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Liver X receptors (LXR) have been characterized as key transcriptional regulators of hepatic lipid and carbohydrate
metabolism. LXR are expressed also in skeletal muscle, however, their role in this tissue is poorly investigated and the
vast majority of available data comes from studies on cultured myotubes. Therefore, we aimed to examine effects of in
vivo LXR activation on muscle lipid metabolism. The experiments were performed on male Wistar rats fed on a standard
rodent chow. The animals were divided into two groups (n=10) receiving either LXR activator (T0901317, 10 mg/kg/day)
or vehicle for one week. Samples of the soleus as well as red and white sections of the gastrocnemius muscle were
excised. T0901317 increased muscle expression of peroxisome proliferator-activated receptor-6 and its target genes
involved in fatty acid uptake and oxidation. In addition, LXR agonist enhanced palmitate oxidation (by 55%) in isolated
soleus muscle. However, palmitate incorporation into triacylglycerol was decreased (by 38%), which was associated with
reduced diacylglycerol acyltransferase expression (by 66%). Despite markedly increased plasma lipid concentration upon
T0901317 treatment, muscle triacylglycerol level was elevated only in the red section of the gastrocnemius muscle. We
conclude that T0901317 enhances muscle fatty acid oxidation, which prevents overt accumulation of intramuscular lipids

that could be expected considering T0901317-induced hyperlipidemia.

Key words: liver X receptors, diacylglycerol acyltransferase, fatty acid translocase/CD36, lipids, nuclear receptors, peroxisome
proliferator-activated receptor, sterol regulatory element binding protein-1c, low density lipoprotein

INTRODUCTION

Liver X receptors (LXR) are ligand-activated transcription
factors belonging to the large superfamily of nuclear receptors.
To date, two LXR subtypes termed o and [ have been
identified. High expression of LXR-o is restricted to liver,
adipose tissue, intestine, kidney and lung, whereas LXR-f is
ubiquitously expressed (1). Upon activation both isoforms form
obligate heterodimers with the retinoid X receptor and regulate
gene expression through binding to LXR response elements
(LXRE) in the promoter regions of the target genes (2).
Endogenous LXR agonists include a number of oxidized
cholesterol derivatives, referred to as oxysterols (3). In addition
to natural ligands, several potent synthetic LXR agonists have
been developed. The two most commonly used in experimental
studies are T0901317 and GW3965 which activate both LXR
isoforms with similar potency (4).

LXR were shown to function as sterol sensors protecting
the cells from cholesterol overload. When the amount of
cholesterol increases there is a subsequent accumulation of
cellular oxysterols which, in turn, activate LXR to induce
transcription of a host of genes involved in reverse cholesterol
transport and its conversion to bile acids in the liver (5, 6).
This finding led to identification of synthetic LXR agonists as

potent antiatherogenic agents in low density lipoprotein
(LDL) receptor-deficient and apoE-deficient mice (7, 8). In
addition, synthetic LXR agonists were found to stimulate
hepatic lipogenesis via upregulation of sterol regulatory
element binding protein (SREBP)-1c¢ which results in liver
steatosis and hypertriglyceridemia (4, 9). Administration of
T0901317 and GW3965 was also reported to normalize
plasma glucose level and improve whole-body insulin
sensitivity in several rodent models of type 2 diabetes and
insulin resistance (10, 11).

Both LXR isoforms were shown to be expressed in human
and rodent skeletal muscle (12, 13). Similarly to other tissues,
synthetic LXR activators upregulate expression of ATP-
binding cassette transporter (ABC) Al and enhance
cholesterol efflux also in muscle cells (14) indicating normal
response to LXR stimulation. To date only a few studies
performed on cultured myotubes have dealt with the effect of
T0901317 on muscle metabolism. However, considering the
fact that in vivo LXR activation can dramatically alter plasma
lipid profile, there is a need for re-evaluation of the action of
LXR agonists on muscle tissue in whole-animal model. In the
present study we characterize for the first time in details the
effect of in vivo activation of LXR on lipid metabolism in
skeletal muscle.



290

MATERIALS AND METHODS

Animals and study design

The investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the European
Commission Directive 86/609/EEC and was approved by the
Ethical Committee for Animal Experiments at the Medical
University of Bialystok (permit no. 2006/05). Male Wistar rats
(230-280 g) were housed under controlled conditions (21+1°C,
12 h light/12 h dark cycle, light on at 06:00 h) with unlimited
access to water and standard laboratory rat chow (Agropol,
Motycz, Poland). A total of 20 animals were randomly divided
into two groups receiving either vehicle or a dual LXR-o/p
agonist T0901317 (Cayman Chemicals, 10 mg/kg/d, suspended
in 0.5% carboxymethylcellulose) for one week. The dosage and
the length of treatment were chosen after Cao et al. (10). They
reported that 10 mg/kg/day was the highest dose of T0901317
that could be administered to rats without inducing adverse
effects on food consumption and weight gain. They also found
that one week treatment with the drug was sufficiently long to
induce strong effects on lipid metabolism in rats. The solutions
were administrated once daily in the morning by an oral gavage.
On the last day of the experiment, between 8 and 10 a.m., all rats
were anaesthetized by intraperitoneal injection of pentobarbital
in the dose of 80 mg/kg (in the fed state). Samples of the soleus
as well as red and white sections of the gastrocnemius muscle
were excised and immediately freeze-clamped with aluminum
tongs precooled in liquid nitrogen. Blood taken from the
abdominal aorta was collected in heparinized tubes, centrifuged,
the plasma separated and flash-frozen in liquid nitrogen. All
samples were stored at —80°C until analysis.

Muscle lipids

Samples were pulverized in an aluminum mortar precooled
in liquid nitrogen. Lipids were extracted by the method of Folch.
The fractions of total phospholipids, triacylglycerols,
diacylglycerols, nonesterified fatty acids (NEFA), free
cholesterol and cholesterol esters were separated by thin-layer
chromatography (TLC) according to Roemen and van der Vusse
(15). Lipid were then transmethylated in either 1 M methanolic
sodium methoxide (Fluka) at room temperature for 10 minutes
(triacylglycerols and phspholipids) or 14% methanolic boron
trifluoride (Sigma) at 100°C for either 2 (NEFA) or 10
(diacylglycerols) minutes. The content of resulting fatty acid
methyl esters was determined using gas-liquid chromatography
as previously described in detail (16). Free cholesterol and
cholesterol esters were eluted from the gel with chloroform,
evaporated under nitrogen stream and redissolved in 2-propanol
or diethyl ether, respectively. The content of free cholesterol and
cholesterol esters was subsequently measured with
commercially available cholesterol diagnostic kit (BioMaxima).

The content of ceramide was determined as described
previously in detail (17). Briefly, tissue lipids were extracted into
chloroform and the samples were then subjected to alkaline
hydrolysis to deacylate ceramide. Free sphingosine liberated
from ceramide was converted to o-phthalaldehyde derivative
and analyzed using HPLC system. N-palmitoyl-D-erythro-
sphingosine (C17 base) (a kind gift of Dr. Z. Szulc, Medical
University of South Carolina) was used as an internal standard.

Soleus muscle incubations

Palmitate oxidation and esterification in incubated soleus
muscle strips was determined using [9,10-*H]-palmitate, as
previously described in detail (18). Palmiate oxidation was

estimated by measuring the release of *H,O into the incubation
buffer. To determine palmitate esterification, lipids were extracted
from muscle strips and then separated by means of TLC. The lipid
bands were scraped off the plates, and *H-palmitate incorporation
into different lipid pools was measured by radioactivity counting.

Real-time PCR

Total RNA was isolated from the samples using TriReagent
(Sigma) according to the manufacturer’s instructions. Following
RNA purification, DNase treatment (Ambion) was performed to
ensure that there was no contaminating genomic DNA. Extracted
RNA was solubilized in RNase-free water and stored at —80°C
until use. The quality of each RNA sample was verified by
running the agarose electrophoresis with ethidium bromide. The
RNA was reverse transcribed into cDNA using First Strand
cDNA Synthesis Kit (Fermentas) with oligo(dT)18.
Oligonucleotide primers were designed using Beacon Designer
Software 7.5 (Premier Biosoft). Real-time PCR was performed
with SYBR Green JumpStart Taq ReadyMix (Sigma) using a
Bio-Rad Chromo4 system. PCR efficiency was examined by
serially diluting the template cDNA, and a melt curve was
performed at the end of each reaction to verify PCR product
specificity. A sample containing no cDNA was used as a negative
control to verify the absence of primer dimers. The results were
normalized to B-actin expression measured in each sample.

Western blotting

All primary antibodies were obtained from Abcam (LXR-a,
ab28478; LXR-B, ab24361; SREBP-1, ab28481; peroxisome
proliferator-activated receptor (PPAR)-o, ab2779; PPAR-J,
ab23673; fatty acid translocase/CD36 (FAT/CD36), ab36977; [3-
actin, ab129348). Briefly, protein extracts were fractionated on a
10% polyacrylamide gel, transferred to nitrocellulose
membranes, and probed with antibodies specific to the proteins
analyzed. After incubation with the secondary alkaline
phosphatase-conjugated antibody (Sigma, A9019) protein bands
were scanned and quantified using a Gel Doc EQ system (Bio-
Rad). All samples were also probed with anti-B-actin antibody to
verify equal loading.

Plasma measurements

Concentrations of plasma glucose, triacylglycerols, NEFA and
total cholesterol were determined with the use of Glucose Oxidase
Reagent Set (Pointe Scientific Inc.), Serum Triacylglycerol
Determination Kit (Sigma), Wako NEFA C kit (Wako Chemicals)
and Cholesterol kit (BioMaxima), respectively.

Statistical analysis

All data are presented as means +S.D. Statistical
comparisons between experimental groups were made by using
Student’s t-test. P<0.05 was considered statistically significant.

RESULTS

Administration of T0901317 affected neither body weight
nor food consumption. Plasma NEFA and triacylglycerols
concentration was markedly increased by T0901317, whereas
total cholesterol level was reduced by the drug. Moreover, LXR
activation resulted in a slight decrease in plasma glucose
concentration (7able I).

Animals treated with T0901317 were characterized by
decreased muscle content of NEFA and free cholesterol. There



was also a marked reduction in the level of cholesterol esters,
however, this effect was observed only in the soleus and red
gastrocnemius (Fig. I). On the other hand, the content of
phospholipids was elevated upon LXR activation in all
examined muscles. In addition, administration of T0901317
increased ceramide level in the soleus (Fig. /). Animals treated
with the LXR agonist were also characterized by accumulation
of triacylglycerols in the red gastrocnemius but not in the soleus
or white gastrocnemius, where no statistically significant
changes were observed. The content of diacylglycerols in the
soleus and red gastrocnemius was not affected by T0901317,
whereas, in the white gastrocnemius it was reduced upon LXR
activation (Fig. I).

Data obtained from real-time PCR analysis indicate that
mRNA level of LXR-f3 was higher than that of LXR-o in all
examined muscles (estimated difference after correction for PCR
reaction efficiency ranged from 3.5 to 7-fold depending on the
muscle type, data not shown). Expression of LXR-o protein in
the soleus and red gastrocnemius was similar, and approximately

Table 1. General features and plasma measurements of the
experimental animals.

Vehicle T0901317
Initial body weight (g) 256+13 271+11
Final body weight (g) 311£19 319+13
Food consumption (g/d/rat) 39.4+5 39+8.8
Epididymal fat pads weight (g) 3.58+0.69 4.23+0.96
Plasma measurements (fed state)
Glucose (mg/dl) 156+17 133+11%*
NEFA (nmol/ml) 183£32 246:£44%*
Triacylglycerols (nmol/ml) 1026+355  1874+782%*
Total cholesterol (mg/dl) 63.4+14 48.8+12.9*

The results are means £S.D. (n=10). One or two symbols
indicate a significant difference versus the vehicle control at the
p<0.05 or p<0.01 levels, respectively.

NEFA - nonesterified fatty acids.
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30% higher, compared to the white gastrocnemius. Among the
muscles examined, soleus was characterized by the highest level
of LXR-B protein, followed by red and white gastrocnemius
(Fig. 24). T0901317 administration upregulated mRNA and
protein expression of both LXR isoforms in all examined
muscles, however, this effect was stronger for LXR-0 compared
to LXR-B (Fig. 24, Table 2). As a result the LXR-o/LXR-f3
protein ratio increased in all examined muscles. It should be
noted, however, that in the animals administered with T0901317
this ratio was markedly higher in the red gastrocnemius
compared to the soleus and white gastrocnemius (Fig. 2B).

Administration of T0901317 caused a marked increase in the
level of stearoyl-CoA desaturase (SCD) 1 and SREBP-1c mRNA
in all examined muscles. A similar, albeit much weaker, effect
was observed for both precursor and mature SREBP-1 protein.
Upregulation of SREBP-1 protein was more pronounced in the
soleus as compared to the other two examined muscles. On the
other hand, mRNA level of acetyl-CoA carboxylase (ACC) 1,
another classical LXR target gene, was only modestly increased.
Glycerol-3-phosphate acyltransferase (GPAT) mRNA level was
slightly elevated upon LXR activation. Interestingly, expression
of diacylglycerol acyltransferase (DGAT) 1 was strongly
suppressed in all examined muscles by T0901317 (Table 2).

Skeletal muscles of animals treated with LXR agonist were
characterized by elevated expression of PPAR-§ protein,
whereas the level of PPAR-a remained stable. In addition,
mRNA level of a number of PPAR-dependent genes including
carnitine palmitoyltransferase (CPT) 1, malonyl-CoA
decarboxylase (MCD), pyruvate dehydrogenase kinase (PDK) 4
and long-chain acyl-CoA synthetase (ACSL) 1 was significantly
increased upon LXR activation. It should be noted, however, that
expression of MCD was upregulated only in the soleus and red
gastrocnemius (Zable 2). T0903117 also increased muscle
content of FAT/CD36 protein (Fig. 3).

Strips of the soleus muscle isolated from T0901317-treated
animals were characterized by lower rate of 3H-palmitate
incorporation into triacylglycerols, whereas the rate of its
incorporation into phospholipids was increased. There were no
statistically significant changes in the amount of tracer
incorporated into intramuscular NEFA or diacylglycerols (Fig.
44). The rate of 3H-palmitate oxidation in the soleus muscle

Table 2. Effect of T0901317 on mRNA level of selected genes in skeletal muscle.

Soleus

Red gastrocnemius

White gastrocnemius

fold-change versus vehicle

LXR-o. 3.1142.32% 11.3+1.94%** 2.19+0.68*
LXR-B 2.96+2.33 5.8241.49%** 1.86+0.51*
SREBP-1c 5.9140.49%** 4.27+0.42%** 5.34+0.38%**
ACCl1 1.55+0.07*** 1.48+0.14%** 1.28+0.15%*
SCD1 12.8+0.14%** 10.8+£0.55%** 7.18+0.35%**
GPAT 1.07+0.02%* 1.27£0.07%** 1.3£0.16%*
DGATI1 0.34£0.03%** 0.3£0.03%** 0.28+0.04***
CPT1 2.48+0.1%** 3.09+0.34%** 1.88+0.09%**
MCD 2.28+0.09%** 1.86+0.12%*** 0.92+0.05*
ACSL1 4.67+0.48*** 3.3240.45%** 4.59+0.39%**
PDK4 2.68+0.34%** 3.0140.24%** 2.61+0.13%**

The results are means £S.D. (n=6). One, two or three symbols indicate a significant difference versus the vehicle control at the p<0.05,

p<0.01 or p<0.001 levels, respectively.

ACC, acetyl-CoA carboxylase; ACSL, long-chain acyl-CoA synthetase; CPT, carnitine palmitoyltransferase; DGAT, diacylglycerol
acyltransferase; GPAT, glycerol-3-phosphate acyltransferase; LXR, liver X receptor; MCD, malonyl-CoA decarboxylase; PDK,
pyruvate dehydrogenase kinase; SCD, stearoyl-CoA desaturase; SREBP, sterol regulatory element binding protein.

NEFA - nonesterified fatty acids.



292

NEFA Diacylglycerol
300 1 OVehicle 600 1
mT0901317
250 - 500 -
200 *% 400 *
> * *% G
4 <
W 150 A L 300 4
o o
£ £
100 - =200 A
50 1 100
0 . . 0 . .
Triacylglycerol Phospholipids
16000 35000 - Sk
14000 - . 30000 4 .
12000 -
25000{ ~I_
5 10000 ~ ol
> < 20000 -
; 8000 ;
g 2 15000 1
£ 6000 - £
4000 4 10000
2000 - 5000 1
0 . . 0 . .
Free cholesterol Cholesterol esters
2500 1 160 -
sk 140 4
2000 - o
120 4
*%k%*
5 1500 5 1007
g g 80 1
< 1000 - < 50 *%
40
500 1
20
0 . . 0 .

Soleus Red White

gastroc gastroc
Fig. 1. Effect of LXR

*%

activation on muscle
content of major lipid
classes. Rats were treated
with either T0901317 (10
mg/kg/d) or vehicle for
one week (n=10).

One, two or three symbols

indicate a significant

Ceramide
difference versus the
vehicle control at the

' p<0.05, p<0.01 or p<0.001

Soleus Red White levels, respectively.
gastroc gastroc FA, fatty acids; NEFA,
nonesterified fatty acids.

(nmol/ g)
- - N N w w B
o [¢,] o [¢,] o [¢,] o (4] o
R R R R R L R L
*
*




strips isolated from rats administered with LXR agonist was
markedly higher as compared to the vehicle control (Fig. 4B).

DISCUSSION

In the present study we found that T0901317 increased
muscle expression of PPAR-3 and its target genes, and
stimulated palmitate oxidation in isolated soleus muscle.
However, palmitate incorporation into triacylglycerol was
decreased, which was associated with reduced DGAT
expression. Despite markedly increased availability of plasma
lipids upon T0901317 treatment, muscle triacylglycerol was
elevated only in red gastrocnemius.

Our results indicate significant differences in LXR
expression between muscles with different fiber type
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composition. Namely, protein level of both LXR isoforms was
higher in muscles with high oxidative capacity (soleus and red
gastrocnemius) compared to the glycolytic one (white
gastrocnemius). A similar pattern was reported for PPARs
expression in rat skeletal muscles (19).

In all available studies, including the present one, muscle
SREBP-1c mRNA level was markedly increased upon
administration of synthetic LXR agonist (14, 20-23). There is,
however, conflicting evidence in the literature as to whether
LXR activation enhances expression of other lipogenic genes in
muscle cells. T0901317 was found to increase mRNA levels of
ACC, SCDI and fatty acid synthase in cultured human and
murine myotubes (21-23), but not in murine skeletal muscle (14,
20). In our study, SCD1 expression was strongly induced in all
muscles upon T0901317 administration. On the other hand,
mRNA level of another lipogenic gene, ACC1 was barely
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Fig. 3. Effect of T0901317 on protein expression of selected
genes in skeletal muscle. Rats were treated with either T0901317
(10 mg/kg/d) or vehicle for one week (n=6).

* - statistically significant difference versus the vehicle control.
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FAT/CD36, fatty acid translocase/CD36; PPAR, peroxisome
proliferator-activated receptor;

SREBP-1p, precursor sterol regulatory element binding protein
1; SREBP-1m, mature sterol regulatory element binding
protein 1.

increased. The same finding was reported for cultured human
myotubes treated with T0901317 (21). This is in contrast to a
response observed in the liver, where all lipogenic genes are
coordinately and strongly upregulated upon LXR activation (9,
14). Liang et al. (9) found that SREBP-1c is crucial for the
lipogenic action of LXR agonists in the liver. In their report
transcriptional response of the lipogenic genes to LXR
activation was either absent or severely blunted in SREBP-1c
knockout mice. In our study muscle SREBP-1¢ mRNA increased
as much as 5-fold after T0901317 administration, whereas the
content of mature SREBP-1 protein was elevated by only 15 to
47%., depending on the muscle type. However, in the liver, LXR
activation was repeatedly shown to markedly elevate both
SREBP-1c mRNA and mature protein (9, 24, 25). Therefore, our
results suggest that limited response of lipogenic pathway to
synthetic LXR agonists, that is observed in skeletal muscle, is a
consequence of their inability to effectively upregulate mature
SREBP-1c¢ protein therein.

We observed a significant increase in plasma
triacylglycerols concentration after treatment with T0901317.
Hypertriglyceridemia is a well-documented effect of T0901317
in rodents, and results from augmented hepatic very low density
lipoprotein (VLDL)-triglyceride secretion (26). It should be
noted that hypertriglyceridemic effect of T0901317 in mice is
transient and limited to the first three days of the treatment (27,
28). In our study, it was still present after one week which
provides additional evidence for the presence of differences
between rats and mice in response to synthetic LXR agonists.
Rats administered with T0901317 were also characterized by
elevated plasma NEFA concentration. Similar finding was
reported by other groups (28, 29). It was shown that LXR
activation stimulates basal lipolysis in human adipocytes, and
we have previously observed increased expression of hormone-
sensitive lipase and adipocyte triglyceride lipase in adipose
tissue of rats treated with T0901317 (30).

On the other hand, there was no clear tendency towards
increased content of muscle lipids upon T0901317
administration. We observed a decrease in intramuscular NEFA
level, and no change (soleus and red gastrocnemius) or a
decrease (white gastrocnemius) in diacylglycerols concentration.
Triacylglycerols were increased exclusively in red
gastrocnemius, and only phospholipids content was moderately
elevated in all examined muscles. There is very few data on the
effect of LXR agonists on lipid content in muscle tissue. Hessvik
et al. (31) found increased number of lipid droplets in
differentiated human myotubes incubated with T0901317.
However, Cozzone et al. (21), using the same experimental
model, reported no such effect. Korach-Andre et al. (32) found
that intramyocellular lipid content measured by magnetic
resonance spectroscopy in tibialis anterior of wild-type mice was
not affected by deficiency of either LXR-0,, LXR-f or both LXR
isoforms. This observation is in good agreement with our results,
as we observed no effect of T0901317 on triacylglycerols level
in white gastrocnemius, a muscle with fiber composition similar
to murine tibialis anterior (33). Similarly, Commerford et al.
(34) reported that triacylglycerols content in the gastrocnemius
muscle was not affected by GW3965 in high-fat fed rats.
Unfortunately, the authors did not indicate which portion of the
gastrocnemius muscle they had used.

A surprising finding of our study is that T0901317 did not
cause overt accumulation of intramuscular lipids despite
significant increase in plasma NEFA and triacylglycerols
concentration and enhanced muscle expression of genes
involved in lipogenesis and fatty acid uptake. This observation
suggests that, in contrast to liver which becomes fatty and
enlarged, muscle lipid homeostasis is not perturbed by
pharmacological LXR activation. Our results indicate that
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T0901317 not only increased fatty acid availability in skeletal
muscle but also stimulated their oxidation therein, which
prevented accumulation of lipids. This is supported by the fact
that LXR agonist upregulated expression of genes favoring fatty
acid B-oxidation in all three examined muscles. In addition,
plamitate oxidation rate was markedly elevated in the soleus
muscle strips isolated from rats administered with the LXR
agonist. This finding is consistent with our previous report
showing that T0901317 increased muscle fatty acid utilization
during exercise (30). Similarly to the present work, studies on
differentiated human myotubes showed that incubation with
T0901317 enhanced fatty acid oxidation and increased
expression of CPT1 and PDK4 (21, 22, 31, 35). However, one
study found no effect of T0901317 on oleate oxidation rate in
cultured myotubes derived from mice (23).

LXR agonist increased muscle expression of PPAR-0 protein
and a number of PPAR-dependent genes regulating fatty acid
uptake and oxidation. Upregulation of PPAR-dependent genes
including FAT/CD36, CPT1, PDK4 and ACSL1 was observed
also in differentiated human myotubes incubated with T0901317
(21, 22, 35, 36). PPAR-6 was found to be a key transcriptional
regulator of fatty acid metabolism in skeletal muscle, and
pharmacological activation or overexpression of this receptor
increases muscle fatty acid oxidation rate in rodents (37).
Therefore, it is very likely that LXR-induced stimulation of
muscle palmitate oxidation observed in our study was a
consequence of enhanced PPAR-8 expression. However, we can

only speculate on the mechanism underlying PPAR-8
upregulation in response to LXR agonist. LXREs were identified
in the promotor regions of PPAR-a and PPAR-y genes (38, 39)
but there is no information as to whether PPAR-6 is also directly
regulated by LXR at the transcriptional level. In the study by
Cozzone et al. (21). T0901317 did not affect mRNA expression
of any PPAR subtype in cultured human myotubes. It should be
noted, however, that gene set enrichment analysis of microarray
data showed that PPAR signaling pathway was upregulated by
T0901317 in cultured myotubes derived from mice (23). It is
also possible that upregulation of muscle PPAR-0 and its target
genes observed in our study was an indirect effect of LXR
agonist. For instance, since long-chain fatty acids are
endogenous agonists of PPAR-8 (37), T0901317-induced
increase in plasma NEFA and triacylglycerol concentration
could result in activation of this receptor.

An interesting finding of our study is that T0901317
markedly suppressed muscle DGAT1 expression which
suggests reduced triacylglycerols synthesis rate. This is also
supported by decreased incorporation of palmitate into
triacylglycerols in the soleus muscle strips isolated from rats
administered with the LXR agonist. Our observation is in
contrast to reports showing that both palmitate incorporation
into triacylglycerols and DGAT1 expression are increased in
differentiated human myotubes incubated with T0901317 (21,
35, 36). In our study, decreased DGAT1 expression could be
another factor besides enhanced fatty acid oxidation that limited



296

accumulation of intramuscular triacylglycerols in animals
receiving LXR agonist.

Surprisingly, although the transcriptional response to LXR
agonist was similar in all examined muscles, triacylglycerols
level was increased only in the red gastrocnemius. Although we
can only speculate as to the reason for this discrepancy, it is
possible that it was a consequence of different proportions
between LXR isoforms in examined muscles. T0901317 is a
dual LXR-0/p agonist and there is some evidence indicating
different regulatory functions of each isoform in skeletal muscle
(23). Interestingly, in our study T0901317-induced
triacylglycerols accumulation was observed in the muscle which
was characterized by the highest post-treatment LXR-0/LXR-3
protein ratio. On the contrary, in the white gastrocnemius, where
this ratio was the lowest among examined muscles, there was, in
general, a tendency for decreased intramuscular lipid content
upon T0901317 administration. Differences in LXR signaling
between various skeletal muscles were found also by Korach-
Andre et al. (40).

We conclude that T0901317 stimulates muscle fatty acid
oxidation (most likely via upregulation of PPAR-8), which
prevents overt accumulation of intramuscular lipids that could be
expected considering T0901317-induced hyperlipidemia. In
addition, our results indicate that effect of LXR activation on
muscle lipid metabolism depends on the muscle type, which can
be a consequence of differences in the pattern of LXR isoform
expression.

Acknowledgements: This work was supported by the Polish
Ministry of Science and Higher Education (grant no. N401 134
31/2926) and by the Medical University of Bialystok (grants no.
113-18951 and 114-18873).

Conlflict of interests: None declared.

REFERENCES

1. Apfel R, Benbrook D, Lernhardt E, Ortiz MA, Salbert G,
Pfahl M. A novel orphan receptor specific for a subset of
thyroid hormone-responsive elements and its interaction
with the retinoid/thyroid hormone receptor subfamily. Mol
Cell Biol 1994; 14: 7025-7035.

2. Willy PJ, Umesono K, Ong ES, Evans RM, Heyman RA,
Mangelsdorf DJ. LXR, a nuclear receptor that defines a
distinct retinoid response pathway. Genes Dev 1995; 9:
1033-1045.

3. Bjorkhem I, Meaney S, Diczfalusy U. Oxysterols in human
circulation: which role do they have? Curr Opin Lipidol
2002; 13: 247-253.

4. Schultz JR, Tu H, Luk A, et al. Role of LXRs in control of
lipogenesis. Genes Dev 2000; 14: 2831-2838.

5. Peet DJ, Turley SD, Ma W, et al. Cholesterol and bile acid
metabolism are impaired in mice lacking the nuclear
oxysterol receptor LXR alpha. Cell 1998; 93: 693-704.

6. Repa JJ, Turley SD, Lobaccaro JA, et al. Regulation of
absorption and ABCl-mediated efflux of cholesterol by
RXR heterodimers. Science 2000; 289: 1524-1529.

7. Joseph SB, McKilligin E, Pei L, ef al. Synthetic LXR ligand
inhibits the development of atherosclerosis in mice. Proc
Natl Acad Sci USA 2002; 99: 7604-7609.

8. Terasaka N, Hiroshima A, Koieyama T, ef al. T-0901317, a
synthetic liver X receptor ligand, inhibits development of
atherosclerosis in LDL receptor-deficient mice. FEBS Lett
2003; 536: 6-11.

9. Liang G, Yang J, Horton JD, Hammer RE, Goldstein JL,
Brown MS. Diminished hepatic response to

10.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

fasting/refeeding and liver X receptor agonists in mice with
selective deficiency of sterol regulatory element-binding
protein-1c. J Biol Chem 2002; 277: 9520-9528.

Cao G, Liang Y, Broderick CL, et al. Antidiabetic action of a
liver X receptor agonist mediated by inhibition of hepatic
gluconeogenesis. J Biol Chem 2003; 278: 1131-1136.

. Laffitte BA, Chao LC, Li J, et al. Activation of liver X

receptor improves glucose tolerance through coordinate
regulation of glucose metabolism in liver and adipose tissue.
Proc Natl Acad Sci USA 2003; 100: 5419-5424.

. Abdallah BM, Beck-Nielsen H, Gaster M. Increased

expression of 11beta-hydroxysteroid dehydrogenase type 1
in type 2 diabetic myotubes. Eur J Clin Invest 2005; 35:
627-634.

. Zhang Y, Mangelsdorf DJ. LuXuRies of lipid homeostasis: the

unity of nuclear hormone receptors, transcription regulation,
and cholesterol sensing. Mol Interv 2002; 2: 78-87.

Muscat GE, Wagner BL, Hou J, ef al. Regulation of cholesterol
homeostasis and lipid metabolism in skeletal muscle by liver X
receptors. J Biol Chem 2002; 277: 40722-40728.

Roemen TH, van der Vusse GJ. Application of silica gel
column chromatography in the assessment of non-esterified
fatty acids and phosphoglycerides in myocardial tissue.
J Chromatogr 1985; 344: 304-308.

Nawrocki A, Gorski J. Effect of plasma free fatty acid
concentration on the content and composition of the free
fatty acid fraction in rat skeletal muscles. Horm Metab Res
2004; 36: 601-606.

Baranowski M, Zabielski P, Blachnio A, Gorski J. Effect of
exercise duration on ceramide metabolism in the rat heart.
Acta Physiol (Oxf) 2008; 192: 519-529.

Harasim E, Chabowski A, Gorski J. Lack of downstream
insulin-mimetic effects of visfatin/eNAMPT on glucose and
fatty acid metabolism in skeletal muscles. Acta Physiol (Oxf)
2011; 202: 21-28.

Spangenburg EE, Brown DA, Johnson MS, Moore RL.
Alterations in peroxisome proliferator-activated receptor
mRNA expression in skeletal muscle after acute and
repeated bouts of exercise. Mol Cell Biochem 2009; 332:
225-231.

Grethorst A, van Dijk TH, Hammer A, et al. Differential
effects of pharmacological liver X receptor activation on
hepatic and peripheral insulin sensitivity in lean and ob/ob
mice. Am J Physiol Endocrinol Metab 2005; 289: E829-E838.
Cozzone D, Debard C, Dif N, et al. Activation of liver X
receptors promotes lipid accumulation but does not alter
insulin action in human skeletal muscle cells. Diabetologia
2006; 49: 990-999.

Kase ET, Thoresen GH, Westerlund S, Hojlund K, Rustan
AC, Gaster M. Liver X receptor antagonist reduces lipid
formation and increases glucose metabolism in myotubes
from lean, obese and type 2 diabetic individuals.
Diabetologia 2007; 50: 2171-2180.

Hessvik NP, Boekschoten MV, Baltzersen MA, et al.
LXR[beta] is the dominant LXR subtype in skeletal muscle
regulating lipogenesis and cholesterol efflux. Am J Physiol
Endocrinol Metab 2010; 298: E602-E613.

Chu K, Miyazaki M, Man WC, Ntambi JM. Stearoyl-
coenzyme A desaturase 1 deficiency protects against
hypertriglyceridemia and increases plasma high-density
lipoprotein cholesterol induced by liver X receptor
activation. Mol Cell Biol 2006; 26: 6786-6798.

Grefhorst A, Parks EJ. Reduced insulin-mediated inhibition
of VLDL secretion upon pharmacological activation of the
liver X receptor in mice. J Lipid Res 2009; 50: 1374-1383.
Baranowski M. Biological role of liver X receptors.
J Physiol Pharmacol 2008; 59(Suppl 7): 31-55.



27.

28.

29.

30.

31.

32.

33.

34.

Joseph SB, Laffitte BA, Patel PH, et al. Direct and indirect
mechanisms for regulation of fatty acid synthase gene
expression by liver X receptors. J Biol Chem 2002; 277:
11019-11025.

Chisholm JW, Hong J, Mills SA, Lawn RM. The LXR ligand
T0901317 induces severe lipogenesis in the db/db diabetic
mouse. J Lipid Res 2003; 44: 2039-2048.

Denechaud PD, Bossard P, Lobaccaro JM, et al. ChREBP,
but not LXRs, is required for the induction of glucose-
regulated genes in mouse liver. J Clin Invest 2008; 118:
956-964.

Baranowski M, Zabielski P, Blachnio-Zabielska AU,
Harasiuk D, Gorski J. LXR activation prevents exhaustive
exercise-induced hypoglycaemia and spares muscle
glycogen but does not enhance running endurance in
untrained rats. Acta Physiol (Oxf) 2011; 201: 373-379.
Hessvik NP, Bakke SS, Fredriksson K, et al. Metabolic
switching of human myotubes is improved by n-3 fatty
acids. J Lipid Res 2010; 51: 2090-2104.

Korach-Andre M, Parini P, Larsson L, Arner A, Steffensen
KR, Gustafsson JA. Separate and overlapping metabolic
functions of LXRalpha and LXRbeta in C57Bl/6 female mice.
Am J Physiol Endocrinol Metab 2010; 298: E167-E178.
Augusto V, Padovani CR, Rocha Campos GE. Skeletal
muscle fiber types in C57BL6J mice. Braz J Morphol Sci
2004 ; 21: 89-94.

Commerford SR, Vargas L, Dorfman SE, et al. Dissection of
the insulin-sensitizing effect of liver X receptor ligands. Mol
Endocrinol 2007; 21: 3002-3012.

35.

36.

37.

38.

39.

40.

297

Kase ET, Wensaas AJ, Aas V, et al. Skeletal muscle lipid
accumulation in type 2 diabetes may involve the liver X
receptor pathway. Diabetes 2005; 54 : 1108-1115.

Kase ET, Andersen B, Nebb HI, Rustan AC, Thoresen GH.
22-Hydroxycholesterols regulate lipid metabolism
differently than T0901317 in human myotubes. Biochim
Biophys Acta 2006; 1761: 1515-1522.

Ehrenborg E, Krook A. Regulation of skeletal muscle
physiology and metabolism by peroxisome proliferator-
activated receptor delta. Pharmacol Rev 2009; 61: 373-393.
Seo JB, Moon HM, Kim WS, et al. Activated liver X
receptors stimulate adipocyte differentiation through
induction of peroxisome proliferator-activated receptor
gamma expression. Mol Cell Biol 2004; 24: 3430-3444.
Colin S, Bourguignon E, Boullay AB, et al. Intestine-
specific regulation of PPAR-alpha gene transcription by liver
X receptors. Endocrinology 2008; 149: 5128-5135.
Korach-Andre M, Archer A, Gabbi C, et al. Liver X
receptors regulate de novo lipogenesis in a tissue-specific
manner in C57BL/6 female mice. Am J Physiol Endocrinol
Metab 2011; 301: E210-E222.

Received: January 2, 2013
Accepted: May 30, 2013

Author’s address: Prof. Jan Gorski, Department of

Physiology, Medical University of Bialystok, 2c Mickiewicza
Street, 15-222 Bialystok, Poland.
E-mail: gorski@umb.edu.pl




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 822.047]
>> setpagedevice


