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Brown adipose tissue (BAT) is known to function in the dissipation of chemical energy in response to cold 
or excess feeding, and also has the capacity to modulate energy balance. To test the hypothesis that BAT is 
fundamental to the regulation of glucose homeostasis, we transplanted BAT from male donor mice into the 
visceral cavity of age- and sex-matched recipient mice. By 8–12 weeks following transplantation, recipient mice 
had improved glucose tolerance, increased insulin sensitivity, lower body weight, decreased fat mass, and a 
complete reversal of high-fat diet–induced insulin resistance. Increasing the quantity of BAT transplanted 
into recipient mice further improved the metabolic effects of transplantation. BAT transplantation increased 
insulin-stimulated glucose uptake in vivo into endogenous BAT, white adipose tissue (WAT), and heart muscle 
but, surprisingly, not skeletal muscle. The improved metabolic profile was lost when the BAT used for trans-
plantation was obtained from Il6–knockout mice, demonstrating that BAT-derived IL-6 is required for the 
profound effects of BAT transplantation on glucose homeostasis and insulin sensitivity. These findings reveal 
a previously under-appreciated role for BAT in glucose metabolism.

Introduction
The increased prevalence of obesity worldwide has been paral-
leled by an alarming increase in the rate of type 2 diabetes (1), and 
this growing epidemic has underscored the need to elucidate the 
molecular basis for obesity as well as develop novel treatments for 
this condition. Obesity is characterized by an expansion of adi-
pose tissue mass. However, of the major adipose tissue depots, 
only brown adipose tissue (BAT) is inversely correlated with BMI 
in humans (2, 3), and it consumes large amounts of energy for 
thermogenesis (4). BAT is a highly energetic organ that not only 
utilizes its unique expression of uncoupling protein 1 (UCP1) for 
uncoupling of respiration (i.e., cold or diet-induced thermogen-
esis), but is also a mitochondrially rich tissue that uses glucose and 
fatty acids as a fuel (5–8). Adult humans have substantial depots 
of metabolically active BAT (2, 3, 7, 9), suggesting that BAT may 
play a fundamental role in the maintenance of a leaner and more 
metabolically healthy phenotype.

These factors have led to the concept that BAT transplantation 
could be used as a therapeutic tool to combat obesity and meta-
bolic disease (10–14). Nonetheless, these efforts have been ham-
pered by the limited success in developing BAT transplantation 
models that can be sustained for more than 3–4 weeks (15–17). 
Consequently, the effects of BAT transplantation on metabolic 
homeostasis have not been established. In the current study, we 
examined whether increasing BAT mass by transplantation would 
improve whole-body and tissue-specific metabolism and, if so, the 
mechanism for this effect. We found that BAT transplantation, in 
both chow-fed and high-fat diet–fed mice, significantly decreased 
body weight and improved glucose metabolism and insulin sensi-
tivity. The mechanism for this effect involves BAT-derived IL-6, as 
transplantation of BAT from Il6-knockout mice failed to signifi-
cantly improve glucose homeostasis and insulin sensitivity.

Results
Transplantation of BAT improves glucose tolerance and insulin sensitivity. 
To determine whether increased BAT mass improves metabolic 
homeostasis, we studied the effects of BAT transplantation on 
glucose tolerance, insulin sensitivity, and changes in body com-
position in mice. BAT (0.1 g) from 12-week-old C57BL/6 donor 
male mice was transplanted into the visceral cavity of age-matched 
male mice by placing the tissue superior to the epididymal fat pad. 
There was no initial effect of BAT transplantation on glucose 
tolerance; however, by 8 weeks after transplantation, there was a 
significant improvement in glucose tolerance compared with 3 
control groups: sham-operated mice, mice transplanted with a 
0.15-g glass bead, and mice transplanted with 0.1 g visceral WAT 
(Figure 1, A–C). The 3 control groups showed a steady decrease 
in glucose tolerance over time, demonstrating progressive insulin 
resistance with increasing age (Figure 1B). Strikingly, from 6 weeks 
after transplantation, there was no decline in glucose tolerance in 
the mice transplanted with BAT (Figure 1B).

To assess whole-body insulin sensitivity, we performed insulin tol-
erance tests (ITTs) 12 weeks after transplantation of BAT into the 
visceral cavity. There was a significant increase in insulin sensitivity 
in mice receiving BAT transplants compared with control groups 
(Figure 1D). These data demonstrate that transplantation of BAT 
into the visceral cavity of mice results in a dramatic improvement in 
whole-body glucose homeostasis and insulin sensitivity.

The improved insulin sensitivity in the mice receiving BAT trans-
plants was associated with a reduction in body weight and fat mass 
at 12 weeks after transplantation, while total lean mass was unal-
tered (Supplemental Figure 1, A–C; supplemental material available 
online with this article; doi:10.1172/JCI62308DS1). Food intake 
(Supplemental Figure 1D) was not changed, whereas energy expen-
diture was significantly increased (Supplemental Figure 1E). There 
was no effect of BAT transplantation on spontaneous activity or 
respiratory exchange rate (RER) (Supplemental Figure 1, F and G). 
Mice that received 0.1 g BAT had an overall increase in carbohydrate 
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and fatty acid oxidation, resulting in no change in RER. Triglycer-
ide concentrations in skeletal muscle and liver, and cardiovascular 
parameters including heart rate and blood pressure (Supplemental 
Tables 1 and 2), were also unaffected by BAT transplantation. Thus, 
the improved glucose homeostasis with BAT transplantation into 
the visceral cavity is accompanied by decreased body weight and fat 
mass, and increased energy expenditure.

In contrast to these beneficial effects of BAT transplantation 
into the visceral cavity, transplantation of BAT into the subcutane-
ous cavity of mice did not result in changes in glucose tolerance 
(Supplemental Figure 1H). The lack of effect of BAT transplanta-
tion into the subcutaneous cavity was not likely due to a lack of 
vascularization, since the two transplantation procedures result-
ed in similar CD31 protein expression (Supplemental Figure 1I). 
However, BAT transplantation into the visceral cavity resulted in 
significantly more tyrosine hydroxylase (TH) protein expression 
(Supplemental Figure 1J), suggesting that lack of innervation with 
subcutaneous transplantation may account for the ineffectiveness 
of BAT transplantation on glucose tolerance in this location. To 
determine whether autonomous transplantation of BAT would 
improve glucose tolerance, we studied an additional cohort of mice. 
Interscapular BAT was removed and transplanted into the visceral 
cavity of the same mice. These mice with autonomous BAT trans-
plantation had a significant improvement in glucose tolerance test 
compared with sham-operated controls, however, not to the extent 
of mice transplanted with BAT from donor mice (Supplemental 
Figure 1K). The mice that underwent autonomous BAT transplan-
tation did not show decreases in body weight (37 ± 5 g in sham vs. 
35 ± 3 g in mice receiving autonomous BAT transplantation) or 

percent fat mass (31% ± 3% in sham vs. 21% ± 10% in mice receiving 
autonomous BAT transplantation). All subsequent experiments 
were done using transplantation of BAT into the visceral cavity.

After observing the beneficial effects of BAT transplantation 
into the visceral cavity in mice on a chow diet, we hypothesized 
that increasing BAT in mice would ameliorate the well-established 
effects of high-fat feeding to impair glucose homeostasis. Mice 
at 6 weeks of age were fed a high-fat diet for 6 weeks, underwent 
transplantation of 0.1 g BAT from chow-fed donors, and were main-
tained on the high-fat diet for an additional 12 weeks. High-fat feed-
ing increased body weights, an effect partially attenuated with BAT 
transplantation (Figure 2A). Remarkably, high-fat feeding did not 
impair glucose tolerance in mice receiving BAT (Figure 2, B and C).

To determine whether the effects of BAT transplantation on glu-
cose homeostasis were dose dependent, we studied mice maintained 
on a chow diet following transplantation with 0.1 g or 0.4 g BAT 
or sham operation. Body weights at 12 weeks after transplantation 
were similarly decreased in mice receiving 0.1 or 0.4 g BAT (Figure 
2D). Mice receiving 0.4 g BAT had a significant improvement in glu-
cose tolerance compared with both sham-operated mice and mice 
receiving 0.1 g BAT at 12 weeks after transplantation (Figure 2, E 
and F), demonstrating a dose-dependent effect of BAT transplan-
tation. BAT transplantation also resulted in a more favorable cir-
culating lipid and hormonal profile (Supplemental Table 3), with 
decreases in plasma insulin, cholesterol, and leptin concentrations 
and a tendency toward a decrease in free fatty acids, albeit with no 
difference between mice receiving 0.1 or 0.4 g BAT. Taken together, 
these data conclusively demonstrate that transplantation of BAT 
into mice results in a significantly improved metabolic profile.

Figure 1
BAT transplantation improves glucose tolerance and increases whole body insulin sensitivity. (A–C) Mice received transplants of 0.1 g BAT, a 
0.15-g glass bead, or 0.1 g WAT or were sham operated. For glucose tolerance tests (GTT), mice were injected with 2 g glucose/kg body weight, 
i.p. (A and B) Glucose AUC and (C) GTT curve at 12 weeks after transplantation. (D) For ITTs, mice were injected with 1 U insulin/kg i.p. and 
data expressed as absolute glucose. Data are mean ± SEM. n = 5–8/group. *P < 0.05 between BAT-transplanted mice and all control groups.
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BAT transplantation increases glucose uptake in endogenous BAT and WAT, 
but not skeletal muscle. To establish which tissues were responsible for 
the increased glucose disposal with BAT transplantation, mice were 
injected with labeled [3H]2-deoxyglucose in combination with saline 
or a 20% glucose bolus that results in a physiological increase in plas-
ma insulin concentrations (18). Basal rates of glucose uptake in all 
tissues were not different among groups (Figure 3, A–E), and glucose 
injection increased glucose uptake in all adipose tissues. Unexpect-
edly, BAT transplantation resulted in higher rates of glucose uptake in 
visceral WAT, endogenous BAT, and heart, but not in skeletal muscle. 
The lack of effect in skeletal muscle is surprising given that under nor-
mal physiological conditions, skeletal muscle accounts for approxi-
mately 80% of systemic glucose clearance (19); however, it is consis-
tent with a study in rats where increasing endogenous BAT mass by 
treatment with a β3-specific adrenoceptor agonist increased glucose 
uptake in epididymal adipose tissue without an increase in skeletal 
muscle (20). These results provide evidence that the transplanted BAT 
exerts paracrine and/or endocrine effects to modify other tissues.

To investigate the mechanism underlying the increase in glucose 
uptake in WAT, heart, and endogenous BAT, we determined the 
expression of several key proteins involved in glucose and lipid 
metabolism (Supplemental Tables 4–7). BAT transplantation did 
not affect expression or activity of these proteins in endogenous 
BAT (Supplemental Table 4). In contrast, there was a significant 
increase in expression of the glucose transporter 1 (GLUT1) pro-
tein in WAT (Supplemental Table 5 and Supplemental Figure 
2A), a significant increase in adipose tissue basal glycogen content 
(expressed per milligram WAT weight) (Supplemental Figure 2B), 
a tendency toward an increase in glycogen per total adipose tissue 
mass (P = 0.07) (Supplemental Figure 2C), and a marked decrease in 
WAT cell size (Supplemental Figure 2, D–F). Significant increases 
in GLUT1 were also observed in the heart of BAT-transplanted 
mice (Supplemental Table 6). There were no morphological or his-
tological changes observed in the heart (Supplemental Figure 2G).

BAT transplantation increases norepinephrine, FGF21, and IL-6 concen-
trations. Mice receiving BAT transplants had a significant increase 

Figure 2
BAT transplantation ameliorates high-fat diet–induced insulin resistance and has dose-dependent effects on glucose tolerance. (A–C) Mice 
were fed a high-fat diet (HF) for 18 weeks, with BAT transplanted after 6 weeks. (A) Body weight, (B) GTT AUC, and (C) GTT curve at 12 weeks 
after transplantation. Data are mean ± SEM. n = 6/group; *P < 0.05. For comparison, chow-fed, sham-operated mice from a separate cohort of 
animals are indicated with a dashed line (n = 17). (D–F) Mice received transplants of 0.1 g BAT or 0.4 g BAT or were sham operated. (D) Body 
weight, (E) GTT AUC, and (F) GTT curve at 12 weeks after transplantation. Data are mean ± SEM. n = 13–14/group; *P < 0.05, **P < 0.01,  
#P < 0.001 compared with sham.
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in circulating norepinephrine concentrations (Supplemental Table 
3). Norepinephrine can increase BAT-derived FGF21, a protein 
that has been shown to regulate glucose homeostasis and insulin 
sensitivity upon thermogenic activation (21, 22). Compared with 
sham-treated control mice, mice receiving BAT transplants had a 
5-fold increase in serum FGF21 concentrations (Figure 4A). Since 
BAT and liver are major sources of FGF21 (21, 22), we measured 
FGF21 protein levels in these tissues. There was a 2-fold increase 
in FGF21 protein concentrations in endogenous BAT (Figure 4B), 
but no effect of BAT transplantation on FGF21 concentrations in 
the liver (Figure 4C). Taken together, these data raise the possibil-
ity that BAT transplantation leads to adaptations to endogenous 
BAT that result in an increase in BAT-derived FGF21, which may 
contribute to the observed metabolic improvements.

Given the putative paracrine or endocrine effects of the trans-
planted BAT, another salient characteristic of the transplanted 
mice was an increase in circulating IL-6 concentrations (Figure 4D). 
There was also an increase in Il6 mRNA in endogenous BAT from 
mice receiving 0.1 g BAT compared with endogenous BAT from 
sham-operated mice (Figure 4E). Although increased circulating 
IL-6 concentrations can be indicative of an inflammatory response, 
this is unlikely with the current model of BAT transplantation. First, 
IL-6 concentrations were not increased in mice receiving transplants 
of beads or WAT (Figure 4D). Second, TNF-α, another inflamma-
tory cytokine, was not increased with BAT transplantation (Supple-
mental Table 3). Finally, there was no change in basal temperature 

in mice receiving transplants of BAT compared with sham-operated 
mice (Supplemental Figure 4, A and B). Instead of an inflammatory 
response — given that FGF21 concentrations are increased by BAT 
transplantation, that norepinephrine treatment of BAT in culture 
can result in secretion of IL-6 (23, 24), and that mice overexpressing 
IL-6 have an improved metabolic profile (25) — we hypothesize that 
IL-6 and FGF21 work together to regulate glucose metabolism.

BAT-derived IL-6 is necessary for improvement in glucose homeostasis. We 
next tested the novel hypothesis that BAT transplantation results 
in increased IL-6 concentrations that in turn are responsible for 
improved glucose homeostasis. For this purpose, BAT (0.1 g) from 
Il6–/– and Il6+/+ (WT) mice was transplanted into WT animals. 
Twelve weeks after surgery, mice receiving BAT from WT animals 
showed the characteristic improvement in glucose tolerance, but 
this effect was not present in the mice receiving BAT from Il6–/– 
mice (Figure 4F). Mice receiving BAT from Il6–/– mice failed to show 
the same increase in circulating IL-6, norepinephrine (Supplemen-
tal Table 8), and leptin (Figure 4G) or decrease in body weight (Fig-
ure 4H). The decrease in fat mass (Figure 5A) and white adipocyte 
cell size (Figure 5B) was also not observed in mice receiving trans-
plants of Il6–/– BAT, whereas it was observed in mice receiving WT 
BAT. Mice receiving Il6–/– BAT did, however, have similar levels of 
tyrosine hydroxylase mRNA compared with mice receiving WT 
BAT (Figure 5C), demonstrating that the presence of IL-6 in the 
innervated BAT, and not the innervation per se, was necessary for 
the effects of BAT on glucose homeostasis.

Figure 3
BAT transplantation increases glucose 
uptake into WAT, BAT, and heart. (A–E) 
Mice received transplants of 0.1 g BAT or 
0.4 g BAT or were sham operated, and were 
studied 12 weeks after transplantation. Mice 
were fasted overnight and anesthetized, 
and [3H]2-deoxyglucose/g body weight was 
administered via retro-orbital injection in the 
presence of saline (Basal) or 1 mg/kg body 
weight glucose (Glucose); glucose uptake 
was measured in (A) visceral WAT, (B) 
endogenous BAT, (C) heart, (D) gastroc-
nemius muscle, (E) tibialis anterior muscle. 
Data are mean ± SEM. *P < 0.05 compared 
with sham mice (n = 6/group).
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Another important finding was that transplantation of BAT 
from Il6–/– mice did not result in a significant increase in serum 
FGF21 concentrations (Figure 5D) compared with mice receiving 
WT BAT. In addition, mice receiving BAT from Il6–/– mice did not 
have an increase in FGF21 protein in their endogenous BAT (Fig-
ure 5E). Furthermore, the transplanted BAT from the WT com-
pared with the Il-6–/– mice had significantly higher expression of 
Fgf21 mRNA (Figure 5F). These data suggest that IL-6 regulates 
FGF21, which is further supported by data showing that Il6–/– mice 
have lower liver FGF21 protein levels at room temperature and 
lower serum FGF21 concentrations in response to 24-hour cold 
exposure (4°C) (Supplemental Figure 3, A and B).

Transplanted BAT maintains BAT-like characteristics. The transplant-
ed BAT has some, but not all, characteristics of endogenous BAT. 
Markers of a brown adipocyte phenotype such as UCP1, PRDM-16, 
and citrate synthase activity were present in the transplanted BAT, 

albeit at reduced levels compared with endogenous BAT (Supple-
mental Table 4). Histological analysis revealed that the BAT trans-
plants had a progressively decreased multilocular appearance over 
time, and the remaining multilocular cells were surrounded by 
unilocular cells (Supplemental Figure 4, C and D). These find-
ings are similar to those of previous studies in which transplants 
of BAT into the kidney capsule of mice (15, 16) or transplants 
of BAT-engineered myoblastic precursors (26) resulted in multi-
locular cells surrounded by unilocular cells. We also performed 
cold-exposure studies to determine whether the transplanted BAT 
maintained thermogenic properties. Mice receiving BAT did not 
differ in basal body temperature compared with sham-operated 
mice, demonstrating that the increase in IL-6 was not eliciting 
a “fever” response. However, mice receiving BAT had a striking 
capacity to maintain body temperature when exposed to cold 
(4°C) (Supplemental Figure 4, A and B), suggesting that the trans-

Figure 4
BAT transplantation increases circulating IL-6 and FGF21 concentrations, and Il6–/– mice do not show beneficial effects of BAT transplantation. 
(A–E) Mice underwent sham operation or transplantation with 0.1 or 0.4 g BAT and were studied 12 weeks after transplantation. (A) Serum 
FGF21 and (B) FGF21 protein levels in endogenous BAT, (C) FGF21 protein levels in liver, (D) serum IL-6, (E) and Il6 measured by qPCR in 
endogenous BAT. Data are mean ± SEM. n = 6–17/group; *P < 0.05 compared with sham. **P < 0.01. ***P < 0.001. (F–H) Mice underwent sham 
operation or transplantation with 0.1 g BAT from Il6–/– or Il6+/+ mice. (F) GTT AUC, (G) serum leptin, and (H) body weight. Data are mean ± SEM. 
*P < 0.05 compared with sham and mice receiving 0.1 g Il6–/– BAT. n = 4–8/group.
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planted tissues retained the ability to thermoregulate in response 
to cold exposure. Tyrosine hydroxylase (Th) mRNA expression 
was similar in transplanted and endogenous BAT (Supplemental 
Figure 4E), and immunofluorescence revealed the presence of TH 
and UCP1 (Supplemental Figure 4, F and G) in the transplanted 
tissue, further establishing the functionality of the transplanted 
BAT. Finally, although rates were lower compared with endoge-
nous BAT, the transplanted tissue actively took up glucose upon 
stimulation (Supplemental Figure 4H), consistent with what has 
been reported for engineered brown adipocyte transplants (26). 
The lower rates of glucose uptake in transplanted BAT suggest 
that the transplanted tissue does not directly contribute to the 
increased whole-body glucose disposal; rather, the finding further 
supports the concept that the transplanted BAT functions in an 
endocrine manner to improve the metabolic profile.

Discussion
The advances in brown adipose cell biology during the last decade 
have increased our understanding of the cellular origin (27–29), 
function (8, 13, 29), and adult human tissue distribution (2, 3, 7, 
9) of BAT. The current study establishes that increasing BAT has 
advantageous effects on body composition and insulin sensitivity 
and suggests that BAT is an endocrine organ that can function to 
improve whole-body and tissue glucose homeostasis. Mice receiv-

ing transplanted BAT showed a significant decrease in body weight 
and an improvement in insulin sensitivity and glucose metabo-
lism. The transplantation of BAT also ameliorated the harmful 
effects of a high-fat diet, reducing body weights and improving 
glucose tolerance in the BAT-transplanted mice beyond that of the 
sham-operated, chow-fed mice. The improvements in whole-body 
metabolism can be attributed to both paracrine and endocrine 
effects of the transplanted BAT on other tissues (specifically vis-
ceral WAT, heart, and endogenous BAT). While the transplanted 
BAT is actively taking up glucose, this effect may be relatively small 
compared with the larger effects observed in other tissues. These 
beneficial effects were due solely to the implantation of BAT, as 
mice transplanted with the same amount of WAT or with a glass 
bead did not show the same reduction in body weight or improve-
ment in glucose metabolism.

To our knowledge, this is the first study to show improved 
metabolic parameters in mice receiving BAT transplants. Past 
studies differed from the current study in terms of location 
of transplantation, time course of study, and success of trans-
plantation (15–17, 30–32), and none of these previous studies 
reported the effects of transplantation on whole-body glucose 
metabolism or insulin sensitivity (15–17, 30–32). The trans-
plants from the current study were successful out to 12 weeks 
after transplantation, as indicated by the presence of innerva-

Figure 5
Transplantation of Il6–/– BAT does 
not alter fat mass or adipocyte size 
of serum FGF21. (A–F) Mice under-
went sham operation or transplan-
tation with 0.1 g BAT from Il6–/– or 
Il6+/+mice. (A) Percent fat mass, (B) 
visceral WAT cell size at 12 weeks 
after transplantation, (C) qPCR of 
tyrosine hydroxylase in transplanted 
BAT, (D) serum FGF21, (E) endog-
enous BAT FGF21 protein, and (F) 
qPCR of Fgf21. Data are mean 
± SEM. *P < 0.05 compared with 
sham and mice receiving 0.1 g Il6–/– 
BAT. **P < 0.01. n = 4–8/group.
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tion and vascular markers in the transplanted tissue. The tissue 
was also metabolically active, as it actively took up glucose upon 
stimulation, and mice receiving this tissue had a significant 
improvement in cold tolerance. Thus, our results demonstrate 
that transplantation of BAT to a location where it successfully 
reestablishes innervation results in an improved metabolic pro-
file in the recipient mouse.

A remarkable finding from the current study was the ability of 
the BAT transplants to normalize glucose tolerance in the high-fat 
diet–fed mice. This demonstrates that the BAT transplants origi-
nating from the chow-fed donors maintain the characteristics of 
lean, healthy BAT and do not take on the characteristics of the 
insulin-resistant, high-fat diet–fed recipient mice. In contrast, in a 
study of the obese, insulin resistant ob/ob mouse, transplantation 
of BAT from lean mice into ob/ob mice resulted in the transplanted 
BAT taking on the characteristics of the ob/ob mouse (18). These 
data imply that the transplantation of BAT into mice on a high-
fat diet ameliorates the effect of the high-fat feeding and results in 
beneficial effects on glucose metabolism.

Multiple findings from the current study, including the increas-
es in circulating norepinephrine, IL-6, and FGF21, led us to postu-
late that the metabolic effects of the transplanted BAT originated 
from a paracrine or endocrine action. Indeed, another important 
finding of the current study was that transplanted BAT could exert 
its effect over whole-body metabolism through an IL-6–dependent 
mechanism, as mice receiving BAT transplants from Il6–/– mice 
showed no improvement in glucose tolerance and no increase in 
circulating IL-6. These findings suggest that IL-6 functions as a 
brown adipokine, or “batokine,” in vivo and is critical for the ben-
eficial effects of BAT transplantation on metabolic homeostasis. 
Interestingly, the phenotype of the mice transplanted with BAT 
in the current study is similar to that observed in transgenic mice 
in which IL-6 was overexpressed (Il6tg). Il6tg mice had decreased fat 
mass and adipocyte cell size when compared with WT controls, 
effects that were amplified when these mice were placed on a high-
fat diet (25). An additional study showed that an i.c.v. injection 
of IL-6 resulted in increased energy expenditure, decreased body 
weight, decreased adiposity, and decreased circulating leptin in 
rats (33). There has been much contradictory data on the effects 
of IL-6 on glucose tolerance and obesity, but our data support 
the concept that an increase in circulating IL-6 increases energy 
expenditure, reduces adiposity, decreases circulating insulin, and 
improves glucose tolerance.

Based on the evidence that epinephrine treatment of cultured 
brown adipocytes in culture media increases IL-6 (23, 24), and 
the well-established effects of IL-6 in promoting lipolysis in WAT 
(34, 35), we propose a model whereby BAT-derived IL-6 promotes 
lipolysis, resulting in the observed reduction in adipocyte size. 
Another potential mechanism through which IL-6 could promote 
increased insulin sensitivity and glucose metabolism is an increase 
in GLUT1 expression, which is observed in the WAT and hearts of 
mice receiving BAT. The increase in GLUT1 could be stimulated 
by the increase in IL-6 and/or FGF21, as IL-6 (24, 33, 36–38) and 
FGF21 (21, 22, 39) have been shown to increase GLUT1 expression 
in cultured brown adipocytes and 3T3-L1 cells, respectively.

BAT-derived IL-6 may contribute to the increases in circulating 
FGF21 and BAT FGF21 concentrations that occurred with BAT 
transplantation. This concept is supported by the findings that 
there are significant increases in circulating FGF21 and FGF21 
protein in BAT from mice receiving transplants of WT BAT, but 

no such increase was observed in BAT of mice receiving Il6–/– BAT. 
FGF21-transgenic mice have increased insulin sensitivity, improved 
glucose tolerance, resistance to diet-induced obesity, and an 
increase in GLUT1 in peripheral tissues (21, 22), similar to the mice 
in the current study that were transplanted with BAT. Whether this 
increase in FGF21 is a direct or indirect result of the increase in IL-6 
has yet to be determined, but these finding suggest that in addition 
to IL-6, IL-6-stimulated FGF21 could contribute to the improved 
metabolic phenotype of the mice receivingt BATtransplants.

In conclusion, we have demonstrated that transplanted BAT can 
have beneficial effects on control of body composition and metab-
olism. These effects appear to be due to circulating IL-6, which 
is increased in these mice. The increase in IL-6 is linked to an 
improvement in glucose metabolism and provides another indica-
tion that BAT could be targeted for treatment of obesity-related 
diseases such as insulin resistance, metabolic syndrome, and dia-
betes. This is the first study to our knowledge to demonstrate that 
an increase in BAT significantly increases circulating IL-6, suggest-
ing that an increase in BAT-derived IL-6 improves systemic glucose 
metabolism. This work reveals a previously underappreciated role 
of BAT in glucose metabolism and underscores the role for BAT to 
combat obesity-related diseases.

Methods
Mice and fat transplantation. Twelve-week-old male C57BL/6 mice from 
Charles River Laboratories were used as recipient mice for transplantation. 
Tissue for transplantation was obtained from 12-week-old male C57BL/6 
mice from Charles River Laboratories or The Jackson Laboratory (Il6–/– 
mice and C57BL/6 controls). All animals were maintained on a standard 
12-hour light/12-hour dark cycle. Mice were maintained on a standard 
mouse diet (21% kcal from fat) (9F 5020 Lab Diet, PharmaServ Inc.), unless 
otherwise indicated. A separate cohort of mice was maintained on a high-
fat diet (60% kcal from fat) (Research Diets Inc.).

BAT transplantation. Transplantation was performed using BAT removed 
from the intrascapular region of 12-week-old male C57BL/6 mice. After 
euthanasia of donor mice by cervical dislocation, BAT was removed and 
incubated in 10 ml saline at 37°C for 20–30 minutes. Twelve-week-old 
C57BL/6 recipient mice were anesthetized by i.p. injection of 85–100 mg/
kg body weight pentobarbital. For each recipient mouse, 0.1 or 0.4 g donor 
BAT, a 0.15-g glass bead, or 0.1 g WAT from the epididymal fat pad (also 
from 12-week-old C57BL/6 mice) was transplanted into the visceral cavity. 
The transplant was carefully lodged deep between folds within the endog-
enous epididymal fat of the recipient (40). Mice that were sham operated 
underwent the same procedure, but instead of receiving BAT, their epididy-
mal fat pad was located, exposed, and then replaced.

Glucose and ITTs. For glucose tolerance tests, animals were fasted for 11 
hours (22:00–9:00) with free access to drinking water. A baseline blood sam-
ple was collected from the tail of fully conscious mice, followed by i.p. injec-
tion of glucose (2.0 g/kg body weight), and blood was taken from the tail at 
15, 30, 60, 90, and 120 minutes after injection. ITTs were performed at 12 
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and baseline blood samples were collected from the tail of fully conscious 
mice. Insulin (1 U/kg body weight) (Humulin; Eli Lilly) was administered 
by i.p. injection, and blood samples were taken from the tail at 10, 15, 30, 
45, and 60 minutes after injection. Glucose concentrations were determined 
from blood using a OneTouch Ultra portable glucometer (LifeScan).

Glucose uptake in vivo. Glucose uptake in vivo was measured as previously 
described (19). Briefly, mice were fasted overnight (22:00– 9:00) and then 
anesthetized with sodium pentobarbital (85–100 mg/kg mouse body weight, 
i.p. injection). After 30 minutes, blood was taken from the tail to assess basal 
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