‘ '.) Check for updates ‘

Original Article

MiR-335-3p Alleviates Adipogenesis and Inflammation
in Bone Marrow-Derived Mesenchymal Stem Cells

in Osteoporotic Fractures

(miR-335-3p / osteoporotic fractures / BMSC / biomarker)

QI CHEN, WEN-HUA LU, WEI-BING CHEN

Department of Orthopaedic Surgery, Jinshan Branch Hospital of the Sixth People’s Hospital of Shanghai,

Shanghai 201599, China
Qi Chen and Wen-Hua Lu contributed equally.

Abstract. Osteoporotic fractures (OPF) represent a
substantial share of all fracture types, seriously af-
fecting the quality of life. Therefore, it is essential to
find a biomarker for early diagnosis and prevention
of OPF. Detection of mRNA expression was performed
using RT-qPCR. The diagnostic value of miR-335-3p
in OPF was examined by the ROC curve. Pearson’s
correlation analysis was employed to explore the cor-
relation. The rat model of OPF was established by
bilateral oophorectomy (OVX) and creation of a frac-
ture in the middle of the left femur. Then, bone mar-
row-derived mesenchymal stem cells (BMSCs) were
isolated from the rats. MiR-335-3p was over-expressed
or inhibited by transfection in BMSCs. Adipogenic
factors, inflammatory factors, osteogenic markers
and cell metabolic activity were detected in BMSCs.
MiR-335-3p expression was markedly reduced in
patients with OPF, and this molecule exhibited favor-
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able diagnostic efficacy for OPF. In OPF, miR-335-3p
was positively correlated with bone mineral density.
In BMSC®?*, miR-335-3p reduced inflammatory fac-
tors and increased cell metabolic activity. In addition,
the over-expression of miR-335-3p reduced adipogenic
factors and increased osteogenic markers. In conclu-
sion, miR-335-3p was decreased in OPF and may have
high diagnostic potential in OPF. In BMSC°"*, miR-
335-3p is downregulated in OPF and possesses prom-
ising diagnostic value. It can inhibit adipogenic dif-
ferentiation and inflammatory responses while
promoting osteogenic differentiation in BMSCs. These
findings suggest that miR-335-3p may participate in
the pathogenesis of OPF and be associated with frac-
ture healing.

Introduction

Osteoporosis (OP), a metabolic bone disorder, mani-
fests as reduced bone strength and heightened fracture
risk due to deteriorated bone microarchitecture and de-
creased bone mineral density (BMD) (Khan et al., 2024).
Studies show that postmenopausal women are particu-
larly prone to OP and its sequelae, such as osteoporotic
fractures (OPF), and oestrogen levels are positively cor-
related with BMD and play a protective role in prevent-
ing OPF (Long et al., 2023). Due to population aging, the
incidence of OPF is on the rise (Liu et al., 2023). The
mortality and disability rates of OPF are extremely high
(Meng et al., 2023). Currently, the primary method for
diagnosing OPF is dual-energy X-ray absorptiometry
(DEXA); however, this technique is associated with high
costs (Godos et al., 2022). Therefore, it is highly neces-
sary to search for an easily accessible and low-cost bio-
marker.

MicroRNA (miRNA) can be detected in various body
fluids, including plasma and serum, and is not degraded
by plasma ribonucleases (RNases) (Ali Sheikh et al.,
2021). Studies have shown that miRNA serves as a bio-
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marker for OP and OPF (Ciuffi et al., 2022). This study
mainly focused on the miR-335-3p. In the tibial speci-
mens of OPF mice, miR-335-3p was significantly re-
duced, and research has also demonstrated that a pivotal
role of miR-335-3p has been identified in controlling
osteoclast differentiation (Zhang et al., 2025). Further-
more, miR-335-3p serves as a regulatory factor in osteo-
blast differentiation pathways (Avendano-Félix et al.,
2019). Based on these results, it is speculated that miR-
335-3p is involved in OPF and may become a biomarker
of OPF.

OPF is often accompanied by abnormal inflammation
(Lietal., 2024a). MiR-335-3p is closely related to inflam-
mation in diseases such as Parkinson’s disease (PD)
(Oliveira et al., 2020). Low oestrogen levels are regard-
ed as the main cause of OP in postmenopausal women
(Chen et al., 2024), and miR-335-3p regulates oestrogen
receptor o (ERo) mRNA (Martin et al., 2017). The above
research indicates that miR-335-3p is closely related to
OPF.

In this study, the purpose was to explore miR-335-3p
in OPF and to find out whether miR-335-3p has a diag-
nostic value in OPF, thereby providing a possibility for
finding a new biomarker of OPF.

Material and Methods

Patients and specimens

This study included 130 postmenopausal female sub-
jects diagnosed with OP according to WHO criteria
(T-score <—2.5 at the lumbar spine / femoral neck / total
hip) from April 2020 to August 2022. Among them, 80
patients with OPF were assigned to the OPF group, and
50 patients with OP but without fracture were assigned
to the control group. The inclusion criterion for the OPF
group was a clinical diagnosis of OPF. The exclusion
criteria were diabetes, ischaemic heart disease, heart
failure, kidney disease, cancer, any other chronic disease,
or any disease affecting bones, and being treated with
corticosteroids. Initial blood samples were collected from
patients with OPF after admission. This study was ap-
proved by the Ethics Committee at the authors’ institution,
and written consent was obtained from all subjects.

Animal experiments

All animal experiments were approved by the Ethics
Committee of the authors’ institution. SD rats were pur-
chased from BesTest (Zhuhai, China). The rat model of
OP was established by bilateral oophorectomy (OVX).
To establish an OPF rat model, 12 weeks after OVX
surgery, an osteotomy fracture was created in the middle
of the left femur using an oscillating sagittal saw, and
25-gauge needles were inserted intramedullary for fixa-
tion. The rats were allocated into two experimental groups
(N = 6): the control group and the OPF group. After the
successful modelling, blood was collected from the tail
vein of the rats, and the rat serum was isolated for sub-
sequent experiments.

Cell culture

Bone marrow-derived mesenchymal stem cells
(BMSCs) were isolated from the tibia of the rats (Fathi
et al., 2020). To assess the adipogenic differentiation
potential of BMSCs, BMSCs were seeded at a density of
1 x 10* cells/cm? in 24-well plates and cultured in com-
mercial adipogenic induction medium (AIM; Cyagen
Biosciences, cat. No. RASMX-90031, Santa Clara, CA)
following standard protocols. Osteogenic differentiation
of BMSCs was induced in rat BMSC bone formation
differentiation medium (Cyagen Bioscience). On the 14"
day of osteogenic differentiation, the expression levels
of osteogenic markers were detected.

Cell transfection

To up-regulate and down-regulate miR-335-3p, miR-
335-3p mimic or miR-335-3p inhibitor was transfected
into BMSCs. All plasmids were purchased from Gene-
Pharma (Shanghai, China).

RT-gPCR

RNA from subjects and rats was extracted and reverse-
transcribed into cDNA. The expression of miR-335-3p,
peroxisome proliferator-activated receptor y (PPARy) and
lipoprotein lipase (LPL) was detected by SYBR qPCR
Mix and RT-qPCR system. The expression of miR-335-3p
in the cells was normalized to U6, the expression of miR-
335-3p in the serum was normalized to cel-miR-39, and
the expression of runt-related transcription factor 2
(Runx2), osteocalcin (OCN), collagen I, PPARy and LPL
was normalized to GAPDH. The mRNA expression lev-
els were calculated using the 2724°T method.

ELISA

Concentrations of tumour necrosis factor oo (TNF-a)
and interleukin 1p (IL-1pB) in rat BMSCs were quantified
using commercially available ELISA kits (TNF-a:
EK282, IL-1B: EK201B; MultiSciences Biotech,
Hangzhou, China).

Cell counting kit-8 (CCK-8) assay

BMSCs were seeded in 96-well plates with a density
of approximately 1 x 10° cells per well. Then, a 10 pl
solution of CCK-8 (G4103, Servicebio, Wuhan, China)
was added to each well of the cell culture plate and the
plate was incubated at 37 °C for 4 h. Finally, the absor-
bance at 450 nm was assessed using a microplate reader
(LX800, BioTek, Winooski, VE).

Statistical analysis

Data were processed by SPSS 23.0. The #-test and
ANOVA were employed to analyse the differences be-
tween the groups. The diagnostic value was detected by
the receiver operating characteristic (ROC) curve.
Stratified 10-fold cross-validation was applied with 90 %
training and 10 % independent test set in each fold; all
performance metrics were computed only on the inde-
pendent test partition to prevent overfitting and circular
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validation. Logistic regression was utilized to analyse the
risk factors for OPF. Pearson correlation analysis was
utilized to detect the correlations. P < 0.05 was considered
statistically significant.

Results

Baseline characteristics and biochemical
indicators in the control group and the OPF

group

As shown in Table 1, BMD was measured at the lum-
bar spine (L1-L4). BMD (P < 0.001) was decreased in
the OPF group, while the two groups showed no signifi-
cant difference in age (P = 0.459), body mass index (BMI)
(P=0.157), smoking (P = 0.943), drinking (P = 0.601),
diabetes mellitus (DM) (P = 0.826), hypertension (P =
0.755), hyperlipidaemia (P = 0.268), anti-osteoporotic

Table 1. Baseline characteristics of OPF patients

medication use (P = 0.072), time since menopause (P =
0.502), vitamin D status (P = 0.066) and calcium intake
(P=10.355).

Effects of miR-335-3p in OPF

MiR-335-3p was decreased in OPF (Fig. 1A). MiR-
335-3p may have high diagnostic potential in OPF, with
an area under the curve (AUC) of 0.856, and sensitivity
and specificity were 81.25 % and 86.00 % (Fig. 1B, P <
0.001). Cross-validation yielded very low between-fold
variance: AUC ranged from 0.839 to 0.872, sensitivity
from 79.17 % to 83.33 % and specificity from 84.44 %
to 88.89 %. The mean AUC (0.856), mean sensitivity
(81.25 %) and mean specificity (86.00 %) from cross-val-
idation were consistent with the full-sample ROC
(Supplementary Table), confirming the stability of
miR-335-3p for OPF diagnosis. In OPF, miR-335-3p was
positively correlated with BMD (Fig. 1C, P <0.001).

Variable Control (N=50) | OPF (N =80) P value
Age (years) 62.14 £5.23 61.26 £7.25 0.459
BMI (kg/m?) 21.31+£3.93 22.38+4.29 0.157
Smoking, N (%) 2 (4 %) 3 (3.75 %) 0.943
Drinking, N (%) 22 (44 %) 39 (48.75 %) 0.601
DM, N (%) 8 (16 %) 14 (17.5 %) 0.826
Hypertension, N (%) 18 (36 %) 31 (38.75 %) 0.755
Hyperlipidaemia, N (%) 10 (20 %) 23 (28.75 %) 0.268
BMD (g/cm?) 0.89+0.14 0.50+0.11 | <0.001™
Fracture site heterogeneity (axial bone fracture/peripheral bone fracture) / 35/45 /
Anti-osteoporotic medication use (yes/no) 8/42 26/54 0.072
Time since menopause (years) 8.22+4.01 7.73 £4.12 0.502
Vitamin D status (sufficient/insufficient) 46/4 64/16 0.066
Calcium intake (sufficient/insufficient) 41/9 60/20 0.355

OPF — osteoporotic fractures, BMI — body mass index, DM — diabetes mellitus, BMD — bone mineral density. ***P < 0.001.
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Fig. 1. Effects of miR-335-3p in OPF. (A) Relative expression of miR-335-3p in OPF. (B) The diagnostic value of miR-335-3p
in OPF. (C) The correlation of miR-335-3p and BMD in OPFE. *“P < 0.001.
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Table 2. Logistic regression analysis of risk factors for OPF

Variable OR 95% CI for OR P value
Lower | Upper
Age 0.807 0.281 2.321 0.691
BMI 3.029 0.984 9.677 0.062
Smoking 0.378 0.011 12.918 0.589
Drinking 0.353 0.082 1.528 0.164
DM 0.165 0.017 1.619 0.122
Hypertension 0.617 0.143 2.672 0.519
Hyperlipidaemia 0.698 0.094 5.167 0.725
BMD 0.157 0.048 0.514 0.002™
miR-335-3p 0.031 0.008 0.113 | <0.001™

OPF - osteoporotic fractures, BMI — body mass index, DM — dia-
betes mellitus, BMD — bone mineral density. “P < 0.01, *P <
0.001.

Risk factors for OPF

As shown in Table 2, BMD (P=0.002) and miR-335-3p
(P < 0.001) were risk factors for OPF, while age (P =
0.691), BMI (P = 0.062), smoking (P = 0.589), drinking

(P =0.164), DM (P = 0.122), hypertension (P = 0.519)
and hyperlipidaemia (P = 0.725) were not risk factors for
OPF.

Effects of miR-335-3p on the inflammation and
cell metabolic activity of BMSCs

In OPF rats, the miR-335-3p level in the serum was
decreased compared with the control rats (Supplementary
Figure). In BMSCO", miR-335-3p was over-expressed
or inhibited, which was verified (Fig. 2A). Compared
with BMSCen! TNF-o and IL-1f in BMSC®F were
increased, and the cell metabolic activity in BMSCOFF
was decreased. In BMSCC™, the over-expression of miR-
335-3p reduced TNF-a and IL-1p, and the inhibition of
miR-335-3p increased TNF-o and IL-1f (Fig. 2B, C). In
BMSCP®™*, the over-expression of miR-335-3p elevated
the cell metabolic activity, while the inhibition of miR-
335-3p reduced the cell metabolic activity (Fig. 2D).

Effects of miR-335-3p on the adipogenic
potential of BMSC™

The adipogenic potential of BMSCs also plays a crucial
role in the healing of OPF (Wang et al., 2018). Adipo-
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genesis was induced in vitro for BMSC* ! and BMSCOF*
to determine the effect of miR-335-3p on OPF healing.
In BMSCP with induced adipogenesis in vitro, miR-335-3p
was over-expressed or inhibited, which was verified by
RT-qPCR (Fig. 3A). BMSCO® had a greater adipogenic
capacity than BMSCe™! and the over-expression of
miR-335-3p reduced PPARy and LPL, while the inhibition
of miR-335-3p elevated PPARy and LPL (Fig. 3B, C).

Effects of miR-335-3p on osteogenic
differentiation of BMSCC"*

BMSCs were induced to undergo osteogenic differen-
tiation to detect the effect of miR-335-3p on osteogenic
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ability. In BMSCOC®F after inducing osteogenic differen-
tiation, the over-expression of miR-335-3p elevated
Runx2, OCN and collagen I, while the inhibition of miR-
335-3p reduced Runx2, OCN and collagen I (Fig. 4A,
B, O).

Discussion

Fragility fractures secondary to OP constitute a major
cause of disability and excess mortality in geriatric pop-
ulations (Beaudart et al., 2022). Compared with tradi-
tional fractures, the low bone mass, bone defects and slow
healing of OPF pose significant difficulties in treatment
and rehabilitation (Chen et al., 2022). OPF is usually
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Fig. 3. Effects of miR-335-3p on the adipogenic potential of BMSC. (A) Relative expression of miR-335-3p in BMSCs.
(B) Relative expression of PPARy in BMSCs. (C) Relative expression of LPL in BMSCs. P < 0.001.
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(B) Relative expression of OCN in BMSCs. (C) Relative expression of collagen I in BMSCs. P < 0.01. P < 0.001.
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accompanied by persistent chronic pain and poor healing
outcomes (Wank et al., 2022). Due to the global aging
issue, the prevalence of OPF is very high, significantly
increasing the socio-economic burden (Cheung et al.,
2021). Therefore, there is a very pressing need to find a
diagnostic marker for OPF. In this study, miR-335-3p
was significantly decreased in OPF, suggesting that miR-
335-3p may be involved in the pathogenesis of OPF and
may have significant diagnostic potential in OPF.

OP is characterized by poor microstructure of bones,
an increased risk of OPF and an increased risk of fractures
as BMD decreases (Wilson-Barnes et al., 2022). MiR-
335-3p is involved in bone diseases such as intervertebral
disc degeneration (Yu et al., 2019) and knee osteoarthri-
tis (Ali et al., 2020). In this study, BMD was signifi-
cantly decreased in OPF, and BMD and miR-335-3p were
risk factors for OPF, which were consistent with the
previous research results.

Coordinated osteogenesis and angiogenesis are funda-
mental to bone formation and fracture repair, wherein the
paracrine crosstalk between BMSCs and vascular endo-
thelial cells critically regulates bone remodelling cascades
(Chen et al., 2021). Therefore, BMSCs from rats were
isolated for our research. In this study, miR-335-3p was
significantly decreased in BMSCO™,

One of the main determinants of bone fragility is in-
flammation, and the control of inflammation is part of
the prevention of OP (Briot et al., 2017). OPF usually
shows delayed healing due to chronic inflammation
(Wang et al., 2025). Research has shown that miR-335-3p
is down-regulated in PBMCs with polymyositis and der-
matomyositis (Shi et al., 2024). Bioinformatic analysis
showed that in idiopathic PD, miR-335-3p was associ-
ated with inflammatory pathways (Oliveira et al., 2020).
The above evidence indicates that miR-335-3p is closely
related to inflammation. There are many scientific reports
indicating that systemic inflammation scores are associ-
ated with reduced BMD in osteoporotic spondylosis (Cal,
2024). MiR-335-3p is an important regulatory factor that
regulates the Toll-like receptor 4 (TLR4)/nuclear factor
kB (NF-kB) signalling pathway (Du et al., 2022), sug-
gesting that miR-335-3p may indirectly affect TNF-a and
IL-1pB through this pathway. To verify the relationship
between miR-335-3p and inflammation in OPF, we ma-
nipulated miR-335-3p expression, and the results showed
that the over-expression of miR-335-3p reduced TNF-o
and IL-1p, while the inhibition of miR-335-3p increased
TNF-a and IL-1p, indicating that miR-335-3p may be
involved in OPF by regulating the inflammatory response.

Mesenchymal stem cells are progenitor cells that can
differentiate uniformly into multiple cell lineages under
physiological conditions, including adipocytes, osteo-
blasts and chondrocytes, and differentiation of mesen-
chymal stem cells into adipocytes rather than osteoblasts
and chondrocytes leads to the progression of OP (Wong
et al., 2019). PPARYy is widely recognized as a major
regulatory factor in adipose tissue biology and is closely
related to the adipogenic potential of adipocyte precursor
cells (Hernandez-Quiles et al., 2021). Canonical adipo-

cyte differentiation requires PPARy-dependent trans-
criptional activation, wherein this nuclear receptor co-
ordinates the epigenetic remodelling necessary for
preadipocyte-to-adipocyte transition (Xu et al., 2024).
LPL is one of the most important factors in lipid distribu-
tion and metabolism throughout the body and has high
expression in adipocytes, muscle cells and macrophages
(Wu, 2021). Cellular biosynthesis of LPL occurs primar-
ily in adipose tissue and skeletal muscle parenchymal
cells, followed by extracellular release into the interstitial
matrix (Beigneux et al., 2019). In BMSC°™, the over-
expression of miR-335-3p reduced PPARYy and LPL,
while the inhibition of miR-335-3p increased PPARy and
LPL, suggesting that miR-335-3p might participate in
fracture healing by regulating the adipogenic potential.
The PI3K/AKT pathway is of great significance in the
healing of OPF and is closely related to fat synthesis (Li
et al., 2020; Li et al., 2024b). The down-regulation of
miR-335-3p leads to the activation of the PI3K/Akt sig-
nalling pathway (Zhu et al., 2023). However, this evi-
dence was obtained from studies of other miRNAs and
distinct cellular systems. Based on these findings, we
speculate that miR-335-3p may indirectly regulate PPARy
and LPL partly through the PI3K/Akt signalling pathway,
which warrants further experimental validation in
BMSCs.

This study still has some limitations. Regarding frac-
ture healing, we have only demonstrated the effect of
miR-335-3p on adipogenesis and osteogenic differentia-
tion of BMSC through in vitro cell experiments, and have
not conducted in vivo experiments on inflammation. In
the future, we will further verify the role of miR-335-3p
in OPF healing by constructing animal models. Regarding
the relationship between circulating miR-335-3p and the
bone microenvironment, although this study initially
established the connection between human serum and
animal bone marrow, the exact relationship still requires
further study. Regarding the diagnostic value of miR-
335-3p for OPF, independent validation cohorts and ex-
ternal datasets will be provided in future studies to veri-
fy its diagnostic potential. Regarding the specific
biological significance of miR-335-3p, since the samples
were collected after fractures, the reverse causal relation-
ship cannot be ruled out, which limits the application
value of miR-335-3p in early diagnosis and prevention.
In subsequent studies, we will include patients with frac-
tures caused by trauma as the control group to clarify the
diagnostic value of miR-335-3p in OPF. Regarding
whether the expression changes of miR-335-3p are caused
by injury and inflammation after fracture, in the subse-
quent study, we will detect the level of miR-335-3p in
the blood of the animal model before fracture and conduct
dynamic monitoring after fracture to distinguish the
basal state from the changes after fracture. Regarding
adipogenic potential, Oil Red O staining should be con-
ducted subsequently to verify the research results.

In general, miR-335-3p was decreased in OPF and may
have high diagnostic potential in OPF. In BMSC®", miR-
335-3p reduced inflammatory factors and adipogenic
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factors. In addition, miR-335-3p elevated cell metabolic
activity and osteogenic differentiation in BMSC®". The
results of this study preliminarily suggested that miR-
335-3p might be a potential biomarker of OPF, while
further verification is needed before clinical application.
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