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A microbial metabolite inhibits the HIF-2a-ceramide
pathway to mediate the beneficial effects of time-
restricted feeding on MASH
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e TRF-associated bacteria R. torques ameliorates MASLD/
MASH via its metabolite HMP

e rtMor is an enzyme identified in R. torques that generates

HMP generation

e HMP can serve as a TRF mimetic, addressing poor adherence

to fasting regimens
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In brief

Zhang et al. discover that TRF improves
metabolic dysfunction-associated
steatotic liver disease/metabolic
dysfunction-associated steatohepatitis
(MASLD/MASH) through modulating gut-
liver crosstalk. Mechanistically,

R. torques is significantly increased after
TRF, modulates the synthesis of HMP via
rtMor, inhibits the HIF-2a-ceramide
pathway, and improves MASLD/MASH.
These findings offer potential probiotic
intervention strategies for MASLD/MASH.
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SUMMARY

Time-restricted feeding (TRF) is a potent dietary intervention for improving metabolic diseases, including
metabolic dysfunction-associated steatotic liver disease/metabolic dysfunction-associated steatohepatitis
(MASLD/MASH). However, the mechanism of this efficacy has remained elusive. Here, we show that TRF im-
proves MASLD, which is associated with a significant enrichment of Ruminococcus torques (R. torques).
Mechanistically, R. torques suppresses the intestinal HIF-2a-ceramide pathway via the production of
2-hydroxy-4-methylpentanoic acid (HMP). We identify rtMor as a 4-methyl-2-oxopentanoate reductase
that synthesizes HMP in R. torques. Finally, we show that either the colonization of R. torques or oral HMP
supplementation can ameliorate inflammation and fibrosis in a MASH mouse model. These findings identify
R. torques and HMP as potential TRF mimetics for the treatment of metabolic disorders.

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD),
which affects a quarter of the population, poses a major health
and economic burden to all societies.’ MASLD encompasses a
diverse range of hepatic manifestations, which vary from liver
steatosis to the more aggressive metabolic dysfunction-associ-
ated steatohepatitis (MASH), the latter of which is hallmarked
by necroinflammation and fibrosis that can progress to cirrhosis

and hepatocellular carcinoma (HCC).? Slowing the progression of
MASLD, and in particular reversing established MASH, is the
focus of clinical treatment. In view of its complex pathology and
the current lack of approved medical interventions, aggressive
dietary and lifestyle approaches remain the leading options for
its management but are limited due to poor adherence.®*
Adjusting dietary intake, as well as meal frequency and the di-
etary time window, have become powerful tools to improve and
delay disease onset and aging.® Time-restricted feeding (TRF),
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which entails restricting daily food consumption to a 4- to 12-h
window without limiting caloric intake, is considered a potent di-
etary and lifestyle intervention to ameliorate and postpone the
onset of disease. Studies have shown that TRF can reduce
body weight, improve insulin resistance, and suppress liver lipid
accumulation.®® However, the specific molecular mechanisms
responsible for the benefits of TRF are still elusive.

The composition of the gut microbiota is a key factor in the
regulation of host metabolism. The shape and function of the
gut microbiota are susceptible to dietary characteristics, such
as the amount and composition of lipids. Food overconsump-
tion, food shortage, and even changes in the eating cycle may
affect the gut microbiota.”'" TRF can partially restore the peri-
odic fluctuation of the gut microbiota caused by high-fat diet
(HFD) feeding in mice, increasing the diversity of the gut micro-
biota and affecting host metabolism,"" suggesting that the gut
microbiota may play an important role in the benefits of TRF. Mi-
crobial metabolites are recognized as the key mediators of
communication between the microbiota and the host, maintain-
ing the physiological function of the host.'? Whether the gut mi-
crobiota and microbial metabolites contribute to the effect of
TRF on MASLD/MASH remains to be explored.

Inthis study, we utilized a 10-h TRF regimen as an intervention in
patients with MASLD and in mouse models to explore the underly-
ing mechanisms by which TRF can ameliorate this condition.
We found that Ruminococcus torques (R. torques) in the gut micro-
biota was increased after 10-h TRF and that colonization with this
species was sufficient to simulate the beneficial effects of TRF
on MASLD/MASH. Mechanistically, we found that R. torques
improved MASLD/MASH by inhibiting the intestinal HIF-2a«-cer-
amide axis through its microbial metabolite, 2-hydroxy-4-
methylpentanoic acid (HMP). Collectively, these results establish
the role of R. torques and one of its associated metabolites,
HMP, in the beneficial effects of TRF on MASLD/MASH, suggest-
ing that R. torques or HMP may be developed as a probiotic orasa
pharmacological treatment for MASLD/MASH.

RESULTS

Changes in the gut microbiota mediate the benefits of
TRF for MASLD

To explore the potential benefits of time-restricted eating (TRE)
for MASLD, we enrolled 19 participants with MASLD in a clinical
intervention study involving a 4-week TRE regimen in which par-
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ticipants were instructed to eat ad libitum from 7 a.m. to 5 p.m.
(10-h eating) and to fast from 5 p.m. to 7 a.m. (14-h fasting) daily
(Figure 1A). During the study period, feces and plasma samples
were collected before and after TRE. Considering that liver func-
tion and dyslipidemia show clear biological links to the progres-
sion of MASLD,? representative indicators of liver function
and dyslipidemia were detected (Table S1). Plasma alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and
gamma-glutamyltransferase (GGT), reflecting the degree of
liver damage, were obviously decreased after 4 weeks of a
TRE (AT) regimen, while alkaline phosphatase (ALP) showed no
significant difference compared with those levels before TRE
(BT) (Figures 1B, 1C, S1A, and S1B). A hepatic steatosis index
(HSIl) > 36 is an indicator of MASLD. After TRE, participants
with MASLD had significantly lower HSI indices (Figure 1D).
Accordingly, serum triglyceride (TG) levels were also markedly
reduced by TRE, accompanied by a decreased body weight in-
dex (BMI) (Figures 1E and S1C).

To determine the individual-specific dynamic changes in the gut
microbiota induced by TRE, we performed whole-genome
shotgun sequencing of stool samples collected from the partici-
pants before and after TRE study. The a-diversity was slightly
increased after the TRE intervention (Figures S1D-S1F), and the
composition and abundance of the gut microbiota between the
two groups showed significant differences (principal coordinates
analysis [PCoA], p value = 0.009, Figure S1G). By LEfSe analysis,
we found that the abundance of R. torques, belonging to the order
Clostridiales, was significantly increased after TRE (Figure 1F).
Accordingly, the volcano plot also indicated that R. torques is
the most significant increased strain after TRE intervention, fol-
lowed by Clostridium hathewayi (C. hathewayi, Figure 1G).

To verify the effect of TRF on the development of HFD-induced
MASLD and the role of the gut microbiota during a TRF interven-
tion, 8-week-old male C57BL/6J mice fed HFD ad libitum or only
during a 10-h TRF (from ZT13 to ZT23) regimen for 8 weeks, com-
bined with or without an antibiotic cocktail (Abx) treatment (Fig-
ure 1H). The TRF group showed lower ALT and AST levels
(Figures 1land 1J), as well as reduced body weights, liver weights,
and liver/body weight ratios (Figures S1H-S1J) compared with the
control group. The TG and TC levels in plasma and liver were
decreased, when compared with the control group (Figures 1K
and S1K-S1M). By H&E and oil red O staining, we found that
TRF improved liver steatosis in the HFD-induced MASLD mouse
model (Figures 1L and S1N). Moreover, the mRNA expression of

Figure 1. Changes in the gut microbiota are associated with the benefits of TRF for MASLD
(A) Clinical experimental design. Participants are allowed to eat ad libitum from 7 a.m. to 5 p.m. and are restricted from 5 p.m. to 7 a.m. the next day. The TRE

regime lasted for 4 weeks.

G) Volcano map of gut microbiota before and after TRE intervention.

(
(
(
(
(I-K) ALT (I), AST (J), and hepatic TG (K) levels of mice.
(

B-E) ALT (B), AST (C), HSI (D), and serum triglyceride (E) levels of participants before and after TRE intervention.
F) The linear discriminant analysis (LDA) effect size (LEfSe) was conducted to identify the differentially abundant bacteria among the baseline and TRE groups.

H) TRF experimental design of mice. Mice were allowed to eat ad libitum from ZT13 to ZT23 and restricted from ZT23 to ZT13. ZTO means light on.

L) Representative H&E (top) and oil red O (bottom) staining of liver section from the indicated groups of mice. Scale bars, 100 um.

(M) The linear discriminant analysis (LDA) effect size (LEfSe) was conducted to identify the differentially abundant bacteria among the control and TRF groups.
n =19 per group (A-F); n = 6 per group (I-K); n = 5 per group (M). Data are shown as first and third quartiles in box and whiskers (B-E) and mean + SEM (I-K) and
the median with first. p values were determined by Wilcoxon’s sign rank test (B-D), paired t test (E), and one-way analysis of variance (ANOVA) with Tukey post
hoc test (I-K). In (B)-(E), *p < 0.05 and *p < 0.01 versus the BT group. In (I}-(K), **p < 0.01 versus the control group. Abx, antibiotic cocktail; ALT, alanine
aminotransferase; AT, after TRF; AST, aspartate aminotransferase; BT, before TRF; H&E, hematoxylin-eosin staining; HSI, hepatorenal steatosis index; TG,
triglyceride; TRE, time-restricted eating; TRF, time-restricted feeding.
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genes involved in fatty acid transport, lipogenesis, and inflamma-
tion was substantially reduced, while the mRNA expression of
genes involved in fatty acid B-oxidation was increased in the
TRF group (Figures S10-S1Q). However, TRF-mediated improve-
ments were abolished by Abx treatment (Figures 1l-1Land S1H-
S$1Q), suggesting the important role of the gut microbiota during
TRF intervention.

Next, we performed whole-genome shotgun sequencing of
the control and TRF group. The o-diversity and B-diversity
showed no statistical difference between the two groups
(Figures STR-S1U). By LEfSe analysis, we found that abundance
of R. torques was noticeably increased in the TRF group, in
accordance with the changes in the human samples (Figure 1M).

R. torques is the key bacterial species that contributes
to the benefits of TRF for MASLD
To verify which bacterial strain primarily mediates TRF-induced
amelioration of MASLD, we investigated the role of R. torques
and C. hathewayi in the progression of MASLD. Mice gavaged
with R. torques had lower body weights, liver weights, and liver/
body weight ratios compared with the control group (Figures 2A,
2B, and S2A), accompanied by improvements in plasma and he-
patic TG and TC levels, and ALT and AST levels (Figures 2C-2F,
S2B, and S2C). Furthermore, by H&E and oil red O staining, we
found a reduction in hepatic lipid droplets in the R. torques group
compared with control group (Figures 2G and S2D). The mRNA
expression of genes involved in fatty acid transport, lipogenesis,
and inflammation was substantially reduced, while the mRNA
expression of genes involved in fatty acid B-oxidation was
increased in the R. torques group (Figures 2H-2J). However,
C. hathewayi treatment failed to improve any indicator of
MASLD, including plasma and hepatic TG and TC levels and
ALT and AST levels (Figures 2A-2J and S2A-S2D). These data
indicate that R. torques supplementation can alleviate HFD-
induced MASLD. In addition, in a clinical trial, the abundance of
R. torques showed a negative correlation with HSI (Figure S2E).
Given the critical effect of R. torques in mediating the clinical
benefit of TRF, we mixed the top ten bacterial species of the AT
group as a model microbiome, which we referred to as “after
TRF microbes” (ATM) (Figure S2F). Then, we colonized mice
with ATM or ATM without R. torques (ATM w/o Rt) by gavage to
confirm the contribution of R. torques to the progression of
MASLD (Figure 2K). Body weights, liver weights, and liver/body
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weight ratios were decreased, with lower plasma ALT and AST
levels in the ATM group compared with ATM w/o Rt group
(Figures 2L-20 and S2G). Likewise, by H&E and oil red O staining,
we found that mice in the ATM group showed improved hepatic
steatosis and reduced plasma and hepatic TG and TC levels
compared with ATM w/o Rt group (Figures 2P, 2Q, and S2H-
S2K). The mRNA expression of genes involved in fatty acid trans-
port, lipogenesis, and inflammation was substantially reduced,
while the mRNA expression of genes involved in fatty acid B-oxida-
tion was increased in mice receiving the ATM (Figures 2R, S2L, and
S2M). The results of 16S ribosomal RNA confirmed that bacterial
species successfully colonized, and the stool of ATM w/o Rt group
contained little R. torques (Figure S2N). However, removing
R. torques from ATM eliminated the protective effects of ATM
gavage, indicating that R. torques mediates the clinical benefit
of TRF.

R. torques improves MASLD by inhibiting intestinal
HIF-2o

To explore the mechanism underlying the metabolic benefits
induced by R. torques supplementation, we performed tran-
scriptome analysis via RNA sequencing (RNA-seq) of intestinal
epithelia from R. torques-gavaged mice and PBS-gavaged
mice. By Gene Ontology (GO) analysis, we found that several
pathways showed significant changes, including lipid metabolic
process and response to hypoxia (Figure 3A). Transcription fac-
tors enrichment analysis indicated that hypoxia-inducible factor
(HIF)-B (HIF-B, also known as ARNT)- and HIF-2a-mediated tran-
scriptional activation may play important roles in R. torques-
mediated metabolic benefits of MASLD. In states of normoxia,
HIF-20. is hydroxylated by prolyl hydroxylase domain (PHD)
and subsequently degraded.'® However, during hypoxia, the ac-
tivity of PHD is inhibited, and HIF-2a physically interacts with
ARNT, regulating the transcription of downstream genes (Fig-
ure 3B). Consistent with this pathway, the mRNA expressions
of the Hif2a-related downstream genes Neu3, Dmt1, and Fpn
showed a significant decrease in R. torques-gavaged mice
compared with PBS-gavaged mice (Figure 3C).

Intestinal HIF-2a-ceramide signaling axis mediates the
beneficial effects of R. torques

Our previous study has found that intestinal HIF-2a. upregulates
the expression of Neu3, increases ceramide synthesis, and

Figure 2. R. torques is the key bacterial species that contributes to the benefits of TRF for MASLD
(A-F) Liver weights (A), liver/body weight ratio (B), ALT levels (C), AST levels (D), hepatic TG levels (E), and hepatic TC levels (F) of mice treated with an HFD

combined with R. torques or C. hathewayi for 8 weeks.

(G) Representative H&E (top) and oil red O (bottom) staining of liver section from the indicated groups of mice. Scale bars, 100 um.
(H-J) Relative mRNA expressions of the indicated genes related to hepatic fatty acid transport and lipogenesis-related genes (H), fatty acid p-oxidation-related

genes (l), and inflammatory cytokine and chemokine genes (J).

(K) The schematic diagram of the mice experiment gavaged by ATM or ATM w/o Rt: specific pathogen-free mice were pretreated with antibiotics for 3 days, then
gavaged by PBS (Ctrl), AT microbes (ATM), or ATM without R. torques (ATM w/o Rt) for 8 weeks.

(L-P) Liver weights (L), liver/body weight ratio (M), ALT levels (N), AST levels (O), and hepatic TG levels (P) of mice.

(Q) Representative H&E (top) and oil red O (bottom) staining of liver section from the indicated groups of mice. Scale bars, 100 um.

(R) Relative mRNA expressions of the indicated genes related to hepatic fatty acid transport and lipogenesis-related genes.

n = 6 per group. Data are shown as mean + SEM (A-F and L-P) and the median with first and third quartiles in box and whiskers (H-J and R). p values were
determined by one-way ANOVA with Tukey post hoc test (B, C, E, F, and L-P), one-way ANOVA with Dunnett’s T3 post hoc test (D and I), and Kruskal-Wallis test
with Dunn’s test (H, J, and R). In (A)-(F) and (H)-(J), *p < 0.05 and **p < 0.01 versus the control group. In (L)—(P) and (R), *p < 0.05 and **p < 0.01 versus the control
group and #p < 0.05 and ##p < 0.01 versus the ATM group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; Ctrl, control; H&E, hematoxylin-
eosin staining; Rt, R. torques; TC, total cholesterol; TG, triglyceride.
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aggravates MASLD development.'* Based on the RNA-seq
analysis and our previous work, we then performed lipidomics
analysis and found that the intestinal lipid profiles differed be-
tween the two groups (Figure 3D). Among them, ceramide levels
were downregulated in the R. torques-treated group, especially
ceramide (d18:1/16:0), the most abundant ceramide in the intes-
tinal epithelia (Figures 3E, 3F, and S20). Furthermore, R. torques
treatment inhibited ceramide synthesis via the SMase pathway
and salvage pathway, but it did not affect the de novo pathway
and metabolism pathway (Figures S2P-S2S). Likewise, ATM
gavage reduced the expression of Neu3 and the concentration
of ceramide in the intestine, while ATM w/o Rt gavage failed to
change the expression of Neu3 and the concentration of cer-
amide in the intestine (Figures S2T and S2U).

To explore whether the beneficial effect of R. torques on
MASLD relied on body weight loss, we investigated the role of
R. torques in the early stage of MASLD by exploring the effects
in mice fed an HFD for 2 weeks. In the absence of any body
weight change, hepatic TG levels and intestinal ceramide levels
were lower in the R. torques treatment group compared with the
control group (Figures S2V-S2X). These results verified that
R. torques treatment reduced ceramide levels and hepatic TG
levels before the onset of a change in body weight.

Next, to explore whether intestinal HIF-2a-ceramide signaling
mediates the beneficial effects of R. torques on MASLD,
we administered R. torques to the intestine-specific HIF-2a
knockout (Hif2a*'f) mice and control littermates (Hif2a™") mice
with HFD feeding and found that the R. torques treatment
improved hepatic morphology, reduced liver weights, body
weights, and the liver/body weight ratio in Hif2a™" mice, but
not in Hif2a“’f mice (Figures 3G, S3A-S3C, and S3J). Hif2a™"
mice had lower plasma and hepatic TG and TC levels, ALT,
and AST levels with R. torques treatment, as well as hepatic
fatty acid transport, lipogenesis, inflammation, and fatty
acid B-oxidation, but Hif2a*’f mice had no improvement upon
R. torques treatment (Figures S3D-S3l and S3K-S3M). Similarly,
R. torques administration reduced the expressions of Neu3 and
intestinal ceramide levels, whereas Hif2a?'t mice were unre-
sponsive to R. torques treatment (Figures 3H and 3l). Further-
more, the ileum was incubated with an HIF-2a.-expressing lenti-
virus (LV-HIF-2a) to overexpress HIF-2a in the intestine. We
found that HIF-20. overexpression eliminated the beneficial ef-
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fects of R. torques administration (Figures 3J-3L and S3N-
S32). Collectively, these observations indicate that the HIF-
2o-ceramide axis is responsible for the beneficial effects of
R. torques supplementation on MASLD.

HMP acts as an endogenous inhibitor for HIF-2«

Evidence is accumulating that various microbial metabolites are
involved in the etiology of obesity and obesity-related diseases,
such as MASLD and type 2 diabetes.'>'® To identify the
secreted molecule(s) responsible for R. torques-mediated inhibi-
tion of HIF-2a. function, we separated R. torques culture medium
into two molecular mass fractions using 1 kDa ultrafiltration cen-
trifugal tube (molecular mass cutoff membranes).'” The <1 kDa
fraction of R. torques culture medium inhibited the HIF-2¢, tran-
scriptional activity, whereas the >1 kDa fraction failed to have
any significant effects (Figure 4A). According to the Metabolo-
mics Data Explorer (https://sonnenburglab.github.io/Metabolomics_
Data_Explorer),'® 10 metabolites produced by R. torques with a >2-
fold change in relative abundance compared with media
blank controls were selected. These metabolites include HMP,
2'-deoxyguanosine  5-monophosphate  (DM), cytidine 3'-
monophosphate, 3-phosphoglyceric acid (3-PA), 2'-deoxyadeno-
sine 5'-monophosphate, fructose 1,6-biphosphate (FBP), fructose
6-phosphate  (F6P), guanosine 5-monophosphate  (G5M),
O-phospho-serine (OPS), and thymine. By luciferase assay to mea-
sure HIF-2q. activity, we found that HMP treatment led to a dose-
dependent inhibition (Figures 4B and 4C). By co-immunoprecipita-
tion assays and mammalian two-hybrid analysis, we found that
HMP disrupted the HIF-2¢-ARNT interaction (Figures 4D—4F).
Furthermore, we generated double mutants of mouse HIF-2a
(S304M and G323E) and performed HRE-Luc assays to assess
the effect of the mutations on HMP-mediated HIF-2¢; inhibition."®
The HRE-Luc assays indicated that HMP mediates HIF-2¢. inhibition
via these two residues (Figures 4G and 4H). Next, by liquid chroma-
tography-mass spectrometry (LC-MS), we found that the concentra-
tions of HMP produced by R. torques much more than C. hathewayi
did (Figure 4l). We also found that HMP levels were elevated after
R. torques administration rather than C. hathewayi administration,
both in intestinal tissue and in the feces (Figures 4J and 4K). In addi-
tion, the concentrations of HMP were at high levels in the feces of
participants after TRF intervention in our clinical study and showed
a negative correlation with HSI (Figures 4L and 4M). Taken together,

Figure 3. HIF-2«-ceramide signaling mediates the beneficial effects of R. torques on MASLD
(A and B) Transcriptome analysis of intestinal epithelial cells by RNA-seq between R. torques-gavaged mice and PBS-gavaged mice. GO pathway analysis

(A) and transcription factors enrichment analysis (B).

(C) Relative mRNA expressions related to Hif2a in intestinal epithelial cells from R. torques-gavaged mice and PBS-gavaged mice.

(D and E) Intestinal lipid profiles between the two groups by the application of lipidomics. PLS-DA analysis of lipid metabolites in the ileum (D) and random forest
analysis showing the top 15 lipid metabolites that lead to differences in the ileal lipid profiles (E).

(F) Concentrations of ceramides in intestinal epithelial cells from R. torques-gavaged mice and PBS-gavaged mice.

(G-I) Representative H&E (top) and oil red O (bottom) staining of liver section (G), mMRNA expression of genes related to Hif2a in intestinal epithelial cells (H), and
ceramide concentrations of intestinal epithelial cells (I) from Hif2a™" mice or Hif2a*’f mice treated with R. torques gavage or PBS gavage for 8 weeks. Scale
bars, 100 um.

(J-L) Representative H&E (top) and oil red O (bottom) staining of liver section (J), relative mRNA expressions related to Hif2a (K), and the ceramide concentrations
(L) of intestinal epithelial cells from C57BL/6J mice treated with LV-GFP or LV-HIF-2a and fed with an HFD for 8 weeks. Scale bars, 100 um.

n = 6 per group. Data are shown as the median with first and third quartiles in box and whiskers (C, F, H, I, K, and L). p values were determined by two-tailed
Student’s t test (C), Mann-Whitney U tests (F), one-way ANOVA with Dunnett’s T3 post hoc test (H), one-way ANOVA with Tukey post hoc test (K), and Kruskal-
Wallis test with Dunn’s test (I and L). In (C) and (F), *p < 0.05 and **p < 0.01 versus the control group. In (H) and (), *p < 0.05 and **p < 0.01 versus the Hif2a™" group.
In (K) and (L), *p < 0.05 and *p < 0.01 versus the LV-GFP group and #p < 0.05 and ##p < 0.01 versus the LV-HIF-2a group. Ctrl, control; GO, Gene Ontology; H&E,
hematoxylin-eosin staining; PLS-DA, partial least squares discriminant analysis; Rt, R. torques.
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Figure 4. HMP is an endogenous inhibitor of HIF-2«

(A) HIF-2a. luciferase activity of HEK293T cells exposed to >1 kDa fraction or <1 kDa fraction for 24 h.

(B) HIF-2a luciferase activity of HEK293T cells exposed to different metabolites of R. torques.

(C) Inhibition curve of HMP for the suppression of HIF-2a transcriptional activity as determined by luciferase assay.

(D) Co-immunoprecipitation for ARNT and HIF-2a in HEK293T cells treated with HMP.

(E and F) Schematic (E) and experimental (F) of mammalian two-hybrid assay, showing HMP inhibits HIF-2a-ARNT interaction.
(G and H) Schematic (G) and experimental (H) representation of HMP on the mutation of PT2385-binding sites on HIF-2a.

(I) The concentration of HMP produced by R. torques and C. hathewayi in vitro.

(J and K) The concentration of HMP in intestine tissues (J) and feces (K) from R. torques treatment mouse model.

(L) The concentration of HMP in feces from TRF clinical model.
(M) Correlative analysis of HSI and the concentration of HMP.

Data are shown as mean = SEM (A, B, F, and H-K) and the median with first and third quartiles in box and whiskers (L). p values were determined by one-way
ANOVA with Dunnett’s T3 post hoc test (A, B, and I), two-tailed Student’s t test (F and H), one-way ANOVA with Tukey post hoc test (J and K), paired Student’s t

test (L) and Spearman’s rank tests (M). In

(A), (B), (F), and (H), “p < 0.05 and **p < 0.01 versus the control group. In (I)—(K), *p < 0.05 and **p < 0.01 versus the control

group and ##p < 0.01 versus the Rt group. In (L), **p < 0.01 versus the BT group. Ctrl, control; DM, 2'-deoxyguanosine 5’-monophosphate; FBP, fructose 1,6-
biphosphate; F6P, fructose 6-phosphate; G5M, guanosine 5-monophosphate; HMP, 2-hydroxy-4-methylpentanoic acid; OPS, O-phospho-serine; RT,

R. torques; TRF, time-restricted feeding; 3-PA, 3-phosphoglyceric acid.

these findings suggest that HMP, a metabolite of R. torques, acts as
an endogenous inhibitor of intestinal HIF-2¢: in the host.

HMP produced by rtMor improves MASLD in mice

To further clarify whether HMP participates in the improvement
of MASLD, HMP (100 mg/L) was administered to mice via
drinking water on an HFD for 8 weeks. HMP improved hepatic
steatosis and reduced liver weights, plasma and hepatic TG
and TC levels, ALT and AST levels, as well as hepatic fatty
acid transport, lipogenesis, inflammation, and fatty acid p-oxida-
tion compared with control-treated mice (Figures S4A-S4N).
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Further, administration of HMP repressed the expressions of
Neu3 and intestinal ceramide levels compared with control-
treated mice (Figures S40 and S4P). In addition, 2-week HMP
treatment reduced the expressions of Neu3 and intestinal cer-
amide levels in Hif2a™" mice, which failed to show a further effect
in the Hif2a“'f mice (Figures S4Q and S4R).

Bacteria can synthetize HMP from 4-methyl-2-oxopentanoate
(MO), an intermediate in leucine synthesis (Figure S5A)."° The
bacterial enzymes exhibiting MO reductase activity have
been mostly identified in Lactobacillus. 2-hydroxyisocaproate
dehydrogenase of Clostridioides difficile, reported as an MO
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Figure 5. HMP improves HFD-induced MASLD via a HIF-2«-ceramide axis
(A) Blast results of Clostridioides difficile ATCC 9689 2-hydroxyisocaproate dehydrogenase (AAV40821.1) in R. torques.

(B) HMP concentration of E. coli, E.coli-orf00081, and E.coli-orf00325. n = 3.

(C-G) HMP concentration of ileum (C), liver/body weight ratio (D), ALT (E), AST (F), hepatic TG levels (G) of mice treated with E. coli or E.coli-rtMor for 8 weeks.
(H-J) Representative H&E (top) and oil red O (bottom) staining of liver section from the indicated groups of mice (H), relative mMRNA expressions related to Hif2a (1),
and the ceramide concentrations (J) of intestinal epithelial cells from mice in the indicated groups. Scale bars, 100 um.

Data are shown as mean + SEM (B-G) and the median with first and third quartiles in box and whiskers (I and J). In (C)-(J), n = 6 per group. p values were
determined by one-way ANOVA with Tukey post hoc test (B), two-tailed Student’s t test (C-G and J), and Mann-Whitney U tests (l). o < 0.05 and **p < 0.01 versus
the E. coli group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin-eosin staining; HMP, 2-hydroxy-4-methylpentanoic acid;
Rt, R. torques; rtMor, the enzyme that catalyzes the reduction of 4-methyl-2-oxopentanoate to 2-hydroxy-4-methylpentanoic acid in R. torques; TG, triglyceride.

reductase to produce HMP,?° was selected as a reference pro-
tein. The R. torques genome was screened using BLAST to
find sequences encoding possible RT ctg010_orf0O0081, RT
ctg001_orf00325 (Figure 5A). As a result, the protein encoded
by RT ctg001_orf00325 is able to catalyze the reduction of MO
to form HMP (Figures 5B and S5B), and thus we named the
enzyme rtMor.

To further clarify the effect of rtMor in vivo, we generated het-
erologous expression of rtMor in Escherichia coli BL21 (E. coli-

rtMor). We then gavaged mice with E. coli-rtMor and found
that intestinal concentrations of HMP were higher compared
with the control mice (Figure 5C). Administration of E. coli-rtMor
substantially resulted in a reduction in hepatic lipid droplets,
which was reflected by lower plasma and hepatic TG and TC
levels, ALT and AST levels, and hepatic fatty acid metabolism
pathway and inflammation (Figures 5D-5H and S5C-S5J). Like-
wise, E. coli-rtMor treatment decreased the mRNA expression of
Neu3 and intestinal ceramide levels (Figures 51 and 5J). These
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Figure 6. Administration of R. torques or HMP improves MASH in mice
(A) The experimental scheme for R. torques and HMP therapy effect of MASH. Mice were treated by CDAA-HFD for 5 weeks, when appreciable MASH was
established. Then, the mice were treated by PBS (control), R. torques, or HMP-containing water for another 3 weeks.
(B-J) Liver weights (B), body weights (C), liver/body weight ratio (D), ALT (E), AST (F), hepatic (G) and plasma TG (H), hepatic (I), and plasma TC (J) of mice were
treated with R. torques or HMP, combined with a CDAA-HFD diet, for 8 weeks.
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results suggest that the supplementation of HMP protects
against MASLD in a manner dependent on the activity of the in-
testinal HIF-2a-ceramide axis.

R. torques colonization or oral HMP supplementation
improves MASH

MASH, the progressive form of MASLD, has rapidly become a
leading etiology underlying many cases of HCC.?" To determine
the role of R. torques and HMP in MASH progression, 8-week-
old male C57BL/6J mice were treated by choline-deficient
amino acid-defined and HFD (CDAA-HFD) for 8 weeks, accom-
panied by PBS (control), R. torques, or HMP water (Figure S6A).
No obvious change in body weights was observed among the
groups, while the liver weights, liver/body weight ratio, ALT
levels, AST levels, and TG and TC levels of R. torques or
HMP-treated mice were reduced compared with those of the
control group (Figures S6B-S6J). The protective effects of
R. torques and HMP on hepatic steatosis, inflammation, and
fibrosis can be observed in liver histochemistry and gPCR re-
sults (Figures S6K-S6Q). R. torques or HMP treatment
repressed the expressions of Neu3 and intestinal ceramide
levels (Figures S6R and S6S).

To further validate the therapeutic effect of R. torques and
HMP on MASH, 8-week-old male C57BL/6J mice were treated
by CDAA-HFD for 5 weeks when appreciable MASH was estab-
lished. Then, we treated the mice with PBS (control), R. torques,
or HMP-containing water for another 3 weeks (Figure 6A). No
obvious change in body weights was observed among the
groups, while the liver weights, liver/body weight ratio, serum
levels of ALT and AST, and TG and TC levels of R. torques or
HMP-treated mice were reduced compared with those of the
control group (Figures 6B-6J). On the basis of H&E, oil red O,
and Sirius Red staining, we found that R. torques or HMP supple-
mentation slowed down the progression of MASH, as indicated
by less severe hepatic steatosis, inflammation, and fibrosis
(Figures 6K-BN). Furthermore, the relative expression of mRNAs
involved in hepatic lipid metabolism, proinflammatory cytokine
production, and collagen synthesis was reduced by R. torques
or HMP treatment (Figures 60-6Q). Further, R. torques or HMP
treatment repressed the expressions of Neu3 and intestinal cer-
amide levels (Figures 6R and 6S). Thus, R. torques and HMP
administration are both effective means to prevent and treat fatty
liver.

To confirm whether modulation of the ceramide profiles
accounts for the dependency of the beneficial effects of
R. torques on MASLD/MASH on the HIF-2a-ceramide
pathway, we administered ceramide (d18:1/16:0) by intraper-
itoneal (i.p.) injection every other day. The protective effects

¢ CellP’ress

on hepatic steatosis, inflammation, and fibrosis resulting
from R. torques administration were reversed by ceramide
(d18:1/16:0) administration (Figures S7A-S7S). In conclusion,
R. torques-induced inhibition of the intestinal HIF-2a-cer-
amide axis mitigated MASLD progression by decreasing in-
testinal ceramide production.

R. torques-HMP participates in intermittent fasting-
mediated improvements in MASLD

An intermittent fasting 5:2 diet (5A2F), which refers to 5 days of
ad libitum eating and 2 days of starvation per week, is another
popular dietary intervention.?>?®> We also enrolled 15 partici-
pants with MASLD for a 4-week 5A2F intervention (Table S2). Af-
ter the 4-week 5A2F intervention, the indicators of liver damage
(HSI, ALT, AST, ALP, and GGT) and TG levels were obviously
decreased, accompanied by a decreased BMI (Figures 7A-
7G). The a-diversity was slightly increased after 5A2F interven-
tion; meanwhile, the PCoA showed no significant difference
(Figures 7H-7K). By LEfSe analysis, we found that R. torques
levels were significantly increased after 5A2F (Figure 7L). We
found that the abundance of R. torques showed a striking
negative correlation with HSI (Figure 7M). The levels of HMP
increased significantly after 5A2F (Figure 7N). In addition, the
levels of HMP exhibited a negative correlation with HSI (Fig-
ure 70). These findings corroborated that R. torques-HMP may
participate in the process of 5A2F-mediated improvement
of MASLD.

DISCUSSION

Most studies investigating the effects of TRF have mainly
focused on body weight and glucose regulation, revealing the
analogous effects of weight reduction and insulin sensitivity
observed in various TRF regimes. However, only a few clinical
studies have assessed the role of TRF in patients with MASLD,
but they failed to identify the intrinsic mechanisms involved.?**°
In this study, we revealed that R. torques and its metabolite HMP
improve MASLD/MASH, which is dependent on the intestinal
HIF-2a.-ceramide axis, a novel mechanism for how TRF directly
affects liver steatosis.

Le Roy et al. transplanted the gut microbiota of obese mice
with or without liver steatosis into germ free (GF) mice and found
that mice that received feces from steatotic mice showed higher
liver TG content, as well as higher expression of genes involved
in lipid absorption and de novo lipogenesis, without a significant
difference in body weight between the two groups.”® These re-
sults suggest that the gut microbiota promotes the development
of MASLD independently of obesity. Consistent with their

(K) Representative H&E staining (top), oil red O staining (middle), and Sirius Red staining (bottom) of liver section from the indicated groups of mice. Scale

bars, 100 um.
(L-N) Histology scores of oil red O (L), NAFLD activity (M), and fibrosis (N).

(O-Q) Relative mRNA expressions of the indicated genes related to fatty acid transport and lipogenesis-related genes, fatty acid p-oxidation-related genes (O),

inflammatory cytokine (P), and fibrosis (Q).

(R and S) Relative MRNA expressions related to Hif2a (R) and the ceramide concentrations (S) of intestinal epithelial cells from mice in the indicated groups.

n =6 per group. Data are shown as mean + SEM (B-J and L-N) and the median with first and third quartiles in box and whiskers (O-S). p values were determined
by one-way ANOVA with Tukey post hoc test (B-E, G, H, J, and P), one-way ANOVA with Dunnett’s T3 post hoc test (F, |, and L), and Kruskal-Wallis test with
Dunn’s test (M, N, O, and Q-S). *p < 0.05 and **p < 0.01 versus the Ctrl group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cer, ceramide;
Ctrl, control; H&E, hematoxylin-eosin staining; HMP, 2-hydroxy-4-methylpentanoic acid; NAS, NAFLD activity score; Rt, R. torques; TC, total cholesterol; TG,

triglyceride.
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results, we found that 2-week R. torques treatment improved he-
patic TG and ceramide levels before the onset of body weight
change.

Ruminococcus genus was found to be closely associated
with obesity, and the abundance of R. torques is increased in a
weight loss group.?”**® Moreover, recent research has identified
R. torques as one of the most predictive bacterial species for
obesity status.?® Our groundbreaking study goes beyond these
findings by providing the first experimental evidence of a probi-
otic effect of R. torques in MASLD/MASH, with detailed molecu-
lar insights into the underlying mechanism at play. Despite the
ameliorative effect of R. torques on MASLD/MASH, we did not
observe a significant difference in the abundance of R. torques
between patients with MASLD and healthy volunteers.*®
Although R. torques remains unchanged in patients with
MASLD in these studies, supplementation with R. torques has
an important role in the treatment of metabolic disorders based
on our findings of the role of R. torque in improving MASLD.

Interestingly, metformin treatment increases the abundance of
R. torques, which correlated with lower fasting insulin.®' Our previ-
ous study found that ablation of intestinal HIF-2a. down-regulates
gut lactic acid concentrations, which led to a reduction in Bacter-
oides vulgatus (B. vulgatus). We also found that the abundance of
R. torques was negatively correlated with that of B. vulgatus, thus
activated HIF-2a.-lactic acid axis could indirectly reduce R. torques
abundance.* In this study, we found that TRF enriches R. torques
abundance, thereby increasing HMP production and reducing cer-
amide-mediated hepatic steatosis. Consistently, one 3-month
TRF trial showed a similar increase in R. torque abundance.®®
Conversely, the metagenome result of another clinical trial showed
that R. torques abundance remained unchanged following a
12-week period of the 5:2 diet.>* This discrepancy between these
results and our own may be attributed to discrepancies in partici-
pant diets, lifestyles, or geographic regions.®® Thus, a future study
is needed to fully understand the deeper mechanism by which TRF
may enrich R. torques levels in gut.

We discovered that R. torques-derived metabolite HMP acts
as a TRF mimic that can inhibit intestinal HIF-2a-ceramide
signaling to attenuate diet-induced liver steatosis. HMP, which
is derived from L-leucine, was found long ago to be generated
by anaerobic bacteria. However, the reductase that catalyzes
the formation of HMP from 4-methyl-2-oxopentanoic acid as
an intermediate has not yet been identified in Ruminococcus.*®
Although many bacteria, especially Lactobacillus,®’ can produce
HMP, TRF-enriched R. torques is the most significantly altered
HMP-producing bacteria, and their elevated HMP levels can
improve MASLD by inhibiting the intestinal HIF-2a-ceramide
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axis. Currently, HMP is not reported to be associated with phys-
iological metabolism, while our study has demonstrated the
ameliorative effect of HMP on MASLD/MASH as a potential ther-
apeutic agent. Indeed, bioengineering of bacteria to produce
HMP may provide a “bugs for drugs” approach to ameliorate
this difficult-to-treat condition.

In conclusion, we determined that a TRF regime promotes
the growth of R. torques, contributing to improvements in
MASLD/MASH via an HMP-HIF-2a-ceramide axis. These find-
ings deepen our understanding of the mechanisms by which in-
testinal commensal bacteria regulate the development of host
metabolic diseases while providing novel strategies to mimic a
fasting dietary regime that may be too difficult for most people
to adhere to consistently.

Limitations of the study

The use of antibiotics is the common method for studying the gut
microbiota. There are different reports regarding the impact of an-
tibiotics on MASLD. Some studies reported that use of antibiotics
improved MASLD.*®° By contrast, Schneider et al. reported anti-
biotic treatment aggravated murine methionine-choline deficient
(MCD) induced MASH,”' Du et al. reported Abx treatment
elevated hepatic TG content and serum ALT levels in HFD-fed
mice,*> and Yu et al. reported antibiotic azithromycin-induced
steatosis in HFD-fed mice.* In addition, others reported that anti-
biotic treatment does not alter serum ALT and AST levels in HFD-
fed mice.***° In our study, we did not observe a difference be-
tween the control and control+Abx groups. In view of the different
types of antibiotics between different studies, we think the type
and spectrum of the Abx, the background of the mice, or the
feeding environment may result in different gut microbiota compo-
sition and different outcomes. This also indicates that the role of
broad-spectrum clearance of all bacterial communities in the pro-
gression of MASH is unclear, and it is thus necessary to clarify the
function of characteristic bacteria. Future interventions targeting
the function of characteristic bacteria have better prospects for
future clinical translation.

We have clarified the important role of R. torques and
HMP in the progression of MASLD/MASH, but unfortunately,
R. torques is difficult to genetically manipulate. But in spite of a
lack of genetical validation of R. torques via a loss-of-function
approach, we did use a gain-of-function approach by generating
heterologous expression of rtMor in E. coli BL21 to validate the
vital role of HMP in ameliorating MASLD/MASH progression.

As we discussed above, different intermittent fasting studies
showed different gut microbiota change, which may result
from different diets or different geographic regions of the cohorts

Figure 7. 5A2F intervention increases R. torques and HMP levels

(A-G) HSI (A), ALT (B), AST (C), ALP (D), GGT (E), triglyceride (F), and BMI (G) of participants with MASLD before and after 5A2F intervention.
H-J) a-diversity of the gut microbiota of participants before and after TRF intervention, as indicated by the Chao1 (H), ACE (I), and Shannon (J) indices.

K) B-Diversity of participants before and after 5A2F intervention.

M) Correlative analysis of the relative abundance of R. torques and HSI.

(
(
(L) The LEfSe was conducted to identify the differentially abundant bacteria among the baseline and 5A2F groups.
(
(

N) The concentration of HMP in feces of participants before and after 5A2F.
(O) Correlative analysis of the concentration of HMP and HSI.

n = 15 per group. Data are shown as the median with first and third quartiles in box and whiskers (A—J and N). p values were determined by paired t test (A, C, E, G,
H, I, and N), Wilcoxon’s sign rank test (B, D, F, and J), Spearman’s rank tests (M and O), and PERMANOVA based on Bray-Curtis index (K). “o < 0.05 and **p < 0.01
versus the before 5A2F group. ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; GGT,
gamma-glutamyltransferase; HSI, hepatorenal steatosis index; HMP, 2-hydroxy-4-methylpentanoic acid; TG, triglyceride; 5A2F, 5:2 intermittent fasting.
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studied. We propose that large and multi-centered clinical trials
should be conducted to further confirm the benefits of TRF for
MASLD/MASH progression.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-HIF2a rabbit polyclonal antibody Novus Cat# NB100-122; RRID: AB_10002593
Anti-ARNT mouse polyclonal antibody Santa Cruz Cat# sc-55526; RRID: AB_673397
HRP Goat Anti-Rabbit IgG (H+L) ABclonal Cat#AS014; RRID: AB_2769854
HRP Goat Anti-Mouse IgG (H+L) ABclonal Cat#AS003; RRID: AB_2769851
Bacterial and virus strains

R. torques BNCC bncc360706

E. coli BL21 Beijing Zoman Biotechnology Co., Ltd N/A

Chemicals, peptides, and recombinant proteins

Trizol Thermo Fisher Cat#15596018
Methanol Beijing Chemical Works Cat#B0301005
Isopropanol Beijing Chemical Works Cat#B0301007
Ethanol Beijing Chemical Works Cat#B0301002
RIPA buffer Beyotime Biotechnology Cat#P0013C
Vancomycin Sigma-Aldrich Cat#Vv2002
Ampicillin Sigma-Aldrich Cat#BP021
Kanamycin Sigma-Aldrich Cat#D403
Metronidazole Sigma-Aldrich Cat#M1547
2-hydroxy-4-methylpentanoic acid Acmec Cat#S94250

2’ -deoxyguanosine 5’-monophosphate Sigma-Aldrich Cat#85222

3-CMP Chromadex Cat#ASB-00003997
3-phosphoglyceric acid Acmec Cat#D74380

DAMP Acmec Cat#D42460
fructose 1,6-biphosphate Crgent Biotech Cat# XP03590
fructose 6-phosphate Solarbio Cat# IF0820
guanosine 5-monophosphate Mei5bio Cat# G74210
O-phospho-serine Solarbio Cat# IP3880
Thymine Acmec Cat# T13780
Critical commercial assays

5X All-In-One RT MasterMix AMB Cat#G490

TC Biosino Cat#100020080

TG Biosino Cat#100020090
ALT Biosino Cat#000010

AST Biosino Cat#000020
Dual-Luciferase Reporter Assay System Promega Cat#E1910
CheckMate Mammalian Two-Hybrid Promega Cat# E2440
System

Stool Genomic DNA Kit CWBIO Cat#CW20925
Qubit DNA Assay Kit Thermofisher Cat#Q33231

Ultra DNA Library Prep Kit for lllumina NEB, USA Cat#E7370S

HiSeq 4000 PE Cluster Kit lllumina Cat#PE-410-1001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Metagenome sequencing data This paper BioProject ID: PRINA1110752; BioProject
ID: PRUNA1110745; BioProject ID:
PRJNA1105210; BioProject ID:
PRJNA1105007

RNA-seq data This paper GEO: GSE265852

Experimental models: Cell lines

HEK293T ATCC N/A

Experimental models: Organisms/strains

Hif2a™" and Hif2a™"€ mice This paper N/A

C57BL/6J The Jackson Laboratory N/A

Recombinant DNA

Oxygen Stable pCDNA3-HIF-2a N/A N/A

pBIND-HIF-2a from Professor Yatrik M. Shah N/A

pACT-ARNT from Professor Yatrik M. Shah N/A

pGL3-DMT1 Luc (HRE-Luc) N/A N/A

pCMV-Tag4-HIF-2aG324E+S305M N/A N/A

Software and algorithms

GraphPad Prism version 9.0

Imaged
IBM SPSS Statistics 26.0

GraphPad Software

N/A
IBMCorp

https://www.graphpad.com/updates/
prism-900-release-notes

https://imagej.net/
https://www.ibm.com/support/pages/
downloading-ibm-spss-statistics-26

Other

Rodent Diet With 60 kcal% Fat
Quaternary HPLC System
HyperSep C18 SPE Column

Research Diets Inc
Agilent
Thermo

Cat# D12492
Cat#1200 Infinity
Cat#60108

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Yanli Pang (yanlipang@bjmu.

edu.cn).

Materials availability

This study did not generate new unique reagents. Materials in this work are available from the lead contact.

Data and code availability

o Data availability: Metagenome data for is available through NCBI (https://ncbi.nim.nih.gov) at BioProject ID: PRINA1110752
(mice with MAFLD before and after TRF), BioProject ID: PRUNA1105007 (patients with MAFLD before and after TRF), BioProject
ID: PRUNA1105210 (patients with MAFLD before and after 5A2F), and BioProject ID: PRINA1110745 (16S RNA for mice with
ATM or ATM without R. torques). RNA-seq data have been deposited at GEO: GSE265852.

® This paper does not report original code.

® Unprocessed data in this manuscript are available as Source Data. Tables S1, S2, and S3 and figures are available as supple-
mental information.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human subjects and sample collection

The human studies were all approved by the Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University
(ClinicalTrials.gov ID: NCT04795973). We recruited individuals with MAFLD (HSI>36) from Beijing Chao-Yang Hospital, Capital
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Medical University for an intermittent fasting intervention between April 2021 and April 2022. The exclusion criteria were: diet therapy
before participation, pregnancy, severe hepatic diseases (cirrhosis, hepatocellular carcinoma and acute liver injury); severe nephrop-
athy; organic digestive diseases; autoimmune diseases; cancer; infectious diseases, including pulmonary tuberculosis and AIDS;
alcoholism; continuous antibiotic use for over 3 days within 3 months prior to enroliment; continuous use of a weight-loss drug
for over 1 month; gastrointestinal surgery. Human serum and feces samples were collected at baseline and after the 1-month inter-
vention. Venous blood samples were collected after overnight fasting. And the blood samples were placed at room temperature for
30 minutes, then centrifuged at 3000 x g for 20 minutes. Feces samples were collected and immediately frozen in dry ice and stored
at -80°C. In the time-restricted eating (TRE) intervention, all subjects participated in the 10-h TRE for 4 weeks and were instructed to
eat ad libitum from 7 am to 5 pm and fast from 5 pm to 7 am the next day. During the 10-h eating windows, there were no restriction on
types and quantities of food, and during the fasting period, participations were encouraged to drink sufficient water. As for the 5:2
intermittent fasting (5A2F) regimen, the subjects accepted the intermittent fasting intervention for 4 weeks and chose two non-
consecutive days per week to eat very little and eat ad libitum the other 5 days of the week. The morphological indexes (height,
weight, waist circumference, hip circumference, body fat percentage, the waist to hip ratio and body mass index), blood pressure,
heart rate, and blood biochemical index and other indicators before and after the intervention were analyzed and recorded. The spe-
cific information of participants is shown in the Tables S1 and S2.

Mice and treatments

Male C57BL/6J wild type mice were purchased from Gem Pharmatech, Nanjing. All mice were randomly assigned to experimental
groups and mice within experiments were age matched without presenting differences in body weights before the treatments. All
mice were housed in SPF facility at a controlled temperature (23 + 2 °C) and kept in a 12-h light-dark cycle. All animal experiments
were approved by the Animal Research Ethics Committees of Peking University.

8-week-old mice were fed with high-fat diet (60% kcal from fat, D12492, Research Diets) for 8 weeks to induce hepatic steatosis.
For the MASH model, 8-week-old male C57BL/6J wild type mice were fed with CDAA-HFD (A06071302, Research Diets) for 8 weeks.

To explore the effect of gut microbiome in the TRF, mice were treated with antibiotics cocktail (Abx: 0.5mg/ml vancomycin, 1mg/mi
metronidazole, 1mg/ml kanamycin, 1mg/ml ampicillin) or sterile PBS in water. For TRF intervention, mice were fed with a HFD for 10
hours from ZT13 to ZT23 where ZT0 was light on.

To transplant R. torques or C. hathewayi, mice were pretreated with antibiotics for 3 days and fed with a HFD, PBS, R. torques (10®
CFU/mouse) or C. hathewayi (108 CFU/mouse) were gavaged every 3 days for 8 weeks. To explore the effect of R. torques on the
pathway of intestinal epithelial cell, 8-week-old mice were treated with a HFD and PBS or R. torques for 2 weeks.

To establish defined microbiomes, the equivalent of different bacterium was mixed and gavaged to mice, which contained
107~108 CFU/mouse.

To research the effect of intestinal HIF-2a in the R. torques-mediated improvement of hepatic steatosis, mice received a small in-
testinal lentiviral injection to overexpress HIF-2¢. in the ileum as previously described to induce MASLD.“® Briefly, the ileum was
elevated from 6-8 cm distal to the cecum and was ligated with vascular clamps at both ends to block distribution of lentivirus and
intestinal fluids. The intestinal portion was cut with a longitudinal 3 mm incision, then flushed with saline by an insulin needle inserting
right below the 6 cm ligation, and 0.2 mL lentivirus expressing HBLV-Zs Green PURO or HBLV-m-Epas1-3 xflag-Zs Green PURO
(both at 1.0x 108 TU/mL; 20 uL lentivirus was diluted with saline into a total volume of 200 pL for injection) was administered via
an insulin needle. 20 minutes later, vascular clamps were removed and the intestine was flushed with 200 pL saline. After that,
the incision was sutured with 10-0 suture. One week later, the mice were fed with a HFD and PBS or R. torques (108 CFU/mouse)
by gavage every 3 days for 8 weeks. 8-week-old male littermate Hif2a™" and Hif2a*'E mice fed with a HFD and PBS or R. torques
(108 CFU/mouse) by gavage every 3 days for 8 weeks.

To study the effect of HMP on the progression of hepatic steatosis, 8-week-old male C57BL/6J wild type mice were fed a HFD and
treated with HMP (100 mg/L) or PBS by gavage three times per week for 8 weeks. 8-week-old male littermate Hif2a™" and Hif2a*'E
mice fed with HFD and HMP (100 mg kg ") or PBS by gavage three times per week for 2 weeks to explore the effect of HMP on cer-
amide synthesis. For transplanting E. coli BL21-rtMor, 8-week-old male C57BL/6J wild type mice were fed with HFD and E. coli BL21
(108 CFU/mouse) or E. coli BL21-rtMor (108 CFU/mouse) for 8 weeks.

To explore the effect of R. torques or HMP on the progression of MASH, 8-week-old male C57BL/6J wild type mice were fed with
CDAA-HFD for 8 weeks. At the same time, PBS, R. torques (108 CFU/mouse) or HMP (100 mg/L) were administered. As for the ther-
apy model, mice were fed with 5 weeks, and then, PBS, R. torques (108 CFU/mouse) or HMP (100 mg/L) were treated for another
3 weeks.

For the ceramide supplement experiment, mice were pretreated with antibiotics for 3 days and fed with a CDAA-HFD. PBS or
R. torques (10® CFU/mouse) were gavaged every 3 days for 8 weeks. Meanwhile, ceramide (d18:1/16:0) was intraperitoneal injected
every other day at the dose of 10 mg/kg.

Microbe strains and culture

The R. torques was purchased from BNCC (bncc360706) and cultured in brain heart infusion (BHI) broth medium in 37°C anaerobic
incubators. For in vivo experiments, the bacteria were centrifuged at 10,000 rpm at 4°C for 3 minutes when the ODgq reached 0.6 and
resuspended in sterile PBS to gavage mice. The bacteria were stored at 4°C for use.
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E. coli BL21 was purchased from Beijing Zoman Biotechnology Co., Ltd to overexpress the 4-methyl-2-oxopentanoate reductase
gene of R. torques (rtMor). E. coli BL21 and E. coli BL21-rtMor was streaked onto Lysogeny broth (LB) agar plates in 37°C for over-
night. A single colony was put into 5 mL LB medium and cultured overnight.

Each bacterium was cultured in Gifu Anaerobic Medium (GAM) media for 48 hours at 37°C anaerobic incubators, and then diluted
in fresh GAM media. Different bacterium was normalized for density by ODgqo. For inoculation into mice, the equivalent of different
bacterium was mixed and gavaged to mice, which containing 10”~108 CFU/mouse.

METHOD DETAILS

DNA extraction

Genomic DNA from human feces samples or R. torques were isolated by using cetyltrimethylammonium bromide (CTAB, a cationic
detergent). In brief, 50 mg of the feces samples or bacteria were weighed and homogenized in 600 pL TE buffer and centrifuged at
10,000 % g for 10 minutes. The precipitation was incubated with 2x CTAB at 60°C for 30 minutes, and then extracted by chloroform:i-
sopentanol (24:1). The isolated genomic DNA was prepared for metagenomics sequencing and bacteria-specific real-time quanti-
tative PCR.

Metagenomics sequencing

Metagenomics sequencing was described previously.”” 700 ng DNA per samples was used for DNA sample preparation.
Sequencing libraries were generated by NEB Next Ultra DNA Library Prep Kit for lllumina; the manufacturer’s recommendations
and index codes were adopted to annotate sequences in each sample. The fragmented DNA was end-repaired, polyA-tailed and
ligated with a sequencing adaptor for lllumina sequencing. PCR ampilification and DNA purification were performed with an AMPure
XP system. The DNA concentration was measured with the Qubit DNA Assay Kit in a Qubit 2.0 fluorometer and diluted to 2 ng/uL. And
the library quality was assessed by using the Agilent Bioanalyzer 2100 system. Clustering of index-coded samples was performed on
a cBot Cluster Generation System using a HiSeq 4000 PE Cluster Kit according to the manufacturer’s instructions. After cluster gen-
eration, the libraries were sequenced on the lllumina HiSeq 4000 platform, and 150-bp paired-end reads were generated. Taxonomic
composition of human metagenomes and mouse metagenomes were profiled by MetaPhlAn2 and Kraken2 tools respectively.

Biochemical assays

Approximately 20 mg liver tissue was weighed, homogenized in 20x triglyceride lysis buffer and heated at 70°C for 10 minutes.
Centrifuged at 2,000 rpm and the supernatant was collected. To detect the level of cholesterol and triglyceride, plasma or superna-
tant obtained from above step was measured by Cholesterol Assay Kit (COD-PAP Method, Biosino) and Triglyceride Assay Kit (GPO-
PAP Method, Biosino). The hepatic cholesterol and triglyceride were normalized to the weight and presented as milligrams of lipid per
gram of tissue weight. Plasma ALT and AST levels were measured by Alanine Transaminase Kit (Alanine Substrate Method, Biosino)
and Aspartate Aminotransferase Kit (Aspartate Substrate Method, Biosino), respectively.

Histological analysis
Liver tissues were fixed in 4% paraformaldehyde for 4-6 hours and embedded with paraffin, stained by H&E or Sirius red. And optimal
cutting temperature compound (OCT)-embedded frozen liver sections were stained by Oil Red O.

Real-time quantitative PCR analysis and RNA-seq profiling

Total RNA of mouse intestine tissue was isolated with Trizol reagent (15596018, ambion). cDNA was synthesized from 2 pg of total
RNA with 5xAll-In-One RT MasterMix (G592, abm). Real-time PCR primer sequences are listed in Table S3. The relative amount of
each mRNA was calculated by normalizing to the corresponding 18S mRNA. The results were presented as fold change relative to
control group. The relative amount of bacteria DNA was calculated by normalizing to the corresponding 16S rDNA.

Library preparation and transcriptome sequencing was conducted by Novogene LLC. NEBNext UltraTM RNA Library Prep Kit for
lllumina (NEB, USA) was used to prepare the sequencing libraries. The libraries were sequenced on lllumina Hiseq platform to
generate 150bp paired-end reads. Adapter trimming and low-quality reads removing was conducted by Trim Galore v0.6.7. Clean
reads were aligned to the mouse genome mm10 with Hisat2 v2.2.1. Counts of each gene were quantified using featureCounts
v2.0.1. Differential expression analysis was performed by edgeR v3.38.4 R package. Thresholds for differential expression were
set as follows: adjusted p-value of 0.05, absolute value of fold change of 1.5. Gene Ontology enrichment analysis and transcription
factor enrichment analysis was performed by clusterProfiler v4.4.4 R package.

Metabolomics analysis

For plasma samples, 20 pL plasma was mixed with 30 pL sterile water and 200 pL cold chloroform:methanol (2:1) containing 1.25 uM
Ceramide (d18:1/19:0) as the internal standard. The mixture was vortexed for 20 seconds and placed on the ice for 30 minutes. After
centrifugation at 13,000 rpm for 20 minutes at 4 °C, the lower organic phage was collected and concentrated by termovap sample
concentrator. The samples were dissolved in 100 pL acetonitrile:isopropanol (1:1) and vortexed for 60 seconds. For extracting ce-
ramides of intestinal epithelial organoid medium, 50 pL medium was mixed with 200 uL cold chloroform:methanol (2:1) containing
1.25 uM Ceramide (d18:1/19:0) as the internal standard. For lipidomics analysis of intestine epithelial tissue and organoid,

e4  Cell Metabolism 36, 1823-1838.e1-e6, August 6, 2024



Cell Metabolism ¢ CellPress

approximately 20 mg tissue or total organoid was homogenized in 100 uL sterile water, and then centrifuged at 10,000 rpm for 10 mi-
nutes. The protein concentration of supernatant was measured and 100 puL supernatant was mixed with 900 pL cold chloroform:me-
thanol (2:1) containing 1.25 uM Ceramide (d18:1/19:0) as the internal standard. The followed steps were mentioned above. The con-
centration of tissue ceramides was normalized to the protein weight. Samples were analyzed by Eksigent LC100 coupled with Triple
TOF 5600 system (AB SCIEX, Concord, ON, Canada) using a Waters XBridge Peptide BEH C18 column (3.5 um, 2.1 X100 mm; Wa-
ters Corporation, USA). The mobile phase was a mixture of 99.9% water (A) and 49.95% acetonitrile and 49.95% isopropanol (B) both
containing 10 mM ammonium formate and 0.1% formic acid. The flow rate was 0.4 mL/min, and the gradient elution was performed
as followed: 35% B at 0 min, 80% B at 2 min, 100% B at 9 min, 100% B at 15 min, and 35% B at 16 min, and 35% B at 20 min. The
injection volume was 2 pL. All the lipid molecules were identified through the acknowledged database Lipidmaps (http://www.
lipidmaps.org) and the comparison with the standards (including retention time, parent ion mass and MS/MS fragmentations).
Peak extraction and integration were performed with PeakView1.2 software. For quantitation of sphingolipid metabolites, the data
was analyzed by MultiQuant 2.1 software (AB SCIEX).

Luciferase reporter gene assays

The HEK293T cells were seeded into a 24-well plate at a cell density of 1x10* cells per well. The cells were co-transfected with HIF-
20, plasmid, p2.1 luciferase reporter plasmid and Renilla luciferase (pRL-luciferase) plasmid by Lipofectamine 3000 transfection re-
agent. After 24-hour transfection, the cells were exposed to PT2385 and different concentrations of HMP for 24 hours and then the
cells were lysed by reporter lysis buffer. Luciferase assays were performed using the Dual-luciferase assay system. For screening the
effect of metabolites of R. torques on HIF-2a/Arnt heterodimer transcription, the medium was filtered by a 1 KDa centrifugal filter to
obtain the >1 KDa protein segment and small molecules segment. To identify the mechanism of HMP influencing HIF-20/ARNT het-
erodimer transcription, two PT2385 binding sites in the mouse HIF-2a were mutated to generate mHIF-20. G323E+S304M.' To
investigate the role of HMP on HIF-20/ARNT interaction, mammalian two-hybrid system was performed as previously described.
The HEK293T cells were co-transfected with pG5 luciferase vector, pBIND-HIF2a. and pACT-ARNT vector (gifted from Professor Ya-
trik M. Shah). After transfected for 24 hours, the cells were exposed to HMP for 36-48 hours, and the assays were performed as the
protocol described in CheckMate™ Mammalian Two-Hybrid System.

Co-immunoprecipitation and western blotting

The HEK293T cells were cultivated in 10-cm culture dish. The cells were co-transfected with HIF-2o. and ARNT plasmids. After
24-hour transfection, the cells were exposed to HMP for 24 hours. Cells were incubated in NP40 buffer addition with protease inhib-
itor cocktail for 30 minutes on ice, and then the cells were collected and cracked by ultrasonic machine. The fragments were centri-
fuged at 13,000 rpm for 15 minutes at 4°C. The supernatants were separated to two parts. One part was mixed with 5x protein
loading buffer and boiled for 5 minutes as the input. The other part was immunoblotted overnight at 4°C with agarose beads and
HIF-20 antibody. Then the beads were washed by TBST for three times and dissolved by protein loading buffer. The intestinal tissues
were homogenized in RIPA buffer with protease and phosphatase inhibitors. The protein extracts were separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel (PAGE) electrophoresis on a 10% running gel and transferred to a polyvinylidene fluoride (PVDF)
membrane. The membrane was blocked with 5% defatted milk and incubated with antibodies against HIF-2o. (NB100-122, Novus),
ARNT (sc-55526, Santa Cruz) overnight at 4°C.

HMP level measurements

Concentrations of HMP were measured by LC-MS/MS. About 20 mg fecal samples were homogenized after addition of 200 ulL 80%
methanol (including 5% formic acid). Following mixing rapidly, the mixture was left on ice for 15 minutes. The supernatant was filtered
by 0.22 um syringe filter after centrifuging for 10 minutes at 13000 xg. 5 uL was analyzed by QTRAP 5500 system (AB SCIEX,
Concord, ON, Canada) using an Acquity UPLC CSH column (2.1 x 100 mm, 1.7 um; Waters Corporation, USA). The mobile phase
was water containing 0.1% formic acid (A) and acetonitrile containing 0.1% formic acid (B), with a constant flow rate (0.25 mL/min).
The analytes were separated by gradient elution: 0 — 0.5 min, 20% B; 0.5— 3 min, 20 — 60% B; 3 — 4 min, 60% B; 4 — 6 min, 20%
B. The analytes were measured at m/z 131.1 — 85.1 under negative mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA) was used for statistical analysis. The experimental data were
shown as the mean + SEM values. The investigators involved in the study were not completely blinded in each experiment during
sample collection and analysis. The sample size was estimated on the basis of previous experience, sample availability and previ-
ously reported studies.“® No data were excluded from the data analysis. The normal distribution of the data was determined by the
Shapiro-Wilk normality test. For statistical comparisons, Student’s t test or one-way ANOVA with Tukey’s test was used to compare
normally distributed variables. Wilcoxon’s Sign Rank Test was used to compare paired samples. Non-normally distributed data were
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compared by the Mann-Whitney U test (between two groups) or the Kruskal-Wallis test (among multiple groups). Wilcoxon matched-
pairs signed rank test was used for clinical participants. For metagenomics data, the adj. p value threshold was calculated using the
moderated Student’s t test followed by the Benjamini-Hochberg procedure for multiple testing correction via the false discovery rate
(FDR). Spearman'’s rank tests between changes in microbial species and host metabolome were calculated based on species with
significant differences between the two groups. Benjamini-Hochberg procedure with a cutoff of 0.1 was applied to all Spearman’s
rank tests. p < 0.05 was considered significant. Correlation analysis of the gut microbiome and host metabolome was performed by
the Spearman’s rank tests.
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