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Summary

Apart from emulsifying lipids, bile acids (BA) improve metabolism and exert anti-
obesity effects through the activation of the Takeda G protein-coupled receptor 5
(TGR5) in peripheral tissues. TGRS is also found in the brain hypothalamus, but
whether hypothalamic BA signaling is implicated in body weight control and in obesity
pathophysiology remains unknown. Here we show that central administration of BA or
of a specific TGRS agonist in diet-induced obese mice decreases body weight and fat
mass by activating the sympathetic nervous system, thereby promoting negative
energy balance. Conversely, genetic downregulation of hypothalamic TGR5
expression in the mediobasal hypothalamus favors the development of obesity and
worsens established obesity by blunting sympathetic activity. Lastly, hypothalamic
TGRS signaling is required for the anti-obesity action of dietary BA supplementation.
Together, these findings identify hypothalamic TGR5 as a key mediator of a top-down

neural mechanism that counteracts obesity.
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Introduction

Bile acids (BA) are cholesterol-derived molecules produced by the liver that exert
hormone-like metabolic effects (Kuipers et al., 2014; Perino et al., 2020) by binding to
the nuclear farnesoid X receptor (FXR) and to the membrane-bound Takeda G protein-
coupled receptor 5 (TGR5) (Kuipers et al., 2014; Perino et al., 2020), which are both
expressed in peripheral organs. BA-dependent activation of hepatic FXR inhibits BA
synthesis, regulates lipid and glucose metabolism and contributes to hepatic
gluconeogenesis, among other effects (Kuipers et al., 2014; Perino et al., 2020).
Whilst, BA activation of TGRS5 in intestinal L-cells and pancreatic B-cells stimulates the
release of glucagon-like peptide-1 (GLP-1) and insulin, respectively, thereby improving
glucose homeostasis (Kumar et al., 2012; Thomas et al., 2009). In monocytes and
macrophages, TGRS activation inhibits pro-inflammatory responses in the adipose
tissue of mice fed a high-fat diet (HFD) (Perino et al., 2014). Of interest, dietary
supplementation of specific BA, such as cholic acid (CA) or chenodeoxycholic acid
(CDCA), prevents weight gain and leads to significant weight loss in diet-induced
obese (DIO) mice, mainly through an increase in thermogenesis and energy
expenditure (Teodoro et al., 2014; Watanabe et al., 2006). Circulating BA levels also
correlate with energy expenditure in healthy humans (Ockenga et al., 2012) and with
changes in energy and substrate metabolism in obese subjects undergoing Roux-en-
Y gastric bypass surgery (Patti et al., 2009; Simonen et al., 2012). Mechanistically,
activation of TGR5 by BA increases thermogenesis in mouse and human brown
adipocytes by promoting intracellular thyroid hormone activation through type 2
iodothyronine deiodinase (D2) and by stimulating mitochondrial respiration (Broeders

et al., 2015; Watanabe et al., 2006). Besides, TGR5 activation in white adipocytes



participates in the beiging process by increasing [(-oxidation and improving

mitochondrial function (Velazquez-Villegas et al., 2018).

While these findings suggest a role for peripheral BA-TGRS signaling in counteracting
DIO, neuronal circuits located in the mediobasal hypothalamus (MBH) are known to
regulate energy expenditure, thermogenesis and food intake (Clapham, 2012; Dietrich
and Horvath, 2013) and may therefore contribute to BA-mediated effects on energy
balance. Several pieces of evidence support this possibility: i) BA are found in the
brain, where their levels correlate with circulating ones (Higashi et al., 2017; Parry et
al., 2010); ii) under acute cholestasis, BA rapidly accumulate in the hypothalamus
(Doignon et al., 2011); iii) TGRS is expressed in the brain of rodents (Doignon et al.,
2011; Maruyama et al., 2006) and humans (Kawamata et al., 2003), and it is found in
neurons, astrocytes and microglia (Keitel et al., 2010; McMillin et al., 2015; Zuo et al.,
2019). Nevertheless, whether hypothalamic BA-TGRS5 signaling is implicated in energy

balance and obesity pathophysiology remains unknown.

By using both pharmacological and genetic approaches combined with metabolic
phenotyping, we show that activation of central TGR5 signaling counteracts DIO,
whereas genetic downregulation of hypothalamic TGR5 promotes it. These effects,
which involve modulation of food intake and of energy expenditure through the
sympathetic nervous system (SNS), reveal that a long-range BA-dependent
hypothalamic mechanism contributes to weight regulation and peripheral metabolic

improvements under DIO.

Results and Discussion

Central TGR5 agonism counteracts obesity



To determine whether DIO alters peripheral or brain BA levels, we quantified circulating
and hypothalamic BA in the post-prandial state (2h after re-exposure to food following
a 24h fast) in both chow lean and DIO mice. Total plasma levels were not significantly
different (Figure 1A and Table S1), but total hypothalamic BA levels were reduced in
DIO mice as compared to lean controls (Figure 1B). Changes in specific BA species
were further observed in both plasma and hypothalamus of obese mice (Figure 1A and
1B). In particular, significant decreases in deoxycholic acid (DCA), taurodeoxycholic
acid (TDCA), and taurocholic acid (TCA), which all act as TGR5 agonists (Kawamata
et al., 2003), were detected in the hypothalamus of DIO mice (Figure 1B).
Hypothalamic and plasma levels of the potent TGRS agonist DCA, but not TDCA or
TCA, significantly correlated (Figure 1C). Since BA can both diffuse and potentially be
actively transported into the brain (Mertens et al., 2017), we evaluated changes in the
hypothalamic mMRNA expression of different BA transporters after 2h refeeding, as
compared to 24h fasting. Food intake tended to increase the expression of all BA
transporters, with a significant effect observed for the bile salt export pump (Bsep) in
chow, but not DIO animals (Figure 1D). In parallel, food intake reduced hypothalamic
TGRS expression in lean controls, but not in DIO mice (Figure 1D). Thus, DIO leads to
a decrease in the hypothalamic content and possibly in the signaling activity of BA
species that act as TGR5 agonists, particularly in response to changes in energy

availability.

Next we tested whether central pharmacological activation of TGRS affects food intake
and/or body weight under obesogenic conditions. DIO mice were acutely treated with
an intracerebroventricular (icv) injection of the synthetic TGR5-specific agonist 3-(2-
Chlorophenyl)-N-(4-chlorophenyl)-N,5-dimethyl-4-isoxazolecarboxamide (CCDC)

(Evans et al., 2009; Jensen et al., 2013). After excluding leakage of CCDC into the



periphery (Table S2), we evaluated the effect of increasing icv doses of CCDC, which
were administered just before the onset of the dark phase, in 24h-fasted DIO mice.
Acute administration of CCDC (5ug dose), significantly reduced food intake over time,
with a robust reduction in 24h food intake and body weight gain as compared to
vehicle-treated animals (Figure 1E and 1F). Similar effects were observed after icv
administration of a mix of BA acting as TGR5 agonists (Figure 1G and 1H and Figure

S1A) as well as after delivery of CCDC in the MBH (Figure S1B and S1C).

Based on these findings, we studied the impact of 4 weeks icv administration of the
drug (5ug/day) on body weight in DIO mice. A robust reduction in body weight (Figure
11) and fat mass (Figure 1J) was observed, with no changes in lean mass (Figure 1K).
Central CCDC administration also reduced food intake (Figure 1L and S1D) and
improved insulin responsiveness (Figure 1M and S1E). Importantly, CCDC was
undetectable in plasma (Table S2), thereby demonstrating its brain-restricted action.
Feed efficiency was also reduced by central CCDC treatment (Figure 1N), implying
that mechanisms other than reduced food intake contribute to the observed anti-
obesity action. Of note, the central anti-obesity action of CCDC was specific to DIO,
since chronic central administration of the drug did not affect body weight, food intake,

or body composition in genetically obese ob/ob mice (Figure 10-R).

Chronic central TGR5 agonism recruits the sympathetic nervous system

To address whether changes in energy expenditure contribute to CCDC-mediated
weight loss in DIO mice (Figure 11), we performed indirect calorimetry analysis in a
new cohort of animals before treatment-induced differences in body weight became
significant. Mice receiving chronic icv CCDC had increased energy expenditure during
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the dark phase (Figure 2A and S2A), and a significant overall daily decrease in
respiratory exchange ratio (RER), suggesting preferential use of lipids as energy
substrate (Figure 2B), with no changes in locomotor activity (Figure 2C and S2C). The
increase in energy expenditure and the reduction in RER were blunted in the same
CCDC-treated animals at thermoneutrality (Figure 2A, S2A and S2B), suggesting that
chronic central TGRS activation could be increasing SNS activity. However, there was
no significant difference in meal size between the treatments groups (Figure S2D and
S2E). Furthermore, mRNA expression of 31, 2 and 3 adrenoreceptors (AR), which
regulate thermogenesis and lipolysis (Blaszkiewicz and Townsend, 2016; Clapham,
2012) and Dio-2 (the gene expressing the deiodinase enzyme D2), were increased
respectively in the epidydimal WAT and BAT from CCDC-treated DIO mice at standard
housing temperature (22°C, Figure 2D and 2E), but unchanged at thermoneutrality

(30°C, Figure 2F and 2G).

Long-range brain-to-periphery mechanisms control hepatic BA production, at least
under conditions in which high BA levels may become toxic for the organism (Doignon
et al., 2011). To address whether the observed increase in energy expenditure might
have been due to brain-to periphery feedback loops affecting circulating BA, we
evaluated plasma BA profiles after 10 days and 4 weeks of continuous icv CCDC
administration in DIO mice. No changes in plasma total or specific BA species were
observed after 10 days (Figure S2F) or 4 weeks (data not shown) of icv CCDC
administration, suggesting that top-down neuronal pathways must mediate the
phenotypic changes observed. To this end, we studied whether the SNS contributes
to CCDC-mediated effects, by performing chemical sympathectomy with 6-
hydroxydopamine (6-OH-DOPA), which blunted the expression of the rate limiting

enzyme for catecholamine synthesis tyrosine hydroxylase (TH) (Vaughan et al., 2014),



by 77.5% in epidydimal WAT and 46.6% in BAT (Figure S2G). Sympathectomy
reversed the previously described effects (see Figure 1I-L) of chronic icv CCDC
treatment on body weight, body composition and food intake (Figure 2H-K). Thus,
chronic central TGR5 agonism reduces adiposity by stimulating SNS activity in DIO

mice.

TGRS activity in the mediobasal hypothalamus protects from obesity

To uncover the role of hypothalamic TGRS in obesity pathophysiology, we selectively
deleted TGR5 in the MBH of TGR5" mice (Thomas et al., 2009) via stereotaxic
injection of AAV-Cag-Cre-GFP viral particles or control viruses (AAV-Cag-GFP). A
group of C57BL/6J mice receiving AAV-Cag-Cre-GFP was also used to exclude
potential Cre-mediated off-target effects. The viral strategy employed targeted neurons
rather than astrocytes or microglia (Figure S3A), and led to Cre recombination (Figure
S3B) and a ~50% reduction of TGR5 mRNA expression specifically in the MBH, but

not in other brain regions (Figure S3C), demonstrating the validity of the approach.

Notably, once exposed to HFD, TGR5"-AAV-Cag-Cre-GFP mice gained more weight
than TGR5"-AAV-Cag-GFP or C57BL/6J-AAV-Cag-GFP controls (Figure 3A). TGR5-
AAV-Cag-Cre-GFP mice also showed increased fat mass relative to control groups
(Figure 3B), with no changes in lean mass (Figure 3C), modest hyperphagia (Figure
3D and S3D) and higher feed efficiency (Figure 3E). Strikingly, when AAV-mediated
hypothalamic TGR5 knockdown was carried out in already DIO TGR5" mice, a further
increase in body weight (Figure 3F), fat mass (with no changes in lean mass, Figure

3G and 3H), food intake (Figure 31 and S3E) and feed efficiency (Figure 3J) was



observed, demonstrating that loss of hypothalamic TGR5 promotes the onset and

worsening of DIO.

The increased feed efficiency observed in TGR5"-AAV-Cag-Cre-GFP mice led us to
hypothesize that hypothalamic TGRS signaling may affect peripheral energy
metabolism via changes in SNS-dependent thermogenesis. Accordingly, when HFD-
fed TGR5"-AAV-Cag-Cre-GFP and control mice were acutely exposed to a cold
challenge (4°C for 4 hours), which activates the SNS (Clapham, 2012), TGR5"-AAV-
Cag-Cre-GFP mice displayed decreased protein expression of the thermogenic marker
UCP-1 in the BAT (Figure 3K), decreased SNS-dependent phosphorylation of the
lipolysis marker hormone sensitive lipase (HSL) in the WAT (Figure 3L), and blunted
MRNA levels of molecular markers of thermogenesis, fatty acid use and glucose
clearance, such as B3-AR, HSL, insulin receptor (Insr), solute carrier family 2 member
4 (Slc2a4) and peroxisome proliferator activated receptor alpha (PPARa) in this tissue
(Figure 3M). Thus, reducing hypothalamic TGR5 expression hinders SNS activity,
possibly leading to a higher DIO sensitivity. Accordingly, at thermoneutrality (30°C),
the phenotype of TGR5"-AAV-Cag-Cre-GFP exposed to HFD was undistinguishable

from controls (Figure 3 N-R).

Characterization of hypothalamic cell types implicated in TGR5-mediated effects

on energy balance

To uncover possible hypothalamic cell-types implicated in the TGRS action on body
weight control, we characterized the molecular identity of TGR5-expressing
hypothalamic cells, using a TGR5-promoter-driven reporter model (Figure S3F).

FACS-sorting of hypothalamic cells was followed by qPCR of markers of neuronal
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populations known to influence energy balance. Enrichment of mRNA expression for
specific neuropeptides (NPY, POMC, SF1), neurotransmitters transporters (vGat,
vGlut2), enzymes (TH, GAD1, GADZ2), and hormone receptors (leptin receptor, LepR)
was observed in TGR5-positive relative to TGR5-negative cells (Figure 3S and S3F).
To corroborate these findings, we quantified TGR5 mRNA levels in specific sup-
populations of GABAergic (vGat-positive) and glutamatergic (vGlut2-positive)
hypothalamic neurons. To achieve this, we employed laser capture microdissected
analysis of individual fluorescent cells obtained from vGat-ires-Cre and vGlut2-ires-Cre
mice, which were stereotaxically injected with an pAAV-hSyn-DIO-mCherry in the MBH
(Figure S3G). Comparable TGR5 mRNA levels were observed in both GABAergic and
glutamatergic neurons (Figure S3H), suggesting that both neuronal populations may
contribute to the phenotypes observed after AAV-based deletion of hypothalamic
TGRS. Accordingly, the viral-mediated model used to delete TGRS5 led to Cre-mediated
recombination in ~36.7% of GABAergic and ~39.8% of glutamatergic neurons (Figure

3T).

To finally confirm that the metabolic effects observed in vivo stem from hypothalamic
neurons rather than from non-neuronal cells expressing the receptor, we targeted the
expression of TGR5 in MBH astrocytes by using an AAV-Cre-mCherry expressing the
Cre recombinase under the control of the promoter for the astrocytic gene glial fibrillary
acidic protein (GFAP). Although this approach led to specific Cre expression in GFAP-
positive cells (Figure S4A), to genomic TGR5 recombination (Figure S4B), and
decreased hypothalamic TGR5 mRNA levels (Figure S4C), no changes in body weight,
body composition, food intake, or feed efficiency were observed in these animals

(Figure S4 D-H).
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Hypothalamic TGR5 signaling contributes to the anti-obesity action of BA

supplementation

Dietary supplementation with CA, its synthetic derivatives or other BA acting as TGRS
agonists reduce weight gain by increasing thermogenesis and energy expenditure
(Thomas et al., 2009; Watanabe et al., 2006; Zietak and Kozak, 2016). As dietary
supplementation with CA results in a significant, supraphysiological increase in
circulating BA levels (Song et al., 2011; Watanabe et al., 2006) likely reaching the
brain, we asked whether hypothalamic TGRS signaling contributes to the therapeutic
effects exerted by the systemic delivery of TGRS agonists. To test this hypothesis,
TGR5"-AAV-Cag-Cre-GFP mice and their TGR5"-AAV-Cag-GFP controls were fed
with a HFD, supplemented or not with 0.5% CA, as in (Watanabe et al., 2006). CA
supplementation prevented body weight gain over time in the controls (Figure 4A) and
reduced food intake (Figure S5A and S5B), body weight and fat mass as well as feed
efficiency by the end of the study (Figure S5 C-E). The decreased food intake (Figure
S5A and S5B) was not due to aversion, since a food preference test showed that when
having the choice, mice would eat the HFD supplemented with CA rather than chow
(Figure S5F). Knockdown of hypothalamic TGRS increased body weight, fat mass,
food intake and feed efficiency in both HFD-fed and HFD-CA fed mice (Figure 4A and
S5 A-E). We then calculated CA-induced fold changes of these parameters and
observed that the degree of efficacy of CA supplementation in reducing body weight,
fat mass and feed efficiency was strongly diminished in mice with hypothalamic TGR5
knockdown (Figure 4B, 4C and 4E). Whilst, hypothalamic TGR5 knockdown only
tended to hinder (p=0.06) the CA-induced decrease on food intake (Figure 4D). Thus,
systemic administration of TGR5 agonists, here through dietary supplementation with

CA, requires functional hypothalamic TGRS to efficiently prevent weight gain.
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In conclusion, our work demonstrates that hypothalamic TGR5 as a key regulator of
food intake and of SNS-driven effects on body weight through adipose signaling, and
offers a new foundation for understanding the mechanisms involved in the anti-obesity
efficacy of pharmacological strategies that modulate the BA-TGR5 pathway. Our
neuroanatomical and molecular studies revealed that both glutamatergic and
GABAergic neurons expressing TGR5 may be involved, further demonstrating that
MBH TGR5-positive cells express molecular markers of specific neuronal types
implicated in energy balance regulation. Differently, although hypothalamic astrocytes
play a role in obesity pathophysiology (Garcia-Caceres et al., 2019), TGR5 on this
specific cell population is not involved in this context. Further studies will have to
determine whether TGRS may modulate inflammatory or immune responses in glia, as
already demonstrated in peripheral immune cells (Perino et al., 2014). Our data reveal
that both central and peripheral TGR5 signaling contributes to body fat loss under
obesogenic conditions and that brain-selective activation of TGRS5 effectively reduces
food intake, while downregulation of the receptor causes hyperphagia. However,
TGR5 expressed in the periphery can also contribute to the regulation of feeding.
Indeed, supplementation of CA in HFD can still reduce food intake in mice with
hypothalamic TGRS knockdown. Accordingly, BA stimulate satiety through activation
of TGRS5 in the nodose ganglia neurons (Wu et al., 2020), whereas other studies have

shown that BA-mediated metabolic effects involve a gut-to-brain axis (Liu et al., 2018).

We now provide evidence of a hypothalamic BA-TGR5 pathway that is relevant for top-
down regulation of body weight under obesogenic conditions. This implies that

bidirectional brain-periphery mechanisms are engaged by BA to control metabolic
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responses at multiple levels. With the present evidence, we propose a shift in the

current view of BA metabolic actions, which should now include a central perspective.

Limitations of Study

While our study showed a critical role for hypothalamic TGRS as defense mechanism
against diet-induced obesity, which participates to the weight-lowering action of
systemic TGRS agonists, our work has some limitations. Our genetic approach and
neuroanatomical and molecular studies, while providing information on different type
of neurons potentially involved, do not allow pinpointing the exact neuronal
population(s) driving the observed effects. More studies are needed to investigate the
underlying neuronal circuitry engaged by TGRS and its relevance to the human

condition.
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Figure legends

Figure 1. Acute and chronic central TGR5 agonism counteracts obesity.

(A-B) Plasma and hypothalamic levels of total as well as specific BA species in chow
lean and DIO mice. BA quantification was carried out after 2h re-exposure to food

following a 24h fast. n of mice: (A) 8-9/group; (B) 4-9/group.

(C) Correlation between plasma and hypothalamic DCA levels. n=17 mice.

(C) mRNA expression of BA transporters OSTa, Ntcp and BSEP and of TGRS in the
hypothalamus of 24 fasted or 2h re-fed chow lean and DIO mice. n of mice: 5-6/group

(chow); 7/group (DIO).

(E-H) Effect of an acute icv infusion of the selective TGR5 agonist CCDC (2.5 or 5ug)
(E-F) or a BA mix (5ug) (G-H) on 24-h food intake (E and G) and body weight (BW) (F
and H) in DIO mice. Animals were fasted for 24-h before icv treatment and subsequent

exposure to food. n of mice: (A-B) 6-9/group; (C-D) 10-12/group.

(I-N) Effects of chronic icv infusion of CCDC (5ug/day) or its vehicle on daily BW (I),
body composition (J-K), food intake (L), blood glucose levels during an insulin
tolerance test (M) and feed efficiency (N) in DIO mice. (L) was calculated from the start
of the icv treatment; (J-K) were calculated from values obtained one day before the
end of the study. n=6-7 mice/group; (M) insulin tolerance test carried out at the end of

the chronic icv treatment. n=9-16 mice/group.

(O-R) Effect of chronic icv CCDC (5ug/day) or its vehicle administration in chow-fed
ob/ob mice on BW (O), cumulative food intake (P), fat mass (Q) and lean mass (R).

n=9 mice/group.
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Data are mean + SEM. A repeated measures two-way ANOVA (E, G, I, M, O) and a
one-way ANOVA (F), were carried out, followed by a Fisher’'s LSD test. For (A, B, D,
H, J-L, N, P-R), unpaired t-tests or Mann-Whitney U test were carried out. In (D),
unpaired t-tests were performed using ACT values; data are fold change from
respective fasted group. *p<0.05, **p<0.01, ***p<0.001. See also Figure S1 and Table

S1.

Figure 2. Chronic central TGR5 agonism increases energy expenditure by

engaging the sympathetic nervous system.

(A) Energy expenditure (kcal/h) at normal housing temperature (22°C) and at
thermoneutrality (30°C) during chronic icv infusion of CCDC or its vehicle. DIO mice
were placed in calorimetric cages 8 days after micro-osmotic pump implantation. Grey

areas indicate the night period; data are shown per hour. n=6 mice/ group.

(B) Effect of chronic icv infusion of CCDC or its vehicle on respiratory exchange ratio

(RER) of mice in (A) during the night and the day period at 22°C. n=6 mice/group.

(C) Effect of chronic icv infusion of CCDC or its vehicle on locomotor activity of mice

in (A) during the night and the day period at 22°C. n=6 mice/group.

(D-G) mRNA expression of lipolysis and thermogenesis markers in the WAT and BAT
from chronic CCDC- and vehicle- treated DIO mice at 22°C (D-E), and 30°C (F-G). For
(F-G), mice were killed after 6 days at 30°C. n of mice: (D) 5-7/group; (E) 6-7/group;

(F) 9-12/group; (G) 10-12/group.

(H-K) Effects of chemical sympathectomy with 6-OH-DOPA, followed by chronic icv

infusion of CCDC (5ug/day) or its vehicle on BW (H), body composition (I-J) and food
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intake (K) in DIO mice. 6-OH-DOPA was injected i.p. (80mg/kg) during 3 consecutive
days and animals were allowed to recover 1 week before the chronic icv treatment.

n=9 mice/group.

Data are means + SEM. For (A, B, C, H), a repeated measures two-way ANOVA was
conducted followed by a Fisher’s LSD test. For (D-G), unpaired t-tests were performed
using ACT values; data are fold change from the vehicle group. For (I-K), unpaired t-
tests were used. *p<0.05, **p<0.01, ***p<0.001; #p<0.05 treatment effect. See also

Figure S2 and Table S1.

Figure 3. Knockdown of TGR5 in the mediobasal hypothalamus favors obesity.

(A-E) BW (A), body composition (B-C), food intake (D) and feed efficiency (E) following
bilateral AAV-Cag-GFP control injection or AAV-Cag-Cre-GFP mediated knockdown
of TGR5 in the MBH in TGR5" or C57BL/6J mice. Animals were on chow and then

switched to a HFD (arrow). n=6-8 mice/group.

(F-J) BW (F), body composition (G-H), food intake (I) and feed efficiency (J) of already
DIO TGR5" mice following bilateral AAV-Cag-GFP control injection or AAV-Cag-Cre-

GFP mediated knockdown of TGRS in the MBH. n=9-10 mice/group.

(K-M) Protein quantification of UCP-1 in the BAT (K) and of pHSL in the WAT (L)
following 4h of cold exposure of HFD-fed TGR5"" mice with (Cre) or without (GFP)
MBH knockdown of TGR5. Representative blots per each tissue are depicted to the
right of each histogram. mRNA expression of genes (M) related to thermogenesis, fatty
acid use and glucose clearance in the WAT of 4h cold-exposed HFD-fed TGR5"" mice

with or without MBH knockdown of TGR5. n=6-7 mice/group.
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(N-R) BW (N), body composition (O-P), food intake (Q) and feed efficiency (R) in
TGR5"-AAV-Cag-Cre-GFP and control mice switched to HFD and maintained at

thermoneutrality (30°C). n of mice: (N-P) 10/group in; (Q-R) 9-10/group.

(S) mMRNA expression levels of different neuropeptides, receptors, enzymes and
neurotransmitter markers in FACS-sorted cells expressing or not TGR5. n=4

mice/group.

(T) Representative images of combined fluorescent in situ hybridization with
immunohistochemistry showing that some Cre-GFP positive cells in the MBH express
GADG65 (GABAergic neurons; left) and vGlut2 (glutamatergic neurons; right). Inserts
show magnification of cells that co-express GFP and GADG65 or vGlut2 (yellow
arrowheads), cells that only express GFP (green arrowheads) and cells that only
express GADG65 or vGlut2, respectively (red arrowheads). Cells’ nuclei were stained

with DAPI. Scale bars= 100um; 10um for the inserts.

Data are means + SEM. A repeated measures two-way ANOVA (A, F, N) and a one-
way ANOVA (B-E) were used, followed by a Fisher's LSD test. In (G-L) and (O-R),
unpaired t-tests were used. In (M), unpaired t-tests were performed using ACT values;
data are fold change from the control group. For (S), no statistical analysis performed
due to the low n of samples. *p<0.05, **p<0.01. See also Figures S3, S4 and Table

S1.

Figure 4. Hypothalamic TGR5 contributes to the anti-obesity action of dietary BA

supplementation.
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(A) BW of TGR5" mice with (Cre) or without (GFP) hypothalamic knockdown of TGR5
exposed to either a HFD (black and red lines in A) or to a HFD enriched with 0.5%
cholic acid (CA, grey and orange lines in A). (B-E) Magnitude of the effect of CA
supplementation on BW loss (B), fat mass loss (C), food intake (D) and feed efficiency
decrease (E) in TGR5" mice with (Cre) or without (GFP) hypothalamic knockdown of

TGRS. n=8-10 mice/group.

Data are means + SEM. For (A), a repeated measures three-way ANOVA (A) and
unpaired t-tests (B-E) were used. In (B-E), for each genotype (GFP or Cre), data are
expressed as fold change relative to the HFD control group. “'p<0.001; ##p<0.001

effect of TGR5 knockdown. See also Figure S5 and Table S1.
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STAR Methods

1. LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Daniela Cota (daniela.cota@inserm.fr). All main

resources and reagents are listed in the Key Resources Table.
Materials Availability Statement

AAV-Cag-GFP and AAV-Cag-Cre-GFP correspond to virus n°1 and n°4 from our lab

stock, respectively, and are available upon request.

2. EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures involving live animals were approved and carried out in accordance with
the National and European Directives 2013/63/EU, the French Ministry of Agriculture
and Fisheries and the Ethical Committee of the University of Bordeaux and of the
University of Lille for Animal Experimentation (authorizations #3959, #13394, #13395
and APAFIS#2617-2015110517317420 v5). Maximal efforts were made to avoid or

reduce any suffering as well as to reduce the number of animals used.

Animals

Male C57BL/6J (Janvier, France) and TGR5" mice on a C57BL/6J background and
generated as described in (Thomas et al., 2009) were used starting at 7-weeks-old
(23g on average). In related studies we also used male ob/ob (B6.Cg-Lep°?/J; Charles

River, France), vGlut2-ires-Cre (Slc17a6tm2(cre)Lowl/d, JAX stock # 016963), vGat-
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ires-Cre (B6J.129S6(FVB)-SIc32a1tm2(cre)Lowl/MwarJ, JAX stock # 028862) and
TGR5-Tdt reporter (B6-Gpbar1™m'Cirhe) mice. Reporter mice for TGR5 expression were
generated by classical ES cell technology at Ciphe (Marseille-Luminy, France). Briefly
an Haemagglutin (HA) Tag was inserted 3’ in frame with the unique TGR5 exon after
stop codon removal in order to generate a tagged TGRS protein and a tandem Tomato
(Tdt) Tag was inserted downstream an IRES sequence in order to use Tdt expression
as a surrogate marker for TGR5 expression (see Figure S3F). HA and TdT expression

was detected by gPCR in whole liver from reporter but not from control mice.

Animals were single housed in standard plastic rodent cages under a 12:12 h reversed
light/dark cycle (lights on at 2:00 h) at 22 + 2°C. Cages and enrichment (cellulose
nestlets, wooden sticks and cardboard tunnels) were changed fortnightly. Mice
received a standard chow diet (Standard Rodent Diet AO3, SAFE, France; 3.236 kcal/g;
13.5% calories from lipids, 25.2% calories from proteins and 61.3% calories from
carbohydrates) and water ad libitum, unless otherwise stated. For the diet-induced
obesity model, mice were switched to a commercial high-fat diet (HFD) (D12492,
Research Diets Inc. New Brunswick, NJ, USA; 5.24 kcal/g; 20% calories from proteins,
20% calories from carbohydrates, 60% calories from lipids) one week after arriving to
the housing facility and were maintained on the diet for 12 weeks before the start of
experiments until reaching 40g on average. A commercial HFD enriched with 0.5%
cholic acid (D07033001, Research Diets Inc. New Brunswick, NJ, USA; 5.22 kcal/g;
20% calories from proteins, 20% calories from carbohydrates, 60% calories from lipids)
that was matched to the HFD was used for studies on BA supplementation. Body
weight was recorded weekly from all mice throughout the studies and daily when a
particular experimental procedure was carried out. Food intake was recorded when a

particular experimental procedure was carried out, and is indicated below. The feed
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efficiency was calculated by dividing the body weight gain of a given time period into
the total caloric intake during this same time. Animals that crumbled their food made it
impossible to quantify their intake and were therefore excluded from the food intake

and feed efficiency analyses.

At the end of the in vivo experiments, mice were Killed to obtain either fresh or perfused

tissues, as mentioned per procedure.

For obtaining perfused brain tissue, mice were deeply anesthetized with an i.p.
injection of sodium pentobarbital (300 ul/30g Exagon® mixed with 30 mg/kg lidocaine)
and perfused transcardially with ice-cold PBS (pH 7.4), followed by 4%
paraformaldehyde (PFA, Sigma-Aldrich, France). Whole brains were extracted and
post-fixed in 4% PFA overnight at 4°C, then cryo-protected with a 30% sucrose solution
in PBS at 4°C and frozen. Coronal sections (30um) were cut with a cryostat (CM1950,
Leica, Germany), collected, and stored in an antifreeze solution (30% ethylene glycol,

30% glycerol in KPBS) at -20°C until analysis.

For fresh tissue sampling, mice were killed by decapitation (for plasma collection) or
dislocation, and tissues collected, frozen on isopentane chilled on dry ice, and stored

at -80°C until needed for molecular and biochemical analysis.

All animals were used in scientific experiments for the first time. This includes no
previous exposures to pharmacological substances. Number of animals used in each
experiment is indicated in the figure legends and in the statistical Table S1. Mice were
allocated to experimental groups taking care to have similar body weight and fat mass

content per group before the start of the experiments.
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3. METHOD DETAILS

Body composition

Body composition analysis was performed in vivo by nuclear echo magnetic resonance
imaging whole-body composition analysis (EchoMRI™ 900; EchoMedical Systems,
Houston, TX, USA), as described previously (Cardinal et al., 2014). Analysis was
performed at arrival to the housing facility, after the 12-week exposure to the HFD, and
during chronic experiments, as indicated below. Briefly, mice were weighed and placed
in the EchoMRI™ using a movement restrainer to allow proper measurements. All
measures were taken in duplicates at the same time of day under free-feeding

conditions. Data for fat and lean mass were extracted for analysis.

Surgeries

Mice were anesthetized using isofluorane 5% to induce the anesthesia and 1-2%
during the surgery. Subcutaneous buprenorphine (0.1 mg/kg) and lidocaine at the level
of the skull (0.1mL at 0.5%) were injected prior to surgery to reduce discomfort.
Unconscious mice were placed on a stereotactic frame (David Kopf Instruments, USA);
heat pads were used throughout the duration of the surgery to keep the body
temperature stable. Eye ointment was applied to keep the eyes from drying. An incision
was made to the skin to expose the skull after fur removal and asepsis with an iodine
solution (Betadine®). For acute icv cannula placement, a burr hole for the stainless
steel guide cannula (C313GS-5/SPC, G22; Plastics One®) was drilled on the skull (AP:
-0.5; ML: -1.2; DV: -2.1). For chronic icv cannula placement, the same procedure as
described above was used (AP: -0.3; ML: -1.0; DV: -2.5), with the addition of the

subcutaneous implantation of a micro-osmotic pump (Alzet® System, model 1004;
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pump rate 0.1pl/h during 28 days), which were connected to the icv cannula through a
catheter. For the acute intra-hypothalamic cannula placement, a bilateral stainless
steel cannula (C235I-SPC, G33; Plastics One®) targeting the mediobasal
hypothalamus was implanted (AP: -1.1; ML: £0.4; DV: -4.9). All cannulae were fixed to
the skull with stainless steel screws and dental cement (MajorRepair®). For bilateral
viral injections, different viruses were used: AAV1/2-Cre-CAG-hrGFP (referred to here
as AAV-Cag-Cre-GFP) or its control (AAV-Cag-GFP) (Hebert-Chatelain et al., 2016),
ssAAV-2-hGFAP-mCherry_iCre-WPRE-hGHp(A) (identifier: v233; referred to here as
AAV-GFAP-Cre-mCherry) or its control (identifier: v222; AAV-GFAP-mCherry), and
pAAV-hSyn-DIO-mCherry (Addgene, USA, #50459-AAV8). A craniotomy was made
targeting the mediobasal hypothalamus (AP: -1.5; ML: £0.3; DV: -5.8) and a 10 mm
stainless steel injector (Nanofil® NF33BL, World Precision Instruments, USA) linked to
a 10uL Hamilton syringe was slowly lowered into the target region to inject 500puL virus
per side at 100nL/min. The injector was held in place for 3 min after injection to allow
correct viral diffusion. Following surgery, all mice received 0.3 mL of saline solution
subcutaneously, and meloxicam (5 mg/kg) for 2 days. Animals continued to be housed

individually and body weight was monitored daily during one week to assess recovery.

Animal models

1. For acute icv experiments, a BA mix (sodium salts of taurocholic, glycocholic,
deoxycholic, and cholic acids, Sigma-Aldrich) was diluted in artificial cerebrospinal fluid
(aCSF), while 3-(2-chlorophenyl)-N-(4-chlorophenyl)-N,  5-dimethylisoxazole-4-
carboxamide (Abcam), commonly known as CCDC, was diluted in 100%

dimethylsulfoxide (DMSO) and delivered at the dose of 2.5 ug or 5 ug in a volume of 2
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pL at a rate of 4 yL/min. Vehicles for the BA mix or CCDC consisted of 100% aCSF or
DMSO, respectively. All acute drug infusions were carried out in 24 h fasted diet-
induced obese C57BL/6J mice and compounds were administered just before the dark
phase. Body weight was measured before and after 24 h from the icv administration;
food intake was measured after 1, 2, 4 and 24 h from the icv administration. Correct
cannula placement was assessed in vivo by icv infusion of neuropeptide Y (NPY;
Phoenix Pharmaceuticals Inc.) in free-fed mice, as described previously (Bellocchio et

al., 2013). Mice that ate >0.5g after 2 h of injection were included in the study.

2. For acute intra-hypothalamic experiments, diet-induced obese C57BL/6J mice
bilaterally received CCDC (2 pg) or its vehicle at a volume of 0.2uL per side and a rate
of 0.6uL/min. Body weight and food intake were recorded as described above. Correct
intra-hypothalamic cannula placement was confirmed by blue dye injection before

killing and was used as a criterion for inclusion.

3. For chronic icv experiments, diet-induced obese C57BL/6J mice were implanted
with micro-osmotic pumps that were filled with CCDC diluted in 60% DMSO and 40%
aCSF (mean pumping rate: 0.09uL/h; mean fill volume: 91.9uL). The catheter linked to
each pump was filled with enough volume of aCSF to allow 3 days of post-surgical
recovery before the start of the CCDC infusion. The concentration of CCDC was
calculated to allow the delivery of 5 uyg CCDC over 24h (stock concentration of 2.33
Mg/uL). A mix of 60% DMSO and 40% aCSF was used for vehicle-treated animals.
Body weight and food intake were recorded daily for 4 weeks. Body composition was
measured at the start, 1 week after micro-pump implantation and at the end of the
chronic treatment. A separate group of mice receiving chronic CCDC treatment were
placed in calorimetric cages at 22°C and then housed at thermoneutrality (30°C) during

6 days to evaluate energy expenditure under blunted sympathetic activity. Another
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group of mice underwent an insulin tolerance test after 4 weeks of chronic CCDC

treatment. Details concerning these procedures are provided further below.

4. A group of chow-fed ob/ob mice underwent chronic icv delivery of CCDC or its
vehicle, as described above. Body weight and food intake were recorded daily for 4
weeks. Body composition was measured at the start and at the end of the chronic

treatment.

5. Chemical sympathectomy was carried out in diet-induced obese C57BL/6J mice by
injecting i.p. for 3 consecutive days 80mg/kg of 6-hydroxydopamine (6-OH-DOPA)
diluted in saline solution with 0.1% ascorbic acid (prepared fresh each day), as in
(Quarta et al., 2010). One group of mice was killed after 1 week of the i.p. injections in
order to assess the downregulation of tyrosine hydroxylase (TH) as marker of SNS
activity in adipose tissues. After 1 week of 6-OH-DOPA administration, another group
of mice underwent stereotaxic surgery coupled with subcutaneous micro-pump
implantation for chronic icv delivery of either vehicle or CCDC, as described earlier.
Food intake and body weight were recorded daily for 4 weeks; body composition was
measured at the start of the i.p. injections, 3 days after micro-pump implantation and

at the end of the study.

6. For the targeted downregulation of TGRS expression within the mediobasal
hypothalamus, the AAV-Cag-Cre-GFP or its control were administered in the following
TGR5" models: lean mice on chow switched to a HFD and killed at 22°C (Cre linked
AAV: 1.41E° vg/mL; control: 1.17E® vg/mL); lean mice on chow switched to a HFD and
maintained at 30°C during HFD exposure (Cre linked AAV: 1.41E®° vg/mL; control:
1.17E® vg/mL); lean mice on chow switched to a HFD for 2 weeks and killed after an

acute cold challenge consisting of 4h exposure at 4°C (Cre linked AAV: 1.41E" vg/mL;
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control: 1.17E® vg/mL); diet-induced obese TGR5"" mice (Cre linked AAV: 1.41E"
vg/mL,; control: 1.17E® vg/mL); and lean TGR5"" mice on chow switched to a HFD or to
a HFD enriched with 0.5% CA (Cre linked AAV: 1.41E° vg/mL; control: 1.5E'" vg/mL).
The AAV-GFAP-Cre-mCherry (5.2E'2 vg/mL) or its control (6.0E'? vg/mL) were used
for lean mice on chow switched to a HFD only. Viral localization within the mediobasal
hypothalamus was assessed by neuroanatomical analysis. In all these models, food
intake and body weight were recorded daily; body composition was measured at time

of AAV injection and one day before killing.

7. For the targeted labelling of glutamatergic and GABAergic cells within the
mediobasal hypothalamus, a pAAV-hSyn-DIO-mCherry (2.1E'® vg/mL) was
administered in chow-fed vGlut2-ires-cre and vGat-ires-Cre*B6 mice. Animals were
killed after 3 weeks from the surgery for subsequent cell laser capture microdissection

on the mediobasal hypothalamus (see further below).

Pharmacokinetics of CCDC

The abundance of CCDC was measured after an acute icv administration of 5ug, and
after 4 weeks of continuous icv infusion. Groups of 3 mice were killed by decapitation
at 15, 30, 60, 120 and 240 min after the acute icv injection, and the hypothalamus and
the rest of the brain were collected as fresh tissue. Blood samples after acute or 4
weeks icv CCDC administration were collected in heparin tubes, centrifuged at 5000
rpm for 10 min at 4°C, and plasma was collected and frozen at -80°C until analysis.
Quantification was carried out by liquid-chromatography mass-spectrometry (LC-

MS/MS).

Sample preparation
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Plasma: Compound was extracted from plasma samples using a vortex, with an ice-
cold acetonitrile/methanol (50:50) solution containing the internal standard, ina 1 to 10
ratio. After centrifugation (12000 rpm, 10 min, 4°C) of the homogenate samples, the

supernatants were transferred into Matrix tubes for LC-MS/MS analysis.

The standard curve was generated using naive mouse plasma (from vehicle animals),
spiked with the appropriate compound solution resulting in 10 different concentrations
of CCDC. This standard curve was then extracted as the plasma samples (ina 1 to 10
ratio) leading to concentration from 0.1 to 3000nM (0.1, 0.3, 1, 3, 10, 30, 100, 300,

1000 and 3000nM).

Hypothalamus: After 5 freeze-thaw cycles (4°C, 25min / -80°C, 25min), CCDC was

extracted from hypothalamus in an acetonitrile/methanol (50:50) solution (9mL per
gram of tissue) with 2 cycles of 10 minutes of sonication. After centrifugation (12000
rom, 10 min, 4°C) of the homogenates, the supernatants were diluted in a 1 to 2 ratio
with an ice-cold acetonitrile/methanol (50:50) solution containing the internal standard.
Each tube was vigorously mixed, centrifuged (12000 rpm, 10 min, 4°C) then the

supernatant was transferred into Matrix tubes for LC-MS/MS analysis.

Due to the small volume of hypothalamus homogenate available, the standard curve
was generated using the appropriate CCDC solution (in acetonitrile/methanol), diluted
in a 1 to 2 ratio with an ice-cold acetonitrile/methanol (50:50) solution containing the
internal standard, leading to concentration from 0.1 to 3000nM (0.1, 0.3, 1, 3, 10, 30,
100, 300, 1000 and 3000nM). Two points at 30 and 100nM final were prepared in the

hypothalamus homogenate and no matrix effect was observed.

Rest of the brain: After 13 freeze-thaw cycles (4°C, 30min/-196°C, 5min), the rest of

the brain was homogenate in a water/methanol (50:50) solution (1mL per gram of
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tissue) with 10 minutes of sonication. Then, after two more cycles of freeze-thaw (4°C,
30min/-196°C, 5min), the homogenates were extracted using an acetonitrile/methanol
(50:50) solution (4mL per gram of tissue) with 2 cycles of 10 minutes of sonication. The
samples were centrifuged (12000 rpm, 10 min, 4°C) then the supernatants were diluted
in a 1 to 2 ratio with an ice-cold acetonitrile/methanol (50:50) solution containing the
internal standard. Each tube was vigorously mixed, centrifuged (12000 rpm, 10 min,

4°C) and the supernatant transferred into Matrix tubes for LC-MS/MS analysis.

The standard curve was generated using naive mouse brain (from vehicle animals),
spiked with the appropriate compound solution resulting in 10 different concentrations
of CCDC. This standard curve was then extracted as the brain samples (in a 1 to 2
ratio) leading to concentration from 0.1 to 3000nM (0.1, 0.3, 1, 3, 10, 30, 100, 300,

1000 and 3000nM).

LC-MS/MS

LC-MS/MS analysis was performed on an UPLC system Acquity | Class (Waters©),

combined with a triple quadrupole mass spectrometer Xevo TQD (Waters©).

The column, placed at 40°C, was an Acquity BEH C18 50*2.1mm, 1.7um column
(Waters©) and the following mobile phases were used: 5mM ammonium formate pH
3.75 in water, as solvent (A) and 5 mM ammonium formate pH 3,75 in acetonitrile as
solvent (B). At a flow rate of 600uL/min, the analytical method started at 98% (A) for
10s, then the percentage of B gradually increased at 98% until 2 min, hold at 98% (B)
for 30s before returning to the initial conditions, hold 1.5 min. The samples were

maintained at 10°C and the injection volume was 1uL.

MS analyses were performed under MRM detection using the following transitions:

m/z 361.0 > 178.0 for CCDC with a cone voltage and a collision energy of 46 and 24V
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respectively; and 260.2 > 116.1 for the internal standard (propranolol, 100nM) with a
cone voltage and a collision energy of 40 and 18V respectively. Argon was used as
collision gas. The capillary voltage was set at 0.5 kV. The source temperature was
150°C, desolvation temperature was 600°C, desolvation gas flow was 1200 L.h-1 and
cone gas flow was 50 L.h-1. All data were acquired and processed using the MassLynx

4.0 software (Waters©).

Insulin tolerance test

After 4 weeks of chronic icv infusion with CCDC or its vehicle, diet-induced obese mice
were fasted for 6 h and were injected i.p. with 0.5 U/kg of insulin (Umuline Rapide, Lilly,
France). Blood samples were collected from the tail vein and glucose was measured
using glucose strips (OneTouch, Vita, France) at baseline, 15, 30, 60, 90 and 120 min

after the administration of insulin.

Indirect calorimetry

Indirect calorimetry, in-cage locomotor activity and gas exchange analysis were carried
out in light, temperature and humidity controlled calorimetric chambers (TSE Systems
GmbH, Bad Homburg, Germany), as in (Cardinal et al., 2014). Diet-induced obese
mice receiving chronic icv infusion of CCDC or its vehicle were acclimated for 3 days
in the chambers before recording. O2 consumption and CO- production were measured
every 20 min in order to calculate the gas exchange, the respiratory quotient and the
energy expenditure. At the same time, in-cage locomotor activity was determined using

a tridimensional infrared light beam system. Food intake was measured continuously
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by integration of scales inside the cages. A meal consisted of the consumption of at
least 0.03g of food separated from the next feeding episode by at least 10 min
(Hassouna et al., 2012). Body weight was measured daily during this time and the
temperature was fixed to 22°C. When recording at thermoneutrality, the temperature

in the calorimetric chambers was increased to 30°C.

Food preference test

Naive TGR5" lean mice were placed in individual cages and habituated to 2 food
hoppers filled with chow and placed inside each cage for 5 days. During this time, mice
were exposed to a small quantity of the HFD enriched with 0.5% CA to avoid neophobia
during the behavioral experiment. On day 6, one food hopper was filled with the HFD
supplemented with CA while the other continued to have chow. The hoppers with food
were removed from the cage 1 h before the preference test, which was performed
during the light phase. Mice were then allowed access to the two hoppers during 1 h.

The hoppers were weighed before and after access to food.

BA quantification

BA quantification in plasma and hypothalamus of chow-fed lean and DIO mice.

For plasma and hypothalamic BA measurements, chow lean and DIO mice were killed
by decapitation 2 hours after re-exposure to either chow or HFD following a 24h fast.
Plasma was obtained as described above in (Pharmacokinetics of CCDC). The
hypothalamus was collected and immediately frozen in isopentane chilled on dry ice.

Samples were stored at -80°C until analysis. BA were analyzed using ultra-
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performance liquid chromatography-tandem mass spectrometry (UPLCMS/MS)
according to previous work (Tremaroli et al, 2015). Briefly, brain samples (20-30 mg
wet weight) were homogenized and extracted in 500 yL of methanol containing
deuterated internal standards (d4-TCA, d4-GCA, d4-GCDCA, d4-GUDCA, d4-GLCA,
d4-UDCA, d4-CDCA, d4-LCA; 25 nM of each). After 10 min of
homogenization/extraction using the TissueLyser Il instrument (Qiagen, Sweden) and
10 min of centrifugation at 20 000 g, the supernatant was evaporated under a stream
of nitrogen and reconstituted in 100 yL methanol:water [1:1]. The samples were
injected (5 uL) and BA were separated on a Kinetex C18 column (1.7 y, 2.1 x 100 mm;
Phenomenex, USA) using water with 7.5 mM ammonium acetate and 0.019% formic
acid (mobile phase A) and acetonitrile with 0.1% formic acid (mobile phase B). The
chromatographic separation started with 1 minute isocratic separation at 20% B. The
B-phase was then increased to 35% during 4 min. During the next 10 min the B-phase
was increased to 100%. The B-phase was held at 100% for 3.5 min before returning
to 20%. The total runtime was 20 min. BA were detected using multiple reaction
monitoring (MRM) in negative mode on a QTRAP 5500 mass spectrometer (Sciex,

Concord, Canada) and quantification was made using external standard curves.

Plasma BA quantification in pharmacological studies.

For measurements of circulating BA from chronic pharmacological studies, free-fed
diet-induced obese mice were killed by decapitation after 10 days of chronic CCDC
treatment. BA were precipitated from plasma and pellets solubilized in MeOH as
described previously (Garcia-Canaveras et al.,, 2012). The separation of BA was
carried out on a Symmetry C18 Luna column (250 mm x 2.1 mm, particle size 5 ym)
from Phenomenex (Le Pecq, France). The oven temperature was set at 30°C. Solvent

A was water containing 20 mM ammonium acetate, adjusted to pH 8 and solvent B
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was acetonitrile. Solvents were delivered at a total flow rate of 500 pl/min~". After a 5
min plateau with 28% B, the gradient profile was from 28% B to 90% B linearly in 15
min, followed by a 2 min plateau with 90% B. Column re-equilibration was performed
for 4 min. The injection cycle was 26 min. BA quantification was then performed by
high-performance liquid chromatography (UFLC-XR device; Shimadzu, Kyoto, Japan)
coupled to tandem mass spectrometry MS/MS (QTRAP 5500 hybrid system, equipped
with a Turbo VTM ion source; AB Sciex, Foster City, CA, USA). Instrument control,
data acquisition and processing were performed using the associated Analyst 1.5.2
software (AB Sciex, Concord, ON, Canada). The inter- and intra-day precisions of the

BA concentration assay are <15%, except for HCA and LCA (<30%).

Single cells laser capture microdissection

Four vGlut2-ires-cre mice and 3 vGat-ires-Cre*B6 mice having received an pAAV-
hSyn-DIO-mCherry in the mediobasal hypothalamus were used. Coronal sections of
perfused brains (10 um thickness) covering the region from -1.34 to -1.94 mm caudal
to bregma, as defined by Paxinos and Franklin, were made using a CM3050 S cryostat
(Leica, Wetzlar, Germany) and mounted on polyethyl-ene-naphthalate membrane
1mm glass slides (P.A.L.M. Microlaser Technologies AG, Bernried, Germany) that
were pretreated to inactivate RNase. Subsequently, sections were dehydrated in a
series of pre-cooled ethanol baths (40s in 95% and twice 40s in 100%) and air-dried.
Laser microdissection of mCherry-expressing cells was performed using a PALM
MicroBeam microdissection system version 4.6 equipped with the P.A.L.M.
RoboSoftware (P.A.L.M. Microlaser Technologies AG, Bernried, Germany). Laser

power and duration were adjusted to optimize capture efficiency. Microdissection was
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performed at 63X magnification. A total between 800/900 cells per mice was captured.
Cells were collected in adhesives caps and re-suspended in PK buffer (PK buffer from
RNeasy FFPE KiIt, Qiagen, Chatsworth, USA), and stored at —80°C until extraction was
done. Total RNA was extracted from microdissected cells using the RNeasy® FFPE
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The integrity
of the RNA was checked by capillary electrophoresis using the RNA 6000 Pico Labchip
kit and the Bioanalyser 2100 (Agilent Technologies, Massy, France), and quantity was

estimated by spectrophotometry using a Denovix DS-11 (Denovix, Wilmington, USA).

Isolation of hypothalamic TGR5-expressing cells using fluorescence-activated

cell sorting (FACS)

The mediobasal hypothalamus of 4 TGR5-Tdt reporter and 4 wild-type, control mice
was microdissected and enzymatically dissociated using a Papain Dissociation System
(Worthington, Lakewood, NJ) to obtain a single-cell suspension. FACS was performed
using an ARIA SORP cell sorter cytometer device (BD Bioscience, Inc). The sorting
parameter were based on measurements of Tomato fluorescence (excitation 561nm;
detection: bandpass 675+/-20nm) by comparing cell suspensions from TGR5-Tdt and
control animals. For each animal, 40 to 110 tomato-positive and an equal amount of
tomato-negative cells were sorted directly into 10 pl of lysis buffer (0.1% Triton® X-100

and 0.4unit/yl RNaseOUT ™, Life Technologies).

Quantitative Real-Time PCR

qgPCR on tissues
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gPCR was carried out in hypothalamic samples (reference genes: Sdha and Tuba4a)
from chow-fed and HFD-fed, diet-induced obese C57BL/6J mice, either fasted for 24h
or re-exposed to food for 2h after the 24h fast. qPCR was also performed in epididymal
white adipose tissue (WAT; reference genes: Gapdh and Ppia) and brown adipose
tissue (BAT; reference genes: Sdha and Nono) from free-fed diet-induced obese mice
receiving chronic CCDC treatment or vehicle killed by decapitation at 22°C; WAT and
BAT from free-fed diet-induced obese mice receiving chronic CCDC treatment or
vehicle and killed by decapitation at 30°C (reference genes: Ppia and Nono); WAT
(reference genes: Sdha and Nono) from free-fed mice on a HFD that received AAV-
Cag-Cre-GFP or its control and were killed by decapitation at 4°C; hypothalamus
(reference genes Ppia and Rpl13a) from free-fed mice on a HFD that received the
AAV-Cag-Cre-GFP or its control and were killed by perfusion at 22°C; and
hypothalamus (reference genes: Sdha, Eef1ial and Ywha2) from free-fed mice on a
HFD that received the AAV-GFAP-Cre-mCherry or its control and were killed by

perfusion at 22°C.

For samples from hypothalamic TGR5 deletion models, 10 punches of 2 mm (cut from
the 30 um slices) containing the mediobasal hypothalamus, as well as the cortex,
amygdala and ventral tegmental are (VTA), were obtained per animal, placed on 100uL

proteinase K digest buffer (Qiagen) and frozen at 80°C until gPCR analysis.

Samples were homogenized in Tri-reagent (Euromedex, France). RNA from fresh
tissue was isolated using a standard chloroform/isopropanol protocol, while RNA from
perfused samples was isolated using Quick-RNA™ FFPE Kit (ZYMO Research). cDNA
was synthesized from 2 pg of total RNA using Maxima Reverse Transcriptase (Fisher
Scientific) and primed with oligo-dT primers (Fisher Scientific) and random primers

(Fisher Scientific). gPCR was performed using a LightCycler® 480 Real-Time PCR
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System (Roche, Meylan, France). qPCR reactions were done in duplicate for each
sample (except on hypothalamic samples from mice receiving the AAV-GFAP-Cre-
mCherry or its control, which were run in triplicates), using transcript-specific primers,
cDNA (4 ng) and LightCycler 480 SYBR Green | Master (Roche) in a final volume of
10 yL. Primer sequences are reported in Table S3. Relative expression analysis was
normalized against two reference genes (except on hypothalamic samples from mice
receiving the AAV-GFAP-Cre-mCherry or its control, which were normalized to three
reference genes), depending on the tissue (see above). The relative level of
expression was calculated using the comparative 2-AACT method. mRNA expression
levels are expressed as the fold change from the reference group (as mentioned in the

figure legends) after normalization.

MRNA from liver samples of TGR5-Tdt reporter and control mice were extracted after
shredding liver lobes in Trizol, phenol-chloroform extraction and precipitation by
isopropanol was used. gPCR was performed as in....... to assess expression of both
HA-tag and Tandem Tomato. Primer sequences are reported in Table S3. Cyclophilin

A was used as reference gene.

qgPCR on laser capture microdissected cells

cDNA was generated using the qScript XLT cDNA SuperMix (Quanta Biosciences)
following the manufacturer’s instructions. qPCR was performed as described above.
Primer sequences are reported in Table S3. The glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and Elongation factor 1-alpha 1 (Eefla1) were used as

reference genes.

gPCR on FACS-sorted cells
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Total RNA obtained from FACS-sorted tomato-positive cells was reverse transcribed
using High capacity cDNA Reverse transcription kit (Applied Biosystems™ #
4368814) after a DNAse treatment (DNase |, Amplification Grade, Invitrogen™,
#18068015). A linear preamplification step was performed using the TagMan®
PreAmp Master Mix Kit protocol (Applied Biosystems™, # 4488593). Next, a real-time
PCR was carried out on Applied Biosystems 7900HT Fast Real-Time PCR System
using the TagMan® probes (see Table S3) and TagMan™ Universal Master Mix |l
(Applied Biosystems™, # 4440049). Control housekeeping genes r18S and actin were
used for analysis. Gene expression data were analyzed using the 222t method

between negative and positive tomato FACS-sorted cells.

Western blot analysis

WAT and BAT samples from free-fed sympathectomized mice, as well as from free-
fed TGR5" mice receiving the AAV-Cag-Cre-GFP or its control and sacrificed at 4°C

were obtained after killing by decapitation.

Samples were homogenized in radioimmunoprecipitation assay buffer with
phosphatase and protease inhibitors (Santa Cruz Biotechnology) for obtaining protein
extracts. Proteins were separated in an SDS-polyacrylamide gel (9-13%) by
electrophoresis and transferred to nitrocellulose membranes, which were then blocked
for 1h with 5% skim milk powder and incubated overnight at 4°C with the following
primary antibodies: hormone-sensitive lipase (HSL, 1:1000, #4107, Cell Signaling),
phospho-HSL ser563 (1:1000, #4139, Cell Signaling), uncoupling protein-1 (UCP-1,
1:1000, #10983, Abcam), tyrosine hydroxylase (TH, 1:1000, #152, Millipore), and -

actin (1:2000, #4967, Cell Signaling), which was used as loading control. After washing
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in Tris-buffered saline with 0.05% Tween (TBST), the membranes were incubated for
1 h at room temperature with secondary antibody conjugated with horseradish
peroxidase (goat anti-rabbit; 1:2000; Cell Signaling Technology). After 3 washes in
TBST, immunoreactive bands were visualized using enhanced chemiluminescence
(ECL Plus, PerkinElmer) then exposed on a ChemiDoc® MP Imaging System (Biorad).
Bands were quantified using Imaged software (NIH, Bethesda, MA). When necessary,
membranes were stripped after protein detection for 10 min at 55°C with a solution
containing 62.5 mmol/l Tris-HCI, 100 mmol/l 2-mercaptoethanol, and 2% SDS,

blocked, and reblotted with another primary antibody.

Assessment of Cre recombination by PCR

Perfused brain slices containing the mediobasal hypothalamus from TGR5" receiving
the AAV-Cag-Cre-GFP or its control, or the AAV-GFAP-Cre-mCherry or its control
were genotyped by PCR to evaluate recombination in genomic DNA. Tissue from naive
C57BL/6J mice (wild type, WT) was used as a negative control, whilst tissues from
whole body TGR5 knockout obtained by crossing TGR5" with CMV-Cre mouse strain
(Schwenk et al., 1995) (referred as +/ex) was used as a positive control of excision.
Five perfused brain slices per animal were incubated overnight at 56°C in Proteinase
K buffer (100 mM Tris-HCI pH8, 5 mM EDTA, 0.2 % SDS, 200 mM NaCl, 0,2 mg/mL
PK); after 10 min at 13200 rpm, the supernatants were purified by vacuum on silica
columns, according to the manufacturer’s protocol (Macherey-Nagel kit), on a Zephyr
automatic workstation (Perkin-Elmer). PCR assay was carried out on a Bio-Rad C1000

thermal cycler, in a 20 pyL volume, using GoTaq G2 Hot Start Green Master Mix
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(Promega), and 0.2 uM of each primer. PCR products were analyzed on a Labchip GX

microfluidic electrophoresis system (Perkin-Elmer) using the DNAS5K Kkit.

Neuroanatomical analysis

Perfused brain slices from TGR5 mice receiving the AAV-Cag-Cre-GFP or its control,

or the AAV-GFAP-Cre-mCherry or its control were analyzed.

Immunohistochemistry

All immunofluorescence steps were performed under gentle agitation at room
temperature. Slices were rinsed three times in PBS for 10 min and then incubated with
primary antiserum overnight. Primary antibodies were diluted in PBS containing 0.3%
Triton X-100 (PBST) and 5% normal serum (goat or donkey depending on the specie
used to generate the secondary antibodies) except when Mouse on Mouse Fluorescein
kit was used. After incubation, slices were washed again three times in PBS for 10 min
and incubated in secondary antibody solution for 2 h in the dark. Secondary antibodies
were diluted in PBS containing 0.3% Triton X-100 except when Mouse on Mouse
Fluorescein kit was used. After a 5 min rinse in PBS, slices were incubated 5 min with
the nuclear marker 4’,6’-diamidino-2-phenylindol (DAPI; 1:10000; # D1306, Molecular
Probes). After a final rinse in PBS, slices were mounted on gelatin coated slides and
coverslipped using Prolong gold anti-fade (# P36930, Vector Laboratories) and then

stored at 4°C until use.

For visualization of microglia and neurons, we used a double immunohistofluorescent
technique. Slices were incubated in a chicken antiserum against NeuN (1:500,

#ABN91, Millipore) and in a rabbit antiserum against Iba-1 (1:2000, #019-19741,
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Wako). Slices were then incubated in a donkey anti-chicken secondary antibody
conjugated to Alexa 647 (#703-606-155, Jackson ImmunoResearch Labs) and in a
donkey anti-rabbit secondary antibody conjugated to Alexa 448 (#711-545-152,
Jackson ImmunoResearch Labs) or to Alexa 594 (#711-585-152, Jackson
ImmunoResearch Labs) for TGR5"-AAV-GFAP-Cre-mCherry/TGR5"-AAV-GFAP-
mCherry and TGR5-AAV-Cag-Cre-GFP/TGR5"-AAV-Cag-GFP mice respectively, all

diluted 1:2000.

For visualization of astrocytes, we used a double immunohistofluorescent technique.
We used a rabbit antiserum against GFAP (1:1000, #20334, Agilent) and a monoclonal
mouse antibody against protein S100B-subunit (S1008, 1:10000, clone SH-B1,
#S2532, Sigma-Aldrich). Slices obtained from TGR5"-AAV-Cag-Cre-GFP/TGR5"-
AAV-Cag-GFP mice, after the initial PBS rinses, were incubated 30 min in 3%H20:2
PBST and rinsed three times in PBS for 5 min. After incubation in the primary
antibodies, species-specific secondary antibodies which have been raised in goat [anti-
rabbit conjugated to Alexa 555 (#4413, Cell Signaling) and anti-mouse conjugated to
peroxidase (#AP124P, Millipore) both diluted 1:500] were used. After rinses in wash
buffer (prepared according to the manufacturer’s protocol), slices were incubated for
10 min in TSA plus Cy5 system (1:300 in amplification buffer provided by the
manufacturer, #/P1117, Perkin Elmer). Slices obtained from TGR5"-AAV-GFAP-Cre-
mCherry/TGR5"-AAV-GFAP-mCherry mice were incubated in the rabbit antiserum
against GFAP and then in a goat anti-rabbit secondary antibody conjugated to Alexa
647 (1:500, #4414, Cell Signaling). Then slices were treated according to the
manufacturer’s instructions of the Mouse on Mouse Fluorescein kit (#FMK-2201,
Vector Laboratories) to reveal the S100p staining. Briefly, slices were incubated in an

Avidin/Biotin blocking kit (#SP-2001, Vector Laboratoires), 1h in a proprietary Mouse
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IgG blocking reagent, 30 min in the monoclonal mouse antibody against S1008 (see
above, 1:1000 in the manufacturer’s diluent), 10 min in a mouse on mouse (M.O.M.™,
Vector) Biotinylated Anti-Mouse Ig Reagent and 5 min in a cell sorter grade of

Fluorescein Avidin D.

Images were acquired on a Leica DM6 CFS TCS SP8 confocal microscope using an
objective 10X (voxel size: 1.0823x1.0823x4.2839 um?) or an objective 40X (voxel size:
0.2705x0.2705x0.3462um?). Laser diodes used were at 405 nm (DAPI), 488 nm (Alexa
488 or Flurorescein or GFP), 552 nm (Alexa 555 or mCherry) and 638 nm (Alexa 647
or Cy5). Parameters were determined at the beginning of the acquisition and were
maintained for all acquisitions of the same experiment. All presented images are Z

projection (maximal intensity) of a given stack.
Fluorescent in situ hybridization combined with immunohistochemistry

Perfused brain slices from 5 TGR5" mice receiving the AAV-Cag-Cre-GFP were used.
Digoxigenin-labeled riboprobe against the glutamatergic marker vesicular glutamate
transporter 2 (vGlut2) and the GABAergic marker GABA synthesizing enzyme GADG5
were obtained as previously described (Saucisse et al., 2020). Free-floating sections
were treated with 0.2M HCI then acetylated with 0.25% acetic anhydride in 0.1 M
triethanolamine, pH=8.0 for 10 min. Between all steps, sections were rinsed in PBS
with 0.01% diethylpyrocarbonate. VGIut2-DIG or GAD65-DIG was dissolved 1/1000 in
hybmix solution (50% deionized formamide, 20mM Tris at pH=8.0, 300mM NaCl, 5mM
EDTA, 10% dextran sulfate, 1X Denhardt’s solution, 0.5mg/mL tRNA, 0.2mg/mL acid-
cleaved carrier DNA from salmon’s sperm, 1M DTT dissolved in water containing
0.01% DEPC) and linearized by heating at 90°C for 5 min. After hybridization overnight

at 70°C, sections were washed at 70°C with increased stringency buffers (56X saline
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sodium citrate (SSC) for 5min, 2X SSC + 50% Formamide amide, 1X SSC + 50%
Formamide amide and 0.1X SSC for 30min each, with 0.1% Tween20 added to each
buffer). Sections were incubated 30 min in 3% H202 in TNT (100mM Tris-HCI, 150mM
NaCl, 0.05% Tween20) to quench endogenous peroxydases, 20 min in 0.2M HCI, 1h
in blocking buffer (#FP1012; Akoya Biosciences), 2h in antidigoxigenin-POD antibody
(1:1500 in the blocking buffer; #11207733910; Roche), 30 min in TSA plus Cy3 system
(1:100 in 1X Plus amplification buffer provided by the manufacturer; #NEL744001KT;
Akoya Biosciences), 30 min in 3% H2>02 TNT to block HRP and overnight at 4°C in
goat anti-GFP antibody (1/:400 in PBST; #AB0066-200; Sicgen). Between all steps,
sections were rinsed in TNT. After 3 washes in PBS, slices were incubated 2h in a
donkey anti-goat secondary antibody conjugated to Alexa 488 (1:500 in PBST,;
#A11055; Life technologies). After 3 washes in PBS, slices were stained for 5 min with
DAPI (1:20 000, in PBS), washed in 50mM Tris (pH=7.5), mounted on gelatinized
slides, cover-slipped using Prolong® and kept at 4°C until use. All steps were carried

out at room temperature unless stated otherwise.

Confocal images of the medio-basal hypothalamus were collected using a Leica
DMi6000 TCS SP8 X confocal microscope (Leica microsystems, Germany) enabled
with a 20X/NA 0.75 oil immersion objective (Leica HC PL APO CS2), a laser diode at
405nm (DAPI), a white light excitation laser (set at 499nm for AF488 and at 553nm for
Cy3) and hybrid detectors. Images were corrected automatically for brightness and
contrast, and analyzed using ImagedJ (National Institutes of Health, USA). For each
image, we used the plugin Cell counter in Imaged to select and count GFP positive
cells that co-expressed (or not) vGlut2 or GAD65. The analysis was made on 2-8
medio-basal hypothalami from 2-4 sections per animal. For illustration purpose, some

images were also taken with a 63X/NA 1.4 oil objective.
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4. QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out using the GraphPad Prism Software version 8.0 for
Windows (La Jolla, CA, USA). Data are expressed as mean = S.E.M. Sample sizes for
experiments were determined based on sample sizes used in similar experiments

reported previously in the literature.

The statistical test used for each comparison is described in the figure legends
corresponding to the specific figure and further detailed in table S1. Briefly, when
comparing 2 groups, data were analyzed by an unpaired Student’s t-test (Shapiro-Wilk
test for normality when small sample sizes, otherwise, Kolmogorov-Smirnov test for
normality), or a Mann-Whitney U test (nonparametric). When comparing 3 or more
groups, data were analyzed by one-way ANOVA. Two-way ANOVAs were performed
for analyzing body weight, body composition, cumulative food intake and feed
efficiency considering genotype (with or without hypothalamic deletion of TGR5) and
diet (HFD or HFD+CA) as factors. Body weight, insulin tolerance test, food intake,
energy expenditure, RER, meal size, and locomotor activity over time were analyzed
by two-way repeated measures ANOVA considering treatment and time as factors. For
analyzing energy expenditure at 22°C or at 30°C, a three-way ANOVA was carried out
considering time of day (day or night), treatment (Vehicle or CCDC) and temperature
(22°C or 30°C) as factors. Similarly, a three-way ANOVA was carried out for analyzing
body weight and food intake over time on TGR5"" mice receiving AAV-Cag-Cre-GFP
or its control that were either exposed to a HFD or a HFD+CA, considering time,

genotype and diet as factors. Fisher's LSD post-hoc tests were run when applicable

45



for identifying differences amongst groups. In all cases, tests were considered

significant when p<0.05.

5. DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.

6. ADDITIONAL RESOURCES

None.

Supplemental information

Supplemental information includes 3 tables and 5 figures.
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Figure S2
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Figure S5
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