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Original Article 
Cold exposure stimulates lipid metabolism, induces  
inflammatory response in the adipose tissue of mice 
and promotes the osteogenic differentiation of  
BMMSCs via the p38 MAPK pathway in vitro
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Abstract: This study was to explore the effect of long-term cold exposure on morphological changes of WAT and BAT, 
metabolic changes and inflammatory responses in vivo. We also investigated the effect of cold exposure on the os-
teogenic differentiation of BMMSCs and the mechanism involved in vitro. At the end of the animal experiments, WAT 
and BAT were isolated and analyzed by HE staining. The results showed that both temperature and exposure time 
were associated with the degree of WAT browning. Then, peripheral blood samples were collected and centrifuged to 
obtain serum. Serum biochemical analysis was performed. After exposure to cold air for 21 d, cyclic adenosine mo-
nophosphate (cAMP) level in BAT was greatly upregulated. cAMP in WAT and glycerol levels were slightly increased. 
Cold exposure decreased triglyceride (TG) level and increased the levels of total cholesterol (TC) and low-density 
lipoprotein cholesterol (LDL-C). Whereas, high-density lipoprotein cholesterol (HDL-C) and free fatty acid (FFA) levels 
remains unchanged. Moreover, leptin and adiponectin (ADP) levels were remarkably downregulated. Tumor necrosis 
factor (TNF)-α and interleukin (IL)-6 concentrations were significantly elevated. Furthermore, the results showed that 
cold exposure significantly elevated runt-related transcription factor 2 (Runx2), bone sialoprotein (BSP), osteopontin 
(OPN) and collagen I levels and promoted the phosphorylation of p38 MAPK. However, the inducing effects were 
greatly inhibited by p38 MAPK inhibitor SB203580. These data suggest that long-term cold exposure activate BAT, 
increase lipolysis rate and enhance inflammatory response in mice. Furthermore, cold exposure promoted the os-the os-
teogenic differentiation of BMMSCs partially via the p38 MAPK pathway.

Keywords: Adipose tissue, cold exposure, WAT browning, lipolysis, BMMSCs, osteogenic differentiation, p38 MAPK 
signalling pathway

Introduction

Optimum environmental temperature is essen-
tial for us to maintain good health. Cold or hot 
is harmful to humans. Accumulating studies 
have found that lower than normal body tem-
perature may lead to higher hospital admis-
sion, chronic lung diseases or even death in 
some cases [1]. Once received cold stimula-
tion, body will undergo repetitive and involun-
tary skeletal muscle contractions to produce 
extra heat for the maintenance of constant 
body temperature and thermal homeostasis 
via shivering thermogenesis [2]. Additionally, 
non-shivering thermogenesis and physical 
activity are also involved in thermoregulatory 
heat production [3, 4].  

White adipose tissue (WAT) and brown adipose 
tissue (BAT) are the two main types of adipose 
tissue that had been found and identified in 
mammals [5, 6]. They play different roles in the 
process of energy metabolism. WAT mainly 
serves as the primary energy storing organ and 
stores energy in the form of triglyceride (TG). 
Whereas, BAT is responsible for non-shivering 
thermogenesis and regulates energy balance 
and body weight [7-10]. Cold is a well-known 
trigger for the activation of BAT [11]. It has been 
shown that cold exposure could upregulate the 
expression of uncoupling protein 1 (UCP1) that 
is located in the inner mitochondrial membrane 
of brown adipocytes, brown WAT to increase the 
volume of BAT and enhance thermogenesis in 
BAT in rats and humans [12, 13].
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Mesenchymal stem cells (MSCs) are a group of 
cells that possess excellent proliferation and 
differentiation capabilities. MSCs can be iso-
lated from adipose tissue, bone marrow and 
other tissues. Researchers have demonstrated 
that MSCs have strong potentials to differenti-
ate into various types of cells (chondrocytes, 
osteoblasts, and adipocytes) and tissues 
(bone, fat, cartilage, muscle and nerve) [14, 
15]. The mitogen-activated protein kinase 
(MAPK) pathway is reported to participate in 
proliferation and differentiation of the cells. 
Moreover, MAPK pathway is also associated 
with the osteogenic differentiation of stem cells 
[14].

Here, we investigated the role of cold exposure 
in morphological changes of adipose tissues, 
lipid metabolism and inflammatory cytokine 
release in C57BL/6 mice. The effect of cold 
exposure on the osteogenic differentiation of 
BMMSCs in vitro and the mechanism involved 
was discussed. 

Materials and methods

Animals and cold exposure

A total of 36 C57BL/6 mice (6-8 weeks old, 
weighting 22 g) were purchased from Charles 
River Laboratories (Beijing, China). The mice 
were housed in a temperature controlled room 
with a 12 h light/12 h dark cycle up to the cold 
stimulation study. The mice were fed standard 
food and water ad libitum. Animal care was in 
accordance with institutional guidelines. All ani-
mal experiments were approved by the Animal 
Care and Use Committee of Harbin Medical 
University. The mice were randomly divided into 
two groups (18 mice in each group): (i) the con-
trol group, the mice were kept at 20°C for 7, 14 
and 21 d; and (ii) the cold exposure group, the 
mice were kept at 4°C. After cold exposure for 
7, 14 and 21 d, the mice were euthanized and 
two types of adipose tissues were excised 
immediately. White adipose tissue (WAT) was 
collected from the adipose tissue in the axilla. 
Brown adipose tissue (BAT) was isolated from 
the interscapular region. 

Haematoxylin and eosin (HE) staining

Adipose tissues were dehydrated in sucrose 
solution, embedded in optimum cutting tem-
perature (OCT) compound and sliced to 10-μm 

slides. The sections were stained with haema-
toxylin and eosin for histological examination 
and then photographed under a microscope 
(DP73; Olympus, Tokyo, Japan).

Measurement of cyclic adenosine monophos-
phate (cAMP) and glycerol levels

After cold exposure, tissue homogenates of 
WAT and BAT were obtained to determine cyclic 
adenosine monophosphate (cAMP) (USCN life 
science, Wuhan, China) and glycerol levels 
(Sigma-Aldrich, St. Louis, MO, USA) according 
to the manufacturer’s instructions.

Biochemical analysis

At the end of the animal experiments, periph-
eral blood samples were collected and centri-
fuged at 4000 rpm for 10 min to obtain serum 
for use. Serum levels of total cholesterol (TC) 
(Dongou, Wenzhou, China), triglyceride (TG) 
(Dongou), low-density lipoprotein cholesterol 
(LDL-C) (Beihua, Beijing, China), high-density 
lipoprotein cholesterol (HDL-C) (Dongou), free 
fatty acid (FFA) (Sigma-Aldrich), leptin and adi-
ponectin (ADP) (USCN life science) were mea-
sured using commercial kits. The concentra-
tions of TC, TG, LDL-C and HDL-C in serum were 
expressed as mmol/L. FFA level was expressed 
as μmol/L.

Determination of cytokines in serum

After cold exposure, peripheral blood samples 
were harvested. Serum tumor necrosis factor 
(TNF)-α and interleukin (IL)-6 concentrations 
were measured by ELISA (BOSTER, Beijing, 
China) according to the manufacturer’s 
instructions.

Isolation and characterization of bone marrow-
derived mesenchymal stem cells (BMMSCs)

The mice were sacrificed and the tibiae cleared 
of epiphysis and any connective tissue was 
obtained under sterile conditions. BMMSCs 
were isolated from the bone marrow cavity  
by flushing with Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco Life Technologies, 
Grand Island, NY, USA). Cell suspension was 
centrifuged at 1500 rpm for 10 min. Then, the 
cells were washed with red blood cell lysis  
buffer and phosphate buffered saline (PBS). 
BMMSCs were resuspended in DMEM supple-
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mented with 10% FBS (fetal bovine serum) 
(HyClone, Logan, UT, USA). After passage 3, the 
cells were harvested for further experiments.

Characterization of BMMSCs

After passage 3, the medium was discarded 
and BMMSCs were washed with PBS for 3 
times. After trypsinization, the cells were resus-
pended in 100 μl PBS (at a density of 1×106/
ml) and incubated with fluorescein isothiocya-
nate (FITC)-conjugated CD44 antibody or Sca-1 
antibody for 30 min at 37°C. The cells were 
resuspended in PBS and subjected to flow 
cytometry analysis (C6 model; Becton, 
Dickinson and Company, USA).

p38 mitogen-activated protein kinase (MAPK) 
inhibitor stimulation

After passage 3, the isolated BMMSCs were 
divided into four groups (BMMSCs in each 
group were incubated with the osteoblast 
inducing conditional media under different con-
ditions throughout the experiment): (i) 37°C 
stimulation group, BMMSCs were cultured at 
37°C; (ii) 37°C stimulation + SB203580 group, 
BMMSCs were pretreated with 10 μM p38 
MAPK inhibitor SB203580 for 1 h/day for ten 
consecutive days at 37°C; (iii) 18°C stimulation 
group, BMMSCs were cultured at 18°C for 12 
h/day for ten consecutive days; (vi) 18°C stimu-
lation + SB203580 group, the cells were pre-
treated with SB203580 for 1 h before cold 
stimulation (18°C for 12 h/day). The levels of 
Runx2, bone sialoprotein (BSP), osteopontin 
(OPN) and collagen I were determined by  
western blot and real-time PCR. The levels  
of p38 MAPK and p-p38 MAPK were measured  
by western blot.

Western blot analysis

Total proteins were obtained from the cells in 
each group and the concentration was deter-
mined using bicinchoninic acid (BCA) kit 
(Beyotime, Haimen, China). Proteins (40 μg) 
were subjected to sodium dodecyl sulfate poly-
acrylamide gel (SDS-PAGE) electrophoresis and 
then transferred to PVDF membranes (Millipore, 
Bedford, MA, USA). The PVDF membranes were 
blocked with non-fat milk (M/V: 5%) or 1% BSA 
and then incubated with Runx2 antibody 
(1:500), BSP antibody (1:500), OPN antibody 
(1:1000), collagen I antibody (1:400), p38 
MAPK antibody (1:500) and p-p38 MAPK anti-

body (1:500) at 4°C overnight. After washing 
with TTBS (Tween 20-Tris buffered saline), the 
membranes were incubated with horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit 
antibody (1:5000) at 37°C for 45 min and the 
protein bands were visualized using ECL 
(enhanced chemiluminescence) reagent (Wan- 
leibio). The bands were quantified using Gel-
Pro-Analyzer 4.0 software (Media Cybernetics, 
Bethesda, MD, USA).

Real-time PCR analysis

Total RNAs were isolated from the cells in each 
group using a commercial kit (TIANGEN) accord-
ing to the manufacturer’s instruction and then 
reverse transcribed into cDNAs using super 
M-MLV Reverse Transcriptase (BioTeke, Beijing, 
China). Real-time PCR analysis was performed 
with SYBR GREEN mastermix (Solarbio, Beijing, 
China). The reaction was: 95°C for 10 min; 40 
cycles of 95°C for 10 s, 60°C for 20 s and 72°C 
for 30 s; cooled at 4°C for 5 min. Relative gene 
expression levels were quantified using 2-ΔΔCt 
method on ExicyclerTM 96 Real-Time Quantitative 
Thermal Block (BIONEER, Daejeon, Korea) [16]. 
β-actin was used as normalized control. Primer 
sequences are shown below: Runx2-Forward, 
GGAGCGGACGAGGCAAGAGT; Runx2-Reverse, 
AGGAATGCGCCCTAAATCAC; BSP-Forward, GAA- 
CAAACAGGCAACGAATA; BSP-Reverse, GGTAG- 
CCAGATGATAAGACAGA; OPN-Forward, TTCACT- 
CCAATCGTCCCTAC; OPN-Reverse, TTAGACTCA- 
CCGCTCTTCAT; collagen I-Forward, AAAGACG- 
GGAGGGCGAGTG; collagen I-Reverse, CCATAG- 
GACATCTGGGAAGCAA; β-actin-Forward, CTGTG- 
CCCATCTACGAGGGCTAT; β-actin-Reverse, TTTG- 
ATGTCACGCACGATTTCC.

Statistical analysis

GraphPad Prism 5 software (GraphPad 
Software, San Diego, CA, USA) was used for 
statistical analysis. The results are expressed 
as means ± SD. The data were analyzed by one-
way ANOVA followed by Bonferroni’s post hoc 
test. A value of P<0.05 was considered statisti-
cally significant.

Results

Effect of cold exposure on morphological 
changes

As shown in Figure 1, the results showed that 
WAT in mice underwent brown-like morphologi-
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cal changes (Figure 1A). Lipid droplets (LDs) in 
adipose cells of WAT became smaller and mul-
tilocular. BAT showed smaller LDs after cold 
exposure (Figure 1B).

Effect of cold exposure on cAMP and glycerol 

The results showed that cold exposure did not 
remarkably alter the level of cAMP in WAT 
(Figure 2A). However, cold exposure led to an 
increase of cAMP level in BAT in a time-depen-
dent manner (Figure 2B). After 21 days of cold 
exposure, cAMP level in BAT was significant 
higher than that in the control group (P<0.01). 
Moreover, cold exposure caused a slight rise (or 

at least maintained at the original level) in glyc-
erol level in WAT (Figure 2C) and BAT (Figure 
2D) when compared to the control group at the 
corresponding time points (7 d, 14 d and 21 d). 
However, the difference was not statistically 
significant.

Effect of cold exposure on serum metabolites

Serum TC (Figure 3A) and LDL-C concentra-
tions (Figure 3C) were significantly higher in the 
cold exposure group than those in the control 
group (P<0.01). However, cold stimulation 
remarkably lowered TG level when compared to 
the control group (Figure 3B, P<0.01). We also 

Figure 1. Micrographs of HE-stained white adipose tissue (WAT) and HE-stained brown adipose tissue (BAT)  
sections. A. WAT collected from the adipose tissue in the axilla was dehydrated, embedded, sectioned into 10-μm 
slides and stained with haematoxylin and eosin (HE) for histological examination. Scale bar 50 μm. B. Micrographs 
of HE-stained sections. BAT isolated from the interscapular region was stained with HE staining and observed under 
a microscope. Scale bar 50 μm.
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found that the levels of HDL-C (Figure 3D) and 
FFA (Figure 3E) were basically the same in 
these two groups.

Effect of cold exposure on the serum levels of 
leptin and ADP

We then measured leptin and ADP levels in 
serum. As shown in Figure 4, leptin (Figure 4A) 
and ADP levels (Figure 4B) reduced significant-
ly after cold stimulation when compared to the 
control. On day 21, the differences were statis-
tically significant (leptin, P<0.05; ADP, P<0.01).

Effect of cold exposure on the release of inflam-
matory cytokines

Cold exposure resulted in significant elevated 
levels of inflammatory cytokines TNF-α (Figure 
5A) and IL-6 (Figure 5B). After 21 days of cold 

stimulation, the levels of TNF-α and IL-6 were 
upregulated significantly compared to the con-
trol group (P<0.01).

Cell morphology and surface antigen analysis 
of BMMSCs

BMMSCs have a spindle-shaped and fibroblast-
like morphology (Figure 6A). We further ana-
lyzed cell surface markers of BMMSCs. The 
results showed that CD44 and Sca-1 was highly 
expressed on BMMSCs (Figure 6B).

Effect of cold exposure on the expression of 
osteoblastic differentiation markers and its 
related mechanisms

Compared with the 37°C group, p38 MAPK 
inhibitor SB203580 did no affect the mRNA 
levels of osteoblastic differentiation markers, 

Figure 2. Effect of cold exposure on cAMP and glycerol levels. WAT and BAT were obtained. cAMP and glycerol re-
leases were measured. Values are expressed as mean ± SD, n=6. **P<0.01 compared to the corresponding control.
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including Runx2, OPN, BSP and collagen I. As 
shown in Figure 7A, cold exposure significantly 
elevated the levels of Runx2, OPN, BSP and  
collagen I (P<0.01). However, SB203580 treat-
ment greatly lowered all these markers 
(P<0.01). As shown in Figure 7B, the results of 
western blot analysis were consistent with real-
time PCR (P<0.01). Downregulation of p-p38 
MAPK levels were observed in the 37°C + 
SB203580 group (P<0.05). Additionally, cold 

exposure significantly induced the phosphory-
lation of p38 MAPK (P<0.01). SB203580 treat-
ment significantly attenuated cold exposure-
induced elevation of p-p38 MAPK levels. 

Discussion

Accumulating evidences have reported that 
cold exposure may increase human discomfort, 
impair cognitive function and even lead to phys-

Figure 3. Effect of cold exposure on serum lipopro-
teins. A. The serum TC level was determined using a 
commercial kit. B. TG level. C. LDL-C level. D. HDL-C 
level. E. FFA level. Values are expressed as mean ± 
SD, n=6. **P<0.01 compared to the corresponding 
control.
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ical function disturbances [17]. Cold exposure 
also causes increases of metabolites including 
adrenaline, growth hormone and glucagon in 
mammals to avoid hypothermia [18]. Lipolysis 
is a biochemical process in which triglycerides 
(TG) are hydrolyzed into glycerol and free fatty 
acids (FFA). Generally, lipolysis occurs in vari-
ous types of cells and tissues to meet the phys-
iological needs of cells for FFA [19]. cAMP plays 
a major role in lipolysis and determines the 
rate of lipolysis in adipocytes and adipose tis-
sues [20, 21]. Park Y et al have demonstrated 
that Plutella xylostella could express cold har-
diness and accumulate glycerol in hemolymph 
to increase their cold tolerance [22]. 
Additionally, low temperature greatly increas-
es glycerol concentration in plasma in humans 
and cAMP in rats [23, 24]. Here, our results 

demonstrated that cAMP levels were increased 
with increasing exposure time. Cold stimula-
tion greatly upregulated intracellular cAMP 
contents in BAT after 21 d of exposure to cold, 
but this effect was not observed in WAT. 
Meanwhile, glycerol level was a little higher 
when exposed to 4°C than the controls (20°C). 
Thus, our results suggest that long-term cold 
exposure can increase the rate of lipolysis to 
some extent in adipose tissues, especially in 
BAT. 

BAT plays a major role in TG metabolism and 
controls TG clearance [25]. BAT produces heat 
to maintain body temperature through consum-
ing TGs that are stored in intracellular lipid 
droplets (LDs) [26]. Cellular cholesterol 
homoeostasis balances a number of interac-

Figure 4. Effect of cold exposure on serum leptin and ADP concentrations. A. Leptin level. B. ADP level. Values are 
expressed as mean ± SD, n=6. *P<0.05 and **P<0.01 compared to the corresponding control.

Figure 5. Effect of cold exposure on the release of inflammatory cytokines. A. TNF-α level. B. IL-6 level. Values are 
expressed as mean ± SD, n=6. **P<0.01 compared to the corresponding control.
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tive and complex processes in body [27]. In the 
present study, we investigated the effect of 
cold exposure on serum lipids. Interesting, our 
data showed that long-term cold exposure (4°C 
for 21 d) resulted in remarkable increases in TC 
and LDL-C and decrease in TG. Serum HDL-C 
and FFA levels remained unchanged in the 
cold-exposed mice in relative to the control 
mice. The above results suggest that cold expo-
sure enhance the metabolism of lipids. 

Previous findings have reported that long-term 
cold stimulation caused smaller cell size of WAT 
in mice and the bats. Moreover, adipose cell 
size is positively correlated with adiponectin 
(ADP) in type 2 diabetic parents who have 
healthy non-diabetic children [28]. Leptin is 
found to be expressed in adipose cells and cir-
culates in the plasma of humans and mice. The 
levels of leptin increase in obese people and 
decrease after weight loss. Previous evidences 
have found that, in cold environment, serum 
leptin level was downregulated and the thermo-
genic capacity of BAT was increased in Brandt’s 
vole [29]. The reduction of ADP level in plasma 
that induced by cold has been detected in 
humans [30]. Nowadays, the therapeutic effect 
of leptin injection on the treatment of human 
obesity is being evaluated in clinical trials [31]. 
In the present study, we explored the relation-

ship between cold exposure and leptin or ADP 
in C57BL/6 mice. Interestingly, our results con-
sistently demonstrated that serum leptin and 
ADP levels in mice were reduced significantly 
with the increasing time of cold exposure. 
These results suggest that cold exposure could 
decrease the concentrations of leptin and ADP.

Generally, inflammation responses in adipose 
tissue are increased in obesity and contribute 
to dysregulation in adipose tissue [32]. Adding 
IL-6 in cultured adipose cells decreases ADP 
and peroxisome proliferator-activated receptor 
(PPAR) γ-2 levels [33]. Previous research has 
reported that multiple inflammatory cells, 
including granulocytes and alveolar macro-
phages, tend to infiltrate the lungs of healthy 
people when exposed to cold air [34]. Despite 
this, cold could also induce airway hyper-
responsiveness and airway inflammation in 
dogs [35]. Recent researchers have proved 
that transient cold exposure (0°C) increases 
IL-8 and TNF-α in bronchoalveolar lavage fluid 
(BALF) in Wistar rats and promotes the release 
of IL-6 (18°C) in lung epithelial cells BEAS-2B 
[1]. In this study, we discussed the effect of 
long-term cold exposure on inflammatory cyto-
kine release in C57BL/6 mice. We found that 
cold stimulation caused significant increases of 
TNF-α and IL-6 release after exposed to 4°C for 

Figure 6. Cell morphology and surface antigen analysis of BMMSCs. 
A. Cell morphology of the isolated BMMSCs. B. Cell surface markers 
(CD44 and Sca-1) of BMMSCs were analyzed by flow cytometry.
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21 d, which is consistent with previous findings. 
The results indicate that cold exposure could 
induce inflammatory response in mice.

Bone marrow-derived mesenchymal stem cells 
(BMMSCs) are a population of cells that isolat-
ed from bone marrow. BMMSCs have multiple 
differentiation potentials and can differentiate 
into multiple cells, including chondrocytes, adi-
pocytes and osteoblasts [36]. Runx2 is an oste-

oblast-specific transcription factor and also 
known as Cbfa1 (core-binding factor α 1) and 
PEBP2aA (polyomavirus enhancer binding pro-
tein 2 α A subunit). It is essential for osteoblast 
differentiation. Evidences have found that 
Runx2-deficient mice show arrest of osteoblast 
differentiation and thus lead to a complete 
absence of bone formation [37]. Runx2 is also 
reported to control the expression of bone-
related genes, including OPN and BSP [38]. 

Figure 7. Effect of cold exposure on the expression of osteoblastic differentiation markers and its related mecha-
nisms. A. Gene expression of Runx2, BSP, OPN and collagen I. All the values were normalized to β-actin. B. Protein 
expression of Runx2, BSP, OPN, collagen I, p38 MAPK and p-p38 MAPK. All the values were normalized to β-actin. 
Values are expressed as mean ± SD, n=3. *P<0.05 and **P<0.01 compared to the 37°C group. ##P<0.01 compared 
to the 18°C group.
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Accumulating studies have demonstrated that 
p38 MAPK pathway plays a critical role in regu-
lating the osteogenic differentiation of BMMSCs 
[39]. However, the impacts of cold exposure on 
the expression of osteogenic genes and its pos-
sible mechanisms need to be investigated. In 
this study, cold exposure promoted the expres-
sion of Runx2, OPN, BSP and collagen I (a spe-
cific marker of bone matrix). Meanwhile, the 
phosphorylation levels of p38 MAPK were sig-
nificantly upregulated. The increased levels of 
osteogenic genes were markedly downregulat-
ed in the present of p38 MAPK inhibitor. These 
results clearly suggest that cold exposure pro-
mote the osteogenic differentiation of BMMSCs 
by activating the p38 MAPK pathway.

In summary, our obtained results showed that 
long-term cold stress could induce the brown-
ing of WAT, increase the rate of lipid metabo-
lism and activate inflammatory response. Cold 
exposure regulated the osteogenic differentia-
tion of BMMSCs via the p38 MAPK signalling 
pathway. However, further studies are needed 
to verify our results. 
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