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Abstract
Background/Objectives Translationally controlled tumor protein (TCTP) exhibits numerous biological functions. It has been
shown to be involved in the regulation of glucose. However, its specific role in metabolism has not yet been clearly elucidated.
Here, we aimed to assess the effect of TCTP overexpression on metabolic tissues and systemic energy metabolism.
Subjects/Methods We investigated whether TCTP can ameliorate the metabolic imbalance that causes obesity using TCTP-
overexpressing transgenic (TCTP TG) mice. The mice were subjected to biochemical, morphological, physiological and
protein expression studies to define the role of TCTP in metabolic regulation in response to normal chow diet (NCD)
compared to high-fat diet (HFD) conditions, and cold environment.
Results We found that TCTP TG mice show improved metabolic homeostasis under both of NCD and HFD conditions with
simultaneous enhancements in glucose tolerance and insulin sensitivity. In particular, we found coincident increases in energy
expenditure with significant upregulation of uncoupling protein 1 (UCP1) in the brown adipose tissue (BAT). Moreover, TCTP
overexpressing mice exhibit significantly enhanced adaptive thermogenesis of BAT in response to cold exposure.
Conclusions Overexpression of TCTP ameliorated systemic metabolic homeostasis by stimulating UCP1-mediated ther-
mogenesis in the BAT. This suggests that TCTP may function as a modulator of energy expenditure. This study suggests
TCTP may serve as a therapeutic target for obesity and obesity-associated metabolic disorders including type 2 diabetes.

Introduction

Obesity is a medical condition characterized by an exces-
sive accumulation of body fat, and it is associated with

various metabolic diseases including insulin resistance, type
2 diabetes, hypertension, atherosclerosis, hepatic steatosis,
and cancer [1, 2]. Therefore, numerous targets are being
explored toward designing a rational therapy for obesity.
Among them, the most promising target is the brown adi-
pose tissue (BAT). BAT contains numerous mitochondria
that directly consume triglycerides for heat production [2].
Thermogenesis process in the BAT is promoted by sym-
pathetic nervous system (SNS) and is mediated by uncou-
pling protein 1 (UCP1), a mitochondrial carrier protein
which mediates the electron transport chain (ETC)-uncou-
pled mitochondrial ATP synthesis [3–7]. It has been
reported that transgenic mice in which BAT genes are
ablated are prone to develop obesity [8]. The activation of
BAT thermogenesis in adults is inversely proportional to
adiposity, body mass index and glucose profiles, indicating
these UCP1-expressing BAT play a significant role in
enhancing metabolic homeostasis [9]. Recent studies have
demonstrated that BAT also functions as an endocrine
organ that releases signaling factors that stimulates energy
metabolism [10]. These findings made BAT as a therapeutic
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target in efforts directed at the prevention or treatment of
obesity and related diseases.

Translationally controlled tumor protein (TCTP), also
known as p23, histamine releasing factor (HRF), or fortilin, is
a ubiquitously expressed, multifunctional protein found in
eukaryotes [11]. By interacting with many cellular proteins,
TCTP participates in numerous biological processes such as
cell growth, proliferation, allergic reactions, anti-apoptosis,
calcium-binding activity and microtubule stabilizing activity
and various types of cancers [12–18]. TCTP has recently been
identified as a glucose-regulated protein that protects pan-
creatic β-cells in hyperglycemic condition [19]. Moreover,
TCTP is important for expansion of pancreatic β-cell mass
during development, and knockout of TCTP in these cells
causes hyperglycemia and glucose intolerance [20]. Despite
the many significant functions attributed to TCTP, its role in
obesity and metabolic disease has not yet been established.

We have long been interested in the multiple biological
functions and interactions of TCTP. We demonstrated that
TCTP inhibits Na+, K+-ATPase, causing the accumulation
of Na+ and enhancement of intracellular Ca2+ mobilization
[18], which in turn triggers the release of neurotransmitters
such as catecholamine including norepinephrine from
sympathetic neurons [21]. In addition, it is well known that
SNS plays a pivotal role in metabolic homeostatic control
and blood pressure [22]. In previous study, we showed that
overexpression of TCTP in vascular smooth muscle
repressed Na+, K+-ATPase activity, increased intracellular
calcium levels, and led to systemic arterial hypertension
[23]. Furthermore, we found that TCTP TG mice exhibit
reduced body weight and aggressive behavior characterized
by sympathetic activation. Based on these findings, we
wondered whether the phenotypic properties observed in
TCTP TG mice could have resulted from SNS activation by
TCTP overexpression. In this study, we found that TCTP
overexpression improves a systemic metabolic status
through increasing energy expenditure by UCP1-mediated
thermogenesis in mice fed either of normal chow diet
(NCD) or high-fat diet (HFD). We believe that the study
establishes yet another novel function of TCTP, a crucial
regulator for metabolic homeostasis.

Materials and methods

Animals

TCTP TG mice were generated by Macrogen (Seoul,
Korea) by using the targeting construct pCAGGS-TCTP
cDNA containing CMV-IE and chicken β-actin promoter
[23]. All animals used in this study were on C57BL/6N
background. They were individually housed in a specific
pathogen-free (SPF) animal facility and provided water ad

libitum and fed a NCD (1314; Altromin) or a HFD
(D12492; Research Diets) to generate the HFD-induced
obesity model. All animal studies were performed accord-
ing to the Institutional Animal Care and Use Committee
(IACUC) guidelines and were approved by the IACUC of
the Ewha Womans University (Permit Number: 16-025).
Body weight and food intake were recorded weekly from
4 to 10 weeks. Food efficiency ratio (FER) was calculated
by applying the equation: FER= (body weight gain (g)/
food intake (g)) × 100. The body composition of WT and
TCTP TG was assessed at 10th week by nuclear magnetic
resonance (LF90 Minispec, Bruker Corp., Texas, USA).

Glucose and insulin tolerance tests

Intraperitoneal glucose tolerance test (IP-GTT) was carried
out at the completion of the experimental period. After 16 h
fasting, the mice were injected intraperitoneally with glucose
(1.5 g/kg body weight) and blood glucose was measured
from the tail veins with a glucometer (Accu-Check Active,
Roche, Mannheim, Germany) at 0, 15, 30, 60, 90, and
120min. For intraperitoneal insulin tolerance test (IP-ITT),
fasting blood glucose was assessed (4 h fast, blood taken
from the tail vein) using a glucometer at 0 min. Insulin (1 U/
kg body weight) was then injected intraperitoneally and
blood glucose level was measured again at regular intervals.

Metabolic studies

Wild type WT and TCTP TG mice were individually
housed with an indirect calorimetry system (CaloSys
Calorimetry System, TSE Systems, Inc., Bad Homburg,
Germany). Metabolic parameters such as oxygen con-
sumption (VO2), carbon dioxide production (VCO2),
respiratory exchange ratios (RER), and locomotor activity
were evaluated 48 h after the adaptation period.

Determination of leptin, adiponectin and
catecholamine levels in plasma

Materials and methods are available in ‘Supplementary
Materials and Methods’.

Biochemical parameters in plasma and hepatic lipids

Materials and methods are available in ‘Supplementary
Materials and Methods’.

Cold exposure test

The WT and TCTP TG mice were housed in cold exposure
test cages without food supply and bedding but with free
access to water for 5 h at 4 °C. Body temperature of mice
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was measured at 0, 1, 2, 3, 4 and 5 h using an electronic
rectal thermometer (Testo 925 rectal probe, Germany).
Body weight was measured immediately before and after
the cold exposure. At the end of the experiment, mice were
housed at the room temperature for 24 h before sacrifice. All
mice were anesthetized with zoletil/rompun. The blood,
liver, and adipose tissues were collected, snap-frozen in
liquid nitrogen, and stored at −80 °C.

Preparation of protein extracts and immunoblot
analyses

Liver and adipose tissue were rinsed with PBS and frozen in
liquid nitrogen. Frozen tissues were ground using a tissue-
lyser (TissueLyser II, Qiagen, Maryland, USA), lysed in
modified RIPA buffer containing protease inhibitor cocktails
(Roche, Mannheim, Germany) and phosphatase inhibitor
cocktails (Sigma-Aldrich Biotechnology, Missouri, USA).
Proteins were electrophoresed in 8–12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and transferred
to Nitrocellulose membranes (Amersham Bioscience,
Germany). The membrane was blocked with Tris-buffered
saline in 0.1% tween-20 (TBST) containing 5% bovine
serum albumin (BSA) or 5% skim milk for 1 h and incubated
with the following primary antibodies at 4 °C overnight.
Immunoblots were quantified by densitometry using Image J
software. Detailed experimental materials and methods are
described in ‘Supplementary Materials and Methods’.

Histological analysis and immunohistochemistry
(IHC) staining

The liver and adipose tissues were paraffin-embedded, sec-
tioned into 5 μm thick, and stained with Hematoxylin and
eosin (H&E). IHC staining of the paraffin sections were per-
formed as previously described [24]. The IHC sections were
photographed and the area was quantified by color deconvo-
lution vector using Image J software. Detailed experimental
materials and methods are described in ‘Supplementary
Materials and Methods’.

Statistical analysis

Experimental results are presented as the mean ± standard
error of the mean (SEM) from 5 to 8 mice per group. All
data are analyzed using GraphPadTM Prisms software ver-
sion 8.0 (GraphPad Software Inc., CA, USA). Statistical
significance was determined using two-tailed unpaired
Student’s t test for comparing two groups as indicated in
the figure legends. Where specified, two-way repeated
ANOVA was used, followed by Bonferroni post hoc tests
for selected comparisons. Significant differences between
means were defined as P < 0.05.

Results

TCTP overexpression improved the body
composition of mice fed with NCD

To explore the phenotypes of TCTP TG mice, TCTP TG
mice were bred under NCD condition, and phenotypical
changes were assessed in comparison with WT mice. The
body weight of TCTP TG mice was lower than and
became distinguishable from that of WT mice at the age of
6 weeks, and the difference between two groups became
more extensive as they were getting aged (Fig. 1A). The
final body weight of TCTP TG mice was significantly
lower than that of WT mice, whereas the food intake was
not different (Fig. 1B, C). Although the differences did not
reach the statistical significance, FER, fat mass, and epi-
didymal WAT (EpiWAT) were lower in TCTP TG mice
compared to WT mice (Fig. 1D–G). On the other hand,
muscle weight was significantly augmented in TCTP TG
mice (Fig. 1G). The size of adipocyte in EpiWAT of TCTP
TG mice was smaller than that of WT, thus the size dis-
tribution shifted toward to small adipocytes in the Epi-
WAT of TCTP TG (Fig. 1H, I). These results suggest that
systemic overexpression of TCTP in mice under NCD
condition may ameliorate the body composition through
attenuation of the enlargement of adipocytes (hypertrophy)
in EpiWAT.

TCTP overexpression improved plasma lipid profiles,
hepatic lipid accumulation, and glucose tolerance

TCTP TG mice exhibited reduced fat mass and sig-
nificantly reduced hypertrophy of EpiWAT. Therefore,
we examined the levels of adipokines such as leptin,
adiponectin, and lipid profiles in the plasma. The plasma
levels of leptin and triglycerides decreased in TCTP TG
mice (Fig. 2A–F). Histomorphometric analysis demon-
strated that decrease in the liver weight found in
TCTP TG was correlated with attenuated hepatic lipid
droplet accumulation and reduced liver triglyceride
(Fig. 2G–J). In addition, the plasma ALT level, an
indicator of the liver damage, was decreased in TCTP
TG mice (Fig. 2K). The results from fasting blood glu-
cose levels, IP-GTT and IP-ITT showed that along with
enhanced basal glucose tolerance, both of glucose tol-
erance and insulin resistance were improved in TCTP
TG mice (Fig. 2L–N).

TCTP TG mice showed enhanced overall energy
expenditure

Metabolic parameters including oxygen consumption, car-
bon dioxide production, energy expenditure, and physical
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activity of TCTP TG and WT mice were assessed to
compare their metabolic capabilities. Interestingly,
indirect calorimetry analysis using the comprehensive
laboratory animal monitoring system (CLAMS) showed
that the oxygen consumption (VO2) and energy expen-
diture were significantly augmented in TCTP TG
group during both at day and night times compared to
WT mice (Fig. 3A, E). The carbon dioxide production
(VCO2) and activity were similar in both groups
(Fig. 3B, D). Although RER, which indicates the type of
fuel being used for energy production by presenting the
ratio of carbon dioxide produced per consumed oxygen
during rest or mild aerobic exercise [25, 26], was
increased in TCTP TG mice during day, yet both WT
and TCTP TG mice used similar type of fuel during day
and night (Fig. 3C). Overall, the result shows that TCTP
TG mice uses similar type of fuel with WT mice but uses
more energy.

Interscapular BAT (IBAT) thermogenesis was
enhanced in TCTP TG mice

As a portion of daily energy expenditure is required for
maintaining the body temperature and catecholamine is
known to promote energy expenditure, rectal temperature,
and plasma catecholamine of TCTP TG mice were mea-
sured. In regard to increased energy expenditure in TCTP
TG mice, rectal temperature and the level of plasma cate-
cholamine were also increased. (Fig. 4A, B). We measured
the level of UCP1 in the IBAT of TCTP TG mice because
UCP1-mediated thermogenesis of BAT is known to respond
to sympathetic tone. As with increased plasma catechola-
mine in TCTP TG mice, protein levels of β3-adrenergic
receptor (ADRB3), peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1α), and UCP1
were significantly elevated in the IBAT of TCTP TG mice
(Fig. 4C, D). Importantly, histomorphometric analysis of

Fig. 1 TCTP overexpression improves body composition in NCD-
fed mice. A Changes in body weight and B Final body weight of WT
and TCTP TG (n= 10). C Daily food intake and D food efficiency rate
(FER) of WT and TCTP TG (n= 8). E Fat mass and F lean mass of
10-week-old WT and TCTP TG (n= 6). Masses were measured by
LF50 (BRUKER, Germany) and normalized to the body weight.

G Normalized weights of the EpiWAT, IngWAT, and IBAT, and
muscle (n= 8). H Hematoxylin and Eosin (H&E) staining of EpiWAT
and histomorphometric analyses of adipocyte area, and I size dis-
tribution of EpiWAT (n ¼ 6� 7). The images were magnified by 10X
and scale bar is 100 μm. Data are expressed as means ± SEM.
Unpaired t-test; *P < 0.05, **P < 0.01, ***P < 0.001.
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IBAT demonstrated that the protein expression of UCP1
was increased by 22.4% and fewer lipid droplets were
found in the IBAT of TCTP TG mice (Fig. 4E). Therefore,
it appears that the overexpression of TCTP promotes
increase in energy expenditure via UCP1-mediated ther-
mogenesis of IBAT.

TCTP overexpression augments adaptive
thermogenesis of IBAT in response to cold exposure

Adaptive thermogenesis is a type of sympathetic response
to cold environment in BAT of rodents, we placed groups
of WT and TCTP TG mice into hypothermic condition.
TCTP TG mice seemed to be more able to withstand the
cold environment, and significant body weight difference
between two groups was observed after the cold exposure
(Fig. 4F, G). The weights of metabolic tissues, EpiWAT,
inguinal WAT (IngWAT), and IBAT of TCTP TG mice
were significantly lower than those of WT mice (Fig. 4H).
Therefore, we assessed the expression of UCP1 in the
IBAT while both groups were being exposed to the cold
environment. Not surprisingly, TCTP TG mice had higher
UCP1 expression level compared to WT mice (Fig. 4I, J).

Hence, it appears that the overexpression of TCTP
enhances UCP1-mediated adaptive thermogenesis of
IBAT in response to cold environment through increasing
the energy expenditure.

TCTP TG mice were resistant to HFD-induced obesity
and metabolic disorders

The phenotypic differences between WT mice and TCTP
TG mice under HFD condition were assessed to see if
overexpression of TCTP is able to prevent or ameliorate
obesity. The results showed that the phenotypic differ-
ences found in HFD-fed animals were generally appeared
to be similar with mice fed NCD. On the other hand, more
prominent differences were noted in the body weight, food
efficiency, fat mass, and weight of EpiWAT between WT
and TCTP TG mice under HFD condition (Figs. 5A–G and
1A–G). The difference in food efficiency was worthy of
note because it explained how HFD-fed TCTP TG mice
gained less weight under isoenergetic condition (Fig. 5D).
In the EpiWAT of TCTP TG, the average size of adipo-
cytes was decreased and the size distribution was shifted
towarding to smaller adipocytes. These results were

Fig. 2 TCTP TG mice fed NCD have improved metabolic home-
ostasis. A Leptin, B adiponectin, C triglyceride, D cholesterol, E FFA,
and F HDL cholesterol levels in plasma of WT and TCTP TG
(n ¼ 5� 7). G Normalized weight of liver. H Triglyceride and
I cholesterol of the liver, and J H&E staining of the liver (n ¼ 5� 6).
K Plasma ALT level. L Blood glucose levels after overnight fast
(n ¼ 5� 6). M IP-GTT and quantification of the area under the curve

(AUC) (n ¼ 9). Two-way ANOVA: time effect, genotype effect, P <
0.0001. Interaction, P < 0.05. Unpaired t-test; *P < 0.05, **P < 0.01,
***P < 0.001. N IP-ITT and quantification of AUC (n ¼ 9). Two-way
ANOVA: time effect, P < 0.001. Unpaired t-test; *P < 0.05, **P <
0.01, ***P < 0.001. The images were magnified by 10X and scale bar
is 100 μm. Data are expressed as means ± SEM.
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congruent to the result of reduced weight of EpiWAT.
Also, the weight of IngWAT was decreased. Altogether,
the weights of WAT tissues were decreased in TCTP TG
mice, and this led to reduced fat mass in TCTP TG mice
(Fig. 5E, G, H and I). Thus, overexpression of TCTP
seems to attenuate the adipocyte hypertrophy as well
as to increase the number of adipocytes (Hyperplasia). As
with NCD-fed TCTP TG mice, lipid profiles and adipo-
kines levels were improved in HFD-fed TCTP TG mice
(Supplementary Fig. 1). Plasma FFA and the cholesterol
levels were significantly reduced (Fig. 5J, K). Hepatic
tissue morphology studies showed decreased accumulation
of hepatic lipid droplets in the TCTP TG group (Fig. 5L).
Consistently, the hepatic triglyceride and cholesterol
contents in TCTP TG mice were significantly lower than
in WT mice (Fig. 5M, N). Also, ALT level was greatly
improved in TCTP TG mice (Fig. 5O). Although, fasting
blood glucose level was not different between two groups,
the glucose tolerance and insulin resistance were sig-
nificantly improved in HFD-fed TCTP TG mice with
ameliorated hepatic steatosis (Fig. 5P–R). Altogether, the
phenotypes of WT and TCTP TG mice, fed with HFD,
were clearly distinct. Collectively, these phenotypic dif-
ferences suggest that overexpression of TCTP confers
resistance to HFD-induced obesity and its complications
in mice.

Overexpression of TCTP increased energy
expenditure and IBAT thermogenesis through

activation of cyclic AMP-responsive element-binding
protein (CREB) under HFD condition

As with NCD-fed TCTP TG mice, upregulated energy
expenditure was maintained in HFD-fed TCTP TG mice
both during day and night phases (Fig. 6A). The activity in
HFD-fed TCTP TG mice showed statistically insignificant
increase over that in WT (Supplementary Fig. 2). Particu-
larly, oxygen consumption and carbon dioxide production
were also higher than those in WT mice (Fig. 6B, C). We,
then, examined whether the higher UCP1 expression
observed in NCD-fed TCTP TG mice remains even after
HFD feeding. Consistently, H&E staining and UCP1-IHC
of IBAT showed smaller multilocular lipid droplet accu-
mulation and significantly increased expression of UCP1 in
HFD-fed TCTP TG (Fig. 6E). Catecholamine, ADRB3,
cAMP, PKA, and CREB are major molecules that involve
in UCP1 upregulation in the BAT [27–30]. Although
plasma catecholamine level was not different between
HFD-fed groups and protein level of ADRB3 was unex-
pectedly decreased in the IBAT of HFD-fed TCTP TG mice
compared to HFD-fed WT mice, protein levels of phos-
phorylated CREB and UCP1 were significantly increased in
both of NCD-fed and HFD-fed TCTP TG mice compared to

Fig. 3 TCTP overexpression enhances energy expenditure in
NCD-fed mice. A Real-time monitoring curves of VO2, B VCO2, C
RER, D locomotor activity, and E energy expenditure of 10-week-old
WT and TCTP TG. All bar graphs represent the average values of dark

and light cycles. Mice were placed in metabolic cage for 24 h and
metabolic parameters were recorded for 48 h (n ¼ 6). Data are mean ±
SEM. Unpaired t-test; *P < 0.05, **P < 0.01.
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Fig. 4 TCTP overexpression activates BAT thermogenesis and
enhances resistance to cold in NCD-fed mice. A Rectal temperature
of 10-week-old WT and TCTP TG (n ¼ 8). B Plasma levels of cate-
colamine (n ¼ 6� 7). C Immunoblots of ADRB3, PGC1α, UCP1 and
TCTP in IBAT. D Quantification of expression levels of immuno-
blotted proteins (n ¼ 6). E H&E staining and UCP1-IHC of IBAT and
quantification of UCP1 stained area (%) (n ¼ 5� 6). The images were
magnified by 10X and scale bar is 100 μm. F Changes in rectal

temperature during 6 h of cold exposure at 4 °C. G The body weights
of WT and TCTP TG. The body weights were measured 12 h after the
cold exposure. Normalized weights of (H) liver, EpiWAT, IngWAT,
and IBAT (n ¼ 5� 6). I Immunoblots of UCP1 and TCTP in IBAT.
J Quantification of normalized protein expression levels of immuno-
blot in I (n ¼ 6). Data are mean ± SEM. Unpaired t-test; *P < 0.05,
**P < 0.01, ***P < 0.001.
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their controls (Fig. 6D–G). The result demonstrated that it
seemed that overexpression of TCTP promotes upregulation
of UCP1 in the IBAT through both of catecholamine-
ADRB3 and cAMP-PKA-CREB pathway under NCD
condition whereas it promotes the upregulation only
through CREB activation under HFD condition.

Discussion

The pivotal role of TCTP in the regulation of metabolic
homeostasis via energy expenditure in HFD-induced obe-
sity has never been reported. In this paper, we revealed that

the overexpression of TCTP may be able to enhance energy
expenditure via UCP1-dependent BAT thermogenesis.
Although numerous studies have recently reported about
certain genes that can activate BAT thermogenesis, here we
as a first time report the relation of UCP1 activation in
TCTP-induced signaling. We believe that this study pro-
vides new insights into the regulation of metabolic home-
ostasis via TCTP.

To understand the mechanisms underlying the effects of
TCTP in metabolic homeostasis, we firstly assessed the
phenotype differences between chow-diet fed TCTP TG
and WT littermates. We found that the body composition,
including muscle and EpiWAT, was improved in the TCTP

Fig. 5 TCTP overexpression improves systemic metabolic home-
ostasis in mice with HFD-induced obesity. A Changes in body
weight and B Final body weight of WT and TCTP TG (n ¼ 10). C
Daily food intake and D food efficiency rate (FER) of WT and TCTP
TG (n ¼ 10). E Fat mass and F lean mass of 10-week-old WT and
TCTP TG (n ¼ 6). Masses were measured by LF50 (BRUKER,
Germany) and normalized to the body weight. G Normalized weights
of the liver, EpiWAT, IngWAT, IBAT and muscle (n ¼ 6). H H&E
staining of EpiWAT and histomorphometric analyses of adipocyte
area, and I size distribution of EpiWAT (n ¼ 6� 7). The images were
magnified by 10X and scale bar is 100 μm. J FFA level and

K cholesterol in plasma of WT and TCTP TG (n ¼ 5� 7). L H&E
staining of the liver. (n ¼ 5� 6). M Triglyceride and N cholesterol of
the liver, and O plasma ALT level. P Blood glucose levels after
overnight fast (n ¼ 6). Q IP-GTT and quantification of the area AUC
(n ¼ 5). Two-way ANOVA: time effect, P < 0.0001. Interaction, P <
0.05. Unpaired t-test; *P < 0.05, **P < 0.01, ***P < 0.001. R IP-ITT
and quantification of AUC (n ¼ 5). Two-way ANOVA: time effect,
P < 0.0001. Unpaired t-test; *P < 0.05, **P < 0.01. The images were
magnified by 10X and scale bar is 100 μm. Data are mean ± SEM.
Unpaired t-test; *P < 0.05, **P < 0.01, ***P < 0.001.
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TG mice compared to WT mice, with simultaneous reduc-
tions in plasma triglyceride and leptin levels. Moreover,
decreased hepatic lipid accumulation in TCTP TG mice
seemed to contribute to improved glucose homeostasis.
High levels of energy expenditure are commonly related to
decrease in energy storage and protective responses to
systemic metabolic damage. Therefore, we examined whe-
ther these metabolic improvements in TCTP TG mice could
result from increased energy expenditure. As expected,
CLAMS indicated that TCTP TG mice exhibited increased
energy expenditure during both day and night phases
compared with WT mice. Together, these results indicate
that metabolic improvements were followed by enhanced
energy expenditure in TCTP TG mice.

Total energy expenditure is the sum of energy utilization
during external physical activity and internal heat produc-
tion. Hence, to determine whether TCTP regulates energy
expenditure through heat production, we measured the

rectal temperatures in TCTP TG and WT controls. In line
with the increased energy expenditure, the rectal tempera-
tures of TCTP TG mice were higher than those of WT
controls. Consequently, we speculated that the elevated
metabolism found in TCTP TG mice was most likely
caused by increased thermogenesis, which is associated
with BAT activation. This study showed that BAT activa-
tion can be mediated by overexpression of TCTP since the
IBAT of TCTP TG mice had more intense color and smaller
size of the multilocular lipid droplets. In addition, IBAT of
TCTP TG mice showed elevated UCP1 staining compared
with WT mice.

BAT thermogenesis is regulated by SNS-dependent
activation of β-adrenergic receptors (ADRBs) [29].
ADRB3 on the cell membrane of BAT is activated by the
SNS stimulation, and the signaling further activates intra-
cellular adenylyl cyclase that converts ATP into cAMP.
Then, cAMP promotes the upregulation of UCP1, a

Fig. 6 TCTP TG mice fed HFD exhibit enhanced energy expen-
diture through activation of BAT. A Real-time monitoring curves of
energy expenditure B VO2, and C VCO2 of 10-week-old WT and
TCTP TG. All bar graphs represent the average values of dark and
light cycles. Mice were placed in metabolic cage for 24 h and meta-
bolic parameters were recorded for 48 h (n ¼ 6). D Plasma levels of
catecolamine. E H&E staining and UCP1-IHC of IBAT and

quantification of UCP1 stained area (%) (n ¼ 6). F Immunoblots of
ADRB3, p-CREB, CREB, UCP1 and TCTP in IBAT. G Quantifica-
tion of normalized protein expression levels of immunoblot in
F (n ¼ 6). The images were magnified by 10X and scale bar is
100 μm. Data are expressed as means ± SEM. Unpaired t-test; *P <
0.05, **P < 0.01, ***P < 0.001.
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thermogenin found on the inner membrane of mitochondria,
through stimulating phosphorylation of CREB [28, 30]. In
addition, BAT is also known to consume energy in response
to excessive energy and cold environment. The sympathetic
activation leads to mobilization of fatty acids from WAT,
which are then utilized by BAT to dissipate energy as heat
[31]. Especially, systemic ADRB3 activation in rodents
enhances thermogenic capacity of both brown and beige
adipocytes, and it is accompanied by the secretion of cate-
cholamine [2, 32].

Based on this, we examined whether the activation of
BAT thermogenesis in TCTP TG mice is caused by SNS
stimulation. Interestingly, the overexpression of TCTP
upregulated UCP1 and ADRB3 expression. Indeed, the
plasma catecholamine level of TG mice was significantly
elevated, suggesting the activation of SNS in TCTP TG
mice. Consequently, TCTP can be a crucial regulator for
UCP1 expression in the BAT by facilitating the modulation
of multiple metabolic responses including thermogenesis
via SNS activation.

In addition to BAT, muscle is another important tissue
responsible for energy expenditure. In this study, NCD-fed
TCTP TG mice exhibited increased muscle weight relative to
body weight. It has been previously shown that TCTP
overexpression protects skeletal muscle in vivo through
inhibiting cellular protein degradation [33]. Also, TCTP was
shown to play a pivotal role in muscle hypertrophy through
regulating cell survival and apoptosis in myostatin-null mice
[34]. Therefore, the above results suggest that TCTP over-
expression may enhance energy homeostasis by increasing
energy expenditure via augmenting muscle as well as BAT.

The effect of TCTP in the IBAT thermoregulation was
further confirmed by cold exposure test. It is well known
that exposure to cold temperatures triggers thermogenesis in
the BAT via activation of SNS [35]. As found in mice
maintained under the NCD condition, TCTP TG mice
exhibited enhanced thermogenesis under the cold condition.
Particularly, the body weight and the weights of metabolic
tissues significantly decreased in TCTP TG mice than in the
WT mice after cold exposure. As expected, UCP1 expres-
sion also significantly increased in the IBAT of TCTP TG.
Taken together, these results demonstrate that TCTP is
involved in the regulation of thermogenesis via upregula-
tion of UCP1 in the IBAT and reinforced our idea that the
increase in energy expenditure found in TCTP TG mice is at
least partially due to BAT activation.

Finally, the metabolic efficiency of TCTP in the obesity
was assessed by HFD-induced obesity model. TCTP TG
mice showed markedly reduced body weight, fat mass, and
food efficiency. Notably, reduced food efficiency in HFD-
fed TCTP TG mice explained less weight gain under the
isoenergetic condition. Furthermore, TCTP overexpression
reduced lipid accumulation in liver and WAT but improved

glucose tolerance and insulin sensitivity. Importantly, TCTP
TG mice maintained increased energy expenditure and
thermoregulation via UCP1 activation even under HFD-fed
condition. These results indicate that HFD-induced meta-
bolic imbalance was ameliorated in TCTP TG mice.

As the overexpression of TCTP efficiently ameliorated
HFD-induced metabolic imbalance, the upregulation BAT
thermogenesis along with the increment in plasma cate-
cholamine level was expected. However, the catecholamine
level was unexpectedly the same between HFD-fed TCTP
TG and WT groups. Hence, including TCTP, SNS-related
protein profiles of the IBAT of WT or TCTP TG mice either
fed with NCD or HFD were assessed and compared through
western blot analysis. The protein level of ADRB3 was
unexpectedly decreased in HFD-fed TCTP mice compared
to WT controls, whereas UCP1 and phosphorylated CREB
were significantly increased in TCTP TG mice fed either
with NCD or HFD. Of note, the difference of TCTP protein
expression was greater between HFD-fed TCTP TG and
WT mice than that of NCD-fed groups. Accordingly, we
speculated that under HFD condition, the overexpression of
TCTP may not control UCP1 induced BAT thermogenesis
through commonly known extracellular sympathetic sti-
mulus but rather through intracellular activation of CREB.

In a previous study, we demonstrated that overexpression
of TCTP triggers intracellular Ca2+ influx by repressing
Na+, K+-ATPase [18]. It has also been reported that Ca2+

regulates the transcription factor CREB which is activated
upon phosphorylation and binds to response elements in the
promoter region of many genes including UCP1 [28, 30].
Hence, the overexpression of TCTP may have reciprocal
interaction with intracellular upregulation of CREB. It may
also indirectly promote activation of CREB signaling
through promoting SNS signaling [36]. Consequently,
under HFD condition, it seemed that the overexpression of
TCTP led to the upregulation of CREB through regulation
of Ca2+ influx in the IBAT. Whereas, under NCD condition,
it seemed that the overexpression of TCTP led to the
increase in transcription of and activation of CREB, which
may promote upregulation of UCP1 either through direct
control or indirectly with TCTP mediated SNS signaling.
Under both of feeding conditions, the overexpression of
TCTP clearly involves in UCP1-mediated IBAT thermo-
genesis, but it is complicated by its mode of action and by
diet conditions. In addition, it also has been reported that
there is an interrelation between TCTP and CREB in vivo,
that the activation of CREB signaling may increase the
expression of TCTP [37]. It suggests both TCTP and UCP1
may also be regulated in parallel by CREB pathway.
Therefore, further studies are needed to determine an
interrelation between TCTP and CREB.

These findings do not exclude the possibility that TCTP
could stimulate energy expenditure through other mechanisms
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in addition to the activation of BAT. Nevertheless, it is clear
that TCTP contributes to the amelioration of systemic meta-
bolic imbalance through enhancing energy expenditure by
UCP1 activation in the BAT. Taken together, the present
findings suggest TCTP as a potential target for treatment of
obesity and its related metabolic disorders.
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