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Abstract: The liver, as the primary metabolic organ, is susceptible to an array of factors that
can harm liver cells and give rise to different liver diseases. Epigallocatechin gallate (EGCG), a
natural compound found in green tea, exerts numerous beneficial effects on the human body.
Notably, EGCG displays antioxidative, antibacterial, antiviral, anti-inflammatory, and anti-
tumor properties. This review specifically highlights the pivotal role of EGCG in liver-related
diseases, focusing on viral hepatitis, autoimmune hepatitis, fatty liver disease, and hepatocel-
lular carcinoma. EGCG not only inhibits the entry and replication of hepatitis B and C viruses
within hepatocytes, but also mitigates hepatocytic damage caused by hepatitis-induced inflam-
mation. Furthermore, EGCG exhibits significant therapeutic potential against hepatocellular
carcinoma. Combinatorial use of EGCG and anti-hepatocellular carcinoma drugs enhances
the sensitivity of drug-resistant cancer cells to chemotherapeutic agents, leading to improved
therapeutic outcomes. Thus, the combination of EGCG and anti-hepatocellular carcinoma
drugs holds promise as an effective approach for treating drug-resistant hepatocellular carci-
noma. In conclusion, EGCG possesses hepatoprotective properties against various forms of
liver damage and emerges as a potential drug candidate for liver diseases.

Keywords: liver-related disease; EGCG; viral hepatitis; autoimmune hepatitis; fatty liver
disease; hepatocellular carcinoma

1. Introduction

The liver, situated in the abdominal region, serves as the largest digestive gland in the
body. It functions as the primary metabolic organ, playing a vital role in the maintenance of
physiological stability. The liver, in turn, is influenced by various external and internal fac-
tors, some of which damage liver cells and cause liver diseases. Viral infections, including
hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, are a common cause of liver
diseases. They can cause high levels of liver inflammation, and persistent viral infection
can lead to fibrosis, cirrhosis, and even liver cancer, causing serious health concerns [1].
Furthermore, improvements in the standard of living and the concurrent increase in poor
lifestyle habits and lack of sufficient exercise have contributed to a rapid increase in the
prevalence of obesity. Large amounts of fat can accumulate in liver cells, leading to the
development of a fatty liver. This affects the normal physiological functions of the liver
and induces an inflammatory response that can cause further liver damage [2,3].

Liver-related diseases are a serious threat to human health. Hepatic autoimmune
hepatitis, a condition typically observed in women, involves chronic progressive liver
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inflammation caused by an autoimmune response. The specific pathogenesis of this disease
is unknown, but patients with severe hepatic autoimmune hepatitis can rapidly develop
cirrhosis and liver failure [4]. Hepatocellular carcinoma is one of the most fatal malignancies
in the world, and its prevalence has been increasing every year. Moreover, viral hepatitis
and steatohepatitis may eventually develop into hepatocellular carcinoma if not treated in
a timely manner [5]. Therefore, the identification of food supplements or drugs that can
help prevent and treat liver diseases is an important research focus currently.

Tea is one of the most popular beverages in the world. China is considered the birthplace
of tea. It was the first country in the world to grow the tea plant [Camellia sinensis (L.) O.
Kuntze] and has cultivated tea plants for thousands of years [6,7]. Based on their production
processes, teas can be categorized into six types: green tea, black tea, white tea, dark tea,
yellow tea, and oolong tea. These teas vary in terms of color, aroma, taste, and the range of
beneficial effects they offer for human health. These effects are primarily attributed to the
distinctive chemical compounds generated in tea leaves during the different production pro-
cesses [8]. Green tea, widely consumed as a daily beverage, accounts for approximately 20%
of global tea consumption, with even higher rates in China. Its production involves the stages
of fixing, rolling, and drying, wherein high temperatures inactivate endogenous enzymes
and optimize the preservation of primary and secondary metabolites in tea leaves. Among
the different metabolites, polyphenols are present at high levels in tea leaves, accounting for
about 18-36% of their dry weight. Tea polyphenols mainly include catechins, flavonoids and
flavonoid glycosides, anthocyanins, phenolic acids, and condensed phenolic acids. Among
these, catechins are the main active products, accounting for about 12-24% of the dry weight
of tea leaves. Catechins are a class of flavanols with a 2-phenyl-dihydropyran structure. They
are synthesized in the tea tree via three steps: the mangiferic acid pathway, phenyl propane
pathway, and flavonoid pathway [9]. There are four main types of catechin: epicatechin
(EC), epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG).
Of these, EGCG shows the highest levels, accounting for 50-80% of the total catechins in
green tea [10]. Over the past 20 years, a large number of in vitro and in vivo studies and
epidemiological data have shown that EGCG has useful antiviral, antibacterial, antioxidant,
hypoglycemic, and hypolipidemic functions. Furthermore, EGCG can also prevent cardio-
vascular and cerebrovascular diseases and protect the liver, kidneys, and nervous system,
making it an important health-boosting agent [11-13]. Their excellent antioxidant capacity
and physiological activity indicate that catechins are ideal raw materials for the development
of daily supplements, functional foods, and medicines.

This comprehensive review assesses how EGCG modulates the regulatory effects
in various liver diseases, including viral hepatitis, autoimmune hepatitis, fatty liver dis-
ease, and hepatocellular carcinoma. Furthermore, the paper summarizes the promising
therapeutic effects of combining EGCG with anti-tumor compounds in the treatment of
liver cancer. Additionally, an in-depth analysis of the synergistic effects of EGCG with
anti-tumor compounds further bridges the gap between mechanistic understanding and
therapeutic innovation in liver cancer treatment. By systematically integrating molecular-
level evidence, this review positions EGCG as a multifaceted candidate that contributes to
our understanding of liver pathophysiology and advances therapeutic strategies.

2. EGCG: An Overview
2.1. Physicochemical Characteristics of EGCG and Its Bioavailability

EGCG, an active catechin, shares a similar chemical structure with other catechins. Its
chemical composition consists of a skeleton comprising three fundamental ring nuclei (A, B,

and C) and a galloyl residue. The A ring bears m-dihydroxyl groups at positions 5 and 7; the
B ring possesses three hydroxyl groups at positions 3, 4, and 5; and the C ring is a pyran ring
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(Figure 1). EGCG exhibits a higher number of phenolic hydroxyl groups compared to other
catechins found in green tea, conferring potent antioxidant properties, enabling it to effectively
scavenge free radicals, eliminate reactive oxygen species (ROS), and maintain normal cellular
functions [14]. The polyphenolic structure of EGCG imparts distinct chemical characteristics.
Notably, EGCG has the ability to interact with proteins, polysaccharides, and alkaloids,
forming complexes with various metal ions. Furthermore, its robust reduction and free radical
capture properties contribute to its substantial antioxidant biological activity [15]. The diverse
physiological activities of EGCG arise from these fundamental chemical properties [10].
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Figure 1. Chemical structure of (-)-epigallocatechin-3-gallate.

Upon oral administration, EGCG undergoes primary metabolism in the stomach
and small intestine. Following absorption by the lining of the small intestine, EGCG is
metabolized by the liver, transported through the circulatory system to various tissues
and organs, and ultimately excreted in urine or feces [16]. Administering EGCG orally
to rodents only results in peak plasma concentration in the range of nM or low micro-
molar [17]. Pharmacokinetic studies in rats have demonstrated that the bioavailability of
EGCG after oral administration is merely 1%. However, this value can increase to 14%
when decaffeinated catechins are administered intragastrically [18,19]. Merely 0.1-1.1% of
the EGCG dose reaches systemic circulation [20]. In fasting rats, after a single oral admin-
istration of 56mg of EGCG, the maximum plasma concentration of EGCG was observed
at 1047 ng/mL (approximately 0.012% of the EGCG intake), while fasting individuals
exhibited a maximum plasma concentration of 156 ng/mL (about 0.32% of the EGCG
intake) [21]. Consequently, the bioavailability of EGCG is poor, as only a small proportion
of the orally administered EGCG is absorbed into the blood, with the possibility of efflux
phenomena [22]. Research suggests that a minimum concentration of 10 uM is required to
achieve the relevant therapeutic effects of EGCG [23]. Therefore, the low oral bioavailability
may serve as the primary obstacle in elucidating the efficacy of bioactive substances and the
significant individual differences observed in clinical trials, consequently hindering further
development and utilization. In mice, the bioavailability of free EGCG has been reported as
12.4%. The absolute bioavailability of total EGCG, after treatment with glucuronidase and
sulfate esterase, can reach up to 26.5%, highlighting the potential for delivery modes and
modification treatments to substantially enhance EGCG’s bioavailability [24]. This effect is
closely associated with the inherent properties of EGCG. Lipinski’s Rule of Five posits that
bioavailability is influenced by molecular size, apparent size (hydration shell formation),
and polarity [25]. EGCG, with a relative molecular mass of 458.38 and eight phenolic
hydroxyl groups, exhibits comparatively lower bioavailability than EC (relative molecular
mass of 290.75, with five phenolic hydroxyl groups). Additionally, the extensive hydration
shell formed by the hydrogen bond between EGCG and water molecules diminishes its
absorption within the body. However, these factors can enhance the ability of EGCG to
bind to proteins and nucleic acids, ultimately augmenting its active effect.

In conclusion, the bioactivity of EGCG is limited after oral administration. Further-
more, its absorption and metabolic processing in the body are influenced by a range of
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internal factors such as intestinal microbial catabolism, as well as external factors including
the food matrix and intake. However, the bioavailability of EGCG can be enhanced through
chemical modifications. Additionally, modifications in the mode of administration and
combination with adjuvant drugs have the potential to improve EGCG’s bioavailability.

2.2. Safety of EGCG

EGCG, a natural plant product, has received considerable attention regarding its safety
profile. A study on the safety of EGCG investigated the genetic, acute, and short-term
toxicity effects, establishing a no-observed-adverse-effect level (NOAEL) of 500 mg/kg/day.
The LDsg value of orally administered EGCG in rats ranges from 186.8 mg/kg (consid-
ered safe) to 1868 mg/kg (indicating potential toxic effects and animal morbidity and
mortality) [26]. In humans, the NOAEL is reported to be 600 mg per day. An acceptable
daily intake of EGCG for adults weighing 70 kg has been reported as 322 mg [27]. A
small, randomized placebo-controlled trial involving eight healthy volunteers per group
demonstrated the safety and tolerability of EGCG and catechin mixtures at a dose of
800 mg/day for four weeks [28]. In a randomized placebo-controlled clinical trial that
included 1075 postmenopausal women, 538 women in the green tea extract (GTE) group
received a supplementation of 1315 mg of catechins per day (including 843 mg of EGCG),
while 537 individuals were assigned to the placebo group. With a duration of 1 year,
957 subjects completed the trial, and favorable outcomes were observed in the GTE sup-
plementation group without any adverse effects associated with EGCG [29]. Based on
available toxicological and safety data, a statistical analysis on the safety of EGCG con-
firmed that a dosage of 338 mg of EGCG in solid form is safe. Furthermore, no adverse
effects were reported for adults consuming 704 mg of EGCG daily through tea consumption,
possibly because other substances in tea, such as theanine, can counteract the side effects
of high doses of EGCG [30]. However, an excessive dose of EGCG can lead to toxic side
effects, including hepatotoxicity, insomnia, nausea, abdominal pain, and diarrhea [31,32].
Mice receiving a single injection of 1500 mg/kg EGCG per day or two separate doses of
750 mg/kg EGCG exhibited elevated levels of glutamate transferase, liver toxicity, and
severe necrosis. These mice also demonstrated increased oxidative stress in the liver, in-
cluding heightened lipid peroxidation, elevated plasma 8-isoprostane levels, and increased
expression of hepatic metallothionein and histone H2Ax [33]. These findings align with
reports suggesting that high doses of EGCG can promote oxidation instead of antioxidant
effects, resulting in reactive oxygen species (ROS) production, disruption of mitochondrial
membrane potential, varied types of cell damage, and liver injury [28]. However, according
to the USDA flavonoid database, an average cup of green tea derived from 1 g of tea leaves
soaked in 100 mL of boiling water contains approximately 126.6 mg of total catechins and
77.8 mg of EGCG. The average dose of EGCG exposure in adults from brewed green tea is
321 mg daily [34]. Studies have shown that approximately 400 mg to 600 mg of catechins
per day (approximately equivalent to four to six cups of green tea per day) or 115 mg to
300 mg of EGCG (approximately equivalent to two to five cups of green tea per day) may
have health benefits for healthy adults [35]. Therefore, even if you regularly drink 8-10 cups
of green tea per day, it will not have any negative effects on human health. Nonetheless,
when taking EGCG in solid form as a dietary supplement or medication, supervision by a
healthcare professional is recommended.

3. Effect of EGCG in Liver Diseases

Several internal and external factors can contribute to liver-related diseases. Here, we
review the therapeutic roles of EGCG in viral hepatitis, autoimmune hepatitis, fatty liver, and
hepatocellular carcinoma, clarifying its effects and the specific underlying mechanisms (Table 1).
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Table 1. The therapeutic roles of EGCG in viral hepatitis, autoimmune hepatitis, fatty liver, and hepatocellular carcinoma.

No.

Disease Type

Model/Species

Test
Compound

Dose

Administration
Method

Effects

References

Hepatitis B virus

HepG2-N10 cells

GTE
(contains EGCG)

The 50% effective concentrations of GTE on
HBsAg, HBeAg, extracellular HBV DNA,
and intracellular HBV DNA were 5.02, 5.681,
19.81, and 10.76 mu g/mL, respectively.

[36]

Hepatitis B virus

HuS-E/2 and
Huh?7 cells

EGCG

50 uM

EGCG has the potential to inhibit HBV entry
into host cells, with an inhibition rate of up
to 80% at a concentration of 50 uM; EGCG
induced clathrin-dependent endocytosis of

NTCP from the plasma membrane followed

by protein degradation; EGCG inhibited the

clathrin-mediated endocytosis of transferrin.

Hepatitis B virus

HuS-E/2 cells

EGCG

0,10, and 20 uM

EGCG treatment during infection led to a
dose-dependent reduction in HBV rcDNA
and HBsAg mRNA in HuS-E/2 cells, with
HBV mRNA levels being decreased by 80%
compared to control cells when treated with
10 uM of EGCG. The half-maximal
inhibitory concentration was estimated to
be below 10 uM.

Hepatitis B virus

Hu-FRG mice

EGCG

50 mg/kg

Injected
intraperitoneally

EGCG inhibited HBV infection, the
expression of FAH and HBcAg.

[38]

Hepatitis B virus

HepG2.117 cells

EGCG

0, 50, 100, 200, and

400 uM

EGCG inhibited HBV replication by
disrupting the synthesis of HBV replicative
intermediates, leading to a decrease in the
production of HBV covalently closed
circular DNA.

Hepatitis B virus

Hep3B2.1-7 cells

EGCG

100 uM

EGCG could have strong effects on HBsAg
and HBeAg levels and prevent HBV
DNA replication.

Hepatitis B virus

HepG2 2.2.15 cells

EGCG

0.11-0.44 uM

EGCQG effectively suppressed the secretion
of HBsAg and HBeAg in a dose- and
time-dependent manner.
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Table 1. Cont.

No.

Disease Type

Model/Species

Test
Compound

Dose

Administration
Method

Effects

References

Hepatitis B virus

HepG2.2.15 cells

EGCG

12.5-50 uM

EGCG dose-dependently inhibited HBV
gene expression and replication; EGCG
significantly activated ERK1/2 MAPK
signaling, and slightly activated p38 MAPK
and JAK2/STAT3 signaling

[42]

Hepatitis B virus

HBYV infection mice

EGCG

25mg/kg

Injected
intraperitoneally

EGCG inhibited HBV gene expression and
replication, which involves
ERK1/2-mediated downregulation
of HNF4x.

10

Hepatitis B virus

HepG2-N10 cells

EGCG

0-100 pM

EGCG inhibited the regulation of HBV
antigens by interacting with FXRe, which in
turn regulates HBV antigens and activates
Enhll core promoter activity through the
FXRo/RXRa axis.

11

Hepatitis C virus

Huh7 HCVcc cells

EGCG

10 pg/mL

EGCG enhanced miR-548m expression and
repressing CD81 receptor to reduce
cellular infectivity.

12

Hepatitis C virus

Huh-7 cells

EGCG

50 uM

EGCG altered the viral particle structure and
impaired its attachment to the cell surface.

13

Hepatitis C virus

Huh-7.5 cells and
Primary human
hepatocytes

EGCG

0-100 pM

EGCG inhibited cell-culture-derived HCV
entry into hepatoma cell lines as well as
primary human hepatocytes.

14

Hepatitis C virus

Huh-7 cells

EGCG

0-10 uM

EGCG significantly enhanced HCV
dsRNAs-induced expression of IFN-lambda
1, TLR3, RIG-I, and antiviral ISGs
in hepatocytes.

15

Autoimmune
hepatitis

Bovine hepatocytes

EGCG

50 uM

GCG significantly attenuates inflammatory
reactions and oxidative stress under the
control of the NF-«kB and MAPK cascades
and the Nrf2 complex.




Nutrients 2025, 17,1101 7 of 27
Table 1. Cont.
. . Test Administration
No. Disease Type Model/Species Compound Dose Method Effects References
Balb/C mice
Autoimmune intrlfcz‘i/tiieal 10,25, and EGCG was hepatoprotective via inhibition
16 .. | mirapertt EGCG L Oral gavage of MAPK/NF-kB signaling and activation of [48]
hepatitis injection with GalN 50 mg/kg
the Nrf2 cascade.
(700 mg/kg) and
LPS (10 ug/kg)
. EGCG attenuated liver injury in
Autoimmune Balb/C mice were ConA-induced hepatitis by downregulating
17 hepatitis m]ec(tz%d I;VI;};(C)OHA EGCG 10 and 30 mg/kg Oral gavage IL-6/]AKs/STAT3/BNIP3-mediated [49]
8758 apoptosis and autophagy.
EGCG demonstrated dose-dependent
improvement in hepatic morphology and
function, reduction in body weight, and
alleviation of hyperlipidemia,
Non-alcoholic fatty . . 10, 20, and Injected hyperglycemia, hyperinsulinemia, and
18 liver disease HFD-fed mice EGCG 40 mg/kg intraperitoneally insulin resistance in NAFLD mice. [501
Additionally, EGCG dose-dependently
enhanced insulin clearance and upregulated
IDE protein expression and enzyme activity
in the liver of NAFLD mice.
EGCG was capable of enhancing
19 Non.-alcohohc fatty HepG2 cells EGCG 10 1M ) msghn-medlated glucose and l.1p1d [51]
liver disease metabolism by regulating enzymes involved
in glycogen synthesis and lipogenesis.
EGCG reduced cellular lipid accumulation
Non-alcoholic fatt in FFA-induced HepG2 cells through the
20 - . Y HepG2 cells EGCG 50 uM activation of AMP-activated protein kinase [52]
liver disease . . .
resulting from the generation of reactive
oxygen species
Non-alcoholic fatt The effects of decaffeinated green tea extract
21 y HFD-fed mice GTE (contain EGCG) 50 mg/kg Oral gavage may be related to the activation of AMPK [53]

liver disease

via LKB1 in the liver of HFD-fed mice.
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Table 1. Cont.

Disease Type Model/Species

Test
Compound

Dose

Administration
Method

Effects

References

22

HFD-C57BL/
6 mice

Non-alcoholic fatty
liver disease

GTE (contain EGCG)

1% (w/w)

Additive feed

EGCG decreased post-prandial triglyceride
and glycogen content in liver, increased
oxidation of dietary lipids, and decreased
incorporation of dietary 13C-enriched lipids
into fat tissues, liver, and skeletal muscle.
EGCG dose-dependently reversed high-fat
diet-induced effects on intestinal substrate
transporters (CD36, FATP4, and SGLT1) and
downregulated lipogenesis-related genes
(ACC, FAS, and SCD1) in the liver.

23

Non-alcoholic fatty

. . HFD-fed mice
liver disease

EGCG

50 mg/kg

Oral gavage

EGCG also increases the oxidation of
long-chain fatty acids by increasing the
activity of the mitochondrial complex, thus
halting NAFLD progression.

24

Non-alcoholic

I MCD diet mi
steatohepatitis CD diet mice

EGCG

25,50, and
100 mg/kg

Oral gavage

EGCG attenuated NASH induced by MCD
diet associated with ameliorating fibrosis,
oxidative stress, and hepatic inflammation.

25

Non-alcoholic fatty

. . HFD-fed rats
liver disease

EGCG

50 mg/kg

Injected
intraperitoneally

EGCG reduced the severity of liver injury in
an experimental model of NAFLD
associated with lower concentration of
pro-fibrogenic, oxidative stress, and
pro-inflammatory mediators partly through
modulating the activities of the TGF/SMAD,
PI3 K/Akt/FoxO1,
and NF-kappa B pathways.

26

Non-alcoholic

steatohepatitis CCL4-induced rats

EGCG

0.1% (w/w)

Injected
intraperitoneally

EGCG inhibited the development of hepatic
premalignant lesions by improving liver
fibrosis, inhibiting RAS activation, and
attenuating inflammation
and oxidative stress.

[58]

27

Non-alcoholic fatty

. . HFD-induced mice
liver disease

EGCG

25 and 50 mg/kg

Oral gavage

EGCG impacted M1/M2
macrophage polarization.
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Table 1. Cont.

. . Test Administration
No. Disease Type Model/Species Compound Dose Method Effects References

EGCG alleviated HFD-induced NAFLD
possibly by decreasing apoptosis and
increasing autophagy via the
ROS/MAPK pathway.

EGCG could alter bile acid metabolism,
especially taurine deconjugation, and
suppress fatty liver disease by improving
the intestinal luminal environment.

EGCG inhibited fatty acid synthesis and the
alleviation of lipid peroxidation through the
downregulation of the mRNA and protein
expression of TNF-alpha, SREBP1c, and
CYP2E1 and the upregulation of the mRNA
and protein expression of ADH1, ALDH2,
Lipin-1, PPAR «, AMPK, and PGC-1 «,
thereby promoting the oxidative
decomposition of fatty acids and reducing
the synthesis of cholesterol and glucose.

EGCG markedly reversed the effect of
ethanol on hepatic p-ACC and CPT-1 levels,
prevented ethanol-induced hepatotoxicity,
and inhibits the development of a fatty liver.

28 Non.-alco}}ohc fatty HFD-induced mice EGCG 50 mg/kg Oral gavage
liver disease

g9 Non-alcoholicfatty pypry ;4 ed mice EGCG 0.32% (w,/w) Additive feed
liver disease

Alcohol-related
30 fatty liver disease Alcohol-fed rats EGCG 200 mg/kg Oral gavage

31 Alcohol-related Alcohol-fed rats EGCG 3g/L Additive feed

fatty liver disease [63]

EGCG ameliorated liver injuries; decreased
serum iron level, hepatic iron levels, and
liver MDA contents; increased hepcidin [64]
mRNA level; and decreased Tf and TfR1
protein expression in the liver.

2 Alcolilol—rel.ated Alcohol-fed mice EGCG 10, 20, and 30 . In]egted
fatty liver disease mg/kg intraperitoneally
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3.1. Viral Hepatitis

Viruses play a significant role in the development of hepatitis, with HBV and HCV
being the primary causative agents. HBV and HCV demonstrate high infectivity and rank
among the most prevalent viral causes of hepatitis in the human population, globally.

Hepatitis B virus (HBV), a member of the hepatoviral family, is responsible for a global
infection rate of approximately 350 million people, establishing it as the most pervasive
hepatitis virus [65]. The HBV genome resides within a nucleocapsid, comprising a 3.2 kb
relaxed circular partial double-stranded DNA (RC-DNA), and is enveloped by three types
of surface antigen (S, M, and L), each with distinct functions [66-68]. While arising from a
shared open reading frame, these surface proteins possess variations in their N-terminal
flanking sequences. For instance, the M-type surface antigen includes a pre-S2 structural
domain consisting of 55 amino acids [69]. In contrast, the L-type surface antigen has a
pre-S1 structural domain, an extension of the pre-S2 structural domain, comprising an
additional 108 or 119 amino acids, depending on the viral genotype [69], and plays a pivotal
role in viral entry [70,71]. Studies underscore the efficacy of green tea extract (GTE) in
reducing HBV virions in infected cells, with a prominent component, EGCG, demonstrating
superior effectiveness in inhibiting HBV infection and replication [36]. EGCG can impede
HBYV entry into host cells, achieving up to an 80% inhibition at a concentration of 50 uM,
with this effect observed across various HBV genotypes (type A to type D). Furthermore,
EGCG induces endocytosis and degradation of the HBV receptor, sodium-taurocholate
cotransporting polypeptide (NTCP), serving as a molecular mechanism hindering HBV’s
entry into host cells [37]. Another study substantiates the inhibitory effect of EGCG on
HBYV infection, leading to reduced serum levels of HBV DNA and surface antigens [38].
These findings unambiguously affirm the beneficial effects of EGCG in inhibiting HBV
infection and its pivotal role in suppressing HBV replication.

EGCG has demonstrated its ability to inhibit HBV replication in HepG2.117 cells by
impeding the formation of HBV replicative intermediates during DNA synthesis, which
ultimately reduces the production of covalently closed circular DNA [39]. Treatment
with EGCG has also exhibited reductions in HBsAg and HBeAg levels in the supernatant
of Hep3B2.1-7 cells, showing consistent findings with decreased HBV DNA replication
observed in HepG2 2.2.15 cells [40,41]. In the context of HepG2.2.15 cells, EGCG inhibits
DNA replication by activating the ERK1/2 signaling pathway, subsequently leading to the
downregulation of hepatocyte nuclear factor 4o« (HNF4x) mRNA and protein expressions.
Thus, EGCG inhibits HBV gene expression and replication. However, the ERK1/2 inhibitor
PD98059 can reverse this process [42]. Additionally, EGCG modulates the regulation of HBV
antigens by interacting with FXRa, which, in turn, regulates HBV antigens and activates
Enhll core promoter activity through the FXRa/RXRa axis [43]. Autophagy plays a pivotal
role in HBV replication, where autophagosomes encapsulate incorrectly folded proteins
or substances, followed by fusion with lysosomes to form autolysosomes. Consequently,
the cellular components enclosed within autolysosomes are degraded, providing the cell
with reusable elements. In HBV-infected cells, the virus promotes its own replication by
enhancing intracellular autophagosome formation [72-74]. Nevertheless, HBV-induced
autophagy is incomplete, as P62, a protein associated with autophagy, remains undegraded.
Moreover, HBV reduces the acidification rate and degradative activity of lysosomes. In
contrast, EGCG stimulates complete cellular autophagy, resulting in P62 degradation
by enhancing the acidification rate and lysosomal degradative activity. This alternative
pathway elucidates how EGCG inhibits HBV replication [75].

Hepatitis C is characterized by liver inflammation induced by infection with the hep-
atitis C virus (HCV), often resulting in severe liver damage. The World Health Organization
estimates that approximately 2.5% of the global population, equating to over 177.5 million
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individuals, are chronically infected with HCV and are at risk of developing liver diseases,
including liver cancer [76,77]. Consequently, the development of targeted drugs for HCV is
of paramount importance. The current standard therapy, consisting of pegylated interferon
(IEN)-oc and ribavirin, has limited efficacy and significant adverse effects [78]. The use of
antiviral drugs alone poses the risk of viral drug resistance and can prove highly costly [79].
Therefore, the identification of HCV target molecules that offer minimal adverse effects
and are cost-effective remains crucial for effective HCV management. Through an RNA
aptamer sensor system, EGCG exhibited high affinity and inhibition efficiency against
the HCV-encoded NS5B viral protein, suggesting its potential as a candidate for HCV
treatment [44]. Employing a cell-based microplate colorimetric screening system using
HCV-JFH1 virus culture, EGCG demonstrated remarkably potent antiviral activity, inhibit-
ing HCV entry into cells [80]. At the cellular level, EGCG exhibited significant anti-HCV
effects. In an HCV-infected systems model, EGCG prevented HCV particles from attaching
to the cell surface, thus impeding viral entry. Corresponding results were observed in stud-
ies conducted with primary hepatocytes [45,46]. The half-maximal inhibitory concentration
(IC50) of EGCG against HCV infection was measured to be 17.9 uM in an infection model.
Moreover, EGCG effectively inhibited HCV mRNA and protein expression in Huh7.5.1
cells infected with the JFH1 virus. Continuous treatment with 50 and 25 uM EGCG for
2-5 generations led to rapid clearance of the HCV virus from host cells, highlighting the
potential of EGCG as a candidate for HCV infection prevention.

MicroRNAs are a class of non-coding RNAs that play a pivotal role in gene regulation.
EGCG has been found to have the potential to inhibit HCV activity by upregulating miR-
194, a microRNA that targets CD81, one of the main receptors of HCV. Consequently, EGCG
can downregulate the expression of CD81 through miR-194, effectively preventing HCV
from entering cells [79]. Additionally, EGCG’s mediation leads to the downregulation of
CD81 by miR-548, which is another key intermediate. In Huh7 cells, EGCG upregulates
miR-548, which targets CD81, ultimately leading to diminished mRNA and protein levels
of CD81 and inhibition of HCV infection [81]. Furthermore, EGCG enhances cellular innate
immunity during HCV infection. When HCV infection takes place, double-stranded RNA
produced by HCV induces the intracellular expression of Toll-like receptor 3 (TLR3), RIG-I,
and certain IFN-stimulated genes (ISGs) that have antiviral properties. Although EGCG
alone has an insignificant effect on TLR3 and RIG-I signaling, it significantly augments the
expression of IFN-A1, TLR3, RIG-I, and antiviral ISGs induced by HCV double-stranded
RNA in hepatocytes. This enhancement of innate immunity protects hepatocytes against
HCV infection [47].

While the precise mechanism by which EGCG inhibits viral infection remains un-
clear, existing evidence suggests that catechins and their derivatives possess potential in
combating hepatitis B and C. These compounds stand as viable targets for protection and
resistance against potential hepatitis infections. Additionally, viral hepatitis can be caused
by hepatitis A, hepatitis D, and hepatitis E viruses. However, currently, there is a lack of
research reporting the effects of catechins on these viruses, and therefore, further studies are
warranted. In addition, the present research predominantly concentrates on cellular and
animal experiments, with a limited presence of clinical research. This poses a significant
challenge for translating findings from cell and animal studies to clinical applications.

3.2. Autoimmune Hepatitis

Autoimmune hepatitis is a chronic self-sustaining inflammatory disease. This disease
has a female sex preponderance and can occur at all ages. It typically starts with an au-
toimmune hepatitis attack and then progresses to liver fibrosis, liver cancer, or even death.
Immunosuppression and liver transplantation are effective in treating autoimmune hepati-



Nutrients 2025, 17,1101

12 of 27

tis. The use of endocorticosteroids alone or in combination with endocorticosteroids and
azathioprine has been shown to be effective in prolonging patient survival, but challenges
owing to poor outcomes in some patients remain [82]. EGCG has anti-inflammatory activity,
and in LPS-induced macrophages, EGCG significantly reduces the mRNA levels of iNOS
and attenuates the LPS-induced inflammatory response [83]. In addition, EGCG inhibits
LPS-induced TNF-« production in RAW264.7 macrophages in a dose-dependent manner.
Studies have revealed that EGCG can inhibit the transcription of TNF-« by downregu-
lating NF-«B activity. EGCG has also been shown to downregulate LPS-induced TNF-«
expression in BALB/c mice, reducing serum TNF-« levels by nearly 80% and completely
inhibiting LPS-induced liver injury-related lethality [48]. Therefore, EGCG may also have
an important therapeutic role in autoimmune hepatitis.

An intravenous injection of lectin with concanavalin A (ConA) is commonly used to
model hepatitis in mice. Unlike in other hepatitis models, in the ConA model, liver injury is
mainly induced by the activation and recruitment of T cells to the liver, resulting in a highly
inflammatory environment. This model is also used for studying autoimmune hepatitis. In
one study, mouse models of ConA-induced acute liver injury were fed 5 mg/kg of EGCG
twice daily for 10 days. The next post-ConA treatment assay showed that EGCG attenuated
ConA-induced liver injury, inhibited alanine aminotransferase (ALT) levels in mouse
plasma, and reduced inflammatory cell infiltration and hepatocyte apoptosis in the liver.
The mRNA and protein levels of TNF-o and IFN-y were also effectively downregulated
in the livers of mice treated with EGCG; moreover, iNOS was downregulated and NO
production was inhibited. In addition, the mRNA expression of IP-10 and MIP-1« was
significantly reduced [84]. It has been speculated that EGCG inhibits the ConA-induced
activation of NF-kB; downregulates the expressions of TLR2, TLR4, and TLRY; inhibits
the production of TNF-&, IFN-y, IL-4, and IL-6 in the mouse liver; and also reduces
malondialdehyde (MDA) levels. Further, it allows the recovery of glutathione (GSH) and
superoxide dismutase (SOD) activity [85]. In another study, EGCG was found to inhibit the
expression of the ConA-induced inflammatory cytokines TNF-«, IFN-y, IL-13, and IL-6
and thus suppress the immune response. EGCG can also reduce the binding of BNIP3 to
BCL2 by inhibiting the IL-6/JAKs/STAT3/BNIP3 axis, thereby stabilizing the BCL-2/Beclin
complex, blocking Beclin-1 release, inhibiting hepatocyte autophagy, and enhancing anti-
apoptotic capacity in hepatocytes [49]. Together, this evidence suggests that EGCG could
be a suitable candidate for the treatment of autoimmune hepatitis.

3.3. Fatty Liver Disease

Fatty liver, a clinicopathological syndrome caused by the accumulation of fat in liver
cells, is a common liver disease in humans. This disease can be caused by a variety of factors,
and its prevalence is increasing with the improvement in standards of living around the
world. Fatty liver can cause a series of diseases, affecting the digestive and cardiovascular
systems. It is a serious threat to public health, especially given the rise in its incidence
with the increasing global rates of obesity. Epidemiological studies show that the global
prevalence of fatty liver in adults has exceeded 25% [86]. If fatty liver is not controlled, it can
cause liver fibrosis, cirrhosis, and even liver cancer [87]. Clinically, fatty liver disease can
be classified into non-alcoholic fatty liver disease (NAFLD) and alcohol-related fatty liver
disease (AFLD), based on the cause of the disease. There is currently no specific treatment
for fatty liver disease, although studies have found that EGCG has a good therapeutic effect
on both NAFLD and AFLD (Figure 2).
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Figure 2. Mechanism underlying the effect of EGCG on fatty liver disease (upward arrow: increase;
downward arrow: decrease).

3.4. Non-Alcoholic Fatty Liver Disease

NAFLD is a common liver disease. It is characterized by the accumulation of large
amounts of triglycerides (TGs) in hepatocytes in patients with no significant history of
alcohol consumption or abuse. NAFLD is a metabolic disease, and its incidence has in-
creased with improvements in living standards, changes in dietary habits, increase in
stress levels, and the rise of other related diseases such as diabetes, hyperlipidemia, and
metabolic syndrome. Therefore, NAFLD has become a major public health problem. If
timely interventions are not made, NAFLD can progress to non-alcoholic steatohepati-
tis, cirrhosis, and hepatocellular carcinoma, and in some cases, liver transplantation may
become necessary [88-90]. However, adequate treatments for NAFLD are currently un-
available. Although weight loss and exercise can effectively control the development of
fatty liver, meeting these goals is challenging. Therefore, a combination of lifestyle changes
and complementary medication appears to be necessary [91].

Many natural compounds present in food items can improve NAFLD and are consid-
ered potential candidates for NAFLD prevention and treatment. As a natural product with
anti-inflammatory and antioxidant activities, EGCG has shown excellent efficacy in the
prevention and treatment of NAFLD [91]. The effect of EGCG on NAFLD is multi-modal
and involves multiple mechanisms. Fatty liver is caused by the storage of a large amount of
fat that cannot be metabolized in time and thus causes metabolic imbalance. Insulin plays a
pivotal role in glucose metabolism by promoting glucose catabolism and gluconeogenesis.
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However, tissues that are chronically exposed to high levels of insulin become insulin
resistant, which negatively affects glucose metabolism [92]. Insulin resistance is strongly
associated with NAFLD and is a risk factor for the disease [93,94]. In a high-fat diet-induced
NAFLD model, EGCG was found to promote insulin clearance in hepatocytes and improve
cellular sensitivity to insulin by upregulating the expression of insulin-degrading enzyme
(IDE). In addition, EGCG was found to promote the expression of the insulin receptor
IRS-1 and glycogen synthase kinase (GSK), enhancing glucose metabolism and reducing
the incidence of NAFLD [50,95].

Disorders of lipid metabolism are responsible for NAFLD. In high-fat-induced hepatic
steatosis, EGCG supplementation can significantly reduce TG and cholesterol levels in the
liver. This could be because EGCG promotes the oxidative degradation of free fatty acids by
activating AMPK while increasing the expression of low-density lipoprotein receptor (LDL-
R) and promoting cholesterol metabolism [51,52,96]. EGCG can also promote fatty acid
metabolism in hepatocytes by suppressing the expression of the sterol regulatory element-
binding protein-1 (SREBP-1) gene and downregulating its downstream target genes ACC,
FAS, and SCD1 [53,54]. EGCG also increases the oxidation of long-chain fatty acids by
increasing the activity of the mitochondrial complex, thus halting NAFLD progression [55].
Fat accumulation in hepatocytes can cause a high level of infiltration by inflammatory cells,
which secrete several inflammatory cytokines and generate an inflammatory microenviron-
ment, leading to liver fibrosis. In the liver, EGCG can inhibit the NF-«B signaling pathway;
downregulate the mRNA expression of TNF-c, IL-6, IL-13, and monocyte chemoattractant
protein-1 (MCP-1); reduce the secretion of inflammatory cytokines; and induce the conver-
sion of macrophages from the M1 to the M2 type. Accordingly, this molecule can eliminate
the inflammatory microenvironment in the liver. Meanwhile, EGCG can also downregulate
liver fibrosis-associated TGF-{3/SMAD and PI3K/Akt/FoxO1 signaling and the expression
of collagen I-«1, tissue inhibitor of metalloproteinase 1 (TIMP-1), and x-smooth muscle
actin (a-SMA). In addition, the renin-angiotensin system (RAS), which is crucial for the
development of liver fibrosis, is also significantly suppressed after EGCG treatment [56-59].
Hence, EGCG has a valuable role in inhibiting the development of liver fibrosis.

EGCG can also inhibit the development of NAFLD by regulating autophagy and
apoptosis. EGCG is known to promote the autophagy flux and increase the conversion
of LC3I to LC3IL. In hepatocytes, it also increases Beclinl expression and decreases the
expression of P62, which promote autophagy. Such changes are associated with the inhi-
bition of ROS/MAPK signaling, which also reduces the Bad /Bcl-xl ratio, inhibiting the
degradation of caspase-3/9 and PARP and reducing apoptosis in hepatocytes [60]. The
intestinal microbiota is a hot area of research, and studies have shown that EGCG can
also modulate the metabolism of bile acids and inhibit the development of NAFLD by
altering the intestinal flora [61,97]. Oxidative stress is thought to be a major cause of hepatic
fat accumulation and subsequent liver injury in NAFLD. Peroxidation of plasma and cell
membranes may lead to direct cellular necrosis or apoptosis and appears to be responsible
for necroinflammation. Moreover, MDA and other reactive lipid derivatives have the
potential to amplify intracellular damage [98,99]. EGCG significantly reduces MDA levels
in the liver and increases SOD levels. Ischemia-reperfusion experiments have shown that
EGCG enhances GSH levels in the liver and also improves the liver’s antioxidant capac-
ity [100,101]. Together, this suggests that EGCG has a significant anti-NAFLD therapeutic
effect and could be a potential drug for NAFLD treatment.

3.5. Alcohol-Related Fatty Liver Disease

AFLD, as the name implies, is caused by long-term and excessive alcohol consumption,
leading to liver cell damage, disrupting their metabolism, and causing fat accumulation. In
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AFLD, the amount of fatty tissue in the liver exceeds 5% of the total weight of the liver. The
most direct strategy for AFLD prevention is abstinence from alcohol. In addition, some
drugs can also help reduce the damage caused by alcohol to liver cells and help in AFLD
treatment. Studies have demonstrated a therapeutic role for EGCG in the prevention of
AFLD. Oxidative stress and reduced antioxidant capacity are important factors causing
alcohol-induced liver injury [102,103]. Studies have shown that EGCG can reduce alcohol-
induced ROS and lipid peroxidation levels, maintain intracellular GSH levels, preserve
CYP2E1-dependent oxidative regulation, and reduce the liver cell damage caused by oxida-
tive injury [62]. EGCG could increase the expression of phospho-acetyl CoA carboxylase
(p-ACC) and carnitine palmitoyl-transferase 1 (CPT-1), reducing the oxidative damage
in cells [63]. Blood iron levels are associated with the development of AFLD, and iron
overload is frequently observed in patients with AFLD. This is because increased levels of
iron in the blood can reduce the amount of oxygen carried by red blood cells, leading to
oxidative damage. EGCG can reduce the iron content in fatty livers and thereby decrease
the occurrence of oxidative stress. The effect of EGCG on iron absorption in the liver and
small intestine has been implicated in this effect [64]. IL-10 secreted by TLR2 and TLR3 is
thought to be effective in protecting against alcohol-induced liver injury. EGCG treatment
can protect Kupffer cells against alcohol-induced liver injury by promoting IL-10 secretion
via the activation of STAT3 signaling, thus exerting an anti-inflammatory effect [104]. How-
ever, few studies have examined the effect of EGCG in cases of AFLD, and this warrants
further studies.

3.6. Hepatocellular Carcinoma

Hepatocellular carcinoma, a malignant tumor associated with high global mortality,
ranks as the sixth most frequently diagnosed cancer worldwide. The incidence of this
disease is escalating annually [105]. In the United States, between 2000 and 2016, hepa-
tocellular carcinoma mortality increased by 43%, with a five-year survival rate of merely
18%, positioning it as the second most lethal malignancy, surpassed solely by pancreatic
cancer. Alarmingly, Asian countries like China exhibit a dire five-year survival rate of only
12% [106,107]. Viral liver infections including HBV and HCV infections, alcohol abuse,
and fatty liver stand as significant pathogenic factors in hepatocellular carcinoma [108].
While liver transplantation and surgical resection prove effective treatment options, their
viability is hindered by factors such as donor scarcity, cirrhosis development, and late-stage
diagnosis [109]. For patients with advanced hepatocellular carcinoma, sorafenib-based
chemotherapy represents a potential option. Nevertheless, limited responsiveness to this
type of kinase inhibitor drug is observed in numerous tumors [110]. Consequently, the
quest for superior, potent, and cost-effective treatment modalities remains a pervasive
focus in hepatocellular carcinoma research. One such potential contender is epigallocate-
chin gallate (EGCG), an abundant natural compound found in green tea and the primary
component of green tea polyphenols. Notably, EGCG showcases hepatocellular carcinoma
inhibition capabilities (Figure 3).

Most tumors are difficult to cure because of the metastasis of tumor cells. EGCG has
a valuable inhibitory effect on the metastasis of hepatocellular carcinoma. Matrix metal-
loproteinases (MMPs) play an important role in promoting tumor metastasis. In HepG2
cells, treatment with EGCG was found to inhibit invasion, likely via the EGCG-induced
decrease in the secretion of MMP2 and MMP9 from HepG2 cells [111]. In SK-Hep-1 cells,
EGCG was shown to inhibit the expression of MMP2 and MMP9 and suppress cell invasion
and metastasis [112,113]. In one study, the treatment of HCCLMBS6 cells with 10 ng/mL of
EGCG significantly inhibited cell migration, likely owing to the downregulation of MMP2
and MMP9 by EGCG. Meanwhile, EGCG can also downregulate the protein expression of
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metastasis-related upstream element (FUSE) binding protein 1 (FUBP1), heat shock protein
beta 1 (HSPB1), heat shock 60-kDa protein 1 (chaperonin) (CH60), and nucleophosmin
(NPM) [114]. EGCG inhibits the metastasis of hepatocellular carcinoma cells by inhibiting
the thrombin-PAR1/PAR4-p42/p44 MAPK signaling axis. Low concentrations of EGCG
(2 pg/mL) can inhibit the migration of HepG2 and MHCC-97H cells, and this effect may be
related to the ability of EGCG to reduce the half-life of the bone bridge protein osteopontin
(OPN) [115]. In the rat hepatocellular carcinoma cell line AH109A, 10 uM of EGCG was
found to significantly inhibit cell invasion and adhesion via the inhibition of intracellular
ROS production [116]. In addition, 100 ng/mL of EGCG could significantly inhibit the
migration of HepG2 cells, likely by downregulating the expression of prostanoid EP(1)
receptors and the secretion of prostaglandin 2 (PGE(2)) [117]. In addition, EGCG can inhibit
the expression of miR-483-3p by inducing its methylation. Moreover, EGCG attenuates
the miR-483-3p-mediated degradation of its target genes SOD2 and NRF2 and reduces
intracellular ROS levels. Further, it also reverses the miR-483-3p-induced downregulation
of E-cadherin and upregulation of Vimentin, inhibiting liver cell metastasis in vivo and
in vitro [118,119].
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Figure 3. Mechanism of EGCG-induced regulation in hepatocellular carcinoma.

Rapid proliferation and low apoptosis rates are important characteristics of tumor
cells. In HepG2 hepatoma cells, treatment with EGCG was shown to significantly inhibit
cell proliferation in a dose-dependent manner, with an IC50 value of 147.26 + 5.3 pM. This
outcome was primarily achieved by inhibiting the cell cycle via the activation of P53 /P21
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signaling and promoting apoptosis via the activation of Fas/Fasl signaling through P53
activation and Bax upregulation [120]. EGCG can also inhibit cell proliferation by activating
AMPK in a P53-independent manner. In P53-positive HepG2 cells, EGCG activates AMPK
and increases the expression of P21, leading to cell cycle arrest in G2 and the inhibition of
cell proliferation. In contrast, in P53-mutated Hep3B cells, AMPK can inhibit cell prolif-
eration by activating AMPK/mTOR signaling and inducing apoptosis [121]. In addition,
EGCG was found to bind to STAT3 in BEL-7402 and QGY-7703 cells, inhibiting STAT3 phos-
phorylation and altering the expression of target genes downstream to STAT3, inhibiting
cell growth and promoting apoptosis. EGCG is also known to inhibit the activation of
VEGFR2-mediated signaling by downregulating the protein levels of VEGFR2, thereby in-
hibiting hepatoma growth [122]. In a rat hepatocellular carcinoma model, EGCG inhibited
the growth of hepatocellular carcinoma by upregulating P21wafl/Cip and downregulating
CDC25A expression [123]. EGCG can also attenuate the growth of hepatocellular carcinoma
cells by inhibiting the IGF-1/IGF-1R axis and ERK, AKT, STAT3, and GSK3{ signals [124].
This effect of EGCG may be mediated by glucose-regulated protein 78 (GRP78), as one
study showed that EGCG can inhibit hepatocellular carcinoma by specifically inhibiting the
expression of GRP78—a molecule upstream of IGF-1 that can downregulate IGF-1-induced
activation of PI3K and MAPK signaling [125]. The combination of EGCG and theaflavin
(TF) has also been shown to effectively downregulate Wnt signaling in hepatocellular
carcinoma cells, inhibit cell proliferation, and promote apoptosis, thereby inhibiting the
development of hepatocellular carcinoma [126]. EGCG can also effectively inhibit glycol-
ysis and thus promote cell apoptosis in hepatocellular carcinoma cells with high aerobic
activity by inhibiting the activity of phosphofructokinase (PFK), the rate-limiting enzyme
of glycolysis [127,128]. In HepG2 hepatocellular carcinoma cells, EGCG can also induce
apoptosis by activating TGF-31/Smad signaling and promoting a G1/S phase cell cycle
block [129]. In SMMC7721 cells, EGCG can induce apoptosis by inhibiting AKT signaling
and causing an S-phase arrest [130]. Further, EGCG can also exert effects on microRNAs.
Studies have shown that EGCG can upregulate the expression of miR-16, thereby reducing
the expression of the miR-16 target gene BCL-2 and promoting apoptosis in hepatocellular
carcinoma cells [131]. Studies are now increasingly reporting that EGCG can inhibit the
proliferation of tumor cells and promote their apoptosis. Therefore, the anti-tumor effects
of EGCG are expected to become more widely accepted.

Angiogenesis is essential for the growth of solid tumors, and tumor diameters cannot
exceed 2 mm without angiogenesis [132]. EGCG also shows valuable effects on angiogene-
sis in hepatocellular carcinoma. In hepatocellular carcinoma, EGCG inhibits the expression
of HIF-1x and VEGE, two molecules with important roles in tumor angiogenesis [132,133].
In mice fed with EGCG, the growth of transplanted tumors is significantly inhibited. This
may be because EGCG inhibits VEGFR?2 signaling in tumors and downregulates the PI3K
and ERK signaling pathways, leading to the downregulation of VEGF mRNA. VEGF is
an important promoter of angiogenesis; therefore, the EGCG-induced inhibition of hep-
atocellular carcinoma growth likely results from the inhibition of angiogenesis in tumor
tissues [122]. In vivo and in vitro experiments have confirmed that EGCG and its deriva-
tives can inhibit angiogenesis in hepatocellular carcinoma. Treatment with EGCG or the
EGCG derivative Y6 was found to significantly inhibit tube formation in hepatocellular
carcinoma cells and angiogenesis in transplanted tumors, likely via the downregulation of
the MAPK/ERK1/2 and PI3K/AKT/HIF-1a/ VEGF pathways. Methylated EGCG could
also significantly inhibit angiogenesis in liver graft tumors and suppress the growth of graft
tumors. The downregulation of VEGFR2 and P42/P44 MAPK signaling by methylated
EGCG, which inhibits the growth of hepatocellular carcinoma cells and the formation of
blood vessels in the tumor microenvironment, has been implicated in this effect [134]. Al-
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though there are few studies reporting that EGCG can inhibit angiogenesis in hepatocellular
carcinoma, more studies and promising results are expected in the future.

In summary, EGCG has demonstrated an effective inhibition of hepatocellular car-
cinoma cell development, including proliferation inhibition and promotion of apoptosis.
Moreover, it can hinder angiogenesis and reduce the tumor’s nutrient supply. Additionally,
EGCG inhibits metastasis by downregulating the expression of MMP2, MMP9, and OPN,
while also participating in epigenetic modifications. Although the molecular mechanism
by which EGCG inhibits hepatocellular carcinoma is not well understood and needs to
be explored further, EGCG appears to show good potential as a therapeutic agent for
hepatocellular carcinoma.

4. Applications of EGCG and Its Potential in the Fight Against
Liver Diseases

Green tea has a long and rich history and is well-recognized as a healthy beverage
worldwide. Green tea is rich in tea polyphenols, which have valuable health-promoting
effects. EGCG is the most abundant polyphenolic compound in GTE and has anti-
inflammatory, antioxidant, antibacterial, antiviral, anti-cardiovascular disease, and anti-
cancer effects [27]. Many people consume EGCG in their daily diet. In the United States,
GTE is sometimes labeled as a natural flavor with antioxidant activity and is used in foods
such as oils (U.S. FDA, 2012). In the EU, GTE meets the definition of natural flavoring
substances as stated in Council Directive 88/388/EEC, and it can be used in all foods
except those for which the use of flavorings is restricted. Because of its antioxidant and
antibacterial properties, EGCG is used to extend the shelf life of food [135]. EGCG is also
used in cosmetics owing to its excellent antioxidant effects and biosafety. EGCG-based
health products that eliminate free radicals from the body and improve bodily functions
have also appeared on the market. The safety of EGCG as a dietary supplement is also of
great concern. Toxicity tests have confirmed that daily supplementation with a suitable
dose of EGCG is well-tolerated by the body, and up to 600 mg of EGCG per day can be con-
sumed without any adverse effects on human liver function [136,137]. In addition, EGCG
has also been found to have good therapeutic effects in the prevention and treatment of
liver-related diseases. HCV infection is an important contributor to viral hepatitis, and in a
treatment regimen for genotype 4 HCV infection, the HCV viral load was found to decrease
more rapidly in patients treated with EGCG. This could be because EGCG interferes with
viral entry, thus improving treatment efficacy and preventing relapse [138]. In a similar
clinical trial, EGCG showed a significant anti-HCV effect [139]. This suggests that EGCG
is valuable in the prevention and treatment of HCV infection and can be considered a
candidate agent for the same.

EGCG has shown great potential in the treatment of hepatocellular carcinoma (Table 2).
In doxorubicin-resistant hepatocellular carcinoma cells (BEL-7404), the addition of a high
concentration of EGCG alone was found to have no significant effect on cell prolifera-
tion. However, when a combination of doxorubicin and low-concentration EGCG was
administered, the growth of BEL-7404 cells and transplanted BEL-7404 tumors was more
significantly inhibited than in the doxorubicin group alone. Therefore, EGCG can improve
the killing effect of doxorubicin in tumor cells and enhance the sensitivity of doxorubicin-
resistant cells. EGCG may reverse multidrug resistance mechanisms in hepatocellular
carcinoma cells; it may inhibit the expression of the multiple drug resistance 1 (MDR1) gene
or downregulate P-glycoprotein (P-gp), reducing P-glycoprotein-mediated drug pumping
activity and causing intracellular doxorubicin accumulation [140]. Autophagy is commonly
observed in cells resistant to multiple chemotherapeutic agents. EGCG primarily promotes
the killing activity of doxorubicin against hepatocellular carcinoma by inhibiting autophagy
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in tumor cells and reducing the resistance of tumor cells to doxorubicin [141]. 5-fluorouracil
(5-FU), which is also an inhibitor of DNA synthesis, is widely used in the clinical treatment
of tumors. However, prolonged treatment with 5-FU can lead to tumor resistance [142]. The
combination of EGCG and 5-FU significantly inhibits the growth of Hep3B hepatocellular
carcinoma cells, even when the concentration of EGCG is very low (5 uM). This effect
is observed because EGCG, in synergy with 5-FU, activates AMPK and reduces COX2
expression and PEG2 secretion while inhibiting AKT signaling and suppressing the growth
of tumor cells [143]. These results suggest that EGCG can be used as an adjunctive agent to
improve the efficacy of anti-tumor drugs against hepatocellular carcinoma. In recent years,
studies have found that metformin, a commonly used hypoglycemic drug, has anti-tumor
effects. EGCG combined with metformin can significantly inhibit the growth of hepatocellu-
lar carcinoma. This combination provides a greater reduction in the expression of cyclinD1,
survivin, and VEGF in hepatocellular carcinoma than either agent alone, while enhancing
the expression of the pro-apoptotic gene caspase3. EGCG combined with metformin is
believed to inhibit cell proliferation by inducing cell cycle arrest in hepatocellular carcinoma
cells. This combination also inhibits angiogenesis and promotes apoptosis in hepatocel-
lular carcinoma cells, ultimately inhibiting the growth of hepatocellular carcinoma [144].
Prostaglandin receptor (EP1) can promote tumor invasion and metastasis. Compared with
EGCG alone, the combination of EGCG and an EP1 inhibitor can significantly inhibit the
survival and migration of hepatocellular carcinoma cells [145]. The tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) is a pro-apoptotic cytokine belonging to the
TNF family. It can induce apoptosis by binding to death receptors (DRs) on the cell surface.
TRAILR1/DR4 and TRAILR2/DRS5 signaling promote apoptosis, but some hepatocellular
carcinoma cells are resistant to TRAIL-induced apoptosis. In HepG2 cells, the combined use
of TRAIL and EGCG was found to significantly enhance the sensitivity of cells to TRAIL
and thereby induce apoptosis. The underlying mechanism may involve the enhancement
of caspase3 activity in cells, induction of DR4 and DR5 expression, and downregulation
of the apoptosis suppressor Bcl-2, ultimately leading to apoptosis [146]. Although EGCG
is not currently used as an adjuvant drug in the treatment of liver-related diseases, these
preclinical and clinical studies have demonstrated that it can play a significant role in the
treatment of liver-related diseases and could be a potential drug candidate.

Table 2. Summary of the application of EGCG incorporation with anti-tumor compounds in HCC.

Proposed Mechanisms of

No. Compounds Effects on HCC . . . References
Anti-Hepatocarcinogenesis
Inhibit proliferation, Downregulate expression of
1 EGCG + doxorubicin  enhance cell sensitivity MDR1 and p-glycoprotein, [141]
to doxorubicin inhibit autophagy
Activate AMPK, decrease COX2
2 EGCG + 5-FU Inhibit proliferation expression and reduce PEG2 [143]
secretion, inhibit AKT signaling
Cell cycle arrest, Downregulate expression of
3 EGCG + Metformin ~ promote apoptosis, cyclinD1, survivin and VEGFA, [144]
inhibit angiogenesis upregulate caspase3
4 EGCG + EP1 Inhibit migration Suppress EP1 receptor expression [145]
inhibitor and survival and PGE2 production
. Enhance caspase3 activity, induce
5  EGCG + TRAIL Enhanced cell sensitivity to - pp ) /pRs avoression, [146]

TRAIL, promote apoptosis

downregulate Bcl-2 expression
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5. Discussion and Perspectives

EGCG, as the core active component of green tea polyphenols, exhibits a multi-faceted
regulatory potential in liver protection mechanisms. As the most vital metabolic organ in
the human body, the liver is constantly exposed to exogenous factors (including dietary
toxins, drug metabolism, and viral infections) and endogenous factors (such as autoimmune
hepatitis) that contribute to liver damage. Through targeted modulation of key signaling
networks, EGCG demonstrates significant therapeutic benefits in various liver diseases.
In the context of viral hepatitis, EGCG inhibits host cell invasion and viral replication of
HBV /HCV, reducing viral load and effectively reducing the pro-inflammatory response
induced by HCV infection. In the case of autoimmune hepatitis, EGCG regulates the
hepatic inflammatory microenvironment by inhibiting the NF-«B/STAT3 signaling axis
and promotes a balanced state of autophagy and apoptosis to enhance the hepatocyte’s
resistance to damage. For metabolism-related fatty liver disease, EGCG effectively retards
the progression of liver fibrosis by intervening in glucose metabolic reprogramming, lipid
homeostasis imbalance, and bile acid toxicity through multi-target intervention. In the
field of liver cancer treatment, EGCG exhibits a triple effect, inhibiting tumor proliferation,
invasion, and angiogenesis by downregulating the MAPK/AKT /STAT3 signaling cascade.
It further achieves synergistic regulation by altering the P53 /P21-AMPK metabolic axis
and BCL-2/VEGFA protein network. Furthermore, the combined use with chemotherapy
drugs highlights the clinical translational value of EGCG.

Despite the advantageous multi-target regulatory properties of EGCG, its clinical ap-
plication is hindered by challenges such as low bioavailability, short metabolic half-life, and
inadequate liver targeting. To overcome these limitations, we propose systematic solutions.
At the mechanistic level, integrating single-cell spatial transcriptome and epigenetic tech-
niques can provide dynamic insights into the spatio-temporal regulation of key pathways,
such as Nrf2/ARE and SIRT1/PGC-1«. Additionally, clarifying the enterohepatic dialogue
mechanism through the intestinal microbiota—bile acid axis with the aid of organoid-organ
chip systems is suggested. In terms of delivery system innovation, a GaINAc-modified
ROS-responsive nanocrystalline prodrug system can improve the accumulation efficiency
of liver parenchymal cells using metal chelation technology, while the development of a
long-acting sustained-release formulation with PLGA microspheres aims to overcome phar-
macokinetic limitations. Furthermore, structural optimization options include constructing
mitochondria-targeted EGCG-TPP conjugates to enhance antioxidant stress efficacy or
designing EGCG-sorafenib hybrid molecules to achieve synergistic anti-angiogenic effects.
In the context of clinical translation, the establishment of a personalized drug delivery
system based on population pharmacokinetic modeling and the use of 3D bioprinting liver
chip platforms for toxicity threshold assessment would be valuable.

The pleiotropic effects of EGCG are noteworthy and may be attributed to its unique
“molecular glue” property, which dynamically regulates multiple signaling proteins
through interactions with their hydrophobic domains. While this multi-target property
provides therapeutic advantages, it also contributes to the complexity of the underly-
ing mechanism of action. To address this complexity, future studies should establish a
“computation-experiment” closed-loop validation system. This entails using deep learning
algorithms to predict EGCG—protein interaction networks, validating key targets through
CRISPR interference screening, and implementing a multi-omics dynamic monitoring
platform (phosphorylation proteome/metabolome/epigenome) to analyze dose—effect
relationships. Only by comprehensively investigating the mechanism and conducting
innovation in dosage forms, along with clinical validation, can EGCG transition from a
multifaceted molecule in the laboratory to a precise therapeutic agent for liver diseases
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in clinical practice. Such efforts will provide innovative solutions for the prevention,
treatment, and rehabilitation of liver diseases in a three-level control system.
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