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As the quality of life improves, the incidence of diabetes mellitus and its
microvascular complications (DMC) continues to increase, posing a threat to
people’s health and wellbeing. Given the limitations of existing treatment, there is
an urgent need for novel approaches to prevent and treat DMC. Autophagy, a
pivotal mechanism governing metabolic regulation in organisms, facilitates the
removal of dysfunctional proteins and organelles, thereby sustaining cellular
homeostasis and energy generation. Anomalous states in pancreatic β-cells,
podocytes, Müller cells, cardiomyocytes, and Schwann cells in DMC are
closely linked to autophagic dysregulation. Natural products have the property
of being multi-targeted and can affect autophagy and hence DMC progression in
terms of nutrient perception, oxidative stress, endoplasmic reticulum stress,
inflammation, and apoptosis. This review consolidates recent advancements in
understanding DMC pathogenesis via autophagy and proposes novel
perspectives on treating DMC by either stimulating or inhibiting autophagy
using natural products.
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1 Introduction

Diabetes, a chronic metabolic disease, has seen an increasing global prevalence.
Prolonged exposure of diabetic patients to high levels of glucose and fat in the
environment triggers a sequence of lesions within the body’s microvasculature, termed
diabetic microangiopathy (DMC). DMC is mainly categorized into diabetic kidney disease
(DKD), diabetic retinopathy (DR), diabetic cardiomyopathy (DCM), and diabetic
peripheral neuropathy (DPN) (Schiborn and Schulze, 2022), and primarily affects the
kidney, retina, myocardium, nerve tissue, and toes. Diabetic foot complications often
manifest in the advanced stages of DPN. Presently, the precise pathogenesis of DMC
remains elusive in modern medicine and is likely associated with inflammatory responses,
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oxidative stress, vascular endothelial cell damage, and alterations in
vascular permeability due to elevated glucose levels (Singh and
Kulkarni, 2022; Zhu et al., 2023). Current clinical treatments for
DMC primarily target these factors but exhibit limited efficacy
(Nellaiappan et al., 2022). Hence, there is an urgent need to
identify therapeutic targets and innovate new drugs for DMC.

Autophagy, akin to apoptosis and senescence, is a critical
biological phenomenon. It degrades misfolded proteins and
damaged organelles into smaller components, providing cells
with necessary nutrients and materials for self-renewal (Maiuri
et al., 2007). This process serves as a self-protective mechanism
enabling cells to sense external stimuli or abnormal energy
metabolism, crucial for maintaining cellular homeostasis (Dikic
and Elazar, 2018; Bharath et al., 2021). Conversely, dysfunctional
autophagy fails to maintain normal cellular protection and may, in
turn, exert a dual effect, damaging cells and leading to various
diseases such as heart disease, neurodegeneration, and metabolic
disorders (Parzych and Klionsky, 2014). Hence, autophagy holds
promise as a potential alternative for DMC therapy.

In recent decades, natural products (NPs) sourced from plants,
animals, and microorganisms have attracted increased attention
given their multifaceted components, ability to target multiple
pathways, accessibility, and low toxicity levels (Newman and
Cragg, 2016; Newman and Cragg, 2020). Recent studies have
increasingly demonstrated the therapeutic potential of NPs in
DR, DKD, DC, and DPN by modulating autophagy (Yao et al.,
2018; Zhou P. et al., 2019; Yin et al., 2021; Liu P. et al., 2023; Liu T.
et al., 2023). This article reviews recent research on autophagy and
DMC, exploring the role and mechanism of NPs in enhancing DMC
efficacy by regulating autophagy. Furthermore, NPs with
autophagy-modulating abilities are highlighted as a promising
therapeutic strategy for treating DMC.

2 Autophagy

The key to autophagy lies in the formation of autophagosomes
and their subsequent fusion with lysosomes (Bharath et al., 2021).
When the signal to regulate autophagy is received by the cell, various
organelles within the cytoplasm generate an isolation membrane,
also known as the phagophore. This membrane participates in the
formation of phagosomes (Sanchez-Wandelmer et al., 2015;
Morishita et al., 2017; Jung et al., 2020). The phagophore
continues to elongate, encompassing the cell’s cytoplasm,
damaged organelles, and long-lived proteins, eventually maturing
into an autophagosome with a bimodal structure. Autophagosomes
and lysosomes are transported by microtubules (MTs) to form
autolysosomes (Korolchuk et al., 2011; Korolchuk and
Rubinsztein, 2011). These autolysosomes degrade the inner
membrane and contents, thereby providing for the cell’s needs
and facilitating organelle renewal.

2.1 Classification of autophagy

In mammalian cells, autophagy can be classified into
macrophage-, microautophagy-, and chaperone-mediated
autophagy (CMA) according to different modes of entry into the

lysosome (Habshi et al., 2023). Macrophages are characterized by
the presence of a large autophagosome measuring about 500 nm.
The phagosomal membrane under macrophagy extends, forming
autophagosomes with a two-layer vesicular structure that
encapsulates cytoplasmic components and fuses with lysosomes.
Conversely, microautophagy directly segregates and internalizes
cytoplasmic components by inwardly invaginating the lysosomal
membrane (Schuck, 2020). Two types of microautophagy have been
identified: 1) lysosomal membrane invagination (or endosomal
membrane in the nucleus microautophagy) and 2) lysosomal
membrane protrusion (Wang et al., 2023). While the former
predominates in mammals, Komagataella phaffii illustrates the
typical lysosomal membrane protrusion in microautophagy.
CMA involves the specific recognition of substrate protein
molecules containing the KFERQ group by the molecular
chaperone protein Hsc70 (also known as HSPA8). These
complexes then bind to the lysosomal membrane receptor
LAMP2A, ultimately resulting in substrate degradation within
lysosomes (Hubert et al., 2022). Macroautophagy involves
membrane elongation, and microautophagy involves membrane
invagination. Unlike macroautophagy and microautophagy, CMA
does not entail membrane deformation (Kaushik and Cuervo,
2018) (Figure 1).

According to substrate selectivity, autophagy can be divided into
non-selective autophagy and selective autophagy (Jing and Lim,
2012; Vargas et al., 2023). Non-selective autophagy mainly refers to
autophagy that is induced in most cases, such as autophagy induced
by mammalian target of rapamycin (mTOR) (Glick et al., 2010). In
selective autophagy, specific autophagy adapter proteins like
SQSTM1/p62, interact with microtubule-associated protein light
chain 3 (Lc3) located in the phagolysosome membrane,
delivering substrates directly to autophagosomes for degradation
(Lee et al., 2023). Identified types of selective autophagy are
mitophagy, ribosomal autophagy, endoplasmic reticulum (ER)
autophagy, and peroxisome autophagy (Adriaenssens et al.,
2022). Both macroautophagy and microautophagy can exhibit
selective or non-selective behavior. Macroautophagy is considered
the main type of autophagy and is the most widely studied type.
Therefore, hereafter in this review, we refer to macroautophagy
as “autophagy”.

2.2 The process of autophagy

The essence of autophagy is actually intracellular membrane
rearrangement, which occurs as a dynamic process called autophagic
flux and occurs in the following four broad stages: initiation of
autophagy → formation of phagosomes and autophagosomes →
fusion of autophagosomes with lysosomes → cleavage of
autophagosomes (Figure 2).

2.2.1 Autophagy initiation
Autophagy is triggered in response to cell stress and can be

considered as a coping mechanism to maintain homeostasis (Kume
and Koya, 2015). The Ser/Thr signaling kinase mTOR regulates
autophagosome formation. Pathways such as Akt and mitogen-
activated protein kinase (MAPK) signaling pathways that activate
mTOR inhibit autophagy, while those negatively regulating mTOR,
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such as the adenosine 5′-monophosphate (AMP)-activated protein
kinase (AMPK) and p53-signaling pathways, promote autophagy
(Alers et al., 2012). The ULK1 complex, comprising ULK1 or ULK2,
FIP200, and mAtg13, forms a bridge in vivo between the upstream
nutrient or energy receptors mTOR and AMPK and the downstream
formation of autophagosomes (Leventhal et al., 2017). Under
starvation conditions, AMPK is activated, mTOR is inactivated,
and AMPK activation catalyzes ULK1 phosphorylation, thereby
promoting autophagy. Conversely, in nutrient-rich conditions,
AMPK is inactivated and mTOR binds to ULK1 serine 757 to
inhibit the ULK1-AMPK interaction, leading to the inactivation of
ULK1 and the eventual inhibition of autophagy (Alers et al., 2012).
Interestingly, AMPK can inhibit Rheb, an mTORC1 activator, by
activating Tuberous Sclerosis 1/2 (TSC1/2), which can then initiate
autophagy (Inoki et al., 2006). Reactive oxygen species (ROS) can
inhibit autophagy by suppressing TSC1/2 via the
phosphatidylinositol-3-kinase (PI3K)/AKT pathway.

2.2.2 Phagosome and autophagosome formation
Upon receiving autophagy regulation signals generated by

cellular stress, phagosomes nucleate, expand, surround the
cytoplasm, and finally form autophagosomes. Although the
mechanism of phagosome formation is well understood, the
constituent lipids and membrane modeling proteins involved in
determining the shape and size of phagosomes have been at the
center of controversy for decades (Tooze, 2013; Carlsson and
Simonsen, 2015). It is now widely accepted that phagosomes
originate near or on the ER, where several organelles including
the mitochondria, Golgi complex, plasma membrane, and

endosomes provide membranes for phagosome formation
(Graef et al., 2013; Shibutani and Yoshimori, 2014; Sanchez-
Wandelmer et al., 2015; Li J. et al., 2021). It has also been
found that the ER exit site works synergy Atg9 in the
autophagy-related gene (Atg) family to promote the assembly of
autophagy mechanism, and may provide membranes for
phagophore nucleation, maturation, and growth (Graef et al.,
2013; Tooze, 2013; Sanchez-Wandelmer et al., 2015).

Phagosome nucleation hinges on local phosphatidylinositol 3-
phosphate (PI3P) production. Regulated ULK complex
recruitment to the phagocyte nucleation site phosphorylates
beclin-1, activating the PI3K complex involving class III PI3K
(PIK3C3), Beclin-1, VPS15, and Atg14L (Funderburk et al., 2010;
Dooley et al., 2014).

Post-phagosome nucleation, membrane expansion involves
two ubiquitin-like coupling systems: the Atg12 coupling system
and Lc3-phosphatidylethanolamine (PE) coupling system (Pohl
and Dikic, 2019). The Atg12 coupling system links Atg12 to
Atg5 through Atg7 and Atg10 (E1-and E2-like enzymes),
subsequently forming the Atg12-Atg5-Atg16 complex that
contributes to LC3- and PE-coupling reactions. After the
synthesis of LC3 protein, the C-terminal 5 peptide was cut-off
by Atg4, resulting in cytoplasmic localization of LC3-I. LC3-I of
LC3 was coupled with PE by ubiquitin-like reaction of Atg7 and
Atg3 (E1-and E2-like enzymes, respectively) to form LC3-II.
LC3-II stays on the inner and outer membrane of
autophagosomes and serves as a marker of autophagy. Its
upregulation is an indicator of autophagy activation and
autophagosome formation (Glick et al., 2010). Post-

FIGURE 1
Classification of autophagy. Autophagy can be classified into three categories according to its cargos delivery pathway and membrane dynamics:
macroautophagy, microautophagy, and CMA. Macroautophagy involves membrane elongation, microautophagy involves membrane invagination, and
CMA does not entail membrane deformation. Hsc70 specifically recognises the KFERQ motif and then binds to the lysosomal membrane receptor
LAMP2A to complete the autophagy process.
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autophagosome-lysosome fusion, LC3-II on the inner membrane
is lysosomally degraded, and LC3-II on the outer membrane is
cleaved by Atg4 to produce LC3-I for recycling (Mizushima and
Komatsu, 2011).

2.2.3 Autolysosome production and cleavage
MTs, as an internetwork of intracellular movement, are driven

by specific kinesins, including the kinesin and cytoplasmic dynein
(Kast and Dominguez, 2017). The interaction between
autophagosomes dispersed in the cytoplasm and lysosomes
enriched in the perikaryon depends on their two-way movement
on microtubules. After maturation in the cytoplasm,
autophagosomes are regulated by dynein to move to the
perinuclear region. Under various stress conditions, intracellular
pH rises, leading to the migration of lysosomes to the perinuclear
region (Gross et al., 2007; Kimura et al., 2008). Autophagosomes and
lysosomes in the same region fuse to form an autolysosome.

Upon autolysosome formation, lysosomal hydrolases degrade
substrates, generating amino acids that reactivate mTOR via
negative feedback, inhibit autophagy, regenerate the lysosome,
and restore lysosomal levels—a process termed autophagic
lysosome reorganization (Chen and Yu, 2018).

3 The molecular mechanism of
autophagy and diabetic microvascular
complications

3.1 Interaction between autophagy and
cellular biological processes related to
diabetic microvascular complications

Patients experiencing DMC endure chronic hyperglycemia,
fostering abnormalities in nutrient perception, ER stress,
oxidative stress, inflammation, and apoptosis. This persistent
state leads to the accumulation of damaged proteins and
organelles over time, jeopardizing cellular physiological functions.
Autophagy, a scavenging mechanism, plays a pivotal role in
maintaining cellular homeostasis and combating DMC by
influencing these biological processes. (Figure 3).

3.1.1 Interaction between autophagy and
nutrient sensing

Hunger is known to promote autophagy through nutrient-
sensing pathways, including mTOR, AMPK, and Silent
Information Regulator 1 (SIRT1) (Oza et al., 2021). Briefly, as

FIGURE 2
The process of autophagy. Green arrows indicate downstream cellular events; red lines indicate inhibition. Four major steps are involved in the
process of autophagy: initiation, formation, fusion, and cleavage. Initiation: External stimuli such as starvation can affect the AMPK and mTOR pathways,
leading to the activation of the ULK1 complex. Formation: The autophagosome formation is aided by two ubiquitin-like Atg-coupled systems and the
PI3K complex. Fusion: Autophagosomes and lysosomes undergo transport via MTs to form autolysosomes. Cleavage: Degradation of cargos
triggers autophagic lysosomal reorganization.
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outlined earlier, mTOR and AMPK exhibit inhibitory and
promotional effects on autophagy. SIRT1, a histone deacetylase,
senses cellular energy levels and has the potential to slow cellular
aging, withstand external stress, and enhance metabolism.
SIRT1 activates autophagy via deacetylation of FOXOs.
Additionally, it forms molecular complexes by directly binding to
Atg5, Atg7, and Atg8, restoring autophagy (Ganesan et al., 2017;
Gautam et al., 2020; Zhou et al., 2021). Moreover, SIRT1 deacetylates
p53, reducing p53 expression, hence activating autophagy. The
regulation of p53 in autophagy depends on its cellular
localization, contributing to its dual role (Lee, 2019; Cui et al.,
2021). Additionally, SIRT1 activates AMPK by deacetylating liver
kinase B1 (LKB1). In turn, AMPK promotes the activation of SIRT1.
Under starvation conditions, SIRT1 expression is elevated,
activating autophagy in response to nutrient deprivation.

3.1.2 Interaction between autophagy and
oxidative stress

Prolonged hyperglycemia results in oxidative stress within
DMC-associated cells, leading to ROS accumulation and cellular
oxidative damage. ROS accumulation triggers autophagy to reduce
ROS levels, maintaining cellular homeostasis. ROS upregulate
AMPK, FOXOs, MAPK, and c-JunN-terminal kinase (JNK)
pathways or inhibit the PI3K/AKT/mTOR pathways, activating
autophagy (Wong et al., 2010; Li et al., 2015; Hinchy et al., 2018;

Kim et al., 2018). Notably, ROS influences Atg4 and ER stress
pathways, promoting autophagy (Scherz-Shouval et al., 2007; Wible
and Bratton, 2018). Primarily produced by damaged mitochondria,
ROS levels are reduced by autophagy, particularly mitophagy, which
selectively eliminates dysfunctional mitochondria, and help in
maintaining cellular homeostasis. Additionally, p62 affects the
Kelch-like ECH-associated protein 1 (Keap1)/Nuclear factor
erythroid 2 related factor 2 (Nrf2) pathway, stimulating
Nrf2 expression and enhancing mitophagy to counteract ROS
(Wible and Bratton, 2018).

Mitophagy, chiefly regulated by the PTEN-induced kinase 1
(PINK1)/Parkin pathway in mammals, selectively removes damaged
or redundant mitochondria. Upon mitochondrial depolarization,
PINK1 rapidly recruits and activates Parkin to ubiquitinate the
mitochondrial membrane. This ubiquitination, identified by p62,
facilitates transportation to autophagosomes via LC3, ultimately
leading to degradation (Lu et al., 2023). Beyond mitophagy, FOXOs
associated with oxidative stress also impact autophagy.

The FOXO transcription factor family regulates various cellular
physiological processes such as apoptosis, glucose metabolism,
oxidative stress resistance, and lifespan extension (Ou et al.,
2021). FOXO1 and FOXO3 are the most widely utilized
members of the FOXO family, which can combine with
promoter regions to activate autophagy genes such as Vps34,
Beclin-1 and Rab7 (Ferdous et al., 2010; Webb and Brunet,

FIGURE 3
Autophagy and cellular biological processes. Green arrows indicate downstream cellular events; red lines indicate inhibition. Cellular biological
processes mainly include nutrient sensing, oxidative stress, ER stress, inflammation and apoptosis. Cellular biological processes can regulate autophagy,
which in turn can influence intracellular oxidative stress, inflammation, and apoptosis.
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2014). Furthermore, they directly interact with autophagy proteins
such as Atg7 and Atg4 (Cheng, 2019; Zhang X. et al., 2022). AMPK
and PI3K/AKT promote FOXO phosphorylation, prompting their
translocation from the nucleus to the cytoplasm, impeding normal
transcriptional activity and thereby affecting autophagy
(Puthanveetil et al., 2013; Zhou G. et al., 2019). Additionally,
STRT1’s deacetylation of FOXOs triggers autophagy (Zhou
et al., 2021).

3.1.3 Interaction between autophagy and ER stress
Abnormal mitochondrial function and ER stress response are

potential causes of insulin resistance (IR) in DMC patients.
Autophagy, crucial in maintaining mitochondrial function and
influencing ER stability, plays a pivotal role (Jung and Lee, 2010).
The ER is the main part of protein folding as well as the main storage
organelle of intracellular Ca2+. In response to the persistent
hyperglycemic state and the corresponding cellular damage, cells
in DMC patients, such as pancreatic β cells, produce large amounts
of associated stress proteins, including insulin, which exceeds the
ability of the ER to eliminate misfolded proteins, leading to the
accumulation of a large number of unfolded or misfolded proteins
that can trigger the unfolded protein response (UPR), thus resulting
in ER stress and even DMC-related cell apoptosis (Yong et al., 2021).
The UPR defends cells by degrading misfolded proteins, halting
protein translation, and enhancing molecular chaperones for
protein folding through endoplasmic reticulum-associated
degradation (ERAD), and ER autophagy (inclusive of ER stress-
mediated autophagy and ER-phagy) (Yong et al., 2021). UPR is
mainly regulated by three ER-transmembrane proteins: PKR-like
eukaryotic initiation factor 2α kinase (PERK), inositol-requiring
enzyme 1α (IRE1α), and activating transcription factor 6α (ATF6α).
PERK phosphorylates the eukaryotic translation initiation factor 2α
(eIF2α), curbing protein synthesis and reducing the amount of
protein entering the ER. IIRE1α and ATF6α facilitate UPR target
gene transcription such as foldase (Park et al., 2018). Autophagy
regulation involves PERK’s phosphorylation of eIF2α,
ATF4 induction, and increased Atg5 and Atg12 expression,
thereby enhancing autophagy. IRE1α activates JNK,
phosphorylates anti-apoptotic Bcl-2, ruptures Beclin-1/Bcl-
2 complexes, and activates autophagy. ATF6α indirectly triggers
autophagy by affecting IRE1α. Furthermore, Ca2+ activates the
CaMKK/AMPK pathway during ER stress, promoting Beclin-1
dissociation from Bcl-2, thus enhancing autophagy. ER-phagy is
a form of selective autophagy that relies on LC3 and Atg8 to
eliminate damaged portions of the ER to sustain ER homeostasis
(Senft and Ronai, 2015).

3.1.4 Interplay between autophagy and
inflammation

Autophagy interacts with inflammation. The cytoplasmic
clearance of autophagy exhibits anti-inflammatory effects in any
cell capable of activating autonomic inflammation. Moreover, the
regulation of mitochondrial and ER function by autophagy affects
the functioning of immune cells and influences the onset and
resolution of inflammation (Deretic, 2021). Conversely,
inflammation can activate or inhibit autophagy through different
pathways, resulting in the suppression or exacerbation of
inflammatory responses.

Inflammasomes are protein complexes activated by external or
internal stimuli and can trigger inflammatory responses. The
NLRP3 inflammasome is the most extensively researched
inflammasome. In obese mice and humans, the
NLRP3 inflammasome is upregulated, leading to the expression
of TNF-α, a cytokine that is well-known to promote IR. Thus,
NLRP3 inflammasome expression levels correspond with Type
2 diabetes mellitus (T2DM) severity (Komalla et al., 2020; Yang
et al., 2020). The production of NLRP3 is closely related to the
excessive accumulation of ROS, ER dysfunction, and the
corresponding calcium outflow. Autophagy regulates these
processes to inhibit the activation of inflammasomes and the
pro-inflammatory cytokines IL-1β and IL-18. Specific
NLRP3 components targeted by P62/SQSTM1 affect
inflammatory mediator expression, thereby controlling
inflammation. Studies have shown that NLRP3 production can
interact with Beclin-1 to promote LC3-II expression and activate
autophagy (Biasizzo and Kopitar-Jerala, 2020). Various
inflammatory mediators, including NF-κB, Toll-like receptors,
ROS, and Th1 cytokines enhance autophagy. Conversely,
Th2 and anti-inflammatory cytokines like IL4 and IL13 inhibit
autophagy by activating mTOR (Lapaquette et al., 2015).

In patients with DKD, the accumulation of advanced glycation
end products (AGEs) and IL-1β accumulation incite inflammation,
exacerbating disease progression. Transcription factor EB (TFEB) is
a regulator of lysosomal biogenesis. Autophagy regulates the nuclear
translocation of TFEB, enhancing lysosomal biogenesis and
stimulating the degradation of AGEs in renal tubular cells
(Kimura et al., 2017). In addition, numerous studies have shown
that autophagy impairment in retinal cells also activates the
inflammasome, leading to DR-related symptoms (Lin and
Xu, 2019).

3.1.5 Interplay between autophagy and apoptosis
Type I cell death is the direct result of apoptosis, while type II

programmed cell death occurs when autophagy overconsumes most
of the organelles. Mitochondrial outer membrane permeabilization
(MOMP) is a crucial step in the apoptosis process. Upon external
stimulation, the level of anti-apoptotic protein Bcl-2 decreases,
leading to the recruitment of pro-apoptotic protein Bax to the
mitochondrial membrane that in turn activates MOMP. This
results in the release of apoptotic proteins such as cytochrome c
(Cyt c), apoptosis-inducing factor (AIF), and downstream-related
apoptotic protein family caspase, which are necessary to complete
the apoptosis process (Han et al., 2019). Autophagy can work
alongside apoptosis to promote cell death. Additionally,
autophagy is involved in some ATP-dependent apoptosis
processes. However, there is also an antagonistic relationship
between autophagy and apoptosis. Autophagy maintains
mitochondrial homeostasis, scavenges ROS, reduces ER stress,
and mitigates oxidative stress and inflammation to protect cells
(D’Arcy, 2019).

Various stress stimuli can co-activate autophagy and apoptosis,
and they share multiple regulatory molecules that can even
coordinate their transformation. Bcl-2 binds to Beclin-1 to form
complexes that inhibit autophagy while maintaining anti-apoptotic
effects. However, when Bax competitively binds Bcl-2, Beclin-1 is
released, leading to the activation of autophagy. Caspase-3
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inactivates Beclin-1 to inhibit autophagy, while Beclin-1 promotes
apoptosis by increasing caspase-9 activity. Following cleavage,
Atg5 can bind to Bax, inducing the production of cytochrome c
and promoting apoptosis. Atg12 can bind to Bcl-2, inhibiting its
content and enhancing apoptosis. Additionally, autophagy can
eliminate damaged mitochondria, preventing MOMP and the
removal of caspase8, which also prevents apoptosis (Mariño
et al., 2014).

Research has shown that apoptosis of damaged nerve cells such
as Schwann cells is modified following peripheral nerve injury. After
treatment, there was an observed upregulation of autophagy,
inhibition of apoptosis, and reduction of nerve pain.
Proinflammatory cytokines may promote apoptosis and induce
nerve pain, while autophagy can inhibit proinflammatory
cytokine activity to target these processes (Liao et al., 2022).
Excessive apoptosis contributes to coronary atherosclerosis and
myocardial ischemic injury. Regulation of autophagy protects
cardiomyocytes. Thus, regulation of the relationship between
autophagy and apoptosis may be a mechanism by which the
progression of heart disease is slowed (Dong Y. et al., 2019).

3.2 Autophagy and diabetic kidney disease

DKD is the renal impairment caused by prolonged
hyperglycemia which can affect the entire kidney. It is one of the
most perilous complications of diabetes. DKD is characterized by
impaired glomerular filtration rate (GFR), proteinuria, and
structural abnormalities like glomerular basement membrane
thickening and mesangial dilatation. The intricate pathogenesis
involves apoptosis, inflammation, oxidative stress, ER stress, and
nutrient-sensing pathways (Al Mamun et al., 2021). The treatment
options for DKD are presently limited (Dorotea et al., 2022).
Considerable evidence has shown that autophagy plays a pivotal
role in blood sugar stability and renal protection. Targeted
autophagy offers potential DKD treatment avenues (Liu et al.,
2019; Erekat, 2022).

3.2.1 Podocytes
Podocytes, namely glomerular epithelial cells, play a key role in

maintaining glomerular filtration barrier and preventing
proteinuria. As terminally differentiated cells, podocytes generally
do not replicate, and there are no new cells to repair and replace after
injury, which leads to glomerular damage. Hence, autophagy is
essential for the maintenance of podocyte homeostasis (Liu et al.,
2019). Early in diabetes, autophagy protects podocytes by removing
damaged components. Various stress reactions affect autophagy,
leading to podocyte damage and DKD development. Experiments
have observed changes in autophagy in diabetic foot cells, which
provide a basis for this conclusion (Gonzalez et al., 2021).

Research by Jin et al. identified microRNA-486 (miR-486) in
adipose-derived stem cell exosomes, inhibiting mTOR via
Smad1 downregulation, elevating autophagy, and reducing
podocyte apoptosis (Jin et al., 2019). Xiao et al. discovered that
after administering the mTOR inhibitor rpapamycin to
streptozotocin (STZ)-induced DM mice, there was a significant
increase in LC3 expression in podocytes, upregulation of
autophagy activity, and reduction in kidney injury (Xiao et al.,

2014). Metformin, an AMPK agonist, restores autophagic activity in
podocytes, protecting against DM injury (Song A. et al., 2021).
Similarly, according to Xu et al., SIRT1/FOXO1 pathways influenced
by metformin enhance autophagy, mitigating diabetic kidney injury
(Xu J. et al., 2020). Su et al. found that the levels of podocyte
autophagy-associated factors (Beclin-1, LC3), as well as the LC3B II/
I ratio, decreased with time after high glucose (HG) stimulation and
were particularly significant after 24 h. Overexpressed LncRNA
AK044604 (regulator of insulin sensitivity and autophagy [Risa])
can reduce the levels of downstream autophagy-related proteins
(Beclin-1 and LC3B) through the SIRT1/glycogen synthase kinase-
3β (GSK-3β) axis in the HG environment, leading to podocyte
damage, thereby accelerating the development of DKD (Su PP.
et al., 2022).

3.2.2 Renal tubular epithelial cells
The above-described experimental results confirm that podocyte

autophagy will be damaged under long-term HG environment,
which ultimately leads to DKD. In addition to podocytes, renal
tubular epithelial cells (RTECs) play an important role in
maintaining renal function. RTECs are the key part of renal
reabsorption activity, and their active transport function
consumes a large amount of energy, which makes them more
susceptible to hypoxia or energy deprivation. Therefore,
maintaining a normal level of autophagy ensures the survival of
RTECs in nutrient-poor environments. Experimentally,
Atg7 knockout mice demonstrated exacerbated DKD progression,
highlighting autophagy’s protective role in RTECs. miR-214
suppression of ULK1 via proximal renal tubule knockout
promotes autophagy, reducing renal hypertrophy and
albuminuria (Ma et al., 2020). In Liu L. et al., 2022 research,
RTECs were one of the most abundant cell types in the
mitochondria, so it is more susceptible to mitochondrial disorder.
PHB2 is a kind of mitophagy receptor. In STZ-induced DKD mice,
PHB2 degradation via TNF-α promoted DKD progression by
impairing mitophagy. Kitada et al., 2016 observed that providing
obese Wistar rats a very low protein diet could inhibit the mTOR
activity of RTECs, reduce renal inflammation, and slows the
progression of advanced DKD.

3.3 Autophagy and diabetic retinopathy

DR, one of the most common microvascular complications of
diabetes, encompasses neurovascular changes leading to irreversible
blindness. Today, DR is not just considered a simple microvascular
disease, rather one that involves neurodegenerative changes. The
American Diabetes Association redefines DR as a neurovascular
complication of diabetes. The progression involves pericyte loss,
microangiomas, capillary non-perfusion zones, vascular endothelial
growth factor (VEGF) secretion, and fragile capillary formation,
thereby contributing to vitreous hemorrhage and retinal detachment
(Yang et al., 2022). Under the induction of long-term HG level,
oxidative stress overload, inflammation, ER stress, and autophagy
disorder in the retina lead to retinal microvascular damage and glial
cell degeneration, including blood-retinal barrier (BRB) changes,
retinal neuron dysfunction and neuronal apoptosis, finally
developing into DR (Adornetto et al., 2021).
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Autophagy can protect the retina by eliminating ROS, reducing
ER stress, apoptosis, and the production of proinflammatory factors
(Russo et al., 2013). In fact, neuron cells, podocytes, and RTECs
share high similarities. Neurons and podocytes, as highly
differentiated cells, cannot undergo the next step of mitosis. At
the same time, neurons are metabolically as active as RTECs.
Therefore, autophagy disorder is also closely related to
neurotoxicity and neurodegeneration. Autophagic activity under
mild stress plays a protective role for cell survival, whereas
dysregulation of autophagic activity leads to massive cell death,
giving rise to the deterioration of DR (Gong et al., 2021).

3.3.1 Blood-retinal barrier
A key feature of DR is the decomposition of the BRB, which is

composed of the retinal vascular system (inner layer) and retinal
pigment epithelium (RPE) cells (outer layer). The former comprises
retinal capillary endothelial cells, peripheral cells, and the basement
membrane. The latter is conductive to maintaining retinal fluid
balance and photoreceptor function (Gong et al., 2021). After
human retinal pigment epithelial cells (ARPE-19) were exposed
to HG, treatment with arbutin (a naturally occurring soluble
glycosylated phenol) increased SIRT1 expression, enhanced
cellular autophagy, and inhibited inflammation and apoptosis
(Ma et al., 2021). However, some researchers have found that the
inhibition of autophagy can delay DR. Fen et al. found that
impairment of autophagic degradation is usually accompanied by
the accumulation of p62. The level of p62 in the retina of STZ-
induced diabetic rats was significantly higher than that of non-
diabetic rats, suggesting errors in autophagic degradation. They
suggested that this was caused by the induction of lysosomal
membrane permeability (LMP) in HG, resulting in the inability
of lysosomes to function properly. Under HG conditions, the
downregulation of high mobility group box 1 (HMGB1) rescued
LMP, increased mitochondrial electrochemical potential (ΔΨm),
restored autophagic degradation, reduced ROS production and
VEGF and inflammatory factor expression, and ultimately
protected RPE cells (Feng et al., 2022). In another experiment,
exposure to HG conditions decreased ARPE-19 cells viability,
increased apoptosis and LC3-II/LC3-I, p-p53 protein expression,
decreased p62 and p-mTOR expression, and increased autophagic
flux. Treatment with proanthocyanidins, a polyphenol compound,
weakened the above changes. When rapamycin was added,
apoptosis was again increased in the proanthocyanidins-treated
ARPE-19 cells, suggesting that increased autophagy in the HG
environment impairs ARPE-19 cells and that proanthocyanidins
reverse this injury (Li et al., 2022).

3.3.2 Retinal ganglion cells
Retinal ganglion cells (RGCs), the only afferent neurons

responsible for transmitting visual information to the visual
center, are one of the main cells that maintain visual function. In
DR, the levels of p-mTOR and its downstream Ps6 in RGCs were
upregulated in STZ-induced mice in the first month, and the cells
were slightly lysed. Then, p-mTOR and Ps6 showed a downward
trend after 2 months, and their expression reached the lowest level
after 6 months, while the number of apoptotic cells peaked. This
trend could be changed by adding rapamycin, indicating that mTOR
inactivation is an important factor in RGCs damage and that RGCs

damage aggravates the course of DR (Madrakhimov et al., 2021).
Another study also proved that autophagy damage induced by HG
led to RGCs apoptosis and aggravated DR. Compared with the
normal group of rat retinal precursor R28 cells, the late apoptosis
level in the HG group was significantly higher, and the early
apoptosis level in the HG group was also higher than that in
normal group (Peng et al., 2022). Most glial cells are Müller cells
that exist in all retinal layers; they can provide energy for neurons
and are also the main source of VEGF. Wang Y. et al., 2020 showed
that the expression of Beclin-1, Atg7, and LC3-IIof Müller cells in
the retina of STZ-induced diabetic mice were lower than those in the
control group. Autophagy could be promoted by inhibiting the
mTOR pathway, which could inhibit the secretion of inflammatory
factors and retard the progression of DR. Other studies show that the
expression of Beclin-1 and LC3-II were upregulated in Müller cells
under HG, which indicated the existence of autophagosomes.
However, the subsequent increase of ER stress and the
accumulation of p62 indicated that lysosomal function was
imbalanced under stress, and the cargos could not be degraded,
leading to the release of VEGF and the apoptosis of Müller cells.
After 3-methyladenine (3-MA) was used to inhibit autophagy, the
number of apoptosed Müller cells increased. On the contrary, after
rapamycin was used to restore autophagy degradation and prevent
VEGF release from increasing to improve lysosomal proteolytic
activity, Beclin-1 was upregulated and the number of apoptosed
Müller cells decreased significantly (Lopes de Faria et al., 2016).
According to Fu et al., the activation of AMPK after HOG-LDL
stimulation inMüller cells led to a significant increase in the levels of
autophagy-related proteins Atg5, Beclin-1, and LC3II/LC3I. At the
same time, the expression of caspase-3 was further increased,
indicating that the activation of autophagy would lead to
apoptosis (Fu et al., 2016). In addition, studies have also shown
that activation of AMPK can reduce the expression of apoptosis-
related proteins Bax, increase Bcl-2, and decrease LC3 expression,
and restore autophagy and mitochondrial function to delay DR-
induced photoreceptor cell degeneration (Song S. et al., 2021).

3.4 Autophagy and diabetic cardiomyopathy

Prolonged diabetes exacerbates diastolic and systolic heart
failure post-myocardial infarction, resulting in myocardium-
specific microvascular complications, significantly elevating
mortality rates among diabetic individuals. DCM, with mild
symptoms in the early stage, is difficult to treat in the later stage.
Thus, comprehending DCM’s pathogenesis holds significant
importance for early diagnosis. Accumulation of ROS is a pivotal
pathogenic factor in DCM development, impeding myocardial
contractility, and normal cardiac function through redox injury,
mitochondrial dysfunction, apoptosis, and myocardial cell fibrosis
(Tan et al., 2020). ROS accumulation also prompts aberrant
autophagy, crucial for cardiac homeostasis across various
cardiovascular cells. Studies indicate abnormal cellular
metabolism and accumulation of damaged organelles in DCM rat
cardiomyocytes. Similarly, preclinical trials involving DCM patients
have demonstrated dysregulated autophagy (Kobayashi and Liang,
2015; Jia et al., 2018). Consequently, autophagy assumes a critical
role in DCM. However, the precise influence of autophagy on DCM
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remains poorly understood. Various researchers have delineated
both protective and pathogenic roles of autophagy in type 1 and type
2 diabetes-induced cardiomyopathy, respectively. Autophagy’s role
may hinge on diabetes type, stage, and severity (Lee et al., 2018;
Dewanjee et al., 2021). Some studies have proposed an “optimal
interval” for autophagy in DCM, where optimal therapeutic effects
are achieved (Xie et al., 2011; Russo et al., 2012).

3.4.1 Type 1 diabetic heart
In type 1 diabetes mellitus, insulin deficiency hampers signal

transduction-regulated glucose and fatty acid transport, leading to
cellular starvation, reduced ATP levels, and subsequent AMPK
activation initiating autophagy. Mice studies that used
chloroquine (CQ) to inhibit autophagy showed cardiomyocyte
damage (Kanamori et al., 2015). However, contradictory findings
also exist. Xu et al. propose autophagy inhibition as an adaptive
response limiting heart damage in type 1 diabetes (Xu et al., 2013).
Similarly, Yuan et al. reported alleviated myocardial apoptosis and
cardiac fibrosis following CQ-induced autophagy inhibition in mice
(Yuan et al., 2016). Thus, further experiments are warranted to
elucidate the impact of autophagy in a type 1 diabetic heart.

3.4.2 Type 2 diabetic heart
In contrast to type 1 diabetes, studies suggest that inhibiting

myocardial cell autophagy in T2DM can enhance myocardial cell
survival. Kanamori et al. found that although the expression of LC3-
II was upregulated in db/db mice with T2DM, degenerated
mitochondria and autophagosomes were observed in the heart of
mice, and neither mature autolysosomes and nor a small amount of
lysosomes were detected, which indicated the delay of autophagy
flux. Thus, the increase of LC3-II accumulation was considered
related to autophagy damage in the last digestive step (Kanamori
et al., 2015). Additional research supports these findings. Kobayashi
et al. observed reduced autophagic flux in cardiomyocytes cultured
in HG, with decreased LC3-II expression. Inhibition of autophagy
with 3-MA reduced cardiomyocyte mortality, while upregulating
Beclin-1 or Atg7 rendered cardiomyocytes susceptible to HG
toxicity (Kobayashi et al., 2012).

Some studies highlight the cardioprotective effects of enhancing
autophagy in T2DM. Metformin’s ability to activate AMPK
enhances autophagy, reducing myocardial fibrosis and
hypertrophy while partially reversing left ventricular dilatation
(Kanamori et al., 2019). Zinc supplementation in diabetic rat
cardiomyocytes led to reduced LC3-II levels and restored cardiac
function, indicating a potential protective role of zinc by inhibiting
autophagy (Lu et al., 2015). Chen et al. demonstrated that AMPK
pathway activation via the helix B surface peptide (HBSP) in STZ-
induced mice increased the LC3-II/LC3-I ratio, reduced p62 levels,
inhibited myocardial cell apoptosis, and restored cardiac function.
Conversely, using 3-MA diminished the HBSP-induced benefits
(Lin et al., 2017).

This conflicting perspective on autophagy-induced DCM
represents the previously mentioned “optimal interval.” While
autophagy activation is often deemed cardioprotective, excessive
autophagy can culminate in cell death. Hence, careful timing and
dosage consideration of autophagy as a therapeutic target for DCM
are pivotal for optimal therapeutic effects.

3.5 Autophagy and diabetic peripheral
neuropathy

DPN is a chronic diabetes-related complication characterized by
symmetrical distal limb numbness, tingling, muscle weakness, and
nociceptive hypersensitivity. As the disease progresses, it can lead to
severe consequences such as diabetic foot ulcers, gangrene, and
amputation. The neural tissue in patients with DPN undergoes
various alterations including hyperglycemia, ROS-induced oxidative
stress and inflammation. These changes lead to dysfunction of the
mitochondria and ER, which exacerbates the accumulation of
harmful substances in neuronal cells and can even lead to
apoptosis (Ardeleanu et al., 2020). Neuronal cells, being highly
sensitive, are deeply affected by autophagy. Thus, autophagic
clearance of harmful neuronal substances remains a key pathway
for maintaining neuronal homeostasis.

Schwann cells (SCs) are nerve fibers in the peripheral nervous
system that rely heavily on autophagy under normal physiological
conditions to eliminate damaged myelinated cell fragments, aiding
in nerve regeneration and repair. In DPN, demyelination and SC
dysfunction resulting from exposure to an HG environment is
noted, which induces critical pathological changes (Wang L.
et al., 2020). HG-induced DPN mice and SCs showed elevated
ROS levels, reduced LC3-II/LC3-I ratio, elevated p62 expression,
and altered myelin thickness; moreover, axon contraction in the
sciatic nerve indicated ROS-induced autophagy dysfunction in SCs
as a potential cause of DPN (Choi et al., 2023). Yang et al.
corroborated decreased autophagosome formation and
downregulated sciatic nerve Beclin-1 in STZ-induced rats,
correlating with axon end expansion and Purkinje cell
degeneration. Adding an autophagy inducer increased Beclin-1
expression in the sciatic nerve, enhancing SCs autophagy,
ameliorating myelin degeneration, and alleviating axon atrophy
(Yang et al., 2014). Moreover, Yuan et al. revealed decreased
Beclin-1 and Atg3 expression in HG-stimulated SCs, yet stilbene
lycorine via the AMPK pathway boosted autophagy, slowing DPN
progression (Yuan et al., 2022). Additionally, translocator protein
(TSPO) agonists displayed therapeutic effects on DPN, although
their exact mechanism remains unclear. STZ-induced rats in the
control group exhibited reduced Beclin-1 and LC3-II/LC3-I ratios in
SCs. TSPO treatment increased Beclin-1 and LC3-II/LC3-I ratios
while reducing p62 accumulation. However, these beneficial effects
were nullified when using 3-MA, suggesting TSPO’s therapeutic role
through autophagy modulation in SCs (Gao et al., 2023).

Some studies highlight that excessive autophagy can induce
apoptosis and neuronal damage. In the STZ-induced DPN rat
model, the expression of Lipin1 (a phosphatidic acid
phosphatase, which is involved in maintaining normal peripheral
nerve conduction function) was downregulated, and excessive
autophagy was observed, which may lead to the increase of SCs
apoptosis and the demyelination of sciatic nerves in DPN rats.
Conversely, Lipin1 overexpression curtailed hyperglycemic-induced
autophagy hyperactivity and apoptosis, ameliorating sciatic nerve
pathology and motor nerve conduction velocity, thereby alleviating
DPN (Wang et al., 2021). It is evident that while moderate
autophagy exerts a positive influence on nerve repair and
regeneration, excessive autophagy results in adverse effects.
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4 Natural products for regulating
diabetic microvascular complications

Owing to the continued explorations of the mechanism of
autophagy, its relationship with DMC is progressively becoming
clearer. Despite claims of inadequate drug efficacy, investigating
NPs with autophagy-regulating abilities offers new avenues for
treating DMC. In recent years, NPs like flavonoids (e.g., apigenin,
puerarin); polyphenols (e.g., paeonol, resveratrol); alkaloids (e.g.,
berberine [BBR]); disaccharide (e.g., trehalose); and amines (e.g.,
melatonin) have exhibited therapeutic potential in diseases via
autophagy regulation. However, recognizing autophagy’s
bidirectional regulatory effect on diseases mandates stringent
evaluation and prediction of autophagy mechanisms, NP
dosage, and action timing to ensure positive and stable
therapeutic outcomes. This section elaborates on how NPs
regulate autophagy through the mTOR, AMPK, and
SIRT1 pathways. Additionally, it delves into NPs-mediated
autophagy regulation in the mitochondria and ER, along with
their roles in reducing oxidative stress, inflammation,
and apoptosis.

4.1 Natural products and DKD

This section examines the use of NPs to target autophagy as a
means of combating DKD. It covers various aspects of autophagy,
including podocyte autophagy, renal epithelial cell autophagy,
mitophagy, and other autophagic pathways. Additionally, it
explores the interplay between autophagy, inflammation, and
apoptosis (Figure 4; Table 1).

4.1.1 Natural products mediate podocyte
autophagy to alleviate renal injury
4.1.1.1 Podocyte autophagy regulated by the
mTOR pathway

Curcumin is derived from Curcuma longa and exhibits anti-
inflammatory and anti-cancer properties. Podocyte epithelial
mesenchymal transition (EMT) causes podocytes to fall off and
be eliminated from the body. When EMT occurs, it is accompanied
by the decrease of epithelial marker E-cadherin. In DKD rats,
curcumin treatment significantly reduces blood glucose, urinary
protein, and urea nitrogen levels. On a molecular level, it
increases E-cadherin and LC3 protein expression while
decreasing PI3K, p-Akt, and TWIST1. The expression of these
proteins was reversed by the application of mTOR inducers.
Therefore, it is suggested that curcumin can induce autophagy
and reduce the changes of EMT in podocytes through the PI3k/
Akt/mTOR pathway to treat DKD (Tu et al., 2019). Furthermore,
Zhang et al., 2020 proved that after curcumin treatment, the
expression of LC3, Beclin-1, UVRAG, ATG5, and Bcl-2
increased, while the expression of Bax and caspase-3 decreased,
indicating that curcumin promoted podocyte autophagy and
inhibited podocyte apoptosis by regulating Beclin-1/UVRAG/Bcl-2.

Berberine, a quaternary alkaloid isolated from Berberis vulgaris,
is widely distributed in the plant kingdom and has antibacterial,
anti-inflammatory, and antitumor properties. In HG-cultured
mouse podocytes clone 5 (MPC5) cells, BBR activates autophagy
by inhibiting the mTOR/P70S6K/4EBP1 signaling pathway, thereby
safeguarding podocytes (Li C. et al., 2020). Moreover, BBR’s
protective effect on podocytes involves increased Beclin-1
expression, LC3II/LC3I ratio, and autophagosome count via
AMPK activation and mTOR inhibition. This effect is attenuated

FIGURE 4
NPs target autophagy to fight DKD. Green arrows indicate downstream cellular events; red lines indicate inhibition. Related NPs target different
nutrient-sensing and other pathways to activate autophagy in podocytes and renal epithelial cells, reducing oxidative stress, inflammation, and apoptosis.
This helps alleviate the symptoms of DKD.
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TABLE 1 NPs to target autophagy as a means of combating DKD.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Curcumin Turmeric In vitro MPC5 cells 40 μM 24h PI3K/AKT/mTOR ↓PI3K/AKT Activation Tu et al. (2019)

In vivo Male SD rats 300 mg/kg 8 weeks ↓mTOR ↓TWIST1
↑Beclin1, LC3 ↓p62

Curcumin Turmeric In vitro MPC5 cells 20,40,80μM48,78h Beclin-1/UVRAG/
Bcl-2

↑Beclin1, LC3 Activation Zhang et al.
(2020)

↑UVRAG, Atg5
↓p62 ↑Bcl-2

Berberine Coptis
chinensis

In vitro Mouse
podocytes

30,60,90 μM 24h mTOR/P70S6K/
4EBP1

↑mTOR Activation Li et al. (2020a)

↑P70S6K/4EBP1

↑LC3II/I
↓p62 ↓caspase-3

Berberine Coptis
chinensis

In vitro MPC5 cells 2.5 μM 20h AMPK/mTOR ↑AMPK ↓mTOR
↑Beclin-1,LC3II/
I ↓p62

Activation Jin et al. (2017)

Hispidulin Plantago
asiatica

In vitro MPC5 cells 2.5 μM 24h Pim1/p21/mTOR ↓Pim1/p21 Activation Wu et al.
(2018)

↓mTOR ↑Beclin-1

Isoorientin Fenugreek In vitro MPC5 cells 40 μM 72h PI3K/AKT/TSC2/
mTOR

↓PI3K/AKT ↓TSC2 Activation Kong et al.
(2023b)

In vivo C57BL/6J
mice

10,20,40 mg/kg
2 months

↓mTOR ↑Beclin-1,
LC3II/I ↓p62

Catalpol Rehmannia
glutinosa

In vitro Mouse
podocytes

1,5,10 μM 48h mTOR/TFEB ↓mTOR ↑TFEB Activation Chen et al.
(2019b)

In vivo C57BL/6J
mice

30,60,120 mg/kg
8 weeks

↑mRFP

↑LC3B

↓p62

NGR1 Panax
notoginseng

In vitro Human
podocyte

20 μM 24h PI3K/AKT/mTOR ↓PI3K/AKT Activation Huang et al.
(2017a)

↓mTOR ↑Beclin1,
LC3II ↓caspase-3, 9

Tripterygium
glycoside

Tripterygium In vitro MPC5 cells 1.25 μM β-arrestin-1 ↓β-arrestin-1 Activation Zhan et al.
(2019)

24h ↑LC3II/I

↓p62

Tripterygium
glycoside

Tripterygium In vitro MPC5 cells 1.25 μM mTOR/Twist1 ↓mTOR Activation Tao et al.
(2021)

24h ↓Twist1
↑Beclin1,LC3II/I
↓EMT,N-cadherin

Emodin Rhubarb In vivo Male SD rats 20,40 mg/kg
8 weeks

AMPK/mTOR ↑AMPK ↓mTOR
↑Beclin-1,LC3II/
I ↓p62

Activation Liu et al. (2021)

Geniposide Gardenia In vivo C57BL/6J
mice

50 mg/kg AMPK/AKT ↑AMPK ↓AKT
↑Beclin-1,LC3II/I
↓PGC-1α

Activation Dusabimana
et al. (2021)

5 weeks ↓TNFα

Kaempferol broccoli In vivo db/db mice 50,100 mg/kg AMPK/mTOR ↑AMPK ↓mTOR
↑Beclin-1, LC3II
↓p62 ↑Bcl-2

Activation Sheng et al.
(2022)

12 weeks ↓Bax,caspase-3

(Continued on following page)
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TABLE 1 (Continued) NPs to target autophagy as a means of combating DKD.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Mangiferin Mangifera
indica L

In vivo Male SD rats 12.5,25,50 mg/kg AMPK/mTOR ↑AMPK ↓mTOR Activation Wang et al.
(2018b)

12 weeks ↑p-ULK1

↑Beclin-1,
LC3II ↓p62

Resveratrol Grape leaves In vivo Male SD rats 5 mg/kg SIRT1 ↑SIRT1 Activation Ma et al. (2016)

4 months ↑Beclin-1,LC3II/I
↓p62 ↑Atg5,7

↓TNFα,IL-6

Resveratrol Grape leaves In vitro Human
podocytes

0,5,10,15 μM 48h miR-383-5p ↓miR-383-5p Activation Gowd et al.
(2020)

In vivo db/db mice 10 mg/kg ↑Beclin-1,
LC3II ↓p62

12 weeks ↑Atg5

↓Bax,caspase-3

Resveratrol Grape leaves In vitro Mouse
podocytes

1,10,100 μM 12h miR-18a-5p ↑miR-18a-5p Activation Huang et al.
(2017b)

In vivo db/db mice 100 mg/kg ↓ATM

12 weeks ↑Beclin-1,LC3II/
I ↓p62

AS-IV Astragalus In vitro Mouse
podocytes

20,50,100 μM 48h SIRT1/NF-κB ↑SIRT1/NF-κB Activation Wang et al.
(2019c)

In vivo Polygenic
KK-Ay mice

40 mg/kg ↑Beclin-1,
LC3II ↓ECM

12 weeks

AS-IV Astragalus In vivo C57BL/6J
mice

3,6,12 mg/kg SERCA2b, AMPK ↑SERCA2b Activation Guo et al.
(2017)

8 weeks ↑AMPK

↑Beclin-1,LC3II/I
↓ATF6,PERK,
↓IRE1α, p-eIF2α

↓caspase-3,12

Puerarin Radix puerariae In vivo C57BL/6J
mice

5,10,20,40 mg/kg HMOX-1, SIRT1/
AMPK

↑HMOX-1 Activation Li et al. (2020b)

12 weeks ↑SIRT1/AMPK

↑Beclin-1,LC3II/I

Puerarin Radix puerariae In vivo C57BL/6J
mice

40,80 mg/kg PERK/eIF2α/
ATF4

↑PERK/eIF2α
↑ATF4

Activation Xu et al.
(2020b)

8 weeks ↑Beclin-1,LC3II/I

↑Atg5 ↓p62

Celastrol Tripterygium In vitro Mouse
podocytes

0.1, 0.2, 0.6,
1.0,1.5,2μM5h

HO-1 ↑HO-1 Activation Zhan et al.
(2018)

↑Beclin-1,LC3II/I

↓p62

↓TNFα,IL-6

(Continued on following page)
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TABLE 1 (Continued) NPs to target autophagy as a means of combating DKD.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Ferulic acid Many plants In vivo C57BL/6J
mice

200 mg/kg Beclin-1, NLRP3 ↑Beclin-1,LC3II/I Activation Ma et al. (2022)

8 weeks ↓p62

↓NLRP3,IL-1β

Cordyceps
Militaris
Polycystide

Cordyceps
militaris

In vivo C57BL/6J
mice

200,400 mg/kg Beclin-1, NLRP3 ↑Beclin-1,LC3 Activation Chen et al.
(2019a)

6 weeks ↑Atg5 ↓p62 ↓MCP-
1,IL-1β

Wogonin Scutellaria
baicalensis
Georgi

In vitro MPC5 cells 4,8,16Μm Bcl-2 ↑Bcl-2 Activation Liu et al.
(2022b)

24h ↑Beclin-1,LC3

In vivo C57BL/6J
mice

10,20,40 mg/kg ↑Atg7 ↓p62

12 weeks ↓Bax,caspase-3

↓TNFα,IL-6

Sinensetin Citri Reticulatae
Pericapium

In vitro MPC5 cells 80 µM 72h LC3, P62 ↑LC3 Activation Kong et al.
(2023a)

In vivo C57BL/6J
mice

10,20,40 mg/kg ↓p62

8 weeks

Sarsasapogenin Anemarrhena
asphodeloides
Bunge

In vitro MPC5 cells 20,40 µM 24h GSK-3β ↓pTyr216-GSK3β Activation Li et al. (2021c)

In vivo Male SD rats 20,60 mg kg ↑pSer9- GSK3β

10 weeks ↑Beclin-1,LC3

↑Atg5

↓p62

Ginsenoside
Rg1

Ginseng In vitro MPC5 cells 40 µM 48h AKT/GSK-3β/β-
catenin

↑AKT/GSK-3β Activation Shi et al. (2020)

In vivo Male SD rats 50 mg/kg ↓β-catenin

8 weeks ↑Beclin-1,LC3Ⅱ

↓p62

Curcumin Turmeric In vitro NRK-52E
cells

10 µM 48h PI3K/AKT ↑PI3K/AKT ↑Beclin-
1,LC3II/I

Activation Wei et al.
(2017b)

↓p62

↓Bax,caspase-3

Tretinoin Tripterygium In vitro HMCs 10 µM 48h miR-141-3p/
PTEN/Akt/mTOR

↓miR-141-3p Activation Li et al. (2017b)

In vivo Male SD rats 200 μg/kg ↑PTEN

12 weeks ↓Akt/mTOR

↑LC3 ↓p62

↓RIF

DHM Ampelopsis
Michx

In vitro NRK-52E
cells

1 μM miR-155-5p/
PTEN

↓miR-155-5p Activation Guo et al.
(2020a)

24h, 48h PI3K/AKT/mTOR ↑PTEN

In vivo Male SD rats 100 mg/kg ↓AKT/mTOR

10 weeks ↑Beclin-1,LC3II/I
↓p62 ↓RIF

(Continued on following page)
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TABLE 1 (Continued) NPs to target autophagy as a means of combating DKD.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

CPT Cyclocarya
paliurus

In vitro HK-2 cells 5.20 μM AMPK/mTOR ↑AMPK/mTOR Activation Zhang et al.
(2019)

48h ↑Beclin-1,LC3II/
I ↓p62

In vivo Male SD rats 40,160 mg/kg ↓caspase-3

10 weeks ↓RIF

Asiatic acid Cyclocarya
paliurus

In vitro HK-2 cells 1.5 μM TGFβ1/smad3 ↓TGFβ1/smad3 Activation Zhang et al.
(2022c)

24h ↑LC3,LAMP1

In vivo Male SD rats 10,30 mg/kg ↓p62

15 weeks ↓α-SMA

↓EMT

Syringic acid Many plants In vitro NRK- 52E
cells

10,20 μM Nrf2 ↑Nrf2,NQO-1 Activation Sherkhane et al.
(2023)

48h ↑Beclin-1,LC3

In vivo Male SD rats 20,50 mg/kg ↑Atg3,5,7

4 weeks ↓p62

↓ROS

Astilbin Glabrous
greenbrier
rhizome

In vitro HK-2 cells 10,20 μM PI3K/AKT ↑PI3K/AKT Inhibition Chen et al.
(2018a)

24h ↓Beclin-1,LC3II/I

↑p62

↓Bax,caspase-3

Paeoniflorin Radix Paeonia
rubra

In vitro Rat
glomerular
mesangial
cells

25,50 μM RAGE, mTOR ↓RAGE ↑mTOR Inhibition Chen et al.
(2017)

24h ↓Beclin-1,LC3II/I

↑p62

Diosgenin Rhizoma
dioscoreae

In vivo Male SD rats 20 mg/kg PINK1/Parkin,
AMPK/mTOR

↑PINK1/Parkin Activation Zhong et al.
(2022a)

8 weeks ↑AMPK/mTOR

↓PERK/eIF2α
↓ATF4,CHOP

↑Beclin-1,LC3

↓Bax,caspase-12

Diosgenin Rhizoma
dioscoreae

In vitro HK-2 cells 1,2,4 μM CaMKK2, PINK1/
Parkin, AMPK/
mTOR

↑CaMKK2, ↑PINK1/
Parkin

Activation Zhong et al.
(2023)

24h ↑AMPK/mTOR

In vivo Male SD rats 10,20 mg/kg ↓PERK/eIF2α
↓ATF4,CHOP

8 weeks ↑Beclin-1,LC3

↓Bax,caspase-12

(Continued on following page)
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after 3-MA treatment, affirming BBR’s protective action on
podocytes through autophagy (Jin et al., 2017).

Hispidulin is a natural flavonoid mainly extracted from
Artemisia pilosula. Hispidulin possesses anti-inflammatory,
hypoglycemic, and anti-angiogenesis properties. It induces
autophagy by activating the Pim1/p21/mTOR signal axis,
thereby mitigating HG-induced podocyte damage (Wu et al.,
2018). Isoorientin, a flavonoid derived from the leaves of Bamboo
and Charcot, has anti-oxidant and anti-inflammatory properties
and improves IR. Under HG conditions, isoorientin stimulates
autophagy via the PI3K/AKT/TSC2/mTOR pathway,
significantly improving the damaged mitochondria’s
autophagic clearance rate to protect podocytes. (Kong
et al., 2023b).

Catalpol is a natural iridoid glycoside compound derived from
Chinese medicinal herb Rehmannia glutinosa. It relieves renal
pathological damage in DKD mice and rescues foot cytoskeletal
destruction induced by HG. Catalpol enhances autophagy by
inhibiting mTOR activity and promoting TFEB nuclear
translocation, thus stabilizing podocyte cytoskeleton (Chen Y.
et al., 2019). Notoginsenoside R1 (NGR1), derived from the dried
roots and rhizomes of Panax notoginseng, is also a terpenoid.
NGR1 protects podocytes from HG-induced injury by increasing
autophagy, inhibiting apoptosis, and promoting cytoskeletal
restoration via activation of the PI3K/Akt/mTOR pathway
(Huang G. et al., 2017).

Tripterygium glycoside (TG), one of the active substances
extracted from Tripterygium, has immunosuppressive and anti-
inflammatory properties and has been used to reduce proteinuria
in DKD patients. Zhan et al. showed that the effect of TG on

podocytes is via both the activation of autophagy and the
downregulation of β-arrestin-1 (Zhan et al., 2019). Mei et al.
reported that overexpression of Twist1 could aggravate podocyte
damage, and the podocyte damage was relieved after TG treatment.
After adding mTORC1 activator, its therapeutic effect on podocytes
was reversed. Therefore, TG can also activate autophagy through
mTOR/Twist1 signaling pathway to alleviate EMT and podocyte
apoptosis (Tao et al., 2021).

4.1.1.2 Podocyte autophagy regulated by AMPK pathway
Emodin is extracted from Pinelliae Rhizoma and Palmariae

Rhizoma, and it reduces proteinuria and mitigates podocyte foot
process fusion in DKD rats. Treatment with emodin increases LC3-
II/I, p-AMPK, and Beclin-1 while reducing p62 and p-mTOR
expression, suggesting rhodopsin-induced podocyte protection
through enhanced autophagy via the AMPK/mTOR pathway (Liu
et al., 2021).

Geniposide extracted from Gardenia is used to treat
cardiovascular and cerebrovascular diseases as well as diabetes. In
DKD mice, geniposide reduces podocyte loss, improves renal
function, increases AMPK activity, and enhances autophagy.
Moreover, it mitigates oxidative stress and inflammation in the
kidney by reducing AKT activity (Dusabimana et al., 2021).

Kaempferol is a flavonoid and is widely present in fruits and
vegetables. It alleviates mesangial matrix expansion and podocyte
loss or fusion in DKD. It slows DKD progression by upregulating
podocyte autophagy via the AMPK/mTOR pathway, evidenced by
increased LC3II, Beclin-1, p-AMPK, Bcl-2, Atg7, and Atg5, and
decreased p-mTOR, Bax, caspase-3, and p62 expression (Sheng
et al., 2022). Mangiferin and phenolics from Physalis peruviana

TABLE 1 (Continued) NPs to target autophagy as a means of combating DKD.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Jujuboside A Jujube In vivo Male SD rats 20 mg/kg CaMKK2, PINK1/
Parkin, AMPK/
mTOR

↑CaMKK2, ↑PINK1/
Parkin

Activation Zhong et al.
(2022b)

8 weeks ↑AMPK/mTOR

↓PERK/eIF2α
↓ATF4,CHOP

↑Beclin-1,LC3

↓Bax,caspase-9

Melatonin Pineal body In vitro HK-2 cells 100 μM PINK1/Parkin,
AMPK

↑PINK1/Parkin Activation Tang et al.
(2022)

24h ↑AMPK

In vivo C57BL/6J
mice

0.2 mg/kg ↑LC3 ↓p62

12 weeks ↓α-SMA

↓TNFα,IL-1β

Isorhamnetin Hippophae
rhamnoides L

In vivo Male Wistar
rats

50 mg/kg miR-15b, miR-34a,
miR-633

↓miR-15b ↓miR-34a
↓miR-633

Activation Matboli et al.
(2021)

4.8 weeks ↑ULK1, WIPI
↑FYCO1,TECPR

↑LC3II/I ↓p62
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fruits have both been shown to exert a protective effect on the kidney
by enhancing autophagy through the AMPK/mTOR pathway
(Wang X. et al., 2018; Ezzat et al., 2021).

4.1.1.3 Podocyte autophagy regulated by SIRT1 pathway
Resveratrol (RSV), a non-flavonoid polyphenol, can be

synthesized in the leaves and skins of grapes and has antioxidant
and anticancer properties and offers cardiovascular protection. RSV,
as an activator of SIRT1 and AMPK, promotes the expression of
SIRT1 under hypoxic conditions, up-regulating the expression of
LC3, Atg7, and Atg5, and activates hypoxia-induced autophagy (Ma
et al., 2016). Interestingly, RSV can inhibit ER stress by reducing the
production of ROS and AGEs and activate AMPK to promote
autophagy (Gowd et al., 2020). According to Huang et al. and
Xu et al., RSV can inhibit miR-383-5p and upregulate miR-18a-5p,
resulting in an increase in the ratio of LC3II to LC3I and a decrease
in the expression of caspase-3 in podocytes, to inhibit foot cell
apoptosis. The above protective effect of RSV can be inhibited by 3-
MA, which further proves that RSV exerts therapeutic effect in DKD
through autophagy (Huang SS. et al., 2017; Xu et al., 2017).

Astragaloside IV (AS-IV), extracted from Astragalus
membranaceus, has good anti-virus and hypoglycemic effects.
After intervention with astragaloside IV, the expression of
SIRT1 is increased and the acetylation of NF-κB subunit p65 is
decreased, reversing the EMT of podocyte, enhancing autophagy
and protecting podocyte (Wang X. et al., 2019). Guo et al. also found
that astragaloside IV improved the expression of sarcoendoplasmic
reticulum Ca2+ ATPase 2b (SERCA2b) and activated AMPK,
improving ER stress, activating autophagy and preventing the
progress of DKD (Guo et al., 2017).

Puerarin extracted from radix puerariae, a leguminous plant, is
often used in patients with coronary heart disease and hypertension.
On the one hand, puerarin upregulates autophagy through
HMOX1 and SIRT1, protecting podocytes and delaying the
progression of DKD (Li X. et al., 2020). On the other hand,
under conditions of ER stress, puerarin upregulates the PERK/
eIF2α/ATF4 signaling pathway; increases the expression of
Beclin-1, LC3II, and Atg5; downregulates the expression of p62,
and alleviates renal injury (Xu X. et al., 2020).

4.1.1.4 Podocyte autophagy regulated by other pathways
Celastrol, another natural compound extracted from

Tripterygium, activates heme oxygenase-1 (HO-1) expression,
thus increasing LC3-II expression; activates autophagy; and
reduces apoptosis, inflammatory reaction, and IR of lower
podocytes induced by HG (Zhan et al., 2018).

Ferulic acid (FA) is a phenolic acid widely existing in plants. After
intervention with FA, a series of clinical indices of DKD mice showed
improvement, wherein the expression of LC3 was upregulated and the
expression of p62 and interleukin-1β (IL-1β) were inhibited, confirming
that FA plays a therapeutic role in DKD by increasing autophagy and
inhibiting inflammation (Ma et al., 2022).

After the treatment of DKD mice with Cordyceps militaris
polysaccharides, the autophagy rate was increased, and the
expression of Atg5, Beclin-1, and LC3 proteins increased, thus
promoting the recovery of renal function (Chen DD. et al., 2019).

Wogonin is a flavonoid from the root of Scutellaria baicalensis
Georgi. Scutellarin promotes autophagy by regulating the expression

of Bcl-2, inhibiting apoptosis of MPC5 cells induced by HG, and
relieving glomerular injury (Liu XQ. et al., 2022). Sinensetin is a
flavonoid compound existing in Citri Reticulatae Pericarpium.
Treatment with sinensetin results in the upregulation of
LC3 expression and downregulation of p62 expression in
MPC5 cells under HG conditions, and the activation of
autophagy significantly increases the viability of podocytes (Kong
et al., 2023a).

Experiments have further confirmed the therapeutic effect of
stimulating the GSK-3β signaling pathway in DKD. Sarsasapogenin,
one of the main active components of lily, restores podocyte
autophagy by activating the GSK-3β signal pathway (Li XZ. et al.,
2021). Ginsenoside Rg1, one of the active components of ginseng,
can alleviate EMT by enhancing autophagy mediated by the AKT/
GSK-3β/β-catenin pathway (Shi et al., 2020).

4.1.2 Natural products’ intervention in the
autophagy of RTECs to alleviate renal injury

Curcumin not only acts on podocytes but also participates in the
regulation of epithelial cells. Curcumin upregulates autophagy by
inducing the PI3K/AKT pathway in rat epithelial cells (NRK-52E),
which reverses the increase of apoptosis of epithelial cells after AGEs
treatment, and thus plays a renoprotective role (Wei Y. et al., 2017).

Tretinoin is a natural compound extracted from Tripterygium.
TG and celastrol exert their therapeutic effects on DKD mainly by
affecting autophagy in podocytes, while triptolide plays a role by
restoring autophagy in human mesangial cells (HMCs) induced by
HG and reducing fibrosis. The mechanism is mainly related to
inhibition of the miR-141-3p/PTEN/Akt/mTOR pathway (Li XY.
et al., 2017).

Dihydromyricetin (DHM), a flavonoid, is the main active
ingredient in Rattan tea. In DKD rats and HG-induced NRK-52E
cells, DHM regulates the miR-155-5p/PTEN signaling pathway and
the PI3K/AKT/mTOR signaling pathway to promote autophagy and
attenuate renal interstitial fibrosis (Guo L. et al., 2020).

Cyclocarya paliurus (CP), the fraction of which enriches
triterpenic acids (CPT) alleviates renal injury by regulating the
AMPK/mTOR pathway and activating autophagy (Zhang et al.,
2019). In later research, Zhang et al., 2022c also found that asiatic
acid (a further extract of CPT) in DKD rats and HG-induced human
RTECs (HK-2) inhibited transforming growth factor-b type I
receptor (TGF-bRI) and activated the autophagy-lysosomal
system, thus altering the progression of EMT and inhibiting renal
tubulointerstitial fibrosis.

Syringic acid exists in many kinds of dried fruits and plants. In
DKD rats and NRK-52E cells, syringic acid increases the expression
of Atg3, Atg5, and Atg7 and improves the level of Nrf2 in diabetic
rats, to exert renoprotective effects (Sherkhane et al., 2023).

Some NPs have been used in the treatment of DKD by inhibiting
the activity of autophagy. Astilbin is extracted from the Glabrous
Greenbrier Rhizome, which has hypoglycemic and antioxidant
effects. In HG-induced HK-2 cells, astilbin inhibits autophagy
and apoptosis in HK-2 cells through the PI3K/Akt pathway
(Chen F. et al., 2018). Paeoniflorin, isolated from radix Paeonia
rubra and the root of herbaceous peony, has antioxidant, anti-
platelet aggregation, and anti-inflammatory effects. Paeoniflorin
inhibits autophagy by inhibiting the receptor for advanced
glycation endproducts (RAGE) and up-regulating p-mTOR levels
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to counteract mesangial cell dysfunction induced by AGEs (Chen
et al., 2017).

4.1.3 Natural products interfere with mitophagy to
alleviate renal injury

Diosgenin (DIO), an important basic raw material for the
production of steroid hormone drugs, is widely found in
leguminous and Dioscoreaceae plants. Mitophagy is mediated by
PINK1-PARKIN. DIO can reverse disorders of the mitochondrial
respiratory chain; enhance the activity of antioxidant enzymes; and
downregulate the expression of mitochondrial apoptosis proteins
Bax, CytC, Apaf-1, and caspase-9 and that of ER-related kinases
p-PERK, p-IRE1, and ATF4. This results in inhibition of apoptosis
caused by mitochondrial and ER stress. DIO also enhances
autophagy through the AMPK-mTOR pathway (Zhong et al.,
2022a). In subsequent experiments, they further proposed that
DIO targeted CaMKK2 to regulate the AMPK-mTOR and
PINK1-Parkin pathways to improve autophagy and mitophagy to
alleviate the progression of DKD (Zhong et al., 2023). Jujuboside A is
a glycoside isolated from the seeds of jujube, and its therapeutic
mechanism for DKD is the same as that of Diosgenin, which
reaffirms that improvement of mitophagy and ER stress can play
a therapeutic role in DKD (Zhong et al., 2022b).

Melatonin (Mel) is an indole heterocyclic compound produced by
the pineal gland that scavenges ROS accumulation and has a potent
antioxidant capacity. Mel promotes AMPK, PINK1, and Parkin
activation, thereby activating mitophagy. Therefore, Mel protects the
kidney through the enhancement of mitophagy, reduction of oxidative
stress, and inhibition of inflammation (Tang et al., 2022).

4.1.4 Natural products interfere with autophagy
through other ways to alleviate renal injury

Epigenetic modulation of non-coding RNAs plays a key role
in the pathogenesis of diabetes and kidney injury, and in
pancreatic β-cells of DM patients, several miRNAs such as
miR-633 are dysregulated. As mentioned above, RSV (Huang
SS. et al., 2017; Xu et al., 2017) which affects podocyte autophagy,
as well as ryanodine (Li XY. et al., 2017) and DHM (Guo L. et al.,
2020) that affect epithelial cell autophagy, all involve miRNA
regulation. Derived from Hippophae rhamnoides L.,
isorhamnetin administration in DKD rats enhances LC3 II/I
protein expression and autophagosome count, improving renal
conditions. WIPI and FYCO1 are involved in the PI3K complex
formation during nucleation, and TECPR is involved in
autophagosome-lysosome fusion. By reducing miR-15b, miR-
34a, and miR-633 expressions, isorhamnetin increases
downstream autophagy transcription signals ULK1, WIPI,
FYCO1, and TECPR mRNA expression, thereby bolstering the
protective role of autophagy (Matboli et al., 2021)

4.2 Natural products and diabetic
retinopathy

This section examines the use of NPs to target autophagy as a
means of combating DR. It covers various aspects of autophagy,
including autophagy of the BRB, glial cell autophagy, and
mitophagy. Additionally, it explores the interplay between
autophagy, inflammation, and apoptosis (Figure 5; Table 2).

FIGURE 5
NPs target autophagy to fight DR. Green arrows indicate downstream cellular events; red lines indicate inhibition. Related natural products target
different nutrient-sensing pathways and other pathways, activate BRB autophagy, and autophagy in glial cells and ER autophagy and reduce oxidative
stress, inflammation, and apoptosis, thus alleviating the symptoms of DR.
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TABLE 2 NPs to target autophagy as a means of combating DR.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Norkurarinone
and
Isoxanthohu-mol

Sophora
flavescens
Aiton

In vitro HRMECs 15,20,40,80 μM
24,48h

PI3K/AKT/
mTOR

↓PI3K/AKT Inhibition Zhao et al.
(2022)

↓mTOR ↓Beclin-
1,LC3Ⅱ ↓ATG5
↑P62 ↓ROS

Arjunolic acid Cyclocarya
paliurus

In vitro ARPE- 19 cells 5.10 μm 24h AMPK/mTOR/
HO-1

↑AMPK,HO-1
↓mTOR,
p62 ↑Beclin-1,
LC3II/I ↓TNF-α,IL-
1β ↓Bax,caspase-3

Activation Zhang et al.
(2022b)

In vivo Male SD rats 30 mg/kg
10 weeks

Diosgenin Rhizoma
dioscoreae

In vitro ARPE- 19 cells 10,50,100 μM
24h

AMPK/Nrf2/
HO-1

↑AMPK,HO-1
↑Nrf2 ↑Beclin-
1,LC3II/I
↑SOD,GSH-Px ↓IL-
1β,TNF-α ↓Bax,
caspase-3

Activation Hao and Gao
(2022)

Resveratrol Grape leaves
In vitro

In vitro Bovine REC 20 μm AMPK/SIRT1/
PGC-1α

↑AMPK/
SIRT1 ↑PGC-1α
↓caspase-3 ↓ROS

Activation Li et al. (2017a)

48h

Artesunate Artemisinin In vivo Male SD rats intravitreal
injection

AMPK/SIRT1 ↑AMPK,
SIRT1 ↑Beclin-1,
LC3II/I ↓p62 ↓ROS
↓IL-6,MCP-1

Activation Li et al. (2023)

2 or 10 lg in 1 lL
vehicle

Stachydrine Leonurus
heterophyllus

In vitro HRMECs 6.25,12.5.25 μM AMPK/SIRT1 ↑AMPK,
SIRT1 ↑Beclin-1,
LC3II/I ↓p62 ↓TNF-
α,IL-1β ↓ROS

Activation Yu et al. (2023)

24h

In vivo Male SD rats 40 mg/kg
2 weeks

Arbutin Bearberry In vitro ARPE- 19 cells 25,50,100 μM
24,48h

SIRT1 ↑SIRT1 Activation Ma et al. (2021)

↑Beclin-1, LC3II/I

↓Bax,caspase-
3 ↓TNF-α,IL-1β

Melatonin Pineal body In vitro HRMECs 100 μM 24h Wnt/β-catenin ↑Beclin-1,LC3II/I
↓p62 ↓IL-1β,TNF-α

Activation Dehdashtian
et al. (2018)

In vivo Male SD rats 10 mg/kg
3 weeks

Quercetin Apple In vitro HRMECs 20,40,80 μM NLRP3 ↓NLRP3,
caspase1 ↓Beclin-1,
LC3 ↓IL-1, IL-18

Inhibition Li et al. (2021b)

48h

Procyanidin Grape seeds In vitro ARPE- 19 cells 10 μM 48h P53/mTOR ↓p53 ↑p-mTOR, p62
↓LC3II/I ↓Bax,
caspase-3

Inhibition Li et al. (2022)

Epigallocatechin-
3- gallate

Green tea In vitro Müller cell 20 μm 24h mTOR ↓mTOR ↓p62 Activation Wang et al.
(2019a)

↑Beclin-1, LC3II
↓Caspase-3

Gypenoside XVII GynOstemma In vivo db/db mice 10,20 mg/kg
5 weeks

Beclin-1, LC3-II ↑Beclin-1,LC3-II
↑ATG-5,Bcl-2 ↓p62
↓Bax,caspase-3
↑SOD,GSH-px

Activation Luo et al.
(2021)

Berberine Coptis
chinensis

In vitro Müller cell 2.5,5,10,20 μM
48h

AMPK/mTOR ↑p-AMPK ↓p-
mTOR ↑Beclin-
1,Bcl-2
↓Bax,caspase-3

Activation Chen et al.
(2018b)

(Continued on following page)
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4.2.1 Natural products interfere with autophagy of
the BRB to alleviate retinal damage
4.2.1.1 Autophagy of retinal vascular cells regulated by the
mTOR pathway

Norkurarinone and isoxanthohumol are the ethyl acetate extracts of
Sophora flavescens Aiton. In addition, these compounds can also inhibit
cell migration and the generation of tubular structure of human retinal
microvascular endothelial cells (HRMECs) induced byHG and hypoxia
(HGY) to inhibit the formation of new blood vessels. In molecular
studies, norkurarinone and isoxanthohumol could increase the mRNA
levels of PI3K, AKT, andmTOR and inhibit autophagy, thereby leading
to the downregulation of Beclin-1, LC3-Ⅱ, and ATG5 expression and
the upregulation of P62 expression; this reduces the production of ROS
and protects the mitochondrial structure. In summary, norkurarinone
and isoxanthohumol inhibit autophagy by activating the PI3K/AKT/
mTOR signaling pathway to prevent the formation of new blood vessels
(Zhao et al., 2022).

4.2.1.2 Autophagy of the BRB regulated by the
AMPK pathway

Arjunolic acid (AA) is also a triterpenoid isolated from C.
paliurus with antioxidant and antibacterial and anti-inflammatory
effects. Like CPT, AA can exert therapeutic effects on diseases by
activating autophagy through the AMPK/mTOR pathway (Zhang
et al., 2019). Interestingly, AA can lower ROS by promoting the
expression of HO-1 in DR rats and HG-induced ARPE cells, further
affecting autophagy and protecting RPE cells (Zhang et al., 2022b)

Besides kidney injury, DIO can also be used to treat retinal injury
(Zhong et al., 2022a; Zhong et al., 2023). After DIO intervention, the
viability of ARPE-19 cells induced byHG is enhanced and the apoptosis
of ARPE-19 cells is inhibited. The activation of AMPK can not only
inhibit mTOR but also increase Nr2 nuclear translocation, thereby
increasing the expression of downstreamHO-1.WhenAMPK inhibitor
is added, the above therapeutic effects of DIO are reversed. Therefore,
the mechanism of action of DIO is similar to that of AA, which is to
promote the increase of autophagy and reduce oxidative stress by
activating the AMPK/Nrf2/HO-1 pathway to protect PRE cells (Hao
and Gao, 2022).

4.2.1.3 Autophagy of the BRB regulated by the
SIRT1 pathway

In addition to DKD, RSV influences DR through autophagy
regulation. It reduces apoptosis, ROS, and caspase-3 expression in
HG-induced bovine retinal capillary endothelial cells by activating

AMPK/Sirt1/PGC-1α signaling, enhancing autophagy, and reducing
ROS-induced apoptosis (Li J. et al., 2017).

Artesunate is derived from artemisinin, and it boosts autophagy
via the AMPK/SIRT1 pathway; lowers IL-6, MCP-1, and ROS levels;
reduces BRB permeability; and inhibits retinal thickness increase in
DR rats (Li et al., 2023).

Stachydrine is an alkaloid extracted from Leonurus
heterophyllus. In DR rats and HG-treated HRMECs, stachydrine
significantly increases p-AMPK, SIRT1, Beclin-1, and LC3-II
protein levels, decreases levels of p62, and inhibits ROS and
inflammatory factors. When SIRT1 inhibitors are applied, the
ability of stachydrine to repair and protect the retinal fiber layer
and protect HRMECs is limited. Therefore, stachydrine exerts
therapeutic effects by activating autophagy and reducing
inflammation through the AMPK/SIRT1 pathway (Yu et al., 2023).

Arbutin, a polyphenol extracted from arbutus leaves, has the
effects of sterilization and anti-inflammation. Arbutin has been
described above to protect ARPE cells by activating autophagy
and inhibiting inflammation via the SIRT1 pathway (Ma
et al., 2021).

Mel inhibits the Wnt/β-catenin pathway, reduces IL-1β and
TNF-α expression, and restores Beclin-1 and LC3-II/I levels,
protecting HRMECs from HG-induced damage by reducing
inflammation and partially restoring autophagy dysfunction
(Dehdashtian et al., 2018).

4.2.1.4 Inhibition of autophagy to protect blood-
retinal barrier

Quercetin, a flavonol compound present in various plants such
as apples and potatoes, inhibits angiogenesis in HRMECs induced by
HG. Its effects involve reduced LC3, Beclin-1, NLRP3, and IL-1
expression, leading to inhibition of autophagy and inflammation,
potentially contributing to inhibition of RPE cell angiogenesis (Li R.
et al., 2021).

Procyanidin is a polyphenol compound widely found in plants.
It has strong inoxidizability and is mostly used to promote blood
circulation and protect vision. Proanthocyanidins protect RPE cells
by inhibiting autophagy through the p53/mTOR pathway (Li
et al., 2022).

4.2.2 Natural products interfere with glial cell
autophagy to alleviate retinal damage

Epigallocatechin-3-gallate (EGCG), the major polyphenol in
green tea, has the effects of anti-oxidation, anti-angiogenesis, and

TABLE 2 (Continued) NPs to target autophagy as a means of combating DR.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

NGR1 Notoginseng In vitro Müller cell 5,10,20,40 μM
24h

PINK1/Parkin ↑PINK1/Parkin
↑LC3II/I ↓p62/
SQSTM1
↓ROS,4-HNE

Activation Zhou et al.
(2019b)

In vivo db/db mice 30 mg/kg
12 weeks

Plumbagin Plumbago
zeylanica

In vivo Female and
male adult D.
melanogaster

30 nM 10 days LC3-II, Nrf2 ↑LC3II
↓p62 ↓caspase-3
↓ATF4 ↓ROS, Nrf2

Activation Catalani et al.
(2023)
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anti-thrombosis. In HG-induced Müller cells, apoptosis appears
increased, and there is an increase in caspase-3 expression, a
decrease in Beclin-1 and LC3-II expression and an increase in
p62 expression. This change may be caused by lysosomal
dysfunction. EGCG can regulate the formation of
autophagosomes and autophagic lysosomes through the mTOR
pathway, increasing autophagic flux and reversing the above
situation. After the addition of 3-MA or rapamycin, the effect of
EGCG is inhibited, which further proves the above-stated
conclusion (Wang L. et al., 2019).

Gypenoside XVII (Gyp-17), an extract from the dried above-
ground parts of the plant Gynostemma gibbosum, has hypoglycemic,
antioxidant, and antitumor effects. After Gyp-17 treatment, the
apoptosis of Müller cells is reduced and the damaged retinal
structure is improved. In a study of the underlying mechanism, it
was found that the contents of Beclin-1, Bcl-2, Atg5, and LC3-II in
Müller cells decreased the expression of Bax, Caspase-3, and P62.
Meanwhile, Gyp-17 exerts antioxidant effects, increasing the
expression of superoxide dismutase (SOD) and glutathione
peroxidase (GSH-px). Hence, Gyp-17 can play a protective role
against Müller cells by enhancing autophagy and reducing oxidation
(Luo et al., 2021).

Berberine inhibits HG-induced apoptosis in Müller cells, the
mechanism of which is related to promoting autophagy through
activation of the AMPK/mTOR pathway. In BBR-treated Müller
cells, p-AMPK levels are increased and p-mTOR levels are
decreased, along with increased expression of Beclin-1, LC3II,
and Bcl-2 and decreased expression of Bax and caspase-3. After
the addition of AMPK inhibitors, BBR could not exert a therapeutic
effect on Müller cells (Chen H. et al., 2018).

4.2.3 Natural products interfere with mitophagy to
alleviate retinal damage

Upregulation of the PINK1/Parkin pathway by NGR1 enhances
mitochondrial autophagy, resulting in an increase in the LC3-II/I
ratio and a decrease in p62, ROS, and VEGF expression. This
ultimately protects db/db mice and Müller cells from HG-
induced damage. When PINK1 is knocked out, NGR1 is unable
to play a normal role in cellular protection (Zhou P. et al., 2019).

Plumbagin is a naphthoquinone obtained from Plumbago
zeylanica with antitumor and antiproliferative activities. As a
complement to traditional vertebrates, D. melanogaster has the
advantage of being easy to culture and reproduce. Recent studies
have found that genes of human diseases such as diabetes and autism
can be found in Drosophila. Plumbagin can reduce apoptosis to
improve the visual decline and repair the eye structure of D.
melanogaster with HG. Molecular studies have shown that
intervention with plumbagin causes decreased expression of
caspase-3 and p62 and increased expression of LC3, along with
activation of autophagy and accumulation of a large number of
autophagic vesicles. Plumbagin can also repair mitochondrial
damage and relieve ER stress. The downregulation of ATF4 can
reduce mitochondrial-ER stress and folded protein, inhibit redox
imbalance, and decrease apoptosis. It has been proven that
plumbagin can increase mitochondrial activity and decrease
ATF4 level. At the same time, the levels of ROS and Nrf2 can be
reduced to further alleviate the cell damage caused by oxidative
stress (Catalani et al., 2023).

4.3 Natural products and DCM

This section examines the targeting of cardiomyocyte autophagy
by NPs to combat DCM. The regulation of autophagy is
bidirectional and influenced by nutrient sensing, oxidative stress,
ER stress, inflammation, and apoptosis. There is also an interplay
between autophagy and the aforementioned processes
(Figure 6; Table 3).

In DCM rats, scutellarin enhances autophagy to upregulate the
expression of Beclin-1 and LC3-II and downregulate the expression
of caspase-3, caspase-12, Bax, and Cyt-C to alleviate the symptoms
of DCM (Su Y. et al., 2022).

Tea polyphenols represent various phenolic compounds found
in tea, exhibiting antioxidant and hypoglycemic effects. Post-
treatment, DCM rats manifest reduced blood glucose and lipids,
improved cardiomyocyte arrangement, and enhanced cardiac
function. Notably, levels of Beclin-1 and LC3-II/I are decreased,
while p62/SQSTM1 levels increase, suggesting that tea polyphenols
potentially inhibit autophagy, exerting therapeutic effects on DCM
(Zhou et al., 2018). Catechins, such as EGCG, are the most
important tea polyphenols and can regulate autophagy in a
variety of ways to protect cardiac cells.

The above two kinds of NPs reflect that the activation or
inhibition of autophagy can be effective in the treatment of
DCM, and the reason for this may be related to the severity of
cardiac tissue lesions. The subsequent section delineates the diverse
mechanisms through which autophagy regulation by natural
products aids in DCM treatment.

4.3.1 Natural products mediate autophagy through
the mTOR pathway to protect heart tissue

1,25-Dihydroxyvitamin-D3 (1,25 D3), the active form of
vitamin D, acts in conjunction with the vitamin D receptor
(VDR) to mitigate cardiac fibrosis and enhance cardiac function.
Mechanistically, 1,25 D3 inhibits the mTOR pathway by curtailing
β-catenin/T-cell factor/lymphoid enhancer factor (TCF4)/GSK-3β,
thereby boosting LC3B-II/I levels and Beclin-1 expression,
ultimately fostering autophagy (Wei H. et al., 2017).

β-carotene (BC), a vitamin A precursor, belongs to the
carotenoid family. In AGEs-induced H2c9 cells, BC can improve
cardiomyocyte function and inhibit cardiomyocyte apoptosis. The
mechanism involves BC-mediated inhibition of autophagy through
activation of the PI3K/Akt/mTOR signaling pathway, thereby
reducing ER stress and ROS production, downregulating LC3II/I
and pro-apoptotic protein Bax expression, and increasing anti-
apoptotic protein Bcl-2 expression (Zhao et al., 2020).

4.3.2 Natural products mediate autophagy through
the AMPK pathway to protect heart tissue

Crocin, a water-soluble carotenoid from Crocus sativus, is
clinically employed for cardiovascular and central nervous system
diseases. Crocin activates Heat Shock Protein 70 (Hsp70) in DCM
rats, stimulating AMPK, which in turn increases Beclin-1 and LC3II/
I levels, while reducing p62/SQSTM1, Bax/Bcl-2, and caspase-3
levels, thereby fortifying heart cell protection through enhanced
autophagy (Feidantsis et al., 2018).

Sulforaphane, a sulfur-containing compound extracted from
cruciferous plants, especially broccoli, is the most common
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antioxidant. It can inhibit cardiac lipid accumulation and ameliorate
cardiac inflammation, oxidative stress, and fibrosis. As a strong
activator of Nrf2, sulforaphane upregulates Nrf2, decreases 4-HNE
expression and 4-HNE-LKB1 conjugates, increases LKB1 and
subsequent AMPK activity, and upregulates SIRT1 and LC3-II
expression. Thus, sulforaphane exerts its therapeutic effect by
activating autophagy through the LKB1/AMPK pathway (Zhang
et al., 2014).

BBR can activate AMPK to stimulate mitochondrial biogenesis
and restore autophagic flux to alleviate HG-induced cardiac
hypertrophy and restore myocardial function. By restoring
autophagic flux through AMPK/mTOR, BBR enhances Beclin-1,
LC3, and Atg5 levels. The process of mitochondrial fission is
controlled by dynamic-related protein 1 (Drp1), and GSK-3β
activation is positively correlated with Drp1 expression. AMPK
activated by BBR inhibits GSK-3β, which in turn inhibits
Drp1 from attenuating mitochondrial fission. AMPK can also
increase the expression of PGC-1a (an important transcription
factor responsible for mitogenesis) to stimulate mitosis, thereby
generating new mitochondria. BBR also promotes mitophagy to
remove damaged mitochondria and the expression of the
mitochondria-related fusion protein Mitofusion 1 (Mfn1), which
jointly regulates mitochondrial homeostasis and promotes the
recovery of myocardial cells (Hang et al., 2018).

Curcumin can regulate autophagy through the mTOR pathway
to protect podocytes, and can also activate autophagy through the
JNK1/AMPK/mTOR pathway to protect cardiomyocytes and
improve cardiomyocyte function. Curcumin activates JNK1 to
induce Bcl-2 phosphorylation, destroys Bcl-2/Beclin1 structure,
and releases a large amount of Beclin1 to promote autophagy. At
the same time, the activation of AMPK pathway and inhibition of
mTOR pathway in rat cardiomyocytes (H9c2) cells were also found
in the study, which further activated autophagy (Yao et al., 2018).

The mechanism of JNK1-induced dissociation of Bcl-2 and
Beclin-1 to promote autophagy recovery has also been observed
in RSV-mediated mouse cardiomyocytes. In addition, RSV can also
inhibit mTOR and its downstream effectors p70S6K1 and
4EBP1 through AMPK/JNK1 activation, restoring autophagy
levels (Xu et al., 2018). Moreover, connexin 43 (Cx43) has been
found to be the major connexin in ventricular cardiomyocytes, and
its expression is upregulated under HG conditions; thus, it may be
closely related to cardiac dysfunction in diabetic rats. RSV can
increase autophagy flux and decrease the high expression of
Cx43 induced by HG through AMPK/mTOR, which plays a role
in DCM treatment (Wang GY. et al., 2017).

EGCG can play an anti-fibrosis role in the heart of DCM rats.
Transforming growth factor-β (TGF-β)/matrix metalloproteins
(MMPs) signaling pathway can regulate the excessive deposition
of extracellular matrix (ECM) components, and then develop into
myocardial fibrosis. EGCG has been proved to activate autophagy
through the AMPK/mTOR pathway, increase the expression of
Beclin-1 and LC3, and inhibit the TGF-β/MMPs pathway,
thereby playing a role in anti-fibrosis and improvement of
myocardial hypertrophy and injury (Jia et al., 2022).

Ginkgo biloba extract has been shown to regulate the AMPK/
mTOR pathway, activate autophagy, and improve cardiac function
by decreasing myocardial pathological changes (Yang et al., 2023).

4.3.3 Natural products mediate autophagy through
the SIRT family to protect heart tissue

RSV can regulate autophagy through the AMPK/mTOR
pathway as described above. Here, the focus will be on the
activation of autophagy by RSV through the SIRT1 pathway for
the treatment of DCM. The upregulation of p62, downregulation of
LC3II/I, increased expression of FOXO1 and caspase-3, and
inhibition of SIRT1 activity can be observed in DCM mice and

FIGURE 6
NPs target autophagy to fight DCM. Green arrows indicate downstream cellular events; red lines indicate inhibition. In DCM, the activation of
autophagy has a dual effect on cardiomyocytes. NPs activate autophagy through various nutrient-sensing pathways, miRNAs, and other mechanisms.
Interestingly, related NPs also inhibit autophagy via mTOR, FOXO3, miRNA, and other pathways.
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TABLE 3 NPs to target autophagy as a means of combating DCM.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition
of
autophagy

Reference

Scutellarin Skullcap In vivo Male SD rats 100,200 mg/kg Beclin1, LC3-II ↑Beclin1,LC3-II
↓Bax,caspase-3

Activation Su et al.
(2022b)

8 weeks

Tea polyphenols Tea In vivo Male SD rats 400 mg/kg Beclin1, LC3-II ↓Beclin-1,LC3II/I
↑p62/SQSTM1

Inhibition Zhou et al.
(2018)

8 weeks

1,25-
Dihydroxyvitamin-
D3

vitamin D In vitro H9c2 cells 25,50,100,
200,400 nM 24h

β-catenin/TCF4/
GSK-3β/mTOR

↓β-catenin/TCF4
↓GSK-3β/mTOR

Activation Wei et al.
(2017a)

In vivo Male SD rats 150 ng/kg 8 weeks ↑Beclin-1,LC3II/I

↓p62/SQSTM1

β-carotene carrot In vitro H9c2 cells 40 μM 24h PI3K/AKT/
mTOR

↑PI3K/AKT/
↓mTOR ↓LC3II
↓ ROS

Inhibition Zhao et al.
(2020)

↓Bax/Bcl-2

Crocin Crocus sativus In vitro Cardiac
myocytes

1.10 μM 3h Hsp70/AMPK ↑Hsp70/AMPK Activation Feidantsis et al.
(2018)

In vivo Male Wistar
rats

10,20 mg/kg ↑Beclin1, LC3II
↓p62/SQSTM1
↓Bax/Bcl-
2 ↓caspase-3

2 weeks

Sulforaphane Broccoli In vivo C57BL/6J mice 0.5 mg/kg
4 months

LKB1/AMPK ↑Nrf2/HO-1 ↓4-
HNE-LKB1
↑LKB1, AMPK
↑SIRT1,LC3-Ⅱ

Activation Zhang et al.
(2014)

Berberine Coptis chinensis In vitro H9c2 cells 100 nM 24h AMPK/mTOR,
GSK-3β, PGC-1α

↑AMPK
↓mTOR,GSK-3β
↑PGC-1α ↑Beclin-
1, LC3 ↓Drp1
↑Mfn1

Activation Hang et al.
(2018)

Curcumin Turmeric In vitro H9c2 cells 10 μM 24h AMPK/JNK1/
mTOR

↑AMPK/JNK1
↓mTOR

Activation Yao et al.
(2018)

In vivo C57BL/6J mice 200 mg/kg
3 months

↓Bcl-2/Beclin-1

↑Beclin-1, LC3II/I

Resveratrol Grape leaves In vitro H9c2 cells 25 μM 24–36h AMPK/JNK1/
mTOR

↑AMPK/JNK1
↓mTOR

Activation Xu et al. (2018)

↓p70S6K1,4EBP1

↓Bcl-2/Beclin-1

↑Beclin-1, LC3II/I

Resveratrol Grape leaves In vitro H9c2 cells 10,25 μM 24h AMPK/mTOR ↑AMPK/mTOR
↑Beclin-1, LC3
↓Cx43

Activation Wang et al.
(2017a)

Epigallocatechin-
3- gallate

Green tea In vivo Male SD rats 40,80 mg/kg
8 weeks

AMPK/mTOR,
TGF-β/MMPs

↑AMPK/mTOR
↓TGF-β/MMPs
↑Beclin-1,
LC3 ↓ECM

Activation Jia et al. (2022)

Ginkgo biloba
extract

Ginkgo biloba In vivo Male SD rats 100,200 mg/kg
15 weeks

AMPK/mTOR ↑AMPK/mTOR
↑Beclin-1,LC3II/
I ↓p62

Activation Yang et al.
(2023)

Resveratrol Grape leaves In vitro H9c2 cells 25 μM 12h SIRT1/FOXO1/
Rab7

↑SIRT1/Rab7 ↓Ac-
FOXO1

Activation Wang et al.
(2014)

(Continued on following page)
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TABLE 3 (Continued) NPs to target autophagy as a means of combating DCM.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition
of
autophagy

Reference

In vivo C57BL/6J mice 60,300 mg/kg
12 weeks

↑LC3II/I ↓p62

↓caspase-3

Polydatin Polygonum
cuspidatum

In vitro Neonatal mouse
ventricular
cardiomy-
ocytes

10 μM 36h SIRT3 ↑SIRT3
↑Beclin1,LC3Ⅱ
↑Atg5 ↓p62
↑ATP, CS

Activation Zhang et al.
(2017b)

In vivo Constructed the
Sirt3 knockout
mice

7.5 mg/kg 4 weeks

Melatonin Pineal body In vitro Neonatal mouse
ventricular
cardiomy-
ocytes

100 μM 12h Mst1/Sirt3 ↓p-Mst1/Mst1
↑Sirt3 ↑p-AMPK/
AMPK ↑p-ULK1/
ULK1
↑Beclin1,LC3Ⅱ
↑Atg5 ↓p62 ↑ATP,
CS ↓ROS

Activation Zhang et al.
(2017a)

In vivo C57BL/6J mice 20 mg/kg 4 weeks

Trehalose Yeast In vivo Adult
Akt2 knockout
mice

1 mg/g 2 mouths p38 MAPK/
FOXO1

↑p38 MAPK Activation Wang and Ren
(2016)

↓Ac-FOXO1
↑Beclin-1,LC3II/I
↑Atg5

Epigallocatechin-
3- gallate

Green tea In vivo Diabetic GK
rats

100 mg/kg
12 weeks

FOXOS ↓FOXOs
↓Atg5,7,12
↓LC3II/I ↓ ROS
↓Drp1

Inhibition Liu et al.
(2014b)

Epigallocatechin-
3- gallate

Green tea In vitro H9c2 cells 20 μM 24h Cytoplasmic
acetylation of
FoxO1

↓FOXO1
↓Atg5,7,12
↓LC3II/I ↓ ROS

Inhibition Liu et al.
(2014a)

1,25 D3 Vitamin D In vitro H9c2 cells 0.1,1.20 μM 1,25D3/VDR ↑1,25D3/VDR
↓FOXO1nuclear
translocation
↓Beclin-1,LC3II/I
↓Bax/Bcl-2

Inhibition Guo et al.
(2020b)

24h

In vivo Zucker diabetic
fatty rats

320U/kg 7weeks

AS-IV Astragalus In vitro H9c2 cells 12.5,25,50,
100 μM

miR-34a/Bcl2,
pAKT/Bcl2

↓miR-34a ↑Bcl-2/
Beclin-1

Inhibition Zhu et al.
(2019)

48h ↓Beclin-1 ↓AKT/
mTOR

↓LC3II/I ↑p62

DHM vine tea In vivo Male Wistar
rats

100 mg/kg
2 weeks

miR-34a ↓miR-34a ↑Beclin-
1,LC3II/I
↓Bax,caspase-
3 ↑Bcl-2,p53

Activation Ni et al. (2020)

DHM vine tea In vivo Male C57BL/
6 mice

100 mg/kg AMPK/ULK1 ↑AMPK/ULK1 Activation Wu et al.
(2017)

14 weeks ↑Beclin-1,LC3II/I

↑SOD,GSH-Px

↓TNF-α, IL-6

↓Bax ↑Bcl-2

Luteolin Honeysuckle
chrysanthemums

In vivo Male SD rats 50,100,400 mg/kg
4 weeks

JNK/c-Jun,
miR-221

↓p-JNK,p-c-Jun
↓miR-221 ↑LC3II/
I ↓p62

Activation Xiao et al.
(2023)
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excessive oxidative stress- and HG-induced H9c2 cells. After adding
RSV, the above trend is reversed, and SIRT1 deacetylates FOXO1.
Rab7 is the key factor for autophagy maturation and its fusion with
lysosomes. Deacetylated FOXO1 activates the expression of
Rab7 and increases autophagy flux. Therefore, RSV regulates
autophagy flux through the SIRT1/FOXO1/Rab7 axis to prevent
DCM (Wang et al., 2014).

Mammalian STE20-like kinase 1 (Mst1) inhibits autophagy by
suppressing the activity of the PI3K complex. SIRT3 activates
autophagy in a pathway similar to that of SIRT1. However,
SIRT3 acts downstream of Mst1, upregulating both autophagy
and filamentous autophagy only when Mst1 inhibition is present.

Polydatin, a natural extract of Silybum marianum, enhances
mitochondrial function and cardiomyocyte protection by activating
autophagy through SIRT3. Its effectiveness diminishes in SIRT3-
deficient mice, emphasizing SIRT3’s role in activating autophagy,
improving mitochondrial bioenergetics, and protecting damaged
cardiomyocytes (Zhang et al., 2017b).

Mel activates autophagy and restores mitochondrial function by
activating the Mst1/Sirt3 pathway or the Parkin translocation, so as
to alleviate cardiac insufficiency. The treatment with melatonin
resulted in a reduction of mitochondrial damage and apoptosis.
This was demonstrated by a decrease in ROS and caspase-3, as well
as an increase in ATP and Bcl-2. The underlying mechanism is that
after Mel intervention, the p-Mst1/Mst1 ratio is decreased and Sirt3,
the ratio of p-AMPK/AMPK to p-ULK1/ULK1 ratio, Beclin-1, Atg5,
and LC3-II expression are elevated, and p62 expression is decreased,
indicating that autophagy is enhanced. However, Mel could not
exert its therapeutic effect whenMst1 was knocked out (Zhang et al.,
2017a). According to Wang et al., Mel promotes mitophagy and
maintains mitochondrial homeostasis for the treatment of DCM in
DCM mice. This is likely because Mel inhibits the phosphorylation
of Mst1, promotes the translocation of Parkin to the mitochondria,
and increases the expression of PINK1 (Wang S. et al., 2018).

Moreover, Mel’s activation of the SIRT1/Nrf2 pathway mitigates
As-induced cardiomyocyte apoptosis (Yarmohammadi et al., 2023).
Recently, it has also been shown that there is a close relationship
between Mel and insulin secretion, so it may be of great significance
to treat DCM in the future through the autophagy regulation
mechanism of Mel (Dewanjee et al., 2021).

4.3.4 Natural productsmediate autophagy through
the FOXO family to protect heart tissue

Trehalose, a stable natural disaccharide prevalent in various
organisms, functions as an independent autophagy inducer of
mTOR. It modulates p38 MAPK and Foxo1 dephosphorylation-
related autophagy; upregulates Atg5, Beclin-1, and LC3II/I
expression; and reduces p62 levels. This mitigates ER stress,
rectifying myocardial contraction defects and apoptosis (Wang
and Ren, 2016). A study conducted in 2020 suggested that
alginate activates autophagy levels in T2DM mice and alleviates
DCM (Choi et al., 2020).

EGCG mitigates autophagy levels through FOXO1, lowering
ROS production and oxidative stress, and preserving mitochondrial
homeostasis, thereby safeguarding HG-induced H9c2 cells. Liu et al.,
2014b reported increased ROS levels, Drp1 expression, Atg7, Atg12-
Atg5, and LC3-II/LC3-I ratio in Goto-Kakizaki (GK) rat
cardiomyocytes. Further study found that the expression of
FOXOs was increased, but the mTOR signal was not expressed,
suggesting that FOXOs may regulate the enhancement of cardiac
autophagy in GK rats. The addition of EGCG decreased the
expression of FOXOs, reversed the above trend, and rescued
myocardial cells. Subsequently, they proposed that cytopathic
acetylation of FOXO1 in the cytoplasm is the key to mediating
autophagy, and EGCG can reduce acetylated foxo1, thus reducing
autophagy (Liu et al., 2014a).

1,25 D3, in tandem with VDR, hinders the nuclear translocation
of FOXO1, negatively impacting FOXO1 gene transcription to

TABLE 3 (Continued) NPs to target autophagy as a means of combating DCM.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition
of
autophagy

Reference

Chlorogenic acid Honeysuckle In vitro H9c2 cells 10,30 μM 48h PERK, IRE1α,
ATF6α Sec62,
RTN3

↓PERK,IRE1α
↓ATF6α ↓GRP78
↓CHOP
↓Sec62,RTN3

Inhibition Preetha Rani
et al. (2022)

In vivo Male Wistar
rats

5.10 mg/kg
2mouths

Fucoxanthin Macroalgae In vitro H9c2 cells 1 μM 48h Bnip3/Nix ↑Bnip3/Nix ↑Nrf2
↓MMP ↓ROS
↑SOD1

Activation Zheng et al.
(2022)

In vivo Male SD rats 200 mg/kg
12 weeks

Nrf2

Rutaecarpine Evodia
rutaecarpa

In vitro H9c2 cells 0.1,1,10 μM 1h TRPV1 ↑TRPV1 ↑Beclin-
1,LC3II/I ↓p62
↓ROS
↓Bax,caspase-
3 ↑Bcl-2

Activation Song et al.
(2023)

Skimmin Skimmia In vitro Primary
neonatal
cardio- myocyte

2.10 μM Beclin1, LC3-II/
ROS/NLRP3

↑Beclin-1,LC3II/I
↓p62 ↓ROS ↓IL-
1β,TNF-α
↓caspase-1

Activation Liang et al.
(2021)

48h

In vivo Male SD rats 15,30 mg/kg
16 weeks
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inhibit autophagy activity, which protects cardiac tissues. In Zucker
diabetic fatty rats, the ratio of LC3II/I to Bax/Bcl-2 and the levels of
Beclin-1 and caspase-3 are upregulated. These effects are inhibited
after adding 1,25 D3 or FOXO1 transcriptional activity inhibitors
(Guo X. et al., 2020).

4.3.5 Natural products mediate autophagy through
other means to protect heart tissue

The study found that the pro-aging miRNA, miR-34a, is
overactivated in the hearts of diabetic patients and mice, leading
to DCM. Under the premise of HG induction and overexpression of
miR-34a, LC3II/I increases and p62 decreases in mouse
cardiomyocytes. Overexpression of miR-34a inhibits Bcl-2
expression, reducing Bcl-2’s binding to Beclin-1, elevating Beclin-
1 expression. At the same time, the expression of AKT is inhibited,
and inhibition of PI3K/AKT in turn inhibits the downstreammTOR
pathway, further promoting autophagy. However, after the addition
of AS-IV, the above process is reversed and the expression of miR-34
is inhibited, indicating that AS-IV inhibits autophagy and oxidative
stress through miR-34a/Bcl-2 and pAKT/Bcl2-2 pathways, thus
protecting myocardial cells (Zhu et al., 2019).

Dihydromyricetin (DHM) ameliorates DCM by reducing miR-
34a expression, promoting autophagy, maintaining mitochondrial
homeostasis, and diminishing myocardial cell apoptosis (Ni et al.,
2020). Wu et al. suggested that DHM activates AMPK, promotes
autophagy, improves mitochondrial function, reduces oxidative
stress and inflammation in HG-induced DCM mice, thereby
stabilizing myocardial cell function (Wu et al., 2017). Research
on the effects of AS-IV and DHM on miR-34a usedmiR-34a
inhibitors and miR-34a agonists to confirm the authors’ views.
However, the results were not comprehensive in revealing the
specific mechanism of miR-34a regulating autophagy.
Considering the expression analysis of miR-34a in the diabetic
heart, it may be a promising target for the treatment of DCM.
Extensive research is needed to further reveal the mechanism of
miR-34a in the treatment of DCM.

Luteolin is a flavonoid compound widely found in honeysuckles
and wild chrysanthemums. Luteolin inhibits p-JNK and p-c-Jun in
DCM rats thereby, suppressing miR-221 expression. Studies confirm
miR-221’s autophagy-inhibiting role, signifying luteolin’s autophagy
promotion via JNK/c-Jun and miR-221 pathways, improving diabetic
myocardial structure and reducing myocardial fibrosis (Xiao
et al., 2023).

Chlorogenic acid (CA), mainly from honeysuckle, has anti-
inflammatory, antimicrobial, and antioxidant effects. CA has been
shown to protect cardiomyocytes by reducing ER stress and ER-
mediated autophagy. High expression of ER stress marker GRP78 is
found in HG-induced cardiomyocytes. The addition of CA reduced the
expression of GRP78, CHOP, and caspase-12, as well as the expression
of Sec62 and RTN3, which stimulates ER autophagy. The mechanism is
related to the reduction of ER stress-mediated autophagy by CA-
regulated IRE1α, ATF6α, and PERK/eIF2α (Preetha Rani et al.,
2022). Besides CA, Astragalus polysaccharides, ginsenoside Rg1, and
matrine alsomitigate DCM by inhibiting ER stress (Yu et al., 2016; Hou
et al., 2019; Sun et al., 2019).

Fucoxanthin is a carotenoid compound that widely exists in algae,
especially macroalgae, and it has anti-inflammatory and antioxidant
effects. Under the induction of HG, the mitochondrial membrane

potential (MMP) of H9c2 cells decreases and the mitochondrial
morphology changes, resulting in mitochondrial damage and
myocardial hypertrophy. Fucoxanthin can reverse these processes.
Fucoxanthin regulates the aggregation of Bnip3 or Nix to
mitochondria, which, as mitochondrial outer membrane proteins,
can bind with LC3 to regulate mitophagy, improve the degradation
of damagedmitochondria, andmaintainmitochondrial homeostasis. In
addition, Fucoxanthin promotes the nuclear translocation of Nrf2,
further reduces ROS and lowers the level of oxidative stress. Taken
together, fucoxanthin promotes mitophagy through Bnip3/Nix and
upregulates Nrf2 to reduce oxidative stress, thus protectingHG-induced
cardiomyocytes (Zheng et al., 2022).

Rutaecarpine, an alkaloid from Evodia rutaecarpa, is clinically used
for the treatment of tardive dyskinesia and hypertension. Through
TRPV1-mediated autophagy activation, rutaecarpine increases Beclin-1
and LC3-II/I levels and decreases p62 expression. It also reduces the
expression of oxidative stress-related proteins, decreases ROS to
upregulate Bcl-2, and downregulates Bax and caspase-3 to inhibit
HG-induced apoptosis of cardiomyocytes, to improve cell viability
(Song et al., 2023).

Skimmin, a natural coumarin compound derived from many
plants and citrus fruits, has good anti-inflammatory and
immunomodulatory activities. Skimmin treatment results in
increased Beclin-1 and LC3-II/I and decreased p62; furthermore,
it activates autophagy and eliminates mitochondria to reduce ROS
content and inhibits NLRP3 inflammatory corpuscles, thus
decreasing TNFα, IL-6, IL-1β, and caspase-1. Therefore, the
protective mechanism of skimmin on myocardium may be
related to autophagy-ROS-NLRP3 inflammatory corpuscle
pathway in the heart tissue (Liang et al., 2021).

4.4 Natural products and DPN

This section examines the targeting of cardiomyocyte autophagy
by NPs to treat DPN. The regulation of autophagy is bidirectional
and influenced by nutrient sensing, oxidative stress, ER stress,
inflammation, and apoptosis. There is also an interplay between
autophagy and the aforementioned processes (Figure 7; Table 4).

In 2014, Qu et al., 2014 showed that quercetin augmented
Beclin-1 and LC3 expression and enhanced autophagy,
subsequently protecting cell viability and structure of SCs
induced by HG. Although this early experimental study delved
into DPN treatment via autophagy modulation using NPs, Qu
et al. did not extensively explore autophagy regulation
mechanisms, possibly constrained by that period’s limitations.
Subsequent research has verified that NP mechanisms govern
autophagy regulation, aiming for safer and more effective DPN
treatments.

4.4.1 Natural products mediate autophagy through
mTOR pathway to protect neurons

Lycium barbarum polysaccharides (LBP) alleviate DNP rat
hyperalgesia and improve nerve myelination structural damage
induced by HG. The mechanism may be related to inhibition of
the mTOR/p70S6K pathway by LBP, thereby stimulating autophagy,
increasing Beclin-1 and LC3-II levels, and reducing p62 expression
(Liu et al., 2018).
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AS-IV modulates autophagy to alleviate DKD and DCM. In vivo
and in vitro DPN models showcase AS-IV promoting autophagy,
attenuating peripheral nerve myelin damage, and enhancing DPN
rat neurological function. AS-IV upregulates miR-155 expression,
hindering the PI3K/Akt/mTOR pathway, elevating Beclin-1 and
LC3 levels, fostering autophagy (Yin et al., 2021).

Arctigenin, extracted from Arctium lappa, exhibits anti-
inflammatory and antiviral effects. Arctiin enhances AMPK
expression, inhibits PI3K/AKT/mTOR, promotes autophagy,
upregulates Beclin-1 and LC3II/I, and downregulates pro-
apoptotic and oxidative stress factors, thus mitigating neuronal
function and HG-induced structural damage (Medras et al., 2023).

Muscone, derived from musk, is often used to treat sciatica and
angina pectoris. HG-induced Rat Schwann Cell (RSC96)
interventions revealed increased AKT, mTOR, and
p62 expressions, with decreased Beclin-1 and LC3II/I levels.
Muscone inhibits autophagy via the AKT/mTOR pathway
activation, safeguarding RSC 96 cell viability and reducing
apoptosis (Dong J. et al., 2019).

4.4.2 Natural productsmediate autophagy through
AMPK pathway to protect neurons

Lycorine from Lycoris radiata shows anti-inflammatory and
analgesic properties. The expression of Beclin-1, LCE-II, and
Atg3 was reduced in HG-cultured RSC 96 cells and DPN rats.
The addition of lithopone alleviates the mitochondrial and ER
dysfunction, while phosphorylating AMPK and inhibiting the
expression of MMP9, thus reversing the above trend, promoting
SCs autophagy and protecting SCs (Yuan et al., 2022).

4.4.3 Natural productsmediate autophagy through
the SIRT1 pathway to protect neurons

Recent studies have shown that NPs mitigate neuronal damage
and neuroinflammation in STZ-induced rats and HG-induced
neuroblastoma (N2A) cells. The likely mechanism is that NPs
promote the expression of FOXO3a and Nrf2 and its downstream
enzyme antioxidant enzyme NQO1 through SIRT1 activation, which
improves the antioxidant capacity and reduces the ROS
concentration. Activation of the SIRT1 pathway also promotes
mitochondrial transcription factor A (TFAM) expression and
deacetylation of PGC-1α to protect mitochondrial biogenesis.

Isoliquiritigenin, a flavonoid from licorice, exhibits anti-
inflammatory and antioxidant effects. Piceatannol, a polyphenolic
compound, has similar effects to its precursor—RSV, and can thus
act as a strong activator of SIRT1 to affect autophagy.
Isoglycyrrhizin, piceatannol, and BBR can all activate SIRT1 to
regulate the above mechanisms for the treatment of DPN.
SIRT1 activation by isoglycyrrhizin and BBR upregulates AMPK,
inhibits mTOR, and activates autophagy (Yerra et al., 2017; Yerra
et al., 2018). Piceatannol-induced SIRT1 activation elevates
PINK1 and PARKIN, activating mitochondrial autophagy, further
safeguarding SCs and mitochondrial biogenesis (Khan et al., 2023).

4.4.4 Natural products protect neurons by
inhibiting autophagy

AS-IV protects neuronal cells by activating autophagy through
inhibition of the PI3K/Akt/mTOR pathway. Here, AS-IV alleviates
oxidative stress and inhibits excessive mitophagy to protect SCs.
HG-induced AS-IV in SCs can inhibit ROS production,

FIGURE 7
NPs target autophagy to fight DPN. Green arrows indicate downstream cellular events; red lines indicate inhibition. In DPN, the activation of
autophagy has a dual effect on cardiomyocytes. NPs activate autophagy through various nutrient-sensing pathways. Related NPs also inhibit autophagy
via mTOR, JNK, and other ER stress.
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downregulate the expression of LC3, PINK, and Parkin, and
improve mitochondrial structure and function, exerting a
therapeutic effect on DPN (Wei et al., 2022).

Salvianolic acid B, derived from Salvia divinorum, has anti-
inflammatory, antifibrotic, and antitumor effects. Salvianolic acid B

decreases the expression of P-JNK, caspase-3, caspase-9, Beclin-1,
and the ratio of LC3II/I, and increases the expression of p62 and Bcl-
2 in HG-induced RSC96 cells, confirming that salvianolic acid B can
inhibit HG-induced autophagy and apoptosis by inhibiting JNK to
protect SCs (Wang QQ. et al., 2019).

TABLE 4 NPs to target autophagy as a means of combating DPN.

Name Sources In
vitro/
In
vivo

Model Dose and
duration

Correlated
target

Mechanisms Activation/
Inhibition of
autophagy

Reference

Quercetin Apple In vitro Schwanncells 25 μM 24h Beclin1, LC3 ↑Beclin-1,LC3 Activation Qu et al. (2014)

In vitro RSC96 cells 25 μM 24h

LBP Lycium
barbarum

In vivo Male SD rats 500 mg/kg
12 weeks

mTOR/p70S6K ↓mTOR/p70S6K
↑Beclin-1,LC3II/I ↓p62

Activation Liu et al. (2018)

AS-IV Astragalus In vitro RSC96 cells 0.5,10,15,20 μM
48h

miR-155, PI3K/
AKT/mTOR

↑miR-155 ↓PI3K/AKT/
mTOR ↑Beclin-1,
LC3 ↓p62

Activation Yin et al.
(2021)

In vivo Adult GK rats 20,40,80 mg/kg

6 weeks

Arctigenin Arctium
lappa

In vivo Swiss albino
male mice

25,50 mg/kg AMPK/mTOR,
PI3K/AKT/mTOR

↑AMPK ↓PI3K/AKT/
mTOR ↑Beclin-1,LC3II/
I ↓Bax,caspase-3 ↓GSH
↑Bcl-2,SOD

Activation Medras et al.
(2023)

3 weeks

Muscone Musk In vitro RSC96 cells 0.1,1,10,50 μM
48h

AKT/mTOR ↑AKT/mTOR ↓Beclin-1,
LC3II/I ↑P62
↓Bax,caspase-3

Inhibition Dong et al.
(2019a)

Lycorine Lycoris
radiata Herb

In vitro RSC96 cells 0.96,1.44,
2.87,5.74 μM 48h

AMPK/MMP9 ↑MPK ↓MMP9 ↑Beclin-
1, LC3-II

Activation Yuan et al.
(2022)

In vivo C57BL/6J
mice

20 mg/kg 3 weeks ↓p62

↑Atg3

Isoliquiriti-
genin

Glycyrrhiza
uralensis
Fisch

In vitro Mouse N2A
cell

2.5.5 μM 6h SIRT1/AMPK/
mTOR

↑SIRT1/AMPK ↓mTOR
↑FOXO3, Nrf2 ↑Beclin-
1,LC3-II ↑PGC-
1α,TFAM

Activation Yerra et al.
(2017)

In vivo Male SD rats 10,20 mg/kg
2 weeks

Berberine Coptis
chinensis

In vitro Mouse N2A
cell

5.10 μM 6h SIRT1/AMPK/
mTOR

↑SIRT1/AMPK ↓mTOR
↑FOXO3, Nrf2 ↑Beclin-
1, LC3II ↑PGC-
1α,TFAM

Activation Yerra et al.
(2018)

In vivo Male SD rats 50,100 mg/kg
2 weeks

Piceatannol Grape leaves In vitro Mouse N2A
cell

5.10 μM 24h SIRT1/PINK/
Parkin

↑SIRT1 ↑PINK/Parkin
↑Nrf2, SOD2 ↑PGC-1α

Activation Khan et al.
(2023)

In vivo Male SD rats 10,20 mg/kg
2 weeks

AS-IV Astragalus In vitro RSC96 cells 50 μM 72h PINK/Parkin ↓PINK/Parkin
↓LC3 ↓ROS

Inhibition Wei et al.
(2022)

Salvianolic
acid B

Danshen In vitro RSC96 cells 0.1,1,10 μM JNK ↓JNK ↓Beclin-1,LC3II/I
↑P62 ↑Bcl-2 ↓caspase-3

Inhibition Wang et al.
(2019b)

72h

Melatonin Pineal body In vitro SH-SY 5Y cells 10 μM miR-214-3p/
caspase-1, miR-
214-3p/ATG12

↑miR-214-3p ↓caspase-1
↓Atg12 ↓Beclin-1,LC3-II
↓NLRP3,GSDMD

Inhibition Che et al.
(2020)

24h

In vivo Male KM mice 10 mg/kg 8 weeks

Melatonin Pineal body In vitro RT4-D6P2T
rat Schwann
cell

1,5,10 μM PERK/eIF2α/
ATF4/CHOP

↓PERK,eIF2-α ↓ATF4,
ATF6 ↓CHOP ↓LC3

Inhibition Salem et al.
(2023)

24h
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It has been shown that Mel inhibits autophagy and neuronal
pyroptosis by regulating the miR-214-3p/caspase-1 and miR-214-
3p/ATG12 axes, to play a role in neuronal protection.
NLRP3 inflammasomes can activate caspase-1 to cleave the
N-segment domain of gasdermin D, which is a key step in
inducing pyroptosis. The downregulation of NLRP3, caspase-1,
and GSDMD-n has been observed after Mel treatment of HG-
induced nerve cells. This is likely because Mel upregulates the level
of miR-214-3p and downregulates the level of caspase-1, and miR-
214-3p can, in turn, target and regulate caspase-1; hence, Mel can
inhibit neuronal pyroptosis. MiR-214-3p can also bind to Atg12,
inhibit the expression of Atg12, and reduce the levels of LC3-II and
Beclin-1, thus inhibiting autophagy. Therefore, Mel can regulate
autophagy through miR-214-3p to treat DPN (Che et al., 2020).

Experiments have also shown that the expression of ATF4,
ATF6, PERK, eIF2-α, CHOP, and LC3 in HG-induced SCs is
decreased after Mel treatment. Thus, Mel enhances cell viability
by inhibiting ER-mediated autophagy through the PERK-eIF2α-
ATF4-CHOP pathway (Salem et al., 2023).

5 Novel drug delivery
systems—nanotechnology

NPs, despite their therapeutic potential, often face limitations
such as poor bioavailability. Conventional administration routes,
susceptibility to first-pass effects, and enzymatic degradation in the
gastrointestinal tract all reduce their efficacy (Yuan et al., 2023).
Therefore, it is essential to continually enhance the drug delivery
system and improve the targeting ability of drugs. Nanotechnology
in medicine precisely targets the action sites and improves the
efficacy of drug delivery. Nanocarriers like polymers,
nanoparticles, nanoemulsions, and nanomicelles refine drug
delivery, enhance drug targeting, release control, and extend the
metabolic life of the drug for maximal therapeutic effect (Hao et al.,
2020). Encapsulating scutellarin in nanoparticles augments its
bioavailability, positively affecting STZ-induced rat retinal
structure as compared to free scutellarin. Furthermore, free
scutellarin is also bitter, which can reduce patient compliance,
but nanoparticles can mask this unpleasant taste (Wang J. et al.,
2017). Compared to free quercetin, quercetin nanoparticle
complexes, prolong drug circulation and release time, hence
alleviating DKD rat proteinuria and hyperglycemia symptoms
(Tong et al., 2017). Clinical trials have found that nano-curcumin
significantly enhances curcumin bioavailability, reduces glycated
hemoglobin and fasting blood glucose levels (Asadi et al., 2019).
The application of nanotechnology has been widely demonstrated to
improve the efficacy of targeted therapies for NPs, reduce side
effects, and improve patient compliance. This could be very
useful to improve the efficacy of NPs for DMC through autophagy.

6 Limitations

With continued advancements inmodern research, autophagy is
understood to play an important role in the occurrence of DMC, but
the specific regulatory role of NPs in the occurrence and
development of DMC through autophagy has not yet been fully

clarified. Specifically, potential biomarkers related to autophagy,
coordination between autophagy-related regulatory factors, and the
specific state of autophagy in vivo have not been clearly elucidated.
Although this review objectively discusses the studies related to the
treatment of DMC by NPs through autophagy, the literature
selection was inevitably subjective or incomplete. In addition,
most of the existing animal and cell experimental studies are
based on the lack of some strong clinical research evidence.
There are also shortcomings in traditional drug delivery routes,
which limit the direct application of NPs in clinical practice. Future
studies should focus on exploring the related mechanisms of NPs
regulation of autophagy in DMC patients and developmore accurate
biomarkers of autophagy mechanism and technical tools to detect
autophagy status. We should actively explore new drug delivery
routes, consider nanotechnology as the starting point, develop new
autophagy regulatory drugs, and increase clinical research to better
apply them to DMC patients.

7 Conclusion and prospects

DMC is a prevalent metabolic disease characterized by
hyperglycemia. Autophagy—a crucial metabolic pathway
governing bodily energy balance—holds substantial relevance to
DMC. Recent investigations underscore the potential of various NPs
in restoring impaired autophagy to treat DMC. The relationship
between autophagy and DMC is intricate, entailing a complex
interplay with nutrient perception, oxidative stress, ER stress,
inflammation, and apoptosis, often being interconnected among
themselves. NPs exhibiting multitarget properties hold promise in
modulating diverse pathways, affecting multiple cell types, and
fostering beneficial effects like anti-inflammatory, antioxidant,
and anti-apoptotic actions, while reinstating autophagy.
Consequently, they offer unique advantages in managing DMC.
For instance, RSV activates autophagy in podocytes, retinal capillary
endothelial cells, and cardiomyocytes via the AMPK, SIRT1, and
miRNA pathways, concurrently reducing oxidative stress and
inflammation. Similarly, BBR activates autophagy and inhibits
apoptosis in DMC cells through AMPK, SIRT1, and
mitochondria-associated proteins.

It is noteworthy that autophagy exhibits a dual role in DMC
progression. Its initiation or inhibition does not straightforwardly
correlate with cellular protection or harm. While upregulation of
autophagic flux often ameliorates DMC-related symptoms, there is a
growing interest in inhibiting overactive autophagy in vivo.
Melatonin regulates autophagy in DKD, DR, and DCM, but
inhibits it in DPN. EGCG activates autophagy in Müller cells and
cardiomyocytes, but inhibits it in cardiomyocytes via FOXO1.
Astragaloside exhibits activation and inhibition of autophagy in
the kidney and heart, respectively. In neurons, astragaloside
activates autophagy through mTOR and inhibits mitophagy. This
duality in autophagy’s effects may relate to disease type, disease
stage, experimental model variability, or autophagy assessment
methods. Unraveling autophagy’s precise role in different DMC
stages and understanding its regulation depth remain critical for
advancing disease treatment. While natural compounds present
accessibility and safety advantages over conventional drugs,
extensive long-term research is paramount.
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This approach also has some drawbacks. Current experimental
studies predominantly rely on in vivo or in vitromodels, with limited
clinical data available. Conducting more clinical studies to establish
drug safety and efficacy is therefore essential. Moreover, overcoming
traditional drug delivery constraints and improving
pharmacokinetic and pharmacodynamic properties should be the
focal points for future research.
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Glossary

DMC Diabetic microangiopathy

DKD Diabetic kidney disease

DR Diabetic retinopathy

DCM Diabetic cardiomyopathy

DPN Diabetic peripheral neuropathy

NPs Natural products

MTs Microtubules

CMA Chaperone-mediated autophagy

mTOR mammalian target of rapamycin

LC3 Light chain3

MAPK Mitogen activated protein kinase

AMP Adenosine 5‘-monophosphate

AMPK Adenosine 5‘-monophosphate-activated protein kinase

TSC 1/2 Tuberous Sclerosis 1/2

ROS Reactive oxygen species

ER Endoplasmic reticulum

Atg Autophagy-related gene

PE Phosphatidylethanolamine

PI3K phosphatidylinositol -3- kinase

PI3P phosphatidylinositol 3-phosphate

SIRT1 Silent Information Regulator 1

JNK c-Jun N-terminal kinase

Nrf2 Nuclear factor erythroid 2 related factor 2

Keap1 Kelch-like ech-associated protein 1

PINK1 PTEN induced kinase 1

LKB1 Liver kinase B1

ARE Antioxidant response element

T2DM Type 2 diabetes mellitus

IR insulin resistance

UPRS Unfolded protein response

ERAD Endoplasmic reticulateddegradation

PERK PKR-like eukaryotic initiation factor 2αkinase

IRE1α Inositol-requiring enzyme 1α

ATF6α Activating transcription factor6α

elF2α Eukaryotic translation initiation factor 2α

mTORC1 mTOR complex I

TNF-α Tumor necrosis factor-α

NF-κB Nuclear factor-κB

AGEs Advanced glycation end products

TFEB Transcription factor EB

MOMP Mitochondrial outer membrane permeabilization

Cyt c Cytochrome c

AIF Apoptosis inducing factor

3- MA 3- methyladenine

CQ Chloroquine

GFR Glomerular filtration rate

RAAS Renin-angiotensin-aldosterone-system

STZ Streptozotocin

miR-486 MicroRNA-486

HG High glucose

RTECs Renal tubular epithelial cells

VEGF vascular endothelial growth factor

BRB blood-retinal barrier

AGEs Advanced glycation end products

RPE Retinal pigment epithelium

ARPE-19 Human retinal pigment epithelial

LMP Lysosomal membrane permeability

HMGB1 High mobility group box 1

RGCs Retinal ganglion cells

HBSP Helix B surface peptide

SCs Schwann cells

TSPO Translocator protein

EMT Epithelial mesenchymal transition

MPC5 Mouse podocytes clone 5

TG Tripterygium glycoside

RSV Resveratrol

SERCA2b Sarcoendoplasmic reticulum Ca2+ ATPase 2b

AS-IV Astragaloside IV

HO-1 Heme oxygenase-1

FA Ferulic acid

NRK-52E Normal Rat Kidney-52E

HMCs Human mesangial cells

DHM Dihydromyricetin

CP Cyclocarya paliurus

CPT Cyclocarya paliurus enriches triterpenic acids

HK-2 Human renal tubular epithelial

TGF-bRI Transforming growth factor-b type I receptor

RAGE Receptor for advanced glycation endproducts

DIO Diosgenin

Mel Melatonin

HRMECs Human retinal microvascular endothelial cells
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HGY HG and hypoxia

AA Arjunolic acid

PGC-1α Peroxisome proliferator activated receptor-gamma coactivator-1α

LBP Lycium barbarum Polysaccharides

EGCG Epigallocatechin-3-gallate

Gyp-17 Gypenoside XVII

SOD Superoxide dismutase

GSH-px Glutathione peroxidase

NGR1 Notoginsenoside R1

1,25D3 1,25-Dihydroxyvitamin-D3

VDR Vitamin D receptor

BC β-carotene

HOG Highly oxidised, glycated

Hsp70 Heat Shock Proteins70

GSK-3β Glycogen synthase kinase-3β

Drp1 Dynamic-related protein 1

Mfn1 Mitofusion 1

H9c2 Rat cardiomyocytes

CX43 Connexin 43

TGF-β Transforming growth factor-β

MMPs Matrix metalloproteins

ECM Extracellular matrix

Mst1 Mammalian Ste20-like kinase 1

GK Goto-Kakazaki

CA Chlorogenic acid

MMP Mitochondrial membrane potential

RSC96 Rat Schwann Cell

MMP9 Matrix metalloproteinase 9

N2A Neuroblastoma

TFAM Mitochondrial transcription factor A
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