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Abstract

Hepatocellular carcinoma (HCC) ranks as the third leading cause of cancer-related deaths worldwide. It presents a
significant and rising global health challenge due to its complex development, high mortality rate, and poor
prognosis. The primary treatment methods include chemotherapy, radiotherapy, and surgery, yet each is
associated with severe side effects. While combination therapies can enhance outcomes, they also tend to amplify
the adverse effects. For this reason, the prevention of HCC has a major impact on world health. Current knowledge
indicates that a healthy lifestyle combined with a healthy diet is an excellent preventive strategy. In this respect, the
Mediterranean diet represents a valid preventive strategy widely recognized by the scientific community. Its
effectiveness is proven by the presence of several polyphenols in its main foods, including quercetin, luteolin,
myricetin, and kaempferol. These polyphenols are present in different functional foods and show anticancer
activity. This narrative review aims to assess the anti-HCC activity of these polyphenols that characterize the
Mediterranean diet.

Keywords: Quercetin, luteolin, myricetin, kaempferol, Mediterranean diet, prevention, therapy

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

m www.oaepublish.com/hr



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/hr
https://orcid.org/0000-0002-5922-1524
https://dx.doi.org/10.20517/2394-5079.2024.86

Page 2 of 14 Paravati et al. Hepatoma Res 2024;10:43 | https://dx.doi.org/10.20517/2394-5079.2024.86

INTRODUCTION

Hepatocellular carcinoma (HCC) is the predominant form of primary liver cancer, responsible for about
75%-85% of all liver cancer cases globally'". It frequently develops in individuals with chronic liver
conditions and cirrhosis, often linked to long-term hepatitis B (HBV) or hepatitis C (HCV) virus infections,
excessive alcohol consumption, or non-alcoholic fatty liver disease (NAFLD)". However, it has been
reported that 20% of HCC cases can develop in a non-cirrhotic liver”. The incidence of HCC has been
rising globally, with significant geographic variations. Regions with a high risk of HCC include East Asia,
sub-Saharan Africa, and certain parts of Europe, primarily because of the widespread presence of HBV and
HCV infections'. Key risk factors for HCC include chronic viral hepatitis, heavy alcohol use, and exposure
to aflatoxins, metabolic disorders, genetic predispositions, and gut microbiota dysbiosis related to a high-fat
diet®”. Preventive measures focus on vaccination against HBV, antiviral treatments, lifestyle modifications
to reduce alcohol intake and dysmetabolic comorbidities, as well as screening programs for high-risk
populations”®"". A resolutory therapeutic approach, besides radiotherapy and chemotherapy, is liver
transplantation, a procedure that unfortunately entails long waiting lists. Moreover, current therapies in use
can cause serious side effects in patients, especially when combination therapy must be administered to
achieve the desired effects"”. Therefore, applying appropriate prevention strategies is essential and some
level of prevention can be achieved with a healthy diet. It is now known that diet plays a crucial role in
many diseases concerning the gastrointestinal tract. Indeed, a high-calorie and unbalanced diet, combined
with an unregulated lifestyle, are central pathogenetic factors related to the development of NAFLD, with
possible subsequent progression into HCC!"*'*. At the same time, much scientific research has shown that a
healthy diet protects against several types of cancer!””. The current state of the art focuses on identifying the
effects of individual nutrients on cancer, rather than on whole food regimens"”. Epidemiological studies
indicate that a diet rich in fruits and vegetables may play a protective role against gastrointestinal
cancers>'*. Notably, consuming more than 100 grams of vegetables per day or including 3-4 servings of
vegetables weekly was associated with a marked reduction in HCC risk""*. Certain types of vegetables, such
as celery (P = 0.03), mushrooms (P = 0.03), allium vegetables (e.g., onions, garlic, garlic sprouts) (P < 0.01),
legumes and legume-based foods (P = 0.04), squash, and carrots, were found to significantly lower the risk
of HCC™™. In this perspective, the Mediterranean diet is a useful strategy for preventing the occurrence of
HCC, as components of the Mediterranean diet, such as antioxidants and anti-inflammatory compounds,
contribute to lowering oxidative stress and inflammation, both key drivers of carcinogenesis in the liver.
Additionally, the diet’s emphasis on healthy fats and fiber may improve metabolic health, reducing the risk
factors for HCC, such as obesity, insulin resistance, and NAFLD. The Mediterranean diet’s overall impact
on maintaining liver function, modulating the gut microbiota, and reducing pro-carcinogenic signaling
pathways further supports its protective role against HCC development"****?. This dietary regimen,
inspired by the traditional dietary patterns of countries in Southern Italy, gained scientific attention through
the pioneering study of Ancel Keys™'. However, some clarifications on this study must be made: namely,
the fact that smoking consumption was underestimated, while daily alcohol consumption was about 84 g/
day, and that only high consumption of olive oil was assumed, while in Montegiorgio and Crevalcore
(Central-North Italy), in the post-war, the use of animal lard was more frequent**. This dietary approach
emphasizes the intake of fruits, vegetables, whole grains, legumes, nuts, and extra-virgin olive oil, along with
moderate consumption of fish, poultry, dairy and limited consumption of red meat and sweets. The health
benefits of the Mediterranean diet are attributed to its rich content of polyphenols, fibers, and healthy fats,
which collectively contribute to a reduction in inflammation, an improvement of lipid profiles, and an
enhancement of cardiovascular health®. Polyphenols are a different group of naturally occurring
compounds found in plant-based foods, well-known for their antioxidant, anti-inflammatory, and
anticancer benefits””. Among the numerous polyphenols, quercetin, luteolin, myricetin, and kaempferol
stand out due to their potent biological activities: quercetin, abundant in apples, onions, and capers, exhibits
strong anti-inflammatory and anticancer effects, while luteolin, found in celery, parsley, and artichokes, is
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known for its anti-inflammatory and neuroprotective properties”**. Similarly, myricetin, present in berries,
nuts, and red wine, has demonstrated significant antioxidant and anticancer activities, while kaempferol,

30,31

found in beans and tea, is known for its cardioprotective and anticancer effects®". These polyphenols
contribute to the health benefits associated with the Mediterranean diet, offering protective effects against
various chronic diseases, including cancer®*. Therefore, this narrative review aims to assess the anti-HCC

activity of these polyphenols that characterize the Mediterranean diet.

MATERIALS AND METHODS

We conducted a search on the main database such as PubMed and Medline for original research articles,
reviews, meta-analyses, and editorials using a combination of the following keywords, their acronyms, and
related terms: hepatocellular carcinoma, HCC, Mediterranean diet, polyphenols, quercetin, luteolin,
myricetin, kaempferol, diet, fruits, vegetables, olive oil. The last search was dated 31 May 2024. In this
narrative review, studies performed on preclinical models were included to investigate the anti-carcinogenic
properties of the four most common polyphenols (quercetin, luteolin, myricetin, and kaempferol) found in
foods of the Mediterranean diet, considering each stage of HCC development. Studies conducted on other
forms of liver cancer were excluded from our analysis.

QUERCETIN

Quercetin, or 3,5,7,3,4’-pentahydroxyflavone, is a flavonoid that can be found in high amounts in apples,
onions, and capers. Quercetin's chemical structure consists of three benzene rings and five hydroxyl groups.
It appears as a yellow crystalline substance, insoluble in cold water but soluble in alcohol and lipids, with a
bitter taste. Free radicals react rapidly with other molecules to capture electrons and stabilize themselves,
causing the loss of electrons from the other molecule and initiating a chain reaction that can harm living
cells. Quercetin’s antioxidant properties are largely due to its hydroxyl groups located at positions 3, 5, 7, 3’,
and 4’ on the A and B rings, the double bond between the second and third carbons, and the carbonyl group
on the fourth carbon™. Furthermore, this flavonoid showed anti-HCC effects in several preclinical models.
Specifically, murine models with N-nitroso diethylamine (NDEA)-induced HCC were compared to mice
administered NDEA+quercetin and an untreated control group”. The results showed a significant decrease
in oxidative stress and improvements in liver histology in the group treated with quercetin. This can be
attributed to quercetin’s inhibition of lipid peroxidation, leading to the release of glutathione peroxidase,
which exerted antioxidant effects and reduced damage. Additionally, quercetin reduced the number of pre-
neoplastic lesions in male rats by significantly modulating the expression of the epidermal growth factor
receptor compared to the control group. Quercetin has been shown to elevate levels of insulin-like growth
factor 1 (IGF-1), which are typically low in HCC patients and associated with poor prognosis”. One key
mechanism behind quercetin’s anticancer activity involves the NF-E2-related factor 2 (Nrf2) signaling
pathway. While transient activation of Nrf2 helps protect liver cells from oxidative stress and potential

[36

tumor formation, prolonged activation has the opposite effect’™. In vivo studies have demonstrated that
quercetin significantly reduces HCC growth, angiogenesis, and metastasis in mouse models by targeting
persistent Nrf2 activation and regulating the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) signaling™*. A study exploring quercetin’s effect on the NF-xB pathway in HCC cells, in
combination with ZD55-tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), a protein that
induces tumor cell apoptosis, found that treatment with ZD55-TRAIL and quercetin significantly decreased
the expression of IxBa, p65, and p50 proteins, thereby inhibiting NF-«xB signaling and promoting
apoptosis™. Additionally, quercetin triggers autophagy by suppressing the AKT/ mammalian target of
rapamycin (mTOR) pathway while activating the mitogen-activated protein kinase (MAPK) pathways: the
first is involved in negatively regulating autophagy mechanisms, while the MAPK pathways regulate this
process positively'*’. However, this mechanism might partially involve the downregulation of Janus kinase/
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signal transducer and activator of transcription (JAK2/STAT3), which is known to be involved in liver
tumors by promoting the migration and proliferation of cancer cells, as well as angiogenesis and
immunosuppression*’. Usually, among the numerous activities of quercetin, its antioxidant activity is
primarily considered. A recent study confirmed this evidence in BALB/c mice with HCC induced by
diethylnitrosamine (DEN): quercetin effectively eliminates free radicals by increasing the activity of
antioxidant enzymes and the level of glutathione, while also reducing the activity of liver enzymes'*.
Furthermore, the suppression activity of liver cancer cells was confirmed in vitro on thirteen different cell
lines, which exhibited cell cycle arrest at various stages of the cell cycle*’. Finally, the use of quercetin in
combination therapies has been evaluated. Regarding a potential therapeutic approach with
sorafenib+quercetin, their combined use significantly improved liver histology, liver enzyme levels, and
reduced levels of molecules involved in inflammatory and proliferative pathways [such as tumor necrosis
factor-alfa (TNF-a), NF-«B, and p53]"“*. Similarly, their combined use with immune checkpoint inhibitors
(ICI) reduced gut dysbiosis and the tumor microenvironment™. It is known that gut dysbiosis can affect
the response to ICI treatment. Figure 1 summarizes the different pathways involved in the anti-HCC
activity of quercetin.

LUTEOLIN

Luteolin, or 3°,4’,5,7-tetrahydroxyflavone, is a molecule that has hydroxy groups positioned at 3°, 4°, 5, and 7,
found in celery, parsley, and artichokes and is recognized for its neuroprotective and anti-inflammatory
effects”. However, its anti-HCC properties have also been evaluated in several preclinical studies.
Specifically, C57BL/6 mice with DEN-induced HCC were fed an alcoholic diet, a control diet, and one
supplemented with 30 mg of luteolin/kg for 21 days. The luteolin-based diet significantly reduced the
number of pre-neoplastic lesions and the incidence of inflammatory foci. This phenomenon is likely due to
a decreased expression of hepatic sirtuin 1 (SIRT1) protein, which regulates many cellular processes through
deacetylation of the transcription factor FoxO1. Increased FoxO1 activity promotes transcription of pro-
inflammatory cytokines such as TNF-a and IL-6". However, its anticancer effect may be linked to multiple
signaling pathways. A study on various HCC cell lines highlighted how it can trigger apoptotic processes by
inducing G1 cell cycle arrest, significantly reducing levels of the cell cycle regulatory factors cyclin E and
cyclin-dependent kinase 2 (Cdk2)"*". Another study performed on SMMC-7721 HCC cell lines confirms
this evidence. In particular, it reported a significant increase in caspase 8 and a decrease in B-cell lymphoma
2 (Bcl-2), leading to cell cycle arrest in the Go/G1 phase. As further proof, treatment with chloroquine,
which inhibits autophagy, significantly reduced this phenomenon". Many of the findings reported so far
are evident in the study by Elgendy et al., where rats with DEN-induced HCC treated with luteolin showed
a significant increase in liver enzymes and a reduction in serum albumin levels. At the same time, there was
an evident increase in levels of Bcl-2, NF-«B, and transforming growth factor-beta (TGF-B), but a significant
decrease in Caspase 3 levels'™. Moreover, although p53 is extensively involved in tumorigenesis, the
effectiveness of luteolin as a potential anti-HCC approach is independent of its action”"!. Finally, luteolin
associated with other drugs can drive apoptosis in cancer cells through JNK mediation. The outcome of
JNK signaling, whether it promotes cell survival or cell death, depends on the strength and duration of the
damage signal””. Figure 2 summarizes the different pathways involved in the anti-HCC activity of
luteolin.

MYRICETIN

Myricetin [3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-chromenone] is one of the most common
flavonoids that abound in fruits. Myricetin is abundant in vegetables (such as onions), fruits (especially
berries, grapes, and nuts), and tea. Since its discovery in 1896, myricetin has been known for its

[54,55]

innumerable biological activities****, some of them being its antithrombotic, antioxidant, anticancer, and
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anti-inflammatory effects, including blood glucose reduction and liver and kidney protection® .

Furthermore, myricetin exhibits strong anticancer activity against several types of cancer, such as ovarian,
gastric, and breast'***. Not all the mechanisms that determine antitumor effects have been clarified. A study
by Li et al. on two different cell lines (HepG2 and Huh-7) treated for 72 h with myricetin reported several
pieces of evidence on the anticancer effect of myricetin'*”. By administering a dose of 100 and 200 uM of
myricetin, a drastic reduction in cell growth and a clear induction of cell death was reported. In addition,
cell growth was much slower after 2-3 days of treatment, indicating its anti-HCC effects. Apoptosis levels
were also significantly increased following myricetin treatment in both cell lines. In particular, high caspase
3 levels were found in HCC cells treated with myricetin, confirming the reduction in cancer cell
proliferation. The authors next sought to identify the molecular mechanism underlying the anticancer
activity of myricetin by investigating the gene expression of yes-associated protein/ transcriptional
coactivator with PDZ-binding motif (YAP/TAZ) and the kinase activity of large tumor suppressor (LATS)1/
2. The YAP/TAZ gene is involved in tumorigenesis and cancer propagation but is degraded through the
kinase activity of LATS1/2. The study conducted by Li showed that myricetin promotes the degradation of
YAP/TAZ through the regulation of LATS1/2 in both cell lines. A second study was carried out by Yang et
al. on two tumor cell types of human hepatocytes Hep3B and HepG2, reporting IC50s of myricetin of
48.473 and 28.147 M, respectively®. The results reported in this study indicate that myricetin facilitates
autophagy activation of HCC cells and inhibits HCC growth. Myricetin reduced membrane-associated
RING-CH-1 (MARCH 1) concentrations in HCC cells. However, myricetin inhibited MARCH 1 mRNA
expression in HepGz2 cells but increased it in Hep3B cells. This discrepancy could be attributed to cell
specificity. Myricetin, therefore, activates autophagy in HCC cells due to the downregulation of MARCH 1.
MARCH 1 could positively regulate the signal transducer and activator of the transcription factor 3 (Stat3)
signaling pathway. This investigation demonstrated that myricetin can reduce the expression of p-Stat3, and
the inhibition of p-Stat3 may trigger autophagy activation. Additionally, Yang et al. found that myricetin
halted the HCC cell cycle at the G2/M phase, thereby inhibiting HCC cell proliferation through autophagy
regulation. The authors concluded that myricetin achieves this by upregulating the MARCH 1/p38 MAPK/
Stat3 signaling pathway, leading to cell cycle arrest in the G2/M phase. The epithelial-mesenchymal
transition (EMT) is important in cancer cell invasion and proliferation””’. The study conducted by Ma et al.

reported the effects of myricetin precisely on the EMT, evaluating cell viability and focusing on changes in
cancer cell migration and invasion'”. Human HCC MHCC97H cell lines were treated with myricetin at
concentrations of 25, 50, and 100 pM. According to this study, myricetin inhibited both cell migration and
cell invasive capacity after treatment with 100 uM of the compound for 24 and 48 h. In addition, the
Authors reported the regulatory activity of myricetin on mRNA expression of genes associated with
migration and invasion. Specifically, myricetin treatment seems to inhibit migration and invasion of
MHCC97H cells through upregulation of E-cadherin and downregulation of N-cadherin and vimentin.
Finally, the study reported that myricetin reduced the number of fibers and weakened filopodia and
lamellipodia in MHCC97H cells. These effects on cytoskeleton rearrangement could contribute to the
effects of myricetin on cell migration and invasion. The study conducted by Ji et al. reported the pro-
apoptotic effects of myricetin on two human HCC cell lines (SMMC-7721 and Hep3B). The authors
underlined that myricetin significantly suppressed cell viability in a dose- and time-dependent manner,
demonstrating relative specificity for cancer cells. In the SMMC-7721 and Hep3B HCC cell lines, myricetin
induced apoptosis by activating the caspase 9, caspase 3, and Poly (ADP-ribose) polymerase (PARP)
signaling cascades. This indicates that myricetin inhibits cancer cells by promoting apoptosis and cell cycle
arrest. Additionally, Ji et al. provided initial evidence that myricetin-induced apoptosis in HCC cells is at
least partially mediated by ER stress and the downstream C/EBP homologous protein (CHOP) signaling
pathway'. The study also found that myricetin treatment can induce autophagy by influencing ER stress
and unfolded protein response (UPR) signaling pathways, such as serine/threonine-protein kinase/
endoribonuclease inositol-requiring enzyme 1 a-c-Jun N-terminal kinases (IRE1a-JNK) and Ca2+- AMP-
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activated protein kinase (AMPK), which may act as upstream regulators of the mTOR. Finally, this evidence
suggested that myricetin exhibits high selectivity for cancer cells. In a research performed by Seydi et al., ten
male Sprague Dawley rats were divided into two groups: group A, consisting of normal rats on a standard
diet, and group B, rats with induced HCC". Hepatocytes from both groups were observed after
administrations at different doses of myricetin (maximum dose 100 uM) at 6-, 12-, and 24-h intervals. In
this study, myricetin was shown to selectively increase apoptosis in HCC cells, while healthy hepatocytes
reported no significant effects. Specifically, myricetin reduced cell viability (P < 0.05) in rat HCC
hepatocytes. Furthermore, myricetin (12.5, 25 and 50 uM) determined its cytotoxic effect on hepatocytes
with HCC through significantly increased levels of ROS, mitochondrial swelling, mitochondrial membrane
permeability, and cytochrome c release in mitochondria. Finally, the Authors reported increased caspase 3
activation and apoptosis only in HCC hepatocytes. Figure 3 summarizes the different pathways involved in
the anti-HCC activity of myricetin.

KAEMPFEROL

Kaempferol (3,4’,5,7-tetrahydroxyflavone) is a natural flavonoid found in several medicinal herbs and
fruits”". This polyphenol has been shown to reduce the risk of various diseases, such as cardiovascular
disorders, diabetes, and several infectious diseases, and possesses anti-inflammatory, anti-osteoarthritic, and
anti-asthmatic activities””". In addition, kaempferol has been shown to possess several anticancer effects,
including preventing metastasis in oral cancer and inducing apoptosis of colorectal, breast and prostate
cancer, and leukemia cells”*", Several studies have been conducted to evaluate the effects of kaempferol on
HCC. The study by Guo et al. was conducted on human HepG2 liver cancer cell lines and demonstrated the
ability of kaempferol to induce apoptosis in a dose- and time-dependent manner™. The authors also
reported increased transcriptional and protein levels of glucose-regulated protein (GRP) 78, GRP94 and
CHOP, factors involved in ER stress. These results suggest that increased ER stress is one of the mechanisms
induced by kaempferol to initiate apoptosis, particularly through the CHOP signaling pathway. An
additional study by Guo et al. investigated the effects of kaempferol on the autophagy of cancer cells in
HCC™!. The study was conducted on HepG2 and Huh 7 of human liver cancer cells. This study reported a
strong increase in Atgs, Atg7, Beclin1 proteins and Microtubule-associated protein light chain 3-1 (LC3-I)
to LC3-II conversion, all factors related to autophagy, after kaempferol administration. Furthermore, the
Authors posited that the CHOP signaling pathway, activated by kaempferol, also plays a key role in
regulating autophagy, correlating apoptosis, autophagy, and endoplasmic reticulum (ER) stress with each
other. Yang et al. analyzed the effects of kaempferol on several liver cancer cell lines: Huh-7, Huh-1, HepGz,
HepGz2.2.15, SK-Hep-1, PLC/PRF/5, human hepatoma cell line (HLE), primary lung fibroblast, normal,
human (HLF), and Hep3B"™". The viability of treated cells and their growth were significantly reduced by
kaempferol treatment. Comparing the effects of kaempferol, doxorubicin, and their combination against a
control group of HepG2 cells, it was observed that the combination of kaempferol and doxorubicin showed
significantly stronger growth inhibition than the individual compounds (P < 0.05). Interesting results
revealed that kaempferol modifies the protein expression of critical factors involved in signaling pathways
that activate mitochondrial apoptosis, resulting in the activation of its pathway. Combined treatment
(kaempferol and doxorubicin) also revealed higher inhibitory activity on apoptosis-, migration-, and
invasion-related proteins [including Matrix metalloproteinase 2 (MMP-2), MMP-9, Phosphoinositide 3-
kinase (PI3K), Akt, mTOR and S6K] than single treatments. The study conducted by Ju et al. also reported
the effects of kaempferol on cancer cell migration and invasion®’. The authors analyzed two human liver
tumor cell lines, Huh-7 and SK-Hep-1. Treatment with kaempferol (25 uM) showed a clear reduction in cell
migration and invasion capacity in both cell lines. The authors subsequently reported the activity of
kaempferol on the expressed protein levels of MMP-9, cathepsin D, and cathepsin C, factors involved in
cancer cell migration and invasion capacity. In particular, a significant inhibitory action of kaempferol on
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MMP-9 activity was observed in Huh-7 and SK-Hep-1 cells. The study reported that the observed reduction
in invasion capacity may be due to the reduction in phosphorylation of Akt by kaempferol. These results
indicate that kaempferol, by reducing Akt activation, modulates MMP-9 expression and cell invasion, thus
exhibiting anti-metastatic activity. The antitumor effects of kaempferol were also reported in the study
conducted by Han et al.". This analysis demonstrated the antitumor activity of kaempferol on several
human liver cancer cell lines (HepG2, Huh-7, BEL7402 and SMMC) with an IC50 of kaempferol between
25-50 pM. Kaempferol can also inhibit cell proliferation by cell cycle arrest in the G1 phase on HepGz2 cells.
Furthermore, this study reported that the cell death caused by kaempferol was not related to the apoptotic
process but to the initiation of autophagy. The Authors observed that kaempferol treatment significantly
activated AMPK. Kaempferol-activated AMPk (50 uM) consequently resulted in the phosphorylation of
unc-51-like autophagy activating kinase 1 (Ulk1), upregulation of Beclin-1/Atg-5, and degradation of pé62,
as well as conversion of LC3B-I to LC3B-II and formation of LC3B dots. A critical factor in the development
of HCC is the formation of hypoxic regions, which arise from increased cell proliferation and an inadequate
blood supply. Hypoxia can accelerate HCC progression by promoting angiogenesis and metabolic
adaptation”. A central player in the cellular response to low oxygen levels is hypoxia-inducible factor 1
(HIF-1), a transcription factor that regulates genes involved in survival, proliferation, angiogenesis,
invasion, and metastasis™®/. Elevated HIF-1a expression in HCC has been linked to VEGF secretion and
malignant transformation® . Mylonis ef al. demonstrated that kaempferol effectively inhibits the viability
of hepatoma cancer cells under hypoxic conditions®”. In their study on human Huh7 liver cancer cells
modified to simulate hypoxia, kaempferol significantly suppressed HIF-1 transcriptional activity in a dose-
dependent manner. In addition, the same dose of kaempferol was also observed to inhibit the MAPK
signaling pathway, which is also involved in cellular adaptation to hypoxia. This study underscores how the
inhibitory potential of kaempferol is much more pronounced under hypoxic conditions than in normal
cellular oxygen concentrations. Figure 4 summarizes the different pathways involved in the anti-HCC
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activity of kaempferol.

Overall, the four molecules investigated showed numerous biological effects affecting HCC through the
activation of specific molecules and pathways, as summarized in Table 1.

DISCUSSION

The present narrative review has explored the anti-HCC potential of specific polyphenols, namely
quercetin, luteolin, myricetin, and kaempferol, that are found abundantly in the foods of the Mediterranean
diet. Indeed, diet represents a crucial junction in the prevention of HCC. Recent studies report that a high-
calorie, unbalanced diet can increase the risk of cancer occurrence; in contrast, a healthy, balanced diet
reduces its incidence'®. The current composition of the Mediterranean diet is an attractive prevention
strategy due to its relatively high intake of vegetables and fruits””. These foods are particularly rich in
polyphenols, the most prevalent being precisely quercetin, luteolin, myricetin and kaempferol. This work
differentiates itself from other recently published studies by providing a comprehensive synthesis that
uniquely focuses on the molecular mechanisms behind the anti-HCC effects of these polyphenols. While
previous studies have often examined the general health benefits of the Mediterranean diet or the effects of
individual polyphenols on various cancers, this review specifically targets their role in HCC, a type of cancer
with increasing global prevalence and limited therapeutic options. The present review of literature offers
detailed insights into the molecular pathways through which polyphenols exert their anti-HCC effects. By
integrating data from multiple studies, it identifies common and distinct pathways modulated by these
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Table 1. Summary of the different pathways involved in the anti-HCC effects of polyphenols

Pathways Biological activity References
1E-cadherin Cell invasion and migration [28,55,71,72]
LJAK2/STATS3, vimentin, MMP-2, MMP-9, PI3K, Akt, mTOR, S6K

T1GF-1, NF-kB, caspase 8, PARP, GRP78, GRP94, CHOP Apoptosis [22,26,36,55,69]
11xBa, p65, p50, Bcl-2

1JAK2/STAT3, MARCH 1, cyclin E, Cdk2, YAP/TAZ Cell proliferation [28,35,52,53]
1TNF-q, IL-6, IL-17A, NF-kB Inflammation [25,34,36]
ISIRT1

1:increase; |: decrease. HCC: Hepatocellular carcinoma; JAK/STAT3: Janus kinase/signal transducer and activator of transcription; MMP: matrix
metalloproteinase; PI3K: phosphoinositide 3-kinase; mTOR: mammalian target of rapamycin; S6K: S6 kinase; IGF-1: insulin-like growth factor 1;
NF-xB: nuclear factor kappa-light-chain-enhancer of activated B cells; PARP: poly (ADP-ribose) polymerases; GRP78: glucose-regulated protein
78; GRP94: glucose-regulated protein 94; CHOP: C/EBP homologous protein; IkBa: inhibitor of kappa B alpha; Bcl-2: B-cell lymphoma 2; MARCH
1: membrane-associated RING-CH-1; Cdk2: cyclin-dependent kinase 2; YAP/TAZ: yes-associated protein/ transcriptional coactivator with PDZ-
binding motif; TNF-a: tumor necrosis factor-alfa; IL: interleukin; SIRT1: sirtuin 1 protein.

polyphenols, such as the suppression of NF-«B signaling, the initiation of autophagy, and the promotion of
apoptosis. This synthesis of information provides a clearer understanding of how these compounds could be
utilized in potential therapeutic strategies of HCC. Unlike many studies that focus on isolated compounds,
this review highlights the potential synergistic effects of combining polyphenols with conventional therapies
like ICI. It emphasizes the possibility of enhancing therapeutic efficacy while reducing adverse effects
through such combinations. From this perspective, polyphenols assume an important role in the prevention
of HCC since they could act in multiple cellular stages and different mechanisms, suggesting a potential
synergistic antitumor action. Scientific research is paying much attention to polyphenols and their effects,
some of which are also related to aging, age-related diseases, and oxidative stress””. Despite the promising
findings, several criticisms and challenges exist within this field of study. Firstly, much of the evidence is
derived from preclinical models, including cell lines and animal studies. The translation of these findings
into clinical practice remains uncertain, as human studies are limited and often fail to replicate the efficacy
observed in preclinical settings. This highlights the need for well-designed clinical trials to confirm the
therapeutic potential of these polyphenols in humans. Secondly, another criticism lies in the potential
variability in polyphenol content found in different food sources, which can be influenced by different
factors such as agricultural practices, food processing, and preparation methods. This variability complicates
the standardization of polyphenol intake in both research and dietary recommendations. At the same time,
it is important to remember that the positive effects of the mentioned polyphenols from consuming fruits,
vegetables, and olive oil (100 calories/spoon) may be limited if people continue to follow a high-calorie diet
that includes unclear amounts of alcoholic beverages, which are major contributors to liver damage,
impaired insulin sensitivity, elevated blood glucose levels, and increased insulin concentrations*.

CONCLUSIONS

In conclusion, the growing evidence highlights the role of polyphenols, particularly quercetin, luteolin,
myricetin, and kaempferol, in the prevention and treatment of HCC. These bioactive compounds,
commonly found in Mediterranean food and its related diet, demonstrate multifaceted anticancer
properties. Through mechanisms such as antioxidant activity, the modulation of cellular signaling pathways
(e.g., NF-xB, AKT/mTOR, JAK2/STAT3), and the modulation of apoptosis and autophagy, these
polyphenols contribute to a reduction in tumorigenesis, cancer cell proliferation, and metastasis in
preclinical models. Additionally, they show promising results when used in combination with conventional
therapies, such as ICI, enhancing therapeutic outcomes and minimizing adverse effects. The Mediterranean
diet’s protective role against HCC may, therefore, be attributed to the synergistic effects of these
polyphenols, which work collectively to reduce inflammation, oxidative stress, and promote healthy liver
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function. Despite these encouraging findings, additional clinical trials are necessary to confirm the

therapeutic effectiveness and safety of these compounds in human subjects. Establishing optimal dosages,

long-term benefits, and potential side effects is essential for translating these discoveries into clinical

practice. Nevertheless, these findings support the implementation of dietary strategies, such as increased

adherence to the Mediterranean diet, as a preventive measure against HCC development, particularly

among populations at high risk.
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