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Abstract
Vascular remodeling and atheromatous lesion formation are determined in part by the balance
between apoptosis and survival of vascular smooth muscle cells (VSMCs). In the chronic stages,
apoptosis of VSMCs in the atherosclerotic plaques contributes to the weakening and potential rupture
of the plaque causing pathologies such as acute coronary syndrome. The higher incidence of apoptosis
in the plaques of symptomatic than in asymptomatic patients has been demonstrated, but the
expression of survival proteins, including the inhibitor of apoptosis proteins (IAPs), has not been
thoroughly examined. The aim of this study was to investigate the immunohistochemical expression
of cellular inhibitor of apoptosis protein-2 (cIAP2), x-linked inhibitor of apoptosis protein (XIAP),
and survivin in normal carotid arteries, and carotid endarterectomy specimens of symptomatic and
asymptomatic patients with carotid stenosis. The results demonstrated stronger immunopositivity to
smooth muscle myosin heavy chain antigen (SM-MHC) (sm2), proliferating cell nuclear antigen
(PCNA), and p50 subunit of NF-κβ in the asymptomatic plaques than in symptomatic plaques.
Furthermore, there was higher expression of cIAP2, XIAP, and survivin in the symptomatic than in
the asymptomatic plaques and this paralleled caspase-3 expression. The increased expression of IAPs
in symptomatic plaques could be due to endogenous defense mechanism to protect against the pro-
apoptotic effect of the inflammatory stimuli that are released in the plaques. This could be involved
in the stabilization of symptomatic atheromatous plaques and may prove a potential therapeutic
target.
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INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death in developed and underdeveloped
nations, stroke being the third leading cause of death after ischemic heart disease and cancer.
The morbidity of stroke can be devastating with 30% of patients dying within a year of having
a stroke and 50% left permanently disabled. (Warlow et al., 2001). Time of diagnosis and
increased risk of stroke are directly proportional with 5.5% within 48 hours, 8% within a week,
11–14% in 30 days, and 17–20% in 3 months (Warlow et al., 2001). In the cases of transient
ischemic attacks, current diagnostic guidelines recommend carotid imaging for diagnostic
confirmation and if indicated carotid endarterectomy is performed (Louridas and Junaid,
2005). Asymptomatic carotid artery stenosis is usually detected by auscultation of the carotid
arteries and hearing bruits or accidentally during ultrasound of the neck. Among patients with
carotid bruit, only 35% have significant lesions with 70% to 90% occlusion. Among patients
with significant hemodynamic carotid stenosis, a bruit has been noted only in 50% cases during
physical examination. Asymptomatic patients are characterized by significant stenosis of ≥60%
with no symptoms and the defined criteria exclude patients who have suffered ipsilateral
cerebrovascular events, vertebrobasilar distribution events, or contralateral symptoms within
the previous 45 days (Biller et al., 1998). While carotid endarterectomy is the most common
procedure to prevent stroke, recent studies suggest that carotid artery stenting is less invasive
and better treatment for patients with high-risk stenosis (Yadav et al., 2004). Nevertheless,
careful examination of carotid endarterectomy specimens provide invaluable snapshot into the
cellular and molecular events leading to plaque rupture.

In the advanced stages of the atheroma, inflammation and apoptosis of the vascular smooth
muscle cell (VSMCs) in the fibrous cap or shoulder region contributes to weakening and
inevitable rupture of the plaque (Dhume and Agrawal, 2003; Dhume et al., 2003; Mitra and
Agrawal, 2004). We have previously reported a higher number of CD68+ cells in the fibrous
cap region in symptomatic than in asymptomatic plaques and that there was an increase in
inflammatory cytokines, such as IL-12 and IFN-γ, released by these cells that can induce VSMC
apoptosis (Dhume et al., 2004; Jia et al., 2006). Although the increased expression of Bcl-2, a
member of the anti-apoptotic protein family, has been demonstrated in asymptomatic carotid
plaques than in the symptomatic plaques (Artese et al., 2005; Dhume and Agrawal, 2006), the
role of survival proteins such as the inhibitor of apoptosis protein (IAPs) in carotid plaques has
not been evaluated.

The IAPs are upregulated in response to cellular compromise and are involved in binding to
and inhibiting activity of effector caspases 3, 7 and 9, thereby preventing or inhibiting
apoptosis. Here, we hypothesized that with an increase in inflammation in the rupture-
vulnerable symptomatic plaques; there would be increased expression of IAPs. The findings
from this study provide insight into the expression of cIAP2, XIAP and survivin in normal
carotid artery and in the atherosclerotic plaques of symptomatic and asymptomatic patients
with carotid stenosis.

MATERIALS AND METHODS
Carotid Endarterectomy Specimens

Surgical specimens of human atherosclerotic plaques (8 plaques from asymptomatic patients,
71.0 ± 1.7 yr with 3 female, and 8 plaques from symptomatic patients, 77.0 ± 4.1 yr with 4
female) were obtained from patients undergoing carotid endarterectomy procedures. Two
normal carotid arteries were collected from Nebraska Organ Retrieval System. The
Institutional Review Board of Creighton University approved the research protocol and
informed consent was obtained from the patients. The carotid endarterectomy specimens were
categorized as either symptomatic or asymptomatic according to patients’ history and clinical
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examination. Symptoms included hemispheric transient ischemic attacks, amaurosis fugax or
stroke. Carotid endarterectomy samples were collected and transported to the lab in the
University of Wisconsin (UW) solution and maintained at 4°C. This solution has been proved
to maintain the functional and morphological integrity of the vascular specimen for at least 24
hours (Abebe et al., 1993). Each specimen was transversely sectioned at 2 mm intervals and
embedded separately into optimum cutting temperature (OCT), then frozen and stored at −80°
C. Thin sections (6 μm) were cut using a cryostat and sections were mounted on
electrostatically-coated slides and stored at −80°C before staining.

Plaque Evaluation
One section of each specimen was stained with hematoxylin-eosin and evaluated to define
regions of the plaque. The dense staining of eosin differentiated the fibrous cap region and base
from the necrotic core. The plaque regions were differentiated and categorized as follows: the
fibrous cap (FC), necrotic core (NC), shoulder region of the plaque (S), and the base of the
lesion (B) (Figure 1, g–i).

Immunohistochemistry
Frozen sections were allowed to dry, fixed and permeabilized in acetone before staining with
peroxidase-conjugated reagents. The detection of immunohistochemical staining with
Vectastain ABC reagents (Vector Laboratories, Burlingame, CA) was used. Following acetone
treatment, sections were washed with phosphate-buffered saline, incubated with the relevant
primary antibody overnight at 4°. Subsequently, the sections were labeled with biotinylated
horse-anti-primary antibody (Vector Laboratories) for 1 hour followed by incubation with
avidin:biotinylated-peroxidase complex (Vector Laboratories) for 30 minutes.
Immunoreactivity was detected with diaminobenzidine/hydrogen peroxide for 4–8 minutes
and a hematoxylin nuclear counterstain.

RESULTS
Morphology and Identification of VSMCs

VSMCs from normal carotid arteries, symptomatic and asymptomatic plaque samples were
characterized by their positive immunoreactivity to smooth muscle myosin heavy chain (SM-
MHC) (sm2) and smooth muscle (SM)-α-actin and were localized to the media and adventitia
of the normal carotid. (Figure 1a, d). The distribution of VSMCs was detected in the necrotic
core of both symptomatic and asymptomatic plaques; however, there was a greater
preponderance of the smooth muscle cells in the asymptomatic plaques as compared to the
symptomatic counterparts (Figure 1b–c). The positive immunoreactivity to sm2 and SM-α-
actin was detected in the fibrous cap, necrotic core, the base and surrounding adventitia (Figures
1e–f). While, SM-α-actin was detected in the necrotic core of both symptomatic and
asymptomatic plaques, sm2 antibody for SM-MHC showed greater immunopositivity in the
asymptomatic than in the symptomatic plaque (Figures 1b–c and e–f).

Expression of Inflammatory Proteins in Symptomatic and Asymptomatic Plaques
Immunoreactivity to the NF-κβ regulatory p50 subunit (Figure 2c) was detected in the fibrous
cap and necrotic core of asymptomatic plaques while a diffuse punctate immunopositivity was
observed in the symptomatic plaques (Figure 2b). There was no immunopositivity to NF-κβ
in the normal carotid artery (Figure 2a). Although there was no expression of caspase-3 in the
normal carotid artery, greater expression of caspase-3 was observed in the fibrous cap and
necrotic core of the symptomatic plaques as compared to the asymptomatic plaques (Figure
2e–f). The marker of proliferation, proliferating cell nuclear antigen (PCNA), was highly
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expressed in the fibrous cap, necrotic core and base of the asymptomatic plaque than the
symptomatic plaques (Figure 2h–i).

Expression of IAPs in symptomatic and asymptomatic plaques
Immunohistochemical analysis of cIAP revealed a basal expression in normal carotid artery
(Figure 3a). There was increased cIAP2 expression in the fibrous cap, shoulder region and base
of the symptomatic plaques when compared to the asymptomatic plaques (Figures 3b–c, e–f).
XIAP (Figure 3d) and survivin (Figure 3g) did not show any immunoreactivity in the normal
carotid arteries. However, there was an enhanced expression of both proteins in the fibrous cap
region of the symptomatic carotid plaque when compared to the asymptomatic carotid plaque
(Figure 3e–f, h–i). XIAP expressed punctate areas of immunoreactivity in the asymptomatic
plaque. Survivin showed minor immunoreactivity in the necrotic core of the asymptomatic
plaque (Figure 3i).

DISCUSSION
It has been suggested that vascular remodeling and lesion formation are determined in part by
the balance between apoptosis and proliferation or survival of VSMCs (Cho et al., 1997).
Disruption of this balance in the fibrous cap or shoulder region of the lesion could lead to an
increase in apoptosis and subsequent plaque rupture (Cho et al., 1997). Apoptosis is a pivotal
regulator of cell number in the vessel wall. In the early pathogenesis, migration and
proliferation of the VSMCs into the intima lead to the thickening of the fibrous cap, which
stabilizes the atheroma. However, the thinning of the fibrous cap, inflammatory infiltration
into the fibrous cap and shoulder regions, ulceration and rupture are characteristics of
symptomatic plaques and are attributed to apoptosis of the VSMCs (Dhume and Agrawal,
2003; Morioka et al., 2004).

Three major parameters in atheromatous plaques were evaluated in this study: inflammation,
proliferation, and apoptosis. Inflammatory processes mark all stages of atheroma development
and progression. NF-κβ is a major transcription factor that regulates various aspects of
inflammatory responses; however, it is also involved in the regulation of many inflammatory
genes, and proliferation, migration and apoptosis of the cells. NF-κβ signaling has been
reported to be involved in all stages of the pathogenesis of atheromas (de Winther et al.,
2005). In our study we used NF-κβ (p50 subunit) as an indicator of inflammatory events in
atheromatous carotid plaques obtained from patients undergoing carotid endarterectomy.
Interestingly, expression of p50 NF-κβ was found to be stronger in asymptomatic than in
symptomatic plaques. The more dense areas of immunoreactivity were localized to the fibrous
cap and the necrotic core. This suggests that NF-κβ could be upregulated in response to VSMCs
proliferation due to mitogen and cytokine activation.

There is a direct correlation between the thickness and stability of the plaque where the
thickness of the fibrous cap is significantly greater in the asymptomatic plaques than in
symptomatic plaques (Dhume et al., 2003; Mitra and Agrawal, 2004). In the development of
the atheroma, activated VSMCs will rapidly migrate to and proliferate in the intima of the
vessel. Increased immunoreactivity to PCNA has been reported in the intima of the carotid
plaque when compared to the media (Gordon et al., 1990). We, therefore, assessed the
expression of proliferating cell nuclear antigen (PCNA) and found a greater expression in the
fibrous cap and necrotic core of the asymptomatic plaque when compared to the symptomatic
plaque. The pronounced expression of NF-κβ correlated with the enhanced expression of
PCNA.

The enhanced proliferation can be attributed by an increased mitogenic expression present in
the atheroma. Insulin-like growth factor-1 (IGF-1) is a 70-amino acid peptide that mediates
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most of its biological effects through the IGF-1 receptor (IGF-1R), which is involved in
differentiation, cell-cycle regulation, cell proliferation and apoptosis inhibition (Rose et al.,
2004). We have previously reported that IGF-1 plays a major role in the survival of VSMCs
(Balaram et al., 1997; Allen et al., 2005a, b). An increased sensitivity to IGF-1Rα could induce
migration and proliferation of VSMCs in the fibrous cap of the asymptomatic plaque and
contribute to the stability of atherosclerotic lesions. An increase in inflammation with the
infiltration of macrophages in the plaques of symptomatic as compared to asymptomatic
subjects would have an increased presence of inflammatory cytokines that may decrease the
density and/or affinity of IGF-1Rα. We have previously shown a decrease in immunoreactivity
to IGF-1Rα in the necrotic core, fibrous cap and base of the lesion in the symptomatic plaque
(Jia et al., 2006). A decreased response to IGF-1 and an increase in inflammatory mediators
released by macrophages would shift the balance of the VSMC survival versus apoptosis
resulting into plaque instability.

Activation of caspase-3, which is involved in the execution phase of apoptosis, can occur
through two pathways. The extrinsic pathway is triggered by the binding of ligands of TNF
superfamily and receptor binding, such as the Fas/CD95 receptor (Chaudhari et al., 2006). The
intrinsic pathway is caused by insults that induce the release of cytochrome c from mitochondria
with further activation of caspase-9 through the interaction with Apaf-1 (Chaudhari et al.,
2006). Since both pathways converge on caspase-3, it is considered the main effector caspase
during apoptotic events. During apoptosis there is increased release of IAPs which could be
problematic for the patient due to the weakening of the fibrous cap leading to plaque rupture.
In this study procaspase/caspase-3 positive staining showed increased density in the fibrous
cap and necrotic core in the symptomatic plaque as compared to the cells of the fibrous cap
and necrotic core in the asymptomatic plaque, which displayed punctate areas of reactivity.
Their upregulation is most likely due to the increased number of inflammatory cells present in
the symptomatic plaque. This could be supported by our previous report where we found a
significant increase in the expression of CD68+ positive macrophages in the symptomatic
plaque, with the greatest expression in the fibrous cap, necrotic core and base of the lesion
(Dhume et al., 2003). Hutter and colleagues (2004) noted the co-localization of active caspase-3
and macrophages in carotid and coronary atherosclerotic plaques. Also, administration of
caspase-3 inhibitor in vivo in hyperlipidemic mice decreased the expression of both caspase-3
activity and number of macrophages (Hutter et al., 2004). This suggests that macrophages are
attracted to the site in response to increased caspase activity and apoptosis of cells. This makes
sense since macrophages are not only capable of releasing several cytokines and inflammatory
mediators such as IL-18 and IFN-γ that contribute to the overall pathogenesis of the plaques
(Mitra and Agrawal, 2004; Jia et al., 2006), but they are also primary phagocytic cells to engulf
apoptotic bodies.

Other factors that contribute to the balance between apoptosis and proliferation or survival are
the survival proteins. The expression of anti-apoptotic Bcl-2 family of proteins, including Bcl-2
and Bcl-xL, is increased in the asymptomatic carotid plaque than in the symptomatic plaques
(Dhume and Agrawal, 2006). IAPs, such as cIAP2, XIAP and survivin, can bind to and inhibit
the enzymatically active caspase-3, 7 and 9 (Roy et al., 1997, Deveraux et al., 1997, Ambrosini
et al., 1997). The cIAP1/2, XIAP, and survivin are expressed in VSMCs of the atheroma
(Simosa et al., 2005, von Wnuck et al., 2006, Li et al., 2005). It is, however, uncertain as to
how IAP expression may respond to inflammatory cytokines and mitogens in atheromatous
VSMCs. In this study the increased expression of the IAPs in the symptomatic carotid plaque
paralleled caspase-3 expression. Our results indicate an increased expression of the IAPs in
the symptomatic carotid plaque when compared to the asymptomatic. This could be contributed
to an increase in inflammatory cytokines released by macrophages in the symptomatic plaque.
In response to the apoptotic stimuli there is an activation of the caspases and this could result
in subsequent upregulation of the IAPs. An increase in inflammation is necessary for
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upregulation of IAP expression as indicated by the lack of expression in the normal carotid
arteries and the increased expression of caspase 3. An increase in apoptosis and apoptotic
signaling may have an effect on the activity of IAP expression, leading to sustained survival
of the VSMCs.

In summary, we for the first time report higher expression of cIAP2, XIAP, and survivin in
symptomatic than in asymptomatic plaques of patients with carotid stenosis. The increased
expression of IAPs paralleled with caspase-3. Since apoptosis of VSMCs has been reported in
atheromatous plaques of symptomatic patients with carotid stenosis contributing to the rupture
of the plaque, the increased expression of IAPs in symptomatic plaques could be a defense
mechanism to stabilize plaque and prevent acute coronary events such as stroke. Additional
studies are warranted to further define the role of IAPs in plaque stability.
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Figure 1.
Immunohistochemistry to Smooth muscle myosin heavy chain (SM-MHC; SM2) (a–c),
smooth muscle (SM)- α-Actin (d–f), and hematoxylin-eosin staining (g–i) in normal carotid
artery, symptomatic carotid plaque, and the asymptomatic carotid plaque. Various regions in
the cross section of a normal carotid artery are shown as the endothelium (E), the intima (I),
the internal elastic lamina (IEL), the media (M), the adventitia (A). In the symptomatic and
asymptomatic carotid plaques (h and i, respectively), regions are shown as the fibrous cap
(FC), necrotic core (NC), shoulder region of the plaques (S), base of the lesion (B) and the
lumen of the vessel (L). These results are representative of 2 normal carotid arteries, 8
symptomatic and 8 asymptomatic plaques (magnification 10x).
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Figure 2.
Representative cross sections (magnification 10x) of normal carotid artery and carotid
endarterectomy plaques. Figure 2c shows stronger immunoreactivity to p50 NF-κβ, as shown
by arrows, in asymptomatic plaques when compared to symptomatic plaques (Figure 2b).
Immunostaining to caspase-3 (2d–f) showed strong reactivity in the symptomatic carotid
plaque, as shown by arrows (Figure 2e), but not in the asymptomatic carotid plaque and no
staining in the normal carotid. Immunostaining to PCNA (2g–i) shows stronger reactivity in
the asymptomatic carotid plaque, as shown by arrows, than the symptomatic plaque with no
staining in the normal carotid vessel. These results are representative of 2 normal carotid
arteries, 8 symptomatic and 8 asymptomatic plaques.
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Figure 3.
Representative cross sections (magnification 10x) of normal carotid artery and carotid
endarterectomy plaques. In Figure 3a–c, immunoreactivity to cIAP-2 shows ubiquitous
staining in the normal artery with an increased immunoreactivity in the symptomatic carotid
plaque, as shown by arrows, when compared to the asymptomatic carotid plaque. In Figure
3d–f, immunoreactivity to XIAP shows stronger reactivity in the symptomatic carotid plaque,
as shown by arrows, than the asymptomatic plaque with no staining in the normal carotid artery.
In Figure 3g–i, immunoreactivity to survivin shows stronger reactivity in symptomatic plaques,
as shown by arrows, when compared to asymptomatic plaques with no expression in the normal
carotid artery. These results are representative of 2 normal carotid arteries, 8 symptomatic and
8 asymptomatic plaques.
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