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Abstract

Background/Aim: Liver X receptors (LXRs) are ligand-activated transcription factors that were
shown to stimulate hepatic lipogenesis leading to liver steatosis and hypertriglyceridemia.
Despite their pro-lipogenic action, LXR activators normalize glycemia and improve insulin
sensitivity in rodent models of type 2 diabetes. Antidiabetic action of LXR agonists is thought to
result from suppression of hepatic gluconeogenesis. However, it remains unclear whether LXR
activation affects muscle insulin sensitivity. In the present study we attempted to answer this
question. Methods: The experiments were performed on male Wistar rats fed for 5 weeks on
either standard chow or high fat diet. The latter group was further divided into two subgroups
receiving either selective LXR agonist — T0901317 (10mg/kg/d) or vehicle during the last week
of the experiment. All animals were then anaesthetized and samples of the soleus as well
as red and white sections of the gastrocnemius muscle were excised. Results: As expected,
administration of T0901317 to high-fat fed rats augmented diet-induced hyperlipidemia.
Nevertheless, it also normalized glucose tolerance and improved insulin-stimulated glucose
uptake in isolated soleus muscle. In addition, LXR agonist completely restored glucose
transporter 4 expression and insulin-stimulated Akt substrate of 160 kDa phosphorylation in
all investigated muscles. Insulin-sensitizing effect of T0901317 was not related to changes in
intramuscular level of lipid mediators of insulin resistance, since neither diacylglycerols nor
ceramide content was affected by the treatment. Conclusion: We conclude that improvement
in muscle insulin sensitivity is one of the mechanisms underlying the antidiabetic action of

LXR activators. )
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Introduction

Liver X receptors (LXRs) are ligand-activated transcription factors of the nuclear
hormone receptor superfamily. There are two known LXR isoforms termed o and (3 that
are highly related and share ~78% identity of their amino acid sequences in DNA and
ligand-binding domains [1]. Whereas LXRf is broadly expressed, high expression of LXR«a
is restricted to certain tissues such as liver, adipose tissue, intestine, kidney and lung [2].
Ligand-activated LXRs form heterodimers with the obligate partner 9-cis retinoid acid
receptor and promote transcriptional activation by binding to a specific DNA sequence (LXR
response element) in the promoter region of the target genes [3]. Endogenous LXR agonists
include a number of oxidized cholesterol derivatives such us 22(R)-hydroxycholesterol,
20(S)-hydroxycholesterol, 24(S)-hydroxycholesterol and 24(S),25-epoxycholesterol [4]. In
addition, some synthetic non-steroidal LXR activators have been developed. Among them,
T0901317 and GW3965 are the most commonly used in experimental studies. Both are
potent dual LXRa /3 agonists [5].

LXRs have been proposed to operate as intracellular 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 LXRs to enhance transcription of
a whole array of genes involved in reverse cholesterol transport and its conversion to bile
acids in the liver [2]. This finding led to identification of synthetic LXR agonists as potent
antiatherogenic agents in murine models of atherosclerosis [6, 7]. In addition, synthetic (but
not endogenous) LXR agonists were found to stimulate hepatic lipogenesis via upregulation
of sterol regulatory element binding protein (SREBP) 1c which leads to severe liver steatosis,
hepatomegaly and hypertriglyceridemia [8].

In addition to their effects on cholesterol and fatty acid metabolism, synthetic LXR
agonists have been found to possess potent antidiabetic properties. T0901317 and GW3965
were reported to normalize glycemia and improve whole body insulin sensitivity in animal
models of diet-induced insulin resistance and type 2 diabetes. This action of LXR agonists is
thought to result from downregulated expression of hepatic gluconeogenic genes, however,
there is some data indicating that they also improve peripheral insulin sensitivity [2].
Although LXRs are expressed in human and rodent skeletal muscle [9, 10], there is very few
information on the effect of LXR activation on muscle insulin sensitivity, and most of the
available studies were performed on cultured myotubes. Therefore, we aimed to determine
whether amelioration of muscle insulin resistance contributes to the insulin-sensitizing
effect of T0901317 in high-fat fed rats.

Materials and Methods

Animals and study design

The investigation conforms with the “European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes” (Council of Europe No 123, Strasbourg 1985) and
was approved by the Ethical Committee for Animal Experiments at the Medical University of Biatystok.
Male Wistar rats (80-100g) were housed under controlled conditions (21°C + 1, 12h light/12h dark cycle,
light on at 06:00h) with unlimited access to water. The animals were fed ad libitum for 5 weeks on either
standard chow (Agropol, Motycz, Poland, 2.8 gm% of fat) or high fat diet (D12492, Research Diets Inc.,
35 gm% of fat). The latter group was further divided into two subgroups receiving either vehicle or dual
LXR a/B agonist T0901317 (Cayman Chemicals, 10 mg/kg/d, suspended in 0.5% carboxymethylcellulose)
throughout the last week of the experiment. The solutions were administrated once daily by an oral gavage.
On the last day of the experiment all rats were anaesthetized by intraperitoneal injection of pentobarbital in
the dose of 80 mg/kg of body weight. Samples of the soleus as well as red (RG) and white (WG) 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.
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Glucose tolerance test and insulin tolerance test

For glucose tolerance test rats were fasted overnight for 12h and then gavaged with glucose (2.5
g/kg of body weight). Blood glucose in samples obtained from a tail nick was measured with HemoCue
201+ analyzer (HemoCue AB, Sweden) at 0, 15, 30, 60 and 120 minutes after the glucose load. For insulin
tolerance test rats were fasted as described above and then injected intraperitoneally with regular human
insulin (Humulin R, Eli Lilly, 0.75 U/kg of body weight). Blood glucose concentration was then determined
at0, 15, 30, 45, 60, 90 and 120 minutes after the injection.

Acute insulin stimulation in vivo

Rats were fasted overnight for 12h and then anaesthetized with pentobarbital. Muscle samples were
taken from one hind limb and immediately frozen in liquid nitrogen. A bolus of insulin (10 U/kg of body
weight) was then injected into the tail vein. After 4 min muscle samples were rapidly excised from the
opposite limb and immediately frozen in liquid nitrogen.

Glucose uptake in incubated soleus muscle strips

Longitudinal soleus muscle strips were fixed in vertical position at resting length and preincubated in
glass vials containing Krebs-Henseleit buffer at pH 7.4, supplemented with 5.5 mM glucose, 2 mM sodium
pyruvate and 1.5% defatted bovine serum albumin (BSA) for 30 min at 30°C, with gentle agitation (110/
min), under continuous gassing with 95% 0,/5% CO,. Temperature, shaking and gassing remained constant
throughout subsequent incubation.

2-deoxy-D-glucose transport was measured using a modified method described by Hansen et al. [11].
Glucose uptake was determined in soleus muscle strips during 1) basal conditions and 2) insulin stimulation.
Briefly, after pre-equilibration, muscle strips were washed and glucose transport was determined in
palmitate-free Krebs-Henseleit buffer (2 ml) supplemented with 0.5 uCi/ml [*H]-2-deoxy-D-glucose, 0.2
pCi/ml [**C]-mannitol, 8 mM 2-deoxy-glucose, 28 mM mannitol and 4 mM sodium pyruvate in the presence
or absence of insulin for 20 min. Thereafter, muscles were blotted of excess fluid on filter paper, weighed
and frozen in liquid nitrogen. Muscle strips were digested by boiling in 300 ul of 1 M NaOH at 80°C for 10
min. Digested muscles were then neutralized with 300 pl of 1 M HCL. Radioactivity of muscle extracts was
determined in duplicate by liquid scintillation counting (for dual labels *H and !*C), and the extracellular and
intracellular spaces were calculated. Glucose uptake (umol [*H]-2-deoxy-D-glucose/g) data was calculated
from intracellular [*H]-2-deoxy-D-glucose accumulation after correcting for interstitial volume with [*C]-
mannitol.

Plasma measurements

Concentrations of plasma glucose, triacylglycerols, nonesterified fatty acids (NEFA) and insulin 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 Rat Insulin ELISA kit (Mercodia),
respectively.

Muscle diacylglycerols and ceramide

Samples were pulverized in an aluminum mortar precooled in liquid nitrogen. Lipids were extracted
by the method of Folch. Diacylglycerols were separated by thin-layer chromatography (TLC) according to
Roemen and van der Vusse [12]. Authentic lipid class standard was spotted on the outside lanes of the
TLC plates to enable localization of sample diacylglycerols. The gel bands corresponding to the standard
were scrapped from the plates, transferred into fresh tubes and then transmethylated in 14% methanolic
boron trifluoride (Sigma) at 100°C for 10 minutes. The content of resulting fatty acid methyl esters was
determined by means of gas-liquid chromatography as previously described in detail [13].

The content of ceramide was determined as described previously in detail [14]. Briefly, tissue was
homogenized and lipids were extracted into chloroform. An aliquot of the chloroform phase was subsequently
transferred to a fresh tube containing N-palmitoyl-D-erythro-sphingosine (C17 base) (a kind gift of Dr.
Z. Szulc, Medical University of South Carolina) as an internal standard. 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 equipped with a fluorescence detector and
C18 reversed-phase column (Varian Inc. OmniSpher 5, 4.6x150mm). Since the chloroform extract used for
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ceramide assay contained small amounts of free sphingoid bases, the content of ceramide was corrected for
the level of free sphingosine determined in the same sample.

Real-time quantitative 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 quantitative 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. Primer sequences are available upon request.

Phosphorylation and Western blotting

Muscle tissues were homogenized in 1:10 (w:v) ice cold lysis buffer (1% Triton-X100, 20 mM Tris-HCl
(pH 7.5), 150 mM NacCl, containing protease and phosphatase inhibitors. Samples were then centrifuged at
10,000 xg for 30 min at 4°C, the supernatant was collected and total protein levels were measured by BCA
protein assay kit (Pierce). Equal amounts of protein (50 pg) were separated by 10% SDS-PAGE and then
transferred on nitrocellulose membranes (BioRad). The membranes were probed with antibodies specific
to the proteins analyzed (Abcam). Bounds ware detected after incubation with an alkaline phosphatase-
conjugated secondary antibody (Sigma). Protein bands were scanned and quantified using a Gel Doc EQ
system (Bio-Rad). All samples were also probed with anti-f-actin antibody to verify equal loading.

For measurement of insulin receptor substrate (IRS) 1 phosphorylation samples were subjected to
immunoprecipitation with an anti-IRS-1 antibody (Abcam) followed by incubation with protein A agarose
beads (Sigma). The beads were washed extensively, proteins were eluted with Laemmli buffer and then
analyzed as described above.

Statistical analysis

All data are presented as means * SD. Statistical comparisons were made by using one-way ANOVA. If
overall significance was demonstrated by ANONA, post-hoc multiple comparisons using a Newman-Keuls
test were conducted. P<0.05 was considered statistically significant. One, two, or three symbols indicate a
significant difference at the p<0.05, p<0.01, or p<0.001 levels, respectively.

Results

Animals fed on the high-fat diet were characterized by higher body weight, food
consumptionand epididymal fatpadsweightascompared tothe chow-fed rats. Administration
of T0901317 did not induce statistically significant changes in the above parameters (Table
1). Plasma insulin, NEFA and triacylglycerols concentrations were increased approximately
2-fold upon high-fat feeding, however, in the latter case the difference did not reach
statistical significance. As expected, LXR agonist induced a further increase in plasma level
of triacylglycerols and NEFA, nevertheless, insulin concentration was decreased by the drug
(Table 1). In addition, T0901317 administration markedly improved glucose tolerance and
decreased insulin tolerance in high-fat fed rats (Fig. 1).

High-fat diet induced a significant decrease in insulin-stimulated 2-deoxy-D-glucose
uptake in isolated soleus muscle strips. Although T0901317 tended to ameliorate this
effect, the difference did not reach statistical significance. Since basal glucose uptake in this
group was slightly lower, we also calculated the delta increase in 2-deoxy-D-glucose uptake
(insulin-stimulated - basal), and it was substantially improved upon LXR activation (Fig. 2).
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Table 1. General features and plasma measurements of the experimental
animals. The animals were fed for 5 weeks on either standard chow or high
fat diet (HFD). The latter group was further divided into two subgroups re-
ceiving either vehicle or T0901317 (10 mg/kg/d) throughout the last week
of the experiment. The results are means * SD (n=10). NEFA - nonesterified
fatty acids. * - statistically significant difference vs. standard chow fed group,
A - statistically significant difference vs. HFD group. One, two or three sym-
bols indicate a significant difference at the p<0.05, p<0.01 or p<0.001 levels,

respectively
Chow diet HFD HFD+T0901317
Initial body weight (g) 94+7.9 91.449.6 94.3+9
Final body weight (g) 337429 383+59* 365+33
Food consumption (kcal/d) 99+13 119+21* 109+17

Epididymal fat pads weight (g) 3.58+0.69  6.75+1.44%%* 6.62+1.65***

Plasma measurements (fed state)

Glucose (mg/dl) 156+17 167+15 147422
Insulin (ng/ml) 2.94+1.45 5.26+1.76* 3.6+1.65"
NEFA (nmol/ml) 183+32 361+100* 6311220**F*AAA
Triacylglycerols (nmol/ml) 1026+355 1907+980 6094+3113**"
150 Insulin tolerance test Glucose tolerance test
—O—Chow diet
——HFD 240 -
120 —A—HFD+T0901317
= 200
£ 90 =
2 £ 160
_g’ 60 1~ *k S 120 4
8 £12 A g 25
m & . An
e 2 80 - g%
30 13 6 <15
2 OChow diet 5
g3 aHFD 40 510
0 WHFD+T0901317 g s
0 T T T T <
0 30 60 90 120 0 —0 - , .
Time after insulin injection (min.) 0 30 60 %0 120
Time after glucose ingestion (min.)

Fig. 1. LXR activation improved whole body insulin sensitivity in high-fat fed rats. The animals were fed
for 5 weeks on either standard chow or high fat diet (HFD). The latter group was further divided into two
subgroups receiving either vehicle or T0901317 (10 mg/kg/d) throughout the last week of the experiment.
Rats were fasted overnight and then subjected to oral glucose tolerance test or intraperitoneal insulin toler-
ance test. The results are means + SD (n=6). AUC - glucose area under the curve. * - statistically significant
difference vs. chow diet fed group, * - statistically significant difference vs. HFD group. One, two or three
symbols indicate a significant difference at the p<0.05, p<0.01 or p<0.001 levels, respectively.

Neither high-fat diet nor LXR agonist induced significant differences in total content
of IRS-1, Akt/protein kinase B (Akt/PKB) or Akt substrate of 160 kDa (AS160) protein in
the examined muscles (data not shown). In general, basal phosphorylation level of muscle
Akt/PKB and AS160 was affected by neither high-fat diet nor T0901317. Basal content
of phosphorylated IRS-1 protein in the soleus and RG (but not in WG) was moderately
decreased upon high-fat feeding, whereas administration of T0901317 induced a marked
increase in basal IRS-1 phosphorylation in all muscles examined (Fig. 3). Insulin-stimulated
phosphorylation of AS160 was impaired by high-fat diet in each muscle studied. On the other
hand, the diet-induced decrease in the level of phosphorylated IRS-1 and Akt/PKB under
conditions of insulin stimulation was observed only in the soleus and RG. Administration
of T0901317 did not improve insulin-stimulated phosphorylation of IRS-1 or Akt/PKB in
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Fig. 2. LXR activation improved muscle insulin- 5 - B Chow diet
stimulated 2-deoxy-D-glucose uptake in high-fat
fed rats. The animals were fed for 5 weeks on ei- l BHFD
, , WHFD+T0901317
ther standard chow or high fat diet (HFD). The lat- 44
ter group was further divided into two subgroups % *k
receiving either vehicle or T0901317. (10 mg/l.<g/d) %E N
throughout the last week of the experiment. Strips of | g £
the soleus muscle were then isolated and incubated %% L A
with *H-2-deoxy-D-glucose in the presence or ab- C}?E’ 21 1
sence of insulin as described in Materials and Meth- 53 *%
ods. The results are means * SD (n=6). * - statisti- :?
cally significant difference vs. chow diet fed group, 11
N - statistically significant difference vs. HFD group.
One or two symbols indicate a significant difference 0 ‘ '
at the p<0.05 or p<0.01 levels, respectively. Basal Insulin-stimulated ~ Delta-insulin
Fig. 3. LXR activation restored Soleus W -
insulin-stimulated AS160 phos- »
i i 2,1 4 [ S OChow diet l
phorylation in skeletal muscle = 1 BHFD *
of high-fat fed rats. The animals " L wox " FDeTOS01317
were fed for 5 weeks on either | -"*
standard chow or high fat diet %12 ARA
(HFD). The latter group was | s | -
further divided into two sub- &0‘6 | x
groups receiving either vehicle
or T0901317 (10 mg/kg/d) | °°]
throughout the last week of the o Basal Insulin-stimulated Basal Insulin-stimulated Basal Insulin-stimulated
experiment. Rats were fasted phospho IRS1 (Tyr612) phospho AKT/PKB (Serd73) phospho AS160 (Thr642)
overnight, anaesthetized and .
Red gastrocnemius
muscle samples were taken from ——— S0 | -
one hind limb. A bolus of insulin 21 l l T
was then injected into the tail 18 * t- - *
vein and after 4 min muscle sam- s ] o
ples were excised from the oppo- | § n
site limb. The results are means ?‘2 | == —
+ SD (n=6). Data was normalized %0‘9 . "
to the total level of the respective 06
protein determined in the same 03
sample. Akt/PKB - Akt/protein .
kinase B' A5160 - Akt Substrate Basal Insulin-stimulated Basal Insulin-stimulated Basal Insulin-stimulated
Of 160 kDa, IRS-1 _ insulin re- phospho IRS1 (Tyr612) phospho AKT/PKB (Ser473) phospho AS160 (Thr642)
ceptor substrate 1. * - statisti- White gastrocnemius —
cally significant difference vs. A
chow diet fed group, * - statis- 2,1 - N l
tically significant difference vs. 18 = = T .
HFD group. One, two or three | _, .|
symbols indicate a significant é«z |
difference at the p<0.05, p<0.01 | & o -
or p<0.001 levels, respectively. &%
0,6
0,3 4
0
Basal Insulin-stimulated Basal Insulin-stimulated Basal Insulin-stimulated
phospho IRS1 (Tyr612) phospho AKT/PKB (Ser473) phospho AS160 (Thr642)
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Fig. 4. Effect of high-fat diet Soleus
and T0901317 on mRNA (itali- 1 AAA
cized) and protein (uppercase) 6 | -

expression of selected genes in
skeletal muscle. The animals
were fed for 5 weeks on either
standard chow or high fat diet
(HFD). The latter group was
further divided into two sub-

AAA
AAN dedek AAA
groups receiving either vehicle 2 1 HI ANA AAA
or T0901317 (10 mg/kg/d) N . L e
throughout the last week of Hkk fabada ’_'_i'
the experiment. The results 0 . . . . .

mHFD+T0901317

(fold-change vs. chow diet)
w

are means * SD (n=6). GLUT Srebp-1c Scd1 Glut1 Glut4 GLUT1 GLUT4
- glucose transporter, SCD1
- stearoyl-CoA desaturase 1, Red gastrocnemius
SREBP-1c - sterol regulatory 7 1 AN
element binding protein 1c. *
- statistically significant differ- €1
ence vs. chow diet fed group, | 8 5 |
el
A — statistically significant dif- 3
ference vs. HFD group. One, 5 4
1’4
two or three symbols indicate o 5
g 3
a significant difference at the s AAA - AMA ARA
p<0.05, p<0.01 or p<0.001lev- [ & 2 1 A ARA
els, respectively. &
1 4----- B |- .-
*%k%
0 . , .
Srebp-1c Scd1 Glut1 Glut4 GLUT1 GLUT4
White Gastrocnemius
7 A
6 AAA
g 5T
z
o
S 4
g
> AAA
g) 3 AAA
% AAA
£
.g 2 Fkk
K} AAA AAA
= Hokk
Uhhhhi REbbhS AN It e s o
0 : :

Srebp-1c Scd1 Glut1 Glut4 GLUT1 GLUT4

either of the muscles examined. However, the ability of insulin to stimulate phosphorylation
of muscle AS160 was completely restored by LXR activation (Fig. 3).

High-fat feeding downregulated SREBP-1c expression and increased stearoyl-CoA
desaturase 1 (SCD1) mRNA in all muscles examined. Administration of T0901317 induced
a marked increase in expression of these classical LXR target genes indicating efficient
receptor activation (Fig. 4). In general, muscle expression of GLUT1 was not affected by high-
fat feeding, whereas both mRNA and protein levels of GLUT4 were significantly reduced.
Administration of T0901317 increased expression of both GLUT isoforms in all muscles
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Fig. 5. Effect of high-fat diet and T0901317 on Diacylglycerol
muscle content of ceramide and diacylglycerol. The
. . 700 - OChow diet
animals were fed for 5 weeks on either standard aHED
chow or high fat diet (HFD). The latter group was 600 - mHFD+T0901317
further divided into two subgroups receiving either
vehicle or T0901317 (10 mg/kg/d) throughout the | 5 500 1
last week of the experiment. The results are means E 400 -
+ SD (n=10). FA - fatty acids, RG - red section of the | g
. . . < 300 A
gastrocnemius muscle, WG - white section of the | =~
gastrocnemius muscle. * - statistically significant 200 -
difference vs. chow diet fed group. One or two sym-
N . . 100 A
bols indicate a significant difference at the p<0.05 or
p<0.01 levels, respectively. 0 . .
Ceramide
45 - * .
40
35 A
30 |
*%*
5 25
©
£ 20 4
£
15 A
10 {
5 4
0 T T
Soleus RG WG

examined. However, this effect was more pronounced for GLUT4, which protein level was
not only restored to the baseline, but was significantly greater compared to the lean animals
(Fig. 4).

Muscle diacylglycerols content was not affected by either high-fat feeding or T0901317.
Rats fed on the high-fat diet were characterized by increased ceramide level in the soleus
and RG, whereas in the WG the opposite effect was observed. Administration of LXR agonist
did not induce statistically significant changes in ceramide content in any of the muscles
examined (Fig. 5).

Discussion

In the present study administration of synthetic LXR agonist to high-fat fed rats
substantially ameliorated whole-body insulin resistance as evidenced by improved glucose
tolerance, decreased insulin tolerance, and decreased insulinemia. Similar results were
found by other groups in rodent models of genetic and diet-induced insulin resistance [15-
17].

Although the insulin-sensitizing action of LXR agonists is well documented, it remains
unclear whether enhanced insulin-stimulated glucose uptake in peripheral tissues
contributes to this effect. Grefhorst et al. [15] found that ob/ob mice treated with GW3965
were characterized by unaltered hepatic glucose production and increased metabolic
clearance rate of glucose under hyperinsulinemic conditions. On the contrary, Commerford
et al. [17] using euglycemic hyperinsulinemic clamp technique reported that insulin-
sensitizing effect of GW3965 in high-fat fed rats was a result of suppressed rate of glucose
appearance, as peripheral glucose uptake remained stable. In the present study we have
found that administration of T0901317 to high-fat fed rats improved the ability of insulin
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to stimulate glucose uptake in isolated soleus muscle. This observation supports the notion
that synthetic LXR activators enhance peripheral insulin sensitivity.

Our results are in line with these of Kase et al. [18] who reported that T0901317
increased insulin-stimulated glucose uptake in differentiated myotubes derived from control
and type 2 diabetic subjects. In addition, it was shown that insulin-stimulated glucose
uptake in insulin-resistant murine and human adipocytes is increased upon incubation with
synthetic LXR agonist [19, 20]. However, in contrast to our study Commerford et al. [17]
reported that glucose disposal in skeletal muscle during euglycemic hyperinsulinemic clamp
was not affected by administration of GW3965 to high-fat fed rats. This discrepancy may be
due to the use of different agonists and treatment durations.

T0901317-induced increase in muscle insulin-stimulated glucose uptake that was
observed in our study was associated with enhanced insulin signaling at the level of
AS160. AS160 is a downstream substrate of Akt/PKB that plays a key role in mediating
the translocation of GLUT4 to the plasma membrane in response to insulin [21]. It was
found that the ability of insulin to stimulate AS160 phosphorylation is impaired in insulin-
resistant skeletal muscle, and that this impairment is ameliorated by interventions leading
to improved insulin sensitivity [22, 23]. Surprisingly, enhanced phosphorylation of AS160
upon LXR activation, that was found in our study, was not associated with improved Akt/
PKB phosphorylation. Similar observation for rat skeletal muscle was reported also in
the study by Bernard et al. [24] where insulin sensitivity was enhanced by amino acid
supplementation. We can only speculate as to the mechanism of LXR-induced improvement
in muscle insulin-stimulated AS160 phosphorylation. However, our data strongly suggest
that this effect is not related to a decrease in the level of lipid mediators of insulin resistance
as the intramuscular content of either diacylglycerols or ceramide was not affected by
administration of T0901317.

It was previously shown that synthetic LXR agonists ameliorate defects in insulin
signaling cascade induced by tumor necrosis factor o or hyperinsulinemia in murine brown
adipocytes and human adipocytic cell line, respectively [19, 20]. However, in contrast to our
study, insulin-stimulated Akt/PKB phosphorylation in these cells was markedly improved by
T0901317. On the other hand, similarly to our results, Cozzone et al. [25] reported that LXR
activation failed to restore Akt/PKB phosphorylation under insulin stimulated conditions
in differentiated human myotubes derived from type 2 diabetic subjects. Unfortunately,
phosphorylation status of AS160 was not studied in the above reports.

Another effect that likely contributed to increased muscle insulin-stimulated glucose
uptake in high-fat fed rats upon LXR activation is elevated GLUT4 expression. In our study,
animals treated with T0901317 were characterized by increased mRNA and protein levels
of GLUT4 in all examined muscles. A functional LXRE in the promoter region of murine
and human GLUT4 gene was identified by Laffitte et al. [16] which indicates that GLUT4
expression is directly regulated by LXRs. Nevertheless, subsequent studies found that LXR
activation increases GLUT4 expression in white adipose tissue but not in skeletal muscle of
rats and mice [1, 15-17], which is in contrast to the results of our study. It should be noted,
however, that Dalen et al. [26] reported elevated muscle GLUT4 mRNA level in mice treated
with synthetic LXR agonist. Moreover, in differentiated human myotubes GLUT4 expression
was markedly upregulated upon incubation with T0901317 [18, 27].

In summary we have found that administration of T0901317 to high-fat fed rats
improved whole body insulin sensitivity as well as insulin-stimulated glucose uptake in
isolated soleus muscle. In addition, LXR agonist restored muscle GLUT4 expression and
insulin-stimulated AS160 phosphorylation that were both reduced upon high-fat feeding.
Insulin-sensitizing effect of T0901317 was not related to changes in intramuscular level of
lipid mediators of insulin resistance, since neither diacylglycerols nor ceramide content was
affected by the drug. We conclude that improvement in muscle insulin sensitivity is one of
the mechanisms underlying the antidiabetic action of LXR activators.
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