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ABSTRACT
Hyperoside (Hyp) is a flavonoid active compound deriving from Chinese herbal medicines. 
Increasing studies have implicated that Hyp may serve as a predominant promoting factor in 
osteoblast differentiation. This paper investigates whether Hyp could relieve glucocorticoid- 
induced osteonecrosis of the femoral head (GONFH) via promoting osteoblast survival and 
differentiation as well as to uncover its potential mechanism. GONFH cell model was induced 
by treating MC3T3-E1 cells with dexamethasone (DEX). The viability, apoptosis, and osteogenic 
differentiation of DEX-induced cells with the presence or absence of Hyp were assessed by CCK-8, 
Tunel, ALP assay, and ARS staining, respectively. The NADPH Oxidase 4 (NOX4) overexpression was 
performed by transfection with overexpression vector. Besides, western blot was used to deter-
mine the levels of apoptosis-, osteogenic differentiation-, and c-Jun N-terminal kinase (JNK) 
signaling-related proteins. It was noticed that Hyp caused no significant effects on the viability 
of MC3T3-E1 cells without any treatment but significantly enhanced the viability of DEX-induced 
cells. Besides, Hyp inhibited the apoptosis in DEX-induced cells but enhanced ALP activity and 
calcium nodule formation. Additionally, Hyp declined NOX4 expression in DEX-induced cells. 
However, NOX4 overexpression partially reversed the impacts of Hyp on DEX-exposed MC3T3- 
E1 cells. Finally, Hyp suppressed the activation of ROS/JNK pathway in DEX-induced cells, which 
was then counteracted by NOX4 overexpression. In conclusion, Hyp could promote the survival 
and differentiation of DEX-induced osteoblasts by targeting NOX4 to inhibit the ROS/JNK path-
way. These results provide evidence for the application of Hyp in treating GONFH.
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Background

Osteonecrosis of the femoral head (ONFH) is 
characterized by the aggressive necrosis of bone 
cells and the bone marrow, with an estimated 
20,000 to 30,000 new cases diagnosed each year 
[1]. Glucocorticoid-induced ONFH (GONFH) is 
a major metabolic disorder caused by long-term 
use of hormone drugs. GONFH can reduce vascu-
lar supply to femoral head and bone cells, ulti-
mately leading to the dysfunction of the femoral 
head and hip joint [2]. Despite the fact that the 
underlying molecular mechanisms of GONFH 
remain unclear, the influences of glucocorticoid 
on aberrant proliferation, differentiation, and 
apoptosis of osteoblast and osteoclast, as well as 
dysfunction of lipid metabolism have been 
accepted [3]. Current treatment for GONFH 
mainly focuses on preventing against irreversible 
complications, including femoral head collapse 
and hip osteoarthritis. At the moment, the thera-
peutic efficacy is limited, in view of this, great 
efforts need to be made to develop novel effective 
agents [4].

Hyperoside (Hyp) is a flavonoid active com-
pound widely found in many Chinese herbal med-
icines and has been documented to yield 
tremendous activities on cancers, fibrosis, inflam-
mation, etc [5–7]. A previous study reported that 
Hyp could stimulate the osteogenic capacity of 
osteosarcoma cells and suppress cell viability [8]. 
The beneficial effects of Hyp on bone metabolism 
in vivo was found by Yiqing et al. [9]. Recently, 
Hyp was reported to ameliorate periodontitis in 
rats by promoting osteogenic differentiation of 
bone mesenchymal stem cells [10]. These studies 
indicated that Hyp may play an important role in 
promoting osteoblasts differentiation. Intriguingly, 
several natural flavonoids, such as luteolin [11], 
naringin [12], and pinocembrin [13], were 
reported to show protective effects against 
GONFH. Nevertheless, whether Hyp participates 
in GONFH has not been studied.

SwissTargetPrediction online database predicted 
that Hyp could target NADPH Oxidase 4 (NOX4), 
which is a critical source of reactive oxygen species 
(ROS) production. NOX4 has been recently 

showed to be associated with ONFH via ROS/ 
JNK signaling [14,15]. Therefore, this study was 
carried out to investigate whether Hyp could reg-
ulate ROS/JNK signaling to alleviate GONFH via 
targeting NOX4.

This paper was aimed to investigate the treat-
ment of Hyp targeting NOX4 on dexamethasone- 
induced osteoblasts through ROS/JNK signaling. 
We speculated that Hyp protected dexamethasone- 
induced osteoblasts by targeting NOX4 through 
inhibiting to inhibit the ROS/JNK signaling path-
way. Dexamethasone-induced MC3T3-E1 cells 
were treated with the different concentrations of 
Hyp and biologic behaviors of MC3T3-E1 cells 
were detected. Ov-NOX4 transfected MC3T3-E1 
cells were pre-treated with indicated concentration 
of Hyp and then treated with DEX to see whether 
NOX4 upregulation could affect the effect of Hyp 
on the biologic behaviors of dexamethasone- 
induced MC3T3-E1 cells.

Materials and methods

Cell culture and treatment
The culture medium for MC3T3-E1 cells 

(ATCC) was MEM medium (Gibco) decorating 
with 10% fetal bovine serum (FBS) and 1% anti-
biotics. The cultivation condition was 37°C with 
5% CO2. To construct GONFH cell model, 
MC3T3-E1 cells were exposed to 1 μM dexametha-
sone (DEX; ≥97%; Sigma-Aldrich) for 24 h. For 
Hyp (≥98%; Chengdu Gelipu Biological 
Technology Co., Ltd.) treatment, cells were 
exposed to 10, 25, and 50 μM of Hyp for 24 h. 
For DEX + Hyp treatment, cells were pre-treated 
with indicated concentration of Hyp for 2 h and 
then treated with 1 μM DEX for 24 h.

Cell transfection
To up-regulate NOX4 (Ov-NOX4), full length 

of human NOX4 cDNA was inserted into 
pcDNA3.1 vector (ThermoFisher) and blank vec-
tor pcDNA3.1 was regarded as negative control 
(Ov-NC). The confluence of cells reached 75%, 
and the culture medium was removed and 
replaced with a pure culture medium without 
serum and antibiotics. Transfection of plasmids 
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was executed using Lipofectamine 2000 
(Invitrogen) in the light of the manufacturer’s 
protocol. The cells were incubated for 6 h and 
the culture medium was replaced with normal 
culture medium (with serum and antibiotics) to 
continue culture. After transfection for 24 h, cells 
were harvested for the following assays.

Cell viability assay
Cell viability was estimated by CCK-8 assay. 

After MC3T3-E1 cells (5000 cells/well) were 
inoculated in a 96 well plate and maintained over-
night at 37°C, 10 μL of CCK-8 solution (Promega, 
Madison, WI) was dropped and the cells were 
incubated for another 2 h at 37°C. The OD value 
was examined at 450 nm by a microplate reader 
(Beckman, CA, USA).

TdT-Mediated dUTP Nick-End Labeling 
(Tunel)

Tunel assay was carried out with the adoption 
of the In-Situ Cell Death Detection Kit (Roche, 
Basel, Switzerland). In a word, after the fixation 
in 4% paraformaldehyde at room temperature for 
30 min, MC3T3-E1 cells were permeated by 1% 
Triton X-100/10 mM PBS for 5 min. Cells were 
double-stained by 50 μL of TUNEL detection solu-
tion at 37°C for 1 h. DAPI was used to stain the 
nucleus. Finally, images were captured under 
a fluorescence microscope (Olympus, USA).

Western blot
Protein lysates were isolated from MC3T3-E1 

cells using RIPA buffer (Beyotime) and then sub-
jected to 12% SDS-PAGE with equal amount per 
lane, after which it was transferred onto PVDF 
membranes impeded with 5% skim milk. Then, 
membranes were cultivated overnight at 4°C with 
primary antibodies (Abcam) including anti-Bcl-2 
(1:5000), anti-Bax (1:5000), anti-cleaved-caspase 3 
(1:2000), anti-caspase 3 (1:2000), anti-Runt-related 
transcription factor 2 (Runx2; 1:1000), anti- 
Osterix (Osx; 1:1000), anti-Collagen I (1:1000), 
anti-receptor activator nuclear factor κB ligand 
(RANKL; 1:1000), anti-NOX4 (1:2000), anti-JNK 
(1:5000), anti-phosphorylated (p)-JNK (1:5000), 
anti-c-Jun (1:5000), anti-p-c-Jun (1:5000) and 
anti-GAPDH (1:5000), followed by cultivation 
with HRP-conjugated anti-rabbit secondary anti-
body (Abcam; 1:5000). GAPDH served as the 
internal control. The proteins were detected by 
ImageQuant LAS 4000 (GE, USA) and quantitative 

analysis of the western blot was conducted with 
the aid of ImageJ software.

Alkaline phosphatase (ALP) activity
The activity of ALP was measured using ALP 

Assay Kit (Abcam) according to the protocol of 
manufacture. Briefly, after indicated treatment, 
MC3T3-E1 cells were incubated with 1 mg/mL 
p-nitrophenyl phosphate (pNPP, substrate) or sub-
strate-free conditioned medium (used as stan-
dards) for about 1 h. Then, the absorbance at 
405 nm was analyzed by a microplate reader after 
the supplementation of the stop solution.

Alizarin red S (ARS) staining
ARS staining was performed to measure osteo-

genic differentiation. Briefly, MC3T3-E1 cells were 
fixed with 4% paraformaldehyde for 15 min, and 
then stained with 0.2% ARS solution (Solarbio) for 
20 min. After the rinse with ddH2O2, cells were 
observed under a microscope (Olympus, Japan).

RT-qPCR
The total RNA isolated from MC3T3-E1 cells 

using TRIZOL buffer (Thermo Fisher Scientific) 
was converted into cDNA through reverse tran-
scription using PrimeScript™ RT reagent Kit with 
gDNA Eraser (Takara, Japan). Then, qPCR was 
executed using TB GreenTM Premix Ex TaqTM 
II (Takara) on a StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems, USA). With the employ-
ment of 2−ΔΔCT method, relative mRNA levels 
were calculated after normalization 
to GAPDH. Primers (forward and reverse) are 
listed as follow: NOX4, 5’- 
CTCAGCGGAATCAATCAGCTGTG-3’, and 5’- 
AGAGGAACACGACAATCAGCCTTAG-3’. 
GAPDH, 5’-AATGGGCAGCCGTTAGGAAA-3’, 
and 5’-GCGCCCAATACGACCAAATC-3’.

ROS level measurement
ROS level in MC3T3-E1 cells was measured by 

DCFDA/H2DCFDA-Cellular ROS Assay Kit 
(Abcam). Briefly, cells were plated into 96-well 
plates (2 × 104 cells/well) and incubated overnight 
for adherence. After the indicated treatment, 
100 μL DCFDA was added to each well and incu-
bated at 37°C for 45 min. The Ex/Em = 485/ 
535 nm was finally measured by a fluorescence 
plate reader.

Statistical analysis
All experiments were conducted in triplicate. 

For multiple groups’ comparison, one-way 
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ANOVA with Bonferroni’s posttest was used on 
GraphPad software. Results were displayed as 
mean ± SD. P < 0.05 was deemed to be significant.

Results

Hyp inhibits DEX-induced osteoblast apoptosis in 
MC3T3-E1 cells

Firstly, to explore the impacts of Hyp on the 
viability of MC3T3-E1 osteoblasts, different concen-
trations of Hyp (10, 25, and 50 μM) were used to 
treat MC3T3-E1 cells. As shown in Figure 1(a), Hyp 
had no significant effects on the viability of MC3T3- 
E1 cells, indicating the safety of Hyp at these con-
centrations. Results in Figure 1(b) revealed that the 
cell viability was remarkably reduced upon DEX 
treatment, but Hyp significantly recovered the via-
bility of DEX-treated cells, suggesting that Hyp pro-
tected osteoblasts from DEX-induced viability 

damage. On the contrary, results presented in 
Figure 1(c,d) illustrated that DEX caused a marked 
increase in cell apoptosis, which was then reduced 
by Hyp administration. In addition, results in 
Figure 1(e) showed that BCl2 expression was 
decreased, while Bax and cleaved caspase3/caspase3 
protein expressions were increased after DEX treat-
ment. However, Hyp treatment exhibited opposite 
effects on these proteins. The above data suggested 
that Hyp could inhibit DEX-induced cell viability 
impairment and cell apoptosis in osteoblasts.

Hyp promotes DEX-suppressed differentiation 
in MC3T3-E1 osteoblasts in a concentration- 
dependent manner.

Subsequently, osteogenic differentiation of 
MC3T3-E1 cells was explored. Figure 2(a) showed 
that DEX greatly reduced the ALP activity of 
MC3T3-E1 cells when compared with that in 
cells without any treatment, while this outcome 

Figure 1. Hyp improves cell viability and inhibits apoptosis in DEX-induced MC3T3-E1 osteoblasts.A, MC3T3-E1 cells were admini-
strated with different concentrations of Hyp for 24 h or not, and then cell viability was appraised by CCK-8. B-E, MC3T3-E1 cells were 
treated with control medium or 1 μM DEX, or DEX plus different concentrations of Hyp for 24 h, and then (B) cell viability was 
assessed by CCK-8; (C-D) cell apoptosis was observed by Tunel (x200); (E) western blot tested the protein levels of Bcl2, Bax and 
cleaved caspase 3/caspase 3. ***P < 0.001 vs control; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs DEX. ++P < 0.01 and +++P < 0.001 vs 
DEX+Hyp (10 μM). @@P < 0.01 and @@@P < 0.001 vs DEX+Hyp (25 μM).
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was then remarkably enhanced by Hyp co- 
treatment. In addition, DEX induction decreased 
the number of calcium nodule in MC3T3-E1 cells, 
which was contrarily increased upon Hyp when 
compared with the DEX group (Figure 2(b)). It 
was also found that DEX resulted in the down-
regulated expressions of Runx2, Osx, and Collagen 
I, but upregulated RANKL expression (Figure 2 
(c)), indicating the inhibition of osteogenic differ-
entiation. Oppositely, cells that co-treated with 
DEX plus Hyp exhibited increased expressions of 
Runx2, Osx, and Collagen I, but decreased expres-
sion of RANKL (Figure 2(c)). These results eluci-
dated that DEX suppressed the osteogenic ability 

of MC3T3-E1 osteoblasts, and this effect was 
restored by Hyp.

NOX4 overexpression reverses the impacts of 
Hyp on MC3T3-E1 osteoblasts survival and 
differentiation.

Thereafter, we investigated whether Hyp could 
regulate NOX4 expression in osteoblasts. As 
shown in Figure 3, NOX4 expression at both 
mRNA and protein levels was significantly up- 
regulated by DEX. Nevertheless, the upregulated 
expression of NOX4 caused by DEX was markedly 
reduced upon Hyp co-treatment, suggesting that 
Hyp could inhibit NOX4 expression in DEX- 
treated osteoblasts.

Figure 2. Hyp promotes osteogenic differentiation in DEX-induced MC3T3-E1 osteoblasts.A, ALP assay measured ALP activity. B, ARS 
staining examined osteogenic differentiation. C, western blot tested the protein levels of Runx2, Osx, Collagen I and RANKL. 
***P < 0.001 vs control; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs DEX. +P < 0.05, ++P < 0.01 and +++P < 0.001 vs DEX+Hyp (10 μM). 
@@@P < 0.001 vs DEX+Hyp (25 μM).

Figure 3. Hyp down-regulates NOX4 expression in DEX-induced MC3T3-E1 osteoblasts.NOX4 expression at mRNA level (A) and 
protein level (B) in MC3T3-E1 osteoblasts was measured by RT-qPCR and western blot, respectively. ***P < 0.001 vs control; 
##P < 0.01 and ###P < 0.001 vs DEX. +P < 0.05, ++P < 0.01 and +++P < 0.001 vs DEX+Hyp (10 μM). @@P < 0.01 and @@@P < 0.001 vs 
DEX+Hyp (25 μM).
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To verify whether Hyp exerted its protective 
effect against DEX-induced osteoblasts injury via 
inhibiting NOX4 expression, we overexpressed 
NOX4 in MC3T3-E1 osteoblasts via transfection 
with NPX4 overexpression vector (Ov-NOX4). 
Results in Figure 4(a,b) validated the significant 
up-regulation of NOX4 at both mRNA and pro-
tein levels in cells. Subsequently, MC3T3-E1 osteo-
blasts that were transfected with NOX4 
overexpression plasmids or not were co-treated 
with DEX and 50 μM Hyp. As shown in Figure 4 
(c), cells transfected with Ov-NOX4 exhibited 

significantly reduced cell viability in the presence 
of DEX and Hyp co-treatment compared with that 
in cells transfected with Ov-NC. In addition, the 
apoptosis inhibited by Hyp in DEX-insulted 
MC3T3-E1 osteoblasts was markedly exacerbated 
by NOX4 overexpression (Figure 4(d)). 
Consistently, the influence of Hyp on Bcl2, Bax, 
and cleaved caspase3/caspase3 protein levels in 
DEX-treated cells was also blocked by NOX4 over-
expression (Figure 4(e)). Moreover, in comparison 
with DEX + Hyp + Ov-NC group, cells in DEX + 
Hyp + Ov-NOX4 group showed marked decrease 

Figure 4. NOX4 overexpression reverses the effect of Hyp on MC3T3-E1 osteoblasts survival and apoptosis.A-B, NOX4 was over-
expressed in MC3T3-E1 osteoblasts via transfection of Ov-NOX4, and then RT-qPCR and western blot were utilized to test NOX4 
expression. C, cell viability was appraised by CCK-8. D, the apoptotic capacity was observed by Tunel (x200). E, protein levels of Bcl2, 
Bax and cleaved caspase 3/caspase 3 were detected by western blot assay. ***P < 0.001 vs control; ###P < 0.001 vs DEX; @@P < 0.01 and 
@@@P < 0.001 vs DEX + Hyp + Ov-NC.
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in ALP activity and the number of calcium nodule, 
indicating the inhibition of osteogenic differentia-
tion imposed by NOX4 elevation (Figure 5(a-b)). 
Similar results are observed in Figure 5(c), which 
showed that NOX4 overexpression reversed the 
effects of Hyp on Runx2, Osx, Collagen I, and 
RANKL protein expressions.

Hyp inhibited the activation of ROS/JNK signal-
ing in DEX-treated MC3T3-E1 osteoblasts via 
reducing NOX4 expression.

Finally, we aimed to uncover the involved sig-
naling underlying the actions of Hyp. We found 
that DEX led to the increase in ROS level and 
p-JNK/JNK and p-c-Jun/c-Jun protein levels, 

Figure 5. NOX4 overexpression reverses the impacts of Hyp on MC3T3-E1 osteoblasts differentiation.A, ALP assay measured ALP 
activity. B, osteogenic differentiation was examined by ARS staining. C protein levels of Runx2, Osx, Collagen I and RANKL were 
analyzed by western blot assay. ***P < 0.001 vs control; ###P < 0.001 vs DEX; @@P < 0.01 and @@@P < 0.001 vs DEX + Hyp + Ov-NC.

Figure 6. Hyp inhibits the activation of ROS/JNK signaling in DEX-treated MC3T3-E1 osteoblasts via reducing NOX4 expression.A, ROS 
generation was detected by ROS Assay. B, p p-JNK/JNK and p-c-Jun/c-Jun protein levels were analyzed by western blot assay. 
***P < 0.001 vs control; ###P < 0.001 vs DEX; @@P < 0.01 and @@@P < 0.001 vs DEX + Hyp + Ov-NC.
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suggesting the stimulation of ROS/JNK signaling 
by DEX (Figure 6(a,b)). However, Hyp co- 
treatment blocked the effects caused by DEX. In 
addition, after NOX4 was overexpressed, ROS 
level and p-JNK/JNK and p-c-Jun/c-Jun expres-
sion in DEX + Hyp-treated cells were significantly 
enhanced (Figure 6(a,b)). These results indicated 
that the inhibitory effects of Hyp on the activation 
of ROS/JNK pathway caused by DEX in MC3T3- 
E1 osteoblasts depended on the down-regulating 
of NOX4 expression.

Discussion

Hyp belongs to flavonoids and has wide existence 
in Chinese herbal medicines [16]. The inhibitory 
effects of Hyp on inflammation, infection, oxida-
tive stress, and tumor growth have been exten-
sively studied since 1950s [7,17]. In the present 
study, we demonstrated that Hyp could effectively 
protect osteoblasts from DEX-induced impairment 
of proliferation and differentiation. Further experi-
ments showed that the effects of Hyp on osteo-
blasts depended on the down-regulating of NOX4 
expression, thereby inactivating ROS/JNK signal-
ing pathway.

Emerging evidences have shown that herbal- 
based phytotherapy exhibited effective effects on 
the treatment of bone injuries and bone-related 
diseases [18,19]. For instance, extracts from saf-
flower seeds were confirmed to accelerate osteo-
blast differentiation in MC3T3-E1 cells [20]. 
Deoxyactein, an extract from Chinese herbal 
black cohosh, was demonstrated to stimulate 
osteoblast function and inhibit bone-resorbing 
mediators in MC3T3-E1 cells [21]. The bioactive 
compound of Cordyceps militaris, cordycepin, 
could inhibit RANKL-induced osteoclast differen-
tiation [22]. It is known that in bone microenvir-
onments, the impaired bone cell survival, bone 
formation, as well as the promoted osteoclastic 
resorption and the damaged osteoclasts differen-
tiation could result in the occurrence of ONFH 
[23]. Therefore, the above reports suggested the 
potential value of Chinese medicine in the treat-
ment of ONFH. Herein, we showed that in DEX- 
induced GONFH cell model in vitro, Hyp 

promoted survival and inhibited apoptosis of 
MC3T3-E1 osteoblast in a concentration- 
dependent manner. The osteoblast differentiation 
ability that damaged by DEX was also improved by 
Hyp, as reflected by elevated ALP activity, 
increased number of calcium nodule, enhanced 
expressions of Runx2, Osx, and collagen I, as well 
as reduced expression of RANKL. It is widely 
accepted that osteoblast differentiation is charac-
terized by the synthesis of osteopontin, Runx2, 
Osx, and collagen I, while RANKL signaling is 
responsible for osteoclasts formation and survival 
[24]. Therefore, our results revealed that Hyp may 
attenuate GONFH via improving the survival and 
differentiation of osteoblasts to promote bone 
formation.

To figure out the mechanisms behind the 
actions of Hyp on GONFH, we identified 
NOX4 as the downstream target of Hyp after 
searching SwissTargetPrediction online data-
base. NOX4 belongs to the NOX family, which 
is expressed on the cytoplasm membrane and is 
known to produce ROS through passing elec-
trons [25]. Enhanced ROS level has been shown 
to play a role in ONFH [26]. Our results man-
ifested that Hyp markedly inhibited NOX4 
expression in DEX-induced osteoblasts, con-
firming the regulation of Hyp on NOX4 expres-
sion. To verify whether Hyp exerted its effect 
on GONFH via down-regulating NOX4 expres-
sion, we overexpressed NOX4 in Hyp and DEX 
co-treated osteoblasts. In compliance with our 
hypothesis, the protective role of Hyp in DEX- 
induced osteoblasts was significantly reversed 
by overexpression of NOX4. Moreover, Hyp 
also impeded ROS generation, but this effect 
was then blocked by NOX4 overexpression. 
Hyp has been documented to exert its anti- 
oxidative effects through inhibiting ROS pro-
duction [27]. Besides, ROS is able to stimulate 
JNK/c-Jun pathway [28]. A recent study 
reported that glucocorticoids induced ONFH 
in rats via ROS/JNK/c-Jun pathway [14]. We 
subsequently observed that Hyp inhibited the 
activation of JNK pathway caused by DEX, 
and NOX4 blunted this effect. These observa-
tions illustrated that Hyp could inactivate ROS/ 
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JNK signaling via suppressing NOX4 expression 
in DEX-induced osteoblasts.

Conclusion

Taken together, our results illustrated that Hyp 
could improve the survival and osteogenic differ-
entiation of DEX-induced osteoblasts via down- 
regulating NOX4 expression to inhibit ROS/JNK 
signaling. This study for the first time evidenced 
that Hyp may be a potent candidate drug for 
GONFH therapy. Considering the environments 
in vivo and in vitro are different, additional animal 
experiments with glucocorticoid-induced osteo-
porosis need to be explored in future studies.
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