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The development of hepatocellular carcinoma (HCC) is a multistep process often associated
with chronic hepatitis, liver fibrosis, and cirrhosis. Natural products, like resveratrol, have at-
tracted considerable attention as anticancer drugs due to their diverse pharmacological activ-
ities. Resveratrol is a natural polyphenol present in plant foods, which has antioxidant, anti-
inflammatory, anti-tumor, and anti-angiogenesis effects. The growing consensus shows that
resveratrol plays a therapeutic role in liver diseases positively. The therapeutic effect ob-
served in chronic hepatitis may be related to its ability to interfere with viral replication
through PI3K/Akt, NF-kB, and MAPK signaling modulation, as well as to diminish hepatocel-
lular injury by anti-inflammatory and antioxidant means. In liver fibrosis and cirrhosis, res-
veratrol decelerates the progression of fibrosis by suppressing the activation of hepatic stel-
late cells (HSC) and collagen production as well as by regulating signaling pathways, Hippo,
Nrf2/Keap1l, and SIRT1. Resveratrol also prevents tumor growth, induces apoptosis and in-
hibits migration, invasion and angiogenesis by various signaling pathways, which include
PI3K/AKT, JNK, NF-kB, and p53 in advanced HCC. It is the first time that a multi-stage mech-
anism of resveratrol is presented in the development of HCC, which highlights its multi-target

regulation and treatment capabilities.

1. Introduction

Hepatocellular carcinoma (HCC) is the most prevalent
primary cancer of the liver and is generally associated with
chronic liver diseases, especially viral hepatitis and cirrhosis '
According to the Web of Science data, the incidence and mortal-
ity rates of HCC are increasing, making it the third-ranking cause
of cancer-related deaths globally °. The abnormal proliferation
and invasion of hepatocytes are the characteristic features of
HCC. Clinical manifestation differs according to the size of tumor,
location and stage. The lack of apparent symptoms in early-stage
HCC frequently contributes to diagnostic delay. Later in the
course of the disease, the patient can experience general symp-
toms including abdominal pain, fatigue, and lack of appetite,
weight loss, jaundice, ascites, and liver enlargement °. These
characteristics emphasize the role of routine liver screening and
surveillance in the high-risk groups such as people having chron-
ic hepatitis or cirrhosis to enable early diagnosis and treatment of
the HCC.

The existing treatment modalities for HCC include surgical
resection, radiotherapy, chemotherapy, and targeted therapy.

* Corresponding author.
E-mail addresses: summertree9126@163.com (R. Xia); zouginghua318@
tmmu.edu.cn (Q. Zou)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61183-1

The intention of surgical resection is complete tumor tissue re-
moval, butthis therapeutic approach may be limited for ad-
vanced or metastatic disease. Chemotherapy involves the use of
drugs to suppress the growth of cancer cells, but it is mostly
linked to side effects and drug resistance. Radiotherapy uses high-
energy radiations to destroy cancer cells, but it can also destroy
adjacent normal tissues *. Targeted therapies are aimed at partic-
ular proteins or signaling pathways, yet resistance may develop
in some cases °. In the light of these complexities, natural com-
pounds have been given an ever-growing interest as remedies to
HCC. Sourced from plant, animal, or microbial origins, these sub-
stances contain multiple active components and present diverse
pharmacological activities. Compared to conventional therapies,
natural products tend to be less toxic, have broader target pro-
files, and are less prone to drug resistance °. Therefore, exploring
the integration of natural products into HCC management shows
great potential in delivering more efficient and safer treatment al-
ternatives for patients.

Resveratrol, as a typical substance that is both food-derived
and medicinal, reflecting the traditional Chinese medicine
concept of “food and medicine sharing the same origin”. This
concept refers to natural substances that can be consumed as
daily food while also possessing definite pharmacological activit-
ies and therapeutic value. Resveratrol is widely present in foods
such as grapes, red wine, peanuts, and blueberries. The long his-
tory of human consumption of these foods provides strong evid-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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ence for its safety . It exhibits various pharmacological effects,
including antioxidant, anti-inflammatory, anti-tumor, anti-aging,
and cardiovascular protective properties *°. Owing to its broad
biological activities and promising applications in medicine and
health products, resveratrol has shown therapeutic potential in
various diseases, such as cardiovascular diseases, neurodegener-
ative disorders, and diabetes * '°. Of special note is its strong anti-
tumor activity, which is accomplished through mechanisms in-
cluding suppression of tumor cell proliferation, induction of ap-
optosis, and regulation of cell signaling pathways ''. Over the last
several years, there have been major advances in resveratrol re-
search in several directions. Through structural modification, re-
searchers have created several derivatives, including resveratrol-
3-0-B-D-glucoside, dihydroresveratrol, and resveratrol dimer, us-
ing chemical methods such as hydroxylation, methylation, and
acetylation. Such alterations have largely enhanced its stability
and biological activity. Resveratrol has been reported to enhance
anti-tumor efficacy synergistically in combination therapy with
traditional chemotherapeutic drugs, including sorafenib, oxali-
platin, and 5-fluorouracil, while diminishing chemotherapy-in-
duced toxicity. To address its inadequate bioavailability, re-
searchers have designed a variety of nanocarriers, including lipo-
somes, polymer nanoparticles, solid lipid nanoparticles, and self-
emulsifying drug delivery systems. The systems can greatly en-
hance the therapeutic efficacy of resveratrol by enhancing solu-
bility, increasing half-life, and accomplishing targeted delivery.
Its antioxidant, anti-inflammatory, and anti-apoptotic properties
render it useful in the management of liver diseases, such as liver
fibrosis, cirrhosis, and HCC > **.

This study explores, in a pioneering manner, the multifa-
ceted influence of resveratrol in various liver diseases, encom-
passing chronic hepatitis, liver fibrosis, cirrhosis, and HCC. It
points out the promise of resveratrol not just in its ability to pre-
vent these liver diseases but also in its ability to slow down their
development. The projected findings of this study are expected to
offer foundational preclinical evidence for the therapeutic and
preventive potential of resveratrol in the context of liver dis-
orders, with notable implications for clinical translation (Fig. 1).

2. Transformation of HCC trilogy

Chronic hepatitis often marks the beginning of the complex
and dynamic process leading to HCC. Chronic hepatitis is an in-
flammatory disease of the liver that may be induced by viruses,
alcohol, or drugs, and it can result in progressive injury as time
passes '*. With ongoing progression of chronic hepatitis, the liver
may develop fibrosis characterized by the replacement of normal
hepatic parenchyma by fibrotic tissue, leading to dysfunction of
the organ. In the absence of timely management, fibrosis may ad-
vance to cirrhosis, characterized by considerable alterations in
liver structure and function, with eventual progression to liver
failure being possible. The progressive loss of normal regulatory
control over hepatocyte differentiation and proliferation at this
stage leads to the formation of precancerous lesions that advance
into HCC **. HCC cells have a high capacity for invasion and meta-
stasis, facilitating their rapid spread to distant organs. Timely
identification and management of chronic hepatitis, liver fibrosis,
and cirrhosis are therefore crucial for reducing the risk that HCC
will develop (Fig. 2).

Inflammation together with oxidative stress is frequently
seen in various liver diseases '°. According to multiple in vitro and
in vivo studies, resveratrol possesses prominent antioxidant and
anti-inflammatory activities that allow it to effectively modulate
inflammatory and oxidative stress responses "’. Among its phar-
macological properties, the anti-angiogenic and anti-tumor ef-
fects of resveratrol make its potential role in HCC prevention and
treatment especially noteworthy.
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Fig. 1 Natural sources of resveratrol and its therapeutic effects in various can-
cers

Inflammation is involved throughout the entire sequence of
hepatocarcinogenesis. A persistent inflammatory environment
promotes hepatocyte injury and degeneration, resulting in de-
creased liver function. Following hepatitis virus infection, inflam-
matory responses recruit immune cells like leukocytes and mac-
rophages to the liver. These cells release toxic factors that harm
hepatocytes, thereby promoting hepatocellular degeneration and
contributing to fibrosis and cirrhosis > "°. Resveratrol has been
shown to inhibit abnormal hepatocyte proliferation and induce
apoptosis through modulation of the PI3K/Akt signaling path-
way, thereby mitigating further liver injury *’. In addition, the de-
velopment of HCC is closely associated with inflammatory cell in-
filtration and ongoing hepatocyte death. Inflammatory signaling
pathways, including JNK, can regulate the expression of cancer-
promoting genes like ¢-Myc and COX-2, as well as tumor sup-
pressor genes like p53 and PTEN in hepatocytes *". Such regulat-
ory disruption can drive the malignant transformation of hepato-
cytes and contribute to the onset and progression of HCC. Inflam-
matory cells and cytokines arising from persistent inflammation
can activate various signaling mechanisms, including, including
nuclear factor-kB (NF-kB), STAT3, and Wnt/f-catenin, thereby
driving tumor cell proliferation, survival, and metastasis **. Fur-
thermore, persistent inflammation contributes to the accumula-
tion of tumor-associated macrophages (TAMs) and regulatory T
cells (Tregs) in the tumor microenvironment, dampening the anti-
tumor immune response and impairing immune-mediated tumor
clearance .

Oxidative stress is another principal driver of HCC progres-
sion and contributes importantly to each stage of the disease. It is
marked by disequilibrium between the production and elimina-
tion of reactive oxygen species (ROS), leading to oxidative dam-
age to cellular components. In early-stage hepatitis, hepatocytes
can be damaged by viral infections, drugs, and alcohol, which
then trigger an inflammatory response and oxidative stress. This
stress prolongs inflammation, leading to additional hepatocyte
damage. As it persists, it disrupts the functions of hepatocytes,
hepatic stellate cells (HSCs), and immune cells and activates
profibrotic signaling pathways such as TGF-f1 and Wnt/f-caten-
in **. The activation of these pathways drives excessive extracel-
lular matrix (ECM) production by fibrotic cells, which in turn
leads to liver structural changes and cirrhosis *°. The role of oxid-
ative stress in advanced liver cancer is dual, as it contributes to
both tumorigenesis and progression. It can induce gene muta-
tions and DNA repair impairment, thereby driving hepatocarcino-
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genesis and promoting tumor cell growth, invasion, and meta-
stasis.

A close relationship exists between inflammation and oxidat-
ive stress during liver cancer progression, and together they act
synergistically to drive disease advancement. Cytokines and
chemokines released during inflammatory responses activate im-
mune cells, including neutrophils and macrophages. These im-
mune cells then generate elevated ROS levels at inflammation
sites, thereby increasing oxidative stress. By further damaging
hepatocytes, excessive ROS leads to cell dysfunction and necrosis
and promotes the release of more inflammatory mediators. These
mediators recruit additional immune cells and drive a self-sus-
taining cycle that worsens liver injury “°. In addition, inflamma-
tion and oxidative stress both target pathways including NF-«B,
JNK, TGF-f1, which are pivotal to the evolution of fibrosis and
cirrhosis into HCC */.

The interplay between inflammatory and oxidative stress
pathways is a condition that is critical for amplifying the develop-
ment of liver diseases. In particular, the persistent inflammatory
response stimulates the NF-kB pathway, resulting in increased
release of pro-inflammatory cytokines such as TNF-a and IL-6.
Further activation of the TGF-1/Smad pathway in HSCs by these
cytokines promotes collagen synthesis and drives fibrosis pro-
gression. Meanwhile, ROS arising from inflammatory processes
activates the JNK and p38 MAPK pathways. Besides worsening
oxidative stress injury, these pathways also shape the balance
between apoptosis and proliferation by regulating p53 and
Wnt/B-catenin signaling. During the progression of fibrosis into
HCC, altered Hippo pathway regulation leads to aberrant activa-
tion of YAP/TAZ, which works together with the PI3K/AKT path-
way to suppress apoptosis and induce angiogenic factor expres-
sion, including VEGF. This interplay reinforces the pathological
sequence of inflammation, fibrosis, and carcinogenesis. Res-
veratrol may regulate multiple stages of this process through co-
ordinated modulation of these key points of intersection.

3. Mechanisms of resveratrol in inhibiting chronic hepatitis

Chronic hepatitis is a persistent inflammatory liver disease
characterized by sustained hepatic inflammation and hepatocel-
lular injury. It can stem from multiple causes, such as viral infec-
tion, alcohol consumption, exposure to drugs or toxins, autoim-
mune disorders, and other metabolic conditions *°. Viral infec-
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tion, particularly that caused by hepatitis B virus (HBV), stands
out among these factors as a leading cause of chronic hepatitis *’
Following hepatocyte infection by HBV, viral replication takes
place and an immune response is induced. Immune responses
against infected hepatocytes give rise to liver cell injury and in-
flammation *’. Ongoing viral infection coupled with chronic im-
mune activation can cause hepatocellular injury, inflammation,
and fibrosis, which ultimately escalate to cirrhosis and HCC.
Therefore, the cornerstone of chronic hepatitis management lies
in suppressing viral replication and limiting immune-mediated
hepatic injury *'. Numerous natural products have demonstrated
therapeutic potential at this stage ** and resveratrol has attracted
particular attention because it can inhibit viral replication, re-
duce inflammation, and provide antioxidant properties.

HBV is an enveloped DNA virus with a genome consisting of
S, C, and P coding regions. Within virions, the viral genome exists
as covalently closed circular DNA (ccDNA), which enables persist-
ent viral residence in hepatocytes *. Even if the immune system
eliminates part of the viral population, HBV can continue to rep-
licate and reinfect liver cells. Additionally, the high genetic vari-
ability of HBV promotes the formation of multiple surface anti-
gen variants **, which further contributes to persistent inflam-
matory infection.

The antiviral effect is the primary mechanism of resveratrol
in the treatment of chronic hepatitis B. Studies have found that
resveratrol not only prevents the synthesis of viral DNA by inhib-
iting HBV DNA polymerase activity, but also regulates multiple
signaling pathways involved in viral replication, such as
PI3K/Akt, STAT3, NF-xB and MAPK. For example, inhibition of
the PI3K/Akt signaling pathway reduces the synthesis of HBV
RNA and HBV DNA *.Resveratrol also regulates host gene ex-
pression; for instance, it suppresses nuclear miR-155 activity,
thereby reducing HBV replication *. In addition, inhibition of p38
MAPK activity may contribute to the suppression of viral replica-
tion and apoptosis and protect hepatocytes from virus- and in-
flammation-induced injury ¥/

Anti-inflammatory effects also play an important role in the
protective effects of resveratrol against chronic hepatitis B. Res-
veratrol reduces the inflammatory response of the liver by inhib-
iting inflammation-related signaling pathways, such as NF-kB and
MAPK *. NF-kBis a key regulator of inflammatory responses,
and its inhibition by resveratrol reduces the production of pro-in-
flammatory cytokines. *’. Specifically, resveratrol suppresses the
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production of inflammatory factors such as IL-1p, IL-6 and TNF-
«, thereby alleviating liver inflammation *. Resveratrol also in-
hibits MAPK signaling, including ERK, JNK and p38 MAPK,
thereby reducing the inflammatory response *’. Experimental
studies have demonstrated that resveratrol can decrease the pro-
duction of inflammatory factors IL-1f and IL-18 by inhibiting the
activation of the NLRP3 inflammasome **. Prolonged inflammat-
ory responses can worsen oxidative stress and promotes excess-
ive production of ROS that further exacerbate inflammation. Res-
veratrol scavenges various free radicals, including superoxide an-
ions, hydroxyl radicals, and hydrogen peroxide, thereby redu-
cing oxidative stress-induced damage to the liver **.

HBV surface antigen (HBsAg) may bind to certain receptors
on hepatocytes, thereby reducing immune recognition *. In addi-
tion, HBV can reduce the activation of virus-specific T cells by af-
fecting the antigen presentation process, facilitating immune es-
cape *°. Resveratrol has been shown to inhibit the expression of
HBsAg and HBeAg, thus reducing the spread of the virus within
the host. This effect is thought to be linked to the down-regula-
tion of HBx protein expression in infected cells. Lin et al. repor-
ted that resveratrol (30 mg-kg'-d™") had a therapeutic effect on
the inflammatory response in HBx-induced liver injury, reduced
intracellular ROS levels, and transiently stimulated hepatocyte
proliferation *. In addition, resveratrol can also regulate host im-
munity and enhance resistance to HBV infection. Research has
confirmed that resveratrol can promote the activation and prolif-
eration of dendritic cells and T cells, thereby enhancing both cel-
lular and humoral immune responses. Resveratrol can also in-
crease the levels of IL-2 and IFN-y while reducing the levels
of TNF-a and IL-6, which may further contribute to antiviral
activity “*? (Fig. 3).

4. Analysis of the mechanisms by which resveratrol inhibits
liver fibrosis (sclerosis)

Liver fibrosis is a dynamic pathological process character-
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ized by excessive accumulation of ECM proteins (especially colla-
gen), leading to the destruction of normal liver structure and
function . It represents a key stage in the continuum of chronic
liver disease and is often caused by chronic toxic hepatitis, alco-
hol abuse, non-alcoholic fatty liver disease (NAFLD), and autoim-
mune diseases *. This process is often accompanied by persist-
ent liver injury and chronic inflammation. At the same time,
HSCs become activated, which play a key role in the progression
of fibrosis through the synthesis and deposition of ECM compon-
ents ° %, If left unmanaged, liver fibrosis can progress to cir-
rhosis, portal hypertension, and ultimately life-threatening liver
failure. Therefore, targeting the molecular mechanisms underly-
ing liver fibrosis is essential for slowing the progression of chron-
ic liver disease *’. Recent research indicates that resveratrol
may effectively inhibit liver fibrosis through diverse mechanisms

(Fig. 4).
4.1. Resveratrol inhibits HSC activation

HSCs resident liver cells that play a central role in liver
fibrosis through the synthesis and secretion of collagen and oth-
er ECM components **. Under normal conditions, HSCs remain in
a quiescent state and primarily function in the storage of vitamin
A, regulation of vasoactive mediators, and maintenance of hepat-
ic microcirculatory homeostasis ****. However, in response to liv-
er injury or inflammation, quiescent HSCs become activated and
undergo phenotypic transformation into myofibroblast-like cells.
This transition is accompanied by enhanced collagen synthesis
and accumulation of ECM proteins, thereby driving fibrotic pro-
gression. Resveratrol has been proven to inhibit HSC activation,
thereby slowing down and preventing the development of liver
fibrosis ****.

ShamsEldeen AM and colleagues discovered that resveratrol
suppresses HSC activation and collagen production through in-
hibition of the TGF-f1/Smad3/miR-21 pathway. Specifically, res-
veratrol inhibits TGF-3 receptor kinase activity, thereby blocking
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kinase; JNK, c-Jun N-terminal kinases; AMPK, AMP-activated protein kinase; mTORC1, Mechanistic target of rapamycin complex 1.
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phosphorylation of Smad2 and Smad3 and preventing formation
of the active Smad complex. This effect reduces profibrotic tran-
scriptional activity and limits ECM accumulation during fibro-
sis *’. Decreased Smad nuclear translocation also suppresses the
expression of fibrosis-related genes involved in HSC activation,
including a-smooth muscle actin (a-SMA) and collagen. As a res-
ult, the transition of quiescent HSCs into myofibroblasts is inhib-
ited, leading to reduced hepatic ECM deposition. In addition, res-
veratrol has been reported to suppress HSC activation through
activation of the Hippo pathway, an effect associated with upreg-
ulation of Bax and downregulation of Bcl-2 *°.

4.2. Resveratrol suppresses inflammatory responses

Inflammation is a key factor in the progression of liver
fibrosis, and resveratrol shows potent anti-inflammatory effects
that hinder this process. NF-kB is an important transcription
factor involved in the regulation of the expression of various cy-
tokines, adhesion molecules, and inflammatory mediators .
When the liver is impaired, the NF-kB pathway is activated, pro-
moting inflammatory cell infiltration and the release of inflam-
matory factors, such as TNF-a and IL-1B, which further activate
HSCs. Previous studies have shown that resveratrol inhibits NF-
kB activation and reduces TNF-a expression by blocking NF-kB
nuclear translocation in HSCs *’. The NLRP3 inflammasome is a
multi-protein complex composed of NLRP3, ASC and cysteine
protease-1 (CASP1), which is one of the important mechanisms of
inflammatory signal transduction in the cells. During liver fibro-
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genesis, the abnormal activation of the NLRP3 inflammasome
triggers the secretion of proinflammatory cytokines such as IL-1
B and IL-6, thereby sustaining inflammation and accelerating
fibrosis °'. Animal experiments have shown that resveratrol can
significantly reduce the levels of inflammatory factors such as IL-
1B, which is closely related to the Sirtuin pathway regulated by
resveratrol “*. The specific mechanism is that resveratrol sup-
presses the expression and activity of NAD'-hydrolase CD38,
which in turn activates the expression and activity of SIRT1 .

Cyclooxygenase-2 (COX-2), an enzyme involved in prosta-
glandin synthesis and inflammation, is significantly upregulated
in patients with liver fibrosis, and the use of COX-2 inhibitors re-
duces the severity of liver fibrosis °*. Resveratrol suppresses COX-
2 expression by inhibiting activation of the transcription factors
NF-kB and activator protein-1 (AP-1), thereby reducing their
binding to the COX-2 promoter *. Several members of the MAPK
family, including extracellular signal-regulated kinase (ERK), c-
Jun N terminal kinase (JNK), and p38 MAPK, activate transcrip-
tion factors like AP-1. AP-1 then binds to the promoter region of
the COX-2 gene, enhancing its transcription and resulting in in-
creased COX-2 expression. Resveratrol has been found to inhibit
the activation of ERK, JNK, and p38 MAPK. By disrupting MAPK
signaling, resveratrol hinders the activation of transcription
factors such as AP-1, leading to a reduction in COX-2 gene expres-
sion °°. Research demonstrates that resveratrol regulates the
JAK/STAT pathway and impacts IL-6 expression, potentially in-
hibiting liver fibrosis by reducing the release of inflammatory
factors *’

Analysis of the mechanism of resveratrol inhibiting liver fibrosis (sclerosis)
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Fig. 4 Mechanisms of resveratrol in liver fibrosis and cirrhosis. ROS, Reactive oxygen species; YAP, Yes-associated protein; TAZ, Transcription coactivator with PDZ-bind-
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transducer and activator of transcription.
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4.3. Resveratrol modulates oxidative stress

Oxidative stress plays an important role in the development
of liver fibrosis. It promotes fibrotic progression by amplifying in-
flammatory responses, damaging cell membranes and intracellu-
lar structures, and activating fibrosis-related signaling path-
ways “’. Therefore, inhibition of excess oxidative stress may be an
important therapeutic tool to suppress liver fibrosis.

As a natural polyphenolic compound, resveratrol exhibits po-
tent antioxidant activity, largely attributable to its chemical struc-
. Free radicals are highly active chemicals that can interact
with intracellular lipids, proteins, and nucleic acids, causing dam-
age to cellular structure and function. The hydroxyl and phenyl
ring structures of resveratrol confer high electron density and en-
able it to act as electron donors, thereby scavenging free radicals
and reducing oxidative injury "’. In the process of liver fibrosis,
resveratrol can not only remove large free radicals but also re-
duce malondialdehyde (MDA) and nitric oxide (NO) levels while
significantly increasing catalase (CAT), superoxide dismutase
(SOD), and prototype liver glutathione (GSH) levels to reduce the
oxidative stress in liver tissue ’'. Resveratrol also regulates sever-
al signaling pathways in oxidative stress. Nuclear factor erythroid
2-related factor 2 (Nrf2) is a transcription factor that mainly reg-
ulates antioxidant gene expression. Under normal conditions,
Nrf2 is located in the cytoplasm and inhibited by the Keap1 pro-
tein. Under oxidative stress, Nrf2 is released and enters the nuc-
leus to regulate the expression of downstream genes, thereby en-
hancing antioxidant capacity. By downregulating the expression
of Keap1, resveratrol reduces the inhibition of Nrf2 by Keap1 and
promotes nuclear translocation of Nrf2, thereby enhancing ex-
pression of antioxidant enzymes ">’
that resveratrol can enhance the expression and activity of SIRT1,
leading to increased deacetylation of substrates. Activation of
SIRT1 signaling can inhibit NF-kB activity, decrease the produc-
tion of inflammatory factors (such as TNF-a and IL-18), and rein-
forcing cycle between inflammation and oxidative stress, ulti-
mately slowing the progression of liver fibrosis "*.

ture

. Studies have also shown

4.4. Resveratrol induces autophagy and apoptotic process

In addition to the above mechanisms, resveratrol has also
been shown to inhibit liver fibrosis by inducing autophagy and
apoptosis. The Hippo pathway is an important signaling pathway
involved in apoptosis regulation. Yes-associated protein (YAP) is
an important nuclear transcription regulatory protein, a key
member of the Hippo signaling pathway, and its activity is regu-
lated by the Hippo pathway ”°. During liver fibrosis, the activa-
tion of the Hippo pathway is usually inhibited, resultingin in-
creased YAP activity in HSCs. Elevated YAP activity promotes the
activation and transformation of HSCs into fibroblasts and in-
crease the synthesis and release of collagen and other ECM pro-
7%, Studies have shown that resveratrol activates the Hippo
pathway and suppresses nuclear translocation of YAP in HSCs,
thereby inhibiting HSC activation. This effect is accompanied by
upregulation of Bax and downregulation of Bcl-2 *°.

Experimental studies examining the effects of different con-
centrations of resveratrol on cellular autophagy have shown that
resveratrol can promote autophagy at higher concentrations. For
example, resveratrol can significantly increase the expression of
the cellular autophagy marker LC3BIl at 0.1 and 1 pmol-L™, but
not at 100 umol-L™ 7. SIRT1 and JNK both regulate autophagy-re-
lated processes, and resveratrol appears to modulate the balance
between these pathways ". Interestingly, upregulation of SIRT1
and suppression of JNK signaling reduce the phosphorylation of
Bcl-2/Bcl-xL, thereby releasing Beclin-1 and promoting auto-

teins
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phagy. At the same time, the downregulation of the JNK signaling
pathway counteracts the antiapoptotic activity of Bcl-2/Bcl-xL
through a Bid-Bax-dependent mechanism .

5. Inhibitory effects of resveratrol on HCC

HCC is one of the three leading causes of cancer-related death
in 46 countries, according to a new global analysis. It is predicted
that by 2040, 1.4 million cases will be diagnosed and the number
of new cases of HCC will increase by 55% from 2020; 1.3 million
people will die by 2040, with a 56.4% increase from 2020 ”°.
Therefore, the treatment of HCC is an urgent problem to be
solved worldwide. However, the efficacy of traditional therapeut-
ic methods in combating HCC is not ideal. The potential of natur-
al products as an effective adjunct to the treatment of HCC is val-
ued for their lower pharmacological toxicity and fewer side ef-
fects. Among these compounds, resveratrol, asa natural com-
pound with a variety of biological activities, has shown great po-
tential in HCC treatment (Fig. 5).

5.1. Resveratrol inhibits the growth and proliferation of HCC cells

Alarge body of evidence indicates that resveratrol sup-
presses HCC progression by regulating cell cycle progression,
various signaling pathways, and tumor cell proliferation and mi-
gration processes. A study on Sprague-Dawley rat liver cancer
models discovered a positive correlation between the incidence
and total number of hepatocyte nodules with resveratrol admin-
istration at doses of 50, 100, or 300 mg-kg ™" body weight/day. In
a distinct trial involving varied resveratrol concentrations tested
on HepG2 cells, it was noted that resveratrol at 6.25 pmol-L™" ef-
fectively reduced the migratory and invasive capacities of human
HCC cells by suppressing the activity of miR-186-5p and upregu-
lating E-cadherin expression *. The DLC1/TCTP/Cdc42 pathway
is one of the important pathways in the process of HCC cell prolif-
eration. DLC1 is a tumor suppressor gene, which is involved in a
variety of cellular activities, including matrix attachment, cell
proliferation, and migration. TCTP is a cytoplasmic protein that
regulates the progression of cell growth and differentiation. It is
found that resveratrol can inhibit HCC cell migration by regulat-
ing the DLC1/TCTP axis, and the specific mechanism is the upreg-
ulation of DLC1 and the inhibition of TCTP expression *’. The aryl
hydrocarbon receptor (AHR),a multifunctional transcription
factor within the nuclear receptor superfamily, plays a crucial
role in regulating the carcinogen activation pathway. Activation
of AHR can induce transcription of the CYP1A1 gene in liver can-
cer *'. Researchers employed HepG2 cells to analyze CYP1A1 ex-
pression levels and AHR function using a variety of tests such as
RT-PCR, CAT/f3-GAL, EROD, and EMSA. The results indicated that
resveratrol successfully obstructed the translocation of AHR to
the nucleus, thereby impeding its ability to bind DNA, and also di-
minished the rise in CYP1A1 enzyme activity, consequently re-
straining the growth of liver cancer cells *.

In addition, resveratrol also regulates the cell cycle in HCC
cells. The cell cycle is the process of cell growth, division and re-
production, which includes Gy, S, M and other stages *. In HepG2
cells, resveratrol suppressed cell proliferation in a time- and dose-
dependent manner, possibly through enhancement of p53 activ-
ity. Additionally, resveratrol was found to inhibit the growth of
HepG2 cells at the S/G, phase **. Animal experiments showed that
resveratrol significantly increased the inhibitory rate in H22 tu-
mor-bearing mice by suppressing expression of cyclin B1 and
p34cdc2 *. In addition, resveratrol upregulates the cyclin-de-
pendent kinase inhibitors p21 and p27, thereby suppressing cyc-
lin-dependent kinase activity and inducing G;-phase arrest “.
Through these mechanisms, resveratrol inhibits HCC cell growth
and proliferation.
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Specific mechanisms of action of resveratrol in inhibiting hepatocellular carcinoma
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Fig. 5 Resveratrol inhibits HCC progression by regulating the cell cycle, apoptosis, and autophagy, oxidative stress, and angiogenesis. HCC, Hepatocellular carcinoma; VEGF,
Vascular endothelial growth factor; HIF-1a, Hypoxia-inducible factor 1-alpha; Keap1, Kelch-like ECH-associated protein 1; GPx, Glutathione peroxidase; SOD, Superoxide

dismutase; PI3K, Phosphoinositide 3-kinase.

5.2. Resveratrol promotes autophagy and apoptosis process in HCC
cells

5.2.1. Resveratrol promotes autophagy in HCC cells

Autophagy functions as a quality control mechanism that fa-
cilitates the elimination of damaged organelles and proteins, ulti-
mately contributing to the maintenance of cellular homeostasis.
Nevertheless, the involvement of autophagy in HCC is complex
and context-dependent V. Resveratrol promotes autophagy in
hepatoma cells through complex molecular pathways. The pro-
cess is initiated by the activation of AMP-activated protein kinase
(AMPK), which serves as a crucial cellular energy sensor *’AMPK
activation by resveratrol suppresses the mechanistic target of
rapamycin complex 1 (mTORC1), thereby relieving an important
inhibitory checkpoint on autophagy. This promotes autophagic
flux and the formation of autophagosomes that enclose damaged
organelles and cytoplasmic components *’. By enhancing auto-
phagy, resveratrol may facilitate the clearance of aberrant cellu-
lar constituents and disrupt survival mechanisms in HCC cells.
Another study has shown that the promoting effect of resveratrol
on the autophagy process in HCC cells is also associated with ac-
tivation of the p53 pathway and the PI3K/AKT pathway *’. The
p53 pathway is involved in the control of cell cycle progression,
DNA repair, and apoptosis *', while the PI3K/AKT pathway plays
a crucial role in cell growth and metabolism *’. Experimental
evidence indicates that 60 pumol-L™" resveratrol treatment activ-
ates the p53 pathway, increases p53 protein levels, and en-
hances transcription of p53 target genes, thereby contributing to
the induction of autophagy and inhibition of HCC cell growth. Fur-
thermore, resveratrol treatment inhibited the PI3K/AKT path-
way, leading to the inhibition of cell survival signaling and the en-
hancement of autophagy *. It is worth noting that resveratrol-in-
duced autophagy exhibits a dual effect in liver cancer cells: at the
early stage of cellular stress, autophagy acts as a protective mech-
anism by eliminating damaged organelles, whereas excessive or
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sustained autophagy, particularly when coupled with apoptosis,
may promote cell death.

5.2.2. Resveratrol induces apoptosis in HCC cells

In addition to autophagy, the regulation of apoptosis by res-
veratrol has attracted much attention. Resveratrol can promote
the apoptotic process of HCC cells by regulating the mitochondri-
al apoptosis pathway, targeting the AMPK/mTOR signaling path-
way, and inducing endoplasmic reticulum (ER) stress **. For ex-
ample, resveratrol upregulates the pro-apoptotic protein Bax and
downregulates the anti-apoptotic protein Bcl-2, thus affecting the
mitochondrial membrane permeability and activating the Cas-
pase-dependent apoptotic pathway °> . In addition, resveratrol
activates the p53 signaling pathway, which increases the expres-
sion of proapoptotic proteins such as Bax and PUMA, promotes
cytochrome C release from mitochondria, and triggers the apop-
totic process ”. Resveratrol has also been shown to induce ER
stress, resulting in the increased expression of ER stress-related
proteins such as GRP 78 and CHOP. As ER stress is closely related
to cell apoptosis, modulation of these proteins may contribute to
resveratrol-induced cell death *’. A study in human SK-HEP-1
hepatoma cells showed that apoptosis was positively correlated
with resveratrol concentration. Mechanistically, resveratrol pro-
moted apoptosis by increasing reactive oxygen species produc-
tion and DNA single-strand breaks, upregulating Rab37, and
downregulating peroxiredoxin-2 . MARCH1 is a membrane-as-
sociated RING-CH E3 ubiquitin ligase. Knockout of MARCH1 has
been shown to suppress apoptosis development '*’. In a study by
Hanhan Dai, it was found that resveratrol decreased the levels of
MARCH1 protein expression by activating the PTEN/AKT signal-
ing pathway, leading to increased apoptosis in HCC cells *'.

In conclusion, there is a complex mutual regulatory relation-
ship between autophagy and apoptosis in the anti-HCC effects of
resveratrol. Beclin-1, as a key regulatory factor of autophagy, is
simultaneously negatively regulated by the apoptosis-related
protein Bcl-2. Resveratrol promotes autophagy by activating the
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AMPK/mTOR pathway while also releasing Beclin-1 by down-
regulating the expression of Bcl-2, forming a synergistic effect of
autophagy and apoptosis. In addition, excessive autophagy may
ultimately trigger an apoptotic cascade reaction by depleting cel-
lular ATP and inducing mitochondrial dysfunction, thereby effect-
ively killing HCC cells.

5.3. Resveratrol regulates oxidative stress to inhibit HCC progres-
sion

Oxidative stress plays a crucial role in the intricate progres-
sion of HCC. The liver, being a center of diverse metabolic func-
tions, is particularly susceptible to oxidative harm '">. ROS are
generated as a result of cellular processes, and when their pro-
duction surpasses the capacity of cellular antioxidant defenses,
oxidative stress develops. In HCC, prolonged exposure to risk
factors like viral infection, alcohol consumption, and NAFLD can
further intensify oxidative stress **.

Resveratrol, a natural polyphenol compound, has been
demonstrated in numerous studies to significantly inhibit the
progression of liver cancer. This inhibitory effect is primarily at-
tributed to the antioxidant properties of resveratrol ’'.It en-
hances the activity of endogenous antioxidant enzymes, such as
glutathione peroxidase (GPx) and superoxide dismutase (SOD),
thereby mitigating the impact of ROS on cellular components **.
Moreover, resveratrol activates the Nrf2 /Keap1 pathway, a cru-
cial regulator of cellular antioxidant defense, by enhancing Nrf2
nuclear translocation through inhibiting Keap1-mediated degrad-
ation '”. Once in the nucleus, Nrf2 binds to the antioxidant re-
sponse element (ARE) in the promoter of antioxidant genes, facil-
itating the expression of phase II detoxification enzymes (heme
oxygenase-1) and antioxidant protein '**. SIRT1 is an NAD'-de-
pendent deacetylase, plays a vital role in combating oxidative
stress by modulating transcription factors like FOXO, p53, and
hypoxia-inducible factor 1a (HIF-1a) '”°. Resveratrol activates
SIRT1, leading to deacetylation and activation of targets such as
PGC-1a and FOXO, which in turn regulate antioxidant enzymes,
mitochondrial biogenesis, and DNA repair capacity '

The deleterious effects of oxidative stress on hepatocytes are
not limited to direct DNA damage '”’. Oxidative stress and inflam-
mation form a reciprocal cycle that sustains the progression of
HCC. Under oxidative stress, the activation of NF-kB triggers the
release of proinflammatory cytokines and chemokines, thereby
creating an environment conducive to tumor growth and surviv-
al """ It is noteworthy that oxidative stress can activate transcrip-
tion factors, such as NF-kB, thus promoting the pro-inflammat-
ory microenvironment '”’. This intricate interplay between oxid-
ative stress and the inflammatory response creates a favorable
environment for the development and progression of HCC. As
ROS-induced damage accumulates, it contributes to genetic muta-
tions, promotes cell survival mechanisms, and promotes inflam-
matory responses that jointly drive the malignant transforma-
tion of hepatocytes ''. Resveratrol suppresses NF-kB activation
by inhibiting IkB kinase activity, thereby reducing the expression
of pro-inflammatory cytokines and chemokines and attenuating
oxidative stress associated with chronic inflammation '*'

5.4. Resveratrol inhibits angiogenesis in HCC tissues

HCC is a highly vascularized malignant tumor, and its genera-
tion and development strongly dependent on neovasculariza-
tion "% Therefore, inhibiting the angiogenesis becomes an im-
portant strategy to prevent the progression of HCC. Several stud-
ies have shown that resveratrol exerts anti-HCC effects by inhibit-
ing angiogenesis "> "**. One major mechanism involves inhibition
of vascular endothelial growth factor (VEGF), a key mediator of
tumor angiogenesis that promotes vascular formation and main-
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. 5
tenance in tumors

. HIF-1a is a key transcription factor driving
the expression of VEGF, and an in vitro experiment has shown
that resveratrol suppresses VEGF transcription through the
downregulation of HIF-1a "'* ", Studies in human HepG2 cells
treated with resveratrol at concentrations of 10, 20, and 40
umol-L™" showed a significant time-dependent reduction in can-
cer cell growth accompanied by decreased VEGF protein expres-
sion. This effect was reported to be associated with modulation of
NF-kB signaling '"". Furthermore, it has been shown that res-
veratrol significantly reduces VEGF mRNA expression in a con-
centration-dependent manner, further supporting its anti-an-
giogenic activity '"* """ '*", Previous research has shown that res-
veratrol can suppress HSC-induced angiogenesis in HepG2 cells
by reducing Gli-1 expression, inhibiting ROS production, and de-
creasing the expression of IL-6 and CXCR4 receptors '*'.

Resveratrol has a regulatory effect on the expression of a
variety of specific target proteins and genes involved in tumor an-
giogenesis and endothelial cell function, including matrix metal-
loproteinases (MMPs) and protein S '*>. MMPs are zinc-depend-
ent proteolytic enzymes that promote tumor angiogenesis 1
Resveratrol suppresses gelatinolytic activity derived from MMP-2
secreted by human umbilical vein endothelial cells, thereby limit-
ing tumor growth '**. Protein S is a widespread phospholipid-
binding protein found in the blood circulation '*’. It is mainly syn-
thesized by the liver and is able to bind to coagulation factors. In
HepG2 cells, protein S is considered as a factor to promote the
growth of liver cancer cells '*°. Experiments by Yoshie Hiroto and
colleagues found that resveratrol significantly inhibited the pro-
moter activity of the PROSI gene and downregulated the expres-
sion of protein S, thereby suppressing HCC progression '*’

6. Summary of the multistep effects of resveratrol in the
treatment of HCC

Resveratrol, a natural polyphenolic compound, has demon-
strated exceptional therapeutic efficacy in the prevention and
treatment of hepatic disorders. In the context of chronic hepatitis
B, resveratrol effectively inhibits HBV replication by targeting the
PI3K/Akt and STAT3 signaling axes while alleviating hepatocyte
damage mediated by suppressing inflammatory signaling path-
ways, such as NF-kB and MAPK. Moreover, its antioxidant prop-
erties significantly reduce oxidative stress-induced liver damage
by activating an antioxidant enzyme system, including CAT, SOD,
and GSH. During the progression of liver fibrosis, resveratrol mit-
igates the deposition of ECM by inhibiting the activation and col-
lagen synthesis of HSCs. It also enhances cellular adaptive re-
sponses through the modulation of the Hippo pathway and anti-
oxidant pathways such as Nrf2/Keapl and SIRT1. In HCC, res-
veratrol exhibits antitumor activity through various mechanisms.
It suppresses tumor cell proliferation, induces apoptosis, and in-
hibits migration, invasion, and angiogenesis. These effects are
mediated through regulation of several signaling pathways, in-
cluding PI3K/AKT, JNK, NF-kB, and Wnt/(-catenin. Resveratrol
also modulates the p53 signaling pathway, enhancing the stabil-
ity and transcriptional activity of p53, thereby countering the ma-
lignant transformation of HCC cells. In summary, resveratrol
provides new strategies for the treatment of hepatic disorders
through a series of finely tuned molecular mechanisms, and its
potential in clinical applications is promising.

7. Key considerations

7.1. Pharmacokinetics analysis of resveratrol

The oral bioavailability of resveratrol is markedly limited due
to poor aqueous solubility and extensive first-pass metab-
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olism '*". As a Biopharmaceutics Classification System (BCS) class
II compound, resveratrol exhibits extremely low water solubility
(0.03-0.05 mg-mL™), which restricts its dissolution in the
gastrointestinal tract and limits intestinal absorption. In addition,
resveratrol undergoes rapid phase Il metabolism following ab-
sorption. After entering the portal circulation, it is extensively
conjugated by uridine diphosphate glucuronosyltransferases
(UGT1A1, UGT1A6, UGT1A9) and sulfotransferases (SULT1A3),
forming glucuronide and sulfate conjugates that are readily ex-
creted but exhibit reduced biological activity. As a result, the oral
bioavailability of resveratrol is typically less than 1%, signific-
antly limiting its clinical efficacy.

However, absorbed resveratrol is widely distributed to mul-
tiple tissues, including the liver and heart *°. Hepatic metabolism
further involves cytochrome P450 enzymes, such as CYP1A1l,
CYP1B1, and CYP3A4, generating additional metabolites '*’. Elim-
ination occurs predominantly via biliary excretion into the intest-
ine, with a minor fraction excreted through the kidneys. To en-
hance its oral availability, several strategies have been developed.
Nanocarrier-based delivery systems, including liposomes, poly-
meric nanoparticles, and solid lipid nanoparticles, improve solu-
bility, protect resveratrol from gastrointestinal degradation, and
enable sustained release. Solid-state modification approaches,
such as eutectic and co-amorphous systems, enhance intrinsic
solubility. Prodrug strategies aim to bypass first-pass metabol-
ism and enable site-specific activation. In addition, combined ad-
ministration with metabolic enzyme inhibitors (such as piperine)
has also been proven to significantly prolong the in vivo retention
time of resveratrol "**"'*. These approaches highlight the import-
ance of thoroughly understanding and effectively utilizing res-
veratrol.

7.2. Safety and toxicological analysis of resveratrol

Resveratrol is generally considered to have low toxicity, with
high doses not exhibiting obvious toxic effects in animal experim-
ents "**. This indicates that resveratrol is relatively safe when
consumed in large amounts over the short term. Long-term tox-
icity studies have revealed that continuous intake of resveratrol
may impact the metabolism of certain drugs, especially those
metabolized by hepatic cytochrome P450 enzymes '*. Conseq-
uently, resveratrol may interact with these medications, poten-
tially altering their efficacy or increasing the risk of side effects.
Common side effects observed in clinical trials include headache,
diarrhea, and rash, although these were generally mild '*°.

At elevated doses, resveratrol may induce mild to moderate
gastrointestinal symptoms like nausea, vomiting, and diarrhea.
Regarding chronic toxicity, current research suggests that pro-
longed use of resveratrol within a specific dose range is generally
safe for healthy individuals. However, extended use at high doses
could potentially impact liver and kidney function '¥’. Despite its
relatively low toxicity and minimal side effects as per existing re-
search, ongoing monitoring and further studies are necessary to
explore its potential toxicity in clinical settings. Particularly with
high doses or prolonged usage, vigilance towards potential liver
and kidney effects is crucial, alongside the evaluation of other
chronic health risks. Current research suggests that resveratrol
has low toxicity and minimal side effects, making it a promising,
safe, and effective candidate drug for liver cancer.

7.3. Advantages of resveratrol: multi-target and multi-pathway
regulation

HCC treatment is complicated by various biological features
and fast disease advancement, which frequently restrict the effic-
acy of treatments that target a single factor. Resveratrol exhibits a
multi-target mode of action, enabling simultaneous modulation of
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multiple signaling pathways involved in HCC progression. An im-
portant aspect in comprehending the substance’s foundation and
operation mechanism is network pharmacology, which involves
the mapping of component-target-signaling pathways "**'*°, Net-
work pharmacology analyses have identified key pathways regu-
lated by resveratrol, including PI3K/Akt, SIRT1, JNK, p53, Hippo,
and VEGF signaling pathways, highlighting its broad regulatory
capacity across the hepatitis-fibrosis-HCC axis. Furthermore,
when combined with berberine, bisartemisinin, and other drugs,
resveratrol can achieve synergistic multi-target therapeutic ef-
fects. For example, co-administration with matrine, there was a
synergistic effect observed in the inhibition of liver cancer cell
proliferation. Matrine specifically enhanced the activation of cas-
pase-9 and caspase-3 by resveratrol, leading to an up-regulation
of the Bax/Bcl ratio.

Recent advances have underscored resveratrol’s potent im-
munomodulatory effects in HCC '*. It reshapes the tumor im-
mune microenvironment by suppressing immunosuppressive
CD8°CD122" regulatory T cells and M2-polarized tumor-associ-
ated macrophages, increasing IFN-y-expressing CD8" cytotoxic T
cells, and shifting the cytokine balance from IL-10/TGF-f toward
TNF-a/IFN-y "*"'**, These changes not only dampen tumor-pro-
moting inflammation but also enhance antigen presentation and
effector T cell activity.

Resveratrol also enhances the efficacy of standard chemo-
therapeutic agents. In combination with sorafenib, it amplifies
anti-tumor efficacy by targeting signaling pathways such as
PKA/AMPK/eEF2K. It has also been reported to enhance the
cytotoxicity of oxaliplatin while alleviating chemotherapy-in-
duced hepatotoxicity '*’. Preclinical and mechanistic studies also
indicate that resveratrol-induced macrophage polarization to-
ward an M1 phenotype and suppression of Tregs may augment
the effectiveness of immune checkpoint inhibitors, suggesting its
potential as an adjuvant in immunotherapy '**. Altogether, these
findings highlight resveratrol as a multi-faceted agent that ex-
tends beyond direct cytotoxicity—acting systemically to enhance
anti-tumor immunity and potentiate combination regimens to
overcome drug resistance and improve therapeutic outcomes in
HCC.

Network-based analyses have also identified key target
genes, including AKT1, Bcl-2, TP53, and IL-6, which are involved
throughout the progression from hepatitis to HCC. This finding
underscores the presence of inflammation and oxidative stress
across all stages of liver disease progression (Fig. 6).
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Fig. 6 Target pathway network in the HCC trilogy.
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8. Conclusion

This study delves into the multi-step mechanism of res-
veratrol in treating liver cancer, confirming its significant impact
on preventing and treating HCC. Resveratrol targets various sig-
naling pathways and molecular targets, showcasing its broad bio-
logical activities, including anti-inflammatory, antioxidant, anti-
viral, anti-fibrotic, and anti-tumor effects. In chronic hepatitis,
resveratrol effectively inhibits HBV replication and reduces liver
cell damage through key signaling pathway regulation. Its antiox-
idant properties mitigate oxidative stress by activating the endo-
genous antioxidant enzyme system. In liver fibrosis, resveratrol
hinders HSC activation and collagen synthesis, bolstering cell self-
protection mechanisms by modulating the Hippo pathway and
antioxidant pathways like Nrf2 /Keap1 and SIRT1. For HCC treat-
ment, resveratrol demonstrates anti-tumor effects by impeding
tumor cell proliferation, promoting apoptosis, limiting migration
and invasion, and inhibiting angiogenesis. These effects are medi-
ated through the regulation of multiple signaling pathways, in-
cluding PI3K/AKT, JNK, NF-xB, and Wnt/f-catenin, as well as ac-
tivation of the p53 signaling pathway, thereby inhibiting malig-
nant progression.

Existing research indicates that resveratrol has dual effects in
treating viral hepatitis, particularly in cases of hepatitis B and
hepatitis C, demonstrating unique properties. Resveratrol not
only inhibits viral replication but also boosts the host's antiviral
immune responses through the regulation of various signaling
pathways, thereby enhancing virus clearance and safeguarding
liver function. However, early studies suggest that resveratrol
may paradoxically facilitate viral replication under certain condi-
tions, as seen in research on hepatitis C virus models that rely on
cell division for replication '**'*. Although subsequent studies
have largely refuted these findings, the potential bidirectional ef-
fects of resveratrol on viral replication should be carefully con-
sidered in clinical applications. Therefore, individualized thera-
peutic strategies may be required based on disease context. Fur-
ther investigation is necessary to unravel the precise mechanism
of action of resveratrol and optimize its therapeutic benefits
while minimizing potential adverse effects.

In summary, the multi-target and multi-pathway mechanism
of action of resveratrol provides a new strategy for the treatment
of HCC, and its clinical application prospects are broad. Future
studies need to further evaluate the pharmacokinetic properties,
potential toxicity, and synergy with other drugs of resveratrol to
optimize its application in the treatment of liver cancer.
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