alternative (Table 2).

DPP-4 Inhibitors

Quercetin, a flavanol compound extracted
from plants like Portulaca oleracea L. and
Abelmoschus esculentus. Studies show quercetin
has hypoglycemic effects and enhances insulin
sensitivity by targeting the DPP-4 enzyme [86,
87]. Beyond its effects on glucose levels and
insulin sensitivity, quercetin has also shown
promise as an anti-aging agent. Its potential
as an anti-aging agent may be due to effects
on autophagy and apoptosis pathways [88].
Notably, Khater et al. [21] found that quercetin
can significantly reduce blood glucose levels,
oxidative, and inflammatory markers in the
pancreas of TIDM model rats by alleviating
the deficiency in insulin secretion through the
induction of B-cell autophagy. This discovery
reveals the therapeutic value of quercetin for
T1DM. Additionally, Zhu et al. [89] have shown
that quercetin can significantly improve blood
glucose and kidney function indicators in db/
db mice by activating autophagy, which in turn
helps to alleviate podocyte dedifferentiation via
the Notch pathway. Despite these promising
findings, the clinical application of quercetin is
limited by its low bioavailability. To overcome
this challenge, there is a need to develop
innovative dosage forms, such as liposomes,
designed to enhance the bioavailability of
quercetin [21]. Moreover, Abelmoschus esculentus,
from which quercetin is extracted, contains a
variety of bioactive components, including

carbohydrates and polysaccharides. Huang et al.
[87] have observed that these components can
reduce the activity of DPP-4 and its downstream
signals associated with IR in T2DM.
Dihydromyricetin, derived from Ampelopsis
grossedentata, is a natural dihydroflavanol
compound [90]. Wu et al. [91] showed
dihydromyricetin stimulates cyclic adenosine
monophosphate (cAMP) and inhibits DPP-
4, lowering blood glucose levels. Wen et al.
[92] have reported that dihydromyricetin can
effectively reduce blood glucose levels through
the activation of the PI3K/Akt/MAPK signaling
pathway, which is a well-established mediator of
autophagy. This suggests that dihydromyricetin
may enhance cellular autophagy, a process
critical for maintaining cellular health and
function. Yang et al. [36] also found that
dihydromyricetin can promote the formation
of autophagic lysosomes and induce autophagy
through the AMPK/PGC-la and PPAR-a
pathways, thereby alleviating IR in HFD-fed
rats. Furthermore, Guo et al. [19] discovered that
dihydromyricetin has the potential to mitigate
renal interstitial fibrosis in DN by promoting
autophagy. This protective effect is mediated
through the PI3K/Akt/mTOR pathway and the
micro RNA-155-5p (miR-155-5p)/PTEN pathway,
both of which are implicated in the regulation
of autophagy and cellular responses to stress.
Ginsenoside Rgl is an active component
extracted from Panax ginseng C. A. Mey. Jiang
et al. [93] discovered that ginsenoside Rg1 func-
tions as a DPP-4 inhibitor, which helps modu-
late glucolipid metabolism. The anti-diabetic
and IR alleviation effects of ginsenoside Rgl
are likely mediated through the activation of
the Akt/glycogen synthase kinase 3p (GSK-3pB)
signaling pathway, a key regulator of glucose
homeostasis. Building on these findings, Zong
et al. [94] and Chen et al. [95] demonstrated the
protective effects of ginsenoside Rg1 in mice
with T1DM. These effects may be attributed to
its ability to increase serum insulin levels and
tissue autophagy markers, which can help alle-
viate islet injury and tissue inflammation. This
suggests that ginsenoside Rg1 has therapeutic
and preventive potential for treating pancreatic
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injury in patients with DM. Furthermore, Shi
et al. [96] found that ginsenoside Rg1 can induce
autophagy and reduce the levels of fasting blood
glucose (FBG) and HbAlc in diabetic mouse
models through the Akt/GSK3p/p-Catenin sign-
aling pathway and also mitigate the epithelial-
mesenchymal transition of podocytes. This find-
ing indicates that ginsenoside Rgl may have
therapeutic potential for the treatment of DN
by preserving podocyte integrity and function.

Berberine, an isoquinoline alkaloid from
the root of Berberis aristate, has significant
antidiabetic effects. It acts as a DPP-4 inhibitor,
enhancing insulin sensitivity and managing
blood glucose levels [97, 98]. Geng et al. [99]
have observed that berberine can upregulate
the phosphorylation of the insulin receptor
and its downstream signaling molecules.
This upregulation is involved in enhancing
cell viability and autophagy in diabetic rats,
leading to improved mesenteric vasodilation
and vascular insulin sensitivity, and reduced
blood glucose levels. Furthermore, Li et al.
[100] discovered that berberine can protect islet
B-cells from injury induced by PA, potentially
through the regulation of mitophagy, a process
critical for maintaining mitochondrial health
and cellular function. A clinical trial by Zhang
et al. [101] demonstrated that berberine
significantly reduced fasting and postload
plasma glucose levels, as well as HbAlc levels
in patients with T2DM, with the side effects
being extremely mild. Shao et al. [102] reported
a case in which a 12-year-old Chinese boy with
T2DM experienced significant alleviation of
symptoms and maintained normal FBG levels
through an integrated treatment approach
that included berberine hydrochloride tablets,
physical exercise, and dietary control. Berberine
also shows renal protective effects in DN. First,
it exerts renal protection through AMPK and
Toll-like receptor 4 (TLR4) signaling pathways.
Second, it activates podocyte autophagy by
inhibiting the mTOR/70 kDa ribosomal protein
S6 kinase (p70S6K)/eukaryotic translation
initiation factor 4E binding protein 1 (EBP1)
signaling pathway, which can help alleviate
podocyte apoptosis. Third, berberine protects
against diabetic kidney dysfunction by
inhibiting the expansion of the glomerular

mesangial matrix and activating autophagy,
thereby preserving renal health [103-105].

SGLT-2 Inhibitors

Phlorizin, a natural dihydrochalcone, is a well-
known SGLT-2 inhibitor [106]. Research by
Kumar et al. [107] shows that phlorizin enhances
adipocyte function. It achieves this by reducing
inflammatory cytokine levels and increasing adi-
ponectin, both in vivo and in vitro. These effects
contribute to a decrease in the hyperglycemic
index and hepatic IR. Madrakhimov et al. [108]
also showed that phlorizin induces autophagy
by inhibiting mTOR. This suggests that the
therapeutic value of phlorizin may be associ-
ated with its capacity to stimulate autophagy, a
cellular process crucial for maintaining cellular
health. Additionally, dapagliflozin, a novel oral
hypoglycemic agent derived from phlorizin, has
proven therapeutic value for treating DM and
DN. Its beneficial effects are mediated through
the AMPK/mTOR/SIRT1 and PI3K/Akt pathways
[18, 20]. In addition, Borkar et al. [106] have
identified diglucuronide metabolites, resulting
from the mono-glucuronidation of phlorizin,
as novel SGLT-2 inhibitors. These metabolites
exhibit better binding affinity and hypoglycemic
effects compared to phlorizin itself. This discov-
ery expands the potential therapeutic applica-
tions of phlorizin-derived compounds in manag-
ing glucose homeostasis.

Mangiferin, a phenolic compound derived
from various parts of the Mangifera indica L,
including its leaves, bark, and fruit, has potent
antioxidant properties and inhibits SGLT-2 [109,
110]. Wang et al. [111] found that mangiferin
activates autophagy via the AMPK/mTOR/
ULK1 pathway, which plays a crucial role in
protecting podocytes under diabetic conditions
and slowing the progression of DN. Foudah
et al. [109] developed mangiferin-loaded
solid lipid nanoparticles with enhanced and
sustained hypoglycemic and lipid-lowering
effects, indicating their potential as an
efficient oral treatment for DM. Furthermore,
Olusola et al. [110] identified neomangiferin,
a mangiferin congener from natural resources,
which may offer better stabilization of
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SGLT-2 compared to dapagliflozin, a well-
established SGLT-2 inhibitor. This suggests that
neomangiferin could be a promising candidate
for the development of new SGLT-2 inhibitors.
Mangiferin also acts as a natural DPP-4 inhibitor,
offering dual mechanisms for blood glucose
control. It has the capacity to reduce high-
sensitivity C-reactive protein levels and improve
B-cell function in diabetic rats with metabolic
syndrome, thereby achieving blood glucose
control through both insulin sensitization and
stimulation of insulin release from pancreatic
cells [97].

GLP-1 and GLP-1 Receptor Agonists

Garlic (Allium sativum.) is known for its health
benefits, potentially reducing cancer, hyper-
tension, and DM incidence [112]. Allicin, the
main bioactive component of garlic, helps
maintain glucose homeostasis in DM. This is
achieved through the activation of the tran-
sient receptor potential ankyrin 1 (TRPA1)
channel, which stimulates the secretion of
GLP-1 [113]. Qian et al. [114] showed that
allicin induces autophagy and inhibits apop-
tosis, reducing p cell injury from streptozo-
tocin (S8TZ). This effect is mediated through
the AMPK/mTOR pathway, which is a critical
regulator of cellular metabolism and survival.
The induction of autophagy by allicin leads
to significant improvements in islet structure
and insulin expression, as well as a reduction
in blood glucose levels. These findings suggest
that allicin possesses therapeutic potential
for patients with TIDM. Additionally, Arel-
lano Buendia et al. [115] have confirmed in rat
experiments that allicin can improve oxidative
stress caused by metabolic syndrome, impaired
glucose tolerance, and reduce kidney injury
markers through the Nrf2 pathway. Although
this study was not entirely focused on kidney
damage caused by DN, it also demonstrates the
potential of allicin in treating DN.
Glycyrrhizic acid (GA), a triterpenoid
saponin found in licorice roots, regulates
metabolism [116]. Wang et al. [116] found

that GA enhances GLP-1 secretion and lowers
plasma glucose via the G-protein-coupled bile
acid receptor 1 (TGRS) receptor, a pathway
known to contribute to its anti-diabetic
effects. Zhao et al. [117] also showed that GA
mitigates high glucose-induced fibrosis and
inflammation in podocytes. This protective
effect is mediated through the sucrose non-
fermenting AMP-activated protein kinase
(SNARK)/AMPK pathway, which is associated
with the regulation of autophagy, a cellular
process critical for maintaining cellular
health. Fei et al. [118] reported significant
blood glucose control in a 73-year-old female
with reactive perforating collagenosis and
T2DM using glycyrrhizin tablets. While these
findings suggest that GA may exert therapeutic
benefits in DM and DN through its impact on
autophagy, additional research is necessary to
confirm this mechanism and fully understand
the extent of GA’s therapeutic potential.

Oxymatrine is a quinolizidine alkaloid from
Styphnolobium Schott [119]. Guo et al. [120]
found that oxymatrine increases insulin and
GLP-1 levels in diabetic rats. This suggests that
oxymatrine may alleviate hyperlipidemia and
hyperglycemia in HFD and STZ-induced dia-
betic rats by enhancing insulin secretion and
sensitivity. Zuo et al. [121] also observed that
oxymatrine can modulate the expression of
key proteins in the liver, such as KH-type splic-
ing regulatory protein (KSRP), PETN, and Akt,
which may help to reduce blood glucose levels
and protect rats with T2DM from IR. Moreover,
Huan et al. [119] have summarized the phar-
macological mechanisms by which oxymatrine
may combat DM and highlighted the need for
appropriate administration methods and con-
centrations. Further clinical studies are needed
to confirm oxymatrine’s potential benefits in
diabetes treatment.

Other Polyphenols and Saponins

Resveratrol, a polyphenol found in the roots of
Veratrum gandiflorum and discovered in 1939,
has been extensively studied for its potential
to promote autophagy. This is achieved by
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activating SIRT1 and SIRT3 and through the
upregulation of miR-18a-5p, as well as the
downregulation of miR-142-3p. These actions
may alleviate IR, improve lipid metabolism,
and protect podocytes from injury in DN, ulti-
mately leading to improved renal function
[122-126]. Liu et al. [127] highlighted that
podocytes exposed to AGEs are susceptible to
lysosomal membrane permeabilization, which
can trigger autophagy inhibition and cell dam-
age. Resveratrol has been shown to ameliorate
the oxidative state and cytoskeleton disorder
under diabetic conditions. When combined
with vitamin E, which also has oxidative state-
alleviating properties, the therapeutic effect on
DN may be further enhanced. Despite some
studies suggesting that resveratrol has the
potential to treat DM, for example, Abhale
et al. [128] found that resveratrol combined
with stem cell conditioned media can regen-
erate damaged pancreatic p-cells in mice with
T1DM and exert an anti-DM effect; Wahab
et al. [129] and Heydarpour et al. [130] pointed
out that resveratrol can regulate carbohydrate
digestion through the TGF-p signaling pathway
and alleviate IR. Most research is concentrated
on its therapeutic value in diabetic complica-
tions. Moreover, despite an extensive array of
clinical trials and a wealth of literature on res-
veratrol, the definitive outcomes and impacts
of resveratrol in humans remain unclear. This
uncertainty stems from factors such as incon-
sistent dosages, varied experimental designs,
insufficient statistical power, and a complex
interplay of biological and other confound-
ing elements [122]. Notably, Yadegar et al.
[131] found that in elderly patients with DM,
resveratrol was not more effective than a pla-
cebo. This finding indicates that the hypo-
glycemic effect of resveratrol requires further
investigation.

Curcumin, a natural polyphenol antioxidant
derived from turmeric, possesses anti-
aging and DM management properties via
autophagy induction [88, 132]. Wahab et al.
[129] found that encapsulating resveratrol
and curcumin in a starch matrix reduces
starch digestion. This finding suggests that
the development of novel functional foods
incorporating these compounds could assist

in the treatment of T2DM. Khater et al. [133]
observed that curcumin can alleviate p-cell
damage and reduce FBG levels through the
regulation of autophagy pathways, specifically
by modulating miR-137 and miR-29b. These
micro RNAs are believed to mitigate ER
stress in B-cells, and liposomal curcumin has
shown a improved pharmacokinetics and
effects compared to the native compound.
Further studies indicate that curcumin, when
administered at appropriate doses, can promote
autophagy by inhibiting the mTOR pathway. It
also exhibits anti-inflammatory, antioxidant,
anti-fibrosis, and anti-apoptotic effects in DN
[27, 103, 134]. Further research by Zhang et al.
[134] found that curcumin induced autophagy
and significantly slowed the progression of DN
in mice by regulating Beclin1/UV radiation
resistance associated gene (UVRAG)/Bcl-2
pathway, which inhibited podocyte apoptosis.
This study further confirmed the significant
protective role of curcumin in DN. However,
Rainey et al. [135] noted that high doses of
curcumin can enhance the permeability of
the lysosomal membrane, potentially leading
to cell death and exacerbation of DN. This
observation underscores the importance of
careful dosage consideration when applying
curcumin therapeutically.

Kaempferol, a flavonoid compound found in
a variety of natural plants, has been studied for
its effects on AMPK and mTOR. Varshney et al.
[136] discovered that kaempferol activates AMPK
and inhibits mTOR, regulating cellular energy
balance and autophagy. The autophagy induced
by kaempferol was found to be abrogated by
AMPK inhibitors, resulting in p-cell apoptosis
under PA-stressed conditions. Furthermore, stud-
ies by Zhang et al. [137] and Sheng et al. [138]
have indicated that kaempferol possesses protec-
tive properties against mitochondrial damage.
This damage is often caused by the activation of
AGEs and the accumulation of ROS. By mitigat-
ing these harmful effects, kaempferol contrib-
utes to the alleviation of podocyte damage, glo-
merular basement membrane thickening, and
mesangial matrix expansion in DN.

Puerarin is an isoflavone derivative extracted
from Pueraria lobata [139]. Li et al. [139]
discovered that puerarin protected the kidneys
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and improved podocyte injury in STZ-induced
diabetic mice by activating SIRT1 and its
antioxidant effects, which led to an improved
urinary albumin-to-creatinine ratio and renal
damage in mice with STZ-induced DN. Xu et al.
[140] found that puerarin elevated the level of
autophagy in STZ-induced DN mice, particularly
under conditions of endoplasmic reticulum
stress (ERS), through the activation of the RNA-
dependent protein kinase-like endoplasmic
reticulum kinase (PERK)/eukaryotic initiation
factor 2 subunit a (elF2a)/ATF4 signaling
pathway. This improved FBG, renal function,
and podocyte protein expression in DN mice.
This finding suggests that PERK could be a
potential therapeutic target for DN. In addition
to its renal protective effects, Heydarpour et al.
[130] have highlighted that puerarin can also
regulate autophagy via the TGF-p pathway. This
regulation can lead to the mitigation of DM
and its complications. The findings suggest that
puerarin may offer a promising alternative to
current treatments for DM, providing a new
therapeutic option for managing the disease and
its associated complications.

Astragaloside IV is a saponin compound
and the main active ingredient derived from
Astragalus membranaceus [141]. Research has
indicated that astragaloside IV can modulate
the PI3K/Akt/mTOR and SIRT/NF-xB pathways,
which are critical in promoting autophagy.
This modulation contributes to the alleviation
of podocyte injury, proteinuria, glomerular
sclerosis, and renal fibrosis in DN [77, 103].
Further research has found that astragaloside
IV inhibits the activation of MCs under high
glucose conditions and enhances autophagy
by increasing the expression of SIRT1 and
reducing the acetylation of NF-xB p65. The
autophagy inhibitor 3-methyladenine abolished
the improving effects of astragaloside IV on
MCs, while the autophagy activator rapamycin
restored the activation of MCs induced by HG.
Additionally, astragaloside IV also improved
the renal function and fibrosis in mice with
DN in in vivo experiments [77]. Furthermore,
Zhou et al. [142] discovered that astragaloside
IV significantly mitigated hyperglycemia,
glucose intolerance, IR, placental oxidative
stress, and the production of inflammatory

cytokines in gestational DM via the TLR4/NF-xB
pathway. This effect may be associated with the
promotion of autophagy [143]. Further research
is needed to determine astragaloside IV’s effects
on non-pregnant individuals with diabetes
[141].

DISCUSSION

Inhibition of autophagy in islet p-cells is
observed in patients with T1IDM and T2DM.
Studies agree that inducing autophagy may
improve B cell dysfunction in DM [3]. However,
Sakai et al. [8] found that in the early stages of
HG treatment, the level of autophagy in PTECs
increased, but was later suppressed because of
lysosomal stress caused by excessive autophagy,
and insulin could inhibit HG-induced
autophagy. At the same time, the process of
autophagy suppression in mice with T1DM did
not involve the activation of the mTOR path-
way observed in mice with T2DM. This finding
suggests that there are differences in the mecha-
nisms of autophagy suppression between T1DM
and T2DM. In T1DM, autophagy suppression
is due to lysosomal depletion caused by exces-
sive initial activation of autophagy, while in
T2DM, it is due to reduced lysosomal activity.
The study then found that inhibiting autophagy
in mice with T1DM could exacerbate their pro-
teinuria, but this phenomenon was not observed
in mice with T2DM. At the same time, using
rapamycin to induce autophagy in mice with
T1DM at an early stage of the disease actually
exacerbated their kidney damage, but it could
alleviate kidney damage in mice with T2DM.
This indicates that in the early stages of T1IDM,
to prevent kidney damage, autophagy is over-
activated, and further induction of autophagy
in this state exacerbates lysosomal stress and
accelerates disease progression. Tran et al. [15]
found 1-deoxysphingolipids (1-DSL) upregulated
in patients with T2DM or those at risk. 1-DSL
not only induces myoblast autophagy but also
significantly inhibits insulin-stimulated glu-
cose uptake in myotubes, potentially leading
to skeletal muscle cell functional impairment
and IR. The possible mechanism behind this
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phenomenon may be due to the early activation
of autophagy leading to excessive energy intake
by cells and impaired signaling for energy defi-
ciency recognition, ultimately resulting in the
inhibition of autophagy. However, this hypoth-
esis requires further research for confirmation.
These findings suggest that, despite the ultimate
inhibition of autophagy, both T1DM and T2DM
may initially exhibit increased autophagy levels,
with different mechanisms leading to inhibition
(Fig. 1). This insight underscores the need for
tailored treatment strategies based on the type
and stage of DM and its complications. Wu et al.
[144] reported that islet tissue replacement may
offer a promising strategy for patients with DM,
with autophagy shown to be beneficial for the
prognosis of patients undergoing stem cell or
organ transplantation [145, 146]. In addition,
some studies have found that certain treatments
for DM and DN can alter the composition of
the gut microbiota, and these changes have
been proven to be related to therapeutic ben-
efits, with the mechanism possibly related to the
impact of changes in gut bacterial metabolites
on autophagy [38, 91, 147]. Future research can
continue to focus on the therapeutic value of the
gut microbiota and autophagy for DM and DN.
Despite the potential of autophagy as an impor-
tant target in DM treatment, most research has
focused on static autophagy-related proteins.
Given that autophagy is a dynamic process, fur-
ther research is needed to determine whether
it is a key factor in the progression of DM and
DN [3]. Additionally, the species-specific nature
of many drugs, such as those effective in mice
but not in humans, and vice versa, complicates
direct translation to human therapy. Even when
effective in humans, autophagy’s impact on IR
can vary across different organs [148]. Further-
more, factors like age, sex, and the presence of
other diseases may also influence drug efficacy
[3]. Therefore, future research is needed to fur-
ther investigate how autophagy interacts with
cellular environmental disorders such as oxida-
tive stress and ERS as well as the specific mech-
anisms by which key molecules and signaling
pathways involved in the autophagy process
respond to metabolic disorders related to DM. It

is also necessary to clarify the definitive impact
of autophagy as a dynamic process on DM and
DN to verify the application effects of autophagy
modulation in clinical practice and to explore
additional strategies.

Currently, there is no consensus among schol-
ars regarding the precise mechanisms of kidney
injury in DN. It is widely accepted that no single
factor can cause kidney injury in DN. Instead,
various pathogenic factors interact, collectively
contributing to the disease’s onset and progres-
sion [149]. Autophagy has been implicated in
many of the proposed mechanisms of kidney
injury in DN. HG levels have been consistently
shown to inhibit autophagy and are commonly
used to study the effects of autophagy inhibition
in DM and DN. In addition, autophagy
regulatory mechanisms identified in other
diabetes complications, such as circadian rhythm
disruptions and pyroptosis, may similarly
influence DN [150, 151]. These findings suggest
that inducing autophagy could be a promising
therapeutic strategy for DN. However, while
most studies concur that inducing autophagy
can alleviate DN, the different mechanisms
of autophagy inhibition in T1DM and T2DM
necessitate a nuanced approach. For instance,
the use of rapamycin to induce autophagy
has been shown to alleviate DN in T2DM but
exacerbate it in T1DM [8]. Furthermore, Feng
et al. [152] discovered that excessive autophagy
activation can lead to autophagic cell death and
myocardial damage in diabetic cardiomyopathy,
a finding with implications for DN treatment
strategies targeting autophagy. Chen et al. [153]
found that astilbin, a flavonoid compound from
the rhizome of Smilax China L., can inhibit
excessive autophagy and apoptosis in PTECs
in DN via the PI3K/Akt pathway, potentially
improving clinical management of DN. Tang
et al. [154] also noted that excessive autophagy
levels may worsen muscle atrophy induced by
DN. Despite suggestions that autophagy may
act as a bridge in the pathogenesis of DN [28],
conclusive evidence supporting this theory is
lacking [68]. Future research should focus on
determining the optimal dosage for autophagy
induction therapy and thoroughly evaluating
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its side effects [1]. Additionally, autophagy
is a process involving various immune cells
and is closely related to the body’s immune
system. Therefore, future research can further
explore how autophagy participates in
immune responses in DN and how to improve
immune-mediated tissue damage by regulating
autophagy. Moreover, diabetes complications
are not limited to DN alone, and there may be
connections between various complications.
For example, the reduced kidney filtration
function and water-sodium retention caused
by DN lead to increased cardiac burden and
ultimately develop into cardiorenal syndrome
[155, 156]. Future in-depth research to explore
the connections between diabetes complications
and the role of autophagy in them may help to
break through existing treatment strategies for
DN [8, 28, 149].

Natural substances, with their wide availabil-
ity, low cost, and significant therapeutic effects,
have fewer toxic and side effects. These benefits
have led to their widespread use in treating vari-
ous diseases. This review highlights a variety of
natural substances that target autophagy, dem-
onstrating promising potential in the treatment
of DM and DN. Many of these substances have
also shown good therapeutic potential in other
diabetic complications [157]. However, clinical
data supporting their use are lacking, limiting
research to basic science. The pharmacological
mechanisms and pharmacokinetic properties
of these substances require further elucidation
[158]. Most of the current basic research
also focuses only on the impact of natural
substances on basic indicators such as blood
glucose and kidney function. Rarely are data
on HbAlc mentioned in the results of animal
experiments, which better reflects the level
of blood glucose control in DM. Additionally,
excessive dosages may cause cell damage and
potentially worsen the disease [135]. Therefore,
a large number of randomized, double-blind,
and placebo-controlled clinical trials are
necessary to investigate the efficacy, optimal
dosage, long-term effects, side effects, synergistic
interactions, and potential incompatibilities of
these natural substances [131]. At the same time,
due to the current lack of research on natural
substances for the treatment of cardiorenal

syndrome, subsequent research on natural
substances for the treatment of DN should
also comprehensively observe the impact on
cardiorenal function. In addition, Palmer et al.
[159] compared SGLT-2 inhibitors with GLP-1
receptor agonists, finding that both drug classes
reduced all-cause mortality and cardiovascular,
myocardial, and renal injuries. However, they
also noted that SGLT-2 inhibitors and GLP-1
receptor agonists may increase the risk of
genital infections and severe gastrointestinal
events, respectively. This underscores the
importance of selecting appropriate drugs based
on individual patient conditions. Furthermore,
there is significant research potential in
developing new formulations and exploring
structural modifications of existing natural
substances. These efforts could enhance their
therapeutic effects and lead to the discovery
of new treatments for DM and DN [18, 20,
21, 105, 106, 109, 110, 129, 133]. Beyond
natural substances, the development of new
formulations or structural modifications of
existing chemical drugs, or the use of variants
of autophagy-related genes to treat or prevent
the progression of DM or DN, could be explored.
The development and evaluation of these new
drugs and therapies can further confirm the
application value of autophagy as a therapeutic
target for DM and DN.

In summary, targeting autophagy is a prom-
ising strategy for DM and DN treatment and
research. However, to advance its clinical appli-
cation, there is a need for more comprehen-
sive and in-depth studies. These investigations
should aim to fully understand the mechanisms
involved, optimize treatment approaches and
evaluate the safety and efficacy of autophagy
modulation in the context of diabetes and its
complications.
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