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Abstract

Aortic dissection (AD) is a potentially fatal cardiovascular emergency caused by separation of different layers of aortic
wall. However, because of limited time window available for clinical research, there is an urgent need for an ideal animal
research model. In recent years, the incidence of AD complicated by atherosclerosis has increased with improvements of
living standards and changes of eating habits. Accordingly, considering multiple risk factors, we successfully and efficiently
established a novel AD model through a high-fat diet combined with chronic angiotensin II (AnglI) infusion. Compared
with traditional chemical induction model using Angll and $-aminopropionitrile, our model is more clinically relevant for
atherosclerosis-related AD. Moreover, infiltration of neutrophils and apoptosis of vascular smooth muscle cells in AD tis-
sues were more significant. In addition to enriching the existing models, the novel model may be a long-term useful tool for
more in-depth investigation of AD mechanisms and preclinical therapeutic developments.
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Introduction

Aortic dissection (AD) is an emergent medical condition
characterized by a separation of the aortic wall layers and
subsequent creation of a false lumen [1]. However in terms
of clinical manifestations, AD patients may not have obvious
preceding symptoms. The aortic vessel walls of patients have
already suffered from severe tears by the time when they
are rushed to the hospital; thus, AD exhibit a high mortality
if undetected [2]. Therefore, important unmet needs in AD
management are unraveling of its pathogenesis, prompt diag-
nosis, and accurate and sensitive identification of patients
at risk.

In addition to hereditary vascular disease in some
patients, hypertension is the most important risk factor for
AD. Compliance of aortic vascular wall decreases with age
and other reasons, and the pressure of blood flow on vas-
cular wall increases to further damage the vascular wall,
resulting in a break in the aorta and eventually forming AD.
With improvements in living standards and changes in eating
habits, the number of patients with AD related with dyslipi-
demia or atherosclerosis has increased sharply. A 20-year
experience of collaborative clinical research revealed that a
history of atherosclerosis was present in 26.5% of patients
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«Fig. 1 Establishment and evaluation of the two kinds of AD models
in mice. a Construction strategies for the two kinds of murine AD
model. The details of animal grouping and model preparation are
described in “Materials and Methods” in the manuscript. b Gross
observation of aorta. The heart, aortic vessels, and kidneys of each
group of mice were separated, and the two intervention groups had
swollen blood clots in different parts. ¢ Hematoxylin—eosin (HE)
staining to show dissection (AD) and non-dissection (Control) part of
blood vessels of AD patient. Numerous red blood cells infiltrated the
false lumen (green arrow) of the dissection site. Scale bars, 500 pm.
d HE staining of aorta tissues from murine models. Two kinds of
intervention resulted in dissection and blood within the aortic media,
while no false lumen was found in the blood vessels of correspond-
ing control mice and the vascular structure was intact. Scale bars,
100 pm. Control-B: control group of “BAPN + AnglII” group; Con-
trol-H: control group of “HFD + AnglI” group; n=15

among the 7300 cases provided by the International Reg-
istry of Acute Aortic Dissection (IRAD), becoming the
second major risk [3]. Accordingly, this kind of AD can
be considered an “atherosclerotic” acute aortic syndrome
[4]. Moreover, increasing clinical and research data have
shown a bidirectional association between atherosclerosis
and hypertension [5, 6], which have the potential to syner-
gistically promote AD progression. Better understanding of
the cross-interaction will allow broadening the therapeutic
options available for patients or preventive strategies.

Besides the complex etiology, there are still many diffi-
culties in studies on AD, such as limited time window avail-
able for clinical research. AD patients are usually critically
ill, their condition progresses very rapidly, and they often
require emergency surgical treatment; otherwise, there is a
50% chance of death within the first 48 h [7]. Therefore, it is
difficult to study disease progression and perioperative drug
intervention. Moreover, it is hard to obtain specimens. Only
patients undergoing open surgery can be the source of aortic
samples. Specimens cannot be obtained non-invasively or
minimally; therefore, large-scale controlled clinical trials are
difficult to perform. Undoubtedly, an ideal animal model
that mimics the human anatomy and pathophysiology is a
powerful tool for studying AD mechanisms and preclinical
therapeutic developments.

Several experimental animal models of AD have been
generated, such as surgically caused, genetically modified,
and pharmacologically induced models [8]. Currently, most
murine models are based on chemical induction of angioten-
sin IT (AnglI) and f-aminopropionitrile (BAPN), which may
be the optimum models mimicking the pathological pro-
cess of AD caused by hypertension [9]. However, no single
experimental model has been sufficient in investigating the
pathogenesis and treatment of AD. As mentioned above, the
incidence of AD related to dyslipidemia and atherosclerosis
is increasing. Therefore, there is an urgent need to develop
a stable and efficient AD murine model with consideration
of multiple risk factors.
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In this study, we established a novel AD murine model
by using high-fat diet (HFD) combined with chronic AngIl
intervention, taking into account such things as age, vascu-
lar atherosclerosis, and hypertension. Additionally, we com-
pared and analyzed this model with the traditional chemi-
cal induction model with AngIl and BAPN. Our aim is to
provide a stable and useful tool for analyzing the underlying
mechanism of progression, which could thus be beneficial
for therapeutics.

Materials and Methods
Patient Specimens and Ethics Statement

Dissection samples and control aorta from the non-dissec-
tion part of the same patient were collected from an AD
patient with a history of atherosclerosis, who had under-
gone repair surgery at the First Affiliated Hospital of the
Army Medical University (the additional information about
the patient is listed in Supplementary Table 1). Informed
consent was obtained for the use of the specimens. The use
of human tissue was approved by the Ethical Committee of
the First Affiliated Hospital of the Army Medical University
(No.KY2019159) and the study complied with the principles
outlined in the Declaration of Helsinki.

Animal Model and Ethics Statement

The strategy for the construction of the two AD models is
outlined in Fig. 1a. The study was reviewed and approved
by the Laboratory Animal Welfare and Ethics Committee of
Army Medical University (AMUWEC20211847).

Thirty 3-week-old male C57BL/6 mice (purchased from
Beijing Huafukang Biotechnology Co., Ltd.) were randomly
divided into the “BAPN + AnglII” intervention group and
corresponding control group (“Control-B”) using a random
number allocation method, with 15 mice in each group. For
convenience of observation, each group of mice was kept in
three cages, five in each litter. We then weighed and recorded
the weight of the mice in units of litter. BAPN was dissolved
in the drinking water of the mice in the “BAPN + AngII”
group at a dose of 1 g/kg/day, and the mice in the “Control-
B” group were given ordinary drinking water. After 4 weeks
of BAPN intervention, the mice in the “BAPN + AngIl”
group were implanted with micropumps (Alzetmodel1003D,
Durect Corp., USA) that delivered Angll subcutaneously
at a dose of 1000 ng/kg/min, while those in the “Control-
B” group were implanted with micropumps with saline, as
described previously [10]. The mice were euthanized after
72 h (BAPN was continued in the drinking water during
Angll infusion).
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Similarly, 30 male, 16-week-old, apolipoprotein
E-deficient (apoE-/-) mice (backcrossed 10 times onto a
C57BL/6 background, obtained from Beijing Huafukang
Biotechnology Co., Ltd.) were randomly divided into the
“HFD + AnglII” intervention group and corresponding
control group (“Control-H”). The “HFD + AngII” group
mice were fed with HFD (D12109C, Ready Bite, China,
0.5 g/per mouse/every day, 40% fat, 1.25% cholesterol,
0.5% sodium cholate), while those in the “Control-H”
group were fed with ordinary diet. After high-fat feeding
for 5 weeks, the mice in the “HFD + AngII” group were
implanted with micropumps (Alzet 2004, Durect Corp.,
USA) that delivered AnglIlI subcutaneously at a dose of
1000 ng/kg/min, while those in the “Control-H” group
were implanted with micropumps with saline, as described
above. The mice were euthanized after 4 weeks (HFD was
continued during AngllI infusion).

Evaluation of Artic Dissection and Classification

The animals were sacrificed after anesthesia; the heart-
aorta-kidney tissues were stripped to calculate the inci-
dence of dissection. Aortic dissection was defined as the
presence of hematoma within the aortic wall detected on
gross examination, or as the presence of layer separation
within the aortic media or medial-adventitial boundary
(with a false lumen hematoma) detected on aortic histol-
ogy [11]. Aortic rupture and premature death were docu-
mented. AD can be classified according to the segments
involved; the Debakey system and the Stanford system are
the two most commonly used classifications [12, 13]. Vas-
cular tissues were evaluated by 3 independent observers
(in the case of a discrepancy, the observers discussed and
came to an agreement). More typical pathological altera-
tions of the aorta were characterized by various histology
staining.

Pathological Specimen Preparation and Staining

Human specimens and murine aorta samples were divided
into two groups. One group of fresh tissues was directly
embedded with medium optimal cutting temperature com-
pound to quickly frozen, and sliced with a microtome for
7 pm. The frozen sections were stored at — 80 °C for later
use. The other group of tissues was fixed in 4% paraform-
aldehyde and for conventional paraffin embedding, also cut
into slices for later use. Then, the paraffin sections were used
for hematoxylin—eosin (HE) staining, Masson staining, Vic-
toria blue (VB) staining, and TUNEL staining, whereas the
frozen sections were used for Oil Red O staining and immu-
nofluorescence tests.

Hematoxylin-Eosin (HE) Staining

The prepared paraffin sections were baked, dewaxed,
hydrated, and incubated in hematoxylin solution for 10 min.
Then, they were differentiated in alcoholic hydrochloric acid
for 15 s and blued in Scott bluing buffer for 15 s. They were
washed and incubated in eosin solution for 2 min, dehy-
drated and permeabilized with xylene afterwards. Eventu-
ally, the slides were mounted with a neutral resin, observed
under a microscope, and photographed.

Masson Staining

The paraffin sections were deparaffinized, and the cell
nuclei were stained with hematoxylin staining solution for
10 min. Then, they were differentiated in alcoholic hydro-
chloric acid for 10 s and blued in Masson buffer for 10 min.
After immersed in glacial acetic acid aqueous for 5 s, they
were differentiated with a 1% phosphomolybdic acid aque-
ous solution for 3—5 min, dyed with aniline blue for 5 min.
Finally, they were dehydrated, transparentized, mounted, and
observed under a microscope.

Victoria Blue (VB) Staining

After deparaffinization and rehydration, the sections were
incubated in Victoria blue solution for 1 h and subsequently
placed in 95% alcohol for 10 s, then washing in distilled
water for 2 min. They were next placed in Van Gieson for
staining for 2-3 min and were then dehydrated with 95%
alcohol and absolute alcohol. Finally, the slides were
mounted and microscopically examined.

Oil Red O Staining

Frozen sections were fixed with formaldehyde-calcium
for 10 min, washed with distilled water, and stained with
Oil Red O for 10 min. They were then separated with 60%
isopropanol and counterstained with Mayer hematoxylin.
Finally, the sections were placed in water to make them blue
for 1-3 min and mounted with glycerin-gelatin.

Immunofluorescence (IF) Test

Frozen sections of fresh blood vessels were taken and fixed
with 4% paraformaldehyde, followed by incubation with
primary antibody CD177 (the neutrophil marker for human
[14], 1:200, ab256510, Abcam, USA), or Ly6G (a protein of
similar structure as CD177 for mice [15], 1:200, ab25377,
Abcam, USA), and the corresponding secondary antibody.
The nuclei were visualized by DAPI staining. Cells were
counted by the Image-Pro Plus software analysis (Media
Cybernetics Inc., USA). Approximately, 5 non-overlapping
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fields of representative clusters were captured for every sam-
ple with the same conditions of light intensity and exposure
time at high power field (100 pm). Total cell counts were
recorded and quantified by percent (% represents positive
cells of total cells).

Blood Pressure Measurement

A non-invasive tail cuff detection method was used to meas-
ure systolic blood pressure on all mice after the completion
of the intervention. First, the mice were adaptively accli-
mated to ensure that the value truly reflects the blood pres-
sure state of the mice. The awake mice were placed in a
holder equipped with a thermostatic blanket at 37 °C, and
the mice tails were passed through the air bag at the back
of the holder. Then, the blood pressure was detected by the
software of the detection system and performed three times
in each round; the deviation of the measured values did not
exceed 20 mmHg.

Co-culture of Neutrophils and Mouse Aortic Vascular
Smooth Muscle Cells

Neutrophils and mouse aortic vascular smooth muscle cells
co-culture system was constructed (diagrammatic sketch
shown in Fig. 6¢). Neutrophils were isolated from murine
bone marrow and then cultured in transwell chamber; the
pore size of fibrous membrane is 8 pm. Mouse aortic vascu-
lar smooth muscle cells (MOVAS cell line) were cultured in
the lower layer of the chamber.

A brief description of neutrophil separation was as fol-
lows. AD mice were euthanized and separated from tibia
and femur. After soaking in 75% alcohol for 5 min, both
ends of the bone marrow were removed. The bone marrow
was rinsed with 1640 medium containing 10% FBS (Gibco,
Grand Island, USA) and filtered with 70 pm nylon screen,
and cells were collected by centrifugation. Bone marrow
neutrophil separation reagent kit (P8550, solarbio, China)
was used to isolate neutrophils.

MOVAS cell line was purchased from Fenghui Biotech-
nology (CLO710, Fenghui Biotechnology, China), cultured
with DMEM containing 10% FBS and high glucose (Gibco,
Grand Island, USA) to the second generation for experiment.

After co-culture for 48 h, the density of MOVAS cells
was microscopically examined. Apoptosis of MOVAS cells
was detected through fluorescein annexin V-FITC/PI double
labeling, and MMP9 expression was detected by ELISA in
the cell supernatant.

Apoptosis Detection

Paraffin sections of aortic vascular tissue were depar-
affinized and rehydrated and then tested with the
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terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) reaction. Take appropriate amount of
TDT enzyme, dUTP, and buffer in the TUNEL Assay Kit
(G1507-50 T, Servicebio, China) according to the number
of slices and tissue size and mixed at 1:5:50 ratio. Prepare
this reaction solution according to demand before use. Add
this mixture to objective tissue placed in a flat wet box, incu-
bated at 37 °C for 1 h, followed by DAB developed. Nucleus
stained with hematoxylin was blue. The positive apoptosis
cells developed by DAB reagent had brown-yellow nucleus.

The adhering MOVAS cells were trypsinized and submit-
ted to staining with Annexin V-FITC Apoptosis Detection
Kit (C1062L, Beyotime, China), and screened on a Cyto-
FLEX flow cytometry (Bechman coulter Inc. USA).

Enzyme-Linked Imnmunosorbent Assay (ELISA)

The vascular interstitial fluids of animals and the cell co-cul-
ture supernatants were to be examined the levels of MMP9
by using ELISA kit (ab253227, Abcam, USA) according
to the manufacturer’s instructions. Briefly, 100 pL of each
sample or standard dilution was added to each well. Follow-
ing incubation with unbound biotin-conjugated secondary
antibodies, streptavidin labeled with horseradish peroxidase
(HRP) was added to bind the biotin-labeled antibody. Tetra-
methylbenzidine substrate solution was used for visualiza-
tion. Optical density was measured at 450 nm.

Cell Communication Analysis

To study the interactions between the major cell types in AD
tissues, the Zerocode cell communication platform is used
to visually infer cell-cell communication from combined
expression of multi-subunit receptor-ligand complexes based
on CellPhoneDB database [16, 17]; the redder the color,
the higher the display value, indicating stronger interactions
between cells.

Statistical Analysis

The SPSS19.0 statistical software was used for statis-
tical analysis. Continuous variables are expressed as
mean =+ standard deviation (mean + SD). After ascertain-
ing normality of distribution via the Shapiro-Wilk test, the
independent sample #-test was used for comparison between
two groups, and one-way analysis of variance (ANOVA)
followed by Scheffé post hoc test was used for comparison
between multiple groups. For incidence, the difference of
values was calculated using a chi-square test and pairwise
comparisons of incidences were performed using a Tukey’s
HSD multiple comparisons test. A p-value of <0.05 was
considered to be statistically significant.
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«Fig.2 Detection of histopathological changes of aorta in the two
kinds of AD models in mice. a Masson staining to show collagen in
the dissection (AD) and non-dissection (Control) parts of blood ves-
sels of AD patient. The vascular wall collagen of the false lumen
inpatients was structurally broken and significantly reduced (arrows).
Scale bar, 500 pm. b Masson staining to show the pseudo-lumen
vascular wall collagen was structurally broken and missing (arrows)
in the two intervention groups of mice, while the collagen layers of
the blood vessels in corresponding control mice were thicker, the
structures were complete, continuous, and not missing. Scale bars,
100 pm. *¥p <0.01. ¢ Victoria blue (VB) staining to show the elas-
tic fiber layers in the AD patient were structurally broken and thin-
ner (arrows). Scale bar, 500 pm. d VB staining to show the pseudo-
lumen vascular wall elastic fiber layers were structurally broken and
missing (arrows) in the intervention groups, while the elastic fibers
of the blood vessels in control mice presented a filamentous, multi-
layer compact distribution. Scale bar 100 pm. **p <0.01. e The rela-
tive MMP9 expression measured by using ELISA in the vascular
interstitial fluids of animals. **p <0.01. Control-B: control group of
“BAPN + AnglI” group; Control-H: control group of “HFD + AnglII”
group; n=15

Results

Both Models Induced AD in Mice

The strategy for the construction of the two AD models is
outlined in Fig. 1a. Following the completion of the interven-
tions, the heart, aorta, and kidney tissues of the mice were
stripped and used to calculate the incidence of dissection.
We observed both “BAPN + AngII” and “HFD + AngII”
intervention groups could induce AD (Fig. 1b).

To verify whether the murine models can simulate human
AD, we examined and compared changes in vessel mor-
phology in human and mice. HE staining showed that there
were large amounts of red blood cells infiltrating between
the media and intima in the blood vessels of AD patients,
forming a false cavity, whereas there was no false lumen in
the non-sandwich areas and the structures were complete
and compact (Fig. 1c). We confirmed that both intervention
models could simulate the structural changes in patients with
AD (Fig. 1d). In addition to the large vascular lumens (blue
arrow) in the two intervention groups, small false lumen
(green arrow) appeared in the blood vessels of the mice that
formed dissections and large amounts of red blood cells
entered the false lumen. The above results illustrate that
these two treatments can be used to construct AD models.

Both Models Caused Histopathological Alterations
of Aorta in Mice

To further investigate the effects of two kinds of interven-
tions on the morphology of the aorta, histological alterations
were observed in both murine models and AD patients. AD
pathogenesis occurs due to collagen deposition and elastin
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degradation, along with the dysfunctions of the elastic lam-
ina layer of the aorta wall.

Masson staining showed that collagen was broken and
missing around the blood vessel wall in the dissected part
of the patient, but the collagen distributed in the non-dis-
sected part was uniform and complete (Fig. 2a). Similarly,
the vascular wall of the AD mice of the two intervention
groups became thinner, collagen fibers were reduced, and
some parts were missing and discontinuous; these structural
changes may lead to infiltration of inflammatory cells. In the
control mice, the collagen layers were thicker and the struc-
tures were complete, continuous, and not missing (Fig. 2b).

VB staining revealed that the elastic fibers of the vessel
wall at the dissection site of AD patients had been obvi-
ously destroyed, which were mainly reflected in the lack
of structure and reduction of components (Fig. 2c). Similar
changes also occur in animal models, the elastic fibers suf-
fered different degrees of damages, discontinuous fractures
appeared, and the elastic fibers were relatively loose in AD
mice (Fig. 2d). However, these changes were not detected in
the vascular tissues of the control mice.

The degradation of the extracellular matrix (ECM) is the
main reason for the pathological changes in aortic mechani-
cal properties. The release of matrix metalloproteinases
(MMPs) can lead to excessive ECM degradation. Upregu-
lation of MMPs, particularly the MMP9, has been identi-
fied as a key event during AD progression [18]. Since the
changes in collagen and elastic fibers of the ECM in AD
mice were particularly noticeable, we determined MMP9
expression using ELISA in the two murine models. The sig-
nificant increase of MMP9 expression was detected in both
two intervention groups (Fig. 2e). This result suggests that
both treatments can affect the expression of MMP9, thereby
destroying ECM stability and promoting AD development.

The Two Models Imitated Different Classifications
of AD

Firstly, we evaluated the incidence and mortality of
AD in the two models (Table 1). The occurrence of AD
in each group was as follows: 13 of the 15 mice in the
“HFD + AnglI” group developed AD, and the incidence of
dissection reached 86.67%. The incidence of dissection in
the “BAPN + AnglI” group was lower: 9 of 15 mice devel-
oped AD, with an incidence rate of up to 60% (Fig. 3a).
No mouse died in the control group; however, death was
recorded in both the “HFD + AnglII” and “BAPN + AngII”
groups. The cause of death was hemorrhage caused by the
rupture from the dissection. Two mice in the “HFD + AngII”
group died due to AD rupture after Angll micropump
implantation in the 4th week; the mortality rate was 13.33%.
In the “BAPN + AnglII” group, five mice died due to rup-
tured AD, one mouse died in the 3rd week after BAPN
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Table 1 Comparison of two

i i Control-B. BAPN+ Angll (n=15) Control-H  High-fat+ Angll (n=15)
mouse AD models (n=15) (n=15)
Mortality rate 0 5/15 (33.33%) 0 2/15 (13.33%)
Incidence of AD 0 9/15 (60%) 0 13/15 (86.67%)
Type of AD
DeBakey type I 2/9 (22.22%) 3/13 (23.08%)
DeBakey type 11 2/9 (22.22%) 4/13 (30.77%)
DeBakey type III 5/9 (55.56%) 6/13 (46.15%)
or
Stanford type A 4/9 (44.44%) 7/13 (53.85%)
Stanford type B 5/9 (55.56%) 6/13 (46.15%)
a b
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Fig.3 Evaluation of AD incidence, mortality and AD classifica-
tions in the two kinds of murine models. a The incidence of AD in
two kinds of murine models. The difference of incidence values was
calculated using a chi-square test and pairwise comparisons of inci-
dences were performed using a Tukey’s HSD multiple comparisons
test. ¥p<0.05. b The Kaplan-Meier curve survival analysis between
different groups. No mice died in the two control groups, but some

mice died in both and “BAPN+ Angll” group and “HFD+ AnglII”
group. *p <0.05. ¢—d The relative incidence of different AD types in
the two intervention groups according to DeBakey classification (c¢)
and Stanford classification (d) separately. Control-B: control group of
“BAPN + AnglI” group; Control-H: control group of “HFD + AnglII”
group; n=15
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intervention, two died in the 4th week, and two died 72 h
after the implantation of the Angll micropump. The mor-
tality rate was 33.33%. Figure 3b shows the Kaplan-Meier
curve survival analysis of the different groups.

Aortic dissections in patients commonly involve the
ascending, thoracic (descending aorta in the chest), and
abdominal aorta. AD can be subdivided into type I, I, and
III by Debakey classification according to the location of
the initial tear of AD and the range of tear accumulation
[12]. The simpler Stanford Classification has become well
established recently based on the surgery’s demand [13].
Dissection of Stanford type A is generally more common in
other regions and is seen in two-thirds of the clinical cases
collected from the IRAD series. As shown in Table 1 and
Fig. 3c—d, “BAPN+ AnglII” intervention caused most of the
mice to develop AD in thoracic aorta and abdominal aorta;
in other words, this treatment mainly stimulated AD belong-
ing to the DeBakey type III or Stanford type B, whereas dis-
section induced in the “HFD + AnglII” group involving the
ascending aorta, belonged to DeBakey type I-II or Stanford
type A. We speculate that may be because atherosclerosis
often occurs in the coronary artery, which is a branch of the
ascending aorta. In this aspect, our model is more suitable
for simulating a type consistent with actual clinical condi-
tions. Although there was no statistical difference, it is unde-
niable that our sample size is not very large; further valida-
tion and optimization of this model should be conducted.

Induction of AD by the Combination of HFD
and Angll Is Closely Related with Atherosclerotic
Lesions of Arteries

Body weight measurement provides a general understanding
of mice in a noninvasive manner. There was no difference
in the body weight of mice in “BAPN + AngII” group and
“Control-B” group. And due to the short time of AnglI treat-
ment, there was no significant change before and after the
injection (Fig. 4a). However, the body weight of the mice in
the “HFD + AnglI” group gradually increased, but dropped
a little after injection of AnglI (Fig. 4b).

The most prominent risk factor hypertension can cause
increased pressure on the aortic wall, which can trigger the
development of an intimal tear. We measured the systolic
blood pressure of mice after the experimental interven-
tion. Blood pressure in each group showed a normal dis-
tribution. As shown in Fig. 4c, the systolic pressure of both
“BAPN + AnglI” and “HFD + AnglII” intervention groups
was indeed much higher than that of their corresponding
control groups, confirming that hypertension really played
an important role in AD progression.

Dyslipidemia and atherosclerosis have become common
diseases endangering health, and the related AD incidence
has increased significantly. We used Oil Red O staining
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to quantify the atherosclerotic burden in murine tissues.
Obvious plaques with lipid deposition were seen only in
“HFD + AnglI” intervention group, which morphologically
reproduced AD features associated with atherosclerosis. In
contrast, lipid deposition was almost undetectable in the
other groups (Fig. 4d). This indicates that our combination
treatment can simulate atherosclerotic lesions of arteries in
AD, which is more clinically relevant.

Neutrophils Significantly Infiltrated into Aortic Wall
Tissue in the AD Model Induced by Combination
of HFD and Angll

Inflammation is closely related to the occurrence and devel-
opment of AD. Recently, increasing evidence has shown
that neutrophils contribute to AD pathogenesis [19], or sug-
gested the predictive value in diagnosis and prognosis [20].
Accordingly, we used CD177 (a human neutrophil marker)
to label the patient’s specimen and found a large number
of neutrophils accumulated in the dissected tissue of the
patient (Fig. 5a). The similar IF results confirmed neutrophil
(labeled with a murine neutrophil marker Ly6G) infiltration
in the blood vessels of AD mice (Fig. 5b). Additionally, the
degree of neutrophil accumulation in the “HFD + AngII”
group was more serious than that in co-administration of
BAPN and Angll, suggesting a more important role of neu-
trophils during the formation of atherosclerosis-associated
AD.

Moreover, we investigated the interactions between cells
in AD tissues by Zerocode communication platform based
on CellPhoneDB database. Figure Sc shows that the color of
square covered neutrophils and vascular smooth muscle cells
(SMC) was the reddest, indicating the strongest association
between these two kinds of cells.

Neutrophils Induced Apoptosis of Aortic Vascular
Smooth Muscle Cells

VSMC:s are the predominant cell type within the aortic wall
and essential for ECM regeneration, the loss of VSMCs can
weaken the aortic wall and limits matrix repair capacity, and
dysfunction of VSMCs can promote AD development. Vari-
ous mechanisms to induce the switch of VSMCs to a more
senescent phenotype with high susceptibility to apoptosis
were reported. TUNEL staining showed that the apoptosis
rate of VSMCs was markedly higher in dissection section
from human sample (Fig. 6a). A similar result existed in the
two murine models, and more serious in the “HFD + AngII”
group (Fig. 6b).

We then co-cultured the neutrophils and mouse aortic
vascular smooth muscle cells (MOVAS) in an in vitro exper-
iment system (Fig. 6¢). After 48 h, we found the amount of
VSMCs decreased substantially (Fig. 6d), probably due to an



Journal of Cardiovascular Translational Research (2023) 16:1392-1407

1401

a
-e- Control-B
259 & BAPN+Angll
E
= 20+
=
2
£ 154
>
-4
2 10+
@
12
3 54
=
0 ] I ] I 1 1 1 1 L] L] 1
0 3 6 9 12 15 18 21 24 27 30
Intervention days
- Control-H
—& HFD+Angll
40-
* % 4 XK kk dx kx KK
c
=
=
°
3
>
°
o
-
3
23
3 10+
=
0
0 3 6 9 121518212427 3033 36 39 424548 515457 60 63
Intervention days
d Control-B

e

BAPN + Ang Il

(o]
= . o Control-B
~ 160 —— O BAPN+Angll
I°’ % A Control-H
£
E 1 40- @ 7 HFD+Angl
\é o w
» 120 %
(]
i
o
5 100+ o° N
S
2 80—
XY
& ,s»‘& &
S & &
X A
o Control-B
40— o BAPN+Angll
] «x A Control-H
- = HFD+Angll
c &
£ 304 -i-
o
&
£ 20-
[}
3
g
S 104
[
<=
=
0-lp—mp—p——
N Q
LSS S
& o &8
S oy S LOf
FF & P
¥ Y

Fig.4 The effect of the two kinds of intervention on body weight,
blood pressure, and arterial plaque. a—b The changes of weight in
“BAPN + AnglI” group (a) and “HFD + AnglII” group (b), compared
with corresponding control groups. Mice were weighed and recorded
every 3 days. *p<0.05, **p<0.01. ¢ The systolic blood pressure
of mice in different groups after intervention measured by the non-

increased apoptosis (Fig. 6e). A high expression of MMP9
was also observed in the cell supernatant of co-culture sys-
tem (Fig. 6f). Above results suggest the effect of neutrophils
on VSMCs may play a greater role in the development of
atherosclerosis-related AD.

invasive tail cuff detection method. **p <0.01. d Representative Oil
Red O staining to quantify atherosclerotic burden in different groups
of mice (circle showing lipid deposition), **p <0.01 vs other groups.
Scale bars, 200 pm. Control-B: control group of “BAPN+ AnglII”
group; Control-H: control group of “HFD + AnglI” group; n=15

Discussion
Animal modeling is a prerequisite for the clinical trans-

fer of new therapies, such as identification of biomarkers,
advances in modern imaging technology for early diagnosis
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Fig.5 Assay of neutrophil
infiltration in the aorta tissues of
AD patients and the murine AD
models. a Neutrophils stained
with CD177 antibody (green)
in human specimens, AD:
dissection tissue, Control: non-
dissection tissue. **p <0.01. b
Neutrophils stained with Ly6G
antibody (green) in the aortic
vessels of mice in different
groups. Control-B: control
group of “BAPN + Angll”
group; Control-H: control
group of “HFD + AnglII” group;
n=15. The nuclei were visual-
ized by DAPI staining (blue).
Scale bars, 100 pm or 20 pm.
The Image-Pro Plus software
was used for measurement.
Statistical data revealed relative
percentage of positive staining
cells. *p<0.05, **p<0.01. ¢
Cell communication analysis
displayed the interactions
between the major cell types in
AD tissues by the Zerocode cell
communication platform based
on CellPhoneDB database; the
redder the color, the higher

the display value, indicating
stronger interactions between
cells
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Fig. 6 Investigation of apop-
tosis of aortic vascular smooth
muscle cells. a The apoptosis
level of aortic vascular tissue
cells tested by TUNEL method
in in human specimens, AD:
dissection tissue, Control: non-
dissection tissue. **p <0.01.

b The apoptosis level of the
aortic vessels of mice in differ-
ent groups tested by TUNEL
method, Control-B: control
group of “BAPN + AnglI”
group; Control-H: control
group of “HFD + AnglII” group;
n=15. Scale bars, 100 pm or
20 pm. **p <0.01. ¢ In vitro
experiment of co-culture system
model between neutrophils and
mouse smooth muscle cells.
Neutrophils were isolated from
mouse bone marrow and then
cultured in transwell chamber;
mouse aortic vascular smooth
muscle cells (MOVAS cell line)
were cultured in the lower layer
of the chamber. d Microscopic
observation of neutrophils

and MOVAS cells after 48-h
co-culture. Scale bars, 100 pm.
e Detection of apoptosis of
MOVAS cells through fluores-
cein annexin V-FITC/PI double
labeling after 48-h co-culture.
##p <(.01. f Relative MMP9
level in the cell supernatant
after 48-h co-culture detected
by ELISA. *#*p<0.01
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and guiding treatment strategies, and improvement of stent-
graft technology for broader endovascular treatment appli-
cations. Different kinds of AD animal models have been
established in previous studies; nevertheless, each model
has its advantages and disadvantages.

Based on its relatively low price, easy-to-control genetic
background, and convenient intervention methods, the
murine AD model is more convenient and economical than
other models. Recent murine AD models mainly consist of
two major categories. One is induced by transgenic tech-
nology that mimics inherited connective tissue disorder-
associated AD [21, 22]. However, the occurrence of AD in
genetically modified models is low and requires a combi-
nation of surgical intervention and drug administration to
effectively induce AD [23, 24]. The other, which is currently
commonly used, is induced by chemicals, such as AnglI and
BAPN, which simulate hypertension-induced AD. AnglI,
the principal effector of the renin—angiotensin—aldoster-
one system [25], mainly influences hemodynamics, such
as increasing blood pressure and shearing force of blood
flow in the vessel wall to cause AD [26]. BAPN is a potent
and irreversible inhibitor of lysyl oxidase (Lox), which can
break down and degrade the cross-links between elastin and
collagen by inhibiting Lox [27], resulting in decreased vas-
cular wall toughness and increased fragility[28]. However,
using either Angll or BAPN alone, the incidence of AD is
low, and AD induced by BAPN also appear to be reduced
with age, whereas the combination of BAPN and Angll
can increase the occurrence of AD but with significantly
increased uncontrollable death [29, 30], rendering it unsuit-
able for use in subsequent studies.

Advanced age, male gender, long-term history of arte-
rial hypertension, and the presence of connective tissue
disorders such as Marfan syndrome confer the greatest
population attributable risk [31]. In recent years, the inci-
dence of AD complicated by atherosclerosis has increased.
Although much research has been conducted to determine
correlations between atherosclerosis and hypertension [32,
33], the interrelated and mutually potentiating molecular
mechanisms have not been clearly elucidated. In general,
in relation to dyslipidemia, high blood pressure may act as
a trigger for atherosclerotic lesions and its devastating con-
sequences [34]; the incidence of atherosclerosis in hyper-
tensive patients is significantly higher than that in the gen-
eral population. Arterial stenosis caused by atherosclerotic
plaques can also aggravate hypertension simultaneously.
Furthermore, endothelial damage and abnormal function of
VSMCs have been implicated in both atherosclerosis and
hypertension [35], which are also key pathological features
of AD. Atherosclerosis and hypertension create a self-per-
petuating vicious cycle that accelerates AD progression.
Thus, we want to set up a stable effective model with con-
sideration of multiple risk factors.

@ Springer

ApoE-/- mice have traditionally been placed on HFD for
atherosclerosis research [36, 37]. However, different con-
centrations of AnglI have different effects on blood vessels
in mice of different ages. A previous research determined
Angll-induced hypertension would accelerate the develop-
ment of atherosclerotic lesions by using AnglI infusion with
HFD together in young mice [38]. There has been other prior
reports in the literature (PMID 20177736) that in ApoE-
/- mice both HFD and Angll independently were able to
induce aneurysms in mature age mice (but occurrence of
dissections was not documented) [39]. In our preliminary
experiment, after 9 weeks of HFD on ApoE-/- mice, we
actually only found in HFD group that the lipid plaques were
deposited in the artery wall of mice, collagen and elastic
fibers became loose, but no dissection was generated (Sup-
plementary Fig. 1). These results demonstrate that a simple
high fat-diet alone without AnglI treatment could not induce
AD effectively, which is consistent with the above reports.
Thus, it can be seen that Angll treatment for 2nd-hit is very
necessary for inducing AD in mice. While we adopted new
construction strategies to establish a novel model of AD,
we promoted the development of atherosclerosis in mature
mice with a HFD firstly, and combined with AnglI treat-
ment subsequently to facilitate the formation of dissection.
It is precisely because of these differences including mice
age, construction strategies, and dose of AnglI that different
models resulted in different diseases.

We compared and analyzed this model with the tradi-
tional chemical induction model; the pathogenesis of AD
simulated by the two modeling methods is quite different.
The model based on traditional induction of BAPN and
Angll, mimicking the pathological process of AD caused
by hypertension, is closer to the condition that young people
suffer from stress damage. But our novel model combined
with HFD and AnglI considering multiple risk factors is
more capable of simulating clinical atherosclerosis-related
AD.

Admittedly, there are some limitations of our cur-
rent study. Firstly, mouse strain, age of assessment, and
duration of Angll treatment differences make it difficult
to directly claim that one model has better mortality and
higher AD rates. Our method requires a much longer mod-
eling time compared to previous chemical induction, but to
a reasonable extent, our model may be a long-term useful
tool for more in-depth investigation of AD mechanisms
and thus be beneficial for therapeutic developments. Also,
another limitation of the current study is the lack of appro-
priate control groups. In this study, we mainly focus on
comparing the different AD incidence and characteristics
between the two intervention models: HFD (a chronic
vascular lesion inducing factor) and BAPN (a vascular
stress treatment). Therefore, for the “HFD + AnglII” inter-
vention group, normal mice served as the control. It has
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been reported that the incidence of AD in animal models
was very low when using AnglIlI alone [8], so we have
not set Angll-loaded pump and control diet as a control.
But in the experiment, we found that the food intake of
the “HFD + AnglII” group was evidently less than that of
the normal control group during the chronic treatment of
Angll. Difference of food intake might limit the interpre-
tation of the results. Furthermore, the addition of Angll
is a determinant for a model of AD based on the results
shown in Supplementary Fig. 1. Thus, the most appropri-
ate “intermediate” control to this 2nd-hit model will be a
comparison with age-matched mice on HFD without the
Angll.

Previous investigations indicate inflammatory immune
response of the aorta is the key pathophysiological basis
for the process of cardiovascular diseases. Inflammation is
also the bridge between hypertension and atherosclerosis
[40], thus can play a crucial role during the remodeling
process of the aortic wall structure in the development
of AD [41]. Neutrophils not only are inflammatory cells,
but also participate in the initiation of plaque develop-
ment, and further release inflammatory factors and MMP
2/9, to promote the inflammatory reaction process of the
outer membrane and eventually leading to the progress and
rupture of the dissection. Additionally, the neutrophil-to-
lymphocyte ratio (NLR) is a good inflammatory marker
because of fast detection and low price. NLR has recently
been reported to serve as diagnosis and prognosis assess-
ment in AD [42-44]. In this study, we observed that the
degree of neutrophil infiltration was more serious in the
“HFD + AnglI” group.

Degradation of ECM causing AD is a “terminal” event,
modulated by genetic background, hemodynamic strain,
or cellular events. The loss of VSMCs in the medial layer
of the aortic wall due to apoptosis is an early hallmark
of development and progression of aortic aneurysms and
dissections. The infiltration of different inflammatory
cell types affects VSMC functions, such as macrophages
and natural killer T (NKT) cells [45]. A research team
from Germany reported that neutrophils aggravate ath-
erosclerosis by inducing death of VSMCs [46]. In our
present study, we showed that excessive apoptosis of
VSMCs, along with neutrophil infiltration, was present
in AD samples from both human and two murine mod-
els. Furthermore, the level was more serious in our novel
“HFD + AngII” model. Cell communication analysis dis-
played the strongest association between VSMCs and neu-
trophils, and in vitro co-culture experiment also showed
neutrophils might induce VSMC apoptosis. These results
suggest the effect of neutrophils on VSMCs may play a
more important role in the development of atherosclero-
sis-related AD. Further in-depth research is needed to be
performed in the future.

Conclusions

Advanced age, longer hypertension history, and some
combined vascular atherosclerosis, which are associ-
ated with medial degeneration, are considered the most
common predisposing factors for AD. Therefore, our
“HFD + AnglII” model is more perfectly suited for explor-
ing the underlying mechanisms of atherosclerosis-related
AD based on chronic vasculopathy in clinic than tradi-
tional chemically induced model.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12265-023-10408-3.
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