
Acta Pharmaceutica Sinica B 2022;12(3):1186e1197
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
NF-kB regulates brown adipocyte function
through suppression of ANT2
Shiqiao Penga, Xiaoying Zhanga, Lili Yub, Yanhong Xuc, Yang Zhoud,
Shengnan Qiana, Xinyu Caoa, Xiaotong Yed, Jiajun Yangc,
Weiping Jiaa, Jianping Yea,e,f,*
aShanghai Diabetes Institute, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai 200233,
China
bDepartment of Immunology, School of Basic Medical Sciences, Xinxiang Medical University, Xinxiang 453003,
China
cNeurology Department, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai 200233, China
dNational Demonstration Center for Experimental Fisheries Science Education, College of Fisheries and Life
Science, Shanghai Ocean University, Shanghai 201306, China
eMetabolic Disease Research Center, Zhengzhou University Affiliated Zhengzhou Central Hospital, Zhengzhou
450007, China
fCenter for Advanced Medicine, College of Medicine, Zhengzhou University, Zhengzhou 450007, China
Received 15 September 2021; received in revised form 5 October 2021; accepted 20 October 2021
KEY WORDS

RelA;

Mitochondria;

Brown adipocyte;

Energy metabolism;

ANT2
*Co

E-

Peer r

https:

2211-

by El
rresponding author.

mail address: yejianping@sjtu.edu.c

eview under responsibility of Chine

//doi.org/10.1016/j.apsb.2021.10.023

3835 ª 2022 Chinese Pharmaceutic

sevier B.V. This is an open access a
Abstract The transcription factor nuclear factor of kappa-light-chain-enhancer of activated B cells

(NF-kB) is expressed in brown adipocytes, but its role remains largely unknown in the cells. This issue

was addressed in current study by examining NF-kB in brown adipocytes in vitro and in vivo. NF-kB ac-

tivity was increased by differentiation of brown adipocytes through elevation of p65 (RelA) expression.

The transcriptional activity of NF-kB was induced by the cold stimulation with an elevation in S276 phos-

phorylation of p65 protein. Inactivation of NF-kB in brown adipocytes made the knockout mice [uncou-

pling protein 1 (Ucp1)eCreERep65f/f, U-p65-KO] intolerant to the cold environment. The brown

adipocytes exhibited an increase in apoptosis, a decrease in cristae density and uncoupling activity in

the interscapular brown adipose tissue (iBAT) of p65-KO mice. The alterations became severer after cold

exposure of the KO mice. The brown adipocytes of mice with NF-kB activation (p65 overexpression, p65-

OE) exhibited a set of opposite alterations with a reduction in apoptosis, an increase in cristae density and

uncoupling activity. In mechanism, NF-kB inhibited expression of the adenine nucleotide translocase 2

(ANT2) in the control of apoptosis. Data suggest that NF-kB activity is increased in brown adipocytes
n (Jianping Ye).
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by differentiation and cold stimulation to protect the cells from apoptosis through down-regulation of

ANT2 expression.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting 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

Brown adipocytes and beige (brite) adipocytes are thermogenic
adipocytes, which play a central role in non-shivering thermo-
genesis in the prevention of hypothermia upon cold exposure of
mammals. This group of adipocytes contributes to maintenance of
energy balance by releasing excess energy as heat. The biological
significance of brown adipose tissue (BAT) and beige fat extends
far beyond the energy expenditure into regulation of glucose/lipid
metabolism, insulin sensitivity and adipose tissue homeostasis
through the endocrine activity1,2. Regulation of the thermogenic
function represents a strategy in the management of obesity and
diabetes. There have been a dozen of potential molecular targets
documented in the management of differentiation and function of
the thermogenic adipocytes3. However, a druggable target remains
missing in the strategy1. Apoptosis inhibits the thermogenic
function of brown/beige cells4. Anti-apoptosis is an ideal strategy
in the induction of brown/beige cell function. Unfortunately,
apoptosis-related molecules remain largely unknown in the con-
trol of brown/beige cell functions except p534. The transcription
factor nuclear factor of kappa-light-chain-enhancer of activated B
cells (NF-kB) has a well-known anti-apoptotic activity in addition
to the inflammatory activity. However, the anti-apoptosis activity
remains to be established in brown adipocytes. This issue is
addressed in current study.

It is generally believed that pro-inflammatory signals inhibit
the function of brown/beige adipocytes as reported for some
representative cytokines including tumor necrosis factor alpha
(TNF-a), interleukin 1 beta (IL-1b), transforming growth factor-b
(TGF-b), etc.1 However, there are exceptions as the pro-
inflammatory cytokine IL-6 promotes differentiation and ther-
mogenic function of beige adipocytes5,6. In addition, the anti-
inflammatory cytokine IL-10 inhibits the thermogenic function
of BAT7,8. A couple of signaling pathways, such as inhibitor of
kappa B kinase beta (IKKb)/NF-kB, c-Jun N-terminal kinase
(JNK)/activated protein 1 (AP1), Janus kinase (JAK)/signal
transducers and activators of transcription (STAT), etc., are acti-
vated by these cytokines. The exact role of each pathway remains
to be established in the brown/beige adipocytes. NF-kB activation
is induced by IKKb in the inflammatory responses. The tran-
scriptional activity of NF-kB is determined primarily by the p65
(RelA) subunit through heterodimerization with the p50 subunit in
most type of cells. Inactivation of NF-kB promotes apoptotic
response in white adipocytes as reported in the studies of fat-
selective p65-knockout (KO) and Ikkb-KO mice9,10. Induction of
NF-kB activity by overexpression of p65 (p65-OE) or IKKb
(IKKb-OE) in adipocytes enhances energy expenditure in the
transgenic mice leading to the resistance to diet-induced
obesity9,11. Alternatively, activation of NF-kB activity by dele-
tion of p50 (that negatively regulates p65 transcriptional activity)
also promotes energy expenditure9. These studies suggest that NF-
kB may be required for the thermogenic function of brown/beige
adipocytes. However, the possibility remains to be tested.
In this study, we examined NF-kB activity in brown adipocytes
and identified conditions for its activation by non-inflammation
signals. The functional significance of NF-kB was tested in
interscapular brown adipose tissue (iBAT) depot of the KO mice
[uncoupling protein 1 (Ucp1)-CreER-p65f/f, U-p65-KO] and p65-
OE mice. NF-kB activity was found to protect the brown adipo-
cytes through down-regulation of adenine nucleotide translocase 2
(ANT2) in the control of apoptosis.

2. Materials and methods

2.1. Animals

All mice were on the C57BL/6 genetic background. Two lines of
transgenic mice were used in this study. The first is brown
adipocyte-selective p65 KO mice, which were established by
crossing p65-floxed mice12 with tamoxifen inducible Ucp1e
CreER mice, a gift from Professor Christian Wolfrum at ETH
Zurich, Schwerzenbach, Switzerland. Genotype of the mice is
Ucp1eCreERep65f/f (U-p65-KO). The littermate p65f/f (p65-
floxed) mice were used in the control. The second line of mice
was adipocyte P2 (aP2)ep65 mice, in which p65 gene over-
expression is controlled by the fatty acid binding protein 4
(Fabp4) gene promoter9. All mice were produced in-house at the
animal facility of the Shanghai Jiao Tong University Affiliated
Sixth People’s Hospital [specific pathogen free (SPF) grade;
Shanghai, China]. The facility environment is 12-h light cycle
with ambient temperature of 22 � 2 �C. The animals were used at
8 weeks in age and fasted for 10 h before the experiment. All
procedures and operations in the mouse experiments were
approved by the Institutional Animal Care and Use Committee
(IACUC) in the Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital (Shanghai, China).

2.2. Body temperature and thermal imaging

Ucp1ep65-KO mice were fed on Chow diet and the study was
conducted at 8 weeks in age. The mice were treated with
tamoxifen by gavage at 100 mg/kg/day for 5 days to induce Cre
expression. On Day 7, the mice were individually housed and
exposed to 4 �C ambient temperature for 2 or 7 h. The body
temperature was measured in the mice by a rectal thermometer
(Type C Thermometer, Therma Waterproof, American Fork, UT,
USA). The body temperatures were recorded at different time
points in the cold response study. Thermal imaging camera
(SMART SENSOR ST9450 Infrared Thermal Imaging Camera IR
Thermography, Everett, WA, USA) was used to detect the inter-
scapular surface temperature of the mice.

2.3. Cristae density and mitochondrial superstructure

iBAT depots were collected from the anesthetized mice and fixed
in the electron microscope fixing solution (Servicebio technology,
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Wuhan, China) immediately. The tissue volume was about 1 mm3,
and fixation was for 2 h at room temperature and 4 h at 4 �C. The
tissue was embedded with 1% agarose and washed in 0.1 mol/L
phosphate buffer (pH 7.4) for 3 times at 15 min each time. The
tissue was treated in 1% osmium, 0.1 mol/L phosphate buffer at
room temperature for 2 h and wash for 3 times. Tissues were
successively dehydrated in 50%, 70%, 80%, 90%, 95%, and 100%
alcohol, 100% acetone for 15 min each time and were permeated
through acetone: 812 embedding agent in a 1:1 ratio for 4 h, in a
1:2 ratio overnight, and 812 embedding agent for 8 h in the end.
The embed tissues were kept at 60 �C for 48 h. Ultramicrotome
(Leica, Wetzlar, Germany) was used to slice the tissues at
60e80 mm in thickness. Stain the sections with 2% uranium ac-
etate saturated ethanol solution and lead citrate for 15 min sepa-
rately. After the sections were dried overnight at the room
temperature, the structure of tissues was observed and analyzed in
a Philips CM12 transmission electron microscope (Philips/FEI,
Eindhoven, Netherlands). Mitochondria diameter and cristae
density were analyzed using ImageJ Software (version 1.50b,
National Institutes of Health, Bethesda, MD, USA). The mito-
chondrion shape was defined by the axis ratio of the oval that fits
the organelle area best. Mitochondrial number was counted, the
longest diameter was measured in each mitochondrion and the
mean value was obtained from three images of a sample at 30,000
times of magnification. Cristae were identified manually in the
electron microscope images and cristae density was defined by the
ratio of the total points hitting cristae over the total points hitting
the mitochondria. Each data point represents the mean value of
three images per sample in three mice of each group.

2.4. Hematoxylin and eosin (H&E) staining

The fresh iBAT tissues were fixed in 4% paraformaldehyde for
24 h before the H&E staining. The samples were prepared by the
Wuhan Servicebio technology Co., Ltd. (Wuhan, China).

2.5. Mitochondrion isolation

iBAT was quickly collected from the anesthetized mice and put
into MSE [including 210 mmol/L mannitol, 70 mmol/L sucrose,
1 mmol/L EGTA, and 0.5% bovine serum albumin (BSA), pH 7.2]
on ice. The tissues were washed twice with MSE and cut into
small pieces with the surgical scissors followed by homogeniza-
tion. All operations were carried out on ice. The supernatant was
collected after centrifugation at 4 �C, 600 �g for 10 min into a
new tube. The pellet was collected after centrifugation at 7000 �g
for 10 min as isolated mitochondria. The mitochondria were pu-
rified with washing in MSE and centrifuged at 4 �C, 7000 �g for
10 min twice. The purified mitochondria were resuspended in
MAS (including 220 mmol/L mannitol, 70 mmol/L sucrose,
5 mmol/L MgCl2$6H2O, 10 mmol/L KH2PO4, 2 mmol/L HEPES,
1 mmol/L EGTA, and 0.2% BSA, pH 7.2) and kept on ice for
functional assays.

2.6. Oxygen consumption rate (OCR) of isolated mitochondria

The probe plate of 24-well was pretreated with the hydration
solution (1 mL per well) at least 12 h in advance in a CO2-free
incubator at 37 �C. The substrates in the assay were prepared in
MAS. Mitochondrial protein concentration was measured with the
bicinchoninic acid (BCA; Beyotime, Nanjing, China) method, and
the loading volume of tested sample was calculated according to
the protein concentration. The inhibitor bongkrekic acid (BA;
Santa Cruz BioTechnology, CA, USA) or agonist carboxya-
tractyloside (Carb; Absin, Shanghai, China) were injected into
four injection holes from A to D according to the experimental
protocol. The chemicals were 4 mmol/L adenosine diphosphate
(ADP; SigmaeAldrich, St. Louis, MO, USA), 2 mmol/L oligo-
mycin (SigmaeAldrich), 4 mmol/L carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone (FCCP; Selleck Chemicals,
Houston, TX, USA), and 4 mmol/L antimycin (Santa Cruz
BioTechnology). The mitochondria were loaded into the plate at
5 mg/100 mL per well according to the protein concentration. The
plate was centrifuged at 2200 �g 4 �C for 20 min to let mito-
chondria to precipitate, and 350 mL MAS was added into each
well with substrates followed by analysis with Seahorse Analyzer
XFe24 (Agilent Technologies, Santa Clara, CA, USA).

2.7. Primary brown adipocytes

The primary brown adipocytes were obtained by differentiation
of ear mesenchymal stem cells of mouse in vitro. The mice were
sacrificed by cervical dislocation after anesthesia, the ears were
quickly collected and cleaned by removing hair, washing in 75%
ethanol and phosphate buffered saline (PBS) containing 1%
penicillinestreptomycin for 3 times, respectively. The ears were
cut into small pieces and digested with type 1 collagenase in a
water bath at 37 �C for 2 h. The ear mesenchymal stem cells were
collected in pellet after centrifugation at 157 �g for 5 min. The
cells were resuspended in Dulbecco’s modified Eagles medium
(DMEM; Gibco, Life Technologies Corporation, USA) medium
[containing 10% fetal bovine serum (FBS) and 1%
penicillinestreptomycin (Gibco)] and placed into a 10 cm plate
and cultured in a CO2 (5%) incubator of 37 �C. The DMEM
medium was changed every 3 days. At 70%e80% confluence,
the cells were divided into 2 plates for passage. At 100%
confluence, the cells were treated with differentiation-inducing
cocktails for 6e8 days in differentiation into the primary
brown adipocytes, in which the cocktail I (5 nmol/L insulin,
0.5 mmol/L IBMX, 2 nmol/L T3, 1 mmol/L dexamethasone, and
5 mmol/L rosiglitazone; SigmaeAldrich) was used for 4 days and
the cocktail II (5 nmol/L insulin and 2 nmol/L T3; Sigma-
eAldrich) was used for 2e4 days. The differentiation medium
was changed every 2 days. Differentiation was carried out in a
10% CO2 incubator (Panasonic Corporation, Osaka, Japan). After
differentiation, the cells were maintained in the normal medium
in a 5% CO2 incubator and the medium was changed at 24 h
before the experiment.

2.8. Quantative reverse transcription PCR (qRT-PCR)

mRNA was quantified with qRT-PCR according to a protocol
reported elsewhere13. The RNA Extraction Reagent (R401-01,
Vazyme Biotech, Nanjing, China) was used to extract total
RNA from brown adipocytes or tissue, and the concentration
was determined with SpectraMax i3� (Molecular Devices, San
Jose, CA, USA). mRNA was then transcribed into cDNA using
the HiScript� II Q RT SuperMix (R223-01, Vazyme Biotech)
and quantified with ChamQ™ Universal SYBR qPCR Maser
Mix (Q711-02, Vazyme Biotech) on Light Cycle 480II (Roche,
Pleasanton, CA, USA). The primers were synthesized as
follow: Il-6: forward, 5ʹ-CTCCCAACAGACCTGTCTATAC-3ʹ;
reverse, 5ʹ-CCATTGCACAACTCTTTTCTCA-3ʹ; 18S: for-
ward, 5ʹ-GCCGCTAGAGGTGAAATTCT-3ʹ; reverse, 5ʹ-TCGG
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AACTACGACGGTATCT-3ʹ. All results were normalized to
the 18S mRNA level.

2.9. Respiration of brown adipocytes

The primary ear mesenchymal stem cells were plated into XFe24
plate at 3 � 104 cells/well and differentiated into brown adipo-
cytes after confluence as described above. The cells were
cultured in the normal medium for at least 24 h before OCR
assay. The probe plates were hydrated in a CO2 free incubator
one day in advance. The brown adipocytes were washed in the
test solution (25 mmol/L dextrose monohydrate, 1 mmol/L so-
dium pyruvate, and 4 mmol/L glutamine in base medium, pH
7.4) twice, at 500 mL each time, and then 500 mL of test solution
was added in each well and incubated in CO2 free incubator at
37 �C for 1 h. For adenoviral transient infection, the ANT2 ad-
enoviruses [multiple of infection (MOI), 1:100] were added into
the adipocytes (3 � 106 cells per well) for 48 h without obvious
cytopathic effects to knockdown or overexpress ANT2. The
modification efficiency was determined by Western blot assay.
During incubation, the probe plate was injected with oligomycin
(1 mmol/L), FCCP (2 mmol/L), rotenone (0.5 mmol/L), and
antimycin (0.5 mmol/L), and then examined with the Seahorse
Analyzer. The Wave 2.6.1.53 software (Agilent Technologies)
was used to analyze the data and calculate ATP production,
proton leakage, etc.

2.10. Western blot

The expression of interest proteins was quantified by Western
blot according to the protocol described14. The primary anti-
bodies included in this manuscript were listed in Supporting
Information Table S1. The signal was detected with chemilu-
minescent detection system (E412-01-AA, Western Lightning
ECL; Vazyme Biotech), the images were collected with a CCD
camera system (Light-Capture; ATTO, Tokyo, Japan) and the
signal was quantified with the ImageJ program for the statistical
analysis.

2.11. Immunoprecipitation (IP)

IP assay was conducted by using a protocol described by pre-
vious study15. In brief, 500 mg of total protein were incubated
with 2 mg antibodies (antibodies included: BCL-xL, BCL-2, and
Bax; Abcam, Cambridge, UK) and 20 mL of 50% protein G
agarose (Beyotime), mixed, and constantly rotated overnight at
4 �C. After incubation was performed, the supernatant was
aspirated, and the beads were saved. The beads were washed six
times using cold 0.1% NP-40 lysis buffer and boiled for 5 min at
100 �C in 2� sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer. The complexes in su-
pernatant were loaded onto SDS-PAGE gel for Western blot
analysis.

2.12. Statistical analysis

All data were quantified for statistical analysis. The body tem-
perature data were statistically analyzed with two-way ANOVA.
In vitro experiments were repeated at least three times with
consistent results and the digital data were statistically analyzed
with the Student’s t-test. The data are presented as
mean � standard deviation (SD) with P < 0.05.

3. Results

3.1. NF-kB activation in brown adipocytes

NF-kB activity was examined in the primary brown adipocytes
in two conditions to characterize its activation, in vitro cell
differentiation and in vivo cold stimulation. In the first condi-
tion, NF-kB activity was gradually increased by differentiation
of the primary mesenchymal cells, which was observed with
elevated protein level of P65, the major subunit of NF-kB. The
maximal level was reached on Days 5 and 6 of differentiation
(Fig. 1A). mRNA was increased in the same pattern as the
protein (Fig. 1B). P50 protein and mRNA were not changed by
the differentiation (Fig. 1A and B). The patterns of P65 and
P50 changes in brown adipocyte differentiation are similar to
those of white adipocytes in differentiation16. In the second
condition, NF-kB activity was tested in iBAT after exposure of
mice to the cold environment, in which phosphorylation status
of P65 at S276, an activation marker, was significantly induced
by the cold stimulation (Fig. 1C). As expected, UCP-1 protein
was increased in iBAT under the same condition (Fig. 1C). Il-6
(a target gene of NF-kB) expression was increased in iBAT
under the same condition (Fig. 1D). A role of b3-adrenergic
receptor in the NF-kB activation was investigated in vitro.
The phosphorylation was induced by the b3-adrenergic recep-
tor agonist, CL-316243 (10 mmol/L), together with IL-6
expression in the primary brown adipocytes (Fig. 1E and F).
The observations suggest that NF-kB activity is increased in
brown adipocytes by differentiation and cold stimulation to
regulate gene expression.

3.2. Dysfunction of iBAT in U-p65-KO mice

It was reported that NF-kB activity is required by white adi-
pocytes for cell survive, adipose tissue remodeling and expan-
sion in the study of p65-KO mice12, Ikkb-KO mice10 and Ikba
mice17. However, the NF-kB activity remains to be established
in brown adipocytes. To address the issue, NF-kB was inacti-
vated in brown adipocytes in the U-p65-KO mice by crossing
the p65-floxed mice with Ucp1eCreER mice. The U-p65-KO
mice exhibited cold intolerance with a significant drop in the
core body temperature during cold exposure (Fig. 2A). The skin
temperature over iBAT was monitored with a thermosensitive
camera to determine the BAT function. A significant reduction
was observed in the U-p65-KO mice (Fig. 2B and C).
Apoptosis in iBAT was examined to explore the mechanism of
the cold intolerance. A significant increase in apoptosis was
observed with the elevated level of cleaved caspase 3 in U-p65-
KO mice after the cold exposure (Fig. 2D). In the wild type
(WT) mice, the apoptotic signal was not increased in iBAT
under the same condition (Fig. 2E). A significant reduction in
p65 and IkBa protein were observed in iBAT of U-p65-KO
mice to confirm the gene inactivation (Fig. 2F). Those data
suggest that inhibition of NF-kB activity by p65 gene



Figure 1 NF-kB activation in brown adipocytes. The primary mesenchymal cells were differentiated for 4 days in the cocktail containing

0.5 mmol/L IBMX, 125 mmol/L indomethacin, 1 mmol/L dexamethasone, 20 nmol/L insulin, and 1 nmol/L T3, and followed by additional 4 days

of differentiation in medium containing 20 nmol/L insulin and 1 nmol/L T3. (A) Proteins of P65 and P50. The whole cell lysate was used in

Western blot (WB) with antibodies to P65 and P50. WB signals were quantified and expressed in relative signal strength over that of Day 1. (B)

mRNA levels of p65 and p50. mRNA level was determined by qRT-PCR on days of differentiation indicated. (C) NF-kB activation in BAT of WT

mice after 4 h of cold challenge (n Z 6). (D) Il-6 mRNA in BAT of WT mice after 4 h cold stimulation (n Z 6). (E) NF-kB activation by b3

agonist. The primary brown adipocytes of WT mice were examined for NF-kB activation after a b3-adrenergic receptor agonist (CL-316243,

10 mmol/L) treatment at different times (30, 60, and 120 min) as indicated by WB. (F) Il-6 mRNA expression. mRNA level was determined by

qRT-PCR. The cell culture studies were repeated three times in this study with consistent results. Representative blots are shown. Each bar

represents mean � SD (n Z 6). *P < 0.05, **P < 0.01, ***P < 0.001.
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inactivation may impair the thermogenic function of iBAT
through induction of apoptosis, which was supported by the
impaired cold response and elevated apoptosis in iBAT of U-
p65-KO mice.
3.3. Reduced cristae density in mitochondria by p65-KO

The apoptosis was investigated in brown adipocytes by analysis of
ultrastructure of mitochondria. Mitochondrial cristae is formed by
the inner membrane and the cristae density is a structural indicator
of mitochondrial function. The density was examined under the
transmission electron microscope. A significant reduction was
found in the brown adipocytes of U-p65-KO mice without the cold
exposure. Cristae was broken in the mitochondrial matrix for the
density fall in the KO mice (Fig. 3A). In addition, mitochondrial
swelling was observed in the KO adipocytes for the shape change,
further suggesting the structural damage. The structural defects
became more severe in U-p65-KO mice after 4 h response to the
cold (Fig. 3B). The cold response induced membrane rupture in
mitochondria for matrix leaking into the cytosol in the KO mice.
The observations were supported by quantification of the ultra-
structure image (Fig. 3C and D). The cell density was examined in
iBAT and an increase was observed in U-p65-KO with lower
triglyceride content in the brown adipocytes in H&E staining
(Fig. 3E and F). The differences in iBAT were observed between
KO and WT mice before the cold exposure, and they became
dramatic after the cold exposure. These data suggest that p65
deficiency leads to impairment in the mitochondrial ultrastructure
and a reduction in the lipid droplets in the cytoplasm of brown
adipocytes.
3.4. ANT2 up-regulation by p65-KO

In search for the mechanism of mitochondrial damage, we
screened the genes in iBAT of U-p65-KO mice by RNA
sequencing, which led us to focus on ANT2 (AAC2) for its
increased expression in the KO mice (Supporting Information
Table S2). ANT2 belongs to the ANT family, a nucleus-encoded
mitochondrial protein that contains 4 members (ANT1, ANT2,
ANT3, and ANT4) for proton transportation in thermogenesis18.
An increase in the activity leads to cell apoptosis through collapse
of mitochondrial potential19. However, the ANT2 activity remains
unknown in iBAT of p65-KO mice. ANT1 and ANT2, the ubiq-
uitously expressed isoforms, were investigated in the WT mice in
response to the cold challenge, and a reduction in both isoforms
was observed in iBAT (Fig. 4A). In the U-p65-KO mice, the two



Figure 2 Impaired BAT function in U-p65-KO mice. (A) Body temperature of U-p65-KO mice in the cold response. UCP1-p65-KO (U-p65-

KO) and the control mice (p65-floxed) were fed on Chow diet, which were used at 8 weeks in age. The mice were injected with tamoxifen at

100 mg/kg/day for 5 days to induce Cre expression for the p65 knockout. At seven days post the last injection, the mice were individually housed

at 4 �C ambient temperature for 2 h and the core body temperature was monitored with an annal thermometer (n Z 6). *P < 0.01 vs. WT group.

(B) Infrared imaging of skin temperature over iBAT. The images were taken from the mice under 4 �C ambient temperature with a thermal

imaging camera for the skin temperature over iBAT. (C) Mean value of the skin temperature recorded in the study of panel B (n Z 6). (D)

Apoptosis in iBAT of U-p65-KO mice. The apoptosis signals were detected in iBAT by WB after 4 h cold stimulation of UCP1-p65-KO mice

(nZ 3). (E) Apoptosis in iBAT of WT mice (nZ 3). (F) Confirmation of P65 protein reduction in BATof U-p65-KO mice. Representative images

are shown in this figure (nZ 3). In the bar figure, each bar represents mean � SD (nZ 3). **P < 0.01, ***P < 0.001. Casp3, caspase 3; c-Casp3,

cleaved caspase 3.
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isoforms exhibited different patterns of changes, in which ANT2
protein was elevated and ANT1 was not altered (Fig. 4B). UCP-1
protein was not altered in iBAT of U-p65-KO mice. The ANT2
elevation was associated with a significant increase in apoptosis
for the cleaved caspase 3 and reduced B cell lymphoma/lewkmia-
2 (BCL-2) (Fig. 4C). An interaction of ANT2 with the BCL family
proteins was investigated in immunoprecipitation to understand
the ANT activity in apoptosis. The interactions with anti-apoptotic
proteins, such as BCL-2 and BCL-xL, were significantly reduced
in the KO mice (Fig. 4D), suggesting that reduced interaction of
ANT2 and anti-apoptotic proteins may contribute to the increased
apoptosis in the U-p65-KO cells. To test the possibility, ANT2
protein was reduced in the p65-KO cells by shRNA-mediated
knockdown to match the level of WT cells (Fig. 4E), which led
to a reduction in the c-caspase 3 signal to block the apoptotic
phenotype of the p65-KO cells (Fig. 4F). The data suggest that in
the physiological condition, ANT1 and ANT2 were reduced in
WT brown adipocytes to protect the cells from apoptosis upon the
cold stimulation. The response was interrupted in U-p65-KO cells
by the elevated ANT2 leading to the higher risk of apoptosis for
the impaired iBAT function.

3.5. ANT2 in mitochondrial uncoupling activity

The impact of ANT2 in mitochondrial respiration was examined
by monitoring the respiration parameter OCR, whose alteration
reflects the coupling (ATP production) and uncoupling activities
(thermogenesis). The respiration was tested in two models, the
isolated mitochondria of iBAT and primary brown adipocytes.
ANT2 activities were induced with the chemical agonist Carb,
and suppressed with the chemical inhibitor BA. The ANT acti-
vation by Carb promoted the uncoupling activity in isolated
mitochondria of the WT mice, which was observed with an
elevated OCR following the FCCP treatment (Fig. 5A). The
uncoupling was unaffected by the inhibitor BA (Fig. 5A). In the
KO mice, the same responses were observed in the isolated
mitochondria. The data suggest that ANT2 activation may raise
the uncoupling activity in the WT and KO brown adipocytes.
ANT2 elevation in the KO cells may enhance the uncoupling
activity of mitochondria. However, the result was opposite to the
prediction. The uncoupling activity was decreased in the mito-
chondria of U-p65-KO mice for a reduction in the maximal OCR
(Fig. 5B). ANT2 activation by Carb could not fix the defect in
U-p65-KO cells (Fig. 5A). The essential role of ANT2 was
tested by Ant2 knockdown (KD). The uncoupling activity was
significantly reduced by the knockdown in the WT cells
(Fig. 5C), but not in the KO cells (Fig. 5D). The basal oxygen
consumption was inhibited more in the KO cells by ANT2-KD
relative to the WT cells (Fig. 5D). Mitochondrial potential was
increased by the knockdown in WT cells (Fig. 5E), which was
likely a result of inhibition of proton leak and ATP production.
The same effect was observed in the KO cells (Fig. 5F). The data
suggest that ANT2 is required for the uncoupling activity of
brown adipocytes in the physiological condition in WT cells.



Figure 3 Mitochondrial super structure in the brown adipocytes of U-p65-KO mice. (A) Mitochondria in the brown adipose tissue of U-p65-

KO mice without the cold exposure. The brown adipose tissues were collected and fixed in the electron microscope fixing solution immediately

and used in the superstructure analysis with transmission electronic microscope. (B) Mitochondria in the brown adipose tissue of U-p65-KO mice

after 4 h of the cold exposure. Scale bar: 1 mm (5000�), 0.5 mm (15,000�), and 200 nm (30,000�), respectively. (C) and (D) Quantification of

panels A and B images. (E) H&E staining of brown adipose tissue of U-p65-KO. The study was conducted in mice with and without the cold

exposure. Scale bar: 200 mm. (F) Triglyceride quantification in BAT. In the bar figure, each bar represents mean � SD (n Z 6). **P < 0.01,

***P < 0.001. RT, room temperature.
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The elevated ANT2 did not promote, instead reduced the
uncoupling activity in the p65-KO cells, which could not be
restored by ANT2-KD. The data suggest that ANT2 elevation
may not play a major role in the thermogenic defects in iBAT of
U-p65-KO mice.

3.6. ANT2 down-regulation by p65-OE

Above results suggest that ANT2 may be down-regulated by NF-
kB in brown adipocytes as its level was increased in p65-KO cells.
To test the possibility, the ANT2 activity was investigated in p65-
OE mice (p65 mice). A significant reduction was observed in
ANT2 protein and no alteration was observed in ANT1 protein in
the same condition (Fig. 6A). The increase in NF-kB activity was
confirmed in iBAT of the p65 mice with elevated P65 and IkBa
proteins (Fig. 6A). UCP-1 protein was not altered by the NF-kB
activity (Fig. 6A). Consistently, apoptosis was significantly
reduced in iBAT of p65 mice by the reduced levels of cleaved
caspase 3, Bax, and elevated BCL-xL (Fig. 6B). No significant
change was observed in BCL-2 protein. In the ANT2/BCL family
interaction, Bax was reduced, BCL-2 and BCL-xL were not
changed in iBAT of p65 mice (Fig. 6C). The data suggest that
ANT2 protein was decreased by NF-kB to prevent apoptosis in the
brown adipocytes. To test the possibility, the ANT2 level was
restored in the primary brown adipocytes of p65 mice with an
ANT2 expression adenovirus (Fig. 6D and E). Interestingly, the
resistance to apoptosis was cancelled by the ANT2 restoration
(Fig. 6F). The impact of NF-kB in mitochondrial ultrastructure
was examined, the cristae density was increased and mitochon-
drial size was reduced in the p65 mice (Fig. 6GeJ). The data
suggest that NF-kB decreases ANT2 protein in the mechanism of
anti-apoptosis phenotype of iBAT of p65 mice.



Figure 4 ANT2 was increased in BAT tissue of U-p65-KO mice. (A) ANT2 reduction in iBAT of WT mice by cold exposure. (B) ANT2

elevation in BAT of U-p65-KO mice. The study was conducted at 8 weeks in age without cold challenge. (C) Apoptosis in U-p65-KO mice

(n Z 3). (D) Interaction of ANT2 and BCL family proteins in the brown adipose tissue of U-p65-KO mice. The study was conducted by

immunoprecipitation of ANT2 and blotted with antibodies to the BCL proteins including Bax, BCL-2, and BCL-xL. The immune complex was

resolved by 12% SDS-PAGE. Each experiment was repeated three times in this study. (E) ANT2 knockdown in U-p65-KO mice. Ant2 was

knocked down in the primary brown adipocytes of U-p65-KO mice with shRNA to Ant2 (ANT2-KD) delivered by adenovirus. The virus of

scrambled shRNA was used as the negative control (NC). (F) Apoptosis after Ant2-KD. Apoptosis was tested in the primary brown adipocytes

after Ant2 knockdown. Each experiment was repeated three times with consistent results in this study. Representative blots were shown. In the bar

figure, each bar represents mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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3.7. Enhanced uncoupling in p65-OE cells

The impact of ANT2 reduction in mitochondrial function was
investigated in the brown adipocytes of p65 mice. The uncoupling
activity was examined in the isolated mitochondria in the group of
p65 mice and the activity was significantly increased (Fig. 7A).
The uncoupling activity was further enhanced by the ANT agonist
(Carb) in the mitochondria (Fig. 7B). The effect of ANT2
reduction was further investigated with ANT2 restoration by gene
overexpression in the brown adipocytes of p65 mice. ANT2
overexpression enhanced the uncoupling activity in the groups of
WT cells (Fig. 7C). In the p65 mice, the restoration by over-
expression promoted the uncoupling activity (Fig. 7D). The
impact of ANT2 reduction in mitochondrial potential was further
investigated. A reduction was observed in the brown adipocytes of
p65 mice, which was reduced further by ANT2 overexpression
(Fig. 7E). ANT2 overexpression in WT cells also decreased the
potential (Fig. 7F), which is likely a result of more proton leak
through ANT2. In the cold environment, the thermogenic function
of iBAT was increased in p65 mice as indicated by the skin
temperature over iBAT (Fig. 7G). The data suggest that the
decreased ANT2 activity may not be responsible for the increased
uncoupling activity and reduced mitochondrial potential in p65
mice. The mechanism remains unknown for the functional
phenotype of brown adipocytes in the p65 mice.

4. Discussion

Current study demonstrated that NF-kB activity was increased in
the brown adipocytes by differentiation from preadipocytes and by
the cold stimulation. The p65 expression was increased in the
differentiated brown adipocytes, and its phosphorylation was
enhanced by the cold stimulation. The data suggest that NF-kB
has multiple activities in the brown adipocytes, such as control of
apoptosis and thermogenesis. The anti-apoptotic activity was
established in iBAT of U-p65-KO mice by the increased signal of
cleaved caspase 3. The mice became intolerant to the cold with a
quick reduction in the body temperature. The increased apoptosis
was associated with decreased thermogenesis in the U-p65-KO
mice under cold stimulation. In the p65-OE mice, the apoptosis
was reduced and thermogenic function was enhanced. The
decreased apoptosis was coupled with the rise in thermogenesis in
p65-OE mice. The data suggest that NF-kB activity is required for
iBAT function. This NF-kB activity has never been characterized



Figure 5 ANT2 elevation restricted uncoupling activity in U-p65-KO cells. (A) ANT2 impact in the uncoupling function. Mitochondria were

isolated from fresh BAT and were tested for uncoupling function in MAS with 10 mmol/L succinate and 2 mmol/L rotenone (Rot). OCR was

monitored in mitochondria (10 mg) in response to the chemicals and calculated for the uncoupling activity. The chemicals were ADP (4 mmol/L),

oligomycin (2 mmol/L), FCCP (4 mmol/L), antimycin A (AA, 4 mmol/L). The isolated mitochondria were tested in the mitochondria assay solution

(MAS) containing 10 mmol/L succinate and 2 mmol/L rotenone treated with ANT2 agonist carboxyatractyloside (Carb, 20 mmol/L) and inhibitor

bongkrekic acid (BA, 5 mmol/L), respectively (n Z 3). (B) Respiration in isolated mitochondria. Mitochondria (10 mg/well) were isolated from

BAT and the uncoupling activity was investigated by analyzing the oxygen consumption rate (OCR) alteration using the Seahorse equipment with

the respiration complex activator or inhibitors including ADP (4 mmol/L), oligomycin (2 mmol/L), FCCP (4 mmol/L), antimycin A (4 mmol/L).

ATP production and maximal OCR were calculated to compare the difference between WT and U-p65-KO (n Z 3e4). (C) ANT2 knockdown did

not affect the uncoupling of U-p65-KO brown adipocytes. The assay was conducted in the primary adipocytes (n Z 3). The chemical con-

centrations were 1 mmol/L oligomycin, 2 mmol/L FCCP, 0.5 mmol/L rotenone plus 0.5 mmol/L antimycin A (Rot/AA). (D) ANT2 knockdown

decreased the uncoupling function of WT brown adipocytes. Knockdown was conducted in the primary brown adipocytes (3 � 106 cells per well)

and OCR was examined after 48 h of adenovirus infection. Proton leak under the coupling and uncoupling conditions were calculated with OCR.

(E) Mitochondrial membrane potential. ANT2 was knocked down in the primary brown adipocytes with the isoform-specific shRNA (ANT2-KD)

delivered by adenovirus, and the virus of scrambled shRNAwas used in the negative control (NC). The potential was quantified in the cells with

the fluorescent dye JC-1 by flow cytometry (n Z 3). (F) Mitochondrial membrane potential after ANT2 knockdown in U-p65-KO brown adi-

pocytes. The potential was quantified in the U-p65-KO brown adipocytes with the fluorescent dye JC-1 by flow cytometry. Each experiment was

repeated three times in this study with consistent results. Representative blots were shown. In the bar figure, each bar represents mean � SD

(n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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in brown adipocytes in other studies of iBAT according to the
literature search at the PubMed database.

We observed that ANT2 was up-regulated to promote
apoptosis in the brown adipocytes when NF-kB was inactivated
by p65 gene deletion in U-p65-KO mice. ANT is a nucleus-
encoded mitochondrial protein located in the inner membrane
with a classical activity in the import of ADP and export of
ATP. ANT2 is one of the 4 isoforms (ANT1, ANT2, ANT3,
and ANT4)20. ANT was found to promote apoptosis a decade
ago21, but the action mechanism remained unclear till 2019
when the proton transporter activity was identified in ANT118,
in which ANT1 (AAC1) was reported to mediate the proton
leak in several types of tissues including heart and skeletal
muscle, etc. However, the role of ANT1 isoform, ANT2, re-
mains to be established in apoptosis. Current study provides a
series of evidence to support the ANT2 activity in apoptosis.
Additionally, we identified NF-kB as a regulator of ANT2
activity. The data from U-p65-KO cells suggests that NF-kB
increased mRNA expression of ANT2 to render brown adipo-
cytes to apoptosis. The conclusion was approved by the
reduced ANT2 expression and decreased apoptosis in the p65-
OE cells. Although the conclusion was derived from the brown
adipocytes, it may apply to other types of cells given the na-
ture of ubiquitous expression of ANT2. Ant2 gene knockdown
has been reported in a couple of studies for insulin sensitiza-
tion in mice22,23. However, mechanism of the knockdown



Figure 6 ANT2 was decreased in BAT tissue of p65-OE mice. (A) ANT2 in p65-OE mice. ANT2 protein was examined in BAT of p65-OE

mice after 4 h cold exposure (n Z 3). (B) Apoptotic proteins in p65 mice (n Z 3). BCL family proteins were examined for apoptosis in BAT of

p65 mice (n Z 3). (C) Interaction of ANT2 and BCL proteins in immunoprecipitation. The assay was conducted in BAT of p65-OE mice and the

immune complex of ANT2 antibody was blotted with antibodies to BCL-2, Bax, and BCL-xL. Whole cell lysate of BATwas used in the input as a

control. (D) Ant2 overexpression effect. Overexpression of Ant2 was done in the primary brown adipocytes of WT mice. (E) Restoration of Ant2 in

p65-OE cells. (F) Apoptosis in p65-OE cells after Ant2 restoration. The primary brown adipocytes were derived from stromal cells of p65 mice

and infected with the ANT2 expression adenovirus. Apoptosis was examined in the cells by Western blot after ANT2 overexpression. (G) Electron

microscope image of mitochondria before the cold challenge. (H) Electron microscope image of mitochondria after the cold challenge. Scale bar:

1 mm (5000�), 0.5 mm (15,000�), and 200 nm (30,000�), respectively. (I) Cristae density and mitochondrial size before the cold challenge. (J)

Cristae density and mitochondrial size after the cold challenge. Each experiment was repeated three times in this study with consistent results.

Representative blots are shown. In the bar figure, each bar represents mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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benefit remains to be investigated. Current study suggests that
the knockdown effects may be related to an increased resis-
tance to cell apoptosis in the metabolic tissues. The mRNA
change provided a mechanism for ANT2 regulation by NF-kB,
but the exact event for Ant2 mRNA alteration remains to be
explored.
This study suggests that ANT2 is required for the uncoupling
activity of mitochondria in the brown adipocytes. ANT1 (AAC1)
was reported to involve in the thermogenic function of mito-
chondria in several types of cells including brown adipocytes18. In
current study, the same activity of ANT2 was identified in brown
adipocytes. Overexpression of ANT2 promoted the uncoupling



Figure 7 Uncoupling function of mitochondria under NF-kB activation. (A) Uncoupling activity of mitochondria of p65 mice. Mitochondria

were isolated from fresh BAT of p65 mice and were tested for uncoupling function in MAS with 10 mmol/L succinate and 2 mmol/L rotenone.

OCR was monitored in mitochondria (10 mg) in response to the chemicals and calculated for the uncoupling activity. The chemicals were ADP

(4 mmol/L), oligomycin (2 mmol/L), FCCP (4 mmol/L), and antimycin (4 mmol/L) (n Z 3e4). (B) Enhanced uncoupling function by ANT

activator. ANT activity was tested in the isolated mitochondria with the agonist Carb (20 mmol/L) and inhibitor bongkrekic acid (BA, 5 mmol/L) of

ANT. OCR was used in the calculation of ATP production and maximal OCR (n Z 3). (C) Ant2 overexpression in WT brown adipocytes. Ant2

was overexpressed in the primary brown adipocytes (3 � 106 cells per well) of WT mice with the Ant2 expression adenoviruses and negative

control (NC) virus for 48 h. The effect of Ant2 overexpression was tested in the cells after 48 h of infection by monitoring OCR upon injection of

1 mmol/L oligomycin, 2 mmol/L FCCP, 0.5 mmol/L rotenone plus 0.5 mmol/L antimycin (Rot/AA). Proton leak under the coupling and uncoupling

conditions were calculated with OCR. (D) Ant2 overexpression in p65-OE brown adipocytes. The overexpression effect was tested in the primary

brown adipocyte of p65-OE mice. Uncoupling activity was calculated with OCR. (E) Mitochondrial membrane potential in brown adipocytes of

p65-OE mice. The potential was quantified with the fluorescent dye of JC-1 by flow cytometry. (F) Mitochondrial membrane potential in brown

adipocytes of WT mice. (G) Skin temperature over iBAT in the cold environment. Each experiment was repeated three times with consistent

results. In the bar figure, each bar represents mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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activity and reduced the mitochondrial potential, which was
correlated to the increased risk of apoptosis at the same time (data
not shown). In p65-KO cells, ANT2 expression was increased and
the uncoupling effect was decreased, which was opposite to the
activity of ANT2 in the WT cells. In the p65-OE cells, ANT2
expression was reduced, but the uncoupling activity was
enhanced. The data suggest that the uncoupling activity of ANT2
was changed by the alteration of NF-kB in the transgenic mice.
The ANT2 activities in the control of uncoupling may be depen-
dent on NF-kB. The mechanism under the relationship remains
unknown.

The data on mitochondrial potential suggests that an increase
in mitochondrial potential is a risk of cell apoptosis. In the p65-
KO cells, the rise in apoptosis was associated with the elevated
mitochondrial potential. In the p65-OE cells, the decrease in
mitochondrial potential was associated with reduced apoptosis. A
high mitochondrial potential is known to increase production of
reactive oxygen species in the study of mitoflash under substrate
overloading in mitochondria24. This possibility is consistent with
the elevated ROS production in the condition of NF-kB inactiva-
tion in the study of JNK activation for apoptosis.

5. Conclusions

The NF-kB activity was characterized in brown adipocytes. The
data demonstrates that NF-kB activity is increased by adipocyte
differentiation and cold stimulation to protect the cells from
apoptosis. NF-kB is required for stabilization of mitochondrial
potential and maintenance of cristae density in the control of
apoptosis. The molecular mechanism is related to down-
regulation of ANT2 expression in the control of apoptosis.
However, it is unknown if NF-kB binds to the ANT2 gene



RelA in brown adipocytes 1197
promoter for a direct regulation or acts through an indirect
mechanism, such as RNA modification by small RNA or
methylation, etc.
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