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Abstract. The aim of the present study was to investigate 
the role of miR‑92a in lipid metabolism in hypoxic rats. 
Microarray analysis and reverse transcription‑quantitative 
(RT‑q)PCR were used to detect changes in the mRNA expres‑
sion levels of miR‑92a in the epididymal fat of hypoxic and 
normoxic rats. The downstream target mRNA of miR‑92a was 
predicted using bioinformatics analysis and verified using a 
dual luciferase reporter assay. Changes in the expression of 
frizzled (Fzd)10 and c‑Myc in the epididymal fat were detected 
using RT‑qPCR and western blotting. Microarray analysis 
and RT‑qPCR results showed that the expression of miR‑92a 
was significantly lower in the fat tissues of the hypoxic rats 
compared with the normoxic rats. The results of the dual lucif‑
erase reporter assay showed that the target gene of miR‑92a 
was Fzd10, which is an acceptor in the Wnt pathway. Fzd10 
expression was upregulated in the hypoxic rats. The mRNA 
expression levels of c‑Myc, which is located downstream of the 
Wnt pathway, was increased significantly. The increase in the 
mRNA and protein expression levels of Fzd10 and c‑Myc may 
be associated with miR‑92a downregulation. Downregulation 
of miR‑92a in‑turn may result in lipolysis through the regula‑
tion of the Wnt/β‑catenin signaling pathway, and thus weight 
loss in the rats.

Introduction

Obesity has become a serious global health concern  (1). 
Prolonged obesity results in several diseases, such as diabetes, 
hypertension, atherosclerosis, coronary heart disease and 
hyperlipidemia (2). Thus, safe and effective methods for weight 
loss are urgently required. Several studies have shown that 
weight loss is significantly increased under high‑altitude or 
hypoxic conditions compared with normoxic conditions (3,4). 
Hypoxic training has been suggested to be beneficial in several 
clinical conditions, such as coronary artery disease and chronic 
obstructive pulmonary disease (5).

At present, there have been some developments in 
increasing fat metabolism under hypoxic conditions. Studies 
have shown that hypoxia can induce lipolysis and inhibit 
fat synthesis (6) and influence Wnt/β‑catenin signaling (7). 
Wnt/β‑catenin signaling is a molecular switch that governs 
adipogenesis (8). Adipogenesis is suppressed by activating 
the Wnt/β‑catenin signaling pathway, which represses the 
expression of PPARγ and C/EBPα  (9). Several different 
microRNAs (miRNAs/miRs) regulate Wnt/β‑catenin signaling 
in numerous diseases (10,11).

miRNAs are a class of small noncoding RNAs, 18‑22 nt in 
length, are ubiquitously present in eukaryotes and can regu‑
late protein expression at the mRNA level (12‑14). miR‑122 
and miR‑33 regulate cholesterol and fatty acid metabolism, 
and miR‑370 affects lipid metabolism by regulating miR‑122 
expression (15,16). In addition, miR‑378/378* (miR‑378* is 
derived from the same hairpin RNA precursor as miR‑378, 
and both are located in the first intron of peroxisome PPARγ 
coactivator‑1β) (17), miR‑27, miR‑103/107 and miR‑613 partic‑
ipate in the regulation of lipid metabolism (18‑21). miR‑92a 
regulates spheroid formation and malignant progression in 
ovarian cancer via the Wnt signaling pathway (22). However, 
the effect of miR‑92a on the Wnt signaling pathway in hypoxic 
rats is unclear.

The aim of the present study was to investigate the regulatory 
role of miR‑92a in the Wnt/β‑catenin signaling pathway. 
Microarray analysis, reverse transcription‑quantitative (RT‑q)
PCR, western blotting and dual luciferase reporter assays were 
used to detect miRNA‑92a, frizzled (Fzd)10 and c‑Myc gene 
expression in the epididymal fat of hypoxic rats. The results 
of the present study provide evidence that the novel lipolysis 
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suppressor miR‑92a regulated Fzd10/Wnt/β‑catenin signaling 
under hypoxic conditions.

Materials and methods

Animal model and tissues. A total of 60 3‑week old male 
Sprague‑Dawley rats were purchased from Vital River 
Laboratory Animal Technology Co., Ltd. All rats were housed 
at 22.0±0.5˚C in standard cages with a 12 h light‑dark cycle. 
The rats weighed 92±6 g and were separated into two groups: 
Control animals (n=15), which received standard rat chow (fat 
content: 10% energy); and the high‑fat diet group (HF group; 
n=45), which received a high‑fat diet (fat content: 40% energy).

The epididymal fat was obtained from the hypoxic 
rats as described in our previous study  (23). The obese 
rats exercised on a treadmill for 2 weeks to adapt to the 
training program. The training speed was elevated from 
16 meters/min to 25 meters/min, and the exercise time was 
gradually prolonged from 20 to 60 min/day over 2 weeks by 
5 min every 2 days. A total of 20 rats were selected based 
on their body weight (57±5 g) and these were randomly 
assigned to a normoxic sedentary group (n=10) or hypoxic 
training group (n=10). All 20 animals were continued on a 
high‑fat diet. The rats in the normoxic group were housed 
under normoxic conditions (21% oxygen) without exercise, 
whereas the rats in the hypoxic group were housed with 
13.6% oxygen (equivalent to an altitude of 3,500 meters) (24), 
and trained at a speed of 20 meters/min for 1 h a day, 6 days 
per week for 4 weeks. For the rats in the hypoxic group, 
sample collection was scheduled 24‑36  h after the last 
session of exercise training to eliminate the effect of acute 
exercise. After an overnight fast, the rats in the two groups 
were weighed and then anesthetized with an intraperitoneal 
injection of 10% chloral hydrate (350 mg/kg body weight). 
Subsequently, the epididymal fat was excised and washed 
in precooled saline for follow‑up experiments. No abnormal 
changes (such as peritonitis) were observed in the viscera 
during rat dissection. All animal procedures were approved 
by the Ethics Committee of Shandong Sport University. All 
animal experiments were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals 
(Chinese Edition) published by the Ministry of Health of the 
People's Republic of China (25).

Cell culture and reagents. Mouse 3T3‑L1 preadipocytes 
were cultured in DMEM supplemented with 10% FBS and 
penicillin/streptomycin (100 units/ml; all purchased from 
Gibco; Thermo Fisher Scientific, Inc.) and incubated at 37˚C 
in 5% CO2.

The following reagents and instruments were used: 
miRcute miRNA Isolation kit (Tiangen Biotech Co., 
Ltd.), miRcute miRNA cDNA First Strand Synthesis kit 
(Tiangen Biotech Co., Ltd.), miRcute MiRNA Quantitative 
Fluorescence Detection kit (cat. no. FP401; Tiangen Biotech 
Co., Ltd.), SuperReal PreMix SYBR-Green (cat. no. FP204; 
Tiangen Biotech Co., Ltd.), TIANScript II cDNA First 
Strand Synthesis kit (cat. no. KR107; Tiangen Biotech Co., 
Ltd.) and RT‑qPCR amplifier (BIOER FQD‑96A; Hangzhou 
Bioer Co., Ltd.). Fzd10 cat.  no.  ab199428), glycogen 
synthase kinase 3β (GSK3β; cat.  no.  ab75745; Abcam), 

adenomatous polyposis coli (APC) (cat. no. ab40778), c‑Myc 
(cat. no. ab39688; Abcam), β‑actin (cat. no. ab8227; Abcam) 
and β‑catenin (cat. no. ab32572; Abcam) primary antibodies, 
and the secondary goat anti‑rabbit antibody (cat. no. ab6721; 
Abcam) were all purchased from Abcam. TRIzol reagent 
(cat. no. 10606ES60) was purchased from Yisheng Biology 
and a Bicinchoninic Acid (BCA) Protein assay reagent kit 
(cat.  no.  RTP7102) was purchased from Zhongke Ruitai. 
All plasmids/agomiRs were designed and synthesized by 
Shanghai Sangon BioTech Co., Ltd. Xfect transfection reagent 
was purchased from Takara Bio, Inc.

miRNA microarray. Microarray assays were performed to 
analyze the changes in the expression of miRNAs between 
the hypoxic and normoxic rats, as described previously (23). 
Significance analysis of microarrays was performed to iden‑
tify the significantly altered miRNA. The miRNAs with an 
absolute fold change (hypoxic/normoxic group) >1.5 and 
P<0.05 was considered significantly differently expressed.

RT‑qPCR. Epididymal fat was collected, and total RNA was 
extracted using TRIzol using phenol‑chloroform extraction. 
RNA integrity was examined using 8% gel electrophoresis, 
and RNA purity was assessed by determining the 260/280 
ratio by spectrophotometry. RNA was reverse transcribed into 
cDNA using a TIANScript II cDNA First Strand Synthesis kit 
according to the manufacturer's protocol. The primer sequences 
of Fzd10, c‑Myc, GAPDH and miRNA‑92a for RT‑qPCR are 
shown in Table I. GAPDH was used as the internal control 
for Fzd10 and c‑Myc, and U6 was used as the internal control 
for miRNA‑92a. The PCR protocol for Fzd10 and c‑Myc was 
as follows: Pre‑denaturation for 10 min at 95˚C; followed by 
40 cycles of denaturation for 30 sec at 95˚C, annealing for 
20 sec at 55˚C, and extension for 30 sec at 72˚C. The reaction 

Table I. Sequences of the primers used in the present study.

Genes	 Sequences

Frizzled 10
  Forward	 5'‑CTCTCCATGTGCTACTGCGT‑3'
  Reverse	 5'‑ACCCACCATAAAGAGCTGGC‑3'
c‑Myc
  Forward	 5'‑GAAACGGCGAGAACAGTTGA‑3'
  Reverse	 5'‑CCAAGGTTGTGAGGTTGAGCAGC‑3'
GAPDH
  Forward	 5'‑GCAAGTTCAACGGCACAGT‑3'
  Reverse	 5'‑GCCAGTAGACTCCACGACAT‑3'
microRNA‑92a
  Forward	 5'‑CTGTCCTGTTATTGAGCACTGGTCT
	 ATGG‑3'
  Reverse	 5'‑AAGACATTAGTAACCCACCCCCAT
	 TCC‑3'
U6
  Forward	 5'‑AACGCTTCACGAATTTGCGT‑3'
  Reverse	 5'‑CTCGCTTCGGCAGCACA‑3'
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conditions for miRNA‑92a were: Pre‑denaturation at 95˚C 
for 5 min; followed by 40 cycles of denaturation at 95˚C for 
20 sec and annealing at 60˚C for 30 sec. The relative levels 
of Fzd10, c‑Myc and miRNA‑92a were calculated using the 
2‑ΔΔCq method (26).

Western blotting. Total protein was extracted using RIPA 
protein lysate (Beyotime Institute of Biotechnology), and 
protein concentration was measured using a BCA protein assay 
kit. Subsequently, proteins were loaded on a 10% SDS‑gel, 
resolved using SDS‑PAGE and transferred to a polyvinylidene 
difluoride membrane. The membrane was blocked using 5% 
skimmed milk for 2 h. After blocking, primary antibodies 
against Fzd10 (1:1,000), c‑Myc (1:1,000), GSK3β (1:1,000), 
APC (1:1,000), β‑catenin (1:5,000) or β‑actin (1:2,500) were 
added and incubated overnight at  4˚C. Subsequently, the 
secondary antibody (1:10,000) was added and incubated at 
room temperature for 1  h. Signals were visualized using 
enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, Inc.). The developed film was scanned using a gel 
imaging system (Ketagalan GL) and analyzed using ImageJ 
version 1.8.0 (National Institutes of Health). The expression 
levels of Fzd10 and c‑Myc were calculated relative to the 
expression of β‑actin.

Bioinformatics prediction of the regulatory upstream 
miRNA of Fzd10. Bioinformatics prediction was used to 
identify the upstream miRNA for Fzd10. miRwalk2 (27) and 
TargetScan prediction software was used for bioinformatics 
prediction (28).

Dual luciferase reporter assay. The wild and mutant types of 
miRNA‑92a binding sequence in the 3'‑untranslated region 
(UTR) region of the Fzd10 gene was constructed by in vitro 
chemical synthesis. The cleavage sites of Spe‑1 and HindIII 
were added on both ends. The two DNA fragments were 
cloned into pMIR‑REPORT luciferase plasmids. The plasmids 
with wild‑type 3'‑UTR and mutant 3'‑UTR sequences were 
transfected into 3T3‑L1 cells, respectively. Subsequently, 
agomiR‑92a (100 nM) was transfected and incubated for 24 h. 
The fluorescence values were measured using a GloMax 20/20 
luminometer (Promega Corporation). Renilla fluorescent 
activity was used as an internal control, and all procedures 
were performed according to the manufacturer's protocol.

Immunohistochemistry. Immunohistochemistry was 
performed as previously described  (29). Briefly, 5  µm 
paraffin‑embedded tissue sections from rats were depa‑
raffinized in xylene, rehydrated in a series of decreasing 
ethanol solution, and then washed in PBS. Tissue sections 
were further quenched sequentially using 3% hydrogen 
peroxide for 15 min and incubated in 10% normal goat serum 
(cat. no. G9023; Sigma‑Aldrich; Merck KGaA) for 45 min 
at room temperature. The slides were then incubated at 4˚C 
overnight with rabbit antiFzd10 antibody (1:500). The slides 
were then rinsed with PBS and incubated with horseradish 
peroxidase‑conjugated goat anti‑rabbit immunoglobulin G 
antibody (1:1,000; cat.  no.  ab6721; Abcam) for 30  min 
at  37˚C. 3,3'‑Diaminobenzidine (chromogenic reagent; 
OriGene Technologies, Inc.) was used as the chromogen, 

and hematoxylin (Sigma‑Aldrich; Merck KGaA) was used 
for nuclear counterstaining. For the negative controls, the 
primary antibodies were omitted. Experiments were repeated 
at least three times.

Statistical analysis. All data were analyzed using SPSS 
version  18.0 (SPSS Inc.). All data are presented as the 
mean ± standard deviation. Comparison between groups was 
performed using a one‑way ANOVA followed by a post‑hoc 
Tukey's test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

miRNA‑92a expression in epididymal fat. After 12 weeks of 
feeding, the HF group showed a 10% higher average weight 
compared with the C group. Lee's index, fat mass, and body 
fat/body weight ratio were all significantly elevated (P<0.05) 
in the HF group, demonstrating that an obese fat model was 
successfully established as described previously  (23). The 
differential expression levels of miRNAs were determined 
using a criterion of fold change >1.5 and P<0.05. miRNA 
microarray results showed that the fold changes of the expres‑
sion levels of 22 miRNAs in 722 mature miRNAs were 
increased >1.5 fold between the hypoxic and normoxic rats. 
The hypoxic rats showed lower miRNA‑92a expression levels 
compared with the normoxic rats (Fig. 1). RT‑qPCR results also 
showed that the expression levels of miRNA‑92a significantly 
decreased in the epididymal fat of the hypoxic rats compared 
with that of the normoxic rats (Fig. 2).

Bioinformatics and dual luciferase reporter assay. 
Bioinformatics prediction was performed to identify the 
target gene of miRNA‑92a. The Fzd10 gene was determined 
as a potential target gene of miRNA‑92a. The predicted 
wild and mutated binding sequence of Fzd10 is shown in 
Fig. 3A. Dual luciferase reporter assays were performed to 
determine whether or not miRNA‑92a could directly target 
Fzd10. Results showed that the fluorescence values signifi‑
cantly decreased after co‑transfection of agomiRNA‑92a 
and pMIR‑REPORT‑Fzd10 (Fzd10+miR92a group; P<0.05; 
Fig. 3B). No significant change in fluorescence value was 
observed after co‑transfection of agomiRNA‑92a and 
pMIR‑REPORT‑mFzd10 (mFzd10+miR92a group, where 
mFzd10 represents the mutant FZD10; P>0.05). There was 
no significant differences in the fluorescence values observed 
between the internal control Fzd10+pRL‑TK group and the 
mFzd10+pRL‑TK group (P>0.05). These results suggest that 
miRNA‑92a can directly bind to the 3'‑UTR region of Fzd10 
to regulate its expression.

Wnt/β‑catenin signaling pathway expression. Fzd10 is the 
receptor of Wnt1, Wnt3a, Wnt4 and Wnt5a (30). Wnt3a, Wnt4 
and Wnt5a are involved in fat cell differentiation and fat forma‑
tion (31,32). The c‑Myc gene is the downstream gene of the 
Wnt/β‑catenin signaling pathway (33). As miRNA‑92a targets 
Fzd10, the effect of hypoxic training on the Wnt/β‑catenin 
signaling pathway was assessed.

The changes in Fzd10 expression were comparatively 
analyzed and shown in Figs. 4A and 5. The mRNA and protein 
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expression levels of Fzd10 in the epididymal fat of the hypoxic 
rats was significantly increased compared with the epididymal 
fat of the normoxic rats (P<0.05). Experimental results also 
suggested that c‑Myc expression levels increased in the epidid‑
ymal fat of the hypoxic rats (Fig. 4B). Furthermore western 
blotting experiments were performed, and the results showed 
that the expression levels of GSK3β, APC and β‑catenin in the 
epididymal fat of the hypoxic rats were significantly increased 
compared with epididymal fat of the normoxic rats (P<0.05; 
Fig. 4C).

Discussion

To date, several studies have shown that hypoxia can induce 
lipolysis and inhibit fat synthesis  (6). Hypoxia treatment 
(1% O2) reduces the expression of fatty acid transport proteins 
(such as FABP and CD36) and transcription factors (such 

as PPARγ and C/EBPα), and reduces free fatty acid (FFA) 
intake by adipocytes (34). Energy consumption in muscles or 
elsewhere in the body increases during exercise, which further 
reduces energy from being stored as fat. Thus, the above 
studies may explain how the rats lost significant amounts of 
weight during the hypoxic training. van Tienen et al  (35) 
found that Wnt5b is a potent enhancer of adipogenic 
capacity and functions by stimulating PPARγ and aP2, and 
by inhibiting the Wnt/β‑catenin signaling pathway. Hypoxia 

Figure 1. Analysis of miR‑92a expression in the epididymal fat of hypoxic 
rats. (A) B3L, B6L and B9L were from normoxic rats. (B) D2L, D6L, and 
D9L were from hypoxic rats. (C) Relative expression of miRNAs in the 
normoxic and hypoxic rats. miR‑92a expression levels in the hypoxic rats 
were reduced compared with the normoxic rats based on the miRNA micro‑
array analysis. miR, microRNA; Rno, Rattus norvegicus.

Figure 2. Analysis of miR‑92a expression levels in the epididymal fat of 
hypoxic rats. The results showed that miR‑92a expression was downregu‑
lated in hypoxic rats. miR, microRNA.

Figure 3. Analysis of miR‑92a binding with Fzd10. (A)  Wild‑type and 
mutant‑type binding sequences of miR‑92a with Fzd10. (B) Dual luciferase 
reporter assay. Wild‑type miR‑92a bound and degraded wild‑type Fzd10 
mRNA in the Fzd10+miR92a group. Single Fzd10 or mutated Fzd10 mRNA 
did not result in altered fluorescence values of the empty carrier pRL‑TK, and 
miR‑92a was not significantly altered the fluorescence values of the mutated 
Fzd10 mRNA in the mFzd10+miR92a group. miR/miRNA, microRNA; 
Fzd10, frizzled 10; mFzd10, mutated Fzd10.
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influences the Wnt/β‑catenin signaling pathway and miRNA 
expression (36).

miRNAs are important post‑transcriptional regulators of 
lipid metabolism (37). In the present study, the miRNA expres‑
sion levels in the epididymal fat obtained from the hypoxic 
rats were analyzed using microarray analysis (23). The results 
showed that the miR‑92a expression levels decreased signifi‑
cantly in the hypoxic rats compared with the normoxic rats. 
Furthermore, RT‑qPCR results confirmed that the miR‑92a 
expression levels in the fat tissues of the hypoxic rats was 
lower compared with the normoxic rats.

miR‑92a is a key regulator and a diagnostic biomarker that 
participates in several diseases. In several types of cancer, 
miR‑92a can regulate tumorigenesis and metastasis  (38). 
Numerous studies have confirmed that miR‑92a also partici‑
pates in lipid metabolism (39). The bioinformatics results of 
the present study showed that miR‑92a targets Fzd10, a key 
acceptor involved in the Wnt/β‑catenin signaling pathway, and 
this was confirmed by the dual luciferase reporter assay. Wnt 
signaling is mediated by Fzd receptors at the cell surface and 
can be modulated by secreted frizzled‑related proteins and 
other molecular antagonists (30). Wnt/β‑catenin signaling is 

Figure 5. Immunohistochemical analysis of Fzd10 expression in rat epididymal fat. Expression of Fzd10 in (A) Normoxic and (B) hypoxic rats. Staining was 
notably more pronounced in the epididymal fat of the hypoxic rats compared with the normoxic rats, suggesting that the protein expression levels of Fzd10 
were upregulated in the epididymal fat of hypoxic rats. Fzd10, frizzled 10.

Figure 4. Analysis of Fzd10 signaling pathway activity. mRNA and protein expression levels of (A) Fzd10 and (B) c‑Myc in the epididymal fat of hypoxic 
and normoxic rats. (C) Protein expression levels of GSK3β, APC and β‑catenin in the epididymal fat of hypoxic and normoxic rats. Hypoxic rats exhibited 
activation of a Fzd10/GSK3β/APC/β‑catenin axis via downregulation of microRNA‑92a expression. Fzd10, frizzled 10; GSK3β, glycogen synthase kinase 3β; 
APC, adenomatous polyposis coli.
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a molecular switch that governs adipogenesis  (8). Hypoxia 
can also induce animal lipolysis (6) and inhibited miR‑92a 
expression in the present study. The results of the present study 
showed that miR‑92a downregulation resulted in upregulated 
Fzd10 expression in the hypoxic rats, and that Fzd10 over‑
expression activated Wnt/β‑catenin signaling and further 
induced lipid mobilization.

Subsequent experimental results confirmed that Fzd10 
and c‑Myc expression levels were upregulated in the fat 
tissues of the hypoxic rats, suggesting that the Wnt/β‑catenin 
signaling pathway was activated. However, inhibition of 
Wnt3a, Wnt4, or Wnt5a expression prevents the accumulation 
of triacylglycerol and decreased the expression of adipogen‑
esis‑related genes (31). Based on the results of the present 
study, it cannot be concluded whether miR‑92a regulates fat 
metabolism via Wnt. c‑Myc, a transcription factor located 
downstream of the Wnt/β‑catenin signaling pathway, was 
upregulated in the fat tissues of the hypoxic rats. Inhibition 
of PPARγ expression reduces FFA intake of adipocyte (34), 
and the activation of the Wnt/β‑catenin signaling pathway 
can significantly attenuate the upregulation of PPARγ 
and increase the levels of phospho‑β‑catenin  (40). Thus, 
miR‑92a may have enhanced fat loss through influencing 
PPARγ expression and the Wnt/β‑catenin signaling 
pathway under hypoxic conditions.

In conclusion, the mRNA expression levels of miR‑92a 
in the hypoxic rats were decreased in the present study, and 
the decrease may be associated with upregulation of Fzd10 
expression. This in‑turn may result in lipolysis through the 
regulation of the Wnt/β‑catenin signaling pathway, and thus 
weight loss in the rats.
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