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Obesity is a serious global health problem because of its increasing prevalence and comorbidities, but its treatments are lim-
ited. The serotonin 2C receptor (5-HT2CR), a G-protein-coupled receptor, activates proopiomelanocortin (POMC) neurons in
the arcuate nucleus of hypothalamus (ARH) to reduce appetite and weight gain. However, several 5-HT analogs targeting this
receptor, e.g., lorcaserin (Lor), suffer from diminished efficacy to reduce weight after prolonged administration. Here, we
show that barbadin (Bar), a novel b-arrestin/b2-adaptin inhibitor, can prevent 5-HT2CR internalization in cells and potentiate
long-term effects of Lor to reduce appetite and body weight in male mice. Mechanistically, we demonstrate that Bar co-treat-
ment can effectively maintain the sensitivity of the 5-HT2CR in POMCARH neurons, despite prolonged Lor exposure, thereby
allowing these neurons to be activated through opening the transient receptor potential cation (TRPC) channels. Thus, our
results prove the concept that inhibition of 5-HT2CR desensitization can be a valid strategy to improve the long-term weight
loss effects of Lor or other 5-HT2CR agonists, and also provide an intellectual framework to develop effective long-term man-
agement of weight by targeting 5-HT2CR desensitization.
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Significance Statement

By demonstrating that the combination of barbadin (Bar) with a G-protein-coupled receptor (GPCR) agonist can provide pro-
longed weight-lowering benefits in a preclinical setting, our work should call for additional efforts to validate Bar as a safe
and effective medicine or to use Bar as a lead compound to develop more suitable compounds for obesity treatment. These
results prove the concept that inhibition of serotonin 2C receptor (5-HT2CR) desensitization can be a valid strategy to improve
the long-term weight loss effects of lorcaserin (Lor) or other 5-HT2CR agonists. Since GPCRs represent a major category as
therapeutic targets for various human diseases and desensitization of GPCRs is a common issue, our work may provide a con-
ceptual framework to enhance effects of a broad range of GPCR medicines.

Introduction
The global prevalence of obesity has increased substantially in
the past decades. By 2016,.39% of adults aged 18 years or older
were overweight, and 13% were obese. Over 340 million children
and adolescents aged 5–19 were overweight or obese worldwide
(World Health Organization, 2016). Obesity dramatically
increases the risk of cardiometabolic diseases, dementia, depres-
sion and even some cancers, thus leading to a decline in life qual-
ity and life expectancy (Fontaine et al., 2003; Blüher, 2019).
Although obesity is classified as a disease (Kyle et al., 2016), the
first option for treating obesity is mainly by intervening lifestyle,
which, however, contributes to limited and unabiding outcomes
(Diabetes Prevention Program Research Group et al., 2009;
Stefan et al., 2018). Therefore, pharmacotherapy is needed to be
an adjunctive or even a dominant treatment option.
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The serotonin 2C receptor (5-HT2CR) is a Gq-protein-
coupled receptor (GPCR) that plays a critical role in regulating
energy balance (Heisler et al., 2003). Mice with global 5-HT2CR
deficiency develop hyperphagia and obesity (Tecott et al., 1995;
Nonogaki et al., 1998). 5-HT2CR’s effects on appetite and body
weight are largely mediated by proopiomelanocortin (POMC)
neurons within the arcuate nucleus of hypothalamus (ARH;
Heisler et al., 2002, 2003; Qiu et al., 2007). Notably, re-expressing
5-HT2CRs only in POMC neurons completely normalizes the
hyperphagia and obesity in 5-HT2CRs null mice (Xu et al., 2008).
Meta-chlorophenylpiperazine, an agonist of 5-HT2CRs, acti-
vates POMCARH neurons and induces hypophagia (Vickers
et al., 2003; Sohn et al., 2011). Conversely, compounds that
suppress brain 5-HT signals produce hyperphagia and weight gain
(Ghosh and Parvathy, 1973; Blundell and Leshem, 1974; Geyer et
al., 1976; Saller and Stricker, 1976). These previous findings indi-
cate that selective activation of 5-HT2CRs has therapeutic potential
for obesity treatment.

In past decades, several weight management drugs targeting
the 5-HT2CR-mediated pathway have been most clinically effec-
tive for obesity treatment. These include D-fenfluramine,
which stimulates the release of 5-HT and inhibits its reuptake
into nerve terminals (Vickers et al., 1999), and sibutramine,
which inhibits 5-HT and noradrenaline reuptake (Luque and
Rey, 1999). However, these two drugs were withdrawn from
the clinical use because of their non-specific adverse effects on
the cardiovascular system (Connolly et al., 1997; Scheen,
2010). Lorcaserin (Lor), a highly selective agonist of the 5-
HT2CR with a minimal risk of causing cardiovascular side
effects (Weissman et al., 2013), was approved by the United
States Food and Drug Administration (FDA) as an anti-obe-
sity medicine in 2012. While Lor’s short-term effects are quite
robust, its long-term weight loss efficacy is less than satisfac-
tory. Patients with prolonged Lor treatment show no continu-
ous weight loss but a body weight regain (;50% of maximum
weight loss; Smith et al., 2010). More recently, Lor is reported
to be potentially associated with a higher risk of cancers,
although this association was not statistically significant
(Food and Drug Administration, 2020). However, the FDA
withdrew Lor from the United States market because the
potential cancer risk outweighs its long-term weight manage-
ment benefit (Food and Drug Administration, 2020). Putting
aside the fact that these drugs were withdrawn because of their
unspecific adverse effects, the common issue for these medi-
cines is their modest long-term efficacy to reduce body weight
(Douglas et al., 1983; Apfelbaum et al., 1999; James et al.,
2010; Smith et al., 2010). Therefore, better understanding the
mechanisms by which long-term Lor treatment loses its effects
may provide necessary framework to develop strategies to
treat obesity with prolonged efficacy.

In the current study, we first demonstrated that barbadin
(Bar), a novel b -arrestin/b 2-adaptin inhibitor, can prevent 5-
HT2CR internalization in cultured cells. We then examined, in
mice, the weight-reducing efficacy of a chronic regimen combin-
ing Lor and Bar. Then we combined electrophysiology, neuroan-
atomy, fiber photometry to delineate the actions of Bar on
POMCARH neurons’ responsiveness to Lor treatment.

Materials and Methods
Mice
All the mice used in the current study were on a C57BL/6J background.
For electrophysiological studies, we crossed POMC-CreER (Berglund et
al., 2013) with Rosa26-LSL-tdTOMATO allele (Madisen et al., 2010;

obtained from The Jackson Laboratory, #007905) to generated POMC-
CreER/Rosa26-LSL-tdTOMATO mice. These mice express tdTOMATO
selectively in mature POMC neurons after tamoxifen induction (0.2
mg/g, i.p.; at least eight weeks of age). For fiber photometry studies, we
crossed C57BL/6J mice with POMC-Cre mice (Balthasar et al., 2004).
The wild-type littermates from all above mating were used for metabolic
phenotype studies. The mice were fed standard chow diet (6.5% fat,
#2920, Harlan-Teklad) or with a high-fat diet (HFD; 60% fat, #D12492i,
Research Diets). Water was provided ad libitum.

Plasmid
5-HT2CR was cloned from mouse hypothalamus using the forward
primer 59-ATGGTGAACCTGGGCACTG-39 and reverse primer 59-
CACACTACTAATCCTCTCGC-39. The PCR products was amplified
with PrimeSTAR Max DNA Polymerase (R045B, Takara) and cloned
into EcoRI-XhoI site of pcDNA3.1/myc-his A. Sequencing confirmed
the cloned 5-HT2CR is VNV isoform. Then, the VGV isoform was gen-
erated by Q5 Site-Directed Mutagenesis kit (E0554S, New England
Biolabs) with forward primer 59-GCTCAACAGGACCACGTACTGC
TACATACC-39 and reverse primer 59-ATAGCCGGTTCAATTCG
CGGAC-39 (Watanabe et al., 2014). To generate 5-HT2CR-mCherry
expression vector, the 5-HT2cR/VGV isoform was sub-cloned into the
mCherry2-N1 vector (#54517, Addgene plasmid) which was gift from
Michael Davidson.

Cell transfection and confocal fluorescence microscopy imaging
HEK293 cells were grown in DMEM supplemented with 10% (v/v) fetal
bovine serum. Cells were plated on gelatin-coated coverslip and then
transiently transfected with 5-HT2CR-VGV-mCherry vector using
Lipofectamine 3000 reagent (L3000015, Invitrogen). After 48-h transfec-
tion, cells were firstly treated with vehicle (Veh; DMSO) or 10 mM Bar
(356568-70-2, Axon Medchem) for 30min and then Veh (DMSO) or
100 mM Lor (A12598, Adoop bioscience) for another 30min. Then the
transfected cells were fixed with 4% paraformaldehyde in PBS for
15min. After washing in PBS, cells were incubated with 5mg/ml wheat
germ agglutinin Alexa Fluor 633 conjugate (WGA; W32466, Invitrogen)
and 1mg/ml Hoechst 33342 dye (H3570, Invitrogen) at room tempera-
ture for 10min. Images were captured on Olympus confocal microscope.
Fluorescence intensity was quantified using ImageJ, and five positive
cells were selected for statistical analysis in each group.

Food intake, body weight, and body composition
In chow feeding study, male C57BL/6J mice were fed with chow ad libi-
tum. At 24weeks of age, these mice were singly housed oneweek before
measuring the chow intake in home cages. For the daily drug treatment,
all mice received first intraperitoneal injection (Veh: saline with 1%
DMSO, or Bar; 0.3mg/kg) at 5 P.M., then received second intraperito-
neal injection (Veh: saline, or Lor; 9mg/kg) at 6 P.M. Chow intake and
body weight were monitored every 2 d until the end of study. On day 26,
body composition (fat mass and lean mass) was determined by quantita-
tive magnetic resonance.

Another cohort of male C57BL/6J mice were used in the HFD feed-
ing study. Briefly, these mice were singly housed since 12weeks of age
and fed with HFD ad libitum to induce an obese phenotype before the
drug treatment. After reaching ;50 g body weight, all mice received
same treatment as in the chow-fed mice. HFD intake and body weight
were monitored every 2 d until end of study.

Metabolic cages
Physical activity, energy expenditure, and meal patterns were monitored
by using a TSE PhenoMaster system. Experiments were performed in
temperature-controlled (23°C) cabinets containing 16 TSE PhenoMaster
metabolic cages. After finishing the 26-d food intake and body weight
study as described above, the same group of chow-fed mice were trans-
ported to the metabolic cages to acclimate to the new environment.
After acclimation for 2 d, cages were connected to the TSE phenoMaster
system for a total of 4 d. For the daily drug treatment, all mice received
first intraperitoneal injection (Veh: saline with 1% DMSO, or Bar;
0.3mg/kg) at 5 P.M., then received second intraperitoneal injection
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(Veh: saline, or Lor; 9mg/kg) at 6 P.M. Data of meal pattern, O2 con-
sumption, CO2 production, heat production and activity were automati-
cally recorded by the system, and data collected from the last 2 d were
used for analysis. O2 consumption, CO2 production, and heat produc-
tion were normalized by the lean mass of each mouse. Data for meal
analysis was collected as binary data every 10 s. The start of a meal was
defined by food removal equal to or larger than 0.1 g and the meal was
ended when no further food removal occurred before the end of the
inter-meal interval of 30min. Meal frequency was defined by the total
number of food intake events in 1-d cycle, while meal size was defined
by the averaged food intake of meals for each mouse.

Electrophysiology
Chow-fed POMC-CreER/Rosa26-LSL-tdTOMATO mice were used for
electrophysiology recordings. Male mice at 10–12weeks of age received
daily intraperitoneal injections of various combination of Veh, Lor, and/
or Bar for 20d (as described above) before recordings. Electrophysiology
recordings were performed as previously described (He et al., 2020).
Briefly, mice were anesthetized with isoflurane and brains were dissected
rapidly and immersed in ice-cold and oxygenated cutting solutions
(10 mM NaCl, 195 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 7 mM

MgCl2, 25 mM NaHCO3, 5 mM glucose, 0.5 mM CaCl2, and 2 mM sodium
pyruvate, balanced with 95% O2/5% CO2). Coronal brain slices
(220mm) containing the ARH were cut with a Microm HM 650 V vibra-
tome (Thermo Scientific) in oxygenated cutting solution. Slices were
then incubated in oxygenated artificial CSF (ACSF; 126 mM NaCl,
2.5 mM KCl, 2.4 mM CaCl2, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 11.1 mM

glucose, and 21.4 mM NaHCO3, balanced with 95% O2/5% CO2, pH 7.4)
to recover;25min at 32°C and subsequently for≧1 h at room tempera-
ture before recording.

Slices were then transferred to the recording chamber perfused con-
tinuously with 32°C artificial cerebrospinal fluid bubbled with 95% O2/
5% CO2 to ensure adequate oxygenation of slices. tdTOMATO (1) neu-
rons were identified by using epifluorescence and IR-DIC imaging on an
upright microscope (Eclipse FN-1, Nikon) equipped with a moveable
stage (MP-285, Sutter Instrument). Patch pipettes with resistances of 3–
5 MV were filled with intracellular solution (adjusted to pH 7.3) con-
taining 128 mmol/l K gluconate, 10 mmol/l KCl, 10 mmol/l HEPES, 0.1
mmol/l EGTA, 2 mmol/l MgCl2, 0.3 mmol/l Na-GTP, and 3 mmol/
lMg-ATP. Recordings were made using a MultiClamp 700B amplifier
(Axon Instrument), sampled using Digidata 1440A and analyzed offline
with pClamp 10.3 software (Axon Instrument). Series resistance was
monitored during the recording, and the values were generally,10 MV
and were not compensated. The liquid junction potential was
112.5mV, and was corrected after the experiment. Data were excluded
if the series resistance increased.20% during the experiment or without
overshoot for action potential. Currents were amplified, filtered at
1 kHz, and digitized at 20 kHz. Current clamp was engaged to test neural
firing frequency at the baseline and after puff delivery of Lor (5 s at a
concentration of 100 mM). Each neuron was recorded for at least 1-min
baseline, and only the neurons with stable baseline were used to test Lor
puff effect. To ensure each recorded neuron receive same amount of Lor,
the neurons located on the surface of the slice were selected to record
and the puff pipette was always put at a 100-mm horizontal and 50-mm
vertical distance from the recorded neurons. The puff strength was
maintained at a same level by using a repeatable pressure pulse system
(Picospritzer III, Parker). The values for resting membrane potential
(RMP) and firing frequency were averaged within 1 min bin at the base-
line or after Lor puff. A neuron was considered depolarized if an increase
in RMP was�2mV.

To record transient receptor potential cation (TRPC) current, the
membrane potential was hold at �60 mV in the voltage-clamp mode in
the same neuron recorded in current clamp mode. A continuous current
trace was recorded at the baseline and after puff delivery of Lor (5 s at a
concentration of 100 mM). The selective TRPC channel blocker 1-[2-(4-
methoxyphenyl)�2-[3-(4-methoxyphenyl)propoxy] ethyl-1H-imidazole
hydrochloride (SKF96365, #1147, Tocris) was used to identify TRPC
currents by perfusion at 100mM in the ACSF.

Immunohistochemistry
Chow-fed male mice at 10–12weeks of age received daily intraperitoneal
injections of various combination of Veh, Lor, and/or Bar for 1 or 20d
(as described above). One hour after the last injection, mice were
anesthetized with inhaled isoflurane, and quickly perfused with sa-
line, followed by 10% formalin. The brain sections were cut at
25 mm and collected into five consecutive series. One series of sec-
tions from each mouse were blocked (3% Normal donkey serum)
for 1 h, incubated with rabbit anti-b -endorphin antibody
(1:10,000; #H-02,233, Phoenix Peptide) and mouse anti-c-Fos anti-
body (1:1000, Ab208942, Abcam) on shaker at room temperature
for overnight, followed by the donkey anti-rabbit Alexa Fluor 488
(1:200, A21206, Invitrogen) and donkey anti-mouse Alexa Fluor
594 (1:200, A21203, Invitrogen) for 2 h. Slides were cover-slipped
and analyzed using a fluorescence microscope. The numbers of
b -endorphin-positive cells and c-Fos/b -endorphin double posi-
tive cells in the ARH were counted in 8–10 brain sections, which
contained around 800–1100 b -endorphin-positive cells. The ratio
of c-Fos/b -endorphin double positive cells to b -endorphin-posi-
tive cells was used to reflect the data value for that mouse. Three or
four mice were included in each group for statistical analyses.

Fiber photometry
For the fiber photometry studies, 10-week-old chow-fed male POMC-
Cre mice were anesthetized by isoflurane and received stereotaxic injec-
tions of pAAV9.Syn.Flex.GCaMP6m WPRE.SV40 virus (200 nl, 3� 109

VP/ml; Addgene, 100838-AAV9) into the ARH (1.60 mm posterior, 0.30
mm lateral, and 5.90 mm ventral to the bregma, based on Franklin and
Paxinos Mouse Brain Atlas). During the same surgery, an optical fiber
(fiber: core = 400mm; 0.48NA; M3 thread titanium receptacle; Doric
Lenses) was implanted over the ARH (1.60 mm posterior, 0.30 mm lat-
eral, and 5.70 mm ventral to the bregma). Fibers were fixed to the skull
using dental acrylic and mice were allowed to recover for four to
sixweeks before fiber photometry recording experiments. The ARH vi-
rus injection was confirmed by postmortem GFP fluorescence study,
and only mice with GFP expression within the ARH were included in
this study.

Mice rested for four to sixweeks after surgeries to allow for adequate
recovery and GCaMP6m expression to stabilize. Then mice received
daily intraperitoneal injections of various combination of Veh, Lor, and/
or Bar for 20d (as described above). On days 1, 10, and 20, the record-
ings were performed from 5min before the second injection of that day
and for 55min afterward. As previously described (He et al., 2020), mice
could freely move during the recoding. Continuous ,20mW blue LED
at 465 nm and UV LED at 405 nm served as excitation light sources,
driven by a multichannel hub (Doric Lenses), modulated at 211Hz and
330Hz, respectively. Approximately 30-s recoding time was removed
from the total recoding period to avoid the noise generated by the intra-
peritoneal injection. The digital signals were then amplified, demodu-
lated, and collected through a lock-in amplifier (RZ5P, Tucker-Davis
Technologies). The fiber photometry data were collected using Synapse
2.0 (Tucker-Davis Technologies) and down sampled to 8Hz. The values
of fluorescence were calculated by (F465� F405)/F405; for each record-
ing, these values were normalized to the average of the first 5-min base-
line (before injections).

Experimental design and statistical analyses
The minimal sample size was predetermined by the nature of experi-
ments. The data are presented as mean 6 SEM and/or individual data
points. Statistical analyses were performed using GraphPad Prism to
evaluate normal distribution and variations within and among groups.
Methods of statistical analyses were chosen based on the design of each
experiment and are indicated in figure legends; p, 0.05 was considered
to be statistically significant.

Study approval
Care of all animals and procedures were approved by the Baylor College
of Medicine Institutional Animal Care and Use Committee.
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Result
Bar inhibits Lor-induced 5-HT2CRs internalization in
HEK293 cells
It is well known that long-term (many minutes to hours or days)
agonist exposure induces GPCR internalization from the cell
membrane, which leads to the desensitization of the receptor
(Rajagopal and Shenoy, 2018). To examine whether Lor exposure
induces 5-HT2CR internalization, we used Lor to treat HEK293
cells transiently transfected with mCherry-tagged 5-HT2CR-
VGV (Fig. 1A). We found that 30-min Lor (100 mM) treatment
induced a robust internalization of 5-HT2CRs compared with the
Veh-treated group (Fig. 1A,B). Bar is a novel selective
b -arrestin/b 2-adaptin inhibitor that has been reported to block
agonist-induced internalization of multiple GPCRs (Beautrait et
al., 2017). We next tested whether Bar inhibits Lor-induced 5-
HT2CR internalization. We treated the cells with Bar (10 mM) for
30min followed by 30-min treatment of Lor. We observed that
pretreatment with Bar significantly prevented Lor-induced 5-
HT2CR internalization (Fig. 1A,B). This data indicates that Bar
inhibits Lor-induced 5-HT2CRs internalization and may be com-
bined with Lor to enhance its long-term efficacy.

Bar enhances Lor’s effects on food intake
and body weight
To determine the long-term effects of Lor on
body weight, we performed daily intraperito-
neal injection of Lor (9mg/kg) in chow-fed
mice for 26 d and measured the body weight
and food intake every 2 d (Fig. 2A). During
the first 14 d of treatment, we found that Lor
significantly decreased body weight and food
intake (Fig. 2B–D). However, continuous
treatment with Lor during day 15 to day 26
failed to decrease food intake and body weight
(Fig. 2B,C,E). Food intake in Lor-treated
group eventually showed no difference com-
pared with the control group on day 26 (Fig.
2C). The result is consistent with a previous
study showing that continuous Lor treatment
for the first two weeks induces hypophagia
and body weight loss in rats, whereas this
effect is blunted afterward (Thomsen et al.,
2008). In line with these observations in ani-
mals, clinical studies showed a clear halt of
body weight loss in obese patients who took
Lor for more than sixmonths (Fidler et al.,
2011). These results indicate that long-term
Lor administration fails to maintain its effi-
cacy to reduce food intake and body weight.

To test whether Bar enhances long-term
Lor’s effect on food intake and body weight,
we applied Bar (0.3mg/kg, i.p.) 1 h before
Lor injection every day. We observed that the
application of Lor in Bar-pretreated group
exerted a similar effect on body weight loss
and food intake reduction during the first
twoweeks (Fig. 2B–D). Interestingly, during
day 15 to day 26, Lor maintained its effect on
body weight and food intake in the Bar-pre-
treated group (Fig. 2B,C,E). We further found
that the lower food intake in the Bar-pre-
treated group was because of decreased meal
size but not meal frequency (Fig. 2F,G). In
addition, fat mass, but not lean mass, was sig-
nificantly decreased by the Bar/Lor combina-

tion (Fig. 2H,I). Importantly, the application of Bar alone did not
alter body weight, food intake, fat mass, and lean mass in mice (Fig.
2B–G). We found that Lor did not change energy expenditure (Fig.
3A–F), although there were significant decreases in activities at the
xy- and z-axis at a few time points during the dark cycle (Fig. 3G–J).
Similarly, in HFD-induced obese mice, pretreatment with Bar sig-
nificantly potentiated anorexia and weight loss induced by Lor,
while Bar alone did not alter food intake and body weight (Fig. 4A,
B). Taken together, these data indicate that Bar enhances long-term
Lor efficacy to reduce food intake and body weight in both chow
and HFD-fed mice.

Bar maintains POMCARH neuron responses to Lor puff in vitro
POMCARH neurons co-expressing 5-HT2CRs are shown to be a
principal mediator of 5-HT2CR’s effects on metabolic functions
(Xu et al., 2008, 2010; Fidler et al., 2011). Acute exposure to Lor
activates POMCARH neurons and induces hypophagia in mice
(D’Agostino et al., 2018). The blunted effect of Lor on food
intake and body weight may be because of desensitized actions of
5-HT2CRs in POMCARH neurons. To test this possibility,
POMC-CreER/Rosa26-LSL-tdTOMATO mice (after tamoxifen

Figure 1. Bar inhibits Lor-induced 5-HT2CR internalization in HEK293 cells. A, Representative confocal fluorescence
images in Veh1 Veh, Veh1 Lor, Bar1 Veh, and Bar1 Lor groups. mCherry (red): 5-HT2CR; WGA (green): cell mem-
brane; Hoechst (blue): cell nucleus. B, Quantification of fluorescence intensity of 5-HT2CR-VGV-mCherry on cell mem-
brane. Two-way ANOVA, Lor � Bar: F(1,16) = 11.92, p= 0.0033, post hoc Sidak’s multiple comparisons test, **p, 0.01,
***p, 0.001. N= 5 for each group.
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Figure 2. Bar enhances Lor’s effects on chow intake and body weight. A, Experimental scheme. B, C, Body weight change (B) and chow intake (C) during 26-d treatment. Two-way repeated
measures ANOVA, body weight: time � group: F(39,312) = 23.17, p, 0.0001; food intake: time � group: F(42,336) = 23.17, p, 0.0001, post hoc Sidak’s multiple comparisons test; *p, 0.05,
**p, 0.01, ***p, 0.001 (blue asterisk: Veh 1 Veh vs Veh 1 Lor, Bar 1 Veh vs Veh 1 Lor; pink asterisk: Veh 1 Veh vs Bar 1 Lor, Bar 1 Veh vs Bar 1 Lor); #p, 0.05, ##p ,0.01,
###p, 0.001 (Veh1 Lor vs Bar1 Lor). N=9 mice per group. Data are presented as mean6 SEM. D, E, Cumulative food intake during day 1 to day 14 (D) and during day 15 to day 26 (E).
Two-way ANOVA, Lor � Bar (day 1 to day 14): F(1,32) = 0.768, p= 0.387; Lor � Bar (day 15 to day 26): F(1,32) = 6.12, p=0.019, post hoc Sidak’s multiple comparisons test, **p, 0.01,
***p, 0.001. N=9 mice per group. Data are presented as mean6 SEM with individual data points. F, G, Meal frequency (F) and meal size (G) measured by the TSE PhenoMaster system during
day 27 to day 32. Two-way ANOVA, meal frequency: Lor� Bar (total day: F(1,24) = 0.18, p=0.672; dark phase: F(1,24) = 0.01, p= 0.912; light phase: F(1,24) = 0.03, p= 0.87), meal size: Lor� Bar
(total day: F(1,24) = 4.54, p= 0.0435; dark phase: F(1,24) = 2.71, p= 0.1126; light phase: F(1,24) = 1.49, p= 0.234), with post hoc Sidak’s multiple comparisons test; *p, 0.05. N=7 mice per group.
Data are presented as mean6 SEM with individual data points. H, I, Body fat mass (H) and lean mass (I) measured on day 26. Two-way ANOVA, fat mess: Lor � bar F(1,32) = 0.265, p=0.61;
lean mess: F(1,32) = 0.036, p=0.85, with post hoc Sidak’s multiple comparisons test; *p, 0.05. N=9 mice per group. Data are presented as mean6 SEM with individual data points.
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induction) received intraperitoneal injections of Veh or Bar
followed by Veh or Lor for 20 consecutive days, and we then
performed the whole-cell electrophysiology recordings in
tdTOMATO-labeled POMCARH neurons (Fig. 5A,B). We first
compared the baseline excitability of POMCARH neurons in all

groups, and found that 20-d Lor application significantly
reduced RMP compared with the Veh-treated group, and firing
frequency was slightly reduced with no statistical significance;
interestingly, pretreatment with Bar rescued these reductions
(Fig. 5C,D). We then examined responses of POMCARH neurons

Figure 3. Bar does not change energy expenditure and physical activity. A, C, E, G, I, Temporal changes in oxygen consumption (A), carbon dioxide production (C), heat production (E), xy-
axis activity (G), and z-axis activity (I) in Veh1 Veh, Veh1 Lor, Bar1 Veh, and Bar1 Lor groups. N= 7 mice per group. Data are presented as mean6 SEM. Two-way repeated measures
ANOVA, [dot]VO2: time� group (dark phase: F(39,234) = 1.43, p= 0.058; light phase: F(36,216) = 1.23, p= 0.19); [dot]VCO2: time� group (dark phase: F(39,234) = 1.42, p= 0.065; light phase:
F(36,216) = 1.24, p= 0.18); heat: time� group (dark phase: F(39,234) = 1.44, p= 0.056; light phase: F(36,216) = 1.24, p= 0.18); heat: time� group (dark phase: F(39,234) = 1.44, p= 0.056; light
phase: F(36,216) = 1.24, p= 0.18); xy-axis activity: time � group (dark phase: F(39,234) = 2.26, p, 0.0001; light phase: F(36,216) = 0.967, p= 0.53); z-axis activity: time � group (dark phase:
F(39,234) = 2.01, p= 0.0008; light phase: F(36,216) = 0.94, p= 0.58), with post hoc Sidak’s multiple comparisons test. *p, 0.05, **p, 0.01, ***p, 0.001. N= 7 mice per group. Data are pre-
sented as mean6 SEM. B, D, F, H, J, Average dark and light oxygen consumption (B), carbon dioxide production (D), heat production (F), xy-axis activity (H), and z-axis activity (J) in Veh1
Veh, Veh1 Lor, Bar1 Veh, and Bar1 Lor groups. Two-way ANOVA, Lor � Bar: ([dot]VO2: dark phase: F(1,24) = 0.32, p= 0.57; light phase: F(1,24) = 0.58, p= 0.45; [dot]VCO2: dark phase:
F(1,24) = 0.71, p= 0.41; light phase: F(1,24) = 0.95, p= 0.34; heat: dark phase: F(1,24) = 0.33, p= 0.57; light phase: F(1,24) = 0.10, p= 0.74; xy-axis activity: dark phase: F(1,24) = 0.93, p= 0.34;
light phase: F(1,24) = 0.08, p= 0.78; Y-axis activity: dark phase: F(1,24) = 0.09, p= 0.76; light phase: F(1,24) = 0.10, p= 0.75), with post hoc Sidak’s multiple comparisons test. N= 7 mice per
group. Data are presented as mean6 SEM with individual data points.
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to a 5-s puff of 100 mM Lor. In mice
receiving 20-d intraperitoneal injections
of Veh and Veh, 52.63% POMCARH

neurons were activated by the Lor puff,
as demonstrated by .2 mV depolariza-
tion in RMP (Fig. 5E,K). However, the
same Lor puff only activated 24.49%
POMCARH neurons in mice receiving
20-d intraperitoneal injections of Veh
and Lor (p = 0.0069 in x 2 test compared
with Veh 1 Veh group; Fig. 5F,K).
Moreover, we found that the depolariza-
tion and increases in firing frequency after
Lor puff were significantly lower in mice
receiving 20-d intraperitoneal injections of
Lor than other groups (Fig. 5F,I,J). We
further analyzed the changes induced by
Lor puff only in depolarized neurons, and
found that both the magnitude of depola-
rization and increases in firing frequency
induced by Lor puff were significantly
reduced in mice receiving 20-d intraperitoneal injections of Veh
and Lor (Fig. 5L,M). These results indicate that the long-term Lor
intraperitoneal injections significantly reduced the 5-HT2CR actions
in POMCARH neurons. Interestingly, in mice receiving 20-d intra-
peritoneal injections of Bar and Lor, effects of Lor puff to activate
POMCARH neurons were completely restored (Fig. 5G,H).
Importantly, in mice receiving 20-d intraperitoneal injections of Bar
and Veh, effects of Lor puff were comparable to those in mice
injected with Veh and Veh (Fig. 5I–M). These data indicate that
long-term systemic Lor treatment (via intraperitoneal injections)
can desensitize 5-HT2CR actions in POMCARH neurons, which can
be fully restored by preinjections of Bar.

It has been reported that 5-HT2CRs activate POMCARH neu-
rons at least partly via putative TRPC channels (Sohn et al.,
2011). In mice receiving 20-d intraperitoneal injections of Veh
and Veh, we observed that Lor puff induced clear inward cur-
rents in activated POMCARH neurons which were fully blocked
by a TRPC channel blocker, SKF96365 (Fig. 6A,E); in addition,
we observed that repeated Lor puffs (with 5-min interval) repro-
ducibly triggered the inward currents in POMCARH neurons
(data not shown). Importantly, such currents were minimal
in unresponsive POMCARH neurons (Fig. 6F). Interestingly, in
mice receiving 20-d intraperitoneal injections of Veh and Lor,
effects of Lor puff to induce the SKF96365-sensitive inward cur-
rents were significantly decreased, which however were largely
restored in mice receiving 20-d intraperitoneal injections of Bar
and Lor (Fig. 6B,D,F). Notably, effects of Lor puff to induce the
inward currents in mice receiving 20-d intraperitoneal injections of
Bar and Veh were comparable to those in mice injected with Veh
and Veh (Fig. 6C,F). Further, we noted that the depolarization
induced by Lor puff was positively correlated with the currents (Fig.
6G), suggesting that these SKF96365-sensitive currents mediate the
Lor-induced depolarization. Supporting this notion, SKF96365 can
fully block Lor’s activation effect on POMCARH neurons (Fig. 6H–
J). Taken together, these results indicate that long-term systemic
Lor treatment can desensitize 5-HT2CR actions to open the TRPC
channel, which can be restored by preinjections of Bar.

Bar maintains Lor-induced c-Fos immunoreactivity in
POMCARH neurons
To further determine the Lor effects on POMCARH neuron activ-
ity in vivo, we examined the c-Fos immunoreactivity in

POMCARH neurons in mice that received intraperitoneal injec-
tions of Veh or Bar followed by Veh or Lor for either 1 d or for
20 consecutive days (Fig. 7A). Consistent with a previous report
(Burke et al., 2017), we found that Lor treatment on day 1
increased the number of POMCARH neurons that co-express
c-Fos (p, 0.01 in two tailed unpaired t tests but nonsignifi-
cant in two-way ANOVA analysis, Fig. 7B,C). However, after
a 20-d continuous Lor daily injections, the last Lor injection
failed to induce c-Fos in POMCARH neurons (Fig. 7D,E),
indicating that 5-HT2CRs in POMCARH neurons no longer
responded to Lor after a long-term Lor administration.
Interestingly, in mice receiving pretreatment of Bar every
day, Lor significantly induced c-Fos in POMCARH neurons
(Fig. 7D,E). Notably, the pretreatment of Bar can further
potentiate the effect of Lor to induce c-Fos on day 1, and Bar
alone did not affect the c-Fos in POMCARH neurons on ei-
ther day 1 or 20 (day 1: 16.86 3.4% vs day 20: 18.66 0.5%,
p. 0.05; Fig. 7B,E). These results indicate that Bar can main-
tain Lor’s effect to activate POMCARH neurons likely through
preventing the 5-HT2CR desensitization.

Bar maintains POMCARH neuron responses to Lor treatment
in vivo
We further used fiber photometry to record Lor-induced
POMCARH neuron activity in vivo. To this end, POMC-Cre mice
received stereotaxic injections of a Cre-dependent viral vector
expressing a calcium indicator GCaMP6m into the ARH, and an
optic fiber detector was implanted above the ARH to allow re-
cording of GCaMP6m fluorescence as a measure of POMCARH

neuron activity (Fig. 8A,B). After recovery, these mice were sub-
jected to the 20-d intraperitoneal injection regimen: Veh or Bar
followed by Veh or Lor (Fig. 8A). The fiber photometry record-
ings were performed on days 1, 10, and 20 (Fig. 8A,B). The com-
bination of Veh and Veh injection, or that of Bar and Veh, did
not change the POMCARH neuron activity on day 1, 10, or 20
(Fig. 8C,E,G). In mice receiving the combination of Veh and Lor,
the Lor intraperitoneal injection induced a significant and robust
increase in POMCARH neuron activity only on day 1, and this
response was largely attenuated on days 10 and 20 (day 1:
1.256 0.058 vs day 20: 1.046 0.021, p, 0.05; Fig. 8D,G). On the
contrary, in mice receiving the combination of Bar and Lor, the
Lor intraperitoneal injection induced a significant and robust
increase in POMCARH neuron activity on day 1, and this

Figure 4. Bar enhances Lor’s effects on HFD intake and body weight. A, Body weight change during 24-d treatment. Two-
way repeated measures ANOVA, time� group: F(36,180) = 12.89, p, 0.0001, with post hoc Sidak’s multiple comparisons test.
***p, 0.001 (blue asterisk: Veh1 Veh vs Veh 1 Lor, Bar 1 Veh vs Veh 1 Lor; pink asterisk: Veh 1 Veh vs Bar 1 Lor,
Bar1 Veh vs Bar1 Lor); ###p, 0.001 (Veh1 Lor vs Bar1 Lor). B, HFD intake during 24-d treatment. Two-way repeated
measures ANOVA, time � group: F(42,210) = 1.33, p= 0.098, with post hoc Sidak’s multiple comparisons test. *p, 0.05,
***p, 0.001 (blue asterisk: Veh1 Veh vs Veh1 Lor, Bar1 Veh vs Veh1 Lor; pink asterisk: Veh1 Veh or Bar1 Veh vs
Bar1 Lor); #p, 0.05, ##p, 0.01 (Veh1 Lor vs Bar1 Lor).
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response persisted on days 10 and 20 (Fig. 8F,G). Taken to-
gether, these results further confirm in vivo that long-term
systemic Lor treatment can desensitize 5-HT2CR actions in
POMCARH neurons, which can be fully restored by preinjec-
tions of Bar.

Discussion
Our work demonstrates that long-term Lor administration indu-
ces aberrant 5-HT2CR desensitization in POMCARH neurons,
which blunts Lor’s long-term efficacy to reduce body weight. Bar
can prevent 5-HT2CR internalization and maintain Lor potency

Figure 5. Bar maintains POMCARH neuron responses to Lor puff in vitro. A, Experimental scheme. B, tdTomato fluorescent labeled POMC neurons in the ARH (upper panel) and positioning of
puff and recording electrodes as illustrated by white lines. C, Quantification of RMP in all recorded neurons in various groups before Lor treatment. Two-way ANOVA, Lor� Bar: F(1,163) = 4.65,
p= 0.033, with post hoc Sidak’s multiple comparisons test. *p, 0.05. N= 38–52 neurons per group from at least 3 mice. Data are presented as mean6 SEM with individual data points. D,
Quantification of firing rate in all recorded neurons in various groups before Lor treatment. Two-way ANOVA, Lor � Bar: F(1,163) = 0.98, p= 0.32, with post hoc Sidak’s multiple comparisons
test. **p, 0.05. N= 38–52 neurons per group from at least 3 mice. Data are presented as mean6 SEM with individual data points. E–H, Representative traces of action firing potential in
POMCARH neurons before and after Lor treatment (100 mM, 5-s puff) in Veh 1 Veh (E), Veh 1 Lor (F), Bar 1 Veh (G), and Bar 1 Lor (H) groups. I, Change in membrane potential in all
recorded neurons treated by Lor in various groups. Two-way ANOVA, Lor � Bar: F(1,162) = 7.24, p= 0.0079, with post hoc Sidak’s multiple comparisons test. **p, 0.01, ***p, 0.001.
N= 38–49 neurons per group from at least 3 mice. Data are presented as mean6 SEM with individual data points. J, Changes in firing rate in all recorded neurons treated by Lor in various
groups. Two-way ANOVA, Lor � Bar: F(1,162) = 8.58, p= 0.0039, with post hoc Sidak’s multiple comparisons test. **p, 0.01. N= 38–49 neurons per group from at least 3 mice. K,
Percentage of neurons with depolarization or no response induced by Lor in various groups. x 2 test; **p, 0.01. L, Magnitude of depolarization in activated neurons induced by Lor in various
groups. Two-way ANOVA, Lor � Bar: F(1,68) = 5.18, p= 0.026, with post hoc Sidak’s multiple comparisons test. **p, 0.01. N= 12–20 neurons per group from at least 3 mice. Data are pre-
sented as mean6 SEM with individual data points. M, Changes in firing rate in activated neurons induced by Lor in various groups. Two-way ANOVA, Lor� Bar: F(1,68) = 5.68, p= 0.02; with
post hoc Sidak’s multiple comparisons test. *p, 0.05. N= 12–20 neurons per group from at least 3 mice. Data are presented as mean6 SEM with individual data points.
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to activate POMCARH neurons via the TRPC-mediated mecha-
nisms and to reduce body weight. Our findings provide a neces-
sary framework to target 5-HT2CR desensitization pathway for
effective long-term treatment of obesity.

The major shortcoming of the several 5-HT2CR agonists is
the modest long-term efficacy to reduce body weight. Data
from multiple clinical trials clearly show that the Lor’s efficacy
gradually reached a plateau after ;24weeks of treatment (Smith
et al., 2010; Fidler et al., 2011; O’Neil et al., 2012), and even an
apparent body weight rebound existed in obese patients who
still received continuous Lor treatment (Smith et al., 2010).
Interestingly, this plateau phenomenon also existed in the clinical
trials with.24weeks of treatment with D-fenfluramine or sibutr-
amine (Douglas et al., 1983; Apfelbaum et al., 1999; James et al.,
2010). The animal studies also showed that Lor, as well as other
5-HT analogs, significantly reduced food intake over the first
two weeks of dosing, after which time there was a progressive
loss of this hypophagia (Mccann et al., 1997; Vickers et al., 2000;
Thomsen et al., 2008). Likewise, our results also showed that the
Lor gradually lose its effect after twoweeks of administration. It
has been well documented that Lor and other 5-HT analogs
reduce body weight through 5-HT2CR-mediated activation of
POMCARH neurons (Heisler et al., 2002, 2003; Vickers et al.,
2003; Sohn et al., 2011; D’Agostino et al., 2018), indicating that
POMCARH neuron activity is essential for weight-lowering effects

of these compounds. Notably, using slice electrophysiology, c-
Fos immunoreactivity and fiber photometry, we consistently
demonstrated that the Lor treatment hardly activated POMCARH

neurons after prolonged Lor exposure. Thus, we suggest that
the loss of Lor’s efficacy to reduce body weight and food intake
is largely attributed to the desensitization of 5-HT2CRs in
POMCARH neurons.

The GPCRs desensitization is a complicated process which
requires the coordination of multiple proteins, including
b -arrestins (b -arrestin-1 and b -arrestin-2), clathrin and adap-
tor protein AP2 (Ferguson et al., 1996; Goodman et al., 1996;
Laporte et al., 1999). The role of b -arrestins in regulating GPCR
signaling and trafficking has been well studied (Shenoy and
Lefkowitz, 2011). b -Arrestin-1 null mice showed less b -adre-
nergic receptors desensitization and more sensitive to the agonist
stimulation (Conner et al., 1997). Mice lacking b -arrestin-2
exhibited enhanced and prolonged morphine analgesia because
of reduced m-opioid receptor desensitization (Bohn et al., 1999,
2000). A recent study reported that b -arrestin-1, but not
b -arrestin-2, in hypothalamic agouti-related peptide neurons
prevents obesity-associated metabolic impairments (Pydi et al.,
2020). Importantly, the interaction between b -arrestins and
adaptor protein AP2 is indispensable for the process of GPCR
desensitization (Ferguson et al., 1996; Goodman et al., 1996;
Laporte et al., 1999). Bar, a novel inhibitor of b -arrestin/AP2

Figure 6. Lor depolarizes POMCARH neurons via TRPC channels. A–E, Representative traces of Lor-induced inward currents in POMCARH neurons after Lor treatment (100 mM, 5-s puff) in the
absence of SKF96365 in Veh1 Veh (A), Veh1 Lor (B), Bar1 Veh (C), Bar1 Lor (D), or in the presence of SKF96365 in Veh1 Veh (E) groups. F, Quantification of TRPC currents induced
by Lor in various groups. Two-way ANOVA, Lor � Bar: F(1,27) = 5.68, p= 0.12, with post hoc Sidak’s multiple comparisons test. *p, 0.05. N= 7–10 neurons per group from at least 3 mice.
Data are presented as mean6 SEM with individual data points. G, Linear-regression analysis of the correlation between the depolarization level and the TRPC currents induced by Lor. Linear
regression; R2 = 0.5828, p, 0.0001. H, Representative traces of action firing potential in POMCARH neurons before and after Lor treatment (100 mM, 5-s puff) in the presence of SKF96365.
I–J, Quantification of the RMP (I) and firing frequency (J) of neurons treated by Lor in the presence of SKF96365. N = 30 neurons from at least 3 mice. Two tailed unpaired t tests. Data are pre-
sented as mean with single dots and line. ns, not significant.
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complex, blocks agonist-promoted internalization of various
GPCRs at the cellular level (Beautrait et al., 2017). Bar was reported
to ameliorate the opiate drug tolerance by blocking b -arrestin-
mediated m-opioid receptor internalization (Aberoumandi et al.,
2019). Here, we demonstrated that Bar can prevent internalization
of 5-HT2CRs in cells exposed to Lor, the selective 5-HT2CR agonist.
In addition, in mice, we found that Bar co-treatment with pro-
longed Lor exposure can effectively maintain the sensitivity of
POMCARH neurons to respond to Lor, indicating that Bar prevents
desensitization of the 5-HT2CR. Importantly, these effects were asso-
ciated with potentiated Lor efficacy to reduce body weight and food
intake in mice either fed with chow diet or HFD. It is important to

point out that Bar was only recently identified, and its safety profile
has not been characterized yet (Beautrait et al., 2017). Further, Bar
is shown to prevent desensitization of multiple GPCRs (Beautrait et
al., 2017), not just the 5-HT2CR. Thus, we do not intend to imply
that Bar is ready to be used to treat patients with obesity. Rather,
our studies used Bar as a tool to provide proof of the principle that
inhibition of 5-HT2CR desensitization pathway can be a valid strat-
egy to improve the long-term weight loss effects of Lor or other 5-
HT2CR agonists.

At the mechanistic level, the TRPC channels in POMCARH

neurons have been shown to mediate activation effects of multi-
ple hormones or neural signals, including leptin (Qiu et al., 2010,

Figure 7. Bar maintains Lor-induced c-Fos immunoreactivity in POMCARH neurons. A, Experimental scheme. B, D, c-fos immunoreactivity in POMCARH neurons in Veh 1 Veh, Veh 1 Lor,
Bar1 Veh, and Bar1 Lor on day 1 (B) and day 20 (D) after injection of Lor (9 mg/kg) for 1 h. Arrowheads point to double-labeled neurons. C, E, Quantification of c-fos immunoreactivity in
POMCARH neurons in various groups on day 1 (C) and day 20 (E) after injection of Lor. Two-way ANOVA, day 1: Lor� Bar: F(1 8) = 20.11, p= 0.002; day 20: Lor� Bar: F(1 9) = 7.04, p= 0.03,
with post hoc Sidak’s multiple comparisons test; **p, 0.01, ***p, 0.001. $$p, 0.01 in two tailed unpaired t tests, which was not detected by the two-way ANOVA analysis. N= 3 or 4
mice per group. Data are presented as mean6 SEM with individual data points. The right panels in B, D are higher magnification images. ns, not significant.
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2018; Gao et al., 2017), insulin (Qiu et al., 2018), pituitary adenyl-
ate cyclase activating polypeptide (Chang et al., 2021), and 5-HT
(Sohn et al., 2011; Gao et al., 2017). Consistently, here we found
that Lor induced inward currents that were abolished by the
selective TRPC inhibitor, indicating that these currents are
largely mediated by the TRPC channels. The TRPC inhibitor
also abolished Lor-induced activation of POMCARH neurons,
confirming the role of the TRPC channels in mediating Lor’s
effects to activate these neurons. Interestingly, the Lor-induced
TRPC currents underwent similar “desensitization” in mice with
prolonged Lor exposure, which were restored by Bar co-treat-
ment. The restoration of TRPC currents is not likely because of a
direct effect of Bar on TRPC channels. Rather, we suggest that
the different responses in TRPC currents were secondary to
alterations in 5-HT2CR sensitivity, given the tight coupling of
TRPC channels with 5-HT2CR singling in POMCARH neurons
(Sohn et al., 2011; Gao et al., 2017). One limitation of our study
is that the systemic administration of Lor is expected to act on
many other cell types that express 5-HT2CRs, and therefore may
have a wide range of effects other than anorexia and weight loss.
In addition, since we observed that Bar inhibits Lor-induced 5-

HT2CR internalization in HEK293 cells which derived from non-
neuronal cells, we suggest that Bar may regulate 5-HT2CR inter-
nalization in other cells that co-express the receptor and
b -arrestin/b 2-adaptin.

In the current study, we show that Bar is sufficient to enhance
the long-term Lor efficacy to reduce body weight and food intake
in mice. We provide evidence that the body weight benefits of
this prolonged combination regimen is associated with the pre-
vention of 5-HT2CR desensitization in POMCARH neurons. Our
findings provide a necessary framework to further characterize
the mechanisms and regulations of 5-HT2CR desensitization and
to develop compounds that may specifically target this process as
an effective strategy for the long-termmanagement of weight.

Notably, the FDA requested a voluntary withdrawal of Lor
from the United States market because Lor was potentially asso-
ciated with increased cancer risk (Bohula et al., 2018; Food and
Drug Administration, 2020). It was reported that more patients
taking Lor were diagnosed with cancers (n=462; 7.7%) com-
pared with those taking a placebo treatment (n=423; 7.1%; Food
and Drug Administration, 2020). It is noteworthy that the differ-
ence in cancer cases was minimal and did not reach statistical

Figure 8. Bar maintains POMCARH neuron responses to Lor treatment in vivo. A, Experimental scheme. B, Representative image showing dual immunofluorescence for GCaMP6m (green) and
DAPI (purple) in the ARH of a POMC-Cre mouse. C–E, Quantification of neural activity of POMCARH neurons in response to intraperitoneal Veh or intraperitoneal Lor (9 mg/kg) in mice treated
with Veh 1 Veh (C), Veh 1 Lor (D), Bar 1 Veh (E), and Bar 1 Lor (F) on days 1, 10, and 20. Two-way repeated measures ANOVA, time � group: Veh 1 Veh: F(7198,21594) = 0.76,
p. 0.99, Veh 1 Lor: F(7198,21594) = 2.66, p, 0.0001, Bar 1 Veh: F(7198,21594) = 0.99, p= 0.77, Bar 1 Lor: F(7198,21594) = 0.81, p. 0.99, with post hoc Sidak’s multiple comparisons test.
Data are presented as mean 6 SEM. G, Quantification of the average Fn value in last 5 min. C–E, Two-way ANOVA, time � group: F(6,36) = 2.42, p= 0.046, with post hoc Sidak’s multiple
comparisons test. *p, 0.05, **p, 0.01. N= 4 mice per group. Data are presented as mean6 SEM with individual data points.
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significance, and the FDA did not conclude that Lor contributed
to the cancer risk (Food and Drug Administration, 2020). While
the potential association between the Lor regimen and cancer
risk warrants further investigations, our findings suggest that tar-
geting the 5-HT2CR desensitization pathway may lower the effec-
tive dose of Lor for obesity and therefore reduce the potential
cancer risk.
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