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Abstract 

The aim was to examine the effect of free fatty acids on the regulation of PPARγ-PGC1α pathway, 
and the effect of PPARγ/PGC1α in NAFLD. The mRNA and protein expression of PGC1α and 
phospho/total PPARγ were examined in Huh7 cells after the palmitate/oleate treatment 
with/without the transfection with siRNA against PGC1a. The palmitate content, mRNA and 
protein expression of PGC1α and PPARγ in the liver were examined in the control and NAFLD 
mice. Palmitate (500 μM), but not oleate, increased protein expression of PGC1α and phospho 
PPARγ (PGC1α, 1.42-fold, P=0.038; phospho PPARγ, 1.56-fold, P=0.022). The palmitate-induced 
PPARγ mRNA expression was reduced after the transfection (0.46-fold), and the protein ex-
pressions of PGC1α (0.52-fold, P=0.019) and phospho PPARγ (0.43-fold, P=0.011) were sup-
pressed in siRNA-transfected cells. The palmitate (12325.8 ± 1758.9 μg/g vs. 6245.6 ± 1182.7 μg/g, 
p=0.002), and mRNA expression of PGC1α (11.0 vs. 5.5, p=0.03) and PPARγ (4.3 vs. 2.2, 
p=0.0001) in the liver were higher in high-triglyceride liver mice (>15.2 mg/g) than in 
low-triglyceride liver mice (<15.2 mg/g). The protein expressions of both PGC1α and PPARγ were 
higher in the NAFLD group than in the controls (PGC1α, 1.41-fold, P=0.035; PPARγ, 1.39-fold, 
P=0.042), and were higher in the high-triglyceride liver group (PGC1α, 1.52-fold, p=0.03; PPARγ, 
1.22-fold, p=0.05) than in the low-triglyceride liver group. In conclusion, palmitate appear to 
up-regulate PPARγ via PGC1α in Huh7 cells, and both PGC1α and PPARγ are up-regulated in the 
NAFLD mice liver, suggesting an effect on lipid metabolism leading to intrahepatic triglyceride 
accumulation. 

Key words: Palmitate; peroxisome proliferator-activated receptor γ; peroxisome proliferator-activated receptor 
coactivator 1 α; triglyceride; liver; nonalcoholic fatty liver disease 

Introduction 
Nonalcoholic fatty liver disease (NAFLD) is in-

creasing worldwide as one of the leading causes of 
chronic liver diseases [1-3]. The condition comprises 
nonalcoholic fatty liver (NAFL) and nonalcoholic ste-
atohepatitis (NASH), both with hepatic steatosis; the 
latter is distinguished from the former by the presence 
of cytological ballooning and inflammation on his-
tology [4, 5]. NAFLD is closely associated with obesi-
ty, diabetes, hyperlipidemia, physical inactivity, and a 
high-fat diet [6-8]. Although the mechanism is still 
unclear, free fatty acids (FFA) may play a critical role 

in the development of NAFLD [9-13].  
 The PPARs (peroxisome proliferator-activated 

receptors) belong to the nuclear receptor superfamily. 
There are 3 subtypes in the PPAR family, PPARα, 
PPARδ/β, and PPARγ, and tissue distribution varies 
depending on the subtype: PPARα is found mainly in 
liver, heart, and kidney; PPARγ mainly in adipose 
tissue; and PPARδ is ubiquitously-distributed [14-16]. 
They function as transcription factors which control 
the expression of genes involved in fat and glucose 
metabolism, and cellular proliferation and differenti-
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ation. They act by binding to the promoter of the tar-
get gene after forming a heterodimer with the retinoid 
X receptor. Previous studies have shown a close rela-
tionship between PPAR and clinical presentations 
such as diabetes, obesity, and inflammation [17]. 
Various biological functions regulated by PPARγ may 
account for the principal mechanisms for type 2 dia-
betes [18] and arteriosclerosis [19-21]. 

The peroxisome proliferator-activated receptor 
coactivator 1 (PGC1) comprises a family of transcrip-
tional coactivators, including PGC1α, PGC1β, and the 
PGC related coactivator (PRC) [22]. PGC1α shows an 
interaction with transcriptional factors like PPARα, 
PPARγ, estrogen-related receptor, liver X receptor, 
and hepatocyte nuclear factor-4α. In addition, PGC1α 
functions as a regulator of mitochondrial metabolism 
[23]. It regulates energy, glucose and fat metabolism, 
and is recognized as an important therapeutic target 
for diabetes and obesity. 

Based on these backgrounds, we hypothesized 
that PGC1α and PPARγ may have an interactive effect 
on the pathogenesis of NAFLD. The study investi-
gated the expression of PGC1α and PPARγ in 
FFA-treated culture cells, and measured the content of 
palmitate and expression of PGC1α and PPARγ in 
NAFLD mice with respect to the triglyceride content. 
The aim of this study was to examine the in vivo and 
in vitro effect of fatty acid via PGC1α and PPARγ in 
the pathogenesis of NAFLD. 

Materials and Methods 
Cell culture 

A human hepatoma cell line (Huh7) was used in 
the study. Cells were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM) supplemented with 10% 
heat-activated fetal bovine serum, 100 IU/ml penicil-
lin, and 100 μg/ml streptomycin. 

FFA treatment  
Two FFAs were used in the study, palmitate and 

oleate; they were purchased from Sigma Chemical 
Company (St. Louis, MO). The cells (500,000 
cells/well) seeded in the 6-well plates were incubated 
with each of FFAs mixed with 5% bovine serum al-
bumin at final concentrations of 100-1000 μM. 

Cell transfection 
Huh7 cells were seeded on 6-well plates, and 

transfection with siRNA against PGC1α (sc-38884) 
was performed according to the manufacturer's pro-
tocol (Santa Cruz Biotechnology, Inc., Dallas, TX). The 
scrambled sequence that does not lead to the specific 
degradation of any known cellular mRNA (sc-37007) 
was used as a control. Huh7 cells were incubated for 
6 h with the transfection reagent, and normal growth 

medium containing serum and antibiotics was added 
for overnight incubation. Then, the medium was re-
placed with normal growth medium and the cells 
were used for FFA-treatment procedures 1 day later.  

Animal model for NAFLD 
The study used six- to ten-week-old male 

STAMTM mice, which were purchased from Stelic In-
stitute & Co. (Charles River Laboratories, Japan Inc.) 
and sacrificed to obtain liver tissue. The mouse model 
was established by the following protocol supported 
by the similar procedure in the literature [24]; 
2-day-old male pups were injected with streptozoto-
cin (200 μg per mouse) and started on a high-fat diet 
(HFD-32) from the age of 4 weeks. The animals de-
velop steatosis to steatohepatitis from 6 to 8 weeks of 
age, and fibrosis from 9 to 12 weeks of age, showing 
various grades of NAFLD. The study also used con-
trol mice under control diet. The mice were eu-
thanized by the inhalation of methoxyflurane to take 
the blood and liver sample. Animal care and study 
protocols were approved by the Animal Care Com-
mittee of Chiba University. 

Real-time quantitative reverse transcription 
polymerase chain reaction  

Total RNA in the cell or tissue was extracted 
using TRIzol reagent according to the manufacturer's 
protocol (Invitrogen, Carlsbad, CA). Single-strand 
cDNAs were synthesized from 2 μg total RNA in a 20 
μL reaction (SuperScript® VILOTM, cDNA Synthesis 
Kit, Invitrogen). Polymerase chain reactions (PCR) 
were performed using cDNA, SYBR green (Plati-
num® SYBR® Green qPCR SuperMix-UDG with 
ROX, Invitrogen) and primers for PGC1α, PPARγ, 
and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH, endogenous control), purchased from 
Takara Bio (Tokyo, Japan; Table 1, 2). Reactions were 
run in triplicate and data were calculated as the 
change in cycle threshold (ΔCT) for the target gene 
relative to the ΔCT for GAPDH. 

Protein extraction and western blot analysis 
Cell lysates and liver samples after homogeniza-

tion were centrifuged at 12,000 g for 15 min and pro-
teins in the supernatants were used for western blot-
ting to detect PGC1α, phospho PPARγ (S112) and 
PPARγ.  

Proteins were separated using 4%-12% Nu-
PAGE® Novex Bis-Tris Mini Gels (Invitrogen) and 
were transferred to a nitrocellulose membrane for 
1.5 h at 40 V using a western blot apparatus (Invitro-
gen). After overnight incubation with primary anti-
body, the membranes were washed and then incu-
bated with horseradish peroxidase-conjugated sec-
ondary antibodies. Proteins were detected with an 
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enhancement using SuperSignal chemiluminescence 
reagent (Pierce Biotechnology, Inc., Rockford, IL) and 
the density was quantified using an LAS-4000UV (Fuji 
Film, Tokyo, Japan) and Adobe Photoshop (CS4; 
Adobe Systems, San Jose, CA). Primary antibodies 
were purchased as follows: phospho PPARγ and 
PPARγ from Abcam® (Tokyo, Japan) and PGC1α 
from Santa Cruz Biotechnology, Inc. (Dallas, TX). A 
secondary antibody and β-actin were purchased from 
Cell Signaling (Beverly, MA). 

 

Table 1. Primers for quantitative polymerase chain reaction 
(human) 

Gene Forward/reverse Sequence 5’-3’ 
PGC1α Forward GGAGACGTGACCACTGACAATGA 
 Reverse TGTTGGCTGGTGCCAGTAAGAG 
PPARγ Forward TTGAAAGAAGCCAACACTAAACCAC 
 Reverse AATGGCATCTCTGTGTCAACCAT 
GAPDH Forward GCACCGTCAAGGCTGAGAAC 
 Reverse TGGTGAAGACGCCAGTGGA 

 

Table 2. Primers for quantitative polymerase chain reaction 
(mouse) 

Gene Forward/reverse Sequence 5’-3’ 
PGC1α Forward ACACAACGCGGACAGAATTGAG 
 Reverse TCACAGGTGTAACGGTAGGTGATG 
PPARγ Forward GGAGCCTAAGTTTGAGTTTGCTGTG 
 Reverse TGCAGCAGGTTGTCTTGGATG 
GAPDH Forward TGTGTCCGTCGTGGATCTGA 
 Reverse TTGCTGTTGAAGTCGCAGGAG 

 

Quantification of lipid accumulation 
Lipid accumulation in the cultured cells was 

quantitatively assessed using Steatosis Colorimertic 
Assay kit (Cayman Chemical Company, MI). After 
overnight incubation of 5,000 cells/well in 96 well 
plates, the cells were transfected with siRNA against 
PGC1α or scrambled RNA, both followed by 24-h 
palmitate treatment (500 μM). The cells were stained 
according to the manufacture’s protocol, and lipid 
accumulation was determined by the absorbance at 
490nm. The lipid accumulation was expressed as a 
ratio of FFA-treated cells to control (untreated cells). 

Lipid analysis in the mouse liver tissue 
Lipids were extracted from liver tissue (ap-

proximately 100 mg per mouse) according to Folch’s 
method with chloroform/methanol [25]. Triglyceride 
and total cholesterol were quantified using Cholest-
est® (Sekisui Medical Corp. Tokyo, Japan). Total fatty 
acid content (free and esterified, μg/g) in the liver 
tissue was measured by gas chromatography (GC 
profiles) with the samples prepared by chloroform 
and methanol using GC-2010 Plus (Shimadzu, Kyoto, 
Japan). 

Statistical analysis 
Data are presented by mean ± standard devia-

tion, or range. Continuous variables were compared 
by the Student’s t-test or Fisher’s Protected Least Sig-
nificant Difference test. P-values less than 0.05 were 
considered statistically significant in all analyses. Sta-
tistical analysis was performed using the Dr. SPSS 
software package (version 11.0J for Windows; SPSS 
Inc., Chicago, Illinois, USA). 

Results 
Changes in mRNA expression of PGC1α after 
palmitate treatment in Huh7 cells  

Firstly, a 500 μM dose of palmitate was used ac-
cording to the literatures [26,27]. The mRNA expres-
sion of PGC1α showed incubation time-related 
changes and maximum expression (15.7-fold change 
vs. control) was observed after 12 h of treatment 
(Figure 1A). Next, changes in mRNA expression of 
PGC1α were examined after 12 h of treatment with 
different doses of palmitate, ranging from 100 to 1000 
μM. The mRNA expression of PGC1α showed 
dose-related changes and maximum expression 
(12.5-fold change vs. control) was observed at a dose 
of 500 μM palmitate (Figure 1B). 

Changes in mRNA expression of PGC1α after 
oleate treatment in Huh7 cells  

Time-related changes in mRNA expression of 
PGC1α were also examined after treatment with 
500 μM oleate. There were no significant changes in 
the expression after oleate treatment (Figure 2A). 
Similarly, mRNA expression of PGC1α showed no 
significant changes after 12 h of treatment with dif-
ferent doses of oleate, ranging from 100 to 1000 μM 
(Figure 2B). 

Changes in mRNA expression of PPARγ after 
FFA treatment 

Time-related changes in mRNA expression of 
PPARγ were examined after treatment with 500 μM 
palmitate and the maximum increase (3.92-fold 
change vs. control, Figure 3A) was seen after 24 h of 
incubation. However, the mRNA expression of 
PPARγ did not show any significant change after 
treatment with 500 μM oleate over an incubation time 
ranging from 3 to 24 h (Figure 3B). 

Regulation of mRNA expression of PPARγ by 
PGC1α  

The mRNA expression of PGC1α after 500 μM of 
palmitate treatment was significantly decreased in 
Huh7 cells transfected with siRNA against PGC1α 
(0.17-fold vs. control after 12 h of treatment, 0.23-fold 
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vs. control after 24 h of treatment) (Figure 4A, 4B). The 
mRNA expression of PPARγ after 500 μM of palmi-
tate treatment showed a significant decrease in Huh7 

cells after transfection with siRNA against PGC1α 
(0.51-fold vs. control after 12 h of treatment, 0.46-fold 
vs. control after 24 h of treatment) (Figure 4C, 4D).  

 

 
Figure 1. Changes in mRNA expression of PGC1α after palmitate treatment. A. The mRNA of PGC1α showed incubation time-related changes following 500 μM of palmitate 
treatment, and maximum expression (15.7-fold change vs. control) was observed with 12 h of treatment. B. The mRNA of PGC1α showed dose-related changes (100 to 
1000 μM), and maximum expression (12.5-fold change vs. control) was observed at a dose of 500 μM after 12 h of palmitate treatment. Data are expressed as mean ± standard 
deviation. Four independent experiments were performed to generate the results. PA, palmitate 

 
Figure 2. Changes in mRNA expression of PGC1α after oleate treatment. A. There were no significant changes in PGC1α following 500 μM of oleate treatment B. PGC1α 
showed no significant changes following 12 h of treatment with different doses of oleate, ranging from 100 to 1000 μM. Data are expressed as mean ± standard deviation. Four 
independent experiments were performed to generate the results. OA, oleate 

 
Figure 3 Changes in mRNA expression of PPARγ after FFA treatment. A. Time-related changes of mRNA expression of PPARγ were examined after incubation with 500 μM 
palmitate, and maximum increase (3.92-fold change vs. control) was seen after 24 h of treatment. PA, palmitate. B. The mRNA expression of PPARγ did not show any significant 
changes after treatment with 500 μM of oleate, over incubation times ranging from 3 to 24 h. OA, oleate. Data are expressed as mean ± standard deviation. Four independent 
experiments were performed to generate the results. 
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Figure 4. Regulation of mRNA expression of PPARγ by PGC1α. A. The mRNA expression of PGC1α after 12 h of treatment with 500 μM palmitate showed a significant 
decrease in Huh7 cells transfected with siRNA against PGC1α (0.17-fold vs. control transfected with scRNA). B. The mRNA expression of PGC1α after 24 h of treatment with 
500 μM palmitate showed a significant decrease in Huh7 cells transfected with siRNA against PGC1α (0.23-fold vs. control transfected with scRNA). C. The mRNA expression 
of PPARγ after 12 h of treatment with 500 μM palmitate showed a significant decrease in Huh7 cells after transfection with siRNA against PGC1α (0.51-fold vs. control 
transfected with scRNA). D. The mRNA expression of PPARγ after 24 h of treatment with 500 μM palmitate showed a significant decrease in Huh7 cells after transfection with 
siRNA against PGC1α (0.46-fold vs. control transfected with scRNA). Data are expressed as mean ± standard deviation. Six independent experiments were performed to 
generate the results. PA, palmitate. 

 

Lipid accumulation in Huh7 cells 
Lipid accumulation was significantly lower in 

the cells transfected with siRNA (1.34 ± 0.21) than 
those transfected with scramble RNA (1.68 ± 0.25, 
p=0.031, n=7) both followed by 24-h palmitate treat-
ment (500 μM) (Figure 5A, 5B). 

Protein analysis 
Analysis of protein extracts showed that 500 μM 

of palmitate treatment induced a significant increase 
in the expression of PGC1α and phospho PPARγ 
(PGC1α, 1.42-fold vs. control, P=0.038; phospho 
PPARγ, 1.56-fold vs. control, P=0.022) (Figure 6A, B, 
C). The expression was suppressed in Huh7 cells 
transfected with siRNA against PGC1α (PGC1α, 
0.52-fold vs. scramble RNA as control, P=0.019; 
phospho PPARγ, 0.43-fold vs. control, P=0.011) (Fig-
ure 6D, E, F). There was no significant change in the 
expression of total PPARγ in the palmitate-treated 
Huh7 cells. 

Lipid analysis in mouse liver tissue 
The study examined 16 mice: 4 control mice and 

12 mice for NAFLD model (Figure 7; A control, B ste-
atohepatitis model). Blood test showed significant 
difference in total cholesterol and FFA between con-
trol (71 ± 9.9 mg/dl, 979 ± 178 μEq/L) and NAFLD 
model (134 ± 31 mg/dl, 2463 ± 777μEq/L, Table 3). 

 

Table 3. Blood test in the mice. 

 Control NAFLD P value 
Total cholesterol (mg/dl) 71±9.9 134±31 0.04 
Triglyceride (mg/dl) 48±6.4 270±448 0.53 
Free fatty acid (μEq/L) 979±178 2463±777 0.044 

 
 
 The content of triglyceride and total cholesterol 

in the liver is summarized in Figure 8 (A, triglyceride; 
B, total cholesterol), showing significant difference 
between control (n=4; triglyceride; 4.0 ± 1.4 mg/g, 
total cholesterol, 2.6 ± 0.17 mg/g) and NAFLD mice 
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(n=12; triglyceride; 21.3 ± 18 mg/g, p=0.026; total 
cholesterol; 3.1 ± 0.22 mg/g, p=0.0032).  

The content of palmitate was significantly higher 
in the NAFLD group than in the controls (NAFLD, 
14750.3 ± 5268.6 μg/g; controls, 5678.5 ± 678.6 μg/g, 
p=0.01). When the NAFLD mice was divided into the 
two groups according to the median value of triglyc-

eride content (15.2 mg/g), the content of palmitate 
was significantly greater in the high-triglyceride liver 
group (n=6; > 15.2 mg/g; palmitate 12325.8 ± 1758.9 
μg/g) than in the low-triglyceride liver group (n=6; 
<15.2 mg/g; palmitate 6245.6 ± 1182.7 μg/g, p=0.002) 
(Figure 9). 

 
Figure 5. Lipid accumulation in the cultured cell. A. Huh7 cells transfected with scramble RNA followed by 24-h palmitate treatment (500 μM). B. Huh7 cells transfected with 
siRNA followed by 24-h palmitate treatment (500 μM). 

 
Figure 6. Protein analysis. A. The 500μM of palmitate treatment induced an increase in the expression of PGC1α and phospho PPARγ. There was no expression change in the 
total PPARγ in the palmitate-treated Huh7 cells. Control, untreated cells; PA, palmitate. The gels shown are representative of four independent experiments. B. The 500μM of 
palmitate treatment induced a significant increase in the expression of PGC1α (1.42-fold vs. control, P=0.038). Control, untreated cells; PA, palmitate. The data in the graphs are 
expressed as the ratio of the target protein to β-actin (n=4). C. The 500μM of palmitate treatment induced a significant increase in phospho PPARγ (phospho PPARγ, 1.56-fold 
vs. control, P=0.022). There was no significant change in the expression of total PPARγ in the palmitate-treated Huh7 cells. Control, untreated cells; PA, palmitate; Black for 
phospho PPARγ, grey for total PPARγ. The data in the graphs are expressed as the ratio of the target protein (phospho PPARγ/ total PPARγ) to total PPARγ or β-actin (n=4). 
D. The protein expression in PGC1α, phospho PPARγ and total PPARγ was compared between control and cells transfected with siRNA against PGC1α, both treated with 
palmitate. The expression in PGC1α and phospho PPARγ was suppressed in the Huh7 cells transfected with siRNA against PGC1α. There was no expression change in the total 
PPARγ. Control, cells transfected with scRNA. The gels shown are representative of four independent experiments. E. The protein expression in PGC1α was compared 
quantitatively between control and cells transfected with siRNA against PGC1α, both treated with palmitate. The expression of PGC1α was significantly suppressed in Huh7 cells 
transfected with siRNA against PGC1α (PGC1α, 0.52-fold vs. control, P=0.019). Control, cells transfected with scRNA. The data in the graphs are expressed as the ratio of the 
target protein to β-actin (n=4). F. The protein expression in phospho PPARγ and total PPARγ was compared quantitatively between control and cells transfected with siRNA, 
both treated with palmitate. The expression of phospho PPARγ was significantly suppressed in the Huh7 cells transfected with siRNA against PGC1α (phospho PPARγ, 0.43-fold 
vs. control, P=0.011). There was no significant change in the expression of total PPARγ. Control, cells transfected with scRNA; Black for phospho PPARγ, grey for total PPARγ. 
The data in the graphs are expressed as the ratio of the target protein (phospho PPARγ/ total PPARγ) to total PPARγ or β-actin (n=4). 
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Figure 7. Liver tissue images of mice. A. Control. B. The image shows steatosis, lobular inflammation, and ballooning, indicating a presence of steatohepatitis. The images show 
typical findings of controls (n=4) and NAFLD mice (n=12). 

 
Figure 8. A. The content of triglyceride in the liver tissue. Triglyceride showed significant difference between control (n=4; 4.0 ± 1.4 mg/g) and NAFLD mice (n=12; 21.3 ± 18 
mg/g, p=0.026). B. The content of total cholesterol in the liver tissue. Total cholesterol showed significant difference between control (n=4; 2.6 ± 0.17 mg/g) and NAFLD mice 
(n=12; 3.1 ± 0.22 mg/g, p=0.0032). 

 

 
Figure 9. The content of palmitate in the liver tissue. The NAFLD mouse group was 
divided into two groups according to the median value of triglyceride content (15.2 
mg/g). The palmitate was significantly greater in the high-triglyceride liver group (n=6; 
> 15.2 mg/g; palmitate 12325.8 ± 1758.9 μg/g) than in the low-triglyceride liver group 
(n=6; <15.2 mg/g; palmitate 6245.6 ± 1182.7 μg/g, p=0.002). 

 

The mRNA and protein expression of PPARγ 
and PGC1α in mouse liver tissue 

The mRNA expressions of both PGC1α and 
PPARγ were significantly higher in the NAFLD group 
than in the controls (PGC1α, 9.36-fold change vs. 
control; PPARγ, 4.12-fold change vs. control). In ad-
dition, the mRNA expressions of PGC1α (11.0 ± 3.6 vs. 
5.5 ± 1.9, fold to control, p=0.03) and PPARγ (4.3 ± 0.4 

vs. 2.2 ± 0.2, fold to control, p=0.0001) were signifi-
cantly greater in the high-triglyceride liver group 
(n=6; > 15.2 mg/g) than in the low-triglyceride liver 
group (n=6; <15.2 mg/g) (Figure 10A, B). There was 
no significant relationship between total cholesterol 
content and PPARγ/PGC1α. 

The protein expressions of both PGC1α and 
PPARγ were significantly higher in the NAFLD group 
than in the controls (PGC1α, 1.41-fold to control, 
P=0.035; PPARγ, 1.39-fold vs. control, P=0.042) (Fig-
ure 11). Similarly, the protein expressions in both 
PGC1α and PPARγ were higher in the 
high-triglyceride liver group (n=6; PGC1α, 1.52-fold, 
p=0.03; PPARγ, 1.22-fold, p=0.05) than in the 
low-triglyceride liver group (n=6), the difference in 
the expression in the former was significant but that 
in the latter remained marginal (Figure 11). 

Discussion 
Despite of the continuous effort on the research, 

the mechanisms for NAFLD/NASH remain unclear 
[3, 13]. The present study focused on the biological 
function of FFA in the liver cell line and demonstrated 
the significant effect of palmitate on the intrahepatic 
triglyceride accumulation via PGC1a-PPAR pathway. 
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The linkage of the content between palmitate and 
triglyceride was also proved in the animal model. In 
the various possible pathogenesis, FFA may play a 

major role for developing NAFLD which are associ-
ated with an impaired hepatic metabolism and tri-
glyceride accumulation in the liver [10-12, 28]. 

 

 
Figure 10. The mRNA expression of PGC1α and PPARγ in liver tissue. A. The NAFLD mouse group was divided into two groups according to the median value of triglyceride 
content (15.2 mg/g). The mRNA expression of PGC1α was significantly greater in the high-triglyceride liver group (n=6; > 15.2 mg/g; 11.0 ± 3.6, fold to control) than in the 
low-triglyceride liver group (n=6; <15.2 mg/g; 5.5 ± 1.9, fold to control, p=0.03). B. The NAFLD mouse group was divided into two groups according to the median value of 
triglyceride content (15.2 mg/g). The mRNA expression of PPARγ was significantly greater in the high-triglyceride liver group (n=6; > 15.2 mg/g; 4.3 ± 0.4, fold to control) than 
in the low-triglyceride liver group (n=6; <15.2 mg/g; 2.2 ± 0.2, fold to control, p=0.0001). 

 

 
Figure 11. The protein expression of PGC1α and PPARγ in liver tissue. A. The protein expressions in both PGC1α and PPARγ were higher in the NAFLD mice than in the 
control mice. The gels shown are representative of 6 independent experiments. B. The protein expression of PGC1α was significantly higher in the NAFLD group (n=12) than 
in the controls (n=4; PGC1α, 1.41-fold to control, P=0.035). The data in the graphs are expressed as the ratio of the target protein to β-actin. C. The protein expression of both 
PPARγ was significantly higher in the NAFLD group (n=12) than in the controls (n=4; PPARγ, 1.39-fold vs. control, P=0.042).  The data in the graphs are expressed as the ratio 
of the target protein to β-actin. D. The protein expressions in PGC1α and PPARγ were higher in the high-triglyceride liver group than in the low-triglyceride liver group in the 
NAFLD mice. The gels shown are representative of 6 independent experiments. E. The protein expression of PGC1α was significantly higher in the high-triglyceride liver group 
(n=6; 1.52-fold, P=0.03) than in the low-triglyceride liver group (n=6) in the NAFLD mice. The data in the graphs are expressed as the ratio of the target protein to β-actin. F. 
The protein expression of PPARγ was significantly higher in the high-triglyceride liver group (n=6; 1.22-fold vs. control, P=0.05) than in the low-triglyceride liver group (n=6) in 
the NAFLD mice. The data in the graphs are expressed as the ratio of the target protein to β-actin. 
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PGC1α acts as a regulator of energy metabolism, 
such as mitochondrial biogenesis and respiration, 
adaptive thermogenesis, and gluconeogenesis [22, 29]. 
One of the major functions of PGC1α is a detoxifica-
tion of reactive oxygen species which are generated 
during mitochondrial respiration, resulting in the 
increase of mitochondrial functions [30-32]. Exercise, 
low temperatures, and fasting are physiological con-
ditions that stimulate PGC1α expression [22]. The 
present study demonstrated the additional function of 
PGC1α, a potential mediator of the palmitate effect of 
lipid metabolism. At this point, some studies have 
focused on the FFA-related changes of PGC1α ex-
pression. One study showed that unsaturated FFA 
increased the mRNA expression of PGC1α by 2- to 
3-fold in human skeletal muscle cells, though satu-
rated FFA did not affect the mRNA expression of 
PGC1α [33]. Another two studies reported the palmi-
tate-induced reduction of mRNA expression of 
PGC1α; one showed that exposure of C2C12 skeletal 
muscle cells to 0.75 mmol/l palmitate, but not to ole-
ate, reduced PGC-1α mRNA levels (66%; p<0.001), 
through a mechanism involving MAPK-extracellular 
signal-regulated kinase (ERK) and NF-κB activation 
[34]. Palmitate-induced reduction of PGC1α and β 
expression by 38% (p=0.01) and 53% (p=0.006), re-
spectively, via p38 MAPK-dependent transcriptional 
pathways in C2C12 myotubes has also been reported 
[35]. These data may contradict the results in our 
study performed in human liver cells, suggesting a 
different function of PGC1α in the liver in response to 
palmitate treatment. 

The present study demonstrated the increased 
level of PPARγ in both cultured cell model and mice 
model. Previous studies have also shown increased 
mRNA expression of PPAR in the obesity-related liv-
er, PPARγ in ob/ob mice [36], and PPARα and PPARγ 
in murine models of obesity [37]. The authors of the 
former study reported that lean mice expressed only 
low levels of PPARγ1 and barely detectable amounts 
of PPARγ2. However, obese animals showed a 
marked increase of PPARγ2, with low levels of 
PPARγ1. Therefore, they speculated that the peroxi-
some proliferator-like effects of rosiglitazone in obese 
mice may be due to activation of PPARγ2. A recent 
human study also reported that mRNA expression of 
PPARγ was significantly higher in obese patients 
(n=22, NAFLD) compared with controls. Further-
more, PPARγ expression in the liver showed positive 
associations with sterol regulatory element binding 
protein 1c mRNA levels, serum insulin levels, and 
homeostasis model assessment-insulin resistance, and 
negative correlations with total adiponectin [38]. 
These data strongly suggest the role of PPARγ in the 

development of NAFLD, supporting the results in our 
study. 

 As for the biochemical function of PPAR, the 
current study stresses the effect on the fat accumula-
tion. There are some studies focusing on this issue; 
one study showed that PPARγ-deficient liver in 
ob/ob mice was smaller and had a dramatically de-
creased triglyceride content compared with equiva-
lent mice lacking the AlbCre transgene 
(ob/ob-PPARγ(fl/fl)AlbCre–) [39]. The mRNA levels 
of the hepatic lipogenic genes, fatty acid synthase, 
acetyl-CoA carboxylase, and stearoyl-CoA desatu-
rase-1 were reduced and the levels of serum triglyc-
eride and FFA were significantly higher in 
ob/ob-PPARγ(fl/fl)AlbCre+ mice than in the control 
mice. Another study reported similar findings; mice 
without liver PPARγ, but with adipose tissue, devel-
oped relative fat intolerance, increased adiposity, 
hyperlipidemia, and insulin resistance [40]. Therefore, 
the authors concluded that liver PPARγ regulates 
triglyceride homeostasis, contributing to hepatic ste-
atosis, but protects other tissues from triglyceride 
accumulation and insulin resistance.  

 In contrast, a previous study reported the no 
significant effect of palmitate on the regulation of 
PPARγ, being inconsistent with our data [41]. Alt-
hough the exact reason is undetermined, it might be 
explained by the difference in the experimental con-
ditions, different cell line, different concentration of 
FFA and bovine serum albumin. At the same time, 
their study suggested the different influence on the 
lipid accumulation between palmitate and oleate, 
which were also detected in our study as the oleate 
showed no effect on the PGC1α-PPARγ pathway. 
Nonetheless, the dose of palmitate used in our study 
may be relatively higher than the actual human envi-
ronment, that is the major limitation of the study, a 
substantial in vivo effect of FFA need to be validated in 
the additional studies.  

 In summary, the current study has shown that 
palmitate, but not oleate, up-regulates PPARγ via 
PGC1α in Huh7 cells. Furthermore, both PGC1α and 
PPARγ are up-regulated and palmitate content was 
increased in the liver in the NAFLD mouse model 
showing a positive relationship with triglyceride 
content, suggesting a certain effect on lipid metabo-
lism leading to intrahepatic triglyceride accumulation. 
The findings may enhance a better understanding of 
the pathogenesis of developing NAFLD/NASH and 
indicate future therapeutic targets for the disease. 
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