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The role of circulating microRNAs (miRNAs) in the pathophysiology of medication-related 
osteonecrosis of the jaw (MRONJ) remains to be elucidated. This study investigated the expression 
of plasma miRNAs in patients with MRONJ compared to healthy individuals. 16 patients with 
MRONJ and 15 healthy controls participated in this case-control study, which was conducted in three 
consecutive phases. As a pilot study, miRNA profiling was performed using quantitative real-time 
reverse transcriptase PCR (qPCR) array plates targeting 754 miRNAs in a subset of plasma samples. In 
the subsequent phases, individual qPCR assays validated the array results using plasma samples from 
the full cohort (second phase) and plasma-derived exosomes (third phase). The qPCR arrays revealed 
differential miRNA profiles between the MRONJ and control groups. We selected miR-153-3p, miR-
1180-3p, miR-483-5p, miR-511-5p, miR-628-3p, miR-486-5p, miR-92b-5p, miR-16-3p, miR-23a-3p, 
and miR-23a-5p for additional assays. The expression of miR-483-5p, miR-92-5p, and miR-486-5p was 
elevated in patients with MRONJ compared to controls, whereas miR-628-3p was downregulated 
(q < 0.01). All four miRNAs consistently exhibited differences in expression in plasma-derived exosomes 
between MRONJ patients and controls. We identified four miRNAs that could serve as potential 
biomarkers for MRONJ: miR-483-5p, miR-92-5p, miR-628-3p, and miR-486-5p. These biomarkers may 
reflect key pathways in MRONJ pathogenesis and could be used to guide patient risk stratification and 
future therapeutic interventions for MRONJ.
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Medication-related osteonecrosis of the jaw (MRONJ) is an adverse drug reaction associated with antiresorptive 
or antiangiogenic treatments. It is characterized by the exposure of the jawbones, including the mandible 
and maxilla, through an extra or intraoral fistula that persists for > 8 weeks1. Antiresorptive agents, such as 
bisphosphonates and denosumab, are prescribed for patients with osteoporosis or bone-destructive cancers, such 
as multiple myeloma and bone metastases of solid tumors. Incidences of MRONJ differ markedly by indication 
and dosing regimen. Among patients treated for osteoporosis, the risk is relatively low –approximately 0.01–
0.05% with oral bisphosphonates and 0.04–0.3% with denosumab2,3. By contrast, in cancer patients receiving 
high-dose intravenous antiresorptive, cumulative MRONJ incidence is substantially higher, typically 0.7–
5.4%2,3, and up to 13% in some metastatic breast cancer cohorts or patients undergoing sequential antiresorptive 
therapy4,5.

Multiple hypotheses have been proposed to explain MRONJ since it was first described in 20036. Current 
evidence supports a ‘multiple-strike’ model in which immune dysregulation increases susceptibility to oral 
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dysbiosis and infection, amplifying chronic inflammation; in parallel, suppressed bone remodeling and 
angiogenesis impair healing and clearance of necrotic bone after dentoalveolar injury. These interacting 
processes, modulated by drug type, cumulative dose and route, as well as host factors, are thought to converge 
to produce MRONJ3,7,8. Nevertheless, the precise pathophysiological pathways remain unproven, underscoring 
the need for further research. Although many molecules (e.g. markers of bone turnover) have been investigated 
as potential biomarkers, no reliable biomarker for MRONJ has yet been identified9.

MicroRNAs (miRNAs) are short, non-coding RNAs that post-transcriptionally regulate gene expression10,11. 
Beyond their broad roles in cell differentiation and immunity, specific miRNAs modulate osteoclast and 
osteoblast activity12, inflammatory pathways13, and angiogenesis14. After intracellular maturation, miRNAs 
are released extracellularly either within exosomes or bound to RNA-binding proteins, which confers stability 
in biofluids and enables detection in plasma and saliva15,16. Exosomes derived from osteoclasts/osteoblasts, 
endothelial, and immune cells in the oromaxillary bone microenvironment can carry miRNAs that reflect local 
injury, infection-driven inflammation, and impaired bone remodeling or angiogenesis implicated in MRONJ. 
These features collectively support circulating or exosomal miRNAs as plausible, minimally invasive biomarkers 
for MRONJ risk stratification, disease detection, and monitoring of healing status, motivating their evaluation 
in the present study.

Regarding MRONJ, only a few studies have identified changes in miRNA expression and their role in 
pathogenesis17. Some previous studies have used circulating miRNA panels as a biomarker for MRONJ diagnosis, 
generating a logistic regression model that predicts MRONJ according to the relative expressions of multiple 
miRNAs18,19. Certain miRNAs, such as miR-23a and miR-21, target genes involved in the differentiation and 
regulation of bone cells, thereby affecting bone remodeling20,21. However, few studies have investigated this 
topic, and expression profiles tend to differ depending on the detection and analysis methods employed.

We investigated the expression of plasma miRNAs in MRONJ patients and healthy individuals. Using a 
carefully designed PCR-based miRNA quantification approach and advanced algorithms, we selected and 
validated miRNAs with differential expression in MRONJ patients compared to controls. We also examined the 
consistency of miRNA expression in both plasma samples and plasma-derived exosomes. We identified specific 
miRNAs associated with MRONJ and propose these as novel biomarkers for the disease, with the potential to 
improve risk assessment and deepen our understanding of MRONJ pathogenesis.

Materials & methods
Participants
This study included 16 patients diagnosed with MRONJ, who visited the dental clinic of Seoul National 
University Bundang Hospital (SNUBH) or Ewha Womans University Mokdong Hospital between December 
2021 and August 2022. The diagnosis of MRONJ was made after conducting a thorough medical history, dental 
examination, and imaging studies based on the guideline published by the American Association of Oral and 
Maxillofacial Surgeons1. The cohort size reflects all consecutive eligible and consenting cases within the defined 
recruitment period. Demographic and clinical features of the patients were documented including initial staging, 
cause of MRONJ, and details about medication regimens. For antiresorptive therapy, data were abstracted from 
the medical record, including the indication, agent, route of administration, nominal dose, dosing interval 
(application interval), and treatment start/stop dates, from which total treatment duration was calculated; 
per-patient details are provided in Supplementary Table S1. For the control group, 15 healthy individuals were 
recruited from visitors to the SNUBH dental clinic. Eligibility criteria required no history of malignancy, no 
prior or current exposure to oral or intravenous bisphosphonates, denosumab, or anti-angiogenic therapies, and 
no prior MRONJ. To minimize peri-enrollment bias, individuals with recent oral surgery or tooth extraction 
(within the preceding 6 months) or clinical evidence of active oral infection were excluded. A structured 
questionnaire captured age, sex, diabetes mellitus, cardiovascular disease, chronic systemic steroid exposure, 
smoking, and alcohol use. Controls were not matched to cases; instead, we compared baseline characteristics 
between groups. The clinical data of study participants are listed in Tables 1 and 2.

All study procedures were approved by the Institutional Review Boards (IRBs) of SNUBH and Ewha Womans 
University Medical Center and conducted in accordance with the Declaration of Helsinki (IRB number: B-2001-
589-301 and 2021-11-020-004). All subjects provided written informed consent.

Study design
A case-control design was applied. In accordance with best practices for observational studies, we have followed 
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines22. A completed 
STROBE checklist has been included in Supplementary Tables 1 to ensure transparency and comprehensiveness 
in reporting.

This study was conducted in three consecutive phases (Fig. 1). In the first phase, as a pilot feasibility step, 
we profiled 754 miRNAs on quantitative real-time reverse transcriptase PCR (qPCR) array plates using five 
randomly selected plasma samples from each group. miRNAs showing higher expression in MRONJ samples 
compared to controls were flagged as preliminary differentially expressed (DE) candidates. In addition, those 
that showed stable expression across subjects, assessed by the geNorm stability score23, were selected as candidate 
reference genes (RGs) to serve as endogenous controls for normalizing the expression levels of genes of interest 
(GOIs).

To reduce false discovery and enhance biological relevance, we integrated the Phase-1 list with a literature-
based list of miRNAs previously associated to osteoclast/osteoblast pathways or inflammatory regulation. We 
also added miRNAs with specific evidence of elevated expression in ONJ patients —even if not detected in the 
initial phase—as GOIs for subsequent experiments. RGs were also selected based on their use as controls in prior 
miRNA quantification studies.
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In the second phase, the expression of the candidate miRNAs was validated by conducting qPCR assays of 
plasma samples across all subjects. 14 miRNA targets were assessed, including 10 GOIs and 4 candidate RGs, 
resulting in the identification of five significant DE miRNAs and two stable RGs.

Finally, we examined the expression of the identified miRNAs in plasma-derived exosomal fractions to 
verify whether the changes in gene expression observed in plasma were consistently reflected in exosomes. This 
approach aimed to enhance the robustness of these miRNAs for use as potential biomarkers.

Sample collection
Blood samples were collected from each participant by trained personnel using 4 mL EDTA whole blood tubes. 
The samples were centrifuged to obtain plasma aliquots. All samples were promptly transported to the laboratory 
and stored at − 80 °C until further analysis.

Exosome isolation and MiRNA extraction
The PHiCS Institute (Seoul, Korea) performed sample preparation and PCR experiments. Two types of miRNA 
sample (plasma miRNA and plasma-derived exosomal miRNA) were used. Exosomes were isolated from plasma 
samples using the miRCURY Exosome Serum/Plasma Kit (Qiagen, Hilden, Germany) in accordance with 
the manufacturer’s instructions. miRNA was extracted from all samples and their exosome isolates using the 
miRNeasy Serum/Plasma Advanced Kit (Qiagen), following the manufacturer’s guidelines. RNA concentration 
was measured using a Nanodrop spectrophotometer (Nabi MicroDigital Co., Ltd., Korea).

qPCR array plate-based MiRNA profiling
Reverse transcription (RT) was performed with universal RT primers following poly(A) tailing and adapter 
ligation of miRNAs using the TaqMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Foster City, 
CA, USA) according to the manufacturer’s protocols. Complementary DNA (cDNA) templates were subjected 
to real-time PCR using TaqMan Advanced miRNA Human A and B Plates (Applied Biosystems), which are 
designed to amplify 754 human miRNAs, with TaqMan Fast Advanced Master Mix (Applied Biosystems). PCR 
reactions were performed on a QuantStudio 3 system (Applied Biosystems) with the following conditions: an 
initial denaturation step at 95 °C for 20 s, followed by 40 cycles of 95 °C for 1 s and 60 °C for 20 s.

Individual qPCR assays for validation of expression profiles
qPCR assays of the selected miRNA targets were performed using TaqMan MicroRNA Assays (Applied 
Biosystems) according to the manufacturer’s protocols. RNA samples were reverse transcribed with pools of 
stem-loop structured miRNA-specific RT primers using the TaqMan MicroRNA Reverse Transcription Kit 
(Applied Biosystems), followed by a preamplification step. cDNA standard was prepared using RNA pooled 
from randomly selected samples. Real-time PCR was conducted using each TaqMan Assay with the TaqMan Fast 
Advanced Master Mix (Applied Biosystems). Reactions were performed on a QuantStudio 3 system (Applied 
Biosystems) with the following conditions: an initial denaturation step at 95 °C for 20 s, followed by 40 cycles 
of 95 °C for 1 s and 60 °C for 20 s. Five five-fold serial dilutions of cDNA standard were prepared and used 
in parallel with test samples for each assay to establish a standard curve for calculating PCR efficiency. Test 

Characteristics Control (N = 15) MRONJ (N = 16) P-value

Age (y) Mean ± SD 62.2 ± 7.4 74.2 ± 9.0 < 0.001

Sex

N (%) 1.000

M 0 (0.0) 0 (0.0)

F 15 (100.0) 16 (100.0)

Diabetes mellitus

N (%) 0.172

Yes 1 (6.7) 5 (31.2)

No 14 (93.3) 11 (68.8)

Chronic steroid exposure

N (%) 1.000

Yes 0 (0.0) 0 (0.0)

No 15 (100.0) 16 (100.0)

Alcohol consumption

N (%) < 0.001

Yes 10 (66.7) 0 (0.0)

No 5 (33.3) 16 (100.0)

Smoking

N (%) 1.000

Yes 0 (0.0) 0 (0.0)

No 15 (100.0) 16 (100.0)

Cardiovascular diseases

N (%) 1.000

Yes 1 (6.7) 1 (6.2)

No 14 (93.3) 15 (93.8)

Table 1.  Baseline demographics and clinical characteristics of healthy controls and patients with medication-
related osteonecrosis of the jaw (MRONJ). M, male; F, female.
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samples were run on one plate for a single assay, and each run included cDNA standards (5-fold dilutions), 
inter-run calibrators (IRCs), no template control (NTC), and the samples. IRCs consisted of two wells containing 
undiluted cDNA standard for miR-221-3p and miR-21-5p assays in each run. These identical samples served 
as calibrators across all runs, allowing for the calculation of correction factors to adjust for inter-run variation.

Bioinformatics analysis
Relative quantification of miRNA expression was conducted with the qBase + software (Biogazelle, Zwijnaarde, 
Belgium) using PCR cycle threshold (Ct) values24. “Undetermined” data points were assigned a Ct value of 40 to 
enable calculation of quantities. The PCR efficiency (E) for each target was determined by plotting the Ct values 
on the y-axis against the logarithm of the input concentration of 5-fold-diluted cDNA standards on the x-axis 
and calculated as E = 5–1/slope. The stability of miRNA expression was evaluated using the geNorm algorithm, 
which calculates each gene’s stability measure (M) by averaging its pairwise variation in relative quantities (RQs) 
with all other genes. Genes with M values < 0.5 were considered to have high levels of stability. RGs were selected 
according to their gene stability values and were used to normalize GOI expression. The qBase + algorithm, 
which allows implementation of up to five multiple RGs, was applied to calculate the normalized RQ (NRQ) of 
each target miRNA in each sample24; the RQ for each gene was derived from the Ct values using the formula 
RQ = EΔCt, where ΔCt is the difference in Ct between each sample and the baseline, i.e., the average values of all 
samples. The NRQ for each sample was calculated by dividing each RQ by the normalization factor (NF), i.e., the 
geometric mean of the RQs of the selected RGs. When no gene met the stability criterion for RG selection, the 
geometric mean of the RQs from all target miRNAs was used as the NF for each sample. For validation assays 

Features MRONJ (N = 16)

Initial stage of MRONJ N (%)

I 5 (31.2)

II 11 (68.8)

Anatomical location N (%)

Maxilla 5 (31.2)

Mandible 11 (68.8)

Indication for 
antiresorptive therapy N (%)

Osteoporosis 15 (93.8)

Cancer 1 (6.2)

Type of antiresorptive N (%)

Alendronate 1 (6.7)

Ibandronate 3 (20.0)

Risedronate 2 (13.3)

Zoledronate 2 (13.3)

Denosumab 3 (20.0)

Ibandronate + Risedronate 1 (6.7)

Ibandronate + Denosumab 1 (6.7)

Ibandronate + Zoledronate 1 (6.7)

Risedronate + Denosumab 1 (6.7)

Route of administration N (%)

PO 5 (31.2)

IV 6 (37.5)

IV + PO 5 (31.2)

Duration of 
administration (months) Mean ± SD 43.5 ± 29.4

Cause of MRONJ N (%)

None 1 (6.2)

Dental Extraction 6 (37.5)

Periodontitis 1 (6.2)

Dental Implant 4 (25.0)

Dental 
Extraction + Periodontitis + Dental 
Implant

1 (6.2)

Dental 
Extraction + Denture + Periodontitis 1 (6.2)

Dental Extraction + Dental Implant 2 (12.5)

Table 2.  Clinicopathological features of patients with medication-related osteonecrosis of the jaw (MRONJ).  
PO, per oral; IV, intravenous.
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where IRCs were included in each run, the calibrated NRQ (CNRQ) of each sample was calculated by dividing 
each NRQ by the calibration factor (CF), i.e., the geometric mean of the NRQs of the IRCs.

Statistical analysis
All statistical analyses and data visualizations were conducted using R software (version 4.2.2; R Development 
Core Team, Vienna, Austria). Associations between categorical variables were assessed using either the chi-
square test or Fisher’s exact test, depending on the data distribution. Differences in continuous variables 
between the MRONJ and control groups were evaluated using Student’s t-test for parametric distributions and 
the Wilcoxon rank-sum test for nonparametric distributions. Multiple testing corrections were applied using 
the Benjamini–Hochberg (BH) method. Statistical significance was defined as a p-value < 0.05 or a q-value < 
0.05. Log fold change (logFC) was calculated by subtracting the mean log-scaled NRQ or CNRQ value of the 
control group from the mean value of the MRONJ group. Unsupervised hierarchical clustering was conducted 
on the Euclidean distances of CNRQ values using average linkage to evaluate the presence of distinct clusters 
and their correspondence with the previously defined control and MRONJ groups. To evaluate the consistency 
of miRNA dysregulation across sample types (total plasma and plasma-derived exosomes), linear mixed-effects 
models were applied for each DE miRNA using the lme4 R package25. The model included CNRQ values as 
the dependent variable and subject-specific random effects with fixed effects for the subject group (controls vs. 
MRONJ) and sample type (plasma vs. exosome), and the interaction between the subject group and sample type. 
The statistical result for the interaction term was used to determine whether the effect of the subject group on the 
expression of each gene differed between plasma and exosome samples.

Results
Patient characteristics
This study included 16 patients with MRONJ and 15 healthy controls, and their clinical information is 
summarized in Tables 1 and 2. The mean ± SD age was 74.2 ± 9.0 years in MRONJ patients and 62.2 ± 7.4 years in 
controls (p < 0.001). All participants were female. At initial staging, five MRONJ patients were classified as Stage 
I and eleven were Stage II; no Stage III cases were enrolled during the study period. Osteonecrosis occurred in 
the maxilla in five patients and in the mandible in 11 patients. Antiresorptive treatment was prescribed primarily 
for osteoporosis in 15 patients and for cancer in one patient. The types of antiresorptive agents used included 
denosumab (n = 3), single bisphosphonates (n = 8), two different types of bisphosphonate (n = 2), or a combination 
of denosumab and bisphosphonates (n = 2). Drug administration routes were oral (n = 5), intravenous (n = 6), or 
both (n = 5) with an average treatment duration of 43.5 ± 29.4 months.

Fig. 1.  Schematic of the study design. This study was divided into three consecutive phases. For the first phase, 
a pilot study, microRNA (miRNA) profiling was conducted with a small number of plasma samples using 
quantitative real-time reverse transcriptase PCR (qPCR) array plates targeting 754 miRNAs. Results from the 
first-phase experiment and a literature review were combined to select candidate genes for the subsequent 
phase. In the second phase, the expression of the selected miRNA targets was validated through individual 
qPCR assays using total plasma samples from a full cohort. For the third phase, plasma-derived exosome 
samples underwent individual qPCR assays to verify whether changes in miRNA expression were consistently 
observed in exosomes (MRONJ, medication-related osteonecrosis of the jaw; CON, control; GOI, gene of 
interest; RG, reference gene). Created in https://BioRender.com.
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Phase 1: expression profiles of plasma MiRNAs
The expression profiles of 754 miRNAs were investigated. According to the geNorm analysis, 11 miRNAs 
exhibited a high level of gene stability (M < 0.5), and the five most stably expressed genes (miR-138-30p, miR-
148b-3p, miR-152-3p, miR-186-5p, and miR-221-3p) were selected as RGs for normalization of RQs (Fig. 2A). 
Statistical analysis of NRQ values revealed 26 DE miRNAs between the patient and control groups (Fig. 2B and 
Supplementary Table 2). Among them, 11 genes (miR-153-3p, miR-1180-3p, miR-483-5p, miR-511-5p, miR-
628-3p, miR-486-5p, miR-92b-5p, miR-500a-3p, miR-9-3p, let-7b-3p, and let-7e-5p) were highly upregulated 
in MRONJ patients compared to controls (Wilcoxon, p < 0.05; FC > 2). Because miRNA is sparsely detected in 
plasma, genes that showed increased expression in the patient group were considered GOI targets for the next 
phase of the study. Detailed results are shown in Table 3.

Fig. 2.  Plasma microRNA (miRNA) profiles of patients with medication-related osteonecrosis of the jaw 
(MRONJ) and healthy controls obtained from quantitative real-time reverse transcriptase PCR (qPCR) array 
plates. (A) Gene expression stability of target miRNAs according to the geNorm algorithm. Expression stability 
was evaluated using gene stability measure (M) values. The figure specifically focuses on a subset of miRNAs 
identified from the full set of qPCR array targets, providing a detailed view of the most stable miRNAs. The 
dotted line shows the cut-off for genes with highly stable expression (M < 0.5). Eleven miRNA targets were 
highly stable, and the five most stably expressed genes were selected as reference genes. (B) Volcano plot 
demonstrating differential expression of plasma miRNAs between the MRONJ and control (CON) groups. 
Blue dots represent miRNAs downregulated in the MRONJ group compared to the control group, while 
red dots indicate upregulated miRNAs (p < 0.05). Among these, 11 genes (shaded red circles) that showed 
significant upregulation (fold change [FC] > 2 and p < 0.05) in the MRONJ group were selected as potential 
targets for validation assays in the second phase (NS, not significant).
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Review of previous MiRNA studies
We reviewed the literature to identify miRNAs previously reported to be associated with MRONJ. Among the 
11 upregulated genes from the array results, five miRNAs (miR-153-3p, miR-483-5p, miR-628-3p, miR-486-5p, 
and miR-92b-5p) showed evidence of an association with inflammation or bone remodeling. Specifically, miR-
153-3p, miR-483-5p, miR-628-3p, and miR-92b-5p were implicated in bone turnover via the modulation of 
osteogenic and/or osteoclastic differentiation26–31. miR-486-5p was found to play a significant role in regulating 
inflammation by modulating oxidative stress and cytokine production32,33. Furthermore, three additional 
miRNAs that showed increased expression in MRONJ patients in previous studies (miR-16-3p, miR-23a-3p, 
and miR-23a-5p) were selected as GOIs for a subsequent validation assay18,19,28. Among the five RGs chosen in 
the pilot study, miR-21-5p and miR-221-3p, which have been used as endogenous controls in previous studies, 
were selected for inclusion in this assay34,35. Two other miRNAs, miR-16-5p and miR-26a-5p, which are widely 
adopted as RGs for PCR-based miRNA quantification, were also added as candidate RGs34–39,

Phase 2: validation of DE MiRNAs
qPCR assays targeting 14 miRNAs, consisting of 10 GOIs (miR-153-3p, miR-1180-3p, miR-483-5p, miR-511-
5p, miR-628-3p, miR-486-5p, miR-92b-5p, miR-16-3p, miR-23a-3p, and miR-23a-5p) and 4 candidate RGs 
(miR-21-5p, miR-221-3p, miR-16-5p, and miR-26a-5p), were performed to validate their increased expression 
in MRONJ patients. PCR efficiency was calculated for each gene using a linear regression model acquired from 
serially diluted standard samples. In analyses of expression stability, no gene showed highly stable expression; 
hence, genes with an intermediate level of expression stability (0.5 < M < 1) were considered. The two most stably 
expressed miRNAs (miR-21-5p and miR-221-3p) were used for normalization (Fig. 3A).

After calculating CNRQs using IRCs for each run, five targets (miR-483-5p, miR-92-5p, miR-486-5p, miR-
26-5p, and miR-628-3p) showed significant differences in expression between the patient and control groups 
(Wilcoxon, q < 0.05; Table  4). As shown in Fig.  3B, miR-483-5p, miR-92-5p, and miR-486-5p were highly 
expressed in the MRONJ group compared to controls, whereas miR-26-5p and miR-628-3p were downregulated. 
Among the upregulated genes, miR-483-5p showed the largest increase (logFC = 2.340 and q < 0.001), followed 
by miR-92b-5p and miR-486-5p (logFC = 1.940 and 0.811; q < 0.001 and 0.008, respectively). The expression of 
miR-628-3p was lower in the MRONJ group (logFC = -2.140 and q < 0.001), in contrast to the findings from 
the pilot study. None of the miRNAs selected as GOIs based on previous studies, including miR-16-3p, miR-
23a-3p, and miR-23a-5p, exhibited differential expression between patients and controls (q > 0.05). Additionally, 
although miR-26a-5p was included in the assay as a candidate RG based on the literature, its relative expression 
was significantly decreased in MRONJ patients compared to healthy individuals (logFC = -1.000 and q < 0.001).

Phase 3: comparison of MiRNA expression between total plasma and plasma-derived 
exosomes
A further experiment was conducted to assess whether the differential expression of miRNAs observed in total 
plasma was consistently present in plasma-derived exosomes. Exosomes were successfully isolated from all 31 
plasma samples, and a qPCR assay was performed using the same targets and procedures as in the second-phase 
experiment. Based on the evaluation of gene stability, miR-21-5p, identified as the most stably expressed gene 
in total plasma, exhibited the lowest M value. However, none of the miRNAs met the stability criteria required 
to be used as a reliable RG, as all M values exceeded 1. Consequently, normalization was performed using the 

Gene P-value* Q-value* FC┼ (MRONJ/CON) 95% CI low 95% CI high

miR-153-3p 0.041 0.697 14.119 1.180 168.888

miR-1180-3p 0.025 0.697 9.559 1.476 61.916

miR-483-5p 0.015 0.697 8.935 1.794 44.494

miR-511-5p 0.031 0.697 8.194 1.374 48.876

miR-628-3p 0.032 0.697 5.424 1.247 23.588

miR-486-5p 0.048 0.697 5.236 1.017 26.965

miR-92b-5p 0.043 0.697 4.993 1.077 23.163

miR-500a-3p 0.031 0.697 3.385 1.159 9.892

miR-9-3p 0.043 0.697 3.084 1.047 9.087

let-7b-3p 0.007 0.697 2.856 1.513 5.390

let-7e-5p 0.033 0.697 2.374 1.092 5.158

Table 3.  Expression profiles of plasma MicroRNAs (miRNAs) significantly upregulated in patients with 
medication-related osteonecrosis of the jaw (MRONJ) compared to controls using qPCR array plates. FC, fold 
change; CON, control; CI, confidence interval. *Differentially abundant miRNAs were determined using the 
Wilcoxon rank-sum test, with correction for multiple testing performed using the Benjamini–Hochberg (BH) 
method. Statistical significance was determined as a p-value < 0.05. ┼The FC value of each gene represents 
how many times the mean expression level in the MRONJ group is compared to the mean expression level in 
the control group. The 95% CIs of FC values were calculated. Only genes with a fold change (FC) of ≥ 2 were 
selected as targets for the subsequent experiments.
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mean expression level of all target miRNAs in each sample, which enabled a consistent comparison of miRNA 
expression between total plasma and plasma-derived exosomes.

Among the five DE miRNAs between patients and controls in total plasma, four miRNAs displayed 
dysregulation in the same direction in plasma-derived exosomes. As shown in Fig. 4A, miR-483-5p, miR-92b-
5p, and miR-486-5p were upregulated in both total plasma and plasma-derived exosomes of MRONJ patients 
compared to healthy individuals, whereas miR-628-3p was downregulated in both sample types [logFC (plasma 
vs. exosome) = 2.128 vs. 1.914 (miR-483-5p), = 1.726 vs. 1.862 (miR-92b-5p), = 0.596 vs. 0.361 (miR-486-5p), 
and = -2.354 vs. -1.924 (miR-628-3p)]. Moreover, linear mixed-effects models confirmed the consistency of 
these changes in miRNA expression across sample types, as the interaction between the subject group and 
sample type remained nonsignificant (p > 0.05; Fig. 4B). On the other hand, miR-26a-5p exhibited the opposite 
trends; the expression was higher in plasma-derived exosomes of the MRONJ group downregulated in the total 
plasma assay.

Discussion
For the past two decades, MRONJ has frequently been reported in clinical settings; however, our understanding 
of this condition remains limited, and no biomarkers for the disease have yet been identified. In the present 
study, in search of potential biomarkers, we identified four miRNAs (miR-483-5p, miR-92b-5p, miR-628-3p, 
and miR-486-5p) with significantly altered expression in both total plasma and plasma-derived exosomes of 
MRONJ patients compared to healthy controls. Plasma miRNA expression profiles were obtained using qPCR 
array plates, and findings from a literature review were considered to select 14 targets for individual qPCR 
assays for validation. Moreover, qPCR assays were conducted using plasma-derived exosomes to evaluate the 

Fig. 3.  Validation of selected circulating microRNAs (miRNAs) using individual quantitative real-time 
reverse transcriptase PCR (qPCR) assays. (A) The results of gene stability analysis of qPCR assay targets 
using the geNorm algorithm. Because no miRNA had high expression stability (M < 0.5), the two most stable 
miRNAs (miR-23a-5p and miR-221-3p) with an intermediate level of stability (0.5 < M < 1) were selected as 
reference genes. (B) Box plots representing the expression levels of each miRNA in patients with medication-
related osteonecrosis of the jaw (MRONJ) compared to healthy controls. Among the target genes selected 
for the second phase, the expression levels of five genes were significantly altered in the MRONJ group 
compared to the control (CON) group (CNRQ, calibrated normalized relative quantity, *Q < 0.05, **Q < 0.001, 
***Q < 0.0001). (C) Heatmap illustrating the differential expression of the five miRNAs between the MRONJ 
and control groups. Average linkage clustering based on Euclidean distances of expression values effectively 
distinguished the MRONJ group from the control group.
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consistency of miRNA dysregulation. Our results demonstrate the potential of circulating miRNA as a biomarker 
and highlight the need for further research in this field.

To the best of our knowledge, this study is the largest human study to date addressing circulating miRNA 
expression in MRONJ patients. The first human study observed upregulation of 12 genes in multiple myeloma 
patients diagnosed with MRONJ compared to healthy subjects18. Building on these findings, another study 
explored the feasibility of using a circulating miRNA panel as a diagnostic biomarker and proposed a predictive 
regression model based on three genes19. However, both of these previous studies had limited sensitivity for 
identifying candidate target genes, as they focused only on verifying previously reported targets. By contrast, we 
independently screened for candidate genes from 754 human miRNAs available on array plates and supplemented 
these with additional targets from the literature, thereby increasing the sensitivity of our screening approach. 
Potentially due to the different candidates, our findings are not entirely consistent with previous studies.

The four dysregulated miRNAs identified in this study were found to have regulatory effects on diverse 
pathways related to the hypothesized pathophysiology of MRONJ. Abundantly expressed in myocytes, miR-
486-5p plays a role in cell proliferation, tissue repair, and angiogenesis40. By regulating downstream targets 
such as PTEN and FoxO1, miR-486-5p promotes cell proliferation and tissue repair; it induces angiogenesis 
via the downregulation of Mmp-1941–43. In addition, it exacerbates the inflammatory environment through 
NRF1 suppression and macrophage polarization, which makes it a critical factor in the pathophysiology of 
inflammation-related tissue damage in conditions such as rheumatoid arthritis and lipopolysaccharide (LPS)-
induced inflammation32,33. Similarly, miR-483-5p regulates angiogenesis, cell proliferation, differentiation, and 
inflammation44–46. Its upregulation plays a pivotal role in inhibiting osteogenesis and promoting osteoclastic 
differentiation, thereby contributing to an imbalance in bone remodeling that favors bone resorption26,28,31. 
Increased circulating levels of miR-483-5p have been observed in patients with rheumatoid arthritis, suggesting 
its role in bone-related pathologies47.

Moreover, miR-92b-5p, which is upregulated in MRONJ patients, appears to be involved in the propagation 
of inflammatory reactions across multiple organs. In patients with spinal cord injury, suppression of miR-92b-
5p expression leads to an increase in interleukin-18-binding protein (IL-18BP) and a consequent reduction in 
interleukin-18 (IL-18), a pro-inflammatory cytokine that stimulates the release of other inflammatory mediators 
such as inducible nitric oxide synthase (iNOS), tumor necrosis factor (TNF-α), and interleukin-1β (IL-1β)48. A 
study that investigated tissue from osteoarthritis patients indicated that enhanced activity of miR-92b-5p against 
TIMP4 contributed to disease progression49. It is also reportedly involved in osteogenesis by targeting ICAM-1, 
indicating its association with osteoporotic conditions30. The function of miR-628-3p is associated with bone 
remodeling. In a study that compared patients with atrophic non-union to healthy controls, miR-628-3p was 
observed to regulate RUNX2, which plays a critical role in osteogenesis29,50.

Altered miRNAs were also related to osteonecrosis with other causes, such as alcohol- and steroid-induced 
osteonecrosis of the femoral head51,52. Specifically, decreased expression of miR-628-3p and upregulation of 
miR-483-5p were observed. Taken together, in the context of MRONJ biology, the four miRNAs converge 
on pathways involved in osteoclast/osteoblast regulation, inflammatory signaling, and angiogenesis. These 
results suggest potential therapeutic avenues: antagomirs or synthetic mimics and exploring targeted delivery 
to modulate the oromaxillary microenvironment. From a clinical standpoint, circulating miRNAs are best 
positioned as complementary tools for risk stratification, prognostic assessment, and treatment monitoring 
rather than standalone diagnostics. These translational hypotheses will require functional validation and 
longitudinal evaluation to establish feasibility and clinical value.

Gene P-value* Q-value* logFC┼ (ONJ/CON) 95% CI low 95% CI high

miR-26a-5p < 0.001 < 0.001 -1.000 -1.280 -0.716

miR-483-5p < 0.001 < 0.001 2.340 1.610 3.070

miR-628-3p < 0.001 < 0.001 -2.140 -3.430 -0.848

miR-92b-5p < 0.001 < 0.001 1.940 1.070 2.810

miR-486-5p 0.003 0.008 0.811 0.226 1.400

miR-1180-3p 0.045 0.105 -0.843 -1.650 -0.035

miR-16-1-3p 0.318 0.495 -0.111 -0.901 0.679

miR-153-3p 0.401 0.561 1.230 -0.607 3.070

miR-23a-3p 0.520 0.662 0.484 -0.435 1.400

miR-16-5p 0.740 0.863 0.017 -0.347 0.381

miR-23a-5p 0.861 0.927 -0.036 -0.366 0.295

miR-511-5p 0.984 0.984 0.304 -1.080 1.690

Table 4.  Validation of differentially expressed plasma MicroRNAs (miRNAs) using individual qPCR assays. 
FC, fold change; CON, control; CI, confidence interval. *Differentially abundant miRNAs were determined 
using the Wilcoxon rank-sum test, with correction for multiple testing performed using the Benjamini–
Hochberg (BH) method. Statistical significance was determined as a p-value < 0.05. ┼The fold change value of 
each gene represents how many times the mean expression level in the MRONJ group is compared to the mean 
expression level in the control group.
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Unprecedented progress in the field of genomics has enabled researchers to dissect the human genome with 
greater precision, particularly in relation to non-coding RNAs such as miRNA53. However, the use of different 
methods has complicated the interpretation of data54. In qPCR studies, numerous methods and bioinformatics 
tools are available for relative quantification of gene expression34. In this study, we adopted the qBase + algorithm 
to leverage multiple RGs for normalization. In addition, standard samples were used to calculate the efficiency 
of each target amplification, and IRCs were applied to minimize biological and technical errors associated with 
PCR. For normalization, endogenous controls were carefully selected based on expression stability, as evaluated 
using the geNorm algorithm. Unlike exogenous spike-ins, endogenous controls are inherently present in samples 
and are therefore expected to behave more similarly to the target genes35.

However, there were some limitations to this study. This study included all consecutive eligible MRONJ 
cases and healthy, drug-naïve controls during a defined recruitment period. Sampling was conducted at a single 
time point, and no prespecified matching or covariate-adjusted models were applied. Thus, some residual 
confounding between groups may persist. The distribution of clinical indications in enrolled cases reflected 
routine referrals to the participating clinics skewed toward osteoporosis with one oncology case; Stage III disease 
was not represented; and all included cases were women. These study features should be considered when 
interpreting precision and generalizability. Future work using larger, prospectively powered, multicenter cohorts 
with exposure-matched disease controls (e.g., osteoporosis with and without ONJ; malignancy with and without 
ONJ) and prespecified adjustment will enable stratified analyses by indication, regimen, route, and stage.

Fig. 4.  Changes in microRNA (miRNA) expression in total plasma and plasma-derived exosomes of patients 
with medication-related osteonecrosis of the jaw (MRONJ) compared to healthy controls. (A) Bar plots 
depicting the effect size, log-scaled fold change (logFC), and statistical significance of miRNA changes in 
MRONJ patients across two sample types (total plasma vs. plasma exosome). Among the five miRNAs that 
showed significant (q < 0.05) dysregulation in total plasma samples from the MRONJ group, miR-483-5p, miR-
92b-5p, miR-628-3p, and miR-486-5p exhibited consistent directional changes in plasma-derived exosomes. 
logFC values were calculated by subtracting the mean log-scaled calibrated normalized relative quantity 
(CNRQ) value of the control group from that of the MRONJ group, and the values from each sample type 
were compared for each miRNA. (B) Predicted log-scaled CNRQ values for subject groups (Control [CON] 
vs. MRONJ) and sample types (total plasma vs. plasma exosome) for the four miRNAs, estimated from linear 
mixed-effects models. The fitted lines represent the interaction between subject group and sample type, with 
each panel displaying a different miRNA target. The interaction term for each miRNA was not statistically 
significant (NS), indicating consistent dysregulation across sample types.
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Plasma miRNA levels may also reflect systemic influences such as comorbidities, ongoing inflammation, 
medication use, metabolic state, which can bias expression patterns and complicate attribution to MRONJ alone. 
To improve specificity, future studies should incorporate paired tissue–plasma profiling of affected jaw sites 
with correlation analyses to disentangle disease–specific signals from systemic background. Finally, although 
we attempted to validate candidates in saliva, no meaningful data were obtained in this cohort. Since salivary 
miRNA profiles do not necessarily mirror plasma findings, independent saliva-focused miRNA profiling will be 
required to assess feasibility.

In conclusion, we identified four DE plasma miRNAs in MRONJ patients that align with pathways involved 
in bone remodeling, inflammation, and angiogenesis. These findings provide mechanistic insight and candidates 
with adjunctive potential for risk stratification, prognostic assessment, and treatment monitoring, while 
complementing standard clinical and radiographic diagnosis. Prospective, longitudinal, multicenter studies, 
incorporating baseline pre-antiresorptive sampling, serial follow-up, event-triggered collections at ONJ onset, 
and paired tissue–plasma profiling, are warranted to test therapeutic strategies and validate clinical applicability.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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