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Pharmacological and physiological
activation of TGRS in the NTS lowers food
intake by enhancing leptin-STAT3 signaling
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% Check for updates Feeding increases plasma bile acid levels while the nucleus of the solitary tract

(NTS) and area postrema (AP) of the brain detect changes in hormones to
regulate feeding. However, whether an increase in bile acids activates Takeda
G protein-coupled receptor 5 (TGR5) in the NTS and/or AP to lower feeding
through a negative feedback pathway is unknown. Here, we discover that
infusion of TGRS agonist CCDC in the NTS of male rats lowered food intake
without causing conditional taste avoidance in short-term high fat (HF) fed
male rats in association with HF-induced increase in TGRS expression in the
NTS. In contrast, CCDC infusion into the AP failed to lower food intake in HF
rats with a reduction in TGRS expression in the AP. CCDC infusion in the NTS
activates TGRS to reverse HF-induced leptin resistance by enhancing a leptin-
leptin receptor-STAT3 signaling axis selectively in the NTS to lower feeding.
Finally, metabolomic analysis indicated that HF impaired a refeeding-induced
rise of endogenous TGRS ligand deoxycholic acid in the plasma and subse-
quently in the NTS in association with hyperphagia, while direct infusion of
deoxycholic acid in the NTS of HF rats activated TGRS to lower feeding and
enhanced leptin-STAT3 signaling, thereby altogether demonstrating physio-
logical and pharmacological activation of TGRS in the NTS regulates food
intake. In summary, we discover that an activation of TGRS in the NTS
enhances leptin-STAT3 signaling to lower food intake. Our findings highlight
the potential of targeting TGRS to reverse leptin resistance in the NTS.

Primary bile acids are synthesized from cholesterol in the liver and
undergo various reactions using enzymes of the cytochrome P450
family". Bile acids created under both the classical and acidic pathway
converge at phase Il conjugation passing through enzymes such as bile
acid-CoA synthase and bile acid-CoA-amino acid N-acetyltransferase

leading to glycine/taurine conjugation’. Within the intestine, the gut
microbiota will convert primary bile acids into secondary bile acids like
deoxycholic acid (DCA)>*. Bile acids exert three primary physiological
functions: facilitating fat digestion®, regulating cholesterol
metabolism® and exerting metabolic effects by signaling through
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Farnesoid X Receptor (FXR)® and Takeda G-protein Coupled Receptor
(TGR)S'.

TGRS is a bile acid G protein-coupled receptor which activates
cAMP-Protein Kinase A (PKA) signaling and is expressed in adipose,
liver, and whole brain tissues’’. Although TGRS activation in adipose
tissue and the liver increases energy expenditure and insulin sensitiv-
ity, respectively'®", its documented food intake-lowering effect has so
far only been ascribed to the hypothalamus>*. Interestingly, selective
hypothalamic TGR5 knockdown does not disrupt the feeding-lowering
effect in rodents receiving dietary supplementation of bile acid®?,
indicating that extrahypothalamic TGR5 also regulates feeding.
Indeed, the nucleus of solitary tract (NTS) and area postrema (AP) have
been implicated to detect changes in Glucagon-like-peptide-1 (GLP1)
and Growth Differentiation Factor 15 (GDF15) to regulate feeding*",
but the effect of TGRS in the NTS and/or AP is unknown. Together
with the fact that bile acid levels in the blood increase shortly after a
meal in healthy human subjects™ and that plasma level of bile acids
positively correlated with the respective levels in the whole brain®,
TGRS expressed in the brain may have physiological relevance in
detecting an increase in circulating bile acid levels to lower food intake
and maintain energy homeostasis via a negative feedback loop.

Obesity is a global epidemic*®* that is characterized by leptin
resistance due in part to the inability of leptin to activate signal
transducer and activator of transcription 3 (STAT3) via leptin receptor
(LepR) b in the hypothalamus to lower feeding®. Interestingly, leptin
action in the NTS, but not AP, lowers food intake as well”*,
but whether leptin resistance is acquired by HF in the NTS and the
associated signaling pathway involved remains unknown. Given the
adverse side effects of nausea associated with weight loss medications
such as GLPIR agonists™?, thus there is clearly a pressing need for
novel and effective therapeutics to lower weight in obesity. Herein we
sought to explore the pharmacological and physiological relevance of
TGRS in the NTS and/or AP for feeding regulation and its interaction
with leptin signaling, in male rats.

Results
TGRS agonist CCDC, but not leptin, infusion into the NTS lowers
food intake in HF rats with impaired leptin-STAT3 signaling in
the NTS
To investigate the sufficient role of TGRS in the NTS and/or AP in
feeding regulation, we found that TGRS was expressed in the NTS and
AP of chow and HF fed male rats as assessed by qPCR (Fig. 1a), like in
the hypothalamus'>. TGRS expression was detected in both NTS and
AP of HF rats with fluorescence in situ hybridization (FISH) indicated
as an orange fluorescence (Supplementary Fig. 1a) as well. Next,
we infused synthetic TGR5-specific agonist 3-(2-chlorophenyl)-N-(4-
chlorophenyl)-N,5-dimethyl-4-isoxazolecarboxamide (CCDC, 100 uM)
or sodium carboxymethyl cellulose (CMC, vehicle) into the mediobasal
hypothalamus (MBH) of rats targeting the arcuate nucleus as we
first wanted to verify whether the CCDC dose we used is functional
as hypothalamic TGRS activation is documented to lower feeding'>"
(Supplementary Fig. 1b). CCDC vs. CMC infusion into the MBH (0.04
HL/min for 5mins) of chow rats with comparable pre-experimental
food intake and body weight indeed lowered food intake 24 h after
refeeding (Supplementary Fig. 1c-e). To verify the location of the
delivery, we infused a dye (Chicago Sky Blue) at 0.04 pL/min for 5 min
into the MBH targeting the arcuate nucleus of chow rats and the dye
was found selectively in the arcuate nucleus as detected by bright field
microscopy (Supplementary Fig. 1f).

We infused equimolar CCDC vs CMC into the NTS of chow and 3 d
HF fed rats that were hyperphagic but with similar body weight vs
chow fed rats prior to brain injections (Supplementary Fig. 1g, h). We
found that CCDC vs. CMC infusion into the NTS lowered food intake in
chow rats 24 h after refeeding (Supplementary Fig. 1i). In HF rats, CCDC
vs CMC infusion into the NTS was as potent in lowering food intake,

did not cause conditioned avoidance and activated PKA (i.e., marker of
TGRS activity®) in the NTS (Fig. 1b-d), while the location of the NTS
reagent delivery was confirmed with a dye found selectively in the NTS
of HF rats (Supplementary Fig. 1j). Interestingly, HF vs chow increased
TGRS expression in the NTS but in direct contrast decreased TGRS
expression in the AP (Fig. 1a). Consistently, CCDC vs CMC infusion into
the AP only lowered food intake in chow (Supplementary Fig. 1k-m)
but not in HF rats (Fig. 1e), while the location of the AP delivery was
confirmed with a dye found selectively in the AP of HF rats that
received AP dye infusion (Supplementary Fig. 1n). Thus, selectively
infusing TGRS agonist CCDC into the NTS, but not AP, lowers food
intake in HF male rats.

We next assessed the feeding regulatory impact of leptin signaling
in the NTS and/or AP (Supplementary Fig. 1b). First, we confirmed
expression of LepRb in the NTS and AP of chow and HF rats using qPCR
(Fig. 1f) as documented®”?***. The expression of LepRb (the green
fluorescence) in the NTS and AP of HF rats was alternatively confirmed
using FISH (Supplementary Fig 1a). Interestingly, HF vs chow
decreased LepRb expression in the NTS but not in the AP (Fig. 1f),
which contrasts the TGRS expression pattern (Fig. 1a). With compar-
able pre-experimental body weight but higher food intake in HF vs
chow rats (Supplementary Fig. 10, p), leptin vs. CMC infusion into the
NTS lowered feeding at 24 h in chow but not in HF rats (Fig. 1g, h).
Leptin vs CMC infusion into the AP of chow rats (Supplementary
Fig 1q, r) did not lower food intake despite its LepRb expression
(Fig. 1i)*.

In parallel to the hypothalamus, we first found that leptin vs CMC
infusion into the NTS increased STAT3 phosphorylation (p-STAT3)
without affecting total STAT3 (t-STAT3) protein levels in the NTS tissue
obtained after 30 min administration (Fig. 1j, Supplementary Fig. 1s).
To validate the activation of STAT3 by leptin is selective in the NTS but
not in the immediate nearby regions, we performed immuno-
fluorescence staining of p-STAT3 in brainstem tissue section
(-13.6 mm to -14.1 mm posterior to the bregma, containing both AP
and NTS) obtained at 30 min after NTS leptin administration (Fig. 1k).
The immunohistological images were taken from the left side of the
brainstem region that contain NTS, AP and the central canal (CC).
Leptin vs. CMC administration into the NTS of chow rats increased
p-STAT3 positive (p-STAT3") cell numbers in the NTS but not in the AP
in parallel to increased c-FOS positive (c-FOS") cells (Fig. 1I, Supple-
mentary Fig. 1t, u), indicating that the activation of STAT3 by leptin
infused into the NTS is selective to the NTS.

We inhibited STAT3 with STAT3 peptide inhibitor (STAT3-PI)
to address its necessary role (Supplementary Fig. 1b) by co-
infusing STAT3-PI with leptin into the NTS of chow rats, which nega-
ted the ability of leptin to stimulate STAT3 (Fig. 1j, Supplementary
Fig. 1s) and lower feeding (Fig. 1g), while STAT3-PI alone vs CMC
had no effect (Fig. 1g). Importantly, leptin vs CMC administration
into the NTS of HF rats failed to activate STAT3, increase p-STAT3*
cells and c-FOS* cells (Fig. Im, n, Supplementary Fig 1v-x). These
findings collectively indicate that HF induces leptin resistance and
dysregulates feeding by impairing the ability of leptin to activate
STAT3 in the NTS.

Activation of TGRS by CCDC enhances leptin-LepR-STAT3 sig-
naling in the NTS to lower food intake

To investigate whether TGRS interacts with leptin in the NTS, we
co-infused TGRS agonist CCDC with leptin into the NTS of HF-
induced hyperphagic and leptin resistant male rats (Fig. 1h, m, n,
Supplementary Fig. 10) that had comparable pre-experimental feeding
and weight (Supplementary Fig. 2a-c). CCDC and leptin infusion into
the NTS of HF rats inhibited feeding at 24 h as compared to CCDC
alone (Fig. 2a), while the food intake-lowering NTS effect of CCDC +
leptin or CCDC was stronger compared to leptin or CMC treatment
alone in HF rats, respectively (Fig. 2a). These findings indicate that
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Fig. 1| TGRS agonist CCDC, but not leptin, infusion into the NTS lowers food
intake in HF rats with impaired leptin-STAT3 signaling in the NTS. a Relative
Tgr5 mRNA expression in the NTS and AP of chow (NTS n=9; AP n=7) or HF (NTS
n=6; AP n=6) rats. b Cumulative food intake of NTS CMC (n=12) or CCDC (n=10)
HF rats 24 h after food was given back. ¢ Percentage saccharin preference in HF rats
following IP saline (n = 5) vs. IP LiCl (n =5) and NTS CMC (n=5) vs. NTS CCDC (n=5)
infusion. d Relative PKA activity in the NTS CMC (n=5) or CCDC (n=5) HF rats 3h
after infusion. e Cumulative food intake of AP CMC (n =10) or CCDC (n=10) HF rats
24 h after food was given back. f Relative LepRb mRNA expression in the NTS (n=9)
and AP (n=7) chow or NTS (n=6) and AP (n=>5) HF rats. g Cumulative food intake
in NTS CMC (n=11), STAT3-PI (n =5), leptin (n=11), leptin+STAT3-PI (n =15) chow
rats 24 h after food was given back. h Cumulative food intake of NTS CMC (n=6) or
leptin (n =10) HF rats 24 h after food was given back. i Cumulative food intake of AP
CMC (n=6) or leptin (n=10) chow rats 24 h after food was given back.
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Jj Representative western blot images of p-STAT3, t-STAT3, and GAPDH protein
levels in the NTS of chow rats 30 min after CMC, leptin, or leptin+STAT3-PI 5 min
acute infusion. k Schematic representation of brainstem tissue section for immu-
nohistological and FISH images. | Representative images (scale bar: 100 um) of
immunohistological staining for p-STAT3 with DAPI (top) and cFOS (bottom) in the
NTS of chow rats 30 min after CMC or leptin 5 min acute infusion. m Representative
western blot images of p-STAT3, t-STAT3, and GAPDH protein levels in the NTS of
HF rats 30 min after CMC or leptin 5 min acute infusion. n Representative images
(scale bar: 100 um) of immunohistological staining for p-STAT3 with DAPI (top) and
cFOS (bottom) in the NTS of HF rats 30 min after CMC or leptin 5 min acute infu-
sion. a-f, h, i P values were calculated by two-tailed t tests. g P values were calcu-
lated by one-way ANOVA with Tukey’s multiple comparison. Data presented as
mean + SEM. IP intraperitoneal.

CCDC in the NTS lowers food intake through NTS leptin-dependent
and independent pathways in HF rats. To zoom in on and characterize
the leptin-dependent effect of CCDC, we compared the effect of CCDC
+ leptin vs CCDC alone (independent of leptin) by analyzing the effect
of leptin on STAT3 signaling 3 h after CCDC administration at a point
when CCDC was determined to activate PKA activity in the NTS
(Fig. 1d). We found that CCDC + leptin vs CCDC infusion increased
p-STAT3 levels (Fig. 2b, Supplementary Fig. 2d), p-STAT3" and c-FOS*
cell (Fig. 2c, Supplementary Fig. 2e, f) in the NTS of HF rats. Of note, the
effect of NTS CCDC alone on pSTAT3 levels, p-STAT3" and c-FOS" cells
is minimal to none as compared to the effect of NTS CMC or leptin
alone in HF rats (Fig. Im, n, Supplementary Fig. 1v-x), while the effect

of CCDC + leptin vs CCDC alone on pSTAT3, p-STAT3" and c-FOS* cell
was comparable to the effect of NTS leptin vs CMC in chow rats
(Fig. 1j, I, Supplementary Fig. 1s-u). Taken together, our findings
demonstrate that CCDC enhances leptin-STAT3 signaling selectively in
the NTS.

To study the necessity of TGRS in CCDC interaction with leptin, we
knocked down TGRS expression in the NTS of HF rats by injecting a
lentivirus expressing the short hairpin RNA (shRNA) of rat TGRS
(shTgr5) or mismatch shRNA (shMM) selectively into the NTS via a
bilateral cannulae (3 pL/site in 10 min) (Supplementary Fig. 2a) as
described”. We first confirmed that direct injection (3 plL/site in
10 min) of a lentivirus expressing GFP into the NTS selectively infected
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Fig. 2 | Activation of TGRS by CCDC enhances leptin-LepR-STAT3 signaling in
the NTS to lower food intake. a Cumulative food intake of NTS CMC (n =15; data
replotted from Fig. 1b, h), leptin (n =10; data replotted from Fig. 1h), CCDC (n=10;
data replotted from Fig. 1b) or CCDC+leptin (n=11) HF rats 24 h after food was
given back. b Representative western blot images of p-STAT3, t-STAT3, and GAPDH
protein levels in NTS CCDC 5 min acute infusion, followed by a 3 h wait, then NTS
CMC or leptin 5 min acute infusion, and a subsequent 30 min waiting time in HF
rats. ¢ Representative images (scale bar: 100 pm) of immunohistological staining
for p-STAT3 with DAPI (top) and cFOS (bottom) in NTS CCDC 5 min acute infusion,
followed by a 3 h wait, then NTS CMC or leptin 5 min acute infusion, and a sub-
sequent 30 min waiting time in HF rats. d Relative NTS Tgr5 mRNA expression of
NTS shMM (n=6) or shTgr5 (n= 6) rats. e Relative NTS PKA activity of NTS CMC
shMM (n = 6), CCDC shMM (n = 6), CMC shTgr5 (n=6), or CCDC shTgr5 (n=6) HF
rats, measured 3 h after 5 min acute infusions. f Cumulative food intake of NTS CMC
shMM (n =5), CCDC+leptin shMM (n =10), CMC shTgr5 (n=35), or CCDC+leptin

shTgr5 (n=8) HF rats 24 h after food was given back. g Relative NTS LepRb mRNA
expression of NTS shMM (n = 6) or shLepR (n = 6) rats. h Cumulative food intake of
NTS CMC shMM (n =7), leptin shMM (n=7), CMC shLepR (n=7), leptin shLepR
(n=7) chow rats 24 h after food was given back. i Representative western blot
images of p-STAT3, t-STAT3, and GAPDH protein levels in the NTS of NTS shMM or
shLepR HF rats receiving a NTS CCDC 5 min acute infusion, followed by a 3 h wait,
then NTS leptin 5 min acute infusion, and a subsequent 30 min waiting time.

Jj Cumulative food intake of NTS CCDC+leptin shMM (n = 8) or CCDC+leptin shLepR
(n=8) HF rats 24 h after food was given back. k Cumulative food intake of NTS CMC
(n=15, data replotted from Fig. 1b), STAT3-PI (n=7), CCDC + STAT3-PI (n=11),
CCDC+leptin+STAT3-PI (n = 6), or CCDC+leptin (n=11, data replotted from Fig. 2a)
HF rats 24 h after food was given back. a, e, f, h, k P values were calculated by one-
way ANOVA with Tukey’s multiple comparison. d, g, j P values were calculated by
two-tailed t tests. Data presented as mean + SEM.

(i.e., GFP expressing cells) the NTS and not the nearby AP as compared
to control (Supplementary Fig. 2g). Importantly, shTgr5 vs shMM
injection into the NTS knocked down TGR5 expression by ~60%
selectively in the NTS but not the AP tissues of HF rats as well (Fig. 2d,
Supplementary Fig. 2h). NTS CCDC vs CMC infusion in shMM HF rats
increased PKA activity in the NTS (Fig. 2e) as in non-viral infected HF
rats (Fig. 1d), and this effect of NTS CCDC vs CMC on PKA was blocked
in shTgr5 HF rats, while shTgr5 vs shMM alone did not alter PKA
activity in NTS CMC HF rats (Fig. 2e), indicating that Tgr5 is required
for CCDC to activate PKA in the NTS of HF rats. Importantly, NTS CCDC
+ leptin vs cmc infusion lowered food intake in shMM but not in
shTGRS rats, while NTS shTgr5 vs shMM alone had no effects on
feeding (Fig. 2f, Supplementary Fig. 2j, k). Of note, CCDC + leptin in
shTgr5 HF rats had comparable food intake as in shMM or shTgr5
vehicle infused HF rats indicating that the full (i.e., leptin-dependent
and -independent) effects of CCDC is mediated by Tgr5 in the NTS.
Furthermore, shTgr5 and shMM HF rats had similar food intake effects
compared to NTS CMC non-viral rats (Fig. 1b) that illustrate viral
infection per se did not alter food intake. Thus, these findings
demonstrate that Tgr5 in the NTS is required for CCDC infusion into
the NTS to lower food intake via leptin-dependent and -independent
pathways.

To address the necessary role of leptin receptor and STAT3 in the
effect of TGRS on leptin sensitivity, we first knocked down leptin
receptor by injecting lentivirus expressing shRNA targeting rat LepR
(shLepR) vs shMM into the NTS (Supplementary Fig. 2a). We first
confirmed that LepRb expression was reduced by 40% in the NTS
(Fig. 2g) but not in the AP (Supplementary Fig. 2i) in shLepR vs shMM
rats, and that leptin vs CMC infusion into the NTS of chow rats lowered
food intake in shMM rats (Fig. 2h) as in non-viral infected rats (Fig. 1g).
NTS leptin vs CMC infusion instead failed to lower food intake in
shLepR chow rats with comparable pre-experimental food intake and
body weight (Supplementary Fig. 21, m). Of note NTS shLepR vs shMM
in CMC-infused rats had no effect on feeding (Fig. 2h), altogether
demonstrating that leptin receptor in the NTS is required for leptin to
lower feeding. Importantly, shLepR vs shMM decreased NTS STAT3
activation (Fig. 2i, Supplementary Fig. 2n) and increased food intake in
HF rats that received NTS CCDC + leptin infusion, independent of
changes in pre-experimental feeding and weight (Fig. 2j, Supplemen-
tary Fig. 2j, k). In parallel, we infused STAT3-PI to inhibit STAT3-
signaling in the NTS (Supplementary Fig. 2a). With comparable pre-
experimental feeding and weight (Supplementary Fig. 2b, c), we first
found that STAT3-PI vs CMC alone did not affect food intake in HF rats
(Fig. 2k) as in chow rats (Fig. 1g) nor STAT3-PI altered the feeding-
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lowering effect of NTS CCDC infusion as NTS CCDC + STAT3-PI still
lowered food intake as compared to NTS STAT3-PI alone (Fig. 2k).
However, co-administration of STAT3-PI with CCDC + leptin into the
NTS of HF rats negated the anorectic effect of CCDC + leptin vs CMC
alone (Fig. 2k) that led to comparable food intake in HF rats with NTS
CCDC infusion alone (Supplementary Fig. 20). Taken together, leptin
receptor and STAT3 signaling in the NTS are required for the leptin-
dependent effect of CCDC.

In summary, pharmacological activation of TGRS by CCDC
reverses HF-induced leptin resistance by enhancing leptin-leptin
receptor-STAT3 signaling axis in the NTS.

Activation of TGRS decreases inflammation and leptin signaling
suppressor in the NTS
HF feeding within 1-3 days induces microglial (i.e., the resident mac-
rophages within the central nervous system) inflammation and the
associated cytokines interleukin 6 (IL6) and tumor necrosis factor o
(TNFa) release in the hypothalamus®* 2. Microglial inflammation is
sufficient and necessary for HF to induce hypothalamic leptin resis-
tance partly via increased expression of neuronal leptin-LepRb-STAT3
signaling suppressor such as tyrosine phosphatase 1B (PTP1B) and
suppressor of cytokine signaling 3 (SOCS3)***, thereby potentially
highlighting a paracrine microglia-to-neuron pathway that induces
hypothalamic leptin resistance®. Given that TGRS activation decreases
macrophage/microglial inflammation®®** and inhibits macrophage
inflammation-associated atherosclerosis and insulin resistance***, we
reason that TGRS activation may alter inflammation to regulate leptin
sensitivity in the NTS.

Using NTS tissues that were obtained after the refeeding studies,
HF rats that received NTS CMC infusion had increased Cdé8 (i.e., a
myeloid cell-specific marker for activated microglia) and 116 expression
in the NTS as compared to chow rats (Fig. 3a, b). NTS infusion of CCDC
into the NTS of HF rats lowered Cdé68 and 116 expression in the NTS to
levels seen in NTS CMC chow rats, while NTS CCDC vs CMC infusion in
chow rats had minimal effects (Fig. 3a, b). Tnfa expression was com-
parable among groups (Fig. 3c). NTS CMC HF rats vs NTS CMC chow
rats lowered LepRb expression in the NTS (Fig. 3d), confirming the
effect of HF in non-CMC infused rats (Fig. 1f). CCDC vs CMC had no
effect on LepRb expression in the NTS of HF nor chow rats (Fig. 3d).
However, CCDC vs CMC reduced the expression of Ptplb in the NTS of
HF and chow rats (Fig. 3e) and more importantly prevented HF vs
chow-induced increase in Ptplb expression in CMC rats (Fig. 3e). Socs3
expression remained comparable among groups (Fig. 3f). These find-
ings collectively suggest (and clearly remains to be tested) that the
anti-inflammatory effect of TGRS activation in the NTS may potentially
reverse HF-induced leptin resistance by decreasing Ptplb in the NTS.

To explore the localization of TGRS and LepR on microglia and
neurons, we used fluorescence in situ hybridization (FISH) to co-stain
(i) TGRS or LepR and microglia, (ii) TGRS or LepR and neurons, and (jii)
TGRS and LepR. We counted the TGRS and LepR mRNA expressing
microglia and neuron cells in the same NTS region (Fig. 3g-1) that we
detected STAT3 activation by leptin (Fig. 11). To define a positive cell
count, we ensured that a FISH probe was within a single cell containing
DAPI (Supplementary Fig. 3a-c). For example, in Supplementary
Fig. 3a, we show a single cell with an orange and green fluorescence
illustrating a Tgr5" Aif1" cell (Tgr5" microglial cell). Accordingly, we first
found that among all the Aifl" microglia cells (total 259 + /- 23 cells)
within a NTS section, 51% (131+/-14 cells) of the microglia cells
expressed Tgr5 (Tgr5") and that was significantly higher than 22%
(48 + /-9 cells) of LepR* microglia cells (Fig. 3g, h). The percentage of
LepR* neurons (i.e., Rbfox3" cells) was 43% (133 LepR"Rbfox3" cells /
310 total number of Rbfox3'cells) and that was significantly higher
than 31% Tgr5" neurons (101 Tgr5'Rbfox3" / 328 total number of
Rbfox3*cells) (Fig. 3i, j). Representative images of a Tgr5' or LepR*
Rbfox3" (neuron) cell were depicted in Supplementary Fig. 3b. Lastly,

74% of Tgr5* cells did not express LepR (LepR™ 198 / Tgr5* 270 number
of cells) in the NTS and the number of LepR Tgr5" cells was sig-
nificantly higher than LepR'Tgr5" cells 27% (LepR™ 71 / Tgr5" 270
number of cells) (Fig. 3k, I). Representative images of a LepR" or LepR’
Tgr5" cell were depicted in Supplementary Fig. 3c. Of note, there was
an average of 249 +/-11 Tgr5" cells out of a total of 700 + /- 12 cells
(DAPI) within the NTS region we counted in all our slides (n =11). Other
potential cell types expressing Tgr5 within the NTS include
astrocytes*, although the percentage of them should be relatively low
as there were 131 Tgr5* microglial cells (Fig. 3h) and 101 Tgr5" neurons
(Fig. 3j) as compared to an average of 249 Tgr5" cells within the NTS. In
summary, we found that in the NTS, (i) approximately half of microglia
cells express Tgr5 but only ~22% express LepR, (ii) over 70% of Tgr5*
cells do not co-express LepR, and (iii) HF induced-1l6 and Ptplb
expression were negated by CCDC. Thus, we put forward a working
hypothesis (and clearly remains to be tested) that activation of
microglial Tgr5 in the NTS of HF rats reduces inflammatory cytokine IL-
6 release and neuronal Ptplb expression to enhance leptin-STAT3
signaling and lower food intake via a microglia-neuronal paracrine axis.

Refeeding increases endogenous TGRS agonist DCA in the NTS
of chow but not HF rats, while direct DCA infusion into the NTS
of HF rats activates TGRS to lower feeding

Having detected a sufficient role of TGRS in the NTS for feeding reg-
ulation and its potential link(s) to leptin sensitivity (Figs. 1-3), we finally
explore whether TGRS in the NTS could be regulated by endogenous
bile acids to impact feeding. First, we collected plasma samples and
NTS tissues from chow and HF-induced hyperphagic rats with com-
parable pre-experimental weight that underwent fasting and refeeding
conditions (Supplementary Fig. 4a, b). Unconjugated, taurine-con-
jugated, and glycine-conjugated bile acid levels were measured from
the NTS and plasma samples using ultra-performance liquid
chromatography-coupled time-of-flight mass spectrometry (UPLC-
MS) metabolite profiling. Chow rats refed for 0.5 h vs. fasting increased
total plasma bile acid levels (Fig. 4a) as reported'®*>**, Interestingly, we
found that this refed-induced rise of endogenous plasma bile acid
levels was in parallel to an elevation of plasma TGRS ligands deoxy-
cholic acid (DCA) and hyodeoxycholic acid (HDCA) as well as other bile
acids such as chenodeoxycholic acid (CDCA), and cholic acid (CA), but
not the rest of unconjugated and taurine/glycine-conjugated bile acids
including TGRS ligands taurodeoxycholic acid (TDCA), taur-
ohyodeoxycholic acid (THDCA), glycodeoxycholic acid (GDCA), and
glycolithocholic acid (GLCA)"** (Fig. 4b, Supplementary Fig. 4c, d). In
HF-induced hyperphagic rats, refeeding for 0.5 h vs fasting increased
total plasma bile acid levels (Fig. 4c) and HDCA, CA, ursodeoxycholic
acid (UDCA), and taurochenodeoxycholic acid (TCDCA) but not DCA
and CDCA (Fig. 4d, Supplementary Fig. 4e, f). Of note, DCA is the only
bile acid TGRS ligand whose plasma levels were significantly increased
in chow but not in HF-induced hyperphagic rats after 0.5 h of refeed-
ing (Fig. 4e).

If changes in plasma bile acid levels reflect a progressive change in
bile acid levels in the NTS that impact feeding regulation, the bile acids
in the plasma that are increased by refeeding at 0.5 h would require
time to cross the blood-brain-barrier and accumulate in specific brain
regions such as the NTS. Given that refeeding for 2 h decreases DCA
levels in the hypothalamus of obese vs chow mice as well”?, we decided
to measure the level of bile acids in the NTS (pmol/g of tissue) at 2 h vs
0.5 h after refeeding in chow and HF-induced hyperphagic rats with
comparable body weight (Supplementary Fig. 4a, b) to evaluate for
potential progressive changes of bile acid levels in the NTS incurred by
refeeding. First, we found that refeeding for 2h vs. 0.5h indeed
increased DCA and HDCA levels in the NTS, while CA and a-muricholic
acid (a-MCA) levels were decreased (Fig. 4f, Supplementary Fig. 4g, h),
resulting in comparable total bile acid levels (Fig. 4g). In direct con-
trast, refeeding for 2 h vs 0.5 h in HF rats failed to increase DCA but was
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Fig. 3 | Activation of TGRS decreases inflammation and leptin signaling sup-
pressor in the NTS. Relative NTS Cdé68 (a), 116 (b), Tnfa (c), LepRb (d), Ptplb (e),
and Socs3 (f) mRNA expression of NTS CMC (n=8) or CCDC (n = 6) chow rats and
NTS CMC (n=8 for a-d; n="7 for e, f) or CCDC (n=8 for a-d; n=7 for e, f) HF rats,
measured 24 h after food was given back following 5 min acute infusion.

g Representative images (scale bar: 100 pm; 25 pm for the digital zoomed-in ima-
ges) showing FISH for Tgr5, Aifl, and DAPI or LepR, Aifl, and DAPI in the NTS of HF
rats 30 min after CMC 5 min acute infusion. Digital zooms of the boxed regions are
shown to the left. Arrowheads indicate cells co-expressing Tgr5 or LepR and Aifl.
h Left: Proportion of Aifl* microglia in the NTS that are Tgr5" or Tgr5 and LepR* or
LepR (pie chart). Right: Percentage of Aifl* microglia expressing Tgr5 or LepRin the
NTS (n=3 per group). i Representative images (scale bar: 100 pm; 25 um for the
digital zoomed-in images) showing FISH for Tgr5, Rbfox3, and DAPI or LepR,
Rbfox3, and DAPI in the NTS of HF rats 30 min after CMC 5 min acute infusion.

Digital zooms of the boxed regions are shown to the left. Arrowheads indicate cells
co-expressing Tgr5 or LepR and Rbfox3. j Left: Proportion of Rbfox3" neurons of
NTS that are Tgr5" or Tgr5 and Lepr* or Lepr (pie chart). Right: Percentage of
Rbfox3" neurons expressing Tgr5 or LepR of NTS (n=4 per group).

k Representative images (scale bar: 100 pm; 25 pm for the digital zoomed-in ima-
ges) showing FISH for Tgr5, LepR, and DAPI in the NTS of HF rats 30 min after CMC
5 min acute infusion. Digital zooms of the boxed regions are shown to the left.
Arrowheads indicate Tgr5 expressing cells that are either LepR* (top) or LepR’
(bottom). I Left: Proportion of Tgr5* cells in the NTS that are Lepr* or Lepr (pie
chart). Right: Percentage of Tgr5' cells that are Lepr or Lepr* inthe NTS (n =4).a-fP
values were calculated by one-way ANOVA with Tukey’s multiple comparison; h, j P
values were calculated by two-tailed t tests; I P values were calculated by two-tailed
paired t tests. Data presented as mean + SEM.

able to increase HDCA levels in the NTS as well as inhibiting CDCA but
with no effects on CA, and a-MCA levels in the NTS (Fig. 4h, Supple-
mentary Fig. 4i, j). Total bile acid levels remained comparable as well
(Fig. 4i). Similar to the effect on plasma DCA levels by 0.5 h of refeeding
(Fig. 4e), DCA levels in the NTS were increased by ~2-fold progressively
from 0.5 to 2 h of refeeding in chow but not in HF rats (Fig. 4j). Thus,
refeeding in chow rats progressively increases the level of DCA in the
plasma and the NTS, and the rise of endogenous DCA levels is abol-
ished in HF rats. These findings suggest that (i) a physiological rise of
DCA in the plasma and then the NTS trigger a negative feedback

pathway via the TGRS to lower feeding, and (ii) HF feeding disrupts the
rise of DCA levels in the NTS and subsequently feeding regulation.
To address whether the physiological TGRS ligand DCA regulates
feeding, we infused DCA (7.7 pmol/g, 0.2 ul/site over 5min) into
the NTS of HF rats to mimic the -2.2-fold rise of NTS DCA levels
induced by 2 hs. 0.5 hrefeeding in chow rats that was disrupted by HF
(Fig. 4j), and repeated the feeding studies in HF rats that received
shTgr5 vs. shMM lentiviral administration into the NTS to knockdown
TGRS expression in the NTS (Supplementary Fig. 4k, Fig. 2d). With
comparable pre-experimental food intake and weight in the

Nature Communications | (2025)16:4990


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60331-1

c d e !
15000 -Chow Plasma Chow PI HF PI; HF PI; g ;aitlggo 5 h)
= p=0.0430 5000— ' Fasting “how Plasma 15000 asma 5000 Fasting lasma 2500 _0030989 (0.5h)
H g 3 Refed (0.5 h) g 3 Refed (0.5 h) _ P=0.030
£ z = p=00305 3 = ’
@ S 4000 £ == % 4000 < 2000
H 2< 8 10000 2z K
2 a8 > o [
3 3 2 3000 p=0.0208 p=0.0145 2 22 3000 3 1500 !
s g2 . : 2 zo : <
o 23 20004 ) 4. E 23 2000 P =0:0093 2 1000 - |
b= = Lp=00094 T p=00342 _ . 2 5000 = pooga PO g :
BRI e e o9 R B
0 T — T T 1 0 T T 0 T T
PRI S SN SO o &3 ‘;& o?' GV‘ 0?' 0?' 0?' GV' o?' Chow HF
IS §$ &N & F &S &
TGR5 ligands Qg‘e TGRS ligands
f C S g Chow NTS h HF NTS : HF NTS o Refed (0.5h)
how NT ow 3 Refed (2 h)
— 40 2l =50
20 I 0 pzoss = Refed (0.5 1) 5 "
B 154,-00017 —_ Refed§05h) ° T 15 - [ Refed (2 h) ] o
3 p=0. ] = Refed (2'h) £ ] p=0.0032 E a0 3
2510 . p=0.0064 %30 2510 % £
53 I L ] 8% ﬁﬁ ° re
TE s 1 ﬁlx s BE S aﬁﬁ ﬁ - g 3 2
Se p=0gass P2 ] S3 s 20 : <
£5 2 ‘ 2 58 2 2 8
o . 5 10 o 310
: ucplils 1 M el &
. z
| ] 5
0 T T T T = 0 T T 0 = 0 T T
F X F X K o o ;,? <,\> g‘? cF <,\> g‘? cF o & Chow  HF
¥ S NS TR & RS
TGRS ligands & ® TGRS ligands Q_é“ ¢
k | m
=0.0085 DCA: * + S C g W Girculation
= P2 Leptin: - +  KkDa ccne. N 1
§ 100
E 100 p-STAT3 R ceoc DCA Leptin S
s . 70 shLepR 1
£
3 tSTATS o o w100 ]
i . -70 [ -
50 | e
t G - ’r o Refeeding
NTSO APDH "-_eses .35 \ srATs Pl
F S oo"' « & — —— -
ko) =2 Food intake <—
shMM shTgr5

Fig. 4 | Refeeding increases endogenous TGRS agonist DCA in the NTS of chow
but not HF rats, while direct DCA infusion into the NTS of HF rats activates
TGRS to lower feeding. a Total bile acid levels in the plasma of chow rats during
fasting (n=5) or at 0.5 h after refed (n=5). b Unconjugated bile acid levels in the
plasma of chow rats during fasting (n=5) or at 0.5 h after refed (n = 5). ¢ Total bile
acid levels in the plasma of HF rats during fasting (n = 6) or at 0.5 h after refed
(n=5).d Unconjugated bile acid levels in the plasma of HF rats during fasting (n= 6)
or at 0.5 h after refed (n=5). e DCA levels in the plasma of chow and HF rats during
fasting (chow n=5; HF n=6) or at 0.5 h after refed (chow n=5; HF n=35).

f Unconjugated bile acid levels in the NTS (pmol/g of tissue) of chow rats at 0.5h
(n=6) or 2 h (n=>5) after refed. g Total bile acid levels in the NTS (pmol/g of tissue)
of chow rats at 0.5 h (n = 6) or 2 h (n=5) after refed. h Unconjugated bile acid levels
in the NTS (pmol/g of tissue) of HF rats at 0.5h (n=5) or 2 h (n=6) after refed.

i Total bile acid levels in the NTS (pmol/g of tissue) of HF rats at 0.5h (n=5) or 2h

(n=6) after refed. j DCA levels in the NTS (pmol/g of tissue) of chow and HF rats at
0.5h (chow n=6; HF n=5) or 2h (chow n=5; HF n = 6) after refed. k Cumulative
food intake of NTS saline shMM (n =8), DCA shMM (n = 8), saline shTgr5 (n=7),
DCA shTgr5 (n = 8) HF rats 24 h after food was given back. | Representative western
blot images of p-STAT3, t-STAT3, and GAPDH protein levels in the NTS of HF rats
receiving a NTS DCA 5 min acute infusion, followed by a 3 h wait, then NTS CMC or
leptin 5 min acute infusion, and a subsequent 30 min waiting time. m Illustration of
TGRS and leptin-STAT3 signaling in feeding regulation and associated experimental
approaches. a-d, f-i P values were calculated by two-tailed t tests; e, j, k P values
were calculated by one-way ANOVA with Tukey’s multiple comparison. Data pre-
sented as mean + SEM. DCA deoxycholic acid, HDCA hyodeoxycholic acid, CDCA
chenodeoxycholic acid, CA cholic acid, UDCA ursodeoxycholic acid, a-MCA a-
muricholic acid, B-MCA B-muricholic acid.

NTS shTgr5 vs. shMM lentiviral infected HF rats (Supplementary
Fig. 41, m), DCA vs saline infusion into the NTS lowered food intake
at 24 hin shMM but not in shTgr5 HF rats (Fig. 4k). Of note, NTS shTgr5
vs shMM in saline infused rats had comparable food intake after
24 h refeeding (Fig. 4k). Lastly, DCA + leptin infusion into the NTS of
HF rats as compared to DCA infusion alone activated STAT3 in the
NTS tissues obtained after 30 min of acute bolus leptin infusion
(Fig. 41, Supplementary Fig. 4n), to a similar level seen in NTS leptin
vs saline-infused chow rats (Fig. 1j, Supplementary Fig. 1s). Together
with the fact that NTS leptin vs saline infusion failed to activate STAT3
in HF rats (Fig. Im, n), these findings demonstrate that DCA enhances
the ability of leptin to activate leptin-STAT3 signaling in the
NTS (Fig. 4l). Collectively, our findings indicate that a physiological
activation of TGR5 by an endogenous TGRS5 ligand DCA activates TGRS
in the NTS of HF rats to lower feeding and enhance leptin-STAT3
signaling.

Discussion
In this study, we report that activation of STAT3 in the NTS is required
for leptin to lower feeding in healthy conditions, while high fat feeding
impairs the ability of leptin to activate STAT3 in the NTS and lower
feeding in parallel to inducing hyperphagia, thereby highlighting that
the NTS is a site of leptin resistance. More importantly, we discover
that knockdown of TGRS or leptin receptor selectively in the NTS
negates the ability of TGRS agonist to enhance leptin-STAT3 signaling
in the NTS and lower feeding in HF rats with leptin resistance in the
NTS (Fig. 4m), thereby unveiling activation of TGRS in the NTS is suf-
ficient to reverse leptin resistance to lower food intake.

TGRS agonist infused into the AP of HF rats did not lower feeding.
This contrasting effect of TGRS action in the NTS vs. AP is of great
interest as GLPIR activation in both the NTS and AP lower food intake
while the GLP1 effect in the AP induces aversion™. GDF15 action in the
AP lowers feeding in association with food aversion as well, but leptin
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fails to lower food intake in the AP* and fails to induce aversive
effects'®*. Consistently, CCDC infusion into the AP did not lower food
intake in HF rats, while the food lowering effect of CCDC infusion into
the NTS did not induce conditional taste avoidance suggesting it is
independent of nausea. The opposing effect of HF diet on Tgr5
expression in the NTS vs AP may have led to the differential effect of
CCDC in NTS vs AP. Very little is known of how TGRS expression is
regulated. However, one study documented that exercise increases
TGRS expression in the skeletal muscle by the unfolded protein
response-activated transcriptional regulator Atf6a*®. Given that the
activated hypothalamic unfolded protein response induces hypotha-
lamic leptin resistance in obese mice*’, while HF feeding increases Tgr5
expression in the NTS as currently described, a possibility remains (and
clearly remains to be investigated) that HF activates unfolded protein
response in the NTS to induce TGRS expression to enhance leptin
signaling in HF and/or obese conditions. It is also important to com-
pare the relative contribution of the NTS, AP and arcuate nucleus in
lowering food intake by systemically administering CCDC in HF rats.
Additionally, future studies should assess the potential sex-dependent
central interaction of TGRS with leptin.

Another important aspect of our study is that a physiological rise
in circulating endogenous TGRS ligand DCA levels incurred by
refeeding reflects an elevation in the NTS of chow rats, and that the
elevation of DCA in both the plasma and the NTS is impaired in HF-
induced hyperphagic rats (Fig. 4m). We propose HF feeding disrupts
feeding regulation by inhibiting the physiological rise of endogenous
DCA levels and not TGRS signaling in the NTS as direct administration
of DCA into the NTS of HF rats lowers feeding, thereby highlighting the
therapeutic potential and physiological relevance of TGRS agonism in
the NTS to lower feeding (Fig. 4m). In parallel, studies have docu-
mented that changes in gut microbiome are sufficient and necessary
for metformin to alter bile acid levels in the gut and subsequently the
plasma to regulate systemic metabolism as microbes express bile salt
hydrolase that catalyzes bile acid metabolism and therefore alter bile
acid composition*°*, We put forward a working hypothesis (and
clearly warrants investigations) that HF diet induces changes in gut
microbiome that are sufficient and necessary to alter DCA levels and
eventually lead to the inability of refeeding to increase DCA in the gut
->plasma->NTS and trigger a negative feedback pathway by activating
TGRS in the NTS to maintain energy homeostasis.

Future investigations using cell-specific genetic loss-of-function
approaches targeting TGRS in the microglia and leptin receptor in
neurons in vivo are needed to address whether microglial TGRS acti-
vation alters cytokine release to neurons to alter Ptplb expression and
impact neuronal leptin receptor-STAT3 signaling to lower feeding via a
paracrine microglia-neuronal axis. Additionally, demonstrating if TGRS
agonism can sensitize LepRb in the NTS of obese rodents to lower food
intake would help elucidate the translational and therapeutic potential
of targeting central TGRS to combat obesity.

The mechanisms that underlie the ability of TGR5 and GLPIR
activation in the NTS to lower feeding may differ as the TGR5 agonist
effect in the NTS enhances leptin signaling as currently reported, while
the effect of whole-body or lateral ventricle administration of GLPIR
agonist is leptin-independent™ in rats. The difference of leptin-
dependency in TGRS vs GLPIR brain action raises the possibility that
combined activation of TGR5 and GLPIR in the NTS may additively or
synergistically reduce feeding and weight in obesity as compared to
either TGRS and GLPIR alone, and that the selective activation of both
TGR5 and GLPIR in the NTS could bypass AP-dependent nausea as well.
Lastly, it would be important to explore the relative contribution of
NTS vs hypothalamic TGR5 and GLPIR on feeding regulation with
concurrent targeted selective knockdown of TGR5 and/or GLPIR in the
NTS and/or hypothalamus as both hypothalamic TGRS and GLPIR
regulate feeding as well>">%%%,

In conclusion, we discover that pharmacological activation of
TGRS in the NTS with TGRS agonist reverses HF-induced leptin resis-
tance by enhancing leptin-leptin receptor-STAT3 signaling axis in the
NTS to lower food intake in male rats. We additionally report that
refeeding increases endogenous TGRS ligand DCA levels in the plasma
and then in the NTS in chow but not in HF rats, while direct infusion of
DCA into the NTS of HF rats lowers food intake, further strengthening
the physiological relevance and therapeutic potential of targeting
TGRS in the NTS to lower food intake in vivo.

Methods

Animals

Male Sprague-Dawley rats (Charles River Laboratories), of age
8-10 weeks weighing 300-320 g, were used in the study. Rats were
housed in individual cages at 23 °C, subjected a standard 12/12 h dark/
light cycle, lights go on at 6AM and turn off at 6PM, and had ad libitum
access to water and a RC diet (Teklad Diet 7012, Envigo). The chow diet
containing 17% fat, 25% protein, and 58% carbohydrate content
(3.1kcal/g total metabolizable energy). All animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee at the UHN in accordance with the Canadian Council on
Animal Care guidelines.

Sex as a biological variable

Male rats were used in this study because we have a well-established
3 d high-fat diet model of hyperphagia, central leptin and insulin sig-
naling resistance that is independent of weight gain using male
Sprague-Dawley rats®®°., It is unknown if the findings of this study are
applicable to female rats.

Surgical procedures

After 2 days of acclimation to animal facility, the rats were anaes-
thetized (ketamine, 60 mg/kg; xylazine, 8 mg/kg) and brain cannula-
tion surgeries were performed. For the NTS-targeted cannulation
surgery, a bilateral 26-gauge stainless steel guide cannula (C235G,
Plastics One Inc.) was stereotaxically implanted into the NTS via
coordinates (0 mm on the occipital crest, 0.4 mm lateral to the mid-
line, 7.9 mm below the cranial surface) as described. For the AP-
targeted cannulation surgery, a single 26-gauge stainless steel guide
cannula (C315G, Plastics One Inc.) was stereotaxically implanted into
the AP via coordinates (0.3 mm posterior the occipital crest, 0.0 mm
lateral to the midline, 7.9 mm below the cranial surface) as described.
For the mediobasal hypothalamus (MBH)-targeted cannulation sur-
gery, a bilateral 26-gauge stainless steel guide cannula (C235G, Plastics
One Inc.) was stereotaxically implanted into the MBH via coordinates
(3.1mm posterior to the bregma, 0.4 mm lateral to the midline, 9.6 mm
below the cranial surface) as described®. Post-surgical food intake and
weight were monitored for 5 days leading up to the experiments, and
rats that did not attain at least 90% of their pre-surgical weight were
excluded. Despite including rats that were fully recovered from sur-
gery, future studies await to validate these studies with longer surgical
recovery times.

Lentiviral infection

For the NTS lentiviral infection, after the NTS-targeted cannulation
surgery and while the rats were still anaesthetized, lentivirus (1.0 x 10°
IFU) expressing shTGRS (sc-270404-V), shLepR (sc-270697-V, Santa
Cruz Biotechnology Inc.), or shMM (sc-108080, Santa Cruz Bio-
technology Inc.) was injected via the NTS bilateral cannula (3 pl/site
over 10 min)®, The injection cannula was left within NTS for additional
5 min to prevent the backflow of the lentivirus, and dummy cannula
was inserted and secured with dust caps. To verify targeted viral
infection of the NTS we used GFP lentivirus (sc-108084, Santa Cruz
Biotechnology Inc.) using the same infectious units (1.0 x 10° IFU) and
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injection rate (3 pl/site over 10 min) as our shRNA lentivirus knock-
down studies.

Short-term HF model

On the 2nd day after brain cannulation surgeries, rats were given HF
diet with 10% lard oil (57IR, TestDiet) containing 34% fat, 22% protein,
and 44% carbohydrate (3.9 kcal/g total metabolizable energy) for
3 days. Less than 5% of the rats did not develop hyperphagia and were
excluded.

Feeding study with brain reagent infusion

On the 5th day after brain cannulation surgeries, food was removed
from 8 AM to 4 PM during the daytime and was returned at 4 PM after a
one-time infusion (0.04 pL/min, 5 min, 0.2 pL/site) of reagent into the
NTS, AP, or MBH via the brain cannula, while the pre-experimental
food intake and weight were monitored, respectively, before food
removal and brain infusion. The accumulative food intake was mea-
sured at 24 h after food was given back. At the end of the experiments,
while the rats were anesthetized, the AP and NTS tissue samples were
collected separately for further analysis. CCDC (ab142091, Abcam) was
dissolved firstly in DMSO and then in 1% CMC. Assuming a 10 times
dilution for CCDC when infused into the brain, we originally gave
CCDC (10 pM) at the concentration of 10 times EC50° but found that
CCDC at this concentration in the NTS did not lower food intake in HF
rats (CMC 111.2 + 1.4 kcal n=12; CCDC 113.1+6.6 n=8). Given that
CCDC administered at 5 pg/pL (equivalent to 13.85 mM) in the hypo-
thalamus lowers feeding in obese mice, we increased the CCDC con-
centration to 100 times EC50 (100 pM) and found that CCDC infused at
100 uM in the NTS lowered feeding in both chow and HF rats
(Fig. 1b, d). Leptin (497-LR, R&D Systems) was dissolved firstly in 0.9%
saline and then with/without CCDC (final CCDC concentration 100 pM)
in 1% CMC to the concentration of 153 uM (equivalent to 0.5 pg/site) as
this amount of leptin infused into the hypothalamus or NTS lowers
food intake***%, STAT3-PI (Cell-Permeable; 573096, Sigma-Aldrich)
was dissolved firstly in 0.9% saline and then with/without leptin (final
leptin concentration 153 uM) in 1% CMC to the concentration of 20 pM
(4 pmol/site) which is based on a previous study using STAT3-PI that
negated leptin action®. DCA (30960, Sigma-Aldrich) was dissolved
firstly in 0.5% DMSO and then in 0.9% saline to a final concentration of
192 nM. The reason we infused DCA into the NTS of HF rats at this
concentration at 0.2 ul/site over 5 min was because infusing DCA at this
concentration would deliver 7.7 pmol of DCA per gram of NTS tissue
and elevate DCA levels in the NTS of HF rats by -2.2 fold (similar to what
is seen after 2 h of refeeding in chow rats Fig. 4j). Chicago Sky Blue 6B
(31542, Cayman) was infused into the NTS, AP, or MBH at the same rate
as other reagents. 50 um coronal brain sections from perfused rats
were mounted on slides, and selective injection sites were confirmed
using the Zeiss Axio Imager in brightfield mode. A potential limitation
was that we replotted control groups in Fig. 2a, k and in their respec-
tive Supplementary Fig. panels (Supplementary Fig. 2b, ¢ and o).

Leptin signaling study

On the 5th day after NTS cannulation surgeries, food was removed
from 8 AM to 4 PM during the daytime. CMC/CCDC (100 pM) pre-
treatment (0.04 pL/min, 5 min, 0.2 pL/site) was given via NTS cannula 3
h prior to the leptin infusion at around 1 PM if needed. At 4 PM, CMC/
STAT3-PI (20 pM)/leptin (153 pM)/leptin (153 pM) + STAT3-PI (20 uM)
was given via the NTS cannula (0.04 pL/min, 5min, 0.2 pL/site). At
30 min after leptin infusion, the rats were sacrificed for NTS tissue
collection or were subjected to brain perfusion for histological
analysis.

Tissues collection
At the end of the studies, the rats with brain cannulation were anes-
thetized (ketamine, 90 mg/kg; xylazine, 10 mg/kg) and injected with

2-3 pL/site bromophenol blue over 20-30 sec through the cannula to
verify the correct placement of the cannula. Rats were euthanized by
decapitation, and those that showed injection of dye beyond the cor-
rect NTS, AP, or MBH location were excluded from the studies. The AP
and NTS tissue samples were collected separately, as previously
described”*’. Once the whole brain was harvested from the anaes-
thetized rats via decapitation, the cerebellum was lifted to expose the
caudal part of the brain. Then, the whole brain was isolated from the
skull, bathed in ice-cold PBS, and placed on a metal plate cooled by dry
ice. The dorsal vagal complex was obtained by cutting from the point
of the obex to the end of the vagal triangle, and a micro knife was used
to isolate the AP and NTS tissues, guided by a rat brain atlas as well as
with visual assistance from markers such as the cuneate nucleus and
central canal. All tissues were immediately frozen in liquid nitrogen
and stored at —80 °C for future analysis.

Histological analysis

The rat brain perfusion was performed on rats that were anesthetized
(ketamine, 90 mg/kg; xylazine, 10 mg/kg), followed by transcardial
infusion with ice-cold PBS and then 4% paraformaldehyde. After per-
fusion, the rats were euthanized by decapitation, and the brain was
isolated and was immersed in 4% paraformaldehyde overnight at 4 °C.
The brain immersions were repeated with 10%, 20%, and 30% sucrose
in PBS, and the brain stem containing dorsal vagal complex was cutoff,
embedded into the Tissue-Tek O.C.T Compound (4583, Sakura Fine-
tek), frozen in liquid nitrogen, and stored at -80 °C. Brain stem coronal
sections (10 pm) were cut with a cryostat (Leica CM1950, Leica
Microsystems) starting from the medial NTS (-12.96 mm posterior to
the bregma) to the obex (-14.4 mm posterior to the bregma) based on
the rat brain stereotaxic coordinates®®, and the brainstem tissue sec-
tions containing intact AP and NTS were selected from -13.6 mm to
-14.1mm posterior to the bregma to perform immunofluorescent
staining and FISH (Fig. 1k).

For pSTAT3 and cFOS immunostaining, tissue sections were
sequentially incubated in base (1% NaOH with 1% H,0,), 0.3% glycine,
and 0.3% SDS unmasking solution in PBS for 10 min. Sections for
pSTAT3 were then incubated in blocking solution (1% Triton X-100 and
5% donkey serum in PBS) for 1h at room temperature, while cFOS
sections were incubated in blocking solution (1% Triton X-100 and 5%
BSA in PBS) for 1h at room temperature. Afterwards, sections were
incubated overnight at 4 °C with either anti-pSTAT3 (Tyr705) Ab (9131,
Cell Signaling; 1:100) or cFOS mAb (9F6, 2250, Cell Signaling; 1:1000),
followed by 3 washes in PBS.

For pSTAT3 detection, sections were incubated for 2 h at room
temperature with Alexa Fluor 488-conjugated donkey anti-rabbit IgG
secondary antibody (A-21206, Thermo Fisher Scientific) and DAPI,
followed by 3 additional PBS washes. For cFOS detection, sections
were incubated for 2 h at room temperature with a biotinylated anti-
rabbit IgG secondary antibody from the VECTASTAIN ABC peroxidase
kit (PK-4001, Vector Laboratories), followed by 30 min in the ABC
complex. The antigen was visualized using DAB (3,3’-diaminobenzi-
dine) peroxidase substrate (SK-4105, Vector Laboratories), producing
a brown stain. Immunostaining images were acquired using either an
Olympus BX51WI microscope equipped with a QImaging Retiga 2000R
digital camera or a Zeiss Axio Imager with a CCD camera and ZenPro
3.5 software.

The FISH was performed using the RNAscope Multiplex Fluor-
escent Kit v2 (UM323100, ACD; Advanced Cell Diagnostics). The sec-
tions were pretreated based on the manufacturer’s instructions with
the experimental condition optimizations as: boiling slides for 3 min in
target retrieval buffer instead of 5 min; using Protease IlI for digestion
at 40 °C for 15min instead of 30 min. The sections were hybridized
with probes detecting rat TGR5 (Rn-Gpbar, 316731-C1, ACD), rat Lepr
(Rn-Lepr, 415951-C2, ACD), rat Aifl (Rn-Aifl, 457731-C3, ACD), and rat
Rbfox3 (Rn-Rbfox3, 436351-C3, ACD) mRNAs. Of note, the rat LepR
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probes we used targeted all the LepR isoforms, as ACD does not pro-
vide LepRb specific probes. Negative and positive controls were pro-
cessed in parallel with the target probes to ensure tissue RNA integrity
and optimal assay performance. Following hybridization, probes were
labeled with TSA fluorescent dyes (Vivid 650 for Lepr or TGRS, and
Vivid 570 for Aifl or Rbfox3). After DAPI incubation, the slides were
coverslipped with ProLong Gold Antifade Mountant (P36930, Thermo
Fisher Scientific). The fluorescent images were captured using a Zeiss
Axio Imager and ZenPro 3.5 software.

The fluorescent images were captured from the left side of
brainstem region containing NTS, AP and central canal at consistent
magnification, illumination, and exposure time. Photoshop (Adobe)
was used to uniformly adjust brightness and contrast, and the counter
tool was used to quantify the cell numbers. The quantification was
performed in the consistent region of NTS for all the immuno-
fluorescent staining and FISH images (Fig. 1k). For immunofluorescent
staining, the p-STAT3 fluorescent signaling overlay with DAPI was seen
as p-STAT3" cells. The fluorescent puncta of FISH signaling from a gene
probe within the DAPI staining were considered as the gene
expressing cells.

Calculation of FISH ratios: To compare the proportion of Tgr5’/
microglia (Aifl") to LepR*/microglia (Aifl") we ensured that in each
section there were comparable numbers of microglia (Aif1*) cells. To
determine the ratio, we calculated the Tgr5" microglia or LepR"
microglia cells to the total number of microglia present in these sec-
tions, this is reported in Fig. 3h. A similar calculation was done to
report neurons expressing Tgr5 or LepR in Fig. 3j. In Fig. 31 we calcu-
lated the total number of Tgr5" cells and then determined how many
Tgr5" cells are LepR* or LepR' to provide the ratio reported.

Western blot analysis

NTS tissue samples (~10 mg) were collected from rats that were
anesthetized (ketamine, 90 mg/kg; xylazine, 10 mg/kg), then eutha-
nized by decapitation. Tissues were homogenized for 3 min in 200 pL
of RIPA lysis buffer (9806, Cell Signaling) with PMSF (1 mM) using a
tissue homogenizer and were centrifuged at 12,500 g for 10 min at 4 °C
to take the supernatant from the samples. The protein concentration
within the sample supernatants was determined using the Pierce BCA
protein assay kit (23225, Thermo Fisher Scientific), and 15 pg protein
was subject to electrophoresis on SDS-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membranes. The
membranes were incubated with blocking buffer (10% bovine serum
albumin in TBST) at room temperature for 1h, followed by incubation
in the primary antibodies (as indicated below) diluted in the blocking
buffer at 4 °C overnight. The membranes were washed for 4 times with
TBST and incubated with the HRP-conjugated anti-rabbit IgG second-
ary antibody (7074, Cell Signaling; 1:4000) diluted in 5% skim milk at
room temperature for 1.5 h. Finally, the membranes were washed with
TBST for another 4 times, and the blot signaling was detected using
Clarity Western ECL Substrate (1705060, Bio-Rad). Immunoblots were
imaged using an image system (ChemiDoc Imaging system, Bio-Rad),
and protein levels were quantified by Image]J 1.53 (National Institute of
Health). For the primary antibody incubations, the membranes were
firstly incubated with the anti-p-STAT3 (Tyr705) mAb (D3A7, 9145, Cell
Signaling; 1:1000) and the anti-GAPDH mAb (14C10, 2118, Cell Signal-
ing; 1:2000). After imaging, the membranes were stripped of the
antibodies with Restore Plus western blot stripping buffer (46430,
Thermo Fisher Scientific) and were incubated again with the anti-
STAT3 mAb (79D7, 4904, Cell Signaling; 1:1000) after re-blocking.

Quantitative PCR analysis

NTS (-10mg) and AP (-1mg) tissue samples were collected
from rats that were anesthetized (ketamine, 90 mg/kg; xylazine,
10 mg/kg), then euthanized by decapitation. Tissues were weighed,
added to lysis buffer, and then homogenized. RNA was isolated using

the PureLink RNA Mini Kit (12183025, Thermo Fisher Scientific) and
was subjected to DNase I digestion. Then, RNA was quantified by
measuring the absorbance at 260 and 280 nm (Cytation 5, BioTek
Instruments), and cDNA was generated using 2 mg of RNA and the
SuperScript Vilo cDNA Synthesis Kit (11754050, Thermo Fisher Sci-
entific). Quantitative PCR was performed using TagMan Gene
Expression master mix (4369016, Thermo Fisher Scientific) and
TagMan primers (Thermo Fisher Scientific) for rat ribosomal protein
18s (assay identifier Rn01428913 gH), rat Tgr5 (assay identifier
Rn01400316_s1), rat Leprb (assay identifier Rn00664624 m1)>*, rat
Cdé68 (assay identifier Rn01495634 gl), 116 (assay identifier
Rn01410330_m1), Tnfa (assay identifier Rn99999017_ml), Socs3
(assay identifier Rn00585674 s1), and Ptplb (assay identifier
Rn01423685_m1) using a quantitative PCR machine (QuantStudio 7
Flex; Applied Biosystems). Relative gene expression was normalized
to rat ribosomal protein 18 s as the reference gene using the com-
parative cycle threshold method.

PKA Kkinase activity measurement

The NTS tissue samples were weighed (-10 mg) and were homo-
genized in lysis buffer (5 puL/mg). The supernatant was collected and
further diluted for 1000 times. PKA kinase activity was measured using
the PKA Kinase Activity Assay Kit (ab139435, Abcam).

Bile acid analysis

Plasma and NTS tissue samples for bile acid measurement were
obtained from the anesthetized rats that had fasted from 8 AM to 4 PM
and that had been refed for 0.5 or 2 h after fasting. Plasma was
obtained via cardiac puncture, and 50 uL of plasma samples was
extracted by adding 310 pL methanol (containing 0.1% ammonium
hydroxide, and 5 ng chlorpropamide as an internal standard) and then
centrifuged (16,000 g, 10 min) to collect supernatant (200 pL). NTS
(-10 mg) tissue samples were accurately weighed and homogenized in
100 pL double-distilled water. After adding 310 uL methanol (con-
taining 0.1% ammonium hydroxide, and 25 ng chlorpropamide as an
internal standard), the samples were centrifuged (16,000 g, 10 min) to
obtain supernatant (300 pL).

Bile acids were quantified with an Ekspert ultra liquid chromato-
graphy 100 coupled with an AB SCIEX Triple TOF 5600 with an ESI
source. For liquid chromatography separation, Waters XBridge Pep-
tide BEH C18 column (100 mm x 2.1 mmi.d., 3.5 pm) at 40 °C and a flow
rate of 0.4 ml/min was used. The solvent of the mobile phase was a
mixture of 0.1% formic acid and 10 mM acetic acid amine in water (A)
and 0.1% formic acid in 80% methanol and 20% acetonitrile (B). The
gradient flow was first set at 35% B for 0.5 min, linearly increased to
60% B during the next 2.5 min, linearly increased to 80% B during the
next 7 min, linearly increased to 90% B during the next 6 min, linearly
decreased to 35% B during the next 4.5 min and maintained at this
composition for an additional 2.5 min. The injection volume was 5 pL.
The m/z range was set at 200-800Da for TOF MS scans and
50-800 Da to produce ion scans in auto MS/MS acquisition. Raw data
was processed using the PeakView 1.2 and MultiQuant 2.1 software
based on the m/z value and the sample retention time.

Conditional Taste Avoidance test

NTS-cannulated rats were fed a HFD for 3d before undergoing a
conditional taste avoidance test as described®. Rats were habituated
to 1 h daily access to water, with two bottles of unflavored water placed
in each cage for 5 d. On day 6, all rats received two bottles containing
0.1% saccharin (Sigma-Aldrich, 109185-250 G) instead of water. Imme-
diately after 1h saccharin exposure, rats received an NTS infusion of
CCDC or CMC at the same dose and infusion rate as feeding studies
(0.04 uL/min, for 5 min). Another cohort of rats on this training para-
digm received an intraperitoneal injection of LiCl (22 mg/kg) (Fisher
Scientific, L121-100) or saline as positive and negative controls,
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respectively. The following day, rats were given 1h access to two
bottles of water. On the next day, they underwent a two-bottle choice
test, where they had 1h access to both water and 0.1% saccharin
solution. The position of the two bottles were switched on the second
day of the choice test to counterbalance any side preference. Saccharin
and water intake were measured and the percentage of saccharin
intake relative to total fluid intake was reported.

Statistical analysis

Statistical analyses were performed using Prism 8.0 (GraphPad Soft-
ware). Student t test (two-sided with 95% confidence level) was used to
compare two groups. One-way ANOVA with Tukey post hoc test was
performed for more than two groups with single variable, and two-way
ANOVA with Tukey post hoc test was performed when there were more
than two groups with two variables. Differences were considered sig-
nificant at P <0.05, and all results were presented as mean + SEM.

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

Data availability
All the relevant data are available from the authors on request and/or
are included within the manuscript and supplemental materials.
Source data has been included with this paper. Source data are pro-
vided with this paper.
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