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Abstract
Background  Delayed fracture healing (DFH) affects patients’ quality of life, and there are limitations in diagnosis by 
CT scan. The purpose of the study is to evaluate the potential and mechanism of clinical application of miRNAs in DFH 
for early diagnosis and intervention.

Methods  Serum samples were obtained from delayed and normal fracture healing patients and the levels of 
miR-519d-3p and BMP2 were measured by RT-qPCR, and the value of both in the diagnosis of DFH was assessed by 
ROC curve. Cell viability and apoptosis were monitored using CCK8 kit and flow cytometry, respectively, and mRNA 
expression of osteogenesis and apoptosis-related genes were detected by RT-qPCR. The molecular interactions were 
verified using luciferase reporter gene system and RIP technique.

Results  Up-regulation of miR-519d-3p expression and down-regulation of BMP2 in the serum of fracture patients 
four weeks after surgery can be used as an early warning marker of DFH and a risk factor for poor fracture healing. 
Further studies showed that overexpression of miR-519d-3p markedly inhibited the expression of RUNX2, OCN and 
ALP and prevented osteoblast differentiation. Meanwhile, it inhibited cell viability, promoted apoptosis, upregulated 
Bax and Cleaved-caspase-3 mRNA expression, and downregulated Bcl-2 expression. BMP2, targeted by miR-519d-3p, 
enhanced osteogenesis and reversed the inhibitory of action miR-519d-3p.

Conclusions  Serum miR-519d-3p and BMP2 can be used as early diagnostic markers for DFH. miR-519d-3p inhibited 
osteogenesis by targeting BMP2, which may slow down fracture healing.
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Background
Fractures, a highly prevalent traumatic condition, are a 
major concern in medical practice. Fracture healing, a 
complex biological process, has long been a focal point 
of clinical research and treatment efforts. Extensive 
research has been carried out globally to develop effec-
tive therapeutic strategies that can accelerate the recov-
ery process from this type of trauma [1–3]. Delayed 
fracture healing (DFH) is a prevalent complication in 
fracture management, with its diagnosis and treatment 
posing numerous challenges [4, 5]. Traditional computed 
tomography (CT) diagnostic techniques, while invaluable 
for the anatomical assessment of fractures, exhibit a nota-
ble delay in monitoring the fracture healing process [6]. 
This delay stems from the reliance on late-stage imaging 
findings, such as the disappearance of the fracture line 
and the formation of callus, which limits the accuracy of 
early diagnostic information [7, 8]. Consequently, DFH 
is often detected belatedly, precluding timely and effec-
tive interventional therapies. This lag not only impairs 
the progression of fracture healing but may also augment 
the patient’s susceptibility to suffering and complications. 
Hence, the identification of an early and precise diagnos-
tic method for DFH is of paramount importance.

Recent advances in molecular biology have high-
lighted the potential of serum microRNAs (miRNAs) as 
non-invasive biomarkers for various conditions, includ-
ing fracture healing. Serum miRNA offers several diag-
nostic advantages, including relative stability in blood, 
ease and speed of detection, and non-invasive acquisi-
tion [9]. It is widely used in bone related diseases, such 
as tendon injury [10, 11], osteoarthritis [12, 13], osteo-
porosis [14] and so on Significantly, changes in serum 
miRNA expression may be closely associated with the 
fracture healing process, potentially serving as an effec-
tive indicator for early diagnosis of delayed fracture heal-
ing (DFH) [15]. Several scientific studies have indicated 
that specific miRNAs like miR-98-5p [16], miR-181a-5p 
[17], and miR-214-3p [18] have great potential in predict-
ing the risk of DFH and exploring therapeutic strategies. 
miRNAs, although being endogenous non-coding small 
molecule RNAs, can precisely regulate gene expression at 
the post-transcriptional level by interacting with specific 
sequences in target mRNAs, thereby affecting cellular 
physiological functions and complex pathological pro-
cesses [19, 20]. Bone morphogenetic protein-2 (BMP2), 
an efficacious osteoinductive cytokine, occupies a pivotal 
regulatory position in the processes of osteoblast differ-
entiation, proliferation, and bone matrix synthesis [21, 
22]. Evidence indicates that specific miRNAs play pivotal 
roles in fracture healing by regulating BMP2 expression. 
For example, the downregulation of miR-214-3p has been 
demonstrated to augment BMP2 expression, thereby 
enhancing fracture healing outcomes [23]. miR-6979-5p 

exhibits an inhibitory effect on osteogenic differentia-
tion and bone formation by suppressing BMP2 expres-
sion [24]. Therefore, in-depth exploration and analysis 
of the miRNA regulatory network that modulates BMP2 
expression is crucial for comprehensively understanding 
the underlying molecular mechanisms of bone forma-
tion and exploring related diagnostic and therapeutic 
strategies.

Investigations revealed a study suggesting that miR-
519d-3p promotes transforming growth factor (TGF)-
small molecule-mediated postoperative epidural scarring 
through inhibition of bone morphogenetic proteins and 
activin membrane-bound inhibitor [25]. Given that 
BMP2 is one of the major members of the TGF - β 
superfamily, this hints at a possible connection between 
BMP2 and miR-519d-3p. On the other hand, in studies 
of orthopaedic-related diseases, there is evidence that 
miR-519d-3p is strongly associated with the development 
of post-traumatic osteoarthritis [26] and bone cancer 
[27]. These investigations hint at a potential connection 
between miR-519d-3p and the onset of bone-related dis-
orders. Despite the established roles of other miRNAs in 
fracture healing, the specific mechanisms by which miR-
519d-3p influences DFH and its relationship with BMP2 
remain poorly understood. Addressing this gap is cru-
cial for developing targeted diagnostic and therapeutic 
strategies.

Therefore, the present study aims to evaluate the accu-
racy and reliability of miR-519d-3p in predicting fracture 
healing by analyzing its expression levels in patients with 
DFH compared to those with normal healing (NFH). This 
research could provide valuable insights into early diag-
nosis and intervention strategies for DFH.

We hypothesize that elevated levels of miR-519d-3p in 
the serum of DFH patients are inversely correlated with 
BMP2 expression and that this relationship may con-
tribute to impaired fracture healing. To test this hypoth-
esis, we employed a cohort study design to compare 
serum levels of miR-519d-3p and BMP2 between DFH 
and NFH patients, utilizing RT-qPCR for quantification 
due to its sensitivity and specificity. The findings of this 
study are expected to elucidate the role of miR-519d-3p 
in fracture healing and its potential as a biomarker for 
DFH, thus paving the way for future research and clinical 
applications.

Methods
Study design and purpose
This study aimed to investigate the diagnostic potential 
and functional roles of miR-519d-3p and BMP2 in DFH. 
Serum samples from DFH and normal healing patients 
were analyzed to assess the diagnostic value of miR-
519d-3p and BMP2 using receiver operating character-
istic (ROC) curve analysis. To elucidate the underlying 
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mechanisms, in vitro experiments were conducted to 
evaluate the effects of miR-519d-3p and BMP2 on cell 
viability, apoptosis, and osteogenic differentiation, com-
plemented by molecular interaction validation through 
luciferase reporter assays and RNA immunoprecipitation 
(RIP). The study design integrated clinical sample analy-
sis with functional experiments to provide a comprehen-
sive understanding of miR-519d-3p and BMP2 in DFH 
pathogenesis and their potential as therapeutic targets.

Ethics approval
This study adheres to the principles of the Declaration 
of Helsinki, has been approved by the Ethics Commit-
tee of Gansu Provincial Hospital of Traditional Chinese 
Medicine, and informed consent has been obtained from 
patients and their families.

Study subject
A cohort of 152 patients with traumatic tibial fractures 
admitted to the Gansu Provincial Hospital of Traditional 
Chinese Medicine between 2020 and 2022 was selected 
for this study. Inclusion criteria encompassed: (1) X-ray-
confirmed traumatic tibial fractures; (2) incident frac-
tures; and (3) patients with normal communication 
abilities and autonomous consciousness. Exclusion crite-
ria included: (1) coexisting bone diseases or pathological 
fractures; and (2) other conditions such as hyperten-
sion, hyperlipidemia, hyperglycemia, immune disorders, 
cardiovascular, cerebrovascular, renal, or other organ 
dysfunction, and malignancy. Based on healing status, 
patients were categorized into delayed healing (DFH, 
n = 77) and normal healing (NFH, n = 75) groups. DFH 
was diagnosed by the absence of callus formation and 
persistence of a fracture line on X-ray six months post-
normal healing time, accompanied by pain and abnor-
mal bone end movement at the fracture site. NFH was 
diagnosed by continuous callus formation on X-ray six 
months post-normal healing time, absence of tenderness, 
percussion pain, or conscious pain, normal fracture site 
appearance, and the ability to walk independently for at 
least three minutes [28].

Sample size
Utilize G*Power (v3.1) to ascertain the initial sample size 
for the study, considering an effect size of 0.5, statistical 
power of 0.80, and α level of 0.05. Drawing from Lu et 
al. [29], with an equal allocation ratio (N2/N1:1) and an 
anticipated attrition rate of 10% plus margin for error, 
each group necessitates at least 74 participants. Both 
study groups fulfilled or surpassed this threshold, thereby 
guaranteeing the study’s validity and reliability.

Clinical data and serum sample collection
The researchers gathered clinical data pertaining to gen-
der, age, BMI, smoking history, alcohol consumption his-
tory, fracture side, osteosynthesis method, and severity 
of fracture. Postoperatively, a 10 mL sample of fasting 
peripheral venous blood was collected from all patients 
at week 4. The blood was centrifuged at 3000  rpm for 
10  min, and the supernatant was obtained as serum, 
which was then stored at -80 ℃.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)
RT-qPCR was employed to assess molecular expression 
in cellular groups and patient sera. Initially, collected 
samples underwent sequential addition of Trizol and 
chloroform (Thermo Fisher Scientific, USA), followed 
by the collection of supernatant after lysis and separa-
tion. The precipitated fraction, obtained by mixing with 
isopropanol, was subsequently washed and dried. RNA 
was solubilized in RNase-Free water and its quality eval-
uated using a spectrophotometer. For mRNA analysis, 
cDNA synthesis was performed using the SuperScript III 
First-Strand Synthesis System Kit (Invitrogen, USA) with 
Oligo(dT) primers to selectively reverse transcribe poly-
adenylated mRNA. For microRNA (miR-519d-3p) analy-
sis, cDNA was synthesized using the miRcute miRNA 
First-Strand cDNA Synthesis Kit (Tiangen, China) with 
specific stem-loop primers designed for miRNA reverse 
transcription. This cDNA served as a template for PCR 
amplification, conducted under the specified conditions. 
Relative mRNA expression levels of BMP2, runt-related 
transcription factor 2 (RUNX2), osteocalcin (OCN), 
alkaline phosphatase (ALP), B-cell lymphoma 2 (Bcl-2), 
cleaved cysteinyl aspartate specific proteinase 3 (Cleaved-
caspase-3), and Bcl-2-associated X protein (Bax) were 
determined using the 2−ΔΔCt method, with GAPDH as the 
internal control. For miR-519d-3p expression, U6 served 
as the internal reference. Primer sequences were shown 
in Table S1. Gene accession number and length of the 
amplification product was shown in Table S2.

Cell culture and transfection
For the experiments, Mouse Embryo Osteoblast Precur-
sor Cells (MC3T3-E1, Meilian Biotechnology Co., Ltd, 
Shanghai, China) were utilized. Frozen cells were resus-
citated and placed in DMEM medium. The DMEM cul-
ture medium used includes 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin, with all reagents pur-
chased from Thermo Fisher Scientific Company (USA). 
Then, they were transferred to an incubator (set at 37 °C, 
5% CO2) for incubation. Subsequent passages were con-
ducted to expand the cell population for further experi-
mental requirements.
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To regulate molecular expression, well-grown MC3T3-
E1 cells were selected for transfection experiments. Based 
on the experimental grouping, the cells were transfected 
with purchased miR-519d-3p mimic, miR-519d-3p inhib-
itor, miR-519d-3p negative control plasmid, pcDNA3.1 
empty vector, and pcDNA3.1 + BMP2 vector using the 
Lipofectamine 2000 Transfection Kit (Invitrogen, USA). 
Following a 48-hour incubation period, molecular 
expression was assessed to screen the transfected cells.

Osteoblast differentiation
MC3T3-E1 cells, with their molecular weights suc-
cessfully modulated, were seeded into six-well plates 
at a density of 1 × 10 4 cells per milliliter. Once the cells 
adhered to the plates, the culture medium was replaced 
with osteogenic differentiation-inducing medium (Gibco, 
USA), which comprised L-glycerophosphate, dexameth-
asone, and ascorbic acid. They were then maintained in 
an incubator for 15 days. Cells from three distinct time 
points—without induction, at the midpoint of induction, 
and at the end of induction—were harvested separately. 
The expression levels of differentiation marker molecules 
were assessed in these cells to identify those that had suc-
cessfully undergone osteogenic differentiation.

Dual-luciferase reporter assay
A luciferase reporter gene assay was conducted to con-
firm the binding interaction predicted by TargetScan 7.0 
(​h​t​t​p​​:​/​/​​w​w​w​.​​t​a​​r​g​e​​t​s​c​​a​n​.​o​​r​g​​/​v​e​r​t​_​7​2​/), which identified 
the binding sites between miR-519d-3p and BMP2. Spe-
cifically, two vectors, wild-type (BMP2-WT) and mutant 
(BMP2-MT), were constructed based on the presence or 
absence of the 3′ UTR fragment encompassing the bind-
ing site. These vectors were then co-transfected with 
miR-mimic, miR-inhibitor, and miR-NC into MC3T3-
E1 cells using a standard transfection protocol. Follow-
ing a 48-hour incubation period, luciferase activity was 
measured in each cell group using the Dual Luciferase 
Reporter System (Promega, Madison, WI, USA).

RIP analysis
To identify the incorporation of miR-519d-3p and BMP2 
within immunoprecipitated complexes, the EZ-Magna 
RIP RNA-Binding Protein Immunoprecipitation Kit 
(Millipore, USA) was employed. MC3T3-E1 cells under-
went lysis through the use of RIP lysis buffer, followed 
by incubation with magnetic beads that had been coated 
with either Ago2 or IgG antibodies, maintained at a tem-
perature of 4 °C. After this step, the quantitative expres-
sion levels of miR-519d-3p and BMP2 were evaluated 
using RT-qPCR techniques.

Cell viability
Differentiation-successfully-induced MC3T3-E1 cells 
were resuspended in DMEM culture medium and seeded 
into 96-well plates (density: 1 × 10⁴ cells /well). At the 
specific time point of 72  h, 10 µL of CCK-8 solution 
(Beyotime, Beijing, China) was added. After an additional 
2-hour incubation, the reaction was terminated by the 
addition of 150 µL of dimethyl sulfoxide. The absorbance 
at 450 nm was then measured using a microplate reader, 
and the percentage of cell viability was calculated.

Cell apoptosis
Flow cytometry was employed to evaluate the apoptosis 
of MC3T3-E1 cells in each group, as detailed by Zhang 
et al. [30] The experiment utilized an apoptosis detec-
tion kit supplied by Soleibao (Beijing, China). Initially, 
the cells were subjected to staining. To 100 µL of cell 
suspension, 5 µL of Annexin V-FITC (with a concentra-
tion of 1 µg/mL) and 5 µL of propyl iodide (PI) staining 
solution (with a concentration of 50 µg/mL) were added, 
followed by incubation in the dark for 15 min. After cell 
staining, analysis was performed using a flow cytometer 
(BD FACSVerse), with laser wavelengths set at 488  nm 
and 561  nm. Representative flow cytometry images, 
along with a detailed gating strategy, were included to 
enhance the clarity of the findings. Specifically, cells were 
first gated based on forward scatter (FSC) and side scat-
ter (SSC) to exclude debris and aggregates. Subsequently, 
a gate was set on the Annexin V-FITC versus PI plot to 
differentiate viable cells (Annexin V-/PI-), early apoptotic 
cells (Annexin V+/PI-), late apoptotic cells (Annexin V+/
PI+), and necrotic cells (Annexin V-/PI+). Eventually, the 
proportion of apoptotic cells was calculated.

Statistical analysis
All statistical analyses were conducted using GraphPad 
Prism 6.0 and SPSS 22.0 software, chosen for their wide-
spread use in biomedical research and their user-friendly 
interface and functionality. Categorical variables are 
expressed as number and chi-square test is used. Con-
tinuous variables that conformed to normal distribution 
were expressed as mean ± standard deviation. The choice 
of t-test and ANOVA is due to their suitability for com-
paring mean differences between two or more groups, 
and their applicability to data that meet the character-
istics of normal distribution. Post-hoc analyses (Tukey’s 
tests) were performed following ANOVA to determine 
specific differences between groups. A multifactorial 
logistic regression analysis was employed to identify fac-
tors that impact fracture healing. The diagnostic accu-
racy of miR-519d-3p and BMP2 in DFH was assessed 
through ROC curve analysis. Furthermore, Pearson cor-
relation analysis was performed to explore the correla-
tion between miR-519d-3p and BMP2 expression levels. 

http://www.targetscan.org/vert_72/
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All statistical tests used are clearly stated above, with 

statistical significance determined at a p-value threshold 
of < 0.05.

Results
Predictive value of DFH
No statistically significant differences were observed 
between the DFH and NFH cohorts in aspects such as 
gender, age, BMI, past smoking and alcohol use, con-
sumption history, fracture side, osteosynthesis method, 
and severity of fracture. (P > 0.05; see Table  1). Serum 
miR-519d-3p expression was elevated in the DFH 
group compared to the NFD group (P < 0.001, as shown 
in Fig.  1A). The ROC curve AUC for miR-519d-3p is 
0.865, with a sensitivity of 74.03% and specificity of 84% 
(as shown in Fig.  1B). In contrast, BMP2 expression 
was reduced in the DFH group (P < 0.001, as shown in 
Fig. 1C), yielding an AUC of 0.854 with a diagnostic sen-
sitivity of 74.03% and specificity of 81.33% (as shown in 
Fig.  1D). An inverse relationship was observed between 
miR-519d-3p and BMP2 levels in DFH patients (r = 
-0.741, P < 0.001; as shown in Fig. 1E). The combination of 
miR-519d-3p and BMP2 enhanced diagnostic efficacy in 
DFH patients, increasing sensitivity to 88.31% (as shown 
in Fig. 1F). Logistic regression analysis further indicated 

Table 1  Comparison of the baseline data of study objects
Parameters NFH DFH P value

(n = 75) (n = 77)
Age (year) 39.08 ± 11.95 41.19 ± 11.42 0.266
Gender (Female/male) 32/43 40/37 0.252
BMI (kg/m2) 24.29 ± 1.79 23.79 ± 1.90 0.097
Smoking 0.420
  No 39 35
  Yes 36 42
Drinking 0.608
  No 31 35
  Yes 44 42
Fracture Side 0.417
  right 40 36
  left 35 41
Osteosynthesis method 0.509
  Open reduction 33 38
  Losed reduction 42 39
Severity of fracture 0.633
  Complete fracture 35 46
  Incomplete fracture 40 31
Annotation: BMI, body mass index

Fig. 1  Expression and Diagnostic Utility of miR-519d-3p and BMP2 in DFH. miR-519d-3p was overexpressed in DFH (A) and it can distinguish DFH from 
BFH patients (B). BMP2 was reduced in DFH (C), which can differentiate DFH from BFH patients (D). miR-519d-3p and BMP2 was negatively correlated in 
DFH patients (E). Combined use of miR-519d-3p and BMP2 enhanced the monitoring of DFH occurrence (F)
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that miR-519d-3p upregulation (P = 0.007, OR = 2.717) 
and BMP2 downregulation (P = 0.012, OR = 0.399) were 
associated with adverse fracture healing outcomes (as 
shown in Table 2).

Expression and interaction of miR-519d-3p and BMP2
During osteogenic differentiation induction in MC3T3-
E1 cells, the mRNA expression levels of osteogenic 
markers RUNX2, OCN, and ALP increased progres-
sively with induction time as shown in Fig. 2A. Concur-
rently, miR-519d-3p expression decreased as shown in 
Fig.  2B, whereas BMP2 mRNA expression exhibited 
an opposite trend as shown in Fig.  2C). To confirm the 
binding interaction between miR-519d-3p and BMP2, 
two experiments were performed, yielding results that 
demonstrated capacity of miR-519d-3p to regulate the 
luciferase activity of BMP2-WT as depicted in Fig.  3A 
(P < 0.01). Furthermore, both miR-519d-3p and BMP2 
were enriched in Ago2 as shown in Fig.  3B (P < 0.001). 
Additionally, transfection of miR-519d-3p mimics into 
osteogenically induced MC3T3-E1 cells resulted in miR-
519d-3p overexpression (P < 0.001), while overexpression 
of BMP2 did not affect the expression of miR-519d-3p 
(P > 0.05) as shown in Fig.  3C. miR-519d-3p upregula-
tion suppressed BMP2 expression as shown in Fig.  3D 
(P < 0.001).

Regulation of bone induction by miR-519d-3p and BMP2
Further investigation into the impact of miR-519d-3p and 
BMP2 expression on osteogenic induction in MC3T3-E1 
cells revealed that miR-519d-3p overexpression repressed 
the expression of osteogenic differentiation markers as 
shown in Fig.  4A (P < 0.001), hindered the cells viability 
as shown in Fig. 4B (P < 0.001). The effect of miR-519d-3p 
up-regulation on apoptosis-related proteins, as shown 
in Fig.  4C, was up-regulated by the apoptotic factors 
Bax and Cleaved-caspase-3 mRNA and down-regulated 
by the anti-apoptotic factor Bcl-2 (P < 0.001). Figure  4D 
more visually showed that apoptosis rate was upregulated 
after miR-519d-3p upregulation (P < 0.001). Conversely, 
overexpression of BMP2 counteracted the upregulation 
of miR-519d-3p to some extent and showed a positive 
promotion of osteogenesis in MC3T3-E1 cells.

Discussion
DFH critically impairs patients’ functional recovery, yet 
current clinical assessment heavily relies on CT scans 
that detect morphological changes only after substan-
tial bone remodeling occurs. This limitation underscores 
the urgent need for biomarkers capable of dynamically 
reflecting biological alterations during early fracture 
healing. Recently, miRNAs have emerged as novel bio-
markers demonstrating a close correlation with fracture 
healing status and their ability to dynamically mirror the 
biological fluctuations during the healing process [31, 
32]. Given this backdrop, the present study is commit-
ted to exploring the potential and mechanism of action 
of miRNAs in the clinical application of DFH, with the 
intention of precisely reflecting the biological alterations 
within the body during the early phase of DFH and pro-
viding a scientific underpinning for early prediction and 
intervention.

miR-519d-3p, as a novel molecular entity, has been 
found to have significant implications in various diseases. 
In the context of fracture healing, compared with previ-
ous studies that mainly focused on traditional biomark-
ers, our discovery of miR-519d-3p’s role in early DFH 

Table 2  Logistic regression analysis of risk factors for DFH
p-value OR 95%CI

miR-519d-3p 0.007 2.717 1.309–5.64
BMP-2 0.012 0.399 0.195–0.82
Age 0.941 1.027 0.505–2.089
Gender (male/female) 0.399 0.739 0.366–1.493
BMI (kg/m2) 0.134 0.581 0.286–1.182
Smoking 0.811 1.092 0.529–2.257
Dringking 0.286 1.484 0.718–3.064
Fracture Side 0.375 1.386 0.674–2.852
Osteosynthesis method 0.618 1.195 0.593–2.407
Severity of fracture 0.617 1.196 0.594–2.407

Fig. 2  Induction of Osteoblast Differentiation. Osteogenic differentiation-related mRNA expression was successfully upregulated by the induction me-
dium (A). During osteoblast differentiation, the expression of miR-519d-3p was upregulated (B) while the expression of BMP2was downregulated (C)
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prediction is innovative. For example,, in cervical cancer 
[33] and colorectal cancer [34], the expression of miR-
519d-3p shows trends related to disease progression and 
patient prognosis. In the current research on fracture 
healing, we observed that the upregulated expression of 
miR-519d-3p four weeks after surgery in fracture patients 
could serve as an early-warning sign for the prediction of 
DFH and represents a risk factor for poor fracture heal-
ing. However, it should be noted that the specificity value 
of miR-519d-3p in diagnosing DFH is relatively low. This 

finding contrasts with its high specificity as a biomarker 
in bone synovitis [26], demonstrating the complexity of 
using miR-519d-3p alone for DFH diagnosis. To address 
this, we integrated BMP2. As a well-established osteo-
genic factor, many studies have suggested that BMP2 may 
play a crucial role in fracture healing [35, 36]. Our data 
confirm that combining miR-519d-3p and BMP2 sig-
nificantly enhances prediction accuracy, offering a novel 
strategy for early DFH detection.

Fig. 3  Interaction between miR-519d-3p and BMP2.Dual luciferase reporter assay (A) and RIP experiment (B) indicated a binding relationship between 
miR-519d-3p and BMP2. Transfection with miR-mimic effectively overexpressed miR-519d-3p (C) and inhibited BMP2 expression (D)
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Osteoblast differentiation constitutes a crucial aspect 
of the fracture healing process and entails a complex 
sequence of molecular events. Markers like RUNX2, 
OCN, and ALP are significant in osteoblast differen-
tiation [37, 38]. In this research, it was observed that 
overexpression of miR-519d-3p notably suppressed the 
expression of RUNX2, OCN, and ALP, thereby imped-
ing the osteoblast differentiation process. This finding 
aligns with the general understanding of factors affecting 
osteoblast differentiation in previous studies. However, 
the specific role of miR-519d-3p in this process provides 
new insights into the molecular regulation mechanism 
of fracture healing. Additionally, the growth and apop-
totic conditions of cells following osteogenic differentia-
tion are vital for fracture healing. Cell growth facilitates 
the synthesis and accumulation of the bone matrix, while 
apoptosis might disrupt the bone repair process [39]. The 

current study’s outcomes discovered that miR-519d-3p 
overexpression curbed cell viability and enhanced apop-
tosis. This finding aligns with its reported inhibitory 
effects in cardiomyocytes [40]and lung cancer cells [41], 
but diverges from its promotional role in osteoarthritis 
[26], suggesting context-dependent functionality. These 
results not only validate its role in apoptosis regulation 
but also emphasize its potential to disrupt bone matrix 
synthesis—a critical step in fracture repair.

Numerous studies have verified that BMP2 can pro-
mote osteoblast differentiation and osteogenesis in vitro. 
It initiates the osteogenic response by activating down-
stream signaling pathways [42, 43]. Our study adds to 
this paradigm by revealing that miR-519d-3p directly tar-
gets BMP2, and BMP2 can reverse the inhibitory effects 
of miR-519d-3p. This interaction suggests a regulatory 
loop wherein miR-519d-3p overexpression suppresses 

Fig. 4  Regulation of Osteoblasts by miR-519d-3p and BMP2. miR-519d-3p overexpression inhibited osteogenic differentiation markers (A), osteoblast vi-
ability (B), and upregulated apoptotic proteins and downregulated anti-apoptotic proteins (C), promoting apoptosis (D). BMP2 upregulation counteracts 
these effects of miR-519d-3p
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BMP2, leading to impaired Smad phosphorylation and 
osteogenesis-related gene transcription [44, 45]. Such a 
mechanism may explain why miR-519d-3p upregulation 
correlates with delayed healing, positioning it as a poten-
tial therapeutic target.

Although this study provides novel insights into miR-
519d-3p and BMP2 in fracture healing, several limi-
tations warrant attention. First, while we identified 
targeting relationship between miR-519d-3p and BMP2, 
the downstream molecular interactions—such as Smad 
proteins dynamics, transcription factors recruitment, 
and crosstalk with pathways like Wnt or Notch—remain 
unexplored. Future studies should employ techniques 
like chromatin immunoprecipitation (ChIP) or RNA 
sequencing to map these networks. Second, our cohort 
lacked stratification by fracture type (e.g., stress vs. 
pathological fractures) or patient demographics (e.g., 
age, gender), which may influence miR-519d-3p/BMP2 
dynamics. For instance, aging is known to alter miRNA 
expression and BMP2 responsiveness [46, 47], et its 
impact here is unclear. Third, while we validated our find-
ings in vitro, in vivo models incorporating longitudinal 
CT and the molecular analyses are needed to assess clini-
cal translatability.

To address these gaps, we propose the following 
research directions: (1) Investigate miR-519d-3p/BMP2 
crosstalk with Wnt and Notch pathways using co-culture 
systems or genetic knockout models. (2) Evaluate the 
long-term effects of miR-519d-3p inhibition on fracture 
healing in aged or comorbid animal models. (3) Develop 
a multi-omics approach (e.g., miRNA-mRNA-protein 
networks) to identify ancillary biomarkers and therapeu-
tic targets. (4) Conduct clinical trials stratifying patients 
by fracture type and comorbidities to refine diagnostic 
thresholds for miR-519d-3p/BMP2.

Conclusions
In conclusion, this study initially discovers that the 
expression levels of miR-519d-3p and BMP2 in serum 
can serve as early prediction markers for predicting if 
fracture patients might have a risk of delayed healing. 
Precisely, miR-519d-3p suppresses the osteoblast differ-
entiation and osteogenesis process by targeting BMP2, 
which could potentially slow down the fracture healing. 
This finding provides novel biomarker candidates for the 
early diagnosis of DFH and also creates new research 
directions for devising intervention strategies to enhance 
fracture healing.
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