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Abstract During cold exposure, homeothermic animaIs
mobilize glucose with higher efficiency than at thermo-
neutrality. An interaction between the insulin signal
transduction machinery and high sympathetic tonus is
thought to play an important role in this phenomenon.
ln the present study, rats were exposed to cold during 8
days and treated, or not, with a IB-adrenergic agonist,
BRL37344 sodium 4-2-2-(3-chlorophenyl)-2-hydroxy-
ethyl amino propyl phenoxy-acetic acid sodium
(BRL37344), or antagonist, SR59230A 3-(2-ethylphen-
oxy)-[(l S)-l ,2,3,4-tetrahydronaphth-I-ylamino]-(2S)-2-
propanol oxalate (SR59230A), to evaluate the cross-taIk
between insulin and IB-adrenergic intracellular signaling
in brown adipose tissue. The drugs did not modify food
ingestion, body temperature, and body weight in control
and cold-exposed rats. Treatment of control rats with

BRL37344 led to higher insulin-induced tyrosine phos-
phorylation of the insulin receptors, insulin receptor
substrate (IRS)-l and ERK, higher insulin-induced lRS-
IjPI3-kinase association, and higher [Ser473]phosphor-
ylation of Akt. Cold exposure alone promoted higher
insulin-induced tyrosine phosphorylation of the insulin
receptors, lRS-I, lRS-2, and ERK, and higher insulin-

induced lRS-1 and lRS-2jPI3-kinase association. Except
for the regulation of ERK, SR59230A abolished all the

cold-induced effectsupon the insulin signal transduction
pathway. However, this antagonist only partially
inhibited the cold-induced increase of glucose uptake.
Thus, the sympathetic tonus generated during cold-
exposure acts, in brown adipose tissue, through the
p3-adrenergic receptor and modulates insulin signal
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transduction, with the exception of ERK. However,

insulin-independent mechanisms other than p3-adren-
ergic activation participate in cold-induced glucose up-
take in brown adipose tissue of rats.
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Introdudion

The characterization of insulin-independent mechanisms
that play a role in glucose uptake is of major interest for
unveiling novel potential targets for therapeutics in
diabetes mellitus. Cold exposure of homeothermic ani-
maIs leads to improved glucose uptake in spite of an
apparent resistance to insulin action [8, 29, 30J. During
cold exposure, a high adrenergic tonus stimulates lipol-
ysis in white adipose tissue and thermogenesis 1n brown
adipose tissue (BAT) [7, 15, 20, 28]. The adrenergic
signals generated during cold exposure may aIso par-
ticipate in the control of glucose flow by modulating
insulin action and perhaps activating insulin-indepen-
dent mechanisms of glucose uptake [4, 13, 17, 23]. ln a
recent series of studies, we have provided evidence that
cold exposure induces tissue-specific modulation of the

insulin signal transduction [6, 8, 25J. ln BAT, cold
exposure leads to improved glucose uptake accompanied
by enhanced insulin-induced tyrosine phosphorylation
of the insulin receptor (IR) and its main intracellular
substrates (S), lRS-1 and lRS-2 [8]. However, in this

particular situation, no modulation of [Ser473]phos-
phorylation of Akt was observed, suggesting that Akt-
independent mechanisms may play a role in BAT
glucose uptake during cold exposure [8].

ln isolated, SV40-imortalized brown adipocytes,
p3-adrenergic stimulation with CL316243 did not

improve basal glucose uptake and led to a hampering of
the insulin signal transduction and action, apparent1y
through a PKAjPKC-dependent mechanism [10]. Since
most of the effects of cold exposure on BAT are credited
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to p3-adrenergic stimulation, it is unclear why, in iso-
lated brown adipocytes, the p3-adrenergic stimulus op-
poses insulin action, while in living animaIs cold
exposure promotes enhanced glucose uptake and
improvement of the initial steps of the insulin signal
transduction in BAT [8].Therefore, the objective of the
present study was to evaluate the participation of
p3-adrenergic receptor activity in cold-induced glucose
uptake and insulin signal transduction in BAT of living
rats, using in vivo treatment protocols with the p3-
adrenergic agonist, BRL37344 sodium 4-2-2-(3-chlor-
ophenyl)-2-hydroxyethyl amino propyl phenoxy-acetic
acid sodium (BRL37344), and the p3-adrenergic

antagonist, SR59230A 3-(2-ethylphenoxy)-[( lS)-l ,2,3,
4-tetrahydronaphth-l-ylamino ]-(2S)-2-propanol oxalate
(SR59230A).

Materiaisand methods

Antibodies, chemicals, and buffers

Reagents for SDS-polyacrylamide gel electrophoresis and
immunoblotting were from Bio-Rad (Richmond, Calif.,

USA). HEPES, phenylmethylsulfonyl fluoride, aprotinin,
dithiothreitol, Triton X-loo, Tween 20, glycerol, bovine
serum albumin (fraction V), selective p3-adrenoceptor
agonist BRL37344, and selective p3-adrenoceptor
antagonist SR59230A were from Sigma-Aldrich (St.

Louis, Mo., USA). Protein A-S;gharose 6 MB was from
Pharmacia (Uppsala, Sweden), [ 25I]-protein A was from
ICN Biomedicals (Costa Mesa, Calif., USA), 2-deoxy-
D-eH]glucose was from New England Nuclear (Boston,
Mass., USA), and nitrocellulose paper (BA85, 0.2 J.11Il)
was from Amersham (Aylesbury, UK). Sodium thiopen-
tal and human recombinant insulin were from Novo

Nordisk (Belo Horizonte, Brazil). Polyclonal anti-
phosphotyrosine antibodies were raised in rabbits and

affinity-purified on phosphotyramine columns. Anti-IR
(rabbit polyc1onal, se-711),anti-phospho- ERK (Tyr 204,
detecting pERK42 and pERK44; goat polyclonal,
se-7976), anti-phospho-Akt (Ser 473, rabbit polyclonal,
sc-7985-R), anti-IR substrate-l (IRS-l) (rabbit poly-
c1onal, sc-560), anti-LR substrate-2 (IRS-2) (goat poly-
c1onal, se-9299), anti-Akt (goat polyc1onal, sc-1618),
anti-ERK2 (rabbit polyclonal, detecting both ERK42 and
ERK44, sc-153), anti-p3-adrenergic receptor (goat poly-
c1onal, se-1473), and anti-GLUT-4 (goat polyclonal,
se-I6O8) were from Santa Cruz Biotechnology (Santa
Cruz, Calif., USA). Rabbit anti-p85jphosphatidylinositol
3 kinase (PI3 kinase) antiserum was from UBI (Lake
Placid, N.Y., USA).

AnimaIs, treatments, and cold-exposure protocols

Male Wistar rats (Rattus norvegicu.~,8 weeks old, 200-

300 g) obtained from the University of Campinas Ani-
mal Breeding Center were used in the experiments. The

investigation followed the University guidelines for the
use of animaIs in experimental studies and conformed to
the Guide for the Care and Use of Laboratory AnimaIs,
published by the US National Institutes of Health
[(NIH) publication no. 85-23, revised 1996].The animaIs
were maintained on 12:12artificiallight-dark cyc1esand
housed in individual cages. After the acclimatizing per-
iod (3 days), the animaIs were randomly divided into six
groups and treated during 8 days, according to one of
the following protocols: cold-exposed (4::1:1°C) treated
with saline, cold-exposed treated with BRL37344,

cold-exposed treated with SR59230A, thermoneutrality-
maintained (23::1:1°C) treated with saline, thermoneu-

trality-maintained treated with BRL37344, and ther-
moneutrality-maintained treated with SR59230A. The

drugs were administered via intraperitoneal injection
twice a day for 8 days at the following doses: 150 nmolj
dose in 200 ~ for BRL37344, 85 nmoljdose in 200 ~l
SR59230A, or 200 ~ salinejdose. The animaIs were al-
lowed free access to standard rodent chow and water ad

libitum. For tissue extraction, rats were anesthetized by
intraperitoneal injection of sodium amobarbital (15 mgj
kg body weight), and the experiments were performed
after the loss of corneal and pedal reflexes. Following
experimental procedures, the rats were killed under

anesthesia following the recommendations of the NIH
publication no. 85-23.

Metabolic, hormone, and biochemical measurements

Measurements of food intake, rectal temperature, and
body weight were obtained dai1y in control and cold-
exposed rats treated with saline, BRL37344, or
SR59230A. Rectal temperature was measured with a
Thermistor high-precision digital thermometer (Hanna
lnstruments, Woonsocket, R.L, USA) inserted 1.5 em

from the anus. Glucose was determined by the glucose
oxidase method, as previously described [26]. Serum
insulin was measured by radioimmunoassay [22].

lntraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test (ipGTT) was
performed at the end of the experimental period. After
an overnight fast, the rats were anesthetized as deseribed

above. After collection of an unchallenged sample (time
O),a solution of20% glucose (2.0 gjkg body weight) was
administered into the peritoneal cavity. Blood samples
were collected from the tail at 30, 60, 90, and 120 min
for determination of glucose and insulin concentrations.

2-D glucose uptake studies

The tissue uptake of 2-D glucose (2-DG) was measured

in vivo according to a method previously deseribed [27],
with minor modifications [8]. The rats were anesthetized
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