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KEY WORDS Abstract Emerging evidences have indicated the role of ferroptosis in the progression of metabolic-
associated fatty liver disease (MAFLD); thus, inhibiting ferroptosis is a promising strategy for the
development of MAFLD therapeutics. Recent studies have demonstrated the antioxidative effect of the
gut commensal bacterium Akkermansia muciniphila (A. muc); however, whether it can alleviate
ferroptosis remains unclear. The current study indicates A. muc intervention efficiently reversed high-
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Lipid peroxidation;

Akkermansia muciniphila; fat high-fructose diet (HFHFD)-induced lipid peroxidation and ferroptosis in the liver. These beneficial
Acetate; effects were mediated by activation of the hepatic AMPK/SIRT1/PGC-1e« axis, as evidenced by the
Adenosine finding that AMPK deficiency abrogated the amelioration of lipid peroxidation in vitro and in vivo.

5'-monophosphate- Furthermore, the short-chain fatty acids (SCFAs) were enriched upon A. muc treatment, and acetate
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activated protein kinase;
Polyunsaturated fatty acid
synthesis

was identified as a key activator of hepatic AMPK signalling. Mechanistically, microbiota-derived acetate
was transported to the liver and metabolized to adenosine monophosphate (AMP), which triggered
AMPK activation. Furthermore, a colonization assay in germ-free mice confirmed that A. muc mediated

antiferroptotic effects in the absence of other microbes. These data indicated that A. muc exerts
antiferroptotic effects against MAFLD, at least partially by producing acetate, which activates the hepatic
AMPK/SIRT1/PGC-1« axis to alleviate ferroptosis via the inhibition of polyunsaturated fatty acid

(PUFA) synthesis.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metabolic-associated fatty liver disease (MAFLD), previously
known as nonalcoholic fatty liver disease (NAFLD), encompasses
a disease spectrum that progresses from simple steatosis to
nonalcoholic steatohepatitis (NASH)"Z. NASH is a more complex
stage, manifested by severe steatosis, hepatocellular damage,
inflammation, and fibrosis, which may lead to cirrhosis, hepato-
cellular carcinoma (HCC), and end-stage liver disease®. Hepato-
cyte death is a key event in NASH progression, which subsequently
triggers immune cell recruitment, compensatory hepatocyte pro-
liferation, and hepatic stellate cell activation, ultimately progress-
ing to fibrosis®. To date, various types of hepatocellular death in
MAFLD, including apoptosis, necrosis, necroptosis, and pyropto-
sis, have been widely investigated, and each type of cell death can
stimulate specific responses through different mechanisms®. Fer-
roptosis, a specific type of regulated cell death resulting from the
accumulation of iron-dependent lipid peroxides, has recently been
recognized to participate in the pathogenesis and progression of
metabolic diseases and even liver ﬁbrosis6’m, as evidenced by
elevated peroxidation biomarkers, namely, malondialdehyde (MDA)
and 4-hydroxinonenal (4-HNE)"!, as well as liver siderosis, in NASH
patients'”. Because the antioxidant vitamin E or ferroptosis in-
hibitors, such as Trolox and deferiprone, can suppress NASH pro-
gression'>'*, inhibiting lipid peroxidation and ferroptosis is an
emerging strategy for NASH therapeutics.

Currently, there are no approved medical treatments for
MAFLD, emphasizing the need to develop novel strategies
involving other targets'®. Notably, the role of the gut microbiota in
MAFLD pathogenesis and development has been well verified, as
exemplified by microbial alterations in MAFLD patients in several
human cohort-based studies'®'®. Microbiota-derived noninvasive
diagnostic tools with considerable diagnostic efficiency have been
established'®?°, whereas microbiota-targeted therapies need
further investigation to specifically link the gut microbiota with
disease pathogenesis. Existing microbial strategies mainly target
dysfunctional gut microbiota composition (antibiotics, prebiotics,
probiotics, synbiotics, phages, and faecal microbiota trans-
plantation) or gut microbial metabolism (postbiotics, engineered
microbes, and specific metabolites)ZI’zz. Akkermansia muciniphila
(A. muc), a mucin-degrading microbe primarily isolated from
human stool, has been recognized as a next-generation probiotic
with several beneficial effects on metabolic disorders>>°. The
mechanisms of A. muc-mediated beneficial effects on MAFLD
may include a reduction in carbohydrate absorption?’, the regu-
lation of intestinal immunity®®, the regulation of barrier func-
tions>’, and the modulation of gut—liver L-aspartate metabolism™°.
Recent studies have demonstrated the antioxidative effect of A.

. . . 30-32 . . . .
muc against oxidative damage®*>2, which is a key manifestation

of lipid peroxidation. However, it remains unknown whether A.
muc could alleviate MAFLD-related lipid peroxidation and fer-
roptosis, and the underlying specific mechanism is unclear,
thereby requiring further investigation.

Synergy between A. muc and prebiotics has been reported in the
treatment of metabolic diseases. Previously, we reported that A.
muc increases faecal levels of short-chain fatty acids (SCFAs)**%,
which are primary products fermented by gut microbes from dietary
prebiotics®®. SCFAs that participate in colon energy metabolism are
absorbed by colonocytes; those not metabolized in the colon are
transported in the portal circulation, and some of them are used as
energy substrates for hepatocytes®’%, Additionally, SCFAs, notably
acetate, propionate, and butyrate, exhibit great potential to amelio-
rate metabolic disorders®®**!. These previous studies indicated that
the A. muc-mediated beneficial metabolic effects may be, at least
partially, related to gut microbiota-derived SCFAs.

The present study established a long-term high-fat high-fructose
diet (HFHFD)-fed mouse model to mimic clinical NASH profiles as
previously reported*?. The present aims were to elucidate the role of
lipid peroxidation and ferroptosis in NASH progression, as well as to
investigate whether A. muc treatment could undermine this patho-
logical process. Further, the present study aimed to identify the
activated pathway and key microbiota-derived metabolites that
mediate the antiferroptotic effect of A. muc. The present results
demonstrated that A. muc administration efficiently alleviates lipid
peroxidation and ferroptosis during NASH progression, accompa-
nied by SCFA enrichment in the intestine and liver. Importantly, we
identified A. muc-derived acetate as a key metabolite that activates
the hepatic AMPK/SIRT1/PGC-1« pathway to protect against lipid
peroxidation and ferroptosis in MAFLD mice via the inhibition of
PUFA synthesis.

2. Materials and methods

2.1.  Bacterial strains and culture conditions

The A. muc strain (ATCC BAA-835, received from Dr. Wenrui Wu)
was cultured in modified brain heart infusion (BHI) medium at 37 °C
anaerobically (AW300SG, Electrotek, Cookley, Kidderminster, En-
gland) for 48 h. The modified BHI medium consisted of BHI broth
(37 g/L, Oxiod Ltd., Hampshire, England), mucin (0.5%, Sigma-
Aldrich, St. Louis, MO, USA), and L-cysteine (0.05%, Sigma).

The Bifidobacterium longum RO175 strain (B. longum) pur-
chased from Lallemand (Quebec, Canada) was cultured in
trypticase-phytone-yeast (TPY) broth (RiShui, Qingdao, China) at
37 °C anaerobically for 24 h.
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The Escherichia coli (E. coli) strain (ATCC 25922) was
cultured in Luria—Bertani (LB) broth (Oxiod Ltd.) at 37 °C
aerobically for 24 h.

The Lactobacillus reuteri DSM17938 strain (L. reuteri) was
cultured in DeMann, Regosa, Sharpe (MRS) broth (Oxiod Ltd.) at
37 °C anaerobically for 24 h.

To harvest bacteria, A. muc was harvested via centrifugation at
10,000 rpm for 10 min at 4 °C, and B. longum, E. coli and L.
reuteri were harvested via centrifugation at 4000 rpm for 10 min
at 4 °C. A high-speed centrifuge was applied for harvesting bac-
teria (CR22N, Eppendorf, Hamburg, Germany).

2.2.  Animal model and treatment

Specific pathogen-free C57BL/6J mice (6 weeks old) purchased from
the SLAC laboratory (Shanghai, China) were acclimatized for one
week before treatment. All the mice were housed at room tempera-
ture with a controlled 12-to-12-h light/dark cycle and had free access
to food and water. All the mice involved in the experiments were
male C57BL/6J mice aged 6 weeks, unless otherwise stated.

For the A. muc treatment model, the mice were randomly
divided into the following two subgroups: (a) mice fed a HFHFD
(60 kcal% fat in feed, D12492, Research Diet; 23.1 g of fructose
and 18.9 g of glucose in 1 L of drinking water, Sigma)* for up to
20 weeks and treated with A. muc (treatment group) or an
equivalent volume of normal saline (positive control group); and
(b) mice fed a normal control diet and treated with normal saline
(negative control group). A. muc was harvested and resuspended in
anaerobic normal saline and given to the treated mice (10° CFU
per mouse) twice a week by oral gavage.

For the MAFLD progression model, the mice were fed a
HFHED for 0, 4, 8, 12, or 16 weeks before sacrifice.

For the short-chain fatty acid treatment model, the mice were
fed a HFHFD for up to 8 weeks and treated with vehicle, sodium
acetate (0.6 g/kg), sodium propionate (0.6 g/kg), or sodium
butyrate (0.6 g/kg) daily starting at Week 4 for 4 weeks.

For the SCFA-producing microbe treatment model, the mice
were fed a HFHFD for up to 8 weeks and treated with equivalent
volumes of vehicle, A. muc, B. longum, E. coli, or L. reuteri (109
CFU per mouse) daily starting at Week 4 for 4 weeks.

For the AMPK knockdown model, the mice were injected with
1.5 x 10'" vg shPrkaal or an equivalent volume of shCtrl via the
tail vein and fed a HFHFD for up to 8 weeks. Starting at Week 4,
the mice were gavaged daily with A. muc (10° CFU per mouse) or
an equivalent volume of vehicle for 4 weeks.

For the faecal microbiota transplantation (FMT) model, the mice
were pretreated with an antibiotic cocktail for 7 days, fed a HFHFD,
and gavaged with microbiota suspensions daily for up to 2 weeks.

For the germ-free (GF) mouse model, male ICR mice aged 6—8
weeks were fed a HFHFD for up to 8 weeks and colonized with A.
muc (10° CFU per mouse) three times in the first week.

All procedures were performed in strict accordance with the
2011 National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All animal experiments were approved by the
Animal Ethics Committee of the First Affiliated Hospital School of
Medicine, Zhejiang University (Approval No. 2021-1408).

2.3.  Faecal microbiota transplantation
Stool samples from A. muc-treated mice were collected in sterile

containers at Week 19. FMT was conducted as previously described
with some modifications**. Briefly, 0.5 g of stool was resuspended in

1 mL of sterile saline and centrifuged at 500 rpm at 4 °C (5425R,
Eppendorf) for 1 min to harvest the microbial supernatant. Mice were
subjected to one week of microbiota purification via an antibiotic
cocktail, which included 100 mg/kg vancomycin, 200 mg/kg
neomycin sulfate, 200 mg/kg metronidazole, and 200 mg/kg ampi-
cillin. The mice were then fed a HFHFD and gavaged with 200 pL of
microbial supernatant daily for 2 weeks to transfer the microbiota.

2.4. Cell culture and treatment

The human hepatocellular carcinoma cell line HepG2 (ATCC HB-
8065) and the mouse hepatocyte cell line AML12 (ATCC CRL-
2254) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, MD, USA) supplemented with 10% foetal bovine
serum (FBS, Inner Mongolia Opcel Biotechnology Co., Ltd.,
Neimenggu Nei, China) and 1% penicillin/streptomycin (Beyo-
time, Shanghai, China) in 37 °C with 5% CO,.

To investigate the effects of SCFAs on hepatocellular AMPK
activation, cells were cultured with 0.5 mmol/L sodium acetate,
0.5 mmol/L sodium propionate, and 0.5 mmol/L sodium butyrate
with or without 2 pumol/L erastin for 24 h.

To investigate whether SCFAs alleviate hepatocellular ferroptosis
by activating AMPK, cells were cultured with 0.5 mmol/L sodium
acetate under 2 pmol/L erastin challenge for 24 h in the presence or
absence of pretreatment with 2 pmol/L. Compound C for 12 h.

2.5.  Cell viability assay

An enhanced Cell Counting Kit-8 (CCK-8; Beyotime) was used to
measure cell viability. AML12 cells were seeded in 96-well plates at
a density of 5000 cells per well and cultured with different treat-
ments. The cells were then incubated with the CCK8 assay mixture
for 2 h, and the absorbance was measured at 450 nm. For each
condition, six independent biological duplicates were assessed.

2.6.  Insulin resistance assay

The intraperitoneal glucose tolerance test (IGTT) was performed 1
week before sacrifice. In brief, the mice were fasted for 15 h and
then administered with 2 g/kg glucose by intraperitoneal injection.
Blood glucose levels were evaluated at 0, 15, 30, 60, 90, and 120
min after injection with a glucometer (Roche, Basel, Switzerland).
The serum levels of insulin were measured with a commercial
ELISA kit (Invitrogen).

2.7.  Lipid peroxidation assay

The lipid peroxidation levels in HepG2 cells treated with erastin
with or without acetate and Compound C were evaluated via the
use of C11-BODIPY (Invitrogen). Briefly, cells were seeded at a
density of 10,000 cells per well in a 24-well plate and subjected to
different treatments. After incubation with 2 pmol/LL C11-BODIPY
for 20 min at 37 °C, the stained cells were washed twice with cold
PBS and imaged via a fluorescence microscope (Olympus, Tokyo,
Japan).

2.8.  Histopathological analysis

Liver sections were collected at sacrifice and fixed in 10% para-
formaldehyde for 24 h. The samples were then embedded in
paraffin and cut into 2 pm-thick sections, which were stained with
haematoxylin and eosin (H&E) and Oil Red O for further analyses.
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To evaluate the degree of MAFLD progression, the NAFLD ac-
tivity score (NAS) system was utilized as previously described*.

2.9.  Quantification of reactive oxygen species (ROS) and
dihydroethidium (DHE) staining

ROS in the liver and ileum were quantified via an ROS quantifi-
cation kit (Biolab, Beijing, China) according to the manufacturer’s
instructions. Frozen sections of the liver and ileum fixed with OCT
(10 pm) were stained with DHE (Haoke Biotechnology, Wuhan,
China). Images of the stained sections were captured via the
Nano-Zoomer Digital Pathology system (Hamamatsu Photonics,
KK, Japan) at 400 x and 200 x magnification.

2.10.  Liver ELISA

The liver levels of malondialdehyde (MDA), glutathione (GSH),
L-aspartate, ATP, adenosine monophosphate (AMP), and acetyl
Co-A were quantified via commercial ELISA kits following the
manufacturer’s instructions (Supporting Information Table S1).
Briefly, liver sections were homogenized and centrifuged to har-
vest the supernatant for further measurements. The AMP-to-ATP
ratios were determined using the AMP and ATP concentrations
in the supernatants obtained from the same liver section.

2.11.  Immunohistochemistry analysis

Liver samples were collected in 10% formaldehyde for 24 h and
embedded in paraffin. The paraffin-embedded tissue was then cut into
4 pm thick sections and incubated with primary antibody (Boster,
Wuhan, China), followed by incubation with horseradish peroxidase-
conjugated secondary antibody (Beyotime, Shanghai, China) and
3,3’-diaminobenzidine (Beyotime) for specific visualization.

2.12.  Fluorescence in situ hybridization (FISH) and
immunofluorescence staining

Sample collection and fixation for FISH were performed as pre-
viously described*. Briefly, distal colon sections containing a
faecal pellet were fixed in methacarn solution (containing 60%
methanol, 30% chloroform, and 10% acetic acid) for 48 h, fol-
lowed by a series of rinses (methanol for 35 min, ethanol for 30
min, and xylene for 25 min). The tissue was then embedded in
paraffin, cut into 4 um thick sections, and deparaffinized for FISH.

FISH was performed as previously described*®. In brief, depar-
affinized colon sections were initially incubated with 10 ng/pL
bacterial FISH probe diluted in hybridization buffer (0.9 mol/L
NaCl, 20 mmol/L Tris—HCI, 0.01% sodium dodecyl sulphate, and
10% formamide) at 50 °C for 20 min in the dark*’. After three PBS
washes, the sections were subsequently incubated with 1 mg/mL
FITC-UEAL (Sigma) at 4 °C for 1 h in the dark. After an additional
wash, the samples were mounted in mounting medium (containing
DAPI, Beyotime). The stained samples were scanned via a fluor-
escence confocal microscope (Zeiss, Jena, Germany). The fluo-
rescently labelled DNA probes used are listed in Supporting
Information Table S2.

2.13.  RNA extraction and real-time quantitative PCR

RNA extraction was conducted via an RNeasy Mini Kit (Qiagen,
Germantown, MD, USA) following the manufacturer’s protocol.

A PrimeScript Master Kit (TaKaRa, Kyoto, Japan) was used to
synthesize cDNA. Relative gene expression levels were quantified
via a SYBR Green Premix qPCR Kit (Takara) with a VIIA7 real-
time PCR system (Applied Biosystems, Foster, CA, USA). Each
template was run in duplicate and normalized to the Gapdh con-
trol gene. The primers used are listed in Table S2.

2.14.  Western blot analysis

Protein extraction was conducted by homogenizing the tissue or
cells with RIPA lysis buffer (Beyotime) containing a protease and
phosphatase inhibitor cocktail (Beyotime). Protein concentrations
were quantified via a BCA kit (Beyotime). After separation by
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE), the proteins were transferred to PVDF membranes
(Bio-Rad, Hercules, CA, USA) and incubated with specific pri-
mary antibodies (Table S1). The PVDF membranes were then
incubated with HRP-conjugated secondary antibodies and visu-
alized via an enhanced chemiluminescence kit. ImageJ software
was used for the analyses. 3-Actin was used as a control.

2.15. RNA-seq and gene set enrichment analysis (GSEA)

Mouse hepatic total RNA was extracted via TRIzol reagent
(Sigma), and the purity of the RNA was quantified via a NanoDrop
2000 spectrophotometer (Thermo Scientific) and an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). For
RNA-seq assays, a cDNA library was constructed via the TruSeq
Stranded mRNA LT Sample Prep Kit (Illumina) according to the
manufacturer’s instructions. An Illumina HiSeq X Ten platform
was used to sequence the libraries, and 150 bp paired-end reads
were generated. The raw data were purified in fastq format via
Trimmomatic*®. Clean reads were mapped to the human genome
(GRCh38) via HISAT2*. The FPKM of each gene was calculated
via Cufflinks®*>", and the read counts of each gene were obtained
via HTSeq-count™. Differentially expressed genes were identified
via the DESeq (2012) R package with a standard P value < 0.05
and a fold change (FC) > 2 or < 0.5.

Gene set enrichment analysis (GSEA) was conducted via the
OmicShare website platform (https://www.omicshare.com/tools/
home/report/report_gsea.html). Pathway-involved gene sets were
downloaded from the KEGG website and FerrDb database (www.
zhounan.org/ferrdb/current). For each KEGG biological pathway,
involved genes were defined as a gene set, and a ranked list and a
‘gene set’ permutation type of the gene set were then generated.
Gene sets with P values < 0.05 and FDR values < 0.25 were
considered statistically significant.

2.16.  Ultra-performance liquid chromatography coupled with
electrospray ionization and tandem mass spectrometry (UPLC—-
ESI-MS/MS) analysis for hepatic untargeted lipidomics

Hepatic lipid profiles were characterized via UPLC-ESI-MS/MS as
previously described™. Briefly, 100 mg of the liver sample was mixed
with 750 pL of homogenate agent (chloroform:methanol = 2:1, v/v),
homogenized, and placed on ice for 40 min. Then, 190 pL of ddH,O
was added to the homogenate, vortexed, and centrifuged at 12,000
rpm for 5 min (TGL-16MS, BIORIDGE, Shanghai, China). The
lower layer fluid (300 pL) was mixed with 500 pL of the homogenate
agent, vortexed, and centrifuged. Finally, 400 uL of the lower layer
fluid was concentrated to dryness under vacuum, dissolved in 200 pL
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of isopropanol, and filtered through a 0.22 pm filter prior to LC-MS
analysis.

2.17.  Targeted short-chain fatty acid (SCFA) profiling via
UPLC-ESI-MS/MS

The bacterial products, namely, acetic acid, propionic acid,
butyric acid, isobutyric acid, pentanoic acid, and isovaleric acid, in
mouse stool and liver were quantified via UPLC-ESI-MS/MS.
Briefly, 50 mg of mouse sample was mixed and homogenized with
300 pL of acetonitrile solution (50% in water, v/v), ultrasonicated
on ice for 10 min, and centrifuged at 12,000 rpm at 4 °C for 10 min
(TGL-16MS, BIORIDGE). The supernatant (40 pL) was then
transferred into a sample bottle and mixed with 20 pL of 200
mmol/L 3-NPH (in 50% acetonitrile water solution, v/v) and 20 pL
of 120 mmol/L EDC-6% pyridine (in 50% acetonitrile water so-
lution, v/v) for derivatization. After cooling on ice for 1 min, the
mixture was diluted ten times with 10% acetonitrile in water, and
150 pL of the supernatant was filtered through a 0.22 um filter,
removed from the sample bottle, and stored at —80 °C prior to
UPLC-ESI-MS/MS analysis. The derivatization of the standard
sample was the same as that of the former, except that no dilution
step was needed.

2.18. 168 rRNA sequencing and bioinformatics analysis

Bacterial DNA was extracted via a DNeasy PowerSoil Pro Kit
(Qiagen, CA, USA) and verified via NanoDrop (Thermo Fisher
Scientific, MA, USA) and agarose gel electrophoresis. PCR was
performed to generate amplicons via V3-V4 oligonucleotides
(343F: 5-TACGGRAGGCAGCAG-3'; 798R: 5'-AGGGTATC-
TAATCCT-3'). After amplification, purification, and qualification,
sequencing was performed on an Illumina NovaSeq 6000 platform
(Illumina Inc., CA, USA) to construct the library.

The sequencing reads were trimmed via Trimmomatic soft-
ware, assembled via FLASH software, and clustered into opera-
tional taxonomic units (OTUs) via VSEARCH software with a
97% similarity cut-off. Finally, the QIIME package was used to
select the representative reads.

2.19.  Statistical analysis

The Kolmogorov—Smirnov test was used to evaluate the
normality of the data. For data with normal distributions, one-way
ANOVA with Tukey’s test was used to evaluate differences among
more than two groups and adjust for multiple comparisons;
otherwise, the Kruskal—Wallis test was used. To compare differ-
ences between two groups, Student’s 7 test was used to analyse
pairwise comparisons with a normal distribution; otherwise, the
Mann—-Whitney U test was used. Correlations between two pa-
rameters were evaluated via Spearman’s rank correlation. The data
are shown as the means + standard error of mean (SEM), and a P
value < 0.05 was considered statistically significant.

3. Results

3.1. A. muc reverses long-term HFHFD-induced metabolic
disorders, lipid peroxidation, and ferroptosis

As NASH progression is accompanied by excessive oxidative

stress™*>>, the present study examined hepatic ferroptosis

biomarkers in mice fed a HFHFD for different durations (Supporting
Information Fig. S1). As NASH progressed, the Acsl4 proferroptotic
gene was activated, but the Gpx4 antiferroptotic gene was inhibited at
the protein and mRNA levels (Supporting Information Fig. S2).
These data indicated that ferroptosis is a key event associated with
NASH progression.

The protective effects of A. muc on metabolic disorders were
subsequently investigated in HFHFD-fed mice. As expected, A.
muc attenuated weight gain and relieved the abnormal ALT and
AST levels induced by the HFHFD (Supporting Information Fig.
S3A and S3B). Additionally, TC levels, the NAS, and hepatic lipid
accumulation were ameliorated upon A. muc intervention, whereas
serum triglyceride (TG) levels remained unchanged (Fig.
S3C—S3G). Furthermore, A. muc normalized HFHFD-induced
impaired insulin sensitivity, as shown by the IGTTs and fasting
insulin levels (Fig. S3H and S3I).

Notably, we found A. muc reversed the accumulation of reac-
tive oxygen species (ROS) in the liver and intestine of HFHFD-fed
mice (Fig. 1A—C, and D). Alterations in hepatic pro- and anti-
oxidative gene expressions, as well as lipid peroxidation in-
dicators (MDA and the GSH-to—GSSG ratio), were in line with
the pathological phenotypes (Fig. 1B—E, and F). Subsequent GO
analysis via liver transcriptomics revealed that the oxidoreductase
activity pathway was upregulated upon A. muc treatment, and
gene set enrichment analysis (GSEA) also revealed that A. muc
increased antioxidative and antiferroptotic abilities (Fig. 1G and
H). Furthermore, A. muc significantly alleviated HFHFD-induced
hepatic iron accumulation (Fig. 1I) and normalized the expres-
sions of the Acsl4 and Gpx4 ferroptosis genes (Fig. 1J).

Because lipid peroxidation is a precursor of ferroptosis®, hepatic
lipid profile alterations upon A. muc intervention were examined via
untargeted lipidomic analyses. There were significant differences in
lipid composition among the groups (Supporting Information Fig.
S4A), and A. muc treatment reversed HFHFD-induced elevations
in TG abundance and normalized phosphatidylcholine (PC) enrich-
ment (Fig. 2A and B). Further KEGG enrichment analyses revealed
increased metabolism of glycerophospholipids (GPs), linoleic acid
(LA), a-LA, and arachidonic acid (ARA) upon A. muc intervention
(Fig. 2C). We thus checked free fatty acid (FA) profiles and found that
proinflammatory w-6 polyunsaturated fatty acids (PUFAs), espe-
cially ARA (C20:4) and adrenic acid (ADA; C22:4), were enriched
in HFHFD-fed mice but reduced after A. muc treatment (Fig. 2D and
E). PUFA-anchored PEs, specifically ARA-containing or ADA-
containing PEs, are regarded as key phospholipids that undergo
peroxidation, driving cells towards ferroptosis>®. Consistently, the
present data revealed that HFHFD increased the levels of ARA-PEs
and key PE species, namely, PE 16:0_20:4 and PE 18:0_20:4 (Fig. 2F
and Fig. S4B), whereas A. muc treatment reduced these levels.
Moreover, the levels of other ARA-containing or ADA-containing
GPs remained unchanged (Fig. S4C and S4D). We further checked
genes involved in PUFA synthesis, and observed expressions of key
gene Fasn, Scdl, Fadsl, Elovi4, Elovl7 and Acsl4 were upregulated
in HFHFD-fed mice, but reduced after A. muc treatment (Fig. 2G and
H, Fig. S4E—S4H). Together, these data suggested that lipid perox-
idation and ferroptosis participate in NASH progression, which can
be reversed by A. muc via the inhibition of PUFA synthesis.

3.2.  A. muc activates the hepatic AMPK/SIRT1/PGC-1« axis
AMPK acts as a primary sensor of mitochondrial stress, linking

the energy state, redox conditions, and lipid metabolism’.
Therefore, we tested whether A. muc treatment could activate
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Figure 1

A. muc alleviates MAFLD-related hepatic lipid peroxidation and ferroptosis. (A) Representative DHE staining images of liver (upper

channel, scale bar = 40 pum) and ileum (lower channel, scale bar = 20 um) sections of HFHFD-fed mice treated with A. muc or vehicle.
(B) mRNA expressions of hepatic oxidative genes analyzed by qPCR (normalized to GAPDH, n = 6/group). (C, D) Levels of ROS in the liver
(C) and ileum (D) (n = 6/group). (E, F) Hepatic levels of MDA (E) and GSH to GSSG ratio (F) (n = 6/group). (G) Pathways up-regulated by A.
muc based on unbiased GO analysis and GSEA plots of gene sets related with peroxisome and ferroptosis (n = 4/group). (H) Heatmap of gene
expressions related with ferroptosis (n = 4/group). (I) Hepatic Fe?* levels (n = 6/group). (J) mRNA expressions of ferroptotic genes analyzed by
qPCR (normalized to GAPDH, n = 6/group). All data are presented as mean + SEM.

AMPK in multiple tissues. As expected, A. muc intervention
reversed the HFHFD-mediated decreases in AMPK activity in the
liver, ileum, white adipose tissue (WAT), and brown adipose tissue
(BAT), and this increase was strongest in the ileum (Fig. 3A). The
expression of phosphorylated AMPK and ACC, as well as the
expressions of the SIRT1 and PGC-la downstream mediators,
which are related to mitochondrial biogenesis®®, were also upre-
gulated in response to A. muc stimulus (Fig. 3A—C). The rela-
tionship between AMPK activity and ferroptosis was further
investigated. The expression of the AMPK downstream gene
Ppargcla (encoding PGC-1«) was negatively associated with the
levels of the ferroptosis indicators MDA and Fe*" (Fig. 3D).
These results indicated that A. muc treatment could promote
AMPK activity in the host, including the liver, which may
contribute to protection against ferroptosis. Considering that A.
muc colonizes in the intestine, we supposed A. muc may regulate
hepatic AMPK activity via the production of specific microbiota-
derived metabolites.

3.3.  A. muc regulates intestinal and hepatic short-chain fatty
acid (SCFA) metabolism

A previous study has demonstrated that A. muc exerts antioxidative
effect on MAFLD by increasing L-aspartate (L-Asp) levels (28).
Therefore, we examined L-Asp levels in the liver. L-Asp was
depleted after HFHFD feeding, whereas no significant difference
was observed with A. muc treatment (Fig. 4A), which indicated that
other metabolites mediate the antiferroptotic effect of A. muc.
SCFAs are microbial products fermented from dietary fibres,
among which acetic acid has been reported to activate enterocyte
AMPK signals®®*°. Therefore, SCFA quantification assays were
conducted using the stool and liver samples. We observed A. muc
treatment reversed the HFHFD-induced depletion of total SCFAs in
the gut and liver (Fig. 4B). Acetic acid, propionic acid, and butyric
acid, which constitute the vast majority of the SCFA pool, were
significantly enriched due to A. muc supplementation (Fig. 4C and
D). Consistently, SCFA receptors were upregulated in the ileum and
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Figure 2 A. muc reshapes hepatic lipid spectrum and alleviated accumulation of ARA-containing PEs. (A, B) Lipid profiles (A) and relative
abundances of TG and PC (n = 7/group) (B). (C) KEGG enrichment analysis based on hepatic lipidomics between the HFHFD-fed and A. muc-
treated mice. (D, E) Heatmap diagram of free FAs (D) and relative abundance of total FA, ARA and ADA among groups (n = 7/group) (E). (F)
Relative abundances of ARA-containing or ADA-containing PEs, PE 16:0_20:4 and PE 18:0_20:4 (n = 7/group). (G) PUFA synthesis diagram
with related metabolites and genes. (H) Significant gene expressions related with PUFA synthesis upon A. muc intervention analyzed by qPCR
(normalized to GAPDH, n = 6/group). All data are presented as mean + SEM.

liver (Fig. 4E). Because the gut barrier is strongly associated with
SCFA levels and NASH progression®®, we subsequently tested gut
barrier function. A. muc elevated tight junction gene expressions and
mucus layer thickness in HFHFD-fed mice (Fig. 4F and G), which
was in line with previous studies***>. Moreover, there was no dif-
ference in the mucus layer between the HFHFD-fed mice and
control mice, which may be due to a host protective mechanism
against SCFA depletion and intestinal oxidative stress®'.

AMPK is a complex regulated by several factors, including the
AMP-to-ATP ratio, LKB1 expression, or Ca®" level®. To investi-
gate which factor is primarily involved, the hepatic concentrations
of AMP and ATP were measured. We found the AMP-to-ATP ratio
was significantly elevated upon A. muc treatment (Fig. 4H),
whereas the expressions of Lkbl and Camkk?2 (receptor of Ca’h)
remained unchanged (Fig. 4I). These results indicated that
microbiota-derived SCFAs may be key metabolites that participate
in hepatic AMPK activation by increasing the AMP-to-ATP ratio
during A. muc intervention.

3.4.  Acetate activates hepatic AMPK signalling to defend
against lipid peroxidation

AMPK can be activated by mild perturbations in ATP synthesis®’,
which may explain why a HFHFD inhibits AMPK activity through
excessive energy status. SCFAs are correlated with AMPK ac-
tivity®®, but the specific SCFAs that regulate hepatic AMPK are
unclear. Therefore, the present study investigated the effects of
three primary SCFA types in the human and mouse SCFA pools on
AMPK activity and their antiferroptotic ability. No differences in
food intake were detected upon SCFA treatments (Supporting
Information Fig. S5A). In addition, acetate and butyrate acti-
vated the hepatic AMPK/SIRT1/PGC-1a axis in HFHFD-fed
mice, while acetate activated this axis to a greater extent (Fig.
5A—C and Fig. S5B). The AMP to ATP ratio was elevated after
acetate treatment (Fig. 5D). Similarly, only the mice treated with
acetate presented reduced levels of lipid peroxidation and
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Figure 3  A. muc activates hepatic AMPK/SIRT1/PGC-1a« signaling. (A) mRNA expressions of AMPK genes in different tissues analyzed by
qPCR (normalized to GAPDH, n = 6/group). (B) Liver expressions of AMPK genes analyzed by Western blot (n = 2/group) and protein
expressions of the phosphorylated AMPKe, phosphorylated ACC and PGC-1« in the indicated groups (normalized to AMPK«, ACC and $-actin,
respectively, n = 3/group). (C) Representative images of liver sections with PGC-1« immunohistochemistry staining, scale bar = 20 um. (D)
Correlations among levels of ferroptosis biomarkers and hepatic expressions of AMPK genes and ferroptosis genes. All data are presented as

mean + SEM.

ferroptosis (Fig. SE—G, Supporting Information Figs. S6 and
S5B), whereas these SCFAs downregulated the expression of
Srebp-1c, the main regulator of lipid synthesis (Fig. 5G).
Consistent with the in vivo results, the in vitro model also indicated
that acetate rescued the AMPK activity inhibited by erastin and
protected AML12 and HepG2 cells from lipid peroxidation and
ferroptosis (Fig. SH—J and Fig. SSC—S5F). These data identified
microbiota-derived acetate as the primary hepatic AMPK activator
that defends against lipid peroxidation and ferroptosis.

3.5.  A. muc exerts antiferroptotic effects via the activation of
AMP synthesis

The intestinal microbiota consists of many SCFA-producing mi-
crobes. To elucidate the unique antiferroptotic impact of A. muc,
HFHFD-fed mice were treated with several typical SCFA-
producing microbes (B. longum, E. coli, and L. reuteri).
Notably, only the mice treated with A. muc presented decreased
MDA levels and normalized expressions of ferroptosis-related
genes (Fig. 6A and B). Quantification of SCFA levels in the
liver demonstrated that only A. muc treatment enriched acetic acid
and activated the hepatic AMPK/SIRT1/PGC-1e axis (Fig. 6C and
D). Consistently, hepatic AMPK activation and an elevated AMP-
to-ATP ratio were observed only in mice treated with A. muc (Fig.

6E), suggesting that the antiferroptotic effect of A. muc on
MAFLD is related to AMP-triggered AMPK activation.

Acetate is converted into AMP and acetyl-CoA via acyl-CoA
synthetase short-chain family member 1 (ACSS1) and ACSS2 in
mitochondria®®>. Because A. muc significantly enriches AMP in
the liver, we hypothesized that A. muc may regulate the trans-
formation of acetate and the synthesis of AMP. Consistent with
our hypothesis, the by-product acetyl-CoA was enriched (Fig. 6F),
and the expression of key gene Acss/ was upregulated upon A.
muc treatment (Fig. 6G). These data suggested that A. muc may
upregulate Acssl to promote AMP synthesis, further triggering
AMPK activation to defend against lipid peroxidation.

3.6. AMPK activation is crucial to the antiferroptotic effect of
A. muc

To elucidate whether AMPK activation is necessary for the anti-
ferroptotic effect of A. muc, hepatic-targeted adeno-associated
virus (AAV)-shRNA was utilized to specifically knockdown he-
patic Prkaal in A. muc-treated mice. AAV-shPrkaal injection
significantly inhibited the AMPK/SIRT1/PGC-lac axis (Fig.
7A—C and Supporting Information Fig. S7A). Moreover, knock-
down of hepatic Prkaal significantly abolished the antiferroptotic
effect of A. muc, which was characterized by elevated Acsl4
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Figure 4

A. muc regulates short chain fatty acid metabolism and strengthened gut barrier integrity. (A) Hepatic L-aspartate concentrations. (B)

Total SCFA levels in the stool and liver samples (n = 6/group). (C, D) SCFA profiles in the stool (C) and liver (D) samples (n = 6/group).
(E) mRNA expressions of SCFA receptor genes (normalized to GAPDH, n = 6/group). (F) Representative images of pellet-containing distal
colon sections stained with DAPI (blue), FITC-UEAL1 (green) and bacteria EUB338 probe (red), scale bar = 40 um. (G) mRNA expressions of
gut barrier protective genes (normalized to GAPDH, n = 6/group). (H) Hepatic AMP to ATP ratio (n = 6/group). (I) mRNA expressions of
AMPK regulator Lkb2 and Camkk2 (normalized to GAPDH, n = 6/group). All data are presented as mean + SEM. NS, no significant difference.

expression, as well as decreased Gpx4 expression (Fig. 7D) and
lipid peroxidation levels (Fig. 7E—G and Fig. S7B). Furthermore,
Compound C (CC), an AMPK inhibitor, was used in the in vitro
model to knockdown AMPK expression (Fig. 7H, Fig. S7C and
S7D). The antiferroptotic effect of acetate was abrogated when
the cells were exposed to CC (Fig. 71 and J, Fig. S7TE and S7F).
These results highlighted that hepatic AMPK activation is crucial
to the ability of A. muc to prevent lipid peroxidation and
ferroptosis.

3.7.  A. muc-mediated AMPK activation and the protective effect
against lipid peroxidation are independent of the gut microbiota

A. muc regulates SCFA metabolism by direct fermentation or
cross-feeding with SCFA-producing microbes®®®”. To reveal the
role of the gut microbiota in A. muc-mediated AMPK activation,
the faecal microbiota was transferred from HFHFD-fed and
A. muc-treated mice to new HFHFD-fed mice. Transmissible
phenotypes, characterized by downregulation of Ppargcla
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Figure 5  Acetate activates hepatic AMPK signaling. (A, B) Hepatic AMPK gene expressions of HFHFD-fed mice tread with SCFAs analyzed
by qPCR (normalized to GAPDH, n = 6/group) (A) and Western blot (n = 3/group) (B). (C) Representative images of liver sections with
PGC-1a immunohistochemistry staining, scale bar = 20 um. (D) Hepatic AMP to ATP ratio (n = 8/group). (E, F) Hepatic levels of MDA (E) and
GSH to GSSG ratio (F) (n = 6/group). (G) mRNA expressions of ferroptotic genes analyzed by qPCR (normalized to GAPDH, n = 6/group). (H)
Liver expressions of AMPK genes of the human hepatocellular carcinoma cell line HepG2 treated with SCFAs in the presence or absence of
2 pmol/L erastin challenge analyzed by Western blot (normalized to GAPDH, n = 1/group). (I) Viability detected by CCK-8 assay in the human
hepatocyte line AML12 treated with SCFAs with or without 2 umol/L erastin (n = 5/group). (J) mRNA expressions of ferroptotic genes analyzed

by qPCR (normalized to GAPDH, n = 3/group). All data are presented as mean + SEM.

expressions and GSH concentrations but elevated ROS and MDA
levels, were observed in mice receiving the HFHFD-derived
microbiota, and an opposite trend was observed in mice
receiving the A. muc-derived microbiota (Fig. 8A—D). 16S rRNA
sequencing revealed enrichments of the SCFA producers Rumi-
nococcaceae and Roseburia in the A. muc-derived microbiota
(Supporting Information Fig. S8A). To further investigate the
impact of A. muc on SCFA metabolism, we colonized germ-free
mice with A. muc, and fed them with HFHFD for up to 8
weeks. A. muc colonization rescued the HFHFD-induced reduc-
tion in total SCFAs in the liver (Fig. 8E). Moreover, A. muc
increased the hepatic levels of acetic acid and propionic acid but
not butyric acid (Fig. 8F). Furthermore, AMPK/SIRT1/PGC-1«
signalling was activated due to A. muc colonization (Fig. 8G and
H). Mice colonized with A. muc exhibited relieved ROS overload
(Fig. 8I) and ameliorated hepatic ferroptotic markers (Fig. 8J and
K, Fig. S8B). These data suggested that an A. muc-dominated
microbiota or A. muc itself mediates protective effects against
lipid peroxidation. Additionally, A. muc may increase butyric acid

levels by crossfeeding with other butyric acid-producing mi-
crobes, but A. muc rarely produces butyric acid. Thus, A. muc-
derived acetate mediated, at least partially, its antiferroptotic effect
on NASH by activating hepatic AMPK activity.

4. Discussion

Because A. muc has been shown to exert antioxidative effects in
previous studies’ 2, the present study further investigated the
antiferroptotic effects of A. muc on MAFLD and the underlying
molecular mechanism. The present study identified acetate as a
key A. muc-derived metabolite that activates hepatic AMPK sig-
nalling to ameliorate lipid peroxidation and ferroptosis.

Iron overload is widely acknowledged to be common in pa-
tients with MAFLD, and iron-induced lipid peroxidation and in-
sulin resistance are typical characteristics of MAFLD®*%
Consistent with previous studies, we confirmed the accumulation
of hepatic ROS, iron, and lipid peroxides in MAFLD mice. A. muc
alleviated the peroxidation state in the liver and normalized
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Figure 6  A. muc upregulates AMP synthesis to activate AMPK signaling and alleviate ferroptosis. (A) Hepatic levels of MDA in HFHFD-fed
mice treated with several SCFA-producing microbes (n = 10/group). (B) Hepatic ferroptosis gene expressions analyzed by gPCR (normalized to
GAPDH, n = 6/group). (C) Hepatic SCFA concentrations (n = 6/group). (D) Hepatic AMPK gene expressions analyzed by qPCR (normalized to
GAPDH, n = 6/group). (E, F) Hepatic AMP to ATP ratio (n = 6/group) (E) and acetyl-CoA levels (n = 6/group) (F). (G) Hepatic mRNA levels
of gene involved in AMP synthesis were analyzed by qPCR (normalized to GAPDH, n = 6/group). All data are presented as mean + SEM.

abnormal peroxide accumulation and transaminase (ALT, AST)
levels. The hepatic lipidomic results indicated that free ARA and
ARA-PEs were enriched with HFHFD-feeding but reduced after
A. muc treatment. ARA-anchored PEs are key mediators of fer-
roptosis, which could be peroxided under oxidative stimuli, sub-
sequently impairing the cell membrane to trigger ferroptosis’>’!.
Therefore, we further investigated genes involved in PUFA syn-
thesis. Notably, we identified several key targeted genes regulated
by A. muc. Fasn and Scdl function in the synthesis of saturated
FAs (SFAs) and monounsaturated FAs (MUFAs), respectively72.
Elovi4, Elovl7, and Fadsl are essential for the elongation of
FAs”7*. Acsl4 is the key proferroptotic gene responsible for
anchoring PUFAs in glycerol phospholipids in the cell mem-
brane”®. These data indicated that A. muc partially alleviates
MAFLD-related ferroptosis via the inhibition of PUFA synthesis.

Accumulating evidence has linked energy metabolism with
redox states and ferroptosis’®’®. Because A. muc regulates
metabolic processes, we hypothesized that the antiferroptotic ef-
fect of A. muc may be related to metabolic alterations. In line with
the latest studies showing that A. muc regulates AMPK activ-
ity*>", the present study verified that A. muc activated the AMPK
pathway in the majority of tissues expressing AMPK, including
the liver, ileum, WAT, and BAT. The expression of the AMPK
downstream genes SIRTI and PGC-1«, which are closely related

to anti-inflammatory effects via the inhibition of NF—KBgO‘Sl, was
increased. PGC-1« is responsible for regulating mitochondrial
biosynthesis, and it chelates iron and protects against Fenton
reaction-induced lipid peroxidation®. Consistently, we found
strong correlations between the expressions of Ppargcla and
ferroptotic genes. Therefore, we speculated that A. muc may exert
its antiferroptotic effect by activating the AMPK/SIRT1/PGC-1«
axis. Moreover, AMPK activation was the strongest in the ileum,
the target where A. muc colonizes, which may be due to the
enrichment of A. muc-derived metabolites.

SCFAs are primary gut commensal bacteria-derived metabo-
lites that participate in the energy metabolism of colonocytes and
hepatocytes®’. SCFAs exert various beneficial effects on target
tissues. For example, butyrate strengthens gut barrier integrity and
increases mucus layer thickness®®, which may be mediated by
intestinal AMPK activation84, and we observed a similar trend in
the present study. In the liver, acetate is a substrate used to syn-
thesize cholesterol and fatty acids®®, whereas propionate is related
to gluconeogenesis®®. In the present study, SCFAs were enriched
in the liver and intestine upon A. muc treatment, which was in line
with the activation of AMPK and the upregulation of SCFA re-
ceptor gene expression of these two targets. These data provide
additional clues to explain the AMPK-activating effects of SCFAs.
A previous study has demonstrated that L-Asp mediates the
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Figure 7 AMPK activation contributes to the protective effect of A. muc against lipid peroxidation. (A, B) Hepatic AMPK gene expressions of
HFHFD-fed mice treated with A. muc with shPrkaal or ShCtrl analyzed by qPCR (normalized to GAPDH, n = 6/group) (A) and Western blot
(n = 3/group) (B). (C) Representative images of liver sections with PGC-1«a immunohistochemistry staining, scale bar = 20 pm. (D) mRNA
expressions of ferroptotic genes analyzed by qPCR (normalized to GAPDH, n = 6/group). (E, F) Hepatic levels of MDA (E) and GSH to GSSG
ratio (F) (n = 6/8/8/8). (G) Representative images of liver sections stained with DHE, scale bar = 40 um. (H) Expressions of AMPK genes of the
human hepatocellular carcinoma cell line HepG2 treated with sodium acetate in the presence or absence of 2 umol/L. Compound C and 2 pmol/L
erastin challenge analyzed by Western blot (n = 3/group). (I) Viability detected by CCK-8 assay in the human hepatocyte line AML12 treated
with sodium acetate in the presence or absence of 2 pmol/L Compound C and 2 pmol/L erastin challenge (n = 5/group). (J) Representative C11-
BODIPY staining images and related quantification of HepG2 treated with 2 pmol/L erastin with or without 0.5 mmol/L acetate and 2 pumol/L

Compound C, scale bar = 20 pm. All data are presented as mean £+ SEM.

antioxidative effect of A. muc against MAFLD via the LKB1—
AMPK-dependent pathway®®. Thus, the hepatic L-Asp levels
upon A. muc treatment were evaluated in the present study. There
were no changes in hepatic L-Asp levels. We speculated that
different diet compositions and different A. muc interventions may
be responsible for these contradictory results.

Analysis of which SCFA activates AMPK in the liver sug-
gested that acetate, but not propionate or butyrate, is the key
activator of the hepatic AMPK pathway. Acetate is metabolized by
enterocytes to acetyl-CoA and AMP, thereby activating the in-
testinal AMPK/PGC-1a/PPAR« pathway to promote lipid oxida-
tion in the colon®”. Consistently, the present findings indicated that
A. muc treatment increases the hepatic AMP-to-ATP ratio, which
is regarded as the main activator of AMPK, thus explaining the
molecular mechanism by which acetate activates hepatic AMPK.

Acetate is the most abundant SCFA in humans, with an average
concentration of 260 pmol/L, compared with 30 pumol/L each for
propionate and butyrate*®. The present study demonstrated that the

highest levels of acetate were in the stool and liver, suggesting that
acetate may mediate most of the effects of SCFAs. A recent study
has revealed that acetate ameliorates lipid metabolism and insulin
resistance in MAFLD by activating the hepatic FFAR2 pathway>°.
On the basis of these findings, we additionally verified that acetate
mediates antioxidative effects against lipid peroxidation in
MAFLD and in an in vitro erastin challenge. Interestingly, we
found that all three SCFAs downregulated the expression of
Srebp-1c, a key mediator of liver lipid synthesis. These findings
suggested that the antiferroptotic effect of acetate is related to
AMPK activation and that the A. muc-mediated anti-ferroptotic
effect occurs, at least partially, through the enrichment of ace-
tate in the liver.

Considering the unique antiferroptotic effect of acetate, we
proposed whether other SCFA-producing microbes could exert
this effect. However, only A. muc effectively alleviated lipid
peroxidation and ferroptosis. In addition, only A. muc enriched
acetic acid in the liver and further activated the AMPK/SIRT1/
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Figure8 A. muc-mediated protective effect against lipid peroxidation is independent of the gut microbiota. (A) Hepatic Ppargcla expression of
the FMT recipient mice. (B) Representative DHE staining images of liver (upper channel, scale bar = 40 um) and ileum (lower channel, scale
bar = 20 pm) sections. (C) Levels of ROS in the liver and ileum (n = 6/group). (D) Hepatic levels of MDA and GSH (n = 6/group). (E, F) Total
SCFA levels (E) and profiles (F) in the liver (n = 10/group). (G) AMPK gene expressions were analyzed by qPCR (normalized to GAPDH,
n = 8/group). (H) Representative images of liver sections with PGC-1a immunohistochemistry staining of HFHFD-fed germ-free mice treated
with A. muc or vehicle, scale bar = 20 pm. (I) Representative images of liver sections with DHE staining, scale bar = 40 pm. (J) Hepatic levels
of MDA and GSH (n = 8/group). (K) mRNA expressions of ferroptotic genes and oxidative genes (normalized to GAPDH, n = 8/group). All

data are presented as mean + SEM.

PGC-1« pathway, which is associated with AMP synthesis. These
results may explain why A. muc inhibits ferroptosis, whereas other
SCFA-producing microbes cannot. Mechanistically, A. muc upre-
gulates Acssl expression to promote AMP synthesis, which
further activates AMPK signalling, thereby exerting its anti-
ferroptotic effect.

The role of AMPK activation in ferroptosis remains contro-
versial®®. The present study further revealed that AMPK activation
is essential for A. muc- or acetate-mediated antiferroptotic effects,
as demonstrated by the deficiency of hepatic prkaal leading to
reductions in antioxidative ability and elevations in lipid peroxi-
dation markers, both in vivo and in vitro. Additionally, erastin-
induced ferroptosis inhibited AMPK activity, suggesting that he-
patocellular AMPK activity is associated with the ferroptotic state.
Moreover, the present data confirmed that the AMPK downstream
genes SIRT1 and PGC-la mediate the anti-ferroptotic effect,
which is inconsistent with previous studies, indicating that

AMPK-mediated ACC phosphorylation inhibits ferroptosis® or
that BECN1 phosphorylation promotes ferroptosis™. There are
several differences between the present study and previous studies.
First, the latter study indicated that AMPK-mediated BECNI1
phosphorylation inhibits SLC7A11-mediated cystine transport to
promote ferroptosis, and the present study demonstrated that
SLC7A11 expression was not significantly altered upon AMPK
activation by A. muc or AMPK deficiency by AAV-shRNA and CC
(Fig. 1J, Supporting Information Figs. S5B and S9). We supposed
that AMPK primarily regulates PUFA synthesis and GSH levels to
modulate ferroptosis via the inhibition of ACSL4 and the activa-
tion of GPX4. Second, previous results have been based on cancer
cell lines induced by erastin or glucose starvation, whereas the
present study adopted a murine MAFLD model with more
complicated ferroptotic factors. Furthermore, compared with those
in previous cell experiments, the host microbiota and microbiota-
derived metabolites were involved in the present study. These
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discrepancies suggest that the AMPK-mediated regulation of
ferroptosis may be dependent on the metabolic environment and
the gut microbiota, thereby requiring further investigation.

Contradictory results have been reported between human and
mouse subjects regarding whether A. muc intervention could
induce alterations in the gut microbiota®>>!*3_ Therefore, the
present study investigated whether A. muc-mediated beneficial
effects are self-generated or result from the regulation of the gut
microbiota. The present findings confirmed that A. muc-mediated
AMPK activation was independent of the gut microbiota. In
addition, transmissible phenotypes were observed via faecal
microbiota transplantation, suggesting that gut microbes mediate
these alterations. However, colonization of germ-free mice with A.
muc showed a similar alleviation of ferroptosis independent of the
gut microbiota, indicating that A. muc itself exerts an anti-
ferroptotic effect rather than by enriching other microbes. Addi-
tionally, the colonization of A. muc enriched acetic acid and
propionic acid, but not butyric acid, in the liver. This finding
indicated that A. muc itself seldom produces butyrate. Then, we
subsequently verified that A. muc was enriched with butyrate-
producing Ruminococcaceae and Roseburia in wild-type
mice®"%%. Thus, the elevation of butyrate levels in A. muc-
treated wild-type mice may result from crossfeeding with other
butyrate-producing microbes”.

A recent randomized controlled trial has revealed that daily
oral supplementation of 10'® CFU A. muc is safe and well toler-
ated by human subjects®. The present study demonstrated that A.
muc is a biocompatible and beneficial probiotic for treating lipid
peroxidation in MAFLD. However, our study had several limita-
tions. First, our study revealed that A. muc activated AMPK ac-
tivity in a few tissues, including the ileum, where acetate is the
most abundant. Thus, whether acetate inhibits intestinal ferrop-
tosis through ileal AMPK activation requires further investigation.
Additionally, we found that A. muc decreased the accumulation of
hepatic peroxides, especially ARA-containing PEs. However,
specific lipid effectors should be identified and verified to better
understand the role of ferroptosis in MAFLD progression. Previ-
ous studies have revealed the contradictory effects of ferroptosis
on the progression or regression of liver fibrosis. By targeting
hepatocytes, ferroptosis triggers chronic liver injury and
, whereas ferroptosis of HSCs has been adopted as a
therapeutic approach for treating fibrosis*®®’. Thus, future studies
should address the role of A. muc and A. muc-derived acetate in
MAFLD-related fibrosis.

5. Conclusions

The present study highlights another new mechanism by which the
probiotic A. muc ameliorates MAFLD via inhibiting lipid perox-
idation and ferroptosis. Mechanistically, the A. muc-derived
metabolite acetate is transported and metabolized to AMP in the
liver, activating the hepatic AMPK/SIRT1/PGC-1« axis to protect
against PUFA synthesis, which is mediated by A. muc itself in-
dependent of the gut microbiota.
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