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Introduction
The recent interest in brown adipose tissue (BAT) research 
stems from the insight that this tissue, when activated, expends 
energy in the form of heat production (thermogenesis) that could 
potentially affect whole body energy homeostasis in humans, 
with recent evidence demonstrating the presence and function 
of BAT in adult humans (Nedergaard et al., 2007). Besides its 
role in thermogenesis (Cannon and Nedergaard, 2004), another 
important function is that it can consume, in addition to free 
fatty acids, a very high amount of glucose per gram of tissue from 
the blood (Shibata et al., 1989; Liu et al., 1994). Studies in ro-
dents have shown that the amount of glucose delivered to BAT 
is enough to both acutely and in the long term affect glucose 
homeostasis (Stanford et al., 2013). Because of these properties, 
BAT may prove to be a potential therapeutic target for several 
metabolic disorders that are dependent on glucose homeostasis, 
including type 2 diabetes.

Glucose uptake in BAT is stimulated in two metabolic 
states: sympathetically stimulated during active thermogenesis 
or by insulin during active anabolic processes. Although insulin- 
stimulated glucose uptake in tissues, including BAT, is well- 
characterized by the phosphoinositide 3-kinase-phosphoinositide– 
dependent kinase-1-Akt (PI3K–PDK1–Akt) pathway as result-
ing in the rapid translocation of glucose transporter 4 (GLUT4) 
from intracellular vesicles to the cell membrane (Huang and 
Czech, 2007; Zaid et al., 2008), the sympathetic pathway  
is poorly understood. Stimulation of the sympathetic nervous  
system via adrenoceptors, predominately the 3-adrenoceptor,  
increases non-shivering thermogenesis in mammals (Nedergaard 
et al., 2007), but also increases glucose uptake in BAT (Inokuma 
et al., 2005). 3-Adrenoceptor–stimulated glucose uptake is  
independent of the action of insulin in vivo and in vitro: glucose 
uptake in BAT in vivo is associated with decreases in plasma 
insulin levels (Shimizu and Saito, 1991), whereas in vitro  
-adrenoceptor–mediated glucose uptake occurs in the absence 
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brown adipocytes (Fig. 1 A), which is consistent with our pre-
vious results (Chernogubova et al., 2004). The effect of isopro-
terenol was mimicked by the cell-permeable cAMP analogue 
8-bromoadenosine-cAMP (8-br-cAMP; 1 mM; Fig. 1 A). Inhi-
bition of PI3K by compound 15e (Fig. 1 B) inhibited insulin 
(IC50 256 nM) but not isoproterenol-mediated glucose uptake. 
Akt inhibitor X (100 µM) also failed to inhibit isoproterenol-
stimulated glucose uptake (Fig. 1 C). However, it did block 
phosphorylation of p70S6K at Thr389 (a known substrate of 
Akt) upon insulin but not isoproterenol stimulation (Fig. 1 D). 
Similar results were obtained using Akt inhibitor VII (unpub-
lished data). Isoproterenol also failed to phosphorylate Akt at 
either Thr308 or Ser473 (Fig. 1 E). Insulin-stimulated glucose 
uptake occurs primarily through GLUT4 translocation in both 
brown and white adipocytes (Dallner et al., 2006; Huang and 
Czech, 2007; Zaid et al., 2008). The GLUT4 inhibitor indinavir 
(Fig. 1 F) did not inhibit isoproterenol-stimulated glucose up-
take while inhibiting insulin mediated glucose uptake, which 
highlights a contrast between the mechanisms of insulin and  
3-adrenoceptor–mediated glucose uptake in brown adipocytes.

mTOR is a key factor in isoproterenol-
stimulated glucose uptake
Pharmacological inhibition of PI3K by LY294002 inhibited 
isoproterenol-mediated glucose uptake in brown adipocytes 
(Fig. 2 A), which is consistent with our previous results  
(Chernogubova et al., 2004; Dallner et al., 2006), despite no 
concomitant phosphorylation of Akt (Fig. 1 C). This discrep-
ancy may be caused by the nonspecific effects of these PI3K 
inhibitors (LY294002, wortmannin) on a wide range of other 
related PIKK family kinases (Knight and Shokat, 2007; Raynaud  
et al., 2007), including mTOR. The dual PI3K-mTOR inhibitor 
PI-103 (IC50 1.2 µM; Fig. 2 B) and the specific mTOR inhibitor 
Torin-1 (IC50 4.6 nM; Fig. 2 C) all significantly inhibited isopro-
terenol (1 µM)-stimulated glucose uptake. Furthermore, mim-
icking elevations in cAMP levels after isoproterenol treatment 
with 8-Br-cAMP (1 mM) increased glucose uptake to the same 
extent as isoproterenol, which was inhibited by Torin-1 (Fig. 2 D) 
and the commercially available mTOR inhibitor KU0063794 
(unpublished data), which suggests that mTOR is downstream 
of cAMP.

The effect of long-term stimulation of 
rapamycin on 3-adrenoceptor–mediated 
glucose uptake and mTOR phosphorylation 
suggests mTORC2 involvement
To further investigate the role of mTOR in isoproterenol- 
stimulated glucose uptake, we examined which mTOR complex 
was involved by using rapamycin. Short-term treatment (30 min)  
of rapamycin that inhibits mTORC1 (Brown et al., 1994; Sabatini 
et al., 1994) did not affect isoproterenol-mediated glucose uptake 
(Fig. 3 A), but did completely block insulin-stimulated phos-
phorylation of p70S6K, a downstream substrate of mTORC1 
(not depicted). However, long-term rapamycin treatment that 
inhibits the assembly of the mTORC2 complex (Phung et al., 
2006; Sarbassov et al., 2006) significantly inhibited isoproterenol-
mediated glucose uptake (IC50 16 nM; Fig. 3 B).

of insulin (Marette and Bukowiecki, 1989; Chernogubova et al., 
2004; Chernogubova et al., 2005) and via actions at GLUT1 
and not GLUT4 (Shimizu and Saito, 1991; Dallner et al., 2006). 
Although other signaling pathways such as AMP-activated 
protein kinase can increase glucose uptake via an insulin- 
independent mechanism, we previously demonstrated that this 
mechanism is not likely to be involved in 3-adrenoceptor– 
mediated glucose uptake in BAT (Hutchinson et al., 2005). 
Hence, an alternative signaling pathway must be involved. One 
such candidate is mechanistic target of rapamycin (mTOR; 
Laplante and Sabatini, 2012).

mTOR is essential in the control of many aspects of cell 
growth, metabolism, and energy homeostasis (Polak and Hall, 
2009; Laplante and Sabatini, 2012; Lamming and Sabatini, 
2013). mTOR is the catalytic part of two functionally distinct 
multiprotein complexes: the well-studied mTOR complex 1 
(mTORC1) and the less-studied mTOR complex 2 (mTORC2). 
They have different downstream targets, different biological  
functions, and, importantly, different sensitivity to the drug 
rapamycin. mTORC1 is pharmacologically inhibited by short-
term rapamycin treatment, whereas mTORC2 is resistant to 
short-term rapamycin treatment, although long-term treatment  
can prevent mTORC2 complex assembly (Phung et al., 2006; 
Sarbassov et al., 2006). Recent studies of mTOR show that both 
complexes have important regulatory roles in white adipose tis-
sue (Lamming and Sabatini, 2013). Most of the efforts have, 
however, been focused on studying white adipose tissue, leav-
ing the role and the importance of both complexes of mTOR 
in BAT function relatively unexplored. Recent data indicate a  
role of mTORC2 in glucose homeostasis, with adipose-specific  
ablation of rictor, a component of the mTORC2 complex, de-
pressing insulin-stimulated glucose uptake in adipose tissue 
and impairing glucose tolerance in vivo (Kumar et al., 2010).  
Adipose-specific deletion of raptor, a component of the mTORC1 
complex, however, results in mice that are resistant to diet- 
induced obesity and are insulin sensitive (Polak and Hall, 2009),  
which indicates vastly different roles for mTORC1 and mTORC2 
in adipose tissues.

In this study, we demonstrate that mTOR is necessary for 
3-adrenoceptor–stimulated glucose uptake in mouse brown 
adipocytes and in human multipotent adipose-derived stem 
(hMADS) cells. Stimulation of 3-adrenoceptors increases glu-
cose uptake via a pathway divided into two parts. The first part 
is dependent on increased GLUT1 transcription and de novo 
synthesis of GLUT1 via elevations in cAMP levels that are not 
dependent on either mTOR complexes. The second part in-
volves translocation of GLUT1 to the plasma membrane by an 
mTORC2-mediated pathway. Both parts are necessary for  
3-adrenoceptor–stimulated glucose uptake in BAT.

Results
3-Adrenoceptor–stimulated glucose uptake 
in primary brown adipocytes is independent 
of insulin signaling
Isoproterenol (1 µM), a -adrenoceptor agonist, and insulin  
(100 nM) increased glucose uptake approximately twofold in 
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Figure 1. -Adrenoceptor glucose uptake in mouse primary brown adipocyte cultures is independent of insulin. (A) Isoproterenol (1 µM), 8-br-cAMP (1 mM),  
and insulin (100 nM) significantly increased glucose uptake in mature brown adipocytes (isoproterenol P = 0.0086, 8-br-cAMP P = 0.0015, insulin  
P = 0.0012). Each value represents the mean ± SEM (error bars; n = 5). (B) The PI3K-p110 inhibitor compound 15 (10 µM) did not inhibit isoproterenol 
(1 µM)-stimulated glucose. There was a significant difference between insulin and isoproterenol (P = 0.0015). The results are expressed as a percentage 
of basal glucose uptake. Each value represents the mean ± SEM (error bars; n = 3–7). (C and D) The Akt inhibitor X (100 µM) fully blocked the phos-
phorylation on p70S6k, a known substrate of Akt (D; P = 0.0064), but did not significantly inhibit isoproterenol (1 µM)-stimulated glucose uptake (n = 3).  
(E) Western blot demonstrating Akt phosphorylation at Thr308 and Ser473 in response to 2 h stimulation of 100 nM insulin (P = 0.0052 and P = 0.0055, 
respectively) but not 1 µM isoproterenol. The blot is representative of three experiments performed. (F) Isoproterenol (1 µM)- and insulin (100 nM)-stimulated 
glucose uptake in response to the GLUT4 inhibitor Indinavir (1 mM). Indinavir did inhibit insulin-mediated glucose uptake (P = 0.0008) but did not inhibit 
isoproterenol-mediated glucose uptake. The results are expressed as a percentage of basal glucose uptake. Each value represents the mean ± SEM (error bars; 
n = 3). **, P < 0.01.
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et al., 2004). Isoproterenol-mediated glucose uptake was sig-
nificantly inhibited by Latrunculin B, which disrupts the actin 
cytoskeleton (Wakatsuki et al., 2001; Fig. 3 E), indicating the 
involvement of actin filaments and giving further evidence of 
mTORC2 involvement.

-Adrenoceptor–mediated glucose uptake is 
dependent on mTOR in both human MADS 
cells and in vivo
To further confirm our findings in primary brown adipocyte  
cultures, glucose uptake in BAT was measured in vivo in 1/2 
knockout (to exclude any effects on 1- or 2-adrenoceptors) 
and wild-type FVB mice that express all three -adrenoceptor 
subtypes (Fig. 4, A and B). Isoproterenol increased glucose up-
take in BAT in vivo in FVB and 1/2 knockout mice, which 
indicates that isoproterenol acts via 3-adrenoceptors. This ef-
fect in FVB mice in vivo was abolished by treatment of mice 
with the mTOR inhibitor KU 0063794.

Human multipotent adipose-derived stem hMADS cells 
are a mesenchymal stem cell population from human adipose 
tissue. Differentiated hMADS cells respond to both insulin and 

mTOR is phosphorylated at several sites including 
Ser2481 and Ser2448. These phosphorylation sites are located 
predominantly on different complexes: Ser2448 on complex 1 
and Ser2481 on complex 2 (Copp et al., 2009). Isoproterenol 
phosphorylated mTOR at Ser2481 but not Ser2448 (Fig. 3 C). 
Phosphorylation at Ser2481 by isoproterenol was abolished in 
the presence of the commercially available mTOR inhibitor KU 
0063794. S2448 phosphorylation, although predominately asso-
ciated with mTORC1, is not completely specific for mTORC1, 
with some S2448-phosphorylated mTOR associated with  
rictor in HEK293 cells and some other cancer cell lines (Copp 
et al., 2009). Hence, we have knocked down either rictor or 
raptor to fully elucidate the mTOR complex involved. Knock-
down of raptor or rictor, the regulatory subunit of mTORC1 
and mTORC2, respectively, resulted in 85% knockdown of  
raptor protein levels or 75% of rictor protein levels (Fig. 3 D).  
Isoproterenol-stimulated glucose uptake was abolished by 
knockdown of rictor and not raptor, confirming the involvement 
of mTORC2.

mTORC2 is believed to be involved in the regulation of 
the cytoskeleton by reorganization of actin filaments (Sarbassov 

Figure 2. The effect of PI3K and PIKK in-
hibitors on -adrenoceptor–mediated glucose 
uptake in mouse primary brown adipocytes.  
(A) Inhibition of isoproterenol (1 µM)-stimulated 
glucose uptake by the 10 µM PI3K and PIKK 
inhibitor LY294002 (P = 0.0306). Each value 
represents the mean ± SEM (error bars; n = 3).  
(B) Inhibition of isoproterenol (1 µM)-stimulated 
glucose uptake by the PIKK family inhibitor PI-103  
(10 µM). Each value represents the mean ±  
SEM (error bars; n = 4). (C) Inhibition of iso-
proterenol (1 µM)-stimulated glucose uptake by  
the mTOR inhibitor Torin-1 (1 µM). Each value 
represents the mean ± SEM (error bars; n = 3). 
(D) The effect of Torin-1 (1 µM) on glucose uptake  
in response to 1 µM isoproterenol (P = 0.0042) 
and 1 mM of the cell-permeable cAMP analogue  
8-br-cAMP (P = 0.0409). Each value repre-
sents the mean ± SEM (error bars; n = 4–6).  
*, P < 0.05; **, P < 0.01.
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microscopy in permeabilized cells (Fig. 5 B). However, visual-
ization of only cell surface GLUT1 in nonpermeabilized cells 
showed that isoproterenol increased expression of cell surface 
GLUT1 in a KU 0063794–sensitive manner (Fig. 5 C). These 
results indicate that mTORC2 may have an important role in 
transporting the newly synthesized glucose transporters to the 
plasma membrane.

Discussion
Stimulation of glucose uptake has been used as an important 
parameter for understanding BAT existence, localization, and 
function in animals (Cannon and Nedergaard, 2004; Nedergaard 
et al., 2007). Together with the potential importance that BAT 
has in regulating total energy homeostasis in the body (Cannon 
and Nedergaard, 2004), it is important to understand the mecha-
nisms that regulate glucose uptake in this tissue. Curiously 

-adrenoceptor agonists, have up-regulated uncoupling protein 
1 expression after stimulation of a 3-adrenoceptor agonist, and 
have increased uncoupling protein 1–dependent respiratory ca-
pacity after activation of PPAR (Elabd et al., 2009). Isoproter-
enol significantly increased glucose uptake in hMADS cells 
(Fig. 4 C), which was significantly inhibited by the mTOR in-
hibitor KU 0063794 (Fig. 4 D).

mTORC2 mediates translocation of GLUT1 
in BAT
3-Adrenoceptor–stimulated glucose uptake in brown adipo-
cytes is dependent on de novo synthesis and translocation of 
GLUT1 but not GLUT4 (Dallner et al., 2006). Isoproterenol 
increased total GLUT1 protein content in a time-dependent 
manner, with total GLUT1 protein levels not affected by the 
mTOR inhibitor KU 0063794 when measuring total GLUT1 
protein content by immunoblotting (Fig. 5 A) or using confocal 

Figure 3. mTORC2 is a key factor in isopro-
terenol-mediated glucose uptake in mouse 
primary brown adipocytes. (A) The effect of ra-
pamycin on glucose uptake in response to iso-
proterenol (1 µM). Brown adipocyte primary 
cultures were pretreated with rapamycin for 
30 min followed by stimulation with isoproter-
enol (1 µM for 2 h). The results are expressed 
as a percentage of basal glucose uptake. Each 
point represents the mean ± SEM (error bars;  
n = 3–7). (B) The effect of rapamycin on glucose  
uptake in response to isoproterenol (1 µM). Brown  
adipocyte primary cultures were pretreated with  
rapamycin for 46 h followed by stimulation 
with isoproterenol (1 µM for 2 h). The results 
are expressed as a percentage of basal glucose  
uptake. Each point represents the mean ± SEM  
(error bars; n = 3–7). (C) mTOR phosphory-
lation at Ser2481 (P < 0.001) but not at 
Ser2448 in response to 2 h of stimulation of 
1 µM isoprenaline in the presence or absence 
of the mTOR inhibitor KU 0063794 (1 µM).  
The immunoblot is representative of three ex-
periments performed. (D) Knockdown of raptor  
and rictor with the K2 transfection system re-
sulted in a large reduction of both proteins. 
However, only knockdown of rictor led to inhibi-
tion of isoproterenol-stimulated glucose uptake  
(P = 0.0105). Each value represents the mean ±  
SEM (error bars; n = 3). (E) Isoproterenol  
(1 µM)-stimulated glucose uptake in the pres-
ence and absence of 20 µM Latrunculin B (P =  
0.0027). Each value represents the mean ± 
SEM (error bars; n = 4). *, P < 0.5; **, P < 
0.01; ***, P < 0.001.
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from wild-type mice in vitro through the use of specific ago-
nists and antagonists (Chernogubova et al., 2004, 2005; Dallner  
et al., 2006). The exception occurs in 3-adrenoceptor knock-
out mice, where there is compensation by both the 1- and  
1-adrenoceptors that is not evident in cultures derived from 
wild-type mice (Chernogubova et al., 2005). Hence we strongly 
believe that the effects of isoproterenol in vitro are due solely to 
activation of 3-adrenoceptors. With respect to glucose uptake 
in vivo, isoproterenol is still effective in promoting glucose up-
take into BAT in 12-adrenoceptor knockout mice (Fig. 4 A), 
highlighting the role of 3-adrenoceptors in vivo. CL316243, a 
highly specific 3-adrenoceptor agonist, also increases in vivo 
glucose uptake in BAT in FVB mice (unpublished data).

mTOR is a key central regulator of metabolism. It is in-
volved in multiple physiological processes such as lipogenesis, 
lipolysis, and adipogenesis, and has recently been implicated in 
insulin signaling and sensitivity in white adipose tissue (Polak 
et al., 2008; Kumar et al., 2010), with a large focus on the role 
of mTOR in white adipose tissue. Little is known about mTOR 
function in brown adipocytes, with recent reviews highlighting 
the lack of knowledge in the field (Lamming and Sabatini, 2013). 
Our results clearly show that 3-adrenoceptor–mediated glu-
cose uptake in brown adipocytes in vitro, BAT in vivo, and,  
importantly, in human MADS cells in vitro, is through mTOR.

mTOR exists in two distinct complexes: mTORC1 and 
mTORC2. In this paper, we first tried to characterize which of 
these complexes was required for 3-adrenoceptor–mediated 
glucose uptake in brown adipocytes. The specific mTORC1 in-
hibitor rapamycin has been instrumental in giving mechanistic 
insight into mTORC1 action. mTORC2 is less characterized 
due to the lack of specific inhibitors, but long-term treatment 
with rapamycin can inhibit mTORC2 formation (Phung et al., 
2006; Sarbassov et al., 2006). We show that long-term, but not 
short-term, treatment with rapamycin in mouse brown adipo-
cytes inhibits 3-adrenoceptor–mediated glucose uptake, which 
indicates the involvement of mTORC2. This was confirmed by 
knockdown of the regulatory subunit rictor that abolished 3- 
adrenoceptor–mediated glucose uptake, and that 3-adrenoceptor 
stimulation phosphorylated mTOR at Ser2481, a phosphorylation 
site predominately associated with mTORC2 activation. Collec-
tively, this is the first time it has been shown that 3-adrenoceptors 
can specifically regulate mTORC2 in adipocytes.

mTORC2 responds to growth factors such as insulin, and 
it has been suggested that activation of mTORC2 is depen-
dent on PI3K activation. However, the PI3K inhibitor Com-
pound15e failed to inhibit 3-adrenoceptor–mediated glucose 
uptake in brown adipocytes. In conjunction with no inhibition 
of isoproterenol-stimulated glucose uptake in response to Akt 
inhibitor X, and no Akt phosphorylation at either Thr308 or 
Ser473 after 3-adrenoceptor activation, this indicates a lack 
of PI3K–Akt pathway in 3-adrenoceptor signaling in brown 
adipocytes (Feng et al., 2004; Surucu et al., 2008), and that 
3-adrenoceptors stimulate mTORC2 differently from insulin.  
After insulin-mediated increases in PI3K activity, phosphati-
dylinositol (3,4,5)-trisphosphate (PIP3) recruits inactive Akt 
and phosphoinositide-dependent kinase-1 (PDK1) to the plasma 
membrane via their N-terminal PH domain, allowing Akt 

however, the signaling pathway and mechanism used to in-
crease glucose uptake in brown adipocytes and BAT are not 
well characterized. In this article, we show that 3-adrenoceptor– 
stimulated glucose uptake in brown adipocytes occurs through 
a pathway divided into two parts that both involve cAMP eleva-
tion. The first part is rapid de novo synthesis of GLUT1, which 
is mTOR independent. The second part of translocation of the 
newly synthesized GLUT1 to the plasma membrane requires 
mTORC2 (Fig. 6).

In this paper, we have used the -adrenoceptor agonist 
isoproterenol for all the in vivo and in vitro studies. We have 
extensively shown (Chernogubova et al., 2004, 2005; Hutchinson 
and Bengtsson, 2006; Dallner et al., 2006) that the 3-adrenoceptor 
is the only -adrenoceptor subtype that increases glucose uptake 
via increased de novo synthesis of GLUT1 in brown adipocytes 

Figure 4. Adrenoceptor-mediated glucose uptake in human MADS cells 
and in mice occurs through mTOR. (A) Isoproterenol stimulated glucose 
uptake in vivo in 1×2 knockout mice. Mice were stimulated with 1 mg/kg 
i.p. isoproterenol (P = 0.0002). Each value represents the mean ± SEM 
(error bars; n = 5). (B) Isoproterenol-stimulated glucose uptake in vivo in 
FVB mice. Mice were stimulated with 1 mg/kg i.p. isoproterenol. Isopro-
terenol-stimulated glucose uptake was significantly reduced (P = 0.0175) 
by the mTOR inhibitor KU 0063794 (1 µM). Each value represents the 
mean ± SEM (error bars; n = 5). (C) Isoproterenol (10 and 100 nM) sig-
nificantly increased (P = 0.0023 and P = 0.0357, respectively) glucose 
uptake in human MADS cells. Each value represents the mean ± SEM (error 
bars; n = 3). (D) 1 µM KU 0063794 significantly blocked (P = 0.0025) 
isoproterenol-stimulated glucose uptake in human MADS cells. Each  
value represents the mean ± SEM (error bars; n = 4). *, P < 0.05;  
**, P < 0.01; ***, P < 0.001.
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[using compound 15e]). These results are consistent with our 
results in skeletal muscle that show activation of mTORC2 
independently of PI3K and Akt after 2-adrenoceptor stimu-
lation (Sato et al., 2014). The precise mechanism whereby  
3-adrenoceptors activate mTORC2 needs further investigation, 
but cAMP is implied, with 8-Br-cAMP mimicking the effect of 
isoproterenol. It should be noted that the exact mechanism of 
activation of mTORC2 is still unknown even in the insulin field, 
most likely due to the absence of specific inhibitors for this 

phosphorylation at Thr308 by PDK1. In parallel, PI3K phos-
phorylates mTORC2 at Ser2481. The subsequent conforma-
tional change in Akt allows mTORC2 to phosphorylate Akt 
at Ser473, thereby fully activating Akt, resulting in mTORC1 
phosphorylation at Ser2448 and subsequent AS160 and GLUT4 
translocation. In contrast, 3-adrenoceptors activate mTORC2 
in a PI3K-Akt–independent manner (as indicated by no Akt 
phosphorylation, glucose uptake responses that are insensitive 
to Akt inhibition [using Akt inhibitor X], or PI3K inhibition 

Figure 5. KU 0063794 prevents the translo-
cation of GLUT1 to the plasma membrane after 
stimulation of isoproterenol in mature brown 
adipocytes. (A) Western blot showing GLUT1 
protein content in mature brown adipocytes 
after isoproterenol stimulation (1 µM, 0–2 h) in 
the presence or absence of 1 µM KU 0063794. 
Isoproterenol significantly increase the amount 
of GLUT1 in an mTOR-independent manner (P = 
0.0015 and P = 0.0003, respectively; n = 3).  
(B) Permeabilized mature brown adipocytes 
treated for 2 h with 1 µM isoproterenol (P = 
0.0334) showing total cellular GLUT1 in the 
presence or absence of 1 µM KU 0063794 
(n = 3). (C) Nonpermeabilized mature brown 
adipocytes after 2 h of 1 µM isoproterenol treat-
ment in the presence or absence of 1 µM KU 
0063794 (P = 0.0153). The histogram shows 
significant inhibition of GLUT1 transport to the 
plasma membrane (n = 3). *, P < 0.05; **, P < 
0.01; ***, P < 0.001. Bars, 100 µm.
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stimulating glucose uptake in BAT. Furthermore, the difference 
in both signaling and GLUT isoforms between insulin- and  
3-adrenoceptor–stimulated glucose uptake should be considered 
in the search for compounds that are aimed at activating BAT 
function. It could also aid in experiments aimed at elucidating 
the localization, the amount, and the potential therapeutic value 
of BAT in humans.

Sympathetic-mediated glucose uptake is not limited to 
BAT. We have previously shown that stimulation of adrenocep-
tors can increase glucose uptake in skeletal muscle and other 
cells (Nevzorova et al., 2002; Nevzorova et al., 2006; Hutchinson 
and Bengtsson, 2006; Catus et al., 2011), which indicates the 
broad significance of this finding and the importance of under-
standing this mechanism. Our recent findings in skeletal muscle 
show involvement of mTORC2 in 2-adrenoceptor activation of 
glucose uptake via GLUT4 translocation (Sato et al., 2014).

In summary, our results show that 3-adrenoceptor activa-
tion increases glucose uptake in brown adipocytes and BAT 
both in vitro and in vivo. This results in rapid de novo synthesis 
of GLUT1 by cAMP, and subsequent translocation of GLUT1 
to the plasma membrane via mTORC2. This new knowledge 
and the physiological relevance of these results may contribute 
to new exciting possibilities in understanding BAT function and 
provide therapeutic value in the field of metabolic diseases.

Materials and methods
Chemicals
Isoproterenol, insulin, collagenase type II, 8-Br-cAMP, latrunculin B, and  
DMEM (4.5 g d-glucose/liter) were all obtained from Sigma-Aldrich. 
Compound 15e (3-[4-(4-morpholinyl)thieno[3,2-d]pyrimidin-2-yl]-phenol),  
PI-103 (3-(4-(4-morpholinyl), pyrido[3,2’:4,5] furo [3,2-d]pyrimidin-2- 
yl)phenol), LY294002, and rapamycin were from Alexis Biochemical.  
KU 0063794 was obtained from Axon Medchem. Akt inhibitor C was 
obtained from EMD Millipore, 2-deoxy-d-[1-3H]-glucose ([3H]2DG; specific 
activity 7.5 Ci/mmol) from PerkinElmer. Torin1 was provided by D.M. 
Sabatini (Whitehead Institute, Cambridge, MA).

Brown fat precursor cell isolation
3–4-wk-old NMRI mice of either sex were purchased from Nova-SCB AB. 
NMRI mice are known to produce BAT with high quality, and have been 
used extensively for more than 25 years in characterizing brown adipocyte 
physiology (Cannon and Nedergaard, 2001). Animals were euthanized 
by CO2, and brown fat precursor cells were isolated from the intrascapu-
lar, axillary, and cervical brown adipocyte depots (Néchad et al., 1987; 
Rehnmark et al., 1990). The tissue was minced and transferred to a Hepes-
buffered solution, pH 7.4, containing 0.2% (wt/vol) crude collagenase 
type II. Routinely, tissue from six mice was digested in 10 ml of the Hepes-
buffered solution. The tissue was digested for 30 min at 37°C, with constant 
vortexing. The digest was filtered through a 250-µm filter and the solution 
incubated on ice for 15 min to allow the mature adipocytes and fat drop-
lets to float. The infranatant was filtered through a 25-µm filter and centri-
fuged (10 min, 700 g). The pellet was then resuspended in DMEM (4.5 g 
d-glucose/liter) and recentrifuged. The pellet was finally resuspended in 
0.5 ml cell culture medium per mouse dissected. All experiments were con-
ducted with ethical permission (N388/12) from the North Stockholm Animal 
Ethics Committee.

Primary brown adipocyte cell culture
The cell culture medium consisted of DMEM (4.5 g d-glucose/liter) supple-
mented with 10% newborn calf serum, 2.4 nM insulin, 10 nM Hepes,  
50 IU/ml penicillin, 50 µg/ml streptomycin, and 25 µg/ml sodium ascor-
bate. Aliquots of 0.1-ml cell suspension were cultured in 12-well culture dishes 
with 0.9 ml of cell culture medium. Cultures were incubated in a 37°C 
humidified atmosphere of 8% CO2 in air. On days 1, 3, and 5, the cell 
culture medium was renewed. Cells were used on day 7.

complex. However, our novel finding that G protein–coupled 
receptors (GPCRs), via cAMP, can activate mTORC2 could 
have wider implications on how GPCRs stimulate mTOR. 
Most studies investigating links between GPCRs and mTOR 
have focused on mTORC1, where GPCR activation of PI3K 
subsequently leads to mTORC1 activation (Shimobayashi and 
Hall, 2014). Almost nothing is known about GPCR stimulation 
of mTORC2 without PI3K involvement, except in a study in 
Dictyostelium discoideum (Lee et al., 2005).

As very little is known specifically about mTORC2 and its 
effectors in the insulin signaling pathway, not much is known 
about its downstream targets that can regulate glucose uptake. 
However, mTORC2 is involved in actin cytoskeleton reorgani-
zation (Sarbassov et al., 2004), and it is believed that this reor-
ganization is the mechanism responsible for insulin-mediated 
translocation of GLUT4 to the plasma membrane (Tsakiridis  
et al., 1994; Huang and Czech, 2007; Zaid et al., 2008). This is in 
agreement with studies showing that knockdown of mTORC2-
specific components in cells resulted in alteration of the actin 
cytoskeleton (Sarbassov et al., 2004). Consistent with actin as  
a downstream target, latrunculin B, which disrupts actin  
polymerization, impairs 3-adrenoceptor–mediated glucose 
uptake. However, one major difference between insulin- and  
3-adrenoceptor–mediated glucose uptake revolves around the 
required GLUT isoform. Whereas insulin translocates GLUT4 
from intracellular vesicles to the cell surface in brown adipocytes 
(Pessin et al., 1999; Konrad et al., 2002), 3-adrenoceptor– 
mediated glucose uptake involves de novo synthesis of GLUT1. 
Surprisingly, mTOR does not appear to be required for the de 
novo synthesis of GLUT1, but is specifically required for its sub-
sequent translocation to the cell surface. The difference between 
the GLUT isoforms required for insulin and 3-adrenoceptor  
stimulation of glucose uptake further implies the difference be-
tween the two signaling pathways. The significance of mTORC2 
and GLUT1 translocation in brown adipocyte glucose uptake can 
be used in future experiments aimed specifically at inhibiting or 

Figure 6. Schematic summary of the mechanism of 3-adrenceptor–
stimulated glucose uptake in BAT. Activation of 3-adrenoceptors result 
in increased levels of intracellular cAMP that lead to increased de novo 
synthesis of GLUT1 (1) and mTORC2 phosphorylation (2). The newly pro-
duced GLUT1 is then translocated to the plasma membrane with help of 
actin filaments.
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goat anti–rabbit IgG [Invitrogen], 3% BSA in PBS) and washed three times 
for 5 min each with PBS. Slides were mounted with mounting media (8% 
1,4-diazabicyclooctane, 75% glycerol in PBS) and sealed. Validation of 
the specificity of the antibody was performed using immunoblotting, with 
a strong specific band at the molecular mass of 50 kD.

Images were acquired at room temperature on an inverted laser-
scanning microscope (Axiovert 200M; Carl Zeiss). The objective lens used 
was EC Plan Neofluar 10× dry/0.3 NA (Carl Zeiss) and a Cascade 1K 
camera (Photometrics). All images were acquired and processed using 
Slidebook (Version 6) software. The mean fluorescents from a set of pic-
tures for all the different stimulations (2–4 pictures/stimulation) from three 
different experiments were quantified and analyzed with ImageJ (1.48v). 
The basal level was set to 100%.

Transient transfection of siRNA
siRNA constructs directed against mouse raptor (sequence not disclosed;  
Santa Cruz Biotechnology, Inc.) and mouse rictor were used (5-CAGAAA-
GCAATCGCAACTCACCACA-3; Sigma-Aldrich). Primary brown adipo-
cytes were used on day 3 and transfected with K2 Transfection System 
(Biontex Laboratories GmbH) according to the manufacturer’s protocol using 
2.5 µg/ml of siRNA. 24 h after transfection, glucose uptake or Western blot-
ting was performed as described in the “[3H]2DG uptake in primary brown 
adipocytes, hMADS cells, and in vivo” and “Immunoblotting” sections.

Statistics
All experiments were performed in duplicate, and the results were expressed 
as mean ± SEM. The responses to agonists were calculated as a percentage 
compared to control, which was set to 100%. The statistical significance of 
differences was analyzed by a Student’s unpaired two-tailed t test unless 
stated otherwise.
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