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Introduction: Abdominal Aortic Aneurysm (AAA) is a common vascular disease
characterized by progressive expansion and remodeling of the aortic wall.
However, with the gradual expansion of blood vessels, the walls of blood
vessels cannot withstand the tension and rupture, jeopardizing people’s health.

Methods: The aim of the experiment was to establish an abdominal aortic
aneurysm model in rats by applying porcine pancreatic elastase externally, to
measure the diameter and thickness of blood vessels as well as hemodynamics
using animal ultrasound, to measure the active contraction of blood vessels, the
rate of contraction, and the contraction stress using vascular mechanics
equipment, and to observe the pathological changes in the process of AAA
growth using vascular pathological staining.

Results: This study revealed that with the escalation of the inflammatory
response, there is a breakdown of elastic fibers and collagen fibers, leading to
a decrease in the active contraction force of the arteries. However, it was
observed that by alleviating the inflammation, there was a notable
enhancement in the active contraction force of the arteries.

Discussion: To describe the development process of AAA from a biomechanical
point of view, to reveal the histopathological mechanism, and thus to identify the
theoretical basis for clinical treatment.
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1 Introduction

Cardiovascular and cerebrovascular diseases stand as the leading
threats to life and health. High-incidence conditions such as vasospasm,
aneurysms, arterial dissections, and atherosclerosis are intricately linked
to the functionality of vascular smooth muscle (Cao et al., 2022;
Krishnan et al., 2024). While the endothelium does not directly
influence the pressure conditions within blood vessels, vascular
smooth muscle cells (VSMCs) act as the effectors and integrators of
various inputs, including pressure, nerve signals, endothelial cell
interactions, circulating vasoactive substances, and autologous
hormones. The active contraction of vascular smooth muscle cells
plays a pivotal role in regulating the pressure within the circulatory
network (Lu et al., 2021). As individuals age, molecular and mechanical
alterations lead to pathological remodeling of arterial smooth muscle.
However, the active contraction mechanical characteristics of vascular
smooth muscle are often overlooked in the remodeling process.

Pressure myography and wire myography represent two essential
methods for assessing the mechanical behavior of blood vessels.
Pressure myography primarily examines the passive mechanical
properties of blood vessels, delving into changes in arterial tissue
stiffness during growth and remodeling (Ma et al., 2008). This
technique permits fluid-solid coupling analysis and the discovery of
biophysical laws. On the other hand, wire myography serves as a
valuable and reliable tool for evaluating myogenic active responses (del
Campo and Ferrer, 2015). It can assess endothelial function,
vasoconstriction or vasodilation properties of blood vessels, as well
as the vasomotor responses to various stimuli or substances, shedding
light on the involvement of different factors and molecular pathways in
controlling vascular tone. Wire myography has been instrumental in
studying the stability of atherosclerotic plaques (Chen et al., 2023),
NETosis-induced hypertension and vascular dysfunction (Krishnan
et al., 2024), and the gender-specific effects of a high-fat diet on
aortic inflammation and dysfunction (Tran et al., 2023). While the
passive behavior of arterial vessels predominantly focuses on the
macroscopic mechanical response of smooth muscle cells, collagen
fibers, and their spatial arrangement, detailed investigations into
changes in active dynamics during aortic pathological remodeling
are crucial for elucidating the role of smooth muscle cells, yet such
studies are lacking.

Abdominal aortic aneurysm (AAA) represents a prevalent vascular
disorder characterized by progressive dilatation and remodeling of the
aortic wall. Typically defined as a permanent dilation of the abdominal
aorta, with a diameter at least 50% larger than the normal expected
diameter, AAA poses a significant challenge in early diagnosis and
treatment due to its initially asymptomatic nature (Zhang et al., 2024).
As the vascular wall gradually dilates, the arterial wall weakens,
eventually rupturing under pressure from the vascular lumen,
significantly increasing patient mortality rates and posing a
substantial threat to human life, causing 150,000 to 200,000 deaths
worldwide annually (Davis et al., 2015; Gao et al., 2023). Risk factors for
AAA primarily include advanced age, smoking, hypertension,
hyperlipidemia, and genetic predisposition (Pinard et al., 2019; Cho
et al., 2023; Gao et al., 2023). Presently, there is a lack of approved
effective medications to prevent the growth or rupture of abdominal
aortic aneurysms.

The rupture of an AAA is associated with the dilation of the
arterial diameter, resulting from progressive dilatation and

weakening of the aortic endothelium, mesothelium, and
integument. Pathophysiological mechanisms driving aneurysm
formation primarily involve aortic wall inflammation, elastin
degradation, oxidative stress, smooth muscle cell phenotypic
changes and dysfunction, extracellular matrix degradation, and
neovascularization (Lu et al., 2021; Qian et al., 2022). Alterations
in vascular components further impact the function and behavior of
blood vessels. Changes in structural proteins play a vital role in the
mechanical behavior of the vessel wall during aneurysm growth and
remodeling (Cheng and Wagenseil, 2012). Arterial tissues exist
within a complex hemodynamic environment, and once the
mechanical stress on the vascular wall surpasses its strength, an
aneurysm may rupture (Wagenseil and Mecham, 2009). Under the
hemodynamic pressures of hypertension, the vascular wall tissue of
an AAA undergoes remodeling, leading to wall thinning,
compensatory remodeling of elastic and collagen fibers, increased
mechanical properties, but reduced strength (Cheng and Wagenseil,
2012). Various studies have explored the mechanical properties of
AAA tissues in patients, analyzing fiber remodeling during
aneurysm rupture and the effects of stent placement
(Annambhotla et al., 2008; Kandail et al., 2014; Sommer et al.,
2016; Sugita and Matsumoto, 2018). The active mechanical
characteristics and vascular strength work together to uphold
vascular function. Inadequate vascular strength could potentially
constrain the contractile capacity of smooth muscle and impact the
regulatory function of blood vessels (Lu et al., 2017; Zhao et al.,
2020). While the mechanical properties of aortic vessels have been
extensively studied, the changes in mechanical and dynamic
properties during vascular remodeling under pathological
conditions have received less attention.

In this study, porcine pancreatic protein was utilized to induce
the formation of an AAA model in Sprague-Dawley (SD) rats,
allowing for the exploration of the primary dynamic
characteristics of vascular remodeling over a period of 1–4 weeks.
Ultrasound imaging was employed to macroscopically observe the
morphology and hemodynamic alterations of AAA, while
histological techniques such as Hematoxylin and Eosin (HE),
Masson’s trichrome, Elastica van Gieson (EVG), and alpha-
smooth muscle actin (α-SMA) staining were conducted on the
AAA tissue to microscopically examine structural changes. Wire
myography was employed to assess the primary dynamic responses
during arterial lesions at 1, 2, 3, and 4 weeks, elucidating the impact
of various vascular components on the primary dynamic behavior of
blood vessels. The active mechanical properties, including
vasoconstriction capacity, contraction stress, and vasoconstriction
rate, were measured using wire myography. The research framework
of this study is illustrated in Figure 1.

2 Materials and methods

2.1 Experimental protocol

20 male 6-week-old Sprague-Dawley (SD) rats were purchased
from Viton Lever Ltd. and all rats weighed about (250 ± 20) g. The
rearing conditions were SPF grade animal house of Shenzhen Bay
Laboratory, and the ambient temperature of the SPF animal house
was 22°C ± 1°C and the humidity was 60% ± 5%, and all the
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experimental animals were acclimatized to be fed for 1 week for
experiments, and all the experimental operations were approved by
the Shenzhen Bay Laboratory Animal Protection and Ethics
Committee (Certificate No. AETWC202101).

2.2 Abdominal aortic aneurysm model

Male Sprague-Dawley (SD) rats were completely randomized into
Control and AAA postoperative 1-week, 2-week, 3-week, and 4-week
groups using a randomized numerical control table, recorded as AAA-
1w, AAA-2w, AAA-3w, and AAA-4w groups, respectively, with four
animals in each group, and the animals were fasted 24 h before the
experiment. We performed AAA modeling in rats by external
application of porcine pancreatic elastase to the abdominal aorta as
previously described (Romary et al., 2019; Tyerman et al., 2019; Xue
et al., 2022). All animals were anesthetized with 2.5% aflutidine via
intraperitoneal injection at a dose of 10 mL/kg. The animal was
immobilized in the supine position, the abdominal aorta was
exposed, and the main segment of the unbranched abdominal aorta
was freed for 1.5 cm, and a gelatin sponge was compressed and shaped
to pass through the gap between the abdominal aorta and the inferior
vena cava. The area was infiltrated with drops of porcine pancreatic
elastase (SIGMA-E1250) for 30 min and wrapped in prepared sterile
rubber gloves to protect the inferior vena cava and surrounding tissues.
Saline rinses were repeated 3 times to prevent protease damage to the
surrounding tissues to form adhesions. Postoperative animals were kept
in separate cages in a warm environment. Normal diet was given after
defecation. Control group: sham operation group, PBS was applied
under the same experimental conditions.

2.3 Animal ultrasound imaging

As previously described, we performed animal ultrasound imaging
of animals at various cycles after surgery (Phillips et al., 2015; Melin

et al., 2022), the Control and AAA groups were treated at 1, 2, 3, and
4 weeks postoperatively, respectively, by fasting for 24 h in advance and
pre-inducing anesthesia in the animals with an animal respiratory gas
anesthesia machine. Subsequently, the anesthesia was changed to mask
anesthesia to ensure that the animal’s heart rate was 300–500 beats/min,
which was the optimal anesthesia state and depth of anesthesia. The
abdomen was cleaned of hair, ultrasound couplant was squeezed and
spread over the abdomen, and the abdominal aortic diameter, wall
thickness, and hemodynamics were examined with a Vevo
3,100 imaging system (VisualSonics) in B-mode, M-mode, and
pulsed Doppler mode. Ensure that there is no air and gap between
the ultrasound probe and the coupler, and ensure that the probe
position of each mouse is the same as the angle of the final imaged
blood vessel, and that the blood vessel is imaged as a horizontal plane as
the imaging standard, in order to reduce the imaging error and
standardize the standard. Each one was imaged according to the
above procedure and by the same operator from start to finish to
minimize errors in handling by different operators. All images taken
were retained and data recorded for later data analysis.

The captured ultrasound images were analyzed using
Vevo3100 software, and the maximum diameter of the vessels in the
short-axis and long-axis directions as well as the dilatation of the vessels
in the B-mode were calculated using the straight-line distance
measurement tool, and the changes in the wall thickness in the
M-mode were also calculated, and the mean flow velocity, peak flow
velocity, resistance index, and beat-to-beat index were computed on the
basis of the velocity waveforms on the pulsed Doppler images.

Artrial diameter refers to the width of the vessel lumen.
Abnormal changes in vascular diameter can indicate dilation,
stenosis, or occlusion, reflecting the vascular health status.

Artrial wall thickness is an indicator of vascular health. In cases
of vasculitis, an increase in giant cells can lead to significant
thickening of the vessel wall, which can be detected by ultrasound.

Blood flow velocity is a key parameter reflecting the
hemodynamics within a vessel. Changes in blood flow velocity
can indicate the patency of the vessel and the hemodynamic

FIGURE 1
Overall idea of the subject.
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status, directly affecting tissue perfusion. Measurements and
analyses are conducted using spectral Doppler ultrasound.

Resistance Index is a hemodynamic parameter calculated from
flow velocity using spectral Doppler ultrasound. It represents the
ratio of the change in blood flow velocity over the cardiac cycle to the
maximum end-systolic flow velocity. RI is used to assess the
resistance in distal vessels. It is calculated as RI = (PSV - EDV)/
PSV, where PSV is the peak systolic velocity and EDV is the end-
diastolic velocity, which is the lowest velocity at the end of diastole.
RI primarily reflects vascular resistance, indicating the resistance
encountered by blood flow. A higher RI indicates greater resistance.
The end-diastolic phase is when the heart’s contractile force is
weakest in propelling blood flow. When vascular resistance
increases, both systolic and diastolic blood flow are suppressed,
with the end-diastolic phase being more affected. If resistance
further increases, diastolic flow may disappear, leaving only a
systolic peak, and when EDV becomes zero, the resistance index
is 1. With further resistance increase, PSV will also decrease.

2.4 Isolated vascular tone measurement

Wire myography was performed as previously described (del
Campo and Ferrer, 2015; Morris et al., 2001; Ma et al., 2008).
Briefly, a surgical segment of the abdominal aorta was obtained from
a rat and cleared of fat and connective tissue, and the aorta was sliced
into two 2-mm-long rings mounted on two steel needles in a wire
myograph system (620M, DMT). And immersed in 37°C PSS buffer
(130 mM NaCl, 4.7 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4

7H2O, 14.9 mM NaHCO3, 5.5 mM Glucose, 0.0026 mM EDTA,
1.16 mM CaCl2) with constant outgassing (95% O2 and 5% CO2).
The vascular ring was mounted on a steel needle electromyographically,

and the diameter-tension relationship was determined by gradually
stretching the tissue to increase its passive diameter by increasing the
distance between the wires. The force and distance between the steel
needles were recorded at each step. The diameter of the vessel segment
was calculated using Laplace’s equation when the force equaled
100 mmHg. The arterial segments were set at their optimal tension
and held for the remainder of the experiment. After stabilizing
equilibrium tension for 1 h, the arteries were exposed to 60 mM KCl
to check their functional integrity. The endothelial inhibitors 10 μM
indomethacin and 100 μMN-nitro-L-arginine were subsequently added
to inhibit endothelial cell activity and function. Changes in
vasoconstrictor capacity were studied by exposing segments to
increasing doses of norepinephrine (from 1 nM to 10 μM), and the
data are expressed as a percentage of contractions induced by 60 mM
KCl. An overview of the DMT instrument and the principles of
operation associated with the experiment are shown in Figure 2.

2.5 Calculation of vascular contraction rate

In order to obtain the contraction of the blood vessel after the
addition of the contractile drug, Figure 3 shows a graphical illustration
of the contraction rate analysis of the mechanistic data, in which the
time point of the addition of the drug is denoted as Ts, the time point of
reaching the plateau phase is denoted as Te, and the intermediate time
point between Ts and Te is denoted as Tm, i.e., the segment from Ts to
Tm is denoted as the first half of the contraction curve, and the segment
from Tm to Te is denoted as the second half of the contraction curve.
Each section of the curve is scaled to take 10 points at the same time
intervals, the corresponding mechanical readings are recorded, and a
straight line is fitted to these data points to derive the slope of the
straight line, which is denoted as K for the first half of the curve, and K′

FIGURE 2
Schematic diagram of DMT vascular electromyography.
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for the second half of the curve, and the following steps are the
procedure for the calculations:

K1 � FTm1 − FTs1

Tm1 − Ts1

K1
′ � FTe1 − FTm1

Te1 − Tm1

Kn � FTmn − FTsn

Tmn − Tsn

K′n � FTen − FTmn

Ten − Tmn

2.6 Calculation of vasoconstrictive stress

Stresses are generated when an object is deformed due to an
external cause, creating internal forces interacting between parts
within the object to resist this external cause and attempting to
restore the object from its deformed position to its pre-deformed
position (Rodríguez et al., 2008; Malkawi et al., 2010; Niestrawska
et al., 2019). Stress (σ) is the force exerted on an object divided by the
surface area of the object on which the force is applied. In this
experiment, the length of the blood vessel sample L was 2 mm, the
thickness of the blood vessel wall was measured by ultrasound to be
D, and the contraction force obtained through the vascular tension
curve to be F. Therefore, the stress was calculated as the
following equation:

σ � F
L*D

2.7 Histology and immunofluorescence

The abdominal aortas of experimental rats were fixed with 4%
paraformaldehyde and then rinsed with PBS, and the tissues were

subsequently dehydrated and paraffin-embedded, and the
abdominal aortas were cut into 4-μm serial sections, which were
affixed to slides to facilitate the subsequent pathological staining
with HE, Masson, EVG, and α-SMA. As mentioned earlier we will
evaluate the abdominal aortic tissue structure (Cullen et al., 2019;
Sharma et al., 2019; Chen et al., 2020; Li et al., 2020; Melin
et al., 2022).

HE Staining Kit (Beyotime Biotechnology) is used to observe the
inflammation of the abdominal aorta and the morphological
changes of the abdominal aorta. Masson staining to assess
vascular collagen proliferation was performed using the Masson
trichrome staining kit (Solarbio), in which reichhorn red was used to
stain muscle fibers and aniline blue was used to stain collagen fibers
in order to observe the collagen content of the tissue. EVG staining
was performed to observe the breakage of vascular elastic fibers, and
collagen fiber-elastic fiber composite staining kit (Solarbio) was used
to stain elastic fibers in the vessels. α-Smooth muscle actin (α-SMA)
was used to assess the content of vascular smooth muscle cells, and
we performed immunofluorescence staining of vascular sections by
first incubating the primary antibody (ab7817, Abcam) diluted at 1:
1,000 overnight at 4°C, then incubating the secondary antibody
(ab1150113, Abcam) at 1:200 dilution and staining the nuclei with
DAPI. All slides were viewed under an Olympus pathology scanner
and analyzed for percentage of positive markers using
ImageJ software.

2.8 Statistical analysis

Data were analyzed using GraphPad Prism version
8.0.2 software (GraphPad Software Inc., San Diego, CA,
United States), and between-group comparisons were made using
a one-way analysis of variance (ANOVA), in which vasovagal active
constriction analyses were analyzed using a paired t-test. Statistical
significance was defined as a critical value of p-value <0.05, and all
experimental data were expressed as mean ± standard deviation of
the mean ( �X ± SD).

FIGURE 3
Graphical representation of shrinkage rate analysis of mechanical data.
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3 Results

3.1 Abdominal aortic aneurysm modeling

Arterial diameters were measured with vernier calipers at
1.67 ± 0.14 mm in the Control group (Figure 4A), and
measuring AAA-1w arterial diameter (Figure 4B) 1.85 ±
0.24 mm, AAA-2w arterial diameter (Figure 4C) 2.04 ±
0.29 mm, AAA-3w arterial diameter (Figure 4D) 2.61 ±
0.06 mm, and AAA-4w arterial diameter (Figure 4E) 1.91 ±
0.04 mm. The dilatation rate was expressed as (post-surgical
artery diameter - pre-surgical artery diameter)/(pre-surgical
artery diameter) × 100. The artery dilatation rate in the AAA
group was 52% in the second week, and the artery dilatation rate
was 74% in the third week, with a dilatation rate of 50% or more
suggests that the AAA modeling was successful. Morphological
results showed that the tissue surrounding the abdominal aorta in
Control group was well defined without adhesions. The diameter of
the abdominal aorta in AAA group expanded slowly fromweek one
to week 3, and expanded to the maximum in week 3, and then the
arterial condition recovered slightly in week 4. In the AAA group,
the abdominal aorta was adherent to the surrounding tissues, with
poorly defined boundaries, and a gradual transition of the arteries
from a dilated state to a normal tissue morphology was
observed (Figure 4).

3.2 Animal ultrasound imaging analysis

3.2.1 Analysis of ultrasound results within the
control group

Firstly, ultrasound measurements were performed 1, 2, 3, and
4 weeks after the Control group’s sham operation to analyze the
diastolic and systolic internal diameters, the thickness of the vessel
wall, the mean and peak blood flow velocities, as well as the
resistance index and pulsatility index of the group, as shown in
Table 1. After statistical analysis, there was no statistical difference
between the groups in each ultrasound parameter, and the time
period after the Control group’s sham operation would not have any
impact on the abdominal aorta. The effect of age on the abdominal
aorta in the Control group was excluded, so the experimental data of
the Control group 4 weeks after sham operation selected by vascular
mechanics and pathological staining in the back were compared
with those of the AAA group.

3.2.2 Abdominal aortic diameter measurement
Vessel wall diameters in the short and long axes of the vessels at

end-diastole were measured in B-mode imaging mode. The mean
diameter of the local abdominal aorta in the Control group
(Figure 5A) was 1.86 ± 0.19 mm, the mean short-axis diameter
of the local abdominal aorta in AAA-1w (Figure 5B) was 2.03 ±
0.29 mm, the mean local abdominal aorta in AAA-2w (Figure 5C)

FIGURE 4
Morphological observation of rat abdominal aorta, the area circled in yellow is the surgical area. (A) Control group images. (B–E) are AAA-1w, AAA-
2w, AAA-3w, and AAA-4w images, respectively.

TABLE 1 Comparison of diastolic diameter (Dd), systolic diameter (Ds), wall thickness, mean velocity (Mean vel), peak velocity (Peak vel), resistance index (RI)
and pulsatility index (PI) within the Control group (Mean ± standard deviation).

Dd (mm) Ds (mm) Wall thickness (mm) Mean vel (mm/s) Peak vel (mm/s) RI PI

Control-1w 1.98
±0.24

1.46
±0.12

0.20
±0.01

175.42
±20.26

305.74
±64.2

0.87
±0.11

1.59
±0.34

Control-1w 1.8
±0.22

1.69
±0.08

0.21
±0.01

164.27
±6.93

304.81
±15.47

0.94
±0.07

1.74
±0.11

Control-1w 1.98
±0.28

1.76
±0.07

0.23
±0.02

156.19
±31.65

305.59
±42.46

0.9
6 ± 0.06

1.89
±0.24

Control-1w 1.86
±0.19

1.67
±0.14

0.22
±0.04

192.2
±42.65

340.28
±77.01

0.92
±0.07

1.59
±0.16

P-value ns ns ns ns ns ns ns
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was 2.36 ± 0.24 mm, and the mean short-axis diameter in AAA-3w
(Figure 5D) was 2.9 ± 0.05 mm, and the mean short-axis diameter of
localized abdominal aorta in AAA-4w (Figure 5E) was 2.16 ±
0.03 mm. Figures 5F–I shows the long-axis diameter imaging of
AAA-1w, AAA-2w, AAA-3w, and AAA-4w arteries, respectively.

The diameter of the abdominal aorta can be measured from the
transverse axis mode, and the trend of the abdominal aorta from
normal to dilated can be seen from the long-axis mode. Consistent
with themorphological results, the changes in diameter expansion of
the abdominal aorta were better visualized by animal ultrasound

FIGURE 5
Ultrasound measurement of abdominal aortic vessel diameter, red arrows indicate dilated areas, yellow arrows indicate normal areas. (A) Control
group short-axis ultrasound images. (B–E) are short-axis ultrasound images of AAA-1w, AAA-2w, AAA-3w, and AAA-4w, respectively. (F–I) are long-axis
ultrasound images of AAA-1w, AAA-2w, AAA-3w, and AAA-4w, respectively.

FIGURE 6
Abdominal aortic vessel wall thickness measurements. (A) Ultrasound images of the Control group. (B–E) are ultrasound images of t AAA-1w, AAA-
2w, AAA-3w, and AAA-4w, respectively. (F) Structural maps for quantitative analysis of vessel wall thickness in each group. (***P < 0.001 compared to
Control group).
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imaging than by morphological observations, which showed the
success of the AAAmodel as well as the dynamic development of the
vascular expansion, as shown in Figure 5.

3.2.3 Measurement of abdominal aortic structures
In the M-mode imaging mode, the vessel wall thickness was

measured and is shown in Figure 6, where the vessel wall
thickness in the AAA group became progressively thinner
with the growth of AAA compared with the Control group
(P < 0.001).

3.2.4 Abdominal aortic blood flow measurements
Hemodynamics was assessed using pulsed Doppler mode, which

measured the mean flow velocity, peak flow velocity, resistance
index, pulsatility index, per cardiac cycle. Compared with the
Control group, the mean and peak blood flow velocities in the
abdominal aorta of the AAA group were seen to decrease
continuously with the progression of the aneurysm (P < 0.05), as
shown in Figures 7F,G. RI and PI are ultrasound indexes for
evaluating vascular resistance to blood flow, and there was no
significant difference between the RI and PI of Control group

FIGURE 7
Hemodynamic profile of the abdominal aorta. (A)Control group pulsed Doppler images. (B–E) are pulsed Doppler images of AAA-1w, AAA-2w, AAA-
3w, and AAA-4w, respectively. (F) Plot of the results of the quantitative analysis of the mean blood flow velocity in each group. (G) Plot of the results of
quantitative analysis of peak blood flow velocity in each group. (H) Plot of quantitative analysis results of resistance indices for each group. (I) Plot of the
results of the quantitative analysis of the beat indices of the groups. (*P < 0.05, **P < 0.01 compared to Control group).

TABLE 2 Comparison of diastolic diameter (Dd), wall thickness (wall thickness), mean flow velocity (Mean vel) peak flow velocity (Peak vel), resistance index
(RI), and pulsatility index (PI) in different groups (Mean ± standard deviation).

Control AAA-1w AAA-2w AAA-3w AAA-4w

Number n = 4 n = 4 n = 4 n = 4 n = 4

Dd/mm 1.86
±0.19

2.03
±0.29

2.36
±0.24

2.90
±0.05

2.16
±0.03

Wall thickness/mm 0.23
±0.02

0.17
±0.03

0.15
±0.02

0.14
±0.02

0.14
±0.04

Mean velocity (mm/s) 205.95
±21.51

195.93
±72.66

168.10
±51.10

167.72
±2.73

146.53
±20.45

Peak velocity (mm/s) 385.84
±76.82

337.12
±93.78

301.54
±71.87

290.74
±21.91

290.73
±22.66

RI 0.92
±0.07

0.88
±0.05

0.82
±0.04

0.83
±0.11

0.98
±0.03

PI 1.59
±0.16

1.61
±0.26

1.45
±0.11

1.47
±0.28

1.97
±0.2
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and AAA groups, but with the expansion of arterial diameter there was
a certain tendency for the resistance to blood flow to decrease but the
difference was not significant. AAA-4w had a statistically significant
difference from AAA-2w and AAA-3w (P < 0.05, P < 0.01) due to the
reduced degree of diameter dilatation and increased resistance to blood
flow, as shown in Figures 7H,I. Table 2 summarizes the ultrasound
measurements of the abdominal aorta in the different groups.

3.3 Vascular biomechanical analysis

3.3.1 Comparison of vasoconstriction capacity
The AAA group exhibited a decreasing trend in concentration

compared to the control group. As AAA advanced to 3 weeks, the
concentration remained relatively stable at low levels, while it notably
decreased at higher concentrations. The magnitude of contractility at
the final concentration was analyzed, and compared with the Control

group, there was a decrease in vasoconstriction in the AAA group from
week one to week four vasoconstriction, with a 22% decrease (198.025 ±
86.669 vs. 254.871 ± 23.146) in vasoconstriction at AAA-1w (P < 0.05),
a 36%decrease (163.908 ± 45.841 vs. 254.871 ± 23.146) at AAA-2w (P <
0.001), a 43% decrease (144.154 ± 47.933 vs. 254.871 ± 23.146) at AAA-
3w (P < 0.001), and a AAA- 4w decreased (186.425 ± 13.709 vs.
254.871 ± 23.146) by 27% (P < 0.001), AAA-3w had the greatest
decrease in contractility. The vascular contractility recovered slightly
after reaching AAA-4w compared with AAA-2w and AAA-3w,
indicating that the progression of AAA improved and recovery
occurred by the fourth week of its development, which was in
agreement with the previous morphological and ultrasonographic
results, as shown in Figure 8.

3.3.2 Analysis of vasoconstriction rate
See Table 3, which summarizes the values of K and K′ for each

group at different concentrations (K is the slope of the Ts-Tm

FIGURE 8
Active vasoconstriction of the abdominal aorta. (A)Comparison of contractility between Control group and AAA-1w. (B)Comparison of contractility
between Control group and AAA-2w. (C) Comparison of contractility between Control group and AAA-3w. (D) Comparison of contractility of Control
group with AAA-4w.
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segment and K′ is the slope of the Tm-Te segment), and compares
the rates of K versus K′ within each group. There was a significant
difference between K values and K′ in the Control group at all
concentrations, and for the Control group, the addition of different
concentrations of the contractile drug reached Tm at a fast rate of
contraction. For AAA-1w, there was a significant difference between
K values and K’ (0.0171 ± 0.0029 vs. 0.0038 ± 0.0043) at
concentrations of 10–7.5, for AAA-2w, there was a significant
difference between K values at 10–9 concentrations and K’
(0.0201 ± 0.0108 vs. 0.0028 ± 0.0013) for AAA-3w, there was a
significant difference between K values and K′ at 10–8.5,
10−7concentrations, and for AAA-4w, there was a significant
difference between K values and K′ at 10–9, 10–8.5, 10–8, 10–7.5,

10–5.5, 10–5 concentrations. Overall, the K values of the different
cycles were greater than K′, suggesting that the overall tendency of
the addition of the different contractile agents was that the blood
vessels showed a first fast and then slow contraction phenomenon.

3.3.3 Vascular contraction stress analysis
The vascular contractile stress at the final concentration was

calculated for each group. It is observed that the contractile stress in
the vessels of the AAA group decreased compared to the control
group in week 1 (1.218 ± 0.513 vs. 2.787 ± 1.183). Subsequently, the
vascular contractile stress gradually increased. By the fourth week of
the recovery phase, the contractile stress measured 0.860 ± 0.748, as
depicted in Figure 9.

TABLE 3 Comparison of contraction rates (Mean ± standard deviation) at different concentrations in each group.

Control AAA-1w AAA-2w AAA-3w AAA-4w

10–9 K1 0.0256 ± 0.0014 0.0012 ± 0.0011 0.0201 ± 0.0108 0.0107 ± 0.005 0.0165 ± 0.0031

K1’ 0.0021 ± 0.0004 0.0009 ± 0.001 0.0028 ± 0.0013 0.0049 ± 0.01 0.0029 ± 0.0025

P value K1-K1’ **** ns **** ns ***

10–8.5 K2 0.0034 ± 0 0.0005 ± 0.0001 0.0005 ± 0.0001 0.0024 ± 0.0002 0.0029 ± 0

K2’ 0.0005 ± 0.0002 0.0004 ± 0.0004 0.0003 ± 0.0003 0.0015 ± 0.0001 0.0014 ± 0.0006

P value K2-K2’ **** ns ns ** ****

10–8 K3 00,092 ± 0.0049 0.0025 ± 0 0.0007 ± 0.0009 0.0022 ± 0.0006 0.0072 ± 0.0021

K3’ 0.0007 ± 0.0007 0.0003 ± 0.0002 0.0005 ± 0.0003 0.0009 ± 0.0018 0.0016 ± 0.0006

P value K3-K3’ **** ns ns ns ***

10–7.5 K4 0.0452 ± 0.0034 0.0171 ± 0.0029 0.0018 ± 0.0003 0.0034 ± 0.0018 0.0156 ± 0.0034

K4’ 0.0057 ± 0.0049 0.0038 ± 0.0043 0.001 ± 0 0.0012 ± 0.0011 0.0022 ± 0.0009

P value K4-K4’ **** ** ns ns ***

10–7 K5 0.1683 ± 0.0212 0.0133 ± 0.0018 0.0242 ± 0.0431 0.0363 ± 0.0221 0.0116 ± 0.0016

K5’ 0.0211 ± 0.0206 0.0024 ± 0.0035 0.0011 ± 0.0001 0.0012 ± 0.0004 0.0012 ± 0.0007

P value K5-K5’ **** ns ns *** ns

10–6.5 K6 0.0049 ± 0.0004 0.0023 ± 0.0005 0.0006 ± 0 0.0013 ± 0.0003 0.0011 ± 0.0002

K6’ 0.0005 ± 0.0002 0.0013 ± 0.0004 0.0001 ± 0.0002 0.0005 ± 0 0.0008 ± 0.0008

P value K6-K6’ **** ns ns ns ns

10–6 K7 0.0058 ± 0.0007 0.0017 ± 0.0013 0.0005 ± 0.0004 0.0009 ± 0.0003 0.0006 ± 0

K7’ 0.0013 ± 0.0001 0.001 ± 0.0021 0.0002 ± 0.0003 0.0008 ± 0.0001 0.0004 ± 0.0001

P value K7-K7’ **** ns ns ns ns

10–5.5 K8 0.0149 ± 0.0016 0.0044 ± 0.0018 0.0035 ± 0.001 0.0032 ± 0.0008 0.0054 ± 0.0003

K8’ 0.0022 ± 0.0021 0.0021 ± 0.0028 0.0008 ± 0.0001 0.0005 ± 0 0.0011 ± 0.0006

P value K8-K8’ **** ns ns ns ***

10–5 K9 0.0085 ± 0.0017 0.0026 ± 0.0045 0.0026 ± 0.0001 0.0031 ± 0.0013 0.0052 ± 0.0014

K9’ 0.0003 ± 0.0002 0.0013 ± 0.0006 0.0006 ± 0.0001 0.0022 ± 0.0025 0.001 ± 0.0001

P value K9-K9’ **** ns ns ns **

(**P < 0.01,***P < 0.001,****P < 0.0001).
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3.4 Pathological and histological analysis

3.4.1 HE staining of pathology sections
HE staining results showed that the abdominal aortic wall in the

Control group had a normal structure, with a uniform distribution
of intima-media, neatly arranged, and no obvious inflammatory cell
infiltration. Compared with the Control group, AAA-1w, AAA-2w

and AAA-3w showed that the normal structure of the abdominal
aortic wall was damaged, and the mesangial cells of the blood vessels
were unevenly distributed and disordered in the order of
arrangement, accompanied by obvious inflammatory cell
infiltration in the local area as shown by the black arrows, in
contrast, the cells were more uniformly distributed and relatively
neatly arranged with less inflammatory cell infiltration in AAA-
4w (Figure 10).

3.4.2 Masson staining of pathologic sections
Degradation of extracellular matrix and metabolic imbalance is

one of the important mechanisms in the development of actinic
tumors and can further stimulate compensatory deposition of
collagen fibers and cause metabolic imbalance of collagen fibers.
To assess vascular collagen deposition, we performed Masson
staining to analyze the degree of vascular fibrosis, and the black
arrows indicated vascular fibrosis. As shown in Figure 11, the results
showed that vascular fibrosis became progressively more severe with
the progression of AAA, and the degree of fibrosis stabilized at week
4 (P < 0.001).

3.4.3 EVG-modified weigert method staining of
pathology sections

Degradation of elastic fibers is the initiating step in the
formation of aneurysmal dilatation of the artery, which in turn
allows the aneurysm body to continue to expand its to rupture. In
order to observe the effect of elastic fiber degradation on the
aneurysm formation process with the extension of time, we
adopted the EVG-modified Weigert method to observe the effect
of elastic fibers in the vessel wall. The results showed that the elastic
fibers in the abdominal aorta of rats in Control group were wavy,
parallel, dense and uniformly arranged in the intima media of the
blood vessels, which were arranged in a more regular manner and
had better integrity, with complete elastic fibers indicated by black

FIGURE 9
Vascular contraction stress analysis: The AAA-1w group, AAA-2w
group, AAA-3w group, and AAA-4w group were compared with the
control group, with *P < 0.05 indicating statistical significance.

FIGURE 10
HE staining of rat abdominal aorta, black arrows indicate vascular inflammatory infiltration, increased inflammatory cells. (A) HE staining of
abdominal aorta in Control group. (B) AAA-1wHE staining of the abdominal aorta. (C) AAA-2wHE staining of the abdominal aorta. (D) AAA-3wHE staining
of the abdominal aorta. (E) AAA-4w HE staining of the abdominal aorta. Bar: 200 μm for the first row, 20 μm for the second row.
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arrows. Elastic fibers of the AAA group underwent degradation of
varying degrees, and their morphology appeared to be altered.
Staining results showed that the morphology of the elastic fibers
in the vessel wall of the AAA group was flattened, the wavy structure
disappeared, the arrangement was sparse and disorganized, and
some of themwere fractured, and the degradation of the elastic fibers
was very significant (P < 0.001), and the black arrows indicated the
fractured elastic fibers in the figure (Figure 12).

3.4.4 Immunofluorescence staining of
pathology sections

The smooth muscle cells in Control group were regular in
morphology and uniformly arranged in the middle layer of blood
vessels, AAA-1w vascular smooth muscle cells were obviously
destroyed, only some smooth muscle cells remained, and their
content was significantly lower than that of Control group (P <
0.001), thereafter, the smooth muscle cell content gradually
increased, and the growth of smooth muscle cell content tended
to be leveled off at 4 weeks postoperatively (Figure 13).

4 Discussion

This study primarily explores the changes in the mechanical
properties and structural components during the development of

AAA. The research highlights significant changes in arterial
contractility and compositional alterations during vascular lesion
progression. The study arrived at the following conclusions: (1) A
repairable AAA model in rats can be established through the
external application of porcine pancreatic elastase; (2) The
vasoconstriction capacity shows a gradual decrease with the
development of AAA; (3) Contraction stress notably decreases in
the early stages of AAA, with stress levels rising over time and
eventually stabilizing.

The arterial wall can be considered a composite material
composed of collagen fibers and smooth muscle cells embedded
in an elastic matrix. As AAA severity progresses from one to 3 weeks,
arterial contractility gradually decreases, primarily due to increased
inflammation and the rupture of collagen and elastic fibers, as
evidenced by histological staining. Arterial elasticity is mainly
expressed through the active contraction of smooth muscle cells
and the passive contraction of the elastic layer, which consists of
collagen and elastic fibers. Smooth muscle cell contraction regulates
vascular diameter, blood pressure, and blood flow distribution (Cao
et al., 2022). Dysfunction in smooth muscle cells affects the active
dynamic changes in blood vessels. The passive properties of blood
vessels largely depend on the extracellular matrix (ECM) network,
including elastin and collagen, which are the main structural
proteins of the arterial wall. Intact elastin is crucial for
maintaining the normal shape and compliance of the vessel wall.

FIGURE 11
Masson staining of rat abdominal aorta, black arrows indicate vascular fibrosis. (A)Masson staining of abdominal aorta in Control group. (B) AAA-1w
Masson staining of the abdominal aorta. (C) AAA-2w Masson staining of the abdominal aorta. (D) AAA-3w Masson staining of the abdominal aorta. (E)
AAA-4w Masson staining of the abdominal aorta. (F) Graph of quantitative analysis results of Masson staining (***P < 0.001 compared to Control group).
Bar: 20 μm.
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At low strain, elastin dominates, making the vessel wall relatively
flexible; at high strain, the elastic modulus of collagen becomes
dominant, providing tensile strength to the vessel (Vorp, 2007; Lu
et al., 2021). By the fourth week, the active components of the arterial
wall must continuously regenerate and remodel to maintain
systemic integrity and function, leading to a recovery in active
contractility. Remodeling of structural proteins has been shown
to play a significant role in the mechanical behavior of the vessel wall
during AAA development (Vorp, 2007).

In this study, we monitored the biomechanical changes
occurring during AAA development and remodeling using small
animal ultrasound.We found that the loss of aortic structure leads to
weakened vascular function and aortic dilation, resulting in
decreased mean and peak blood flow velocities in AAA.
Interestingly, as AAA progressed to the fourth week, the extent
of vascular dilation and contraction reduction decreased, which may
indicate a self-repair phenomenon during vascular remodeling. This

can be explained by the law of Thomas, which states that when blood
flow changes, the initial response is contraction or relaxation of
smooth muscle cells to alter the arterial wall diameter, possibly
signaled by endothelial cells sensing changes in shear stress. Over
time, smooth muscle cells remodel themselves and the ECM to
increase or decrease arterial diameter, adapting to new volume flow
and maintaining constant shear stress (Dobrin, 1989; Vorp, 2007).
Although thinner vessel walls may experience higher local stress,
some studies suggest that aneurysm rupture does not correlate well
with vessel wall thickness (Sugita and Matsumoto, 2018).

Stress is defined as the force applied to an object divided by the
surface area over which the force acts. Stress on the vessel wall
includes shear stress from blood flow within the lumen, longitudinal
stress from surrounding tissues, and circumferential stress from
blood pressure. For materials like vessel walls, the relationship
between stress and strain is nonlinear; increased strain leads to
increased stress, and vice versa (Wagenseil and Mecham, 2009).

FIGURE 12
EVG staining of rat abdominal aorta, black arrows indicate elastic fibers and broken elastic fibers. (A) EVG staining of abdominal aorta in Control
group. (B)AAA-1w EVG staining of the abdominal aorta. (C)AAA-2w EVG staining of the abdominal aorta. (D) AAA-3w EVG staining of the abdominal aorta.
(E) AAA-4w EVG staining of the abdominal aorta. (F) Graph of quantitative analysis results of EVG staining (***P < 0.001 compared to Control group). Bar:
200 μm for the first row, 20 μm for the second row.
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AAA rupture occurs when the stress applied exceeds the wall
strength. In this study, contractile stress initially decreased
rapidly during AAA progression, then gradually increased. By the
fourth week, the decrease in contractile stress was consistent with
ultrasound and active vascular contraction results, suggesting self-
healing of AAA at this stage.

The development and rupture of AAA result from the interplay of
biological and biomechanical changes, leading to ECM remodeling
and degradation. These changes result from the biomechanical stress
transmission between cells and the ECM. Wall stress analysis is more
sensitive and specific in predicting AAA rupture and can identify
AAAs that can be safely observed. Elevated wall stress can be detected
before rupture occurs, allowing time for intervention. Remodeling
alters the direction and composition of the AAA wall components.
Consequently, AAA tissue is significantly weaker than normal aorta,
and due to compensatory remodeling processes, AAA stiffness

initially appears to increase. As this adaptive process begins to fail,
stiffness decreases and compliance reduces (Annambhotla et al., 2008;
Rodríguez et al., 2008). Minimally invasive stent graft placement can
isolate the degraded vessel wall, preventing further AAA expansion
and rupture, but there is currently a lack of quantitative standards for
assessing post-operative endovascular repair effectiveness
(Petsophonsakul et al., 2019; Zhao et al., 2021). This study
proposes a clear biomechanical framework for evaluating AAA
development.

Histologically, we observed inflammatory infiltration, collagen
fiber deposition, elastic fiber rupture, and a reduction in mesenteric
smooth muscle cells within the aneurysm wall, consistent with the
findings of Annambhotla (Annambhotla et al., 2008). However, data
regarding changes in collagen are contradictory; some authors
report an increase in collagen fraction (Rizzo et al., 1989), while
others report a decrease or no change (Friedmann et al., 1992; Carmo

FIGURE 13
α-SMA staining of rat abdominal aorta. (A) α-SMA staining of abdominal aorta in Control group. (B) AAA-1w α-SMA staining of the abdominal aorta.
(C) AAA-2w α-SMA staining of the abdominal aorta. (D) AAA-3w α-SMA staining of the abdominal aorta. (E) AAA-4w α-SMA staining of the abdominal
aorta. (F)Graph of quantitative analysis results of α-SMA staining (*P < 0.05, ***P < 0.001 compared to Control group). Bar: 200 μm for the first row, 20 μm
for the second row.
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et al., 2002). In our experiment, we observed a gradual deposition of
collagen as AAA progressed to the third week, aligning with the
inflammatory infiltration seen in HE-stained AAA, and a slight
reduction in inflammation by the fourth week, consistent with
observations by Price (Police et al., 2009). Vascular tissue growth
occurs in a balanced environment, which is disrupted during AAA
development. Initially, an inflammatory environment with the release
of numerous inflammatory factors leads to vascular dilation and
continuous degradation of elastic fibers, which tend to deteriorate
with age. Fibroblasts activate synthesis mechanisms, increasing
collagen fiber content, ultimately transferring the load from elastin
to unloaded collagen. Collagen maintains mechanical equilibrium
during tissue remodeling, supporting arteries and providing rigidity to
the arterial wall, which may explain the reduced vascular dilation and
contraction observed by the fourth week. If collagen also has
mechanical defects, is abnormal, and is susceptible to enzymatic
degradation, it becomes more prone to degradation in the vessel
wall, making the vessel unable to withstand the luminal pressure that
generates tensile force, eventually leading to rupture (Dobrin, 1989).

4.1 Limitations

Firstly, the growth and remodeling period studied was relatively
short, focusing solely on the vascular state at 1, 2, 3, and 4 weeks post-
modeling of AAA. Secondly, there was no discussion on the mechanical
strength of the blood vessels, as the vessel strength might undergo
alterations after drug administration, and testing these two mechanical
parameters cannot be completed through a single system. Thirdly, due to
the necessity of euthanizing animals every week for experimentation,
there was no increase in the number of animals after obtaining
statistically significant results. Fourthly, the study concentrated
exclusively on biomechanical changes during the vascular growth and
remodeling process of AAA, without delving deeper into the underlying
biological mechanisms that influence these mechanical alterations.

5 Conclusion

The external application of porcine pancreatic elastase can establish
a modifiable AAA model, wherein the inflammatory response can be
exacerbated or ameliorated. Throughout the progression of AAA,
parameters such as vascular diameter, vascular wall thickness, blood
flow velocity, and vascular contractility exhibit a gradual decline.
Pathological staining demonstrates a close association between
contractility and the presence of vascular elastic fibers and collagen
fibers. By the fourth week of AAA development, there is a slight
reduction in inflammation, gradual deposition of tissue collagen, a
decrease in smooth muscle cell proliferation, and a notable increase in
active contractility. This sheds light on the intricate relationship
between active vascular contractility and vascular composition.
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