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Background: The precise role collagen plays in acute aortic dissection (AAD) was investigated in an animal
model of B-aminopropinitrile (BAPN)-induced AAD.

Methods: The 30 3-week-old male specific-pathogen free (SPF)-grade Sprague-Dawley (SD) rats were
randomly divided into two groups: 10 in the Control group and 20 in the Model group. The Model
group was treated with 0.1% BAPN for 4 weeks, while the Control group received untreated water.
Histopathological staining and western blot were used to detect changes of the extracellular matrix (ECM)
and collagen content in the aorta.

Results: At the end of the experiment, the incidence of AAD was 25%, the aortic ECM of surviving rats
was severely damaged, and the arrangement was disordered. Fibroblast cells are unevenly distributed, with
wide gaps, collagen fibers were also distributed unevenly in a disordered arrangement and their thickness was
uneven. The elastic membrane disappeared over a large area. Compare to Control group, the Collagen types I,
IIT and their subunits were upregulated (P<0.05), while matrix metalloproteinase (MMP) 2 and MMP9 were
downregulated in the aorta of Model group (P<0.05).

Conclusions: In the animal model of BAPN-induced AAD, collagen types I, III and subunits were
increased, while MMP2 and MMP9 were decreased in thoracic aorta, which may lead to stiffness of the aorta

and be the cause of dissection.
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Introduction mechanism is currently unknown. Although there has been
Acute aortic dissection (AAD) refers to rupture of the great progress in dealing with AAD, the surgical mortality
aortic intima and is a disastrous condition, but the precise rate is still high (1,2).
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The extracellular matrix (ECM) determines the structure
of the blood vessel wall and is mainly composed of collagen
and elastin. On the one hand, collagen provides anti-
mechanical tension, but on the other hand, it plays an
important role in maintaining the normal physiological
process of blood vessels. Collagen plays different roles
in the occurrence and development of aortic diseases (3).
One study has shown that type I and type III collagen are
significantly increased in thoracic AD in human, the authors
therefore inferring that vasodilation and contraction
compliance are compromised and ultimately participate
in the occurrence of the dissection (4). However, another
study pointed out that in ascending aortic aneurysms and
dissections, collagen content is reduced, and the subsequent
weakening of the blood vessel wall may be the basis of
the disease (5). One research has reported that in BAPN
induced AAD in mice the mRNA expression of collagen
type I alpha 2 (Colla2), collagen type IV alpha4 (Col4a4)
were decreased (6).

AAD are associated with degenerative changes in the
medial layer of the aortic wall. Matrix metalloproteinases
(MMPs) are a family of proteolytic enzymes that degrade
various components of the ECM and play an important role
in vascular remodeling. Dysregulation of MMP production
and activity can lead to the happening of AAD (7).

At present, the classical method of inducing an animal
model of AAD is treating mice or rats with f-aminopropinitrile
(BAPN) combined with angiotensin II (AnglI), and the
incidence of AAD is approximately 100% (8). Based on our
previous experiment (9), we have refined the establishment
of the animal model of BAPN-induced AAD, which we used
in the current study to investigate any changes in aortic
collagen content to understand the precise mechanism and
role of collagen in human AAD.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-4933).

Methods
Materials

Experimental animals

We obtained 30 healthy SPF-grade, 3-week-old male SD
rats weighing 51.3+4.5 g from Shanghai Slack Laboratory
Animal Co., Ltd. [Production License No. SCXK (Hu)
2017-0005]. The animals were kept at 22-25 °C with an
alternating light—dark cycle (12/12 h). The rats ate and
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drank according to the experimental design. Experiments
were performed under a project license (No. FJMU IACUC
2019-0026.) granted by Experimental Animal Care and Use
Committee of Fujian Medical University, in compliance
with Fujian Medical University institutional guidelines for
the care and use of animals. A protocol was prepared before
the study without registration.

Main drugs and reagents

BAPN was purchased from TCI (Japan); rabbit monoclonal
anti-MMP9 antibody (ab76003), rabbit monoclonal anti-
MMP?2 antibody (ab92536), and rabbit monoclonal anti-
collagen I antibody (ab260043) were purchased from Abcam
(UK); rabbit anti-COL1lal (A16891), COL1a2 (A16699),
and COL3al (A3795) were purchased from Abclonal
(China); rabbit anti-collagen III antibody (22734-1-AP) was
purchased from Sanying Biotechnology (China).

Study methods

Animal model

After 3 days’ acclimatization before the experiment, the
SD rats were randomly divided into two groups: 10 in the
Control group and 20 in the Model group. In the Control
group, the rats were fed commercial feed pellets and
provided with autoclaved water for drinking throughout the
study. In the Model group, BAPN at a final concentration
of 0.1% was added to the drinking water (0.2 mL BAPN
+ 200 mL water) (10), which was protected from light to
prevent the decomposition of BAPN. Body weight was
measured every 2 days, and any rats that died before the end
of the study period were autopsied to confirm the presence
of aortic dissection, if the AAD was formed, the aorta were
harvested and were defined as aorta ruptured group. At the
end of 4 weeks, the surviving rats were anesthetized with 2%
pentobarbital sodium by intraperitoneal injection and the
ascending to descending aorta was harvested, as had been
excised from the rats that died before. Unless otherwise
specified, the samples used in the Model group were from
aorta free of AAD (aorta unruptured group). In our previous
study (9), the rats were treated with BAPN combined
with Angll, a potent vasoconstrictor, and the incidence
of AAD was approximately 90%. Once the AAD occurs,
there is a severe stress response, the structure of the aorta
is destroyed, and blood cells infiltrate the aortic wall, which
affects the results of the test. In fact, most cases of AAD
occurred after Angll was injected, which suggested that
before Angll was injected, the aorta of the rats had already
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Figure 1 Weight gain in the Control group and Model group
during the experimental period. The average weight of the Model
group was significantly lower than that of the Control group at the
end of the experiment, P<0.05.

undergone pathological change, so in the present study, we
treated the rats with BAPN only.

Histopathological analysis

Scanning electron microscopy (SEM)

Briefly, fresh aorta tissues were harvested, and immediately
fixed with electron microscopy fixative (Servicebio, China)
for 2 h at room temperature. The tissue blocks were washed
three times with 0.1 M phosphate-buffered saline (PBS)
(pH 7.4) for 15 min each time. The tissue blocks were then
transferred into 1% OsO, in 0.1 M PBS (pH 7.4) for 1-2 h
at room temperature. Next, the tissue blocks were again
washed three times with 0.1 M PBS (pH 7.4) for 15 min
each time. The samples then were dehydrated and dried by
ethanol and Critical Point Dryer respectively. Specimens
were attached to metallic stubs using carbon stickers
and spatter-coated with gold for 30 s. Images were taken
immediately with SEM (HITACHI SU8100).

Tissue staining

The aortic tissues were paraffin-embedded, cut at 5-pm
thickness and stained with hematoxylin-eosin (H&E),
Masson Trichrome, and elastica van Gieson (EVG). Image
analysis was performed using Image-]J software.

Western blot analysis

The ascending and descending aorta were frozen in liquid
nitrogen and stored at -80 °C for preservation. Protein
was extracted using a commercial kit. Equal amounts of
protein (30 pg/lane) were separated using 4-12% SDS-
PAGE electrophoresis. The blots were probed with primary
antibodies, anti-GAPDH (1:1,000), anti-MMP2 (1:1,000),
anti-MMP9 (1:1,000), anti-COL1lal (1:1,000), anti-
COL1a2 (1:1,000), anti-COL3al (1:1,000), anti-collagen
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I (1:1,000), and anti-collagen III (1:500) for 16 h at 4 °C,
followed by HRP-conjugated secondary antibody (1:10,000)
for 1 h. Immunoblotting was performed according to the
manufacturer’s guidelines (Bio/Rad, Hercules, CA, USA).
Densitometry analysis was performed using Image-] software.

Statistical analysis

The results from at least three independent experiments
were used to calculate mean + SD, Student’s ¢-test was used
for statistical analysis by Prism8, and P<0.05 was considered
statistically significant.

Results
General condition of rats given BAPN treatment

There was no statistical difference of body weight in each
group (P>0.05) at the beginning of the experiment. The rats
in the Control group were in good condition throughout
the experiment, and their weight gradually increased,
whereas the weight of the Model group gradually lagged
behind the Control group after drinking BAPN for 3 days.
The weight of the Model group was significantly lower than
that of the Control group at the end of the experiment,
P<0.05 (Figure I).

BAPN-induced AAD

In the Model group, AAD began to occur at approximately
22 days after BAPN administration (Figure 2). Ruptures
were mostly located at the side of the lesser curvature of the
aortic arch, and the ascending aorta was mostly involved. An
intimal flap formed, dividing the blood vessel into true and
false cavities (Figure 3), appearing similar to human aortic
dissection. At the end of the experiment the incidence of
AAD was 25% (n=5); 15 rats survived.

ECM change after BAPN administration

Collagen and elastin are the major structural proteins of
the aortic wall. In collagen, cross-linkages bind the collagen
molecules and fibers together and are essential in providing
the tensile strength and mechanical stability of the collagen
fibrils and fibers (11). BAPN, a lysyloxidase (LOX)
inhibitor, irreversibly inhibits the formation of cross-
linkages in collagen (12).

After BAPN administration, SEM of the aorta showed
that in the Control group smooth muscle cells (SMC)
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Figure 2 Large amounts of hemorrhage and blood clots (the red

arrow) in the thoracic cavity of rats when the aorta ruptured.

Figure 3 Example of acute aortic dissection involving the
ascending aorta. An intimal flap (arrow) has formed, dividing the

vessel into true and false lumens.

were evenly distributed, with normal collagen fibers of
uniform thickness evenly distributed among them. The
elastic membrane had normal continuous structure,
uniform thickness, and parallel arrangement. In the Model
group, the structure of the aortic media layer was severely
damaged, and the arrangement was disordered. Fibroblast
cells are unevenly distributed, with wide gaps, collagen
fibers were also distributed unevenly in a disordered
arrangement and their thickness was uneven. The elastic
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membrane disappeared over a large area (Figure 4).

Histopathological staining

HE staining shown that in the Control group, the
structure of the blood vessel wall was complete, with even
distribution of SMCs. In the Model group, the vascular wall
was thickened (Figure 5). EVG staining shown the elastin
fibers were thinning, disappeared and arranged irregularly,
while Masson trichrome staining shown the collagen fibers
were significantly increased and thickened (Figure 6).

Western blot test and expression of MMPs

Compared with the Control group, the expression of
collagen type I, type III and their subunits were upregulated
in the Model group (P<0.05) (Figure 7). The expression of
MMP9 and MMP?2 in the aorta was downregulated in the
Model group when the aorta was free of dissection (P<0.05),
while in the dissection formed aorta the expression was
significantly higher than in the Control and aorta intact
group (P<0.01) (Figure §).

Discussion

As one of the major components of the aortic wall, collagen
plays a significant role in the blood vessel’s function and
mechanical properties, such as tensile strength and stiffness.
Collagen molecule were composed of three polypeptide
segments, namely alpha chains (3,13,14) and the main types
of collagen found in the aorta are types I and III. As a LOX
inhibitor, BAPN irreversibly inhibits the formation of cross-
links (12), is known to induce aortic dissection in animals,
and also can leads to a decrease in collagen synthesis (15).
However, in this study when BAPN was given to rats, we
found the protein concentrations of collagen types I and 111
and their subunits were increased in the thoracic aorta. The
increased levels of collagen types I and III may be due to a
compensatory increase of their subunits. Increased collagen
content can lead to aortic stiffness, increasing the likelihood
of rupture (16,17), and may be the mechanism of BAPN-
induced AAD.

The SEM images showed severe damage to the structure
of the aortic media layer. The distribution and thickness
of the collagen fibers was uneven, and their arrangement
was disordered, findings that are consistent with aging- and
hypertension-induced changes in the human aorta (18);
80% of AD patients have hypertension (19). As AAD risk

Ann Transl Med 2021;9(20):1574 | https://dx.doi.org/10.21037/atm-21-4933



Annals of Translational Medicine, Vol 9, No 20 October 2021

Control

SU8100 3.0 KV 9:9.mm x1.00 k SE (L)

Model

50.0 um §'SU8100:3.0 KV 9.7.mm x6.00 Kk SE (L)

SU8100 3.0 KV 9.7 mm x1.00 k SE (L)

50.0 pm 'SU8100 3:0 KV 9.9 mm x6.00 k SE (1)

Page 5 of 9

A U S B R

5.00 pm

5:00 pm

Figure 4 Scanning electron microscopy of the aorta. Compared with the Control group, the structure of the aortic media layer in the Model

group is severely damaged. Fib cells show a disorder distribution with wide gaps. The distribution and thickness of CF is uneven, and their

arrangement is disordered. The EF has disappeared over a large area. CF, collagen fibers; EF, elastic film; Fib, fibroblast cells; SMC, smooth

muscle cell.

factors (20), aging, hypertension and smoking commonly
lead to collagen deposition, increasing the stiffness of
the aorta (21-23). During strenuous activities, such as
weightlifting, there is a high risk of AAD, suggesting
that rapid blood pressure fluctuation over a short period
of time may induce AAD on the basis of already existing
vascular pathological changes (24). This is similar to our
observations from the AAD model in our previous study.
When rats were treated with BAPN only, the incidence of
AAD was low, but when given BAPN combined with AnglI
injection, the incidence of AAD significantly increased.

The relationship between the MMP family of enzymes
that degrade collagen and aortic diseases has been widely
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studied (25). Generally, the expression of MMP2 and
MMP?9 is considered to be increased in AAD (26). In our
present study, the concentrations of MMP2 and MMP9 in
the unruptured aorta were decreased, but were increased
in ruptured aorta. This contradictory phenomenon may
be explained by the fact that once the aorta ruptures, a
large number of blood cells infiltrate the aortic wall, and
both MMP9 and MMP2 are secreted by macrophages
and neutrophils. In view of the high incidence of AAD
in the animal model, it infers that in the BAPN-induced
AAD model, the expression of MMP2 and MMP9 in
the aorta was downregulated, and matrix degradation
may not participate in the occurrence of AAD, while the
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Figure 5 HE staining of the aorta. In the Control group, the structure of the blood vessel wall is complete, the smooth muscle cells are
evenly distributed, the cells are neatly arranged, and no morphological changes of tissues can be seen. The vascular wall in the Model group
is thickened. Scale bar: 200 um.
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Figure 6 Pathologic evaluation of the extracellular matrix of the aorta. Elastin fibers were detected by EVG staining, collagen fibers were
detected by Masson trichrome staining. Elastin fibers in the Model group were thinning, disappeared, and arranged irregularly. Collagen
fibers were significantly increased and thickened. (A) Percent area of elastin fibers, (B) percent area of collagen fibers. *, P<0.05. Scale bar:
100 pm. EVG, elastica van Gieson.
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Figure 7 Collagen type I, and its subunits lal, 1a2, type III and its subunit, 3al were examined by western blot (A). The relative expression
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Figure 8 Expressions of MMP9 and MMP2 were downregulated in the aorta unruptured group of the Model group, but were significantly

higher in the aorta ruptured group than the Control and aorta unruptured groups (A). The relative expression is shown in (B). ¥, P<0.05; **,

P<0.01; ***, P<0.005. MMP, matrix metalloproteinase.

upregulation of expression in ruptured aorta was most likely
associated with the blood cells.

A limitation of our study is that the BAPN-induced AAD
model does not completely mimic the process of human
AD. In addition, the other types of collagen in the aorta
were not tested in this study. Future studies are needed to
fully explore the changes of collagen in the aorta.

In conclusion, as a disastrous disease, the precise
cause of the AAD is currently unknown. In this study, we
demonstrated that collagen types I, III and subunits were
increased in a BAPN-induced AAD model. The distribution
and thickness of collagen fibers in the aortic media layer
was uneven and their arrangement was disordered, which
may increase the stiffness of the aorta, and predispose it to
rupture. At the same time, the expressions of MMP2 and
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MMP9 in aorta were decreased, which may also contribute
to collagen deposition in the aorta.
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