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Green tea epigallocatechin gallate attenuate @
metabolic dysfunction-associated steatotic liver
disease by regulation of pyroptosis
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Abstract

Background Metabolic dysfunction-associated steatotic liver disease (MASLD) has become the most common
chronic liver disease, with other fat-liver diseases potentially progressing to cirrhosis and hepatocellular carcinoma.
Our study aimed to alleviate MASLD by EGCG inhibiting oxidative stress-mediated pyroptosis in zebrafish.

Methods The one month old wild-type zebrafh larval (50 per group) and three months old adult male zebrafish (15
per group) were treated with high-fat diet (HFD) feeding (powdered egg yolk) following by treatment with 25 uM
EGCG for 15 days. Indicators related to liver damage, oxidative stress, inflammation, pyroptosis and aging were
assessed using Oil Red O staining, H&E staining, commercial assay kits, enzyme-linked immunosorbent assay (ELISA)
kits, and Western blot analysis.

Results The results suggest that EGCG significantly reduced fatness, severe lipid deposition, triglyceride (TG), total
cholesterol (TC) and free fatty acid (FFA) levels (p <0.05). EGCG markedly reduced serum ALT, AST and ameliorated
liver injury in zebrafish (p <0.05). EGCG also showed an antioxidant effect by reducing reactive oxygen species (ROS)
production malondialdehyde (MDA) and increasing superoxide dismutase (SOD) levels (p < 0.05). Moreover, EGCG
obviously down-regulated the pro-inflammatory factors like tumor necrosis factor-a (TNF-a), interleukin-13 (IL-103),
interleukin-6 (IL-6), and interleukin-18 (IL-18) levels (p < 0.05). EGCG indicated a significant upregulation involved

in pyroptosis pathway, such as nuclear factor erythroid 2-related factor 2 (NRF2) and downregulated the expressions
of nuclear factor-kB (NF-kB), NOD-like receptor thermal protein domain associated protein 3 (NLRP3), apoptosis-
associated speck-like protein containing a CARD (ASC), cysteinyl aspartate specific proteinase-1 (caspase-1), as well
as gasdermin D (GSDMD) (p <0.01). Moreover, EGCG significantly improved aging-related markers induced by a HFD,
including the level of senescence-associated 3-Galactosidase (SA 3-Gal) and expression of p53, p16, and p21 (p
<0.05), while ameliorating liver function in zebrafish.

Conclusions These results suggest that EGCG may attenuate MASLD in larval and adult zebrafish induced by 15
consecutive days HFD, which is potentially mediated by modulating the Nrf2/NF-kB/NLRP3 signaling pathway which
relieve pyroptosis.

Keywords EGCG, High-fat diet, MASLD, Pyroptosis, Zebrafish

"Jie Zhang and Shuangshuang Wang contributed equally to this work Introdugtlon . . P :

: Metabolic dysfunction-associated steatotic liver disease
“Correspondence: (MASLD) is the most common cause of chronic liver dis-
%Zigzsggzs @163.com ease and the primary cause of liver-related morbidity and
! School of Public Health, Kunming Medical University, Kunming 650500, mortality [1]. MASLD formerly termed non-alcoholic
Yunnan, China fatty liver disease (NAFLD), represents a leading cause of

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12944-025-02596-5&domain=pdf

Zhang et al. Lipids in Health and Disease (2025) 24:180

chronic liver injury globally, affecting approximately 30%
of adults and increasingly prevalent in pediatric popula-
tions due to rising obesity and metabolic syndrome rates
[2]. MASLD is characterized by hepatic lipid accumula-
tion (steatosis) progressing to inflammation (metabolic
dysfunction-associated steatohepatitis, MASH), fibro-
sis, and hepatocellular carcinoma. MASLD pathogen-
esis involves intricate interplay among insulin resistance,
lipotoxicity, oxidative stress, and dysregulated immune
responses (e.g., NLRP3 inflammasome activation) [3].
The complexity of MASLD underscores the need for
multifaceted therapeutic strategies to prevent disease
progression.

Among the natural compounds under investigation
for their therapeutic potential, epigallocatechin gallate
(EGCG), which is abundant in green tea, has garnered
considerable attention owing to its antioxidant, anti-
inflammatory, and lipid-modulating properties, making it
a promising candidate for managing metabolic and liver
diseases [4]. Prior studies have demonstrated that EGCG
can ameliorate high-fat diet-induced lipid accumulation
and inflammation in liver cells such as HepG2 hepato-
cytes [5]. Despite these encouraging findings, the exact
mechanisms through which EGCG exerts its beneficial
effects, particularly in the context of pyroptosis, remain
unclear.

Pyroptosis is a form of programmed cell death char-
acterized by the activation of inflammasomes such as
NLRP3, leading to the release of pro-inflammatory
cytokines such as IL-1PB and IL-18, which contribute to
liver damage and disease progression [6, 7]. In the con-
text of MASLD, pyroptosis has been implicated as a key
player in the inflammatory response, exacerbating liver
injury and fibrosis [8]. While EGCG has been shown to
influence lipid metabolism and inflammation, its role in
modulating pyroptosis and its associated inflammatory
pathways in the context of MASLD remains unclear.

By activating the Nrf2 and inhibiting the TLR4/NF-kB
pathway, EGCG attenuates hepatic steatosis and inflam-
matory responses in rats and mice [9, 10]. Furthermore,
EGCQG protects the liver from lipotoxicity by inhibiting
mitochondrial ROS-mediated iron metabolism, a key
process in the deterioration of NAFLD [11]. The prior
investigations have predominantly elucidated the anti-
oxidative and anti-inflammation effects of EGCG medi-
ated by Nrf2, NF-kB. The precise mechanisms through
which EGCG ameliorates MASLD via pyroptosis regula-
tion remain to be fully elucidated, representing a critical
gap in understanding its therapeutic potential target-
ing gasdermin D (GSDMD)-mediated inflammatory
cascades.

This study aimed to investigate whether EGCG could
alleviate MASLD by inhibiting pyroptosis in zebrafish,
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thereby offering a therapeutic targeting strategy for treat-
ing MASLD. The zebrafish model demonstrates signifi-
cant advantages for studying MASLD, including high
genetic homology (sharing ~70% of human NAFLD-
associated genes), rapid disease modeling capabilities
(steatosis induction within 7-10 days via high-fat diet
or genetic manipulation), conserved liver pathology
(zebrafish develop key MASLD features—mimicking
human disease progression), cost-effective maintenance
(low husbandry costs and short reproductive cycles) [12].
Therefore, zebrafish provide an ideal model for studying
metabolic diseases and testing potential therapeutics. In
this study, we examined whether EGCG treatment could
reduce fat accumulation, oxidative stress, and inflamma-
tion in zebrafish fed a high-fat diet, while also investigat-
ing the molecular mechanisms involved. Specifically, we
explored the regulation of pyroptosis through key sign-
aling pathways, such as Nrf2, NF-kB, NLRP3, GSDMD,
p53, p16, and p21. By elucidating the molecular pathways
through which EGCG affects pyroptosis and inflamma-
tion, this study aims to offer valuable insights into its
potential as a therapeutic agent for MASLD.

Materials and methods

Zebrafish maintenance and treatment

Wild-type zebrafish (AB strain) were obtained from the
National Zebrafish Resource Center (Wuhan, China).
Zebrafish were maintained under standard laboratory
conditions with a 14:10 light—dark cycle at 28 °C in a
recirculating water system [13, 14]. The one month old
wild-type zebrath larval (50 per group) and three months
old adult male zebrafish (15 per group) were randomly
divided into a control group, high-fat diet (HFD) group,
and HFD +EGCG group. In the HFD +EGCG group,
zebrafish were exposed to HFD and EGCG simultane-
ously for the entire experimental duration without a pre-
ceding HFD-only period. All groups were maintained
under identical environmental conditions throughout the
study. The normal diet (ND) group of zebrafish was fed
30 mg of freshly hatched live artemia (Huizhong Fisheries
Co., Ltd., Shandong, China) per fish daily. The high-fat
diet was prepared by mixing cholesterol and powdered
egg yolk at a 1:9 ratio. The mixture was dissolved in
anhydrous ethanol and heated to 80 °C to evaporate the
ethanol. The HED group was fed 30 mg of artemia and
70 mg of HFD per fish daily. EGCG was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Larval zebrafish
(1 month old) and adult zebrafish (3 months old) were
exposed to a high-fat diet and treated with 25 uM EGCG
for 15 days. The study approved by the Experimental
Animal Ethics Committee of Hunter Biotechnology, Inc.
(IACUC-2024-10402-01).
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Fig. 1 Zebrafish body size and liver phenotype. The high -fat diet (HFD) group showed a significantly obese body shape (A), K value (B-C), liver
phenotype (D-E), liver body ratio (F), Oil Red O staining (G-H), hematoxylin and eosin staining (I-J) compared to the normal diet (ND) group. Data
are presented as means +SD, **p <0.01, ***p <0.001
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Fig. 2 (Seelegend on previous page.)
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Fig. 2 EGCG mitigates hepatic lipid accumulation and pathological alterations induced by a high-fat diet in zebrafish. Effects of EGCG on K value
(A-B), liver body ratio (C), Oil Red O staining (D-E), hematoxylin and eosin staining (F-G), Masson staining (H-1), triglyceride (J-K), total cholesterol
(L-M), free fatty acid (N-0), alanine transaminase (P-Q), aspartate transferase (R-S) in adult and larval zebrafish induced by HFD. Data are presented
as means +SD, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, compared to ND. & p <0.05, && p <0.01, &&& p <0.001, &&&& p <0.0001, compared

to HFD

Fulton’s body condition factor K

The Fulton coefficient (K) is an index of body condi-
tion that relates length and weight, indicates relative
fatness and was designed to determine growth in fish.
Zebrafish were anesthetized in fish culture water con-
taining 0.05% tricaine. After anesthesia, the surface of
the fish was carefully dried using absorbent paper. The
weight of each fish was promptly measured using a
balance and the length was recorded from the mouth
to the tail using a ruler. The K factor of the zebrafish
was calculated using the formula K= (weight (g)/
length(cm)?) x 100 [15].

Liver Body Ratio (LBR) measurement

Following treatment, zebrafish were anesthetized and
euthanized. The livers were carefully dissected under a
stereomicroscope to avoid damage to surrounding tis-
sues. Both liver and total body weights were measured
immediately using a high-precision electronic balance.

Oil Red O staining

Zebrafish were fixed in 4% neutral formaldehyde for 30
min at room temperature and then thoroughly washed
with phosphate-buffered saline (PBS) for five minutes
to remove the residual fixative. Following fixation, sam-
ples were stained with 0.5% Oil Red O solution (Solarbio
Science & Technology Co.,Ltd. Beijing, China) for 1 h at
37 °C. Excess stain was removed by rinsing the zebrafish
with 60% isopropyl alcohol until the background
appeared clear [13].

Hematoxylin and eosin (H&E) staining

Hematoxylin and eosin (H&E) staining was performed
to evaluate and quantify lesion areas in liver tissue sec-
tions. The sections were first stained with hematoxylin
for 3 min and then rinsed in distilled water for 10 min
to remove the excess stain. Subsequently, the sections
were stained with eosin for 3 min. Following staining, the
sections were dehydrated through an ascending ethanol
series (70%, 90%, 100%), cleared in xylene, and observed
under a microscope for histological analysis [16].

Masson staining

At the end of zebrafish euthanasia, liver tissues were
collected, fixed in 4% neutral buffered formalin, decal-
cified if necessary, and processed for paraffin embed-
ding. Sections of 4—6 pm thickness were prepared using
a microtome. Masson staining was performed follow-
ing the protocol provided with the staining kit to evalu-
ate collagen fiber deposition in the liver. Collagen fibers
appeared blue under microscopic examination, indicat-
ing fibrosis [17].

Biochemical analysis

Zebrafish tissues were homogenized in lysis buffer, and
the lysates were centrifuged to obtain the supernatants.
Total cholesterol (TC), triglyceride (TG), free fatty acid
(FFA), malondialdehyde (MDA) levels, and superoxide
dismutase (SOD) activity were measured using com-
mercial kits (Jiancheng, Nanjing, China). Inflammatory
cytokines, including IL-1p, IL-18, TNF-q, and IL-6, were
quantified in zebrafish using enzyme-linked immuno-
sorbent assay (ELISA) kits (Jiancheng, Nanjing, China),
following the protocols provided by the manufacturer.
Following centrifugation of the blood collected from the
tail of the fish, serum levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were deter-
mined using commercially available kits (Jiancheng, Nan-
jing, China).

Senescence-associated B-galactosidase staining
Senescence in larval and adult zebrafish was evalu-
ated using P-galactosidase staining (Jiancheng, Nanjing,
China).

Western blot

The fish were dried, placed in a grinding bowl with liq-
uid nitrogen, and homogenized. Proteins were extracted
using a frozen RIPA lysis buffer supplemented with phos-
phatase and protease inhibitor cocktails. Protein concen-
trations were quantified using a BCA protein assay. The
samples were subjected to immunoblotting for protein
detection. PB-actin was used as an internal loading con-
trol to ensure equal protein loading and normalization
across samples. Primary antibodies were incubated over-
night at 4 °C, followed by incubation with secondary anti-
bodies the following day for chemiluminescence-based
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<« Fig. 3 EGCG attenuate high-fat-induced oxidative stress
and inflammation in zebrafish. Effects of EGCG on reactive oxygen
species (A-B), malondialdehyde (C-D), superoxide dismutase (E-F),
tumor necrosis factor-a (G-H), interleukin-18 (I-J), interleukin-6 (K-L),
and interleukin-18 (3 M-3 N) levels in HFD induced larval and adult
zebrafish. Data are presented as means +SD, *p <0.05, **p <0.01, ***p
<0.001, ****p <0.0001, compared to ND. & p <0.05, && p <0.01, &&& p
<0.001, &&&& P <0.0001, compared to HFD

detection. The following antibodies were used: TNF-a
(Affinity Biosciences, Jiangsu, China, MW17), NLRP3
(Affinity Biosciences, Jiangsu, China, MW80), Nrf2
(HUABIO, Wuhan, China, MW100), p53 (ABclonal
Technology, Wuhan, China, MW45), NF-kB (HUABIO,
Wuhan, China, MW65), IL-1p (Santa Cruz Biotechnol-
ogy, MW17), IL-6 (ABclonal Technology, Wuhan, China,
MW24), IL-18 (Affinity Biosciences, Jiangsu, China,
MW22), p-actin (ABclonal Technology, Wuhan, China,
MW42), caspase-1 (Affinity Biosciences, Jiangsu, China,
MW45), caspase-1 p20 (ABclonal Technology, Wuhan,
China, MW29), GSDMD (ABclonal Technology, Wuhan,
China, MW39), p16 (Santa Cruz Biotechnology, MW 16),
p21 (Santa Cruz Biotechnology, MW21) and ASC (Pro-
teintech Biotechnology, Wuhan, China, MW25). The
following day, an alkaline phosphatase-conjugated anti-
rabbit or anti-mouse secondary antibody (KPL, Los
Angeles, CA, USA) was applied for 1 h at 30 °C. Protein
signals were detected using the enhanced chemilumines-
cence (ECL) method [18].

Statistical analysis

Statistical analyses were performed using SPSS software
version 18.0, and graphs were generated using GraphPad
Prism 8.0. Data are presented as mean *standard devia-
tion (SD). Prior to statistical testing, the normality of data
distribution was assessed using the Shapiro—Wilk test.
For data that conformed to a normal distribution, one-
way ANOVA was conducted, followed by Dunnett’s post
hoc test for pairwise comparisons. A p-value <0.05 was
considered statistically significant.

Results

Establishment of a zebrafish model for MASLD

To establish the zebrafish model of MASLD, larval (1 m)
and adult zebrafish (male) were fed Artemia mixed with
or without egg yolk powder for 15 days, and MASLD was
characterized by observing the accumulation of lipids
in the liver. At the end of the feeding assay, zebrafish in
the HFD group exhibited the obesity phenotype (Fig. 1A)
and a significant increase in K value (Fig. 1B-C, p< 0.05),
indicating marked obesity in the HFD group compared
with the ND group. Upon exposing the abdominal cavity
of zebrafish, the livers of the HFD group (Fig. 1D-E, right)
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<« Fig. 4 Effects of EGCG on key proteins associated with pyroptosis
to alleviate MASLD in adult zebrafish. The nuclear factor erythroid
2-related factor 2 (A), nuclear factor-kappa B (B), NOD-like receptor
family pyrin domain containing 3 (C), apoptosis-associated
speck-like protein containing a CARD (D), cysteinyl aspartate specific
proteinase-1 (E), cysteinyl aspartate specific proteinase-1 p20 (F),
gasdermin D (G), tumor necrosis factor-a (H), interleukin-10 (1),
interleukin-6 (J) and interleukin-18 (K) protein levels were determined
by western blot method. Data are presented as means +SD, *p <0.05,
**p <0.01,***p <0.001, ****p <0.0001, compared to ND. & p <0.05, &&
p<0.01,88&& p <0.001, &&&& p <0.0001, compared to HFD

exhibited a noticeably more pronounced yellow colora-
tion than those of the ND group (orange red, Fig. 1D-E,
left). The liver body ratio (LBR) was also significantly
elevated in the adult zebrafish HFD group (1.80 +0.04%)
compared with that in the ND group (1.56 +0.03%, p
<0.01), reflecting hepatic fat accumulation (Fig. 1F). Oil
Red O staining revealed substantial lipid droplet accumu-
lation in the liver tissues of the HFD group, as evidenced
by prominent red staining (Fig. 1G-H). H&E stain-
ing revealed that the livers of the HFD group exhibited
inflammatory lesions (indicated by red arrows, repre-
senting the aggregation of numerous nuclei), ballooning
degeneration (characterized by cytoplasmic vacuolation,
with nuclei either centrally suspended or displaced to the
periphery), and extensive steatotic areas, reflecting the
progression of MASLD (Fig. 11-]).

Protective effects of EGCG against hepatic steatosis

and pathological changes induced by a high-fat diet

in zebrafish

To investigate the effects of EGCG on hepatic steato-
sis and liver lipid metabolism dysfunction, we assessed
related indicators in HFD-fed zebrafish. EGCG reduced K
value (p <0.05) and LBR (p <0.05) in HFD-fed zebrafish,
indicating decreased lipid deposition (Fig. 2A-C). Oil
Red O and H&E staining confirmed hepatic steatosis in
the HFD group, which was markedly alleviated by EGCG
treatment (Fig. 2D-G). Masson staining revealed fibrosis
development in larvae (Fig. 2H) but not in adult zebrafish
(Fig. 2I) after 15 days of HFD exposure. Additionally,
EGCQG significantly lowered HFD-induced elevations in
TG (p <0.01), TC(p <0.05), FFA (p <0.05) and serum
ALT (p <0.01) and AST (p <0.05) levels in both larvae
and adults (Fig. 2J-S). These results suggest that EGCG
protects against lipid accumulation, liver injury, and early
fibrosis by regulating lipid metabolism in zebrafish.

EGCG alleviate high-fat-induced oxidative stress

and inflammation in zebrafish

EGCG treatment significantly reduced oxidative stress
markers compared to the HFD group (Fig. 3A-D, p< 0.05)
and enhanced antioxidant enzyme activity, particularly
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<« Fig.5 EGCG influences crucial proteins involved in pyroptosis
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e[| w17 o [P v of pyroptosis-related inflammatory cytokines, such as
Bactin ::: MW:42

TNF-a (Fig. 4H), IL-1p (Fig. 41), IL-6 (Fig. 4J), and IL-18
(Fig. 4K), in adult zebrafish. Similar improvements were
observed in larval zebrafish, where EGCG significantly
alleviated HFD-induced elevations of pyroptosis markers
and inflammatory factors (Fig. 5A-K).

IL-6 expression (1m larval)

EGCG regulates key indicators associated with aging

in high-fat-induced zebrafish

EGCG effectively modulated aging-related biomark-
ers in zebrafish subjected to HFD. HFD exposure accel-
erated aging phenotypes, characterized by increased
oxidative stress, inflammation, senescence-associated
B-galactosidase (SA-B-gal) activity, and upregulation of
key senescence markers. EGCG treatment significantly
reduced SA-B-gal activity (Fig. 6A-B) and downregulated
the expression of p53 (Fig. 6C-D), pl6 (Fig. 6E-F), and
p21 (Fig. 6G-H), key regulators of cellular senescence.
These findings suggest that EGCG may delay the onset
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Fig. 7 Nrf2 signaling pathway of EGCG in the treatment of MASLD on zebrafish

of cellular aging and protect against age-related liver dys-
function in HFD-fed zebrafish.

Discussion

Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) has reached epidemic proportions glob-
ally, with an estimated global prevalence of 30-35% in
adults, translating to over 1.5 billion affected individuals.
Regional variations are significant, with higher rates in
South America (40-45%) and the Middle East (35—40%)
compared to North America (30-32%) and Europe (25—
28%), driven by obesity and metabolic syndrome dis-
parities [19]. Notably, 70-80% of individuals with type 2
diabetes and 90% of those with severe obesity (BMI >40
kg/m?) exhibit MASLD, underscoring its role as a multi-
system metabolic disorder. Projections suggest MASLD-
associated cirrhosis cases will surge by 168% by 2030,
with hepatocellular carcinoma incidence rising commen-
surately [20]. These trends highlight an urgent need for
novel therapeutic strategies targeting the complex molec-
ular mechanisms underlying the disease.

An effective approach to mitigating symptoms asso-
ciated with liver diseases, particularly MASLD, using
anti-inflammatory agents. Key strategies to retard or
minimize inflammation-driven MASLD focus on com-
bating pyroptosis triggered by a HFD. Green tea and its
primary component, EGCG, are known for their antioxi-
dant, anti-inflammatory, and anti-aging properties [21].

Studies have confirmed that EGCG exhibits significant
anti-inflammatory effects by inhibiting the production of
pro-inflammatory factors induced by HFD [11]. Further-
more, EGCG improves NAFLD primarily by regulating
molecular mechanisms, such as autophagy, mitochon-
drial function, and oxidative stress. Its effects are pre-
dominantly mediated through signaling pathways such
as PI3 K/Akt/mTOR, AMPK, and NF-kB [22]. However,
the mechanisms by which EGCG protects zebrafish with
HFD-induced MASLD through inhibition of pyroptosis
pathways remain unclear.

Zebrafish has emerged as a prominent model verte-
brate, with approximately 70% of human genes having
at least one zebrafish ortholog. The National Institutes
of Health (NIH) ranks zebrafish as the third most widely
used vertebrate model organism, after mice and rats. It
has been reported that EGCG effectively ameliorated
NAFLD phenotypes and metabolic disorders in rats fed
a HFD [9]. Our results also demonstrated that EGCG
significantly reduced fat accumulation and lipid droplet
formation in zebrafish liver. TG, TC and FFA levels were
lowered in the EGCG-treated group compared to the
high-fat diet group. This highlights the ability of EGCG to
restore lipid homeostasis and prevent excessive hepatic
lipid accumulation, which is a hallmark of MASLD.

Oxidative stress and inflammation are critical drivers
of MASLD progression, contributing to liver damage and
metabolic dysfunction [23]. In our study, EGCG signifi-
cantly decreased ROS and MDA levels while enhancing
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the activity of SOD, an essential antioxidant enzyme.
These findings suggest that EGCG restores the redox
balance and mitigates oxidative damage in the liver. Fur-
thermore, EGCG downregulated key pro-inflammatory
cytokines, including TNF-«, IL-1f, IL-6, and IL-18,
which are associated with the exacerbation of lipid accu-
mulation, hepatocyte injury, and fibrogenesis in MASLD.
These findings highlight the dual antioxidant and anti-
inflammatory effects of EGCG as a comprehensive pro-
tective strategy.

Pyroptosis, a form of programmed inflammatory
cell death, has been implicated in the pathogenesis of
MASLD [24]. It is characterized by rapid cytoplasmic
disintegration and release of intracellular pro-inflamma-
tory mediators. These factors contribute significantly to
local inflammation and exacerbate pathological processes
associated with MASLD [25]. Nrf2 acts as a master
regulator of antioxidant defense by promoting the tran-
scription of cytoprotective genes, thereby attenuating
oxidative stress, suppressing inflammation and pyroptosis
[26]. Impaired activation of Nrf2 leads to excessive accu-
mulation of ROS, which in turn activates NF-kB, a key
transcription factor orchestrating the expression of pro-
inflammatory cytokines such as TNF-a, IL-1f, and IL-6
[27-29]. Persistent NF-kB activation further enhances
the priming and activation of the NLRP3 inflammasome,
culminating in caspase-1 activation, GSDMD cleavage,
and pyroptotic cell death. This cascade promotes hepato-
cyte injury, lipid accumulation, and fibrosis, contribut-
ing to the exacerbation of MASLD [30-32]. Our study
corroborates these findings: EGCG treatment activated
Nrf2 signaling, inhibited NF-«B activation, suppressed
NLRP3 inflammasome assembly (including adaptor pro-
tein ASC and caspase-1 activation), and reduced cleavage
of GSDMD, a key executor of pyroptosis. This inhibition
ultimately curtailed the secretion of pyroptosis-associ-
ated inflammatory cytokines (TNF-«, IL-1f, IL-6, and
IL-18), illustrating the mechanistic basis for EGCG’s
hepatoprotective effects. It is important to note that the
observed attenuation of hepatic injury may not be solely
attributable to direct inhibition of pyroptosis. EGCG’s
broad anti-inflammatory effects could indirectly suppress
pyroptosis by reducing upstream inflammatory signaling
and oxidative stress. Thus, distinguishing between direct
and secondary effects remains a challenge.

In addition, we found that EGCG ameliorated hepatic
aging markers, such as [-galactosidase activity and
expression of p53, pl6, and p21, while improving liver
function. These indicators were selected because cellular
senescence is increasingly recognized as a contributor to
MASLD-related liver dysfunction and fibrosis. The p53/
p21, pl6 pathways orchestrate the senescence response,
promoting chronic inflammation (senescence-associated

Page 11 of 13

secretory phenotype, SASP) and tissue deterioration. A
study showed that EGCG has a protective effect against
cellular senescence and associated liver dysfunction by
reducing oxidative stress and inflammation [33]. Thus,
their modulation by EGCG suggests a dual action against
both pyroptosis-driven and senescence-driven hepatic
injury. These results position EGCG as a promising can-
didate for the integrative management of MASLD by
targeting oxidative stress, inflammation, pyroptosis, and
cellular senescence (Fig. 7). Future studies should explore
the upstream regulatory networks modulated by EGCG
and assess its translational potential in human MASLD
populations.

Strengths and limitations

This study offers novel insights into the protective role of
EGCG in MASLD by demonstrating its capacity to mod-
ulate oxidative stress, inflammatory signaling, pyropto-
sis, and senescence pathways in a high-fat diet-induced
zebrafish model. The integrated analysis of lipid metabo-
lism, redox balance, and inflammatory and aging markers
reinforces the biological plausibility of EGCG’s multi-tar-
geted effects.

Nevertheless, several limitations must be acknowl-
edged. First, the study lacks direct mechanistic validation
through genetic or pharmacological modulation of key
pathways such as Nrf2, NF-«kB, and NLRP3. Second, only
a single EGCG dose was tested, preventing evaluation of
dose-dependent effects and optimal therapeutic ranges.
Third, species-specific differences in liver metabolism
between zebrafish and mammals may limit the general-
izability of the findings. Moreover, the preventive design
and short-term intervention preclude conclusions about
EGCG’s therapeutic efficacy and long-term effects.

Future studies should focus on mechanistic valida-
tion, dose—response analyses, confirmation in mamma-
lian MASLD models, and long-term efficacy and safety
assessments to support the clinical translation of EGCG-
based therapies.

Conclusion

In summary, this study advances our understanding of
EGCG’s protective mechanisms against HFD-induced
MASLD, highlighting its ability to attenuate oxidative
stress, inflammation, pyroptosis, and cellular senescence.
Although our findings suggest that EGCG ameliorates
MASLD partly through suppression of pyroptosis-related
pathways, further mechanistic studies are warranted to
distinguish direct effects on pyroptosis from secondary
consequences of reduced inflammation. These findings
provide a mechanistic basis for EGCG’s multi-targeted
effects and underscore the need for further preclinical
and clinical studies to validate its therapeutic potential.
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NLRP3 NOD-like receptor thermal protein domain associated protein 3
ASC Apoptosis-associated speck-like protein containing a CARD
caspase-1  Cysteinyl aspartate specific proteinase-1

GSDMD Gasdermin D

SA B-Gal Senescence-associated 3-Galactosidase
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