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The Effects of Temperature and Seasons on
Subcutaneous White Adipose Tissue in Humans:
Evidence for Thermogenic Gene Induction

Philip A. Kern, Brian S. Finlin, Beibei Zhu, Neda Rasouli, Robert E. McGehee, Jr,
Philip M. Westgate, and Esther E. Dupont-Versteegden

Department of Medicine (P.A.K., B.S.F., B.Z.), Division of Endocrinology, and the Barnstable Brown
Diabetes and Obesity Center, University of Kentucky, Lexington, Kentucky 40536; Division of
Endocrinology (N.R.), University of Colorado Denver, Denver, Colorado 80220; Eastern Colorado
Veterans Health Care System (N.R.), Denver, Colorado 80220; Department of Pediatrics (R.E.M.),
University of Arkansas for Medical Sciences, Little Rock, Arkansas; College of Public Health (P.M.W.) and
College of Health Sciences (E.E.D-V.), University of Kentucky, Lexington, Kentucky 40536

Context: Although brown adipose tissue (BAT) activity is increased by a cold environment, little is
known of the response of human white adipose tissue (WAT) to the cold.

Design: We examined both abdominal and thigh subcutaneous (SC) WAT from 71 subjects who
were biopsied in the summer or winter, and adipose expression was assessed after an acute cold
stimulus applied to the thigh of physically active young subjects.

Results: In winter, UCP1 and PGC1� mRNA were increased 4 to 10-fold (p � 0.05) and 1.5 to 2-fold,
respectively, along with beige adipose markers, and UCP1 protein was 3-fold higher in the winter.
The seasonal increase in abdominal SC WAT UCP1 mRNA was considerably diminished in subjects
with a BMI � 30 kg/m2, suggesting that dysfunctional WAT in obesity inhibits adipose thermo-
genesis. After applying an acute cold stimulus to the thigh of subjects for 30 min, PGC1� and UCP1
mRNA was stimulated 2.7-fold (p � 0.05) and 1.9-fold (p � 0.07), respectively. Acute cold also
induced a 2 to 3-fold increase in PGC1� and UCP1 mRNA in human adipocytes in vitro, which was
inhibited by macrophage-conditioned medium and by the addition of TNF�.

Conclusion: Human SC WAT increases thermogenic genes seasonally and acutely in response to a
cold stimulus and this response is inhibited by obesity and inflammation. (J Clin Endocrinol Metab
99: E2772–E2779, 2014)

Brown adipose tissue (BAT) is present in all mammals
and serves to dissipate energy as heat to defend

against the cold through the actions of uncoupling protein
1 (UCP1) (1) and this increase in energy expenditure also
helps prevent obesity in rodents (2). The recent rediscov-
ery of human BAT through fluorodeoxyglucose (FDG)
PET-CT has stimulated much research on thermogenesis
and provocative questions about adipose browning as a
defense against obesity in humans (3–6). Using PET-CT,
about 25% of humans have demonstrable BAT, but with

cooling most humans will demonstrate d-glucose uptake
in discrete areas around the neck and spine, and these
tissues have a brown/beige adipose phenotype (5). In ad-
dition, the activation of these BAT depots is dependent
upon outdoor temperature, seasons, and adiposity in sub-
jects (7, 8).

In addition to the activation of BAT, rodents can in-
crease their thermogenic capacity in typical white adipose
tissue (WAT) depots by a process known as “browning,”
which results in increased brown adipocytes in WAT de-
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pots (6). This type of brown fat has a distinct pathway of
development and a unique signature of gene expression;
thus, it is now called beige fat (4, 12, 13). However, both
brown and beige adipocytes have increased mitochondrial
content and express UCP1, which uncouples oxidative
respiration to generate heat, and both cells express
PPAR�, PRDM16, and PGC1� during differentiation (9–
11). PGC1� is induced by �-adrenergic stimulation, which
is a well characterized mechanism to induce browning of
white adipose (12).

Previous studies have clearly demonstrated the ability
of rodent WAT depots to become beige upon cold stim-
ulation (6), however, very little research has examined
human WAT for a similar ability. Therefore, the main goal
of our study was to investigate the capability of WAT from
different depots in humans to respond to seasons and cold
exposure with increased markers of beige fat. An addi-
tional purpose was to determine the role of obesity and
inflammation in the process of beiging of WAT in humans,
since activation of BAT is inversely related to adiposity (7)
and elevated inflammation is associated with increased
WAT mass (14). Subjects with different levels of obesity
were recruited in order to address these two goals.

We examined the subcutaneous WAT of humans and
found a considerable ability to up regulate UCP1 and
other mitochondrial genes in response to an acute cold
stimulus and to seasons, and this effect was inhibited by
obesity. Human adipocytes in culture have a similar abil-
ity, which was inhibited by inflammation. Humans have
over 1000-fold more SC WAT than they do BAT, and thus,
the induction of these genes in SC WAT could be exploited
to up regulate energy expenditure and/or to improve WAT
function.

Materials and Methods

Human subjects
To examine the seasonal changes in adipose tissue, we

examined both abdominal (group 1) and thigh (group 2)

subcutaneous (SC) adipose tissue from two groups of sub-
jects. Group 1 involved abdominal SC biopsy samples
from subjects covering a broad range of body mass index
(BMI) and insulin sensitivity, and their characteristics are
shown in Table 1. All subjects gave informed consent and
the protocols were approved by the Institutional Review
Boards from either the University of Kentucky or the Uni-
versity of Arkansas for Medical Sciences. Some of these
subjects were involved in previous studies (15, 16), but
only baseline (pretreatment) samples were examined.
“Winter” biopsies were collected between the December 1
and March 21, which corresponds to daily mean temper-
atures of 4–8°C. “Summer” biopsies were collected be-
tween June 1 and September 15, when mean temperatures
are 20–24°C. For each subject, the biopsy was performed
in either the winter or summer, and no repeated measures
were performed on these subjects. All participants were
generally healthy, with no evidence of chronic inflamma-
tory disease, and participated in normal activities of daily
living (ADL) but without significant exercise. No subjects
were employed in jobs that involved prolonged outdoor
activity, none were taking any medication likely to change
adipocyte metabolism, and there were no abnormalities in
liver enzymes, creatinine, or TSH. All subjects were ini-
tially assessed with a standard oral glucose tolerance test
(OGTT) to rule out diabetes.

After an overnight fast, adipose biopsies were per-
formed with a 2.5 cm incision in the lower abdominal wall
under local (lidocaine without epinephrine) anesthesia
and approximately 2 g of tissue was removed. On a dif-
ferent day, insulin sensitivity was measured with a fre-
quently sampled IV glucose tolerance test (FSIGT) and
minmod millennium calculation, which yields a measure
of insulin sensitivity (SI) that correlates well with the eu-
glycemic clamp (17, 18).

To examine a different adipose depot, fat biopsies from
the anterior thigh were performed on group 2, a group of
16 healthy subjects from the Lexington area. The recruit-
ment of these subjects was intended to examine the effects

Table 1. Characteristics of subjects with SC WAT biopsies

Sensitivity
Index

Summer Winter

BMI < 30 BMI > 30 All BMI < 30 BMI > 30 All

n (M/F) 16 (6/10) 12 (2/10) 28 (8/20) 13 (3/10) 14 (5/9) 27 (8/19)
Age 38 � 2.9 47 � 2.8 42 � 2.3 49 � 2 47 � 3 48 � 2
BMI 27 � 0.6 37 � 1.2 32 � 1.2 27 � 1.1 34 � 1 31 � 1.1
SI 4.5 � 0.5 2.0 � 0.1 3.8 � 1.0 3.3 � 0.4 2.0 � 0.3 3.0 � 0.6
FBG 79 � 6 93 � 3 88 � 6 82 � 2 92 � 3 87 � 3
2 h glu 102 � 9 136 � 10 121 � 6 112 � 8 160 � 8 136 � 6

Characteristics of subjects with SC WAT biopsies are displayed as mean � SE. n, number of subjects; M, male; F, female; age, years; BMI, body
mass index (kg/m2); SI, insulin sensitivity from FSIGT; FBG, fasting blood glucose (mg/dl); 2 h glu, glucose 2 h after standard oral glucose tolerance
test (mg/dL). There was no significant difference in male/female ratio or SI between the summer and winter groups. For SI, BMI and glucose values,
the differences were significantly different (P � .05) between the subjects with BMI over 30 kg/m2 vs BMI under 30 kg/m2.

doi: 10.1210/jc.2014-2440 jcem.endojournals.org E2773
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of an acute cold stimulus in the form of the application of
a cold pack to the thigh on adipose tissue and muscle. The
experiments (baseline biopsy followed by cold-stimulus
biopsy) were performed in the summer (n � 7) or winter
(n � 9) such that we could compare baseline values for the
different seasons in this group. These subjects were all
under age 30 (mean 26.6 years) and most were physically
active, but mostly through indoor activities in a gym. This
group included 10 men and 6 women, and mean BMI was
26.3 kg/m2. These subjects were taking no medications
and had no chronic illnesses. All subjects had a thigh skin-
fold thickness of less than 2 cm to ensure that the cold
stimulus reached the muscle as well as the fat; the applied
protocol was according to Merrick et al (19) and ensured
substantial cooling (down to about 23°C) beyond the fat
layer into the muscle. At 8:00 am, an ice pack weighing 2
kg was tightly applied to the skin over the left thigh for 30
min, and then removed. During the cold stimulus, subjects
reported that the site felt numb, and there was a rewarm-
ing sensation, but no unpleasant side effects or shivering
were observed. A fat and muscle (vastus lateralis) biopsy
was performed from the site of the cold stimulus, as well
as from the non-iced (control) leg using a 0.75 cm incision.
The fat was removed with a scalpel and with use of a
conchotome, and the muscle biopsy employed a Berg-
strom needle with syringe suction. These biopsies were
taken 4 h after conclusion of the ice application, since this
time period has been shown to be optimal to measure
changes in gene expression (20, 21). The iced leg was al-
ways biopsied first to ensure that the time period after
icing was the same between all the subjects.

Gene expression
Total RNA was isolated from human adipose tissue

using RNAeasy Lipid Tissue Mini (Qiagen) and RNA
quantity and quality were verified using an Agilent 2100
Bioanalyser. Real-time RT-PCR was performed as de-
scribed previously (22) using18S RNA to normalize the
data. The primers used for each of the RNAs tested are
shown in Supplemental Table S1.

Western blotting
Adipose tissue (50 mg) was lysed in 50 mM Tris,150

mM NaCl, 0.1% SDS, 0.5% Sodium Deoxycholate, and
1% IGEPAL CA-630, and 1X protease inhibitors (Cal-
biochem) by sonication. The lysate was then centrifuged at
1000 � g for 10 min at 4°C to remove cellular debris. Fifty
�g of lysate was resolved on a 10% SDS-PAGE gel, trans-
ferred to nitrocellulose, and immunoblotted as follows.
The membranes were blocked in tris buffered saline [TBS:
20 mM Tris(hydroxymethyl)aminomethane pH 8.0, 150
mM NaCl] with 1% casein, and the membranes were then

incubated with primary antibody for 1 h, washed three
times with TBS, incubated with IRDye 800CW secondary
antibodies (LI-COR Biosciences), washed three times with
TBS, and quantified using an Odyssey imaging system (LI-
COR Biosciences). Antibodies against UCP1 were ob-
tained from Millipore (AB1426) and used at a 1:1000
dilution. Antibodies against actin (used as a loading con-
trol) were from Sigma (A1978) and used at a 1:10 000
dilution.

Cell culture
Human adipocytes in culture were obtained by the in-

duction of differentiation of adult derived human adi-
pocyte stem cells (ADHASC) as described previously (23).
In brief, adipose tissue was obtained from patients under-
going liposuction of the subcutaneous WAT of the abdo-
men or thigh, and preadipocytes were obtained by colla-
genase digestion. The differentiation of the preadipocytes
was induced 2 days post confluence using a differentiation
medium [DMEM:Ham’s F-10 vol/vol 1:1, 3% FBS (Invit-
rogen), 15 mM Hepes pH 7.4 (Invitrogen), 33 �M Biotin
(Sigma), 17 �M pantothenate (Sigma), 1 �M dexameth-
asone (Sigma), 0.25 mM IBMX (Sigma), 1 � 10–7 M
Insulin (Novo Nordisk) and 1 �M rosiglitazone (Smith-
Kline Beecham)] for 3 days. The cells were then incubated
in the above differentiation medium without IBMX and
rosiglitazone with medium changes every 3 days until 80–
90% of the cells had lipid droplets (usually 7–10 days).

THP-1 monocytes were polarized to differentiate into
M1, M2a, and M2c macrophages using (for M1) 100
ng/ml LPS (R&D Systems) and 20 ng/ml INF-� (R&D
Systems), (for M2a) 25 nM phorbol ester 12-O-tetradeca-
noylphorbol-13-acetate (TPA) (Sigma) followed by 20
ng/ml of IL4 (R&D Systems), or (for M2c) IL10 (R&D
Systems), as described previously (15). After 16 h of dif-
ferentiation, the conditioned medium was made by replac-
ing the macrophage medium with �MEM with 2% FBS,
incubating for 24 h, and then harvesting the conditioned
medium.

Experimental treatment of differentiated ADHASC
cells

After ADHASC cells were fully differentiated, cells
were incubated in �-MEM with 2% FBS medium or mac-
rophage conditioned medium (above) in a 5% CO2 incu-
bator at 37°C for 12 h, subjected to cold shock at 16°C for
30 min, and allowed to recover for 4 or 24 h at 37°C as
indicated. Cells were also treated with conditioned me-
dium or medium containing 1, 10, or 100 ng/ml TNF�

(R&D) for 24 hours after cold shock at 16°C for 30 min
as indicated. Total RNA was isolated using RNAqueous

E2774 Kern et al Regulation of Thermogenic Genes in Human WAT J Clin Endocrinol Metab, December 2014, 99(12):E2772–E2779
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(Ambion), and gene expression was evaluated by real-time
PCR as described above.

Statistics analysis
Data in the tables are expressed as mean � SEM. Two-

sample t-tests were performed to compare winter and
summer with respect to dependent variables. Paired t-tests
were utilized to examine the acute response to cold in
WAT. In Figure 2 below, the interaction of season and
obesity, ie, the difference in seasonal effect for lean and
obese subjects, was assessed using a t-test from a linear
regression model using weights that account for possible
differences in variances across seasons. T-tests from this
model were also used to assess statistical significance with
respect to seasonal effects for lean and obese separately.
We used results from individual comparisons, rather than
MANOVA, because we were interested in which variables
differ between winter and summer, rather than using one
test to determine whether any differences occur. Addition-
ally, we used a multiple linear regression model to control
for any factors for which these groups are not comparable,
ie, adjusting for potential confounders. Statistical signif-
icance for all tests was set at P � .05. Analyses were per-
formed in SAS version 9.3 (SAS Institute).

Results

Seasonal changes in adipose tissue gene
expression

We measured gene expression in the abdominal SC ad-
ipose tissue of 55 subjects in group 1, and a subset of genes
in the thigh SC adipose tissue from the 16 subjects in group
2. UCP1 and PGC1� mRNA expression was higher in the
winter than the summer in abdominal SC adipose tissue
from group 1 (Figure 1A). In addition, the mRNA levels of
genes involved with energy utilization and lipolysis, such
as adiponectin, acetyl CoA carboxylase (ACC), and hor-
mone sensitive lipase (HSL) were all significantly higher in
the adipose biopsies from the winter than the summer
(group 1, Figure 1A), while housekeeping genes, such as
cyclophilin A did not change (not shown). Previous studies
have identified a number of genes in mouse adipocytes that
are specific to either beige or brown adipocytes (12). We
examined the expression of four “beige” gene markers,
and four “brown” adipose markers in the samples from
group 1. As shown in Figure 1B, two of the beige markers
that were previously identified in mice were significantly
increased in winter, whereas none of the brown adipose
markers were increased. To investigate whether thigh ad-
ipose tissue also responds to changes in season we mea-
sured UCP-1, PGC1�, and TMEM26 expression in group

2. All three genes were significantly elevated in winter
(Figure 1C) indicating that seasonal changes are not de-
pendent on fat depot. To assess UCP1 protein expression,
we immunoblotted abdominal SC fat from 8 summer and
8 winter subjects from group 1. There was increased UCP1
protein in the winter abdominal SC adipose tissue (Figure
1D).

Effect of BMI on seasonal induction of UCP1
Because there was an increase in SC WAT UCP1 and

PGC1� in the winter, we investigated whether there were
differences between subjects based on a low vs high BMI
in subjects from group 1 (see Table 1). Subjects were di-
vided into BMI less than or more than 30 kg/m2, and into
“summer” or “winter” according to the season of the bi-
opsy. There was no significant difference in male/female
ratio between the summer and winter groups (P � .94);
furthermore the insulin sensitivity index (SI) was not dif-

Figure 1. Seasonal changes in adipose tissue gene expression. (A)
and (B) Gene expression from abdominal SC adipose biopsies
performed in the summer and winter of subjects in group 1. (C) Gene
expression from thigh SC adipose biopsies performed in the summer
and winter of subjects in group 2. (D) Western blot for UCP1 of 16
subjects from group 1; S, summer; W, winter. UCP1 expression was
normalized to actin expression. Inset: example blot of the induction of
UCP1. *P � .05 vs summer.

doi: 10.1210/jc.2014-2440 jcem.endojournals.org E2775
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ferent between summer and winter for the group with BMI
over 30 (P � 1.0) or BMI under 30 (P � .19). For SI, BMI
and glucose values, the differences were predictably sig-
nificantly different between the subjects with BMI over 30
kg/m2 vs BMI under 30 kg/m2 (Table 1; group 1). UCP1
mRNA levels were higher in the winter in subjects with
BMI � 30 (Figure 2; P � .001), whereas for BMI � 30
subjects, the seasonal effect was blunted and no statisti-
cally significantly different between summer and winter
(Figure 2; P � .3). This interaction between BMI, UCP1,
and season was not influenced by age or gender. Thus,
there was a difference in the ability of lean/overweight
(BMI�30)andobese (BMI�30) subjects to induceUCP1
seasonally (Figure 2; interaction between season and BMI:
P � .04). This interaction between BMI and season was
not observed with other genes affected by season. In ad-
dition, we used a multiple linear regression model to adjust
for any confounders, such as age and gender. Using this
different statistical approach, we again observed a signif-
icant increase of UCP1 mRNA in the winter subjects with
BMI � 30 (Figure 2; P � .001), a blunted response for
BMI � 30 subjects (Figure 2; P � .3), and an interaction
between season and BMI (Figure 2; interaction between
season and BMI: P � .04). Importantly, we were able to
rule out gender (P � .25) and age (P � .54) as confounders;
thus, the groups are comparable with respect to these.

Acute response of adipose to cold
To examine the acute response to cold in WAT, we

performed adipose biopsies on physically fit subjects
(group 2) after an acute cold exposure. When comparing

the iced leg to the control, PGC1� mRNA expression was
induced 2.7-fold by cold exposure in the summer months
(group 2, Figure 3A, P � .015), and UCP1 also tended to
be induced (1.9-fold induction; P � .07), as shown in
Figure 3B. Interestingly, neither PGC1� nor UCP1 were
induced by cold exposure in the winter (not shown). This
was likely due to the already elevated baseline levels that
occur with the chronic cold exposure of the seasons (Fig-
ure 1, B and C). As a positive control for cold exposure, we
measured the expression of the cold shock protein RNA
binding motif 3 (RBM3) (24) and found that the cold
treatment induced the expression RBM3, as expected, by
1.74-fold (P � .05, data not shown).

Muscle biopsies were also performed in response to the
acute cold exposure on the thigh. RNA was extracted from
the muscle samples and gene expression was assessed. No

Figure 2. Effect of high BMI on seasonal induction of abdominal SC
UCP1 expression. The UCP1 mRNA data from the subjects in group 1
was grouped according to BMI more or less than 30 kg/m2 and by
season. *P � .05 vs “lean summer.”

Figure 3. Response to acute cold exposure. Thigh SC adipose was
obtained from 7 subjects from group 2 in the summer 4 h after a 30-
min cold exposure, and compared to the adipose tissue from the non-
iced thigh (PGC1�, P � .015; UCP1, P � .07; one-tailed t-test).
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change in gene expression of mitochondrial genes was de-
tected, but RMB3 was also not induced (data not shown)
indicating that the response to cold may be adipose tissue
specific.

In vitro response of human adipocytes
Recent studies have indicated that mouse adipocytes

can respond to the cold in a cell-autonomous manner,
without sympathetic nervous system stimulation (25).
Therefore, we tested whether differentiated human AD-
HASC cells would increase UCP1 and PGC1� in response
to a cold treatment in vitro. When ADHASC cells were
exposed to 16°C, there was an increase in both PGC1� and
UCP1 expression, along with an increase in PGC1� pro-
tein (Figure 4; P � .05). The increases in PGC1� and UCP1
were not observed immediately after the cold exposure,
but were noted 4 and 24 h after recovery from the cold

exposure. Because inflammation may play a role in the
inhibition of the seasonal response in obese subjects, we
treated ADHASC cells with conditioned media from
THP-1 cells polarized into M1, M2a, and M2c macro-
phages, as described in Materials and Methods. We found
that the conditioned medium from M1 and M2c macro-
phages inhibited both PGC1� and UCP1 expression from
adipocytes, and all macrophage conditioned media inhib-
ited the increase in PGC-1a and UCP-1 by cold (Figure 4,
A and B, respectively). M1 macrophage conditioned me-
dium was particularly effective at blunting the cold re-
sponse. To further evaluate this inhibition, we examined
the effects of TNF� and found that TNF� potently inhib-
ited the gene expression of PGC1� and UCP1 in cold-
treated ADHASC cells (Figure 4, A and B, respectively).

Discussion

With the recent discovery of functional BAT in humans
using radiologic methods, there has been renewed interest
in the ability of thermogenic tissues to combat obesity in
humans (26). Although it is clear that humans have depots
of BAT that are activated by cold, most of the basic re-
search has been in vitro and on rodent tissue.

An important question, however, concerns the func-
tional relevance of BAT depots in humans. Although the
thermogenic capacity of BAT is high, the total mass of
BAT in humans is low, and BAT depots are located in the
body cavity where temperature does not normally change.
On the other hand, many studies have demonstrated that
WAT has the ability to up-regulate its thermogenic capac-
ity and become “beige” (27). In mice, cold exposure makes
the typical interscapular BAT more thermogenic, but also
makes most typical WAT depots beige, especially the SC
WAT depot (6, 12, 13). This beiging effect in the SC WAT
likely provides an additional layer of defense against the
cold.

To our knowledge no previous studies have examined
human WAT for evidence of thermogenic gene induction
by season or acute cold exposure, and therefore we ex-
amined WAT from biopsies that were performed in the
summer and winter from both the abdominal and thigh SC
depots. In both depots, UCP1 and PGC1� were higher in
adipose biopsied in the winter than the summer. In the
abdominal SC WAT, other genes involved with lipolysis
and energy utilization (adiponectin, AMPK, HSL, and
ACC) were also elevated in the winter, as was the adipose
protein level of UCP1.

These data suggest that there are seasonal changes in
WAT thermogenic gene expression in free living subjects
who do not partake in extreme outdoor activities. Based

Figure 4. Effects of temperature and inflammation on adipocytes.
After human adipocytes were cultured and differentiated, they were
kept at 37°C (open bars) or placed at 16°C for 30 min and allowed to
recover for 4 h at 37°C (closed bars) as described in Materials and
Methods. (A) Changes in PGC1� with cold and in response to
macrophage conditioned medium or TNF�. As indicated, some
experiments were performed in the presence of conditioned medium
from M1, M2a, or M2c macrophages, or in the presence of the
indicated concentrations of TNF�. Inset: Western blot of PGC1� from
adipocytes that were kept at 37°C (control), or at 0, 4, and 24 h after
a 30 min exposure to 16°C. (B) Changes in UCP1 in response to cold,
macrophage conditioned medium or TNF�. *P � .05 vs control at
37°C. †P � .05 vs control cold.

doi: 10.1210/jc.2014-2440 jcem.endojournals.org E2777
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on the response to cold exposure in mice, one would ex-
pect SC WAT to become more beige (6). A limitation to the
current study is that we do not know whether the induc-
tion of these genes is due to the increased presence of gen-
uine beige adipocytes or increased expression of thermo-
genic genes in white adipocytes. Indeed, the increased
expression of TBS1 and TMEM26 suggests that there may
be an increase in beige adipocytes, but further studies are
needed to confirm this. In either case, the changes in gene
expression likely represent “healthier” WAT since PCG1�

has been shown to have beneficial properties in WAT (28).
It will be important in the future to characterize the adi-
pose depots histochemically and functionally.

To determine whether this seasonal increase in UCP1
was dampened by obesity, as was shown for human BAT
(7), we divided the subjects into groups based on BMI that
was in the obese (� 30 kg/m2) or in the normal to over-
weight (BMI � 30 kg/m2) range. Although obese subjects
whose biopsies occurred in the winter demonstrated
slightly higher levels of UCP1, these changes were not sig-
nificant. This effect of obesity could have been due to the
higher level of insulation from increased adiposity, al-
though the adipose biopsies are very superficial. It is also
possible that these differences represented behavioral
changes associated with obesity. A limitation of the study
was that the measurements for group 1 were not taken
from the same individuals in the summer and winter and,
therefore it will be important to confirm these outcomes
with a paired study design in the future.

To examine the effects of cold in a more dynamic man-
ner, we performed adipose biopsies before and after an
acute cold exposure. We chose a different adipose depot,
the anterior thigh, to determine whether the effects in ab-
dominal SC fat were found elsewhere, and to determine
whether therewasacold response inmuscle.A30mincold
exposure was sufficient to generate changes in WAT gene
expression (PGC1� and UCP1). Even though these sub-
jects all had skinfolds smaller than 2 cm, this cold exposure
failed to generate changes in muscle gene expression. Al-
though few studies have examined the effects of cold on
human WAT or muscle, a recent study exposed subjects to
10 days of progressively longer periods in a 16°C room
and found no change in either muscle or WAT mitochon-
drial markers (29). However, these subjects were all stud-
ied in winter and early spring. Based on our data, it is likely
that there was already up regulation of UCP1 and other
thermogenic genes in WAT and an additional cold expo-
sure was likely not effective.

The human studies suggested a link between the adi-
pose pathology of obesity and impaired winter UCP1 el-
evation. To examine the response of human adipocytes in
vitro, cells were exposed to 16°C for 30 min, which yielded

an increase in PGC1� and UCP1. Although adipocytes in
vivo are innervated and clearly respond to sympathetic
nervous system stimulation and plasma catecholamines
(30), there is also evidence for cold receptors on adipocytes
that will activate UCP1 expression (25, 31, 32). When cold
exposed adipocytes were exposed to inflammatory prod-
ucts, either macrophage conditioned medium or TNF�,
the cold response was considerably blunted. This effect
was especially pronounced with M1 macrophage condi-
tioned medium, indicating that a proinflammatory envi-
ronment blunts the beiging effect of WAT in response to
cold.

The BAT/beige adipose depots that are readily identi-
fied using FDG PET/CT have considerable metabolic ac-
tivity. These depots are often not detectable unless stim-
ulated by cold exposure (5), although there is evidence that
there are higher baseline levels of FDG PET/CT uptake in
the winter, compared to the summer (7), and previous
studies have noted that resting metabolic weight is in-
creased in the winter (33). Thus, available data suggest
that some element of adaptation to seasonal temperature
changes occur; weight loss would not be expected to result
from these changes in energy expenditure unless there was
some restriction of calories.

However, the source of these seasonal changes in en-
ergy metabolism is not clear. Some of this could be from
increased BAT activity, but most humans do not demon-
strate positive FDG PET uptake at baseline, even in the
winter, suggesting that other tissues are able to contribute
to seasonal thermogenesis. In a study involving measure-
ments of BAT activity, energy expenditure and tissue-level
rate of oxygen consumption, the mass of BAT varied in
humans between 2 and 85 g (usually less than 10 g) (34).
Upon cold stimulation, BAT activity and tissue-level ox-
ygen consumption increased, but cold-induced thermo-
genesis in BAT could only explain a small fraction of the
total increase in overall energy expenditure, leaving open
the possible contribution of other tissues, such as WAT.

Studies in rodents have noted pockets of beige/brite
adipocytes in WAT and these tissues become overtly beige
when the animal is exposed to cold (6, 12); our data sug-
gest that human WAT has the ability to induce thermo-
genic genes and show evidence of beiging. In addition, our
data support the thesis that this induction is inhibited by
inflammatory cytokines and by obesity. In contrast to
BAT mass, which in humans is small (34), SC WAT mass
is at least 1000-fold greater than that of BAT, and there-
fore even a small increase in UCP1-mediated mitochon-
drial uncoupling in WAT could significantly increase en-
ergy expenditure. These changes in energy expenditure
may occur naturally with seasons, and this effect could
potentially be manipulated through drug therapy.

E2778 Kern et al Regulation of Thermogenic Genes in Human WAT J Clin Endocrinol Metab, December 2014, 99(12):E2772–E2779

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/12/E2772/2833739 by U
niversity of Kentucky user on 18 August 2023



Acknowledgments

We thank Regina Dennis at the University of Arkansas for Med-
ical Sciences and Stacy BeBout and Doug Long at the University
of Kentucky for their assistance with subject recruitment.

Address all correspondence and requests for reprints to:
Philip A. Kern, MD, Division of Endocrinology, CTW 521, Uni-
versity of Kentucky, 900 S. Limestone St., Lexington, KY 40536.
E-mail: philipkern@uky.edu.

This work was supported by the following grants: DK80327
and DK71349 (P.K.), CTSA Grant No. UL1TR000117 and
P20RR021954.

Disclosure Summary: The authors have nothing to disclose.

References

1. Cannon B, Nedergaard J. Brown adipose tissue: function and phys-
iological significance. Physiol Rev. 2004;84:277–359.

2. Lowell BB, S-Susulic V, Hamann A, et al. Development of obesity in
transgenic mice after genetic ablation of brown adipose tissue. Na-
ture. 1993;366:740–742.

3. Virtanen KA, Lidell ME, Orava J, et al. Functional brown adipose
tissue in healthy adults. N. Engl. J. Med. 2009;360:1518–1525.

4. Wu J, Cohen P, Spiegelman BM. Adaptive thermogenesis in adi-
pocytes: is beige the new brown? Genes Dev. 2013;27:234–250.

5. Sacks H, Symonds ME. Anatomical locations of human brown ad-
ipose tissue: functional relevance and implications in obesity and
type 2 diabetes. Diabetes. 2013;62:1783–1790.

6. Frontini A, Cinti S. Distribution and development of brown adi-
pocytes in the murine and human adipose organ. Cell Metab. 2010;
11:253–256.

7. Saito M, Okamatsu-Ogura Y, Matsushita M, et al. High incidence
of metabolically active brown adipose tissue in healthy adult hu-
mans: effects of cold exposure and adiposity. Diabetes. 2009;58:
1526–1531.

8. Cypess AM, Lehman S, Williams G, et al. Identification and impor-
tance of brown adipose tissue in adult humans. N Engl J Med. 2009;
360:1509–1517.

9. Seale P, Bjork B, Yang W, et al. PRDM16 controls a brown fat/
skeletal muscle switch. Nature. 2008;454:961–967.

10. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman
BM. A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell. 1998;92:829–839.

11. Kajimura S, Seale P, Spiegelman BM. Transcriptional control of
brown fat development. Cell Metab. 2010;11:257–262.

12. Wu J, Boström P, Sparks LM, et al. Beige adipocytes are a distinct
type of thermogenic fat cell in mouse and human. Cell. 2012;150:
366–376.

13. Wang QA, Tao C, Gupta RK, Scherer PE. Tracking adipogenesis
during white adipose tissue development, expansion and regenera-
tion. Nat. Med. 2013;19:1338–1344.

14. Rasouli N, Kern PA. Adipocytokines and the metabolic complica-
tions of obesity. J Clin Endocrinol Metab. 2008;93:S64–73.

15. Spencer M, Yao-Borengasser A, Unal R, et al. Adipose tissue mac-
rophages in insulin-resistant subjects are associated with collagen VI
and fibrosis and demonstrate alternative activation. Am.J. Physiol
Endocrinol. Metab. 2010;299:E1016–E1027.

16. Spencer M, Finlin BS, Unal R, et al. Omega-3 Fatty acids reduce
adipose tissue macrophages in human subjects with insulin resis-
tance. Diabetes. 2013;62:1709–1717.

17. Boston RC, Stefanovski D, Moate PJ, Sumner AE, Watanabe RM,

Bergman RN. MINMOD Millennium: a computer program to cal-
culate glucose effectiveness and insulin sensitivity from the fre-
quently sampled intravenous glucose tolerance test. Diabetes Tech-
nol. Ther. 2003;5:1003–1015.

18. Bergman RN, Prager R, Volund A, Olefsky JM. Equivalence of the
insulin sensitivity index in man derived by the minimal model
method and the euglycemic glucose clamp. J. Clin. Invest. 1987;79:
790–800.

19. Merrick MA, Knight KL, Ingersoll CD, Potteiger JA. The effects of
ice and compression wraps on intramuscular temperatures at vari-
ous depths. J Athl Train. 1993;28:236–245.

20. Harber MP, Konopka AR, Jemiolo B, Trappe SW, Trappe TA,
Reidy PT. Muscle protein synthesis and gene expression during re-
covery from aerobic exercise in the fasted and fed states. Am J
Physiol Regul Integr Comp Physiol. 2010;299:R1254–1262.

21. Louis E, Raue U, Yang Y, Jemiolo B, Trappe S. Time course of
proteolytic, cytokine, and myostatin gene expression after acute ex-
ercise in human skeletal muscle. J Appl Physiol. 2007;103:1744–
1751.

22. Di Gregorio GB, Yao-Borengasser A, Rasouli N, et al. Expression of
CD68 and Macrophage Chemoattractant Protein-1 Genes in Hu-
man Adipose and Muscle Tissues: Association With Cytokine Ex-
pression, Insulin Resistance, and Reduction by Pioglitazone. Dia-
betes. 2005;54:2305–2313.

23. Rasouli N, Yao-Borengasser A, Varma V, et al. Association of scav-
enger receptors in adipose tissue with insulin resistance in nondia-
betic humans. Arterioscler Thromb Vasc Biol. 2009;29:1328–
1335.

24. Ferry AL, Vanderklish PW, Dupont-Versteegden EE. Enhanced sur-
vival of skeletal muscle myoblasts in response to overexpression of
cold shock protein RBM3. Am J Physiol Cell Physiol. 2011;301:
C392–402.

25. Ye L, Wu J, Cohen P, et al. Fat cells directly sense temperature to
activate thermogenesis. Proc. Natl. Acad. Sci. USA. 2013;110:
12480–12485.

26. Rosenwald M, Wolfrum C. The origin and definition of brite versus
white and classical brown adipocytes. Adipocyte. 2014;3:4–9.

27. Moreno-Navarrete JM, Escoté X, Ortega F, et al. A role for adi-
pocyte-derived lipopolysaccharide-binding protein in inflamma-
tion- and obesity-associated adipose tissue dysfunction. Diabetolo-
gia. 2013;56:2524–2537.

28. Kleiner S, Mepani RJ, Laznik D, et al. Development of insulin re-
sistance in mice lacking PGC-1alpha in adipose tissues. Proc. Natl.
Acad. Sci. USA. 2012;109:9635–9640.

29. van der Lans AA, Hoeks J, Brans B, et al. Cold acclimation recruits
human brown fat and increases nonshivering thermogenesis. J. Clin.
Invest. 2013;123:3395–3403.

30. Bartness TJ, Song CK. Thematic review series: Adipocyte Biology.
Sympathetic and sensory innervation of white adipose tissue. J Lipid
Res. 2007;48:1655–1672.

31. Rossato M, Granzotto M, Macchi V, et al. Human white adipocytes
express the cold receptor TRPM8 which activation induces UCP1
expression, mitochondrial activation and heat production. Mol Cell
Endocrinol. 2014;383:137–146.

32. Ma S, Yu H, Zhao Z, et al. Activation of the cold-sensing TRPM8
channel triggers UCP1-dependent thermogenesis and prevents obe-
sity. J Mol Cell Biol. 2012;4:88–96.

33. Kashiwazaki H, Dejima Y, Suzuki T. Influence of upper and lower
thermoneutral room temperatures (20 degrees C and 25 degrees C)
on fasting and post-prandial resting metabolism under different out-
door temperatures. Eur. J. Clin. Nutr. 1990;44:405–413.

34. Muzik O, Mangner TJ, Leonard WR, Kumar A, Janisse J, Granne-
man JG. 15O PET measurement of blood flow and oxygen con-
sumption in cold-activated human brown fat. J Nucl Med. 2013;
54:523–531.

doi: 10.1210/jc.2014-2440 jcem.endojournals.org E2779

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/99/12/E2772/2833739 by U
niversity of Kentucky user on 18 August 2023

mailto:philipkern@uky.edu

	The Effects of Temperature and Seasons on Subcutaneous White Adipose Tissue in Humans: Evidence for Thermogenic Gene Induction
	Repository Citation

	The Effects of Temperature and Seasons on Subcutaneous White Adipose Tissue in Humans: Evidence for Thermogenic Gene Induction
	Digital Object Identifier (DOI)
	Authors

	tmp.1692389208.pdf.0BWzj

