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Metabolites derived from the intestinal microbiota, including bile acids (BA),

extensively modulate vertebrate physiology, including development', metabolism?*,
immune responses®” and cognitive function®. However, to what extent host responses
balance the physiological effects of microbiota-derived metabolites remains

unclear®®

.Here, using untargeted metabolomics of mouse tissues, we identified

afamily of BA-methylcysteamine (BA-MCY) conjugates that are abundant in the
intestine and dependent on vanin1(VNNI), a pantetheinase highly expressedin
intestinal tissues. This host-dependent MCY conjugation inverts BA functioninthe
hepatobiliary system. Whereas microbiota-derived free BAs function as agonists of
the farnesoid X receptor (FXR) and negatively regulate BA production, BA-MCYs

act as potent antagonists of FXR and promote expression of BA biosynthesis genes
invivo. Supplementation with stable-isotope-labelled BA-MCY increased BA
productioninan FXR-dependent manner, and BA-MCY supplementation in amouse
model of hypercholesteraemia decreased lipid accumulation in the liver, consistent
with BA-MCYs acting as intestinal FXR antagonists. The levels of BA-MCY were
reduced in microbiota-deficient mice and restored by transplantation of human
faecal microbiota. Dietary intervention with inulin fibre further increased levels of
both free BAsand BA-MCY levels, indicating that BA-MCY production by the host
isregulated by levels of microbiota-derived free BAs. We further show that diverse
BA-MCYs are also present in human serum. Together, our results indicate that BA-MCY
conjugation by the host balances host-dependent and microbiota-dependent
metabolic pathways that regulate FXR-dependent physiology.

Vertebrates have diverse communities of bacteria, protozoa, fungi
and viruses, collectively referred to as the microbiota. Co-evolution
with these microorganisms hasresulted in the establishment of host—
microbiota crosstalk via complex metabolic networks®’ ™. One such
example is the metabolism of BAs**'*">, which have a central role in
vertebrate physiology as ligands of FXR, a conserved nuclear hor-
mone receptor that controls cholesterol and BA biosynthesis, as well
as fat metabolism and glucose homeostasis®>*'* ¢, BAs are produced
in the liver where they are conjugated to taurine and amino acids by
BA-coenzyme A (CoA):amino acid N-acyltransferase (BAAT)"*8. Con-
jugated BAs are then secreted via the biliary system into the intestine
where they undergo extensive modification by microbial metabo-
lism**2 including diverse dehydroxylation and oxidation reactions

aswellas deconjugation, which recovers free, unconjugated BAs that
are efficiently reabsorbed and transported back to the liver. Although
BA-taurine conjugates are inactive or have weak agonistic or antago-
nisticactivities®?, free BAs act as potent FXR agonists that negatively
regulate BA production**'*?%, BA-taurine conjugation by the hostand
microbial deconjugation thus form a negative-feedback loop that
tightly regulates BA levels and BA-dependent physiology. However,
the requirement for adaptation to changing metabolic demands and
feeding states and the ubiquity of feed-forward signalling in biological
systems?® raises the question whether there exist FXR antagonists that
actas positive regulators of BA production. Here we utilized untargeted
metabolomics to compare germ-free and microbiota-replete specific
pathogen-free (SPF) mice to uncover a host-mediated BA modification
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Fig.1|1dentification of MCY conjugates of BAs. a, Primary role of gut microbiota
in BA metabolism, and schematic overview of the analytical strategy for
comparison of germ-free (GF) and SPF mice. b, Volcano plots of differential
metabolites detected inserum of germ-free (n=12) and SPF (n=9) mice. The
blue and red dots represent metabolites fivefold or more-fold downregulated
orupregulatedin germ-free relative to SPF mice at P< 0.05, as calculated by
unpaired two-sided Student’s t-test. FC, fold change. c, Partial representation
of the MS2 networks (cosine > 0.7) for mouse serum obtained in positive-ion
electrospray ionization (ESI*) and negative-ion electrospray ionization (ESI")

generating potent FXR antagonists that act asintestinal regulators of
BA metabolism.

Comparative metabolomicsreveals BA-MCYs

Lack of microbial deconjugation results in increased levels of BA-
taurine conjugates in germ-free mice, whereas abundances of free BAs
are dramatically reduced®. We hypothesized that abundances of yet
unannotated BA derivatives may be similarly affected by the absence
ofthe microbiota. To discover such unannotated compounds, we first
obtained acomprehensive overview of microbiota-dependent changes
inthe mouse serum metabolome via high-resolution mass spectrom-
etry (HRMS)-based comparative metabolomics of samples from
microbiota-replete SPF and germ-free mice (Fig. 1a). The resulting data-
sets were processed using the xcms-based®® Metaboseek platform?®,
which facilitates identification of mass spectrometry features whose
abundances differ significantly between different conditions (Fig. 1b).
This untargeted comparison revealed stark differences between
germ-free and SPF mice. In total, we detected more than 40,000 mass
spectrometry features from combined analyses of serum samples in
positive and negative ionization modes, of which approximately 10%
were significantly differential (at P < 0.05) between germ-free and SPF
mice. To prioritize among the large number of differential features, we
focused on compounds that were robustly detected in all replicates
(see Methods) and at least fivefold different in germ-free relative to
SPF samples. Using these stringent criteria, we detected several hun-
dred microbiota-dependent metabolites in the serum metabolome
(Supplementary Table 1). For further characterization, we acquired
tandem mass spectrometry (MS2) data for all differential metabolites.
To focus on BAsand BA derivatives, we applied a permissive molecular
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Chemical synthesis

modes, showing clusters representing free BAs, BA-taurine conjugates and
previously unannotated BA-MCY conjugates. Thered and bluenodes are
downregulated and upregulated, respectively, in serum of germ-free compared
with SPF mice. See Supplementary Figs.1-3 for full MS2 networks, including
m/zvalues for allnodes. d, MS2 spectrum of CA-MCY. The red MS2 fragments
representthe MCY group; the green MS2 fragments are derived from water
loss. e, Structures of BA-MCY conjugates identified in mouse serum. The
schematicsin panel awere created using BioRender (https://biorender.com).

formulafilter that required the presence of MS2 fragments containing
a complete 24-carbon backbone, which would suggest the presence
of asteroid backbone (see Methods). MS2 networking revealed three
major clusters of microbiota-dependent metabolites with fragmen-
tation patterns, indicating that they represent BAs or BA derivatives
(Fig.1cand Supplementary Figs.1-3). Two of these clusters represented
BA-taurine conjugates and free BAs, whose abundances were greatly
increased and decreased in germ-free mice, respectively, as expected,
giventhelack of microbial taurine deconjugation. By contrast, the third
cluster appeared to represent a family of previously unannotated BA
derivatives, whose abundances, similar to free BAs, were reduced in
germ-free mice.

Detailed analysis of the mass spectrometry isotope patterns and
MS2 spectra of the putative BA derivatives suggested the presence
of an MCY moiety (Fig.1d and Extended Data Fig.1). The MS2 spectra
furtherindicated that these MCY derivatives belongto three different
series, representing putative BA-MCYs, corresponding sulfoxides
(BA-MCYO) and sulfodioxides (BA-MCYO2; Extended Data Fig. 1).
Structures of these BA-MCYs were proposed based on the relative
abundances andretentiontimes of free BAsinthe analysed samples and
confirmed via synthesis of authentic standards, which led to the iden-
tification of atotal of 18 BA derivatives, including the MCY, MCYO and
MCYO2 derivatives of cholic acid, 3-muricholic acid (BMCA), cheno-
deoxycholicacid (CDCA), ursodeoxycholic acid (UDCA), deoxycholic
acid (DCA) and 7-ketodeoxycholic acid (7-KDCA; Fig.1e, Supplementary
Table 2 and Supplementary Fig. 4; see Supplementary information
for synthetic procedures and NMR data). Together, our untargeted
metabolomic comparison of SPF and germ-free mice revealed BA-
MCYs as a previously unannotated family of microbiota-dependent
BA derivatives.
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Fig.2|Microbiotadependence and biosynthesis of BA-MCY conjugates.
a,b, Relative abundances of CA-MCY conjugates (a) and BMCA-MCY conjugates (b),
aswellas corresponding free BAsin the serum of SPF mice (n =11), germ-free
mice (n=12) and mice thatreceived FMT (n=10; the three donors arerepresented
by triangles, circles and crosses, n =3-4 for each donor). Data are shown as
mean +s.e.m. Pvalues were calculated using unpaired two-sided Student’s
t-test with Welch’s correction. ¢, Relationship between abundances of free BAs
and BA-MCY conjugatesin the liver of SPF mice (n =11), SPF control mice for the

Microbiota dependence of BA-MCY levels

Abundances of BA-MCYs were strongly reduced in germ-free com-
pared with SPF serum samples, but not abolished (Fig. 2a,b, Extended
Data Fig. 2a and Supplementary Table 3). Similarly, BA-MCY levels
were decreased in faeces of germ-free mice compared with SPF mice
(Extended Data Fig. 2b-d). To better understand the relationship
between BA-MCY levels and the presence of the microbiota, we next
tested whetherintroduction of humanmicrobiotainto germ-free mice
would affect BA-MCY production. For this purpose, we performed
human faecal microbiota transplantation (FMT) from healthy individu-
als into germ-free mice®, and then profiled BAs and BA conjugatesin
serum and faeces. We found that abundances of both free BAs and
BA-MCY conjugates were greatly increased in serum and faeces of
mice thatreceived human FMT (Fig.2a,b and Extended Data Fig. 2a-g).

The results from our comparison of germ-free with SPF and human
FMT mice suggested that BA-MCY levels are governed in part by lev-
els of the corresponding free BAs. In previous work, we and others
have shown that changes in the microbiotainduced by supplementa-
tion with inulin fibre can dramatically increase levels of free BAs in
the serum of SPF mice®**. We took advantage of this to test whether
suchadietaryintervention-based increase of free BA levels would also
affect BA-MCY levels. We observed that BA-MCY levels were greatly
increased in SPF mice fed an inulin-based high-fibre diet (Extended
DataFig.3a-c), suggesting that expansion of the free BA pool leads to
increased BA conjugation with MCY. Moreover, we found that levels
of free BAsand BA-MCY conjugates in SPF mice fed different dietsare
generally correlated (Fig. 2c and Extended Data Fig. 3d,e). Finally, to
determine whether BA-MCYs are also presentin humans, we analysed
human serum samples, which revealed MCY derivatives of allmajor BAs
commoninhumans (Fig. 2d and Extended Data Fig. 3f,g). Collectively,

inulin fibre diet study (n =4) and inulin fibre diet-fed SPF mice (n =5). d, Relative
abundance of CA-MCY conjugates or CDCA-MCY conjugates in human serum
(n=19).Dataareshown as mean +s.e.m.e, Pathways considered for the origin
of BA-MCY conjugates. MCY conjugates could originate either from reduction
of BA-taurine conjugates produced by the liver enzyme BAAT or conjugation of
BAswith cysteamine oranother cysteamine derivative from CoA and pantetheine
degradation. Oxidation of MCY conjugates produces the correspondingMCYO
and MCYO2 conjugates.

these dataindicate that BA-MCY conjugates are presentin mouse and
human, and thatincreases of free BA levels, following human FMT into
germ-free mice or as aresult of supplementation with dietary fibre,
are associated with parallel increases of the corresponding BA-MCY
conjugates.

Biochemical origin of BA-MCY conjugates

Tofurther clarify theroles of host and microbiota for the production of
the BA-MCY conjugates, we next investigated the in vivo origin of the
cysteamine moiety. Cysteamineis produced primarily via degradation
of CoA*, and oxidation of cysteamine in the liver and other tissues pro-
ducestaurine, whichisthen conjugated with BAsin theliver, producing
BA-taurine conjugates that are secreted into the intestine. Therefore,
we considered two different models for the origin of the MCY moieties
inthe BA-MCYs (Fig. 2e). First, these compounds could originate from
conjugation of BAs with cysteamine or a cysteamine derivative derived
frombreakdown of CoA. Alternatively, the BA-MCY conjugates could
be derived fromreduction of corresponding BA-taurine derivatives by
the host or the gut microbiota (Fig. 2e). To distinguish between these
scenarios, we performed a series of stable-isotope labelling experi-
ments withtaurine-d, and L-cysteine-3,3-d, in SPF mice (Extended Data
Fig.4a-c). High-performance liquid chromatography (HPLC)-HRMS
analysis of serum from SPF mice supplemented with taurine-d, revealed
extensive labelling of taurine conjugates of BAs, as expected (Extended
Data Fig. 4a). However, none of the MCY conjugates were labelled
(Extended Data Fig. 4a), indicating that the biosynthetic pathways
of taurine and MCY conjugates are distinct. Next, to test whether the
MCY conjugates originate from incorporation of a cysteine-derived
cysteamine moiety, we analysed serum samples from SPF mice supple-
mented with L-cysteine-3,3-d, (Extended DataFig. 4b,c). HPLC-HRMS
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Fig.3|Host-dependent production of BA-MCYs and microbial deconjugation.
a, Totalamounts of BA-MCY conjugates and corresponding free BAsin the
liver, smallintestine and caecum of SPF (n =11) and germ-free (n =12 for the liver
and n =13 for the smallintestine and caecum) mice. b, Established function of
VNN1in pantetheine hydrolysis (box; top) and the proposed role of VNN1in
CA-pantetheine hydrolysis, followed by rearrangement and methylation to
form CA-MCY (bottom). ¢, Production of pantothenic acid from arange of
concentrations of CA-pant and pantetheine incubated with recombinant VNN1
invitro. The reactions with both substrates follow saturation kinetics. The
enzyme concentrationwas 0.01 pM. The reactions were incubated at 37 °C

analysis revealed incorporation of deuterium in both the BA-taurine
and the BA-MCY conjugates (Extended Data Fig. 4b,c), consistent with
a cysteine origin of both taurine and the MCY moiety. As expected,
we also observed deuterium incorporation into the CoA breakdown
product pantetheine (Extended Data Fig. 4d).

These results support amodelin which the BA-MCY conjugates are
derived from acylation of a cysteamine derivative other than taurine.
Next, we considered whether the conjugationis likely to be mediated
by the microbiota or the host. Although the abundances of the BA-
MCY conjugates were strongly microbiota dependent, their produc-
tion was not abolished in germ-free animals (Fig. 2a,b and Extended
Data Fig. 2a-d), suggesting that the conjugation reaction itself does
not require the microbiota. Therefore, we next investigated whether
BA-MCY productionisrelated to the biosynthesis of BA-taurine con-
jugates. Conjugation of BAs with taurine and amino acids in the liver
ismediated by BAAT, atypelacyl-CoAthioesterase (ACOT). Members
of this gene family catalyse a wide range of acyl transfer reactions’;
putative conjugates of BAs with cysteamine and methylcysteamine
have recently been reported to accumulate in Baat” mice. We con-
firmed that the BA cysteamine derivatives accumulating in Baat” mice
are identical with the compounds that we identified (Extended Data
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for15 min. The number ofindependent assays using the same batch of enzyme
wasthree. d, Relative abundances of BA-MCY conjugates in the smallintestine,
liver, serum and faeces of WT (n =5) or VanI” (n=>5) mice. e, Deconjugation of
supplemented CDCA-d;-MCY in the faeces of SPF (n = 8), germ-free (n=3) and
ABX (n=15) mice.f, Deconjugation of MCY or taurine conjugates of BAin the
faeces of germ-free monocolonized with WT (n = 3) or BSH-deleted B. ovatus
(n=3;WTBoorAbsh Bo, respectively). Dataare shown as mean = s.e.m.
(a,d-f) ormean £ s.d. (c), and Pvalues were calculated using unpaired two-sided
Student’s t-test with Welch’s correction. g, Roles of host and microbiotain the
biosynthesis and metabolism of BA-taurine and BA-MCY conjugates.

Fig.5a-d), demonstrating that BA-MCY biosynthesis is distinct from
BA-taurine conjugation. Lack of taurine conjugation in Baat” mice
results in greatly increased levels of both free BAs and BA-MCY con-
jugates®® (Extended Data Fig. 5e,f), consistent with parallel increase
of free BAs and BA-MCY conjugates observed in mice fed a high-fibre
diet. Suppression of microbiota in Baat” mice does not diminish the
elevated levels of BA-MCY in this mutant strain®. Together, our results
indicatethat BA-MCYs are derived fromahost-dependent conjugation
pathway that exists in parallel with conjugation of BAs with taurine.
Next, we considered potential sites of BA-MCY biosynthesis.
Although BA-taurine conjugates are produced in the liver, the fact
that BA-MCY levels are governed primarily by the abundance of free
BAs, whichin SPF mice are predominantly derived from deconjugation
of BA-taurine and BA-glycine by the intestinal microbiota, suggested
that theintestine may be involved in BA-MCY production. Therefore,
we additionally profiled BA-MCY levels in the small intestine and cae-
cum, which revealed that BA-MCY conjugates are much more abun-
dantinintestinal tissues thanin the liver (Fig. 3a and Extended Data
Fig. 6). Moreover, the ratio of BA-MCY conjugates relative to their
oxidation products BA-MCYO and BA-MCYO2 was higher inintestinal
tissues thanintheliver, serum and faeces (Fig. 3a and Supplementary



Table 3), suggesting that BA-MCY conjugates are produced from free
BAs following their reuptake in the intestine. A model in which intesti-
nal production of BA-MCYs is dependent on reuptake of free BAs was
further consistent with our observation that, across different diets
and conditions, abundances of free BAs and BA-MCYs are correlated
(Extended Data Fig. 3a-c).

BA-MCY biosynthesis depends on host VNN1

As BA-MCY conjugates could plausibly be derived from pantetheine
breakdown, we sought to test whether BA-MCY biosynthesis may pro-
ceed viathe pantetheinase VNNI1, whichis highly expressed inintestinal
tissues®>®, where BA-MCY concentrations were highest. The primary
function of VNNL1is to hydrolyse pantetheine into cysteamine and pan-
tothenicacid (Fig.3b), as part of CoArecycling, and recent studies have
shownthat VNN1 hasimportantrolesinthe regulation of metabolism,
inflammation and associated diseases®*. Although VNN1could be a
plausible source for the cysteamine moiety required for BA-MCY pro-
duction, we hypothesized that, inaddition to hydrolysing pantetheine,
VNN1may also be capable of hydrolysing BA-pantetheine or BA-CoA
conjugates. The resulting S-linked BA-cysteamine derivatives would
thenrearrangeto the N-linked isomer, which following S-methylation
would produce the BA-MCY conjugates (Fig. 3b). To investigate this
hypothesis, we first tested whether recombinant VNN1 could hydrolyse
asynthetic cholic acid-pantetheine conjugate (CA-pant). We found
that VNN1 breaks down CA-pant as efficiently as pantetheine (Fig. 3¢
and Extended DataFig. 7a) and further showed that the resulting CA-
cysteamine conjugate rearranges to the corresponding cholic acid-
cysteamide (CA-CY), aplausible precursor of CA-MCY that we had also
detectedinBaat” mice (Extended DataFig. 7b). To assess whether VNNI1
contributesto BA-MCY biosynthesisin vivo, we compared BA profiles
of wild-type (WT) and VnnI” micein various tissues (Fig. 3d). We found
that BA-MCY levels are dramatically reduced in the small intestine,
liver and serum, and, to alesser extent, in the faeces of VanI”-mutant
mice (Fig. 3d). These results indicate thatin vivo BA-MCY biosynthesis
largely depends on the host enzyme VNNI. Furthermore, we found that
the predicted precursor of CA-CY, CA-pant, accumulates in the small
intestine and faeces of Vnnl” mice, whereas this compound was absent
inthe corresponding WT samples and also could not be detected in the
Vnn1”" liver and serum, suggesting that BA-pantetheine conjugates are
direct precursors for BA-MCY biosynthesisin the intestine (Extended
DataFig.7c,d).

Microbial and host metabolism of BA-MCYs

Taurine and glycine BA conjugates are efficiently deconjugated in
the gut by microbial bile salt hydrolases (BSHs)***24°, generating free
BAs. Correspondingly, the ratio of BA-taurine conjugates to free BAs
was dramatically increased in faeces of germ-free compared with SPF
mice (Extended DataFig. 8a,b). Considering the possibility that the gut
microbiotamay also havearolein the deconjugation of BA-MCYs, we
noted that, even though BA-MCY levels are reduced in germ-free mice
(Extended Data Figs.2b-d and 8c), the ratio of BA-MCY conjugates to
free BAs was greatly increased in germ-free compared with SPF faecal
samples (Extended Data Fig. 8a). In fact, BA-MCY levels were similar
toorexceeded levels of free BAs in faeces of germ-free mice (Extended
DataFig. 8d).

To determine whether BA-MCYs can indeed be deconjugated by
the microbiota, we analysed faecal and liver samples from SPF and
germ-free mice supplemented with stable-isotope-labelled CDCA-
ds—MCY for the presence of free labelled CDCA and other labelled
BAs that can be derived from CDCA. To broadly survey metabolism
of BA-MCYs, we additionally compared supplemented and control
miceviauntargeted metabolomics using the Label Finder approachin
the Metaboseek platform®. Targeted analysis of faecal samples from

CDCA-d;-MCY-supplemented SPF mice revealed CDCA-d;-MCY as
wellasdlabelled and di-labelled free CDCA (Extended Data Fig. 8e-g
and Supplementary Fig. 5a,b), indicating that BA-MCYs can be decon-
jugated in the gut. In addition, we detected labelled versions of other
free BAs that can be derived from CDCA (Extended Data Fig. 8f and
Supplementary Fig. 5b), whereas CA, DCA and other CA-derived BAs
remained unlabelled (Supplementary Fig. 5b), consistent with their
separate biosynthetic pathway**., Analysis of faecal and liver sam-
ples from CDCA-d;-MCY-supplemented SPF mice further indicated
thatlabelled free BAs derived from supplemented CDCA-ds-MCY are
partly reconjugated with taurine (Extended Data Fig. 8h-m and Sup-
plementary Table 4). Label Finder analysis additionally revealed that
the remainder of supplemented CDCA-d;-MCY that was not decon-
jugated was converted into its oxidized derivative, CDCA-d,s-MCYO
and, toalesser extent, CDCA-d,s~MCYO?2.In fact, only trace amounts
of CDCA-ds-MCY could be detected intheliver of supplemented mice,
indicating that supplemented CDCA-d;-MCY is quickly oxidized to
CDCA-d,s-MCYO(2) (Extended Data Fig. 8k,m).

In contrast to SPF mice, deconjugation-derived, labelled CDCA or
other labelled free BAs were not detected in germ-free mice supple-
mented with CDCA-d;-MCY (Fig. 3e and Supplementary Fig. 5¢,d),
indicating that deconjugation of CDCA-MCY is dependent on micro-
biota. Similarly, suppression of microbiota in SPF mice treated with
antibiotics (ABX) resulted in significantly reduced deconjugation of
supplemented CDCA-d;-MCY compared with SPF mice (Fig. 3e and
Extended Data Fig. 8f,g,j,k). InABX and germ-free mice, supplemented
CDCA-d;-MCY was instead primarily converted into the correspond-
ing oxidation products, CDCA-d,,s-MCYO and CDCA-d,;s-MCYO2
(Extended Data Fig. 8g,k,m and Supplementary Table 4).

Next, we demonstrated that BA-MCY conjugates are deconjugated
by faecal suspensions obtained from SPF mice and individual gut bac-
teriaknown to have the gene encoding BSH*? (Extended Data Fig. 9a,b).
To determine whether BSH is required for BA-MCY deconjugation,
we tested gnotobiotic mice colonized with Bacteroides ovatus ATCC
8483 (WT Bo) or a B. ovatus-mutant strain in which we deleted the
BSH-encoding gene BO_02350 (4bsh Bo)***°, We found that CDCA-d-
MCY was partially deconjugated in the gnotobiotic mice colonized with
WT Bo, but was not deconjugated in mice colonized withmutant Absh Bo
(Fig. 3f), where the supplemented CDCA-d;-MCY was exclusively
converted to the oxidized CDCA-d,,s;~MCYO(2), as in germ-free mice
(Extended Data Fig. 9¢). These results indicate that BSH of gut micro-
biotacandeconjugate BA-MCY conjugates, albeit less efficiently than
the corresponding taurine conjugates (Fig. 3f), and that, in the absence
of microbiota, BA-MCY conjugates are metabolized by the host into
the corresponding BA-MCYO and BA-MCYO2 derivatives (Fig. 3g).

BA-MCYs act as FXR antagonists in vitro

For functional evaluation of the BA-MCY conjugates, we focused on
FXR, one of the major endogenous targets of BAs in vertebrates. Free
BAs, for example, the broadly conserved CDCA, CA and DCA™, as well
amino acid conjugates of CA*}, function as potent FXR agonists that
negatively regulate BA production. By contrast, it is unclear whether
there are any conserved endogenous FXR antagonists that would pro-
mote BA production.

To test for potential FXR agonist or antagonist activity of theidenti-
fied BA-MCY conjugates, we selected four derivatives, CA-MCY, CA-
MCYO, BMCA-MCY and CDCA-MCY based on their relative abundance
in SPF mouse serum samples and considering previously reported FXR
agonist activity of the corresponding free BAs'. We assayed these four
compoundsin agonist and antagonist modes using a protein-protein
interaction assay between the full-length human FXR protein and a
steroid receptor co-activator peptide (SRCP)-derived nuclear fusion
protein**. Whereas none of the tested conjugates showed agonist
activity atany of the tested concentrations (Fig. 4 and Extended Data
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Fig.4|BA-MCY conjugates are FXR antagonists.a-c,BA-MCYsactasFXR
antagonistsinvitro. Compounds were tested against a cell-based protein-
proteininteraction assaysinboth agonist and antagonist modes. CDCA-MCY (a)
and CA-MCY (b) showed strong FXR antagonistic effects to GW4604-mediated

Fig.10a,b), CDCA-MCY, CA-MCY and BMCA-MCY showed potent
antagonisticactivity withICy, values 0f1.68,19.9 and 104.5 uM, respec-
tively, against GW4604-mediated activation of FXR* (Fig. 4a,b and
Extended Data Fig. 10a). By contrast, CA-MCYO was inactive, indi-
cating that sulfur oxidation abolished antagonistic activity (Fig. 4c).
CDCA-MCY alsoinhibited FXR activation mediated by CDCA and the
more potent synthetic BA obeticholicacid (Extended Data Fig.10c-g).
Inparallel, we also tested TBMCA, which had previously been reported
as a weak, mouse-specific FXR antagonist?*. However, TBMCA was
inactive at the tested range of concentrations in this assay (Extended
Data Fig. 10h). These results suggest that BA-MCY conjugates func-
tion as endogenous FXR antagonists that complement the role of free
BAs as FXR agonists.

BA-MCYsregulate FXR signalling in vivo

BA biosynthesis in the liver is controlled by a complex signalling net-
work regulated by hepatic and intestinal FXR via distinct pathways?>?%4
(Fig. 5a). In the liver, FXR agonists promote expression of short het-
erodimer partner (SHP), which in turn antagonizes expression of
Cyp7al, encoding a cytochrome P450 enzyme required for the first
and rate-limiting step in BA synthesis®****! (Fig. 5a). In addition, SHP
expression suppresses Cyp8b1, which catalyses the conversion of the
BA precursor 7a-hydroxy-4-cholesten-3-one into 7a,12a-dihydroxy-
4-cholesten-3-one and thereby controls the balance between the rela-
tive amounts of BAs that are 12a-hydroxylated (such as CA) and BAs
that are not 12a-hydroxylated (such as CDCA). In contrast, intestinal
FXR activation promotes production of the ileal hormone fibroblast
growth factor 15 (FGF15; FGF19 in humans), a signalling peptide that
travels totheliver viathe enterohepatic circulation to suppress expres-
sion of Cyp7al. Conversely, FXR antagonists promote BA synthesis by
relieving repression of Cyp7al and Cyp8b1 by suppressing SHP and
FGF15/FGF19 expression®*** (Fig. 5a).

To determine whether BA-MCYs affect FXR-dependent regulation
of BA biosynthesis in vivo, we supplemented SPF mice via oral gavage
with CDCA-MCY, which had shown the highest potencyinourinvitro
FXR antagonist assay (Fig. 4a). Gene expression analysisindicated that
Cyp7al and Cyp8b1 expressionin the liver was significantly increased
(Fig. 5b). In addition, we found that ileal SAp mRNA and serum FGF15
levels were significantly decreased in mice supplemented with CDCA-
MCY (Fig. 5¢,d), suggesting that increased expression of Cyp7al is in
partdue to antagonism of the intestinal FXR-FGF15 pathway. Increased
Cyp8b1 expression, whichislargely independent of theintestinal FXR-
FGF15 pathway** 8, suggests that liver FXR may also be affected by
CDCA-MCY supplementation, or that other pathways contribute to
FXR-dependentileum-to-liver signalling®. Because we found that BA-
MCY production may be dependent onreabsorption of free BAs from
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activation of FXR, whereas CA-MCYO (c) showed no FXR antagonistic effects.
None of the tested BA-MCY conjugates showed FXR agonistic effects in this

assay (also see Extended Data Fig. 10). Assays were performed in duplicate for
each concentration.

theileum, we additionally tested whether CDCA-MCY supplementation
affects expression of Slc10a2, the transporter mediating BA reuptake
from the gut; however, Slc10a2 expression was unchanged (Fig. Se).

To measure the effects of CDCA-MCY on BA production in vivo,
we conducted additional supplementation studies using stable
isotope-labelled CDCA-d;-MCY. The use of labelled CDCA-d;-MCY
avoided potentially confounding effects arising from deconjuga-
tion and further metabolism of the supplemented CDCA-MCY, as it
allowed us to distinguish unambiguously between BAs derived from
the supplemented, labelled CDCA-d;-MCY and de novo-produced,
unlabelled BAs (Extended Data Fig. 8e). Quantification of BA levels
from CDCA-d;-MCY-supplemented animals showed a strongincrease
ofunlabelled CDCA-derived BAsin faecal samples (Fig. 5fand Extended
DataFig.11a). Similarly, levels of CA-derived BAs were increased in fae-
cal samples of animals supplemented with CDCA-d;-MCY or CDCA-
MCY (Fig. 5g and Extended Data Fig. 11b). Faecal BA levels were also
increased by CDCA-d;-MCY supplementationin ABX mice (Extended
DataFig.11c). Giventhatlevels of unlabelled BAsin theliver and serum
of supplemented mice were not significantly changed (Extended Data
Fig.11d-g), thelargeincrease in faecal excretion of both CA-family and
CDCA-family BAs indicates strong upregulation of BA production in
CDCA-MCY-supplemented animals, in line with the increased expres-
sion of BA biosynthesis genes*#3°%5! (Fig. 5b).

Next, we tested whether upregulation of BA synthesis by CDCA-MCY
supplementation is in fact dependent on FXR. We found that CDCA-
MCY supplementationincreased faecal BA abundancein WT mice but
not in FXR-deficient (Nr1h4”") mice (Fig. Sh). BAlevels in the liver and
serum of WT and Nr1h4” mice were not significantly affected by CDCA
supplementation (Extended Data Fig. 12a,b), consistent with results
from our initial supplementation study (Extended Data Fig. 11d-g).
These datademonstrate that CDCA-MCY supplementationincreases
BA biosynthesis in an FXR-dependent manner.

Given that intestinal FXR antagonists have been shown to alleviate
hepatic steatosis in mouse models of obesity***?, we asked whether
CDCA-MCY supplementation could improve lipid accumulation in
the liver of mice fed a high-cholesterol diet (HCD). Liver histology and
oil red O staining revealed greatly decreased hepatic lipid accumu-
lation in CDCA-MCY-supplemented HCD-fed mice compared with
untreated HCD-fed mice (Fig. 5i,j), consistent with previous studies
of synthetic compounds acting as intestinal FXR antagonists***%, We
observed similar effects when CDCA-MCY was supplied at a tenfold
lower dose (Extended Data Fig.12¢,d).

Together, our results supportamodelin which host-derived BA-MCY
conjugates actasintestinal FXR antagonists that balance the FXR ago-
nistic activity of microbiota-derived free BAs, as part of a regulatory
circuitry that fine tunes BA signalling within the hepatobiliary system
(Fig. 5k).
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Discussion

BAs represent gut microbiota-dependent metabolites whose pervasive
effects on human physiology are among the most well studied*”**>**,
Correspondingly, the biochemical mechanisms by which the host may
regulate their activities are of substantial interest in the context of
human healthand disease. In the case of BAs, their taurine conjugation
by the host and subsequent deconjugation by intestinal microbiota
provideaclassical example for the regulation of metabolite abundance
via opposing host-dependent and microbiota-dependent pathways.
Our identification of VNNI1-dependent BA-MCY conjugates as FXR
antagonists reveals a previously unrecognized host-dependent layer
of BA metabolism that counteracts the physiological functions of
free BAs (Fig. 5k). In vitro protein—protein interaction assays demon-
strated strong FXR antagonistic activity for CA-MCY, CDCA-MCY and
BMCA-MCY (Fig. 4a,b and Extended Data Fig. 10a), whereas free BAs

b d e
15 - 0.0029 :0.0264 0.46 50 - 0.0128 . 3 10.0016 24 077
- = =
B g eif 2 5 |, 5
- S S %) 7 T I
T = = 2 o o
£ 1040 O = = 24 2 °
e e 2 °
o € & = 2
= 25 4 ° kS g 17
2 2 2 T el ® :
& 5 w ® o 1 &
K Tie o o L 5 S
ﬁ ; ° ; 8 g E
o o % o ° 5
0 ﬁ Ll ﬁ & o -l ~ o 0
Q> O > o > o > o > o >
20 80 8 Q L Q o Q o Q
§3 5 %8% $3 § 3 §3
> < > g >« > < > < > <
(&) o (&) (6] (&) Q
[a) [a] o [a] [a] Q
(&) O (&) (@] (&) (&)
Intestine
~
LECELEL L BA-MCY
VNN1
BSH
33
BA Q3
Cholesterol CYP7A1 CYP8B1 BA & %
BAAT IBSH g.&
BA-taurine - BA-taurine J

Vehicle + HCD CDCA-MCY + HCD

areshown. h, Abundances of endogenously produced BAs in the faeces of WT
or Nr1h4”” mice administered CDCA-d;-MCY daily for 14 days. The totalamounts
of BAs (n=8for controland n = 8 for CDCA-MCY-fed mice) are shown.

i, Representative photomicrographs of oil red O staining of liver sections of
mice treated with the indicated conditions. Mice were fed control (Ctrl; n =4 for
vehicle and n=4for CDCA-MCY) or aHCD (n =4 for vehicle and n =4 for CDCA-
MCY). CDCA-MCY was delivered by oral gavage atarate of 50 mg kg™ body
weight daily for 2weeks. Scale bar, 50 pm. j, Average measured oilred O area
inpaneli.k, Proposed model for FXR-dependent regulation of BA metabolism
by BA-MCYs. Panel k was adapted fromref. 60, Elsevier. Data are shown as
mean ts.e.m. (b-h,j). Pvalues were calculated using unpaired two-sided
Student’s t-test with Welch’s correction (b-h) or one-way analysis of variance
with Tukey’s correction (j).

generally actas FXR agonists™. Supplementation of mice with CDCA-
MCY increased total BA production and expression of the enzymes
that catalyse the rate-limiting steps in BA biosynthesis, consistent with
CDCA-MCY functioning as an FXR antagonist in vivo. This is in con-
trast to its parent compound CDCA, which acts as an FXR agonist and
reduces overall BAlevels®. BA-MCYs were most abundant inintestinal
tissues (Fig. 3a), where VNN1 is highly expressed, and appeared to get
oxidized quickly into the inactive BA-MCYO derivatives when entering
the general circulation. Similar to other intestinal FXR antagonists*®*?,
CDCA-MCY supplementation alleviated hepatic lipid accumulation
in mice fed a HCD (Fig. 5i,j). Thus, it seems likely that, following their
reuptake in the intestine, conversion of free BAs (FXR agonists) into
BA-MCYs (FXR antagonists) via the pantetheinase VNNI1 represents
animportant component of the feedback mechanisms regulating BA
biosynthesis and other FXR-dependent phenotypes, including diverse
aspects of fatty acid metabolism'***’, Given the dysregulation of BA
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levelsin type Il diabetes, metabolic syndrome and the cholestatic dis-
eases'>**% BA-MCYs may have substantial therapeutic potential. We
further demonstrate that dietary fibre can upregulate production of
BA-MCY conjugatesin mice, suggesting that the levels of these conju-
gates canberegulated by dietand prebiotic or probiotic supplements,
which may have translational potential in conditions of dysregulated
immune or metabolic homeostasis.

The profound effects of MCY conjugation on the biological activ-
ity of BAs led us to investigate the roles of both host and microbiota
in the production of the MCY conjugates. Levels of unconjugated,
free BAs are largely dependent on microbiota, as the vast majority of
free BAs in SPF mice is derived from microbial deconjugation of the
corresponding taurine conjugates. Using a series of stable isotope
supplementation studies, we have shown that BA-MCYs are derived
from conjugationwith cysteamine or another CoA-derived metabolite,
instead of reduction of corresponding taurine derivatives. Consistent
with the idea that BA-taurine and BA-MCY conjugates have distinct
biosynthetic origins, BA-MCY conjugates accumulate in mice deficient
in the enzyme conjugating BAs with taurine (BAAT)*. The intriguing
connection to CoA breakdown metabolism led us to uncover the role
of the pantetheinase VNN1 for BA-MCY production, demonstrating
that ahost enzyme that is highly expressedin the intestine, the site of
BA reuptake, has a central role for BA-MCY production (Fig. 3d and
Extended DataFig. 7d). BA-MCY biosynthesis is strongly reduced but
not fullyabolishedin VnnI”" mice, suggesting that other pantetheinases
(VNN3in mouse or VNN2 in humans) may also contribute. Furthermore,
although bacteria have no close homologues of vertebrate pantethei-
nases, itis possible that other bacterial hydrolases or peptidases have
similar activity and also contribute to the residual amounts of BA-MCYs
observed in Vnnl” mice.

VNNI1 serves diverse functions in lipid metabolism and forms an
important link between lipid accumulation and hepatic diseases®?’,
which is of particular interest in light of our finding that BA-MCY
supplementation alleviated lipid accumulation in the liver of HCD
mice (Fig. 5i,j). Clarifying the role of VNN1 for BA-MCY production
and other aspects of BA metabolismin the intestine and other tissues
may provide new insights in associated phenotypes. More generally,
the identification of the role of VNN1in BA-MCY production reveals
anintriguing connection between BA signalling and CoA breakdown
pathways, which are extensively regulated by nutritional state, feeding
back on many other aspects of metabolism**. BA-MCY conjugates can
be hydrolysed by microbial BSH, albeit perhaps less efficiently than
BA-taurine conjugates. To what extent microbial deconjugation of
BA-MCYs is physiologically relevant is unclear; however, it may rep-
resent an additional mechanism by which the microbiota contribute
to regulating the balance of FXR agonists and antagonists.

Together, our results suggest that MCY conjugation of BAs by the
host balances microbiota-dependent taurine deconjugation, as part of
ametabolic network integrating host-derived and microbiota-derived
pathways that regulates FXR-dependent BA production, fat metabo-
lism, CoA metabolismand possibly other processes downstream of BAs.
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Methods

Mice

C57BL/6 (000664,)Jax) and Nr1h4” (007214, Jax) mice were originally
purchased from The Jackson Laboratories and bred at Weill Cornell
Medicine (WCM). VnnI” mice® were bred at the Yale School of Medicine
(agift from P. Nasquet and R. Medzhitov). Germ-free C57BL/6) mice
were bred and housed in flexible PVC isolators (Park Bioservices) at
the WCM. Gnotobiotic mice were maintained in Sentry sealed positive
pressure cages (SPP) for the duration of the experiments. All other
mice were maintained under specific pathogen-free condition. All
mice used were between 6 and 12 weeks of age, age and sex matched
for each experiment, maintained on a12-h light-dark cycle, an aver-
age ambient temperature of 21 °C and an average humidity of 48%,
and provided food and water ad libitum. When studying the effects
of dietary fibre®?, mice were given an inulin fibre diet (D16052309,
Research Diets) supplemented with 30% fibre (26% inulin and 4% cel-
lulose) or a calorie-matched control diet (D12450J-1.5, Research Diets)
containing 4.7% cellulose. The duration of the fibre dietary intervention
was 2 weeks unless otherwise stated. For the experimental model of
hypercholestaeremia, mice were given a HCD (C23041301, Research
Diets) supplemented with1% cholesterol or standard mouse chow. The
duration of the high-cholesterol dietary intervention was 4 weeks. All
protocols were approved by the WCM Institutional Animal Care and
Use Committees, and all mice were used in accordance of governmental
and institutional guidelines for animal welfare.

Antibiotic treatment

Mice were provided autoclaved drinking water supplemented with a
cocktail of broad-spectrum antibiotics as previously described®: ampi-
cillin (0.5 mg ml™, Santa Cruz), gentamicin (0.5 mg ml™, Gemini Bio
Products), metronidazole (0.5 mg ml™, Sigma), neomycin (0.5 mg ml?,
Sigma), vancomycin (0.25 mg ml™, Chem-Impex International) and
saccharin (4 mg ml™, Sweet'N Low, Cumberland Packing). Mice in the
control group were provided with autoclaved drinking water supple-
mented withsaccharinalone. Saccharinwas added to make the antibi-
otic cocktail more palatable. Antibiotic treatment was started 2 weeks
before the experiments and continued for the duration of the experi-
mentswith antibioticand saccharin only control water replaced weekly.

Tissue collection and processing

Mice were euthanized by CO, narcosis according to institutional poli-
cies.Justbefore euthanasia, faecal samples were collected and frozen
ondryice. After euthanasia, whole blood was collected by subxiphoid
cardiac puncture using a 1-ml syringe fitted with a 25 G x 5/8” needle
(both BD). Blood wasimmediately transferred to a SST Microtainer tube
(BD) and allowed to clot for 30 min before centrifugation accordingto
the manufacturer’sinstructions. Serumwas then collected, transferred
toanewtubeand frozenondryice. After blood collection, animals were
perfused through the left ventricle with 20 ml of ice-cold Ca**-Mg*"-free
DPBS (Corning) to flush the remaining vascular contents. Liver and
ileum samples were then collected and either snap frozenondryice for
metabolomics or placed into RNAprotect (Qiagen) for RNA extraction.

Human serum samples

Serum samples were obtained from a cohort previously described®.
The original study protocol was approved by the Duke Health Insti-
tutional Review Board at Duke University under protocol number
Pro00093322, and registered on ClinicalTrials.gov with the identi-
fied number NCT04055246. Informed consent was obtained from all
participants.

Human FMT
For FMT studies, donor faecal samples were collected from healthy
participants and resuspended in PBS with10% glycerolin an anaerobic

chamber®. Samples were obtained following Institutional Review
Board-approved protocols fromtheJRIIBD Live Cell Bank Consortium
at WCM, and informed consent was obtained fromall participants. Fae-
calsuspensions fromindividual donors were administered to recipient
germ-free mice by oral gavage (100 pl per mouse). Transplanted ani-
mals were maintained in sterile isocages for 2-4 weeks. Animals were
evaluated for successful transplantation by comparing 16S sequencing
between human donors and recipient mice.

Metabolite extraction from the mouse liver, small intestine and
caecum

Intact mouse liver was frozen and stored at —80 °C before processing.
Frozen tissues were crushed and grinded using a pre-chilled mortar
and pestle. Dry ice was added to a mortar and pestle throughout the
homogenization process to prevent tissues from thawing. The resulting
powdered samples were sonicated for1 min with 5 mlmethanolin 20-ml
glass scintillation vials ataratiowith 10 plsolvent per mg, followed by
another 10 min of vigorous stirring. Extracts were pelleted at 5,000g for
5 min, and supernatants were transferred to another 20-ml glass vials.
Remaining pellets were further extracted with another 10 min of vigor-
ousstirringin5 mlethanol. The supernatants were combined and then
driedinaSpeedVac (Thermo Fisher Scientific) vacuum concentrator.
Dried materials were resuspendedin 300 pl of methanol. Samples were
pelleted at 5,000g for 5 min, and clarified extracts were transferred to
fresh HPLC vials and stored at =20 °C until analysis.

Metabolite extraction from mouse serum samples

Ofmethanol, 800 plwas added to 200 plof serumin1.7-ml Eppendorf
tubes. The tubes were sonicated for 1 min followed by another 10 min
of vigorous stirring. Extracts were pelleted at 5,000g for 5 min, and
supernatants were transferred to 2-ml HPLC vials. Remaining pellets
were further extracted with another 10 min of vigorous stirringin 500 pl
ethanol. Extracts were pelleted at 5,000g for 5 min, and the combined
supernatants were dried in aSpeedVac (Thermo Fisher Scientific) vac-
uum concentrator. Samples were resuspended in 100 pl of methanol
and pelleted at 5,000g for 5 min. Clarified extracts were transferred to
fresh HPLC vials and stored at —20 °C until analysis.

Metabolite extraction from mouse faeces

Of methanol, 600 plwas added to 30 mg of faecesin 1.7-ml Eppendorf
tubes. The tubes were sonicated for 1 min, followed by another 10 min
of vigorous stirring. Extracts were pelleted at 5,000g for 5 min, and
supernatants were transferred to 2-mI HPLC vials. Remaining pellets
were further extracted with another 10 min of vigorous stirring in 600 pl
ethanol. Extracts were pelleted at 5,000g for 5 min, and the combined
supernatants werethendriedinaSpeedVac (Thermo Fisher Scientific)
vacuum concentrator. Samples were then resuspended in 100 pl of
methanol and pelleted at 5,000g for 5 min, and the clarified extracts
were transferred to fresh HPLC vials and stored at —20 °C until analysis.

Analytical methods and equipment overview

For mass spectrometry, high-resolution light chromatography-mass
spectrometry was performed on a Thermo Fischer Scientific Van-
quish UHPLC system coupled with a Thermo Q-Exactive HF hybrid
quadrupole-orbitrap high-resolution mass spectrometer equipped
with aHESIion source. Metabolites were separated using acetonitrile
containing 0.1% formic acid (organic phase) and 0.1% formic acid in
water (aqueous phase) as solvents on a Thermo Fisher Scientific Hyper-
sil GOLD C18 column (150 mm x 2.1 mm, particle size of 1.8 pum). The
gradient started at 1% organic for 3 min after injection and increased
linearly to100% organic over 20 min, then100% organic for 5 min, and
down to 1% organic for 3 min at a flow rate of 0.5 ml min™. The mass
spectrometer parameters were: spray voltage of 3.5 kV, capillary tem-
perature of 380 °C, probe heater temperature of 400 °C; 60 sheath flow
rate, 20 auxiliary flow rate and 1 spare gas; and S-lens RF level of 50,



resolution 0f240,000, automatic gain control (AGC) target of 3 x 10°.
The instrument was calibrated weekly with positive and negative ion
calibration solutions (Thermo Fisher). Each sample was analysed in
negative and positive ionization modes using a m/zrange of 100-800.
NMR spectroscopy was performed on a Varian INOVA 600 MHz NMR
spectrometer (600 MHz 'H reference frequency, 151 MHz for *C)
equipped with an HCN indirect-detection probe. Non-gradient
phase-cycled dqfCOSY spectra were acquired using the following
parameters: 0.6 s acquisition time, 400-600 complex increments
and 8,16 or 32 scans per increment. HSQC and HMBC spectra were
acquired with these parameters: 0.25 s acquisition time, 200-500
increments and 8-64 scans perincrement.'H, *C-HMBC spectrawere
optimized forJ,;c = 6 Hz. HSQC spectrawere acquired with or without
decoupling. NMR spectra were processed and baseline corrected using
MestreLabs MNOVA software packages.

Feature detection and characterization

Liquid chromatography—-mass spectrometry RAW files for all serum
samples were converted to mzXML format (centroid mode) using
MSconvert (ProteoWizard version 3.0.18250-994311be0), followed by
analysis using the XCMS analysis feature in Metaboseek (version 0.9.7;
https://metaboseek.com) based on the centWave XCMS algorithm
to extract features®>*®, Peak detection values were set as: 4 ppm, 3-20
peakwidth, 3 snthresh, 3 and 100 prefilter, FALSE fitgauss, lintegrate,
TRUE firstBaselineCheck, 0 noise, wMean mzCenterFun and -0.005
mzdiff. XCMS feature grouping values were set as: 0.2 minfrac, 2 bw,
0.002 mzwid, 500 max, 1 minsamp and FALSE usegroup. Metabo-
seek peak filling values were set as: 5 ppm_m, 5 rtw and TRUE rtrange.
Resulting tables of all detected features were then processed with the
Metaboseek data explorer. To remove background-derived features,
we first applied filters that only retained entries with aretention time
window of 1-20 min, and then applied maximum intensity (at least
one repeat of more than 10,000) and peak quality (more than 0.98)
thresholds, as calculated by Metaboseek®. To select differential fea-
tures, we applied afilter retaining entries with peak area ratios more
than fivefold reduced or fivefoldincreased ingerm-free mice compared
with SPF mice, as calculated by Metaboseek®. We manually curated
theresultinglist to remove false-positive entries, that is, features that
upon manual inspection of raw data were not differential. For verified
differential features, we examined elution profiles, isotope patterns
and MSlspectrato find molecularions and remove adducts, fragments
andisotope peaks. Remaining masses were put on the inclusion list for
MS/MS (ddMS2) characterization. Positive and negative ionization
mode datawere processed separately. Toacquire MS2 spectra, weran
atop-10 data-dependent MS2 method on the Thermo Q-exactive-HF
mass spectrometer with MS1 resolution of 60,000, AGC target of 1 x 106,
maximum injection time of 50 ms, MS2 resolution of 45,000, AGC tar-
get of 5 x10°, maximum injection time of 80 ms, isolation window of
1.0 m/z, stepped normalized collision energy of 10 and 30 for positive
and negativeionization mode, respectively, and dynamic exclusion of
3s.TofocusonBAs and BA derivatives, we selectively analysed differen-
tial features whose MS2 spectra contained fragmentions for complete
24-carbon backbones (Supplementary Table1).

MS2-based molecular networking

A MS2 molecular network was created using Metaboseek (version
0.9.7)* and visualized in Cytoscape (version 3.9.1)’. Features were
matched with their respective MS2 scan within an m/zwindow of 5 ppm
and aretention time window of 15 s, using the MS2scans function. To
construct the molecular network, tolerance of the fragment peaks
was set to m/z of 0.001 or 3 ppm and the minimum number of peaks
was settol, witha2%noiselevel. Once the network was constructed, a
cosine value of 0.7 was used, the number of possible connections was
constrained to 6 and the maximum cluster size was restricted to 200
for both negative ion mode and positive ion mode.

General procedures for chemical syntheses

Unless noted otherwise, all chemicals and reagents were purchased
from Sigma-Aldrich. Solutions and solvents sensitive to moisture and
oxygenwere transferred via standard syringe and cannula techniques.
Aceticacid, acetonitrile, dichloromethane and methanol used for chro-
matography and as a reagent or solvent were purchased from Fisher
Scientific. Flash chromatography was performed using Teledyne Isco
CombiFlash systems using Teledyne Isco RediSep Rf silica and C18
columns. See Supplementary Information for synthetic schemes,
protocols, NMR spectroscopic data and spectra. NMR spectra were
processed and baseline corrected using Mestrelab Mnova (version
14.2.1-27684) software packages.

Generation of correlation plots

Correlation plots were created using GraphPad Prism (version 10.2.0).
The R*values from non-linear regression analyses were calculated using
GraphPad Prism and used as a measure of goodness of fit. Quantifi-
cation was performed via integration in Xcalibur 4.1 Qualbrowser
(version 4.1.31.9, Thermo Scientific). Cholic acid, w-muricholic acid,
o-muricholic acid, B-muricholic acid, chenodeoxycholic acid, urso-
deoxycholic acid, 7-ketodeoxycholic acid and deoxycholic acid were
quantified and included in ‘total free BAs’, and their corresponding
MCY, MCYO and MCYO2 conjugates were quantified and included in
‘total BA-MCYs'. The average total amount of free BAsin groups of SPF
mice used as control for different experiments was used to normalize
data for total free BAs and total BA-MCYs for all groups.

Administration of metabolites

Taurine-d, (Cambridge isotope laboratories) dissolved in saline was
delivered intraperitoneally daily at arate of 100 mg kg™ body weightina
volume of 100 pl. L-Cysteine-3,3-d, was delivered at arate of 100 mg kg™
body weight per day by oral gavage. The metabolites were administered
for a duration of 5 days. CDCA-MCY or CDCA-d;-MCY (dissolved in
DMSO and further diluted in corn oil) was delivered by oral gavage
at arate of 50 mg kg™ body weight per day in a volume of 100 pl for
2weeks. The vehicle control group received DMSO and corn oil. Inthe
HCD model, mice were treated under the same conditions for a total of
6 weeks (2weeks before initiation of the HCD, and throughout the diet
exposure period. Insome experiments, atenfold lower dose (5 mg kg™)
was used for CDCA-MCY or CDCA-d;-MCY.

VNNI1invitro assays with pantetheine derivatives

Reactions wereinitiated by adding 10 pl of 0.02 pM recombinant human
AN490aa VNNI1 protein (Sino Biological; with a C-terminal poly His tag,
reconstituted in PBS pH 7.0) to 10 pl pantetheine (or CA-pantetheine
derivative) diluted with PBS (pH 7.0) so that the final concentrations
of pantetheine (derivative) were 20,40, 80,160,320 and 640 puM. The
mixtures were quenched with 180 pl methanol after allowing the reac-
tionto proceed for 15 min at 37 °Cand directly injected for HPLC-HRMS
analysis. The HPLC-HRMS analysis method was the same as described
in the ‘Analytical methods and equipment overview’ section, except
that a shorter HPLC method was used. The gradient was as follows:
started at1% organic for 2 min, linearly increasing to 98% organic over
2.5 min, then 98% organic for 2.5 min, shifting back to 1% organic in
0.1 min until 9 min. Pantothenic acid was detected in ESI" mode at m/z
220.1180 + 5 ppm. Initial velocity of each reaction was calculated by
dividing the concentration of produced pantothenic acid determined
using a standard curve of D-calcium pantothenate (Acros Organics)
for15 min. Michaelis—-Menten kinetic regression was performed using
GraphPad Prism (version 10.2.0).

Analysis of CDCA-d;-MCY metabolismin vivo
Use of the Label Finder tool in Metaboseek® facilitated untargeted
detection of any d,-labelled (Am/z of 4.0251) and d,-labelled (Am/z of
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5.0314) metabolites derived from administered CDCA-d;-MCY in SPF,
germ-free or ABX mice monocolonized with B. ovatus strains. CDCA-
d;-MCY was administered by oral gavage at a rate of 50 mg kg™ body
weight as described above. The vehicle control group received DMSO
and cornoil. Peak detection values were set as follows: retention time
(RT) tolerance of 3 s, peak width tolerance factor of 10, m/z tolerance
of 5 ppm, RT window of 5 s, minimum intensity ratio of unlabelled
peak-to-labelled peakinunlabelled samples 0f 10, and maximuminten-
sity ratio of unlabelled peak-to-labelled peak in unlabelled samples of 5.
Resulting tables of all detected features were then processed with the
Metaboseek data explorer. To remove background-derived features,
we first applied filters that only retained entries with aretention time
window of 5-20 min and m/zbetween 300 and 600, and then applied
apeak quality (more than 0.98) threshold, as calculated by Metabo-
seek’. The resulting table was then processed with Microsoft Excel to
generate bubble plots®,

DiscoverX assay for activity against human FXR
Tauro-B-muricholic acid (Sigma) and synthetic MCY conjugates
including CA-MCY, CA-MCYO, CDCA-MCY and MCA-MCY were
tested in a cell-based assay on FXR with known ligands, GW4064 and
DY268, in both agonist (item #86-0003P-2453AG) and antagonist (item
#86-0003P-2453AN) modes, respectively (assays were performed by
DiscoverX/Eurofins).

CHO-K1 cells tested negative for mycoplasma and were expanded
from freezer stocks according to standard procedures. Cells were
not authenticated. Cells were seeded in a total volume of 20 pl into
white-walled, 384-well microplates and incubated at 37 °C for the
appropriate time before testing. Assay media contained charcoal-
dextran-filtered serum to reduce the level of hormones present. For
agonist determination, cells were incubated with sample to induce
response. Intermediate dilution of sample stocks was performed to
generate 5X samplein assay buffer. Ofthe 5X sample, 5 plwas added to
cellsandincubated at 37 °C or room temperature for 3-16 h. Final assay
vehicle concentration was1 pl. For antagonist determination, cells were
pre-incubated with antagonist followed by agonist challenge, GW4064
(0.37 uM, ECy), obeticholicacid (25 uM) or CDCA (25 puM). Intermedi-
atedilution of sample stocks was performed to generate 5X samplein
assay buffer. Of the 5X sample, 5 pl was added to cells and incubated at
37 °C or room temperature for 60 min. Vehicle concentration was 1%.
Ofthe 6X ECg, agonist in assay buffer, 5 ul was added to the cells and
incubated at37 °C or room temperature for 3-16 h. Compound activity
was detected by chemiluminescent signals indicating ligand binding
thatinduces FXR activation, translocation and co-activator interac-
tion. For signal detection, the assay signal was generated through a
single addition of 12.5 pl or 15 pl (50% v/v) of PathHunter Detection
reagent cocktail, followed by a 1-h incubation at room temperature.
Microplates were read following signal generation with a PerkinElmer
Envisioninstrument for chemiluminescent signal detection. The ago-
nist mode measures the percentage activity relative to the maximum
value activated by GW4064 (100% activation)®. The antagonist mode
measures the percentage activity relative to the maximum value acti-
vated by DY268 (100% activation). For agonist mode assays, the per-
centage activity was calculated using the following formula: activity
(%) =100 x (meanrelative light unit (RLU) of test sample — mean RLU of
vehicle control)/(mean maximum control ligand - mean RLU of vehicle
control). For antagonist mode assays, the percentage inhibition was
calculated using the following formula: inhibition (%) =100 x (1 - (mean
RLU of test sample — mean RLU of vehicle control)/(mean RLU of ECg,
control — mean RLU of vehicle control).

DiscoverX assay for cell viability against human primary
hepatocytes

Chenodeoxycholic acid (Sigma) and synthetic CDCA-MCYO were
testedina cell-based assay using human primary hepatocytes (assays

were performed by DiscoverX/Eurofins, item 5137). Cryopreserved
human hepatocytes were thawed and plated into collagen-coated
96-well platesinthe Plating Medium (serum containing) at a density
of 0.2 x10° viable cells per millilitre. Hepatocytes were cultured at
37 °Cand 5% CO,for 18-24 h. After 18-24 h of plating, the hepatocytes
were incubated with the test compound in the incubation medium
(serumfree). Cell viability was measured by CellTiter-Glo (Promega)
after 24-h compound incubation. Compounds were tested in dupli-
cates at multiple concentrations (0.15, 0.45, 1.5, 4.5, 15, 45,150 and
450 pM) for IC,, determinations. Chlorpromazine was tested at mul-
tiple concentrations to obtain anIC,, value. The final DMSO concen-
tration was 0.5%. For data analysis, the percent of control activity
was calculated by comparing the readings in the presence of the test
compound to the vehicle control. ICs, values (concentration causing
a half-maximal inhibition of the control value) were determined by
non-linear regression analysis of the concentration response curves
using the Hill equation.

Quantitative real-time PCR and ELISA

Total RNAwasisolated from tissues using the RNeasy Plus minikit (Qia-
gen), and cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit with Multiscribe Reverse Transcriptase (Thermo
Fisher), accordingto the protocol provided by the manufacturer. Quan-
titative PCRs were set up using the Power SYBR Green PCR Master Mix
(Thermo Fisher) and run on a QuantStudio 6 Flex Real-Time PCR Sys-
tem (Applied Biosystems) using QuantStudio Real-Time PCR software
(version1.0). The primers are listed* in Supplementary Table 5. FGF15
ELISA was performed using the mouse FGF15 ELISA Kit (LSBio) as per
the manufacturer’s protocol.

Histological analysis

After euthanasia and perfusion, a single lobe of the liver was care-
fully removed and fresh-frozen in optimal cutting temperature using
adry-ice-isobutane bath. Tissue blocks were stored at -80 °C until
sectioning. Sectioning was performed on a Leica CM3050S cry-
ostat to a thickness of 10 pm and collected on Superfrost Plus Slides
(VWR). Sections were then again stored at —80 °C before staining.
For oil red O staining, slides were stained according to the manufac-
turer’s instructions using an Oil Red O Stain Kit (Abcam), omitting
the nuclear counterstaining step. Stained slides were imaged on a
Nikon Eclipse Ti microscope using a 20x Plan APO 0.45 NA lens using
identical illumination and detection settings. Four random 20x
fields were captured per section in two separate tissue sections for
atotal of eight fields per animal. The total oil red O pixel areain each
20x field was calculated using a custom Fiji script®. The pixel area
was then averaged over the eight captured sections and converted
to area in um? using the known pixel:um calibration of the imaging
system.

Monocolonization of germ-free mice

WT or mutant B. ovatus strains previously generated®* were grownina
TYGB/Megamedium at 37 °C overnight inside an anaerobic chamber.
Germ-free mice were monocolonized by oral gavage of the bacterial
culture (200 pl; approximately 1 x 107 colony-forming units (CFU))
and maintained in Sentry-sealed positive pressure cages (SPP) for
the duration of the experiments. The level of colonization was deter-
mined by quantifying the bacterial load in mouse faecal pellets (CFU
per gram of faeces). In brief, approximately 5 mg of faecal material
was resuspended in 200 pl of pre-reduced Gibco PBS buffer (pH 7.4).
Then, a tenfold serial dilution (to 10™*) was made in the same buffer
on a96-well plate, and 50 pl from each 10™*-diluted well was plated
onto anaerobically pre-reduced TSAB agar at 37 °C. After 24 h, colo-
nies appeared and the CFU for faecal samples collected from WT and
mutant colonized germ-free mice were calculated after normalizing
to faecal weight.



Invitro experiments with gut bacteria and mouse faecal
suspensions

Of Enterococcus faecalis, Lactiplantibacillus plantarum, Ruminococcus
gnavus, Enterocloster bolteae or Clostridium scindens (optical density
at 600 nm (ODy,,) of 0.5-0.6), 50 uM was inoculated with 100 uM of
CA-MCY, CA-MCYO or CA-MCY02 in 450 pl of reinforced clostridial
mediumandincubated at 37 °C for 48 h. Faecal samples were collected
fromthree SPF micein different cages. Approximately 50 mg of mouse
faecal sample was homogenized in 4 ml brain heart infusion medium
andincubated at 37 °C for 24 h. Subsequently, passaging was then per-
formedin15-mltubes at a dilution of 1:4 every 24 hfor atotal of two pas-
sages. Of the passaged bacteriacommunity (ODgq, 0.5-0.6), 50 plwas
inoculated with100 pM of CA-MCY, CA-MCYO or CA-MCYO2in 450 pl
of brain heart infusion medium and incubated at 37 °C for 48 h. After
invitro culture, 200 pl of culture was added to 300 plice-cold methanol
atafinal concentration of 60% methanol followed by overnightincuba-
tion at 4 °C. Extracted metabolites were stored at —80 °C. Before the
mass spectrometry analysis, samples were spun down at 12,000g for
5min, and the supernatant was transferred to 96-well plates followed
by dilution 1:1 (v:v) in 50% methanol containing 2.5 pg ml™ phenolsul-
fonphthalein for liquid chromatography-tandem mass spectrometry
analysis. Detailed methods for the comparative metabolomic analyses
have been previously described*. Inbrief, raw files were converted to
mzXML format via GNPS Vendor Conversion, and the Global Natural
Products Social Molecular Networking Database (GNPS, University
of California at San Diego) was submitted for spectral identification.

Statistical analysis

All statistical analysis was performed with GraphPad Prism (version
10.2.0) or Metaboseek (version 0.9.7). The statistical details of experi-
ments can be found in the figure legends. Reported n values are the
total samples per group. The Pvalues of datasets were determined by
unpaired two-tailed Student’s ¢-test with Welch’s correction, unless
specified otherwise. Normal distribution was assumed. If equal vari-
ances between two groups could not be assumed, Welch'’s correction
was performed. No statistical methods were used to predetermine
samplessize. The experiments were not randomized, and the investiga-
tors were not blinded to allocation during experiments and outcome
assessment. No animals were excluded from the analysis unless clearly
indicated. The entity n represents biologically independent samples
and not technical replicates unless specified otherwise. Error bars show
the s.e.m. unless specified otherwise.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data for Figs. 2-5 and Extended Data Figs. 2, 3 and 5-12 are
provided with this paper. Raw sequencing reads were uploaded to
the Sequence Read Archive under accession number BioProject
PRJNA761331, and mass spectrometry data for allmouse metabolome
samplesanalysedinthisstudy areavailable onthe GNPS website (https://
massive.ucsd.edu) under MassIVE ID number MSVO00090974. Source
data are provided with this paper.
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tion imaging is available on Zenodo®® (https://doi.org/10.5281/
zenodo.14031611).
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Extended DataFig.1|MS2spectraof MCY conjugates of BAs. a-e, MS2
spectraof CA-MCY (a), CDCA-MCYO (b), CA-MCYO (c), 7ZKDCA-MCYO (d), and
CA-MCYO2 (e). The listed BA-MCY conjugatesin each panel produced MS2

spectravery similar to the shown examples. Blue arrows indicate inferred
fragmentation. MS2 fragments and structure parts highlighted in red represent
MCY groups. Green fragments are derived from water loss.
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Extended DataFig.2|Microbiotadependent production of BA-taurine and
BA-MCY conjugates. a, Relative abundances of BA-MCYO conjugates of less
abundant BAsinserum of SPF (n=11) and GF (n =12), and mice that received
FMT (n=10, the three donors are represented by triangles, circles, and crosses,
n=3-4foreach donor).b,c, Relative abundances of CA-MCY conjugates (b) and
BMCA-MCY conjugates (c) as well as the corresponding free BAs in feces of SPF
mice (n=3), GF mice (n=3),and mice thatreceived FMT (n =10, the three donors
arerepresented by triangles, circles, and crosses, n = 3-4 for each donor).N.D.,
notdetected. d, Relative abundances of BA-MCYO conjugates of less abundant
BAsinfeces of SPF (n =3) and GF (n =3), and mice thatreceived FMT (n =10, the

threedonorsarerepresented by triangles, circles, and crosses, n = 3-4 for each
donor). e, Relative abundances of BA-taurine conjugates in serum or feces of
SPF (n=11forserumand n =3 for feces) and GF (n =12 for serumand n=3for
feces), and mice thatreceived FMT (n =10, the three donors arerepresented by
triangles, circles, and crosses, n = 3-4 for each donor). f,g, Relative abundances
of free BAsinserum (f) or feces (g) of SPF (n =11for serumand n = 3 for feces)
and GF (n=12for serum and n =3 for feces), and mice that received FMT (n =10,
thethreedonorsarerepresented by triangles, circles, and crosses, n = 3-4 for
eachdonor). Dataare mean = s.e.m. Pvalues were calculated using unpaired
two-sided Student’s t-test with Welch’s correction.
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Extended DataFig. 3 | Relationship between abundances of free BAsand
BA-MCY conjugates. a,b, Relative abundances of CA-MCY (a) and BMCA-MCY
conjugates (b) as well as corresponding free BAs in serum of mice fed control
(n=8)orinulinfiberdiet (n=7).c, Relative abundances of BA-MCYO conjugates
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andinulinfiber diet fed SPF mice (n = 8). e, Relationship between abundances
of free BAsand BA-MCY conjugates in serum of SPF as control for the FMT study
(n=11), FMT mice (n =10), SPF mice fed a control diet for the inulin fiber diet
study (n=8),and inulinfiber diet fed SPF mice (n =7).f,g, Relative abundances
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Extended DataFig. 6| Abundances of BA-MCY conjugatesindifferent
tissues.a,b, Abundances of CA-MCY conjugates, TCA and CA (a),and BMCA-MCY
conjugates, TBMCA and BMCA (b) inliver, small intestine, and cecum of SPF
(n=11)and GF (n=12for liver and n =13 for small intestine and cecum) mice.
Dataare mean ts.e.m.c-f, Abundances of UDCA-MCY conjugates and UDCA (c),

CDCA-MCY conjugates and CDCA (d), DCA-MCY conjugates and DCA (e), and
7-KDCA-MCY conjugates and 7-KDCA (f) in liver, small intestine, and cecum of
SPF (n=11) and GF (n =12 for liverand n =13 for small intestine and cecum) mice.
Dataare mean +s.e.m. Pvalues were calculated using unpaired two-sided
Student’s t-test with Welch’s correction. N.D., not detected.
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Extended DataFig.7|Therole of VNN1inproduction of BA-MCY conjugates.
a, Steady-state kinetic analysis of CA-pant and pantetheine hydrolysis catalyzed
by recombinant human VNN1 (AN490aa truncated) revealed both reactions
follow saturation kinetics. The steady-state kinetic parameters K,,and V,,, . are
determined by HPLC-HRMS for pantothenicacid formation tobe 39.78 + 20.31 pM
and1.53 £ 0.20 minfor CA-pant, and 74.07 + 41.52 uMand 2.13 + 0.37 min!
for pantetheine. The reaction mixtures contain 0.01 uM VNNI1. Number of
independent assays using the same batch of enzyme (n=3). Dataare mean ts.d.
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b,EICs of CA-CY inileum of Baat” mice, extracts of in vitro reaction of VNN1
hydrolyses CA-pantetheine, and comparison with a synthetic standard analyzed
inESI+. ¢, EICs of CA-pantin smallintestine of VnnI” mice and comparison
withasyntheticstandard analyzedin ESI +.d, Relative abundances of CA-pant
insmallintestine, feces, liver, and serum of WT (n =5) and Vnn1”" (n = 5) mice.
Dataare mean +s.e.m. Pvalues were calculated using unpaired two-sided
Student’s t-test with Welch’s correction. N.D., not detected.
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Extended DataFig. 8| Microbial deconjugation of BA-MCYsin SPF, GF, and
ABXmice. a, Ratio of total BA-taurine or BA-MCY conjugates to corresponding
free BAsinfeces of SPF (n =14) and GF (n =16) mice. Dataare mean +s.e.m. Pvalues
were calculated using unpaired two-sided Student’s t-test with Welch’s correction.
b,c, Totalamounts of free BAs (b) or BA-MCY conjugates (c) in feces of SPF (n =14)
and GF (n =16) mice. Dataare mean +s.e.m. Pvalues were calculated using
unpaired two-sided Student’s t-test with Welch’s correction. d, Total amounts
of free BAsand BA-MCY conjugates in feces of GF (n =16) mice. Dataare mean
s.e.m. Pvalues were calculated using paired two-sided Student’s t-test. e, HRMS
analysis of feces of mice fed CDCA-d;-MCY revealed deconjugation of
supplemented CDCA-ds-MCY, represented by peaks inthe CDCA mass spectrum
highlightedinred. Endogenously produced CDCA canbe distinguished,
highlightedin green. CAremained unlabeled. f-h, Totalamounts of labeled
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free BAs (f), BA-MCY conjugates (g), and BA-taurine conjugates (h) in feces of
SPF (n=14), ABX (n =15), and GF (n = 3) mice administered CDCA-d;-MCY.

i, Volcano plot of differential metabolites detected in liver of SPF mice
administered control (corn oil) (n =4) or CDCA-d;-MCY (n =5).Bubble sizes
reflect peak areas. See Supplementary Table 4 for compounds derived from
supplemented CDCA-d;-MCY. Pvalues were calculated using unpaired two-sided
Student’s t-test. j-1, Totalamounts of labeled free BAs (j), BA-MCY conjugates
(k), and BA-taurine conjugates (l) in liver of SPF (n = 5) and ABX (n = 5) mice
administered CDCA-d;-MCY.m, Volcano plot of differential metabolites detected
inliver of ABX mice administered control (corn oil) (n = 4) or CDCA-d;-MCY
(n=5).Bubblesizesreflect peak areas. See Supplementary Table 4 for compounds
derived from supplemented CDCA-d;-MCY. Pvalues were calculated using
unpaired two-sided Student’s ¢-test.
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Extended DataFig.10|FXR-related activity ofknownligands and BA-MCYs.
a, BMCA-MCY was tested against a cell-based protein-proteininteraction
assaysinboth agonist and antagonist modes. BMCA-MCY showed strong FXR
antagonistic effects to GW4604-mediated activation of FXR. BMCA-MCY showed
no FXR agonistic effectsin the assay. Assays were performed in duplicate for
each concentration. b, FXR agonistic effect of CDCA as measured in the protein-
proteininteractionassays. Data were normalized to the maximal and minimal
response observedin the presence of control compound (GW4064) and vehicle
(DMSO0), respectively. Assays were performed in duplicate for each concentration.
c,d, CDCA-MCY showed FXR antagonistic effects to obeticholicacid (25 uM) (c)
or CDCA (25puM) (d) mediated activation of FXR. Datawere normalized to the
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maximaland minimal response observed in the presence of control compound
(DY268) and vehicle (DMSO), respectively. Assays were performed in duplicate
foreach concentration. e-g, Cytotoxicity assays for CDCA-MCY (e), CDCA-MCYO (f),
and CDCA (g) inacell-based assay on human primary hepatocytes. Assays were
performedinduplicate for each concentration. h, TBMCA did not show FXR
antagonistic effects in protein-proteininteraction assays at the tested
concentrations. DY268 a synthetic FXR antagonist was used as a positive control.
Datawere normalized to the maximal and minimalresponse observedin the
presence of control compound (DY268) and vehicle (DMSO), respectively.
Assayswere performedin duplicate for each concentration.
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Extended DataFig.11|Regulation of BAbiosynthesisby BA-MCYsin vivo.
a,b, Abundances of endogenously produced BAs in feces of mice administered
CDCA-MCY or CDCA-ds-MCY daily for 14 days. Shown are individual amounts of
CDCA-derived BAs (a) and CA-derived BAs (b) in feces. Dataare mean+s.e.m.
with control (corn oil) (n=7)and CDCA-MCY fed mice (n =7 for CDCA-derived
pathway and n =3 for CA-derived pathway). Pvalues were calculated using unpaired
two-sided Student’s t-test with Welch’s correction. ¢, Total endogenously
produced BAs in feces of ABX mice administered CDCA-d;-MCY.Shown are
total amounts of BAs (n =13 for control and n =14 for CDCA-MCY fed mice). Data

aremeants.e.m.Pvalues were calculated using unpaired two-sided Student’s
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Extended DataFig.12|FXR-related activity of BA-MCYsin vivo.

a,b, Abundances of total BAsinliver (a) and serum (b) of WT and Nrlh4”" mice
administered CDCA-ds-MCY daily for 14 days. Data are mean + s.e.m. with control
(cornoil) (n=4) and CDCA-ds;-MCY fed mice (n=4). Pvalues were calculated using
unpaired two-sided Student’s t-test with Welch’s correction. ¢, Representative
photomicrographs of oil red O staining of liver sections of mice treated with
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CDCA-MCY) or high cholesterol diet (HCD) (n =4 for vehicle and n = 4 for
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using one-way ANOVA with Tukey’s correction.
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Data collection LC-MS data were collected using Thermo Scientific Xcalibur software version 4.1.31.9; QuantStudio Real-Time PCR software v1.0 was used to
collect real-time PCR data.

Data analysis LC-MS data were converted using MSConvert (ProteoWizard v3.0.18250-994311be0), then analyzed using Metaboseek software (v0.9.7).
Quantification was performed via integration in Xcalibur 4.1 QualBrowser (v4.1.31.9 ,Thermo Scientific). A MS2 molecular network was
created using Metaboseek (v0.9.7) and visualized in Cytoscape (v3.9.1). MS Excel (v2112) and Graphpad PRISM (v10.2.0) were used to plot. All
statistical analysis were performed with GraphPad Prism version 10.2.0 or Metaboseek version 0.9.7. NMR spectra were processed and
baseline corrected using MestreLab MNOVA (v14.2.1-27684) software packages. The custom Fiji script used for the analysis of liver lipid
accumulation imaging is available at https://github.com/cnp9004/Fiji-ORO-macro.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw sequencing reads were uploaded to the Sequence Read Archive (SRA), and MS data for all mouse metabolome samples analyzed in this study were uploaded to
the GNPS Web site (massive.ucsd.edu) under MassIVE ID number MSV000090974 and will be publicly available as of the date of publication.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender For FMT studies, the donors include 2 females and one male (self-reported). For human serum samples, participants were 12
females and 8 males. However, gender- or sex-based analyses were not performed since sample sizes were small and the
results from male and female donors are similar.

Population characteristics For human serum samples, all participants were between the ages of 18 and 35, weighed at least 110 pounds (50 kg), and
had a body mass index (BMI) between 17.0 and 27.5. For FMT studies, all participants are between ages of 27 and 51.

Recruitment Donors were defined healthy based on the absence of any gastrointestinal inflammation or metabolic syndrome including
diabetes and obesity (BMI>30) during the collection of samples.

Ethics oversight For human serum samples, the original study protocol was approved by the Duke Health Institutional Review Board (IRB) at
Duke University under protocol number Pro00093322, and registered on ClinicalTrials.gov, with the identified number
NCT04055246. Informed consent was obtained from all participants. For FMT studies, the study protocol was approved by
the Institutional Review Board at Weill Cornell Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed. Sample sizes were selected based on reasonable replication and prior experience with similar
assays which provided conclusive evidence of sufficient sample sizes, see e.g., PMID: 38506708 and PMID: 31645720 for examples.

Data exclusions  No data excluded for any of the experiments in the manuscripts.

Replication Experiments were independently replicated as indicated; three or more times in most cases. Replicates were biologically independent, unless
indicated otherwise. All attempts at replication were successful.

Randomization  Mice were randomly assigned to experimental groups at the beginning of dietary or metabolite treatments. Age and sex were matched
between experimental groups. All human samples were assigned to and tested for every experimental groups.

Blinding For all animal experiments, investigators were not blinded to the experimental groups given different diets or housing conditions were
required. All human samples were assigned to and tested for every experimental groups and therefore blinding was not applicable. For the oil
red O staining and quantification, images were acquired and analyzed by an individual blinded to the treatment groups. Investigators were
blinded during tissue extraction and subsequent sample preparation for metabolomics.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used FGF15 ELISA was performed using the mouse Fgf15 ELISA Kit (LSBio) as per the manufacturer’s protocol.

Validation The quality of the ELISA kit containing mouse Fgf15 antibody is tested and guaranteed by the manufacturer.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) CHO-K1 from Eurofins DiscoverX.
Authentication The cell lines were not authenticated.
Mycoplasma contamination All cell lines tested negative for mycoplasma by Eurofins DiscoverX.

Commonly misidentified lines  None.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6 (Jax, 000664) and Nr1h4-/- (Jax, 007214) mice were originally purchased from The Jackson Laboratories and bred at Weill
Cornell Medicine (WCM). Vnn1-/- mice were bred at the Yale School of Medicine (gift of Dr. Phillipe Nasquet (CIML, France) and Dr.
Ruslan Medzhitov (Yale University, USA). GF C57BL/6J mice were bred and housed in flexible PVC isolators (Park Bioservices) at WCM.
Gnotobiotic mice were maintained in Sentry sealed positive pressure cages (SPP, Allentown) for the duration of the experiments. All
other mice were maintained under specific pathogen-free condition. All mice used were between 6 and 12 weeks old, age- and sex-
matched for each experiment, maintained on a 12-h light-dark cycle, an average ambient temperature of 21 °C, an average humidity
of 48%, and were provided food and water ad libitum. When studying the effects of dietary fiber, mice were given an inulin fiber diet
(D16052309, Research Diets, Inc.) supplemented with 30% fiber (26% 412 inulin and 4% cellulose) or a calorie-matched control diet
(D12450J-1.5, Research Diets, Inc.) containing 4.7% cellulose. The duration of the fiber dietary intervention was two weeks unless
otherwise stated. For the experimental model of hypercholesteremia, mice were given a high cholesterol diet (C23041301, Research
Diets, Inc.) supplemented with 1% cholesterol, or standard mouse chow. The duration of the high cholesterol dietary intervention
was four weeks.

Wild animals No wild animals were used in the study.

Reporting on sex Equal numbers of male and female mice were used for all metabolomics experiments and age and sex-matched animals were used
for functional experiments with metabolites.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight All protocols were approved by the Weill Cornell Medicine Institutional Animal Care and Use Committees (IACUC), and all mice were
used in accordance of governmental and institutional guidelines for animal welfare.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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