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COLD INDUCES EXPRESSION OF GENES SPECIFIC
TO THERMOGENESIS (PGC-1a, UCP1) AND BEIGE CELLS
(TMEMZ26, SLC27A1) IN MOUSE INGUINAL WHITE ADIPOSE TISSUE
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Abstract. Studying adaptive thermogenic responses as being a strategy to protect
against several metabolic disorders. The browning process is a crucial point of
adaptive thermogenic responses. The present study was carried out to examine
whether inguinal white adipose tissue (iIWAT) is a candidate for the browning
process. Mice were caged in a 4 °C cold chamber (Cold group) for 24 hours and 23 °C
room temperature condition (RT group). The result showed that mRNA expression
of genes specific to thermogenesis, including peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-Ia) and uncoupling protein 1 (UCP1),
was markedly upregulated in iWAT of the mice in the Cold group compared to the
mice in the RT group. Consistent with this, MRNA expression of the Transmembrane
protein 26 (TMEM26) gene, specific to beige cells, was also significantly higher in
the iIWAT of the cold exposed mice than that in the iWAT of the mice housed at room
temperature. Expression of solute carrier family 27member 1 (SLC27Al) gene,
another gene coding for a protein of beige cells, was tendency to increase in iWAT
of the cold exposed mice compared with that in iWAT of the control mice. However,
this change was not significantly differed between the two groups. These data
demonstrate that iIWAT is an important tissue responding to cold-induced
thermogenesis and browning process. Thus, iIWAT is a promising candidate for
further studies on the mechanism of cold-induced thermogenic responses in white
adipose tissues.

Keywords: cold, inguinal adipose tissue, thermogenesis, browning.

1. Introduction

Metabolic disorders, such as cardiovascular diseases, type 2 diabetes and fatty liver
diseases, are rapidly increasing which burden medical and health care systems in the
World [1]. These metabolic disorders are closely associated with obesity that is caused
by the misbalancing between food intake and energy expenditure [2]. Adaptive
nonshivering thermogenesis responses such as thermogenesis and the browning process
are being critical parts of whole body energy expenditure [3]. Generally, those responses
are studied in brown adipose tissue which expresses the highest level of specific markers for
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thermogenesis and brown fat cells such as peroxisome proliferator-activated receptor
gamma coactivator l-alpha (PGC-1a) and uncoupling protein 1 (UCP1) [4]. Since,
increases in these molecules (PGC-1a, UCP1) are accompanied by enhanced energy
expenditure, thus brown adipose tissue plays an important role in body energy
consumption. Therefore, there have been many studies on the manipulation of the
development and activity of brown adipose tissue to treat obesity and its related metabolic
dysfunctions [5, 6]. Notably, white adipose tissue (WAT), another type of adipose tissue,
is bigger than brown adipose tissue in the human body and white adipose tissue
hypertrophy leads to overweight, obesity, and metabolic disorders [7, 8]. In contrast,
factors induce WAT to become brown and increase system thermogenesis leading to
lowering the risk of obesity [9].

Latest studies have demonstrated that white adipose tissue can be induced browning
in which white adipocytes are switched to beige cells whose characteristics are like brown
adipocytes. For example, mice caged in an enriched environment with plenty of physical
and social activities show the upregulation of molecules involved in browning and
thermogenesis in WAT such as PGC-/a, UCP1 [10]. Resveratrol supplementation
showed increased expression of MRNA levels of transmembrane protein 26 (TMEM26)
and solute carrier family 27 member 1 (SLC27A1), specific markers of beige adipocytes,
in WAT of mice. This change was accompanied by an increase in expression of PGC-/«,
and UCP1, increased energy expenditure, as well as inhibition of high-fat diet-induced
obesity [11]. White adipose tissues in the body are divided into several types following
their distribution, including mesenteric white adipose tissue (MWAT), epidydimal white
adipose tissue (eWAT), abdominal subcutaneous white adipose tissue (asWAT), inguinal
white adipose tissue (iIWAT) [12]. Among those WATSs, the IWAT distributes in the area
next to the brown adipose tissue, making it a promising candidate for induction of
browning and thermogenesis [13]. Therefore, in the current study, iWAT was removed
from the cold-exposed mice to test for its thermogenic responses by detecting mRNA
expression of genes specific to thermogenesis (PGC-1a, UCP1) as well as genes specific
to beige cells (TMEM26, SLC27A1). As a result, the data of the study showed that almost
those molecules were significantly upregulated in iIWAT of the cold exposed mice
compared with that of the room temperature housed control mice.

2. Content

2.1. Material and method

2.1.1. Mice setting

C57BL/6 male mice at eight weeks of age were individually housed in plastic cages
for a week at room temperature (23 °C) for acclimatization. Then, the experimental mice
were also individually housed in plastic cages in a cold refrigerator (4 °C) for 24 h. The
control mice were housed at room temperature. The mice were fed a regular diet and
given free access to food and water. Each experimental or control group was consisting
of 4 animals. Mice were purchased from Animal House of the University of Ulsan.
Animal experiments were approved by the animal ethics committee of the University of
Ulsan and conformed to National Institutes of Health guidelines. The mice were killed by
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CO: asphyxiation and inguinal white adipose tissues were dissected. All experiments
were carried out in the Laboratory of Food Science and Nutrition of The University of
Ulsan, South Korea in 2013.

2.1.2. Quantitative Real-Time PCR

Two microgram aliquots of total RNA extracted from the homogenated inguinal
adipose tissue of each mouse in each group were reverse transcribed to cDNA using M-
MLV reverse transcriptase (Promega, USA). The quantitative real-time-PCR (QRT-PCR)
amplification of the cDNA was performed in duplicate with an SYBR premix ExTaq kit
(TaKaRa Bio Inc., USA) using a Thermal Cycler Dice (TaKaRa Bio Inc., Japan). In
standard PCR, DNA is amplified by 3 repeating steps: denaturation, annealing, and
elongation. However, in gRT-PCR, fluorescent labeling enables the collection of data as
PCR progresses. The fluorescent labeling allows the quantification of the amplified DNA
molecules by borrowing the use of a double strain DNA binding dye. During each cycle,
the fluorescence is measured. The fluorescence signal shows the amount of replicated
DNA and thus, the DNA is quantified in “real-time”. Reactions of gRT-PCR were
performed with the same schedule: pre-denaturation at 95°C for 10 s and 40 cycles of
denaturation at 95°C for 5 s and annealing at 60°C for 30 s. Results were analyzed with
Real-Time System TP800 software (Takara Bio Inc., Japan) and the values were
normalized to the levels of the housekeeping gene g-actin. The primers are shown in
Table 1.

Table 1. Mouse primers were used for gqRT-PCR analysis.

Gene Forward primer (5" — 37) Reverse primer (5° — 37)
PGC-la CCGTAAATCTGCGGGATGATG CAGTTTCGTTCGACCTGCGTAA
UCPI TACCAAGCTGTGCGATGTCCA GCACACAAACATGATGACGTTCC
TMEM26 GGCCGTGAAGCCATAAAGCTA AAAGGCTCCTGTTGAACCAAGAC
SLC2741 GCAGCATTGCCAACATGGAC GTGTCCTCATTGACCTTGACCAGA
Pactin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

2.1.3. Statistical Analysis

The results were presented as means + standard error of the mean (SE). Comparisons
of variables were performed by using Student’s t-test. The P values < 0.05 were
considered significant differences in comparisons.

2.2. Results and discussions

2.2.1. Cold markedly induces expression of PGC-1a mRNA in inguinal adipose tissue
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) is
well known as a key molecule in the regulation of thermogenesis [14]. PGC-1a is highly
expressed in metabolic tissues such as skeletal muscle, liver, brown adipose tissue, and
white adipose tissues [15]. Here, the first aim of this study was to test whether cold
induces the expression of PGC-/a in IWAT. As a result, the expression of PGC-/a
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MRNA in iWAT of the cold-exposed mice was significantly higher than that in IWAT of
the control mice (Figures 1A and 1B).

A recent study has revealed that increased mRNA level of PGC-/a in metabolic
tissues including white adipose tissues is associated with increases in body oxygen
consumption as well as total body energy expenditure which are accompanied by
enhanced body temperature [16]. Thus, upregulation of PGC-/a mRNA levels in IWAT
of the cold-exposed mice indicates that iIWAT is an important tissue responding to cold-
induced thermogenesis. Moreover, increased PGC-/a mRNA levels in adipose tissues are
also related to decreases in high fat diet-induced obesity and its metabolic disorders (such
as insulin resistance and type 2 diabetes) [17]. Strategies for upregulation of the PGC-/a
MRNA level in iIWAT will be contributing to the battle against obesity and its related
metabolic dysfunction.
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Figure 1. Expression of PGC-1a mRNA in iWAT

Inguinal adipose tissues (iIWAT) were isolated from the mice housed at room temperature
(RT) or in a cold refrigerator for 24 hours (Cold) conditions. Real-time RT-PCT analysis
for expression of PGC-1a mRNA. Levels of mRNA were normalized to levels of p-actin
mRNA. (A) data analysis of PGC-1a mRNA levels. (B) comparison of PGC-1a mRNA
levels. Data represent the results of four mice per group. Values are means (X) * standard
error (SE). **P < 0.01 compared between the Cold group and the RT group. AU is an
arbitrary unit.

2.2.2. Cold strongly enhances expression of UCP1 mRNA in inguinal adipose tissue

It is worth noting that PGC-1a is a regulator of uncoupling protein 1 (UCP1) which
is highly expressed in brown adipose tissue [18]. Upregulated PGC-/a mRNA level is
associated with increased UCP1 gene and protein in brown adipose tissue of mammals.
In contrast, PGC-/a knock-out (KO) mice show low levels of UCP1 molecules in brown
adipose tissue [14, 18]. Therefore, the current study tested whether cold-induced PGC-
1o mMRNA upregulation also affected the expression of UCP1 mRNA in iWAT of the
cold-exposed mice. Here, the data revealed that the expression mRNA level of UCP1 was
significantly increased in iWAT of the cold-exposed mice compared to that of the room
temperature housed control mice (Figures 2A and 2B). Since UCP1 is an important
protein that regulates oxidative phosphorylation in mitochondria leading to enhanced
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mitochondrial heat production [19], thus, increased UCP1 mRNA level in iWAT of the
cold exposed mice show a thermogenic response in this tissue.
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Figure 2. Expression of UCP1 mRNA in iWAT

Inguinal adipose tissues (iIWAT) were isolated from the mice housed at room temperature
(RT) or in a cold refrigerator for 24 hours (Cold) conditions. Real-time RT-PCT analysis
for expression of UCP1 mRNA. Levels of mRNA were normalized to levels of S-actin
mRNA. (A) data analysis of UCP1 mRNA levels. (B) comparison of UCP1 mRNA levels.
Data represent the results of four mice per group. Values are means (X) + standard error
(SE). **P < 0.01 compared between the Cold group and the RT group. AU is an arbitrary unit.

2.2.3. Cold significantly increases expression of TMEM26 mRNA in inguinal
adipose tissue

Notably, the UCP1 molecule is very well known as a specific marker of brown
adipocytes [20]. Thus, increased expression of UCP1 in iWAT of the cold exposed mice
is not only showing the thermogenic response in the tissue but also demonstrates a
possibility of switching from white adipocytes to brown adipocytes — like cells, naming
beige cells, in the iIWAT. Consistent with this, the result of this study showed that
expression of mMRNA level of Transmembrane protein 26 (TMEM26) was significantly
increased in IWAT of the cold exposed mice compared with that of the room temperature
housed control mice (Figures 3A and 3B).

A recent study has suggested that TMEM26 is highly expressed in white adipose
tissues in response to factors induced by thermogenesis and the browning process [21].
Beige cells possess characteristics like brown adipocytes which contain plenty number of
mitochondria and small lipid droplets, and express high levels of molecules specific to
thermogenesis (e.g., PGC-1a, UCP1) [22]. Moreover, the previous study has discovered
that TMEMZ26 is a marker specific to beige cells which are more highly expressed in these
cells than in any other cells in the body [22]. Thus, the upregulation of mMRNA levels of
TMEM26 as well as PGC-/a and UCP1 in iWAT of the cold exposed mice proved the
induction of beige cell formation in this tissue.
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Figure 3. Expression of TMEM26 mRNA in iWAT

Inguinal adipose tissues (IWAT) were isolated from the mice housed at room temperature
(RT) or in a cold refrigerator for 24 hours (Cold) conditions. Real-time RT-PCT analysis
for expression of TMEM26 mRNA. Levels of mMRNA were normalized to levels of g-actin
mRNA. (A) data analysis of TMEM26 mRNA levels. (B) comparison of TMEM26 mRNA
levels. Data represent the results of four mice per group. Values are means (X) + standard
error (SE). *P < 0.05 compared between the Cold group and the RT group. AU is an
arbitrary unit.

2.2.4. Cold mildly induces expression of SLC27A1 mRNA in inguinal adipose tissue

To confirm the induction of beige cell formation in IWAT of the cold exposed mice,
the final test was examining the expression of mMRNA level of Solute carrier family 27
member 1 (SLC27A1), another specific marker of beige adipocytes [22]. Unfortunately,
the present data showed that the expression of mMRNA level of SLC27A1 in iWAT of the
cold-exposed mice tendency higher than that of the control mice but there was no
significant difference between both groups (Figures 4A and 4B).

SLC27A1 has been recognized as a marker of beige cells that is highly expressed in
white adipose tissues in several conditions induced browning in these tissues [22]. Some
factors can cause beige cell formation in white adipose tissues but do not enhance the
expression of the SCL27A1 molecule. For example, primary white retinoblastoma
haploinsufficient (Rb(+/-)) adipocytes express brown adipocyte-related genes (PGC-/a,
PR domain containing 16/PRDM16) but do not enhance the expression of beige cell
marker SCL27AL1 [23]. Therefore, the data of the present study suggest that cold-induced
high expression of beige cell gene TMEM26 did not strongly affect the expression of
SCL27A1, another gene-specific to beige cells, in iWAT of the mice. However, the
mechanism involved in the deference in the expression of TMEM26 and SCL27A1 in
IWAT of the cold exposed mice are unknown and it needs to be elucidated in further studies.
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Figure 4. Expression of SLC27A1 mRNA in iIWAT

Inguinal adipose tissues (IWAT) were isolated from the mice housed at room temperature
(RT) or in a cold refrigerator for 24 hours (Cold) conditions. Real-time RT-PCT analysis
for expression of SLC27A1 mRNA. Levels of mRNA were normalized to levels of p-actin
mRNA. (A) data analysis of SLC27A1 mRNA levels. (B) comparison of SLC27A1 mRNA
levels. Data represent the results of four mice per group. Values are means (X) + standard
error (SE). n.s. is not significant between the Cold group and the RT group. AU is an
arbitrary unit.

3. Conclusions

As a consequence, the current research demonstrates the potential of inguinal white
adipose tissue (IWAT) in responding to cold-induced adaptive thermogenesis and
browning process in mice. Cold-induced strong expression of mMRNA levels of genes
specific to thermogenesis (PGC-/a, UCP1) and beige cell gene (TMEM26). Expression
of MRNA level of SCL27AL, another beige cell marker, was slightly increased in iWAT
of the cold exposed mice compared to the room temperature housed control mice.
Therefore, PGC-1a, UCP1, and TMEM26 are selective markers for studying cold-
induced adaptive thermogenic responses in IWAT, whereas, SCL27A1 should not be used
as a specific molecule of cold-induced thermogenesis in iIWAT. The iIWAT will be a
promising site for the induction of beige cell formation and thermogenesis that enhance
energy expenditure and lower body weight gain as well as fat accumulation and thus,
contributing to the combat against high-fat diet induced obesity and obesity-related
metabolic disorders.
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