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SUMMARY

The gut microbiota has been found to play an important role in the progression of metabolic dysfunction-
associated steatohepatitis (MASH), but the mechanisms have not been established. Here, by developing a
click-chemistry-based enrichment strategy, we identified several microbial-derived bile acids, including
the previously uncharacterized 3-succinylated cholic acid (3-sucCA), which is negatively correlated with liver
damage in patients with liver-tissue-biopsy-proven metabolic dysfunction-associated fatty liver disease
(MAFLD). By screening human bacterial isolates, we identified Bacteroides uniformis strains as effective pro-
ducers of 3-sucCA both in vitro and in vivo. By activity-based protein purification and identification, we iden-
tified an enzyme annotated as B-lactamase in B. uniformis responsible for 3-sucCA biosynthesis. Further-
more, we found that 3-sucCA is a lumen-restricted metabolite and alleviates MASH by promoting the
growth of Akkermansia muciniphila. Together, our data offer new insights into the gut microbiota-liver axis
that may be leveraged to augment the management of MASH.

INTRODUCTION of approximately 25% among the adult population. And given the

global obesity epidemic, it has become a major worldwide public
Metabolic dysfunction-associated fatty liver disease (MAFLD) is  health concern. MAFLD encompasses conditions ranging from
the most common chronic liver disorder, with a global prevalence the relatively benign metabolic dysfunction-associated fatty liver
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(MAFL) to the more pathologically severe metabolic dysfunction-
associated steatohepatitis (MASH) and, in some cases, can prog-
ress to cirrhosis and/or hepatocellular carcinoma. Currently, there
are a few therapeutic drugs for MAFL-MASH, and thus treatment,
especially for MASH, represents an important unmet clinical
need."” An interdependence and tissue crosstalk between the
liver and the gut, particularly the gut microbiota, has been found
to contribute to the metabolic dysregulation and inflammation
that is a hallmark of MASH.>® However, the clear causal effects
between microbial-derived metabolites and MASH progression
have not been well established.

Bile acids are pivotal messengers between the host and the
gut microbiota, and they play an important role in the regulation
of MASH via activation of various receptors, including farnesoid
X receptor (FXR) and Takeda G-protein-coupled receptor 5
(TGR5).5° Although several bile acids may play a role in the
improvement of MASH, the overall role of bile acids in MASH
pathogenesis remains unclear. The enrichment of bile acid abun-
dance during MASH progression has been observed in multiple
studies and is thought to contribute to the lipotoxicity that exac-
erbates the disease.'®'® Additionally, by enhancing a senes-
cence-associated secretome that promotes inflammation in
the liver, microbial-derived deoxycholate (DCA) has been linked
to hepatocellular carcinoma pathogenesis in MASH,'* illus-
trating the complex role of bile acids in MASH progression. In
addition, due to their broad affinity for multiple targets, bile acids
and their analogs often cause unexpected side effects.'®

Uncovering the underlying microbial metabolic networks is
essential for elucidating the physiological significance of bile
acids. Recently, several uncharacterized microbial-derived bile
acids, referred to as secondary bile acids, have been discov-
ered,'®?" and several enzymes were found to be involved in
the bile acid metabolism,?*?® which reinforces the role of micro-
biota in shaping the host’s bile acid pool.

Here, we used a click-chemistry-based enrichment strategy and
identified several secondary bile acids, including 3-succinylated
cholic acid (3-sucCA), which we found to be lower in patients
with biopsy-confirmed MAFLD compared with controls. We
used a screen of human bacterial isolates to identify gut bacteria
that produce 3-sucCA. Using activity-based protein purification
and identification, we showed that an enzyme annotated as p-lac-
tamase is responsible for 3-sucCA biosynthesis. Importantly, we
found that 3-sucCA is a lumen-restricted metabolite and that it al-
leviates MAFL-MASH progression in mouse models by reshaping
the gut microbiota, especially by expanding the population of Ak-
kermansia muciniphila. Together, we identified the bacterial pro-
ducer and biosynthetic enzyme of 3-sucCA and revealed microbial
production of 3-sucCA as a potential therapeutic strategy for aug-
menting the management of MAFL-MASH.

RESULTS

A click-chemistry-based enrichment strategy identifies
secondary bile acids

Previous studies have identified a range of microbial amino-acid-
conjugated bile acids with amidation at the 24-carboxyl group
and their physiological abundance.'92"?*2" We attempted to
identify microbial-derived bile acids that are reacted with other
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functional groups. To improve sensitivity through enrichment
from overwhelming pools of unrelated metabolites and to facili-
tate recognition of bile acid metabolites by means of a specific
fragmentation signature in liquid chromatography-tandem
mass spectrometry (LC-MS/MS), we used a click-chemistry-
based enrichment strategy®® to investigate the microbial meta-
bolism of bile acids. As cholic acid (CA) is a major primary bile
acid in the host, we selected CA as the substrate to construct
an alkyne probe for click-chemistry reaction. As shown in the
schematic overview (Figure 1A), we synthesized an alkyne probe
of CA (alkCA), which added an allylene group at the 24-carboxyl
group of CA (Figure S1A). After the click reaction, alkCA is trans-
formed into CA linker (CA-LNK), which displays a higher mass
spectrometry response than CA at the same concentration (Fig-
ure S1B) and has a characteristic reporter ion at m/z 100.0761 for
identification (Figure 1B). By incubating the alkCA probe in hu-
man stool-derived ex vivo communities (SECs),?° we observed
that alkCA probe incubation showed a number of characteristic
peaks of derivatives after click reaction (Figure S1C). Our anal-
ysis of the tandem mass spectra of several nodes (616.4060,
630.4219, 644.4376, 658.4533, 646.4169, 674.4115, and
688.4276) showed the maintenance of the core CA but with a
fragmentation pattern that was characteristic of the presence
of several carboxylic acids through an ester bond (Figures S1D
and S1E), including several monoacids (formic acid, acetic
acid, propionic acid, butyric acid, and glycolic acid), along with
two binary acids (malonic acid and succinic acid) harboring a ter-
minal carboxyl group, which is rarely observed in microbial nat-
ural products.*°

CA possesses three hydroxyl groups (3, 7, and 12) that can un-
dergo an esterification reaction. To determine the exact position
of the acylated CAs, we fermented CA with human SECs in a
large volume (20 L) and isolated the potential acylated CAs. As
determined by one-dimensional and two-dimensional nuclear
magnetic resonance (NMR), we obtained 5 acylated CAs, with
the acylation reactions all occurring at the 3-hydroxyl
group (Figures S1F and S1G). Among these, we validated the
stereostructure of 3-sucCA by X-ray single-crystal diffraction
(Figure STH). For further verification, we synthesized all the sup-
posed 3-acylated CAs (Figure S1l) and compared them with CA-
incubated human SECs, demonstrating identical LC-MS/MS
spectra and retention time with authentic synthetic standard ma-
terials (Figure S1J).

All identified 3-acylated CAs were observed in SECs with
different prevalence rates (Figures S1K-S1M). We collected
fresh fecal samples from 23 healthy volunteers and then de-
tected the content of acylated CAs, and 4 of 7 tested
3-acylated CAs were observed in fecal samples (Figures 1C,
1D, and S1N). In specific-pathogen-free (SPF) mice, only
3-sucCA and 3-acetylated CA (3-aceCA) were observed in the
fecal samples, and an antibiotic-treatment group showed a sig-
nificant decrease in 3-sucCA and 3-aceCA levels (Figures 1D
and S10). Fecal microbiota transplantation (FMT) from SPF
mice to antibiotic-treated mice reversed the effect of antibiotics
on 3-sucCA and 3-aceCA levels (Figure S10). Moreover, the
above 3-acylated CAs were undetectable in the feces of germ-
free (GF) mice, indicating the contribution of the gut microbiota
to the levels of 3-acylated CA (Figure S1P).



Cell

¢? CellPress

OPEN ACCESS

A B f* '
O
oH ~ = MS/MS
® ® ® ®
CuAACmment
o o o i:” iz 1000757
Probe synthesis Ex vivo communities  Probe incubation Enriched metabolites ahea (e CALNK ®
~100.0761
® ;o - 1003 198.1347
3 28— g cn‘;kc»em\w B @
N et S
© ©
> N ~3 ]
¢ &— ; 36
S oL . R <
o = X [
X ) 3 S e 24 437 2520 534.3795
©
& 2
© 319.2415 552.3900
| | |570.3989
50 100 150 200 250 300 /350 400 450 500 550 600
MS/MS networking Verification by isolation Verification by synthesis> Abundance detection
i) L
i i == =
A N = ] AN . [ ] 88
a 1 S O
| 22
fo I oy . S E
foe| B IEATR| T s 5<
el P T -GS . L
— S
N B
S S SRS TSNS TSNS SO a S reaSN e oS ne
o() (&) 00%00000000 %000%0000 C'J&\/%VO&C& 0000\?;00 0
D Name R Isolation  Synthetic SEC (n=20"3)  SPF mice (C57BL/6J, n = 30) Healthy individual (n = 23)
sforCA - H ! ! —
3-aceCA  CHs N N | |
3proCA - CH:CHs v — —
3-butCA (CHz)2CHs N N [:l I
3-glaCA CHz0OH N 0
3-malCA CH:COOH N V
3-sucCA (CH2).COOH v y ] ] ]
T T T T T T
0 50 100 0 50 100 0 50 100
Prevalence rate (%) Prevalence rate (%) Prevalence rate (%)
E o Control « MAFL « Borderiine MASH o Definite MASH F G
'|a 5 250 R=-0.609 250 R=-0.689
P X P<0.01
2 2_9 i EEE'EEB Eg 200 ° p<001 200 <
c8 |§§ §§| .ss- s g g
i WY azaxsg& ze; i S S
=35 0 °x' - = °
%E og s 2 100 2 100 d
8 2.2 Lo ° °%¢°
=3 o 3 50 50 o o
- @
AT T T T T T T T T T T T T T T O +——— 1 0|3|2|1-(|)%|2
R AR RSSO S NS SIS S S G e oS ale oS oS s 8 2 1 0 12 s o2 -
OO © 00 Oo 00 Oo Oo & 00 Q < 00 Oo & Oo Oo & 0 0 0 3-sucCA [log, (nmol/g feces)] 3-sucCA [log, (nmol/g feces)]
N YNNI PO E NS o o
Yo o

Figure 1. 3-sucCA is lower in patients with biopsy-proven MAFLD
(A) Schematic representation of the microbiota-associated bile acid screening system. The synthesized alkCA probe was incubated in human stool-derived
ex vivo communities (SECs) after probe incubation and enrichment using the ACER resin. Enriched metabolites (CA-LNK derivatives) are analyzed via LC-MS/MS.
Target metabolites were further verified by both isolation- and synthesis-based methods and then analyzed for physiological and pathological abundance.
(B) Characteristic peak of CA-LNK. MS/MS of CA-LNK in positive mode produces a reporter ion at m/z 100.0761 (within 5 ppm, theoretical m/z is 100.0757).
(C) Bile acids profile in feces of 23 healthy volunteers. Orange represents classical bile acids, and green represents bile acids identified by click-chemistry-based
enrichment strategy. Missing points indicate that relevant bile acids were not detected in the samples.
(D) Structure, identification process, and prevalence rate in SECs (n = 20 individuals with 3 different culture conditions), mice (n = 30), or humans (n = 23).

(E) Quantification of fecal bile acids in 21 controls and 55 patients with different MAFLD stages (MAFL [n = 17], borderline MASH [n = 23], or definite MASH [n =
15]). Missing points indicate that relevant bile acids were not detected in the samples.
(F and G) Correlative analysis of 3-sucCA concentration with levels of ALT (F) and AST (G). Correlations between variables were assessed by linear regression
analysis. Linear correction index R and p values were calculated.
All data are presented as the means + SEMs. In (E), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. *p < 0.05 and **p < 0.01
versus the control group. ##p < 0.01 and ##p < 0.01 versus the MAFL group. See also Figure S1.
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3-sucCA levels are lower in patients with biopsy-

proven MAFLD

To elucidate the correlation between 3-acylated CAs and human
MAFL-MASH progression, we collected data from 55 patients
with liver-tissue-biopsy-proven MAFLD, along with 21 controls
with similar ages and sexes (Table S1). Fecal and serum
samples were collected to measure 3-acylated CA levels and
biochemical indicators. In line with previous reports,’®*" we
observed a significant increase in DCA and lithocholic acid
(LCA) with MAFL-MASH progression (Figure 1E). However, lower
3-sucCA levels were observed in the patients with MAFLD
compared with controls (Figure 1E), and 3-sucCA levels were
negatively correlated with MAFLD severity (MAFL, borderline
MASH, and definite MASH), as indicated by various pathology
indicators, including the MAFLD activity score (MAS), the steato-
sis score, the presence of lobular inflammation, the ballooning
score, and the fibrosis score (Figures 1E and S1Q-S1T). Further-
more, correlations between 3-sucCA levels and metabolic
indicators were further analyzed and shown to be negatively
correlated with the serum levels of the liver enzymes alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
(Figures 1F and 1G).

To explore whether sucCAs with different acylation positions
(7-sucCA and 12-sucCA) and other succinylated bile acids
(8-suc-chenodeoxycholic acid [3-sucCDCA], 3-sucDCA, and
3-sucLCA) also existed in individuals, we synthesized the above
bile acids (Figures S1TU-S1W). We then performed multilevel
quantitative analysis, including using SECs as well as fecal sam-
ples from healthy individuals and mice, and we found that
7-sucCA, 12-sucCA, and 3-sucLCA were almost undetectable
and that 3-sucCDCA and 3-sucDCA showed a lower abundance
than 3-sucCA (Figures S1X-S1Z). However, there was no differ-
ence in the abundance of these bile acids among the patients
with different severities of MAFL-MASH (Figure 1E).

Bacteroides uniformis is the main bacterial source for
3-sucCA production
3-sucCA contains an ester bond that may be degraded by a hy-
drolase encoded by the gut microbiota. Thus, we incubated
3-sucCA with human SECs for 3 continuous days and found
that 3-sucCA is relatively stable in the microecological environ-
ment (Figure S2A). As a control, glycocholic acid (GCA) was
degraded within 24 h of incubation due to bile salt hydrolase
(BSH) activity from various gut bacteria strains®? (Figure S2A).
To identify potential bacterial producers of 3-sucCA, we
collected fresh fecal samples for analysis from the 3 healthy vol-
unteers with the highest 3-sucCA levels among the 23 volunteers
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mentioned above (Figures 1C and S2B). We picked 315 distinct
colonies and identified 97 unique species that broadly covered
the bacterial phyla using 16S rRNA gene sequencing (Figure 2A;
Table S2). Among the 315 isolates, only 42 bacterial isolates con-
verted CA into 3-sucCA after 48 h incubation (Figure 2A), with all
15 of the tested Bacteroides uniformis strains displaying strong
3-sucCA production activity, while the other species belonging
to the genus Bacteroides failed to produce detectable
3-sucCA (Figures 2A and S2C). The results were reproducible
in 5 other medium conditions, including a chemically defined me-
dium (CDM) containing CA and succinic acid (Figure S2D), which
may exclude the distribution of trace levels of complex bile acids
in the natural medium. The bacterial pellets were resuspended in
phosphate-buffered saline (PBS) containing CA and succinic
acid and showed 3-sucCA production activity (Figure S2E).
Furthermore, we established several mixed-strain cultures with
or without the addition of B. uniformis JC066 (Bu) (Figure S2F).
As with the single-strain-level assay, 3-sucCA could be detected
only in the presence of Bu (Figure S2G).

We next investigated whether B. uniformis can affect 3-sucCA
levels in mice during colonization. We inoculated GF mice with
either Bu or control (PBS) once by gavage, and then we
measured 3-sucCA levels in the feces by LC-MS/MS 1 week
later (Figure 2B). Colonization efficiency of Bu was determined
by measurements of colony-forming units (CFUs) in feces after
1 week of the single gavage (Figure 2C), and Bu colonization
significantly improved the level of 3-sucCA (Figure 2D). More-
over, we also inoculated SPF mice with Bu to test whether
3-sucCA abundance is increased in a complex microbiota envi-
ronment (Figure 2E). In line with the observation in GF mice,
gavage of SPF mice with Bu also induced a successful coloniza-
tion and an increase in 3-sucCA levels (Figures 2F and 2G).

Activity-based protein purification identifies the enzyme
for 3-sucCA production

Next, we sought to identify the biosynthetic pathway of 3-sucCA.
Cell lysates of B. uniformis retained the ability to convert CA to
3-sucCA, which was lost by boiling or treating the lysate with
protease K, indicating that B. uniformis produced 3-sucCA by
an enzymatic reaction (Figures 3A and 3B). Structural
analysis revealed that 3-sucCA may be synthesized via an acyl-
transferase. We assembled and annotated B. uniformis using
whole-genome sequencing to identify the potential 3-sucCA-
producing gene. In the B. uniformis chromosome, there were
16 genes annotated as acyltransferases, including two homolo-
gous enzymes of acyl coenzyme A-cholesterol acyltransferase
(ACAT) in human (Figure S2H). However, by expression of all

Figure 2. B. uniformis produces 3-sucCA both in vitro and in vivo

(A) Phylogenetic tree of the 315 gut microbial isolates with 97 different species and the yield of 3-sucCA. The tree was colored in terms of the phylum of each node;
the inner heatmap displays the number of isolated strains, and the outer heatmap displays the prevalence rate of 3-sucCA-producing strains in the indicated

species. The histogram displays the average yield of 3-sucCA.

(B-D) B. uniformis colonization efficiency (C) and 3-sucCA concentration (D) in feces of control and Bu-treated GF mice, as described in the schematic diagram

(B). n = 6 mice per group.

(E-G) B. uniformis colonization efficiency (F) and 3-sucCA concentration (G) in feces of control and Bu-treated SPF mice, as described in the schematic diagram

(E). n = 6 mice per group.

All data are presented as the means + SEMs. In (C) and (D), the p values were determined by two-tailed Mann-Whitney U test. In (F) and (G), the p values were
determined by two-tailed Student’s t test. *p < 0.01 versus the control group. See also Figure S2.
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the supposed acyltransferase in E. coli BL21 (DE3), we found
that CA incubation in culture failed to produce 3-sucCA
(Figure S2I).

We next attempted to identify the potential 3-sucCA synthe-
tase by activity-based protein purification. We performed
sequential activity-based protein purification, which consisted
of ammonium sulfate (AS) fractionation, hydrophobic interaction
chromatography (HIC), and ion-exchange chromatography (IEC)
(Figure 3C). Fraction 4 and fraction 5 from HIC and fractions 4-10
and fractions 4-11 from IEC showed high activity for 3-sucCA
production as evaluated by enzymatic assays (Figures S2J-
S2N). Mass spectrometry analysis of these active fractions (frac-
tion 4, fraction 5, fractions 4-10, and fractions 4-11) revealed 118
overlapping proteins (Table S3). Next, we individually overex-
pressed all 118 proteins in E. coli BL21 (DE3) (Table S3) and
found that only overexpression of homolog of UniProt:
A7UYFB6, a protein annotated as a B-lactamase, enabled E. coli
BL21 (DE3) to produce 3-sucCA. We named this enzyme bile
acid acyl synthetase for succinyl (BAS-suc) (Figures 3D and 3E).

To further verify BAS-suc as the synthetase of 3-sucCA, we
generated a targeted genomic mutation by in-frame deletion uti-
lizing a CRISPR-Cas system (Figures S20 and S2P). We found
the growth of the knockout strain to be consistent with wild-
type Bu in rich media, with or without CA/3-sucCA addition
(Figures S2Q and S2R). However, Bu-Abas-suc showed no
3-sucCA production compared with wild-type Bu (Figures 3F
and 3G). Next, we heterologously expressed bas-suc in
B. xylanisolvens JCO77, a species that belongs to the same
genus as B. uniformis but is unable to produce 3-sucCA
(Figures 2A, S2C, S2S, and S2T). BLAST analysis also confirmed
the absence of close homologs of bas-suc in the B. xylanisolvens
genome. The expression of bas-suc resulted in measurable pro-
duction of 3-sucCA (Figures 3H and 3I), without growth defects
(Figure S2U).

Next, we synthesized codon-optimized DNA sequences of
bas-suc for recombinant protein expression in E. coli and purified
the BAS-suc protein (Figure S2V). BAS-suc catalyzed the conver-
sion of CA and succinic acid into 3-sucCA without other cofactors
(Figures 3J and 3K). Kinetic analysis showed that BAS-suc has a
Michaelis constant (K,,,) of 4.69 mM for CA and a ke 0f 15.78 h ™'
(Figures 3L and S2W). To evaluate the substrate scope of BAS-
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suc, we further incubated a Bu strain, a Bu-Abas-suc strain, or
BAS-suc protein with a panel of bile acids and short-chain car-
boxylic acids and measured the resulting products. When using
succinic acid and different bile acids, including CA, DCA,
CDCA, LCA, and taurocholic acid (TCA) as substrates, we found
that Bu and BAS-suc were active on CA, DCA, and CDCA but had
little effect on LCA and TCA (Figures 3M-30). However, when CA
and different short-chain carboxylic acids (succinic acid, acetic
acid, propionic acid, butyric acid, and malonic acid) were used
as substrates, BAS-suc could not catalyze the reaction of CA
with malonic acid and monobasic acids, including acetic acid,
propionic acid, and butyric acid, although Bu shows weak
activity for 3-aceCA and 3-malonyl CA (3-malCA) production
(Figures 3P-3R).

3-sucCA alleviates MAFL-MASH progression in a gut-
microbiota-dependent manner

After the discovery of the enzyme responsible for 3-sucCA, we
next explored whether 3-sucCA can alleviate MAFL-MASH pro-
gression in mouse models. SPF mice that were administrated
an 8-week choline-deficient amino-acid-defined and high-fat
diet (CDAA-HFD) were divided into two groups and gavaged
with PBS or 3-sucCA for the last 3 weeks of the regimen (Fig-
ure 4A). The liver weight and the plasma levels of ALT and AST,
as well as hepatic triglyceride (TG) levels, of 3-sucCA-gavaged
mice were lower than those of PBS-treated mice (Figures 4B-
4E). No significant differences in plasma TG or hepatic and
plasma total cholesterol (TC) levels were found between the
two groups (Figures S3A-S3E). By hematoxylin and eosin
(H&E), oil red O, and Sirius red staining, 3-sucCA treatment
alleviated MAFL-MASH progression under CDAA-HFD feeding,
and this improvement was accompanied by less severe hepatic
steatosis, inflammation, and fibrosis (Figures 4F and S3F-S3I).
Furthermore, lower levels of relative expression of mRNA
involved in hepatic lipid synthesis and uptake (Srebp7c and
Cd36), proinflammatory cytokine production (Tnfa, ll1b, and
Ccl2) and collagen synthesis (Tgfb, Sma, and Col1al) were
observed in 3-sucCA-treated mice compared with the controls
(Figures S3J-S3L). Hence, 3-sucCA administration improved
hepatic steatosis, inflammation, and fibrosis in the CDAA-
HFD-induced MASH model.

Figure 3. BAS-suc is responsible for the production of 3-sucCA in B. uniformis

(A and B) Representative extracted ion chromatogram (A) and intensity (B) of 3-sucCA in enzymatic assays with B. uniformis cell lysate under different conditions.
(C) Schematic representation of the activity-guided enzyme purification workflow. See activity-guided enzyme purification in the method details.

(D and E) Representative extracted ion chromatogram (D) and quantified production (E) of 3-sucCA by medium control, culture of E. coli pET-28a, or

E. coli::bas-suc.

(F and G) Representative extracted ion chromatogram (F) and quantified production (G) of 3-sucCA by medium control, culture of B. uniformis, or B. uniformis bas-

suc deficiency strain.

(H and I) Representative extracted ion chromatogram (H) and quantified production (I) of 3-sucCA by medium control, culture of B. xylanisolvens, or

B. xylanisolvens strain heterologous expression with bas-suc.

(J and K) Representative extracted ion chromatogram (J) and intensity (K) of 3-sucCA in enzymatic assays with BAS-suc protein under different conditions.

(
(
(
(

L) Michaelis-Menten saturation curves and kq./K, for BAS-suc. CA in different concentration as substrate. n = 3.

M-0) Substrates A (bile acids) tested for conversion by Bu strains or BAS-suc protein. Positive substrates shown in red and negative substrates shown in blue
M). Quantified production of 3-succinylated bile acids at both strain (N) and enzyme (O) levels.

P-R) Substrates B (short-chain carboxylic acids) tested for conversion by Bu strains or BAS-suc protein. Positive substrates shown in red and negative sub-

strates shown in blue (P). Quantified production of 3-acylated CAs at both strain (Q) and enzyme (R) level.
All data are presented as the means + SEMs. Three biological replicates with 3 independent technical replicates for (A), (B), (D)—(K), (N), (O), (Q), and (R). See also

Figure S2.
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Figure 4. 3-sucCA alleviates MAFL-MASH progression in a gut-microbiota-dependent manner

(A-F) (A) Experimental scheme for (B)—(F), n = 6 mice/group. CDAA-HFD-fed SPF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for
the last 3 weeks. (B) Ratios of liver mass to body mass. Plasma ALT (C) and AST (D) levels. (E) Hepatic TG content. (F) Representative hematoxylin and eosin (H&E)
(top), oil red O (middle), and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3 images per mouse. Scale bar, 100 um.

(G) Blood pharmacokinetics of 10 mg/kg 3-sucCA administered by intravenous injection (i.v.) or oral gavage (i.g.) over time. n = 4 mice/group.

(H) Tissue distribution of 3-sucCA at the time of peak plasma concentration (30 min) after 10 mg/kg 3-sucCA by gavage. n = 4 mice/group.

() Distribution of 3-sucCA in cecal content of SPF mice with 3-sucCA (10 mg/kg) administered once by gavage, based on desorption electrospray ionization-mass
spectrometry imaging (DESI-MSI).
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To explore the mechanisms by which 3-sucCA improves
MAFL-MASH, we first tested the action site of 3-sucCA in
mice. By analyzing 3-sucCA levels in different tissues from un-
treated SPF mice, we found that 3-sucCA had a higher content
in the feces and colonic contents than in other tested tissues
and could not be detected in either the plasma or the liver (Fig-
ure S3M). Further exploring the pharmacokinetics of 3-sucCA
treatment, we found by both intravenous injection (i.v.) and oral
gavage (i.g.) that once in mice, 3-sucCA showed a bioavailability
of 11.5% (Figure 4G), indicating that 3-sucCA has a poor oral ab-
sorption. To further evaluate whether 3-sucCA is a gut-lumen-
restricted metabolite, we explored the tissue distribution of
3-sucCA at the time of peak plasma concentration and found
that 86.9% of 3-sucCA remained in the colonic content, with
11.5% in the colonic tissue (Figure 4H). We performed mass
spectrometry imaging of 3-sucCA on caeca from 3-sucCA-
treated mice, and 3-sucCA was seen at a high abundance in
the lumen but was absent in the tissues (Figure 4l).

TGR5 and FXR are widely studied bile acid receptors and play
an important role in MASH progression.®° We also tested the ef-
fects of 3-sucCA against TGR5 by luciferase reporter gene assay
as well as FXR by both luciferase reporter gene assay and time-
resolved fluorescence resonance energy transfer (TR-FRET).
Other representative bile acids with known TGR5- or FXR-regu-
lating functions were also tested, including a known TGR5
agonist (LCA), FXR agonist (CDCA), and FXR antagonist (tauro-
B-muricholic acid [TBMCA]). However, under conditions close
to the physiological concentration of 3-sucCA, 3-sucCA failed
to affect the activity of either TGR5 or FXR (Figures S3N-S3R).

After we observed that 3-sucCA mainly remains in the gut
lumen, we next explored whether 3-sucCA required gut micro-
biota to ameliorate MAFL-MASH (Figure 4J). In GF mice, the
beneficial effects of 3-sucCA on MAFL-MASH progression
were totally mitigated, as indicated by liver weights, plasma
ALT and AST levels, and hepatic TG levels as well as on histo-
chemical staining results (Figures 4K-40 and S3S-AD). These
data indicate that 3-sucCA alleviated MAFL-MASH progression
via gut microbiota.

3-sucCA promotes the growth of A. muciniphila both
in vitro and in vivo
To explore the effects of 3-sucCA on the gut microbiota, we first
analyzed the effects of 3-sucCA treatment on the gut microbiota
of CDAA-HFD-fed mice by 16S rRNA gene amplicon
sequencing. There was no significant difference between the
two groups regarding «-diversity and B-diversity (Figures S4A
and S4B). Linear discriminant analysis effect size (LEfSe) identi-
fied Akkermansia as a distinguishable genus with increased
abundances in the 3-sucCA-treated group (Figure 5A), which
was further confirmed by volcano plot evaluation (Figure 5B).
We further explored the role of 3-sucCA on a single-strain
level. By incubating 3-sucCA with different bacterial strains
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covering 97 different species, we found that a physiological level
of 3-sucCA resulted in a significantly greater growth yield of
A. muciniphila (Figure 5C). A. muciniphila is a paradigm for
next-generation beneficial microorganisms, and it can play a
protective role in a variety of metabolic diseases, including
MAFLD, and part of the mechanism is dependent on the
improvement of the intestinal barrier function.***> 3-sucCA pro-
moted the growth of three different A. muciniphila strains (JC032,
ATCC BAA-835, and JCM 30893) in a dose-dependent manner
in vitro (Figures 5D, S4C, and S4D), while other types of bile acids
(CA, DCA, CDCA, TCA, 3-sucDCA, 3-sucCDCA, 3-aceCA, and
3-proCA) or succinic acid at their different concentrations failed
to stimulate the growth of A. muciniphila JC032 (Figures S4E-
S4M). In human SECs, 3-sucCA also specifically enriched the
abundance of A. muciniphila (Figure 5E). In CDAA-HFD-fed
mice, we observed that both 3-sucCA and A. muciniphila treat-
ment improved the phenotype of MASH in mice, while cotreat-
ment with 3-sucCA and A. muciniphila showed a further increase
in fecal A. muciniphila levels and a synergistic beneficial effect on
MAFL-MASH progression (Figures S4N-AG).

To determine the role of A. muciniphila in the beneficial effects
of 3-sucCA on MAFL-MASH progression, we next developed an
A. muciniphila “depletion” system in SPF mice. A previous study
provided us with a list of drugs with specific inhibitory effects on
A. muciniphila.®® By supplementing with 4 identified drugs
mentioned above at both single-strain and SEC levels, we
found that benzydamine hydrochloride (abbreviated as
benzydamine) and benfluorex hydrochloride (abbreviated as
benfluorex) have strong effects and specificity on the inhibition
of A. muciniphila, which may effectively remove A. muciniphila
with little effect on other bacteria (Figures S4AH and Al). We
then administered PBS (control), 3-sucCA, 3-sucCA plus ben-
zydamine, and 3-sucCA plus benfluorex to CDAA-HFD-fed
SPF mice for the last 3 weeks of the dietary regimen (Figure 5F).
3-sucCA treatment of these mice significantly enriched the
abundance of A. muciniphila, and both benzydamine and ben-
fluorex treatment resulted in an extremely low level of
A. muciniphila (10-fold lower than the control group; Figure S5A).
Consistent with the elevated A. muciniphila levels, 3-sucCA
treatment alleviated intestinal inflammation (Tnhfa and //1b) (Fig-
ure S5B) and intestinal barrier dysfunction, indicated by tight
junctions (Tjp7 and Cldn3), antimicrobial peptide secretion
(Reg3g), and mucoprotein (Muc?2) levels (Figures S5B and
S5C). As indicated by H&E staining and Alcian blue and periodic
acid-Schiff (AB-PAS) staining, 3-sucCA treatment also resulted
in a greater intestinal mucosal layer thickness and goblet
cell number compared with controls (Figures S5D-S5F), which
is in line with previous reports exploring the effects of
A. muciniphila treatment on these parameters.*”*® Moreover, in-
testinal barrier permeability and endotoxemia, as determined by
a fluorescein isothiocyanate (FITC)-dextran permeability assay
and plasma lipopolysaccharide (LPS) levels, were also improved

(J-O) (J) Experimental scheme for (K)-(O), n = 6 mice/group. CDAA-HFD-fed GF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for
the last 3 weeks. (K) Ratios of liver mass to body mass. Plasma ALT (L) and AST (M) levels. (N) Hepatic TG content. (O) Representative H&E (top), oil red O (middle),
and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3 images per mouse. Scale bar, 100 pm.

All data are presented as the means + SEMs. In (B)—(E) and (K)—(N), the p values were determined by two-tailed Student’s t test. In (B)—(E), *p < 0.05 and **p < 0.01

versus the control group. See also Figure S3.
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Figure 5. 3-sucCA alleviates MAFL-MASH progression by promoting the expansion of A. muciniphila
(A and B) CDAA-HFD-fed SPF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for the last 3 weeks. The fecal samples in the endpoint
were collected, and 16S rRNA gene sequencing was performed. n = 6 mice/group. (A) Taxonomic cladogram generated from linear discriminant analysis effect
size (LEfSe) analysis. Green and blue represent enriched taxa in the control and 3-sucCA groups, respectively. Each circle’s size is proportional to the taxon’s
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by 3-sucCA treatment (Figures S5G and S5H), along with signif-
icantly improved MAFL-MASH progression (Figures 5G-5K and
S51-S5T). Addition of the A. muciniphila “depleters” benzyd-
amine or benfluorex counteracted the beneficial effect of
3-sucCA on intestinal barrier function (Figures S5B-S5H) and
MAFL-MASH progression (Figures 5G-5K and S5I-S5T).

Several studies have shown that endotoxemia induced by in-
testinal barrier damage can aggravate MAFL-MASH progression
through the liver Toll-like receptor 4 (TLR4).%°*" To further verify
whether the beneficial effect of 3-sucCA on MAFL-MASH phe-
notypes was dependent on the LPS-TLR4 pathway, we con-
structed TIr4 knockout (TIr4~'~) mice and treated them with
PBS or 3-sucCA (Figure S5U). In TIr4~'~ mice, the beneficial ef-
fect of 3-sucCA on MAFL-MASH progression was largely
impeded (Figures S5V-AL).

Next, we aimed to explore the potential mechanism underlying
the 3-sucCA-mediated increase in A. muciniphila. Firstly, we found
that 1-week 3-sucCA treatment in SPF mice resulted in signifi-
cantly greater abundance of A. muciniphila compared with con-
trol-treated mice (Figure S6A), without a significant change in the
bile acid profiles in the feces or plasma (Figures S6B and S6C).
Next, 3-sucCA concentration remained unchanged in the culture
during the growth period of A. muciniphila, indicating that
3-sucCA is not a carbon source for A. muciniphila (Figure S6D).
Furthermore, we carried out both RNA sequencing (RNA-seq)
and untargeted metabolomics analysis of A. muciniphila in the cul-
ture with or without 3-sucCA, observing an enrichment in amino
sugar and nucleotide sugar biosynthesis (Figures S6E and S6F).
Targeted metabolomics analysis confirmed the significantly
decreased fructose 6-phosphate (Fru-6P) and increased glucos-
amine, N-acetylglucosamine, and glucosamine 6-phosphate
(GIcN-6P) (Figure S6G), which is essential for peptidoglycan syn-
thesis.”> Also, the peptidoglycan content was significantly
increased by 3-sucCA treatment (Figure S6G). By comparing the
growth of A. muciniphila on different carbon sources with or
without 3-sucCA treatment, we found that 3-sucCA exerted signif-
icant growth acceleration in the presence of glucose as the sole
carbon source and showed minimal effects when glucosamine
was sufficient (Figure S6H). The above observations indicate that
3-sucCA may exert growth acceleration effects on A. muciniphila
by stimulating glucose amination and cell wall synthesis.

Amuc-NagB is the rate-limiting enzyme in A. muciniphila for
the bidirectional reaction between Fru-6P and GlcN-6P (Fig-
ure S6G); however, Amuc-NagB was found to have a weak affin-
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ity for the aminating substrate Fru-6P and a strong affinity for the
deaminating substrate GIcN-6P, indicating that A. muciniphila
has a weak aminating ability.** By surface plasmon resonance
(SPR) binding experiments, we confirmed the interaction of
3-sucCA and Amuc-NagB (Figure S6l), while other types of bile
acids and related metabolites failed to appreciably interact
with Amuc-NagB (Figure S6J). To further explore whether
3-sucCA promotes glucosamine production by targeting
Amuc-NagB, we simulated the parameter of A. muciniphila car-
bon source utilization in E. coli Nissle 1917 by knocking out the
glmS (the gene encoding an enzyme response for the amination
of Fru-6P to GIcN-6P, which is lacking in A. muciniphila) and re-
placing the native nagB with Amuc-NagB in the strain to create
E. coli nagB::Amuc-nagB AgimS. Unlike wild-type E. coli Nissle
1917, E. coli nagB::Amuc-nagB AgimS cannot grow in an M9
medium (a synthetic medium with defined chemical composi-
tion) without GIcNAc (Figures S6K and S6L), which simulated
the nutritional requirements of A. muciniphila. However, addition
of 3-sucCA at a physiological concentration effectively pro-
moted the growth of E. coli nagB::Amuc-nagB AgimS in the
M9 medium without GIcNAc (Figure S6L).

In addition, we also conducted an animal assay with different
bile acids or related metabolites, including 3-sucCA, 3-sucDCA,
3-sucCDCA, 3-aceCA, 3-proCA, CA, and succinic acid, in a
CDAA-HFD-induced MASH mouse model, providing the metab-
olites during the final 3 weeks of the dietary regimen. We found
that only 3-sucCA showed strong beneficial effects on MAFL-
MASH progression, while the other bile acids or related metabo-
lites at the same dose showed no significant effects on disease
progression (Figures S7TA-S7R).

B. uniformis alleviates MAFL-MASH progression in a
BAS-suc-dependent manner

To explore the beneficial effect of 3-sucCA production in MAFL-
MASH progression, we conducted Bu or Bu-Abas-suc treatment
in CDAA-HFD-fed mice (Figure 6A). The beneficial effects of Bu
treatment disappeared upon ablation of BAS-suc in Bu
(Figures 6B-6J and S8A-S8R). Next, we utilized the Gubra-
Amylin NASH (GAN) diet model (Figure 6K), another mouse
model that simulates MAFL-MASH progression and one that is
marked by an impaired intestinal barrier,*>** for further assess-
ment. After successful bacterial colonization and production of
3-sucCA by Bu (Figures S8S and S8T), there was significantly
higher A. muciniphila abundance, greater intestinal barrier

abundance. (B) Volcano plot of 16S rRNA gene sequencing data of control and 3-sucCA groups. The adjusted p value threshold was calculated using moderated
Student’s t test followed by Benjamini-Hochberg multiple-test-correction FDR.

(C) Heatmap shows the effect of 3-sucCA (10 uM) incubation on the growth of gut bacteria at the single-strain level. Each value represents the ratio of ODgg value
between the 3-sucCA and control groups. n = 5.

(D) The growth curve of the A. muciniphila JC032 cultured in BHI media supplemented with 3-sucCA at different concentrations or PBS control anaerobically for
48 h. n = 3 biological replicates. (L, M, and H indicate 1 uM, 10 uM, and 50 uM, respectively.)

(E) Genus-level compositions of human SECs cultured in mGAM media supplemented with CA (1 mM), 3-sucCA (10 uM), or PBS control anaerobically for 48 h.
(F-K) (F) Experimental scheme for (G)—(K), n = 6 mice/group. CDAA-HFD-fed SPF mice were treated with PBS (control), 3-sucCA (10 mg/kg), 3-sucCA plus
benzydamine (50 mg/kg), or 3-sucCA plus benfluorex (50 mg/kg) 3 times per week for the last 3 weeks. (G) Ratios of liver mass to body mass. Plasma ALT (H) and
AST (l) levels. (J) Hepatic TG content. (K) Representative H&E (top), oil red O (middle), and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3
images per mouse. Scale bar, 100 pm.

All data are presented as the means + SEMs. In (D), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (G), (H), and (J), the p
values were determined by one-way ANOVA with Tukey’s post hoc test. In (I), the p values were determined by one-way ANOVA with Dunnett’s T3 test. In (D),
*p < 0.05 and **p < 0.01 versus the control group. In (G)—(J), **p < 0.01 versus the control group, ##p < 0.01 versus the 3-sucCA group. See also Figures S4-S7.
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function, and less severe intestinal inflammation as well as lower
liver weights, plasma ALT and AST levels, and hepatic TG con-
tent in the Bu-treated mice compared with those in the PBS-
treated mice (Figures 6L-6T and S8U-AJ). The protective effects
of Bu on MAFL-MASH progression in GAN-fed mice were blunt-
ed by bas-suc gene deletion (Figures 6L-6T and S8U-AJ).

3-sucCA production is negatively correlated with

clinical MAFLD

To elucidate the correlation between our major findings in mice
with clinical cases, we performed fecal metagenome sequencing
of patients with biopsy-proven MAFLD and controls. Both
A. muciniphila and B. uniformis were lower in the samples from
patients with MAFLD compared with those from the controls,
and the bacteria gradually disappeared with increasing severity
of disease (Figure 7A). Further, we found that the gene abun-
dance of bas-suc was negatively correlated with MAFLD severity
along the spectrum of controls, MAFL, borderline MASH, and
definite MASH, as measured by differences in MAS, steatosis
score, ballooning score, lobular inflammation score, and fibrosis
score (Figures 7B-7F). Bas-suc abundance was found to be
positively related to 3-sucCA and A. muciniphila abundance
(Figures 7G and 7H). Moreover, multivariate correlation analysis
also revealed the close correlation between the above gut bac-
teria (B. uniformis and A. muciniphila), metabolite (3-sucCA),
and clinical indicators (AST and ALT) (Figure 7I). In conclusion,
these data establish a negative correlation between intestinal
3-sucCA/bas-suc abundance and clinical MAFL-MASH progres-
sion while also suggesting, based on the above mouse data, that
B. uniformis, with its 3-sucCA synthesis activity, could be used
as a potential probiotic to prevent MASH.

DISCUSSION

MAFL and its more severe form, MASH, represent a growing
worldwide epidemic with a highly unmet medical need.*>“°
Bile acids are amphipathic molecules synthesized from choles-
terol in the pericentral hepatocytes and are key mediators of
the enterohepatic circulation, and they are one of the active me-
tabolites most closely related to MAFL-MASH progression.®
Although an enrichment of bile acid abundance in MAFLD pro-
gression has been observed in multiple studies, its role in
MAFL-MASH progression remains unclear.'’ Herein, our data
suggest a protective role for 3-sucCA in the management of
MAFLD. Future large-scale and ethnically diverse clinical cohort
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studies are needed to determine the broader role of 3-sucCA in
the progression of MAFL-MASH among the general global
public.

The 3-hydroxyl group of bile acids was reported to be
attached with acyl groups, including the acetyl, propionyl, bu-
tyryl, and long-chain fatty acyl groups.®”*° However, the
3-acylated bile acids are limited to monocarboxylic acid, and
their biosynthetic mechanism is still unclear. Biosynthetic
pathway analysis of microbial bile acid metabolism should
deepen the understanding of the role of secondary bile acids
in health and disease, which is also a key step in achieving a
precise regulation of their function. Recent studies have
revealed several biosynthetic enzymes for the microbial
transformation of bile acids, including 5a-reduction, 7a-dehy-
droxylation, and 24-reconjugation.’®'”?>2% Qur discovery of
BAS-suc revealed an unexplored type of secondary bile acid
biosynthetic pathway.

Bile acids have various effects on the gut microbiota.*° In addi-
tion to indirectly affecting the microbiota composition through
the regulation of host intestinal epithelial cells,”’ bile acids are
often found to have antibacterial effects on several gram-nega-
tive bacteria®>° and have been shown to impact resistance to
Clostridium difficile infection. We found that 3-sucCA at physio-
logical concentrations can directly promote the growth of
A. muciniphila. Meanwhile, we also found an inhibitory effect of
3-sucCA on Clostridium sporogenes and Enterococcus hirae,
though its molecular mechanism and biological function require
further exploration.

Since its discovery, A. muciniphila has been shown to be
significantly negatively correlated with the progression of various
diseases,*® and its metabolic benefits to the host have also been
verified in mice and in clinical experiments,®*°> making it a
typical representative of next-generation probiotics derived
from the human gut. Multiple studies have focused on interven-
tions to increase the abundance of A. muciniphila, including via
the diet or polysaccharides.”®® However, due to the complex
mechanism of these interventions, it is not clear whether their
beneficial effects are due to increased levels of A. muciniphila
or the intervention itself. By using two A. muciniphila depleters,
we found that the beneficial effect of 3-sucCA on MAFLD was
reversed by A. muciniphila depletion. This proof-of-concept
assay provides ideas for subsequent functional research on in-
terventions that promote A. muciniphila growth.

At present, more than ten clinical trials have been involved to
evaluate the effects of A. muciniphila on various diseases,

Figure 6. B. uniformis alleviates MAFL-MASH progression in a BAS-suc-dependent way

(A-J) (A) Experimental scheme for (B)-(J), n = 6 mice/group. CDAA-HFD-fed SPF mice were treated with PBS (control), Bu, or Bu-Abas-suc strain 1 time per week
for the last 3 weeks. (B) Ratios of liver mass to body mass. Plasma ALT (C) and AST (D) levels. (E) Hepatic TG content. (F) Representative H&E (top), oil red O
(middle), and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3 images per mouse. Scale bar, 100 um. (G) Histology scores of steatosis, lobular
inflammation, and hepatocyte ballooning. (H) MAFLD activity score. (l) Histology scores of fibrosis stage. (J) Sirius Red-positive area.

(K-T) (K) Experimental scheme for (L)—(T), n = 6 mice/group. GAN-diet-fed SPF mice were treated with PBS (control), Bu, or Bu-Abas-suc strain 1 time per week for
the last 4 weeks. (L) Ratios of liver mass to body mass. Plasma ALT (M) and AST (N) levels. (O) Hepatic TG content. (P) Representative H&E (top), oil red O (middle),
and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3 images per mouse. Scale bar, 100 um. (Q) Histology scores of steatosis, lobular
inflammation, and hepatocyte ballooning. (R) MAFLD activity score. (S) Histology scores of fibrosis stage. (T) Sirius Red-positive area.

All data are presented as the means + SEMs. In (B)-(E), (J), and (L)=(N), the p values were determined by one-way ANOVA with Tukey’s post hoc test. In (G)—(l), (O),
and (Q)—(S), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (T), the p values were determined by one-way ANOVA with
Dunnett’s T3 test. In (B)—(E), (G)-(J), ()—(O), and (Q)—(T), *p < 0.05 and **p < 0.01 versus the control group, #p < 0.05 and ##p < 0.01 versus the Bu group. See also
Figure S8.
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Figure 7. 3-sucCA production is negatively correlated with clinical MAFLD

(A-H) Analysis of controls and patients with different stages of MAFLD. n = 21 controls. n = 55 patients with MAFLD, including MAFL (n = 17), borderline MASH (n =
23), and definite MASH (n = 15). Bacterial taxonomic profiling of the gut microbiota from controls and different MAFLD stages processed at the species level (A).
Gene reads of bas-suc associated with controls and patients with different stages of MAFLD (B). Gene reads of bas-suc associated with steatosis score (C),
lobular inflammation (D), ballooning score (E), and fibrosis stage (F) in patients with MAFLD. Correlative analysis of bas-suc gene reads with 3-sucCA (G) and
A. muciniphila abundance (H). Correlations between variables were assessed by linear regression analysis. Linear correction index R and p values were
calculated.

() Interrelationship between gut microbiota, fecal bile acids, and clinical phenotypes of MAFL-MASH progression. Red and blue connections indicate positive or
negative correlations, respectively. The thicker the line, the stronger the correlation.

All data are presented as the means + SEMs. In (B)—(F), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (B), **p < 0.01
versus the control group, ##p < 0.01 versus the MAFL group. In (C), **p < 0.01 versus the steatosis score < 1 group. In (D), *p < 0.01 versus the lobular
inflammation = 0 group, ##p < 0.01 versus the lobular inflammation = 1 group. In (E), **p < 0.01 versus the ballooning score = 0 group, ##p < 0.01 versus the
ballooning score = 1 group. In (F), *p < 0.05 and **p < 0.01 versus the fibrosis score = 0 group, #p < 0.05 versus the fibrosis score = 1 group.

including tumors, metabolic diseases, psychological stress, irri-  prevention of MAFLD***°"%" and alcoholic fatty liver disease®”
table bowel syndrome, and osteoporosis. Several studies have in mouse models. Given the notable effects of 3-sucCA on
provided evidence for a beneficial role for A. muciniphila in the ~A. muciniphila growth and the beneficial effects of
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A. muciniphila on several diseases, it is possible that beyond
MAFL-MASH, 3-sucCA could be used as prebiotic in a “drugs
for bugs” approach to ameliorate other diseases.

Limitations of the study

In the current study, we demonstrated that 3-sucCA mainly
improved MAFL-MASH progression by promoting the abun-
dance of A. muciniphila. Several reports have found that
A. muciniphila can improve MAFL-MASH progression via a vari-
ety of pathways,®>*:5* but the exact molecular mechanism for
these effects remains to be further validated. While we created
and utilized TIr4 knockout mice to validate a role for this pathway
in the beneficial effects of 3-sucCA on MAFL-MASH progres-
sion, we cannot rule out a role for other signaling pathways in he-
patocytes or other key cell types in these effects, which needs
further investigation in the future. Moreover, the detailed mech-
anism by which 3-sucCA promotes NagB activity to encourage
the growth of A. muciniphila remains obscure, and identifying
this mechanism or validating that 3-sucCA indeed works via
NagB is hampered by a lack of a genetic manipulation system
for A. muciniphila,®® which would allow for experimentally
induced alterations of nagB in the bacterium.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial strains

E. coli BL21 (DE3) Thermo Scientific Cat# EC0114
E. coli DH5a Thermo Scientific Cat# EC0112
E. coli S17-1 Apir Beyotime Cat# D1075S
A. muciniphila JCM 30893 JCM Cat# 30893

A. muciniphila ATCC BAA-835 ATCC Cat# BAA-835
Other strains used in this study This study Table S2
Chemicals, peptides, and recombinant proteins

Ampicillin Sigma-Aldrich Cat# BP021
Kanamycin Sigma-Aldrich Cat# D403
Metronidazole Sigma-Aldrich Cat# M1547
Vancomycin Sigma-Aldrich Cat# V2002
Gentamicin sulfate Sigma-Aldrich Cati# E003632
Methanol Sigma-Aldrich Cati# 439193
Acetonitrile Sigma-Aldrich Cat# 34851
Formic acid Sigma-Aldrich Cat# FO507
Cholic acid-2,2,4,4-d4 Sigma-Aldrich Cat# 614149
Ursodeoxycholicacid-2,2,4,4-d4 Sigma-Aldrich Cat# 904171
Lithocholicacid-2,2,4,4-d4 Sigma-Aldrich Cat# 589349
EtOAc Beijing FreeMore bioscience Cat# E116131
NMP MREDA Cat# M19219
CuSO4 Sigma-Aldrich Cat# 451657
BTTAA Acmec Cat# B36940
Ascorbic acid Solarbio Cat# I1A0530
TFA Sigma-Aldrich Cat# 302031
TIPS Adamas Cat# 011138495
DCM Acmec Cat# D12641
Hexane Beijing FreeMore bioscience Cat# H109656
FITC-dextran (4 kDa) Aladdin Cati# F491425
Benzydamine hydrochloride Aladdin Cat# B129528
Benfluorex hydrochloride Macklin Cat# B880127
Coelenterazine Yeasen biotechnology Cat# 40904ES02
Cholic acid Aladdin Cat# C103690
Deoxycholic acid Aladdin Cat# D103697
Chenodeoxycholic acid Aladdin Cat# C104902
Lithocholic acid Aladdin Cat# L106779
Sodium taurocholate hydrate Aladdin Cat# T134625
Succinic acid Aladdin Cat# S108855
Ammonium sulfate Aladdin Cat# A112103
Anhydrotetracycline Aladdin Cat# A276282
GAM broth, modified Solarbio Cat# LA4490
Clarified rumen fluid PERFEMIKER Cat# PZ01010
BHI medium Solarbio Cat# B8130
TSB medium Solarbio Cat# RL100111
YCFA medium Solarbio Cat# LA4040

(Continued on next page)

Cell 187, 2717-2734.e1-e17, May 23, 2024 el



¢? CellPress

OPEN ACCESS

Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
BB medium Solarbio Cat# LA8550
CDM medium TOPBIO Cat# MD009C
Yeast extract Oxoid Cat# LP0021
Tryptone Oxoid Cat# LP0042

Critical commercial assays

Limulus amaebocyte lysate (LAL) kit
Peptidoglycan (PG) ELISA kit

Mouse MUC2 ELISA kit

AN MicroPlate

AN Inoculating Fluid

MultiF Seamless Assembly Mix

2 x Phanta Flash Master Mix (Dye Plus)
FastPure Gel DNA Extraction Mini Kit
Lipofectamine 3000 transfection reagent

Yeasen biotechnology
Enzyme-linked Biotechnology
Dogesce

Biolog

Biolog

Abclonal

Vazyme

Vazyme

ThermoFisher Scientific

Cat# EC32545
Cat# ml024098
Cat# DG96233Q
Cat# 1007

Cat# 72007
Cat# RK21020
Cat# P520-01
Cat# DC301-01
Cat# L3000015

Dual-luciferase assay system Promega Cat# E1910
TR-FRET FXR coactivator recruitment Thermo Fisher Cat# A15140
assay kit

Oil Red O solution Solarbio Cat# G1260
Picro Sirius Red Stain Kit Solarbio Cat# G1472
Deposited data

Non-targeted metabolome data for CA-LNK This paper GNPS: MSV000094115
derivatives identification

Non-targeted metabolome data for This paper GNPS: MSV000094116
acylated cholic acid identification

Metagenome data for patients with MAFLD This paper NMDC: NMDC10018735
and controls

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216
Experimental models: Organisms/strains

Mouse: C57BL/6J GemPharmatech N/A

Mouse: Germ-free C57BL/6J GemPharmatech N/A

Mouse: TIr4~/~ C57BL/10ScNJ GemPharmatech Cat# N000192
Oligonucleotides

Primers used in this study This study Table S5
Recombinant DNA

pB041 From Prof. Dai lab N/A
pB041-Abas-suc This study N/A
pB039::bas-suc This study N/A

pET-28a Lab stock N/A

pEcCas Addgene Cati#t 73227
pEcgRNA Addgene Cat# 166581
pEcgRNA-gimS This study N/A
pEcgRNA-nagB This study N/A
pGL4-Shp-TK firefly luciferase construct Lab stock N/A

Human FXR expression plasmid Lab stock N/A

Human RXR expression plasmid Lab stock N/A

Human ASBT expression plasmid Lab stock N/A
pCMVSPORT6/hTGR5 Lab stock N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
cAMP response element-driven luciferase Lab stock N/A

reporter plasmids
Renilla luciferase control vector Lab stock N/A

Software and algorithms

GraphPad Prism version 8.0 GraphPad https://www.graphpad-prism.cn/
ImageJ ImagedJ https://imagej.net/software/imagej/index
Mega 7 Mega http://www.megasoftware.net/
SPSS 27.0 SPSS https://www.ibm.com/spss/
SnapGene Viewer SnapGene http://www.snapgene.com/
Blast NCBI https://blast.ncbi.nim.nih.gov/
Other

NMR system Bruker Cat# Avance-500

Quaternary HPLC System Agilent Cat# 1200 Infinity

ACQUITY UPLC CSH C18 column Waters Cat# 186005297

QTRAP 5500 AB SCIEX N/A

Choline-deficient amino acid-defined and Research Diets Cat# A06071302

high-fat diet

Gubra-Amylin NASH diet Research Diets Cat# D09100310

AKTA pure 251 Cytiva Cat# 29018224

SkillPak TOYOPEARL Phenyl-650M 5 mL Tosoh Bioscience Cat# 0045253

column

SkillPak TOYOPEARL GigaCap Q-650M Tosoh Bioscience Cat# 0045239

5 mL column

HisTrap HP Cytiva Cat# 17524801

Biacore T200 instrument GE Healthcare Cat# BR100649

CM5 sensor chip GE Healthcare Cat# BR100012

DESI-Xevo G2-XS QTof Waters N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Changtao Jiang (jiangchangtao@
bjmu.edu.cn).

Materials availability
Materials in this work are available from the lead contact.

Data and code availability
o Data availability: Non-targeted metabolome data for CA-LNK derivatives identification and non-targeted metabolome data for
acylated cholic acid identification are available through GNPS (https://gnps.ucsd.edu/) at MSV000094115 or MSV000094116,
respectively. Metagenome data for patients with MAFLD and controls is available through NMDC (https://nmdc.cn/) at
NMDC10018735. These accession numbers for the datasets are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human study

The human study was approved by the Ethical Committee of the First Affiliated Hospital of Wenzhou Medical University [2016-246]
and informed written consent was obtained from all participants. Serum and stool samples from 55 patients diagnosed with biopsy-
confirmed MAFLD®® and 21 controls were obtained. All individuals included in the study are of Han Chinese ethnicity. Their clinical
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information, including sex, age, BMI, FBG, TG, TC, HDL-C, LDL-C, ALT, AST, ALP and GGT, is provided in Table S1. For patients with
biopsy-confirmed MAFLD, histological specimens were scored according to the MASH-Clinical Research Network (CRN) scoring
system.®” Briefly, MAFLD activity score (MAS) was calculated as the sum of three histological components, including steatosis
(grades 0-3), ballooning (grades 0-2), and lobular inflammation (grades 0-3). Patients with MAS of >5 correlated with Definite
MASH, patients with MAS at 3 or 4 were correlated with Borderline MASH, and biopsies with scores of less than 3 were diagnosed
as MAFL. The exclusion criteria were diabetic ketoacidosis or hyperglycemic hyperosmolar state; inflammatory bowel disease; can-
cer; alcoholism; taking antibiotics, probiotics, prebiotics, proton pump inhibitors, and laxatives taken during the previous 3 months.
All clinical information was collected according to standard procedures. Peripheral blood samples were centrifuged at 1000 x g and
4°C for 5 min to obtain the serum. The levels of blood biochemical indicators (i.e., TG, TC, AST and ALT) were measured using an
autoanalyzer (BioTek Instruments 800TS). Feces were collected in collection cups and immediately frozen at —80°C until analysis.

Mice and treatments

All animal protocols were approved by the Animal Care and Use Committee of Peking University (permit: PUIRB-LA2023297). C57BL/
6J mice and TIr4~'~ mice (NO00192) on a C57BL/10ScNJ background were purchased from GemPharmatech. Germ-free C57BL/6J
mice (GemPharmatech, Nanjing, China) were bred within sterile vinyl isolators and maintained at the gnotobiotic mouse facility in the
Department of Experimental Animal Science, Peking University Health Science Center. All mice had free access to food and water
under a strict 12-h light/dark cycle at a controlled temperature (23 + 2°C).

Age-matched (8-week-old) male mice were used in this study as described in the corresponding figure legends and were randomly
assigned to experimental groups, and the groups did not present differences in body weights before the treatments. Mice were
euthanized by CO, asphyxiation, and no mice were excluded from the analysis.

To detect the content of bile acids in antibiotic-treated (Abx) and fecal microbiota transplant (FMT) mice, 8-week-old SPF male
mice were then treated with an oral, poorly absorbed broad-spectrum antibiotic cocktail (vancomycin 0.5 mg/mL, ampicillin
1 mg/mL, kanamycin 1 mg/mL, and metronidazole 1 mg/mL) in drinking water for 1 day. For the FMT group, antibiotics treated
mice were transplanted once with fecal microbiota (100 pL per mice) from SPF mice. For FMT, 20 mg feces collected from SPF
mice were dissolved in 1 mL of PBS, shaken for 3 min, and centrifuged at 200 x g for 3 min at 4°C and the supernatant was collected.

To investigate the role of B. uniformis on the production of 3-sucCA, 8-week-old C57BL/6J male SPF or GF mice were treated with
2 x 108 CFU of B. uniformis in 200 uL of sterile anaerobic PBS by gavage once and last for one week, feces were collected for the
3-sucCA detection and verification of colonization efficiency.

To explore the effect of 3-sucCA on MAFL-MASH progression, 8-week-old C57BL/6J male SPF or GF mice were fed 8 weeks of a
choline-deficient amino acid-defined and high fat diet (CDAA-HFD, Research Diets, cat# A06071302). Mice were treated with control
or 10 mg/kg 3-sucCA by oral gavage 3 times per week for the last 3 weeks.

To test the role of A. muciniphila in the alleviation of 3-sucCA on MAFL-MASH progression, 8-week-old SPF male mice were fed a
CDAA-HFD for 8 weeks. The mice were administered with control, 10 mg/kg 3-sucCA, 10 mg/kg 3-sucCA combined with 50 mg/kg
benzydamine hydrochloride, or 10 mg/kg 3-sucCA combined with 50 mg/kg benfluorex hydrochloride by oral gavage 3 times per
week for the last 3 weeks.

To explore the effect of B. uniformis on MAFL-MASH progression in the CDAA-HFD model, 8-week-old SPF male mice were fed a
CDAA-HFD for 8 weeks. Mice were treated with Bu, Bu-Abas-suc or an equivalent volume of anaerobic PBS once per week for the
last 3 weeks. For bacteria colonization, mice were given different strains of B. uniformis by gavage at a dose of 2 x 10% CFU in 200 uL
sterile anaerobic PBS.

To explore the effect of B. uniformis on MAFL-MASH progression in the GAN diet model, 8-week-old SPF male mice were fed a
GAN diet [Research Diets, #D09100310, with drinking water containing 23.1 g/L D-(—)-fructose (Sigma, #F0127) and D-(+)-glucose
(Sigma, #G8270)] for 24 weeks. Mice were treated with Bu, Bu-Abas-suc or an equivalent volume of anaerobic PBS once per week for
the last 4 weeks. For bacteria colonization, mice were given different strains of B. uniformis by gavage at a dose of 2 x 108 CFU in
200 pL sterile anaerobic PBS.

To explore the effect of Toll-like receptor 4 on the 3-sucCA treated CDAA-HFD mouse model, 8-week-old Tir4 '~ SPF male mice
were fed a CDAA-HFD for 8 weeks. Mice were treated with control or 10 mg/kg 3-sucCA by oral gavage 3 times per week for the last
3 weeks.

To explore the effect of different bile acids on MAFL-MASH progression, 8-week-old C57BL/6J male SPF mice were fed a CDAA-
HFD for 8 weeks. Mice were treated with control or 10 mg/kg compounds (succinic acid/CA/3-sucCA/3-sucCDCA/3-sucDCA/3-
aceCA/3-proCA) by oral gavage 3 times per week for the last 3 weeks.

To explore the synergistic beneficial effect of A. muciniphila on MAFL-MASH progression, 8-week-old C57BL/6J male SPF mice
were fed a CDAA-HFD for 8 weeks. Mice were gavaged with control, 3-sucCA (10 mg/kg) three times per week, A. muciniphila one
time per week or 3-sucCA plus A. muciniphila for the last 3 weeks mice were given strain of A. muciniphila by gavage at a dose of 2 x
108 CFU in 200 uL sterile anaerobic PBS.

For biochemical analysis, hepatic and plasma triglyceride and cholesterol were determined with assay kits following the manufac-
turer’s instructions. ALT and AST levels were assessed using commercial ALT and AST assay kits.
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Bacteria

Bacteria strains were isolated from human stools, as previously described.®® Briefly, human fecal solution (individuals with the highest
3-sucCA production; 10 mg/mL) was diluted 10*-fold. Then, 100 pL of dilution was plated onto modified GAM (MGAM) agar plates for
anaerobic (gas mix: 70% No, 25% CO,, 5% H,) incubation at 37°C. All the single colonies appearing on the agar plates after incu-
bation for 48 h were picked, inoculated into 96-deep well plates containing 200 pL of mMGAM broth medium in each well and incubated
at 37°C for 48 h. Then, the bacterial pellet was lysed with 5 pL of NaOH/SDS lysis buffer and diluted with 150 uL of deionized water.
Two microliters of the templates were used for polymerase chain reaction (PCR)-based amplification of 16S rRNA gene sequences.
The PCR products were identified by sequencing. The phylogenies of all the cultured isolates were determined by basic local align-
ment search tool (BLAST) analysis of the 16S rRNA gene sequences against the NCBI 16S rRNA sequence database.

For the colonization of B. uniformis JC066 in mice, the cultures were washed and concentrated in anaerobic PBS and the CFU/mL
determined by plate counting using mGAM agar plate.*® Before administration by oral gavage, the bacterial solutions were diluted
with anaerobic PBS to a final concentration of 2 x 108 CFU/0.2 mL.

For the screen of 3-sucCA-producing bacteria, the mGAM medium (contain 1 uM CA and 1 uM succinic acid) was inoculated with
different strains. The supernatant was harvested after 48 h incubation, which was further processed for LC-MS/MS analysis.

METHOD DETAILS

Synthesis of alkCA

Cholic acid (1.0 g, 2.4 mmol, 1.0 equiv) was dissolved in anhydrous CH,Cl, (6 mL), diisopropylethylamine (DIPEA; 640 puL, 3.7 mmol,
1.5 equiv), dicyclohexylcarbodiimide (DCC; 760 mg, 3.7 mmol. 1.5 equiv), 1-Hydroxybenzotrizole (HOBt; 360 mg, 2.7 mmol, 1.1
equiv) and propargylamine (185 uL, 2.7 mmol, 1.1 equiv) were sequentially added to the stirred mixture, which was left at room tem-
perature for 4 h. The reaction mixture was then diluted with CHClj, transferred into a separating funnel and washed twice with water.
The organic phase, dried over anhydrous Na,SO, and filtered, was then concentrated under reduced pressure and purified by col-
umn chromatography. Elution of the column with CHClI3 containing increasing amounts of CHzOH (from 1 to 10%) gave pure alkCA in
92% vyield.

Synthesis of ACER resin

For ACER resin, synthesis was carried out as previously reported procedure.?® 4-(2',4’-Dimethoxyphenyl-Fmoc-aminomethyl)-phe-
noxy resin (53.6 mg, 0.0175 mmol, 1.0 equiv) was weighed out into a flame dried 4 mL vial and 20% piperidine in dry N, N-dimethyl-
formamide (DMF) was added to remove the fluorenylmethyloxycarbonyl (Fmoc) protecting group. Remove the supernatant and add
20% piperidine in dry DMF (3 mL) again for complete cleavage. This step was repeated for 3—-4 times and then the resin was washed in
dry DMF for three times and stored in 3 mL dry DMF. Finally, a Kaiser test was used to ensure that Fmoc protecting group was
removed completely. Valeric acid azide (3.8 mg, 0.027 mmol, 1.5 equiv), benzotriazole tetramethylurea tetrafluoroborate (TBTU;
16.9 mg, 0.053 mmol, 3.0 equiv), and diisopropylethylamine (DIEA; 9 L, 0.053 mmol, 3.0 equiv) were added into the flame dried
4 mL vial containing 3 mL dry DMF and Fmoc-removing resin. The vial was capped and rotated on a rotational mixer (25 rpm) at
room temperature for half an hour when a Kaiser test was applied to confirm that the reaction was complete. The reaction mixture
was then washed in N-methyl pyrrolidone (NMP), ddH,O, NMP, dichloromethane (DCM) ordinally and the resin was air dried and
stored in NMP in a final concentration of 10 mg/mL at 4°C.

Stool-derived ex vivo communities

For human fecal microbiota samples, the fecal pellet (10 mg) is suspended in 1 mL sterilized PBS, then the samples were immediately
homogenized using a vortex for 1 min. The fecal suspension was centrifuged to remove larger particles (550 x g for 5 min at room
temperature). The supernatant was harvested and ten times diluted for incubation in different medium with inoculum size at 1% and
cultured anaerobically at 37°C for indicated period.

AlkCA incubation, metabolome extraction and CuAAC-based enrichment

To explore the microbial transformation of CA, alkCA were incubated in the mGAM medium with fecal bacteria from healthy individ-
uals. Briefly, stool-derived ex vivo communities were added with 100 uM alkCA before incubation. After two days of culture, samples
were centrifuged to get the supernatant (8000 x g, 10 min), then the supernatant was extracted with ethyl acetate (1:1, v/v) and dried
with nitrogen gas.

The incubated alkCA metabolome with fecal bacterial and related incubation control were separately reconstituted in a mixture of
NMP/300 mM PBS (1:3, 1 mL). A click chemistry cocktail consisted of 50 mM CuSQ, (60 pL), 100 mM BTTAA (60 pL), and fresh 1 M
ascorbic acid (100 pL). The resulting mixture (220 pL) and 100 pL of 10 mg/mL ACER resin slurry were then added to the reconstituted
samples for click reaction. Reactions were capped and placed on a rotisserie (22°C, 25 rpm) overnight. After 12 h of click reaction,
ACER resin from different samples was harvested by centrifugation (500 x g, 1 min), the resin was washed 3 times with NMP/water
(1:3, 1 mL), NMP/water (1:1, 1 mL), NMP (1 mL), and DCM, respectively. Resin was dried with nitrogen gas and probe-derived me-
tabolites were cleaved from the resin with treatment with trifluoroacetic acid (TFA)/water/TIPS (95:2.5:2.5, 50 uL) for 1 h. Washing was
repeated once, and the supernatant was collected. The cleavage reaction supernatant was combined into a tube and evaporated
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with nitrogen gas. Residue was dissolved in methanol/water (4:1, 100 uL), and tubes were centrifuged (12,000 X g, 5 min) to pellet any
remaining beads. The supernatant was filtered through a membrane filter (pore size, 0.22 um) for metabolomics analysis.

Mass spectrometric analysis

For the investigation of probe-derived metabolites, high resolution LC-MS analysis was performed on a Vanquish ultra-high perfor-
mance liquid chromatography (UHPLC) coupled with a Thermo Q-Exactive HF high-resolution mass spectrometer equipped with a
heated electrospray ionization source (HESI) ion source. Chromatographic separation was employed with an ACQUITY UPLC CSH
C18 column (2.1 x 100 mm, 1.7 um, Waters) at 40°C and a flow rate of 0.3 mL/min. The solvent A is 0.1% formic acid in water, and the
solvent B is 0.1% formic acid in acetonitrile (ACN). Samples were eluted using a linear gradient: 0-5 min, 10% B; 5-20 min, 10-100%
B; 20-25 min, 100% B; 25-30 min, 100-10% B. Mass spectrometer parameters were: spray voltage 3.0 kV, capillary temperature
380°C, auxiliary gas heater temperature 400°C; sheath, auxiliary, and spare gas flow was 60, 20, and 1, respectively; S-lens RF level
50. MS1 data was collected in both positive and negative modes. Resolution was set at 240,000, and the scan range was set to m/z
100-1000. The detailed instrument parameter setting referred to the description of Hoki et al.*®

Molecular networking

Each LC-MS RAW files (Thermo Fisher) was converted to mzXML format using MSConvert (ProteoWizard), The mzXML files were
uploaded to the UCSD MassIVE data storage server through WinSCP for GNPS analysis.>* Molecular networks were created using
the online workflow at GNPS and visualized in Cytoscape. The molecular networking and MS-cluster parameters were as follows:
parent and fragment ion mass tolerance was set to 0.02 Da, minimum cosine score of 0.7, minimum matched fragment ions of 4,
and a minimum cluster size of 4 (to minimize detection of more rare nodes found in few samples).

Probe-derived metabolites identification

LC-MS RAW files (Thermo Fisher) from enriched probe-fed and incubation control samples were converted to mzXML format using
MSConvert (ProteoWizard), followed by analysis using the XCMS-based software platform for feature extraction. The different fea-
tures between enriched probe-fed samples and enriched incubation control samples were compared in network of GNPS. The
probe-derived metabolites were further identified by comparing the DeltaMZ, the cosine value, node MS2 peaks, as well as similarity
of MS/MS. Additionally, peak area minimum intensity for probe-derived metabolites candidates was set to 10000, and maximum in-
tensity for incubation control was set to 2000, which corresponds to the noise level for most of the m/z range. The detailed intensity of
probe-derived metabolites was also checked by the analysis of RAW files by Xcaliber software, which was used to monitor original
MS spectra.

Extraction and isolation of acylated CAs

The solvents used for extraction and chromatographic separation were of analytical grade. Thin-layer chromatography (TLC) was
carried out on silica gel HSGF254, and the spots were visualized by spraying with 10% H,SO,4 and heating. Silica gel was used
for column chromatography. High-performance liquid chromatography (HPLC) separation was performed on an Agilent 1200
HPLC system using an ODS column (C18, 250 x 9.4 mm; detector: UV) with a flow rate of 2.0 mL/min. NMR spectral data were
obtained with a Bruker Avance-500 spectrometer (DMSO-d6, iy 2.50/6¢ 39.5). The heteronuclear single quantum correlation spec-
trum (HSQC) and heteronuclear multiple bond correlation spectrum (HMBC) experiments were optimized for 145.0 and 8.0 Hz,
respectively.

Stool-derived ex vivo communities from 5 healthy individuals were fermented in mGAM media containing 1 mg/mL CA with step-
wise amplification (5 mL*5 individuals as the initial system, and the bacterial suspensions were transferred into 0.2 L and 20 L system
respectively, with a 1:200 inoculum). The fermented substrate was extracted repeatedly with ethyl acetate (3 x 20 L), and the organic
solvent was evaporated under vacuum to yield the crude extract (3.1 g). The crude extract was subsequently separated on a silica gel
column (50.0 g of silica gel) eluted with hexane—ethyl acetate via gradient elution (v/v, 1:0, 10:1, each 500 mL) and then with
dichloromethane—methanol (v/v, 1:0, 20:1, 10:1, 5:1, 3:1, 0:1, each 50 mL). The above fractions were detected by LC-MS for de-
tected acylated CAs, and fraction eluted with dichloromethane-methanol (v/v, 20:1) was further separated by reversed-phase chro-
matography using 30% methanol in water and followed preparative thin-layer chromatography (PTLC; DCM/EA = 100: 25) to obtain
3-aceCA (3.2 mg) and 3-butCA (4.2 mg); the fraction eluted using 50% methanol in water was performed by PTLC (DCM/EA = 70: 30)
to obtain 3-forCA (1.2 mg). The fractions eluted with dichloromethane-methanol (v/v, 5:1 and 3:1) were further separated by reversed-
phase chromatography using 30% methanol in water and followed HPLC (23% methanol in water) to obtain 3-sucCA (10.1 mg) and
the fraction eluted using 80% methanol in water was performed by HPLC (39% methanol in water) to obtain 3-malCA (1.6 mg).

X-ray Crystallographic Analysis of 3-sucCA: X-ray diffraction data collection was carried out from a 0.25 x 0.20 x 0.02 mm? crystal
with an Eos CCD using graphite-monochromated Cu Ka radiation (A = 1.54180 A at 100.0 K). The structure was solved by direct
methods (SHELXS-97) and refined using full-matrix leastsquares difference Fourier techniques. Crystal data of 3-sucCA:
CogH4408, MW 508.63, space group monoclinic, P212424; unit cell dimensions a = 10.3006(3) A b= 7.6079(3) Ac= 16.2648(5) A,
a =90.00°, 8 = 93.850(3)°, v = 90.00°, V = 1271.73(7) A%, Z = 2, Dcalc = 1.328 mg/m, p = 0.783 mm™ ", F (000) = 552.0. A total of
21006 reflections were measured, in which 5104 unigue (|F|2 > 23|F|2) were used in all calculations.
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Synthetic procedures of acylated CAs

All reagents for acylated CAs synthesis were obtained from commercial suppliers unless otherwise stated. Tetrahydrofuran (THF),
diethyl ether (Et,0), toluene (PhMe), N, N-dimethylformamide (DMF) and dichloromethane (DCM) were purified by solvent purification
system. Flasks were flame-dried under vacuum and cooled under a stream of argon. The following abbreviations are used: EA: ethyl
acetate; PE: petroleum ether; THF: tetrahydrofuran; MOM: methoxymethyl; EDCI: N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride; DMAP: 4-dimethylaminopyridine; DIPEA: N,N-diisopropylethylamine; FCC: flash column chromatography; PTLC:
preparative thin-layer chromatography; rt: room temperature.

Flash chromatography was performed using silica gel (200-300 mesh) with solvents distilled before use.

Nuclear magnetic resonance (‘H and '*C NMR) spectra were recorded on Bruker AVIII-400 ['H NMR (400 MHz), '*C NMR (101
MHz)] spectrometers and Bruker AVIII-600 ['"H NMR (600 MHz), *C NMR (151 MHz)] spectrometers. The following abbreviations
are used for the multiplicities: s: singlet, d: doublet, t: triplet, g: quartet, dt: double-triplet, td: triple-doublet, pseudo-t: pseudo-triplet,
m: multiplet, brs: broad singlet for proton spectra and carbon spectra. Coupling constants (J) are reported in Hertz (Hz).

Mass spectra were recorded using a PE SCLEX QSTAR spectrometer.

3-sucCA (3): Toasolution of CA (1, 0.5 g, 1.2 mmol, 1.0 equiv) in dry pyridine (5 mL) was added succinic anhydride (0.2 g, 1.7 mmol,
1.4 equiv) and DMAP (0.2 g, 1.3 mmol, 1.1 equiv). The mixture was heated to 80°C and stirred for 7 h. Additional succinic anhydride
(0.2 g, 1.7 mmol, 1.4 equiv) was added at room temperature (rt). Next, the mixture was heated to 80°C and stirred for additional 7 h.
The reaction was quenched with 2 N HCI (50 mL) and diluted with EA (100 mL), then the mixture was separated, and the aqueous
phase was extracted with EA (3 x 100 mL). The combined organic layers were washed with brine (100 mL), dried over Na,SOy,,
filtered, and concentrated under reduced pressure. The residue was purified by FCC (DCM/MeOH/AcOH = 100: 4: 1) to afford 3
(0.50 g, 80%) as a white amorphous solid.

"H NMR (400 MHz, CD;0D): 6 4.62-4.49 (m, 1H), 3.96 (brs, 1H), 3.80 (d, J = 1.8 Hz, 1H), 2.63-2.49 (m, 4H), 2.49-2.15 (m, 4H), 2.05-
1.94 (m, 2H), 1.91-1.71 (m, 5H), 1.69-1.50 (m, 6H), 1.50-1.22 (m, 5H), 1.20-1.04 (m, 2H), 1.02 (d, J = 6.3 Hz, 3H), 0.94 (s, 3H), 0.72
(s, 3H).

3C NMR (101 MHz, CD;0D): 6 178.3, 176.1, 173.9, 76.4, 74.0, 69.0, 48.0, 47.5, 43.0, 42.9, 41.0, 36.8, 36.4, 36.1, 35.9, 35.6, 32.3,
32.0, 30.5, 29.9, 29.5, 28.7, 27.9, 27.6, 24.2, 23.0, 17.6, 13.0.

HRMS (ESI) calcd. for CogH4308[M — H] ~: 507.2958, found: 507.2952.

Benzyl cholate (4): To a suspension of CA (1, 5.0 g, 12.2 mmol, 1.0 equiv) and K,COj; (3.4 g, 24.5 mmol, 2.0 equiv) in dry DMF
(50 mL) at 0°C was added benzyl bromide (4.2 g, 24.5 mmol, 2.0 equiv) in portions. The mixture was stirred at rt for 12 h. The reaction
was quenched with saturated NaHCO3 (200 mL) and diluted with DCM (400 mL). The mixture was then separated, and the aqueous
phase was extracted with DCM (3 x 200 mL). The combined organic layers were washed with 1 N HCI (200 mL) and brine (200 mL),
dried over Na,SQy, filtered, and concentrated under reduced pressure. The residue was purified by FCC (DCM/MeOH = 100: 5) to
afford 4 (5.80 g, 95%) as a white amorphous solid.

"H NMR (400 MHz, CDCly): 6 7.44-7.26 (m, 5H), 5.17-5.05 (m, 2H), 3.95 (brs, 1H), 3.83 (brs, 1H), 3.52-3.36 (m, 1H), 2.53-2.35
(m, 3H), 2.35-2.14 (m, 4H), 1.98-1.80 (m, 4H), 1.79-1.62 (m, 5H), 1.61-1.45 (m, 4H), 1.44-1.32 (m, 4H), 1.29-1.21 (m, 1H), 1.16-
1.03 (m, 1H), 0.97 (d, J = 5.8 Hz, 3H), 1.02-0.92 (m, 1H), 0.88 (s, 3H), 0.65 (s, 3H).

3C NMR (101 MHz, CDCly): 6 174.2, 136.3, 128.7 (2C), 128.4 (2C), 128.3, 73.2, 72.1, 68.6, 66.2, 47.2, 46.6, 41.9, 41.6, 39.7 (2C),
35.4, 35.3, 34.9, 34.8, 31.5, 31.0, 30.6, 28.4, 27.6, 26.6, 23.3, 22.6, 17.4, 12.6.

HRMS (ESI) calcd. for C3oH4707[M + HCO,] ~: 543.3322, found: 543.3322.

Benzyl 3-O-formyl cholate (5): To a solution of benzyl cholate (4, 0.6 g, 1.2 mmol, 1.0 equiv) in dry DCM (10 mL) was added formic
acid (64.4 mg, 1.4 mmol, 1.2 equiv), EDCI (0.3 g, 1.8 mmol, 1.5 equiv) and DMAP (0.2 g, 1.8 mmol, 1.5 equiv). The mixture was stirred
overnight at rt. The reaction was quenched with water (80 mL) and diluted with DCM (100 mL). The mixture was then separated, and
the aqueous phase was extracted with DCM (3 x 100 mL). The combined organic layers were washed with 1 N HCI (100 mL), satu-
rated NaHCO3 (100 mL) and brine (100 mL), dried over Na,SQ,, filtered, and concentrated under reduced pressure. The residue was
purified by FCC (PE/EA = 100: 40) to afford 5 (0.37 g, 58%) as a white amorphous solid.

"H NMR (400 MHz, CDCly): 6 8.01 (s, 1H), 7.42-7.27 (m, 5H), 5.17-5.01 (m, 2H), 4.78-4.63 (m, 1H), 3.97 (brs, 1H), 3.85 (d, J= 1.6 Hz,
1H), 2.51-2.14 (m, 4H), 2.00-1.64 (m, 11H), 1.63-1.48 (m, 6H), 1.43-1.31 (m, 2H), 1.30-1.22 (m, 1H), 1.18-1.00 (m, 2H), 0.97 (d, J =
6.0 Hz, 3H), 0.91 (s, 3H), 0.66 (s, 3H).

3C NMR (101 MHz, CDCl3): 6 174.2, 161.1, 136.2, 128.7 (2C), 128.4 (2C), 128.3, 74.5, 73.0, 68.4, 66.3, 47.4, 46.7, 42.1, 41.3, 39.6,
35.2 (2C), 34.9, 34.8, 34.5, 31.4, 31.0, 28.4, 27.6, 26.8, 26.7, 23.3, 22.6, 17.5, 12.6.

HRMS (ESI) calcd. for C33H470g[M + HCO,] ~: 571.3271, found: 571.3279.

3-forCA (6): To a solution of benzyl 3-O-formyl cholate (5, 0.3 g, 0.6 mmol, 1.0 equiv) in THF (20 mL) was added 10% Pd/C (10 wt %
of 5, 30.0 mg) and the suspension was hydrogenated (1 atm, balloon) overnight at 55°C. Thin-layer chromatography (TLC) indicated
completion. The suspension was filtered through a pad of Celite, and the filter cake was rinsed with THF (3 x 30 mL). The combined
filtrate and rinses were concentrated. The residue was purified by FCC (DCM/MeOH/AcOH = 100: 2: 1) to afford 6 (0.25 g, 95%) as a
white amorphous solid.

"H NMR (400 MHz, CD30D): 6 8.06 (s, 1H), 4.72-4.57 (m, 1H), 3.96 (brs, 1H), 3.81 (brs, 1H), 2.48 (g, J = 12.8 Hz, 1H), 2.41-2.15 (m,
3H), 2.08-1.63 (m, 10H), 1.62-1.56 (m, 3H), 1.53-1.24 (m, 5H), 1.20-1.05 (m, 2H), 1.02 (d, J = 6.2 Hz, 3H), 0.95 (s, 3H), 0.72 (s, 3H).
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3C NMR (101 MHz, CD50D): 6 178.3, 162.8, 76.0, 74.0, 68.9, 48.0, 47.5, 43.0, 42.9, 41.0, 36.8, 36.5, 36.0, 35.9, 35.6, 32.3, 32.1,
29.6, 28.7, 27.9, 27.7, 24.2, 23.0, 17.6, 13.0.

HRMS (ESI) calcd. for CosHz906[M — H] : 435.2747, found: 435.2755.

(Benzyl cholate-3-) 2-(benzyloxy) acetate (7) was prepared following the same procedure as shown in the synthesis of 5 and was
obtained in 41% isolated yield as a colorless oil.

"H NMR (400 MHz, CDCls): 6 7.44-7.26 (m, 10H), 5.20-5.02 (m, 2H), 4.75-4.65 (m, 1H), 4.62 (s, 2H), 4.04 (s, 2H), 3.98 (brs, 1H), 3.85
(d, J=1.2 Hz, 1H), 2.50-2.11 (m, 4H), 2.02-1.60 (m, 9H), 1.58-1.44 (m, 7H), 1.44-1.33 (m, 2H), 1.31-1.24 (m, 2H), 1.19-1.02 (m, 2H),
0.97 (d, J = 6.0 Hz, 3H), 0.91 (s, 3H), 0.67 (s, 3H).

3C NMR (101 MHz, CDCl5): 6174.1,170.1,137.4,136.3, 128.7 (2C), 128.6 (2C), 128.4 (2C), 128.3 (3C), 128.1,75.1,73.5, 73.0, 68.3,
67.6, 66.3, 47.4, 46.7, 42.2, 41.3, 39.7, 35.3, 35.2, 35.0, 34.8, 34.4, 31.4, 31.0, 28.6, 27.5, 26.9, 26.8, 23.3, 22.7, 17.5, 12.7.

HRMS (ESI) calcd. for C41Hs509[M + HCO,] ~: 691.3846, found: 691.3855.

3-glaCA (8) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 98% isolated yield as a
white amorphous solid.

"H NMR (600 MHz, CDz0D): 6 4.67-4.60 (m, 1H), 4.05 (s, 2H), 3.96 (brs, 1H), 3.80 (d, J = 2.6 Hz, 1H), 2.45 (dd, J = 25.1, 13.0 Hz, 1H),
2.35-2.18 (m, 2H), 2.05-1.94 (m, 3H), 1.93-1.83 (m, 3H), 1.83-1.64 (m, 4H), 1.63-1.50 (m, 5H), 1.49-1.39 (m, 2H), 1.37-1.29 (m, 2H),
1.18-1.03 (m, 2H), 1.02 (d, J = 6.5 Hz, 3H), 0.94 (s, 3H), 0.72 (s, 3H).

3C NMR (151 MHz, CD;0D): 6 178.5, 174.0, 76.7, 73.9, 68.9, 61.2, 48.1, 47.5, 43.0, 42.9, 41.0, 36.8, 36.4, 36.0, 35.9, 35.6, 32.5
(2C), 29.5, 28.7, 27.9, 27.6, 24.2, 23.0, 17.6, 13.0.

HRMS (ESI) calcd. for CogHy1O7[M — H] : 465.2852, found: 465.2862.

(Benzyl cholate-3-) benzyl malonate (9) was prepared following the same procedure as shown in the synthesis of 5 and was ob-
tained in 40% isolated yield as a colorless oil.

"H NMR (400 MHz, CDCly): 6 7.42-7.26 (m, 10H), 5.18 (s, 2H), 5.15-5.06 (m, 2H), 4.70-4.58 (m, 1H), 3.98 (brs, 1H), 3.84 (d, J =
2.4 Hz, 1H), 3.38 (s, 2H), 2.52-2.24 (m, 3H), 2.23-2.11 (m, 1H), 1.99-1.84 (m, 3H), 1.84-1.63 (m, 5H), 1.62-1.56 (m, 2H), 1.55-1.31
(m, 8H), 1.30-1.23 (m, 2H), 1.19-1.00 (m, 2H), 0.98 (d, J = 6.1 Hz, 3H), 0.90 (s, 3H), 0.67 (s, 3H).

3C NMR (101 MHz, CDCl3): 6 174.1, 166.7, 166.2, 136.3, 135.5, 128.7 (4C), 128.5 (3C), 128.4 (2C), 128.3, 75.9, 73.0, 68.3, 67.3,
66.3, 47.4, 46.7, 42.2, 42.1, 41.3, 39.7, 35.2, 35.1, 34.9, 34.8, 34.4, 31.4, 31.0, 28.6, 27.5, 26.9, 26.6, 23.3, 22.7, 17.5, 12.7.

HRMS (ESI) calcd. for C41Hs30g[M — H] ~: 673.3740, found: 673.3738.

3-malCA (10) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 87 % isolated yield as
a white amorphous solid.

"H NMR (600 MHz, DMSO-d6): 6 4.50-4.43 (m, 1H), 4.15 (brs, 1H), 4.12 (brs, 1H), 3.78 (brs, 1H), 3.62 (brs, 1H), 3.26 (s, 2H), 2.42 (q,
J=12.9 Hz, 1H), 2.28-2.19 (m, 1H), 2.18-2.05 (m, 2H), 1.98 (td, J = 11.9, 7.7 Hz, 1H), 1.87-1.60 (m, 6H), 1.59-1.51 (m, 2H), 1.50-1.26
(m, 7H), 1.25-1.12 (m, 2H), 1.03-0.93 (m, 2H), 0.92 (d, J = 6.4 Hz, 3H), 0.84 (s, 3H), 0.59 (s, 3H).

3C NMR (151 MHz, DMSO-d6): 6 175.0, 168.2, 166.7, 74.8, 71.0, 66.1, 46.1, 45.8, 42.4, 41.3, 41.0, 40.1, 35.0, 34.8, 34.5 (2C), 34.3,
30.9, 30.8, 28.4, 27.3, 26.2, 26.1, 22.8, 22.3, 17.0, 12.3.

HRMS (ESI) calcd. for Co7H410g[M — H] ~: 493.2801, found: 493.2806.

Benzyl 3-O-acetyl cholate (11): To a solution of benzyl cholate (4, 0.3 g, 0.6 mmol, 1.0 equiv) in dry pyridine (3 mL) at 0°C was
added acetic anhydride (60.0 pL, 0.7 mmol, 1.1 equiv) and DMAP (78.0 mg, 0.7 mmol, 1.1 equiv). The mixture was stirred at 0°C
for 2 h. Next, the mixture was stirred at rt for 8 h. The reaction was quenched with water (50 mL) and diluted with EA (100 mL).
The mixture was then separated, and the aqueous phase was extracted with EA (3 x 100 mL). The combined organic layers were
washed with 1 N HCI (100 mL) and brine (100 mL), dried over Na,SQy,, filtered, and concentrated under reduced pressure. The residue
was purified by FCC (PE/EA = 100: 38) to obtain 11 (0.16 g, 51%) as a white amorphous solid.

"H NMR (400 MHz, CDCly): 6 7.41-7.26 (m, 5H), 5.20-5.03 (m, 2H), 4.63-4.50 (m, 1H), 3.97 (brs, 1H), 3.85 (d, J = 2.3 Hz, 1H), 2.49-
2.14 (m, 4H), 2.00 (s, 3H), 1.98-1.56 (m, 13H), 1.53-1.42 (m, 4H), 1.42-1.31 (m, 2H), 1.31-1.24 (m, 1H), 1.19-1.01 (m, 2H), 0.97 (d, J =
6.0 Hz, 3H), 0.90 (s, 3H), 0.67 (s, 3H).

3C NMR (101 MHz, CDClg): 6 174.1,170.9, 136.3, 128.7 (2C), 128.4 (2C), 128.3, 74.4, 73.0, 68.4, 66.3, 47.4, 46.7, 42.2, 41.3, 39.7,
35.3, 35.2, 35.0, 34.8, 34.5, 31.5, 31.0, 28.5, 27.5, 26.9, 26.8, 23.3, 22.7, 21.6, 17.5, 12.7.

HRMS (ESI) calcd. for C34H490g[M + HCO,] ~: 585.3427, found: 585.3423.

3-aceCA (12) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 98% isolated yield as
a white amorphous solid.

"H NMR (400 MHz, CD;0D): 6 4.62-4.46 (m, 1H), 3.96 (brs, 1H), 3.80 (d, J = 2.4 Hz, 1H), 2.51-2.13 (m, 4H), 2.06-1.99 (m, 1H), 1.98
(s, 3H), 1.98-1.92 (m, 1H), 1.92-1.61 (m, 7H), 1.61-1.25 (m, 9H), 1.21-1.03 (m, 2H), 1.02 (d, J = 6.4 Hz, 3H), 0.94 (s, 3H), 0.72 (s, 3H).

3C NMR (101 MHz, CD30D): 6 178.4, 172.7, 76.2, 74.0, 68.9, 48.1, 47.5, 43.0, 42.9, 41.0, 36.8, 36.4, 36.1, 35.9, 35.6, 32.4, 32.1,
29.5, 28.7, 27.9, 27.6, 24.2, 23.0, 21.3, 17.6, 13.0.

HRMS (ESI) calcd. for CogHg106[M — H] ™: 449.2903, found: 449.2902.

Benzyl 3-O-propionyl cholate (13) was prepared following the same procedure as shown in the synthesis of 11 and was obtained
in 43% isolated yield as a white amorphous solid.
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"H NMR (400 MHz, CDCly): § 7.42-7.26 (m, 5H), 5.18-5.05 (m, 2H), 4.65-4.52 (m, 1H), 3.97 (brs, 1H), 3.84 (d, J = 1.3 Hz, 1H), 2.47—
2.38 (m, 1H), 2.37-2.16 (m, 5H), 2.01-1.58 (m, 12H), 1.55-1.32 (m, 7H), 1.30-1.23 (m, 1H), 1.18-1.08 (m, 4H), 1.08-1.00 (m, 1H), 0.97
(d, J = 5.8 Hz, 3H), 0.90 (s, 3H), 0.67 (s, 3H).

3C NMR (101 MHz, CDCl3): 6 174.3, 174.1, 136.3, 128.7 (2C), 128.4 (2C), 128.3, 74.2, 73.0, 68.4, 66.3, 47.4, 46.7, 42.2, 41.3, 39.7,
35.4, 35.2, 35.0, 34.8, 34.5, 31.4, 31.0, 28.5, 28.1, 27.6, 26.9, 26.8, 23.3, 22.7, 17.5, 12.7, 9.3.

HRMS (ESI) calcd. for C35Hs10g[M + HCO,] ~: 599.3584, found: 599.3577.

3-proCA (14) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 98% isolated yield as
a white amorphous solid.

"H NMR (400 MHz, CD30D): 6 4.66-4.45 (m, 1H), 3.96 (brs, 1H), 3.80 (brs, 1H), 2.53-2.14 (m, 6H), 2.07-1.93 (m, 2H), 1.92-1.52 (m,
11H), 1.51-1.41 (m, 2H), 1.40-1.24 (m, 3H), 1.21-1.04 (m, 5H), 1.02 (d, J = 6.0 Hz, 3H), 0.94 (s, 3H), 0.72 (s, 3H).

3C NMR (101 MHz, CD50D): 6 178.4, 176.0, 76.1, 74.0, 69.0, 48.1, 47.5, 43.0, 42.9, 41.0, 36.8, 36.5, 36.1, 35.9, 35.6, 32.4, 32.1,
29.5, 28.8, 28.7, 27.9, 27.6, 24.2, 23.0, 17.6, 13.0, 9.5.

HRMS (ESI) calcd. for Co7H4306[M — H] ™: 463.3060, found: 463.3055.

Benzyl 3-O-butyryl cholate (15) was prepared following the same procedure as shown in the synthesis of 11 and was obtained in
47% isolated yield as a white amorphous solid.

"H NMR (400 MHz, CDCly): § 7.42-7.26 (m, 5H), 5.19-5.04 (m, 2H), 4.66-4.51 (m, 1H), 3.97 (brs, 1H), 3.84 (d, J = 2.1 Hz, 1H), 2.48—
2.16 (m, 6H), 1.98-1.57 (m, 14H), 1.55-1.23 (m, 8H), 1.18-1.02 (m, 2H), 1.02-0.88 (m, 9H), 0.66 (s, 3H).

3C NMR (101 MHz, CDCl3): 6 174.2, 173.5, 136.2, 128.7 (2C), 128.4 (2C), 128.3, 74.1, 73.1, 68.4, 66.3, 47.4, 46.7, 42.2, 41.4, 39.7,
36.8, 35.4, 35.2, 35.0, 34.8, 34.5, 31.4, 31.0, 28.5, 27.6, 26.9, 26.8, 23.3, 22.7, 18.7, 17.5, 13.8, 12.7.

HRMS (ESI) calcd. for C35Hs106[M — H] ~: 567.3686, found: 567.3693.

3-butCA (16) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 98% isolated yield as
a white amorphous solid.

"H NMR (600 MHz, CDz0D): 6 4.62-4.48 (m, 1H), 3.96 (brs, 1H), 3.80 (brs, 1H), 2.54-2.14 (m, 6H), 2.07-1.94 (m, 3H), 1.93-1.72 (m,
5H), 1.71-1.56 (m, 7H), 1.54-1.51 (m, 1H), 1.49-1.40 (m, 2H), 1.38-1.28 (m, 2H), 1.18-1.05 (m, 2H), 1.02 (d, J = 6.1 Hz, 3H), 0.99-0.84
(m, 6H), 0.72 (s, 3H).

3C NMR (151 MHz, CD30D): 6 178.5, 175.2, 76.0, 74.0, 69.0, 48.1, 47.5, 43.0, 42.9, 41.0, 37.5, 36.8, 36.5, 36.1, 35.9, 35.6, 32.4,
32.2,29.5,28.7, 27.9, 27.7, 24.2, 23.0, 19.5, 17.6, 13.9, 13.0.

HRMS (ESI) calcd. for CogHy506[M — H] ™: 477.3216, found: 477.3217.

Benzyl 3-O-benzyl cholate (17): To a solution of benzyl cholate (4, 1.5 g, 3.0 mmol, 1.0 equiv) in DIPEA (30 mL) was added benzyl
bromide (0.8 g, 4.5 mmol, 1.5 equiv) and dry DMF (2 mL). The mixture was heated to 100°C and stirred overnight. The reaction was
quenched with water (50 mL) and diluted with DCM (100 mL), then the mixture was separated and the aqueous phase was extracted
with DCM (3 x 100 mL). The combined organic layers were washed with 1 N HCI (100 mL), saturated NaHCO3 (100 mL) and brine
(100 mL), dried over Na,SOy, filtered, and concentrated under reduced pressure. The residue was purified by FCC (PE/EA = 3: 1)
to afford 17 (1.01 g, 57%) as a white amorphous solid.

"H NMR (400 MHz, CDCly): 6 7.40-7.23 (m, 10H), 5.17-5.05 (m, 2H), 4.66-4.45 (m, 2H), 3.95 (brs, 1H), 3.80 (brs, 1H), 3.30-3.12 (m,
1H), 2.49-2.38 (m, 1H), 2.36-2.13 (m, 3H), 1.98-1.91 (m, 1H), 1.90-1.75 (m, 6H), 1.75-1.71 (m, 1H), 1.70-1.56 (m, 3H), 1.54-1.46 (m,
3H), 1.45-1.32 (m, 4H), 1.31-1.14 (m, 2H), 1.14-1.04 (m, 1H), 0.97 (d, J = 5.9 Hz, 3H), 0.95-0.90 (m, 1H), 0.88 (s, 3H), 0.65 (s, 3H).

3CNMR (101 MHz, CDCl,): 6 174.2,139.4, 136.3, 128.7 (2C), 128.4 (4C), 128.3, 127.7 (2C), 127.4, 78.8, 73.0, 69.8, 68.4, 66.2, 47.2,
46.6, 42.1, 41.6, 39.7, 36.4, 35.4, 35.2 (2C), 34.8, 31.4, 31.0, 28.5, 27.5, 27.4, 26.8, 23.3, 22.8, 17.4, 12.7.

HRMS (ESI) calcd. for C3gHs307[M + HCO,] ~: 633.3791, found: 633.3785.

(Benzyl 3-O-benzyl cholate-7-) benzyl succinate (18): was prepared following the same procedure as shown in the synthesis of
5 and was obtained in 77% isolated yield as a colorless oil.

"H NMR (400 MHz, CDCl): 6 7.40-7.25 (m, 15H), 5.21-5.06 (m, 4H), 4.92 (d, J = 2.1 Hz, 1H), 4.61-4.46 (m, 2H), 3.96 (brs, 1H), 3.29-
3.13 (m, 1H), 2.78-2.55 (m, 4H), 2.49-2.36 (m, 1H), 2.35-2.16 (m, 2H), 2.07-1.16 (m, 21H), 1.09-1.00 (m, 1H), 0.96 (d, J = 5.8 Hz, 3H),
0.90 (s, 3H), 0.64 (s, 3H).

3C NMR (101 MHz, CDCls): 6 174.1, 172.2, 172.0, 139.4, 136.2, 136.0, 128.7 (4C), 128.4 (6C), 128.3 (2C), 127.6 (2C), 127.4, 78.7,
72.8,71.6,69.9, 66.6,66.2,47.2,46.7,42.1,41.2,38.3, 35.7, 35.3, 35.1, 34.8, 31.7, 31.4, 31.0, 29.8, 29.4, 28.7, 28.2, 27.5, 27.4, 23.1,
22.7,17.4,12.6.

HRMS (ESI) calcd. for CsgHezO10[M + HCO,] ~: 823.4421, found: 823.4419.

7-sucCA (19): was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 77% isolated yield
as a white amorphous solid.

"H NMR (400 MHz, Acetone-d6): 6 4.89 (d, J = 2.1 Hz, 1H), 3.99 (brs, 1H), 3.47-3.32 (m, 1H), 2.71-2.51 (m, 4H), 2.43-2.27 (m, 2H),
2.25-2.13 (m, 1H), 2.12-2.05 (m, 2H), 2.03-1.92 (m, 2H), 1.92-1.82 (m, 1H), 1.81-1.74 (m, 2H), 1.73-1.65 (m, 1H), 1.65-1.49 (m, 5H),
1.48-1.35 (m, 4H), 1.35-1.21 (m, 2H), 1.16-1.04 (m, 1H), 1.02 (d, J = 6.4 Hz, 3H), 1.00-0.95 (m, 1H), 0.94 (s, 3H), 0.71 (s, 3H).

3C NMR (101 MHz, CD30D): 6 178.2, 175.9, 173.9, 73.6, 73.1, 72.5, 48.0, 47.6, 43.3, 42.7, 39.9, 39.5, 36.7, 36.3, 35.5, 32.5, 32.3,
32.0, 31.2, 30.7, 29.9, 29.8, 29.4, 28.5, 24.1, 23.1, 17.6, 12.9.

HRMS (ESI) calcd. for CogH430g[M — H] ~: 507.2958, found: 507.2959.
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Benzyl 3-O-benzyl-7-O-MOM cholate (20): To a solution of benzyl 3-O-benzyl cholate (17, 2.5 g, 4.2 mmol, 1.0 equiv) in dry DCM
(50 mL) was added DIPEA (1.5 mL, 8.5 mmol, 2.0 equiv). Then the mixture was cooled to 0°C. MOMB¥r (0.5 mL, 6.4 mmol, 1.5 equiv)
was dissolved in dry DCM (15 mL) and added dropwise to the above solution. Then the mixture was stirred at rt for 2 h. Additional
MOMBF (0.2 mL, 2.6 mmol, 0.6 equiv) was added dropwise at 0°C. The mixture was stirred at rt overnight. The reaction was quenched
with water (50 mL) and diluted with DCM (100 mL), then the mixture was separated and the aqueous phase was extracted with DCM
(8 x 100 mL). The combined organic layers were washed with saturated NH,CI (100 mL), saturated NaHCO3; (100 mL) and brine
(100 mL), dried over Na,>SQy, filtered, and concentrated under reduced pressure. The residue was purified by FCC and PTLC
(DCM/EA = 100: 25) to obtain 20 (1.00 g, 37%) as a white amorphous solid.

"H NMR (400 MHz, CDClg): 6 7.42-7.26 (m, 10H), 5.19-5.04 (m, 2H), 4.74-4.48 (m, 4H), 3.95 (s, 1H), 3.61 (s, 1H), 3.37 (s, 3H), 3.28—
3.14 (m, 1H), 2.51-2.37 (m, 1H), 2.36-2.13 (m, 3H), 1.96 (td, J = 11.9, 7.7 Hz, 1H), 1.90-1.77 (m, 4H), 1.75-1.64 (m, 4H), 1.61-1.57 (m,
1H), 1.55-1.43 (m, 3H), 1.43-1.33 (m, 4H), 1.32-1.11 (m, 2H), 1.10-1.01 (m, 1H), 0.97 (d, J = 5.3 Hz, 3H), 0.96-0.92 (m, 1H), 0.90 (s,
3H), 0.65 (s, 3H).

3C NMR (101 MHz, CDCl,): 6 174.2, 139.5, 136.3, 128.7 (2C), 128.4 (4C), 128.3, 127.6 (2C), 127.4,95.6, 78.9, 74.4, 73.0, 69.9, 66.2,
56.3, 47.3, 46.5, 41.8, 41.7, 39.7, 35.9, 35.4, 35.2, 35.1, 31.5, 31.0 (2C), 28.5, 27.5, 27.3, 27.2, 23.3, 22.9, 17.5, 12.7.

HRMS (ESI) calcd. for C41Hs70g[M + HCO,] ~: 677.4053, found: 677.4063.

(Benzyl 3-O-benzyl-7-O-MOM cholate-12-) benzyl succinate (21): To a solution of benzyl 3-O-benzyl-7-O-MOM cholate (20,
0.8 g, 1.3 mmol, 1.0 equiv) in dry DCM (20 mL) was added monobenzyl succinate (0.8 g, 3.8 mmol, 3.0 equiv), EDCI (0.8 g,
4.1 mmol, 3.2 equiv), DMAP (0.5 g, 4.1 mmol, 3.2 equiv) and DIPEA (1.1 mL, 6.3 mmol, 5.0 equiv). Then the mixture was stirred at
50°C overnight. The reaction was quenched with water (80 mL) and diluted with DCM (100 mL), then the mixture was separated
and the aqueous phase was extracted with DCM (3 x 100 mL). The combined organic layers were washed with 1 N HCI
(100 mL), saturated NaHCO3 (100 mL) and brine (100 mL), dried over Na,SQ,, filtered, and concentrated under reduced pressure.
The residue was purified by PTLC (PE/EA = 100: 35) to obtain 21 (0.57 g, 55%) as a yellow oil.

"H NMR (400 MHz, CDClg): 6 7.40-7.25 (m, 15H), 5.19-5.05 (m, 5H), 4.73-4.49 (m, 4H), 3.62 (d, J = 1.8 Hz, 1H), 3.37 (s, 3H), 3.24-
3.13(m, 1H), 2.79-2.59 (m, 4H), 2.46-2.35 (m, 1H), 2.34-2.20 (m, 2H), 2.17-1.99 (m, 2H), 1.94-1.79 (m, 2H), 1.78-1.60 (m, 8H), 1.58-
1.42 (m, 2H), 1.42-1.30 (m, 3H), 1.30-1.18 (m, 2H), 1.13-0.98 (m, 1H), 0.97-0.90 (m, 1H), 0.88 (s, 3H), 0.80 (d, J = 5.8 Hz, 3H), 0.69
(s, 3H).

3C NMR (101 MHz, CDCl): 6 174.1,172.1, 171.9, 139.4, 136.3, 136.1, 128.7 (2C), 128.6 (2C), 128.4 (4C), 128.3 (4C), 127.7 (2C),
127.5,95.6,79.1,76.0,74.4,70.0, 66.6, 66.2, 56.3, 47.5,45.1,42.9, 41.8, 39.4, 36.0, 35.3, 35.1, 34.9, 31.4, 31.0 (2C), 29.7, 29.3, 28.1,
27.5,27.4,25.6,23.1,22.8,17.6, 12.4.

HRMS (ESI) calcd. for Cs51HgsOg[M — H] ~: 821.4629, found: 821.4623.

(Benzyl 3-O-benzyl cholate-12-) benzyl succinate (22): To a solution of hydrochloric acid (2.0 mol/L) in ethyl acetate (10 mL) was
added (benzyl 3-O-benzyl-7-O-MOM cholate-12-) benzyl succinate (21, 0.5 g, 0.6 mmol, 1.0 equiv). Then the mixture was stirred at rt
for 6 h. The reaction was quenched with water (50 mL) and diluted with EA (100 mL), then the mixture was separated and the aqueous
phase was extracted with EA (3 x 100 mL). The combined organic layers were washed with saturated NaHCO3 (100 mL) and brine
(100 mL), dried over Na,SOy, filtered, and concentrated under reduced pressure. The residue was purified by PTLC (DCM/MeOH =
100: 3.5) to obtain 22 (0.45 g, 90%) as a yellow oil.

"H NMR (400 MHz, CDCls): 6 7.40-7.25 (m, 15H), 5.18-5.05 (m, 5H), 4.60-4.49 (m, 2H), 3.86 (d, J = 2.5 Hz, 1H), 3.27-3.12 (m, 1H),
2.77-2.59 (m, 4H), 2.45-2.34 (m, 1H), 2.33-2.18 (m, 2H), 2.09 (td, J = 12.6, 4.4 Hz, 1H), 2.02-1.88 (m, 3H), 1.87-1.79 (m, 2H), 1.78-1.61
(m, 5H), 1.59-1.44 (m, 3H), 1.43-1.32 (m, 4H), 1.31-1.23 (m, 2H), 1.20-1.06 (m, 1H), 1.00-0.90 (m, 1H), 0.88 (s, 3H), 0.80 (d, J = 6.1 Hz,
3H), 0.71 (s, 3H).

3C NMR (101 MHz, CDCl): 6 174.1,172.1, 171.8, 139.4, 136.3, 136.1, 128.7 (2C), 128.6 (2C), 128.4 (4C), 128.3 (4C), 127.7 (2C),
127.4,78.9,76.0,69.9, 68.3, 66.6, 66.2, 47.5, 45.3, 43.5, 41.6, 39.5, 36.5, 35.2, 35.1, 34.8 (2C), 31.3, 30.9, 29.7, 29.4, 27.7, 27.5 (2C),
25.6,23.1,22.8,17.5, 12.4.

HRMS (ESI) calcd. for CsgHgzO10[M + HCO,] ~: 823.4421, found: 823.4419.

12-sucCA (23) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 91% isolated yield
as a yellow amorphous solid.

"H NMR (400 MHz, CD;0D): 6 5.11 (brs, 1H), 3.83 (brs, 1H), 3.40-3.34 (m, 1H), 2.79-2.51 (m, 4H), 2.41-2.06 (m, 5H), 2.03-1.88 (m,
2H), 1.88-1.64 (m, 6H), 1.63-1.48 (m, 4H), 1.44-1.24 (m, 5H), 1.21-1.10 (m, 1H), 1.04-0.97 (m, 1H), 0.92 (s, 3H), 0.86 (d, J = 5.4 Hz,
3H), 0.78 (s, 3H).

3C NMR (151 MHz, CD;0D): 6 178.4, 176.0, 173.7, 77.5, 72.8, 68.7, 46.2, 44.5, 43.1, 40.6, 40.4, 36.4, 36.2, 35.7 (3C), 32.1, 32.0,
31.1, 30.8, 30.0, 28.7, 28.5, 26.3, 23.9, 23.1, 17.9, 12.6.

HRMS (ESI) calcd. for CogHy30g[M — H] ™: 507.2958, found: 507.2966.

Benzyl deoxycholate (25): was prepared following the same procedure as shown in the synthesis of 4 and was obtained in 90%
isolated yield as a white amorphous solid.

"H NMR (400 MHz, CDClg): 6 7.42-7.26 (m, 5H), 5.18-4.98 (m, 2H), 3.96 (brs, 1H), 3.68-3.51 (m, 1H), 2.48-2.35 (m, 1H), 2.34-2.21
(m, 1H), 1.91-1.62 (m, 10H), 1.61-1.53 (m, 2H), 1.53-1.47 (m, 3H), 1.45-1.30 (m, 6H), 1.29-1.19 (m, 2H), 1.19-0.97 (m, 3H), 0.95(d, J =
5.7 Hz, 3H), 0.90 (s, 3H), 0.64 (s, 3H).
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3C NMR (101 MHz, CDCl,): 6 174.2, 136.3, 128.7 (2C), 128.3 (3C), 73.2, 71.9, 66.2, 48.4, 47.4, 46.6, 42.2, 36.6, 36.2, 35.3, 35.2,
34.2, 33.8, 31.5, 31.0, 30.6, 28.8, 27.6, 27.3, 26.2, 23.8, 23.3, 17.4, 12.8.

HRMS (ESI) calcd. for C3oH4706[M + HCO,] ~: 527.3373, found: 527.3376.

(Benzyl deoxycholate-3-) benzyl succinate (26): was prepared following the same procedure as shown in the synthesis of 5 and
was obtained in 96% isolated yield as a colorless oil.

"H NMR (400 MHz, CDCly): 6 7.44-7.28 (m, 10H), 5.21-5.04 (m, 4H), 4.79-4.65 (m, 1H), 3.96 (brs, 1H), 2.75-2.53 (m, 4H), 2.49-2.36
(m, 1H), 2.36-2.23 (m, 1H), 1.90-1.57 (m, 10H), 1.54-1.33 (m, 10H), 1.29-1.19 (m, 2H), 1.16-1.00 (m, 3H), 0.96 (d, J = 6.0 Hz, 3H), 0.91
(s, 3H), 0.65 (s, 3H).

3CNMR (101 MHz, CDClg): 6 174.1,172.3,171.8,136.2, 135.9, 128.6 (4C), 128.3 (6C), 74.8, 73.2, 66.6, 66.2, 48.4, 47.5, 46.6, 42.0,
36.1, 35.1, 35.0, 34.2, 33.7, 32.2, 31.4, 31.0, 29.6, 29.4, 28.8, 27.5, 27.0, 26.6, 26.1, 23.7, 23.2, 17.4, 12.8.

HRMS (ESI) calcd. for C43Hs709[M + HCO,] ~: 717.4003, found: 717.4009.

3-sucDCA (27): was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 97 % isolated yield
as a white amorphous solid.

"H NMR (400 MHz, CD30D): 6 4.75-4.65 (m, 1H), 3.97 (brs, 1H), 2.66-2.46 (m, 4H), 2.43-2.29 (m, 1H), 2.28-2.12 (m, 1H), 2.02-1.73
(m, 7H), 1.69-1.24 (m, 14H), 1.23-1.04 (m, 3H), 1.01 (d, J = 6.2 Hz, 3H), 0.95 (s, 3H), 0.72 (s, 3H).

3C NMR (101 MHz, CDzOD): 6 178.2, 176.0, 173.8, 76.1, 74.0, 49.3, 48.1, 47.6, 43.4, 37.4, 36.7, 36.0, 35.3, 34.7, 33.3, 32.3, 32.0,
30.5, 29.8 (2C), 28.6, 28.2, 27.4, 27.3, 24.8, 23.6, 17.6, 13.2.

HRMS (ESI) calcd. for CogH4307[M — H] ~: 491.3009, found: 491.3015.

Benzyl chenodeoxycholate (29) was prepared following the same procedure as shown in the synthesis of 4 and was obtained in
96% isolated yield as a white amorphous solid.

"H NMR (400 MHz, CDCly): 6 7.47-7.28 (m, 5H), 5.22-4.98 (m, 2H), 3.84 (brs, 1H), 3.55-3.36 (m, 1H), 2.48-2.34 (m, 1H), 2.33-2.12
(m, 2H), 2.05-1.92 (m, 2H), 1.91-1.76 (m, 4H), 1.75-1.65 (m, 2H), 1.65-1.57 (m, 3H), 1.55-1.44 (m, 3H), 1.43-1.22 (m, 7H), 1.22-1.06
(m, 3H), 1.05-0.96 (m, 1H), 0.91 (d, J = 6.3 Hz, 3H), 0.90 (s, 3H), 0.63 (s, 3H).

3C NMR (101 MHz, CDCl3): 6 174.2, 136.3, 128.7 (2C), 128.3 (3C), 72.1, 68.6, 66.3, 55.9, 50.6, 42.8, 41.6, 40.0, 39.8, 39.5, 35.4
(2C), 35.2, 34.7, 33.0, 31.4, 31.1, 30.8, 28.3, 23.8, 22.9, 20.7, 18.4, 11.9.

HRMS (ESI) calcd. for C31H4504[M — H] ~: 481.3318, found: 481.3320.

(Benzyl chenodeoxycholate-3-) benzyl succinate (30) was prepared following the same procedure as shown in the synthesis of
5 and was obtained in 90% isolated yield as a colorless oil.

"H NMR (400 MHz, CDClg): 6 7.46-7.28 (m, 10H), 5.20-5.05 (m, 4H), 4.68-4.51 (m, 1H), 3.84 (d, J = 2.0 Hz, 1H), 2.74-2.54 (m, 4H),
2.48-2.22 (m, 3H), 2.01-1.77 (m, 6H), 1.74-1.64 (m, 2H), 1.63-1.56 (m, 1H), 1.52-1.24 (m, 11H), 1.23-1.14 (m, 2H), 1.13-1.08 (m, 1H),
1.07-0.97 (m, 1H), 0.92 (d, J = 6.4 Hz, 3H), 0.91 (s, 3H), 0.64 (s, 3H).

3CNMR (101 MHz, CDClg): 6 174.2,172.3,171.9, 136.2, 136.0, 128.6 (4C), 128.3 (6C), 74.9, 68.5, 66.6, 66.2, 55.9, 50.5, 42.8, 41.3,
39.7, 39.5, 35.4, 35.3, 35.2, 35.1, 34.5, 32.9, 31.4, 31.1, 29.7, 29.4, 28.2, 26.8, 23.8, 22.8, 20.7, 18.4, 11.9.

HRMS (ESI) calcd. for C43Hs709[M + HCO,] ~: 717.4003, found: 717.4009.

3-sucCDCA (31) was prepared following the same procedure as shown in the synthesis of 6 and was obtained in 76% isolated
yield as a white amorphous solid.

"H NMR (400 MHz, CD50D): 6 4.61-4.49 (m, 1H), 3.80 (d, J = 1.3 Hz, 1H), 2.62-2.48 (m, 4H), 2.47-2.28 (m, 2H), 2.26-2.14 (m, 1H),
2.04-1.64 (m, 9H), 1.58-1.40 (m, 7H), 1.39-1.01 (m, 7H), 0.97 (d, J = 6.7 Hz, 3H), 0.95 (s, 3H), 0.70 (s, 3H).

3C NMR (101 MHz, CD30D): 6 178.2, 176.0, 173.9, 76.4, 69.0, 57.3, 51.5, 43.7, 42.9, 41.0, 40.7, 36.7, 36.4, 36.2, 36.1, 35.7, 34.0,
32.3, 32.0, 30.5, 29.8, 29.2, 27.8, 24.6, 23.3, 21.8, 18.8, 12.2.

HRMS (ESI) calcd. for CsgHs30,[M — H] ™: 491.3009, found: 491.3015.

3-sucLCA (33) was prepared following the same procedure as shown in the synthesis of 3 and was obtained in 96% isolated yield
as a white amorphous solid.

"H NMR (400 MHz, CD30D): 6 4.75-4.65 (m, 1H), 2.71-2.43 (m, 4H), 2.41-2.27 (m, 1H), 2.26-2.12 (m, 1H), 2.08-1.98 (m, 1H), 1.98—
1.73 (m, 5H), 1.72-1.58 (m, 2H), 1.57-1.37 (m, 8H), 1.37-1.00 (m, 10H), 1.00-0.87 (m, 6H), 0.70 (s, 3H).

3C NMR (101 MHz, CDz0D): 6 178.2, 176.1, 173.8, 76.0, 57.8, 57.4, 43.9, 43.3, 41.8, 41.5, 37.2, 36.7, 36.1, 35.7, 33.3, 32.3, 32.0,
30.5, 29.8, 29.2, 28.2, 27.6 (2C), 25.3, 23.8, 22.0, 18.8, 12.5.

HRMS (ESI) calcd. for CogH4306[M — H] ~: 475.3060, found: 475.3058.

Targeted metabolomics analysis

Quantification of different acylated CAs was performed by a liquid chromatography-tandem mass spectrometry (LC-MS/MS) system
that composed of a Acquity Ultra-Performance Liquid Chromatography (UPLC) system (Waters Corporation, Milford, USA) coupled
to a Sciex 5500 triple quadrupole linear ion trap mass spectrometer (AB SCIEX, Framingham, MA, USA.). Chromatographic separa-
tion was employed with an ACQUITY UPLC CSH C18 column (2.1 x 100 mm, 1.7 um, Waters) at 40°C and a flow rate of 0.25 mL/min.
The injection volume was 5 uL, Mobile phase A was 0.1% FA in water and mobile phase B was 0.1% FA in acetonitrile. All analytes
were detected in negative ion multiple reaction monitoring (MRM) mode. Chromatographic separation was performed using a linear
gradient as follows: 0-1 min, 40% B; 1-6 min, 40-100% B; 6-7 min, 100% B; 7-8 min, 100-40% B. The detailed MRM parameters
was listed in Table S4. The standard curves with internal calibration were constructed using mixed working standard solutions with
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gradient dilution (0.1, 1, 10, 100, 1000 nM), CA-d4 (0.2 uM) was used as internal standard for each concentration. Operational control
of the LC-MS/MS was performed with Analyst version 1.6.2, and quantitative analysis was performed using MultiQuant software
(version 3.0.1).

For the quantification of acylated CAs from different biological samples (intestine, intestinal contents, feces), accurately weighed
samples (20 mg) were placed in tube and add 400 pL of ice-cold methanol containing 0.2 uM internal standards. The samples were
thoroughly homogenized with a tissue homogenizer. Samples were subsequently ultrasonic extraction for 20 min for metabolites
extraction. All samples were subsequently centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant was filtered through a mem-
brane filter (pore size, 0.22 pm) for LC-MS/MS analysis.

For the quantification of acylated CAs from plasma or culture supernatant from bacteria, samples were diluted with ice-cold meth-
anol (1:4) containing 0.2 uM internal standards (CA-d4). Then the samples were vortex for 10 min and were incubated at —20°C for 1 h.
All samples were subsequently centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant was filtered through a membrane filter
(pore size, 0.22 pum) for LC-MS/MS analysis.

For analysis of 3-sucCDCA and 3-sucDCA, chromatographic separation was achieved by reverse-phase C30 column (2.1 x
150 mm, 3 um, ChromCore) with gradient elution. The solvent A is 0.1% FA in water, and the solvent B is 0.1% FA in ACN. Samples
were eluted using a linear gradient: 0-0.5 min, 30% B; 0.5-13 min, 30-100% B; 13-14 min, 100-30% B; 14-15 min, 30% B.

For the quantification of core metabolites related to amino sugar metabolism, A. muciniphila JC032 were cultured in BHI media
supplemented with 3-sucCA (10 uM) or PBS control, then grew anaerobically for 48 h. The cultured samples were diluted with
ice-cold methanol (1:4), which were lysed by sonication and then centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant
was filtered through a membrane filter (pore size, 0.22 um) for LC-MS/MS analysis.

Quantification of peptidoglycan

The peptidoglycan content of Akkermansia muciniphila JCO32 was determined using the bacterial peptidoglycan ELISA Kit according
to the manufacturer’s instructions. Briefly, A. muciniphila JCO32 were cultured in BHI media supplemented with 3-sucCA (10 uM) or
PBS control, then grew anaerobically for 48 h. The bacteria were harvested through centrifugation at 14,000 rpm for 20 min, which
was resuspended in 500 uL PBS buffer and lysed by sonification. The samples were used for the quantification of peptidoglycan.

Stability of 3-sucCA

Stool-derived ex vivo communities in mGAM (10 mL) was added with 20 uM 3-sucCA before incubation, and GCA was used as con-
trol. Then the two bile acids were incubated for continuous 3 days, and samples were collected at appropriate time. The level of
3-sucCA at different time points was analyzed by LC-MS/MS.

16S rRNA gene amplicon sequencing and analyses

DNA for 16S rRNA amplicon sequencing was extracted from ex vivo human fecal culture or mice feces and subjected to 16S rRNA
gene high-throughput sequencing using the lllumina NovaSeq PE250 platform. The 16S rRNA gene V3-V4 region was amplified using
the primers F341 (CCTACGGGRSGCAGCAG) and R806 (GGACTACVVGGGTATCTAATC). The quality of the data obtained from II-
lumina NovaSeq sequencing was assessed using FastQC and analyzed using the DADA2 software package. The DADA2 output
sequence table was converted to biom format using biomformat software and this data used to assess sequence variant abun-
dances, producing counts for each sample. Full analysis workflows were performed by MicrobiomeAnalyst (https:/www.
microbiomeanalyst.ca/).

Metagenomic sequencing and analyses
Metagenomic sequencing was performed as previously described®®. Sequencing libraries were established by the Ultra DNA Library
Prep Kit for lllumina; the manufacturer’s recommendations and index codes were adopted to attribute sequences to each sample.
The fragmented DNA ends were repaired, polyA-tailed, and ligated with a sequencing adaptor for lllumina sequencing. PCR ampli-
fication and purification (AMPure XP system) were performed. DNA concentrations were measured by a Qubit DNA Assay Kit in a
Qubit 2.0 fluorometer and diluted to 2 ng/uL. The insert size of the library was assessed using an Agilent Bioanalyzer 2100 system.
gPCR was performed to ensure an accurate concentration (> 3 nM) of the library. The clustering of the 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 generation, the library preparations were sequenced on an lllumina HiSeq 4000 platform, and 150-bp paired-end reads
were generated.

bioBakery tools”® were used to process metagenomic reads (in fastq format) by trimming the reads to PHRED quality 30 and
removing lllumina adapters. Following trimming, the KneadData integrated Bowtie2 tool”’ was used to remove reads that aligned
to the human genome. Subsequently, taxonomic composition of metagenomes was profiled by MetaPhlAn2”? tool using the
MetaPhlAn database of mpa_v30_CHOCOPhHIAn_201901. All the parameters of MetaPhlAn utilized default settings. The a-diversity
was estimated based on the gene profile of each sample according to the ACE, Chao1 and Shannon indices. The LEfSe analysis was
performed with Galaxy.”®

e12 Cell 187,2717-2734.e1-e17, May 23, 2024


https://www.microbiomeanalyst.ca/
https://www.microbiomeanalyst.ca/

Cell ¢? CellPress

OPEN ACCESS

Phylogenetic analyses
The phylogenetic tree of stool isolates was calculated by maximum likelihood method using IQ-TREE software,”* with the 16S se-
quences of the stool isolates. The diagram was visualized using iTOL.”®

Growth curves of tested strains

Fresh strains (2 x 107 CFU/mL) at 0.2 mL were inoculated anaerobically into freshly prepared medium (10 mL) containing control or
compounds at different concentrations, then growth anaerobically for 48 h. The medium for bacteria growth was listed in Table S2.
The bacterial growth kinetics were analyzed using a Spectra Max 190 microplate reader (Molecular Devices Inc.) by measuring the
optical density (ODggg).

Biolog microplate analysis

The Biolog AN MicroPlate test panel contains 94 wells with different carbon compounds and one well with water (control). lodonitro-
tetrazolium (INT) violet was used as a redox dye to colorimetrically measure the mitochondrial respiration activity resulting from the
oxidation of metabolizable carbon sources. The oxidation of succinate to fumarate causes the irreversible reduction of INT to a red-
colored formazan dye. The absorbance reading 750 nm measures the turbidity.”® Bacteria resuspended in inoculating fluid (Biolog)
were added to AN MicroPlate (Biolog) with distinct carbon sources as per manufacturer’s instruction. Plates were incubated in
GasPak EZ anaerobic pouch system (BD) at 37°C. Growth was measured colorimetrically by microplate reader (BMG LABTECH) af-
ter 48 h incubation.

Heterologous expression and activity of acyltransferase candidates

The candidates were amplified from genome of B. uniformis JC066 with primers listed in Table S5 using Phanta Super-Fidelity DNA
Polymerase (Vazyme) and cloned into pET28a. Confirmed plasmids were transformed into E. coli BL21 (DE3) strains. Single colony
for each aimed gene was incubated in 5 mL LB medium containing 50 pg/mL kanamycin at 37°C, 220 rpm overnight. And then 40 pL
of the cultures were inoculated respectively into 4 mL fresh LB medium with 50 ng/mL kanamycin, 1 uM CA, 1 uM succinic acid. When
the ODgqq reached 0.6, 0.25 mM isopropyl B-d-1-thiogalactopyranoside (IPTG) was added to induce the protein expression. Cultures
were cultured for additional 16 h at 25°C before being harvested for detection of 3-sucCA formation by LC-MS.

Activity-guided enzyme purification

In general, 2 L culture of B. uniformis was lysed by ultrasonication to obtain the cell lysate, in which saturated ammonium sulfate (AS)
solution was added for preparation of AS fraction. The crude protein was loaded on a fast protein liquid chromatography (FPLC),
including hydrophobic interaction chromatography (HIC) and iron exchange chromatography (IEC) for purification. Finally, 118 candi-
date proteins were confirmed by proteomic mass spectrometry of bioactive fractions of FPLC.

Enzymatic assays during the activity-guided enzyme purification were performed following the same procedures. A reaction
mixture containing 2 mM CA and 2 mM succinic acid as substrates supplemented with 10 ug protein of each fraction in 50 mM
PB buffer (pH 7.0) in a final volume of 100 pL was incubated for 30 min at 37°C. The reactions were terminated by the addition of
300 pL ice-cold methanol containing 0.2 pM internal standards (CA-d4). The samples were vortexed for 10 min and were incubated
at —20°C for 1 h. All samples were subsequently centrifuged at 12,000 x g for 20 min at 4°C. The supernatant was filtered through a
membrane filter (pore size, 0.22 um) for LC-MS/MS analysis. Each fraction was quantified by BCA Protein Assay Kit (Thermo Scien-
tific). All samples were prepared in triplicate.

All procedures described below were carried out at 4°C. 2 L fresh culture of the strain B. uniformis was incubated for 2 days to reach
the stationary phase before harvested by centrifugation at 4°C. The pellets were resuspended in cold PBS supplemented with 1 mM
phenylmethanesulfonyl fluoride (PMSF) as protease inhibitor and lysed by ultrasonication. The lysate was clarified by centrifugation
at 9,000 x g for 30 min at 4°C.

The saturated ammonium sulfate (AS) solution was added into the remained lysate at a ratio of 4:1 (v/v) to 80% saturation. The
mixture was stirred softly at 4°C overnight before centrifuging at 16,000 x g for 30 min and the pellets were suspended in the storage
buffer (50 mM Tris-HCI, 20% glycerol, pH 7.5) as 80% AS fraction for long-time storage and enzymatic assays.

Hydrophobic interaction chromatography (HIC): A Skillpak 5 mL TOYOPEARL Phenyl-650M (Tosoh Bioscience) was equilibrated
with 10 column volumes (CV) of 50 mM sodium phosphate buffer, pH 7.0, which contained 1.5 M AS. The 80% AS fraction obtained as
above was buffer-changed to equilibrium liquid (50 mM PB, 1.5 M AS, pH 7.0) and loaded on the equilibrated column at a flow rate of
1.3 mL/min via a fast protein liquid chromatography (FPLC) system of AKTA pure. A linear gradient to 50 mM sodium phosphate
buffer, pH 7.0, from 0% to 100% (v/v) was applied to protein separation within 40 min at a flow rate of 1.3 mL/min while 7 fractions
of every 10 mL were collected. Each fraction was concentrated and buffer changed to storage buffer using Amicon Ultra-10K (Milli-
pore) for long-time storage and enzymatic assays.

lon-exchange chromatography (IEC): A Skillpak 5 mL TOYOPEARL Gigacap Q-650M (Tosoh Bioscience) was equilibrated
with 10 column volumes (CV) of 20 mM Tris-HCI, pH 8.5. The active fractions of HIC were buffer-changed into 20 mM Tris-
HCI, pH 8.5, and loaded on the equilibrated column at a flow rate of 1 mL/min via FPLC. A linear gradient to 20 mM Tris-HClI,
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pH 8.5, which contained 1 M NaCl, from 0% to 100% (v/v) was applied for protein elution within 40 min at a flow rate of 1 mL/min
while fractions of every 2 mL were collected. Each fraction was concentrated and buffer-changed to storage buffer for storage or
analysis.

Proteomic mass spectrometry analysis
For the preparation of fractions digestion, 10 pg protein of each fraction, 12.5 uL of Tris-HCI buffer (pH 8.8), 21 uL of 30% acrylamide
solution, 0.5 uL. 10% SDS and 5 pL of 10% ammonium persulfate were added to a 1.5 mL Eppendorf tube. The mixture was vortexed
for 0.5 min. Then 0.2 uL TEMED was added.

The gel was fixed with 50% methanol, 12% acetic acid for 30 min at room temperature and cut into small pieces. The gel pieces
were dehydrated with ACN and reduced with 10 mM TCEP for 10 min at 67°C, then alkylated with 50 mM iodoacetamide at room
temperature in the dark for 45 min. Gel pieces were washed with 50% ACN/50 mM NH4HCO3; buffer and dehydrated with ACN.
The gel was rehydrated with 100 pL of 10 ng/pL trypsin in 25 mM NH4HCO3 buffer at 4°C for 2 h and then incubated at 37°C overnight.
After enzyme digestion, the peptides mixture was extracted with ACN/5% FA (2:1) twice and lyophilized to dryness.

nano-LC-MS/MS: The digested peptides were loaded on a C18 pre-column loaded on a C18-A1 pre-column (100 um X 2 cm,
Thermo Scientific, No. SC100) and subsequently separated on the analytical column (C18-A2, 75 um x 10 cm, Thermo Scientific,
No. SC 200) using an Easy-LC nano-HPLC (Thermo Scientific). For a gradient separation, H,O/FA (99.9:0.1) was used as the mobile
phase A while ACN/FA (99.9:0.1) was mobile phase B. At first, a gradient of 5%-32% solvent B for 68 min, 30%-45% solvent B for
9 min, then 50%-100% solvent B for 10 min, and held at 100% solvent B for 3 min. The flow rate was 300 nL/min. Mass spectrometric
analysis was performed using an LTQ Orbitrap Velos pro (Thermo Scientific, Bremen, Germany). The spray voltage was operated at
2.5 kV with the ion transfer capillary at 250°C. The MS/MS spectra were obtained in a data-dependent collision induced dissociation
(CID) mode, and the full MS was acquired from m/z 350 to 2000 with resolution 60,000. The top 15 most intense ions were selected to
for MS/MS. Parameters for acquiring CID were as follows: activation time = 10 ms, normalized energy = 35, Q-activation = 0.25. The
dynamic exclusion was set as follows: repeat count 1, duration 30 s, exclusion list size 500 and an exclusion duration 30 s.

Raw files were analyzed using MaxQuant software (version 1.5.8.0, http://www.maxquant.org/). MS/MS spectra were searched
against UniProt Bacteroides uniformis database using the Andromeda search engine. The search parameters were set as follows:
fixed modification of cysteine residues, variable modification of methionine oxidation, and full trypsin cleavage, at most two missed
tryptic cleavage sites. False discovery rates were calculated by decoy database searching.

Construction of B. uniformis knockout strain

The construction of mutant was performed using inducible CRISPR-Cas system according to the protocol described previously.””
During the process, the strain B. uniformis JC066 was used to generate bas-suc knockout strain. Briefly, the whole experimental pro-
cess contained 4 steps: plasmid construction, conjugation and selection, CRISPR-Cas induction and identification of mutants, and
plasmid curing. Firstly, the Bacteroides—E. coli shuttle plasmid was constructed using Gibson assembly. The sgRNA which targeted
bas-suc was designed as ‘GGAAGGCAAGCAGTTGCTCCCGGC’ in the website: https://benchling.com/. The 1 kb DNA fragments,
which were upstream and downstream homology arms of the target gene, sgRNA fragment and linearization plasmid of pB041 were
amplified by PCR using DNA polymerase with primer pairs listed in Table S5 and assembled by MultiF Seamless Assembly Mix (Ab-
clonal). The resulting construct was transformed into E. coli S17-1 Apir and confirmed by sequencing. Secondly, the plasmid was
introduced into B. uniformis JCO66 via E. coli-Bacteroides conjugation. After 24 h anaerobic incubation at 37°C, the transconjugants
were selected on gentamicin (200 ng/mL) and erythromycin (25 pg/mL) plates. Thirdly, the B. uniformis colonies which were proved to
contain the constructed plasmid by PCR were incubated anaerobically in GAM medium with gentamicin and erythromycin overnight
and diluted 1:100 into GAM medium containing gentamicin (200 ug/mL), erythromycin (25 pg/mL) and aTc (100 ng/mL) to induce the
editing of genome for 24 h. Cultures were plated on GAM-aTc plate and incubated anaerobically for 2 days. Colonies were picked and
screened by PCR using the diagnostic primers listed in Table S5, and confirmed by DNA sequencing to ensure that the candidates
had lost the genes. Lastly, the mutants were passaged for more than 5 times without antibiotics for plasmid curing.

Heterologous expression and purification of BAS-suc

The signal peptide free codon-optimized DNA sequence of bas-suc was synthesized by Azenta Life Science, cloned into pET28a
expression vectors with a C-terminal 6-histidine affinity tag. The expression and purification of BAS-suc were carried out according
to the following protocol. The confirmed plasmid was transformed into E. coli BL21 (DE3) strains and single colony was picked and
grown at 37°C in 10 mL of LB with kanamycin overnight. The seed culture was then diluted 1:100 into 2 L LB containing kanamycin
and cultured at 37°C, 220 rpm to reach an appropriate optical density at ODgqg Of 0.6, at which time protein expression was induced
by the addition of 0.2 mM IPTG. Then the culture was incubated at 20°C for additional 16 h before harvested by centrifugation at
5,000 x g for 10 min at 4°C. The pellets were resuspended in lysis buffer (50 mM Tris-HCI, 300 mM NaCl, 20 mM imidazole, pH
8.0) supplemented with 1 mM protease inhibitor PMSF and lysed by ultrasonication. The lysate was clarified by centrifugation at
12,000 x g for 30 min at 4°C. And then the supernatant was applied to a pre-equilibrated Ni-NTA (5 mL HisTrap HP, Cytiva) column
via an FPLC system. After washed with lysis buffer, the captured protein was eluted by elution buffer (50 mM Tris-HCI, 300 mM NaCl,
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500 mM imidazole, pH 8.0). The elution peak was confirmed by SDS-PAGE and storaged into storage buffer (50 mM Tris-HCI, 20%
glycerol, pH 7.5) by centrifugal ultrafiltration using an Amicon Ultra-10K tube (Millipore). Finally, BAS-suc concentration was deter-
mined by BCA Protein Assay Kit (Thermo Scientific).

Activity assay, kinetics analyses and substrate scope of BAS-suc

In catalytic activity assays of BAS-suc, 2 ng purified enzyme was added to 100 plL reaction mixture which contained 50 mM PB buffer
(pH 7.0) and required substrates (2 mM CA, 2 mM succinic acid) and incubated at 37°C for 30 min. The reactions were quenched with
the addition of 300 uL ice-cold methanol containing 0.2 uM internal standards (CA-d4). The samples were vortexed for 10 min and
were incubated at —20°C for 1 h. All samples were subsequently centrifuged at 12,000 x g for 20 min at 4°C. The supernatant was
filtered through a membrane filter (pore size, 0.22 um) for LC-MS/MS analysis. Besides, corresponding negative controls were un-
dergone in the same conditions except for boiled or proteinase K treated protein. All samples were prepared in triplicate for analysis.

For kinetics analyses of BAS-suc, catalytic activity assays were conducted with a series of substrates concentrations. Kinetic
studies of the enzyme were performed by changing the CA concentrations from 0.1 mM to 4 mM with the saturating succinic acid
(6 mM) and 2 pg purified enzyme in the reaction buffer (50 mM PB, pH 7.0) in a total volume of 100 pL for 30 s at 37°C. The catalytic
reactions were stopped by addition of 300 uL methanol and prepared for LC-MS/MS.

For investigation for the substrate scope of BAS-suc, various substrates were applied to the assay to test whether BAS-suc
possessed promiscuous catalytic activity. 2 mM of specific substrates (DCA, CDCA, LCA, and TCA) and 2 mM of specific SFCAs
(acetic acid, propionic acid, butyric acid, malonic acid) were added into reaction buffer supplemented with 2 ug enzyme and incu-
bated for 30 min at 37°C. Samples were prepared in triplicate and sent for LC-MS/MS analysis.

Surface plasmon resonance (SPR)

The SPR assay based on the phenomenon in which incident light is strongly absorbed by the surface plasma at the incident angle and
incident wavelength, resulting in a resonance spectrum. Changes in the molecular mass of the biomarker bound to the sensor surface
shift the resonance wavelength or resonance angle, enabling quantitative real-time monitoring of the biomarker, and widely used in
the interaction of small molecules with proteins, due to its sensitivity to changes in surface refractive index for the label-free, highly
sensitive and rapid detection of biomarkers. Firstly, the DNA sequence of Amuc-NagB was amplified from genome of Akkermansia
muciniphila JC032 and cloned into pET-28a and the purified protein was obtained as described above. SPR experiments were per-
formed at 25°C using a Biacore T200 instrument (GE Healthcare). The purified protein Amuc-NagB was immobilized onto CM5 sensor
chips. Serial dilutions of different compounds were injected, ranging in concentrations from 0.39 uM to 12.5 uM. Data were analyzed
using the Biacore T200 evaluation software (GE Healthcare) and indicative Kp and R,ax values were obtained by nonlinear curve
fitting of a 1:1 Langmuir interaction model.

Luciferase reporter gene assays

The luciferase reporter gene assays of FXR and TGR5 were carried out according to the protocol described below. HEK293 cells
were co-transfected with human FXR expression vector, human ASBT expression vector, human RXR expression vector, pGL4-
Shp-TK firefly luciferase construct and a Renilla luciferase control vector for FXR luciferase assay, or pCMVSPORT6/hTGR5 and
cAMP response element-driven luciferase reporter plasmids for TGR5 luciferase assay. After 24 h post-transfection, the cells
were exposed to different concentrations of various bile acids for 16 h. Luciferase assays were performed using the dual-luciferase
assay system for FXR or assay buffer with coelenterazine for TGR5.

TR-FRET FXR coactivator recruitment assay
TR-FRET FXR coactivator recruitment assay was carried out according to the manufacturer’s instruction of the commercial TR-FRET
FXR coactivator recruitment assay kit.

Histological analysis

For histological analysis of liver, after mice sacrifice, liver tissues of mice were preserved in 10% formalin. Formalin-fixed paraffin-
embedded liver tissue slides were subjected to hematoxylin and eosin (H&E) and Sirius red staining to assess lipid accumulation,
inflammation severity and liver fibrosis degree, respectively. The frozen liver sections were stained with oil red O for visualizing lipid
droplets. All the processes were according to standard protocols followed by microscopic examination. The histology scores were
evaluated according to a reported MAFLD scoring system®” and Sirius red positive areas were measured by ImageJ.

For histological analysis of colonic tissue, proximal colon segments were immediately removed and fixed in Carnoy’s solution for
24 h at room temperature. Post Carnoy’s fixation, the colon samples were routinely dehydrated, and then embedded in paraffin and
thin sections (5 um) were cut and deposited on glass slides. The paraffin sections were stained with H&E or AB-PAS. Quantification of
mucus thickness and colonic goblet cell density were identified by AB-PAS reaction of colon paraffin sections.

Measurement of MUC2 content

For measurement of MUC2 content, mice extra-luminal proximal colon tissues were frozen in liquid nitrogen and stored at —80°C.
The colon tissues were homogenized in ice-cold RIPA buffer with protease and phosphatase inhibitors. After centrifugation, samples
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were prepared for measurement of MUC2 content according to the manufacturer’s instruction of MUC2 ELISA kit. Each sample was
quantified by BCA Protein Assay Kit.

Desorption electrospray ionization mass spectrometry imaging (DESI-MSI)

Caecum of SPF mice was used for mass spectrometry imaging. The carboxymethylcellulose (CMC) solution (4% w/v) was prepared
using distilled water (Milli-Q, 95°C) and with vigorous stirring. Caecum of SPF mice were embedded in a CMC solution and frozen at
—80°C for further analysis. Samples were then cryosectioned to a 10 um thickness for DESI-MS imaging. The 3-sucCA distribution
was evaluated on a Xevo G2-XS Tof mass spectrometer with the DESI source in negative mode (Waters Corporation). The MS images
were created by spraying N, gas-focused solvent stream directly onto the sample to produce the MS spectra from the surface, which
was then rastered across the sample at regular intervals to build a 2D image. Image creation was performed using high-definition
imaging 1.6 (HDI) software (Waters Corporation) with the following parameters: X and Y pixel size was 100 um; raster speed was
400 um/s; spray solvent was 49% methanol, 49% acetonitrile, and 2% H,O delivered at 2 uL/min. The mass spectrometer was oper-
ated in negative-ion mode with 1.05 kV capillary voltage, and mass range m/z 50-1,200 Da. The DESI-MS/MS images were created
for 3-sucCA (m/z 507.2962, —H adduct), and the collision energy is 30 eV. For the mass spectrometry imaging of 3-sucCA, we opti-
mized the mass spectrometry conditions. The theoretical mass-to-charge ratio (m/z) of the 3-sucCA is 507.2963 Da (fragment ions:
407.2803 Da, 99.0088 Da) during negative ion mode, and the m/z of synthetic standards is measured at 507.2962 (fragment ions:
407.2804 Da, 99.0086 Da), indicating the high accuracy of mass spectrometry imaging method. Then we performed mass spectrom-
etry imaging by DESI-MS/MS (507.2963 — 407.2803).

Quantitative PCR

For detection of gene expression (including intestinal barrier indicators and MAFLD related genes in the liver in mice), we used reverse
transcription quantitative PCR (RT-gPCR). Mice extra-luminal colon and liver tissues were frozen in liquid nitrogen and stored at
—80°C. A standard phenol-chloroform extraction was performed to isolate total RNA from frozen tissues with TRIzol reagent.
cDNA was synthesized from 2 pg of total RNA with a Reverse Transcription Kit. RT-qPCR primer sequences were included in
Table S5, the relative amount of each mRNA was calculated after normalization to the corresponding Actb gene, and the results
are expressed as fold changes relative to the control group.

For detecting bacteria abundance, DNA was extracted from mouse fecal pellet using a CTAB-based DNA extraction protocol. For
each sample, the fecal pellet was resuspended in 600 puL. CTAB lysis buffer, then the samples were lysed using a tissue laser. The
tubes were then vortexed and then incubated for 1 h at 65°C. Seven hundred microliters of chloroform-isoamyl alcohol (24:1) was
added to each tube, and the tubes were vortexed and then centrifuged at 13,000 rpm for 15 min at room temperature. 500 pL of su-
pernatant was transferred in a 1.5 mL tube, 330 puL isopropanol was added and inverted gently to mix. The genomic DNA was precip-
itated at 12000 x g for 2 min in a microcentrifuge. The DNA pellet was washed with 400 pL 70% ethanol twice and then subjected to
dried vacuum centrifugation, upon which it was resuspended in 50 pL nuclease-free water. The genomic DNA of A. muciniphila and
B. uniformis was extracted to establish a standard curve by RT-gPCR. KAPA SYBR FAST gPCR Kit was used for the reactions (2 x
KAPA SYBR FAST gPCR Master Mix: 10 uL, 10 uM forward/reverse Primer: 0.4 uL, Template gDNA: 1 uL, Water to 20 pL). Reaction
conditions were conducted at 95°C for 3 min followed by 40 cycles of [95°C for 3 s, 60°C for 20 s, 72°C for 20 s]. This was followed by
one cycle of 65°C for 5 s and 95°C for holding to calculate the disassociation curves. Different concentration of gDNA was used as the
template to get a corresponding Ct value.

Plasma endotoxin detection

Plasma endotoxin was quantified using an endpoint chromogenic limulus amaebocyte lysate (LAL) assays (Yeasen biotechnology
Co., Ltd, China) according to the manufacturer’s instructions. Briefly, 50 uL of plasma sample and known standards were placed
in pyrogen-free tubes. These samples were incubated with 50 uL of LAL reagent for 8 min and 50 pL of chromogenic solution for
6 min at 37°C, respectively. After incubation, 250 pL of stop solution was added to each tube and then allowed to stand for 5 min
at room temperature, the absorbance was then measured at 545 nm.

In vivo intestinal permeability assay

Mice were fasted for 6 h then orally administered fluorescein isothiocyanate (FITC)-dextran 4 kDa (400 mg/kg body weight). After
90 min, 100 pL of blood were collected from the tip of the tail vein. The blood was kept in the dark and centrifuged at 3000 x g
for 10 min to collected plasma. Plasma aliquots (40 uL) were plated in 96-well plates and diluted to 200 uL with PBS (pH = 7.4).
The fluorescence intensity in the plasma was measured at an excitation wavelength of 485 nm and an emission wavelength of
530 nm using a spectrofluorometer.

Construction of E. coli nagB::Amuc-nagB 4gimS

A two-plasmid-mediated CRISPR-Cas9 genome editing system was used to edit genes in E. coli. The gRNAs which targeted E. coli
Nissle 1917 gimS and nagB were designed using benchling according to the illustration (https://benchling.com/, gRNA for gimS:
ggtttcgccagactgtgaca; gRNA for nagB: gtactgggcctgccgactgg). Then the gRNAs were integrated into the plasmid pEcgRNA by
PCR to generate the plasmids pEcgRNA-gimS and pEcgRNA-nagB, respectively. Subsequently, the pEcCas plasmid was
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introduced into E. coli Nissle 1917 by electrotransformation to form strain E. coli-pEcCas. For knock out of the gene gimS, 500 bp up-
homologous and down-homologous arms of gimS were acquired by PCR and ligated through overlapping PCR. Then 100 ng of
pEcgRNA-gIimS DNA and 400 ng of up-down homologous arm DNA were coelectroporated into competent cells of E. coli-pEcCas
(10 mM arabinose was added to the culture for A-Red system induction for competent cell preparation). Cells were recovered at 37°C
for 1 h before being spread onto LB agar containing kanamycin (50 pg/mL), spectinomycin (50 pg/mL) and GlcNAc (5 g/L) and incu-
bated overnight at 37°C. Transformants were identified by colony PCR and DNA sequencing. To eliminate the pEcgRNA-gimS
plasmid, a colony of the edited clone containing both pEcCas and pEcgRNA-g/ImS was inoculated in 2 mL of LB medium containing
rhamnose (10 mM), kanamycin (50 ng/mL) and GIcNAc (5 g/L). The culture was incubated overnight with shaking at 220 rpm, and then
diluted and spread on solid LB medium containing kanamycin (50 ng/mL) and GlcNAc (5 g/L). The colonies that grew on kanamycin
LB plates (GIcNAc, 5 g/L) after incubation overnight at 37°C were randomly picked and screened on LB plates (GIcNAc, 5 g/L) car-
rying kanamycin (50 pg/mL) and spectinomycin (50 pg/mL). The colonies that were sensitive to spectinomycin were cured of
pEcgRNA-gImS and the clone was defined as E. coli AgimS.

Similarly, we replaced the native nagB with A. muciniphila nagB by two-plasmid-mediated CRISPR-Cas9 system. In brief, 500 bp
up-homologous, down-homologous arms of nagB and A. muciniphila nagB were acquired by PCR and ligated through overlapping
PCR. Then 100 ng of pEcgRNA-nagB DNA and 400 ng of up-Am-nagB-down repair template DNA were co-electroporated into
competent cells of E. coli AgimS. Transformants were identified by colony PCR and DNA sequencing. After verification of nagB
replacement, the plasmids pEcgRNA-nagB and pEcCas were eliminated successively and the final strain was defined as E. coli nag-
B::Am-nagB AgimS.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 9.0 and SPSS version 27.0 were used for statistical analysis. The experimental data were shown as the
mean + SEMs. The sample size was estimated based on previous experience, sample availability and previously 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 (between two groups) or one-way ANOVA (between multiple groups) with Tukey’s (the
same standard deviation) or with Dunnett’s T3 test (different standard deviation) analysis was used to compare normally distributed
variables. Nonnormally distributed data were compared by the Mann-Whitney U test (between two groups) or the Kruskal-Wallis test
(between multiple groups). p < 0.05 was considered significant.
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Figure S1. Click-chemistry-based enrichment strategy identifies 3-sucCA, and it is lower in patients with biopsy-proven MAFLD, related to
Figure 1

(A) The synthesis route of alkyne probe of CA (alkCA).

(B) Extracted ion chromatograms of CA and CA-LNK with the same concentration shown differentiated mass spectrometry response.

(C) Extracted ion chromatogram for the reporter ion m/z 100.0761 of a probe-enriched metabolites in the stool-derived ex vivo community (SEC) culture.

(D) Molecular networks of probe-derived metabolites. Each node represents a clustered tandem mass spectrum, and connections between the nodes indicate
relationships through the cosine score (cut-off minimum of 0.7).

(E) Extracted ion chromatograms of presumptive CA-LNK-derived metabolites.

(F) Flow diagram for fractionation of CA (0.1 mg/mL) incubated SECs. Acylated CAs are shown in red. Hx, hexane; EA, ethyl acetate; CH,Cl,, dichloromethane;
Me, methanol.

(G) Key "H-"H COSY and HMBC correlations of isolated acylated CAs.

(H) Thermal ellipsoid representation of 3-sucCA by X-ray crystallographic analysis.

(I) The synthesis routes of CA derivatives, including 3-forCA, 3-aceCA, 3-proCA, 3-butCA, 3-malCA, 3-sucCA, and 3-glaCA.

(J) Comparison of LC-MS/MS data of 3-acylated CAs from synthetic standards and bacteria cultured samples.

(K-M) 3-acylated CAs production in the SEC anaerobic cultured in BHI (K), mGAM (L), and TSB media (M). n = 20 individuals.

(N) Representative extracted ion chromatograms of 3-acylated CAs, TUDCA, and TDCA in fecal sample from healthy individual (separated by C18 column).
(O) 8-week-old SPF mice were divided into three groups: drinking water control (n = 30 mice), antibiotics in the drinking water (n = 12 mice), or mice transplanted
with SPF fecal microbiota after antibiotic treatment (n = 12 mice). The feces were collected for the quantification of fecal 3-acylated CAs.

(P) Feces of 8-week-old SPF (n = 8 mice) and GF (n = 6 mice) mice were collected and detected for the concentrations of fecal 3-acylated CAs.

(Q-T) Patients with MAFLD (n = 55), including MAFL (n = 17), borderline MASH (n = 23), and definite MASH (n = 15). Concentrations of 3-sucCA associated with
steatosis score (Q), ballooning score (R), lobular inflammation (S), and histology scores of fibrosis stage (T) in patients with MAFLD.

(U) The synthesis routes of 7-sucCA, 12-sucCA, 3-sucCDCA, 3-sucDCA, and 3-sucLCA.

(V) Extracted ion chromatograms of sucCAs with substitution of hydroxyl group in different positions (separated by C18 column).

(W) Extracted ion chromatograms of 3-sucCA, 3-sucCDCA, 3-sucDCA, and 3-sucLCA (separated by C30 column).

(X-Z) Concentrations of 3-sucCA, 7-sucCA, 12-sucCA, 3-sucCDCA, 3-sucDCA, and 3-sucLCA in SECs (MGAM, n = 20) (X), SPF mice (n = 30) (Y), and human (n =
23) (2). Points falling on X axis indicated that relevant bile acids were not detected.

All data are presented as the means + SEMs. In (O) and (Q)—(T), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (P), the p
values were determined by two-tailed Mann-Whitney U test. In (O), **p < 0.01 versus the control group, ##p < 0.01 versus the Abx group. In (P), “*p < 0.01 versus
SPF mice group. In (Q), **p < 0.01 versus the steatosis score < 1 group. In (R), **p < 0.01 versus the ballooning score = 0 group, ##p < 0.01 versus the ballooning
score = 1 group. In (S), *p < 0.01 versus the lobular inflammation = 0 group, ##p < 0.01 versus the lobular inflammation = 1 group. In (T), *p < 0.01 versus the
fibrosis score = 0 group, #p < 0.05 versus the fibrosis score = 1 group.
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Figure S2. B. uniformis produces 3-sucCA in a BAS-suc-dependent manner, related to Figures 2 and 3

(A) Level of GCA and 3-sucCA during incubation in SECs for 3 days (n = 3 independent incubations).

(B) Workflow for the isolation of cultured bacteria from human fecal samples and 3-sucCA-producing bacteria screen. For volunteers with top 3 highest 3-sucCA
levels mentioned in Figure 1C, bacterial isolates were recovered and cultured anaerobically in mGAM (with additional 1 pM CA and 1 uM succinic acid) for 48 h and
identified by 16S rRNA gene sequencing.

(C) Production of 3-sucCA by different Bacteroides spp. for indicated time. Isolates were cultured anaerobically in mGAM (with additional 1 uM CA and 1 pM
succinic acid) (n = 3 independent incubations).

(D) Production of 3-sucCA by B. uniformis for 48 h cultured in different media anaerobically (with additional 1 uM CA and 1 uM succinic acid) (n = 3 independent
incubations).

(E) Production of 3-sucCA by B. uniformis for 4 h cultured in PBS buffer anaerobically (with additional 1 uM CA and 1 uM succinic acid) (n = 3 independent
incubations).

(F and G) Workflow for the 3-sucCA production ability of B. uniformis at multiple strain level (F). (G) The 3-sucCA concentration in different multiple strain groups
cultured in mGAM anaerobically (with additional 1 uM CA and 1 uM succinic acid) (n = 3 independent incubations).

(H) The information of acyltransferases encoded in B. uniformis genome. The sequence similarity for each protein between JC066 and ATCC 8492 was analyzed.
(I) Representative extracted ion chromatogram of 3-sucCA production by heterologous expression of acyltransferases in E. coli BL21 and positive control of
enzymatic assay conducted with Bu lysate.

(J) Purification table of activity-guided enzyme purification. 10 ng protein of each fraction was used to conduct the enzymatic assay for evaluation of specific
activity and purification fold. The amount of total protein of each fraction was quantified.

(K) Coomassie stained SDS-PAGE of protein fractions obtained by hydrophobic interaction chromatography (HIC).

(L) Extracted ion chromatogram of 3-sucCA of the enzymatic assays catalyzed by different fractions of HIC. The fractions 4 and 5 showed activity on 3-sucCA
production.

(M) Coomassie stained SDS-PAGE of the separated sub-fractions of the fraction 4 using ion-exchange chromatography (IEC).

(N) Extracted ion chromatogram of 3-sucCA of the enzymatic assays catalyzed by different sub-fractions of the fraction 4 using IEC. The fractions 4-10 and 4-11
showed high activity on 3-sucCA production.

(O) Schematic diagram showing the workflow of BAS-suc deficient B. uniformis constructed by CRISPR-Cas genome editing.

(P) PCR of counter-selected colonies for the deletion of BAS-suc in B. uniformis Abas-suc. Data presented individual PCR reactions.

(Q and R) Both wild-type and BAS-suc deficient strains were grown anaerobically 24 h in mGAM (Q) or mGAM with CA (1 uM) or 3-sucCA (1 uM) (R).

(S) Schematic representation showing the workflow of heterologous expression of bas-suc in B. xylanisolvens. The constructed plasmid was obtained by Gibson
assembly of linearized vector and bas-suc fragment and electroporated into E. coli S17-1 Apir. Conjugation was carried out with B. xylanisolvens and E. coli S17-1
Apir before the strains B. xylanisolvens containing constructed plasmids were picked out for heterologous expression of bas-suc.

(T) PCR of counter-selected colonies for the Bx::bas-suc strain. Data presented individual PCR reactions.

(V) The growth curve of wild-type and BAS-suc overexpression B. xylanisolvens strains, grown anaerobically 24 h in mGAM (with additional 1 pM CA and 1 uM
succinic acid).

(V) Coomassie stained SDS-PAGE of the BAS-suc protein.

(W) Time-dependence of 3-sucCA production by BAS-suc in the presence of CA and succinic acid.

All data are presented as the means + SEMs. In (E), the p values were determined by two-tailed Mann-Whitney U test. *p < 0.05 versus the 0 h group. In (Q) and (U),
the p values were determined by two-tailed Mann-Whitney U test. In (R), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test.
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Figure S3. 3-sucCA alleviates MAFL-MASH progression in a gut-microbiota-dependent manner, related to Figure 4
(A-L) CDAA-HFD-fed SPF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for the last 3 weeks. n = 6 mice/group. (A) Body weight.
(B) Liver weights. (C) Plasma TC content. (D) Plasma TG content. (E) Hepatic TC content. (F) Histology scores of steatosis, lobular inflammation, and hepatocyte
ballooning. (G) MAFLD activity score. (H) Histology scores of fibrosis stage. (I) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid
metabolism (J), inflammation (K), and fibrosis (L).
(M) 3-sucCA concentrations in small intestinal tissue and contents, cecal contents, colon tissue and contents, feces, liver, and plasma samples in the 8-week-old
SPF mice. n = 10 mice/group.
(N) Luciferase activity was performed in HEK-293T cells that constructed for detecting TGRS activity and were treated with negative control, LCA, and 3-sucCA at
the indicated concentrations.
(O) Luciferase activity was detected in HEK-293T cells, which were treated with control, FXR agonist CDCA, and 3-sucCA at the indicated concentrations.
(P) Luciferase activity was detected in HEK-293T cells, which were treated with control, CDCA, and CDCA with different bile acids (3-sucCA, FXR antagonist
TBMCA) at the indicated concentrations.
(Q and R) TR-FRET FXR coactivator recruitment assay to assess the effect of 3-sucCA on FXR. n = 3 replicates/treatment.
(S-AD) CDAA-HFD-fed GF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for the last 3 weeks. n = 6 mice/group. (S) Body weight.
(T) Liver weights. (U) Plasma TC content. (V) Plasma TG content. (W) Hepatic TC content. (X) Histology scores of steatosis, lobular inflammation, and hepatocyte
ballooning. (Y) MAFLD activity score. (Z) Histology scores of fibrosis stage. (AA) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid
metabolism (AB), inflammation (AC), and fibrosis (AD).

(legend continued on next page)
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All data are presented as the means + SEMs. In (A)—(E), (), (J), (S)~(W), (AA), and (AD), the p values were determined by two-tailed Student’s t test. In (F)—(H), (K), (L),
(X)-(2), (AB), and (AC), the p values were determined by two-tailed Mann-Whitney U test. In (N) and (R), the p values were determined by one-way ANOVA with
Dunnett’s T3 test. In (0)—(Q), the p values were determined by one-way ANOVA with Tukey’s post hoc test. In (A)—(L), “p < 0.05 and **p < 0.01 versus the control

group. In(N), (O), and (Q), *p < 0.01 versus the control group. In (P), **p < 0.01 versus the control group, ##p < 0.01 versus the CDCA (20 uM) group. In (R), *p < 0.05
versus the CDCA (20 uM) group.
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Figure S4. 3-sucCA alleviates MAFL-MASH progression by promoting the expansion of A. muciniphila, related to Figure 5

(A and B) CDAA-HFD-fed SPF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for the last 3 weeks. The fecal samples in the endpoint
were collected and performed 16S rRNA gene sequencing. n = 6 mice/group. (A) Alpha-diversity indexes of the gut microbiota between the control and 3-sucCA
groups as indicated by the Chao1, ACE, and Shannon indexes. (B) Principal coordinates analysis (PCoA) of the gut microbiota between the control and 3-sucCA
groups using Jensen-Shannon Divergence distance.

(C and D) The growth curve of the A. muciniphila ATCC BAA-835 (C) and A. muciniphila JCM 30893 (D) cultured in BHI media supplemented with 3-sucCA at
different concentrations (L, M, and H indicate 1 uM, 10 uM, and 50 uM, respectively) or PBS control anaerobically for 48 h. n = 3 biological replicates.

(E-M) The growth curve of the A. muciniphila JC032 cultured in BHI media supplemented with (E) CA, (F) DCA, (G) TCA, (H) CDCA, (I) 3-sucDCA, (J) 3-sucCDCA,
(K) 3-aceCA, (L) 3-proCA, and (M) succinic acid at different concentrations or PBS control anaerobically for 48 h. n = 3 biological replicates. (For CA, CDCA, DCA,
and succinic acid, L, M, and H indicate 10 uM, 100 uM, and 1 mM, respectively; for TCA and acylated bile acids, L, M, and H indicate 1 uM, 10 uM, and 50 pM,
respectively).

(N-AG) CDAA-HFD-fed SPF mice were treated with PBS (control), 3-sucCA (10 mg/kg), Am, or Am plus 3-sucCA (10 mg/kg) for the last 3 weeks. Mice were
gavaged with 3-sucCA (10 mg/kg) 3 times per week and Am 1 time per week. n = 6 mice/group. (N) Experimental scheme for (O)-(AG). (O) Fecal 3-sucCA. (P) Am
abundance. (Q) Body weights. (R) Liver weights. (S) Ratios of liver mass to body mass. Plasma ALT (T) and AST (U) levels. (V) Plasma TC content. (W) Plasma TG
content. (X) Hepatic TC content. (Y) Hepatic TG content. (Z) Representative H&E (top), oil red O (middle), and Sirius red (bottom) staining of liver sections. n =3
mice per group, 3 images per mouse. Scale bar, 100 um. (AA) Histology scores of steatosis, lobular inflammation, and hepatocyte ballooning. (AB) MAFLD activity
score. (AC) Histology scores of fibrosis stage. (AD) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid metabolism (AE), inflammation
(AF), and fibrosis (AG).

(AH) Heatmap showing the effects of different drugs on the growth of A. muciniphila JC032. Drugs at 50 uM or control PBS were added in the BHI media and
incubated with A. muciniphila JCO32 or other isolates at logarithmic phase (inoculum size at 5%) anaerobically for 48 h. Each value represents the ratio of ODgog
value between treatment group and control group. n = 5 biological replicates.

(Al) Genus-level compositions of human SECs cultured in mGAM media supplemented with benzydamine, benfluorex, or PBS control anaerobically for 48 h.
All data are presented as the means + SEMs. In (A), the p values were determined by two-tailed Student’s t test. In (C)—~(M), (AA)—(AC), (AE), and (AG), the p values
were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (O), (P), (S), and (AD), the p values were determined by one-way ANOVA with
Dunnett’s T3 test. In (Q), (R), (T)=(Y), and (AF), the p values were determined by one-way ANOVA with Tukey’s post hoc test. In (C)~(M), *p < 0.05 and **p < 0.01
versus the control group. In (O)-(Y) and (AA)—~(AG), “p < 0.05 and **p < 0.01 versus the control group, #p < 0.05 and ##p < 0.01 versus the 3-sucCA group.
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Figure S5. A. muciniphila-LPS-TLR4 pathway is responsible for the alleviation of MAFL-MASH progression by 3-sucCA, related to Figure 5
(A-T) CDAA-HFD-fed SPF mice were treated with PBS (control), 3-sucCA (10 mg/kg), 3-sucCA plus benzydamine (50 mg/kg), and 3-sucCA plus benfluorex
(50 mg/kg) 3 times per week for the last 3 weeks. n = 6 mice/group. (A) A. muciniphila abundance in feces accessed by qPCR. (B) The relative expression of Tjp1,
Ocln, Cldn1, Cldn3, Cldn4, Cldn5, Tnfa, Il1b, 118, 16, 1110, Reg3g, Pla2g2a, Defa, Lyz1, and Muc2 mRNAs in colonic tissue. (C) Muc?2 protein content assayed by
ELISA. (D) The representative H&E staining without colonic contents (top), Alcian blue/periodic acid-Schiff (AB-PAS) staining without (middle) or with (bottom)
colonic contents of colonic tissue from different groups. Scale bar as indicated. Red and blue arrows indicate epithelial layer and lamina propria, respectively. (E)
Blinded colonic mucus layer measurements from AB-PAS-stained sections (with colonic contents). 3 fields/image, 3 images/group. (F) The number of goblet cells
was determined from AB-PAS-stained sections (without colonic contents). 3 fields/image, 3 images/group. (G) Intestinal permeability measured by plasma
fluorescence intensity after FITC-dextran 4000 gavage. (H) Plasma LPS level. () Body weight. (J) Liver weights. (K) Plasma TC content. (L) Plasma TG content. (M)
Hepatic TC content. (N) Histology scores of steatosis, lobular inflammation, and hepatocyte ballooning. (O) MAFLD activity score. (P) Histology scores of fibrosis
stage. (Q) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid metabolism (R), inflammation (S), and fibrosis (T).

(U-AL) CDAA-HFD-fed TIr4~/~ mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for the last 3 weeks. n = 6 mice/group. (U)
Experimental scheme for (V)—(AL). (V) Body weight. (W) Liver weights. (X) Ratios of liver mass to body mass. Plasma ALT (Y) and AST (2) levels. (AA) Plasma TC
content. (AB) Plasma TG content. (AC) Hepatic TC content. (AD) Hepatic TG content. (AE) Representative H&E (top), oil red O (middle), and Sirius red (bottom)
staining of liver sections. n = 3 mice per group, 3 images per mouse. Scale bar, 100 um. (AF) Histology scores of steatosis, lobular inflammation, and hepatocyte
ballooning. (AG) MAFLD activity score. (AH) Histology scores of fibrosis stage. (Al) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid
metabolism (AJ), inflammation (AK), and fibrosis (AL).

All data are presented as the means + SEMs. In (A), (H), (J), (Q), and (S), the p values were determined by one-way ANOVA with Dunnett’s T3 test. In (C), (E)-(G),
and (K)-(M), the p values were determined by one-way ANOVA with Tukey’s post hoc test. In (B), (I), (N)-(P), (R), and (T), the p values were determined by Kruskal-
Wallis test followed by Dunn’s post hoc test. In (V)-(X), (2), (AA), (AC), (AD), (Al), (AK), and (AL), the p values were determined by two-tailed Student’s t test. In (Y),
(AB), (AF)—(AH), and (AJ), the p values were determined by two-tailed Mann-Whitney U test. In (A)—(C) and (E)—(T), *p < 0.05 and **p < 0.01 versus the control group,
#p < 0.05 and ##p < 0.01 versus the 3-sucCA group.
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Figure S6. 3-sucCA promotes A. muciniphila growth through the enrichment of peptidoglycan synthesis, related to Figure 5

(A-C) CDAA-HFD-fed SPF mice were treated with PBS (control) or 3-sucCA (10 mg/kg) 3 times per week for 1 week. n = 6 mice/group. (A) A. muciniphila
abundance in feces accessed by qPCR. (B) Bile acid and succinic acid levels in the feces. (C) Bile acid levels in plasma.

(D) Level of remaining 3-sucCA during 3-sucCA incubation with A. muciniphila for 3 days (n = 3 independent incubations).

(E) RNA-seq analysis of the A. muciniphila JC032 cultured in BHI media supplemented with 3-sucCA (10 uM) or PBS control anaerobically for 48 h. KEGG
enrichment analysis of the biofunction changes between the 3-sucCA and control groups.

(legend continued on next page)
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(F) The enriched pathways calculated from mummichog algorithm based on the non-targeted metabolomics analysis of samples from A. muciniphila incubation
with 3-sucCA (10 uM) or control PBS.

(G) Core metabolites related to amino sugar metabolism in A. muciniphila. Figure has been adapted from van der Ark et al.*> A. muciniphila JC032 cultured in BHI
media supplemented with 3-sucCA (10 uM) or PBS control, then grown anaerobically for 48 h. The culture was tested for glycolysis and peptidoglycan related
metabolites, including D-glucose, glucosamine, N-acetylglucosamine, glucosamine 6-phosphate, and fructose 6-phosphate, which were detected by LC-MS/
MS, and peptidoglycan, which was detected by ELISA kit. Metabolites in blue represented decreased in 3-sucCA treatment group and in red meant enriched by
3-sucCA addition.

(H) Heatmap showing the substrate utilization phenotyping of A. muciniphila by Biolog in vitro assay. The growth of A. muciniphila treated with 3-sucCA or PBS
control was screened against different substrates as the sole nutrient source. Each value represents the relative growth indicated by crystal violet staining,
following the protocol of the commercial kit.

(I) SPR sensorgram (left) and normalized steady-state binding curve (right) for 3-sucCA analytes (2-fold dilutions; 0.39-12.5 uM) binding to Amuc-NagB. The Kp
value is indicated.

(J) Normalized steady-state binding curves from SPR for succinic acid and different bile acids analytes (2-fold dilutions; 0.39-12.5 uM) binding to Amuc-NagB.
(K) The growth curve of the strain E. coli cultured in M9 media supplemented with GIcNAc (0.1 mg/mL), 3-sucCA (10 uM), or PBS control aerobically for12h.n=3
biological replicates.

(L) The growth curve of the strain E. coli nagB::Amuc-nagB AgimS cultured in M9 media supplemented with GIcNAc (0.1 mg/mL), 3-sucCA (10 uM), or PBS control
aerobically for 12 h. n = 3 biological replicates.

All data are presented as the means + SEMs. In (A), (B) (right), and (G) (fructose 6-phosphate, D-glucose, and peptidoglycan), the p values were determined by
two-tailed Student’s t test. In (B) (left), (C), and (G) (glucosamine, N-acetylglucosamine, and glucosamine 6-phosphate), the p values were determined by two-
tailed Mann-Whitney U test. In (K), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. In (L), the p values were determined by
one-way ANOVA with Tukey’s post hoc test. In (A)-(C), “p < 0.05 and **p < 0.01 versus the control group. In (G), *p < 0.05 and **p < 0.01 versus the control group. In
(L), *p < 0.05 and **p < 0.01 versus the M9 group.
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Figure S7. The effect of other related bile acids and derivatives on MAFL-MASH progression, related to Figure 5

(A-R) CDAA-HFD-fed SPF mice were treated with PBS (control), 3-sucCA (10 mg/kg), 3-sucDCA (10 mg/kg), 3-sucCDCA (10 mg/kg), 3-aceCA (10 mg/kg),
3-proCA (10 mg/kg), succinic acid (10 mg/kg), and CA (10 mg/kg) 3 times per week for the last 3 weeks. n = 6 mice/group. (A) Experimental scheme for (B)—(R). (B)
Body weight. (C) Liver weights. (D) Ratios of liver mass to body mass. Plasma ALT (E) and AST (F) levels. (G) Plasma TC content. (H) Plasma TG content. (I) Hepatic
TC content. (J) Hepatic TG content. (K) Representative H&E (top), oil red O (middle), and Sirius red (bottom) staining of liver sections. n = 3 mice per group, 3
images per mouse. Scale bar, 100 um. (L) Histology scores of steatosis, lobular inflammation, and hepatocyte ballooning. (M) MAFLD activity score. (N) Histology
scores of fibrosis stage. (O) Sirius Red-positive area. Relative mRNA levels of genes related to hepatic lipid metabolism (P), inflammation (Q), and fibrosis (R).

(legend continued on next page)
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All data are presented as the means + SEMs. In (B), the p values were determined by one-way ANOVA with Dunnett’s T3 test. In (C), (G)-(J), and (O), the p values
were determined by one-way ANOVA with Tukey’s post hoc test. In (D)—(F), (L)—(N), and (P)—(R), the p values were determined by Kruskal-Wallis test followed by
Dunn’s post hoc test. In (B)~(J) and (L)—(R), *p < 0.05 and **p < 0.01 versus the control group.
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Figure S8. B. uniformis alleviates MAFL-MASH progression in a BAS-suc-dependent manner, related to Figure 6

(A-R) CDAA-HFD-fed SPF mice were treated with PBS (control), Bu, or Bu-Abas-suc strain 1 time per week for the last 3 weeks. n = 6 mice/group. (A) B. uniformis
abundance in feces accessed by qPCR. (B) 3-sucCA level in feces. (C) A. muciniphila abundance in feces accessed by gPCR. (D) The relative expression of Tjp1,
Ocln, Cldn1, Cldn3, Cldn4, Cldn5, Tnfa, Il1b, 118, 116, 1110, Reg3g, Pla2g2a, Defa, Lyz1, and Muc2 mRNAs in colonic tissue. (E) Muc2 protein content assayed by
ELISA. (F) The representative H&E staining without colonic contents (top), Alcian blue/periodic acid-Schiff (AB-PAS) staining without (middle) or with (bottom)
colonic contents of colonic tissue from different groups. Scale bar as indicated. (G) Blinded colonic mucus layer measurements from AB-PAS-stained sections
(with colonic contents). 3 fields/image, 3 images/group. (H) The number of goblet cells was determined from AB-PAS-stained sections (without colonic contents).
3 fields/image, 3 images/group. (I) Intestinal permeability measured by plasma fluorescence intensity after FITC-dextran 4000 gavage. (J) Plasma LPS level. (K)
Body weight. (L) Liver weight. (M) Plasma TC content. (N) Plasma TG content. (O) Hepatic TC content. Relative mRNA levels of genes related to hepatic lipid
metabolism (P), inflammation (Q), and fibrosis (R).

(S—-AJ) GAN-diet-fed SPF mice were treated with PBS (control), Bu, or Bu-Abas-suc strain 1 time per week for the last 4 weeks. n = 6 mice/group. (S) B. uniformis
abundance in feces accessed by gPCR. (T) 3-sucCA level in feces. (U) A. muciniphila abundance in feces accessed by qPCR. (V) The relative expression of Tjp1,
Ocln, Cldn1, Cldn3, Cldn4, Cldn5, Tnfa, lI1b, 1118, 116, II10, Reg3g, Pla2g2a, Defa, Lyz1, and Muc2 mRNAs in colonic tissue. (W) Muc2 protein content assayed by
ELISA. (X) The representative H&E staining without colonic contents (top), Alcian blue/periodic acid-Schiff (AB-PAS) staining without (middle) or with (bottom)
colonic contents of colonic tissue from different groups. Scale bar as indicated. (Y) Blinded colonic mucus layer measurements from AB-PAS-stained sections
(with colonic contents). 3 fields/image, 3 images/group. (Z) The number of goblet cells was determined from AB-PAS-stained sections (without colonic contents).
3 fields/image, 3 images/group. (AA) Intestinal permeability measured by plasma fluorescence intensity after FITC-dextran 4000 gavage. (AB) Plasma LPS level.
(AC) Body weight. (AD) Liver weights. (AE) Plasma TC content. (AF) Plasma TG content. (AG) Hepatic TC content. Relative mRNA levels of genes related to hepatic
lipid metabolism (AH), inflammation (Al), and fibrosis (AJ).

All data are presented as the means + SEMs. In (A), (C), (E), (R)-(U), (Y), (AD), and (AH), the p values were determined by one-way ANOVA with Dunnett’s T3 test. In
(B), (G)-(M), (O), (W), (2)~AC), (AE), and (AF), the p values were determined by one-way ANOVA with Tukey’s post hoc test. In (D), (N), (P), (Q), (V), (AG), (Al), and
(AJ), the p values were determined by Kruskal-Wallis test followed by Dunn’s post hoc test. “o < 0.05 and **p < 0.01 versus the control group, #p < 0.05 and ##p <
0.01 versus the Bu group.
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