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Jinkyung Cho, Inhwan Lee, Donghyun Kim, Yeojung Koh, Jiyoung Kong, Sanghee Lee and Hyunsik Kang. Effect of aerobic 
exercise training on non-alcoholic fatty liver disease induced by a high fat diet in C57BL/6 mice. JENB., Vol. 18, No. 4, pp.339-346, 
2014 [Purpose] The aim of this study was to investigate the effects of aerobic exercise training on a high fat diet (HFD)-induced 
fatty liver and its metabolic complications in C57BL/6 mice. [Methods] Mice at 5-month old (n = 30) were randomly assigned 
to standard chow (SC + CON, n = 10) and high-fat diet (HFD, n = 20), and they were subjected to SC and HFD, respectively, 
for 23-week. After 15-week of HFD, mice in the HFD group were further assigned to HFD (HFD + CON, n = 10) or exercise 
training (HFD + EX, n = 10) groups. The HFD + EX mice were subjected to aerobic treadmill running during the last 8-week 
of the 23-week HFD course. Outcomes included hepatic steatosis, insulin resistance, and expression of genes involved in mitochondrial 
function and/or fatty oxidation as well as de novo lipogenesis and/or triacylglycerol (TAG) synthesis. [Results] Treadmill running 
ameliorated impaired glucose tolerance and insulin resistance secondary to the HFD. The beneficial effects of treadmill running 
were associated with enhanced molecular markers of mitochondrial function and/or fatty acids oxidation (i.e., PPARα and CPT1a 
mRNAs, pAMPK/AMPK, pACC, and SIRT1 protein) as well as suppressed expression of de novo lipogenesis and/or TAG synthesis 
(i.e., SREBP1c, lipin1 and FAS mRNAs) in the liver. [Conclusion] The current findings suggest that aerobic exercise training 
is an effective and non-pharmacological means to combat fatty liver and its metabolic complications in HFD-induced obese mice. 
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INTRODUCTION*

Non-alcoholic fatty liver disease (NAFLD) represents a 
spectrum of metabolic disorders characterized predominantly 
by macrovesicular hepatic steatosis that occurs in the absence 
of the consumption of alcohol in amounts considered harmful 
to the liver [1]. NAFLD ranges from simple steatosis to 
non-alcoholic steatohepatitis (NASH), which may progress to 
endstage liver disease. It is characterized by elevated hepatic 
triacyglycerol (TAG) storage [1,2].

Hepatic accumulation of fat, mainly in its storage form of 
TAG, reflects an imbalance between pathways of fatty acid 
delivery into and fatty acid removal from the liver. Excessive 
carbohydrate intake is converted to fat by de novo lipogenesis. 
Recent studies indicate that hepatic de novo lipogenesis is 
increased in NAFLD as the result of overexpression of 

sterol-regulatory element binding protein (SREBP)-1c, which 
is an important transcription factor that regulates the genes 
to promote the fatty acid and TG synthesis and its target 
genes, such as fatty acid synthesis (FAS). Additionally, the 
hepatic fatty acid oxidative pathway is considered to be a 
part of the pathophysiological effects in the development of 
NAFLD. The entry flux of FA into the mitochondria is 
regulated by a carnitine palmitoyl transferase I (CPT I), which 
is induced transcriptionally by peroxisome proliferator- 
activated receptor alpha (PPARα) [3-5].

NAFLD is a reversible condition characterized by obesity, 
hyperglycemia, and type-2 diabetes mellitus (T2DM). Thus, 
a healthy lifestyle such as increased physical activity has been 
recommended as a non-pharmacological means against NAFLD. 
Increased physical activity (PA) is known to be beneficial 
because it reduces the risks of T2DM, insulin resistance, 
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hypertension, dyslipidemia, and metabolic syndrome [6,7]. 
Similarly, exercise training is a healthy lifestyle means to 
decrease body weight and serum TAG levels and increase 
insulin sensitivity and high density lipoprotein-cholesterol 
(HDL-C) [6,7]. In an accelerometer-based PA study involving 
3056 subjects, Gerber et al. [8] showed that NAFLD patients 
with diabetes were in the lowest quartile of average PA as 
well as moderate to vigorous PA. In another population-based 
cross-sectional study, Zelber-Sagi et al. [9] showed that 
NAFLD patients engaged in less aerobic, resistance, or other 
kinds of PA. In male C57BL/6 mice, Schultz et al. [10] 
showed that progressive swimming exercise (6 min/day to 60 
min/day, 40-60% VO2max, 5 days/week) as an intervention 
during the last 10-week period of a 22-week standard chow 
or high-fat-diet course resulted in reduced total body mass 
and improved insulin sensitivity. The beneficial changes of 
exercise training were associated with significantly suppressed 
expression of lipogenic genes and increased expression of 
oxidative genes in the liver.

 Given the increasing prevalence of overweight and obesity, 
along with physical inactivity, NAFLD is recognized as a 
major threat to public health in Korea [11]. As a consequence, 
obtaining mechanistic insights into the beneficial effects of 
exercise training for NAFLD could contribute to the develop-
ment of new and improved options to prevent and/or treat 
clinical conditions associated with the metabolic disorder. 
However, little is known regarding the molecular mecha-
nism(s) underlying the benefits of exercise training in 
NAFLD. In this study, thus, we investigated the effects of 
aerobic exercise training on hepatic fat accumulation and its 
underlying molecular mechanism(s) in the C57BL/6 obese 
mice.

METHODS

Animals

In total, 30 male mice (C57BL/6 strain and 5-week old) 
were purchased from Charles River Laboratories and kept at 
a pathogen-free facility located at the Sungkyunkwan 
University School of Medicine (12/12-h light/dark cycle) with 
free access to tap water and chow. Mice were fed with a 
high fat for 15-week. The high-fat diet consisted of 20% 
protein, 60% fat, and 20% carbohydrate diet (D12492, Research 
Diet). Body weight was recorded weekly. All procedures were 
approved by the Sungkyunkwan University School of Medicine 
Institutional Animal Care and Use Committee (IACUC).

Experimental design and exercise protocol

Mice at 5-month old (n = 30) were randomly assigned to 
standard chow (SC + CON, n = 10) and high-fat diet (HFD, 
n = 20), and they were subjected to SC and HFD, respectively, 
for 23-week. After 15-week of HFD, mice in the HFD group 
were further assigned to HFD (HFD + CON, n = 10) or 
exercise training (HFD + EX, n = 10) groups. Mice in the 
HFD + EX group were forced to run on a motorized rodent 
treadmill (Columbus Instruments, Inc., Columbus, OH) during 
the last 8-week of the 23-week HFD course at a frequency 
of 5 days per week. Each time, the HFD + EX mice warmed 
up for 5 min at a speed of 8 m/min, ran for 45 min at a 
speed of 10 m/min and at an inclination of 5°, and cooled 
down for 5 min at a speed of 8 m/min, so a total 55 min 
duration per session.

Liver histology

Optimal cutting temperature (OCT)-frozen liver samples 
were cut at 5 μm (CM3050S, Leica Microsystems, Nussloch, 
Germany). Liver slides were stained with hematoxylin and 
eosin (H&E) for routine histological examination. Morpholo-
gical analyses of stained slides were performed using the 
Leica Qwin image analyzer system with a Leica DMLS 
microscope.

Glucose and insulin tolerance test

After a 16-h overnight fast, a glucose tolerance test (GTT) 
was conducted with intraperitoneal injection of glucose at 1.5 
g/kg of body weight. Blood was sampled from tail vein before 
injection (time 0) and 15, 30, 60, and 120 min after glucose 
injection. After a 4-h fast on another day, an insulin tolerance 
test (ITT) was conducted with an intraperitoneal injection of 
1 U/kg human insulin (Sigma, St. Louis, MO, USA). Blood 
glucose was checked at 0, 15, 30, 45, and 60 min. Blood 
glucose was measured with a One Touch II glucose meter 
(One Touch; Lifescan, Mountain View, CA).

Biochemical assays for blood samples

Blood fasting glucose was checked from tail-vein blood 
using an automatic glucose monitor (One Touch). Plasma 
triglycerides, and total cholesterol and liver triglyceride were 
measured with colorimetric assay kits (Wako, Osaka, Japan). 
Total liver lipids were extracted with chloroform-methanol 
(2:1, v/v) mixture according to the Folch method [12]. Plasma 
insulin levels were measured with a commercial insulin assay 
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Gene symbol Assay ID
Peroxisome proliferator-activated receptor alpha 
(PPARα)

Mm00440939_m1

NAD-dependent protein deacetylase sirtuin-1 
(SIRT1)

Mm00490758_m1

Carnitine palmitoyltransferase I (CPT1A) Mm01231183_m1
Fatty acid synthase (FAS) Mm01204974_m1
Sterol regulatory element-binding transcription factor 
1c (SREBP1c)

Mm00550338_m1

Lipin1 Mm00550511_m1
Beta-actin (β-actin) Mm00607939_s1

Table 1. Mouse Taqman probes SC + CON
(n = 10)

HFD + CON
(n = 10)

HFD + EX
(n = 10)

Body weight (g) 29.7 ± 2.5a 47.9 ± 1.0b 44.7 ± 1.9c

Food intake (g/week/mouse) 17.7 ± 0.9a 13.1 ± 1.1b 12.7 ± 1.4b

Fasting glucose (mg/dL) 74.2 ± 9.1a 145.4 ± 11.6b 135.4 ± 4.5c

Fasting insulin (μU/dL) 0.09 ± 0.05a 0.39 ± 0.09b 0.28 ± 0.05c

Serum TG (mg/dL) 73.2 ± 9.0 71.4 ± 9.2 73.7 ± 10.0 

Serum cholesterol (mg/dL) 76.6 ± 7.4a 245.8 ± 48.7b 198.7 ± 20.0c

Liver TG (mg/mg liver tissue) 24.7 ± 2.4a 60.1 ± 5.9b 46.8 ± 6.0c

TG: triglycerides. Data are presented as means ± SD. Superscripts with 
different letters (i.e., a-b, b-c) indicate significant group differences. 
Multiple comparison used LSD.

Table 2. Metabolic characteristics

ELISA kit (ALPCO Diagnostics, Salem, NH, USA). Serum 
levels of alanine aminotransferase (ALT) were determined 
using a Beckman DXC 800 analyzer (Brea, CA, USA).

Total RNA isolation and real-time PCR analysis

Total RNA was extracted from liver tissue using an RNA 
extraction kit (Ambion; Applied Biosystems, Foster City, 
CA). Complementary DNA was generated by reverse 
transcriptase (Invitrogen, Carlsbad, CA) with 1 μg of RNA. 
Real-time PCR was performed in ABI 7500 PCR system using 
the TaqMan primer and probe sets, based on 5’ nuclease 
chemistry using TaqMan minor groove binder (MGB) probes 
(Table 1). Target mRNA levels were normalized to β-actin 
as an endogenous control gene.

Western blot

Protein extracts from liver tissues were prepared and 
homogenized in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 
mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% 
sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM Na3VO4 and 1 μg/mL leupeptin) 
containing a protease inhibitor cocktail. Protein concentrations 
were measured with the Bradford assay. Briefly, 15 μg of 
total protein was loaded on a 7.515% sodium dodecyl sulfate/ 
polyacrylamide gel electrophoresis, separated, and transferred 
to nitrocellulose membranes. Membranes were blocked in 5% 
non-fat dry milk/0.05% TBST (0.02 M Tris, 0.15 M NaCl, 
0.05% Tween 20, pH 7.2) and incubated overnight at 4℃ 

with the primary antibody. The primary antibodies for 
p-AMPKα (Thr172), AMPKα, and p-ACC were obtained 
from Cell Signaling (Danvers, MA). The primary antibody 
for SIRT1 was from Abcam (Cambridge, UK). A β-actin 
(Bethyl Laboratories, Montgomery, TX, USA) antibody was 
used as loading control. Western blot bands were analyzed 
using the ImageJ software (ver. 1.42; National Institutes of 

Health, Bethesda, MD, USA).

Statistical analyses

Data were analyzed using the SPSS software (ver. 16.0). 
All values are shown as means ± SD. Statistical comparisons 
of groups were analyzed using unpaired Student’s t-test and 
one-way ANOVA. In all statistical comparisons, a p value 
of < 0.05 was considered to indicate statistical significance.

RESULTS

Effects of aerobic exercise training on HFD-induced 
metabolic complications

Table 2 shows the outcomes of body weight and metabolic 
parameters. At 23-week, HFD + CON (p < 0.001) and HFD
+ EX (p < 0.001) mice had significantly higher body weights 
compared with SC + CON mice. The HFD + EX mice had 
significantly (p < 0.05) lower body weights compared with 
HFD + CON mice. There were no differences in the food 
intake along with treadmill exercise.

With respect to lipid parameters, the HFD + CON (p <
0.001) and HFD + EX (p < 0.001) mice had significantly 
higher values of total cholesterol than the SC + CON mice. 
The HFD + EX mice had a significantly (p < 0.05) lower total 
cholesterol concentration than the HFD + CON mice (Table 
2). No significant group differences were found in serum 
triglyceride (TG) levels among the SC + CON, HFD + CON, 
and HFD + EX mice (Table 2).

Fig. 1 represents the outcomes of insulin resistance parameters. 
The HFD + CON (p < 0.001) and HFD + EX (p < 0.001) mice 
had significantly higher values in areas under the curve (AUC) 
for the glucose tolerance test (GTT) and the insulin tolerance 
test (ITT) than the SC mice. The HFD + EX mice had 
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(B)
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Fig. 1. Effects of aerobic exercise training on metabolic parameters (A) Glucose homeostasis was assessed by an intraperitoneal glucose tolerance test (IPGTT) 
and (B) intraperitoneal insulin tolerance test (IPITT). (C) The area under the curves for GTT and (D) ITT were calculated. Data are presented as means
± SD. Superscripts with different letters (i.e., a-b, b-c) indicate significant group differences. LSD post hoc tests were used for multiple comparisons.

significantly (p < 0.05) lower values of AUC for the GTT 
and ITT versus HFD + CON mice. Similarly, the HFD + CON 
and HFD + EX mice had significantly higher values of fasting 
glucose (p < 0.001) and insulin (p < 0.001) levels compared 
with SC + CON (Table 2). The HFD + EX mice had 
significantly lower values of fasting glucose (p < 0.05) and 
insulin (p < 0.05) concentration versus HFD + CON mice 
(Table 2).

Effects of aerobic exercise training on HFD-induced 
hepatic steatosis

Non-alcoholic fatty liver disease (NAFLD) is characterized 
by excess fat accumulation and steatosis in the liver. We 
determined hepatic steatosis using H&E staining (Fig. 2A). 
The HFD group had more micro- and macrovesicular steatosis 
than the SC group. However, 8-week of aerobic exercise 
training attenuated hepatic steatosis in comparison with HFD
+ CON (Fig. 2A). Similarly, intrahepatic TG contents, using 
the Folch method, showed that HFD + CON and HFD + EX 
mice had greater amounts of hepatic TG content than the SC
+ CON mice (Fig. 2B). The HFD + EX mice had significantly 
(p < 0.05) suppressed increases of hepatic TG levels than mice 
subjected to the HFD only (Fig. 2B).

With respect to liver damage markers, the HFD + CON and 

HFD + EX mice had significantly (p < 0.001) higher values 
of serum ALT levels than SC + CON mice (Fig. 2C). The 
HFD + EX mice had significantly (p < 0.001) lower values 
of serum ALT levels than the HFD + CON mice (Fig. 2C).

Effects of aerobic exercise training on markers of 
mitochondrial function and fatty acid oxidation in the liver

Expression of CPT-1a, a rate-limiting step in mitochondrial 
fatty acid entry, was significantly (p < 0.05) suppressed in 
HFD + CON mice versus SC + CON and HFD + EX mice 
(Fig. 3A). However, the HFD + EX mice had significantly 
(p < 0.05) higher values of CPT-1a mRNA expression than 
the HFD + CON mice. Additionally, PPARα expression was 
significantly reduced in HFD + CON (p < 0.001) and HFD +
EX (p < 0.05) mice than SC + CON mice. However, the HFD
+ EX mice had significantly (p < 0.05) higher values of 
PPARα expression compared with HFD + CON mice (Fig. 
3A).

Effects of aerobic exercise training on markers of de novo 
lipogenesis and/or TAG synthesis in the liver

To determine the effects of exercise training on lipid 
metabolism in the liver, we analyzed the expression of 
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Fig. 2. Effects of aerobic exercise training on hepatic steatosis (A) Representative images of hematoxylin and eosin (H&E). Quantification of liver TG 
and ALT levels is shown in B and C. Data are presented as means ± SD. Superscripts with different letters (i.e., ab, b-c) indicate significant group differences. 
LSD post hoc tests were used for multiple comparisons.
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Fig. 3. Effects of aerobic exercise training on markers of hepatic lipogenesis (A) Taqman real-time PCR data represent levels of CPT1a and PPARα related 
to fatty acid oxidation and (B) SREBP1c, lipin1, and FAS including TG synthesis. (C, D) Liver protein was immunoblotted for pAMPK, total AMPK, 
pACC, and SIRT1. Data were normalized to βactin levels. Data are presented as means ± SD. Superscripts with different letters (i.e., a-b, b-c) indicate 
significant group differences. LSD post hoc tests were used for multiple comparisons.

SREBP-1c, lipin1, and FAS (Fig. 3B). Compared with the 
SC + CON mice, the HFD + CON and HFD + EX mice 
showed significant increases in SREBP-1c, lipin1, and FAS. 
On the other hand, the trained mice had markedly normalized 
levels of SREBP-1c (p < 0.05), lipin1 (p < 0.05), and FAS 
(p < 0.05) mRNAs compared with the HFD + CON mice.

As in skeletal muscles, AMPK acts as a metabolic master 
switch regulating the cellular uptake of glucose, the β

-oxidation of fatty acids, and mitochondrial biogenesis in the 
liver. Thus, we determined the effects of exercise training 
on AMPK and its primary downstream target, ACC, in the 
liver. The exercise training resulted in a significant (p < 0.001) 
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increase in hepatic pAMPKα (Thr172) and pACC protein 
levels compared with SC + CON and HFD + CON mice. 
Similarly, the 23-week HFD, compared with the SC + CON 
mice, resulted in a significant (p < 0.05) decrease in hepatic 
SIRT1 protein levels. HFD-induced decreases in the SIRT1 
protein level were normalized in the trained mice (p < 0.001).

DISCUSSION

Increased habitual physical activity leads to improve liver 
histology and blood biochemical variables, such as amino-
transferase (ALT), albumin, and glucose, in patients with 
NAFLD [13]. Cardio/respiratory fitness, independently of 
total body fat and adiposity, is inversely associated with liver 
fat content [14]. However, little is known about mechanism(s) 
by which exercise training induces improvements in fatty liver 
or the clinical consequences.

In this study, we investigated the effects of exercise training 
on fatty liver and its metabolic complications induced by a 
high-fat diet (HFD) in C57BL/6 mice. Compared to SC +
CON mice, the mice fed HFD for 23-week had significantly 
higher body weights. HFD + CON mice showed significantly 
increased insulin resistance markers, including elevated fasting 
serum glucose and insulin, along with impaired glucose 
homeostasis, based on areas under the curves for glucose 
during both the glucose tolerance test (GTT) and the insulin 
tolerance test (ITT). ALT and serum total cholesterol were 
also significantly elevated after the 23-week HFD regimen. 
Liver histology showed clinical features of hepatic steatosis 
along with elevated hepatic TG contents. On the other hand, 
the treadmill running intervention in the last 8-week of the 
23-week treatment course ameliorated hepatic steatosis and 
impaired glucose tolerance and insulin tolerance secondary 
to HFD. Treadmill running significantly increased PPARα and 
CPT-1a mRNAs and significantly decreased SREBP-1c, 
lipin1, and FAS mRNAs. Additionally, treadmill running 
resulted in higher pAMPK/AMPK, pACC and SIRT1 protein 
levels in the liver. The findings of this study suggest that 
exercise training may play an important role in attenuating 
hepatic steatosis and its metabolic complications, secondary 
to a high fat diet, by increasing molecular markers of 
mitochondrial biogenesis and/or fatty acids oxidation and 
suppressing de novo lipogenesis and/or TG synthesis.

Chronic HFD-induced obese C57BL/6 mice have been used 
as an experimental model of human metabolic syndrome. 
HFD promotes hyperglycemia and insulin resistance and 
increase the body mass [15]. Increased fasting serum insulin 
and impaired glucose tolerance are two well-known clinical 

features of HFD-induced insulin resistance [16]. Insulin is a 
key regulator of sterol regulatory element binding protein-1c 
(SREBP-1c), which is a key transcription factor of the genes 
encoding key enzymes for de novo lipogenesis, such as fatty 
acid synthase (FAS) and acetyl-CoA carboxylase (ACC) [17]. 
In this study, we found that levels of SREBP-1c were 
suppressed significantly in the trained mice. Thus, it seems 
reasonable to suggest that treadmill running could contribute 
to attenuating hepatic TG accumulation, via suppressed de 
novo lipogenesis [18].

PPARα is a lipid-sensing member of the nuclear receptor 
superfamily that regulates the oxidation of fatty acids [19]. 
Hashimoto et al. (2000) reported that mice with insufficiently 
expressed PPARα had excessive accumulation of hepatic TG 
[20]. Purushotham et al. (2009) showed that liver-specific 
deletion of SIRT1, which is an important regulator of energy 
homeostasis in response to nutrient availability, impaired 
PPARα signaling [21]. In this study, HFD-induced downre-
gulation of hepatic PPARα expression was alleviated with the 
exercise training, suggesting that exercise training could 
contribute to the oxidation of fatty acids and hepatic TG 
accumulation via enhanced expression of PPARα and its target 
genes, such as CPT1a.

Recently, several studies demonstrated that 5’ AMP- 
activated protein kinase (AMPK) plays an important role in 
lipid metabolism in the liver. AMPK is well known as an 
enzyme that plays a role in cellular energy homeostasis [22]. 
A previous study by Takekoshi et al. (2006) reported that 
a long-term exercise training induced increased phosphory-
lation of hepatic AMPK in rats, and thereby the training- 
induced activation of AMPK stimulated oxidation of fatty 
acids while inhibiting lipid synthesis. Increased AMPK induces 
the βoxidation of fatty acids and attenuates lipogenesis [23]. 
In this study, we found that HFD + EX mice had significantly 
increased pAMPKα and pACC protein levels in the liver, 
versus SC + CON and HFD + CON mice. Compared with SC
+ CON or HFD + CON mice, HFD + EX mice also had 
significantly increased hepatic SIRT1 levels. SIRT1, a NAD
+ dependent histone/protein deacetylase, is a stimulator of 
pAMPK expression, implying that increased SIRT1 expression 
could have contributed to attenuated HFD-induced lipid 
accumulation in the liver by upregulating and/or activating 
AMPK [24].

CONCLUSIONS

In summary, we found that the beneficial effects of exercise 
training on the reversal of HFD-induced fatty liver were 
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associated with enhanced mitochondrial biogenesis and/or 
fatty acid oxidation (i.e., increased AMPK/SIRT1, PPARα, 
and CPT1a genes) as well as suppressed de novo lipogenesis 
and/or TG synthesis (decreased SREBP-1c, FAS, and lipin1 
genes), supporting aerobic exercise training as an effective 
and non-pharmacological means to combat HFD-induced fatty 
liver and its metabolic complications.
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