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Abstract

Background: Abdominal aortic aneurysms have a high mortality rate. While surgery is the preferred treatment
method, the biological repair of abdominal aortic aneurysms is being increasingly studied. We performed cellular
and animal experiments to investigate the simultaneous function and mechanism of fibroblast growth factor 18 and
integrin B1 in the biological repair of abdominal aortic aneurysms.

Methods: Endothelial and smooth muscle cells of rat arteries were used for the cellular experiments. Intracellular
integrin 31 expression was regulated through lentiviral transfection. Interventions with fibroblast growth factor 18
were determined according to the experimental protocol. Several methods were used to detect the expression of
elastic fiber component proteins, cell proliferation, and migratory activity of endothelial and smooth muscle cells
after different treatments. For animal experiments, abdominal aortic aneurysms were induced in rats by wrapping
the abdominal aortae in sterile cotton balls soaked with CaCl, solution. Fibroblast growth factor 18 was administered
through tail vein injections. The local expression of integrin 31 was regulated through lentiviral injections into the
adventitia of the abdominal aortic aneurysms. The abdominal aortae were harvested for pathological examinations
and tensile mechanical tests.

Results: The expression of integrin 31 in endothelial and smooth muscle cells could be regulated effectively through
lentiviral transfection. Animal and cellular experiments showed that fibroblast growth factor 18 4+integrin 31 could
improve the expression of elastic fiber component proteins and enhance the migratory and proliferative activities of
smooth muscle and endothelial cells. Moreover, animal experiments showed that fibroblast growth factor 18 4 integ-
rin 31 could enhance the aortic integrity to withstand stretch of aortic aneurysm tissue.

Conclusion: Fibroblast growth factor 18 +integrin 31 improved the biological repair of abdominal aortic aneurysms
in rats by increasing the expression of elastic proteins, improving the migratory and proliferative abilities of endothe-
lial and smooth muscle cells, and improving aortic remodeling.

Keywords: Abdominal aortic aneurysm, Fibroblast growth factor 18, Integrin 31, Biological repair, Smooth muscle
cells, Endothelial cells

Background
"Yilong Guo and Ren Wei have contributed to the work equally and should be ~ “Aortic aneurysm” refers to the pathological expansion
regarded as co-first authors of the aortic wall. When the diameter of an expanded
*Correspondence: guoweiplagh@sina.com aorta exceeds 50% of the normal aorta, it is diagnosed
2 Department of Vascular and Endovascular Surgery, The First Medical Centre as an aortic aneurysm [1]. In the Western population,
of Chinese PLA General Hospital, 28#, Fuxing Road, Beijing 100853, China the morbidity of abdominal aortic aneurysms (AAAs)
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is approximately 7.1 to 25.8 per 100,000 people per year
[2]. Approximately 90% of patients with AAAs have no
obvious symptoms before an aneurysm rupture occurs.
Moreover, the mortality rate is above 80% after aneurysm
rupture [3]. Therefore, early detection and treatment are
crucial for treating AAAs.

In order to improve the diagnosis and treatment of
AAAs, their pathogenesis should be elucidated. The main
pathophysiological mechanisms of aortic aneurysm for-
mation are the apoptosis of smooth muscle cells (SMCs)
and endothelial cells (ECs) and extracellular matrix deg-
radation, resulting in the thinning and dilation of the
aortic wall [4]. Elastic fibers are the major components
of the aortic wall that maintain its integrity [5]. Fibro-
blast growth factor 18 (FGF18) is a member of the fibro-
blast growth factor family and is mainly expressed in the
lungs, pancreas, gastrointestinal tract, and vascular wall
[6]. Studies have shown that FGF18 promotes the expres-
sion of elastic fiber component proteins (including elas-
tin [ELN], microfibril-1, and fibulin-5) in the aortic wall
[7-11]. Although FGF18 can promote the expression of
elastic fiber component proteins in AAA walls [12], its
effect on the repair of AAAs is insignificant [13]. This is
possibly because elastic fiber component proteins need
to form elastic fibers to perform biological repair, and
these elastic fibers need to be firmly attached to the cel-
lular surface via proteins that are in contact with the
cytoskeleton to allow the cells to sense mechanical cues.
Improving mechanosensing is thought to improve cellu-
lar function and survival, combating aneurysm formation
[14]. This implies that improving the connection between
elastic fibers and the cytoskeleton could facilitate the
repair of AAAs.

Integrin p1 (ItgPl) is a transmembrane protein that
plays a key role in the connection between the cytoskel-
eton and extracellular matrix [15, 16]. A study by Cheuk
et al. showed that the expression of ItgP1 is considerably
reduced in aortic aneurysm tissue [17]. ItgBf1-knockout
mice have shown remarkable aortic dilatation, which
suggests that this receptor plays a key role in maintain-
ing aortic wall stability [18, 19]. Therefore, this study
innovatively applied FGF18+ItgP1 to repair AAAs and
explored the feasibility and mechanisms of this therapeu-
tic regimen.

Methods

Cell experiments

Rat cerebral arterial ECs and aortic SMCs were selected
for the cellular experiments, both of which were pur-
chased from Procell (Wuhan, China). The cells were
grouped as follows: normal cell group (NC); Itgpl
knockdown control group (LV-Con-RNAi); Itgp1l knock-
down group (LV-ItgP1l-RNAi); Itgfl overexpression
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control group (LV-Con); and ItgB1 overexpression group
(LV-Itgpl).

Cell culture and lentiviral transfection

Arterial ECs and SMCs were cultured in 1% penicillin/
streptomycin, sodium pyruvate, glutamine, 10% fetal
bovine serum (FBS), and 90% high-glucose medium at
37 °C in 5% CO,. The plasmids for the overexpression or
knockdown of ItgP1 were constructed and packaged with
lentivirus. The lentivirus vectors were subsequently used
to transfect the arterial ECs and SMCs. The efficacy of
the infections was determined 48 h after transfection.

FGF18 treatment

Exogenous FGF18 treatment was performed according to
different groups. In the ECs, FGF18 solution of different
concentrations (0, 25, 50, 100, and 200 ng/mL) was used
to regulate the expression of ELN, fibrillin-1 (FBN1),
and fibulin-5 (FBLN5). The expression of these proteins
in different groups was determined at different time
points (0, 6, 12, 24, and 48 h). Subsequently, FGF18 solu-
tion (100 ng/mL) was used to treat the ECs in the NC,
NC+LV-Con, NC+ LV-ItgB1-RNAi, and NC+ LV-Itgfp1
groups. The expression levels of ItgB1, ELN, FBN1, and
FBLNG5 in these groups were detected using western blot
(WB) assays 24 h after FGF18 treatment. In the SMCs,
FGF18 solution of varying concentrations (0, 100, 200,
and 400 ng/mL) was used to treat the cells separately. The
expression of ELN in different groups was determined at
different time points (0, 12, 24, and 48 h). Subsequently,
an FGF18 solution of different concentrations (100
and 200 ng/mL) was used to treat the SMCs in the NC,
NC+LV-Con, NC+ LV-Itgp1-RNAi, and NC+LV-Itgf1
groups separately. The expression levels of ItgB1, ELN,
fibrillin-1, and FBLNS5 in different groups were detected
using WB assays 24 h after FGF18 treatment.

Western blot assay

The cells were lysed with a RIPA lysis buffer (Beyotime,
Shanghai, China) containing a 1% protease inhibitor. The
protein extraction was quantitatively analyzed using the
BCA protein analysis kit (Beyotime, Shanghai, China).
The protein sample was added to a 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
gel for electrophoretic separation and transferred to a
polyvinylidene difluoride (PVDF) membrane. After being
blocked, the PVDF membranes were incubated with
monoclonal primary antibodies at 4 °C overnight. Next,
the membrane was incubated with secondary antibodies
for 2 h. The WB bands were visualized using Pierce " ECL
(Thermo Fisher Scientific Inc., Shanghai, China) and ana-
lyzed using Image] software (https://imagej.en.softonic.
com/mac).
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RNA extraction and RT-qPCR

TRIzol Reagent (Invitrogen, Shanghai, China) was used
to extract RNA. The RNA samples were then reverse
transcribed into cDNA using a reverse transcription kit
(TOYOBO, Shanghai, China). Real-time quantitative
reverse transcription-polymerase chain reaction (RT-
qPCR) was performed on the Applied Biosystems" 7500
real-time PCR system using the SYBR® Green Realtime
PCR Master Mix (TOYOBO, Shanghai, China). All the
primers were designed and synthesized by TOYOBO
(Shanghai, China). The specific primer sequences used in
this study are presented in Table 1.

Cell Counting Kit-8 assay

Cell proliferation was detected using the Cell Count-
ing Kit (CCK)-8 assay (Dojindo, Kumamoto, Japan).
ECs and SMCs were inoculated into 96-well plates (ECs,
5x 103 cells/well; SMCs, 2 x 103 cells/well). The cells
were cultured at 37 °C in 5% CO,. After the cells had
adhered to the wall, FGF18 (100 ng/mL) was added to the
experimental group, and cell culture was continued for
6—48 h. CCK-8 reagent (10 pL/well) was added to each
well, and absorbance was measured at 450 nm after 2 h
of incubation. The absorbance results were subsequently
used to determine cell proliferation.

Transwell migration assay

Cell migration was detected using the Transwell migra-
tion assay. A Transwell insert chamber with an 8-pum
pore size membrane (Corning, Shanghai, China) was
used for the assay. EC (4x 104 cells/mL) and SMC
(5% 104 cells/mL) solutions and FGF18 (100 ng/mL)
solution were transferred into the upper chamber sepa-
rately. As a chemoattractant, 500 mL of medium contain-
ing 20% FBS were added into the lower chamber. After
6—-24 h of culture, the medium in the Transwell chamber
was discarded. The cell culture was then washed with
phosphate-buffered saline (PBS), and non-migrating cells
in the upper chamber were gently wiped off. The cham-
ber was placed in 4% paraformaldehyde for 15 min and
0.1% crystal violet dye for 30 min. Five visual fields of
the chamber were randomly observed, and the cells were
counted.

Table 1 Primer sequences used in this study
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Animal experiments

Sixty adult Sprague-Dawley (SD) rats (SBF Bio-
technology Co., Ltd, Beijing, China) (males weigh-
ing 350-400 g) were randomly divided into five
different equally sized groups. They were grouped into
the Sham, AAA, AAA+FGF18, AAA+LV-Itgfl, and
AAA +LV-ItgB1 +FGF18 groups.

Rat AAA model

Previous studies showed that CaCl, solution could dis-
rupt the elastic network within the aortic media by
activating the inflammatory response through calcium
precipitation, ultimately leading to AAA [20]. So, AAA
were induced in rats by wrapping the abdominal aortae
in sterile cotton balls soaked with CaCl, solution. Anes-
thesia was administered via intraperitoneal injections of
3% pentobarbital sodium. A middle incision was made in
the abdomens to expose the abdominal aortae between
the renal and bilateral iliac arteries. The abdominal aor-
tae were isolated from surrounding tissues with sterile
rubber strips and wrapped in sterile cotton balls soaked
in CaCl, solution (0.8 mol/L) [21]. The abdominal aortae
of the Sham group were wrapped in sterile cotton balls
soaked in PBS. The abdominal cavities were rinsed with
sterile saline three times and closed layer by layer 30 min
later. The construction of the AAA model is shown in
Additional file 1: Fig. S1.

All the rats were fed a normal diet for 14 days after the
operations. The maximum diameters of the abdominal
aortae were detected using an abdominal ultrasound.
It is reported that the normal size of a rat’s abdomi-
nal aorta is approximately 3—4 mm [21]. However, the
abdominal aortic diameter is greatly affected by age
and weight, making it an unideal diagnostic indicator
of AAA. Instead, the abdominal aortic dilation rate was
used as an indicator of AAA diagnosis in this study as
follows: Abdominal aortic dilation rate={(maximum
diameter at measurement—maximum diameter on
day 0) / maximum diameter on day 0} x 100%. A maxi-
mum abdominal aortic dilation rate >40% was the cri-
terion set for successful AAA modeling. The rats in the
AAA+LV-Itgfl and AAA-+FGF184LV-ItgBl groups
were then transfected with LV-ItgBl. The AAAs were
exposed along the abdominal incisions, and a solution

Gene Forward Reverse

[tgf1 5-GACCTGCCTTGGTGTCTGTGC-3! 5/-AGCAACCACACCAGCTACAAT-3/
Elastin 5/-GCCCTGGGATATCAAGGTGG-3/ 5-CACTGGCCTGTTGTCCCC-3!
Fibulin-5 5/-CTCTGCAGTGGCTCCCAGC-3/ 5/-CCACAGTGCCAGGATGGTGA-3!
Fibrillin-1 5/-TCAGATGGCCGCTACTGCAA-3! 5/-CAGTGTTCACGCATCGTCCG-3/
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containing LV-ItgP1 was injected under the aortic adven-
titia on both sides of the aneurysms. The abdominal inci-
sions were sutured layer by layer 30 min later. Rats in
the AAA +FGF18+LV-ItgBl and AAA +FGF18 groups
received tail vein injections of FGF18 (5 pg) on days 14,
17, 20, 23, and 25 after the operations.

The maximum diameters of the abdominal aortae were
measured by ultrasound on days 0, 14, and 28 after the
surgeries. The rats were then sacrificed by cervical dis-
locations, and the abdominal aortae were harvested. If
the rats died during the course of the experiment, the
abdominal aortae were harvested immediately. The abdo-
mens were opened along the previously made incisions,
and the aortae between the renal and iliac arteries were
harvested (ensuring that at least 5 mm of normal aor-
tic tissue were present on both ends of the aneurysms).
Five samples from each group were left for the ten-
sile mechanical tests (to test how far the aorta can be
stretched in length before breaking), and the remaining
samples were fixed in 10% formaldehyde solution for
48 h. The samples were subsequently embedded in paraf-
fin and sectioned.

Immunohistochemical assay

Immunohistochemical staining of the aortic tissue was
performed to detect Itgp1 expression in different groups
after lentiviral transfection. Paraffin-embedded aortic
tissue sections were dewaxed and hydrated, and antigen
repair was performed. Anti-ItgBl was added, and the
mixture was incubated overnight at 4 °C. A secondary
antibody was added and further incubated for 60 min.
The sections were then soaked in hematoxylin solution
for 8 min and sealed with neutral resin, after which the
tissue samples were observed.

Hematoxylin and eosin staining

AAA tissues were fixed with formaldehyde, embedded
in paraffin, and cut into 4-um-thick sections. The tissue
sections were subsequently stained with hematoxylin and
eosin (HE) solution.

Elastic Verhoeff-Van Gieson staining

AAA tissues were fixed with formaldehyde, embedded
in paraffin, and cut into 4-pm-thick sections. They were
then stained with elastic Verhoeft-Van Gieson (EVG) dye.

Tensile mechanical assay

A Microtester 5848 micro force material testing machine
(Chinese Academy of Science, Beijing, China) was used
to detect the aortic integrity to withstand stretch of dif-
ferent groups. A 5-N mechanical sensor with an initial
gauge distance of 10 mm and a load threshold of 3 N was
used. The upper and lower ends of the aortae were fixed,
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and the specimens were slowly pulled at 10 mm/min (to
test how far the aorta can be stretched in length before
breaking). Maximum tension under different displace-
ments was recorded until the aortae were broken. A dis-
placement-tension curve was then plotted according to
the recorded data.

Statistical analysis

SPSS (version 20.0, IBM Corp., Armonk, NY, USA)
was used for data analysis. Continuous variables were
expressed as mean *standard deviation. One-way anal-
ysis of variance, t-test, chi-square test, or Fisher’s exact
test was used to compare the differences between groups
as appropriate. p<0.05 was considered statistically
significant.

Results

Cell experiments

Lentiviral transfection

Aortic ECs and SMCs from rats were transfected with
LV-ItgB1-RNAIi and LV-ItgPl, respectively. The transfec-
tion efficacy was determined 48 h after transfection. The
results showed that successful transfection was achieved
by transfecting with the two vectors. The fluorescence
abundance of the NC+LV-ItgB1 group was the highest,
whereas that of the NC+ LV-ItgB1-RNAi group was the
lowest. There was no significant difference between the
NC+LV-Con-RNAi and NC+LV-Con groups (Addi-
tional file 1: Fig. S2).

WB and RT-qPCR assays were performed to detect
ItgP1l expression changes in ECs and SMCs after lenti-
viral transfection. The results showed that ItgB1 expres-
sion was not significantly different between the NC,
NC+LV-Con, and NC+ LV-Con-RNAi groups (p >0.05).
The ItgP1 expression of the NC+ LV-ItgB1 group was the
highest, whereas that of the NC+LV-ItgB1-RNAi group
was the lowest (Additional file 1: Fig. S2).

The effect of FGF18 and FGF18 + Itg1 on the expression

of elastic fiber component proteins in ECs

Twenty-four hours after treatment with different concen-
trations of FGF18 solution, the expression of elastic fiber
component proteins in the ECs increased with increasing
FGF18 solution concentrations. When the concentration
of the FGF18 solution was fixed at 100 ng/mL, the expres-
sion of the elastic fiber component proteins increased
with the duration of the treatment. Therefore, we estab-
lished that FGF18 promotes the expression of elastic fiber
component proteins in ECs in a concentration- and time-
dependent manner (Fig. 1). The effect of FGF18+Itgf}1
on the expression of elastic fiber component proteins
in ECs was subsequently explored. The results showed
that the expression of elastic fiber component proteins
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groups (groups that were not treated with FGF18)

Fig. 1 a FGF18 promotes the expression of elastic fiber component proteins in ECs in a concentration-dependent manner; after 24 h of

treatment with FGF18 solution of different concentrations, the expression of elastin, fibulin-5, and fibrillin-1 in ECs increased with the increasing
FGF18 solution concentration; **p < 0.01 versus the 0 ng/mL group. ***p <0.005 versus the 0 ng/mL group; b FGF18 promotes the expression

of elastic fiber component proteins in ECs in a time-dependent manner; when the concentration of the FGF18 solution was fixed at 100 ng/mlL,

the expression of the elastic fiber component proteins in ECs increased with the increase in treatment duration; **p < 0.01 versus the 0 h group.
**¥p <0.05 versus the 0 h group; c Effects of FGF18+1tg31 on elastic fiber component proteins and Itg1 expression in Ecs; the expression of elastic
fiber component proteins increased in the groups treated with FGF18. After treatment with FGF18, ECs in the NC+ LV-Itg[31 group showed a higher
expression of elastic fiber component proteins than the other groups; FGF18 did not affect the expression of ItgB1; **p < 0.01 versus the control

increased in all four groups after FGF18 treatment.
In addition, after treatment with FGF18, ECs of the
NC+LV-ItgBfl group showed a higher expression of
elastic fiber component proteins than the other groups
(p<0.01). FGF18 did not affect the expression of Itgp1 in
any of the groups. This suggests that FGF18 and ItgP1 act
synergistically in promoting the expression of elastic fiber
component proteins in ECs (Fig. 1).

The effect of FGF18 and FGF18 + Itgf31 on elastic fiber
component protein expression in SMCs

SMCs were treated with FGF18 solution of different con-
centrations, and the expression of ELN was detected at
different time points after the treatment. The expres-
sion of ELN in the SMCs did not always increase with
the FGF18 solution concentration, and this phenomenon
was unaffected by the duration of treatment (Fig. 2). The
effect of FGF18+Itgf1 on the expression of elastic fiber
component proteins in SMCs was subsequently explored.
The results showed that after treatment with FGF18,

SMCs in the NC+LV-ItgP1 group had a higher expres-
sion of ELN than those in the other groups (p<0.05)
(Fig. 2). Furthermore, the expression of ELN, FBLN5, and
fibrillin-1 in the SMCs in the NC 4 LV-ItgB1 group exhib-
ited a positive relationship with the concentration of the
FGF18 solution. This implies that FGF18 and ItgB1 act
synergistically to promote the expression of elastic fiber
component proteins in SMCs (Fig. 2).

The effect of FGF18 and FGF18 + Itg1 on the proliferative
and migratory abilities of ECs

CCK-8 and Transwell chamber migration assays
were performed to explore the effects of FGF18 and
FGF18 + ItgP1 on the proliferative and migratory abilities
of ECs. The results of the CCK-8 assay showed that the
proliferative ability of ECs in the NC + LV-ItgB1 + FGF18
group was considerably higher than that in the other
groups (p<0.05) (Fig. 3). The Transwell chamber migra-
tion assay further revealed that the migratory activity of
ECs in the NC+LV-ItgB1-RNAi group was the weakest,
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Fig. 2 Effects of FGF18 on elastin expression in SMCs. a There was no significant difference in elastin expression between the SMCs treated with
100 ng/mL of FGF18 solution and the SMCs that were not treated with the FGF18 solution (p = 0.163); there was no significant difference in elastin
expression between the SMCs treated with 200 ng/mL of FGF18 solution and the SMCs treated with 400 ng/mL of FGF18 solution (p=0.379). b
There was no significant difference in the expression of elastin at different time points after treatment with 100 ng/mL FGF18 solution (p > 0.05).

c FGF18+ItgP1 can promote the expression of elastin; in the Con group (not treated with FGF18), there was no significant difference in elastin

expression amongst the NC, NC+ LV-con, NC+ LV-ItgB1-RNAi, and NC 4 LV-Itg31 groups (p > 0.05); there was also no significant difference in elastin
expression amongst the NC, NC + LV-Con, and NC + LV-ItgB1-RNAi groups after FGF18 treatment (p > 0.05); after treatment with FGF18 (100 ng/mlL,

24 h), the elastin expression in SMCs in the NC+ LV-ltg1 group was higher than that in the other three groups (p <0.05). ***p <0.001 versus the NC
group (treated with FGF18); (d) FGF18+ItgB1 promoted the expression of elastic fiber component proteins in SMCs; the expression levels of elastin,
fibulin-5, and fibrillin-1 in SMCs in the NC+ LV-Itg31 group showed a positive relationship with the concentration of the FGF18 solution; The WB gel

of a, b, ¢, and d were cut prior to hybridization with antibodies; **p <0.05 versus the 0 ng/mL group. ***p <0.001 versus the 0 ng/mL group

whereas that in the NC+ LV-ItgB1+FGF18 group was
the strongest (Additional file 1: Fig. S3). Both ItgPl and
FGF18 could therefore improve the proliferative and
migratory abilities of ECs.

The effect of FGF18 and FGF18 + ItgB1 on the proliferative
and migratory abilities of SMCs

CCK-8 and Transwell chamber migration assays
were performed to explore the effects of FGF18 and
FGF18 +1tgPl on the proliferative and migratory abili-
ties of SMCs. The CCK-8 assay showed that FGF18 alone
could not improve the proliferative activity of SMCs
in the NC and NC+LV-Con groups (p=0.127, 0.082).
However, the overexpression of Itgfl could improve
the proliferative activity of SMCs in the NC+ LV-Itgf1
group. The proliferative activity of SMCs was higher
in the NC+LV-ItgBl1+FGF18 group than in the
NC+LV-ItgBl group (p=0.013), which indicates that
ItgP1 exerts a synergistic effect with FGF18 in enhancing
the proliferative activity of SMCs (Fig. 3). The Transwell
chamber assay further revealed that ItgB1 could enhance

the migratory activity of SMCs. The migratory activity of
SMCs was higher in the NC+ LV-Itgp1+FGF18 group
than in the other groups. This is a further indication of
the synergistic effect of FGF18 and ItgB1 in enhancing
the migratory ability of SMCs (Additional file 1: Fig. S3).

Animal experiments

Rat AAA models

The overall incidence rate of AAAs was 0 in the
Sham group and 83.3% (40/48) in the experimen-
tal (AAA, AAA-+FGF18, AAA+LV-Itgfl, and
AAA+FGF18+LV-ItgBl) groups. The AAA inci-
dence rates in the animal models were 83.3% (10/12),

83.3% (10/12), 91.7% (11/12), and 75% (9/12) in
the AAA, AAA+4+FGF18, AAA+LV-Itgfl, and
AAA+FGF18+LV-ItgBl groups, respectively. The

mortality rate in the Sham group 28 days after surgery
was 0, whereas the overall mortality rate of the experi-
mental groups was 6.25% (3/48) 14 days after surgery.
All the deaths were caused by intestinal obstructions
(one patient in each of the AAA, AAA+FGF18, and
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Fig. 3 CCK-8 assay for detecting the proliferative activity of ECs and SMCs. a Ecs: the proliferative activity of ECs was significantly enhanced
after treatment with FGF18 (p < 0.05); the proliferative activity of ECs was higher in the NC+ LV-Itg1+ FGF18 group than in the NC+ LV-Itg31,
NC+ FGF18, and NC groups (p < 0.05); amongst the groups that were not treated with FGF18, the proliferative activity of ECs in the NC + LV-Itgf31
group was the strongest, whereas that in the NC+ LV-Itg31-RNAi group was the weakest. b SMCs: FGF 18 alone could not improve the proliferative
activity of SMCs in the NC and NC 4 LV-Con groups (p =0.127, 0.082); FGF18 improved the proliferative activity of SMCs in the NC+ LV-Itg1 group
(p=0.032); the proliferative activity of SMCs was higher in the NC+ LV-Itg1 group than in the NC and NC + LV-Con groups (p=0.012, 0.024); the
proliferative activity of SMCs was higher in the NC+ LV-Itg31 4+ FGF18 group than in the NC, NC+ LV-Itg31, and NC+ FGF 18 groups (p < 0.05)

AAA +FGF18+LV-ItgPl groups). The overall mortality
rate between 14 and 28 days after surgery was O in the
experimental groups. These experiments determined that
abdominal aortae wrapped in sterile cotton balls soaked
in a CaCl, solution could safely and effectively develop
AAA rat models (Fig. 4).

Expansion of the abdominal aorta in different groups

Two weeks after the operation, there was no signifi-
cant difference in the dilation of the abdominal aor-
tae between the experimental groups (p>0.05). In
contrast, the dilation rate of the abdominal aortae in the
AAA +FGF18+LV-ItgP1 group was the lowest, whereas
that of the AAA group was the highest four weeks after
surgery. There was a significant difference between these
two groups (p<0.01). The abdominal aorta dilation rates
of different groups 0—4 weeks after the operation are
shown in Fig. 4.

Immunohistochemical staining
Immunohistochemical staining was used to detect the
expression of ItgPfl in the aortic tissues of different

groups (Fig. 5). ItgBl was mainly expressed in the
intima and media of the aortic walls and was positively
expressed in aortic ECs and SMCs. ItgPfl expression
was low in the AAA group and considerably higher
in the AAA+LV-ItgBl and AAA +LV-ItgBl+FGF18
groups.

Hematoxylin and eosin staining

In the Sham group, there were no obvious structural
abnormalities in the abdominal aortic walls. However,
in the AAA group, the structure of the aortic wall was
destroyed, and the elastic fibers were ruptured and in
sparse arrangement. Compared to the AAA group,
the elastic fibers in the AAA +FGF18 group were not
damaged to some extent, but a disorganized aortic wall
structure was still observed. The overall structure of the
aortic wall in the AAA + LV-Itgp1 + FGF18 group was
relatively intact, and the elastic fibers were continuous,
indicating that FGF18+ Itgp1l can effectively promote
the biological repair of aneurysm walls (Fig. 5).
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Fig. 4 a Survival curves of rats in different groups; mortality of the Sham group was 0 within 4 weeks after surgery; three rats in the experimental
groups died within 2 weeks after surgery, and the overall mortality of the experimental groups within 4 weeks after surgery was 6.25% (3/48).

b The AAA incidence rate of rats in different groups: forty rats developed AAA: 10 in the AAA group, 10 in the AAA+FGF18 group, 11 in the

AAA 4+ LV-ItgB1 group, and nine in the AAA + FGF18 4 LV-Itg31 group; there was no significant difference in the morbidity and mortality between
the experimental groups (p > 0.05). (¢, d) The abdominal aorta dilation rate of different groups at 0-4 weeks after the operation. There was no
significant difference in the abdominal aorta dilation rate between groups 2 weeks after the operation (p > 0.05); four weeks after the operation, the
abdominal aorta dilation rate of the AAA+FGF18 4 LV-ltgB1 group was the lowest, whereas that of the AAA group was the highest; there was a

Elastic Verhoeff-Van Gieson staining

Elastic fibers of abdominal aortae were detected through
EVG staining (Fig. 5). In the Sham group, the structure
of the abdominal aortic wall was normal, and the elastic
fibers were continuous and regularly corrugated. In the
AAA group, the elastic fibers were broken and irregularly
arranged. In the AAA 4+ FGF18 group, however, the elas-
tic fibers increased, and a sparse arrangement and local
fracture were observed. In the AAA+LV-Itgpl group,
the elastic fibers were dense, but there were also local
fractures. In the AAA+FGF18+LV-ItgBfl group, the
elastic fibers were continuous and densely arranged.

Tensile mechanical test of rat AAA tissue

The aortic integrity to withstand stretch in different
groups was detected using the tensile mechanical test
by testing how far the aorta can be stretched in length
before breaking. The aortic integrity to withstand stretch
of the AAA group was the lowest, whereas that of the
Sham group was the highest. In addition, the aortic integ-
rity to withstand stretch of the AAA +FGF18 4 LV-Itgf1

group was higher than that of the AAA +LV-ItgB1 and
AAA +FGF18 groups (p=0.041, 0.032) (Fig. 6).

Discussion

The development and popularity of imaging technolo-
gies, such as ultrasounds and CT scans, have increased
the screening rate of aortic aneurysms in recent years.
The existing guidelines only recommend surgical treat-
ment for AAAs with a diameter greater than 5.5 cm and
thoracic aortic aneurysms with a diameter greater than
6 cm. For aortic dilation diseases with a diameter less
than 5 cm, only the control of high-risk factors and close
follow-ups are recommended [22, 23]. The limitations
resulting from follow-ups without intervention and the
unpredictability of aortic aneurysm rupture call for con-
tinuous investigations on the biological repair methods
that could delay or reverse the progress of aortic aneu-
rysms [24].

The biological repair of aortic aneurysms has been pro-
posed as a new direction in AAA treatment and denotes
the use of biological interventions to promote extracel-
lular matrix remodeling, inhibit apoptosis, promote cell
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Fig. 5 a Immunohistochemical staining: Itg1 was mainly expressed in the intima and media of the aortic wall; ltg1 was strongly expressed
(++) in the Sham group; ItgR1 expression in the AAA 4 FGF18 and AAA groups was similar; both were weakly positive (+); compared with the
AAA group, ltgB1 expression was significantly higher in the AAA+ LV-Itg1 and AAA+FGF18+ LV-Itg31 groups. Both groups were moderately
positive (++). b HE staining: the aortic wall of the Sham group was normal; the structure of the aortic wall in the AAA group was destroyed, and
rupturing of the elastic fibers and sparse arrangement were observed; the elastic fibers of the AAA+ FGF18 group were not damaged to some
extent; the aortic media in the AAA+LV-ltgB1 + FGF18 group was thinner than that in the Sham group, and the overall structure of the aortic
wall was relatively intact. ¢ EVG staining: The structure of the abdominal aortic wall in the Sham group was normal, and the elastic fibers were
continuous and regularly corrugated; the elastic fibers of the AAA group were broken and irregularly arranged; AAA 4+ FGF18 group: the elastic
fibers increased, and a sparse arrangement and local fractures were osberved; the white tip represents the irregularly arranged elastic fibers;

the elastic fibers of the AAA+LV-Itg1 group were dense and regularly arranged, but local fractures were observed; the elastic fibers of the
AAA +FGF184LV-Itg1 group were continuous and densely arranged; bar =500 pm, 100 pm

proliferation, and delay the progression and reverse the
pathophysiological process of aortic aneurysms [24]. Our
study innovatively applied FGF18 +Itgf1 to the AAA tis-
sues of rats to explore the role of this regimen in AAA
biological repair. The results showed that FGF18 pro-
moted the expression of elastic fiber component proteins
in ECs but could not do so in SMCs. However, FGF18
and ItgP1 acted synergistically to promote the expression
of elastic fiber component proteins in ECs and SMCs.
Both ItgP1l and FGF18 could further improve the prolif-
erative and migratory abilities of ECs, but FGF18 alone
could not promote the proliferative and migratory abili-
ties of SMCs. FGF18 and ItgPl acted synergistically to
promote the proliferative and migratory abilities of ECs
and SMCs. FGF18+ItgB1 could also promote aortic tis-
sue remodeling, improve SMC proliferation, delay the
development of aortic dilation disease, and improve
the aortic integrity to withstand stretch of AAA tissues.
These results indicated that FGF18 +Itgp1 could improve
the biological repair efficacy of AAAs and delay their
development.

Both ECs and SMCs are important components of the
aortic wall. Therefore, many studies on the biological
repair of aortic aneurysms have focused on the prolifera-
tion and functions of these cells. Elastic fibers are impor-
tant cellular matrix components that are mainly secreted

by ECs and SMCs and play a critical role in maintaining
the stability of the aortic wall [25]. During the synthesis
of elastic fibers, microfibrils are first synthesized by cells
and attached to the cell surface to form a microfibril net-
work for the elastic fibers. Subsequently, ELN aggregates
on the cell surface and crosslinks with the microfibril
network to form mature elastic fibers [26]. This implies
that secretion and crosslinking with the cytoskeleton
are equally important for the normal function of elastic
fibers. FGF18 can promote the secretion of elastic pro-
teins but not the connection between elastic fibers and
the cytoskeleton [13]. ItgP1 plays a key role in promoting
the connection between the cytoskeleton and extracellu-
lar matrix [15, 16]. It not only mediates cell-to-cell and
cell-to-extracellular matrix recognition and adhesion but
also participates in bidirectional signal transduction by
binding to corresponding ligands, thereby regulating cell
proliferation, differentiation, and migration [27]. In this
study, we observed that FGF18 and ItgB1 work together
to improve the expression of elastic proteins, promote
their maturation and attachment to the cytoskeleton, and
enhance the proliferative and migratory abilities of ECs
and SMCs. All these processes work together to promote
the biological repair of AAAs.

This study had a few limitations. We only explored the
effects of FGF18 +ItgP1 on the biological repair of AAAs
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Fig. 6 Tensile mechanical test of rat AAA tissues. Sham group: the aortic tensile resistance was the strongest, and the average maximum tensile
force was 970+ 26 mN; AAA group: the aortic tensile resistance was the lowest, and the average maximum tensile force was 111425 mN; the
mean aortic maximum tensile forces of the AAA+ LV-ItgR1 and AAA +FGF18 groups were 254 +21 mN and 266 423 mN, respectively; the aortic
integrity to withstand stretch of the AAA+ FGF18+ LV-ItgB1 group was significantly higher than that of the AAA+LV-ItgB1 and the AAA+FGF18
groups (p=0.041,0.032), and the average maximum stretching force was 493 +29 mN

at cellular and animal levels. As such, further research is
necessary to assess whether this scheme can be applied in
clinical practice. Additionally, this study only preliminar-
ily explored the effect of FGF18 +ItgP1 on the biological
repair of AAAs. The biological repair of AAAs involves
many intricate molecular mechanisms; therefore, further
in-depth studies on the biological repair of AAAs are
warranted.

Conclusion

In this study, FGF18+ItgP1 was innovatively applied to
the biological repair process of AAAs in rat models. The
results revealed that FGF18+ItgB1l could improve the
biological repair of AAAs by increasing the expression of
elastic fiber component proteins, improving the migra-
tory and proliferative abilities of ECs and SMCs, and
improving aortic remodeling.

In addition, FGF184-ItgB1 may be potentially utilized
for treating early detected small AAA in humans; how-
ever, further studies are needed to verify the therapeutic
effects in animal species that are more easily compared to
humans, such as pigs.
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Additional file 1: Fig. S1. Construction of the AAA model. (a) The abdom-
inal aorta between the renal and iliac arteries was exposed and isolated
from surrounding tissues using sterile rubber strips. (b, ¢) The abdominal
aorta was wrapped in sterile cotton balls soaked in CaCl, solution (0.8
mol/L). (d) Aneurysmal dilatation of the abdominal aorta. Figure S2. (a)
Lentiviral transfection of ECs and SMCs: the fluorescence abundance of
the LV-Con-RNAi group was higher than that of the LV-Itg31-RNAi group,
whereas the fluorescence abundance of the LV-Itg31 group was higher
than that of the LV-Con group. The fluorescence abundance of the NC +
LV-Itg1 group was the highest, whereas that of the NC + LV-ItgB1-RNAi
group was the lowest. (b, ) WB and RT-qPCR assay for detecting Itg[31
expression in ECs: [tgB1 expression was lower in the NC + LV-ItgB1-RNAi
group than in the NC group; ItgB1 expression was higher in the NC 4
LV-ItgR1 group than in the NC group; Itg1 expression in the NC group
was similar to that in the NC + LV-Con-RNAi and NC + LV-Con groups. (d,
e) WB and RT-qPCR assay for detecting ItgB1 expression in SMCs: Itg31
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expression was lower in the NC + LV-Itg31-RNAi group than in the NC
group; the ItgB1 expression in the NC + LV-Itg1 group was higher than
that in the NC group. **p < 0.01 versus NC group, ***p < 0.05 versus NC
group. Figure S3 Transwell chamber assay for detecting the migratory
activity of ECs and SMCs. (a) Both FGF18 and Itg31 could enhance the
migratory activity of ECs; there was no significant difference in the migra-
tory activity of ECs between the NC and NC + LV-Con groups. Moreover,
the migratory activity of ECs in the NC + LV-Itg31-RNAi group was the
weakest, whereas it was strongest in the NC 4 LV-ItgB1 + FGF18 group.
(b) The migratory activity of SMCs was higher in the NC + LV-Itg31 group
than in the NC and NC + LV-Con groups. There was no significant differ-
ence in the migratory activity of SMCs between the NC and NC + LV-Con
groups. Moreover, the migratory ability of SMCs was higher in the NC +
LV-ItgB1 + FGF18 group than in the other groups; bar = 200 pm.

Acknowledgements
Not applicable.

Author contributions

YG and RW conceptualised and designed the study. WG provided administra-
tive support. RW and YH performed animal and cellular experiments. YH and
YG collected and assembled all data. HZ and JD analysed and interpreted

the data. YG wrote the manuscript. All authors read and approved the final
manuscript.

Funding
This work was supported by a grant from the 2020 Natural Science Founda-
tion of Beijing, China (Grant Number: 7204304).

Availability of data and materials
All data generated or analyzed in this study are included in this published
article.

Declarations

Ethics approval and consent to participate

The experimental protocol was approved by the Medical School of Chinese
PLA Animal Experimentation Institutional Review Board (Approved number:
pla2020100500). All methods were performed in accordance with the
Declaration of Helsinki. The study was carried out in compliance with the
ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Medical School of Chinese PLA, Beijing, China. 2Department of Vascular
and Endovascular Surgery, The First Medical Centre of Chinese PLA General
Hospital, 28#, Fuxing Road, Beijing 100853, China.

Received: 2 June 2022 Accepted: 7 September 2022
Published online: 17 September 2022

References

1. LiuB, Granville DJ, Golledge J, Kassiri Z. Pathogenic mechanisms and the
potential of drug therapies for aortic Aneurysm. Am J Physiol Heart Circ
Physiol. 2020;318:H652-70.

2. ChokeE, Vijaynagar B, Thompson J, Nasim A, Bown MJ, Sayers RD. Changing
epidemiology of abdominal Aortic aneurysms in England and Wales: Older
and more benign? Circulation. 2012;125:1617-25.

3. Avishay DM, Reimon JD. Abdominal Aortic Repair. StatPearls. Treasure Island
(FL),Copyright©2022, StatPearls Publishing LLC. 2022.

20.

21.

22.

23.

24.

25.

26.

27.

Page 11 of 12

Quintana RA, Taylor WR. Cellular mechanisms of aortic aneurysm formation.
Circ Res. 2019;124:607-18.

Le Page A, Khalil A, Vermette P, Frost EH, Larbi A, Witkowski JM, et al. The role
of elastin-derived peptides in human physiology and diseases. Matrix Biol.
2019;84:81-96.

Wang J, Liu S, Li J, Yi Z. The role of the fibroblast growth factor family in
bone-related diseases. Chem Biol Drug Des. 2019,94:1740-9.

Xie', Zinkle A, Chen L, Mohammadi M. Fibroblast growth factor signalling in
osteoarthritis and cartilage repair. Nat Rev Rheumatol. 2020;16:547-64.

Yao X, Zhang J, Jing X, Ye Y, Guo J, Sun K, et al. Fibroblast growth factor 18
exerts anti-osteoarthritic effects through PI3K-AKT signaling and mitochon-
drial fusion and fission. Pharmacol Res. 2019;139:314-24.

Moore EE, Bendele AM, Thompson DL, Littau A, Waggie KS, Reardon B,

et al. Fibroblast growth factor-18 stimulates chondrogenesis and cartilage
repair in a rat model of injury-induced osteoarthritis. Osteoarthritis Cartil.
2005;13:623-31.

MoriY, Saito T, Chang SH, Kobayashi H, Ladel CH, Guehring H, et al. Identifi-
cation of fibroblast growth factor-18 as a molecule to protect adult articular
cartilage by gene expression profiling. J Biol Chem. 2014;289:10192-200.

. Chailley-Heu B, Boucherat O, Barlier-Mur AM, Bourbon JR. FGF-18 is upregu-

lated in the postnatal rat lung and enhances elastogenesis in myofibro-
blasts. Am J Physiol Lung Cell Mol Physiol. 2005;288:L.43-51.

Kozel BA, Mecham RP. Elastic fiber ultrastructure and assembly. Matrix Biol.
2019;84:31-40.

Shin SJ, Yanagisawa H. Recent updates on the molecular network of elastic
fiber formation. Essays Biochem. 2019,63:365-76.

Cocciolone AJ, Hawes JZ, Staiculescu MC, Johnson EO, Murshed M, Wagen-
seil JE. Elastin, Arterial mechanics, and cardiovascular disease. Am J Physiol
Heart Circ Physiol. 2018;315:H189-205.

Alexandra CF, Stokes KY, Pattillo CB, Orr AW. Integrin signaling in atheroscle-
rosis. Cell Mol Life Sci. 2017;74:2263-82.

Revach QY, Grosheva |, Geiger B. Biomechanical regulation of focal adhesion
and invadopodia formation. J Cell Sci. 2020;133;jcs244848.

Cheuk BL, Cheng SW. Differential expression of integrin alpha5betal in
human abdominal aortic aneurysm and healthy aortic tissues and its signifi-
cance in pathogenesis. J Surg Res. 2004;118:176-82.

Arnold TD, Zang K, Vallejo-lllarramendi A. Deletion of integrin-linked kinase
from neural crest cells in mice results in aortic aneurysms and embryonic
lethality. Dis Model Mech. 2013;6:1205-12.

Shen D, Li J, Lepore JJ, Anderson TJ, Sinha S, Lin AY, et al. Aortic aneurysm
generation in mice with targeted deletion of integrin-linked kinase in vascu-
lar smooth muscle cells. Circ Res. 2011;109:616-28.

Xiong W, Knispel R, Mactaggart J, Baxter BT. Effects of tissue inhibitor

of metalloproteinase 2 deficiency on aneurysm formation. J Vasc Surg.
2006;44:1061-6.

Isenburg JC, Simionescu DT, Starcher BC, Viyavahare NR. Elastin sta-
bilization for treatment of abdominal aortic aneurysms. Circulation.
2007;115:1729-37.

Riambau V, Bockler D, Brunkwall J, Cao P, Chiesa R, Coppi G, et al. Editor’s
choice—Management of Descending Thoracic Aorta Diseases: Clinical
Practice Guideline of the European Society for Vascular Surgery (ESVS). Eur J
Vasc Endovasc Surg. 2017;53:4-52.

Wanhainen A, Verzini F, Van Herzeele |, Allaire E, Bown M, CohnertT, et al.
Editor’s choice — European Society for Vascular Surgery (ESVS). European
Society for Vascular Surgery; 2019 Clinical Practice Guidelines on the Man-
agement of Abdominal Aortoiliac Artery Aneurysm. Eur J Vasc Endovasc
Surg. 2019;,57:8-93.

Yamashiro Y, Yanagisawa H. Crossing bridges between extra- and
intra-cellular events in thoracic aortic aneurysms. J Atheroscler Thromb.
2018;25:99-110.

Vindin HJ, Oliver BG, Weiss AS. Elastin in healthy and diseased lung. Curr
Opin Biotechnol. 2022;74:15-20.

O'Neill Moore S, Grubb TJ, Kothapalli CR. Insights into the biophysical
forces between proteins involved in Elastic fiber assembly. J Mater Chem B.
2020;8:9239-50.

Boppart MD, Mahmassani ZS. Integrin signaling: linking mechanical
stimulation to skeletal muscle hypertrophy. Am J Physiol Cell Physiol.
2019;317:C629-41.



Guo et al. BMC Cardiovascular Disorders (2022) 22:415 Page 12 of 12

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The synergistic mechanism of fibroblast growth factor 18 and integrin β1 in rat abdominal aortic aneurysm repair
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell experiments
	Cell culture and lentiviral transfection
	FGF18 treatment
	Western blot assay
	RNA extraction and RT-qPCR
	Cell Counting Kit-8 assay
	Transwell migration assay

	Animal experiments
	Rat AAA model
	Immunohistochemical assay
	Hematoxylin and eosin staining
	Elastic Verhoeff-Van Gieson staining
	Tensile mechanical assay

	Statistical analysis

	Results
	Cell experiments
	Lentiviral transfection
	The effect of FGF18 and FGF18 + Itgβ1 on the expression of elastic fiber component proteins in ECs
	The effect of FGF18 and FGF18 + Itgβ1 on elastic fiber component protein expression in SMCs
	The effect of FGF18 and FGF18 + Itgβ1 on the proliferative and migratory abilities of ECs
	The effect of FGF18 and FGF18 + Itgβ1 on the proliferative and migratory abilities of SMCs

	Animal experiments
	Rat AAA models
	Expansion of the abdominal aorta in different groups
	Immunohistochemical staining
	Hematoxylin and eosin staining
	Elastic Verhoeff-Van Gieson staining
	Tensile mechanical test of rat AAA tissue


	Discussion
	Conclusion
	Acknowledgements
	References


