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Abstract: Objective: To evaluate the diagnostic and predictive value of miR-146a for osteoporosis and bisphospho-
nate treatment outcomes, and to investigate the underlying mechanism by which bisphosphonates exert therapeu-
tic effects via miR-146a regulation. Methods: A retrospective cohort of 96 patients with osteoporosis and 90 healthy
individuals undergoing routine health examinations was analyzed. Serum miR-146a levels were measured to assess
their diagnostic utility for osteoporosis. Changes in miR-146a levels before and after one year of bisphosphonate
treatment and their correlation with treatment efficacy were also analyzed. In addition, in vitro experiments were
conducted to examine the effects of miR-146a and bisphosphonates on osteoclast differentiation and function.
Results: Serum miR-146a levels were significantly lower in osteoporosis patients and negatively correlated with dis-
ease severity, demonstrating strong diagnostic performance (AUC=0.910, sensitivity =97.78%; specificity =77.08%).
Following bisphosphonate treatment, miR-146a levels increased significantly and were positively associated with
treatment response, showing moderate predictive value (AUC=0.761; sensitivity =82.29%, specificity =60.42%).
Bisphosphonates inhibited osteoclast differentiation, an effect reversed by miR-146a inhibition and enhanced by
miR-146a overexpression. Conclusion: Serum miR-146a shows promise as a diagnostic and predictive biomarker
for osteoporosis and the efficacy of bisphosphonate therapy. It plays a role in suppressing osteoclast differentiation,
and bisphosphonates may exert their therapeutic effects in part by upregulating miR-146a. These findings suggest
that targeting miR-146a could be a novel strategy for osteoporosis management.
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Introduction approaches, which primarily aim to inhibit bo-

ne resorption using anti-osteolytic agents [4].

Osteoporosis is a globally prevalent metabolic
bone disease, predominantly affecting older
adults. It is characterized by reduced bone
mass and deterioration of bone microarchitec-
ture [1], typically progressing asymptomatically
until presenting as fragility fractures at weight-
bearing sites, such as the hip and spine, after
minimal trauma [2]. These fractures place a
significant economic burden on healthcare sys-
tems, particularly in aging populations where
prevalence continues to rise. The underlying
pathophysiology involves an imbalance in bone
remodeling, with excessive osteoclastic acti-
vity driving progressive bone loss [3]. This
understanding has shaped current treatment

Among these, bisphosphonates have become
the cornerstone of therapy, effectively reducing
fracture risk and slowing disease progression
[5]. However, osteoporosis management re-
mains complex, requiring individualized treat-
ment plans that consider patient-specific fac-
tors, potential adverse effects, and long-term
outcomes.

Bisphosphonates are well established as first-
line pharmacological agents for osteoporosis,
demonstrating significant efficacy in reducing
fracture risk. However, their use is associated
with notable safety concerns, including com-
mon gastrointestinal side effects and rare but
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severe complications such as osteonecrosis
of the jaw, esophageal irritation, and renal im-
pairment [6]. These risks necessitate careful
patient selection and close monitoring during
treatment. The diagnosis and evaluation of
osteoporosis rely primarily on bone mineral
density (BMD) measurements using dual-ener-
gy X-ray absorptiometry, with the hip and spine
serving as key assessment sites [7]. While
bisphosphonate efficacy can be monitored th-
rough BMD, interpreting BMD changes during
therapy requires consideration of multiple clini-
cal factors. The American Association of Clini-
cal Endocrinologists provides guidelines rec-
ommending serial BMD assessments every two
years after treatment initiation until BMD sta-
bilizes, followed by continued monitoring at
similar or shorter intervals [8]. This protocol
applies not only to bisphosphonates but also
to other anti-osteoporotic agents, underscoring
the chronic nature of the disease and the
importance of long-term follow-up.

Recent advances in molecular biology have
transformed disease diagnostics, with real-
time quantitative reverse transcription poly-
merase chain reaction (RT-gPCR) emerging as
a precise tool for nucleic acid quantification.
Among various molecular targets, microRNAs
(miRNAs) have attracted considerable atten-
tion in biomedical research. MiRNAs post-tran-
scriptionally regulate gene expression through
sequence-specific binding to target sites [9].
Growing evidence indicates that miRNAs play
critical roles in bone biology, regulating bone
development and metabolic homeostasis [10].
For example, miR-21 is significantly upregulat-
ed in the plasma of postmenopausal women
with osteoporosis and inversely correlates with
BMD [11]. Overexpression of miR-210 has been
shown to increase BMD and ameliorate post-
menopausal osteoporosis in rats by promoting
vascular endothelial growth factor expression
[12]. Notably, miR-146a has emerged as a key
regulator, suppressing osteoblast activity and
bone formation [13], suggesting its therapeu-
tic relevance in osteoporosis. Moreover, plas-
ma miR-146a levels are significantly reduced
and associated with muscle mass loss in post-
menopausal osteoporotic women [14]. Inter-
estingly, zoledronic acid, a bisphosphonate,
upregulates miR-146a levels in osteoclast-
derived extracellular vesicles, thereby inhibit-
ing osteoclast function [15]. These findings
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suggest that serum miR-146a may play a criti-
cal role in mediating the therapeutic effects of
bisphosphonates in osteoporosis patients and
holds promise as both a biomarker and a poten-
tial therapeutic target.

Materials and methods
Clinical study cohort

To ensure sufficient statistical power, the
required sample size for the retrospective co-
hort was estimated using G*Power 3.1 based
on preliminary data (expected effect size =1.5,
a=0.05, power =80%), indicating that at least
84 participants per group were needed. To
account for potential data variability and the
exclusion of incomplete records, the study
group included 96 patients diagnosed with
osteoporosis who received treatment at Dian-
jiang Traditional Chinese Medicine Hospital
between January 2023 and January 2024. For
comparison, 90 healthy individuals undergoing
routine health examinations during the same
period were recruited as control group.

Osteoporosis was diagnosed based on BMD
measurements obtained by dual-energy X-ray
absorptiometry at the femoral neck or lumbar
spine. Diagnostic categories were defined as
follows: (1) normal bone mass: T-score >-1.0;
(2) osteopenia (low bone mass): T-score be-
tween -1.0 and -2.5; and (3) osteoporosis:
T-score <-2.5 or evidence of fragility fractures.

For study inclusion, osteoporosis was defined
as a BMD value at least 2.5 standard devia-
tions below the young adult female reference
mean.

Rigorous exclusion criteria were applied to en-
sure study validity, excluding individuals with:
(1) hematological disorders; (2) malignant neo-
plasms; (3) documented hypersensitivity to
bisphosphonates; or (4) severe renal impair-
ment. This study was reviewed and approved
by the Institutional Review Board of Dianjiang
Traditional Chinese Medicine Hospital.

Treatment methods

Patients in the study group were stratified into
three treatment groups based on the pre-
scribed bisphosphonate regimen: (1) risedro-
nate group; (2) alendronate group; and (3) zole-
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dronic acid group. All patients concurrently
received daily calcium carbonate D, supple-
mentation (Wyeth Pharmaceuticals, USA), with
two tablets per dose providing a total of 1200
mg of elemental calcium and 250 IU of vitamin
D, throughout the one-year treatment period.

Risedronate group: patients received 5 mg of
oral risedronate sodium daily (Kunming Jida
Pharmaceutical Co., Ltd.; China FDA Approval
No. H20080119). They were instructed to take
the tablet with 240 mL of plain water while in
an upright position, 30-60 minutes before eat-
ing, and to remain upright for at least 30 min-
utes afterward.

Alendronate group: patients received 70 mg of
oral alendronate sodium once weekly (Merck &
Co., Inc., Hangzhou; China FDA Approval No.
J20130085). Tablets were taken with a full
glass of water before breakfast, with patients
remaining upright and refraining from eating or
lying down for at least 30 minutes afterward.
Alendronate was contraindicated in patients
with esophageal stricture or other conditions
causing delayed esophageal emptying, or in
those unable to sit or stand upright for at least
30 minutes.

Zoledronic acid group: patients received an
intravenous infusion of zoledronic acid (Beijing
Novartis Pharmaceutical Co., Ltd.; China Re-
gistration No. H20181132) at a dose of 5 mg
once annually.

Efficacy assessment

Routine tests: Complete blood and urine
counts; liver and kidney function tests; and
measurements of serum calcium, phosphorus,
and bone-specific alkaline phosphatase levels.

Bone metabolism markers: The bone resorp-
tion marker B-C-terminal telopeptide of type
| collagen (B-CTX) and urinary deoxypyridino-
line/creatinine ratio (DPD/Cr) were measured
using electrochemiluminescence immunoas-
say. Tartrate-resistant acid phosphatase 5b
(TRACP-5b) was quantified by enzyme-linked
immunosorbent assay.

BMD evaluation: BMD of the lumbar spine (L2-
L4) and unilateral hip femoral neck was mea-
sured for all patients before and one year af-
ter treatment using a Lunar Prodigy Advance
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PA+300164 dual-energy X-ray absorptiometry
(DEXA) scanner (GE, USA). Intergroup differenc-
es were analyzed.

Evaluation of therapeutic efficacy: Markedly
effective: Complete resolution of pain and
increased BMD on examination. Effective: Si-
gnificant pain relief with stable or increased
BMD. Ineffective: No improvement in symp-
toms or BMD compared to baseline.

Monitoring of adverse events: Acute reactions
(e.g., fever, myalgia); gastrointestinal symp-
toms and bowel disturbances; musculoskeletal
disorders; osteonecrosis of the jaw; and atypi-
cal fractures.

RT-gPCR

Serum miR-146a levels in both groups were
quantified by RT-qPCR to evaluate its diagnos-
tic value for osteoporosis and to assess chang-
es before and after treatment. In brief, total
RNA was extracted from serum samples using
TRIzol reagent (RO016; Beyotime, Shanghai,
China). cDNA synthesis was performed using
the PrimeScript™ Il First Strand cDNA Synthes-
is Kit (No. 6210A, TaKaRa, Beijing, China).
RT-gPCR was carried out using SYBR Green
Master Mix (Applied Biosystems, USA).

Twenty uL RT-gPCR reaction mixture contained
5.0 yL of cDNA, 5.0 pL of forward primer, 5.0 uL
of reverse primer, 10.0 uL of 2x SYBR Green
PCR Master Mix, and 4.0 yL of ddH,0. MiR-
146a expression was normalized to U6 small
nuclear RNA using the 2"-AACT method. Pri-
mers (GeneCopoeia, Guangzhou, China) were
as follows: miR-146a: forward 5-AGAACTGAA-
TTCCATGGGTT-3, reverse 5-GACAGAGATATCC-
CAGCTGAAGAA-3'. U6: forward 5-ATTGGAAC-
GATACAGAGAAGATT-3, reverse 5-GGAACGCTT-
CACGAATTTG-3..

Isolation and culture of bone marrow mono-
nuclear cells (BMMCs)

Five 2-day-old Sprague-Dawley neonatal rats
were obtained from Yisen Biotechnology
(Shanghai, China). All animals were housed
under standard laboratory conditions (22+3°C;
50+5% relative humidity). All experimental
procedures were approved by the Institutional
Animal Care and Use Committee of Dianjiang
Traditional Chinese Medicine Hospital. Follow-
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ing deep anesthesia with intraperitoneal pento-
barbital sodium (50 mg/kg), rats were eutha-
nized by cervical dislocation, and the long
bones of the limbs were aseptically harvest-
ed. The bones were immediately immersed in
cold D-Hank’s solution containing antibiotics.
Muscle and soft tissue were carefully removed,
and the metaphyseal segments were excised.
The bones were then placed in 5 mL of
Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS) and incubated at 4°C for 30 minutes.
Subsequently, the bones were cut transver-
sely into 4-5 mm segments and longitudinally
sectioned to expose the inner cortical sur-
face. The fragments were flushed repeatedly
for 5-10 minutes using a pipette, and the result-
ing cell suspension containing BMMCs was
collected.

The suspension was transferred into a 35 mm
culture dish and incubated at 37°C in a humidi-
fied atmosphere of 5% CO, for 10 minutes.
Non-adherent cells were filtered through a 200-
mesh cell strainer and centrifuged (1000 rpm,
10 minutes, 4°C). After discarding the superna-
tant, the pellet was resuspended and filtered
again through a 200-mesh strainer to remove
residual non-osteoclast cells and debris. The
purified cells were seeded into culture flasks at
a density of 1x10° cells/mL. After 12 hours, the
medium was replaced to remove red blood
cells and residual non-adherent cells, with
subsequent medium changes every two days.
BMMCs were cultured with 50 ng/mL macro-
phage colony-stimulating factor (M-CSF) and
50 ng/mL receptor activator of NF-kB ligand
(RANKL) for five days to induce osteoclast
differentiation.

Cell transfection

Differentiated osteoclasts were resuspended
in fresh medium and seeded into 6-well plates
at a density of 1x10° cells/well. When cell con-
fluence reached 60%-70%, cells were trans-
fected with miR-146a mimics or inhibitors us-
ing Lipofectamine 2000 reagent (11668-019;
Life Technologies, Shanghai, China) according
to the manufacturer’s instructions. After 24
hours, total RNA was extracted. MiR-146a oli-
gonucleotides were designed and synthesized
by GenePharma (Shanghai, China).
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TRAP staining

Following the indicated treatments, osteo-
clasts were fixed with 4% paraformaldehyde
and stained for TRAP activity (Sigma-Aldrich,
USA). TRAP-positive multinucleated cells (=3
nuclei) were visualized under an inverted mi-
croscope (Olympus, Japan) at 200x magnifica-
tion and quantified using ImageJ software.

Western blot analysis

Total protein was extracted using radioim-
munoprecipitation assay (RIPA) buffer, sepa-
rated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and
transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were incubated over-
night at 4°C with primary antibodies (1:1000
dilution), followed by incubation with appropri-
ate secondary antibodies at 25°C for 2 hours.
Protein bands were visualized by enhanced
chemiluminescence and quantified using Im-
age) software. Primary antibodies were pur-
chased from Abcam: TRAP (ab151239), cathep-
sin K (CTSK; ab19027), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; ab9485).

Statistical analysis

Data analyses were performed using SPSS
19.0. Categorical data were expressed as rat-
es and compared using the x2 test. Continuous
data were presented as mean + standard devi-
ation (SD) and analyzed using Student’s t-test.
Correlations were assessed by Spearman’s or
Pearson’s correlation coefficients. Diagnostic
performance was evaluated by receiver ope-
rating characteristic (ROC) curve analysis. For
cell experiments, intergroup comparisons were
conducted using one-way analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc
test. A p-value <0.05 was considered statisti-
cally significant.

Results

Comparison of general data between the study
and control groups

The general characteristics of all participants
are presented in Table 1. No significant differ-
ences were observed between the groups in
terms of sex, age, or BMI (all P>0.05). However,
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Table 1. Comparison of general information between the study group and control group

Study group  Control group

Factor (n=96) (n=90) X2/t P
Gender 0.117 0.731
Male 52 (54.17) 51 (56.67)
Female 44 (45.83) 39 (43.33)
Age (years) 51.73+5.64 52.04+6.33 0.353 0.724
Body mass index, BMI (kg/m?) 22.42+2.25 22.73+2.13 0.963 0.336
Type

Primary osteoporosis

Progressive osteoporosis type | (postmenopausal osteoporosis) 41 (42.70)
Progressive osteoporosis type Il (senile osteoporosis) 55 (57.30)
Smoking history 0.061 0.804
Yes 54 (56.25) 49 (54.44)
No 42 (43.75) 41 (45.56)
Drinking history 0.029 0.864
Yes 46 (47.92) 42 (46.67)
No 50 (52.08) 48 (53.33)
Severity
No serious manifestation (T value <-2.5) 86 (89.58)
Serious manifestations accompanied by fragility fracture (T value <-2.5) 10 (10.42)

Blood calcium

Blood phosphorus

Alkaline phosphatase

B-C-terminal telopeptide of type | collagen (B-CTX)
Deoxypyridinoline/creatinine (DPD/Cr)

tartrate resistant acid phosphatase 5b (TRACP-5b)

2.16+0.29 2.17+0.23 0.259 0.796
1.40+0.28 1.42+0.39  0.404 0.687
213+8.13 142+6.08 6710 <0.001
0.99+0.07 0.26+0.11 54.34 <0.001
8.73+0.38 5.34+0.26 70.55 <0.001
4.30+0.72 3.12+0.33 14.21  <0.001

the study group exhibited significantly higher
levels of bone-specific alkaline phosphatase,
B-CTX, DPD/Cr, and TRACP-5b compared to the
control group (P<0.05).

Comparison of BMD before and after bisphos-
phonate treatment in the three subgroups

The BMD values before and after treatment for
the three bisphosphonate treatment groups
are shown in Table 2. After one year of treat-
ment, BMD values in all three treatment gr-
oups were significantly increased compared to
baseline (P<0.05).

Comparison of adverse reactions to bisphos-
phonate therapy and association with low
miR-146a expression

In this study, adverse events were observed in
13 patients (13.5%, 13/96). Among them, 10
patients experienced mild to moderate flu-like
symptoms, including fever (4 cases), fatigue
(3 cases), and arthralgia/myalgia (3 cases).
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Additionally, 3 patients reported gastrointesti-
nal symptoms such as nausea and vomiting.
All adverse reactions resolved completely fol-
lowing symptomatic management. Notably, se-
rum miR-146a levels in patients with adverse
reactions were significantly lower than those in
the study group (Figure 1, P<0.05).

MiR-146a exhibits diagnostic potential for
osteoporosis

Serum miR-146a levels were significantly down-
regulated in the study group compared to con-
trols (Figure 2A, P<0.05). ROC curve analysis
demonstrated that miR-146a had strong diag-
nostic potential for osteoporosis, with an AUC
of 0.910 (95% CI: 0.8658-0.9538), a sensi-
tivity of 97.78%, a specificity of 77.08%, and
a diagnostic threshold of 1.375 (Figure 2B).
Furthermore, miR-146a levels were inversely
correlated with osteoporosis severity, with
lower expression in patients with severe dis-
ease (P<0.05) and a strong negative correla-
tion coefficient (r=-0.615) (Figure 2C).
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Table 2. Comparison of bone mineral density in three subgroups before and after bisphosphonate

treatment
Group Cases Time Lumbar vertebrae (L2-L4) Neck t p
(g-cm?) (g-cm?)
Risedronic acid 32 Before 0.87+£0.10 0.54+0.10 13.200 <0.0001
After 0.93+0.12 0.61+0.12 10.670 <0.0001
t 2173 2.535 - -
P <0.05 <0.05 - -
Alendronate sodium 32 Before 0.73+0.09 0.59+0.11 5.572 <0.0001
After 0.80+0.07 0.64+0.07 9.143 <0.0001
t 3.473 2.169 - -
P <0.05 <0.05 - -
Zoledronic acid 32 Before 0.74+0.06 0.63+0.13 4.346 <0.0001
After 0.831£0.08 0.71+0.09 5.637 <0.0001
t 5.091 2.862 - -
P <0.05 <0.05 - -
P<0.05 ness rate of 91%. Higher post-treatment miR-
2.0 I 1 146a levels were positively correlated with be-
‘s tter therapeutic efficacy (Figure 3B, P<0.05).
1.5 Jasescs Spearman correlation analysis revealed a st-
S is22 ';g? Se. rong negative correlation between miR-146a
3. 1.04 ;sg §= I S expression and poor treatment outcomes (r=-
x : e 0.865, P<0.05; Figure 3C). ROC curve analysis
= o ot indicated that miR-146a had moderate predic-
0.5+ ° tive value for treatment efficacy, with an AUC of
0.761 (95% CI: 0.695-0.827), a sensitivity of
0.0 : : 82.29%, a specificity of 60.42%, and a thresh-
o old of 1.280 (Figure 3D).
‘oo‘? e
o&‘) @0(' MiR-146a overexpression inhibits osteoclast
<° & differentiation
vs\e

Figure 1. Low miR-146a expression is associated
with adverse reactions to bisphosphonate therapies.
The expression levels of miR-146a in serum samples
of patients in the study group (n=96) and patients
with adverse reactions (n=13) were examined us-
ing real-time quantitative reverse transcription poly-
merase chain reaction (RT-qPCR). The measurement
data were expressed as mean + standard deviation
(SD).

MiR-146a exhibits predictive potential for
efficacy of bisphosphonate therapy in osteo-
porosis

Serum miR-146a levels were significantly ele-
vated after one year of bisphosphonate treat-
ment (Figure 3A, P<0.05). Therapeutic out-
comes were categorized as markedly effective
in 27 cases, effective in 60 cases, and ineffec-
tive in 9 cases, resulting in an overall effective-
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To explore the functional role of miR-146a in
osteoclastogenesis, BMMCs were transfected
with miR-146a mimics or inhibitors and induc-
ed to differentiate into osteoclasts. RT-gPCR
confirmed that miR-146a levels were signifi-
cantly increased by mimic transfection and
decreased by inhibitor transfection (Figure 4A).
TRAP staining showed that miR-146a overex-
pression reduced osteoclast numbers, where-
as inhibition had the opposite effect (Figure
4B, 4C). Western blot analysis further demon-
strated that miR-146a overexpression reduced
TRAP and CTSK expression levels, while inhibi-
tion increased their expression (Figure 4D, 4E).

Bisphosphonates inhibit osteoclast differentia-
tion by upregulating miR-146a expression

To elucidate the mechanism by which bisphos-
phonates regulate miR-146a and osteoclast
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Figure 2. Diagnostic value analysis of miR-146a for osteoporosis. A: The serum miR-146a levels of patients in the
study group (n=96) and control group (n=90) were examined using RT-qPCR. B: The diagnostic value of miR-146a
for osteoporosis was assessed with receiver operating characteristic (ROC) curve analysis. C: The relationship be-
tween miR-146a expression and the severity of osteoporosis was evaluated with Spearman correlation analysis. No
serious manifestation (n=86); Serious manifestation (n=10). The measurement data were expressed as mean + SD.
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Figure 3. Evaluation of for the predicted potential of miR-146a in the ef-
ficacy of bisphosphonate therapy in osteoporosis. A: The serum miR-146a
levels of osteoporosis patients in the study group (n=96) before and after
treatment were examined using RT-gPCR. B: The serum miR-146a levels
of patients with different therapeutic efficacies. Excellence (n=32); Effec-
tive (n=60); Invalid (n=9). C: The relationship between miR-146a expres-
sion and the therapeutic efficacies of bisphosphonate was assessed with
the Spearman correlation analysis. D: The predictive value of miR-146a in
osteoporosis was analyzed with the ROC curve analysis. The measurement
data were expressed as mean + SD.

differentiation, BMMCs were
treated with zoledronic acid
and subsequently transfected
with miR-146a mimic or inhibi-
tor. Zoledronic acid treatment
significantly upregulated miR-
146a expression, which was
reversed by miR-146a inhibi-
tion and further enhanced by
mimic transfection (Figure 5A).
Zoledronic acid treatment re-
duced osteoclast numbers, an
effect that was attenuated by
miR-146a inhibition and ampli-
fied by miR-146a overexpres-
sion (Figure 5B, 5C). Similar-
ly, Zoledronic acid suppressed
TRAP and CTSK expression;
these inhibitory effects were
weakened by miR-146a inhibi-
tion but strengthened by miR-
146a overexpression (Figure
5D-F).

Discussion

Osteoporosis, a systemic met-
abolic bone disorder, is a ma-
jor contributor to increased
mortality and diminished qual-
ity of life. Recent studies re-
port an alarming annual rise of
approximately 2% in mortality
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clasts. A: MiR-146a levels were examined by RT-gPCR; B, C: The number of osteoclasts was assessed with tartrate-
resistant acid phosphatase (TRAP) strain; D, E: TRAP and cathepsin K (CTSK) protein levels were examined using
Western blot analysis. N=3. The measurement data were expressed as mean + SD.

following osteoporotic hip fractures [16]. Al-
though BMD measurement remains funda-
mental to osteoporosis assessment, its clinical
utility is limited by the slow rate of detectable
BMD changes. Reliable evaluation of therapeu-
tic efficacy typically requires at least annual
assessments and often several years to cap-
ture significant trends [17]. These limitations
highlight the urgent need for novel biological
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markers that can enhance diagnosis and pro-
vide more timely indicators for monitoring tre-
atment response and disease progression.

This study primarily examined the serum ex-
pression profile of miR-146a in osteoporosis
patients receiving bisphosphonate therapy and
explored its potential clinical significance. The
receptor activator of nuclear factor-kB (RANK)/
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Figure 5. Bisphosphonates inhibit osteoclast differentiation by upregulating miR-146a expression. BMMCs were
treated with zoledronic acid and subsequently transfected with miR-146a mimic or inhibitor. These cells were then
induced to differentiate into osteoclasts. A: The level of miR-146a was examined by RT-qPCR; B, C: The number of
osteoclasts was assessed using TRAP staining; D-F: TRAP and CTSK protein levels were examined with Western blot
analysis. N=3. The measurement data were expressed as mean * SD.

RANK Ligand (RANKL)/osteoprotegerin (OPG) dence indicates that miR-146a inhibits osteo-
signaling pathway is critical for osteoclast- clast differentiation induced by LPS and RANKL
mediated bone remodeling [18]. Emerging evi- stimulation [19]. Animal studies have demon-
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strated that zoledronic acid administration sig-
nificantly reduces RANKL levels in mandibu-
lar bone tissue [20]. Furthermore, extensive
research has shown that various bisphospho-
nates, including zoledronic acid, alendronate
sodium, and chlorophosphonates, modulate
osteoblast proliferation, differentiation, and
the RANKL-OPG gene expression axis [21].
Collectively, these findings suggest that miR-
146a may represent a promising target for bi-
sphosphonate-based osteoporosis treatment,
aligning with the primary aim of this study.

Our results showed that serum miR-146a le-
vels were significantly downregulated in osteo-
porosis patients. Quantitative BMD assess-
ments revealed no substantial differences in
therapeutic outcomes among the three bis-
phosphonates used. Notably, after one year of
bisphosphonate therapy, serum miR-146a lev-
els were significantly elevated and negatively
correlated with treatment efficacy. Moreover,
serum miR-146a levels demonstrated moder-
ate predictive value for treatment response,
with an AUC of 0.761 and a sensitivity of
82.29%. These findings suggest that serum
miR-146a could serve as a useful diagnostic
and predictive biomarker for both osteoporosis
and bisphosphonate treatment efficacy. Addi-
tionally, patients who experienced adverse re-
actions exhibited lower serum miR-146a levels
than the overall study group, further supporting
its potential as an indicator for predicting treat-
ment-related side effects.

The underlying pathophysiology of osteoporo-
sis involves an imbalance between bone re-
sorption and formation, with excessive osteo-
clastic activity predominating. Therefore, inhib-
iting osteoclast differentiation is a key thera-
peutic strategy. Our in vitro experiments pro-
vide mechanistic insights, indicating that bis-
phosphonates suppress osteoclast differentia-
tion by upregulating miR-146a expression. The
combined application of bisphosphonates and
miR-146a upregulation may offer a novel
approach for enhancing the inhibition of bone
resorption.

Recent research indicates that miR-146a plays
a critical role in regulating osteoclast differen-
tiation and is associated with disease severity
[15, 22, 23]. Advances in this field have fur-
ther demonstrated that miR-146a deficiency
promotes osteoclast differentiation, thereby
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increasing bone resorption and reducing bone
mass in models of inflammatory arthritis [24].
Additionally, miR-146a influences bone remod-
eling by modulating the differentiation of mes-
enchymal stem cells towards the osteogenic
lineage [25]. Collectively, these findings es-
tablish miR-146a as a key regulator of bone
homeostasis. Although our results suggest that
bisphosphonates more effectively inhibit bone
resorption when miR-146a is upregulated, the
precise mechanisms underlying their combin-
ed action remain incompletely understood. To
date, comprehensive analyses of the synergis-
tic effects between miR-146a regulation and
bisphosphonate therapy in osteoporosis treat-
ment are lacking. Therefore, further validation
through large-scale, multicenter studies is war-
ranted to confirm the therapeutic potential of
this combined approach.

While this study provides important insights
into the role of miR-146a in osteoporosis diag-
nosis and bisphosphonate efficacy, several li-
mitations should be acknowledged. First, the
clinical cohort was derived from a single center
with a limited sample size, which may limit the
generalizability of our findings. Second, the ret-
rospective nature of the study introduces po-
tential selection bias and the possibility of
unmeasured confounding factors, such as
genetic or environmental influences. Third,
although our in vitro experiments demonstrat-
ed that modulating miR-146a expression alters
the effects of bisphosphonates on osteoclasts,
further in vivo validation using osteoporotic ani-
mal models with genetic or pharmacological
modulation of miR-146a is needed to confirm
this mechanism. Fourth, it remains unclear
whether the regulatory effect of miR-146a is
specific to bisphosphonates or also applies to
other anti-osteoporosis agents.

In summary, this study shows that miR-146a is
downregulated in the serum of osteoporosis
patients and upregulated after one year of
bisphosphonate treatment, with its expression
negatively correlated with therapeutic efficacy.
Bisphosphonates inhibit osteoclast differentia-
tion, at least in part, by upregulating miR-146a.
These findings suggest that miR-146a holds
promise as a diagnostic and predictive bio-
marker, as well as a potential therapeutic tar-
get for osteoporosis.
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