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Resolution of Apoptosis in Atherosclerotic
Plaque by Dietary Modification and
Statin Therapy
Dagmar Hartung, MD1,2; Masayoshi Sarai, MD2; Artiom Petrov, PhD2; Frank Kolodgie, PhD3; Navneet Narula, MD2;
Johan Verjans, MD2; Renu Virmani, MD3; Chris Reutelingsperger, PhD4; Leo Hofstra, MD, PhD4;
and Jagat Narula, MD, PhD2

1School of Medicine Hannover, Hannover, Germany; 2Division of Cardiology, University of California, Irvine, Irvine, California;
3Cardiovascular Pathology, Gaithersburg, Maryland; and 4University Hospital Maastricht, Maastricht, The Netherlands

Although apoptosis within atherosclerotic plaques is associ-
ated with plaque vulnerability and rupture, the role of inhibi-
tion of the apoptotic process is not clear. We evaluated the
impact of dietary modification and statin therapy (measures
known to favorably influence outcomes in coronary disease)
on the incidence of apoptosis in experimental atherosclerotic
lesions. Methods: A total of 30 animals were studied; 1 group
of 6 animals served as the controls (group 1), and the remain-
ing 24 animals were subjected to balloon de-endothelializa-
tion of the abdominal aorta and a high-cholesterol diet. These
atherosclerotic animals were randomized as follows: high-
cholesterol diet for 4 mo (n � 6; untreated atherosclerotic
group [group 2]), high-cholesterol diet for 3 mo and normal
chow diet for 1 mo (n � 6; diet withdrawal group [group 3]),
and high-cholesterol diet for 4 mo and simvastatin orally
every day of the last month (n � 6; statin therapy group
[group 4]). 99mTc-Annexin A5 was used for noninvasive de-
tection of apoptosis in groups 1– 4. The remaining 6 rabbits
on a high-cholesterol diet for 4 mo were studied with radio-
labeled mutant annexin A5 (n � 6; nonspecific control group
[group 5]). Quantitative annexin A5 uptake in the abdominal
aorta was determined and compared with the histologic and
immunohistochemical characteristics of the atherosclerotic
lesions. Results: Maximum annexin A5 uptake (mean � SD,
0.051 � 0.009 percentage injected dose per gram [%ID/g] of
tissue) was observed in the untreated atherosclerotic ani-
mals. The uptake was substantially reduced in the diet with-
drawal (0.03 � 0.006 %ID/g; P � 0.0001) and statin therapy
(0.03 � 0.006 %ID/g; P � 0.0001) groups. The plaques in the
untreated high-cholesterol group demonstrated advanced
atherosclerotic lesions. On the other hand, the diet with-
drawal and statin therapy groups showed histologic charac-
teristics of stabilization, including the resolution of macro-
phage infiltration and an increase in smooth muscle cell
content. There was a marked reduction in the apoptosis of
macrophages. No significant uptake of annexin A5 or mutant
annexin A5 was seen in rabbits on the normal chow diet or

atherosclerotic rabbits, respectively. Conclusion: Dietary
modification and statin therapy in atherosclerosis lead to a
reduction in apoptosis and contribute to plaque stabilization.
It can be hypothesized that a reduction in apoptosis is a
favorable process in atherosclerotic disease.

Key Words: programmed cell death; atheroma; 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors
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In up to two thirds of patients, acute coronary events
result from the rupture of atherosclerotic plaque (1). The
plaque vulnerable to rupture is characterized by distinct
histologic characteristics, including large lipid cores, atten-
uated fibrous caps less than 65 �m thick, and intense
inflammation of the fibrous caps (2). Extensive apoptosis of
inflammatory cells is observed in the fibrous cap associated
with rupture of the plaque (3,4). Whereas the reduction in
total plaque lipid burden, resolution of inflammation, and
neutralization of matrix metalloproteinase expression are
known to contribute to plaque stabilization (5), the role of
prevention of apoptosis is not clear. Because apoptosis has
been shown to be related to plaque instability and because
dietary modification and statin therapy are related to the
prevention of acute coronary syndrome, we evaluated the
role of these interventions in the prevalence of apoptosis in
experimental atherosclerotic lesions.

For the noninvasive evaluation of apoptosis in atheroscle-
rotic lesions, we used annexin A5 labeled with 99mTc for
radionuclide imaging. Annexin A5, a naturally occurring
protein, has a nanomolar affinity for binding to phosphati-
dylserine (PS), which is prominently expressed on the outer
cell membrane surface of apoptotic cells (6,7). 99mTc-La-
beled annexin A5 has been successfully used for the non-
invasive imaging of apoptosis in atherosclerotic plaques in
various experimental atherosclerosis models and for the
detection of apoptosis in carotid artery atherosclerotic dis-
ease in patients undergoing carotid endarterectomy (8–10).
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MATERIALS AND METHODS

Experimental Model of Atherosclerosis
Atherosclerosis was induced in male New Zealand White rab-

bits (2.5–3.5 kg; Millbrook Breeding Laboratories) by de-endothe-
lialization of the infradiaphragmatic aorta with a 4F Fogarty em-
bolectomy catheter (12-040-4F; Edwards Lifesciences LLC) as
described previously (8). Briefly, the right femoral artery was
surgically exposed under general anesthesia (ketamine–xylazine,
100 mg/mL, 10:1 [v/v]; 1.5–2.5 mL subcutaneously). A small
arteriotomy site was created, and the embolectomy catheter was
advanced in the aorta up to the level of the diaphragm. After
inflation to a pressure of 3 psi, the catheter was pulled 3 times
antegrade to the bifurcation of the aorta and removed. The femoral
artery was ligated, and the incision site was closed. A high-
cholesterol diet (0.5% cholesterol and 6% peanut oil) was started
1 wk before surgery and continued for an additional 15 wk for the
induction of atherosclerotic lesions. The study conformed to the
Guide for the Care and Use of Laboratory Animals (11), and the
Institutional Laboratory Animal Care and Use Committee ap-
proved the study protocol.

Study Protocol
A total of 30 New Zealand White rabbits were included in the

study. Group 1 consisted of 6 rabbits that did not undergo balloon
de-endothelialization and were fed a normal chow diet for 16 wk.
Group 1 animals comprised the control group. Group 2 rabbits had
balloon de-endothelialization of the infradiaphragmatic aorta and
were fed the high-cholesterol diet for 4 mo (n � 6, untreated
atherosclerotic group). Group 3 rabbits had balloon de-endotheli-
alization and were fed the high-cholesterol diet for 3 mo followed
by a normal chow diet for 1 mo (n � 6, diet withdrawal group).
Group 4 rabbits had balloon de-endothelialization and were fed the
high-cholesterol diet for 4 mo; in the final month of the experi-
ment, these animals were treated with simvastatin (3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor; Merck) at 1 mg/
kg/d orally (n � 6, statin therapy group). For molecular imaging
and quantitative assessment of apoptosis in atherosclerotic plaques
of groups 1–4, annexin A5 labeled with 99mTc was administered
intravenously. Group 5 rabbits underwent balloon de-endothelial-
ization and were fed the high-cholesterol diet for 4 mo (n � 6), like
untreated atherosclerotic group 2; however, group 5 animals were
imaged instead with a mutant form of annexin A5 that does not
bind to PS (Table 1). Group 5 animals served as the nonspecific
control group.

Serial blood samples were drawn for blood clearance at 0, 1, 2,
and 3 h after radiotracer administration. Left lateral decubitus

images were obtained as described below. After imaging, animals
were sacrificed with an overdose of sodium pentobarbital (120
mg/kg). Aortas were carefully removed, and ex vivo �-images of
the excised aortas were obtained. The aorta was segmented at 1-cm
intervals, each segment was weighed, and activity in each speci-
men was counted in an automatic �-well-type scintillation counter
(Perkin-Elmer–Wallac Inc.). The activity in each specimen was
compared with the activity in an aliquot of the injected dose to
express the uptake in the aortic segment as the percentage injected
dose per gram (%ID/g) of tissue. Aortas from 2 animals in each
group were preserved for histologic and immunohistochemical
investigation as explained below.

Radionuclide Labeling and Imaging Procedure
Human recombinant annexin A5, expressed in Escherichia coli,

was derivatized with nicotinic acid analog hydrazinonicotinamide
(HYNIC; Theseus Imaging Corp.) as described previously (12). To
bind 99mTc to the HYNIC–annexin A5 conjugate, a reduced tin
(stannous ion) and Tricine (N-tris[hydroxymethyl]methylglycine;
Sigma-Aldrich) solution was added to 99mTc-pertechnetate with an
aliquot of HYNIC–annexin A5 under anoxic conditions. Thin-
layer chromatography showed a radiopurity of about 95%–98%.
Animals were injected intravenously with 0.5–1 mg of annexin A5
labeled with approximately 200 � 60 MBq of 99mTc (mean � SD).
However, in group 5 animals, M1234, a mutant form of annexin
A5, was administered. M1234 lacks binding to PS and to apoptotic
cells in the presence of physiologic calcium concentrations. The
mutant annexin A5 has defective calcium binding sites in its 4
domains because of replacements of the critical amino acids E72,
D144, E228, and D303 with the amino acids Q, N, A, and N,
respectively. The mutant was constructed by site-directed mu-
tagenesis of the complementary DNA of annexin A5, expressed in
E. coli, and purified as described previously (13).

Images in the left lateral decubitus position were obtained
immediately and at 1, 2, and 3 h after radionuclide administration
by use of a �-camera (Vertex PLUS; ADAC) equipped with a
low-energy, high-resolution, parallel-hole collimator. The images
were acquired centered on a 140-keV photopeak of 99mTc with a
symmetric 20% window and a 128 � 128 word matrix. Planar images
of whole rabbits were obtained for 15 min. The isolated aorta was
imaged for 30 min. Total serum cholesterol in representative animals
was measured colorimetrically by use of a cholesterol oxidase enzy-
matic kit (Infinity Cholesterol; Sigma Diagnostics, Inc.).

Histologic and Immunohistochemical Characterization
of Atherosclerotic Lesions

We processed representative aortic tissue specimens for his-
topathologic and immunohistochemical studies; histologic speci-
mens were collected from 2 animals in each group. In situ end
labeling also was performed for the assessment of apoptosis.
However, for the present study, we relied entirely on annexin A5
uptake as an index of the severity of the apoptotic process. As
described previously (8), one half of every aortic segment was
snap frozen. The other half was fixed with N-(2-hydroxyethyl)
piperazine-N�-(2-ethansulfonic acid)–buffered formalin (4%) and
Ca2� (2 mmol/L), dehydrated, and embedded in paraffin. Serial
4-�m-thick cross sections were cut and mounted on charged slides
(Superfrost; Fisher). Tissue sections were stained with Movat
pentachrome elastin stain and with hematoxylin and eosin. Histo-
logic specimens were analyzed on the basis of the classification
scheme of the American Heart Association (AHA) (14). AHA type
II lesions contain few layers of macrophage-derived intimal foam

TABLE 1
Classification of Study Groups

Group
(n � 6)

Duration of diet (mo)

Intervention
Imaging
agent

High
cholesterol

Normal
chow

1 4 Annexin A5
2 4 Annexin A5
3 3 1 Annexin A5
4 4 Simvastatin in mo 4 Annexin A5

5 4
Mutant
annexin A5
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cells, smooth muscle cells (SMC), and extracellular matrix; type
III lesions show focal acellular areas containing extracellular lipid
pools and are rich in proteoglycans; and type IV lesions have a
necrotic core, calcification within the deep intimal layers, and a
fibrous cap. More advanced lesion types are not observed in a
rabbit model of de-endothelialization and high-cholesterol diet.
After tissue sections were deparaffinized in xylene and treated with
0.3% hydrogen peroxide for 20 min, they were incubated in
protein-free block (Dako) for 10 min to inhibit the nonspecific
binding of primary antibody. SMC were localized with a primary
antibody against actin isotypes 	 and 
 (HHF-35 [Enzo]; 1:40
dilution; 1 h of incubation), and macrophages were identified with
RAM-11 (Dako; 1:200 dilution; overnight incubation). As de-
scribed previously (8), primary antibodies were labeled with a
biotinylated link antibody directed against mice by use of a per-
oxidase-based kit (LSAB; Dako), and immunostains were visual-
ized by use of an AEC substrate-chromogen system (Dako) and
then counterstained with Gill hematoxylin. In addition, DNA frag-
mentation was detected for the localization of apoptosis in athero-
sclerotic lesions. For this purpose, terminal deoxynucleotidyltrans-
ferase–mediated deoxyuridine triphosphate nick-end labeling was
used in accordance with the instructions in an in situ apoptosis
detection kit (TACS; Trevigen).

Statistical Analysis
The �-scintillation counts were calculated as %ID/g of tissue or

blood. Results are expressed as mean � SD. To determine the
statistical significance of differences between groups, 1-tailed
ANOVA followed by the Fisher post hoc test for multiple com-
parisons was used. Differences were considered to be significant at
P � 0.05.

RESULTS

Noninvasive Imaging of Abdominal Atherosclerotic
Lesions

The �-imaging allowed noninvasive visualization of ath-
erosclerotic lesions in the abdominal aorta; the most visible
lesions were the abdominal lesions in group 2 untreated

atherosclerotic rabbits (Fig. 1). The results were confirmed
in ex vivo images of explanted aortas (Fig. 2A). No annexin
A5 uptake was observed in group 1 control rabbits, which
had received normal chow for 4 mo, or in group 5 athero-
sclerotic rabbits, for which mutant annexin A5 was used for
nuclear imaging (nonspecific control). Only negligible an-
nexin A5 uptake was observed in the diet withdrawal (group
3) and statin therapy (group 4) groups. The total serum
cholesterol level in group 1 animals was 1.6 � 0.8 mmol/L,
and this level was increased significantly in group 2 animals
(44.1 � 9.8 mmol/L) (P � 0.001). Diet withdrawal resulted
in a significant reduction in the cholesterol level (18.6 � 9.5
mmol/L) (P � 0,001); the cholesterol level was statistically
insignificantly lower in the statin therapy group (37.5 �
10.3 mmol/L) (P was not significant).

Quantitative 99mTc-Annexin A5 Uptake
The calculated %ID/g for the uptake of annexin A5 in

aortic lesions was significantly higher in group 2 untreated
atherosclerotic animals (0.051 � 0.009; P � 0.0001) than in
other groups (Fig. 2B). The annexin A5 uptake was con-
fined to the atherosclerotic regions. The uptake was reduced
significantly in group 3, for which the diet was replaced
with a normal chow diet in the fourth month (0.03 � 0.006
%ID/g; absolute reduction of 42%; P � 0.0001), or in the
statin therapy group (group 4), for which the high-choles-
terol diet was supplemented with simvastatin for 1 mo
(0.03 � 0.006 %ID/g; absolute reduction of 41%; P �
0.0001). Annexin A5 uptake was reduced significantly in
the latter group, although the cholesterol level was not
reduced as much as in the diet withdrawal group.

Histologic and Immunohistochemical Characteristics
of Atherosclerotic Lesions

As reported earlier (8), specific annexin A5 uptake pref-
erentially occurs in advanced AHA type IV atherosclerotic
plaques; the uptake was traced to apoptotic macrophages by
dual immunohistochemical staining techniques. In the
present study, the lesions in the group 2 animals (high-
cholesterol diet) were extensive; these lesions were predom-
inantly macrophage rich, with minimal SMC content, and
showed extensive apoptosis (Fig. 3). A comparison of his-
tologic and scintigraphic data showed that uptake occurred
predominantly in AHA type IV lesions, which harbored
significant apoptosis of macrophages. The diet withdrawal
and statin therapy groups showed decreases in macrophage
populations and increases in SMC content (Fig. 4). In ad-
dition, there was a marked decrease in apoptosis.

DISCUSSION

Apoptosis occurs commonly in advanced atherosclerotic
plaques and potentially contributes to plaque vulnerability
and rupture (15). Morphologic data suggest that apoptosis
of macrophages adds to enlargement of the lipid core (15).
In addition, extensive apoptosis of macrophages occurs at
sites of plaque rupture and likely initiates events leading to

FIGURE 1. Noninvasive imaging of apoptosis with radiola-
beled annexin A5. Left lateral oblique �-images of experimental
atherosclerotic rabbit (A) and control rabbit (B) at 3 h after
injection of 99mTc-annexin A5 are shown. Uptake of annexin A5
is clearly seen in abdominal atherosclerotic lesions (A; arrows).
In contrast, uptake of radiotracer is absent in abdominal aorta of
control rabbit (B; arrows). L � liver activity; K � kidney activity;
S � splenic activity.
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rupture (4). Annexin A5 was recently used for the nonin-
vasive localization of apoptosis in atherosclerotic plaques
(8). The uptake was correlated directly with the prevalence
of apoptosis and the extent of macrophage infiltration. An-
nexin A5 uptake did not show any relationship with the
SMC content of lesions. Maximum uptake, like apoptosis,
was seen in advanced AHA type IV atherosclerotic lesions.
Apoptosis was seen almost exclusively in macrophages. In
the present investigation as well, there was significant up-
take of annexin A5 in animals with atherosclerotic lesions,
but mutant annexin A5 uptake was not observed in similarly
produced lesions, confirming the specificity of the noninva-
sive imaging strategy. Similarly, there was no uptake of
annexin A5 in normal aortas from control rabbits as well as
unaffected aortic regions in atherosclerotic rabbits.

The extent of apoptosis was markedly decreased in the
diet withdrawal and statin therapy groups, with histopatho-
logic evidence of stabilization of plaques, as represented by
decreased macrophage infiltration and increased SMC con-
tent. Whereas the stabilization of the plaque is understand-
able with a decrease in the cholesterol level in the diet
withdrawal group, the stabilization in the statin group with
a relatively small change in the cholesterol level is intrigu-
ing. The small change in the cholesterol level in the statin
therapy group was attributable to the continuation of a
high-cholesterol diet. Stabilization of plaques, reduction in
apoptosis, and lower annexin A5 uptake may be ascribed to
pleiotropic effects of statins that are independent of the
cholesterol level (16–18). Pleiotropic effects may include a
decrease in inflammation and oxidative stress in atheroscle-
rotic plaques. Statins inhibit the formation of mevalonic
acid and downstream isoprenoid products (such as gera-
nylgeranylpyrophosphate) that lead to the downregulation
of myeloperoxidase gene expression in macrophages. My-
eloperoxidase promotes the oxidation of lipoproteins (19).
The isoprenoid intermediates are used by lipids to attach to
several intracellular signaling molecules to control the ac-
tivity of signaling pathways.

The present study demonstrates that a decrease in apo-
ptosis was associated with behavioral and therapeutic inter-
ventions known to improve outcomes in coronary artery
disease. If a reduction in apoptosis is considered to be a
favorable event, it will become possible to develop strate-
gies to therapeutically target the apoptotic process. After an
acute coronary event, recurrences occur most commonly
within the next 4 wk, with a gradual decrease by 3 mo (20)
and 1 y (21). A significant decrease in the incidence of
recurrences has been demonstrated at 4 mo–1 y after the
index acute coronary event with the help of statin therapy.
Even with immediate postinfarction use of aggressive doses
of atorvastatin, the outcome curves do not separate at least
until 4 wk (20). It is logical to assume that treatment with
statins, through cholesterol-lowering and pleiotropic effects,
may take up to 4 wk to demonstrate the beneficial effect of
plaque stabilization. Given that apoptosis contributes to

FIGURE 2. 99mTc-Annexin A5 uptake within abdominal aortas
in various study groups. (A) Ex vivo images of explanted aortas
(groups 1–5) show intense annexin A5 uptake within abdominal
aortas in rabbits fed high-cholesterol diet for 4 mo (group 2);
only negligible annexin A5 uptake was seen in diet withdrawal
(group 3) and statin therapy (group 4) groups. No annexin A5
uptake was observed in control rabbits receiving normal chow
diet for 4 mo (group 1) or in rabbits receiving high-cholesterol
diet for 4 mo and imaged with mutant annexin A5 (group 5). (B)
Bar graphs show quantitative 99mTc-annexin A5 uptake within
abdominal aortas in various study groups, represented as
mean � SD %ID/g; annexin A5 uptake corresponds to ex vivo
images in A. Maximum 99mTc-annexin A5 uptake (%ID/g) was
seen in group 2 animals (P � 0.0001) compared with group 1
animals (controls). Uptake was significantly lower in diet with-
drawal and statin therapy groups than in group 2 animals. No
significant difference was observed between animals in diet
withdrawal group and animals in statin therapy group or be-
tween animals in group 1 (controls) and animals imaged with
mutant annexin A5 (group 5) (P was not significant [NS]). Quan-
titative results confirmed ex vivo imaging observations.
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plaque vulnerability, manipulation of apoptosis in athero-
sclerotic plaques may be of clinical value. It may be worth-
while to evaluate the beneficial effects of caspase inhibitors for
containing apoptosis. Such a strategy may have amplified
impact because caspase inhibitors significantly delay direct
myocardial damage associated with ischemic insult (22).

CONCLUSION

This assessment confirmed that a decrease in the apopto-
sis of inflammatory cells occurs in parallel with favorable

alterations in atherosclerotic plaques. In other words, the
prevention of apoptosis also should fall within the spectrum
of plaque stabilization and should be considered a favorable
histologic change. This study confirms the feasibility of the
use of annexin A5 for imaging of atherosclerotic lesions and
for serial imaging to demonstrate interval changes in the
incidence of apoptosis with therapeutic interventions. This
study also demonstrates that statin therapy may result in
plaque alterations disproportionately greater than expected
from a decrease in serum cholesterol content.

FIGURE 3. Histologic and immunohistochemical characteristics of atherosclerotic lesions. Photomicrographs of abdominal
atherosclerotic lesions from untreated atherosclerotic animal of group 2 are shown. (A) Movat pentachrome stain (�100) demon-
strates AHA type IV lesion with well-formed necrotic core in neointimal region. (B) Staining with antibody specific for macrophages
(CD68; RAM-11) (�100) shows widespread presence of macrophage infiltration in neointima. (C) Staining with antibody against
actin isotypes 	 and 
 (HHF-35) to identify SMC (�100) shows absence of SMC in neointima. SMC staining is visible only in normal
medial layer of atherosclerotic vessel. (D) DNA fragmentation staining (blue–black nuclei; arrow) by in situ end labeling and methyl
green counterstaining (blue–green nuclei) (�200) demonstrate extensive apoptosis of macrophages.

FIGURE 4. Stabilization of atherosclerotic lesions in diet withdrawal and statin therapy groups. Increased SMC content,
decreased macrophage populations, and decreased apoptosis were observed after diet withdrawal (A–D) and statin therapy (E–H).
Micrographs of cross sections of abdominal aortas stained with Movat pentachrome (A and E), HHF-35 (B and F), and RAM-11 (C
and G) (�30) and micrographs after DNA fragmentation staining by in situ end labeling (ISEL) (�200) (D and H) are shown.
Decreased macrophage populations (C and G), increased SMC content (B and F), and decreased apoptosis (D and H) represent
histologic evidence of stabilization of plaques.
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