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Abstract MicroRNAs are endogenous small RNAs with a

high degree of conservation, participating in a variety of

vital activities. In present study, to explore the effect of

microRNAs on 3T3-L1 adipocyte differentiation and

adiponectin expression, the adipo-related microRNAs were

screened and identified by micorRNA microarray. The

highly expression plasmid of microRNA-21 with obvious

expression up-regulation (miR-21) and its anti-sense (miR-

21 inhibitor) were constructed and transfected into 3T3-L1

preadipocytes. The effect of miR-21 on 3T3-L1 adipocyte

differentiation was observed, and the protein and mRNA

expression level of adiponectin and AP-1 were analyzed.

Results showed that, the expression profiles of microRNAs

significantly changed during 3T3-L1 adipocyte differentia-

tion. The expression of miR-21 was obviously up-regulated.

miR-21 could significantly promote adipocyte differentia-

tion, increase adiponectin mRNA and protein expression,

while decrease AP-1 protein level. Meanwhil, miR-21

inhibitor blocked the effects of miR-21 mentioned above.

The overexpression of AP-1 could absolutely reverse the

stimulatory effect of miR-21 on adiponectin. miR-21 plays

an important role in regulating adipocyte differentiation and

adiponectin expression by inhibiting AP-1 expression.

Keywords MicroRNA � AP-1 � 3T3-L1 preadipocyte �
Adiponectin � Adipocyte differentiation

Introduction

microRNAs are endogenous non-coding small RNAs with

18–24 bp. They combine with the 30 end of targeted mRNA to

regulate the gene expression by degrading mRNA or inhibit its

translation [1]. microRNAs are involved in the regulation of

many biological processes of eukaryotic cells including pro-

liferation and apoptosis [2], lipid metabolism [3] and nerve

conduction [4]. Previous researches find that, some microR-

NAs exhibit tissue specificity and high expression character-

istics. The specific microRNAs are involved in regulation of

the occurrence and development of major diseases such as

diabetes [5], cardiovascular disease [6] and cancer [7].

Adiponectin is a marker protein of adipose tissue expres-

sion and secretion in adipocyte differentiation [8]. A large

number of studies have confirmed that, adiponectin is

involved in the occurrence of insulin resistance, and clinically

associated with the obesity, type 2 diabetes and cardiovas-

cular disease [9, 10]. Recent studies find that, microRNAs

play an important role in adipocyte differentiation and its

function exertion. As reported by Xie et al. [11] the ectopic

expression of miR-103 and miR-143 in preadipocytes can

accelerate the adipocyte formation. Wang et al. [12] finds that,

miR-17-92 can target Rb2/p130 gene and inhibit its protein

expression to accelerate adipocyte differentiation and tri-

glyceride accumulation. However, the role of microRNAs on

adipocyte differentiation is still unclear.
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In this study, the regulating functions of microRNAs in

adipocyte differentiation were investigated. Their expres-

sion profiles in the inducing differentiation of 3T3-L1

adipocyte were analyzed by micorRNA microarray. The

effect of up-regulated miR-21 on adipocyte differentiation

and adiponectin expression were discussed.

Materials and methods

Materials

The main materials were as follows: DMEM (Gibco,

USA). Fetal bovine serum and fetal calf serum (Hangzhou

Sijiqing Biological Engineering Materials Co., Ltd.,

China), Plasmid kit and PCR kit (Tiangen biochemical

technology (Beijing) Co., Ltd., China), Total RNA purifi-

cation Kit (TRzol) (BioTeke (Beijing) Corporation, China),

RT kit (MBI, USA), LipofectamineTM2000 Kit (Invitro-

gen, USA), Primers and siRNA synthesis kits (Shanghai

Sangon Biological Engineering Technology & Services

Co., Ltd., China), Rabbit anti-adiponectin polyclonal anti-

body (Cell Signaling Technology, USA), miRNASelectTM

pEGP-miR (Cell Biolabs, USA), Mouse 3T3-L1 preadi-

pocytes (Institute of Basic Medical Science, Chinese

Academy of Medical Sciences, China), pCMV6-AP-1

plasmid (MC208799) (Origene, USA), AP-1 monoclonal

antibody (sc-166540) (Santa Cruz Biotech, USA) and

microRNA chips (Exiqon, Denmark).

Screening and identification of microRNAs associated

with 3T3-L1 adipocyte differentiation.

The screening and identification of microRNAs associ-

ated with 3T3-L1 adipocyte differentiation was conducted

by micorRNA microarray according to the manufacturer’s

protocol. The 3T3-L1 preadipocytes and differentiated

adipocyte were collected. After extraction of total RNA,

the microRNAs were extracted and marked. The hybrid-

ization with microRNA chips was conducted on the con-

centrated marker sample. Then the fluorescence intensity

imaging of microRNAs and data analysis was performed,

using relative value as expression intensity.

Construction and identification of miR-21 expression

plasmid

After screening and identification, miR-21 which had a

high expression level was selected as the target microRNA

for further study. The nucleotide sequence of miR-21 was

50-UAGCUUAUCAGACUGAUGUUGA-30 (http://www.

mirbase.org), as well as the anti-sense 50-UCAACAUCA

GUCUGAUAAGCUA-30(miR-21inhibitor). A same length

of sequence, 50-UCUGACAGUUACCAAUGCUUAA-30,
from luciferase gene was selected as the control. The cDNA

was obtained using DNA synthesis techniques, and then the

double-stranded DNA was synthesized with DNA connec-

tion methods. It was inserted in the miRNASelectTM pEGP-

miR carrier for DNA sequence determination.

Culture and transfection of 3T3-L1 preadipocytes

The culture of 3T3-L1 preadipocytes was conducted in

DMEM (10 % fetal bovine serum, 100 U/ml penicillin and

100 U/ml streptomycin) with 37 �C temperature, 5 % CO2

and saturated humidity. LipofectamineTM 2000 Kit was

used for cell transfection, according to the manufacturer’s

protocol. The positive clone with puromycin selection was

performed 48 h after transfection.

Inducing differentiation of 3T3-L1 preadipocytes and

identification of differentiated adipocytes.

After 2 days of fusion of 3T3-L1 preadipocytes, the

classic cocktail method [13] was used to induce their

differentiation. 3T3-L1 preadipocytes were cultured in

DMEM (0.5 mmol/l IBMX, 1 lmol/l dexamethasone,

10 lg/ml insulin and 10 % FBS) for 48 h, then in DMEM

(10 lg/ml insulin and 10 % FBS) for 48 h, followed by

continued culture in DEME containing 10 % FBS. After

10–12 days of inducing differentiation, the 3T3-L1 adi-

pocytes were represented as multiple phenotypes. The

identification of differentiated adipocytes was conducted

using Oil-red-O staining method.

Determination of adiponectin and AP-1 protein

expressions after transfection

The expressions of adiponectin and AP-1 protein after

transfection were determined using Western blotting

method. The differentiated 3T3-L1 adipocytes were treated

with protein cleavage enzyme. After centrifugation, the

supernatant protein was obtained. The SDS-PAGE (8 %

SDS) was conducted on 30 ll of supernatant protein. Then

it was transferred to the PVDF membrane and was sealed

with skim milk powder for 1 h. After being covered with

primary antibody overnight, the membrane was washed

with TBST for three times, 10 min for each time. Then the

horseradish peroxidase conjugated secondary antibody was

added. After incubation for 1 h, the membrane was washed,

then colored with aqueous solution of A and B. After X-ray

film exposure, developing and fixation, it was observed.

Determination of adiponectin and AP-1 mRNA

expressions after transfection

The expressions of adiponectin and AP-1 mRNA after

transfection were determined using RT-PCR method. Total

RNA was extracted with TRIzol reagent according to the

manufacturer’s protocol. The primers of adiponectin, AP-1
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and b-actin were designed using Beacon Designer 2.0

software. The sequence of the upstream primer of adipo-

nectin was 50-GTCCTAAGGGAGACATCGGT-30, with

50-CAGTGGAATTTACCAGTGG-30 for downstream pri-

mer. For AP-1, the upstream and downstream primer

sequences were 50-CACGTTAACAGTGGGTGCCA-30

and 50-CCCCGACGGTCTCTCTTCA-30, respectively. For

b-actin, the upstream and downstream primer sequences

were 50-GCTATCCAGGCTGTGCTATC-30 and 50-CAG

CACTGTTTGGCGTACA-30, respectively. The cDNA was

synthesized using RevertAidTM first strand cDNA syn-

thesis kit. Then the RT-PCR amplification was performed

using cDNA as template according to the standard proto-

col, followed by the agarose gel electrophoresis.

Statistical analysis

Data were expressed as mean ± SD. Statistical analysis

was performed using SPSS 12.0 statistical software, and

P \ 0.05 was considered as statistically significant.

Results

Changes of microRNAs expression profiles

during adipocyte differentiation

As shown in Tables 1 and 2, there were 30 down-regulated

microRNAs (miR-24, miR-296, etc.) and 16 up-regulated

microRNAs (miR-27a, miR-27b and miR-21, etc.) in dif-

ferentiated adipocytes. The up-regulation of miR-21 was the

most obvious. These indicated that, the expression profiles of

microRNAs were obviously changed during adipocyte dif-

ferentiation, and the adipocyte-related microRNAs existed.

Effect of miR-21 on adipocyte differentiation

After transfection, inducing differentiation and Oil-red-O

staining, the morphological changes of 3T3-L1 adipocytes

were observed. Results were shown in Fig. 1. On the 7th day

after inducing differentiation, the number and volume of miR-

21 transfected adipocytes was singnificantly larger than those

of normal preadipocytes in control (Fig 1c). Treatment of

miR-21 inhibitor could restore the number and volume of the

adipocytes, compared with the miR-21 transfection (Fig 1d).

This indicated that, the miR-21 transfected 3T3-L1 adipo-

cytes had a higher degree of differentiation.

Effect of miR-21 on adiponectin mRNA and protein

expression

After extraction of total protein, the adiponectin mRNA and

protein level was determined. Results showed that, after

transfection with miR-21 and inducing differentiation, the

expression level of adiponectin mRNA in 3T3-L1 adipocytes

was obviously up-regulated (Fig. 2, 0.83 ± 0.07 vs. 0.42 ±

0.05, P \ 0.01), and the amount of adiponectin protein

significantly increased (Fig. 3, 0.78 ± 0.06 vs. 0.39 ± 0.05,

P \ 0.01), compared with control. Meanwhile, miR-21

inhibitor co-transfection blocked miR-21’s effects on adip-

onetcin mRNA (Fig. 2, 0.37 ± 0.06 vs. 0.83 ± 0.07,

P \ 0.01) and protein expression (Fig. 3, 0.45 ± 0.04 vs.

0.78 ± 0.06, P \ 0.01), compared with miR-21 transfection

alone. The expression of adiponectin mRNA and protein was

not found in 3T3-L1 preadipocytes.

Reversal effect of AP-1 overexpression on miR-21

stimulatory function

The effect of miR-21 overexpression on miR-21 regulated

AP-1 mRNA and protein expression was determined. As

Table 1 Down-regulated microRNAs during 3T3-L1 adipocyte

differentiation

microRNAs Fold change P value

mu-miR-24 -3.72 0.0007

mmu-miR-16 -3.68 0.0009

mmu-miR-15a -3.63 0.0012

mmu-miR-15b -3.60 0.0017

mmu-miR-296 -3.57 0.0019

mmu-miR-26a -3.56 0.0021

mmu-miR-25 -3.54 0.0023

mmu-miR-17-3p -2.95 0.0026

mmu-miR-29a -2.84 0.0029

Unknown_mmu_target -2.71 0.0031

mmu-miR-26b -2.65 0.0034

mmu-miR-10a -2.60 0.0035

mmu-let-7f -2.59 0.0037

mmu-miR-292-5p -2.53 0.0041

Unknown_mmu target -2.46 0.0048

Unknown_mmu_target -2.43 0.0051

mmu-miR-292-5p_MM2 -2.42 0.00452

mmu-let-7d -2.40 0.0054

mmu-miR-182 -2.37 0.0056

mmu-let-7a -2.39 0.0059

mmu-miR-23b -2.43 0.0061

mmu-miR-10b -1.22 0.0091

mmu-miR-320 -1.24 0.0108

mmu-miR-16 -1.21 0.0112

mmu-let-7e -1.20 0.0124

mmu-miR-23a -1.17 0.0129

mmu-miR-292-3p -1.17 0.0129

mmu-miR-33 -1.14 0.0132

mmu-miR-22 -1.11 0.0135

Unknown_mmu_target -1.07 0.0143
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shown in Figs. 4 and 5, the AP-1 mRNA and protein levels

in 3T3-L1 adipocytes with miR-21 overexpression were

obviously lower than that in preadipocytes (mRNA:

0.20 ± 0.04 vs. 0.71 ± 0.09, and protein: 0.09 ± 0.02 vs.

0.91 ± 0.07, P \ 0.01) and control adipocytes (mRNA:

0.20 ± 0.04 vs. 0.45 ± 0.05, and protein: 0.09 ± 0.02 vs.

0.33 ± 0.03, P \ 0.01), respectively. Meanwhile, miR-21

inhibitor co-transfection abolished miR-21’s effects on

adiponetcin mRNA and protein expression, compared with

miR-21 transfection alone (mRNA: 0.36 ± 0.06 vs.

0.20 ± 0.04, and protein: 0.31 ± 0.03 vs. 0.09 ± 0.02,

P \ 0.01). This indicated that, the miR-21 overexpression

could significantly inhibit the expression of AP-1 mRNA

and protein.

Based on above results, the effect of AP-1 oveexpres-

sion on miR-21 stimulatory function for adiponectin

expression was observed. It was found that, when AP-1

was overexpressed in 3T3-L1 adipocytes, there was no

significant difference of adiponectin mRNA and protein

level between adipocytes transfected with miR-21 and

control (Figs. 6 and 7), indicated that AP-1 overexpression

Table 2 Up-regulated microRNAs during 3T3-L1 adipocyte differ-

entiation

microRNAs Fold change P value

mmu-miR-27b 1.57 0.0015

mmu-miR-27a 1.59 0.0018

Unknown_mmu_target 1.68 0.0023

mmu-miR-143 1.77 0.0035

mmu-miR-29a 1.89 0.0056

mmu-let-7g 1.92 0.0072

Unknown_mmu_target 2.17 0.0098

mmu-miR-146 2.35 0.0116

mmu-miR-142 2.64 0.0229

Unknown_mmu_target 2.68 0.0231

mmu-miR-199b 2.76 0.0247

Unknown_mmu_target 2.90 0.0262

mmu-miR-189 3.19 0.0274

mmu-miR-291a-5p 3.55 0.0334

Unknown_mmu_target 3.79 0.0348

mmu-miR-21 4.08 0.0358

Fig. 1 Oil-red-O stained 3T3-L1 adipocytes 7 days after inducing

differentiation (409). a 3T3-L1 preadipocytes; b 3T3-L1 adipocytes

were transfected with control; c 3T3-L1 adipocytes were transfected

with miR-21; d 3T3-L1 adipocytes were co-transfected with miR-21

and miR-21 inhibitor
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inhibited the miR-21’s effect on adiponectin expression

(Figs 2 and 3). As shown in Figs. 2 and 3, miR-21 could

significantly increase the adiponectin mRNA and protein

expression level. Therefore, it was indicated that, under the

condition of AP-1 overexpression, miR-21 could not

stimulate the adiponectin expression. In other word, AP-1

Fig. 2 Effect of miR-21 on adiponectin mRNA expression. 1 3T3-L1

preadipocytes; 2 3T3-L1 adipocytes were transfected with control; 3

3T3-L1 adipocytes were transfected with miR-21; 4 3T3-L1 adipo-

cytes were co-transfected with miR-21 and miR-21 inhibitor

Fig. 3 Effect of miR-21 on adiponectin protein expression. 1 3T3-L1

preadipocytes; 2 3T3-L1 adipocytes were trasnfected with control; 3

3T3-L1 adipocytes were transfected with miR-21; 4 3T3-L1 adipo-

cytes were co-transfected with miR-21 and miR-21 inhibitor

Fig. 4 Effect of miR-21 on AP-1 mRNA expression. 1 3T3-L1

preadipocytes; 2 3T3-L1 adipocytes were transfected with control; 3

3T3-L1 adipocytes were transfected with miR-21; 4 3T3-L1 adipo-

cytes were co-transfected with miR-21 and miR-21 inhibitor

Fig. 5 Effect of miR-21 on AP-1 protein expression. 1 3T3-L1

preadipocytes; 2 3T3-L1 adipocytes were transfected with control; 3

3T3-L1 adipocytes were transfected with miR-21; 4 3T3-L1 adipo-

cytes were co-transfected with miR-21 and miR-21 inhibitor
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overexpression could reverse the stimulatory effect of miR-

21 on adiponection expression.

Discussion

The main purpose of our study is to explore the pot-

ential regulation function of microRNAs in adipocyte

differentiation. The microRNAs which are closely related to

adipocyte differentiation have been screened and identified.

For miR-21 which has significant regulating activity, the

high expression plasmid is constructed and transfected into

3T3-L1 preadipocytes. The regulating effect of miR-21 on

adipocyte differentiation and expression of adipocyte-spe-

cific gene adiponectin is discussed. Results show that, the

expression profiles of microRNAs have significantly chan-

ged during 3T3-L1 adipocyte differentiation, and the up-

regulated miR-21 overexpression can obviously promote the

preadipocyte differentiation, and increase the adiponectin

expression, while decrease AP-1 expression.

More and more studies find that, microRNAs play an

important role in adipocyte differentiation. For example, in

adipocyte differentiation, the expression of miR-27 is

down-regulated, and its overexpression can specifically

inhibit the differentiation [14]. The expression of miR-143

is up-regulated in adipocyte differentiation, and the inhi-

bition of its expression can effectively reduce the adipocyte

differentiation [15, 16]. In addition, the expression of Let-7

is up-regulated in 3T3-L1 preadipocyte differentiation, and

its overexpression can inhibit 3T3-L1 cell clonal amplifi-

cation by targeting HMGA2 [17]. These data suggest that,

the microRNAs expression profiles may change in adipo-

cyte differentiation. This has been proved in our study,

namely, the microRNAs which are associated with adipo-

cyte differentiation exist. The overexpression of some

microRNAs (e.g. miR-21) can significantly promote the

adipocyte differentiation, and increase the expression of

marker genes such as adiponectin.

There are a variety of adipocyte differentiation marker

genes, such as PPAR c, C/EBP a, LP1 and A-FABP [18].

Existing researches indicate that, the adiponectin is closely

related to obesity, insulin resistance, type 2 diabetes and

other metabolic syndromes. The adiponectin concentration

in serum of patients with obesity decreases significantly.

Simpson et al. [19] finds that, the reduced plasma level of

adiponectin, especially adiponectin with high molecular

weight, is the main cause of type 2 diabetes and cardio-

vascular diseases leading to obesity. As reported by

Spranger et al. [20] the adiponectin plasma level is low in

patients with type 2 diabetes. The high concentration of

adiponectin can reduce the relative risk in patients with

type 2 diabetes, and can greatly reduce the incidence of

type 2 diabetes in healthy people. Kubota et al. [21] finds

that, in adiponectin knockout mice, the blood sugar and

insulin concentration increases significantly. The exoge-

nous supplementation of adiponectin can significantly

increase insulin sensitivity and reduce insulin resistance

[21]. The research of Bloomgarden et al. [22] shows that, in

patients with type 2 diabetes, the adiponectin can promote

the burning and consumption of fatty acid in muscle cells

reduce insulin resistance. In our study, when miR-21 is

Fig. 6 Effect of AP-1 overexpression on miR-21 regulated adipo-

nectin mRNA expression. 1 3T3-L1 preadipocytes transfected with

AP-1; 2 3T3-L1 adipocytes co-transfected with miR-21 and AP-1; 3

3T3-L1 adipocytes co-transfected with control and AP-1

Fig. 7 Effect of AP-1 overexpression on miR-21 regulated adipo-

nectin protein expression. 1 3T3-L1 preadipocytes transfected with

AP-1 plasmid; 2 3T3-L1 adipocytes co-transfected with miR-21 and

AP-1; 3 3T3-L1 adipocytes co-transfected with control and AP-1
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over expressed in 3T3-L1 preadipocytes, the expression

levels of adiponectin mRNA and protein in differentiated

adipocytes is obviously up-regulated. This suggests that,

miR-21 may accelerate the adipocyte differentiation by

promoting adiponectin expression.

Update, it is unknown about the molecular mechanisms

underlying microRNA regulating adipocyte differentiation

and adipogenic gene expression. Several reports have

indicated the it may be complicated, such as, oxidative

stress and inflammation could be involeved in the micr-

oRNA’s role in dipogenesis [23]. Of particular interest,

miR-21 regulates adipocyte differentiation through the

modulation of TGF-beta signaling in mesenchymal stem

cells derived from human adipose tissue [24]. Recently, it

was recognized that some nuclear transcription factors

might be responsible for mediating the microRNAs role in

adipocyte differentiation such as Osterix [25], KLF5 [26],

and Prdm16 [27]. In the present study, it was found that

miR-21 had inhibitory effect on AP-1 expression during

adipogenesis. The AP-1 is a dimeric complex of Jun and

Fos proteins. As a transcription factor, it is involved in

regulation of physiological and pathophysiological pro-

cesse of many diseases. At present, the role of AP-1 in

adipocyte differentiation is not clear. It is found that, the

activation of JNK-Jun can prevent the lipogenesis by

PPAR-c phosphorylation [28, 29], and inhibit the adipocyte

differentiation from mesenchymal stem cells by down-

regulating CREB [30]. This study also finds that, after the

3T3-L1 preadipocytes differentiate into adipocytes, the

AP-1 expression level decreases. Interestingly, when the

miR-21 overexpression promotes adiponectin expression,

the AP-1 expression is inhibited. In addition, the AP-1

overexpression can absolutely reverse the stimulating

effect of miR-21 on adiponectin, which may be due to the

collaborative regulation of miR-21 and AP-1 on adipocyte-

specific genes. To our knowledge, this is firstly reported.

Whether there are other transcription factors involved in

miR-21 promoted adipocyte differentiation and adiponec-

tin expression remains to be further studied.

In conclusion, the key microRNAs which are associ-

ated with adipocyte differentiation have been screened

and identified in this study. miR-21 is the microRNA

with the most obvious expression up-regulation. The high

expression system of miR-21 in 3T3-L1 preadipocytes is

constructed. Ap-1 mgiht play an important role in miR-

21-mediated effects on adipocyte differentiation and

adiponectin expression. This study has revealed the

effect of microRNAs on adipocyte differentiation and

regulating gene expression, and has provided a theory

basis for further clarify the regulating effect of mi-

croRNAs on adipocyte differentiation and its pathologi-

cal significance.
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