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Abstract
Aortic aneurysms are common among the elderly population. Large majority of aortic aneurysms
are located at two distinct aneurysm-prone regions—the abdominal aorta and thoracic aorta
involving the ascending aorta. In this study, we combined two factors that are associated with
human aortic aneurysms—hypertension and degeneration of elastic lamina—to induce an aortic
aneurysm in mice. Roles of hemodynamic conditions in the formation of aortic aneurysms were
assessed using (1) two different methods for inducing hypertension, and (2) anti-hypertensive
agents.

In nine-week-old C57BL/6J male mice, hypertension was induced by angiotensin-II or
deoxycorticosterone acetate (DOCA)-salt hypertension; degeneration of elastic lamina was
induced by infusion of beta-aminopropionitrile, a lysyl oxidase inhibitor. Irrespective of the
methods for inducing hypertension, mice developed thoracic and abdominal aortic aneurysms
(38-50% and 30-49 %, respectively). Aneurysms were found at the two aneurysm-prone regions
with site-specific morphological and histological characteristics. Treatment with anti-hypertensive
agent, amlodipine, normalized blood pressure and dramatically reduced aneurysm formation in the
mice that received angiotensin-II and beta-aminopropionitrile. However, a treatment with
captopril, angiotensin converting enzyme inhibitor, did not affect blood pressure or the incidence
of aortic aneurysms in the mice that received deoxycorticosterone acetate-salt and beta-
aminopropionitrile.

In summary, we have shown that a combination of hypertension and pharmacologically-induced
degeneration of elastic laminas can induce both thoracic and abdominal aortic aneurysms with
site-specific characteristics. The aneurysm formation in this model was dependent on
hypertension, but not on direct effects of angiotensin-II to the vascular wall.
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Introduction
Aortic aneurysms are common among the elderly population, and their rupture results in
severe mortality and morbidity. The primary purpose of surgical intervention for unruptured
aortic aneurysms is to prevent future rupture. However, surgical intervention still carries
significant risks of mortality and morbidity. Therefore, pharmacological stabilization of
aneurysms that prevents growth and rupture of aortic aneurysms has been vigorously sought.
1 In order to develop such strategy, underlying mechanisms of aortic aneurysm formation
and growth need to be elucidated in an animal model that recapitulates key features of
human aortic aneurysms.

Clinically, systemic hypertension is closely associated with aortic aneurysm formations.2, 3
However, a causal relationship between hypertension and aortic aneurysm has not been
completely established. Degeneration and disorganization of elastic lamina are characteristic
histological changes observed in both thoracic and abdominal aortic aneurysms in humans.4,
5 Incidence of aortic aneurysms increases with age,6, 7 and aging-related degeneration of
elastic lamina is often considered as a precursory change that precedes aneurysm formation.8

Experimentally, degeneration of elastic lamina can be induced by administration of beta-
aminopropionitrile (BAPN), an inhibitor of lysyl oxidase.9 Lysyl oxidase cross-links elastin
fibers and collagen fibers, and plays a critical role in maintaining homeostasis of elastic
lamina. With aging, lysyl oxidase activity decreases.10 BAPN is referred to as a lathyrogen
because its effects closely mimic human aging.11 Degeneration of elastic laminas has been
observed in both lysyl oxidase knockout mice and blotchy mice, which have decreased lysyl
oxidase activity.12, 13 Some of the mice show aneurysmal changes in large arteries.12, 13

These findings suggest a possible mechanistic link between aneurysm formation and
degeneration of elastic lamina caused by aging or reduction in lysyl oxidase activity.

In this study, we show that a combination of hypertension and degeneration of elastic lamina
by lysyl oxidase inhibitor, BAPN, can cause both thoracic and abdominal aortic aneurysms
in mice. We used two well-established methods of pharmacologically induced hypertension
— angiotensin-II induced hypertension and deoxycorticosterone acetate (DOCA)-salt
hypertension. Similar to human aortic aneurysms, aortic aneurysms in this model developed
at the ascending thoracic aorta and abdominal aorta7 with site-specific morphological and
histological characteristics. Furthermore, we assessed the roles of hypertension on aneurysm
formation by utilizing amlodipine, an anti-hypertensive agent. Potential contributions to
aneurysm formation from angiotensin-II locally produced in the vascular wall were assessed
by using captopril (angiotensin-converting enzyme inhibitor) in the mice that received
DOCA-salt treatment and BAPN.

Methods
Detailed methods are described in Online Supplements. Please see
“http://hyper.ahajournals.org.”

Induction of aortic aneurysm by angiotensin-II and BAPN
In nine-week-old C57BL/6J male mice (Jackson Laboratory), hypertension was induced by
angiotensin-II (1000 ng/kg/min)14 or DOCA-salt treatment.14, 15 BAPN (150 mg/kg/day), a
lysyl oxidase inhibitor, was administered for the first two weeks through a subcutaneously
implanted osmotic-pump (Alzet, Durect Corp) to induce degeneration of elastic laminas.
Mice were sacrificed six weeks after the surgery. Aneurysms were defined as a localized
dilation of aorta greater than 50% of its adjacent intact portion of aorta.16 One group of mice
received an anti-hypertensive agent, amlodipine (5 mg/kg/day) in addition to angiotensin-II
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and BAPN. Additional mice received captopril (angiotensin-converting enzyme inhibitor, 6
mg/kg/day15) in addition to DOCA-salt treatment and BAPN.

Statistical analysis
Data were presented as mean ± SD. Differences between multiple groups were analyzed by
one-way ANOVA, followed by the Tukey-Kramer post hoc test. Chi-square test was used to
analyze categorical data. Statistical significance was taken at P < 0.05.

Results
Combination of angiotensin-II induced hypertension and lysyl oxidase inhibition by BAPN
resulted in aortic aneurysm formations

Forty-five mice received angiotensin-II for six weeks and BAPN for two weeks. A total of
16 mice died before six weeks from ruptured aortic aneurysms (15/16) or dissecting
aneurysm (1/16). 64% of the mice (29/45) survived for six weeks. Including ruptured and
unruptured aneurysm, 71% (32/45) of the mice developed aortic aneurysms during the six-
week period. 38% (17/45) of the mice developed thoracic aortic aneurysms (Figure 1A).
Nine thoracic aortic aneurysms were found as ruptured aneurysms, indicating a 53% rupture
rate (9/17). 49% of the mice (22/45) developed abdominal aortic aneurysms (Figure 1A). Six
abdominal aortic aneurysms were found as ruptured aneurysms, representing a 27% rupture
rate (6/22). Seven mice out of the 45 (16%) had both thoracic and abdominal aortic
aneurysms.

One mouse had a dissecting aneurysm, which extended over the entire thoracic and
abdominal aortas (Figure 1Bi). Two animals developed small isolated aneurysms at the
distal descending thoracic aorta. Except for these three aneurysms, all aneurysms were
localized at the two distinct regions of the aorta that are known to be aneurysm-prone
regions of the aorta in humans—the thoracic aorta involving the ascending aorta and the
abdominal aorta. In the following sections, thoracic aortic aneurysms refer to aneurysms that
involve the ascending aorta and arch. The two small aneurysms at the distal descending
thoracic aorta are referred to as descending thoracic aortic aneurysms.

Mice treated with angiotensin-II (n=10) or BAPN (n=10) or phosphate-buffered saline
(PBS) (n=10) alone did not develop aneurysm.

Macroscopically, thoracic and abdominal aortic aneurysms in this model resembled human
aortic aneurysms with their site-specific morphology (Figure 1B).7, 17 Thoracic aortic
aneurysms were saccular-shaped with localized dilation at the great curvature (Figure 1Bb-
d). In contrast, abdominal aortic aneurysms were fusiform-shaped aneurysms with a thick
vascular wall and an intramural thrombus (Figure 1Bf-h). Figure 1Bi shows a dissecting
aneurysm that extended over the ascending aorta and the abdominal aorta (1/45).

Systolic blood pressures of mice that received angiotensin-II alone or combination of
angiotensin-II and BAPN were significantly higher than those of the control group at 3 and 6
weeks (Figure 1C). The time course of aneurysm formation and growth in this model is
presented in Online Supplements Figure S1.

Histological characterization of aortic aneurysms
Control thoracic and abdominal aorta and representative thoracic and abdominal aneurysms
are shown in Figure 2A-D. Thoracic aortic aneurysms showed two distinct parts of the
vascular wall—thin wall and thick wall parts (Figure 2B). The thin wall part of the
aneurysm formed a saccular-shaped thoracic aortic aneurysm. The thin aneurysm wall had
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only two or three layers of elastic lamina (B2-5). The thick wall part of the thoracic aortic
aneurysm showed severe medial degeneration and adventitial thickening (B9-12).
Thickening and disorganization of the media were accompanied by fragmentation and
disruption of elastic laminas with widening space between the elastic laminas (B11).
Thickened adventitia was collagen-rich and contained large numbers of inflammatory-like
cells (B12). Neither atherosclerotic changes nor intramural thrombus was found. Smooth
muscle cells were scarce in the thin wall (B7) while smooth muscle cells were abundant in
the thickened part of the media (B14). Endothelial cell layer was intact in both thin and thick
parts of thoracic aortic aneurysms (B8, B15). Fibroblasts were mainly present in the inner
half of the thickened adventitia (B13).

Abdominal aortic aneurysms showed thickening of the vascular wall throughout the entire
circumference and presence of an intramural thrombus (Figure 2D), resembling human
abdominal aortic aneurysms.18 Thinning of the vascular wall was not observed.
Degeneration of elastic lamina in the abdominal aortic aneurysm was much less than that of
the thoracic aneurysms (D2-5, D9-12). Inflammatory cells were observed in the adventitia,
especially around the intramural thrombus. Oil red O staining showed presence of lipids
around the intramural thrombus, which is possibly an early sign of atherosclerosis (Online
Supplements, Figure S2). Majority of fibroblasts were present around the intramural
thrombus, and some of them infiltrated into the media (D13). Smooth muscle cell layers
were mildly disorganized, losing tight alignment of the elastic lamina (D7, D14).
Endothelial cell layer was generally intact (D8, D15).

Similarly to human aortic aneurysms, aortic aneurysms in this model showed inflammatory
cell infiltration.18, 19 At one-week, numerous leukocytes were already detected in the
adventitia, especially in the outer layer of the adventitia, in both the thoracic and abdominal
aortas (Online Supplements, Figure S3).

Differences in distribution of inflammatory cells between thoracic and abdominal aortic
aneurysms became apparent at six weeks (Figure 3). In thoracic aneurysms, numerous
leukocytes were observed in the adventitia and media within both the thin and thick walls
(B2, B6). In contrast, leukocytes were highly concentrated in the thick wall near the
intramural thrombus in abdominal aortic aneurysms (D6), and the wall without intramural
thrombus contained only a small number of leukocytes (D2). Majority of leukocytes
(CD45+) appeared to be macrophages (CD68+) (B2-5, B6-9, D2-5, D6-9, Online
Supplements, Figure S5A). Helper T-cells and B-cells were present, but scarce in both
thoracic and abdominal aneurysms (B4-5, B8-9, D4-5, D8-9).

Thoracic and abdominal aortas with pre-aneurysmal changes— localized dilation of the
aorta that did not reach the 50% cutoff—had similar structural and histological changes,
including inflammatory cell infiltration, to those with mature aneurysms (Online
Supplements, Figure S3). Morphometric analysis and the grading of changes of elastic
lamina, semi-quantification of leukocytes are shown in Online Supplements, Figure S4 and
S5B.

Roles of hypertension in aneurysm formation in this model
Non-hemodynamic effects of angiotensin-II could potentially have contributed to the
formation of aneurysms independently from its hypertensive effects.20-22 Therefore, to
elucidate roles of hypertension and to assess potential contributions from non-hemodynamic
effects of angiotensin-II in aneurysm formation in this model, we performed two lines of
experiments. First, we treated the mice that were receiving angiotensin-II and BAPN with an
anti-hypertensive agent, amlodipine (calcium channel blocker) to separate the hypertensive
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effect of angiotensin-II from its other effects (n=20). Second, we used deoxycorticosterone
acetate (DOCA)-salt hypertension instead of angiotensin-II induced hypertension (n=10).

Reduction of blood pressure by the anti-hypertensive agent, amlodipine (Figure 4D),
dramatically decreased incidence of thoracic and abdominal aortic aneurysms from 38% to
5% (P < 0.05) and from 49% to 0% (P < 0.05), respectively (Figure 4A-B). Thoracic and
abdominal aortas treated with amlodipine showed a complete lack of the adventitial
inflammation and medial degeneration (Figure 4C). Amlodipine did not affect blood flow in
the thoracic or abdominal aorta (Figure 4E).

The combination of DOCA-salt hypertension and BAPN (n =10) successfully induced aortic
aneurysms in both thoracic (5/10, 50%) and abdominal aortas (3/10, 30%) (Figure 4A-B,
4D). One mouse (1/10) developed both thoracic and abdominal aneurysms. In total, 70% of
the mice developed aortic aneurysms. Histologically, thoracic and abdominal aortic
aneurysms in the mice treated with DOCA-salt and BAPN (Figure 4C) were
indistinguishable from the aortic aneurysms observed in mice that were treated with
angiotensin-II and BAPN.

Since angiotensin-II levels in the vessel wall can be elevated and potentially contribute to
aneurysm formation in DOCA-salt-treated mice,15 we treated mice that were receiving
DOCA-salt treatment and BAPN with captopril (angiotensin-converting enzyme inhibitor)
(n = 13). Captopril did not cause a significant reduction of blood pressure compared to the
group that only received DOCA-salt treatment with BAPN (143 ±12 vs 140 ±12 mmHg).
69% of the mice that received DOCA-salt, BAPN, and captopril (9/13) developed aortic
aneurysms. Five mice had thoracic aneurysms, and seven mice had abdominal aneurysms.
Three mice had both thoracic and abdominal aneurysms.

Discussion
In this study, we showed that the combination of hypertension and degeneration of elastic
lamina by lysyl oxidase inhibition in mice resulted in formation of aortic aneurysms that
recapitulate key features of human aortic aneurysms with site-specific phenotypes. Using
this model, we showed critical roles of high blood pressure in the formation of aortic
aneurysms, establishing a causal link between hemodynamic conditions and aortic aneurysm
formation in animals.

Daugherty et al. pioneered an abdominal aortic aneurysm model in genetically
atherosclerosis-prone mice by continuously infusing angiotensin-II.23, 24 They used
apolipoprotein E (ApoE)-knockout mice and fat-fed low-density lipoprotein (LDL)-receptor
knockout mice.23, 24 Morphological and histological characteristics of angiotensin-II-
induced abdominal aortic aneurysms in these knockout mice were similar to the abdominal
aortic aneurysms in our model, indicating that common molecular mechanisms potentially
exist between these two models in respect to abdominal aortic aneurysms. It should be noted
that angiotensin-II infusion in ApoE-knockout or LDL-receptor knockout mice did not cause
thoracic aortic aneurysm.23, 24 In contrast, aneurysm formation in our model occurred not
only in abdominal aorta, but also in the thoracic aorta involving the ascending aorta, the
segment of the thoracic aorta in which most human thoracic aneurysms are located.

Previously, Ikonomidis et al. showed that direct application of calcium chloride to the
descending thoracic aorta through thoracotomy caused aneurysmal formation in the aortic
segment that was exposed to calcium chloride.25 The advantage of their model is that
aneurysmal dilatation occurred in almost all animals.25 However, the aneurysmal dilatation
in their model was mild, i.e., 25% dilatation comparing to 50% in our model, and the
location of aneurysms in thoracic aorta in their model differs from the common location of
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thoracic aneurysms in humans. More importantly, in our model, both abdominal and
thoracic aneurysms were induced by the same pharmacological treatments. Our model may
be more suitable for studying potential similarities and differences in the pathophysiology
between thoracic and abdominal aortic aneurysms.

Although atherosclerosis is strongly linked to systemic hypertension, majority of the patients
with thoracic aortic aneurysms are often free from systemic or local atherosclerosis 19, 26.
While many of the abdominal aortic aneurysms in our model showed signs of early
atherosclerosis, such changes were absent in thoracic aortic aneurysms in this model.
Interestingly, abdominal aortas from the earlier time point revealed pre-aneurysmal changes
without any sign of atherosclerosis. Atherosclerosis observed in abdominal aortic aneurysms
in this model may not be part of a causative factor but rather a secondary change that
follows aneurysm, as previously suggested.27, 28

Another advantage of this new model is the use of wild-type mice, which makes it easier to
examine roles of different signaling pathways compared to using knockout and transgenic
mice. While the successful induction of abdominal aortic aneurysms by angiotensin-II in
ApoE-knockout or LDL-receptor knockout mice has been validated by several groups, the
incidence of abdominal aneurysms in the wild-type mice treated with only angiotensin-II
widely varied among published papers (0-39%),16, 23, 24, 29 making it difficult to compare
the incidence of abdominal aneurysms between the wild-type and genetically manipulated
mice when angiotensin-II alone is used.

In our model, the aneurysms at the two aneurysm-prone regions were induced by the same
systemic pharmacological treatment, but they exhibited different morphological and
histological features that closely resembled human aortic aneurysms at the respective
locations. Morphological and histological differences observed between thoracic and
abdominal aortic aneurysms in this model may suggest that differential responses to the
combination of hypertension and lysyl oxidase inhibition at these two regions of the aorta
lead to different phenotypes of aneurysms. Morphological and histological differences
between thoracic and abdominal aortas in this model and in humans may be due to the
differences in developmental origins of smooth muscle cells at these two segments of aorta.
26, 27 Embryologically-programmed differences of vascular smooth muscle cells may
determine different vascular responses to hemodynamic stimuli and degeneration of elastic
lamina between thoracic and abdominal aortas,26, 27, 30 leading to site-specific phenotypes
of aneurysms at the two regions. More importantly, phenotypic differences between thoracic
and abdominal aortic aneurysms indicate that different pharmacological strategies may be
needed to prevent growth and rupture of aneurysms at these two different locations.

Angiotensin-II can exert various effects on the vasculature in addition to its hypertensive
effect.20-22 For the formation of abdominal aortic aneurysms in ApoE-knockout or fat-fed
LDL-receptor knockout mice in response to angiotensin-II infusion, 31 non-hemodynamic
effects of angiotensin-II, but not hypertensive effects, are required.31, 32 In contrast, the
aneurysm formation observed in our model was dependent on systemic hypertension. In our
model, normalization of blood pressure by an anti-hypertensive agent dramatically reduced
the incidence of aneurysms and almost completely abolished histological changes associated
with angiotensin-II and BAPN treatment. We were able to reproduce thoracic and abdominal
aortic aneurysms when DOCA-salt hypertension was used instead of angiotensin-II.
However, in DOCA-salt-treated mice, endogenous angiotensin-II that was produced in the
vascular wall in response to systemic hypertension may have played a role in our model.15

Therefore, we treated the mice receiving DOCA-salt and BAPN with captopril, an
angiotensin-converting enzyme inhibitor, to exclude potential confounding effects from the
endogenous production angiotensin-II in DOCA-salt hypertensive mice. Captopril did not
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reduce the incidence of aortic aneurysm in DOCA-salt hypertensive mice, further suggesting
critical roles of hypertension in this model.

Our data represent the first demonstration of the causal relationship between systemic
hypertension and aortic aneurysm formation. One critical caveat to this study is that systolic
blood pressure was measured under anesthesia as previously performed by others.23 Blood
pressure measurement under anesthesia may underestimate effects of hypertensive and anti-
hypertensive agents.

It should be noted that although our mouse model replicated key features of thoracic and
abdominal aortic aneurysms in humans, aneurysms in this model did not form spontaneously
but were induced by two pharmacological interventions, which potentially bypassed some of
the early critical events that lead to aortic aneurysm in humans.

Perspectives

We showed that the combination of pharmacologically induced hypertension and
degeneration of elastic lamina by lysyl oxidase inhibition caused aneurysm formations at
two aneurysm-prone regions of aorta that are common locations of aortic aneurysms in
humans. Using this model, we established critical roles of hypertension in the formation
of aortic aneurysms. Phenotypic differences between thoracic and abdominal aortic
aneurysms in this model and in humans may indicate that different pharmacological
strategies may be needed to prevent growth and rupture of aneurysms at these two
different locations. Our model may be suitable to study potential similarities and
differences in the pathophysiology between thoracic and abdominal aortic aneurysms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Combination of angiotensin-II induced hypertension and lysyl oxidase inhibition by
BAPN resulted in aortic aneurysm formation in mice
A: Incidence of aortic aneurysms. 38% and 49% of the mice that received angiotensin-II and
BAPN developed thoracic and abdominal aortic aneurysms, respectively. No aneurysm
formation was found in the mice that received angiotensin-II or BAPN alone. B:
Representative aortic aneurysms. Macroscopically, thoracic and abdominal aortic aneurysms
in this model resembled human aortic aneurysms with their site-specific morphology.
Thoracic aortic aneurysms were saccular-shaped with localized dilation at the great
curvature, while abdominal aortic aneurysms were fusiform-shaped aneurysms with a thick
vascular wall. a: normal thoracic aorta, b-c: unruptured thoracic aortic aneurysm, d:
ruptured thoracic aortic aneurysm, e: normal abdominal aorta, f-g: unruptured abdominal
aortic aneurysm, h: ruptured abdominal aortic aneurysm, i: dissecting aortic aneurysm.
Scale bar: 1mm. C: Systolic blood pressure in the mice that received both angiotensin-II and
BAPN, and the mice that received BAPN or angiotensin-II alone. Systolic blood pressures
of mice that received angiotensin-II alone or combination of angiotensin-II and BAPN are
significantly higher than systolic blood pressures of mice in the control group at 3 and 6
weeks. Mean ± SD, *: P < 0.05 compared with control. TAo : thoracic aorta, AAo :
abdominal aorta, BT : brachiocephalic trunk, CCA : left common carotid, artery, SA : left
subclavian artery, RA : renal artery, IA : iliac arteries, Rt. : right, Lt. : left.
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Figure 2. Histological assessment of thoracic and abdominal aortic aneurysms
Thoracic and abdominal aortic aneurysms in this mouse model closely resembled human
thoracic and abdominal aortic aneurysms with their site-specific histological characteristics.
Control aortas, thoracic and abdominal aneurysms were stained for H&E, elastic laminas,
Elastica von Gieson, Trichrome, fibroblasts, smooth muscle cells, and endothelial cells. *:
lumen. Scale bar: 0.1mm.
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Figure 3. Inflammatory cells in thoracic and abdominal aortic aneurysms
Stainings for pan-leukocytes (CD45), macrophages (CD68), helper T-lymphocytes (CD4)
and B-lymphocytes (CD19). In thoracic aneurysms, leukocytes were observed in the
adventitia and media (B2, B6). In contrast, leukocytes were highly concentrated in the thick
wall near the intramural thrombus in abdominal aortic aneurysms (D6). In both thoracic and
abdominal aneurysms, majority of leukocytes appeared to be macrophages (B2-5, B6-9,
D2-5, D6-9). *: lumen. Scale bar: 0.1mm. Arrows point to positive cells.
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Figure 4. Roles of hypertension in aneurysm formation
A & B: Incidence of thoracic and abdominal aortic aneurysms. Both angiotensin-II and
DOCA-salt induced hypertension were able to induce aortic aneurysms when combined with
the treatment of BAPN. Anti-hypertensive agent (anti-HTN), amlodipine, dramatically
reduced the incidence of aortic aneurysms. *: P < 0.05 compared to angiotensin-II and
BAPN group. C: Aortic aneurysms in the mice treated with DOCA-salt and BAPN were
indistinguishable from those observed in mice that were treated with angiotensin-II and
BAPN. Amlodipine treatment in the mice that were receiving angiotensin-II and BAPN
resulted in a complete lack of adventitial inflammation and thickening of the media and
adventitia. Scale bar: 0.1mm. *: lumen. D: Systolic blood pressure. Amlodipine significantly
reduced blood pressure in the mice that were treated with angiotensin-II and BAPN. There
was no difference in blood pressure between mice receiving DOCA-salt and BAPN and
mice receiving angiotensin-II and BAPN. Mean ± SD. *: P < 0.05 compared to control. E:
There was no significant effect of amlodipine on blood flow rates.
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