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Stress-induced apoptosis presents an obstacle to bone marrow mesenchymal stem cell (BMSC) 
transplantation to repair steroid-induced osteonecrosis of the femoral head (SONFH). Thus, appropriate 
intervention strategies should be explored to mitigate this. In our previous study, we discovered a new 
subgroup of BMSCs—the oxidative stress-resistant BMSCs (OSR-BMSCs)—which can survive the oxidative 
stress microenvironment in the osteonecrotic area, through a mechanism that currently remains unclear. 
In this study, we found that B-lymphoid tyrosine kinase (BLK) may be the crucial factor regulating the 
oxidative stress resistance of OSR-BMSCs, as it is highly expressed in these cells. Knockdown of BLK 
eliminated oxidative stress resistance, aggravated oxidative stress-induced apoptosis, reduced the survival 
of OSR-BMSCs in the oxidative stress microenvironment of the osteonecrotic area, and greatly weakened 
the transplantation efficacy of OSR-BMSCs for SONFH. By contrast, BLK was weakly expressed in oxidative 
stress-sensitive BMSCs (OSS-BMSCs). Overexpression of BLK in susceptible OSS-BMSCs allowed them 
to acquire oxidative stress resistance, inhibited oxidative stress-induced apoptosis, promoted their 
survival in the osteonecrotic area, and improved the transplantation efficacy of OSS-BMSCs for SONFH. 
Mechanistically, BLK concurrently activates redox and apoptotic signaling networks through its tyrosine 
kinase activity, which confers oxidative stress resistance to BMSCs and inhibits their stress-induced 
apoptosis of BMSCs. Herein, we report that OSR-BMSCs have intrinsic oxidative stress resistance that is 
conferred and mediated by BLK. This finding provides a potential new intervention strategy for improving 
the survival of transplanted BMSCs and the therapeutic efficacy of BMSC transplantation for SONFH.

Introduction

   Steroid-induced osteonecrosis of the femoral head (SONFH) is 
a common and refractory orthopedic disease [  1 –  3 ]. The collapse 
rate of the femoral head within 3 years after necrosis is >80%. 
Because the pathological process after the collapse of the femoral 
head is difficult to reverse, the disability rate is extremely high, 
which seriously affects the activities that affected patients can 
engage in, and their quality of life [  4 –  6 ]. Therefore, early treat-
ment of SONFH is essential for reducing the risk of collapse of 

the femoral head and preventing the development of disability 
in the hip joint [  7 ,  8 ]. Recent preclinical studies have tested stem 
cell transplantation as a regenerative therapy for osteonecrosis 
and have reported a number of beneficial results, indicating 
positive prospects for this therapeutic approach [  9 –  12 ]. It has 
been shown that reduction or dysfunction of in situ bone mar-
row mesenchymal stem cells (BMSCs) in the femoral head is 
associated with the pathogenesis and subsequent self-repair 
disorders associated with SONFH [  13 –  16 ]. Transplantation of 
exogenous healthy BMSCs for the treatment of SONFH is 

Citation: Zhang F, Wang T, Wei L, 
Xie Z, Wang L, Luo H, Li F, Kang Q, 
Dong W, Zhang J, et al. B-Lymphoid 
Tyrosine Kinase Crosslinks Redox 
and Apoptosis Signaling Networks to 
Promote the Survival of Transplanted 
Bone Marrow Mesenchymal Stem 
Cells. Research 2025;8:Article 
0660. https://doi.org/10.34133/
research.0660

Submitted 13 August 2024  
Revised 25 February 2025  
Accepted 12 March 2025  
Published 15 April 2025

Copyright © 2025 Fei Zhang et al.  
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License  
(CC BY 4.0).

https://doi.org/10.34133/research.0660
mailto:pwx2021163@163.com
https://doi.org/10.34133/research.0660
https://doi.org/10.34133/research.0660
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Zhang et al. 2025 | https://doi.org/10.34133/research.0660 2

expected to supplement the stem cell pool with normal osteo-
genic function, thereby promoting bone repair and regeneration. 
However, the effects of BMSC transplantation for repairing 
SONFH are not often as good as expected [  17 –  19 ]. Recent studies 
have confirmed that the osteonecrotic area is a microenvironment 
of oxidative stress [  20 –  23 ], and our previous results confirmed 
that the pathogenesis and progression of SONFH are accompa-
nied by oxidative stress (Fig.  S1 A to K). When we transplanted 
BMSCs to repair SONFH, many of the transplanted cells under-
went stress-induced apoptosis in the osteonecrotic area, and the 
number of surviving BMSCs was insufficient to compensate for 
the lost or dysfunctional in situ BMSCs in the femoral head—
which limited the ability of the BMSCs to repair bone defects (Fig. 
 S1 L to T). Therefore, stress-induced apoptosis currently repre-
sents the main preclinical obstacle to the use of BMSC trans-
plantation to repair SONFH, and improving the survival of the 
transplanted cells is crucial for overcoming this limitation.

   The survival of BMSCs under oxidative stress involves the 
cross-linking regulation of redox and apoptotic signaling net-
works [  24 –  26 ]. For example, redox signaling pathways such as 
extracellular signal-regulated kinases (ERKs), nuclear factor ery-
throid 2-related factor 2 (Nrf2), and forkhead box O (FOXO) can 
mediate the expression of intracellular antioxidants, thereby 
inhibiting or eliminating reactive oxygen species (ROS) and 
stabilizing intracellular redox homeostasis to alleviate peroxide 
damage [  27 –  30 ]. Apoptosis-related signaling pathways such as 
tumor protein 53 (P53), stress-activated protein kinase (SAPK), 
protein kinase B (Akt), and nuclear factor-κB (NF-κB) can medi-
ate the expression of apoptosis-related proteins in the cells and 
block or promote the activation of apoptotic signal cascades to 
interfere with apoptosis [  31 –  34 ]. Although some studies have 
tried to inhibit stress-induced apoptosis by maintaining intracel-
lular redox balance or blocking apoptotic signals, the inhibitory 
effect of a single regulatory mechanism on stress-induced apop-
tosis has been limited. Antioxidation involves increasing the 
expression and activity of antioxidants to eliminate excessive 
ROS, but it cannot effectively block the activation of apoptotic 
signal cascades. Anti-apoptosis involves blocking the activation 
of apoptotic signal cascades by regulating the expression and 
activity of apoptosis-related proteins; however, it cannot reverse 
the peroxidative damage caused by ROS accumulation [  35 –  39 ]. 
Therefore, to improve the survival of transplanted BMSCs in an 
oxidative stress microenvironment, redox and apoptotic signal-
ing networks must be co-regulated. In our previous study on the 
treatment of early-stage SONFH via BMSC transplantation, we 
found that the transplanted BMSCs showed differential adapt-
ability to oxidative stress—where only a small number were able 
to adapt to the oxidative stress microenvironment and survive in 
the osteonecrotic area (Fig.  S1 ). The surviving cells showed resis-
tance to oxidative stress, so they were temporarily named oxida-
tive stress-resistant BMSCs (OSR-BMSCs; Fig.  S2 ). However, the 
potential mechanism whereby OSR-BMSCs acquire resistance 
to oxidative stress remains unexplored. If we can find the key 
factor that synergistically regulates the redox and apoptotic sig-
naling networks in OSR-BMSCs and use its regulatory mecha-
nism to enable transplanted BMSCs to acquire resistance to 
oxidative stress, we would have an effective method to promote 
the survival of transplanted BMSCs under oxidative stress condi-
tions and improve the efficacy of their transplantation.

   In this study, we identified OSR-BMSC subgroups and 
then screened the redox and apoptotic signaling networks in 
them using a combination of quantitative and phosphorylated 

proteomics. By analyzing the related kinase–substrate interac-
tion networks, we then successfully screened out the crucial 
factor that synergistically regulates these redox and apoptotic 
signaling networks: B-lymphoid tyrosine kinase (BLK). On 
this basis, this study further revealed the role and mechanism 
of BLK in terms of regulating BMSCs to acquire resistance to 
oxidative stress and the role of BLK resistance to stress-induced 
apoptosis in BMSCs that have been transplanted to repair 
SONFH.   

Results

BLK is associated with the oxidative stress 
resistance of OSR-BMSCs
   In previous studies, we confirmed that oxidative stress accompa-
nied the pathogenesis and progression of SONFH (Fig.  S1 ). We 
found that the redox homeostasis in the osteonecrotic region was 
disrupted, which resulted in the production of a large amount of 
ROS (Fig.  S1 A to K). We transplanted green fluorescent protein 
(GFP)-labeled BMSCs to repair models of SONFH and noted 
abundant ROS accumulation in the BMSCs after transplantation 
(Fig.  S1 L). About 90% of them underwent apoptosis caused by 
ROS accumulation (Fig.  S1 M and N), and the overall efficacy of 
the transplantation was limited (Fig.  S1 O to T). However, 10% of 
the BMSCs were able to survive in the oxidative stress microen-
vironment induced by osteonecrosis (Fig.  S1 M). We therefore 
proceeded to isolate the surviving BMSCs from the transplan-
tation area using the GFP marker. A multicolor flow cytometry 
analysis then revealed that these surviving BMSCs not only 
expressed typical BMSC surface antigen markers but also specifi-
cally expressed CD72 at a rate of 95% (Fig.  1 A and Fig.  S2 A). We 
also found a small number of CD72+ cells in the primary BMSCs 
isolated from bone marrow, but the positivity rate was only 11% 
(Fig.  1 A and Fig.  S2 B). We subsequently labeled primary BMSCs 
with CD90, isolated CD90+/CD72+-BMSCs and CD90+/CD72−-
BMSCs via flow cytometry, treated the BMSCs with different 
concentrations of hydrogen peroxide (H2O2) to simulate an oxida-
tive stress microenvironment [ 17 , 19 ,  21 ], and then analyzed the 
resistance of these 2 BMSC subgroups to oxidative stress (Fig.  1 A). 
The results showed that the half-maximal inhibitory concentra-
tion (IC50) of H2O2 in the CD90+/CD72+-BMSCs was 3,000 μM, 
while that in the CD90+/CD72−-BMSCs was 600 μM, and their 
resistance index (RI) was >5 (Fig.  S2 C and D). The CD90+/CD72+-
BMSCs therefore exhibited resistance to apoptosis induced by 
oxidative stress, while the CD90+/CD72−-BMSCs were sensitive 
to it (Fig.  S2 E to H). Therefore, to functionally distinguish between 
the 2 subgroups, we dubbed the CD90+/CD72+-BMSCs OSR-
BMSCs, while the CD90+/CD72−-BMSCs were dubbed oxidative 
stress-sensitive BMSCs (OSS-BMSCs).        

   To explore the regulatory mechanism by which OSR-BMSCs 
acquire resistance to oxidative stress and thereby resolve the 
survival issue of transplanted BMSCs in the oxidative stress 
microenvironment, we screened the redox and apoptotic signal-
ing networks in OSR-BMSCs by combining quantitative and 
phosphorylated proteomic analyses (Fig.  1 A). The results showed 
that a total of 528 differentially expressed phosphorylated sites 
were identified by phosphorylated proteomics (corresponding 
to 207 proteins; fold change > 2, false discovery rate (FDR) < 
1%, P < 0.05; Fig.  1 B and D), and 106 differentially expressed 
proteins were identified by proteomics (fold change > 2, FDR < 
1%, P < 0.05; Fig.  1 C and E). A Kyoto Encyclopedia of Genes 
and Genomes (KEGG) assessment and gene set enrichment 

https://doi.org/10.34133/research.0660


Zhang et al. 2025 | https://doi.org/10.34133/research.0660 3

analysis (GSEA) revealed that the differentially phosphorylated 
proteins were significantly enriched in redox and apoptotic sig-
naling pathways such as AMP-activated protein kinase (AMPK), 
Akt, FOXO, NF-κB, ERK, and signal transducer and activator 
of transcription (STAT) (Fig.  1 F and G). To screen out the crucial 
factors related to the cross-linking between the redox and 
apoptotic signaling networks, we performed a kinase substrate 

interaction network analysis of the identified pathways. The 
results showed that BLK was at the core of the network and 
shared a common expression pattern with the downstream 
effector proteins of each signaling pathway (Fig.  1 H). The 
PredictProtein platform predicted that the amino acids at 313, 
367, 368, 450, 454, and 466 in the kinase domain of BLK were 
cysteine residues (Fig.  1 I and J). Previous studies have shown 

Fig. 1. BLK is associated with the oxidative stress resistance of OSR-BMSCs. The crucial factor, BLK, that synergically regulates the redox and apoptotic signaling networks was 
screened from OSR-BMSCs using proteomics and phosphorylated proteomics. (A) Schematic diagram of the screening process for the OSR-BMSCs. (B to E) The differentially 
expressed and phosphorylated proteins in OSR-BMSCs were screened using proteomics combined with phosphorylated proteomics under oxidative stress. (B) Differentially 
phosphorylated site cluster analysis. (C) Differentially expressed protein cluster analysis. (D) Differential phosphorylated site volcano map. (E) Differential protein volcano 
map. (F to H) Bioinformatics analysis of the combined omics. (F and G) KEGG analysis and GSEA of differentially phosphorylated proteins and enriched signaling pathways 
related to cell apoptosis and redox. (H) Interaction network analysis of differentially phosphorylated proteins enriched in the redox and apoptosis signaling pathways to screen 
the crucial regulatory molecule BLK. (I and J) Analysis of the structure of the BLK protein using a predictive tool. (I) 3D structural diagram of the BLK protein molecule. 
(J) Cysteine residue sites in the kinase domain of BLK.
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that cysteine residues can be oxidized by ROS to undergo cova-
lent modification and that covalent modification of BLK is a 
necessary condition for activating auto-tyrosine kinase activity 
[  40 ,  41 ]. Therefore, BLK has the structural basis to directly 
respond to intracellular ROS changes. Based on our bioinfor-
matic analysis, we verified the combined omics data in BMSCs. 
The results showed that BLK expression and phosphorylation 
were up-regulated in OSR-BMSCs in an environment without 
oxidative stress (Fig.  S3 A to D). Likewise, the phosphorylation 
levels of STAT3, Akt, FOXO3a, NF-κB, AMPK, and ERK1/2 
(Fig.  S3 E to Q), as well as downstream effector proteins such 
as CAT, SOD, Bcl-2, and Survivin, were increased (Fig.  S3 R 
to V). The stimulation of oxidative stress further up-regulated 
the expression of BLK, p-BLK, p-STAT3, p-Akt, p-FOXO3a, 
p-NF-κB, p-AMPK, p-ERK1/2, CAT, SOD, Bcl-2, and Survivin 
(Fig.  S3 ). These results suggest that BLK may be involved in 
the process whereby OSR-BMSCs acquire resistance to oxida-
tive stress.   

Knockdown of BLK eliminates the resistance  
of OSR-BMSCs to oxidative stress and leads 
to stress-induced apoptosis
   We found that BLK expression was up-regulated in OSR-
BMSCs and was further up-regulated by oxidative stress stimu-
lation (Fig.  S3 A). Therefore, we designed a short hairpin RNA 
(shRNA) for BLK mRNA and used RNA interference technol-
ogy to knock down BLK expression in OSR-BMSCs. Successful 
knockdown of BLK was confirmed via quantitative polymerase 
chain reaction (qPCR) and Western blot (Fig.  2 A to C). We 
then exposed OSR-BMSCs to a simulated oxidative stress 
microenvironment of 1,000 μM H2O2 for 24 h. The expression 
levels of the antioxidant enzymes HO-1, SOD, and CAT, as well 
as the antiapoptotic proteins Survivin and Bcl-2, were found 
to be significantly up-regulated after oxidative stress (Fig.  2 D 
to J). There were no significant changes in ROS content, DNA 
damage, and apoptosis rate (Fig.  2 K to P)—indicating that the 
OSR-BMSCs were able to resist oxidative stress damage. When 
BLK was knocked down in OSR-BMSCs, the expression levels 
of HO-1, SOD, CAT, p-Bad, Survivin, and Bcl-2 were signifi-
cantly down-regulated (Fig.  2 D to J), ROS content increased 
(Fig.  2 K and L), the percentage of TUNEL+ (terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate 
nick end labeling-positive) cells increased, and the apoptosis 
rate accelerated significantly (Fig.  2 M to P). These results show 
that knockdown of BLK eliminates the ability of OSR-BMSCs 
to resist oxidative stress.        

   Similarly, we detected the expression of BLK in oxidative 
stress-resistant human BMSCs (OSR-hBMSCs) and further 
verified the role of BLK in them. We knocked down the expres-
sion of BLK in OSR-hBMSCs (Fig.  S4 A to C) and then exposed 
the cells to 1,000 μM H2O2 for 24 h. The results confirmed that 
the expression of antioxidant enzymes and anti-apoptotic pro-
teins in OSR-hBMSCs increased under oxidative stress (Fig. 
 S4 D to J), and there were no significant changes in terms of 
intracellular ROS, DNA damage, and cell apoptosis (Fig.  S4 K 
to P). After BLK knockdown in OSR-hBMSCs, the expression 
levels of HO-1, SOD, CAT, p-Bad, Survivin, and Bcl-2 were 
significantly down-regulated (Fig.  S4 D to J), and the ROS level 
and apoptosis rate increased even further (Fig.  S4 K to P). These 
results confirm that BLK knockdown also caused OSR-hBMSCs 
to lose resistance to oxidative stress.   

Overexpression of BLK enables OSS-BMSCs to 
acquire resistance to oxidative stress and thus resist 
stress-induced apoptosis
   BLK is expressed at low levels in OSS-BMSCs (Fig.  S3 A). 
Therefore, a question arises regarding whether overexpression 
of BLK in OSS-BMSCs would enable the cells to acquire resis-
tance to oxidative stress and thus resist stress-induced apoptosis. 
To assess this, we overexpressed BLK in OSS-BMSCs using gene 
transfection. The overexpression of BLK was confirmed via qPCR 
and Western blot, and the cells were then exposed to 1,000 μM 
H2O2 to simulate an oxidative stress microenvironment, for 
24 h (Fig.  3 A to C). The expression levels of the antioxidant 
enzymes HO-1, CAT, and SOD were found to be slightly up-
regulated in response to oxidative stress, whereas those of Bcl-2, 
Survivin, and p-Bad were significantly down-regulated (Fig.  3 D 
to J). The ROS content and proportion of TUNEL+ cells were 
also increased (Fig.  3 K to N), and stress-induced apoptosis 
exceeded 70% (Fig.  3 O and P). Following BLK overexpression 
in OSS-BMSCs, we found that the levels of HO-1, CAT, and 
SOD were significantly up-regulated; the levels of Survivin, Bcl-
2, and p-Bad were also up-regulated (Fig.  3 D to J); the intracel-
lular ROS content and proportion of TUNEL+ cells decreased 
(Fig.  3 K to N); and stress-induced apoptosis was significantly 
reduced (Fig.  3 O and P). These results show that the overexpres-
sion of BLK enables OSS-BMSCs to acquire resistance to oxida-
tive stress and thus resist stress-induced apoptosis.        

   Similar results were obtained in human BMSCs. We detected 
the expression of BLK in oxidative stress-sensitive human 
BMSCs (OSS-hBMSCs) and further validated the role of BLK 
in these cells. We overexpressed BLK in OSS-hBMSCs (Fig. 
 S5 A to C) and then treated cells with 1,000 μM H2O2 for 24 h. 
Under oxidative stress conditions, overexpression of BLK up-
regulated the expression of antioxidant enzymes and antiapop-
totic proteins (Fig.  S5 D to J) and decreased ROS levels as well 
as stress-induced apoptosis (Fig.  S5 K to P). These results con-
firm that overexpression of BLK can allow OSS-hBMSCs to 
resist stress-induced apoptosis.   

Overexpression of BLK improves the survival and 
therapeutic efficacy of transplanted OSS-BMSCs
   Our previous results have confirmed that the osteonecrotic 
region of SONFH is an oxidative stress microenvironment (Fig. 
 S1 ). To verify the pro-survival effect of BLK in this setting 
in vivo, we labeled OSS-BMSCs with the cell membrane near-
infrared fluorescent probe DiR and used them to construct 
tissue-engineered bone to repair SONFH in rats. Consistent with 
our in vitro results, overexpression of BLK increased the expres-
sion levels of BLK and CAT in the OSS-BMSCs 48 h after their 
transplantation (Fig.  4 A to D). It also decreased the ROS level 
in the transplanted area (Fig.  4 E and F), increased the expression 
of Bcl-2 in the OSS-BMSCs (Fig.  4 G and H), significantly 
decreased the proportion of TUNEL+ cells (Fig.  4 I and J), and 
significantly increased the surviving OSS-BMSCs in the trans-
planted region (Fig.  4 K and L). These results confirm that BLK 
can mediate the acquisition of oxidative stress resistance by OSS-
BMSCs and the resultant inhibition of stress-induced apoptosis, 
thereby improving the survival of transplanted OSS-BMSCs.        

   In light of the above, we also evaluated the effect of tissue-
engineered bone constructed by BLK-modified OSS-BMSCs on 
early SONFH repair. An immunofluorescence analysis at 12 weeks 
after OSS-BMSC transplantation showed a slight increase in the 
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number of Runx2 and OSX double-positive cells in the trans-
plantation area of the negative control stem cell transplantation 
group (Fig.  5 A to D). Hematoxylin and eosin (H&E) and Masson 
staining showed that new bone tissue had been formed by crawl-
ing replacement around the xenogeneic antigen-extracted can-
cellous bone (XACB) in the transplantation area, and reactive 

bone hyperplasia was observed around the transplantation area 
(Fig.  5 E and F). Micro-computed tomography (CT) analysis 
showed a small quantity of new bone trabeculae in the trans-
plantation area, with slightly increased bone mineral density 
(BMD), bone volume fraction (BVF), trabecular number (Tb.N), 
and trabecular thickness (Tb.Th; Fig.  5 H to J), but a persistent 

Fig. 2. BLK knockdown eliminates the oxidative stress resistance of OSR-BMSCs and aggravates their stress-induced apoptosis. Knockdown of BLK in OSR-BMSCs using 
shRNA interference technology. (A and B) The expression of BLK protein was detected by Western blot (n = 4). (C) The expression of BLK mRNA was detected by qPCR (n = 
4). After the knockdown of BLK, OSR-BMSCs were treated with 1,000 μM H2O2 to simulate oxidative stress microenvironment for 24 h, and the antioxidant and antiapoptotic 
abilities of OSR-BMSCs were analyzed. (D to J) The expression levels of antioxidants HO-1, MnSOD, and CAT, and apoptosis-related proteins p-Bad, Survivin, and Bcl-2 were 
detected by Western blot (n = 4). (K and L) The ROS levels were detected by DHE fluorescent probe (n = 4). (M and N) The cells with DNA damage were detected by TUNEL 
staining (n = 4). (O and P) Detection of apoptosis by flow cytometry (n = 4). All data are presented as the means ± SD. (B, C, E to J, L, N, and P) One-way ANOVA with Tukey’s 
post hoc tests was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001. Vec, empty vector; BLK-KD, BLK knockdown; H2O2(+), hydrogen peroxide treatment; 
H2O2(−), no treatment with hydrogen peroxide.
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presence of large bone defects (Fig.  5 G). However, overexpres-
sion of BLK resulted in a higher number of Runx2 and OSX 
double-positive cells in the transplantation area (Fig.  5 A to D). 
H&E and Masson staining showed no obvious bone defects, and 

there were a large number of immature new bone tissue zones 
in the transplantation area (Fig.  5 E and F). Micro-CT analysis 
showed new bone trabeculae in the transplantation area, 
which were thinner and irregularly arranged (Fig.  5 G), with 

Fig. 3. Overexpression of BLK enables OSS-BMSCs to acquire resistance to oxidative stress and thus resist stress-induced apoptosis. Overexpression of BLK in OSS-BMSCs using 
gene transfection overexpression technology. (A and B) The expression of BLK protein was detected by Western blot (n = 4). (C) The expression of BLK mRNA was detected 
by qPCR (n = 4). After up-regulating BLK, OSS-BMSCs were treated with 1,000 μM H2O2 for 24 h to analyze the antioxidant and antiapoptotic properties of the OSS-BMSCs. 
(D to J) The expression levels of the antioxidants HO-1, MnSOD, and CAT and the apoptosis-related proteins p-Bad, Survivin, and Bcl-2 were detected by Western blot (n = 4). 
(K and L) ROS levels were detected by DHE fluorescence probe (n = 4). (M and N) The cells with DNA damage were detected by TUNEL staining (n = 4). (O and P) Detection 
of apoptosis by flow cytometry (n = 4). All data are presented as the means ± SD. (B, C, E to J, L, N, and P) One-way ANOVA with Tukey’s post hoc tests was used for statistical 
analysis, *P < 0.05, **P < 0.01, ***P < 0.001. BLK-OE, BLK overexpression.
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significantly increased BMD, BVF, Tb.N, and Tb.Th (Fig.  5 H to 
J). These results indicate that overexpression of BLK to promote 
BMSC survival can improve the therapeutic effect of tissue-
engineered bone on early SONFH.           

BLK knockdown decreases the survival and repair 
efficacy of transplanted OSR-BMSCs
   Next, we knocked down BLK in OSR-BMSCs and once again 
verified the effect of its down-regulation on the survival of 

Fig. 4. BLK overexpression promotes the survival of transplanted OSS-BMSCs. Tissue-engineered bone was constructed with OSS-BMSCs that overexpressed BLK and then 
transplanted to repair early-stage SONFH in an animal model. At 48 h after transplantation: (A and B) Immunofluorescence staining of BLK expression levels in OSS-BMSCs 
(n = 6; flag not only reflects BLK expression levels but also labels the transplanted OSS-BMSCs). (C and D) CAT immunofluorescence staining in OSS-BMSCs (n = 6). (E and 
F) ROS levels in the transplantation area were detected using a DHE fluorescence probe (n = 6). (G and H) Bcl-2 immunofluorescence staining in OSS-BMSCs (n = 6). (I and 
J) Apoptosis of transplanted OSS-BMSCs was detected by TUNEL (n = 6). (K and L) Survival of transplanted OSS-BMSCs was detected via small animal imaging (n = 6). All 
data are presented as the means ± SD. (A, D, F, H, J, and L) One-way ANOVA with Tukey’s post hoc tests was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001. 
NC-SCT, negative controlled-stem cell transplantation; OE-BLK-SCT, BLK-overexpressed stem cell transplantation.
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transplanted OSR-BMSCs. We constructed tissue-engineered 
bone using DiR-labeled OSR-BMSCs and transplanted it to 
repair early-stage SONFH in an animal model. At 48 h after 
OSR-BMSC transplantation, we found that the expression levels 
of CAT and Bcl-2 were significantly down-regulated in the 
BLK-knockdown OSR-BMSCs (Fig.  6 A to D, G, and H), while 

the ROS levels (Fig.  6 E and F) and proportion of TUNEL+ cells 
(Fig.  6 I and J) were increased. In vivo imaging of the animals 
showed a significant reduction in the number of surviving OSR-
BMSCs in the transplantation area (Fig.  6 K to L). These results 
confirmed that BLK knockdown eliminates the ability of OSR-
BMSCs to resist oxidative stress and makes it difficult for the 

Fig. 5. Overexpression of BLK in OSS-BMSCs improves the repair efficacy of tissue-engineered bone for early SONFH. Tissue-engineered bone was constructed using OSS-
BMSCs that overexpressed BLK and then transplanted to repair early-stage SONFH in an animal (rat) model. The repair efficacy of osteonecrosis areas was evaluated at 
12 weeks after the transplantation. (A to D) The expression levels of Runx2 and OSX in bone grafts were detected by immunofluorescence (n = 6). (E) The repair efficiency of 
the graft area was detected by H&E (n = 6). (F) The maturity of the new bone at the bone graft area was evaluated by Masson (n = 6). (G to J) The repair efficiency of the bone 
defect was evaluated by micro-CT (n = 6). All data are presented as the means ± SD. (B, D, and H to J) One-way ANOVA with Tukey’s post hoc tests was used for statistical 
analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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cells to survive in the oxidative stress microenvironment of the 
osteonecrosis area.        

   We continued evaluating the effect of tissue-engineered 
bone constructed by BLK-knockdown OSR-BMSCs on the 

repair of early-stage SONFH in our animal model. At 12 weeks 
after OSR-BMSC transplantation, immunofluorescence showed 
a large number of Runx2 and OSX double-positive cells in the 
transplantation area of the negative control group (Fig.  7 A 

Fig. 6. BLK knockdown decreases the survival of transplanted OSR-BMSCs. Tissue-engineered bone was constructed with OSR-BMSCs that knocked down BLK and then 
transplanted to repair early-stage SONFH. At 48 h after transplantation: (A and B) Immunofluorescence staining of BLK expression levels in OSR-BMSCs (n = 6). (C and 
D) CAT immunofluorescence staining in OSR-BMSCs (n = 6). (E and F) ROS levels in the transplanted area were detected by the DHE fluorescence probe (n = 6). 
(G and H) Bcl-2 immunofluorescence staining in OSR-BMSCs (n = 6). (I and J) Apoptosis of transplanted OSS-BMSCs was detected by TUNEL (n = 6). (K and L) Survival of 
transplanted OSS-BMSCs was detected by small animal imaging (n = 6). All data are presented as the means ± SD. (A, D, F, H, J, and L) One-way ANOVA with Tukey’s post hoc 
tests was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001. KD-BLK-SCT, BLK-knockdown stem cell transplantation.
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to D). H&E and Masson staining showed a large amount of 
new bone tissue zones in the transplantation area, and the bone 
defects had been almost repaired (Fig.  7 E and F). Micro-CT 
analysis showed new bone trabeculae in the transplantation 
area, with irregular arrangement of bone trabeculae (Fig.  7 G), 
as well as significantly increased levels of BMD, BVF, Tb.N, and 

Tb.Th (Fig.  7 H to J). However, BLK knockdown resulted in a 
significant decrease in the number of Runx2 and OSX double-
positive cells in the transplantation area (Fig.  7 A to D). H&E 
and Masson staining showed obvious bone defects, and the new 
bone tissue zones were only observed around the bone defect 
area (Fig.  7 E and F). Micro-CT revealed a small amount of new 

Fig. 7. BLK knockdown in OSR-BMSCs limits the repair efficacy of tissue-engineered bone for early SONFH. Tissue-engineered bone was constructed using OSR-BMSCs that 
knocked down BLK and then transplanted to repair early-stage SONFH. The repair efficacy of osteonecrosis areas was evaluated at 12 weeks after the transplantation. (A to D) 
The expression levels of Runx2 and OSX in bone grafts were detected by immunofluorescence (n = 6). (E) The repair efficiency of the graft area was detected by H&E (n = 6). 
(F) The maturity of the new bone at the bone graft area was evaluated by Masson (n = 6). (G to J) The repair efficiency of the bone defect was evaluated by micro-CT (n = 6). 
All data are presented as the means ± SD. (B, D, and H to J) One-way ANOVA with Tukey’s post hoc tests was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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bone trabeculae at the transplantation site, as well as signifi-
cantly decreased levels of BMD, BVF, Tb.N, and Tb.Th (Fig.  7 G 
to J). These results suggest that BLK knockdown reduces the 
survival of transplanted OSR-BMSCs and limits the efficacy of 
tissue-engineered bone for treating early-stage SONFH.           

BLK targets activation of the ERK1/2, Akt, STAT3, 
and NF-κB signaling pathways
   To further reveal the mechanism by which BLK regulates the 
acquisition of oxidative stress resistance by OSR-BMSCs, we 
performed a phosphorylated proteomic analysis of OSR-BMSCs 
with BLK knockdown and OSS-BMSCs with BLK overexpres-
sion to screen the signaling pathways regulated by BLK (Fig. 
 S6 A and D). After BLK knockdown in OSR-BMSCs, the dif-
ferentially expressed phosphorylated proteins were found to 
be primarily enriched in the apoptosis, ERK, Akt, STAT, NF-κB, 
and p53 signaling pathways (Fig.  S6 B and C). After overexpres-
sion of BLK in OSS-BMSCs, the differentially expressed phos-
phorylated proteins were primarily enriched in the ERK, Akt, 
STAT, NF-κB, AMPK, and FOXO signaling pathways (Fig.  S6 E 
and F). Thus, ERK, Akt, STAT, and NF-κB may be the down-
stream signaling pathways regulated by BLK.

   Next, we verified the regulatory effect of BLK on the ERK, Akt, 
STAT, and NF-κB signaling pathways. BLK knockdown in 
OSR-BMSCs significantly reduced the phosphorylation levels of 
ERK1/2, Akt, STAT3, and NF-κB (Fig.  8 A), decreased the nuclear 
translocation of ERK1/2, NRF2, STAT3, and NF-κB (Fig.  8 B to 
E), and significantly down-regulated the expression levels of anti-
oxidant and antiapoptotic proteins downstream of these pathways 
(Fig.  8 F to I). By contrast, BLK overexpression in OSS-BMSCs 
significantly increased the phosphorylation levels of ERK1/2, Akt, 
STAT3, and NF-κB (Fig.  9 A), increased the nuclear translocation 
of ERK1/2, NRF2, STAT3, and NF-κB (Fig.  9 B to E), and up-
regulated the expression levels of antioxidant and antiapoptotic 
proteins downstream of these pathways (Fig.  9 F to I). These results 
confirmed that BLK promotes the expression of antioxidant and 
antiapoptotic proteins by cross-linking and activating the ERK1/2, 
Akt, STAT3, and NF-κB signaling pathways.                   

BLK inhibits stress-induced apoptosis of BMSCs by 
targeting activation of the ERK1/2, Akt, STAT3, and 
NF-κB signaling pathways
   To further investigate the roles of the ERK, Akt, STAT, and 
NF-κB signaling pathways in the BLK regulation of stress-
induced BMSC apoptosis, we overexpressed BLK in OSS-
BMSCs. This significantly increased the levels of intracellular 
antioxidant enzymes and antiapoptotic proteins such as SOD, 
CAT, GR, HO-1, Bcl-2, Bcl-XL, IAP/1/2, Survivin, c-Myc, 
Bfl1, p-Bad, and p-CASP9 (Fig.  10 A to H), allowing the cells 
to resist stress-induced apoptosis (Fig.  10 I to L). Next, based 
on BLK overexpression in OSS-BMSCs, we used signal inhibi-
tors to block the ERK1/2, Akt, STAT3, and NF-κB pathways, 
separately. Western blot analysis showed that blocking the 
ERK1/2 signaling pathway down-regulated the expression of 
antioxidants such as CAT, GR, and HO-1 (Fig.  10 A and B); 
blocking the Akt signaling pathway down-regulated the 
expression of Survivin, p-Bad, and p-CASP9 (Fig.  10 C and 
D); blocking the STAT3 signaling pathway down-regulated 
the expression of Bcl-2, Bcl-XL, and c-Myc (Fig.  10 E to F); 
and blocking the NF-κB signaling pathway down-regulated 
the expression of Bfl1, IAP/1/2, and MnSOD (Fig.  10 G and 

H). Moreover, blocking the ERK1/2, Akt, STAT3, and NF-κB 
signaling pathways resulted in a significant increase in stress-
induced apoptosis (P < 0.05; Fig.  10 I to L). These results 
confirm that BLK inhibits stress-induced apoptosis in BMSCs 
by targeting the ERK1/2, Akt, STAT3, and NF-κB signaling 
pathways (Fig. 11 ).                    

Discussion
   In this study, we identified a new subgroup of BMSCs with 
resistance to oxidative stress (i.e., OSR-BMSCs). Based on our 
findings, BLK is the crucial molecule that regulates the abilities 
of both human and rat BMSCs to acquire resistance to oxidative 
stress. The differential expression of BLK mediates the different 
tolerance of BMSCs to oxidative stress. BLK may act as an oxi-
dative stress sensor to respond to the changes in intracellular 
ROS and then cross-link and activate the ERK, Akt, STAT, and 
NF-κB signaling pathways by changing its own tyrosine kinase 
activity to synergically regulate the redox and apoptotic signal-
ing networks—thereby enabling BMSCs to acquire resistance 
to oxidative stress and resist stress-induced apoptosis. To the 
best of our knowledge, this is the first report describing the role 
of OSR-BMSCs and BLK in stress-induced apoptosis, thus pro-
viding a new research strategy and regulatory target for improv-
ing the survival and therapeutic efficacy of transplanted BMSCs.

   Oxidative stress is involved in the pathogenesis and progres-
sion of many diseases, including SONFH, and is also a major 
factor restricting the utility of BMSC transplantation for their 
treatment [  15 ,  42 –  45 ]. In our animal model of SONFH, we con-
firmed that a variety of oxidative stress markers—such as ROS, 
NOX4, 8-OH-dG, and MDA—were increased in the pathogen-
esis and progression of SONFH. We found that 48 h after 
BMSCs were transplanted to repair the animal-model SONFH, 
the oxidative stress markers and DNA damage in the cells were 
increased, and a large number of transplanted BMSCs under-
went apoptosis—thus severely limiting the transplantation effi-
cacy. This result is consistent with previous literature [ 27 – 30 ,  46 ]. 
It should be emphasized that the oxidative stress microenviron-
ment at the lesion site hinders the clinical application of BMSCs. 
When analyzing how to overcome this obstacle, we found 
notable differences in the adaptability of our transplanted 
BMSCs to the oxidative stress microenvironment. Although a 
large number of them underwent stress-induced apoptosis after 
transplantation, some were consistently able to survive in the 
oxidative stress microenvironment of the osteonecrotic area. 
Our research confirmed that these surviving BMSCs expressed 
CD72 specifically. Noting this characteristic, we labeled primary 
BMSCs with CD90 and then isolated CD90+/CD72+-BMSCs 
and CD90+/CD72−-BMSCs by flow cytometry. The CD90+/
CD72−-BMSCs were found to be sensitive to oxidative stress 
and exhibited ROS accumulation and stress-induced apoptosis 
in the H2O2-simulated oxidative stress microenvironment. By 
contrast, the CD90+/CD72+-BMSCs were resistant to oxidative 
stress and showed significantly reduced ROS accumulation and 
stress-induced apoptosis under oxidative stress. Therefore, 
we dubbed the CD90+/CD72−-BMSCs “OSS-BMSCs” and the 
CD90+/CD72+-BMSCs “OSR-BMSCs”. To resolve the issue of 
stress-induced apoptosis of transplanted BMSCs, previous stud-
ies mainly focused on the stress-induced apoptosis process and 
apoptotic BMSCs. By contrast, this study focused on the BMSCs 
that survived in the oxidative stress microenvironment and thus 
discovered a new subgroup of BMSCs (the OSR-BMSCs) from 
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which we identified the crucial factor (BLK) that regulates the 
ability of BMSCs to acquire resistance to oxidative stress.

   According to recent relevant research, the biological functions 
of BLK mainly involve cell differentiation, proliferation, migration, 

and immune regulation, whereas the regulatory role of BLK in 
stress-induced apoptosis has not been reported [  47 –  50 ]. In this 
study, we found that the expression levels of BLK in rat OSR-
BMSCs were significantly higher than those in OSS-BMSCs, 

Fig. 8. Knockdown of BLK inhibits the activation of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways. Statuses of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways 
were detected after knocking down BLK in OSR-BMSCs. (A) The protein and phosphorylation levels of ERK1/2, Akt, STAT3, and NF-κB were detected by Western blot (n = 3). 
(B to E) The nuclear translocation of ERK1/2, NRF2, STAT3, and NF-κB was detected by immunofluorescence (n = 3). (F) The expression levels of the ERK signaling pathway 
effector proteins (CAT, GR, and HO-1) were detected by Western blot (n = 3). (G) The expression levels of the Akt signaling pathway effector proteins (p-CASP9, Survivin, and 
p-Bad) were detected by Western blot (n = 3). (H) The expression levels of the STAT signaling pathway effector proteins (Bcl-XL, Bcl-2, and c-Myc) were detected by Western 
blot (n = 3). (I) The expression levels of the NF-κB signaling pathway effector proteins (IAP1/2, Bfl-1, and SOD) were detected by Western blot (n = 3). All data are presented 
as the means ± SD. (A to I) The statistical analysis was performed by unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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under both normal and oxidative stress conditions. BLK knock-
down in OSR-BMSCs decreased resistance to oxidative stress and 
increased stress-induced apoptosis, whereas BLK overexpression 
improved the ability of OSS-BMSCs to resist oxidative stress and 
effectively inhibited stress-induced apoptosis. Similar effects were 

found in hBMSCs. Moreover, the therapeutic effect of BMSC 
transplantation in our animal model showed that BLK overexpres-
sion enabled the OSS-BMSCs to acquire resistance to oxidative 
stress, which effectively improved their survival following trans-
plantation into the osteonecrotic area, and promoted the repair 

Fig. 9. Overexpression of BLK activates the ERK1/2, Akt, STAT3, and NF-κB signaling pathways. Statuses of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways were 
detected after overexpressing BLK in OSS-BMSCs. (A) The protein and phosphorylation levels of ERK1/2, Akt, STAT3, and NF-κB were detected by Western blot (n = 3). (B to 
E) The nuclear translocation of ERK1/2, NRF2, STAT3, and NF-κB was detected by immunofluorescence (n = 3). (F) The expression levels of the ERK signaling pathway effector 
proteins (CAT, GR, and HO-1) were detected by Western blot (n = 3). (G) The expression levels of the Akt signaling pathway effector proteins (p-CASP9, Survivin, and p-Bad) 
were detected by Western blot (n = 3). (H) The expression levels of the STAT signaling pathway effector proteins (Bcl-XL, Bcl-2, and c-Myc) were detected by Western blot 
(n = 3). (I) The expression levels of the NF-κB signaling pathway effector proteins (IAP1/2, Bfl-1, and SOD) were detected by Western blot (n = 3). All data are presented as 
the means ± SD. (A to I) The statistical analysis was performed by unpaired t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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effect of OSS-BMSCs on SONFH. However, after knocking down 
BLK in OSR-BMSCs, a large number of the transplanted OSR-
BMSCs showed stress-induced apoptosis, which seriously limited 
their effect on SONFH. Therefore, this study highlights a new role 
of BLK in regulating stress-induced apoptosis—potentially pro-
viding a new regulatory target for improving the survival and 
efficacy of transplanted BMSCs under conditions involving oxida-
tive stress.

   In terms of the regulatory mechanism, stress-induced apop-
tosis involves 2 crucial biological processes: redox and apoptosis 
[  51 –  53 ]. Therefore, current interventions related to stress-induced 
apoptosis mainly focus on maintaining the intracellular redox 
balance or blocking the activation of apoptotic signal cascades, 
thereby playing antioxidant or antiapoptotic roles, respectively. 
However, it is difficult for a single regulatory mechanism to both 
maintain the redox balance and block the activation of apoptosis 
[  54 –  58 ]. Here, we confirmed a novel role of BLK in terms of 
regulating stress-induced apoptosis. Previous studies have shown 

that BLK has tyrosine kinase activity and can regulate various 
signaling pathways through protein phosphorylation. To reveal 
the mechanism by which BLK regulates BMSCs to acquire resis-
tance to oxidative stress and thus resist stress-induced apoptosis, 
we conducted a phosphorylated proteomic analysis. The results 
showed that when BLK was overexpressed or knocked down in 
BMSCs, the differentially phosphorylated proteins were mainly 
enriched in the ERK, Akt, STAT, and NF-κB signaling pathways. 
These pathways are known to be the main mediators of anti-
oxidation and anti-apoptosis. Our blocking experiment further 
confirmed that the inhibitory effect of BLK on stress-induced 
apoptosis was weakened when the ERK, Akt, STAT, or NF-κB 
signaling pathways were blocked. These data suggest that BLK is 
different from ordinary antioxidant and antiapoptotic molecules, 
because it can mediate the acquisition of oxidative stress resis-
tance in BMSCs through the synergistic activation of the ERK, 
Akt, STAT, and NF-κB signaling networks—thereby allowing 
them to resist stress-induced apoptosis.

Fig. 10. Blocking of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways weakens the role of BLK in resistance to stress-induced apoptosis. After overexpressing BLK in OSS-
BMSCs, specific inhibitors were applied to block the ERK1/2, Akt, STAT3, and NF-κB signaling pathways, separately. (A and B) The expression levels of the ERK1/2 signaling 
pathway effector proteins (CAT, GR, and HO-1) were detected by Western blot (n = 3). (C and D) The expression levels of the Akt signaling pathway effector proteins (p-CASP9, 
Survivin, and p-Bad) were detected by Western blot (n = 3). (E and F) The expression levels of the STAT3 signaling pathway effector proteins (Bcl-XL, Bcl-2, and c-Myc) were 
detected by Western blot (n = 3). (G and H) The expression levels of the NF-κB signaling pathway effector proteins (IAP1/2, Bfl-1, and SOD) were detected by Western blot 
(n = 3). Effects of blocking the ERK1/2, Akt, STAT3, and NF-κB signaling pathways on BLK resistance to stress-induced apoptosis. (I and J) Apoptosis was detected by flow 
cytometry (n = 4). (K and L) Detection of the proportion of TUNEL-positive cells (n = 4). All data are presented as the means ± SD. (B, D, F, H, J, and L) One-way ANOVA with 
Tukey’s post hoc tests was used for statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001. INH, inhibitor.
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   Starting from OSR-BMSCs represented the major charac-
teristic and strength of this study. However, there were also 
certain shortcomings worth noting. For example, our results 
showed that the ability of BLK to change its own tyrosine kinase 
activity in response to intracellular ROS changes, but it remains 
unclear exactly how BLK receives the molecular signal of ROS 
level changes in the cells and how it converts these signals into 
its own tyrosine kinase activity to activate phosphorylation 
signals. According to our PredictProtein results, the amino 
acids at positions 313, 367, 368, 450, 454, and 466 in the kinase 
domain of BLK are cysteine residues. Previous studies have 
shown that cysteine residues are susceptible to covalent modi-
fication by oxidation and that the covalent modification of BLK 
is a necessary step for it to activate its own tyrosine kinase 

activity (40,41). Whether BLK receives signals indicating that 
ROS changes under oxidative stress through these cysteine 
residues in its kinase domain, before being covalently modified 
by ROS oxidation to activate its tyrosine kinase activity, remains 
to be explored in further studies. However, from a treatment 
perspective, the newly discovered molecular target of BLK is 
beneficial for improving the survival and efficacy of trans-
planted BMSCs.

   Although this study has certain shortcomings, it was nev-
ertheless able to discover which BMSC subgroup is resistant 
to apoptosis induced by oxidative stress, and it revealed a new 
role of BLK in enabling cells to acquire this type of resistance. 
Specifically, BLK can synergistically regulate redox and apop-
totic signaling networks—including ERK, Akt, STAT, and 

Fig. 11. BLK cross-links and activates the redox and apoptotic signaling networks, mediating BMSCs to acquire resistance to oxidative stress and avoid stress-induced 
apoptosis—which improves the repair efficiency of tissue-engineered bone for early SONFH. The osteonecrotic area of SONFH is an oxidative stress microenvironment. When 
tissue-engineered bone constructed with BMSCs is used to repair SONFH, the transplanted BMSCs undergo stress-induced apoptosis in the osteonecrotic area, which limits 
the efficiency of the tissue-engineered bone in terms of repairing SONFH. B-lymphotyrosine kinase (BLK) cross-links and activates redox and apoptotic signaling networks such 
as ERK1/2, Akt, STAT3, and NF-κB to up-regulate the expression of antioxidant enzymes and antiapoptotic proteins, which can lead BMSCs to acquire resistance to oxidative 
stress, promote the survival of transplanted BMSCs, and improve the repair effect of tissue-engineered bone on SONFH.
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NF-κB—to make BMSCs more resistant to oxidative stress and 
thus less susceptible to stress-induced apoptosis. Our findings 
therefore provide new strategies and regulatory targets for 
improving the survival and efficacy of transplanted BMSCs 
under oxidative stress   

Materials and Methods

Clinical sample
   Human experiments were performed in accordance with the 
Medical Science Ethics Committee of the Affiliated Hospital of 
Guizhou Medical University, and the experimental protocol was 
reviewed and approved by the Medical Science Ethics Committee 
of the Affiliated Hospital of Guizhou Medical University (2023 
LUN Review No. 206). To acquire bone marrow samples, patients 
who were undergoing amputation at the Affiliated Hospital of 
Guizhou Medical University were voluntarily recruited, under 
a protocol that was approved by the institution’s ethics review 
board. The bone marrow was collected from severed limbs, after 
which the samples were diluted into a single-cell suspension so 
that the BMSCs could be isolated and cultivated.   

Animal experiments
   Animals were provided by the experimental animal center of 
Guizhou Medical University, and the experimental protocol was 
approved by the Ethics Committee of Guizhou Medical University 
(No. 2200603). All procedures were accordance with the guide-
lines for the Care and Use of Experimental Animals issued by 
the National Institutes of Health (No. 85-23, revised 1996).   

Culture and identification of BMSCs
Isolation and culture of human BMSCs
   The human bone marrow samples were mixed with phosphate-
buffered saline (PBS) buffer at a 1:1 ratio, and the cell suspen-
sion was centrifuged for 10 min at 1,500 revolutions per minute 
(rpm) to obtain a cellular precipitate. The mononuclear cells 
were isolated from this precipitate using a Ficoll separation 
solution (1.077 g/ml). After cleaning the isolated mononuclear 
cells with 10 ml of PBS buffer, the cell suspension was centri-
fuged at 1,500 rpm for 10 min to obtain the mononuclear cell 
precipitate. Finally, the cell precipitates were suspended in 5 ml 
of Dulbecco’s modified Eagle's medium (DMEM) containing 
10% fetal bovine serum (FBS) and 1% penicillin–streptomycin 
and then cultured at 37 °C and 5% CO2.   

Isolation and culture of rat BMSCs
   Femur and tibia tissues were extracted from young Sprague‒
Dawley (SD) rats (male and female) weighing 25 g. The bone 
marrow cavities were washed with complete DMEM to obtain 
a mixture containing the bone marrow. The cell suspension was 
then centrifuged at 1,000 rpm for 5 min to obtain a cell precipi-
tate. Finally, the cells were resuspended in 5 ml of DMEM, inocu-
lated in a cell culture flask, and cultured at 37 °C and 5% CO2.   

BMSC identification
   Second-generation human BMSCs and rat BMSCs were selected 
for the induction of differentiation using osteogenic, chondro-
genic, and lipogenic differentiation kits to identify their multi-
directional differentiation competencies. The expression levels 
of CD73, CD90, CD105, CD45, CD34, and CD11b were detected 
by flow cytometry to identify cell surface antigen markers.   

Isolation and culture of OSR-BMSCs
   To obtain the subgroup of BMSCs with resistance to oxidative 
stress, we labeled BMSCs with CD90 and CD72 and then per-
formed flow sorting. The detailed steps of this procedure were 
as follows: 50 μl of cell suspension, 10 μl of anti-CD90/fluores-
cein isothiocyanate (FITC) surface antigen antibody (BD, USA), 
and 10 μl of anti-CD72/phycoerythrin (PE) surface antigen 
antibody (BD) were mixed and incubated for 30 min. The cells 
were suspended with 500 μl of PBS buffer (containing 2% FBS), 
centrifuged at 800 rpm for 5 min, and then washed twice. Next, 
the cells were resuspended in 800 μl of PBS buffer containing 
2% FBS. A collection tube containing l-DMEM and 20% FBS 
was prepared, and CD90+ cells were collected using a flow sorter 
(Beckman, USA). The CD90+ cells were then resuspended in 
800 μl of PBS buffer containing 2% FBS, and any CD72+ cells 
were collected again using a flow sorter. Finally, the CD90+/
CD72+ cells were resuspended in 5 ml of l-DMEM, inoculated 
in a cell culture flask, and cultured at 37 °C and 5% CO2.    

Oxidative stress model
   In previous studies, we used H2O2 to simulate the oxidative 
stress microenvironment and successfully constructed the oxi-
dative stress model [ 17 , 19 ]. In brief, when the fusion degree of 
the cultured cells reached 80 to 85%, the cells were treated with 
DMEM complete medium with 1,000 μM H2O2 at 37 °C and 
5% CO2 for 24 h.   

Identification of resistance to oxidative stress  
in BMSCs
   The BMSCs were treated with DMEM containing different 
concentrations of H2O2 for 24 h. Their activity levels were then 
detected using a cell counting kit-8 (CCK-8), and their apop-
tosis rate was determined using flow cytometry. A fitting curve 
was drawn in GraphPad Prism 8.0 software to evaluate the 
effects of H2O2 on BMSC activity and apoptosis. The IC50 value 
was defined as the concentration of H2O2 at which the cell 
viability dropped to 50%, or the cell apoptosis rate reached 50%. 
The RI of the BMSCs was calculated based on the IC50 value, 
as follows: RI = IC50 (BMSCs derived from bone graft area)/
IC50 (BMSCs derived from bone marrow). An RI > 5 indicated 
BMSCs with resistance to oxidative stress.   

Proteomic and phosphorylated proteome analysis
   The cell precipitation samples were divided into 2 groups: sensi-
tive and resistant. Each group had 3 duplicate biological sam-
ples. The total cell protein was extracted via SDT Lysis Buffer 
and quantified using the bicinchoninic acid assay (BCA) 
method. The primary structure of the proteins was exposed to 
dithiothreitol and iodoacetamide, after which the protein sus-
pension was digested with 2 μg of trypsin at 37 °C overnight 
to collect the peptide filtrate. The peptides were desalted and 
purified using Sep-Pak tC18 cartridges, and the peptide content 
was detected using an enzymolysis assay [  59 ].

   Phosphorylated peptide enrichment: After each sample was 
purified by desalting, an equal amount of peptide was taken and 
enriched in series in accordance with the instructions in the High-
Select Fe-NTA phosphopeptide enrichment kit. The collected 
TiO2 eluents were dried in a vacuum centrifuge concentrator.

   The lyophilized elution products (total protein peptides or 
phosphorylated protein peptides) were redissolved in 0.1% for-
mic acid (FA) aqueous solution and separated using NanoElute 
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chromatography. After chromatographic separation, the sam-
ples were analyzed using the PASEF mode of a timsTOF Pro 
mass spectrometer. Mass spectrometry (MS) data were analyzed 
using MaxQuant software version 1.6.17.0, and MS data were 
searched in the UniProt rat proteome database. Protein abun-
dance was calculated using normalized protein spectral inten-
sity, and proteins with difference multiples > 2 or < 0.5 and P 
values < 0.05 were considered differentially expressed proteins 
or differentially phosphorylated peptides [  60 –  62 ].   

Bioinformatics analysis
   First, the quantitative information of the differentially expressed 
target protein sets was normalized, after which the 2 dimen-
sions of sample and protein expression were hierarchically 
clustered using cluster analysis software to generate hierarchical 
clustering heat maps. Blast2Go software ( https://www.blast2go.
com/ ) was used to annotate the Gene Ontology (GO) function 
of all differentially expressed proteins and count them [  63 ,  64 ]. 
KEGG or GSEA was performed on the differentially expressed 
target protein sets by comparing the distributions of the target 
protein and total protein sets within the signaling pathways. 
The protein belonging to the phosphorylation site with the most 
significant expression (P < 0.05) was selected as the target pro-
tein for direct interaction network analysis. The interaction 
between the proteins was analyzed in the STRING database 
using the target protein ID, and the interaction network visu-
alization results were generated using Cytoscape software.   

Lentivirus transfection
   BLK gene-overexpression and BLK gene-interference lentiviruses 
were purchased from GeneChem (Shanghai, China). Techniques 
such as overexpression and interference lentivirus transfection 
and screening of the positive cells have been established and 
described in previous studies [ 19 , 20 ]. In addition, a lentivirus with 
GFP tag was constructed, which can successfully express GFP 
after transfection, and could be used to label transplanted BMSCs. 
All BMSCs that were modified via gene transfection were estab-
lished using the same strategy. Briefly, the BMSCs were inoculated 
in 6-well plates, and the optimal multiplicity of infection (MOI) 
of the lentivirus was identified in a pre-experiment. The lentivirus 
and Hitrans P were then added to infect the BMSCs at 37 °C and 
5% CO2 for 12 h. After 5 d of lentivirus infection, any positive 
cells that were successfully infected with lentivirus were obtained 
via continuous screening with puromycin. RNA was extracted 
from these isolated cells to detect gene expression.   

Real-time qPCR
   Total RNA was extracted by TRIzol, and the RNA concentration 
and purity were detected by Nanodrop 2000 nucleic acid quanti-
fier. The Oligo (dT) primer and M-MuLV reverse transcriptase 
were used as the reaction system to synthesize cDNA. Then, the 
cDNA was used as the template for PCR amplification on the 
real-time fluorescence quantitative PCR iCycler iQ instrument, 
and the 2−∆∆Ct method was used to analyze the results of real-
time qPCR to calculate the relative expression of RNA.   

Western blotting
   The protein was extracted by cell lysis buffer (radioimmuno-
precipitation assay) and quantified by BCA protein concentra-
tion detection kit. An equal amount of denatured protein 
samples was added to sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis (SDS-PAGE) gel tank for electrophoresis. 
After electrophoresis, the protein was imprinted on methanol-
activated polyvinylidene fluoride (PVDF). Subsequently, the 
blots were blocked with 5% skim milk powder solution at 
room temperature for 1 h. Primary antibodies, including BLK, 
p-BLK, p-Bad, p-CASP9, Survivin, IAP1/2, Bfl-1 (Cell Signaling 
Tech nology), Bcl-2, Bcl-XL, c-Myc, CAT, MnSOD, HO-1, GR, 
ERK1/2, p-ERK1/2, Akt, p-Akt, STAT3, p-STAT3, NF-κB, 
p-NF-κB, and β-actin (Abcam), were incubated at 4 °C over-
night. Next, the horseradish peroxidase (HRP)-immunoglobulin 
G (IgG) secondary antibody was incubated at room tempera-
ture for 1 h. After the PVDF membrane was washed with tris-
buffered saline with tween-20  (TBST), the gel imaging system 
was used to expose and collect pictures.   

ROS level detection
   The detection solution was prepared in accordance with the 
instructions of the fluorescence probe-dihydroethidium (DHE) 
detection kit, and then 400 μl of the detection solution was 
added into the cell culture dish and incubated at 37 °C for 
30 min. Finally, after the cells were washed with PBS, they were 
covered with anti-fluorescence quencher, and the fluorescence 
intensity was analyzed by confocal laser microscopy.   

Flow cytometry assay
   The cells were digested with trypsin to obtain cell precipitates. 
The cell precipitates were washed twice with PBS, and 5 μl of 
Annexin V-FITC and 5 μl of propidium iodide (PI) were added 
for cell labeling. The cells were incubated at room temperature 
for 15 min, and finally 500 μl of staining buffer was added to each 
tube, and the apoptosis rate was detected by flow cytometry.   

TUNEL staining
   The cells were fixed with paraformaldehyde for 30 min, and the 
immunostaining solution permeated the cells for 5 min. The cells 
were labeled with TUNEL detection solution for 90 min, and 
4′,6-diamidino-2-phenylindole (DAPI) for 5 min. Finally, the cells 
were covered with anti-fluorescence quencher, and the TUNEL+ 
cells were detected under a confocal laser microscope.   

Immunofluorescence detection of  
nuclear translocation
   The cells were fixed with paraformaldehyde for 10 min and 
sealed with immunostaining sealer for 1 h. The primary anti-
body reaction was then performed with ERK1/2, Nrf2, STAT3, 
and NF-κB (Abcam). The cells were incubated at 4 °C over-
night, followed by another incubation with Cy3-labeled fluo-
rescent secondary antibody for 1 h. The nuclei were labeled with 
DAPI. Finally, the cells were covered with anti-fluorescence 
quencher, and any red fluorescence was observed using a confo-
cal laser microscope.   

Tissue-engineered bone construction and cell 
biocompatibility detection
   XACB was acquired from Shanghai Yapeng Biological Tech
nology Co. Ltd. A cell suspension with a density of 2 × 107 cells/
ml was slowly dripped into XACB and buffered in an incubator 
for 3 h. Complete l-DMEM was added to cover the XACB and 
cultured in the incubator to construct the tissue-engineered 
bone. Five pieces of tissue-engineered bone were extracted 
every day for detection via CCK-8, and cell growth curves were 
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plotted. On day 6, the growth of the cells on the XACB was 
observed via scanning electron microscopy to determine the 
biocompatibility of the BMSCs with XACB.   

The model of SONFH
   The model of SONFH was established as previously described 
[  65 ]. Briefly, the adult male SD rats were injected intravenously 
with lipopolysaccharides (2 mg/kg) for 2 d, followed by meth-
ylprednisolone (60 mg/kg) into the gluteal muscle for 7 d. At 
week 8, the magnetic resonance imaging (MRI) was used to 
evaluate necrosis in the femoral head.   

Magnetic resonance imaging
   The SD rats were anesthetized with 0.3% pentobarbital sodium 
and scanned using a 7.0 T nuclear magnetic resonance (NMR) 
apparatus with the following parameters: repetition time, 
2,200 ms; echo time, 35 ms; scan time, 2,520 s; field of view, 
64 mm × 64 mm; matrix size, 256 × 256; slice thickness, 1 mm. 
RadiAnt DICOM Viewer was used to process the image and 
observe the femoral head signal.   

Tissue-engineered bone transplantation
   The SD rats were anesthetized with 0.3% pentobarbital sodium. 
We opened their hips and the femoral heads, layer by layer, in 
a prone position. Based on the preoperative MRI results, the 
necrotic area was located using a 0.5-mm micro-drill-bit, and 
the necrotic bone tissue was thoroughly scraped with a 2-mm 
spherical grinding drill. Each operative area was rinsed with 
normal saline, the tissue-engineered bone was implanted, and 
the pore was filled with bone wax.   

Live imaging of animals
   The tissue-engineered bone was constructed using BMSCs that 
were labeled with DiR. At 0 and 48 h after the tissue-engineered 
bone transplantation, the rats were anesthetized with pentobar-
bital sodium (30 mg/kg), and the DiR fluorescence in the region 
of interest was collected and analyzed using a Spectrum in vivo 
imaging system (IVIS) with Living Image software version 4.4.   

Micro-computed tomography
   The femoral head tissues of the SD rats were obtained after they 
were anesthetized. The femoral heads were fixed with paraformal-
dehyde, and the images were collected by micro-CT at 85 kVp and 
200 μA with a resolution of 6.5 μm. NRecon 1.6 (Skyscan), CTAn 
1.9 (Skyscan), and CTVol 2.0 (Skyscan) were used to analyze the 
parameters of the trabecular bone in the region of interest.   

Detection of the ROS of the femoral head
   The SD rats were injected with DHE fluorescence reagent 
(20 mg/kg) at the graft area 24 h after tissue-engineered bone 
transplantation and then euthanized. Their femoral heads were 
removed, fixed with 4% paraformaldehyde, and decalcified with 
EDTA. They were then incubated with 2% polyvinylpyrrol-
idone and 20% sucrose solution at 4 °C for 24 h. The femoral 
head tissues were then frozen and sliced. DAPI was used to 
stain the nuclei. The ROS content in the transplantation area 
was analyzed using a confocal laser microscope.   

TUNEL staining of bone tissue
   The femoral head tissue was cut into 5-μm-thick sections after 
being treated via paraformaldehyde fixation, EDTA decalcifi-
cation, ethanol dehydration, and paraffin embedding. After 

dewaxing, the sections were incubated with TdT incubation 
buffer at 37 °C for 2 h and the nuclei were labeled with DAPI. 
Finally, the sections were sealed with neutral balsam and 
observed via fluorescence microscopy.   

Immunofluorescence assay
   The femoral head specimens were fixed, decalcified, embedded, 
sliced, and dewaxed. Bone tissue antigen repair solution was 
used for antigen repair. A diluted solution of primary antibody 
(CAT monoclonal antibody, Bcl-2 monoclonal antibody, Runx2 
monoclonal antibody) was incubated at 4 °C overnight. Next, 
they were incubated with secondary antibody at 37 °C for 1 h 
in the dark. The sections were then sealed with neutral balsam 
and observed via fluorescence microscopy.   

H&E and Masson staining
   The femoral head tissue of SD rats was obtained after anesthe-
sia. The bone tissue was cut into 4-μm-thick sections after being 
treated with paraformaldehyde fixation, EDTA decalcification, 
ethanol dehydration, and paraffin embedding, respectively. The 
sections were stained with H&E and Masson according to kit 
instructions. Finally, the sections were observed under the 
microscope.   

Statistical analysis
   The experimental data were analyzed using SPSS 20.0 and 
GraphPad Prism 8.0 (USA). The data of normal distribution 
were described by the mean ± SD, and statistical significance 
was determined by 2-tailed unpaired Student’s t tests (2 groups) 
and Tukey’s post hoc test after one-way analysis of variance 
(ANOVA) (≥3 groups). The data of non-normal distribution 
were described by the median (P25, P75) values, and the sta-
tistical significance between groups was tested by Kruskal–
Wallis rank-sum test. P < 0.05 was considered statistically 
significant.    

Acknowledgments
   We thank the Clinical Medicine Research Center of the Affiliated 
Hospital of Guizhou Medical University for providing the exper-
imental site and equipment. Additionally, we thank LetPub ( www.
letpub.com ) for its linguistic assistance during the preparation 
of this manuscript.
   Funding: This work was supported by the following listed 
fundings: the National Natural Science Foundation of China 
(grant nos. 82260434, 82260429, and 82460426), the Guizhou 
Provincial Natural Science Foundation (grant nos. Qiankehebasis- 
ZK [2022] general 399, Qiankehebasis-ZK [2025] general 
455, and Qiankehebasis-ZK [2023] general 345), the Guizhou 
Provincial Basic Research Plan (Natural Science) Talent Team 
Support Project in 2025 (Qiankehe basis QNB [2025] 006), 
the Science and Technology Foundation of Guizhou Provincial 
Health Committee (grant no. gzwkj2025-352), the Discipline 
Outstanding Reserve Talent Program of Affiliated Hospital 
of Guizhou Medical University (grant no. gyfyxkrc-2023-07), the 
Cultivation Project of NSFC General Program of the Affiliated 
Hospital of Guizhou Medical University (grant no. gyfyn-
sfc[2023]-02), the Cultivation Project of National Natural 
Science Foundation of Guizhou Medical University (grant 
no. 21NSFCP08), the Start-up Fund for Doctoral Research 
at the Affiliated Hospital of Guizhou Medical University (grant 
no. gyfybsky-2024-23), and the Youth Guidance Project of Basic 

https://doi.org/10.34133/research.0660
http://www.letpub.com
http://www.letpub.com


Zhang et al. 2025 | https://doi.org/10.34133/research.0660 19

Research Program of Guizhou Provincial Natural Science 
Foundation (grant no. Qiankehebasis-[2024] youth 251). 
   Author contributions: F.Z. designed the study, performed 
experiments, collected data, and revised the manuscript. 
T.W. performed experiments, collected data, and drafted 
the manuscript. L. Wei, Z.X., and L. Wang provided techni-
cal assistance and revised the manuscript. H.L. and F.L. 
performed experiments and collected data. Q.K., W.D., J.Z., 
and X.Z. analyzed data. C.W. and L.L. assisted in the animal 
experiments. W.P. designed and supervised the study.
   Competing interests:﻿ The authors declare that they have no 
competing interests.   

Data Availability
   All data are available in the main text or the Supplementary 
Materials.   

Supplementary Materials
         Figs. S1 to S6    

References

	 1.	 Wen Z, Li Y, Cai Z, Fan M, Wang J, Ding R, Huang C, Xiao W.  
Global trends and current status in osteonecrosis of the 
femoral head: A bibliometric analysis of publications in the last 
30 years. Front Endocrinol. 2022;13:Article 897439.

	 2.	 Zhang S, Wang C, Shi L, Xue Q. Beware of steroid-induced 
avascular necrosis of the femoral head in the treatment of 
COVID-19-experience and lessons from the SARS epidemic. 
Drug Des Devel Ther. 2021;15:983–995.

	 3.	 Weinstein RS. Glucocorticoid-induced osteonecrosis. 
Endocrine. 2012;41(2):183–190.

	 4.	 Tan B, Li W, Zeng P, Guo H, Huang Z, Fu F, Gao H, 
Wang R, Chen W. Epidemiological study based on China 
osteonecrosis of the femoral head database. Orthop Surg. 
2021;13(1):153–160.

	 5.	 Xie XH, Wang XL, Yang HL, Zhao DW, Qin L. Steroid-
associated osteonecrosis: Epidemiology, pathophysiology, 
animal model, prevention, and potential treatments (an 
overview). J Orthop Translat. 2015;3(2):58–70.

	 6.	 Yakkanti RR, Haziza S, Wasserman NA, Annapareddy A, 
Ratnakar V, Karri SR, Hernandez VH, Gurava Reddy AV, 
Vaishya R. Relative frequency of avascular necrosis of the hip 
as indication for primary Total hip arthroplasty in the USA vs. 
India. J Orthop. 2022;36:1–6.

	 7.	 Sodhi N, Acuna A, Etcheson J, Mohamed N, Davila I, 
Ehiorobo JO, Jones LC, Delanois RE, Mont MA. Management 
of osteonecrosis of the femoral head. Bone Joint J. 2020;102-
B(7_Supple_B):122–128.

	 8.	 Park JW, Kim HS, Park S, Kim SH, Lee YK, Koo KH. Trends 
in surgical treatment of femoral head osteonecrosis in South 
Korea: An analysis using nationwide claims database. Clin 
Orthop Surg. 2022;14(4):500–506.

	 9.	 Charbord P. Bone marrow mesenchymal stem cells: Historical 
overview and concepts. Hum Gene Ther. 2010;21(9):1045–1156.

	10.	 Arthur A, Gronthos S. Clinical application of bone marrow 
mesenchymal stem/stromal cells to repair skeletal tissue. Int J 
Mol Sci. 2020;21(24):9759.

	11.	 Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG. Mesenchymal 
stem cell migration and tissue repair. Cells. 2019;8(8):784.

	12.	 Ning K, Liu S, Yang B, Wang R, Man G, Wang DE, Xu H.  
Update on the effects of energy metabolism in bone 
marrow mesenchymal stem cells differentiation. Mol Metab. 
2022;58:Article 101450.

	13.	 Chang C, Greenspan A, Gershwin ME. The pathogenesis, 
diagnosis and clinical manifestations of steroid-induced 
osteonecrosis. J Autoimmun. 2020;110:Article 102460.

	14.	 Shah KN, Racine J, Jones LC, Aaron RK. Pathophysiology and 
risk factors for osteonecrosis. Curr Rev Musculoskelet Med. 
2015;8(3):201–209.

	15.	 Xu Y, Jiang Y, Xia C, Wang Y, Zhao Z, Li T. Stem cell therapy 
for osteonecrosis of femoral head: Opportunities and 
challenges. Regen Ther. 2020;15:295–304.

	16.	 Bai J, Ge G, Wang Q, Li W, Zheng K, Xu Y, Yang H, Pan G, 
Geng D. Engineering stem cell recruitment and osteoinduction 
via bioadhesive molecular mimics to improve osteoporotic 
bone-implant integration. Research. 2022;2022:9823784.

	17.	 Zhang F, Peng W, Zhang J, Dong W, Yuan D, Zheng Y, Wang Z. 
New strategy of bone marrow mesenchymal stem cells against 
oxidative stress injury via Nrf2 pathway: Oxidative stress 
preconditioning. J Cell Biochem. 2019;120(12):19902–19914.

	18.	 Zhang F, Peng W, Zhang J, Wang L, Dong W, Zheng Y, Wang Z, 
Xie Z, Wang T, Wang C, et al. PARK7 enhances antioxidative-
stress processes of BMSCs via the ERK1/2 pathway. J Cell 
Biochem. 2021;122(2):222–234.

	19.	 Wang T, Zhang F, Peng W, Wang L, Zhang J, Dong W, Tian X,  
Ye C, Li Y, Gong Y. Overexpression of NMNAT3 improves 
mitochondrial function and enhances antioxidative stress 
capacity of bone marrow mesenchymal stem cells via the 
NAD+-Sirt3 pathway. Biosci Rep. 2022;42(1):BSR20211005.

	20.	 Zhang F, Yan Y, Peng W, Wang L, Wang T, Xie Z, Luo H,  
Zhang J, Dong W. PARK7 promotes repair in early steroid-
induced osteonecrosis of the femoral head by enhancing 
resistance to stress-induced apoptosis in bone marrow 
mesenchymal stem cells via regulation of the Nrf2 signaling 
pathway. Cell Death Dis. 2021;12(10):940.

	21.	 Fang J, Zhao X, Li S, Xing X, Wang H, Lazarovici P, Zheng W. 
Protective mechanism of artemisinin on rat bone marrow-
derived mesenchymal stem cells against apoptosis induced 
by hydrogen peroxide via activation of c-Raf-Erk1/2-p90rsk-
CREB pathway. Stem Cell Res Ther. 2019;10(1):312.

	22.	 Zhang F, Peng W, Zhang J, Dong W, Wu J, Wang T, Xie Z. 
P53 and Parkin co-regulate mitophagy in bone marrow 
mesenchymal stem cells to promote the repair of early steroid-
induced osteonecrosis of the femoral head. Cell Death Dis. 
2020;11(1):42.

	23.	 Chen W, Zhang H, Zhou Q, Zhou F, Zhang Q, Su J. Smart 
hydrogels for bone reconstruction via modulating the 
microenvironment. Research. 2023;6:0089.

	24.	 Costa V, Moradas-Ferreira P. Oxidative stress and signal 
transduction in Saccharomyces cerevisiae: Insights into 
ageing, apoptosis and diseases. Mol Asp Med. 2001;22 
(4-5):217–246.

	25.	 Sinha K, Das J, Pal PB, Sil PC. Oxidative stress: The 
mitochondria-dependent and mitochondria-independent 
pathways of apoptosis. Arch Toxicol. 2013;87(7):1157–1180.

	26.	 Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in 
cancer. Cancer Cell. 2020;38(2):167–197.

	27.	 Chen K, Liu Y, He J, Pavlos N, Wang C, Kenny J, Yuan J,  
Zhang Q, Xu J, He W. Steroid-induced osteonecrosis of the 
femoral head reveals enhanced reactive oxygen species and 
hyperactive osteoclasts. Int J Biol Sci. 2020;16(11):1888–1900.

https://doi.org/10.34133/research.0660


Zhang et al. 2025 | https://doi.org/10.34133/research.0660 20

	28.	 Kubo Y, Drescher W, Fragoulis A, Tohidnezhad M, Jahr H, 
Gatz M, Driessen A, Eschweiler J, Tingart M, Wruck CJ, et al.  
Adverse effects of oxidative stress on bone and vasculature 
in corticosteroid-associated osteonecrosis: Potential role of 
nuclear factor erythroid 2-related factor 2 in cytoprotection. 
Antioxid Redox Signal. 2021;35(5):357–376.

	29.	 Yang N, Sun H, Xue Y, Zhang W, Wang H, Tao H, Liang X,  
Li M, Xu Y, Chen L, et al. Inhibition of MAGL activates the Keap1/
Nrf2 pathway to attenuate glucocorticoid-induced osteonecrosis 
of the femoral head. Clin Transl Med. 2021;11(6):Article e447.

	30.	 Yang W, Yue H, Guihong L, Wang W, Deng Y, Ma G, Wei W.  
Advances in delivering oxidative modulators for disease 
therapy. Research. 2022;2022.

	31.	 Apel K, Hirt H. Reactive oxygen species: Metabolism, 
oxidative stress, and signal transduction. Annu Rev Plant Biol. 
2004;55:373–399.

	32.	 Paithankar JG, Saini S, Dwivedi S, Sharma A, Chowdhuri DK.  
Heavy metal associated health hazards: An interplay of 
oxidative stress and signal transduction. Chemosphere. 
2021;262:Article 128350.

	33.	 Papaconstantinou J. The role of signaling pathways of 
inflammation and oxidative stress in development of 
senescence and aging phenotypes in cardiovascular disease. 
Cells. 2019;8(11):1383.

	34.	 Peng P, Nie Z, Sun F, Peng H. Glucocorticoids induce femoral 
head necrosis in rats through the ROS/JNK/c-Jun pathway. 
FEBS Open Bio. 2021;11(1):312–321.

	35.	 Wang RS, Oldham WM, Maron BA, Loscalzo J. Systems 
biology approaches to redox metabolism in stress and disease 
states. Antioxid Redox Signal. 2018;29(10):953–972.

	36.	 Han Y, Gao X, Wu N, Jin Y, Zhou H, Wang W, Liu H, Chu Y,  
Cao J, Jiang M, et al. Long noncoding RNA LINC00239 
inhibits ferroptosis in colorectal cancer by binding to Keap1 to 
stabilize Nrf2. Cell Death Dis. 2022;13(8):742.

	37.	 Wang Y, Li C, Li J, Wang G, Li L. Non-esterified fatty acid-
induced reactive oxygen species mediated granulosa cells 
apoptosis is regulated by Nrf2/p53 signaling pathway. 
Antioxidants. 2020;9(6):523.

	38.	 Zhang B, Pan C, Feng C, Yan C, Yu Y, Chen Z, Guo C, Wang X. 
Role of mitochondrial reactive oxygen species in homeostasis 
regulation. Redox Rep. 2022;27(1):45–52.

	39.	 Slater AF, Stefan C, Nobel I, van den Dobbelsteen DJ,  
Orrenius S. Signalling mechanisms and oxidative stress in 
apoptosis. Toxicol Lett. 1995;82-83:149–153.

	40.	 Chen YP, Chen WC, Wang KC, Chen CH. Effectiveness of 
synovial fluid mesenchymal stem cells embedded in alginate 
beads for treatment of steroid-induced avascular necrosis of 
the femoral head. J Orthop Sci. 2014;19(4):657–666.

	41.	 Li J, Li Y, Wang Y, Liu M, Zhao G. Preventive effects of siRNA 
targeting PPARγ gene on steroid-induced osteonecrosis in 
rabbits. Connect Tissue Res. 2014;55(5-6):322–330.

	42.	 Chen J, Cui Z, Wang Y, Lyu L, Feng C, Feng D, Cheng Y, 
Li Z, Sun S. Cyclic polypeptide D7 protects bone marrow 
mesenchymal cells and promotes chondrogenesis during 
osteonecrosis of the femoral head via growth differentiation 
factor 15-mediated redox signaling. Oxidative Med Cell 
Longev. 2022;2022:3182368.

	43.	 Hybertson BM, Gao B, Bose SK, McCord JM. Oxidative 
stress in health and disease: The therapeutic potential of Nrf2 
activation. Mol Asp Med. 2011;32(4-6):234–246.

	44.	 Kimball JS, Johnson JP, Carlson DA. Oxidative stress and 
osteoporosis. J Bone Joint Surg Am. 2021;103(15):1451–1461.

	45.	 Wang C, Wang Y, Meng HY, Yuan XL, Xu XL, Wang AY,  
Guo QY, Peng J, Lu SB. Application of bone marrow 
mesenchymal stem cells to the treatment of osteonecrosis of 
the femoral head. Int J Clin Exp Med. 2015;8(3):3127–3135.

	46.	 Teplen'kiy MP, Kuznetsova EI, Chepeleva MV, Spirkina ES, 
Luneva SN, Gasanova AG, Matveeva EL. Oxygen-dependent 
mechanisms and oxidative stress in children for femoral head 
osteochondropathy. Klin Lab Diagn. 2019;64(10):594–598.

	47.	 Dymecki SM, Niederhuber JE, Desiderio SV. Specific 
expression of a tyrosine kinase gene, blk B lymphoid cells. 
Science. 1990;247(4940):332–336.

	48.	 Texido G, Su IH, Mecklenbräuker I, Saijo K, Malek SN, 
Desiderio S, Rajewsky K, Tarakhovsky A. The B-cell-specific 
Src-family kinase Blk is dispensable for B-cell development 
and activation. Mol Cell Biol. 2000;20(4):1227–1233.

	49.	 Di D, Ye Q, Wu X, Zhang L, Wang X, Liu R, Huang Q, Ni J, 
Leng R. Polymorphisms of BLK are associated with renal 
disorder in patients with systemic lupus erythematosus. J Hum 
Genet. 2020;65(8):675–681.

	50.	 Dymecki SM, Zwollo P, Zeller K, Kuhajda FP, Desiderio SV. 
Structure and developmental regulation of the B-lymphoid 
tyrosine kinase gene blk. J Biol Chem. 1992;267(7):4815–4823.

	51.	 Zeng HF, Xu J, Wang XL, Li SJ, Han ZY. Nicotinamide 
mononucleotide alleviates heat stress-induced oxidative stress 
and apoptosis in BMECs through reducing mitochondrial 
damage and endoplasmic reticulum stress. Ecotoxicol Environ 
Saf. 2022;235:Article 113441.

	52.	 Yamasaki S, Yagishita N, Nishioka K, Nakajima T. The roles 
of synoviolin in crosstalk between endoplasmic reticulum 
stress-induced apoptosis and p53 pathway. Cell Cycle. 
2007;6(11):1319–1323.

	53.	 Fu X, Cui J, Meng X, Jiang P, Zheng Q, Zhao W, Chen X.  
Endoplasmic reticulum stress, cell death and tumor: 
Association between endoplasmic reticulum stress and 
the apoptosis pathway in tumors (Review). Oncol Rep. 
2021;45(3):801–808.

	54.	 Hou X, Yang S, Yin J. Blocking the REDD1/TXNIP axis 
ameliorates LPS-induced vascular endothelial cell injury 
through repressing oxidative stress and apoptosis. Am J Physiol 
Cell Physiol. 2019;316(1):C104–C110.

	55.	 Ogura S, Shimosawa T. Oxidative stress and organ damages. 
Curr Hypertens Rep. 2014;16(8):452.

	56.	 Forman HJ, Zhang H. Targeting oxidative stress in disease: 
Promise and limitations of antioxidant therapy. Nat Rev Drug 
Discov. 2021;20(9):689–709.

	57.	 Darling NJ, Balmanno K, Cook SJ. ERK1/2 signalling protects 
against apoptosis following endoplasmic reticulum stress 
but cannot provide long-term protection against BAX/BAK-
independent cell death. PLOS ONE. 2017;12(9):Article e0184907.

	58.	 Safi A, Heidarian E, Ahmadi R. Quercetin synergistically 
enhances the anticancer efficacy of docetaxel through 
induction of apoptosis and modulation of PI3K/AKT, MAPK/
ERK, and JAK/STAT3 signaling pathways in MDA-MB-231 
breast cancer cell line. Int J Mol Cell Med. 2021;10(1):11–22.

	59.	 Zhu Y, Xu H, Chen H, Xie J, Shi M, Shen B, Deng X, Liu C, 
Zhan X, Peng C. Proteomic analysis of solid pseudopapillary 
tumor of the pancreas reveals dysfunction of the endoplasmic 
reticulum protein processing pathway. Mol Cell Proteomics. 
2014;13(10):2593–2603.

	60.	 Mellingen RM, Myrmel LS, Lie KK, Rasinger JD, Madsen L, 
Nøstbakken OJ. RNA sequencing and proteomic profiling 
reveal different alterations by dietary methylmercury in the 

https://doi.org/10.34133/research.0660


Zhang et al. 2025 | https://doi.org/10.34133/research.0660 21

hippocampal transcriptome and proteome in BALB/c mice. 
Metallomics. 2021;13(5):mfab022.

	61.	 Cox J, Mann M. MaxQuant enables high peptide identification 
rates, individualized p.p.b.-range mass accuracies and 
proteome-wide protein quantification. Nat Biotechnol. 
2008;26(12):1367–1372.

	62.	 Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. 
Accurate proteome-wide label-free quantification by delayed 
normalization and maximal peptide ratio extraction, termed 
MaxLFQ. Mol Cell Proteomics. 2014;13(9):2513–2526.

	63.	 Götz S, García-Gómez JM, Terol J, Williams TD, Nagaraj SH, 
Nueda MJ, Robles M, Talón M, Dopazo J, Conesa A. High-
throughput functional annotation and data mining with the 
Blast2GO suite. Nucleic Acids Res. 2008;36(10):3420–3435.

	64.	 Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, 
Apweiler R, Lopez R. InterProScan: Protein domains identifier. 
Nucleic Acids Res. 2005;33(Web Server issue):W116–W120.

	65.	 Li Z, Shao W, Lv X, Wang B, Han L, Gong S, Wang P, Feng Y.  
Advances in experimental models of osteonecrosis of the 
femoral head. J Orthop Translat. 2023;39:88–99.

https://doi.org/10.34133/research.0660

	B-Lymphoid Tyrosine Kinase Crosslinks Redox and Apoptosis Signaling Networks to Promote the Survival of Transplanted Bone Marrow Mesenchymal Stem Cells
	Introduction
	Results
	BLK is associated with the oxidative stress resistance of OSR-BMSCs
	Knockdown of BLK eliminates the resistance of OSR-BMSCs to oxidative stress and leads to stress-induced apoptosis
	Overexpression of BLK enables OSS-BMSCs to acquire resistance to oxidative stress and thus resist stress-induced apoptosis
	Overexpression of BLK improves the survival and therapeutic efficacy of transplanted OSS-BMSCs
	BLK knockdown decreases the survival and repair efficacy of transplanted OSR-BMSCs
	BLK targets activation of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways
	BLK inhibits stress-induced apoptosis of BMSCs by targeting activation of the ERK1/2, Akt, STAT3, and NF-κB signaling pathways

	Discussion
	Materials and Methods
	Clinical sample
	Animal experiments
	Culture and identification of BMSCs
	Isolation and culture of human BMSCs
	Isolation and culture of rat BMSCs
	BMSC identification
	Isolation and culture of OSR-BMSCs

	Oxidative stress model
	Identification of resistance to oxidative stress in BMSCs
	Proteomic and phosphorylated proteome analysis
	Bioinformatics analysis
	Lentivirus transfection
	Real-time qPCR
	Western blotting
	ROS level detection
	Flow cytometry assay
	TUNEL staining
	Immunofluorescence detection of nuclear translocation
	Tissue-engineered bone construction and cell biocompatibility detection
	The model of SONFH
	Magnetic resonance imaging
	Tissue-engineered bone transplantation
	Live imaging of animals
	Micro-computed tomography
	Detection of the ROS of the femoral head
	TUNEL staining of bone tissue
	Immunofluorescence assay
	H&E and Masson staining
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


