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Abstract

The relationship between polyphenols and autophagy, particularly in the context of aging, presents a promising avenue for therapeutic
interventions in age-related diseases. A decline in autophagy is associated with aging-related affections, and an increasing number of
studies suggest that this enhancement is linked to cellular resilience and longevity. This review delves into the multifaceted roles of
autophagy in cellular homeostasis and the potential of polyphenols to modulate autophagic pathways. We revised the most updated
literature regarding the modulatory effects of polyphenols on autophagy in cardiovascular, liver, and kidney diseases, highlighting their
therapeutic potential. We highlight the role of polyphenols as modulators of autophagy to combat age-related diseases, thus contributing
to improving the quality of life in aging populations. A better understanding of the interplay of autophagy between autophagy and
polyphenols will help pave the way for future research and clinical applications in the field of longevity medicine.
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1. Introduction
1.1 Autophagy and Aging

Aging is a multifactorial process characterized by a
gradual loss of physiological functions, which leads to in-
creased vulnerability of the organism to age-related dis-
eases and, finally, to death. López-Otín et al. [1] pro-
posed the original nine hallmarks of aging in an article pub-
lished in Cell in 2013. Since then, the field of longevity
medicine has experienced significant growth, with new re-
search and studies enhancing our understanding of the cel-
lular and molecular mechanisms involved in the aging pro-
cess. In 2023, López-Otín et al. [2] published further
research updating their previous work and adding three
new hallmarks. Currently, the hallmarks of aging com-
prise genomic instability, telomere attrition, epigenetic al-
terations, loss of proteostasis, deregulated nutrient-sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, altered intercellular communication, dysregu-
lation of RNA processing, microbiome disturbances, and
chronic inflammation and, of interest for this review, com-
promised autophagy [1,2].

The term Autophagy, derives from the Greek term
“self-eating”, and represents an evolutionarily conserved
catabolic process within eukaryotic cells. Its fundamen-
tal role resides in maintaining cellular homeostasis by se-
lectively degrading and recycling damaged or obsolete
intracellular components. There are three different au-
tophagy pathways: macroautophagy, microautophagy and

chaperone-mediated autophagy (CMA) that assure healthy
aging [3].

Macroautophagy involves the formation of double-
membrane vesicles called autophagosomes, which engulf
cytoplasmic cargo. These autophagosomes subsequently
fuse with lysosomes to form autolysosomes, where degra-
dation occurs [4]. Autophagy-related proteins (ATGs) or-
chestrate this process, triggering autophagosome formation,
trafficking, and fusion with lysosomes. Forkhead box O3
(FoxO3) activates transcription of autophagy genes such as
LC3B, GABARAPL1 and Beclin-1 while Transcription fac-
tor EB (TFEB) enhances lysosomal biogenesis, amplifying
macroautophagy by upregulating related genes. Key up-
stream regulators of macroautophagy are mechanistic target
of rapamycin (mTOR) pathway, AMP-activated protein ki-
nase (AMPK) pathway, and phosphatidylinositol-3-kinase
(PI3K) pathway [5]. The protein mTOR is a master reg-
ulator of cellular metabolism and it is involved in the au-
tophagic process both upstream and downstream. In a nut-
shell, the activation of mTOR (e.g., under nutrient abun-
dance) leads to the inhibition of the autophagic process.
The AMPK pathway is a signaling pathway closely linked
to cellular metabolism that initiates a series of cellular pro-
cesses aimed at increasing ATP levels. Through the inhibi-
tion of mTOR, the AMPK pathway regulates positively the
autophagic process boosting autophagy [6].

This catabolic process requires the synchronization
of different molecular events such as direct phosphoryla-
tion of serine/threonine-protein kinase (ULK1), regulatory-
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associated protein of mTOR (RAPTOR) and the tuberos
sclerosis complex protein 1 and 2 (TSC1-TSC2) complex
bymTOR andAMPK or the binding of Atg14 to the Beclin-
1–VPS34 complex for autophagy initiation. Different tran-
scription factors also modulate macroautophagy [7]. In-
terestingly, these regulatory systems are cellular signaling
mechanisms that respond to various stressors and nutrients
availability to either activate or inhibit autophagy. Since
autophagy can maintain cellular homeostasis, and eliminar
health, this process has drawn significant attention in the
context of aging.

CMA is a selective protein degradation process that
targets proteins carrying a specific targeting motif in their
amino acid sequence (KFERQ). The cytosolic chaperone
heat shock Cognate 70 (HSC70) recognizes this motif,
transporting protein substrates to the lysosomal membrane
where interacts with Lysosome-associated membrane pro-
tein 2 (LAMP2A), the CMA receptor, facilitating their in-
ternalization into lysosomes. Multimeric LAMP2A assists
substrate translocation, aided by luminal HSC70 and sta-
bilized by luminal heat shock protein 90 (HSP90). CMA
contributes to quality control of oxidized proteins, provides
amino acids during nutrient scarcity, and regulates func-
tional proteins in various cellular processes [8]. Stressors
like starvation, oxidative stress, genotoxic damage, and hy-
poxia stimulate CMA. Regulators of CMA include diverse
signaling pathways such as mechanistic target of rapamycin
C2 (mTORC2) and PH domain and leucine rich repeat pro-
tein phosphatase (PHLPP1) [9].

The third type of autophagy, microautophagy consists
in the direct invagination of the lysosomal membrane or en-
dosomal membrane to trap cytosolic content. The endoso-
mal microautophagy (eMI) operates in late endosomes, me-
diating selective or bulk protein degradation, recognized by
cytosolic HSC70. Contrary to CMA, eMI does not require
the factor LAMP2A or substrate unfolding, involving en-
dosomal sorting complexes required for transport (ESCRT)
machinery for cargo internalization and degradation [10].
HSC70-dependent eMI is not upregulated by starvation but
responds to proteotoxicity from pathogenic proteins like tau
[11].

Mitophagy is a specific type of autophagy in which
damaged or depolarized mitochondria are degraded in the
lysosomal compartments. The correct turnover of these
organelles is essential to maintain cell homeostasis and
to avoid cell degeneration. This evolutionarily conserved
mechanism participates in physiological roles in the cell,
such as cell maturation, differentiation, and remodeling
[12]. In a nutshell, damaged mitochondria are tagged by
specific markers such as PTEN-induced kinase 1 (PINK1)
and, then recognized by PARKIN. This effector ubiqui-
tinates proteins from the outer mitochondrial membrane,
leading to the recruitment of other proteins linked to au-
tophagy. The autophagic machinery forms the autophago-
some, and this structure is consequently fused to the lyso-

some [13]. The process of mitophagy is becoming more
significant in pathological situations, such as age-related ill-
nesses. The impairment of mitophagy is considered one of
the several aging hallmarks. For instance, as we age the
mitophagy efficiency often declines, leading to the accu-
mulation of defectivemitochondria. The dysfunction of mi-
tophagy exacerbates also the accumulation of reactive oxy-
gen species (ROS), a key event that occurs in aging. De-
fective mitophagy directly participates in the development
and progression of several age-related pathologies, mostly
including oxidative stress, as Alzheimer’s disease, Parkin-
son’s disease, cancer, and cardiovascular diseases [14].

As previously said, autophagy declines with age
progression, thus causing accumulations of defective or-
ganelles, proteins and macromolecules that in turn cause
cellular stress and disfunction. Nevertheless, several stud-
ies shows in this section underline how enhanced au-
tophagic activity positively affects cellular resilience and
longevity and show that efficient autophagy maintains cel-
lular health and promotes longevity [5]. Conversely, the
age-related autophagy decline may predispose individu-
als to multiple aging-associated pathologies [15]. As well
as, impaired autophagy has been linked to multiple dis-
eases including neurodegenerative diseases, cancer, and
metabolic disorders [2,4,16]. Autophagy also plays a cru-
cial role in maintaining metabolic homeostasis by regu-
lating lipid metabolism and insulin sensitivity. Dysfunc-
tional autophagy in metabolic tissues contributes to the on-
set and progression of metabolic diseases such diabetes
and obesity. Research suggests that enhancing autophagy
flux in metabolic tissues could hold promise in ameliorat-
ing metabolic disorders and delaying their associated ag-
ing phenotypes [17]. Also, autophagy plays a pivotal role
in clearing toxic protein aggregates, thereby attenuating
the progression of neurodegenerative disorders, which are
present in many older people [15].

In sum, a better understanding of the role of autophagy
in aging has open the doors for potential therapeutic inter-
ventions in age-related diseases. The identification of safe
and effective activators to rejuvenate cellular function and
mitigate the effects of aging and age-related diseases is a
challenge. Although, various strategies including caloric
restriction, nutritional components, exercise, and pharma-
cological approaches, have been shown promising in en-
hancing autophagy [18,19], the interventions targeting di-
rectly autophagic process are limited nowadays. Thus, the
use of autophagic activators in clinical context remains as-
pirational.

1.2 Aging and Polyphenols

In recent years, researchers have made significant
progress in understanding the molecular and cellular mech-
anisms involved in the aging process. This knowledge has
led to the development of new interventions aimed at pro-
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longing life expectancy and promoting healthy aging. Anti-
aging processes can be regulated by behavioral, pharmaco-
logical, and dietary factors [20] and polyphenol-based nu-
tritional interventions are one of the most studied measures
to promote healthy aging.

Polyphenols are a group of secondary plant metabo-
lites identified by their chemical structure of repeating phe-
nolic moieties. Polyphenols are very abundant in nature and
extremely diverse. There are more than 8000 different ones
identified and are widely distributed into Plant kingdom,
mainly in fruits and vegetables [21]. Due to that huge di-
versity, the terminology and classification of polyphenols
is complex and confusing. Polyphenols have very similar
chemical structures, although they can be subdivided based
on some differences in five main groups eliminar, includ-
ing: flavonoids, stilbenes, lignans phenolic acids and phe-
nolic alcohols. Flavonoids are subsequently divided into
flavanols, flavonols, flavones, flavanones, isoflavones and
anthocyanidins [21].

Polyphenols can exert multiple biological effects such
as: protect cellular components against oxidative damage,
regulate enzymes activity, and acting in the interaction with
signal transduction pathways and cellular receptors [22].
These bioactive molecules act as caloric restriction mimet-
ics, extending lifespan and offering a similar anti-aging and
protective action than the one that caloric restriction pro-
vides. Polyphenols play a potential anti-aging role in many
ways, due to their ability to modulate some of the hallmarks
of aging, including oxidative damage, inflammation, cell
senescence, and autophagy [22]. Moreover, these metabo-
lites are receiving increasing attention as potential therapeu-
tic agents against various aging diseases such as cardiovas-
cular and kidney diseases, diabetes, and even neurodegen-
erative diseases [23].

In the last decades, natural compounds such as sper-
midine, trehalose or polyphenols have gained attention as
potential autophagic activators [24]. Some of thesemetabo-
lites can modulate macroautophagy (Fig. 1), but it remains
unknown if polyphenols specifically could modulate mi-
croautophagy or chaperone-mediated autophagy. Some
polyphenols are activators of sirtuine 1 (SIRT1) that con-
trols key autophagic genes such ATG5, ATG7 or LC3 [25].
A key outcome of activating SIRT1 through polyphenol
exposure is the downregulation of the mTOR signaling
pathway. This, in turn, initiates the process of autophagy
through the protein complex containing ULK1/2 and two
additional protein factors, autophagy related 13 (ATG13)
and FIP200 (ULK1/2-ATG13-FIP200) [26]. Also, increas-
ing evidence shows that polyphenol consumption activates
autophagy through the AMPK-mTOR signaling pathways
and contributes to delaying aging and maintaining health
in various model organisms [27]. Of these regulators, the
protein kinase B (AKT) and PI3K are the well-known up-
stream activators of mTOR1. For example, resveratrol in
rats, kaempferol in human endothelial cells, gallic acid both

in CCD-18Co cells and in rats were reported to up-regulate
autophagy process via inhibiting PI3K/AKT/mTOR path-
way [28–30].

Polyphenols contribute to mitochondrial health by ac-
tivating mitophagy, a subtype of macroautophagy, which
helps remove damaged mitochondria and prevents the ac-
cumulation of oxidative stress within cells, thereby promot-
ing longevity and preventing age-related pathologies as-
sociated with mitochondrial dysfunction [31,32]. In par-
ticular, resveratrol and epicatechin activate mitochondrial
biogenesis via Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha- sirtuin 1- AMP-activated pro-
tein kinase (PGC-1α-SIRT1-AMPK) signaling and restores
mitochondrial oxidative phosphorylation capabilities [33].
Resveratrol and quercetin were also, shown to alter mi-
tophagy transcriptome via Forkhead boxO3 (FOXO3a) sig-
naling to potentiate PARKIN-PINK1 mitophagy in cardiac
and hepatic cells [32].

In this review we summarize the current knowledge
about the modulatory role of polyphenols in macroau-
tophagy. Specifically, we will focus on the interconnect-
edness polyphenols-autophagy in the pathophysiology of
three major organs whose diseases represent a major cost to
the healthcare system. The use of polyphenols might rep-
resent a choice for cost-effectiveness and efficiency strat-
egy to counteract cellular damage in tissues and organs with
age.

2. Is the Modulation of Autophagy through
Polyphenols a Promising Strategy to Fight
Age-Related Diseases?
2.1 Polyphenols in Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the world’s
largest cause of mortality, claiming 17.9 million lives annu-
ally, according to the World Health Organization (WHO).
Given that aging brings both structural and functional
changes to the cardiovascular system, it is one of the ma-
jor risk factors for CVDs. With age, there is an increase
in arterial stiffness, an impairment in endothelial function,
and many other physiological changes such as heart hy-
pertrophy, fibrosis, ischemia, and increased incidence of
atherosclerosis, among others [34]. In recent years, the in-
terplay between the modulation of autophagy and cardio-
vascular system fitness has been studied as a remarkable
therapeutic axis [35]. In CVDs, autophagy acts as a double-
edged sword. In general terms, autophagy, at physiological
levels, is beneficial to maintain the correct functioning of
cardiovascular-associated tissues and the enhancement of
autophagic activity is cardioprotective in multiple patho-
logical conditions [36]. However, the aberrant activation
of autophagy can cause cell death and accelerate the disease
progression during specific stages of the pathology [37].

A fine-tuning modulation of the autophagy is key
to designing effective autophagy-related therapeutic strate-
gies. In this context, polyphenols are being studied due
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Fig. 1. Working model of the action of polyphenols on autophagy-related pathways. An age-related decline of autophagy is linked to
pathophysiological processes described in heart, liver and kidney disorders. Polyphenols might enhance autophagy through the activation
of different cellular factors involved in the autophagic function. mTOR,mechanistic target of rapamycin; MAPK/ERK,mitogen-activated
protein kinases/extracellular signal-regulated kinases; AMPK, AMP-activated protein kinase; FoxO, Forkhead box O3; TFEB, transcrip-
tion factor EB; SIRT1, sirtuin 1; PI3K, phosphatidyl inositol 3 kinase; LC3, Microtubule-associated protein 1A/1B-light chain 3. Created
with Microsoft PowerPoint (Microsoft Corporation, Redmond, WA, USA).
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to their multiple benefits to the cardiovascular system (Ta-
ble 1, Ref. [29,38–70]). Apart from their anti-inflammatory
and antioxidant properties, polyphenols have been demon-
strated to be a powerful tool in modulating autophagy both
in cardiovascular health and disease [71].

One of the most studied polyphenols in autophagy
modulation is epigallocatechin-3-gallate (EGCG) a
flavonoid, formed by the combination of epigallocatechin
and gallic acid. EGCG belongs to the catechin family,
with a flavanol structure, and is abundant in green tea, with
significant levels also found in white tea and smaller quan-
tities in black tea [72]. Several in vivo and in vitro studies
strengthen the autophagic-mediated cardioprotective ca-
pacity of this bioactive compound [73]. In type 2 diabetic
rats, the intragastrical administration of 40 mg/kg and 80
mg/kg of EGCG increased the expression of myocardial
LC3 and Beclin-1. Since levels of AMPK-p are increased
and levels of mTOR are decreased, the authors suggest
that the autophagic modulation could be exerted through
the AMPK/mTOR pathway and entails lower deposition of
collagen fibers, less inflammation, and hypertrophy in the
myocardium, and ameliorated several clinical parameters
related to cardiac in EGCG-treated animals [38]. Admin-
istration of EGCG 10 mg/kg via sublingual intravenous
injection in a rat model of ischemia/reperfusion injury,
reduced cardiomyocyte apoptosis, restored the levels of
critical myocardial enzymes, and curtailed the infarct
area [39]. The authors showed that EGCG treatment
targets PI3K/AKT downstream autophagic effectors
such as Beclin-1, Atg5, p62, and LC3-II. Xuan and Jian
[39] suggest that these effects can be explained by the
EGCG-mediated abrogation of the detrimental excessive
autophagic flux. The PI3K/AKT pathway seems to play a
major role in EGCG-mediated modulation of autophagy
in CVDs. In an in vitro model of oxidative stress-induced
damage in Primary Human Umbilical Vein Endothelial
Cells (HUVECs), EGCG reduced cell apoptosis, enhanced
cell survival, and upregulated Atg5, Atg7, LC3 II/I, and
the Atg5-Atg12 complex through the PI3K/Akt/mTOR
signaling pathway [40]. Interestingly, EGCG has been
also tested in the reduction of the endothelial accumulation
of lipid droplets, a hallmark of atherosclerosis. The
palmitate-derived accumulation of lipids bovine aortic
endothelial cells was reduced by 10 µM EGCG treatment.
The authors demonstrated that heightened intracellular
calcium dynamics activating CaMKKβ/AMPK may play
an important role in the beneficial health effect of green
tea; EGCG stimulates autophagic degradation, which may
help reduce the accumulation of lipid and supplementation
of green tea may have a beneficial effect in endothelial
function through facilitation of lipophagy [41].

Quercetin, a natural flavonol broadly used in tradi-
tional chinese medicine, is found in various fruits, veg-
etables, and grains of human diet. This polyphenol has
also been extensively investigated in the context of cardio-

vascular diseases, due to its therapeutic potential. Lin et
al. [42] noticed that this polyphenol could promote au-
tophagy in spontaneously hypertensive rats. Animals ad-
ministered orally quercetin (10 mg/kg body weight) once
per day for 6 weeks had a reduction in blood pressure
and an enhancement of vascular endothelial function. The
protective role of quercetin treatment in atherosclerosis
has been also confirmed in ApoE−/− mice subjected to a
high-fat diet, the treatment with a daily oral gavage of a
quercetin solution (12.5 mg/kg) for 12 weeks resulted in
the reduction of lipid accumulation in the aorta. Trans-
mission electron microscopy analysis of the aortic tissue
of quercetin-treated animals showed an increased number
of autophagosomes. Western Blot analysis showed re-
duced levels of mTOR, p53, and p21 proteins, as well as
an increase in the Microtubule-associated protein 1A/1B-
light chain 3-II/I (LC3II/I) ratio as compared to the con-
trol group [43]. Also, in cardiomyocytes subjected to hy-
poxia/reoxygenation, quercetin acts as a potent antioxidant
inhibiting the production of reactive oxygen species (ROS)
and as a mitochondria quality agent by the modulation of
mitophagy. Remarkably, the protective effect of quercetin
in cardiomyocytes is offset by the silencing of SIRT1, a key
effector in cell metabolism, oxidative stress, and mitochon-
drial function [44].

Rutin, found in various plants including citrus,
is a flavonoid glycoside that combines the flavonol
quercetin with the disaccharide rutinose and it has been
proposed as an interesting anti-inflammatory and anti-
atherosclerotic agent. The application of 12.5 µg/mL
of rutin to a macrophage-derived foam cell model in-
hibits the PI3K/AKT signaling pathway and increases the
LC3II/LC3I ratio and the number of autophagosomes in
macrophages. Therefore, rutin decreases macrophage in-
flammation and the production of foam cells induced by
elevated levels of oxygenated low-density lipoprotein (ox-
LDL) levels [45]. In a mouse model of doxorubicin-
induced toxicity, administration of rutin 100 mg/kg body
weight for 11 weeks improved the cardiac function, attenu-
ated cardiac fibrosis and apoptosis, and reduced LC3-II and
Autophagy-related 5 (ATG5) expression. In the same study,
the authors demonstrated that the AKT pathway mediated
this decrease through “excessive” autophagy [46].

The flavonol kaempferol has shown antiatheroscle-
rosis activity by modulating both inflammation and au-
tophagy. Kaempferol is a bioactive flavonoid isolated
from black, green, and mate herb teas as well as from nu-
merous common vegetables and fruits, including beans,
grapes, broccoli, berries, kale, citrus fruits, and from
plants or botanical products and is commonly used in tra-
ditional medicine [74]. In an ox-low-density lipoprotein
(LDL)-induced apoptosismodel the treatment with 100mM
kaempferol ameliorated the apoptotic rate and boosted au-
tophagy in HUVECs by up-regulation of autophagy via in-
hibiting PI3K/Akt/mTOR pathway in human endothelial c-
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Table 1. Interconnectedness polyphenols-autophagy in age-related cardiovascular diseases.
Family Polyphenol Dose Model of the study Disease Signaling pathway Reference

Flavonoid

EGCG

40 mg/kg and 80 mg/kg Rat Diabetes AMPK/mTOR [38]
10 mg/kg Rat Ischemia-reperfusion PI3K/AKT [39]

1, 5, 10 µmol/L HUVECs Oxidative stress-derived damage PI3K/Akt/mTOR [40]
10 µM BAOEC Lipid accumulation Ca2+/CaMKKβ/AMPK [41]

Quercetin
10 mg/kg Rat Hypertension - [42]
12.5 mg/kg Rat Cholesterol accumulation mTOR [43]

50, 100, 150, 200, and 250 mg/L Human cardiomyocytes Hypoxia-reoxygenation SIRT1 [44]

Rutin
12.5 µg/mL Macrophages Atherosclerosis PI3K/AKT [45]
100 mg/kg Mice Doxorubicin-induced

cardiotoxicity
Akt [46]

Kaempferol
100 mM HUVECs Atherosclerosis PI3K/Akt/mTOR [29]
1000 nM HUVECs Atherosclerosis SIRT1/LKB1/AMPK [47]

Apigenin 50 mg/kg Mice Myocardial damage TFEB [48]

Luteolin

50, 100 and 200 mg/kg Mice Diabetic cardiomyopathy JNK/c-Jun-regulated
miR-221-associated pathway

[49]

10 µg/kg Mice Myocardial injury AMPK [50]
10 µg/kg Mice Myocardial injury

- [51]
8 µmol/L Cardiomyocytes Hypoxia
25 µM RAW264.7 macrophages Atherosclerosis - [52]
10 µM Adult mouse cardiomyocytes Doxorubicin-induced

cardiotoxicity
TFEB [53]

Baicalein
25 mg/kg Mice

Cardiac hypertrophy FOXO3a [54]
30 µM Neonatal rat cardiomyocytes

Naringenin

5, 10, 20 and 40 µmol/L H9C2 cardiomyocytes Myocardial injury by hypoxia HIF-1α/BNIP3 [55]
1 and 10 µM HUVECs Palmitate-derived cardiotoxicity JNK [56]

86 µM HUVECs High glucose/high-fat stress PI3K-AKT-mTOR [57]
25, 50 and 100 mg/kg Mice Atherosclerosis - [58]

Stilbenes Resveratrol

20 µM H9C2 cardiomyocytes Doxorubicin-induced
cardiotoxicity

AMPK/mTOR/ULK1 [59]

2.5 mg/kg/day Rats Myocardial ischemia-derived
injury

-
[60]

0.1 and 1 µM H9C2 cardiomyocytes Hypoxia-reoxygenation mTORC2
25 µM H9C2 cardiomyocytes Diabetic cardiomyopathy mTORC1/p70S6K1/4EBP1 [61]

5 and 20 µM Primary neonatal rat
cardiomyocyte

Ischemia-reperfusion injury Sirt1/Sirt3-FoxO [62]

30 mg/kg Rats
Ischemia-reperfusion injury

DJ-1/MEKK1/
[63]

20 µM H9c2 cardiomyocytes JNK
8 mg/kg Rats Heart failure AMPK [64]
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Table 1. Continued.
Family Polyphenol Dose Model of the study Disease Signaling pathway Reference

Phenolic acids Gallic acid
5 and 20 mg/kg Mice

Cardiac hypertrophy ULK1 [65]
10 µM Neonatal rat cardiomyocytes

Other
polyphenols

Curcumin

20 µmol/L Macrophages Atherosclerosis mTOR-TFEB [66]
5 and 20 µmol/L EA.hy926 cells Oxidative stress AKR-mTOR [67]
1, 5 and 10 µmol/L HUVECs Oxidative stress FOXO-1 [68]

20 µmol/L
Mouse aortic smooth muscle cell

line (MOVAS)
Atherosclerosis ERS [69]

Rat thoracic aorta cell line (A7r5)
10 µM H9C2 cardiomyocytes Hypoxia-reoxygenation BNIP3 or SIRT1 [70]

ECGG, epigallocatechin gallate; HUVECs, human umbilical vein endothelial cells; BAOEC, bovine aortic endothelial cells; AMPK/mTOR, AMP-activated protein kinase/Mechanistic target
of rapamycin; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; CaMKKβ, Calcium/Calmodulin-dependent protein kinase kinase Beta; SIRT1, Sirtuin 1; LKB1, liver kinase B1; TFEB,
transcription factor EB; FOXO3a, forkhead box O3a; HIF-1α/BNIP3, hypoxia-inducible factor 1 alpha/Bcl-2/adenovirus E1B 19 kDa interacting protein 3; JNK, c-Jun N-terminal kinase;
ULK1, Unc-51 like autophagy activating kinase 1; p70S6K1/4EBP1, ribosomal protein S6 kinase beta-1/eukaryotic translation initiation factor 4E-binding protein 1; Sirt1/Sirt3-FoxO, Sirtuin
1/Sirtuin 3 - forkhead box O; DJ-1/MEKK1, DJ-1/Mitogen-activated protein kinase kinase kinase 1; ERS, endoplasmic reticulum stress; BNIP3, Bcl-2/adenovirus E1B 19 kDa interacting
protein 3.
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ells [29]. Using the same cellular model, 1000 nM of genis-
tein, induced SIRT1/LKB1/AMPK-dependent autophagy
with increased LC3-II, and decreased p62. In this case, au-
tophagic flux was associated with genistein-induced inhi-
bition of mTOR pathway and SIRT1/LKB1/AMPK path-
way was also involved, mitigating senescence in ox-LDL-
injured HUVECs [47].

Apigenin, a from the flavone family that is mainly
found in parsley, artichokes, and spinach, has shown
autophagy-related promising cardioprotective properties.
In a mouse lipopolysaccharide-induced myocardial toxic-
ity model, the intraperitoneal administration with 50 mg/kg
of body weight resulted in enhanced cardiomyocyte cell
survival, the attenuation of oxidative stress, and the reduc-
tion in the release of pro-inflammatory cytokines. Li et al.
[48] found that the treatment with apigenin also modulated
the autophagic process through TFEB, a master transcrip-
tional regulator involved in the regulation of the expres-
sion of genes related to cellular clearance processes such
as autophagy. In the group treated with lipopolysaccha-
ride (LPS) and apigenin, the levels of ATG5 and Lysosome-
Associated Membrane Protein 1 (LAMP1) were increased,
while p62 expression was reduced [48]. Interestingly,
growing literature highlights that apigenin can modulate
various microRNAs (miRNAs), involved in different steps
of the pathophysiology of CVDs and it could be linked to
autophagy modulation [75,76]. For instance, the modula-
tion of miR-103-1-5p by apigenin has been linked to influ-
ence in PARKIN-mediated mitophagy in an in vitro acute
myocardial infarction model [77].

Another compound from the flavone family that has
been tested for its potential in autophagy modulation in
CVDs is luteolin the lutein. This flavonoid has shown pow-
erful in vivo autophagy-mediated cardioprotective proper-
ties. In streptozotocin-induced diabetic rats, the treatment
with luteolin 50, 100 and 200 mg/kg for 4 weeks atten-
uated cardiac fibrosis and diabetic cardiopathy hallmarks.
The authors suggest that this protection is partially medi-
ated by the enhancement of autophagy by the suppression
of the N-terminal Kinase (JNK)/c-Jun-regulated miR-221-
associated pathway [49]. Intraperitoneal injection of lute-
olin (10 µg/kg) improved cardiac function, decreased apop-
tosis, and protected against oxidative stress and inflam-
mation in a mice model of sepsis-induced myocardial in-
jury. The cardioprotective effect was abrogated when us-
ing 3-methyladenine, an autophagy inhibitor, and dorso-
morphin, an AMPK inhibitor, suggesting that luteolin mod-
ulates AMPK-dependent autophagy [50]. The same dose of
luteolin reduced apoptosis, cardiac dysfunction, and the in-
flammatory response in a post-myocardial infarction mouse
model. Interestingly, by using a mammalian sterile 20-like
kinase 1 (Mst1) knockout mouse, the authors demonstrated
that the cardioprotection is mediated by this effector. In
the same study, the authors reported that the administration
of luteolin 8µmol/l to cardiomyocytes that underwent hy-

poxia resulted in the restorement of the mitochondrial func-
tion and increased the autophagic flux by Mst1 suppres-
sion [51]. Mst1 has been proved to inhibit autophagy by
facilitating the interplay between Bcl-2 and Beclin1 [78].
Mounting in vitro evidence also supports the promising po-
tential of luteolin as a therapy in CVDs. The treatment with
25 µM luteolin to murine RAW264.7 foam macrophages
led to ox-LDL decreased foam cell formation and cell apop-
tosis. This protection is mediated by the autophagic process
since the protective effects offered by luteolin were sup-
pressed when 3-MA was used to inhibit autophagy [52]. In
addition, 10 µM luteolin stimulates TFEB-mediated mito-
chondrial autophagy in adult mouse cardiomyocytes sub-
jected to doxorubicin-induced toxicity [53].

Another natural flavonoid used in traditional chinese
medicine such as baicalein or naringenin have multiple
properties regarding the cardiovascular system. Baicalein,
extracted from the root of Scutellaria baicalensis, lowered
the production of ROS and stimulated FUN14DomainCon-
taining 1 (FUNDC1)-mediated mitophagy in an in vitro
and in vivo model or cardiac hypertrophy [54]. Measure-
ment of LC3-I, LC3-II and p62 levels and monitoring of
autophagosome formation by confocal microscopy using
monomeric red fluorescent protein- green fluorescent pro-
tein mRFP-GFP tandem fluorescently tagged LC3 showed
that baicalein promotes autophagic activity [54]. Narin-
genin, a natural flavonoid commonly found in citrus fruits,
belongs to the flavanone family, has been shown to im-
pact multiple signaling pathways, particularly in the con-
text of myocardial ischemia [79]. In H9C2 cardiomyocytes
treated with cobalt chloride (CoCl2), an in vitro model of
myocardial injury by hypoxia, cells pretreated with differ-
ent concentrations of naringenin exhibited enhanced cell
survival, and reduced cell apoptosis. Naringerin bypassed
the CoCl2-derived blockade of autophagy (measured as a
Western Blot quantitative analysis of Beclin-1 expression,
p62 expression, and LC3B-II/LC3B-I ratio) by promoting
the activation of the Hypoxia-Inducible Factor 1 Alpha/
Bcl-2/adenovirus E1B 19 kDa Interacting Protein 3 HIF-
1α/BNIP3 signaling pathway [55]. BNIP3 is a proapop-
totic protein that in strongly linked with the promotion of
mitophagy. In another study connected the JNK pathway
to naringenin’s ability to alter autophagic activity in HU-
VEC, Zhao et al. [56] found that naringenin significantly
reduced oxidative stress and apoptosis, increased the num-
ber of autolysosomes, and decreased the number of au-
tophagosomes, the p62 levels and the ratio of LC3B-II/
LC3B-I in chloroquine-mediated autophagic flux studies
in HUVECs subjected to palmitate-derived toxicity. Also,
naringerin ameliorated the endothelial cell dysfunction by
inhibiting autophagy (measured as a quantitative analysis
of the expression of p62, Beclin-1 and LC3B-II/LC3B-I ra-
tio) in HUVECs subjected to high glucose/high-fat stress
[57]. The effects of naringenin were blocked by PI3K and
Akt inhibitors, suggesting that this polyphenol can exert
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its properties through the PI3K-AKT-mTOR pathway [57].
Additionally, as described in the following studies, narin-
genin can also modulate autophagy in in vivo models of
CVDs. In a high-fat diet-induced atherosclerosis model in
ApoE−/− mice, the animals were treated with three differ-
ent concentrations of naringenin: high dose (100 mg/kg),
middle dose (50mg/kg) and low dose (25mg/kg). The three
treatments reduced inflammation measured as interleukine-
6 (IL-6) and Tumor necrosis factor alpha (TNF-α), reduced
the level of oxidative stress measured as superoxide dis-
mutase (SOD), Glutathione peroxidase (GSH-Px), Alanine
aminotransferase (ALT) and Malondialdehyde (MDA) lev-
els, and reduced the aorta’s plaque area of the animals. Fur-
thermore, the levels of triglycerides, Low-Density Lipopro-
tein Cholesterol (LDL-C), and total cholesterol levels were
decreased in the animals subjected to the two higher doses
of naringenin in comparison with the high-fat diet group. In
the aortic plaques, the levels of p62 protein were reduced,
whereas those of LC3B and Beclin-1 were elevated, sug-
gesting that naringerin could promote cell autophagy to im-
prove High-fat diet (HFD)-induced AS in ApoE−/− mice
[58].

Stilbenes are being investigated for their potential to
modulate autophagy in cardiovascular disorders, being the
resveratrol is probably the most studied polyphenol of this
family. Resveratrol is found in some fruits such as grapes,
blueberries, blackberries, and peanuts. Gu et al. [59]
shown that 20 µM resveratrol treatment in a doxorubicin-
induced cardiotoxicity in vitromodel stimulated autophagy
through the AMPK/mTOR/ULK1 pathway and also in vivo
reduced apoptosis in the cardiac tissue of rats. The au-
tophagic process was boosted in the myocardium in rats
fed with resveratrol 2.5 mg/kg/day, and this event corre-
lated negatively with the apoptosis of cells from the left
ventricular tissue. Also, low doses of resveratrol (0.1 and
1 µM) increased autophagy and enhanced cell survival in
H9C2 cardiomyocytes subjected to 30 minutes of hypoxia
followed by reoxygenation. The authors claimed that the
cardioprotective effects of resveratrol treatment were me-
diated by the rapamycin-insensitive companion of mTOR
(RICTOR)-mediated mTORC2 pathway [60]. These re-
sults are in line with other study that analyzed the effects
of resveratrol in an in vitro model of diabetic cardiomy-
opathy where 25 µM resveratrol restored the palmitate and
high glucose-derived decline of autophagy in H9C2 cells
[61]. Interestingly, resveratrol has also been linked to im-
prove mitochondrial quality control in CVDs. In an in
vitro model of ischemia/reperfusion injury, 5–20 µM in-
creased the content of Adenosine Triphosphate (ATP), Nu-
cleotide Monophosphate (NMP), SOD activity in neona-
tal rat cardiomyocyte primary cultures and stimulated mi-
tophagy, an event that seems to be mediated by the acti-
vation of the SIRT1/SIRT3-FoxO signaling pathway [62].
However, recent literature suggests that resveratrol might
decrease autophagy in certain pathological contexts where

the excess of autophagic activity is detrimental. Resvera-
trol has been proven to decrease autophagy through the DJ-
1 (PARK7)/Mitogen-Activated Protein Kinase Kinase Ki-
nase 1/c-Jun N-terminal Kinase (DJ-1/MEKK1/JNK) path-
way in an in vitro model ischemia-reperfusion injury [63].
In addition, the administration of resveratrol (8 mg/kg/d by
intraperitoneal injection) decreased the expression of au-
tophagic markers and autophagic vacuoles in vivo [64].

Phenolic acids are a large family of secondarymetabo-
lites containing a phenolic ring and a carboxylic acid (C6-
C1 skeleton). They can be divided into two classes: benzoic
acid derivatives and cinnamic acid derivatives. Its main
function is related to the color and sensory characteristics
(flavor, astringency, hardness) of plants, as well as the an-
tioxidant properties of foods of plant origin (fruits, vegeta-
bles, grains, tea, spices) and have emerged as promising au-
tophagy modulators [80]. The only phenolic acid reported
to be able to modulate autophagy in a CVD context is gal-
lic acid. Gallic acid blocked hypertrophy-related signaling
cascades and boosted autophagy in primary cardiomyocytes
subjected to angiotensin II-derived hypertrophy [65]. In the
same study was shown that the model ULK1-dependent au-
tophagy is activated and autophagic inhibitors abrogated the
protection, suggesting that the therapeutic effect is due to
the autophagic process [65].

Finally, curcumin, extracted from turmeric curry
spice, has been extensively studied in inflammatory and
oxidative stress-related conditions, including CVDs [81].
20 µmol/L of curcumin resulted in autophagic-mediated
regulation of the expression of inflammatory genes in
macrophages exposed to ox-LDL, an in vitro model of
atherosclerosis. Li et al. [66] reported enhancement in
the autophagic flux dependent of the mTOR-TFEB axis.
In EA.hy926 cells, a hybrid cell line that possesses hall-
marks of vascular endothelial cells, the pretreatment with
5–20 µmol/L curcumin diminished apoptosis and increased
cell viability in an H2O2-derived oxidative stress model. In
the same study, the authors describe that curcumin activated
an adaptative autophagic process by suppressing the phos-
phorylation of AKT and mTOR [67]. Curcumin was re-
ported to activate Beclin-1 through and FOXO-1-induced
autophagy in oxidative stress model in human endothe-
lial cells [68]. FOXO-1 is a transcripction factor involved
in several metabolic processes (e.g., gluconeogenesis) but
that can also modulate the autophagic process. Interest-
ingly, curcumin has been tested as an autophagic modu-
lator agent within cutting-edge therapeutic approaches. A
photodynamic laser therapy applied to mouse aortic smooth
muscle cell line and rat thoracic aorta cell line (A7r5)
treated with ox-LDL ameliorated the phenotypic changes
associated with atherosclerosis—foaming, cell migration,
and production of ROS—by promoting the autophagic ac-
tivity [69]. The delivery of curcumin-loaded nanopar-
ticles to palmitate-treated cardiomyocytes—a lipotoxicity
model—stimulated cell survival, ameliorated palmitate-
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derived apoptosis, and activated autophagy. In this case,
the activation of adaptative autophagy is mediated by the
endoplasmic reticulum stress (ERS) pathway since the au-
tophagic process can be abrogated using salubrinal, an
eIF2α inhibitor [69]. Interestingly, curcumin can also offer
cardioprotection by inhibiting autophagy in some patholog-
ical context. The attenuation of “excessive” autophagic ac-
tivity in hypoxia-reoxygenated H9c2 myocytes due to the
treatment with 10µM of curcumin resulted in abrogated
apoptosis and avoided the depletion of cellular ATP [70].

2.2 Polyphenols in Hepatic Diseases

Hepatic diseases comprise a wide range of disorders
that affect the liver functionality. Their chronic occurrence
represents an important burden to the healthcare system,
being responsible for 1 out of every 25 deaths worldwide
every year [82]. Cirrhosis, the scarring of the liver tis-
sue, is one of the principal outcomes of many liver diseases
and represents one of the major causes of liver disease-
related deaths. Aging is one of the most important risk fac-
tors for developing both acute and chronic liver diseases
such as non-alcoholic fatty liver disease (NAFLD), non-
alcoholic steatohepatitis (NASH), alcoholic steatohepati-
tis (ASH) and hepatocellular carcinoma (HCC) [83]. The
aging-related molecular and cellular changes affect dramat-
ically liver cell function, including changes in cellular vol-
ume, cellular senescence, mitochondrial dysfunction, poly-
ploidy and accumulation of dense bodies [84]. Autophagy
plays a significant role in maintaining cellular homeostasis
and energy regulation in hepatic cells and aging-related de-
crease in the autophagic capacity underlies liver dysfunc-
tion [85]. In particular, autophagy in the liver is consid-
ered highly important in lipid metabolism and detoxifica-
tion [86]. Growing evidence suggests that many flavonoids
can influence autophagic processes in liver cells, offering
a potential avenue for therapeutic interventions in liver dis-
eases (Table 2, Ref. [87–118]). In this section of the review,
the capacity of polyphenols to modulate the autophagic pro-
cess will be analyzed and how this influences the progres-
sion of liver-related diseases will be examined.

EGCG plays a key role in the autophagy-mediated
elimination of lipids in hepatic diseases in a dose-dependent
manner. Different assays confirmed that 40 µM of EGCG
boosts autophagy in in vitromodels of hepatic diseases and
is associated to lipid clearance in cells [87]. 50 µM EGCG
for 24 h promoted cell growth, decreased apoptosis, and
stimulated autophagy in human liver cell lines [88]. EGCG
can avoid the release of α-fetal protein (AFP), a marker in
several hepatic diseases, and stimulate its intracellular ag-
gregation through stimulation of its autophagic degradation
[89]. By contrary, Li et al. [90] found that EGCG sup-
presses the immunoreaction response in the animals and in-
hibits apoptosis and autophagy in hepatocytes in a mouse
model of concanavalin A-induced hepatitis. In HepG2

cells, the treatment with EGCG provokes a dual effect re-
garding autophagy and α-fetal protein (AFP). According to
the information available in these reports, AMPK, MAPK
and BNIP3 were proposed as possible intermediaries in the
autophagic modulation of EGCG [87,89,90].

Quercetin is another flavonoid extensively studied in
the context of hepatic diseases. The modulation of au-
tophagy via quercetin treatment has been reported to have
a direct positive impact in in vivo and in vitro hepatic mod-
els. The long-term administration of quercetin in animal
models of hepatic diseases is effective in the modulation
of the protein levels of several autophagic markers, such
as p62, mTOR, and LC3-II [91]. Quercetin can bypass
the chronic ethanol-induced hepatic mitophagy suppression
[92]. In another study [93], the treatment with quercetin
(80 mg/kg/day) for 4 weeks in a mouse model of NAFLD
ameliorated the liver histological changes of the disease, de-
creased the lipid accumulation in the liver, reduced ROS
levels, and exerted anti-inflammatory effects at TNF-α, IL-
6, and IL-1β levels. Interestingly, these therapeutic ef-
fects were abrogated in mice treated with the autophagic in-
hibitor 3-MA (autophagosome formation inhibitor) but not
with chloroquine (autolysosome formation inhibitor) prov-
ing that the effects required a functional initiation of the au-
tophagic process but not the completion of the process. Lin
et al. [93] observed that quercetin can also have positive
effects against the accumulation of lipid droplets. His re-
cent findings highlight the capacity of quercetin to stimulate
Rab7-dependent lipophagy in a mouse model of ethanol-
induced liver steatosis [93]. 100–200 mg/kg quercetin in
a cirrhosis mouse model attenuated liver fibrosis, reduced
the liver damage of the animals and the author claims that
the hepatoprotective is due to a decline of autophagic func-
tion [94]. In this study, quercetin attenuated liver fibrosis
and reduced liver damage. Despite the authors suggest that
these beneficial effects are mediated by the reduction of au-
tophagy via the TGF-β1/Smads and PI3K/Akt pathways,
further experiments are needed to link reliably the thera-
peutic role of autophagy in this model [94].

Different studies point out that kaempferol influence
autophagy through a variety of mechanisms, and the dosage
may play a significant role in the design of the ther-
apy. For instance, in a mouse model of acute liver failure
(ALF), 5 mg/kg kaempferol stimulated autophagy and of-
fered hepatoprotection, and the pharmacologic blockade of
autophagy abrogated the therapeutic effects of kaempferol
in the animals. In the same study, the authors demon-
strated that high doses (10 µM) of kaempferol in primary
hepatocytes can inhibit the autophagy process, while low
doses (0.01 µM) stimulate the autophagic capacity [95].
Kaempferol has also shown effectiveness against heavy
metals-induced toxicity in the liver. Kim et al. [119] ob-
served that the reversion of ferroptosis might be mediated,
at least in part, by the kaempferol-mediated enhancement
of autophagy, and that this modulation occurs via mTOR a-
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Table 2. Interconnectedness polyphenols-autophagy polyphenol in age-related hepatic diseases.
Family Polyphenol Dose Model of the study Disease Signaling pathway Reference

Flavonoid

EGCG

40 µM HepG2
Lipid accumulation AMPK [87]25 mg/kg Huh7 cells

Mice
50 µM Human liver cell lines L02 and QSG-7701 NAFLD ROS/MAPK [88]

25 and 50 µM HepG2 cells Hepatocellular carcinoma - [89]
10 and 30 mg/kg Mice Acute autoimmune hepatitis BNIP3 [90]

Quercetin

100 mg/kg Mice Nonalcoholic fatty liver disease mTOR [91]
100 mg/kg Mice Ethanol-induced liver injury FOXO3/AMPK-ERK2 [92]
80 mg/kg Mice

NAFLD
AMPK

[93]
50 µM HepG2 cells Rab7

100 and 200 mg/kg Mice Liver cirrhosis TGF-β1/Smads and PI3K/Akt [94]

Kaempferol
5 mg/kg Mice

ALF MAPK [95]
0.01 and 10 µM Primary hepatocytes
10 and 20 µM HepG2, THP‐1, and Caco2 cells Triglyceride accumulation Akt-mTOR [96]

Baicalein
100 mg/kg Rats Ischemia/reperfusion injury HO-1 [97]

50, 100 and 200 µmol/L Human liver LO2 cells Hypoxia/reoxygenation - [98]
100 mg/kg Rats CCl4-induced hepatic damage - [99]

Naringenin 100 mg/kg Mouse ALF AMPK [100]

Rutin

0.2 mg/mL
Mice

Aging - [101]
HepG2 cells

200 mg/kg Mice
NAFLD - [102]

10–40 µM HepG2 cells
50 and 100 mg/kg Rats Pharmacological liver damage - [103]

Apigenin
20 µM

Huh7 cells
Hepatic lipid accumulation - [104]HepG2 cells

Murine hepatocyte cell line AML12
10 µg/mL HepG2 cells Oxidative stress NQO2/AMPK [105]

20 and 40 mg/kg Mice Liver fibrosis TGF- β 1/Smad3 and p38/PPAR α [106]

Stilbenes

Resveratrol

40, 120 and 200 mg/kg Rats
Liver fibrosis PTEN/PI3K/AKT [107]

10, 30 and 50 mg/mL HSC-T6 cells
10, 30 and 100 mg/kg Mice

AFL - [108]
45 µmol HepG2 cells
50 mg/kg Mice NAFLD ULK1 [109]

0,1, 1, 10, 50 and 100 µM JS1 cell line Hepatic stellate cell activation SIRT1 and JNK [110]
- HepG2 cells NAFLD cAMP/AMPK/SIRT1 [111]

200 mg/kg Rats NAFLD - [112]
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Table 2. Continued.
Family Polyphenol Dose Model of the study Disease Signaling pathway Reference

Pterostilbene

20 mg/kg Mice
Alcoholic liver disease - [113]

5, 10 and 20 µM LO2 cells
- Mice

NAFLD AMPK/mTOR [114]
12.5 and 25 µM HepG2 cells

Phenolic acids

Rosmarinic acid 20 µM HepG2 cells Lipid accumulation - [115]

Ferrulic acid
25, 50 and 100 µM AML-12 hepatocytes Lipid accumulation SIRT1 [116]

25, 50 and 100 mg/kg
Mice

Pharmacological liver damage AMPK [117]
Mouse primary hepatocytes

Other Polyphenols Curcumin 100, 200 and 400 mg/kg Rats Liver fibrosis
AMPK/PI3K/

[118]
AKT/mTOR

EGCG, epigallocatechin gallate; NAFLD, non-alcoholic fatty liver disease; AMPK, AMP-activated protein kinase; ROS/MAPK, reactive oxygen species/mitogen-
activated protein kinase; BNIP3, Bcl-2/adenovirus E1B 19 kDa interacting protein 3; mTOR, mechanistic target of rapamycin; FOXO3/AMPK-ERK2, forkhead box
O3/AMP-activated protein kinase - extracellular signal-regulated kinase 2; TGF-β1, transforming growth factor beta 1; HO-1, heme oxygenase-1; ALF, acute liver
failure; NQO, NAD(P)H oxidoreductase; HSC, hepatic stellate cells; AML, acute myeloid leukemia; cAMP, cyclic adenosine monophosphate.
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nd ULK1. This polyphenol has also been linked to con-
tributing to autophagy-mediated triglyceride clearance in
the liver through the AKT-mTOR pathway [96].

Baicalein has been demonstrated to modulate au-
tophagy in several hepatic diseases from a therapeutic point
of view. Baicalein 100 mg/kg stimulated autophagy in
a rat model of liver ischemia/reperfusion injury based on
LC3-II data [98]. Interestingly, the use of 3-methyladenine
worsened the pathological hallmarks of the disease. By
using an inhibitor of Heme oxygenase-1 (HO-1), the au-
thors demonstrated that the autophagic modulation exerted
by baicalein is mediated, at least partially, by HO-1 [98].
Baicalein also seems to be effective in counteracting liver
hypoxia/reoxygenation injury. 50–200 µmol/L baicalein
stimulated autophagy and cell survival in a normal human
liver LO2 cell model of hypoxia/reoxygenation alleviating
endoplasmatic reticulum stress (ER) stress and apoptosis
[98]. In CCl4-induced hepatic damage rats, baicalein el-
evated the protein levels of Atg5, LC3-II, and Beclin-1 and
increased the number of autophagosomes in hepatocytes
[99]. Nonetheless, the article lacks clarity regarding the
precise correlation between the rise in autophagic activity
and hepatoprotection.

Compelling literature suggests the key role of narin-
genin in both in vivo and in vitro models of hepatic dis-
eases. Using robust methods such as the mCherry-GFP-
LC3 reporter to monitor the autophagic flux, it was con-
firmed that naringenin can bypass the autophagic block-
ade present in steatotic hepatocytes leading to reduction
of lipids in palmitic acid-treated hepatocytes [120]. In
a lipopolysaccharide/D-galactosamine-induced acute liver
failure mouse model, the intraperitoneal administration
of naringenin 100 mg/kg diminished the histopathologi-
cal hallmarks of the disease in an autophagic dependent-
manner Interestingly, it was proved that naringenin can bind
andmodulate the regulatory gamma1 subunit of AMPK that
might modulate autophagic function and event that can be
crucial in autophagy regulation terms [100]. The results
about the modulation of some polyphenols are controver-
sial or there is limited information about the interaction
with the autophagic process. Examples of these polyphe-
nols could be rutin or apigenin. In an aging mice model,
0.2 mg/mL sodium rutin in drinking water increased lifes-
pan, reduced liver steatosis, and altered the gene metabolic
profile of the animals. The authors injected the mice with
AAV-RFP-GFP-LC3 expression plasmid to demonstrate the
increase of autophagic flux in vivo [101]. However, rutin
was also reported as a therapeutic agent in NAFLD by in-
hibiting the autophagic activity and, thus, lessening the re-
lease of free fatty acids in HepG2 cells [102]. Rutin has also
shown protective activity in vivo against sodium valproate-
derived toxicity, a compound used in the treatment of many
psychiatric disorders. 50 or 100 mg/kg rutin showed many
beneficial effects in valproate-administered rats such as the
attenuation of oxidative stress, ER stress, and inflammation,

and approached the levels of Beclin-1 to the control group
after rutin treatment [103].

Apigenin is also being studied for its capacity to mod-
ulate autophagy through multiple mechanisms and have a
positive impact on hepatic models. Apigenin can upreg-
ulate the expression of different autophagic-related pro-
teins such as Beclin1, ATG5, ATG7 and LC3II, and this
upregulation of the autophagic process is directly related
to the elimination of intracellular fatty acids [104]. Inter-
estingly, it has been proved that apigenin can activate au-
tophagy in liver cells through the Nicotinamide Riboside
Hydride-quinone oxidoreductase 2 (NQO2), a key player
in oxidative stress [105]. Pyroptosis, a highly inflamma-
tory form of programmed cell death, can be mitigated by
the therapeutic effects of apigenin. This polyphenol can
activate autophagy in palmitic acid-induced NOD-Like Re-
ceptor Protein 3 (NLRP3) pyroptosis in HepG2 cells, and
the use of chloroquine reduced the protective effect of au-
tophagy against this type of stress [106]. However, other
study reported that apigenin-mediated downregulation of
autophagy was linked to protection in an in vivo liver fi-
brosis model [121].

Hesperidin and luteolin, two flavonoids exhibit hep-
atoprotection by blocking autophagy and increasing au-
tophagic flux, respectively [122,123]. Nevertheless, there
is little evidence available about their ability to regulate au-
tophagy in the development of therapeutic strategies in a
hepatic context.

Probably, the most investigated polyphenol in au-
tophagy regulation is resveratrol. A wide variety of in vivo
study in murine models support the potential of resvera-
trol as a promising autophagic-mediated therapeutic agent.
In a CCL4-liver fibrosis-induced rat model different doses
of resveratrol (40–200 mg/kg) protected against liver in-
jury and increased Beclin-1 and ATG7 expression and de-
creased LC3-II/LC3-I ratio. By using an in vitro model
of platelet-derived growth factor (PDGF)-BB-stimulated
HSC-T6 cells, Zhu et al. [107] demonstrate that resver-
atrol downregulated miR-20a activating PTEN/PI3K/AKT
signaling pathway. Resveratrol also can ameliorate several
pathogenic hallmarks associated with Alcoholic Fatty Liver
Disease (AFLD) and Non- Alcoholic Fatty Liver Disease
(NAFLD). Tang et al. [108] showed that the administration
of 30–100 mg/kg resveratrol by gavage to ethanol-induced
alcoholic fatty liver rats ameliorated hepatic steatosis. In
addition, resveratrol stimulated the autophagic-mediated
elimination of triglyceride droplets in HepG2 cells grown
in a media supplemented with 100 µM oleic acid and 87
mM alcohol [108]. Resveratrol attenuated the histological
changes of NAFLD, improved glucose metabolism and di-
minished insulin resistance, oxidative stress, and inflamma-
tion in NAFLD mice. By using a ULK1+/− mice strain,
the authors demonstrated how partial inhibition of ULK1
expression abrogated the protective effects of resveratrol
[109].
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Interestingly, resveratrol has demonstrated effective-
ness in the modulation of SIRT1-dependent autophagy in
combinatorial therapeutic strategies. Resveratrol as a sin-
gle therapeutic agent has also been linked to the modulation
of SIRT1-mediated autophagy. Zhang et al. [110] showed
that resveratrol, in a dose-dependent manner, can inhibit
the activation of hepatic stellate cells (HSC), an event that
has a significant role in liver fibrosis. The use of different
inhibitors showed that the activation of autophagy exerts
protective properties in the mouse HSC line JS1 and that
this activation is mediated by SIRT1 and c-Jun N-terminal
kinase (JNK) signaling pathways [110]. The combination
of resveratrol and metformin has been shown to stimu-
late SIRT1-dependent in palmitic acid-induced HepG2 cells
[111]. Combinatorial use of 200 mg/kg resveratrol (200
mg/kg bw) and caloric retriction decreased the accumula-
tion of intracellular lipid droplets in hepatocytes and param-
eters related to endoplasmic reticulum stress in high-fat diet
rats. Although mRNA levels of several autophagic mark-
ers such as Beclin-1, LC3 and p62 suggest autophagy acti-
vation, further experiments are needed to demonstrate the
association between SIRT1, autophagy, and the protective
effects of resveratrol in this rat model [112].

Chemically linked to resveratrol, pterostilbene is a
polyphenol that shows promising properties. Pterostilbene
is found in certain berries, such as blueberries, grapes, and
cranberries and, due to its high bioavailability, has gained
attention due to its potential health benefits. In a hep-
atic context, two recent studies have shown its autophagic-
dependent protective properties both in alcoholic and non-
alcoholic liver disease. In ethanol-exposed hepatocytes, the
treatment with pterostilbene restored the autophagic flux
and activated Sestrin2 (SESN2)-induced p62-selective au-
tophagy, leading to the reduction of cellular communica-
tion network factor 1 (CCN1) protein levels, an event cor-
related with the observed anti-senescent effects of pteros-
tilbene [113]. Other study evaluated the effects of pteros-
tilbene in HepG2 cells that were treated to accumulate
lipids. The treatment with pterostilbene promoted the pro-
tein expression of AMPK, PI3K, ATG7, ATG16, ATG12,
ATG15 and Beclin-1 and the transformation of LC3I to
LC3II. Interestingly, this effect was abrogated in the NRF2
knockout cells, suggesting that his effector mediates the
pterostilbene-mediated activation of autophagy [114].

Research indicates that phenolic acids possess the ca-
pability to regulate the intricate process of autophagy in
liver cells. Rosmarinic acid, a polyphenol found in rose-
mary and other plants from the Lamiaceae family, is thera-
peutic against liver steatosis. 20 µMRosmarinic acid coun-
teracted the levels of intracellular ROS, triglyceride levels,
reduced steatosis-linked ER stress, and enhanced the pro-
tein levels of Beclin-1, ATG5, ATG7, and LC3-II in oleic
acid-treated HepG2 cells [115]. In AML-12 mouse hepato-
cytes exposed to palmitate, ferulic acid significantly ame-
liorated lipotoxicity hallmarks in cells. 100 µM ferulic acid

stimulated SIRT1-mediated autophagy. The silencing of
this gene by siRNA resulted in the abrogation of most of the
therapeutic effects of this polyphenol [116]. Ferulic acid
is also capable of counteracting the liver toxicity associ-
ated with acetaminophen, one of the most used analgesics.
Chowdhury et al. [117] demonstrated that ferulic acid alle-
viates hepatocyte apoptosis, and mitochondrial damage and
stimulates AMPK-dependent autophagic flux in isolated
hepatocytes. Finally, curcumin has shown an interesting
potential in the alleviation of hepatic fibrosis. In vivo, cur-
cumin activated AMPK/PI3K/AKT/mTOR-dependent au-
tophagy, and this event is correlated with the reduction of
the epithelial-mesenchymal transition of hepatocytes [118].

2.3 Polyphenols in Renal Diseases
Renal disorders represent a major worldwide health

concern and comprise a wide spectrum of conditions affect-
ing the kidneys. These organs are crucial for controlling
electrolyte balance, eliminating waste and extra fluid from
the blood, and generating hormones needed for many body
processes. Acute or chronic renal dysfunction can result in
several problems that negatively impact general health and
well-being. Numerous variables, such as genetics, infec-
tions, autoimmune illnesses, hypertension, diabetes, expo-
sure to specific drugs or chemicals, and diabetes, can cause
renal problems [124]. These illnesses show up in a variety
of ways, from minor irregularities in the urine to serious
renal failure that calls for dialysis or kidney replacement.
Comprehending the underlying processes, risk factors, and
therapeutic techniques for kidney illnesses is essential.

Current literature evidences that autophagy is instru-
mental in maintaining renal homeostasis and the deficit
of autophagy might be behind the development of acute
and chronic renal diseases. Some renal cell types, such as
podocytes, possess high levels of homeostatic autophagy
[125]. In a healthy kidney, basal autophagy acts as a cyto-
protective molecular mechanism. Autophagy participates
in kidney tubular maintenance, protects against oxidative
stress, contributes to kidney development, and attenuates
inflammatory responses [126–129]. Furthermore, several
studies in which renal autophagy is suppressed at some
point show that this process is imperative for the correct
functioning of the kidney [130–132]. In the renal context,
as in many other pathological contexts, autophagy can be
positive or detrimental depending on the disease, the stage
of the pathological process, and the cell type. Due to its
importance in renal physiology, autophagy has been pro-
posed as a therapeutic axis in many renal diseases, such as
sepsis-induced kidney injury, ischemia/reperfusion kidney
injury, kidney fibrosis, and diabetic nephropathy, among
others [133]. Interestingly, age emerges as a crucial regu-
lator of renal autophagy and autophagic decline is a classic
hallmark in aged kidneys [134,135]. Of note, the protective
effects of natural polyphenols are starting to be exploited,
especially in diabetic nephropathy complications [135]. In
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Table 3. Interconnectedness polyphenols-autophagy polyphenol in age-related renal diseases.
Family Polyphenol Dose Model of the study Disease Signaling pathway Reference

Flavonoid

Quercetin

30 µM LLC-PK1 cell line
Renal ischemia-reperfusion injury AMPK-mTOR [136]5 and 10 mg/kg Mice

50 mg/kg Mice
DKD - [137]50 µM Mouse podocytes

0.2% in diet Mice Renal protection Akt-mTOR [138]

Rutin
-

Mice
DKD PI3K/AKT/mTOR [139]GEnCs

150 mg/kg Rats Gentamicin-induced renal damage - [140]

Kaempferol
1, 2 and 5 µM Mesangial cells DKD - [141]

50 and 100 mg/kg Mice DKD AMPK-mTOR [142]
Genistein 20 µM Renal podocytes DKD mTOR [143]
Luteolin 100 mg/kg Mice Angiotensin II-induced renal damage - [144]

Baicalein
0.15 g/kg Carp Chlorpyrifos-derived renal damage PI3K/AKT [145]

25 and 50 µmol/L Canine Renal Tubular Epithelial Cells Cisplatin-derived renal damage AMPK-mTOR [146]
Hesperidin 100 and 200 mg/kg Rats Sodium fluoride-induced renal damage - [123]
EGCG 20 µM HEK293T cells Endoplasmic reticulum stress AMPK-mTOR [147]

Stilbenes
Resveratrol

10 mg/kg Mice
DKD - [148]5, 10 and 15 µM Human podocytes

5 mg/kg Rats DKD
SIRT1 [149]- NRK-52E cells Hypoxia

10 mg/kg Rats
Kidney calcium oxalate (CaOx) stone formation TFEB [150]32 µmol/L NRK-52E cells

-
Human kidney proximal tubular epithelial cell

Chronic kidney disease - [151]line HK-2

Pterostilbene
2 µM NRK-52E cells Chronic kidney disease

- [152]200 mg/kg Mice Hyperuricemia

Phenolic acids

Rosmarinic acid 100 mg/kg Rats Gentaminic-induced toxicity - [153]

Ferrulic acid
200 mg/kg Mice DKD - [147]
50 mg/kg Rats

DKD MAPK [116]5, 25, 50, 75, 100 and 200 µM NRK-52E cells
Mangiferin 12.5, 25 and 50 mg/kg Rats DKD AMPK-mTOR-ULK1 [154]

Other polyphenols Curcumin

300 mg/kg Rats Heymann nephritis
PI3K/AKT/mTOR

[155]Nrf2/HO-1
6.25, 12.5, 25, 50 and 100 µmol/L Human kidney tubular epithelial cells (HKCs) Renal fibrosis Akt/mTOR [156]

200 mg/kg Mice
DKD - [157]20, 40 and 80 µM MPC5 cells

DKD, diabetic kidney disease; AMPK-mTOR, AMP-activated protein kinase - mechanistic target of rapamycin; PI3K/AKT/mTOR, phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin;
HEK293T, human embryonic kidney 293T Cells; NRK-52E, Normal Rat Kidney Epithelial Cells; SIRT1, Sirtuin 1; TFEB, transcription factor EB; MAPK, mitogen-activated protein kinase; Akt/mTOR, protein kinase
B/mechanistic target of rapamycin.
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this section, we summarize the current scientific knowledge
that, to date, showcases the therapeutic use of polyphenols
as autophagy modulators and their beneficial effect on renal
diseases (Table 3, Ref. [116,123,136–157]).

Quercetin is starting to be explored in renal diseases
regarding the modulation of the autophagic function in
single or in combinatory strategies. Chen et al. [136]
tested the therapeutic potential of quercetin against renal
ischemia/reperfusion injury using porcine renal proximal
tubule cell line (LLC-PK1) cells and C57BL/6j mice. In
the in vitro model, 30 µM quercetin protected against renal
cell apoptosis, and this effect was mediated, at least in part,
by AMPK-dependent autophagy. 5–10 mg/kg quercetin de-
creased the phosphorylation of mTOR, increased the phos-
phorylation of AMPK, activated autophagy (measured by
LC3 immunofluorescence), and offered renal protection in
vivo [136]. Interestingly, quercetin has been tested in com-
bination with dasatinib, a kinase inhibitor drug used for the
treatment of some leukemias, for treating diabetic kidney
disease. In vivo, this combinatorial therapy, upregulated au-
tophagy (measured by LC3 and p62 immunofluorescence
and western blot and showed promising effects regarding
kidney physiology in urine albumin-creatinine ratio, serum
creatinine and blood urea nitrogen. Both in vivo and in
vitro, the formulation reduced podocyte differentiation un-
der high glucose conditions. In vitro, the autophagic pro-
cess participates actively in this suppression [137]. Inter-
estingly, Sato et al. [138] demonstrated that when an adult
female mice offspring is fed a high-fructose diet, the con-
sumption of quercetin by the mother during breastfeeding
may result in long-term changes in the kidneys’ autophagy
flux and inflammation.

Additionally, the flavonol glucoside rutin has demon-
strated potential as a treatment for diabetic nephropathy.
Rutin activated autophagy and attenuated the endothelial-
to-mesenchymal transition, a key hallmark of the disease,
both in a mouse model of diabetic nephropathy and in high
glucose-induced human renal glomerular endothelial cells.
Dong et al. [139] demonstrated that the autophagicmodula-
tion was mediated by the mTOR-linked histone deacetylase
1 (HDCAC1) inhibition. By contrary, other authors claim
that rutin might be protective through autophagy inhibition
in specific conditions. In a rat model of gentamicin-induced
renal damage, rutin reduced renal damage as show bio-
chemical parameters such as creatinine, glutathion (GSH),
MDA levels, and SOD, catalase (CAT), and glutathione
peroxidase (GPx) activity, inflammation, and apoptosis.
However, although the authors suggested that rutin down-
regulates the autophagic process, further studies would be
needed to draw that conclusion [140].

There are also a few studies available regarding the
use of kaempferol to modulate autophagy in nephropathies,
and these correspond to diabetic-related renal complica-
tions. In mesangial cells, kaempferol counteracted the
advanced glycation end products (AGEs) formation, cell

apoptosis, and mitochondrial depolarization. By using 3-
MA, Zhang et al. [141] reported that autophagy is involved,
at some level, in the protective mechanism of kaempferol.
50 mg/kg/day kaempferol for 12 weeks ameliorated some
pathological kidney changes such as the mesangial matrix
expansion, glomerular basement membrane thickening, re-
duced podocyte injury, diminished renal apoptosis and en-
hanced autophagy (seen as Western blotting analysis of up-
regulated LC3II, Beclin-1, ATG7 and ATG 5, and down-
regulated p62) in a mouse model that recapitulate the hall-
marks of diabetic nephropathy. Despite these results dis-
play a promising landscape, more experiments would be
necessary to directly associate the protective activity of
kaempferol with autophagy [142].

Despite the available information is limited, genistein-
induced autophagy has also been tested as a possible ther-
apy approach for renal disease management. 20 µM genis-
tein reversed the worsening of some fitness podocyte pa-
rameters such as synaptopodin and nephrin and increased
the mTOR-mediated autophagy in an immortalized mouse
podocyte cell line cultured in high glucose conditions [143].
Also, luteolin was tested as a therapeutic agent in an an-
giotensin II (AngII)-induced renal damage mice model.
Luteolin, administered by oral gavage at a dose of 100
mg/kg/day, alleviated the AngII-mediated proinflammatory
state in the kidney tissues (gene expression of IL‑1β, IL‑6,
TNF‑α) and modulated autophagy, seen as the downreg-
ulation of p62 and upregulation of LC3, analyzed by im-
munoblotting [144].

The flavonoid baicalein is currently under investiga-
tion as a potential treatment for acute kidney damage in-
duced by toxic substances. 25–50 µmol/L of baicalin for 24
h treatment counteracted the levels of some inflammatory
factors such as TNF-α, IL-1β, and IL-6, reduced cell apop-
tosis and improved some antioxidant parameters such as
SOD, GSH, and CAT in cisplatin-inducedMadin-Darby ca-
nine kidney (MDCK) epithelial cells. Baicalein-regulated
autophagy was shown as an increase in Beclin-1 expression
and a decrease in the p62 expression [145]. Furthermore,
the capacity of baicalein to activate autophagy and exert
renoprotective effects is being explored as a way of detox-
ification treatment in fish chlorpyrifos intoxication [146].

Although hesperidin, a phenolic substance derived
from citrus fruits can modulate autophagy in pathological
contexts [158,159], there is only one study targeting re-
nal physiopathology and the autophagic process. In rats
with sodium fluoride-induced toxicity, hesperidin amelio-
rated kidney damage, improved the apoptotic markers, and
stimulated autophagy by the upregulation of LC3A, LC3B,
and Beclin-1 [123].

As in previous chapters, resveratrol represents one
of the polyphenols with a higher capacity for modulat-
ing autophagy in a nephropathological context. Firstly,
resveratrol has been proven to be effective against diabetic
nephropathy, 10 mg/kg/day resveratrol for 12 weeks signif-
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icantly decreased podocyte apoptosis, reversed histological
damage and ameliorated the glomerular lesion in an in vivo
model of the disease [148]. In this model, the autophagic
process was increased (as shown by LC3-II immunofluo-
rescence and LC3-II, p62, and ATG5 protein levels), and
this enhancement seems to be modulated by the resveratrol-
mediated suppression of miR-383-5p. In vitro, 15 µM
resveratrol decreased cell apoptosis in high-glucose-treated
podocytes and activated autophagy. By suppressing au-
tophagy using, 3-MA and Atg5-shRNA, the authors found
that the protective effects of resveratrol vanished [148].
In another rat model of diabetic nephropathy subjected
to hypoxia, 5 mg/kg/day resveratrol enhanced autophagy
measured by Western Blot and quantitative polymerase
chain reaction (qPCR) of LC3, ATG5, ATG7, FOXO3, and
BNIP3 in the kidneys of those animals, attenuated inflam-
mation and renal dysfunction and stimulated SIRT1 expres-
sion. The influence of SIRT1 was confirmed using nor-
mal rat kidney epithelial cells (NRK-52E) cells exposed
to hypoxia. The inhibition of this autophagic effector ab-
rogated the resveratrol-mediated autophagic enhancement
in these cells [149]. Resveratrol can also exert its effects
by regulating the TFEB-induced autophagy pathway. In
glyoxylic acid monohydrate-induced rats, an in vivo model
of kidney calcium oxalate (CaOx) stone formation, the au-
thors analyzed the therapeutic effects of intragastric admin-
istration 10 mg/kg/day resveratrol. Resveratrol was effec-
tive in decreasing inflammation, the production of ROS
species, and the kidney CaOx crystal deposition and in-
creased autophagy was shown by transmission electron mi-
croscopy. To further investigate the effects of resveratrol in
this nephropathy, the authors treated NRK-52E cells with
oxalate and 32 µmol/L resveratrol. The protective effects
of resveratrol were analogous to those observed in vivo,
and by using 3-MA and TFEB inhibitors, Wu et al. [150]
demonstrate that resveratrol can exert its effects through
TFEB-mediated autophagy. Interestingly, recent literature
evidence that resveratrol is starting to be tested in combina-
torial therapeutic approaches. Resveratrol-loaded nanopar-
ticles conjugated to anti-kidney injury molecule-1 antibod-
ies suppressed NLRP3 inflammasome in a mouse model of
chronic kidney disease (CKD) and stimulated autophagy by
modulating AMPK and AKT/mTOR [151]. Pterostilbene,
a stilbene analog to resveratrol, also activated autophagy
and targeted NLPR3 inflammasome activation. In NRK-
52E cells, pterostilbene inhibited TGF-β-triggered NLRP3
inflammasome activation. However, the blockade of ATG5
caused the cells to lose their capacity to inhibit the activa-
tion of NLRP3 inflammasome [152].

Another source of compounds that can be used to con-
trol the autophagic activity in nephropathies could be phe-
nolic acids. Rosmarinic acid and lycopene alone and in
combination showed promising effects against gentamicin-
derived nephrotoxicity. Bayomy et al. [153] found that
these bioactive compounds improved the histological dam-

age, increased the expression of Bcl2, an antiapoptotic
marker, decreased Bax protein levels, and proapoptotic
marker, enhanced LC3/B expression, and decreased the el-
evated levels of blood urea nitrogen and renal malondialde-
hyde. It is yet unclear, nevertheless, how these substances’
beneficial benefits relate to the autophagic process. Fer-
rulic acid could represent a potential management strategy
for diabetic nephropathy. In vivo, ferulic acid has the ca-
pacity of restore the autophagic process compromised in
streptozotocin-induced diabetic rats and mice and offers
renoprotection [117,147]. In vitro, 75 µM ferulic acid ad-
ministration to NRK-52E cells exposed to high glucose, had
beneficial effects regarding apoptosis, oxidative stress, and
autophagy. Interestingly, the blockade of autophagy abro-
gated the cell survival offered by ferulic acid [117].

Mangiferin, a polyphenol mainly found in Mangifera
indica (Mango), is effective in preventing diabetic
nephropathy progression. The chronic administration of
12.5–50 mg/kg/day mangiferin by oral gavage protected
against diabetic-linked renal pathological lesions. West-
ern blotting and TEM analysis revealed that the autophagic
process was stimulated. Wang et al. [154] claimed that
the autophagic regulation occurs via the AMPK-mTOR-
ULK1 pathway, due to the increase of phosphorylation of
AMPK and ULK1 and the decrease in the phosphorylation
of mTOR. Despite its activity against many age-related dis-
orders, the questions regarding the renoprotective potential
of this bioactive polyphenol remain unanswered. However,
this natural compound stimulates AMPK-mTOR autophagy
and enhances HEK293T cell survival [160].

Finally, curcumin can modulate autophagy in renal
diseases impacting different molecular pathways. This
polyphenol had therapeutic bioactivity in a rat model of
passive Heymann nephritis. 300 mg/kg/day curcumin ad-
ministration diminished the kidney pathological changes in
the animals, ameliorated oxidative stress, and increased the
number of autophagic vacuoles, measured by a p62 im-
munofluorescence assay. Based on Western blot analysis
of a set of autophagic and antioxidant proteins, the authors
suggest that curcumin’s effect could be exerted through the
PI3K/AKT/mTOR and nuclear factor erythroid 2-related
factor 2/HemeOxygenase-1 (NRF2/HO-1) pathways [155].
In another study, Zhu et al. [156] suggested that curcumin
modulates the AKT/mTOR pathway to avoid the TGF-β1-
induced epithelial-to-mesenchymal transition, suppressing
thus fibrosis Additionally, curcumin is thought to influence
the autophagic/antiapoptotic effectors Beclin-1, UVRAG,
and Bcl2 based in findings obtained in an in vivo and in
vitro model of diabetic nephropathy [157].

3. Conclusion
Polyphenols represent a promising avenue for thera-

peutic intervention as potential modulators of autophagy
in the context of cardiovascular, hepatic, and renal dis-
eases. However, a critical examination of existing stud-
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ies underscores a significant gap in research methodolo-
gies. Many investigations, despite demonstrating the influ-
ence of polyphenols on autophagic factors, often fall short
of providing comprehensive assessments of autophagy flux.
The absence of experiments utilizing autophagic inhibitors
or genetic inhibition of autophagy to validate the modula-
tion of autophagy raises concerns about the robustness and
specificity of the reported findings. Most of the studies
in bibliography described steady-state levels of autophagic
proteins, including ATG5, LC3 or p62 [161]. Although al-
terations of these markers could be indicative of changes
in autophagic function, dynamic assays to monitor quan-
titively autophagic degradation will be necessary to accu-
rately quantify the potential of polyphenol on autophagic
function.

Additionally, a significant challenge in advancing
the clinical application of polyphenols for modulating au-
tophagy lies in the lack of reliable techniques to directly
measure autophagy in humans. Currently, most methods
to assess autophagy are based on cellular or animal mod-
els, where markers such as LC3-II levels or autophagosome
counts can be readily quantified [162]. However, translat-
ing these findings to human studies is problematic due to
the absence of non-invasive, standardized methods to accu-
rately measure autophagic activity in vivo [163,164]. This
limitation has resulted in a scarcity of clinical trials specifi-
cally assessing autophagy as an endpoint, thereby hindering
our understanding of how polyphenols and other interven-
tions impact this crucial cellular process in human health.
Other issues regarding the use of polyphenols could be that
both the therapeutic doses of different polyphenols and the
lack of studies evaluating synergistic effects of combinato-
rial treatments. Of note, a low dose of polyphenol could en-
hance the autophagic process while a high dose of the same
phytocompounds could suppress the degradative pathways.
Further experimental design should be performed in the fu-
ture to characterize optimal polyphenol dosage and biolog-
ical impact on autophagic routes.

The use of polyphenols as therapeutic agents in hu-
man pathologies entails several challenges that need to
be addressed. Polyphenols are characterized by their low
bioavailability [165]. Their absorption by the gastrointesti-
nal is often poor, and these molecules tend to be degraded
easily due to their high chemical instability. Polyphe-
nols are constantly subjected to modifications due to their
interaction with the gut microbiota and other bioactive
molecules [166]. Additionally, interindividual variability
in effects, and a lack of robust clinical evidence makes that
further studies will be required to establish optimal thera-
peutic doses of different polyphenols and to optimize the
use of this promising molecules in these pathological con-
texts.

It is to note that the aim of this review is to com-
pile and synthesize all available information from the lit-
erature regarding the activation of autophagy by polyphe-

nols within the context of age-related processes. The fo-
cus is on gathering and presenting the current understand-
ing of how polyphenols influence autophagy as a potential
mechanism for mitigating age-associated cellular and phys-
iological decline. This review does not intend to assess the
quality of the experimental designs, or the appropriateness
of the statistical approaches used in the studies. Instead,
it seeks to provide a comprehensive overview of the find-
ings, irrespective of the methodologies employed, to better
understand the potential role of polyphenols in promoting
healthy aging through autophagy activation.
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