
Abstract

Aims/hypothesis. Sympathetic inputs inhibit insulin
secretion through α2-adrenergic receptors coupled
with Gi protein. High adrenergic tonus generated by
exposure of homeothermic animals to cold reduces 
insulin secretion. In this study we evaluate the partici-
pation of UCP-2 in cold-induced regulation of insulin
secretion.
Methods. Static insulin secretion studies, western blot-
ting and immunohistochemistry were used in this in-
vestigation.
Results. Exposure of rats to cold during 8 days pro-
moted 60% (n=15, p<0.05) reduction of basal serum
insulin levels concentration accompanied by reduction
of the area under insulin curve during i.p. GTT (50%,
n=15, p<0.05). Isolated islets from cold-exposed rats
secreted 57% (n=6, p<0.05) less insulin following a
glucose challenge. Previous sympathectomy, partially
prevented the effect of cold exposure upon insulin 
secretion. Islets isolated from cold-exposed rats ex-

pressed 51% (n=6, p<0.5) more UCP-2 than islets
from control rats, while the inhibition of UCP-2 ex-
pression by antisense oligonucleotide treatment par-
tially restored insulin secretion of islets obtained from
cold-exposed rats. Cold exposure also induced an in-
crease of 69% (n=6, p<0.05) in PGC-1 protein content
in pancreatic islets. Inhibition of islet PGC-1 expres-
sion by antisense oligonucleotide abrogated cold-in-
duced UCP-2 expression and partially restored insulin
secretion in islets exposed to cold.
Conclusion/interpreatation. Our data indicate that
sympathetic tonus generated by exposure of rats to
cold induces the expression of PGC-1, which partici-
pates in the control of UCP-2 expression in pancreatic
islets. Increased UCP-2 expression under these condi-
tions could reduce the beta-cell ATP/ADP ratio and
negatively regulate insulin secretion. [Diabetologia
(2003) 46:1522–1531]
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dorsal motor nucleus of the vagus [2] and by sympa-
thetic fibres of the paravertebral sympathetic chain
[3], both of which are under tight control of the hy-
pothalmus [1].

Acetylcholine (Ach) mediates parasympathetic sig-
nals and acts upon pancreatic beta cells activating
muscarinic M3 receptor subtype [4, 5], which in turn
promotes phospholipase β (PLCβ) stimulation with
subsequent diacylglycerol (DAG) and inositol 1,4,5
triphosphate (IP3) accumulation [6]. The net result is
the elevation of cytosolic Ca2+ and increased insulin
secretion. In contrast, norepinephrine (NE) released
by sympathetic terminals stimulates beta-cell α2 
adrenergic receptors that acting through Gi or G0 pro-

The role played by neural inputs on beta-cell function
has been a matter of intense investigation over the lat-
est forty years [1]. The highest effect is believed to be
exerted by parasympathetic fibres originated at the
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teins negatively modulate adenyl cyclase activity, 
reducing cAMP production and, ultimately, insulin 
secretion [7, 8, 9].

Tight regulation of the ATP/ADP ratio in pancreat-
ic beta cells is mostly under the control of metabolite-
dependent pathways, and exerts direct effects upon in-
sulin secretion by controlling ATP-sensitive K+ chan-
nels [10]. Recent findings show that uncoupling pro-
tein 2 (UCP-2) could participate in physiological con-
trol of insulin secretion by modulating mitochondria
efficiency and thus the production of ATP [11]. More-
over, adenoviral over-expression of UCP-2 in pancre-
atic islets leads to impaired insulin secretion due to
mechanisms proximal to Ca2+-dependent steps [12].

In thermogenically active organs such as brown ad-
ipose tissue and skeletal muscle, exposure to cold pro-
motes the expression of a transcriptional coactivator
named PPARγ coactivator-1 (PGC-1). The induction
of PGC-1 increases the transcriptional activity of
PPARγ and the thyroid hormone receptor in the un-
coupling protein 1 (UCP-1) promoter. Since exposure
of homoeothermic animals negatively modulates insu-
lin secretion [13], which seems to be driven by high
sympathetic tonus, we hypothesized that adrenergic
inputs such as those generated by cold exposure might
induce PGC-1 expression in rat pancreatic islets and
thus modulate UCP-2 expression. The data obtained
reveal a novel pathway that participates in neural con-
trol of insulin secretion.

Materials and methods

Antibodies, oligonucleotides, chemicals and buffers. Antibodies
against UCP-2 (sc-6526), and PGC-1 (sc-5816) were from 
Santa Cruz Biotechnology (Santa Cruz, Calif., USA). 125I-Pro-
tein A Sepharose and 125I-insulin were from Amersham (Buck-
inghamshire, UK). Protein A Sepharose 6MB was from
Pharmacia (Uppsala, Sweden). All the remaining chemicals
used in the experiments were from Sigma (St. Louis, Mo.,
USA). Buffer A, used in immunoblotting experiments, consist-
ed of 100 mmol/l Tris, 10 g/l SDS, 50 mmol/l Hepes (pH 7.4),
100 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluo-
ride, 10 mmol/l EDTA, 10 mmol/l sodium vanadate, 2.0 mmol/l
PMSF and 0.1 mg/ml aprotinin. Krebs-bicarbonate buffer equil-
ibrated with 95% O2: 5% CO2, pH 7.4 was used in islet isola-
tion and contained either 2.8 or 16.7 mmol/l glucose. Insulin
was determined by RIA and serum glucose by the glucose-oxi-
dase method. Sense and antisense phosphorthioate-modified
oligonucleotide specific for UCP-2 (sense, 5′ TGT ATT GCA
GAT CTC A 3′ and antisense, 5′ TGA GAT CTG CAA TAC 
A 3′) and PGC-1 (sense, 5′ TCA GGA GCT GGA TGG C 3′
and antisense, 5′ GCC ATC CAG CTC CTG A 3′) were pro-
duced by Invitrogen (Carlsbad, Calif., USA). Each sequence
was selected among three unrelated pairs of oligonucleotides on
the basis of their ability to block UCP-2 or PGC-1 protein ex-
pression as evaluated by immunoblot of total protein extracts of
isolated pancreatic islets utilizing specific anti-UCP-2 or anti-
PGC-1 antibodies, respectively. The selected sequences were
analyzed (BLAST, NCBI) [14] for similarities with mRNA of
other proteins and presented an intra-species 100% matching
only for Rattus norvegicus UCP-2 and PGC-1, respectively.

Cold exposure protocols and characterization of the model.
Male Wistar rats (Rattus norvegicus) (8 weeks old/200–260 g)
obtained from the University of Campinas Central Animal
Breeding Center were used in the experiments. The investiga-
tion followed the University guidelines for the use of animals
in experimental studies and conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH publication no. 85-23 revised 1996)
and the protocol (protocol #510-1) was approved by the State
University of Campinas Ethical Committee. The animals were
maintained on 12:12 artificial light-dark cycle and housed in
individual cages. After an acclimatization period (3 days), the
animals were randomly divided into two groups: cold-exposed
(4±1°C, up to 8 days −4°C) and thermoneutrally maintained
animals (23±1°C—also referred to as C). The animals were 
allowed free access to standard rodent chow and water ad 
libitum. For experimental procedures rats were anaesthetized
by intraperitoneal injection of sodium amobarbital (15 mg/kg
body weight), and the experiments were carried out after loss
of corneal and pedal reflexes. Blood samples were obtained
from rats fasted for 2 h for measurement of serum glucose and
insulin.

Intraperitoneal glucose tolerance test (GTT). An intraperitoneal
(i.p.) GTT was carried out at the end of the experimental period
(8 days). After an overnight fast, the rats were anaesthetized as
described above. After collection of an unchallenged sample
(time 0), a solution of 20% glucose (2.0 g/kg body weight) was
administered into the peritoneal cavity. Blood samples were
collected from the tail at 30, 60, 90 and 120 min for determina-
tion of glucose and insulin concentrations.

Insulin tolerance test (ITT). An intravenous (i.v.) ITT was car-
ried out at the end of the experimental period (8 days). Food
was withdrawn 6 h before the test and the rats were anaesthe-
tized as described above. Insulin (6.0 µg) was injected through
the tail vein and blood samples were collected from the tail at
0, 4, 8, 12 and 16 min for serum glucose determination. The
constant rate for glucose disappearance (Kitt) was calculated
using the formula 0.693/t1/2. The glucose t1/2 was calculated
from the slope of the least-square analysis of the plasma glu-
cose concentrations during the linear decay phase [15].

Experimental protocols. Following the preliminary character-
ization of the model, rats were divided into six groups: thermo-
neutrally maintained (23±1°C; C); thermoneutrally maintained
and submitted to vagotomy; thermoneutrally maintained and
submitted to sympathectomy (23±1°C; C+S); cold-exposed
(4°C±1°C; 4°C); cold-exposed and submited to vagotomy; and
cold-exposed and submitted to sympathectomy (4°C±1°C;
4°C+S). Islets isolated from rats of each group were evaluated
for basal and glucose-induced insulin secretion. Since previous
vagotomy exerted no effect upon cold-induced modulation of
insulin secretion we decided not to include vagotomy groups in
further studies. Therafter, only groups C, 4°C, C+S and 4°C+S
were evaluated. Sympathectomy and vagotomy followed pre-
viously described techniques [16].

In vivo clonidine treatment. In some experiments sympathec-
tomized rats were treated during 3 days with the α adrenergic
agonist compound clonidine. For that, rats were allowed a 
7-day recovery period from the surgical procedure and then
submitted to cold exposure protocol during 8 days. From day 5
of cold exposure on the rats were treated intraperitoneally with
clonidine (Sigma St. Louis, Mo., USA) (0.025 mg/kg) at
7.00 a.m., 3.00 p.m. and 11.00 p.m. [17].
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Islet isolation and static insulin secretion studies. Islets were
isolated by hand picking following the collagenase digestion
method [5, 18]. To measure insulin secretion groups, five islets
were pre-incubated for 45 min at 37°C in Krebs-bicarbonate
buffer. The solution was then replaced by fresh buffer contain-
ing low (2.8 mmol/l) or supra-physiological (16.7 mmol/l)
concentrations of glucose, and the islets were incubated for 1 h
additionally. The insulin content of the medium at the end of
the incubation period was determined by RIA. For static insu-
lin secretion studies in islets treated with sense or antisense oli-
gonucleotides, the following protocol was used; groups of five
freshly isolated islets were initially incubated for 14 h at 37°C,
in RPMI 5.6 mmol/l glucose with no oligonucleotide or in the
presence of either 2.0 nmol sense or 2.0 nmol antisense UCP-2
or PGC-1 oligonucleotide. The medium was then replaced by
freshly prepared RPMI and islets were maintained for 1 h addi-
tionally under experimental conditions (2.8 mmol/l glucose 
or 16.7 mmol/l glucose, with either no oligonucleotide addition
or with sense or antisense UCP-2 or PGC-1 oligonucleotide).
At the end of the incubation period, samples of the incubation
medium were collected for hormone measurement. For mea-
surement of the total insulin content, groups of 10 islets were
sonicated and maintained overnight in 1 ml of 75% etha-
nol/0.2 mol/l HCl. After extraction an aliquot was assayed for
insulin content, expressed as ng/islet.

Immunohistochemistry. Pancreata from two control rats and
two cold-exposed rats were examined to determine the expres-
sion and tissue distribution of UCP-2 and PGC-1. Hydrated,
5.0 µm sections of paraformaldehyde-fixed, paraffin-embedded
tissue were stained by the avidine-peroxidase method using
primary antibodies against UCP-2 or PGC-1. Analysis and
photo-documentation were done using an Olympus BX60 
Microscope (Olympus America, Melville, N.Y., USA) [19].

Immunoblot and immunoprecipitation. For specific protein de-
termination groups of 1500 freshly isolated islets from each ex-
perimental group were lysed in 0.3 ml of boiling buffer A and
insoluble material was removed by centrifugation during 20 min
at 12000×g. Protein determination in the supernatants was deter-
mined by the Bradford method [20]. Samples containing 0.2 mg
total proteins were separated by SDS-PAGE, transferred to 
nitrocellulose membranes and blotted with specific antibodies.
For immunoprecipitation followed by immunoblot, groups of
1500 pancreatic islets were exposed first to experimental condi-
tions and then to cell lysis. Protein determination was carrried
out and samples of 1.0 mg total protein were incubated with pri-
mary antibody during 12 h at 4°C. Precipitation of immunocom-
plexes, protein separation and transfer to nitrocellulose mem-
branes was done as previously described [21]. Visualization of
specific protein bands was carried out by incubating membranes
with 125I-protein A followed by exposure to RX-films.

Statistical analysis. Specific protein bands present in the blots
were quantified by densitometry (ScionCorp, Frederick, Md.,
USA). Mean values±SEM obtained from densitometric scans,
and values for serum insulin and glucose during i.p. GTT, ITT
and static secretion studies were compared utilizing Turkey-
Kramer test (ANOVA). A p value of less than 0.05 was consid-
ered statistically significant.

Results

Metabolic characterization of rats exposed to cold.
Several metabolic changes are induced by exposure of

homoeothermic animals to cold. As a rule, they pres-
ent a discrete and transitory fall in body temperature,
an increase in food consumption accompanied by
weight loss during the initial days of cold exposure,
and a discrete and transitory fall in blood glucose con-
centration, paralleled by a fall in insulin concentra-
tion. In this study similar characteristics were found 
in rats exposed to cold during a period of 8 days 
(Table 1). Concerning glucose metabolism and insulin
secretion, we observed a fall in basal glucose levels at
2 h of cold exposure (Fig. 1a), which was promptly re-
covered and kept at similar levels of control through-
out the remaining experimental period. In contrast, in-
sulin concentration was lower in cold-exposed rats
throughout the experimental period (Fig. 1b). During
an i.p. GTT the concentration of blood glucose in con-
trol rats reached a maximum of about 270 mg/dl at
30 min, and was higher than the glucose concentration
of cold-exposed rats throughout the test (maximum
glucose level in cold-exposed rats was about
128 mg/dl at 30 min) (Fig. 1c). Although glucose
clearance rates were higher in cold-exposed rats, the
insulin concentration during the i.p. GTT were lower
in these rats (Fig. 1d). A maximum 11.0 ng/ml blood
insulin was reached at 30 min in control rats while at
the same point in time it reached only about 4.0 ng/ml
in cold-exposed rats. Higher responsiveness to insulin
in cold-exposed rats was further shown during an
i.v.ITT. Cold-exposed rats presented an about 45% in-
crease in Kitt (Fig. 1e).

Sympathectomy partially restores glucose-induced 
insulin secretion in cold-exposed rats. To evaluate the
role of neural signals upon cold-induced inhibition of
insulin secretion rats were submitted to sympathecto-
my and vagotomy and static insulin secretion studies
were carried out. Vagotomy did not produce an impact
on insulin secretion from islets of cold-exposed rats
and was therefore excluded from further studies. In
contrast sympathectomy produced an increase in glu-
cose-induced insulin secretion in islets isolated from
cold-exposed rats (Fig. 2), in such a way that 4°C+S
group became statistically similar to C.

Table 1. Effects of 8 days cold exposure upon metabolic 
parameters of rats

Parameters Control T+4°C

Food Intake (g/day) 18.0±0.5 34.0±1.0*
Temperature (°C) 36.2±0.1 36.0±0.2
Glucose (mg/dl) 99.4±0.4 97.2±0.3
Insulin (ng/ml) 2.43±0.12 1.49±0.23*
Leptin (pg/ml) 2335±267 2003±234
TSH (ng/ml) 13.45±1.43 13.32±1.58
Corticosterone (ng/ml) 102.5±15.5 112.9±12.3

*p<0.05 vs. Control
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Cold exposure induces the expression of PGC-1 and
UCP-2 in rat pancreatic islets. By immunoblot of pro-
tein extracts from isolated islets, low levels amounts
of PGC-1 and UCP-2 were detected in rats from group
C (Fig. 3b). By immunohistochemical analysis both
UCP-2 (Fig. 3c) and PGC-1 (Fig. 3e) were detected as
faint stains in a few scattered islet cells. Following
cold exposure (4°C) increases in UCP-2 (51%,
p<0.05) and PGC-1 (59%, p<0.05) were observed in
immunoblots (Fig. 3b) and could be more easily de-
tected by immunohistochemistry (Figs. 3d,f). Previous
sympathectomy in cold-exposed rats (4°C+S) led to a
reduction in UCP-2 and PGC-1 expression (Fig. 3a,b).

Fig. 1a–e. Metabolic characterization of rats exposed to cold.
The variation of serum glucose (a) and insulin (b) concentra-
tions were determined, in rats exposed to cold (filled circles) or
maintained at thermoneutrality (open circles) during 8 days
(n=15). Serum glucose (c) and insulin (d) concentrations were
determined during an i.p. GTT in rats exposed to cold (filled
circles) or maintained at thermoneutrality (open circles) during
8 days (n=15). (e) The constant rate for glucose disappearance
(Kitt) was calculated and ITT was carried out in rats exposed
to cold (filled bar) (4°C) or maintained at thermoneutrality
(open bar) (c) during 8 days (n=6). In all experiments *p<0.05
vs control (C)
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Inhibition of UCP-2 expression partially restores
cold-induced inhibition of insulin secretion. Rats from
each experimental group were treated with sense (S)
or antisense (AS) UCP-2 phosphorthioate modified
oligonucleotide and compared to animals treated with
no oligonucleotide, for basal and glucose-stimulated
static insulin secretion. Treatment with AS but not S
oligonucleotide led to decreases of 34% (n=4, NS)
and 53% (n=4, p<0.05) in pancreatic islet UCP-2 pro-
tein expression in C and 4°C groups, respectively
(Fig. 4a). S oligonucleotide treatment produced no
changes in any of the evaluated conditions in the pat-
tern of insulin secretion as compared to islets treated
with no oligonucleotide. In contrast, inhibition of
UCP-2 expression in pancreatic islets from 4°C rats
increased basal (Fig. 4c) and glucose-induced
(Fig. 4g) static insulin secretion. Islet insulin content

Fig. 2a, b. Static insulin secretion studies. Groups of five is-
lets/well isolated from rats maintained at thermoneutrality and
submitted (C+S) or not (C) to sympathectomy, or isolated from
rats exposed to cold and submitted (4°C+S) or not (4°C) to
sympathectomy, were incubated in the presence of 2.8 mmol/l
glucose (a) or 16.7 mmol/l glucose (b) and evaluated for insu-
lin secretion. In all experiments n=6, *p<0.05 vs. control (C)
and #p<0.05 vs. 4°C

Fig. 3a–f. Expression of UCP-2 and PGC-1 in pancreatic is-
lets. The protein amounts of UCP-2 (a) and PGC-1 (b) were
determined in protein extracts obtained from islets of rats
maintained at thermoneutrality and submitted (C+S) or not (C)
to sympathectomy, or islets of rats exposed to cold and submit-
ted (4°C+S) or not (4°C) to sympathectomy. 200 µg of total
protein extracts from each group were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blotted
with anti-UCP-2 (a), or anti-PGC-1 (b) antibodies. Tissue dis-
tribution of UCP-2 (c, d) and PGC-1 (e, f) were evaluated by
immunohistochemistriy in paraffin-embedded sections of pan-
creata obtained from rats maintained in thermoneutrality (C),
or exposed to cold (4°C) during 8 days. In (a) and (b), n=6,
*p<0.05 vs. control (C). From c to f, n=2

Fig. 4a–i. Effect of UCP-2 protein expression blockade upon in-
sulin secretion. The protein amounts of UCP-2 (a) were deter-
mined in protein extracts obtained from islets of rats maintained
at thermoneutrality (C) or exposed to cold (4°C) and treated
with sense (s) or antisense (as) UCP-2 phosphorthioate-modified
oligonucleotide. 200 µg of total protein extracts from each group
were separated by SDS-PAGE, transferred to nitrocellulose
membranes and blotted with anti-UCP-2 antibody. Groups of
five islets/well isolated from rats maintained at thermoneutrality
(C) (b, d, f, h) or exposed to cold (4°C) (c, e, g, i), were incubat-
ed in the presence of 2.8 mmol/l glucose (b–e) or 16.7 mmol/l
glucose (f–I) and evaluated for static insulin secretion. Groups
of islets were previously treated with sense (s), antisense (as) or
no (wo) UCP-2 phosphorthioate-modified oligonucleotide. In all
experiments n=6, *p<0.05 vs. wo

▲
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was neither modified by cold exposure (58.1±6.9 vs
51.6±4.5 ng/islet, for C and 4°C, respectively; n=4,
NS), nor by UCP-2 protein expression blockade within
each of the experimental groups (control + UCP-2 
antisense oligonucleotide =48.7±7.8 ng/islet, n=4, NS
vs C; and 4°C + UCP-2 antisense oligonucleotide
=48.4±4.6 ng/islet, n=4, NS vs 4°C).

PGC-1 expression blockade abrogates cold-induced
UCP-2 expression and partially restores cold-induced
inhibition of insulin secretion. Rats of each experi-
mental group were treated with sense (S) or antisense
(AS) PGC-1 phosphorthioate modified oligonucle-
otide and compared to rats treated with no oligonucle-
otide, for basal and glucose-stimulated static insulin
secretion, and for UCP-2 protein expression. Treat-
ment with AS but not S PGC-1 oligonucleotide led to
decreases of 25% (n=4, NS) and 58% (n=4, p<0.05) 
in pancreatic islet PGC-1 protein expression in C 
and 4°C groups, respectively (Fig. 5a). Blockade of
PGC-1 expression produced significant effects upon
cold-induced UCP-2 expression, in such a way that
cold-exposed, AS PGC-1-treated islets from 4°C rats
expressed 40% (n=4, p<0.05) less UCP-2 than islets
from 4°C rats treated with no oligonucleotide
(Fig. 5a). Similar to that observed in islets treated with
AS UCP-2 oligonucleotide, in all of the herein evalu-
ated conditions S PGC-1 oligonucleotide treatment
produced no changes in the pattern of insulin secretion
as compared to islets treated with no oligonucleotide.
In contrast, inhibition of PGC-1 expression in pancre-
atic islets from 4°C rats increased basal (Fig. 5c) and
glucose-induced (Fig. 5g) static insulin secretion. The
blockade of PGC-1 protein expression did not modify
islet insulin content within each of the experimental
groups (control + PGC-1 antisense oligonucleotide
=46.3±6.7 ng/islet, n=4, NS vs C; and 4°C + PGC-1
antisense oligonucleotide =44.4±5.8 ng/islet, n=4, NS
vs 4°C).

Clonidine reestablishes pancreatic islet PGC-1 amounts
in cold-exposed sympathectomized rats. Since most
studies suggest that sympathetic stimulus inhibits insu-
lin secretion through α adrenergic receptors, 4°C+S
rats were treated during 3 days with the α adrenergic
compound clonidine following a previously described
in vivo clonidine treatment protocol [17]. Clonidine
treatment of cold-exposed sympathectomized rats re-
established pancreatic islet PGC-1 protein expression
to amounts similar to those encountered in 4°C rats
(Fig. 6).

Discussion

Fine-tuning of the insulin secretion rate is an impor-
tant requirement for avoiding great variations in blood
glucose concentration. Nutrients, hormones and neural

signals are the main participants of this complex and
integrated system [22]. Since early studies [23], nor-
adrenergic stimulation of pancreatic islets is known to
produce a net inhibitory effect upon insulin secretion.
During the last three decades several studies have 
provided strong evidence that NE, acting through α2 
adrenergic receptors expressed on the beta-cell sur-
face, leads to reduced cAMP formation [24] and sub-
sequently, to inhibition of the distal components of the
insulin exocytotic machinery [9]. In addition, hyper-
polarization of the pancreatic beta cells following 
adrenergic stimulus favours the opening of ATP-regu-
lated K+ channels [25]. The maintenance of opened
ATP-regulated K+ channels inhibits Ca2+ uptake and
therefore inhibits insulin secretion. The molecular
events that contribute for a sustained opening of the
ATP-regulated K+ channels in adrenergic stimulated
beta cells are not yet fully understood.

In this study we provide evidence that high sympa-
thetic tonus generated by exposure of homoeothermic
animals to cold induces an increase of PGC-1 and
UCP-2 protein amounts in the pancreatic islets, and
that blockade of expression of either protein partially
reverses cold-induced inhibition of insulin secretion.
Since UCP-2 expression in mice pancreatic islet in-
hibits ATP production and through this mechanism in-
terferes with insulin secretion [11], we hypothesized
that the hyperpolarization of beta cells described in
adrenergic-stimulated islets could be due to decreased
ATP production as consequence of higher UCP-2 ex-
pression.

UCP-2 is a member of the mitochondrial uncou-
pling protein family [26, 27]. Proteins that belong to
this family are characterized by sub-cellular localiza-
tion to the inner mitochondrial membrane where they
uncouple biochemical respiration from oxidative
phosphorylation by leaking protons into the mitochon-
drial matrix, which leads to a bypass of ATP synthase
[28]. UCP-1 is the prototype of uncoupling proteins. It
is predominantly expressed in brown adipose tissue

Fig. 5a–i. Effect of PGC-1 protein expression blockade upon
UCP-2 expression and insulin secretion of pancreatic islets iso-
lated from cold exposed rats. The protein amounts of PGC-1
and UCP-2 (a) were determined in protein extracts obtained
from islets of rats maintained at thermoneutrality (C) or ex-
posed to cold (4°C) and treated with sense (s) or antisense (as)
PGC-1 phosphorthioate-modified oligonucleotide. 200 µg of
total protein extracts from each group were separated by SDS-
PAGE, transferred to nitrocellulose membranes and blotted
with anti-PGC-1 (a, upper blot) or anti-UCP-2 (a, lower blot)
antibodies. Groups of five islets/well isolated from rats main-
tained at thermoneutrality (C) (b, d, f, h) or exposed to cold
(4°C) (c, e, g, i), were incubated in the presence of 2.8 mmol/l
glucose (b–e) or 16.7 mmol/l glucose (f–i) and evaluated for
static insulin secretion. Groups of islets were previously treat-
ed with sense (s), antisense (as) or no (wo) PGC-1 phosphor-
thioate-modified oligonucleotide. In all experiments n=6,
*p<0.05 vs. wo

▲
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and participates in adaptive thermogenesis [29]. UCP-2
[30] and UCP-3 [31] have been identified more re-
cently and are expressed in different tissues than
UCP-1. UCP-2 is the homologue with the widest dis-
tribution and the only one reported to be expressed in
pancreatic islets [32]. In a recent study, pathophysio-
logical significance for UCP-2 expression in pancreat-
ic islets was established in the obesity prone, leptin
deficient ob/ob mouse [11]. According to this study
obese mice express higher amounts of UCP-2 in the
pancreatic islets than their respective controls. By in-
tercrossing heterozygous ob/+ with UCP-2 +/− mice,
double KO mice were generated (ob/ob, UCP-2 −/−).
The abrogation of UCP-2 expression in ob/ob mice
led to an improvement of first phase insulin secretion
and whole body glucose metabolism [11]. It is of in-
terest that exposure of pancreatic islets to leptin inhib-
its UCP-2 expression [33]. Thus, in ob/ob mice the
lack of leptin could be the main factor responsible for
increased islet UCP-2 expression. Another possible
linkage between UCP-2 expression in pancreatic islets
and anomalous insulin secretion refers to the fact that
some fatty acids induce UCP expression and function,
so it is possible that defective insulin secretion ob-
served in some hyperlipidaemic states could be a con-
sequence of UCP-2 expression [34, 35]. Therefore, in
at least two examples of defective insulin secretion, a
possible involvement of UCP-2 hyperexpression in
pancreatic islets has been described. However, in none
of these conditions the molecular mechanisms that
lead to increased UCP-2 expression were shown.

PGC-1 is a nuclear receptor coactivator initially
shown to be expressed in response to cold exposure in
brown adipose tissue and skeletal muscle [36]. There
is a difference from most nuclear receptor coactiva-
tors, PGC-1 activity seems to be regulated mostly by

its tissue concentration [36]. The main physiological
consequence of cold-induced PGC-1 expression in
brown adipose tissue and skeletal muscle is the induc-
tion of UCP-1 protein expression and a subsequent in-
crease in thermogenesis. The transcriptional control of
the Ucp-1 gene is regulated by cAMP levels contents
[37], thyroid hormone [38] and PPARγ [36]. The same
seems to be true for UCP-2 gene transcriptional con-
trol [39, 40, 41].

Our study shows that PGC-1 is expressed at low
amounts in rat pancreatic islets. Exposure of rats to a
cold environment or treatment of isolated islets with an
α adrenergic agonist augment PGC-1 expression,while
sympathectomy prevents this effect. A straight correla-
tion between PGC-1 and UCP-2 amounts was estab-
lished and inhibition of PGC-1 expression abrogates
both cold-induced UCP-2 hyperexpression and cold-
induced defective insulin secretion. In fact, this study
shows that partial blockade of PGC-1 or UCP-2 ex-
pression results in up to a 60% increase in basal and a
55% increase in glucose-induced insulin secretion.
However, this increase was not sufficient to completely
overcome the secretion defect induced by cold expo-
sure. As reviewed elsewhere [42], reduction of cAMP
accumulation in pancreatic islets is responsible for
some, but not all, inhibitory effects of an adrenergic
stimulus upon insulin secretion. By stimulating PGC-1
protein expression, adrenergic stimulus controls the
amount of UCP-2 in pancreatic islets and therefore
might modulate the ATP/ADP ratio. This mechanism,
in parallel to classic dampening of cAMP signalling,
transduces the inhibitory signal generated by adrener-
gic stimulus and thus regulates insulin secretion.
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