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Ergothioneine ameliorates metabolic
dysfunction-Associated Steatotic Liver Disease
(MASLD) by enhancing autophagy, inhibiting
oxidative damage and inflammation
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Abstract

Background Metabolic dysfunction-associated steatosis liver disease (MASLD) is one of the most common
metabolic liver diseases around the world, whose prevalence continues to increase. Currently, there are few
medications to treat MASLD. Ergothioneine is a natural compound derived from mushrooms whose sulfhydryl groups
confer unique antioxidant, anti-inflammatory and detoxifying effects. Currently, research on the therapeutic effects of
ergothioneine in MASLD is unknown. Therefore, this study explored the effect and mechanism of EGT in MASLD.

Methods The ameliorative effects and mechanisms of ergothioneine on MASLD were evaluated using HFD mice
and PA-treated AML12 cells. Mouse body weight, body fat, IPGTT, IPITT, immunohistochemistry, serum biochemical
indices, and staining of liver sections were assayed to verify the protective role of ergothioneine in MASLD. RNA-
seq was applied to explore the mechanism of action of ergothioneine. The role of ergothioneine in AML12 was
confirmed by western blotting, gPCR, ELISA, Qil Red O staining, flow cytometry, and ROS assays. Subsequently, the
3-methyladenine (3-MA, an autophagy inhibitor) was subsequently used to confirm that ergothioneine alleviated
MASLD by promoting autophagy.

Results Ergothioneine reduced body weight, body fat and blood lipids, and improved insulin resistance and lipid
and glycogen deposition in MASLD mice. Furthermore, ergothioneine was found to increase autophagy levels and
attenuate oxidative damage, inflammation, and apoptosis. In contrast, intervention with 3-MA abrogated these
effects, suggesting that ergothioneine ameliorated effects by promoting autophagy.

Conclusion Ergothioneine may be a drug with great therapeutic potential for MASLD. Furthermore, this protective
effect was mediated through the activation of autophagy.
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Introduction

As recently as 2023, the multisociety Delphi consen-
sus statement replaced the nomenclature of metabolic
dysfunction-associated fatty liver disease (MAFLD) with
MASLD [1]. MASLD is one of the most common meta-
bolic syndromes worldwide, whose prevalence contin-
ues to increase [2]. MASLD may develop to metabolic
dysfunction-associated steatohepatitis, cirrhosis, and
hepatocellular carcinoma [3-5]. Additionally, MASLD
is associated with various metabolic diseases, including
cardiovascular complications, obesity, and type 2 dia-
betes mellitus [6]. In recent years, MASLD has affected
approximately 24% the population and become a wide-
spread metabolic disease in the earth [7, 8]. However,
few specific medications are currently available to treat
MASLD [9, 10].

The pathologic mechanism of MASLD is still unclear,
but various factors affecting hepatic lipid metabolism
may promote the development of fatty liver. Current
studies on MASLD have shown that insulin resistance
(IR) and hepatic fat accumulation are among the most
important pathogenic mechanisms [11, 12]. In addition,
oxidative stress and inflammatory responses caused by
lipotoxicity can also lead to liver damage and worsen the
progression of MASLD [13].

Autophagy is a conserved process essential for main-
taining the stability of the intracellular environment. In
this process, cells phagocytose their cytoplasmic pro-
teins or organelles and encapsulate them into vesicles,
then, vesicles and lysosomes are fused to autolysosomes
that degrade their encapsulated contents, thereby accom-
plishing cellular self-renewal and repair [14]. This pro-
cess generally consists of induction, initial nucleation,
autophagosome formation, binding to lysosomes, and
finally digestion. Autophagy-associated (ATG) proteins
are crucial for this process [15]. In recent years, autoph-
agy shows a vital effect in regulating lipid metabolism of
liver [16, 17]. Activation of autophagy can regulate the
expression of lipid metabolism genes to decline lipid con-
tent, whereas inhibition of autophagy can contribute to
lipids overaccumulation [18, 19]. In addition, restoration
of autophagic flux can attenuate MASLD [19-22]. There-
fore, substances that promote autophagy activation have
great potential for the treatment of MASLD.

Ergothioneine (EGT) is a natural histidine thiourea
derivative originated primarily from bacteria and fungus
[23-25]. The sulfhydryl groups in EGT have a number of
beneficial effects, including antioxidant, anti-inflamma-
tory, and antidote action that protect against damage to
organisms [26]. The unique properties of EGT make it
a very potent antioxidant and cytoprotective agent [27,
28]. At the present, some studies have verified that EGT
has preventive or therapeutic potential for a range of oxi-
dative stress-related diseases [27, 29], and the liver has
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been shown to be an important organ of EGT accumula-
tion [30]. However, studies on EGT in MASLD are rare.
Therefore, exploring the role and regulatory mechanisms
of EGT in MASLD could provide new ideas to treat
MASLD in future.

In this study, we hypothesized that EGT might amelio-
rate MASLD by enhancing autophagy, reducing oxida-
tive damage and inflammation. By constructing high-fat
diet (HFD)-induced mice and palmitic acid (PA)-treated
AMLI12, it turned out that EGT ameliorated lipid metab-
olism disorders of the MASLD. Mechanistically, RNA
sequencing and 3-MA intervention experiments sug-
gested that EGT improved MASLD associated with the
enhancement of autophagy, inhibition of oxidative dam-
age and inflammation. Thus, this work demonstrated the
potential clinical therapeutic effect and molecular mech-
anism of EGT on MASLD, and provided theoretical basis
for future drug development in MASLD treatment.

Materials and methods

Construction of high-fat diet mouse model

5 weeks male C57BL/6] mice were purchased by Huach-
uang Xinnuo Technology Co., Jiangsu, China. These mice
were kept in the Shandong University Laboratory Ani-
mal Center, SPF class animal house, at room temperature
(22-25 C), 12 h dark/light cycle, and 50-60% humid-
ity. Based on previous studies of ergothioneine [31, 32],
35 mg/kg/day was performed by water feeding. To study
the dynamic pathological characteristics of the effects of
EGT in HFD mice, the mice were stabilized for one week
and then randomly divided into 4 groups (4 mice/cage,
2 cages/group): (1) NCD group: normal diet (SWS9102,
Xiatong shengwu, Jiangsu, China) (2) NCD+EGT group:
normal diet and water-fed EGT (3) HED group: high-
fat-fed (XTHF60, Xiatong shengwu, Jiangsu, China) (4)
HFD+EGT group: high-fat diet and water-fed EGT. Body
weights were monitored every week, intraperitoneal glu-
cose tolerance test (IPGTT) was tested at 21 week, intra-
peritoneal insulin tolerance test (IPITT) was tested at
22 week, body fat was tested at 23 week, and mice were
anesthetized and euthanized at 24 week, and blood and
liver tissue samples were retained.

IPGTT, IPITT

IPGTT: mice were fasted for 14 h, injected intraperito-
neally with 20% glucose solution (2 g anhydrous glucose/
kg body weight), and tail-tip blood glucose levels were
measured using a Roche blood glucose meter and glucose
reagent (Accu-Chek® Performance, Roche Life Sciences,
Basel, Switzerland) at fasting and 30, 60, 90, and 120 min
post-injection. IPITT: mice were fasted for 8 h, injected
intraperitoneally with insulin (0.75 U/kg body weight),
and detection time as IPGTT.
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Tissue sections staining and cell crawl staining with Oil Red
(0}

Liver tissues were fixed in formaldehyde, embedded in
paraffin, and sliced to 5 pm sections. And then, slices
were baked for 1 h at 65 °C. Next, slices are put into the
corresponding solution as follows: xylene for 30 min,
xylene for 30 min, 100% ethanol for 5 min, 90% ethanol
for 4 min, 80% ethanol for 3 min, 70% ethanol for 2 min,
ddH,O for 3 min. PBS was applied to wash sections for
3 min (repeated three times). Mouse liver paraffin sec-
tions were subsequently stained with a hematoxylin-eosin
(HE) staining kit (G1005) and a periodic acid-schiff (PAS)
staining kit (G1281), and liver tissue frozen sections and
AML12 cells six-well plate were stained with the Oil Red
O reagent (G1260, Servicebio, Wuhan, China) according
to instructions. Paraffin sections were routinely depar-
affinized and then subjected to immunohistochemical
staining (IHC). IHC staining was performed using pH
9.0 EDTA Antigen Repair Solution (G1203, Servicebio,
Wuhan, China). For IHC staining, the tissue samples
were boiled at high temperature for 3 min, subjected to
antigen retrieval on low temperature for 15 min, cooled
to room temperature. PBS was applied to wash sections
for 3 min (repeated three times). An IHC pen was used
to draw a circle along the peripheral contour of the tis-
sue, and non-specific staining blocker was applied to the
tissue using a DAB kit (GK600505, Genentech, Shang-
hai, China). The samples were incubated at room tem-
perature in darkness for 15 min. PBS was applied to wash
sections for 3 min (repeated three times). Then, sections
were incubated with goat serum working solution (Cat:
ZL19056, Zhongshan Golden Bridge, Beijing, China) for
1 h at room temperature. And then, sections were incu-
bated with F4/80 antibody (1:10000, ab81299, Abcam,
Shanghai, China) at 4 °C overnight. The following day,
PBS was applied to wash sections for 3 min (repeated
three times). Then, sections were incubated with goat
anti-rabbit antibody (Cat: ZF-0311, Zhongshan Golden
Bridge, Beijing, China) at room temperature for 1 h. PBS
was applied to wash sections for 3 min (repeated three
times). Next, sections were performed by DAB chromo-
genic and were stained with hematoxylin for 1 min. Even-
tually, a microscope (Olympus BX53, Tokyo, Japan) was
applied to acquire images.

ELISA

The levels of alanine transaminase (ALT), aspartate
transaminase (AST), total cholesterol (TC), triglycer-
ide (TG), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), glutathi-
one (GSH), catalase (CAT), superoxide dismutase (SOD),
malondialdehyde (MDA), interlukin-1f (IL-1p) and inter-
lukin-6 (IL-6) in mouse serum were detected according
to ELISA kits instructions. ALT (Cat: C009-2-1), AST
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(Cat: C010-2-1), TC (Cat: Al111-1-1), TG (Cat: Al10-
1-1), LDL-C (Cat: A113-1-1-1), HDL-C (Cat: A112-1-
1), SOD (Cat: A001-1) and MDA (Cat: A003-1) assay
kits were purchased from Jiancheng Biotechnology Co.,
Ltd, Nanjing, China. CAT (Cat: G4307) and GSH (Cat:
G4305) assay kits were bought by Servicebio Technology
Co., Ltd, Wuhan, China. IL-1p (Cat: RK00006) and IL-6
(Cat: RK00008) assay kits were bought by ABclonal Tech-
nology Co., Ltd, Wuhan, China.

AML12 cells culture

AML12 cells derived from the American Type Culture
Collection (Rockville, MD, America). The cells culture
used DMEM/F12 medium supplemented with 10% fetal
bovine serum, 40 ng/mL dexamethasone, 1% penicillin-
streptomycin solution, and ITS (5.5 pug/mL transferrin,
10 pg/mL insulin, and 5 pg/L sodium selenite) and incu-
bated in 5% CO, and 37 °C saturated humidity (Thermo
Fisher Scientific, Massachusetts, America). By assessing
cell viability, 0.2 mM palmitic acid (PA) concentration
was used treating the cells for 48 h (Fig. 3A and B). By
testing the role of AML12 cells in gradient EGT concen-
trations (Fig. 3C and D), and a concentration of 0.5 mM
EGT was used in vitro experiments. AML12 cells were
grouped as follows: (1) Ctrl group: without EGT and
PA; (2) Ctrl+EGT group: with 0.5 mM EGT and with-
out PA; (3) PA group: with 0.2 mM PA and without EGT;
(4) PA+EGT group: with 0.2 mM PA and 0.5 mM EGT.
To elucidate the effects of autophagy in EGT-treated
AML12, AMLI12 cells were treated as follows: PA and
PA+EGT groups as above, PA+EGT +3MA group: pre-
treatment with 5 mM 3-MA for 6-8 h in advance, after
which the cells were treated with 0.2 mM PA and 0.5 mM
EGT for 48 h.

Cell viability assay

The cell viability assay used a Cell Counting Method-8 kit
(CCK-8, BS350B, Biosharp, Beijing, China). Cells suspen-
sions (100 uL/well, 1000—10000 cells/well) were added in
96-well plates, and the plates were at 37 °C, 5% CO, incu-
bator. Then, CCK8 solution (10 uL/well) was added into
the plates, which incubated in the incubator for 1-4 h.
The OD values at 450 nm were tested with an enzyme
marker (Varioskan Flash, Thermo Fisher Scientific,
Massachusetts, America). Cell survival was calculated
according to the instruction manual formula.

RNA-seq analysis

Trizol reagent (Invitrogen, Thermo Fisher Scientific,
Massachusetts, America) was applied to obtain total
RNA in AMLI12 cells. RNA-seq was performed by Qin-
gdao Ouyi Biological Co., Ltd. Data analysis was per-
formed using Ouyi Biological Cloud Platform (https://cl
oud.oebiotech.com/).
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Real-time quantitative PCR (RT-qPCR)

RNA was collected using a Cell or Tissue RNA Isola-
tion Kit (Cat: RC112, Vazyme, Nanjing, China), and
reverse transcription was performed using a RT Super-
Mix for qPCR Kit (Cat: RC323, Vazyme, Nanjing, China).
RT-qPCR was performed by utilizing a SYBR qPCR
Master Mix (Cat: Q711, Vazyme, Nanjing, China) and
LC480photocycler. 2-AACt method was utilized to anal-
yse genes expression, and [-actin normalization was
utilized for quantification. The gene-specific primer
sequences are shown in Table 1.

Western blotting

Proteins were collected by using radioimmunoprecipita-
tion assay (RIPA) lysis buffer (P0013B, Beyotime, Shang-
hai, China), and the protein concentration was tested by
utilizing a bicinchoninic acid (BCA) assay (Cat: ZJ102,
Epizyme, Shanghai, China). Then, proteins were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Next, proteins were incubated using
anti-rabbit p-actin (AB0035, Abways, Shanghai, China),
Atg5 (Cat: 10181-2-AP, Proteintech, Wuhan, China),
Beclinl (Cat:11306-1-AP, Proteintech, Wuhan, China),
p62 antibodies (Cat: 18420-1-AP, Proteintech, Wuhan,
China), and goat anti-rabbit IgG polyclonal secondary
antibodies (Cat: ZB-2301, Zhongshan Golden Bridge,
Beijing, China). Protein bands were detected by utilizing
a chemiluminescence reagent (WBKLS 0050, Millipore,
Massachusetts, America), and images were obtained
using a chemiluminescence imaging system (Tanon Sci-
entific Instrument Co., Ltd., Shanghai, China).

Table 1 gPCR primer sequences
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Reactive oxygen species (ROS) assay

AML12 cells were stained by using a Reactive Oxy-
gen Species Detection kit (G1706, Servicebio, Wuhan,
China). After the intervention of AML12 cells accord-
ing to the experimental protocol, the supernatant was
diacarded, and PBS was applied to wash cells (repeated
twice), after which the DCFH-DA probe solution was
diluted (1:1000) and added the plate, cells were incu-
bated for 30 min in darkness at 37 °C, 5%CO,, incubator.
The DCFH-DA working solution was aspirated, and PBS
was applied to wash plate (repeated three times). Finally,
images were obtained by a confocal scanning imaging
microscope (CSIM130, Sunny Group Co., Ltd., Zhejiang,
China).

Apoptosis assay

Apoptotic cells were tested by utilizing Annexin V-FITC/
PI Assay kit (556547, BD Biosciences, New Jersey, Amer-
ica). AML12 cells were digested with trypsin without
ethylenediaminetetraacetic acid. Then, pre-cooled PBS
was applied to wash cells, centrifugation at 1000 rpm for
5 min, cells supernatants were discarded, and cells were
mixed, this washing was repeated twice. The cell precipi-
tate was resuspended in 1XAnnexin V Binging Buffer, and
the cell suspension was diluted so that the cell density
was approximately 1x100, 000/mL. 100 pL of the above
diluted cell suspension was added in a flow tube, and 5
pL of PI and 5 pL of Annexin V-FITC staining solution
were added in the flow tube. The flow tube was slightly
mixed and incubated in the dark at room temperature for
15 min. Early and late apoptotic activity was tested using
a Cyto FLEX flow cytometer (Beckman Coulter Inc.,

Name Forward sequences

Reverse sequences

B-actin TGCTGTCCCTGTATGCCTCTG

Bax GCTACAGGGTTTCATCCAGGATC
Bcl2 GGATTGTGGCCTTCTTTGAGTTC
Caspase’ ACTCCACGGTTCCAGGTTATTAC
Caspase9 GCAAAGGAGCAGAGAGTAGTGAA
Beclin1 AAACTGGACACGAGCTTCAAGAT
Atg5 GTTTGGCTTTGGTTGAAGGAAGA
P62 CACAGGCACAGAAGACAAGAGTA
FASN CCTTCCGTCACTTCCAGTTAGAG
CPT1a GCAAATGATGTGGACCTGCATTC
PPARa TTCCCTGTTTGTGGCTGCTATAA
ApoB CCACCAAACTGCTCTTCCAAATG
IL-6 AACCGCTATGAAGTTCCTCTCTG
I-10 CAGAGAAGCATGGCCCAGAAATC
=18 CAGCACATCAACAAGAGCTTCAG
TNF-a GCCTCCCTCTCATCAGTTCTATG
SOD3 GCTACTGTGTTCCTGCCTGCT

CAT CAGGCTCTTCTGGACAAGTACAA

GPX4

CTGCTCTTCCAGAGGTCCTG

TGATGTCACGCACGATTTCC
TGCTGTCCAGTTCATCTCCAATT
CTTCAGAGACAGCCAGGAGAAAT
ATACACGGGATCTGCTTCTTCTC
CGAATCCAGGGTGTATGCCATAT
CCATCCTGGCGAGTTTCAATAAA
AATTCGTCCAAACCACACATCTC
CCTGTAGATGGGTCCACTTCTTT
AAGTTCAGTGAGGCGTAGTAGAC
AGAACTTGCCCATGTCCTTGTAA
CTTCTTGATGACCTGTACGAGCT
GGTTCCCGTGTTCCAATCAAATT
TGGTATCCTCTGTGAAGTCTCCT
GCTCCACTGCCTTGCTCTTATTT
GAGGATGGGCTCTTCTTCAAAGA
ACCTGGGAGTAGACAAGGTACAA
ATCTCCGTGACCTTGGCGTA
GAGAATCCATCCAGCGTTGATTAC
GAGGTGTCCACCAGAGAAGC
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California, America), and the apoptosis data were anal-
ysed by Flowjo.

Dual-energy X-ray body fat content test

Body fat was detected using a dual-energy X-ray bone
densitometer (GE Lunar DPX Prodigy, GE, Boston,
America). First, the “Prodigy” software in the computer
connected to the bone densitometer was opened, a new
testing object was crested, and the tested object informa-
tion (including number, birth date, weight, sex, and spe-
cies) was input. Second, the “Small animal whole body
test” was selected, and each anesthetized mouse was
fixed so that its nose was at the center of the red position-
ing mark in the bone densitometer examination table.
Then, the detection range was selected according to the
size of mouse (usually length: 15 cm; width: 10 cm), and
the “measure” option was selected. Finally, the body fat
content data were saved and recorded.

Data analysis

All experimental data were analysed with GraphPad
Prism 9.0. The results of experimental data were pre-
sented as mean+standard deviation (Mean+SD). Com-
parisons of multiple groups data were performed using
one-way ANOVA and Tukey’s adjusted test. P[10.05
indicate statistical differences.

Results

Ergothioneine ameliorated lipid metabolism and liver
impairment in HFD mice

To research the effects of ergothioneine in MASLD, this
study constructed high-fat mice model, and mice were
treated with EGT or without EGT according to Fig. 1A.
The body weight, area under the curve (AUC) of IPGTT
and IPITT in HFD group were increased compared to
NCD group, indicating that HFD group had significant
insulin resistance and impairments of glucose toler-
ance (Fig. 1B-D). However, body weights were decreased
(Fig. 1B) and insulin sensitivity and glucose tolerance
were enhanced in HFD+EGT group (Fig. 1C and D). Fur-
thermore, serum levels of ALT and AST were elevated
in HFD group as opposed to NCD group (Fig. 1E and F).
Dual-energy X-ray absorption photometry revealed that
the body fat of HFD group was added in comparison with
NCD group (Fig. 1G). Nevertheless, liver function and
body fat in HFD+EGT group were decreased compared
to HFD group (Fig. 1E-G). Therefore, the above findings
implied that ergothioneine could reduce body weight,
insulin resistance, hepatic function impairment, and
body fat in high-fat diet mice.

Page 5 of 17

Ergothioneine ameliorated hepatic structural damage,
hyperlipidemia, oxidative stress, autophagy and
inflammation in HFD mice

Paraffin sections of mouse livers were stained histologi-
cally (Fig. 2A). HE staining revealed that NCD group
was normal and that the structure of liver lobules was
clear. The number of liver steatosis vacuoles rose in HFD
group but reduced in HFD+EGT group. PAS stain-
ing revealed that liver glycogen deposition rose in HFD
group, while reduced in HFD+EGT group. Oil Red O
staining revealed that there was few lipid droplet deposi-
tion in NCD group, whereas there were many lipid drop-
lets in HFD group. However, lipid droplets were reduced
in HFD+EGT group. F4/80 (macrophage activation
marker) of IHC staining revealed that liver macrophages
in HFD group were activated, but macrophages activa-
tion were attenuated in the HFD+EGT group. Serum
lipid assays showed that TC, TG, and LDL-C levels were
rose (Fig. 2B-D) and HDL-C were reduced (Fig. 2E) in
HFD group, indicating that HFD group had significant
hyperlipidemia. Nevertheless, the above lipid levels were
improved in HFD+EGT group (Fig. 2B-E). ELISA results
indicated that antioxidant enzymes GSH, SOD, and CAT
levels were decreased (Fig. 2F-H), and the levels of MDA
(Fig. 2I) and inflammatory indicators IL-1p and IL-6
were rose in HFD group (Fig. 2] and K). However, the
above inflammation and oxidative stress indicators were
improved in HFD+EGT group (Fig. 2F-K). Moreover,
compared to HFD group, the mRNA and protein levels
of Atg5, Beclinl, and p62 were improved in HFD+EGT
group (Fig. S1I-L). The above results suggested that ergo-
thioneine ameliorated liver structural damage, hyperlip-
idemia, oxidative stress, autophagy and inflammation in
HED mice.

Ergothioneine attenuated PA-induced lipid metabolism
impairment in AML12 cells
PA stimulation of AML12 cells is a classical in vitro lipo-
toxicity model. The CCK8 kit assayed the cell viability at
gradient PA concentrations and for different durations
(Fig. 3A). Oil Red O was used assess the lipid deposition
status of AML12 treated with gradient PA concentrations
for 48 h (Fig. 3B). For the combination of cell viability and
lipid deposition status results, a PA concentration of 0.2
mM for 48 h was the optimal condition for lipotoxicity
model in vitro. Then, different concentrations of ergothi-
oneine (0—2 mM) were used to treat AML12 cells. CCK8
and Oil Red O tests showed that ergothioneine improved
cell viability (Fig. 3C) and lipid deposition (Fig. 3D).
Combining the above experimental results, this study
ultimately selected 0.5 mM EGT to treat AML12.
Compared to Ctrl group, the mRNA level of FASN
(a fatty acid synthase) was increased (Fig. 3E), and the
mRNA levels of ApoB (apolipoprotein B gene, a lipid
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Fig.3 Ergothioneine attenuated PA-induced lipid metabolism impairment in AML12. (A) Percentage of AML12 cells viability detected by CCK8. (B) Status
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detected by CCK8. (D) Status of AML12 lipid deposition intervened by ergothioneine at different concentrations detected by Oil Red. gPCR detected FASN
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Ctrl: *P< 0.05. P <0.001, **P < 0.0001 PA+EGT vs. PA

transport-related molecule) and PPAR«a (peroxisome pro-
liferator-activated receptor a, involved in fatty acid oxi-
dation) and CPT1a (carnitine palmitoyltransferase-1a, a
fatty acid oxidation-related molecule) were decreased in
PA group (Fig. 3F-H). However, these genes mRNA lev-
els were improved in PA+EGT group (Fig. 3E-H). The
above results suggested that ergothioneine attenuated

lipid deposition and lipid metabolism impairment in PA-
treated AML12 cells.

RNA-seq analysis revealed that ergothioneine protected
AML12 cells by improving autophagy, apoptosis, and
oxidative damage

To elucidate the effects of ergothioneine in AMLI12 cells,
RNA-seq was performed in the Ctrl, PA, and PA+EGT
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after EGT intervention (Fig. 4B). A volcano plot was
constructed and revealed 6458 differential expressed
genes, with 3375 genes downregulated and 3058 genes
upregulated in PA+EGT group in contrast to PA group
(Fig. 4C). Cellular inflammation and immune responses

groups of AML12 cells. The sequencing results revealed
that principal component analysis (PCA) distinguished
the PA group samples from PA+EGT group (Fig. 4A). The
cluster analysis of the PA+EGT group vs. the PA group
clearly showed that differential expression was significant
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were enriched, as shown by the top 20 GO enrichment
results of the PA+EGT group vs. the PA group (Fig. 4D).
Analysis of the top 20 enriched KEGG pathway for the
PA+EGT group vs. the PA group revealed that signaling
pathways related to apoptosis, lipid metabolism, pha-
golysosomes, p53, and MAPK were enriched (Fig. 4E).
Compared to Ctrl group, PA group genes involved in
autophagy (Fig. 4F), apoptosis (Fig. 4G), and oxidative
stress (Fig. 4H) pathways presented significant changes
in gene expression, however, these changes were reduced
in the PA+EGT group. Thus, RNA-seq analysis showed
that ergothioneine protected AML12 cells by autophagy,
apoptosis, and oxidative stress pathways.

Ergothioneine attenuated oxidative stress injury and
inflammation to ameliorate PA-induced lipotoxic injury in
AML12

To verify the effects of EGT improving oxidative dam-
age and inflammation in PA-induced AML12 cells.
Based on ROS fluorescent probe assay, in contrast to
Ctrl group, ROS level of PA group was added. However,
ROS level was declined in PA+EGT group compare to
PA group (Fig. 5A). qPCR assays of antioxidant enzymes
demonstrated that CAT, SOD3, and GPX4 mRNA lev-
els were declined compared to Ctrl group, but antioxi-
dant enzymes levels were enhanced in PA+EGT group
(Fig. 5B-D). qPCR tests indicated that proinflammatory
mediators IL-1f, IL-6, and TNF-a mRNA levels were
added (Fig. 5E-G) and anti-inflammatory factor inter-
lukin-10 (IL-10) mRNA levels were reduced in PA group
compared to Ctrl group (Fig. 5H). ELISA revealed that
cell supernatant levels of IL-1p and IL-6 were added in
PA group in comparison with Ctrl group (Fig. 5I and J).
However, the mRNA and cell supernatant levels of these
inflammatory indicators were ameliorated in PA+EGT
group (Fig. 5E-J). The above results suggested that ergo-
thioneine attenuated oxidative stress injury and inflam-
mation to ameliorate PA-induced lipotoxic injury in
AMLI12.

Ergothioneine attenuated apoptosis and promoted
autophagy to ameliorate PA-induced lipotoxic injury in
AML12

GSEA analysis of RNA sequencing revealed that EGT
enhanced autophagy and attenuated apoptosis. To fur-
ther confirm the role of EGT in improving autophagy
and apoptosis in AML12 cells, flow cytometry and qPCR
were applied to test the percentage of AML12 apopto-
sis and Bax, Bcl2, caspase7 and caspase9 mRNA levels.
These figures presented that the percentage of apoptosis
and mRNA levels of related molecules were added in PA
group, but were reduced in PA+EGT group (Fig. 6A-
F). qPCR detection of autophagy levels revealed that
autophagy was suppressed in PA group with added p62
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expression and decreased Beclinl and Atg5 expres-
sion (Fig. 6G-]). However, the expression levels of these
autophagy-regulated genes were significantly improved
in PA+EGT group (Fig. 6G-]). These findings suggested
that ergothioneine could attenuate apoptosis and pro-
mote autophagy to ameliorate PA-induced AML12 lipo-
toxicity injury.

3-MA blocked the protective role of ergothioneine in
AML12

To further confirm the mechanism of EGT protect-
ing AML12, AMLI12 cells were pretreated with 3-MA (a
common autophagy inhibitor) for 6-8 h, followed by PA
and ergothioneine intervention. qPCR tests and Oil Red
O staining showed that 3-MA aggravated lipid deposi-
tion (Fig. 7A), upregulated FASN mRNA expression
(Fig. 7B), and downregulated ApoB and PPARax mRNA
expression levels (Fig. 7C and D). Besides, 3-MA added
ROS level (Fig. 7E) and reduced mRNA levels of the anti-
oxidant enzymes SOD3, CAT, and GPX4 (Fig. 7F-H).
ELISA findings revealed that 3-MA increased levels of
IL-1Pand IL-6 in AML12 cell supernatant (Fig. 7I and J).
Flow cytometry and qPCR results indicated that 3-MA
increased the percentage of apoptosis (Fig. 7K), and
upregulated the mRNA levels of Bax/Bcl2 (Fig. 7L), cas-
pase? (Fig. 7M) and caspase9 (Fig. 7N). The above results
indicated that 3-MA blocked ameliorative effects of ergo-
thioneine in lipid metabolism, apoptosis, oxidative dam-
age, and inflammation in AML12 cells.

Discussion

Some studies on MASLD have shown that fat accumula-
tion, IR, oxidative damage, and inflammation in liver are
major contributors to the development of MASLD [33,
34]. Therefore, reductions in hepatic fat accumulation,
the inflammation and oxidative damage are beneficial
for the prevention and treatment of MASLD. Currently,
some studies have demonstrated that EGT has preven-
tive or therapeutic potential for a range of oxidative
stress-related diseases [35]. Based on the limitations of
therapeutic drugs for MASLD, the non-toxic nature of
ergothioneine, and the anti-inflammatory and antioxi-
dant cytoprotective roles, this work concentrated on the
protective role of EGT in MASLD through autophagy
and the related mechanisms by constructing a high-fat
model in vivo and in vitro.

In this work, the MASLD models were constructed
through high-fat diet feeding C57BL/6] mice. Because
MASLD is a chronic metabolic disease, these mice were
treated with high-fat diet and ergothioneine (35 mg/
kg/d) from week 6 until week 24. The dosage used was
described in previous studies [31, 32], and 35 mg/
kg/d fully saturated the intracellular accumulation
and metabolism of EGT in mice [32]. Additionally, the
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Fig. 5 Ergothioneine attenuated oxidative stress injury and inflammation to ameliorate PA-induced lipotoxic injury in AML12. (A) ROS assay. gPCR de-

tected SOD3 (B), CAT (C), GPX4 (D), IL-6 (E), IL-1B (F), TNF-a (G) and IL-10 (H

) MRNA expression levels. ELISA detected IL-6 (I) and IL-13 (J) levels in AML12

cell supernatant. Bar:50 um, n=3.** P<0.01, *** P<0.001, **** P<0.0001 PA vs. Ctrl; *P< 0.05, #P<0.01, **P < 0.0001 PA+EGT vs. PA

safety of this intervention has been intensively investi-
gated, EGT has been approved as a nutritional supple-
ment by the European Food Safety Authority and the
Food and Drug Administration [36]. Moreover, there
are no developmental abnormalities and death in mice

in the EGT intervention group with weekly monitoring,
thus confirming the safety of EGT. In vivo experiments
revealed that EGT decreased body weight and insulin
resistance in HFD mice and significantly improved body
fat content, liver function, and lipid metabolism genes
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expression levels (Fig. S1IE-H), as well as reduced liver
ballooning degeneration, lipid deposition, and glycogen
accumulation in the EGT-intervened group of HFD-fed
mice; rather, EGT markedly alleviated inflammation and

enhanced the levels of antioxidant enzymes in HFD mice.
These experiments revealed that EGT might improve
lipid metabolism dysfunction in HFD mice, reflecting the
protective effect of EGT on the livers of these mice.
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For the in vitro experiments, the saturated fatty acid
PA, which is widely used in in vitro cell line lipotoxicity
studies, induced lipid metabolism disorders in AML12
cells [37]. In accordance with previous studies [38, 39],
Oil Red O staining and CCK8 findings demonstrated that
0.2 mM PA was appropriate to treat AMLI12 cells for 48 h
to construct in vitro high-fat models. The expression lev-
els of relevant lipid metabolism molecules FASN, CPT1a,
PPARa, and ApoB were detected, and it was found that
EGT was able to significantly improve PA-induced lipid
metabolism dysfunction.

The above in vitro and vivo experiments demonstrated
that EGT could significantly improve the hepatic lipid
metabolism function. To elucidate the related mecha-
nism, RNA-seq was performed in AMLI12 cells. GO and
KEGG pathway enrichment analysis revealed that the cel-
lular inflammation, apoptosis, lipid metabolism, phago-
somes, MAPK, and p53 signaling pathways were enriched
after EGT intervention. GSEA revealed that autophagy
was increased and that apoptosis and oxidative stress
were inhibited after EGT intervention. As autophagy
and apoptosis regulate each other, they worked together
to regulate homeostasis and cell death in the organism
[40]. In most instances, promoting autophagy inhibited
the activation of apoptosis and promoted cell survival
[41]. Moreover, autophagy was involved in many cellu-
lar physiological processes and stress responses, such as
the regulation of oxidative damage and inflammation [42,
43]. Thus, the study speculated that EGT might play a
protective role via promoting autophagy and attenuating
apoptosis and oxidative stress in MASLD.

To test this hypothesis, this study tested the autoph-
agy, inflammation and oxidative damage levels in vitro
and in vivo. Previous studies verified that MAPK and
Erkl expression levels were reduced, and mTOR was
inhibited, but ULK1 expression was promoted, result-
ing in the activation of autophagy [40]. This study also
confirmed this result in AML12 cells (Fig. S1A-D). In
vitro and in vivo findings indicated that EGT could sig-
nificantly upregulate Beclinl (A well-established regula-
tor of PI3K autophagy complex formation [44, 45]) and
Atg5 (A key component regulating the formation of the
autophagosome [46, 47]) expression, and downregulate
p62 (An ubiquitin-binding adapter protein associated
with impaired autophagic flux [17, 48]) expression, and
restored the suppressed autophagic flux in HFD group.
EGT also downregulated the mRNA expression of Bax/
Bcl2, caspase7 and caspase9, and reduced the number
of apoptotic cells, and attenuated PA-induced apop-
tosis. Moreover, EGT added the expression of SOD3,
CAT, and GPX4, and attenuated the ROS levels and the
expression of inflammatory indicators IL-1f, IL-6, IL-10,
and TNF-a, which attenuated PA or HFD-induced liver
injury. Then, by using the autophagy inhibitor 3-MA to
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intervene AMLI12 cells, it turned out that 3-MA blocked
the ameliorative effects of EGT on lipid deposition, apop-
tosis, oxidative damage, and inflammation in AMLI12.
Collectively, this study confirmed that autophagy is
essential in the ameliorative effects of EGT on MASLD,
which may inhibit apoptosis, oxidative stress, and inflam-
mation on MASLD.

Study strengths and limitations

The current study has the following strengths. To start
with, the study indicated for the first time that EGT ame-
liorates the development of MASLD. In addition, further
studies revealed that EGT may ameliorate liver injury
in MASLD via enhancing autophagy, inhibiting oxida-
tive damage and inflammation, providing new insights
and theoretical basis into the clinical drug treatment
of MASLD. However, there are some limitations in this
study. In the first place, in vitro intervention experiments
using RNA sequencing and the autophagy inhibitor
3-MA demonstrated that autophagy is a crucial molecule
in EGT protection of MASLD, but in vivo experiments
are requested to further investigate the effect of autoph-
agy in this. Furthermore, although this study enriched
the p53 and MAPK signaling pathways related to the
upstream of autophagy, and also detected that EGT
depressed the mRNA expression of MAPK and Erkl,
whereas these results could not prove the specific molec-
ular targets of action of EGT in regulating autophagy, and
further studies are required to verify the specific molecu-
lar mechanisms in which EGT improves MASLD.

Conclusion

This study demonstrates that ergothioneine ameliorates
metabolic dysfunction-associated steatotic liver disease
by promoting autophagy to attenuate lipid accumulation,
oxidative stress, inflammatory response and apoptosis
(Fig. 8). This work provides a new idea into the clinical
treatment and dietary care of MASLD. In the future,
ergothioneine is likely to be used as a dietary supplement
or drug to slow the progression of MASLD and amelio-
rate the lipotoxic damage to the liver in patients with
MASLD.
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