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Abstract: Cold exposure or β3-adrenoceptor agonist treatment induces the adipose tissues
remodeling, relevant for beige adipogenesis within white adipose tissue (WAT). It remains unclear
whether this process influences inflammatory adipokines expression in adipose tissues. We determine
the temporal profile of cold or β3-adrenoceptor agonist (CL316,243)-induced changes in the expression
of inflammatory adipokines in adipose tissues in mice or primary mice adipocytes. Male C57BL/6J
mice at eight weeks old were exposed to 4 ˝C for 1–5 days. Interscapular brown adipose tissue (iBAT),
inguinal subcutaneous WAT (sWAT) and epididymal WAT (eWAT) were harvested for gene and
protein expression analysis. In addition, cultured primary mice brown adipocyte (BA) and white
adipocyte (WA) treated with or without CL316,243 were harvested for gene expression analysis.
The inflammatory adipokines expressed significantly higher in WAT than BAT at baseline. They were
rapidly changed in iBAT, while down-regulated in sWAT and up-regulated in eWAT during the
cold acclimation. Upon CL316,243 treatment, detected inflammatory adipokines except Leptin were
transiently increased in both BA and WA. Our in vivo and in vitro data demonstrate that the browning
process alters the inflammatory adipokines expression in adipose tissues, which is acutely responded
to in iBAT, dynamically decreased in sWAT whilst increased in eWAT for compensation.
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1. Introduction

Adipose tissue is an essential component of our body, the excessive accumulation of adipose
tissue will lead to obesity that predisposes to hypertension, diabetes, cardiovascular diseases and so on.
In recent years, it is well established that adipose tissue is not only working as an energy storage depot,
but also increasingly viewed as an active endocrine organ with a high metabolic activity secreting
numerous adipocyte-derived hormones referred to as adipokines [1,2]. These adipokines play a major
role in regulating food intake, energy metabolism and inflammatory response acting on the brain, liver,
muscle and other tissues via autocrine, paracrine and endocrine pathways [3,4]. It is thought that the
imbalance between the inflammatory adipokines leads to monocyte/macrophage infiltration and a
vicious cycle which eventually results in systemic inflammation compromising cardiac, vascular and
metabolic tissues [5,6]. Hence, understanding the expression profile and mechanisms controlling of
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these inflammatory adipokines will provide potential therapeutic opportunities to tackle the global
epidemic of metabolic disease.

The adipose tissue in mammals has been divided into two types. The white adipose tissue
(WAT) stores excess energy in the form of triglycerides. Conversely, the brown adipose tissue
(BAT) is specialized in energy expenditure and responsible for non-shivering thermogenesis called
adaptive thermogenesis [7,8]. What is more, recent studies have identified an intermediate type
of adipocytes which exist within certain WATs in mice and rats [9]. These cells are named beige
or brite (brown in white) cells and they express the high level of uncoupling protein-1 (UCP-1)
and mitochondria genes, and also show the multilocular lipid droplets like the morphological
characteristic of BAT [10,11]. These cells become more prominent upon prolonged stimulation by
cold or β3-adrenoceptor agonists such as CL316,243 [12]. Compared to BAT, WAT is the major source
of inflammatory adipokines [13–15]. One of the most important inflammatory adipokines is the
16 kDa cytokine-like protein, Leptin, which is the product of the obese gene (ob) and has a variety of
physiological effects [16]. It helps to keep energy balance through the inhibition of food intake and the
consumption of energy expenditure [4,17]. Besides, Leptin also acts on multiple types of immune cells,
such as neutrophils, monocytes/macrophages and T cells, to promote the release of inflammatory
cytokines [18–21].

Another important adipokine, Adiponectin (also known as AdipoQ), contributes to enhance
insulin sensitivity in obese mouse [22], normalize lipid metabolism dysfunction, inhibit energy
expenditure and lead to weight loss in diet-induced insulin-resistance mice [23]. Apart from its
metabolic functions, Adiponectin is also implicated in the regulation of immune responses. Many lines
of evidence show that Adiponectin has anti-inflammatory functions due to its modulation of
macrophage phenotype [14,24]. Additional adipokines include interleukin-10 (Il-10), Monocyte
chemoattractant protein–1 (Mcp-1) and Tumor necrosis factor-α (Tnf-α). These adipokines are classified
into anti-inflammatory and pro-inflammatory depending on their biological properties.

Since the previous studies of our group have indicated that cold-induced remodeling of WAT
acquired some characteristics of BAT, including the thermogenic capacity and molecular morphology [25],
we propose that the expression profile of inflammatory adipokines in WAT will also be “browning”
and get some features of BAT during the beige adipogenesis. Hence, the main objective of this study is
to investigate the expression levels of main inflammatory adipokines in both BAT and WAT during
cold exposure. The effect of browning by β3-adrenoceptor agonist (CL316,243) on the expression of
main inflammatory adipokines has also been assessed in primary mice brown adipocytes (BA) and
white adipocytes (WA) in vitro.

2. Results

2.1. Inflammatory Adipokines Expression Levels Exhibit Depot-Specificity in Mouse Adipose Tissues

To determine the expression levels of important inflammatory adipokines in the different adipose
tissues under the normal physiological level, we detected the mRNA levels of those in interscapular
brown adipose tissue (iBAT), inguinal subcutaneous WAT (sWAT) and epididymal WAT (eWAT) of
mice under room temperature using RT-qPCR analysis. We found that the expression levels of these
adipokines were depot-specific among the different adipose tissues. The mRNA levels of Leptin,
Adiponectin and Il-10 in sWAT and eWAT were significantly higher than in iBAT. Especially for Leptin,
the mRNA level in sWAT and eWAT was 10-fold higher than in iBAT. Moreover, these adipokines
expressions between sWAT and eWAT showed no statistically significant difference (Figure 1A).
In addition, the expression levels of pro-inflammatory adipokines, including Mcp-1, Tnf-α, and the
macrophages markers, F4/80, Cd11b and Cd68, were all much higher in both sWAT and eWAT than
in iBAT (Figure 1B). Interestingly, Tnf-α expression was significantly higher in eWAT than in sWAT,
but this condition reversed in the expression of Cd68. These results indicated that the abundant
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adipokines expressed differently at baseline of adipose tissues, with the significantly higher levels in
WAT than those in iBAT universally.Int. J. Mol. Sci. 2016, 17, 795 3 of 13 

 

 
Figure 1. Inflammatory adipokines expression levels exhibit depot-specificity in mice adipose tissues at 
baseline (in room temperature without any treatment). Quantitative PCR analysis of anti-inflammatory 
(A) and pro-inflammatory (B) adipokines genes expression in iBAT, sWAT and eWAT at baseline. 
The data show the fold changes of the expressions for the target genes in interscapular brown adipose 
tissue (iBAT), inguinal subcutaneous WAT (sWAT) and epididymal WAT (eWAT) of RT (room 
temperature) mice (n = 6 for each group). Values are mean ± S.E.M. and expression of genes is 
corrected for the housekeeping gene Cyclophilin. (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. the expression 
level of iBAT, while # p < 0.05 vs. the expression level of sWAT.) 

2.2. Cold Exposure Differentially Alters the Expressions of Inflammatory Adipokines in Adipose Tissues 

Given that inflammatory adipokines exhibited depot-specific expression pattern and cold 
induced browning of adipose tissues [25–27], we investigated whether the expression profiles of 
inflammatory adipokines in adipose tissues also showed the browning-like transformation. The 
expression of Leptin exhibited a rapid and sustained down-regulation across all the three depots since 
the first day of the cold exposure. Adiponectin, expressed highly and specifically in mature adipocytes, 
showed interesting and remarkable changes during the cold acclimation. In iBAT, it tended to 
decrease gradually from the first day, but only reached the statistical significance on Days 4–5. In 
sWAT, Adiponectin was decreased significantly throughout the study. While unlike that in iBAT and 
sWAT, Adiponectin in eWAT was increased at Days 2–3 of the cold treatment, but came back to the 
baseline on subsequent days. Interestingly, Il-10 showed the similar expression trend in sWAT and 
eWAT, which was up-regulated at Days 1–2 but decreased to basal level on following days, however, 
in iBAT, there was no significant change in Il-10 expression throughout the study (Figure 2A). Whilst 
Leptin, Adiponectin and Il-10 expression levels reflect inflammatory status of adipose tissues [28,29] 
we did not observe any change in macrophage infiltration in adipose tissues (data not shown). 

Figure 1. Inflammatory adipokines expression levels exhibit depot-specificity in mice adipose
tissues at baseline (in room temperature without any treatment). Quantitative PCR analysis of
anti-inflammatory (A) and pro-inflammatory (B) adipokines genes expression in iBAT, sWAT and eWAT
at baseline. The data show the fold changes of the expressions for the target genes in interscapular
brown adipose tissue (iBAT), inguinal subcutaneous WAT (sWAT) and epididymal WAT (eWAT) of RT
(room temperature) mice (n = 6 for each group). Values are mean ˘ S.E.M. and expression of genes is
corrected for the housekeeping gene Cyclophilin. (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. the expression
level of iBAT, while # p < 0.05 vs. the expression level of sWAT.)

2.2. Cold Exposure Differentially Alters the Expressions of Inflammatory Adipokines in Adipose Tissues

Given that inflammatory adipokines exhibited depot-specific expression pattern and cold induced
browning of adipose tissues [25–27], we investigated whether the expression profiles of inflammatory
adipokines in adipose tissues also showed the browning-like transformation. The expression of Leptin
exhibited a rapid and sustained down-regulation across all the three depots since the first day of the
cold exposure. Adiponectin, expressed highly and specifically in mature adipocytes, showed interesting
and remarkable changes during the cold acclimation. In iBAT, it tended to decrease gradually from the
first day, but only reached the statistical significance on Days 4–5. In sWAT, Adiponectin was decreased
significantly throughout the study. While unlike that in iBAT and sWAT, Adiponectin in eWAT was
increased at Days 2–3 of the cold treatment, but came back to the baseline on subsequent days.
Interestingly, Il-10 showed the similar expression trend in sWAT and eWAT, which was up-regulated
at Days 1–2 but decreased to basal level on following days, however, in iBAT, there was no significant
change in Il-10 expression throughout the study (Figure 2A). Whilst Leptin, Adiponectin and Il-10
expression levels reflect inflammatory status of adipose tissues [28,29] we did not observe any change
in macrophage infiltration in adipose tissues (data not shown).



Int. J. Mol. Sci. 2016, 17, 795 4 of 14

Int. J. Mol. Sci. 2016, 17, 795 4 of 13 

 

 
Figure 2. Cold exposure differentially alters the expression of inflammatory adipokines among 
adipose tissues. Quantitative PCR analysis of anti-inflammatory (A) and pro-inflammatory (B) 
adipokines genes expression in iBAT, sWAT and eWAT of control mice and mice exposed to Cold  
(4 °C) up to 5 day. The data show the fold changes of the expression for the target genes in iBAT, 
sWAT and eWAT of RT and Cold mice (n = 6 for each group). Values are mean ± S.E.M. and expression 
of genes is corrected for the housekeeping gene Cyclophilin. All the data were normalized to  
the expression in RT mice respectively to show the cold-induced gene expression differences.  
Erected bars: genes up-regulated and inverted bars: genes down-regulated compared to the RT mice. 
(* p < 0.05, ** p < 0.01, *** p < 0.001). 

Having detailed the temporal depot-specific profiles of anti-inflammatory adipokines following 
cold exposure, we extended our investigation to examine pro-inflammatory adipokines (Figure 2B). 
Mcp-1, which is involved in macrophages infiltration, was up-regulated in iBAT from Day 4 of cold 
exposure. Despite failing to reach statistical significance, the Mcp-1 expression tended to decrease in 
sWAT following cold exposure. In eWAT, Mcp-1 expression was increased by around four-fold on 
Day 2, then decreased slightly on Days 3–4 but remained significantly higher than that of the RT 
group. Interestingly, Tnf-α level in sWAT was increased transiently only at Day 2 of the cold 
exposure. In eWAT, it was up-regulated persistently during Days 1–3 and decreased dramatically at 
Day 4, whilst no significant change was observed in iBAT. Different from Tnf-α, F4/80 was down-
regulated in iBAT and sWAT from Day 3 and 2, respectively. However, in eWAT, it was up-regulated 
on the first two days of cold stimulation and then decreased to basal level thereafter. Similarly, cold 
exposure did not change the expression of Cd11b in iBATh, whilst it induced a brief decrease at  
Day 5 in sWAT. In contrast, eWAT Cd11b levels were increased sustainably. We also found that the 
expressions of Cd68 were unchanged in both iBAT and sWAT during cold exposure, but rapidly 
increased by around two-fold at Days 1–2 in eWAT. These data demonstrated that the temporal 
profiles of these inflammatory markers during cold exposure differed across the three depots. 

Overall, the expression levels of inflammatory adipokines in sWAT were decreased mostly 
during the cold exposure. It is somewhat unexpected that the expression profile of inflammatory 
adipokines was increased universally in eWAT and more complex in iBAT with the time of cold. To 
summarize, these cold-induced changes in gene expression profiles of inflammatory adipokines 
demonstrated that the remodeling of adipose tissues in response to cold result in a depot-specific 
alteration of the inflammatory adipokines expression at different time points. 
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To extend our observations at the genetic level, we characterized the temporal effects of cold 
exposure on the expressions of Adiponectin protein in different depots using Western blot and 

Figure 2. Cold exposure differentially alters the expression of inflammatory adipokines among adipose
tissues. Quantitative PCR analysis of anti-inflammatory (A) and pro-inflammatory (B) adipokines
genes expression in iBAT, sWAT and eWAT of control mice and mice exposed to Cold (4 ˝C) up to 5 day.
The data show the fold changes of the expression for the target genes in iBAT, sWAT and eWAT of RT
and Cold mice (n = 6 for each group). Values are mean ˘ S.E.M. and expression of genes is corrected
for the housekeeping gene Cyclophilin. All the data were normalized to the expression in RT mice
respectively to show the cold-induced gene expression differences. Erected bars: genes up-regulated
and inverted bars: genes down-regulated compared to the RT mice. (* p < 0.05, ** p < 0.01, *** p < 0.001).

Having detailed the temporal depot-specific profiles of anti-inflammatory adipokines following
cold exposure, we extended our investigation to examine pro-inflammatory adipokines (Figure 2B).
Mcp-1, which is involved in macrophages infiltration, was up-regulated in iBAT from Day 4 of cold
exposure. Despite failing to reach statistical significance, the Mcp-1 expression tended to decrease
in sWAT following cold exposure. In eWAT, Mcp-1 expression was increased by around four-fold
on Day 2, then decreased slightly on Days 3–4 but remained significantly higher than that of the RT
group. Interestingly, Tnf-α level in sWAT was increased transiently only at Day 2 of the cold exposure.
In eWAT, it was up-regulated persistently during Days 1–3 and decreased dramatically at Day 4, whilst
no significant change was observed in iBAT. Different from Tnf-α, F4/80 was down-regulated in iBAT
and sWAT from Day 3 and 2, respectively. However, in eWAT, it was up-regulated on the first two days
of cold stimulation and then decreased to basal level thereafter. Similarly, cold exposure did not change
the expression of Cd11b in iBATh, whilst it induced a brief decrease at Day 5 in sWAT. In contrast,
eWAT Cd11b levels were increased sustainably. We also found that the expressions of Cd68 were
unchanged in both iBAT and sWAT during cold exposure, but rapidly increased by around two-fold at
Days 1–2 in eWAT. These data demonstrated that the temporal profiles of these inflammatory markers
during cold exposure differed across the three depots.

Overall, the expression levels of inflammatory adipokines in sWAT were decreased mostly during
the cold exposure. It is somewhat unexpected that the expression profile of inflammatory adipokines
was increased universally in eWAT and more complex in iBAT with the time of cold. To summarize,
these cold-induced changes in gene expression profiles of inflammatory adipokines demonstrated
that the remodeling of adipose tissues in response to cold result in a depot-specific alteration of the
inflammatory adipokines expression at different time points.
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2.3. Cold Exposure Changes Adiponectin and Leptin Protein Levels in Adipose Tissues

To extend our observations at the genetic level, we characterized the temporal effects of cold
exposure on the expressions of Adiponectin protein in different depots using Western blot and detected
its plasma concentration using ELISA. Consistent with the gene expression in iBAT, Western blot
analysis demonstrated that Adiponectin protein was decreased significantly in iBAT throughout the
cold exposure (Figure 3A,B). In sWAT, the expression of Adiponectin protein dropped at Day 1 and
then increased gradually to a significant higher level at Day 5 of the cold exposure. Similar to its
gene expression, Adiponectin protein was also up-regulated during the cold acclimation in eWAT.
Perhaps surprisingly, the alterations of plasma Adiponectin levels did not reach statistical significance
compared to the RT mice throughout the study. Besides, unlike the rapid and sustained decrease of
Leptin gene expression during the cold exposure, plasma Leptin levels did not decline significantly
until Day 5 compared to the control group, indicating that the changes in circulating level of Leptin
lagged far behind that in the localized adipose tissues (Figure 3C).
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To further verify the effects of early cold exposure on the changes of inflammatory adipokines 
in different adipose tissues, we conducted the experiment on cultured adipocytes to observe the 
expression profiles of inflammatory adipokines during the browning process within 24 h in vitro.  
In the present study, we provided clear evidences for the differentiated status of adipocytes in our  
in vitro study and the browning process in cultured adipocytes as shown in Figure 4A,B. Most of the 
preadipocytes were differentiated enough for the induction of browning at Day 9. The expression of 
Ucp-1, the core thermogenic gene, was induced rapidly by CL316,243 within one hour and kept 

Figure 3. Cold exposure changes Adiponectin and Leptin protein levels in adipose tissues in mice.
(A) Western blot analysis for Adiponectin using total protein isolated from iBAT, sWAT and eWAT of
RT and Cold mice. (n = 6 for each group); (B) Quantification of Western blot analysis. Protein content
is expressed relative to the control and represents three independent experiments with triplicate
observations in each experiment. Volume is the sum of all pixel intensities within a band. All data
are normalized to β-tubulin and are expressed as mean ˘ S.E.M. (* p < 0.05, ** p < 0.01, *** p < 0.001);
(C) Plasma Adiponectin and Leptin levels in RT and Cold mice were determined by ELISA. (n = 6 per
group) All data are presented as mean ˘ S.E.M. * p < 0.05, ** p < 0.01 for the Cold compared to the
RT group.

2.4. CL316,243 Treatment Alters the Expression of Inflammatory Adipokines in Brown Adipocyte (BA) and
White Adipocyte (WA)

To further verify the effects of early cold exposure on the changes of inflammatory adipokines
in different adipose tissues, we conducted the experiment on cultured adipocytes to observe the
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expression profiles of inflammatory adipokines during the browning process within 24 h in vitro.
In the present study, we provided clear evidences for the differentiated status of adipocytes in our
in vitro study and the browning process in cultured adipocytes as shown in Figure 4A,B. Most of the
preadipocytes were differentiated enough for the induction of browning at Day 9. The expression of
Ucp-1, the core thermogenic gene, was induced rapidly by CL316,243 within one hour and kept several
tens of times higher than that of the control group at all time points in both BA and WA. The expression
of α subunit of peroxisome proliferators-activated receptor-γ coactivator 1 (Pgc-1α), a key inducer of
BA activation, had the same tendency as Ucp-1 in WA. However, in BA, it was up-regulated during the
first six hours upon CL316,243 treatment, and came back to the baseline after 12 h.
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We then investigated the expressions of key inflammatory adipokines within the 24-h treatment 
of CL316,243 (Figure 5). Interestingly, the expression of Adiponectin underwent an obvious reversal 
both in BA and WA, which was increased within first few hours and then declined significantly after 
12 h of the treatment. We have also found that, different from expressed in vivo, the alteration of 

Figure 4. Browning transition with increase of browning markers in the cultured mature Brown
Adipocyte (BA) and White Adipocyte (WA) after CL316,243 treatment. (A) Morphology of the brown
and white adipocytes before (Day 0) and after (Day 9) the differentiation. The mature adipocytes after
nine days of differentiation were used for CL316,243 treatment. Scale bar: 200 µm; (B) Quantitative
PCR analysis of Ucp-1 and Pgc-1α gene expression in cultured mice brown and white adipocytes after
CL316,243 treatment up to 24 h. The data show the fold changes of the expression for the target genes in
BA and WA at Hour 0. Values are mean ˘ S.E.M. from three independent experiments. The expression
of genes is corrected for the housekeeping gene Cyclophilin (*** p < 0.001).
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We then investigated the expressions of key inflammatory adipokines within the 24-h treatment
of CL316,243 (Figure 5). Interestingly, the expression of Adiponectin underwent an obvious reversal
both in BA and WA, which was increased within first few hours and then declined significantly after
12 h of the treatment. We have also found that, different from expressed in vivo, the alteration of Leptin
in BA did not reach statistical significance during the whole browning process. While in WA, Leptin
decreased significantly from Hour 5 onwards. Similar to the expression pattern of Pgc-1α, Il-10 was
always up-regulated during the treatment in WA. While in BA, this increased level only maintained
the first half of the experimental process. These results were consistent with that in vivo, indicating
the very early effects of Il-10 during the browning process. Furthermore, we also detected the two
key pro-inflammatory adipokines Mcp-1 and Tnf-α, and found their expression profiles were similar
to each other. As shown in Figure 5B, both of the two markers increased first and did not fall to the
baseline untilHour 5 in BA. While in WA, Mcp-1 and Tnf-α expression levels were strongly induced
across all time points during the experiment. These expression profiles in white and brown adipocytes
in response to CL316,243 further reinforce the notion that the inflammatory adipokines expression
during the browning process exhibits depot-specificity and temporal differences.
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Figure 5. CL316,243 treatment alters the expressions of inflammatory adipokines in BA and WA.
Quantitative PCR analysis of anti-inflammatory (A) and pro-inflammatory (B) adipokines expression
in cultured mice BA and WA after CL316,243 treatment up to 24 h. The data show the fold changes
of the expression for the target genes in BA and WA at Hour 0. Values are mean ˘ S.E.M. from three
independent experiments. The expression of genes is corrected for the housekeeping gene Cyclophilin
(* p < 0.05, ** p < 0.01, *** p < 0.001).
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3. Discussion

It is well known that cold exposure or β3-adrenoceptor agonist would induce the browning
of adipose tissues with the beige adipogenesis. However, the origin of beige cells within WAT
and gene expression pattern was distinct from those of BAT [26,27]. Recently, we reported that the
time course effects of the cold-induced browning on adipose tissues exhibited depot-specificity [25].
It remains poorly documented whether the expression profiles of inflammatory adipokines also alter
differently during the browning process. In this study, we have addressed this by characterizing the
temporal changes in expression of inflammatory adipokines induced by 1–5 days of cold exposure
in mouse iBAT, sWAT and eWAT. In addition, the expressions of those in BA and WA in response to
β3-adrenoceptor agonist (CL316,243) have also been studied. We find that WAT exhibits a dominant
source of inflammatory adipokines and plays a central role in the regulation of systemic metabolism
under basal condition. While during the browning process, the expressions of inflammatory adipokines
were dynamically changed both in vivo and in vitro, with depot-specificity among the adipose tissues.

As the biggest endocrine organ in the body, adipose tissues product and secrete various
adipokines [15,30]. Different kind of adipose tissue depots can be distinguished by their profile
of secretion of adipokines [14]. The current notion in the field is that WAT is the main source
of inflammatory adipokines [31]. Our studies support this view when the expression levels of
inflammatory adipokines in sWAT and eWAT are compared with that of iBAT.

Leptin, primarily secreted by adipose tissues, plays an important role in regulating energy balance
and body mass [32]. Our present data suggested that Leptin mRNA levels decreased significantly
since the early stage of browning process, which was consistent with the previous studies [33–36].
However, we observed the decreased plasma level of Leptin only at Day 5. This result was consistent
with the previous study that the Leptin in serum did not alter upon the acute cold exposure [37] but
significantly decreased after the chronic cold acclimatization [38]. Collectively, our data indicated the
hysteresis quality of the alteration in the systemic level of Leptin.

Similar expression pattern was observed in Adiponectin. We have shown that the expression
profile of Adiponectin mRNA was decreased significantly in sWAT and iBAT, but up-regulated in eWAT.
However, Adiponectin protein was increased in sWAT at Day 5 of cold exposure. This discordance
between mRNA and protein levels of Adiponectin was possibly due to the low efficiency of protein
biosynthesis in the cold environment in sWAT. Interestingly, in the early phase of browning process,
there was a reversal of Adiponectin gene expression in both white and brown adipocytes, which was
up-regulated first and then declined significantly after 12 h treatment of CL316,243 in vitro. There is
also another report which claimed that chronic cold exposure induced Adiponectin expression in
subcutaneous fat [39]. The reasons for the discordant observations are more likely to be due to the
different control groups of mice (30 ˝C versus RT, which is below thermoneutrality for mice). However,
it is noteworthy that the plasma levels of Adiponectin did not fluctuate during cold exposure. This was
in line with the previous study which demonstrated a significant decrease in Adiponectin mRNA in
adipose tissues after cold exposure or β3-agonists treatment but no alteration in serum Adiponectin
level [40,41]. These observations might be attributed to the following reasons. First, adipose tissue is
both the primary site of Adiponectin synthesis and a major target organ for Adiponectin actions so
that the main regulatory manner of Adiponectin is autocrine or paracrine, but not endocrine. Second,
the expression of Adiponectin on plasma level might also exhibit hysteresis quality after the gene
level. Taken together, these findings highlight a complicated role of Adiponectin response to cold or
β3-agonists, which needs to be further investigated in the future.

In addition to our recent report that there were regional differences in the fat mass, cellular
morphology and browning markers among the adipose tissues in response to cold [25], the present
study showed the alteration of inflammatory adipokines expression during the browning was
depot-specific either. Although the expression of Il-10 and Tnf-α was unchanged in iBAT during
the cold exposure, their expression in BA in vitro was enhanced and then came down to the basal line
within 24 h, indicating that the expression of some inflammatory adipokines was activated rapidly at
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the very early stage of the browning process. However, the inflammatory adipokines in sWAT showed
different expression profile. Except for Tnf-α, whose expression exhibited a rising trend both in vivo and
in vitro, the expression level of inflammatory adipokines (especially the pro-inflammatory adipokines)
was up-regulated within the first few hours and then decreased in the following days in sWAT, which
showed a similar expression profile of inflammatory adipokines in iBAT. This might be attributed to the
important role of sWAT as an endocrine organ which participates in the long-range general regulation
of metabolism. It is tempting to speculate that the modulation of the endocrine function in sWAT
was in favor of the inflammatory balance during the browning process. Interestingly, the expression
of many inflammatory adipokines differs between sWAT and eWAT upon cold exposure. In spite
of the down regulation of inflammatory adipokines in sWAT, the expressions of such adipokines in
eWAT were obviously increased during the cold stimulation. This finding is not surprising given the
well-documented different propensity to accumulate beige cells between sWAT and eWAT and the
differences in adipocyte biology in rodents [25,42]. It is also consistent with the thesis that WAT is
regionally distinct in terms of function, adipokines production, and inflammation; even the density
of solitary adipose tissue macrophages in sWAT is much lower than that in eWAT [43]. Moreover,
the decrease expression of inflammatory adipokines in sWAT may induce the compensatory increase
of that in eWAT. As an important part of visceral fat, eWAT is thought to play an important role in
the etiology of various metabolic disorders [44–48]. Understanding the mechanisms of WAT/BAT
phenotypic conversion in eWAT might point the way toward novel therapies for these diseases.
Therefore, the role of eWAT in the modulation of inflammation under cold exposure still warrants
further investigation.

All these present observations essentially accord with the findings that cold exposure helps to prevent
obesity, insulin resistance and other metabolic disorders. It is based on the regulation in endocrine
and metabolism during the cold-induced beige adipogenesis among the adipose tissues [26,39,49].
While someone found that people living in northern hemisphere are fatter because of cold climate.
We think this contradictory phenomenon may be due to the perennial rather than the acute cold
acclimation, which still needs additional study.

4. Materials and Methods

4.1. Mouse Colonies and Cold Exposure

All male mice were in the C57BL/6J background, and obtained from the Medical Experimental
Animal Center of Xi’an Jiaotong University (Xi’an, China) at 8 weeks of age. They were singly kept in
a specific pathogen-free (SPF) environment with a 12:12-h light–dark cycle and had free access to water
and standard chow diet. After one week of adaption, they were randomly divided into six groups:
room temperature (RT) for 5 days, and cold exposure (Cold) for 1–5 days (n = 6 for each group), as in
our previous study [25]. All animal studies were approved by the Ethical Committee of Xi’an Jiaotong
University, China. This study was approved by the Institutional Animal Care and Use Committee of
Xi’an Jiaotong University (Number: XJTU-2012-03-06-0037). Upon completion of the experiment, the
blood of mice was collected by retro-orbital bleed. The mice were subsequently sacrificed and the iBAT,
sWAT and eWAT [42,50] were removed and frozen in liquid nitrogen for RNA and protein extraction.

4.2. Adipocyte Culture

For the culture of primary mice BA and WA, iBAT and sWAT were isolated from 3-week-old
C57BL/6J male mice. The white preadipocytes were maintained in DMEM/F12 (Gibco–BRL
Laboratories, Grand Island, NY, USA) supplemented with 2 mM L-glutamine, 100 U/mL penicillin
(Sigma, St. Louis, MO, USA) and 10% fetal bovine serum (FBS) (Gibco–BRL Laboratories), while the
brown preadipocytes were maintained in DMEM high glucose medium (Gibco–BRL Laboratories)
supplemented with 5 mM HEPES, 100 U/mL penicillin (Sigma) and 20% FBS (Gibco–BRL Laboratories)
both at 37 ˝C and 5% CO2. To induce differentiation, postconfluent preadipocytes were cultured in
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a standard differentiation medium (the DMEM or DMEM/F12 contained 850 nM insulin and 1 nM
triiodothyronine). For the first three days of differentiation period, 0.5 mM 3-isobutyl-1-methylxanthine,
0.125 mM indomethacin, 1 µM dexamethasone and 1 µM Rosiglitazone were also added. The cells
were fully differentiated after 9 days of culture in the differentiation medium.

The cells were treated with CL316,243 (2 µM, Tocris Bioscience, Bristol, UK) for 1, 2, 3, 4, 5, 6, 12
and 24 h after the deprivation of FBS for 12 h. After CL316,243 treatment, mature adipocytes were
lysed in Trizol for RNA extraction.

4.3. Quantitative Real-Time PCR

Trizol (Invitrogen, San Diego, CA, USA) was used to isolate the total mRNA of both tissues
and cells. The mRNA samples were reverse transcribed into cDNA using a commercial RT-PCR Kit
according to the manufacturer’s instructions (Thermo scientific, Waltham, MA, USA). Relative PCR
quantification was performed using a commercial RT-PCR Kit according to the manufacturer’s
instructions (TaKaRa, Japan). Expression data were normalized to the amount of Cyclophilin mRNA
using the –∆∆Ct method. Primers synthesized by AUGCT (Beijing, China) are listed in Table 1.

Table 1. Primers used for quantitative real-time PCR analysis.

Gene Forward Primer (31–51) Reverse Primer (31–51) Size (bp)

Ucp-1 CTGCCAGGACAGTACCCAAG TCAGCTGTTCAAAGCACACA 148
Pgc-1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC 161
Leptin GGGCTTCACCCCATTCTGA TGGCTATCTGCAGCACATTTTG 103

Adiponectin GATGGCACTCCTGGAGAGAA TCTCCAGGCTCTCCTTTCCT 143
Il-10 AGCTCCAAGACCAAGGTGTC TCCAAGGAGTTGTTTCCGTTA 195

Mcp-1 AGGTCCCTGTCATGCTTCTG GCTGCTGGTGATCCTCTTGT 167
F4/80 TGGATGAGTGCTCCAGGAAT GATGGCCAAGGATCTGAAAA 126
Cd11b CGGAAAGTAGTGAGAGAACTGTTTC TTATAATCCAAGGGATCACCGAATTT 113
Cd68 CTTCCCACAGGCAGCACAG AATGATGAGAGGCAGCAAGAGG 235
Tnf-α ACGTGGAACTGGCAGAAGAG GGCCATAGAACTGATGAGAGG 200

Cyclophlin CATACAGGTCCTGGCATCTTGTC AGACCACATGCTTGCCATCCAG 112

4.4. Western Blot Analysis

Previously described procedures were used [51]. Briefly, protein samples (20 µg) were separated
using 10% SDS-PAGE gels, then transferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA). Membranes were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween
for 1 h at room temperature and then blotted with primary antibodies (anti-Adiponectin (1:500) (#2789)
(Cell Signaling Technology, Inc., Beverley, MA, USA), anti-β-tubulin (1:1000) (sc-9104) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) overnight. After washing, membranes were incubated
with a secondary horseradish peroxidase (HRP)-coupled antibody and visualized using Immobilon
HRP substrate (Millipore). The density of the bands was quantified using ImageJ Software (National
Institute of Health, Bethesda, MD, USA). The ratio of the intensity of the target protein to that of
β-tubulin loading control was calculated to represent the expression level of the protein.

4.5. Plasma Adipokines Measurement

The plasma sample from each mouse was obtained by centrifuging at 900ˆ g in 4 ˝C for 15 min
after collection. The extracted plasma was frozen at ´80 ˝C until analysis. Concentrations of Adiponectin
and Leptin in plasma samples were measured using the Mouse Adiponectin and Leptin ELISA kit
(Thermo scientific) on an automatic imark Microplate Absorbance Reader (Bio-Rad Laboratories,
Hercules, CA, USA) according to manufacturer’s procedures.
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4.6. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA,
USA). Values were expressed as means ˘ S.E.M. of independent experiments. Comparisons between
the two groups were analyzed by paired Student’s t tests. Comparisons among groups were made by
one-way ANOVA test. Differences were considered significant when p < 0.05.

5. Conclusions

In summary, we show that iBAT is not the dominant source of inflammatory adipokines compared
to sWAT and eWAT. Moreover, in vivo and in vitro studies suggest that the expression of inflammatory
adipokines during browning process is very complex and different among adipose tissues, which was
acutely responded in iBAT, meanwhile dynamically decreased to the benefit of inflammatory harmony
in sWAT, but also significantly increased in eWAT.
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BA brown adipocyte
eWAT epididymal white adipose tissue
iBAT interscapular brown adipose tissue
Il-10 interleukin-10
Mcp-1 monocyte chemoattractant protein-1
PGC-1α α subunit of peroxisome proliferators-activated receptor-γ coactivator 1
RT room temperature
RT-qPCR quantitative real-time PCR
sWAT subcutaneous white adipose tissue
Tnf-α tumor necrosis factor-α
Ucp-1 uncoupling protein-1
WA white adipocyte

References

1. Cook, K.S.; Min, H.Y.; Johnson, D.; Chaplinsky, R.J.; Flier, J.S.; Hunt, C.R.; Spiegelman, B.M. Adipsin: A
circulating serine protease homolog secreted by adipose tissue and sciatic nerve. Science 1987, 237, 402–405.
[CrossRef] [PubMed]

2. Flier, J.S.; Cook, K.S.; Usher, P.; Spiegelman, B.M. Severely impaired adipsin expression in genetic and
acquired obesity. Science 1987, 237, 405–408. [CrossRef] [PubMed]

3. Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556.
[CrossRef] [PubMed]

4. Rodríguez, A.; Becerril, S.; Ezquerro, S.; Méndez-Giménez, L.; Frühbeck, G. Cross-talk between adipokines
and myokines in fat browning. Acta Physiol. 2016. [CrossRef] [PubMed]

5. Wood, I.S.; de Heredia, F.P.; Wang, B.; Trayhurn, P. Cellular hypoxia and adipose tissue dysfunction in obesity.
Proc. Nutr. Soc. 2009, 68, 370–377. [CrossRef] [PubMed]

6. Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Investig. 2005, 115, 1111–1119.
[CrossRef] [PubMed]

7. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004,
84, 277–359. [CrossRef] [PubMed]

8. Cinti, S. Adipocyte differentiation and transdifferentiation: Plasticity of the adipose organ. J. Endocrinol. Investig.
2002, 25, 823–835. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.3299705
http://www.ncbi.nlm.nih.gov/pubmed/3299705
http://dx.doi.org/10.1126/science.3299706
http://www.ncbi.nlm.nih.gov/pubmed/3299706
http://dx.doi.org/10.1210/jc.2004-0395
http://www.ncbi.nlm.nih.gov/pubmed/15181022
http://dx.doi.org/10.1111/apha.12686
http://www.ncbi.nlm.nih.gov/pubmed/27040995
http://dx.doi.org/10.1017/S0029665109990206
http://www.ncbi.nlm.nih.gov/pubmed/19698203
http://dx.doi.org/10.1172/JCI200525102
http://www.ncbi.nlm.nih.gov/pubmed/15864338
http://dx.doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
http://dx.doi.org/10.1007/BF03344046
http://www.ncbi.nlm.nih.gov/pubmed/12508945


Int. J. Mol. Sci. 2016, 17, 795 12 of 14

9. Xue, B.; Coulter, A.; Rim, J.S.; Koza, R.A.; Kozak, L.P. Transcriptional synergy and the regulation of Ucp1
during brown adipocyte induction in white fat depots. Mol. Cell. Biol. 2005, 25, 8311–8322. [CrossRef]
[PubMed]

10. Jespersen, N.Z.; Larsen, T.J.; Peijs, L.; Daugaard, S.; Homoe, P.; Loft, A.; de Jong, J.; Mathur, N.; Cannon, B.;
Nedergaard, J.; et al. A classical brown adipose tissue mRNA signature partly overlaps with brite in the
supraclavicular region of adult humans. Cell Metab. 2013, 17, 798–805. [CrossRef] [PubMed]

11. Lidell, M.E.; Betz, M.J.; Dahlqvist Leinhard, O.; Heglind, M.; Elander, L.; Slawik, M.; Mussack, T.; Nilsson, D.;
Romu, T.; Nuutila, P.; et al. Evidence for two types of brown adipose tissue in humans. Nat. Med. 2013,
19, 631–634. [CrossRef] [PubMed]

12. Landsberg, L.; Young, J.B. The role of the sympathoadrenal system in modulating energy expenditure.
Clin. Endocrinol. Metab. 1984, 13, 475–499. [CrossRef]

13. Scheja, L.; Heeren, J. Metabolic interplay between white, beige, brown adipocytes and the liver. J. Hepatol.
2016, 64, 1176–1186. [CrossRef] [PubMed]

14. Nakamura, K.; Fuster, J.J.; Walsh, K. Adipokines: A link between obesity and cardiovascular disease.
J. Cardiol. 2014, 63, 250–259. [CrossRef] [PubMed]

15. Trujillo, M.E.; Scherer, P.E. Adipose tissue-derived factors: Impact on health and disease. Endocr. Rev. 2006,
27, 762–778. [CrossRef] [PubMed]

16. Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional cloning of the mouse
obese gene and its human homologue. Nature 1994, 372, 425–432. [CrossRef] [PubMed]

17. Campfield, L.A.; Smith, F.J.; Guisez, Y.; Devos, R.; Burn, P. Recombinant mouse OB protein: Evidence for
a peripheral signal linking adiposity and central neural networks. Science 1995, 269, 546–549. [CrossRef]
[PubMed]

18. Lord, G.M.; Matarese, G.; Howard, J.K.; Baker, R.J.; Bloom, S.R.; Lechler, R.I. Leptin modulates the
T-cell immune response and reverses starvation-induced immunosuppression. Nature 1998, 394, 897–901.
[PubMed]

19. Santos-Alvarez, J.; Goberna, R.; Sanchez-Margalet, V. Human leptin stimulates proliferation and activation
of human circulating monocytes. Cell. Immunol. 1999, 194, 6–11. [CrossRef] [PubMed]

20. Kiguchi, N.; Maeda, T.; Kobayashi, Y.; Fukazawa, Y.; Kishioka, S. Leptin enhances CC-chemokine ligand
expression in cultured murine macrophage. Biochem. Biophys. Res. Commun. 2009, 384, 311–315. [CrossRef]
[PubMed]

21. Zarkesh-Esfahani, H.; Pockley, A.G.; Wu, Z.; Hellewell, P.G.; Weetman, A.P.; Ross, R.J. Leptin indirectly
activates human neutrophils via induction of TNF-α. J. Immunol. 2004, 172, 1809–1814. [CrossRef] [PubMed]

22. Yamauchi, T.; Kamon, J.; Waki, H.; Terauchi, Y.; Kubota, N.; Hara, K.; Mori, Y.; Ide, T.; Murakami, K.;
Tsuboyama-Kasaoka, N.; et al. The fat-derived hormone adiponectin reverses insulin resistance associated
with both lipoatrophy and obesity. Nat. Med. 2001, 7, 941–946. [CrossRef] [PubMed]

23. Maeda, N.; Shimomura, I.; Kishida, K.; Nishizawa, H.; Matsuda, M.; Nagaretani, H.; Furuyama, N.;
Kondo, H.; Takahashi, M.; Arita, Y.; et al. Diet-induced insulin resistance in mice lacking
adiponectin/ACRP30. Nat. Med. 2002, 8, 731–737. [CrossRef] [PubMed]

24. Ohashi, K.; Parker, J.L.; Ouchi, N.; Higuchi, A.; Vita, J.A.; Gokce, N.; Pedersen, A.A.; Kalthoff, C.; Tullin, S.;
Sams, A.; et al. Adiponectin promotes macrophage polarization toward an anti-inflammatory phenotype.
J. Biol. Chem. 2010, 285, 6153–6160. [CrossRef] [PubMed]

25. Jia, R.; Luo, X.; Lin, C.; Qiao, H.; Wang, N.; Yao, T.; Barclay, J.L.; Whitehead, J.P.; Luo, X.; Yan, J.-Q.
Characterization of cold-induced remodeling reveals depot-specific differences across and within brown
and white adipose tissues in mice. Acta Physiol. 2016. [CrossRef] [PubMed]

26. Wu, J.; Bostrom, P.; Sparks, L.M.; Ye, L.; Choi, J.H.; Giang, A.H.; Khandekar, M.; Virtanen, K.A.; Nuutila, P.;
Schaart, G.; et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 2012,
150, 366–376. [CrossRef] [PubMed]

27. Daikoku, T.; Shinohara, Y.; Shima, A.; Yamazaki, N.; Terada, H. Specific elevation of transcript levels of
particular protein subtypes induced in brown adipose tissue by cold exposure. Biochim. Biophys. Acta 2000,
1457, 263–272. [CrossRef]

http://dx.doi.org/10.1128/MCB.25.18.8311-8322.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135818
http://dx.doi.org/10.1016/j.cmet.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23663743
http://dx.doi.org/10.1038/nm.3017
http://www.ncbi.nlm.nih.gov/pubmed/23603813
http://dx.doi.org/10.1016/S0300-595X(84)80034-1
http://dx.doi.org/10.1016/j.jhep.2016.01.025
http://www.ncbi.nlm.nih.gov/pubmed/26829204
http://dx.doi.org/10.1016/j.jjcc.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24355497
http://dx.doi.org/10.1210/er.2006-0033
http://www.ncbi.nlm.nih.gov/pubmed/17056740
http://dx.doi.org/10.1038/372425a0
http://www.ncbi.nlm.nih.gov/pubmed/7984236
http://dx.doi.org/10.1126/science.7624778
http://www.ncbi.nlm.nih.gov/pubmed/7624778
http://www.ncbi.nlm.nih.gov/pubmed/9732873
http://dx.doi.org/10.1006/cimm.1999.1490
http://www.ncbi.nlm.nih.gov/pubmed/10357875
http://dx.doi.org/10.1016/j.bbrc.2009.04.121
http://www.ncbi.nlm.nih.gov/pubmed/19409880
http://dx.doi.org/10.4049/jimmunol.172.3.1809
http://www.ncbi.nlm.nih.gov/pubmed/14734764
http://dx.doi.org/10.1038/90984
http://www.ncbi.nlm.nih.gov/pubmed/11479627
http://dx.doi.org/10.1038/nm724
http://www.ncbi.nlm.nih.gov/pubmed/12068289
http://dx.doi.org/10.1074/jbc.M109.088708
http://www.ncbi.nlm.nih.gov/pubmed/20028977
http://dx.doi.org/10.1111/apha.12688
http://www.ncbi.nlm.nih.gov/pubmed/27064138
http://dx.doi.org/10.1016/j.cell.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22796012
http://dx.doi.org/10.1016/S0005-2728(00)00107-9


Int. J. Mol. Sci. 2016, 17, 795 13 of 14

28. Luan, B.; Goodarzi, M.O.; Phillips, N.G.; Guo, X.; Chen, Y.D.; Yao, J.; Allison, M.; Rotter, J.I.; Shaw, R.;
Montminy, M. Leptin-mediated increases in catecholamine signaling reduce adipose tissue inflammation via
activation of macrophage HDAC4. Cell Metab. 2014, 19, 1058–1065. [CrossRef] [PubMed]

29. Ghigliotti, G.; Barisione, C.; Garibaldi, S.; Fabbi, P.; Brunelli, C.; Spallarossa, P.; Altieri, P.; Rosa, G.;
Spinella, G.; Palombo, D.; et al. Adipose tissue immune response: Novel triggers and consequences for
chronic inflammatory conditions. Inflammation 2014, 37, 1337–1353. [CrossRef] [PubMed]

30. Waki, H.; Tontonoz, P. Endocrine functions of adipose tissue. Annu. Rev. Pathol. 2007, 2, 31–56. [CrossRef]
[PubMed]

31. Fasshauer, M.; Bluher, M. Adipokines in health and disease. Trends Pharmacol. Sci. 2015, 36, 461–470.
[CrossRef] [PubMed]

32. Friedman, J.M.; Halaas, J.L. Leptin and the regulation of body weight in mammals. Nature 1998, 395, 763–770.
[CrossRef] [PubMed]

33. Trayhurn, P.; Duncan, J.S.; Rayner, D.V. Acute cold-induced suppression of ob (obese) gene expression in
white adipose tissue of mice: Mediation by the sympathetic system. Biochem. J. 1995, 311, 729–733. [CrossRef]
[PubMed]

34. Trayhurn, P.; Duncan, J.S.; Hoggard, N.; Rayner, D.V. Regulation of leptin production: A dominant role for
the sympathetic nervous system? Proc. Nutr. Soc. 1998, 57, 413–419. [CrossRef] [PubMed]

35. Evans, B.A.; Agar, L.; Summers, R.J. The role of the sympathetic nervous system in the regulation of leptin
synthesis in C57BL/6 mice. FEBS Lett. 1999, 444, 149–154. [CrossRef]

36. Hardie, L.J.; Rayner, D.V.; Holmes, S.; Trayhurn, P. Circulating leptin levels are modulated by fasting,
cold exposure and insulin administration in lean but not Zucker (fa/fa) rats as measured by ELISA.
Biochem. Biophys. Res. Commun. 1996, 223, 660–665. [CrossRef] [PubMed]

37. Puerta, M.; Abelenda, M.; Rocha, M.; Trayhurn, P. Effect of acute cold exposure on the expression of the
adiponectin, resistin and leptin genes in rat white and brown adipose tissues. Horm. Metab. Res. 2002,
34, 629–634. [CrossRef] [PubMed]

38. Korhonen, T.; Saarela, S. Role of adiposity hormones in the mouse during fasting and winter-acclimatization.
Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2005, 140, 217–223. [CrossRef] [PubMed]

39. Hui, X.; Gu, P.; Zhang, J.; Nie, T.; Pan, Y.; Wu, D.; Feng, T.; Zhong, C.; Wang, Y.; Lam, K.S.; et al.
Adiponectin enhances cold-induced browning of subcutaneous adipose tissue via promoting M2 macrophage
proliferation. Cell Metab. 2015, 22, 279–290. [CrossRef] [PubMed]

40. Wijers, S.L.; Saris, W.H.; van Marken Lichtenbelt, W.D. Individual thermogenic responses to mild cold and
overfeeding are closely related. J. Clin. Endocrinol. Metab. 2007, 92, 4299–4305. [CrossRef] [PubMed]

41. Fasshauer, M.; Klein, J.; Neumann, S.; Eszlinger, M.; Paschke, R. Adiponectin gene expression is inhibited by
β-adrenergic stimulation via protein kinase A in 3T3-L1 adipocytes. FEBS Lett. 2001, 507, 142–146. [CrossRef]

42. Walden, T.B.; Hansen, I.R.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Recruited vs. nonrecruited molecular
signatures of brown, “brite”, and white adipose tissues. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E19–E31.
[CrossRef] [PubMed]

43. Villaret, A.; Galitzky, J.; Decaunes, P.; Esteve, D.; Marques, M.A.; Sengenes, C.; Chiotasso, P.; Tchkonia, T.;
Lafontan, M.; Kirkland, J.L.; et al. Adipose tissue endothelial cells from obese human subjects: Differences
among depots in angiogenic, metabolic, and inflammatory gene expression and cellular senescence. Diabetes
2010, 59, 2755–2763. [CrossRef] [PubMed]

44. Fontana, L.; Eagon, J.C.; Trujillo, M.E.; Scherer, P.E.; Klein, S. Visceral fat adipokine secretion is associated
with systemic inflammation in obese humans. Diabetes 2007, 56, 1010–1013. [CrossRef] [PubMed]

45. Kannel, W.B.; Cupples, L.A.; Ramaswami, R.; Stokes, J., 3rd; Kreger, B.E.; Higgins, M. Regional obesity and
risk of cardiovascular disease; the Framingham study. J. Clin. Epidemiol. 1991, 44, 183–190. [CrossRef]

46. Miyazaki, Y.; Glass, L.; Triplitt, C.; Wajcberg, E.; Mandarino, L.J.; DeFronzo, R.A. Abdominal fat distribution
and peripheral and hepatic insulin resistance in type 2 diabetes mellitus. Am. J. Physiol. Endocrinol. Metab.
2002, 283, E1135–E1143. [CrossRef] [PubMed]

47. Torres-Leal, F.L.; Fonseca-Alaniz, M.H.; Rogero, M.M.; Tirapegui, J. The role of inflamed adipose tissue in
the insulin resistance. Cell Biochem. Funct. 2010, 28, 623–631. [CrossRef] [PubMed]

48. Yang, Y.K.; Chen, M.; Clements, R.H.; Abrams, G.A.; Aprahamian, C.J.; Harmon, C.M. Human mesenteric
adipose tissue plays unique role versus subcutaneous and omental fat in obesity related diabetes.
Cell. Physiol. Biochem. 2008, 22, 531–538. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cmet.2014.03.024
http://www.ncbi.nlm.nih.gov/pubmed/24768298
http://dx.doi.org/10.1007/s10753-014-9914-1
http://www.ncbi.nlm.nih.gov/pubmed/24823865
http://dx.doi.org/10.1146/annurev.pathol.2.010506.091859
http://www.ncbi.nlm.nih.gov/pubmed/18039092
http://dx.doi.org/10.1016/j.tips.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/26022934
http://dx.doi.org/10.1038/27376
http://www.ncbi.nlm.nih.gov/pubmed/9796811
http://dx.doi.org/10.1042/bj3110729
http://www.ncbi.nlm.nih.gov/pubmed/7487925
http://dx.doi.org/10.1079/PNS19980060
http://www.ncbi.nlm.nih.gov/pubmed/9793999
http://dx.doi.org/10.1016/S0014-5793(99)00049-6
http://dx.doi.org/10.1006/bbrc.1996.0951
http://www.ncbi.nlm.nih.gov/pubmed/8687452
http://dx.doi.org/10.1055/s-2002-38252
http://www.ncbi.nlm.nih.gov/pubmed/12660872
http://dx.doi.org/10.1016/j.cbpb.2005.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15748862
http://dx.doi.org/10.1016/j.cmet.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26166748
http://dx.doi.org/10.1210/jc.2007-1065
http://www.ncbi.nlm.nih.gov/pubmed/17785356
http://dx.doi.org/10.1016/S0014-5793(01)02960-X
http://dx.doi.org/10.1152/ajpendo.00249.2011
http://www.ncbi.nlm.nih.gov/pubmed/21828341
http://dx.doi.org/10.2337/db10-0398
http://www.ncbi.nlm.nih.gov/pubmed/20713685
http://dx.doi.org/10.2337/db06-1656
http://www.ncbi.nlm.nih.gov/pubmed/17287468
http://dx.doi.org/10.1016/0895-4356(91)90265-B
http://dx.doi.org/10.1152/ajpendo.0327.2001
http://www.ncbi.nlm.nih.gov/pubmed/12424102
http://dx.doi.org/10.1002/cbf.1706
http://www.ncbi.nlm.nih.gov/pubmed/21104928
http://dx.doi.org/10.1159/000185527
http://www.ncbi.nlm.nih.gov/pubmed/19088435


Int. J. Mol. Sci. 2016, 17, 795 14 of 14

49. Dempersmier, J.; Sambeat, A.; Gulyaeva, O.; Paul, S.M.; Hudak, C.S.; Raposo, H.F.; Kwan, H.Y.; Kang, C.;
Wong, R.H.; Sul, H.S. Cold-inducible Zfp516 activates UCP1 transcription to promote browning of white fat
and development of brown fat. Mol. Cell 2015, 57, 235–246. [CrossRef] [PubMed]

50. Cinti, S. The adipose organ. Prostaglandins Leukot Essent. Fatty Acids 2005, 73, 9–15. [CrossRef] [PubMed]
51. Luo, X.; Hutley, L.J.; Webster, J.A.; Kim, Y.H.; Liu, D.F.; Newell, F.S.; Widberg, C.H.; Bachmann, A.; Turner, N.;

Schmitz-Peiffer, C.; et al. Identification of BMP and activin membrane-bound inhibitor (BAMBI) as a potent
negative regulator of adipogenesis and modulator of autocrine/paracrine adipogenic factors. Diabetes 2012,
61, 124–136. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.molcel.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25578880
http://dx.doi.org/10.1016/j.plefa.2005.04.010
http://www.ncbi.nlm.nih.gov/pubmed/15936182
http://dx.doi.org/10.2337/db11-0998
http://www.ncbi.nlm.nih.gov/pubmed/22187378
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Results
	Inflammatory Adipokines Expression Levels Exhibit Depot-Specificity in Mouse Adipose Tissues
	Cold Exposure Differentially Alters the Expressions of Inflammatory Adipokines in Adipose Tissues
	Cold Exposure Changes Adiponectin and Leptin Protein Levels in Adipose Tissues
	CL316,243 Treatment Alters the Expression of Inflammatory Adipokines in Brown Adipocyte (BA) and White Adipocyte (WA)

	Discussion
	Materials and Methods
	Mouse Colonies and Cold Exposure
	Adipocyte Culture
	Quantitative Real-Time PCR
	Western Blot Analysis
	Plasma Adipokines Measurement
	Statistical Analysis

	Conclusions

