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Abstract: Objective: To investigate the role of miRNA-137-3p and Kruppel-like factor 4 (KLF4) in the regulation of 
osteoblast proliferation and apoptosis in osteoporotic (OP) rats by zoledronic acid (ZA) via the Rap1/p38MAPK 
signaling pathway. Methods: Sixty rats were randomly and equally divided into control, Sham, OP and OP + ZA 
treatment groups. The targeting relationship between miRNA-137-3p and KLF4 was validated by Targetscan and 
double luciferase reporters. qRT-PCR and western blot were used to detect the expression of miR-137-3p, KLF4, 
and Rap1/p38MAPK pathway related factors and markers of osteogenic differentiation in femoral tissue and cell 
lines of each group. MTT assays and flow cytometry were used to detect cell proliferation and apoptosis, respec-
tively. Results: Compared to the control and Sham groups, the OP model group showed significantly lower levels 
of blood phosphorus and BMD; both in femoral tissue and cell lines, the OP model group showed significantly 
increased miRNA-137-3p expression, decreased KLF4 expression, inhibited Rap1/p38MAPK pathway activation 
and the down-regulated expression of osteogenic differentiation markers; leading to the decreased osteoblast pro-
liferation and increased apoptosis rates (all P<0.05). All these indices improved following ZA treatment (all P<0.05). 
Compared to blank and negative control groups, miRNA-137-3p expression in the miR-137-3p mimic group was up-
regulated, whilst KLF4, p38 MAPK, Rap1 and p-p38 MAPK were down-regulated. si-KLF4 could reverse the effects 
of miRNA-137-3p inhibition. Conclusion: Inhibiting miRNA-137-3p up-regulates the expression of KLF4, activates 
Rap1/p38MAPK signaling pathway, and promotes the proliferation of osteoblasts in OP rats treated with ZA, inhibit-
ing osteoblast apoptosis.
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Introduction

Osteoporosis (OP) is a common type of meta-
bolic bone lesions characterized by reduced 
bone mass, increased bone fragility and the 
destruction of the bone microstructures [1]. A 
decline in osteoblast ability to form new bone, 
and an increase in osteoclast absorption are 
the main causes of disease [2]. Zoledronic acid 
(ZA) is a diphosphate drug that promotes bone 
formation and inhibits bone resorption. ZA is 
widely used in the treatment of OP and meta-
static bone cancer [3-5].

miRNAs are endogenous, non-coding small 
RNAs that control the transcription and transla-
tion of more than a third of all human genes, 
regulating a plethora of biological processes 
including proliferation, apoptosis and differen-

tiation [6]. miRNAs have much utility in disease 
treatment [7, 8]. Liu et al. found that the expres-
sion of miRNA-137 could predict the fracture 
risk in osteoporotic patients [9]. As key regula-
tors of bone metabolism, osteoblasts are regu-
lated by a range of factors and cytokines [10]. 
Kruppel-like factor 4 (KLF4) is a member of the 
KLFs family. Previous studies have found that 
KLF4 is mainly expressed in the digestive tract, 
but its expression in bone tissue is significantly 
increased during osteoblast differentiation [11, 
12]. However, the role of miRNAs and their 
downstream pathway regulation of OP remain 
poorly characterized.

In this study, we reveal for the first time that 
miRNA-137-3p targets KLF4 and regulates 
osteoblast differentiation in osteoporotic rats 
treated with ZA.

http://www.ijcem.com
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Materials and methods

Animal model construction

Sixty 6-month-old female SD rats of SPF grade, 
weighing 270±20 g, were selected. Rats were 
purchased from the Hunan Medical Laboratory 
Animal Center. Rats were housed at a tempera-
ture of 23±4°C, a humidity of 60±5%, and day 
and night cycles of 12 h. After one week of 
adaptive feeding, the 60 rats were divided into 
control (normal control group), Sham operation, 
OP model and OP + ZA treatment groups (ZA 
was purchased from Guorui Pharmaceutical 
Co., Ltd. of SINOPHARM Group), with 15 rats in 
each group. The OP model was established by 
bilateral ovariectomy [13]. This study was 
approved by the Ethical Committee of Kunshan 
First People’s Hospital, Affiliated Kunshan 
Hospital of Jiangsu University. All rats were fast-
ed for 12 h prior to operation. Based on a dos-
age of 40 mg/kg, rats were firstly anesthetized 
with 3% sodium pentobarbital solution (Merck, 
Shanghai North Connaught Biotechnology Co., 
Ltd., China). Rats were then fixed on the operat-
ing table and a longitudinal incision about 1 cm 
was made on the dorsal side under sterile con-
ditions. After separating the skin, dorsal mus-
cles were opened from both sides of the spine 
to expose and remove the ovaries. Residual 
ovaries were ligated using a surgical line. The 
muscle layer and skin of rats was sutured and 
the other ovaries were removed by identical 
methods following alcohol disinfection. No 
treatments were performed in the control 
group. In the Sham group, the ovaries were only 
exposed instead of excised, and excess adi-
pose tissue was removed and then rats were 
stitched up. Rats in the Sham, OP and OP + ZA 
groups were injected with gentamicin sulfate 
(Cisen Pharmaceutical Co., Ltd., China) intra-
muscularly for 3 consecutive days to avoid 
infection. After 7 days of modeling, rats in the 
OP + ZA treatment group were administered 
100 µg·kg-1·d-1 ZA by gavage [14]. ZA was dis-
solved in 6 mL of distilled water. Rats in the 
Sham and OP groups were given identical vol-
umes of normal saline for 40 consecutive days.

After 40 days of intervention, rats were fasted 
without water for 12 h to prevent rats from 
reflux and aspiration under anesthesia. Then 
abdominal aortic blood was taken from each 
group. The average weight of rats at that time 
point was 259±18 g. Within 24 hours after 

abdominal aortic blood was taken, pain, vocal-
ization and even self-mutilation during rest 
were observed in rats, the above situation is 
regarded as the end point of humanity. First, 
the rats were given general anesthesia, and 
then the rats were executed by cervical disloca-
tion [15]. Cardiac response monitored by elec-
trocardiogram was used to determine death in 
rats. After that, the femurs of each group were 
washed with normal saline and fixed with 10% 
formalin (Shanghai Yuanmu Biotechnology Co., 
Ltd., China) for reserve.

Determination of blood phosphorus, calcium 
and BMD

Intraperitoneal anesthesia was performed in 
the rats by injecting 3% sodium pentobarbital 
solution (Merck, Shanghai Beino Biotechnology 
Co., Ltd., China) at a dose of 40 mg/kg. After 
anesthesia, 6 mL abdominal aortic blood was 
taken from each group and centrifuged at 300 
× g for 15 min to obtain the serum. Serum cal-
cium and phosphorus levels were measured 
using an automatic biochemical detector 
(SMT100, Beijing Perlong Medical, China). The 
BMD of the left femurs was scanned using an 
American Small Animal Bone Densitometer 
(Prodigy, American General Electric Medical 
System, USA) [16]. Exposure parameters: stan-
dard mode, current 0.15 mA, voltage 76 kV, 
time 4:8 (min:sec). BMD was measured using 
standard software.

Isolation, culture and identification of osteo-
blasts

The left femoral tissue was taken and superflu-
ous blood vessels and connective tissue were 
removed. PBS (1 mL) (Beijing Yocon biotechnol-
ogy Co., Ltd., China) was added. The tissues 
were cut into 1 mm3 sections and wash twice 
under PBS. Tissues were treated with 5 mL 
0.25% trypsin (ThermoFisher, USA) and 5 ml 
0.1% type II collagenase (GIBCO, USA), and 
bathed at 37°C for 1 h. After adding M199 
medium (3 mL) (Sigma, USA) containing 10% 
fetal bovine serum, the mixture was centrifuged 
at 200 × g for 5 min, and the supernatants 
were discarded. The remaining cells were incu-
bated at 37°C in 5% CO2 with a further 3 mL of 
M199 medium containing 10% fetal bovine 
serum added. Culture medium was refreshed 
every 2 days and cells in the logarithmic growth 
phase of the third generation were taken for 



miR-137-3p inhibits rap1/p38MAPK signaling

2182 Int J Clin Exp Med 2020;13(4):2180-2193

subsequent experiments. The morphology of 
the osteoblasts was imaged on an inverted 
microscope (IX53, Olympus, Japan).

Alkaline phosphatase (ALP) staining: Cells were 
treated with ALP color reagent kit (MA0197, 
Dalian Melone Biotechnology Co., Ltd., China). 
NBT (20 μL of 150 × stock solution) was added 
to 3 mL ALP color reaction buffer. After mixing, 
30 μL of 100 × BCIP was added to the mixture 
to form the working solution. Endogenous ALP 
was detected within 1 h of preparation. Culture 
medium was removed, cells were washed 3 
times with PBS, and fixed in 4% paraformalde-
hyde (Shanghai Aladdin Biochemical Techn- 
ology Co., Ltd., China) for 1-2 min. Cells were 
then washed 3 times in TBST (Beijing Solarbio 
Science & Technology Co., Ltd., China). After 
color rendering solution was added, cells were 
incubated at room temperature for 20 min until 
the color had developed. Cells were rinsed in 
PBS and imaged via confocal microscopy.

Alizarin red staining: Cells were further cultured 
for two weeks to form calcified nodules. Then 
they were washed twice in PBS, and fixed with 
85% ethanol (E-7148, Sigma, Japan) for 10 min. 
After PBS washing, cells were stained with 0.1% 
alizarin red solution (Beijing Solarbio Science & 
Technology Co., Ltd., China) for 10 min and 
washed with PBS again. Cells were imaged on 
an inverted microscope.

Zoledronic acid treatment

Third generation osteoblasts isolated from 
each group were seeded into 96-well plates at 
a density of 6*104 cells/well in DMEM medium 
containing 10% fetal bovine serum (Beijing 
Solarbio Science & Technology Co., Ltd., China). 
Osteoblasts of the OP + ZA group were treated 
with 2 µM ZA each day for 3 consecutive days. 
qRT-PCR, western blot analysis, MTT assays, 
and flow cytometry were performed.

Cells in the OP + ZA group were transfected and 
divided into six groups: Blank (no transfection), 
NC (negative control plasmid), miRNA-137-3p 
mimic group (miRNA-137-3p mimic), miRNA-
137-3p inhibitor group (miRNA-137-3p interfer-
ing plasmid), siRNA-KLF4 group (KLF4 interfer-
ing plasmid), and miRNA-137-3p inhibitor + 
si-KLF4 group (miRNA-137-3p interfering plas-
mid and KLF4 interfering plasmid). All plasmids 
and inhibitors were purchased from Shanghai 

Genechem Co., Ltd., China. After digestion with 
0.25% trypsin (ThermoFisher, USA), cells were 
suspended in 10% fetal bovine serum (Gibco, 
USA) to 1*105/mL and seeded into 96-well 
plates. When cells reached 70% confluency, 
the culture medium was replaced with serum-
free M199 for continuous culture. The cells 
were transfected after continuous culture for 
24 h. Then 200 µL serum-free OptiMEM medi-
um (Gibco, USA) was mixed respectively with 6 
µL of lipofectamine 2000 (Invitrogen, USA) and 
with 2 µg target plasmids. After 10 min, the two 
mixtures were mixed and incubated at room 
temperature for 30 min. The original culture 
medium was replaced by 1.5 mL serum-free 
M199 culture medium in each well, and trans-
fection complex was added to each well. The 
cells were cultured in 37°C and 5% CO2 incuba-
tors for 24 h and then the culture medium was 
replaced. The cells were collected after 48 h of 
culture.

Dual luciferase reporter gene experiment

Targetscan was used to predict the target 
genes of miRNA-137-3p. Dual luciferase report-
er assays were used to verify the relationship 
between KLF4 and miRNA-137-3p. SpeI and 
Hind III sites were introduced into the pMIR-
reporter. Mutant sites of the complementary 
sequences were designed onto the KLF4 
sequence. Following restriction endonuclease 
digestion, target gene fragments were inserted 
into the pMIR-reporter plasmid (Kelei biological 
Technology Co., Ltd., China) using T4 DNA ligase 
(TAKARA, China). WT and MUT luciferase re- 
porter plasmids (Shanghai Yubo Biology Tech- 
nology Co., Ltd., China) were co-transfected 
with miRNA-137-3p in HEK-293T cells (Shanghai 
Eykits Biotechnology Co., Ltd., China). After 48 
h of continuous transfection, the culture medi-
um was left out and the cells were washed with 
PBS. Cells were collected and lysed. Luciferase 
activity was tested by dual luciferase reporting 
system. Firefly luciferase (50 µL) and Ranilla 
luciferase (50 µL) solutions (Shanghai qcbio 
Science & Technologies Co., Ltd., China) were 
added to 10 μL of cell lysate. Relative luciferase 
activity = firefly luciferase activity/Ranilla lucif-
erase activity.

qRT-PCR

Left femurs were extracted and ground into 
pulp. Total RNA in the femoral tissue was 
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extracted using the one-step method according 
to the instructions of Trizol reagent kit (Invi- 
trogen, USA). Ultraviolet absorbances were 
measured on a spectrophotometer (Shanghai 
Lab-Spectrum Instruments Co., Ltd., China) at 
260 and 280 nm. If the OD260 nm/OD280 nm ratio 
was between 1.8 and 2.0, the purity of the RNA 
was high. Reverse transcription was performed 
using commercial reverse transcription kits 
(Promega, USA). Reaction conditions: 3 min at 
70°C, 2 min in the ice bath, 50 min at 37°C, 
and 10 min at 95°C. cDNA obtained from 
reverse transcription was stored at -20°C. 
Primers targeting miR-137-3p, KLF4, p38MAPK, 
Rap1, ALP, osteopontin (OPN), osteocalcin 
(OCN), U6 and β-actin (Table 1) were designed 
and synthesized by Shanghai Genechem Co., 
Ltd. The SYBR Premix EX Taq fluorescence 

(Beijing Solarbio Science & Technology Co., 
Ltd., China) at 15 v/cm. Proteins were trans- 
ferred to PVDF membranes by wet transfer. 
Proteins were labeled with ponceau stain 
(Shanghai Beyotime Biotechnology Co., Ltd., 
China). The PVDF membranes were washed 
with TBST three times, blocked at room tem- 
perature with 5% skim milk for 1 h, and washed 
with TBST again, three times. Membranes were 
probed with rabbit anti-KLF4 (1-2 µg/mL, 
ab106629, Abcam, UK), rabbit anti-p38 MAPK 
(1:1,000, ab31828, Abcam, UK), p-p38MAPK 
(1:10,000, ab47363, Abcam, UK), rabbit anti-
Rap1 (1 µg/mL, ab113480, Abcam, Abcam, 
UK), rabbit anti-ALP (1 µg/mL, 839, Abcam, 
UK), rabbit anti-OPN (0.2 µg/mL, ab11503, 
Abcam, UK), rabbit anti-OCN (5 µg/mL, 
ab13418, Abcam, UK), and rabbit anti-β-actin 

Table 1. qRT-PCR primer sequence
Gene Sequence
miR-137-3p
    Upstream primer 5’-GTGTCTATCTCCCATTGAGG-3’
    Downstream primer 5’-CGATGTGAATTCCACAATTGC-3’
KLF4
    Upstream primer 5’-CAGCAAGGTATGGTGTTCAG-3’
    Downstream primer 5’-TGCATGCATTTGATATTAGCCT-3’
p38 MAPK
    Upstream primer 5’-GAATCTTAGCCAAGTGAACCAAC-3’
    Downstream primer 5’-GGACAGAAGCACCAGAGCTCACA-3’
Rap1
    Upstream primer 5’-CTTCAATCCAAGCCCCTC-3’
    Downstream primer 5’-TTCACCGGCCTTCAATTT-3’
ALP
    Upstream primer 5’-GCTGAGGGTCGTCA GACTG-3’
    Downstream primer 5’-TCCCATTCTCCGAAATCGCTAT-3’
OPN
    Upstream primer 5’-CGCAGGGAACGTCCTAA-3’
    Downstream primer 5’-TCGGGTATCAGTGTGCCGAA-3’
OCN
    Upstream primer 5’-TACGTTCGGACGCAGCTAA-3’
    Downstream primer 5’-TCGTGGGCACCTGAAGTATG-3’
U6
    Upstream primer 5’-GTCGCCTTCGGGCACCAA-3’
    Downstream primer 5’-GAGAGGGCAGTACCATTCGA-3’
β-actin
    Upstream primer 5’-GGACTCAACTCTACCCTAAT-3’
    Downstream primer 5’-AAATCTATCTCGGCATGAGG-3’
Note: KLF4: Kruppel-like factor 4; ALP: alkaline phosphatase; OPN: 
osteopontin; OCN: osteocalcin.

quantitative PCR kit (DRR041A, Takara, 
China) was used to detect the expression 
of miR-137-3p and the mRNA of each gene. 
The reaction system included: RNase Free 
H2O (11.7 μL), 2 × Taq MasterMix (5.3 μL), 
forward and reverse primers (5 µM) 1 µL 
each, and cDNA (1 µL). Reaction condi-
tions: 95°C pre-denaturation for 5 min; 
denaturation at 94°C for 30 s; 56°C 
annealing for 40 s, 72°C extension for 60 
s, for a total of 40 cycles. miR-137-3p and 
mRNA expression of each gene were 
detected using an ABI 7500 fluorescence 
quantitative PCR instrument (ABI 7500, 
ABI, USA). miRNA-137-3p was normalized 
to U6; KLF4, P38MAPK, Rap1, ALP, OPN 
and OCN were normalized to β-actin. The 
relative expression of each target gene was 
calculated using the 2-ΔΔCt method. The 
same qRT-PCR method was applied in cell 
experiments.

Western blot analysis

Left femoral tissue (50 µg) was sectioned, 
fully lysed in protein lysate solution (Beijing 
Solarbio Science & Technology Co., Ltd., 
China) and homogenized at 200 × g. 
Lysates were cooled for 20 min in an ice 
bath and centrifuged at 300 × g at 4°C for 
30 min. Protein concentrations were deter-
mined via BCA protein concentration assay 
kit (ThermoFisher, USA) and diluted to 1 
μg/μL by deionized water. Then 20 μg 
protein was sampled in each well. Proteins 
were separated by 10% SDS-PAGE gel 
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(1:1,000, ab8226, Abcam, UK) primary anti-
bodies were incubated overnight at 4°C. Mem- 
branes were washed with TBST three times, for 
5 min each time. Membranes were then labeled 
with HRP-labeled sheep anti-rabbit IgG second-
ary antibodies (1:2,000, ab6721, Abcam, UK) 
for 1 h. Membranes were washed with TBST 
three times, for 5 min each time. DAB was used 
for color rendering. Proteins were visualized via 
chemiluminescence (Beckman Coulter, USA). 
The average absorbance of the sample divided 
by the average absorbance of the correspond-
ing internal reference was the relative content 
of the sample protein and the phosphorylated 
protein. The same western blot method was 
applied in detecting protein in cells.

MTT assays

Cells in logarithmic growth phase were seeded 
in 96-well plates at a density of 1*105/well, 
with 6 parallel wells in each group. Blank con-
trol wells with only medium were used as con-
trols. When cells grew to 80% confluency, 10 μL 
of 5 mg/mL MTT solution (Sigma, USA) was 
added at 37°C for 3 h. Supernatants were 
removed and the plate was cleaned once with 
PBS. Then 150 μL of DMSO (Sigma, USA) was 
added to each well. After shaking for 10 min, 
optical density (OD) at 490 nm was measured 
by enzyme-labeled instrument (Thermo Fisher, 
USA). Cell viability = (OD of experimental wells 
- OD of blank wells)/OD of blank wells.

Flow cytometry

Following transfection, cells were digested in 
trypsinase without EDTA (Beijing Solarbio Sci- 
ence & Technology Co., Ltd., China). Cells were 
centrifuged at 4°C and 150 × g for 3 min and 
washed in PBS. Cells were pelleted by centrifu-
gation for 3 min at 150 × g, to discard superna-
tants, and cell apoptosis was detected using 
Annexin-V-FITC/PI apoptosis detection kits 
(Shanghai Beyotime Biotechnology Co., Ltd., 
China). The cells were washed with binding buf-
fer. Annexin V-FITC + binding buffer and PI + 
binding buffer were prepared at a ratio of 1:40, 
respectively. After shaking and mixing, the two 
mixtures were incubated at room temperature 
for 30 min, and then they were mixed and con-
tinued to incubate for 15 min. Annexin V-FITC 
and PI fluorescence were detected by flow 
cytometry (Cytomics™ FC 500, Beckman, 

Germany) at 488 and 530 nm excitation wave-
lengths, respectively. Cells in the upper left 
quadrant represented damaged cells. The 
lower left quadrant represented normal cells. 
The upper right quadrant represented late 
apoptotic and necrotic cells. The lower right 
quadrant represented cells at the early stages 
of apoptosis.

Statistical analysis

Data were analyzed using SPSS 21.0 statistical 
software (SPSS, Inc., Chicago, IL, USA). Me- 
asurement data were expressed as the mean ± 
standard deviation (

_
x  ± sd). All experiments 

were repeated on a minimum of 3 occasions. 
Data normality was tested using the Kolmo- 
gorov-Smirnov method. As for data with a nor-
mal distribution, Tukey tests were used for 
post-hoc test following one way ANOVA in multi-
group comparisons. As for data with a skewed 
distribution, Dunn’s post test was used for 
post-hoc analysis after Kruskal-Wallis tests. 
P<0.05 indicated a significant difference.

Results

Determination of BMD

The BMD of rats in each group were measured 
at 28 days post-drug intervention. In compari-
son to the control group, the BMD of rats in  
the OP model group significantly decreased 
(P=0.0015), as well as the OP + ZA group 
(P=0.0168). Compared to the OP model group, 
the BMD of the rats treated with ZA increased 
(P=0.0058). There were no significant differ-
ence between the BMD in control and Sham 
groups (P=0.5526, Figure 1).

Determination of serum phosphorus and 
serum calcium

After 28 days of drug intervention, serum calci-
um and phosphorus levels in each group were 
detected (Table 2). Compared to the control 
group, the levels of serum calcium in the OP 
and OP + ZA group increased, but the differ-
ences were not significant (both P>0.05). 
Serum phosphorus levels were decreased in 
the OP and OP + ZA groups compared to the 
control group (both P<0.05). Serum phospho-
rus levels in the OP + ZA group was higher com-
pared to the OP model group (P<0.05). There 
were no significant differences in serum phos-
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phorus and calcium levels between the control 
and Sham groups (both P>0.05).

Expression of miRNA-137-3p and mRNA and 
protein expression of KLF4, genes related to 
the Rap1/p38MAPK signal pathway in the 
femoral tissue of rats

Compared to the control group, miR-137-3p 
expression in the femoral tissues of the OP and 
OP + ZA group were significantly up-regulated. 
The mRNA and protein expression levels of 
KLF4, Rap1 and p38 MAPK were significantly 
down-regulated, whilst the expression of p-p38 
MAPK were also down-regulated (all P<0.05). 
There were no significant differences between 
control and Sham groups (all P>0.05). Com- 
pared with the OP group, the expression of miR-
137-3p in the OP + ZA group was reduced, 
whilst the mRNA and protein expression of 
KLF4, Rap1 and p38 MAPK were significantly 
up-regulated. The levels of active p-p38 MAPK 

also increased (all P<0.05). These results 
showed that miR-137-3p expression, KLF4 
expression, and Rap1/p38MAPK signaling 
were inhibited in the OP group, which were 
improved following ZA treatment (Figure 2).

Observation and identification of osteoblasts

After cell culture, the majority of osteoblasts 
were spindle-shaped or triangular with round or 
oval nuclei, and the cells were connected with 
each other and clearly overlapped (Figure 3A). 
ALP staining showed that most nuclei were 
stained blue, the cytoplasm was mostly gray-
white, and black particles were visible in the 
cytoplasm (Figure 3B). Following alizarin red 
staining, there were clear orange nodules of 
calcification (Figure 3C). This indicated suc-
cessful osteoblast isolation and culture.

Validation of the relationship between miR-
137-3p and KLF4

Through the Targetscan online prediction web-
site, binding sites between miR-137-3p and 
KLF4 were observed (Figure 4A). Dual Luci- 
ferase Reporter assays showed that, compared 
with the NC group, the luciferase activity of the 
wild type 3’UTR of KLF4 was significantly inhib-
ited by the miRNA-137-3p mimic (P<0.05), 
whilst luciferase activity of the 3’UTR of KLF4 
mutants were not significantly affected by miR-
NA-137-3p (P>0.05). These results suggested 
that miR-137-3p specifically bound to wild-type 
KLF4-3’-UTR, and that KLF4 was the target 
gene of miR-137-3p.

Expression of miRNA-137-3p and mRNA and 
protein expression levels of KLF4, Rap1 and 
p38 MAPK in cells of each group

As shown in Figure 5, compared with the con-
trol group, the expression of miR-137-3p in the 
OP model group increased, the expression of 
KLF4 decreased, and Rap1/p38MAPK signal-
ing was inhibited (all P<0.05). Following ZA 
treatment, the above indicators improved (all 
P<0.05). No significant differences between 
Sham and control groups were observed (all 
P>0.05).

Following ZA treatment and transfection, no 
significant differences in the expression of 
each factor between blank and NC groups were 
observed (all P>0.05). Compared with blank 

Table 2. Determination of serum calcium and 
serum phosphorus
Group Blood calcium Blood phosphorus
Control group 2.73±0.16 2.87±0.23
Sham group 2.67±0.14 2.89±0.26
OP model group 2.73±0.18 2.45±0.22*

OP + ZA group 2.70±0.17 2.65±0.25*,#

Note: OP: osteoporosis; ZA: zoledronic acid; KLF4: Krup-
pel-like factor 4. Compared with control group, *P<0.05; 
Compared with OP groupmodel group, #P<0.05.

Figure 1. Determination of BMD. BMD: bone mineral 
density; OP: osteoporosis; ZA: zoledronic acid. Com-
pared with control group, *P<0.05; compared with 
OP model group, #P<0.05.
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group, miRNA-137-3p expression in the miR-
137-3p mimic group increased, whilst the 

expression of KLF4 and the activation of Rap1/
p38MAPK signaling pathway (Figure 6).

Figure 2. miRNA-137-3p, mRNA and protein expression of KLF4, genes related with Rap1/p38MAPK pathway in 
femoral tissue. A: Relative expression of mRNA; B: Western blot of protein expression; C: Relative expression of 
protein; OP: osteoporosis; ZA: zoledronic acid; KLF4: Kruppel-like factor 4. Compared with control group, *P<0.05; 
Compared with OP model group, #P<0.05.

Figure 3. Observation and identification of osteoblasts. A: Morphology of osteoblasts (200 ×); B: Alkaline phospha-
tase staining of osteoblasts (200 ×); C: Alizarin red staining of osteoblasts (200 ×).

Figure 4. Validation of the relationship between miR-137-3p and KLF4. A: 
Predictive binding sites of miR-137-3p on 3’UTR of KLF4; B: Double lucifer-
ase activity detection; KLF4: Kruppel-like factor 4; NC: negative control; WT: 
wild type; MUT: mutants. Compared with NC group, @P<0.05.

mRNA and protein expression 
of KLF4, p38 MAPK and Rap1 
in miR-137-3p mimic and si-
KLF4 groups decreased. The 
expression of p-p38 MAPK in 
both groups also decreased 
(all P<0.05). In the miR-137-3p 
inhibitor group, miR-137-3p 
expression was down-regulat-
ed, whilst the mRNA and pro-
tein expression of KLF4, p38 
MAPK and Rap1 increased. 
p-p38 MAPK expression was 
also up-regulated (all P<0.05). 
The expression of miR-137-3p 
decreased in the miR-137-3p 
inhibitor + si-KLF4 group (P< 
0.05), and no significant differ-
ences were observed amongst 
other factors (all P>0.05). 
These results confirmed that 
miRNA-137-3p inhibited the 
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mRNA and protein expression of osteoblast 
differentiation markers in each group

As shown in Figure 7, compared with the con-
trol group, the expression of bone differentia-
tion markers in the OP model group significantly 
decreased (all P<0.05), and improved after ZA 
treatment (all P<0.05). There were no signifi-
cant differences in the content of bone differ-
entiation markers between the Sham and con-
trol groups (all P>0.05).

After transfection of osteoblasts treated with 
ZA, no significant differences in the expression 
of each factor between the blank and NC group 
were observed (all P>0.05). Compared to the 
blank group, the mRNA and protein expression 
of ALP, OPN and OCN in the miR-137-3p mimic 
group were down-regulated (all P<0.05), whilst 
these factors were upregulated in the miR-137-
3p inhibitor group (all P<0.05). This suggested 

that miR-137-3p inhibited KLF4 expression and 
osteoblast differentiation (Figure 8).

Changes in cell proliferation ability post-trans-
fection

As shown in Figure 9, compared to the control 
group, the cell viability of the OP model group 
decreased significantly at 48 h and 72 h (both 
P<0.05), and improved significantly after ZA 
treatment (both P<0.05). There were no signifi-
cant differences between Sham and control 
groups at any time point (both P>0.05).

Transfection of OP + ZA treatment groups 
showed no significant differences in OD values 
at any time point between NC and blank groups 
(both P>0.05). Compared to blank group, cell 
proliferation decreased in the miR-137-3p 
mimic and si-KLF4 groups (both P<0.05); cell 
proliferation significantly increased in the miR-

Figure 5. miRNA-137-3p, mRNA and protein expression of KLF4, genes related with Rap1/p38MAPK pathway of 
each group. A: Relative expression of mRNA; B: Western blot of protein expression; C: Relative expression of protein; 
OP: osteoporosis; ZA: zoledronic acid; KLF4: Kruppel-like factor 4. Compared with control group, *P<0.05; Compared 
with OP model group, #P<0.05.

Figure 6. miRNA-137-3p, mRNA and protein expression of KLF4, genes related with Rap1/p38MAPK pathway of OP 
+ ZA group. A: Relative expression of mRNA; B: Western blot of protein expression; C: Relative expression of protein; 
OP, osteoporosis; ZA, zoledronic acid; KLF4, Kruppel-like factor 4; NC, negative control. Compared with blank group, 
&P<0.05.
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137-3p inhibitor group, but had no significant 
change in the miR-137-3p inhibitor + si-KLF4 
group (all P>0.05). These results confirmed 

that miR-137-3p inhibited the proliferation of 
OP in osteoblasts treated with ZA, and that 
KLF4 promotes osteoblast proliferation (Figure 
10).

Cell apoptosis detected by flow cytometry

As shown in Figure 11, compared with the con-
trol group, the apoptosis rates of cells in the OP 
significantly increased (P<0.05), and improved 
after ZA treatment (P<0.05). There were no sig-
nificant differences in apoptosis rates between 
Sham and control groups (P>0.05).

Further transfection showed no significant dif-
ferences in apoptosis rates between the NC 
and blank groups (P>0.05). Compared with the 
blank group, apoptosis rates in the miR-137-3p 
mimic and siRNA-KLF4 group significantly 
increased (both P<0.05). Apoptosis in the miR-
137-3p inhibitor group significantly decreased 
(both P<0.05), but the miR-137-3p inhibitor + 
si-KLF4 group showed no significant changes 

Figure 7. Expression of mRNA and protein of ALP, OPN, OCN in cells of each group. A: Relative expression of mRNA; 
B: Western blot of protein expression; C: Relative expression of protein; OP: osteoporosis; ZA: zoledronic acid; ALP: 
alkaline phosphatase; OPN: osteopontin; OCN: osteocalcin. Compared with control group, *P<0.05; Compared with 
OP model group, #P<0.05.

Figure 8. mRNA and protein of ALP, OPN, OCN in cells of OP + ZA group. A: Relative expression of mRNA; B: Western 
blot of protein expression; C: Relative expression of protein; OP: osteoporosis; ZA: zoledronic acid; NC: negative con-
trol; ALP: alkaline phosphatase; OPN: osteopontin; OCN: osteocalcin. Compared with blank group, &P<0.05.

Figure 9. Comparison of proliferation ability in cells 
of each group. OP: osteoporosis; ZA: zoledronic acid; 
OD: optical density. Compared with control group, 
*P<0.05; Compared with OP model group, #P<0.05.
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(both P>0.05). These results suggested that 
miR-137-3p promotes the apoptosis of osteo-
blasts in OP rats treated with ZA, and that KLF4 
inhibits osteoblast apoptosis (Figure 12).

Discussion

As a third generation diphosphate drug, ZA has 
the advantage of long drug intervals and low 
digestive tract reactions [17]. An intravenous 
drip of ZA in patients with OP can effectively 
reduce brittle fractures and improve BMD [18, 
19]. Osteoblasts are the major functional cells 
involved in bone mineralization, bone recon-
struction, and bone matrix secretion during 
bone formation. If the function or number of 
osteoblasts decreases, the risk of fracture 
increases and OP occurs [20, 21]. In recent 
years, studies on the roles of specific miRNAs 
during bone metabolism have attracted 
increasing attention, and it is now fully accept-
ed that miRNAs participate in the proliferation 
and apoptosis of osteoblasts [22, 23]. In this 
study, an OP rat model was constructed and it 
was found that miR-137-3p regulates KLF4 and 
Rap1/p38MAPK pathways, thus participating 
in the treatment of OP rats by ZA, and regulat-
ing the proliferation and apoptosis of OP rat 
osteoblasts.

BMD refers to the levels of bone per unit area 
or volume and is the gold standard for the diag-

nosis of OP [24, 25]. In this study, BMD of the 
OP model group and OP + ZA treatment group 
decreased in comparison to control groups, 
whilst the BMD of rats treated with ZA impro- 
ved. Phosphorus is a major bone mineral that 
maintains mechanical strength [26, 27]. We 
found that the serum phosphorus content of 
OP model rats significantly decreased, which 
may be related to the decreased estrogen after 
ovariectomy. The serum phosphorus content 
increased following ZA treatment.

miRNAs play important roles in cell growth and 
development and are emerging as key regula-
tors of bone metabolism, osteoblast growth, 
differentiation and biological activity [28, 29]. 
Changes in miRNA expression can cause OP, 
and drugs that regulate bone metabolism inter-
fere with miRNA expression [22-30]. miRNA-
137 is located on chromosome 1p22 and its 
expression is down-regulated in non-small cell 
lung cancer, ovarian cancer, and cervical can-
cer [31-33]. A recent study on OP fractures 
found that the expression of miR-137 in isolat-
ed cells of patients with OP fractures was sig-
nificantly up-regulated, whilst ALP activity was 
inhibited [10]. This implicated that the imbal-
ance of expression of miRNA-137 may be relat-
ed to the pathogenesis of OP. In this study, the 
expression of miRNA-137-3p, KLF4 and Rap1/
p38MAPK pathway-related factors in the femo-
ral tissues of three groups of rats were further 
determined. MiRNA-137-3p overexpressed in 
the OP group, but KLF4, and Rap1/p38MAPK 
expression in the OP group were inhibited, 
which can be recovered following ZA treatment. 
ZA is a common regulator of bone metabolism. 
We confirmed that ZA down-regulates the 
expression of miR-137-3p to regulate OP. KLF4 
is highly expressed in bone tissue and its over-
expression reduces the differentiation of osteo-
clasts and osteoblasts, disrupting bone homeo-
stasis [12]. In this study, we found that 
osteoblasts and their downstream signaling 
pathways were highly sensitive to miR-137-3p.

We successfully isolated rat osteoblasts which 
we confirmed with ALP and alizarin red staining. 
Compared to control and Sham groups, miR-
137-3p expression in OP group was enhanced, 
whilst KLF4 and Rap1/p38MAPK were inhibit-
ed. The proliferation of osteoblasts was signifi-
cantly inhibited in the OP model group, but ZA 
treatment could significantly improve these 
indicators. Cells of rats in the OP + ZA treat-

Figure 10. Comparison of proliferation ability in cells 
of each subgroup of OP + ZA group. OP: osteoporosis; 
ZA: zoledronic acid; OD: optical density; NC: negative 
control. Compared with blank group, &P<0.05.
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ment group were further transfected and miR-
137-3p, KLF4 and Rap1/p38MAPK expression 
in each group were assessed. The expression 
of KLF4, p38MAPK and Rap1 in the miR-137 
mimic and si-KLF4 groups were down-regulat-
ed, whilst the expression of KLF4 and Rap1/
p38MAPK pathway-related factors in the miR-
137 inhibitor + si-KLF4 group did not change 
significantly, suggesting that miR-137-3p inhib-

its the expression of KLF4 and the activation of 
Rap1/p38MAPK. Studies have confirmed that 
the activation of p38MAPK signaling up-regu-
lates the level of BMP2 and BMP4, promotes 
the expression of osteogenic genes, and regu-
lates osteoblast differentiation [34]. In addi-
tion, inhibiting the expression of miR-182-5p 
activates Rap1 signaling and promotes the pro-
liferation and differentiation of OP rat osteo-

Figure 11. Comparison of cell cycle distribution and apoptotic rate of each group post-transfection. A: Apoptotic de-
tection by flow cytometry; B: Percentage of apoptosis; OP: osteoporosis; ZA: zoledronic acid. Compared with control 
group, *P<0.05; Compared with OP model group, #P<0.05.

Figure 12. Comparison of cell cycle distribution and apoptotic rate of each subgroup of OP + ZA group post-transfec-
tion. A: Apoptotic detection by flow cytometry; B: Percentage of apoptosis; OP: osteoporosis; ZA: zoledronic acid; NC: 
negative control. Compared with blank group, &P<0.05.
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blasts, which is of great significance in the 
treatment of OP [35]. We further confirmed that 
miR-137-3p can target KLF4 and regulate 
Rap1/p38MAPK signaling. ALP, OPN and OCN 
are markers of osteogenic differentiation [36]. 
The overexpression of miR-137-3p inhibited 
KLF4 and the expression of markers of osteo-
blastic differentiation. MTT assays and flow 
cytometry experiments confirmed that miR-
137-3p inhibited the expression of KLF4, inhib-
iting the proliferation of osteoblasts, and pro-
moting osteoblast apoptosis.

In this study, the regulatory mechanisms of 
miR-137-3p targeting KLF4 on the proliferation 
and apoptosis of OP rat osteoblasts were dis-
cussed at the cellular level. However, other fac-
tors related to OP, including mineralized nod-
ules and osteoclasts, were not discussed in 
detail. In addition, whether ZA regulates the 
biological behavior of OP osteoblasts by regu-
lating other small RNAs or pathways other than 
miR-137-3p requires further discussion.

In conclusion, we have demonstrated that the 
over-expression of miRNA-137-3p inhibits the 
expression of KLF4, and regulates the biologi-
cal characteristics of osteoblasts in OP rats 
through the construction of an OP rat model. 
Moreover, this study suggests that this regula-
tion is related to Rap1/p38MAPK signaling, fur-
ther clarifying the biological mechanism of OP. 
It is hoped that OP therapeutics can be further 
improved by ZA combined with targeted 
therapy.
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