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INTRODUCTION
White adipose tissue (WAT) is a specialized organ for lipid storage 
and regulates whole body metabolism as a major endocrine organ 
secreting adipokines [1]. WAT has high plasticity since it expands 
its mass by increasing the size of existing adipocytes (hypertrophy) 
and/or forming new adipocytes (hyperplasia) in response to the de-
mand for additional lipid storage [2, 3]. In mouse, epididymal white 
adipose tissue (eWAT) expansion under a high fat diet condition, 
which contributes to the development of metabolic syndromes such 
as obesity, insulin resistance, type 2 diabetes and cardiovascular 
disease [1], is preferentially associated with adipocyte hyperplasia, 
whereas inguinal white adipose tissue (iWAT) expansion mainly de-
pends on adipocyte hypertrophy [4], supporting that inhibition of 
adipogenesis is critical for the treatment of metabolic syndromes. 

Peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT/
enhancer-binding proteins (C/EBPs) have received much attention 
as master regulators for adipogenesis [5]. PPARγ is a member of the 
nuclear receptor superfamily and is expressed as two isoforms, 
PPARγ1 and PPARγ2, depending on different promoter usage and 
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alternative splicing [6, 7]. While PPARγ1 is expressed in multiple 
tissues, PPARγ2 expression is restricted in adipose tissue [8, 9]. 
PPAR2 deficient mouse shows impairment of adipose tissue develop-
ment with adipocyte death and deterioration of insulin sensitivity [10, 
11], whereas treatment with PPARγ activators results in the develop-
ment of a large number of small adipocytes in obese rat WAT with 
increased fat mass [12, 13]. 

C/EBPs belong to the large family of basic leucine zipper transcrip-
tion factors and have six members (C/EBPα, C/EBPβ, C/EBPγ, C/
EBPδ, C/EBPε and CHOP) that form hetero- or homo-dimers to bind 
the same C/EBP consensus sequence. Three of them (C/EBPα, C/
EBPβ and C/EBPδ) are expressed in both WAT and brown adipose 
tissue (BAT) [5, 14]. C/EBPα, either alone or in combination with 
PPARγ, promotes adipogenesis in mouse fibroblastic cells since they 
regulate each other’s expression [15, 16]. Additionally, C/EBP null 
mice have a perinatal lethal phenotype due to defective liver gluco-
neogenesis and subsequent hypoglycaemia [17]. Restoration of he-
patic C/EBPα level in this mouse causes an absence of WAT except 
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the inguinal mammary gland [18]. C/EBPα and PPARγ2 are induced 
by C/EBPβ alone or with C/EBP in 3T3-L1 preadipocytes to promote 
adipogenesis [19, 20]. However, C/EBPα expression is attenuated 
only in the fibroblast from C/EBPβ and C/EBPδ double knockout 
(KO) mice, not from C/EBPβ or C/EBPδ null mice [21]. In addition, 
PPARγ expression is markedly decreased in the fibroblast from C/
EBPβ and C/EBPδ double KO and C/EBP null mice. In contrast, the 
expression of C/EBPα and PPARγ in the WAT of three genotypes is 
compatible, although WAT weight is significantly reduced only in C/
EBPβ and C/EBPδ double KO mice, not in C/EBPβ or C/EBPδ null 
mice [21]. These results indicate that C/EBPβ or C/EBPδ is not 
indispensable for adipogenesis, but C/EBPβ and C/EBPδ act syner-
gistically to induce adipogenesis. 

Adipogenesis is also regulated by Wingless-type MMTV integra-
tion site family members (WNTs), Krüppel-like factors (KLFs), GATA 
binding protein (GATA) 2, GATA3 and sterol regulatory element 
binding transcription factor 1 (SREBP1c). WNTs are secreted gly-
coproteins that act though autocrine and paracrine mechanisms to 
regulate the development of many cell types. Wnt signalling has 
been reported to inhibit adipogenesis by suppressing PPARγ and C/
EBPα expression [22, 23]. The Krüppel-like factors (KLFs) are a 
large family of C2H2 zinc-finger proteins and play an important role 
in adipogenesis and obesity as positive or negative regulators [24]. 
In particular, KLF6, KLF9 and KLF15 promote adipogenesis by 
regulating PPARγ and/or C/EBPs expression [25-27]. In contrast, 
KLF2, KLF3 and KLF7 are anti-adipogenic factors. KLF3, associ-
ated with C/EBPα, inhibits adipocyte differentiation, and KLF3 de-
ficient mouse has a significant reduction in WAT mass [28]. Over-
expression of KLF2 or KLF7 inhibits adipogenesis, with a reduction 
of PPARγ and C/EBPα expression [29, 30]. Forced expression of 
GATA binding protein (GATA) 2 and GATA3 in preadipocytes inhib-
its adipogenesis by suppressing PPARγ and forming a protein com-
plex with C/EBPα and C/EBPβ [31, 32]. SREBP1c, as a pro‑adip-
ogenic transcriptional factor, induces lipid biosynthesis by insulin [33, 
34]. Although SREBP1c null mouse has a normal fat amount [35], 
adipose tissue specific SREBP1c overexpression induces severe li-
podystrophy [36].

Endurance exercise training is well known to reduce WAT mass 
in obesity by using fatty acid (FA) from adipose tissue as fuel [37, 
38]. FA mobilization from WAT is regulated by the activity of hor-
mone-sensitive lipase (HSL), monoglyceride lipase (MGL) and adi-
pose triglyceride lipase (ATGL) [39]. Since exercise promotes li-
polysis from adipocytes by activating HSL and ATGL [40, 41], 
exercise-induced hypotrophy of adipocytes is, at least in part, re-
sponsible for the reduction of WAT mass in obese individuals. How-
ever, it remains uncertain whether endurance exercise regulates 
adipogenesis by altering adipogenic gene expression. Therefore, we 
evaluated the effect of a single bout of swimming exercise on the 
alteration of adipogenic gene expression in WAT. In this study, we 
show that acute exercise regulates expression levels of PPARγ2, C/
EBPs, Wnts and KLFs in WAT.

MATERIALS AND METHODS 
Mice. C57BL/6J male mice were purchased from Vital River Labo-
ratory Animal Technology. Co. Ltd, (Beijing, China). UCP1-cre (stock 
number 024670) and tdTomato reporter mice (stock number 
007909) were from Jackson Laboratory (Bar Harbor, ME). UCP1-cre 
mouse was crossed with tdTomato mouse that has a loxP-flanked 
stop cassette. Mice were housed in an environmentally controlled 
facility certified by the Office of Laboratory Animal Welfare with a 
12 hour light/dark cycle and had free access to food and water. After 
sacrifice, eWAT and iWAT were snap frozen in liquid nitrogen and 
stored at −80°C for molecular analysis. Animal studies were approved 
by the Institutional Animal Care and Use Committee of the Institute 
of Zoology, Chinese Academy of Sciences.

Acute exercise protocol
At 10 weeks of age, C57BL/6J male mice were randomly divided 
into two groups: a sedentary control group (Sed) and a swimming 
exercise group (Exe). Mice in Exe (N=8) were adapted to swimming 
for 10 min for 2 days in a row to avoid water stress and then 1 week 
later were subjected to swimming exercise with lead fish sinkers (5% 
of body weight) on the tail for 2 h in plastic barrels filled with water 
(32+1°C) [42, 43]. Mice in Sed (N=8) were kept in barrels without 
water for 2 h. After exercise, mice were sacrificed immediately.

Adipocytes and stromal vascular fraction isolation
Adipocytes and the stromal vascular fraction (SVF) were isolated 
from WATs as described previously [44]. WATs in DMEM/F-12 media 
(Invitrogen) containing 1.0% BSA were chopped with surgical scis-
sors then digested with 0.2% collagenase type 2 (Invitrogen) for 25 
min at 37°C. After filtering the mixture through 100 μM mesh to 
remove undigested fragments, the filtrate was centrifuged at 300 x 
g rpm for 5 min at 4°C. Separated adipocytes were collected with a 
disposable transfer pipette, and washed 3 times with DMEM/F-12 
media. The SVF pellet was resuspended and washed 3 times with 
DMEM/F-12 media. After isolation, samples were snap frozen in 
liquid nitrogen for RNA isolation. 

Cold exposure
C57BL/6J male mice (10 weeks old) were placed in a cold room 
(4°C) for 2 h without food to analyse thermogenic gene expression 
in WATs (N=8). Control mice were placed at room temperature (RT) 
and fasted for 2 h (N=8). After sacrifice, eWAT and iWAT were re-
moved and snap frozen in liquid nitrogen for RNA isolation. For 
identifying UCP1 expressing cells in WAT, 10-week old UCP1-cre-
tdTomato reporter mice were randomly divided into three groups; 
Sed, Exe, and a cold exposure group (8°C for 72 h) as a positive 
control (N=3 in each group). After sacrifice, eWAT and iWAT were 
removed then formalin fixed for histological analyses. 

RT-PCR 
Total RNA was extracted from eWAT, iWAT, adipocytes and SVF 
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samples collected from Con and Exe using TRIzol isolation reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instruc-
tions. RNA concentration was spectrophotometrically determined 
using NanoDrop (Thermo Scientific). Two micrograms of RNA from 
WATs or SVF and 150 ng of RNA from adipocytes were reverse 
transcribed using murine leukaemia virus reverse transcriptase and 
oligo (dT)16 primer. The resulting cDNAs from tissue samples were 
assayed in duplicate. qRT-PCR was conducted using 2X SYBR green 
PCR master mix on a real-time PCR system (Applied Biosystems). 
Gene expression data were normalized to the housekeeping gene 
cyclophilin A and analysed using the delta delta cycle threshold 
method (ΔΔCt) [45]. Primer sets are described in Table 1.

Immunohistochemistry
Both eWAT and iWAT were removed from UCP1-cre-tdTomato re-
porter mouse, fixed with 1% formalin for 12 h at 4°C, and then 
washed three times. WATs were minced into pieces (~50 mm) using 
a scalpel, permeabilized with 1% Triton-X 100 for 6 h at 4°C, blocked 
with 5% goat serum for 1 h at RT and then incubated with 2 μg of 
Bodipy (Invitrogen, Carlsbad, CA) for 2 h at RT. After three washes 
with PBS, images were acquired with a Zeiss LSM780 laser scanning 
confocal microscope (Carl Zeiss).

Statistical analysis
All results are expressed as means ± standard deviation (SD). To 
test normality, the Shapiro-Wilk test was performed and then, de-
pending its outcome, data were analysed using Student’s t test or 
the Mann-Whitney U test. Statistical significance was set at P<0.05.

RESULTS 
Acute exercise modulates PPARγ2 and C/EBPs expression in WAT.
To determine whether acute exercise regulates adipogenic gene ex-
pression, we analysed expression levels of PPARγ2 and C/EBPs in 
WATs of Sed and Exe mice. Acute exercise markedly reduced PPARγ2 
expression in eWAT (P<0.0001) and iWAT (P<0.05) (Fig. 1A). 
Additionally, C/EBPα expression was significantly attenuated in eWAT 
(P<0.05) but was unchanged in iWAT after acute exercise (Fig. 1B). 
Conversely, the expression levels of C/EBPβ and C/EBPδ, known to 
stimulate PPARγ and C/EBPα expression, were highly upregulated 
in both WATs after acute exercise (P<0.0001) (Fig. 1C-D). Our results 
indicate that acute exercise contributes to regulating adipogenic gene 
expression in WAT. 

Acute exercise regulates Wnt6 and Wnt10b expression in a fat 
depot-specific manner
Since PPARγ2 expression was downregulated in WAT after acute 
exercise, we evaluated whether acute exercise leads to increased 
expression levels of Wnts. After acute exercise, Wnt6 expression was 
higher in iWAT (P<0.05) (Fig. 2A), whereas Wnt10b expression was 
significantly increased in eWAT (P<0.01) (Fig. 2C). However, Wnt10a 
expression was comparable in both WATs between groups (Fig. 2B). 

TABLE 1. Sequences of primers for RT-PCR.

Transcript Primer sequence (5’-3’)

PPARγ2 F: TCGCTGATGCACTGCCTATG
R: GAGAGGTCCACAGAGCTGATT

C/EBPα F: GCGGGAACGCAACAACATC
R: GTCACTGGTCAACTCCAGCAC

C/EBPβ F: TGACGCAACACACGTGTAACTG
R: AACAACCCCGCAGGAACAT

C/EBPδ F: CGTTGCCTCTACTTTCCTCAA
R: GGTTAAGCCCGCAAACATTAC

Wnt6 F: GCGGAGACGATGTGGACTTC
R: ATGCACGGATATCTCCACGG

Wnt10a F: ACTCCGACCTGGTCTACTTT
R: ACCCGTGCTGCTCTTATTG

Wnt10b F: GGCTGTAACCACGACAT
R: GGCTGTAACCACGACAT

KLF2 F: AATGACTCTGCCACCAGTTC
R: GACCCGAGGGAAATAAGTCAAT

KLF3 F: CTACACAGGAAACGCCACAT
R: GGAGAGAGAGAGAGAGAAAGAGAG

KLF4 F: TCAACAGAGCCAACTCCTAATC
R: AAGCAGATACCCTCTCAAAGC

KLF5 F: CTGCCACTCTGCCAGTTAAT
R: GAAGTGGATACGTCGCTTCTC

KLF6 F: GGAGAAGAAGGAGGAATCAGAAC
R: CAGAGTTCAGGCTATTGGTCTC

KLF7 F: CACAGGTGAGAAGCCTTACAA
R: ACCTGTGTGTTTCCTGTAGTG

KLF9 F: GCTGACTCCGACTTCCAATAC
R: GCTCCCAGTCCCTAATGTTAAA

KLF15 F: GCAGTGGAGGTATTGGAGATAG
R: AGAAATTCAGGGAAGCAGAAATG

GATA2 F: GGAGAAAGGAGTAGGCAAGAAG
R: CCCAAGAACACAAATAGCACAC

GATA3 F: AGCTGCCAGATAGCATGAAG
R: TAGGGCGGATAGGTGGTAAT

SREBP1c F: CCTGCTTGGCTCTTCTCTTT
R: GTCAGCTTGTTTGCGATGTC

PRDM16 F: CAGCACGGTGAAGCCATTC
R: GCGTGCATCCGCTTGTG

PGC-1a F: GTCAACAGCAAAAGCCACAA
R: TCTGGGGTCAGAGGAAGAGA

UCP1 F: GAGGTCGTGAAGGTCAGAATG
R: AAGCTTTCTGTGGTGGCTATAA

TMEM26 F: ACCCTGTCATCCCACAGAG
R: TGTTTGGTGGAGTCCTAAGGTC

TH F: AGGGGCCTTTCCCAAAGTTC 
R: ATCAAAGGGTCCAGCCACAC

Dio2 F: GCCATGCCATGCAGTTAGGA
R: TTGGGAATTCGGGGCTACAG

CD137 F: CGTGCAGAACTCCTGTGATAAC
R: GTCCACCTATGCTGGAGAAGG

HOXC8 F: CTTCGTCAACCCCCTGTTTTC
R: GTCTTGGACGTGGTGCGAG

TBX1 F: GGCAGGCAGACGAATGTTC
R: TTGTCATCTACGGGCACAAAG

Cyclophilin A F: TCCAAAGACAGCAGAAAACTTTCG
R: TCTTCTTGCTGGTCTTGCCATTCC
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These results suggest that Wnt6 and Wnt10b expression is regu-
lated by acute exercise in a fat depot-specific manner. 

Acute exercise leads to alteration of KLF expression
Other factors regulated during adipogenesis include KLFs, GATA2, 
GATA3 and SREBP1c. Immediately after swimming exercise, the 
expression levels of KLF2, KLF3 and KLF7, known as anti-adipogen-
ic factors, were significantly higher in both WATs (Fig. 3A-C). Interest-
ingly, the expression levels of pro-adipogenic KLFs such as KLF6, 
KLF9 and KLF15 were also significantly upregulated in WAT from 
Exe (Fig. 3D-F), whereas KLF4 and KLF6 expression levels were not 
altered after acute exercise (Fig. 3G-H). Also, the expression levels 
of GATA2, GATA3 and SREBP1c in WATs were not altered after acute 
exercise (Fig. 3I-K). These results suggest that acute exercise regulates 
both pro- and anti-adipogenic KLF expression. 

The expression level of UCP1 is increased in eWAT after acute 
exercise
Acute exercise increased the expression level of C/EBPβ, which forms 
complexes with PRD1-BF-1-RIZ1 homologous domain 16 (PRDM16) 
and then regulates peroxisome proliferator-activated receptor-γ 
coactivator-1α (PGC-1α) and uncoupling protein 1 (UCP1) expres-
sion [46]. Thus, we next examined whether acute exercise induces 
PGC-1α and UCP1 expression in WAT. Although there was no differ-
ence in PRDM16 expression (Fig. 4A), the expression level of PGC-
1α was significantly increased in both eWAT (P<0.05) and iWAT 

FIG. 1. Expression of PPARγ2 and C/EBPs after acute exercise. 
Note: The expression of PPARγ2 (A), C/EBPα (B), C/EBPβ(C) and C/EBPδ (D) was assessed by RT-PCR. Each value was normalized to 
cyclophilin A. Bars represent the means and error bars represent SD (N=8). *P<0.05, #P<0.001 vs. Sed.

FIG. 2. Wnts expression after acute exercise. 
The expression of Wnt6 (A), Wnt10a (B) and Wnt10b (C) was 
assessed by RT-PCR. Each value was normalized to cyclophilin A. 
Bars represent the means and error bars represent SD (N=8). 
*P<0.05, **P<0.01 vs. Sed.
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FIG. 3. KLFs expression after acute exercise. 
The expression of KLFs (A-H), GATA2 (I) GATA3 (J) and SREBP1c (K) was assessed by RT-PCR. Each value was normalized to cyclophilin A. 
Bars represent the means and error bars represent SD (N=8). *P<0.05, **P<0.01, #P<0.001 vs. Sed.
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(P<0.01) after acute exercise (Fig. 4B). Interestingly, acute exercise 
induced expression levels of C/EBPβ and PGC-1α to a higher extent 
in iWAT than in eWAT; however, UCP1 expression was upregulated 
only in eWAT (P<0.001), not in iWAT (Fig. 4C). Next, we evaluated 
UCP1 expression in adipocytes and SVF from eWAT of both groups. 
The expression level of perilipin, a mature adipocyte marker, was 
significantly higher in adipocytes (Fig. 4D), indicating that adipocytes 
and SVF were successfully isolated. Interestingly, UCP1 upregulation 
was found in adipocytes (Fig. 4E), indicating that acute swimming 
exercise increased UCP1 expression in adipocytes of eWAT. It is sug-
gested that swimming exercise even in warm water could activate 
non-shivering thermogenesis (NST) to counteract the heat loss due 
to high conductivity of water [47]. NST is mainly regulated by the 
sympathetic nervous system and thyroid hormone [48, 49]. Therefore, 
mice were placed in a cold room (4°C) for 2 h and then we analysed 
the expression levels of tyrosine hydroxylase (TH), which converts 
phenylalanine into dopamine and iodothyronine deiodinase type 2 
(dio2), which is the enzyme responsible for the conversion of T4 to 
T3. After cold exposure, TH expression was significantly downregu-
lated in eWAT; however, there was no alteration in eWAT after swim-
ming exercise (Fig. 4F-G). The induction of dio2 was observed in 
both WATs after cold exposure, whereas it was upregulated only in 
iWAT after swimming exercise to a greater extent than after cold 
exposure (Fig. 4H-I). Although higher induction of dio2 after swim-
ming exercise than cold exposure could result from combined effects 
of swimming exercise and NST, more than a 20-fold increase of dio2 
expression after swimming exercise may suggest that its induction 
could be caused more by exercise than NST, since acute exercise also 
increases serum T3 immediately after exercise [50]. In addition, the 
expression level of PRDM16 and PGC-1α was not altered in WATs 
(Fig. 4J-K), and UCP1 expression was highly upregulated only in 
iWAT (Fig. 4L) after 2 h of cold exposure. These different gene expres-
sion patterns in TH, dio2, PGC-1α and UCP1 between swimming 
exercise and cold exposure suggest that activation of C/EBPβ medi-
ated PGC-1α and UCP1 in eWAT after swimming exercise could be 
mainly the result of exercise rather than NST. 

Beige cells are not found in eWAT immediately after acute exer-
cise
UCP1 expressing cells in WAT, known as beige cells, are identified 
by specific markers such as transmembrane protein 26 (TMEM26), 
CD137, homeobox C8 (HOXC8) and t-box1 transcription factor c 
(TBX1) [51]. Therefore, we measured the expression levels of beige 
cell specific markers via qPCR to investigate whether UCP1 upregu-
lation accompanies the recruitment of beige cells in eWAT after acute 
exercise. However, expression levels of TMEM26, CD137, HOXC8 
and TBX1 were not altered in either WAT after acute exercise (Fig. 
5A-D). For further investigation, we analysed UCP1 expression in 
WAT from UCP1-cre-tdTomato reporter mice after acute exercise. 
WATs from cold-exposed UCP1-cre-tdTomato reporter mice were 
used as a positive control. Consistent with mRNA expression levels 

of beige cell specific markers, tdTomato positive cells were not found 
in either WAT from UCP1-cre-tdTomato mice after acute exercise. 
However, tdTomato positive cells were dramatically increased in iWAT 
from UCP1-cre-tdTomato reporter mice at 3 days after cold exposure 
(Fig. 5E-F). These results indicate that beige cells are not detected 
in eWAT at least immediately after 2 h of single swimming exercise.

DISCUSSION 
Exercise training is known to cause numerous beneficial effects on 
adipose tissue biology; however, it is not fully understood whether 
acute exercise contributes to regulating adipogenic gene expression. 
To address this, we analysed adipogenic gene expression in mouse 
eWAT and iWAT after a single bout of swimming exercise. The find-
ings of the present study demonstrate that acute exercise regulated 
the expression levels of PPARγ2, C/EBPs, Wnts and KLFs in WAT. 

The intensity, mode and duration of exercise may play a role in 
regulating PPARγ expression at the mRNA level. Previous studies 
have shown that exercise training does not increase PPARγ protein 
expression in WAT [52, 53]. Since exercise increases plasma FA that 
could function as a ligand for PPARα and PPARγ [54], the lack of 
changes in the PPAR expression may suggest that exercise could 
activate rather than express PPARs, as noted by Petridou et at [53]. 
However, exercise training downregulates PPARγ mRNA expression 
in the stromal-vascular fraction from adipose tissue [55]. We found 
that acute exercise also attenuated the expression level of PPARγ2 
in both WATs in this study. On the other hand, C/EBPα expression 
was markedly decreased only in eWAT, not iWAT, after acute exercise 
in our study. C/EBPα may not be a critical factor for adipogenesis at 
least in iWAT since restoration of hepatic C/EBPα level in C/EBPα 
null mice does not effect the development of iWAT [18]. 

Wnt6, Wnt10a and Wnt10b act as negative regulators of adipo-
genesis [22, 23, 56, 57]. Although resistance training has been 
observed to increase Wnt expression in muscle and serum [58, 59], 
it has not been studied whether acute exercise regulates Wnt expres-
sion in WAT. Interestingly, acute exercise increased Wnt10b expres-
sion in eWAT and Wnt6 expression in iWAT, indicating that acute 
exercise regulates Wnts expression in a fat-depot specific manner. 
Future studies with genetically modified mice models are necessary 
to elucidate fat-depot specific Wnt function in adipogenesis. KLFs 
regulate adipogenesis and obesity as positive or negative regulators 
[24], and it is not clear whether acute exercise regulates expression 
of KLFs in WAT. In our study, acute exercise significantly increased 
the expression levels of anti-adipogenic KLFs (KLF2, KLF3 and KLF7) 
in both WATs. However, the expression levels of three pro-adipogen-
ic KLFs (KLF6, KLF9 and KLF15) were also upregulated in WAT 
after acute exercise. Since these three KLFs regulate adipogenesis 
by activating PPAR and/or C/EBPs, induction of these three genes 
may result from the downregulation of PPARγ and C/EBPα mRNA 
expression as a compensatory response. 

Collectively, our results suggest that acute exercise may contribute 
to inhibiting adipogenesis by regulating the induction of adipogenic 
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FIG. 4. PRDM16, PGC-1α and UCP1 expression after acute exercise. 
Total RNA from eWAT and iWAT was isolated and the expression of PRDM16 (A), PGC-1α (B), UCP1 (C), TH (F) and Dio2 (H) was 
assessed by RT-PCR. Total RNA from SVF and adipocytes from eWAT were isolated and the expression of perilipin (D) and UCP1 (E) 
was assessed by RT-PCR. *P<0.05, **P<0.01, #P<0.001 vs. Sed. After 2 h of cold exposure (4°C), total RNA from eWAT and iWAT 
was isolated and the expression of TH (G), Dio2 (I), PRDM16 (J), PGC-1α (K) and UCP1 (L) was assessed by RT-PCR. Each value was 
normalized to cyclophilin A. Bars represent the means and error bars represent SD (N=8). *P<0.05, #P<0.001 vs. RT.
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FIG. 5. Beige cell recruitment in WATs after acute exercise. 
The expression of TMEM26 (A), CD137 (B), HOXC8 (C) and TBX1 (D) was assessed by RT-PCR. Each value was normalized to cyclophilin A. 
Bars represent the means and error bars represent SD (N=8). *P<0.05, **P<0.01, #P<0.001 vs. Sed. tdTomato expression was 
detected from eWAT and iWAT of UCP1-cre-tdTomato mouse after acute exercise or cold exposure (E-F).

genes such as PPARγ2, C/EBPα, Wnts and anti-adipogenic KLFs 
(KLF2, KLF3 and KLF7) in WAT.

In contrast with PPARγ and C/EBPα, acute exercise led to higher 
expression levels of C/EBPβ and C/EBPδ in both WATs. Induction of 
these genes in response to acute exercise may result from an acute 
compensatory mechanism for the reduction of PPARγ and/or C/EBPα 
expression, since C/EBPβ and C/EBPδ are known to induce the C/
EBPα and PPARγ2 genes in preadipocytes for the development of 
adipogenesis [19, 20]. Another possible explanation is their various 
biological functions other than adipogenesis in WAT. In particular, it 
was recently found that PRDM16-C/EBPβ complex synergistically 

enhances the promoter activity of PGC-1α [46, 60]. PGC-1α plays 
an important role in adipogenesis and adaptive thermogenesis by 
regulating mitochondrial biogenesis via activating UCP1 expression 
and fatty acid oxidation enzymes [46, 61-64]. Our finding that acute 
exercise markedly increased PGC-1α expression in both WATs is 
consistent with a previous study showing that 2 h swimming exercise 
increases PGC-1 mRNA expression in visceral WAT in rat [65]. It is 
noteworthy that UCP1 expression in WAT is mediated by PGC-1α 
after acute exercise or exercise training [66]. Ringholm et al. found 
that UCP1 mRNA expression in eWAT peaked immediately after 
acute exercise and then decreased gradually to the rest level at 10 
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hours after exercise, whereas mRNA and protein levels of UCP1 in 
iWAT were upregulated only at 6 hours after acute exercise [66]. 
In this study, we also observed that acute exercise increased UCP1 
mRNA expression in eWAT, not iWAT, immediately after acute ex-
ercise. Nonetheless, expression levels of beige cell markers, such 
as TMEM26, CD137, HOXC8 and TBX1, were not changed and 
UCP1 positive cells were not detected in eWAT of UCP1-cre-tdTo-
mato mouse at least after acute exercise. It seems that long-term 
adaptation to exercise may be required to recruit UCP1 positive cells 
in eWAT, since beige cells in WAT are found after a week of endur-
ance exercise training [67]. Also it may require a long time between 
acute exercise and sacrifice to identify UCP1 positive cells after acute 
exercise, as it is well established that UCP1 positive cells are re-
cruited in visceral fat in animals subjected to exercise training. 
Taken together, our results show that C/EBPβ expression in response 
to acute exercise may be associated with PGC-1α and UCP1 expres-
sion in eWAT. 

Swimming exercise even in warm water could activate non-shiv-
ering thermogenesis to counteract the heat loss due to the high 
conductivity of water [47]. In our observations, the expression pat-
terns of TH, dio2, PGC-1α and UCP1 in eWATs after 2 h of swimming 
exercise were not identical to those in eWAT after 2 h of cold expo-
sure. Also, induction of dio2 in iWAT was dramatically higher after 
acute exercise than after cold exposure, and this is consistent with 
a previous study showing that a significant increase in serum T3 
occurs immediately after acute exercise [50]. These results indicate 
that the activation of C/EBPβ mediated PGC-1α and UCP1 in eWAT 
may be caused mainly by swimming exercise rather than NST.

Since changes in gene expression at the mRNA level do not reflect 
changes at the protein level, the protein levels of adipogenic genes 
after acute exercise need to be analysed in future studies. Also, mice 
in Sed that were staying in air at RT rather than at 32+1°C for 2 h 
may be considered to be a weakness of this study, as the difference 
in temperature between groups could affect gene expression. There-
fore, future study with treadmill exercise is required to confirm the 
effects of acute exercise on adipogenic gene expression at mRNA and 
protein levels.

CONCLUSIONS 
In summary, we demonstrated for the first time that acute exercise 
could regulate adipogenic gene expression in WAT. We made a nov-
el observation that even a single swimming exercise resulted in at-
tenuations of PPARγ2 and C/EBPα expression at the mRNA level in 
eWAT, with high induction of Wnt10b and anti-adipogenic KLFs 
(KLF2, KLF3 and KLF7). In addition, C/EBPβ and C/EBPγ expression 
was upregulated, in parallel with expression levels of PGC-1α and 
UCP1. In iWAT, acute exercise attenuated the expression of PPARγ2, 
with high induction of Wnt6 and anti-adipogenic KLFs (KLF2, KLF3 
and KLF7). While expression of C/EBP, C/EBPβ and PGC-1γ was also 
increased in iWAT, UCP1 expression was not changed. These results 
suggest that acute exercise inhibits adipogenic gene expression and 
may regulate thermogenesis by activating PGC-1α and UCP1 in WATs.
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