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Abstract Vascular smooth muscle cells (SMC) maintain sig-
nificant plasticity. Following environmental stimulation, SMC
can alter their phenotype from one primarily concerned with
contraction to a pro-inflammatory and matrix remodeling
phenotype. This is a critical process behind peripheral vascu-
lar disease and atherosclerosis, a key element of cerebral
aneurysm pathology. Evolving evidence demonstrates that
SMCs and phenotypic modulation play a significant role in
cerebral aneurysm formation and rupture. Pharmacological
alteration of smooth muscle cell function and phenotypic
modulation could provide a promising medical therapy to
inhibit cerebral aneurysm progression. This study reviews
vascular SMC function and its contribution to cerebral aneu-
rysm pathophysiology.
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Abbreviations

ICAM-1 Intercellular adhesion molecule-1
IL-13 Interleukin 13

MMP Matrix metalloproteinases

NF-kB Nuclear factor kB

NOS Nitric oxide synthase

PDGF Platelet-derived growth factor
SM-MHC  Smooth muscle myosin heavy chain
SM-a-actin -~ Smooth muscle alpha actin

SM22«x Smooth muscle 22 alpha

SMC Smooth muscle cells

SSAO Semicarbazide-sensitive amine oxidase
TNF-a Tumor necrosis factor alpha

TGFpR Transforming growth factor 3
VCAM Vascular cell adhesion molecule-1
Introduction

Unlike terminally differentiated skeletal and cardiac muscle
cells, vascular smooth muscle cells (SMC) are able to undergo
significant changes in their phenotype depending on their
necessary changing function [1]. In their most common state,
SMC are primarily concerned with contraction, regulation of
blood flow, and maintenance of pressure. Following a number
of stimuli, SMC can differentiate into a phenotype concerned
with inflammation and matrix remodeling—deemed pheno-
typic modulation [2, 3]. This process contributes to peripheral
vascular disease and atherosclerosis as well as plaque stability
[4, 5]. Recent studies have provided evidence that both SMCs
and phenotypic modulation contribute to cerebral aneurysm
formation, progression, and rupture.

Cerebral aneurysms occur in 2-3 % of the present human
population [6, 7]. Aneurysmal subarachnoid hemorrhage
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ranges from 6.9 to 10.5/100,000 per year with mortality rates
following rupture from 11 to 70 % [8—14]. Approximately,
30 % of survivors remain dependant, and only 30-45 % are
able to recover and maintain previous or comparable profes-
sions [15—17]. Treatment with both endovascular therapy and
microsurgery is effective but can also result in significant
morbidity and mortality [18, 19]. Currently, there are no
pharmacological alternatives, which could be particularly ben-
eficial, especially in patients that are high risk for intervention.
The pathophysiology of aneurysm formation and rupture has
been incompletely elucidated, but SMCs are known to play a
key role [20]. Therapeutic alteration of SMC function and
phenotypic modulation could be a beneficial medical target.
This study reviews vascular SMC function and its potential
contributions to cerebral aneurysm pathophysiology.

Smooth Muscle Cell Plasticity

In contrast to skeletal and cardiac muscle cells which are
terminally differentiated, vascular SMC have been demon-
strated to exhibit a remarkable degree of plasticity in response
to injury and inflammation [5]. SMCs display significant
plasticity throughout development and angiogenesis during
which an initially primordial vascular network is gradually
expanded into functional vessels [21]. The intricacies of SMC
plasticity are dependent on a host of external factors. Howev-
er, the critical role of SMCs in vascular disease is based not on
its plasticity during embryogenesis, but rather on its ability to
maintain the same potential throughout maturation of the
organism into adulthood. Markers of mature, fully differenti-
ated SMCs include smooth muscle 22 alpha (SM22x),
smooth muscle alpha actin (SM-x-actin), SM myosin heavy
chain (MHC), hl-calponin, and smoothelin [22-25]. Since
markers, such as SM22x and SM-«x-actin, may be expressed
in cells other than SMCs during development and following
external insults, expression of these markers alone is inade-
quate for identifying SMCs [26, 27]. Therefore, further test-
ing, including identification of marker genes in cells and
localization to the tunica media in vascular tissue, is necessary
for proper identification of mature SMCs [5].

In order to better understand the influence of SMCs on
vascular physiology and disease, it is important to be able to
delineate the origins of cells expressing SMC-specific markers
whether they are genuine SMCs or cells of other origins
masquerading as SMCs. In vitro studies have demonstrated
induction of SM-x-actin expression in macrophages by throm-
bin and transforming growth factor 3 (TGFf3) [28, 29]. Caplice
et al. studied coronary artery specimens from patients who
underwent bone marrow transplantation and were found to
have atherosclerosis at autopsy [27]. The authors found that
approximately 10 % of SM «-actin-expressing cells were of
myeloid rather than SMC lineage. These studies suggest the

inadequacy of using marker genes and proteins alone to label
cells as differentiated SMCs.

Further contributing to the difficulty in elucidating the role
of SMCs in vascular pathology is their ability to
transdifferentiate into myeloid lineage cells, most notably
macrophages. Andreeva et al. showed co-localization of SM
«-actin and CD68, a macrophage marker, in cells cultured
from human aortic intima; the degree of co-localization was
greatest in lipid-rich areas such as fatty streaks and atheroscle-
rotic plaques, leading the authors to conclude that phagocytic
stimulators led to expression of macrophage markers in the
vascular subendothelial intima [30]. Rong et al. demonstrated
transdifferentiation of cultured mouse aortic SMCs into
macrophage-like cells after cholesterol loading [31]. These
changes included decreased expression of SM-x-actin, o-
tropomyosin, MHC, and hl-calponin with concomitant in-
creases in the expression of CD68 and Mac-2, another mac-
rophage marker, as well as increased phagocytic activity. It
should be noted that both of these studies were performed
in vitro on cultured SMCs and in vivo evidence of SMC
transdifferentiation in to macrophage-like cells has yet to be
demonstrated [32].

It has become increasingly apparent that identification of
SMCs by markers alone is frequently inadequate in the setting
of vascular disease. SMCs clearly wield an incredible degree
of versatility in the face of external pathobiological processes.
In these altered environments, the distinction between SMCs
and inflammatory cells, such as macrophages, is blurred. Due
to the lack of rigorous lineage tracing studies that allow
definitive identification of cell origins, the relative contribu-
tion of SMC versus myeloid lineage cells to the pathogenesis,
evolution, and repair of vascular injury remains incompletely
understood.

Smooth Muscle Cell Phenotypic Modulation
in Atherosclerosis and Vascular Injury

Atherosclerosis is pervasively implicated in myocardial in-
farction and stroke which are leading causes of mortality in
developed countries [33]. The pathogenesis of atherosclerosis
begins with the intracellular lipid accumulation resulting in
macrophage infiltration of the intima which subsequently
develops into fatty streaks, atheromatous plaque formation,
and eventual plaque rupture [34]. The stability of atheroscle-
rotic lesions depends on multiple factors, one of which is the
balance of SMC-like cells to macrophage-like cells. A ratio
favoring SMCs will result in a relatively stable lesion com-
pared to a ratio favoring macrophages which results in a
relatively unstable lesion. Following vascular injury, SMCs
have the unique ability to drastically alter their structure and
function, a phenomenon known as phenotypic modulation or
phenotypic switching [35]. SMCs undergoing phenotypic
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modulation lose expression of mature SMC markers and
demonstrate increased migratory, proliferative, and synthetic
capabilities [2]. Dimethylation of lysine 4 of histone H3 at the
myosin heavy chain locus has been shown to be a SMC-
specific epigenetic signature which is preserved in SMCs
undergoing phenotypic modulation [36]. Depending on local,
external, and environmental signals, a dedifferentiated SMC
may alter its original function as a contractile cell in the tunica
media to one of several different phenotypically distinct cell
types [2].

Stimulation by platelet-derived growth factor (PDGF) re-
sults in a migroproliferative SMC which contributes to fibrous
cap formation [37]. This may be a potential mechanism by
which SMC:s stabilize ruptured plaques following localization
of platelets to the lesion with concomitant release with PDGF
[38]. TGF stimulation results in SMC differentiation in a
matrigenic phenotype which is proficient in the production
and deposition of extracellular matrix [39]. Oxidized phos-
pholipids promote a phenotype which is an intermediate be-
tween migroproliferative and matrigenic SMCs [40]. Inflam-
matory cytokines, such as tumor necrosis factor & (TNF-c)
and interleukin-1 (IL-1), promote the development of inflam-
matory SMCs which further propagate the inflammatory cas-
cade by secreting cytokines such as IL-6 and proteolytic
enzymes, such as matrix metalloproteinases (MMP), and ad-
hesion molecules such as intercellular adhesion molecule-1
(ICAM-1) [41-43]. The combined effect of expression of
these molecules by inflammatory SMCs is recruitment of
monocytes, macrophages, and T cells to ruptured plaques.
An osteochondrogenic SMC, which deposits calcium in ves-
sel walls, forms after stimulation with inorganic phosphate
[44]. These various phenotypes are summarized by Alexander
and Owens [2]. It is important to keep in mind that while we
have presented these SMC subtypes as distinct phenotypes,
there is currently no evidence that any of the aforementioned
phenotypically modulated SMCs is completely unique from
the others. Future studies using lineage tracing methods are
necessary to evaluate the genetic, structural, and functional
differences between the different SMC phenotypes.

The mechanisms of SMC phenotypic modulation have yet
to be fully elucidated, but the current understanding involves
activation of the transcription factor kruppel-like factor 4
(KLF4) [45]. KLF4, along with other transcription factors
mediates the reprogramming of differentiated somatic cells,
such as SMCs, into embryonic stem cell-like cells, or induced
pluripotential stem cells [46]. Yoshida et al. demonstrated a
transient delay in downregulation of mature SMC markers as
well as increased neointimal formation in a KLF4 conditional
knockout mouse model [47]. The same study reported dimin-
ished proliferation of cultured SMCs overexpressing KLF4
due to increased activation of the cell cycle inhibitor p21 by
KLF4. Wambhoff et al. showed that a highly conserved G/C
repressor element of the SM22«x gene promoter is necessary
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for SMC phenotypic modulation [48]. In a subsequent study,
Salmon et al. used chromatin immunoprecipitation assays to
further elucidate the epigenetic mechanisms underlying KL4-
dependent SMC phenotypic switching [49]. The authors de-
termined that a complex comprised of KLF4 and pELK-1
binds to the G/C repressor element of the SM22«x gene
resulting in recruitment of histone deacetylase 2 which in turn
facilitates epigenetic silencing of the SMC protein SM22«.

While it is clear that SMCs undergo phenotypic modulation
in response to vascular injury, it remains to be determined how
the versatility of SMCs affects the finely tuned balance of
repair and inflammation which occurs after injury. It is un-
known whether the overall impact of KLF4-dependent phe-
notypic modulation is beneficial or harmful to the develop-
ment and eventual destabilization of atherosclerotic plaques.
Additionally, the role of other transcription factors in SMC
phenotypic modulation has yet to be defined.

Potential Role of Smooth Muscle Cells in Cerebral
Aneurysms

SMC phenotypic modulation to an inflammatory state may
promote cerebral aneurysm formation. Inflammation is known
to play a critical role in cerebral aneurysm pathogenesis [20].
Oxidative damage by reactive oxygen species may directly
damage vessel walls via generation of unstable free radicals or
indirectly via recruitment of pro-inflammatory cells [50]. Cy-
tokine secretion by recruited cells, such as macrophages and T
cells, propagate the inflammatory cascade and induce pheno-
typic switching by the SMCs which reside in the media of the
vasculature. Cerebral aneurysms are known to develop at
vessel branch points or along artery curvatures which are
localized areas of relatively high hemodynamic stress [51].
Kolega et al. studied the basilar artery of rabbits after bilateral
carotid artery ligation and demonstrated loss of the internal
elastic lamina (IEL), which separates the intima from the
media, in portions of the vessel subjected to the highest
hemodynamic shear stress [52]. Apoptosis and increased
MMP expression was identified at the basilar bifurcation
where IEL loss was the greatest. Loss of the IEL results in
increased exposure of the media, where SMCs reside, to
hemodynamic stress although the effect of high shearing
forces on SMC phenotype has not been studied in detail.
Aoki et al. demonstrated SMC expression of the transcrip-
tion factor Ets-1, a regulator of vascular remodeling in re-
sponse to inflammation, in cerebral aneurysms in rats and
humans [53]. Ets-1 induces expression of monocyte
chemoattractant protein-1 (MCP-1) which then results in the
recruitment of pro-inflammatory cells such as monocytes and
macrophages. Ali et al. induced phenotypic modulation of
cerebral vascular SMCs into an inflammatory state by treat-
ment with TNF-oc which was shown to exert its effects
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through KLF4-dependent pathways both in cultured ce-
rebral vascular SMCs and in an early in vivo model
prior to aneurysm formation [3].

Bygglin et al. successfully cultured SMCs from human
cerebral aneurysms which were resected during microsurgical
clipping [54]. Obviously, studies on cultured human SMCs
are limited to in vitro models. Since in vivo data is necessary
before potential novel therapies may proceed to early phase
human clinical trials and there persists a lack of correlation
between in vitro and in vivo findings in regard to SMC
physiology, the value of performing tests on cultured SMCs
from human cerebral aneurysms when an animal model will
inevitably need to be utilized remains unknown. Nevertheless,
the ability to obtain mechanistic data from human SMCs will
likely prove valuable in the future. Additional studies are
necessary in order to determine how changing SMC function
via induction of phenotypic modulation will affect aneurysm
formation, progression, and rupture.

The Smooth Muscle Cell in Cerebral Aneurysm
Pathogenesis

There is compelling support for the role of SMCs in cerebral
aneurysm formation, growth, and rupture, and a number of
molecular mediators have been implicated (Table 1). As
discussed above, the media where SMCs are concentrated
provides structural integrity to the arterial wall, and its degen-
eration invariably causes vessel weakening. Collagen fibers in
arterial walls are repaired and maintained by continuous syn-
thesis of new collagen to counter the effect of hemodynamic
stress and degradation by matrix metalloproteinases. Under

Table 1 Potential molecular mediators associated with SMCs in cerebral
aneurysms

SMC process Major inflammatory mediators

TNF-«

KLF4

MMP and cathepsins
MCP-1

Ets-1

IL-1B

NF-kB

NOS

SSAO

VCAMI1

TGFf

PDGF

TNF-«

Fas

P47phox (NADPH)

VSMC pro-inflammatory,
promatrix remodeling phenotypic
modulation

VSMC loss

physiologic conditions, SMCs are the predominant source of
collagen fibers and play a central role in maintaining the
integrity of vessel wall. Alterations in the differentiation and
synthetic capacity of SMCs coupled with an increased release
of matrix metalloproteinases in part by SMCs are major events
leading to cerebral aneurysm rupture [20, 50, 55].

Evidence suggests that SMCs migrate, proliferate, and
produce extracellular matrix components early in cerebral
aneurysm formation, a process that may be analogous to
myointimal hyperplasia in atherosclerosis [20]. In an immu-
nocytochemical analysis of human saccular aneurysms,
Kosierkiewicz et al. [56] noted atherosclerotic lesions in the
smallest aneurysms characterized by diffuse intimal thicken-
ing and composed predominantly of SMCs. These observa-
tions were further corroborated by Frosen et al. [57] who
found that experimental saccular aneurysms developed lumi-
nal pads of neointimal hyperplasia deriving primarily from the
aneurysm wall rather than from bone marrow neointimal cells.

As discussed above, SMCs are highly dynamic cells, and
their phenotype depends on the combined influences of mul-
tiple factors in the perivascular environment. In the setting of
endothelial cell injury and arterial wall inflammation, these
properties can result in dedifferentiation of SMCs. Specifical-
ly, SMCs undergo phenotypic modulation from a differentiat-
ed phenotype concerned mainly with contraction to an undif-
ferentiated, pro-inflammatory, promatrix-remodeling pheno-
type [3, 58]. This is a crucial event because the structural
integrity of the arterial wall is dependent on SMC differenti-
ation and extracellular matrix organization. Using immuno-
histochemistry, Nakajima et al. [59] were the first to demon-
strate that phenotypic modulation of SMCs is present in
cerebral aneurysm walls. The authors found that the expres-
sion of contractile genes/proteins such as smooth muscle
myosin heavy chain and smooth muscle-x-actin were signif-
icantly decreased in cerebral aneurysm samples as compared
to control cerebral arteries. Other authors have confirmed
SMC phenotypic modulation in cerebral aneurysms [60—62].
Kilic et al. [60] noted progressive decrease in staining inten-
sity of contractile proteins (x-actin) from normal vessel wall
to unruptured aneurysms to ruptured aneurysms. From a mor-
phological standpoint, they observed angioarchitectural disor-
ganization in aneurysm walls where SMCs were no longer
arranged in tightly compacted bands but were loose and
formed diffuse patchy zones of staining, a likely reflection
of SMC phenotypic modulation. Indeed, Merei and Gallyas
[63] reported that spindle-like SMCs, arranged in a parallel
manner, may dissociate from each other to be transformed into
spider-like cells in aneurysm walls [63]. Sibon et al. [62]
demonstrated that there was a dramatic reduction in
semicarbazide-sensitive amine oxidase (SSAO), an enzyme
associated with SMC differentiation, as well as smooth mus-
cle myosin heavy chain during the development of cerebral
aneurysms. Furthermore, SMC dedifferentiation was closely
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associated with elastic lamellae thinning, a hallmark of aneu-
rysm formation. The authors concluded that SMC dedifferen-
tiation could impair elastic lamellae organization through a
decrease in elastin concentration and a possible SSAO-related
elastin cross-link deficiency. A genetic study showing an
association between aneurysm formation and the mutation of
GLUTs, which is regulated by SSAO, provides further support
for the role of SMC dedifferentiation/phenotypic modulation
in aneurysm pathogenesis [64].

The phenotypic switching of SMCs into an inflammatory,
promatrix-remodeling phenotype has recently been the sub-
ject of intense investigation by our group. Despite the signif-
icant contribution of SMCs to cerebral aneurysm biology, the
mechanisms underlying SMC phenotypic modulation were
poorly understood. Our lab has recently demonstrated that
the phenotypic modulation of SMCs is driven by TNF-a
and is mediated at least in part by KLF4 [3]. The novel
observation was initially made in vitro on cultured SMCs
and subsequently confirmed in vivo early on in an animal
model of cerebral aneurysm formation. Both in vitro and
in vivo experiments showed that TNF-« induces downregu-
lation of contractile genes namely myocardin, SM-x-actin,
smooth muscle myosin heavy chain (SM-MHC), and
SM22a and upregulation of pro-inflammatory genes namely
KLF4, MMP-3, MMP-9, MCP-1, vascular cell adhesion
molecule-1 (VCAM-1), and IL-1f3 in a dose-dependent man-
ner. These changes appeared to be reversible with selective
inhibition of TNF-& with 3,6-dithiothalidomide. Importantly,
inhibition of KLF4 prevented TNF-x activation of pro-
inflammatory genes and suppression of contractile genes,
suggesting that the effects of TNF- on SMCs are mediated
by KLF4. Accordingly, chromatin immunoprecipitation as-
says in vivo and in vitro showed that TNF-« induces epige-
netic changes with enhancement of the binding of KLF4 to the
promoter regions of SMC marker genes and recruitment of
histone deacetylase, thus resulting in histone modifications
and altered gene expression.

In a rodent model of cerebral aneurysm formation, we pro-
vided the first direct evidence that there is marked SMC pheno-
typic modulation in cerebral aneurysm walls characterized by
decreased expression of SMC contractile genes and increased
expression of pro-inflammatory, promatrix-remodeling genes
namely chemokines (MCP-1 and VCAM-1), transcription fac-
tors (NF-kB and KLF4), matrix remodeling proteins (MMP-2
and 3), IL-1B, and nitric oxide synthase (NOS) [65]. These
inflammatory molecules have been previously shown to be
implicated in the pathogenesis of cerebral aneurysms. Spe-
cifically, chemokines including MCP-1 have been recently
found to be expressed at high levels in the lumen of human
cerebral aneurysms [66]. Additionally, MCP-1 knockout
mice demonstrated inhibition of aneurysmal growth [67].
Nuclear factor kB (NF-kB) was upregulated in the early
stage of aneurysm formation in mice, and NF-kB p50
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subunit-deficient mice demonstrated a decreased incidence
of cerebral aneurysms along with decreased inflammatory
changes [68]. Moreover, NF-kB blockade efficiently
prevented aneurysm formation and macrophage infiltration
[69]. Increases in MMPs expression have been demonstrated
in humans as well as in animal experiments where inhibi-
tion of MMPs by tolylsam blocked aneurysm progression
[70, 71]. IL-1p is induced early during aneurysm formation
in mice and functions to inhibit collagen production while
promoting SMC apoptosis and aneurysm progression [72].
Lastly, NOS was found to parallel the development of
cerebral aneurysms in rats, and its blockade attenuated the
incidence of induced aneurysms [73]. Collectively, these
data show that SMCs initiate or at least promote the in-
flammatory and degenerative response that drives cerebral
aneurysm formation, progression, and rupture.

Using the same aneurysm model, we also demonstrated
that infliximab significantly suppressed TNF-o activity and
reversed phenotypic modulation of SMCs following aneu-
rysm induction [65]. The inhibition of SMCs by infliximab
was accompanied by decreased expression of inflammatory
markers and leukocytes. Thus, the phenotypic modulation of
SMCs appears to be reversible at least in the early stages of
aneurysm formation and could potentially represent a legiti-
mate therapeutic target.

Following phenotypic modulation during aneurysm forma-
tion, SMCs may ultimately lose their phenotype altogether
and undergo apoptosis leading to aneurysm rupture (Fig. 1).
The loss of SMCs is the last step in the cascade of events
leading to aneurysm rupture [20]. This results in decreased
collagen production, which in addition to matrix degradation
by SMC and macrophage-derived proteinases, leads to thin-
ning of the media with aneurysm weakening/rupture. Indeed,
Nakajima et al.[59] reported that following phenotype modu-
lation both SMC phenotypes (contractile and modulated) were
lost in ruptured aneurysms [74]. A Japanese study also report-
ed that SMCs in the wall of ruptured aneurysms were much
more degenerated than those in the wall of unruptured aneu-
rysms and exhibited a higher number of apoptotic bodies [75].
Likewise, Hara et al. [76] reported increased apoptotic cells in
cerebral aneurysms, especially in the thin wall close to the
rupture point within the dome. Guo et al. [77] found decreased
SMC density and more than sixfold increase in the activity of
caspases in ruptured aneurysms compared with control ves-
sels, thus bringing further confirmation that SMC apoptosis is
associated with aneurysm rupture.

The loss of SMCs prior to aneurysm rupture may be related
to TNF-« as well. In fact, TNF-« and its proapoptotic down-
stream target, Fas-associated death domain protein, were
found to be increased in human cerebral aneurysms. Our
experiments have also revealed increased apoptosis of SMCs
after high-dose TNF-x exposure [3]. The underlying mecha-
nism may be related to TNF-o upregulation of KLF4, which
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Fig. 1 Potential role of SMC phenotypic modulation in cerebral aneu-
rysm formation and rupture. In normal vascular SMCs, there is increased
expression of SMC marker genes (SM = «-actin, SMC-MHC, and
SMC22«) (a). During cerebral aneurysm formation, SMC undergo

has a key role in apoptosis and phagocytosis of SMCs [78].
Although apoptosis plays a definite role in cerebral aneurysm
pathogenesis, the degree of apoptosis is relatively low com-
pared to the degree of mural cell loss, which indicates that
SMC necrosis may also be involved in the process [79].
Scattered debris in the extracellular matrix and areas of fibri-
noid necrosis in aneurysm walls support a role for necrotic cell
death in cerebral aneurysm biology [79].

Smoking is a known risk factor for cerebral aneurysm
formation [55, 80, 81]. Furthermore, it is believed to be one
of the strongest risk factors for aneurysm rupture [55, 80, 81].
The effect of cigarette smoke on cerebral SMCs has been
investigated by our group. In a rodent model, we demonstrated
that cigarette smoke induces profound phenotypic modulation
of SMCs with decreased expression of SMC marker genes and
myocardin and increased expression of inflammatory/matrix
remodeling genes namely MMP, MCP-1, IL-1, and TNF-«
[58]. Importantly, cigarette smoke-induced modulation of
SMCs was mediated by KLF4, as selective inhibition of this
factor reversed these changes. Elsewhere, cigarette smoke was
shown to induce injury and death of SMCs from upregulation
of calcium channels [82]. We also note that smokers are known
to have high levels of inflammatory cytokines including
TNF-«, which as discussed above plays a key role in driving

A
N\

M S M, MEY

phenotypic modulation which contributes to cerebral aneurysm growth
and progression (b). Eventually, SMC undergo apoptosis increasing the
risk of rupture (¢)

phenotypic modulation of SMCs [55]. Altogether, these data
indicate that the early and late changes exhibited by SMCs
during cerebral aneurysm formation, progression, and rupture
may be initiated or aggravated by cigarette smoke exposure.

Future Directions and Therapeutic Implications

Although studies in cellular, animal, and human studies sup-
port the role of SMCs in the pathogenesis of cerebral aneu-
rysm formation and rupture, there have not been any human
clinical trials to determine the potential benefit of therapies
targeting SMCs. The potential pathways that may be targeted
are the phenotypic modulation of SMCs, the associated in-
flammatory response, the degenerative reaction implicating
MMPs, and the SMC loss. Such therapies would be a major
advance in aneurysm treatment as current endovascular and
microsurgery therapies carry a significant risk of morbidity
and mortality even in the most experienced hands. Therapies
that alter SMC function and phenotypic modulation may be
beneficial in inhibition of cerebral aneurysm progression.
TNF-o inhibition has shown to have efficacy in preventing
aneurysm rupture in mice [83], and there are currently many
potential therapeutic TNF inhibitors currently in use for the

@ Springer



344

Transl. Stroke Res. (2014) 5:338-346

treatment of inflammatory disease in humans [84, 85]. There-
fore, this might be a promising therapeutic agent, although
there are concerns that cerebral aneurysms are a focal disease
that might not respond well to systemic therapies.

Targeted molecular imaging for identifying rupture-prone
aneurysms is another desirable strategy that would optimize
the management and outcomes of patients harboring cerebral
aneurysms. Promising data have been reported by Hasan et al.
[86—89] with ferumoxytol-enhanced MRI, a technique for
imaging macrophages in the wall of human cerebral aneu-
rysms. Preliminary findings suggest that aneurysms exhibiting
early (within 24 h) signal change on MRI may be unstable and
require urgent intervention [86]. We hope that a similar tech-
nique can be developed to identify unstable lesions with a high
density of modulated/dedifferentiated SMCs.

Conclusion

Although there is a coordinated effort amongst many inflam-
matory mediators, SMCs play a critical role in cerebral aneu-
rysm formation, progression, and rupture. This is in part
characterized by phenotypic switching characterized by a
pro-inflammatory, matrix remodeling phenotype. Further
studies are indicated to determine key molecular determinates
of this process in cerebral aneurysm pathogenesis as well
assess how SMC can not only alter their phenotype but also
change into alternative cell lines following exposure to
pluripotency factors. Therapeutics targeted at altering SMC
function, the ability to image these cellular alterations, and the
ability to deliver targeted therapeutics to SMCs in cerebral
aneurysms provide a promising potential medical alternative.
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