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Bariatric surgery reveals a gut-restricted TGR5
agonist with anti-diabetic effects
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Bariatric surgery, the most effective treatment for obesity and type 2 diabetes, is associated with increased levels of the incretin
hormone glucagon-like peptide-1 (GLP-1) and changes in levels of circulating bile acids. The levels of individual bile acids in the
gastrointestinal (GI) tract after surgery have, however, remained largely unstudied. Using ultra-high performance liquid chro-
matography-mass spectrometry-based quantification, we observed an increase in an endogenous bile acid, cholic acid-7-sulfate
(CA7S), in the Gl tract of both mice and humans after sleeve gastrectomy. We show that CA7S is a Takeda G-protein receptor
5 (TGR5) agonist that increases Tgr5 expression and induces GLP-1 secretion. Furthermore, CA7S administration increases
glucose tolerance in insulin-resistant mice in a TGR5-dependent manner. CA7S remains gut restricted, minimizing off-target
effects previously observed for TGR5 agonists absorbed into the circulation. By studying changes in individual metabolites
after surgery, the present study has revealed a naturally occurring TGR5 agonist that exerts systemic glucoregulatory effects

while remaining confined to the gut.

surgery, in the form of roux-en-Y gastric bypass or sleeve

gastrectomy (SG), is the most effective and lasting treat-
ment for obesity and related comorbidities?. For most patients,
remission is durable and lasts for years post-surgery"’. Changes
consistently observed after surgery include increased GLP-1, a cir-
culating incretin hormone, and changes in the systemic bile acid
(BA) repertoire*. BAs are cholesterol-derived metabolites that play
crucial roles in host metabolism as detergents that aid in absorp-
tion of lipids and vitamins, and as ligands for host receptors’. BAs
are implicated in post-SG therapeutic benefits due to their ability to
mediate signaling through the G-protein-coupled receptor (GPCR)
TGR5 (also known as GPBARI1)® and the farnesoid X receptor
(FXR, also known as NR1H4)°.

Thus far, research efforts have focused on overall changes in the
total BA pool or in levels of conjugated or unconjugated BAs in cir-
culating blood*’. Individual BAs, however, have different binding
affinities for nuclear hormone receptors (NhRs) and GPCRs, and
thus unique abilities to modulate glucose homeostasis, lipid accu-
mulation and energy expenditure®®. It is not sufficient, therefore,
to limit analyses to whole classes of BAs. Moreover, local activation
of receptors in the intestine can affect global metabolic outcomes.
In particular, GLP-1 is secreted postprandially by enteroendocrine
L cells in the lower intestine in response to activation of TGR5, a
GPCR with a primary role in energy metabolism’. GLP-1 stimu-
lates pancreatic insulin release, and both hormones then regulate
metabolism systemically’.

In the present study, we sought to identify specific naturally
occurring BAs increased in the gut after SG and investigate the
role of these compounds as TGR5 ligands and regulators of glu-
cose metabolism. We identified one BA, CA7S (1), the levels of
which were increased in cecal contents and feces of mice and
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humans, respectively, after SG. We then determined that CA7S is a
gut-restricted TGR5 agonist and GLP-1 secretagogue that improves
systemic glucose clearance when administered to diet-induced
obese mice in acute and chronic settings.

Results
CA7Sisincreased in mice and humans post-SG. SG is the most per-
formed bariatric surgery in the USA owing to robust metabolic ben-
efits and a favorable side-effect profile'’. Rodent SG models mimic
the positive metabolic outcomes observed in humans and are suit-
able for studying post-surgical outcomes'. In the present study, SG
or sham surgery was performed on insulin-resistant, diet-induced
obese (DIO) mice (Fig. 1a). SG mice displayed improved glucose
tolerance and insulin sensitivity 4-5weeks post-surgery compared
with shams (Fig. 1b—e). SG mice also showed a reduction in percent-
age body weight compared with shams without differences in food
intake between groups (see Supplementary Fig. la,b). Mice were
euthanized 6 weeks post-surgery after an overnight fast and their
tissues were harvested. Consistent with studies involving humans?,
we observed an increase in circulating GLP-1 in SG mice (Fig. 1f).
BAs that are known agonists of TGR5 can induce GLP-1 secre-
tion in lower-intestinal L cells*’. We therefore quantified individual
BAs in cecal contents of SG and sham mice using ultra-high per-
formance liquid chromatography-mass spectrometry (UPLC-MS)
(Fig. 2a; for structures of all BAs in the text, figures, Extended Data
and Supplementary Information, see Extended Data Fig. 1). We
observed a significant increase in only one BA in cecal contents of
SG mice (P=0.03). Based on its mass, this compound appeared to
be a monosulfated metabolite of a trihydroxy-BA. We purified this
compound from the pooled extracts of post-SG cecal contents using
MS-guided semi-preparative HPLC. Using nuclear magnetic reso-
nance (NMR) spectroscopy, we identified this compound as CA7S
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Fig. 1| DIO mice display improved glucose tolerance and insulin sensitivity after SG. a, Schematic of surgical interventions and postoperative
assessments. SG or sham surgery was performed on DIO mice, followed by an ITT ~4 weeks postoperatively and then the IPGTT ~5 weeks postoperatively.
Blood and tissues were harvested ~6 weeks postoperatively in the fasted state. b, Glycemic curves during IPGTT (SG, n=7; sham, n=6; 30 min:
***P=5,91%107% 60 min: ***P=4.34 %105 120 min: *P=0.07; two-tailed Student's t-tests). ¢, Corresponding blood glucose AUC and iAUC were reduced
in SG- compared with sham-operated mice (SG, n=7; sham, n=6; AUC: ***P=4.01x10-% iAUC: **P=6.12 x 10-3; two-tailed Welch's t-tests). d, Glycemic
curves during ITT (SG, n=4; sham, n=4; O min: *P=0.04; 15min: **P=4.31x1073; 30 min: *P=0.03; 60 min: **P=4.53 x 1073; two-tailed Student's
t-tests). e, Corresponding blood glucose AUC was reduced in SG- compared with sham-operated mice (SG, n=4; sham, n=4; AUC: **P=5.25x1073,
two-tailed Welch's t-test). f, GLP-1 levels were increased in mice post-SG compared with post-sham (n=11 per group, **P=3.00 x 1073, two-tailed Welch's

t-test). All data are presented as mean +s.e.m.

(Fig. 2b,c, and see also Supplementary Fig. 2 and Extended Data
Fig. 2). CA7S is a sulfated metabolite of cholic acid (CA, 2), an
abundant primary BA in both mice and humans. Sulfation of BAs
predominantly occurs in the liver”. Consistent with this observa-
tion, we found increased levels of CA7S in the liver of SG mice
(Fig. 2d). In agreement with previous studies, SG mice displayed
increased levels of total circulating BAs (see Supplementary Fig. 3)".
However, there was no difference in total gut BA levels as mea-
sured in the cecal contents of post-SG and post-sham mice
(Fig. 2c). Several BAs derived from the primary BA chenodeoxy-
cholic acid (CDCA, 3) were decreased in mouse cecal contents,
including lithocholic acid (LCA, 4), isolithocholic acid (isoLCA, 5)
and CDCA. There was also a decrease in tauro-chenodeoxycholic
acid (TCDCA, 6) and CDCA in mouse livers (see Extended Data
Fig. 3 and Supplementary Fig. 4). Notably, CA7S was the only BA
detected with levels that were significantly higher in SG mouse cecal
contents and livers (P=0.03 and P=0.03, respectively).

To determine whether CA7S concentrations were also higher
in humans after surgery, we quantified BAs in stool from patients
who had undergone SG. We compared a preoperative with a post-
operative stool sample collected from patients a median of 36 d after
SG. Remarkably, even though total fecal BA levels were decreased
in patients post-SG, fecal CA7S levels were significantly increased
(P=0.01) (Fig. 2e). Consistent with our results from mouse cecal
contents, we observed decreases in the CDCA-derived BAs isoLCA,
LCA and ursodeoxycholic acid (UDCA, 7). CA, the putative sub-
strate for production of CA7S, was also decreased in patients after
surgery (see Extended Data Fig. 4). CA7S was the only BA detected
with levels that were increased in patients post-SG (Fig. 2e). These
data demonstrate that a specific BA metabolite, CA7S, is increased
after SG in both mice and humans.

CA7S activates TGR5 and induces GLP-1 secretion in vitro. We
next determined whether CA7S can activate TGR5 and induce
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Fig. 2 | The BA metabolite CA7S is increased in mice and humans after SG. a, Schematic of sample collection followed by BA profiling using UPLC-MS.
For mice, livers and cecal contents were collected from fasted sham or SG mice 6 weeks postoperatively. For humans, a preoperative stool sample was
compared with a postoperative sample collected a median of 36 d after surgery. b, Structure of CA7S (1). ¢, CA7S was increased in the cecal contents

of SG mice, whereas total BA concentrations did not differ between SG and sham mice (sham, n=12; SG, n=15; total BAs not significant (NS), P=0.90;
CA7S, *P=0.03, two-tailed Welch's t-test). Note that 1pmol BA per mg wet mass is approximately equivalent to TuM. d, CA7S was increased in the livers
of SG mice (SG, n=11; sham, n=11, total BAs NS, P=0.55; CA7S, *P=0.03, two-tailed Welch's t-tests). e, CA7S in human feces was increased post-SG
compared with pre-surgery (n=17 patients; total BAs, **P=1.00x10-3; CA7S, *P=0.01, two-tailed, paired Student's t-tests).

GLP-1 secretion from L cells. Previous work has shown that sulfa-
tion of natural BAs and synthetic analogs alters their TGR5 agonistic
activity'’. We therefore hypothesized that CA7S possessed altered
TGR5 agonism compared with CA. Although sulfation at C3 abol-
ishes TGR5 agonist activity of LCA (reported half-maximal effective
concentration (EC;,) values of 0.03-3.70 pM and >100 uM for LCA
and LCA-3-sulfate, respectively), replacement of the C24-carboxylic
acid with a C24-sulfate lowers the EC,, of CA, CDCA and UDCA
by an order of magnitude'*'*. We therefore hypothesized that
the C7-sulfated version of CA, CA7S, might possess different
TGRS5 agonistic activities to CA, which is a weak agonist of TGR5
(reported EC;, of 7.72-27 pM)'#-11%2, We examined the activation
of human TGR5 by CA7S, CA or taurodeoxycholic acid (TDCA,
8) using a transient transfection assay in human embryonic kidney
cells (HEK293T). TDCA is a naturally occurring BA and potent
TGR5 agonist”’. HEK293T cells were cotransfected with a cAMP
response element (CRE)-driven luciferase reporter construct and
human Tgr5 expression plasmid. CA7S activated human TGR5 in
a dose-dependent manner and to a similar extent to TDCA. CA7S
also displayed a lower EC;, (0.17uM) than CA (12.22uM) (Fig. 3a).
CA7S falls within the reported EC;, range of endogenous TGR5
ligands and is more potent than reported synthetic ligands (see
Supplementary Table 1).

TDCA is currently one of the most potent, naturally occurring
GLP-1 secretagogues known?'. CA7S induced GLP-1 secretion in
human intestinal L cells (NCI-H716) to a similar degree to TDCA
in a dose-dependent manner. CA had no effect on GLP-1 secretion
(Fig. 3b). CA7S extracted and purified directly from cecal contents
of SG mice also induced GLP-1 secretion in vitro (see Extended
Data Fig. 5a). Furthermore, short interfering (si)RNA-mediated
knockdown of TGRS5 abolished both CA7S- and TDCA-mediated
secretion of GLP-1 (Fig. 3b and see also Extended Data Fig. 5b).
This result indicates that induction of GLP-1 secretion by CA7S
requires TGR5. TGR5 agonism also results in elevated intracellular
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calcium levels>. We observed a dose-dependent increase in cal-
cium levels in NCI-H716 cells treated with CA7S (see Extended
Data Fig. 5¢).

The BA repertoire in sham and SG mouse intestines as well as
human feces includes molecules previously shown to be agonists
of TGRS5, including deoxycholic acid (DCA, 9) (see Supplementary
Table 1 and Extended Data Figs. 3 and 4)***". To investigate whether
CA7S can induce GLP-1 secretion in the presence of physiologically
relevant amounts of DCA measured in human cecal contents®, we
incubated NCI-H716 cells with 200 pM DCA and varying concen-
trations of CA7S. As expected, adding DCA resulted in an increase
in GLP-1 concentration compared with a dimethyl sulfoxide
(DMSO) control (Fig. 3¢c). However, even when low concentrations
of CA7S (0.1 pM) were added, GLP-1 secretion increased compared
with DCA alone. Likewise, when NCI-H716 cells were incubated
with a physiologically relevant concentration of LCA (150 pM),
addition of 0.1 uM CA7S resulted in an increase in GLP-1 secre-
tion (see Extended Data Fig. 5d). These results indicate that CA7S
can increase GLP-1 secretion even in the presence of endogenous
TGRS5 agonists.

To further test whether CA7S can induce GLP-1 secretion in the
complex BA milieu of the gut, we generated in vitro pools of BAs
mimicking the average concentrations found in sham and SG mouse
cecum, and tested their ability to induce GLP-1 secretion. The SG
BA pool increased GLP-1 secretion compared with the sham pool
(Fig. 3d). The SG pool generated without CA7S did not, however,
induce GLP-1 secretion compared with either the sham pool or the
DMSO control (Fig. 3d). Our results demonstrate that CA7S, a nat-
urally occurring BA metabolite, is a potent TGR5 agonist that can
activate this receptor in the presence of other endogenous TGR5
agonists to induce GLP-1 secretion.

CA7S induces TGR5 signaling and gene expression. We
next examined the effects of CA7S on Tgr5 expression. Some
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Fig. 3 | CA7S activates TGR5 signaling and increases Tgr5 expression. a, Dose-response curves for human TGR5 activation in HEK293T cells
overexpressing human Tgr5 for CA7S, TDCA and CA (three biological replicates for CA and TDCA, six biological replicates for CA7S; see Supplementary
Table 1for EC,, values). b, CA7S-induced secretion of GLP-1in NCI-H716 cells compared with both CA and the known TGR5 agonist, TDCA.
SiRNA-mediated knockdown of Tgr5 abolished GLP-1 secretion (three biological replicates for all except four biological replicates for CA; data not

marked with asterisk(s) are not significant; CA7S: 0.1pM **P8.00 x 103, TuM *P=0.03; 10 uM **P=2.03 x1073; 500 uM **P=3.00 x 10-3; 1,000 uM
***P=7.00x10"% TDCA: 500 uM *P=0.04, 1,000 uM *P=0.02; one-way ANOVA followed by Dunnett's multiple-comparison test). For reverse
transcription (RT)-gPCR expression analysis of Tgr5 knockdown, see Extended Data Fig. 5b,c. CA7S induced secretion of GLP-1in the presence of a
physiologically relevant concentration of DCA (200 uM) (three biological replicates per condition, DMSO (—) control versus DCA, not significant,
P=0.28; 0.1uM CA7S versus DCA **P=4.90 x1073; TuM *P=0.03; 10 pM **P=5.30x10~3; 100 uM ****P=1.00 x 104 500 uM ***P=7.00 x 104
two-way ANOVA followed by Dunnett's multiple-comparison test). d, In vitro pools of BAs mimicking the mean physiological concentrations of SG

cecal BAs induced GLP-1 secretion in NCI-H716 cells compared with pools of mean sham cecal BAs. Induction of GLP-1 secretion by the SG cecal BA

pool was lost when CA7S was removed from the pool (SG-CA7S) (six biological replicates per condition; data not marked with asterisk(s) are not
significant; DMSO versus sham not significant, P=0.52; DMSO versus SG ***P=7.00 x 10~4 DMSO versus SG-CA7S not significant, P=0.24; sham
versus SG **P=4.00x1073; SG versus SG-CA7S *P=0.03; one-way ANOVA followed by Dunnett's multiple-comparison test). e, RT-gPCR analysis of Tgr5
expression in NCI-H716 cells treated with CA7S (four biological replicates per condition, *P=0.01, two-tailed Welch's t-test). f, Schematic of differentiated
Caco-2 and NCI-H716 cells grown in transwells and treated with CA7S. Apical treatment of epithelial monolayer with 100 uM CA7S led to undetectable
amounts of CA7S in the basolateral chamber as measured by UPLC-MS analysis (three biological replicates, representative UPLC-MS traces shown). ND,
not detected. g,h, CA7S (100 pM) induced GLP-1 secretion (g) and Tgr5 expression (h) when administered apically or basolaterally to a mixed monolayer
of Caco-2 and NCI-H716 cells in a transwell system compared with control (five biological replicates per condition; apical CA7S *P=0.02 and basolateral
CA7S *P=0.01(g); apical CA7S *P=0.03, basolateral CA7S *P=0.02 (h); one-way ANOVA followed by Dunnett's multiple-comparison test). All data are
presented as mean+s.em.
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Fig. 4 | Acute CA7S administration induces GLP-1and reduces serum glucose levels in vivo. a, Schematic of acute treatment wherein fasted DIO mice
were anesthetized and treated with PBS or CA7S via duodenal and rectal catheters. b, Concentration of CA7S in the mouse cecum 15 min after treatment
with PBS or CA7S (PBS, n=7; CA7S, n=8 mice). c-e, CA7S-treated mice displayed increased GLP-1 (¢), reduced blood glucose levels (d) and increased
blood insulin levels (e) compared with PBS-treated mice (PBS, n=7; CA7S, n=8 mice, *P=0.01 (¢); *P=0.02 (e), two-tailed Welch's t-test; PBS, n=6;
CA7S,n=8 mice, **P=4.20 %1073, *P=0.02, two-tailed Welch's t-tests (d)). f, CA7S treatment in the intestine induced Tgr5 expression in the colon but
not in the terminal ileum (TI) (PBS, n=7; CA7S, n=8 mice, *P=0.03, two-tailed Welch's t-test). All data are presented as mean +s.e.m.

small-molecule agonists of TGR5 can also increase Tgr5 expres-
sion”?. To test whether CA7S induces Tgr5 expression in addi-
tion to agonizing this receptor, we incubated NCI-H716 cells with
100uM CA7S and quantified Tgr5 expression. We observed an
increase in Tgr5 expression within 2h (Fig. 3e). BA derivatives that
are FXR agonists or dual FXR/TGRS5 agonists induce Tgr5 expres-
sion via FXR activation’”. On the contrary, BAs and BA deriva-
tives that are TGR5-specific agonists can induce Tgr5 expression
independent of FXR activation®. CA7S did not activate endogenous
FXR in human intestinal Caco-2 cells at all concentrations tested
(see Extended Data Fig. 5e), suggesting that CA7S induces Tgr5
expression through an FXR-independent mechanism.
Enteroendocrine L cells that secrete GLP-1 are distributed in the
intestinal epithelial monolayer, particularly in the distal gut***'. Tgr5
is expressed apically and basolaterally on these cells®’. BA-mediated
TGR5 agonism leading to GLP-1 secretion has been suggested to
occur predominately with basolateral activation of TGR5 (ref. *),
a process that requires active or passive transport of BAs from the
apical to the basolateral side of the intestinal epithelium?'. However,
sulfated BAs are poor substrates for intestinal BA transporters and
are poorly absorbed'****, making apical activation a more likely
route of TGR5 engagement by CA7S. To test whether CA7S can
activate TGR5 apically, we differentiated a mixture of human intes-
tinal epithelial Caco-2 cells and enteroendocrine NCI-H716 cells
into polarized monolayers in a transwell system. These monolayers
form a physical and biochemical barrier to the passage of small mol-
ecules, thus mimicking the gut epithelium®»**. There was no detect-
able CA7S in the basolateral chamber after apical treatment with
100uM CA?7S, suggesting that CA7S was neither actively nor pas-
sively transported to the basolateral side of the monolayer (Fig. 3f).
Apical treatment of the monolayer with CA7S led to an increase in
both GLP-1 secretion and Tgr5 expression (Fig. 3g,h). Addition of
CA7S (100 uM) to the basolateral chamber also induced both GLP-1
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secretion and Tgr5 expression. However, as CA7S was not trans-
ported across the epithelium, basolateral administration of CA7S
is likely not relevant to the in vivo mechanism of TGR5 activation.
Thus, CA7S is a TGR5 agonist capable of inducing Tgr5 expression
and GLP-1 secretion from the apical side of intestinal epithelial cells.

Enteral CA7S induces GLP-1 and reduces blood glucose. We
next evaluated the acute anti-diabetic effects of CA7S in vivo. After
an overnight fast, DIO mice were administered either CA7S or
phosphate-buffered saline (PBS) via duodenal and rectal catheters
(Fig. 4a). Administration of 1 mg CA7S resulted in an average of
2,500 picomol per mg wet mass of CA7S in cecal contents, a con-
centration similar to observed post-SG levels (see Figs. 2c and 4b,
and see also Supplementary Table 2). CA7S-treated mice displayed
increased systemic GLP-1 levels compared with PBS-treated mice
within 15min (Fig. 4c). Moreover, CA7S-treated mice exhibited
reduced blood glucose levels and increased insulin levels compared
with PBS-treated mice (Fig. 4d,e and see also Extended Data Fig.
5f). Consistent with our in vitro results in L cells, Tgr5 expression
was increased in the colon of CA7S-treated mice (Fig. 4f). GLP-
1-producing enteroendocrine L cells are known to be enriched in
the colon compared with the small intestine’®. Tgr5 expression
was not increased in the terminal ileum of CA7S-treated mice (Fig.
4f). Analysis of individual BAs in the cecum, gallbladder and liver
showed no differences in any other detectable BAs in CA7S-treated
compared with PBS-treated mice (see Extended Data Fig. 6 and
Supplementary Figs. 5 and 6). These results suggest that, in an acute
setting, distal action of CA7S in the GI tract induces systemic glu-
cose clearance and thus ameliorates hyperglycemia.

Oral CA7S administration increases glucose tolerance. To fur-
ther study the anti-diabetic effects of CA7S, fasted DIO mice were
orally gavaged with CA7S (100 mgkg™). Analysis of cecal contents
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5h post-gavage showed an average accumulation of 15,000 pmol
per mg wet mass of CA7S (Fig. 5a), a concentration that is within
an order of magnitude of the average in post-SG mice. Analysis of
individual BAs in the cecum, gallbladder and liver showed no differ-
ences in any other BAs between the two groups (see Extended Data
Fig. 7 and Supplementary Figs. 7 and 8). Systemic GLP-1 levels were
increased in CA7S-gavaged mice compared with PBS-treated mice
5h post-treatment (Fig. 5b). This result is consistent with the find-
ings from enteral administration and demonstrates that oral CA7S
treatment increases circulating GLP-1 for several hours.

We then determined the effect of CA7S on glucose tolerance over
time using an oral glucose tolerance test (OGTT). DIO mice were
gavaged with CA7S (100 mgkg™) or PBS and then administered an
oral glucose bolus 3 h later. CA7S treatment resulted in an increased
rate of blood glucose clearance (Fig. 5¢). Moreover, the total and
incremental areas under the glucose versus time curves (area under
the curve (AUC) and incremental AUC (iAUC)) were decreased in
CA7S-treated mice (Fig. 5d). These results demonstrate that CA7S
increases blood glucose clearance after oral glucose challenge.

Anti-diabetic effects of CA7S require TGR5. CA7S is a potent
inducer of GLP-1 secretion. We therefore sought to determine
whether the acute anti-diabetic effects of CA7S depend on GLP-
1. We performed lentiviral short hairpin (sh)RNA-mediated
knockdown of the GLP-1 receptor (GlpIr) in vivo. DIO mice were
injected intraperitoneally with 5x10°shRNA lentiviral particles
targeting GlpIr. At day 3 post-injection, Glplr expression in the
small intestine, heart and stomach was substantially reduced and,
importantly, the GlpIr expression was undetectable in the pancreas
(see Supplementary Fig. 9a). Mice were then gavaged with CA7S
(100mgkg™") or PBS and subjected to an OGTT 3h later. For the
final time point of the glycemic curve (120min), CA7S-treated
mice displayed lower blood glucose than PBS-treated mice. For all
other time points and for the AUCs, there were no longer significant
differences between the groups in the absence of GLP-1 receptor
(GLP-1R), suggesting that, in an acute setting, the systemic glucose
clearing effects of CA7S are partially dependent on the action of
GLP-1 (Fig. 5e,f).

Previous studies have shown that SG confers anti-diabetic
effects on mice lacking GLP-1R*. However, the absence of TGR5
attenuates the anti-diabetic effects of SG*. These results suggest
that, although GLP-1R is not required for the anti-diabetic effects
of SG, the presence of TGR5 is required. To determine whether
the glucose-clearing effects of CA7S are dependent on TGR5, we
performed lentiviral sShRNA-mediated knockdown of Tgr5 in vivo.
Similar to the GlpIr knockdown, DIO mice were injected intraperi-
toneally with 5x10°shRNA lentiviral particles targeting Tgr5. At
day 3 post-injection, expression of Tgr5 in the colon, the primary

site of action of CA7S, was markedly reduced (see Supplementary
Fig. 9b). Mice were then gavaged with CA7S (100 mgkg™) or PBS
and subjected to an OGTT 3 h later. In the absence of TGRS, the gly-
cemic curves for CA7S- and PBS-treated animals were almost iden-
tical, with no differences in the AUC and iAUC metrics (Fig. 5g,h).
Together, these data suggest that, in an acute setting, the systemic
glucose-clearing effects of CA7S require TGR5 (Fig. 5g,h).

Long-term dosing with CA7S confers anti-diabetic effects.
To assess the effects of chronic CA7S treatment, DIO mice were
gavaged daily with 100mgkg™" of CA7S or vehicle (PBS) for 48d.
Long-term oral gavage with CA7S or PBS led to an initial weight
loss in all groups. There were no differences between groups in per-
centage body weight change at the end of the experiment or total
food intake (see Supplementary Fig. 10a,b). On day 48, mice were
euthanized after an overnight fast. CA7S gavage led to an accumula-
tion of 30,000 pmol per mg wet mass of this compound in murine
cecal contents (mean value; Fig. 6a). CA7S-dosed animals displayed
higher circulating GLP-1 levels (Fig. 6b). Moreover, CA7S-treated
mice exhibited reduced blood glucose levels and increased insu-
lin levels compared with PBS-treated mice (Fig. 6¢,d and see also
Supplementary Fig. 10c). Thus, CA7S can improve diabetic pheno-
types in DIO mice in a weight loss-independent manner. Chronic
dosing with CA7S did not alter total levels of BAs in the cecum,
gallbladder or liver (see Extended Data Fig. 8 and Supplementary
Figs. 11 and 12). However, LCA and UDCA levels were decreased
in cecal contents, similar to post-SG (see Extended Data Figs. 3, 4
and 8). Chronic CA7S treatment did not alter BA levels in the liver
or gallbladder, suggesting that BA synthesis was unaffected (see
Supplementary Figs. 11 and 12). Consistent with our enteral treat-
ment results, mice dosed chronically with CA7S displayed increased
colonic levels of Tgr5 expression compared with the PBS-dosed
mice (Fig. 6¢). These results suggest that, in a chronic setting, CA7S
induces GLP-1 secretion and ameliorates hyperglycemia.

CA?7S is gut restricted and non-toxic. Although high concentra-
tions of CA7S were observed in the intestine, this metabolite was
undetectable in both circulating and portal venous blood from SG
and sham-operated mice (see Supplementary Table 2), suggest-
ing that CA7S is neither recycled via the enterohepatic circulation
nor absorbed into the systemic circulation. In contrast, the known
endogenous TGR5 agonists TDCA and DCA are found in the cir-
culation in mice®. Introduction of CA7S via enteral administration
or acute or chronic oral gavage resulted in only minor amounts
in the circulation and portal venous blood (see Supplementary
Table 2). These findings are consistent with previous observations
that sulfated BAs, in particular 7a-sulfated BAs, are poorly absorbed
in the intestine".

\

Fig. 5 | CA7S gavage induces GLP-1 and improves glucose tolerance in vivo via TGR5. a, Concentration of CA7S in mouse cecum 5 h after PBS or

CA7S gavage. b, CA7S mice displayed increased GLP-1levels 5h post-gavage. Mice remained fasting for the time between gavage and blood collection
for GLP-1 measurement (n=28 mice per group, *P=0.02, two-tailed Welch's t-test (a,b)). ¢,d, DIO mice treated with CA7S (100 mgkg™") displayed
increased glucose tolerance compared with vehicle-treated mice 3 h post-gavage, as determined by an OGTT (n=11 mice per group). ¢, Glycemic curves
during OGTT (data not marked with asterisk(s) are not significant; 30 min, *P=0.02; 60 min, *P=0.02; 120 min P=0.6; two-tailed Student's t-tests). d,
Corresponding blood glucose AUC and iAUC were significantly reduced in CA7S-treated mice (AUC, *P=0.01; iAUC, **P=4.00 x 1073, two-tailed Welch's
t-tests). e f, On day 3 after treatment with lentiviral sShRNA targeting GLP-1 receptor (GlpTr), CA7S (100 mgkg™") or PBS was administered and 3 h later,

an OGTT was performed (n=11 mice per group). e, Glycemic curves during OGTT (data not marked with asterisk(s) are not significant; 30 min, P=0.53;
60 min, P=0.53; 120 min, *P=0.02; two-tailed Student's t-tests). KD, knockdown. f, Corresponding blood glucose AUC and iAUC were not significantly
different in CA7S- or PBS-treated mice in which the GlpTr had been knocked down (AUC, P=0.35; iAUC, P=0.20; two-tailed Welch's t-tests). g,h, On day
3 after treatment with lentiviral shRNA targeting Tgr5, CA7S (100 mgkg™) or PBS was administered and, 3 h later, an OGTT was performed (n=9 mice
per group). g, Glycemic curves during OGTT (data not marked with asterisk(s) are not significant; 30 min, P=0.87; 60 min, P=0.85; 120 min, P=0.52;
two-tailed Student's t-tests). h, Corresponding blood glucose AUC and iAUC were not significantly different in CA7S- or PBS-treated mice in which the
Tgr5 had been knocked down (AUC, P=0.56; iAUC, P=0.97; two-tailed Welch's t-tests). For RT-qPCR expression analysis of GlpTr and Tgr5 knockdown in

e fand g h, respectively, see Supplementary Fig. 9.
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Although synthetic TGR5 agonists ameliorate diabetic pheno- TGRS agonists reduce bile secretion and induce gallbladder filling,
types™, their therapeutic use is hampered by side effects resulting  thereby causing bile stasis””’. We did not observe any change in gall-
from their absorption into the circulation®*”. Systemically absorbed  bladder weight in DIO mice 5h post-CA7S gavage compared with
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Fig. 6 | CA7S displays anti-diabetic effects in a chronic setting and does not affect gallbladder filling. a, Concentration of CA7S in mouse cecum at day
48 (n=7 in each group, animals were fasted overnight before euthanasia). b-e, CA7S-dosed mice displayed increased GLP-1 (b), reduced blood glucose
levels (¢), increased blood insulin levels (d) and increased Tgr5 expression in the colon (e) compared with PBS-dosed mice (n=7 mice in each group (b-
e); GLP-1levels *P=0.04 (b); change in glucose *P=0.04, absolute glucose **P=5.40 x 103 (¢c); insulin levels *P=0.02 (d); Tgr5 expression *P=0.04 (e);
two-tailed Welch's t-tests). f-h, Administration of CA7S did not induce gallbladder filling in mice. f, Gallbladder weights were measured 5 h post-gavage

with CA7S or PBS (n=8 mice per group, P=0.95, two-tailed Welch's t-test).

g, Gallbladder weights were measured 6 weeks post-sham or post-SG surgery

(n=28 mice per group; P=0.56; two-tailed Welch's t-test). h, Gallbladder weights were measured after 48 d of once-daily gavage with CA7S or PBS (PBS
n=7,CA7S n=5 mice; P=0.96; two-tailed Welch's t-test). All data are presented as mean +s.e.m.

PBS treatment (Fig. 6f). In addition, SG did not induce a change in
gallbladder weight despite increased CA7S levels (Fig. 6g). There
was also no difference in individual BAs or total BA levels in sham
versus SG gallbladders (see Supplementary Fig. 13). Furthermore,
chronic CA7S treatment did not affect gallbladder weight (Fig. 6h).
These results suggest that, in both acute and chronic settings, CA7S
does not display one of the major side effects of non-gut-restricted
TGRS5 agonists.

High intestinal BA concentrations can damage the gut epithe-
lium, an effect that can lead to inflammation and disruption of
intestinal homeostasis®™. To determine whether CA7S disrupts gut
epithelial barrier integrity, we tested the effect of CA7S on perme-
ability using differentiated Caco-2 cell monolayers in a transwell
system (see Supplementary Fig. 14). Epithelial permeability was
assayed by measuring permeability to FITC dextran (FITC-D) after
apical treatment with 1 mM CA7S for 12h. Negligible amounts of
CA7S were detected in the basolateral chamber, and there was no
increase in FITC-D permeability, suggesting that CA7S remains
gut restricted and does not affect the intestinal epithelial integrity
(see Supplementary Fig. 14a,b). Furthermore, CA7S did not affect
the viability of Caco-2 cells up to 15mM (see Supplementary Fig.
14c), indicating that this metabolite is not toxic to human intestinal
cells at physiologically relevant concentrations. In addition, CA7S
is stable at physiological pH values (see Supplementary Fig. 14d).
Together, these results suggest that oral administration of CA7S
leads to delivery to the lower intestine without absorption or dam-
age to the intestinal epithelium.

BA analysis after acute and chronic CA7S treatment showed that
CA7S administration did not affect the total BA pool, nor did this
treatment increase other BAs in the cecum (see Extended Data Figs.
6-8 and Supplementary Figs. 5-8, 11 and 12). To determine whether
CA7S interacts with other host receptors, we screened CA7S against
a panel of 19 NhRs and 169 GPCRs for agonist and antagonist activ-
ities. CA7S did not appreciably agonize or antagonize any receptor
tested (see Supplementary note). Therefore, CA7S appears to exert
anti-diabetic effects without affecting overall BA synthesis or BA
signaling pathways.

Discussion
By quantifying changes in individual BAs, we found that the sul-
fated metabolite CA7S is increased in both the mouse GI tract and
human feces after SG. We then found that CA7S is a potent TGR5
agonist that induces the secretion of the incretin hormone, GLP-
1, from enteroendocrine L cells both in vitro and in vivo. In acute
and chronic settings, we observed that CA7S exhibits anti-diabetic
effects, including decreasing blood glucose levels and increasing
glucose tolerance in insulin-resistant mice. Unlike known endog-
enous TGR5 agonists, CA7S is not absorbed into the portal or sys-
temic circulation. Moreover, CA7S increased gene expression of its
target receptor TGR5 in vitro and in vivo. Our knockdown experi-
ments demonstrated that, in an acute setting, TGR5 is necessary for
the in vivo efficacy of CA7S.

The finding that CA7S is a novel TGR5 agonist that improves
glucose tolerance is noteworthy. CA7S had previously been regarded
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as a metabolic waste product produced by the liver—a sulfated form
of cholic acid that was tagged for excretion in the feces. To our
knowledge, no role for CA7S as a ligand for a GPCR or NhR has
been reported. Our data indicate that CA7S is a signaling molecule
that binds to TGR5 exclusively in the gut and increases systemic
levels of GLP-1.

CA7S both agonizes and increases the gene expression of TGR5.
This dual activity raises the possibility that CA7S may function
in vivo through both direct and indirect mechanisms. Therefore, a
portion of the anti-diabetic effects of CA7S may occur by upregula-
tion of TGR5 with subsequent TGR5 agonism, not only by CA7S,
but also by other abundant endogenous ligands, including DCA and
LCA. Alternative mechanisms of action by CA7S in the presence of
high concentrations of other ligands cannot be ruled out. In addi-
tion, the mechanism by which CA7S increases Tgr5 expression is
currently unknown, because this compound did not agonize FXR in
our studies. These questions warrant further study.

Owing to the significant off-target effects caused by TGR5 ago-
nists absorbed into the circulation, a gut-restricted TGR5 agonist
has been suggested as a potential improved therapeutic for type 2
diabetes”. Our data indicate that CA7S is a gut-restricted TGR5
agonist. CA7S was neither actively nor passively transported across
a gut epithelial monolayer, did not disrupt epithelial barrier integ-
rity and could activate TGR5 apically in vitro. In addition, acute and
chronic in vivo administrations led to low to undetectable levels of
CA7S in the portal and systemic circulations. CA7S does not induce
gallbladder filling as has been reported for synthetic TGR5 agonists
that enter the circulation. Furthermore, CA7S is not toxic to human
intestinal cells and is stable at physiological pH values. Additional
studies are required to assess the long-term effects of CA7S on
weight loss and food intake. Nevertheless, as a result of its beneficial
acute metabolic effects, gut restriction and low toxicity, CA7S could
be a candidate for the development of a type 2 diabetes therapeutic.

The role that CA7S plays in the metabolic changes observed
post-SG remains unknown. Due to the redundancy of sulfotrans-
ferases, the enzymes responsible for hepatic CA7S synthesis®,
knockdown of endogenous CA7S levels may be challenging. If this
obstacle could be overcome, performing SG on CA7S-depleted mice
would help reveal the contribution of this molecule to the metabolic
effects of the surgery. We observed decreases in other BAs post-SG.
Levels of CDCA were decreased in mouse cecal contents and liver,
levels of UDCA were decreased in human feces post-SG, and levels
of LCA and isoLCA were decreased in both mouse cecal contents
and human feces. CDCA is an FXR agonist and LCA is a TGR5
agonist, whereas UDCA is relatively inert toward FXR and TGR5
(ref. *°). FXR and TGR5 agonism has been shown to induce meta-
bolic benefits, including increased glucose tolerance®*>*'. Thus,
decreases in levels of these metabolites post-SG would seem to
oppose the anti-hyperglycemic effects of the surgery. It is interest-
ing that we observed similar decreases in CDCA, LCA and UDCA
levels in cecal contents of mice chronically treated with CA7S.
Further research may reveal whether and how these compounds
contribute to metabolic effects post-SG.

Our knockdown studies suggest that the anti-diabetic effects of
CA7S are partially dependent on GLP-1R and dependent on TGR5.
Our work is consistent with previous studies that have found that the
absence of TGR5 and not GLP-1R attenuates post-SG anti-diabetic
effects’*. These results raise the possibility that GLP-1-independent
processes downstream of TGR5 may contribute to the increase in
glucose tolerance caused by CA7S. TGRS is broadly expressed in a
variety of cell types, including immune, fat and liver cells*’. Future
work may elucidate other TGR5-dependent mechanisms through
which CA7S exerts its glucose-lowering effects. More broadly, pre-
viously there were no known individual metabolites with levels that
were altered by bariatric surgery and could increase blood glucose
clearance. Through the identification and study of CA7S, we have
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uncovered a metabolite that, although restricted to the GI tract, can
improve global glucose regulation.
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Methods

Animals. DIO male C57B1/6] mice aged 11, 13 and 16 weeks were purchased
from theJackson Laboratory for sham and SG surgeries, enteral CA7S treatment
and all other nonsurgical experiments, respectively. Mice are placed on a high-fat
diet (HFD) starting at age 6 weeks at the Jackson Laboratory. On receipt, animals
were housed in a climate-controlled environment with 12 h light:dark cycles and
continued on an HFD (60%kcal fat; Research Diets, catalog no. RD12492). Animals
were acclimated for at least 1 week before undergoing procedures. Euthanasia

was performed in the fasted state to minimize the confounding effects of varying
food intake between mice and to allow for accurate fasting glucose and GLP-1
measurements. Animals were cared for according to the American Association for
Laboratory Animal Science guidelines.

SG and sham procedures. The 11-week-old DIO mice were weight matched

and either underwent SG or a sham operation after a 1-week acclimation. SG

was performed through a 1.5-cm laparotomy under isoflurane anesthesia. The
stomach was dissected free from its attachments, the vessels between the spleen
and stomach (short gastric vessels) ligated, and a tubular stomach was created

by removing 80% of the glandular and 100% of the nonglandular stomach with

a linear-cutting surgical stapler. The sham operation consisted of laparotomy,
stomach dissection, ligation of short gastric vessels 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. Mice were maintained
on Recovery Gel Diet (Clear H,0) from 1d before to 6 d after surgery, and an HFD
was restarted on the morning of postoperative day (POD) 7. Mice were euthanized
5-7weeks post-surgery after an overnight fast (17:00 to 07:00).

Functional glucose testing. After a 4-h fast (08:00 to 12:00), intraperitoneal
glucose tolerance testing (IPGTT) and insulin tolerance testing (ITT) were
performed at postoperative weeks 4 and 5, respectively. During IPGTT, mice
received 2mgg™" of intraperitoneal p-glucose (Sigma-Aldrich). Serum glucose
levels were measured from the tail vein at 15, 30, 60 and 120 min with a OneTouch
Glucometer (Life Technologies). ITT was performed by intraperitoneal instillation
of 0.6 pgkg™ of regular human insulin (Eli Lilly and Company). Serum glucose was
measured at 15, 30 and 60 min. Baseline glucose was measured before medication
administration.

Body weight and food intake measurements. Sham and SG-operated mice were
individually housed and weighed daily for the first postoperative week and then
twice weekly until euthanization. Food intake was measured twice weekly and daily
food intake was calculated by averaging the grams eaten per day over the preceding
days. For sham and SG-operated animals, food intake measurements were started
on POD 10 because animals were transitioned from gel to HFD on POD 7. For
chronic CA7S experiments, mice were weighed and food intake was measured
daily until euthanization.

BA analysis. BA analyses were performed using a previously reported method*.

Reagents. Stock BA solutions were prepared in molecular biology-grade DMSO
(VWR International) and were used to establish standard curves. CA7S was
purchased from Caymen Chemicals (catalog no. 9002532). Glycocholic acid (GCA)
(Sigma) was used as the internal standard for measurements in mouse tissues.

Extraction. As previously described”, cecal, liver, human fecal samples
(approximately 50 mg each), intact gallbladders and mouse portal veins were
pre-weighed in lysis tubes containing ceramic beads (Precellys Lysing kit, tough
micro-organism lysing VK05 tubes). Methanol (MeOH)-containing internal
standard was added to cecal, liver, gallbladder, portal vein tissues and human feces.
Tubes were homogenized in a MagNA Lyser. 50 pl of mouse serum and gallbladder
contents were added to 50 ul of MeOH containing an internal standard. Cell culture
medium was diluted 1:1 in MeOH. MeOH-extracted samples were centrifuged,
diluted 1:1 in 50% MeOH:water, and injected into the UPLC-MS.

UPLC-MS analysis. BA profiling by UPLC-MS was performed using a published
method”. Total BAs in each sample were calculated by adding all detected and
measured BAs. The limits of detection for individual BAs were determined
using commercially available standards solubilized in 1:1 MeOH:water, and are
as follows: CA7S, 0.05 pmol pl~'; TYMCA, 0.01 pmol pl~'; TDCA, 0.01 pmol pl~%;
LCA, 0.03 pmol pl™'; isoLCA, 0.07 pmol pl~'; 3-0x0-LCA, 0.05 pmoll-;

DCA, 0.04 pmol pl~'; 3-0x0-CA, 0.04 pmol pl~; 3-ox0o-CDCA, 0.4 pmol pl;
7-0x0-CDCA, 0.03 pmol pl~}; and 7-oxo-TCDCA, 0.03 pmol pl~". The limits of
detection of all other BAs have been reported previously*. All standards were
purchased from Sigma, Steraloids or Cayman Chemicals. CA7S and cholic acid-
3-sulfate can be distinguished based on retention time using this UPLC-MS
method.

Purification of CA7S. Extracted cecal contents from 11 SG mice (same as shown

in Fig. 1) were pooled to provide sufficient material for purification. Pooled
extract was purified via MS-guided HPLC of m/z 487 using a Luna RP C18
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semi-preparative column, and water and acetonitrile with 0.1% formic acid as an
additive.

NMR spectroscopy. CA7S and purified m/z 487 (<1 mg) were dissolved in 250 ul
DMSO-d6. NMR spectra were acquired on a Varian INOVA 500 MHz and are
referenced internally according to residual solvent signals (DMSO to 2.50, HOD
to 3.33).

Cell culture. NCI-H716 cells and Caco-2 cells were obtained from the
American Type Culture Collection (ATCC). HEK293T cells from ATCC were

a kind gift from the Blacklow lab (Department of Biological Chemistry and
Molecular Pharmacology, HMS). Caco-2 and HEK293T cells were maintained in
modified Eagle’s medium (MEM) with GlutaMAX and Earle’s Salts (Gibco, Life
Technologies). NCI-H716 cells were maintained in RPMI 1640 with L-glutamine
(GenClone). All cell culture media were supplemented with 10% fetal bovine
serum (FBS), 100 units ml~! of penicillin and 100 ug ml™" of streptomycin
(GenClone). Cells were grown in FBS- and antibiotic-supplemented ‘complete’
medium at 37°C in an atmosphere of 5% CO,. Testing of CA7S for agonist or
antagonist activity against panels of 19 NhRs and 169 GPCRs was performed by
DiscoverX (see Supplementary note for methods).

Caco-2 cell differentiation. Caco-2 cells were seeded in 24-well-plate transwells
(0.4-pm pore size, Costar) at 200,000 cells per transwell. For apical/basolateral
treatments, 200,000 Caco-2 cells were mixed with 50,000 NCI-H716 cells in
six-well plate transwells (0.4-um pore size, Costar) to mimic the ratio of epithelial
cells to enteroendocrine cells in the human colon*. The medium was changed

on days 4, 8, 12, 16 and 18 to differentiate Caco-2 cells in vitro*. On day 21, fully
differentiated and polarized cells were validated for epithelial integrity by an
FITC-D permeability assay before treatment with BAs.

In vitro BA treatments. NCI-H716 cells were seeded in cell culture plates coated
with Matrigel (Corning Life Sciences, catalog no. 356234) diluted in Hanks’
balanced salt solution (HBSS, Gibco) according to the manufacturer’s instructions.
The cells were allowed to grow for 2d in complete RPMI medium. On the day

of the treatment, cells were rinsed with low-serum (0.5% FBS) RPMI 1640

without antibiotics. BAs were diluted in DMSO (VWR International) and added

to cells in the low-serum medium (0.5% FBS, RPMI 1640) without antibiotics.
DMSO concentrations were constant throughout the treatments and used as a
negative control. Differentiated Caco-2* NCI-H716 cells were treated with BAs
either apically or basolaterally in low-serum medium (0.5% FBS, RPMI 1640)
without antibiotics. NCI-H716 cells were treated in suspension with BAs for Tgr5
expression. After a 2-h incubation, medium was collected in tubes containing 0.1%
trifluoroacetic acid (TFA, Sigma) in sterile water (GenClone). Cells used for GLP-1
measurements were treated with cold cell lysis solution (1% TFA, 1 M hydrochloric
acid, 5% formic acid, 1% NaCl), scraped off the Matrigel and collected in lysing
tubes. For calcium measurements, cells were collected in lysing tubes with PBS.
Cells were lysed in a MagNA Lyser. Cells used for RNA extraction were treated
with TRIzol (Ambion, Life Technologies, Thermo Fisher Scientific) and stored at
—80°C.

GLP-1 and insulin measurements. Total GLP-1 measurements were performed
using the GLP-1 EIA Kit (Sigma, catalog no. RAB0201) and total insulin levels were
measured using the Mouse Ins1/Insulin-1 ELISA kit (Sigma, catalog no. RAB0817).
Mouse serum samples, NCI-H716 cell lysates and cells were stored at —80°C and
thawed on ice before performing assays. Then, 20 ul of the mouse serum samples
were used directly in the GLP-1 ELISA assay, whereas 50 ul of the mouse serum
samples were used directly in the insulin ELISA assay. Cell culture supernatant
was directly used in the GLP-1 ELISA assay. Cell lysates were subjected to peptide
purification using Sep Pak C18 Classic columns (Waters Corp.). 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 on to the column
and washed with 0.1% TFA in 80% isopropyl alcohol. The peptides were eluted in
0.1% TFA in water. The eluate was dried under vacuum and resuspended in 0.1%
TFA in water. Total secreted (in medium) and intracellular (cell lysates) GLP-1
were calculated using the provided standard curve. Percentage GLP-1 secretion was
calculated as follows:

Percentage GLP-1 secretion = (Total GLP-1 secreted (medium)/(Total GLP-1
secreted (medium) + Total GLP-1 in cell lysates) X 100. The relative GLP-1
secretion was calculated compared with the DMSO control.

Plasmids and transient transfections. Human Tgr5 was

cloned using complementary DNA from human Caco-2 cells

as a template, a forward primer with an EcoRI restriction site
(5'-CGGAATTCGCACTTGGTCCTTGTGCTCT-3') and a reverse primer with a
Xhol site (5'-GTCTCGAGTTAGTTCAAGTCCAGGTCGA-3'). The PCR product
was cloned into the pPCDNA3.1* plasmid (Promega Corp.) and transfected at a
concentration of 0.4 pgml~' of medium. Endogenous FXR activation was assayed
using a SHP:Luciferase reporter plasmid kindly gifted by K. Schoonjans (Ecole
polytechnique fédérale de Lausanne, Switzerland). For luciferase reporter assays for
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TGRS activation, the CRE-driven luciferase construct pGL4.29[luc2P/CRE/Hygro]
plasmid (Promega Corp.) and the pGL4.74[hRluc/CMV] plasmid (Promega Corp.)
were used at a concentration of 2ugml™" and 0.05ugml™" of medium, respectively.
For FXR activation, the SHP:Luciferase plasmid and the pGL4.74[hRluc/CMV]
plasmid (Promega Corp.) were used at a concentration of 2 pgml~" and 0.05 pgml~!
of medium, respectively. All plasmids were transfected using Opti-MEM (Gibco)
and Lipofectamine 2000 (Invitrogen, Life Technologies). Transfections were
performed in appropriate antibiotic-free medium with 10% FBS. After overnight
incubation, BAs were added in complete medium, incubated overnight and
harvested the next day for luciferase assay. Tgr5 siRNA (Santa Cruz Biotechnology)
and negative siRNA (Ambion) transfection was performed using Opti-MEM and
Lipofectamine. The siRNAs were diluted in RNase-free water (Genesee) and added
at a final concentration of 40 nM. After siRNA transfection, cells were incubated

in antibiotic- and serum-free medium for 24 h and complete medium for an
additional 24 h. BAs were then added (48 h post-siRNA transfection) in complete
medium. After an overnight incubation, cells were harvested for luciferase assay or
RNA extraction.

Luciferase reporter assay. Luminescence was measured using the Dual-Luciferase
Reporter Assay System (Promega Corp.) according to the manufacturer’s
instructions. Cells were washed with PBS and lysed in passive lysis buffer from
the kit. Matrigel-attached cells were scraped in passive lysis buffer. Luminescence
was measured using the SpectraMax M5 plate reader (Molecular Devices) at

the ICCB-Longwood Screening Facility at Harvard Medical School (HMS).
Luminescence was normalized to Renilla luciferase activity.

Calcium measurement. CA7S-treated NCI-H716 cells collected in PBS were
used to measure intracellular calcium using the Calcium Assay Kit (Fluorometric)
(Abcam). Cell lysate supernatants were directly used in the calcium assay
according to the manufacturer’s instructions. Fluorescence was measured using
the SpectraMax M5 plate reader (Molecular Devices) at the ICCB-Longwood
Screening Facility at HMS.

Differentiated Caco-2 permeability assay. CA7S was added in PBS at the
indicated concentrations to the apical chamber of the transwells containing
differentiated Caco-2 cells and incubated for 12h. Caco-2 epithelial integrity

was assayed by measuring passive diffusion of 4-kDa FITC-D (Sigma Aldrich)
added at a concentration of 5uM to the apical chamber into the basolateral
chamber. Fluorescence was read on the basolateral side of the transwell system
using a SpectraMax M5 plate reader (Molecular Devices) at the ICCB-Longwood
Screening Facility at HMS.

Cell viability assay. Caco-2 cells were treated with CA7S diluted in DMSO in
complete MEM. DMSO concentration was kept constant and used as a negative
control. Cells were incubated with CA7S overnight at 37°C in a 5% CO,
atmosphere. They were then treated with 0.25% trypsin in HBSS (GenClone)
for 10min at 37 °C. Cell viability was measured in a Countess II automated cell
counter (Invitrogen).

The pH stability test. The stability of CA7S at physiological pH values was
determined using the Waters’ pH stability test. Buffers of pH 1 (0.1 M HCI), pH

7.4 (PBS) and pH 9 (10 mM ammonium formate solution adjusted to pH 9 with
ammonium hydroxide) (all from Sigma) were prepared. CA7S was incubated in the
pH buffers overnight at 37 °C with gentle shaking (50g). CA7S solution was then
diluted in MeOH and injected into the UPLC-MS.

RNA extraction and qPCR. Cells frozen in TRIzol (Ambion) were collected in
RNase-free Eppendorf tubes and vortexed. Tissues were collected in tubes with
TRIzol, followed by homogenization in a MagNA Lyser (Roche). Differentiated
cells in transwells were scraped and collected in tubes. Tubes were kept on ice
whenever possible. Total RNA was extracted by chloroform partitioning of RNA
into the aqueous supernatant, followed by 2-propanol precipitation and 70%
ethanol washing of the RNA pellet. The RNA pellet was air dried and resuspended
in RNase-free H,0 (GenClone). Then, cDNA synthesis was performed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Invitrogen).
Quantitative (q)PCR was performed using the LightCycler 480 SYBR Green I
Mater (Roche) in a 384-well format using the LightCycler 480 System (Roche) or
the QuantStudio 7 (Thermo Fisher Scientific) at the ICCB-Longwood Screening
Facility at HMS. Cq values >45 were considered to be not detected. The 2724
method was used to calculate the relative gene expression change. Human Tgr5
gene expression was normalized to the human HPRT1 (HGPRT). Mouse GlpIr and
Tgr5 gene expression was normalized to 18S. Primer sequences were:

Human Tgr5: forward: 5'-CCTAGGAAGTGCCAGTGCAG-3/,
reverse: 5'-CTTGGGTGGTAGGCAATGCT-3'; human
HGPRT: forward: 5'-CCTGGCGTCGTGATTAGTGA-3’,
reverse: 5'-CGAGCAAGACGTTCAGTCCT-3'; mouse
Glplr: forward: 5'-AGGGCTTGATGGTGGCTATC-3',
reverse: 5-GGACACTTGAGGGGCTTCAT-3'; mouse
Tgr5: forward: 5'-TTCTCTCTGTCCGCGTGTTG-3,

reverse: 5'-GGTGCTGCCCAATGAGATGA-3’; mouse 18S:
forward: 5'-ATTGGAGCTGGAATTACCGC-3/, reverse:
5-CGGCTACCACATCCAAGGAA-3'.

In vivo enteral treatment with CA7S. The 13-week-old male DIO mice were
purchased and housed as described in Animals. Mice were weight matched into
two groups (P=0.88). After an overnight fast (17:00 to 07:00), mice received
either CA7S or PBS via direct duodenal and rectal administration. The optimal,
physiological dose of CA7S was extrapolated from the average picomolar
concentration of CA7S in cecal samples from SG animals (average of 3,000 pmol
per mg of stool with 500 mg stool per animal corresponding to 0.75mg CA7S
per cecum).

Under isoflurane general anesthesia, 0.25 mg and 0.75mg CA7S in PBS, pH
7.2 was delivered by slow infusion (5min) anterogradely into the duodenum and
retrogradely into the rectum, respectively. The total volume of instillation was 2 ml
(0.5mg CA7Sml™"). Control animals received similar volumes of PBS alone. Then,
15 min post-infusion, serum glucose was measured via the tail vein followed by
whole-blood collection via cardiac puncture into K* ethylenediaminetetraacetate
tubes containing a dipeptidyl peptidase IV inhibitor (Merck Millipore), Perfabloc
(Sigma) and apoprotinin (Sigma). One glucose reading from the PBS group was
occluded by a clot, so it was excluded from glucose analysis. Whole blood and
tissues were harvested for analysis. To account for changes in fasting times and
hormonal diurnal rhythms, this experiment was carried out on 4 consecutive days
such that only four mice were tested per day.

In vivo acute CA7S gavage. The 16-week-old DIO mice were purchased and
housed as described in Animals. Mice were fasted for 4h on the day of the
experiment. Mice were orally gavaged with 100 mgkg™" of CA7S from 20 mgml~" of
solution, or an equivalent volume of PBS; 5h after administration, whole blood and
tissues were collected in the fasted state. One liver sample from the CA7S group
was lost during sample preparation, so it was excluded from the BA analysis.

In vivo CA7S and OGTT. The 16-week-old DIO mice were purchased and housed
as described in Animals. Blood glucose levels were monitored until average

fasting glucose levels were >160 mgdl~'. Animals were fasted for 4h on the day

of the experiment. Mice were matched into two groups based on fasting glucose
levels and received either 100 mgkg™" of CA7S from 20 mgml~" of solution or an
equivalent volume of PBS by oral gavage. After 3h, an OGTT was performed using
an oral gavage of 2mgg™" of oral p-glucose (Sigma-Aldrich). Serum glucose was
measured at baseline and at 15, 30, 60 and 120 min with a OneTouch glucometer.

Lentiviral IP injection. GlpIr and Tgr5 shRNA-containing lentiviral particles
(LVPs) were purchased from the MISSION TRC library (Sigma-Aldrich). LVPs
containing a mixture of three GlpIr shRNA plasmid clones (TRCN0000004629,
TRCN0000004630 and TRCN0000004633) and Tgr5 shRNA plasmid clones
(TRCN0000026777, TRCN0000026783 and TRCN0000026817) were purchased.
Mice were maintained on an HFD until average fasting glucose >160mgdl™" in
a BL2 facility. Under sterile conditions, mice were injected intraperitoneally with
0.2ml of 5% 10°shRNA LVPs***”. Then, 72 h after injection, mice underwent CA7S/
PBS gavage followed by an OGTT as above. After completion of the the OGTT,
mice were euthanized and their tissues harvested. GlpIr and Tgr5 knockdown
efficiency was measured in tissues by qQPCR as described in RNA extraction

and qPCR.

CA?7S chronic feeding. The 16-week-old DIO mice were purchased and housed

as described in Animals. Mice were orally gavaged daily for 48 d with 100 mgkg™"
of CA7S or equivalent volume of PBS. Weight and food intake were measured
daily. Both groups of mice exhibited initial weight loss during the experiment,
presumably due to the stress of daily gavage. Mice were fasted overnight before
euthanization. Fasting glucose was measured at euthanization. Whole blood and
tissues were collected. Two gallbladders in the CA7S group perforated before
weighing and were therefore excluded from the analysis. One liver sample from the
CA7S group was lost after harvest and was thus not included in the analysis.

Human stool collection. After obtaining institutional review board approval

and informed consent, we prospectively collected stool specimens from obese
humans undergoing SG. Patents were selected randomly over the course of a 1-year
enrollment with the following exclusion criteria: (1) antibiotic use within 3 months
of surgery, (2) on immunosuppressants, (3) pre-existing immunocompromised
state, (4) chronic diarrhea, (5) ulcerative colitis or Crohn’s disease and (6) prior
colon resection. For each patient, a preoperative stool specimen collected on the
day of surgery was compared with a stool specimen obtained from PODs 14-99
(mode 15d; median 36 d). Specimens were snap frozen in liquid nitrogen and
stored at —80 °C until the BA analysis was performed by a blinded investigator.

Ethics. All mouse experiments were performed under the approval of the Brigham
and Women'’s Hospital (BWH) Institutional Animal Care and Use Committee.
Human stool collection was performed under the approval of the BWH
Institutional Review Board.
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Statistics and reproducibility. No statistical methods were used to predetermine
sample size. Sample sizes were determined by magnitude and consistency of
measurable differences. Statistical tests used for each experiment are outlined

in the figure legends. All data are presented as mean +s.e.m. All in vitro studies
represented in the article were performed in at least three biological replicates.
Each experiment was reproduced in triplicate at least twice with similar results.
In vivo mouse studies: the SG model is well established in the Sheu lab. The
functional glucose data (IPGTT and ITT) are in keeping with previously
published data from other labs®*. Thus, the number of mice used was kept to a
minimum and replicate testing was not performed for the sham and SG surgeries.
Bile acids were analyzed from four independently performed sham and SG
surgeries over the course of a year, and the data represent all the replicates. CA7S
enteral administration was not replicated owing to the clear significance of the
results. CA7S acute gavage was performed in two independent experiments with
similar results. The lentiviral knockdown experiments were performed in two
independent experiments with similar results. The results of the chronic dosing
experiment (Fig. 6) were reproduced in an independent cohort of mice (n=7)
dosed with higher concentrations of CA7S. The present study includes three
mouse studies (see Figs. 4, 5 and 6) which were performed by three different
investigators (D.A.H., H.A. and J.L., respectively) at different times, thereby
providing reproducible corroboration that CA7S remains gut restricted and
improves hyperglycemia. Human stool samples from bariatric surgery patients
were a scarce resource. We used all available samples and as such did not have
samples available for replicate experiments. P values <0.05 were considered
significant. Unless stated otherwise, the experiments were not randomized,

and investigators were not blinded to allocation during in vitro and in vivo
experiments.

Software. GraphPad Prism v.8 software was used to plot data and perform
statistical analyses. ChemDraw software v.12 was used to draw chemical
structures.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this article and its
Supplementary information and extended data files.

Code availability

No custom code or mathematical algorithms were used in this study.
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Extended Data Fig. 1| Bile acid structures. a, Structures of bile acids in main text and figures. b, Structures of additional bile acids in Extended Data and
Supplementary Information.
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Extended Data Fig. 2 | NMR of cholic acid-7-sulfate. a, 'H NMR of authentic sample of cholic acid-7-sulfate (CA7S) (Cayman Chemical). b, 'H NMR of
CAY7S purified from the cecal contents of SG mice. Signals between 3.7 to 4.4 ppm are diagnostic of CA7S. Impurities are denoted by asterisks.
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Extended Data Fig. 3 | Bile acid concentrations in cecal contents of mice post-sham or post-SG. Six weeks following surgery, cecal contents were
collected from sham or SG mice after an overnight fast. Bile acids were quantified using UPLC-MS (sham, n=12, SG, n=15, data not marked with
asterisk(s) are not significant). All bile acids with measurable concentrations above the limit of detection are shown. Ta/pMCA, tauro-alpha- and
tauro-beta-muricholic acid, p=0.53; TCA, tauro-cholic acid, p=0.32; TYMCA, tauro-gamma-muricholic acid, p=0.36; T@MCA, tauro-omega-muricholic
acid, p=0.68; TUDCA, tauro-ursodeoxycholic acid, p=0.67; 7-oxo-TCDCA, 7-oxo-tauro-chenodeoxycholic acid p=0.34; aMCA, alpha-muricholic acid,
p=0.87; BMCA, beta-muricholic acid, p=0.59; CA, cholic acid, p=0.28; UDCA, ursodeoxycholic acid, p=0.85; DCA, deoxycholic acid, p=0.48; LCA,
lithocholic acid, *p=0.02; isoLCA, isolithocholic acid *p=0.02; 3-oxo-CA, 3-oxo-cholic acid, p=0.08; 3-oxo-LCA, 3-oxo-lithocholic acid, p=0.79; CDCA,
chenodeoxycholic acid, *p=0.03, two-tailed Welch's t-test. All data are presented as mean + SEM.
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Extended Data Fig. 4 | Bile acid concentrations in feces of human patients pre-SG or post-SG. Feces were collected from patients pre-op or ~5
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weeks post-op and bile acids were quantified using UPLC-MS (n=17 patients, median 36 days after surgery, data not marked with asterisk(s) are not
significant). All bile acids with measurable concentrations above the limit of detection are shown. TCDCA, tauro-chenodeoxycholic acid, p=0.97; TDCA,
tauro-deoxycholic acid, p=0.93; CA, cholic acid, **p=1.00x103; CDCA, chenodeoxycholic acid, p=0.52; DCA, deoxycholic acid, p=0.13; LCA, lithocholic
acid, *p=0.07; isoLCA, iso-lithocholic acid, *p=0.03; UDCA, ursodeoxycholic acid, *p=0.02; 3-oxo-CDCA, 3-oxo-chenodeoxycholic acid, p=0.92;
7-0x0-CDCA, 7-oxo-chenodeoxycholic acid, p=0.47, 3-oxo-LCA, 3-oxo-lithocholic acid, p=0.56, two-tailed paired t-test. All data are presented as mean

+ SEM.
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Extended Data Fig. 5 | CA7S agonizes TGR5 but not FXR, induces GLP-1 secretion, and reduces systemic glucose levels. a, CA7S (500 uM) purified from
SG mouse cecal contents induced secretion of GLP-1in NCI-H716 cells compared to DMSO control (6 biological replicates per condition, **p=1.00x1073,
two-tailed Welch's t-test). b, Quantitative real time PCR analysis of expression of human TGR5 in TGRS siRNA and negative (-) siRNA-treated NCI-H716
cells for Fig. 3b. ¢, CA7S induced an increase in intracellular calcium levels in NCI-H716 cells (4 biological replicates per condition, CA7S 10 uM *p=0.03,
50uM *p=0.02, 100 uM **p =1.80%1073, 100 uM *p =0.01, one-way ANOVA followed by Dunnett's multiple comparisons test). d, CA7S induced secretion
of GLP-1in the presence of a physiologically relevant concentration of LCA (150 pM) (3 biological replicates per condition, DMSO (-) control vs. LCA
**p=9.90%x10-3, CA7S vs. LCA 0.1pM *p=0.03, two-way ANOVA followed by Dunnett's multiple comparisons test). e, CA7S did not induce activation of
endogenous FXR in Caco-2 cells compared to (-) DMSO control. Known FXR agonist CDCA (10 uM) was used as a positive control (4 biological replicates
per condition, CA7S 0.01-50 uM and 500-1000 uM not significant p=0.99, CA7S 100 uM not significant p=0.96, CDCA 10 uM **p=4.60 x 1073, one-way
ANOVA followed by Dunnett’s multiple comparisons test). f, In vivo change in serum glucose upon acute enteral treatment with PBS and CA7S (PBS,
n=6; CA7S, n=8 mice, ***p=1.00x 1074 ns=not significant p=0.63, two-tailed paired t-test). All data are presented as mean + SEM.
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Extended Data Fig. 6 | Bile acid concentrations in cecal contents of mice treated enterally with CA7S. Cecal contents were collected from mice after
enteral treatment with CA7S or PBS and bile acids were quantified using UPLC-MS (PBS, n=7, CA7S, n=8, data not marked with asterisk(s) are not
significant). All bile acids with measurable concentrations above the limit of detection are shown. Total BAs without CA7S, p=0.50; Total bile acids (BAs),
**p=3.5x1073; Ta/BMCA, tauro-alpha- and tauro-beta-muricholic acid, p=0.88; TCA, tauro-cholic acid, p=0.49; TouMCA, tauro-omega-muricholic

acid, p=0.68; 3-oxo-CDCA, 3-oxo-chenodeoxycholic acid p=0.45; 7-oxo-CDCA, 7-oxo-chenodeoxycholic acid p=0.87; aMCA, alpha-muricholic acid,
p=0.23; BMCA, beta-muricholic acid, p=0.14; CA, cholic acid, p=0.23; UDCA, ursodeoxycholic acid, p=0.30; DCA, deoxycholic acid, p=0.24; LCA,
lithocholic acid, p=0.50; TDCA, tauro-deoxycholic acid, p=0.30; TCDCA, tauro-chenodeoxycholic acid, p=0.31; CDCA, chenodeoxycholic acid, p=0.43,
two-tailed Welch's t-test. All data are presented as mean + SEM.
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Extended Data Fig. 7 | Bile acid concentrations in cecal contents of mice gavaged with one dose of CA7S. Fasted DIO mice were gavaged with CA7S
or PBS and cecal contents were collected from mice 5hours post-gavage. Bile acids were quantified using UPLC-MS (n=8 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. Total BAs without
CA7S, p=0.35; Total bile acids (BAs), p=0.06; Ta/pMCA, tauro-alpha- and tauro-beta-muricholic acid, p=0.58; TYMCA, tauro-gamma-muricholic
acid, p=0.32; TCA, tauro-cholic acid, p=0.13; TUDCA, tauro-ursodeoxycholic acid, p=0.12; TCDCA, tauro-chenodeoxycholic acid, p=0.13; CDCA,
chenodeoxycholic acid, p=0.33; apMCA, alpha-muricholic acid and beta-muricholic acid, p=0.96; CA, cholic acid, p=0.38; TDCA, tauro-deoxycholic
acid, p=0.27; UDCA, ursodeoxycholic acid, p=0.87; 3-oxo-CA, 3-oxo-cholic acid, p=0.93; LCA, lithocholic acid, p=0.86; DCA, deoxycholic acid,
p=0.76, two-tailed Welch's t-test. All data are presented as mean + SEM.
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Extended Data Fig. 8 | Bile acid concentrations in cecal contents of mice gavaged chronically with CA7S. Cecal contents were collected from mice
following an overnight fast after 48 days of daily gavage with CA7S or PBS. Bile acids were quantified using UPLC-MS (n=7 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. Total BAs without
CA7S, p=0.82; Total bile acids (BAs), p=0.38; Ta/BMCA, tauro-alpha- and tauro-beta-muricholic acid, p=0.46; ToMCA, tauro-omega-muricholic
acid, p=0.12; TYMCA, tauro-gamma-muricholic acid, p=0.23; TCA, tauro-cholic acid, p=0.09; TUDCA, tauro-ursodeoxycholic acid, p=0.76;
TCDCA, tauro-chenodeoxycholic acid, p=0.17; apMCA, alpha-muricholic acid and beta-muricholic acid, p=0.23; CA, cholic acid, p=0.06; TDCA,
tauro-deoxycholic acid, p=0.71; UDCA, ursodeoxycholic acid, *p=0.01; CDCA, chenodeoxycholic acid, p=0.06; DCA, deoxycholic acid, p=0.23; LCA,

lithocholic acid, *p=10.04; 3-oxo-CA, 3-oxo-cholic acid, p=0.30, two-tailed Welch's t-test. All data are presented as mean + SEM.
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Sample size

Data exclusions

Replication

Randomization

Sample sizes for in vitro experiments are fully disclosed in the manuscript. For in vitro and in vivo experiments, no statistical methods were
used to predetermine sample size. Sample sizes were determined by magnitude and consistency of measurable differences.

Every in vitro study was performed in at least 3 biological replicates and reproduced with similar results at least twice. The number of
technical replicates were determined according to manufacturer’s instructions for data acquisition.

In vivo mouse studies: A sample size determination was not completed. However, the Sheu lab has expertise in bariatric surgical models in
mice and based on our prior work (Harris et al; Subramaniam et. al) , a sample size was selected such that we used the maximum number of
mice that could be cared for while allowing determination of clear statistical significance. Our sample size is in keeping with previously
published studies. (Ryan et. al., Wilson-Pérez et al) CA7S enteral administration, and acute and chronic gavage studies were performed on
13-16 week old mice. Again a sample size determination was not completed but we maximized the number of mice that could be cared for
during the experiment in order to achieve the highest statistical power.

Lentiviral knockdown experiments: The appropriate dose of lentiviral particle injection for efficient knockdown was worked out in pilot
experiments. A similar number of animals were chosen as stated above for CA7S in vivo experiments.

- Harris DA, Mina A, Cabarkapa D, et al. Sleeve Gastrectomy enhances glucose utilization and remodels adipose tissue independent of weight
loss. Am J Physiol Endocrinol Metab. February 2020. doi:10.1152/ajpendo.00441.2019.

- Ryan KK, Tremaroli V, Clemmensen C, et al. FXR is a molecular target for the effects of vertical sleeve gastrectomy. Nature.
2014;509(7499):183-188. doi:10.1038/nature13135

- Subramaniam R, Aliakbarian H, Bhutta HY, Harris DA, Tavakkoli A, Sheu EG. Sleeve Gastrectomy and Roux-en-Y Gastric Bypass Attenuate Pro-
inflammatory Small Intestinal Cytokine Signatures. Obesity surgery. July 2019:1-9. doi:10.1007/s11695-019-04059-0.

- Wilson-Pérez HE, Chambers AP, Ryan KK, et al. Vertical sleeve gastrectomy is effective in two genetic mouse models of glucagon-like Peptide
1 receptor deficiency. Diabetes. 2013;62(7):2380-2385. doi:10.2337/db12-1498.

Human samples: A sample size determination was not completed and we used the maximum number of patient samples that we had access
to that had both pre- and post-operative stool samples.

No data were excluded from the analyses

All'in vitro studies represented in the publication were performed in at least 3 biological replicates. Each experiment was reproduced in
triplicate at least twice with similar results.

In vivo mouse studies: The sleeve gastrectomy model is well established in the Sheu lab. The functional glucose data (IPGTT and ITT) is in
keeping with previously published data from other labs. Thus, the number of mice used was kept to a minimum and replicate testing was not
performed for the Sham and SG surgeries. Bile acid were analyzed from four independently performed Sham and SG surgeries over the course
of a year, and the data in the manuscript represents all the replicates. CA7S enteral administration was not replicated owing to the clear
significance of the results. CA7S acute gavage was performed in two independent experiments with similar results. The lentiviral knockdown
experiments were performed in two independent experiments with similar results. The chronic dosing experiment (Fig. 6) results were
reproduced in an independent cohort of mice (n=7) dosed with higher concentrations of CA7S. The paper includes 3 mouse studies (Figs. 4, 5,
6) which were performed by 3 different investigators (D.A.H., H.A., J.L. respectively) at different times, thereby providing reproducible
corroboration that CA7S remains gut-restricted and improves hyperglycemia.

Ryan KK, Tremaroli V, Clemmensen C, et al. FXR is a molecular target for the effects of vertical sleeve gastrectomy. Nature.
2014;509(7499):183-188. doi:10.1038/nature13135.

Abu-Gazala S, Horwitz E, Ben-Haroush Schyr R, et al. Sleeve Gastrectomy Improves Glycemia Independent of Weight Loss by Restoring Hepatic
Insulin Sensitivity. Diabetes. 2018;67(6):1079-1085. doi:10.2337/db17-1028.

Human stool samples from bariatric surgery patients were a scarce resource. We used all available samples and as such did not have samples
available for replicate experiments.

In vitro experiments were performed by splitting cells from the same flask to individual wells for treatments without bias.

In vivo mouse studies: Mice were matched into groups based on weight or fasting blood glucose where appropriate.

Human patients were selected randomly over the course of 1 year with the following exclusion criteria: 1) antibiotic use within 3 months of
surgery, 2) on immunosuppressants, 3) pre-existing immunocompromised state, 4) chronic diarrhea, 5) Ulcerative colitis or Crohn’s disease, 6)

=
Q
—+
C
=
@)
=
(D
W
Q)
Q
=
(@)
o
=
1)
o
[}
=
>
(@]
wn
c
3
3
Q
=
S

810¢ 4290120




prior colon resection. Samples were de-identified as per the IRB protocol, and bile acid analyses were performed by a blinded investigator.
Covariates in this study were patient pre- and post-SG fecal samples, information used to perform two-tailed paired t-test statistical analyses

Blinding Data from in vitro experiments were acquired from equipment capable of batch-analysis and were analyzed using computational softwares.
This eliminated human error and bias, and thus we did not blind the data from investigators.

In vivo mouse studies: For surgical studies, due to the need for close post-operative monitoring, examiners were kept unblinded to the
surgery performed on mice. For CA7S in vivo studies, operative instillation of CA7S or PBS was not done in blinded fashion in order to closely
monitor the health of the animals. However, post-hoc analyses (of serum GLP1 and insulin, and CA7S analysis in tissues) were completed by a
blinded, second experimenter.

Human studies: Patient samples were de-identified and BA analysis was completed in a blinded fashion.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z| |:| ChlP-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

X
L]
X Animals and other organisms
X

Human research participants

XOOXOX &

[] clinical data

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Intestinally-derived human Caco-2 cell line and enteroendocrine human NCI-H716 cells line was obtained from ATCC; human
embryonic kidney HEK293T cells from ATCC were a generous gift from the Blacklow lab at Harvard Medical School.

Authentication None of the cell lines were authenticated
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination

Commonly misidentified lines  No misidentified cell lines were used in this study
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BI/6J mice were purchased from Jackson Laboratory. All animals were male. Upon receipt, animals were housed in a climate-
controlled environment with 12 hour light/dark cycles and continued on a high fat diet (HFD, 60% Kcal fat; RD12492; Research
Diets, NJ). Animals that were weight-matched into sleeve gastrectomy or sham groups were purchased at 11 weeks of age,
allowed to acclimate for 1 week, and operated on at 12 weeks of age. Mice used in the enteral CA7S administration, acute
gavage and chronic gavage experiments, as well as the lentiviral knockdown experiments were purchased at 13 to 16 weeks of
age and acclimated for at least 1 week before the experiment was performed. All animals were kept on a high-fat diet and
glucose tolerance tests were performed when the serum glucose readings were at least 160mg/dL

Wild animals This study did not involve wild animals
Field-collected samples This study did not involve samples collected from the field
Ethics oversight All protocols were improved by the Brigham and Women's Hospital IACUC. Animals were cared for according to guidelines set

forth by the American Association for Laboratory Animal Science.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics Stool samples were prospectively collected from patients pre- and post-sleeve gastrectomy. Patients information was de-
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Population characteristics identified prior to sample processing, data collection, and analysis. Subjects were all patients of Dr. Ashley Vernon (co-author)
who approached all patients that were slated for bariatric surgery during the enrollment period. Patients had to qualify for
bariatric surgery and not have 1) antibiotic use within 3- months of surgery, 2) on immunosuppression, 3) pre-existing
immunocompromised state, 4) chronic diarrhea, 5) Ulcerative colitis or Crohn’s disease, or 6) prior colon resection. Additionally,
patients had to be willing to provide a stool sample pre and post surgery. Patients that are more willing and functionally able to
do provide this are represented in the dataset. Again, patients were selected randomly over the course of 1 year with no pre-
determined criteria.

Recruitment Prospective collection. Please see "population characteristics" for patient selection and exclusion criteria. Data from post-sleeve
gastrectomy was compared to pre-operative values such that patients served as their own control. the dataset.

Ethics oversight Brigham and Women's Hospital Institutional Review Boards. All patients were enrolled after informed consent was obtained.

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