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INTRODUCTION 
 

Osteoporosis is a metabolic disease characterized by 

the destruction of bone tissue and a reduction in total 

bone mass [1]. It results from an imbalance between 

osteoblast-mediated bone formation and osteoclast-

mediated bone resorption, which is essential for 

normal bone metabolism [2]. Therapeutics for 

osteoporosis have predominantly targeted osteoclasts 

to prevent bone resorption. However, they can result 

in serious adverse effects [3]. For example, 

bisphosphonates can cause jaw necrosis, esophageal 

cancer, and renal failure. Parathyroid hormone (PTH) 
is the only Food and Drug Administration-approved 

agent that stimulates bone formation, but it has been 

linked to osteosarcoma and can only be used for 2 

years [4].  

 

The production of reactive oxygen species (ROS) 

through mitochondrial respiration increases with age. 

The accumulation of ROS causes intracellular oxidative 

stress [5], which plays a role in the pathogenesis of 

osteoporosis. Oxidative stress can induce cell apoptosis 

and disrupt the balance between osteoblast and 

osteoclast activity. This can lead to reduced 

proliferation and differentiation of osteoblasts from 

bone marrow mesenchymal stem cells, which reduces 

bone formation and bone mass [6–8]. Nuclear 

respiratory factor 2 (Nrf2) is required for the induction 

of superoxide dismutase (SOD) and activation of the 

antioxidant response to internal and external chemical 

stimuli [9]. Interestingly, a statin (Simvastatin) 

demonstrated anti-osteoporotic effects by increasing 

heme oxygenase (HO-1) and SOD levels thereby 

reducing oxidative stress [10]. 
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ABSTRACT 
 

Osteoporosis is a metabolic disease characterized by reduced osteoblast differentiation and proliferation. 
Oxidative stress plays a role in the pathogenesis of osteoporosis. Aucubin (AU), an iridoid glycoside, was 
previously shown to promote osteoblast differentiation. We investigated the effects of AU on MG63 human 
osteoblast-like cells treated with dexamethasone (Dex) or hydrogen peroxide (H2O2) to induce oxidative 
damage. AU protected MG63 cells against apoptosis, and promoted increased expression of cytokines 
associated with osteoblast differentiation, including collagen I, osteocalcin (OCN), osteopontin (OPN), and 
osterix. In Dex- and H2O2-treated MG63 cells, AU also enhanced the expression of anti-oxidative stress-
associated factors in the nuclear respiratory factor 2 signaling pathway, including superoxide dismutases 1 and 
2, heme oxygenases 1 and 2, and catalase. In vivo, using a Dex-induced mouse model of osteoporosis, AU 
promoted increased cortical bone thickness, increased bone density, and tighter trabecular bone. Additionally, 
it stimulated an increase in the expression of collagen I, OCN, OPN, osterix, and phosphorylated Akt and Smads 
in bone tissue. Finally, AU stimulated the expression of cytokines associated with osteoblast differentiation in 
bone tissue and serum. Our data indicate AU may have therapeutic efficacy in osteoporosis. 
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Several natural compounds have been identified that 

exhibit anti-osteoporotic effects without causing adverse 

events and toxicities [11]. Three categories of agents 

have been identified: (1) phytoestrogens with estrogenic 

effects, (2) antioxidants and anti-inflammatory agents, 

and (3) compounds with pleiotropic effects [12]. Aucubin 

(AU) is an iridoid glycoside compound primarily derived 

from Eucommia ulmoides that has anti-osteoporotic 

effects [13]. It was previously found to promote 

angiogenesis, and displayed hepatoprotective, anti-

inflammatory, and anti-oxidative effects [14]. It was also 

shown to promote embryonic hippocampal neural stem 

cell differentiation in rats [15]. We previously demons-

trated that AU could promote osteoblast differentiation 

by regulating bone morphogenetic protein-2 (BMP2) 

[16]. Therefore, we hypothesized that AU could have 

therapeutic efficacy for osteoporosis. 

In this study, we investigated the effects of AU on 

human osteoblast-like cells treated with dexamethasone 

(Dex) or hydrogen peroxide (H2O2) to induce oxidative 

damage, and in a Dex-induced mouse model of 

osteoporosis.  

 

RESULTS 
 

AU protected MG63 cells against Dex-induced 

damage via modulation of Nrf2 signaling 

 

AU reduced the apoptotic rate of MG63 cells exposed 

to 4 μM of Dex for 24 h in a dose-dependent manner 

(Figure 1A). Mitochondrial function is one of the 

factors contributing to apoptosis and it plays a role in 

the feedback loop that responds to ROS accumulation 

[17]. The over-accumulation of intracellular ROS

 

 
 

Figure 1. AU protected MG63 cells against Dex damage. (A) AU reduced the apoptosis rate of MG63 cells caused by Dex after 24 h 
incubation. (B) AU suppressed the over-accumulation of ROS in MG63 cells caused by Dex after 24 h incubation. (C) AU inhibited the 
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dissipation of MMP in MG63 cells caused by Dex. (D) AU enhanced the expression levels of Bcl-2, and reduced the expression levels of Bax 
and cleaved caspase-3 in MG63 cells exposed to Dex. The quantification data of the expression levels of Bcl2, casepase3 and Bax were 

normalized by corresponding GAPDH. Data are expressed as mean  S.D. (n=6) and analyzed using a one-way ANOVA. # P<0.05 and ## P<0.01 
vs. control cells, *P<0.05 and **P<0.01 vs. Dex-exposed cells.  

 

(Figure 2B) and the enhanced dissipation of MMP 

(Figure 2C) in MG63 cells caused by Dex were  

all strongly relieved by AU at doses of 1, 2.5 and 5 

μM, as shown by the reduced green fluorescence 

intensity, and enhanced ratio of red/green fluorescence 

intensity, respectively. Bcl-2 family members 

contribute to cell apoptosis related to mitochondrial 

function [15]. Compared to MG63 cells exposed  

to Dex alone, AU significantly enhanced the 

expression levels of Bcl-2 and reduced the expression 

levels of Bax and cleaved caspase-3 (P <0.05)  

(Figure 1D). 

 

According to our study and previous findings, proteins 

including collagen I, osterix, OPN, BMP-2, OCN, and 

Smads are biomarkers of osteoblast differentiation [16]. 

24-h 4 μM DEX exposure strongly reduced the 

expression levels of all proteins related to osteoblast 

differentiation, including collagen I, osterix, OPN, 

BMP-2, OCN, and P-Smads (P <0.05) (Figure 2A), 

which were all up-regulated after AU incubation  

(P <0.05) (Figure 2A). 

 

In Dex-alone exposed MG63 cells, the levels of anti-

oxidative proteins related to Nrf2 signaling were 

strongly reduced (P <0.05) (Figure 2B). Compared  

with Dex-damaged cells, AU treatment resulted in 

89.8%, 40.2%, 22.5% 237.2%, 159.1%, 27.6%, and 

98.5% increases in the expression levels of PDRP1, 

Nrf2, CAT, HO-1, HO-2, SOD-1, and SOD-2 in MG63 

cells, respectively (P <0.05) (Figure 2B). Furthermore, 

in Dex-damaged MG63 cells, AU increased the 

expression levels of Nrf2 in both nucleus (P <0.001) 

(Figure 2C) and cytoplasm (P <0.001) (Figure 2D). 

Compared with Dex-damaged cells, AU enhanced the 

mRNA levels of Nrf2 (P <0.001) and NAD(P)H 

dehydrogenase [quinone] 1 (NQO1) (P <0.001) in 

MG63 cells (Figure 2E). 

 

AU protected MG63 cells against H2O2-induced 

damage related to Nrf2 signaling  

 

In H2O2-induced apoptotic MG63 cells, AU was 

protective against H2O2 damage via reducing the 

apoptosis rate (Figure 3A), suppressing the 

accumulation of ROS (Figure 3B), and inhibiting the 

dissipation of MMP (Figure 3C). Compared with H2O2-
damaged MG63 cells, AU incubation resulted in a 

13.6% increase in the expression of Bcl-2 (P <0.01; 

Figure 3D), and 25.7% and 29.2% reductions in the 

expression of Bax (P <0.001) (Figure 3D) and cleaved 

caspase-3 (P <0.01) (Figure 3D). 

 

Compared with H2O2-damaged MG63 cells, AU up-

regulated the expression of biomarkers of osteoblast 

differentiation, including collagen I, osterix, OPN, BMP-

2, OCN, and P-Smads by 42.3%, 34.7%, 62.3%, 30.6%, 

38.5%, and 62.3%, respectively (P <0.05) (Figure 4A). 

AU resulted in 654.5%, 35.9%, 33.4%, 69.5%, 99.1%, 

213.7%, and 85.0% increases in the expression of PDRP1, 

Nrf2, CAT, HO-1, HO-2, SOD-1, and SOD-2 in H2O2-

damaged MG63 cells (P <0.05) (Figure 4B). Furthermore, 

in H2O2-damaged MG63 cells, AU increased the 

expression levels of Nrf2 in both nucleus (P <0.01) 

(Figure 4C) and cytoplasm (P <0.01) (Figure 4D). 

Compared with H2O2-damaged cells, AU increased the 

mRNA levels of Nrf2 (P <0.001) and NQO1 (P <0.01) in 

MG63 cells (Figure 4E).  

 

AU protected the Dex-damaged mice against 

osteoporosis  
 

Compared with Dex-damaged mice with osteoporosis, 

8-week AU administration made the cortical bone more 

continuous and reduced the number of osteoclasts, as 

detected by H&E staining (Figure 5A). Giemsa staining 

revealed that AU treatment enhanced the number of 

trabecular osteoblasts in the mice (Figure 5B).  
 

The structural parameters of femur trabecular and cortical 

regions, and of the tibia cortical region, were detected via 

micro-CT (Figures 6 and Supplementary Figure 1). 

Compared with the control mice, thinner cortical bones 

and sparser trabecular bone were observed in the model 

mice with osteoporosis (Figure 6A). Comparatively, E2 

and AU enhanced the thickness of the bone cortex and 

the density of the trabecular bone, as shown by the 

increased brightness (Figure 6A). Using standard 3D 

microstructural analysis, the bone mineral density 

(BMD), bone volume fraction (BV/TV), trabecular 

thickness (Tb.Th), trabecular spacing (Tb.Sp) and 

trabecular number (Tb.N) were calculated for each group. 

Compared with the control mice, reduced levels of BMD 

(P <0.01) (Figure 6B), BV/TV (P <0.05) (Figure 6C), 

Tb.Th (P <0.05; Figure 6D) and Tb.N (P <0.05) (Figure 

6F), and the increased levels of Tb.Sp (P <0.05) (Figure 

6F) and BS/BV (P <0.05) (Figure 6G) were noted in 

Dex-damaged mice with osteoporosis. Similar to the 

effects of E2, 8-week AU administration significantly 

enhanced the levels of BMD (P <0.01) (Figure 6B), 
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Figure 2. AU protected the Dex-caused MG63 cells apoptosis via regulation the Nrf2/HO-1 signaling. (A) AU up-regulated the 

expression levels of osteoblast differentiation related proteins including Osterix, OPN, BMP2, OCN and P-Smad in MG63 cells exposed to Dex. 
(B) AU increased the expression levels of proteins within the Nrf2/HO-1 signaling including P-DPR1, Nrf2, CAT, HO-1, HO-2, SOD-1 and SOD-2 
in MG63 cells exposed to Dex. AU enhanced the expression levels of Nrf2 in both (C) nucleus and (D) cytoplasm of MG63 cells exposed to 
Dex. The quantification data of proteins were normalized by corresponding GAPDH and total proteins, respectively (n=4). (E) AU increased 
the mRNA levels of Nrf2 and NQO-1 in MG63 cells exposed to Dex. Marker size from top to bottom: 1000 bp, 700 bp, 500 bp, 400 bp, 300 bp, 

200 bp and 100 bp. The data on quantified mRNA expression were normalized to the levels of -actin (n=4). Data are expressed as mean  
S.D. and analyzed using a one-way ANOVA. # P<0.05, ## P<0.01 and ### P<0.001 vs. control cells, *P<0.05, **P<0.01 and ***P<0.001 vs. Dex-
exposed cells.  



www.aging-us.com 2230 AGING 

BV/TV (P <0.05) (Figure 6C), Tb.Th (P <0.01) (Figure 

6D), and Tb.N (P <0.05) (Figure 6F), and reduced the 

levels of Tb.Sp (P <0.05) (Figure 6F) and BS/BV (P 

<0.05; Figure 6G) in the osteoporotic mice. 

 

Administration of AU for 8 weeks at 15 mg/kg had no 

significant effects on the bone structures of healthy mice 

compared with the control mice (Figures. 5 and 6). 

 

AU promoted osteoblast differentiation in 

osteoporotic mice 

 

Dex injection caused a significant reduction in the 

levels of factors related to osteoblast differentiation, 

including ALP, collagen I, OCN, OPN, BMP2 and 

BMPR2, and in the levels of Ca, Pi and E2 in the 

peripheral blood of Dex-injected mice with osteoporosis 

(P <0.05) (Table 1), which were strongly enhanced after 

8 weeks’ AU and E2 administration (P <0.05) (Table 

1). Administration of AU for 8 weeks at 15 mg/kg had 

no significant effects on the serum levels of these 

factors (Table 1). 

 

Different from E2, AU showed no significant effects on 

the levels of TRACP-5b (Supplementary Figure 2A). 

AU at 15 mg/kg and E2 at 15 µg/kg strongly enhanced 

the levels of TNF-α compared with model mice 

(P<0.01) (Supplementary Figure 2B) Similarly, 

remarkably low expression levels of collagen I, osterix, 

OCN, OPN, BMP2, P-Smads and P-Akt were noted in the 

 

 
 

Figure 3. AU restored the damage of H2O2 on MG63 cells. (A) AU reduced the apoptosis rate of MG63 cells caused by H2O2. (B) AU 

suppressed the over-accumulation of ROS in MG63 cells caused by H2O2. (C) AU inhibited the dissipation of MMP in MG63 cells caused by 
H2O2. (D) AU enhanced the expression levels of Bcl-2, and reduced the expression levels of Bax and cleaved caspase-3 in MG63 cells exposed 
to H2O2. The quantification data of the expression levels of Bcl2, casepase3 and Bax were normalized by corresponding GAPDH. Data are 

expressed as mean  S.D. (n=6) and analyzed using a one-way ANOVA. # P<0.05 and ### P<0.001 vs. control cells, *P<0.05, *P<0.01 and 
***P<0.001 H2O2-exposed cells.  
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Figure 4. AU protected the H2O2-caused MG63 cells apoptosis via regulation the Nrf2/HO-1 signaling. (A) AU up-regulated the 

expression levels of osteoblast differentiation related proteins including Osterix, OPN, BMP2, OCN and P-Smad in MG63 cells exposed to 
H2O2. (B) AU increased the expression levels of proteins within the Nrf2/HO-1 signaling including P-DPR1, Nrf2, CAT, HO-1, HO-2, SOD-1 and 
SOD-2 in MG63 cells exposed to H2O2. AU enhanced the expression levels of Nrf2 in both (C) nucleus and (D) cytoplasm of MG63 cells 
exposed to H2O2. The quantification data of proteins were normalized by corresponding GAPDH and total proteins, respectively (n=4). (E) AU 
increased the mRNA levels of Nrf2 and NQO-1 in MG63 cells exposed to H2O2. Marker size from top to bottom: 1000 bp, 700 bp, 500 bp, 400 

bp, 300 bp, 200 bp and 100 bp. The data on quantified mRNA expression were normalized to the levels of -actin (n=4). Data are expressed 

as mean  S.D. and analyzed using a one-way ANOVA. # P<0.05, ## P<0.01 and ### P<0.001 vs. control cells, *P<0.05, **P<0.01 and 
***P<0.001 vs. Dex-exposed cells. 
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lysed tibias and fibulas of Dex-induced osteoporotic mice 

(P<0.05) (Figure 7A and 7B). Both E2 and AU treatment 

increased all of the detected proteins (P <0.05) (Figure 7A 

and 7B). AU administration resulted in 40.5%, 21.6%, 

31.5%, 112.9%, 238.7%, 83.1%, and 56.2% increases in 

the expression levels of collagen I, osterix, OCN, OPN, 

BMP2, P-Smads and P-Akt, respectively, at 8 weeks (P 
<0.05) (Figure 7A and 7B). Among all of the detected 

proteins, administration of AU alone strongly enhanced 

the expression of osterix (P <0.05), but had no significant 

effects on other factors in the bone tissues of healthy mice 

compared with the control group (Figure 7A).  

 

 
 

Figure 5. The effects of AU on the femoral histological changes of osteoporotic mice were detected by (A) H&E staining and (B) Giemsa 
staining (n=6).  
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Nrf2 signaling is involved in AU-mediated anti-

osteoporotic activity 

 

It is well known that oxidative stress inhibits bone cell 

differentiation and impairs bone integrity [18]. In Dex-

induced osteoporotic mice, high levels of ROS and low 

levels of SOD and CAT were noted in peripheral blood 

(P <0.05) (Table 2). Compared with the osteoporotic 

mice, AU resulted in an 18.0% reduction in ROS, and 

15.6% and 35.1% increases in SOD and CAT levels in 

peripheral blood (P <0.05) (Table 2). In the lysed tibias 

and fibulas of the Dex-induced osteoporotic mice, the 

expression levels of Nrf2 signaling proteins were all 

strongly reduced (P <0.05) (Figure 8). Comparatively, 

E2 and AU relieved these reductions (P <0.05) (Figure 

8). AU, especially at doses of 15 mg/kg, caused 16.4%, 

94.5%, 101.2%, 12.5%, 182.3%, 173.6%, and 30.2% 

increases in the expression levels of P-DPR1, Nrf2, 

CAT, HO-1, HO-2, SOD-1, and SOD-2 in bone tissues 

compared with those of the control mice (P <0.05) 

(Figure 7C). 

 

Further experiments were performed in Nrf2-siRNA 

transfected MG63 cells. The enhancing effects of AU 

on the expressions of Nrf2, SOD1, HO-1, Collagen 1, 

OCN, and BMP2 were all suppressed by Nrf2-siRNA 

transfection in both Dex and H2O2 damaged transfected 

MG63 cells (Figure 8A and 8B). In contrast, the 

negative siRNA transfection failed to influence the 

modulatory effects of AU on the expressions of Nrf2, 

SOD1, HO-1, Collagen 1, OCN, and BMP2 in both Dex 

and H2O2 damaged MG63 cells (Supplementary Figure 

3A and 3B).  

 

DISCUSSION 
 

Bone structure and quality are the main factors that 

affect strength and performance [19]. Thin and 

discontinuous bony cortices are typically observed in 

patients with osteoporosis [20]. The degree of trabecular 

mineralization (equivalent to the density of the mineral 

deposited in collagen) is frequently evaluated in 

osteoporosis patients as an index of bone turnover and 

the mechanical properties of the bone [21]. Our findings 

indicate that AU can enhance bone toughness and 

density, thicken the bone cortex, increase the 

mineralization of the bone trabeculae, and decrease the 

size of the mesh in a Dex-induced mouse model of 

osteoporosis. 

 

Oxidative stress can promote the development of 

osteoporosis [22, 23]. The intracellular accumulation of 

ROS causes mitochondrial dysfunction and can induce 

apoptosis [24, 25]. ROS accumulation has been observed 

in bone tissue from patients with degenerative diseases 

such as osteoporosis [26]. Oxidative stress caused by 

estrogen deficiency or inflammatory bone disorders 

contributes to osteoporosis and bone resorption [22, 27]. 

 

 
 

Figure 6. The effects of AU on the femoral bone morphological changes and the levels of osteoporotic indexes of 
osteoporotic mice. (A) The photographs of femur in osteoporotic mice detecting via micro-CT. The levels of (B) BMD, (C) BV/TV, (D) Tb.Th, 

(F) Tb.N and (G) BS/BV among all groups were analyzed. Data are expressed as mean  S.D. (n=6) and analyzed using a one-way ANOVA. # 
P<0.05 and ## P<0.01 vs. CTRL mice, *P<0.05 and **P<0.01 Dex-treated mice. 
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Table 1 The effects of AU on osteoblast differentiation related factors in peripheral blood of Dex-injected mice with 
osteoporosis. 

Groups CTRL AU (15mg/kg) -- E2 (15 μg/kg) 

Dex(30mg/kg) 

AU (mg/kg) 

5 15 45 

Ca (mmol/L) 1.5±0.1  1.4±0.1 1.3±0.1# 1.6±0.1** 1.5±0.1* 1.5±0.1* 1.5±0.1* 

Pi (mmol/L) 2.3±0.2 2.4±0.2 2.1±0.1# 2.4±0.2** 2.4±0.2* 2.4±0.3* 2.2±0.2 

E2 (pmol/L) 45.1±2.5 44.4±1.3 40.6±1.2# 44.5±2.5* 44.2±3.3 44.0±6.0 51.3±0.1** 

ALP (IU/L) 8.1±1.8 7.7±1.5 5.1±1.0## 7.5±1.3** 6.6±1.0* 7.7±0.8** 6.4±0.3** 

Collagen I (ng/mL) 5.2±0.6 5.1±0.6 4.1±0.4## 4.8±0.7* 5.0±0.7* 5.7±0.8*** 5.6±0.7*** 

OCN (ng/mL) 2.4±0.2 2.6±0.3 2.0±0.2## 2.3±0.2* 2.3±0.1** 2.6±0.3** 2.3±0.2* 

OPN (ng/mL) 43.3±3.3 41.2±3.5 36.4±2.3# 42.7±4.0* 41.5±1.5* 42.4±5.7* 44.3±5.4* 

BMP-2 (ng/mL) 2.3±0.2 2.2±0.2 1.8±0.2## 2.0±0.2* 1.9±0.3 2.0±0.5 2.4±0.3** 

BMPR-2 (ng/mL) 1.2±0.1 1.1±0.1 0.9±0.1## 1.1±0.1* 1.2±0.1** 1.2±0.1** 1.3±0.1** 

The data were analyzed using a one-way ANOVA and expressed as means  S.E.M. (n = 10). # P < 0.05 and ## P < 0.01 versus 

control mice; * P < 0.05, ** P < 0.01 and ***P < 0.001 versus osteoporosis injured mice. 

 

Here, we found that AU reduced the expression of Bax 

and cleaved caspase-3, increased the expression of Bcl-2, 

and reduced the rate of apoptosis in Dex- and H2O2-

treated MG63 cells. AU also inhibited ROS production 

and prevented dissipation of the mitochondrial membrane 

potential (MMP). Bcl-2 and Bax, which are located in the 

mitochondrial membrane, inhibit the production of 

oxygen free radicals and act as antioxidants to protect 

against mitochondrial apoptosis [28, 29]. Under 

conditions of oxidative stress, the rate of apoptosis among 

mature bone cells increases and can contribute to 

osteoporosis [30]. Antioxidants protect bone cells against 

oxidative stress by inducing osteoblastogenesis and 

inhibiting osteoclast activation [31].  

 

Oxidative stress inhibits osteoblast differentiation and 

promotes osteoclast differentiation [32]. We observed 

a reduction in the expression of proteins associated 

with osteoblast differentiation in Dex- and H2O2-

treated MG63 cells and in bone tissue from mice  

with osteoporosis. Osteoblasts play an important role 

in the formation of the bone matrix and regulation of 

the bone resorption activities of osteoclasts. 

Osteoblasts synthesize and secrete cytokines such as 

osteopontin (OPN), alkaline phosphatase (ALP), and 

osteocalcin (OCN) to regulate osteoclast activity  

[33]. ALP is secreted by osteoblasts at an early stage 

during differentiation and regulates the synthesis of 

collagen I and other non-collagenous bone matrix 

proteins [34]. ALP is also responsible for the 

reorganization of mineralization components in the 

extracellular matrix [35].  

Osterix, another marker of osteoblast differentiation, 

activates OCN in mature osteoblasts and regulates the 

final stages of bone formation [36, 37]. BMP2 is 

important for bone formation and reconstruction. It 

induces the differentiation of mesenchymal cells into 

bone-forming cells, stimulates the expression of OCN, 

collagen I, and ALP, and activates Smad and non-Smad 

signaling by combining with transmembrane Ser/Thr 

kinase receptors [38]. BMP2 activation results in an 

increase in phosphorylated Smad1, Smad5, and Smad8 

levels. BMP2 also activates ALP and OCN [39]. 

Activated Smads transmit signals from BMPs from the 

cytoplasm to the nucleus where they regulate the 

transcription of target genes [40, 41]. Our results 

indicate that AU increases the expression of Smads in 

MG63 cells and in bone tissue from mice with 

osteoporosis. This suggest that they may have anti-

osteoporotic effects in addition to promoting osteoblast 

differentiation. 

 

Under conditions of oxidative stress, heterodimerization 

of Keap1 sequesters most Nrf2 in the cytoskeleton. 

Keap1 has a cysteine-rich surface that is oxidized in 

response to oxidative and nitrosative stress [42]. 

Oxidative stress occurs causes the release of Nrf2 from 

Keap1 and translocation of Nrf2 to the nucleus, where it 

regulates the downstream antioxidant enzyme gene 

NQO1, and enhances the tolerance of cells to oxidative 

stress via influencing the expression of SOD, CAT and 

HO-1 [43–46]. High levels of Dex cause an increase in 

ROS [47]. This results in persistent oxidative stress and 

cellular damage, which contributes to the pathogenesis 

file:///E:/Youdao/Dict/7.5.0.0/resultui/dict/
file:///E:/Youdao/Dict/7.5.0.0/resultui/dict/
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of osteoporosis [48]. High levels of Nrf2 suppress the 

production of ROS [42]. Nrf2 deficiency stimulates 

osteoclast differentiation and activity as a result of 

increased oxidant production and activation of nuclear 

factor of activated T-cells (NFAT), which leads to bone 

resorption [49]. We found that AU suppresses ROS 

production and decreases the levels of phosphorylated 

dynamin-related protein 1 (P-DPR1), CAT, HO-1, HO-

 

 
 

Figure 7. AU enhanced the osteoblast differentiation of femoral bone in Dex-ineduced osteoporotic mice. (A) AU enhanced the 

expression levels of osteoblast differentiation related proteins including collagen I, Osterix, OCN, OPN, BMP2, and P4HB in femoral bone 
tissues of Dex-ineduced osteoporotic mice. (B) AU enhanced the expression levels of P-Smad and P-Akt in femoral bone tissues of Dex-
ineduced osteoporotic mice. (C) The effects of AU on the expression levels of Nrf2/HO-1 signaling related proteins in femoral bone tissues of 
Dex-ineduced osteoporotic mice, including P-DRP1, Nrf2, CAT, HO-1, HO-2, SOD-1, SOD-2, P-Smad and P-Akt. The quantification data of 

proteins were normalized by corresponding GAPDH and total proteins, respectively, expressed as mean  S.D. (n=6) and analyzed using a 
one-way ANOVA. # P<0.05, ## P<0.01 and ### P<0.001 vs. CTRL mice, *P<0.05, **P<0.01 and ***P<0.001 Dex-treated mice. 
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Table 2. The effects of AU on the oxidative stress related factors in peripheral blood of Dex-injected mice with 
osteoporosis. 

 CTRL 
AU 

(15mg/kg) 

Dex (30mg/kg) 

-- 
E2 (15 

μg/kg) 

AU (mg/kg) 

5 15 45 

ROS (U/mol) 50.7±4.4 49.2±4.1 58.3±1.3# 45.5±4.1** 47.8±2.0** 46.0±1.8** 47.1±0.5** 

CAT (U/mL) 171.6±30.9 162.3±36.0 137.3±21.1# 201.5±20.5** 199.4±37.2** 189.0±40.0* 185.5±40.5* 

SOD (U/mL) 277.5±16 266.6±21.9 240.2±20.4# 285.7±16.1* 277.7±10.8* 310.2±22.8** 278.8±20.3* 

The data were analyzed using a one-way ANOVA and expressed as means  S.E.M. (n = 10). # P < 0.05 and ## P < 0.01 versus 
control mice; * P < 0.05 and ** P < 0.01 versus osteoporotic mice. 
 

2, SOD-1, and SOD-2 by increasing the expression of 

Nrf2 in bone tissue Dex-induced osteoporotic mice. The 

increase in phosphorylated AKT results in an increase 

in Nrf2 and phosphorylated Smad [50]. Nrf2 knock-

down in MG63 cells abolished the effects of AU, 

suggesting that AU exerts anti-osteoporotic effects by 

regulating Nrf2 signaling in response to oxidative stress. 

Thus, AU may have therapeutic efficacy for 

osteoporosis and other disorders involving bone 

remodeling.

 

 
 

Figure 8. The Nrf2-siRNA transfection strongly abolished the effects of AU on the protein expressions in Dex and H2O2 

damaged MG63 cells. The up-regulation of AU on the expressions of Nrf2, SOD1, HO-1, OCN and BMP were strongly abolished in Nrf2-
siRNA transfected MG63 cells after (A) Dex and (B) H2O2 exposure. The quantification data of proteins were normalized by corresponding 

GAPDH, respectively, expressed as mean  S.D. (n=4) and analyzed using a one-way ANOVA. # P<0.05, ## P<0.01 and ### P<0.001 vs. control 
cells, *P<0.05, **P<0.01 and ***P<0.001 vs. Dex or H2O2-exposed cells. 

file:///E:/Youdao/Dict/7.5.0.0/resultui/dict/
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CONCLUSIONS 
 

Our study first confirmed that the anti-osteoporotic 

property of AU in Dex/H2O2 exposed MG63 cells and 

Dex-injected C57BL/6 mice with osteoporosis is due to 

regulation of Nrf2-medaited oxidative stress. The 

findings provide experimental evidence that AU may be 

used to treat diseases associated with bone formation. 

 

MATERIALS AND METHODS 
 

Cell culture 

 

MG63 human osteoblast-like cells (CRL-1427, passage 

< 10) were obtained from the American Type Culture 

Collection. The cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 

10% fetal bovine serum, 100 U / mL penicillin, and 100 

µg / mL streptomycin at 37°C in a humidified incubator 

with 5% CO2. All cell culture reagents were obtained 

from Gibco BRL (USA). 

 

Measurement of cell apoptosis, MMP, and 

intracellular ROS 

 

MG63 cells were seeded into 6-well plates at a density 

of 2 × 105 cells / well. The cells were then treated with 

1, 2.5, or 5 μM AU for 2 h followed by 4 μM Dex or 

200 μM of H2O2 for 24 h. Following the incubation, the 

cells were harvested, resuspended in solution at a 

concentration of 1×106 cells / mL, and stained with 

propidium iodide and/or Annexin V for 20 min at room 

temperature. The rate of apoptosis was measured using 

a Muse Cell Analyzer (Millipore, USA). 

 

The MMP was evaluated by staining the cells with 2 

μmoL/L 5,5’,6,6’-Tetrachloro-1,1’,3,3’-tetraethylbenzimi-

dazolylcarbocyanine iodide (JC-1; Sigma-Aldrich, USA) 

at 37°C for 15 min in the dark. The cells were then 

washed three times with phosphate buffered saline (PBS) 

and red and green fluorescence recorded using a 

fluorescence microscope (20×; CCD camera, TE2000, 

Nikon, Japan).  

 

Intracellular ROS was quantified by staining the cells 

with 10 μM 2’-7’-dichlorodihydrofluorescein diacetate 

(DCFH-DA, Sigma-Aldrich) for 15 min at 37°C in the 

dark. The cells were then washed three times with PBS 

and green fluorescence, which reflects the intracellular 

ROS level, recorded using a Nikon Eclipse TE 2000-S 

fluorescence microscope (Nikon, Japan).  

 

Transfection of siRNA 

 

MG63 cells were seeded into 6-well plates (2 × 105 

cells/well). The cells were then transiently transfected 

with 20 nM Nrf2-siRNA (5’-GGATGAAGAGACCG 

GAGAA-3’) (R10043.8, RiboBio, China) for 30 min 

using the riboFECTTMCP Reagent (RiboBio) according to 

the manufacturer’s protocol. Following transfection, the 

cells were treated with 2.5 μM AU for 2 h and then 

incubated with either 4 μM Dex or 200 μM H2O2 for 24 h. 

The cells were harvested and the expression of Nrf2, 

SOD1, HO-1, Collagen I, OCN, BMP2, and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

analyzed by western blotting.  

 

Animal experiments 

 

All animal protocols were approved by the Animal 

Ethics Committee of Jilin University (20160809). 

C57BL/6 mice (6–8 weeks old; 18–22 g) were obtained 

from Yis Laboratory Animal Technology Co., Ltd. 

(China). Mice were maintained at 23 ± 1°C with a 12-h 

photoperiod. Food and tap water were provided ad 
libitum. A total of 140 male mice were randomly 

divided into seven groups (n = 20). Control mice were 

injected intraperitoneally and intragastrically with 10 

mL / kg of 0.9% normal saline every other day for 8 

weeks. AU-treated mice were intraperitoneally injected 

with 10 mL/kg of 0.9% normal saline and intra-

gastrically injected with 15 mg / kg AU every other day 

for 8 weeks. Osteoporotic mice were generated by 

intraperitoneal injection of 30 mg / kg of Dex sodium 

phosphate every other day for 8 weeks. The 

osteoporotic mice were intragastrically injected with 

either 10 mL / kg of 0.9% normal saline (n = 20) (model 

mice), or 5 mg / kg (n = 20), 15 mg / kg (n = 20), or 45 

mg / kg (n = 20) AU, and intraperitoneally injected with 

15 μg / kg estradiol (E2) (n = 20) (positive control mice) 

every other day for 8 weeks. The bodyweights of the 

mice were recorded on days 1, 4, 11, 18, 25, 32, 39, 48, 

and 55. Mice were euthanized after the last treatment, 

and tibia and femur tissue collected and weighed 

immediately.  

 

Cytokine detection 

 

Peripheral blood was collected from the caudal veins of 

the mice. The levels of plasma cytokines including ALP 

(YY02947B), BMP2 (YY02939B), BMP receptor type 

II (BMPR-2; YY02936B), OCN (YY03287B), OPN 

(YY03172B), collagen I (YY02771B), ROS (CK-

E91516M), tumor necrosis factor α (TNF-α; 

YY02868B), E2 (YY03302B), platelet activating factor 

(PAF; S0000-96T), tartaric acid phosphatase 5b 

(TRACP-5b; YY03144B), SOD (YY03125B), malonal-

dehyde (MDA; YY03124B), catalase (CAT) (CK-

E92636M), Ca2+ (C004-2), and Pi (C006) detected 

using enzyme-linked immunosorbent assays according 

to the manufacturer’s protocols (Shanghai Yuanye 

Biological Technology Co., Ltd, China).  
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Histological analysis of femur tissue 

 

Femur tissue was collected immediately after the mice 

were euthanized and fixed in 4% paraformaldehyde. 

After incubation with a decalcification solution for 7 

days, the tissue was embedded in paraffin, sectioned (5 

μm thickness), and stained with hematoxylin and eosin 

and Giemsa. Sections were examined under a light-

microscope equipped with a digital camera (Nikon, 

Japan). 

 

Micro-computed tomography 

 

Femurs and tibias were collected from mice 

immediately after euthanasia. The structure of the 

trabecular and cortical regions of the femur, and the 

cortical regions of the tibia were evaluated by micro-

computed tomography (micro-CT) using a micro-CT 

µCT50 (Scanco, Switzerland). Standard 3D 

microstructural analysis was performed to analyze 

parameters including the trabecular bone mineral 

density (BMD), bone volume fraction (BV/TV), 

trabecular thickness (Tb.Th), trabecular spacing 

(Tb.Sp), and trabecular number (Tb.N). 

 

Western blotting 

 

MG63 cells were seeded into 6-well plates at a density 

of 2 × 105 cells / well and then treated with 1, 2.5, or 

5 μM AU for 3 h followed by 4 μM Dex or 200 μM 

H2O2 for 24 h. The cells were harvested and 

homogenized in RIPA lysis buffer (Sigma-Aldrich) 

containing 1% protease inhibitor cocktail and 2% 

phenylmethanesulfonyl fluoride (Sigma-Aldrich). 

Bone tissue lysates from AU-treated mice were 

generated by grinding tibias and fibulas from the mice 

into a powder under liquid nitrogen and homogenizing 

the powder in RIPA buffer as described. All lysates 

were then centrifuged at 10,000 rpm for 10 min. 

Protein concentrations were estimated using the BCA 

protein kit (Merck Millipore, USA). A total of 30 μg 

of protein was separated by 10%–12% SDS-PAGE 

and electrophoretically transferred onto nitrocellulose 

membranes (0.45 μm) (Bio Basic, Inc., Canada). The 

membranes were incubated with the following 

primary antibodies (1:2000 dilution) overnight at 4°C: 

collagen I (ab34710), OPN (ab91655), OCN 

(ab93876), osterix (ab22552), BMP2 (ab6285), 

integrin β1 (ab3167), Akt (ab131443), GAPDH 

(ab181602) (Abcam, USA), P-Akt (CST 4060S), and 

Smad1/5 (bs-4253R) (Bioss Inc., China). The 

following day, the membranes were washed and then 

incubated with horseradish peroxidase-conjugated 
secondary antibodies (1:2000) (Santa Cruz 

Biotechnology, USA). Protein bands was visualized 

using a BioSpectrum 600 imaging system (Bioss Inc., 

China). The pixel density was quantified using the 

Image J software (National Institutes of Health, USA). 

 

Reverse transcription-polymerase chain reaction 

(RT-PCR) 

 

The RNA was isolated from MG63 cells using Trizol 

(Invitrogen, USA), and then synthesized by QuantScript 

RT Kit (Tiangen Biotech Co. Ltd., Beijing China). -actin 

primers were used as an internal control. The conditions 

of PCR amplification were shown as follows: 

denaturation at 95 °C for 5 min, followed by 36 cycles at 

95 °C for 45 s, 57 °C for 45 s and 72 °C for 45 s. The 

primer sequences are listed in Supplementary Table 1. 

 

Statistical analysis 

 

Data are expressed as the mean  standard deviation. 

One-way analysis of variance (ANOVA) followed by 

post-hoc Dunn’s multiple comparison tests was 

performed using SPSS 16.0 software (IBM Corporation, 

USA). P < 0.05 was considered significant.  

 

AUTHOR CONTRIBUTIONS  
 

Di Wang and Min Hu designed the experiments; 

Yutong Li, Yongfeng Zhang, Wenqian Lu, Yuru Han 

and Xin Liu performed the experiments; Yutong Li, 

Yongfeng Zhang, and Wenqian Lu processed data; Di 

Wang and Yutong Li wrote the paper; Di Wang and 

Min Hu revised the paper.  

 

CONFLICTS OF INTEREST 
 

The authors declare that there is no conflict of interest.  

 

FUNDING 
 

This work was supported by the Natural Science 

Foundation of China (NSFC81470764 and 

NSFC81870795), the Science and Technology Project 

of Jilin Province (20180101274JC) and the Special 

Projects of Cooperation between Jilin University and 

Jilin Province (SXGJSF2017-1). 

 

REFERENCES 
 
1. Zhao X, Wu ZX, Zhang Y, Gao MX, Yan YB, Cao PC, Zang 

Y, Lei W. Locally administrated perindopril improves 
healing in an ovariectomized rat tibial osteotomy 
model. PLoS One. 2012; 7:e33228. 

 https://doi.org/10.1371/journal.pone.0033228 
PMID:22427998 

2. Zhang S, Wu W, Jiao G, Li C, Liu H. MiR-455-3p 
activates Nrf2/ARE signaling via HDAC2 and protects 

https://doi.org/10.1371/journal.pone.0033228
https://www.ncbi.nlm.nih.gov/pubmed/22427998


www.aging-us.com 2239 AGING 

osteoblasts from oxidative stress. Int J Biol Macromol. 
2018; 107:2094–101. 

 https://doi.org/10.1016/j.ijbiomac.2017.10.080 
PMID:29042277 

3. Gambacciani M, Levancini M. Management of 
postmenopausal osteoporosis and the prevention of 
fractures. Panminerva Med. 2014; 56:115–31.  

 PMID:24942322 

4. Park HS, Kim CG, Hong N, Lee SJ, Seo DH, Rhee Y. 
Osteosarcoma in a Patient with Pseudo-
hypoparathyroidism Type 1b Due to Paternal 
Uniparental Disomy of Chromosome 20q. J Bone Miner 
Res. 2017; 32:770–5. 

 https://doi.org/10.1002/jbmr.3043 PMID:27859596 

5. Lin CH, Li NT, Cheng HS, Yen ML. Oxidative stress 
induces imbalance of adipogenic/osteoblastic lineage 
commitment in mesenchymal stem cells through 
decreasing SIRT1 functions. J Cell Mol Med. 2018; 
22:786–96. 

 https://doi.org/10.1111/jcmm.13356 PMID:28975701 

6. Hendrickx G, Boudin E, Van Hul W. A look behind the 
scenes: the risk and pathogenesis of primary 
osteoporosis. Nat Rev Rheumatol. 2015; 11:462–74. 

 https://doi.org/10.1038/nrrheum.2015.48 
PMID:25900210 

7. Almeida M. Aging mechanisms in bone. Bonekey Rep. 
2012; 1:1. 

 https://doi.org/10.1038/bonekey.2012.102 
PMID:23705067 

8. Kim KH, Lee MS. Autophagy—a key player in cellular 
and body metabolism. Nat Rev Endocrinol. 2014; 
10:322–37. 

 https://doi.org/10.1038/nrendo.2014.35 
PMID:24663220 

9. Alam MM, Okazaki K, Nguyen LT, Ota N, Kitamura H, 
Murakami S, Shima H, Igarashi K, Sekine H, Motohashi 
H. Glucocorticoid receptor signaling represses the 
antioxidant response by inhibiting histone acetylation 
mediated by the transcriptional activator NRF2. J Biol 
Chem. 2017; 292:7519–30. 

 https://doi.org/10.1074/jbc.M116.773960 
PMID:28314773 

10. Yin H, Shi ZG, Yu YS, Hu J, Wang R, Luan ZP, Guo DH. 
Protection against osteoporosis by statins is linked to a 
reduction of oxidative stress and restoration of nitric 
oxide formation in aged and ovariectomized rats. Eur J 
Pharmacol. 2012; 674:200–06. 

 https://doi.org/10.1016/j.ejphar.2011.11.024 
PMID:22130356 

11. Kalyanaraman H, Ramdani G, Joshua J, Schall N, Boss 
GR, Cory E, Sah RL, Casteel DE, Pilz RB. A Novel, Direct 

NO Donor Regulates Osteoblast and Osteoclast 
Functions and Increases Bone Mass in Ovariectomized 
Mice. J Bone Miner Res. 2017; 32:46–59. 

 https://doi.org/10.1002/jbmr.2909 PMID:27391172 

12. Wang T, Liu Q, Tjhioe W, Zhao J, Lu A, Zhang G, Tan RX, 
Zhou M, Xu J, Feng HT. Therapeutic Potential and 
Outlook of Alternative Medicine for Osteoporosis. Curr 
Drug Targets. 2017; 18:1051–68. 

 https://doi.org/10.2174/138945011866617032110542
5 PMID:28325144 

13. Zhang ND, Han T, Huang BK, Rahman K, Jiang YP, Xu 
HT, Qin LP, Xin HL, Zhang QY, Li YM. Traditional 
Chinese medicine formulas for the treatment of 
osteoporosis: implication for antiosteoporotic drug 
discovery. J Ethnopharmacol. 2016; 189:61–80. 

 https://doi.org/10.1016/j.jep.2016.05.025 
PMID:27180315 

14. Xiao Y, Chang W, Wu QQ, Jiang XH, Duan MX, Jin YG, 
Tang QZ. Aucubin Protects against TGFβ1-Induced 
Cardiac Fibroblasts Activation by Mediating the 
AMPKα/mTOR Signaling Pathway. Planta Med. 2018; 
84:91–99. 

 https://doi.org/10.1055/s-0043-118663 
PMID:28841738 

15. Kim YM, Sim UC, Shin Y, Kim Kwon Y. Aucubin 
promotes neurite outgrowth in neural stem cells and 
axonal regeneration in sciatic nerves. Exp Neurobiol. 
2014; 23:238–45. 

 https://doi.org/10.5607/en.2014.23.3.238 
PMID:25258571 

16. Li Y, Hu W, Han G, Lu W, Jia D, Hu M, Wang D. 
Involvement of bone morphogenetic protein-related 
pathways in the effect of aucubin on the promotion of 
osteoblast differentiation in MG63 cells. Chem Biol 
Interact. 2018; 283:51–58. 

 https://doi.org/10.1016/j.cbi.2018.02.005 
PMID:29408431 

17. She F, Wang W, Wang Y, Tang P, Wei J, Chen H, Zhang 
B. Melatonin protects MG63 osteoblast-like cells from 
hydrogen peroxide-induced cytotoxicity by maintaining 
mitochondrial function. Mol Med Rep. 2014; 9:493–98. 

 https://doi.org/10.3892/mmr.2013.1832 
PMID:24297096 

18. Li K, Shen Q, Xie Y, You M, Huang L, Zheng X. 
Incorporation of Cerium Oxide into Hydroxyapatite 
Coating Protects Bone Marrow Stromal Cells Against 
H2O2-Induced Inhibition of Osteogenic Differentiation. 
Biol Trace Elem Res. 2018; 182:91–104. 

 https://doi.org/10.1007/s12011-017-1066-3 
PMID:28624869 

19. van Rietbergen B, Majumdar S, Pistoia W, Newitt DC, 
Kothari M, Laib A, Rüegsegger P. Assessment of 

https://doi.org/10.1016/j.ijbiomac.2017.10.080
https://www.ncbi.nlm.nih.gov/pubmed/29042277
https://www.ncbi.nlm.nih.gov/pubmed/24942322
https://doi.org/10.1002/jbmr.3043
https://www.ncbi.nlm.nih.gov/pubmed/27859596
https://doi.org/10.1111/jcmm.13356
https://www.ncbi.nlm.nih.gov/pubmed/28975701
https://doi.org/10.1038/nrrheum.2015.48
https://www.ncbi.nlm.nih.gov/pubmed/25900210
https://doi.org/10.1038/bonekey.2012.102
https://www.ncbi.nlm.nih.gov/pubmed/23705067
https://doi.org/10.1038/nrendo.2014.35
https://www.ncbi.nlm.nih.gov/pubmed/24663220
https://doi.org/10.1074/jbc.M116.773960
https://www.ncbi.nlm.nih.gov/pubmed/28314773
https://doi.org/10.1016/j.ejphar.2011.11.024
https://www.ncbi.nlm.nih.gov/pubmed/22130356
https://doi.org/10.1002/jbmr.2909
https://www.ncbi.nlm.nih.gov/pubmed/27391172
https://doi.org/10.2174/1389450118666170321105425
https://doi.org/10.2174/1389450118666170321105425
https://www.ncbi.nlm.nih.gov/pubmed/28325144
https://doi.org/10.1016/j.jep.2016.05.025
https://www.ncbi.nlm.nih.gov/pubmed/27180315
https://doi.org/10.1055/s-0043-118663
https://www.ncbi.nlm.nih.gov/pubmed/28841738
https://doi.org/10.5607/en.2014.23.3.238
https://www.ncbi.nlm.nih.gov/pubmed/25258571
https://doi.org/10.1016/j.cbi.2018.02.005
https://www.ncbi.nlm.nih.gov/pubmed/29408431
https://doi.org/10.3892/mmr.2013.1832
https://www.ncbi.nlm.nih.gov/pubmed/24297096
https://doi.org/10.1007/s12011-017-1066-3
https://www.ncbi.nlm.nih.gov/pubmed/28624869


www.aging-us.com 2240 AGING 

cancellous bone mechanical properties from micro-FE 
models based on micro-CT, pQCT and MR images. 
Technol Health Care. 1998; 6:413–20. 

 https://doi.org/10.3233/thc-1998-65-613 
PMID:10100943 

20. Laib A, Barou O, Vico L, Lafage-Proust MH, Alexandre C, 
Rügsegger P. 3D micro-computed tomography of 
trabecular and cortical bone architecture with 
application to a rat model of immobilisation 
osteoporosis. Med Biol Eng Comput. 2000; 38:326–32. 

 https://doi.org/10.1007/BF02347054 PMID:10912350 

21. Nuzzo S, Lafage-Proust MH, Martin-Badosa E, Boivin G, 
Thomas T, Alexandre C, Peyrin F. Synchrotron radiation 
microtomography allows the analysis of three-
dimensional microarchitecture and degree of 
mineralization of human iliac crest biopsy specimens: 
effects of etidronate treatment. J Bone Miner Res. 
2002; 17:1372–82. 

 https://doi.org/10.1359/jbmr.2002.17.8.1372 
PMID:12162491 

22. Manolagas SC. From estrogen-centric to aging and 
oxidative stress: a revised perspective of the 
pathogenesis of osteoporosis. Endocr Rev. 2010; 
31:266–300. 

 https://doi.org/10.1210/er.2009-0024 
PMID:20051526 

23. Yang Y, Zheng X, Li B, Jiang S, Jiang L. Increased activity 
of osteocyte autophagy in ovariectomized rats and its 
correlation with oxidative stress status and bone loss. 
Biochem Biophys Res Commun. 2014; 451:86–92. 

 https://doi.org/10.1016/j.bbrc.2014.07.069 
PMID:25063028 

24. Gan X, Huang S, Wu L, Wang Y, Hu G, Li G, Zhang H, Yu 
H, Swerdlow RH, Chen JX, Yan SS. Inhibition of ERK-
DLP1 signaling and mitochondrial division alleviates 
mitochondrial dysfunction in Alzheimer’s disease 
cybrid cell. Biochim Biophys Acta. 2014; 1842:220–31. 

 https://doi.org/10.1016/j.bbadis.2013.11.009 
PMID:24252614 

25. Huang S, Wang Y, Gan X, Fang D, Zhong C, Wu L, Hu G, 
Sosunov AA, McKhann GM, Yu H, Yan SS. Drp1-
mediated mitochondrial abnormalities link to synaptic 
injury in diabetes model. Diabetes. 2015; 64:1728–42. 

 https://doi.org/10.2337/db14-0758 PMID:25412623 

26. Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, 
regulators and therapeutic opportunities. Nat Med. 
2014; 20:870–80. 

 https://doi.org/10.1038/nm.3651 PMID:25100532 

27. Jochems C, Islander U, Erlandsson M, Verdrengh M, 
Ohlsson C, Carlsten H. Osteoporosis in experimental 
postmenopausal polyarthritis: the relative 
contributions of estrogen deficiency and inflammation. 

Arthritis Res Ther. 2005; 7:R837–43. 
 https://doi.org/10.1186/ar1753 PMID:15987485 

28. Adams JM, Cory S. The Bcl-2 apoptotic switch in 
cancer development and therapy. Oncogene. 2007; 
26:1324–37. 

 https://doi.org/10.1038/sj.onc.1210220 
PMID:17322918 

29. Xin Y, Huang Q, Zhang P, Guo WW, Zhang LZ, Jiang G. 
Demethoxycurcumin in combination with ultraviolet 
radiation B induces apoptosis through the 
mitochondrial pathway and caspase activation in A431 
and HaCaT cells. Tumour Biol. 2017; 
39:1010428317706216. 

 https://doi.org/10.1177/1010428317706216 
PMID:28618944 

30. Sato AY, Tu X, McAndrews KA, Plotkin LI, Bellido T. 
Prevention of glucocorticoid induced-apoptosis of 
osteoblasts and osteocytes by protecting against 
endoplasmic reticulum (ER) stress in vitro and in vivo in 
female mice. Bone. 2015; 73:60–68. 

 https://doi.org/10.1016/j.bone.2014.12.012 
PMID:25532480 

31. Mobasheri A, Shakibaei M. Osteogenic effects of 
resveratrol in vitro: potential for the prevention and 
treatment of osteoporosis. Ann N Y Acad Sci. 2013; 
1290:59–66. 

 https://doi.org/10.1111/nyas.12145 PMID:23855466 

32. Bai XC, Lu D, Bai J, Zheng H, Ke ZY, Li XM, Luo SQ. 
Oxidative stress inhibits osteoblastic differentiation of 
bone cells by ERK and NF-kappaB. Biochem Biophys 
Res Commun. 2004; 314:197–207. 

 https://doi.org/10.1016/j.bbrc.2003.12.073 
PMID:14715266 

33. Sudo H, Kodama HA, Amagai Y, Yamamoto S, Kasai S. In 
vitro differentiation and calcification in a new clonal 
osteogenic cell line derived from newborn mouse 
calvaria. J Cell Biol. 1983; 96:191–98. 

 https://doi.org/10.1083/jcb.96.1.191 PMID:6826647 

34. Marie PJ. Role of N-cadherin in bone formation. J Cell 
Physiol. 2002; 190:297–305. 

 https://doi.org/10.1002/jcp.10073  
PMID:11857445 

35. Yoshida K, Okamura H, Amorim BR, Hinode D, Yoshida 
H, Haneji T. PKR-mediated degradation of STAT1 
regulates osteoblast differentiation. Exp Cell Res. 2009; 
315:2105–14. 

 https://doi.org/10.1016/j.yexcr.2009.02.003 
PMID:19230833 

36. Kondo A, Tokuda H, Kato K, Matsushima-Nishiwaki R, 
Kuroyanagi G, Mizutani J, Kozawa O, Otsuka T. Rho-
kinase negatively regulates thyroid hormone-
stimulated osteocalcin synthesis in osteoblasts. 

https://doi.org/10.3233/thc-1998-65-613
https://www.ncbi.nlm.nih.gov/pubmed/10100943
https://doi.org/10.1007/BF02347054
https://www.ncbi.nlm.nih.gov/pubmed/10912350
https://doi.org/10.1359/jbmr.2002.17.8.1372
https://www.ncbi.nlm.nih.gov/pubmed/12162491
https://doi.org/10.1210/er.2009-0024
https://www.ncbi.nlm.nih.gov/pubmed/20051526
https://doi.org/10.1016/j.bbrc.2014.07.069
https://www.ncbi.nlm.nih.gov/pubmed/25063028
https://doi.org/10.1016/j.bbadis.2013.11.009
https://www.ncbi.nlm.nih.gov/pubmed/24252614
https://doi.org/10.2337/db14-0758
https://www.ncbi.nlm.nih.gov/pubmed/25412623
https://doi.org/10.1038/nm.3651
https://www.ncbi.nlm.nih.gov/pubmed/25100532
https://doi.org/10.1186/ar1753
https://www.ncbi.nlm.nih.gov/pubmed/15987485
https://doi.org/10.1038/sj.onc.1210220
https://www.ncbi.nlm.nih.gov/pubmed/17322918
https://doi.org/10.1177/1010428317706216
https://www.ncbi.nlm.nih.gov/pubmed/28618944
https://doi.org/10.1016/j.bone.2014.12.012
https://www.ncbi.nlm.nih.gov/pubmed/25532480
https://doi.org/10.1111/nyas.12145
https://www.ncbi.nlm.nih.gov/pubmed/23855466
https://doi.org/10.1016/j.bbrc.2003.12.073
https://www.ncbi.nlm.nih.gov/pubmed/14715266
https://doi.org/10.1083/jcb.96.1.191
https://www.ncbi.nlm.nih.gov/pubmed/6826647
https://doi.org/10.1002/jcp.10073
https://www.ncbi.nlm.nih.gov/pubmed/11857445
https://doi.org/10.1016/j.yexcr.2009.02.003
https://www.ncbi.nlm.nih.gov/pubmed/19230833


www.aging-us.com 2241 AGING 

Biochimie. 2013; 95:719–24. 
 https://doi.org/10.1016/j.biochi.2012.10.020 

PMID:23123502 

37. Huang W, Yang S, Shao J, Li YP. Signaling and 
transcriptional regulation in osteoblast commitment 
and differentiation. Front Biosci. 2007; 12:3068–92. 

 https://doi.org/10.2741/2296 PMID:17485283 

38. Lieberman JR, Daluiski A, Einhorn TA. The role of 
growth factors in the repair of bone. Biology and 
clinical applications. J Bone Joint Surg Am. 2002; 
84:1032–44. 

 https://doi.org/10.2106/00004623-200206000-00022 
PMID:12063342 

39. Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. 
Osf2/Cbfa1: a transcriptional activator of osteoblast 
differentiation. Cell. 1997; 89:747–54. 

 https://doi.org/10.1016/S0092-8674(00)80257-3 
PMID:9182762 

40. Lee KS, Kim HJ, Li QL, Chi XZ, Ueta C, Komori T, Wozney 
JM, Kim EG, Choi JY, Ryoo HM, Bae SC. Runx2 is a 
common target of transforming growth factor beta1 
and bone morphogenetic protein 2, and cooperation 
between Runx2 and Smad5 induces osteoblast-specific 
gene expression in the pluripotent mesenchymal 
precursor cell line C2C12. Mol Cell Biol. 2000; 20:8783–
92. 

 https://doi.org/10.1128/MCB.20.23.8783-8792.2000 
PMID:11073979 

41. Sieber C, Kopf J, Hiepen C, Knaus P. Recent advances in 
BMP receptor signaling. Cytokine Growth Factor Rev. 
2009; 20:343–55. 

 https://doi.org/10.1016/j.cytogfr.2009.10.007 
PMID:19897402 

42. Bellezza I, Giambanco I, Minelli A, Donato R. Nrf2-
Keap1 signaling in oxidative and reductive stress. 
Biochim Biophys Acta Mol Cell Res. 2018; 1865:721–
33. 

 https://doi.org/10.1016/j.bbamcr.2018.02.010 
PMID:29499228 

43. Wang B, Zhu X, Kim Y, Li J, Huang S, Saleem S, Li RC, Xu 
Y, Dore S, Cao W. Histone deacetylase inhibition 
activates transcription factor Nrf2 and protects against 
cerebral ischemic damage. Free Radic Biol Med. 2012; 
52:928–36. 

 https://doi.org/10.1016/j.freeradbiomed.2011.12.006 
PMID:22226832

44. Dinkova-Kostova AT, Holtzclaw WD, Cole RN, Itoh 
K, Wakabayashi N, Katoh Y, Yamamoto M, Talalay P. 
Direct evidence that sulfhydryl groups of Keap1 are the 
sensors regulating induction of phase 2 enzymes that 
protect against carcinogens and oxidants. Proc Natl 
Acad Sci USA. 2002; 99:11908–13. 

 https://doi.org/10.1073/pnas.172398899 
PMID:12193649 

45. Ho HK, White CC, Fernandez C, Fausto N, Kavanagh TJ, 
Nelson SD, Bruschi SA. Nrf2 activation involves an 
oxidative-stress independent pathway in 
tetrafluoroethylcysteine-induced cytotoxicity. Toxicol 
Sci. 2005; 86:354–64. 

 https://doi.org/10.1093/toxsci/kfi205 PMID:15901913 

46. Nguyen T, Sherratt PJ, Pickett CB. Regulatory 
mechanisms controlling gene expression mediated by 
the antioxidant response element. Annu Rev 
Pharmacol Toxicol. 2003; 43:233–60. 

 https://doi.org/10.1146/annurev.pharmtox.43.100901
.140229 PMID:12359864 

47. Han L, Gao X, Xia T, Zhang X, Li X, Gao W. Effect of 
digestion on the phenolic content and antioxidant 
activity of celery leaf and the antioxidant mechanism 
via Nrf2/HO-1 signaling pathways against 
Dexamethasone. J Food Biochem. 2019; 43:e12875. 

 https://doi.org/10.1111/jfbc.12875 PMID:31353732 

48. Han D, Gu X, Gao J, Wang Z, Liu G, Barkema HW, Han B. 
Chlorogenic acid promotes the Nrf2/HO-1 anti-
oxidative pathway by activating p21Waf1/Cip1 to resist 
dexamethasone-induced apoptosis in osteoblastic 
cells. Free Radic Biol Med. 2019; 137:1–12. 

 https://doi.org/10.1016/j.freeradbiomed.2019.04.014 
PMID:31004750 

49. Ferrándiz ML, Nacher-Juan J, Alcaraz MJ. Nrf2 as a 
therapeutic target for rheumatic diseases. Biochem 
Pharmacol. 2018; 152:338–46. 

 https://doi.org/10.1016/j.bcp.2018.04.010 
PMID:29660314 

50. Xuanfei L, Hao C, Zhujun Y, Yanming L, Jianping G. 
Imidazoline I2 receptor inhibitor idazoxan regulates the 
progression of hepatic fibrosis via Akt-Nrf2-Smad2/3 
signaling pathway. Oncotarget. 2017; 8:21015–30. 

 https://doi.org/10.18632/oncotarget.15472 
PMID:28423499 

  

https://doi.org/10.1016/j.biochi.2012.10.020
https://www.ncbi.nlm.nih.gov/pubmed/23123502
https://doi.org/10.2741/2296
https://www.ncbi.nlm.nih.gov/pubmed/17485283
https://doi.org/10.2106/00004623-200206000-00022
https://www.ncbi.nlm.nih.gov/pubmed/12063342
https://doi.org/10.1016/S0092-8674%2800%2980257-3
https://www.ncbi.nlm.nih.gov/pubmed/9182762
https://doi.org/10.1128/MCB.20.23.8783-8792.2000
https://www.ncbi.nlm.nih.gov/pubmed/11073979
https://doi.org/10.1016/j.cytogfr.2009.10.007
https://www.ncbi.nlm.nih.gov/pubmed/19897402
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://www.ncbi.nlm.nih.gov/pubmed/29499228
https://doi.org/10.1016/j.freeradbiomed.2011.12.006
https://www.ncbi.nlm.nih.gov/pubmed/22226832
https://doi.org/10.1073/pnas.172398899
https://www.ncbi.nlm.nih.gov/pubmed/12193649
https://doi.org/10.1093/toxsci/kfi205
https://www.ncbi.nlm.nih.gov/pubmed/15901913
https://doi.org/10.1146/annurev.pharmtox.43.100901.140229
https://doi.org/10.1146/annurev.pharmtox.43.100901.140229
https://www.ncbi.nlm.nih.gov/pubmed/12359864
https://doi.org/10.1111/jfbc.12875
https://www.ncbi.nlm.nih.gov/pubmed/31353732
https://doi.org/10.1016/j.freeradbiomed.2019.04.014
https://www.ncbi.nlm.nih.gov/pubmed/31004750
https://doi.org/10.1016/j.bcp.2018.04.010
https://www.ncbi.nlm.nih.gov/pubmed/29660314
https://doi.org/10.18632/oncotarget.15472
https://www.ncbi.nlm.nih.gov/pubmed/28423499


www.aging-us.com 2242 AGING 

SUPPLEMETARY MATERIALS 
 

Supplementary Results 
 

 

 

 

AU enhanced the bone cortex thickness 

 

Micro-CT was used to determine structural parameters 

of femur trabecular and cortical regions, as well as tibia 

cortical region. From the CT images, it is obvious that 

the cortical bone of the model group is thinner and the 

brightness is lower than that of the blank group, and the 

bone cancellous is sparse. The bone cortex was the 

thickest and the highest brightness in the positive 

control group. Compared with the model group, the 

cortical bone mass of the low-dose, middle-dose and 

high-dose groups significantly increased and the 

brightness increased, the network structure in the bone 

cancellous became dense, and the middle-dose group 

had the best affections (Supplementary Figure 1). 

 

AU enhanced the expression of TNF-α and TRACP-

5b 

 

Different from E2, AU showed no significant effects on 

the levels of TRACP-5b (Supplementary Figure 2A). 

AU at 15 mg/kg and E2 at 15 µg/kg strongly enhanced 

the levels of TNF-α compared with model mice 

(P<0.01; Supplementary Figure 2B). 

 

Negative siRNA failed to influence the effects of AU 

on protein expressions  

 

In both Dex and H2O2 exposed MG63 cells, the 

negative siRNA transfection failed to influence the 

modulatory effects of AU on the expressions of Nrf2, 

SOD1, HO-1, Collagen 1, OCN and BMP2 

(Supplementary Figure 3A and 3B). 

 

Supplementary Materials and Methods  
 

Bone micro-computed tomography (micro-CT) 

 

Mouse femur and tibia were taken immediately after 

mouse euthanasia. Micro-CT was used to determine 

structural parameters of femur trabecular and cortical 

regions, as well as tibia cortical region. Micro-CT was 

scanned bones to get CT images of the femur and tibia 

of mice. 

 

Plasma cytokine detection. 

 

Peripheral blood from the orbital venous plexus of the 

mice was collected into clean tubes after the last 

administration. Blood samples were centrifuged for 10 

minutes at 3,000 rpm after 30 minutes stationary at 

room temperature. Suck up the plasma which is 

supernatant into another clean tubes. Enzyme-linked 

immunosorbent assay (ELISA) kits were applied to 

determine the levels of plasma cytokines including 

TNF-α (YY02868B) and TRACP-5b (YY03144B). 

Both of the procedures were performed according to the 

kit manufacturer’s protocol. 

 

Transfection of negative siRNA 

 

MG63 cells were plated in 6-well plates (2 × 105 

cells/well) and were transiently transfected using the 

negative siRNA (20 nM, R10035.4, RIBBIO, 

Guangzhou, China) and the RNAiMAX reagent in 

riboFECTTMCP Reagent, according to the 

manufacturer’s specification (RIBBIO, Guangzhou, 

China). The transfected cells were exposed to 2.5 μM of 

AU for 2 h. Subsequently, 4 μM of Dex or 200 μM of 

H2O2 was added and the cells were incubated for a 

further 24 h. The collected cells were used to detect the 

protein expressions including Nrf2, SOD1, HO-1, 

Collagen 1, OCN, BMP2 and GAPDH.  
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Supplementary Figures 
 

 

 

 

 
 

Supplementary Figure 1. AU increased the thickness of the cortical cortex and increased the consecutiveness of the cortial 
cortex. 

 

 

 
 

Supplementary Figure 2. The regulation effects of AU on the levels of (A) TRACP-5b and (B) TNF-α in serum of mice with osteoporosis. 

Data were expressed as mean  S.E.D. (n=6) and analyzed using a one-way ANOVA. ## P<0.01 and ### P<0.001 vs. CTRL mice, **P<0.01 and 
***P<0.001 Dex-treated mice. 
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Supplementary Figure 3. Negative siRNA transfection failed to influence the effects of AU on the protein expressions in (A) Dex and (B) 

H2O2 damaged MG63 cells. The quantification data of proteins were normalized by corresponding GAPDH, respectively, expressed as mean  
S.D. (n=4) and analyzed using a one-way ANOVA. # P<0.05, ## P<0.01 and ### P<0.001 vs. control cells, *P<0.05, **P<0.01 and ***P<0.001 
vs. Dex or H2O2-exposed cells, $ P<0.05, $$ P<0.01 and $$$ P<0.001 vs. negative siRNA transfected control cells, ^ P<0.05 and ^^^ P<0.001 vs. 
Dex or H2O2-exposed negative siRNA transfected cells.   
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Supplementary Table 
 

 

Supplementary Table 1. The primer sequences used in RT-PCR. 

Fragment size (bp) Name Sequence (5’ to 3’) 

458 Nrf2-F 

Nrf2-R 

GTTGCCCACATTCCCAAACAA 

CTGGCATCATCAGTGGAGAGG 

254 NQO1-F 

NQO1-R 

GAGGTACTCGAATCTGACCTCTA 

ACTCTCTCAAACCAGCCTTTC 

137 β-actin-F 

β-actin -R 

ATCGTGCGAGACATCAATG 

TCGTTGCCTATTGTGATGAC 

 


