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A B S T R A C T

Background: Osteonecrosis of the femoral head (ONFH) is a common orthopedic disease, which seriously affects 
the quality of life of patients. Naringin has protective effect on ONFH. In present study, we aimed to investigate 
the mechanism of Naringin regulating miR-26a in ONFH.
Methods: Two sequencing datasets (GSE89587 for micro-RNA, GSE123568 for mRNA) related to ONFH were 
obtained from the GEO database for bioinformatics analysis. Bone marrow-derived mesenchymal stem cells 
(BMSCs) were treated with adipogenic medium (AM) or osteogenic medium (OM), and then treated with 10 μM, 
100 μM or 1000 μM Naringin. Gene and protein levels were detected by RT-qPCR and Western blotting. ALP 
activity and alizarin red staining (ARS) were applied to investigate the osteogenic differentiation of BMSCs. Oil 
red O staining was performed to test adipogenic differentiation. The content of triglycerides (TG) in BMSCs was 
detected by TG detection kit. Double luciferase reporter gene measured the interaction between miR-26a and Ski.
Results: Bioinfomatic analyses indicated a significant downregulation of miR-26a and a significant upregulation 
of Ski in the peripheral blood of patients with ONFH. Naringin significantly promoted the osteogenic differen-
tiation, and increased the ALP activity and ARS. Meanwhile, it decreased the adipogenic differentiation and 
inhibited TG levels. In addition, miR-26a was downregulated and Ski was increased in AM-treated BMSCs, while 
miR-26a was upregulated and Ski was decreased in OM-treated BMSCs. Furthermore, miR-26a promoted the 
osteogenic differentiation and suppressed the adipogenic differentiation in BMSCs. Moreover, Naringin enhanced 
osteogenic potential in BMSCs was reversed by knockdown of miR-26a or overexpression of Ski.
Conclusion: Naringin could promote osteogenic differentiation of BMSCs via mediation of miR-26a/Ski axis. 
Thereby, Naringin might be a new agent for ONFH treatment.

1. Introduction

Osteonecrosis of the femoral head (ONFH) is an orthopedic disease 
caused by femoral collapse due to blood supply interruption (Mao et al., 
2020). In addition, ONFH can cause the poor life quality of patients 
(Huang et al., 2020a). It confirmed that excessive glucocorticoid (GC) 
treatment was the major risk factor for ONFH progression (Guillemet 
et al., 2020). A previous study indicated that 51 % patients with ONFH 
were closely related with glucocorticoid (GC) (Kim et al., 2020). Thus, 
the side effect of GC is the major cause of ONFH. Nowadays, the main 
treatment of ONFH is drug and surgery, while the effect remains to be 
improved. Thereby, exploring new methods for ONFH treatment is ur-
gent. It has been reported that traditional Chinese medicine (TCM) is 
involved in malnutrition of the muscles and bones (Xu et al., 2019a; Xu 
et al., 2019b). Drynaria fortunei is a treatment which is usually used in 

TCM, and it is thought to strengthen bones and target the key targets of 
osteoarthritis (Yang et al., 2014). In addition, Drynaria fortunei is 
considered to be useful in the repair of bones (Chen et al., 2013), and 
Naringin is an active ingredient of Drynaria fortunei which is confirmed 
to promote osteogenic differentiation in bone marrow-derived mesen-
chymal stem cells (BMSCs) (Lin et al., 2016). However, whether Nar-
ingin can mediate the progression of ONFH remains largely unknown.

MicroRNAs (miRNAs) have been reported to mediate mRNA 
expression by inhibition of the translation of mRNA (Gerloff et al., 
2020). Moreover, miRNAs are known as crucial modulators in ONFH 
(Wu et al., 2021; Yue et al., 2020). For instance, Huang S et al. found that 
miR-148a-3p could suppress SMURF1 to prevent the occurrence of 
ONFH (Huang et al., 2020b). In addition, miR-144-3p could be involved 
in progression of ONFH (Xiang et al., 2020). Meanwhile, it has been 
previously proved that miR-26a-CD34-exos protected the GC-induced 
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femoral head via inducing osteogenesis (Zuo et al., 2019). Furthermore, 
the miRNAs miR-26a/b was reported to target osteogenesis-inhibiting 
factors to promote osteogenic differentiation in USSCs (Schira-Heinen 
et al., 2020). In summary, both naringin and miR-26a play significant 
roles in the regulation of osteogenic differentiation. However, the rela-
tion between Naringin and miR-26a in ONFH remains to be explored.

Ski is a homologue of v-ski (oncogene). Its product Ski (called Ski 
protein in humans and c-Ski protein in animals) is known to be a tran-
scriptional regulator which is participated in the pathophysiological 
process of various types of cells in many tissues (Lu et al., 2020). Some 
studies revealed that Ski could play a key role in pathological process. 
Moreover, Ski mainly depended on BMP-2 and TGF-β signaling to 
exhibit its function (Ehnert et al., 2012). Meanwhile, Ski has been 
confirmed to be activated by GC in BMSCs (Zhao et al., 2019). However, 
the correlation between miR-26a and Ski remains largely unclear. In 
addition, we found that there are binding sites between miR-26a and Ski 
by bioinformatics methods. Thus, we speculated Naringin participated 
in the development of ONFH by regulating miR-26a/Ski axis.

In present study, we aimed to explore the functions of Naringin in 
AM-treated BMSCs. Our results found that Naringin could strengthen 
osteogenic potential of BMSCs via mediation of miR-26a/Ski axis. We 
hope our findings will provide a new agent for ONFH treatment.

2. Material and methods

2.1. Bioinfomatics

Two datasets (GSE89587 and GSE123568) were downloaded from 
the GEO database (www.ncbi.nlm.nih.gov/geo/) (Clough et al., 2024) 
to investigate the blood transcriptional characteristics of ONFH. Dif-
ferential expression analyses were conducted using the limma package 
in R software. miRNA target genes were predicted using TargetScan 
database (www.targetscan.org/) (McGeary et al., 2019). GO terms for 
interested genes were retrieved from the Uniprot database (www.uni 
prot.org/) (UniProt Consortium, 2023). GO enrichment analysis and 
corresponding visualizations were performed by an online bioinfor-
matics platform (www.bioinformatics.com.cn) (Tang et al., 2023).

2.2. Cell culture and treatment

Mouse BMSCs and HEK293T cells were purchased from the ATCC 
(USA) and cultured in DMEM (Gibco, USA) with 10 % FBS (Invitrogen, 
USA) (37 ◦C, 5 % CO2). Naringin was obtained from Sigma-Aldrich 
(USA). BMSCs were treated with 10 μM, 100 μM or 1000 μM Naringin 
for 24 h.

To induce adipogenic differentiation in BMSCs, the cells were 
cultured in an adipogenic medium (AM). This medium consisted of 0.1 
μM dexamethasone (Dex, Sigma-Aldrich, USA), 15 % horse serum, and a 
basal DMEM medium (Lee et al., 2019; Sheng et al., 2007; Justesen et al., 
2002). For osteogenic differentiation of BMSCs, BMSCs were treated 
with osteogenic medium (OM, Sigma-Aldrich, USA) and then cultured.

2.3. Cell transfection

MiR-26a-antago, negative control-antago (NC-antago), miR-26a-ago 
and NC-ago were obtained from RiboBio (Guangzhou, China). BMSCs 
were seeded in 6-well plates at a density of 1 × 106 cells/well. And then, 
BMSCs were transfected with these plasmids by Lipofectamine 2000 
(Invitrogen) according to the manufacture's protocol. For Ski over-
expression, a lentivirus containing Ski or negative control was pur-
chased from GenePharma (Shanghai, China). Subsequently, BMSCs cells 
were transfected with LV NC or LV-Ski (Ski overexpression) using Lip-
ofectamine 3000 (Invitrogen).

2.4. Oil Red O Staining

BMSCs were seeded in 24-well plates at a density of 1 × 105 cells/ 
well. The culture medium was removed after BMSCs were induced by 
AM. Then, BMSCs were washed and fixed with 4 % paraformaldehyde 
for 30 min. Subsequently, BMSCs were stained with the Oil Red O and 
incubated for 30 min. After that, solution was discarded and cells were 
washed and observed by an inverted microscope. Increase of red drop-
lets was considered as the lipid formation in BMSCs.

2.5. Alizarin red staining assay

BMSCs were seeded in 24-well plates at a density of 1 × 105 cells/ 
well. After 7 d of incubation, BMSCs were added with 5 % poly-
formaldehyde (500 μL) for 10 min and then stained with 200 μL alizarin 
for 30 min. Then, the calcium nodules were observed by 
photomicrographs.

2.6. ALP activity assay

BMSCs were seeded in 6-well plates (1 × 106 cells/well) for 24 h. 
Total protein was extracted from the cells using radio-
immunoprecipitation assay (RIPA, Beyotime) buffer and the concen-
tration was quantified by the bicinchoninic acid (BCA, Abcam, USA) 
assay. ALP activity was measured via using a ALP detection kit according 
to the manufacturer's instruction. The ALP activity of each sample was 
normalized against the total protein concentration.

2.7. Reverse transcription quantitative real-time PCR (RT-qPCR)

BMSCs were seeded in 6-well plates (1 × 106 cells/well). Total RNA 
from BMSCs was obtained with TRIzol reagent (TaKaRa, Tokyo, Japan). 
Subsequently, reverse transcription kit (TaKaRa) was applied to syn-
thesized cDNA. The following protocol was as follows: 2 min at 94 ◦C, 
followed by 40 cycles of 30 s at 94 ◦C and 45 s at 55 ◦C. The relative 
expression of genes was quantified by 2-ΔΔCt method. U6 or β-actin was 
applied for normalization. Primers were listed as follows: miR-26a 5′- 
TCCCATTCCCGGAAGCTAGA-3′ (sense), 5′-GAGGCATGAAAT-
CACCCCCA-3′ (anti-sense); Ski 5′-GGCGAAACAAACATGGTGCA-3′ 
(sense), 5′-CGGCCCAGTGTTCAGACTAC-3′ (anti-sense); β-actin 5′- 
AGGTCGGAGTCAACGGATTT-3′ (sense), 5′-TGACGGTGCCATG-
GAATTTG-3′ (anti-sense); U6 5′-CTCGCTTCGGCAGCACA-3′ (sense), 5’- 
AACGCTTCACGAATTTGCGT-3′ (anti-sense).

2.8. Western blot analysis

BMSCs were seeded in 6-well plates (1 × 106 cells/well). Total 
protein of BMSCs were extracted by RIPA (Beyotime). BCA Protein Assay 
Kit (Abcam, USA) was used to test the protein concentration. Equal 
amounts (20 μg) of protein from each group were separated by sodium 
dodecyl sulfate polyacrylamide gelelectrophoresis (SDS-PAGE) electro-
phoresis, and then proteins were transferred onto polyvinylidene fluo-
ride (PVDF) membrane (, Beyotime). After blocked, primary antibodies 
against Ski (1:2000), Runx2 (1:1000), OCN (1:10000), FABP4 (1:2000), 
PPAR-γ (1:1000) were incubated at 4 ◦C overnight and the secondary 
antibody (1:5000) were used to incubate for 2 h at room temperature. 
All the antibodies were obtained from Abcam (MA, USA) and then 
visualized using ECL Western Blot Kit (CWBIO). GAPDH (1:1000) was 
used for normalization.

2.9. Triglycerides (TG) detection

BMSCs were seeded in 6-well plates (1 × 106 cells/well). BMSCs of 
different treatment groups were collected and then cell lysed, after 
centrifugation, the supernatant was collected for TG concentration 
determination. The content of TG was detected by TG detection kit (MA, 
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USA). The protocol was in accordance with the previous reference (Tang 
et al., 2020).

2.10. Bioinformatics analysis and dual luciferase assay

The interaction between miR-26a and Ski was predicted using star-
Base. Ski fragments with wild-type or mutant miR-26a binding se-
quences were obtained from GenePharma. The WT and MUT sequences 
of Ski were transcribed into the pmirGLO luciferase reporter vector 
(Promega, Madison, Wisconsin, USA) and named Ski-WT and Ski-MUT, 
respectively. HEK293T cells were seeded in 10 cm2 dishes (5×106 cells/ 
dish). The miR-26a-ago or NC-ago and Ski-WT/MUT was co-transfected 
into HEK293T cells with Lipofectamine 3000. The luciferase activity was 
tested by dual luciferase reporter system (Promega).

2.11. Statistical analysis

All data were statistically evaluated using GraphPad Prism 6.0 soft-
ware. The experiments were conducted at least three replications, and 
the data were presented as mean ± SD. The comparisons between two 
groups were analyzed by Student's t-test, and the differences between 
multiple groups were compared by one-way analysis of variance 
(ANOVA). P < 0.05 was considered statistically significant.

3. Results

3.1. miR-26a and Ski were differentially expressed in ONFH and involved 
in osteogenic/adipogenic differentiation

Utilizing bioinformatics analysis, we identified a significant down-
regulation of miR-26a (Fig. 1A) and a significant upregulation of Ski 
(Fig. 1B) in the peripheral blood of patients with ONFH. Through 
enrichment analysis, it was determined that miR-26a plays a role in 
regulating the biological process of cell differentiation (Fig. 1C). 
Following this, an investigation of the Uniprot database for GO terms 
associated with SKI revealed that SKI is implicated in the negative 
regulation of osteoblastic differentiation (Fig. 1D). Subsequently, BMSCs 
were cultured with OM and AM to induce osteogenic and adipogenic 
differentiation, respectively. As shown in Fig. 1E, OM significantly 
increased the matrix mineralization in BMSCs. In addition, ALP activity 
in BMSCs was notably upregulated by OM (Fig. 1F). These data revealed 
that osteogenic differentiation of BMSCs was significantly promoted by 
OM. Meanwhile, AM significantly promoted the lipid formation in 
BMSCs (Fig. 1G), and the content of TG in BMSCs was greatly enhanced 
by AM (Fig. 1H), suggesting AM notably promoted the adipogenic dif-
ferentiation of BMSCs. The protein levels of OCN and Runx2 in BMSCs 
were significantly increased by OM, and AM obviously enhanced the 
expressions of PPAR-γ and FABP4 in BMSCs (Fig. 1I). We further 
investigated the expression changes of miR-26a and Ski during osteo-
genic and adipogenic differentiation of BMSCs. miR-26a level in BMSCs 
was significantly upregulated by OM, while inhibited by AM (Fig. 1J). 
OM significantly suppressed Ski expression in BMSCs, while AM 
exhibited opposite effect (Fig. 1J and K). All these data revealed that 
miR-26a was upregulated in OM-treated BMSCs, while Ski was 
downregulated.

3.2. Naringin significantly promoted osteogenic differentiation and 
inhibited adipogenic differentiation in BMSCs

To detect the effect of Naringin on osteogenic differentiation in 
BMSCs, alizarin red staining assay was performed. As revealed in 
Fig. 2A, Naringin significantly enhanced OM-induced increase of matrix 
mineralization in a dose dependent manner. Consistently, Naringin 
obviously increased ALP activity in OM-treated BMSCs (Fig. 2B). Nar-
ingin reversed AM-induced upregulation of the lipid formation and TG 
content in BMSCs in a dose-dependent manner (Fig. 2C and D). The 

protein expressions of OCN and Runx2 in BMSCs were significantly 
upregulated by OM, which were further enhanced by Naringin (Fig. 2E). 
AM-induced activation of PPAR-γ and FABP4 in BMSCs was significantly 
reversed by Naringin (Fig. 2E). Furthermore, the effect of OM or AM on 
miR-26a expression in BMSCs was obviously rescued by Naringin 
(Fig. 2F). Taken together, Naringin could promote osteogenic differen-
tiation in BMSCs.

3.3. MiR-26a notably regulated osteogenic and adipogenic differentiation 
in BMSCs

To investigate the effect of miR-26a on osteogenic and adipogenic 
differentiation, BMSCs were transfected with miR-26a-ago or antago. As 
shown in Fig. 3A, miR-26a level in BMSCs was significantly upregulated 
by miR-26a-ago but decreased by miR-26a-antago. In addition, the data 
of alizarin red staining assay indicated that miR-26a knockdown 
reversed OM-induced osteogenic differentiation in BMSCs (Fig. 3B). OM- 
induced increase of ALP activity was inhibited by miR-26a inhibition 
(Fig. 3C). The lipid formation in AM-cultured BMSCs was significantly 
decreased by upregulation of miR-26a (Fig. 3D), and overexpression of 
miR-26a greatly reversed AM-induced upregulation of TG levels in 
BMSCs (Fig. 3E). Meanwhile, the protein levels of OCN and Runx2 in 
BMSCs were upregulated by OM, while this phenomenon was reversed 
by miR-26a-antago (Fig. 3F). AM-induced increase of PPAR-γ and FABP4 
in BMSCs was rescued by miR-26a-ago (Fig. 3F). To sum up, miR-26a 
could notably regulate osteogenic and adipogenic differentiation in 
BMSCs.

3.4. Naringin regulated Ski expression in BMSCs via mediation of miR- 
26a

To detect the effect of Naringin on Ski expression in BMSCs, RT-qPCR 
was applied. The data suggested Ski level in OM-treated BMSCs was 
obviously inhibited by Naringin (Fig. 4A). AM-induced upregulation of 
Ski was significantly inhibited by Naringin (Fig. 4B). Meanwhile, Ski 
was the potential target of miR-26a (Fig. 4C), and the relative luciferase 
activity in WT-Ski was decreased by miR-26a-ago (Fig. 4C). Ski level in 
BMSCs was inhibited by overexpression of miR-26a but increased by 
knockdown of miR-26a (Fig. 4D and E). Thus, Naringin regulated Ski 
expression in BMSCs via mediation of miR-26a.

3.5. Naringin regulated osteogenic and adipogenic differentiation in 
BMSCs via mediation of miR-26a/Ski axis

For the purpose of investigating the efficiency of Ski overexpression, 
RT-qPCR and Western blotting were used. The results indicated Ski 
expression level in BMSCs was significantly increased by overexpression 
of Ski (Fig. 5A and B). In addition, Naringin-induced osteogenic differ-
entiation in OM-treated BMSCs was significantly inhibited by miR-26a 
inhibition or Ski overexpression (Fig. 5C). Inhibition of miR-26a or 
overexpression of Ski reversed the promotion effect of Naringin on ALP 
activity in OM-treated BMSCs (Fig. 5D). Naringin-decreased lipid for-
mation in AM-induced BMSCs was restored by miR-26a knockdown or 
Ski overexpression (Fig. 5E), and Naringin-induced decrease of TG 
content in AM-treated BMSCs was partially reversed by miR-26a inhi-
bition or Ski overexpression (Fig. 5F). Moreover, the regulation effect of 
Naringin on OCN, Runx2, PPAR-γ and FABP4 was significantly rescued 
by miR-26a-antago or Ski overexpression (Fig. 5G). These data sug-
gesting that Naringin regulated osteogenic and adipogenic differentia-
tion in BMSCs via mediation of miR-26a/Ski axis.

4. Discussion

ONFH is a frequent disease which is caused by GC consumption, 
alcohol abuse and hip trauma (Sheng et al., 2020). ONFH leads to the 
dysfunction of BMSCs (Yue et al., 2020; Nonokawa et al., 2020). GC- 
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Fig. 1. miR-26a and Ski were differentially expressed in ONFH and involved in osteogenic/adipogenic differentiation. (A) Volcano plot of miRNAs expression in 
ONFH. (B) Volcano plot of mRNA expression in ONFH. (C) GO analysis for miRNA target genes. (D) SKI-related GO terms. (E) The formation of calcified nodules in 
BMSCs after treated with OM for 48 h was tested by alizarin red staining. (F) The activity of ALP in BMSCs after treated with OM for 48 h was detected by ALP kit (n 
= 3, Student's t-test). (G) The lipid formation in BMSCs after treated with AM was tested by oil red O staining. (H) The content of TG in BMSCs after treated with AM 
was detected by TG detection kit (n = 3, Student's t-test). (I) The protein expressions of OCN, Runx2, PPAR-γ and FABP4 in BMSCs were assessed by Western blotting. 
GAPDH was applied for normalization (n = 3, Student's t-test). (J) The expression of miR-26a and Ski in BMSCs were tested by RT-qPCR (n = 3, ANOVA). (K) The 
protein level of Ski in BMSCs was assessed by Western blotting. GAPDH was applied for quantification (n = 3, ANOVA). The boxed border regions were enlarged. 
Values were presented as means ± SD. Scale bar: 100 μm. **P < 0.01, ***P < 0.001.
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Fig. 2. Naringin significantly promoted osteogenic differentiation and inhibited adipogenic differentiation in BMSCs. BMSCs were treated with OM, and supple-
mented with 10 μM, 100 μM or 1000 μM Naringin. (A) Calcified nodules formation in BMSCs was tested by alizarin red staining. (B) The activity of ALP in BMSCs was 
detected by ALP kit. BMSCs were treated with AM, AM + 10 μM Naringin, AM + 100 μM Naringin or AM + 1000 μM Naringin. (C) The lipid formation in BMSCs was 
tested by oil red O staining. (D) The content of TG in BMSCs was detected by TG detection kit. (E) The protein expressions of OCN, Runx2, PPAR-γ and FABP4 in 
BMSCs were assessed by Western blotting. GAPDH was applied for normalization. (F) MiR-26a level in BMSCs was tested by RT-qPCR. (n = 3, ANOVA). The boxed 
border regions were enlarged. Values were presented as means ± SD. Scale bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. MiR-26a regulated osteogenic and adipogenic differentiation. (A) BMSCs were transfected with miR-26a-ago or antago for 48 h. The expression of miR-26a 
was tested by RT-qPCR. BMSCs were treated with OM, and then supplemented with NC-antago or miR-26a antago. (B) Calcified nodules formation in BMSCs was 
tested by alizarin red staining. (C) The activity of ALP in BMSCs was detected by ALP kit. BMSCs were treated with AM, and then supplemented with NC-ago or miR- 
26a-ago. (D) The lipid formation in BMSCs was tested by oil red O staining. (E) The content of TG in BMSCs was detected by TG detection kit. (F) The protein 
expressions of OCN, Runx2, PPAR-γ and FABP4 in BMSCs were assessed by Western blotting. GAPDH was applied for quantification. (n = 3, ANOVA). The boxed 
border regions were enlarged. Values were presented as means ± SD. Scale bar: 100 μm. **P < 0.01, ***P < 0.001.
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induced osteonecrosis of the femoral head is the most common type of 
ONFH, and nearly half of patients with ONFH were induced in China 
(Duan et al., 2020; Yin et al., 2020). Nowadays, the pathogenesis of 
ONFH is largely unknown and the main method for treating ONFH is still 
limited (Wang et al., 2020). It has been reported that the destruction of 
the balance between osteogenic differentiation and adipogenic differ-
entiation may lead to the occurrence of ONFH (Ma et al., 2020; Kawa-
saki et al., 2020). In this study, our bioinformatics analysis 
demonstrated that in the peripheral blood of patients with ONFH, the 
expression of miR-26a is downregulated, whereas the expression of Ski 

is upregulated, and then we determined that Naringin could strengthen 
osteogenic differentiation and suppress adipogenic differentiation 
through regulation of miR-26a/Ski axis. Our finding firstly explored the 
impact of Naringin on ONFH, suggesting a new method for ONFH 
treatment.

It suggested that Naringin could mediate bone metabolism in GC- 
induced ONFH via regulation of Akt/Bad signaling pathway (Kuang 
et al., 2019). Meanwhile, Chen et al. found that polydatin could promote 
the BMSCs osteogenic differentiation through activating the BMP2-Wnt/ 
β-catenin pathway (Chen et al., 2019). Our research was similar to those 

Fig. 4. Naringin regulated Ski expression in BMSCs via mediation of miR-26a. BMSCs were treated with OM/AM, OM/AM + 10 μM Naringin, OM/AM + 100 μM 
Naringin or OM/AM + 1000 μM Naringin. (A) The expression of Ski in BMSCs was detected by RT-qPCR. (B) Ski protein level in BMSCs was assessed by Western 
blotting. GAPDH was applied for normalization. (C) Starbase was applied to predict the binding site between miR-26a and Ski. Dual luciferase report assay was 
applied to test the luciferase activity. BMSCs were treated with miR-26-ago or miR-26a-antago. (D) The mRNA level of Ski in BMSCs was detected by RT-qPCR. (E) 
Ski protein level in BMSCs was assessed by Western blotting. GAPDH was applied for quantification. (n = 3, ANOVA). The boxed border regions were enlarged. 
Values were presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Naringin regulated osteogenic and adipogenic differentiation via mediation of miR-26a/Ski axis. (A) Ski expression in BMSCs after Ski overexpression was 
detected by RT-qPCR. (n = 3, Student's t-test) (B) Ski protein level in BMSCs after Ski overexpression was assessed by Western blotting. GAPDH was applied for 
normalization. (n = 3, Student's t-test). BMSCs were treated with OM and miR-26a-antago or Ski overexpression. (C) Calcified nodules formation in BMSCs was tested 
by alizarin red staining. (D) The activity of ALP in BMSCs was detected by ALP kit. (n = 3, ANOVA). BMSCs were treated with AM and miR-26a-antago or Ski 
overexpression. (E) The lipid formation was tested by oil red O staining. (F) The content of TG in BMSCs was detected by TG detection kit. (n = 3, ANOVA). (G) The 
protein expressions of OCN, Runx2, PPAR-γ and FABP4 in BMSCs were assessed by Western blotting. GAPDH was applied for quantification. (n = 3, ANOVA). The 
boxed border regions were enlarged. Values were presented as means ± SD. **P < 0.01, ***P < 0.001.
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previous study, we found that Naringin could promote osteogenic dif-
ferentiation and inhibit adipogenic differentiation to suppress the pro-
gression of ONFH in vitro. The osteogenic effects of Naringin are 
multifaceted. In this study, we observed that different concentrations of 
naringin demonstrated varying levels of osteogenic activity, with more 
pronounced effects at higher concentrations. Runx2 is a well-established 
transcription factor that promotes osteogenic differentiation (Kim et al., 
2022), and in this study, we used Runx2 as a biomarker for osteogenic 
differentiation. Our findings suggested that cells treated with various 
concentrations of naringin displayed significantly different levels of 
Alizarin red staining. However, no significant differences were observed 
between the 1000 μM and 100 μM Naringin groups in the WB analysis of 
Runx2. The observed discrepancy between Alizarin red staining and 
Runx2 Western blot results could be attributed to the complex mecha-
nisms through which Naringin operates. Furthermore, the lack of Runx2 
upregulation in the 1000 μM Naringin group compared to the 100 μM 
Naringin group may be due to the potential saturation of its pharma-
cological effects in the presenting condition. Herein, our research sup-
plemented the mechanism by which Naringin modulated the ONFH 
progression. And Naringin could function as a key regulator in bone 
metabolism, osteogenic differentiation and adipogenic differentiation.

MiRNAs are known to be participated in BMSCs osteogenesis and 
adipogenesis. For instance, Cao Y et al. indicated that miR-224-5p could 
regulate osteogenic and adipogenic differentiation (Cao et al., 2021); 
Wu F et al. revealed that miR-155-5p could promote proliferation and 
differentiation of BMSC through targeting GSK3β (Wu et al., 2021); 
Skarn M et al. proposed that miRNA-155, miRNA-221, and miRNA-222 
play a critical role in the adipogenic differentiation of hMSCs (Skårn 
et al., 2012). In the current research, we found miR-26a could act as an 
important mediator in differentiation of osteogenesis and adipogenesis. 
Together, miRNAs are integral elements of the intricate regulatory 
network that governs cellular differentiation into osteogenic and adi-
pogenic lineages. Our results showed that miR-26a promoted osteogenic 
differentiation of BMSC by increasing the expression of osteogenic genes 
including OCN and RUNX2. Li G et al. found that upregulation of miR- 
26a could protect ONFH via downregulation of enhancer of zeste ho-
mologue 2 (EZH2) (Li et al., 2020). Our study was consistent to this 
research, suggesting miR-26a was activated during BMSCs osteogenic 
differentiation, and could promote osteogenic differentiation as well as 
inhibit adipogenic differentiation.

MiRNAs can regulate protein expression by binding to mRNA 3′- UTR 
(Fabian et al., 2010). In present study, Ski was found to be the target 
mRNA of miR-26a, and Naringin promoted osteogenic differentiation of 
BMSCs by mediating miR-26a/Ski axis. Previous studies found that 
glucocorticoid could increase the level of Ski in ONFH, and it could 
promote the adipogenesis of BMSCs (Zhao et al., 2019; Yang et al., 
2012). Consistently, our research indicated that Ski could reverse the 
regulation effect of miR-26a on BMSC function. Simultaneously, EZH2, 
recognized as a gene associated with bone metabolism (Xu et al., 2020; 
Zerif et al., 2020), has been validated to mediate the osteogenic effects of 
miR-26a (Li et al., 2020). This suggests a shared involvement of EZH2 
and Ski in the formation of the regulatory network of miRNA-26a during 
osteogenic differentiation. The identification of target genes such as 
EZH2 and Ski provides novel insights into the comprehensive under-
standing of miR-26a's role as a regulator in osteogenesis, thereby facil-
itating the clinical translation of therapeutic targets for ONFH. In 
addition, it reported that expressions of Ski, PPAR-γ and FABP4 were 
upregulated in GC-induced ONFH (Zhao et al., 2019). Our research 
showed that Ski expression decreased during osteogenic differentiation 
and overexpression of Ski could reverse the promotion of Naringin on 
bone formation of BMSC, confirming that Ski might be the key bio-
markers in ONFH.

Our study, while providing valuable insights through in vitro cell- 
based experiments, is limited by the absence of in vivo validation. The 
use of animal models would offer a more comprehensive understanding 
of the miR-26a's effects on osteogenesis and potential therapeutic effects 

of our findings in a whole-organism context. In conclusion, Naringin 
could strengthen osteogenic potential in BMSCs via mediation of miR- 
26a/ski axis. Thereby, Naringin has the potential to become a prom-
ising therapeutic agent for ONFH treatment.
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