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Background: The use of selective agonists of the thyroid hormone receptor isoform b (TRb) has been linked to
metabolic improvement in animal models of diet-induced obesity, nonalcoholic liver disease, and genetic hy-
percholesterolemia.
Methods: To identify potential target tissues of such compounds, we exposed primary murine brown adipocytes
and skeletal myocytes for 24 hours to 50 nM GC-24, a highly selective TRb agonist. GC-24 (17 ng=[g BWday] for
36 days) was also tested in a mouse model of diet-induced obesity.
Results: While the brown adipocytes responded to GC-24, with 17%–400% increases in the expression of 12
metabolically relevant genes, the myocytes remained largely unresponsive to GC-24 treatment. In control mice
kept on chow diet, GC-24 treatment accelerated energy expenditure by about 15% and limited body weight gain
by about 50%. However, in the obese animals the GC-24-mediated reduction in body weight gain dropped to
only 20%, while energy expenditure remained unaffected. In addition, an analysis of gene expression in the
skeletal muscle, brown adipose tissue, and liver of these obese animals failed to identify a conclusive GC-24
transcriptome footprint.
Conclusion: Feeding a high-fat diet impairs most of the beneficial metabolic effects associated with treatment
with TRb-selective agonists.

Introduction

Thyroid hormone is a highly metabolically active mole-
cule that accelerates energy expenditure and reduces se-

rum lipid concentrations at physiological concentrations (1).
Nevertheless, its generalized use as a strategy to improve
metabolic homeostasis has not been possible given its pleio-
tropic nature, with substantial effects in the heart, skeletal
muscle, bone, and central nervous system to name a few. This
concept has been evolving and frequently revisited, particu-
larly in light of the understanding that thyroid hormone sig-
naling is mediated through two thyroid hormone receptor
isoforms (2), thyroid hormone receptor isoform a and b (TRa
and TRb), which conveniently exhibit diverse tissue distri-
bution (3). While TRa expression predominates in the heart,
skeletal muscle, bone, and brain, TRb is preferentially ex-

pressed in the liver, with the adipose tissue expressing both
TR isoforms.

The development of a TRb-selective agonist (4) has
prompted a number of studies addressing whether such
molecules could be used to trigger the metabolic effects of
thyroid hormones while preserving the TRa-expressing
tissues (5–8). To a large extent, the findings have been en-
couraging, with a series of studies indicating that the use of
TRb-selective agonists can prevent or improve metabolic
parameters and=or complications resulting from high-fat
feeding, nonalcoholic liver disease (9), or genetic hypercho-
lesterolemia (10). Because many of the biological effects
attributed to TRb-selective agonists are linked to lipid me-
tabolism, it is well accepted that the liver is a major target of
such molecules. In fact, tissue distribution analyses suggest
that these molecules achieve TR selectivity by virtue of being
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concentrated predominantly in the liver, a tissue in which TRb
predominates (5).

At the same time, thyroid hormone is known for acceler-
ating energy expenditure and decreasing the size of the white
adipose tissue depot (1); thus, some beneficial effects of TRb-
selective agonists could be due to a decrease in adiposity. In
this regard, treatment with GC-1, a TRb-selective agonist, was
shown to accelerate energy expenditure in rats (11), but the
cellular and molecular basis underlying this metabolic effect
remains unresolved. Given that the uncoupling protein 1
(Ucp1) expression in the brown adipose tissue (BAT) is highly
sensitive to triiodothyronine (T3) (12), it is thus possible that
TRb agonists act to stimulate BAT. In fact, in an early study
UCP1 expression was shown to be induced by GC-1 (13). BAT
is the main site of adaptive thermogenesis in small mammals,
and recently its presence has been well documented in adult
humans (14). BAT has the thyroid-hormone-activating type 2
deiodinase (D2), which is several fold stimulated during cold
exposure, increasing tissue T3 concentration and the expres-
sion genes encoding key thermogenic proteins (15). Accord-
ingly, mice with targeted disruption of the D2 gene are cold
intolerant and shivering is activated to sustain thermal ho-
meostasis (16,17).

Studies with GC-24, a highly selective TRb agonist, indicate
that BAT was the only clear GC-24 metabolic target identified
in a rat model of diet-induced obesity, with only minimal
alterations in gene expression observed in liver, white adipose
tissue, and skeletal muscle (18). Thus, in this study we used an
in vitro approach to evaluate the metabolic actions of GC-24
and specifically test whether this molecule can modify gene
expression in primary cultures of murine brown adipocytes
and skeletal myocytes. Our data indicate that while a number
of metabolically relevant genes are rapidly upregulated in the
brown adipocytes by GC-24, skeletal myocytes remain largely
unresponsive under similar conditions. At the same time,
while treatment with GC-24 accelerated energy expenditure
and limited body weight gain in chow-fed mice, a similar
treatment only slightly minimize body weight gain and did
not affect energy expenditure in a mouse model of high-fat
feeding. In addition, we failed to detect a significantly mea-
surable mRNA footprint in liver, skeletal muscle, or BAT of
the obese animals. We conclude that although brown adipo-
cytes in culture constitute an important metabolic target of
TRb-selective agonists, in a mouse model of diet-induced
obesity their effects are much less prominent and a major
metabolic target tissue of these compounds remains to be
identified.

Materials and Methods

Animals and treatment

Male C57BL=J6 mice about 5–6 weeks old were purchased
from Jackson Laboratory. Mice were kept at 218C� 18C, with
a 12-hour dark–light cycle starting at 06:00 hours, and housed
in standard plastic cages with four mice per cage. All proce-
dures described were approved by the local Institutional
Animal Care and Use Committee. Animals were fed either
chow diet (3.3 kcal=g, Teklad 7001; Harlan Teklad) or high-fat
diet (HFD; 4.5 kcal=g, TD 95121; Harlan Teklad). After 20 days
on the chow or the HFD, the animals started receiving daily
subcutaneous injections of vehicle, T3 (30 ng=[g BWday]) or
equimolar doses of GC-24 (17 ng=[g BWday]) for 36 days as

indicated (Fig. 1). Food consumption and body weight were
measured daily. Animals were subsequently euthanized us-
ing carbon dioxide (CO2). Tissue samples were obtained and
immediately snap frozen for further analyses.

Indirect calorimetry

Mice were individually housed and acclimated to the cal-
orimeter cages for 2 days followed by 2 days of data collection
of gas exchanges and food intake. Indirect calorimetry was
performed with a computer-controlled open circuit calorim-
etry system (Oxymax; Columbus Instruments) comprised of
six respiratory chambers equipped with a stainless steel ele-
vated wire floor, water bottle, and food tray connected to a
balance. Oxygen (O2) consumption and CO2 production were
measured for each mouse at 14-minute intervals, and outdoor
air reference values were determined after every 10 mea-
surements. Gas sensors were calibrated daily with primary
gas standards containing known concentrations of O2, CO2,
and N2 (Airgas). A mass flow meter was used to measure and
control airflow. O2 was measured by an electrochemical sen-
sor based on a limited-diffusion metal air battery. CO2 was
measured with a spectrophotometric sensor. The respiratory
exchange rate was calculated as the ratio between CO2

production (liters) over O2 consumption (liters). Energy ex-
penditure was calculated using the following formula:
(3.815þ 1.232�VCO2=VO2)�VO2.

Primary cell cultures

Interscapular BAT and skeletal muscle (gastrocnemius)
cells were immediately processed, and precursor cells were
differentiated in vitro as previously described (19,20). Briefly,
tissues were surgically removed from mice (8–10 mice per
group) killed by CO2 asphyxiation. The dissected tissues were
pooled, minced, and digested with collagenase (Sigma-
Aldrich) dissolved in the medium containing Dulbecco’s
modified Eagle’s medium, 10 mM HEPES, and antibiotics
(25 mg=mL streptomycin, 25 mg=mL tetracycline, 25mg=mL
ampicillin, and 0.8 mg=mL Fungizone). Cells were strained to
remove tissue debris, plated in BD 75-cm2 T-flasks (BD Bio-
sciences), and incubated (378C, 5% CO2) for 5–6 days in the
same medium plus 10% (v=v) fetal bovine serum and 3 nM
insulin. Differentiation of preadipocytes into mature brown
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FIG. 1. Experimental design. (A) Group of mice kept on
Chow diet; (B) Group of mice kept on high-fat diet (HFD).
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adipocytes was confirmed by the presence of multilocular li-
pid droplets in the cytosol by light microscopy. Cells were
treated for 24 hours with 50 nM of T3 or GC-24, and dimethyl
sulfoxide was used as vehicle. Subsequently, cells were har-
vested and processed for RNA isolation, as described.

mRNA analysis

Total RNA was extracted from adipose tissue samples us-
ing the RNeasy kit (Qiagen) as previously described (21). The
extracted RNA was analyzed by a NanoDrop spectropho-
tometer, and 2.5 mg of total RNA was reverse transcribed into
cDNA by using High Capacity cDNA reverse Transcription
Kit (Applied Biosystem). Genes of interest were measured by
RT-qPCR (BioRad iCycler iQ Real-Time PCR Detection Sys-
tem) using the iQ SYBR Green Supermix (BioRad) with the
following conditions: 15 minutes at 948C (Hot Start), 30–50
seconds at 948C, 30–50 seconds at 55–608C, and 45–60 seconds
at 728C for 40 cycles. A final extension at 728C for 5 minutes
was performed as well as the melting curve protocol to verify
the specificity of the amplicon generation. Standard curves
consisting of four to five points of serial dilution of mixed
experimental and control group cDNA were prepared for
each assay. Cyclophilin A was used as a housekeeping in-
ternal control gene. The coefficient of correlation (r2) was
>0.98 for all standard curves, and the amplification efficiency
ranged between 80% and 110%. Results are expressed as ra-

tios of test mRNA=cyclophilin mRNA. The mRNA levels of
the following genes were measured: nuclear respiratory factor
1 (Nrf-1); sarcoplasmic=endoplasmic reticulum Ca2þ ATPase
(Serca); phospholamban (Pnl); myosin heavy chain alpha
(Mhca); myosin heavy chain beta (Mhcb); hyperpolarization-
activated cyclic nucleotide-gated channel (Hcn); estrogen-
related receptor (Erra); uncoupling protein 3 (Ucp3); glucose
transporter (Glut 4); forkhead box protein O1 (Fox O1);
cyclophilin A (Cyclo A); peroxisome proliferator-activated
receptor g coactivator 1a (Pgc-1a); peroxisome proliferator-
activated receptor g coactivator 1b (Pgc-1b); carnitine
palmitoyl transferase-1 (Cpt-1b); acetyl-coenzyme A carbox-
ylase (Acc); murine medium-chain acyl-CoA-dehydrogenase
(mMcad); murine long-chain acyl-CoA-dehydrogenase (mLcad);
peroxisome proliferator-activated receptors (Ppar a); peroxi-
some proliferator-activated receptor d (Ppar d); cytochrome
oxidase (Cox); ATP synthase, Hþ transporting, mitochon-
drial F0 complex, subunit c-1 (Atp5g1); uncoupling protein 1
(Ucp1); superoxide dismutase 1 (Sod-1); superoxide dismutase
2 (Sod-2); scavenger receptor class B (Sr-b1); cholesterol 7a-
hydroxylase (Cyp7a); type I deiodinase (D1); small heterodimer
partner (Shp).

Statistical analysis

All data were analyzed using PRISM software (GraphPad
Software) and are expressed as mean� standard error of the
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FIG. 2. Gene expression profile of primary brown adipocytes (A) and skeletal myocytes (B) exposed to vehicle, 50 nM T3 or
50 nM GC-24, for 24 hours. Results are expressed as ratios of test mRNA=cyclophilin mRNA and normalized to the levels
observed in the vehicle-treated cells. The genes analyzed are grouped in different sets as indicated. Values are the mean
� SEM of three independent samples; gene abbreviations are as indicated in the Materials and Methods section; *p< 0.01
versus vehicle-treated cells; **p< 0.01 versus T3-treated cells. T3, triiodothyronine; SEM, standard error of the mean.
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mean. One-way analysis of variance was used to compare
more than two groups, followed by the Student–Newman–
Keuls test to detect differences between two groups. The
Student’s t-test was used to compare the differences be-
tween two groups. p< 0.05 was used to reject the null hy-
pothesis.

Results

Effects of GC-24 on gene expression in mouse primary
myocytes and brown adipocytes

To evaluate the gene expression profile induced by the
TRb-selective agonist GC-24, brown adipocytes and primary
skeletal myocytes were exposed in vitro to 50 nM GC-24 for 24
hours. Brown adipocytes were particularly sensitive to this
molecule, with increases of 17%–400% observed in the ex-
pression of multiple genes, including Pgc-1b, Erra, Nrf-1, Ppar
a and Ppar d, mTfa, Cpt1, Atp5g1, Ucp1, Sod-1, and Acc (all

p< 0.01; Fig. 2A). Other genes were not affected by treatment
with GC-24, including Pgc-1a, CoxIV, Lcad, Mcad, Pdk-4, and
SdhaA (Fig. 2A). As a comparison, other brown adipocyte
cultures were treated with equimolar amounts of T3 and
similar responses were observed, although less pronounced
(Fig. 2A). On the other hand, in skeletal myocytes the changes
in gene expression were minimal across 19 genes studied
(Erra, Tfam, Ucp3, Nrf-1, Pgc-1a, Pgc-1b, Cpt-1b, Acc, Mcad,
Lcad, Ppar a, Ppar d, CoxIV, Atp5g1, Sod-1, Sod-2, Sd, Glut 4, and
Pdk-4), with only Fox O1 increasing about 40% ( p< 0.05; Fig.
2B). Treatment with T3 at the same concentration did not affect
gene expression at all in these skeletal myocytes cells (Fig. 2B).

Metabolic effects of GC-24 in animals kept
on a chow diet

On the basis of these findings that brown adipocytes are
metabolic targets of GC-24, we next tested the hypothesis that
BAT activation in vivo by GC-24 would trigger metabolic
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FIG. 3. Metabolic profile of animals kept on a chow diet and treated with GC-24. (A) Animals were weighed daily and
differences in body weight (DBW) are shown. (B) Caloric intake. Food intake was measured during a 48-hour period. (C)
Energy expenditure in vehicle-treated mice before (day 20) and after treatment (day 56). (D) Same as (C), except that animals
were treated with GC-24. (E) Energy expenditure shown as an average of the data in (C) and (D). Each entry is the
mean� SEM of three to four animals. NS, not significant.
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effects in animals. Treatment with GC-24 (17 ng=[g BWday])
for 36 days (Fig. 1A) cut by half the body weight gain
( p< 0.05; Fig. 3A) while not affecting the daily caloric intake
(Fig. 3B). At the same time, the rate of energy expenditure
was accelerated by about 15% in GC-24-treated animals
( p< 0.0001; Fig. 3C–E), which is compatible with the finding
that brown adipocytes are activated by this molecule (Fig. 2A).

Metabolic effects of GC-24 in animals kept on a HFD

Next, we tested the hypothesis that BAT activation
achieved through treatment with GC-24 can minimize the
metabolic consequences of feeding with a HFD. To this end,
mice were placed on a HFD for 3 weeks to induce obesity, and
subsequently treated with GC-24 (Fig. 1B). On a HFD alone,
these animals exhibited an approximately 25% increase in
caloric intake (Fig. 4A) that resulted in about 13% ( p< 0.01)
increase in body weight gain (Fig. 4C). Subsequently, daily
treatment with GC-24 (17 ng=[g BWday]) or T3 (30 ng=
[g BWday]) was started, remaining for the next 5 weeks
(Fig. 1B). During the treatment phase, the T3-treated ani-
mals exhibited a further increase in caloric intake (*23%;
p< 0.001), whereas the same was not observed in the GC-24-
treated animals (Fig. 4B). Notably, T3 treatment did not slow
down the body weight gain associated with the high-fat
feeding, whereas the effect of GC-24 dropped to only 20% that
in control mice ( p< 0.01; Fig. 4C). The body mass index (BMI)
changed accordingly, increasing *15% with high-fat feeding

( p< 0.01; Table 1). Notably, combination of high-fat feeding
with GC-24 treatment resulted in only a *5% increase in BMI,
whereas a similar combination with T3 was much less effec-
tive (11% increase in BMI; p< 0.01; Table 1). The individual
analysis of heart, BAT, and kidney of these animals indicates
that the combination of high-fat feeding and treatment with T3
increased their weights significantly by 11%–100% ( p< 0.01),
whereas GC-24 did not (Table 1). In the liver, both T3 and
GC-24 had similar effects, decreasing organ weight when
compared with high-fat feeding alone (Table 1). The indirect
calorimetry indicates that between days 20 and 56 there was a
significant acceleration in the rate of energy expenditure,
compatible with continued feeding of a HFD. These rates were
not affected by treatment with GC-24 (Fig. 4D).

Effects of GC-24 on gene expression in animal tissues

Given that brown adipocytes are a target of GC-24 and that
treatment with GC-24 reduced body weight gain (Figs. 3A
and 4C), we hypothesized that expression of metabolically
relevant genes in the BAT of these animals would be upre-
gulated by GC-24. In this regard, TRb analogues are known to
act in the liver and in the BAT while sparing the heart and
bones (5,22). Thus, we looked at the expression of key genes in
BAT, skeletal muscle, heart, and liver, finding that changes in
gene expression in these tissues were very mild in the animals
kept on a HFD (Fig. 5A–D). On the other hand, clear cut
GC-24-triggered effects were documented in other tissues of
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FIG. 4. Metabolic profile of animals kept on HFD and treated with GC-24. (A) Caloric intake. Food intake was measure
daily. During the first 3 weeks of the experiment, animals were fed with either chow or HFD; *p< 0.001 versus chow diet. (B)
HFD mice in (A) were split into three different groups and treated with GC-24 or T3 as indicated. Shown is the average of
daily caloric intake for each animal group during the treatment period. Each entry is the mean� SEM of eight animals;
*p< 0.001 versus chow; **p< 0.001 versus HFD. (C) Body weight gain during the experimental period. Animals were
weighed daily and body weight gain (DBW) is shown. Each entry is the mean� SEM of eight animals; *p< 0.01 versus chow;
**p< 0.001 versus HFD. (D) Energy expenditure of HFD animals treated with vehicle or GC-24.
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the same animals. In the heart, HCN mRNA levels fell to
almost undetectable levels in the animals treated with GC-24,
whereas equimolar doses of T3 increased its mRNA levels by
about fourfold (Fig. 5B), an effect that was reported previ-
ously (5). Similarly, PNL mRNA levels in the heart decreased
with both GC-24 and T3 treatments (Fig. 5B). Notably, the
only GC-24-induced change in mRNA levels detected in
skeletal muscle was a decrease in Ucp3 mRNA levels (Fig. 5A),
while in the BAT there was a marked decrease in Cpt1b mRNA
(Fig. 5C). In the liver, the proposed main target of TRb-
selective agonists, treatment with GC-24 was limited to in-
creasing Cyp7a mRNA levels by approximately threefold and
reducing SRB1 mRNA levels by 50% (Fig. 5D). Despite these
changes, it is difficult to ascertain how much of these effects

are direct or due to an improvement in the overall metabolic
profile of these animals caused by GC-24.

Discussion

The use of TRb analogs has been shown to have promising
metabolic effects in animals fed chow diet (23) and in animal
models of nonalcoholic liver disease (9) or genetic hypercho-
lesterolemia (10), with only minimal repercussions in heart
(5,23), bone (22), brain (24), or perturbations of thyroid hor-
mone homeostasis (13). In this regard, a striking effect of TRb-
selective agonists is to accelerate the basal metabolic rate with
a resulting decrease in adiposity and body weight (11), as also
documented in the present study (Fig. 3). Thus, a logical next

Table 1. Effect of GC-24 or Triiodothyronine Treatment on Body Mass Index and Tissue Weighs

Group BMI (kg=m2) Liver (g) Heart (g) BAT (g) Kidney (g)

Control 2.88� 0.01 1.23� 0.04 0.13� 0.01 0.08� 0.004 0.16� 0.01
HF 3.32� 0.04a 1.45� 0.03a 0.14� 0.01 0.08� 0.01 0.17� 0.01
HFþT3 3.21� 0.11a 1.36� 0.04 0.17� 0.01b 0.17� 0.01b 0.19� 0.01b

HFþGC-24 3.01� 0.08b 1.26� 0.02b 0.12� 0.01c 0.09� 0.01c 0.15� 0.01c

Values are expressed as mean� standard error of the mean of eight animals.
ap< 0.05 versus control; bp< 0.05 versus HFD; cp< 0.05 versus T3.
BAT, brown adipose tissue; BMI, body–mass index; HFD, high-fat diet; T3, triiodothyronine.

FIG. 5. Gene expression profile
in skeletal muscle (gastrocnemi-
us), heart, liver, and BAT of mice
placed on chow or HFD and
treated with GC-24 or T3 as in-
dicated. Each entry is the
mean� SEM of eight animals;
gene abbreviations are as
indicated in the Materials and
Methods section; *p< 0.01 versus
chow; #p< 0.01 versus HFD;
þp< 0.01 versus T3-treated
animals. BAT, brown adipose
tissue.
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step and the scope of the present investigation was (i) to
identify the site(s) where TRb-selective agonists, for example,
GC-24, are acting to produce their metabolic effects, and (ii)
whether these effect can be harnessed to prevent obesity in
animals kept on a HFD.

On the basis of data obtained with GC-1, another TRb-
selective agonist, one would expect that BAT be a primary
target of GC-24 (13). In fact, brown adipocytes in culture re-
spond to GC-24 by increasing expression of 11 metabolically
relevant genes that were tested (Fig. 2A). Further, animals
kept on chow diet had their energy expenditure rate acceler-
ated by treatment with GC-24 (Fig. 3C–E) without affecting
their caloric intake (Fig. 3B), limiting their body weight gain
over time (Fig. 3A). However, in the present mouse model of
obesity, expression of a number of BAT genes was not affected
at all by treatment with a dose of GC-24 that is the molar
equivalent to 10 times the physiological replacement dose of
T3 (Fig. 5C). Despite this, a small reduction in body weight
gain (Fig. 4C) and sizable modifications in gene expression in
the heart of the same animals were observed (Fig. 5B). Inter-
estingly, treatment with GC-24 did not affect gene expression
in the skeletal muscle of the obese mice (Fig. 5A), nor did it in
the primary cultures of skeletal myocytes (Fig. 2B), making it
unlikely that muscle is the site at which TRb-selective agonists
trigger their main effects. In the liver, a bona fide target of
TRb-selective agonists (25), treatment with GC-24 only
induced Cyp7a and lowered Srb1, whereas expression of other
genes remained unaffected (Fig. 5D). Although induction of
Cyp7a is compatible with the cholesterol-lowering effect of
TRb-selective agonists, it is puzzling the lack of a major foot
print left by GC-24.

These observations raise two important questions: (i) Is
thyroid hormone (or GC-24) signaling reduced in obesity
and=or models of high-fat feeding? (ii) What is the mecha-
nism by which treatment with GC-24 prevents body weight
gain in the present mouse model of obesity? Addressing the
first question, recent studies indicate that thyroid hormone
signaling is likely to be impaired in humans with fatty liver,
after a large gene set of positively regulated T3-responsive
genes was found to be downregulated in surgical liver bi-
opsies from obese subjects (26). Further, T3-induced ex-
pression of this set of genes in the mouse liver was abolished
by feeding a HFD, indicating that impaired thyroid hormone
action contributes to altered patterns of gene expression in
fatty liver. This study supports these recent observations to
the extent that the GC-24-induced acceleration of energy
expenditure in mice fed a chow diet was diminished in the
obese animals (Fig. 3C–E vs. Fig. 4D), as was the reduction
in body weight gain (Fig. 3A vs. Fig. 4C). In addition, BAT
and liver of high-fat-fed mice did not respond to treatment
with GC-24 (Fig. 5C, D). The impairment in TRb-mediated
thyroid hormone signaling was quite remarkable perhaps
because treatment with GC-24 started after the animals had
been on a HFD for 3 weeks (Fig. 1B). A less pronounced
impairment in GC-24 signaling by high-fat feeding was
also observed in a rat model in which the administration of
GC-24 was split into two daily injections versus one single
injection in the present study (18). A mechanistic explanation
for such impairment in thyroid hormone (GC-24) signaling
is unknown, but as discussed by Pihlajamäki et al. (27),
it possibly involves a reduction in the Pgc-1 levels, a well-
known TR coactivator.

These observations have important clinical implications
given that the development of TRb-selective agonists is aimed
at treating the metabolic consequences of obesity and dysli-
pidemia. If confirmed in a clinical setting, the present findings
would indicate that relatively higher doses of TRb-selective
agonists should be used in individuals on a HFD, obese or
with liver steatosis. It is possible that feeding a HFD somehow
accelerates thyroid hormone=GC-24 catabolism, which would
explain the decreased efficiency of these molecules under
such settings. However, this hypothesis is unlikely as seen
by the modifications in gene expression in the heart of the
present animals (Fig. 5B), indicating that GC-24 and T3
maintain their biological effects in certain tissues despite the
high-fat feeding.

The second point raised by the present findings has to do
with the site of action of GC-24, which remains poorly char-
acterized. Our present data confirm that brown adipocytes are
a target of GC-24 (Fig. 2A) and that energy expenditure is
accelerated in nonobese animals (Fig. 3C–E). However, the
lack of acceleration in energy expenditure in obese animals
(Fig. 4D) and the fact that BAT gene expression was not
affected by treatment with GC-24 (Fig. 5C) indicate otherwise.
Of course, it is possible that BAT activation is so limited that
cannot be detected by the present analysis, or it does not in-
volve aerobic pathways, or it takes place through a different
metabolic pathway not involving the eight key genes studied.
The first possibility is more likely given that in obese rats
treated with GC-24, some gene induction was observed in
BAT (18). Similar arguments could be used to analyze the
involvement of other metabolically relevant tissues, including
skeletal muscle, liver, and adipose tissue. While we presently
found no evidence that skeletal muscle is a target of GC-24,
there are other studies indicating that TRb-selective agonists
spare the skeletal muscle tissue (28). At the same time, white
adipose tissue is unlikely to be a target of GC-24 in a setting
that is similar to the present studies (18).

A novel observation brought to light with our data is that
treatment with GC-24 does not increase food intake, a well-
known effect of T3 (28). In fact, administration of GC-24 failed
to increase further the caloric intake of mice placed on a HFD
(Fig. 4B). It is well accepted that T3 increases caloric intake as a
result of direct actions in the medial-basal hypothalamus (28)
and also indirectly, as a result of the increased energy ex-
penditure (29). At face value, the present observation indi-
cates that this T3 pathway is mediated via a TRa mechanism.
Given that the brain is a predominantly TRa-expressing tissue
(30), it is indeed likely that these central (metabolic) effects of
T3 are mediated by a TRa-dependent mechanism. At the same
time, it is unknown whether the blood–brain barrier could
be playing a role in this pathway selectivity as well. In the
periphery, given that tissues such as BAT, skeletal muscle,
and liver were not activated in the GC-24-treated animals, it
would seem unlikely that indirect effects triggered by GC-24
could increase caloric intake.

Conclusions

Administration of the TRb-selective agonist GC-24 failed to
accelerate energy expenditure (Fig. 4D) and activate gene
expression in BAT, skeletal muscle, and liver of obese mice
(Fig. 5), although significant changes were noticed in non-
obese mice (Fig. 3C–E) and cultures of brown adipocytes
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(Fig. 2A). These data would indicate that the model of high-fat
feeding results in impaired thyroid hormone (GC-24) signal-
ing, disrupting the ability of such molecules to promote
metabolic homeostasis as reported in other animal models,
including humans. An objective explanation for the small ef-
fect of GC-24 on preventing body weight gain is still lacking.
Perhaps very important is the observation that, as opposed to
T3, GC-24 did not increase food consumption in this animal
model. The metabolic impact of this observation should be
evaluated in further studies since it could very well represent
a major mechanism by which TRb-selective agonist mediate
metabolic homeostasis.
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