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Abstract
Chronic obstructive pulmonary disease is the 3rd leading cause of death worldwide, and the available treatments are unsatis-
factory, resulting in a major economic burden. As cellular therapy is commonly used for lung disease, we investigated a treat-
ment with CXCR4-overexpressing BMSCs in a COPD model. We extracted and purified Bone marrow mesenchymal stem 
cells (BMSCs) from SD rats. COPD apoptosis model was established by cigarette smoke exposure. BMSCs (1 ×  106 cells per 
injection)were transplanted in vivo twice a month during model establishment, and alveolar rupture in the lung was assessed. 
Lung cell apoptosis was assessed by terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) analysis, 
and the concentrations of apoptotic proteins in the lungs were detected by Western blotting. We successfully isolated BMSCs 
and established CXCR4-overexpressing BMSCs. qRT‒PCR and Western blotting detection both reveal that CXCR4 mRNA 
level and protein both significantly higher expression in CXCR4-BMSCs than the pBABE-BMSCs. Continuous cigarette 
smoke exposure caused alveolar septal rupture: In the model group, the alveolar mean linear intercept in the first month was 
significantly lower than that in the third month (p < 0.05). In the third month, the alveolar mean linear intercept values of the 
control and CXCR4-BMSC groups were lower than those of the model group (control group p < 0.01, CXCR4-BMSC group 
p < 0.05), and TUNEL staining revealed that the apoptosis rates of the control and CXCR4-BMSC groups were significantly 
lower than those of the model group (p < 0.01). Furthermore, the levels of the apoptotic proteins cleaved caspase-8, cleaved 
caspase-3 and cleaved PARP-1 were higher in the model group than in the control group (p < 0.05) and significantly lower in 
the CXCR4-BMSC group than in the model group (p < 0.05). The transplantation of CXCR4-overexpressing BMSCs during 
COPD model generation significantly inhibited apoptosis via the extrinsic apoptosis pathway.
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Graphical abstract
CXCR4 enhances the inhibitory effects of bone mesenchymal stem cells on lung cell apoptosis in a rat model of smoking-
induced COPD
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Introduction

Chronic obstructive pulmonary disease (COPD) is mostly 
caused by smoking,which destroys the alveolar septa and 
leads to emphysema through the inflammatory response, 
oxidative stress, and apoptosis pathways and other path-
ways [1]. Apoptosis is one of the main pathogenic pathways 
of COPD and contributes to the complete pathogenesis of 
COPD. Recent studies have shown that apoptosis is sig-
nificantly increased in the lung tissue of COPD patients, 
and DNA fragmentation is the main cause of apoptosis  
[2, 3]. In addition, animal experiments have shown that the 
development of emphysema in a COPD model generated by 
exposure to cigarette smoke is related to cell apoptosis [4]. 
Clinical and basic trials have been conducted to investigate 
potential antiapoptotic therapies for COPD [5–7]. Alveolar 
cell apoptosis continues in COPD patients even after smok-
ing cessation [8, 9]; thus, antiapoptotic therapy during the 
development of COPD is particularly important. To establish 
more effective treatments for COPD or delay its progression, 
further research on antiapoptotic therapies is needed.

The mortality rate of patients with COPD is increas-
ing yearly because current therapies merely ameliorate the 
symptoms and do not delay disease progression [10–12]. 
Improving respiratory function by inhibiting cell apopto-
sis or repairing damaged lung tissue has become a major 

research direction, and led to focus on the transplantation 
of bone marrow mesenchymal stem cells (BMSCs) in vivo. 
BMSCs are cells of nonhematopoietic origin with the abili-
ties to differentiate into multiple cell types and repair tissue 
[13]. Due to their low immunogenicity and immunoregula-
tory ability, BMSCs have been extensively used for in vivo 
transplantation into COPD models to explore their therapeu-
tic effects [14]. The majority of research findings indicate 
that mesenchymal stem cells (MSCs) can be used to treat 
diseases via their anti-inflammatory effects, their promo-
tion of tissue repair and regeneration and their antioxidative, 
antiapoptotic and immunomodulatory activities [15–21]. 
Some studies have shown that MSCs can inhibit apoptosis 
by reducing the expression of apoptotic proteins in tissue 
and secreting vascular endothelial growth factor [22].

The apoptotic pathways in cells are complex and include 
endogenous and exogenous pathways [23, 24]. Further 
research is needed to determine the antiapoptotic effects 
of BMSCs in COPD and their ability to delay the progres-
sion of this disease. A high concentration of SDF-1 can be 
detected in damaged organs, and BMSCs can be recruited 
and exert a therapeutic effect on damaged organs through 
the SDF-1 concentration gradient [25, 26]. CXC chemokine 
receptor 4 (CXCR4) is the cognate receptor of SDF-1, and 
BMSCs that overexpress CXCR4 can more effectively home 
to damaged tissue in vivo. Moreover, some studies have 
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indicated that CXCR4 protein overexpression can enhance 
the paracrine effects of BMSCs [27–30].

In this study, a retrovirus transfection method was used 
to establish a CXCR4 overexpression model of BMSCs 
[31]. BMSCs were transplanted into in vivo rat models of 
COPD established by exposure to cigarette smoke [32, 33]. 
Many studies have explored the intervention effects of vari-
ous measures after the construction of animal models. The 
aim of the present study was to determine whether BMSCs 
inhibit lung cell apoptosis during establishment of a rat 
model of COPD by exposure to cigarette smoke. Moreover, 
we investigated whether BMSCs can inhibit apoptosis in 
lung tissue and protect lung tissue from cigarette smoking-
induced destruction by reducing the expression of cleaved 
caspase-3 through exogenous pathways and whether BMSCs 
overexpressing CXCR4 protein are more effective than nor-
mal BMSCs at inhibiting cell apoptosis via the exogenous 
apoptotic pathway.

Methods

Experimental design

The trial design and study procedures are shown in Fig. 1.

Isolation and identification of BMSCs

Briefly, the hindlimbs were removed, and BMSCs were col-
lected by flushing the marrow cavities with DMEM/F12 
medium with 10% FBS and 1% penicillin–streptomycin. The 
whole bone marrow adherence method was used for the cul-
ture and isolation of primary BMSCs. BMSCs from the 3rd 
to 4th passages were identified based on their morphologic 
and immunophenotypic characteristics and differentiation 
ability.

Differentiation medium (Cyagen Biosciences, Guang-
zhou, China) was used to induce BMSCs to differentiate into 
osteoblasts, adipocytes and chondrocytes. For the induction 
of osteogenic and adipogenic differentiation, BMSCs were 
seeded onto six-well plates (Corning, Corning, NY, USA) at 
a density of 2.0 ×  104 cells per well and cultured with BMSC 
Osteogenic Differentiation Basal Medium and Adipogenic 
Differentiation Basal Medium. To induce chondrogenic dif-
ferentiation, 2.0 ×  104 cells were pelleted in chondrogenic 
pellet cultures containing chondrogenic differentiation 
media. According to the manufacturer's instructions, BMSCs 
were cultured in differentiation media for 2–3 weeks, and 
the medium was refreshed every 3 days. At the end of the 
predetermined culture time, the results of osteogenic, adi-
pogenic, and chondrogenic differentiation were determined 
by Alizarin red staining, Oil red O staining and Alcian blue 
staining, respectively.

Surface markers (CD90, CD29, CD34, and CD45) of 
BMSCs were detected by flow cytometry. BMSCs were 
detached from T25 cell culture bottles (Corning, Corning, 
NY, USA) by trypsin and counted to adjust the initial cell 
density to 1 ×  106 cells/mL with DMEM/F12 medium with 
10% fetal bovine serum (FBS) and 1% penicillin‒strepto-
mycin. The cells were added to an Eppendorf tube at 1 ×  106 
cells/tube and incubated in the dark for 30 min at 4 °C with 
the following monoclonal antibodies: CD90 antibody-
FITC (EBioscience, USA), CD29 antibody-FITC (BioLe-
gend, USA), CD34 antibody-PE (Santa Cruz, USA), CD45 
antibody-PE (EBioscience, USA) and isotype controls for 
FITC and PE (both from BioLegend and Santa Cruz). After 
30 min, the cells were washed three times with PBS and 
resuspended in 500 μL of PBS. A FACSCalibur system (BD 
Bioscience) was used to collect the BMSCs and analyze the 
expression of surface markers of BMSCs.

Fig. 1  The trial design and study procedures of this experiment
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Establishment of stable CXCR4‑overexpressing 
BMSCs

The sequence of rat CXCR4 (accession no. NM_022205.3) 
was obtained from the GenBank database. We designed 
cloning primers based on the rat CXCR4 sequence follows: 
forward, 5′-CAC AGA ATT CAT GGA AAT ATA CAC TTCG-
3′; reverse, 5′-CAC AGT CGA CTT AGC TGG AGT GAA 
AACTT-3′. The CXCR4 sequences were collected after 
RT‒PCR amplification and cloned into pBABE-puro plas-
mids using the EcoRI and SalI restriction enzyme sites. The 
ligation mixture was transformed into competent Trans5α 
cells (Transgen Biotech, USA) to generate the recombinant 
plasmid. Plasmid DNA was extracted from Trans5α cells, 
and sequence analysis confirmed that the inserted sequences 
were the same as the sequence of rat CXCR4 obtained from 
the GenBank database. For stable overexpression, a mixture 
of X-tremeGENE (Roche, USA) with the plasmid at a ratio 
of 1:3 was added to Dulbecco’s modified Eagle’s medium 
(DMEM) and added to 6-well plates for the transfection of 
Platinum-E (Plat-E) packaging cells with the retroviral pack-
aging vector pBABE-puro-CXCR4 or pBABE-puro-null.

Eight hours after cotransfection, the medium was replaced 
with fresh medium, and the recombinant retroviral vec-
tors were harvested after culture for 48 h. Cell debris was 
removed by filtration. Third-passage BMSCs were seeded 
in 6-well plates and transduced with the negative control 
retroviral vector pBABE-puro-null or the overexpressing 
retroviral vector pBABE-puro-CXCR4. The confluence of 
BMSCs before transduction was lower than 60%. The retro-
viral vector in DMEM was mixed with polybrene at a ratio 
of 3:7 (Sigma‒Aldrich, St. Louis, MO, USA) to obtain a 
final concentration of 4 ng/mL. After 8 h, the medium was 
replaced with DMEM, and the cells were cultured for 48 h. 
Subsequently, stably transfected cells were selected using 
culture medium containing puromycin (0.1 µg/µL).

Reverse transcription and real‑time quantitative 
PCR (qRT‒PCR)

qRT‒PCR was used to detect the mRNA expression of 
CXCR4 for comparison between CXCR4-BMSCs and 
pBABE-BMSCs. PCR was performed with 5′-CCA CAG 
AGT CAG AAT CCT CAAG-3′ and 5′-GGT CAG TCT TTT AT 
ATC TGG  GAA ATG -3′ as the forward and reverse primers, 
respectively. The total RNA of the BMSCs was extracted 
using TRIzol reagent, and Genomic DNA Eraser was used 
for the removal of genomic DNA. According to the manu-
facturer’s instructions, a reverse transcription kit (TaKaRa, 
Japan) was used to transcribe the cDNA, and the SuperReal 
PreMix Plus SYBR Green kit (TaKaRa, Japan) was utilized 
for real-time qRT‒PCR with the following program: 95 °C 
for 30 s, 40 cycles of 95 °C for 10 s, 60 °C for 1 min, and 

72 °C for 30 s, 95 °C for 1 min, 60 °C for 30 s, and 95 °C for 
30 s. After normalization with the internal control 18S, the 
 2−ΔΔCq method was used to determine the relative CXCR4 
mRNA expression levels for comparison between CXCR4-
BMSCs and pBABE-BMSCs.

Establishment of the COPD rat model and cell 
therapy

A total of 64 healthy male SD rats (aged 3–4 weeks) were 
randomly divided into four groups (16 SD rats in each 
group): control group, CXCR4-BMSC treatment + ciga-
rette smoke exposure group (CXCR4-BMSC group), 
pBABE-BMSC treatment + cigarette smoke exposure group 
(pBABE-BMSC group) and COPD model group (model 
group). We used the cigarette smoke exposure method for 
construction of the COPD rat models in this study. The 
animals in all of the groups except the control group were 
exposed to smoke from commercially available cigarettes. 
The rats in the CXCR4-BMSC, pBABE-BMSC and model 
groups were exposed to smoke from ten cigarettes (Coconut 
Tree brand, tobacco tar: 11 mg; nicotine smoke: 1.0 mg; flue 
gas of carbon monoxide: 13 mg) for 30 min/day.

The procedure for exposure to cigarette smoke was as 
follows: a plexiglas box was equally divided into two lay-
ers by a middle dividing board containing round vents. For 
cigarette smoke exposure, SD rats were placed in the upper 
layer, and ignited cigarettes were suspended in the lower 
layer. Two sets of five cigarettes were burned for approxi-
mately 15 min.

BMSCs were transplanted in vivo during the construction 
of the COPD rat models. BMSCs were intravenously injected 
twice a month. All intravenous injections were administered 
via the tail vein as follows: (1) rats in the CXCR4-BMSC 
group were injected via the tail vein with 1 mL of PBS con-
taining 1 × 106 CXCR4-overexpressing BMSCs and (2) rats 
in the pBABE-BMSC group were injected via the tail vein 
with 1 mL of PBS containing 1 ×  106 pBABE-puro-null-
BMSCs) [34]. The animals in the control and model groups 
received injections of 1 mL of PBS via the tail vein.

Lung tissue harvesting

Every month, six rats from each group were anesthetized 
with 3% pentobarbital sodium (0.3 mL/100 g) administered 
intraperitoneally and then fixed on a foam board for harvest-
ing of lung tissue. The harvested lung tissues were flushed 
with 10 mL of cold PBS to remove excess blood. The lower 
lobe of the right lung was fixed with paraformaldehyde (4%), 
and the other lung tissues were snap-frozen in liquid nitro-
gen and stored at − 80 °C until use.
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Hematoxylin and eosin (H&E) staining 
and measurement of the alveolar mean linear 
intercept (MLI)

The lung tissues were fixed with paraformaldehyde (4%) 
for 12 h and embedded in paraffin. A rotary slicer was 
used to slice the lung tissue into 5-µm-thick sections, 
which were then stained with H&E. After H&E staining, 
the morphology of the lung tissue was observed and ran-
domly photographed at ×200 magnification under a light 
microscope, and the resulting photographs were used to 
measure the alveolar MLI excluding the sections of bron-
chi, large bronchioli and blood vessels. Image-Pro Plus 
6.0 software was used to measure the alveolar MLI. First, 
seven horizontal and eleven vertical lines were drawn on 
each photograph. Second, the number of alveolar septa on 
each line was counted. Third, the following equation was 
used to measure the alveolar MLI, which was calculated 
by dividing the length of the grid line by the number of 
intersections with alveolar walls [35].

Western blotting

The expression of apoptotic proteins in the lung tissue 
of each group and the expression of CXCR4 protein in 
BMSCs were detected by Western blotting. Total proteins 
from BMSCs and lung tissue were collected by lysis in 
RIPA lysis buffer containing a proteinase inhibitor. After a 
30-min ice bath, the extracts were centrifuged at 12,000×g 
and 4 °C for 30 min, and the supernatants were collected. 
After the protein concentration was measured by BCA 
assay, the protein sample was mixed with SDS buffer at 
a ratio of 4:1 and boiled for 10 min. The proteins were 
separated by 12% SDS‒PAGE and transferred to polyvi-
nylidene fluoride (PVDF) membranes. PVDF membranes 
were blocked with TBST containing 5% nonfat milk at 
room temperature for 2 h and washed three times with 
TBST. Subsequently, the PVDF membranes were incu-
bated with the following primary antibodies overnight: 
rabbit anti-rat CXCR4 (Abcam, 1:100), mouse anti-rat 
GAPDH (Abcam, 1:1000), rabbit anti-rat cleaved cas-
pase-8 (Abcam, 1:1000), rabbit anti-rat cleaved caspase-3 
(Abcam, 1:1000), rabbit anti-rat cleaved PARP-1 (Abcam, 
1:1000), and rabbit anti-rat cleaved PARP-β-actin (Abcam, 
1:1000). The PVDF membranes were washed three times 
with TBST and incubated with HRP-conjugated secondary 
antibodies (1:5000) for 2 h. A chemiluminescent detec-
tion system (Bio-Rad, USA) was used to detect the target 
protein, and the gray value was measured using ImageJ 
software.

Terminal deoxynucleotidyl transferase biotin‑dUTP 
nick end labeling (TUNEL) assay

TUNEL staining was used to detect the apoptotic signal of 
lung cells. Lung tissue sections were incubated with pro-
teinase K for 25 min at 37 °C and washed three times with 
PBS. After permeabilization with Triton X-100 for 20 min, 
the lung sections were incubated with a reaction mixture that 
contained TdT and dUTP (mixed at a ratio of 1:9) for 30 min 
at 37 °C. The sections were treated for 10 min in 3% hydro-
gen peroxide to quench endogenous peroxidase activity, 
incubated with Converter-POD solution, washed with PBS 
and stained with DAB. A cell with TUNEL signals within 
the DAB nuclear stain was deemed TUNEL-positive. The 
cells were randomly photographed at ×200 magnification 
under a light microscope. The numbers of cells in the alveoli 
and TUNEL-positive cells were counted using Mage-Pro 
Plus 6.0 software.Fields containing bronchi or large bron-
chioles were excluded from the analysis. The apoptosis rate 
was calculated as the number of apoptotic cells divided by 
the number of total cells [36].

Statistical analysis

Statistical analyses were performed using SPSS 17.0 statisti-
cal analysis software. All the data were tested for normality 
using the Shapiro‒Wilk test. All the data showed a normal 
distribution and are expressed as the means ± SDs. Student’s 
t test was used to determine the significance of differences 
between groups, and p < 0.05 was considered to indicate sta-
tistical significance.

Results

Morphological observations and induction 
of differentiation

The results confirmed that the 3rd-passage cultured cells 
were BMSCs (Fig.  2).Under microscope, the BMSCs 
exhibited a typical spindle shape, and they displayed a 
vortex shape once they reached 80–90% confluence. After 
induction with differentiation medium, the mineralization 
capacity of the osteoblasts was assessed by Alizarin red 
staining, with the bone-like nodules being stained red. The 
adipogenic differentiation of BMSCs was evidenced by 
red oil drops after Oil red O staining. Some BMSCs had 
differentiated into chondrogenic-like cells, and proteogly-
cans were stained blue with Alcian blue. Flow cytometric 
analysis of the surface markers of BMSCs showed that 
the positive rates of CD29 and CD90 were 97% and 97%, 
respectively; the positive rates of the isotype controls were 
0.51% and 0.51%, respectively. In addition, the positive 



644 Apoptosis (2023) 28:639–652

1 3

rates of CD45 and CD34 in BMSCs were 0.42% and 
0.42%, respectively, and the positive rates of the isotype 
controls were 0.51% and 0.51%, respectively.

After separation and purification, the stem cells exhib-
ited a typical spindle shape. Differentiation medium was 
used according to the protocol of Cyagen Biosciences, and 
the cells differentiated into osteoblasts, adipocytes and 
chondrocytes. The cells contained characteristic compo-
nents of differentiated cells, such as bone-like nodules, oil 
drops and proteoglycans.Flow cytometric analysis of the 

surface markers of isolated cells revealed surface markers 
of BMSCs, with high expression of CD29 and CD90 and 
low expression of CD45 and CD34.

Overexpression of CXCR4 mRNA and protein 
in BMSCs

CXCR4 mRNA and protein expression in BMSCs after 
transfection was analyzed by qRT‒PCR and Western 

Fig. 2  Identification of bone marrow mesenchymal stem cells
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blotting. The qRT‒PCR results indicated that the CXCR4 
mRNA level in the CXCR4-BMSC group was signifi-
cantly higher than that in the pBABE-BMSC group, and 
the difference was significant (p < 0.001). Western blot-
ting detection of CXCR4 protein expression in transfected 
BMSCs showed that the cells in the CXCR4-BMSC group 

exhibited significantly higher CXCR4 expression than 
those in the pBABE-BMSC group (p < 0.01) (Fig. 3).

After retrovirus transfection, the CXCR4 mRNA level 
in the CXCR4-BMSC group was significantly increased 
(*p < 0.001), and CXCR4 protein was stably expressed 
(*p < 0.01)

Fig. 3  Establishment of stable CXCR4-overexpressing BMSCs

Fig. 4  Effects of CXCR4‐overexpressing BMSC transplantation on lung tissue protection in COPD rat models
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CXCR4‑BMSC transplantation reduced 
the destruction of alveoli

Exposure to cigarette smoke can lead to inflammatory cell 
infiltration, goblet cell hyperplasia, and mucous gland 
hypertrophy of the lungs, and HE staining showed that the 
parenchymal wall of the alveoli thickened gradually with 
prolonged exposure to cigarette smoke. We also observed 
inflammatory exudates in the lung. The most prominent 
feature was alveolar septal rupture, with the alveoli ulti-
mately fusing into pulmonary bullae, and the alveolar MLI 
gradually increased as the exposure time to cigarette smoke 
increased.

Statistical analysis indicated that the MLI in the third 
month (59.8750 ± 8.2148) was clearly higher than that in 
the first month (39.1049 ± 3.0874) and that the difference 
was significant (p < 0.05). Analysis of between-group dif-
ferences in the third month revealed that the MLIs of the 
control group (34.4288 ± 1.5973) and the CXCR4-BMSC 
group(40.21932 ± 2.0722) were lower than that of the model 
group (59.8750 ± 8.2148); these differences were significant 
(control group vs. model group, p < 0.01; CXCR4-BMSC 
group vs. model group, p < 0.05). In addition, the alveolar 
MLI of the pBABE-BMSC group was lower than that of the 
model group, but the difference was not significant (p > 0.05) 
(Fig. 4).

In the COPD rat models, the CXCR4-overexpressing 
BMSCs slowed lung tissue destruction, and in the third 
month, the alveolar MLI of the CXCR4-BMSC group was 
significantly lower than that of the model group (*p < 0.05, 
**p < 0.01)

Treatment with BMSCs overexpressing CXCR4 
significantly reduced TUNEL staining in lung tissue

Cell apoptosis in lung tissue collected in the third month 
was assessed by TUNEL analysis, and positive staining, 
which appeared tan or brown, was located in the nucleus. 
The apoptotic index of the model group was significantly 
higher than that of the control group (p < 0.01). In addition, 
transplanted BMSCs in vivo reduced the apoptotic index of 
lung tissue. The apoptotic index of the lung tissue collected 
from the CXCR4-BMSC group was significantly lower 
than that of the lung tissue collected from the model group 
(p < 0.01). Furthermore, the apoptotic index of lung tissue 
was lower in the pBABE-BMSC group than in the model 
group (p < 0.05) (Fig. 5).

Apoptotic cells in lung tissue were stained brown. The 
apoptosis rate was calculated as the number of apop-
totic cells divided by the number of total cells, and the 
results were calculated as percentages and are presented 
as the means ± SDs. Significant differences are indicated 
(**p < 0.01 and *p < 0.05 versus the control group, pBABE-
BMSC group, CXCR4-BMSC group and COPD model 
group)

Transplantation of BMSCs overexpressing CXCR4 
decreased the expression of apoptotic proteins 
in lung tissue

Significant differences in the expression of apoptotic pro-
teins were detected between the control group and the 
model group, and the difference gradually increased with 
increasing time of exposure to cigarette smoke (Fig. 6). The 
transplantation of BMSCs reduced apoptosis in lung tis-
sue. In the third month, compared with the model group, 

Fig. 5  Transplantation of CXCR4-overexpressing BMSCs reduced apoptosis in the lungs of COPD rat models
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the pBABE-BMSC group exhibited reduced expression of 
cleaved caspase-8 (p < 0.01), cleaved caspase-3 (p > 0.05) 
and cleaved PARP-1 (p > 0.05); no significant difference 
was found between these two groups in the first and second 
months. More significantly, the difference in expression of 
apoptotic proteins between the CXCR4-BMSC group and 
the model group was greater than that between the pBABE-
BMSC and model groups. The difference in the expression 
of cleaved caspase-8 between these two groups was signifi-
cant (p < 0.05) in the second month, but no significant differ-
ence in the expression of cleaved caspase-3 was detected. In 
the third month, the CXCR4-BMSC group exhibited signifi-
cantly lower protein levels of cleaved caspase-8 (p < 0.01), 
cleaved caspase-3 and cleaved PARP-1 (p < 0.05) than the 
model group.The differences between the control and treated 
groups were as follows:The pBABE-BMSC group exhibited 
significantly higher protein levels of cleaved caspase-3 in 
the second (p < 0.05) and third months (p < 0.01) and sig-
nificantly higher protein levels of cleaved caspase-8 in the 
third month (p < 0.05). The expression of apoptotic proteins 

was not significantly different between the CXCR4-BMSC 
group and the control group during the construction of the 
COPD apoptosis models.

Western blotting revealed a marked reduction in the 
expression of apoptotic proteins in the BMSC-treated rats, 
particularly in the rats treated with CXCR4-overexpressing 
BMSCs. The dynamics of the expression of apoptosis-
related proteins in lung tissue during construction of the 
COPD rat models were observed. The expression of apop-
tosis-related proteins in the first, second and third months 
was detected, and the results showed that CXCR4-over-
expressing BMSCs significantly inhibited the exogenous 
apoptosis pathway to reduce apoptosis in lung tissue, as 
shown by the reduced expression of cleaved caspase-8, 
cleaved caspase-3 and cleaved PARP-1. The data are pre-
sented as the means ± SDs. Significant differences are indi-
cated (**p < 0.01 and *p < 0.05 versus the control group, 
pBABE-BMSC group, CXCR4-BMSC group and model 
group; Δp < 0.05 and ΔΔp < 0.01 versus the pBABE-BMSC 
group, CXCR4-BMSC group and control group).

Fig. 6  Transplantation of CXCR4-overexpressing BMSCs reduced the expression of apoptosis-related proteins in the lung tissue of COPD rat 
models



648 Apoptosis (2023) 28:639–652

1 3

Discussion

COPD remains a chronic disease with a high mortality rate, 
and the mortality rate is increasing yearly due to a lack of 
effective treatment [10–12]. Studies have confirmed that 
apoptosis is extremely important in the occurrence and 
development of COPD [2, 3], and anti-apoptotic therapy 
is considered a new strategy for COPD treatment. The 
anti-apoptoticeffect of BMSCsin the treatment of various 
diseases has been assessed [37–39], and the present study 
demonstrates the anti-apoptotic effect of BMSCs in the pro-
gression of COPD.

Cells obtained using the whole bone marrow adherence 
method have the potential for multidirectional differentiation 
and can be induced to differentiate into osteoblasts, adipo-
cytes, and chondrocytes. Flow cytometric assays showed that 
the surface antigens of the cells conformed to the criteria 
defining BMSCs. The chemokine receptors of BMSCs play 
an important role in disease treatment, but the expression of 
chemokine receptors in BMSCs is reduced during isolation 
and purification [40]. In this study, CXCR4 overexpression 
in BMSCs was induced by retroviral transfection.

CXCR4 protein is a common G protein-coupled receptor 
on the cell surface; however, after several passages in vitro, 
BMSCs lose this receptor, which could be the most impor-
tant cause of the decreases in their treatment effects [41].

To determine whether the promotion of CXCR-4 leads 
to stemness resistance in stem cells, we have not discov-
ered experiments comparing the expression of the CXCR4 
protein and stemness-related molecules among primary 
BMSCs, subcultured BMSCs, and CXCR4-overexpressing 
BMSCs. Some studies have revealed that overexpression of 
the CXCR-4 protein on the surface of BMSCs has no effect 
on the biological features or viability of the BMSCs them-
selves and that the expression of CXCR4 can maintain the 
stemness of stem cells [42, 43].

Smoking is the primary pathogenic factor of COPD. In 
this study, SD rat models of COPD were constructed via 
exposure to cigarette smoke. After rat exposure to cigarette 
smoke, a significant increase in the MLI was observed along 
with alveolar enlargement and parenchymal wall destruc-
tion, and the destruction of the parenchymal wall increased 
gradually with increasing exposure time to cigarette smoke. 
The TUNEL assay showed that the destruction of alveoli was 
associated with cell apoptosis. Moreover, cigarette smoke 
exposure caused DNA fragmentation and resulted in apop-
tosis; thus, the expression of apoptosis-related proteins in the 
lung was significantly increased. The analysis of apoptosis-
related proteins revealed that cigarette smoke induced the 
cleavage of caspase-8 by TNF-related apoptosis-inducing 
ligand and that caspase-3 could be cleaved by cleaved 
caspase-8. Furthermore, we detected DNA breaks in the 

nucleus, which might have been due to increased expression 
of cleaved PARP-1 protein, and the trend in the expression of 
cleaved PARP-1 was similar to the trend in the apoptosis rate 
in lung tissue determined by TUNEL assays. All of these 
results showed that the expression of apoptosis-related pro-
teins and DNA fragmentation were increased in the COPD 
models. Exposure to cigarette smoke induced alveolar septal 
rupture and caused expansion of the alveolar cavity, which 
might have been related to the DNA breaks in the nucleus 
and eventually led to the apoptosis of lung tissue cells.

The transplantation of BMSCs in vivo is often used for 
the treatment of lung disease, and transplantation via the tail 
vein is a common transplantation method used with rat mod-
els. In this study, BMSCs were transplanted in vivo via the 
tail vein during the generation of SD rat models of COPD. 
Histological observations and MLI measurements showed 
that BMSCs transplanted in vivo via the tail vein reduced 
alveolar septal rupture and alveolar cavity expansion, and the 
effects became increasingly obvious with increasing treat-
ment time.

Moreover, the results from the TUNEL assay of lung tis-
sue showed that the transplantation of BMSCs in vivo via 
the tail vein reduced apoptosis in lung tissue by reducing the 
DNA breaks in the nucleus, which eventually delayed the 
progression of COPD. Cigarette smoke can induce cell apop-
tosis in lung tissue through various pathways, and the results 
described above showed that the transplantation of BMSCs 
in vivo reduced cell apoptosis; this reduction may have been 
related to the reductions in nuclear DNA breakage.

Apoptosis has long been considered essential for normal 
development, acting to remove superfluous or damaged 
cells resulting from high proliferation and shaping tissues 
by removing unwanted cells [44, 45]. Some studies have 
demonstrated persistent apoptosis in the lung tissues of non-
smoking healthy people; this persistent apoptosis is related 
to DNA breaks in the nucleus [46]. In this study, we discov-
ered that the control group showed cell apoptosis in lung 
tissue, and the expression of apoptotic proteins indicated that 
the extrinsic apoptotic pathway played an important role in 
apoptosis in the control group and resulted in DNA breakage 
in the nucleus.

To further explore the therapeutic effect of BMSC 
transplantation in the SD rat model of COPD, we detected 
the expression of apoptosis-related proteins in lung tis-
sues and compared it among the various groups. Analysis 
of these proteins in the third month showed that BMSC 
transplantation reduced the expression levels of cleaved 
PARP-1 and nuclear DNA breakage compared with those 
in the model group. Moreover, the expression of cleaved 
caspase-8 and cleaved caspase-3 was substantially reduced 
in the BMSC transplantation groups compared with the 
model group. These results indicated that the transplan-
tation of BMSCs in vivo via the tail vein inhibited the 
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exogenous apoptotic pathway to reduce cell apoptosis by 
decreasing DNA fragmentation in the nucleus and that 
BMSCs overexpressing CXCR4 yielded better therapeutic 
outcomes than pBABE-BMSCs.

Apoptosis can be divided into early apoptosis and 
advanced apoptosis, and proapoptotic proteins can be 
activated at the early apoptosis stage [47, 48]. The results 
revealed that BMSCs can inhibit early apoptosis in lung 
tissue by inhibiting the exogenous apoptotic pathway.

In our comparison between the control group and 
the treated groups, we discovered that the expression of 
apoptosis-related proteins had already increased in the 
first month. As the time of exposure to cigarette smoke 
increased, we continued to observe differences in the 
expression of apoptosis-related proteins between the con-
trol and treatment groups, which became more pronounced 
in the second and third months, especially between the 
control group and the pBABE-BMSC group. These results 
revealed that the transplantation of BMSCs in vivo inhib-
ited the progression of COPD by reducing apoptosis but 
did not allow lung function to recover under persistent 
exposure to cigarette smoke.

The treatment initially yielded no effect, but a clear effect 
was detected at approximately the third month of therapy. 
This finding was attributed to the accumulation of cigarette 
smoke in the circulatory system during construction of the 
apoptosis model, which impacted the therapeutic effect of 
BMSCs. For example, nicotine interacts with BMSCs via 
choline receptors and affects BMSC migration, differentia-
tion, and paracrine signaling [49–52]. After cell transplanta-
tion, the exposure to cigarette smoke was continued, which 
affected the activity and therapeutic effect of BMSCs. The 
expression of apoptosis-related proteins in lung tissue did 
not significantly differ among the groups at the early stage 
of BMSC transplantation therapy because of the effect of 
cigarette smoke.

The results of this experiment showed that the trans-
plantation of BMSCs overexpressing CXCR4 protein sig-
nificantly inhibited apoptosis during the course of COPD. 
The use of MSCs to treat lung diseases has been researched 
extensively because of their prominent role in immune mod-
ulation; their ability to migrate to injury sites; their secretion 
of growth factors, anti-inflammatory cytokines, and extra-
cellular vesicles as well as their activities mediated through 
differentiation and cell–cell junction [53–56].

However, further study is needed to elucidate the 
exact mechanism through which BMSCs inhibit apopto-
sis or reduce alveolar damage. BMSCs transplanted via 
the tail vein can accumulate in the pulmonary circulatory 
system and participate in the treatment of lung diseases 
[57, 58]. The local expression of SDF-1 increases after 
lung tissue damage, and BMSCs overexpressing CXCR4 
can be recruited to lung tissue much more easily via the  

SDF‐1/CXCR4 axis. Previous research on the therapeutic 
effect of BMSCs overexpressing CXCR4 has focused on 
homing to the site of injury through the CXCR4/SDF-1 axis 
[27, 30].

The homing of BMSCs to the lung tissue had been con-
firmed, but they stay in the lung for only a short time. In a 
previous experiment, the abundance of MSCs in the lung 
was obviously decreased at 1 h after transplantation, and 
most had accumulated in the liver within 24 h [59]. Most 
studies on the homing of stem cells have focused on the 
differentiation of stem cells into damaged tissue cells, but 
there have been reports of increased stem cell death at the 
transplant site. In addition, due to the short residence time of 
stem cells in lung tissues, we believe that stem cells reduce 
tissue damage in the development of COPD by other meth-
ods in addition to homing and differentiating [60].

All the evidence to date suggests that MSCs inhibit 
apoptosis not only by homing to the lung but also by other 
activities. Recent studies have revealed the effects of par-
acrine signaling in BMSCs, such as angiogenesis stimu-
lation and the adjustment of inflammatory conditions and 
immune responses in animal models of pulmonary diseases  
[55, 56]. Exosomes are important for cell-to-cell communi-
cation, and BMSCs can transfer their cargo to remote sites 
by exosomes to treat diseases. Exosomes play an important 
paracrine role in BMSCs.

During COPD development, exosomes are also pro-
duced by immune cells in lung tissue and play a role in the 
interaction of immune cells and in inducing the apoptosis 
of lung tissue cells. The paracrine effects of stem cells, in 
which exosomes can modulate immune responses, have been 
shown to reduce the inflammatory response in lung tissue 
diseases, but there is still much to learn regarding the anti-
apoptotic mechanism. Building a COPD model requires 
long-term exposure to cigarette smoke, and the activity of 
stem cells will be further reduced because of exposure to this 
continuously harsh environment, but secreted exosomes will 
have a sustained therapeutic effect regardless of environ-
mental conditions. Clinical studies on the therapeutic effect 
of stem cell-derived exosomes in COPD have shown that 
stem cell-derived exosomes can alleviate post-COVID-19 
complications by reducing the inflammatory response  
[61, 62]. BMSCs overexpressing CXCR4 can exert enhanced 
paracrine effects and inhibit apoptosis by secreting cell 
growth factors, and these effects are believed to be related 
to SDF-1-induced CXCR4 internalization [63].

This experiment showed that the transplantation of 
BMSCs overexpressing CXCR4 protein during COPD model 
establishment can inhibit apoptosis via extrinsic pathways 
and thereby delay the progression of COPD. However, the 
mechanisms underlying the antiapoptotic effects of CXCR4-
overexpressing BMSCs need to be further elucidated.
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