
Introduction
Heat is an obligatory by-product of energy expenditure.
In a fully relaxed subject kept at room temperature,
energy expenditure equals the resting metabolic rate;
the resulting heat produced is referred to as obligatory
thermogenesis. The metabolic rate, however, can be
increased as a homeostatic response to lowering the
ambient temperature or in response to food intake; the
resulting heat produced is referred to as adaptive (or
facultative) thermogenesis (1). Adaptive thermogenesis
is regulated by hypothalamic centers that integrate
environmental and visceral cues and signal target tis-
sues, especially brown adipose tissue (BAT), through
the sympathetic nervous system (2).

Thyroid hormone plays a fundamental role in oblig-
atory and adaptive thermogenesis (1). Thyroid hor-
mone increases obligatory thermogenesis by accelerat-
ing ATP turnover and expenditure (2). Hypothyroid
rats have normal diet-induced thermogenesis, but
almost no cold-induced (nonshivering) thermogenesis,
which depends on the synergism between the sympa-

thetic nervous system and thyroid hormone (3).
Hypothyroid rats do not survive cold exposure (4) and
completely fail to increase BAT thermal production in
response to norepinephrine (NE) infusion (5). In nor-
mal rats, NE infusion results in a twofold increase in
energy expenditure in an hour (6). Tissues in hypothy-
roid animals have reduced responsiveness to adrener-
gic stimulation, owing to alterations at several levels of
adrenergic signal transduction (7–9).

BAT is the primary site of facultative thermogenesis
in small mammals (including human newborns). The
thermogenic capacity of BAT is primarily due to
expression of the mitochondrial uncoupling protein
(UCP1), which can dissipate the proton gradient
across the inner mitochondrial membrane (10). Mice
lacking UCP1 are cold intolerant, demonstrating the
important role of UCP1 and BAT in adaptive thermo-
genesis (11). The BAT thermogenic response is initiat-
ed by NE but must have thyroid hormone present (5,
12). Within a few hours of cold exposure, the tri-
iodothyronine (T3) concentration in brown adipocytes
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increases three- to fourfold, resulting in higher T3
receptor occupancy (13–15). T3 is produced locally in
BAT from thyroxine (T4) by the action of the type 2 5′-
deiodinase (D2) enzyme (16).

The interactions between thyroid hormone and the
sympathetic nervous system are via the α-1 and β-3
adrenergic receptors (2). cAMP-dependent signals
stimulate UCP1 gene transcription severalfold in
euthyroid brown adipocytes. Response elements for
thyroid hormone receptor (TRE) and cAMP (CRE)
have been identified in the UCP1 5′-flanking region
(17–19). Additionally, the adrenergic system itself is
subject to regulation by thyroid hormone. cAMP gen-
eration is greatly reduced in isolated brown adipocytes
obtained from hypothyroid animals, as a result of
modifications at the receptor, Gi protein, and adenylyl
cyclase levels (7–9). Therefore, thyroid hormone ampli-
fies adrenergic signal transduction and interacts with
cAMP-dependent transcription factors to increase
expression of specific genes.

Thyroid hormones act through nuclear receptors
(TRs), which are ligand-dependent transcription fac-
tors encoded by two different genes in mammals, TRα
and TRβ (20). Gene knockouts in mice of TRα, TRβ, or
both have demonstrated essential functions of TR, and
some actions that are preferentially mediated by a TR
isoform (21, 22). TRβ appears to play an essential role
in cochlear development (23) and in thyroid-stimulat-
ing hormone (TSH) regulation (24–26). TRα has an
important role in mediating the chronotropic and
inotropic effects of thyroid hormone in the heart (21,
27). Most actions of thyroid hormone, however, are
likely mediated by both receptor isoforms (21).

TRα1-knockout mice have a 0.5°C reduction in body
temperature and reduced basal heart rate (28, 29). Sim-
ilar results were found in TRα/β combined–knockout
mice (30–32). These data suggest that TRα1 has an
important role in body temperature regulation,
although the level at which thyroid hormone is acting
is not known. The increased core temperature in
response to T3 administration in knockout mice indi-
cates that thyroid hormone–induced obligatory ther-
mogenesis is intact. The “thermoneutral” temperature
for mice is approximately 28°C, so that animals housed
at room temperature are in fact mildly “cold-exposed.”
Hypothermia in TRα-knockout mice at room temper-
ature in these animals, therefore, most likely indicates
that adaptive thermogenesis is impaired.

The availability of a TR isoform-selective ligand, 
GC-1, provides a pharmacological approach to evalu-
ate TR isoform specificity. GC-1 is a newly developed
TRβ-specific analog, in which iodine atoms are
replaced by methyl or isopropyl substitution, the
biphenyl ether linkage is replaced by a carbon linkage,
and the alanine side chain is replaced by an oxyacetic
acid side chain (33). GC-1 has an affinity for TRβ equal
to that of T3 and a tenfold reduced affinity for TRα
compared with T3. GC-1 has recently been shown to
lower serum cholesterol and triglycerides equal to or

greater than T3, but without significant stimulation of
heart rate or cardiac-specific gene expression (27).

Methods 
Animals and drugs. All studies performed were approved
by the Animal Research Committee, Veterans Affairs
Greater Los Angeles Healthcare System. All drugs and
reagents, unless otherwise specified, were purchased
from Sigma Chemical Co. (St. Louis, Missouri, USA).
Male C57 mice were obtained from Harlan Sprague
Dawley (Indianapolis, Indiana, USA). Mice were kept in
cages with no more than five animals per cage; chow
and tap water were available ad libitum; and the mice
were kept at 23 ± 1°C and light cycles of 12 hours. All
mice were 70–80 days old at the beginning of the exper-
iments and weighed 22–28 g. Hypothyroidism was
induced by feeding a low-iodine diet supplemented with
0.15% propylthiouracil (PTU) purchased from Harlan
Teklad Co. (Indianapolis, Indiana, USA), for 8–10 days.
Four groups of mice were then treated daily for 10 days
with intraperitoneal injections of 0 (vehicle only) or of
7, 14, or 28 ng/g/day T3. These amounts correspond to
approximately two, four, and eight times the physio-
logical replacement dose. Another four groups of mice
were treated with 0, 3.6, 7.2, and 14.4 ng/g/day GC-1.
The GC-1 doses are equimolar to T3 doses. After treat-
ment, the interscapular brown adipose tissue (IBAT)
thermogenic response to NE infusion was measured.

IBAT thermal response to NE infusion. In these studies, we
have adapted a protocol described for rats, with minor
modifications (5). All animals were anesthetized with a
mixture of urethane (560 mg/kg intraperitoneally) and
chloralose (38 mg/kg intraperitoneally) the morning of
the experiment. Mice were kept on a warm (30°C) pad
through the course of the experiment. A polyethylene
(P-50) cannula was inserted into the left jugular vein
and later used for NE infusion. IBAT temperatures were
measured using a precalibrated thermistor probe YSI
427 (Yellow Springs Instrument Co., Yellow Springs,
Ohio, USA) secured under the brown fat pad. Core tem-
perature was measured with a colonic probe YSI 423
(Yellow Springs Instrument Co.). The probes were con-
nected to a high-precision thermometer (YSI Precision
4000A Thermometer; Yellow Springs Instrument Co.).
Core temperature and IBAT temperature were moni-
tored during a period of 10 minutes to obtain a stable
baseline, and then NE infusion was started. NE infusion
(1,075 pmol/min) was performed with an infusion
pump (Harvard Model 2274; Harvard Apparatus, Hol-
liston, Massachusetts, USA) at a rate of 0.459 µl/min for
30 minutes. Raw data were plotted over time and
expressed in term of maximum ∆IBAT temperature
(°C). Heart rate was also monitored electrocardio-
graphically during NE infusion.

Tissue sampling and processing. The whole IBAT pad,
approximately 1 g of liver and of heart from individual
mice were processed for mitochondrial isolation. Tis-
sue samples were homogenized with a motor-driven
homogenizer in 2 ml of ice-cold 0.32 M sucrose, 2 mM
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EDTA, and 5 mM 2-mercaptoethanol, in 10 mM Tris
buffer (pH 7.2). The homogenate was centrifuged at
10,000 g for 10 minutes. The top fat layer of BAT
homogenate was discarded, and the pellets were resus-
pended in 2 ml of buffer and centrifuged at 10,000 g for
10 minutes to sediment the mitochondria. The mito-
chondrial pellet was resuspended in 100 ml of buffer
and kept frozen at –70°C. Protein measurement was
done by the Bradford method (34).

Western blot analysis. Protein (20 µg per lane) was size
fractionated on a 10% SDS-PAGE gel and elec-
trophoretically transferred onto a nitrocellulose mem-
brane (Immobilon; Millipore Co., Bedford, Massachu-
setts, USA) using 0.17 M Tris base, 0.17 M glycine, and
15% methanol (pH 8.3) as transfer buffer. The mem-
brane was then incubated overnight with Tris buffer
and 0.5 % blocking solution, containing anti-UCP1
antibody, 1:1,000 (Calbiochem-Novabiochem, San
Diego, California, USA) and processed further using a
chemiluminescence Western blotting kit (Roche Mole-
cular Biochemicals, Indianapolis, Indiana, USA),
according to the manufacturer’s protocol. Signal inten-
sity was measured by densitometry using the NIH
Image software (NIH Scientific Computing Resource
Center, Bethesda, Maryland, USA).

α-Glycerol phosphate dehydrogenase assay. α-Glycerol
phosphate dehydrogenase (α-GPD) was assayed as
described previously (35, 36), at 35°C in 65 mM sodi-
um phosphate buffer (pH 7.4) containing 1 mM KCN,
50 mM α -glycerophosphate, 1.7 mM iodonitrotetra-
zolium violet, and 50–100 µg of mitochondrial protein.
Product formation was monitored spectrophotometri-
cally at 550 nm. The results were expressed as incre-
ments in optical density units per minute per mil-
ligram of mitochondrial protein.

RIA. Total T4 levels were measured in 25 µl serum sam-
ples in duplicate determinations by a mouse-specific RIA
(ImmunoChem-coated tube-T4 iodine I125 RIA kit; ICN
Pharmaceuticals, Costa Mesa, California, USA).

RNA isolation and Northern blot analysis. Total RNA was
extracted from the various tissues using TRIzol (Life
Technologies Inc., Rockville, Maryland, USA), accord-
ing to the manufacturer’s instructions, and quantified
by spectrophotometry. RNA (30–40 µg per lane) was
electrophoresed under denaturing conditions in a 2.2%
agarose-formaldehyde gel. The RNA was then trans-
ferred from the gel to a nylon membrane (Gene Screen
Plus; DuPont, Boston, Massachusetts, USA) by upward
capillary transfer for 24 hours using 10× SSPE (20×
SSPE 3M NaCl, 0.2 M NaH2PO4-H20, and 0.02 M
EDTA-Na2) as the transfer solution. The membrane
was prehybridized in a minimum volume (50 µl/cm2)
of prehybridization solution (5× SSPE, 50% for-
mamide, 5× Denhardt’s solution, 1% SDS, and 100
µg/ml denatured salmon sperm [Life Technologies
Inc.]) at 42°C for 4 hours in a hybridization oven (Bell-
co Glass Inc., Vineland, New Jersey, USA). The prehy-
bridization solution was removed, and the same vol-
ume of fresh hybridization solution (identical to

prehybridization solution except nonhomologous
DNA is omitted) plus 32P-labeled probes were added.
Approximately 1.2 ng of purified cDNA (the specific
activity was about 1.7 × 10–9 cpm/µg cDNA) was added
per milliliter of hybridization solution. Full-length
cDNA probes for mouse UCP1, malic enzyme, and
GAPDH were utilized. The hybridization was per-
formed for 24 hours. Hybridized filters were then
washed (15 minutes with 2× SSPE at room tempera-
ture; 45 minutes with 2× SSPE + 2% SDS at 65°C; and
15 minutes with 0.1% SSPE at room temperature) and
autoradiographed at –70°C for 24–72 hours. Signal
intensity was determined by PhosphorImager (Molec-
ular Dynamics, Sunnyvale, California, USA).

Isolation and cAMP generation in brown adipocytes. Fresh-
ly dispersed brown adipocytes were isolated as described
previously (37), after some modifications (38). Cell
integrity was confirmed by Trypan blue exclusion in the
absence of BSA. Cells were counted and diluted to
approximately 500,000 cells/ml. Diluted cells were incu-
bated for 1 hour in the presence of 500 µM IBMX (a
phosphodiesterase inhibitor) and 0.3 U/ml adenosine
deaminase. Dose-response curves for NE, β-3 adrener-
gic receptor agonist CL316,234 (gift from K. Steiner,
Wyeth-Ayerst Research, Princeton, New Jersey, USA) or
forskolin were generated as described along with the
experiment. All additions were diluted in the incubation
medium (DMEM/F12). Incubation was terminated by
adding 0.5 ml perchloric acid to a final concentration of
6.0%. cAMP production was measured by solid-phase
RIA using an NENAE kit, according to the instructions
of the manufacturer. Adenylyl cyclase activity was
expressed as picomoles of cAMP per hour per 105 cells. 

Statistical analysis. Results are expressed as mean ± SD.
Multiple comparisons were performed by one-way
ANOVA followed by the Student-Newman-Keuls test.

Results
IBAT thermal response during NE infusion. Increased
IBAT temperature in response to catecholamine infu-
sion has been previously demonstrated in rats (5),
but has not been reported in mice. This dynamic
measurement determines the thermogenic response
of brown fat to catecholamines as a consequence of
thyroid hormone status. Euthyroid mice were used to
determine whether IBAT thermal production
responded to infused NE in a dose- and time-depend-
ent fashion (Figure 1). At baseline, the core and IBAT
temperature in euthyroid mice were not significant-
ly different (36.4 ± 0.2 and 36.5 ± 0.3°C, respectively).
The infusion of saline into anesthetized mice result-
ed in no significant change (–0.2 ± 0.1°C) in IBAT
temperature at the end of the 30-minute infusion
period. The infusion of NE in doses up to a maxi-
mum of 2.9 × 103 pmol/min, for a 30-minute period,
increased IBAT temperature to a maximum of 3°C
(Figure 1a). Significant elevations above control were
seen at all doses. A significant increase in IBAT tem-
perature was seen after only 5 minutes of infusion
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and increased progressively with infusion periods up
to 30 minutes (Figure 1b). NE, therefore, stimulates
IBAT thermal response in a time- and dose-depend-
ent fashion in mice, similar to the levels previously
reported in rats (5). Stimulation at higher doses of
NE, or for periods significantly longer than 30 min-
utes, were not consistently tolerated by the mice.
Core temperature also rose in response to NE infu-
sion, but the maximum increase in core temperature
lagged behind and was lower (maximal response
2°C), compared with IBAT thermogenesis.

IBAT thermal response during NE infusion in GC-1– ver-
sus T3–replaced mice. Mice were initially made hypothy-
roid by treatment with a low-iodine/PTU diet. After
10 days of this diet, serum T4 was markedly reduced
compared with euthyroid age-matched controls 
(0.10 ± 0.03 vs. 1.2 ± 0.10 µg/dl). Mice were then divid-
ed into three groups: one to receive daily intraperi-
toneal doses of T3 (7, 14, or 28 ng/g/day) for 10 days;
one to receive equimolar doses of GC-1 (3.6, 7.2, and
14.4 ng/g/day) for 10 days; and a saline vehicle con-
trol group. These doses correspond to two, four, and
eight times the physiological replacement dose, as
shown in a recent study of T3 and GC-1 actions on
the heart and lipid metabolism (27). Previous studies
have shown that a high level of TR saturation, corre-
sponding to levels of two to four times the physiolog-
ical dose, is required in brown fat to restore normal
thermal production (14). Cold exposure normally
increases BAT T3 levels three- to fourfold, primarily
owing to stimulation of the D2 enzyme.

On the basis of the IBAT thermal response in euthy-
roid mice (Figure 1), we used an NE dose of 1,076
pmol/min of NE for 30 minutes to achieve an interme-
diate increase in IBAT temperature (2 ± 0.2°C). The
IBAT thermal response was approximately 90% reduced
in hypothyroid mice compared with euthyroid mice
(Figure 2). The infusion of saline did not change the
temperature of the animals. In hypothyroid mice, even

after 30 minutes of NE infusion, the IBAT temperature
increased only about 0.2°C. Replacement with four
times the physiological dose of T3, but not two times
the T3 dose, restored the thermal response to the level
of the euthyroid group (1.5 ± 0.5 vs. 2.0 ± 0.2°C). Ani-
mals treated with the eight times the T3 dose did not
survive the NE infusion, apparently as a result of adren-
ergic hypersensitivity.

Animals treated with GC-1 at an equimolar dose to
T3 or higher failed to significantly increase the IBAT
thermal production in response to NE at any of the
doses tested (Figure 2). The GC-1–treated animals had
IBAT temperature levels similar to those seen in the
hypothyroid animals at all doses (–0.2 ± 0.3°C [at two
times the dose], 0.3 ± 0.4 °C [at four times the dose],
–0.1 ± 0.0°C [at eight times the dose], and –0.1 ± 0.7°C
[at 16 times the dose]). These findings show a clear
deficit of IBAT thermal production in response to NE
infusion in mice replaced with GC-1 compared with
those replaced with T3. 

UCP1 levels in IBAT. The absence of an IBAT thermo-
genic response to NE infusion in mice treated with 
GC-1 was thought most likely to be due to reduced
thyroid hormone stimulation of UCP1 in brown fat.
Previous studies have demonstrated all TR isoforms in
BAT, with a modest increase in TRβ mRNA in
response to T3 treatment (39, 40). We therefore com-
pared the levels of brown fat UCP1 protein in T3– and
GC-1–treated animals. UCP1 protein levels, as deter-
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Figure 1
IBAT thermal response (∆TIBAT) to NE infusion in euthyroid control
mice. (a) Dose-response curve of maximal ∆TIBAT°C versus NE during
30-minute infusion. (b) Time course of ∆TIBAT °C during infusion of
5 × 103 pmol/min NE. Values are the mean ± SD of three to four mice.

Figure 2
IBAT thermogenic response (∆TIBAT) during NE infusion in euthyroid
and hypothyroid mice treated with T3 or GC-1. The data represent
the maximal response every 5 minutes over a period of 30 minutes of
NE infusion. Euthyroid (control) mice were compared with hypothy-
roid mice treated with vehicle, T3, or GC-1. The hypothyroid animals
were kept on a low-iodine diet with propylthiouracil for 8 days and
then received daily intraperitoneal injections of T3 for 10 days at 0
(vehicle only), or 7, 14, or 28 ng/g/day, corresponding to approxi-
mately two, four, and eight times the physiological replacement dose.
Another five groups of mice were treated with 0, 3.6, 7.2, 14.4, and
28.8 ng/g/day GC-1. The GC-1 doses are equimolar to T3 doses. At
the end of the treatment period, the IBAT thermal response to NE
was measured. Values are the mean ± SD of three to four mice.



mined by Western blot analysis, were approximately
60% decreased in hypothyroid mice (Figure 3, a and b).
Treatment with T3 increased UCP1 levels to values
that were approximately threefold higher than those
found in euthyroid controls. Remarkably, at every
treatment dose, GC-1 administration promoted a sim-
ilar increase in UCP1 levels to that seen with T3. T3
increased the levels of UCP1 protein approximately ten
times compared with hypothyroid and approximately
3.5 times when compared with euthyroid. GC-1 treat-
ment showed similar increases in UCP1 protein as T3,
increasing to the same magnitude in all the doses used
(two times GC-1, approximately 8.3 times; four times
GC-1, approximately 10.8 times; and eight times 
GC-1, approximately 12.6 times, all compared with

hypothyroid animals). GC-1, therefore, stimulates a
normal amount of UCP1 expression but did not result
in NE-induced heat production.

Tissue markers of thyroid hormone action. The action of
GC-1 on the expression of malic enzyme mRNA in the
liver was also determined (Figure 4, a and b). Hypothy-
roid mice had markedly reduced levels, as has been
reported previously (41). Malic enzyme mRNA levels
were 5.8-fold higher in euthyroid control mice com-
pared with hypothyroid mice. Treatment with T3 or
GC-1 increased malic enzyme mRNA levels 9.3- and
eightfold, respectively, compared with levels in
hypothyroid animals. This magnitude of induction is
consistent with an approximately tenfold increase in
rat liver malic enzyme mRNA reported in response to
T3 (41). These findings show liver sensitivity to GC-1
to a similar magnitude as the T3 response.

The effects of thyroid status and GC-1 treatment
were also determined on the activity of the thyroid hor-
mone-regulated α-GPD enzyme (Figure 4c). In
hypothyroid mice, as expected, the α-GPD activity in
the liver was 67% lower when compared with euthyroid
animals. Mice treated with T3 at two or four times the
physiological doses had normal levels of α-GPD activ-
ity. Mice treated with GC-1 had increased α-GPD activ-
ity, increasing approximately 30% and 35% respective-
ly, compared with hypothyroid animals, but not as high
as that seen with T3 treatment.

The Journal of Clinical Investigation | July 2001 | Volume 108 | Number 1 101

Figure 3 
Mitochondrial UCP1 protein from IBAT of euthyroid control (C) or
hypothyroid mice treated with T3, GC-1, or vehicle (–). (a) Western
blot of mitochondrial protein using anti-UCP1 antibody. (b) Blots
were analyzed by densitometry, and the results are shown. Values are
the mean ± SD of three to four mice. The animals were treated as
described in the legend to Figure 2. Equivalent protein loading was
confirmed by Coomassie blue stain of gel. *P < 0.05 vs. control ani-
mals; **P < 0.05 vs. hypothyroid animals, by one-way ANOVA.

Figure 4
Markers of T3 or GC-1 actions in the liver. (a) Malic enzyme mRNA was quantitated in euthyroid control animals (C), and hypothyroid ani-
mals treated with vehicle (–), T3, or GC-1. (b) Representative Northern blot of malic enzyme mRNA from liver. GAPDH mRNA expression
was used for normalization. Densitometric analysis of mRNA expression is shown in arbitrary units (malic enzyme mRNA/GAPDH mRNA).
(c) Liver α-GPD was measured in the mitochondrial fraction. The animals were treated as described in the legend to Figure 2. Values are the
mean ± SD of three to four mice. *P < 0.05 vs. control animals; **P < 0.05 vs. hypothyroid animals, by one-way ANOVA.



Thyroid hormone action on the heart. GC-1 has previ-
ously been shown in rats to have less chronotropic
and inotropic effects on the heart, compared with T3
(27). The mean heart rate was measured in anes-
thetized mice (Figure 5). The hypothyroid animals
had a lower heart rate when compared with euthyroid
mice (289 ± 35 beats per minute vs. 580 ± 28 beats per
minute). Treatment with T3 increased the heart rate
to normal values (559 ± 54 beats per minute), but the
equimolar dose of GC-1 did not significantly increase
heart rate (339 ± 21 beats per minute). When the
hypothyroid animals were treated with two and four
times the T3 doses, the mean heart rate was normal-
ized. Treatment with GC-1 increased the basal heart
rate when compared with hypothyroid animals, but it
did not correct to euthyroid levels.

In the heart, α-GPD activity was reduced 30% in
hypothyroid animals. T3 treatment normalized the 
α-GPD activity. GC-1 treatment failed to correct α-GPD
activity at two and four times the doses, but normalized
with the higher eight times the dose. These results are
consistent with previous reports of reduced action of
GC-1 on the heart (27).

Core temperature response to cold exposure in GC-1– versus
T3–replaced mice. To test whether the poor thermogenic
response to NE in GC-1–treated mice could also impair
the ability of such mice to sustain core temperature
during cold exposure, euthyroid, hypothyroid, and T3–
or GC-1–treated (two times the dose) hypothyroid mice
were challenged by cold exposure at 4°C (Figure 6a).
Euthyroid or hormone-treated animals showed a simi-
lar temperature reduction of approximately 2°C dur-
ing the first 5 hours of cold exposure; however,
hypothyroid animals had a significantly lower temper-

ature fall (3.5°C). However, by 8 hours the core tem-
perature in T3-treated mice dropped a total of 2.5°C to
approximately 36°C. The core temperature in GC-
1–treated mice fell a total of 7.5°C and, in hypothyroid
mice, 6.5°C. The response of UCP1 mRNA to cold
exposure is primarily mediated by the adrenergic sys-
tem. The levels of UCP1 mRNA were determined after
8 hours of cold exposure in T3– and GC-1–replaced
mice. As expected, hypothyroidism blunted the UCP1
mRNA response to cold stimulation (Figure 6b). T3-
treated mice, on the other hand, had normal UCP1
mRNA levels in response to cold exposure, and the lev-
els were not different from those of intact control ani-
mals. GC-1–treated mice had an intermediate response
between hypothyroid and T3-treated mice, indicating
that GC-1 treatment improves, but does not normalize,
BAT adrenergic responsiveness.

Adrenergic responsiveness of primary brown adipocytes in
vitro. A direct measurement of adrenergic stimulation of
isolated brown fat adipocytes was carried out in vitro.
Briefly, mice were made hypothyroid and treated with
saline or with four times the dose of T3 or of GC-1 for 10
days, as mice were prepared for the in vivo studies. Brown
adipocytes were isolated, cultured, and stimulated with
NE for 60 minutes. Cells obtained from hypothyroid
animals generated approximately 25% less cAMP than
controls (P < 0.05) (Figure 7). The NE response was nor-
malized in cells obtained from T3-treated, but not 
GC-1–treated, animals. Brown adipocytes were incubat-
ed with various concentrations of NE, CL316,243 (a
selective β3 adrenergic receptor agonist) and forskolin,
and the generation of cAMP was measured (Figure 8). A
marked dose-response increase in cAMP production was
seen in brown adipocytes taken from T3-treated mice,
with any of the adrenergic stimuli. In contrast, the
response in primary brown adipocytes from GC-1–treat-
ed animals was indistinguishable from that of cells from
hypothyroid mice (Figure 8). The cAMP response of
brown adipocytes from euthyroid controls was similar
to that of T3-treated mice (data not shown). Adrenergic
sensitivity, therefore, requires the actions of TRα.

Discussion
The availability of the TRβ-selective agonist, GC-1, pro-
vides a unique in vivo model of adaptive thermogene-
sis. GC-1 treatment of hypothyroid animals restored
UCP1 expression, but it did not restore adrenergic sen-
sitivity in BAT or in the heart. Previous studies have
suggested, by indirect physiological evidence, that such
a disparity between UCP1 expression and thermogene-
sis could occur (5). We have shown in the same tissue,
two distinct thyroid hormone–dependent pathways
that are TR isoform selective.

Norepinephrine-induced BAT thermogenesis is clear-
ly impaired in the GC-1–treated hypothyroid mice. This
is supported by the absence of a thermal response to
NE infusion (Figure 2), the inability of GC-1–treated
hypothyroid mice to sustain core temperature when
exposed to 4°C (Figure 6a), and impaired accumula-
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Figure 5 
Heart rate in T3- versus GC-1–replaced hypothyroid animals. Rest-
ing heart rate was measured in anesthetized animals after a 10-
minute stabilization period. The animals were treated as described
in the legend to Figure 2. Values are the mean ± SD of three to four
mice. *P < 0.05 vs. control animals; **P < 0.05 vs. hypothyroid ani-
mals, by one-way ANOVA.



tion of UCP1 mRNA levels during acute cold exposure
(Figure 6b). These are all unexpected findings given
that both TRα and β are expressed in brown fat (39,
40). T3 modestly stimulates TRβ mRNA (39, 40), and
GC-1 may differentially influence TR isoform content
in BAT, contributing to differential responsiveness.
The absolute selectivity of action of GC-1 on brown fat
adaptive thermogenesis differs from most actions that
can be mediated by either TRα or β (21).

A possible explanation for the present findings is
impaired GC-1 permeability into brown adipocytes,
compared with T3. Although the tissue distribution of
GC-1 differs somewhat from that of T3 (27), the nor-
mal stimulation of UCP1 protein in GC-1–treated mice
in our studies indicates a biologic action of GC-1 in
brown adipocytes, at the same magnitude as the
response to equimolar T3. The findings with GC-
1–treated hypothyroid mice are consistent with
reduced basal core temperature in the TRα-knockout
and combined TRα/β-knockout animals (28–32).
Recent preliminary results in TRα/β compound–

knockout animals show reduced BAT thermogenesis
despite normal levels of UCP1 mRNA (42).

T3 stimulates UCP1 gene transcription in fetal
brown adipocyte primary cultures (19) and also in
transient transfection analysis (17). In the latter stud-
ies, the UCP1 promoter segment conferred fourfold
responsiveness to T3, fourfold to cAMP, or 12-fold to
both agents combined. Two thyroid hormone
response elements (TREs) that confer T3-mediated
transactivation and potentiation of the cAMP effect
have been identified (17). In addition, T3 also stabi-
lizes UCP1 mRNA, prolonging its half-life fourfold
(19, 43). It is, therefore, not surprising that GC-1 nor-
malizes UCP1 levels similarly to T3. However, GC-1
treatment did not normalize the surge in UCP-1
mRNA observed during cold exposure or cAMP gen-
eration in isolated brown adipocytes, indicating defi-
cient thyroid hormone catecholamine synergism.

Although the mechanism for thyroid hormone
potentiation of adrenergic action is not established,
there are influences of thyroid status on both the
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Figure 6
Core temperature profile and IBAT UCP1
mRNA in mice kept in a cold environment
(4°C) for 8 hours. The hypothyroid mice were
treated with vehicle, T3 (7.2 ng/g/day) or GC-
1 (3.6 ng/g/day) for 10 days and then trans-
ferred to a cold room. Animals were treated as
described in the legend to Figure 2. (a) Core
temperature response to cold exposure (4°C).
Core temperature was measured with a rectal
probe at indicated times. (b) Northern blot
analysis of UCP1 mRNA from IBAT in euthy-
roid control and hypothyroid animals treated
with vehicle, T3, or GC-1. Values are the mean
± SD of three to four mice. *P < 0.05 vs. con-
trol animals; **P < 0.05 vs. hypothyroid ani-
mals, by one-way ANOVA.

Figure 7
NE-stimulated cAMP accumulation in isolated brown adipocytes of
euthyroid control, compared with vehicle (–) and T3- and GC-1–treat-
ed hypothyroid mice. Animals received T3 (14.4 ng/g/day) or GC-1
(7.2 ng/g/day) by intraperitoneal injection for 10 days. Cells were iso-
lated as indicated in Methods. NE was added at 10–6 M, and the incu-
bation lasted 1 hour. The media also contained 0.3 U/ml adenosine
deaminase and 500 µM IBMX. Values are the mean ± SD of four tubes.
*P < 0.05 vs. control cells, by one-way ANOVA.



adrenergic receptor and on signal transduction.
Reduced adrenergic responsiveness in hypothy-
roidism, for example, is not fully explained by reduced
adrenergic receptor number. Although β1 receptors are
decreased, β3 receptors are increased in hypothyroid
brown adipocytes (9, 44, 45). Interestingly, the adeny-
lyl cyclase response to forskolin, a direct activator of
this enzyme, is markedly decreased in hypothyroid
brown adipocytes, indicating the involvement of
postreceptor mechanisms (9). Furthermore, Gαi pro-
tein levels are increased in hypothyroid brown
adipocytes (7), adding to the overall inhibition of
adrenergic transduction in hypothyroidism. This is
particularly important because hypothyroid brown
adipocytes have a relative increase in the activity of the
V and VI subtypes of adenylyl cyclase, which are the
most sensitive to Gαi inhibition (7). Brown fat from
hypothyroid rats, however, has predominantly a
postreceptor defect, which leads to a marked reduction
in cAMP generation in response to catecholamines
(7–9, 46). Given that the response to all three adrener-
gic agents was blunted in GC-1–treated mice (Figure
8), it is likely that the impairment occurs at several lev-
els of adrenergic signal transduction.

TR isoform specificity in the adrenergic signaling
pathway likely occurs in other tissues such as the heart.
In the present study, as has been reported previously
(27), treatment with three different doses of GC-1 did
not restore heart rate, which remained approximately
one-third below the level seen in T3-treated mice. 
T3-responsive genes in the heart (47) required nine
times doses of GC-1 to normalize (27). Given the
important role of adrenergic signaling in heart func-
tion, it is expected that the expression of gene products
involved in the cardiac adrenergic transduction will
also be subnormal in GC-1–treated mice.

The liver was largely sensitive to GC-1 action as
reflected in malic enzyme mRNA levels, but was less
responsive to stimulation of mitochondrial α-GPD
activity (Figure 4). The malic enzyme mRNA result con-
firms good access of GC-1 to hepatocytes, as well as
previous reports of GC-1 lowering plasma cholesterol
levels in rats (27). The mitochondrial α-GPD is a stan-
dard marker of thyroid status in various tissues (48),
and its gene has just recently been cloned and shown to
be T3 responsive (49). The reduced response of GC-1
compared with T3 may indicate other factors required
for α-GPD enzyme activity.

There have been a variety of approaches to modifying
adaptive thermogenesis pharmacologically, especially
in treatment of obesity (1). The identification of TR-
isoform selective pathways for the stimulation of ther-
mogenesis may provide novel pharmacological targets.
The determination of changes in TR crystal structure
as a function of selective agonist binding has indicated
specific amino acid residues that confer ligand selec-
tivity (50). The sympathoadrenal system and thyroid
hormone coordinate a number of critical processes,
including homeostasis of the cardiovascular system,
adaptive thermogenesis and homeostasis of energy
expenditure, and body temperature. The rapid modu-
lation of these systems is disrupted as a consequence of
thyroid dysfunction (17). A TRα -selective agonist
would be expected to potentiate adaptive thermogene-
sis, but would also likely have potent cardiac effects.
Further work to identify the mechanisms of adrenergic
augmentation will be necessary to target these actions
specifically. These findings provide an important tool
for mechanistic studies of adaptive thermogenesis, as
well as potential therapeutic targets for clinical condi-
tions associated with sympathetic nervous system-thy-
roid hormone interactions.
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Figure 8
Dose-response curve of cAMP accumulation in isolated brown adipocytes of vehicle (hypothyroid) or T3- or GC-1–treated hypothyroid
mice. Cells were prepared as described in the legend to Figure 7, and were incubated with the indicated doses of NE (a), the β3 adrener-
gic receptor selective agonist CL (b), or forskolin (c). Values are the mean ± SD of three tubes. *P < 0.05 vs. hypothyroid and GC-1–treat-
ed cells, by one-way ANOVA.
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