1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Host Microbe. Author manuscript; available in PMC 2022 March 10.

-, HHS Public Access
«

Published in final edited form as:
Cell Host Microbe. 2021 March 10; 29(3): 408-424.e7. doi:10.1016/j.chom.2020.12.004.

A microbial metabolite remodels the gut-liver axis following
bariatric surgery

Snehal N. Chaudharil, James N. Luo?, David A. Harris2, Hassan Aliakbarian?, Lina Yao?l,
Donggi Paik3, Renuka Subramaniam?, Arijit A. Adhikaril, Ashley H. VernonZ2, Ayse Kili¢4,
Scott T. Weiss#®, Jun R. Huh3, Eric G. Sheu?”, A. Sloan Devlin1.6

1Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, MA, 02115, USA

2|aboratory for Surgical and Metabolic Research, Department of Surgery, Brigham and Women'’s
Hospital, Harvard Medical School, Boston, MA, 02115, USA

3Department of Immunology, Harvard Medical School, Boston, MA, 02115, USA

4Channing Division of Network Medicine, Department of Medicine, Brigham and Women's
Hospital, Boston, MA, 02115, USA

5Program in Molecular Integrative Physiological Sciences, Department of Environmental Health,
Harvard TH Chan School of Public Health, Boston, MA, 02115, USA

6Lead contact

Summary

Bariatric surgery is the most effective treatment for type 2 diabetes and is associated with changes
in gut metabolites. Previous work uncovered a gut-restricted TGR5 agonist with anti-diabetic
properties — cholic acid-7-sulfate (CA7S) — that is elevated following sleeve gastrectomy (SG).
Here, we elucidate a microbiome-dependent pathway by which SG increases CA7S production.
We show that a microbial metabolite, lithocholic acid (LCA), is increased in murine portal veins
post-SG and by activating the vitamin D receptor, induces hepatic mSult2ZA1/hSULT2A expression
to drive CA7S production. An SG-induced shift in the microbiome increases gut expression of the
bile acid transporters Asbtand Osta, which in turn facilitate selective transport of LCA across the
gut epithelium. Cecal microbiota transplant from SG animals is sufficient to recreate the pathway
in germ-free (GF) animals. Activation of this gut-liver pathway leads to CA7S synthesis and
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GLP-1 secretion, causally connecting a microbial metabolite with the improvement of diabetic

phenotypes.
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Bariatric surgery’s anti-diabetic effects are linked to microbiome through unknown mechanisms.
Chaudhari et al. show that selective transport of the microbial metabolite LCA from the gut to the
liver after bariatric surgery activates hepatic VDR, thereby inducing expression of bile acid
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sulfotransferase SULT2A, which produces the anti-diabetic molecule CA7S.

Introduction

Bariatric surgery is currently the most effective and durable treatment for obesity-related
type 2 diabetes (T2D). Sleeve gastrectomy (SG) is the most frequently performed bariatric
surgery in the United States (Abbasi, 2017). Even though maximal weight-loss occurs one
year post-surgery, many patients experience near-immediate resolution in their diabetic
phenotypes following SG (Heshmati et al., 2019). The molecular mechanisms underlying
this early and rapid amelioration in diabetes remains largely unknown. Clinical research has
identified three major changes that occur consistently following surgery: 1. an increase in
levels of GLP-1, a circulating incretin hormone; 2. changes in the bile acid (BA) repertoire;
and 3. changes in gut microbiome composition (Wang et al., 2019). Previous studies have
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documented overall changes to BA pools post-surgery (Kohli et al., 2013; Patti et al., 2009;
Pournaras et al., 2012). Recently, we have demonstrated the importance of studying changes
in levels of individual BAs after bariatric surgery (Chaudhari et al., 2020). We identified a
specific BA, cholic acid-7-sulfate (CA7S), that is increased in both murine cecal contents
and feces of human patients post-SG. We determined that CA7S is a potent agonist of the G
protein-coupled receptor TGR5 (GPBAR1) and induces GLP-1 secretion. When
administered to diet-induced obese (DIO) mice, CAT7S increases insulin secretion and
induces systemic glucose clearance. However, the origin of increased production of CA7S
post-SG is unknown. Moreover, there are still no known causal links between SG, the
microbiome, and subsequent amelioration of T2D.

Changes to gut microbial community composition following surgery can influence
metabolic outcomes (Medina et al., 2017; Tremaroli et al., 2015). Specifically, SG changes
the relative abundance of certain gut bacteria, and in particular, leads to an increase in the
abundance of species known to improve diabetes and obesity phenotypes (Ryan et al., 2014).
Fecal transplants from human patients and mice post-bariatric surgery confer metabolic
benefits to obese mice, including improved glucose tolerance, insulin sensitivity, and weight-
loss (Liu et al., 2018; Ryan et al., 2014). Importantly, antibiotic-mediated disruption of the
intestinal microbiota abolishes the effectiveness of SG in mice (Jahansouz et al., 2018).
These findings raise the possibility that gut bacteria are causally involved in beneficial
metabolic changes post-SG.

Here we demonstrate that a specific bacterial metabolite, lithocholic acid (LCA), influences
host metabolism by inducing synthesis of CA7S in human hepatocytes and the murine liver.
We found that the amount of LCA transported from the gut to the liver via the portal vein is
increased in mice following SG. We show that LCA activates the vitamin D receptor (VDR)
and induces cholic acid (CA) sulfonation both in vitro in human hepatocytes and in vivo in
mice, revealing a potential mechanism by which gut bacteria ‘communicate’ with the host in
the enterohepatic axis. We demonstrate that LCA-mediated synthesis of CA7S in human
hepatocytes can induce GLP-1 secretion in human enteroendocrine cells, providing a
mechanistic link between BA changes observed post-SG and the metabolic benefits of this
surgery. Cecal microbiota transplant (CMT) from post-SG mice into germ-free (GF)
recipient mice resulted in increased transport of LCA into the portal vein and increased
levels of CATYS in the cecum compared to CMT from post-sham animals. These data suggest
that a shift in the microbiome post-SG results in increased flux through pathway responsible
for the production of the anti-diabetic metabolite CA7S.

Production of cholic acid-7-sulfate (CA7S) and induction of GLP-1 requires a microbiome

To determine if the microbiome plays a role in production of CA7S, SG or sham surgery was
performed on antibiotic-treated or untreated diet-induced obese (DIO) mice. Mice were
euthanized six weeks post-surgery to measure early post-operative changes (Figure 1A). BA
levels in tissues were quantified using Ultra-high Performance Liquid Chromatography-
Mass Spectrometry (UPLC-MS). Consistent with our previous observations, SG mice
displayed higher levels of CA7S in their cecal contents post-surgery compared to shams
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(Figure 1B). However, treatment of mice with antibiotics prior to surgery abolished the SG-
mediated increase in CA7S levels (Figure 1C). Notably, the overall levels of CA7S were
significantly lower in the antibiotic-treated cohort compared to the untreated mice (Figure
1B,C). These results led us to hypothesize that a microbiome is necessary for production of
CATS in mice. To investigate this question, we quantified CA7S in conventional DIO mice,
antibiotic-treated DIO mice, or GF DIO mice. Remarkably, we observed that the levels of
CAU7S in the antibiotic-treated and GF mouse intestines were 100- to 200-fold lower than the
CAUTS levels in fully-colonized mice (Figure 1D). CAT7S levels were undetectable in the
livers of antibiotic-treated and GF mice (Figure 1E). These results indicate that a
microbiome is required for robust production of CA7S.

CATS triggers the activation of TGR5 and subsequently GLP-1 secretion to improve glucose
tolerance in vivo (Chaudhari et al., 2020). GLP-1 is a major mediator of diabetes remission
post-SG (Kaska et al., 2016; Larraufie et al., 2019). Consistent with our previous studies, we
observed an increase in circulating levels of GLP-1 in DIO mice that were subjected to SG
(Chaudhari et al., 2020) (Figure 1F). However, treatment of DIO mice with antibiotics pre-
and post-SG ablated the SG-mediated increase in GLP-1 secretion (Figure 1G). This result
suggests that a microbiome is required to induce SG-mediated GLP-1 secretion in vivo.

The microbiome induces the synthesis of CA7S by the mammalian liver

We next sought to investigate whether the microbiome synthesizes or modifies CA7S
directly. To determine if the microbiome in sham or SG mice are capable of synthesizing
CATS, we cultured bacteria from cecal stools of these mice in the presence of CA and
analyzed the resultant bacterial cultures by UPLC-MS (Figure S1A). Consistent with
previous reports, we did not observe CA7S synthesis by sham or SG cecal bacteria following
incubation for 7 days (Figure S1B) (Alnouti, 2009; Wahlstrom et al., 2016). Culturing
bacteria in the presence of CA7S for 7 days resulted in no observable hydrolysis of CA7S to
CA, suggesting that CA7S is not desulfated by gut bacteria (Figure S1C). Bacteria can also
produce CA7S by deconjugating tauro-conjugated cholic acid-7-sulfate (TCA7S), the host-
produced, taurine-conjugated form of CA7S (Marion et al., 2019) (Figure S2). As expected,
we observed deconjugation of TCATYS to CA7S by cecal bacteria (Figures S1D, S2).
However, we did not observe a significant difference in deconjugation efficiency between
sham and SG bacteria (Figure S1D). Moreover, quantification of TCA7S in mouse cecal
stool and liver using quadruple time-of-flight MS (QTOF-MS) showed no significant
difference in TCATS levels between the sham and SG cohorts (Figure S1E). Together, these
data suggest that neither microbial production of CA7S nor microbial breakdown of TCA7S
accounts for the increase in CAT7S levels observed in SG mice.

Sulfonation of BAs primarily occurs in the mammalian liver via BA-sulfotransferase
enzymes or SULTSs (Figure 1H) (Alnouti, 2009). Three isoforms of BA-SULTS have been
identified in mice (MSULT2A1, mSULT2A2, and mSULT2A8) and one isoform in humans
(hSULT2A) that specifically sulfate BAs (Alnouti, 2009; Dawson and Setchell, 2017; Feng
et al., 2017). Post-SG mouse livers exhibited higher expression levels of the mSult2A1
isoform than sham livers, while there were no differences in expression of the mSult2AZ2 or
mSultZ?A8isoforms (Figure 11, refer Table S1 for all gPCR primer sequences). Therefore,
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increased expression of mSult2A1 in mouse livers post-SG likely contributes to increased
CATS production in SG mice. The expression levels of mSult2A1 were significantly reduced
in antibiotic-treated and GF mouse livers compared to DIO mice (Figure 1J). These results
suggest that a microbiome is required for the production of CA7S from CA by mSULT2A1
in the liver.

Portal vein BAs induce expression of the liver sulfotransferase mSult2A1/hSULT2A

BAs tightly regulate their own synthesis and sulfonation via enterohepatic recirculation
(Alnouti, 2009). Based on the finding that a microbiome is required for production of CAT7S,
we investigated whether bacterially modified BAs transported to the liver through the portal
vein are causally involved in CA7S production. We performed BA profiling on portal veins
harvested from sham and SG mice that were treated with antibiotics or untreated prior to
surgery (Figure 2A). Total BA levels in the portal veins of mice post-SG did not differ
significantly from sham controls in both groups (Figure 2B,C). To test whether post-SG
portal vein BAs can induce expression of the BA sulfotransferase and whether this induction
is dependent on the microbiome, we generated in vitro pools of BAs that mimicked the
average physiological ratios observed in conventional and antibiotic-treated sham and SG
portal veins (Figure 2D,E). We then tested the ability of these reconstituted BA pools to
induce expression of the ASULT2A in human liver HepG2 cells (Alnouti, 2009). We found
that conventional SG portal vein BAs significantly induced ASULTZA expression in vitro
compared to the conventional sham BA pools, while ASULTZA expression was significantly
reduced when cells were incubated with antibiotic-treated sham portal BAs compared to
untreated sham portal BAs (Figure 2D-F). We observed similar induction of mSult?A1
expression when murine liver cells (Hepa 1-6) were incubated with the SG pool of portal
BAs compared to the sham pool (Figure S3A). Strikingly, we found that BA pools from
antibiotic-treated SG mice did not induce ASULTZ2A expression compared to antibiotic-
treated shams at all concentrations tested (Figure 2E). These results suggest that BAs
recirculated from the intestine to the liver via the portal vein post-SG can induce expression
of ASULTZA in liver cells and that this induction is microbiome-dependent.

The microbial metabolite LCA induces expression of mSult2A1/hSULT2A via the Vitamin D
receptor (VDR)

Portal vein BA profiling revealed differences between antibiotic-treated mice compared to
untreated, fully colonized mice (Figure 2B,C). Specifically, four BAs — chenodeoxycholic
acid (CDCA), tauro-deoxycholic acid (TDCA), cholic acid (CA), and lithocholic acid (LCA)
— were present in the portal veins of conventional sham and SG mice but undetectable in the
portal veins of antibiotic-treated mice (Figure 2B,C). To identify which of these BA(S) can
induce expression of mSult?A1/hSULTZA, we tested the ability of these four molecules to
induce expression of ASULTZA in HepG2 cells. LCA induced ASULTZ2A expression in a
dose-dependent manner, while CDCA, TDCA, and CA did not induce ASULTZA expression
at all concentrations tested (Figure 3A). We observed similar induction of mSult2A1
expression when murine liver cells (Hepa 1-6) were incubated with LCA (Figure S3B). LCA
is a microbiome-derived secondary BA. These results are therefore consistent with our
observation that mSult2A1 expression requires a microbiome. Moreover, using portal vein
BA profiling, we observed that LCA levels were significantly higher (~2.5-fold) in the portal
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veins of SG mice compared to sham mice (Figure 2B). Importantly, LCA was the only BA
whose levels were significantly increased in portal veins post-SG (Figure 2B). Together, our
results indicate that the microbial metabolite LCA is transported via the portal vein to the
liver post-SG and induces expression of hepatic mSult2A1.

We next sought to identify the receptor(s) that facilitate LCA-mediated induction of SULT
expression. LCA has been shown to bind certain nuclear hormone receptors, including the
farnesoid X receptor (FXR or NR1H4), the pregnane X receptor (PXR or NR112), the
vitamin D receptor (VDR), the constitutive androstane receptor (CAR or NR1I13), and the
retinoid-related orphan receptors (RORa or RORA and ROR+y or RORC), thereby inducing
expression of SULTs (Fiorucci and Distrutti, 2015; Kakizaki et al., 2009; Runge-Morris et
al., 2013). We took a candidate approach to investigate which receptor(s) is (are) responsible
for LCA induction of ASULTZA. siRNA-mediated knockdown of VDR significantly reduced
the LCA-dependent increase in ASULTZA expression in HepG2 cells, while knockdown of
PXR, FXR, CAR, RORa, and RORy did not significantly affect expression of ASULTZA
(Figure 3B, S3C,D). VDR activation leads to increased VDR expression in hepatocytes (Han
and Chiang, 2009). Hepatic Vdrexpression was also higher in SG mice than in Sham mice
(Figure 3C). In addition, Vdrexpression levels were ~20-fold lower in GF mouse livers and
were virtually undetectable in antibiotic-treated animals (Figure 3D). These data indicate
that Vdrexpression in the liver also requires the microbiome. Finally, BA analysis of Var-
knockout mouse feces revealed that the levels of CA7S were significantly reduced compared
to WT animals, demonstrating that VDR is required for production of CA7S in mice (Figure
3E).

To test whether the effects observed in antibiotic-treated animals could be due to off-target
effects of antibiotics on mammalian cells, we measured cell viability in human and liver
cells (HepG2 and Hepa 1-6 cells, respectively) and expression levels of VDR and ASULTZA
in HepG2 cells incubated with physiological concentrations of the antibiotic cocktail
administered to mice. No toxicity or differences in gene expression were noted, suggesting
that the effects of antibiotics observed in mice were due to the depletion of the microbiome
(Figure S3E,F). Further, correlation analysis revealed a significant association between
portal LCA levels and hepatic expression of mSult?A1 and Varin SG mice (Figure S3G,H).

To further test whether the proposed LCA-VDR-SULT2A1-CA7S pathway is operable in
vivo, we injected LCA (50 uM) directly into the portal vein of DIO mice (Figure 3F). This
concentration is within an order of magnitude of the physiological concentration of LCA in
SG mouse portal veins (Figure 2B). Portal injection with methylene blue resulted in
distribution of the dye to all lobes of the liver, anatomically demonstrating that portal
injection of LCA would result in bioavailability of the ligand to nearly all hepatocytes
(Figure S4). Two hours after portal vein injection of LCA, the expression levels of
mSultZ?A1 and Varin mouse liver were significantly increased (Figure 3G,H). Strikingly, we
observed an increase in CA7S levels in the gallbladder, suggesting that LCA injection in the
portal vein resulted in CA7S synthesis and subsequent accumulation in the gallbladder
(Figure 3I). Together, our results demonstrate that LCA, a microbial metabolite, is
transported from the gut to the liver by the portal vein and induces mSult2?A1 expression and
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CATS production in the liver. Our data also suggest that the observed increase in levels of
CATS following SG is mediated by LCA-induced activation of VDR.

LCA-triggered CA7S synthesis induces GLP-1 secretion in enteroendocrine cells

We hypothesized that the LCA-induced increase in expression of ASULTZA or mSult?A1 in
human or murine hepatocytes, respectively, would lead to increased synthesis of CAT7S,
which in turn could induce GLP-1 secretion. As a first step toward testing this hypothesis,
we investigated the synthesis of CA7S in vitro. Incubation of HepG2 cells with CA, the
precursor of CATYS, led to an increase in uptake of CA in hepatocytes, but no detectable
CAUTS levels were observed (Figure 3J). The addition of PAPS, the cofactor required as a
sulfonate donor for SULTS, led to production of CA7S in hepatocytes (Figure 3J). Addition
of LCA led to a significant increase in CA7S production (Figure 3J). Further, SiRNA-
mediated knockdown of VDR abolished LCA-mediated increase in synthesis of CA7S,
demonstrating that LCA requires VDR activation to induce expression of ASULT2A and
production of CA7S by hepatocytes (Figure 3J).

We next tested the ability of CA7S synthesized by HepG2 cells to induce secretion of GLP-1
by human enteroendocrine L-cells (NCI-H716) in a transwell setting (Figure 3K). L cells in
the lower gut secrete GLP-1 in response to TGR5 activation (Duboc et al., 2014). Incubation
of NCI-H716 cells with HepG2 cells previously induced to synthesize CA7S led to a
significant increase in GLP-1 secretion (Figure 3L). Finally, siRNA-mediated knockdown of
VDR, which abolishes synthesis of CA7S, led to a decrease in GLP-1 secretion, suggesting
that activation of VDR is necessary for CA7S-mediated induction of GLP-1 secretion
(Figure 3L). These results suggest that the LCA-VDR-SULT pathway functions in the
enterohepatic axis to induce production of CA7S and subsequently induce GLP-1 secretion.

LCA production is lower in mouse cecum and human feces post-SG

The primary BAs cholic acid (CA) and chenodeoxycholic acid (CDCA) are converted into
deoxycholic acid (DCA) and lithocholic acid (LCA), respectively, via 7a.-dehydroxylation
by Clostridia cluster X1V bacteria (Ridlon et al., 2006) (Figure 4A). Because mice post-SG
displayed higher levels of LCA in the portal vein, we hypothesized that more LCA was
being synthesized by bacteria in the intestine of mice post-SG. Contrary to our hypothesis,
we had observed a significant decrease in levels of LCA in the cecum of mice post-SG,
while the levels of DCA and total BAs were unchanged (Chaudhari et al., 2020). We
observed similar changes in stool samples from human patients that had undergone SG.
Levels of the bacterially produced BA LCA were lower in patient feces post-SG, while no
change in levels of DCA and total BAs were observed (Chaudhari et al., 2020). These results
suggest that SG in both mice and humans leads to a reduction in levels of the bacterial
metabolite LCA in the colon, in surprising contrast to the increase observed in the portal
vein.

To investigate whether the decrease in gut LCA levels could be a result of a decrease in
LCA-producing gut bacteria post-SG, we performed 16S rRNA sequencing on sham and SG
mouse cecal contents. Consistent with previous studies, we found that mice post-SG
displayed a shift in the microbiome, including an increase in the abundance of the phyla
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Bacteroidetes and Proteobacteria (Figure 4B,C, S5A) (Jahansouz et al., 2017; Magouliotis et
al., 2017). This shift was independent of a significant change in bacterial copy number,
Shannon diversity, or Chao species richness (Figure S5B) (McGavigan et al., 2017).
Although the mean relative abundance of Clostridiales, members of which produce LCA,
was lower in post-SG mice, the difference was not statistically significant (p=0.16, Figure
4D). Bacterial synthesis of LCA requires the action of a series of enzymes encoded by genes
in the BA-inducible (ba/) operon (Ridlon et al., 2006). A key enzyme in the LCA
biosynthesis cascade is a 3-oxo- / 3-0x0-4,5-dehydro-BA oxidoreductase encoded by the
baiCD gene within the basoperon (Figure 4A) (Funabashi et al., 2020). Analysis of mouse
cecal contents revealed that there was a significant (~100-fold) decrease in expression of the
baiCD gene in SG compared to sham animals (Figure 4E) (Wells et al., 2003).

We observed similar phyla-level shifts independent of changes in bacterial copy number,
Shannon diversity, or Chao species richness in human pre- and post-SG fecal samples,
results that are also consistent with previous studies (Figure 4F,G, S5C,D) (Damms-
Machado et al., 2015; Magouliotis et al., 2017; Medina et al., 2017). In human patients, the
relative abundance of Clostridiales was significantly lower in post-SG fecal samples (Figure
4H, S5C,D). Prior work has also shown that bariatric surgery leads to a reduction of
Clostridia in the gut (Damms-Machado et al., 2015; Magouliotis et al., 2017; McGavigan et
al., 2017; Medina et al., 2017). Together, our results demonstrate a shift in the microbiome
following SG resulting in a decrease in the synthesis of LCA in the gut of mice and humans.
Notably, these data show that the observed increase in the microbial metabolite LCA in
portal veins of SG mice does not result from an increase in total synthesis of LCA by gut
bacteria.

The BA transporters Asbt and Osta are overexpressed in mouse ileum post-SG

Based on our observation that levels of LCA were increased in the portal vein post-SG but
decreased in the gastrointestinal (Gl) tract, we investigated the influence of BA transporters
in facilitating selective transport of LCA into portal circulation. Active transport of BAs
occurs primarily in the ileum and is mediated by the apical sodium-dependent BA
transporter (ASBT or SLC10A2) for Na*-dependent transport; the organic anion
transporting polypeptide (OATP or SLC01A2) for Na*-independent transport; and members
of the ABC family of proteins, including the bile salt export pump (BSEP or ABCB11), the
organic solute transporters (OSTa/p or SLC51A/B), and multidrug resistant proteins (MRP
or ABCC1) for ATP-dependent transport (Dawson et al., 2009). Further, transport of BAs
from the apical to basolateral side of the intestinal epithelium is facilitated by direct binding
to the ileal BA-binding protein (I-BABP or FABP6) (Figure 5A) (Besnard et al., 2004). We
quantified expression levels of these BA transporters in the distal ileum of sham and SG
mice by gPCR and found that expression of Asbtand Osta were significantly elevated in the
ileum of mice post-SG compared to the sham cohort (Figure 5B). ASBT and OSTa
predominantly mediate transport of BAs from the intestine to the portal vein, and previous
studies have observed a similar increase in levels of Asbfpost-SG (Ding et al., 2016).
Therefore, SG appears to increase expression of proteins involved in BA transport into the
portal vein.
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LCA is preferentially transported by ASBT in intestinal epithelial cells

Substrate specificity of ASBT has been studied for groups of BAs, but not extensively for
individual BA molecules (Dawson et al., 2009; Martinez-Augustin and Sanchez de Medina,
2008). Previous research has found that BAs compete for binding ASBT, and that certain
amino acid residues of ASBT have different binding affinities to specific BAs (Sun et al.,
2006). In particular, ASBT transports dihydroxy BAs such as CDCA and DCA more
efficiently than trihydroxy BAs such as TCA and CA (Craddock et al., 1998). However,
LCA, a monohydroxy BA, was not studied in this context. Given our observation of
increased LCA in the portal vein of SG mice, we hypothesized that an increase in expression
of Asbtand Osta induces active absorption of LCA from the intestine into portal circulation.
To test this hypothesis, we measured transport of BAs in differentiated human intestinal
Caco-2 cells that had been differentiated into a polarized monolayer with intercellular tight
junctions and brush border microvilli (Figure 5C) (Ferruzza et al., 2012). This in vitro
intestinal model system has been used to study transcytosis of small molecules through the
intestinal epithelium (Tan et al., 2018; Chaudhari et al., 2020).

To test whether LCA is specifically transported through the gut epithelium, a defined mix of
predominant gut BAs were added to the apical side of differentiated Caco-2 cells in
transwells, and active transport to the basolateral compartment was measured at 12 hours
and 24 hours using UPLC-MS (Figure 5D). We added abundant primary BAs found in the
intestine of mice and humans (primary BAs: CA, CDCA, BMCA (beta-muricholic acid);
secondary BAs: LCA and DCA,; conjugated BAs: TCA (tauro-cholic acid) and TBMCA
(tauro-beta-muricholic acid), at a concentration of 10 uM each to the apical side of the
transwells (Figure 5D) (Martinez-Augustin and Sanchez de Medina, 2008). We found that
total transport of LCA was significantly higher than that of DCA at 12 hours and 24 hours
(Figure S6A), suggesting that individual BA molecules can have different transport kinetics.
Next, we performed a time course analysis of BA transport over 12 hours to investigate if
LCA is transported more efficiently at earlier time points. Similar to our previous results,
LCA does not appear to be transported more efficiently than other BAs via an epithelial
monolayer (Figure 5E,F). However, siRNA-mediated knockdown of ASBT and/or OSTa
specifically abolished transport of LCA and TCA across the epithelial monolayer,
suggesting that LCA and TCA require expression of ASBT and OS7a for transcytosis
(Figure 5E,F, S6B,C). Furthermore, overexpression of ASBT by treatment of differentiated
Caco-2 cells with the specific MEK inhibitor U0126 resulted in increased transport of LCA
through the monolayer (Figure 5E,F, Figure S6B) (Ghosh et al., 2014). Importantly, no other
BA exhibited an increase in transport following ASBT overexpression (Figure 5E,F, S6B,)
(Ghosh et al., 2014). These results suggest that increased levels of ASBT7and OST7a in the
ileum of SG mice results in increased selective transport of LCA into the portal vein.

Lower levels of LCA post-SG result in increased expression of Asbt

To further investigate the unexpected observation that LCA levels were increased in murine
portal veins but decreased in mouse cecum and human feces post-SG, we examined the
impact of BAs on expression of ASBT, the predominant BA transporter (Craddock et al.,
1998). BAs have been shown to modulate ASBT expression in intestinal cells (Xie et al.,
2018). Unconjugated BAs, particularly secondary BAs LCA and DCA, inhibit ASBT
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expression in intestinal cells in vitro (Xie et al., 2018). Because SG mice harbor reduced
LCA levels in cecal contents compared to shams (mean values of ~35 pM and ~75 uM,
respectively)(Chaudhari et al., 2020), we hypothesized that this reduction in LCA promotes
an increase in Asbtexpression in SG (Figure 6A). To test this hypothesis, we incubated
Caco-2 cells with in vitro pools of BAs that mimicked the average physiological
concentrations observed in sham and SG cecal stool. We then tested the ability of these
reconstituted BA pools to induce expression of the ASBT in Caco-2 cells. We found that SG
cecal BAs significantly induced ASBT expression in vitro compared to the sham BA pools
(Figure 6B). Further, incubation of Caco-2 cells with a physiologically relevant
concentration of LCA (100 uM) significantly inhibited ASBT expression without affecting
cell viability (Figure 6C, S6D. These results together suggest that, paradoxically, a drop in
intestinal LCA levels after SG leads to increased Asbtexpression and thus increased levels
of LCA in the portal vein (Figure 6A).

Previous studies have shown that gut microbiota inhibit expression of Asbt(Out et al.,
2015). Antibiotic-mediated depletion of gut bacteria results in increased expression of Asbt
(Out et al., 2015). The antibiotic cocktail administered to our sham and SG mice did not
affect cell viability or ASBT expression levels in vitro (Figure S6E). We found that GF mice
have higher expression levels of intestinal Asbtcompared to conventional DIO mice (Figure
S6F). Based on our observation that the microbial metabolite LCA inhibits ASBT
expression in vitro, we hypothesized that LCA administration is also sufficient to inhibit
Asbtexpression in vivo. To test this hypothesis, we administered 0.3% LCA in chow to GF
mice for 7 days (Figure 6D). This treatment led to accumulation of LCA throughout the Gl
tract (Figure 6E). LCA feeding resulted in significant inhibition of Asbtexpression in the
lower Gl tract (Figure 6F), demonstrating that LCA inhibits expression of Asbtin vivo.

Remarkably, although Asbt expression is inhibited in the lower Gl tract, we found that
introduction of LCA in the gut is sufficient to trigger the LCA-VDR-SULT pathway and
induces production of CA7S (Figure 6G,H). This effect is likely due to the high
concentration of LCA introduced (mean value of ~1100 uM in cecal contents, Figure 6E)
and existing levels of ASBT present in the intestine that enables some transport of LCA to
the liver despite suppression of Asbt gene expression. Notably, we observed accumulation of
CATS in the gallbladder and Gl tract of GF mice fed with LCA (Figure 6G). LCA-fed mice
displayed significantly higher levels of hepatic mSult2?A1 expression (Figure 6H). The
expression of Varwas also increased compared to control mice although the difference was
not statistically significant (Figure 6H). Thus, although LCA decreased Asbt expression in
these animals, LCA feeding was able to induce CA7S biosynthesis by the liver. Together,
these results indicate that LCA is sufficient to induce CA7S production in GF mice.

SG microbiota transplant recreates the CA7S pathway in GF animals

To test whether the SG microbiota can trigger an increase in portal LCA transport and the
LCA-VDR-SULT pathway in vivo, we performed a cecal microbiota transplant (CMT) from
sham and SG mice into GF animals. Cecal stool from sham and SG mice 6-weeks post-op
were anaerobically homogenized and gavaged into GF mice fed a high-fat diet (Figure 7A).
Two weeks after conventionalization, the sham-CMT and SG-CMT animals were
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euthanized. To examine whether the LCA production capability of the microbiota of
recipient animals mirrored that of the donors, we measured microbial ba/CD expression in
the cecal stools of both cohorts. Similar to our previous observation, SG donors displayed
significantly lower expression levels of ba/CD compared to sham animals. This effect was
also transferred to the respective CMT recipients (Figure 7B,C). SG-CMT animals exhibited
lower levels of cecal LCA compared to sham-CMT, with no change in DCA or total BA
levels, similar to our previous observations in sham and SG mice (Figure 7D) (Chaudhari et
al., 2020). Together, these results suggest that we successfully conventionalized GF mice
with the cecal microbiota of sham and SG mice.

Next, we investigated whether CMT from SG mice recreated the LCA-VDR-SULT-CA7S
pathway in vivo. Consistent with our in vitro results showing that LCA inhibits expression
of Asbtand Osta, SG-CMT mice exhibited significantly higher levels of Asbtand Osta
expression in the distal ileum compared to sham-CMT (Figure 7E). Further, we observed
increased portal transport of LCA in SG-CMT mice compared to sham-CMT while both
cohorts displayed comparable levels of other portal BAs (Figure 7F, S7). These data indicate
that the SG microbiome induces increased LCA transport from the gut to the liver via the
portal vein. Consistent with this observation and our previous in vitro and in vivo results,
SG-CMT mice exhibited significantly higher levels of hepatic Varand mSultZ2A1 expression
compared to sham-CMT (Figure 7G). We also observed a significant increase in CA7S
levels in cecal contents of SG-CMT animals, demonstrating that SG microbiota is sufficient
to trigger increased CA7S production compared to sham animals (Figure 7H). Our previous
study demonstrated that accumulation of CA7S induces an increase in expression of 7gr5in
the lower Gl tract and an increase in levels of circulating GLP-1 (Chaudhari et al., 2020).
GLP-1 levels were ~50% higher in SG-CMT animals compared to sham-CMT, although the
difference was not statistically significant (SG-CMT, mean=24 pg/ml; sham-CMT,
mean=16.2 pg/ml, p=0.25, Figure 71). While we had observed a significant increase in
GLP-1 levels 6 weeks post-SG (Figure 1F) (Chaudhari et al., 2020), GLP-1 levels in CMT
mice were measured 14 days post-cecal transplant. It is possible that more than 2 weeks is
required for the microbiome to induce GLP-1 secretion via the CA7S pathway in ex-GF
mice. Importantly, consistent with our previous study (Chaudhari et al., 2020), we observed
a significant increase in 7gr5expression in the distal ileum of SG-CMT animals compared
to sham-CMT mice, indicating that the post-SG microbiome increased 7gr5expression in
the timeframe of this experiment (Figure 7J). Taken together, these data demonstrate that the
microbiome is sufficient to trigger the LCA-VDR-SULT-CA7S pathway and subsequent
Tgr5induction (Figure 7K). More broadly, this study shows that a small molecule produced
by the gut microbiota regulates a host metabolic pathway that likely contributes to
amelioration of diabetes post-SG.

Discussion

Obesity and obesity-related type 2 diabetes are systemic metabolic diseases that affect
multiple organs and whole-body homeostasis. Recent studies have found that obesity-related
diseases have distinct metabolomic fingerprints, particularly associated with a shift in the
microbiome and microbiome-derived metabolites (Gralka et al., 2015; Samczuk et al.,
2018). Weight-loss surgeries have been shown to modify this obesity-related metabolomic

Cell Host Microbe. Author manuscript; available in PMC 2022 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhari et al.

Page 12

fingerprint in a way that mimics the metabolome and microbiome associated with a healthy
gut (Gralka et al., 2015; Medina et al., 2017; Samczuk et al., 2018; Tremaroli et al., 2015).
Studying how weight-loss surgeries such as SG can molecularly and metabolically
reprogram the body will facilitate the discovery of novel therapeutics that can mimic the
effects of these surgical interventions.

In this study, we find that gut bacteria communicate with the host through the transport of a
bacterially derived molecule from the gut to the liver via the portal vein. Gut metabolites
transported via the portal vein constitute a significant portion of the molecular milieu to
which the liver is exposed. In previous work, we identified CA7S, a gut-restricted TGR5
agonist that can improve hyperglycemia in vivo (Chaudhari et al., 2020). In this work, we
have identified a microbiome-mediated mechanism that drives synthesis of CA7S in the liver
by direct transport of microbially derived LCA into the portal vein via the BA transporters
ASBT and OSTa. A recent study found that colonization of GF mice with human fecal
microbiome led to a 4-fold increase in host-produced CA7S (Wahlstrom et al., 2017).
Moreover, inhibition of BA transport in the portal vein has been shown to impair glucose
tolerance, insulin sensitivity, and GLP-1 secretion (Shang et al., 2010). Therefore, the
pathway described here suggests that exchange of microbial metabolites in the enterohepatic
axis could be one of the contributing factors that mediates anti-diabetic benefits of bariatric
surgery in animals with a functional microbiome (Jahansouz et al., 2018).

SULT2A(1) is a highly conserved hepatic sulfo-conjugating enzyme. Genome-wide
association studies have identified that mutations in the SULTZ2A gene locus are linked to
diabetes (Elam et al., 2009; Yalcin et al., 2013; Ye et al., 2010). The involvement of VDR in
mediating LCA-induced synthesis of CATYS is also consistent with recent studies
demonstrating the importance of VDR in obesity, type 2 diabetes, and bariatric surgery.
Vitamin D deficiency and polymorphisms in the VDR gene have been linked to development
of obesity and diabetes, while activation of VDR via administration of vitamin D has been
shown to improve glucose homeostasis and result in weight-loss (Lespessailles and Toumi,
2017; Manchanda and Bid, 2012; Sisley et al., 2016). Vitamin D levels positively correlate
with diabetes remission post-bariatric surgery (Lespessailles and Toumi, 2017). Our data
suggest that VDR may be causally involved in the metabolic benefits of SG, and in
particular, that activation of VDR signaling by LCA in the liver post-SG may contribute to
the glucoregulatory effects of this surgery.

Our study suggests that an increase in Asbrexpression could selectively increase transport of
LCA in the portal vein. However, transcytosis in the gut epithelium is only one step in the
overall enterohepatic circulation of BAs in the body. After absorption, BAs bind serum
albumin in portal blood and are extracted from the blood by hepatocytes via BA transport
proteins in the liver (Dawson et al., 2009). Among BAs, LCA has the greatest affinity for
serum albumin which binds BAs for transport to the liver in the enterohepatic recirculation
(Roda et al., 1982). The difference in extraction efficiencies of individual BAs from the
portal blood into hepatocytes requires further investigation.

Our data indicate that the shift in the microbiome post-SG, specifically a decrease in
Clostridia, results in a decrease in production of LCA that amplifies flux through a cross-
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organ pathway, ultimately resulting in increased production of the glucoregulatory
compound CA7S. Remarkably, we observed that a CMT from SG mice recreated the LCA-
VDR-SULT2A1-CA7S pathway in GF recipient mice. Specifically, SG-CMT resulted in an
increase in LCA in the portal vein, an increase in expression of Varand mSult2?AZ1 in the
murine liver, and an increase in CA7S levels in the gallbladder. Moreover, the LCA-VDR-
SULT2A-CAT7S-GLP-1 pathway was operable in human intestinal and liver cells in vitro.
Considering that similar to SG mice, human stool post-SG also displayed reduced Clostridia
levels, decreased LCA levels, and increased CAT7S levels, it is plausible that the LCA-VDR-
SULT2A-CAT7S-GLP-1 contributes to glucoregulatory benefits of SG in human patients.
Future studies in SG patients may help establish that the pathway described herein is
operable in humans, perhaps paving the way for future therapies to treat type 2 diabetes.

Finally, other bacterially produced or modified molecules that affect host metabolism and
signaling are also directly transported via the portal vein to the liver, including short-chain
fatty acids, vitamins, and carbohydrates (Wu et al., 2019). Recent work has demonstrated the
role of the small intestinal microbiome in influencing production and absorption of these
molecules (Kastl et al., 2020; Martinez-Guryn et al., 2018). Future investigations of small
intestinal host-microbe interactions in the context of CA7S production specifically and SG
more generally may provide further insights into the mechanistic basis for improved
metabolic phenotypes following bariatric surgery. This study supplies evidence for one
mechanism linking a functional microbiome and a microbial metabolite to host metabolism,
illustrating the importance of studying metabolite transport and signaling in the
enterohepatic axis.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact.—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, A. Sloan Devlin
(sloan_devlin@hms.harvard.edu).

Materials Availability.—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability.—The 16S rDNA datasets analyzed in the manuscript are
available through the NCBI under accession number PRINA635168. All other data
generated or analyzed during this study are included in this article and its Supplemental
Information files. No custom code or mathematical algorithms were used in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice.—Animals were age-, weight-, and sex-matched for all analyses. Diet induced obese
(DIO), male, C57BI/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) at
11 weeks of age for Sham and SG surgeries, and at 14 — 16 weeks of age for all other non-
surgical experiments. All mice were purchased from the above vendor (Jackson Laboratory,
Bar Harbor, ME) unless otherwise noted. Animals were housed under standard conditions in
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a climate-controlled environment with 12-hour light and dark cycles and reared on a high-fat
diet (HFD, 60% Kcal fat; RD12492; Research Diets Inc., NJ). Animals were allowed to
acclimate for at least 1 week prior to undergoing any procedures. Male and female Var-KO
mice were bred by, and housed at, Massachusetts General Hospital in the Demay lab; control
C57BL/6 WT mice were purchased from Jackson Laboratory. Cecal microbiota transplant
(CMT) experiments were performed using male GF C57BL/6 mice, bred internally by, and
maintained in gnotobiotic isolators at the Massachusetts Host-Microbiome Center. Animal
surgeries, portal vein injection experiments, CMT experiments, and other DIO mouse
studies were approved by the Institutional Animal Care and Use Committee (IACUC) of
Brigham and Women’s Hospital. Var-KO studies were approved by the IACUC of
Massachusetts General Hospital. GF mouse experiments for LCA feeding were approved by
the IACUC at Harvard Medical School.

Bacterial culture.—Fresh sham and SG mouse cecal stools were collected in Eppendorf
tubes and weighed before transfer to an anaerobic chamber (Coy Lab Products Airlock) with
a gas mix of 5% hydrogen and 20% carbon dioxide (balance nitrogen). Approximately 100
mg of cecal stool was resuspended anaerobically in 10 mL of Cullen—Haiser Gut (CHG)
media, which consists of brain heart infusion media (Bacto BHI, BD) supplemented with 1%
BBL vitamin K1-hemin solution (BD), 1% trace minerals solution (ATCC), 1% trace
vitamins solution (ATCC), 5% fetal bovine serum (FBS) (Hyclone), 1 g ™1 cellubiose, 1 g |
~1 maltose and 1 g 171 fructose (Hall et al., 2017).

Cell culture.—HepG2, NCI-H716, Hepa 1-6, and Caco-2 cells were obtained from
American Type Culture Collection (Manassas, VA). Caco-2, HepG2, and Hepa 1-6 cells
were maintained in Minimum Essential Medium (MEM) with GlutaMAX and Earle’s Salts
(Gibco, Life Technologies, UK). NCI-H716 cells were maintained in RPMI 1640 with L-
glutamine (GenClone, San Diego, CA). All cell culture media were supplemented with 10%
fetal bovine serum (FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin
(GenClone). Cells were grown in FBS- and antibiotic-supplemented ‘complete’ media at 37
°C in an atmosphere of 5% CO».

Human samples.—Institutional review board approval was obtained to prospectively
collect human stool samples from patients prior to and after (mode 15 days; median 36 days;
range 14 to 99 days) undergoing SG. Informed consent was obtained from each patient. For
study enrollment, patients had to qualify for bariatric surgery. Exclusion criteria were as
follows: 1) antibiotic use within 3 months of surgery, 2) use of immunosuppression, 3) pre-
existing immunocompromised state, 4) chronic diarrhea, 5) ulcerative colitis or Crohn’s
disease, 6) prior colon resection. Specimen were snap frozen in liquid nitrogen and stored at
—80 °C until BA analysis was performed in a blinded fashion.

METHOD DETAILS

DIO GF animals.—Germ free mouse tissues were obtained from a previous study (Yao et
al., 2018) (control group for the CLAMS experiment). Briefly, age- and weight-matched
male GF C57BL/6 mice were maintained in gnotobiotic isolators at the Massachusetts Host-
Microbiome Center for three weeks and then transferred to pre-sterilized CLAMS cages at
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Brigham and Women’s Hospital Metabolic Core facility for one week. Mice were fed a
high-fat diet (D12492, Research Diets Inc., NJ) for the entire 4 week experiment.

In vivo antibiotic treatment.—11 week-old C57BI/6J mice were reared on a high-fat
diet (RD12492). After 1 week of acclimation, these DIO mice were weight matched into two
groups — Sham or SG. Two days prior to surgery, mice were administered an antibiotic
cocktail in drinking water — neomycin trisulfate (1g/L, Sigma Aldrich N5285, St. Louis,
MO), metronidazole (0.25 g/L, Acros Organics, 210340050, NJ), vancomycin hydrochloride
(0.5g/L, Acros Organics 210340050, NJ), and ampicillin (1 g/L, Sigma Aldrich A0166, St.
Louis, MO). Water containing antibiotics was mixed with sterile water, brought to a pH of
7.4, and provided to mice ad libitum in light-protected bottles. This treatment was continued
in the post-operative setting. The antibiotic-containing water was changed three times
weekly. Stool pellets were collected prior to antibiotic initiation and at regular intervals post
initiation and throughout the duration of the experiment.

Vdr-KO mouse feces.—The Var-KO line was generated in the Demay lab and bred in
house at MGH for several years to ensure reproducibility of results when compared to
similarly bred WT mice. To normalize the blood mineral ion levels in Var-KO-/- mice,
these animals were fed a y-irradiated rescue chow (TD96348, Teklad, Madison, WI)
containing 2% calcium, 1.25% phosphorus, and 20% lactose with 2.2 1U vitamin D/g (Li et
al., 1998). Feces were collected from mice that were ~8 weeks of age, snap-frozen in liquid
nitrogen, and stored at —80 °C until further analysis.

Sleeve gastrectomy (SG) and sham procedures.—11-week-old DIO mice were
weight-matched and randomized to receive either SG or sham operation. SG was performed
through a 1.5 cm midline laparotomy under isoflurane anesthesia. The stomach was gently
dissected free from its surrounding attachments, the vessels between the spleen and stomach
(short gastric arteries) were divided, and a tubular stomach was created by removing 80% of
the glandular and 100% of the non-glandular stomach with a linear-cutting surgical stapler.
Sham operation consisted of a similar laparotomy, stomach dissection, vessel ligation, and
manipulation of the stomach along the staple line equivalent. Mice were individually housed
thereafter to allow for monitoring of food intake, weight, and behavior. SG and sham mice
were maintained on Recovery Gel Diet (Clear H,O, Westbrook, ME) from 1 day prior
through 6 days after surgery and then were restarted on HFD on the morning of post-
operative day (POD) 7. The mice were maintained on HFD until sacrifice. Mice were
sacrificed 5-7 weeks post-surgery. Sham and SG surgeries were performed in 4 cohorts of
animals with n=4, 4, 4, and 9 per group in each cohort.

Portal injection.—DIO mice were purchased at 14-week age and housed as described in
“Mice” above for 6 weeks. Animals were fasted for 4 hours on the day of the experiment.
Six mice were matched into two groups based on fasting glucose levels. Under general
anesthesia with isoflurane 1-2% and laparotomy, the portal vein was exposed. With a 30.5 G
needle, 200 pL of 50 uM LCA solution or equivalent volume of PBS (which was corrected
with DMSO to serve as the proper control) was injected into the anterior surface of the
portal vein. Post-injection bleeding was controlled by local pressure for several seconds. The
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animals were kept under anesthesia. 120 minutes following injection, whole blood and
tissues were harvested.

LCA feeding in chow to GF animals.—Age-matched 5- week-old male GF C57BL/
6NCrl mice were purchased from Charles River Laboratory and maintained in flexible film
isolators at Harvard Medical School. Mice were fed an autoclaved powdered meal with or
without 0.3% LCA (w/w) in Isocages system (Tecniplast). Teklad Global 19% sterilizable
rodent meal was evenly mixed with measured LCA, autoclaved for 60 minutes and provided
in glass feeder jars and replenished when necessary. LCA feeding was performed for seven
days after which mice were sacrificed and tissues were harvested by snap-freezing in liquid
N2 for analysis. Two control mouse gallbladders and one from the LCA-fed mouse ruptured
during harvest and were therefore excluded from analyses.

Cecal microbial transplant (CMT).—Six-week post-op sham and SG mice were
sacrificed, and their ceca were tied on both ends prior to harvest to maintain microbiome
integrity and an anaerobic environment. Ceca were transferred to an anaerobic chamber,
untied, and suspended in 5 mL of PBS with 0.05% cysteine (C-6852, Sigma-Aldrich).
Pooled sham or SG ceca (cecal stool and cecal tissue) were homogenized in a sterile glass
homogenizer in an anaerobic chamber. The cecal slurry containing cecal bacteria was
centrifuged at 700 g for 1 minute. Supernatant was collected for inoculation. CMT was
performed as follows: age-matched male GF C57BL/6 mice were maintained in gnotobiotic
isolators at the Massachusetts Host-Microbiome Center under a strict 12 hr light cycle and a
constant temperature (21 + 1°C) and humidity (55-65%). All experiments were conducted
on 6-8-week-old male mice. Five days prior to inoculation, GF mice were started on a
doubly-irradiated high-fat diet (D12492ii, 60% kcal fat, Research Diets Inc, NJ). Mice were
inoculated, via oral gavage, with 200 pL of SG- or sham-derived inoculum.
Conventionalized mice were maintained on doubly-irradiated HFD for 14 days. On day 14
post-CMT, mice were fasted for 4h prior to sacrifice. Tissues were harvested and snap-
frozen in liquid N2 prior to analysis.

TCAT7S synthesis.—Cholic acid-7-sulfate (15.0 mg, 0.03 mmol) was dissolved in 4 mL
DMSO. Hydroxybenzotriazole (6.2 mg, 0.04 mmol) and EDCI (7.1 mg, 0.04 mmol) were
then added and the mixture was stirred at 23 °C for 30 mins. Taurine (5.7 mg, 0.04 mmol)
was added to the above solution and the resulting reaction mixture was stirred at 23 °C for
18 h. The mixture was then concentrated on a rotary evaporator. The crude mixture was
purified using a C18 column on a Teledyne ISCO CombiFlash Rf system. The semi-pure
fractions were further purified by silica gel chromatography (gradient of 5% to 100%
methanol / dichloromethane) to provide the pure compound (1.8 mg, 10%) as a white solid.
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TCA-7S.—TLC (Methanol): R¢ = 0.1; 1H NMR (500 MHz, CDClg): 6 4.47 (s, 1H), 4.35 (d,
J= 3.5 Hz, 1H), 3.83 (s, 1H), 3.49 (t, J= 7.5 Hz, 2H), 2.89 (t, /= 7.0 Hz, 2H), 2.19-2.13 (m,
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4H), 2.05-1.94 (m, 4H), 1.77-1.67 (m, 6H), 1.58-1.49 (m, 5H), 1.34-1.31 (m, 4H), 1.21-1.18
(m, 4H), 0.93-0.92 (m, 5H), 0.83 (s, 3H), 0.61 (s, 3H); HRMS (m/2): [(M - 1) - H]™ calcd.
for CogHasNO10S,, 594.212; found, 594.241. (See Figure S2 for 1H NMR Spectrum.)

In vitro testing of CA7S metabolism by cecal gut bacteria.—Mouse cecal stools
resuspended in anaerobic media (see “Bacterial Culture” above) were vortexed to produce a
homogenous slurry. Cecal stool in media were then transferred to culture tubes inside the
anaerobic chamber and bile acid substrates were added at indicated concentrations. Cecal
bacteria were grown in the anaerobic chamber at 37 °C for 7 days. On day 7, the entire
bacterial culture was acidified to pH = 1 using 6 M HCI in MeOH. Cultures were then
vortexed and centrifuged at 4 °C for 30 min at 15,000 rpm. The supernatant was diluted 1:1
in 50% MeOH/water and centrifuged again at 4 °C for 30 min at 15000 rpm. The
supernatant was transferred into mass spectrometry vials and injected onto the UPLC-MS.

Bile acid analysis.—Bile acid analyses were performed using a previously reported
method (Yao et al., 2018).

Reagents.: Stock solutions of all bile acids were prepared by dissolving compounds in
molecular biology grade DMSO (VWR International, Radnor, PA). These solutions were
used to establish standard curves. CA7S was purchased from Cayman Chemicals (Ann
Arbor, MI. Cat. No. 9002532) and WuXi PharmaTech (Cayman) Inc (China). Glycholic acid
(GCA) (Sigma) was used as the internal standard for measurements in mouse tissues. HPLC
grade solvents were used for preparing and running UPLC-MS samples.

Extraction.: Mouse cecal, fecal, liver, and human fecal samples (approximately 50 mg
each) were collected in pre-weighed lysis tubes. To collect intact mouse gallbladders, upon
entry into the abdomen, the liver was reflected cephalad to expose the gallbladder. The
gallbladder was then slowly and carefully dissected off of the liver bed. The cystic duct was
then ligated, and the gallbladder was removed and immediately weighed. To collect intact
portal veins, the viscera were reflected to the left to expose the portal vein. Mesenteric fat
enveloping the portal vein was carefully dissected off. The portal vein was then ligated both
proximally and distally and weighed immediately. Gallbladders and portal veins were then
transferred to lysis tubes for bile acid extraction. The lysis tubes contained ceramic beads to
allow for homogenization (Precellys lysing kit tough micro-organism lysing VK05 tubes for
cecal, fecal samples, gallbladder, and portal veins; tissue homogenizing CKMix tubes for
liver samples; Bertin technologies, Montigny-le-Bretonneux, France). 400 uL of MeOH
(MeOH) containing 10 pM internal standard was added to cecal, liver, and human feces, 100
pL of MeOH containing 10 pM internal standard was added to intact gallbladder and portal
vein tissues and the tubes were homogenized in a MagNA Lyser (6000 speed for 90 s*2,
7000 speed for 60 s). Cell culture media was diluted 1:1 in MeOH. All MeOH-extracted
samples were centrifuged at 4 °C for 30 min at 15,000 rpm. The supernatant was diluted 1:1
in 50% MeOH/water and centrifuged again at 4 °C for 30 min at 15000 rpm. The
supernatant was transferred into mass spec vials and injected into the UPLC-MS or QTOF-
MS.
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QTOF-MSanalysis.: TCATYS could not be detected using the Agilent 6130; a UPLC
equipped with an Agilent 6530 Q-TOF was used to detect TCA7S. Samples were injected
onto a Phenomenex Kinetex 2.1 pm, C18 100 A, 100 x 2.1 mm column and eluted using a
linear gradient of 10% B to 100% B over 13 minutes at a flowrate of 300uL/min (A = H20
+ 0.1% formic acid, and B = acetonitrile + 0.1% formic acid). MS parameters are as follows:
negative ESI, Capillary voltage — 3500 V, Fragmentor — 120V, Skimmer — 65 V, Octl RF
Vpp - 750. Drying gas = 325°C, 10 L/min, 40 psi.

Total bile acids were then calculated by adding all detected and measured bile acids. The
limits of detection for individual bile acids were determined using commercially available
standards solubilized in 1:1 MeOH/water and are as follows: CA7S, 0.05 picomol/uL; a/
BMCA, 0.03 picomol/uL; Ta/BMCA, 0.01 picomol/uL; TwMCA, 0.01 picomol/uL; CA,
0.04 picomol/uL; TCA, 0.01 picomol/uL; UDCA, 0.04 picomol/uL; TUDCA, 0.01; CDCA,
0.04 picmol/uL; TCDCA, 0.01 picomol/uL; TDCA, 0.01 picomol/uL; LCA, 0.03 picomol/
uL; isoLCA, 0.07 picomol/uL; 3-oxo-LCA, 0.05 picomol/uL; DCA, 0.04 picomol/pL; 3-
0x0-CA, 0.04 picomol/uL; 3-oxo-CDCA, 0.4 picomol/uL; 7-oxo-CDCA, 0.03 picomol/uL;
7-0x0-TCDCA, 0.03 picomol/uL. All standards were purchased from Sigma, Steraloids, or
Cayman Chemicals. TCA7S was synthesized in-house as described. Note that CA7S and
cholic acid-3-sulfate can be distinguished based on retention time using the QTOF-MS
method described herein. TCA7S and TCAS3S can be distinguished based on retention time
using the QTOF-MS method described herein.

16S rRNA sequencing.—16s rRNA sequencing was performed using a previously
published method (Adhikari et al., 2020). Briefly, sham and SG mouse cecal, and pre- and
post-human fecal microbiota DNA was isolated by using ZymoBIOMICS 96 DNA Kit
(ZymoBIOMICS) according to the manufacturer’s instructions. The variable region 4 of the
16S rRNA genes was amplified using primers: Forward 5’-
TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-3’ Reverse 5'-
AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3". Quality of the amplified DNA
products was checked and roughly 120 ng of each DNA product was pooled together to
generate an aggregated library for lllumina MiSeq sequencing. Demultiplexed FASTQ files
were generated by the Illumina MiSeq software using default parameters and quality control
was done by the pipeline at the Massachusetts Host-Microbiome Center. The resulting
FASTQ sequences were then quality-filtered and analyzed by following
QIIME_mothur_DADAZ2 (Callahan et al., 2016; Caporaso et al., 2010; Schloss et al., 2009;
Weber et al., 2018). OTUs were picked with 97% sequence similarity. The phylogenetic
affiliation of each OTUs were aligned to the Greengenes reference database and 99% ID.
Data was analyzed using the online Nephele software by NIH (https://
nephele.niaid.nih.gov/) (Weber et al., 2018).

In vitro antibiotic treatment.—Based on the assumption that a mouse weighs
approximately 30 g drinks 8 mL water/day (Bachmanov et al., 2002), we calculated that the
antibiotic-treated sham and SG mice drank 6 mL water/day on average. Next, based on the
bioavailability of the antibiotics used (ampicillin, 1 g/L bioavailability = 50 %; vancomycin,
0.5 g/L bioavailability = 0.5 %; metronidazole, 0.25 g/L bioavailability = 90 %; and
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neomycin, 1 g/L bioavailability = 3 %) (Fukushima et al., 2015; Lamp et al., 1999), we
calculated the amount of daily antibiotic exposure to which mouse tissues would be
exposed:

6ml 1g 1000mg _ Ampicillin
day ©* 1000ml X g (50%) = 3mg Day

6ml , 0.5g . 100

X Vancomycin

0m8 0.5%) = 0.015mg

day © 1000ml g Day

6ml ., 0.25g 1000mg _ Metronidazole

day = 1000ml X g (90%) = 1.35mg Day
oml 1g 1000mg . o, _ Neomycin
day = 1000ml X g (3%) = 0.18mg Day

Cells were incubated in media containing 3 mg ampicillin, 0.015 mg vancomycin, 1.35 mg
metronidazole, and 0.18 mg neomycin (along with the standard 100 units/mL penicillin, and
100 pg/mL streptomycin) for 16 hours prior to cell viability assay or RNA extraction for
gPCR.

Cell viability assay.—Cells were treated with BAs or antibiotics in complete media. For
BA treatments, DMSO concentration was kept constant and used as a negative control. Cells
were incubated with compounds overnight at 37 °C in a 5 % CO2 atmosphere. Cell viability
was measured using Cell Titer-Glo Luminescent Cell Viability Assay (G7570, Promega, WI)
according to manufacturer’s instructions. Luminescence was measured using a Flex Station
I11 plate reader (Molecular Devices, San Jose, CA) at the ICCB-Longwood Screening
Facility at HMS. Luminescence reading was normalized to the control and plotted as relative
cell viability.

Caco-2 cell differentiation.—Undifferentiated Caco-2 cells were seeded in 24-well plate
transwells (0.4 UM pore size, Costar) at 200,000 cells per transwell. For apical vs basolateral
bile acid treatments, 200,000 Caco-2 cells were mixed with 50,000 NCI-H716 cells in 6-
well plate transwells (0.4 uM pore size, Costar) to mimic the ratio of epithelial cells to
enteroendocrine cells in the human colon (Cristina et al., 1978). Media was changed on days
4,8, 12, 16, and 18 to differentiate Caco-2 cells in vitro (Lea, 2015). On day 21, fully
differentiated and polarized cells were validated for epithelial integrity by FITC-dextran
permeability assay prior to treatment with bile acids. Briefly, differentiated Caco-2 epithelial
integrity was assayed by measuring passive diffusion of 4 kDa FITC-Dextran (Sigma
Aldrich) added at a concentration of 5 UM to the apical chamber in 100 UL PBS, while the
basolateral chamber contained 500 uL PBS. Diffusion from the apical to basolateral side was
measured by fluorescence reading in PBS on the basolateral side of the transwell system
using a SpectraMax M5 plate reader (Molecular Devices, San Jose, CA) at the ICCB-

Cell Host Microbe. Author manuscript; available in PMC 2022 March 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhari et al.

Page 20

Longwood Screening Facility at HMS. Fluorescence reading was normalized to the control.
Only transwells with a low fluorescence reading were used in transcytosis experiments.

Electron microscopy.—Caco-2 cells seeded on transwells were washed in PBS prior to
fixation in FGP (Formaldehyde-Glutaraldehyde-Picric acid) fixative. Samples were fixed
overnight in a mixture of 1.25% formaldehyde, 2.5 % glutaraldehyde, and 0.03% picric acid
in 0.1 M sodium cacodylate buffer, pH 7.4. FGP fixative was diluted in PBS 1:1 before
applying to the apical and basolateral chamber of transwells. Fixed samples were stored at 4
°C until further processing and imaging by the Electron Microscopy Core at Harvard
Medical School. The fixed tissues were washed with 0.1 M sodium cacodylate buffer and
post fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 hours. Tissues
were then rinsed in ddH»0 and dehydrated through a series of ethanol (30%, 50%, 70%,
95%, (2x)100%) for 15 minutes per solution. Dehydrated tissues were dried using HMDS.
They were placed in a 1:1 solution of HMDS:100% EtOH for 1 hour. They were then twice
submerged in 100% MHDS for 30 minutes. Samples were then left to air dry overnight.
They were mounted on aluminum stages with carbon dots and coated with platinum (5 nm).
The dried tissues were observed in a Hitachi S-4700 Field Emission Scanning Electron
Microscope (FE-SEM) at an accelerating voltage of 5kV.

In vitro bile acid treatments.—NCI-H716 cells were seeded in cell culture plates or
transwells coated with Matrigel (Corning, NY. Cat. No. 356234) diluted in Hank’s Balanced
Salt Solution (HBSS, Gibco) according to manufacturer’s instructions. The cells were
allowed to grow for 2 days in complete RPMI media. On the day of the treatment, cells were
rinsed gently with low serum (0.5% FBS) RPMI 1640 medium without antibiotics. Bile
acids were diluted in dimethyl sulfoxide (DMSO, VWR International) and added to cells in
the low serum media (0.5% FBS, RPMI 1640) without antibiotics. The concentration of
DMSO was kept constant throughout the treatments and used as a negative control. Cells
were incubated at 37 °C in an atmosphere of 5% CO,, for 2 hours. After the incubation
period, cell culture media was collected in Eppendorf tubes containing 1% trifluoroacetic
acid (TFA, Sigma) in sterile purified water (GenClone) to make a final TFA concentration of
0.1% and frozen at —80 °C for further GLP-1 measurements. Cells on cell culture plates
were placed on ice and gently washed with PBS (GenClone). Cells used for GLP-1
measurements were treated with ice-cold cell lysis solution of 1% TFA, 1N hydrochloric
acid, 5% formic acid, and 1% NacCl (all from Sigma), scraped off of the Matrigel coating,
and collected in lysing tubes with ceramic beads (Precellys lysing kit tough micro-organism
lysing VKOS5 tubes). Cells were thereafter lysed in a MagNA Lyser and stored at —80 °C for
further analysis. Concentrated pools of BAs (100x concentration of physiological means)
were generated in DMSO, mimicking the ratios of individual BAs measured using UPLC-
MS. Cells were treated with diluted BA pools in complete media for 12 to 16 hours. Cells
used for RNA extraction were treated with TRIzol (Ambion, Life Technologies, Thermo
Fisher Scientific, Waltham, MA) and stored at —80 °C for further analysis.

Bile acid transport assay.—Differentiated Caco-2 cells (day 21 to 25 of differentiation)

in transwells were treated with 40 nM siRNA and/or 50 pM U0126 (Sigma) for 48 hours
prior to transcytosis assay. Bile acids were added for the indicated amounts of time (15 min
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to 24 hours) in HBSS with GCA as an internal standard. Transcytosis of bile acids was
measured by drying basolateral media in a speed vac followed by resuspending media in 1:1
MeOH)/water, transferred into mass spectrometry vials and injected onto the UPLC-MS.
Cells were harvested for RNA extraction using TRIzol.

CATS synthesis in HepG2 cells.—HepG2 cells were cultured in T182 flasks (Genesee)
until confluency. VDR or negative siRNA was performed as described in the ‘Plasmid and
transient transfections’ section. 48 hours after siRNA treatment, 250 uM cholic acid (CA),
10 uM PAPS (adenosine 3" -phosphate 5”-phosphosulfate, Sigma), and 100 uM lithocholic
acid (LCA) were added as indicated in HBSS media and incubated overnight. The next day,
media was collected and centrifuged at 4 °C for 30 min at 15,000 rpm. The supernatant was
diluted 1:1 in 50% MeOH/water and centrifuged again at 4 °C for 30 min at 15000 rpm. The
supernatant was transferred into mass spectrometry vials and injected onto the UPLC-MS.

Plasmids and transient transfections.—siRNAs were purchased from Santa Cruz
Biotechnology, Dallas, TX, and negative siRNA from Ambion. 40 nM siRNA was used to
transfect cells in antibiotic- and serum-free media using Opti-MEM and Lipofectamine 2000
according to manufacturer’s instructions. After sSiRNA transfection, cells were incubated in
antibiotic- and serum-free media for 24 hours. The next day, a second siRNA transfection
was performed and incubated overnight prior to further treatment. Cells were harvested for
gPCR base quantification of siRNA efficiency using TRIzol.

GLP-1 measurements.—Total GLP-1 peptide measurements were performed using the
GLP-1 EIA Kit (Sigma, Cat. No. RAB0201) according to manufacturer’s instructions.
Mouse serum samples, NCI-H716 cell lysates, and cell culture media samples were stored at
-80 °C and thawed on ice prior to performance ELISA assay. 20 L of mouse serum
samples were used directly in the GLP-1 ELISA assay. Cell culture media were centrifuged
at 12000 rpm, and the supernatant was directly used in the GLP-1 ELISA assay. Cell lysates
were subjected to peptide purification using Sep Pak C18 Classic columns (Waters
Corporation, Milford, MA). The column was pretreated with a solution of 0.1% TFA in 80%
isopropyl alcohol (EMD Millipore) and equilibrated with 0.1% TFA in water. Cell lysates
were loaded onto the column and washed with 0.1% TFA in 80% isopropyl alcohol. The
peptides were eluted in 0.1% TFA in 80% isopropyl alcohol. The eluate was concentrated by
drying under vacuum and resuspended in 0.1% TFA in water. Water was used as ‘blank’
reading for serum GLP-1 ELISA, while 0.1% TFA in water was used as ‘blank’ for cell
culture media and purified cell lysate ELISAs. Excess samples were stored at —80°C for
later analyses. Total GLP-1 amounts in the cell culture media (secreted) and cell lysates
were calculated using a standard curve provided in the EIA kit.

HepG2 and NCI-H716 co-culture.—HepG2 cells were cultured in 24-well plates
(Genesee). VDR or negative siRNA was performed as described in the ‘Plasmid and
transient transfections’ section. 48 hours after siRNA treatment, 250 uM cholic acid (CA),
10 pM PAPS (adenosine 3’-phosphate 5”-phosphosulfate, Sigma), and 100 uM lithocholic
acid (LCA) were added as indicated in HBSS media and incubated overnight. The next day,
NCI-H716 cells cultured for 2 days in 24-well transwells with Matrigel were ‘bathed’ in
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HepG2 media treated as indicted. After a 2 hour incubation, the media in the apical and
basolateral chamber, and the NCI-H76 cells were collected and treated as described above
for GLP-1 measurement.

RNA extraction and gPCR.—Cells frozen in TRIzol (Ambion) were collected in Rnase-
free Eppendorf tubes and vortexed for 30 seconds. Tissues were collected in Precellys tubes
with ceramic beads and TRIzol, followed by homogenization in a MagNA Lyser (Roche,
Switzerland). Differentiated cells in transwells were scraped and collected in Precellys tubes
with ceramic beads. Tubes were kept on ice whenever possible. Chloroform was added (200
pL chloroform/1 mL TRIzol) and vortexed for 30 seconds. Tubes were centrifuged at 12,000
rpm for 15 min at 4 °C. The clear top layer was transferred to new Rnase-free Eppendorf
tubes containing 2-propanol and inverted to mix (500 pL 2-propanol/Iml TRIzol). Tubes
were centrifuged at 12,000 rpm for 10 min at 4 °C. The pellet was washed with 70% EtOH
and centrifuged at 14,000rpm for 5 minutes at 4 °C. The RNA pellet was air-dried and
resuspended in Rnase-free H,O (GenClone). cDNA synthesis was performed using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Invitrogen, Foster City,
CA). qPCR was performed using the LightCycler 480 SYBR Green | Mater (Roche,
Switzerland) in a 384-well format using the LightCycler 480 System (Roche), or the
QuantStudio 7 (ThermoFisher) at the ICCB-Longwood Screening Facility at Harvard
Medical School based on instrument availability. Cq values above 45 were considered as not
detected (n.d.). The 2"2ACt method was used to calculate the relative change in gene
expression. Data was then normalized to controls or the average for comparison between
groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was quantified using software linked to indicated instruments and plotted in GraphPad
Prism 7. Statistical analyses were performed using GraphPad Prism and Microsoft Excel
software. Statistical significance was assessed using Welch’s t tests, paired t tests, one-way
ANOVA followed by Dunnett’s multiple comparisons tests, one-way ANOVA followed by
Turkey’s (HSD) post-hoc tests, or two-way ANOVA followed by Turkey’s (HSD) post-hoc
tests wherever appropriate. The statistical tests used, exact p values, and sample sizes are
indicated in each figure legend. No replicate was left out of analysis unless due to a technical
error indicated in the figure legend or methods.

ADDITIONAL RESOURCES

16S Sequencing data.—16S sequencing data for mouse sham and SG cecal, and human
pre- and post-SG fecal samples has been submitted into NCBI-SRA, BioProject ID
PRINAG635168.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Microbiome elicits CA7S, an anti-diabetic molecule increased post-sleeve gastrectomy
(SG)

Microbial metabolite LCA is selectively transported to the liver via the portal vein
LCA activates Vitamin D Receptor to induce SULT2A, which produces CA7S in the liver

Microbial transplant from SG mice into GF mice triggers this gut-liver pathway
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Figure 1. Sleeve Gastrectomy (SG)-mediated increasein levelsof CA7Sand GLP-1requiresa
microbiome

(A) Schematic of SG and sham surgery in diet-induced obese (DIO) mice treated with or
without antibiotics (Abx.).

(B,C) CATS levels in cecal contents of mice subjected to SG or Sham surgeries treated with
or without antibiotics (Abx.) (B, Sham n=7, SG n=6, *p=0.01; C, n=5 in each group, ns=not
significant p=0.26, Welch’s t test).

(D,E) CAT7S levels in cecal contents (D) and liver (E) of conventional DIO mice were
significantly higher than antibiotic-treated (+ Abx.) or GF DIO mice (Cecum: DIO, n=10,
DIO + Abx., n=9, DIO; GF, n=8, DIO vs. DIO + Abx. ****p<1.00x10~4, DIO vs. DIO;GF
*xx ne] 00x1074; Liver: DIO, n=9, DIO + Abx., n=9, DIO; GF, n=8; DIO vs. DIO + Abx.
*% =2 001074, DIO vs. DIO; GF ***p=5.00x10~4, one-way ANOVA followed by
Dunnett’s multiple comparisons test).

(F,G) GLP-1 levels in systemic circulation of mice subjected to SG or Sham surgeries
treated with or without antibiotics. (Data not marked with asterisk(s) are not significant. For
F, Sham n=3, SG n=6, *p=0.01; for G, n=5 in each group, p=0.26, Welch’s t test).

(H) The mammalian sulfotransferase enzyme SULT2A (mSULT2A in mice and hSULT2A
in humans) catalyzes the conversion of the primary bile acid cholic acid (CA) to cholic
acid-7-sulfate (CA7S).

(I gRT-PCR quantification of mSult2A isoforms reported to sulfate bile acids in the murine
liver. Expression levels were normalized to 18S (data not marked with asterisk(s) are not
significant. n=11 in each group, mSult2A1 *p=0.04, mSult2A2 p=0.92, mSultZ?A8 p=0.78,
Welch’s t test).
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(J) As measured by gRT-PCR, the hepatic expression of mSult?A1 was significantly higher
in DIO mice than DIO + Abx. mice and DIO;GF mice. Expression levels were normalized to
mouse ribosomal 18S (DIO, n=9, DIO + Abx., n=9, DIO;GF, n=8; DIO vs. DIO + Abx.
*xxkn<1x1074, DIO vs. DIO;GF ****p<1x10™4, one-way ANOVA followed by Dunnett’s
multiple comparisons test).

All data are presented as mean + SEM.
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Figure 2. Portal vein BAsinduce expression of hSULT2A1 in hepatocytesin vitro
(A) Schematic of portal vein BA analysis in indicated groups of mice.

(B) Portal vein BAs in DIO mice 6 weeks post-Sham and SG (n=21 in each group; data not
marked with asterisk(s) are not significant). All bile acids with measurable concentrations
above the limit of detection are shown. Lithocholic acid (LCA) was the only bile acid whose
levels were significantly increased post-SG (*p=0.01). (Total bile acids, p=0.51, a/BMCA,
alpha-muricholic acid and beta-muricholic acid, p=0.35, Ta/BMCA, tauro-alpha- and tauro-

beta-muricholic acid, p=0.08; TCA, tauro-cholic acid, p=0.20; TCDCA, tauro-

Page 30

chenodeoxycholic acid, p=0.07; TwMCA, tauro-omega-muricholic acid, p=0.11; CA, cholic
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acid, p=0.78; CDCA, chenodeoxycholic acid, p=0.45; TDCA, tauro-deoxycholic acid,
p=0.45; Welch’s t test).

(C) Portal vein BAs in DIO mice treated with antibiotics post-sham and SG (n=5 in each
group; data not marked with asterisk(s) are not significant. LCA, CA, TDCA, and CDCA
were undetectable in portal veins of both groups. (Total bile acids, p=0.81, a/BMCA, alpha-
muricholic acid and beta-muricholic acid, p=0.43; Ta/BMCA, tauro-alpha- and tauro-beta-
muricholic acid, p=0.93; TCA, tauro-cholic acid, p=0.36; TCDCA, tauro-chenodeoxycholic
acid, p=0.23; TwMCA, tauro-omega-muricholic acid, p=0.98; CA, cholic acid; CDCA,
chenodeoxycholic acid; TDCA, tauro-deoxycholic acid; LCA, lithocholic acid, not detected
(n.d.), Welch’s t test).

(D-F) Concentrated pools of bile acids mimicking the mean physiological ratios of
individual portal vein bile acids measured in conventional sham and SG and antibiotic-
treated sham and SG mice were generated in vitro in DMSO. HepG2 cells were treated with
dilutions of these pools (total bile acid concentrations of 100 uM, 500 uM, and 1000 pM).
(D) As measured by gRT-PCR, the expression of ASULTZ2A was increased in conventional
SG PV BA-treated cells compared to conventional sham PV BA-treated cells. For each
concentration, expression of sham ASULT2A was normalized to 1. ASULTZA expression
was normalized to human GAPDH (=3 biological replicates per condition, SG PV bile acids,
100 pM *p=0.01, 500 uM *p=0.02, 1000 pM **p=1.00x103, Welch’s t test). (E) There
were no significant differences in ASULT2A expression in cells incubated with Abx-treated
SG and sham PV BA pools. For each concentration, expression of sham ASULTZA was
normalized to 1. ASULTZA expression was normalized to human GAPDH (=3 biological
replicates per condition, SG-Abx. PV bile acids, ns=not significant, 100 uM p=0.82, 500 uM
p=0.37, 1000 pM p=0.60, Welch’s t test). (F) As measured by gRT-PCR, the expression of
hSULT2A was increased in conventional sham PV BA-treated cells and decreased in
antibiotic sham PV BA-treated cells relative to DMSO control. ASULT2A expression was
normalized to human GAPDH (=3 biological replicates per condition, data not marked with
asterisk(s) are not significant, 100 uM DMSO vs. Sham **p=5.60x1073; 100 uM DMSO vs.
Sham-Abx. £=0.82; 100 UM Sham vs. Sham-Abx. ***p=1.00x10~4; 500 uM DMSO vs.
Sham p=0.29; 500 uM DMSO vs. Sham-Abx. p=0.98; 500 uM Sham vs. Sham-Abx.
*p=0.04; 1000 UM DMSO vs. Sham *p=0.03; 1000 pM DMSO vs. Sham-Abx. p=0.97;
1000 pM Sham vs. Sham-Abx. **p=2.30x1073, two-way ANOVA followed by Dunnett’s
multiple comparisons test).

All data are presented as mean + SEM.
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Figure 3. LCA induces expression of SULT via the Vitamin D receptor (VDR), resultingin

production of CA7S and GL P-1 secretion

(A) qRT-PCR quantification of ASULTZA expression level in HepG2 cells treated with
indicated concentrations of CA, TDCA, CDCA, or LCA normalized to human GAPDH.
LCA increased hSULTZA expression in a dose-dependent manner relative to DMSO control.
(=3 biological replicates per condition, data marked with asterisk(s) are only for induction of
hSULTZ2A. CA, 0.1 pM **p=8.90x1073, 1 pM **p=5.40x1073, 10 uM **p=5.30x1073, 100
UM **p=8.40x1073; TDCA, 0.1 UM ****p=1,00x1074, 1 uM **** p=1.00x1074, 10 uM
*xk p=1 00x1074, 100 UM ****p=1.00x10~4; CDCA, 0.1 pM **p=1.80x1073, 1 pM

** =2 50x1073, 10 uM **p=9.30x1073, 100 uM p=0.21; LCA, 0.1 uM p=0.92, 1 uM
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£=0.95, 10 UM **=5.86x1073, 100 pM *p=0.04, one-way ANOVA followed by Dunnett’s
multiple comparisons test).

(B) siRNA-mediated knockdown of VDR significantly reduced LCA-mediated induction of
hSULTZA in HepG2 cells compared to negative control siRNA (=3 biological replicates per
condition, *p=0.01, Welch’s t test).

(C) Vdrexpression levels in mouse livers were increased in SG compared to sham mice as
determined by qRT-PCR. Expression was normalized to mouse ribosomal 18S (n=11 in each
group; *p=0.02, Welch’s t test).

(D) Hepatic expression of Varwas increased in DIO mice compared to DIO + Abx. mice
and DIO; GF mice. Expression levels were normalized to mouse ribosomal 18S (DIO, n=9,
DIO + Abx., n=10, DIO;GF, n=8; DIO vs. DIO + Abx. **p=3.50x1072, DIO vs. DIO;GF
**=3.90x1073, one-way ANOVA followed by Dunnett’s multiple comparisons test).

(E) CATS levels were reduced in feces of Var-knockout (KO) mice compared to wild-type
(WT) mice (female WT, n=4, Var-KO, n=7, *p=0.01, male WT, n=7, Var-KO, n=9,
*p=0.01, Welch’s t test).

(F) Schematic of portal vein injection with LCA (GB=gallbladder).

(G,H) Quantitative real time PCR quantification of mSult2A1 (G) and Vadr(H) expression
levels in mouse livers injected with LCA or PBS normalized to mouse ribosomal 18S (n=3;
for (G) *p=0.02, for (H) *p=0.03, Welch’s t test).

(I) CAT7S levels in the gallbladder of mice injected with LCA or PBS normalized to mouse
ribosomal 18S (n=3; *p=0.02, Welch’s t test).

(J) Synthesis of CA7S in HepG2 cells requires the cofactor PAPS, is induced upon
incubation with LCA, and is dependent on VDR. VarsiRNA was used to knockdown Var
expression. 48 hours post-knockdown, substrate CA and ligand LCA was added as indicated.
CATS production was quantified by UPLC-MS after 16 hours. (=3 biological replicates per
condition, data marked with asterisk(s) are only for production of CA7S; CA+LCA+PAPS
vs. CA+PAPS **p=2.70x1073, CA+LCA+PAPS vs. CA+LCA+PAPS+ VarsiRNA
**=1.60x1073, one-way ANOVA followed by Dunnett’s multiple comparisons test).

(K) Schematic of co-culture study. Liver HepG2 cells were cultured in the basolateral
chamber, while NCI-H716 enteroendocrine cells were cultured separately in transwell
inserts, and combined to measure GLP-1 secretion for indicated treatments.

(L) Secretion of GLP-1 by NCI-H716 cells co-cultured with HepG2 cells was induced by
addition of LCA, CA, and PAPS to liver cells and was reduced by siRNA-mediated
knockdown of VDR in liver cells. (=3 biological replicates per condition, data not marked by
asterisk(s) are not significant, DMSO vs. CA p=0.96; DMSO vs. CA+PAPS p=0.26; DMSO
vs. CA+LCA p=0.12; DMSO vs. CA+LCA+PAPS ****n<1.00x10™4; DMSO vs. CA+LCA
+PAPS+ VDR siRNA p=0.49; CA vs. CA+LCA+PAPS ***=3.00x1073; CA+LCA vs. CA
+LCA+PAPS *p=0.04; CA+PAPS vs. CA+LCA+PAPS *p=0.01; CA+LCA+PAPS vs. CA
+LCA+PAPS+ VDR siRNA *p=0.02, one-way ANOVA followed by Dunnett’s multiple
comparisons test).

All data are presented as mean + SEM.
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Figure 4. The production of the secondary bileacid L CA isdecreased in mice and humans post-
SG

(A) Host-produced conjugated bile acids are released into the gut post-prandially and
converted into secondary bile acids through the enzymatic activity of gut bacteria.
Deconjugation by bacterial bile salt hydrolases followed by 7a-dehydroxylation by enzymes
encoded by the bile acid inducible (ba/) operon converts cholic acid (CA) and
chenodeoxycholic acid (CDCA) into deoxycholic acid (DCA) and lithocholic acid (LCA),
respectively.

(B) Schematic and timeline of sham and SG mouse cecal samples subjected to 16S
sequencing.

(C) Stacked bar plot showing mean relative abundances of phylum-level taxa in mouse
samples (UK = Unknown, Sham, n=15; SG, n=17).

(D) Relative abundance of Clostridiales in sham and SG mice (Sham, n=15; SG, n=17,
p=0.16, ns=not significant, Welch’s t test).

(E) gRT-PCR quantification of baiCD gene cluster expression levels in sham and SG mouse
cecal contents normalized to bacterial 16S ribosomal DNA (Sham, n=10, SG, n=14,
*p=0.02, Welch’s t test).

(F) Schematic and timeline of human pre- and post-SG fecal samples subjected to 16S
sequencing.

(G) Stacked bar plot showing mean relative abundances of phylum-Ilevel taxa in human
samples (UK = Unknown, n=17 patients).

(H) Relative abundance of Clostridiales in pre- and post-SG human feces (n=17 patients,
**=4.80x1073, paired t test).

All data are presented as mean + SEM.
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Figure5. Intestinal BA transport proteins ASBT and OSTa facilitate selective transport of LCA
into the portal vein

(A) Schematic of proteins involved in BA transport from the intestinal lumen into the portal
vein.

(B) gRT-PCR quantification of BA transport protein expression levels in sham and SG
mouse distal ileum normalized to mouse ribosomal 18S. The expression of Asbt (apical
sodium-dependent bile acid transporter) and Osta (organic solute transporter a) were
significantly increased post-SG. (Sham, n=15; SG, n=17; Asbt**p=8.80x1073, Osta
*p=0.04, OstB p=0.89, /Babp p=0.76, Bsep p=0.64, Mrp1 p=0.89, Mrp2 p=0.89, Mrp3
p=0.35, Oaipl p=0.78, Oatp2 p=0.68, Oatp4 p=0.84, ns=not significant, Welch’s t test).

(C) SEM images of undifferentiated and differentiated Caco-2 cells in transwells. Scale bars
indicate (L to R): 400 pm, 20 um, and 4 um.

(D) Schematic of BA transport study. Caco-2 cells differentiated in transwells were treated
with a defined mixture of indicated BAs at 10 uM each, followed by measurement of BA
transport to the basolateral chamber.

(E,F) Transport of indicated BAs from the apical chamber across differentiated Caco-2 cells
into the basolateral chamber over 12 hours as measured by UPLC-MS. Area-under-the-curve
graphs in (F) correspond to timecourses directly above in (E). siRNA-mediated knockdown
of ASBT, OSTa, or ASBT+OSTa reduced transport of LCA and TCA, increased transport
of DCA, and did not affect transport of CA, CDCA, BMCA, or TBMCA. Treatment with
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U0126 (50 uM), a small molecule that increases expression of ASBT, increased transport of
LCA but not the other BAs tested. (=3 biological replicates per condition, *p<0.05, #p<0.01
Tp<1.00x1073, data not marked are not significant; CA (ASBT) p=0.99, CA (OSTa) p=0.91,
CA (ASBT+0OSTa) p=0.97, CA (U0126) p=0.65; CDCA (ASBT) p=0.78, CDCA (OSTa)
p=0.73, CDCA (ASBT+0STa) p=0.73, CDCA (U0126) p=0.38; BMCA (ASBT) p=0.81,
BMCA (OSTa) p=0.74, BMCA (ASBT+0STa) p=0.81, BMCA (U0126) p=0.99; TBMCA
(ASBT) p=0.99, TBMCA (OSTa) p=0.66, TBMCA (ASBT+0STa) p=0.83, TBMCA
(U0126) p=0.31; TCA (ASBT) *p=0.01, TCA (OSTa) Tp=7.00x1074, TCA (ASBT+OSTa)
Tp=1.70x1074, TCA (U0126) Tp=1.00x10~4; DCA (ASBT) Tp=6.00x1074, DCA (OSTa)
*p=0.02, DCA (ASBT+0OSTa) *p=0.04, DCA (U0126) p=0.08; LCA (ASBT) *p=0.03,
LCA (OSTa) *p=0.02, LCA (ASBT+0STa) *p=0.01, LCA (U0126) #p=2.80x10"3, one-
way ANOVA followed by Turkey’s (HSD) post-hoc test).

All data are presented as mean + SEM.
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Figure 6. LCA issufficient to inhibit Asbt expression and induce production of CA7S
(A) Schematic of sham and SG intestine BA transport modulated by the production of LCA

by Clostridia. Levels of Clostridiaand LCA production are higher in sham mice. LCA
inhibits Asbrexpression, resulting in less transport of LCA into the portal vein. In contrast,
levels of Clostridiaand LCA are lower in SG mice, allowing for higher expression of Asbt
and increased transport of LCA from the gut to the liver in SG animals.

(B) The sham cecal pool of BAs inhibited expression of ASBT compared to the SG cecal
pool of BAs (3 biological replicates per condition, Sham vs. SG cecal pool *p=0.02, one-
way ANOVA followed by Dunnett’s multiple comparisons test

(C) LCA (100 uM) inhibited expression of ASBT in Caco-2 cells. (3 biological replicates
per condition, *p=0.02, Welch’s t test).

(D) Schematic of GF mice administered 0.3% LCA (w/w) in chow for 1 week prior to
harvesting tissues for analyses.

(E) LCA feeding led to accumulation of LCA in the proximal small intestine (SI), distal
ileum (DI) and cecum of GF mice. (n=5 in each group, SI *p=0.04; DI *=0.04; cecum
**=1.70x1073, Welch’s t test).

(F) LCA inhibited expression of Asbtin Sl and DI (n=5 in each group, SI p=0.11; DI
*p=0.02, Welch’s t test).

(G) Introduction of LCA in GF mice induced CA7S production and accumulation in the
gallbladder (GB) and the distal ileum (DI) (GB, GF n=3, GF+LCA n=4, **p=6.50x1073; DI,
n=5 in each group, *p=0.03, Welch’s t test).
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(H) LCA feeding led to increased expression of mSult2A1 and Varin livers of mice fed
0.3% LCA in chow (n=5 in each group, mSult2A1 *p=0.04, Var p=0.09, Welch’s t test).
All data are presented as mean + SEM.
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Figure 7. SG microbiota transfer recreatesthe CA7S pathway in GF mice
(A) Schematic of cecal microbial transplant (CMT). GF mice were fed a high-fat diet (HFD)

for 5 days prior to CMT. Six weeks post-op sham and SG cecal stool were anaerobically
homogenized and gavaged into GF animals. Two weeks post-gavage, mice were sacrificed,
and their tissues were harvested for analyses.
(B,C) gRT-PCR quantification of ba/CD gene cluster expression levels in donor sham and
SG mouse cecal contents (B) and recipient sham-CMT and SG-CMT mouse cecal contents
(C) normalized to bacterial 16S ribosomal DNA (Sham, n=4, SG, n=4, **p=7.00x103;
Sham-CMT, n=10, SG-CMT, n=10, *p=0.01, Welch’s t test).
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(D) LCA levels were reduced in cecal contents of SG-CMT compared to sham-CMT mice.
DCA and total bile acid levels did not differ between the two groups (n=10 in each group;
LCA, lithocholic acid *p=0.04; DCA, deoxycholic acid p=0.95; Total bile acids p=0.95,
ns=not significant, Welch’s t test).

(E) gRT-PCR quantification of BA transport protein expression levels in sham-CMT and
SG-CMT mouse distal ileum (DI) normalized to mouse ribosomal 18S. The expression of
Asbt (apical sodium-dependent bile acid transporter) and Osta (organic solute transporter a.)
were significantly increased in SG-CMT (n=10 in each group, Asbt*p=0.02; Osta *p=0.02,
Welch’s t test).

(F) Portal vein LCA in sham-CMT and SG-CMT mice. LCA was the only bile acid whose
levels were significantly increased post-SG (n=10 in each group, LCA *p=0.03, Welch’s t
test)

(G) qRT-PCR quantification of mSult2A1 and Vdrexpression levels in sham-CMT and SG-
CMT mouse livers normalized to mouse ribosomal 18S. mSult2A1 and Varexpression was
significantly increased in SG-CMT (n=10 in each group, mSult2A1 *p=0.02; Vdr*p=0.02,
Welch’s t test)

(H) CAT7S levels were increased in cecal contents of SG-CMT compared to sham-CMT
mice. (n=10 in each group; CATYS, cholic acid-7-sulfate *p=0.04, Welch’s t test).

(1) SG-CMT (cecal microbial transplant) mice have higher levels of GLP-1 compared to
Sham-CMT (n=10 in each group, p=0.25, not significant, Welch’s t test).

(J) gqRT-PCR quantification of 7gr5expression levels in sham-CMT and SG-CMT mouse
distal ileum (DI) normalized to 18S. 7gr5expression was significantly increased in SG-
CMT (n=10 in each group, 7gr5*p=0.03, Welch’s t test).

All data are presented as mean + SEM.

(K) Model for LCA-mediated induction of CA7S synthesis and downstream GLP-1
secretion post-SG. Sleeve gastrectomy (1) results in a shift in the microbiome, specifically a
decrease in Clostridiaand LCA production, thus inducing an increase of the BA transporters
ASBT and OSTa in the intestine (2), which in turn selectively transport LCA into the portal
vein (3); LCA is delivered to the liver, where this molecule agonizes VDR, thereby
increasing the expression of ASULTZA/mSult?A1 and CATS synthesis (4). CA7S is then
stored in the gallbladder and secreted into the gut. In the colon, CA7S agonizes and
increases expression of TGR5 in intestinal L cells, resulting in secretion of GLP-1 (5), an
incretin hormone that exerts global glucoregulatory effects.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell lines

Human Caco-2 ATCC Cat. No. HTB-37

Human HepG2 ATCC Cat. No. HB-8085

Mouse Hepa 1-6 ATCC Cat. No. CRL-1830

Human NCI-H716 ATCC Cat. No. CCL-251

16S sequencing data for mouse sham and SG cecal, and | NCBI-SRA BioProject ID PRINA635168

human pre- and post-SG fecal samples

Experimental Models: Animals

Diet-induced obese mice

Jackson Labs

https://www.jax.org/

GF mice (tissue analysis and cecal microbial transplant) | This study https://metagenomics.partners.org/
GF C57BL/6NCrl mice (LCA feeding) This study Huh Lab, HMS

Vadr-KO and WT animals This study Demay Lab, MGH

Sham and SG animals This study Sheu Lab, BWH
Experimental M odels: Human samples

Human patient pre-SG and post-SG feces samples This study Sheu Lab, BWH

Critical Commercial Assays

Cell Titer-Glo Luminescent Cell Viability Assay Promega Cat. No. G7570

GLP-1 ELISA kit Sigma Cat. No. RAB0201
Deposited Data

16S Sequencing data - SG and sham mouse cecal, and NCBI-SRA BioProject ID PRINA635168

pre-SG and post-SG human fecal microbiome analysis

Recombinant DNA

Human VDR siRNA

Santa Cruz Biotechnology

Cat. No. sc-106692

Human PXRsiRNA

Santa Cruz Biotechnology

Cat. No. sc-44057

Human FXR siRNA

Santa Cruz Biotechnology

Cat. No. sc-38848

Human CARsiRNA

Santa Cruz Biotechnology

Cat. No. sc-29908

Human RORa siRNA

Santa Cruz Biotechnology

Cat. No. sc-38862

Human RORy siRNA

Santa Cruz Biotechnology

Cat. No. sc-38880

Oligonucleotide primer sequences

This study; (Wells et al., 2003)

Table S1; doi: 10.1016/s0009-8981(03)00115-3

Software and Algorithms

Nephele - 16S sequencing analysis

(Weber et al., 2018)

https://nephele.niaid.nih.gov/about/

GraphPad Prism 7

Commercial Software

https://www.graphpad.com/scientific-software/
prism/

Other

Animal diet - HFD, DIO mice

Research Diets Inc

Cat. No. D12492

Animal diet - HFD, GF mice

Research Diets Inc

Cat. No. D12492ii

Animal diet - Standard Chow, GF mice

PicoLab Diet

Cat. No. 5053

Animal diet - Rescue Chow, WT and Var-KO mice

Teklad

Cat. No. TD96348
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