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Abstract

Although peroxisome proliferator receptor (PPAR)-α 
and PPAR-γ agonist have been developed as chemical 
tools to uncover biological roles for the PPARs such 
as lipid and carbohydrate metabolism, PPAR-δ has 
not been fully investigated. In this study, we examined 

the effects of the PPAR-δ agonist GW0742 on fatty liv-
er changes and inflammatory markers. We inves-
tigated the effects of PPAR-δ agonist GW0742 on fatty 
liver changes in OLETF rats. Intrahepatic triglyceride 
contents and expression of inflammatory cytokines 
such as tumor necrosis factor-α (TNF-α) and monocyte 
chemo-attractant protein-1 (MCP-1) and also, PPAR-γ 
coactivator (PGC)-1α gene were evaluated in liver tis-
sues of OLETF rats and HepG2 cells after GW0742 
treatment. The level of TNF-α and MCP-1 was also ex-
amined in supernatant of Raw264. 7 cell culture. To ad-
dress the effects of GW0742 on insulin signaling, we 
performed in vitro study with AML12 mouse 
hepatocytes. Rats treated with GW0742 (10 mg/kg/day) 
from 26 to 36 weeks showed improvement in fatty in-
filtration of the liver. In liver tissues, mRNA ex-
pressions of TNF-α, MCP-1, and PGC-1α were sig-
nificantly decreased in diabetic rats treated with 
GW0742 compared to diabetic control rats. We also 
observed that GW0742 had inhibitory effects on pal-
mitic acid-induced fatty accumulation and in-
flammatory markers in HepG2 and Raw264.7 cells. 
The expression level of Akt and IRS-1 was sig-
nificantly increased by treatment with GW0742. The 
PPAR-δ agonist may attenuate hepatic fat accumu-
lation through anti-inflammatory mechanism, re-
ducing hepatic PGC-1α gene expression, and im-
provement of insulin signaling. 

Keywords: diabetes mellitus; fatty liver; GW0742; in-
flammation; monocyte chemo-attractant protein-1; 
PPAR δ; PPARGC1A protein, human; tumor necrosis 
factor-α 

Introduction

Peroxisome proliferator-activated receptors (PPARs) 
heterodimerized with the retinoid X-receptor (RXR), 
one of the nuclear receptors, have been known to 
be involved in lipid and carbohydrate metabolism 
after binding to peroxisome proliferators response 
element (PPRE) (Kliewer et al., 1999). Currently, 
three genes (PPAR-α, PPAR-γ, and PPAR-δ) in the 
PPAR family are known. PPAR-α is most abundantly 
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Control DM DM + GW
Initial body weights (g)
Final body weights (g)
Weight change 
Epididymal fat pad, left (g)
Epididymal fat pad, right (g)
Total cholesterol (mg/dl)
Triglyceride (mg/dl)
HDL cholesterol (mg/dl)
AST (IU/L)
ALT (IU/L)
Adiponectin (μg/ml)
MCP‐1 (pg/ml)
Kitt

482.00 ± 31.80
518.11 ± 35.83
36.11 ± 10.50
  5.11 ± 0.96
  5.05 ± 1.37
70.33 ± 8.86
23.33 ± 10.36
58.11 ± 6.03
56.55 ± 6.30
25.00 ± 2.95
  5.29 ± 0.43
82.19 ± 32.25
  4.13 ± 0.83

562.44 ± 32.84*
627.00 ± 9.02*

64.55 ± 24.30*
  8.66 ± 0.75*
  8.22 ± 0.87*
92.22 ± 22.40*

189.22 ± 86.81*
67.66 ± 13.66
50.11 ± 15.71
28.66 ± 6.87
    5.6 ± 0.90
91.74 ± 34.11
  1.87 ± 1.45*

589.00 ± 49.7*
616.37 ± 58.57*
26.62 ± 25.02†
  7.22 ± 1.20*,†
  6.44 ± 1.44*,†
86.33 ± 27.52

225.88 ± 132.60*
63.44 ± 15.58
47.55 ± 13.48
39.55 ± 24.54*
  5.39 ± 0.97
90.68 ± 24.60
  3.78 ± 1.31*,†

Data are mean ± S.D. Control, normal control group; DM, diabetic control group; DM + GW, GW0742 treated diabetic rat group; HDL, high density lip-
oprotein; AST, aspartate transaminase; ALT, alanine transaminase; MCP‐1, monocyte chemoattractant protein‐1; Kitt, rate constant for glucose dis-
appearance in the insulin tolerance test. 
*P ＜ 0.05 vs. Control. †P ＜ 0.05 vs. DM.

Table 1. Anthropometric and biochemical characteristics of experimental rats

expressed in the liver and has the effect of 
diminishing circulating triglycerides and increasing 
high dense lipoprotein (HDL) cholesterol. PPAR-γ is 
present in high concentrations in adipose tissue and 
improves insulin sensitivity. These effects are well 
documented, but the function of PPAR-δ has not 
been fully investigated (Berger et al., 2005). 
    Many studies have reported that low-grade 
chronic systemic inflammatory response to nutrient 
excess is related to obesity, insulin resistance, type 
2 diabetes mellitus, and non-alcoholic fatty liver 
disease (NAFLD), which refers to a wide spectrum 
of liver disease ranging from simple fatty liver 
(steatosis), to nonalcoholic steatohepatitis (NASH), 
and cirrhosis (Wellen and Hotamisligil, 2005; 
Shoelson et al., 2007; Tarantino et al., 2010). It is 
reported that hepatic steatosis, inflammation, and 
apoptosis are induced by neutrophil infiltration and 
the production of pro-inflammatory cytokines asso-
ciated with excessive free fatty acid released from 
adipocytes (Lawson et al., 1998). 
    Recent studies showed that a PPAR-δ agonist 
could prevent lipopolysaccharide (LPS)-induced ex-
pression and secretion of pro-inflammatory cytokines 
in 3T3-L1 adipocytes and reduce atherosclerosis 
through anti-inflammatory effects in apoE knockout 
mice (Barish et al., 2008; Rodriguez-Calvo et al., 
2008). However, as of yet, it is not known if PPAR-δ 
agonist influence NAFLD through anti-inflammatory 
mechanism. 
    In this study, we investigated whether the PPAR-δ 
agonist GW0742 could improve fatty liver changes 
by decreasing inflammatory cytokines in a type 2 
diabetic rat model (for in vivo study) and in HepG2 
and Raw264.7 cells (for in vitro study). We also 

examined whether PPAR-δ agonist alters the 
expression of genes related to fat accumulation in 
the liver such as peroxisome proliferator-activated 
receptor (PPAR)-γ coactivator (PGC)-1α and carnitine 
palmityl transferase-1 (CPT-1) and insulin signaling 
pathway. 

Results

Anthropometric and biochemical characteristics of 
experimental rats 

The anthropometric and biochemical data of 
experimental rats are shown in Table 1. Compared 
to the control LETO group, the body weight of 
diabetic control (DM) and GW0742-treated diabetic 
(DM + GW) groups was significantly increased over 
the experimental period. Although no difference in 
body weight was observed between the diabetic 
control and GW0742 treated diabetic rat group at 
the end of the study, the amount gained in body 
weight was significantly lower in the GW0742-treated 
diabetic rat group compared to the diabetic control 
group. Epididymal fat weight on the left and right 
sides of the control group were significantly lower 
than the diabetic rat groups. Epididymal fat weights 
of the GW0742-treated diabetic rat group were 
significantly lower than the diabetic control group. 
The total cholesterol level was significantly increased 
in only the diabetic control group compared to the 
normal control group. However, triglyceride levels 
were significantly increased in both the diabetic 
control and GW0742-treated diabetic rat groups 
compared to the normal control group. No differences 
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Figure 1. Changes in plasma glucose during IPGTT and IVITT. Plasma 
glucose responses in the IPGTT (A) and IVITT (B) in the normal control 
group (Control, n = 9), diabetic control group (DM, n = 9), and GW0742 
treated diabetic rat group (DM + GW, n = 9) at the end of the study. *P
＜ 0.05 vs control; †P ＜ 0.05 vs DM. 

Figure 2. Histological findings of liver and intrahepatic TG content. (A) 
Representative images of H&E staining were shown. In the diabetic control 
group, macrovesicular steatosis occupied greater than normal control 
group. GW0742 treated diabetic rat group showed markedly decreased 
fatty accumulation compared to the diabetic control group. (B) Analysis of 
intrahepatic TG was shown. The increased intrahepatic TG level of the 
diabetic control group was significantly decreased by GW0742 treatment. 
TG, triglyceride; Control, normal control group; DM, diabetic control 
group; DM + GW, GW0742 treated diabetic rat group. *P ＜ 0.05 vs 
control; †P ＜ 0.05 vs DM. ×200; scale bar, 50 μm.

Figure 3. Relative mRNA expression of TNF-α (A), MCP-1 (B), PGC-1α
(C), and CPT-1 (D) in liver tissues. Inflammatory cytokine expression was 
significantly decreased in GW0742 treated diabetic rat group (DM + GW) 
compared to the diabetic control group (DM). The mRNA expression of 
PGC-1α was significantly decreased by GW0742 treatment. The mRNA 
expression of CPT-1 was significantly decreased in both DM and DM +
GW groups compared with that of normal control group. *P ＜ 0.05 vs 
control; †P ＜ 0.05 vs DM. 

were observed in the serum levels of adiponectin or 
MCP-1 among the groups. 

Intraperitoneal glucose tolerance test and 
intravenous insulin tolerance test 

Changes in plasma glucose during IPGTT in each 
experimental group at 35 weeks of age are 
illustrated in Figure 1A. Plasma glucose level at 
each time point of 15, 30, 60, 90, and 120 min was 
significantly decreased in the GW0742-treated 
diabetic group compared to the diabetic control 
group. Plasma glucose levels during IVITT in each 
experimental group are shown in Figure 1B and 
measured rate constant for plasma glucose 
disappearance (Kitt) are shown in Table 1. The 
plasma glucose level of diabetic control group was 
significantly increased during IVITT periods 
compared to the normal control group, and the 

glucose level of the GW0742-treated diabetic rat 
group was significantly increased to those of 
diabetic control group at 6 and 9 min after insulin 
injection during IVITT. Overall, the Kitt value of 
GW0742-treated diabetic rat group was significantly 
decreased compared to the diabetic control group. 

Histological finding and intrahepatic lipid levels of 
liver 

All liver tissues were analyzed with H&E staining 
(Figure 2A). Elevated accumulation of fatty droplet 
was observed in both diabetic rat groups compared 
to the normal control group. However, GW0742-treated 
diabetic rat group showed decreased fatty 
accumulation compared to the diabetic control 
group. The triglyceride level of liver tissues obtained 
from diabetic control rat group was significantly 
higher than the normal control group. However, 
compared to the diabetic control group, GW0742- 
treated diabetic rat group had significantly lower 
intrahepatic TG level (Figure 2B). 
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Figure 4. The data of HepG2 and RAW 264.7 cells. HepG2 cells were 
cultured with DMSO, 300 μM palmitic acid and co-administration of 300 
μM palmitic acid and 10 μM of GW0742. (A) Cells were stained with 
Oil-red-O to measure intracellular lipid accumulation. Intracellular lipid 
vacuoles were markedly reduced by GW0742 treatment. (B) The mRNA 
expression levels of TNF-α, NF-κB and PGC-1α in HepG2 cells were 
shown. Cells treated with GW0742 showed significant reduction of 
NF-κB expression and a tendency to have decreased mRNA for TNF-α
and PGC-1α. In study of RAW 264.7 cells, the secretion of TNF-α and 
MCP-1 was significantly increased after palmitic acid treatment com-
pared with control group and the increased level of TNF-α and MCP-1 in 
co-administration of palmitic acid and GW 0742 compound group was 
significantly decreased (C and D). FFA, free fatty acid (palmitic acid); 
TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB; MCP-1, mon-
ocyte chemoattractant protein-1; PGC-1α, peroxisome proliferator acti-
vated receptor (PPAR)-γ coactivator-1α. *P ＜ 0.05 vs control; †P ＜
0.05 vs FFA. ×400; scale bar, 127 μm.

Figure 5. The data of AML12 cell. (A) Representative bands of western 
blot for pAkt, total Akt, pIRS-1, and total IRS-1 were shown. (B) Western 
blot analysis showed significantly decreased level of pAkt/Akt and 
pIRS-1/IRS-1 with treatment of FFA only and the decreased level of 
pAkt/Akt and pIRS-1/IRS-1 was significantly increased with co-admin-
istration of FFA and GW treated group. *P ＜ 0.05 vs control; †P ＜ 0.05 
vs FFA.

Real-time RT-PCR for TNF-α, MCP-1, PGC-1α, and 
CPT-1 in rat liver tissues 

To determine the anti-inflammatory effects of 
GW0742 in the liver, we used real-time RT-PCR to 
examine TNF-α and MCP-1 mRNA, which are 
representative inflammatory cytokines, in experimental 
rat liver tissues. Quantitative analysis revealed that 
TNF-α and MCP-1 mRNA levels were significantly 
increased in the diabetic control group compared to 
the normal control group, and GW0742-treated 
diabetic rat group showed significantly decreased 
TNF-α and MCP-1 mRNA compared to the diabetic 
control group (Figures 3A and 3B). To investigate 
whether GW0742 altered gene expression related 
to fat accumulation in liver, we examined the mRNA 
levels of PGC-1α and CPT-1. PGC-1α mRNA in the 
diabetic control group showed an approximately 
three-fold increase compared to the normal control 
group, which was significantly decreased in 

GW0742-treated diabetic rat group (Figure 3C). In 
contrast, the mRNA of CPT-1 was significantly 
decreased in both diabetic rat groups compared to 
the normal control group. CPT-1 mRNA level was not 
different between diabetic control and GW0742-treated 
diabetic rat groups (Figure 3D). 

In vitro treatment of HepG2 and RAW 264.7 cells with 
GW0742

Human HepG2 cells were used to extend the results 
from OLETF rats to a cellular model. To induce lipid 
accumulation in HepG2 cells, cells were exposed to 
a pathophysiologically relevant concentration of the 
plasma free fatty acid (palmitic acid) and 10 μM of 
GW0742. Intracellular lipid vacuoles induced by 
palmitic acid were confirmed by Oil-red-O staining 
(Figure 4A). The increase in lipid vacuoles in HepG2 
cells induced by palmitic acid was markedly 
diminished by co-administration of 10 μM of 
GW0742 (Figure 4A). The expression levels of 
nuclear factor-κB (NF-κB) and PGC-1α were slightly 
increased in palmitic acid-treated HepG2 cells 
compared to the control group. This increase 
expression of PGC-1α mRNA was slightly attenuated 
by GW0742 treatment, but these differences were 
not significant. On the other hand, cells treated with 
GW0742 showed significant reduction of NF-κB 
expression (Figure 4B). 
    To observe the changes of inflammatory cytokines 
in more detail, we utilized macrophage cell lines. 
The secretion of TNF-α and MCP-1 was significantly 
increased after palmitic acid treatment compared 
with control group: co-administration of palmitic acid 
and GW0742 compound group significantly attenuated 
the elevation of the cytokines (Figures 4C and 4D). 
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In vitro assessment of AML12 cell with GW0742

To address the effects of GW0742 on insulin 
signaling, we studied the pAkt and pIRS-1 
expression in AML12 cells. Western blot analysis 
found the expression level of pAkt/Akt and 
pIRS-1/IRS-1 to be significantly decreased in 
palmitic acid-treated group. This decreased level of 
pAkt/Akt and pIRS-1/IRS-1 was improved with 
treatment by GW0742 (Figure 5). 

Discussion

In this study, we found a protective function of 
PPAR-δ agonist GW0742 on hepatic steatosis. This 
protective role was ascertained in both type 2 
diabetic rat model and HepG2 cells. 
    Among the PPAR subtypes, PPAR-γ and PPAR-α 
are already targets for the treatment of type 2 
diabetes and dyslipidemia (Kahri et al., 1993; Nolan 
et al., 1994; Miyazaki et al., 2001). On the other 
hand, the therapeutic potential of PPAR-δ on insulin 
resistance and fatty acid metabolism is still under 
investigation. The known key features of PPAR-δ 
activation are increase in fatty acid oxidation in 
skeletal muscle and cholesterol flux from peripheral 
tissues (Oliver et al., 2001; Tanaka et al., 2003; 
Evans et al., 2004). Recently, PPAR-δ agonist was 
reported to reduce inflammation in adipose tissue or 
vascular smooth muscle cells (Barish et al., 2008; 
Rodriguez-Calvo et al., 2008). Because inflammatory 
process was known to participate in insulin resistance, 
type 2 diabetes, and cardiovascular disease (Wellen 
and Hotamisligil, 2005; Shoelson et al., 2007; Jeong 
et al., 2011), inhibition of inflammation might be one 
targets of intervention in overcoming insulin resistance. 
Recent studies demonstrated that PPAR-δ agonist 
could inhibit lipopolysaccharide (LPS)-induced 
expression of MCP-1 and IL-6 in 3T3-L1 adipocytes 
and TNF-α-induced NF-κB activation in human 
umbilical vein endothelial cells (HUVECs) (Fan et al., 
2008; Rodriguez-Calvo et al., 2008). To confirm the 
anti-inflammatory effect of PPAR-δ agonist, we 
investigated MCP-1 expression level, which is 
increased in inflammatory and insulin resistant 
states, in 3T3-L1 adipocytes. We observed the 
induction of MCP-1 expression mediated by TNF-α in 
3T3-L1 adipocytes, which PPAR-δ agonist significantly 
suppressed (data not shown). This finding is 
consistent with previous studies (Fasshauer et al., 
2004) that reported reduced cytokine expression 
levels in the presence of a PPAR-δ agonist. In 
addition, we found that treatment with PPAR-δ 
agonist could decrease plasma glucose levels and 
improve Kitt, a marker of insulin sensitivity. Although 
PPAR-δ agonist treatment did not reduce body 

weights of OLETF rats, PPAR-δ agonist-treated 
OLETF rats gained significantly less weight than 
diabetic control group had significantly decreased 
epididymal fat weights. . These findings indirectly 
implicated the role of PPAR-δ agonist on insulin 
resistance. 
    In patients with metabolic syndrome, the prevalence 
of non-alcoholic fatty liver disease (NAFLD) is two- 
or three time higher than in general population 
(Marchesini et al., 2003). Currently, there is no 
approved therapy for NAFLD, and identifying 
research area for effective treatment of NAFLD has 
been mostly unsuccessful. NAFLD refers to a wide 
spectrum of liver disease ranging from simple fatty 
liver (steatosis), to nonalcoholic steatohepatitis 
(NASH) and cirrhosis. The pathologic findings of 
NASH are characterized by microvesicular or 
macrovesicular steatosis, inflammation, hepatocyte 
degeneration, and sometimes fibrosis (Bugianesi et 
al., 2005). In particular, inflammatory processes 
secondary to insulin resistance are regarded as a 
characteristic finding of NASH (McCullough, 2006). 
To investigate the effects of PPAR-δ on hepatic 
steatosis, we performed a series of experiments on 
a type 2 diabetic rat model and on HepG2 cells. 
Significant differences in liver histology were seen 
between diabetic control rats and PPAR-δ 
agonist-treated rats. In addition, lipid vacuoles were 
significantly decreased in HepG2 cells cultured with 
combination of palmitic acid and PPAR-δ agonist 
compared to cells treated with palmitic acid only. 
Because palmitic acid is known to induce a 
hyperlipidemic condition via inflammatory liver injury 
(Joshi-Barve et al., 2007; Gao et al., 2010), it could 
be thought that palmitic acid treatment sufficiently 
caused hepatic steatosis and inflammation. These 
findings may result from a reduction in liver tissue 
inflammation, as confirmed by RT-PCR. However, 
treatment with PPAR-δ agonist did not attenuate 
TNF-α or MCP-1 in HepG2 cells, which was 
expected. The discrepancy between rat liver tissue 
and in vitro cell lines may have been due to the 
source of inflammatory cytokines: the immune cells 
may release the cytokines in greater quantity than 
hepatocytes. In this experiment, significant attenuation 
of inflammatory response other than decreased 
NF-κB was not observed after treating HepG2 cells 
with GW0742. In contrast, macrophage cell lines 
demonstrated attenuation of both TNF-α and 
MCP-1 with treatment by GW0742. These findings 
suggest that the effect of inflammatory cytokines 
released by hepatocytes is relatively small compared 
to intrahepatic macrophage infiltration and the 
resulting inflammatory response caused by insulin 
resistance, and that PPAR-δ agonist attenuates the 
inflammatory response to improve hepatic steatosis. 
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Confirming the macrophage infiltration within the 
liver tissue may have been necessary for a more 
accurate assessment. 
    In addition to these experiments, the expression 
of Akt and IRS-1 after treatment with GW0742 was 
investigated to observe whether PPAR-δ agonist 
directly acts on insulin signaling and improves 
insulin resistance. Western blot analysis was 
performed to assess the expression of Akt and 
IRS-1 in AML12 cells treated with GW0742: the 
expression of both signaling molecules was increased, 
implying that PPAR-δ agonist does directly improve 
insulin resistance at the liver and therefore, 
improves fatty liver. 
    One limitation of this experiment includes neglecting 
the Kupffer cells. Kupffer cells are macrophages 
residing in the liver and are known to be activated 
once the liver is injured by various agents, including 
fat deposition. Activated Kupffer cells are known to 
release a wide array of inflammatory cytokines and 
chemokines, which in turn may influence the 
phenotype of the surrounding cells, such as 
hepatocytes, stellate cells, and other immune cells 
(Bataller et al., 2005). Therefore, whether the 
apparent amelioration of the inflammation of the 
liver by PPAR-δ agonist is due to altered condition of 
Kupffer cells rather than due to infiltration of 
macrophages recruited from circulation should have 
been investigated. 
    The anti-inflammatory effects of the PPAR-δ 
agonist on the liver were important, and could be of 
clinical interest because few effective treatment 
strategies exist for NAFLD. Although the mechanism 
for the beneficial effect of PPAR-δ on the liver is 
partially explained by similar anti-inflammatory 
activity in adipose tissues and vascular smooth 
muscle cells, the therapeutic effects on NAFLD 
could be, in part, mediated through expression of 
other hepatic genes. Therefore, we examined the 
genes known to induce fatty liver. Through 
investigation of various genes, we found that PPAR-δ 
agonist decreased the expression of PGC-1α. 
PGC-1α is a transcriptional co-activator involved in 
thermogenesis and energy metabolism (Liang and 
Ward, 2006). It is well elucidated that PGC-1α could 
promote fatty acid oxidation, reduce fat accumulation, 
increase GLUT4 expression in muscle, and 
eventually lead to improvement of insulin resistance 
(Michael et al., 2001; Lin et al., 2002). However, 
PGC-1α expression is reported to be elevated in 
type 2 diabetic mice, and elevated hepatic PGC-1α 
expression was reported to increase PEPCK and 
contribute to fatty liver (Koo et al., 2004). Thus, the 
regulation of hepatic PGC-1α expression is 
considered to be another process of fatty liver 
changes, along with inflammation. In our study, 

treatment with PPAR-δ agonist significantly reduced 
PGC-1α expression in the liver tissue. Furthermore, 
although the current in vitro results may not show 
significant differences, potential evidence was seen 
for reduction of PGC-1α. However, the paradoxical 
actions of PGC-1α in the muscle and the liver are 
controversial, and therefore, the effects of PPAR-δ 
agonist on hepatic PGC-1α expression warrants 
further study. In addition, examining the effects of 
the PPAR-δ agonist on different tissues would be 
beneficial. 
    Patients with type 2 diabetes are at a higher risk 
of NAFLD and other inflammatory processes. 
According to our results, PPAR-δ agonist could be 
involved in glycemic control and positively influence 
fatty liver changes in type 2 diabetes and in insulin- 
resistant state. 
    In summary, the PPAR-δ agonist GW0742 attenu-
ated hyperglycemia and fatty accumulation in the liver. 
These changes were possibly due to suppression of 
inflammatory cytokines, such as TNF-α and MCP-1. 
The beneficial effect on hepatic fatty accumulation 
was also partially explained by the reduction in 
PGC-1α expression and improvement in insulin 
signaling. Our findings suggest that PPAR-δ agonist 
has beneficial effects against NAFLD. 

Methods

Materials 

The synthetic PPAR-δ agonist GW0742 was kindly pro-
vided by GlaxoSmithKline (Brentford, United Kingdom). 
Palmitic acid and other chemicals were purchased from 
Sigma Aldrich (St. Louis, MO). All animal procedures were 
approved by the Institutional Animal Care and Use 
Committee (IACUC), Yonsei University at Wonju Campus. 
At 25 weeks, 18 male Otsuka-Long-Evans-Tokushima-Fatty 
(OLETF, Otsuka Pharmaceutical, Tokushima, Japan) and 9 
Long-Evans-Tokushima-Otsuka (LETO) rats were divided 
into three groups: diabetic control group, GW0742 treated 
diabetic rat group, and normal control group. Animals were 
housed at constant temperature (20-22ºC) and humidity 
(50-60%) with a 12-h light and 12-h dark cycle. They had 
free access to water and standard rat chow until 36 weeks 
of age. The experimental group received GW0742 (10 
mg/kg/day) by oral gavage tube from 26 weeks to 36 
weeks. At 25 and 35 weeks, body weight, intraperitoneal 
glucose tolerance test (IPGTT), and intravenous insulin tol-
erance test (IVITT) were measured and a 24-h urine sam-
ple was collected. Plasma glucose disposal rate (Kitt; 
%/min), which indicates the time necessary to reduce the 
basal glucose level by one-half, was calculated as 
0.693/t1/2, where t1/2 was determined from the slope of 
the glycemic concentrations from 3 to 15 min after intra-
venous regular insulin injection (0.1 U/kg). At 36 weeks, 
experimental rats were anesthetized with Zoletil® (Virbac 
Laboratories, Carros, France) by intraperitoneal injection 
and liver tissues were extracted. A portion of the liver tis-
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sue sample was frozen using liquid nitrogen and kept at 
-70ºC for mRNA and protein analysis. Another portion was 
fixed in 4% paraformaldehyde for 48 h and embedded in 
paraffin for histological examination. 

Cell cultures 

HepG2 cells obtained from Korean Cell Line Bank (KCLB, 
Seoul, Korea) were cultured in minimum Eagle’s medium 
(Invitrogen Life Technologies Inc. , Carlsbad, CA) supple-
mented with 10% FBS (HyClone Laboratories Inc, Logan, 
UT), 100 units/ml penicillin (Invitrogen), and 0.1 mg/ml 
streptomycin (Invitrogen). Cells were maintained at 37oC 
with humidified air and CO2 (5%). After 24 h, 10 μM of 
GW0742 dissolved in dimethylsufoxide (DMSO) (Sigma- 
Aldrich) or DMSO was added to the medium. After 2 h, pal-
mitic acid (300 μM) was added to the medium and cells 
were cultured for an additional 24 h before lysis and purifi-
cation of total RNA. Subconfluent monolayers of HepG2 
cells were stained with Oil-Red-O to determine fat 
accumulation. Dishes were washed with cold phos-
phate-buffered saline and fixed in 10% paraformaldehyde 
for 5 min. Oil-Red-O was added with agitation for 15 min, 
followed by washing in 60% isopropanol. Cells were rinsed 
in distilled water and examined by light microscopy. 
    RAW264.7 macrophages (ATCC, Manassas, VA) was 
grown at 37oC in 5% CO2 using Dulbecco’s Modified 
Eagle’s Medium (HyClone) containing 10% fetal bovine se-
rum (FBS), 10 ml/L penicillin streptomycin (Invitrogen). 
    AML12 mouse hepatocytes (ATCC) were cultured in 
DMEM/F-12 media (HyClone) supplemented with 10% 
FBS, antibiotics (100 units/ml penicillin and 100 mg/ml 
streptomycin), 0.1 mM dexamethasone, and a mixture of 
insulin, transferrin, and selenium (Invitrogen). RAW264.7 
and AML12 were pretreated for 4 h with 10 μM GW0742. 
For the induction of hepatocyte steatosis, subsets of 
RAW264.7 macrophages and AML12 hepatocytes were 
treated with palmitic acid (250 μM; Sigma-Aldrich) for 16 h. 

Measurement of cytokines by ELISA

Cytokines in culture supernatants and tissue homogenates 
of RAW264.7 macrophages were assayed by enzyme- 
linked immunosorbent assays (ELISA). The assays were 
conducted using OptEIA mouse TNF-α, a mouse MCP-1 
set (BD Bioscience Pharmingen, CA). Cytokine levels were 
quantified from standard curves using the BioTek curve- 
fitting program (BioTek, winooski). 

Western blot analysis 

Samples of 20-50 μg total protein from AML12 mouse 
hepatocytes were subjected to Western blot analysis using 
polyclonal antibodies to phosphorylated Akt (Akt-pSer473), 
total Akt, phosphorylated insulin receptor substrate-1 
(IRS1-pSer308), and total insulin receptor substrate-1 (Cell 
Signaling, Beverly, MA). 

Histologic examination of liver and serum chemistry 

Paraffin-embedded 5-μm liver tissue slices were stained 

with hematoxylin and eosin (H&E). Blood samples were 
taken by cardiac puncture, and serum levels of total cho-
lesterol, triglyceride (TG), HDL cholesterol, aspartate trans-
aminase (AST), and alanine transaminase (ALT) (Fuji DRI 
Chem 3500, Tokyo, Japan) were measured. Rat ELISA kits 
for adiponectin (AdipoGen Inc, Seoul, Korea) and mono-
cyte chemo-attractant protein-1 (MCP-1; Invitrogen) were 
used. 

Intrahepatic triglyceride content 

Frozen rat liver tissues were homogenized in 1 ml of de-
ionized water before adding 5 ml of chloroform and meth-
anol and were centrifuged at 4ºC and 35,000 rpm for 10 
min. The lower phase was transferred to a clean tube and 
250 μl of 1% Triton X-100 in chloroform was added. After 
vacuum drying to remove the chloroform, triglyceride level 
was measured using a kit (Cayman Chemical Company, 
Ann Arbor, MI). 

Real time RT-PCR 

Total RNA was isolated from 3T3-L1 adipocytes, HepG2 
cells and liver tissues using TRIzol reagent (Invitrogen) as 
described by the manufacturer. Complementary DNA 
(cDNA) was synthesized from 1 μg of RNA using a M-MLV 
reverse transcription system (Promega, Madison, WI). 
Real time RT-PCR was performed using a SYBR Green 
RT-PCR kit (Qiagen, Valencia, CA) and measured with a 
Roter-Gene RG-3000 cycler (Corbett Research, Mortlake, 
Australia). Relative gene expression for MCP-1, tumor ne-
crosis factor-α (TNF-α), PGC-α, CPT-1, and nuclear fac-
tor-kappa B (NF-κB) was analyzed by the 2-ΔΔCt method, 
normalizing to GAPDH gene expression. Primer pairs are 
presented in Supplemental Data Table S1. 

Statistical analyses 

All data are presented as means ± S.D. Statistical analy-
sis was carried out by ANOVA, followed by Tukey test for 
multiple comparisons using the SPSS 17.0 program. 
Differences were considered significant at P ＜ 0.05. 

Supplemental data

Supplemental data include a table and can be found with 
this article online at http://e-emm.or.kr/article/article_files/ 
SP-44-10-02.pdf.
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