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Introduction
The primary function of s.c. white adipose tissue (WAT) is to store fat in unilocular adipocytes. However, in 
response to cold or β-adrenergic agonists, UCP1-expressing adipocytes form in white adipose depots (reviewed 
in ref. 1). These adipocytes are called beige adipocytes due to their unique properties, anatomical location, and 
developmental origin (2, 3). Beige adipocytes are functionally related to brown adipocytes, which dissipate 
energy in the form of heat. In addition to thermogenesis, energy dissipation allows brown adipose tissue (BAT) 
to protect against obesity in rodents (4–6). Whether recruitment of BAT or beige adipose can be utilized as an 
antiobesity therapy in humans is an open question (7). In addition to thermogenesis and energy expenditure, 
brown and beige adipose tissue are associated with improved glucose and lipid homeostasis and improved 
insulin sensitivity (SI) in humans and mice (8–17). Thus, there is tremendous interest in strategies to recruit and 
activate brown and beige adipose tissue to counteract the detrimental metabolic effects of obesity (1, 3).

BACKGROUND. The induction of beige adipocytes in s.c. white adipose tissue (WAT) depots of 
humans is postulated to improve glucose and lipid metabolism in obesity. The ability of obese, 
insulin-resistant humans to induce beige adipose tissue is unknown.

METHODS. We exposed lean and obese research participants to cold (30-minute ice pack 
application each day for 10 days of the upper thigh) or treated them with the β3 agonist mirabegron. 
We determined beige adipose marker expression by IHC and quantitative PCR, and we analyzed 
mitochondrial bioenergetics and UCP activity with an Oxytherm system.

RESULTS. Cold significantly induced UCP1 and TMEM26 protein in both lean and obese subjects, 
and this response was not associated with age. Interestingly, these proteins increased to the 
same extent in s.c. WAT of the noniced contralateral leg, indicating a crossover effect. We further 
analyzed the bioenergetics of purified mitochondria from the abdominal s.c. WAT of cold-treated 
subjects and determined that repeat ice application significantly increased uncoupled respiration, 
consistent with the UCP1 protein induction and subsequent activation. Cold also increased State 3 
and maximal respiration, and this effect on mitochondrial bioenergetics was stronger in summer 
than winter. Chronic treatment (10 weeks; 50 mg/day) with the β3 receptor agonist mirabegron 
induces UCP1, TMEM26, CIDEA, and phosphorylation of HSL on serine660 in obese subjects.

CONCLUSION. Cold or β3 agonists cause the induction of beige adipose tissue in human s.c. WAT; 
this phenomenon may be exploited to increase beige adipose in older, insulin-resistant, obese 
individuals.
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Studies in rodents indicate that cold strongly induces beige adipose in s.c. WAT depots, and recent stud-
ies have begun to address the induction of  beige adipose in humans in response to a variety of  stimuli (1, 3, 
18, 19). Baseline expression of  UCP1 is low in human s.c. WAT. We have reported that mRNA expression 
of  UCP1 and the beige adipose marker TMEM26 are induced by acute cold and by seasonal exposure, and 
we have reported that this induction is inhibited by obesity and inflammation (18, 19). This is consistent 
with studies demonstrating that BAT detected by PET CT is less in obese subjects (20–22). A study by 
Chondronikola et al. reported that UCP1 protein expression in abdominal s.c. WAT is higher in research 
participants in which BAT was detected by PET CT scans (10). Exercise may induce beiging in humans 
(recently reviewed in ref. 23). However, the strongest beiging of  human WAT occurs in disease states such 
as severe burn or in cancer patients with cachexia or pheochromacytoma (24–27). These studies clearly 
indicate that human s.c. WAT has the potential for beiging. However, strategies to induce beige adipose in 
humans with metabolic disease to improve glucose and lipid homeostasis are currently lacking.

In this study, we characterized the ability of  s.c. WAT from lean and obese insulin-resistant human 
subjects to beige in response to physiologic, localized cold, which consisted of  repeated, 30-minute per 
day cold exposure by applying an ice pack to the thigh or abdomen for 10 consecutive days. We quantified 
beiging by measuring the protein and mRNA expression of  UCP1 and TMEM26, along with mitochon-
drial bioenergetics, and determined whether baseline SI, BMI, age, or sex predicted the beiging response. 
Since obese subjects increased beiging in response to cold, we investigated whether we could induce beiging 
in obese subjects with chronic treatment (10 weeks; 50 mg per day) with mirabegron, a β3 receptor that 
acutely stimulates BAT in lean men (28).

Results
Repeated cold exposure upregulates UCP1 and TMEM26 expression in s.c. WAT. We previously reported 
that a single, 30-minute cold exposure induces UCP1 and TMEM26 mRNA expression in the thigh of  
lean subjects (19). Here, we wanted to determine whether repeated cold exposure increases UCP1 and 
TMEM26 protein expression and whether this is inhibited in obese, insulin-resistant subjects or is influ-
enced by other factors such as age or sex. Indeed, our previous work indicated that seasonal induction 
of  UCP1 in s.c. WAT is inhibited in obese subjects (19), and other studies on BAT in humans have found 
that it diminishes with age (20–22). This study was conducted in the summer because our previous 
work suggested that lean subjects have increased UCP1 in winter; therefore, responsiveness would be 
higher in the summer (19). The baseline characteristics of  the research participants are given in Table 1. 
As expected, the lean research participants had a lower BMI and were more insulin sensitive than the 
obese, and they had lower fasting glucose and trigylcerides (P < 0.01), and higher HDL (P < 0.05), than 
the obese subjects (Table 1).

We performed biopsies to obtain thigh s.c. WAT at baseline and after 10 days of  a 30-minute treatment 
per day with an ice pack in both the iced (cold) and the contralateral legs. This study design allowed us 
to address the effect of  cold and the potential response to activation of  the sympathetic nervous system 
(SNS). A portion of  the biopsies was used for analysis of  gene expression, and the remainder was fixed 
and used for IHC. We note that 5 of  the subjects in this study applied ice to their thigh and abdomen since 
they were part of  the mitochondrial bioenergetics study described below. S.c. WAT UCP1 mRNA expres-
sion increased in the leg exposed to cold in the lean subjects (Figure 1A; P < 0.05). However, this mRNA 
response to cold in the iced leg was blunted in obese subjects, demonstrating a significant difference in the 
ability of  lean and obese subjects to induce UCP1 mRNA expression (Figure 1A; response of  lean versus 
obese in cold treated leg, P < 0.05). UCP1 mRNA expression increased in the contralateral leg of  lean sub-
jects, but the increase failed to reach statistical significance (P = 0.11).

Next, we analyzed UCP1 protein expression by IHC. We determined the area of  UCP1 staining and 
normalized it to the number of  adipocytes in the field, since this study involved lean and obese research 
participants. Figure 1, B and C, show representative images of  lean and obese subjects, respectively, and the 
results are quantified in Figure 1D. Cold treatment increased UCP1 protein staining 2-fold in s.c. WAT of  
both the cold-treated and the contralateral leg in lean subjects (Figure 1D; cold, P < 0.0001; contralateral, 
P < 0.0001). Cold induced UCP1 protein expression in the s.c. WAT of  obese subjects, and there was a 
trend for induction of  UCP1 in s.c. WAT of  the contralateral leg (Figure 1D; cold, P < 0.01; contralateral 
leg, P < 0.1). The induction of  UCP1 protein was different than the induction of  UCP1 mRNA, which was 
inhibited in obese subjects (Figure 1A).
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We also evaluated TMEM26, a marker of  beige adipocytes (2). TMEM26 mRNA expression increased 
in the s.c. WAT of  the leg exposed to cold (P < 0.01) and of  the contralateral leg (P < 0.05) of  the lean 
subjects, but TMEM26 mRNA expression did not increase in the obese subjects (Figure 2A). TMEM26 
protein staining in the s.c. WAT of  the cold-treated leg (P < 0.0001) and the contralateral leg (P < 0.001) in 
lean subjects was higher than baseline (Figure 2, B–D). TMEM26 staining also increased in the s.c. WAT 
of  the cold-treated leg (P < 0.001) and the contralateral leg (P < 0.05) in obese subjects (Figure 2, B–D). 
Further analysis of  the data indicated that TMEM26 expression increased more in the cold-treated leg of  
the obese subjects than the lean subjects (P = 0.014). Overall, the pattern of  induction of  TMEM26 (Figure 
2) is consistent with the pattern of  induction of  UCP1 by cold (Figure 1).

Analysis of  the UCP1 staining pattern indicated that UCP1 was expressed in cells other than adi-
pocytes — possibly vascular structures. Therefore, we costained UCP1 with endothelial cell markers. As 
shown in Figure 3, A and B, there is some UCP1 costaining with CD31 and lectin, in addition to adipo-
cytes, which is revealed by a crescent-shaped pattern around unilocular adipocytes. Figure 3C shows an 
image in which signal in the green channel is increased to show the outline of  the adipocytes. This dem-
onstrates UCP1 staining in adipocytes in curved or crescent-shaped structures, as well as smaller punctate 
structures (arrows point to examples of  UCP1 associated with adipocytes in these patterns).

In summary, several interesting and unexpected findings were revealed by the immunohistochemical 
characterization of  UCP1 and TMEM26 expression in response to cold. These proteins were increased to 
the same extent in s.c. WAT of  contralateral leg as the cold-treated leg, suggesting that icing 1 leg activates 
a crossover effect, which we postulate is mediated by the SNS. We initially hypothesized that the beiging 
response to cold would be inhibited in obese subjects because we previously observed that seasonal induc-
tion of  UCP1 mRNA was blunted in obese subjects (19). However, the obese subjects induced beige protein 
markers equally as well as the lean subjects, indicating that beiging could potentially be exploited therapeu-
tically in obese subjects with metabolic disease.

Relationship between s.c. WAT beiging and SI, BMI, age, and sex. We performed regression analysis to deter-
mine whether SI, BMI, or age predicted the increase of  UCP1 or TMEM26 protein expression by repeated 
cold exposure. As shown in Figure 1D, UCP1 protein was induced in both lean and obese subjects. Consis-
tent with this, neither baseline Matsuda Index, homeostatic model assessment of  insulin resistance (HOMA-
IR), nor BMI predicted the change in UCP1 protein in either leg. The age range of  these subjects was 21–64 
years old, and age did not predict the change in UCP1 by cold. The correlations between age, BMI, Matsuda 
index, and the change in UCP1 in s.c. WAT of  the cold-treated leg are shown in Figure 4, A–C. Finally, there 
was no effect of  sex on UCP1 protein induction (cold, P = 0.52; contralateral, P = 0.56).

We repeated this analysis on the induction of  TMEM26 protein expression and had similar findings. 
Cold induced TMEM26 protein staining in s.c. WAT in the iced leg of  obese subjects more than the lean 

Table 1. Baseline characteristics of study subjects.

StudyA Cold Study Lean Subjects Cold Study Obese Subjects PB Mirabegron study obese 
subjects

Number 
(Sex, M/F)

17 
(6/11)

9 
(3/6)

6 
(1/5)

Age 42.5 ± 3.9 48.9 ± 4.2 0.546 50.2 ± 3.6
BMI 24.3 ± 0.6 36.1 ± 1.2 0.001 34.5 ± 1.5
SI (Matsuda) 5.6 ± 0.7C 2.3 ± 0.3 <0.0001 3.2 ± 0.5
HOMA-IR 1.5 ± 0.3C 4.0 ± 0.8 0.005 2.5 ± 0.2
Insulinogenic index 1.2 ± 0.2C 1.3 ± 0.2 0.42 0.9 ± 0.1
Disposition index 6.1 ± 1.1C 2.9 ± 0.5 0.008 2.8 ± 0.4
Fasting glucose 82.8 ± 1.6C 100.7 ± 6.7 0.008 98 ± 4
TG (mg/dl) 100.6 ± 21.4C 175.1 ± 35 0.0024D 97 ± 14
Cholesterol (mg/dL) 183.6 ± 8.4C 198.3 ± 16.3 0.40 202 ± 11
HDL (mg/dL) 62.1 ± 5.0C 46.8 ± 2.6 0.02 56 ± 8
LDL (mg/dL) 101.4 ± 7.4C 111.9 ± 10.9E 0.40 126 ± 6 
AData are presented as mean ± SEM. BA two-tailed Student’s t test was performed on cold-study lean versus obese research participants (n = 17 lean; n = 9 
obese) except where indicated. Cn = 12. DMann-Whitney U test. En = 8. TG, triglyceride. 
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subjects (Figure 2D). Consistent with this, the increase in TMEM26 protein was negatively correlated with 
the Matsuda Index and positively correlated with BMI in the cold-treated leg (Figure 4, D–F). As with UCP1, 
age did not predict the change in TMEM26 protein. Also, there was no significant effect of  sex on TMEM26 
protein induction. However, we did find a trend for males (all subjects combined) to have a greater increase in 
TMEM26 protein staining after cold than females (cold, P = 0.07; contralateral, P = 0.12; data not shown).

Cold and mitochondrial bioenergetics. Since cold increased UCP1 protein, we next determined whether 
this had functional consequences on mitochondria. We purified mitochondria from abdominal s.c. WAT 
of  11 lean subjects (Supplemental Table 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.121510DS1) before and after 10 days of  repeated cold exposure, which con-
sisted of  applying an ice pack to 1 side of  the abdomen and the thigh, and analyzed the bioenergetics in 
an Oxytherm system; we did not perform contralateral abdominal biopsies for this study. Cold increased 
UCP1 and TMEM26 protein staining in abdominal s.c. WAT (Supplemental Figure 1) in a manner similar 
to thigh (Figures 1 and 2). An example recording of  mitochondrial bioenergetics before and after cold is 
shown in Figure 5A. This protocol allowed us to assess State 3 and State 4 respiration, UCP-associated 
uncoupled respiration, and maximal uncoupled respiration (Figure 5). This procedure was conducted in 
the winter (n = 6) and summer (n = 5), and the results are analyzed altogether (Figure 5) and by season 
(Figure 6). There were no significant differences in the age or BMI of  the summer and winter subjects 
(Supplemental Table 1), and these subjects were similar to the lean subjects in the cold study (Table 1). 

Figure 1. Repeated cold exposure induces uncoupling 
protein 1 (UCP1) in human thigh s.c. white adipose tissue 
(WAT). An ice pack was applied to the thigh for 30 minutes 
each day for 10 consecutive days. S.c. WAT was isolated and 
subjected to mRNA analysis and UCP1 IHC as described in 
Methods. (A) UCP1 mRNA expression was determined in 
lean (n = 16) and obese (n = 8) biopsies. (B and C) adipose 
tissue sections (10 μm) were stained with rabbit anti-UCP1 
antibody; a representative image of UCP1 staining at base-
line and after 10 days of icing in the iced and contralateral 
legs of a lean (B) and obese (C) subjects is shown. Scale 
bars: 50 μm. (D) UCP1 staining was quantified in the lean  
(n = 17) and obese (n = 8) subjects. The data are expressed 
as area of UCP1 staining (μm2) per adipocyte number. The 
data were analyzed by a repeated-measures one-way 
MANOVA as described in Methods. Data represent mean ± 
SEM; *P < 0.05; ****P < 0.0001; #P < 0.1.
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Figure 5, A–C, shows that the addition of  free fatty acid (FFA), after induction of  State 4 respiration by 
oligomycin (Oligo), stimulates the oxygen consumption rate (OCR), and the subsequent addition BSA 
reverses this activation. This result is consistent with the activation of  UCP1, which requires FFAs. As 
shown in Figure 5D, 10 days of  cold increased uncoupled respiration (P = 0.05), which was defined as the 
difference between the Oligo and FFA OCRs. There was a trend for cold to increase maximal respiration, 
which was defined as the difference between the Oligo and FCCP OCRs (Figure 5E; P = 0.06). These data 
show that mitochondrial uncoupling function is enhanced in response to cold, consistent with the induc-
tion of  UCP1.

As indicated above, the abdominal s.c. WAT biopsies used in Figure 5 were performed in the summer 
(n = 5) and winter (n = 6). Since we and others have shown that there are seasonal differences in UCP1 
mRNA expression (19), we analyzed the effect of  cold on mitochondrial bioenergetics by season (Figure 
6, A–D). Surprisingly, there were no differences in the baseline OCRs in the summer and winter (Figure 
6, A and C). The data presented in Figure 6, A–D, suggest that cold had a greater effect on mitochondrial 
bioenergetics in the summer than in the winter. In the summer, cold significantly increased the State 3 

Figure 2. Repeated cold exposure induces trans-
membrane protein 26 (TMEM26) in human thigh s.c. 
white adipose tissue (WAT). S.c. WAT described in 
Figure 1 was isolated and subjected to mRNA analysis 
and TMEM26 IHC. (A) TMEM26 mRNA expression was 
determined in lean (n = 16) and obese (n = 8) biopsies. 
(B and C) Adipose tissue sections (10 μm) were stained 
with rabbit anti-TMEM26 antibody; a representative 
image of TMEM26 staining at baseline and after 10 days 
of icing in the iced and contralateral legs of a lean (B) 
and obese (C) subject is shown. Scale bars: 50 μm. (D) 
TMEM26 staining was quantified in the lean (n = 17) and 
obese (n = 8) subjects. The data are expressed as area 
of TMEM26 staining (μm2) per adipocyte number. The 
data were analyzed by a repeated-measures one-way 
MANOVA as described in Methods. Data represent 
mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001;  
****P < 0.0001.
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OCR (Figure 6E; P < 0.05), there was a trend for increased uncoupled respiration (Figure 6F; P = 0.06), 
and cold significantly increased maximal respiration (Figure 6G; P < 0.05). None of  these parameters were 
increased by 10 days of  acute cold exposure in the winter. To further analyze these data, we determined the 
change in the OCR caused by cold in the summer and winter. This analysis indicated that the change in 
the State 3 OCR and maximal respiration OCR was significantly higher in the summer than winter (Figure 
6, H and I; P < 0.05). Overall, these data suggest that cold stimulates multiple aspects of  mitochondrial 
bioenergetics more in the summer than winter.

Mirabegron upregulates UCP1, TMEM26, and CIDEA in obese, insulin-resistant subjects. The results pre-
sented in Figures 1 and 2 suggest that the beiging response of  obese subjects to cold is similar to lean 
subjects and that there is potential involvement of  the SNS, since there was a crossover effect on the 
contralateral (noniced) side (Figure 1D and Figure 2D). Because there is tremendous interest in thera-
peutic strategies to induce beige adipocytes and UCP1 in white adipose depots of  obese subjects to treat 
metabolic disease, we tested the ability of  mirabegron, a β3-agonist approved for the treatment of  overac-
tive bladder, to induce UCP1 in obese, insulin-resistant individuals. The baseline characteristics of  these 
research participants are given in Table 1. Treatment with mirabegron for 10 weeks was well tolerated, 
and there was no change in weight, blood pressure, or heart rate (Supplemental Table 2). Abdominal s.c. 
WAT biopsies were performed before and after 10 weeks of  mirabegron treatment. Mirabegron treatment 
increased UCP1 protein levels 3-fold (Figure 7, A and B; P < 0.001), TMEM26 8.7-fold (Figure 7, C and 
D; P < 0.01), and CIDEA 3.4-fold (Figure 7, E and F; P < 0.05). These results clearly indicate that mira-
begron induces the expression of  UCP1 and beige adipocyte markers to a higher degree than 10 days of  
repeated cold exposure (Figures 1 and 2).

Figure 3. Localization of uncoupling protein 
1 (UCP1) in s.c. white adipose tissue (WAT). 
S.c. WAT from a cold-treated leg described 
in Figure 1 was stained with rabbit anti-UCP1 
and cluster of differentiation 31 (CD31) (A) or 
lectin (B). (C) Green autofluorescence dem-
onstrates the outline of adipocytes. Arrows 
point to UCP1 localized to adipocytes. Scale 
bars: 50 μm. This is a representative image 
of an experiment done on obese and lean 
subjects (n = 3).
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To further explore the mechanism of  mirabegron effects, we examined other events expected to 
be activated in adipocytes by β3 receptor agonism. As shown in Figure 8, A and B, mirabegron treat-
ment induced phosphorylation of  HSL serine660 (P < 0.05), a residue phosphorylated by protein kinase 
A (PKA) that stimulates HSL activity, suggesting that mirabegron activates cAMP-protein kinase A 
signaling. There was considerable colocalization of  phospho-HSL serine660 staining with perilipin in 
unilocular adipocytes, indicating that HSL activation occurs in adipocytes (Supplemental Figure 2, 
A and B). Supplemental Figure 2, C and D, also show phospho-HSL serine660 staining in wheat germ 
agglutinin–positive areas, suggesting HSL activation in endothelial cells of  capillaries and vessels. 
HSL serine565 phosphorylation, which inhibits HSL activation, was not significantly increased (Fig-
ure 8C). Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) is important 
for beiging since it functions as a coactivator of  PPARα to induce UCP1 and upregulates mitochon-
drial biogenesis (29-30).  In rodents PGC1α is induced by βAR activation (31); however, we found that 
PGC1α was not induced by mirabegron treatment at the mRNA (Figure 8D) or the protein (Figure 
8E) levels (uncropped blots for the Figure 8E inset are shown in Supplemental Figure 3). Consistent 
with this, mirabegron treatment did not increase mitochondrial DNA (mtDNA) content (Figure 8F). 
Thus, PGC1α, which is an important regulator of  the beiging response, is not increased by mirabegron 
treatment in obese humans. Finally, we were unable to detect PRDM16, another protein that increases 
UCP1 expression, by immunoblotting in s.c. WAT either before or after mirabegron treatment.

Summary and conclusions. In summary, this study clearly shows that the protein expression of  UCP1 
and TMEM26 is induced in human s.c. WAT by cold and a selective β3 agonist. Unexpectedly, we found 
that icing 1 leg resulted in an equivalent beiging response in the contralateral leg, suggesting that contact 
of  a relatively small area, the thigh of  1 leg, with cold for a short duration stimulates the SNS. This study 
included research participants with a wide range of  BMIs, SI, and age, and our analysis indicated that 
neither these factors nor sex affected the beiging response. Mirabegron treatment increased the expression 
of  UCP1 and TMEM26 in obese subjects; however, the failure to induce PGC1α by mirabegron treatment 
in obese subjects may limit the beiging process. These studies clearly indicate the potential of  s.c. WAT of  
obese, insulin-resistant humans to beige.

Discussion
Beige adipocytes are readily induced in WAT in rodents by cold and β-adrenergic receptor agonists, and 
this improves glucose and lipid metabolism. Previously, we found that UCP1 mRNA expression is increased 
in the winter in lean humans and that this is blunted by obesity (19). Furthermore, human BAT is detected 
less with obesity and age (20–22). On the basis of  these previous studies, we hypothesized that the beiging 

Figure 4. Regression analysis of the beiging response to cold with age, BMI, and insulin sensitivity (SI). The change 
in uncoupling protein 1 (UCP1) and transmembrane protein 26 (TMEM26) staining in s.c. white adipose tissue of the 
cold-treated leg was calculated (cold-baseline). Regression analysis of the change in UCP1 (A–C) and TMEM26 (D–F) 
staining versus age (n = 25), BMI (n = 25), and SI (Matsuda Index; n = 20) is shown. Spearman correlation coefficients 
and significant P values from unpaired, two tailed student’s t-tests are indicated.
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response to repeated cold exposure would be impaired in obese, insulin-resistant subjects and in older sub-
jects. However, we found that the beiging response is not inhibited in either obese or older subjects. These 
findings may be highly significant since older, obese humans with metabolic disease would be the most 
clinically relevant target for therapies to increase beige adipose tissue.

Cold treatment induced UCP1 and TMEM26 protein expression to the same extent in the s.c. WAT 
from the contralateral limb as the leg directly exposed to cold, suggesting that cold stimulation of  1 limb 
can systemically activate the SNS. Little is known about the amount of  stimulus dosing (i.e., how much sur-
face are must be exposed to cold and for how much time) is necessary to activate the SNS in humans, but a 
recent paper also observed a crossover effect mediated by the SNS in humans using a cold water immersion 
protocol (32). We and others have reported cell autonomous induction of  UCP1 by cold using in vitro adipo-
cyte cell culture models (19, 33), and therefore, we expected that the cold-treated leg would have had more 
UCP1 induction than the contralateral leg, an effect independent of  the SNS. In this study, the biopsies were 
performed the day after the last cold treatment, and thus, there was time for any additional cold-mediated 
response in the cold-treated leg to diminish, possibly explaining the equal response that we observed. In a 
recent study, 10-day, whole-body exposure to cold (14°C–15°C) for up to 6 hours per day increased SI in 
diabetic subjects (17). It would be interesting to determine whether our protocol, which involves short-term 
exposure of  a limited skin area to cold, would also enhance SI.

We were surprised that UCP1 protein increased to the same extent in obese subjects as lean after 
cold exposure because our previous study on UCP1 mRNA indicated that seasonal upregulation of  UCP1 
mRNA was blunted in obese subjects (19). Consistent with this observation, induction of  UCP1 mRNA 
was blunted in obese subjects (Figure 1A), even though UCP1 protein was induced. One explanation for 
the difference in UCP1 mRNA and protein expression in Figure 1 is that there may have been a transient 
increase in UCP1 mRNA in the obese subjects during the response to cold, which was gone by the time of  
biopsy. Indeed, the half-life of  UCP1 protein is longer than the mRNA half-life (34). This, and other post-
transcriptional mechanisms such as an increase in UCP1 translation may explain the observation of  higher 
UCP1 protein than mRNA levels after icing; notably, we made a similar observation on TMEM26 mRNA 
and protein expression. Other factors may contribute to the induction of  beiging in obese humans. For 
instance, there have been studies that suggest that the SNS is activated by hyperinsulinemia that occurs with 
obesity (35–39), and this may promote induction of  UCP1 protein expression to counter obesity. SNS acti-
vation by hyperinsulinemia could also contribute to the increase in TMEM26 observed in the cold-treated 
leg of  obese subjects, which inversely correlated with BMI and insulin resistance.

Figure 5. Cold stimulates s.c. white adipose tissue (WAT) mitochondrial bioenergetics. (A) Abdominal s.c. WAT was 
isolated from subjects before and after cold exposure, mitochondria were purified, and the bioenergetics were analyzed 
using an Oxytherm system as described in Methods. An example trace shows the O2 level in the chamber during the 
course of the experiment for 1 subject before and after cold exposure. The substrates pyruvate (Pyr) and malate (Mal), 
adenosine diphosphate (ADP), oligomycin (Oligo), free fatty acid (FFA; 60 uM linoleic acid), fatty acid free BSA, and 
trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP; 10 μm) were sequentially added at the indicated times. The 
oxygen consumption rate (OCR; nmoles/min) was determined during each step. (B and C) Analysis of mitochondrial bio-
energetics before and after 10 days of repeated cold exposure. (D) Uncoupled respiration was determined by calculating 
the difference between the Oligo and FFA OCRs. (E) Maximal respiration was calculated by determining the difference 
between Oligo and FCCP OCRs. Data are represented as mean ± SEM (n = 11). The data were analyzed by a paired, 2-tailed 
student’s t test; *P < 0.05; #P < 0.1.
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Many studies have found that inducible BAT is diminished with aging (20, 22, 40, 41), and a recent in vitro 
study demonstrated that human adipose tissue stromal vascular cells from older subjects do not beige as well 
as those from younger subjects (42). Therefore, it was somewhat unexpected that the induction of UCP1 and 
TMEM26 was not inversely correlated with age. From studies of beige adipose formation in rodents, Kajimura 
and colleagues have postulated that, in the absence of stimulation, beige adipocytes hide or are masked in WAT 
depots and reveal themselves rapidly after stimulation (1). Our results would indicate that beige adipocytes may 
be able to hide for very long periods of time during aging or the development of obesity in humans.

The results of  our mitochondrial bioenergetics experiments indicate that cold increases FFA-mediated 
uncoupling and maximal respiration. Furthermore, this response is greater in the summer than winter. This 
increase in responsiveness in the summer is possibly due to continuous seasonal exposure to cold in the 
winter, dampening the response to repeated icing. Seasonal exposure to cold would be predicted to increase 
baseline uncoupling; however, as shown in Figure 6, baseline uncoupling was not higher in the winter, and 
stimulation of  uncoupling by cold was not as strong in the winter. UCP1 activity is regulated in a complex 
manner beyond protein expression levels. For instance, reactive oxygen species render UCP1 more sensitive 
to β-adrenergic stimulation (43), and CIDEA inhibits UCP1 activity by an undefined mechanism (44). It 
will be important to determine whether these are regulated by acute cold and by season in s.c. WAT in the 
future. We also note that summer and winter subjects were not the same; a paired study design may allow 
us to detect seasonal changes in the future. Since mitochondrial dysfunction is postulated to contribute to 
adipose dysfunction in obesity (45–47), it will be important to determine whether cold has similar effects 
on mitochondrial bioenergetics in obese humans. Finally, it is important to consider that cells other than 

Figure 6. Cold changes mitochondrial bioenergetics more in the summer than winter. The oxygen consumption rate (OCR) data from Figure 5 were 
analyzed by season. (A and B) Mitochondrial bioenergetics at baseline and after cold in the summer (n = 5). (C and D) Mitochondrial bioenergetics at 
baseline and after cold in the winter (n = 6). (E–G) The baseline and cold OCRs for State 3 respiration, uncoupling protein–mediated uncoupled respira-
tion, and maximal uncoupled respiration at baseline and in response to cold in the summer; these values were calculated as described in Figure 5. (H and 
I) The change (cold-baseline) in State 3 and maximal OCRs stimulated by cold in summer and winter. Data are represented as mean ± SEM. The data were 
analyzed by a paired, 2-tailed student’s t test; *P < 0.05; #P < 0.1.
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adipocytes, such as endothelial cells, express UCP1. This may have some impact on the mitochondrial 
bioenergetics in this study of  whole adipose tissue.

Stimulation of  the β3 receptor has long been postulated to have beneficial metabolic effects in obe-
sity. In past clinical trials, there was difficulty in obtaining selective β3 compounds (side effects observed 
were tremor and tachycardia from β1 crossover effects) and with bioavailability (48, 49); however, several 
relatively specific β3 drugs have been used in human trials. Initially, body weight reduction and increased 
resting metabolic rate were expected outcomes, and results were usually disappointing (50, 51). Howev-
er, CL-316,243 treatment of  lean subjects increased glucose disposal and decreased respiratory quotient, 
which preceded any weight loss (52). Mirabegron was developed as a specific β3 agonist for the treatment 
of  overactive bladder at a clinically indicated dose of  25 or 50 mg/day. A recent review summarized multi-
ple phase II and III studies and confirms the generally excellent cardiovascular safety record of  mirabegron 
(53). At higher doses of  100 and 200 mg/day, there were significant increases in pulse or blood pressure, 
but these effects were generally asymptomatic and not associated with cardiovascular outcomes (53, 54). 
It should be noted that the target population of  patients with overactive bladder are mostly older women 
(mean age 57; ref. 54), who would be susceptible to cardiovascular side effects, and hence similar to the 
population that would theoretically be treated with a β3 agonist for metabolic syndrome.

Mirabegron treatment for 10 weeks clearly increased beige adipose UCP1, TMEM26, and CIDEA protein 
expression and HSL serine660 phosphorylation in this cohort of  obese, insulin-resistant subjects. The increase 
in UCP1 by mirabegron was approximately 1.5-fold more than in our 10-day repeated cold study. PGC1α was 
not induced by mirabegron. We and others (1, 19) have shown that inflammatory cytokines and TGFβ inhibit 
PGC1α expression. It is possible that the increased number of  macrophages in obese adipose tissue (55, 56) 
inhibit the induction of  PGC1α by β-adrenergic receptor activation, limiting the beiging response. Consistent 
with this idea, we have shown that PGC1α mRNA expression is induced by cold in lean subjects rapidly (4 
hours) after the stimulus (19). Future studies will determine whether longer-term treatment or the combina-
tion of  a β3 agonist with diet or other drugs will increase PGC1α expression to further promote beiging.

In summary, human s.c. WAT clearly increases protein expression of  beige adipose markers in response 
to cold, and this is not associated with BMI, insulin resistance, or age. The finding that exposing a small 

Figure 7. Mirabegron treatment induces beige adipocyte markers in obese subjects. S.c. white adipose tissue (WAT) 
was isolated from obese subjects before and after treatment with 50 mg mirabegron per day for 10 weeks. (A and B) 
Uncoupling protein 1 (UCP1), (C and D) transmembrane protein 26 (TMEM26), and (E and F) cell death–inducing DNA 
fragmentation factor-α–like effector A (CIDEA) were analyzed by IHC as described in Methods and quantified. Scale 
bars: 50 μm. Data represent mean ± SEM (n = 6) and were analyzed by a paired, 2-tailed student’s t test; ***P < 0.001; 
**P < 0.01; *P < 0.05.
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surface area of  skin induces a whole-body response is a potentially novel finding. Furthermore, the observa-
tion that s.c. WAT beiging in response to cold is not reduced in older or obese, insulin-resistant subjects was 
unexpected. Mirabegron also induces the expression of  beige adipose markers. Future studies will determine 
whether adipose beiging and mirabegron treatment are related to improved glucose and lipid homeostasis.

Methods
Human subjects and study design. Subjects were recruited from the Lexington, Kentucky (USA), area in the sum-
mer (June 1 and September 15; mean temperature 20°C–24°C) and the winter (December 1 and March 21; 
mean temperature 4°C–8°C) as indicated. No subjects worked outdoors. All subjects had baseline bloodwork, 
which included thyroid testing, and all were normal. To determine the effect of cold on s.c. WAT beiging, lean 
(BMI < 27) and obese (BMI > 30) research participants were studied. SI (Matsuda Index) was determined before 
the study, as described (57). Baseline biopsies of thigh fat were obtained in the morning from fasting subjects as 
described (18). The research participants then applied an ice pack to their thigh for 30 minutes each day for 10 
consecutive days, and on the next morning, a thigh adipose biopsy was performed on the iced leg and the con-
tralateral leg. A subset of lean subjects also had abdominal biopsies, which were used to obtain mitochondria; 
these subjects applied an ice pack to one side of their abdomen for 10 consecutive days in addition to icing their 
thigh. To determine the effect of the β3 agonist mirabegron on s.c. WAT beiging, obese (BMI > 30) research 
participants were studied. Baseline s.c. WAT biopsies were performed on the abdomen before and after 10 weeks 
of mirabegron treatment (50 mg/day). Research participants were not blinded to the intervention.

IHC on adipose tissue. IHC on UCP1, TMEM26, and CIDEA expression was performed as described (18). 
We did not quantify staining in fibrotic areas. Sections from the same person were always stained simultane-
ously, and images were obtained using similar exposure times for all sections. The area stained by a particular 
antibody was assessed using a thresholding feature of  Zeiss software (Axiovision) and was normalized to adi-
pocyte number since we studied both lean and obese subjects, which have different adipocyte sizes. To ensure 
the specificity of  the UCP1 antibody, we used 2 controls: (a) a negative control was processed without no pri-
mary antibody, and (b) UCP1 peptide inhibition was performed by incubating the antibody with peptide used 
to make the UCP1 antibody for 30 minutes before applying it to the tissue section. Incubation with UCP1 
peptide completely inhibited UCP1 staining (Supplemental Figure 4). IHC on phospho-HSL serine660, phos-
pho-HSL serine565, perilipin, and endothelial cells was performed as follows. Tissue samples were incubated 

Figure 8. Mirabegron treatment increases hormone sensitive lipase (HSL) serine660 (P-Ser660) phosphorylation but does not induce peroxisome prolif-
erator–activated receptor γ coactivator 1-α (PGC1α) expression. (A and B) HSL phosphorylation on residue serine660 was characterized in abdominal s.c. 
white adipose tissue (WAT)before and after mirabegron treatment by IHC and quantified as described in Methods. Scale bars: 10 μM. (C) HSL phosphory-
lation on serine565 was determined by IHC. (D) PGC1A mRNA expression was determined by quantitative PCR as described in Methods. (E) PGC1α protein 
expression was determined by immunoblotting as described in Methods. Inset, PGC1α and actin immunoblots (uncropped blots are shown in Supplemen-
tal Figure 3). (F) The mitochondrial DNA/nuclear DNA ratio was determined as described in Methods. The data represent mean ± SEM. The data in B–F 
were analyzed by a paired student’s, 2-tailed t test (n = 6, except E [n = 3]; *P < 0.05).
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with blocking serum (10% normal goat serum for 3 hours at room temperature) and with specific primary 
antisera overnight. Samples were rinsed and incubated with biotinylated goat anti-rabbit antibody (Jackson 
ImmunoResearch, catalog 11-065-003), rinsed and incubated with Strepavidin-HRP #S911,Life Technolo-
gies), and rinsed and incubated with  AlexaFluor 594 tyramide reagent (Invitrogen, catalog B40957). Speci-
ficity of  stains was assessed from samples incubated with secondary antibodies alone. Nuclei were stained 
by mounting in ProLong Gold Antifade Reagent with DAPI. For pHSL staining, sections were visualized 
on a confocal microscope (BioRad MRC1024). For fluorescent intensity assessment, at least 3 independent 
fields were obtained for each human sample, and signal was quantified using open source Fiji image pro-
cessing package (https://loci.wisc.edu/software/fiji). In each case, the specific signal was normalized to the 
signal from lipid droplet–associated perilipin. The catalog numbers of  the antibodies are as follows: UCP1 
(ab10983, Abcam); custom antibody to the same UCP1 peptide (residues 145–159) was from ECM Bioscienc-
es (catalog J2648); TMEM26 (NBP2-27334, Novus Biologicals); CIDEA (H00001149-M01, Novus Biologi-
cals); CD31 (8306, Santa Cruz Biotechnology Inc.); Lectin from Ulex europaeus TRITC conjugate  (L4889, 
MilliporeSigma); phospho-HSL (serine565, 4137; serine660, 4126, Cell Signaling Technology); perilipin–Alexa 
Fluor 488 conjugate (Novus Biologicals, catalog NB110-40760AF488). Wheat germ agglutinin Alexa Fluor 
633 (catalog W21404) conjugate and goat anti-rabbit Alexa Fluor 546 (catalog A11035 ) were from Thermo 
Fisher Scientific. Normal goat serum was obtained from Jackson ImmunoResearch Laboratories, and Pro-
Long Gold Antifade Reagent with DAPI was from Invitrogen.

mRNA quantification. mRNA purification and quantitative PCR was performed using a standard curve 
as described (18). Gene expression was normalized to the expression of  the geometric mean of  6 house-
keeping genes; the primer sequences of  UCP1, TMEM26, PGC1α, and the housekeeping genes are listed 
in Supplemental Table 3.

mtDNA. The ratio of mtDNA to nuclear DNA (nDNA) was determined by real-time PCR. DNA from 
abdominal s.c. adipose was purified with a DNeasy Blood & Tissue Kit (Qiagen, catalog 69504). Primers were 
designed with Primer-BLAST/BLAST (National Center for Biotechnology Information). Real-time PCR of 6 
targets (3 mitochondrial, 3 nuclear) was performed using Sybrgreen qPCR assay on the Quant Studio 3 Real-
Time PCR System (Applied Biosystems) using the following thermal profile: 95°C for 10 minutes; 40 cycles of  
95°C for 15 seconds, 55°C for 15 seconds. Absolute quantification was obtained using a standard curve. The 
ratio of mtDNA/nDNA was calculated by dividing the geometric mean of MT-ND1, MT-ND4, and MT-ND6 
by the geometric mean of BECN1, CYPB, and NEB1. The primer sequences are listed in Supplemental Table 3.

Immunoblotting. Adipose tissue (50 mg) was lysed in 100 μl RIPA buffer (50 mM Tris, 150 mM NaCl, 
0.1 % SDS, 0.5 % Sodium Deoxycholate, and 1% IGEPAL CA-630) with 1× protease inhibitors (Calbio-
chem) by sonication. The lysate was then centrifuged at 1,000 g for 10 minutes at 4°C to remove cellular 
debris. Lysate (50 μg) was resolved on a 10% SDS-PAGE gel, transferred to nitrocellulose, and immu-
noblotted as follows. The membranes were blocked in Tris buffered saline (TBS: 20 mM Tris pH 8.0, and 
150 mM NaCl) with 1% casein, incubated with IRDye 800CW donkey anti-rabbit secondary antibodies 
(925-32213, LI-COR Biosciences) for 1 hour, washed 3 times with TBS, and quantified using an Odyssey 
imaging system (LI-COR Biosciences). Antibodies against PGC1α (NBP1-04676, Novus Biologicals) were 
used at a 1:1,000 dilution. Antibodies against actin (used as a loading control) were from MilliporeSigma 
(A1978) and used at a 1:10,000 dilution.

Isolation of  mitochondria from human adipose tissue. The mitochondrial isolation technique was adapted from 
(58, 59) and carried out on ice or at 4°C. Abdominal s.c. WAT (3–4 g) was placed immediately in 25 ml ice-cold 
mitochondrial isolation buffer (MIB, 215 mM mannitol, 75 mM sucrose, 0.1 % BSA, 1 mM EGTA, 20 mM 
HEPES, pH 7.2). The tissue was finely minced using scissors, divided into 3 equal parts, and homogenized 
in 4 ml MIB at 200 rpm (8–10 times up and down) using a motorized Glass/Teflon Potter Elvehjem homog-
enizer. The homogenates were pooled and centrifuged at 1,300 g for 3 minutes. The top fat layer was carefully 
removed, and the supernatant was distributed into 2-ml tubes. The tubes were centrifuged at 1,300 g for 3 
minutes, and the supernatant was then removed and centrifuged at 13,000 g for 10 minutes. The supernatants 
were discarded, and all the pellets were combined, resuspended in MIB, and centrifuged at 13,000 g for 10 
minutes, and the supernatant was discarded. The mitochondrial pellets were suspended in MIB without EGTA 
to achieve a concentration greater than 10 mg/ml, and the protein content was measured using a BCA kit 
(Thermo Fischer Scientific, catalog 23227) according to the manufacturer’s instructions.

Mitochondrial bioenergetics. Mitochondrial bioenergetics were assessed using an Oxytherm System 
(Hansatech Instruments) as previously described (60, 61). Briefly, mitochondria equivalent to 150 μg of  
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mitochondrial protein were added to the Oxytherm chamber containing 250 μl mitochondrial respiration 
buffer (125 mM KCl, 2 mM MgCl2, 2.5 mM KH2PO4, 20 mM HEPES, pH adjusted to 7.2) at 37°C under 
constant stirring. Complex I–mediated respiration (NADH-driven) was initiated by adding pyruvate and 
malate (5 mM and 2.5 mM, respectively) followed by addition of  ADP (300 μM final in 2 steps) to induce 
State 3 respiration. The ATP synthase activity was then inhibited by the addition of  2.5 μM Oligo to induce 
State 4 respiration. Uncoupling protein–driven respiration was induced by addition of  60 μM linoleic acid. 
To shut down uncoupling, fatty acid free BSA (3%) was added to sequester FFA. Finally, maximum respira-
tion was measured in the presence of  10 μM trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP). 
The OCRs were determined and are expressed as nanomoles/min. Uncoupled respiration was defined 
as the difference between FFA-induced respiration and State 4 respiration, and maximal respiration was 
defined as the difference between FCCP-induced respiration and State 4 respiration.

Statistics. Analyses of the induction of beige adipocyte markers presented in Figure 1, Figure 2, and Supple-
mental Figure 1 were conducted via the use of multivariate Gaussian linear models with unstructured working 
covariance, and inference was conducted using t tests and the Kenward and Roger adjustment for standard 
error estimation and degrees of freedom calculation. This approach is analogous to repeated-measures mul-
tivariate ANOVA (MANOVA) and accounts for the statistical correlation among the 3 outcomes from each 
subject. Spearman correlations were used to assess associations of outcomes with age and BMI. Outcomes 
were also categorized by sex. Wilcoxon exact tests were used to test for differences between males and females. 
Analyses were conducted in SAS version 9.4 (SAS Institute). Paired Student’s t tests and Mann-Whitney U 
tests were performed where indicated in Graphpad Prism version 7.0. We identified an outlier in the obese 
group who had very high baseline expression of UCP1 and removed the subject from the study. All tests were 
2-sided, and statistical significance for all tests was set at P ≤ 0.05.

Study approval. All subjects gave informed consent, and the protocols were approved by the IRB at the 
University of  Kentucky.
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