:' frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Mahmoud El-Mas,
Alexandria University, Egypt

REVIEWED BY
Li Zhang,

Nanjing University, China

Ruixia Dong,

Jinling Institute of Technology, China

*CORRESPONDENCE

Yue Wen,
wenyuel9820327@163.com

Qun Huang,
gunh@cdutcm.edu.cn

RECEIVED 31 July 2024
ACCEPTED 16 September 2024
PUBLISHED 25 September 2024

CITATION
Peng L, Hu X-Z, Liu Z-Q, Liu W-K, Huang Q and
Wen Y (2024) Therapeutic potential of
resveratrol through ferroptosis modulation:
insights and future directions in

disease therapeutics.

Front. Pharmacol. 15:1473939.

doi: 10.3389/fphar.2024.1473939

COPYRIGHT

© 2024 Peng, Hu, Liu, Liu, Huang and Wen. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Pharmacology

TYPE Review
PUBLISHED 25 September 2024
pol 10.3389/fphar.2024.1473939

Therapeutic potential of
resveratrol through ferroptosis
modulation: insights and future
directions in disease therapeutics

Liu Peng?, Xi-Zhuo Hu?, Zhi-Qiang Liu®, Wen-Kai Liu?,
Qun Huang®* and Yue Wen'*

'Division of Gastrointestinal Surgery, Department of General Surgery, West China Hospital, Sichuan
University, Chengdu, China, ?School of Pharmacy, Chengdu University of Traditional Chinese Medicine,
Chengdu, China, *Department of General Surgery, Deyang Sixth People’s Hospital, Deyang, China,
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Resveratrol, a naturally occurring polyphenolic compound, has captivated the
scientific community with its promising therapeutic potential across a spectrum
of diseases. This review explores the complex role of resveratrol in modulating
ferroptosis, a newly identified form of programmed cell death, and its potential
implications for managing cardiovascular and cerebrovascular disorders, cancer,
and other conditions. Ferroptosis is intricately linked to the pathogenesis of
diverse diseases, with resveratrol exerting multifaceted effects on this process. It
mitigates ferroptosis by modulating lipid peroxidation, iron accumulation, and
engaging with specific cellular receptors, thereby manifesting profound
therapeutic benefits in cardiovascular and cerebrovascular conditions, as well
as oncological settings. Moreover, resveratrol's capacity to either suppress or
induce ferroptosis through the modulation of signaling pathways, including
Sirtl and Nrf2, unveils novel therapeutic avenues. Despite resveratrol's limited
bioavailability, advancements in molecular modification and drug delivery
optimization have amplified its clinical utility. Future investigations are poised
to unravel the comprehensive mechanisms underpinning resveratrol's action and
expand its therapeutic repertoire. We hope this review could furnish a detailed
and novelinsight into the exploration of resveratrolin the regulation of ferroptosis
and its therapeutic prospects.
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Diseases and Underlying Mechanisms Linked to
Resveratrols Modulation of Ferropt05|s
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Exploring resveratrol - a novel insight into ferroptosis regulation and therapeutic prospects.

1 Introduction

Resveratrol (Res), classified as a non-flavonoid polyphenolic
compound, emerges as a phytoalexin produced by plants, notably
present in red wine, grapes, and raspberries (Koushki et al., 2018). Its
trans isomer variant, distinguished by heightened biological activity
and stability, has garnered substantial scientific interest (Pangeni
2014; Riccio et al.,
resveratrol’s multifaceted bioactive properties (Mohammadipoor
2022; Vajdi et al, 2023; Wang et al., 2024; Wang R. T
2022; Zhu et al, 2023), encompassing cardioprotection,
anti-inflammatory, effects
(Figure 1). This compound’s efficacy in mitigating cardiovascular
pathologies (Bukarica et al., 2013) and its potential in oncological
therapy underscore its significant therapeutic promise (Bukarica
et al.,, 2013; Chen and Musa, 2021). The breadth of resveratrol’s
bioactivity predicates the necessity of continued research to fully

et al, 2020). Investigations have elucidated
et al.,
et al.,
and

antioxidative, antineoplastic

exploit its disease-preventive and therapeutic capacities.
Res has received a lot of attention from the scientific community,
and it has become a focal point for the study of ferroptosis, an iron-
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dependent form of cell death that has been linked to a variety of
diseases (Stockwell, 2022). The hallmark of ferroptosis is the buildup
of iron and lipid peroxidation, which sets off a chain reaction. This
reaction involves the exhaustion of glutathione (GSH) and a
decrease in the effectiveness of glutathione peroxidase 4 (GPX4),
leading to a rise in lipid peroxides and an increase in reactive oxygen
species (ROS) levels (Dai et al., 2024; Liu YE et al., 2023). Such
biochemical dynamics not only precipitate ferroptosis but also
perturb amino acid metabolism and inflict mitochondrial damage
(Jiang et al., 2021; Zheng and Conrad, 2020). The implications of
ferroptosis extend beyond its biochemical pathways; it is intricately
linked to the pathogenesis and progression of a variety of diseases,
including cardiovascular disorders and cancer (Nie et al., 2024). The
regulation of ferroptosis, therefore, unveils novel therapeutic
avenues, enriching our arsenal against these conditions and
enhancing our comprehension of cellular mortality mechanisms.
Res modulates ferroptosis by regulating lipid peroxidation and
iron homeostasis and shows considerable promise in cardiovascular
and oncological therapeutic areas (Cheng et al., 2020; Rauf et al,,
2018; Ren et al,, 2021; Xia et al., 2017; Zordoky et al., 2015). Its
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FIGURE 1
Structure and pharmacological function of resveratrol.

efficacy is particularly evident in its interaction with Toll-like
receptor 4 (TLR4), showing promise in managing coronary heart
disease and gastric cancer (Huo et al,, 2019; Li MY et al.,, 2023). The
influence of Res on ferroptosis is characterized by a dualistic nature:
it can precipitate cell death by downregulating the expression of
GPX4 and SLC7A11, offering a novel approach to cancer therapy
(Shan et al., 2023); conversely, it can confer cellular protection by
upregulating these genes, thereby inhibiting ferroptosis.

Res has garnered significant interest for its role in modulating
ferroptosis and its therapeutic potential across a spectrum of
diseases (Figure 2). Despite the burgeoning body of research in
this domain, a comprehensive analysis elucidating resveratrol’s
mechanism of action remains conspicuously absent. This review
aims to fill this knowledge gap by organizing and discussing how Res
affects ferroptosis and disease remission (Figure 3). By delineating
its mechanistic pathways, this synthesis aims not only to keep the
scientific community abreast of current developments but also to
underpin the theoretical foundations for resveratrol’s clinical
application in managing ferroptosis-related disorders.

2 Unravelin

e U ferroptosis: mechanistic
insights an

resveratrol's impact

Ferroptosis, a recently identified mode of cell death, has rapidly
ascended to prominence within the realm of biomedical research.
Emerging studies have elucidated its intricate biological
underpinnings and underscored its pivotal contribution to the
pathogenesis of a diverse array of diseases. Through a detailed
examination of the latest findings, we endeavor to provide a
comprehensive overview that not only informs but also advances

the potential for therapeutic interventions targeting ferroptosis.

2.1 Advance in understanding ferroptosis

Iron accumulation within cells is a critical factor in ferroptosis.
After entering the cell via the transferrin receptor TFR1, iron is
reduced to Fe** in the endoplasmic reticulum and then released into
the cytoplasm via the SLC11A2 transporter. During ferroptosis, ROS
react with polyunsaturated fatty acids (PUFAs), initiating lipid
peroxidation. The accumulation of ROS is a key factor in cell
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death, and the inhibition of antioxidants such as GPX4 leads to
ROS accumulation and lipid peroxidation, thereby inducing
ferroptosis. Thus, the accumulation of iron, ROS, and markers
like GPX4 all contribute to the
(Pierzynowska et al., 2021).

Ferroptosis, is increasingly recognized for its pivotal role in the

onset of ferroptosis

biomedical sciences. Recent advances have significantly expanded our
comprehension of its biological underpinnings, paving the way for novel
therapeutic approaches across a spectrum of diseases. In terms of cellular
morphology, ferroptosis is characterized by increased mitochondrial
membrane density, reduction or disappearance of mitochondrial cristae,
and rupture of the outer mitochondrial membrane (Zhao et al., 2023). At
the molecular level, the identification of critical regulators such as
Kinofen has shed light on the intricate control mechanisms
governing ferroptosis, offering promising directions for clinical
translation (Shen et al, 2023). In oncology, the discovery of GINS4’s
suppressive impact on lung adenocarcinoma heralds a new therapeutic
target (Chen L et al,, 2023; Li et al,, 2021; Li MT et al,, 2022). Similarly,
advancements in hepatology have been marked by the identification of
ME], which provides fresh insights into liver disease management (Fang
et al,, 2023). Cardiovascular research has underscored the importance of
ALOX15 and its metabolites in ferroptosis, suggesting innovative
treatment modalities for heart diseases (Cai et al, 2023; Sun et al.,
2020). The
nephrosclerosis also furnishes a novel theoretical foundation for

elucidation of ferroptosis’s role in hypertensive
addressing hypertension and its sequelae (Du et al., 2023). Moreover,
investigations into conditions such as ischemic heart failure,
degenerative bone diseases, and cognitive impairments have yielded
significant breakthroughs, offering new perspectives and therapeutic
avenues (Cheng et al,, 2023; Ru et al., 2023; Yuan et al., 2023). These
collective findings not only deepen our understanding of ferroptosis but
also establish a robust basis for the development of future treatment
strategies, underscoring the mechanism’s broad implications for health
and disease.

/Recently, advancements in the study of ferroptosis have elucidated
the fundamental roles of specific proteins and pathways, notably GPX4,
P53, the Xc-GSH-GPX4 and Xc-NAD(P)H/FSP1/CoQ10 axis, in the
regulation of this cell death mechanism (Zheng and Conrad, 2020; Lee
et al,, 2021). The suppression of ferroptosis by GPX4, in particular, has
emerged as a pivotal process (Li et al., 2020; Liu Y et al., 2023), with its
modulation revealing therapeutic promise in the management of
conditions such as heart failure (Zhang et al,, 2023) and colorectal
cancer (Zhang et al, 2022). In addition, PUFAs undergo lipid
peroxidation affecting ferroptosis after entering the cell membrane
via ACLS4 and LPCAT3 (Liu et al, 2022a). Moreover, DNA
oxidative damage events can activate the cell’'s DNA damage
response, further triggering various cell death pathways, including
ferroptosis. In the process of ferroptosis, cathepsin B (CTSB) plays a
crucial role by translocating from lysosomes to the nucleus, causing
DNA damage, a process that activates the STINGI-dependent
ferroptotic pathway. Furthermore, high mobility group box 1
(HMGBI1) also functions in ferroptosis by activating the RAS-JNK/
P38 signaling pathway, promoting DNA oxidative damage induced by
erastin (Chen et al, 2021). These discoveries not only augment our
comprehension of ferroptosis but also herald new therapeutic targets
and strategies for combating related diseases, underscoring the intricate
interplay between molecular pathways and their potential clinical
applications.
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FIGURE 2

This line chart illustrates the trend in the number of studies related to ferroptosis and resveratrol over the past decade (2013-2023). In the chart, the
blue dashed line represents the number of studies concerning ferroptosis, while the green dashed line indicates the number of studies on resveratrol. By
comparing the trends of these two dashed lines, we can gain an intuitive understanding of the research interest and development trends in these two

fields over the last decade.

2.2 Resveratrol: a key modulator of
ferroptosis

Res has emerged as a pivotal regulator of ferroptosis. This
compound exerts a nuanced influence on the process by
meticulously modulating iron uptake and metabolism (Wang H
et al., 2022). Specifically, Res governs the activity of the transferrin
receptor (TFRC) and the SLC7A11 channel, orchestrating the influx
of iron ions into cells, safeguarding iron homeostasis, and mitigating
the risk of iron overload (Shan et al, 2023). Res activates the
Nrf2
Nrf2 from the cytoplasm to the nucleus, thereby enhancing the

signaling pathway, promoting the translocation of
expression of a series of antioxidant enzymes, including superoxide
dismutase (SOD), glutathione S-transferases (GSTs), and GPX.
These enzymes play an important role in improving the cell’s
antioxidant capacity. In addition, Res can stimulate the synthesis
of GSH, increasing the level of GSH within cells and further
enhancing the cell’s defense against oxidative stress. In terms of
tumor suppression, Res activates the p53 protein, promoting its
accumulation in the nucleus, which not only helps to promote cell
cycle arrest and apoptosis, inhibiting the growth of tumor cells, but
also p53 can suppress the expression of SLC7A11, reducing the cell’s
uptake of cystine, thereby decreasing the synthesis of intracellular
glutathione and making cells more sensitive to ferroptosis, a newly
discovered form of cell death. This provides a new mechanistic
explanation for the use of Res in the prevention and treatment of
cardiovascular and cerebrovascular diseases and cancer (Jiang
et al., 2015).

Frontiers in Pharmacology

Moreover, Res plays a critical role in mitigating oxidative
stress by scavenging hydroxyl radicals and curbing the
production of ROS, thus preserving the intracellular ROS
equilibrium and averting ferroptosis triggered by oxidative
damage. It also possesses the unique capacity to suppress
excessive mitochondrial ROS production while potentiating
ROS activity within cancer cells, thereby erecting a cellular
defense against ferroptosis (Fu et al., 2021; Zhang et al., 2019).
At the proteomic level, Res subtly regulates the expression of key
proteins such as SOD, SIRT1, ACSL4, FSP1, FTHI1, GPX4, TfRI,
and SLC7A1l, indirectly preventing ferroptosis by either
promoting or inhibiting the expression of these genes. These
multifaceted regulatory mechanisms collectively delineate a
cellular

comprehensive strategy for

ferroptosis, unveiling novel avenues and methodologies for the

protection against

therapeutic intervention of associated pathologies.
3 Targeted ferroptosis: resveratrol's
role in disease intervention
3.1 Resveratrol modulates ferroptosis: a
strategy against cardiovascular and
cerebrovascular diseases

Cardiovascular and cerebrovascular diseases prevalently afflict

the middle-aged and elderly populations, presenting a formidable
challenge to public health due to their high incidence and mortality

frontiersin.org
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Resveratrol regulates ROS production and thus ferroptosis mainly through the system Xc™-GSH-GPX4 pathway. It can regulate ferroptosis for the
treatment of cardiovascular diseases by activating the SIRT1/p53 and miR-149/HMGBLI signaling pathways, targeting SLC7A11 and GSH, respectively.
Furthermore, resveratrol promotes ferroptosis inhibition by suppressing HMMR and the miR-21-3p/p53 signaling pathway, thereby affecting the system

Xc™-GSH-GPX4 pathway. By upregulating the KAT5 and SIRT1/NRF2/FTH1

pathways, resveratrol can also target and enhance the expression of

GPX4, inhibiting ROS production and ferroptosis. This contributes to the treatment of cardiovascular and cerebrovascular diseases. Resveratrol inhibits

ROS production by targeting mtROS and by promoting the p62/NRF2/HO-1

pathway. Additionally, it regulates ROS production by activating the PRDX2/

MFN2 pathway and upregulating SIRT1's targeting of ACSL4. Resveratrol contributes to cellular protection by inhibiting ROS and ferroptosis through the

activation of SIRT3, which in turn boosts the levels of FoxO3a and SOD2.

rates (Tang and Chan, 2014; Townsend et al., 2019). Despite
continuous advancements in therapeutic approaches, the quality
of life for many patients remains compromised. Res emerges as a
beacon of hope in the treatment landscape for conditions such as
coronary heart disease, heart failure, cerebral hemorrhage, and brain
This
intervention strategy not only holds the potential to mitigate the
progression of these debilitating diseases but also to significantly

injury, by targeting the ferroptosis pathway (Table 1).

enhance patient outcomes, thereby addressing a critical need in
contemporary medical practice.
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3.1.1 Cardiovascular diseases

In recent years, the role of ferroptosis in the pathogenesis of
cardiovascular diseases has been gradually emphasized. Studies have
shown that ferroptosis is associated with a variety of cardiac diseases
including myocardial infarction, myocardial ischemia-reperfusion
injury, cardiac fibrosis, atrial fibrillation, and cardiotoxicity. Res has
been shown to have cardiovascular protective effects in several
studies, especially in inhibiting ferroptosis by regulating the
TLR4/NF-xB signaling pathway, TGFBR1 expression, and the
Sirtl/p53/SLC7A11 pathway.
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TABLE 1 Overview of Resveratrol's mechanisms in managing cardiovascular and cerebrovascular conditions.

10.3389/fphar.2024.1473939

Disease Concentration Discovery Mechanism Ferroptosis Effects on
of res biomarkers
Valvular atrial | Atrial HL-1 cells (50 puM) Inhibited Docked with Inhibition TGFBR1], vimentin |, Jiang et al.
fibrillation fibrillation NADPH oxidase ~ TGFBRI and regulated a-SMA], type I (2022a)
model/ and ion channels =~ TGFB/Smad signaling collagen |
Molecular to improve
docking myocardial
model fibrosis
Heart failure Heart failure Mice (35 pM) Improved cardiac =~ Regulated Sirt1/ Inhibition SIRT1T, Jiang et al.
model function/slow p53 pathway, and P53K382 acetylation (2022b)
ferroptosis and reduced level |,
fibrosis SLC7A11 consumption SLC7A11 degradation],
progression in GSHT, GPX4T
heart failure
Myocardial OGD/R H9c2 cells (10 uM); | Reduced the level = Regulated USP19/ Inhibition Fe’*|, TfR1|, FTH17, Li T et al.
ischemia- model Rats (50 mg/kg) of oxidative stress =~ Beclinl-induced GPX47 (2022)
reperfusion in vitro/ and Fe’* content, = autophagy in H9¢2 cells
injury Myocardial I/ reduced the to reduce oxidative
R model in expression of stress level and Fe**
vivo TfR1, increased content
the expression of
FTH1 and GPX4,
prevented and
treated
myocardial I/R
injury
Myocardial MI rat model | H9c2 cells (50 uM); | Reduced Regulated KAT5/ Inhibition Collagen 1], a-SMA|, Liu et al.
Injury Rats (20 mg/day) myocardial injury =~ GPX4 pathway 1L-6], IL-1B|, GSHT, (2022a)
and fibrosis MDA, lipid ROS|,
related to Fe*'|, GPX4T,
myocardial SLC7AI117
infarction in rats
Endotoxemia A mouse Mice (50 mg/kg) Improved Regulated the miR-149/ Inhibition miR-149T, HMGB1], Wang RT et al.
model of myocardial cell HMGBI axis GSHT, LDHT, Lipid (2022)
LPS-induced injury and cardiac ROST, lipid
endotoxemia/ function in LPS- peroxidation|, Iron
A cell model induced accumulation |
of endotoxemia
endotoxemia
induced
myocardial
injury
Suppurative LPS induced — Considered to be = Docked with the Inhibition \ Zou et al.
myocardial SMI model in the drug with the = key FRG (2023)
injury mice strongest
prediction of key
genes related to
ferroptosis
Sepsis-induced | A rat model Rats (10, 30 and Reduced Regulated Sirt1/ Inhibition SIRT17, GPX4T, Zeng et al.
cardiomyopathy | of sepsis 50 mg/kg); myocardial injury =~ Nrf2 signaling pathway ACSL4T, MDA, 4- (2023)
induced H9c2 cells (1, 10, 25, caused by sepsis HNE], Fe**|
by CLP 75, and 100 uM)
Azithromycin- — — Improved the left = Inhibited the Inhibition mtROS|, Yu et al. (2022)
induced ventricular overproduction of ROS p62-NRF2/HO-1T7,
cardiotoxicity function and and Regulated the p62- NRF27T
Myocardial NRF2/HO-1 pathway
fibrosis
Azithromycin- | DIC model Mice (20 mg/kg/day) = Alleviated DOX- = Regulated MAPK Inhibition GSHT, Chen et al.
induced induced cardiac signaling pathway Fe accumulation |, (2024)
cardiotoxicity dysfunction PTGS2|, ACSL4[,
NCOA4|, GPX4T, ROS|
5-FU-induced | Mouse model Mice (1,2,4 mg/kg); Alleviated 5-FU- Upregulated GPX4 Inhibition CK|, LDH|, MDA, Li DN et al.
cardiotoxicity of H9c2 cells (12.5, 25, induced Fe’"|, GSHT, GPX4T, (2023)

cardiotoxicity

50 uM)

cardiotoxicity

FTH1T, Nrf2T, NQOI1T,
TIR], p53]

Frontiers in Pharmacology

06

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1473939

Peng et al.

10.3389/fphar.2024.1473939

TABLE 1 (Continued) Overview of Resveratrol's mechanisms in managing cardiovascular and cerebrovascular conditions.

Disease Model Concentration Discovery Mechanism Ferroptosis Effects on
of res biomarkers
Diabetic cardiac | db/db mouse Mice (25 mg/kg/d) Reduced the Regulated PRDX2- Inhibition PRDX2T, lipid Chen L et al.
microvascular | model damage of MFN2-ACSL4 pathway peroxidation|, MFN2T, | (2023)
dysfunction vascular structure ACSL4T
Diabetic cardiac = db/db mouse Mice (25 mg/kg/d) Prevented the Regulated PRDX2- Inhibition PRDX2T, lipid Liu (2023)
microvascular | model damage of MFN2-ACSL4 pathway peroxidation |, MFN2T,
dysfunction and endothelial cells ACSL4T
cardiomyopathy in cardiac
microvessels
induced by
glucolipotoxicity,
and reduced the
abnormal
structure and
function of
microvessels in
diabetic patients
Cerebral In vitro Neurons (0, 5, 10 and = Be similar to Inhibited GPX4 and Inhibition GSHT, ROS|, ACSL4|, Zhu et al.
ischemia- neuronal 20 puM); ferritin-1 ferritin degradation, ferritinT, GPX47 (2022)
reperfusion OGD/R/in Rats (30 mg/kg) regulated Sirt1-Nrf2
injury vivo MCAO/ pathway
R models
Hypoxic- Neonatal rat Mice (25 pg/3 uL) Protected the Regulated SIRT1/Nrf2/ Inhibition SIRT1T, Nrf27, GPX47T Li MT et al.
ischemic brain | model of nerve, improved GPx4 signaling (2022)
damage HIBI HIBI-induced pathway
brain atrophy/
injury, and
treated HIBI-
induced learning
and memory
impairment
Subarachnoid In vivo/ Mice experiment Reduced the level = Regulated Inhibition SIRT1T, ACSL4|, Yuan et al.
hemorrhage in vitro SAH (30 mg/kg); Mice of lipid SIRT1 signaling GPX4T, FSP1T, (2022)
model experiment peroxidation by pathway
(50 uM) upregulation of
GPX4 and
FSP1 expression
Cerebral ICH mouse SD Rats (5 mg/kg) Found the Res- — Inhibition — Mo et al. (2021)
hemorrhage model/SD rat NPs is a safer and
model more effective
method for the
treatment of
cerebral
hemorrhage
injury

3.1.1.1 Effects of resveratrol on simple cardiovascular
disease: alleviation of myocardial infarction and
heart failure

Myocardial infarction, as a serious manifestation of coronary
artery disease, essentially refers to the necrosis of the myocardium
due to ischemia, which is a severe type of acute coronary syndrome
(Lindsey et al., 2018). In recent years, the role of ferroptosis in the
pathogenesis of myocardial infarction has gradually received
attention. A study by Jiang et al. found that ferroptosis is
involved in the pathogenesis of myocardial infarction (Jiang
et al,, 2022a). Building on this foundation, Res has emerged as a
preventative measure against myocardial ischemia-reperfusion
injury by mitigating ferroptosis via the TLR4/NF-«xB pathway, a
critical link in ferroptosis and immune response dynamics. Res can
stably bind to TLR4 with a minimum binding free energy

Frontiers in Pharmacology

of —6.2 kcal/mol and act synergistically to inhibit the growth of
neuroendocrine tumors, thereby preventing myocardial injury after
myocardial infarction. It was shown that depletion of TLR4 can
significantly improve iron and lipid peroxidation in ischemia-
reperfusion rat hearts and reduce the risk of cardiac remodeling
and myocardial death.

Transitioning from the molecular to the clinical perspective,
coronary heart disease and atrial fibrillation share an intimate link,
often manifesting with similar clinical symptoms such as
palpitations, chest pain and so on. Jiang et al’s experiments
further corroborated that TGFBRI1, a pleiotropic cytokine, is not
only participates in the immune responses but also plays a crucial
role in tissue fibrosis induced by ferroptosis (Jiang et al., 2022b).
Notably, both curcumin and Res can modulate TGFBR1 expression,
with Res exhibiting an optimal binding free energy of 8.5 kcal/mol

07 frontiersin.org



https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1473939

Peng et al.

with TGFBR1. At this binding affinity, Res can effectively bind to its
target site, reducing myocardial fibrosis and consequently
ameliorating atrial fibrillation symptoms. This segues into the
broader implications of resveratrol’s action, where in patients
with coronary artery disease, cardiac vascular lesions further
injury,
increasing the risk of heart failure. Zhang et al. demonstrated

exacerbate myocardial ischemia and significantly
that Res acts as a natural activator of Sirtl, inhibiting ferroptosis
through the Sirt1/p53/SLC7A11 pathway (Zhang et al., 2023). An
ATP assay kit determined 35 uM as the optimal Res concentration
for treatment. An aortic constriction surgery-induced heart failure
model was established, and in vivo and in vitro experiments
inhibit
cardiomyocytes via the Sirt1/Xc™ pathway. In patients with early-
stage heart failure, Res effectively inhibited ferroptosis and enhanced

confirmed resveratrol’s ability to ferroptosis  in

cardiac function by modulating Sirt1 expression. Furthermore, long-
term Res treatment significantly reduced the level of fat oxidation,
increased GSH and SOD expression in cardiac tissues, and
upregulated GPX4 and SLC7A11 expression in cardiomyocytes,
decelerating the ferroptosis process and preserving left
ventricular function.

Building on the understanding of myocardial ischemia-
reperfusion injury, Li et al’s study provides a deeper dive into
the cellular mechanisms at play (Li T et al., 2022). Using the oxygen-
glucose deprivation/reperfusion (OGD/R) model, it was found that
OGD/R exposure led to a significant reduction in GPX4 and
FTH1 mRNA and protein levels, along with an increase in
TfR1 and LC3 levels and a decrease in p62 levels. And Res was
found to improve cell viability as assessed by CCK-8. Subsequent
experiments using 10 pM Res revealed that Res ameliorated OGD/
R-induced oxidative stress by decreasing malondialdehyde (MDA)
levels while enhancing SOD activity. Regarding its inhibitory effect
on ferroptosis, Res primarily achieved this by increasing GPX4 and
FTHI protein expression. Additionally, after Res treatment, the
protein levels of autophagy markers such as Beclin-1, NCOA4, and
LC3 were significantly reduced in H9¢c2 cells. An I/R rat model was
also established, and it was found that Res could intervene to
downregulate the expression of USP19 and Beclin-1 while
upregulating the expression of GPX4 and FTHI, and effectively
reducing oxidative stress levels and Fe** content in cells and tissues.
In conclusion, apoptosis is triggered by OGD/R-induced ferroptosis
and excessive autophagy activation in H9c2 cells, whereas Res could
prevent myocardial ischemia/reperfusion injury by regulating
USP19/Beclin-1-induced autophagy in H9c2 cells and reducing
oxidative stress levels and Fe’* content, thereby inhibiting
ferroptosis.

Transitioning from the context of ischemia-reperfusion injury to
myocardial infarction, Liu et al’s research further validates the
protective role of Res (Liu et al., 2022b). Demonstrated that Res
could inhibit ferroptosis and attenuate myocardial injury and
fibrosis caused by myocardial infarction in rats by targeting the
KATS5/GPX4 pathway, further corroborating the positive role of Res
in treating myocardial infarction. They established a rat model of MI
and injected the treatment group with 20 mg/day of Res, while the
control group received an equal volume of PBS instead of Res. The
study demonstrated that Res reduced the expression of collagen
1 and a-SMA, mitigated the increased levels of GSH, MDA, ROS,
and Fe** induced by MI, and restored the expression of GPX4 and
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SLC7A11 that were decreased in MI rats. Additional in vitro
experiments confirmed that Res could inhibit ferroptosis in
cardiomyocytes induced by oxygen-glucose deprivation (OGD).
Mechanistic studies revealed that Res rescued GPX4 expression
levels and attenuated OGD-induced myocardial injury and
ferroptosis by modulating KAT5 overexpression. Deletion of
either KAT5 or GPX4 negated the cardioprotective effects of Res
against OGD-induced injury in cardiomyocytes.

3.1.1.2 Resveratrol: a potent ferritinase inhibitor in
infectious cardiovascular disease

Transitioning from the broader implications of ferroptosis in
cardiovascular diseases to its specific impact on conditions triggered
by infectious agents, the exploration of endotoxemia and sepsis
becomes particularly pertinent. The first is endotoxemia, which is a
pathophysiological condition caused by the release of large amounts
of endotoxin into the bloodstream by bacteria in the bloodstream or
bacteria in the lesion, or by the infusion of endotoxin-contaminated
fluid, often accompanied by myocardial injury.

In this context, a study by Wang et al. unveiled the protective
effect of Res against myocardial injury in this condition (Wang XL
et al,, 2022). Ninety mice were randomly divided into nine groups,
with a Res concentration of 50 mg/kg. The experimental results
revealed that Res could inhibit the ferroptosis pathway by
miR-149
HMGBI expression, thereby effectively treating endotoxemia-

upregulating expression and  downregulating
triggered myocardial injury. After treatment, cell viability was
enhanced, iron output was reduced, GSH levels were increased,
and both lipid ROS generation and lipid peroxidation were
alleviated. These demonstrated the potential of Res in the
treatment injury caused by

Furthermore, Zou et al. showed that the prevalent disruption of

of myocardial endotoxemia.
ferroptosis-related genes (FRGs) in the septic cardiac transcriptome
suggests the pivotal role of ferroptosis in this pathologic process
(Zou et al,, 2023). While Res, as the most promising drug target-
related drug with a composite score of 2975802, can form a stable
complex with these key FRGs. Res can dock with all the key FRGs,
especially PTEN and RELA. The interaction energy with
-CDOCKER was 38.57 kcal/mol and 33.56 kcal/mol, respectively.
This suggests that it may be a potential drug for the treatment of
septic myocardial injury by modulating ferroptosis.

Shifting focus to another critical condition associated with
infectious diseases, septic cardiomyopathy, reveals another
dimension of resveratrol’s therapeutic potential. For septic
cardiomyopathy, Res, as a natural agonist of Sirtl, has a
protective effect on it. Experiments by Zeng et al. demonstrated
that Res could inhibit ferroptosis by upregulating the Sirtl/
Nrf2 signaling pathway, that is, inhibiting ferroptosis by
activating Sirtl and Nrf2, effectively preventing sepsis-induced
cardiac dysfunction and reducing the resulting cardiac
insufficiency (Zeng et al., 2023). Mitochondrial dysfunction, a key
factor in septic cardiomyopathy and an important indicator of
ferroptosis, was also ameliorated by Res treatment. Res, a
Sirtl agonist, upregulated Sirtl, which induced Nrf2 levels in SIC
rats. A concentration of 25 uM Res was evaluated to have the greatest
therapeutic effect and was used for all subsequent experiments. After
treatment with Res, lipid peroxidation was reduced, the expression

of ACSL4 was inhibited, and the level of GPX4 was increased, and
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the degree of increase was proportional to the dose of Res, so that
their content returned to stability. Furthermore, it reduced MDA
and 4-HNE levels and lowered ferrous ion levels, thereby alleviating
ferroptosis and CLP-induced tissue damage.

3.1.1.3 Resveratrol as a protective agent: attenuating drug-
induced cardiotoxicity

Moving from the general discussion on cardiotoxicity to specific
instances, it’s crucial to understand the multifaceted nature of drug-
induced heart diseases. Cardiotoxicity is an important clinical
problem that refers to the toxic effects of a drug on the
myocardium or the cardiac electrical conduction system, leading
to functional damage or structural abnormalities of the heart.
Through in vivo and in vitro studies, Yu et al. treated H9c2 cells
with 10 uM Fer-1 and then conducted experiments with Res with a
concentration of 20 pM, revealed a key pathway for doxorubicin
(DOX) to cause cardiotoxicity: iron-mediated oxygen free radicals to
induce oxidative stress in cardiomyocytes (Yu et al., 2022). This
finding confirms the central role of ferroptosis in DOX
cardiotoxicity. Experimentally, DOX reduced the activity of
H9c2 cells, leading to iron accumulation and lipid peroxidation.
Whereas the intervention of Res effectively inhibited the
overproduction of mitochondrial ROS and reversed these
deleterious effects through the regulation of the p62-Nrf2/HO-
1 pathway. Moreover, Res, as an activator of p62, demonstrated
preventive and protective effects against DOX cardiotoxicity in a
mouse model.

Building upon these findings, Chen et al. delved deeper into the
protective mechanisms of Res against cardiotoxic agents (Chen et al.,
2024). They selected a 20 pM concentration of Res for an in-depth
study by establishing a DIC model and using the CCK-8 assay. The
experimental results showed that Dox-induced reduction in cell
viability and lactate dehydrogenase (LDH) release were significantly
alleviated by Res treatment, which improved the iron accumulation
phenomenon, reduced GSH depletion, and inhibited the expression
of iron-death-related proteins, such as PTGS2, ACSL4, and NCOAA4.
Additionally, Res upregulated GPX4 levels and efficiently alleviated
the generation of ROS and the lipid peroxidation process. In
mechanistic studies, the research team investigated the mitogen-
activated protein kinase (MAPK) subgroups p38, ERK, and c-Jun
N-terminal kinase (JNK) in both in vivo and in vitro experiments.
The findings indicate that resveratrol’s cardioprotective action may
involve the inhibition of ferroptosis via the MAPK
signaling pathway.

Further extending the scope of research to include another
common chemotherapeutic agent, Li et al’s study offers new
insights into addressing the cardiotoxicity caused by 5-
Fluorouracil (5-FU) (Li DN et al, 2023). They established a
cardiotoxicity model through intraperitoneal injection of 5-FU
(30 mg/kg), dividing it into five groups: the model group (saline),
three Res dosage groups (low, medium, and high doses at 1, 2,
4 mg/kg), and the Fer-1 positive control group (2.5 mg/kg). The
findings showed that the model group’s body weight significantly
decreased compared to the control group, with the high-dose Res
group showing a notable increase from 16.6 + 0.40 to 23.3 + 0.75 g.
Lipid accumulation in the Res treatment groups also increased by
factors of 2.17, 1.72, 1.30, and 0.97, respectively, compared to the
control group. These results indicate that Res can mitigate 5-FU-
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induced lipid damage by regulating lipid oxidation and inhibit
cardiac ferroptosis triggered by 5-FU via a GPX4-mediated
mechanism. Specifically, the expression of GPX4 was significantly
upregulated by Res, which effectively inhibited the ferroptosis
process by reducing harmful hydroperoxides to harmless lipid
alcohols under the combined action of GSH and GPX4. In the
mouse model, Res also significantly improved left ventricular
function, alleviated myofibrillar degeneration, and reduced
mitochondrial damage, demonstrating its remarkable effect in

lowering oxidative stress in the heart.

3.1.1.4 Resveratrol: fighting cardiac microvascular
complications in diabetes mellitus

Recent studies have also unveiled that Res and its analogs exert
an ameliorative effect on diabetic cardiac microvascular disease by
regulating ferroptosis. Diabetic cardiac microvascular injury is a
unique and serious complication of diabetes. A study by Chen et al.
revealed the antioxidant and cardiovascular protective efficacy of
isoresveratrol, an analog of Res (Chen YQ et al,, 2023). Experiments
using ISO at a concentration of 10 uM revealed that PRDX2, as a
downstream target of isoresveratrol, plays a pivotal role in the
inhibition of oxidative overload, and lipid
thus effect of
isoresveratrol on ferroptosis. Additionally, overexpression of

stress, iron

peroxidation, mediating the inhibitory
MFN2 prevented the mitochondrial ectopic localization of
ACSL4, further inhibiting the
mitochondria.  Through these

attenuates iron-induced oxidative damage and lipid peroxidation
in mitochondria via the PRDX2-MFN2-ACSL4 pathway, providing

effective

ferroptosis ~ process  in

mechanisms, isoresveratrol

protection for the cardiac microvasculature in
diabetic patients.

Based on the understanding of isoresveratrol’s protective effects,
it’s crucial to consider the broader implications of ferroptosis in
diabetic complications. Type 2 diabetes mellitus (T2DM) not only
increases the risk of coronary artery disease but may also lead to
serious consequences such as cardiomyopathy and heart failure. Liu
et al. synthesized numerous studies and pointed out that ferroptosis
is a therapeutic target for cardiomyopathy in both diabetic and non-
diabetic patients (Liu, 2023). In the db/db diabetes model,
ferroptosis has a causative effect on cardiac microvascular
endothelial

ferroptosis can alleviate chemotherapy and ischemia/reperfusion-

dysfunction. TIron chelation or inhibition of
induced cardiomyopathy; and attenuation of endothelial lipid
peroxidation can also inhibit ferroptosis, thus reducing the
incidence of atherosclerosis (Blagov et al., 2023). Moreover, Res
analogs, such as isorhapontigenin, exhibit antioxidant and anti-
inflammatory properties and mitigate cardiac microvascular
endothelial cell damage due to glycolipotoxicity through the
PRDX2-MFN2-ACSL4 pathway, thereby improving microvascular
structure and function in diabetic patients.

Taken together, Res and its derivatives demonstrate significant
promise for treating myocardial infarction and associated cardiac
conditions. They inhibit ferroptosis through multiple mechanisms,
including modulation of key signaling pathways and gene
expression, reduction of oxidative stress and ferric ion
accumulation, reduction of lipid peroxidation, and enhancement
of antioxidant system activity. In particular, the use of Res in diabetic

cardiac microvascular disease, drug-induced cardiotoxicity, and
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restoration of cardiac function after myocardial infarction provides
new strategies for the treatment of cardiac diseases. Future studies
need to further explore the potential of resveratrol’s clinical
applications and how it can be combined with other therapeutic
approaches to achieve more effective treatment of cardiac diseases.

3.1.2 Cerebrovascular diseases

Recent studies have highlighted resveratrol’s neuroprotective
properties in cerebrovascular disease treatment, notably against
oxygen-glucose deprivation/reoxygenation (OGD/R) injury. Zhu
et al. found that OGD/R injury promotes ROS release, reducing
GSH levels and causing iron accumulation (Zhu et al., 2022).
Resveratrol’s preconditioning, involving exposure to varying
concentrations (0-20 uM) for 24 h before OGD/R, demonstrated
neuroprotective effects similar to the ferroptosis inhibitor ferritin-1
by inhibiting neuronal ferroptosis. Res was effective against OGD/
R-induced ferroptosis and ferroptosis triggered by erastin and
RSL3 in neurons. It also countered MCAO/R-induced ferroptosis
in rats. The treatment reduced iron and ROS levels, inhibited
ACSL4 enhanced GSH,
GPX4 expression, mitigating mitochondrial

ferritin, and
These
actions collectively reduced neuronal ferroptosis, mirroring
effects. Additionally, Res
ferroptosis and mitochondrial damage in primary cortical

expression, and
damage.
ferritin-1’s significantly reduced
neurons induced by erastin and RSL3 in vitro. It also showed
promise in vivo, reducing degenerative neurons and the volume
of cerebral ischemic injury and infarction by inhibiting ferroptosis
after MCAO/R.

Beyond OGD/R injury’s impact, it’s crucial to explore its
relationship with other forms of brain damage. OGD/R injury is
closely related to hypoxic-ischemic brain damage (HIBI) caused by
perinatal asphyxia in terms of injury mechanism, pathophysiological
process, and research methods. HIBI, a result of perinatal asphyxia,
frequently culminates in cognitive deficits. Research conducted by Li
et al. has unveiled a novel mechanism underlying HIBI: in a neonatal
rat model, a transient increase in GPX4 levels was observed 6 hours
post-HIBI, reaching a zenith at 24 hours, pinpointing ferroptosis as a
pivotal event in HIBI pathogenesis (Li C et al., 2022). Ferrostatin-1
was identified as an effective inhibitor of this process, offering
neuroprotection. Further investigations have elucidated that HIBI
induces SIRT1 and Nrf2 expression while diminishing GPX4 levels,
implicating the SIRT1/Nrf2/GPX4 signaling pathway in ferroptosis
mediation. Significantly, Res, a SIRT1 agonist, markedly enhanced
Sirtl, Nrf2, and GPX4 expression and concurrently decreased iron
accumulation. This dual action not only thwarted ferroptosis via this
pathway but also mitigated HIBI-induced neurological damage and
memory impairments, presenting a promising avenue for
therapeutic development.

Similarly, the exploration of HIBI's mechanisms provides a
segue into understanding the complexities of subarachnoid
hemorrhage (SAH). Early brain injury (EBI) following SAH
represents a multifaceted syndrome precipitated by various
attributed  to
Research by Yuan et al

cerebrovascular  conditions,  predominantly

intracranial aneurysm rupture.
underscores the critical role of ferroptosis in EBI’s pathogenesis
post-SAH (Yuan et al., 2022). Their in vivo and in vitro studies
administered 30 mg/kg of Res and concentrations of 10 pM-100 uM

of Res in DMEM, respectively, identifying 50 uM Res as the optimal
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dosage. Findings indicate that SIRT1, abundantly expressed in the
brain, modulates oxidative and inflammatory pathways, thus
benefits EBL.  Artificial
augmentation of SIRT1 expression was observed to enhance

offering  neuroprotective against
GPX4 and FSP1 levels and significantly curtail lipid peroxidation,
mitigating ferroptosis and attenuating EBI impacts. Consequently,
SIRT1 emerges as a promising therapeutic target for SAH, with Res,
as a SIRT1 activator, demonstrating significant potential in EBI
treatment following SAH.

Intracerebral hemorrhage (ICH), characterized as a spontaneous
hemorrhagic event within the brain parenchyma, primarily stems
from cerebrovascular abnormalities. In this context, Res has been
identified for its neuroprotective capabilities across various
neuropathological conditions. A pivotal study by Mo et al. has
advanced this narrative by employing polymer nanoparticles to
encapsulate Res, creating spherical Res nanoparticles (Res-NPs)
with an average diameter of 297.57 + 7.07 nm (Mo et al., 2021).
These Res-NPs demonstrated an enhanced capacity to maintain
elevated Res levels. Experimental evaluations revealed that Res-NPs
effectively mitigated erastin-induced ROS generation in HT22 cells
and forestalled ferroptosis. Furthermore, in ICH mouse models,
Nissl and Fluoro-Jade B staining corroborated the significant
neuroprotective effect of Res-NPs, while Prussian blue staining
evidenced their efficacy in reducing iron accumulation associated
with cerebral hemorrhage. These insights herald innovative
approaches
spotlighting  the

and methodologies for ICH management,

therapeutic potential of nanotechnology-

enhanced Res delivery systems.

3.2 Regulation of ferroptosis by resveratrol:
potential role in tumor suppression

Recently, Res, known for its diverse biological activities, is
increasingly recognized for its potential to trigger ferroptosis in
cancer cells (Ko et al., 2017; Zhang and Xie, 2024). This intersection
of ferroptosis and Res opens promising avenues for cancer therapy,
suggesting a paradigm shift towards exploiting cell death
mechanisms for therapeutic advantage.

Resveratrol’s antineoplastic effects have been observed across a
spectrum of cancers, highlighting its versatility as a therapeutic
agent. In colorectal cancer, an in vivo study using a 10 mg/kg dosage
revealed resveratrol’s ability to significantly reduce cell proliferation
(Zhang et al., 2022). This effect is attributed to increased ROS and
lipid peroxidation, activating the ROS-dependent ferroptosis
pathway and downregulating SLC7A1l1 and GPX4, which are
crucial for ferroptosis induction. In addition, pretreatment with
ferrostatin-1 notably decreased MDA levels and downregulated
SLC7A11 and GPX4. For lung squamous cell carcinoma (LUSC),
Res demonstrated a dose-dependent reduction in H520 cell viability,
with a 50 uM concentration inducing ferroptosis by modulating key
protein expressions and enhancing immunomodulatory cytokines
(TNF-a, IFN-y, IL-12, IL-2) (Shan et al, 2023). This dual action
improved the tumor immune microenvironment and increased
CD8" T cell toxicity, presenting a novel approach in LUSC
therapy. Resveratrol’s therapeutic efficacy extends to melanoma
(Synowiec-Wojtarowicz et al, 2023), where it disrupts redox
homeostasis to trigger ferroptosis, head and neck cancer (Lee
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et al., 2020), through promoting epithelial-mesenchymal transition
(EMT) reprogramming for ferroptosis, and gastric cancer (Li MY
et al,, 2023), by inhibiting inflammatory tumor cell proliferation via
the TLR4 receptor. These findings illustrate resveratrol’s versatility
in cancer treatment, capable of engaging multiple signaling
pathways and enhancing the body’s immune response, thereby
amplifying its therapeutic impact.

3.3 Broadening the therapeutic scope:
resveratrol in various diseases

Beyond its pivotal contributions to cardiovascular and
oncological therapies, recent investigations have illuminated
resveratrol’s broader therapeutic spectrum across diverse diseases
via the modulation of specific signaling pathways, with a particular
emphasis on those associated with ferroptosis (Ma et al., 2024; Xu
et al.,, 2018).

Res has also become a therapeutic drug suitable for addressing
some inflammatory problems, including spinal cord injury (SCI),
and  diabetic
periodontitis. In Ni et al’s spinal cord injury study, Res was

high-intensity ~ exercise-induced inflammation,
shown to reduce lipid peroxidation and iron accumulation
through the NRF2/GPX4 pathway, thereby

preventing ferroptosis to further promote neurological and motor

activation of

recovery in a mouse model (Ni et al., 2023). Additionally, Res has
proven beneficial in mitigating exercise-induced gastrointestinal
syndrome (EIGS) and related colon injuries, which are linked to
high-intensity exercise (Xu Z et al., 2023). Res reduces inflammation
and ferritin deposition in the colon through activation of the Nrf2/
FTH1/GPX4 pathway, which results in increased FTH1 expression,
improved iron sequestration, and GPX4 activity. This multifaceted
approach notably decreased levels of harmful ferrous and ferric ions,
hydrogen peroxide, and MDA, while boosting GSH concentration,
catalase (CAT) activity, and the expression of SLC7AIll and
GPX4 proteins. These findings not only highlight resveratrol’s
capacity to address EIGS but also broaden its therapeutic
potential across various medical conditions, confirming its role as
diabetic
periodontitis is a complex disease exacerbated by the coexistence

a multifunctional therapeutic agent. Furthermore,
of periodontitis and diabetes, further illustrating the versatility of
Res. A study simulating diabetic periodontitis in vitro demonstrated
that 6.25 pg/mL of Res counteracted the condition through
disruption of the Xc~ system (Li Y et al,, 2023). This suggests its
effectiveness in treating ferroptosis of alveolar bone osteoblasts in
diabetic periodontitis. In addition, Res has therapeutic efficacy in the
treatment of intestinal ischemia-reperfusion injury and
endometriosis. Wang et al. found that Res reduced ROS levels by
activating the SIRT3/FoxO3a pathway, while upregulating the
antioxidant genes SOD2 and catalase (Wang XJ et al, 2023).
This dual action effectively inhibits ferritin deposition and
contributes to the recovery of intestinal ischemia-reperfusion
injury. In the context of endometriosis, a study by Zou et al.
highlights that Res inhibits endometriosis by down-regulating
miR-21-3p to modulate the p53/SLC7A11 pathway and inhibit
cystine extraction, thereby promoting ferroptosis (Zou et al., 2024).

Furthermore, oxaliplatin-induced toxicity, such as neurotoxicity
and ototoxicity, induces ferroptosis by increasing lipid peroxidation
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and ROS levels. Res acts by activating Nrf2, a key transcription
factor, enhancing the expression of GSH and iron regulatory protein
2 (IRP-2), and mitigating GPX4 depletion caused by oxaliplatin (Xu
K et al., 2023). This mechanism disrupts the ferroptosis pathway,
presenting a new strategy to alleviate oxaliplatin’s adverse effects.
Moreover, resveratrol’s protective effects extend to combating
hepatotoxicity caused by deoxynivalenol (DON), a widespread
mycotoxin. In experiments with 0.4 pM DON and 8 uM, Res
the  SLC7A11-GSH-GPX4 pathway,
significantly increasing the mRNA expression of GPX4,
SLC7A11, NQO1, GCLC, and Nrf2 (Wang PJ et al.,, 2023). This
upregulation not only prevents ferroptosis but also protects

activated signaling

hepatocytes from DON-induced damage, as evidenced by
These

comprehensive antitoxicity

reductions in GSH and total intracellular ROS levels.
findings underscore resveratrol’s
capabilities, further solidifying its position as a versatile
therapeutic agent.

In total, Res has demonstrated its potential therapeutic effects
across a range of diseases, particularly in the realm of cardiovascular
health. As a multifaceted natural compound, it has shown promise
in simple cardiovascular diseases by modulating key signaling
pathways such as TLR4/NF-xB, Sirtl/p53/SLC7All, Sirtl/Xc,
TfR1, and KAT5/GPX4, thereby exerting protective effects. In
infectious cardiovascular diseases, Res mitigate inflammation and
oxidative stress by targeting HMGB1, miR-149, GSH, FRGs, Sirt1/
Nrf2, ACSL4, and GPX4, thus safeguarding the heart from infectious
insults. Regarding drug-induced cardiotoxicity, resveratrol’s ability
to modulate p62-Nrf2/HO-1, PTGS2, ACSL4, NCOA4, MAPK, p38,
ERK, JNK, and GSH/GPX4 pathways suggests its potential in
reducing cardiac damage caused by medications. In the context
of microvascular complications associated with diabetes, Res
improve microvascular function by influencing the PRDX2-
MFN2-ACSL4 pathway. Cerebrovascular diseases also benefit
from resveratrol’s modulation of ACSL4, GSH, SIRT1/Nrf2/
GPX4, and FSP1, potentially protecting the brain’s vasculature
from injury. Lastly, in oncology, resveratrol’s impact on
SLC7A11, GPX4, and TLR4 inhibit the growth and spread of
tumor cells. Together, these studies highlight the therapeutic
versatility of Res and its role in modulating key pathways to
combat complex diseases, bringing new hope in the fight against
cardiovascular and cerebrovascular diseases and tumors.

4 Resveratrol and ferroptosis:
pioneering treatment strategies and
future prospects

4.1 The dual role of resveratrol and emerging
therapeutic insights

Ferroptosis, marked by lipid peroxidation and iron overload, is
increasingly recognized for its therapeutic potential, with Res
emerging as a key modulator (Figure 3) (Liang et al., 2022). Res
can both inhibit and promote ferroptosis across various biological
systems, showcasing its versatility in treating diseases like
cardiovascular, cerebrovascular disorders, and cancer. In the
context of cardiovascular and cerebrovascular diseases, Res uses
multiple signaling pathways, including TLR4/NF-kB, to inhibit
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ferroptosis, and it regulates cellular autophagy, offering new
treatments for myocardial ischemia-reperfusion injury. It also
supports myocardial infarction recovery and heart failure
treatment through the KAT5/GPX4 and Sirtl/p53 pathways,
respectively. Additionally, Res mitigates myocardial injury from
endotoxemia and sepsis by modulating gene expression,
highlighting its potential in infectious cardiovascular conditions.
In cancer therapy, resveratrol’s ability to regulate SLC7A11 and
GPX4 expression promotes ferroptosis in cancer cells (Sun et al.,
2023), opening new therapeutic avenues for colorectal cancer and
lung squamous cell carcinoma. Its interaction with TLR4 allows for
targeted treatment of coronary heart disease and gastric cancer,
demonstrating resveratrol’s dual role in ferroptosis regulation based
on disease and therapeutic needs.

Recent advancements in ferroptosis research have opened up
new therapeutic avenues for various diseases. Ping’s team has
discovered that an enzyme in the cholesterol synthesis pathway
plays a key role in modulating ferroptosis sensitivity by regulating 7-
dehydrocholesterol (7-DHC) levels, offering new insights for cancer
and ischemic reperfusion-injury treatments (Li et al, 2024).
Additionally, studies have identified that cell cycle blockade can
suppress ferroptosis, presenting a novel approach to target cancers
with slow cell cycle resistance. Du et al.’s research further contributes
to this field by showing how Apurinic/apyrimidinic nucleic acid
endonuclease 1 facilitates ferroptosis in hepatocellular carcinoma,
suggesting a new strategy for hepatocellular carcinoma treatment
(Du et al., 2024). Moreover, recent studies have found that inducing
the GSH/GPX4 axis to inhibit ferroptosis can serve as a new
approach to treating stroke. This discovery of the signaling
pathway offers a novel perspective for the use of resveratrol in
stroke therapy, based on the modulation of ferroptosis (Wang YM
etal, 2023; Xu YF et al., 2023). These findings not only broaden the
scope of ferroptosis-based therapies but also highlight the
importance of targeting specific molecular mechanisms to
develop effective treatments for complex diseases.

4.2 Challenges in resveratrol’s clinical
application

Despite promising developments, the clinical use of Res faces
challenges due to its poor bioavailability, attributed to rapid
metabolism and the first-pass effect (Smoliga and Blanchard,
2014). Addressing this, researchers have explored molecular
structure modifications and advanced drug delivery systems to
enhance resveratrol’s therapeutic potential (Li CH et al, 2023;
Summerlin et al,, 2015; Walle, 2011). By developing Res analogs,
such as pterostilbene, researchers have managed to retain
resveratrol’s biological activity while significantly improving its
bioavailability. Pterostilbene, in particular, shows enhanced lipid
solubility and reduced metabolic rate, leading to higher
accumulation in colon cancer cell models compared to Res. The
increased area under the curve in various cell lines underscores its
enhanced bioavailability and potential in colon cancer treatment,
offering a promising direction for resveratrol’s structural
optimization and clinical utility. On the drug delivery front,
encapsulating Res in nanocarriers like liposomes, polymer

nanoparticles, and solid lipid nanoparticles has shown to protect
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it from rapid metabolism and enable targeted delivery (Saleem et al.,
2022). This approach not only improves therapeutic efficacy and
minimizes side effects but also allows for sustained and controlled
drug release, thereby prolonging the drug’s presence in the body.
Nanomedicine formulations address resveratrol’s poor water
solubility and bring advantages such as prolonged circulation,
biocompatibility, and degradability, broadening the scope for
resveratrol’s clinical application.

4.3 Navigating the complexities of
resveratrol: adverse effects, drug
interactions, and research imperatives

The emergence of adverse side effects and potential drug
interactions with Res consumption has become a growing concern
(Zheng et al., 2012). Studies have shown that Res intake may cause
side effects such as flatulence and nephrotoxicity (Howells et al., 2011;
Poulsen et al, 2013). This highlights the urgent need for research
aimed at reducing resveratrol’s toxicity and minimizing adverse
reactions. Additionally, the use of Res alongside medications that
have competitive binding sites is cautioned against due to the potential
for reduced therapeutic efficacy and increased side effects,
underscoring the complexity of its clinical use and the importance
of thorough drug interaction studies. To optimize drug combinations
and improve therapeutic outcomes, identifying compounds that may
interact competitively with Res is crucial (Lagunas-Rangel, 2024).
However, current research is limited by a lack of in vivo
data
understanding of resveratrol’s biological mechanisms and slowing
progress. Moreover, while some experimental results, such as

pharmacokinetic in mouse models, restricting our

ferroptosis’s role in cardiomyopathy, have been partially confirmed
in vivo, there is a lack of corroborative in vitro evidence. This
discrepancy underscores the need for rigorous validation between
in vivo and in vitro findings in future research. Additionally, the
mechanisms and roles of key FRGs in molecular docking studies are
not fully understood, indicating that further exploration could help
translate these findings into clinical benefits.

5 Conclusion

Ferroptosis is an emerging focus in cell death research, closely
associated with studies on Res. While advancements have been
noted, our knowledge of its mechanisms and intercellular
dynamics is still limited, highlighting the need for further
research to delve into its complexities. The lack of definitive
diagnostic markers for ferroptosis complicates its application in
clinical diagnostics and therapy, making the identification of reliable
markers and therapeutic targets crucial for translating ferroptosis
research into effective healthcare solutions. Moreover, the key
molecules and pathways that could leverage ferroptosis for
disease treatment remain largely unidentified, emphasizing the
importance of continued, in-depth research to discover new
therapeutic targets and strategies. Despite resveratrol’s promising
therapeutic potential, its side effects, potential drug interactions, and
the current gaps in research call for careful exploration and
sustained efforts to fully realize its clinical benefits.
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Glossary

Res resveratrol

GPX4 glutathione peroxidase 4

TLR4 toll-like receptor 4

ME1 malic enzyme 1 gene

TFRC transferrin receptor

HO-1 oxygenase-1

ACSL4 long-chain-fatty-acid-CoA ligase 4
TfR1 transferrin receptor protein 1
FTH1 ferritin heavy chain 1

Sirtl silent information regulator 1
GSH glutathione

SOD superoxide dismutase

OGD/R oxygen-glucose deprivation

MDA malondialdehyde

NCOA4 nuclear receptor coactivator 4
LC3 microtubule-associated proteins light chain 3
USP19 ubiquitin specific peptidase 19 gene
KAT5 lysine acetyltransferase 5 gene
PBS phosphate buffered saline

a-SMA a-smooth muscle actin

miR-149 microRNA-149

HMGB1 high mobility group box 1 protein

FRGs ferroptosis-related genes

PTEN phosphatase and tensin homolog
4-HNE 4-hydroxynonenalal

EBI early brain injury

SAH subarachnoid hemorrhage

CLP cecal ligation and puncture

DOX doxorubicin

5-FU 5-fluorouracil

LDH lactate dehydrogenase

PTGS2 prostaglandin-endoperoxide synthase 2
ERK extracellular regulated protein kinases
JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase
PRDX2 peroxiredoxin 2 Gene

MEN2 mitofusin 2

RSL3 RAS-selective lethal 3

FSP1 ferroptosis suppressor protein 1
IFN-y interferon y

IL interleukin
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IRP-2
NQO1
GCLC
SIRT3
TNF-a
FoxO3a
GSSG
Ptgs2
Chacl
7-DHC
Caco-2
OGD/R
ROS
HCT116
TGFBR1

MCAO/R

10.3389/fphar.2024.1473939

iron regulatory protein-2

NAD(P)H quinone dehydrogenase 1
glutamate-cysteine ligase catalytic subunit
sirtuin 3

tumor necrosis factor-a

forkhead box O3

glutathione oxidized
prostaglandin-endoperoxide synthase 2
ChaC glutathione specific gamma-glutamylcyclotransferase 1 Gene
7-dehydrocholesterol

human intestinal epithelial cells
oxygen-glucose deprivation/reperfusion
reactive oxygen species

HCT-116-eGFP

fransforming growth factor, beta receptor 1

middle cerebral artery occlusion and reperfusion
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