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ABSTRACT

Background: The pharmacological activation of thermogenesis in brown adipose tissue has long been considered
promising strategies to treat obesity. However, identification of safe and effective agents remains a challenge. In
this study, we addressed this challenge by developing a cellular system with a fluorescence readout, and applied
in a high-throughput manner to screen for FDA-approved drugs that may activate endogenous UCP1 expression
in adipocytes.
Methods: We have generated a Ucp1-2A-GFP reporter mouse, in which GFP intensity serves as a surrogate of the
endogenous expression level of UCP1 protein; and immortalized brown adipocytes were derived from this
mouse model and applied in drug screening. Candidate drugs were further tested in mouse models either fed
with normal chow or high fat diet to induce obesity.
Findings: By using the cellular screening platform, we identified a group of FDA-approved drugs that can upreg-
ulate UCP1 expression in brown adipocyte, including previously known UCP1 activators and new candidate
drugs. Further studies focusing on a previously unreported drug—sutent, revealed that sutent treatment could in-
crease the energy expenditure and inhibit lipid synthesis in mouse adipose and liver tissues, resulting in im-
proved metabolism and resistance to obesity.
Interpretation: This study offered an easy-to-use cellular screening system for UCP1 activators, and provided a
candidate list of FDA-approved drugs that can potentially treat obesity. Further study of these candidates may
shed new light on the drug discovery towards obesity.
Fund: National Key Research and Development Program and the Strategic Priority Research Program of the Chi-
nese Academy of Sciences, etc. (250 words).

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

available drugs to treat obesity mostly center around the reduction of
energy-intake, either through appetite-suppressing (e.g., phentermine),

Obesity is a major risk factor for the development of the metabolic
syndrome, type 2 diabetes, and cardiovascular disease, posing a tremen-
dous burden for patients and the public healthcare system. Current
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or inhibition in intestinal lipid absorption (e.g., orlistat) [1]. However,
adverse side effects exist with these treatments; alternative strategies,
for example, to target energy-expending pathways are therefore
demanded, as potential complementary medications to treat obesity.
The discovery of thermogenic brown adipose tissue (BAT) in adult
human [2-6], together with broadened understanding of the “brow-
ning” process of energy-storing white adipose tissue (WAT) to energy
consuming beige adipose tissue [7-9], highlight pharmacological activa-
tion of BAT thermogenesis or induction of WAT browning as potential
strategies to promote weight loss. A defining attribute of brown or
beige adipocytes is their expression of uncoupling protein 1 (UCP1).

2352-3964/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The discovery of thermogenic brown adipose tissue in adult
human highlights pharmacological activation of thermogenesis in
brown adipose tissue as potential strategies to promote weight
loss. Previously approaches have been adopted to screening for
activators of UCP1, which applies as a surrogate of thermogenic
activity. These approaches either use quantitative PCR examina-
tion of human UCP7 mRNA expression or use luciferase assay to
determine the endogenous UCP1 protein level with an established
Ucp 71-2A-luciferase reporter cell line. However, the nature of PCR
or luciferase assay makes the screening assays complicated and
difficult to go high-throughput. Although numerous UCP1 activa-
tors have been identified so far, to our knowledge, a systematic
search and analysis of FDA-approved drugs for potentially
repurposing to treat obesity has not been performed.

Added value of this study

In this study, we developed a cellular system with a fluorescence
readout, which can be applied in a high-throughput manner to
identify chemicals that can activate endogenous UCP1 expression
in adipocytes. Using this system, we screened a FDA-approved
compound library and identified a group of FDA-approved drugs
that can upregulate UCP1 expression in brown adipocytes. We
further focused on the effect of sutent and revealed that sutent
treatment could increase the energy expenditure and inhibit lipid
synthesis in adipose and liver tissues, resulting in improved me-
tabolism and resistance to obesity.

Implications of all the available evidence

Our study highlights an easy-to-use cellular screening system for
UCP1 activators, and provides a candidate list of FDA-approved
drugs that can potentially treat obesity.

UCP1 presents in the inner membrane of mitochondria. It disrupts the
proton gradient generated in oxidative phosphorylation by increasing
the permeability of the inner mitochondrial membrane. UCP1-
mediated heat generation uncouples the respiratory chain, which
allows for fast substrate oxidation with a low rate of ATP production
[10-12]. Transgenic expression of UCP1 in adipose tissues, either in ro-
dents or in pigs — the latter lack a functional UCP1 gene, decreases fat
deposition and improves thermogenesis and metabolism [13,14].
Signaling pathways in regulating BAT activity and UCP1 expression
have been intensely studied in recent years. BAT stimulation occurs pre-
dominantly through the action of norepinephrine, which is released by
the sympathetic nervous system, in the adrenergic receptors, and spe-
cifically the adrenergic receptor beta 3 (AR-beta3) [15,16]. The forma-
tion of the 3’5 cyclic adenosine monophosphate (cAMP) and
consequent stimulation of the production of protein kinase A (PKA)
are later found to be crucial for AR-beta3 signaling in upregulating
UCP1 expression and activating BAT [17]. cAMP/PKA then stimulates
numerous pathways, among which, activation of p38 MAPK signaling
pathway is essential for upregulating UCP1 expression as well as en-
hancing mitochondrial activity [18-22]. Several other pathways are
also found to be important for BAT thermogenesis, including the Janus
kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway [23,24], the vascular endothelial growth factor (VEGF) path-
way [25] and the silent information regulator type 1 (SIRT1) pathway

[26]. On the other hand, the browning process of the white adipose tis-
sue presents a more sophisticated system since the first discovery of this
phenomenon in 1984 [27]. However, similar to the role of adrenergic
stimulation in activating BAT, the browning of WAT shares the most
part of the norepinephrine-induced process and many key signaling
pathways mentioned above [7-9]. Besides exploring of regulatory path-
ways in UCP1 regulation, searching for pharmacological approaches to
increase UCP1 expression in adipose tissues offers a straightforward
strategy to develop new treatments that may enhance whole-body
thermogenic capacity and energy expenditure. To date, a number of
compounds or cytokines, such as fibroblast growth factor 21 (FGF21)
[28], artemisinin derivatives [29], berberine [30], adenosine [31], resver-
atrol [32,33], etc., have been demonstrated to be able to induce UCP1 ex-
pression in BAT or WAT. Several reviews have carefully summarized
these reagents [34,35]. Among these known UCP1 activators, the dis-
covery that some FDA-approved drugs, eg. artemisinin (approved for
treating malaria), resveratrol (approved for cancer therapy), can stimu-
late UCP1 expression, enthuses about an idea to re-search FDA-
approved drugs for potentially repurposing to treat obesity.

Success in identifying drugs relies on the development of screening
assays. Different screening approaches have previously been adopted
to identify chemicals to activate UCP1 expression. These approaches ei-
ther use quantitative PCR examination of UCP1T mRNA expression in ad-
ipocytes [36]; or luciferase assay to determine the endogenous UCP1
protein level with an established Ucp1-2A-luciferase reporter cell line
[37,38]. Both approaches successfully identified chemicals that can reg-
ulate UCP1 expression; however, the nature of PCR or luciferase assay
makes the screening assays complicated and difficult to go high-
throughput. To further facilitate the identification of pharmacological
agents to modulate UCP1 expression in adipocytes, we have generated
a Ucp1-2A-GFPreporter mouse, in which GFP intensity serves as a surro-
gate of the endogenous expression level of UCP1 protein. A chemical
screen using immortalized brown adipocytes derived from this model
and targeting the FDA-approved drug library revealed a group of
drugs that may regulate UCP1 protein expression in brown adipocytes.
Additional in vivo study focusing on one drug demonstrated significant
weight loss and improved metabolism in mice treated with this drug,
suggesting potential repurposing of this drug to treat obesity. Our
study also highlights a useful cell model that enables high-throughput
identification of pharmacological modulators of UCP1 expression in
adipocytes.

2. Materials and methods
2.1. Animals

All animal procedures were performed according to guidelines by
the Institutional Animal Care and Use Committee of the Shanghai Insti-
tutes for Biological Sciences. C57BL/6] mice were fed with normal chow
diet (NCD) or high fat diet (HFD, 60% of energy from fat, Research Diets,
Inc., D12492) for 16 weeks, and treated with sutent (20 mg/kg/day) or
vehicle (10% PEG300, 0.5%Tween, H,0) as control by daily oral gavage.
The body weight and food intake were monitored weekly. Body fat con-
tent was determined by nuclear magnetic resonance (Echo MRI).

2.2. Generation of Ucp1-2A-GFP reporter mice

The Ucp1-2A-GFP mouse was generated with a CRISPR-Cas9 ap-
proach. Single gRNA was screened targeting the stop codon locus of
the endogenous Ucpl gene (sequence: ATTGTACCACATAAGCAACT
+TGG). Donor plasmid harboring a left arm of 2 kb before the stop
codon of the Ucp1 gene, a right arm of 2 kb right after the stop codon
of the Ucpl gene flanking the 2A peptide
(GSGATNFSLLKQAGDVEENPGP), and a GFP coding sequence were
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constructed. Primers used in donor plasmid construction and genotyp-
ing were listed in Supplemental Table 1.

2.3. Immortalization of primary Ucp1-2A-GFP adipocytes

The stromal vascular fraction from interscapular BAT of postnatal
day 2 male mice was isolated [39]. Briefly, tissues were minced in isola-
tion buffer (Supplemental Table 2). Digested tissues were filtered
through a 70 pm cell strainer (Corning FALCON, 352350) and
preadipoctyes were cultured in primary culture medium (Supplemental
Table 2). Cells were then infected with a retrovirus expressing large T
antigen (a kind gift from Dr. Dongning Pan) and selected in G418. Single
colonies were then isolated and expanded for later study.

24. Adipocyte differentiation

Adipocyte differentiation was performed following a standard
protocol. Two days after preadipocytes reaching confluence (day 0), dif-
ferentiation was initiated by adding induction medium (Supplemental
Table 2). After 3 days, the medium was replaced with maintenance
medium (Supplemental Table 2). Medium was changed daily until day
8. For individual drug treatment, cells were treated by drugs either for
the entire differentiation process or at day 8. Drugs used were as
follows: sutent (0.5 pM, MCE, HY10255), isotretinoin (10 uM,
TSBiochem, T1611), acitretin (10 uM, TSBiochem, T1330), tretinoin
(10 uM, TSBiochem, T1051), bexarotene (10 uM, TSBiochem, T6410),
tazarotene (10 pM, TSBiochem, T6696), adapalene (10 uM, TSBiochem,
T1093) and isoproterenol (10 pM, Sigma, 16379).

2.5. Chemical screening

For high-throughput chemical screenings, the Ucpl-2A-GFP
preadipocytes were differentiated in 96-well plates. At day 8 after dif-
ferentiation, cells were treated with chemicals for 24 h and analyzed
for GFP and DAPI signals using High Content Screening (HCS) (Cellomics
ArrayScan VTI, Thermo Fisher Scientific). The ratio of GFP /DAPI signal of
each well was used to evaluate the effect of each chemical. The chemical
library was purchased from Selleck (L1300) and applied in a final con-
centration of 10 uM of each chemical in screening. Cells treated with
DMSO and isoproterenol were used as controls.

2.6. Metabolic studies

Whole-body 02 consumption, CO2 production and physical activity
were measured in metabolic cages (Columbus Instruments). Mice had
access ad libitum to chow and water in respiration chambers. Rectal
temperature was measured with a model BAT-12 thermometer
(Physitemp Instruments).

2.7. Glucose and insulin tolerance tests

For the glucose tolerance test (GTT), mice were fasted for 14 h and
injected with p-glucose (1.5 g/kg body weight, Sinopharm chemical re-
agent co., Ltd., 63,005,518) intraperitoneally. For the insulin tolerance
test (ITT), mice were fasted for 4 h and injected with recombinant
human insulin (0.75 U/kg body weight, Nono Nordisk) intraperitone-
ally. Blood glucose was monitored with a glucometer (Abbott) at vari-
ous time points as indicated.

2.8. Measurements of blood and liver samples

Hepatic lipids were extracted using a chloroform methanol method.
Briefly, liver extracts were homogenized in chloroform methanol
mixture (2:1). Organic phase was transferred and air-dried. The residual
liquid was resuspended in absolute ethanol plus 1% Triton X-100 for

measurement. Total triglyceride (TG) and total cholesterol (TC) in
serum or extracted hepatic samples were measured with TG and TC
kit (Shanghai Shensuo UNF, 1030280, 1,040,280). TG and TC measured
in liver extracts were further normalized to protein concentration.

2.9. RNA Isolation and real-time quantitative PCR

Total RNA was extracted from cells or tissues using TRIzol reagent
(ThermoFisher, 15,596,018) and transcribed with the reverse transcrip-
tion kit (Takara, RRO47A). Quantitative real-time PCR was carried out on
the 7900 System(ABI) using SYBR Green supermix (ABI, 4472908). Se-
quences of primers were listed in Supplemental Table 1.

2.10. Western analysis

Protein from cells or tissues was extracted by RIPA buffer (Millipore,
20,188) and subjected to regular western procedure. The primary anti-
bodies used in the experiments were listed in Supplemental Table 2.

2.11. Histology

Mouse tissues were fixed and embedded in paraffin (for HE staining)
or frozen (for oil red staining). Sections were stained with hematoxylin
and eosin or oil red or UCP1 antibody (1:100, Abcam, ab10983) accord-
ing to standard protocols.

2.12. RNA-Seq analysis

RNA-seq analysis was performed following standard procedures. Se-
quencing was performed in WuXi Apptec Co. Ltd. (Shanghai). For data
analysis, differentially expressed genes were identified using FDR <
0.05 as cutoff. GO term and pathway annotations were performed by
homemade scripts of R and Python scripts using Fisher's exact test.

2.13. Statistics

The unpaired, two-tailed Student's t-test was used for experiments
with two groups' comparison. One-way ANOVA test and post-hoc
Bonferronic multiple-comparison test was used for experiments that
contained more than two groups. All data are represented as means
with SD.

2.14. Accessing numbers

Raw data were deposited in NCBI Gene Expression Omnibus(GEO)
with the accession number: GSE118224.

3. Results
3.1. Generation of the Ucp1-2A-GFP reporter mouse and cell line

With the aim to determine the endogenous UCP1 expression level
with a fluorescence signal, which is frequently used in high-
throughput screening assays, we decided to knock in a 2A-GFP cassette
immediately before the stop codon of the endogenous Ucpl gene in
mice (Fig. 1a). To generate this mouse model, we took a CRISPR/Cas9 ap-
proach [40]. We screened for an efficient single guide RNA targeting the
site of the Ucp1 stop codon. A donor template harboring 2 kb homology
arms on each side was constructed and injected simultaneously with
Cas9 and sgRNA into mouse fertilized eggs. New-born mice were geno-
typed and sequenced to confirm the successful knock-in of the 2A-GFP
cassette in the endogenous Ucp1 locus (Fig. 1b). To further obtain cells
for in vitro screening, primary brown adipose tissue was collected
from the day 2 postnatal Ucp1-2A-GFP mice. Brown pre-adipocytes
were then isolated and immortalized through SV40 large T antigen
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Fig. 1. Generation of the Ucp1-2A-GFP reporter mice and adipocytes. (a) Schematic view of the targeting strategy to generate the Ucp1-2A-GFP mouse. The red star indicates the stop codon
of the Ucp1 gene. Arrows indicate screening primers used for genotyping. (b) Representative PCR screening results in successfully targeted alleles. (c) Schematic view of the strategy to
generate the Ucp1-2A-GFP immortalized adipocytes. (d) Representative images of GFP intensity in differentiated Ucp1-2A-GFP brown adipocytes treated with DMSO or isoproterenol
(left). Scale bar = 200 pm. Gene expression analysis of Ucpl mRNA expression in isoproterenol-treated Ucp1-2A-GFP brown adipocytes and control cells (right). (n = 3 for each
treatment). Data are represented as means with SD. ** P < 0.01 (unpaired, two-tailed Student's t-test).

overexpression (Fig. 1c). Several clones were established and validated
for differentiation and GFP expression. Some of these clones displayed
clear GFP expression under the normal culture condition and signifi-
cantly increased GFP intensity in response to isoproterenol, which is a
(> adrenoreceptor agonist and stimulates UCP1 expression (Fig. 1d).

3.2. High-throughput screening with the FDA-approved drug library

We next set up a high-throughput screening platform with the
established Ucp1-2A-GFP brown adipocyte clones. To maximize the out-
come, culture conditions applied in screening were first optimized. Two
of the Ucp1-2A-GFP clones (#8 and #10) were picked up and first exam-
ined with isoproterenol treatment at different days (Supplementary
Fig. 1a). Cells were also stained with DAPI to determine the cell number
in each well, and the ratio of GFP/DAPI signal was used for evaluating
the chemical effect. The relative GFP intensity at basal level displayed
an increased trend, whereas fold changes upon isoproterenol treatment
(isoproterenol/DMSO) did not increase significantly upon extended cul-
ture program. Between two different clones, clone #10 displayed in
general higher GFP intensity at the basal level but less fold change
upon stimulation, in comparison to clone #8 (Supplementary Fig. 1a).
Therefore, #8 cells and cells differentiated for 8 days were used for sub-
sequent compound screening. As the efficiency of adipocyte differentia-
tion can also be significantly affected by cell density, different numbers
of cells seeding at the beginning stage were further tested (Supplemen-
tary Fig. 1b). Results indicated that seeding with a density of 8000 cells/
well in 96-well plates show best sensitivity to isoproterenol treatment,
thus was used for later drug screening.

We next performed the screening assay using above optimized pa-
rameters (Fig. 2a). For each plate, DMSO and isoproterenol treatment
were both included as internal controls. The FDA-approved library
was selected as it contains ~1000 drugs that have already been ap-
proved in different medications in human, offering an appropriate li-
brary to identify drugs for repurposing. Consistent with previous tests,
the ratio of isoproterenol treatment over control group was around
1.7 (Fig. 2b). Fold changes upon treatment over DMSO controls in
each plate was then calculated for each compound. As resveratrol, a pre-
viously identified compound that can activate UCP1 expression [32,33],
showed a modest ratio of 1.20, we decided that drugs with a calculated
ratio over 1.20 were considered primary hits.

Using this criterion, we found 42 drugs that may activate UCP1 expres-
sion in brown adipocytes (Fig. 2c and Table 1). Of these drugs, drugs belong
to retinoid receptors agonists family [41-46], adrenergic receptors agonists
family [47,48], and PPARYy agonists family [49,50] showed consistent effect
in upregulating UCP1 expression (Table 1). Of note, consistent with a pre-
vious study, both artemether and artemisinin treatment led to a significant
increase in UCP1 expression [29]. Besides, several inhibitors to cyclooxy-
genase (COX) also showed up in the primary hits, suggesting functional in-
volvement of cyclooxygenase in UCP1 regulation. Interestingly, a very
recent publication reported the function of indomethacin, one of COX in-
hibitors, in activating brown fat activity and UCP1 expression with both
in vivo and in vitro studies [51]. Besides these known or reported activators,
new candidates, for example, sutent (multi-target receptor tyrosine kinase
inhibitor), clofazimine (phospholipase activator), acetylcysteine (reactive
oxygen species, ROS inhibitor), suggested new potent drugs for UCP1 reg-
ulation in brown adipose, which warrant further investigation.
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Fig. 2. High-throughput screening with the FDA-approved drug library. (a) Schematic view of the screening strategy. Cpd, compoud. (b) Analysis of the relative GFP intensity change upon
isoproterenol treatment in the screening. (n = 15 for each treatment). (c) Screening results displaying relative GFP intensity of individual compounds. Representative compounds that led
to increased GFP intensity were highlighted in Red, and that led to decreased GFP intensity were highlighted in Blue. (n = 3 for each treatment). (d) mRNA expression analysis of genes in
sutent, isoproterenol or DMSO -treated Ucp1-2A-GFP brown adipocytes. (n = 3 for each treatment). (e) Western blot analysis of UCP1 protein expression in sutent or DMSO -treated Ucp1-
2A-GFP brown adipocytes. (n = 2 for each treatment). Data are represented as means with SD. * P< 0.05, ** P< 0.01 (one-way ANOVA test and post-hoc Bonferronic multiple comparison

test).
3.3. Sutent increases UCP1 expression in adipocytes

We next validated part of the screening results with individual tests
of the retinoid receptors agonists family. We noticed significant increase
in GFP intensity upon treatment with all drugs tested. Consistent with
the screening results, treatment with tararotene and acitretin led to
the strongest GFP intensity among all the agonists tested (Supplemen-
tary Fig. 2). We then decided to focus on one drug that showed the
highest ratio of relative GFP intensity among the unreported drugs,
which is named sutent, or sunitinib. Sutent belongs to receptor tyrosine
kinase (RTK) inhibitor family, and is currently used to treat certain kid-
ney, pancreatic, and gastrointestinal cancers in clinical [52]. We first val-
idated the effect of sutent with in vitro cultured brown adipocytes.
Results showed significantly increased expression levels of Ucpl
mRNA (Fig. 2d) and UCP1 protein (Fig. 2e) in brown adipocytes when

cells were treated with sutent. Sutent treatment also stimulated expres-
sion of other thermogenic or brown differentiation genes, including
Cidea, Pgcla, Ppara, and Prdm16 (Fig. 2d).

3.4. Sutent promotes weight loss with increased thermogenesis and im-
proved metabolism in vivo

We next investigated the effect of sutent treatment in vivo. Mice
were fed with normal chow diet (NCD) or high fat diet (HFD), and
treated with sutent at a dose of 20 mg/kg per day through oral adminis-
tration, which achieves drug exposures in mice comparable to
50 mg/day dose used in clinical patients [53,54]. Sutent treatment did
not cause significant change in either body weight or body composition
in mice under NCD (Supplementary Fig. 3a and c), but remarkably re-
duced the whole-body weight in mice under HFD (—16.34% after 16-
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Table 1. Compounds with activating effect to UCP1 expression identified in the screening.

The blue indicates previously identifed compounds that showed effects of upregulating UCP1 in adipocytes. 1 Numbers categorized in Selleck.cn. 2 Established main targets. Other unlisted
targets may also exist. 3 GFP/DAPI signals were first calculated for each well; Average fold changes of GFP/DAPI signal values upon treatment by each compound over in-plate DMSO con-

trols were then calculated and listed in the table.

Drug Name ICatalog NO. Targets 3Fold change
Tazarotene S1569 Retinoid Receptor 2.90
Acitretin S1368 Retinoid Receptor 2.71
Artemether S2264 Antifection 2.01
Tretinoin S1653 Retinoid Receptor 1.83
Isotretinoin S1379 Retinoid Receptor 1.69
Pioglitazone HCI S2046 PPARy 1.60
Sutent S7781 Tyrosine kinase 1.59
L-Adrenaline S2522 Adrenergic Receptor 1.52
Clofazimine S4107 Phospholipase 1.47
Artemisinin S1282 Antifection 1.46
Adapalene S1276 Retinoid Receptor 1.45
Epinephrine Bitartrate S52521 Adrenergic Receptor 1.45
Rifapentine S1760 DNA/RNA Synthesis 1.41
Indacaterol Maleate S3083 Adrenergic Receptor 1.40
Formoterol Hemifumarate S2020 Adrenergic Receptor 1.40
Nora(li\;[e(l:lz]i(l);]; d?e:?mate S2615 Adrenergic Receptor 1.39
Indomethacin S1723 COX 1.39
Bexarotene S2098 Retinoid Receptor 1.37
Ethacridine Lactate Monohydrate S4196 Antifection 1.37
Rosiglitazone HCI S2075 PPARy 1.34
Lonidamine S2610 Hexokinase 1.33
Zafirlukast S1633 Leukotriene Receptor 1.33
Nitrofural S1644 Antifection 1.33
Ketoprofen S1645 COX 1.31
Meloxicam S1734 COX 1.31
Metaproterenol Sulfate S4335 Adrenergic Receptor 1.31
Acetylcysteine S1623 TNF-alpha, ROS 1.30
Erdosteine S1825 Antifection 1.29
Pitavastatin Calcium S1759 HMG-CoA Reductase 1.28
Teniposide S1787 Topoisomerase 1.28
Dasatinib S1021 Ber-Abl, c-Kit, Src 1.27
Telaprevir S1538 HCV Serine Protease 1.27
Fenoprofen Calcium Hydrate S3027 COX 1.27
Candesartan Cilexetil S2037 Angiotensin IT Receptor 1.22
Doxazosin Mesylate S1324 Adrenergic Receptor 1.22
Pizotifen Malate S1394 5-HT Receptor 1.22
Ractopamine HCI S4351 Adrenergic Receptor 1.22
Tianeptine Sodium S1436 5-HT Receptor 1.21
Methotrexate S1210 Dihydrofolate Reductase 1.21
Temsirolimus S1044 mTOR 1.20
Isoetharine Mesylate S4330 Adrenergic Receptor 1.20
Resveratrol S1396 Sirtuins 1.20

week treatment) (Fig. 3a), which was mostly due to a reduction in fat
mass (—35.82%) (Fig. 3c). Food intake monitoring did not show signifi-
cant change after sutent treatment in either NCD or HFD groups (Fig. 3b
and Supplementary Fig. 3b). Serum analysis indicated reduction in total
cholesterol (—28.54%) but no significant change in total triglyceride
level in mice treated with sutent under HFD (Fig. 3d). Consistent with
body weight change, sutent treatment resulted in modest but signifi-
cant improvement in both glucose tolerance test (GTT) and insulin sen-
sitivity test (ITT), suggesting improved metabolism (Fig. 3e and f);
whereas no significant change was observed in mice under NCD (Sup-
plementary Fig. 3d and e). Mice were next housed in metabolic cages
after 15 weeks' treatment to monitor energy expenditure. Sutent treat-
ment did not affect physical activity (Supplementary Fig. 3g), but caused
a significant increase in 02 consumption and CO2 content (Fig. 3g), in-
dicating enhanced energy expenditure.

Mice were then dissected for further investigation. Total organ
weights of BAT (—35.94%), eWAT (epididymal WAT, —34.47%) and
iWAT (inguinal WAT, —37.81%) were reduced in sutent-treated mice
under HFD (Fig. 4a), but not NCD (Supplementary Fig. 3f). Furthermore,
histological analysis of adipose tissues displayed significantly reduced

lipid content and adipocyte size in BAT, eWAT and iWAT (Fig. 4b).
Meanwhile, sutent treatment remarkably ameliorated HFD induced
lipid accumulation in mouse liver, as indicated both by HE staining
and oil red analysis (Fig. 4c). This was also reflected in reduced liver tri-
glyceride (—23.58%) and liver cholesterol content (—36.77%) using
quantitative assays (Fig. 4d). We also analyzed serum AST and ALT
levels to determine whether sutent treatment causes liver damage. Re-
sults showed no significant increase in sutent treated mice, which indi-
cate that at least in the concentration applied in our experiment, sutent
treatment cause no adverse effect to liver function (Fig. 4e). Besides,
sutent treatment resulted in significant increase of UCP1 expression,
both at the mRNA level and the protein level (Fig. 4f-h), indicating
that the phenotypic differences observed in mice after sutent treatment
are at least partly caused by enhanced UCP1 expression in brown adi-
pose tissue.

3.5. Sutent activates STAT3 signaling pathway and thermogenesis genes

Sutent is supposed to be a multi-targeted RTK inhibitor. Among
other RTK inhibitors that are also included in the FDA-approved library,
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Fig. 3. Sutent treatment enhances energy expenditure and improves metabolism in mice under HFD. (a) Body weights of mice treated with sutent or vehicle. (n = 8 for each treatment).
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only dasatinib popped out in our primary screening (Fig. 2c and
Table 1), indicating the inhibition to receptor tyrosine kinases may not
account for the primary effect of sutent treatment. To further under-
stand the changes in mouse tissues after sutent treatment, we next

did RNA-seq analysis of all four tissues (BAT, eWAT, iWAT and liver)
in sutent or vehicle treated mice. Using a cutoff of FDR <0.05, there are
391, 1350, 520 and 98 genes that showed significant difference in ex-
pression in BAT, eWAT, iWAT and liver, respectively (Fig. 5a). A larger
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each treatment). (g) Western blot analysis of UCP1 protein expression level in mouse brown adipose tissues. (h) Representative images of immunohistochemistry stainining of UCP1
in BAT. Scale bar = 50 pum. Results are means with SD. *P < 0.05, **P < 0.01 (unpaired, two-tailed Student's t-test).

percentage (65.98%) of genes were being activated in BAT, in compari-
son to other tissues (30.22% in eWAT, 23.27% in iWAT, 41.84% in liver)
(Fig. 5a). Analysis of the genes activated by sutent treatment in BAT re-
vealed a strong enrichment for thermogenic pathways (Fig. 5b and c). A

group of genes that are involved in lipid metabolic and lipid synthesis
were down-regulated in BAT upon sutent treatment (Fig. 5c). This col-
lectively indicates activated thermogenesis and reduced lipid synthesis
in BAT after sutent treatment.
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Analysis of gene expression changes in other tissues also revealed a
significant reduction of gene expression levels involved in lipid biosyn-
thesis in all eWAT, iWAT and liver tissues (Supplementary Fig. 4), indi-
cating that lipid synthesis process was consistently affected in all
adipose tissues and liver tissue after sutent treatment. Besides, we no-
ticed significantly reduced expression of genes related to inflammatory
response specifically in eWAT (Supplementary Fig. 4a), and a reduction
of extracellular matrix gene expression specifically in iWAT (Supple-
mentary Fig. 4b), suggesting improved adipose inflammation and tissue
fibrosis. Collectively, gene expression analysis suggested that sutent
treatment resulted in activated thermogenesis in BAT, reduced lipid
synthesis, alleviated tissue inflammation and fibrosis in adipose tissues
and liver tissue.

To get a better understanding of which pathway(s) may involve in
the effect caused by sutent treatment, we next checked several signaling
regulators that previously reported to involve in brown adipose func-
tion, including STAT3, p38, ATF2, ERK and CREB [15-24,55]. (Fig. 5d).
Only STAT3 phosphorylation signal displayed a significant and consis-
tent increase in brown adipose from sutent-treated mice. Overexpres-
sion of constitutively active Stat3 in mouse brown adipose tissue was
previously reported to improve BAT development and reduce body
weights [23]. Although the underpinning mechanism of activated
STATS3 signaling pathway by sutent treatment is so far unclear and in
fact, surprising, we suspect this mediate at least part of the effect caused
by sutent treatment.

4. Discussion

Obesity has become an epidemic in the modern society, proper and
effective treatments are thus in urgent demand. Although we are
obtaining significantly improved understanding of the function and de-
velopment of brown or beige adipose, to identify safe and effective
agents to activate brown or beige adipose remains a challenge. We ad-
dressed this challenge by developing a cellular system with a fluores-
cence readout, and screened a FDA-approved drug library for drugs
that can be potentially repurposed to treat obesity. As a result, we iden-
tified a group of drugs that can upregulate UCP1 expression in brown
adipocyte, demonstrating the feasibility of using this system to screen
for UCP1 activators. Further studies focusing on a previously unreported
drug—sutent, revealed that sutent treatment could increase the energy
expenditure and inhibit lipid synthesis in mouse adipose and liver tis-
sues with no obvious adverse effect, resulting in improved metabolism
and resistance to obesity (Fig. 5e).

Transgenic or knock-in mouse models with a 2A-luciferase cassette
under the control of Ucp1 genetic locus were previously generated, of-
fering nice mouse models for directly evaluating UCP1 activity in vivo
[37,38]. Immortalized adipocytes from these mouse models were also
generated for compound screenings. Comparing to these models using
luciferase signal as a readout, GFP expression allows a direct measure
of UCP1 protein expression level through imaging, which can be easily
adapted to high-throughput platforms. And this cellular system can
also be potentially used for genome-wide genetic screenings to identify
regulatory genes in UCP1 regulation using CRISPR libraries and a FACS
sorting strategy [56]. Overall, Ucp1-2A-GFP knock-in mouse model of-
fers a nice complementary model to the existing UCP1-studying models
by allowing easier in vitro high-throughput chemical or genetic screen-
ings with a fluorescence readout in adipose tissues. In contrast, as GFP
signal does not penetrate well in vivo, to directly view the GFP signal
in Ucp1-2A-GFP live animals requires high-end animal imaging system.
To change GFP reporter to a different far-red fluorescence protein with
better penetrance through skin (eg. Katushka) [57] may be of some-
thing interesting that can assist well in both in vivo and in vitro studies
of UCP1.

In this study, we applied an FDA-approved drug library in UCP1
screening. Compounds in the library are structurally diverse, and cur-
rently being used in disease indications related to oncology, cardiology,

anti-inflammatory, immunology, neuropsychiatry, etc. A few known
UCP1 activators popped out in our primary hits, most among them are
retinoid receptor agonists and adrenergic receptor agonists. It is inter-
esting to notice that different agonists with modest structure changes
can result in quite different UCP1 expression levels (Table 1 and
Supplementary Fig. 2), which may offer useful information for further
structure modifications if these drugs are repurposed to treat obesity.
We also found a group of previously unreported drugs that showed ef-
fects in upregulating UCP1 expression in our screenings, providing an
interesting set of candidates for further study.

We later focused on sutent for further in vivo investigation. We
found that sutent treatment significantly decreased gain of whole-
body weight due to HFD feeding and improved mouse metabolism. Con-
sistent with the in vitro screening result, sutent treatment in vivo led to
higher UCP1 expression in brown adipose tissue and more oxygen con-
sumption, suggesting enhanced energy expenditure. However, cold ex-
posure challenge experiment showed no significant change in rectal
temperatures of mice with sutent treatment when compared to control
mice (Supplementary Fig. 3h). We suspect that although sutent treat-
ment led to higher UCP1 expression level (both in mRNA and protein
levels) in brown adipocytes, substantially decreased BAT weight
(—35.94%) may have neutralized this effect. Besides UCP1, sutent treat-
ment also caused consistent up-regulation in genes in mitochondrial
oxidative phosphorylation pathway in BAT, as well as down-
regulation of genes in lipid synthesis pathway in eWAT, iWAT and
liver (Fig. 5a-c and Supplementary Fig. 4). We therefore have good rea-
son to believe that the improved metabolism after sutent treatment is
only partly mediated by enhancing UCP1 expression in BAT; whereas
decreased lipid synthesis in WAT and liver may have also contributed
significantly to the overall phenotypic changes, and this may explain
why the sutent effect is only marked in mice under HFD. Within a 16-
week period in this study, sutent treatment did not display obvious ad-
verse effect. However, side-effect observed in patients, such as nausea,
diarrhea, and even cardiotoxicity [58], makes it impossible for immedi-
ate repurposing to treat obesity. The discovery of new drug delivery
strategies, for example, local delivery through a microneedle patch
[59], may help relieve some of the side-effect by directly targeting adi-
pose tissue instead of systematic administration.

Among the limitations of our study is that the underlying mecha-
nism that how sutent upregulates UCP1 in brown adipocytes is lacking.
It is worth noting that the regular screening system, for example, our
Ucp1-2A-GFP reporter system, at most times acts like a “black-box”,
with only definitive input and output. While the advantage is clear
that through high-through screening, we are able to identify novel
“input” that leads to the favorable “output”, greater challenges may
exist in exploring the “how the input causes output”, when compared
to hypothesis-driven studies. Sutent belongs to a muti-target RTK inhib-
itor family. The nature that sutent has multiple potential targets makes
it hard to identify the signaling pathway(s) and the direct target(s) that
account for the effect of sutent in brown adipocytes. Within the path-
ways analyzed in our study (including p38, CREB, ATF2, ERK, STAT3),
we only noticed significant increase in STAT3 phosphorylation upon
sutent treatment. As overexpression of constitutively active Stat3 was
previously reported to improve BAT function [23], we suspect that the
effect of sutent may partly mediated by activated STAT3 signaling path-
way. However, how sutent causes activation of STAT3 signaling is un-
clear. In fact, another RTK inhibitor, which was also identified in one
screening for UCP1 activators, was reported to cause reduced phosphor-
ylation of STAT3 in adipocytes [38], indicating rather different underly-
ing mechanisms between axinitib and sutent, and also causing
confusion on the regulation of UCP1 by STAT3 signaling pathway.
Among other RTK inhibitors that are also included in our FDA-
approved library, only dasatinib popped out in our primary screening
(Fig. 2c and Table 1). It is interesting to note that a study focusing on
screening for compounds to inhibit the phosphorylation of PPARYy at
Ser?”® (pS273), which is linked to obesity and insulin resistance
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|60,61], have identified sutent and dasatinib that both are able to inhibit
pS273 [62]. However, this study did not report a direct up-regulation of
UCP1 in brown adipocytes by inhibiting pS273. Whether the inhibitory
effect to pS273 accounts for part of the sutent effect warrants further in-
vestigation. Overall, our study only has provided very limited mechanis-
tic insight into the effect of sutent. Substantially more analysis will be
needed to perform in order to understand how sutent contributes to
the function of brown adipocytes.

The library used in our study comprises only part of the drugs being
approved by FDA. Screening with different chemical libraries, for exam-
ple, natural product library, clinical compound library, etc., also offer op-
portunities for the discovery of candidate drugs. Besides, we are
enthused to apply or share this platform for high-throughput screenings
with perhaps millions of chemicals if proper facilities are ready. In sum-
mary, we believe our study adds to the current effort in searching for
agents that can activate UCP1 expression in adipose tissues. Specifically,
we offered an easy-to-use cellular screening system for UCP1 activators
and provided a list of FDA-approved drugs that can potentially treat
obesity. Further detailed study of these drugs as well as the underlying
mechanisms may shed new light on the drug discovery for obesity and
new regulatory pathways in adipose function.
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