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ABSTRACT 

Liver X receptor (LXR) agonists have been proposed to act as anti-diabetic drugs. 

However, pharmacological LXR activation leads to severe hepatic steatosis, a condition 

usually associated with insulin resistance and type 2 diabetes mellitus. To address this 

apparent contradiction, lean and ob/ob mice were treated with the LXR agonist GW3965 

for 10 days. Insulin sensitivity was assessed by hyperinsulinemic-euglycemic clamp 

studies. Hepatic glucose production (HGP) and metabolic clearance rate (MCR) of glucose 

were determined with stable isotope techniques. Blood glucose and hepatic and whole 

body insulin sensitivity remained unaffected upon treatment in lean mice, despite 

increased hepatic triglyceride contents (62 ± 7 vs. 12 ± 2 nmol.mg-1 liver, p < 0.05). In 

ob/ob mice, LXR activation resulted in lower blood glucose levels and significantly 

improved whole body insulin sensitivity. GW3965 treatment did not affect HGP under 

normo- and hyperinsulinemic conditions, despite increased hepatic triglyceride contents 

(221 ± 13 vs. 176 ± 19 nmol.mg-1 liver, p < 0.05). Clamped MCR increased upon 

GW3965 treatment (18 ± 1.0 vs. 14 ± 1 ml.kg-1.min-1, p < 0.05). LXR activation 

increased white adipose tissue mRNA levels of Glut4, Acc1 and Fas in ob/ob mice only. In 

conclusion, LXR-induced blood glucose lowering in ob/ob mice was attributable to 

increased peripheral glucose uptake and metabolism, physiologically reflected in a 

slightly improved insulin sensitivity. Remarkably, steatosis associated with LXR activation 

did not affect hepatic insulin sensitivity. 

 

 

INTRODUCTION 

Nuclear receptors act as cellular sensors of endogenous and exogenous compounds. 

When activated by their ligands, these receptors modulate transcription of their target 

genes to allow the cell to adapt adequately to changing conditions. The liver X receptor 

(LXR; NR1H3) has been identified as an oxysterolactivated nuclear receptor (1-3). After 

ligand binding, LXR forms a heterodimer with the retinoid X receptor (RXR; NR2B1). This 

complex binds to LXR response elements in promoter regions of genes, resulting in 

adaptation of gene transcription by attracting coactivator or corepressor complexes (4). 

LXR is well known to induce transcription of genes encoding proteins involved in reverse 

cholesterol transport, i.e., ATP-binding cassette transporter (ABC) A1 (5-9), ABCG1 

(10;11), ABCG5, ABCG8 (12-14), and Cyp7A1 (1;15;16). Pharmacological LXR activation 

increases high-density lipoprotein (HDL) cholesterol levels and stimulates fecal 

cholesterol excretion in mice (5;6;9;17). Treatment with agonists such as T0901317 or 

GW3965 attenuated development of atherosclerosis in apolipoprotein E-deficient  

(Apoe-/-) and low-density lipoprotein (LDL) receptor-deficient (Ldlr-/-) mice (18;19).  
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Thus synthetic LXR agonists were considered as potential anti-atherosclerotic agents. 

Application of LXR agonists, however, was found to be associated with a number of 

undesirable side effects. LXR also controls expression of various genes involved in 

lipogenesis and triglyceride (TG) metabolism, and severe hepatic steatosis developed in 

mice upon LXR agonist treatment (20;21). We have previously shown that 

pharmacological activation of LXR is associated with production of large, TG-rich very low 

density lipoprotein (VLDL) particles, leading to hypertriglyceridemia in a mouse model 

with a humanized lipid profile (20).  

Hepatic steatosis is associated with hepatic insulin resistance and type 2 diabetes 

mellitus (22;23). Counter intuitively, despite induction of hepatic steatosis, treatment 

with the LXR agonist GW3965 improved the response to a glucose tolerance test in 

C57BL/6J mice on a high-fat diet (24) but not in chow-fed mice. Cao et al. (25) showed 

that LXR activation reduced blood glucose levels in diabetic rodents, which was 

associated with decreased hepatic expression of the gene encoding phosphenolpyruvate 

carboxykinase (PEPCK), supposedly rate controlling in gluconeogenesis (GNG). Moreover, 

treatment of db/db mice with T0901317 markedly lowered hepatic Pepck gene 

expression in combination with more severe hepatic TG accumulation (26), suggesting 

that suppressed hepatic Pepck expression might result in a shift from GNG toward 

lipogenesis. 

So far, no quantitative data have been reported concerning the effects of LXR 

activation on hepatic and peripheral insulin sensitivity and on hepatic glucose 

metabolism. Moreover, the commonly used animal model for type 2 diabetes mellitus, 

the obese, leptin-deficient ob/ob mouse, has not been used to evaluate the anti-diabetic 

effects of LXR activation. Therefore, we quantified the effects of LXR activation by 

GW3965 on whole body and hepatic insulin sensitivity in lean and obese (ob/ob) mice. 

 

 

EXPERIMENTAL PROCEDURES 

Animals. 

Male lean and obese (ob/ob) C57BL/6J mice (Harlan, Horst, The Netherlands) were 

housed in a light- and temperature-controlled facility and were fed commercially 

available laboratory chow (RMH-B; Hope Farms, Woerden, The Netherlands) containing 

~6.2% fat and ~0.01% cholesterol (wt/wt). For 10 days, the animals were fed the same 

diet with or without the synthetic LXR agonist GW3965 (0.03% wt/wt; kindly provided by 

GlaxoSmithKline Pharmaceuticals, Stevenage, UK). On the 11th day, mice were 

subjected to one of the experiments described below. Experimental procedures were 
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approved by the Ethics Committee for Animal Experiments of the State University 

Groningen. 

 

Plasma and Tissue Sampling and Analyses. 

Lean and ob/ob mice were killed under isoflurane anesthesia on the 11th day of 

treatment. A large blood sample was collected by cardiac puncture and centrifuged. 

Plasma was stored at -20°C until analyzed. The liver was quickly removed, weighed, and 

frozen in separate portions for RNA isolation and lipid analyses. Abdominal white adipose 

tissue (WAT) and back limb muscle tissue were collected and frozen for RNA isolation. 

 

In Vivo Experiments 

Hyperinsulinemic Euglycemic Clamps. 

Lean and ob/ob mice were equipped with a permanent catheter in the right atrium via 

the jugular vein (27). The two-way entrance of the catheter was attached to the skull 

with acrylic glue. The mice were allowed a resting period of at least 5 days during which 

the treatment period was completed. Before the start of the experiment (9 hours), food 

was withdrawn, but mice still had free access to water. They were kept in metabolic 

cages during the experiment, allowing frequent collection of blood spots from the mice 

without anesthesia (28). 

The mice were infused for 6 hours with two solutions. The first one (insulin 

solution) was a 1% BSA solution containing 40 µg.ml-1 somatostatin (UCB, Breda, The 

Netherlands). This solution contained insulin (Actrapid; Novo Nordisk, Bagsvaerd, 

Denmark), leading to an insulin infusion rate of 10 mU.kg-1.min-1. To prevent high total 

infusion rates leading to possible higher morbidity, this solution contained 200 mg.ml-1 

glucose, from which 2% was D-[U-13C]-glucose (99% 13C atom % excess; Cambridge 

Isotope Laboratories, Andover, MA). The solution was infused at a constant flow rate of 

0.135 ml.h-1. The second infusate (glucose solution) was a 30% glucose solution, from 

which 3% was D-[U-13C]-glucose. Its infusion rate was adjusted according to measured 

blood glucose levels to maintain euglycemic conditions. Just before the start of the 

experiment, a small blood sample was obtained by tail bleeding. Blood glucose levels 

were measured with a Lifescan EuroFlash glucose meter (Lifescan Benelux, Beerse, 

Belgium) in a small tail blood sample that was taken every 15 min. For gas 

chromatography/mass spectrometry (GCMS) measurements, a blood spot was obtained 

by tail bleeding every hour. After the clamp, animals were killed by cardiac puncture 

under anesthesia. Blood samples were centrifuged, and the obtained plasma was stored 

at -20°C until analyzed. 
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Hepatic Carbohydrate Flux Measurements. 

After 10 days of treatment, hepatic carbohydrate fluxes were determined using infusion 

of stable isotopes, as previously described by van Dijk et al. (28). The mice were allowed 

a resting period after surgery of at least 5 days during which the treatment period was 

completed. Before the start of infusion (9 hours), food was withdrawn, but mice still had 

free access to water. They were infused at a rate of 0.3 ml.h-1 (lean mice) or 0.6 ml.h-1 

(ob/ob mice) with a solution containing 13.9 µmol.ml-1 D-[U-13C]-glucose, 160 µmol.ml-1 

[2-13C]-glycerol, 33 µmol.ml-1 D-[1-2H]-galactose, and 1.0 mg.ml-1 paracetamol. Blood 

and urine spots were collected at hourly intervals on filter papers. 

 

Analysis 

For all analytical procedures see Appendix 2.  

For correct gene names see Chapter 2. 

 

Calculations 

Equations used for the calculations of hepatic carbohydrate fluxes and the 

hyperinsulinemic euglycemic clamp study are presented in Chapter 4.  

 

Statistics.  

All values represent means ± SE for the number of animals or experiments indicated. 

Statistical analysis of two groups was assessed by Mann-Whitney U-test (plasma and 

hepatic parameters) or ANOVA for repeated measurement (flux and clamp experiment). 

Level of significance was set at P < 0.05. Analyses were performed using SPSS for 

Windows software (SPSS, Chicago, IL). 

 

 

RESULTS 

LXR activation increased Hepatic TG content in both Lean and ob/ob Mice 

Feeding the synthetic LXR agonist GW3965 (0.03% wt/wt) for 10 days did not affect 

body weights of either lean or ob/ob mice (Table 1). Lean mice developed increased liver 

weights and a fivefold increase in hepatic TG content upon GW3965 treatment (Table 1). 

Although ob/ob mice already showed severe hepatic steatosis on the control diet, LXR 

activation resulted in a further 25% increase in hepatic TG content. LXR activation 

resulted in a clearly altered hepatic fatty acid composition in lean mice (Fig. 1).  
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Figure 1. Hepatic fatty acid composition in lean and ob/ob mice fed a diet 

with or without the synthetic liver X receptor (LXR) agonist 

GW3965 for 10 days.  

Relative amounts of saturated (SAFA), monounsaturated (MUFA), and 

polyunsaturated (PUFA) fatty acids are shown in untreated (light bars) and treated 

(dark bars) mice. 

n = 6 mice. * P < 0.05, treated vs. untreated. 

 

 

GW3965 treatment significantly reduced the relative amount of hepatic saturated fatty 

acids and polyunsaturated fatty acids from 38 ± 1 to 29 ± 1% and from 42 ± 3 to  

28 ± 1%, respectively. In contrast, the relative amount of monounsaturated fatty acids 

significantly increased from 20 ± 3 to 44 ± 2% upon LXR activation. In ob/ob mice, LXR 

activation did not significantly affect hepatic fatty acid composition. Glycogen and G6P 

levels were higher in ob/ob mice than in lean mice. GW3965 treatment did not affect 

glycogen and G6P levels of lean mice. In ob/ob mice, in contrast, LXR activation reduced 

glycogen to levels comparable to those of lean mice, whereas G6P levels remained 

unchanged (Table 1).  

LXR activation resulted in elevated plasma cholesterol levels in lean mice  

(Table 1), mainly because of increased HDL cholesterol levels. Plasma TG and NEFA 

levels were not affected by the agonist in lean mice. Blood glucose levels were not 

affected by the treatment in lean mice (Fig. 2), but insulin levels were somewhat 

increased in the treated mice (Table 1). In ob/ob mice, LXR activation had no significant 

effect on plasma lipid levels, but the treatment resulted in reduced lower blood glucose 

(Fig. 2) and plasma insulin levels (Table 1).  
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 Lean ob/ob 

 Control GW3965 
 

Control GW3965 

Body weight (gram) 25.5 ± 1.0 25.0 ± 0.5  47.0 ± 1.3 # 47.4 ± 0.7 # 

Liver weight (% of bodyweight) 5.3 ± 0.1 6.3 ± 0.1 *  8.5 ± 0.4 # 8.4 ± 0.2 # 

Liver proteins (mg/g liver) 229.5 ± 4.2 223.6 ± 9.5  292.4 ± 14.5 # 296.9 ± 18.9 # 

Liver triglycerides (nmol/mg liver) 12.1 ± 2.0 61.7 ± 7.2 *  176.2 ± 18.8 # 220.8 ± 13.2 *# 

Liver glycogen (nmol/mg liver) 166 ± 9 152 ± 17  309 ± 23 # 209 ± 18 * 

Liver G6P (nmol/g liver) 645 ± 30 692 ± 35  762 ± 22 # 929 ± 67 # 

Plasma triglycerides (mM) 0.79 ± 0.06 1.10 ± 0.30  0.96 ± 0.11 0.59 ± 0.08 # 

Plasma free cholesterol (mM) 0.80 ± 0.03 1.21 ± 0.04 *  1.12 ± 0.09 1.17 ± 0.06 # 

Plasma cholesterylester (mM) 1.88 ± 0.07 2.73 ± 0.05 *  4.64 ± 0.34 # 5.18 ± 0.25 # 

Plasma HDL cholesterol (mM) 1.76 ± 0.44 2.88 ± 0.13  2.90 ± 0.33 3.51 ± 0.26 # 

Plasma NEFA (mM) 0.22 ± 0.02 0.21 ± 0.03  0.58 ± 0.03 # 0.51 ± 0.05 # 

Plasma insulin (ng/ml) 0.25 ± 0.06 0.48 ± 0.06 *  1.26 ± 0.49 # 0.47 ± 0.22 

 

Table 1.  Hepatic and plasma parameters in lean and ob/ob mice fed a diet 

with or without the synthetic LXR agonist GW3965 for 10 days 

G6P, glucose-6-phosphate; HDL, high-density lipoprotein; NEFA, nonesterified 

fatty acid. Values are means ± SE. 

n = 6 mice. P < 0.05, treated vs. untreated (*) and ob/ob vs. lean untreated (#). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Blood glucose levels (mM) in lean and ob/ob mice before and 

after 3 or 10 days diet with or without the synthetic LXR agonist 

GW3965.  

Shown are untreated (light bars) and treated (dark bars) mice.  

n = 6 mice. P < 0.05, treated vs. untreated (*) and vs. before treatment (#). 

 

 

 



 146 

Improved Insulin Sensitivity in ob/ob Mice upon LXR activation 

To test whether insulin sensitivity was influenced by LXR activation, we performed 

hyperinsulinemic-euglycemic clamp studies in conscious mice for 6 hours. The total 

glucose infusion rate (GIR) was adjusted such that euglycemic conditions were 

maintained throughout the infusion period (Fig. 3A). In all four groups of mice, GIR 

reached constant values after ~3 hours of infusion (Fig. 3B). In lean mice, GIR did not 

differ significantly between the treated and non-treated group. Calculated for the last 3 

hours of the experiment, GIR was 593 ± 13 and 564 ± 14 µmol.kg-1.min-1 for untreated 

and treated lean mice, respectively. In untreated ob/ob mice, GIR was markedly lower 

than in lean mice, i.e., 95 ± 5 µmol.kg-1.min-1. After the 10-day treatment period, insulin 

sensitivity was improved significantly, as is evident from the 50% increase in GIR to a 

value of 141 ± 5 µmol.kg-1.min-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Blood glucose level and glucose infusion rate during 

hyperinsulinemic-euglycemic clamps in lean and ob/ob mice 

fed a diet with (solid line) or without (broken line) the 

synthetic LXR agonist GW3965 for 10 days.  

A: blood glucose levels (mM). B: glucose infusion rates (µmol.kg-1.min-1) during 

clamping.  

n = 6 untreated mice and n = 5 treated ob/ob mice. * P < 0.05, treated vs. 

untreated. 

 

 

Hyperinsulinemia reduced Hepatic Glucose Production irrespective of GW3965 

treatment 

LXR agonist treatment (10 days) did not affect any of the measurable fluxes in lean 

mice, but resulted in a tendency toward increased GNG and significantly increased fluxes 

through glycogen phosphorylase (GP), glucose-6-phosphatase (G6Pase), and glucokinase 

(GK) in ob/ob mice (Table 2). The ob/ob mice showed slightly higher glucose cycling 
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rates upon LXR activation (Table 2), confirming recent findings from our laboratory (29). 

Most importantly, endogenous glucose production (Ra(Glc;endo), hepatic glucose production 

(HGP)) did not differ between untreated and treated lean and ob/ob mice (Table 2).  

In lean mice, steady-state HGP during the last 3 hours of the clamp was strongly 

reduced and not affected by administration of the agonist: 11 ± 18 vs. 23 ± 15  

µmol.kg-1.min-1, untreated vs. treated (Fig. 3A). Thus HGP was almost completely 

inhibited in both groups, i.e., by 94 and 86%, respectively. Steady-state HGP under 

clamped conditions was higher in ob/ob mice compared with lean mice, indicating hepatic 

insulin resistance, without significant differences between untreated and treated ob/ob 

mice, i.e., 79 ± 7 vs. 64 ± 16 µmol.kg-1.min-1, respectively (Fig. 4A). The insulin-

mediated suppression of HGP was similar in untreated and GW3965-treated ob/ob mice, 

i.e., 48 and 61% respectively. 

 

 Lean  ob/ob 

 Control GW3965  Control GW3965 

Total gluconeogenic flux (µmol.kg
-1
.min

-1
) 144 ± 8 131 ± 6  143 ± 10 185 ± 4 

Glycogen synthase flux (µmol.kg
-1
.min

-1
) 111 ± 7 96 ± 7  56 ± 7 # 70 ± 12 # 

Glycogen phosphorylase flux (µmol.kg
-1
.min

-1
) 97 ± 7 84 ± 8  85 ± 7 114 ± 3 * 

Glucose-6-phosphatase flux (µmol.kg
-1
.min

-1
) 228 ± 16 191 ± 10  232 ± 12 289 ± 14 *# 

Glucokinase flux (µmol.kg
-1
.min

-1
) 82 ± 10 60 ± 7  101 ± 17 148 ± 17 *# 

Hepatic glucose production (µmol.kg
-1
.min

-1
) 173 ± 9 152 ± 8  153 ± 9 169 ± 2 

Cycling glucose – glucose-6-phospate (%) 23 ± 2 20 ± 2  34 ± 4 40 ± 4 

 

Table 2. Hepatic carbohydrate fluxes in lean and ob/ob mice fed a diet with 

or without the synthetic LXR agonist GW3965 for 10 days. 

Values are means ± SE; n = 5 mice. 

P < 0.05, treated vs. untreated (*) and; ob/ob vs. lean untreated (#). 

 

 

Slightly improved Metabolic Clearance of Glucose under Clamped Conditions in 

GW3965-treated ob/ob Mice 

From the data available, it is possible to calculate the MCR under both basal and clamped 

conditions (Fig. 4B). In lean mice, basal MCR was not affected by LXR activation. During 

the clamp, values of MCR increased 5.5-fold and 5.7-fold in untreated and treated 

C57BL/6J mice, respectively. In contrast, MCR did not change upon hyperinsulinemia in 

untreated ob/ob mice, but clamping increased MCR by 80% in treated ob/ob mice. Thus 

clamped MCR values were 18 ± 1 and 14 ± 1 ml.kg-1.min-1 (P < 0.05) in treated and 

untreated ob/ob mice, respectively. 
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Figure 4. Hepatic glucose production and metabolic clearance rate under 

basal (stable isotope infusion) and clamped conditions in lean 

and ob/ob mice fed a diet with or without the synthetic LXR 

agonist GW3965 for 10 days.  

A: hepatic glucose production (µmol.kg-1.min-1). B: metabolic clearance rate 

(ml.kg-1.min-1);. n = 6 untreated mice and n = 5 clamped treated ob/ob and basal 

lean mice. basal conditions are shown as light bars and clamp conditions as dark 

bars 

P < 0.05, ob/ob vs. lean untreated (*) and clamped vs. basal, same mice and 

treatment (#). 

 

 

Effects of LXR activation on hepatic gene expression in lean and ob/ob mice 

As expected, hepatic mRNA levels of genes encoding sterol-regulatory element-binding 

protein-1c (SREBP-1c) and fatty acid synthetase (Fas) increased upon LXR activation in 

the lean mice (Table 3). Expression of Fas was higher in ob/ob mice than in lean mice 

but was not affected by LXR activation. Expression of Lxrα, the major LXR isoform, was 

not affected by LXR activation. 

From the genes encoding relevant enzymes in hepatic carbohydrate metabolism, 

only expression of Gk, encoding for glucokinase, was significantly increased by 54% 

upon GW3965 treatment in the lean mice. (Table 3). Data suggest a tendency toward 

lower expression of Pepck and higher expression of the pyruvate kinase gene (Pk) in 

treated lean mice. Compared with lean mice, ob/ob mice showed significantly higher 

expression of Gk and G6pt. The latter gene encodes for G6P translocase, which is part of 

the G6Pase complex that controls the flux of G6P toward glucose. Upon LXR activation, 

expression of the genes encoding for both subunits of the G6Pase complex, G6pt and 

G6ph, was markedly reduced in ob/ob mice. 
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 Lean  ob/ob 

 Control GW3965  Control GW3965 

Srebp-1c 1.00 ± 0.18  2.61 ± 0.53*  1.27 ± 0.20 1.84 ± 0.18# 

Fas 1.00 ± 0.16 3.76 ± 1.27*  3.15 ± 0.31# 2.96 ± 0.38# 

Lxrα 1.00 ± 0.15 0.71 ± 0.05  1.46 ± 0.17 1.52 ± 0.25 

Gk 1.00 ± 0.12 1.54 ± 0.18*  2.21 ± 0.07# 2.45 ± 0.24# 

G6ph 1.00 ± 0.20 1.05 ± 0.41  1.07 ± 0.15 0.41 ± 0.08*# 

G6pt 1.00 ± 0.21 1.08 ± 0.11  1.56 ± 0.08# 0.86 ± 0.09* 

Gs 1.00 ± 0.19 0.94 ± 0.94  1.11 ± 0.15 0.99 ± 0.12 

Gp 1.00 ± 0.14 1.26 ± 0.36  1.11 ± 0.11 0.74 ± 0.11 

Pepck 1.00 ± 0.16 0.78 ± 0.23  0.96 ± 0.12 0.71 ± 0.07 

Pk 1.00 ± 0.15 1.35 ± 0.20  1.02 ± 0.24 0.60 ± 0.08# 

 

 

Table 3. Hepatic gene expression in lean and ob/ob mice fed a diet with or 

without the synthetic LXR agonist GW3965 for 10 days. 

Values are means ± SE. Results were normalized to β-actin mRNA levels, data 

from untreated lean mice defined as 1; n = 4 lean mice and, n = 6 ob/ob mice.  

P < 0.05, treated vs. untreated (*) and; ob/ob vs. lean untreated (#). 

 

 

Normalization of Glut4, Acc1, and Fas WAT mRNA levels in ob/ob mice upon 

LXR activation  

Because previous studies reported effects of LXR agonists on adipose and muscle mRNA 

expression profiles (24;30), we determined WAT in skeletal muscle mRNA levels of 

several genes encoding proteins involved in glucose or lipogenesis (Fig. 5). LXR 

activation resulted in a threefold increase of Srebp-1c in adipose tissue of the lean mice, 

but Fas and Acc1 (encoding for acetyl-CoA carboxylase-1) mRNA levels were not 

affected. Expression of these lipogenic genes was lower in untreated ob/ob mice 

compared with untreated lean mice. Yet, LXR activation resulted in a fourfold increased 

expression of Srebp-1c, whereas Fas and Acc1 expression were increased 2.6- and 2.3-

fold, respectively. Untreated ob/ob mice showed lower adipose mRNA levels of Glut4 

than untreated lean mice, but Glut4 expression normalized upon LXR activation in ob/ob 

mice. Expression of the genes encoding for hexokinase-1 (Hk1) and hexokinase-2 (Hk2) 

was not different between the two strains and not affected by LXR activation. In muscle 

tissue, LXR activation led a 8.6- and 3.5-fold increase of Srebp-1c mRNA levels in lean 

and ob/ob mice, respectively. Neither Fas, Acc2 (the isoform of ACC predominantly 

expressed in muscle; see Ref. 1), nor Glut4 muscle mRNA levels in lean and ob/ob mice 

were affected upon LXR activation. In ob/ob mice only, LXR activation slightly reduced 
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muscle mRNA levels of Hk1 and Hk2. WAT and muscle Lxrα expression was not affected 

upon GW3965 activation in either lean or ob/ob mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. White adipose tissue (WAT) and skeletal muscle gene expression 

in mice fed a diet with (filled bars) or without (open bars) the 

synthetic LXR agonist GW3965 for 10 days.  

A: WAT mRNA levels from lean mice. B: WAT mRNA levels from ob/ob mice. C: 

skeletal muscle mRNA levels from lean mice. D: skeletal muscle mRNA levels from 

ob/ob mice. Shown are untreated (light bars); n=3 and treated (dark bars) mice; 

n=5. Results normalized to 18S mRNA levels.  

P < 0.05 treated vs. untreated (*) and ob/ob vs. lean untreated (#).  

Srebp-1c, sterolregulatory element-binding protein-1c; Fas, fatty acid synthetase; 

Acc1, acetyl-CoA carboxylase-1; Glut4, glucose transporter-4; Hk, hexokinase; 

Lxrα, liver X receptor-α. 

 

 

DISCUSSION 

This study documents that pharmacological LXR activation improves glucose metabolism 

in ob/ob mice by increased peripheral glucose uptake and slightly increased peripheral 

insulin sensitivity. Remarkably, HGP and hepatic insulin sensitivity remained unaffected 
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although LXR activation increased hepatic TG content dramatically. These observations 

indicate tissue-specific effects of LXR activation on fat and glucose metabolism. 

Treatment with the LXR agonist resulted in reduced blood glucose concentrations in 

ob/ob mice but had no effect whatsoever in lean mice (Fig. 2), in accordance with 

previous studies (24-26). Laffitte et al. (24) showed that obese, but not lean, C57BL/6 

mice had improved glucose tolerance after 1 wk of GW3965 treatment. The LXR agonist 

T0901317 lowered blood glucose in male db/db mice and male Zucker diabetic fatty rats 

but not in their non-diabetic controls (25;26). 

Previous studies (24-26) suggested that reduced GNG might, at least in part, 

account for the anti-diabetic effect of LXR agonists. However, this conclusion was based 

merely on the finding of reduced Pepck mRNA levels. To assess the actual effects of LXR 

activation on GNG flux and HGP, we quantified hepatic carbohydrate fluxes using stable 

isotope techniques (28;31). From these data (Table 2) it is evident that neither GNG nor 

HGP was affected upon LXR activation in lean or ob/ob mice. We found reduced blood 

glucose levels in ob/ob mice upon GW3965 treatment, but our data clearly indicate that 

this effect of LXR activation is not the result of reduced GNG. We found hepatic Pepck 

expression to be slightly reduced in both strains of mice upon GW3965 treatment. 

Previous reports (24;25) showed more drastic effects on Pepck expression. The type of 

agonist (T0901317 vs. GW3965), mode and dose of administration, and the diabetic 

animal model could account for the differences in this respect between these studies and 

our results. For GK expression, we found a 54% increase in lean mice and no change in 

ob/ob mice upon LXR activation, whereas others found a more than threefold induction in 

12-h fasted female C57BL/6J mice (24). Changes in GK mRNA levels could, at least in 

part, be the result of Srebp-1c induction (32). Nonetheless, our study demonstrates that 

changes in hepatic gene expression do not fully translate into changes in the metabolic 

fluxes. The slight reduction of Pepck gene expression was not reflected in the GNG flux 

(Table 3). Recently, it was pointed out that only severe reductions (-90%) or drastic 

increases (+300%) of Pepck expression are associated with changes in GNG in mice 

(33). Consequently, relatively small alterations in Pepck mRNA levels per se do not 

predict changes in gluconeogenic flux. 

Cao et al. (25) suggested that LXR activation improves insulin sensitivity. In 

contrast, we found a slight increase of plasma insulin levels in lean mice upon LXR 

activation (Table 2), which might suggest worsening of insulin sensitivity. The best 

possible technique to determine insulin sensitivity in vivo is the hyperinsulinemic-

euglycemic clamp. Hence, to determine whether insulin sensitivity was actually affected, 

we used this technique in conscious, unrestrained mice to mimic the normal, 

physiological situation. Insulin-mediated glucose uptake did not differ between treated 
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and untreated lean mice (Fig. 4B), indicating that LXR activation did not affect whole 

body insulin sensitivity. In addition, insulin-mediated suppression of HGP in lean mice 

was not affected by treatment with the LXR agonist (Fig. 4A), indicative for unaffected 

hepatic insulin sensitivity. In ob/ob mice, LXR activation resulted in a 50% increase of 

the GIR required to maintain euglycemia (Fig. 3, A and B). HGP was not significantly 

affected (Fig. 4A), indicating that the agonist had no measurable effect on hepatic insulin 

sensitivity. Yet, MCR was slightly increased upon clamping (Fig. 4B), indicating a 

positive, albeit only marginal, effect of the agonist on peripheral insulin sensitivity. 

Overall, insulin sensitivity of the treated ob/ob mice was still poor, since the effects on 

GIR, insulin-mediated suppression of HGP, and stimulation of MCR by no means yielded 

values for these parameters observed in lean C57BL/6J mice.  

LXR activation induced a considerable increase in hepatic TG content. Steatosis is 

usually associated with hepatic insulin resistance, which means that the liver is less 

sensitive to the suppressive effects of insulin on hepatic glucose and VLDL-TG 

production. There are multiple endocrine, metabolic, and transcriptionally active factors 

involved in the interaction between hepatic TG metabolism and hepatic insulin sensitivity. 

The hierarchy between these different factors in modulating hepatic insulin sensitivity is 

at present unclear (34). In the present study, however, we report the striking 

observation that LXR-induced hepatic steatosis lacks the association with insulin 

resistance, at least with respect to insulin-mediated suppression of HGP. This might be a 

result of potential counteracting anti-diabetic effects of the LXR agonist. In previous 

reports, it was already noticed that beneficial effects of LXR agonists on carbohydrate 

metabolism were only present in diabetic animal models (24-26). In these animals, 

insulin resistance associated with hepatic steatosis probably failed to overrule the effects 

of LXR on glucose homeostasis. Changes in hepatic fatty acid profile upon LXR activation 

may contribute in this respect (Fig. 1). LXR activation enhances transcription of the gene 

encoding stearoyl-CoA desaturase 1, Scd1, an enzyme involved in the conversion of 

saturated fatty acid into monounsaturated fatty acids (35). An increase in dietary 

monounsaturated fatty acids resulted in improved insulin sensitivity in healthy men and 

women (36), but had no effect on insulin secretion. Therefore, hepatic steatosis in which 

TG contain relatively more monounsaturated fatty acids, as observed in GW3965-treated 

lean mice, might be “healthier” than steatosis with predominantly saturated fatty acids 

containing TG. 

The LXR agonist increased expression of lipogenic genes Acc1 and Fas in WAT of 

ob/ob mice, but not in lean mice (Fig. 5A and 5B). A similar pattern was found for Glut4. 

Being aware of the discrepancy between mRNA expression and real enzyme activity and 

hence fluxes of substrates, it is tempting to speculate that LXR activation leads to 
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increased uptake of glucose by adipocytes in ob/ob mice. The observation that GW3965 

treatment did not affect expression of Acc2, Fas, and Glut4 in muscle tissue of lean and 

ob/ob mice (Fig. 5B) suggests that LXR activation specifically improved glucose uptake 

by adipocytes and not of muscle tissue, suggestive for a fat-specific mechanism for 

improved peripheral insulin sensitivity. After uptake in adipocytes, glucose is metabolized 

into acetyl-CoA, which serves as substrate for lipogenesis. Juvet et al. (37) already 

reported that LXR agonists increased the lipid content of 3T3-L1 adipocytes in culture. 

Therefore, in the long turn, LXR activation may lead to a further increase in adipose 

tissue mass in the already obese ob/ob mice. The fact that GW3965 treatment failed to 

increase Acc1, Fas, and Glut4 expression in WAT of lean mice might be attributable to 

circulating leptin. Orci et al. (38) reported that adenovirus-induced hyperleptinemia led 

to transformation of adipocytes to fat-oxidizing cells in wild-type Zucker diabetic fatty 

rats. Moreover, WAT lipogenic gene expression was decreased in these rats. In our 

study, normal plasma leptin levels in the lean mice were apparently still able to suppress 

lipogenic gene expression, but the ob/ob mice lack this capability. As a result, the WAT 

lipogenic mRNA levels were increased in ob/ob mice but not in lean mice. 

This study unequivocally demonstrates that antidiabetic effects of LXR agonists in 

ob/ob mice are exclusively the result of increased glucose uptake by peripheral tissues, 

i.e., probably by WAT. Moreover, LXR activation had no effect whatsoever on hepatic 

carbohydrate metabolism in lean or ob/ob mice. In adipose tissue, glucose might be 

more rapidly used as substrate for de novo lipogenesis. Because effects of general LXR 

activation on (peripheral) insulin sensitivity are limited in ob/ob mice and coincide with 

undesirable side effects as hepatic steatosis and hypertriglyceridemia, potential 

application of LXR modulators in diabetes treatment will require the development of 

gene- and/or organ-specific compounds. 
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