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Abstract

UCP2 Deletion Downregulates
Adipocyte Apoptosis and Prevents
Diet-Induced Obesity

Do Hyun Kim

College of Veterinary Medicine
Developmental Biology and Genomics
The Graduate School

Seoul National University

Uncoupling protein 2 (UCP2) was first introduced as a member of
Uncoupling protein family and a regulator of ROS formation; however,
its role in adipose tissue is not fully understood. In the present study, I
have investigated the role of UCP2 against high-fat diet (HFD)-induced
obesity in epididymal white adipose tissue (eWAT) and browning of
inguinal white adipose tissue (iWAT). Diet-induced obesity is closely
related to macrophage infiltration and the secretion of pro-inflammatory
cytokines. Macrophages surround adipocytes and form a crown-like-
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structure (CLS). Some reports have suggested that CLS formation
requires adipocyte apoptosis. After 12 weeks of HFD challenge, UCP2
knockout (KO) mice maintained relatively lean phenotypes compared to
wild-type (WT) mice. In eWAT, UCP2 deletion reduces macrophage
infiltration, CLS formation, and inflammatory cytokines after the HFD
challenge. Surprisingly, I found that apoptotic signals were also reduced
in the UCP2 KO mice. This study suggests that UCP2 deficiency may
prevent diet-induced obesity by regulating adipocyte apoptosis. However,

UCP2 deficiency did not affect the browning capacity of iWAT.

Keyword: Uncoupling Protein 2, obesity, adipose tissue inflammation, CLS,
mouse, apoptosis
Student Number: 2020-23775



List of Abbreviation

ATM Adipose tissue macrophage
BAT Brown adipose tissue

Bax BCL2 associated X

BCL2 B-cell lymphoma 2

Cas3 Caspase 3

Cas9 Caspase 9

Cidea Cell death-inducing DFFA effector A
CLS Crown-like-structure

DIO Diet-induced-obesity

eWAT Epididymal white adipose tissue
Elovi3 ELOVL Fatty acid elongase 3
HFD High fat diet

H&E Hematoxylin and eosin

IFNa Interferon alpha

IL-1B Interleukin 1 beta
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IHC
IWAT
KO

NCD

Pgcla

Ppary

ROS
SNS
SVF
TG
TNFa
UCP1
UCP2

WT

Immunohistochemistry

Inguinal white adipose tissue
Knockout

Normal chow diet

Peroxisome proliferator-activated
receptor-gamma coactivator
Peroxisome proliferator-activated
receptor gamma

Reactive oxygen species
Sympathetic nervous system
Stromal vascular fraction
Triglyceride

Tumor necrosis factor-alpha
Uncoupling protein 1
Uncoupling protein 2

Wild type
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INTRODUCTION

Uncoupling protein 2 (UCP2) is encoded by a mitochondrial gene and was first
reported as a regulator of mitochondrial proton leakage, ATP production, and
insulin secretion (Zhang et al., 2001). Although the exact mechanisms
underlying these functions have not yet been understood, many researchers
have agreed that UCP2 expression is negatively correlated with ROS and NO
production (Arsenijevic et al., 2000; Bai et al., 2005). In addition, the lifespan
of Uncoupling protein 2 (UCP2) knock-out (KO) mice is shorter than that of
wild-type (WT) mice (Andrews & Horvath, 2009). However, UCP2 displays a
wide tissue expression range (Erlanson-Albertsson, 2002) and its roles in

various tissues and cell types have not been covered.

Adipose tissue is a major metabolic organ that stores energy in the form of
triglycerides (Choe et al., 2016; Cohen & Spiegelman, 2016). Its function in
energy homeostasis of the whole body has been studied for decades and it is
now considered an endocrine organ that secretes various adipokines and lipid
metabolites (Lee et al., 2013; Prunet-Marcassus et al., 2006). Another key
aspect of adipose tissue is the thermogenic capacity (Bartelt & Heeren, 2014;
Himms-Hagen, 1985) of brown adipose tissue (BAT), which means dissipation
of excess energy in the form of heat. The activation of BAT and recruitment of
beige adipocytes from white adipocytes occur in an uncoupling protein 1

(UCP1)-dependent manner (Fedorenko et al., 2012; Madsen et al., 2010).



Recently, a study has revealed that macrophage-specific deletion of UCP2 does
not affect adipose tissue inflammation or weight gain after a high-fat diet (HFD)
(van Dierendonck et al., 2020). To study the role of UCP2 in adipose tissue, |
have examined HFD-induced obesity and B3 adrenergic stimulation in UCP2
KO mice. I have demonstrated that UCP2 deletion dysregulates adipose tissue
homeostasis under diet-induced obesity (DIO), but does not affect the browning

of white adipose tissue (WAT).

This study also showed that UCP2 deletion alleviates HFD-induced weight gain
and adipose tissue inflammation by blocking adipocyte apoptosis, an event
preceding the recruitment of macrophages and proinflammatory cytokine
secretion. | also establish the role of UCP2 in thermogenesis and browning of
inguinal white adipose tissue (iWAT), a well-known function of UCP1, from
the same family. Under f3-specific stimulation or 4 °C cold exposure, browning

capacity of iWAT of UCP2 deficient mice was comparable to that of WT mice.



MATERIALS AND METHODS

Animal Experiment

UCP2 null KO mice were purchased from the Jackson Laboratory, USA.
(B6.129S4-UCP2tm1Lowl/J, Strain #:005934). UCP2 KO mice were obtained
by crossing heterozygous breeders. All protocols were performed in accordance
with the Guide for Animal Experiments (approved by the Institutional Animal
Care and Use Committee of Seoul National University, Seoul, Korea) (approval
number: SNU-201013-2-1). For HFD experiments, 6-week-old male WT and
KO mice were randomly assigned (n = 5) to either NCD or a 60% HFD (20%
carbohydrate, 60% fat, 20% protein; D12492; Research Diets Inc.). For CL
316,243 (Sigma, USA) treatment, 7-week-old WT and KO mice were i.p.
injected with 1 mg/kg of CL for 3 days (n =4). For the cold challenge, 7-week-
old WT and KO mice were randomly assigned to either thermoneutral (30 °C)
or cold (4 °C) environment conditions for 5 consecutive days (n = 5). At the
end of each experiment, the body composition of all animals was determined

by nuclear magnetic resonance (Minispec LF-50, Bruke).

H&E and Immunohistochemistry (IHC) Staining

Samples were fixed with 4% paraformaldehyde (HP2031, Biosesang, Korea)
and embedded in paraffin. They were sliced into 4.5-um-thin sections and
stained with H&E, following a standard protocol. For IHC staining, anti-F4/80

antibody (D2S9R, Cell Signaling Technology, Massachusetts, USA) and anti-
3



UCP1 antibody (Abcam, Cambridge, UK) were used. The samples were then
washed and blocked with 2.5% horse serum for 1 h. After another washing with
PBS + 0.05% Tween 20 incubation was performed with a 1:500 dilution of
primary anti-F4/80 overnight in a 4 °C chamber. Samples were washed and
incubated with secondary antibody (ImmPRESS, Vector Laboratories,
California, USA) for 1 h at 24 °C. Finally, they were developed using a DAB
kit (Vector Laboratories, California, USA). H&E and THC samples were

visualized using a Pannoramic Scanner (3DHISTECH, Budapest, Hungary).

Protein analysis

Proteins were extracted using RIPA buffer and quantified using the BCA assay
protocol. Equal amounts of protein were separated by SDS-PAGE and then
transferred to PVDF membranes. Samples were incubated with primary
antibodies overnight at 4 °C and then incubated with HRP-conjugated
secondary antibodies. The blots were visualized using enhanced
chemiluminescence and a Chemi-Doc Imaging System (Bio-Rad, California,
USA). Images were quantified and normalized using the ImageJ software (NIH,
New York, USA). The primary antibodies used were UCP1 (Abcam,
Cambridge, UK), Caspase3 (Cell Signaling Technology, Massachusetts, USA),
Cleaved caspase 3 (Cell Signaling Technology, Massachusetts, USA), a-actin

(Sigma, Misouri, USA), and B-tubulin (Abbkine, Wuhan, China).

RNA extract and Quantitative real-time PCR
4



Total RNA was extracted from the tissues using TRIzol reagent (Invitrogen,

Massachusetts, USA) according to the manufacturer’s instructions. cDNA was

synthesized using a premix (Bioneer, Daejeon, Korea). qPCR was performed

using the QuantStudio5 (Applied Biosystems, Massachusetts, USA). PCR was

performed using the SYBR Lo-ROX Kit (Meridian Bioscience, Ohio, USA),

according to the manufacturer’s instructions. The primer sequences used are

shown in Table 1.

Table 1. Primers used for qRT-PCR analysis

[Primer

Forward primers

Reverse primers

(Ucp2 TTAAGTGTTTCGTCTCCCAGCC ACTCTGCCGGAGTTCTGGA
[Ppary TGAAAGAAGCGGTGAACCACTG TGGCATCTCTGTGTCAACCATG
TNFa CCCTCACACTCAGATCATCTICT GCTACGACGTGGGCTACAG
IFINy TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTITCATG
IL-1p GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IAdiponectin = [ TGACGACACCAAAAGGGCTC ACCTGCACAAGTTCCCTTGG
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
CCL2 TTAAAAACCTGGATCGGAACCAA  |GCATTAGCTTCAGATTTACGGGT
Cas3 TGGGAGCAAGTCAGTGGA CACCATGGCTTAGAATCA

Cas9 TTCCCAGGTTTTIGTCTCCTG GGGACTGCAGGTCTTCAGAG
[Bax TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTITAG
IBCL2 CTGCAAATGCTGGACTGAAA TCAGGAGGGTTTCCAGATIG
[Ucpl ACTGCCACACCTCCAGTCATT CTTTGGCTCACTCAGGATTGG
Elovl3 TTICTCACGCGGGTTAAAAATGG GAGCAACAGATAGACGACCAC
Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
Pacla CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTITTC

36B4 GAGGAATCAGATGAGGATATGGGA AAGCAGGCTGACTTGGTTGC
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=

o
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RESULTS

UCP2 mRNA expressions in KO mice and adipocytes

I first confirmed that UCP2 mRNA expression was downregulated in the lung,
iWAT, and eWAT of UCP2 KO mice (Fig. 1A, 1B, 1C). To investigate the role
of UCP2 in adipose tissue under HFD condition, 6-week-old C57BL/7 mice
were fed eitxher normal chow diet (NCD) or high-fat diet for either 2 or 16
weeks. I then isolated adipocytes and stromal vascular fraction (SVF) from
epididymal white adipose tissue (eWAT) and measured UCP2 mRNA levels
(Fig. 2A, 2B). UCP2 expression was significantly increased in adipocytes when
challenged with HFD. To confirm UCP2 expression in adipocytes, I used a
3T3L1 cell line and verified a positive correlation between mRNA levels of

UCP2 and Ppary, a differentiation marker (Fig. 2C, 2D).
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Figure 1. UCP2 KO confirmation by qPCR analysis.

(A) qRT-PCR analysis showed that UCP2 mRNA expression was down
regulated in the stomach, (B) iWAT, and (C) eWAT in KO mice. Data are
presented as the mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. UCP2 mRNA expressions in adipocytes and SVF under HFD
challenge.

gRT-PCR showed UCP2 mRNA expression in adipocyte and SVF from eWAT
after (A) 2weeks or (B) 16 weeks of HFD challenge. (C) Ppary, a differentiation
marker, mRNA expression levels of 3T3L1. (D) UCP2 mRNA expressions as
3T3L1 differentiate.

Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.



UCP2 KO mice were protected from HFD induced obesity

Then, 6-week-old WT and KO mice were fed either NCD or HFD for 12 weeks.
A chronic access to HFD resulted in significant weight gain in WT mice
compared to mice with NCD, whereas the weight gain in HFD KO mice was
comparable to that in NCD group (Fig. 3A, 3B). The net body weight change
by the NCD or HFD administration was also significantly less in the KO group
(Fig. 3C). Body composition data also coincided with the changes in body
weight. UCP2 KO mice showed significantly lower fat mass and higher lean
mass than WT mice (Fig. 4A). WAT in KO mice was lesser than it was in WT
mice (Fig. 4B). The WAT weight of HFD KO mice was significantly lower than
that of HFD WT mice (Fig. 4C). Serum triglyceride (TG) and glucose levels
were also lower in HFD KO mice than in HFD WT mice (Fig. 5A, 5B). The
mRNA level of the eWAT glucose uptake marker, Glut4, was increased in HFD
KO mice compared to that in NCD KO mice, but the expression level in HFD
KO mice was also significantly lower than that in HFD WT mice (Fig. 5C).
Hematoxylin and eosin (H&E) staining also revealed that adipocytes were

smaller in HFD KO mice (Fig. 6A, 6B).
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Figure 3. UCP2 deletion decreases body weights after the HFD challenge.

(A) Photographs of WT and KO mice after 12 weeks of NCD and HFD. (B)
Bodyweight graph from 6-week to eighteen-week-old mice of each group. (C)
Food Intake was comparable in NCD and HFD groups. (D) Net body weight
gain graphs were shown. Data are presented as the mean + SEM. *p <0.05, **p

<0.01, ***p <0.001.
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Figure 4. UCP2 deletion decreases fat mass after the HFD challenge.
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eWAT and iWAT were graphed. (C) Photographs of eWAT and iWAT of UCP2

WT and KO mice. Data are presented as the mean + SEM. *p < 0.05, **p <
0.01, ***p < 0.001.
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Figure 5. UCP2 deletion reduces serum TG and Glucose level.

(A) Serum Triglyceride levels after 8 weeks of HFD challenge. (B) Serum
glucose levels after 8 weeks of HFD challenge. (C) qRT-PCR analysis showed
GLUT4 mRNA expression. Data are presented as the mean = SEM. *p < 0.05,
**p < 0.01, ***p <0.001.
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Figure 6. UCP2 deletion reduces adipocyte sizes and lipid droplets in the
liver after the HFD challenge.

(A) H&E staining slides of epididymal adipose tissue. (B) Average adipocyte

sizes after challenge. (C) H&E staining slides of liver. Data are presented as the

mean = SEM. *p <0.05, **p < 0.01, ***p <0.001.
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HFD-induced macrophage infiltration and inflammation were

reduced in HFD KO mice.

As HFD-induced obesity is closely linked to macrophage infiltration and
secretion of pro-inflammatory cytokines (Trayhurn, 2007; Weisberg et
al., 2003), I analyzed the macrophages present in epididymal adipose
tissue. Localization of antigen F4/80 using immunohistochemistry (IHC)
staining showed crown-like-structure (CLS) formation in macrophages
(Fig. 7A), and the number of CLSs was comparable in NCD WT and KO
mice, while HFD KO mice showed a significant reduction in CLS
formation compared to HFD WT (Fig. 7B). The mRNA level of CCL2,
a marker for macrophage recruitment to adipose tissue, was significantly
reduced in HFD KO mice compared to that in HFD WT mice (Fig. 9B).
Additionally, mRNA levels of pro-inflammatory markers, TNFa, IFNy,
and IL-1P were also significantly decreased in KO mice (Fig. 8A, 8B,
8C), and mRNA level of the anti-inflammatory marker adiponectin in
both HFD groups was similarly reduced, compared to that in NCD
groups (Fig. 9A). Many studies have shown that in DIO, adipocyte
apoptosis is a major cause of and a direct upstream step before CLS
formation (Alkhouri et al., 2010; Lindhorst et al., 2021; Xiao et al., 2010).

To determine whether deletion of the UCP2 gene affects CLS formation

14



and secretion of cytokines directly, or an upstream event, I investigated
mRNA and protein levels of apoptotic signals in adipose tissue. I
observed that caspase 3 (Cas3), caspase 9 (Cas9), and Bax/BCL2, the
major apoptosis markers, only increased in the HFD WT group (Fig. 10A,
10B, 10C). TUNEL assay was also performed, and apoptotic expression

was higher in HFD WT mice compared to that in KO mice (Fig. 13A).
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Figure 7. UCP2 deletion reduces eWAT macrophages after the HFD

challenge.

(A) F4/80 THC staining of crown-like structure (CLS) formation in eWAT.. (B)

Number of CLS formation were graphed. Data are presented as the mean +
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Figure 8. UCP2 deletion reduces pro-inflammatory marker expressions
after the HFD challenge.

gRT-PCR analysis showed relative mRNA expression of pro-inflammatory
markers, (A) TNFa, (B) IFN-y, (C) IL-B. Data are presented as the mean + SEM.
*p <0.05, **p <0.01, ***p <0.001.
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Figure 9. UCP2 deletion reduces anti-inflammatory marker expressions
after the HFD challenge.

gRT-PCR analysis showed relative mRNA expressions of anti-inflammatory
markers, (A) adiponectin, (B) IL-10. (C) Relative mRNA expression of
macrophage infiltration marker CCL2. Data are presented as the mean = SEM.
*p <0.05, ¥*p <0.01, ***p < 0.001.
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Figure 10. UCP2 deletion reduces apoptosis marker expressions in RNA

level.
gRT-PCR analysis showed relative mRNA expression levels of apoptosis

markers were analyzed in eWAT, (A) caspase 3, (B) Caspase 9, (C) Bax/BCL2.
Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 11. Apoptosis marker expression in adipocytes and SVF of HFD
challenged B6 mice.

gRT-PCR analysis showed relative mRNA expression levels of apoptosis

markers, (A) caspase 3, (B) caspase 9. Data are presented as the mean £ SEM.
*p <0.05, **p <0.01, ***p <0.001.
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Figure 13. TUNEL assay shows reduced apoptosis in UCP2 KO mice.
(A) TUNEL assay in eWAT of HFD WT and KO mice.
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Under B3 adrenergic receptor stimulation, UCP2 does not affect a
thermogenic capacity

To stimulate the B3 adrenergic receptor, I injected CL 316,243, a B3
adrenergic agonist, intraperitoneally (i.p.) into 7-week-old mice, once a
day (1 mg/kg) for three consecutive days. A schematic is shown in Fig.
14A. Body weight gains or losses were measured before the first
injection and at the time of euthanasia. Saline-injected WT and KO mice
gained comparable weights, whereas CL-injected KO mice lost
significantly more weight than CL-injected WT mice did (Fig. 14B). The
body compositions were also measured; fat content of CL-injected KO
mice tended to be lower than that of CL-injected WT mice, but these
differences were not statistically significant (Fig. 15A), while lean
masses were similar among all groups (Fig. 15B). Their WAT masses
were measured and normalized by their body weights and weights were
recorded (Fig. 15C, 15D). I then measured browning of inguinal iWAT
at the molecular level. Saline-injected WT and KO mice showed
insignificant levels of UCP1, whereas CL-injected WT and KO mice
both showed high expression of UCP1, at comparable levels (Fig. 16A,
16B). The mRNA levels of the browning markers, UCP1, Elovi3, CIDEA,
and PGCla, were consistent with the corresponding protein levels (Fig.

16C). Finally, I histologically investigated the browning of adipose
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tissue and confirmed that adipocyte sizes, lipid droplet accumulations,
and UCPI1 expressions were similar between the two genotypes (Fig.

17,18).
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Figure 14. Inducing browning of WAT through B3 adrenergic stimulation
by CL 316,243.

(A) Schematic diagram of CL injection experiment. (B) Net body weight gain
and loss graph. (C) Amount of food consumption during the experiment. Data

are presented as the mean = SEM. *p < 0.05, **p < 0.01, ***p <0.001.
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Figure 15. UCP2 deletion tends to reduce fat mass after CL injection.
Body composition data after CL injection, (A) FAT composition, (B) lean
composition. (C) WAT weights normalized by total body weights. (D) WAT
weights. Data are presented as the mean = SEM. *p < 0.05, **p <0.01, ***p <
0.001.
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Figure 16. UCP2 deletion does not affect browning marker expressions

after CL injection.

(A) UCP1 protein expression in iWAT and (B) the blot was quantified by

ImageJ. (C) qRT-PCR showed relative mRNA expressions of browning

markers. Data are presented as the mean = SEM. *p < 0.05, **p < 0.01, ***p

<0.001.
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Figure 17. UCP2 deletion does not affect adipocyte sizes after CL injection.
(A) Relative mRNA expressions of browning markers were increased by the

CL effect only.
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Figure 18 UCP2 deletion does not affect the browning of WAT and
activation of BAT after the CL injection. (A) UCP1 expressions in iWAT and
BAT were increased by the CL effect only.
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UCP2 deletion does not affect phenotypes or browning of WAT under cold
adaptation

To explore the role of UCP2 in cold adaptation, 7-week-old mice were
expose to warm (30 °C) and cold (4 °C) conditions for 5 days. A
schematic is shown in Fig. 18A. This cold exposure did not affect body
weight changes in WT and KO mice (Fig. 18B). Changes in body
composition data and WAT weight were negligible (Fig. 19A-19D).
Protein and mRNA levels of browning markers showed similar cold
effects in both the WT and KO groups and showed no differences
between the two genotypes (Fig. 20A-20C). Finally, I compared
histological differences, however; I found no evidence that UCP2

deletion affects adipose tissue remodeling (Fig. 21, 22).
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Figure 19. Inducing browning of WAT through B3 adrenergic stimulation
by cold exposure.

(A) Schematic diagram of cold-induced browning. (B) Bodyweight changes
induced by cold exposure were similar in both genotypes. (C) Food intake was
similar. Data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p <

0.001.
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Figure 20. UCP2 deletion does not affect fat mass after cold exposure.
Body composition data after cold exposure, (A) FAT composition, (B) lean
composition. (C) WAT weights normalized by total body weights. (D) WAT
weights. Data are presented as the mean £ SEM. *p < 0.05, **p <0.01, ***p <
0.001.
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Figure 21. UCP2 deletion does not affect browning marker expressions
after cold exposure.

(A) UCP1 protein expression in iWAT and (B) the blot was quantified by
ImageJ. (C) gRT-PCR analysis showed relative mRNA expressions of
browning markers. Data are presented as the mean = SEM. *p < 0.05, **p <

0.01, ***p < 0.001.
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Figure 22. UCP2 deletion does not affect adipocyte sizes after cold exposure.

(A) H&E staining of eWAT, iWAT, and BAT.
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Figure 23. UCP2 deletion does not affect the browning of WAT and
activation of BAT after the cold exposure. (A) UCP1 expressions in iWAT

and BAT were increased by the cold effect only.
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DISCUSSION

In the past decades, studies have revealed the significance of genes from
UCP family. UCPI is specifically expressed in brown and beige
adipocytes, UCP3 expression is distributed in skeletal muscles, and
UCP2 expression has a wide tissue distribution (Erlanson-Albertsson,
2002). Many studies have studied the roles of UCP2 in various organs
(Kim et al., 2015; Madreiter-Sokolowski et al., 2017; Qin et al., 2019)
and//// studies demonstrated that UCP2 negatively regulates ROS
formation (Andrews & Horvath, 2009; Arsenijevic et al., 2000; Bai et al.,
2005). However, the role of UCP2 in adipose tissue and energy

metabolism was not fully investigated.

In 2001, a cross between UCP2 KO and ob/ob mice was studied, which
showed a gain of weight comparable to that of WT mice (Zhang et al.,
2001). In 2002, UCP2 KO mice were reported to have higher body
weights than WT mice after the HFD challenge (Joseph et al., 2002).
These results contradict my observation that UCP2 KO mice gained
significantly less weight than UCP2 WT mice did after the HFD
challenge. These discrepancies may be attributed to two reasons. Firstly,
the UCP2 KO mice used in each experiment had different backgrounds.

In 2009, Pi et al. discovered that the insulin secretion capacities of UCP2
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KO mice differed according to their genetic backgrounds (Pi et al., 2009).
Among 129/B6 mixed, 129 congenic, B6 congenic, and A/J congenic
UCP2 KO mice, only 129/B6 mixed genetic background, the one used
in the two previously reported articles, showed a higher insulin secretion
compared to WT mice. Lastly, all three articles used different
experimental designs. Ob/ob mice with NCD were used for the first
group, and 4-month-old mice were fed HFD for 4.5 months in the second
group. 6-week-old mice fed HFD for 2 months were used for my
experiment. I suggest that these two differences may have resulted in the

inconsistent results of the studies.

Adipose tissue is a metabolically active and dynamic organ that
comprises heterogeneous cell population (Eto et al., 2009). Adipocytes,
making up the majority of cell populations, store energy in the form of
triglycerides (Cohen & Spiegelman, 2016) whereas the rest of the
populations are composed of various cell types, including immune cells
(Bora & Majumdar, 2017; Eto et al., 2009; Prunet-Marcassus et al., 2006;
Rondini & Granneman, 2020). Recently, a study has reported that
macrophage-specific UCP2 deletion does not affect body weight gain
and adipose tissue inflammation after HFD (van Dierendonck et al.,

2020), whereas my data demonstrated that UCP2 null KO mice were
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protected from DIO. To delineate this matter, I fed 6-week-old C57/BL6
mice HFD for short (2 weeks) and long (16 weeks) terms and isolated
them into adipocytes and a SVF from eWAT. Although the UCP2 mRNA
levels in adipocytes and SVF of the NCD group were comparable, after
the HFD challenge, adipocytes exhibited significantly higher UCP2
levels than the SVF (Fig. 1A, Supplementary Fig. 1E). In addition, I used
3T3-L1 murine pre-adipocytes and confirmed that UCP2 mRNA
expression was increased by the PGClo mRNA level, a marker for
differentiation (Fig. 1B, C). Considering the expression levels of UCP2
in adipocytes, it may play a role in adipocytes but not in SVF, including

macrophages, in HFD-induced obesity.

I induced obesity in UCP2 WT and KO mice through HFD. Surprisingly,
HFD treated KO mice exhibited leaner phenotypes compared to WT
mice. Weight gain was significantly reduced in UCP2 KO mice
compared to that in WT mice (Fig. 1D-F). Serum TG and glucose levels
were significantly lower in the HFD KO group (Supplementary Fig. 1G,
H), and the eWAT glucose uptake marker level was also reduced in HFD
KO mice (Supplementary Fig. 1L). HFD KO mice had significantly
lower fat content (Fig. 1G) and WAT weights (Fig. 1I). Histologically,

HFD KO mice showed smaller adipocyte distribution (Fig. 1J, K).
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Obesity is strongly associated with pro-inflammatory cytokines and
adipose tissue macrophages (Wang et al., 2021; Weisberg et al., 2003).
Moreover, deletion of macrophages has been reported to prevent DIO
phenotypes in eWAT (Bu et al., 2013). It has also been reported that
adipocyte apoptosis is an upstream event necessary for macrophage
infiltration into adipose tissue and CLS formation (Alkhouri et al., 2010;
Lindhorst et al., 2021; Xiao et al., 2010). Furthermore, UCP2 was
reported to regulate adipocyte apoptosis in 3T3L1 cell lines when treated
with lalpha,25-dihydroxyvitamin D3 (Sun & Zemel, 2004). I confirmed
that adipose tissue macrophages (Fig. 2A, B) and pro-inflammatory
markers (Fig. 2C) were reduced in HFD KO mice than in HFD WT mice.
I then compared apoptosis between the two genotypes. Interestingly,
HFD KO mice showed significantly reduced mRNA and protein
expression of apoptosis markers compared to HFD WT mice (Fig. 2F,
Supplementary Fig. 1H, I). TUNEL assay also showed higher apoptotic

signals in the HFD WT group (Supplementary Fig. 1K).

Sympathetic nervous system stimulation via B-adrenergic receptors
induces multilocular lipid droplets in adipocytes and browning of white
adipose tissue. UCP1, a well-known marker for browning of WAT,

dissipates heat by uncoupling the H+ gradient, which would otherwise
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be used in ATP synthesis. Recently, Caron S et al. reported that UCP2
KO mice failed to adapt to chronic cold exposure (10 °C) (Caron et al.,
2017). This study focused on glucose metabolism in BAT and did not
reveal the role of UCP2 in iWAT and thermogenesis. Here, using
stimulation with a B3 adrenergic agonist and 4 °C cold exposure, I
demonstrated that the browning capacity of iWAT is comparable between
WT and KO mice. UCP2-depleted mice showed a tendency to lose more
weight than WT mice (Fig. 3B, 4B), but the weights of WAT and
adipocyte sizes were comparable (Fig. 3F, I; 4F, I). Moreover, the protein
and mRNA expression of major browning markers in iWAT were

comparably increased (Fig. 3G, H; 4G, H).

In conclusion, UCP2 deficiency ameliorated HFD-induced obesity in
eWAT but did not alter thermogenic and browning capacities in iWAT.
HFD-challenged UCP2 KO mice showed lean phenotypes in terms of
body weight, fat composition, fat weights, and smaller adipocytes,
Additionally, macrophage infiltration, CLS formation, pro-inflammatory
cytokine markers, and apoptosis markers were reduced in the eWAT of
the HFD KO mice. Considering the high expression levels of UCP2 in
HFD adipocytes, I suggest that UCP2 may regulate apoptotic pathways

of adipocytes and eventually prevent HFD-induced obesity.
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CONCLUSIONS

UCP2 expression increases as 3T3L1 cell line differentiates, so I tried to
explore the role of UCP2 in murine adipose tissue. HFD challenge
increases UCP2 expression in adipocytes rather than in SVF. Also, UCP2
KO mice maintained lean body and fat weights after HFD challenge
compared to WT mice. Number of adipose tissue-infiltrated
macrophages and inflammation marker expression were downregulated
in KO mice. More importantly, adipocyte apoptosis was reduced in KO
mice which induces macrophage infiltration. In this paper, I suggest that
UCP2 KO mice were protected from diet-induced obesity by inhibition

of adipocyte apoptosis.
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