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Fig. 7| Caecal BA profiling in chow-fed mice treated with elobixibat and

subjected to an MMTT. UPLC-MS analysis of caecal BAs from mice treated with
PBS or elobixibat (ASBTi), followed by an MMTT and euthanized at 120 min after
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the meal (n =8 in each group, two-tailed Welch’s ¢-test). All statistically significant

Pvalues are indicated in each graph. Lines above graphs indicate the groups
being compared with Pvalues. All data are represented as the mean + s.e.m.
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Fig. 8| Elobixibat treatment protects against hypoglycaemia in female mice.
a, Schematic of in vivo experiment, wherein chow-fed female mice were gavaged
with PBS or 1 mg per kg body weight elobixibat (ASBTi), and after 4 h, mice were
subjected toan MMTT. BGL was measured at indicated time points, and mice
were euthanized at 120 min after MMTT. b, Elobixibat treatment significantly
increased postprandial blood glucose at 30 min, with sustained increase up to
120 min after MMTT gavage (n = 6 in each group, two-tailed Welch’s t-test, AUC
data adjacent). ¢, Schematic of in vivo experiment, wherein chow-fed female
mice were gavaged with PBS or 1 mg per kg body weight elobixibat (ASBTi),

and after 4 h, mice were subjected to a1l U per kginsulinIPinjection toinduce
hypoglycaemia, followed by an MMTT. Blood glucose was measured at

AUC
400 —e— PBS __ 400007 1112% e
. A []
| 02335 grgg; = ASETI £ s
0.2145 T, 30,000 o
300 ° |
(o)
£
, 20,000
0.2236 5
200 s
$ 20,000 A
4 Q
c
o
0.0885 o
100 — — 0 . \
0 3 60 90 120 S A
: ; &
Time after MM gavage (min) ¥
AUC
+138%
400 —e- PBS 400009 oo ;
—e— ASBTI 2 -001
C
J £ oo
< 30,000
300 - T
(o)} o
| 00480 I
h 0.0020 0.0467 s
200 T kS
St e R P 20,000
Q
b Q
o
8
100 : : : — o-
0O 30 60 90 120 Q(bfo Q;g\
Time after MMTT gavage + insulin IP (min) y@

indicated time points, and mice were euthanized at 120 min after MMTT.

d, Insulin administration led to hypoglycaemiain PBS-treated mice as indicated
by the postprandial blood glucose levels at 60, 90 and 120 min, with the 90-min
and 120-min glucose readings being lower than the basal blood glucose at

0 min (dashed black line from basal glucose). Elobixibat treatment significantly
increased postprandial blood glucose at 60, 90 and 120 min, with no time point
showing blood glucose levels lower than basal glucose, indicating that elobixibat
improved insulin-induced hypoglycaemiain vivo (n =5in each group, two-tailed
Welch’s t-test, AUC data adjacent). Data have been reproduced two times with
similar results. All data are represented as the mean + s.e.m.

and conjugate the BAs, respectively®. Thus, the BA pool composition
in portal blood is the best proxy for the pool of BAs that pass through
enterocytesand arereabsorbed from the gut, not the BA pool composi-
tionin circulatingblood, due to changesin the systemic BA pool caused
by liver metabolism. However, invasive sampling of portal blood is not
possible from humans. Future studiesin which labelled BA substrates
are administered orally to patients after RYGB and the fate of these
metabolitesis tracked using metabolomics would help shed light onthe
sites responsible for differences in BA pool compositioninindividuals
with and without hypoglycaemia.

As noted above, BAs have been extensively studied for their role
inactivating FXR signalling pathways. Previous studies of BA-induced
FXRsignalling have observed preferential modulation of SHP or Fgf15
pathwaysinmice. Forexample, aselectiveincreasein TBMCA was pre-
viously shown to inhibit Shp expression in liver, with no effect on Shp
or FgfiSintheintestine®®. Additionally, antibiotic-mediated depletion
of the gut microbiome affected intestinal Fgf15 expression levels but
not intestinal Shp**. However, a systematic analysis of individual and
physiological pools of BAs in differentially inducing FXR-FGF19 and
FXR-SHP pathways had not yet been performed.

In this study, we provide mechanistic insight for these observa-
tions and show that BAs can differ significantly in their potencies to
activate the two mainbranches of FXR signalling inintestinal epithelial
cells. Forexample, we found that CA7Sinduced FXR and FGF19, but not
SHP, inintestinal cells. Further biochemical and cellular assays will help
establishwhether CA7Sis a dual TGR5/FXR agonist. We also show that

the microbially derived 3-oxo-LCA and iso-LCA species activate the
FXR-FGF19 pathway®.

Our data demonstrate the importance of intestinal BA trans-
porter protein ASBT in activation of the BA-FXR-FGF15/19 signalling
pathway. Previous studies have found that bariatric surgery increases
ASBT expressionintheintestine; our datasuggest that ASBT-mediated
effects on BA uptake and transport may be relevant for the increases
in circulating levels of BAs and FGF19 after bariatric surgery and the
exaggerations in these patterns in individuals with PBH**0**,

Whether individuals with PBH have greater increases in intesti-
nal ASBT expression compared to postoperative individuals without
hypoglycaemia, resulting in increased intestinal absorption of BAs,
is currently unknown. Even if ASBT is not uniquely upregulated in
PBH, inhibition of ASBT should be considered as a novel therapeutic
approach for this condition. Our studies suggest thatincreasesinglu-
cose with ASBT inhibition are driven by mechanisms independent of
plasmainsulinor GLP-1levels. Future studies will be required to deter-
mine whether reductionin FGF19/15 or other factors are responsible for
increasesin postprandial glucose following ASBT inhibition. However,
our dataraise the possibility that alterationsin FGF19 are contributing
toinsulin-independent effects on glucose metabolism in multiple tis-
sues. FGF19 has been shown to ameliorate diabetes in animal models,
eveninthesetting ofinsulindeficiency, via effectsincludingincreases
in hepatic glycogen synthesis and reduction in gluconeogenesis™.
Administration of an FGF19 analogue (NGM282) did not resultin resolu-
tion of hyperglycaemia in individuals with T2D". Whether metabolic
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responses to the engineered FGF19 variant areidentical to native FGF19
is an open question and will require additional studies. It is possible
that the primary effect of the engineered variant is on hepatic lipid
metabolism, but additional metabolic effects may be observed with
longer-duration therapy, or additional FGFR4-dependent pathways
engaged by the native hormoneinindividuals without T2D may confer
glycaemic effects.

Limitations of the present study include the small sample size.
While our study enrolled a larger proportion of women with PBH,
consistent with sex distribution in individuals who undergo bariatric
surgery>’, our group of participants who had undergone RYGB but who
did not experience hypoglycaemia was exclusively female. This small
sample size did not allow post hoc analysis of potential sex-specific
differences in BA metabolism between groups. Future studies in
post-bariatricanimals and humans will be required to determine poten-
tial sex-specific differences in BA metabolism and response to ASBT
inhibition in this syndrome. From an analytical perspective, matrix
effects arising from co-extracted lipids may affectionization efficiency
of the BAs, which could potentially affect absolute concentrations of
BAsshowninthe present study. While matrix effects likely average out
between groups and do not change the conclusions of the study, future
studies should include multiple internal standards to more effectively
compensate for matrix effects. Some reports indicate that cholecys-
tectomy is associated with increased risk or severity of PBH**°, There
were no differences in history of cholecystectomy between PBH and
non-hypoglycaemic individuals in our cohort, but the small sample
size did not allow us to probe the impact of cholecystectomy on BA
profilesinstool and blood in the postprandial state.

The ASBTi elobixibat is an approved drug for treating constipa-
tion in humans in Japan and is currently in clinical trials for approval
in the United States (NCT04784780)°°. In preliminary studies, this
ASBTi has been shown to reduce serum FGF19 in humans** and may
have additional benefits in treating inflammatory bowel disease
and metabolism-associated fatty liver disease®’. While additional
small-molecule inhibitors of ASBT have been identified®, it is impor-
tant to note that elobixibat has low systemic availability, suggesting
gut-restricted action. This localization would allow potent inhibition
of ASBT in the intestine without unwanted side effects arising from
systemic inhibition of ASBT®>. We would expect that effects of ASBT
inhibition on glucose metabolism would be most pronounced in the
postprandial state. Currently available studies have largely focused
on fasting metabolism in humans, even in cholestatic liver disease®”.
The metabolic impact of ASBT inhibition on postprandial glucose
metabolism in PBH will be an important question for future studies.
Overall, this work provides a proof-of-concept study showing that
modulation of BAs viainhibition of ASBT increases blood glucose after
meal challenge and suggests thatinhibitors of ASBT could be explored
as treatments for post-RYGB hypoglycaemia.

Methods

Recruitment of participants

Thisstudy complies with all relevant ethical regulations. The Joslin Dia-
betes Center Committee on Human Studies approved the studies. The
protocol for both studies is provided in Supplementary Information.
Writteninformed consent was obtained for all participants. Faecal and
plasmasamples were obtained and analysed as anexploratory outcome
as part of two observational, case-control, cross-sectional studies,
both of which utilized the same inclusion/exclusion criteria, screening
and sample collection protocol (NCT04428866 and NCT03385707).
All15 participants witha history of RYGB, without hypoglycaemia, pro-
videdboth stool and blood samplesin NCT04428866. For participants
with PBH, 26 individuals provided stool samples in NCT04428866,
while 19 were enrolled in NCT03385707. For both studies, adults with
PBH (defined as symptomatic hypoglycaemia, confirmed by plasma
glucose < 54 mg dI™ with neuroglycopenic symptoms resolved with

carbohydrate ingestion) and individuals without hypoglycaemia after
RYGB were recruited from the Joslin Hypoglycaemia Clinic and via
online advertising. Exclusion criteriaincluded: fasting hypoglycaemia,
major systemic illness, insulinoma, pregnancy and substance abuse;
history of myocardial infarction, syncope, cerebrovascular accident,
pheochromocytoma, recent surgery, blood donation or investiga-
tional drug use; and active treatment with diabetes medications, beta
blockers or corticosteroids. Since this was a cross-sectional study,
participants were recruited based on their clinical group only. Sex
was considered in study design. However, a larger proportion of par-
ticipants who choose to have bariatric metabolic surgery are women,
and female sex s arisk factor for PBH*. Consistent with this, our study
enrolled alarger proportion of women, and the sex distribution did not
allow us toindependently assess results disaggregated for sex.

Participant screening and stool collection

Screening included measurement of vitals, history and physical exami-
nation, electrocardiogram and laboratory testing. Participants were
given an instruction sheet for stool collection. Participants unable
to attend in-person visits instead completed the medical history by
telephone andreceived the stool collection kit by mail. All participants
were asked to keep their faecal samples cold, and mail them within24 h
of collection, which was achieved for all participants. After receipt, they
wereimmediately frozen at —80 °C to avoid sample transformation or
degradation. Samples were transported on dry ice and never allowed
to thaw before UPLC-MS analyses. Participants received a stipend of
US$150 for the screening visit and US$25 for providing stool samples.

Participant MMTT

MMTT was conducted as previously described™. Plasma samples were
frozenat-80 °C. Participants received astipend of US$150 for comple-
tion of mixed-meal testing.

BA analysis

BA analyses in mouse and human samples were performed on a
UPLC-MS instrument using previously reported methods as briefly
described below™. All standards were purchased from Sigma, Ster-
aloids or Cayman Chemicals. Standard curves and limits of detection
were determined for each BA in a methanol solution. Limits of detec-
tion for BAs measured in this study are as follows: 0.05 pmol pl™ for
CA7S,3-0x0-DCA, iso-LCAand GCDCA; 0.04 pmol pl™ for DCA, CDCA,
GUDCA, glycocholic acid, UDCA and 3-oxo0-CDCA; 0.03 pmol pl™ for
LCA, GDCA and a/B MCA; 0.01 pmol pl™ for Ta/BMCA, TDCA, TCDCA,
TCA, TwMCA and TUDCA.

Reagents. Stock solutions of all BA standards were prepared by dis-
solving the compounds in molecular biology-grade DMSO (VWR
International). Glycocholic acid was used as the internal standard for
measurementsinmouse samples, and deuterated-CA (CA-d,) was used
as an internal standard in human samples. HPLC-grade solvents and
MilliQ water (Qiagen) were used for preparing and running UPLC-MS
samples.

Extraction. Mouse caecum (-50 mg), human faeces (-50 mg), Caco-2
cell pellets, Caco-2 transwell membranes containing 2 x 10° cells and
intact mouse portal veins were pre-weighed in lysis tubes containing
ceramic beads (Precellys lysing kit tough micro-organism lysing VK05
tubes; Bertin Technologies). Around 400 pl of HPLC-grade methanol
containing 10 pM of the internal standard was added to mouse cae-
cal and human faecal samples. Next, 200 pl of methanol containing
10 uM of the internal standard was added to intact mouse portal vein
and the tubes were homogenized in an Omni Bead Mill Homogenizer
(6,000 rpm for 60 s). Human and mouse plasma and serum samples,
respectively (50 pl each), were collected in microcentrifuge tubes
and frozenimmediately. Around 350 pl of methanol containing 10 pM
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internal standard was added, followed by freezing tubes at 20 °C for
20 min. Cell culture medium was air-dried in a speed vac, and resus-
pended in methanol, centrifuged at full speed to pellet debris and
keptat-80 °C until further analyses. All methanol-extracted samples
were centrifuged at 4 °C for 30 min at 15,000 rpm. The supernatant
wasdilutedatal:1ratioin 50% methanol/water and centrifuged again
at4 °C for 30 min at 15,000 rpm. The supernatant was transferred
into mass spectrometry vials and injected into the UPLC-MS system.
Extracts wereinjected ontoaPhenomenex C18 columnandeluted using
a30-min gradient of 75% A to 100% B (A = water + 0.05% formic acid;
B =acetone + 0.05% formic acid). Total BAs were calculated by adding
all measured BAs above the limit of detection. Faecal/caecal BAs are
presented as pmol per mg of tissue wet weight. For assays in Caco-2
cells, intracellular BA concentrations were normalized to cell number
in the monolayer. All samples were prepared and run using the same
method, whichwould apply any matrix effects or extraction efficiency
defects, if any, to all the samples equally. Therefore, any statistically
significant differences in levels of BAs between sample groups reflect
real changes in physiological levels. BA analyses were performed in
arandom order and sample identities were blinded during analysis.

Quantification of C4 in human plasma

The sample preparation method was adapted from previously reported
methods®. Briefly, 20 pl of plasma was supplemented with internal
standard 4f-hydroxy-cholesterol-d7 (Cayman Chemicals, 25971) to
1M, and diluted with 500 pl of acetonitrile. Samples were agitated by
vortexing and centrifuged. Subsequently, supernatant was removed,
dried under an air stream (Biotage TurboVap 55) and reconstituted
in 200 pl of a 60:40 acetonitrile:water ratio with injection standard
pregnenolone-C,, d, (Sigma, 739545). Astandard curve was prepared
from pure C4 (Cayman Chemicals, 25442) extracted from surrogate
matrix (50:50 acetonitrile:water ratio) in a similar manner.

Samples were analysed via an Orbitrap Exploris 120 Mass Spec-
trometer (Thermo Fisher) with a Vanquish FlexUHPLC (Thermo Fisher).
Separation was achieved using a Phenomenex Kinetex C18 column
(1.7-pm particle size, 2.1 x 50 mm) with a SecurityGuard ULTRA guard
column (Phenomenex), held at 45 °C, with mobile phase A being water
with 0.1% formic acid and mobile phase B as acetonitrile with 0.1% for-
mic acid. For mass spectrometry, an atmospheric-pressure chemical
ionization source was used witha current of 4.5 pA and RF lens at 70%.
The nitrogen gas flow was set to 50 (sheath), 10 (aux) and O (sweep) in
arbitrary units. The ion transfer tube was maintained at 275 °C with
a vaporizer temperature of 300 °C. The instrument was placed in
selected ion monitoring mode for ions 303.2562 (pregnenolone-C,,
d,-H,0),401.3414 (C4) and 392.3904 (43-hydroxy-cholesterol-d7-H,0)
at3.7,6.5and 7.9 min, respectively.

Quantification was performed using TraceFinder General Quan-
tification 5.1(Thermo Fisher) to identify and calculate integrated peak
areas. Manual curation confirmed peak identification and parameters.
Allsignals were normalized to pregnenolone for injection variation and
compared to the standard curve before reporting concentrations in
nanomolars. The standard curve was modelled using linear regression
with aweighting factor of 1/x.

Cell culture and transwells

Caco-2 cells were obtained from the American Type Culture Collec-
tion. Cells were maintained in Minimum Essential Medium (MEM)
with GlutaMAX and Earle’s Salts (Gibco, Life Technologies), sup-
plemented with 10% FBS, 100 units per ml penicillin and 100 pg ml™
streptomycin (GenClone). Cells were grown in FBS-supplemented
and antibiotic-supplemented ‘complete media’ at 37 °C in an atmos-
phere of 5% CO,. The vial from the American Type Culture Collection
was thawed and expanded to generate 10 ‘Master Stock’ bank vials of
Smillion cells each, which were stored in liquid nitrogen. One vial was
thawed to generate 20 ‘Working Stock’ bank vials of 5million cells each,

which were stored in liquid nitrogen. All cells used in this study were
working stocks from one ‘Master Stock’ vial. The Caco-2 cells had typi-
calunique morphological properties, including their ability toforma
monolayerintranswells. Undifferentiated Caco-2 cells were seeded in
24-well plate transwells (0.4-uM pore size, Costar) at 2 x 10° cells per
transwell. Media were changed on days 4, 8,12,16 and 18 to differentiate
Caco-2cellsinvitro. Onday 21, fully differentiated and polarized cells
were used for treatment with compounds.

Invitro BA and ASBTi treatments

Elobixibat (MedChemExpress, HY-15790/CS-0009139) was added to
cellsin DMSO (VWR International) 1 day before BA treatment. On the
day of the treatment, BAs were diluted in DMSO and added to cells in
complete media. Concentrated pools of BAs (100 concentration of
physiological means) were generated in DMSO, mimicking the ratios
of individual BAs measured using UPLC-MS. Dilutions of the pools
were made in DMSO. The concentration of DMSO was kept constant
throughout the treatments and used as a negative control. In total,
2 x 10° differentiated Caco-2 cells were treated with BAs apically. Cells
were incubated at 37 °C in an atmosphere of 5% CO, overnight. After
the incubation period, cell culture media were collected in micro-
centrifuge tubes. Cells were scraped and collected in 15-ml Falcon
tubes, washed twice with PBS and pelleted in microcentrifuge tubes.
Transwell membranes were washed twice with PBS and collected in
microcentrifuge tubes. Allsamples were snap frozen in liquid nitrogen
and stored at-80 °C.

Exvivo BA treatment

Exvivoileum culture was performed according to Thomas et al.® with
modifications. Male C57BL/6) mice aged 8 weeks, fed chow (PicoLab
Rodent Diet,20 5053), were used for this experiment. The distal ileum
was longitudinally opened, gently milked to briefly clean the luminal
contents and cutinto 3-cm-long pieces. These fragments were washed
five times with ice-cold Hanks’ Balanced Salt Solution (HBSS, Gibco,
14175-095) containing 2% FBS (Sigma-Aldrich, F4135) and then incu-
bated in HBSS containing 2% FBS and 1 mM 1,4-dithiothreitol at 4 °C
for 10 min. After two additional washes with HBSS containing 2% FBS,
the fragments were incubated in DMEM (Hyclone) containing 10%
FBS in a 24-well plate at 37 °C for 4 h and then treated with DMSO or
BA pools (1 mM) in 500 pl DMEM medium containing 2% FBS for 1 h.
Supernatants were saved. Approximately 50 mg of tissue was stored in
TRIzol and the rest was snap frozen. All samples were stored at —-80 °C
until further analysis.

FGF19 measurement

Cell culture supernatants were tested in an FGF19 ELISA assay (R&D Sys-
tems, Quantikine DF1900) according to the manufacturer’sinstructions.
Absorbance was measured using aSpectraMax M5 plate reader (Molecu-
lar Devices). Absolute values were calculated from a calibration curve,
andallvalues were interpolated within the linear range of the standard
curve. Percentage relative absorbance was calculated compared to
DMSO. Serum collected at baseline (fasting), and at 30 and 120 min after
the mixed meal, was used undiluted in the FGF19 ELISA assay.

SHP activation assay

Endogenous FXR-SHP activation in Caco-2 cells was assayed using an
SHP:luciferase reporter plasmid kindly gifted by K. Schoonjans (Ecole
polytechnique fédérale de Lausanne-EPFL, Switzerland). For FXR-SHP
activation, the SHP:luciferase plasmid and the pGL4.74[hRluc/CMV]
plasmid (Promega Corporation) were used at concentrations of 2 ugml™
and 0.05 pg ml” of media, respectively, and transfected into Caco-2 cells
using Opti-MEM (Gibco) and Lipofectamine 2000 (Invitrogen, Life
Technologies) according to the manufacturer’sinstructions. Plasmid
transfections were performed in antibiotic-free media (MEM for Caco-2
cells) with 10% FBS. After overnight incubation, BAs were added in
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complete media and incubated overnight. Cells were harvested the
next day for luciferase assay or RNA extraction.

Luciferase reporter assay

Luminescence was measured using the Dual-Luciferase Reporter Assay
System (Promega Corporation). Cells were washed gently with PBS and
lysed in PLB buffer from the kit. Luminescence was measured using
a SpectraMax M5 plate reader (Molecular Devices). Luminescence
was normalized to Renilla luciferase activity, and percentage relative
luminescence was calculated compared to DMSO control.

Animals

C57BL/6 mice (aged 6-8 weeks) were purchased from The Jackson
Laboratory and acclimatized for 1 week in climate-controlled animal
facilities with a 12-h light-dark cycle and ambient temperatures of
20-24 °Cand 35-65% humidity at Brigham and Women’s Hospital, and
20-26 °C and humidity of 30-70% at Joslin Diabetes Center. All mice
had ad libitumaccess to water and chow (PicoLab Rodent Diet 20 5053
atBrigham and Women’s Hospital, Purina 9 F atJoslin Diabetes Center).
Experiments were approved by the Institutional Animal Care and Use
Committee at Brigham and Women'’s Hospital and Joslin Diabetes
Center. All mice were randomized to the treatment group. No data
points from mouse experiments have been excluded from analyses.

Mouse MMTT
Male and female mice matched for body weight and randomblood glu-
cosewere equally distributed into two groups, and orally gavaged with
elobixibat (MedChemExpress HY-15790/CS-0009139, ASBTi,1 mg per
kgbody weight) or an equal volume of PBSbetween 7:00 and 8:00. After
fasting for 4 h, mice were gavaged with liquid meal (200 plEnsure Plus
spiked with 40 mg glucose (Sigma-Aldrich, G7021) for male mice, and
150 plEnsure Plus spiked with 30 mg glucose for female mice). Tail vein
blood was collected at O and 15 min in EDTA-coated microtubes, and
the tail vein glucose was measured at 0,15, 30, 60 and 120 min using a
OneTouch Ultra2 meter (LifeScan). Mice were euthanized after 120 min,
and blood was obtained for serum collection. Portal vein, distal ileum
and caecal contents were snap frozen and stored at -80 °C. In other
experiments, mice were euthanized at several time points after the
mixed meal, and blood samples were collected via cardiac puncture
in EDTA-coated microtubes with DPP-1V inhibitor added when GLP-1
assays were performed. Further MMTTs were performed in male mice
with the addition of insulin to mimic the postprandial hyperinsulinae-
mic hypoglycaemia characteristic of PBH. At 08:00, mice were gavaged
with PBS or ASBTi (1 mg per kg body weight). After a4-hfast, mice were
gavaged with 200 pl of Ensure Compact and simultaneously injected
withinsulin (1U per kg body weight, intraperitoneal, HumulinR, Lilly).
Tail vein blood was collected at baseline and 15,30, 60,90 and 120 min
after gavage in EDTA-coated microtubes. After 120 min, mice were
anaesthetized and euthanized for blood and distal ileum collection.
Serum samples were assayed by Ultra-Sensitive Mouse Insulin
ELISA (Crystal Chem, 90082) and mouse GLP-1ELISA (Crystal Chem,
81508), using manufacturers’ instructions.

RNA extractionand qPCR

Caco-2 cell. Caco-2 cell culture pellets or transwells were collected
inRNase-free Precellys tubes with ceramic beads and frozen in TRIzol
(Ambion). Samples were thawed on ice and homogenized in an Omni
Bead Mill Homogenizer (6,000 rpm, 60 s). Chloroform was added
(200 plper1 mITRIzol) and vortexed for 30 s. Tubes were centrifuged at
12,000 rpmfor15 minat4 °C. The clear top layer was transferred to new
RNase-free microcentrifuge tubes containing 2-propanol andinverted
to mix (500 pl 2-propanol per 1 ml TRIzol). Tubes were centrifuged at
12,000 rpmfor 10 minat4 °C. The pellet was washed with 70% ethanol,
centrifuged at14,000 rpmfor 5 minat4 °C, air-dried and resuspended
in RNase-free H,0 (GenClone). cDNA synthesis was performed using

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Invitrogen). DNase treatment was performed after RNA extrac-
tion. qPCR was performed using the Lightcycler 480 SYBR Green |
Mater (Roche) in a384-well format using QuantStudio 7 Pro (Thermo
Fisher). Cqvalues above 35 were considered as not detected. The 2744
method was used to calculate the relative change in gene expression,
with the human GAPDH gene as the loading control. Data were aver-
aged for comparison between groups. All qPCR primers span exons
to minimize gDNA amplification wherever possible. Primer sequences
were: hGAPDH: forward 5’-GACAGTCAGCCGCATCTTCT-3’, reverse
5’-GCGCCCAATACGACCAAATC-3’; hFGF19: forward 5’AGATCAAGG
CAGTCGCTCTG-3, reverse 5-CGGATCTCCTCCTCGAAAGC-3’; hSHP:
forward 5-GCCTGAAAGGGACCATCCTC-3, reverse 5’-AAGAAGGC
CAGCGATGTCAA-3".

Ex vivo cultured ileum tissue. Tissue-containing TRIzol tubes were
thawed on ice and homogenized, and chloroform was added (200 pl
per1 mlTRIzol). Thetubes were vortexed for15s, stored at room tem-
perature for 3 min and then centrifuged at 12,000 rpm for 15 min at
4 °C.Thetop layer was transferred to new RNase-free microcentrifuge
tubes containing the same volume of 70% ethanol, mixed and then
transferred to RNeasy spin columns (Qiagen). Washes with buffers RW1
and RPE and RNA elution were carried out following the manufacturer’s
instructions. cDNA synthesis and quantitative real-time RT-PCR were
asdescribed above.

Mouse tissue. RNA was extracted from mouse ileum using the
RNeasy Mini Kit (Qiagen) following the manufacturer’s instruc-
tions. cDNA was synthesized by reverse transcription using the
High-Capacity Transcription Kit (Applied Biosystems, Invitrogen).
Gene expression was performed by quantitative real-time RT-PCR
using SYBR Green PCR Master Mix (Applied Biosystems) in QuantS-
tudio 6 Flex (Applied Biosystems). Relative changes in gene expres-
sion were calculated by the 27**“* method (QuantStudio Real-Time
PCR software v1.7.2) and normalized to Thp. Primer sequences
were: Asbt: forward: 5-TGGGGTGCAATGTGGAAGTC-3’, reverse:
5’-GAGGCATCATTCCAAGGGCA-3’; Fxr: forward: 5'-CAGCTAA
TGAGGACGACAGC-3’, reverse: 5- CGTGAGTTCCGTTTTCTCCC-3;
Shp: forward: 5- GCACGATCCTCTTCAACCCA-3’, reverse: 5’- CAGAA
GGGTGCCTGGAATGT-3’; Fgf15: forward: 5-CTCCAACTG
CTTCCTCCGAA-3’, reverse: 5’-CTCCGAGTAGCGAATCAGCC-3’; Thp:
forward: 5’-ACCGTGAATCTTGGCTGTAAAC-3’, reverse: 5-GCAGCA
AATCGCTTGGGATTA-3'.

Statistics

No statistical methods were used to predetermine sample sizes, but our
samplesizes aresimilar to those reportedin previous publications®*°,
Alldatashownin the paper were analysed using the appropriate para-
metric statistical tests using GraphPad Prism, version 10.0. All data
except those for human faecal and plasma BAs met normality assump-
tions by the Shapiro-Wilk test for small sample sizes (a > 0.05). Statisti-
cally significant data for human faecal and postprandial plasma BAs by
parametric Welch’s ¢t-test (Fig. 1) were also subjected to anon-parametric
Mann-Whitney rank-sum test to determine whether they would be
included in the evaluation in subsequent cell-based testing. Supple-
mentary Table 3 shows that all BA candidates except CA7S were sta-
tistically significant by the parametric two-sided Welch’s ¢-test and
the non-parametric Mann-Whitney test. Therefore, normality or lack
thereof did not affect the overall statistical significance of BA candi-
dates. Thenon-parametric Pvalue for CA7S was close to 0.05 (P =0.08)
and hence we chose to evaluate CA7S in subsequent cell-based testing.

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

Alldatagenerated or analysed during this study are included in this arti-
cle and its Extended Data and Supplementary Information. Requests
for additional information canbe made to the corresponding authors.
Source data are provided with this paper.

Code availability

No custom code or mathematical algorithms were used in this study.
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Extended Data Fig. 1| Consort diagram. a. Consort diagram for participants providing stool samples from NCT04428866 (left) and NCT03385707 (right). b. Consort
diagram for participants in NCT04428866 for which mixed meal tolerance test samples were analyzed.
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Extended Data Fig. 2 | Post-op hypoglycemia in human patients is n =15, post-op hypoglycemic n = 46; two-tailed Welch’s t test). Data not marked

characterized by a shift in fecal BAs. Individual BAs whose levels were reduced are not statistically significant (p > 0.05). All other significant BAs shown in Fig. 1.
inthe feces of post-op hypoglycemic individuals but for which the difference Patient characteristics and demographics detailed in Supplementary Table 1. All
between groups was not statistically significant (post-op non-hypoglycemic dataare represented as mean + SEM.
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levels were reduced in the plasma of post-op hypoglycemic individuals but for demographics detailed in Supplementary Table 1. All data are represented as
which the difference between groups was not statistically significant (post- mean + SEM.

op non-hypoglycemic n =9, post-op hypoglycemic n =10; two-tailed Welch’s
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4| BAs shifted in post-op hypoglycemia patients induce
FGF19 secretion and gene expression in vitro with differential effects on SHP.
a.FGF19 secretion and expression induced by BA pools totaling physiological
concentrations (post-op non-hypoglycemic 1 mM, post-op hypoglycemic

0.6 mM) in undifferentiated Caco-2 cells. Post-op hypoglycemic fecal BAs
induced higher FGF19 secretion and expression compared to post-op non-
hypoglycemic fecal BAs (DMSO, n = 3; BA pools n = 6; FGF19 expression,n=6in
each group; One-way ANOVA with Dunnet’s multiple comparison test. b. Post-op
hypoglycemic fecal BAs (1 mM) induced higher Fgf15 expression compared to
post-op non-hypoglycemic fecal BAs (1 mM) inin ex vivo ileal segments from
lean, chow-fed mice. (n = 8 in each group; one-way ANOVA with Dunnet’s multiple
comparison test. c. Dose-response curves for human SHP activation measured by
using a SHP-luciferase reporter expressed in Caco-2 cells. Values were normalized
to DMSO. ECs, values for activating BAs (blue) are indicated within each panel.
BAs showing inhibitory (red) or no activity (black) have no ECs, or ICs, values
listed. d. Dose-response curves for human SHP inhibition measured with the

addition of 10 utM CDCA, a SHP activator. BAs were tested in their ability to inhibit
SHP reporter in Caco-2 cells. Values were normalized to the agonist CDCA. ECs,
and IC, values for BAs are indicated within each panel and also listed in
Supplementary Table 2 (each dose-response curve data point contains >3
biological replicates). e. SHP luciferase reporter activation (left) and shp
expression (right) induced by BA pools totaling1 mMin Caco-2 cells. No
statistically significant difference was observed in SHP activation or expression
incells treated with post-op hypoglycemic fecal BAs compared to post-op
non-hypoglycemic fecal BAs (SHP activation, DMSO, n = 3; BApoolsn = 6;

shp expression, n = 6 in each group; One-way ANOVA with Dunnet’s multiple
comparison test. All data has been reproduced at least twice, each time in
biological triplicate). All statistically significant p values are indicated. Lines
above graphsindicate the groups being compared with p values. ns=not
significant. Data not marked are not statistically significant (p > 0.05). All data are
represented as mean + SEM.
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Extended Data Fig. 5| Portal BA profiling in chow-fed male mice treated

with elobixibat and subjected to an MMTT. UPLC-MS analysis of portal BAs
from mice treated with PBS or elobixibat (ASBTi), followed by an MMTT and
sacrificed at 120 min post-meal (n = 8 in each group, two-tailed Welch’s t test). All
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statistically significant p values are indicated in each graph. Lines above graphs
indicate the groups being compared with p values. ns = not significant. All data
arerepresented as mean + SEM.
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Extended DataFig. 7| Elobixibat treatment prior to MMTT increased glucose,
but did not significantly alter insulin or GLP-1levels. a. Elobixibat treatment
significantly increased post-prandial blood glucose at 30 min after MM gavage
compared with PBS (n =4 in each group, two-way ANOVA). b. Insulin levels during
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MMTT did not differ between groups (n =4 in each group, two-way ANOVA. AUC
adjacent). c. GLP1levels during MMTT did not differ between groups (n=4in
each group, two-way ANOVA. AUC adjacent). Data not marked are not statistically
significant (p > 0.05). All data are represented as mean + SEM.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

O O OOX 00 00
X[ X

O X X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X X

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  No computer code requiring software was used to collect data

Data analysis Graph Pad Prism software version 10.0 was used to plot and statistically analyze data. Chem Draw v 22.0 was used to draw chemical
structures

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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All data generated or analyzed during this study are included in this article and its extended data files and supplementary information files. Requests for additional
information can be made to the corresponding authors.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Of the 60 participants recruited in the study, 15 recognized as female (15 RYGB post-op
non-hypoglycemic and O post-op hypoglycemic) and 45 recognized as male (36 RYGB post-op
non-hypoglycemic and 9 post-op hypoglycemic). This information is included in Supplementary Table 1
in the manuscript. We have not analyzed sex and gender-based differences post hoc due to small
sample size and no males in the RYGB postop non-hypoglycemic group (15 females, O males).

Reporting on race, ethnicity, or  Of the 60 participants recruited in the study, the following were their socially relevant groupings:
other socially relevant Race (White/Black/more than one race): RYGB post-op non-hypoglycemic (12/2/1/1) and RYGB post-op
groupings hypoglycemic (37/2/1/1)

Ethnicity (non-Hispanic or Latino/Hispanic or Latino): RYGB post-op non-hypoglycemic (12/3) and

RYGB post-op hypoglycemic (37/8)

This information is included in Supplementary Table 1 in the manuscript.
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Population characteristics Of the 60 participants recruited in the study, the following were their population characteristics
(meant standard deviation)
BMI: RYGB post-op non-hypoglycemic (46.1 + 8.7) and RYGB post-op hypoglycemic (46.7 + 8.8)
Delta BMI (pre-op vs. current): RYGB post-op non-hypoglycemic (32.3 £ 9.1) and RYGB post-op hypoglycemic (31.2 + 6.2)
Years since RYGB: RYGB post-op non-hypoglycemic (11.4 + 6.8) and RYGB post-op hypoglycemic (8.9 + 6.4)
Years between RYGB and hypoglycemia onset: RYGB post-op non-hypoglycemic (n/a) and RYGB post-op
hypoglycemic (3.2 £ 4.6)
HbAlc (%): RYGB post-op non-hypoglycemic (5.2 + 0.4) and RYGB post-op hypoglycemic (5.3 £ 0.4)

Recruitment The fecal and plasma samples analyzed here were obtained as part of two studies, both of which utilized the same exclusion
criteria, screening procedure, and sample collection protocol. Adult participants with PBH (defined as symptomatic
hypoglycemia, confirmed by plasma glucose value of <54 mg/dl with neuroglycopenic symptoms resolved with carbohydrate
ingestion) and post-RYGB patients without documented hypoglycemia were recruited from the Joslin Hypoglycemia Clinic
and online advertising. This information is included in the methods section of the manuscript.

Individuals who volunteered to be research subjects may have had more severe hypoglycemia than those who did not
volunteer; this recruitment/selection bias could potentially impact results. For example those with less severe hypoglycemia
may have lower magnitude differences vs. post-surgical patients without hypoglycemia.

Participants were allocated into experimental groups based on whether they had previously undergone RYGB surgery or not.
For those with surgery history, they were assigned into hypoglycemia or non-hypoglycemia groups based on whether they
had a history of symptomatic, confirmed hypoglycemia or not.

Ethics oversight The Joslin Diabetes Center Committee on Human Studies approved the studies. Written informed consent was obtained for
all participants. This information is included in the methods section of the manuscript.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size 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. A sample size was selected
such that we used the maximum number of mice that could be cared for and experimented with, while
allowing determination of clear statistical significance. Information on mice age, housing, and
experimental procedures are fully disclosed in the manuscript in the methods section.
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Human samples: A sample size determination was not completed and we used the maximum number of
participant samples that we had access to. Human participant recruitment and stool collection
procedures are fully disclosed in the manuscript in the methods section.

Data exclusions  No data were excluded from the analyses

Replication 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: Both in vivo MMTT experiments in healthy and hypoglycemic mice have been reproduced. The MMTT experiment in
healthy mice was performed three times with similar results. The MMTT experiment in hypoglycemic mice was performed two times with
similar results. The data in the manuscript reflects a representative cohort.

Randomization  Participants were allocated into experimental groups based on whether they had previously undergone RYGB surgery or not. For those with
surgery history, they were assigned into hypoglycemia or non-hypoglycemia groups based on whether they had a history of symptomatic,
confirmed hypoglycemia or not. Exclusion criteria were applied equally across all groups for additional criteria: fasting hypoglycemia, major
systemic illness, insulinoma, pregnancy, substance abuse, and history of myocardial infarction, syncope, cerebrovascular accident, or
pheochromocytoma, recent surgery, blood donation, or investigational drug use, and active treatment with diabetes medications, beta
blockers, or corticosteroids. This information is included in the methods section of the manuscriot.
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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 randomized into groups based on weight and fasting blood glucose (p>0.05).

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: Due to the need for close monitoring, examiners were kept unblinded to the procedures performed on mice. However,
post-hoc analyses (of serum BA analysis in tissues) were completed by a blinded, second experimenter.

Human studies: Participant 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 D ChlIP-seq
Eukaryotic cell lines X] D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human intestinal Caco-2 cells were obtained from ATCC
Authentication Cell lines were not authenticated.
Mycoplasma contamination Cell lines were routinely tested for Mycoplasma contamination. Results were negative.
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Commonly misidentified lines  No misidentified cell lines were used in this study.
(See ICLAC register)




Animals and other research organisms

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

Laboratory animals Seven-week-old C57BL/6 male and female mice were purchased from Jackson Laboratory (Bar Harbor, ME)
and accommodated in Biosciences Research Animal Facility at Thorn Building , BWH, or Joslin Diabetes
Center Animal Facility with ad libitum access to food and water for 1 week. The facility is
climate-controlled with a 12 h light-dark cycle; temperatures were 20-24C at BWH, 20-26 C at Joslin Diabetes Centerm and humidity
montiored , ranging from 35065% at BWH, 30-70% (mean 50%) at Joslin. The experiments were approved by the IACUC at
Brigham and Women's Hospital and Joslin Diabetes Center.

Wild animals The study did not involve wild animals.

Reporting on sex Both male and female mice were studied.
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Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All protocols were approved by the Brigham and Women's Hospital IACUC and the Joslin Diabetes Center 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.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT04428866 and NCT03385707
Study protocol Study protocol can be accessed in supplementary information.

Data collection Data were collected at Clinical Research Center, Joslin Diabetes Center, as described in the manuscript text under Methods, from
2019 to 2023.

Outcomes Since this was a cross sectional descriptive substudy, prespecified outcomes were not related to bile acid measurements in either
stool or blood samples. Rather the hypothesis underlying the present studies was developed based on prior studies from our group.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication m/a
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