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Brown adipocytes are multilocular lipid storage cells that play
a crucial role in nonshivering thermogenesis. Uncoupling protein 1
(UCP1) is a unique feature of brown fat cells that allows heat
generation on sympathetic nervous system stimulation. As con-
ventional transcriptional factors that are activated in various
signaling pathways, liver-X receptors (LXRs) play important roles
in many physiological processes. The role of LXRs in the regulation
of energy homeostasis remains unclear, however. Female WT,
LXRap~'~, LXRa™'~, and LXR~'~ mice were fed with either a nor-
mal diet (ND) or a high-carbohydrate diet (HCD) supplemented
with or without GW3965-LXR agonist. LXRap ™'~ mice exhibited
higher energy expenditure (EE) as well as higher UCP1 expression
in brown adipose tissue (BAT) compared with WT mice on the
HCD. In addition, long-term treatment of WT mice with GW3965
showed lower EE at thermoneutrality (30 °C) and lower Ucp1 ex-
pression level in BAT. Furthermore, H&E staining of the BAT of
LXRap~'~ mice exhibited decreased lipid droplet size compared
with WT mice on the HCD associated with a more intense UCP1-
positive reaction. Quantification of triglyceride (TG) content in BAT
showed lower TG accumulation in LXRp™'~ mice compared with
WT mice. Surprisingly, GW3965 treatment increased TG content
(twofold) in the BAT of WT and LXRo~/~ mice but not in LXRp™/~
mice. Furthermore, glucose transporter (GLUT4) in the BAT of
LXRa~'~ and LXRBp~'~ mice was sixfold and fourfold increased, re-
spectively, compared with WT mice on the ND. These findings
suggest that LXRa as well as LXRp could play a crucial role in the
regulation of energy homeostasis in female mice and may be a po-
tential target for the treatment of obesity and energy regulation.

besity has become a major health issue in Western and
developing countries and is a crucial factor in the de-
velopment of common associated metabolic diseases. Recently,
brown adipose tissue (BAT) thermogenesis was proposed as
a mechanism not only for regulating body temperature but to
protect against obesity and the development of insulin resistance
(1-4). The concept that BAT is a thermogenic tissue initially
came from morphological changes in the tissue when animals
were exposed to cold (5). BAT thermogenesis burns off excess
calories during positive energy balance to maintain energy ho-
meostasis. Diet-induced thermogenesis was supported by evi-
dence that cold sensitivity and obesity phenotypes in ob/ob mice
were associated with defective BAT nonshivering thermogenesis
(6, 7). It is now well established that energy expenditure (EE)
increases as a function of body mass in humans and, accordingly,
that severe obesity is associated with an increase in EE (8-10).
Although white adipose tissue (WAT) is the main adipose tis-
sue, BAT is present in small mammals and has recently been
shown to be present in adult humans as well (2, 11, 12). BAT, in
which glucose is an important fuel in vivo, is a target tissue for
insulin action, especially during late fetal development when in-
sulin promotes adipogenic and thermogenic differentiation (13).
BAT expresses high levels of peroxisome proliferator-activated
receptor Y (PPARYy) (14) as well as liver-X receptors (LXRs) (15)
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and, consequently, is a target for nuclear receptor agonists. Al-
though LXR function has been elucidated in detail with respect to
cholesterol and lipid metabolism, recent findings have indicated
that LXR is also an important modulator of glucose and water
homeostasis as well as energy regulation (16-21).

LXRop~~ and LXRp™~ mice have been shown by our group
and others to be resistant to high-fat diet-induced obesity (17, 18,
22). Several explanations have been proposed, such as increased
EE or a resistance to insulin-induced lipid storage (17, 18). To
our knowledge, however, the effect of deletion/activation of
LXRs on glucose and lipid metabolism in brown adipocytes has
not been explored in female C57BL/6 mice. In the current study
WT, LXRop~™~, LXRa™"", and LXR$™~ mice were challenged
with either a normal diet (ND) or a high-carbohydrate diet
(HCD) supplemented with or without LXR synthetic agonist
GW3965 for 3 wk. Our results indicate that LXRa and LXRp
control EE in the BAT. Indeed, long-term LXR activation by
agonist GW3965 is associated with reduced EE at thermoneu-
trality (30 °C) in female mice. In addition, we observed a sixfold
and fourfold increase of GLUT4 expression in the BAT of
LXRa '~ and LXRB™~ mice, respectively, compared with WT
mice, further supporting the idea of a sharing responsibility of
LXRa and LXR} in the regulation of BAT metabolism.

Results

EE Is Increased in LXRop ™'~ Mice and Reduced in WT Mice Treated
with LXR Agonist GW3965 Compared with WT Mice on the HCD. Ten-
week-old female C57BL/6 mice were fed with either the ND or
HCD for 3 wk. Body weight (BW) was similar between groups on
both diets (Fig. 14, Left). Nevertheless, a significantly decreased
BW was observed in WT mice after GW3965 treatment (Fig. 14,
Left) compared with the HCD. Caloric intake, measured daily
over a 1-wk period, was lower in LXRaf ™~ mice on both diets
compared with WT mice (Fig. 14, Right). Interestingly, GW3965
treatment together with the HCD significantly reduced food in-
take (FI) in WT mice compared with the HCD alone. LXRap ™"~
mice have been shown to be resistant to diet-induced obesity (17,
18). Because resistance to diet-induced obesity can be the con-
sequence of an increase of EE, oxygen consumption and carbon
dioxide release were registered in WT and LXRaf ™~ mice after
3 wk on the HCD for 48 h in temperature-controlled (23 °C) in-
dividual chambers. Cage temperature was raised to 30 °C for 3 h to
measure acute thermoneutral metabolism response. EE was sig-
nificantly higher in LXRap ™~ mice compared with WT animals
during the dark period, but only a trend toward increased EE was
observed during the light period at 23 °C and 30 °C (Fig. 1B). More
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Fig. 1. EE is increased in LXRap™~ mice and reduced in WT mice treated
with LXR agonist GW3965 compared with WT mice on the HCD. (A) BW and
caloric intake after 3 wk of the ND (black bar) or the HCD (open bar) in WT
and LXRap ™'~ mice as well as after the HCD together with GW3965 (gray bar)
in WT mice only. Mean value of EE (44) (B), glucose oxidation (C), and fat
oxidation (D) under different physiological conditions (i.e., 12-h light/12-h
dark period at 23 °C, 3-h light period at 4 °C, and 3-h light period at 30 °C in
WT (white bar), LXRap~™~ (black bar), and WT + GW3965 (gray bar) mice
(one-way ANOVA, n = 5-8 animals per group; *P < 0.05 in LXR KO vs. WT
mice; *P < 0.05 in HCD vs. HCD + GW3965).

importantly, when synthetic LXR ligand (GW3965) was added to the
diet for 3 wk, EE was significantly reduced compared with WT mice
fed the HCD at thermoneutrality (30 °C) (Fig. 1B). Cold exposure is
known to activate the sympathetic nervous system, and BAT ther-
mogenesis and uncoupling protein 1 (UCP1) expression are in-
creased during chronic cold exposure to produce heat (23). When
cage temperature was lowered to 4 °C, LXRap ™~ mice showed
a significantly higher EE compared with WT mice. Substrate (glu-
cose and lipid) oxidation was calculated from volume of carbon di-
oxide (VCO,) and volume of oxygen (VO,) (Fig. 1 C and D).
LXRop ™~ mice showed higher glucose and lipid oxidation under all
metabolic conditions except during the light period at 23 °C com-
pared with WT mice (Fig. 1 C and D). WT mice treated with
GW3965 for 3 wk showed lower lipid oxidation during the light pe-
riod at 23 °C and 30 °C compared with WT mice (Fig. 1D).

LXRap~'~ Mice Showed Smaller Lipid Droplets and Higher UCP1-
Positive Reaction in BAT Compared with WT Mice on the HCD. Be-
cause FI is correlated to nonshivering thermogenesis, we in-
vestigated brown adipose histology of WT and LXRap™~ mice.
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H&E staining of the BAT showed no differences in lipid droplet
sizes between genotypes on the ND (Fig. 2A). After HCD
challenge, however, smaller lipid droplets were observed in the
BAT of LXRap ™~ mice compared with WT mice (Fig. 24). To
explore further why lipid droplets were smaller and EE was
higher in LXRap™~ mice compared with WT mice, we stained
BAT for UCP1, the main protein involved in nonshivering ther-
mogenesis. A varying amount of BAT was present in all sections,
with a more intense UCP1-positive reaction in the BAT of
LXRap~~ mice on the ND and HCD (Fig. 2B) compared with
WT animals.

Increased Subcutaneous Leptin Expression and Gonadal Fat UCP1
Expression in LXRa~'~ Mice. Most studies converge to say that total
BAT activity is inversely associated with adiposity, suggesting that
increasing BAT mass and/or activity may be an aim in pharma-
ceutical intervention against obesity (2, 11). Recently, Wang et al.
(20) suggested that LXRa but not LXRp regulates the Ucp! gene
and brown fat phenotype. We thus measured by MRI whole-body
fat content and distribution in WT, LXRo ™", and LXRB™~ mice
on the ND to avoid diet-induced thermogenesis phenomena.
No differences existed in BW between groups (18.6 + 0.8 vs.
19.2 + 0.4 vs. 18.7 + 0.6 in WT, LXRa ", and LXRp ™~ mice, re-
spectively). Furthermore, no differences were observed between
LXRa ™'~ and WT mice regarding total fat storage (TF)/BW ratio,
whereas a significant decrease was observed in LXRp™~ mice
(Fig. 34, Left). Visceral (VS)/BW and subcutaneous (SC)/BW
ratios showed no statistical differences between groups, but
a trend toward decreased VS/BW ratio was observed in LXRp™~
mice as opposed to a trend toward decreased SC/BW ratio in
LXRa ™'~ mice compared with WT mice (Fig. 34, Right). Sur-
prisingly, expression of Leptin gene was 2.5-fold higher in SC fat
of LXRa™'~ mice compared with WT mice, whereas no differ-
ences were observed between groups in gonadal fat. Recent
reports have shown that ectopic Ucp! expression in WAT (24) can
appear because of differentiation of white fat cells into brown fat
cells in the WAT (4, 25). A 10-fold increase associated with
a fivefold decrease of Ucpl expression was observed in gonadal
vs. SC fat, respectively, in LXRa ™~ mice compared with WT mice

XRap-/i= |

ND

HCD

Fig. 2. LXRap™~ mice showed smaller lipid droplets and higher UCP1-posi-
tive reaction in brown adipose compared with WT mice on HCD. One rep-
resentative histological analysis of H&E-stained sections of BAT (A) and
immunofluorescence detection of UCP1 (B) in the BAT of WT and LXRa[}”’
mice on the ND and HCD, respectively (n = 7 animals per group).
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Fig. 3. Fat distribution measured by MRI and different gene expression
between SC and gonadal fat pad in LXRa ™'~ mice. TF/BW, VF/BW, and SC/BW
(A) and gonadal (GL) and SC (B) mRNA expression levels of leptin and Ucp1
genes in WT (black bar), LXRa™"~ (white bar), and LXRp™"~ (gray bar) mice,
respectively, on the ND. Relative fold changes in expression levels were
compared with WT mice, in which the expression was set to 1.0 and nor-
malized to transcription factor IID (TFIID) expression (one-way ANOVA, n=7
animals per group;*P < 0.05 in LXR KO vs. WT mice).

(Fig. 3B). No significant differences were observed in LXRp™~
mice compared with WT mice.

Decreased UCP1 Expression in the BAT of WT, LXRa ™', and LXRp ™'~
Mice Treated with LXR Ligand GW3965. For a more exhaustive in-
vestigation of LXR regulation of UCP1, staining for UCP1 and
mRNA expression level of Ucpl and UCP1 protein expression in
BAT were analyzed in LXRa™~, LXRp™~, and WT mice treated
or not treated with GW3965 for 3 wk. As observed in LXRaf ™~
mice in Fig. 2B, a varying amount of BAT was present in all
sections, with a possibly less intense UCP1-positive reaction in
the BAT of LXRp™~ mice compared with LXRa™~ and WT
mice (Fig. 44). Expression of Ucpl was 10-fold and threefold
higher in LXRo ™/~ and LXR™~ mice, respectively, compared
with WT mice (Fig. 4B). More importantly, mRNA level of Ucpl
was significantly reduced in the BAT of WT mice treated with
GW3965 by gavage for 3 d (Fig. 4C). UCP1 quantification by
Western blot analysis showed a 3.8-fold increase of UCP1 in
LXRa ™~ mice compared with WT mice. Chronic LXR agonist
treatment for 3 wk abolished UCP1 expression in WT, LXRa ™",
and LXRp ™~ mice (Fig. 4D). We can thus conclude that LXRa
as well as LXRp regulates UCP1 expression in BAT.

Regulation of GLUT4 by LXRs in BAT. Whereas it is has been dem-
onstrated that an increase in free fatty acid level is a necessary step
for activation of UCP1 [reviewed by Cannon et al. (26)], once
activated, the cells burn both carbohydrates and lipids. Two fa-
cilitative glucose transporter isoforms, GLUT1 and GLUT4, have
been identified in BAT (27, 28). GLUT4, the insulin-sensitive
transporter, is likely responsible for most of the glucose taken up
by the tissue (27, 28). We thus investigated glucose transporter
(Glut4) expression in the BAT of WT, LXRa™~, and LXRp™/~
mice treated or not treated with GW3965. Expression of Glut4 as
well as Irs2 (but not IrsI) was increased in LXRa™~ mice com-
pared with WT mice (Fig. 5A) in line with the improved glucose
disappearance from the blood following an i.p. insulin dose ob-
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Fig. 4. UCP1 expression is increased in the BAT of LXRa™~ mice compared
with WT mice on the ND and is decreased in the BAT of WT, LXRa™'", and
LXRB™~ mice treated with the LXR ligand GW3965. (A) One representative
immunofluorescence investigation of UCP1 in the BAT of WT, LXRa™", and
LXRB™~ mice on the ND. mRNA expression levels of UCP1 in the BAT of WT,
LXRa™"~, and LXRB™~ mice on the ND (B) and of WT + GW3965-treated mice
(C). Relative fold changes in expression levels were compared with the WT
mice in the ND group, in which the expression was set to 1.0 and normalized
to TFIID expression (one-way ANOVA, n = 5-7 animals per group; *P < 0.05 in
LXR KO vs. WT mice; *P < 0.05 in ND vs. ND + GW3965). (D) Detection of
UCP1 expression in BAT by Western blotting in WT, LXRa™", and LXRp™~
mice on the ND + GW3965-fed mice.

served in the LXRa ™'~ mice compared with WT mice (Fig. 5B).
To investigate LXR regulation of glucose uptake in BAT further,
staining of Glut4 was performed. A more intense GLUT4-positive
reaction was observed in the BAT of LXRa ™/~ as well as LXRp ™/~
mice (Fig. 5C) compared with WT animals as confirmed by
Western blot analysis, wherein a sixfold and 3.8-fold increase of
GLUT#4 expression was observed in LXRa™~ and LXRB ™~ mice,
respectively, compared with WT animals (Fig. 5D). In addition,
GW3965 chronic treatment included in the diet induced a 4.5-fold
increase of GLUT4 expression in WT mice with no effect in
LXRa~~ and LXRp™~ mice.

Regulation of Brown Fat-Selective Genes and Fat Storage by LXRs. To
investigate the role of LXRa and LXR in the regulation of EE
and lipid metabolism in BAT further, mRNA expression of well-
known genes involved in these regulations was measured in WT,
LXRa ", and LXRp™~ mice on the ND (Fig. 6). All analyzed
genes [cell death activator (CIDEA), deiodinase iodothyronine type
II (Dio2), and Leptin) were up-regulated in LXRa™~ and
LXRp™~ mice compared with WT mice, except for Leptin, which
was down-regulated in LXRp™~ mice compared with WT mice
(Fig. 64, Top). It is well accepted that to increase nonshivering
thermogenesis, both UCP1 transcription and activation have to
be fortified. We thus analyzed well-known target genes involved
in these two pathways. BAT thermogenesis is activated through
adrenergic receptor (AR) activation by norepinephrine release
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Fig. 5. LXRs regulate GLUT4 in BAT. (A) mRNA expression levels of genes
involved in glucose regulation in the BAT of WT (black bar), LXRa ™~ (white
bar), and LXRﬁ"‘ (gray bar) mice respectively, on the ND. Relative fold
changes in expression levels were compared with WT mice, in which the
expression was set to 1.0 and normalized to TFIID expression (one-way
ANOVA, n = 5-7 animals per group; *P < 0.05 in LXR KO vs. WT mice). (B)
Area under the curve of peripheral glucose output following an i.p. insulin
injection in WT, LXRa™"", and LXRB™"~ mice (two-tailed t test, n = 7 animals
per group; *P < 0.05 in LXR KO vs. WT mice). (C) One representative im-
munofluorescence study of GLUT4 in the BAT of WT, LXRa™'", and LXRp™"~
mice on the ND. (D) Detection of GLUT4 expression in BAT by Western
blotting in WT, LXRa™", and LXRB™~ mice on ND + GW3965-fed mice.

from sympathetic nerves. Surprisingly, mRNA level of $2-AR
was lower in both genotypes, whereas expression of the #3-4AR
gene was significantly decreased in LXRP™~ mice compared
with WT animals (Fig. 64, Middle). LXRp™~ but not LXRa™"~
mice showed increased peroxisome proliferator-activated receptor
y coactivator 1a (PGCla) expression compared with WT mice.
Conversely, expression of Ppary and f1-AR was up-regulated in
LXRa ™~ compared with WT animals (Fig. 64, Middle). One
pathway of UCP1 activation is through hormone-sensitive lipase
(Hsl), a rate-limiting enzyme in lipolysis (29). We found no dif-
ferences between the three genotypes in Hs! expression level.
Nevertheless, expressmn of both adzpose triglyceride lipase (Atgl)
and penhpm a (Plinl) in LXRa™~ mice and of Plinl only in
LXRB™~ mice, two well-known regulators of lipolysis, was up-
regulated compared with that in WT animals (Fig. 64, Bottom).
Finally, expression of sterol regulatory binding transcription factor
1 (Srebp] c), akey regulator of hpogenesm was fourfold higher in
LXRa ™'~ mice but not in LXRp~~ mice compared with WT
mice (Fig. 64, Bottom). This result indicates that LXRa may act
as a repressor of lipogenesis in BAT, a completely opposite re-
sponse to the one observed in the liver. To investigate the role of
LXRs in lipid accumulation in BAT further, we quantified tri-
glyceride (TG) content in the BAT of WT, LXRa ™", and
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Fig. 6. LXRs regulate fat storage and brown fat-selective genes in BAT. (A)
mMRNA expression levels of genes involved in the regulation of energy me-
tabolism, the thermogenesis pathway, and lipid metabolism in the BAT of
WT (black bar), LXRa™~ (white bar), and LXRp~~ (gray bar) mice, re-
spectively, on the ND. Relative fold changes in expression levels were com-
pared with WT mice, in which the expression was set to 1.0 and normalized
to TFIID expression (one-way ANOVA, n = 5-7 animals per group). (B) TG
content in the BAT of WT, LXRa™"~, and LXRp™~ mice on the ND (black bar)
and ND + GW3965 (white bar), respectively (two-tailed t test, n = 5-8 animals
per group; *P < 0.05 in LXR KO vs. WT mice; #P < 0.05 in ND vs. ND + GW3965
mice; *LXR KO ND + GW3965 vs. WT ND + GW3965 mice).

LXRp~~ mice on the ND in the presence or absence of GW3965
(Fig. 6B). The TG content was significantly lower in LXRp™~
mice compared with WT on the ND in both the presence and
absence of GW3965, whereas no differences were observed be-
tween LXRa ™'~ and WT mice. Addition of long-term GW3965
to the diet induced TG accumulation (twice) in the BAT of WT
and LXRa ™'~ mice but not in LXRp™" mice, suggesting a regu-
lation of fat storage through LXRf in BAT, another mechanism
by which LXRp may regulate EE in BAT.

Discussion

It has long been recognized that LXRs regulate energy metab-
olism as well as glucose and fat metabolism (16-18, 30, 31).
As opposed to the study of Wang et al. (20), in the present study,
we present evidence that LXRa as well as LXRp regulates EE
through UCP1 expression in mouse BAT. Indeed, although the
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absence of both LXRa and LXRp leads to increased EE and
increased UCP1 expression, chronic stimulation of LXR with
GW3965 ligand showed reduced EE in female mice as well as
reduced UCP1 expression in the BAT of WT, LXRa ™", and
LXRp~~ mice. This is in accordance with previously published
data from Stulnig et al. (32) showing that LXR agonist treatment
for 5 d leads to a 2.4-fold decrease of UCP1 expression in mouse
BAT. Both transcription and activation of UCP1 are required
for increased BAT thermogenesis. In this study, we suggest that
two different mechanisms lead to UCP1 activation through
LXRs in BAT. When LXR is absent, UCP1 transcription may
be activated through an increase of Pgcla expression, and when
LXRa is absent, UCP1 transcription may be activated through
up-regulation of Ppary expression (Fig. 64). Cross-talk between
PPAR and LXR transcription factors has been proposed by Ide
et al. (33) and Yoshikawa et al. (34), who suggested that these
two nuclear receptors could interfere with each other’s ability to
activate target genes by competing for limited amounts of reti-
noid-X receptor. In addition, Wang et al. (20) supported such
interaction in a brown adipose cell line. In our study, a compe-
tition between LXRs and PPAR at the UCP promoter level
could explain the observed repression of UCP expression under
chronic GW3965 treatment in WT and LXRo ™~ mice (Fig. 4D).

Moreover, in the current study, only f1-AR gene expression
but not P3-AR expression was significantly up-regulated in
LXRo ™~ but not LXRp™~ mice compared with WT mice. p1
stimulation is a well-established pathway of brown preadipocyte
proliferation (35, 36), whereas functional p3-AR is not found in
brown preadipocytes (37). These data support the idea of LXRa
as a regulator of brown preadipocyte proliferation to regulate
EE. In addition, LXRa™~ mice showed increased expression
levels of genes involved in energy metabolism as well as lipid
metabolism. Leptin expression level in the BAT of LXRa™/~
mice was 100% higher than in WT animals as opposed to
LXRpB ™~ mice, in which leptin expression was 70% lower than in
WT animals. Most studies converge to say that total BAT activity
is inversely associated with adiposity, suggesting that increasing
BAT mass and/or activity may be an aim for pharmaceutical
intervention to treat obesity. In the current study, whole-body fat
content measured by MRI showed less TF in LXRp™~ mice but
not in LXRa ™~ mice on the ND compared with WT mice (Fig.
34). We have previously shown that LXRap™~ and LXRp™~
mice but not LXRa™~ mice were protected against diet-induced
obesity (18). In this respect, the mechanisms by which LXRa™~
mice showed similar fat content but higher UCP1 expression in
both SC fat and BAT than WT mice on the ND remain unclear
and have to be investigated further. In this respect, increased
UCP1 expression in BAT and gonadal fat cannot be correlated
to a decrease of fat mass.

The UCPI1-ablated mice, surprisingly, are resistant to diet-
induced obesity when housed at 23 °C (38) but not when housed
at thermoneutrality (30 °C) (39). In the current study, a trend
toward increased EE was observed in LXRaf ™~ mice compared
with WT mice when monitored at 30 °C for 3 h (Fig. 1B). In ad-
dition, when WT mice were chronically treated with LXR ligand
(GW3965) for 3 wk, EE was significantly lower than in nontreated
WT mice at 30 °C. These data from in vivo experiments would
suggest a mechanism other than UCP1 activation by which LXR
regulates EE. Indeed, it is well established that under conditions
in which sympathetic nervous system activity is minimized (ther-
moneutrality), BAT loses the feature of UCP1-dependent ther-
mogenesis (11). Recent research has indicated, for reasons that
are not fully understood, that mammals may demonstrate a type
of thermogenesis that is also brown fat-associated, even in
the absence of any need for thermoregulatory thermogenesis
(11), so-called “metaboloregulatory thermogenesis.” The ob-
served GLUT4 overexpression in the BAT of LXRa™~ and
LXRp™~ mice might be one potential mechanism of metabolor-
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egulatory thermogenesis to reduce fat storage. Conversely, EE
was doubled in LXRaf ™~ mice when monitored at 4 °C com-
pared with WT mice. These data strongly support UCP1 regula-
tion of EE by LXRs in the conditions of stimulated nonshivering
thermogenesis. Surprisingly, LXRap™~ and LXRB™~ mice but
not LXRo ™/~ mice have been shown to be resistant to diet-in-
duced obesity (17, 18, 22). This is in conflict with the findings of
Wang et al. (20), who concluded that LXRa™~ mice have in-
creased mitochondria and ectopic UCP1 expression in WAT that
might protect these animals from diet-induced obesity. These
authors conclude that LXRa is the operational isoform re-
sponsible for increased basal UCP1 expression and mitochondrial
biogenesis (20). Our results would suggest a mechanism other
than increased UCP1 thermogenesis by which LXRP™~ mice
increase EE and are protected from high-fat diet-induced obesity,
as already shown (18). LXRp is the main isoform in the muscle
tissue; one possibility could be that LXRp regulates thermo-
genesis in the muscle tissue to protect mice against diet-induced
obesity. This hypothesis has to be addressed in future experiments
and would involve tissue-specific ablation of the LXR isoforms.

Finally, it is well known that thyroid hormone increases ther-
mogenesis and UCP1 expression in BAT (40, 41). Recently, Chris-
toffolete et al. (42) showed that LXR stimulation negatively reg-
ulates Dio2 transcription in human liver. In our study, Dio2 ex-
pression is sixfold and eightfold higher in LXRo™~ and LXRp ™~
mice, respectively, compared with WT mice. Thus, this is another
pathway by which LXRs could regulate EE, but the exact mecha-
nism remains unclear.

The pharmacological approach to treat obesity by increasing
EE through thermogenesis has already proved to be effective in
weight loss (3, 4, 11). In the current study, we have shown that
the regulation of LXR activity in BAT could be a potential target
for controlling EE and weight loss.

Experimental Procedures

Animals. Ten-week-old female C57BL/6 WT and LXRa and LXRB KO mice [as
previously described (43)] were housed on a regular 12-h light/12-h dark
cycle with free access to water and food unless otherwise specified. Mice
were fed for 3 wk either an ND containing 4% (wt/wt) total lipids (<12% of
its calories as animal fat) and <0.04% (wt/wt) cholesterol (TD 7001; Harlan
Teklad) or an HCD containing 70.4% (wt/wt) total carbohydrate (64.5% from
sucrose) and 11.8% (wt/wt) fat (TD 98090; Harlan Teklad), and GW3965
(0.025%, 250-mg/kg diet; GlaxoSmith) was mixed to the diet or given by
gavage for 3 d (50 mg/kg) when specified. BW was recorded at day 0 and
every 3 d after the beginning of the diet period. Food consumption was
measured for 8 consecutive days in the middle of the diet period. The energy
content of the food ingested was calculated based on information from the
manufacturers of the food. All experiments were approved by the local
ethical committee on animal research.

Energy Consumption. Mice were individually housed in calorimeter cages and
acclimatized to the chamber for 2 d before gas exchange measurements.
Indirect calorimetry was performed using a computer-controlled SOMEDIC
Metabolic system-INCA (SOMEDIC Sales AB). Oxygen consumption and car-
bon dioxide production were measured for each mouse at 20-min intervals
over a 48-h period. EE, glucose oxidation, and lipid oxidation were calculated
as previously described (18). Measurements were performed during the 12-h
light/12-h dark cycle at 23 °C with full access to food and water. Between
6:00 and 9:00 AM, the cage temperature was decreased down to 4 °C on day
1 and increased to 30 °C on day 2.

i.p. Insulin Tolerance Tests. Mice were fasted ~4 h before testing. Insulin
(0.8 U/kg, Actrapid Penfill; NovoNordisk) was injected i.p., and glucose was
measured with the OneTouch Ultra glucometer (Accu-Chek Sensor; Roche
Diagnostics) as previously described (18).

In Vivo MRI. In vivo MR fat distribution was measured in every mouse within 1
wk after the 3-wk diet period. All measurements were performed as pre-
viously described (18). The abdominal fat is the sum of VS and SC fat within
the abdominal region. MRI-visible VS fat comprises gonadal, omental, peri-
toneal, and retroperitoneal fat depots.
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Chemical Analysis of Tissue. At the end of the experiment, animals were
killed and interscapular BAT was quickly collected and frozen in liquid ni-
trogen for further analysis. Brown adipose lipids were extracted according to
Folch et al. (44). TG was measured by enzymatic assay using commercial kits
(Roche Diagnostics).

Histology of BAT. The interscapular BAT was removed and fixed overnight
in 4% (wt/vol) paraformaldehyde at 4 °C and embedded in paraffin.
Sections (4-um thickness) were stained with H&E according to standard
histological procedures.

Immunohistochemical Staining. Representative blocks of paraffin-embedded
tissues were cut at a thickness of 4 pm, dewaxed, and rehydrated. For UCP1,
sections were first incubated in 0.5% H,0, in PBS for 30 min at room
temperature to quench endogenous peroxidase. Afterward, sections (UCP1
and GLUT4) were incubated in 0.5% Triton X-100 in PBS for 30 min. To
block nonspecific binding, sections were incubated in 3% (wt/vol) BSA for
1 h at 4 °C. Sections were incubated with anti-UCP1 or anti-GLUT4 antibody
at a dilution of 1:200 in 1% BSA and 0.1% P40 in PBS overnight at 4 °C. BSA
replaced primary antibodies in negative controls. After washing, sections
were incubated with the corresponding secondary antibodies (1:200 di-
lution) for 2 h at room temperature. For UCP1, sections were lightly
counterstained with hematoxylin, dehydrated through an ethanol series
to xylene, and mounted. For GLUT4, sections were counterstained with
DAPI and directly mounted in Vectashield antifading medium (Vector
Laboratories). UCP1- and GLUT4-stained sections were examined under
a light microscope or a Zeiss fluorescence microscope with filters suitable
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for selectively detecting the fluorescence of FITC (green) and Cy3 (red),
respectively.

Western Blotting. Fifty micrograms of total cellular protein was separated on
4-10% Tris_Glycine Gel kit (Invitrogen). The following primary antibodies were
used: anti-UCP1 (M-17, sc 6529; Santa Cruz), anti-glut4 (Ab654-250; Abcam), and
anti-a-tubulin (11H10, 2125s; Cell Signaling). Secondary antibodies were HRP-
conjugated anti-goat and anti-rabbit (Sigma). Visualization was carried out using
ECL plus (Amersham). Protein levels were normalized to tubulin expression.

Quantitative PCR. RNA was extracted using TRIzol according to the manu-
facturer’s instructions (Invitrogen AB). mRNA expression levels were quan-
tified using an ABI 7500 instrument and SYBR green technology (Applied
Biosystems). Relative gene expression changes were calculated with the
comparative Cr method using TFIID as an internal reference gene.

Statistics. All values are expressed as means + SEM. Differences between
groups or diets were determined by a two-tailed Student’s t test or one-way
ANOVA as indicated for specific experiments in the figure legends. The
Tukey post hoc test was used to identify the location of significant differ-

ences when appropriate. The level of significance was set at P < 0.05.
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