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Abstract

Objective—Increased plasma concentrations of angiotensin 11 (Ang 1) have been implicated in
many cardiovascular diseases such as atherosclerosis, aortic aneurysms and myocardial infarction
in humans. However, it is not known whether high levels of plasma Ang Il affect coronary plaque
stability and subsequent myocardial infarction. The current study was designed to examine
whether elevated plasma Ang Il can directly induce coronary events such as acute coronary
syndrome.

Approach and Results—To examine the above hypothesis, we infused Ang Il [100 ng/min/kg
(low group) and 200 ng/min/kg (high group)] or saline vehicle via osmotic minipumps into
WHHL rabbits, a model of human familial hypercholesterolemia and atherosclerosis. Infusion of
Ang Il resulted in mortality rates of 50% and 92% in the low- and high-Ang 11 groups,
respectively, while there were no deaths in the vehicle group. Pathological analysis revealed that
Ang ll-infused WHHL rabbits that died showed myocardial infarction. Furthermore, Ang I1-
infused WHHL rabbits exhibited coronary plaque erosion and rupture that were associated with
thrombosis.

Conclusions—These findings suggest that increased blood levels of Ang Il can destabilize
coronary plaques and trigger the thrombosis, which possibly induces myocardial infarction. The
model described in this study provides a novel means for the study of human acute coronary
syndrome.

Keywords
Angiotensin I1; acute coronary syndrome; myocardial infarction; WHHL,; hypercholesterolemia

Introduction

Angiotensin Il (Ang Il) is an octapeptide hormone that plays an important role in
cardiovascular homeostasis. Ang Il mediates blood pressure through vascular constrictive
functions by binding to two types of Ang receptor (designated as AT1R and AT2R) on the
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target cellsl: 2. Moreover, elevation of plasma Ang 11 has been shown to play
pathophysiological roles in many cardiovascular diseases. Several lines of evidence suggest
that Ang 11 is associated with coronary heart disease including acute coronary syndrome and
myocardial infarction (MI1)3-. This notion was first suggested by the pathological
observations that Ang Il and ATR immunoreactive proteins were present in the lesions of
coronary plaques of patients with unstable angina and acute M1 7. Second, patients with
high plasma renin, a protein that is a rate-limiting factor for the production of Ang II, have a
five-fold increase in the rate of MI compared with subjects who have a low plasma renin
profile8. Furthermore, an angiotensin-converting-enzyme (ACE) inhibitor, which lowers the
level of circulating Ang 11, has been shown to reduce aortic atherosclerosis in hyperlipidemic
rabbits®-11 and ATR blocker, losartan inhibits early atherosclerosis in monkeys!2. In human
studies; however, it is generally accepted that ACE inhibitors can reduce the risk of Ml
whereas it is controversial whether Ang Il receptor blockers are beneficial or detrimental to
MI113-15 |n spite of this, genetic polymorphisms of the AT1R gene as well as the ACE gene
are associated with a high risk for coronary events6-19_ 1t is well known that Ang II infusion
leads to the enhancement of atherosclerosis and the formation of aortic aneurysms in
hyperlipidemic mice2% 21, |n addition, Tsukuba hypertensive mice, which transgenically
express both human angiotensinogen and renin genes, exhibited extensive atherosclerosis in
the aortic root when challenged with a high-fat diet?2,

Although there is a clear link between Ang 11 and the increased risk of MI23 and Ang |1 has
been implicated in the development of atherosclerosis’: 24, it is not known whether elevated
plasma Ang Il per se can directly induce coronary events such as acute coronary syndrome.

To examine this hypothesis, we infused Ang Il into Watanabe heritable hyperlipidemic
(WHHL) rabbits, a model of human familial hypercholesterolemia, which spontaneously
develop coronary atherosclerosis2®. Our results demonstrated that the infusion of Ang I
resulted in a high prevalence of death in these rabbits. Furthermore, coronary plaque erosion
and thrombosis are frequently observed in the lesions of Ang Il-infused WHHL rabbits,
whereas such lesions were rarely found in the vehicle group. These results indicate that
increased plasma levels of Ang Il can lead to coronary complications.

Materials and Methods

Results

Materials and methods are available in the online-only Data Supplement.

Ang Il infusion induces a high prevalence of WHHL rabbit death

The first striking finding after Ang Il infusion was gradual death of WHHL rabbits: the
mortality rates reached 50% (5/10) in the low-Ang 1 group at 4 wks and 92% (11/12) in the
high-Ang Il group by 16 days (Fig. 1). Many rabbits looked inactive, showed dyspnea, and
ate less before they died but two healthy rabbits died suddenly. These rabbits died at various
times, while none of the vehicle rabbits died. Surviving rabbits of the Ang Il groups at 4 wks
showed high blood pressure along with an increased number of blood neutrophils and
monocytes compared with the vehicle group (S-Fig. 111), but plasma lipid levels were
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unchanged (S-TableI11). Autopsy examinations revealed that all dead rabbits in both low-
Ang Il and high-Ang 11 groups showed severe pulmonary edema, congestion and/or
hemorrhage (S-Fig. 1 V), which was not present in all surviving rabbits sacrificed at 4 wks.
There were no abnormalities in other organs such as liver, kidneys, brain, adrenals, stomach
and intestines. The pulmonary pathological features suggested that the death of the WHHL
rabbits was possibly caused by acute left heart failure.

Ang Il infusion increases myocardial infarction

Histological examinations revealed that 80% (8/10) of low-Ang Il and 100% (12/12) of
high-Ang Il groups exhibited histological features of fresh M1 (M), including myocardial
eosinophilic degeneration, disappearance of striation, coagulation necrosis, edema,
neutrophil infiltration and hemorrhage (Fig. 2). In addition, focal or diffuse fibrosis and
calcification accompanied by mononuclear cell infiltration were observed (S-Fig. VA). Ml
changes were found in the right, left ventricle wall, interventricular septum and papillary
muscles. In some areas, subendomyocardial infarction, transmural infarction, subepicardial
infarction and pericarditis were observed (S-Fig. VB-C). Ml changes were also observed in
one rabbit in the vehicle group.

Coronary atherosclerotic lesions

Because Ang Il infusion led to a high prevalence of MI and a high mortality rate, we
examined whether coronary plaque erosion/rupture was present, which may be responsible
for Ml observed in Ang ll-infused WHHL rabbits. The whole hearts were dissected into 5
blocks and the coronary lesions were investigated extensively as described in the Materials
and Methods and shown in S-Fig. VI. Although coronary atherosclerosis was observed in
different sized-arteries varying from large epicardial arteries (blocks I and I1) to small
arteries and arterioles (blocks 111-V), the lesions of epicardial arteries in blocks I (left
coronary artery) and Il (right coronary artery) were consistently present in all rabbits. These
lesions were either characterized by fibrosis with more smooth muscle cells and few
macrophages (S-Fig. VIIA) or by the accumulation of foam cells on the lumen surface or a
typical necrotic core covered by a thin fibrous cap (S-Fig. VIIB-C). To examine whether
Ang Il can affect coronary complications, we observed all sections under a light microscope
and found that erosion along with superimposed lumen thrombi was indeed present in Ang
I1-infused WHHL rabbits (Fig. 3A-C). The close association of coronary plaque erosion/
rupture with thrombosis could be further illustrated using step sections (S-Fig. VI11). To
show the lesion distribution, we quantified the number of coronary plaques with erosion,
rupture and thrombosis in each block. As shown in Table 1, coronary erosion/rupture along
with thrombosis were found in both low and high-Ang Il groups but not in the vehicle group.
These coronary erosions/rupture were mainly in the main trucks (epicardial arteries) of the
left (blocks I, I11) and the right (block I1) but not seen in the small arteries and arterioles
(blocks 1V and V). Because matrix metalloproteinases (MMP) may be involved in the plaque
rupture28, we examined MMP expression in the erosion/rupture area by
immunohistochemical staining. MMP-1, -2, -9, and -12 immunoreactive proteins were
stained in these areas especially where macrophages were present but not in the normal-
appearance area of the same coronary artery (Fig. 4A-B). This was also seen in the lesions
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which were associated with thrombosis (Fig. 4C). Regardless of these morphologic features,
all coronary lesions resulted in various degrees of coronary lumen stenosis although
coronary stenosis of the Ang Il groups was not significantly different from that of the
vehicle group (S-Fig. I X).

Escalation increase of plasma Ang Il also induces coronary complications and myocardial

infarction

Experiment 1 described above showed that the abrupt increase of plasma Ang Il resulted in
high prevalence of Ml and death, which may possibly be caused by or related with coronary
atherosclerosis. To investigate whether escalation increase of plasma Ang Il also exhibited
such effects, we performed a second experiment in which WHHL rabbits were first infused
with relatively low doses of Ang Il for 4 wks and then further infused with high doses of
Ang Il for another 4 wks (S-Fig. ). Except for one rabbit in the low-Ang Il group that died
at 2 wks, all rabbits survived until 4 wks and further received another infusion of Ang Il for
another 4 wks (S-Fig. X). Similar to experiment 1, the levels of blood pressure (both groups)
and blood leukocytes (high-Ang Il group) were significantly higher in the Ang Il groups
than in the vehicle group (S-Fig. X1), but plasma lipids were unchanged (S-Tablell1l).
However, after changing to high doses of Ang Il, 71% (5/7) of rabbits died in the high-Ang
I1 group and one rabbit in the low-Ang |1 group died, although none of the rabbits died in the
vehicle group (S-Fig. X). Pathological examinations disclosed that pulmonary edema/
hemorrhage and M1 were present in the Ang Il groups, which was similar to experiment 1.
MI was found in all dead rabbits (5/7 in the high-Ang Il group and 2/7 in the low group), but
not in the alive rabbits of both Ang Il and control groups. Similar to the experiment 1,
coronary plaque rupture/erosion or with thrombosis were found in Ang Il groups (S-Table
V) but coronary stenosis of the Ang Il groups was not significantly different from the
vehicle group (S-Fig. X11).

Aortic atherosclerosis

Grossly, we did not observe aortic aneurysms (such as bulbous dilation of the aorta) in Ang
I groups, as reported in Ang Il-infused apoE KO mice20. Extensive aortic atherosclerotic
lesions were observed in both Ang 11 and vehicle groups and occupied for more 80% of the
aortic surface, but there was no significant difference between Ang Il-infused groups and the
vehicle group in both experiments (data not shown). Histological examinations showed that
luminal surface macrophages of the aortic arch were increased in Ang Il-infused groups
(data not shown). Moreover, RT-PCR showed that aortic lesions of Ang Il groups had
significantly higher mRNA expression of interleukin-6 (IL-6) and plasminogen activator
inhibitor-1 (PAI-1). Expression of monocyte chemoattractant protein-1 (MCP-1),
interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-a), MMP-9 were also increased while
expression of collagen I and 111 were reduced compared with those in the vehicle group,
although the differences were not statistically significant (S-Fig. XII1).

Ang Il infusion does not cause coronary plaque erosion and Ml in wild-type JW rabbits

To rule out the possibility that Ang Il infusion had any effects on the wild-type JW rabbits,
we performed experiments using the same protocol. Although Ang Il infusion led to the
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elevation of blood pressure in JW rabbits, as may be expected, there was no discernible
atherosclerosis in both aortas and coronary arteries or Ml (data not shown).

Discussion

In the current study, we demonstrated for the first time that increased plasma levels of Ang 1l
led to a high prevalence of death in WHHL rabbits. All dead rabbits showed pathological
features of MI and many of them also showed culprit coronary lesions, suggesting that
excessive levels of Ang Il can trigger coronary plaque erosion/rupture and possibly cause
subsequent MI because plaque erosion/rupture was predominantly present in epicardial
arteries. Although both abrupt (expt 1) and escalation (expt 2) increases of Ang Il in the
circulation increased the coronary complications, the death rate in the experiment 2 was
lower than in the experiment 1, suggesting that both doses and durations of Ang Il infusion
affect the severity of coronary complications and MI. Nevertheless, the current study
indicates that WHHL rabbits treated with Ang Il may become a new model for investigation
of human coronary atherosclerosis and its complications such as acute coronary syndromes
of unstable angina, MI and sudden cardiac death?”. Vulnerable plaques have been reported
in the innominate (brachiocephalic) arteries of apoE KO mice?8: 29, Aortic plaque rupture
has been also attempted in cholesterol-fed rabbits injected with catecholamines and Russel's
viper venom30. Although these models are valuable for the study of lesion development,
these models bear little resemblance to human coronary plaque rupture or thrombosis. Metal
stress or hypoxia can induce Ml in hypercholesterolemic mice but plaque rupture and
thrombosis have not been shown to be the underlying mechanism3L. Furthermore, SR-B1
and apoE double KO mice developed high prevalence of myocardial death or MI due to the
coronary occlusions rather than plague rupture and subsequent thrombosis32. Therefore, Ang
Il-treated WHHL rabbits may be useful not only for disclosing many aspects of human ACS
mechanisms but also for the development of new therapeutics. In the future studies, it will be
interesting to investigate whether different therapeutics (such as lipid-lowering drugs, anti-
hypertensive drugs, and anti-coagulant drugs) will prevent coronary complications or Ml or
death in this model.

In spite of this, the molecular mechanisms for Ang I1-induced coronary complications in
WHHL rabbits are not fully understood. Several possible mechanisms may operate in
concert for Ang Il-induced coronary events in WHHL rabbits. Essential functions of Ang Il
are to elevate the blood pressure; therefore, it is reasonable to consider that the
hemodynamic influence on the plaques is the first cause of the coronary events in WHHL
rabbits. To verify this possibility, we generated hypertensive WHHL rabbits by unilateral
removal of a kidney. Although these WHHL rabbits indeed had high blood pressure, all of
them could survive for more than 30 weeks (Wagar et al., unpublished data), suggesting that
hypertension alone is insufficient to trigger the plaque erosion/rupture in WHHL rabbits.
The second possible mechanism may be associated with the multiple local effects of Ang 1l
on the arterial wall. Ang Il infusion elevated blood leukocytes in WHHL rabbits, indicating
the presence of systemic inflammation. Ample evidence showed that Ang Il affects a
number of functions of the arterial wall cells, such as endothelial cells, smooth muscle cells
and macrophages® 4, thereby provoking vascular inflammation. In support of this notion,
aortic lesions of Ang ll-treated WHHL rabbits showed significantly higher expression of
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PAI-1 and IL-6 along with increased trend of other proinflammatory cytokines and MMP-9
(presumably derived from accumulated macrophages). Furthermore, our preliminary studies
revealed that Ang Il treatment increases the mRNA of tissue factor and MMP-9 in THP-1
macrophages and reduces the expression of eNOs of human umbilical vein endothelial cells
(data not shown). Taken together, these observations prompted us to envision that an Ang Il1-
induced pro-inflammatory state facilitates the transformation of a stable plaque into a
vulnerable plaque prone to rupture. Previous studies have shown that MMPs produced by
macrophages may cause the rupture of vulnerable plaques?5: 33: 34, Increased tissue factor
along with PAI-1 activity in the lesions renders lesions rather thrombogenic3®, which further
promotes the formation of thrombosis in case plaques rupture. The third possibility for Ang
I1-induced plaque rupture is associated with the fact that Ang Il is notorious for inducing
vascular oxidative stress due to the generation of reactive oxygen species, such as
superoxide and hydrogen peroxide, by stimulating the activity of NADP(H) and xanthine
oxidase from a variety of vascular cells3637 which has been considered to play an important
role in the pathogenesis of atherosclerosis®.

It should be pointed out that it is currently unknown whether M1 was totally caused by
coronary complications induced by Ang Il infusion or whether Ml is responsible for rabbit
death because Ang Il can directly exert detrimental effects on the heart or other organs.
Therefore, it remains to be investigated in future whether Ang Il can also cause myocardial
injury or myocardial death. In addition, we observed that many eroded areas were not
associated with occlusive thrombosis in Ang Il-infused rabbits. We speculate that this may
be due to: (1) plaques with occlusive thrombi were overlooked, (2) luminal thrombosis
superimposed on the eroded area was quickly dissolved by the fibrinolytic system, or (3) Ml
could be caused by coronary spasm induced by Ang 113941, which cannot be evaluated by
pathological methods. Therefore, it is necessary to evaluate cardiac functions induced by
Ang Il infusion by other methods such as ECG, plasma cardiac markers, ultrasonic
cardiogram and angiography of this model. Regardless of this, the current animal model may
become a novel means to investigate many facets of human coronary syndrome and to
develop new therapeutics for Ml in the future.

In conclusion, we showed herein that Ang Il infusion induces coronary complications and
increases the prevalence of MI and mortality in WHHL rabbits. Although the molecular
mechanisms are not yet completely clear, vigorous treatment of Ang Il-induced deleterious
effects may be beneficial for the prevention of cardiovascular events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Angll angiotensin 11
MCP-1 monocyte chemoattractant protein-1
MI myocardial infarction
MMP matrix metalloproteinase
PAI-1 plasminogen activator inhibitor-1
TNF-a tumor necrosis factor-a
WHHL Watanabe heritable hyperlipidemic
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Significance

Although increased plasma concentrations of angiotensin Il have been implicated in
many cardiovascular diseases, it is not known whether high levels of plasma angiotensin
11 affect coronary plaque rupture and subsequent myocardial infarction. In the current
study, we infused angiotensin Il into WHHL rabbits, a model of human familial
hypercholesterolemia and demonstrated that increased blood levels of angiotensin Il can
induce coronary complications and myocardial infarction. The model described in this
study provides a novel means for the study of human acute coronary syndrome.
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Figurel.
Ang Il infusion induces a high WHHL mortality rate. Kaplan-Meier analysis of cumulative

rates of survival in WHHL rabbits after Ang Il infusion.
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Figure 2.
Representative micrographs of fresh MI in WHHL rabbits induced by Ang Il infusion.

Compared with the normal heart structure (top left), diffuse myocardial eosinophilic
degeneration and coagulation necrosis, edema and hemorrhage (indicated by arrowheads)
were seen in the hearts of Ang Il-infused WHHL rabbits. These features represent those of
fresh MI. All sections are stained with HE staining.
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Figure 3. Coronary plaque rupture (A), erosion (B) and thrombosis (C) in Ang I I-infused WHHL
rabbits

A. Two representative micrographs of coronary plaque rupture are shown. The lesions show
marked lumen stenosis (>80%). At high magnification, the top lesion shows distinct
disruption (arrowhead) associated with a thrombus. The bottom lesion shows an intimal split
(arrowhead) in which some red blood cells are contained.

B. The surface of a fibrotic plaque was partially eroded or defective (arrows), covered by
blood cells. The left panel shows HE staining and the right panel shows EVG staining.

C. Typical mural thrombi are shown in three coronary lesions. The coronary lumen was
partially filled with a thrombus (arrows) which contains fibrin and blood cells (top and
bottom panels). Please note that opposite to the thrombus, the lesion surface is eroded
(arrowheads) and calcification is seen at the bottom of the lesions (top panels). Foam cells
are accumulated beneath the thin cap of a vulnerable plaque (arrowheads) (bottom right).
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Figure 4. Immunohistochemical staining of macrophagesand MM Ps
A representative eroded lesion (arrowheads) with a thrombus on the surface shows

accumulation of a few macrophages and stained with MMP-1, -2 and -12 Abs (A). In the
normal area adjacent to the erosion of the same artery, there are only a few macrophages that
are stained with MMP Abs (B). Another representative ruptured lesion (arrowheads)
associated with an occlusive thrombus shows accumulated macrophages with MMPs
staining at the rupture area (C).
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Table 1

The number of coronary erosion, rupture and thrombosis in each block

Erosions

Block | Block Il Block 111 Block 1V Block V
Vehicle (n=8) 0+0(0/8) 00 (0/8) 0+0(0/8) 0+0(0/8) 0+0(0/8)
Ang I1-L (n=10) 1+ 1.25 (5/10) 07+068" (6/10) O4%0.966 (2/10)  0+0(0/10) 00 (0/10)
ANgII-H(0=12) 4 58409 (012) 10+1.047(712) 073065 (12 00012 0£0(012)
Ruptures

Block | Block 11 Block 111 Block IV Block V
Vehicle (n=8) 0+0(0/8) 0+0(0/8) 0+0(0/8) 0+0(0/8) 0+0(0/8)
Ang l1-L (n=10) 0+ 0 (0/10) 0+ 0 (0/10) 0.1+0.316 (1/10)  0+0(0/10) 0= 0(0/10)
Angll-H (n=12)  0.17 +0.58 (1/12) 0+0 (0/12) 0+0 (0/12) 0+0(0/12) 00 (0/12)
Erosions/rupture-associated thrombosis

Block | Block 11 Block 111 Block IV Block V
Vehicle (n=8) 0+0(0/8) 0+0(0/8) 0+0(0/8) 0+0(0/8) 0+0(0/8)
Angll-L (n=10)  10+125(510) o 0cn® (610) 05%0972 (3/10)  0+0(0/10) 0= 0(0/10)
Angl1-H (n=12) 0+0(0/12) 0+0(0/12)

*k * *
133+107 (9/12) 10+1.04 (712) 0.73+0.65 (7/12)

Page 19

The number of each type of lesions was calculated from all sections of each block. The largest number on the section was used to represent each

block. The data are expressed as the mean + SD.

Parentheses indicate the ratio of animals with the lesions to total animal number. Thrombosis includes both partial and occluded thrombi.

*
P<0.05

*:

*
P<0.01 vs vehicle group using the Mann-Whitney U test.
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