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Abstract: This work aimed to investigate the effects of calcitonin gene-related peptide (CGRP)-modified mesenchymal stem

cells (MSCs) on vascular stenosis in carotid balloon-injured rats. The CGRP gene labeled with EGFP was transfected into bone

marrow MSCs, and CGRP protein expression in MSCs was confirmed by immunofluorescence assays. A rat carotid balloon

injury model was established using a surgical method. CGRP-modifiedMSCs were orthotopically transplanted into the injured

area of the rats. At 28 days after cell transplantation, EGFP and CD31 expression was detected by immunofluorescence

staining. Hematoxylin-eosin (H&E) staining was used to detect the intima/media area of the injured carotid artery stenosis

site, and the expression of proliferating cell nuclear antigen (PCNA) was detected by immunohistochemistry. MSCs from

rat bone marrow positively expressed CD29 and negatively expressed CD45. In vivo immunofluorescence staining showed

that EGFP expression was significantly increased at the vascular injury site of rats transplanted with MSC_CGRP

compared with the control group on the 28th day after cell transplantation and that the damaged vessels exhibited

continuous CD31 expression. H&E staining showed that the vascular intimal proliferation area of rats transplanted with

MSC_CGRP was significantly reduced compared with that of other groups. Furthermore, the immunohistochemistry

results showed that PCNA expression in the endothelium of the MSC_CGRP group was lower than that of the other

groups. Therefore, MSCs transfected with the CGRP gene can express the CGRP protein, and the implantation of CGRP-

modified MSCs at the damaged site after carotid balloon-induced injury can reduce the neointimal area.

Introduction

Restenosis after percutaneous coronary intervention (PCI) is
an important problem that has not been solved clinically
(Zimmermann et al., 2019). Restenosis is mainly related to
neointimal hyperplasia and vascular remodeling caused by
endothelial injury and the proliferation of vascular smooth
muscle cells (Spadaccio et al., 2020). Mesenchymal stem
cells (MSCs) have the ability to self-renew and differentiate
into vascular endothelial cells, vascular smooth muscle cells
and other cell types, as well as promoting vascular
regeneration and repair in ischaemic tissues through
paracrine action; thus, these cells are more suitable than
other stem cells for the treatment of clinical diseases
(Andrzejewska et al., 2019; Brown et al., 2019). Our team
previously showed that MSC transplantation can promote
the repair of injured arterial endothelium, thereby reducing
the degree of postoperative vascular stenosis, but its effect
on vascular smooth muscle cells (VSMCs) is relatively weak

(Shi et al., 1999, 2011). Therefore, the discovery of a novel
cell capable of simultaneously repairing injured arterial
endothelial cells and inhibiting the migration of VSMCs
would be a good strategy to prevent and treat restenosis.

Calcitonin gene-related peptide (CGRP), which is widely
distributed in the nervous and cardiovascular systems, is the
strongest endogenous vasodilator peptide in the body
(Moreno-Ajona et al., 2020); CGRP dilates blood vessels,
inhibits the proliferation of VSMCs, protects endothelial
cells and participates in angiogenesis (Russell et al., 2014).
Moreover, this peptide can positively regulate MSC
proliferation and migration. Therefore, this study aimed to
investigate the effect of MSCs modified with CGRP on
VSMCs, to study the intervention of vascular stenosis after
carotid balloon injury in rats and to provide a new
therapeutic strategy for vascular stenosis.

Materials and Methods

Culture and identification of MSCs
Bone marrow from male SD rats (license No. SCXK 2012-
0005, Animal Experimental Center of Chongqing Third
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Military Medical University) was obtained by aseptic
methods. The femur and tibia were completely separated
bilaterally and the muscle tissue around the bone was
removed. The bone marrow cavity was rinsed with a
syringe into an EP tube containing DMEM, after which the
mixture was centrifuged at 1000 r/s for 5 min. The
centrifuged cells were then inoculated into DMEM culture
flasks containing 10% FBS. When cells were grown to 80%
confluence, they were digested with 0.25% trypsin and
passaged. CD29-FITC and CD45-PE expression levels in
MSCs were verified by flow cytometry prior to transfection
experiments.

Lentivirus transfection into MSCs and immunocytochemistry
to verify CGRP expression
P3 MSCs at a density of 3–5 × 104 cells/well were inoculated in
24-well plates and incubated at 37°C overnight; then, the
medium was removed, and 500 µL of medium containing
1% FCS was added per well. MSCs from the MSC-EGFP
group and the MSC-CGRP group were combined with
lentivirus containing enhanced green fluorescent protein
(Lv-EGFP) or EGFP and CGRP recombinant lentivirus
containing enhanced green fluorescent protein (Lv-EGFP-
CGRP) (in cooperation with Shanghai Yingwei Xin Co.,
Ltd., China) at a multiplicity of infection (MOI) of 30. After
the cells were mixed, they were incubated overnight, and the
culture medium was replaced with normal medium.

Passage 3 MSCs transfected with the control virus
expressing EGFP only (Lv-EGFP) and the CGRP virus
expressing EGFP and CGRP (Lv-EGFP-CGRP) were plated
in 6-well plates at 1 × 104 cells/well. The slides were
removed within 24–48 h for immunocytochemical detection;
slides were fixed in 4% paraformaldehyde at room
temperature for 30 min, incubated with 0.3% Triton-100 at
room temperature for 30 min, and normal goat serum at
room temperature for 20 min. Then, the normal goat serum
was poured out but not washed away, and primary antibody
(rabbit anti-rat CGRP polyclonal antibody, 1:200, Abcam)
was added dropwise and incubated overnight at 4°C.
Secondary antibody (donkey anti-rabbit IgG-TRITC, 1:100)
was added and incubated at 37°C for 1 h, and after the
samples were washed with PBS, the cell nuclei were re-
stained with DAPI for 3–5 min. After 3 washes with PBS (5
min each), a fluorescence quenching agent was added, and
CGRP-positive red cells were observed under a laser
confocal microscope to identify whether the MSCs
transfected with Lv-EGFP-CGRP expressed CGRP.

Establishment and grouping of carotid balloon injury models
Specific pathogen-free (SPF) adult male SD rats (Experimental
Animal Center of Daping Hospital, license No. SCXK 2012-
0005, weight: 300 ± 50 g) raised in an SPF-grade
environment (certificate No. SYXK 2011-003) and handled
according to the Animal Management Rules of the State
Committee of Science and Technology of China (No. 2 on
November 14, 1988, revised in 2011) were used in the
experiments, which were approved by the Animal
Experimental Ethics Committee of Zunyi Medical
University (Nos. 201612A001, 20220120).

After the rats were anesthetized, a neck incision was
made after disinfection, and the distal end of the external
carotid artery was ligated. A 2F balloon catheter was
inserted from the proximal end of the external carotid
artery to the common carotid artery, which was
approximately 2 cm, and 0.2 mL of saline was added to the
balloon. After resistance was detected, the catheter was
slowly pulled back three times after releasing water to exit
the catheter. Then, 200 µL of 1 × 106 MSCs was injected
into the injured artery and incubated for 30 min. The
incision was sutured layer by layer, and the rats were
returned to the animal room to continue feeding to the end
of the experiment. Penicillin was injected intraperitoneally
for 3 days after surgery (Fig. 1).

Experimental grouping
Control group (20 rats): After the carotid balloon injury,
300 µL of PBS was injected into the injured artery and
locally incubated for 30 min.

MSC_EGFP group (20 rats): After the carotid balloon
injury, 300 µL of Lv-EGFP-transfected MSCs (containing
1 × 106 cells) was injected into the injured artery and locally
incubated for 30 min.

MSC-CGRP group (16 rats): After the carotid balloon
injury, 300 µL of Lv-EGFP-CGRP-transfected MSCs
(containing 1 × 106 cells) was injected into the injured
artery and locally incubated for 30 min.

Collection and preservation of vascular tissue specimens
Rats were sacrificed on day 28, and the injured carotid arteries
were fixed in 10% formalin, embedded in paraffin, and serially
sectioned at 4 µm for histological examination. At the same
time, some carotid tissues were collected, and a 6-μm frozen
section was prepared, fixed in acetone for 5–10 min, and
then frozen in a −80°C freezer for immunofluorescence
staining.

FIGURE 1. Establishment of the
balloon injury model of the carotid
artery. (A) Separation and
visualization of the carotid artery.
(B) Balloon injury to the carotid
artery.
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Immunofluorescence staining
The expression of EGFP and CD31 in the MSC-EGFP or
MSC-CGRP groups was detected by immunolabeling to
evaluate the homing and endothelialization of MSCs. The
frozen sections were placed at room temperature for 30
min and then washed by PBS, incubated with 0.25% Triton
for 10 min at room temperature and 3% H2O2 for 10 min
at room temperature, washed with PBS, and incubated
with normal goat serum for 45 min at room temperature.
Then, the excess liquid was removed. Rabbit anti-rat CD31
(Abcam, 1:250) was added dropwise at 4°C overnight. Each
section was incubated with donkey anti-rabbit TRITC-IgG
(Abcam, 1:100) at 37°C for 45 min and washed with PBS
in the dark. After anti-fluorescence quenching with a
sealing tablet, the film was observed under a fluorescence
microscope.

Hematoxylin-eosin (HE) staining and immunohistochemical
staining
Hemorrhage HE staining was used to observe the
histopathological morphology of balloon-damaged vessels,
and Leica Qwin software was used to calculate changes in
the angiogenic intima/medial area and stenosis rate. The
steps were as follows: conventional xylene paraffin section
dewaxing, gradient alcohol hydration, hematoxylin staining
for 5–8 min, 1% hydrochloric acid alcohol differentiation
for 10 s, washing with running water for 30 min, eosin
staining for 2–3 min, gradient alcohol dehydration for 3
min, and treatment with xylene for transparentizing. After
the sections were sealed with neutral resin, pathological
changes were observed under a microscope.

The PCNAprotein level was detected by immunohistochemical
staining 28 days after cell transplantation. After dewaxing,
antigen retrieval and blocking, the cells were incubated
with the corresponding primary antibody at 4°C overnight,
incubated with biotin secondary antibody for 1 h at room
temperature, and then stained with SABC complex and
DAB and counterstained with hematoxylin. The samples
were observed for endocardial PCNA expression under a
light microscope and imaged. Five fields were observed in
each group, and the percentage of PCNA-positive cells in
the total number of cells was calculated.

Statistical methods
SPSS17.0 software was used for statistical analysis. All
parameters are presented as the mean ± standard deviation
(X ± S), and the differences between groups were detected
by one-way ANOVA and t-tests. P < 0.05 was used to
indicate statistical significance, while P < 0.05 was used to
indicate a highly significant difference.

Results

Characteristics of MSCs
The formation of small colonies was noted on the 4th day of
primary cell culture, and P3 MSCs were crosslinked in the
form of a long fusiform, whirlpool-shaped configuration
(Fig. 2A). Flow cytometry showed that the P3 MSCs
expressed high levels of CD29 and low or no levels of CD45
(Fig. 2B), identifying them as MSCs.

CGRP protein expression in CGRP-modified MSCs
Immunofluorescence was used to detect the expression of the
CGRP protein in CGRP-modified MSCs. The results of laser
confocal microscopy showed that the CGRP protein could
be expressed in the cytoplasm, and EGFP-positive
expression was observed at the same site (Fig. 2C).

Local survival and differentiation of damaged blood vessels
after cell transplantation
In the MSC_CGRP group on the 28th day after balloon injury,
green fluorescence of EGFP expression and red fluorescence of
CD31 could be observed at the site of balloon injury,
suggesting that MSCs modified by the CGRP gene mediated
by the lentivirus vector could be locally expressed and
differentiated into endothelial cells after in vivo
transplantation (Fig. 3).

Effect of cell transplantation on pathological changes in
vascular tissues
H&E staining of vascular tissues from each group after 28 days
of cell transplantation showed different degrees of intima
hyperplasia and atherosclerotic plaque formation in each
group (Fig. 4A). The ratio of intimal area/medial membrane
area was calculated by Leica Qwin image analysis software,
and the values of intimal area/medial membrane area in the
model control group, MSC_EGFP group and MSC_CGRP
group were (0.986 ± 0.06), (0.745 ± 0.04) and (0.484 ±
0.03), respectively, with significant differences among each
group (Figs. 4A and 4B).

Effect of cell transplantation on the proliferation of carotid
artery VSMCs
The expression of PCNA-positive cells was found in the
neointima of the three groups, with the highest expression
in the model control group (78.37 ± 10.22%), followed by
the MSC transplantation group (52.73 ± 8.42%), and the
lowest expression was in the CGRP transplantation group
(25.12 ± 5.96%). The differences between the groups were
significant (P < 0.05) (Figs. 4A and 4C).

Discussion

Abnormal intimal hyperplasia after vascular injury, such as
atherosclerosis and in-stent restenosis (ISR), plays an
important role in the development of occlusive vascular
disease (Schwartz et al., 2004). ISR is a complex process
involving multiple cell types and vascular wall tissues.
Studies have found that VSMCs play an important role in
the pathogenesis of vascular occlusion disease, and
abnormal proliferation of VSMCs is believed to be the main
cause of ISR (Kim et al., 2015). Promoting the rapid
endothelialization of injured intima can inhibit the
abnormal proliferation of VSMCs. MSCs can differentiate
into endothelial cells, cardiac cells and VSMCs and are
easily transfected with exogenous genes that are stably
expressed; thus, they are the first type of cells to be used for
genetic engineering at present (Xu et al., 2016). Studies have
shown that MSCs can be differentiated into endothelial cells
by transplantation into injured blood vessels, inhibiting
neointimal hyperplasia and reducing the vascular stenosis
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rate (Ge et al., 2018; Qu et al., 2020; Saad et al., 2017). Studies
have also shown that MSCs transplanted into myocardial
infarction-related arteries can reduce inflammation and
improve cardiac function, but the trial was terminated early
due to aggravation of restenosis (Cho et al., 2019). In our
study, we found that MSC transplantation in a rat model
with myocardial infarction and carotid artery balloon injury

improved cardiac function after infarction but only slightly
reduced the balloon injury artery and had a relatively weak
effect on inhibiting VSMC proliferation (Shi et al., 1999,
2011). Gene-modified MSC transplantation can optimize the
therapeutic effect of MSC transplantation.

CGRP is a vasoactive peptide of the neuropeptide family
that is widely distributed in the nervous and cardiovascular

FIGURE 3. The colonization and differentiation of MSCs in the MSC_CGRP group were observed under a fluorescence microscope (×400).
(A) EGFP expressed green fluorescence at the site of balloon injury. (B) CD31 is marked by TRITC and shows red fluorescence in the same
field. (C) The merged image for green EGFP and red CD31 (the merged part of green and red showed yellow color).

FIGURE 2. Identification of MSCs and expression of the CGRP protein in MSCs modified with CGRP. (A) The third generation of MSCs
showed fusiform adherent growth. (B) MSCs showed positive expression of CD29 and negative expression of CD45. (C) CGRP-modified
MSCs showed EGFP fluorescence (green) and expressed the CGRP protein (red).

1906 PANKE CHEN et al.



systems and has many physiological functions, such as powerful
vasodilation, inhibition of VSMC proliferation, protection of
endothelial cells and participation in angiogenesis (Ma et al.,
2021; Xue et al., 2019). Multiple studies later confirmed that
CGRP inhibited the proliferation of VSMCs (Liu et al., 2003;
Schaeffer et al., 2003). Therefore, can CGRP inhibit the
proliferation of VSMCs after transfection with MSCs without
affecting the function of MSCs? Previous studies of our
research group showed that MSCs transfected with CGRP did
not affect the differentiation of the cells (Chen et al., 2015). In
this study, lentivirus with CGRP was again used to transfect
MSCS. Cell immunofluorescence detection showed that EGFP
and CD31 fluorescent double staining was found in damaged
blood vessels after the transplantation of MSCS modified with
CGRP. Other studies have shown that in a mouse model of
lower limb ischemia in which the CGRP gene was deleted, the
angiogenesis of ischemic tissues was impaired (Zhu et al.,
2021). Combined with the results of this study, these findings
suggest that CGRP may enhance the repair effect of MSCs on
the endothelium.

PCNA, as a cell cycle fission protein, is an important
polymerase cofactor in DNA replication and division, which is
necessary for cells to enter the cell cycle and proliferate in
humans (Deshmukh et al., 2016; Genschel et al., 2017). PCNA
expression in VSMCs is extremely low in the quiescent phase,
but the expression is significantly increased in cells with active
proliferation (Sun et al., 2017). Therefore, PCNA can be used
as a marker for VSMC proliferation, as increased expression is
associated with increased proliferation. In contrast, inhibiting
the expression of PCNA can inhibit VSMC proliferation and
migration. In vivo studies showed that compared with those of
the control group and the lentivirus transfection group, PCNA
expression in rats with carotid artery injury in the MSC group
modified with CGRP was reduced.

In summary, MSCs gene-modified with CGRP can express
CGRP protein. In vivo studies showed that MSCs modified with
CGRP can reduce the formation of new intima after vascular
injury, which provides a new strategy and experimental basis
for the treatment of vascular proliferative diseases by genetically
engineered cells.

FIGURE 4. HE staining, immunohistochemical staining and semiquantitative analysis. (A) HE staining and PCNA immunohistochemical
staining image of balloon injury vascular sites of MSCs, MSC_EGFP and MSC_CGRP group (yellow line: intima; green line: media; black
narrow: PCNA-positive staining). (B) Semiquantitative analysis of the intimal/medial area ratio. (C) Semiquantitative analysis of the
percentage of PCNA-positive cells.
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