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Introduction

Abstract

This comprehensive review explores the intricate relationship
between curcumin and autophagy in the context of Cardiovascular
Disease (CVD). It provides a detailed overview of autophagy;, its im-
portant role in maintaining cellular homeostasis, and its dysregula-
tion in different types of cardiovascular disease, including athero-
sclerosis, coronary artery disease, and diabetic cardiomyopathy.
This review investigates the mechanisms through which curcumin
modulates autophagy, highlighting its potential as a therapeu-
tic agent. By discussing the impact of curcumin on CVD, we offer
valuable insights into its potential benefits in the prevention and
treatment of CVD. Overall, this review highlights the significance of
curcumin-mediated autophagy modulation as a promising avenue
for addressing the global burden of cardiovascular disease.

Keywords: Curcumin, Cardiovascular disease, Autophagy, Coro-
nary artery disease, Cardiomyopathy, Atherosclerosis

Abbreviation: CVD: Cardiovascular disease; AMPK: AMP-activat-
ed protein kinase; mTOR: Mammalian target of rapamycin; ULK1:
Unc-51-like kinase 1; PAS: phagophore assembly site; PI3P: Phos-
phatidylinositol 3-phosphate; LC3: Light chain 3; STX17: Syntaxin
17; SNAP29: Synaptosome-associated protein 2; HOPS: homotypic
fusion and vacuolar protein sorting; EGCG: Epigallocatechin gallate;
NF-kB: Nuclear factor-kappa B; MAPKs : Mitogen-activated protein
kinase; PI3K: Phosphatidylinositol 3-kinase; Akt: Protein kinase B;
VSMC: Vascular smooth muscle cells; LDLs: Low-density lipopro-
teins; ox-LDL: Oxidized LDL; TFEB: Transcription factor EB; HUVECs:
Umbilical vein endothelial cells; PPAR: Proliferator-activated recep-
tor; PDT: Photodynamic therapy; a-SMA: Alpha-smooth muscle ac-
tin; SM22a: smooth muscle 22a; HAC: Hydroxyl acetylated curcum-
in; SDT: Sonodynamic treatment; CAD: Coronary artery disease; I/R:
Ischemia-reperfusion; ROS: Reactive oxidative stress; DCM: Diabet-
ic cardiomyopathy; HIIT: High-intensity interval training.

Cardiovascular Disease (CVD) is a leading global health con-
cern, with millions of people affected worldwide [1]. CVD is a
broad term encompassing conditions that affect the heart and
blood vessels. These conditions include heart failure, arrhyth-
mias, cardiomyopathies, congenital heart defects, aortic an-
eurysms, valvular heart disease, and peripheral artery disease
[2]. Autophagy is a cellular degradation and recycling process
highly conserved in all eukaryotes [3]. Autophagy is a lysosome-
dependent catabolic process that recycles cytoplasmic compo-
nents such as damaged organelles, protein aggregates, and lipid
droplets [4]. Accordingly, autophagy dysfunction is associated
with various human diseases [5,6]. Natural compounds like

curcumin offer a promising therapeutic approach to modulate
autophagy and treatment of CVD. Curcumin exhibits significant
cardioprotective effects in animal models while representing
low toxicity and broad safety profiles [7]. The main goal of the
current review is to discuss the impact of curcumin on CVD by
modulation of autophagy.

Autophagy

Autophagy, a fundamental cellular process, is pivotal in
maintaining cellular homeostasis. This lysosome-dependent
degradation pathway is indispensable for the turnover of long-
lived proteins and damaged organelles. Autophagy facilitates
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the recycling of cellular components and supports cellular ad-
aptation to various stress conditions, such as nutrient depriva-
tion, oxidative stress, and pathogen infection [8]. Autophagy
plays a dual role in human disease, acting as a protective and
a pathogenic mechanism. While autophagy can promote cell
survival and protect against disease, excessive or defective au-
tophagy can contribute to disease pathogenesis [5]. Numerous
research has shown that autophagy is dysregulated in many dis-
eases, such as cancer, neurodegenerative disorders, and cardio-
vascular disease.

Types of Autophagy

Autophagy is categorized into three primary types based on
cargo sequestration mechanisms. The first type is chaperone-
mediated autophagy, which selectively targets specific proteins
for lysosomal degradation through chaperone-protein complex-
es. The second type (microautophagy) involves the direct en-
gulfment of cytoplasmic material by the lysosomal membrane.
The third type (macroautophagy), the most extensively studied
type, is characterized by the formation of double-membrane
autophagosomes that fuse with lysosomes for cargo degrada-
tion [4,9-13]. Beyond this classification, autophagy can also be
differentiated as selective or non-selective. Selective autophagy
targets specific cellular components like protein aggregates,
damaged organelles, or pathogens for degradation, contribut-
ing to cellular quality control. In contrast, non-selective autoph-
agy (bulk autophagy) indiscriminately degrades cytoplasmic
content. Selective and non-selective autophagy dysregulation
has been implicated in various human diseases [14]. Certain
types of cellular components are recycled and removed by se-
lective autophagy. For example, protein aggregates, lipid drop-
lets, invading microorganisms, and damaged or unnecessary
mitochondria are degraded through aggrephagy, lipophagy,
xenophagy, and mitophagy, respectively [14].

Signaling of Autophagy

Autophagy is a tightly regulated cellular process influenced
by a complex network of signaling pathways, especially those
involving AMPK (AMP-activated protein kinase) and mTOR
(mammalian target of rapamycin). Under nutrient-rich condi-
tions, mTORC1, a downstream effector of mTOR, is activated
and phosphorylates ULK1 (Unc-51-like kinase 1) at Ser757 and
leads to inhibiting autophagy initiation. Conversely, during nu-
trient deprivation or cellular stress, AMPK is activated, leading
to the phosphorylation of ULK1 at Ser317 and Ser777 and pro-
moting autophagy initiation. Additionally, AMPK can phosphor-
ylate mTORC1, further suppressing its activity [8,15,16].

The activated ULK1 complex, composed of ULK1, FIP200,
ATG13, and ATG101, is recruited to the Phagophore Assem-
bly Site (PAS). Following ULK1 activation, recruiting the Beclin
1-Vps34 complex to the PAS is essential for autophagosome nu-
cleation. Vps34, a class lll phosphatidylinositol 3-kinase, gener-
ates phosphatidylinositol 3-Phosphate (PI3P) at the phagophore
membrane. PI3P serves as a platform for recruiting autophagy
proteins, including WIPI2, further amplifying PI3P production.
PI3P recruits other autophagy proteins, such as adaptor pro-
teins of the ATG12-ATG5 complex and microtubule-associated
protein 1 Light Chain 3 (LC3), to the phagophore membrane
[4,17-20]. Two ubiquitin conjugation systems involving the
ATG16L1 and ATG5-ATG12 complex promote the elongation of
the phagophore membrane. LC3 is conjugated to Phosphatidyl-
ethanolamine (PE) on the phagophore membrane to form LC3-
PE, essential for autophagosome closure. Syntaxin 17 (STX17)

Cytoplasm

Figure 1: An overview of signaling of Autophagy.

on the autophagosome interacts with synaptosome-associated
protein 2 (SNAP29) Homotypic fusion and vacuolar Protein
Sorting (HOPS) on the lysosome to mediate autophagosome-
lysosome fusion. After fusion with the lysosome, the inner au-
tophagosomal membrane and its enclosed cargo are degraded
by lysosomal hydrolases. The breakdown products are then
transported back into the cytoplasm to be reused for cellular
processes [4,8,21,22] (Figure 1).

Autophagy and Cardiovascular Diseases

According to the studies, autophagy acts as a double-edged
sword in the cardiovascular system. While basal levels of au-
tophagy are essential for maintaining cardiac function and
promoting cellular survival, dysregulation of autophagy can
contribute to the pathogenesis of various CVDs. Research has
shown that impaired autophagy can result in the accumulation
of damaged organelles and proteins, promoting cellular dys-
function and contributing to the development of atherosclero-
sis, myocardial infarction, and heart failure [23].

The complex interplay between autophagy and CVD is influ-
enced by numerous factors, including genetic predisposition,
environmental stressors, and aging [6,24]. Emerging evidence
suggests that autophagy can be modulated by various thera-
peutic interventions, including pharmacological agents and life-
style modifications [25]. Natural compounds with autophagy-
modulating capacities have produced many possible candidates
for treating disorders because of their low toxicity and wide
safety margins. Recent studies have highlighted the therapeutic
potential of natural products such as resveratrol, curcumin, ber-
berine, trehalose, and epigallocatechin gallate (EGCG) in treat-
ing CVDs through autophagy regulation [7,26-28].

Curcumin

Curcumin, the principal curcuminoid of turmeric (Curcuma
longa L.), chemically, is a diarylheptanoid consisting of two feru-
lic acid molecules joined by a seven-carbon chain. This unique
curcumin structure allows interaction with various biological
targets, including multiple kinases, transcription factors, and
enzymes. The pleiotropic effects of curcumin are attributed to
its ability to modulate multiple signaling pathways, such as the
nuclear factor-kappa B (NF-kB), Mitogen-Activated Protein Ki-
nase (MAPKs), and phosphatidylinositol 3-kinase (P13K)/protein
Kinase B (Akt) pathways [29-31). These effects make curcumin
a promising therapeutic agent for various diseases (Figure 2).

A hallmark of the protective effects of curcumin is its ability
to regulate autophagy. Curcumin stimulates autophagy by acti-
vating AMPK, a critical energy sensor. Concurrently, curcumin
inhibits the mTOR, a central regulator of cell growth, thereby
promoting the degradation of damaged cellular components.
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Table 1: A summary of the effect of curcumin (Cur) in cardiovascular diseases through modulation of autophagy. Cur: curcumin, ROS: Reactive
oxygen species, FCs: Foam cells, BRD4: Bromodomain-containing protein 4, mTOR: Mammalian target of rapamycin, HUVEC: Primary Human
Umbilical Vein Endothelial Cells, PPARy: Peroxisome proliferator-activated receptor gamma, PDT: Photodynamic therapy, Asma: Alpha Smooth
Muscle Actin, LC3: light chain 3, HAC: Hydroxyl acetylated curcumin, TFEB: Transcription factor EB, NC: nicotinate-curcumin, PI3K: Phos-
phoinositide 3-kinases, Akt: Protein kinase B, THC: Tetrahydrocannabinol, SOD: Superoxide dismutase, CAT: Catalase, MDA: Malondialdehyde,
HIF-1a: Hypoxia-inducible factor 1-alpha, AMPK: AMP-activated protein kinase, LAMP-2: Lysosome-associated membrane protein 2, JNK: c-Jun

N-terminal kinases.

Coronary artery

Yang et al. (77) C57BL/6 mice

Authors (Ref) Disease Experimental model Dose of Curcumin Research findings
Human monocytic THP-1 20 L Cur enhances autophagy by regulating mTORC1 and promoting nuclear
mo
cells " translocation of TFEB.
Cur enhances the binding of H3K4me1 and H3K27ac while reducing the
Lietal. (52) Atherosclerosis binding of H3K9me3 and H3K27me3 at the ATG5 promoter.
8 weeks old male 20 mg/kg body . L
. . K Cur degrades BRD4 in FCs by activating autophagy.
C57BL/6 mice (Apoe—/—) | weight, daily oo : o
Cur inhibits histone acetylation by binding to P300/CBP.
Cur reduces ROS.
X NC increases the expression of LC3-I1l and decreases the level of p62.
Gu et al. (58) Atherosclerosis | THP-1 cells 1, 5,10 umol/L i . .
NC enhances impaired autophagy flux via the PI3K/Akt/mTOR pathway.
Cur regulates the autophagy-related AMPK/mTOR/p70S6K signaling
Zhao et al. (59) | Atherosclerosis | HUVECs cells 5 umol/L pathway.
Cur increases the expression of PPARy.
MOVAS cells 20 umol/L CUR-PDT increases the expression of Beclin-1 and LC3B- I and the degradation of
. p62.

Wang et al. (66) | Atherosclerosis . .

A7r5 cells 20 umol/L CUR-PDT increases the expression of a-SMA and SM22-a and decreases the expres-
sion of OPN.
Translocation of BAX and cytochrome C, along with activation of the cas-
pase cascade, was induced after HAC-SDT, leading to apoptosis.

Zheng et al. (69) | Atherosclerosis | THP-1 cells 5 ug/mL HAC activates autophagy through the PI3K/AKT/mTOR pathway.
Accumulation of LC3 II, increased conversion of LC3 II/1, decrease in
p62, and increase in beclinl expression were observed during HAC-SDT.

Cardiomyocytes from
ventricles of 1-day-old 10 pmol/L Cur inhibits mTOR signaling and activates autophagy.

PI13K/Akt and MAPK/Erk1/2 signaling influence autophagy by regulating

disease
8 to 12-week-old male 100 mg/kg body the mTOR pathway.
C57BL/6 mice weight, daily
Neonatal rat cardiomyo- 5200 L Nap-Cur-NO reduces the levels of ROS and apoptosis (decreasing the
~ mo
G " cytes (NRCs) K expression of p-p38 MAPK and p-NF-kB and increasing Bcl-2).
oronary arter
Deng et al. (32) i Y v Nap-Cur-NO inhibits autophagy by suppressing ROS-related signals (de-
disease 6—8 weeks, 20-25 g male . . . . .
) - creasing the expression levels of LC3B Il/l and Beclin-1 and increasing the
C57BL/6 mice ”
expression of p62).
Rat cardiomyocyte H9¢c2 | 0.5, 1.0 and 2.0 THC improves antioxidant activity by increasing SOD and CAT activities and
cells umol/L decreasing MDA levels. THC decreases the Bax/Bcl-2 ratio and caspase-3

Coronary artery

Chen et al. (82) i
disease

50 mg/kg body
weight, daily

Sprague-Dawley rats,
180-200g

level and inhibits apoptosis.

THC decreases Beclinl expression and LC3 1I/LC3 | ratio while increasing
p62 expression. (reduction of autophagosome and autolysosome forma-
tion)

THC promotes the phosphorylation of the PI3K/AKT/mTOR pathway and
induces the expression of HIF-1a.

Diabetic cardio- | blast cells

Sadeghi et al. Diabetic cardio- | 8-week-old male Wistar | 100 mg/kg body i X X
. . Cur increases the expression of Beclin-1 and LAMP-2 genes.
(87) myopathy rat, 270 + 20g weight, daily
H9c2 rat cardiac myo- . .
10 umol/L Cur suppresses apoptosis by restoring autophagy.

Yao et al. (88
aoetal. (88) 2-months-old male

C57BL/6 mice weight, daily

myopathy

200 mg/kg body

Cur acts through AMPK and JNK1-mediated phosphorylation of Bcl-2 and
Bim, which dissociates Beclin1-Bcl-2 (or Bim) complexes.

Moreover, the anti-inflammatory actions of curcumin, achieved
through suppression of NF-kB, indirectly support autophagy
and contribute to its overall cytoprotective effects [32,33]. Cur-
cumin can also upregulate the expression of autophagy-related
genes, such as LC3 and Beclin-1, and enhance the formation of
autophagosomes [33]. The multifaceted effects of curcumin on
autophagy make it an attractive therapeutic target for various
diseases [34-36] (Table 1).

Although curcumin has been shown to have positive effects
on health, its poor bioavailability has limited the practical ap-
plicability of curcumin. Low water solubility, inefficient absorp-
tion, rapid metabolism, and systemic clearance of curcumin lim-
it its effectiveness when administered orally. To overcome these
challenges, researchers have explored various strategies to
enhance the bioavailability of curcumin, such as the use of ad-

juvants involving piperine and resveratrol or the development
of curcumin delivery systems [37,38]. Moreover, the synthetic
structure of curcumin analogs has been designed to improve its
bioavailability and pharmacokinetic properties [39,40].

Curcumin and Autophagy in Cardiovascular Disease

Autophagy is essential for maintaining the cardiovascular
health system. Its critical role in various cell types, especially
those within the heart and blood vessels, underscores its po-
tential as a therapeutic target for CVDs. The ability of curcumin
to modulate autophagy makes it a promising candidate for the
treatment of CVDs [35]. Atherosclerosis, coronary artery dis-
ease, and diabetic cardiomyopathy are three major types of
cardiovascular diseases. In the following sections, we will delve
into the role of curcumin in modulating autophagy within these
specific cardiovascular diseases (Figure 3).
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Figure 2: The therapeutic potential of curcumin against a wide
range of human diseases.
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Figure 3: The protective impacts of curcumin in cardiovascular
disease by regulating autophagy.

Curcumin and Autophagy in Atherosclerosis

Atherosclerosis is a chronic inflammatory disorder defined
by the accumulation of plaques containing lipids in the artery
walls due to several risk factors, such as high blood pressure,
diabetes, smoking, or elevated cholesterol [41]. Several lines
of evidence suggest that autophagy malfunctions play a critical
role in the development of atherosclerotic plaques by affecting
important cell types involved in the disease process, includ-
ing macrophages, Vascular Smooth Muscle Cells (VSMC), and
endothelial cells [42]. Although the deficiency of autophagy in
each cell type plays a role in plaque progression, the underlying
mechanisms are different. In this regard, abnormal autophagy
in macrophages increases necrosis and apoptosis, and this, in
turn, promotes plaque instability. Endothelial cells exhibit apop-
tosis and aging, while VSMC, which lack autophagy mechanisms,
contribute to plaque formation by promoting senescence [41-
45]. These cell-specific roles of autophagy in atherosclerosis
highlight its potential as a strategic target for the development
of novel therapeutic interventions to combat this disease.

Recent studies show that autophagy is critical in intracellu-
larly processing Low-Density Lipoproteins (LDLs) within foam
cells. LDLs are engulfed by autophagosomes and transported to
lysosomes for degradation. Studies have shown that impaired
autophagy flux contributes to lipid accumulation and foam cell
formation, while activation of autophagy counteracts these pro-
cesses. Therefore, enhancing autophagy function in foam cells
presents a promising therapeutic strategy for improving ath-
erosclerosis [46-51]. Studies have shown that curcumin could
mitigate atherosclerosis by autophagy regulation, highlighting
its potential as a therapeutic agent [23]. In this regard, Li et al.
showed that oxidized LDL (ox-LDL) induces aberrant crosstalk
between autophagy and inflammation in foam cells, mediated
by the TFEB-P300-BRD4 axis, and this dysregulation contributes
to atherogenesis. This group suggested that curcumin attenu-

ates inflammation and promotes autophagy in foam cells by re-
storing the balance between these cellular processes, thereby
mitigating the progression of atherosclerosis [52].

TFEB (Transcription factor EB), a master regulator of the
autophagy-lysosome system, is typically phosphorylated by
mTORC1 and inactivated [53]. Li et al. reported curcumin-in-
duced autophagy through nuclear translocation of TFEB in foam
cells. The nuclear translocation of TFEB was not significantly af-
fected by the pharmacological suppression of autophagy, sug-
gesting that TFEB was the upstream regulator of autophagy.
Results of this study showed that the expression of p-mTOR
was downregulated by curcumin and partially reversed by TFEB
silencing in foam cells [54]. These findings suggested that cur-
cumin promotes mTORC1-dependent TFEB nuclear transloca-
tion and enhances autophagy in foam cells. Additionally, cur-
cumin influences chromatin accessibility by increasing H3K4me1l
and H3K27ac binding to the ATG5 promoter while decreasing
H3K9me3 and H3K27me3 binding to the ATG5 promoter. This
chromatin remodeling likely contributes to TFEB-mediated au-
tophagy activation. These results highlight the critical role of
TFEB nuclear translocation and subsequent autophagy activa-
tion in curcumin-mediated lipid degradation and atherosclero-
sis reduction [52]. In another part of the study, Li et al. observed
that BRD4 expression is significantly upregulated in foam cells;
however, curcumin effectively inhibits this upregulation, likely
by inducing autophagy-mediated degradation of BRD4. Given
the role of BRD4 as a transcriptional autophagy regulator, its
knockdown partially alleviates autophagy suppression in foam
cells [52,55]. Li et al. observed that macrophage-specific TFEB
knockout prevents curcumin-induced LC3 upregulation, H3 ac-
tivation, and Reactive Oxidative Stress (ROS) reduction. These
findings suggest that activated TFEB negatively regulates BRD4
in curcumin-treated foam cells [52]. These results demonstrate
that curcumin effectively reduces BRD4 expression through au-
tophagy activation, contributing to its anti-inflammatory and
anti-atherosclerotic effects. Histone acetyltransferases, such
as P300, are involved in histone acetylation. While the role of
P300 in atherosclerosis is complex, studies suggest both pro-
and anti-inflammatory effects [56]. Lu et al. reported that P300
promotes atherogenesis by stimulating proinflammatory genes
in VSMC, while curcumin directly binds to P300/CBP and pre-
vents histone acetylation [57]. As an additional mechanism, Li
et al., in a different section of their study, proposed that cur-
cumin reduces ROS, a known activator of P300, which led to
decreased P300 activity and subsequent autophagy induction
via TFEB activation [52]. Overall, Li et al. propose that by inhib-
iting mTORC1, curcumin facilitates TFEB nuclear translocation,
restoring autophagy and autophagic flux in ox-LDL-injured foam
cells. Simultaneously, curcumin suppresses ROS generation via
autophagy activation, leading to decreased P300-mediated his-
tone acetylation. This epigenetic modulation reduces BRD4 oc-
cupancy on inflammatory gene promoters, ultimately leading
to inflammation downregulating. These findings underscore the
multifaceted anti-inflammatory and autophagy-inducing prop-
erties of curcumin [52].

In another study, Gu et al. demonstrated impaired autopha-
gy flux, as evidenced by reduced LC3-Il and increased p62 lev-
els in THP-1 cells exposed to ox-LDL. Their results showed that
nicotinate-curcumin, a water-soluble curcumin derivative, re-
stored autophagy flux, decreased foam cell formation, and low-
ered cholesterol levels in these cells [58]. In this regard, Zhao
et al. investigated the protective effects of curcumin against
ox-LDL-induced endothelial lipotoxicity in human umbilical vein
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endothelial cells (HUVECs) [59]. High levels of ox-LDL caused
endothelial dysfunction, inflammation, and oxidative stress in
HUVECs. Treatment with curcumin mitigated these effects by
improving endothelial function, reducing tube formation and
migration, and increasing peroxisome proliferator-activated re-
ceptor (PPARy) expression. Mechanistically, curcumin regulated
the autophagy-related AMPK/mTOR/p70S6K signaling pathway
to protect endothelial cells [59]. Previous work by the same
group showed that curcumin reduces ER stress and LOX1 ex-
pression in HUVECs exposed to palmitic acid [60]. These find-
ings highlight the protective effects of curcumin on endothelial
cells through autophagy induction and reduction of oxidative
stress.

Studies have shown that activation of autophagy prevents
atherosclerosis by inhibiting VSMC phenotypic switching from
contractile to synthetic states and reducing their ability to
proliferate and migrate these cells [61]. It has been reported
that Photodynamic Therapy (PDT) can induce necrosis, apop-
tosis, and autophagy in target tissues. Given the unique impact
of atherosclerotic plaques on the absorption and retention of
curcumin, combining curcumin with PDT offers a promising ap-
proach to the treatment of atherosclerosis [62-65]. In this re-
gard, Wang et al. investigated the effects of curcumin-PDT on
ox-LDL-treated VSMCs. The combination therapy induced au-
tophagy, as evidenced by increased LC3-Il and Beclin-1 expres-
sion and decreased p62 levels. Furthermore, curcumin-PDT pro-
moted the contractile VSMC phenotype through upregulated
a-SMA (alpha-smooth muscle actin) and SM22a (smooth mus-
cle 22a) and downregulated osteopontin as a synthetic marker
[66]. These findings suggest that curcumin-PDT prevents VSMC
phenotypic switching and foam cell formation through autoph-
agy activation. Another study explored the combination of Hy-
droxyl Acetylated Curcumin (HAC) and Sonodynamic Treatment
(SDT). HAC, a superior sonosensitizer to curcumin, effectively
generates ROS upon ultrasound activation. While ROS typically
induces apoptosis, in this context, it also stimulates autophagy
[67,68]. The combination of HAC and SDT exhibited enhanced
efficacy compared to individual treatments [69]. Zheng et al.
demonstrated that HAC-SDT triggered both autophagy, mediat-
ed by the PI3K/AKT/mTOR pathway, and apoptosis, initiated by
the mitochondrial-caspase cascade. HAC-SDT effectively inhib-
ited foam cell formation in macrophages during atherosclerosis
progression by inducing autophagy [69]. These findings under-
score the pivotal role of ROS in this process and the potential of
HAC-SDT as a therapeutic strategy.

Curcumin and Autophagy in Coronary Artery Disease

Atherosclerosis often leads to Coronary Artery Disease (CAD)
and subsequent myocardial infarction. Both ischemic and re-
perfusion phases of myocardial injury stimulate cardiomyocyte
autophagy. While these phases share similarities in inducing
cellular stress, they differ in oxygen and nutrient availability
and ROS production [23]. Depletion of ATP caused by ischemia
stimulates AMPK activation and mTOR inhibition, leading to en-
hanced autophagy. This process is crucial for maintaining cel-
lular energy and cardiomyocyte survival [70,71]. Studies have
shown that improving autophagy with inducers can mitigate
myocardial damage and improve cardiac outcomes following
ischemic injury. Despite restored oxygen and nutrient sup-
ply during reperfusion, excessive ROS production occurs. This
amplified oxidative stress activates autophagy, paradoxically
leading to the exacerbation of reperfusion injury and cardio-
myocyte death. While autophagy is beneficial during ischemia

to maintain cell survival, its role during reperfusion becomes
detrimental [23,70-75]. Curcumin has shown promise as a ther-
apeutic for myocardial Ischemia-Reperfusion (I/R) injury [76].
Studies have demonstrated that curcumin promotes autophagy
by inhibiting mTOR signaling; however, the role of autophagy
in I/R injury is complex: beneficial during ischemia but detri-
mental during reperfusion [76]. Combination therapies involv-
ing curcumin and other agents have been explored to optimize
therapeutic effects. For instance, combining curcumin with
D942 enhances autophagy and reduces myocardial damage
(77). Additionally, a hydrogel delivering curcumin and nitric ox-
ide has shown promise in protecting cardiomyocytes from I/R
injury by reducing oxidative stress and inhibiting autophagy
[78-81]. Tetrahydrocurcumin, a derivative of curcumin, has also
demonstrated cardioprotective effects. This compound reduces
myocardial infarct size, improves cardiac function, and inhibits
autophagy while promoting antioxidant defenses [82]. These
findings highlight the complex interplay between autophagy,
oxidative stress, and myocardial injury.

Curcumin and Autophagy in Diabetic Cardiomyopathy

Diabetic Cardiomyopathy (DCM) is a significant cause of dia-
betes-related mortality, affecting two-thirds of diabetic individ-
uals [83]. DCM is characterized by left ventricular dysfunction,
dilation, and cardiomyocyte death. Myocardial hypertrophy,
fibrosis, and diastolic dysfunction are common cardiac abnor-
malities associated with DCM. Excessive fatty acid utilization in
diabetic hearts leads to metabolic rigidity, increased oxidative
stress, mitochondrial dysfunction, and, ultimately, heart failure
[83]. The role of autophagy in diabetic cardiomyopathy is com-
plex. While autophagy is initially activated, prolonged high-fat
diet feeding suppresses cardiac autophagic flux. Evidence sug-
gests that autophagy and mitophagy protect the heart through
clearing damaged mitochondria and cellular waste. In line with
this, inhibiting autophagy exacerbates cardiac dysfunction in di-
abetic models [23,84-86]. Notably, administering an autophagy
inducer improved autophagy, mitophagy and cardiac function
in diabetic mice. These findings highlight the potential of au-
tophagy and mitophagy as therapeutic targets for preventing
diabetic cardiomyopathy [84-86]. Curcumin has shown protec-
tive effects in diabetic cardiomyopathy by inducing autophagy-
related cell death. A study combining High-Intensity Interval
Training (HIT) with curcumin showed increased expression of
autophagy-related genes, suggesting a synergistic effect in im-
proving cardiac function [87]. protective mechanisms of cur-
cumin involve inhibiting cell death and restoring autophagy. In
this regard, Yao et al. reported that curcumin by phosphorylat-
ing Bcl-2 and Bim, disrupts their interaction with Beclin-1, and
promotes autophagy. Additionally, AMPK activation and subse-
quent mTOR inhibition contribute to this process [88].

Autophagy and apoptosis are intricately linked through
shared regulatory proteins. Beclin-1, a key autophagy protein,
interacts with pro- and anti-apoptotic proteins like Bcl-2 and
Bim. This interaction inhibits autophagy by preventing the as-
sociation of Beclin-1 with Vps34, a critical autophagy initiator.
However, phosphorylation of Bcl-2 or Bim by JNK1 disrupts this
complex, promoting autophagy [89-93]. The protective effects
of curcumin in diabetic cardiomyopathy involve a complex in-
terplay between autophagy and apoptosis. By phosphorylation
of Bcl-2 and Bim, curcumin promotes autophagy and inhibits
apoptosis. This process involves AMPK and JNK signaling, but
the exact mechanisms underlying their interaction require fur-
ther investigation [88]. Understanding the intricate relationship
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between autophagy and apoptosis is crucial for developing ef-
fective therapeutic strategies for diabetic cardiomyopathy.

Discussion and Conclusion

CVD is a leading global health concern, with millions of
people affected worldwide. The intricate interplay between
autophagy and cardiovascular health has opened new avenues
for therapeutic interventions, mainly using natural compounds
such as curcumin. Autophagy, a critical cellular process for main-
taining homeostasis, plays a pivotal role in CVD [86]. Nutrient-
sensing pathways, including AMPK, mTOR, and SIRT1, regulate
this process, which responds to cellular stressors like oxidation
and starvation [94,95]. Curcumin has emerged as a promising
therapeutic agent due to its multifaceted properties. Antioxi-
dant, anti-inflammatory, and autophagy-modulating capabili-
ties offer significant potential for curcumin in combating several
diseases [29,30]. Dysregulation of autophagy is implicated in
the pathogenesis of several CVDs. Therefore, modulating au-
tophagy through compounds like curcumin presents a promis-
ing therapeutic approach. Curcumin, by promoting autophagy,
can help clear damaged cellular components, reduce oxidative
stress, and mitigate inflammation, potentially improving cardio-
vascular health and preventing disease progression [28].

In conclusion, the multifaceted role of curcumin in modulat-
ing autophagy, reducing oxidative stress, and inhibiting inflam-
mation makes it a compelling candidate for the treatment of
CVDs. Future research should optimize its bioavailability and
further elucidate the molecular mechanisms underlying its
therapeutic effects. Such efforts will be crucial in translating
the promising preclinical findings into effective clinical interven-
tions for cardiovascular health.
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