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Purpose of review

The present review is to summarize recent advances in molecular mechanisms that
regulate vascular smooth muscle cell apoptosis during vascular remodeling. In normal
blood vessels apoptosis counteracts cell division, whereas apoptosis is especially
crucial for regulating vascular remodeling during cardiovascular diseases.

Recent findings

Recent results have expanded our knowledge regarding the signaling pathways and
molecules that regulate vascular smooth muscle cell death in postnatal vascular
remodeling. Compelling data from genetic disorders associated with vascular smooth

254 muscle cell loss (e.g., Hutchinson—Gilford progeria syndrome) and experimental
studies suggest that changes in hemodynamic and mechanical forces are major
modulators for vascular smooth muscle cell apoptosis. Furthermore, understanding the
therapeutic effects of antihypertensive drugs related to apoptosis may identify pathways
that can improve outcomes independent of the blood pressure fall.

Summary

Regulation of vascular smooth muscle cell apoptosis is a potential target to modify
pathological vascular remodeling and new drugs development.
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Introduction

For more than two decades apoptosis of vascular smooth
muscle cells (VSMCs) has been an attractive topic for
research. It may be particularly important during adap-
tation of the artery to various factors, a process we will
term ‘vascular remodeling’. Regulation of apoptosis is
especially critical during development of the cardiovas-
cular system (detailed recent reviews [1,2]). In normal
blood vessels, apoptosis counteracts cell division and
plays an important role in postnatal vascular remodeling
[3,4]. Apoptosis is especially crucial for regulating vas-
cular wall adaptations during cardiovascular diseases,
such as hypertension, restenosis, aneurysms, and athero-
sclerosis [5—8]. The main aim of this review is to sum-
marize recent advances in molecular mechanisms that
regulate VSMC apoptosis during vascular remodeling.
Mechanisms that involve cytokine-mediated inflamma-
tory cell death are beyond the scope of this review, so we
refer readers to recent reviews [9,10]. In addition to new
insights regarding the role of apoptosis in vascular remo-
deling, we will include discussion of recent findings of
human genetic disorders associated with VSMC loss, for
example, Hutchinson—Gilford progeria syndrome [11].
We will also discuss the role of hemodynamic factors in
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VSMC apoptosis during remodeling in adulthood.
Finally, we will discuss the roles for VSMC apoptosis
in the therapeutic effects of antihypertensive agents,
independent of blood pressure.

Pathways involved in apoptosis of vascular
smooth muscle cells during vascular
remodeling

Apoptosis of vascular cells occurs in response to injury
and plays a key role in arterial remodeling. Recent
literature has reviewed the role of apoptosis in the com-
plications of atherosclerosis, so that we refer readers to
recent reviews [2,12]. In Table 1, we list the proapoptotic
and antiapoptotic pathways in VSMCs that have been
implicated in vascular remodeling. 'The importance of the
balance between proapoptotic and antiapoptotic pathways
for vascular complications has been shown recently [13°].
In particular, asymptomatic atherosclerotic plaques were
characterized by decreased expression of antiapoptotic
proteins (cIAP2, xIAP, survivin) and higher smooth muscle
myosin heavy chain (SM-MHC), proliferating cell nuclear
antigen (PCNA), and p50 subunit of nuclear factor-kB
(NF-kB) compared with symptomatic plaques. These
findings are in agreement with previous observations that
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Table 1 Regulation of VSMC apoptosis in vascular remodeling

Proapoptotic Antiapoptotic

Ligands/inductors
Fas/FasL Inhibitory apoptosis proteins
(IAP2, xIAP, survivin, mortalin)

ox-LDL

Omega-3 fatty acid derivatives

Cytokines (IL-1B, IFN-y, Cytokines (MIF)

TNF-o, TRAIL)
Chemokines (SDF-1q,
MCP-1)
Hormones (Ang II, ET-1, Hormones (estrogens)
aldosterone)
Growth factors (TGF-B) Growth factors (IGF-1, Gas6)
PAI-1
ROS
MMP-2,9
NO
Signaling molecules
p38, p53 p27, p21
PKC-3 PI3K
JNK1/2 Akt
bax ERK1/2
PPAR-a bcl-xL
CREB, NF-kB

Ang I, angiotensin Il; CREB, cyclic AMP-response element binding;
ERK1/2, extracellular signal-regulated kinase 1/2; ET-1, endothelin-1;
IGF-1, insulin-like growth factor-1; IL-1B, interleukin-13; IFN-y, interferon
v; JNK1/2 c-jun kinase 1/2; MCP-1, monocyte chemotactic protein-1;
MIF, macrophage migration inhibitory factor; MMP, metalloproteinase;
NF-kB, nuclear factor-kB; NO, nitric oxide; ox-LDL, oxidized LDL; PAI-1,
plasminogen activator inhibitor 1; PPAR-a, peroxisome proliferator-acti-
vated receptor-o; PKC-3, protein kinase C-8; ROS, reactive oxygen
species; SDF-1a, stromal cell derived factor-1a; TGF-B, transforming
growth factor-$3; TNF-o,, tumor necrosis factor-a; TRAIL, tumor necrosis
factor-related apoptosis-inducing ligand.

constrictive remodeling of atherosclerotic coronary artery
was associated with increased apoptosis of intimal cells
[14].

Physiological VSMC apoptosis occurs in settings such as
the uterus when uterine spiral arteries remodel from high
to low resistance vessels during the first trimester of
pregnancy. Novel insights showed roles for invading
trophoblasts from the growing fetus that contribute to
VSMC loss in spiral artery remodeling [15,16°°]. Keogh
et al. [16°°] showed that the cytokine tumor necrosis
factor-related  apoptosis-inducing ligand (TRAIL)
derived from trophoblasts induced VSMC apoptosis
via its receptors (TRAIL-R1 and TRAIL-R2) in normal
adult human arteries during pregnancy. In addition,
invading trophoblasts triggered release of soluble Fas
ligand (FasL) that contributed to VSMC apoptosis during
pregnancy [15]. These data suggested paracrine and
autocrine mechanisms of VSMC apoptosis in physiologi-
cal remodeling during pregnancy.

The importance of the extracellular environment in
triggering VSMC death was investigated recently. It
was shown [17] that collagen fragments released by
metalloproteinases (MMPs) might propagate VSMC

apoptosis via calpain-mediated inactivation of the anti-
apoptotic proteins xIAP. In contrast, VSMCs exposed to
degraded collagen were protected from apoptosis by a
mechanism involving avp3 integrin-dependent NF-kB
activation with consequent activation of IAPs (xIAP,
clAP2, survivin). Both processes appear important for
vascular remodeling [18]. Two recent reviews suggest
that MMPs are important in the responsiveness of VSMC
to proapoptotic stimuli, especially with age [19,20]. Thus,
the extracellular matrix is critical for VSMC apoptosis.

Several mediators implicated in vascular remodeling
affect VSMC survival. Increases in endogenous hydrogen
sulfide (H,S) via overexpression of the cystathionine
v-lyase (a key enzyme in the trans-sulfuration pathway)
resulted in VSMC apoptosis that increased extracellular
signal-regulated kinase (ERK) and p38 mitogen-acti-
vated protein kinase (MAPK) activity, upregulated p21
and downregulated cyclin D1 expression [21]. Muscle
LIM protein (MLP) is another novel proapoptotic mol-
ecule that plays an important role in vascular remodeling
in response to injury [22]. A20, a NF-kB-dependent gene,
was shown to have dual roles in regulation of neointima
formation and transplant vasculopathy: antiapoptotic and
antinecrotic effects on endothelial cells, anti-inflamma-
tory and antiproliferative (increases in p21™*! and
p27%PYy of medial VSMC, and sensitizing neointimal
VSMC to apoptosis via a nitric-oxide-synthase-depen-
dent mechanism [23,24]. Contrary to the proapoptotic
pathways discussed above, we found that cyclophilin A is
secreted by a vesicular pathway in VSMCs and may
regulate VSMC growth and death by altering the inflam-
matory response during vascular remodeling [25]
(K. Satoh, B. Berk, unpublished data). Finally, MDM2,
a novel mineralocorticoid-responsive gene shown to
promote both survival and proliferation of VSMC has
been implicated in aldosterone-dependent vascular
remodeling [26].

Proapoptotic properties of VSMCs in vascular pathology
may be explained by cell monoclonality [27]. Recent data
from a graft rejection model showed that binding of anti-
MHC I to the VSMCs of the donor exerts a biphasic effect:
a transient production of growth factors that promote the
proliferation of VSMCs of the recipients, and apoptosis of
VSMGCs of the donor, resulting in the shrinkage of the
media in rats [28]. Importantly, a recent study by Clarke
et al. [29] suggested that apoptosis is ‘silent’ in normal
arteries, without significant vascular pathology despite a
70% loss in VSMC in transgenic mice expressing human
diphtheria toxin receptor (hD'TR). When crossed onto the
ApoE ™"~ background, increased apoptosis in SM22a-
hDTR ApoE’/’ mice, however, enhanced atherosclerosis
by thinning of the fibrous cap, loss of collagen and matrix,
and intimal inflammation [29]. Thus, VSMC apoptosis
during vascular remodeling is determined by factors such
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as oxidative stress, inflammation, and the extracellular
matrix environment.

Genetic disorders associated with vascular
cell death

Several human genetic diseases are characterized by
abnormal VSMC apoptosis, including Marfan’s and
Hutchinson-Gilford progeria syndromes. Even though
most genetic disorders are monogenic, they provide
insights into the most important molecular mechanisms
of the postnatal physiological VSMC death. Recent find-
ings in aortic aneurysm associated with Marfan’s syn-
dromes suggested that increased VSMC apoptosis is
associated with overexpression of transforming growth
factor (TGF)-B and alteration of hyaluronan synthesis
[30]. The increased hyaluronan synthesis limited
migration and survival of VSMC. In addition, Hutchin-
son—Gilford progeria syndrome, a rare disorder of accel-
erated aging leading to cardiovascular mortality, is associ-
ated with VSMC apoptosis (see review by Nabel ¢ a/.
[31°]). Recently, a mouse model of 608G mutation of the
human /amin A gene exhibited massive VSMC apoptosis
and several features of progeria [11]. Interestingly, despite
ubiquitous expression of /amin A gene in the transgenic
mouse, progeria phenotypes were limited to the VSMC in
large arteries. One explanation is that higher hemody-
namic forces (pressure and shear stress) are critical for
lamin-A-dependent VSMC death.

Hemodynamic effects on vascular smooth
muscle cell apoptosis during vascular
remodeling

Hemodynamic factors play an important role in vascular
remodeling of conduit arteries [32°]. Reduced blood flow
(~70%) was a very powerful inducer of VSMC apoptosis
within 2—4 days that resulted in inward remodeling of
rabbit carotid arteries [33]. Cessation of blood flow in the
carotid artery also resulted in VSMC apoptosis in mice [34].
Both high and low levels of blood flow significantly
increased apoptosis in the medial layer of rat mesenteric
resistance arteries [35]. Genetic inhibition of proapoptotic
molecules increased intima formation in response to flow.
First, the Fasl.-deficient mouse that lacks the proapoptotic
Fas ligand exhibited increased intima formation after flow
cessation [36]. Second, the neurotrophin receptor p75NTIR
deficient mouse exhibited increased intima associated
with decreased apoptosis [37]. Third, catecholamines also
contribute to flow-induced vascular remodeling, as dopa-
mine B-hydroxylase ”~ mice exhibited a reduction in
proliferation in high flow and reduced apoptosis and
inflammation in low flow carotids [38]. In contrast, inter-
fering with antiapoptotic pathways decreased intima for-
mation in response to low blood flow. Our group discovered
that Axl, a receptor tyrosine kinase, plays a significant role
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in vascular remodeling in response to mechanical and
hemodynamic stimuli [39-41]. Our findings suggest that
autocrine prosurvival pathways (e.g., Gas6/Ax]) with Akt as
a downstream target are very important for intima—media
thickening [41]. Similarly, decreases in neointima prolifer-
ation, constrictive vascular remodeling and increased apo-
ptosis were associated with decreased Akt and endothelial
nitric oxide synthetase (eNOS) activities in aged rats after
balloon injury [42]. We also found that expression of the
cytokines interleukin 18 (IL-18) and macrophage
migration inhibitory factor (MIF) in carotids correlated
with intima—media formation and decreased intimal apop-
tosis in response to low flow in the SJL inbred mouse strain
[43]. Among the key modulators of VSMC apoptosis are
cytokines (Table 1). Previously, a key role for MIF was
demonstrated by treatment of atherosclerosis-susceptible
LDLR ™/~ mice with a neutralizing MIF antibody that
significantly reduced neointima formation, inflammation,
and proliferation in the aorta [44]. A recent review, how-
ever, demonstrates the complexity of chemokine inter-
actions during vascular remodeling in a vascular-disease-
dependent manner [45].

The molecular mechanisms of mechanical stretch on
VSMC s in vascular remodeling were recently discussed
[46]. With respect to the pathways listed in Table 1,
new experiments show that pressure significantly
increased Fas and Fasl. in VSMCs and increased apoptosis
in a nitric-oxide-dependent manner [47]. Hedgehog sig-
naling was diminished by biomechanical stimulation (pul-
satile flow) iz vitro and in vivo via decreases in proliferation
and increases in apoptosis [48°]. Calpain counteracted p53
expression and transcription activity in mechanically
induced VSMC apoptosis [49°]. Finally, mechanical
stretch suppressed oxidized (ox)-LLDL.-mediated apopto-
sis of VSMC via upregulation of the av3 integrin expres-
sion and stabilization of PINCH-1 [50°°].

Implication of vascular smooth muscle cells
apoptosis in therapeutic effects of
antihypertensive drugs

Therapeutic apoptosis in the cardiovascular system of
spontaneously hypertensive rats (SHR) is characterized
by a rapid and transient onset following initiation of anti-
hypertensive treatment [51]. Increased apoptosis in major
organs was evident in SHR and hypertensive mice as well
as in cultured VSMCs [6]. Hamet ez a/. [52] proposed a
concept of elongated time of ‘apoptotic window’ that
precedes or parallels the hyperplasia during hypertensive
remodeling. They showed that three major classes of
antihypertensive drugs (ATR blockers, angiotensin-con-
verting enzyme inhibitors, and calcium channel blockers)
significantly induced VSMC apoptosis compared with
B-blockers or diuretics in SHR [53]. This result could
be due to an increased bax/bcl-2 ratio, and activation of
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caspase-3-dependent VSMC death in the early phase of
vascular remodeling in response to ATy blockade [54,55].
A hypothesis that susceptibility of the VSMC for thera-
peutic apoptosis is due to a ‘cell subpopulation’ is fairly
convincing for hypertension but requires further confir-
mation in other vascular pathologies [52]. Much effort has
been expended to elucidate mechanisms and therapeutic
possibilities of VSMC apoptosis in pulmonary hyperten-
sion (see detailed review [56]). Inducers of pulmonary
hypertension enhance antiapoptotic dc/-x(l.) gene tran-
scription via GATA-4 transcription factor in VSMC
[57°]. Increases in antiapoptotic factors may also contribute
to pathophysiologic vascular homeostasis in diabetes.
Recent data showed that antiapoptotic bcl-2 was upregu-
lated in VSMC of diabetes patients, which may explain
their resistance to apoptosis and altered vascular remodel-
ing [58]. Nevertheless, stimulators of nuclear receptor
peroxisome proliferator-activated receptor-y (PPAR-y;
e.g. pioglitazone) increased apoptosis via phosphorylation
of Smad2 in VSMC from nondiabetes and diabetes
patients [59°°]. Finally, our recent findings in a mouse
model of deoxycorticosterone acetate salt hypertension
suggest that inhibition of autocrine prosurvival pathways
(e.g., Gas6/Axl) with Akt, as a downstream target, in the
arteries and not kidneys may be a novel concept for
antihypertensive therapies [60°°].

Conclusion

Normal adult arteries can withstand a massive loss of
VSMGCs, but VSMC apoptosis is very critical for vascular
pathophysiology. Recent observations further expand our
knowledge regarding hormones, cytokines, and pathways
that regulate VSMC death in postnatal vascular remodel-
ing (Table 1). Compelling data from several genetic
disorders and experimental studies discussed in the cur-
rent review suggested that changes in hemodynamic and
mechanical forces are major modulators for VSMC apop-
tosis. Moreover, this should include various alterations in
extracellular and intracellular environment, which is
highly regulated through autocrine/paracrine mechan-
isms in VSMGs. Of course, in a broader view, the roles
for apoptosis of endothelial, circulating progenitor, and
inflammatory cells have to be viewed in concert with
VSMC death during vascular remodeling. Finally,
previous data on the therapeutic apoptosis of antihyper-
tensive drugs can identify common downstream path-
ways. Thus, apoptosis of VSMC is a promising event for
pathological vascular remodeling and should be further
investigated for therapeutic opportunities.
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