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Abstract
Background Increasing evidence shows the pivotal significance of miRNAs in the pathogenesis of osteoporosis. miR-
381-3p has been identified as an inhibitor of osteogenesis. This study explored the role and mechanism of miR-381-3p 
in postmenopausal osteoporosis (PMOP), the most common type of osteoporosis.

Methods Bilateral ovariectomy (OVX) rat model was established and miR-381-3p antagomir was administrated 
through the tail vein in vivo. The pathological changes in rats were assessed through the evaluation of serum bone 
turnover markers (BALP, PINP, and CTX-1), hematoxylin and eosin (H&E) staining, as well as the expression of osteoblast 
differentiation biomarkers. Moreover, isolated bone marrow mesenchymal stem cells from OVX-induced rats (OVX-
BMMSCs) were utilized to explore the impact of miR-381-3p on osteoblast differentiation. In addition, the target gene 
and downstream pathway of miR-381-3p were further investigated both in vivo and in vitro.

Results miR-381-3p expression was elevated, whereas KLF5 was suppressed in OVX rats. miR-381-3p antagomir 
decreased serum levels of bone turnover markers, improved trabecular separation, promoted osteoblast 
differentiation biomarker expression in OVX rats. ALP activity and mineralization were suppressed, and levels of 
osteoblast differentiation biomarkers were impeded after miR-381-3p overexpression during osteoblast differentiation 
of OVX-BMMSCs. While contrasting results were found after inhibition of miR-381-3p. miR-381-3p targets KLF5, 
negatively affecting its expression as well as its downstream Wnt/β-catenin pathway, both in vivo and in vitro. 
Silencing of KLF5 restored Wnt/β-catenin activation induced by miR-381-3p antagomir.

Conclusion miR-381-3p aggravates PMOP by inhibiting osteogenic differentiation through targeting KLF5/Wnt/β-
catenin pathway. miR-381-3p appears to be a promising candidate for therapeutic intervention in PMOP.
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Introduction
Osteoporosis, a systemic bone metabolic disease closely 
linked to aging, is characterized by the deterioration of 
bone mass, strength, and microarchitecture, ultimately 
rendering bones fragile and predisposed to a height-
ened risk of fractures [1]. Postmenopausal osteoporo-
sis (PMOP) is the most common type of osteoporosis 
resulted from significant reduction of hormone estrogen 
after menopause [2]. While the incidence of fractures 
varies in different countries, it is estimated that up to half 
of women aged > 50 years old are at risk of fractures [3]. 
Currently, several drugs have been approved to manage 
osteoporosis, however, because of the high cost and side 
effects of these drugs, osteoporosis cannot be well con-
trolled [3, 4]. Hence, it is urgent to develop new thera-
peutic strategy to alleviate osteoporosis.

It is well known that the equilibrium between osteo-
blasts and osteoclasts is essential for sustaining healthy 
bone tissue; however, the imbalance of them is the pri-
mary cause of osteoporosis [5]. Bone marrow mesen-
chymal stem cells (BMMSCs) a type of multipotent 
progenitor cells capable of differentiating into osteo-
blasts, adipocytes, and other multi-directional cells. 
Increasing evidence suggests that as one of crucial regu-
lators of bone homeostasis and regeneration, BMMSCs’ 
aberrant differentiation leads to the onset of osteoporosis 
[6, 7]. Promoting BMMSCs’ osteogenic differentiation is 
capable of restoring bone homeostasis and assisting the 
treatment of osteoporosis [6, 8].

MicroRNAs (miRNAs), being a class of non-coding 
RNA molecules, hold crucial significance in govern-
ing gene expression. They typically range from 18 to 
25 nucleotides in length and are intricately involved in 
diverse biological processes, encompassing cell develop-
ment, proliferation, differentiation and apoptosis [9, 10]. 
The aberrant expression of some miRNAs was impli-
cated in regulating the progression of osteoporosis. For 
example, serum miR-206 level was lower in osteoporo-
sis patients than the control without osteoporosis, and 
it might be a potential diagnostic biomarker for osteo-
porosis. miR-206 promoted proliferation and inhib-
ited apoptosis of osteoblast cells via mediating HDAC4 
[11]. miR-15b was highly expressed in the bone tissue 
of osteoporotic mice. Through targeting USP7/KDM6B 
pathway, miR-15b suppressed osteoblast differentiation 
and autophagy, resulted in the initiation of osteoporosis 
[12].

miR-381-3p is a conserved miRNA among mammals 
that regulates cell differentiation, proliferation, apoptosis, 
and migration [13, 14]. In recent years, miR-381-3p has 
been identified as an inhibitor of osteogenesis [15, 16]. 
For example, compared with standard healing patients, 
an increase of miR-381-3p was exhibited in human atro-
phic nonunion tissues [15]. miR-381-3p inhibition not 

only promoted osteogenic differentiation in primary 
human BMMSCs but also in rat femur fracture mod-
els [15]. Qiu et al. [17] found that miR-381-3p inhibited 
osteogenic differentiation process of BMMSCs derived 
from multiple myeloma patients. However, whether 
miR-381-3p functions in osteoporosis remains unclear. 
Bioinformatics analysis predicted that krüppel-like fac-
tor 5 (KLF5) was a potential target of miR-381-3p both 
in humans and rats. KLF5 has been demonstrated to 
promote osteogenic differentiation through activation of 
the Wnt/β-catenin pathway [18]. In this study, miR-381-
3p’s function in PMOP were investigated in ovariectomy 
(OVX)-induced osteoporosis rat model and BMMSCs 
from OVX rats (OVX- BMMSCs). And related molecular 
mechanism was mainly focused on KLF5/Wnt/β-catenin 
pathway.

Materials and methods
Animal model establishment and treatment
Twelve-week-old female Sprague-Dawley rats sourced 
from Vital River Laboratory (Beijing, China) were kept in 
conditions free of specific pathogens. All animal experi-
ments were approved by the Experimental Animal Ethi-
cal Committee of The First Affiliated Hospital of Harbin 
Medical University (Approval No. 2020052). After accli-
mation for a week, the rats were randomly allocated to 
four distinct groups: Sham (n = 6), OVX group (n = 10), 
OVX + anti-miR-381-3p group (n = 6), and OVX + anti-
miR-NC group (n = 6). All surgeries were performed 
under anesthesia by 50  mg/kg pentobarbital sodium 
intraperitoneally. Rats in OVX, OVX + anti-miR-381-3p, 
and OVX + anti-miR-NC groups were carried out bilat-
eral ovariectomy to establish osteoporotic animal mod-
els as previously described [19, 20]. While rats in sham 
group underwent bilateral laparotomy and exposed 
bilateral ovary. Four weeks after the surgery, rats in 
OVX + anti-miR-381-3p and OVX + anti-miR-NC groups 
were administrated with miR-381-3p antagomir (anti-
miR-381-3p; RiboBio, Guangzhou, China) or its control 
antago-NC (anti-NC), respectively, at a dose of 200 nM 
per rat (200 µL), through the tail vein once a week for 8 
weeks [20, 21]. An equal volume of distilled water was 
given in rats with the sham and OVX groups. After the 
experimental procedure was completed, rats were eutha-
nized with 100  mg/kg pentobarbital sodium. Following 
this, blood was extracted from the heart of each rat, and 
the bilateral femurs and tibiae were surgically removed 
from the euthanized rats.

Serum biochemical marker analysis
After centrifuging the blood samples at 1000  g for 
10 min, the resulting serum was carefully harvested and 
stored at -20  °C for detection of biochemical markers. 
To assess bone formation, serum levels of bone alkaline 
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phosphatase (BALP) and N-terminal propeptide of type 
I procollagen (PINP) were measured using ELISA kits 
(Cat. No. ml003415 and ml038224, respectively). Simi-
larly, bone resorption was evaluated by the serum levels 
of C-terminal crosslinked telopeptide of type I collagen 
(CTX-1) using an ELISA kit (Cat. No. ml003410). All 
assays were performed following the manufacturer’s 
guidelines provided by mlbio (Shanghai, China).

Histological analysis via hematoxylin and eosin staining
Prior to histological examination, the femurs obtained 
from the rats were fixed in 4% paraformaldehyde. Sub-
sequently, they underwent decalcification in ethylene 
diaminetetra acetic acid. After dehydration in graded 
ethanol and paraffin embedding, slices of 5 μm thickness 
were then carefully cut. Hematoxylin and eosin (H&E) 
staining was carried out to evaluate the morphology of 
femur. The histological changes of trabecular bone were 
investigated under a light microscope.

BMMSCs isolation and identification
BMMSCs were isolated from the tibiae and femurs of 
OVX rats as described previously [22, 23]. Under con-
trolled conditions of 37  °C with 5% CO2, culturing of 
OVX-BMMSCs was done in α-minimal essential medium 
(α‐MEM) containing 10% fetal bovine serum (FBS) and 
1% penicillin/streptomycin. The adherent cells were pas-
saged until 80% confluence. The cells, during the third to 
fifth passages, were then chosen for further experimenta-
tion. Flow cytometry was utilized to authenticate the iso-
lated OVX-BMMSCs using the surface markers of CD34 
(MA1-10204, FITC, Invitrogen, Carlsbad, CA, USA), 
CD45 (MA5-17425, PE, Invitrogen), CD29 (12-0291-82, 
PE, eBioscience, San Diego, CA, USA) and CD44 (MA5-
17522, FITC, Invitrogen) with FITC- or PE-conjugated 
monoclonal antibodies.

Osteoblast differentiation induction and transfection
After reaching about 80% confluence, the medium of 
OVX-BMMSCs was changed to osteoblast differen-
tiation medium, which contains α-MEM basal medium 
with 10% FBS, 1% penicillin/streptomycin, 10 nM 
dexamethasone, 50  µg/ml ascorbic acid and 10 mM of 
β-glycerophosphate. Three days following induction 
[24], the transfection process was performed to deliver 
50 nM miR-381-3p agomir (agomir-381-3p)/agomir-NC 
or 50 nM anti-miR-381-3p/anti-NC ( Ribobio) using 
Lipofectamine 3000 (Invitrogen). Additionally, for cer-
tain experiments, 200 ng of constructed KLF5 silencing 
plasmid (pLVX-KLF5-shRNA) was co-transfected with 
50 nM anti-miR-381-3p at three days after induction, 
and 200 ng of pLVX-KLF5-shRNA plasmid was trans-
fected again at nine days after induction. The osteoblast 
differentiation medium was replaced every 3 days. Upon 
completion of the 14-day induction phase, cells were col-
lected to do the following experiments.

ALP activity assay and alizarin red staining
An alkaline phosphatase (ALP) Assay Kit (Beyotime) was 
utilized to measure ALP activity. Briefly, 14 days after 
osteogenic induction, OVX-BMMSCs were lysed with 
Cell lysis buffer without inhibitors (Cat. No. P0013J, Bey-
otime), and then centrifugated at 12,000 g for 5 min. ALP 
activity of the supernatant was tested in 96-well plates 
based on the manufacturer’s descriptions.

On the 14th day of induction, the cells in 6-well plates 
were rinsed with PBS to prepare for mineralization 
assessment. After fixation with 4% paraformaldehyde for 
30  min, Alizarin red S solution (sourced from Solarbio, 
Beijing, China) was introduced to the wells and allowed 
to react for 10 min at room temperature. Following this, 
the cells were rinsed again with PBS, and images were 
captured under a light microscope.

RNA isolation and real-time PCR
Total RNA from femurs and OVX-BMMSCs was 
extracted using TRNzol Universal reagent (TIANGEN, 
Beijing, China). Real-time PCR (qRT-PCR) testing was 
performed based on miRNA qPCR Assay Kit (CWBIO, 
Beijing, China) to detect miR-381-3p expression after 
the synthesis of cDNA with miRNA cDNA Synthe-
sis Kit (CWBIO). For quantifying the expression of 
mRNAs including Alp, collagen type I alpha 1 (Col1a1), 
runt-related transcription factor 2 (Runx2), and osteo-
calcin (Ocn), cDNA synthesis was carried out using the 
FastKing-RT SuperMix (TIANGEN). For qRT-PCR, 
SYBR Green PCR Master Mix from Thermo Fisher Sci-
entific (Waltham, MA, USA) was employed. The 2−△△Ct 
method was applied to calculate the expression of each 
target gene, normalizing the values to GAPDH (for 

Table 1 Primer sequences
Gene Forward (5’ to 3’) Reverse (5’ to 3’)
Runx2  C G C C T C A C A A A C A A C C A C A G  A A T G A C T C G G T T 

G G T C T C G G
Alp  T C C G G T A T T G A C T G T G G C A G  T C A C C T G G G C A G 

A T C G T A C T
Col1a1  T G G T A C A T C A G C C C A A A C C C  C A G G A T C G G A A C 

C T T C G C T T
Ocn  T C G A G T C T G T C C A T T G T G G T G  G T C T G T G T T G G C 

G G T G A G A
GAPDH  G C A T C T T C T T G T G C A G T G C C  T A C G G C C A A A T C 

C G T T C A C A
miR-381-3p  A C A C T C C A G C T G G G T C T C G A A C 

G G G A
 T G G T G T C G T G G A 
G T C G

U6  C T G C A C T T A T T T C A G A A G C A G  A T T T G T G C C A T C C 
T T G C A C C
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mRNAs) or U6 small nuclear RNA (for miR-381-3p). The 
specific primers for qRT-PCR are presented in Table 1.

Western blot
After pulverizing with liquid nitrogen, rat femurs were 
immersed in the RIPA lysis buffer (Solarbio) supple-
mented with 1mM phenylmethanesulfonyl fluoride. Sub-
sequently, a BCA protein assay kit (Solarbio) was utilized 
to examine protein concentrations in the supernatants of 
the samples, which were obtained through centrifugation 
at 12,000 g for 5 min. Similarly, total proteins from OVX-
BMMSCs were isolated using RIPA lysis buffer. SDS-
PAGE was used to separate the same quantity of protein, 
which was then transferred to PVDF membranes. These 
membranes were then blocked for 2  h using 5% nonfat 
milk and exposed to diluted primary antibodies like anti-
Runx2 (1:1000, #12556), anti-Col1a1 (1:1000, #91144), 
anti-Alp (1:800, sc-365765), anti-KLF5 (1:5000, 21017-1-
AP), anti-β-catenin (1:1000, #9562), anti-c-Myc (1:1000, 
#18583), and anti-GAPDH (1:1000, #2118). All primary 
antibodies were from Cell signaling technology (Dan-
vers, MA, USA) except Alp (from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and KLF5 (from Proteintech, 

Chicago, IL, USA). In the following, the membranes 
underwent a triple washing process with TBST, and 
then incubated with Goat Anti-Rabbit IgG H&L (HRP) 
secondary antibody from Bioss (Beijing, China) for 1  h. 
After that, the blots were made visible through a che-
miluminescence reaction. The quantification of protein 
bands was performed using ImageJ software. The protein 
level of GAPDH was used as control.

Dual-luciferase reporter analysis
Bioinformatics analysis using Starbase (https://rnasysu.
com/encori/) and Targetscan (https://www.targetscan.
org/vert_80/) algorithms confirmed that KLF5 was a 
potential target of miR-381-3p both in humans and rats. 
To further evaluate their relationship, we caried out a 
dual-luciferase reporter assay. Briefly, the 3’ UTR frag-
ment of KLF5 containing the binding sites of miR-381-3p 
was subcloned into the downstream of firefly luciferase 
gene of pmirGLO vector to construct KLF5-WT lucif-
erase reporter plasmid. Moreover, KLF5 mutant type 
vector (KLF5-MUT) was constructed through mutation 
of the binding sites. OVX-BMMSCs were seeded into 
24-well plates and stimulated to undergo osteogenic dif-
ferentiation. Three days later, these KLF5 recombinant 
vectors as well as miR-381-3p mimics or miR-NC mim-
ics were transfected into the induced cells. 48 h later, cells 
were collected, and their luciferase activity was assessed 
utilizing a Luciferase Assay System kit (Promega, Madi-
son, WI, USA).

Statistical analysis
The data are represented as mean values ± standard devi-
ation. The statistical evaluations were performed with 
GraphPad Prism version 8, where one-way ANOVA was 
applied, followed by a Turkey post-hoc test, to assess sig-
nificant differences among multiple groups. A P value 
less than 0.05 was deemed statistically significant.

Results
An increase of mir-381-3p in OVX-induced osteoporotic 
rats
Compared with the sham group, an increase of miR-
381-3p was seen in the femoral tissues of rats after OVX 
treatment (Fig.  1A). Its expression was notably sup-
pressed in the femoral tissues of OVX-induced rats fol-
lowing anti-miR-381-3p administration (Fig. 1A).

Mir-381-3p antagomir alleviates osteoporosis and 
promotes osteogenic differentiation in vivo
Bone turnover markers (BTMs) are useful tools to moni-
tor osteoporosis [25]. OVX causes the high turnover of 
bone metabolism [26]. Levels of serum BTMs in rats 
were detected by ELISA. As revealed in Fig.  2A and C, 
compared with the sham group, increases of markers 

Fig. 1 miR-381-3p in the femoral tissues of rats in different groups. qRT-
PCR was utilized to assay miR-381-3p expression in the femurs of rats. 
*P < 0.05
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of bone formation (BALP, PINP) and resorption (CTX-
1) were observed in OVX rats, which indicated a high 
bone turnover pathology in OVX rats. Administration 
with anti-miR-381-3p significantly decreased their lev-
els. Moreover, the pathological changes of femurs in 
each group were evaluated by H&E staining. An obvi-
ous decrease of trabecular bone area was seen in OVX 
rats, which confirmed the successful establishment of an 
osteoporosis model in rats. Anti-miR-381-3p dramati-
cally increased trabecular bone area compared with OVX 
rats (Fig.  2D and E). Subsequently, levels of osteoblast 
differentiation markers were analyzed in the bone tissues. 
qRT-PCR assay demonstrated the suppression of mRNA 
expression levels of Runx2, Alp, Col1a1, and Ocn in the 
femurs of OVX rats, which were facilitated by anti-miR-
381-3p (Fig. 2F). The protein levels of Runx2 and Col1a1 
were also confirmed by western blot (Fig.  2G and H). 
These results indicated that anti-miR-381-3p alleviated 
osteoporosis and stimulated osteogenic differentiation in 
OVX-induced rats.

Mir-381-3p expression is decreasing during osteogenic 
differentiation of OVX-BMMSCs
Flow cytometry identified that the isolated OVX-
BMMSCs were negative for CD34 and CD45, but positive 
for CD29 and CD44 (Fig. 3A and B), indicating the suc-
cessful isolation of BMMSCs from OVX rats. miR-381-3p 
expression was detected in OVX-BMMSCs during osteo-
genesis. The results showed that compared with undif-
ferentiated OVX-BMMSCs, miR-381-3p expression was 
decreasing in differentiated OVX-BMMSCs (Fig. 3C).

Mir-381-3p inhibits OVX-BMMSCs osteogenesis in vitro
miR-381-3p’s influence on osteogenic differentiation 
process in osteoporosis were further analyzed in OVX-
BMMSCs. The transfection of miR-381-3p agomir led to 
an elevation in miR-381-3p expression, while transfection 
with anti-miR-381-3p resulted in a decrease in its expres-
sion (Fig. 4A). miR-381-3p agomir inhibited ALP activity 
and mineralization, whereas anti-miR-381-3p promoted 
their levels (Fig. 4B and C). Meanwhile, the mRNA levels 
of osteoblast differentiation markers (Runx2, Alp, Col1a1 
and Ocn) were all decreased by miR-381-3p agomir, 
whereas accelerated after anti-miR-381-3p transfection 
(Fig.  4D). Consistently, the protein levels of Alp, Runx2 
and Col1a1 showed the same tendency as their mRNA 
expression (Fig. 4E and F). These data suggested that in 
OVX-BMMSCs, miR-381-3p inhibited the osteogenic 
differentiation process.

Mir-381-3p directly targets KLF5 during osteoporosis
Through bioinformatics software analysis, it was discov-
ered that the 3′UTR of KLF5 includes a site that comple-
ments the seed region of miR-381-3p both in humans and 
rats. The RNA sequence alignment between them in rats 
was shown in Fig. 5A. The luciferase activity analysis ver-
ified the direct binding between miR-381-3p and KLF5 in 
OVX-BMMSCs (Fig. 5B). The decreases of KLF5 mRNA 
and protein levels in the femurs of OVX rats were signifi-
cantly upregulated by anti-miR-381-3p administration 
(Fig. 5C and E). In OVX rats, a significant negative cor-
relation emerged between the expression levels of miR-
381-3p and KLF5 (Fig.  5F). Moreover, KLF5 expression 

Fig. 2 miR-381-3p antagomir alleviated osteoporosis and promoted osteogenic differentiation in vivo. Serum levels of BALP (A), PINP (B), and CTX-1 (C) 
were detected by ELISA. (D) H&E staining of rat femur. Magnification: 20×. (E) Trabecular bone area was quantified. F: The mRNA expression of Runx2, Alp, 
Col1a1, and Ocn in the femurs of rats was measured by qRT-PCR. G and H: Western blot analysis for the protein levels of Runx2 and Col1a1 in rat femurs. 
*P < 0.05
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in OVX-BMMSCs was inhibited by miR-381-3p agomir, 
and enhanced by anti-miR-381-3p during osteogenic dif-
ferentiation induction (Fig. 5G and I). These data verified 
miR-381-3p directly targeting KLF5 during osteoporosis.

Mir-381-3p suppresses Wnt/β-catenin signaling pathway 
via targeting KLF5
The protein levels of Wnt3a, β-catenin, and c-Myc were 
both suppressed in the femurs of OVX rats. Adminis-
tration of anti-miR-381-3p in OVX rats significantly 
enhanced their levels (Fig. 6A and B). Moreover, during 
osteogenic differentiation in OVX-BMMSCs, transfec-
tion with miR-381-3p agomir led to a reduction in the 
levels of Wnt3a, β-catenin and c-Myc, whereas transfec-
tion with anti-miR-381-3p resulted in their upregula-
tion (Fig. 6C and D). We also found that downregulation 
of KLF5 reversed the influences of anti-miR-381-3p on 
Wnt3a, β-catenin and c-Myc levels during osteogenic 
differentiation in OVX-BMMSCs (Fig. 6C and F). These 
results confirmed that miR-381-3p inactivated Wnt/β-
catenin signaling pathway via targeting KLF5 during 
osteogenic differentiation in osteoporosis.

Discussion
Estrogen-deficient animal model is commonly used to 
mimic PMOP in women [27]. Increased bone turnover, 
comprising both bone formation and resorption, con-
stitutes a crucial factor contributing to osteoporosis in 
postmenopausal women [28]. Our investigation revealed 
a rise in bone turnover and trabecular separation in rats 
subjected to OVX, suggesting PMOP rat model was suc-
cessfully established. Here, we utilized in vivo and in 
vitro strategies to explore the association and molecular 
mechanism of miR-381-3p in OVX-induced osteoporosis 
models.

miR-381-3p has emerged as a potential target for can-
cer therapy [29]. Although miR-381-3p is an inhibitor 
of osteogenesis [15, 16], until now, limited study inves-
tigated its role in osteoporosis. In our study, intrave-
nous injection of miR-381-3p antagomir inhibited the 
increase of bone turnover markers, alleviated histological 
changes of femurs in OVX rats. This suggested that miR-
381-3p improved bone loss in osteoporotic rats. Promot-
ing osteogenic differentiation is a promising strategy to 
treat osteoporosis [7, 30]. Here, we observed a decrease 
in osteoblast differentiation markers in rats subjected to 
OVX. Notably, inhibition of miR-381-3p was found to 

Fig. 3 miR-381-3p expression was decreasing during osteogenic differentiation of OVX-BMMSCs. A and B: Flow cytometry showed that the isolated 
OVX-BMMSCs were CD34−, CD45-, and CD29+, CD44+. C: Isolated OVX-BMMSCs were cultured in osteoblast differentiation medium for 7 and 14 days, 
miR-381-3p expression was determined by qRT-PCR. *P < 0.05 vs. day 0
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elevate the levels of these markers that were inhibited 
by OVX. OVX led to the decreased osteogenic differen-
tiation in BMMSCs, and increased its adipogenic differ-
entiation [31]. Therefore, the impact of miR-381-3p in 
PMOP was further explored in OVX-BMMSCs in vitro. 
We demonstrated that the augmentation of miR-381-3p 
hindered ALP activity and mineralization, and impeded 
the expression of osteoblast differentiation biomark-
ers during osteoblast differentiation of OVX-BMMSCs. 
Contrarily, suppression of miR-381-3p enhanced ALP 
activity and mineralization, augmented the expression of 
markers related to osteoblast differentiation. These data 
confirmed that miR-381-3p inhibition relieved OVX-
induced osteoporosis through enhancing osteogenesis of 
BMMSCs.

KLF5 is an important transcription factor that is 
associated with multiple cellular functions, including 
embryonic development, cell differentiation, prolifera-
tion, apoptosis, autophagy, stemness and migration [32, 
33]. Existing evidence has demonstrated that KLF5 is 
intimately linked to the process of osteogenic differen-
tiation [34]. For example, KLF5 level was accelerated 
during osteogenesis of human periodontal ligament 
cells (hPDLCs), and its silencing reduced osteogenic 

differentiation of hPDLCs [34]. Huang et al. [18] found 
that KLF5 elevation was responsible for miR-19b-in-
duced osteogenic differentiation and fracture healing. Li 
and co-workers showed that OVX-induced osteoporotic 
mice and H2O2-treated BMMSCs, KLF5 expression was 
diminished. KLF5 could stimulate osteogenic differentia-
tion of BMMSCs [35]. Consistently, our study also found 
a decrease of KLF5 in OVX-induced rats. Studies have 
verified that KLF5 is a target of many miRNAs [34, 36, 
37]. However, the relationship between miR-381-3p and 
KLF5 remains unknown. A negative correlation between 
them was exhibited in the femurs of OVX-induced rats. 
Bioinformatic analysis predicted that KLF5 was a poten-
tial target for miR-381-3p both in humans and rats. Sub-
sequently, dual-luciferase reporter assay confirmed their 
direct binding. Furthermore, anti-miR-381-3p promoted 
KLF5 levels in vivo and in vitro both at transcription and 
translation levels. And miR-381-3p upregulation decel-
erated KLF5 expression during osteogenic differentia-
tion of OVX-BMMSCs. These data showed miR-381-3p 
directly targeting KLF5 during osteogenic differentiation 
in osteoporosis.

Wnt/β-catenin signaling serves as a crucial regulator of 
the initiation and development of osteoporosis, in which, 

Fig. 4 miR-381-3p inhibited OVX-BMMSCs osteogenesis in vitro. A: OVX-BMMSCs was transfected with indicated vector and cultured in osteoblast dif-
ferentiation medium. 14 days after induction, miR-381-3p expression was tested by qRT-PCR. B: ALP activity was measured using an ALP Assay Kit. C: 
Alizarin red staining of OVX-BMMSCs at 14 days after induction. D: Osteoblast differentiation marker genes, including Runx2, Alp, Col1a1 and Ocn, were 
detected in OVX-BMMSCs after designated treatment. E and F: Western blot analysis for the protein levels of Alp, Runx2 and Col1a1 in OVX-BMMSCs at 
14 days after induction
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Fig. 5 miR-381-3p directly targeted KLF5 during osteoporosis. A: The diagram of miR-381-3p binding sites on the 3′UTRs of KLF5 in rats. B: The relative 
luciferase activity of OVX-BMMSCs co-transfected with miR-381-3p mimics/miR-NC and KLF5 wild-type (KLF5-WT)/mutant (KLF5-MUT) luciferase reporter 
plasmid. KLF5 mRNA (C) and protein (D and E) expression in rats in different groups was detected by qRT-PCR and western blot, respectively. F: The cor-
relation between KLF5 mRNA and miR-381-3p in OVX rats. The mRNA (G) and protein (H and I) levels of KLF5 in OVX-BMMSCs transfected with designated 
vector were examined. *P < 0.05
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it functions in bone formation through promoting the 
differentiation of BMMSCs into mature osteoblasts [38, 
39]. c-Myc stands as a crucial downstream effector of the 
Wnt/β-catenin signaling cascade [40]. In our study, we 
found Wnt3a, β-catenin and c-Myc levels were enhanced 
after administration of anti-miR-381-3p in OVX rats. In 
OVX-BMMSCs, their levels were restrained after miR-
381-3p upregulation, but elevated after miR-381-3p 
inhibition, during osteogenic differentiation. This sug-
gested that in the context of osteogenic differentiation 
in osteoporosis, miR-381-3p exerted an inhibitory effect 
on the Wnt/β-catenin signaling pathway. It has been 
reported that in the osteogenic differentiation process 
of BMMSCs, KLF5 triggered the activation of Wnt/β-
catenin pathway [18]. We further evaluated whether 
miR-381-3p regulated Wnt/β-catenin pathway through 
targeting KLF5. Here, we found that downregulation of 
KLF5 abrogated the effects of anti-miR-381-3p on Wnt3a, 
β-catenin and c-Myc expression in OVX-BMMSCs. Col-
lectively, above data indicated that miR-381-3p sup-
pressed Wnt/β-catenin signaling pathway via targeting 
KLF5 during osteogenic differentiation in osteoporosis. 
However, our study still has some limitations. First, given 
that osteoclast-induced bone resorption is another deter-
minant factor in osteoporosis, miR-381-3p’s influence 

on osteoclastogenesis needs further investigation [41]. 
Moreover, miR-381-3p might also target other genes 
except KLF5 in osteoporosis, which also needs further 
exploration. Additionally, miR-381-3p expression profile 
needs to be evaluated in PMOP patients.

In conclusion, this is the first time to delve the connec-
tion between miR-381-3p and osteoporosis. miR-381-3p 
inhibited OVX-induced osteoporosis by inhibiting osteo-
genic differentiation through targeting KLF5/Wnt/β-
catenin signaling pathway (Fig.  7). miR-381-3p emerges 
as a potential therapeutic target for the management of 
PMOP.

Fig. 6 miR-381-3p suppressed Wnt/β-catenin signaling pathway via targeting KLF5. A and B: The protein levels of Wnt3a, β-catenin and c-Myc in rat 
femur were detected by western blot. C and D: Wnt3a, β-catenin and c-Myc protein expression in OVX-BMMSCs at 14 days after induction were mea-
sured by western blot. E and F: OVX-BMMSCs were transfected with KLF5 shRNA (shKLF5) or its control (shNC), and KLF5 protein level was determined 
by western blot. *P < 0.05
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