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INTRODUCTION 
 

Intervertebral disc degeneration (IDD) is a major cause 

of low back pain and affects 80% of the population 

worldwide, which results in job-related disability and 

high healthcare costs [1]. Intervertebral disc is the 

largest avascular tissue which is composed of the 

nucleus pulposus (NP), the annulus fibrosus (AF), upper 

and lower cartilage endplate (CEP) [2]. The nutrient and 

oxygen supply of intervertebral disc is mainly through 

the penetration of cartilage endplate, CEP calcification 

and degeneration could significantly reduce the nutrient 

supply of intervertebral discs and is the leading cause of 

IDD [3, 4]. However, relatively few studies have 

focused on the CEP degeneration, let alone according 

treatment strategies to prevent CEP degeneration. 

 

Phosphatase and tensin homolog (PTEN) is encoded by 

a 200 kb gene located on chromosome10q23, and is 

reported to be involved in many diseases [5]. Through 
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ABSTRACT 
 

Cartilage endplate (CEP) degeneration and calcification is an important contributor to the onset and 
pathogenesis of intervertebral disc degeneration (IDD). However, the underlying mechanisms of CEP 
degeneration remain elusive, let alone according treatment strategies to prevent CEP degeneration. 
Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene that promotes cell apoptosis, and recent 
studies indicated that PTEN is overexpressed in degenerated intervertebral disc. However, whether direct 
inhibition of PTEN attenuates CEP degeneration and IDD development remains largely unknown. In the present 
study, our in vivo experiments demonstrated that VO-OHpic could attenuate IDD progression and CEP 
calcification. We also found that VO-OHpic inhibited oxidative stress induced chondrocytes apoptosis and 
degeneration by activating Nrf-2/HO-1 pathway, thus promoted parkin mediated mitophagy process and 
inhibited chondrocytes ferroptosis, alleviated redox imbalance and eventually improved cell survival. Nrf-2 
siRNA transfection significantly reversed the protective effect of VO-OHpic on endplate chondrocytes. In 
conclusion, our study demonstrated that inhibition of PTEN with VO-OHpic attenuates CEP calcification and IDD 
progression. Moreover, VO-OHpic protects endplate chondrocytes against apoptosis and degeneration via 
activating Nrf-2/HO-1 mediated mitophagy process and ferroptosis inhibition. Our results suggest that VO-
OHpic may be a potential effective medicine for IDD prevention and treatment. 
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converting phosphatidylinositol (3,4,5)-triphosphate 

(PIP3) to phosphatidylinositol (4,5)-bisphosphate 

(PIP2), PTEN can counteract the PI3K/AKT signaling 

activation and is involved in many pathological and 

physiological processes [6]. The PTEN/PI3K/AKT 

signaling pathway plays important roles in many 

diseases including neurodegenerative diseases, cardio-

vascular diseases and cancers [7]. Recently, PTEN was 

reported to be overexpressed in degenerated NP cells 

and is responsible for NP cells apoptosis [8, 9]. 

Moreover, the essential role of PTEN in osteoarthritis 

development has recently been clarified, PTEN could 

decrease the chondrocytes viability and type II collagen 

production by inhibiting PI3K/AKT activation [10]. 

However, to our knowledge, no studies have 

investigated the role of PTEN in CEP degeneration and 

calcification. VO-OHpic is a reversible non-competitive 

PTEN inhibitor which is based on vanadium [11]. 

PTEN inhibition with VO-OHpic has been reported to 

be able to attenuate cell apoptosis and cardiovascular 

diseases development [12]. VO-OHpic has been proved 

safe and highly selective, it could inhibit PTEN with 

low nanomolar concentrations. Moreover, previous 

studies have demonstrated that the inhibition effect of 

PTEN by VO-OHpic is reversible [7]. In the present 

study, we aim to investigate whether VO-OHpic could 

inhibit CEP chondrocytes apoptosis and degeneration 

and whether VO-OHpic could protect against CEP 

calcification and IDD development. 

 

Reactive oxygen species (ROS) are mainly generated by 

mitochondria and are involved in numerous signaling 

pathways, including matrix metalloproteinases (MMPS) 

expression and cartilage degeneration [13]. Under 

physiological condition, mitochondrial dysfunction will 

generate excess ROS and ROS overproduction will 

cause oxidative stress, leading to mitochondrial dys-

function and resulting in a vicious cycle. Mitochondrial 

autophagy (Mitophagy) could decrease excess ROS 

generation and restore redox balance via eliminating 

damaged mitochondria [14]. Recent articles indicated 

that parkin, the mitophagy marker, was decreased in 

degenerated NP, and mitophagy activation could 

prevent oxidative stress induced NP and cartilage 

chondrocytes degeneration [15, 16]. 

 

Nuclear factor erythroid 2-related factor 2 (Nrf2) is 

responsible for cellular redox homeostasis and serves as 

the key sensor of oxidative stress. When activated, Nrf-2 

translocates from the cytoplasm to nucleus and activates 

its downstream antioxidant enzymes, including heme 

oxygenase (HO-1), NADPH, NQO1 and thioredoxin 

(Trx) [17]. Accumulating articles have reported the 
important role of Nrf-2 in osteoarthritis progression and 

activation of Nrf-2 could mitigate the inflammatory 

process [18]. Recent studies also found that Nrf-2 

activation could slow down the IDD development by 

inhibiting the oxidative stress and inflammatory process 

in NP cells [19]. Moreover, recent study demonstrated 

that ferroptosis plays a role in NP cells viability and  

Nrf-2 could regulate ferroptosis marker, GPX4 and iron 

storage proteins ferritin light and heavy chains 

(FTL/FTH1) [20]. There are studies which also indicate 

that PI3K/AKT pathway is involved in the Nrf-2 

activation and translocation [21]. Consistently, PTEN 

could significantly repress the activity of Nrf-2, while 

loss of PTEN could lead to the activation of Nrf-2 [22]. 
 

In the present study, we investigated whether inhibition of 

PTEN with VO-OHpic could ameliorate oxidative stress 

induced CEP chondrocytes apoptosis and degeneration. 

Also in vivo experiments were conducted to investigate 

the effects of VO-OHpic in attenuating cartilage endplate 

calcification and inhibiting IDD development. 

 

RESULTS 
 

VO-OHpic significantly ameliorated IDD progression 

and cartilage endplate calcification in vivo 

 

We established an IDD mice model by transection of 

the L4/5 bilateral facet joints, supra- and interspinous 

ligaments to investigate the effects of VO-OHpic in 

IDD in vivo. The IDD degeneration was scored by 

immunohistochemistry staining and micro-CT analysis. 

As shown in Figure 1A, immunohistochemistry staining 

showed that mice in IDD group exhibited reduced NP 

and obvious cleft in annulus fibrosus. Bone marrow and 

empty bone and chondrocyte lacuna were found in the 

deep zone of CEP. Compared to mice in IDD group, the 

CEP in VO-OHpic treatment group was thicker with 

much less bony tissues. The AF and NP were intact. 

These results demonstrated that VO-OHpic could 

inhibit CEP degeneration and IDD progress. The IDD 

degeneration score in VO-OHpic group was significant-

ly lower compared to that of IDD group (Figure 1C). 

Figure 1B showed 3D reconstruction of Micro-CT 

results of vertebral body and cartilage endplate. As 

shown in Figure 1D, 1E, quantification of Micro-CT 

analysis showed significantly decreased intervertebral 

disc height and increased bone mineral density of CEP 

in IDD group, and it was significantly improved by VO-

OHpic administration. These results indicate that VO-

OHpic treatment could ameliorate IDD development 

and CEP degeneration in vivo. 

 

VO-OHpic exerted protective effect in oxidative 

stress induced endplate chondrocytes apoptosis and 

CEP degeneration 
 

Next, CEP cells were cultured with 100 μM TBHP 

supplemented with various concentrations of VO-OHpic,  
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CCK8 assay was conducted to assess whether VO-OHpic 

administration could restore the cell viability. As shown in 

Figure 2A, VO-OHpic dose dependently resorted the cell 

viability and the most significant effect was found at 1 μM. 

Alcian blue staining showed that TBHP significantly 

inhibited CEP chondrocytes extracellular matrix pro-

duction and this could be restored by 1 μM VO-OHpic co-

treatment (Figure 2B). Western blot and immuno-

fluorescence assay showed similar trend that VO-OHpic 

reversed the decline of chondrogenic markers, SOX9 and 

COL2, and the increase of matrix metalloproteinase, 

MMP3 and MMP13 (Figure 2D, 2E). Our results also 

 

 
 

Figure 1. VO-OHpic significantly ameliorated IDD progression and cartilage endplate calcification in vivo. (A) HE staining of 

L4/5 intervertebral discs in Ctrl group, IDD group and IDD+VO-OHpic group. Scale bar = 200 μm. (B) Micro‐CT analysis of L4/5 segments and 
cartilage endplate. Scale bar = 1 mm. (C) Histological score of the L4–5 segments of the lumbar spine among the three groups. (D) 
Quantification of cartilage endplate calcification via microarchitecture parameters (bone volume per tissue volume (BV/TV)). (E) 
Histomorphometric assessment of the intervertebral disc height. The disc height was calculated by the average of the anterior, middle and 
posterior of intervertebral disc. Data are presented as mean ± SD (n = 7/group). ***P < 0.001, ****P < 0.0001. 
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Figure 2. VO-OHpic inhibited oxidative stress induced endplate chondrocytes apoptosis and CEP degeneration. (A) CEP 

chondrocytes were isolated and treated with 100 μM TBHP with increasing concentrations (0, 0.1, 1, 10 μM) of VO-OHpic for 24 hours, CCK 
assay was conducted to evaluate the cell viability. (B) CEP chondrocytes were treated with increasing concentrations of TBHP and 1 μM VO-
OHpic for 7 days and Alcian blue staining was conducted to examine the ECM production. (C) Flow cytometric analysis of endplate 
chondrocytes stained with Annexin V-FITC/PI. Percentage of apoptosis rates was expressed as means ± SD from three independent 
experiments. (D) CEP chondrocytes were pretreated with VO-OHpic (1 μM) for 18 hours, then 100 μM TBHP was added for 6 hours. 
Western blot was conducted to examine the protein levels of SOX9, COL2, MMP3, MMP13, BCL-2 and BAX. The band density of SOX9, 
COL2, MMP3, MMP13 and the ratio of BCL-2/BAX were quantified and normalized to control. (E) CEP chondrocytes were pretreated with 
VO-OHpic (1 μM) for 18 hours, then 100 μM TBHP was added for 6 hours. Immunofluorescence staining was conducted to examine the 
expression of COL2 (red). Scale bar = 20 µm. (F, G) Immunohistochemistry for COL2 and MMP3 in cartilage endplate from each group. Scale 
bar = 20 μm. The ratio of positive cells for COL2 and MMP3 was quantified under a microscope at 400× magnification using five sections 
from seven mice. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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demonstrated that VO-OHpic inhibited mitochondrial 

apoptosis induced by oxidative stress. The apoptotic rate of 

CEP chondrocytes was determined with Annexin V-

FITC/PI Kit and we found that the average percentage of 

apoptotic cells in VO-OHpic group was significantly 

decreased compared with TBHP group (Figure 2C). In 

addition, VO-OHpic could reverse the elevated expression 

of BAX and decreased expression of Bcl-2 induced by 

TBHP treatment (Figure 2D). Our results demonstrated 

that VO-OHpic could inhibit oxidative stress induced 

mitochondrial apoptotic pathway. Moreover, our in vivo 

immunohistochemistry assay showed that VO-OHpic 

could reverse the decrease of type II collagen expression 

and the increase of MMP3 expression in the CEP of IDD 

model mice (Figure 2F, 2G). In summary, VO-OHpic 

could inhibit IDD pathological condition, including 

oxidative stress induced chondrocytes apoptosis and ECM 

degradation. 

 

VO-OHpic inhibited oxidative stress induced CEP 

calcification 

 

Recent studies demonstrated that CEP degeneration and 

calcification could significantly decrease the oxygen and 

nutrient supply of intervertebral discs and is the leading 

cause to IDD [23]. Oxidative stress is an important 

detrimental stimulus for CEP chondrocytes hypertrophy 

and osteogenic differentiation [13]. To investigate 

whether VO-OHpic could inhibit endplate calcification, 

chondrocyte hypertrophic and osteogenic markers, OCN 

and COL10 were assessed using immunohistochemistry 

staining. As shown in Figure 3A, 3B, cartilage endplate 

of IDD mice model exhibited higher percentage of 

COL10 and OCN positive cells compared to the control 

group, while lower level of CON and COL10 positive 

cells were observed in cartilage endplate of mice in VO-

OHpic treatment group. Also CEP chondrocytes were 

isolated and the effects of VO-OHpic in CEP 

chondrocytes osteogenic differentiation and minera-

lization induced by oxidative stress in vitro were 

investigated. As shown in Figure 3C, 3D, alizarin red 

staining and ALP activity analysis were conducted to 

examine calcium nodules. Consistent with previous 

studies, TBHP treatment significantly promoted CEP 

chondrocytes mineralized deposits formation and ALP 

activity, and this could be reversed by VO-OHpic co-

treatment. Similar trends were observed during western 

blotting. VO-OHpic significantly inhibited oxidative 

stress induced chondrocytes hypertrophic and osteogenic 

markers COL10 and RUNX2 expression (Figure 3E). 

 

VO-OHpic protects CEP against degeneration and 

calcification via mitophagy stimulation 

 

Cellular redox balance is indispensable to cartilage 

endplate homeostasis [24]. We next investigated 

whether VO-OHpic could inhibit TBHP induced excess 

ROS production and mitochondrial dysfunction. DCFH-

DA analysis showed that VO-OHpic inhibited TBHP 

induced excess ROS production (Figure 4A). To quantify 

ROS production, flow cytometric analysis was conducted 

and VO-OHpic significantly inhibited ROS production 

which was induced by TBHP (Figure 4B, 4C). Next, 

mitochondrial dysfunction was assessed by alteration of 

mitochondrial membrane potential (MMP). An 

increased ratio of green JC‐1 fluorescence compared to 

red JC‐1 fluorescence was found in TBHP group, 

indicating TBHP reduced the mitochondrial membrane 

potential and led to mitochondrial dysfunction. 

However, VO-OHpic treatment restored the mito-

chondrial dysfunction and reversed the decrease of 

MMP with reduced ratio of green fluorescence to red 

fluorescence (Figure 4D). 

 

Next, the role of mitophagy in the protective effect of 

VO-OHpic was investigated. Mitophagy related proteins 

were detected by western blot after TBHP with or 

without VO-OHpic treatment. As shown in Figure 4E, 

the LC3B/A ratio and parkin expression, which are 

regarded as indicators of mitophagy activation, were 

slightly increased after TBHP treatment, while VO-

OHpic supplementation further promoted parkin 

expression and the LC3B/A ratio. Immunofluorescence 

staining was conducted to evaluate mitophagy process, 

and the yellow staining indicated the co-localization of 

autophagosome with mitochondria and mitophagy was 

activated. As shown in Figure 4F, 4G, our immuno-

fluorescence staining analysis showed similar results that 

the autophagosomes were increased after VO-OHpic 

treatment with increased co-localization of LC3B and 

parkin with mitochondria. 
 

To investigate whether VO-OHpic protects CEP 

chondrocytes against degeneration via mitophagy, the 

autophagy inhibitor 3-MA was used in this study. As 

shown in Figure 5A, 3-MA partly abrogated the 

inhibitory effect of VO-OHpic in TBHP induced ROS 

overproduction. Annexin V/PI flowcytometry analysis 

showed that VO-OHpic inhibited TBHP induced CEP 

chondrocytes apoptosis, and this effect was inhibited by 

3-MA co-treatment with increased apoptotic rate in CEP 

chondrocytes of 3-MA group (Figure 5B). The western 

blot results showed that VO-OHpic promoted the 

chondrogenic differentiation markers, SOX9 and COL2, 

inhibited ECM degrading enzymes and chondrocytes 

hypertrophic markers, MMP3, MMP13, COL10 and 

RUNX2 expression. However, in the 3-MA group, 

SOX9 and COL2 expression were down-regulated, 

MMP3, MMP13, COL10 and RUNX2 expression were 
up-regulated, indicating that the protective effect of  

VO-OHpic against CEP degeneration and calcification is 

through mitophagy stimulation (Figure 5C, 5D). 
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Nrf-2 activation is required for VO-OHpic induced 

mitophagy process 

 

Nrf-2 was reported to be a major regulator of cellular 

redox balance and mitophagy [25]. There are reports 

demonstrating that Nrf-2 could directly regulate parkin 

expression, thus modulate cellular mitophagy process 

and exhibit anti-oxidant effect [19]. As shown  

in Figure 6A, immunohistochemistry assay of CEP 

showed that Nrf-2 was downregulated in the endplate of 

IDD mice, while VO-OHpic administration 

significantly promoted endplate chondrocytes Nrf-2 

 

 
 

Figure 3. VO-OHpic inhibited oxidative stress induced cartilage endplate calcification. (A, B) Immunohistochemistry for COL10 
and OCN in cartilage endplate from Ctrl group, IDD group and IDD+VO-OHpic group. Scale bar = 50 μm. The ratio of positive cells for COL10 
and OCN were quantified under a microscope at 400× magnification using five sections from seven mice. (C) Alizarin Red staining for 
calcium deposition in endplate chondrocytes. Semi-quantitative analysis of the mineralized nodule in endplate chondrocytes. (D) ALP 
staining in endplate chondrocytes. Semi-quantitative analysis of alkaline phosphatase (ALP) activity in endplate chondrocytes. (E) CEP 
chondrocytes were treated with TBHP (100 μM) and VO-OHpic (1 μM) for 24 h and western blot was conducted to examine the protein 
levels of COL10 and RUNX2. The band density of COL10 and RUNX2 was quantified and normalized to control. Data are presented as mean 
± SD from three independent experiments. ***P < 0.001, ****P < 0.0001. 
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Figure 4. VO-OHpic treatment promoted mitophagy in CEP chondrocytes. (A) CEP chondrocytes were treated with TBHP (100 μM) 

and VO-OHpic (1 μM) for 24 h, representative fluorescence microscopy photomicrographs of intracellular ROS in chondrocytes. (B) ROS was 
detected by flow cytometric analysis after labeling with DCFH-DA. (C) The bar graphs show the mean fluorescence intensity of ROS levels in 
endplate chondrocytes. (D) Representative fluorescence microscopy photomicrographs of mitochondrial membrane potential (MMP) after 
incubating with JC‐1. Red fluorescence was emitted by JC‐1 aggregates in healthy mitochondria with polarized inner mitochondrial 
membranes, whereas green fluorescence was emitted by cytosolic JC‐1 monomers, indicating MMP collapse. (E) CEP chondrocytes were 
pretreated with VO-OHpic (1 μM) for 18 hours, then 100 μM TBHP was added for 6 hours, western blot was conducted to examine the 
protein levels of parkin and LC3. The band density of parkin and LC3 was quantified and normalized to control. (F, G) Immunofluorescence 
staining was conducted to examine the expression and localization of LC3B, parkin (green) and mitochondria (red). Scale bar = 25 μm. Data 
are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ****P < 0.0001. 
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expression. To further investigate the role Nrf-2 in the 

protective effect of VO-OHpic, CEP chondrocytes were 

isolated and treated with 100 μM TBHP with or without 

VO-OHpic. Western blot analysis showed that  

VO-OHpic significantly promoted Nrf-2 and HO-1 

proteins expression (Figure 6B). Immunofluorescence 

staining showed similar results that VO-OHpic 

significantly promoted red fluorescence labeled Nrf-2 

nucleus translocation and expression (Figure 6C). Nrf-2 

siRNA was then transfected into CEP chondrocytes and 

the role of Nrf-2/HO-1 pathway in the mitophagy 

process was investigated. As shown in Figure 6D, 6E, 

Nrf-2 knockdown inhibited VO-OHpic induced parkin 

upregulation and the elevated ratio of LC3II/I, 

immunofluorescence assay obtained similar trend that 

Nrf-2 knockdown inhibited VO-OHpic induced green 

fluorescence stained LC3B and parkin expression and 

co-localization with red fluorescence stained 

 

 
 

Figure 5. VO-OHpic protects CEP against degeneration and calcification via mitophagy stimulation. CEP chondrocytes were 

pretreated with 3-MA for 10 hours, then culture medium was changed with VO-OHpic (1 μM) for 18 hours and 100 μM TBHP was added 
for 6 hours. ROS production was evaluated with DCFH-DA staining, (A) Representative fluorescence microscopy photomicrographs of 
intracellular ROS in chondrocytes. (B) Flow cytometric analysis of endplate chondrocytes stained with Annexin V-FITC/PI. Percentage 
apoptosis rates were expressed as means ± SD. (C) Western blot was conducted to examine the protein levels of LC3, SOX9, COL2, MMP3 
and MMP13. The band density of SOX9, COL2, MMP3, MMP13 and the ratio of BCL-2/BAX were quantified and normalized to control. 
(D) Western blot was conducted to examine the protein levels of CO10 and RUNX2. The band density of CO10 and RUNX2 was quantified 
and normalized to control. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001,  
****P < 0.0001. 
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Figure 6. Nrf-2 activation is required for VO-OHpic induced mitophagy process. (A) Immunohistochemistry for Nrf-2 in cartilage 

endplate from Ctrl group, IDD group and IDD+VO-OHpic group. Scale bar = 50 μm. The ratio of positive cells for COL10 was quantified under 
a microscope at 400× magnification using five sections from seven mice. (B) CEP chondrocytes were pretreated with VO-OHpic (1 μM) for 
18 hours, then 100 μM TBHP was added for 6 hours. Western blot was conducted to examine the protein levels of Nrf-2 and  
HO-1. The band density of Nrf-2 and HO-1 was quantified and normalized to control. (C) CEP chondrocytes were treated with TBHP 
(100 μM) and VO-OHpic (1 μM) for 24 h and immunofluorescence staining was conducted to examine the expression and localization of 
Nrf-2 (red). Scale bar = 20 µm. (D) Chondrocytes were transfected with Nrf-2 siRNA, and treated with TBHP (100 μM) and VO-OHpic (1 μM), 
western blot was conducted to examine the protein levels of Nrf-2, HO-1, parkin and LC3. (E) The band density of Nrf-2, HO-1, parkin and 
LC3 was quantified and normalized to control. (F, G) Chondrocytes were transfected with Nrf-2 siRNA, and treated with TBHP (100 μM) and 
VO-OHpic (1 μM). Immunofluorescence staining was conducted to examine the expression and localization of LC3B, parkin (green) and 
mitochondria (red). Scale bar = 25 μm. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001. 
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mitochondria (Figure 6F, 6G). These results indicated 

that VO-OHpic induced mitophagy process was partly 

Nrf-2 dependent. 

 

VO-OHpic inhibited oxidative stress induced CEP 

degeneration and chondrocytes ferroptosis via 

activating Nrf-2 

 

Next, Nrf-2 siRNA was transfected into CEP 

chondrocytes and the role of Nrf-2/HO-1 in TBHP 

induced CEP degeneration and apoptosis was inves-

tigated. As shown in Figure 7A, 7B, Nrf-2 siRNA 

transfection abrogated the protective effect of  

VO-OHpic and promoted MMP3, COL10 and RUNX2 

expression, and inhibited SOX9 and COL2 expression. 

These results demonstrated the essential role of Nrf-2 in  

VO-OHpic ameliorating cartilage endplate degeneration. 

Then, chondrocyte apoptotic rates were assessed by 

Annexin V- FITC/PI flowcytometric analysis. VO-OHpic 

inhibited chondrocyte apoptosis compared with the 

TBHP group, while Nrf-2 inhibition abrogated the 

protective effect of VO-OHpic in cell viability 

(Figure 7F, 7G). Growing evidences have reported the 

important role of ferroptosis in IDD, however, 

 

 
 

Figure 7. VO-OHpic inhibited oxidative stress induced CEP degeneration and chondrocytes ferroptosis via activating Nrf-2. 
Chondrocytes were transfected with Nrf-2 siRNA, and treated with TBHP (100 μM) and VO-OHpic (1 μM). (A) Western blot was conducted 
to examine the protein levels of SOX9, COL2, COL10, RUNX2 and MMP3. (B) The band density of Nrf-2, HO-1, parkin and LC3 was quantified 
and normalized to control. (C) CEP chondrocytes were treated with TBHP (100 μM) and VO-OHpic (1 μM) for 24 h and western blot was 
conducted to examine the protein levels of GPX4 and SLC7A11. (D) The band density of GPX4 and SLC7A11 was quantified and normalized 
to control. (E) Immunofluorescence staining was conducted to examine the expression and localization of GPX4 (red). (F, G) Flow cytometric 
analysis of endplate chondrocytes stained with Annexin V-FITC/PI. Percentage apoptosis rates were expressed as means ± SD. (H) 
Chondrocytes were transfected with Nrf-2 siRNA, and treated with TBHP (100 μM) and VO-OHpic (1 μM), western blot was conducted to 
examine the protein levels of GPX4 and SLC7A11. (I) The band density of GPX4 and SLC7A11 was quantified and normalized to control. Data 
are presented as mean ± SD from three independent experiments. Scale bar = 20μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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the connection between ferroptosis and CEP 

degeneration still needs to be further explored. Nrf-2 

has been demonstrated to be a key regulator of 

ferroptosis. We next investigated the role of ferroptosis 

in the CEP degeneration and its regulation. As shown in 

Figure 7C–7E, immunofluorescence analysis and 

western blot results showed that TBHP significantly 

decreased proteins expression of GPX4 and SLC7A11, 

while VO-OHpic treatment reversed the decreased 

protein levels of GPX4 and SLC7A11 in endplate 

chondrocytes, which indicated that VO-OHpic inhibited 

oxidative stress induced endplate chondrocyte 

ferroptosis. Nrf-2 knockdown blocked the VO-OHpic 

mediated up-regulation of SLC7A11 and GPX4, 

indicating that VO-OHpic decreased chondrocytes 

ferroptosis via Nrf-2 activation (Figure 7H, 7I). In 

conclusion, our results indicated that VO-OHpic 

inhibited oxidative stress induced CEP degeneration and 

chondrocytes ferroptosis via activating Nrf-2. 

 

DISCUSSION 
 

Intervertebral disc degeneration is the pathological 

foundation of a series spinal diseases, including lumbar 

disc herniation and low back pain. Cartilage endplate 

locates at both ends of the intervertebral disc and is 

responsible for anchoring the vertebral body. CEP 

degeneration and calcification has recently been 

demonstrated to be an important contributor to IDD by 

decreasing the nutrition and oxygen supply to the NP 

and AF [4]. However, previous studies mainly focused 

on the degeneration of NP and AF, the mechanisms 

underlying cartilage endplate degeneration has not been 

fully elucidated. Accordingly, targeting cartilage 

endplate degeneration to improve nutrient and oxygen 

supply of the intervertebral disc is drawing increasing 

interest. Recent study reported that PTEN was 

upregulated in degenerative nucleus pulposus and was 

involved in IDD process [8]. Lin Y et al. found that 

PTEN inhibitor VO-OHpic could inhibit pro-

inflammatory cytokines and oxidative stress induced NP 

degeneration. However, their results lack in vivo 

experiments to demonstrate the effect of VO-OHpic in 

protecting against IDD. Moreover, the role of PTEN in 

CEP degeneration and calcification remains elusive [9]. 

VO-OHpic has been demonstrated to be an efficient 

PTEN inhibitor and effective in many diseases. 

Moreover, previous studies have demonstrated that  

VO-OHpic is safe in vivo and the inhibition effect of 

PTEN is reversible, growing interests have been 

focused on the clinical translational potential of VO-

OHpic [16]. In the present study, our experiments 

demonstrated that VO-OHpic ameliorated CEP 

degeneration and IDD development. VO-OHpic could 

inhibit CEP chondrocytes ferroptosis and promote 

mitophagy process via activating Nrf-2/HO-1 pathway, 

which subsequently inhibited CEP chondrocytes 

apoptosis, osteogenic differentiation and ECM de-

grading enzymes expression. 

 

Previous clinical evidences have demonstrated that 

intervertebral disc degeneration was positively 

correlated to cartilage endplate degeneration. The 

incidence of lumbar disc herniation and low back pain 

is much higher in patients with endplate osteochondritis 

[26]. Inhibiting CEP calcification and degeneration 

could improve the nutrient supply status of 

intervertebral discs and inhibit the IDD process [3, 27]. 

In the present study, IDD mice model was established 

and we first investigated whether VO-OHpic could 

protect against IDD process in vivo. The IDD mice 

model used in this study was established by transection 

of bilateral facet joints which could cause intervertebral 

disc instability and CEP degeneration [28]. As 

expected, IDD mice model exhibited obvious inter-

vertebral disc degeneration with reduced NP and 

increased calcified CEP with obvious bony tissues and 

chondrocyte lacuna, while VO-OHpic administration 

partly reversed the detrimental effect of VO-OHpic with 

increased amounts of ECM in nucleus pulposus and 

cartilage endplate. These results demonstrated that  

VO-OHpic could inhibit IDD development and 

ameliorate CEP calcification, thus providing a 

promising treatment strategy for IDD. 
 

Various risk factors related to IDD, including 

mechanical overload, instability, and trauma could lead 

to chondrocytes mitochondrial dysfunction, and thus 

promote excess ROS production and decrease in the cell 

viability [1, 29]. Oxidative stress has been demonstrated 

to be a common pathological factor for apoptosis and 

calcification in cells, including chondrocytes [30]. Our 

results showed that VO-OHpic significantly promoted 

endplate chondrocytes chondrogenic differentiation 

genes, SOX9 and COL2 expression, and inhibited ECM 

degrading enzymes, MMP3 and MMP13 expression, 

thus promoting formation of cartilage matrix. Oxidative 

stress could lead to mitochondrial dysfunction and 

activate mitochondrial apoptosis pathway with 

increasing apoptosis‐related proteins, such as Bax, and 

decreasing anti‐apoptosis‐related proteins, such as 

Bcl‐2. Our results showed that VO-OHpic promoted 

Bcl‐2 expression while inhibited Bax expression, 

suggesting that VO-OHpic may protect CEP 

chondrocytes against oxidative stress induced apoptosis. 

ALP activity assay and Alizarin red staining, which are 

reliable osteogenic markers, showed that VO-OHpic 

could inhibit oxidative stress induced chondrocytes 

calcification. CEP chondrocytes osteogenic markers, 
RUNX2 and COL10 were down-regulated after VO-

OHpic treatment. Together, our in vitro results 

demonstrated that VO-OHpic could inhibit oxidative 
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stress induced CEP chondrocytes apoptosis and 

osteogenic differentiation, thus inhibit CEP calcification 

and degeneration. 

 

Mitophagy is a newly identified mitochondrial 

autophagy process which could clear damaged 

mitochondria and inhibit excess ROS production [15]. 

The mitophagy marker, parkin was found decreased in 

NP cells during IDD development, activation of 

mitophagy could restore mitochondrial homeostasis and 

inhibit IDD development [31]. Recently, Yao et al. 

reported that VO-OHpic could protect endothelial 

progenitor cells against oxidative stress induced 

mitochondrial dysfunction and maintain redox balance 

[32], our results also demonstrated that VO-OHpic 

could inhibit oxidative stress induced mitochondrial 

apoptosis and CEP degeneration, however, how  

VO-OHpic modulates CEP chondrocytes redox balance 

and ameliorates IDD remain unclear. Therefore, we 

were curious whether VO-OHpic could regulate  

CEP chondrocytes mitophagy and its underlying 

mechanisms. We first demonstrated that VO-OHpic 

could inhibit TBHP induced excess ROS production 

and mitochondrial dysfunction, also our immuno-

fluorescence staining showed that microtubule-

associated proteins 1B light chain 3B (LC3B) and 

parkin were recruited to the outer membrane of 

mitochondria after continuous VO-OHpic stimulation, 

which suggested that chondrocyte mitophagy was 

activated. 

 

To demonstrate the role of mitophagy in the protective 

effect of VO-OHpic in apoptosis or calcification of CEP 

chondrocytes, the classic inhibitor of auto-

phagolysosome formation 3-MA was used in this study. 

VO-OHpic induced mitophagy was inhibited with 3-

MA treatment, which was indicated by the decreased 

LC3B/A ratio. Meanwhile, 3-MA treatment attenuated 

the protective effects of VO-OHpic on CEP 

chondrocytes with increased incidence of apoptosis and 

cartilage matrix degrading enzymes. Additionally, the 

increased osteogenic markers and decreased 

chondrogenic markers indicated 3-MA reversed the 

beneficial effect of VO-OHpic in CEP chondrocytes 

degeneration and calcification. Thus, VO-OHpic 

protected chondrocytes against apoptosis and 

calcification via mitophagy. 

 

When Nrf-2 is free from the interaction with Keap1, it 

translocates into the nucleus and activates the 

cytoprotection mechanism against environmental 

stimuli and oxidative stress [17]. Studies have shown 

that Nrf-2 expression was decreased with IDD 
development and Nrf-2 targeting activation has been 

proved to be a promising target for preventing IDD 

[19]. Several studies also demonstrated that Nrf-2 could 

directly regulate parkin protein expression and promote 

mitophagy process [31]. Our results showed that Nrf-2 

protein was activated with VO-OHpic treatment, Nrf-2 

knockdown not only partly inhibited the protective 

effect of VO-OHpic, but also inhibited the mitophagy 

process, suggesting that Nrf-2 plays important roles  

in the protective effect of VO-OHpic in CEP 

chondrocytes. 
 

CEP chondrocytes apoptosis would reduce the ECM 

production and the CEP self-renewal ability, which is 

the direct cause of CEP degeneration [26]. Ferroptosis 

has been reported to be involved in many diseases, such 

as osteoporosis, Parkinson’s syndrome, and tumor 

genesis [31]. It has been reported recently that IDD risk 

factors, including oxidative stress and inflammation 

could promote chondrocytes ferroptosis and decrease 

the cell viability [32]. However, the participation of 

ferroptosis in CEP remains unclear. Besides regulating 

redox balance and inhibiting mitochondrial dysfunction, 

there are also studies reporting that Nrf-2 could regulate 

the key ferroptosis marker, GPX4 and FTL/FTH1 [17]. 

Therefore, we also investigated whether ferroptosis was 

involved in IDD development and whether VO-OHpic 

inhibited ferroptosis via activating Nrf-2/HO-1. Our 

results demonstrated that ferroptosis was activated 

under TBHP stimulation with decreased ferroptosis 

related proteins, GPX4 and SLC7A11 expression, and 

VO-OHpic co-treatment partly inhibited THBP induced 

ferroptosis with upregulated GPX4 and SLC7A11 

expression. Moreover, Nrf-2 knockdown partly 

abrogated the protective effect of VO-OHpic in 

chondrocytes ferroptosis. Our results suggest that 

ferroptosis takes parts in the CEP degeneration and  

VO-OHpic could inhibit ferroptosis via activating Nrf-

2/HO-1 pathway. 
 

In conclusion, our study provides evidence that  

VO-OHpic might have anti‐apoptosis, anti-

degeneration and anti‐calcification effects in cartilage 

endplates, and the underlying mechanism of action may 

be related to Nrf-2/HO-1 mediated ferroptosis 

inhibition and mitophagy activation, thus alleviated 

redox imbalance and mitochondrial dysfunction and 

eventually improved cell survival. Our results suggest 

that VO-OHpic could be an alternative effective 

medicine for IDD treatment. 

 

MATERIALS AND METHODS 
 

Reagents 
 

VO-OHpic (S8174) and 3-Methyladenine (3-MA) 

(S2762) were purchased from Selleck (USA). Tert-butyl 

hydroperoxide (TBHP) was obtained from Sigma-

Aldrich (St. Louis, MO, USA). 
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Cell isolation and culture 

 

CEP chondrocytes were isolated from the CEP of 7-day-

old C57/BL6 male mice according to our previous study 

[33]. Briefly, cartilage endplate was dissected and the 

surrounding muscle and ligament tissue were carefully 

removed in the dissecting microscope. After digesting 

with 0.25% EDTA trypsin for 30 min and Type II 

collagenase for 1 h at 37°C, cartilage endplate was 

minced into 1 mm3 in size. Following another 5 hours of 

digestion with the collagenase and washed with PBS for 

three times, the primary CEP chondrocytes were 

collected and cultured in DMEM/F12 medium containing 

10% FBS and 100 mg/mL streptomycin sulfate as well as 

100 U/mL penicillin at 37°C. The first or second passage 

of chondrocytes were chosen to use in the present study. 

 

Alcian blue and alizarin red staining 

 

To determine the CEP chondrocytes ECM production, 

Alcian blue staining was conducted. The CEP 

chondrocytes were first seeded in 12-well plate at 

density of 1 × 106/ml with a volume of 100 ul, and after 

adherent for about 30 min, the chondrocytes were then 

washed twice with PBS and cultured with chondrogenic 

differentiation medium (Cyagen Biosciences, 

Guangzhou, China) 2 ml/well for 7 days. After washing 

with PBS and fixed with 4% paraformaldehyde for 

15 min, chondrocytes were incubated with Alcian Blue 

solution for 30 min. Then chondrocytes were washed by 

distilled water for three times, and images were captured 

with an inverted microscope (Nikon, Tokyo, Japan). 

 

The formation of mineralized nodules in vitro is a 

manifestation of the osteoblastic ability of chondrocytes, 

which can be analysed by alizarin red staining. Briefly, 

CEP chondrocytes were seeded in 24-well plates at a 

density of 1×105 cells per well. Osteogenic differentiation 

culture medium (Cyagen Biosciences, Guangzhou, China) 

was added in chondrocytes when the cell density reached 

80% confluence. Osteogenic differentiation induction 

time lasts for 3 weeks. After being washed with distilled 

water and fixed with 4% paraformaldehyde, the cells were 

stained with alizarin red solution (Cyagen Biosciences, 

Guangzhou, China) for 30 min at room temperature. The 

number of mineralized nodules is quantitatively assessed 

by spectrophotometry. More specially, after dissolving 

using 10% (wt/vol) cetylpyridinium chloride  

(Sigma-Aldrich, St. Louis, MO, USA) for 1 h, the dye 

was quantified via spectrophotometric absorbance 

measurements of optical density at 570 nm. 

 

Alkaline phosphatase staining and ALP activity assay 

 

To further assess the degree of chondrocyte 

mineralization, ALP staining was performed in addition 

to alizarin red staining. In general, the activity of ALP 

peaked after 7 days of osteogenic induction culture, 

therefore, cells were stained with ALP staining kit 

according to the manufacturer’s instructions (P0321S, 

Beyotime, China) on the seventh day of induction. 

Briefly, chromogenic substrate solution and standard 

working solution were prepared using p-nitrophenyl 

phosphate (pNPP) substrate, then 50 ml of cell lysates 

and 50 ml of appropriate buffer solution were mixed 

and incubated for 10 min at 37°C before stopping buffer 

was added. BCA protein assay kit (Boster, China, 

AR0146) was used to determine the total protein 

concentration. ALP activity was determined as the OD 

value at 405 nm per milligram of total protein. 

 

Cell viability assay 

 

CCK-8 assay was conducted to assess the viability of 

CEP chondrocytes. The first or second passage of CEP 

chondrocytes were seeded into 96-well plates at a 

density of 3 × 103 cells/well with five replicate wells for 

24 h. After adhesion and treatment, 10 μL of CCK-8 

test solution was added to each well. The cells were 

incubated for 1 h, and the absorbance at 450 nm was 

obtained by a microplate reader. The percentage of cell 

viability was normalized according to the viability of 

untreated cells. 

 

Annexin V-FITC/PI staining and flow cytometry 

 

Annexin V-FITC/PI staining and flow cytometry were 

conducted to examine the apoptotic effect of CEP 

chondrocytes. After treatment, the cells were collected by 

centrifugation and stained with Annexin V-FITC/PI 

apoptosis detection kit (MA0220, Meilunbio, Dalian, 

China) for 20 min in the darkness after the last 

centrifugation. The sum of early apoptotic cells (annexin 

V+/PI−) and late apoptotic cells (annexin V+/PI+) divided 

by normal cells is the CEP chondrocyte apoptosis rate. 

 

Assessment of intracellular ROS and mitochondrial 

membrane potential (MMP) 

 

Excessive accumulation of ROS is the main cause of 

oxidative stress, which plays an important role in IDD. 

So, the intracellular ROS production was assessed using 

a Reactive Oxygen Species Assay Kit (S0033, 

Beyotime, Shanghai, China) following the 

manufacturer’s guidelines. The CEP cells were washed 

three times with serum-free DMEM/F12 before being 

treated with TBHP or VO-OHpic. Then DCFH-DA was 

diluted to 10 uM and added into cells for 30 min in the 

dark. After washing with serum-free DMEM/F12, the 
mean fluorescence intensity was calculated using a 

FACSCalibur flow cytometer, (BD Biosciences, 

Franklin Lakes, NJ, USA). 
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MMP decreased in the early stage of apoptosis, the 

MMP changes were evaluated via mitochondrial 

membrane potential kit (C2006, Beyotime, Shanghai, 

China). After washing three times with PBS, the cells 

were then incubated with the JC-1 staining working 

solution and equal volume of serum-free medium for 30 

min at 37°C in the absence of light. After washing with 

ice-cold JC-1 washing buffer for 2 times, the cells were 

analysed using the fluorescence microscope (Axio 

Observer 3; Carl Zeiss). 

 

Western blotting analysis 

 

CEP chondrocytes were seeded at a density of 2 × 105 

cells/well and treatment was given when the cell density 

reached 80% confluence. After intervention, cells in 

each well were washed with PBS three times and added 

with 100 ul RIPA lysis buffer supplemented with 1% 

proteinase inhibitor cocktail and 1% phosphatase 

inhibitor cocktail. Then lysates were collected and lysed 

for 30 min on ice. After determination of protein 

concentration, 25 ug protein sample was separated by 

10% SDS-PAGE gel and electrotransferred to 

methanol-activated PVDF membrane. After blocking 

with 5% non-fat dry milk for 1 hour, PVDF membranes 

were incubated with targeted primary antibodies 

overnight at 4°C. After three times of washing with 

TBST and 1 hour of incubation with corresponding 

peroxidase-conjugated secondary antibodies at room 

temperature, bands were detected using the enhanced 

chemiluminescence reagents (Thermo Fisher) and 

analyzed with BandScan scanner (Bio-Rad, Hercules, 

CA, USA). Band density was quantified using image J 

version 1.48 and normalized using GAPDH. The 

primary antibodies were as follows: Type II collagen 

(#28459-1-AP, Proteintech), SOX-9 (#A00177-2, CST), 

MMP3 (#17873-1-AP, Proteintech), MMP13 (#18165-

1-AP, Proteintech), OCN (#23418-1-AP, Proteintech), 

COL10A1 (#BA 2023, Boster), RUNX2 (#PB0171, 

Boster), SLC7A11 (#26864-1-AP, Proteintech), GPX4 

(#67763-1-Ig, Proteintech), PARKIN (#14060-1-AP, 

Proteintech), Bcl-2 (#26593-1-AP, Proteintech), BAX 

(#60267-1-Ig, Proteintech), Nrf2 (#16396-1-AP, 

Proteintech), HO-1 (#BM4010, Boster), LC3A/B 

(#4108, CST), GAPDH (#10494-1-AP, Proteintech). 

 

Immunofluorescence staining 

 

CEP chondrocytes were seeded in 24-well plates and 

subjected to different treatment when reached the 

appropriate cell density. After fixation and 

permeabilization, the cells were blocked with 5% BSA 

for 1 h at 37°C. The cells need washing thrice with PBS 
before fixation, permeabilization and blocking 

procedure. Subsequently, the cells were incubated with 

the primary antibodies against GPX4 (1:500), COL2 

(1:500) and Nrf2(1:200) at 4°C overnight and then were 

treated with Cy3-conjugated goat anti-rabbit secondary 

antibody (#A0516, Beyotime, Shanghai, China 1:500) 

in the darkness for 1 h at 37°C. And the 4,6-diamidino-

2-phenylindole (DAPI) treatment for 10 min is the last 

step. Accordingly, three times of washing with PBS 

before incubation with primary and secondary antibody 

is an unavoidable part of staining. Fluorescence 

microscopy (Axio Observer 3; Carl Zeiss) was used to 

determine the fluorescence expression variation of 

corresponding protein. 

 

The fluorescence examination of the mitophagy process 

was conducted by the colocalization of mitochondria 

and autophagy indices. After treatment, the cells were 

washed three times with serum-free DMEM/F12 before 

incubating with diluted Mito-Tracker Red CMXRos 

solution (#C1049B, Beyotime, Shanghai, China 1:500) 

in the dark at 37°C for 30 min. The next series of steps 

are 20 min of fixation with 4% paraformaldehyde at 

room temperature, 5 min of membrane penetration with 

0.1% Triton X-100 and 1 h of blocking with 5% BSA at 

37°C. Following incubation with primary antibodies 

against Parkin (1:200), LC3B (1:200) at 4°C overnight, 

the cells were treated with FITC-conjugated goat anti-

rabbit secondary antibody (A0562, Beyotime, Shanghai, 

China 1:500) in the dark at 37°C for 1.5 h. At last, the 

cells were stained with 4,6-diamidino-2-phenylindole 

(DAPI) for 10 min. Before each step, rinsing cells with 

PBS for 3 times, 5 min each time, was indispensable. 

Fluorescence microscopy (Axio Observer 3; Carl Zeiss) 

was used to capture the images and detect the 

fluorescence expression difference of corresponding 

protein. 

 

siRNA transfection 

 

CEP chondrocytes were firstly seeded at the density of 

1 × 105 cells/ml in 6-well plates, and in principle, 

siRNA can be added when cells were cultured for more 

than 24 h after adherence. Specifically, following 

removal of the primary cell culture medium, siNrf-2 

was then added into cells using riboFECTTMCP kit, a 

transfection complex containing riboFECTTMCP 

Buffer, riboFECTTMCP Reagent and self-prepared P/S-

free DMEM/F12, when cell density reached 40% 

confluence. The volume of transfection system was 

2 ml/well and the final concentration of siNRF2 was 

100 nM. The medium was replaced 24–72 h after 

transfection, and the specific transfection time was 

determined by the time when the cell density reached 

80% confluence. After transfection, the total protein 

was extracted and western blot analysis was conducted 
to assess the efficiency of endogenous Nrf-2 protein 

knockdown. The most effective siNrf-2 was screened 

for subsequent study. SiRNA targeting Nrf-2 mRNA 
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and siControl were synthesized and purchased from 

Ribo Bio (Ribobio Co. Ltd., Guangzhou., China). 

 

Animal grouping and treatment 

 

Twenty-one eight weeks old male C57BL/6 mice were 

randomly divided into 3 groups: control group, IDD 

group and IDD+VO-OHpic group. The IDD model, 

established by surgically-induced instability, had 

previously been published [34]. Briefly, the L4/5 

bilateral facet joints, supra- and interspinous ligaments 

were transected surgically by microscissors using a 

surgical microscope to induce supra-physiologic 

movement. Mice in the IDD+VO-OHpic group were 

treated with intraperitoneal injection of VO-OHpic 

(10 mg/kg), dissolved in 60 ul vehicle (10% DMSO, 

40% PEG300, 5% Tween-80, and 45% saline) every 

other day for 12 weeks. Mice in the control group were 

injected intraperitoneally with 60 ul vehicle, without 

containing VO-OHpic (10% DMSO, 40% PEG300, 5% 

Tween-80, and 45% saline). Mice were euthanized after 

12 weeks treatment and corresponding spinal tissue 

were collected for the following micro-CT, histology, 

and immunohistochemistry analysis. All animal 

experiments were approved by the Animal Care 

Committee of Shandong Provincial Hospital Shandong 

University. 

 

Micro-CT 

 

After fixation in 4% paraformaldehyde for 24–48 hours, 

the muscles and ligaments around the lumbar spine 

were dissected. Next, the microarchitecture of the 

surgical modeling segment was scanned using micro-

computed tomography (uCT, Scanco Viva-CT80, 

Scanco Medical AG, Basserdorf, Switzerland), to 

evaluate the calcification of upper and lower cartilage 

endplates of the L4/5 intervertebral disc, with the 

resolution of 13.0 μm, 55 kVp, and 145 μA. With data 

processing and 3D reconstruction software, direct 3D 

measuring techniques were used to calculate the 

following parameters: intervertebral disc height and 

bone volume/tissue volume (BV/TV). 

 

Immunohistochemistry 

 

Following micro-CT examination, the lumbar segments 

were decalcified in 10% EDTA solution for 1 month, 

then embedded in paraffin wax and sectioned at 4 μm 

thickness in mid-sagittal plane. To measure and 

quantify the severity of IDD, we performed H&E 

staining and histological analyses. The degree of IDD 

was evaluated separately by three persons blind to  
this study. For immunohistochemistry, after de-

paraffinization with xylene and blocking with PBS 

containing 5% BSA for 30 minutes at 37°C, the sections 

were then incubated with primary antibodies to COL2, 

MMP3, COL10, OCN, and Nrf2 overnight at 4°C, and 

then biotinylated goat anti-rabbit secondary antibodies 

were incubated for 30 min. The sections were then 

incubated for 10 min with DAB and counterstained with 

hematoxylin. 

 

Statistical analysis 

 

One-way ANOVA followed by Tukey’s test was used 

for multiple comparisons in WB and immuno-

histochemistry analyses. A one-way ANOVA with 

Dunnett’s test and a Student’s t-test were used for 

comparison in WB data expressed as relative fold 

change. P < 0.05 was considered to be statistically 

significant. All analyses were performed with GraphPad 

Prism software (Version 9.0). 
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