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Agonists for the retinoid X receptor (RXR), the rexinoids, and the peroxisome proliferator-activated receptor gamma (PPARg),

the thiazolidinediones, are effective in the treatment of insulin resistance in rodent models by enhancing insulin action and

improving glycemic control. In the present study, we compared the effects of rexinoids and a thiazolidinedione on body weight

and mitochondrial uncoupling protein (UCP) isoform mRNA expression in the obese Zucker fa/fa rat. Long-term (2 weeks) oral

treatment with the rexinoids LG100268 and LG100324 reduced food intake and body weight gain, whereas rosiglitazone

(BRL49653) tended to increase both food intake and weight gain. LG100268 and LG100324 increased brown adipose tissue

(BAT) UCP-1 mRNA content by 2.7-fold (P F .002) and 3.1-fold (P F .001), respectively, while BRL49653 had no effect on BAT

UCP-1 mRNA content. Neither the rexinoids nor the thiazolidinedione had any effect on the level of mRNA encoding UCP-2 and

the recently described PPARg coactivator-1 (PGC-1). LG100324 increased UCP-3 mRNA content by 3.6-fold (P F .0005) in

muscle and 4.3-fold (P F .0002) in white adipose tissue (WAT). LG100268 increased UCP-3 mRNA content in WAT by 2-fold

(P F .005) but was without any effect on muscle UCP-3. BRL49653 increased UCP-3 mRNA content by 2.1-fold (P F .005) in

muscle and 2.7-fold (P F .003) in WAT. Thus, the rexinoids, but not the thiazolidinedione, have an antiobesity action by

reducing food intake, and the increase in UCP-1 mRNA content in BAT may reflect a stimulation of BAT UCP-1 activity.
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I NSULIN RESISTANCE and pancreaticb-cell dysfunction
are characteristic metabolic abnormalities of non–insulin-

dependent diabetes mellitus (NIDDM),1 a condition that is
strongly associated with obesity.2 A new class of antidiabetic
compounds that enhance insulin sensitivity have been described
that act via the nuclear receptor subfamilies, the peroxisome
proliferator-activated receptor gamma (PPARg) and the retinoid
X receptor (RXR). The activated receptors bind DNA as
heterodimer partners and regulate genes that are involved in
lipid and carbohydrate metabolism.3,4 PPARg is the functional
receptor for the thiazolidinedione rosiglitazone (BRL49653),5,6

which has been shown to enhance insulin action in animal
models of NIDDM7-9 and in patients with NIDDM.10 Agonists
for RXR are also found to be effective in treating animal models
of insulin resistance and NIDDM.11,12 In vitro studies have
demonstrated that BRL49653 induces adipocyte conversion,13

and thiazolidinediones have been associated with some weight
gain in both animal models14 and clinical studies.15

Nonshivering thermogenesis is a critical component of
overall energy balance. Brown adipose tissue (BAT) is the
major site of nonshivering thermogenesis in small mammals.
The thermogenic capacity of rodents is associated with an
increase in mitochondrial content and an increase in the activity
of the BAT-specific uncoupling protein-1 (UCP-1), which is a
proton leak allowing the uncoupling of oxidative phosphoryla-
tion from electron transport.16 Recently, two homologs of

UCP-1, now named UCP-2 and UCP-3, have been identi-
fied.17,18The UCP-2 and UCP-3 genes have significant homol-
ogy to the UCP-1 gene and are expressed in BAT, as well as
other tissues, including skeletal muscle.19-21Furthermore, when
transfected into yeast, both UCP-2 and UCP-3 are able to
uncouple oxidative phosphorylation from adenosine triphos-
phate synthesis.17,20Although uncoupling activity has not been
demonstrated in animal tissues, nevertheless, by analogy to
UCP-1 in BAT of rodents, the UCP homologs could play a role
in skeletal muscle thermogenesis in humans. Support for this
suggestion has come from several studies. Thus, the expression
of all UCP mRNA isoforms in BAT is increased by cold
exposure.22Furthermore, thyroid hormones increase BAT UCP-1
mRNA and muscle UCP-3 mRNA content,20,23 and b3-
adrenoceptor agonists increase the transcription of UCP-1 in
BAT and UCP homologs in white adipose tissue (WAT) and
skeletal muscle.21 Moreover, it has been demonstrated that in
mice strains that either resist obesity (A/J) or develop obesity
(C57Bl/6J) on a high-fat diet, the expression of UCP-2 mRNA
is increased in WAT of A/J mice but not in C57Bl/6J mice.
However, there was no difference in the expression level in BAT
or skeletal muscle and no change in UCP-3 mRNA expres-
sion.24 UCP-3 mRNA expression in skeletal muscle is de-
creased infa/fa rats relative to lean rats,21 and it is also
decreased in patients with NIDDM.25 In addition, in Pima
Indians, the body mass index negatively correlates with UCP-3
mRNA expression in skeletal muscle and there is a positive
correlation between UCP-3 mRNA expression and the resting
metabolic rate.26 These findings suggest that under some
circumstances both UCP-2 in WAT and UCP-3 in skeletal
muscle might be associated with energy metabolism.

In the present study, we compared the effects of long-term (2
weeks) treatment with the rexinoids LG100268 and LG100324
versus the thiazolidinedione BRL49653 on body weight and
UCP isoform mRNA expression in the obese Zuckerfa/farat, an
animal model of insulin resistance and morbid obesity. Both
rexinoids reduced body weight gain, while treatment with
BRL49653 increased body weight. Furthermore, the rexinoids
increased BAT UCP-1 mRNA (relative toa-tubulin) while
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BRL49653 had no effect on the mRNA levels of BAT UCP-1.
Both rexinoids and the thiazolidinedione increased the expres-
sion of UCP-3 mRNA (relative toa-tubulin) in skeletal muscle,
BAT, and WAT, while these compounds had no effect on mRNA
levels of UCP-2 or the recently described PPARg coactivator-1
(PGC-1).27 Our results suggest that the rexinoids are more
potent than the thiazolidinedione in increasing the tissue mRNA
content of UCP isoforms in BAT, and therefore, the antiobesity
action of rexinoids might involve the stimulation of BAT
thermogenesis and a reduction of food intake.

MATERIALS AND METHODS

Animals and Treatment

Male obese (fa/fa) Zucker rats (St George’s Hospital Medical School,
London, UK) aged 10 to 11 weeks were fed on a rat and mouse
toxicology diet (Bantin and Kingman, Hull, UK) with free access to
water. They were maintained at a temperature of 21°6 1°C on a
12-hour light-dark cycle. The rats were housed singly and dosed orally
(single daily dose) with the rexinoids LG100268 (20 mg · kg21) or
LG100324 (20 mg · kg21) or the thiazolidinedione BRL49653 (3
mg · kg21) or vehicle for 2 weeks. The structures of these compounds
are shown in Fig 1. LG100268, LG100324, and BRL49653 were
prepared at Ligand Pharmaceuticals (San Diego, CA). The body weight
change and daily food intake were measured during the 2-week
treatment period. The animals were then killed 12 hours after the last
dose and the tissues (interscapular BAT, epididymal WAT, back muscle,
and brain) were dissected, snap-frozen, and stored at280°C prior to
RNA analysis. Changes in food intake and body weight are expressed as
the mean6 SEM, and statistical significance between groups was
determined using ANOVA followed by Dunnett’s test.

RNA Analysis

Total RNA was isolated using TriReagent and isopropanol precipita-
tion (Amersham Life Sciences, Amersham, UK). The integrity and
loading of the RNA was studied by detection scanning of ribosomal
RNA bands (28S and 18S) in agarose gels before and after treatment
with RNase-free DNase I (GIBCO-BRL, Paisley, UK). Single-stranded
cDNA synthesis was performed from approximately 2 µg total RNA
using oligo(dT)15-18 (Invitrogen, Carlsbad, CA) in a first-strand synthesis
kit (Amersham Pharmacia Biotech, Little Chalfont, Bucks, UK). mRNA
expression was determined by polymerase chain reaction (PCR) using the
following PCR primer sequences: 58-CTCACCTTTGAGCTCCTC-38 and
58-CTGATTTGCCTCTGGATG-38 to amplify a 399-bp fragment of UCP-1
(GenBank M11814), 58-CGAAGCCTACAAGACCATTG-38 and 58-
AGCATGGTCAGGGCACAGTG-38 to amplify a 302-bp fragment of
UCP-2 (GenBankAB006613), and58-GAGAACCCAGGAGTGCAGAG-38
and 58-CTGGCGATGGTTCTGTAGGC-38 to amplify a 346-bp fragment of
UCP-3 (GenBank AF035943). A 310-bp fragment of the rat PGC-1 cDNA
from BAT was amplified using the mouse primer DNA sequences 58-
AGGATCAGAACAAACCCTGC-38 and 58-TGTTCTCAAATGGG-
GAACCC-38 (antisense) corresponding to the nucleotides between 611 and
920 in the known mouse PGC-1 cDNA (GenBank AF049330). The 310-bp
fragment was cloned into a pCR-TRAP cloning system (GeneHunter,
Nashville, TN) and then identified by sequencing using a ThermoSequenase
terminator cycle sequencing kit (Amersham Life Sciences,Amersham, UK).
Comparison to the mouse counterpart showed 100% homology between the
PGC-1 cDNA fragment (corresponding to the mouse 611 to 920 cDNA;
GenBankAF049330). Commercially available primers were used to amplify
540 bp of the housekeeping genea-tubulin (Clontech UK, Basingstoke,
Hants, UK). All PCR fragments amplified were sequenced for identification.
Bands were quantified using the AlphaImager 1200 system (Flowgen,
Ashby-de-la-Zouch, Leicestershire, UK). Quantitation of mRNA expression
was performed by quantitative RT-PCR and ethidium bromide staining as
described previously,28 and the levels of UCP isoforms and PGC-1 were
normalized toa-tubulin to provide information on the relative changes of
tissue gene expression. Results are expressed as the mean6 SEM, and
statistical significance between groups was determined by Student’s unpaired
t test (n5 4).

RESULTS AND DISCUSSION

Oral administration of 20 mg · kg21 · d21 (single daily dose)
of the rexinoids for 2 weeks reduced food intake in Zuckerfa/fa
rats relative to controls, whereas the thiazolidinedione BRL49653
(3 mg · kg21 · d21) increased food intake (Table 1). Conse-
quently, whereas the rexinoids decreased body weight gain
significantly (P , .01) relative to the controls, BRL49653
showed a trend to increase weight gain. Previous studies have
demonstrated that thiazolidinediones such as BRL49653 re-

Fig 1. Structure of the rexinoids LG100268 and LG100324 and the

thiazolidinedione BRL49653.

Table 1. Effects of the Rexinoids and Thiazolidinedione on Food

Intake and Body Weight

Treatment

Food Consumption
(g/rat/d)

Body Weight
Change (g/rat)

Week 1 Week 2
After

Week 1
After

Week 2

Control 30.0 6 0.8 28.4 6 0.7 19.6 6 3.3 29.4 6 6.8
LG100268 24.3 6 1.2† 19.2 6 0.6† 22.8 6 6.0* 26.8 6 5.8†
LG100324 25.2 6 1.1† 18.4 6 0.9† 23.7 6 6.9* 27.5 6 8.4†
BRL49653 34.9 6 0.7† 31.6 6 0.7 23.1 6 5.9 43.8 6 5.5

NOTE. Results are the mean 6 SEM. There were 6 rats in each
group.

*P , .05, †P , .01 v controls.

REGULATION OF UCP ISOFORM EXPRESSION 1611



pressob (leptin) gene expression via activation of PPARg.29

However, repression ofobgene expression is unlikely to be the
reason for the increase in food intake in the current experiment,
sincefa/faZucker rats contain a missense mutation (Gln= Pro)
in the extracellular domain of the leptin receptor generating
resistance to the inhibitory action of leptin on food intake.30

BAT is the major site of nonshivering thermogenesis in
rodents, which is associated in part with an increase in the
activity or abundance of the BAT-specific UCP-1.16 Following
the 2-week treatment with the rexinoids LG100268 and
LG100324, the level of BAT UCP-1 mRNA increased by
2.7-fold (from 0.266 0.02 to 0.706 0.04, n5 3, P , .001)
and 3.4-fold (from 0.266 0.02 to 0.896 0.05, n5 3,P , .001),
respectively. In contrast, following treatment with the thiazoli-
dinedione BRL49653, there was no change in the level of BAT
UCP-1 mRNA (Fig 2). None of the treatments affected the
weight of the interscapular BAT mass expressed relative to body
weight (data not shown). The importance of BAT UCP-1 in
maintaining the energy balance, at least in small mammals, is
underlined by the findings that most animal models of obesity
have impaired BAT thermogenesis and BAT deficiency in
rodents results in morbid obesity.31 Although the antiobesity
effect of rexinoids arises from the reduced food intake, the
increased UCP-1 mRNA content in BAT could indicate that
rexinoids also activate thermogenesis.

Recently, a cold-inducible coactivator of nuclear receptors
was identified in BAT, termed PGC-1.27 Thus, docking of
PGC-1 to PPARg stimulates an apparent conformational change
that permits binding of SRC-1 and CBP/P300,32 resulting in a
large increase in transcriptional activity including mitochon-
drial biogenesis and induction of UCP-2 and nuclear respiratory
factors.33 These findings suggest a role for PGC-1 in nonshiver-
ing thermogenesis. In the present study, we used mouse-specific

primers to amplify a 310-bp cDNA fragment of rat PGC-1,
demonstrating 100% homology with the mouse cDNA counter-
part. Using RT-PCR, PGC-1 was detected readily in the BAT
and brain of the Zuckerfa/fa rat, but detection was weak in
skeletal muscle and WAT, which agrees well with the previous
report.27 Following the long-term treatment with rexinoids or
thiazolidinedione, there was no change in PGC-1 mRNA levels
in the BAT or brain of the Zuckerfa/fa rat (Fig 3). Similarly, we
found that treatment with these compounds had no effect on
UCP-2 mRNA levels in the different tissues studied (Fig 4).
Thus, neither PGC-1 nor UCP-2 genes seem to be targeted by
the rexinoids or the thiazolidinedione, at least in Zuckerfa/fa
rats. On the other hand, two recent reports show that RXR and
PPARg agonists can stimulate expression of UCP-2 mRNA in
isolated adipocytes from normal rats in vitro.34,35 The discrep-
ancy also may be related to the different paradigms created by
short-term versus long-term (present study) treatment, as well
as the in vitro versus in vivo (present study) mode of treatment.

UCP-3 mRNA is expressed most abundantly in skeletal

Fig 2. Effect of 2-week treatment with LG100268, LG100324, and

BRL49653 on the level of UCP-1 relative to a-tubulin mRNA in BAT of

the Zucker fa/fa rat. Results are the mean 6 SEM (n 5 4) and

significance was assessed using Student’s unpaired t test. ***P F

.001, **P F .01 v control vehicle. PCR products of UCP-1 are displayed

below the graph.

Fig 3. Effects of 2-week treatment with LG100268, LG100324, and

BRL49653 on the level of PGC-1 relative to a-tubulin mRNA in the BAT

and brain of the Zucker fa/fa rat. Results are the mean 6 SEM (n 5 4).

PCR products of PGC-1 are displayed below the appropriate graph.
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muscle and is also detected readily in BAT and WAT, but not in
the brain21 (and the present study). Treatment with the thiazoli-
dinedione resulted in an increased BAT UCP-3 mRNA content
of 2.2-fold (from 0.166 0.01 to 0.356 0.03, n5 3,P , .002),
increased WAT UCP-3 mRNA content of 2.1-fold (from
0.186 0.02 to 0.426 0.03, n5 3, P , .002), and increased
skeletal muscle UCP-3 mRNA content of 2-fold (from
0.356 0.04 to 0.736 0.06, n5 3, P , .002) (Fig 5). These
findings support a recent study by Matsuda et al36 on the effect
of the thiazolidinedione pioglitazone on UCP-3 mRNA in fat.
However, this compound did not affect UCP-3 expression in
skeletal muscle. These investigators raised the possibility that
the increase in UCP-3 mRNA expression may be an attempt to
counteract the weight gain associated with the increased food

intake. Interestingly, it has been shown previously that the
thiazolidinedione insulin-sensitizer ciglitazone does not itself
increase thermogenesis but increases the potential for thermo-
genesis.37 Alternatively, the increased UCP-3 mRNA expres-
sion may be a consequence of the insulin-sensitizer effect of
thiazolidinediones and may be related to the increased rate of
metabolism in these tissues.

The rexinoids LG100268 and LG100324 also increased
UCP-3 mRNA levels in BAT and WAT, with LG100324 being
more efficacious. Thus, LG100268 increased BAT UCP-3
mRNA content by 1.9-fold (from 0.166 0.01 to 0.36 0.02,
n 5 3, P , .002) and WAT UCP-3 mRNA content by 2-fold
(from 0.186 0.02 to 0.376 0.04, n5 3, P , .002), while
LG100324 increased BAT UCP-3 mRNA content by 2.8-fold

Fig 4. Effect of 2-week treat-

ment with the rexinoids

LG100268 and LG100324 and the

thiazolidinedione BRL49653 on

the level of UCP-2 relative to

a-tubulin mRNA in BAT, WAT,

muscle, and brain of the Zucker

fa/fa rat. Results are the mean 6

SEM (n 5 4). PCR products of

UCP-2 are displayed below the

appropriate graph.

Fig 5. Effect of 2-week treat-

ment with the rexinoids

LG100268 and LG100324 and the

thiazolidinedione BRL49653 on

the level of UCP-3 relative to

a-tubulin mRNA in BAT, WAT,

and muscle of the Zucker fa/fa

rat. Results are the mean 6 SEM

(n 5 4) and significance was as-

sessed using Student’s unpaired

t test. **P F .02, ***P F .002

(WAT), P F .003 (muscle), and

P F .005 (BAT) v control vehicle.

PCR products of UCP-3 are dis-

played below the appropriate

graph.
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(from 0.166 0.01 to 0.456 0.04, n5 3, P , .001) and WAT
UCP-3 mRNA content by 3.4-fold (from 0.186 0.02 to
0.626 0.05, n5 3, P , .001). LG100324, but not LG100268,
increased UCP-3 mRNA content markedly in skeletal muscle
by 3.5-fold (from 0.356 0.04 to 1.246 0.11, n5 3, P , .002)
(Fig 5).

The thiazolidinediones are insulin sensitizers and also pro-
mote adipocyte differentiation,3 which suggests that such com-
pounds might induce weight gain. These effects of thiazolidine-
diones are believed to be mediated by activation of the nuclear
receptor PPARg. PPARg forms a heterodimer with RXR, and
RXR ligands such as LG100268 and LG100324 also have
insulin-sensitizer properties and induce adipogenesis.38 Despite
these apparent similarities, it is clear that the thiazolidinediones
and rexinoids have dissimilar effects on food intake and body
weight. The nature of the mechanism of these effects on food
intake is not known, but cannot be mediated by leptin in this
animal model. The reduction in food intake is almost certainly a
major cause of the difference in weight gain induced by

rexinoids, but it is possible that there is also a thermogenic
mechanism. Pair-feeding studies are needed to address this
issue. Nevertheless, there are clear differences between the
effects of rexinoids and thiazolidinediones on the selective
regulation of the expression of UCP mRNA isoforms. Thus, the
rexinoids, but not the thiazolidinedione, increase the tissue
content of UCP-1 mRNA in BAT, although there was no change
in PGC-1 mRNA. The rexinoid LG100324 was the most potent
in stimulating UCP-3 mRNA expression in BAT, WAT, and
skeletal muscle. In conclusion, the rexinoids, but not the
thiazolidinediones, have an antiobesity action by reducing food
intake and may also stimulate thermogenesis in BAT.
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