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Hypothalamic SLC7A14 accounts for aging-
reduced lipolysis in white adipose tissue of
male mice
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% Check for updates The central nervous system has been implicated in the age-induced reduction

in adipose tissue lipolysis. However, the underlying mechanisms remain
unclear. Here, we show the expression of SLC7A14 is reduced in proopiome-
lanocortin (POMC) neurons of aged mice. Overexpression of SLC7A14 in
POMC neurons alleviates the aging-reduced lipolysis, whereas SLC7A14 dele-
tion mimics the age-induced lipolysis impairment. Metabolomics analysis
reveals that POMC SLC7A14 increased taurochenodeoxycholic acid (TCDCA)
content, which mediates the SLC7A14 knockout- or age-induced WAT lipolysis
impairment. Furthermore, SLC7A14-increased TCDCA content is dependent
on intestinal apical sodium-dependent bile acid transporter (ASBT), which is
regulated by intestinal sympathetic afferent nerves. Finally, SLC7A14 regulates
the intestinal sympathetic afferent nerves by inhibiting mTORCI signaling
through inhibiting TSC1 phosphorylation. Collectively, our study suggests the
function for central SLC7A14 and an upstream mechanism for the

mTORCI1 signaling pathway. Moreover, our data provides insights into the
brain-gut-adipose tissue crosstalk in age-induced lipolysis impairment.

Obesity is a multifactorial chronic disease that is closely related to
age'. Increased fat accumulation in older people is accompanied by

neurons®. Recent studies have shown that the neuronal activity of
POMC can regulate WAT lipolysis'®. It is well known that central reg-

age-induced reduction in white adipose tissue (WAT) lipolysis*’.
Adipocyte lipolysis is the hydrolysis of intracellular triacylglycerol
into glycerol and fatty acids under the action of lipase. Age-induced
reduction in lipolysis is caused by multiple factors***~. The periph-
eral microenvironment of WAT, such as inflammation, plays an
important role in this process**®. In addition, the central nervous
system (CNS) contributes to lipolysis reduction with age**'°. The
hypothalamus is a key brain region involved in age-dependent
obesity’. The arcuate nucleus (ARC) of the hypothalamus mainly
contains two types of neurons, namely, agouti-related peptide/neu-
ropeptide Y (AGRP/NPY) neurons and proopiomelanocortin (POMC)

ulation of WAT lipolysis is mediated by direct activation of the sym-
pathetic nervous system (SNS) in WAT?™, There are some factors
such as norepinephrine (NE), released at the nerve terminal, binds to
B-adrenergic receptors, and increases intracellular levels of cyclic
adenosine monophosphate (cAMP), which drives the phosphoryla-
tion of protein kinase A (PKA)-dependent lipase to complete
lipolysis®. There are other manners to regulate lipolysis, such as via
affecting inflammatory factors in macrophage'® or hormones” 2.
Recent studies have identified some metabolites as regulators of
lipolysis'®*; however, it is unclear whether metabolites can mediate
the effects of the CNS on lipolysis.
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Several hypothalamic signaling are shown to be important for
lipolysis control. For example, in hypothalamus of aged mice, hypo-
thalamic IkB kinase-f3 (IKKB) and nuclear factor-kB (NF-kB) signaling is
activated”, while autophagy and sirtuin-1 (SIRT1) signaling is
suppressed”. Elderly mice with splicing factor 1 (SF1) deficiency in the
hypothalamic ventromedial nucleus showed a significant increase in
the fat weight'®. In addition, the hypothalamic mechanistic target of
rapamycin (mTOR) kinase signaling pathway is strongly associated
with age-dependent obesity’. mTOR is a master regulator of cell
growth and metabolism®** that forms two complexes with different
structures and functions, namely, mTORC1 and mTORC2. Both
mTORCI and mTORC2 signaling pathway are shown to be related to
age-dependent obesity®”. For example, recent studies have shown
that the activation of mTOR in hypothalamic POMC neurons of aged
mice results in the silencing of POMC neurons due to the activity of the
ATP-sensitive potassium (Karp) channel*’. Injection of the mTOR
inhibitor rapamycin into the brain of aging mice causes weight loss.
Loss of mMTORC2 in POMC neuron increased fat mass of aged
mice”.The tuberous sclerosis complex (TSC), a GTPase activating
protein (GAP) consisting of the TSC1 and TSC2, is a negative regulator
of mTORCI*. Knockout of TSCI in POMC neurons of young mice
leads to obesity and silencing of POMC neurons, whereas the absence
of TSC1 in AGRP neurons does not affect neuronal excitability
or body weight>’. However, the role of mTOR signaling and the reg-
ulatory mechanism in age-induced reduction in lipolysis remain poorly
understood.

Solute carrier family 7 member 14 (SLC7A14) is a lysosomal
membrane protein”*, It has been indicated in the regulation of retina
function”, auditory neuropathy®, as well as insulin resistance®®,
demonstrated by using global or tissue specific knockout mice.
SLC7A14 is expressed in different tissues, most abundantly in the
CNS?, but its central role is unclear. Based on the fact that mTORC2
activity is regulated by SLC7A14%® and its subcellular location is on
lysosome?®, where mTORCI activity significantly affected™, it is possi-
ble SLC7A14 functions as upstream regulator for mTOR. Because the
hypothalamic mTOR signaling pathway is strongly associated with age-
dependent obesity’, we speculated that hypothalamic SLC7A14 may
play an important role in the aging-related increase in the fat mass via
mTOR pathway. The aim of the current study was to investigate this
hypothesis and explore the underlying mechanisms.

In this work, we demonstrate an important role for SLC7A14/
mTORCI1 signaling in POMC neurons in regulating age-induced
reduction in lipolysis. Our findings show that POMC SLC7A14/
mTORCI signaling regulates lipolysis through TCDCA, without relying
on the SNS in WAT, which is a new way of central regulation of lipolysis
and upstream regulation of bile acids. Furthermore, our findings reveal
the underlying mechanisms of the regulation of mTORCI by SLC7A14.
These results expand the understanding of the regulation of age-
induced lipolysis impairment by the brain-gut-adipose tissue axis,
provide insights into upstream regulation of bile acids.

Results

SLC7A14 expression is decreased in hypothalamic POMC neu-
rons of aged mice and overexpression of SLC7A14 in POMC
neurons alleviates age-induced reduction in WAT lipolysis
SLC7A14 is highly expressed in the central nervous system*?’, To
clarify the distribution of SLC7A14 expression in brain, we examined its
expression in different brain regions, and found the expression of
SLC7A14 in hippocampus (HPO) and hypothalamus (HY) is higher than
expression in cortex (COR), amygdala (AMY) and cerebellum (CB)
(Fig. S1a). To elucidate the role of SLC7A14 in CNS in the regulation of
lipolysis of adipocytes during aging, we examined the expression of
SLC7A14 in the HPO and HY of young and aged male mice, and found
that SLC7A14 expression did not change in the hippocampus (Fig. S1b),

but significantly decreased in the hypothalamus of aged mice (Fig. 1a),
especially in the hypothalamic ARC (Fig. 1b).

Based on these results, we speculated that the decreased
expression of SLC7A14 might play a role in aging-related metabolic
phenotypes. Therefore, we examined the effect of SLC7A14 knock-
down by injecting SLC7A14 /* male mice with adeno-associated
virus expressing Cre (+ AAV-Cre) or green fluorescent protein (GFP; -
AAV-Cre) in the hypothalamic ARC. The knockdown of SLC7A14 in
the ARC, which was confirmed by measuring SLC7A14 mRNA and
protein levels, did not change the body weight, but significantly
increased body fat mass (Figs. Slc-g). Consistently, the weights of
subcutaneous WAT (sWAT) and epididymal WAT (eWAT), but not
that of brown adipose tissue (BAT), were increased (Fig. S1h). His-
tological analysis of SWAT showed that knockdown SLC7A14 in the
ARC significantly enlarged the adipocyte size (Figs. S1i, j), but had no
effect on SWAT cell numbers as determined by DNA content analysis
(Fig. S1k). Next, we examined different processes of lipid metabolism
in SWAT and found that the levels of phosphorylated hormone sen-
sitive lipase (HSL), the rate-limiting enzyme for triglyceride lipolysis
were significantly decreased, while those of other proteins related
to fat metabolism, such as fatty acid synthase (FAS), CD36
Molecule (CD36), and carnitine palmitoyltransferase la (CPTla)
did not change in sWAT of ARC SLC7Al4 knockdown mice
compared with those of control mice (Fig. S1lI). Glycerol release
analysis of SWAT further confirmed that the knockdown of SLC7A14
in the ARC significantly impaired lipolysis (Fig. SIm). In addition, the
knockdown of SLC7A14 in the ARC did not change the expression of
uncoupling protein 1 (UCP1) and histological analysis of BAT, as well
as the rectal temperature (Figs. SIn-q). Furthermore, the daily food
intake did not change in ARC SLC7A14 knockdown mice compared
with that in control mice (Fig. SIr). These results suggest that the
knockdown of SLC7A14 in the ARC mimics age-induced reduction in
WAT lipolysis.

The ARC of the hypothalamus mainly includes AgRP neurons and
POMC neurons". We explored the cell specific expression of SLC7A14
in the hypothalamus using single-cell RNA seq (GSE188646). We found
that SLC7A14 was mainly expressed in neurons defined by co-
expression with Sytl (Figs. S2a-c). Further analysis showed that
SLC7A14 was widely expressed in the neurons of hypothalamus,
including AgRP and POMC neurons (Figs. S2d-f). To further clarify
which neuron mediates the role of SLC7A14 in the ARC, aged AgRP-Cre
or POMC-Cre male mice were injected with Cre-dependent AAV
expressing SLC7A14 (+AAV-SLC7A14) or mCherry fluorescent protein
(- AAV-SLC7A14) in AgRP or POMC neurons. The overexpression of
SLC7A14 in AgRP neurons did not reverse aging-attenuated lipolysis, as
demonstrated by an increase in the fat mass and inhibition of WAT
lipolysis in aged mice, which was inconsistent with the effect of
SLC7A14 in the ARC (Fig. S3). Next, we investigated the role of POMC
SLC7A14 in lipid metabolism. SLC7A14 expression was decreased in
hypothalamic POMC neurons of aged mice (Fig. 1c), which was con-
sistent with the changes in the ARC (Fig. 1b). The overexpression of
SLC7A14 in POMC neurons (SPOE) in aged mice decreased the fat
mass, but not the lean mass, and reduced the weight of tissues,
including SWAT and eWAT (Fig. 1d-g). Consistently, the size of adi-
pocytes was much smaller in SPOE mice, associated with increased
levels of p-HSL and p-PKA substrates, higher glycerol release ability
and higher cAMP levels in SWAT (Fig. 1h-m). The expression of UCP1,
cAMP levels, histological analysis in BAT and the rectal temperature
did not change in SPOE mice (Figs. S4a-e). Furthermore, the food
intake, oxygen consumption, heat, RER and locomotor activity did not
differ between SPOE and control mice (Figs. S4f-j). These results
indicate that overexpression of SLC7A14 in POMC neurons alleviated
age-induced obesity, mainly by improving the age-induced reduction
in WAT lipolysis.
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The absence of SLC7A14 in POMC neurons weakens WAT
lipolysis

Based on the above results, we speculated that knockout of SLC7A14 in
POMC neurons might mimic the age-induced lipolysis impairment.
To test this hypothesis, we generated mice with SLC7A14 knockout in

POMC neurons (SPKO). SPKO mice exhibited significantly increased fat
mass, weight of tissues, including SWAT and eWAT, and enlarged the
adipocytes size from the age of 5 months compared with those in con-
trol mice (Fig. 2a-f). Importantly, knockout SLC7A14 in POMC neurons
significantly decreased the levels of p-HSL and p-PKA substrates, the
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Fig. 1| Overexpression of SLC7A14 in POMC neurons is resistant to reduction in
lipolysis with age. a SLC7A14 and TUBULIN proteins in hypothalamus.

b Immunofluorescence (IF) staining for SLC7A14 ARC sections (left), and quantifi-
cation of SLC7A14 cell numbers (right). ¢, d IF staining for tdTomato, SLC7A14 and
merge in ARC sections (left), and quantification of SLC7A14 and tdTomato colo-
calized cell numbers (right). e Fat mass by NMR. f Lean mass by NMR. g Tissue
weight. h Representative images of hematoxylin and eosin (H&E) staining of sWAT.
i Cell size of SWAT quantified by Image J analysis of H&E images. j The DNA content
of SWAT. k P-HSL, t-HSL, p-PKA substrates, FAS, CPT1a, CD36 and TUBULIN pro-
teins in SWAT by western blotting (left) and quantified by densitometric analysis

(right). n=6 mice. I Glycerol release assays in SWAT. m The cAMP levels of SWAT.
Studies for a-c were conducted using 2-month-old mice (2 M) or 22-month-old
mice (22 M); d-m were conducted using 20-month-old POMC Cre mice receiving
AAVs expressing mCherry (- AAV-SLC7A14) or SLC7A14 (+AAV-SLC7A14) in ARC.
Metabolic tests were performed 1 month after adeno-associated virus injection. For
(@), n=6.For (b),n=6 (2M) and 5 (22 M). For (c), n=4 (2M) and 5 (22 M). For
(d-jand m), n=5. For k, n=6. For |, n=6 (-AAV-SLC7A14) and 5 (+AAV-SLC7A14).
Data are expressed as the mean + SEM, with individual data points. Data were
analyzed by two-tailed unpaired Student’s ¢-test (a-g, i-m). Source data are pro-
vided as a Source Data file.
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Fig. 2 | The absence of SLC7A14 in POMC neurons mimic age-induced lipolysis
impairment. a IF staining for tdTomato, SLC7A14 and merge in ARC sections (left),
and quantification of SLC7A14 and tdTomato colocalized cell numbers (right). b Fat
mass by NMR. ¢ Tissue weight. d Representative images of H&E staining of SWAT.
e Cell size of SWAT quantified by Image ] analysis of H&E images. f The DNA content
of SWAT. g P-HSL, t-HSL, p-PKA substrates, FAS, CPT1a, CD36 and TUBULIN pro-

teins in SWAT by western blotting (left) and quantified by densitometric analysis

(right). h Glycerol release assays in SWAT. i The cAMP levels of sWAT. Studies for

(a-i) were conducted using control mice (- SPKO) or mice with SLC7A14 deletion in
POMC neurons (+ SPKO), and at age of 6-month-old in (a), (c-i). For (@aand h), n=5.
For (b), n=5 (- SPKO) and 6 (+SPKO). For (¢), n=7 (- SPKO) and 6 (+SPKO). For
(d, e, g and i), n=6. For (e), n=6. For (f), n=7 (- SPKO) and 6 (+SPKO). Data are
expressed as the mean + SEM, with individual data points. Data were analyzed by
two-tailed unpaired Student’s t-test (a, c, e-i), or two-way RM ANOVA with Geisser-
Greenhouse’s correction (b). Source data are provided as a Source Data file.

glycerol release ability and the cCAMP levels in SWAT, which mimicked the
age-induced lipolysis impairment (Fig. 2g-i). Furthermore, the expres-
sion of UCP1, the cAMP levels, histological analysis in BAT and rectal
temperature did not change in in SPKO mice (Figs. S5a-e). Additionally,
the food intake, oxygen consumption, heat, RER, and locomotor activity
did not differ between SPKO and control mice (Figs. S5f-j).

Cold stress has been shown to induce WAT lipolysis*™®. To verify
the function of POMC SLC7A14 in regulating lipolysis, we investigated
lipolysis impairment in SPKO mice under cold exposure. After expo-
sure at 4 °C for 3 h, the control mice displayed smaller adipocytes,
increased levels of p-HSL and glycerol release ability in sWAT,
but no changes were observed in sSWAT of SPKO mice (Figs. S6a-d).
Furthermore, enhanced BAT thermogenesis and a decreased rectal
temperature were observed in SPKO and control mice under cold
exposure (Figs. S6e-h). These results confirm the role of POMC
SLC7A14 in regulating WAT lipolysis.

POMC SLC7A14 regulates lipolysis independently of sympa-
thetic nerves in WAT

Next, we investigated how POMC SLC7A14 regulates WAT lipolysis.
Many previous studies have shown that the central nervous system
regulates WAT lipolysis by regulating sympathetic nerves in WAT. To
assess the essential role of sympathetic nerves in WAT in the lipolysis
process, we examined the NE levels in serum, SWAT, eWAT and BAT,
and tyrosine hydroxylase (TH) levels in sSWAT, and found no difference
between SPKO or SPOE mice and their respective control mice
(Figs. S7a-f). To further verify the involvement of the sympathetic
nerves in WAT in the regulation of lipolysis by POMC SLC7A14, we
applied the pharmacotoxic approach of using 6-hydroxydopamine
(6-OHDA) to locally ablate the sympathetic fibers in the SWAT of SPOE
mice. The ablation of sympathetic nerves in WAT (as reflected by the
reduced levels of NE and TH in sSWAT) didn’t attenuate the effects of
POMC SLC7A14-enhanced lipolysis (Figs. S7g-1). These results strongly
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suggest POMC SLC7A14 regulates WAT lipolysis independently of
sympathetic nerves in WAT.

POMC SLC7A14 regulates lipolysis via affecting the levels of
TCDCA that binds to TGRS

To investigate the mechanisms underlying SLC7Al4-increased WAT
lipolysis, we performed serum untargeted metabolomics in control and
SPOE mice serum. The principal component analysis (PCA) plot with all
samples including quality control (QC) samples showed QC samples
clustered tightly together, which indicating that data was reliable
(Fig. S8a). Additionally, data QC was performed by Pearson correlation
analysis to obtain stable and accurate metabolome results. The Pearson
correlation QC samples was high, indicating that the data quality
was reliable and stable (Fig. S8b). Metabolite set enrichment analysis
indicated that the most significant factors were bile acids (Fig. 3a).
The levels of tauro-o-muricholic acid (T-a-MCA), 23-norcholic
acid (23-NorCA), glycocholic acid (GCA), cholic acid (CA), and
taurochenodeoxycholic acid (TCDCA), which was identified with a
metabolomics standards initiative (MSI) level 2 identification (Fig. S8c),
were increased in SPOE mice serum. We further confirmed the levels of
these bile acids in SPOE mice serum by (high-performance liquid
chromatography) HPLC, and found that the TCDCA level increased the
most (Fig.3b and Fig. S8d). Besides, among the five primary bile acids,
only TCDCA levels were decreased in the serum of SPKO mice, as
evaluated by HPLC (Fig. 3c and Fig. S8e). To investigate a role of TCDCA
in the regulation of WAT lipolysis by POMC SLC7A14, we injected con-
trol or SPKO mice with phosphate-buffered saline (PBS) or 50 mg/kg
TCDCA, and found TCDCA administration rescued SPKO-increased fat
mass, weights of SWAT and eWAT, and impaired WAT lipolysis in SPKO
mice (Fig. 3d-1 and Fig. S8f), but didn’t change the expression of UCP1
and histological analysis in BAT (Figs. S8g, h). Furthermore, we found
TCDCA directly promoted lipolysis of white adipocytes (Fig. 4a, b). It is
shown that TCDCA can increase cAMP levels™, which is a key upstream
of HSL*. Thus, we speculated that TCDCA may regulate lipolysis via
cAMP. As expected, SQ22536 treatment, a cAMP inhibitor®, blocked
TCDCA-increased cAMP levels and glycerol release in primary adipo-
cytes (Fig. 4c, d). G protein-coupled bile acid receptor 1 (TGR5) is a G
protein-coupled receptor, which expressed in several tissues such as
adipose tissues and muscle, where can be activated by bile acids®”. We
found the effect of TCDCA was dependent on TGRS, as shown by the
observation showing that knocking down TGRS in primary adipocytes
blocked TCDCA-stimulated the increase in cAMP levels and glycerol
release (Fig. 4e-g). Moreover, the increased cAMP levels and glycerol
release by INT777, a known TGRS agonists®, was blocked by SQ22536
(Fig. 4h, i). These results strongly suggest that the decreased TCDCA
may account for SPKO-impaired WAT lipolysis, and the effect of TCDCA
is mediated by upregulating cCAMP levels through TGRS.

ASBT-dependent intestinal bile acid reabsorption determines
TCDCA levels regulated by POMC SLC7A14

Next, we explored how POMC SLC7A14 regulates TCDCA levels. The
liver is important for synthesizing bile acids”. However, the TCDCA
levels in the liver of aged SPOE mice did not change (Fig. S9a), nor did
the expression of its synthetic genes change in liver of SPOE or SPKO
mice (Fig. S9b, ¢), which suggests POMC SLC7A14 does not regulates
TCDCA levels via bile acid synthesis in liver. Surprisingly, we found the
levels of TCDCA were significantly increased in the intestine and
decreased in the feces of SPOE mice (Fig. 5a, b), which suggested that
SLC7A14 might affect the intestinal reabsorption of TCDCA. Further-
more, the expression of the intestinal bile acid reabsorption transporter
intestinal apical sodium-dependent bile acid transporter (ASBT) sig-
nificantly increased in the ileum of SPOE mice (Fig. 5c, d). Consistently,
the levels of TCDCA were significantly reduced in the intestines and
increased in feces of SPKO mice and aged mice, and the expression of
ASBT was significantly decreased in the ileum of SPKO and aged mice

(Fig. 5e-h and Fig. S9d-f). In addition, changes in farnesoid x-activated
receptor (FXR) expression in SPOE, SPKO, and aged mice further sug-
gested changes in intestinal TCDCA levels (Fig. S9g-i). To further con-
firm the role of ASBT in SLC7Al4-increased TCDCA content, we used
linerixibat, an ASBT inhibitor, to investigated whether inhibition of
ASBT block the effect of SLC7A14 on TCDCA levels. As predicted, the
promotion of TCDCA levels and WAT lipolysis by SLC7A14 was sig-
nificantly rescued in SPOE mice injected with linerixibat (Fig. 5i-1). There
are studies have reported that PPARa can activate the promoter of
ASBT®, so we speculate that POMC SLC7A14 regulate ASBT expression
may through PPARa. We found that the expression of PPARa was sig-
nificantly elevated in the ileum of SPOE mice and significantly reduced
in the ileum of SPKO and aged mice (Fig. S9j-I). To investigate whether
PPARa is involved in regulating SLC7A14-regulated ASBT expression, we
injected SPOE mice with AAVs expressing small-hairpin RNA specific for
PPARa (+AAV-shPPAR«) or EGFP fluorescent protein (-AAV-shPPARq) in
ileum (Fig. 5Sm, n). We found that knockdown of PPARa blocked POMC
SLC7A14-increased ASBT expression (Fig. 50). Furthermore, we injected
SPKO mice with ciprofibrate, a PPAR«a activator®’, and found that acti-
vation of PPARa rescued SLC7A14 knockout-induced decreased ASBT
expression (Fig. S9m-n). Next, we explored how POMC SLC7A14 reg-
ulate PPARa. It is shown that oleoylethanolamide (OEA) is an endo-
genous high-affinity agonist of PPARa*’. Therefore, we examined OEA
content in the ileum of SPOE or SPKO mice, and found POMC SLC7A14
could regulate OEA levels (Fig. 5p, q). Moreover, supplement of OEA in
SPKO mice rescued SLC7A14 knockout-decreased PPARa expression
(Fig. 5r-t). These results strongly indicate that intestinal PPARa/ASBT
mediates the increases in TCDCA levels and WAT lipolysis by POMC
SLC7A14.

POMC SLC7A14 regulates ASBT expression possibly via intest-
inal sympathetic afferent nerves

Next, we investigated the mechanism underlying the increase in OEA
levels, PPARa and ASBT expression by POMC SLC7A14. Previous stu-
dies have shown that intestinal sympathetic afferent nerves can reg-
ulate OEA levels. We speculated that the intestinal sympathetic
afferent nerves might be involved in the regulation of POMC SLC7A14-
increased OEA levels. To investigate whether POMC neurons can
project to the intestine, we injected pseudorabies virus (BC-PRV-531-
PRV-CAG-EGFP) into the ileum of POMC Cre mice (Fig. 6a), which
carrying Ai9 (tdTomato) reporter. After 6 days, a fluorescent signal of
the PRV was seen in the celiac ganglion and superior mesenteric
ganglion (CG-SMG) and found to be merged with POMC neurons
(Fig. 6b, ¢), indicating that POMC neurons can potentially deliver
information to the ileum though intestinal sympathetic afferent
nerves. Furthermore, we found that the protein levels and immuno-
fluorescence of TH and NE levels were decreased in intestine of SPKO
mice (Fig. 6d-f). Consistently, the protein levels and immuno-
fluorescence of TH and NE levels were increased in intestine of SPOE
mice (Fig. 6g-i). To assess the essential role of intestinal sympathetic
afferent nerves in POMC SLC7A14 regulating OEA levels, PPARa and
ASBT expression, CG-SMG ganglionectomy was performed in SPOE
mice. As predicted, the removal of the CG-SMG blocked SLC7A14-
promoted intestinal OEA levels, PPARa and ASBT expression and
serum TCDCA levels (Fig. 6j-q). Furthermore, SPOE mice were injected
with propranolol, a B-adrenergic receptor inhibitor”, and blocked
POMC SLC7A14-promoted OEA levels, PPARa and ASBT expression
(Fig. S90-q). These results strongly suggest that intestinal sympathetic
afferent nerves are involved in the regulation of ASBT expression and
TCDCA levels by POMC SLC7A14.

SLC7A14 regulates intestinal sympathetic afferent nerves
though POMC mTORCI signaling

Next, we explored the signaling pathway that mediate the effects of in
POMC SLC7A14 on intestinal sympathetic afferent nerves. Previous
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provided as a Source Data file.

study has shown that POMC mTOR signaling plays an important role in
age-dependent obesity*’. Because mTORCI activity is regulated at
lysosome, where SLC7A14 is localized®®, we speculated that mTORC1
might be involved in the regulatory effect of SLC7A14. As predicted,
SLC7A14 could regulate mTORCI signaling and activity in primary
hypothalamic cells (Fig. 7a-d), and p-Sé6 levels were significantly

decreased in POMC neurons of SPKO mice (Fig. 7e). To further clarify
the role of POMC mTORCI signaling in SLC7A14-regulated intestinal
sympathetic afferent nerves, SPKO mice were injected with Cre
dependent AAVs expressing small-hairpin RNA specific for RAPTOR
(+AAV-shRAPTOR) or mCherry fluorescent protein (-AAV-shRAPTOR)
in POMC neurons (Fig. 7f). Knockdown of RAPTOR rescued the effects
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of POMC SLC7A14 knockout on the parameters examined, except for
lean mass that was not changed in any case (Fig. 7g-1). These results
strongly suggest that POMC SLC7A14-induced intestinal sympathetic
afferent nerves changes are regulated by POMC mTORCI signaling.

POMC SLC7A14 regulates mTORCI signaling via TSC1

Next, we investigated the underlying mechanism of the inhibition of
the mTORCI signaling pathway by POMC SLC7Al14. TSCI is a
known repressor of the mTORCI signaling pathway*2. Previous studies
have reported IKKB, which was activated in hypothalamus of
aging mice”, phosphorylated TSC1 on Ser511%, thereby stimulated

mTORCI signaling pathway. We found that the overexpression of
SLC7A14 inhibited the phosphorylation of TSCI at Ser511, whereas
SLC7A14 knockdown had the opposite effect (Fig. 8a, b and Fig. S10a,
b). Moreover, SPOE mice were injected with Cre dependent AAVs
expressing small-hairpin RNA specific for TSC1 (+AAV-shTSC1) or
mCherry fluorescent protein (-AAV-shTSC1) in POMC neurons
(Fig. S10c). Knockdown of TSC1 blocked POMC SLC7Al14-increased
activation of intestinal sympathetic afferent nerves, intestinal PPARa
and ASBT expression and glycerol release in WAT (Fig. S10d-h).
To further confirm the role of TSCl in the inhibition of the
mTORCI signaling pathway by SLC7A14, primary hypothalamic cells,
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which were infected with Ad-SLC7A14, were transfected plasmid
expressing small-hairpin RNA specific for TSC1. Knockdown of TSC1
reversed the inhibition of the mTORCI signaling pathway by SLC7A14,
suggesting that TSC1 mediated the regulation of mTORCI signaling by
SLC7A14 (Fig. 8c). IKKB is a known regulator of p-TSC1 ser511*, and
activated in hypothalamus of aging mice””. We speculated that
SLC7A14 was involved in the regulation of TSC1 phosphorylated
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by IKKB. As predicted, overexpression of SLC7A14 blocked IKK[-
enhanced p-TSC1 ser511 (Fig. 8d). Moreover, we found SLC7A14 sup-
pressed p-TSC1 ser511 may though inhibiting interaction between IKK[3
and TSCI (Fig. 8e). Next, we explored how SLC7A14 inhibited the IKK3
and TSC1 interaction. We used HitPredict®’, a widely used database
with quality assessed protein—protein interactions, to assess protein
interactions of SLC7A14, IKKB or TSCI. Further analysis showed that
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Fig. 5| The intestinal ASBT mediates POMC SLC7A14-induced TCDCA levels and
WAT lipolysis. a and e The TCDCA levels of ileum. b and f The TCDCA levels of
feces. ¢, g, 0 and t The mRNA levels of Asbt in ileum by RT-PCR. d and h ASBT and
TUBULIN proteins in ileum. i SLC7A14 and TUBULIN proteins in ARC. j The TCDCA
levels of serum. k P-HSL and t-HSL proteins in SWAT. I Glycerol release assays in
SWAT. m and s The Ppara mRNA levels in ileum by RT-PCR. n PPARa and TUBULIN
proteins in ileum. p-r The OEA levels of ileum. Studies for a-d, q and i-o were
conducted using POMC Cre mice receiving AAVs expressing mCherry (- AAV-
SLC7A14) or SLC7A14 (+AAV-SLC7A14) in ARC, and treated twice daily with control
vehicle (- linerixibat) or 0.05 mg/kg linerixibat (+ linerixibat) via oral gavage in
i-1, or the ileum of mice was injected with AAVs expressing shPPARa (+ AAV-

shPPAR«) or EGFP (—~AAV-shPPAR«) in m-o. e-h, p and r-t were conducted using
6-month-old control mice (- SPKO) or mice with SLC7A14 deletion in POMC neurons
(+ SPKO), and mice were given OEA (10 mg/kg, aladdin) in (r-t). For a, n=7 (- AAV-
SLC7A14) and 6 (+AAV-SLC7A14). For b, n=6 (- AAV-SLC7A14) and 5 (+AAV-
SLC7A14).For (c),n=7.For (d, i-k, n,and p-t),n=5.Foreand g, n=>5 (- SPKO) and
6 (+SPKO). For (f), n=6 (- SPKO) and 5 (+SPKO). For (h) and m-o,n=6.Forl,n=5
(- AAV-SLC7A14 - Linerixibat), 5 (+AAV-SLC7A14 - Linerixibat), 6 (- AAV-SLC7A14 +
Linerixibat) and 5 (+AAV-SLC7A14 + Linerixibat). Data are expressed as the

mean + SEM, with individual data points. Data were analyzed by two-tailed unpaired
Student’s t-test (a-h, p, q), or ordinary two-way ANOVA with Tukey’s multiple
comparisons test (i-o, r-t). Source data are provided as a Source Data file.

SLC7A14, IKK( and TSCI1 all interacted with DERLI (Fig. 8f), which was
known to regulate mTORCI signaling pathway*‘. We further confirmed
that DERL1 could interact with SLC7A14, IKKB and TSC1 by co-
immunoprecipitation (Fig. 8g). Furthermore, we found that over-
expression of SLC7A14 inhibited interaction between DERL1 and IKK(
(Fig. 8h). These results suggesting that SLC7A14 inhibited mTORCI-
signaling pathway may though inhibiting interaction between DERL1
and IKKB, then suppressing IKKB and TSC1 interaction, thereby inhi-
biting phosphorylation of TSCI.

Discussion

Aging has an important correlation with obesity'”. With the increase
of global aging, there is an urgent need to study age-dependent
obesity. Previous studies have reported that impaired lipolysis of
adipocytes is an important factor for age-dependent obesity***, Many
factors account for the reduction in lipolysis with age. Currently, most
studies indicate that the surrounding environment of adipose tissue
plays an important role in age-induced lipolysis impairment***. Pre-
vious studies have found the central hypothalamic mTOR pathway
plays an important role in the regulation of age-dependent obesity’,
however, the underlying molecular mechanism remains unclear. In
addition, the CNS regulates WAT lipolysis mainly through sympa-
thetic nervous system in WAT'**, Some studies have suggested that
WAT lipolysis is regulated via other mechanisms” "%, However, it is
currently unclear whether and how the CNS regulates WAT lipolysis
through metabolites. SLC7A14 is a lysosomal membrane protein that
is highly expressed in the hypothalamus?®, but its role in regulating
lipid metabolism is unclear. In this study, we found that the expres-
sion of POMC SLC7A14 are reduced that leading to the activation of
mTORCI during ageing. This generates a sympathetic signal that
reduces the expression of ASBT in enterocytes and the subsequent
reabsorption of TCDCA. TCDCA then induces WAT lipolysis via TGRS.
Furthermore, we identified the underlying mechanism of the regula-
tion of the mTORCI signaling pathway by SLC7A14. These results will
deepen the understanding of the physiological function of SLC7A14
and may help reveal the molecular mechanisms of age-dependent
obesity. This study helps understand the upstream mechanism of the
mTORCI signaling pathway.

Previous studies have shown that direct regulation of POMC
neuronal activity modulates WAT lipolysis via SNS”. However, we
detected sympathetic nervous activity in WAT and found no differ-
ences between SPKO or SPOE mice and their respective control mice.
Ablation of sympathetic nerves in WAT had no effect on SLC7A14-
enhanced lipolysis. This is an interesting finding as few studies have
shown CNS regulated WAT lipolysis independently of SNS in WAT.
Recent studies have reported a remarkable degree of heterogeneity
in POMC neurons and distinct POMC neurons have distinct
function*. Thus, POMC neurons expressing SLC7A14 regulate WAT
lipolysis may though other pathways besides SNS in WAT. There are
some studies have shown that CNS can regulate lipolysis through
inflammatory factor or hormone, without relying on the SNS in
WATY_ In our study, we effectively demonstrated that the CNS can
regulate lipolysis through metabolites. Bile acids are metabolites

whose production is reduced during aging, and they are known to
regulate WAT lipolysis®. The levels of bile acids are mainly regulated
by the liver, gallbladder, and intestine. Surprisingly, in our study, we
found that CNS could regulate bile acids levels. Previous studies have
reported that bile acids, especially secondary bile acids, can regulate
WAT lipolysis?. However, whether the primary bile acid TCDCA can
regulate lipolysis is still unclear. Furthermore, we showed that the
TCDCA stimulated lipolysis in WAT through TGRS, but not stimulated
BAT thermogenesis. There are other BA-responsive receptors
respond to bile acid stimulation and exert different effects in various
tissues and cell types®. TCDCA had no effect on BAT thermogenesis,
possibly due to the role of other BA-responsive receptors, except
TGRS, in brown adipose tissue. Our data effectively demonstrated
that POMC neurons regulated lipolysis through TCDCA, which is a
new way of regulating lipolysis and a different mode of upstream
regulation of bile acids. These findings expand the understanding of
central regulation of lipolysis and lay a theoretical foundation for the
study of bile acid regulation.

Although current research on brain-gut axis is less-well under-
stood, emerging evidence suggests that CNS can regulate intestinal
sympathetic afferent nerves*. Besides, previous studies have shown
that intestinal sympathetic afferent nerves can regulate intestinal
absorption*. In our study, we demonstrated that POMC SLC7A14
regulates WAT lipolysis via regulating TCDCA levels, which was regu-
lated by ASBT. Furthermore, the study showed that the intestinal
sympathetic afferent nerves was involved in the regulation of intestinal
bile acid absorption by POMC SLC7A14. This is an important finding, as
POMC neurons have arole in regulating intestinal sympathetic afferent
nerves and intestinal bile acid absorption. These results provide
insights into the brain-gut-adipose tissue crosstalk.

Several studies have shown that POMC mTORCI signaling
pathway accounts for age-dependent obesity®’. In this study, we
found that SLC7A14 inhibited the mTORCI1 signaling pathway may via
inhibiting interaction between DERL1 and IKKp, then suppressing
IKKB and TSC1 interaction, thereby inhibiting phosphorylation of
TSCL1. A previous study has reported hypothalamic IKK is activated
in aged mice?. IKK@ is known to phosphorylation of TSC1?, which is
an inhibitor of mTORC1*%. Thus, POMC IKKB may has a role in age-
dependent obesity via TSCI. A previous study has shown that
knockout of TSC1 in POMC neurons, not in AgGRP neurons, leads to
obesity, which is consistent with the effects of SLC7A14 in POMC and
AgRP neurons’. Regarding how SLC7A14 regulate mTORCI, there are
other possibilities. Such as SLC7A14 inhibits mTORCI1 signaling
pathway may though regulating lysosomal translocation of TSCl1,
and/or via its transport function. However, more evidence will be
need to support these possibilities. These results reveal the under-
lying mechanisms of the regulation of mTORCI1 by SLC7A14, help
understand the upstream mechanism of the mTORCI signaling
pathway, and provide a new role for POMC mTORCI in regulating
intestinal sympathetic afferent nerves.

There are some limitations to this study. First, it is unclear how
POMC neuron projects to intestine. The rostral ventrolateral medulla
(RVLM) presumably transmits descending sympathetic signals to the
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CG-SMG*®, which suggests that POMC SLC7A14 may regulate the
intestinal sympathetic afferent nerves via the projection to RVLM.
Second, it is still unclear how inhibiting the interaction between DERL1
and IKKp suppresses the IKKf and TSCI interaction. More extensive
studies will be required to clarify this point.

Taken together, this study demonstrates an important role
for SLC7A14/mTORCI signaling in POMC neurons in regulating

age-induced reduction in lipolysis (Fig. 8i). Our findings show that
POMC SLC7A14/mTORC1 signaling regulates lipolysis through
TCDCA, without relying on the SNS in WAT, which is a new way of
central regulation of lipolysis and upstream regulation of bile acids.
Furthermore, the findings reveal the underlying mechanisms of the
regulation of mTORC1 by SLC7Al14. These results expand the
understanding of the regulation of age-induced lipolysis impairment
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Fig. 6 | POMC SLC7A14 regulates ASBT expression via intestinal sympathetic
afferent nerves. a Representative micrographs of the ileum wall demonstrating
neurons expressing PRV. b Representative micrographs of the CG-SMG demon-
strating neurons expressing PRV. ¢ Representative micrographs of the brain
demonstrating neurons expressing PRV, tdTomato and merge. d-g, k TH and
TUBULIN proteins in ileum. e-h IF staining for DAPI, TH and merge in ileum. (f, i and
1) The NE levels of ileum. j IF staining for tdTomato, SLC7A14 and merge in ARC.
m The OEA levels of ileum. n The Ppara mRNA levels in ileum. o The Asbt mRNA
levels in ileum. p ASBT and TUBULIN proteins in ileum. q The TCDCA levels of
serum. Studies for a-c were conducted using 5-month-old POMC Cre mice, which
carrying Ai9 (tdTomato) reporter, injected with pseudorabies virus (BC-PRV-531-
PRV-CAG-EGFP) for 6 days in ileum. d-f were conducted using 5-month-old control
mice (- SPKO) or mice with SLC7A14 deletion in POMC neurons (+ SPKO); (g-i, j-q)

were conducted using 20 month-old POMC Cre mice receiving AAVs expressing
mCherry (- AAV-SLC7A14) or SLC7A14 (+AAV-SLC7A14) in ARC, and treated with
sham surgery (- CG/SMG ganglionectomy) or surgical removal of celiac-superior
mesenteric ganglion (+ CG/SMG ganglionectomy) in j-q. For a-c, n=7. For (d-g, n)
n=6.For (e) and (h) n=3.For (f-i, k-m) and (p-q) n=S5. For (j) n=4 (-AAV-SLC7A14
- CG/SMG ganglionectomy), 4 (+AAV-SLC7A14 - CG/SMG ganglionectomy), 5 (- AAV-
SLC7A14 + CG/SMG ganglionectomy) and 5 (+AV-SLC7A14 + CG/SMG gang-
lionectomy). For (0) n=6 (~AAV-SLC7A14 - CG/SMG ganglionectomy), 6 (+AAV-
SLC7A14 - CG/SMG ganglionectomy), 7 (~AAV-SLC7A14 + CG/SMG gang-
lionectomy) and 5 (+AAV-SLC7A14 + CG/SMG ganglionectomy). Data are expressed
as the mean + SEM, with individual data points. Data were analyzed by two-tailed
unpaired Student’s t-test (d-f, g-i) or ordinary two-way ANOVA with Tukey’s
multiple comparisons test (j-q). Source data are provided as a Source Data file.

by the brain-gut-adipose tissue axis, provide insights into upstream
regulation of bile acids.

Methods
Animals and treatments
All mice experiments were approved by the guidelines of the Insti-
tutional Animal Care and Use Committee at Fudan University (ethical
committee approval no.2022030006 S) and the Shanghai Institute of
Nutrition and Health, Chinese Academy of Sciences (ethical com-
mittee approval nos. SINH-2020-GFF-1, SINH-2021-GFF-1 and SINH-
2022-GFF-1). All mice used were male and of a C57BL/6 ] background.
Two month or 6 month or 22 old month aged male C57BL/6) mice
were used for experiments. Wild-type (WT) mice were obtained from
the Model Animal Research Center of Nanjing University (Nanjing,
China). POMC-Cre mice were provided by Joel K. Elmquist and Tiemin
Liu from the Southwestern Medical Center. POMC neuron-specific
SLC7A14 knockout (SPKO) mice were generated by crossing SLC7A14
flox/flox mice (MARC, Nanjing, China) with POMC-Cre mice. Ai9
(tdTomato) reporter mice, which is Cre-driver lines for cell-type-
specific genetic manipulation, were obtained from the Jackson
Laboratory. To visualize POMC protein-expressing neurons under
the fluorescence microscope, SPKO and POMC-Cre mice were inter-
crossed with Ai9 reporter mice. Mice were housed on a12 h light/dark
cycle from 7 A.M. to 7 P.M. at room temperature (25 °C) and provided
free access to standard

chow rodent diets (Shanghai Pu Lu Teng Biotechnology, P1103F)
and water. Mice were sacrificed by CO, inhalation. For acute cold
exposure studies, 5-month-old SLC7A14 % mice or SPKO mice were
caged individually and exposed at 4 °C in the absence of food, water or
bedding, while control mice received the same treatment at 25 °C. For
TCDCA treatment, mice were intraperitoneally (i.p.) injected with
TCDCA (50 mg/kg body weight; MCE) every other day. On the 15th day,
mice were i.p. injected with a single dose of TCDCA (50 mg/kg body
weight, MCE) before euthanized. For linerixibat treatment, mice were
given linerixibat (0.05mg/kg, MCE), which was dissolved in 0.5%
hydroxypropyl methylcellulose, 0.1% Tween80 and 0.5% dimethyl
sulfoxide, via oral administration twice a day (9.00 a.m. and 6.00 p.m.)
for three consecutive days. On the 4th day, mice were given a single
dose of linerixibat before euthanized. For OEA treatment, mice were
given OEA (10 mg/kg body weight, aladdin), which was dissolved in 5%
Tween80 saline, via i.p. injection once daily for 2 weeks. On the 15th
day, mice were given a single dose of OEA before euthanized. For
ciprofibrate treatment, mice were given ciprofibrate (10 mg/kg, MCE),
via oral administration once daily for 1weeks. On the 8th day, mice
were given a single dose of ciprofibrate before euthanized. For (S)-
(-)-Propranolol hydrochloride (1 mg/kg, aladdin) treatment, mice were
given (S)-(-)-Propranolol hydrochloride via i.p. injection for 30 min.

Stereotaxic surgery and viral injections
Stereotaxic surgeries were performed on the mice with a stereotaxic
frame (Steolting, IL, USA)*’. The mice were bilaterally injected virus into

ARC (1.58 mm posterior to the bregma, +0.25 mm lateral to the midline,
and 5.9 mm below the surface of the skull). Mice were i.p. injected with
antibiotics (ceftriaxone sodium, 0.1 g/kg) intraperitoneally for 2 days to
prevent infection. After the surgery, the mice recovered for at least
3-4 weeks before conducting the experiments.

To knock down of SLC7A14 in ARC, SLC7A14 "/ mice were
bilaterally injected either with an AAV vector containing Cre recom-
binase (AAV9-CAG-EGFP-P2A-Cre-WPRE, 3.84 x10” v.g/mL, OBiO
technology) at a volume of 200 nL into the ARC or with an AAV vector
containing only EGFP (AAV9-CAG-EGFP-P2A-MCS-WPRE, 3.84 x 102 v.g
/mL, OBiO technology) as a control.

To overexpression of SLC7A14 in ARC POMC neurons, POMC Cre
mice were bilaterally injected either with a Cre-dependent AAV vector
containing SLC7A14 in the opposite orientation flanked by two inver-
ted loxP sites (AAV9-Syn-DIO-SLC7A14-mCherry, 1.5x102 v.g/mL,
Hanbio Tech) at a volume of 200 nL into the ARC or an AAV vector
containing only mCherry in the opposite orientation flanked by two
inverted loxP sites (AAV9-Syn-DIO-mCherry, 1.5 x10* v.g/mL, Hanbio
Tech) as a control.

To assess whether the suppression of RAPTOR in POMC
neurons could reverse the effect of POMC SLC7A14 knockout
on intestinal sympathetic nervous system, POMC Cre mice or SPKO
mice were bilaterally injected either with a Cre-dependent AAV vector
containing mir-30-shRaptor coding sequence and mCherry protein in
the opposite orientation flanked by two inverted loxP sites (AAV9-CMV-
DIO-mir-30-shRAPTOR-GFP, 1.5 x 10"*v.g/mL, Hanbio Tech) at a volume
of 200 nL into the ARC, or an AAV vector containing the mir-30-
scramble and mCherry protein in the opposite orientation
flanked by two inverted loxP sites (AAV9-CMV-DIO-mir-30-scramble-
GFP, 1.5x10% v.g/mL, Hanbio Tech) as a control. The 5~ GGACAA
CGGTCACAAGTACTT-3’ was the target sequence for RAPTOR.

To assess whether the suppression of TSC1 in POMC neurons
could reverse the effect of POMC SLC7Al4 overexpression on
mTORCI signaling and intestinal sympathetic nervous system, POMC
Cre mice were bilaterally injected either with Cre-dependent AAVs
expressing SLC7A14 (AAV9-Syn-DIO-SLC7A14-mCherry, 1.5 x 102v.g/ml,
Hanbio Tech), shTSC1 (AAV9-CMV-DIO-mir-30-shTSC1-ZsGreen,
1.5x102 v.g/ml, Hanbio Tech), as well as control AAVs expressing
mCherry (AAV9-Syn-DIO-mCherry, 1.5x10%v.g/mL, Hanbio Tech) or
GFP (AAV9-CMV-DIO-mir-30-Scramble-ZsGreen), as indicated. The
5“TTGTCACATCCGTATAGTAAA-3’ was the target sequence for TSCL.

Ileal AAV injections

Mice were anesthetized. After shaving and sterilization of the abdo-
men, mice were placed on a sterile surgical pad and covered with
a sterile surgical drape. The ileum was exposed by making a
midline incision through the abdominal wall. The ileum of mice was
injected with 10 pL AAVs expressing shPPARa (AAV2/9-U6- shPPARa-
CMV-EGFP, 1x10%v.g/ml, Hanbio Tech) or EGFP (AAV2/9-U6-
MCS-CMV-EGFP, 1x102v.g/ml, Hanbio Tech) as a control. The
5'TCACACAATGCAATTCGCTTTGGA-3’ was the target sequence for
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Fig. 7 | The SLC7A14-induced intestinal sympathetic afferent nerves change is
regulated by POMC mTORCI signaling. a, b P-S6K, t-S6K, p-S6, t-S6, SLC7A14 and
TUBULIN proteins in primary hypothalamic cells. ¢, d mTORCI1 kinase assays in
primary hypothalamic cells. e IF staining for tdTomato, p-S6 and merge in ARC
sections. fIF staining for tdTomato, RAPTOR and merge in ARC sections. g Fat mass
by NMR. h Lean mass by NMR. i IF staining for TH. j The NE levels of ileum. k The
mRNA levels of Asbt in ileum by RT-PCR. | The TCDCA levels of serum. Studies for
(a-d) were conducted using primary hypothalamic cells, infected with adenovirus
expressing green fluorescent protein (- Ad-SLC7A14) or Ad-SLC7A14 (+ Ad-
SLC7A14) for 48 h in (a) and (c), or transfected with double-stranded siRNA tar-
geting mouse SLC7A14 for 72 h in b and d; e-] were conducted using 5 month-old

control mice (- SPKO) or mice with SLC7A14 deletion in POMC neurons (+ SPKO),
and injected with AAVs expressing mCherry (- AAV-RAPTOR) or shRAPTOR (+ AAV-
shRAPTOR) in (f-1). For a-b, n=6. For c-d and i, n=3. For e, n=6 (- SPKO) and 5
(+SPKO). For (f) n=5.For (g, h), n=5 (- SPKO - shRAPTOR), 5 (+SPKO - shRAPTOR), 5
(- SPKO + shRAPTOR) and 6 (+SPKO + shRAPTOR). For (j) and (I) n=5 (- SPKO -
ShRAPTOR), 6 (+SPKO - shRAPTOR), 5 (- SPKO + shRAPTOR) and 6 (+SPKO +
shRAPTOR). For (k), n =6 (- SPKO - ShRAPTOR), 6 (+SPKO - shRAPTOR), 5 (- SPKO +
shRAPTOR) and 5 (+SPKO + shRAPTOR). Data are expressed as the mean + SEM,
with individual data points. Data were analyzed by two-tailed unpaired Student’s
t-test (a, b, and e) or ordinary two-way ANOVA with Tukey’s multiple comparisons
test (f-h, j-1). Source data are provided as a Source Data file.
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Fig. 8 | POMC SLC7A14 regulates mTORCI signaling via TSC1. a, b P-TSC1, t-TSC1,
SLC7A14 and TUBULIN proteins in primary hypothalamic cells. ¢ P-S6K, t-S6K, p-S6,
t-S6, t-TSC1, SLC7A14 and TUBULIN proteins in primary hypothalamic cells. d P-
TSC1, t-TSC1, IKKB, SLC7A14 and TUBULIN proteins in primary hypothalamic cells.
e, g-h Immunoblotting and co-immunoprecipitation in primary hypothalamic cells.
f Venn chart of interactions for SLC7A14, IKKp, and TSCI in HitPredict. i Working
model. Studies for (a-e, g) and h were conducted using primary hypothalamic cells,
infected with adenovirus expressing green fluorescent protein (- Ad-SLC7A14) or
Ad-SLC7A14 (+ Ad-SLC7A14) for 48 h in a, or transfected with double-stranded
siRNA targeting mouse SLC7A14 for 72 h in b, or transfected with double-stranded
shRNA targeting mouse TSCI (+ Sh-TSC1) or without TSC1 shRNA (- Sh-TSC1) for
72 h and infected with adenovirus expressing green fluorescent protein (- Ad-

SLC7A14) or Ad-SLC7A14 (+ Ad-SLC7A14) for 48 hiin (c), or infected with adenovirus
expressing green fluorescent protein (- Ad-SLC7A14) or Ad-SLC7A14 (+ Ad-
SLC7A14) and transfected with (+ IKKB-3xflag) or without (- IKKB-3xflag) FLAG-
tagged IKKP plasmids for 48 h in d; or infected with adenovirus expressing green
fluorescent protein (- Ad-SLC7A14) or Ad-SLC7A14 (+ Ad-SLC7A14) for 48 h.
Immunoprecipitation (IP) and immunoblotting (IB) were performed using the
antibodies indicated in (e-h). For (a-d) and (g), n=6. For e and h, n=3. Data are
expressed as the mean + SEM, with individual data points. Data were analyzed by
two-tailed unpaired Student’s t-test (a and b), or ordinary two-way ANOVA with
Tukey’s multiple comparisons test (c, d). Source data are provided as a Source
Data file.

PPARa. The mice recovered for at least 4 weeks before conducting
experiments.

PRV injections

POMC Cre mice, which carrying Ai9 (tdTomato) reporter, were anes-
thetized and injected with pseudorabies virus (BC-PRV-531-PRV-CAG-
EGFP, BrainCase Co., Ltd, China) to intestine. After 6 days, the intes-
tine, CG-SMG and brain were collected.

Sympathetic denervation

For sympathetic denervation of WAT, both inguinal fat pads of mice
were injected with 20 L (1 pL per injection) vehicle (saline containing
1% (w/v) ascorbic acid) or 6-hydroxydopamine (6-OHDA, 10 pg/pL in
saline containing 1% (w/v) ascorbic acid) by microinjector®. The mice
recovered for 2 weeks before conducting experiments.

For transection of intestinal sympathetic nerves, mice were
anesthetized then the abdomen was cut open. Abdominal viscera
were gently pulled out and held in warm sterile saline-soaked gauze.
The intersection of the descending aorta and the left renal artery was

identified, where the superior mesenteric artery was located. The CG-
SMG is wrapped around the superior mesenteric artery and associated
lymphatic vessels. Fine forceps and microdissection scissor were used
to remove CG-SMG or transect its preganglionic nerve fiber. The mice
recovered for at least 2 weeks before conducting experiments.

Measurements of metabolic parameters

The body fat composition of mice was measured by Bruker Minispec
mql10 NMR Analyzer (Bruker, USA). Indirect calorimetry was displayed
by comprehensive lab animal monitoring system (Columbus Instru-
ments, USA). Mice were maintained in comprehensive lab animal
monitoring system with food and water for 24 h. The dynamic para-
meters of indirect calorimetry were continuously recorded. The rectal
core temperature of mice was measured via the digital thermometer
(Physitemp Instruments, USA). The NE and cAMP levels of tissues levels
were detected using ELISA kits (Nanjing Jiancheng Bioengineering
Institute, China), according to manufacturer’s instructions. The cCAMP
levels of cells were detected by a cAMP kit (TSZ Biosciences, MG1132),
according to manufacturer’s instructions.
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Histological analysis

Brown adipose tissue (BAT) and white adipose tissue (WAT) were fixed
in 4% paraformaldehyde (PFA) overnight, then embedded with paraffin
and cut into slices. The slices were stained with hematoxylin and
eosin (H&E).

DNA content

White adipose tissues were resected and weighed for about 50 mg, and
genomic DNA was extracted using TRIzol reagent (Cat. No. 15596018,
Invitrogen, CA, USA) as described by the manufacturer’.

Glycerol release assays

The white adipose tissues (20~25 mg) of mice were isolated quickly, or
adipocytes were cultured and matured, followed by incubation with
Krebs-Ringer buffer (12 mM HEPES, 4.9 mM KCl, 121 mM NacCl, 0.33 mM
CaCl, and 1.2mM MgS0O,) containing 3.0% fatty acid-free BSA and
3 mM glucose, with 10 uM FSK at 37 °C*. The supernatants were col-
lected after incubation for 0.5h, 1h, or 2 h. For primary adipocytes,
cells were incubated with Krebs-Ringer buffer, with or without 10 uM
FSK at 37 °C for 2 h. The supernatants were collected after incubation
for 1h or 2 h. The glycerol levels of samples were analyzed by glycerol
assay kit (Nanjing Jiancheng Bioengineering Institute, China).

Primary hypothalamic cells isolation and treatments

Mouse primary hypothalamic cells were prepared from WT mice born
within 24 h by trypsin dispersion®. Cells were incubated in neurobasal
medium (Cat. No. C11995500CP, ThermoFisher) with B27 supplement
(Cat. No. A3582801, ThermoFisher), 100 pg/mL streptomycin sulfate
and 100 units/mL penicillin (Cat. No.60162ES76, YEASEN)>.. All cells
were maintained at 37°C and 5% CO2. Cells were transfected with
double-stranded siRNA targeting mouse SLC7A14 (Cat. No. sc-153580,
Santa Cruz) or shRNA TSC1 (Hanbio Tech, China) by using Lipofecta-
mine 3000 (Cat. No. L3000015, Invitrogen). The target shRNA sequence
of TSC1 was 5- TTGTCACATCCGTATAGTAAA-3. Cells were infected
with adenovirus expressing SLC7A14 (+Ad-SLC7A14) or expressing GFP
adenovirus (- Ad-SLC7A14) at a dose of 107 pfu/well in 12-well plates.

Primary adipocytes isolation and differentiation

For primary adipocytes isolation, the adipose tissues were prepared
from mice, cut into pieces, and digested with collagenase I at 37 °C.
After 1h, cells were collected by centrifugation at 600 x g for 5min,
resuspended with PBS containing streptomycin sulfate and penicillin
and filtrated with 70 um cell strainer. Cells were incubated in low-
glucose DMEM (Cat.No.10-014-CVR, Corning) with 10% fetal bovine
serum (Cat. No.04-001-1 A, Biological Industries), and maintained at
37°C and 5% CO,.

For white adipocyte differentiation, cells were cultured in high-
glucose DMEM (Cat.No.C11995500CP, ThermoFisher) containing 10%
FBS, 50 pM indomethacin, 0.5 mM isobutyl methylxanthine, 10 pg/mL
insulin and1puM dexamethasone for 3 days. Then replaced with high-
glucose DMEM containing 10 pg/mL insulin and 10% FBS until
harvest®. Cells were treated with TCDCA or SQ22536 (HY-100396,
MCE) or INT777 (HY-15677, MCE), or transfected with double-stranded
siRNA targeting mouse TGRS. The target siRNA sequence of TGRS was
5-CUGGAACUCUGUUAUCGCUTT-3".

Immunoblotting and co-immunoprecipitation

Immunoblotting and co-immunoprecipitation assays™ were performed
in primary hypothalamic cells with the following primary antibodies:
anti- DERL1 (1:1000, Cat. No. A8508, ABclonal); anti- IKBKB (1:1000, Cat.
No. 15649-1-AP, Proteintech).

mTORCI kinase assays
The mTORCI kinase assays® were performed in Primary hypothalamic
cells. Primary hypothalamic cells were harvested and lysed. The

protein content of each sample was 1 mg/mL. Addition of anti-mTOR
antibody (1:100, Cat. No. 66888-1-Ig, Proteintech) into each sample and
incubated with gentle rotation for 2 h. Then protein G-sepharose was
added and incubated for 2h. Immunoprecipitates were washed
4 times, followed by adding 45 uL kinase buffer (25 mM HEPES pH 7.5,
100 mM potassium acetate, 1 mM MgCl,) containing 500 uM ATP (Cat.
No. A600020-0005, sangon, Shanghai, China) and 500 ng inactive S6K
(Cat. No. P02664, Solarbio) to each sample and incubated at 37 °C for
30 min, terminated by the addition of 2 x SDS sample buffer and ana-
lyzed by immunoblotting.

Untargeted metabolomics analysis

The metabolite assessment of samples was performed by untargeted
metabolomics at Novogene Biotech Co., Ltd. Serum was collected from
control or overexpression of SLC7A14 in POMC neuron mice. The serum
samples (100 pL) were resuspended with prechilled 80% methanol and
0.1% formic acid by well vortex. Then the samples were incubated on ice
for 5min and centrifuged at 15,000 g, 4 °C for 20 min. Some of super-
natant was diluted to final concentration containing 53% methanol by
LC-MS grade water. The samples were subsequently transferred to a
fresh Eppendorf tube and then centrifuged at 15000 g, 4 °C for 20 min.
The QC sample was prepared by mixing an equal aliquot of the super-
natant from all of samples. All samples were injected in the LC-MS/MS
system in a randomized order. UHPLC-MS/MS analyses were performed
using a Vanquish UHPLC system (ThermoFisher, Germany) coupled
with an Orbitrap Q ExactiveTMHF-X mass spectrometer (Thermo Fisher,
Germany). Samples were injected onto a Hypesil Gold column
(100 x 2.1 mm, 1.9 um). The mobile phase consisted of eluent A (5mM
ammonium acetate in water, pH 9.0) and eluent B (Methanol). The
solvent gradient was set as the following: 2% B, 1.5min; 2-100% B,
12.0 min; 100% B, 14.0 min;100-2% B, 14.1min; 2% B, 17 min. B. The
column flow rate was 0.2 mL/min, and the injection volume was 1 L.
The raw data files generated by UHPLC-MS/MS were processed using
the Compound Discoverer 3.1 (CD3.1, ThermoFisher) to perform peak
alignment, peak picking, and quantitation for each metabolite. There
was 5ppm tolerance used for the matching against a database. The
normalized data was used to predict the molecular formula based on
mass number deviation (ppm), additive ions, molecular ion peaks and
fragment ions. And then peaks were matched with the mzCloud
(https://www.mzcloud.org/), mzVault and MassList database to obtain
the accurate qualitative and relative quantitative results. Statistical
analyses were performed using the statistical software R (R version
R-3.4.3), Python (Python 2.7.6 version) and CentOS (CentOS release
6.6). The data normalization was based on QC (Quality Control) sam-
ples. The Pearson correlation coefficient between QC samples was used
to assess the stability of metabolomics data sets. Principal components
analysis (PCA) was performed at metaX. We applied univariate analysis
(t-test) to calculate the statistical significance (P-value). The metabolites
with VIP>1 and P-value<0.05 and fold change>2 or FC<0.5 were
considered to be differential metabolites. The metabolites were anno-
tated using the KEGG database, HMDB database and LIPID MAPS
database. We used a list of a differential annotated metabolites (Sup-
plementary Data 1) to perform metabolite set enrichment analysis
(MSEA) on MetaboAnalyst 5.0. We used Enrichment Analysis module in
MetaboAnalyst 5.0, and selected chemical structures (main-class)
metabolite set library for MSEA. The raw LC-MS data has been uploaded
on MetabolLights (MTBLS9872) and shown in Supplementary Data 1.

Bile acids measurements

The bile acids extraction of tissues, feces or serum was performed as
previously described*®, and quantified by LC-MS/MS (Shanghai Insti-
tute for Biological Sciences, Chinese Academy of Sciences). The sam-
ples (60 pL) were resuspended with 1 mL prechilled acetonitrile by well
vortex, and incubated at 4 °C for 2 h, then centrifuged at 11,000 g, 4 °C
for 20 min. Freeze drying and vacuum evaporation of the supernatant.
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Then the samples were redissolved in 50% methanol and 5 uL of sam-
ple was injected into the LC-MS/MS system analysis. LC-MS/MS ana-
lyses were performed using an Agilent 1200 high performance LC
system (Agilent Technologies, USA) coupled with a4000Q TRAP triple
quadrupole (QQQ) mass spectrometer (AB Sciex, USA). Turbo lon
Spray source was operated in the negative-ion multiple-reaction
monitoring (MRM) mode. The MRM transitions of 5 bile acids were
shown in Table S1. The ESI-MS parameters were the ion spray voltage,
-4500 V; nebulizer gas (N2), 50 units; curtain gas (N2), 15 units; colli-
sion gas (N2), medium. The drying gas (N2) flow and temperature were
50 units and 500 °C, respectively. For LC-MS/MS quantification of
differential bile acids, samples were injected onto a Thermo scientific
Acclaim C30 column (2.1 x 250 mm, 3 um). The column flow rate was
0.2 mL/min, the column temperature was 45 °C, and the autosampler
was kept at 4 °C. The eluents were eluent A (0.01% formic acid in water)
and eluent B (acetonitrile with 0.01% formic acid). The binary elution
gradient was 25% B to 40% B in 12 min and then 40% to 75% B in 14 min.
The column was washed with 100% B for 3 min and equilibrated with
25% B for 7 min between injections.

Immunofluorescence (IF) staining assays

The brain slices were prepared as previously described”. The IF
staining of SLC7A14 was performed with a TSA fluorescence system kit
(APEXBIO) according to the manufacturer’s protocol. The IF staining of
p-S6 and RAPTOR were performed according to the manufacturer’s
protocol. Primary antibodies used in IF experiments: anti-SLC7A14
(1:300, Cat. No. BMP042, MBL International); anti-p-S6 (ser235/235)
(1:300, Cat. No. 4857S, Cell Signaling Technology); anti-RAPTOR
(1:300, Cat. No. 21097-1-AP, Proteintech); anti-Hamartin/TSC1 (1:500,
Cat. No. A0720, ABclonal); anti-Phospho-Hamartin/TSC1 (Ser511)
(1:500, Cat. No. 80340-1-RR, Proteintech).

RNA isolation and relative quantitative RT-PCR

TRIzol reagent (Cat. No. 15596018, Invitrogen, CA, USA) was used for
extracting RNA. High-Capacity cDNA Reverse Transcription Kit
(Cat. No. RRO37A, TaKaRa) was used for mRNA reverse transcription.
SYBR Green | Master Mix reagent by ABI 7900 system (Applied Bio-
systems, USA) was used for quantitative real-time PCR. The sequences
of primers used are listed in Table S2.

Western Blot analysis

Western blot analysis was performed as previously described (Jiang
et al.”®). Proteins were visualized by ECL (Cat. No. POO18FM, Beyotime).
Band intensities were measured using e-BLOT Touch Imager (Shanghai
Yibote Optoelectronic Technology Co., Ltd, China). Primary antibodies
used were as follows: anti-Phospho-HSL (Ser660) (1:1000, Cat. No.
45804, Cell Signaling Technology); anti-HSL (1:1000, Cat. No. 4107,
Cell Signaling Technology); anti-Phospho-PKA Substrate (1:1000, Cat.
No. 9621, Cell Signaling Technology); anti-Phospho-p70 S6 Kinase
(Thr389) (1:1000, Cat. No. 9234, Cell Signaling Technology); anti-p70
S6 Kinase (1:1000, Cat. No. 2708, Cell Signaling Technology); anti-p-S6
(ser235/235) (1:1000, Cat. No. 4857S, Cell Signaling Technology); anti-t-
S6 (1:1000, Cat. No. 2217s, Cell Signaling Technology); anti-UCP1
(1:10000, Cat. No. ab209483, Abcam); anti-SLC7A14 (1:500, Cat. No.
HPA045929-100UL, Sigma); anti-Phospho-Hamartin/TSC1 (Ser511)
(1:1000, Cat. No. 80340-1-RR, Proteintech); (Cat. No. 15184-1-AP, Pro-
teintech); anti-RAPTOR (1:1000, Cat. No. 21097-1-AP, Proteintech); anti-
IKBKB (1:1000, Cat. No. 15649-1-AP, Proteintech); anti-mTOR (1:1000,
Cat. No. 66888-1-Ig, Proteintech); anti-TUBULIN (1:2500, Cat. No.
66031-1-Ig, Proteintech); anti-ACTIN (1:2500, Cat. No. 66009-1-Igl,
Proteintech); anti-ASBT (1:1000, Cat. No. 25245-1-AP, Proteintech);
anti-Fatty Acid Synthase (1:1000, Cat. No. 610963, BD Biosciences);
anti-CD36 (1:1000, Cat. No. A5792, ABclonal); anti- DERL1 (1:1000, Cat.
No. A8508, ABclonal); anti-Tyrosine Hydroxylase (1:1000, Cat.
No. ABI152, Millipore); anti-Hamartin/TSC1 (1:500, Cat. No. A0720,

ABclonal); anti-Phospho-Hamartin/TSC1 (Ser511) (1:500, Cat. No.
80340-1-RR, Proteintech).

Quantification and statistical analysis

Statistical analyses were performed in GraphPad Prism, version 8.0
(GraphPad Software, CA, USA). All values were represented as the
mean + the standard error of the mean (SEM). Individual data points on
each histogram were also shown with individual variability of their
measures represented and also shown in figure legends. For two
groups comparisons, two-tailed unpaired Student’s -test was used. For
multiple group comparisons, ordinary one-way ANOVA, two-way
ANOVA or two-way RM ANOVA with Geisser-Greenhouse’s correction
was used, followed by Dunnett’s or Tukey’s multiple comparisons test.
MetaboAnalyst 5.0 was used for metabolite set enrichment analysis
(MSEA). Results were considered statistically significant at P-value <
0.05. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

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

Data availability

The authors declare that all data supporting the findings of this study
are available within this paper and its Supplementary Files. The
metabolomics data generated in this study have been deposited in the
MetabolLights database under accession code MTBLS9872 and also
include in Supplementary Data 1. The single cell analysis use
GSE188646. Source data are provided with this paper.
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