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Abstract. Paeonol can regulate a variety of physiological and 
pathological processes such as thrombosis, oxidative stress, 
inflammation and atherosclerosis. However, its potential role 
and underlying mechanisms in obesity and lipid metabolism 
remain to be elucidated. In the present study, 3T3‑L1 cells 
were differentiated and collected on days 4, 6 and 8. The 
expression levels of fatty‑acid‑binding protein 4 (FABP4) 
and microRNA (miR)‑21 were detected using reverse 
transcription‑quantitative PCR and western blot analyses. Cell 
viability was assessed using a Cell Counting Kit‑8 assay. A 
miR‑21 mimic was constructed and transfected into 3T3‑L1 
preadipocytes. Adipocyte differentiation was detected using 
Oil Red O staining. The proteins CD36, glucose transporter 4, 
peroxisome proliferator‑activated receptor γ (PPAR‑γ) and 
adipocyte protein 2 (Ap2) were detected using western blot 
analysis. The expression levels of FABP4 and miR‑21 were 
increased in differentiated 3T3‑L1 cells. Paeonol exhibited 
no effects on cell activity, whereas it inhibited the expression 
levels of miR‑21 in the 3T3‑L1 differentiated adipocytes. 
Paeonol suppressed the differentiation of 3T3‑L1 adipocytes 
and its effect was partially reversed by the overexpression of 
miR‑21. In addition, paeonol promoted the lipid degradation of 
3T3‑L1 adipocytes, increased the expression levels of PPAR‑γ 
and Ap2, and suppressed triglyceride synthesis in these cells. 
These effects were partially reversed by the overexpression 
of miR‑21. In conclusion, the findings of the present study 
indicated that paeonol may exert protective effects against 
lipid formation and promote lipid degradation in adipocytes. 
These data provide evidence of the regulatory effect of paeonol 

on adipocyte differentiation and highlight its pathological 
significance.

Introduction

Childhood obesity is a major public health problem world‑
wide  (1). The prevalence of obesity among children and 
adolescents in China has increased from 12.3 to 37.3% between 
1991 and 2015 (2). Excessive accumulation of adipose tissue, 
increased inflammatory response, heterotopic deposition of 
lipids in other tissues and elevated lipid levels in obese patients 
are the main factors responsible for inducing secondary 
diseases, such as diabetes, fatty liver, cardiovascular disease 
and cancer (3).

Paeonol, also known as peony, is derived from the dried 
bark of Paeonia suffruticosa, which belongs to Paeoniaceae 
(Ranunculaceae) or the dried root of Xu Chang qing 
(Asclepiadaceae) or the whole grass (4). The chemical name 
of paeonol is 2‑hydroxy‑4‑methoxyacetophenone and it has a 
wide range of biological activities (5). For example, paeonol 
plays a role in numerous pharmacological actions, including 
antiallergic, anti‑inflammatory, antitumor, cardioprotective, 
neuroprotective, antidiabetic and antimicrobial effects (6‑8). 
Paeonol can regulate a variety of physiological and pathological 
processes, such as thrombosis, oxidative stress, inflamma‑
tion and atherosclerosis (9‑11). Moutan Cortex and Paeoniae 
Radix Rubra are common traditional Chinese medicines and 
reverse high‑fat diet‑induced metabolic disorder and restore 
gut microbiota homeostasis (12). However, as a major compo‑
nent of Moutan Cortex and Paeoniae Radix Rubra, paeonol in 
obesity and lipid metabolism has not been fully elucidated to 
the best of our knowledge.

MicroRNAs (miRNAs/miRs) are small non‑coding RNA 
molecules of 21‑23 nucleotides in length. miRNAs play an 
important role in the regulation of insulin secretion from 
pancreatic islet β cells (13‑15). Meng et al (16) demonstrated 
that miR‑21 expression was downregulated in the endothe‑
lial progenitor cells of patients with type 2 diabetes, while 
Tomé‑Carneiro  et  al  (17) demonstrated that miR‑21 was 
involved in the circulatory immune response of hypertensive 
drugs in type 2 diabetes. Paeonol can protect vascular endo‑
thelial cells from oxidized low‑density lipoprotein‑induced 
injury by downregulating miR‑21 expression  (18). The 
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expression levels of miR‑21 are increased during adipocyte 
differentiation  (19). Therefore, the present study aimed to 
explore whether paeonol could inhibit lipid formation and 
promote lipid degradation in adipocytes by decreasing the 
expression levels of miR‑21.

Materials and methods

Cell culture and transfection. 3T3‑L1 preadipocytes were 
obtained from the American Type Culture Collection. The 
cells were cultured in DMEM (HyClone; Cytiva) supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
and incubated at 37˚C with 5% CO2.

3T3‑L1 adipocytes were grown for 2 days after contact 
inhibition and cultured for 48 h at 37˚C with DMEM containing 
0.5 mM 3‑isobutyl‑methylxanthine, 1 mM dexamethasone, 
10 mg/ml insulin and 10% FBS (induction differentiation solu‑
tion I). Induction differentiation solution I was discarded, and 
cells were cultured with DMEM containing only 10 mg/ml 
insulin (induction differentiation solution II) and differentiated 
until day 8. For paeonol treatment, paeonol (purity 99.86%; 
MedChemExpress) was dissolved in DMSO (final concentra‑
tion <0.01%). 3T3‑L1 preadipocytes were treated with different 
concentrations (30, 60 and 120 µM) of paeonol for 24 h along 
with the induction differentiation solution for another 48 h, 
and paeonol was renewed simultaneously with the induction 
differentiation solution until the cells differentiated at day 8.

miR‑21 mimic (100  nM) and mimic negative control 
(100 nM) were synthesized by Shanghai GenePharma Co., 
Ltd. The sequence of miR‑21 mimic was 5'‑UAGCUUAUC 
AGACUGAUGUUGA‑3'. The sequence of mimic negative 
control was 5'‑UCUGACAGUUACCAAUGCUUAA‑3'. The 
cells were seeded into 6‑well plates at a density of 
3x105 cells/well and cultured for 24 h at 37˚C. The aforemen‑
tioned oligonucleotides were transfected into the cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 37˚C for 6 h. Then, transfected cells were further incu‑
bated for 48  h at 37˚C, according to the manufacturer's 
protocol. The transfection efficiency was detected using 
reverse transcription‑quantitative PCR (RT‑qPCR) following 
48 h of transfection.

Cell Counting Kit‑8 (CCK‑8) assay. Trypsin (Beyotime 
Institute of Biotechnology) was used to prepare 3T3‑L1 cells 
in a single cell suspension. Subsequently, the cells were plated 
into four 96‑well plates (2x103  cells/well) and incubated 
for 0, 24, 48 or 72 h. Following each incubation, CCK‑8 solu‑
tion (Dojindo Molecular Technologies, Inc.) was added to 
the culture medium in the 96‑well plate and incubated for a 
further 1 h. The absorbance of the cells was detected using 
spectrophotometry (Thermo Fisher Scientific, Inc.).

Oil Red O staining. Following induction and differentiation, 
the cells were analyzed using Oil Red O staining. Briefly, the 
cells were washed with PBS solution and subsequently fixed 
with 4% formaldehyde for 30 min at room temperature. After 
10 min, a new 4% formaldehyde fixation solution was added, 
and the fixation was continued at room temperature for 2 h. The 
fixation solution was discarded, and 60% isopropanol solution 
was added to remove the residual formaldehyde solution. This 

was then discarded, and the cell culture plate was left in an oven 
at 37˚C to dry. The prepared Oil Red O working solution was 
incubated with the cells at room temperature in the dark for 10 
min. Samples were then rinsed 3‑4 times with PBS to remove 
the residual Oil Red O working solution. The cell culture plate 
was dried in an oven at 37˚C and a small amount of ultra‑pure 
water was added for image capture (light microscope; Nikon 
Corporation). The ultrapure water was discarded, and the cell 
culture plates were dried in an oven at 37˚C. Isopropanol solu‑
tion (100%) was added, and the plates were placed at room 
temperature in the dark for 10  min. The absorbance was 
measured at 490 nm using a microplate analyzer (MR‑96A; 
Shenzhen Mindray Bio‑Medical Electronics Co., Ltd.).

Glyceride content assay. Using the high‑fat sample glycerol 
enzyme assay kit (cat. no. E1002; Applygen Technologies, 
Inc.), all procedures were performed according to the manu‑
facturer's instructions. The cells were collected, and the lysate 
was added to each sample and mixed well, and incubated at 
room temperature for 10 min. The upper layer of liquid from 
the lysate was transferred to a centrifuge tube was heated at 
70˚C for 10 min and centrifuged for 5 min at 2,795 x g at room 
temperature. The supernatant obtained was used for enzy‑
matic assays. The absorbance was measured at 490 nm using 
a microplate analyzer.

RT‑qPCR. Total RNA was extracted from cells using TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.). Subsequently, 
PrimeScript™ RT reagent Kit (Takara Bio, Inc.) was used to 
reverse transcribe the RNA into cDNA. The reaction condi‑
tions were as follows: 37˚C for 15 min and 85˚C for 5 sec. 
qPCR was subsequently performed on an ABI 7500 Real‑Time 
PCR Detection system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). qPCR reactions were performed using ChamQ 
SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.). The 
thermocycling conditions were as follows: Pre‑denaturation at 
95˚C for 30 sec; followed by 40 cycles of denaturation at 95˚C 
for 10 sec, annealing at 55˚C for 30 sec and extension at 72˚C 
for 1 min. Expression levels were analyzed using the 2‑ΔΔCq 
method (20). The primer sequences used were as follows: Fatty 
acid‑binding protein 4 (FABP4) forward, 5'‑AAGGTGAAG 
AGCATCATAACCCT‑3' and reverse, 5'‑TCACGCCTTTCA 
TAACACATTCC‑3'; miR‑21 forward, 5'‑CCGCTCGAG 
ATCCCAGTAATGGAATGAAG‑3' and reverse, 5'‑ATA 
AGAATGCGGCCGCCATCACTTATTATTGCCTATGT‑3'; 
peroxisome proliferator‑activated receptor  γ (PPAR‑γ) 
forward, 5'‑GGAAGACCACTCGCATTCCTT‑3' and reverse, 
5'‑GTAATCAGCAACCATTGGGTCA‑3';  adipocyte 
protein 2 (Ap2) forward, 5'‑CGTCCCGCACGTAGAAGAC‑3' 
and reverse, 5'‑CGCCACCGAAGAGGTTGTC‑3'; U6 
forward, 5'‑CTCGCTTCGGCAGCACA‑3' and reverse, 
5'‑AACGCTTCACGAATTTGCGT‑3'; GAPDH forward, 
5'‑AGGTCGGTGTGAACGGATTTG‑3' and reverse, 5'‑GGG 
GTCGTTGATGGCAACA‑3'.

Western blotting. Total protein was extracted from cells using 
RIPA lysis buffer (Beyotime Institute of Biotechnology). 
Protein concentration was determined using a BCA protein 
assay kit and proteins (40  µg per lane) were separated 
using 10%  gels via SDS‑PAGE (Beyotime Institute of 
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Biotechnology). Following electrophoresis, the proteins 
were transferred to polyvinylidene fluoride membranes 
(MilliporeSigma) and blocked with 5% skimmed milk powder 
for 2 h at room temperature (diluted in PBS‑0.1% Tween‑20). 
The membranes were subsequently incubated overnight at 
4˚C with the following primary antibodies: Anti‑FABP4 
(1:1,000; cat. no. ab92501; Abcam), anti‑CD36 (1:1,000; cat. 
no. ab221605; Abcam), anti‑glucose transporter 4 (GLUT4; 
1:1,000; cat. no. ab216661; Abcam), anti‑PPAR‑γ (1:1,000; cat. 
no. ab272718; Abcam), anti‑Ap2 (1:1,000; cat. no. ab108311; 
Abcam) and anti‑GAPDH (1:1,000; cat. no. ab8245; Abcam). 
Following the primary antibody incubation, the membranes 
were washed with PBS‑0.1%  Tween‑20 three times and 
incubated with goat anti‑mouse IgG H&L (HRP) (1:2,000; 
cat. no. ab6789; Abcam) or goat anti‑rabbit IgG H&L (HRP) 
(1:3,000; cat. no. ab6721; Abcam) at room temperature for 2 h. 
All antibodies were diluted in PBS‑0.1% Tween‑20. Protein 
bands were visualized using Pierce Western Blotting substrate 
(Thermo Fisher Scientific, Inc.) and densitometric analysis 
was performed using ImageJ software (version 1.48v; National 
Institutes of Health).

Statistical analysis. All experiments were independently 
repeated at least three times and the data are presented as 
the mean ± SD. Statistical analyses were performed using 
SPSS 19.0 software (IBM Corp.). One‑way ANOVA followed 
by Tukey's post hoc test was used to evaluate statistical 
differences between groups in all experiments. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression levels of miR‑21 are increased in 3T3‑L1 cells 
following differentiation. FABP4 is one of the markers of 
adipocyte differentiation (21). The expression levels of FABP4 

were detected using RT‑qPCR and western blot analyses. The 
increase in cell differentiation time resulted in gradual upregu‑
lation in the expression levels of FABP4 (Fig. 1A and B). The 
results of the RT‑qPCR analysis indicated that the expression 
levels of miR‑21 were also increased during adipocyte differ‑
entiation (Fig. 1C).

Paeonol inhibits the expression levels of miR‑21 in 3T3‑L1 
differentiated adipocytes. To investigate the effects of paeonol 
on adipocytes, different concentrations of this compound 
were added to the differentiation medium. A CCK‑8 assay 
was used to detect cell viability and the results revealed that 
the different concentrations of paeonol exhibited no effects 
on cell viability (Fig. 2A). However, the RT‑qPCR results 
indicated that the expression levels of miR‑21 were decreased 
following an increase in paeonol concentration after the 
addition of differentiation medium to the cells (Fig. 2B). 
Therefore, the 120 µM paeonol group, which exhibited the 
highest inhibitory effect, was selected for use in subsequent 
experiments.

Paeonol inhibits the adipocyte differentiation of 3T3‑L1 
cells, while the overexpression of miR‑21 reverses this effect. 
To further explore the specific mechanism of paeonol‑medi‑
ated inhibition of 3T3‑L1 adipocyte differentiation, miR‑21 
mimics were transfected into the cells and the expression 
levels of miR‑21 were assessed using RT‑qPCR. The results 
indicated that the expression levels of miR‑21 were signifi‑
cantly upregulated in the miR‑21 mimic group (Fig. 3A). 
The differentiation of adipocytes was detected by Oil Red O 
staining (Fig. 3B). On the eighth day of differentiation, lipid 
accumulation was present in the cells and the staining was 
positive. Following addition of paeonol, the number of posi‑
tively stained cells was significantly decreased. Following 
transfection with the miR‑21 mimic, however, the number 

Figure 1. Expression levels of miR‑21 were increased in differentiated 3T3‑L1 cells. The expression levels of FABP4 were detected by (A) western blotting 
and (B) RT‑qPCR analyses. (C) Expression levels of miR‑21 were also detected using RT‑qPCR analysis. *P<0.05 and ***P<0.001 vs. 3T3‑L1 (undifferentiated 
cells). miR, microRNA; FABP4, fatty‑acid‑binding protein 4; RT‑qPCR, reverse transcription‑quantitative PCR.
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of adipocytes stained with Oil Red O was significantly 
increased. Then, as demonstrated by RT‑qPCR as well as 

western blotting results (Fig. 3C and D), paeonol inhibited 
the expression levels of mRNA as well  as protein of the 

Figure 2. Paeonol inhibits the expression levels of miR‑21 in 3T3‑L1 differentiated adipocytes. (A) Cell Counting Kit‑8 assay was used to detect cell viability. 
(B) Expression levels of miR‑21 were detected using reverse transcription‑quantitative PCR. *P<0.05 and ***P<0.001 vs. 3T3‑L1 (undifferentiated cells); 
###P<0.001 vs. 3T3‑L1 (differentiation 8 days). miR, microRNA.

Figure 3. Paeonol inhibits adipocyte differentiation of 3T3‑L1 cells and overexpression of miR‑21 reverses this effect. (A) Expression levels of miR‑21 were 
detected using RT‑qPCR. (B) Differentiation of adipocytes was detected using Oil Red O staining (magnification, x200). The expression levels of the adipocyte 
differentiation marker, FABP4, were detected using (C) RT‑qPCR and (D) western blotting analyses. ***P<0.001 vs. 3T3‑L1 or 3T3‑L1 (undifferentiated 
cells); ###P<0.001 vs. 3T3‑L1 (differentiation 8 days); ΔΔΔP<0.001 vs. 3T3‑L1 (differentiation 8 days + 120 µM + NC). miR, microRNA; RT‑qPCR, reverse 
transcription‑quantitative PCR; FABP4, fatty‑acid‑binding protein 4; NC, negative control.
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adipocyte differentiation marker FABP4, while miR‑21 
mimic could partially reverse the effect of paeonol on FABP4 
expression inhibition.

Paeonol promotes lipid degradation and inhibits triglyc‑
eride (TG) synthesis and the expression of adipogenic 
transcription factors in adipocytes, whereas overexpression 
of miR‑21 reverses these effects. High‑fat sample glycerol 
enzyme assay kit was used to measure glycerol production 
in the supernatant (Fig. 4A). Glycerol levels were increased 
following the differentiation of 3T3‑L1 cells. Paeonol 
promoted the glycerol degradation of adipocytes, while the 
overexpression of miR‑21 reversed its effect. Western blot 
analysis was used to detect the expression levels of the TG 
metabolism‑associated proteins CD36 and GLUT4. Paeonol 
inhibited TG synthesis, while the overexpression of miR‑21 
reversed this effect (Fig. 4B and C). Furthermore, the expres‑
sion levels of the adipogenic transcription factors, PPARγ and 
AP2, were detected using RT‑qPCR (Fig. 5A) and western 
blot (Fig. 5B) analyses. The expression levels of PPARγ and 
AP2 were increased in 3T3‑L1 cells following cell differen‑
tiation, whereas they were decreased following treatment with 
paeonol. Overexpression of miR‑21 also reversed the changes 
in expression level of PPARγ and AP2.

Discussion

Adipocytes originate from mesenchymal stem cells 
(MSCs)  (22). MSCs form preadipocytes, which gradually 
accumulate fat droplets and differentiate into mature adipo‑
cytes following growth inhibition, clonal proliferation and 
gene regulation (23). Previous studies have shown that the 
volume of adipocytes cannot be increased infinitely. When 
the volume of adipocytes exceeds 1.2‑1.6 µg adipocytes/cells, 
preadipocytes are activated via paracrine mechanisms. This 
in turn induces their proliferation and differentiation into 
adipocytes  (24). Therefore, the proliferation and differ‑
entiation of preadipocytes leads to the rapid proliferation 
of mature adipocytes, which is one of the mechanisms 
responsible for causing obesity. In a previous study, 3T3‑L1 
preadipocytes were cloned and amplified from Swiss3T3 
mouse embryonic fibroblasts. Following induction in vitro, 
3T3‑L1 preadipocytes differentiated into mature adipocytes, 
which can be used as an in  vitro model to simulate the 
adipocyte differentiation process and the function of viable 
adipocyte tissue (25). 3T3‑L1 preadipocytes are internation‑
ally recognized cell lines for the study of the adipogenic 
process (26). Therefore, this study used 3T3‑L1 cells as the 
basis to explore the role of paeonol.

Figure 4. Paeonol promotes lipid degradation and inhibits TG synthesis in adipocytes, while overexpression of miR‑21 reverses these effects. (A) GPO‑Trinder was 
used to measure glycerin production in the supernatant. (B) Western blotting and (C) RT-qPCR analysis were used to detect the expression levels of the inflam‑
matory protein CD36 and the synthesis of GLUT4 by TGs. ***P<0.001 vs. 3T3‑L1 (undifferentiated cells); ##P<0.01 and ###P<0.001 vs. 3T3‑L1 (differentiation 8 
days); ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 vs. 3T3‑L1 (differentiation 8 days + 120 µM + NC). TG, triglyceride; miR, microRNA; GLUT4, glucose transporter 4.
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The anti‑inflammatory and antioxidant effects of paeonol 
have been noted in specific inflammatory diseases, such as 
periodontitis and dermatitis (27). Paeonol significantly inhibits 
periodontitis‑associated inflammation and oxidative stress 
levels by regulating the nuclear factor erythroid‑2/NF‑κB 
signaling pathway (27,28). In a previous study, an emollient 
that contained paeonol was found to significantly improve the 
skin moisture content, pH and water shunt loss rate of a mouse 
atopic dermatitis model, without causing skin irritation (29). 
These aforementioned studies demonstrated the anti‑inflam‑
matory and antioxidant effects of paeonol. In the present 
study, the role of paeonol in lipids associated with obesity was 
further investigated. The experimental results of the current 
study demonstrated that paeonol promoted lipid degradation 
in adipoblast cells, inhibited TG synthesis and lipid formation 
in adipoblast cells and promoted lipid degradation.

The differentiation of adipocytes is a complex process 
regulated by transcription factors (30). Members of the PPAR 
family are major transcription factors that regulate adipocyte 
differentiation. A previous study reported that anthocyanin 
extract could significantly decrease the expression levels of 
the adipocyte differentiation‑related transcription factors, 
PPARγ and Ap2 (31). The results of the present study showed 
that paeonol inhibited the expression of adipogenic tran‑
scription factors in 3T3‑L1 adipocytes, and overexpression 
of miR‑21 reversed its effect. The accumulation of TGs in 

adipocytes can reflect the degree of differentiation (32). Oil 
Red O can bind to neutral lipids (33). In the present study, the 
data indicated that paeonol inhibited the adipocyte differen‑
tiation of 3T3‑L1 cells. Oil Red O staining analysis indicated 
that paeonol promoted lipid degradation and inhibited TG 
synthesis in adipoblast cells, while the overexpression of 
miR‑21 reversed this effect.

In conclusion, the current study investigated the effects 
of paeonol on the proliferation and differentiation of 3T3‑L1 
preadipocytes and discussed its effects on lipid formation and 
promote lipid degradation in adipocytes. However, due to the 
lack of time and funding for this study, research on miR‑21 
and its target genes were limited and require further elucida‑
tion. Previous studies have shown that miR‑21 regulates the 
proliferation and apoptosis of ovarian cancer cells through 
PTEN/PI3K/Akt, and bioinformatics analysis has found that 
there are complementary binding sites between miR‑21 and the 
3'‑untranslated region of PTEN (34). Therefore, future studies 
will further investigate the effects of miRNAs associated with 
paeonol and their target genes on the biological functions of 
obesity and lipid metabolism by establishing animal and cell 
models.
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