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1 We have recently demonstrated that chronic infusion of Angiotensin II into apoE7/7 mice
promotes the development of abdominal aortic aneurysms. To determine the involvement of speci®c
Angiotensin II receptors in this response, we co-infused Angiotensin II (1000 ng kg71 min71 for 28
days) with losartan (30 mg kg71 day71) or PD123319 (3 mg kg71 day71) to antagonize AT1 and
AT2 receptors, respectively.

2 Infusion of Angiotensin II promoted the development of abdominal aortic aneurysms in 70% of
mature female apoE7/7 mice. The formation of aortic aneurysms was totally inhibited by co-
infusion of Angiotensin II with losartan (30 mg kg71 day71; P=0.003). In contrast, the co-infusion
of Angiotensin II with PD123319 resulted in a marked increase in the incidence and severity of
aortic aneurysms.

3 To determine whether AT2 antagonism also promoted Angiotensin II-induced atherosclerosis,
Angiotensin II was infused into young female apoE7/7 mice that had little spontaneous
atherosclerosis. In these mice, co-infusion of PD123319 led to a dramatic increase in the extent of
atherosclerosis. This increase was associated with no change in plasma lipid concentrations and only
transient and modest increases in blood pressure during co-infusion with PD123319.

4 While antagonism of AT1 receptors totally prevented the formation of aneurysms, antagonism of
AT2 receptors promoted a large increase in the severity of Angiotensin II-induced vascular
pathology.
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Introduction

Recent studies in our laboratory, and others, examined

whether chronic exposure to elevated Angiotensin II directly
in¯uences the atherogenic process (Daugherty & Cassis, 1999;
Daugherty et al., 2000; Weiss et al., 2001). Infusion of
Angiotensin II for 28 days into apoE7/7 or LDL

receptor7/7 mice resulted in an increase in lesion size.
These rapidly developing lesions were characterized by lipid-
laden macrophages and large numbers of T lymphocytes.

Unexpectedly, pronounced abdominal aortic aneurysms were
also present in apoE7/7 and LDL receptor7/7 mice
infused with Angiotensin II (Daugherty & Cassis, 1999;

Daugherty et al., 2000). These results demonstrated that a
relatively short term exposure to elevated plasma concentra-
tions of Angiotensin II was su�cient to markedly potentiate

vascular pathology. Furthermore, they provided additional
rationale for inhibiting the renin-angiotensin system with
angiotensin converting enzyme inhibitors or Angiotensin II
receptor antagonists to limit the progression of abdominal

aortic aneurysms and atherosclerosis.

It is well established that Angiotensin II binds with high

a�nity to two receptor subtypes, AT1 and AT2 (Timmer-
mans et al., 1993). The use of speci®c antagonists of the AT1
receptor has demonstrated that Angiotensin II acts through
this receptor to regulate vascular contractility, aldosterone

synthesis and secretion, cell growth and proliferation, and the
elaboration of cytokines and matrix proteins. Studies with
AT1 receptor antagonists have been performed in athero-

sclerosis models with equivocal results, demonstrating either
no e�ect in cholesterol-fed rabbits treated with SC-51316
(Schuh et al., 1993), or a reduction in the extent of

atherosclerosis in apoE7/7 mice treated with losartan
(Keidar et al., 1997). More recently, infusion of losartan
into male cynomolgus monkeys prevented the formation of

early lesions that consist of lipid-laden macrophages (Strawn
et al., 2000). Results from these studies implicate endogenous
Angiotensin II, through e�ects at the AT1 receptor, in the
atherogenic process. Currently, there have been no reports of

the e�ect of AT2 receptor blockade on the development of
atherosclerosis. Furthermore, neither receptor has been
de®ned as the mediator of Angiotensin II induced formation

of abdominal aortic aneurysms.
In this study, we determined the Angiotensin II receptor

responsible for the vascular pathologies observed in apoE7/
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7 mice during infusion with Angiotensin II. Our results
demonstrate that AT1 receptor antagonism abolished the
Angiotensin II-dependent formation of abdominal aortic

aneurysms. In contrast, AT2 receptor blockade also
in¯uenced Angiotensin II induced abdominal aortic aneur-
ysms by increasing the incidence and most strikingly, the
complexity of the formed aneurysms. AT2 receptor blockade

also markedly increased the atherogenic properties of
Angiotensin II infusions.

Methods

Mice

Female apoE7/7 mice, (bred 10 times into a C57BL/6

background) obtained either from Monsanto or the Jackson
Laboratory, were maintained under barrier conditions. Water
and normal laboratory diet were available ad libitum. All
drugs were administered subcutaneously by Alzet osmotic

mini-pumps (Model 2004) which were implanted into the
interscapular space of anaesthetized (ketamine/xylazine) mice
at either 2 or 11 months of age. Angiotensin II (500 or

1000 ng kg71 min71), losartan (30 mg kg71 day71) or
PD123319 (3 mg kg71 day71) were administered for 28 days
as described previously (Daugherty et al., 2000). All

procedures were performed with the prior approval of the
University of Kentucky Institutional Animal Care and Use
Committee.

Determination of blood pressure

Systolic blood pressure was measured in conscious mice using

a tail cu� apparatus that was coupled either to a Kent
Scienti®c RTBP1007 data acquisition system or a Visitech
system.

Lipid and lipoproteins

Serum total cholesterol and triglyceride concentrations were
determined with enzymatic assay kits (Wako Chemical Co.).
Lipoprotein cholesterol distributions were evaluated in
individual serum samples (50 ml) from four mice in each

group after fractionation by size exclusion chromatography
on a single Superose 6 column (Daugherty et al., 2000).
Fractions were collected and cholesterol concentrations were

determined with an enzymatic based assay kit (Wako
Chemical Co.).

Quantification of atherosclerosis and characterization of
aneurysms

The quanti®cation of the extent of atherosclerosis covering
the intimal surface of the aorta was as described previously
(Daugherty et al., 2000) Quanti®cation of aneurysms was
previously based on the per cent incidence (Daugherty et al.,

2000). However, in this study, striking di�erences in
aneurysm appearance were also observed between groups.
Therefore, a scale based on the gross appearance of the aorta

was devised to represent the di�erent forms of aneurysms.
Aneurysms were scored based on the following scale: Type I,
dilated lumen in the supra-renal region of the aorta with no

thrombus. Type II, remodeled tissue in the supra-renal region
that frequently contains thrombus. Type III, a pronounced
bulbous form of type II that contains thrombus. Type IV, a

form in which there are multiple aneurysms containing
thrombus, some overlapping, in the suprarenal area of the
aorta. Aneurysmal tissue was categorized independently by
two unblinded observers. There was complete concordance in

the designation by the two observers.

Statistics

The null hypothesis for the variables measured in the groups
was initially tested by ANOVA. If a group di�erence was

noted, post-hoc testing was performed using parametric
testing for multiple groups, if the data ®tted the constraints
of this form of analysis. Non parametric data were analysed

using Wilcoxon Rank-Sum tests. The signi®cance of the
incidence of aneurysms was tested by Chi squared analysis
with a Yates correction factor. All statistical analyses were
performed with SigmaStat (SSPS) and a P40.05 was

considered to be statistically signi®cant.

Results

In preliminary studies, there appeared to be an increase in the

formation of Angiotensin II induced abdominal aortic
aneurysms with age in apoE7/7 mice (data not shown).
Therefore, in the ®rst series of studies the e�ect of speci®c

receptor antagonists on the development of aortic abdominal
aneurysms were examined in mature female apoE7/7 mice
(11 month of age). Six groups (n=10/group) of mice were
implanted with osmotic mini-pumps for 28 day drug delivery

as follows: 1. saline; 2. losartan (30 mg kg71 day71); 3.
PD123319 (3 mg kg71 day71); 4. Angiotensin II (1000 ng
kg71 min71); 5. Angiotensin II and losartan; 6. Angiotensin

II and PD123319. In agreement with our previous studies
(Daugherty & Cassis, 1999; Daugherty et al., 2000) infusion
of Angiotensin II, alone or in the presence of receptor

antagonists, did not lead to measurable changes in arterial
blood pressure in these mature mice (data not shown).

Small dilations have been reported previously in the
abdominal aorta from apoE7/7 mice (Tangirala et al.,

1995; Carmeliet et al., 1997) although we did not observe
discernable aneurysms in the aorta from saline-infused mice.
In contrast, infusion of Angiotensin II generated large

aneurysms in the abdominal aorta (distal to the renal
arteries) that were characterized by dilations and perimedial
remodelling (Daugherty et al., 2000). Aneurysms were

generated in 70% of the mice infused with Angiotensin II
in this study. Co-infusion of losartan completely abolished
the aneurysms generated by Angiotensin II (P=0.003; Figure

1). In contrast, co-infusion of Angiotensin II and PD123319
increased the incidence of aneurysm formation to 100%. In
addition, the aneurysms had a more complex appearance. To
characterize the complexity of aneurysm formation, we

categorized the aneurysms formed in these studies into four
classes as described in Methods. Examples of aneurysms in
each class are shown in Figure 2. In mice infused with

Angiotensin II alone, the majority of aneurysms were
categorized in class II (Figure 3A). Strikingly, the majority
of the aneurysms formed during co-infusion of Angiotensin II
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and PD123319 ®t the categorization of class IV, with a
complex polymorphic appearance (Figure 3B).
The extent of atherosclerosis was de®ned in these mice by

the en face quanti®cation of area of atherosclerotic lesions
that covered the intimal surface of the aorta. No di�erences
were observed in the extent of atherosclerosis during infusion
of Angiotensin II, alone or in combination with receptor

antagonists (data not shown). However, as expected by the
age of the mice, (Nakashima et al., 1994) even the group
infused with saline had extensive atherosclerotic lesions and,

therefore, the relatively brief infusion of Angiotensin II for 28
days did not produce a measurable increase in athero-
sclerosis. To determine whether AT2 receptor antagonism

also enhanced the development of atherosclerosis, a second
study was performed in young apoE7/7 mice that were 2
months of age. Using the same dose of antagonist as

described above, Angiotensin II or Angiotensin II with
PD123319 (n=15 per group) were infused for 28 days. Also,

Figure 1 The incidence of aortic abdominal aneurysms during
infusion of: (1) Saline; (2) losartan, (30 mg kg71 day71); (3)
PD123319 (3 mg kg71 day71); (4) Angiotensin II (1000 ng kg71

min71); (5) Angiotensin II and losartan; (6) Angiotensin II and
PD123319. (n=10 for each group.) *Denotes P=0.003 for
Angiotensin II infusion alone compared to the group co-infused
with Angiotensin II and losartan.

Figure 2 A classi®cation of abdominal aortic aneurysms formed in response to Angiotensin II, alone or during co-infusion with
PD123319 in apoE7/7 mice.

Figure 3 Comparison of the incidence of speci®c forms of aneurysms
described in Figure 2 that were present in apoE7/7 mice infused with
Angiotensin II alone (A) or in combination with PD123319 (B).
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we decreased the dose of Angiotensin II (500 ng kg71 min71)

to enhance any potential di�erence during co-infusion with
PD123319. Similar to results obtained in 11 month apoE7/
7 mice, Angiotensin II infusion did not in¯uence systolic

blood pressure at 2 months of age (Figure 4). However, in
these young mice, co-infusion of Angiotensin II and
PD123319 resulted in an initial increase in blood pressure

which was not sustained. Infusion of Angiotensin II and
PD123319 did not signi®cantly alter the serum lipid
concentrations (261+7 vs 280+9 mg/dl for Angiotensin II

and Angiotensin II-PD123319 infused, respectively; n.s.). As
shown in Figure 5, co-infusion of Angiotensin II and
PD123319 promoted a greater than 3 fold increase in lesions
covering the intimal surface, markedly potentiating the e�ect

of Angiotensin II to promote the atherogenic process
(P50.001).

Discussion

In agreement with our previous ®ndings, infusion of
Angiotensin II for one month into apoE7/7 mice resulted
in the generation of large abdominal aortic aneurysms in
hyperlipidemic mice (Daugherty et al., 2000). Results of the

present study demonstrate that blockade of the AT1 receptor
attenuated the Angiotensin II induced abdominal aortic
aneurysm formation in apoE7/7 mice. However, unexpect-

edly, AT2 receptor blockade markedly increased the severity
of both abdominal aortic aneurysms and atherosclerosis.
These data are indicative of a protective role of the AT2

receptor in these Angiotensin II induced vascular pathologies.
Angiotensin II is assumed to exert many of its e�ects

through interactions with AT1 receptors. In agreement with

this tenet, losartan ablated the development of Angiotensin II
induced aortic abdominal aneurysms. In previous studies,
losartan decreased the extent of atherosclerosis in apoE7/7
mice (Keidar et al., 1997) and cynomolgus monkeys (Strawn

et al., 2000) even in the absence of exogenously administered
Angiotensin II. AT1 receptors have been identi®ed on
macrophages (Scheidegger et al., 1997; Keidar et al., 1999;

Okamura et al., 1999), a cell type heavily implicated in the
development of atherogenic lesions. The pro-atherogenic

e�ects of Angiotensin II, mediated via AT1 receptors, may
be through several mechanisms including stimulation of 15-
lipoxygenase, (Scheidegger et al., 1997), increased cholesterol

biosynthesis (Keidar et al., 1999) and increased oxidized LDL
uptake (Hayek et al., 2000). In contrast, potential mechan-
isms by which stimulation of AT1 receptors leads to the
development of abdominal aortic aneurysms remain largely

unde®ned. Based on previous results suggesting enhanced
release of matrix metalloproteases (Pyo et al., 2000; Carmeliet
et al., 1997) in aneurysm models, we are currently

investigating whether Angiotensin II activates enzymes
involved in extracellular matrix degradation.

While AT1 receptor antagonists abolished the development

of aortic abdominal aneurysms, the co-infusion of Angio-
tensin II and an AT2 receptor antagonist had a striking e�ect
to enhance the development of abdominal aortic aneurysms.

A consistent ®nding in the present study was the presence of
pronounced aneurysms in every mature mouse co-infused
with Angiotensin II and PD123319. Not only was the
incidence of aneurysm formation increased, but there was a

marked di�erence in the appearance of the aortic tissue. As
presented in Figure 2, we arbitrarily de®ned aneurysms based
largely on the visual characteristics. It was noteworthy that

the co-infusion of PD123319 with Angiotensin II generated
polymorphic aneurysms with more progressive pathology. We
have not previously observed this extensive severity of

aneurysm formation during infusion of Angiotensin II alone.
Our studies are the ®rst to examine the e�ect of AT2

receptor antagonism on atherogenesis. We infused PD123319,

the AT2 receptor antagonist, at a dose previously utilized for
chronic infusion by osmotic mini-pump. (Kuizinga et al.,
1998; Cao et al., 1999) To determine whether AT2
antagonism a�ected Angiotensin II-induced atherosclerosis

in the absence of established disease, these drugs were co-
infused into 2 month old mice in which the disease would
have been minimal (Nakashima et al., 1994) We used a lower

dose of Angiotensin II to attempt to maximize the di�erences
during co-infusion. Under these conditions, there was a
striking enhancement of the development of atherosclerosis.

Figure 4 Systolic blood pressure in apoE7/7 mice infused with
Angiotensin II alone (500 ng kg71 min71; *) or in combination with
PD123319 (3 mg kg71 day71; *). Symbols represent the mean+
s.e.mean of 15 mice.

Figure 5 Extent of intimal area covered by grossly discernable
atherosclerotic lesions in 2-month-old apoE7/7 mice infused with
Angiotensin II alone (500 ng kg71 min71; open histobars) or in
combination with PD123319 (3 mg kg71 day71; crosshatched histo-
bars). Histobars represent the mean+s.e.mean of 15 mice. *Denotes
signi®cant di�erences compared to mice infused with Angiotensin II
alone, P50.001.
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In addition to e�ects on aneurysms and atherogenic
lesions, the coinfusion of Angiotensin II and PD123319
provided several unexpected results. In younger mice, co-

infusion of PD123319 with Angiotensin II resulted in a
modest hypertensive response. These results are in agreement
with previous studies demonstrating a greater hypertensive
response during infusion of Angiotensin II in AT2 receptor

de®cient mice compared to mice that were wild type for the
receptor (Siragy et al., 1999). A reduction in vascular
responsiveness with aging (Kihara et al., 2000) may explain

the lack of change in systolic blood pressure in mature mice
co-infused with Angiotensin II and PD123319.
The AT2 receptor is widely expressed in foetal tissue, with

more restricted expression in tissues from adult animals
(Gallinat et al., 2000). Of note, the AT2 receptor is
upregulated in cardiovascular tissues during remodelling,

including vascular injury and atherosclerosis (Masaki et al.,
1998). While our results do not indicate the cell type involved
in the protective e�ects of Angiotensin II mediated through
the AT2 receptor, both atherogenic lesions and aneurysms

were negatively in¯uenced by AT2 receptor blockade. We
have preliminary evidence that Angiotensin II induced
aneurysm formation is due to e�ects on in®ltrating leukocytes

(Manning et al., 2001). Therefore, future studies will de®ne
the e�ect of modulation of the AT2 receptor in speci®c
leukocyte populations on the development of Angiotensin II

induced vascular pathology.
Evidence in the literature suggests that in general,

Angiotensin II e�ects at the AT1 receptor are opposed by

actions at the AT2 receptor (Carey et al., 2000). For example,
overexpression of the AT2 receptor in the heart resulted in an
attenuated pressor and chronotropic response to Angiotensin

II (Masaki et al., 1998). Also, these two receptors have
opposing e�ects on Angiotensin II induced cell growth
(Nakajima et al., 1995) and angiogenesis (Fujiyama et al.,

2001). Results from this study are the ®rst to demonstrate
opposing e�ects of Angiotensin II at AT1 versus AT2
receptors to exacerbate atherogenesis and the formation of
aneurysms. Based on these results, we suggest that a speci®c

AT2 receptor agonist may have bene®cial and protective
advantages in the treatment of atherosclerosis and aortic
aneurysms.

In summary, we have previously demonstrated that
infusion of Angiotensin II into hyperlipidemic mice leads to
the formation of abdominal aortic aneurysms and augmented

atherosclerosis (Daugherty & Cassis, 1999; Daugherty et al.,
2000). The present study demonstrates that the aneurysms are
ablated by the co-infusion of the AT1 receptor antagonist,

losartan. Unexpectedly, co-infusion of the AT2 receptor
antagonist enhanced the incidence and severity of aneurysms.
In addition, co-infusion of PD123319 also augmented
Angiotensin II induced atherosclerosis. These data suggest

that drugs targeted against the renin-angiotensin system,
speci®cally AT1 receptor antagonists or AT2 receptor
agonists, may be of bene®t in the treatment of abdominal

aortic aneurysms and atherosclerosis.
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