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Abstract
The aim of this study was to investigate adrenergically stimulated glucose uptake in

brown adipose tissue (BAT) with the focus on receptor subtypes and intracellular

signalling pathways. As a model system, we used  primary cultured brown adipocytes.

Adrenergic stimulation of glucose uptake occurs  via b3-AR in wild type cells and  b1-

/a1-ARs in b3-KO cells, includes activation of adenylyl cyclase and cAMP formation,

activation of PKA, PI3K, PKC and AMPK (Paper I, II, III).  Interestingly, UCP1

activity is not required for the AMPK function in brown adipocytes (Paper III). Long-

term adrenergic stimulation of glucose uptake induces an increase in GLUT1 mRNA

and protein levels  stimulating GLUT1 translocation to the plasma membrane (Paper

IV).
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ICI89406 b1-adrenergic antagonist
ICI118551 b2-adrenergic antagonist
Prazosin a1-adrenergic antagonist
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IR insulin receptor
IRS insulin receptor substrate
PI3K Phosphatidylinositol-3 kinase
PDK-1 Phosphoinositide dependent kinase
PKC Protein kinase C
Akt Protein kinase B
UCP1 Uncoupling protein-1
Norepinephrine (NE) a,b-adrenergic agonist
PKA Protein kinase A
PLC Phospholipase C
PIP3 Phosphatidyl-3-phosphate
GSK-3 Glycogen synthase kinase-3
GS Glycogen synthase
GTP Guanidine-3-phosphate
T3 triidothyronine
IBMX isobutylmethylxantine
FBS Foetal bovine serum
NCS Newborn calf serum
PTX Pertussis toxin
GLUT Glucose transporter
mRNA Messenger RNA
TC10 Rho GTPase protein
Cbl caveolin-associated protein
FFA Free fatty acid
CHO cells Chinese hamster ovary cells
FVB mice Sensitive to Friend Leukemia Virus B Strain
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I. Introduction

1. Sympathetic regulation of glucose uptake.

The sympathetic nervous system modulates both hepatic glucose
production and glucose uptake in peripheral tissues via the endogenous
catecholamines epinephrine and norepinephrine (for review refer to
Nonogaki, 2000). Norepinephrine is released from sympathetic nerves
whereas epinephrine is released from the adrenal gland. Norepinephrine
and epinephrine act through adrenergic receptors.

Adrenergic receptors (ARs) belong to the family of G-protein coupled
receptors. G-proteins are heterotrimeric proteins consisting of an a , b
and g subunit. Adrenergic receptors fall into 3 classes depending on the
type of a-subunit they couple to: a1-ARs  couple to Gaq, a2-ARs couple
to Gai,  and b-ARs couple to Gas. The coupling to defined subunits
causes activation of different intracellular signalling pathways (Figure
1).

Figure 1. Intracellular signalling pathways under adrenergic stimulation.
AC – adenylyl cyclase; PKA – protein kinase A, PLC – phospholipase C, DAG –
diacylglycerol, IP3 – inositol-3-phosphate, NE - norepinephrine
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2. White and brown adipose tissues.

Two types of adipose tissue exist in mammals: white and brown
adipose tissue. White adipose tissue (WAT) is for energy storage whereas
brown adipose tissue (BAT) is responsible for the energy dissipation.
BAT exists only in mammals.  The main function of BAT is to transfer
energy from food into heat and keep the body temperature at a defined
set point.  Heat production in BAT is under the central control of the
hypothalamus where temperature control and feeding status are
integrated. The outgoing signal is transmitted via the sympathetic
nervous system to brown adipose tissue (for review refer to Cannon and
Nedergaard, 2004). Norepinephrine released from the sympathetic
nervous system in response to stimuli (for example cold exposure or
stress) acts primarily on the b3-adrenergic receptor in BAT. b3-ARs are
coupled to adenylyl cyclase which stimulates production of a second
messenger, cAMP, which activates protein kinase A (PKA) and
hormone-sensitive lipase (Shih and Taberner, 1995). Hormone-sensitive
lipase releases fatty acids from triglyceride fat storages. The released
fatty acids are then combusted in the mitochondria. The ability of BAT
to produce heat is due to an unique mitochondrial membrane protein,
uncoupling protein 1 (UCP1) (for review refer to Nedergaard et al.,
2001). Fatty acids are the acute substrate for thermogenesis and the
regulators of UCP1 activity (Figure 2).  

The energy produced in mitochondria is not stored as ATP but, with
the help of UCP1, is converted into heat. The participation of BAT in
total energy metabolism, especially in small mammals, is very important.
In a cold environment, brown adipose tissue is a predominant organ for
keeping body temperature in rodents.

The sympathetic nervous system  has  important effects on glucose
uptake in adipose tissues. Long-time norepinephrine infusion stimulates
glucose uptake in white adipose tissue (Liu et al., 1994). The selective
b3-AR agonist CL 316243 increases basal and insulin-stimulated glucose
uptake under long-time treatment in healthy (lean) or obese (Zucker-ZD)
rats (de Souza et al., 1997) and stimulation of a1-ARs increases glucose
uptake in freshly isolated rat white adipocytes (Cheng et al., 2000).
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Figure 2. Norepinephrine-induced stimulation of thermogenesis in BAT.
CNS – central nervous system, NE – norepinephrine, TG – triglyceridse
FFA – free fatty acids, UCP1 – uncoupling protein 1.

BAT may be an important tissue for glucose metabolism.  Glucose
uptake is dramatically increased upon cold exposure (Vallerand et al.,
1990). Brown adipose tissue has a very high uptake of glucose per gram
of tissue under norepinephrine stimulation compared to white adipose
tissue (Liu et al., 1994; Shibata et al., 1989).  Norepinephrine and b-
adrenergic agonists also induce an increase in glucose uptake in brown
adipose tissue in rats and mice under chronical treatment (Young et al.,
1985; Shibata et al., 1989).

However the significance of norepinephrine-induced glucose uptake
for BAT function is still unclear.  Glucose probably does not play a role
as a direct thermogenic substrate in activation of UCP-1, because only a
small fraction of glucose is a direct oxidative substrate (Ma and Foster,
1986). Glucose can also be converted to free fatty acids (FFA) and
triglycerides, or to pyruvate and then to lactate which is released from
the cell (Ma and Foster, 1986). Possibly FFA, synthesized after increases
in glucose uptake, are needed for the activation of thermogenesis via
UCP1 and for keeping the energy balance in cells under stress conditions
but the role of glucose in the metabolic processes in BAT is still unclear.
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3. Skeletal muscle.

Several studies indicate that stimulation of the sympathetic nervous
system induces an increase of glucose uptake in skeletal muscle by a
mechanism independent of insulin (for review refer to Nonogaki, 2000).
Cold exposure induces glucose uptake  in skeletal muscle in vivo in fed
and fasted rats (Shibata et al., 1989). Electrical stimulation of the
ventromedial hypothalamic nucleus and central neurochemical
stimulation activates the sympathetic nerves, leading to an increase in
glucose uptake in skeletal muscle without an increase in plasma insulin
concentration (Sudo et al., 1991). These responses are prevented with
guanethidine (which inhibits the release of norepinephrine from
sympathetic nerve terminals), but not by adrenal demedullation,
indicating that norepinephrine, but not epinephrine, contributes to the
sympathetic stimulation of glucose uptake (Minokoshi et al., 1994).
Furthermore, b-adrenergic agonists mimic the norepinephrine effect on
glucose uptake in rat skeletal muscle (Abe et al., 1993; Tanishita et al.,
1997; Liu et al., 1996) and in the rat skeletal muscle cell line (L6) where
the a1- and b2-AR are responsible for the adrenergic stimulation of
glucose uptake (Nevzorova et al., 2002; Hutchinson et al., 2005).

Interestingly, circulating epinephrine is suggested to inhibit insulin-
stimulated glucose uptake in skeletal muscle (Aslesen and Jensen, 1998;
Chiasson et al., 1981; Jensen et al., 1997; Lee et al., 1997). Epinephrine
alone can induce the translocation of GLUT4 to the plasma membrane
and stimulate glucose uptake but when injected together with insulin,
epinephrine inhibits insulin-stimulated glucose uptake without affecting
GLUT4 translocation, possibly  lowering glucose transport by decreasing
GLUT4 activity on the cell surface (Han and Bonen, 1998). However
epinephrine is not able to inhibit glucose uptake stimulated by a high
physiological dose of insulin (100mU/ml) (Hunt and Ivy, 2002).

4. Glucose transporters.

Glucose is necessary for the function of all organs and it is transported
into cells via a family of glucose transporters (GLUTs). There are 13
members of the glucose transporter family. They are divided into three
subclasses: class I, II and III (for review refer to Joost and Thorens,
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2001; Wood and Trayhurn, 2003). Class I includes the GLUT subtypes
1, 2, 3 and 4. GLUT1 is widely distributed and is responsible for  basal
glucose uptake in most tissues.  GLUT2 provides glucose uptake into
liver and pancreatic cells, GLUT3 - into neuronal cells. GLUT4 is
responsible for insulin-stimulated glucose uptake into skeletal muscle and
adipose tissue. Class II consists of the fructose transporters GLUTs 5, 7,
9 and 11. Class III consists of GLUTs 6, 8, 10, 12 and HMIT1 (it is
characterised by the lack of a glycosylation site on the first extracellular
linker domain and by the presence of such a site in the loop 9 of the
GLUTs). Interestingly, GLUT 8 is a possible candidate for upholding
insulin-induced glucose homeostasis in GLUT4-KO mice (Katz et al.,
1995).

5. Insulin-stimulated glucose uptake

Glucose concentrations in the blood rise after a meal and this leads to
the release of insulin from b-cells in the pancreas. Glucose homeostasis
is regulated primarily by the liver, skeletal muscle and adipose tissue.
Insulin stimulates glucose uptake into skeletal muscle and adipose tissue
thereby decreasing the glucose concentration in the blood (for review
refer to Saltiel and Pessin, 2002).

The insulin receptor is a tyrosine kinase receptor which upon activation
phosphorylates insulin receptor substrate proteins (IRS1-4) (White,
1998). Tyrosine phosphorylation of IRS activates  phosphatidylinositol-
3-kinase (PI3K) which induces the phosphorylation of
phosphatidylinositol-(4, 5)-bisphosphate (PIP2) on the 3rd position
generating phosphatidylinositol-(3, 4, 5)-trisphosphate (PIP3) (Lietzke et
al., 2000). Experiments using selective PI3K inhibitors, PI3K dominant
negative mutants or microinjections of blocking antibodies show that
PI3K is important in insulin-stimulated glucose uptake in rat and mouse
adipocytes (Okada et al., 1994; Cheatham et al., 1994). PIP3 activates a
phosphoinositide-dependent kinase, PDK 1,  which  can activate Akt  by
translocating this kinase to the plasma membrane and by phosphorylating
Thr308 and/or Ser473 residues of Akt (for review refer to
Vanhaesebroeck and Alessi, 2000). It is postulated that PDK 1 can
activate atypical protein kinase C – PKCz/l, which  are critical for
GLUT4 translocation to the plasma membrane and stimulation of
glucose uptake in rat adipocytes (Le Good et al., 1998; Bandyopadhyay
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et al., 1999).
There is evidence for a secondary pathway of insulin-stimulated

glucose uptake that is PI3K independent. Signal molecules may be
segregated  in caveolae – small invaginations in the plasma membrane,
containing a protein caveolin (Smart et al., 1999). Insulin stimulates
tyrosine phosphorylation of Cbl (Ribon and Saltiel, 1997), which is
recruited to the insulin receptor by the adapter protein CAP (Ribon et
al., 1998). Upon phosphorylation, Cbl is translocated to lipid rafts.
Blocking this step partially inhibits the stimulation of GLUT4
translocation by insulin (Baumann et al., 2000). Phosphorylated Cbl
recruits a CrkII-C3G complex to the lipid rafts, where C3G specifically
activates TC10, a small GTP-binding protein. Activation of TC10 by
insulin is critical for stimulation of glucose uptake and the removal of
TC10 from this signalling cascade partially blocks insulin-induced
glucose uptake (Chiang et al., 2001). However it has recently been
shown that this pathway also could involve PI3K since Cbl requires
PI3K for further glucose uptake stimulation induced by insulin (Miura et
al., 2004). The data obtained in 3T3-L1 white adipocytes and in
immortalized brown adipocytes demonstrate that Cbl and IRS1/2 create a
complex with PI3K which is absolutely necessary for PKCl activation
and glucose uptake stimulation (Miura et al., 2004; Standaert et al.,
2004).

Insulin induces translocation of GLUT4 to the cell plasma membrane,
stimulates exocytosis of GLUT4 containing vesicles and inhibits
internalization of GLUT4 in insulin-sensitive tissues by this promoting
increase in glucose uptake (Karylowski et al., 2004; Wertheim et al.,
2004). GLUT4 shuttles between the cell interior and the cell surface via
both general endosomes and specialized compartments. In unstimulated
adipocytes and muscle cells, GLUT4 is distributed approximately equally
between the endosomes and specific compartments (Martin et al., 1996;
Li et al., 2001; Zeigerer et al., 2002).
   GLUT1 is abundantly expressed in all type of cells and it is shown to
be responsible primarily for basal glucose uptake. However, a number of
reports demonstrate that GLUT1 is also activated or translocated to the
plasma membrane of the cell. For example, in cardiac myocytes, the
mitochondrial inhibitor rotenone recruited GLUT1 and GLUT4 to the
plasma membrane from the endosomal pool, whereas insulin induced a
dramatic reduction of GLUT4 protein from the storage pool and
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stimulated GLUT1 translocation to the plasma membrane from the
endosomal pool (Becker et al., 2001). Isoprenaline stimulates GLUT1
translocation to the plasma membrane in rat perfused heart (Egert et al.,
1999).

In brown adipose tissue prolonged cold exposure or adrenergic
stimulation increases GLUT4 protein amount (Shimizu et al., 1993;
Nagase et al., 1994; Gasparetti et al., 2003). Surgical sympathetic
denervation prevents the increase in GLUT4 mRNA induced by cold
exposure of rats (Shimizu et al., 1993) suggesting that norepinephrine
release affects GLUT4 amount. In primary rat cultured brown
adipocytes, insulin and norepinephrine additively stimulate glucose
uptake (Shimizu et al., 1998). In this system norepinephrine induces
glucose uptake by increasing GLUT1 activity without promoting
GLUT4 translocation (Shimizu et al., 1998).

6. AMPK.

There has been much interest recently in AMP-activated protein kinase
(AMPK), which has been suggested to act as a sensor of energy
homeostasis (for reviews refer to Hardie et al., 2003; Musi and Goodyear,
2003, Kahn, et al., 2005). When ATP levels in the cell are decreased, the
AMP levels rise (according to chemical reaction 2ADP <->ATP+AMP).
Increased amounts of AMP are a signal that the energy status in the cell is
low leading to activation of AMPK (Winder and Hardie, 1999).
Mammalian AMPK consists of an a–catalytic subunit and b , g –
regulatory subunits. Each of the subunits comprises different isoforms: a1,
a2, b1, b2 and g1-g3. AMPK is expressed in skeletal and cardiac muscle,
liver, brain and adipose tissue (for reviews refer to Hardie et al., 2003;
Kahn et al., 2005; Carling, 2004)
   Activation of AMPK by AMP can occur by three different
mechanisms: allosteric activation, phosphorylation on the Thr-172
residue and inhibition of dephosphorylation (Hardie et al., 2003). This
way of activation points out that the system is extremely sensitive to
small changes in cellular AMP levels and ensures rapid responses to
fluctuations in cellular energy states.

Thus, AMPK is activated under conditions when ATP levels in the cell
are depleted, for example: heat shock (Corton et al., 1994), glucose
deprivation (Hardie et al., 1998), hypoxia (Kudo et al., 1995; Mu et al.,



16

2001); in skeletal muscle during exercise, depending on duration and
intensity of exercise (Winder and Hardie, 1996; Fujii et al., 2000), in
adipose tissue and liver under exercise (as a result of exercise-induced
release of molecules, for example, IL-6 from muscle) (Kelly et al.,
2004).
   A number of investigations have shown an importance of low levels of
circulating adiponectin and leptin in a variety of abnormalities associated
with the metabolic syndrome and insulin resistance (Arner, 2003;
Fruebis et al., 2001; Iglesias et al., 2002; Tomas et al., 2002; Fryer and
Carling, 2005). Recently it has been shown that adiponectin and leptin
stimulate AMPK activity (Yamauchi et al., 2002; Minokoshi et al., 2002;
Heilbronn et al., 2003) Adiponectin and leptin increase energy
expenditure by stimulation of fatty acid oxidation, in other words these
hormones stimulate fat burning when its storage is excessive and AMPK
is probably a key molecule in adiponectins and leptins intracellular
signalling cascade. Activation of AMPK in adipose tissue increases fatty
acid oxidation by suppression of ACC (acetyl-CoA-carboxylase) activity,
a decrease in malonyl-CoA content and correspondingly activation of the
carnitine-palmitoyltransferase activity, resulting in increase of fatty acids
oxidation (Yamauchi et al., 2002; Ruderman, et al., 2003) (Figure 3).

Figure 3. Stimulation of AMPK (adapted from Kahn BB, 2005)
ACC – acetyl-CoA-carboxylase, CPT1 - carnitine-palmitoyltransferase 1, AMPK –
AMP-activated protein kinase.

AMPK is an interesting potential target for treatment of Type 2 diabetes,
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because it can be activated by metformin (El-Mir et al., 2000) and
thiazolidinediones (Brunmair et al., 2004) which inhibit Complex I of
the respiratory chain and by this, probably, activate AMPK.
Thiazolidinediones also increase the AMP/ATP ratio in the L6 skeletal
muscle cell line to stimulate AMPK activity, whereas metformin induces
phosphorylation of AMPK without causing changes in ATP levels in
cells (Fryer et al., 2002). Treatment of cells with AICAR (cell-
permeable AMPK activator 5-aminoimidazole-4-carboxamide
ribonucleoside) increases glucose uptake in skeletal and cardiac muscle
(Merrill et al., 1997), and also induces insulin release from b-cells
(Leclerc and Rutter, 2004), indicating possible role of AMPK in glucose
homeostasis.

The role of AMPK in adipose tissue is poorly understood because of  a
numbers of contradictory results. Adrenergically stimulated lipolysis
after AMPK activation can be stimulated (Yin et al., 2003) or for
inhibition (Sullivan et al., 1994; Rossmeisl et al., 2004). Stimulation of
AMPK with AICAR does not increase glucose transport and decreases
insulin-stimulated glucose uptake in 3T3-L1 adipocytes (Salt et al.,
2000).  AICAR is shown to increase glucose uptake independently on
AMPK in adipocytes (Sakoda et al., 2002). More studies are needed to
clarify the possible role of AMPK and it modulators of activity in
treatment of Type 2 diabetes.

Recently it was found that AMPK can be activated by stimulation of
Gq-coupled a1-AR and bradykinin receptors stably expressed in CHO
(chinese hamster ovary) or in skeletal muscle cells (Kishi et al., 2000;
Minokoshi et al., 2002)

 In L6 cells, AMPK is activated by stimulation of a1-AR, but not by
a2-  o r  b-ARs (Hutchinson and Bengtsson, unpublished). Increases in
Ca2+ levels and activation of convential and novel PKC isoforms by
phorbol esters do not induce AMPK phosphorylation demonstrating that
Ca2+ and PKCs are not involved in upstream intracellular signalling
pathways. Compound C, an inhibitor of AMPK, totally blocks glucose
uptake and phosphorylation of downstream target of AMPK, ACC,
stimulated by AICAR or cirazoline, but does not inhibit isoprenaline-
stimulated glucose uptake or ACC phosphorylation. These results show
that only a1-AR stimulation leads to AMPK stimulation.

Conclusions: AMPK is activated by factors that induce energy
depletion in cells: oxidative and heat shock, hypoglycemia or intensive
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exercise. Norepinephrine activates AMPK via a1-AR in skeletal muscle.
This stimulation leads to phosphorylation of acetyl-CoA-carboxylase and
an increase in b-oxidation, helping cells to renovate ATP store in the
cell.
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II. Evidence for insulin- and adrenergic- stimulated glucose uptake

in brown adipose tissue

A. IN VIVO

In mice and rats, insulin stimulates increase in glucose uptake in BAT
(Cooney et al., 1985; Ferre et al., 1986) and this increase is via the
translocation of GLUT4 to the plasma membrane (Slot et al., 1991;
Gasparetti et al., 2003; Le Marchand-Brustel et al., 1990).

A number of experiments show that glucose metabolism in rodents is
affected by cold exposure (Budohoski et al., 1984; Cunningham et al.,
1985; Howland and Bond, 1987). Cold exposure activates the
sympathetic nervous system, leading to norepinephrine release at the
synapses. Brown adipose tissue is highly innervated by sympathetic
nerves. Basal glucose uptake in vivo by the interscapular brown adipose
tissue (IBAT) of cold-acclimated rats is higher compared to warm-
acclimated animals (Ma and Foster, 1986). In cold-acclimated rats,
norepinephrine injection dramatically increases glucose uptake in BAT
(Ma and Foster, 1986). Interestingly, glucose uptake in BAT and skeletal
muscle of cold-exposed fasting rats is increased in the same order of
magnitude as in fed cold-exposed animals. Plasma insulin levels in
fasting and cold-exposed rats are decreased (about 3- fold) and this
suggests that glucose uptake under these conditions is insulin-
independent (Shibata et al., 1989; Vallerand et al., 1990). Moreover cold
exposure synergistically potentiates insulin-stimulated glucose uptake
induced by a maximal effective dose of insulin (0.5U/kg iv) in warm- or
in cold-acclimated animals (Bukowiecki, 1989; Vallerand et al., 1987;
Vallerand et al., 1990).

Cold exposure of rats increases glucose uptake not only in BAT, but
also in skeletal muscle and heart in fed or in fasting animals (Shibata et
al., 1989). However the effect of cold exposure on increase in glucose
uptake in heart, skeletal muscle and white adipose tissue is to a much
lesser degree than in brown adipose tissue (Shibata et al., 1989).

Chronic norepinephrine infusion mimics the effect of cold exposure on
stimulation of glucose uptake into BAT and WAT in rats (Cooney et al.,
1985; Shimizu and Saito, 1991; Liu et al., 1994; Tsukazaki et al., 1995).
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Cold exposure (via activation of adrenergic receptors) increases
GLUT4 mRNA and protein levels (Le Marchand-Brustel et al., 1990;
Postic et al., 1994; Nikami et al., 1992; Takahashi et al., 1992; Shimizu
et al., 1993).

Conclusions: In vivo, insulin, cold exposure and norepinephrine
stimulate glucose uptake in BAT to a much higher degree than into
WAT, heart or skeletal muscle. Injection of insulin induces synergistic
potentiation of glucose uptake caused by exposure of animals to cold.

B. IN VITRO.

In vitro systems include freshly isolated cells, cells grown in primary
culture and cell lines. A switch from an in vivo to an in vitro system
gives certain advantages: fewer animals are used (this is valid especially
for cell lines); there is a possibility to stimulate cells (or cell membranes)
with exact concentrations of compounds and to carry out transfection
studies. Furthermore, cells can be obtained from different mice strains
where one or several target genes are knocked-down, knocked-out or
even overexpressed (Klein et al., 2002).

However, most of the commonly used  brown adipocyte cell lines and
rat primary cultured brown fat cells have to be grown with
supraphysiological concentrations of hormones to reach a differentiated
stage which distinguishes these models from freshly isolated cells
(Shimizu et al., 1994; Jost et al., 2002).

Despite this, brown adipocyte in vitro systems are an important tool
for detailed investigations of intracellular signalling pathways involved
in glucose uptake.

1. Measurement of glucose utilization in vitro.

a) Glucose uptake. The principle of this method is that transport of
radioactively labelled 2-deoxy-D-glucose is facilitated into cells with
high affinity; in the cell glucose is phosphorylated, but not further
metabolized, so it is possible to measure the incorporated radioactivity in
cells. Cells are preincubated with the agents of interest for 20 minutes to
2 hours, after which 0.03-100 mM of 2-deoxy-D-glucose (labelled with
[3H]) is added for 5-10 minutes, since it was found that the transport
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rate is linear for at least 15 minutes (Marette and Bukowiecki, 1989;
Shimizu and Shimazu, 1994; Jost et al., 2002; Chernogubova et al.,
2004).
b) Glucose transport. D-glucose can move in both directions: into and
out from the cell. Glucose transport is measured by using trace amounts
of [14C]-glucose (<5 mM). The cells are preincubated with compounds
for 20 minutes and then incubated for 20 sec-8 minutes with the
radioactive tracer (Ebner et al., 1987; Isler et al., 1987). The [14C]-
glucose follows the concentration gradient (Czech et al., 1974).
c) Glucose metabolism. Total glucose metabolism in the cells is
measured. The [14C] incorporation from glucose into lactate, CO2, and
total lipids is determined (also called total glucose metabolism) (Isler et
al., 1987; Ebner et al., 1987).

2. Brown adipocyte in vitro systems for investigation of glucose
metabolism.

a) Freshly isolated rat and mouse brown adipocytes.
To obtain freshly isolated brown adipocytes, brown adipose tissue is
dissected from rats or mice and incubated in a collagenase buffer for
digestion. After a few washing steps, adipocytes are counted and used
immediately for glucose uptake experiments (Isler et al., 1987; Ebner et
al., 1987; Marette and Bukowiecki, 1989; Marette and Bukowiecki,
1990; Omatsu-Kanbe, M et al., 1996 Malide, D et al., 2001).
b) Rat primary cultured adipocytes.
Cells are isolated from the interscapular brown adipose tissue of newborn
rats and grown on collagen-coated dishes. Rat primary brown adipocytes
have to be stimulated with triiodothyronine (T3), D-pantothenic acid and
d-biotin for differentiation (Shimizu et al., 1994; Shimizu et al., 1996;
Shimizu et al., 1998). These cells express the main marker of brown
adipose tissue – uncoupling protein 1 (UCP 1). In glucose uptake studies,
it is necessary to preincubate the cells for 48-72 hours with 1 mM of
dexamethasone (a synthetic glucocorticoid) to elevate synthesis of GLUT
4 (Nikami et al., 1996).
c) Rat foetal brown adipocytes grown in culture.
Cells are isolated from 20–day-old foetal rats, plated and grown for 4 h
in 20% FBS- supplemented medium and then for 20h in serum-free
medium (Valverde et al., 2000; Hernandez et al., 2001). The foetal
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brown adipocytes at time point zero in culture express UCP 1 (Lorenzo
et al., 1993).
d) Immortalized cultured brown adipocytes.
Cells are isolated from interscapular brown adipose tissue of newborn
mice (Klein et al., 1999). Cells are grown in 20% FBS culture medium
until 80% confluency. After this, cells are passaged and infected with a
retroviral vector resistant to puromycin. Cells are maintained in culture
medium for 72 h and then subjected to selection with puromycin for at
least 3 weeks. Selected preadipocytes are grown in differentiation
medium supplemented with 20 % FBS, insulin, T3,
isobutylmethylxanthine (IBMX), dexamethasone, and indomethacin for
about 6 days until a fully differentiated phenotype is reached. Cell
cultures are usually used until passage 20.  Cells are serum-starved for 48
h for glucose uptake experiments.
e) Mouse primary cultures of brown adipocytes.
In our model, brown adipocytes are isolated from 3 week old  mice. The
interscapular, axillary and cervical brown adipose depots are dissected.
Tissue is digested in a collagenase (type II) buffer and washed twice,
before cells are plated. Cells are grown for 7 days in culture medium
supplemented with 2.4 nM of insulin (physiological concentration range)
and 10% newborn calf serum. After 5 days in culture, cells
spontaneously start conversion from the fibroblast-like cells to mature
brown fat cells. On day 7, at least 80 % of cells are differentiated and
have multilocular fat droplets
(Figure 4 (1; 2)).

(1) (2)

Figure 4. (1) Brown adipocytes (isolated from FVB mice) grown in culture, day
7. (2)  UCP1 mRNA induction in wild type and b3-KO (KO) cells. Cells were treated with
isoprenaline (ISO, 1mM) or norepinephrine (NE, 0.1 mM) for 2 hours.
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The primary cultured mouse brown adipocytes isolated from FVB, b3-
KO or NMRI mice show mature brown fat cell phenotype (multilocular
fat droplets) with expression of the main BAT marker, UCP1. Mature
brown adipocytes express GLUT1 and GLUT4 protein (Paper IV).

3. Benefits and drawbacks of different cell systems.

Freshly isolated cells probably most closely resemble the physiological
condition. However during isolation, cells are exposed to collagenase,
which can destroy significant amounts of receptors. Additionally, freshly
isolated brown adipocytes live for a very short period of time (especially
mouse brown adipocytes (unpublished data) and it is necessary to use 10-
20 animals per experiment.

 Primary cultures of brown adipocytes give more opportunities to
measure glucose uptake: cells are attached to the plate (dish) surface;
they are more stable and live for longer periods of time. There are
possibilities to prestimulate cells during the period of growing and
development. However, rat primary cultures must be stimulated with
high concentrations of insulin and dexamethasone to induce
differentiation, which can influence the results. Mouse immortalized
brown adipocytes (or brown adipocyte cell line) can be passaged (up to
20-30 passages) (Klein et al., 2002). The advantages of cell lines are
reproducible results and smaller amount of animals. These cells can also
be easily transfected. However, at the present time, transfection of
primary cultured brown adipocytes is also possible (O.Dallner,
unpublished data) and this opens the possibility to generate an
independent set of results free of limitations imposed by cell line models.

In our model, mouse primary cultured brown preadipocytes
differentiate spontaneously in culture medium, which contains low levels
of insulin (2.4 nM)  (Chernogubova et al., 2004, Paper I). These cells
have all the characteristics of mature brown adipocytes (Rehnmark,
1991; Chernogubova et al., 2005, Paper II); they express high levels of
b3-AR (Bengtsson et al., 2000; Chernogubova et al., 2005, Paper II) and
as a response to adrenergic stimulation, increase UCP1 mRNA levels
(Chernogubova, 2005 et al, Paper II).



24

4. Insulin-stimulated glucose uptake in different cell systems.

 Physiological concentrations of insulin (nM range) increase glucose
transport and glucose uptake in freshly isolated rat brown adipocytes 5-8
times over basal levels (Ebner et al., 1987; Isler et al., 1987; Marette and
Bukowiecki, 1989). Insulin stimulates glucose uptake in rat primary
cultured brown adipocytes, rat foetal brown adipocytes and in mouse
immortalized brown adipocytes 2-5 times over basal but at
supraphysiological concentrations ( 0.1-1 mM) (Shimizu and Shimazu,
1994; Shimizu et al., 1996; Lorenzo et al., 2002; Klein et al., 1999; Jost
et al., 2002; Konrad et al., 2002).

Insulin receptor stimulation induces phosphorylation of insulin
receptor substrates (IRS1-4). There are four IRS substrates (White,
1998). IRS-2 probably plays an important role in stimulation of glucose
uptake in brown adipocytes (Fasshauer et al., 2000; Arribas et al., 2003).
Insulin-induced glucose uptake is impaired in immortalized mouse
brown adipocytes isolated from IRS-2-KO mice and restored after re-
establishing of IRS-2 expression in these cells (Fasshauer et al., 2000).
Recently it has been shown that both IRS1 and IRS2 are important for
insulin-dependent glucose uptake in immortalized brown adipocytes
(Fasshauer et al., 2000; Fasshauer et al., 2001). IRS interacts with PI3K
and activates its Src homology 2 domain (Cheatham et al., 1994). In
IRS-2-KO brown adipocytes, PI3K activity is completely abolished upon
insulin stimulation and insulin-stimulated glucose uptake is reduced to a
great extent. Wortmannin or LY 294002, specific PI3K inhibitors,
dramatically decrease insulin-stimulated glucose uptake in several brown
adipocyte in vitro systems (Shimizu and Shimazu, 1994; Valverde et al.,
1999; Fasshauer et al., 2000), indicating that the activation of PI3K is a
very important step in the insulin signalling pathway which induces an
increase in glucose uptake in brown adipocytes.

PDK-1 is one of PI3Ks downstream targets in the insulin-induced
intracellular signalling cascade. PDK-1 is probably an essential target
molecule in insulin stimulation (Lizcano and Alessi, 2002) but its role in
glucose uptake is still unclear. In PDK-1-defective white adipocytes,
insulin-stimulated GLUT 4 translocation to the cell membrane is
impaired (Bandyopadhyay et al., 1999; Grillo et al., 1999) but in white
adipose cells overexpressing a constitutively active PDK-1 or with
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mutations in the pleckstrin homology domain of PDK-1, insulin-
stimulated glucose uptake is not affected (Egawa et al., 2002; Yamada et
al., 2002). In immortalized brown adipocytes, where PDK-1 is depleted
by using Cre-Lox technology, insulin-stimulated glucose uptake is
diminished (Sakaue et al., 2003). PDK1 activates Akt and PKCz (Bae et
al., 2003; Hernandez et al., 2001). Both of these kinases have been
shown to be essential for insulin-induced GLUT4 translocation to the
plasma membrane and increase in glucose uptake (Lorenzo et al., 2002;
Arribas, et al., 2003). PKCz activity and glucose uptake in IRS1-KO or
IRS2-KO immortalized adipocytes is completely abolished  upon insulin
stimulation, while insulin still can phosphorylate Akt at the Ser 473
residue (Arribas et al., 2003; Miura et al., 2004).

It has been demonstrated that insulin-stimulated glucose uptake is
decreased in cells preincubated with the Akt kinase inhibitor ML-9 or in
cells expressing an Akt kinase dominant negative phenotype (Hernandez
et al., 2001).

In rat foetal brown adipocytes and in 3T3-L1 cells PLCg is involved in
insulin-induced glucose uptake (Lorenzo et al., 2002; Kayali et al.,
1998). In both cell types PLCg associates with the insulin receptor after
1 min of incubation with insulin. PLCg activation induces the production
of diacylglycerol (DAG) which can be metabolized to phosphatidic acid
(PA). Inhibition of PA production also inhibits insulin induced
PKCz activity which suggests a novel pathway for stimulation of glucose
uptake (Lorenzo et al., 2002).

Experiments in immortilized brown adipocytes show that a relatively
small pool (about 20%) of caveolin-associated protein Cbl activates
PI3K with an induction of the atypical PKC isoforms activation and
glucose uptake stimulation (Miura et al., 2004). Expression of mutant
Cbl proteins into 3T3-L1 adipocytes results in a decrease in association
of Cbl with Crk and PI3K and also in supressed glucose uptake
(Standaert et al., 2004). This data indicates that association of Cbl and
PI3K is important for the signal transduction involved in glucose uptake
stimulation.  Thus, there are several intracellular signalling pathways
which are responsible for insulin-stimulated glucose uptake in in vitro
brown adipocyte systems: IRS-2 - PI3K – PKC; Cbl – TC10; Cbl –
PI3K – PKC (Figure. 5).
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Figure 5. Insulin-stimulated glucose uptake in brown adipocytes. IR – insulin
receptor, PLC – phospholipase C, IRS2 – insulin receptor subunit 2, PI3K – phosphatidyl
inositol kinase 3, DAG – diacylglycerol, PA - phosphatidic acid, Cbl - caveolin-associated
protein, PDK1 – phosphoinositide dependent kinase, TC10 – Rho GTPase protein, Akt –
protein kinase B, PKC - protein kinase C.

5. Adrenergic stimulation of glucose uptake in in vitro systems.

a )  Types of adrenergic receptor involved in glucose uptake
stimulation.

Brown adipose tissue expresses a1-, a2- and b-adrenergic receptors
(Rehnmark et al., 1990; Lafontan et al., 1997). In primary cultured
brown adipocytes a1-, a2-, and b1,3-adrenergic receptors are expressed
(Kikuchi-Utsumi et al., 1997; Kuusela et al., 1997; Bengtsson et al.,
2000; Bronnikov et al., 1999; Chernogubova et al., 2005, Paper II).

We suggest that our model of brown adipocytes grown in culture is
close to a physiological in vivo model. However b3-KO cells do not
express increased levels of b1-AR mRNA or protein in contrast to the
mouse model of b3-KO mice which compensate for the absence of b3-
AR by increased expression of b1-AR (Susulic et al., 1995;
Chernogubova et al., 2005, Paper II).

b-adrenergic agonists induce an increase in glucose uptake in rat
primary cultures (Nikami et al., 1996; Shimizu and Shimazu, 1994;
Kishi et al., 1996; Shimizu et al., 1996). We have shown that
adrenergically stimulated glucose uptake in mouse primary cultures of
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brown adipocytes is mediated mainly via b3-AR (Chernogubova et al.,
2004, Paper I).  In control (FVB cells) a1-adrenergic receptor plays
minor role in glucose uptake stimulation in comparison with white
adipocytes (Faintrenie and Géloën, 1998; Cheng et al., 2000). There is
no evidence for a2-adrenoceptor participation in norepinephrine-
stimulated glucose transport: incubation of cells with a2-adrenoceptor
antagonist, yohimbine, or Gi blocker PTX does not influence
adrenergically-stimulated glucose uptake (Paper I).

b) Role of b1-AR in glucose uptake stimulation

In mouse brown adipocytes b1-ARs are responsible for cAMP
accumulation in proliferating cells whereas b3-ARs are coupled in
differentiated cells (Bronnikov et al., 1992,; Bronnikov et al., 1999).
However a pool of b1-ARs still exist in differentiated brown adipocytes
as has been shown by [3H]-CGP-12177 binding studies (Bronnikov et
al., 1999). Hence it is quite difficult to conclude if both or only b3-AR
participate in signal transduction in mature adipocytes.

We have performed cAMP time-course experiments in attempt to
investigate receptor desensitization in proliferating (day 3) and mature
(day 7) brown adipocytes in culture under adrenergic stimulation.

Figure 6. cAMP levels elevation in FVB and b3-KO brown adipocytes grown i n
culture under isoprenaline stimulation. Brown adipocytes isolated from wild type
(FVB) or b3-KO mice were grown in culture, stimulated with 1 mM of isoprenaline and
harvested on day 3 (proliferating stage) or on day 7 (mature stage). cAMP concentrations
in cells were  determined  by using Amersham cAMP kit. Values are mean of means of 2
independent  experiments (day 3; in quadruplicates) or 5 experiments (day 7; in
triplicates)  + SE. Statistical  analysis was performed using Student t-test, *, P<0.05.
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On day 3 there is no difference in time kinetics of cAMP accumulation
and breakdown between control and b3-KO cells. However experiments
in mature brown adipocytes (day 7) demonstrate that in cells lacking the
b3-AR, desensitization of the signal occurs probably quicker than in
control cells, although the maximal response reaches the same level
(Figure 6).

To study the role of adenylyl cyclase in the system we stimulated cells
with the adenylyl cyclase activator forskolin. There were no differences
in the time-dependent cAMP accumulation levels between wild-type and
b3-KO cells (Figure 7).

Figure 7. cAMP levels elevation in FVB and b3-KO brown adipocytes grown i n
culture under forskolin stimulation. Brown adipocytes isolated from wild type (FVB)
or b3-KO mice were grown in culture, stimulated with 10 mM forskolin and harvested on
(proliferating day 7 (mature stage). cAMP concentrations in cells were  determined  by
using Amersham cAMP kit. Values are mean of means of 2 independent  experiments ( in
triplicates)  + SE.

 Moreover there were no differences in time-dependent isoprenaline-
induced cAMP accumulation in cells preincubated with IBMX (a
phosphodiesterase inhibitor) (data not shown).
These observations can be explained by a number possibilities:
-  In wild-type cells only the b3-AR is coupled to adenylyl cyclase. In
b3-KO cells, the b1-AR desensitizes much faster then b3-AR in wild-
type cells probably due to putative phosphorylation sites on the
intracellular receptor loops and C-terminal tail.
-  Possibly, the b1-AR is coupled in mature wild-type brown adipocytes
and isoprenaline-induced cAMP elevation is via both b1- and b3-AR.
This may be proved by prestimulation of wild-type cells with a selective
b3-AR antagonist to reveal the b1-AR component. Another possibility is
to perform experiments where cells (wild-type and b3-KO) are
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prestimulated with isoprenaline for 5 minutes, washed and then
stimulated again with isoprenaline. If the b1-AR is coupled in wild-type
cells it would be desensitized after the preincubation and cAMP levels
time-curve will lose b1-component.

The b3-KO cells grown in culture do not express elevated amount of
b1- or a 1-ARs (Chernogubova et al., 2005, Paper II). However the
quick putative desensitization of b1-AR does not influence glucose
uptake stimulation in b3-KO cells indicating that the pool of cAMP
produced after first 5 minutes of receptor stimulation is crucial for
further signal transduction.  Cirazoline is able to elevate glucose uptake
in b3-KO cells. Although the a1-AR component starts to be visible in
b3-KO cells, contribution of this receptor in glucose uptake stimulation
is not pronounced (Paper II).

c) Intracellular signalling pathways involved in adrenergic

stimulation of glucose uptake

- cAMP

The stimulation of b-ARs causes activation of adenylyl cyclase and
increases cAMP levels in the cells. cAMP is involved in stimulation of
glucose uptake, since cAMP-analogues by themselves are able to
stimulate glucose uptake in primary cultured brown adipocytes
(Chernogubova et al., 2004, Paper I; Chernogubova et al., 2005, Paper
II), in freshly isolated brown adipocytes, in mouse and rat primary
cultured adipocytes (Marette and Bukowiecki, 1990; Shimizu et al.,
1996). Moreover, stimulation of cells with ACTH (adrenocorticotropic
hormone) and glucagon, whose receptors are Gs-coupled, also cause
increases in glucose uptake in freshly isolated brown adipocytes (Marette
and Bukowiecki, 1990). Inhibition of stimulated cAMP synthesis by a
specific adenylyl cyclase inhibitor, 2’,5’-dideoxyadenosine, dramatically
decrease adrenergically stimulated glucose uptake (Chernogubova et al.,
2004, Paper I; Chernogubova et al., 2005, Paper II).
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- Do adrenergic agonists and insulin additively stimulate or

potentiate glucose uptake in vitro?

In freshly isolated cells and in rat primary cultured brown adipocytes,
norepinephrine and insulin produce an additive increase in glucose
uptake (Marette and Bukowiecki, 1990; Shimizu et al., 1996), whereas
in immortilized brown adipocytes, a CL 316243, a selective b3-AR
agonist, and CGP 12177A, partial b3-agonist, inhibit insulin-induced
glucose uptake in a dose-dependent manner (Klein et al., 1999; Jost et
al., 2002).

 In mouse primary cultured cells, isoprenaline does not inhibit insulin-
stimulated glucose uptake and does not potentiate insulin stimulation
with short-term incubation (1 hour, culture medium without 2.4 nM of
insulin) (Chernogubova, unpublished data). When primary cultured
brown adipocytes are stimulated with norepinephrine or insulin in the
culture medium containing insulin (2.4 nM), norepinephrine induces
much higher increase in glucose uptake than insulin (Figure 8). Maximal
elevation in norepinephrine glucose uptake is reached at the 5 hour time-
point.

Figure 8. Insulin- and isoprenaline-stimulated glucose uptake. Brown adipocytes
were grown in culture medium under standard conditions. On day 7 cells were incubated in
the standard culture medium containing 2.4 nM insulin (basal glucose uptake) or
stimulated with 0.1 mM norepinephrine or 1 mM insulin in the same medium and
harvested after 0.5, 1, 2, 5, 8, 12 hours. Glucose uptake was measured according to the
standard procedure  (Paper I-IV). Results are shown as delta values: Delta = (A –
B)*100%/C, where A – glucose uptake under stimulation, B – basal glucose uptake at the
same time point, C – basal glucose uptake at 0.5h time point.
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- PI3K is involved in adrenergically stimulated glucose uptake in
primary cultured brown adipocytes.

Inhibition of PI3K with the specific inhibitors LY 294002 or
wortmannin prevents increase in glucose uptake induced by b-adrenergic
agonists or cAMP analogue, indicating an important role of PI3K in
adrenergically stimulated glucose uptake (Chernogubova et al., 2004,
Paper I; Chernogubova et al., Paper II). Cytohistochemistry experiments,
where the PIP3 antibody has been used, demonstrate that isoprenaline as
well as insulin induce synthesis of PIP3 in mature brown adipocytes
(Figure 9).

Figure 9. Isoprenaline and insulin induce PIP3 immunoreactivity by activating
PI3K in mouse primary cultured brown adipocytes. Brown adipocytes from wild
type (FVB) mice were grown in 4-well chamber slides. On day 7 cells were serum starved
for 2 hours and stimulated for 10 minutes with 1 mM insulin or isoprenaline (with or
without addition of a selective PI3K inhibitor LY 294002).

-  Role of PKC and Akt kinases in adrenergically stimulated
glucose uptake

Activation of PI3K by insulin induces phosphorylation and activation
of Akt and PKCs. Conventional PKCs (a, b, g) and novel PKCs (s, e, h
and q) are not involved in insulin-stimulated glucose uptake in white
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adipocytes (Standaert et al., 1997; Bandyopadhyay et al., 1999), whereas
atypical PKCs (z/l) are necessary for insulin-stimulated glucose uptake
in both white and brown adipocytes (Standaert et al., 1997; Valverde et
al., 2000; Arribas et al., 2003).  In our model we demonstrate that usage
of different PKC inhibitors (Table 1) shows that conventional and novel
PKC isoforms are involved in norepinephrine- and isoprenaline-
stimulated glucose uptake (Paper I, II). In control cells Gö 6983, an
inhibitor of conventional, novel and in higher concentrations atypical
PKCs, markedly inhibits glucose uptake stimulated by isoprenaline or 8-
br-cAMP (the concentrations of the inhibitors in the study have been
carefully chosen for the best selectivity and to avoid side effects)
(Martiny-Baron et al., 1993; Gschwendt et al., 1996; Davies et al., 2000;
Bain et al., 2003). In b3-KO cells, Gö6976, an inhibitor of conventional
PKC, completely blocks norepinephrine- and isoprenaline-stimulated
glucose uptake.

Table 1.

Protein Kinase C isoforms:

Conventional a, b1, b2, g  calcium-DAG-dependent

Novel d, e, h, q, m  DAG- dependent

Atypical z, i/l

Used PKC inhibitors

Inhbitors Isoforms inhibited

Gö 6976 a, b1, m

Gö 6983 a, b, g, d, z

Ro 31-8220 conventional, novel

There is strong evidence that Akt2 kinase is very important in insulin-
stimulated glucose uptake. Akt2-KO mice display insulin resistance and a
diabetes-like syndrome (Cho et al., 2001). In mature brown adipocytes
insulin induces phosphorylation of both Thr 308 and Ser 473 residues of
Akt. However, isoprenaline does not induce Akt activation by
phosphorylation at any time point up till 2 hours of stimulation (data not
shown).
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d )  AMP-activated protein kinase is involved in glucose uptake
stimulation.

 The role of AMPK as a sensor of energy homeostasis in brown
adipose tissue has not been clarified. Activation of UCP1 is expected to
elevate AMP levels as result of the use of ATP (Pettersson and Vallin,
1976). To investigate if AMPK is involved in glucose uptake stimulation
in cultured brown adipocytes we used cells isolated from BAT of
different mouse strains: FVB, b3-KO, UCP+/+, UCP1-KO. We found
that stimulation of b1- or b3-ARs induces phosphorylation of AMPK.
The effect of b-adrenergic stimulation on AMPK is mimicked by the
cAMP analogue, 8-Br-cAMP, and by forskolin. There is no changes in
AMPK phosphorylation when UCP1 protein is recruited. These results
suggest that AMPK in brown adipocytes is activated via stimulation of
b -adrenergic receptors. This activation is dependent on cAMP
production and independent of UCP1 function (Paper III).

Previous studies in skeletal muscle have demonstrated that Gq (a1-
AR), bradykinin but not Gs- or Gi-coupled receptors are able to induce
AMPK phosphorylation in stably transfected CHO cells or in L6 cells
(Kishi et al., 2000; Hutchinson, et al., 2005). However our results in
mature wild-type and b3-KO brown adipocytes show that only Gs-
coupled, b3- or b1-ARs, are responsible for the AMPK phosphorylation.
This data is in accordance to results obtained in 3T3-L1 adipocytes (Yin
et al., 2003) and in isolated rat adipocytes (Moule and Denton, 1998)
where stimulation of AMPK increased adrenergically stimulated
lipolysis. Although the a1-AR receptor is involved in glucose uptake
stimulation in b3-KO brown adipocytes (Chernogubova et al., 2005)
there is no evidence for AMPK phosphorylation induced by cirazoline in
these cells, indicating that Gq-stimulation of glucose uptake does not
involve AMPK in the signalling cascade.

   AMPK is directly connected to glucose uptake in skeletal muscle
(for review refer to Kahn et al., 2005) but the involvement of AMPK in
stimulation of glucose uptake in fat is still under discussion since AICAR
does not stimulate glucose uptake in 3T3-L1 cells (Salt et al., 2000;
Sakoda et al., 2002) but increases it in primary rat adipocytes (Wu et al.,
2003). In our experiments AICAR induces a significant increase in
glucose uptake (about 1.8 fold). Ara-a, a competitive inhibitor of
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AMPK, inhibits glucose uptake stimulated by AICAR. b-adrenergically
stimulated glucose uptake is partially inhibited by Ara-a, indicating that
part of signal is mediated via AMPK whereas the rest of the signalling is
through cAMP elevation.

e) Adrenergic stimulation and GLUT1/4 expression.

There are two main glucose transporters which are expressed in BAT
and in primary cultures of brown adipocytes: GLUT1 and GLUT4.

In brown adipocytes stimulation of b3-AR, but not b1-, a1- or a2-
ARs, induces a dramatic increase in GLUT1 mRNA levels (7 times) and
a remarkable decrease (2 times) of GLUT4 mRNA levels (Paper IV).

We investigated two stages in adrenergic and insulin stimulation of
glucose uptake: acute (0.5, 1 or 2h) and prolonged (5h and 8 hours).
After 2h and 5h of stimulation norepinephrine increases amount of
GLUT1 transporters in the cell plasma membrane fraction. After 5 hours
of stimulation there is not only increase in GLUT1 on the cell surface
but also content of GLUT1 protein is increased in cytosol fraction  
(Paper IV) (Figure 11).
These data are confirmed by glucose uptake and cytohistochemistry
experiments. Adrenergically stimulated glucose uptake increases in
brown adipocytes after 1 hour stimulation with 0.1mM of norepinephrine
and the maximum response is reached after 5 hours of stimulation.
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III. General conclusions.

Norepinephrine stimulates the Gs-coupled b-AR with subsequent
activation of adenylyl cyclase. This activation leads to cAMP synthesis,
which in turn stimulates phosphorylation of PKA.  PKA phosphorylates
glycogen synthase kinase 3 (GSK3) (Jope and GVW, 2004) which leads
to its inactivation, the activation of glycogen synthase and glycogen
production. In parallel PKA brings about ACC inhibition followed by
increase in fatty acid b-oxidation and ATP generation. Our data suggest
that PKA can also stimulate glucose uptake via the activation of PI3K
and conventional and novel PKC isoforms. PI3K is likely to be
stimulated by cAMP acting via some as yet unidentified protein
participants. This pathway operates bypassing PKA. Another pathway of
rising up the glucose uptake via b-adrenergic receptor makes use of
elevated cAMP, which leads to phosphorylation of AMPK (Figure 10)

Figure 10. Suggested model for the b-adrenergic signalling pathways with
focus on glucose and energy homeostasis.
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Figure 11.  Norepinephrine stimulates GLUT1 synthesis and its translocation to
the cell plasma membrane.

It is not known how exactly adrenergic stimulation of brown adipocytes
leads to an increased glucose uptake. One possibility is that increased
levels of cAMP somehow bring about an uprise in the level of GLUT1
gene expression with subsequent recruitment of this glucose transporter
to the cellular membrane. This phenomena was demonstrated in our
experiments (Paper IV) (Figure 11). The increased availability of
GLUT1 transporter leads to increased glucose uptake.
It is unclear why brown adipose tissue consumes such amounts of
glucose under stress and cold condition. Glucose is probably not a direct
substrate for thermogenesis. Glucose is converted to pyruvate and to
fatty acids, which are direct substrates for thermogenesis and necessary
for UCP-1 activation. However, there is evidence that fatty acids
transported to the cells from the circulation are enough for activation of
thermogenesis. Pyruvate can be used in the anaplerotic reactions to form
oxaloacetate (Cannon and Nedergaard, 1979). Anaplerotic reactions are
the reactions by which such intermediates in the citric acid cycle as
oxaloacetate and malate can be restored. These reactions allow for an
increase in the capacity of the citric acid cycle. Probably glucose
converted to pyruvate serves as a source of energy in brown adipose
tissue under stressed (energy consuming) condition.
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Norepinephrine Increases Glucose Transport in Brown
Adipocytes via �3-Adrenoceptors through a cAMP, PKA,
and PI3-Kinase-Dependent Pathway Stimulating
Conventional and Novel PKCs

EKATERINA CHERNOGUBOVA, BARBARA CANNON, AND TORE BENGTSSON

The Wenner-Gren Institute, Arrhenius Laboratories F3, Stockholm University, SE-106 91 Stockholm, Sweden

To identify the signaling pathways that mediate the adren-
ergic stimulation of glucose uptake in brown adipose tissue,
we used mouse brown adipocytes in culture. The endogenous
adrenergic neurotransmitter norepinephrine (NE) induced
2-deoxy-D-glucose uptake 3-fold in a concentration-dependent
manner (pEC50 �6.5). The uptake was abolished by high doses
of propranolol. The NE effect was mimicked by isoprenaline
(pEC50 �6.9), BRL 37344 (pEC50 �8.6), CL 316243 (pEC50 �9.7)
and CGP 12177 (pEC50 �7.3) and was thus mediated by �3-
adrenergic receptors. The NE-induced effect on 2-deoxy-D-glu-
cose uptake was mediated by adenylyl cyclase and cAMP be-
cause responses were inhibited by the adenylyl cyclase
inhibitor 2�,5�-dideoxyadenosine and the protein kinase A in-
hibitor 4-cyano-3-methylisoquinoline. Cholera toxin and
8-bromoadenosine cAMP were both able to increase 2-deoxy-
D-glucose uptake. Involvement of other adrenergic signaling

pathways (�1-and �2-adrenergic receptors) were excluded.
The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002,
abolished �-adrenergic- or 8-bromoadenosine cAMP-stimu-
lated 2-deoxy-D-glucose uptake, demonstrating that a cAMP-
dependent PI3K-mediated pathway is positively connected to
glucose uptake. Inhibition of the �-adrenergically stimulated
response with protein kinase C (PKC) inhibitors (Gö 6983,
which inhibits (�, �, �), (�), and (�) isoforms and Ro-31–8220,
which inhibits (�, �1, �2, �) and (�) but not atypical isoforms)
indicated that cAMP-mediated glucose uptake is stimulated
via conventional and novel PKCs. These results demonstrate
that adrenergic stimulation, through �3-adrenergic receptors/
cAMP/protein kinase A, recruits a PI3K pathway stimulating
conventional and novel PKCs, which mediate glucose uptake
in brown adipocytes. (Endocrinology 145: 269–280, 2004)

IN RODENTS, BROWN ADIPOSE tissue (BAT) is an im-
portant organ for controlling energy dissipation by its

ability to uncouple mitochondrial respiration, a process me-
diated by uncoupling protein-1 (UCP-1) (for a recent review,
see Ref. 1). Furthermore, it may potentially play a significant
role in the regulation of glucose homeostasis and insulin
secretion in rodents (2). Glucose uptake in BAT is markedly
increased through two opposite metabolic pathways; during
active anabolic processes, uptake is stimulated by insulin and
during activation of thermogenesis, uptake is stimulated by
norepinephrine (3–5).

The insulin-signaling pathway has been extensively stud-
ied in muscle and white adipocytes and appears similar in
brown adipocytes. Binding of insulin to the insulin receptor
leads to activation of the regulatory subunit of type 1A phos-
phatidylinositol 3-kinase (PI3K), which is one of the key
intermediate targets in the insulin signaling pathway (for a
recent review, see Ref. 6). One of the downstream targets for

insulin is translocation of intracellular vesicles containing
glucose transporters (GLUTs) to the cell membrane (7). The
GLUT isoforms differ in their tissue distribution profile, ki-
netic characteristics, and substrate specificity. GLUT-1 is sit-
uated in the plasma membrane and provides a basal supply
of glucose for most cells and is heavily expressed in BAT (8).
GLUT-4 is exclusively found in adipose tissue (white and
brown) and muscle, and its subcellular localization is con-
trolled by insulin (7). This has also been demonstrated for
brown adipocytes (9).

Thermogenesis in BAT is highly regulated by the sympa-
thetic nervous system, and metabolic heat is produced in re-
sponse to cold exposure or overfeeding. Glucose uptake in BAT
is markedly stimulated by cold exposure (10, 11) and activation
of the sympathetic nervous system (4, 5). In vitro glucose
uptake is stimulated in brown adipocytes by norepinephrine
and other adrenergic agents (3, 12–14). BAT expresses several
different adrenergic receptor subtypes (15–17) including the
�3-adrenergic receptor, which is a potential target for anti-
obesity and antidiabetic drug therapy (18). We have previously
shown that in muscle cells, glucose uptake is stimulated by
�2-adrenergic receptors via a process not directly related to
increases in cAMP (19). In this study, we used brown adipo-
cytes in primary culture that have previously been character-
ized to express intact adrenergic- and insulin-signaling systems
(20–24). We have studied the norepinephrine-activated glucose
uptake with focus on the adrenergic receptors and intracellular
signaling pathways involved in this process.

Abbreviations: BAT, Brown adipose tissue; 8-Br-cAMP, 8-bromoad-
enosine-cAMP; 4CM, 4-cyano-3-methylisoquinoline; 8-CPT, 8-(4-
chlorophenylthio)-2�-O-methyladenosine-3�,5�-cyclicmonophosphate
sodium salt; DDA, 2�,5�-dideoxyadenosine; 2-DG, 2-deoxy-d-glucose;
GLUT, glucose transporter; PI3K, phosphatidylinositol 3-kinase; PKA,
protein kinase A; pKB, log(dr � 1) � log[antagonist], where dr � dose
ratio; PKC, protein kinase C; TPA, phorbol 12-myristate 13-acetate;
UCP-1, uncoupling protein-1.
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We present a model for the signaling pathway and key
molecules involved in the adrenergic receptor activation of
glucose transport in brown adipocytes, indicating a �3-ad-
renergic receptor/cAMP/protein kinase A (PKA) pathway
which stimulates PI3K and protein kinase C (PKCs). The
results indicate that this point represents the link between
the opposing adrenergic and insulin pathways, at which the
pathways converge and ultimately use the same signaling
molecules downstream of PI3K.

Materials and Methods
Cell isolation

The mice used in this study were 3-wk-old FVB mice (either sex) bred
at the institute. Brown fat precursor cells were isolated in principle as
previously described (15). The interscapular, axillary and cervical brown
adipose tissue depots were dissected out under sterile conditions,
minced, and transferred to the HEPES-buffered solution (pH 7.4) (de-
tailed by Ref. 25), containing 0.2% (wt/vol) crude collagenase type II
(Sigma, St. Louis, MO). Routinely, pooled tissue from six mice was
digested in 10 ml of the HEPES-buffered solution. The tissue was di-
gested (30 min, 37 C) with vortexing every 5 min and the digest filtered
through a 250-�m filter into sterile tubes. The solution was placed on ice
for 15 min to allow the mature brown fat cells and lipid droplets to float.
The infranatant was filtered through a 25-�m filter, collected, and the
precursor cells pelleted by centrifugation (10 min, 700 � g), resuspended
in DMEM (4.5 g glucose/liter) and recentrifuged. The pellet was finally
resuspended in a volume corresponding to 0.5 ml of cell culture medium
for each mouse dissected.

The experiments were conducted with ethical permission from the
North Stockholm Animal Ethics Committee.

Cell culture

The cell culture medium consisted of DMEM supplemented with 10%
newborn calf serum (Life Technologies, Grand Island, NY), 2.4 nm in-
sulin, 10 mm HEPES, 50 IU/ml penicillin, 50 �g/ml streptomycin, and
25 �g/ml sodium ascorbate (25). Aliquots of 0.1 ml cell suspension were
cultivated in 12-well culture dishes with 0.9 ml cell culture medium.
Cultures were incubated at 37 C in a water-saturated atmosphere of 8%
CO2 in air (Heraeus CO2-autozero B5061 incubator). On indicated days,
the medium was discarded, cells washed with prewarmed DMEM (d 1),
and fresh medium added (d 1, 3, and 5). After 5 d in culture, the brown
adipocyte precursor cells spontaneously convert from displaying fibro-
blast-like morphology to acquiring typical mature brown adipocyte
features; this conversion occurs at the time of cellular confluence (26–28).
In these cells, spontaneous induction of �3-adrenergic receptor mRNA
reaches a steady-state level at d 5 that coordinates with the ability of
norepinephrine to induce the expression of the most specific brown
adipocyte differentiation marker, the UCP1 (29).

Brown adipocytes in cell culture shows no significant change in cell
number after d 7 (26). There is also very little difference in protein
content between wells or series of cultures: the protein content was
9.86 � 0.2 �g protein/cm2 (mean � se), with a variance of 0.64 �g
protein/cm2 (n � 17 series in duplicate-quadruplicate).

Northern blot

Cell cultures and experimental conditions were as detailed below
(2-deoxy-d-[1-3H]glucose uptake) without the addition of the radioac-
tive isotope. At the end of the experiment, cells were dissolved in 1 ml
Ultraspec solution (Biotecx, Houston, TX), and the manufacturer’s pro-
cedure for RNA isolation was followed. Ten micrograms total RNA were
separated by electrophoresis in an ethidium bromide-containing agar-
ose-formaldehyde gel. The intensity of the 18S and 28S rRNA band
under UV light was checked to verify that the samples were equally
loaded and that no RNA degradation had occurred. mRNA levels were
analyzed by Northern blotting as described earlier (29). The UCP-1
cDNA was as used earlier (15) and labeled with [�-32P] dCTP with Ready
To Go DNA labeling beads (Amersham), according to the manufactur-
er’s instructions.

2-Deoxy-D-[1-3H]glucose uptake

Glucose uptake studies were performed as previously described (19,
30) with some modifications. All experiments were performed on d 7 of
cell culture. On d 6, the cells were serum starved overnight in DMEM/
Nutrient Mix F12 (1:1) with 4 mm l-glutamine, 0.5% BSA, 2.4 nm insulin,
10 mm HEPES, 50 IU/ml penicillin, 50 �g/ml streptomycin, and 50
�g/ml sodium ascorbate. To reduce basal glucose uptake, the medium
was changed to serum-free DMEM without insulin (containing 0.5%
BSA, 0.125 mm of sodium ascorbate) for 30 min (longer periods did not
further reduce basal uptake; data not shown) before the cells were
challenged with drugs for a total of 2 h (time courses showed that 2 h
stimulation gave the maximum response to insulin or adrenergic ago-
nists; data not shown). Detailed protocols for the inhibitors used are
found in the description of each experiment. After 1 h 50 min incubation
with drugs, the medium was discarded, cells washed with prewarmed
PBS buffer (10 mm phosphate buffer, 2.7 mm potassium chloride,137 mm
sodium chloride, pH 7.4) before glucose-free DMEM (containing 0.5%
BSA, 0.125 mm sodium ascorbate) was added and drugs readded with
trace amounts of 2-deoxy-d-[1-3H]glucose (50 nm) (Amersham, specific
activity 9.5–12 Ci/mmol) for 10 min. Reactions were terminated with
washing in ice-cold PBS, cells lysed (500 �l of 0.2 m NaOH, 1 h at 55 C)
and the incorporated radioactivity determined by liquid scintillation
counting.

cAMP determinations

All experiments were performed on d 7 of cell culture. The cells were
treated according to the first part of the protocol for the glucose uptake
studies. After indicated times with drugs, the culture medium was
aspirated, 0.8 ml of 95% ethanol added to each well, and the cells scraped
off. The samples were routinely washed with 70% ethanol (0.4 ml) and
the combined suspensions dried in a Speedvac centrifuge. The dried
samples were dissolved in 150–500 �l of the buffer 1 provided with the
cAMP (3H) assay system from Amersham (TRK 432), sonicated briefly
and centrifuged at 14,000 rpm for 10 min. One 50-�l aliquot of the
supernatant was analyzed for every sample according to the description
in the assay system, and for every concentration of any agonist in each
experiment, duplicate wells were used.

Analysis of results

For analysis of concentration-response curves, the curve-fitting op-
tion of the KaleidaGraph 3.08 program (Synergy Software, Reading, PA)
was used. Monophasic concentration-response data were analyzed with
the rearranged Michaelis-Menten equation VA � basal � Vmax/(1 �
(EC50/[A])), where A is the concentration of adrenergic agent added, VA
the response observed at that concentration, and Vmax the estimated
maximal increase. In some calculations, basal was set as a constant to
avoid a singular matrix that would make the fitting unsolvable.

Results are presented as the mean values � se t test (paired) was used
to test for significance between the different treatments and/or controls.
In studies in which inhibitors affected basal levels, differences between
stimulated and inhibited effects were calculated as � values above each
corresponding control (i.e. control and inhibitor alone). Statistical sig-
nificance in text means at least P � 0.05 (statistical significance in figures:
*, P � 0.05 and **, P � 0.01). In experiments in which antagonists were
used, log(dr � 1) � log[antagonist], where dr � dose ratio (pKB) values
were calculated according to the method of Furchgott (31) and values
given as mean � se.

Chemicals

l-Norepinephrine bitartrate (Arterenol), (�)-isoproterenol, d,l-pro-
pranolol, collagenase (type II), BRL 37344, CGP-12177, cirazoline, pra-
zosin, 8-bromoadenosine-cAMP (8-Br-cAMP), phorbol 12-myristate 13-
acetate (TPA), LY294002, H89, and CL 316243 were obtained from Sigma,
4-cyano-3-methylisoquinoline (4CM), Ro-81–3220, and Gö 6983 from
Calbiochem (San Diego, CA). ICI-89406 and ICI-118551 were from Zen-
eca (Wayne, PA). 2�,5�-Dideoxyadenosine (DDA) was from ICN
Biomedicals Inc. (Irvine, CA). Insulin (Actrapid) was from Novo
Nordisk (Bagsvaerd, Denmark). 8-(4-chlorophenylthio)-2�-O-methyl-
adenosine-3�,5�-cyclicmonophosphate sodium salt (8-CPT) was from Bi-
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olog (Germany). cAMP kit (TRK 432), 2-deoxy-d-[1-3H]glucose (specific
activity 9.5–12 Ci/mmol) from Amersham. All cell culture media and
supplements were from Life Technologies.

All adrenergic agents, 8-Br-cAMP, 8-CPT, and Ro 81–3220 were dis-
solved in water. Norepinephrine was dissolved in water with 0.125 mm
sodium ascorbate. TPA, LY 294002, Gö 6983, DDA, and ICI 89406 were
dissolved in dimethyl sulfoxide (final concentration was maximally of
0.1%).

Results
Insulin-induced glucose uptake in cultured
brown adipocytes

Insulin stimulates glucose uptake in brown adipocytes
in vivo (32–34) and in freshly isolated cell systems (3, 12,
14, 35–37). In our system with spontaneously differenti-
ated mouse brown adipocytes in culture, basal 2-deoxy-
d-glucose uptake was 17.9 � 1.6 pmol/min�mg (n � 8
series in duplicate) calculated with an average of 37.4 �g
protein/well), comparable with other studies using rat
brown adipocytes differentiated by high levels of insulin
and a differentiation mix (8, 38). Brown adipocyte differ-
entiation was confirmed by induction of UCP-1 gene ex-
pression. The addition of adrenergic agonists led to a large
increase in UCP-1 mRNA in the mature cells (d 7) (Fig. 1),
all in agreement with earlier observations (15, 39). To
confirm the presence of a functional insulin signaling
pathway and glucose transport system in our cells, we
treated the cells with insulin for 2 h, as shown in Fig. 2A.
Insulin increased 2-deoxy-d-glucose uptake in a concen-
tration-dependent manner (Vmax 260 � 3 4%; pEC50 8.8 �
0.1), similar to other studies using differentiated rat brown
adipocytes (24, 38, 40, 41). The results here show that the
spontaneously differentiated mouse brown adipocytes in
vitro are sensitive to insulin and have a functional insulin-
signaling pathway that leads to increased glucose uptake.

Norepinephrine-induced glucose uptake in cultured
brown adipocytes

Norepinephrine and adrenergic agents induce glucose up-
take in brown adipocytes in vivo (32, 42, 43) and in vitro (3,
12, 14, 38, 42) in the absence of insulin. To determine which
adrenergic receptor subtype(s) mediate the norepinephrine
effect, we stimulated brown adipocytes with different selec-
tive adrenergic agonists. The spontaneously differentiated

mouse brown adipocytes in culture responded to norepi-
nephrine in a concentration-dependent manner (Vmax 330 �
28%; pEC50 6.5 � 0.1) (Fig. 1B). The unspecific �-adrenergic
agonist isoprenaline gave similar increases in 2-deoxy-d-
glucose uptake (Vmax 272 � 48%; pEC50 6.9 � 0.1) as did
norepinephrine (Fig. 2B). There was no statistically signifi-
cant difference between the norepinephrine and isoprenaline
responses, indicating that �-adrenergic receptors appear to
mediate the norepinephrine response. To investigate
whether �-adrenergic receptors are involved in the norepi-
nephrine response, we used a selective �1-adrenergic recep-
tor antagonist prazosin and a selective �2-adrenergic recep-
tor antagonist yohimbine. The results showed no statistically
significant difference between the norepinephrine effect in
the presence or absence of prazosin (1 �m) (Fig. 2C) or yo-
himbine (1 �m, not shown; or 10 �m, Fig. 2D). Intriguingly,
the �1-adrenergic agonist cirazoline by itself gave a very
small but significant increase in 2-deoxy-d-glucose uptake
(Vmax 130 � 7%; pEC50 8.3 � 0.2) (Fig. 2C).

Norepinephrine stimulated glucose uptake through
�3-adrenergic receptors

BAT expresses all three �-adrenergic receptors (17, 44, 45),
but it is likely that most of the �2-adrenergic receptor ex-
pression is in the vascular system. To elucidate through
which �-adrenergic receptor norepinephrine stimulates glu-
cose uptake, we used selective �-adrenergic agonists and
antagonists. Neither the selective �1-adrenergic receptor an-
tagonist ICI 89406 (Fig. 3A) nor the �2-adrenergic receptor
antagonist ICI 118551 (Fig. 3B) displaced the norepinephrine
concentration-response curve. The nonselective �-adrener-
gic receptor antagonist propranolol (which has a much lower
affinity for �3-adrenergic receptors than for �1- and �2-ad-
renergic receptors) shifted the norepinephrine curve signif-
icantly to the right at 10 �m, resulting in a pKB of 6.1 � 0.1
(Fig. 3D) but not at 1 �m (Fig. 3C). This is in accordance with
the pA2 values (5.5–6.1) found for �3-adrenergic receptor-
stimulated respiration in mouse, rat, and hamster brown
adipocytes (46–49). �3-Adrenergic receptors are character-
ized by a very low affinity for classical �-adrenergic receptor
antagonists such as propranolol, compared with a pA2 of
about 9 on �1-/�2-adrenergic receptors (50). This indicated
that neither �1- nor �2-adrenergic receptors are involved in
the norepinephrine-induced increase in glucose transport in
brown adipocytes in culture.

Isoprenaline stimulates glucose uptake through
�3-adrenergic receptors

To further confirm which �-adrenergic receptor mediated
increases in glucose uptake in mouse brown adipocytes, we
used the nonselective �-adrenergic receptor agonist isopren-
aline in the presence or absence of selective �-adrenergic
receptor antagonists. The �1-adrenergic receptor antagonist
ICI 89406 or the �2-adrenergic receptor antagonist ICI 118551
did not significantly shift the isoprenaline concentration-
response curves (Figs. 3B and 4A). However, propranolol
significantly shifted the isoprenaline concentration-response
curve to the right at both 1 and 10 �m, giving pKB values of
7.1 � 0.1 and 7.0 � 0.2, respectively (Fig. 4, C and D). That

FIG. 1. Northern blot confirming adrenergic induction of UCP-1 gene
expression in spontaneously differentiated brown adipocytes in cul-
ture. Brown adipocytes (d 7 in culture) were cultured under conditions
identical to those used for 2-deoxy-D-glucose uptake as described in
Materials and Methods. Cells were treated for 2 h with the indicated
concentrations of drugs. Control (C), 1 �M BRL 37344 (BRL), 1 �M
isoprenaline (ISO), and 1 �M norepinephrine (NE). Total RNA was
isolated as described in Materials and Methods, and 10 �g/sample
were analyzed by Northern blot analysis by hybridization with the
UCP-1 probe.
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1 �m propranolol failed to shift the norepinephrine concen-
tration-response curve (Fig. 3C) could perhaps indicate the
presence of a small �1-adrenergic receptor component in the
norepinephrine response. However, the pKB values none-
theless indicated that isoprenaline activation of glucose up-
take is probably mediated through �3-adrenergic receptors in
mature mouse brown adipocytes in culture.

�3-adrenergic receptor agonists

The selective �3-adrenergic receptor agonist BRL 37344
produced a significant increase in glucose uptake (Vmax
176 � 16%; pEC50 8.6 � 0.0) (Fig. 5A), as did the selective
�3-adrenergic receptor agonist, CL 316 243 (Vmax 176 � 11%;
pEC50 9.7 � 0.1) (Fig. 5B). The specific �3-agonist CGP 12177
[also a �1- and �2-adrenergic receptor antagonist (51)] in-
creased glucose uptake (Vmax 196 � 0%; pEC50 7.3 � 0.1)
(Fig. 5C). The �3-adrenergic receptor agonists mimicked the
norepinephrine response to a large extent.

cAMP is the mediator of �-adrenergic receptor stimulated
glucose uptake

Our results showed that a major component of the nore-
pinephrine-increased glucose transport is mediated through

�3-adrenergic receptors in mouse brown adipose cells. �3-
Adrenergic receptor stimulation leads to activation of Gs and
subsequent activation of adenylyl cyclase to increase in-
tracellular cAMP levels and PKA activity. Cholera toxin
(2 �g/ml) (Gs protein activator) significantly increased 2-
deoxy-glucose (338 � 37%) uptake to a similar extent as
insulin (306 � 21%), and the cAMP analog 8-Br-cAMP (1 mm)
increased 2-deoxy-glucose uptake more than 2-fold (228 �
7%) (n � 3 series in duplicate), demonstrating that elevation
of cAMP levels mimics adrenergic stimulation. Pertussis
toxin pretreatment (0.2 �g/ml, 16 h) of cells did not signif-
icantly affect the norepinephrine-induced glucose uptake
(n � 3 series in duplicate), indicating that Gi plays no role in
activating glucose uptake in brown adipocytes.

To further investigate the role of cAMP formation in ac-
tivation of glucose uptake, we blocked cAMP formation with
DDA, which blocks adenylyl cyclase (52). DDA significantly
inhibited �-adrenergic receptor-activated cAMP formation
to a very large extent. BRL 37344- and isoprenaline-activated
cAMP formation was inhibited approximately 88 and 80%,
respectively (Fig. 6A). Insulin did not cause any significant
increase in cAMP levels (Fig. 6A). Parallel cultures were
analyzed for 2-deoxy-d-glucose uptake. DDA significantly

FIG. 2. Concentration-response curves for insulin (A), norepinephrine and isoprenaline (B), norepinephrine plus 1 �M prazosin and cirazoline
(C), and norepinephrine plus 10 �M yohimbine (D) on 2-deoxy-D-glucose (2-DG) uptake in cultured mouse brown adipocytes. Confluent cultures
of brown adipocytes (d 7 in culture) were treated for 2 h with the indicated concentrations of drugs and measured for 2-deoxy-D-glucose uptake
as described in Materials and Methods. The values are means � SE A, Insulin (f-f) (n � 5 series in duplicate). B, Norepinephrine (�-�) (n �
7 series in duplicate), and isoprenaline (F-F) (n � 7 series in duplicate). C, Norepinephrine (�-�) in absence and presence of prazosin (1 �M)
(ƒ-ƒ) (n � 3 series in quadruplicate) and cirazoline in parallel (�-�) (n � 3 series in duplicate). D, Norepinephrine (�-�) in absence and presence
of yohimbine (10 �M) (å-å) (n � 1 series in duplicate). All antagonists were added before addition of agonist. Vehicle-treated wells were set
to 100% for each cell culture series and the other values given relative to this. The results were fitted with the general curve-fitting procedure
for Michaelis-Menten kinetics.
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inhibited BRL 37344- and isoprenaline-mediated 2-deoxy-d-
glucose uptake (approximately 64 and 70% inhibition) (Fig.
6B). This indicated that a large component (73–88% in these
experiments) of the �-adrenergic receptor-stimulated in-
crease in glucose uptake in brown adipocytes is mediated
through cAMP. Treatment with DDA did not affect insulin-
stimulated 2-deoxy-d-glucose uptake.

PKA mediates the �-adrenergic receptor signal to
glucose uptake

The downstream mediator of cAMP is PKA. We inhibited
PKA with a highly specific PKA inhibitor (4CM). Treatment
with the PKA inhibitor clearly reduced isoprenaline- (ap-
proximately 52% inhibition) and 8-Br cAMP-mediated (ap-
proximately 68% inhibition) glucose uptake (Fig. 7A). Insu-
lin-induced glucose uptake was not significantly reduced by
PKA inhibition (Fig. 7A). This indicated that a large fraction
of the �-adrenergic receptor signal is indeed mediated
through PKA activation. We tested another PKA inhibitor
(H89), but this drug inhibited basal glucose uptake and had
a detrimental effect on the cells (50 �m). We further examined
the possibility that cAMP could activate glucose uptake
through a pathway not involving PKA. In other tissues, there
is evidence for at least one additional cAMP-activated path-
way: the GTP-exchange protein Epac (53). Although 8-Br

cAMP increased glucose uptake in a concentration-depen-
dent manner, the Epac-specific activator 8-CPT (53) did not
increase glucose uptake (Fig. 7B). We thus found no evidence
that Epac could stimulate glucose uptake in these cells.

PI3K is necessary for �-adrenergic receptor activation of
glucose uptake

Insulin-mediated glucose uptake involves PI3K. We used
a specific PI3K inhibitor (LY294002) to elucidate whether
�-adrenergic receptor signaling increases glucose uptake
through this kinase. Basal glucose uptake levels were to some
extent inhibited by PI3K inhibition (approximately 22% in-
hibition), indicating that PI3K could be constitutively active
and regulate glucose uptake even under basal conditions.
The �-adrenergic receptor-mediated increase in glucose up-
take were largely inhibited (approximately 65% inhibition)
by LY294002. Furthermore, LY294002 blocked 8-Br cAMP-
mediated glucose uptake to approximately the same extent
(approximately 66% inhibition). Insulin-stimulated glucose
uptake was inhibited by the PI3K inhibitor to a higher degree
(approximately 80% inhibition) (Fig. 8A). To examine
whether PI3K inhibition could influence cAMP formation,
we measured cAMP levels. There was no inhibition of �-
adrenergic receptor-stimulated cAMP formation in the
presence of LY294002 (Fig. 8B).

FIG. 3. Concentration-response curves for norepinephrine plus 1 �M ICI89406 (A), norepinephrine plus 1 �M ICI11854 (B), norepinephrine plus
1 �M propranolol (C), and norepinephrine plus 10 �M propranolol (D) on 2-deoxy-D-glucose (2-DG) uptake in cultured mouse brown adipocytes.
Experiments were performed as described in the legend to Fig. 2. The values are means � SE A, Norepinephrine (�-�) in absence and presence
of 1 �M ICI89406 (E-E) (n � 3 series in duplicate). B, Norepinephrine (�-�) in absence and presence of 1 �M ICI118551 (�-�) (n � 3 series
in duplicate). C, Norepinephrine (�-�) in absence and presence of 1 �M propranolol (‚-‚) (n � 3 series in duplicate and quadruplicate). D,
Norepinephrine (�-�) in absence and presence of 10 �M propranolol (‚-‚) (n � 3 series in duplicate). Vehicle-treated wells were set to 100%
for each cell culture series and the other values given relative to this. The results were fitted with the general curve-fitting procedure for
Michaelis-Menten kinetics.
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�-Adrenergic receptors activate glucose uptake in brown
adipocytes through conventional and novel PKCs

There is evidence that implicates the involvement of
PKCs in insulin-stimulated glucose uptake in skeletal
muscle and fat (6). We investigated whether PKCs are
involved in �-adrenergic receptor-activated glucose up-
take in brown adipocytes. We used Gö 6983, which inhibits
conventional (�, �, �), novel (�), and atypical PKC (�)
isoforms, and Ro-31-8220, which inhibits conventional (�,
�1, �2, �) and novel (�) but not atypical PKC isoforms (54,
55). The phorbol ester TPA stimulates conventional and
novel PKCs. TPA activated glucose uptake in brown adi-
pocytes to a large extent (394 � 54%; 1 �m, data not
shown). TPA-induced glucose uptake was largely inhib-
ited by inhibition of conventional, novel, and atypical
PKCs with Gö 6983 (73% inhibition) (data not shown). The
insulin-mediated increase in glucose uptake was only par-
tially inhibited by Gö 6983 (approximately 37% inhibition)
(Fig. 9A). Interestingly, the �-adrenergic receptor-medi-
ated increase in glucose uptake was fully inhibited by Gö
6983 (approximately 93% inhibition), as was the increase
in glucose uptake mediated by 8-Br-cAMP. This indicates
that PKCs are very significant in �-adrenergic receptor-
induced glucose uptake and that there could be a differ-
ence in which PKCs are activated in insulin- and �-

adrenergic receptor-mediated glucose uptake. TPA-in-
duced glucose uptake was fully inhibited by Ro-31-8220 in
brown adipocytes (98% inhibition) (data not shown), con-
firming that TPA acts via conventional and novel PKCs.
Surprisingly, insulin-stimulated glucose uptake was also
inhibited (63% inhibition) (Fig. 9B) by blocking conven-
tional and novel PKCs with Ro-31-8220, showing that in-
sulin signaling in brown adipocytes may be through PKCs
other than atypical PKCs (�). Isoprenaline- and 8-Br cAMP-
induced glucose uptake were almost fully inhibited, to
approximately 80 –91% by Ro-31-8220. This indicates that
conventional and novel PKCs are important in �-adren-
ergic receptor-induced glucose uptake.

Discussion

In the present study, we investigated norepinephrine-
induced activation of glucose uptake in brown adipocytes
grown in culture because these cells exhibit a highly differ-
entiated and well-characterized phenotype (15, 21, 26, 29).
We found that norepinephrine elevates glucose transport
mainly through �3-adrenergic receptor activation. Thus,
there could be a significant difference between adrenergic
receptor signaling in brown fat and white fat because �1-
adrenergic receptors play a significant role in stimulating
glucose uptake in white adipocytes (56, 57). Our results in-

FIG. 4. Concentration-response curve for isoprenaline plus 1 �M ICI-89406(A), isoprenaline plus 1 �M ICI 118551 (B), isoprenaline plus 1 �M
propranolol (C), and isoprenaline plus 10 �M propranolol (D) on 2-deoxy-D-glucose uptake (2-DG) in cultured mouse brown adipocytes.
Experiments were performed as described in legend to Fig. 2. The values are means � SE. A, Isoprenaline (F-F) in absence and presence of
1 �M ICI-89406 (E-E) (n � 4 series in duplicate). B, Isoprenaline (F-F) in absence and presence of 1 �M ICI 118551 (�-�) (n � 3 series in
duplicate). C, Isoprenaline (F-F) in absence and presence of 1 �M propranolol (‚-‚) (n � 3 series in duplicate). D, Isoprenaline (F-F) in absence
and presence of 10 �M propranolol (‚-‚) (n � 4 series in duplicate). Vehicle-treated wells were set to 100% for each cell culture series and the
other values given relative to this. The results were fitted with the general curve-fitting procedure for Michaelis-Menten kinetics.
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dicate that �1-adrenergic receptors play only a very small role
in increasing glucose uptake in brown adipocytes with en-
dogenously expressed adrenergic receptors. With the use of
PTX, we did not find any evidence for an �2- or �-adrenergic
receptor coupling to Gi and glucose uptake. The �3-adren-
ergic receptor pathway was mediated via an increase in
cAMP levels and activation of PKA. Furthermore, PI3K and
PKCs were involved in the signaling event leading to in-
crease in glucose uptake (Fig. 10).

�3-Adrenoceptors activate glucose uptake

In this study, we were able to mimic the maximal nor-
epinephrine-induced glucose uptake with a �-receptor ago-
nist, indicating that most of the norepinephrine signal is
mediated by �-adrenergic receptors. �1- or �2-adrenergic

receptor antagonists did not block norepinephrine- or �-
agonist-induced glucose uptake, showing that �1- or �2-ad-
renergic receptors are not involved in norepinephrine- or
isoprenaline-induced glucose uptake. This is in accordance
with our earlier studies in which �1-adrenergic receptors,
even though they are expressed, are coupled to cAMP for-
mation only in brown preadipocytes and not in mature
brown adipocytes in culture (29). Even though BAT ex-
presses �2- adrenergic receptors (probably mainly on blood
vessels), there is no �2-adrenergic receptor gene expression
in nonstimulated mature brown adipocytes in culture (29). In
addition, we showed that three different �3-adrenergic re-
ceptor agonists activated glucose uptake to approximately
the same extent as did a nonselective �-adrenergic receptor
agonist. It is therefore most likely that �3-adrenergic recep-
tors mediate most, if not all, of the norepinephrine signal.

�3-Adrenoceptor atypical signaling?

It is plausible that �3-adrenergic receptors can activate
glucose transport through at least three pathways: 1) classical
Gs activation; 2) interaction with other G proteins, e.g. Gi (the

FIG. 5. Concentration-response curve for BRL 37344 (A), CL 316243
(B), and CGP 12177 (C) on 2-deoxy-D-glucose (2-DG) uptake in cul-
tured mouse brown adipocytes. Experiments were performed as de-
scribed in legend to Fig. 2. The values are means � SE. A, BRL 37344
(f-f) (n � 3 series in duplicate). B, CL 316243 (f-f) (n � 4 series in
duplicate). C, CGP 12177 (f-f) (n � 5 series in duplicate). Vehicle-
treated wells were set to 100% for each cell culture series and the other
values given relative to this. The results were fitted with the general
curve-fitting procedure for Michaelis-Menten kinetics.

FIG. 6. Effects of adenylyl cyclase inhibitor DDA on cAMP formation
on 2-deoxy-D-glucose (2-DG) uptake in cultured mouse brown adipo-
cytes. The values are means � SE for two series performed in qua-
druplicate in which half were analyzed for 2-deoxy-D-glucose (2-DG)
uptake and the other half for cAMP levels. A, DDA (50 �M) was added
30 min before addition of agonist, BRL 37344 (1 �M), isoprenaline (1
�M), and insulin (1 �M). Vehicle-treated wells were set to 100% for
each cell culture series and the other values given relative to this. B,
The cultured cells were fixed with ethanol 10 min after agonist ad-
dition and the cAMP levels obtained as described in Material and
Methods. The values are given as picomoles cAMP per 3.8 cm2 well
(insulin, 9.6 cm2/well). *, P � 0.05 and **, P � 0.01 indicate differences
compared with agonist.
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release of G��) or Gq; or 3) a direct receptor interaction with
an atypical signaling molecule. It has been appreciated that
�-adrenergic receptors (�2- and �3-adrenergic receptors) may
couple not only to Gs but also to Gi (23, 58–61). Concerning
the �2-adrenergic receptor, a switch in �2-adrenergic receptor
coupling from Gs to Gi is induced by PKA- and G-protein
coupled kinase-dependent phosphorylation of the third in-
tracellular loop and C-terminal tail region after agonist stim-
ulation (58). This mechanism may not be responsible for the
ability of the �3-adrenergic receptor to couple to Gi because
�3-adrenergic receptors lack many of the sites in the intra-
cellular domains for phosphorylation by PKA and G-protein
coupled kinase. Furthermore, the G proteins to which �-
adrenergic receptors are coupled are heterotrimeric proteins
with �-, �-, and �-subunits and the �/�-subunit from Gi
could function as a signal to several downstream targets (see
references in Ref. 62).

Glucose uptake stimulated by �2-adrenergic receptors
may signal through the G�/� subunit because it has been
shown that the �/�-subunit can activate PI3K� under certain

conditions (63) and Gq and G�� (dissociated from Gi) are
involved in stimulated glucose transport in adipocytes (64–
66). �3-Adrenergic receptor signaling could be more com-
plicated because the mouse �3-adrenergic receptor gene con-
tains two exons, both of which undergo alternative splicing
and produce expressed splice variants of the �3-adrenergic
receptor (67). Splicing of the first intron results in a �3-
adrenergic receptor variant, termed the �3B-adrenergic re-
ceptor, which has a unique C-terminal tail that differs from
the known �3A-adrenergic receptor. In BAT, the �3A-adren-
ergic receptor variant is the most abundant (67). Our earlier
results show that in transfected CHO-K1 cells, the �3A-
adrenergic receptor couples solely to Gs to increase cAMP
levels, whereas the �3B-adrenergic receptor couples to both
Gs and Gi to stimulate and inhibit cAMP, respectively (61).
Both splice variants increase Erk1/2 phosphorylation via a
mechanism independent of their effect on Gi, Gs, or cAMP
levels (61). This indicates that the �3-adrenergic receptor may
mediate cellular responses via different signaling pathways
in different cell systems [coupling of the �3-adrenergic re-
ceptor to Erk1/2 differs in different cell backgrounds (23, 59,
60)] but also possibly through other undefined signaling
pathways. Functionally, the �3-adrenergic receptor has been
demonstrated to couple to Gi in immortalized cell systems
(59, 60) but not in brown fat primary cultures (23). This is
consistent with our study, in which �3-adrenergic receptor-

FIG. 7. Effects of PKA inhibition on insulin- and isoprenaline-
induced 2-deoxy-D-glucose (2-DG) uptake in cultured mouse brown
adipocytes. The values are means � SE for four series performed in
duplicate and quadruplicate. A, 4CM (10 �M) was added 5 min before
addition of agonist; insulin (1 �M), 8-Br-cAMP (1 mM), and isopren-
aline (1 �M). Vehicle-treated wells were set to 100% for each cell
culture series and the other values given relative to this. *, P � 0.05
and **, P � 0.01 indicate differences compared with agonist. B, Con-
centration-response curve for 8-Br-cAMP (Œ-Œ) and 8-CPT-2Me-
cAMP (F-F). Vehicle-treated wells were set to 100% for each cell
culture series and the other values given relative to this (n � 3 series
in duplicate).

FIG. 8. Effects of PI3K inhibition on insulin-, isoprenaline-, and 8-Br-
cAMP-induced 2-deoxy-D-glucose (2-DG) uptake in cultured mouse
brown adipocytes. The values are means � SE for three to four series
performed in duplicate-quadruplicate. LY294002 (10 �M) was added
5 min before agonist addition; insulin (1 �M), isoprenaline (1 �M),
8-Br-cAMP (1 mM). Vehicle-treated wells were set to 100% for each cell
culture series and the other values given relative to this. *, P � 0.05
and **, P � 0.01 indicate differences compared with agonist.
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mediated activation of glucose uptake was not affected by
PTX treatment.

�3-Adrenoceptors stimulate glucose uptake through cAMP

We mimicked the norepinephrine-mediated glucose up-
take response with cholera toxin (an established Gs activa-
tor). The cell-permeable cAMP analog 8-Br cAMP was also
able to mimic the norepinephrine effect. It is therefore plau-
sible that norepinephrine stimulates glucose uptake through
the classical Gs� pathway.

Addition of 8-Br cAMP to the cells raised cAMP levels
(8-Br cAMP) to higher values than isoprenaline. However,
8-Br cAMP and isoprenaline gave the same response in glu-
cose uptake in the parallel experiments (Fig. 8A). This could
indicate that 8-Br cAMP and cAMP have different affinity for
their target in the assay system or that endogenous local
concentrations of cAMP regulate targets in specific microdo-
mains throughout the cell (68). It is also possible that the
cAMP levels reached by isoprenaline saturate the system.

It is not fully established which of the 10 known adenylyl
cyclase isoforms mediates the �-adrenergic receptor signal in
BAT (69, 70), but it is possible to inhibit all known isoforms

of mammalian adenylyl cyclases by 3�-nucleotides in a do-
main referred to as the P-site (52). By blocking this site with
DDA, we concluded that cAMP formation is very important
and necessary in �3-adrenergic receptor-activated glucose
uptake in brown adipocytes. The observation that we could
not totally block cAMP formation with DDA could reflect the
fact that different adenylyl cyclase isoforms are more diffi-
cult to inhibit than others (52) or that the concentration used
was too low. Because most of the glucose uptake and the
cAMP response was inhibited to the same degree, we believe
that if an additional pathway(s) exists, it is probably of minor
importance in stimulating glucose uptake in these cells. Our
results show the first evidence that inhibition of cAMP ele-
vation blocks �-adrenergic receptor-stimulated glucose
transport in brown adipocytes. This is very interesting be-
cause cAMP elevation has been shown to inhibit glucose
transport in other cell types (71, 72) but clearly not in these
cells.

The �3-adrenoceptor-induced glucose uptake is mediated
via PKA

�3-Adrenergic receptor-mediated increases in glucose up-
take were mediated via PKA activation, as evidenced by the
ability of the PKA inhibitor 4CM to inhibit this increase.
Because we did not inhibit the response totally (even though
we used a rather high concentration of 4CM), this could be
because a part of the signal is through another pathway not
involving PKA or not all of the PKA activity was inhibited.
In other tissues, there is evidence for cAMP/PKA-indepen-
dent pathways: the GTP-exchange protein Epac and cyclic-
nucleotide-gated cation channels (73, 74). We could not find
any evidence for an Epac pathway to activate glucose uptake
using an Epac-specific cAMP analog (53), and there was no
effect of the Ca2� ionophore A23187 (data not shown) on
glucose uptake, making it unlikely that cation channels have
a stimulatory effect on glucose uptake. Although it has been
discussed whether or not pathways other than PKA are
activated by �3-adrenergic receptor stimulation in brown
adipocytes (23, 75, 76), we find it most likely that PKA ac-
tivation is not only a possible but also an essential step in
�-adrenergic receptor-mediated glucose uptake in brown
adipocytes.

FIG. 10. Suggested model for the norepinephrine induced 2-deoxy-
D-glucose uptake in brown adipocytes. For explanation, see text. NE,
Norepinephrine; AC, adenylyl cyclase; �1, �1-adrenergic receptor; �2,
�2-adrenergic receptor; �3, �3-adrenergic receptor.

FIG. 9. Effects of PKC inhibition on insulin-, isoprenaline-, and 8-Br-
cAMP-induced 2-deoxy-D-glucose (2-DG) uptake in cultured mouse
brown adipocytes. The values are means � SE for three to four series
performed in duplicate. A, Ro 31–8220 (5 �M) was added 5 min before
agonist addition; insulin (1 �M), isoprenaline (1 �M), 8-Br-cAMP (1
mM). B, Gö 6983 (5 �M) was added 5 min before agonist addition;
insulin (1 �M), isoprenaline (1 �M), 8-Br-cAMP (1 mM). Vehicle-
treated wells were set to 100% for each cell culture series and the other
values given relative to this. *, P � 0.05 and **, P � 0.01 indicate
differences compared with agonist.
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�3-Adrenoceptor and insulin pathways converge at PI3K

Because PI3K is crucial in the insulin-signaling pathway,
we examined whether this kinase was involved in norepi-
nephrine-induced glucose transport, using the established
PI3K inhibitor LY294002 (77, 78). �3-Adrenergic receptor-
mediated increases in glucose uptake were almost fully in-
hibited by this specific PI3K inhibition. This result is not in
agreement with earlier studies performed in rat brown adi-
pocytes, in which it was indicated that PI3K plays a critical
role in insulin-induced translocation of GLUT4 but not in
norepinephrine-increased glucose transport (41). The dis-
crepancy could be due to the selectivity of different PI3K
blockers for other protein kinases (79) or that other mecha-
nisms in addition to PI3K-mediated glucose uptake occur in
other systems. The mechanism by which G protein-coupled
adrenergic receptors activate PI3K is unknown, but it has
earlier been postulated to involve the activation of distinct
isoforms of this kinase by G��-subunits from Gi proteins.
Glucose uptake stimulated by �2-adrenergic receptors in
other systems may signal through the G�/�-subunit because
it has been shown that the G�/�-subunit can activate the
PI3K �-isoform under certain conditions (63). Because our
results showed that �3-adrenergic receptor-mediated in-
crease in glucose uptake is mediated through cAMP, we
examined whether PI3K inhibition could block a cAMP
analog-induced glucose uptake. Surprisingly, glucose up-
take mediated by a cAMP analog (8-Br-cAMP) was blocked
with PI3K inhibition (LY 294002). It is therefore plausible to
suggest that most (or all) of the �3-adrenergic receptor signal
stimulating glucose uptake is through cAMP/PKA and ac-
tivation of PI3K and is independent of G�/�-subunits. There
was no evidence indicating a cAMP/PKA-independent
pathway for glucose uptake.

Conventional and novel PKCs are involved in the
�3-adrenoceptor-mediated increase in glucose uptake

We hypothesized that it is likely that after activation of
PI3K, the �3-adrenergic receptor pathway uses the same ki-
nases as the insulin pathway. Both insulin and phorbol ester
TPA stimulate conventional and novel PKCs. However,
atypical PKC� is stimulated by insulin but not by TPA (80).
The atypical PKC isoforms, PKC� and PKC	, are involved in
insulin-stimulated glucose uptake in adipocytes (81–84),
whereas conventional PKCs (�, �1, �2, and �,) and novel
PKCs (�, �, 
,and �) do not appear to be required for insulin-
stimulated glucose transport in white adipocytes (81, 83).
Phorbol esters induce glucose uptake mainly through con-
ventional PKCs (84). TPA is a very potent activator of glucose
transport in brown adipocytes (data not shown). This acti-
vation can be largely blocked with Gö 698, which inhibits
conventional, novel, and atypical PKCs. Insulin-mediated
glucose uptake was only partially inhibited by Gö 6983.
These results indicate that PKCs could be involved in the
insulin-signaling pathway.

That the insulin-stimulated uptake was only partially in-
hibited could be explained if the small GTP-binding protein
TC10, which is also involved in glucose transporter trans-
location by insulin, were active. The TC10 pathway functions
in parallel with the PI3K pathway to stimulate glucose trans-

porter translocation but probably does not activate the same
kinases (85). Isoprenaline- or 8-Br cAMP-stimulated glucose
uptake was fully inhibited by inhibition of PKCs (Gö 6983).
Furthermore, the TPA-induced glucose transport was fully
inhibited by Ro-31–8220, which is a potent inhibitor of con-
ventional and novel PKCs but inhibits PKC� only at rela-
tively high concentrations (81). These results confirm that
TPA activates glucose uptake mainly through conventional
and novel PKCs in brown adipocytes. The insulin response
was only partially inhibited with Ro-31–8220, indicating that
conventional or novel PKCs could to some extent be involved
in insulin stimulation of glucose uptake in brown adipocytes.
However, the Ro-31–8220 concentration used (5 �m) slightly
inhibit insulin-induced glucose uptake in rat white adipo-
cytes through inhibition of PKC�, which would indicate that
this could be the case also in brown adipocytes (81). Inter-
estingly, the isoprenaline-induced glucose uptake was al-
most fully inhibited and the 8-Br cAMP-stimulated uptake
was completely inhibited by Ro-31–8220, indicating that con-
ventional and novel PKCs are very important in �3-adren-
ergic receptor-induced glucose uptake. Further studies
would be needed to delineate whether these conventional
and novel PKCs can be activated directly by �3-adrenergic
receptors. However, it is generally accepted that PKCs are
downstream effectors of PI3K (81–83, 86). It is therefore likely
that these conventional and novel PKCs are downstream of
PI3K and not directly activated by elevated cAMP levels.

The mechanism for adrenergic- and insulin-stimulated
glucose uptake

The mechanism for insulin-induced glucose uptake in
brown adipocytes is similar to that in other tissues such as
skeletal muscle. Insulin induces the translocation of GLUT4
from intracellular stores to the plasma membrane (9, 37, 87).
There is some translocation of GLUT1 in response to insulin
in isolated mature brown adipocytes (37), but it is unclear
how significant this is to the total insulin-induced glucose
transport. Earlier studies have indicated that the mechanism
by which norepinephrine stimulates glucose transport in
brown adipocytes is through a different mechanism from
that of insulin (38). It was proposed that norepinephrine
stimulates glucose transport in brown adipocytes by enhanc-
ing the functional activity of GLUT1 by a cAMP-dependent
mechanism (8). Our results indicate that most of the norepi-
nephrine signal is through the classical insulin pathway from
PI3K, and thus translocation of GLUT4 would be most prob-
able. However, it is possible that, in addition, norepinephrine
and cAMP also affect GLUT1 and thus reflect an additional
pathway in norepinephrine-stimulated glucose transport. In-
vestigating the GLUT isoforms needed for insulin- and nor-
epinephrine-activated glucose uptake is interesting, and
further studies in this area are needed.

Conclusions

We put forward the hypothesis that norepinephrine-
induced glucose uptake in brown adipocytes is mainly
through �3-adrenergic receptors. The �3-adrenergic receptor
activation of glucose uptake is through activation of Gs,
activation of adenylyl cyclase, the classical second messenger
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cAMP and activation of PKA. Activated PKA, through a
mechanism not yet clarified and perhaps via additional sig-
naling molecules, although not Gi, stimulates PI3K. This
activation leads to stimulation of PKCs and subsequently
activation of glucose transport (Fig. 10). In brown adipocytes,
both conventional and unconventional PKCs play a major
role in �3-adrenergic receptor-activated glucose transport. It
is likely that that �3-adrenergic receptor activation down-
stream of PI3K leads to the same signal transduction path-
way stimulated by insulin in elevating glucose transport.
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25. Néchad M, Nedergaard J, Cannon B 1987 Noradrenergic stimulation of mi-
tochondriogenesis in brown adipocytes differentiating in culture. Am J Physiol
253:C889–C894
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�1- and �1-Adrenoceptor Signaling Fully Compensates
for �3-Adrenoceptor Deficiency in Brown Adipocyte
Norepinephrine-Stimulated Glucose Uptake

Ekaterina Chernogubova, Dana S. Hutchinson, Jan Nedergaard, and Tore Bengtsson

The Wenner-Gren Institute, The Arrhenius Laboratories F3, Stockholm University, SE-106 91 Stockholm, Sweden

To assess the relative roles and potential contribution of ad-
renergic receptor subtypes other than the �3-adrenergic re-
ceptor in norepinephrine-mediated glucose uptake in brown
adipocytes, we have here analyzed adrenergic activation of
glucose uptake in primary cultures of brown adipocytes from
wild-type and �3-adrenergic receptor knockout (KO) mice. In
control cells in addition to high levels of �3-adrenergic recep-
tor mRNA, there were relatively low �1A-, �1D-, and moderate
�1-adrenergic receptor mRNA levels with no apparent expres-
sion of other adrenergic receptors. The levels of �1A-, �1D-, and
�1-adrenergic receptor mRNA were not changed in the �3-KO
brown adipocytes, indicating that the �3-adrenergic receptor
ablation does not influence adrenergic gene expression in
brown adipocytes in culture. As expected, the �3-adrenergic
receptor agonists BRL-37344 and CL-316 243 did not induce

2-deoxy-D-glucose uptake in �3-KO brown adipocytes. Surpris-
ingly, the endogenous adrenergic neurotransmitter norepi-
nephrine induced the same concentration-dependent 2-
deoxy-D-glucose uptake in wild-type and �3-KO brown adipo-
cytes. This study demonstrates that �1-adrenergic receptors,
and to a smaller degree �1-adrenergic receptors, functionally
compensate for the lack of �3-adrenergic receptors in glucose
uptake. �1-Adrenergic receptors activate glucose uptake
through a cAMP/protein kinase A/phosphatidylinositol 3-ki-
nase pathway, stimulating conventional and novel protein
kinase Cs. The �1-adrenergic receptor component (that is not
evident in wild-type cells) stimulates glucose uptake through
a phosphatidylinositol 3-kinase and protein kinase C pathway
in the �3-KO cells. (Endocrinology 146: 2271–2284, 2005)

BROWN ADIPOSE TISSUE (BAT) plays an important role
in energy balance and is the main effector of cold- and

diet-induced thermogenesis in rodents. BAT is highly vas-
cularized and rich in mitochondria and is under hypotha-
lamic control via the sympathetic nervous system. Norepi-
nephrine released by external stimuli such as cold, stress, and
overeating (1) acts on adrenergic receptors. BAT expresses
multiple adrenergic receptor subtypes (�1-, �2-, and �-
adrenergic receptors) (2–5) including the �3-adrenergic recep-
tor, which is a potential target for antiobesity and antidiabetic
drug therapy (6).

Glucose uptake in BAT is markedly increased during two
opposite metabolic conditions: during active anabolic pro-
cesses (stimulated by insulin) and activation of thermogen-
esis (activation of the sympathetic nervous system) (7–9).
Cultured brown adipocytes have previously been character-
ized to express an intact adrenergic- and insulin-signaling
system (10–14), and in vitro glucose uptake is stimulated in
brown adipocytes by norepinephrine and adrenergic agents
(7, 15–18).

We have shown that norepinephrine increases glucose

uptake in these cells through �3-adrenergic receptors, with
no apparent contribution of �1-, �2-, �1-, or �2-adrenergic
receptors (18). Evidence for an important role of �3-adren-
ergic receptors in lipolysis, thermogenesis, and glucose ho-
meostasis comes from studies using the �3-adrenergic re-
ceptor knockout (KO) model (19–23), but significant
uncertainty exists regarding the relative role of �3-adrenergic
receptors vs. �1-adrenergic receptors in mediating signal
transduction in brown adipose tissue. The usage of �3-ad-
renergic receptor KO mice has made it possible to address
some of these questions (19, 20), but it has been concluded
that �3-adrenergic receptor ablation in these mice alters �1-
adrenergic receptor gene expression, probably due to phys-
iological compensatory mechanisms (19, 20, 24).

We have here analyzed adrenergic activation of glucose
uptake in primary cultures of brown adipocytes from control
and �3-adrenergic receptor KO mice that should not be af-
fected by in vivo compensatory mechanisms. The aim of the
present study was to assess the relative roles and potential
contribution of other adrenergic receptor subtypes and their
signaling systems in norepinephrine-mediated glucose up-
take in brown adipocytes. This study demonstrates that �1-
adrenergic receptors and to a smaller degree �1-adrenergic
receptors functionally compensate for the lack of �3-adren-
ergic receptors in �3-adrenergic receptor-deficient brown
adipocytes, without compensatory receptor up-regulation.
We show here that �1-adrenergic receptors activate glucose
uptake through the same cAMP/protein kinase A/phospha-
tidylinositol 3-kinase (PI3K) pathway stimulating conven-
tional and novel protein kinase Cs (PKCs) as �3-adrenergic
receptors in intact brown adipocytes. We also observe a
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�1-adrenergic receptor component that is not evident in wild-
type cells, which stimulates glucose uptake through a PI3K
and PKC pathway in the �3-adrenergic receptor KO cells.
Thus, both �1-adrenergic receptors and �1-adrenergic recep-
tors compensate for the lack of �3-adrenergic receptors in the
KO cells. Our results therefore demonstrate an important
role for �3-adrenergic receptors but also a remarkable re-
dundancy in the adrenergic receptor system in mediating
glucose uptake in brown adipocytes.

Materials and Methods
Brown fat precursor cell isolation

The mice (either sex) used in this study were 3-wk-old �3-adrenergic
receptor KO mice [on a FVB (sensitive to Friend leukaemia Virus B
strain) background and previously described in Ref. 19] and FVB wild-
type mice, bred at the institute and routinely genotyped. Brown fat
precursor cells were isolated in principle as previously described (3). The
interscapular, axillary, and cervical BAT depots were dissected out un-
der sterile conditions, minced, and transferred to the HEPES-buffered
solution (pH 7.4) (detailed in Ref. 25), containing 0.2% (wt/vol) crude
collagenase type II (Sigma, St. Louis, MO). Routinely, pooled tissue from
six mice was digested in 10 ml of the HEPES-buffered solution. The
tissue was digested (30 min, 37 C) with vortexing every 5 min, and the
digest filtered through a 250-�m filter into sterile tubes. The solution was
placed on ice for 15 min to allow the mature brown fat cells and lipid
droplets to float. The infranatant was filtered through a 25-�m filter,
collected, and the precursor cells pelleted by centrifugation (10 min,
700 � g), resuspended in DMEM (4.5 g d-glucose/liter), and recentri-
fuged. The pellet was finally resuspended in a volume corresponding to
0.5 ml of cell culture medium for each mouse dissected.

The experiments were conducted with ethical permission from the
North Stockholm Animal Ethics Committee.

Primary cell culture of brown adipocytes

The cell culture medium consisted of DMEM supplemented with 10%
newborn calf serum (Life Technologies, Paisley, Scotland, UK), 2.4 nm
insulin, 10 mm HEPES, 50 IU/ml penicillin, 50 �g/ml streptomycin, and 25
�g/ml sodium ascorbate (25). Aliquots of 0.1 ml cell suspension were
cultivated in 12-well culture dishes with 0.9 ml cell culture medium. Cul-
tures were incubated at 37 C in a water-saturated atmosphere of 8% CO2
in air (Heraeus CO2-auto-zero B5061 incubator, Hanau, Germany). On d 1,
3, and 5, the medium was discarded, cells washed with prewarmed DMEM,
and fresh medium added. After 5 d in culture, the brown adipocyte pre-
cursor cells spontaneously convert from displaying fibroblast-like mor-
phology to acquiring typical mature brown adipocyte features; this con-
version occurs at the time of cellular confluence without any addition of
differential mix (26–28). In these cells, spontaneous induction of �3-adren-
ergic receptor mRNA and other mature adipocyte markers reaches a
steady-state level at d 5 that coordinates with the ability of norepinephrine
to induce the expression of the most specific brown adipocyte differenti-

ation marker: the uncoupling protein 1 (UCP1) (29). UCP1 is currently the
only specific marker for brown fat cells (for longer discussion about mature
brown adipocytes, see review in Ref. 30).

Analysis of adrenergic mRNA levels in primary brown
adipocytes (RT-PCR)

Primary brown adipocytes were grown as described above and RNA
prepared after 7 d of differentiation. Tissues (brain, ventricle, liver, white
adipose tissue, BAT) were obtained from one FVB or one �3-adrenergic
receptor KO mouse (male, 4 wk old). Mice were anesthetized with 80%
CO2-20% O2 and decapitated and tissues rapidly removed, frozen in
liquid nitrogen, and stored at �80 C until use. For both cells and tissues,
total RNA was extracted by homogenization in Ultraspec (Biotecx,
Houston, TX) according to the manufacturer’s instructions. The yield
and quality of RNA was assessed by measuring absorbance at 260 and
280 nm and electrophoresis on 1.3% agarose gels. There was no degra-
dation of any RNA samples.

cDNAs were synthesized by reverse transcription of 1 �g of each total
RNA using oligo (dT)12–18 as a primer according to the SuperScript
first-strand synthesis system for RT-PCR kit (Invitrogen, Paisley, Scot-
land, UK). PCR amplifications were carried out in a Hybaid Omni Gene
thermocycler. cDNA equivalent to 100 ng of starting RNA was amplified
using primers specific for �1A-, �1B-, �1D-, �1-, �2-, or �3-adrenergic
(Invitrogen, Cybergene, Huddinge, Sweden; see Table 1). For �1A-, �2-,
or �3-adrenergic PCR, PCR mixes contained cDNA, 2 U Taq DNA
polymerase (Invitrogen), 1� PCR buffer, 200 �m deoxynucleotide
triphosphates (dNTPs), 1.5 mm MgCl2, forward primer (1 ng/�l), and
reverse primer (1 ng/�l) in a total volume of 50 �l. For �1B- or �1-
adrenergic PCR, PCR mixes contained cDNA, 1.25 U Platinum Pfx DNA
polymerase (Invitrogen), 1� Pfx amplification buffer, 1 mm MgSO4, 300
�m dNTPs, forward primer (1.5 ng/�l), and reverse primer (1.5 ng/�l)
in a total volume of 50 �l. For �1D-adrenergic PCR, PCR mixes contained
cDNA, 2.5 U platinum Taq DNA polymerase (Invitrogen), 1� PCR
amplification buffer, 1.5 mm MgSO4, 200 �m dNTPs, forward primer (1
ng/�l), and reverse primer (1 ng/�l) in a total volume of 50 �l.

After initial heating of samples at 94 C for 2 min, each cycle of ampli-
fication consisted of 30 sec at 94 C, 30 sec at the respective annealing
temperature, and 30 sec at 72 C (1 min at 72 C for �1D-adrenergic PCR).
Samples were extended for a further 2 min at 72 C before reactions where
cooled to 20 C. The annealing temperature for the PCR was 64 C (except
�1D- or �1-adrenergic PCR, which was 60 C). For each set of primers, the
log (PCR product) vs. cycle number was plotted and a cycle number chosen
within the linear portion of the graph. The number of cycles performed
were 28 for �1A-, 30 for �1B-, 28 for �1D-, 26 for �1-, 26 for �2-, and 30 for
�3-adrenergic receptor. After amplification, PCR products (10 �l) were
electrophoresed on 1.3% agarose gels and visualized.

Analysis of UCP1 and adrenergic mRNA in primary brown
adipocytes (Northern blot)

Total RNA (10 �g) was separated by electrophoresis in an ethidium
bromide-containing agarose-formaldehyde gel. The intensity of the 18S
and 28S rRNA band under UV light was checked to verify that the

TABLE 1. Oligonucleotides used as PCR primers

Primer Strand length (bp) Sequence (5�–3�) Tm (C)a

�1A-AR for 28 GGA CAA GTC AGA CTC AGA GCA AGT GAC G 70
�1A-AR rev 26 TAT AGC CCA GGG CAT GCT TGG AAG AC 71
�1B-AR for 27 TTT CAT GAG GAC ACC CTC AGC AGT ACC 69
�1B-AR rev 24 CTG CCG CTG TCA TCC AGA GAG TCC 71
�1D-AR for 23 CGC CAA AGG AAA TCC AGG GAC AC 69
�1D-AR rev 23 CAG AGC GGA ACT TAT GGG ACA GG 66
�1-AR for 22 CCG CTG CTA CCA CGA CCC CAA G 71
�1-AR rev 26 AGC CAG TTG AAG AAG AGC AAG AGG CG 71
�2-AR for 26 GGT TAT CGT CCT GGC CAT CGT GTT TG 71
�2-AR rev 29 TGG TTC GTG AAG AAG TCA CAG CAA GTC TC 70
�3-AR for 26 TCT AGT TCC CAG CGG AGT TTT CAT CG 76
�3-AR rev 25 CGC GCA CCT TCA TAG CCA TCA AAC C 77

for, Forward; rev, reverse.
a Tm calculated by PRIMER3 (version 0.2, Whitehead Institute).
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samples were equally loaded and that no RNA degradation had oc-
curred. The mRNA levels were analyzed by Northern blotting as de-
scribed earlier (29).

The UCP1 cDNA was used as described previously (3). The probes
were labeled with [�-32P]dCTP using Ready To Go DNA labeling beads
(Amersham, Aylesbury, UK) according to the manufacturer’s instruc-
tions. Adrenergic receptor mRNA was also analyzed with Northern blot
technique. The rat �1-adrenergic receptor cDNA probe used has been
previously characterized (31). It was cloned in the EcoR1 site of the PVZ1

plasmid (�2.7 kb) and the 1.5 kb fragment obtained by Nar1 digestion
was used for hybridization. The �2-adrenergic receptor probe was an
896-bp EcoR V-BstEII fragment obtained from the human �2-cDNA in
pUC 18 (32). The �3-adrenergic receptor probe was a 306-bp Nhe I-Xho
I fragment obtained from the �3-adrenergic receptor cDNA clone
IMAGE: 4189430 corresponding to �3-adrenergic receptor residues 120–
222. The phosphoglycerate kinase (PGK)-NEO (neomycin)-poly(A) vec-
tor replaces this 306-bp in �3-adrenergic receptor KO mice (19). The
�1A-adrenergic receptor probe was made from �1A-adrenergic receptor
PCR product from mouse BAT, which was randomly labeled with
[�-32P]dCTP. The �1D-adrenergic receptor probe was made from ream-
plified �1D-adrenergic receptor PCR product from mouse brain with the
standard PCR protocol, except cold 0.1 mm dCTP and 2.5 �l [�-32P]dCTP
was used.

Analysis of �-adrenergic receptor protein levels in primary
brown adipocytes (Western blot)

Mice (FVB or �3-adrenergic receptor KO mice, �3 wk old) were killed
with 80% CO2-20% O2, and decapitated and tissues rapidly excised,
removed of visible white fat and connective tissues, and quickly frozen
in liquid nitrogen before being stored at �80 C. Tissues were homog-
enized in ice-cold homogenization buffer [20 mm Tris (pH 7.4) at room
temperature, containing 1 mm EDTA and Miniprotease inhibitor (one
tablet per 10 ml buffer; Roche, Stockholm, Sweden)], and centrifuged at
low speed (800 � g, 10 min, 4 C) to remove cell debris and unhomog-
enized tissue. The supernatant was retained and centrifuged (20,000 �
g, 60 min, 4 C) and the resulting pellet suspended in homogenization
buffer and stored at �20 C until further use. Primary brown adipocytes
(differentiated for 7 d) were washed in ice-cold PBS, scraped, homog-
enized in homogenization buffer with a Dounce homogenizer (approx-
imately 20 strokes), and centrifuged at low speed (800 � g, 10 min, 4 C)
to remove cell debris. The supernatant was retained and the pellet
rehomogenized and centrifuged again. Supernatants were pooled and
centrifuged (20,000 � g, 60 min, 4 C). The pellets were resuspended in
homogenization buffer and stored at �20 C until further use. Proteins
were measured (33) using BSA as a standard sample.

Samples (50 �g protein except for �1-adrenergic receptor in BAT that
was loaded with 25 �g protein) were mixed with an equal volume of
sodium dodecyl sulfate sample buffer [62.5 mm Tris (pH 6.8), 2% sodium
dodecyl sulfate, 10% glycerol, 50 mm dithiothreitol, and 0.1% bromo-
phenol blue] and boiled for 3 min. Samples were separated on 10%
polyacrylamide gels and transferred to Hybond-C Extra nitrocellulose
(Amersham Biosciences, Arlington Heights, IL) membranes (pore size
0.45 �m). After transfer, membranes were washed in Tris-buffered saline
[TBS; 20 mm Tris, 140 mm NaCl, (pH 7.6)] for 5 min followed by quench-
ing of nonspecific binding in blocking buffer (5% nonfat dry milk, 0.1%
Tween 20 in TBS) for 1 h at room temperature. Membranes were incu-
bated at 4 C overnight with gentle shaking with primary antibody
�1-adrenergic receptor (V-19), �2-adrenergic receptor (H-73), and �3-
adrenergic receptor (M-20) (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) at 1:500 dilution factor in buffer (TBS containing 0.1% Tween 20, 5%
wt/vol fraction V BSA). Primary antibody was detected using a sec-
ondary antibody (horseradish peroxidase-linked antirabbit for �1-ad-
renergic receptor, �2-adrenergic receptor, horseradish peroxidase-
linked antigoat for �3-adrenergic receptor) at 1:2000 dilution factor for
1 h at room temperature in blocking buffer and detected with enhanced
chemiluminescence (Amersham Pharmacia Biotech, Little Chalfont, UK)
according to the instructions of the manufacturer.

2-Deoxy-D-[1-3H]-glucose uptake in primary
brown adipocytes

Glucose uptake studies were performed as previously described (18,
34). All experiments were performed on d 7 of cell culture. From d 6, the
cells were serum starved overnight in DMEM/nutrient mix F12 (1:1)
with 4 mm l-glutamine, 0.5% BSA, 2.4 nm insulin, 10 mm HEPES, 50
IU/ml penicillin, 50 �g/ml streptomycin, and 25 �g/ml sodium ascor-
bate. To reduce basal glucose uptake, this medium was changed to
DMEM without insulin (containing 0.5% BSA, 0.125 mm of sodium
ascorbate) for 30 min [longer periods did not further reduce basal uptake
(data not shown)] before the cells were challenged with drugs for a total
of 2 h [time courses showed that 2 h stimulation gave the maximum
response to insulin or to adrenergic agonists (data not shown)]. Detailed
protocols for the inhibitors used are found in the description of each
experiment. After 110 min of incubation with drugs, the medium was
discarded, cells washed with prewarmed PBS buffer [10 mm phosphate
buffer, 2.7 mm KCl, 137 mm NaCl (pH 7.4)] before glucose-free DMEM
(containing 0.5% BSA, 0.125 mm sodium ascorbate) was added and
drugs readded with trace amounts of 2-deoxy-d-[1-3H]-glucose (50 nm)
(Amersham; specific activity 9.5–12 Ci/mmol) for 10 min. Reactions
were terminated with washing in ice-cold PBS, cells lysed (500 �l of 0.2
m NaOH, 1 h at 55 C) and the incorporated radioactivity determined by
liquid scintillation counting.

cAMP determinations in primary brown adipocytes

All experiments were performed on d 7 of cell culture. The cells were
treated according to the first part of the protocol for the glucose uptake
studies. After indicated times with drugs, the culture medium was
aspirated, 0.8 ml of 95% ethanol added to each well, and the cells scraped
off. The samples were routinely washed with 70% ethanol (0.4 ml) and
the combined suspensions dried in a Speedvac centrifuge. The dried
samples were dissolved in 150–500 �l of the buffer 1 provided with the
cAMP (3H) assay system from Amersham (TRK 432), sonicated briefly,
and centrifuged at 14,000 � g for 10 min. One 50-�l aliquot of the
supernatant was analyzed for every sample according to the description
in the assay system; for every concentration of any agonist in each
experiment, duplicate wells were analyzed.

Analysis of results

For analysis of concentration-response curves, the curve-fitting op-
tion of the KaleidaGraph 3.0 program (Synergy Software, Reading, PA)
was used. Monophasic concentration-response data were analyzed with
the Michaelis-Menten equation VA � basal � Vmax/(1 � (EC50/[A]),
where A is the concentration of adrenergic agent added, VA the response
observed at that concentration, and Vmax the estimated maximal in-
crease. In some calculations, basal was set as a constant to avoid a
singular matrix that would make the fitting unsolvable.

Results are presented as the mean values � se. Student’s paired t test
was used to test for significance between the different treatments and/or
controls. In studies in which inhibitors affected basal levels, differences
between stimulated and inhibited effects were calculated as delta values
above each corresponding control (i.e. control and inhibitor alone). Sta-
tistical significance in text means at least P � 0.05 (statistical significance
in figures: *, P � 0.05 and **, P � 0.01). In experiments in which an-
tagonists were used, log (dose ratio-1)-log[antagon] (pKB) values were
calculated according to the method of Furchgott (35) and values given
as mean � se.

Chemicals

l-Norepinephrine bitartrate (Arterenol), (�)-isoproterenol, DL-
propranolol, collagenase (type II), BRL-37344, cirazoline, prazosin, 8-
bromoadenosine-cAMP (8-Br-cAMP), 12-O-tetradecanoylphorbol-13-
acetate (TPA), LY294002, CL-316243, and forskolin were obtained from
Sigma-Aldrich (St. Louis, MO) and Ro-81–3220, Gö6976, and Gö6983
from Calbiochem (La Jolla, CA). ICI-89406 and ICI-118551 were from
Zeneca (Wayne, PA). 2�,5�-Dideoxyadenosine (DDA) was from Bio-
medicals Inc., Irvine, CA. Insulin (Actrapid) was from Novo Nordisk
(Bagsvaerd, Denmark) and cAMP kit (TRK 432), 2-deoxy-d-[1-3H]-
glucose (specific activity 9.5–12 Ci/mmol) from Amersham
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Biosciences (Little Chalfont, UK). All cell culture media and supple-
ments were from Life Technologies (Carlsbad, CA). The concentra-
tions of the blockers in this study have been carefully selected for
best selectivity and to limit putative side effects (36 – 40).

All adrenergic agents, 8-Br-cAMP, and Ro 81–3220 were dissolved in
water. Norepinephrine was dissolved in water with 0.125 mm Na ascorbate.
TPA, LY 294002, Gö 6983, Gö 6976, DDA, and ICI-89406 were dissolved in
dimethyl sulfoxide (final concentration was maximally 0.1%).

Results
Adrenergic subtype expression in BAT and brown
adipocytes in cell culture

�1A-Adrenergic receptors. The �1A-adrenergic receptor sub-
type gene was highly expressed in mouse BAT (as compared

semiquantitatively with brain that is known to express high
levels of the �1A-adrenergic receptor subtype) (Fig. 1A). This
is in accordance with results from rat BAT in which the
�1A-adrenergic receptor subtype gene is highly expressed,
compared with other tissues (12, 41, 42). In contrast, primary
brown adipocytes in culture showed very low level of �1A-
adrenergic receptor subtype expression, which did not differ
between wild-type and the �3-KO brown adipocytes with
RT-PCR (Fig. 1A) or Northern blotting (Fig. 1B).

�1B-Adrenergic receptors. We found no �1B-adrenergic recep-
tor gene expression in BAT and primary brown adipocytes,
in accordance with results from rat BAT (12) (Fig. 1A).

FIG. 1. Expression of �1- and �-adrenergic receptors (ARs) in primary cultures of mouse brown adipocytes from wild-type and �3-KO mice. A,
RT-PCR. Total RNA (1 �g) (from wild-type or �3-KO mice) from interscapular BAT, primary brown adipocytes, and control tissues was analyzed
for adrenergic receptor mRNA detection as described in Material and Methods. WAT, White adipose tissue; -ve, negative. B, Northern blot. Total
RNA (10 �g) (from wild-type or �3-KO mice) was isolated from interscapular BAT or primary brown adipocyte cell cultures differentiated for
7 d and analyzed by Northern blot analysis by hybridization with the �1-, �3-, �1A, or �1D-probe as described in Materials and Methods. C,
Immunoblot. Cell membrane protein samples were obtained from primary brown adipocytes (d 7 in culture), BAT, and control tissues from
wild-type or �3-KO mice and analyzed by Western blot analysis using antibodies specific for the �1-, �2-, or �3-adrenergic receptor, as described
in Materials and Methods. One representative blot of three is shown for the �1-adrenergic receptor. Compensated for loading, there was no
difference between �1-adrenergic receptor expression in primary brown adipocytes from wild-type or �3-KO mice.
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�1D-Adrenergic receptors. The levels of �1D-adrenergic recep-
tors gene expression was high in mouse BAT, in accordance
with results from rat BAT (12, 41, 42). There were similar
levels of �1D-adrenergic receptor gene expression in the pri-
mary brown adipocytes, with no difference between wild-
type and �3-KO brown adipocytes as observed with RT-PCR
(Fig. 1A) or Northern blotting (Fig. 1B).

�1-Adrenergic receptors. �1-Adrenergic receptor gene and pro-
tein expression in BAT was confirmed by RT-PCR (Fig. 1A),
Northern blotting (Fig. 1B) as previously described (11), and
Western blotting (Fig. 1C). The �1-adrenergic receptor
mRNA levels were up-regulated in �3-KO BAT in both the
RT-PCR experiment and Northern blots (Table 2) in agree-
ment with earlier findings (19). This correlated with elevated
�1-adrenergic receptor protein amount. However, in �3-KO
brown adipocytes in culture, the �1-adrenergic receptor
mRNA levels were not significantly different from wild-type
levels in both the RT-PCR and Northern blots (Fig. 1, A and
B, and Table 2).

�1-Adrenergic receptor protein levels were similar in wild-
type and �3-KO cultures (Western blots performed three
times, compensated for loading and quantified with densi-
tometer), in agreement with the RT-PCR and Northern data.

�2-Adrenergic receptors. We detected high levels of �2-adren-
ergic receptor mRNA with RT-PCR [and Northern blot (not
shown)], compared with ventricle (Fig. 1A), and high levels
of �2-adrenergic receptor protein in BAT, compared with
soleus muscle (Fig. 1C). However, there were very low levels
of �2-adrenergic receptor gene expression in primary brown
adipocytes, compared with BAT [in accordance with our
previous studies (we earlier suggested that the �2-adrenergic
receptor is expressed in blood vessels) (11, 43)], and we could
not detect any �2-adrenergic receptor protein in primary
brown adipocytes (Fig. 1C).

�3-Adrenergic receptor. The mouse �3-adrenergic receptor
gene contains two exons, which undergo alternative splicing
and produce expressed splice variants of the �3-adrenergic
receptor (44). The two PCR products obtained from the �3-
adrenergic PCR reflect the two different isoforms of the �3-
adrenergic receptor; the 234-bp fragment represents the
�3A-adrenergic, whereas the 337-bp fragment represents the
�3B-adrenergic (Fig. 1A), which is downstream the PGK-
NEO-poly(A) cassette used for the �3-adrenergic receptor
KO (19). The �3A-adrenergic receptor variant was the most
abundant variant in BAT, as reported previously (44). The
ratio between the different transcripts was not changed in
primary brown adipocytes, and there was no difference in
wild-type and �3-KO cultures [also in the �3-KO lane, there
are �3-adrenergic bands because this is fully downstream of

the PGK-NEO-poly(A) cassette used for the �3-adrenergic
receptor KO mice (19)]. As expected, in Northern blots with
BAT and primary cultures from �3-KO mice (Fig. 1B and
Table 2), we did not detect any �3-adrenergic bands because
the probe we used was homolog with the disrupted region
of the �3-adrenergic receptor gene (19). In agreement, no
�3-adrenergic receptor protein in �3-KO mice was observed
(Fig. 1C).

The result of the expression level of the adrenergic receptor
genes show that the PGK-NEO-poly(A) cassette upstream
the �3-adrenergic gene does not influence the transcription
levels per se and that the �3-ablation does not lead to a
compensatory mechanism on the gene transcription in the
cultured primary brown adipocytes.

UCP1 induction in �3-KO brown adipocytes in culture

In mature cells (d 7), unstimulated brown adipocytes ex-
pressed the UCP1 gene at low levels with a tendency to a
lower basal expression in the �3-KO cells (n � 2 in duplicate).
The addition of the �-adrenergic agonist isoprenaline led to
a large increase in UCP1 mRNA both in control cells (Fig. 2)
[in agreement with our earlier observations (18)] and �3-KO
cells. Thus, brown adipocyte differentiation was confirmed
by induction of UCP1 gene expression.

Insulin-induced 2-deoxy-D-glucose uptake in �3-KO
brown adipocytes

To examine whether brown adipose cells that lack the
�3-adrenergic receptor have a fully functioning insulin sig-
naling pathway, cultured brown adipocytes were treated
with insulin for 2 h and the levels of glucose uptake deter-
mined by glucose uptake analysis, as shown in Fig. 3. There
was no significant difference between the �log(p)EC50 or
maximal insulin-stimulated glucose uptake for the wild-type
cells (pEC50 9.1 � 0.2; Vmax 217 � 7%) and the �3-KO cells
(pEC50 9.4 � 0.6; Vmax 204 � 9%).

�3-Adrenergic receptor agonists do not induce 2-deoxy-D-
glucose uptake in �3-KO brown adipocytes

We have previously shown that �3-adrenergic receptor
agonists (BRL-37344, CL-316 243, and CGP-12177) induce a
concentration-dependent increase in glucose uptake in
brown adipocytes in culture (18). As expected, we found that

TABLE 2. �1- and �3-Adrenergic receptor mRNA levels

�1-mRNA level
(%)

�3-mRNA level
(%)

BAT 100 100
BAT (�3-KO) 158 � 17 Not detected
Cells 100 100
Cells (�3-KO) 95 � 21 Not detected

n � 4 in duplicate.

FIG. 2. UCP1 induction in �3-KO brown adipocytes in culture. Con-
fluent cultures (d 7) of �3-KO and wild-type brown adipocytes were
treated with isoprenaline (ISO; 1 �M) for 2 h. Total RNA was isolated
as described in Materials and Methods, and 10 �g/sample were an-
alyzed by Northern blot analysis by hybridization with the UCP1
probe.
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the �3-adrenergic receptor agonist BRL-37344 or CL-316 243
had no effect on glucose uptake in the �3-KO brown adipo-
cytes (Fig. 4, A and B).

Norepinephrine-induced 2-deoxy-D-glucose uptake in �3-KO
brown adipocytes occurs via �1- and �1-adrenergic receptors

Norepinephrine and adrenergic agents induce glucose up-
take in brown adipocytes in vivo (45–47) and in vitro (7, 15,
17, 18, 46, 48). It has been discussed which adrenergic re-
ceptor subtype(s) mediates the norepinephrine effect on glu-
cose uptake. Earlier results suggest that norepinephrine-
induced glucose uptake in brown adipocyte primary culture
is mediated fully through �3-adrenergic receptors (14, 18). It
was therefore surprising that norepinephrine induced the
same concentration-dependent 2-deoxy-d-glucose uptake in
wild-type (Vmax 370 � 11%; pEC50 6.5 � 0.1) and �3-KO
brown adipocytes (Vmax 348 � 12%; pEC50 6.7 � 0.2) (Fig. 5),
implying that adrenergic receptors other than the �3-adren-
ergic receptor can induce glucose uptake.

To elucidate through which adrenergic receptors norepi-
nephrine could stimulate glucose uptake in �3-KO brown
adipocytes, we first used the nonselective �-adrenergic re-
ceptor antagonist propranolol. The norepinephrine curve
was antagonized by 1 �m propranolol (pKB of 7.5 � 0.1) (Fig.
6A). We also used the selective �1-adrenergic receptor an-
tagonist ICI-89406. This compound antagonized the norepi-
nephrine concentration-response curve with a pKB of 7.6 �
0.1 (Fig. 6B). Both �1- and �2-adrenergic receptors are char-
acterized by high affinity for classical �-adrenergic receptor
antagonists such as propranolol with pA2 values of about 9
on �1-/�2-adrenergic receptors (49). It is therefore evident
that �1-adrenergic receptors play a major role in the nore-
pinephrine-induced glucose uptake in �3-KO brown adipo-
cytes (we found no evidence for �2-adrenergic receptors in
these cells) but that the stimulatory effect of norepinephrine
cannot be explained fully by �1-adrenergic receptors (pKB
values). This is in contrast to control cells, in which we found

no evidence that �1-receptors or other receptors than �3-
receptors are involved in norepinephrine-induced increase
in glucose transport in brown adipocytes (18).

The nonselective �-adrenergic receptor agonist isoprena-
line gave a large increase in glucose uptake in �3-KO cells
(Vmax 205 � 9%; pEC50 7 � 0.1) (Fig. 6C). However, the
response to norepinephrine (Vmax 348 � 12%; pEC50 6.8 �
0.1) was significantly greater than that to isoprenaline in the
�3-KO cells (Fig. 6C), implying an involvement of �-adren-
ergic receptors. To investigate whether norepinephrine may
act at �1- or �2-adrenergic receptors to increase glucose up-
take in cultures from �3-KO cells, we performed glucose
uptake experiments in the presence of a �1-adrenergic re-
ceptor antagonist (prazosin) or an �2-adrenergic antagonist

FIG. 3. Insulin effect on 2-deoxy-D-glucose uptake in wild-type and
�3-KO cultured mouse brown adipocytes. Confluent cultures of brown
adipocytes (d 7 in culture) were treated for 2 h with insulin and
2-deoxy-D-glucose uptake measured as described in Materials and
Methods. The values are means � SE (n � 5 series in duplicate) in
�3-KO cells (E) or wild-type cells (F). Vehicle-treated wells were set
to 100% for each cell culture series and the other values given relative
to this. The results were fitted with the general curve-fitting proce-
dure for Michaelis-Menten kinetic.

FIG. 4. Effects of �3-agonists on 2-deoxy-D-glucose uptake in �3-KO
cultured mouse brown adipocytes. Experiments were performed as
described in the legend to Fig. 3. The values are means � SE. A,
BRL-37344 (n � 3 series in duplicate). B, CL-316243 (n � 4 series in
duplicate). �3-KO cells, �; wild-type cells, f; stippled line, data from
cell cultures examined in direct parallel (in Ref. 18) (all other data in
this manuscript are made at later points and in parallel). Vehicle-
treated wells were set to 100% for each cell culture series, and the
other values given relative to this. The results were fitted with the
general curve-fitting procedure for Michaelis-Menten kinetics.
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(yohimbine). Norepinephrine-induced glucose uptake was
not affected by yohimbine (Fig. 7A) but was significantly
reduced by prazosin (Fig. 7B), indicating that norepineph-
rine-induced glucose uptake in �3-KO cells is partially me-
diated by �1-adrenergic receptors. This was confirmed in
studies showing that the �1-adrenergic receptor agonist cira-
zoline produced a concentration-dependent increase in glu-
cose uptake in these cells (Fig. 7C). The �-adrenergic agonist
isoprenaline in combination with the �1-adrenergic agonist
cirazoline gave the same maximal response as norepineph-
rine alone (Fig. 7D).

cAMP is the mediator of �1-adrenergic receptor stimulated
glucose uptake

Our results show that a major component of the norepi-
nephrine-increased glucose uptake is mediated through �1-
adrenergic receptors in mouse �3-KO brown adipocytes. �1-
Adrenergic receptor stimulation leads to activation of Gs and
subsequent activation of adenylyl cyclase to increase intra-
cellular cAMP levels. The cAMP analog 8-Br-cAMP (1 mm)
increased 2-deoxy-glucose uptake (190 � 8%) (n � 3 series
in quadruplicate), demonstrating that elevation of cAMP
levels mimics �-adrenergic stimulation in �3-KO brown adi-
pocytes (data not shown). Pertussis toxin pretreatment (0.2
�g/ml, 16 h) of cells did not significantly affect the isopren-
aline-induced glucose uptake (data not shown), indicating
that Gi plays no role in activating glucose uptake in �3-KO
brown adipocytes, in accordance with wild-type cells (18).

To further investigate the role of cAMP formation in ac-
tivation of glucose uptake, we blocked cAMP formation with
DDA, which blocks adenylyl cyclase (50). DDA significantly
inhibited norepinephrine- and isoprenaline-activated cAMP
formation (84 and 87% inhibition) (Fig. 8A). Insulin did not
significantly increase cAMP levels (data not shown). Parallel
cultures were analyzed for 2-deoxy-d-glucose uptake. DDA
significantly inhibited norepinephrine- and isoprenaline-
mediated 2-deoxy-d-glucose uptake (62 and 64% inhibition)

but not insulin stimulated 2-deoxy-d-glucose uptake (Fig.
8B). The stimulation was made with a concentration of 1 �m
for the agonists (at higher norepinephrine concentrations,
cAMP levels decrease, compared with 1 �m in brown adi-

FIG. 5. Norepinephrine effect on 2-deoxy-D-glucose uptake in wild-
type and �3-KO cultured mouse brown adipocytes. Experiments were
performed as described in the legend to Fig. 3. The values are means �
SE. Norepinephrine (n � 5 series in duplicate) in �3-KO cells, �; in
wild-type cells (n � 6 series in duplicates, �). Vehicle-treated wells
were set to 100% for each cell culture series and the other values given
relative to this. The results were fitted with the general curve-fitting
procedure for Michaelis-Menten kinetics.

FIG. 6. Concentration-response curves for norepinephrine plus 1 �M
propranolol (prop, A), norepinephrine plus 1 �M ICI-89406 (ICI, B),
and norepinephrine and isoprenaline (ISO, C)) on 2-deoxy-D-glucose
uptake in �3-KO cultured mouse brown adipocytes. Experiments were
performed as described in the legend to Fig. 3. The values are means �
SE. A, Norepinephrine (n � 3 series in duplicate, �) in absence and
presence of propranolol (1 �M, j) in �3-KO cells. B, Norepinephrine
(n � 2 series in quadruplicate, �) in absence and presence of ICI-
89406 (1 �M, j) in �3-KO cells. C, Norepinephrine (n � 5 series in
duplicate or quadruplicate, �) and isoprenaline (n � 5 series in
duplicate or quadruplicate, ‚) in �3-KO cells. Vehicle-treated wells
were set to 100% for each cell culture series and the other values given
relative to this. The results were fitted with the general curve-fitting
procedure for Michaelis-Menten kinetics.
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pocytes; for a longer discussion, see Ref. 10), and we con-
cordantly found no statistical difference between norepi-
nephrine and isoprenaline in 2-deoxy-d-glucose uptake as
we did at a higher concentration (Fig. 6C). This indicates that
a large component, if not all, of the �1-adrenergic receptor-
mediated increase in glucose uptake in brown adipocytes is
mediated through cAMP.

PI3K is necessary for the �1- and �1-adrenergic receptor-
induced glucose uptake

We have previously shown that �3-adrenergic receptor
signaling to glucose uptake involves PI3K (18). To elucidate
whether �1- and �1-adrenergic receptor signaling increases
glucose uptake through PI3K in �3-KO cells, we used two
specific PI3K inhibitors (wortmannin and LY294002). Iso-
prenaline-induced glucose uptake was inhibited to a large
degree by wortmannin (61% inhibition) and LY 294002 (66%
inhibition), and norepinephrine-mediated glucose uptake
was also inhibited by LY294002 (52% inhibition) (Figs. 9 and
10A). Insulin-stimulated glucose uptake was inhibited by the
PI3K inhibitors to a very high degree (wortmannin, 90%
inhibition and LY 294002, 84% inhibition). The �1-adrenergic
receptor (cirazoline) increase was completely inhibited
(101% inhibition) by LY294002 (Fig. 10B). To investigate the
�1-adrenergic receptor signaling pathway, we examined
whether the phorbol ester TPA, which stimulates conven-
tional and novel PKCs, stimulated glucose uptake. TPA ac-
tivated glucose uptake in �3-KO brown adipocytes to a large
extent (Fig. 10B), which was also reduced by LY294002 (56%
inhibition) (P � 0.06) but not to the same extent as cirazoline-
induced glucose uptake. The Ca2� ionophore A23187 did
not increase glucose uptake, indicating that intracellular

Ca2� levels do not influence glucose uptake in brown
adipocytes.

Both �1- and �1-adrenergic receptors activate glucose
uptake through PKCs

There is evidence that implicates the involvement of PKC in
insulin-stimulated glucose uptake in skeletal muscle and fat
(51). We investigated whether PKCs are involved in �1- and
�1-adrenergic receptor-activated glucose uptake in brown adi-
pocytes. We used Gö 6976, which inhibits conventional (�, �1)
PKC isoforms (36), Ro-31–8220, which inhibits conventional (�,
�1, �2, �) and novel (�) but not atypical PKC isoforms (52), and
Gö 6983, which inhibits conventional (�, �, �), novel (�), and
atypical PKC (�) isoforms (38).

Interestingly, the �1- and �1-adrenergic receptor (norepi-
nephrine)-induced increase in glucose uptake was largely in-
hibited by blocking conventional PKCs [Gö 6976, 92% inhibition
(Fig. 11)], conventional and novel PKCs [Ro-31–8220, 49% in-
hibition (Fig. 12A)], and conventional, novel, and atypical PKCs
[Gö 6983, 64% inhibition, data not shown (n � 3 in duplicate)].
Isoprenaline-induced glucose uptake was also largely inhibited
by Gö 6976 (87% inhibition), Ro-31–8220 (79% inhibition), and
Gö 6983 [80% inhibition, data not shown (n � 3 in duplicate)].
�1-Adrenergic receptor (cirazoline) activation was blocked by
Ro-31–8220 (50% inhibition) (Fig. 12B). TPA-activated glucose
uptake in �3-KO was largely inhibited by Ro-31–8220 (88%
inhibition) (Fig. 12B). The insulin-mediated increase in glucose
uptake was inhibited by Gö 6976 (39% inhibition) (Fig. 11),
Ro-31–8220 (60% inhibition) (Fig. 12B), and Gö 6983 [41% in-
hibition (n � 3 in duplicate)].

FIG. 7. Examination of �-adrenergic
receptor contribution to norepineph-
rine-induced 2-deoxy-D-glucose uptake
in �3-KO cultured mouse brown adipo-
cytes. Experiments were performed as
described in the legend to Fig. 3. The
values are means � SE. A, Norepineph-
rine (NE, 10 �M) and yohimbine (yohim,
1 �M) (n � 2 series in quadruplicate). B,
Norepinephrine (n � 4 series in dupli-
cate, �) in absence and presence of pra-
zosin (praz, 1 �M, J) in �3-KO cells. C,
Cirazoline (n � 3 series in duplicate, ƒ)
in �3-KO cells. D, Isoprenaline (ISO, 10
�M), cirazoline (CIR, 10 �M), and nor-
epinephrine (NE, 10 �M) (n � 3 series in
quadruplicate). *, P � 0.05. Vehicle-
treated wells were set to 100% for each
cell culture series and the other values
given relative to this. The results in B
and C were fitted with the general
curve-fitting procedure for Michaelis-
Menten kinetics.
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Discussion

The �3-adrenergic receptor gene is heavily regulated in
BAT by certain physiological circumstances. Hypothyroid-
ism increases �3-adrenergic receptor gene expression and
function (53–56), whereas hyperthyroidism (54), adrenalec-
tomy (57), acute exposure of rodents to cold, or in vivo treat-
ment with �3-adrenergic receptor agonist (58–61) lead to a
dramatic decrease in �3-adrenergic receptor mRNA levels in
BAT. Additionally, obesity is correlated with lower �3-ad-
renergic receptor mRNA levels and responsiveness in adi-
pose tissue from ob/ob mice and fa/fa Zucker rats (57). We have
previously shown that �3-adrenergic receptor agonists lead
to a rapid down-regulation of �3-adrenergic receptor mRNA
in primary brown adipocytes (60), which is not due to a

general down-regulation on adrenergic gene expression be-
cause �1-adrenergic receptor mRNA is up-regulated under
the same conditions. Down-regulation of �3-adrenergic re-
ceptors would eventually translate into a poorer ability to
increase glucose uptake into brown adipocytes if �3-adren-
ergic receptors are necessary for glucose uptake.

It has been stated by ourselves and others that �3-adren-
ergic receptors mediate most or all of the norepinephrine-
induced glucose uptake in brown primary adipocytes (14, 18,
48), even though the presence of �1-adrenergic receptors
have been verified by radioligand binding and molecular
studies (�2-adrenergic receptors are hard to detect and prob-
ably play a very minor/nonexistent role) (11, 62). Further-
more, brown adipocytes also express coupled �1- and �2-
adrenergic receptors (see review in Ref. 30).

Significant uncertainty exists regarding the physiological
importance and the relative role of �3- vs. �1-/�2-adrenergic
receptors in mediating signal transduction in BAT. To in-
vestigate the importance of �3-adrenergic receptors and the
possibility that �3-adrenergic receptors could have a distinct
coupling to glucose uptake in brown adipocytes, we per-
formed experiments in primary cultures of brown adipocytes
from �3-KO mice. These mice demonstrate a modest increase
in body fat, which is not associated with an increase in food
intake but rather a decrease in energy expenditure (19, 20).
Several explanations for the relative lack of obesity can be
discussed, such as a relative marginal role of �3-adrenergic
receptors mediating norepinephrine-induced responses or
that mechanisms develop that compensate for the lack of
�3-adrenergic receptors (such as up-regulation of other ad-
renergic receptors). The two existing models of �3-KO mice
show opposite results on �1-adrenergic receptor gene ex-
pression, one showing an up-regulation of �1-adrenergic re-
ceptor mRNA in BAT (19) and the other a decrease (20). We
here used an in vitro model system, primary cultures of
brown adipocytes, which have previously been established
as a good model system for mature brown adipocytes (11,
26–28) in which whole-body regulatory and compensatory
mechanisms, i.e. sympathetic feedback loop in the intact
mouse, would not be present.

FIG. 8. Effects of the adenylyl cyclase inhibitor DDA on cAMP for-
mation and 2-deoxy-D-glucose uptake in �3-KO cultured mouse brown
adipocytes. The values are means � SE for three series performed in
quadruplicate, in which two samples were analyzed for cAMP levels
and the other two samples for 2-deoxy-D-glucose uptake. A, The �3-KO
cultured cells were fixed with ethanol 10 min after agonist addition
and the cAMP levels obtained as described in Materials and Methods.
The values are given as picomoles cAMP per well; *, P � 0.05 indicates
differences, compared with agonist. Bas, Basal. B, Glucose uptake in
�3-KO brown adipocytes treated with DDA (50 �M), norepinephrine
(NE, 1 �M), isoprenaline (ISO, 1 �M), and insulin (INS, 1 �M). Vehicle-
treated wells were set to 100% for each cell culture series and the other
values given relative to this.

FIG. 9. Effects of PI3K inhibition (by wortmannin) on insulin- or
adrenergically induced 2-deoxy-D-glucose uptake in �3-KO cultured
mouse brown adipocytes. The values are means � SE for four series
performed in duplicate. Wortmannin (W, 100 nM) was added 15 min
before addition of insulin (INS, 1 �M) or isoprenaline (ISO, 1 �M).
Vehicle-treated wells were set to 100% for each cell culture series and
the other values given relative to this. *, P � 0.05 and **, P � 0.01
indicate differences, compared with agonist alone.
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It is beneficial to explore which adrenergic receptors in-
fluence glucose uptake in our system because BAT includes
more cell types besides mature brown adipocytes, including
brown preadipocytes, fibroblasts, endothelial cells, macro-
phages, and nerves, most of which express adrenergic re-
ceptors at various degrees. Indeed, both the brown adipo-
cytes and the blood vessels of the brown adipose tissue are
intensely innervated from the sympathetic nervous system.
Vasoconstriction in the tissue is induced via �1-adrenergic
receptors and vasodilation via �-adrenergic receptors (63). It
is established in several blood vessel systems that �2-adren-
ergic receptor couple to vasodilation (64), and this is prob-
ably also the case in BAT. Our results confirm that �1-ad-
renergic receptor mRNA levels are up-regulated in BAT from
�3-KO mice as shown before (19). This up-regulation did not
occur in primary �3-KO brown adipocytes, indicating that
the �3-adrenergic receptor gene disruption does not affect
�1-adrenergic receptor gene expression (or protein levels) in

itself and that such a compensatory mechanism is present in
vivo but not in vitro. Furthermore, there was no up-regulation
of �1-adrenergic receptor gene expression, reinforcing that
�3-adrenergic receptor gene disruption does not effect basal
adrenergic gene expression in vitro.

Induction of UCP1 gene expression

�-Adrenergic agonists induce UCP1 gene expression in
mature brown adipocytes (3). UCP1 is heavily induced in
wild-type and, rather surprisingly, �3-KO cells using a non-
selective �-adrenergic receptor agonist, indicating that �3-
adrenergic receptor ablation does not affect the cells ability
to differentiate into mature brown adipocytes. Because �2-
adrenergic receptors are not present in these cells, this in-
dicates that �1-adrenergic receptors are inherently as effec-
tive as �3-adrenergic receptors in increasing UCP1 gene
expression. This is interesting because our earlier results
show that even though �1-adrenergic receptors are ex-
pressed, they are not coupled to any significant extent in
wild-type mature brown adipocytes (29).

BRL-37344 and CL-316 243 do not increase glucose uptake
in �3-KO brown adipocytes

Norepinephrine and �3-adrenergic receptor agonists in-
crease glucose uptake in wild-type brown adipocytes (14, 18,
48). BRL-37344, a �3-adrenergic receptor agonist (49) that
stimulates glucose uptake through �2-adrenergic receptors
in L6 muscle cells (65), had no stimulatory effect on glucose
uptake in �3-KO brown adipocytes, indicating that BRL-
37344 stimulates glucose uptake through �3- and not �1-/
�2-adrenergic receptors. Similarly, there was no induction of
glucose uptake in �3-KO brown adipocytes with another
�3-adrenergic receptor agonist (CL-316 243; Refs. 66 and 67).

No difference between norepinephrine-stimulated glucose
uptake in wild-type and �3-KO brown adipocytes

The effect of norepinephrine was similar in both wild-type
and �3-KO cells, with no significant difference in pEC50 or

FIG. 10. Effects of PI3K inhibition (by LY 294002) on insulin- or
adrenergically induced 2-deoxy-D-glucose uptake in �3-KO cultured
mouse brown adipocytes. The values are means � SE for three to five
series performed in duplicate. LY294002 (LY, 10 �M) was added 5 min
before agonist addition. A, Norepinephrine (NE, 10 �M), isoprenaline
(ISO, 1 �M), and insulin (INS, 1 �M). B, Cirazoline (CIR, 10 �M),TPA
(1 �M), and A23187 (A23, 0.1 �M). Vehicle-treated wells were set to
100% for each cell culture series and the other values given relative
to this. *, P � 0.05 and **, P � 0.01 indicate differences, compared
with agonist alone.

FIG. 11. Effects of PKC (conventional) inhibition on insulin- or ad-
renergically induced 2-deoxy-D-glucose uptake in �3-KO cultured
mouse brown adipocytes. The values are means � SE for four series
performed in duplicate. Gö 6976 (Gö, 1 �M) was added 30 min before
addition of norepinephrine (NE, 10 �M), isoprenaline (ISO, 1 �M), or
insulin (INS, 1 �M). Vehicle-treated wells were set to 100% for each
cell culture series and the other values given relative to this. *, P �
0.05 and **, P � 0.01 indicate differences, compared with agonist.
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Vmax. This result was surprising because we have previously
shown that norepinephrine induces glucose uptake in wild-
type brown adipocytes through �3-adrenergic receptors,
with no evident involvement of other adrenergic receptors
(18). Because there is no compensatory up-regulation of �1-
adrenergic receptors at the level of mRNA or protein, the
results indicate efficient coupling of �1-adrenergic receptors
or/and an involvement of �-adrenergic receptors in activa-
tion of glucose uptake in �3-KO cells.

Both �1- and �1-adrenergic receptors activate glucose
uptake in �3-KO brown adipocytes

Using several �-adrenergic receptor antagonists we show
that a large portion of the norepinephrine-induced glucose
uptake in �3-KO cells is mediated through �1-adrenergic
receptors. This was unexpected because our earlier studies
have shown that �1-adrenergic receptors, even though they
are expressed, are coupled only to cAMP formation in brown
preadipocytes and not in mature wild-type brown adipo-

cytes in culture (29). At this point it could therefore be pos-
tulated that either �1-adrenergic receptors couple to cAMP
and increase glucose uptake in mature �3-KO cells or that
�1-adrenergic receptors couple to another signaling pathway
to increase glucose uptake in �3-KO cells.

The �-adrenergic receptor agonist (isoprenaline) could not
evoke the same Vmax as norepinephrine, indicating a possible
�-adrenergic receptor component. Because the �1-adrenergic
receptor agonist cirazoline increased glucose uptake and
�1A- and �1D-adrenergic receptor mRNA is present, we con-
clude that �1-adrenergic receptors are involved in increasing
glucose uptake in �3-KO brown adipocytes. The relative role
of the �1-subtypes in contributing to increased glucose up-
take has to be examined in a more detailed investigation.

In our previous study, there were indications for a small
�1- but not �2-adrenergic receptor component in norepineph-
rine-induced glucose uptake in wild-type cells (18). We
similarly found no evidence for a �2-adrenergic receptor
component increasing glucose uptake in �3-KO brown adi-
pocytes. The �1-adrenergic receptor component was much
larger in �3-KO cells than the very small effect in control cells.
These �1- and �1-adrenergic receptor pathways were addi-
tional (not synergistic), making it plausible that all of the
norepinephrine effect on glucose uptake is through �1- and
�1-adrenergic receptors in �3-KO cells. This indicates a re-
dundancy in the adrenergic receptor system in stimulating
glucose uptake. �1-Adrenergic receptors have the possibility
to carry out some or most of the �3-adrenergic receptor
function, but to reach maximum effect, both �1- and �1-
adrenergic receptors have to be activated in �3-KO cells.

�-Adrenergic receptor-induced glucose uptake is mediated
by cAMP

�3-Adrenergic receptors induce glucose uptake through
cAMP in mature brown adipocytes (18). It is not fully es-
tablished which adenylyl cyclase isoform(s) mediate the
�-adrenergic receptor signal in BAT, but it is possible to
inhibit all known mammalian isoforms with DDA (50). By
blocking adenylyl cyclases with DDA, we conclude that
cAMP formation is very important and necessary in �1-
adrenergic receptor-activated glucose uptake in mature
�3-KO brown adipocytes.

PI3K is necessary for �1- and �1-adrenergic receptor
glucose uptake

Because PI3K is crucial in �3-adrenergic receptor-induced
glucose uptake in mature wild-type brown adipocytes (18),
we examined whether PI3K was involved in norepinephrine-
induced glucose transport in �3-KO brown adipocytes, using
the established PI3K inhibitors wortmannin and LY294002,
which are chemically distinct from each other. �1-Adrenergic
receptor-mediated increases in glucose uptake were almost
fully inhibited by these specific PI3K inhibitors (glucose up-
take mediated by �1-adrenergic receptors was also blocked
with PI3K inhibition). TPA-induced glucose uptake was
partly blocked with PI3K inhibition. This would indicate that
some of the TPA activated PKCs would be upstream of PI3K
or that phorbol esters are capable of activating PI3K. Al-
though phorbol esters are capable of activating PI3K in fat

FIG. 12. Effects of PKC (conventional and novel) inhibition on insu-
lin- or adrenergically induced 2-deoxy-D-glucose uptake in �3-KO
cultured mouse brown adipocytes. The values are means � SE for two
series performed in quadruplicate. A, Ro 31–8220 (Ro, 5 �M) was
added 5 min before agonist addition. Norepinephrine (NE, 10 �M),
isoprenaline (ISO, 1 �M). B, Cirazoline (CIR, 10 �M), TPA) (1 �M), and
insulin (INS, 1 �M). Vehicle-treated wells were set to 100% for each
cell culture series and the other values given relative to this. *, P �
0.05 and **, P � 0.01 indicate differences, compared with agonist.
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and muscle cells (68–70), glucose uptake induced by TPA is
still mediated primarily through conventional and novel
PKCs (as opposed to PI3K) in white adipocytes (69), making
it plausible that this would also be the case in brown
adipocytes.

Both �1- and �1-adrenergic receptors activate glucose
uptake through conventional and novel PKCs

We hypothesized that it is likely that after activation of
PI3K, the adrenergic receptor pathway uses the same kinases
as the insulin pathway with respect to glucose uptake. Both
insulin and TPA stimulate conventional and novel PKCs (71).
Atypical PKC isoforms are involved in insulin-stimulated
glucose uptake in adipocytes but are not stimulated by TPA
(69, 72–74), whereas conventional and novel PKCs do not
appear to be required for insulin-stimulated glucose trans-
port in white adipocytes (72, 74). To delineate whether PKCs
are involved in �1-adrenergic receptor activation of glucose
uptake we used three different PKC inhibitors. All three PKC
inhibitors inhibited isoprenaline-induced glucose uptake to
a large degree. Interestingly the blocking of conventional
PKCs lead to a large inhibition. This inhibition was not larger
when blocking conventional and novel or conventional,
novel, and atypical PKCs, making it likely that conventional
PKCs are very important in �1-adrenergic receptor activation
of glucose uptake. In brown adipocytes �1-adrenergic recep-
tor stimulation is likely mediated via an increase in intra-
cellular Ca2� (10, 75, 76) and/or via PKC (77). Because the
Ca2� ionophore A23187 did not increase glucose uptake, we
examined whether PKC stimulation by TPA would mimic
�1-adrenergic receptor stimulation. TPA was a potent acti-
vator of glucose uptake in brown adipocytes, which could be
blocked with Ro-31–8220, a potent inhibitor of conventional
and novel PKCs [inhibits PKC-� only at relatively high con-
centrations (72)]. These results confirm that TPA activates
glucose uptake mainly through conventional and novel
PKCs in brown adipocytes. This makes it plausible that �1-

adrenergic receptor stimulation activates the same pathway.
On the other hand, �1-adrenergic receptor stimulation with
cirazoline was inhibited to a lesser degree by Ro-31–8220 and
not statistically significant, making it hard to reject that atyp-
ical PKCs also are involved in �1-adrenergic receptor acti-
vation of glucose uptake in brown adipocytes as they are in
muscle cells (70).

The insulin response was partially inhibited by blocking
conventional PKCs with Gö 6976 and conventional and novel
PKCs with Ro-31–8220, indicating that conventional/novel
PKCs could to some extent be involved in insulin stimulation
of glucose uptake in brown adipocytes. However, the Ro-
31–8220 concentration used (5 �m) slightly inhibits insulin-
induced glucose uptake in rat white adipocytes through in-
hibition of PKC-�, indicating that this could be the case also
in brown adipocytes (72).

Further studies would be needed to delineate whether
these conventional and novel PKCs can be activated directly
by �-adrenergic receptors. However, it is generally accepted
that PKCs are downstream effectors of PI3K (68, 72–74). It is
therefore likely that these conventional and novel PKCs are
downstream of PI3K and not directly activated by elevated
cAMP levels.

A hypothesis for the mechanism of the receptor switch

The �3-adrenergic receptor is the main adrenergic receptor
involved in norepinephrine-stimulated glucose uptake in in-
tact brown adipocytes. In intact mice, the ablation of the
�3-adrenergic receptor leads to compensatory mechanisms
and modulation of the adrenergic receptor signaling system.
We show here that brown adipocytes in primary culture are
a good model system to isolate the inherent effects of �3-
adrenergic receptor ablation because these cells are devoid of
such compensatory mechanisms. Surprisingly, �3-adrener-
gic receptor ablation did not influence norepinephrine-stim-
ulated glucose uptake. �1-Adrenergic receptor signaling can
partly compensate the signal to glucose uptake through the

FIG. 13. Suggested model for the norepinephrine-induced
2-deoxy-D-glucose uptake in brown adipocytes. For expla-
nation, see text. NE, Norepinephrine; AC, adenylyl cyclase;
�1, �1-adrenergic receptor; �3, �3-adrenergic receptor; �1,
�1-adrenergic receptor; PKA, protein kinase A; Gs, Gs sub-
unit (or stimulatory G protein); PLC, phospholipase C; IP3,
inositol-3-phosphate; DAG, diacylglycerol.
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same signaling pathway as �3-adrenergic receptors via the
second messenger cAMP and PI3K (18). This activation leads
to stimulation of PKCs and subsequently activation of glu-
cose transport. In the �3-KO cells, �1-adrenergic receptors
became able to increase glucose uptake through a PI3K/PKC
pathway that was not apparent in wild-type cells, as exem-
plified in Fig. 13.

We suggest that �1-/�1-adrenergic signaling is not evident
in intact cells because �3-adrenergic receptors quench this
signal. We believe this is due to �3-adrenergic receptors
(which are normally present in large numbers) binding and
interacting with a large number of signaling molecules (such
a G proteins). When �3-adrenergic receptors are not present,
these signaling molecules are free to interact with the �1-/
�1-adrenergic receptors. Hence, an �1-/�1-adrenergic signal-
ing mechanism stimulating glucose uptake (and perhaps
other important cellular functions), which is not evident in
wild-type cells, is introduced in �3-KO cells. We believe this
can be an important phenomenon that happens in intact mice
when �3-adrenergic receptor numbers decrease during cer-
tain physiological circumstances.
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Abstract

1. A potentially important model system to understand AMPK regulation are

brown adipocytes where adrenergic stimulation leads to mitochondrial

uncoupling through UCP1 activity. AMPK is a sensor of energy homeostasis

and has been implicated in glucose and lipid metabolism in several insulin-

sensitive tissues. Our aim is to characterise the potential role of AMPK in

adrenergically mediated glucose uptake, and whether UCP1 is involved in

adrenergic activation of AMPK.

2. We have used primary brown adipocytes differentiated in culture and

measured AMPK phosphorylation following adrenergic activation, and

measured glucose uptake.

3. Treatment of adipocytes with norepinephrine phosphorylated AMPK, which

was due to actions at b-adrenoceptors and not a1- or a2-adrenoceptors. This

effect was not b3-adrenoceptor specific since responses remained intact in

adipocytes from b3-adrenoceptor knock-out mice. These effects were also

mimicked by forskolin and cAMP analogues. Treatment of cells with Ara-A,

an AMPK inhibitor, partially blocked b-adrenoceptor-mediated increases in

glucose uptake. Brown adipocytes are characterised by the expression of

UCP1, which can uncouple the mitochondria, and adrenergic stimulation has

been shown to reduce the cell’s energy content. Using adipocytes from UCP1

+/+ and UCP1 -/- mice, we show that norepinephrine-mediated

phosphorylation of AMPK does not require the presence or activity of UCP1.

4. These results suggest a pathway where increases in cAMP by b-adrenoceptors

lead to activation of AMPK in brown adipocytes, which contributes in part to

b-adrenoceptor-mediated increases in glucose uptake, an effect independent of

the presence or function of UCP1.
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Introduction

Brown adipose tissue is important in body temperature regulation through its ability to

generate heat by uncoupling mitochondrial respiration, and thus potentially reducing

energy content, a process mediated by uncoupling protein-1 (UCP1) (refer to (1)). It is

an important organ in understanding energy regulation and in rodents, where UCP1 is

present in significant amounts in adult animals, its energy-utilising capacity gives it

the potential to influence energy homeostasis. It has also been shown to play an

important role in the regulation of glucose homeostasis and insulin secretion (2).

Glucose uptake is significantly increased in BAT in vivo by activation of the

sympathetic nervous system independently of insulin (3; 4) and by adrenergic

agonists in brown adipocytes in vitro (5-8).

There has been much interest recently in AMPK, which has been suggested to act as a

sensor of energy homeostasis. AMPK consists of a catalytic a subunit and b and g

regulatory subunits, and is activated by phosphorylation at Thr-172 on the catalytic

subunit by AMPK, while allosteric binding of AMP increases the activity of AMPK

as well as the stability of the phosphorylated state (as reviewed in (9)). AMPK is

widely expressed, with high levels expressed in tissues that are involved in energy

homeostasis such as liver, heart, skeletal muscle and adipose tissue. While the

consensus is that AMPK is important in liver and skeletal muscle, its importance in

adipose tissue is uncertain. AMPK has been shown extensively to increase glucose

uptake in skeletal muscle (as reviewed in (10)), but its role in glucose uptake in brown

adipose tissue remains unknown. Recently, the fat derived hormones leptin and

adiponectin, which regulate energy homeostasis, were shown to activate AMPK in

skeletal muscle (11; 12), liver (13) and adipose tissue (14). The role of AMPK in

adipose tissue (where it can potentially regulate lipolysis and glucose uptake) has

been little studied.

Since AMPK activation can be allosterically mediated by increases in AMP, cultured

brown adipocytes are a particularly appropriate model in which to study such

activation, since activation of UCP1 is expected to elevate endogenous levels of this

nucleotide, at the expense of ATP, as has been reported for suspensions of mature
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brown adipocytes (15). In this study, we have used brown adipocytes in primary

culture that have previously been characterised to express intact adrenergic and

insulin-signalling pathways (7; 16-18). We have studied adrenergic phosphorylation

of AMPK with the focus on delineating which adrenergic subtypes are involved in the

norepinephrine-mediated response and whether AMPK is involved in mediating the

glucose uptake response to adrenergic agonists. Our data show a pathway whereby b-

adrenoceptor activation via increases in cAMP is responsible for the norepinephrine

activation of AMPK and that a part of the glucose uptake brought about by b-

adrenoceptors is mediated through AMPK. Surprisingly these effects were

independent of the presence or function of UCP1, which is vital in other brown

adipocyte functions such as heat production (as reviewed in (1)).
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Materials and methods

Animals

The mice used in this study were 3-week-old FVB, b3-adrenoceptor -/-, UCP1 +/+ or

UCP1 -/- mice of either sex bred at the institute. UCP1 -/- mice were progeny of those

described (19), which had been backcrossed (to at least 10 generations) to a pure

C57BL/6J background (UCP1 +/+). b3-Adrenoceptor -/- mice and their respective

controls (FVB) were the offspring of a previously described strain (20). All

experiments were conducted with ethical permission from the North Stockholm

Animal Ethics Committee.

Cell isolation of mouse brown adipocytes

Brown fat precursor cells were isolated in principle as described previously (21). The

interscapular, axillary and cervical brown adipose tissue depots were dissected out

under sterile conditions, minced, and transferred to a HEPES-buffered solution (pH

7.4) (22), containing 0.2% (w v-1) crude collagenase type II. Routinely, pooled tissue

from six mice was digested in HEPES-buffered solution (10 ml, 30 min, 37ºC) with

vortexing every 5 min. The digest was filtered into a sterile tube through a 250mm

filter and the solution placed on ice (15 min) to allow the mature brown fat cells and

lipid droplets to float. The resulting infranatant was filtered through a 25mm filter,

collected, and the precursor cells pelleted by centrifugation (700 x g, 10 min),

resuspended in DMEM and recentrifuged. The final pellet was resuspended in a

volume corresponding to 0.5 ml of cell culture medium for each mouse dissected.

Cell culture of mouse brown adipocytes

Aliquots of cell suspension (0.1 ml) were cultivated in 12-well culture dishes with cell

culture medium (0.9 ml). Cells were grown in DMEM (4.5 g L-1 glucose) containing

10% v v-1 newborn calf serum, 2.4nM insulin, 10mM HEPES, 4mM L-glutamine, 50

IU ml-1 penicillin, 50 mg ml-1 streptomycin and 25 mg ml-1 sodium ascorbate under 8%

CO2 at 37°C. On the following indicated days, the medium was discarded, cells
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washed with prewarmed DMEM (day 1), and fresh medium added (day 1, 3, 5). After

5 days in culture, the brown adipocyte precursor cells spontaneously convert from

displaying fibroblast-like morphology to acquiring the typical multilocular lipid

droplets seen in mature brown adipocytes; this conversion occurs at the time of

cellular confluence (21; 22). In these cells, spontaneous induction of b3-adrenergic

receptor mRNA reaches a steady-state level at day 5 that coordinates with the ability

of norepinephrine to induce the expression of the most specific brown adipocyte

differentiation marker, UCP1 (17).

Cells were used for all experiments following 7 days of differentiation. On day 6,

cells were serum-starved overnight in DMEM/Nutrient Mix F12 (1:1) containing 4

mM L-glutamine, 0.5% v v-1 BSA, 2.4 nM insulin, 10 mM HEPES, 50 IU ml-1

penicillin, 50 mg ml-1 streptomycin, and 25mg ml-1 sodium ascorbate.

Immunoblotting for phospho-AMPK and total AMPK

Cells were serum-starved overnight before each experiment on day 7 and they were

exposed to drugs for times and concentrations indicated with the data. Cells were

lysed directly by the addition of 65ºC lysis buffer (62.5mM Tris pH 6.8, 2% v v-1

SDS, 10% v v-1 glycerol, 50mM dithiothreitol, 1% v v-1 bromophenol blue). The

lysate was sonicated for a few seconds followed by boiling for 3min. Aliquots of

samples were separated on 12% polyacrylamide gels and electrotransferred to

Hybond-P PVDF membranes (pore size 0.45 mm; Amersham Pharmacia Biotech).

The primary antibody (phospho-AMPK (Thr172), diluted 1:1000) was detected using

a secondary antibody (HRP linked anti-rabbit IgG) diluted 1:2000 and enhanced

chemiluminescence (ECL, Amersham Pharmacia Biotech), all according to the

manufacturer’s instructions. To normalise the blots for protein levels, the blots were

treated for 30min at 50ºC using a stripping buffer (10M urea, 50mM sodium

phosphate, 100mM b-mercaptoethanol), washed several times with Tris-buffered

saline containing 0.05% v v-1 Tween-20, and reprobed using the total AMPK

antibody.
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When measuring total AMPK levels in primary brown adipocytes during

differentiation, cells were extracted as described for UCP1 immunobloting and 20mg

protein samples were separated on 12% polyarylamide gels as described above.

Results are expressed as the ratio between the phosphorylated and total protein, with

the ratio normalised in each experiment to that of control samples, unless stated

otherwise. All experiments were performed in singlicate or duplicate with n referring

to the number of independent experiments performed. In all experiments, basal

phosphorylated-AMPK/total-AMPK levels were unchanged over the time periods

examined (data not shown) and have been omitted from diagrams for clarity.

Immunoblotting for UCP1

After treatment of cells, the cells were washed twice in phosphate-buffered saline and

harvested in a lysis buffer (62.5mM Tris pH 6.8, 2% v v-1 SDS, 10% v v-1 glycerol).

The lysate was sonicated for a few seconds and the concentration of the soluble

proteins determined (23). Following determination of protein concentration, the lysis

buffer was supplemented with 50mM dithiothreitol and 1% v v-1 bromophenol blue in

each sample at a ratio of 1:9. Proteins (30mg) were separated on 10% polyarylamide

gels and electrotransfered to Hybond-P PVDF membranes. The primary polyclonal

antibody was made in rabbit by NeoMPS (Strasbourg, France) from a 12 amino acid

peptide sequence at the C-terminus of mouse UCP1, used at a dilution of 1:2000,

which was detected using a secondary antibody (HRP linked anti-rabbit IgG) diluted

1:2000 and enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech), all

according to the manufacturer’s instructions. A positive control (brown adipose tissue

mitochondria from a cold exposed C57BL/6J mouse; kindly given by Dr Irina

Shabalina, Stockholm University) was used in these studies and 0.2mg protein run on

the gels to elucidate the right sized band for UCP1 in the primary brown adipocytes.

2-Deoxy-D-[1-3H]glucose uptake

Glucose uptake experiments were performed on day 7 of cell culture as described

previously (7). All experiments were performed on day 7 of cell culture. On day 6, the



9

cells were serum-starved overnight as described above. On day 7, the medium was

replaced to serum-free DMEM without insulin (DMEM containing 0.5% v v-1 BSA,

25mg ml-1 sodium ascorbate) for 20min before the cells were challenged with drugs

for a total of 2h. Detailed protocols for the inhibitors used are found in the description

of each experiment. Following 1h 50min incubation with drugs, the medium was

discarded, cells washed with warm phosphate-buffered saline before glucose-free

DMEM (containing 0.5% v v-1 BSA, 25mg ml-1 sodium ascorbate) was added and

drugs readded with trace amounts of 2-deoxy-D-[1-3H] glucose (50nM) for 10min.

Reactions were terminated with washing in cold phosphate-buffered saline, cells lysed

(500ml 0.2M NaOH, 1h 55ºC) and the incorporated radioactivity determined by liquid

scintillation counting.

Analysis of results

Results are presented as the mean values ± s.e.m. and paired t-tests performed (where

indicated) to test for significance between different treatments and /or control, where

probability values less than or equal to 0.05 were considered significant.

Drugs and reagents

Drugs and reagents were purchased as follows: insulin (Actrapid“) (Novo Nordisk,

Bagsvaerd, Denmark); 2-deoxy-D-[1-3H] glucose (specific activity 9.5-12 Ci mmol-1;

Amersham Biosciences, Buckinghamshire, UK); Ara-A, 8-bromo-cAMP, cirazoline,

CL316243, clonidine, forskolin, (-)-isoprenaline, (-)-norepinephrine (Sigma Chemical

Company, St. Loius, MO, U.S.A.); AICAR (Toronto Research Chemicals Inc., North

York, On., Canada).

All cell culture medium and supplements were obtained from Gibco-BRL Life

Technologies (Gaithersburg, MD, U.S.A.). All antibodies, except UCP1, were

obtained from Cell Signaling Technology (Beverly, MA, U.S.A.). All other drugs and

reagents were of analytical grade.
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Results

AMPK content increases during differentiation of primary brown adipocytes

To assess whether total AMPK protein levels change during adipocyte differentiation,

we measured total AMPK protein in FVB cells at day 3, 5 and 7 of differentiation. As

seen in Figure 1a, AMPK levels are highest in the fully differentiated cells (day 7) as

compared to day 3, where the cells are undergoing differentiation. We therefore

performed all further experiments following 7 days of differentiation.

Insulin fails to phosphorylate AMPK in primary brown adipocytes

As expected, the AMPK activator AICAR was able to phosphorylate AMPK in

primary brown adipocytes (Figure 1b). Insulin, a potent activator of glucose uptake in

these cells (7), was however unable to phosphorylate AMPK (Figure 1c).

b-AR, but not a1- or a2-AR, activation stimulates AMPK phosphorylation in primary

brown adipocytes

Norepinephrine was able to phosphorylate AMPK in brown adipocytes, an effect

which was sustained over the time points measured (Figure 2a). To delineate which

adrenergic receptor subtype(s) mediates the norepinephrine effect, brown adipocytes

were stimulated with different adrenergic agonists. The non-selective b-adrenoceptor

isoprenaline was able to phosphorylate AMPK and this effect, like that of

norepinephrine, was sustained over the time points examined (Figure 2b). Neither the

a1-adrenoceptor agonist cirazoline nor the a2-adrenoceptor agonist clonidine was able

to phosphorylate AMPK (Figure 2c, d).

Brown adipose tissue expresses all three b-adrenoceptor subtypes although it is likely

that the b2-adrenoceptor is limited to the vascular system in the tissue (8; 24-26).

Fully differentiated brown adipocytes have low levels of b1-adrenoceptors and no b2-

adrenoceptors (8), and the predominant receptor is the b3-adrenoceptor. The highly

selective b3-adrenoceptor agonist CL316243 was able to phosphorylate AMPK
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(Figure 3a). In adipocytes isolated from b3-adrenoceptor -/- mice, norepinephrine and

isoprenaline were able to phosphorylate AMPK, indicating that b1-adrenoceptors are

also capable of phosphorylating AMPK (Figure 3b).

Forskolin and cAMP analogs mimic phosphorylation of AMPK by b-AR activation

b-Adrenoceptors are Gas-coupled receptors and their activation leads to the

activation of adenylate cyclase, resulting in an increase in intracellular cAMP levels.

Forskolin, a direct activator of adenylate cyclase, was able to phosphorylate AMPK in

adipocytes from FVB (Figure 4) and b3-adrenoceptor -/- mice (data not shown). A

cAMP mimicking agent, 8-bromo-cAMP was also able to phosphorylate AMPK (data

not shown; n=2). These results demonstrate that the activation is receptor-

independent.

AMPK phosphorylation is not impaired in UCP -/- adipocytes

UCP1 is responsible for heat production in brown adipocytes following

norepinephrine stimulation. Its action can decrease ATP levels, and elevate AMP

levels (15). In order to ascertain the influence of UCP1 in brown adipocytes on

norepinephrine-mediated AMPK phosphorylation, primary brown adipocytes from

either UCP1 +/+ or UCP1 -/- mice were exposed to either AICAR, norepinephrine or

the selective b3-adrenoceptor agonist CL316243. AICAR, norepinephrine or CL31243

was still able to phosphorylate AMPK in UCP1 -/- cells, comparable to the same fold

increase levels observed in UCP1 +/+ adipocytes (Figure 5; data for CL316243 not

shown). While the fold increase with any of these drugs was the same in -/- or +/+

adipocytes, the basal level of p-AMPK was significantly reduced in UCP1 -/-

adipocytes as compared to UCP1 +/+ adipocytes (approximately 47% of wild type;

n=6; Figure 6), with no changes in the amount of total-AMPK protein. However, this

difference cannot be the result of UCP1 under these circumstances since the gene is

essentially not expressed prior to norepinephrine treatment (Figure 7a). Therefore to

increase the level of UCP1 in adipocytes, cells were exposed to norepinephrine

(0.1mM) for 36h (Figure 7a). Long-term treatment of adipocytes to norepinephrine

increased levels of UCP1 protein markedly in UCP1 +/+ adipocytes. It also resulted in



12

phosphorylation of AMPK, which was comparable in -/- and +/+ cells and was of the

same magnitude as the acute response to norepinephrine. Further addition of

norepinephrine for 15min following long-term stimulation had no additional effect.

These results indicate that UCP1 action is not involved in adrenergic phosphorylation

of AMPK (Figure 7).

b-Adrenergic mediated glucose uptake requires AMPK

b-Adrenoceptors activate glucose uptake in primary brown adipocytes through several

intracellular mechanisms, including cAMP, PI3K and PKC (7; 8). To investigate if

AMPK could also be responsible for adrenergically mediated glucose uptake, glucose

uptake was carried out in the presence of Ara-A, an AMPK inhibitor. The AMPK

activator AICAR increased glucose uptake two fold, as did isoprenaline (Figure 8).

Ara-A inhibited isoprenaline stimulated glucose uptake by ~38%, implying that

AMPK is partially involved in mediation of b-adrenergically stimulated glucose

uptake (Figure 8a). Ara-A also inhibited AICAR-mediated glucose uptake by 61%

(Figure 8b).

UCP1 is not required for b-AR stimulated glucose uptake

We have examined if UCP1 is involved in insulin- or adrenergically-mediated glucose

uptake using UCP1 +/+ or -/- mice. Acute exposure of adipocytes to insulin or

norepinephrine stimulated glucose uptake that was identical in +/+ and -/- mice,

showing that there is no impairment of the insulin- or adrenergically-mediated

pathways of glucose uptake (Figure 8c). Long-term norepinephrine treatment, which,

as shown above, significantly raises UCP1 protein, had no influence on basal glucose

uptake levels (data not shown) and acute exposure of adipocytes to norepinephrine

increased glucose uptake identically in UCP1 +/+ and -/- adipocytes.
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Discussion

In this study, we have investigated whether there is a role for AMPK in adrenergically

mediated glucose uptake in primary brown adipocytes. Norepinephrine stimulated

AMPK phosphorylation in these cells, which have been established to have intact

insulin and adrenergic signalling systems. Brown adipose tissue expresses a1-, a2-

and b-adrenoceptor subtypes but brown adipocytes, in addition to a1-adrenoceptors,

express predominately b1- and b3-adrenoceptors, with little to no b2-adrenoceptors

(8). Since brown adipose tissue contains cell types other than adipocytes, such as

endothelial cells, blood vessels, fibroblasts and nerves, the relative contribution of the

different adrenergic subtypes in each cell type differs vastly. Endothelial cells have

been used to elucidate AMPK signalling and effects by several agents (27-29),

making elucidation of the effects of norepinephrine in brown adipose tissue compared

to brown adipocytes difficult, due to potential interactions with other cell types in

brown adipose tissue. Hence we have used primary brown adipocytes in culture to

examine effects on mature brown adipocytes.

Elucidation of the receptor subtype(s) involved in norepinephrine activation using

selective adrenergic agonists revealed that b-adrenoceptor, but not a1- or a 2-

adrenoceptors, were responsible for the norepinephrine effect. Previous studies in

recombinant CHO-K1 and L6 skeletal muscle cells have indicated that Gq-coupled

receptors, but not Gs- or Gi-coupled receptors, are able to phosphorylate and activate

AMPK (30). However, our results in primary brown adipocytes showing that Gs-

coupled receptors (b-adrenoceptors) are capable of phosphorylating AMPK, are in

accordance with a study in 3T3-L1 adipocytes (31) and in isolated rat adipocytes (32).

In FVB adipocytes, isoprenaline (non-selective b-adrenergic agonist) and CL316243

(highly selective b3-adrenergic agonist) both phosphorylated AMPK to the same

degree as norepinephrine. By comparing primary brown adipocytes from FVB and

from b3-adrenoceptor -/- mice, it was clear that both b3- and b1-adrenoceptors were

capable of mediating AMPK phosphorylation. In contrast to earlier results concerning

glucose uptake where a1-adrenoceptors were also active in the cells from the b3-

adrenoceptor -/- mice, no a1-adrenoceptor stimulation of AMPK was evident, whether

the b3-adrenoceptor was present or not. Thus, the previously reported a1-adrenoceptor
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stimulation of glucose uptake clearly does not involve activation of AMPK.

Additionally, since forskolin and 8-bromo-cAMP both phosphorylated AMPK, this

indicated that b-adrenoceptors phosphorylated AMPK through increases of cAMP.

UCP1 has been hypothesised to have a role in AMPK activation since UCP1 activity

can decrease the ratio of ATP/ADP in a cell and therefore increase the ratio of

AMP/ATP (15), making the possibility of an interaction between UCP1 activation and

AMPK activation possible. Furthermore, it is well established that adrenergic

activation in brown adipocytes significantly increases both UCP1 expression and

function, which makes it interesting to hypothesise that norepinephrine increases

AMPK phosphorylation levels via a UCP1-mediated increase in AMP. An interaction

between UCP1 and AMPK activities has already been suggested (33), where ectopic

over-expression of UCP1 in white adipocytes enhanced AMPK activity, and the

finding that mitochondrial uncouplers such as dinitrophenol activate AMPK (34; 35),

although these latter studies were performed in skeletal muscle and not adipocytes. In

our study using adipocytes grown in culture from UCP1 +/+ or -/- mice, where effects

from alterations in the sympathetic drive from the animals are abolished, AICAR and

adrenergically-mediated increases in AMPK phosphorylation levels under “basal”

conditions, where UCP1 protein is detected only in minute levels, was identical. One

difference was the observation that basal phosphorylation levels of AMPK were

consistently lower (~50%) in adipocytes derived from UCP1 -/- animals, a result not

easily explainable in terms of UCP1 activity, since UCP1 expression is negligible in

non-stimulated +/+ cells. Under conditions (long-term adrenergic stimulation) where

UCP1 protein is markedly enhanced and activated in UCP1 +/+, but not -/-adipocytes,

adrenergically-mediated phosphorylation of AMPK was uninfluenced by the presence

or absence of the protein or its activation state, suggesting that UCP1 activity is not a

prerequisite for adrenergically-mediated increases in AMPK. Hence mitochondria,

and specifically UCP1 activity, may not be important in AMPK function. Even the

primitive parasite Giardia lamlia that lacks mitochondria, expresses AMPK (36).

AMPK has been extensively linked to glucose uptake in skeletal muscle (reviewed in

(10)) and the fat derived hormones leptin and adiponectin activate AMPK in skeletal

muscle, liver and adipose tissue (11-14). AICAR, an AMPK activator that is broken

down to ZMP intracellularly and mimics the action of AMP on AMPK, increases
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glucose uptake in skeletal muscle. Results in adipocytes (white adipocytes) are varied,

with some reports showing a positive action of AICAR on glucose uptake (37; 38)

and others not (14). More confusion arises due to reports that the positive action of

AICAR on glucose uptake in white adipocytes is due to other actions than AMPK

despite AICAR being able to phosphorylate AMPK (37; 38). We show here that

AICAR significantly increases glucose uptake in primary brown adipocytes to a

similar level to that of isoprenaline and norepinephrine, which is correlated with the

ability of AICAR to phosphorylate AMPK. Mitochondrial uncouplers and inhibitors

of mitochondrial complexes are activators of glucose uptake (35) and of AMPK

activity (34; 35; 39), and it has been suggested that UCP1 activity may also promote

glucose uptake as a result of AMPK phosphorylation in adipocytes. We showed above

that UCP1 was not needed for b-adrenoceptor AMPK phosphorylation nor was it

required for adrenergically-mediated glucose uptake.

Ara-A, an intracellular competitive inhibitor of AMPK, inhibits AMPK-mediated

glucose uptake in skeletal muscle (40), papillary muscle (41) and adipose tissue (14).

However, its use to inhibit skeletal muscle contraction-mediated glucose uptake was

“unsatisfactory” (40) since Ara-A partially inhibited contraction-mediated glucose

uptake with no inhibition on contraction-mediated increases in AMPK activity. In

adipose tissue, Ara-A has proved more reliable since it inhibits AICAR-mediated

increases in AMPK phosphorylation and activity, and does not inhibit insulin-

mediated increases in glucose uptake (14). Using this inhibitor, we showed that

glucose uptake mediated by AICAR was inhibited by this agent, which supports the

notion that AICAR indeed increases glucose uptake via AMPK. b-adrenoceptor-

mediated glucose uptake was partially inhibited by Ara-A, suggesting that AMPK

contributes partially to adrenergically-mediated glucose uptake. We have previously

shown that b-adrenoceptor-mediated glucose uptake in primary brown adipocytes

occurs via a cAMP, PKA, PI3K and PKC dependent pathway. Additionally, AMPK

also seems to be involved, showing that b-adrenoceptors stimulate glucose uptake by

a wide variety of signalling pathways.

AMPK is not only involved in glucose uptake in adipocytes. It has implications in

fatty acid synthesis and oxidation, glycogen synthesis, fatty acid uptake and lipolysis
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in adipose tissue. Recently b-adrenoceptors were shown to stimulate lipolysis partly

via AMPK (31) in 3T3-L1 adipocytes. Hence investigation of the role of AMPK in

other b-adrenoceptor effects in adipose tissue would be of interest, considering that

AMPK is a candidate target for the treatment of diabetes and obesity.

In conclusion we have shown that norepinephrine, acting via b-adrenoceptors,

increases AMPK phosphorylation probably via increases in cAMP levels, a response

that is independent of UCP1 expression and function. This activation of AMPK is

partially responsible for the norepinephrine-mediated increases in glucose uptake seen

in primary brown adipocytes. Further studies are needed to ascertain the importance

of AMPK in other adrenergically-mediated functions in brown adipose tissue, such as

lipolysis, glycogen synthesis, and fatty acid metabolism.
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Figure 1: (a) Total AMPK content increases in FVB brown adipocytes during

differentiation. Cells were harvested following 3, 5 or 7 days differentiation. The

effect of (b) the AMPK activator AICAR (2mM) and (c) insulin (1mM; n=4) to

phosphorylate AMPK in FVB brown adipocytes. Values represent means ± s.e.m. of n

independent experiments.
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Figure 2: Effect of (a) norepinephrine (general adrenergic agonist; 1mM, n=7), (b)

isoprenaline (b-adrenoceptor agonist; 1mM, n=4), (c) cirazoline (a1-adrenoceptor

agonist; 1mM, n=4) or (d) clonidine (a2-adrenoceptor agonist; 1mM, n=4) to stimulate

AMPK phosphorylation in FVB primary brown adipocytes. Values represent means ±

s.e.m. of n independent experiments.
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Figure 3: Effect of (a) the b3-adrenoceptor agonist CL316243 (1mM; n= 4) on AMPK

phosphorylation in FVB brown adipocytes and the effect of (b) isoprenaline (1mM),

norepinephrine (1mM), cirazoline (1mM) and AICAR (2mM) in brown adipocytes

from b3-adrenoceptor -/- mice (all treatments for 30 min; n=3 in duplicate). Values

represent means ± s.e.m. of n independent experiments.
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Figure 4: The effect of the adenylate cyclase activator, forskolin (10mM, n=4), to

phosphorylate AMPK in FVB brown adipocytes. Values represent means ± s.e.m. of n

independent experiments.
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Figure 5: Effect of (a) AICAR (2mM) and (b, c) norepinephrine (10mM) to

phosphorylate AMPK in adipocytes from UCP1 +/+ and UCP1 -/- mice on a

C57/BL6J strain. Values represent means ± s.e.m. of 3 independent experiments.
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Figure 6: Basal levels of phosphorylated AMPK and total AMPK in primary brown

adipocytes from UCP1 +/+ in comparison to UCP1 -/- adipocytes. Blot is

representative of 6 experiments.
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Figure 7: (a) Norepinephrine (0.1mM, 36h) effects on UCP1 (~ 32kDa) protein

content in UCP1 +/+ and UCP1 -/- primary brown adipocytes. (b, c) Effect of long

term (0.1mM, 36h) and acute (0.1mM, 2h) norepinephrine treatment on AMPK

phosphorylation in both UCP1 +/+ and -/- adipocytes (n=3 in duplicate). Values

represent means ± s.e.m.
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Figure 8: The AMPK inhibitor Ara-A (2.5mM, 30 min preincubation) inhibits (a)

isoprenaline-mediated and (b) AICAR-mediated glucose uptake in primary brown

adipocytes from FVB mice (n=5). Glucose uptake in response to insulin, acute

norepinephrine (0.1mM, 2h) and acute norepinephrine following long term

norepinephrine treatment (0.1mM, 36h) in UCP1 +/+ and -/- adipocytes on a

C57BL/6J background (n=3 in duplicate). Values represent means ± s.e.m.
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INTRODUCTION

Brown adipose tissue is responsible for non-shivering thermogenesis, an important
process for thermoregulation in small mammals. This is achieved by uncoupling
mitochondrial respiration via uncoupling protein-1 (UCP1).

Norepinephrine released from sympathetic nerves in response to cold, activates
thermogenesis and a number of metabolic energy related processes in the tissue, such as
fat and glucose metabolism (Vallerand et al., 1990; Liu et al., 1994) Exposure to
norepinephrine or other adrenergic agonists dramatically increase glucose uptake in
brown adipocytes in both in vivo and in vitro models (Young et al., 1985; Shibata, et al.,
1989; Liu, et al., 1994), but the mechanism is poorly understood. We have previously
shown evidence for norepinephrine stimulated glucose transport mediated by adrenergic
receptors (ARs), a family of G-protein coupled receptors, primarily through the b3-AR
subtype (Chernogubova et al., 2004). The b3-AR is coupled to Gas and adenylyl cyclase,
which catalyzes the formation of the second messenger cAMP, subsequently activating
protein kinase A (PKA). However, there is little evidence explaining the downstream
events that occur, and cause the stimulation of glucose uptake. Glucose is transported
across the plasma membrane by membrane-spanning proteins, belonging to the 13
member family of facilitative glucose transporters (GLUT1-12 and HMIT). The
ubiquitously expressed glucose transporter GLUT1 is found at moderate levels in adipose
tissues, and transports glucose required for basal cellular activity. The insulin responsive
GLUT4 is expressed only in heart, skeletal muscle and adipose tissues. Brown adipocytes
express both GLUT1 and GLUT4, and display insulin sensitivity (Shimizu and Shimazu,
1994; Chernogubova et al., 2004)

Norepinephrine stimulation could modulate glucose transport by several different
mechanisms. First, stimulation could lead to translocation of intracellular vesicles
containing GLUTs to the cell surface. In brown and white adipocytes, insulin stimulation
leads to the translocation of GLUT4 containing vesicles from intracellular compartments
to the plasma membrane, resulting in an acute increase of glucose transport (Simpson et
al., 2001; Slot et al., 1991; Bryant et al., 2002). Second, the intrinsic activity of the
GLUTs could be altered through interactions with signaling molecules, which has been
proposed for 1-2 hour stimulations in brown adipocytes (Shimizu et al., 1996), and 3T3-
L1 adipocytes (Fong et al., 2004). Third, stimulation could also affect transcriptional or
translational activity, or the degradation rate of mRNA and protein. Transcriptional
regulation of GLUT1 and GLUT4 genes as a modulator of glucose transport has been
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indicated for long stimulation with several different stimuli, such as tri-iodothyronine
(T3) (Romero et al., 2000), endothelin and cAMP (Fong et al., 2004) in 3T3-L1.

In this study, we examined the transcriptional regulation of GLUT1 and GLUT4 genes
by norepinephrine in cultured brown adipocytes. We show that norepinephrine
stimulation induces a dramatic increase in GLUT1 mRNA expression, and this correlates
with an increase in GLUT1 protein in the plasma membrane after 2-5 hours. In parallel,
norepinephrine stimulation repressed GLUT4 mRNA expression. Norepinephrine causes
an acute increase in glucose uptake, but long-term stimulation (5 hours) increases this
glucose uptake further, by a different mechanism. Inhibition of transcription only affects
glucose uptake by long-term norepinephrine stimulation, and does not inhibit acute
glucose uptake.
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MATERIAL AND METHODS
Drugs and reagents

L-Norepinephrine bitartrate (Arterenol), (-)-isoproterenol, collagenase (type II),
cirazoline, 8-Br-cAMP and CL-316243 were obtained from Sigma Chemicals. Insulin
(100 IU/ml, Actrapid) was from Novo Nordisk, 2-deoxy-D-[1-3H]-glucose (specific
activity 9.5-12 Ci/mmol) from Amersham. All cell culture media were from HyClone
(Logan, Utah, USA) and supplements from Invitrogen. Complete mini protease inhibitor
tablets were from Roche Diagnostics GmbH (Penzberg, Germany)

Adrenergic agents and 8-Br-cAMP were dissolved in water, except norepinephrine
that was dissolved in water with 0.125 mM Na ascorbate.

Brown fat precursor cell isolation
The mice used in this study were 3-week old NMRI.  Brown fat precursor cells were

isolated in principle as previously described (Rehnmark et al., 1990). The interscapular,
axillary and cervical brown adipose tissue depots were dissected out under sterile
conditions, minced and transferred to the Hepes-buffered solution (pH 7.4) detailed in
(Néchad et al., 1987), containing 0.2 % (w/v) crude collagenase type II (Sigma).
Routinely, pooled tissue from 6 mice was digested in 10 ml of the Hepes-buffered
solution. The tissue was digested (30 min, 37°C) with vortexing every 5 min, and the
digest filtered through a 250 mm filter into sterile tubes. The solution was placed on ice
for 15 min to allow the mature brown-fat cells and lipid droplets to float. The infranatant
was filtered through a 25 mm filter, collected, and the precursor cells pelleted by
centrifugation (10 min, 700g), resuspended in Dulbecco's modification of Eagle's
medium (DMEM) (4.5 g glucose/l) and recentrifuged. The pellet was finally resuspended
in a volume corresponding to 0.5 ml of cell culture medium for each mouse dissected.

The experiments were conducted with ethical permission from the North Stockholm
Animal Ethics Committee.

Primary cell culture of brown adipocytes
The cell culture medium consisted of DMEM supplemented with 10% newborn calf

serum, 2.4 nM insulin, 10 mM Hepes, 50 IU/ml penicillin, 50 mg/ml streptomycin, and 25
mg/ml sodium ascorbate (Néchad et al., 1987). Aliquots of 0.1 ml cell suspension were
cultivated in 12-well culture dishes with 0.9 ml cell culture medium. Cultures were
incubated at 37°C in a water-saturated atmosphere of 8% CO2 in air. On day 1, 3 and 5,
the medium was discarded, cells washed with prewarmed DMEM, and fresh medium
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added. After 5 days in culture, the brown adipocyte precursor cells spontaneously convert
from displaying fibroblast-like morphology to acquiring typical mature brown adipocyte
features; this conversion occurs at the time of cellular confluence (Néchad et al., 1983;
Néchad, 1983; Rehnmark et al., 1989; Chernogubova et al., 2005).

GLUT1 and GLUT4 cDNA probes
GLUT1 cDNA was obtained from IMAGE clone 5320248. GLUT4 cDNA was obtained
with RevertAidTM Minus First Strand cDNA Synthesis Kit (Fermentas) and following
PCR from 6 weeks old Sprague-Dawley Rat WAT. Primers contained EcoRI and BamHI
restriction sites and were 5´-CGC GAA TTC AAG GCA CCC TCA CTA CCC TT-3
(forward) and 5´-CGC GGA TCC CTC AAA GAA GGC CAC AAA GC-3 (reverse).
Amplified fragment was cloned into pBluescript plasmid with EcoRI and BamHI. Both
clones were fully sequence verified.

 The template (25-50ng cDNA fragment) was denatured by boiling for 5 minutes and
then added to a DNA labeling bead from Amersham Pharmacia Biotech with 5 ml [a-32P]
d-CTP (3000Ci/mmol). After incubation for 1 hour in 37°C the probe was isolated with a
NICKTM column (Amersham Biosciences, Arlington Heights, IL). Approximately 1x106

cpm was added per ml of hybridization solution and 10-15 ml of hybridization solution
was used for incubation with each membrane.

RNA isolation and analysis of mRNA levels
Approximately 10 mg of each tissue or cells from a 10 cm2 cell culture well were

homogenized in 1ml UltraspecTM RNA reagent (NordicBioSite) and total RNA was
isolated according to manufacturers instructions. RNA concentration was measured by
measuring the absorbance at 260 and 280 nm.

10 mg of total RNA from each sample was separated by electrophoresis in an ethidium
bromide-containing agarose-formaldehyde gel and blotted to a Hybond-XL membrane
(Amersham Biosciences, Arlington Heights, IL) as described earlier (Bronnikov et al.,
1999).

The intensity of the 28S rRNA band was analyzed in a PhosphoImager (FUJIFILM
FLA-3000) and quantified in Image Gauge to verify that no RNA degradation had
occurred, and to normalize for unequal loading. Results were analyzed with the same
procedure.

2-Deoxy-D-[1-3H]-glucose uptake in primary brown adipocytes
Glucose uptake studies were performed as previously described (Chernogubova et al.,
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2004). All experiments were performed on day 7 of cell culture. On day 7 the cells were
challenged with drugs for totally 0-16 hours. 10 min before the glucose uptake
measurement the medium was discarded, cells washed with prewarmed PBS (10 mM
phosphate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4) buffer, before glucose-free
DMEM (containing 0.5% BSA, 0.25 mM Na ascorbate) was added and drugs re-added
with trace amounts of 2-deoxy-D-[1-3H]-glucose (50 nM) (Amersham, specific activity
9.5-12 Ci/mmol) for 10 min. Reactions were terminated with washing in ice-cold PBS,
cells lysed (500 µl of 0.2 M NaOH, 1 h at 60 oC) and the incorporated radioactivity
determined by liquid scintillation counting.

Subcellular fractionation
The method was in principle performed as described previously (Braiman et al., 1999).
Differentiated primary brown adipocytes (approximately 30 million cells) were
stimulated 0-5 hours, and then washed with prewarmed Ca2+/Mg2+-free PBS. Cells were
then collected with a rubber policeman in prewarmed Ca2+/Mg2+-free PBS containing 2
mM EDTA. Cells were collected by centrifugation at 4°C for 10 min at 600 g. The pellet
was resuspended in sonication buffer (Tris-Hcl, pH 7.4, 50 mM; NaCl, 150 mM; EDTA,
2mM; EGTA, and one complete mini protease inhibitor tablet/10 ml), and homogenized
30 times in a Dounce glass homogenizer. Samples were centrifuged at 4°C for 5 min at
1100 x g to remove cell debris, and supernatant was then centrifuged at 4 °C for 60 min
at 100 000 x g. Supernatant was collected as cytosol fraction and 1% Triton X was added,
and the pellet (plasma membrane fraction) was resuspended in sonication buffer with 1 %
Triton X. The resuspended pellet was vortexed, sonicated for 2 x 5 seconds, and vortexed
again. The samples were then centrifuged at 4°C for 15 min at 21 000 x g, and
supernatant was collected as plasma membrane fraction.

Western Blot
Protein concentrations were determined by the method of (Lowry et al., 1951).
10 mg of protein from each sample was loaded onto a 10 % NuPAGE Bis-Tris Gel
(Invitrogen) and run with a MES SDS running buffer according to the manufacturers
instructions and separated for 35 min 200 V constant. Gels were blotted on to Hybond-P
polyvinylidene difluoride membranes (pore size, 0.45 mm; Amersham Biosciences,
Arlington Heights, IL) for 1 h at 30 V constant. Primary and secondary antibodies
hybridizations were performed as previously described (Lindquist et al., 2000). The
primary antibodies used were GLUT1 (AbCam), GLUT4 (AbCam), b3-AR (M-20; Santa
Cruz Biotechnology) and ERK 1/2 (Cell Signaling Technology). All primary antibodies
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were detected using a secondary antibody (horseradish peroxidase-linked antirabbit IgG
for GLUT1, GLUT4 an Erk 1/2 horseradish peroxidase-linked antigoat IgG for b3-AR)
diluted 1:2000 and enhanced chemiluminescence (ECL, Amersham Biosciences).

Immunocytochemistry
Brown adipocytes were isolated as described above and seeded onto BD FalconTM culture
chamber slides (BD Biosciences). Following norepinephrine-stimulation the cells were
washed with warm PBS and fixed for 15 minutes with 4 % formaldehyde in PBS. Cells
were washed with PBS and formaldehyde was quenched with 50 mM glycine in PBS,
and washed 3 x 5 minutes with PBS. Cells were blocked for 1 h in RT with 8% BSA in
PBS, and washed 3 x 5 min with PBS. Primary antibody solution (2 mg/ml antibody,
1.5% BSA in PBS) was added and slides were incubated for 1 h in RT, and washed 3 x 5
minutes with PBS. Slides were then incubated with secondary antibody solution (3 mg/ml
antibody, 3% BSA in PBS) and washed 3 x 5 minutes with PBS. Slides were mounted
with mounting media (8% DABCO, 75% glycerol in PBS) and sealed. Antibodies used
were exofacial GLUT1 (N-20; Santa Cruz Biotechnology), exofacial GLUT4 (N-20;
Santa Cruz Biotechnology), and secondary FITC-conjugated antigoat IgG (Santa Cruz
Biotechnology).
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RESULTS

Regulation of GLUT1/4 expression by b-ARs

To evaluate the levels of GLUT1 and GLUT4 mRNA in primary cultures we initially
compared their expression with samples from various tissues (Fig 1). High levels of
GLUT1 mRNA were detected in brain as previously reported (Wood and Trayhurn,
2003), and low to moderate levels were detected in heart, white adipose tissue, skeletal
muscle, brown adipose tissue, and brown adipocytes in culture (day 7). GLUT4 gene
expression was detected in all tissues investigated except brain.
We isolated brown adipocytes, cultured them and measured GLUT1 and GLUT4 mRNA
levels at day 3-8. As we have previously reported, the brown adipocytes were in a
proliferative stage at day 3, became confluent, gradually matured, and were fully
differentiated at day 7 (Chernogubova et al., 2004; Chernogubova et al., 2005). During
the proliferative stage (day 3) GLUT4 mRNA levels were barely detectable, and were
dramatically increased from day 3 to day 8, increasing more than 10-fold compared to
mRNA levels at day 3 (Figure 2A). GLUT1 gene expression was high during the
proliferative stage (day 3), and decreased by 60% on day 4 and then remained unchanged
until day 8 (Figure 2B). We performed subsequent experiments on day 7 when both
transporter isoforms could be detected and the brown adipocytes were fully
differentiated.

To identify the effect of norepinephrine on GLUT1 and GLUT4 gene expression,
we stimulated brown adipocyte primary cultures with 0.1 mM norepinephrine, and
analyzed mRNA levels of GLUT1 and GLUT4 following 0.5, 2, 5, 8, and 16 hours of
stimulation. Stimulation with 0.1 mM norepinephrine surprisingly decreased GLUT4 gene
expression to 50 % of control after 2 and 5 hours. The GLUT4 mRNA levels returned
back to control level after 16 hours (Figure 3A). Norepinephrine induced a dramatic
increase of GLUT1 gene expression after 2h of treatment followed by less dramatic
increases (2-3 fold above basal) after 8 and 16 hours (Figure 3B).
Furthermore, we studied the effect of several adrenergic agonists, which had different
selectivity for AR subtypes, to determine which adrenergic receptor subtype is mediating

the response to norepinephrine. Cultured brown adipocytes were stimulated for two hours

with 0.1mM norepinephrine, a non-specific b-AR agonist (1mM isoprenaline), a b3-AR

agonist (1mM CL-316243), or a cAMP analog (1mM 8-bromo-cAMP). GLUT4 mRNA

levels were repressed to approximately 50 % of control levels by 8-bromo-cAMP,
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isoprenaline, CL-316243, and norepinephrine (Fig 4A). On the contrary, stimulation with

norepinephrine induced a marked 8-fold increase in GLUT1 mRNA expression (Fig 4B).
This effect was also achieved by stimulation with the cAMP analogue 8-bromo-cAMP,

with a 5-fold induction of GLUT1 gene expression. Stimulation with adrenergic receptor
agonists, isoprenaline and CL-316243, increased of GLUT1 mRNA levels similarly as

compared to those found with norepinephrine. Brown adipocytes stimulated with 1 mM

cirazoline (a1-AR agonist) and 1 mM clonidine (a2-AR agonist) had no effect on GLUT1

or GLUT4 mRNA expression (data not shown).

Regulation of subcellular distribution of GLUT1/4 by norepinephrine
Since norepinephrine stimulation induce a marked increase in GLUT1 gene expression,
we examined the GLUT1 and GLUT4 protein content in the low density microsomal

(LDM) and plasma membrane (PM) fractions, following norepinephrine stimulation.

Fractions were prepared from brown adipocyte primary cultures after 0, 2 and 5h
stimulation with 0.1 mM norepinephrine, and the protein levels were analyzed. GLUT1

protein content in the PM was increased approximately 2-fold following 5 hours of

norepinephrine stimulation compared to unstimulated cells (0 hours), and was
accompanied by an increase in the LDM fraction at the same time point (Fig 5). GLUT4

protein was present in PM in the 0 hours (control) and then shifted to the LDM fraction

following norepinephrine stimulation. Virtually no GLUT4 was present in the PM
fraction after 5 hours of stimulation, but was detected in the LDM fraction.

Effect of actinomycin D on norepinephrine-stimulated glucose uptake
A transcriptional activation of the GLUT1 gene, leading to increased GLUT1 protein

accumulation and exocytosis, could have a physiological significance in altering glucose
transport over the plasma membrane. We aimed to investigate if norepinephrine induced

glucose uptake in differentiated brown adipocytes due to transcriptional activation, and
performed glucose uptake measurements at 0, 0.5, 2, 5, 8, and 12h of norepinephrine

stimulation, in the absence or presence of the transcriptional inhibitor actinomycin.

Norepinephrine induced an approximately 450 % increase of glucose uptake into brown
adipocytes following 5 hours of norepinephrine stimulation, compared to controls.
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Addition of 2mg/ml of actinomycin inhibited norepinephrine-induced glucose uptake

more than 2-fold at the 5 h time point. Insulin stimulated glucose uptake was not affected

by actinomycin, (data not shown).
We performed exofacial immunostaining to evaluate the density of GLUT1 and GLUT4

in plasma membranes of brown adipocytes, following 0, 2, and 5 hours of stimulation
with norepinephrine. GLUT1 protein accumulated in the plasma membrane after 2, and in

particular, 5 hours of norepinephrine stimulation, compared to controls (Fig. 7a-c). In

brown adipocytes treated with actinomycin D, the norepinephrine-stimulated increase in
GLUT1 at the plasma membrane was completely abolished (Fig. 7d-f). GLUT4 seemed

to be translocated in response to 2 hours of norepinenphrine-stimulation, but low amounts

of GLUT4 was detected at the 5 hours time point (Fig. 7g-i). This movement of GLUT4
is also partially affected by addition of actinomycin D (Fig 7j-l).
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DISCUSSION
In this study, we investigated the adrenergic regulation of glucose transporter expression

in brown adipocytes grown in culture. These cells differentiate spontaneously in culture
(Rehnmark et al., 1990; Néchad et al., 1983; Bronnikov et al., 1999), and mature into

insulin responsive cells. They express both GLUT1 and GLUT4 (Fig 1). Primary cultures

of brown adipocytes grown in the presence of low concentrations of insulin (2.4 nM)
differentiate spontaneously in 7 days without stimulation with additional hormones. At

day 7 they display characteristics associated with mature adipocytes, such as UCP1
expression, GLUT4 expression, and insulin sensitivity (Chernogubova et al., 2004). In

proliferating adipocytes GLUT1 is probably highly expressed to supply the growing cells

with high basal levels of glucose, and then decreases during the differentiation stage to
moderate levels. We found that norepinephrine induces a marked increase in GLUT1

mRNA levels, and decreases GLUT4 mRNA expression.

We have previously shown that 1-2 hours of norepinephrine-stimulation in brown
adipocytes increase glucose uptake (Chernogubova et al., 2004). In this study, we

observed that this effect is not sensitive to actinomycin D, implying it is not due to
increased transcription of glucose transporter genes. Glucose uptake within 2 hours of

stimulation is most likely due to translocation or intrinsic activity changes of glucose

transporters. Insulin is known to translocate GLUT4 following short-term stimulations
(Slot et al., 1991) but there is no evidence of translocation of glucose transporters in

response to norepinephrine-stimulation in brown adipocytes, and this will require further
investigation. It has been proposed that shorter stimulations of 1 hour increase glucose

uptake without altering translocation or the expression of GLUT1 and GLUT4 protein,

thus acting at the intrinsic activity of the transporters (Shimizu et al., 1996; Shimizu et
al., 1998) which correlates with our results. However, we found a dramatic increase in

mRNA levels of GLUT1, which peaked after 2 hours of stimulation. The increased
transcription of GLUT1 correlates with the increase of GLUT1 protein in cytosol and

plasma membrane after 5 hours of norepinephrine stimulation.

Long-term norepinephrine stimulation (5 hours) increased glucose uptake significantly
more than short-term stimulation, and this long-term effect was abolished by actinomycin
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D treatment. This implies that long-term and short-term norepinephrine-stimulations

increase glucose uptake by different mechanisms.
Our data provide direct evidence that activation of the b3-AR and production of

cAMP, results in a potent transcriptional activation of the GLUT1 gene in brown

adipocytes, and that the de novo synthesis in fact correlates with an increased glucose
uptake.

The physiological effect of an increase of GLUT1 transporters in plasma membrane of
brown adipocytes after 5 hours of norepinephrine stimulation is an increase of glucose
uptake. We are not yet able to determine the mechanism of the acute glucose uptake,
which occurs between 0 to 2 hours of norepinephrine stimulation. Inhibiting transcription
with actinomycin D, however, will have a clear effect on glucose uptake after 5 hours of
stimulation. This correlates with the increase of GLUT1 protein in the plasma membrane
due to induced transcription of the GLUT1 gene.

We here present evidence of a transcriptional activation of the GLUT1 gene by
norepinephrine, resulting in an increase of GLUT1 protein in the plasma membrane and
an increase in glucose uptake. The model we propose is that norepinephrine activates
many metabolic processes in brown adipocytes and this eventually increases the overall
energy consumption of the tissue. To meet the requirement for a higher glucose uptake
over a longer period, an acute response as GLUT4 translocation is not enough, hence
norepinephrine increases GLUT1 gene expression and elevate its basal glucose uptake by
de novo synthesis of GLUT1 protein.
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Figure 1 mRNA expression of GLUT4 and GLUT1 in tissues.
NMRI mice (6 weeks old) were dissected, and total RNA from Heart (H), white adipose
tissue (W), skeletal muscle (SM), brown adipose tissue (BT), brown adipocyte primary

culture day 7 (BA), and brain (Br) were isolated as described in Materials and Methods.

15 mg of each sample were analyzed by Northern Blot analysis by hybridization with

GLUT4 or GLUT1 probes as described in Materials and Methods.
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Figure 2 mRNA expression of GLUT1 and GLUT4 during differentiation of
brown adipocytes in culture.

Isolated brown adipocytes were differentiated for 8 days in culture, and total RNA was

isolated and 10 mg of each sample were analyzed by Northern Blot analysis as described

in Material and Methods. Levels of GLUT4 (A) and GLUT1 (B) were analyzed at day 3-

8 of differentiation. Each point represents mean ± S.E.M. of three experiments performed

in duplicate.
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Figure 3 mRNA expression of GLUT4 and GLUT1 during 16 hours of
norepinephrine stimulation.

Isolated brown adipocytes were differentiated for 7 days in culture, and stimulated with
0.1 mM norepinephrine. Total RNA was isolated and 10 mg of each sample were analyzed

by Northern Blot analysis as described in Material and Methods. Levels of GLUT4 (A)

and GLUT1 (B) were analyzed after 0.5, 2, 5, 8, and 16 hours of stimulation. Each point

represents mean ± S.E.M. of three experiments performed in duplicate.
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Figure 4 mRNA expression of GLUT4 and GLUT1 in brown adipocytes
stimulated with adrenergic agonists.

Isolated brown adipocytes were differentiated for 7 days in culture, and stimulated for 2

hours with 1 mM 8-bromo-cAMP, 1mM –(-)isoproterenol, 1 mM CL-316243, or 0.1mM

norepinephrine. Total RNA was isolated and 10mg of each sample were analyzed for

mRNA levels of GLUT4 (A) and GLUT1 (B) by Northern Blot analysis as described in
Material and Methods. Each column represents mean ± S.E.M. of three experiments

performed in duplicate. Asterisks represent values that are significantly different (*, P <

0.01, **, P < 0.005) from control, as analyzed by paired two-tailed students t-test.
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Figure 5 Subcellular distribution of GLUT4 and GLUT1 with norepinephrine-
stimulation.

Isolated brown adipocytes were differentiated for 7 days in culture and stimulated with
0.1 mM norepinephrine for 0, 2, or 5 hours. Cell fractionation was performed as described

in Materials and Methods. 10 mg of protein from plasma membrane (PM) or low-density

microsome (LDM) fractions, was subjected to SDS-PAGE and immunoblotting with
GLUT4, GLUT1, b3-AR, or ERK 1/2 antibodies. The data shown are representative of

two experiments.
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Figure 6 The effect of transcriptional inhibition on norepinephrine-stimulated
glucose uptake. Brown adipocytes were grown in culture and stimulated
on day 7 with 0.1 mM norepinephrine with or without 2 ng/ml of

actinomycin D for indicated time. Glucose uptake was measured as

described under  Materials and Methods.
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Figure 7 Immunostaining of transcriptional influence on GLUT4 and GLUT1
plasma membrane content of norepinephrine-stimulated brown
adipocytes.

Isolated brown adipocytes were seeded in culture chamber slides, differentiated for 7

days, and stimulated with 0.1 mM norepinephrine for 0, 2, or 5 hours with or without

addition 2 ng/ml of actinomycin. Cells were then fixated and subjected to GLUT4 or
GLUT1 antibodies, and a FITC-labeled secondary antibody, as described in Materials

and Methods. Pictures are taken with 20x magnification.
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