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Abstract

Non-alcoholic fatty liver disease (NAFLD) is associated with obesity and lifestyle, while exercise is beneficial for NAFLD. Dysregulated micro-
RNAs (miRs) control the pathogenesis of NAFLD. However, whether exercise could prevent NAFLD via targeting microRNA is unknown. In this
study, normal or high-fat diet (HF) mice were either subjected to a 16-week running program or kept sedentary. Exercise attenuated liver steato-
sis in HF mice. MicroRNA array and qRT-PCR demonstrated that miR-212 was overexpressed in HF liver, while reduced by exercise. Next, we
investigated the role of miR-212 in lipogenesis using HepG2 cells with/without long-chain fatty acid treatment (FFA). FFA increased miR-212
in HepG2 cells. Moreover, miR-212 promoted lipogenesis in HepG2 cells (+FFA). Fibroblast growth factor (FGF)-21, a key regulator for lipid
metabolism, was negatively regulated by miR-212 at protein level in HepG2 cells. Meanwhile, FFA downregulated FGF-21 both at mRNA and
protein levels in HepG2 cells. Also, FGF-21 protein level was reduced in HF liver, while reversed by exercise in vivo. Furthermore, siRNA-FGF-21
abolished the lipogenesis-reducing effect of miR-212 inhibitor in HepG2 cells (=FFA), validating FGF-21 as a target gene of miR-212. These data
link the benefit of exercise and miR-212 downregulation in preventing NAFLD via targeting FGF-21.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is an important public
health problem closely associated with genetic factors, obesity, type
2 diabetes and lifestyle act [1]. Non-alcoholic fatty liver disease com-
prises a spectrum of hepatic disorders, usually beginning with simple
steatosis, characterized by accumulation of triglyceride (TG) within
lipid droplets in hepatocytes, which can possibly progress to non-
alcoholic steatohepatitis, liver cirrhosis, and even worse, hepatocellu-
lar carcinoma [2]. Although the dysregulated metabolism of TG and
insulin resistance have been known to be critical for the development
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of NAFLD, the pathogenesis of NAFLD is incompletely understood
and current therapeutic strategies are far from satisfactory [3].

Population-based studies indicate that NAFLD is associated with
sedentary life style [4]. Physical exercise has been known to be bene-
ficial for NAFLD prevention and treatment [5-8]. It has been reported
that physical exercise at least once a week was effective to attenuate
hepatic steatosis in NAFLD patients [9]. Physical exercise is supposed
to reduce intrahepatic TG accumulation, improve insulin sensitivity
and attenuate oxidative stress [10]. To those who have cardiorespira-
tory limitations, resistance exercise also displays beneficial effects
on NAFLD through improving insulin sensitivity, reducing intrahep-
atic lipids and inducing hepatic fat oxidation [11-13]. A better
understanding of the molecular mechanisms mediating the protective
effect of exercise against NAFLD is of great importance.
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Table 1 List of utilized primers for qRT-PCR
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Gene Species Forward primer Reverse primer

FGF-21 Mouse 5-CTGCTGGGGGTCTACCAAG-3' 5-CTGCGCCTACCACTGTTCC-3'
B-actin Mouse 5-GGCTGTATTCCCCTCCATCG-3' 5'-CCAGTTGGTAACAATGCCATGT-3'
FGF-21 Human 5'-ATGGATCGCTCCACTTTGACC-3' 5-GGGCTTCGGACTGGTAAACAT-3
B-actin Human 5-CATGTACGTTGCTATCCAGGC-3’ 5-CTCCTTAATGTCACGCACGAT-3’

MicroRNAs (miRNAs, miRs) are central post-transcriptional nega-
tive regulators of gene expression through inducing mRNA degradation
and/or translational inhibition [14, 15]. Recent studies reveal the emerg-
ing roles of miRNA deregulation in the development of NAFLD, such as
miR-122, -34a, -155, -10b, -467b, 216, -302a and -33a/b, via targeting
fatty acid synthase (FAS), acetyl-CoA carboxylase 1 and 2 (ACC1/
ACC2), sterol regulatory element binding protein-1c (SREBP-1c), sir-
tuin-1 (SIRT-1) and ATP-binding cassette-A1 transporter [16, 17]. More
recently, miR-29 inhibition has been reported to reduce lipogenic pro-
grams via targeting SIRT-1 and aryl hydrocarbon receptor [18]. Addi-
tionally, dysregulated circulating miRNAs have also been detected in
NAFLD patients, including miR-122 and miR-192 [19]. Besides of their
biological roles in fundamental cellular processes (proliferation, apopto-
sis, migration and differentiation), miRNAs also contribute to the control
of hepatic metabolic functions, oxidative stress, inflammation and insu-
lin resistance that are considered as key factors involved in the patho-
genesis of NAFLD [20-25]. Interestingly, exercise has been reported to
exert beneficial effects in the prevention and treatment of obesity, dia-
betes and cardiovascular diseases by the regulation of miRNA biology
[26-32]. However, the potential of miRNA in mediating the protective
effect of exercise against NAFLD remains largely unknown.

In the present study, we demonstrate that hepatic miR-212 is
upregulated in high-fat (HF)-diet fed mice, while exercise protects the
liver from HF-diet induced hepatic steatosis with blunted miR-212
expression. Our data further show that miR-212 participates in the
lipogenesis in HepG2 cells in vitro, through targeting fibroblast
growth factor (FGF)-21 which is a central regulator for lipid metabo-
lism. This work provides strong evidence suggesting that miR-212
might be a novel therapeutic target mimicking the benefit of exercise
in the treatment of NAFLD.

Materials and methods

Animal experimentation

Male C57BL/6 mice aged 8-10 weeks were purchased from SLAC
Laboratory Animal Center, Shanghai. Mice were housed in a temperature-
controlled room on a 12 hrs light/dark cycle and fed ad /ibitum with a HF
or control diet for 16 weeks. Mice were randomized into four groups: (/)
control group (n = 10), mice fed with standard chow (n = 10); (ii) exer-
cise group (n = 10), mice fed with standard chow and subjected to exer-
cise; (/i) HF diet group (n=10), mice fed with HF diet (20.26%
carbohydrate, 19.74% protein, and 60% fat) and (iv) HF diet & exercise
group (n = 10). Exercised-mice were put on a running machine at the
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speed 10 m/min. for 60 min./day for a period of 16 weeks. Bodyweight
was recorded once a week during the study. After 16 weeks, animals were
weighted and killed. Lee’s index was calculated as bodyweight (g)(1/3)
x1000/naso-anal length (cm) to evaluate obesity degree. The study proto-
col was reviewed and approved by the ethics committee of Shanghai
University and all animal experiments were conducted under the guideli-
nes on humane use and care of laboratory animals for biomedical research
published by National Institutes of Health (No. 85-23, revised 1996).

Histopathological analysis

Liver segments (three selected specimens from different regions of the
liver) were removed from each mouse, fixed in 4% buffered formalin
and processed for embedding in paraffin. The 5 um-thick liver sections
were stained with haematoxylin and eosin and Qil Red O staining for
evaluation of hepatic steatosis.

Serum analysis

Serum alanine transaminase (ALT) and aspartate transaminase (AST)
activities (U/1), as well as total cholesterol (TCH) and TG levels (mmol/l)
were measured using routine clinical chemical assays (Nanjing Jian-
cheng, China).

Microarray analysis

Total RNA were isolated from liver tissues and quantified by the Nano-
Drop ND-2100 (Thermo Scientific, Hudson, NH, USA) and the RNA
integrity was assessed using Agilent 2100 (Agilent Technologies, Palo
Alto, CA, USA). The sample labelling, microarray hybridization and
washing were performed based on the manufacturer’s standard proto-
cols. Briefly, total RNA were tailed with Poly A and then labelled with
Biotin. After, the labelled RNA were hybridized for 16 hrs at 48°C on
Affemetrix miRNA 3.0 Array. GeneChips were washed and stained in the
Affymetrix Fluidics Station 450. The arrays were scanned by the Affyme-
trix Scanner 3000 (Affymetrix, Cleveland, OH, USA). Affymetrix Gene-
Chip Command Console software (version 4.0; Affymetrix) was used to
analyse array images to get raw data and then offered Robust Multi-
Array Analysis (RMA) normalization. Next, Genespring software (version
12.5; Agilent Technologies) was used to proceed the data analysis.
Probes that at least 75 percent of samples in any 1 condition out of 2
conditions have flags in ‘Present’” were chosen for further data analysis.
Differentially expressed miRNAs were then identified through fold
change as well as P-value calculated using t-test. The threshold set for
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Fig. 1 Effects of exercise on liver steatosis and hepatic injury. (A) The bodyweight of C57BL/6 mice in control group, exercise group, high fat (HF)-diet
group, and HF-diet & exercise group. (B) Lee’s index was used to evaluate the degree of obesity, which was significantly higher in HF-diet group compared
to control group, whereas HF-diet induced increase in Lee’s index was reversed by exercise. (C) Macroscopic findings and (D) representative images of
haematoxylin and eosin staining and Oil Red O staining of the liver demonstrated reduced liver steatosis in exercised HF mice compared to sedentary HF
mice. (E) Serum ALT, AST, TCH, and TG levels were increased in HF mice, while decreased in exercised HF mice. Results represented as mean + S.E.M.
(n=10).*P < 0.05, **P<0.01, ***P<0.001 versus control group; #P < 0.05, ##P < 0.01, ###P < 0.001 versus HF-diet group; scale bar = 50 pm.

up- and down-regulated genes was a fold change >2.0 and a P < 0.05.
The MIAME-compliant data have been submitted to Gene Expression
Omnibus (platform ID: GSE65978).

Cell culture and FFA treatment

Human hepatocellular carcinoma HepG2 cells were purchased from the
Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in high glucose-DMEM (Hyclone, Logan, UT, USA) con-
taining 10% foetal bovine serum (Hyclone) and 1% penicillin/strepto-
mycin in a humidified atmosphere of 5% C0, at 37°C. HepG2 cells
were treated with 1 mM long-chain fatty acid (FFA) (oleate: palmitate at
a molar ration of 2:1; Sigma-Aldrich, St. Louis, MO, USA) in 1% bovine
serum albumin for 24 hrs to induce lipogenesis in vitro.

Cell transfection

HepG2 cells were transfected with miR-212 mimics (50 nM), miR-212
inhibitor (100 nM), small interfering RNA (siRNA)-FGF21 (75 nM), and
their negative controls (NC; RiboBio, Guangzhou China) for 48 hrs using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The efficiency of transfection was evaluated
by real-time PCR.

Table 2 Dysregulated microRNAs in high fat-diet group versus
control group

Systematic name P-value Fold-change Regulation
mmu-miR-1224-5p 0.001 2.905 Up
mmu-miR-132-3p 0.001 2.445 Up
mmu-miR-149-5p 0.000 4.207 Up
mmu-miR-155-5p 0.029 2.453 Up
mmu-miR-205-5p 0.007 5.011 Up
mmu-miR-212-3p 0.001 4.361 Up
mmu-miR-346-3p 0.013 2.400 Down
mmu-miR-34a-5p 0.000 3.893 Up
mmu-miR-505-5p 0.010 2.358 Up
mmu-miR-5100 0.031 2.772 Down
mmu-miR-592-5p 0.004 2.670 Down

© 2015 The Authors.

Nile Red staining for intracellular lipid droplets
analysis

HepG2 cells were seeded at 1.5 x 10° cells/well in 24-well plates. After
treated with 1 mM FFA for 24 hrs, cells were washed twice with PBS
and fixed with 4% paraformaldehyde for 15 min. Intracellular lipids
were stained with Nile Red dye (0.1 umol/ml) for 15 min. Cell nuclei
were stained with Hoescht 33258 dye for 20 min. The staining process
was conducted at room temperature avoiding direct light. Images were
acquired with a fluorescence microscope with magnification of 100x
and 200x (Leica, Wetzlar, Germany).

Flow cytofluorometry for intracellular lipid
content assessment

Intracellular lipid content was determined by flow cytofluorometry based
on Nile Red staining. Cells were washed twice with PBS and detached
by trypsinization. After centrifugation at 166g for 5 min., the cell pellet
was resuspended in 1 ml PBS and incubated with 0.75 pug/ml Nile Red
dye for 15 min. at room temperature. Nile Red intracellular fluorescence
was determined by flow cytofluorometry using MoFlo XDP Cell Sorter
(Beckman Coulter, Miami, FL, USA) on the FL3 emission channel
through a 585 4+ 21 nm band pass filter, following excitation with an
argon ion laser source at 488 nm [33]. A total of 15,000 cells were col-
lected and data were analysed using FlowJo software (Treestar Inc.,
Ashland, OR, USA). Fluorescence intensity was expressed indirectly as
the percentage of events above the median value of fluorescence.

Real time quantitative PCR

Isolation of total RNA was performed using Trizol reagent (Invitrogen,
Paisley, UK). For mRNA analysis, a total of 400 ng RNA was used for
cDNA synthesis using Bio-Rad iScripTM cDNA Synthesis Kit (Bio-Rad,
Richmond, CA, USA). PCR amplification was carried out with Takara
SYBR Premix Ex Tagq™ (Tli RNaseH Plus, Takara, Kusatsu, Japan) in
CFX96TM Real-Time PCR Detection System (Bio-Rad). B-actin was used
as internal control. For miRNA analysis, the Bulge-LoopTM miRNA gPCR
Primer Set (RiboBio) was used to detect miR-212 expression by gRT-PCR
with Takara SYBR Premix Ex Tag™ in CFX96TM Real-Time PCR Detection
System. U6 and 5s were used as internal controls for in vivo and in vitro
experiments, respectively. The utilized primers were listed in Table 1.

Western blot analysis

Liver tissues or HepG2 cells were lysed using RIPA lysis buffer (Bey-
otime Institute of Biotechnology, China) containing 1% phenylmethane-
sulfonyl fluoride. A total of 30 ug protein was subjected to
electrophoreses on 12% SDS-Page gels, transferred to Polyvinylidene
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Fig. 2 High fat (HF) diet induced upregula-
tion of miRNA-212 is blunted by exercise.
(A) Heat map demonstrated the dysregu-
lated microRNAs in HF-diet group (HF,
n=5) versus control group (C, n=5).
(B) Heat map demonstrated the dysregu-
lated microRNAs in HF-diet & Exercise
group (HE, n=15) versus HF-diet group
(HF, n=5). (C) Schematic diagram
showed that six miRNAs, including miR-
34a, -149, -155, -205, -212 and -1224,
were found to be upregulated in HF-diet
group versus control group, while down-
regulated in HF-diet & exercise group ver-
sus  HF-diet group. (D) miR-212
expression was confirmed by gRT-PCR

(n=5). Results represented as
mean + S.E.M. ***P < 0.001 versus con-
trol group; ###P < 0.001 versus HF-diet
group.
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fluoride membrane (PVDF) membranes, and incubated overnight at 4°C
with primary antibody of FGF21 (1:500 dilution, ST1615; Merck Milli-
pore, Darmstadt, Germany). After incubation with corresponding HRP-
conjugated secondary antibody, protein bands were visualized using
enhanced chemiluminescence system (Pierce Biotechnology Inc., Rock-
ford, IL, USA). Densitometric analysis of protein bands was performed
using Image Lab software (Bio-Rad). p-actin (1:10,000 dilution, 1854-1;
Huaan, Hangzhou, Zhejiang, China) was used as loading control.

Statistical analysis

The relative expression levels of mRNA and miRNA were calculated
using the 2-24% method. Data are expressed as mean + S.E.M. One-
way ANovA test was performed to analyse difference between groups,
followed by Bonferroni’s post-hoc test for multiple comparisons. All

208

analysis were performed using (SPSS software, International Business
Machines Corporation, Armonk, NY, USA) (version 19.0). P-value less
than 0.05 was considered significant.

Results

Exercise reduces HF-diet induced liver steatosis
and hepatic injury

After a 16-week HF-diet, mice became markedly obese compared to
controls, while HF-diet induced increase in bodyweight and Lee’s index
was reduced by exercise (Fig. 1A and B). The livers of HF group were
macroscopically enlarged and pale in colour (Fig. 1C). Haematoxylin

© 2015 The Authors.
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Table 3 Dysregulated miRNAs in high fat-diet & exercise group
versus high fat-diet group

Systematic name P-value Fold-change Regulation
mmu-miR-122-3p 0.037 2.296 Down
mmu-miR-1224-5p 0.003 2.539 Down
mmu-miR-1249-5p 0.002 2.151 Down
mmu-miR-149-5p 0.000 2.375 Down
mmu-miR-155-5p 0.008 2.922 Down
mmu-miR-1948-3p 0.013 3.291 Up
mmu-miR-200a-3p 0.002 4125 Down
mmu-miR-200b-3p 0.048 2.700 Down
mmu-miR-205-5p 0.012 4273 Down
mmu-miR-212-3p 0.004 3.421 Down
mmu-miR-31-3p 0.000 3.298 Down
mmu-miR-34a-5p 0.001 3.224 Down
mmu-miR-350-3p 0.047 2.430 Down
mmu-miR-541-5p 0.024 2.549 Up
mmu-miR-674-3p 0.027 2.344 Down

and eosin staining and Qil Red O staining for liver tissues showed
increased accumulation of lipid droplets in hepatocytes (Fig. 1D).
Meanwhile, HF mice displayed elevated serum levels of ALT, AST, TCH
and TG (Fig. 1E). All of these changes were significantly attenuated by
exercise (Fig. 1C-E), indicative of protective effect of exercise against
liver steatosis and hepatic injury in HF mice.

Exercise diminishes upregulation of miR-212 in
livers of HF mice

To determine the profiles of hepatic miRNA in HF mice with or
without exercise compared to normal-diet mice, microarray analysis
was performed using Affymetrix 3.0. Eleven miRNAs (miR-1224-5p,
-132-3p, -149-5p, -155-5p, -205-5p, -212-3p, -346-3p, -34a-5p,-
505-5p, -5100 and -592-5p) were found to be dysregulated in HF
mice versus control mice (Table 2 and Fig. 2A). Meanwhile, 15
miRNAs (miR-122-3p, -1224-5p, -1249-5p, -149-5p, -155-5p,
-1948-3p, -200a-3p, -200b-3p, -205-5p, -212-3p, -31-3p, -34a-5p,
-350-3p, -541-5p, -674-3p) were found to be dysregulated in exer-
cised HF mice versus sedentary HF mice (Table 3 and Fig. 2B).
Interestingly, the upregulation of hepatic miR-34a, -149, -155,
-205, -212 and -1224 in HF mice was downregulated by exercise
(Fig. 2C). Among these miRNA, miR-205 and miR-212 were the
most upregulated miRNA in livers of HF mice versus control mice

© 2015 The Authors.
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(FC (abs) = 5.011 and 4.361, respectively; Table 2). Next, by
searching in miRWalk database, we found that FGF-21, a central
regulator for lipid metabolism, is a previously validated target gene
of miR-212, while no validated target gene of miR-205 has been
found to be involved in NAFLD. Thus, the current study was
focused on miR-212. By using qRT-PCR, we further verified that
hepatic miR-212 level was induced by HF-diet, while diminished by
exercise in HF mice (Fig. 2D). These results prompted us to further
investigate the role of miR-212 dysregulation in the development of
liver steatosis and hepatic injury.

miR-212 is induced in FFA-treated HepG2 cells
in vitro

HepG2 cells with or without FFA treatment were used to examine the
role of miR-212 in lipogenesis in vitro. FFA-treated HepG2 cells
demonstrated increased intracellular lipid content as represented by
Nile Red staining (Fig. 3A) and Nile Red intracellular fluorescence
determined by flow cytofluorometry (Fig. 3B). Moreover, FFA-treated
HepG2 cells displayed upregulation of miR-212 level (Fig. 3C), indi-
cating that miR-212 could also be induced in an in vitro cell model
mimicking NAFLD.

miR-212 participates in lipogenesis in HepG2
cells regardless of FFA treatment

To determine whether miR-212 could regulate lipogenesis in vitro,
HepG2 cells were transfected with miR-212 mimics, inhibitor or their NC
for 48 hrs. As measured by gRT-PCR, miR-212 mimics upregulated,
while miR-212 inhibitor downregulated miR-212 level in HepG2 cells
(Fig. 4A and B), confirming that the inhibitors and mimics used in this
study took effects. Next, we demonstrated that miR-212 mimics
increased, while miR-212 inhibitor reduced intracellular lipid content in
HepG2 cells regardless of FFA treatment using Nile Red staining and flow
cytofluorometry (Fig. 4C and D). These data provide important evidence
showing that miR-212 might be a crucial regulator for lipogenesis.

FGF-21 is a target gene of miR-212 involved in
lipogenesis

As shown in miRWalk database, FGF-21 is a validated target gene of
miR-212. Knowing that FGF-21 is a central regulator contributing to
lipid metabolism, we continued to examine whether FGF-21 could be a
target gene of miR-212 involved in lipogenesis. We found that miR-
212 mimics repressed, while miR-212 inhibitor induced the expression
of FGF-21 at protein but not mRNA level in HepG2 cells regardless of
FFA treatment (Fig. 5A-D). Meanwhile, FFA-treated HepG2 cells also
displayed a reduction in FGF-21 expression at both mRNA and protein
level (Fig. 5E and F). Furthermore, we tested FGF-21 expression in
mice liver samples showing that the protein level but not mRNA level
of FGF-21 was reduced by HF-diet while reversed with exercise in HF
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mice (Fig. 5G and H). These data reveal that FGF-21 could be nega-
tively regulated by miR-212 and/or under conditions of lipogenesis.

Next, FGF-21 expression was silenced using si-FGF-21 which
aimed to clarify if FGF-21 was responsible for the effects of miR-212
in lipogenesis. FGF-21 mRNA level was efficiently suppressed by
transfection of HepG2 cells with si-FGF-21-102 and si-FGF-21-103
(Fig. 6A). As examined by Nile Red staining and flow cytofluorom-
etry, silencing FGF-21 (by either si-FGF-21-102 or si-FGF-21-103)
caused notable increase in lipid content in HepG2 cells regardless
of FFA treatment (Fig. 6B and C). Furthermore, silencing FGF-21
significantly blunted the inhibitory effect of miR-212 inhibitor
on lipogenesis in HepG2 cells (Fig. 6B and C). These data
clearly indicate that FGF-21 is a target gene of miR-212 involved
in lipogenesis.

Discussion

Exercise is known to be beneficial for NAFLD treatment. Recent stud-
ies have shown the critical involvement of miRNA in NAFLD. However,
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*P < 0.05, ***P < 0.001 versus control
group; scale bar=50 pm.

it is unclear whether exercise could prevent NAFLD via miRNA target-
ing. Our data demonstrate that: (/) HF-diet induced hepatic steatosis
is attenuated by exercise; (/) Hepatic miR-212 is upregulated in HF
mice, while restored by exercise; (jil) miR-212 is induced during lipo-
genesis in FFA-treated HepG2 cells; (iv) miR-212 upregulation
induces, while miR-212 downregulation reduces lipogenesis in HepG2
cells regardless of FFA treatment and (v) miR-212 contributes to lipo-
genesis via targeting FGF-21.

Our results demonstrating that exercise is beneficial to reduce
liver steatosis and hepatic injury in HF-diet fed mice are in line
with other publications. Exercise has previously been shown to
reduce hepatic lipid content via downregulation of lipid metabo-
lism-associated genes, such as FAS, SREBP-1c¢, ACC and SIRT-1
[34, 35], which can be attributable to AMP-activated protein kinase
(AMPK) activation [36]. Also, the effect of exercise on hepatic lipid
accumulation is linked to reduced oxidative stress and improved
insulin sensitivity [37, 38]. Moreover, the benefit of exercise has
been found in NAFLD patients engaged in exercise regardless of
aerobic and resistant training [9, 11]. The current study shows
that 16-week running training reduces bodyweight, attenuates liver

© 2015 The Authors.
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Fig. 5 FGF-21 is negatively regulated by miR-212. mRNA level of FGF-21 remained unchanged by miR-212 mimics or inhibitor transfection in HepG2
cells without FFA (A) or with FFA (C) treatment (n = 6). miR-212 negatively regulated FGF-21 at protein level in HepG2 cells without FFA (B) or with
FFA (D) treatment (n = 3). FFA treatment caused downregulation of FGF-21 at both mRNA (E) and protein level (F) in HepG2 cells (n =6 and
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FGF-21 protein level was reduced in H-F diet group, while restored in H-F diet & exercise group (n = 3). Results represented as mean + S.E.M.
*P < 0.05, **P < 0.01 versus control; ###P < 0.001 versus HF-diet group.
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steatosis, and restores ALT, AST, TCH and TG serum levels in HF
mice, although it has previously been indicated that the beneficial
effect of exercise in NAFLD patients could be independent of body-
weight loss [11, 39, 40]. Thus, other mechanisms should relate
exercise and reduced steatosis in NAFLD.

It has increasingly been reported that miRNA dysregulation is
responsible for the development of NAFLD [14, 17]. Hereby using
microarray analysis, we detected a spectrum of upregulated miRNA in
livers of HF mice, including miR-34a, -149, -155, -205, -212 and -
1224, among which miR-34a and miR-155 have already been
reported to be dysregulated in NAFLD [25, 41-43]. Furthermore, we
found that HF-diet induced upregulation of these miRNA was notably
reversed by exercise. As miR-212 was one of the most upregulated
miRNA in fatty liver in the present study and FGF-21, a central regula-
tor for lipid metabolism, is a previously validated target gene of miR-
212, the following work was focused on the role of miR-212 in liver
steatosis.

The HF-diet induced miR-212 overexpression and exercise-asso-
ciated reverse of miR-212 level were confirmed by qRT-PCR. Then
we used HepG2 cell model with or without FFA treatment which aimed
to further clarify the functional and molecular mechanisms of miR-
212 in lipogenesis. Our data show that FFA-treated HepG2 cells have
increased intracellular lipid content with an elevated level of miR-212.
Furthermore, miR-212 mimics increases, while miR-212 inhibitor
reduces lipid synthesis in HepG2 cells regardless of FFA treatment.
Our findings suggest that miR-212 upregulation is not only an accom-
panying phenomenon during lipogenesis, but also could be an essen-
tial molecular factor initiating lipid synthesis. In fact, miR-212
dysregulation has previously been reported in cancers [44-49],
angiogenic responses [50], and cardiac hypertrophy [51]. To our
knowledge, we are the first to reveal the potential role of miR-212 in
hepatic lipogenesis which could be used as a therapeutic tool for
NAFLD.

Fibroblast growth factor-21, a potential metabolic regulator, has
been shown to be protective against obesity, type 2 diabetes and
hepatic steatosis in animal studies [52-55]. These beneficial effects
of FGF-21 are mediated by its pleiotropic metabolic actions, includ-
ing increasing energy expenditure, lowering serum and hepatic lipids
(e.g. TG and cholesterol), and increasing insulin resistance [56-61].
As FGF-21 is a validated target gene of miR-212 as referred to miR-
Walk database, we wished to determine whether miR-212 exerts its
effect on lipogenesis through targeting FGF-21. We have found that
miR-212 negatively regulates FGF-21 at protein but not mRNA level
in HepG2 cells regardless of FFA treatment. Meanwhile, FFA treat-
ment reduces FGF-21 expression at both mRNA and protein levels.
Furthermore, interfering FGF-21 could abolish the lipogenesis-redu-
cing effect of miR-212 inhibitor in HepG2 cells. These results clearly
indicate that FGF-21 is a target gene of miR-212 involved in lipogen-
esis.
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High level of circulating FGF-21 as well as elevated hepatic FGF-21
mRNA expression have been reported in obesity, type 2 diabetes and
NAFLD in both animal models and human subjects [52-55, 62-65].
However, it has been reported that lower level of FGF-21 may occur
when hepatic steatosis progresses to liver inflammation and/or fibro-
sis [65]. Thus, our data showing lower FGF-21 protein level in HF-diet
fed mice might be probably associated with more hepatic injury. In
contrast, reversed FGF-21 protein level was detected in exercised HF
mice in comparison to sedentary HF mice. In fact, increased serum
and liver FGF-21 level has been reported with exercise training [66,
67]. Based on current understanding of favourable metabolic effect of
FGF-21, exercise-induced FGF-21 might contribute to protect against
hepatic steatosis and hepatic injury. Last but not least, to fully prove
miR-212 downregulation contributes to the protective effect of exer-
cise against non-alcoholic fatty liver via targeting FGF-21, further
study is required to subject miR-212 transgenic mice to exercise
training with HF diet. Taken together, this study shows that miR-212
downregulation contributes to the protective effect of exercise against
NAFLD via targeting FGF-21, linking the benefit of exercise and the
downregulation of miR-212 in preventing NAFLD. Pharmacological
inhibition of miR-212 using antagomiRs, chemically engineered
oligonucleotides which used to silence endogenous miRNAs, might
be a novel therapeutic strategy mimicking the benefit of exercise in
the treatment of NAFLD.

Acknowledgements

This work was supported by the grants from National Natural Science Founda-
tion of China (81170406 to W. Yang; 81370926 to Y. Xiang; 81570362 and
81200169 to J. Xiao; 81400647 to Y. Bei; 81070343 and 81370559 to C. Yang;
81400635 to F. Wang), Innovation Program of Shanghai Municipal Education
Commission (13YZ014 to J. Xiao), Foundation for University Young Teachers
by Shanghai Municipal Education Commission (year 2012, to J. Xiao), Innova-
tion fund from Shanghai University (sdcx2012038 to J. Xiao), and Program for
the integration of production, teaching and research for University Teachers
supported by Shanghai Municipal Education Commission (year 2014, to J.
Xiao), and China Postdoctoral Science Foundation (2014M561456 to Y. Bei),
Joint Projects in Major Diseases funding from Shanghai Municipal Commis-
sion of Health and Family Planning (2014ZYJB0201 to C. Yang), Joint Projects
for Novel Frontier Technology in Shanghai Municipal Hospital from Shanghai
Municipal Commission of Health and Family Planning (SHDC1204122 to C.
Yang), Shanghai Medical Guide Project from Shanghai Science and Technol-
ogy Committee (14411971500 to F. Wang), grants from Chinese Foundation
for Hepatitis Prevention and Control (TQGB20140141 to F. Wang) and funds
from Shanghai Innovation Program (12431901002 to C. Yang).

Conflicts of interest

The authors declare that there are no conflicts of interest.

Tiniakos DG, Vos MB, Brunt EM. Nonalco-
holic fatty liver disease: pathology and

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



pathogenesis. Annu Rev Pathol. 2010; 5:
145-71.

Yoon HJ, Cha BS. Pathogenesis and thera-
peutic approaches for non-alcoholic fatty
liver disease. World J Hepatol. 2014; 6:
800-11.

Gerber L, Otgonsuren M, Mishra A, ef al.
Non-alcoholic fatty liver disease (NAFLD) is
associated with low level of physical activity:
a population-based study. Aliment Pharma-
col Ther. 2012; 36: 772-81.

Rector RS, Uptergrove GM, Morris EM,
et al. Daily exercise vs. caloric restriction
for prevention of nonalcoholic fatty liver dis-
ease in the OLETF rat model. Am J Physiol
Gastrointest  Liver  Physiol. 2011; 300:
G874-83.

Cho J, Kim S, Lee S, ef al. Effect of training
intensity on nonalcoholic fatty liver disease.
Med Sci Sports Exerc. 2015; 47: 1624-34.
Pugh CJ, Spring VS, Kemp GJ, ef al. Exer-
cise training reverses endothelial dysfunc-
tion in nonalcoholic fatty liver disease. Am J
Physiol Heart Circ Physiol. 2014; 307:
H1298-306.

Arias-Loste MT, Ranchal I, Romero-Gomez
M, ef al. Irisin, a link among fatty liver dis-
ease, physical inactivity and insulin resis-
tance. Int J Mol Sci. 2014; 15: 23163-78.
Zelber-Sagi S, Nitzan-Kaluski D, Goldsmith
R, et al. Role of leisure-time physical activ-
ity in nonalcoholic fatty liver disease: a pop-
ulation-based study. Hepatology. 2008; 48:
1791-8.

Ordonez R, Carbajo-Pescador S, Mauriz JL,
et al. Understanding nutritional interven-
tions and physical exercise in non-alcoholic
Fatty liver disease. Curr Mol Med. 2015; 15:
3-26.

Hallsworth K, Fattakhova G, Hollingsworth
KG, ef al. Resistance exercise reduces liver
fat and its mediators in non-alcoholic fatty
liver disease independent of weight loss.
Gut. 2011; 60: 1278-83.

Bacchi E, Negri C, Targher G, et al. Both
resistance training and aerobic training
reduce hepatic fat content in type 2 diabetic
subjects with nonalcoholic fatty liver disease
(the RAED2 Randomized Trial). Hepatology.
2013; 58: 1287-95.

Zelber-Sagi S, Buch A, Yeshua H, ef al.
Effect of resistance training on non-alcoholic
fatty-liver disease a randomized-clinical trial.
World J Gastroenterol. 2014; 20: 4382-92.
Lim LP, Lau NC, Garrett-Engele P, et al.
Microarray analysis shows that some micro-
RNAs downregulate large numbers of target
mRNAs. Nature. 2005; 433: 769-73.

Van Rooij E. The art of microRNA research.
Circ Res. 2011; 108: 219-34.

© 2015 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ceccarelli S, Panera N, Gnani D, ef al. Dual
role of microRNAs in NAFLD. Int J Mol Sci.
2013; 14: 8437-55.

Panera N, Gnani D, Crudele A, et al. Micro-
RNAs as controlled systems and controllers
in non-alcoholic fatty liver disease. World J
Gastroenterol. 2014; 20: 15079-86.

Kurtz CL, Fannin EE, Toth CL, et al. Inhibi-
tion of miR-29 has a significant lipid-lower-
ing benefit through suppression of lipogenic
programs in liver. Sci Rep. 2015; 5: 12911.
Pirola CJ, Fernandez Gianotti T, Castano
GO, et al. Circulating microRNA signature in
non-alcoholic fatty liver disease: from serum
non-coding RNAs to liver histology and
disease pathogenesis. Gut. 2015; 64: 800
12.

Bhatia H, Verma G, Datta M. miR-107
orchestrates ER stress induction and lipid
accumulation by post-transcriptional regula-
tion of fatty acid synthase in hepatocytes.
Biochim Biophys Acta. 2014; 1839: 334-43.
Li 8, Chen X, Zhang H, et al. Differential
expression of microRNAs in mouse liver
under aberrant energy metabolic status.
J Lipid Res. 2009; 50: 1756-65.

Pandey AK, Verma G, Vig S, ef al. miR-29a
levels are elevated in the db/db mice liver
and its overexpression leads to attenuation
of insulin action on PEPCK gene expression
in HepG2 cells. Mol Cell Endocrinol. 2011;
332:125-33.

Trajkovski M, Hausser J, Soutschek J,
et al. MicroRNAs 103 and 107 regulate
insulin sensitivity. Nature. 2011; 474: 649
53.

Zhong D, Huang G, Zhang Y, ef al. Micro-
RNA-1 and microRNA-206 suppress LXRa-
induced lipogenesis in hepatocytes. Cell
Signal. 2013; 25: 1429-37.

Miller AM, Gilchrist DS, Nijjar J, et al.
MiR-155 has a protective role in the devel-
opment of non-alcoholic hepatosteatosis in
mice. PLoS One. 2013; 8: €72324.

Care A, Catalucci D, Felicetti F, ef al.
MicroRNA-133 controls cardiac hypertro-
phy. Nat Med. 2007; 13: 613-8.

Lin RC, Weeks KL, Gao XM, ef al. PI3K
(p110 alpha) protects against myocardial
infarction-induced heart failure: identification
of PI3K-regulated miRNA and mRNA. Arte-
rioscler Thromb Vasc Biol. 2010; 30: 724—
32.

Lund J, Hafstad AD, Boardman NT, et al.
Exercise training promotes cardioprotection
through oxygen-sparing action in high-fat
fed mice. Am J Physiol Heart Circ Physiol.
2015; 308: H823-9.

Martinelli NC, Cohen CR, Santos KG, ef al.
An analysis of the global expression of

J. Cell. Mol. Med. Vol 20, No 2, 2016

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

microRNAs in an experimental model of
physiological left ventricular hypertrophy.
PL0S One. 2014; 9: e93271.

Ooi JY, Bernardo BC, McMullen JR. The
therapeutic potential of miRNAs regulated in
settings of physiological cardiac
hypertrophy. Future Med Chem. 2014; 6:
205-22.

Soci UP, Fernandes T, Hashimoto NY, ef al.
MicroRNAs 29 are involved in the improve-
ment of ventricular compliance promoted by
aerobic exercise training in rats. Physiol
Genomics. 2011; 43: 665-73.

Stevens JW, Khunti K, Harvey R, et al.
Preventing the progression to Type 2 dia-
betes mellitus in adults at high risk: a sys-
tematic review and network meta-analysis of
lifestyle, pharmacological and surgical inter-
ventions. Diabetes Res Clin Pract. 2015;
107: 320-31.

Chavez-Tapia NC, Rosso N, Tiribelli C.
Effect of intracellular lipid accumulation in
a new model of non-alcoholic fatty liver
disease. BMC Gastroenterol. 2012; 12:
20.

Cintra DE, Ropelle ER, Vitto MF, ef al. Rev-
ersion of hepatic steatosis by exercise train-
ing in obese mice: the role of sterol
regulatory element-binding protein-1c. Life
Sci. 2012; 91: 395-401.

Rector RS, Thyfault JP, Morris RT, ef al.
Daily exercise increases hepatic fatty acid
oxidation and prevents steatosis in Otsuka
Long-Evans Tokushima Fatty rats. Am J
Physiol Gastrointest Liver Physiol. 2008;
294: G619-26.

Bultot L, Guigas B, Von Wilamowitz-Moel-
lendorff A, et al. AMP-activated protein
kinase phosphorylates and inactivates liver
glycogen synthase. Biochem J. 2012; 443:
193-203.

Van der Heijden GJ, Toffolo G, Manesso E,
et al. Aerobic exercise increases peripheral
and hepatic insulin sensitivity in sedentary
adolescents. J Clin Endocrinol Metab. 2009;
94: 4292-9.

Hu X, Duan Z, Hu H, et al. Proteomic profile
of carbonylated proteins in rat liver: exercise
attenuated oxidative stress may be involved
in fatty liver improvement. Proteomics.
2013; 13: 1755-64.

Keating SE, Hackett DA, George J, ef al.
Exercise and non-alcoholic fatty liver dis-
ease: a systematic review and meta-analysis.
J Hepatol. 2012; 57: 157-66.

Sullivan S, Kirk EP, Mittendorfer B, ef al.
Randomized trial of exercise effect on intra-
hepatic triglyceride content and lipid kinetics
in nonalcoholic fatty liver disease. Hepatol
Baltim Md. 2012; 55: 1738-45.

215



41.

42.

43.

44

45.

46.

47.

48.

49.

216

Fu T, Choi SE, Kim DH, ef al. Aberrantly ele-
vated microRNA-34a in obesity attenuates
hepatic responses to FGF19 by targeting a
membrane coreceptor B-Klotho. Proc Nat/
Acad Sci USA. 2012; 109: 16137-42.
Yamada H, Suzuki K, Ichino N, ef al. Asso-
ciations between circulating microRNAs
(miR-21, miR-34a, miR-122 and miR-451)
and non-alcoholic fatty liver. Clin Chim Acta.
2013; 424: 99-103.

Cortez MA, Bueso-Ramos C, Ferdin J, ef al.
MicroRNAs in body fluids-the mix of hor-
mones and biomarkers. Nat Rev Clin Oncol.
2011; 8: 467-77.

Luo XJ, Tang DG, Gao TL, ef al. Micro-
RNA-212 inhibits osteosarcoma cells pro-
liferation and invasion by down-regulation
of Sox4. Cell Physiol Biochem. 2014; 34:
2180-8.

Luo J, Meng C, Tang Y, et al. miR-132/212
cluster inhibits the growth of lung cancer
xenografts in nude mice. /nt J Clin Exp Med.
2014; 7: 4115-22.

Jiang X, Chen X, Chen L, ef al. Upregulation
of the miR-212/132 cluster suppresses pro-
liferation of human lung cancer cells. Oncol
Rep. 2015; 33: 705-12.

Borrego-Diaz E, Powers BC, Azizov V, ef al.
A potential regulatory loop between Lin28B:
miR-212 in androgen-independent prostate
cancer. IntJ Oncol. 2014; 45: 2421-9.

Wei LQ, Liang HT, Qin DC, et al. MiR-212
exerts suppressive effect on SKOV3 ovarian
cancer cells through targeting HBEGF.
Tumour Biol. 2014; 35: 12427-34.
Incoronato M, Urso L, Portela A, et al. Epi-
genetic regulation of miR-212 expression in
lung cancer. PLoS One. 2011; 6: e27722.

50.

52.

53.

54.

55.

56.

58.

59.

Kumarswamy R, Volkmann |, Beermann J,
et al. Vascular importance of the miR-212/
132 cluster. Eur Heart J. 2014; 35: 3224-31.
Ucar A, Gupta SK, Fiedler J, ef al. The
miRNA-212/132 family regulates both car-
diac hypertrophy and cardiomyocyte autop-
hagy. Nat Commun. 2012; 3: 1078.

Gimeno RE, Moller DE. FGF21-based phar-
macotherapy—potential utility for metabolic
disorders. Trends Endocrinol Metab. 2014;
25: 303-11.

Cheung BM, Deng HB. Fibroblast growth
factor 21: a promising therapeutic target in
obesity-related diseases. Expert Rev Cardio-
vasc Ther. 2014; 12: 659-66.

Kim KH, Lee MS. FGF21 as a stress hor-
mone: the roles of FGF21 in stress adaptation
and the treatment of metabolic diseases. Dia-
betes Metab J. 2014; 38: 245-51.
Kharitonenkov A, Adams AC. Inventing new
medicines: the FGF21 story. Mol Metab.
2014; 3: 221-9.

Coskun T, Bina HA, Schneider MA, ef al.
Fibroblast growth factor 21 corrects obesity
in mice. Endocrinology. 2008; 149: 6018-27.
Xu J, Lloyd DJ, Hale C, et al. Fibroblast
growth factor 21 reverses hepatic steatosis,
increases energy expenditure, and improves
insulin sensitivity in diet-induced obese
mice. Diabetes. 2009; 58: 250-9.

Xu J, Stanislaus S, Chinookoswong N, ef al.
Acute glucose-lowering and insulin-sensitiz-
ing action of FGF21 in insulin-resistant
mouse models-association with liver and
adipose tissue effects. Am J Physiol Endocri-
nol Metab. 2009; 297: E1105-14.

Hecht R, Li YS, Sun J, et al. Rationale-
based engineering of a potent long-acting

60.

61.

62.

63.

64.

65.

66.

67.

FGF21 analog for the treatment of type 2 dia-
betes. PLoS One. 2012; 7: e49345.

Véniant MM, Komorowski R, Chen P, et al.
Long-acting FGF21 has enhanced efficacy in
diet-induced obese mice and in obese rhe-
sus monkeys. Endocrinology. 2012; 153:
4192-203.

Yang M, Zhang L, Wang C, et al. Liraglutide
increases FGF-21 activity and insulin sensi-
tivity in high fat diet and adiponectin knock-
down induced insulin resistance. PLoS One.
2012; 7: e48392.

Yilmaz Y, Eren F, Yonal 0, ef al. Increased
serum FGF21 levels in patients with nonalco-
holic fatty liver disease. Eur J Clin Invest.
2010; 40: 887-92.

Li H, Fang Q, Gao F, et al. Fibroblast growth
factor 21 levels are increased in nonalco-
holic fatty liver disease patients and are cor-
related with hepatic triglyceride. J Hepatol.
2010; 53: 934-40.

Yan H, Xia M, Chang X, ef al. Circulating
fibroblast growth factor 21 levels are closely
associated with hepatic fat content: a cross-
sectional study. PLoS One. 2011; 6: £24895.
Dushay J, Chui PC, Gopalakrishnan GS,
et al. Increased fibroblast growth factor
21 in obesity and nonalcoholic fatty liver
disease.  Gastroenterology. 2010; 139:
456-63.

Kim KH, Kim SH, Min YK, et al. Acute exer-
cise induces FGF21 expression in mice and
in healthy humans. PLoS One. 2013; 8:
€63517.

Cuevas-Ramos D, Almeda-Valdés P, Meza-
Arana CE, ef al. Exercise increases serum
fibroblast growth factor 21 (FGF21) levels.
PL0S One. 2012; 7: €38022.

© 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



