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models that attempt to recreate this environment ex vivo. 
The goal of this review is to summarize our current knowl-
edge in this area and identify some of the key unresolved 
challenges and questions requiring further study. 
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 Introduction 

 The vascular smooth muscle cell (SMC) possesses 
rather remarkable plasticity, being able to undergo phe-
notypic modulation during embryonic development, 
maturation of the adult blood vessels, and in response to 
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 Abstract 

 Vascular smooth muscle cell (SMC) phenotypic modulation 
plays a key role in atherosclerosis and is classically defined as 
a switch from a ‘contractile’ phenotype to a ‘synthetic’ phe-
notype, whereby genes that define the contractile SMC phe-
notype are suppressed and proliferation and/or migratory 
mechanisms are induced. There is also evidence that SMCs 
may take on a ‘proinflammatory’ phenotype, whereby SMCs 
secrete cytokines and express cell adhesion molecules, e.g. 
IL-8, IL-6, and VCAM-1, respectively, which may functionally 
regulate monocyte and macrophage adhesion and other 
processes during atherosclerosis. Factors that drive the in-
flammatory phenotype are not limited to cytokines but also 
include hemodynamic forces imposed on the blood vessel 
wall and intimate interaction of endothelial cells with SMCs, 
as well as changes in matrix composition in the vessel wall. 
However, it is critical to recognize that our understanding of 
the complex interaction of these multiple signal inputs has 
only recently begun to shed light on mechanisms that regu-
late the inflammatory SMC phenotype, primarily through 
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many environmental cues that often underlie vascular 
diseases such as atherosclerosis, in-stent restenosis, aneu-
rysms, and tumor angiogenesis. If only for the economy 
of language, SMC phenotypic modulation is still classi-
cally described in the literature as a shift (sometimes a 
continuum) between a ‘contractile’ and ‘synthetic’ phe-
notype. Over the past 30 years, extraordinary progress 
has been made to further our understanding of the mo-
lecular mechanisms that regulate vascular SMC pheno-
typic modulation, including differentiation to a contrac-
tile state, de-differentiation, proliferation, and migration. 
In atherosclerosis, transition of SMCs from a contractile 
state to a proliferative and migratory state contributes to 
plaque growth. SMCs are also responsible for the forma-
tion of the fibrotic cap that can stabilize and prevent 
plaque rupture. Extensive reviews have been written on 
these topics and will not be discussed herein; we refer you 
to previous publications  [1, 2]  as a starting point. Inflam-
mation plays a very important role in atherosclerosis. In 
fact, many would argue that atherosclerosis begins with 
activation of the endothelium, which includes an inflam-
matory response. As the disease progresses, vascular 
SMCs are in proximity to and physically interact with 
inflammatory cell types, e.g. monocytes and macro-
phages, which play a very important role in further exac-
erbating the disease ( fig. 1 a)  [3] . Furthermore, histologi-
cal images have shown that prior to the onset of complex 
plaque development in human tissues  [4, 5]  and experi-
mental models of atherosclerosis, markers of inflamma-
tion are observed in SMCs in the media of the vessel wall, 
such as VCAM-1 ( fig. 1 b, c, respectively) and inflamma-
tory transcriptional mediators, such as activated NF- � B 
 [6, 7] . What is this SMC phenotype? Although there has 
not been a rigorous molecular phenotyping of these cells 
in vivo, it has been shown that SMCs which appear to be 
resident in the vascular media, neither proliferating nor 
migrating, can still express contractile markers of differ-
entiation, e.g.  � -smooth muscle actin, as well as inflam-
matory genes such as VCAM-1. Is this phenotype truly 
distinct or a component of the continuum of SMC-phe-
notypic modulation between the contractile and synthet-
ic states? The focus of this review is to provide an over-
view of the current state of knowledge of molecular mech-
anisms/processes that control the inflammatory SMC 
phenotype and the function of the inflammatory SMC 
phenotype in atherosclerosis. We wish to apologize in ad-
vance to our many outstanding colleagues whose work 
we may have either inadvertently overlooked or been un-
able to discuss in sufficient detail due to space con-
straints. 

  Molecular Signaling and Transcriptional Regulation 

of the Inflammatory SMC Phenotype 

 Multiple stimuli within the atherosclerotic plaque are 
capable of promoting an inflammatory phenotype in 
SMCs. Hypercholesterolemia and dyslipidemia promote 
low density lipoprotein (LDL) accumulation within the 
vessel wall. In the setting of enhanced reactive oxygen 
species production, LDL becomes oxidized (oxLDL) en-
hancing its proinflammatory properties in endothelial 
cells, SMCs and monocytes  [8] . While atherosclerotic 
progression is closely linked to systemic environmental 
risk factors, the local susceptibility of the vasculature to 
atherosclerosis is controlled by blood flow patterns  [9, 
10] . Vascular regions exposed to unidirectional laminar 
flow are protected from plaque development, whereas re-
gions exposed to disturbed flow patterns, such as bifurca-
tions, branch points, and curvatures, are prone to devel-
op atherosclerotic plaques. The endothelial cells lining 
the vessel wall respond to the forces generated by blood 
flow, and the subsequent endothelial cell response to flow 
depends upon the specific flow pattern. Laminar flow 
patterns with high levels of time-averaged shear stresses 
promote endothelial production of NO and PGI 2  induc-
ing both vasodilatory and anti-inflammatory responses 
in SMCs. In contrast, disturbed flow patterns, marked by 
low levels of time-averaged shear stresses, promote endo-
thelial cells to adopt a proinflammatory phenotype with 
enhanced expression of chemokines (e.g. IL-8 and MCP-
1) and cell adhesion molecules (e.g. VCAM-1 and ICAM-
1;  fig. 2 .1). The local expression of cell adhesion mole-
cules and chemokines on the endothelial cell surface re-
cruits blood monocytes that produce cytokines such as 
TNF �  and IL-1 �  further propagating local inflammation 
 [11] . Indeed, the importance of hemodynamic forces reg-
ulating the endothelium has been studied for over 20 
years. As discussed below, recent studies by our group 
showed that induction of endothelial cell inflammation 
by disturbed hemodynamic forces plays a critical role in 
regulating SMC inflammation  [5, 12] . In addition to sol-
uble factors, the local SMC environment can significant-
ly affect the inflammatory response. Increased blood 
pressure in response to hypertension enhances the cir-
cumferential strain on SMCs through interactions be-
tween the SMCs and the surrounding matrix. In addi-
tion, changes in blood pressure affect local hemodynam-
ics, regulating the SMC phenotype through changes in 
endothelial cell physiology  [13] . Alterations in either the 
mechanical load or the content of the extracellular matrix 
also modulate proinflammatory gene expression  [14–16] . 
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a b c

  Fig. 1.  SMCs can be in proximity to macrophages (M � ) and ex-
press VCAM-1 in vascular disease.  a  SMCs within the neointima 
are in close proximity and can physically interact with other cell 
types, including endothelial cells, monocytes, and macrophages 
(yellow dashed line is the M � /SMC interface; adapted from Stary 
et al.  [3] ). These interactions can influence SMC phenotype, pro-
moting inflammatory responses.  b  SMCs present in the intimal 
and medial layers of human coronary arteries can express the ad-
hesion molecule VCAM-1 (blue – VCAM-1, red –  � -smooth mus-
cle actin, green – elastin; Hastings et al.  [5] ).  c  In the ApoE–/– 
mouse, VCAM-1 expression is prevalent in the intimal regions of 
the inner curvature of the aortic arch, prior to lesion formation 
(red – VCAM-1, blue – nuclei, green – elastin [unpubl. observa-
tion]). EC = Endothelial cell; I = intima; M = media; L= lumen. 
  Fig. 2.  Complex regulation and function of the inflammatory 
SMC phenotype in atherosclerosis.  2.1  Disturbed low, time-aver-
aged shear stresses cause priming of endothelial cells (EC) to-
wards a proinflammatory state, inducing proteins including IL-8, 

MCP-1, VCAM-1, and ICAM-1. All of these proteins are involved 
in capture and firm adhesion of monocytes to the endothelium. 
 2.2  oxLDL binds to LOX-1, which can increase cytokine produc-
tion (TNF � , MCP-1, and IL-8) and adhesion molecule expression 
in NF- � B-dependent pathways.  2.3  The matrix that SMCs bind 
to can induce modulation towards a proinflammatory phenotype. 
Cytokines stimulate FN production which can activate NF- � B 
and/or NFAT through integrin signaling, though the direct mech-
anism inducing SMC inflammation is not well established.  2.4  It 
remains unclear whether macrophage interaction with ECs and 
SMCs is having pro/anti-inflammatory effects on each cell phe-
notype.  2.5  Disturbed shear stresses are known to cause IL-8 se-
cretion, which was recently demonstrated to inhibit expression of 
VCAM-1 in SMCs, thus demonstrating one mechanism by which 
a mechanical stimulus influences EC/SMC cross-talk, and ulti-
mately the SMC inflammatory state. Green ECs and red SMCs 
indicate transition to the activated, inflammatory state. 

  1  

  2  
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Therefore, the induction of the inflammatory SMC phe-
notype is likely multifactorial, ascribed to the combined 
and often synergistic effects of multiple inflammatory 
stimuli, as discussed further in this section.

  NF- � B, NFAT, STAT – Transcriptional Regulators of 
Inflammation  
 Proinflammatory stimuli, such as cytokines, oxLDL, 

Toll-like receptor ligands, and certain matrix proteins, all 
stimulate inflammatory gene expression through a re-
markably conserved set of signaling pathways, including 
the stress-activated protein kinases p38 and JNK and the 
transcription factors NF- � B, NFAT and STAT1/3  [17] . 
While p38 signaling appears to play a major role in post-
transcriptional regulation of inflammatory genes  [18] , 
JNK signaling stimulates proinflammatory gene expres-
sion through effects on transcription factors, most nota-
bly AP-1  [19] . Signaling through JNK is implicated in 
smooth muscle growth  [20] , apoptosis  [21] , migration 
 [20] , and the expression of proinflammatory genes such 
as VCAM-1  [22]  and MCP-1  [23] . NF- � B refers to a fam-
ily of heterodimeric transcription factors that regulate 
the expression of genes involved in inflammation, apop-
tosis, and proliferation. SMCs show constitutive binding 
of a p50-p50 homodimer to DNA, and this interaction 
has been shown to repress proinflammatory gene expres-
sion in multiple cell types  [24, 25] . Upon stimulation with 
proinflammatory cytokines, the p65-p50 heterodimer 
binds to target DNA stimulating gene expression  [24] . 
Activated NF-kB has been observed in SMCs in both 
spontaneous atherosclerosis and after vessel injury  [6, 7] , 
and inhibiting NF- � B reduces SMC proliferation in cul-
ture and neointima formation after balloon angioplasty 
 [26] . Members of the NFAT family of transcription fac-
tors are typically maintained in an inactive phosphory-
lated state in the cytosol. Activation of the Ca 2+ -sensitive 
phosphatase calcineurin dephosphorylates NFAT to 
stimulate nuclear translocation and NFAT-dependent 
gene expression  [27] . The major roles ascribed to NFAT 
in SMCs are the induction of proliferation and cell migra-
tion  [27–29] , and NFAT inhibition results in decreased 
injury-induced neointima formation  [30] . While activa-
tion of the NFAT pathway is implicated in proinflamma-
tory gene expression in other cell types, the role of NFAT 
in SMC inflammatory gene expression has received little 
attention thus far. However, NFAT activation is associ-
ated with the SMC expression of VCAM-1 and the proin-
flammatory cytokine IL-6 in vitro suggesting NFAT sig-
naling is involved in the transition to an inflammatory 
SMC phenotype  [14, 31–33] . While activation of the JAK-

STAT pathway is classically associated with cytokine re-
ceptor signaling, growth factor receptors, integrins, and 
G-protein-coupled receptors are also capable of activat-
ing JAK-STAT signaling. In SMCs, the ability of angio-
tensin (Ang) II to stimulate SMC proliferation and mi-
gration is dependent upon JAK-STAT signaling  [34, 35] . 
While expression in healthy vessels is low, vascular in-
jury results in a significant upregulation of JAK2 and 
STAT3  [36] . The JAK2 inhibitor AG490 is sufficient to 
reduce SMC proliferation and neointima formation  [36] . 
In addition to effects on proliferation and migration, 
STAT3 is implicated in Ang II-induced expression of the 
IL-18 receptor  [37]  and in the IL-6-induced expression of 
MCP-1  [38] , suggesting a role for JAK-STAT signaling in 
establishing the inflammatory SMC phenotype.

  Inflammation Begets Inflammation: The SMC 
Inflammatory Response to Soluble Mediators 
 One mechanism that induces SMC transition to an in-

flammatory phenotype is through oxLDL. Treating SMCs 
in culture with oxLDL stimulates the expression of che-
mokines (MCP-1 and CXCL1)  [39, 40] , cytokines (TNF � ) 
 [40]  and cell adhesion molecules (VCAM-1)  [39]  propa-
gating the local inflammatory response. The oxLDL-in-
duced expression of TNF �  works in an autocrine fashion 
to induce the NF- � B-dependent expression of CXCL1 
 [40] . In addition to oxLDL-dependent cytokine produc-
tion, the ability of SMCs to respond to oxLDL may be af-
fected by proinflammatory cytokines since both IL-1 �  
and TNF �  stimulate the expression of the lectin-like ox-
LDL receptor (LOX-1;  fig. 2 .2)  [41] . Recently, work by Mi-
yoshi et al.  [39]  demonstrated that the responsiveness of 
SMCs to oxLDL is dependent upon the specific mouse 
strain. C57Bl/6J mice are susceptible to diet- and injury-
induced plaque formation, while the C3H strain is resis-
tant to the formation of atherosclerotic plaques  [42] . Al-
though smooth muscle cells from both strains show an 
equal ability to oxidize LDL, the oxLDL-induced expres-
sion of MCP-1 and VCAM-1 is significantly enhanced in 
C57Bl/6J SMCs  [39] . Therefore, the differential ability of 
oxLDL to promote the inflammatory smooth muscle 
phenotype between two mouse strains mimics their sus-
ceptibility to atherosclerotic plaque formation. Oxidized 
phospholipids, such as oxPOVPC that accumulates in 
atherosclerotic lesions, repress SMC differentiation while 
increasing type VIII collagen (Col8a1) and inflammatory 
mediators such as MCP-1 and MCP-3 in both in vitro and 
in vivo model systems  [43, 44] .

  The enhanced production of proinflammatory cyto-
kines in atherosclerosis and the effect of cytokine signal-
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ing on SMC growth and migration have been well de-
scribed elsewhere [reviewed in ref.  45, 46 ]. For example, 
IL-1 � , TNF � , and IL-8 have been shown to induce both 
growth and/or migration in human and rodent vascular 
SMCs under various cell culture conditions. As discussed 
later, though, SMC responses to cytokine treatment are 
context dependent, and depending on the cell culture 
conditions, results from groups can often be opposite. For 
example, Yue et al.  [47]  showed that IL-8 induces human 
SMC proliferation and migration whereas our group 
showed no growth or migratory response in human SMCs 
to IL-8  [5] . However different these functional responses, 
proinflammatory cytokines also promote SMCs to adopt 
a proinflammatory phenotype resulting in propagation 
of the local inflammatory response. Both IL-1 �  and
TNF �  stimulate the production of chemokines in SMCs, 
including IL-8 and MCP-1  [48–50] , which promote the 
recruitment of T cells and monocytes into the growing 
plaque. Furthermore, SMCs express the MCP-1 receptor 
CCR-2  [51]  and addition of exogenous MCP-1 to SMC 
cultures in vitro results in the NF- � B-dependent release 
of IL-6  [52] . IL-1 �  and TNF �  stimulate the NF- � B-de-
pendent expression of the cell adhesion molecules ICAM-
1 and VCAM-1 resulting in enhanced adhesion between 
SMCs and monocytes  [53–55] . In contrast, IL-4 induces 
VCAM expression through an NF- � B-independent path-
way  [56] , suggesting that alternative inflammatory sig-
naling pathways can stimulate cell adhesion molecule ex-
pression. The interaction between monocytes and SMCs 
is sufficient to stimulate the expression of IL-6 and MCP-
1  [57] , suggesting that cell adhesion molecule expression 
in the SMC layer may propagate the local inflammatory 
response.

  While most current research analyzes the cellular re-
sponse to a single stimulus in culture, cells in vivo are 
exposed to multiple stimuli simultaneously and must ad-
just cellular responses to account for the whole of envi-
ronmental stimuli. This point cannot be overstated and 
caution should be taken when interpreting results from 
monoculture studies, which are sometimes misleading. 
Therefore, it is not surprising that crosstalk between in-
dividual stimuli can significantly affect the SMC inflam-
matory phenotype. Both Ang II and activation of the 
thromboxane receptor synergizes with IL-1 �  to enhance 
VCAM-1 expression  [22, 58] . In the case of Ang II, this 
effect is gene specific as IL-1 � -induced iNOS expression 
is inhibited by Ang II treatment  [58]  through a p38-de-
pendent reduction in iNOS mRNA associated with re-
duced NF- � B activation. In contrast to Ang II, activation 
of the thromboxane receptor stimulates VCAM-1 expres-

sion through the JNK-dependent activation of the AP-1 
transcription factor  [22] . Activation of protein kinase A 
(PKA) by various mediators is generally associated with 
reduced inflammatory gene expression  [59, 60] . Activa-
tors of adenylate cyclase that produce cAMP to activate 
PKA inhibit the induction of ICAM-1 and VCAM-1 in 
SMCs by both TNF �  and IL-1 �   [61] . Apolipoprotein E 
(ApoE) blocks IL-1 � -induced iNOS and COX-2 expres-
sion through the PKA-dependent inhibition of NF- � B 
and AP-1  [62] . Ligation of certain nuclear receptors, such 
as the estrogen receptor  [63]  or PPAR �   [64] , reduces pro-
inflammatory gene expression as well. For the estrogen 
receptor, this reduction results from competition with 
NF- � B for binding to the transcriptional coactivator 
p300  [63] . While these studies suggest ordered commu-
nication between environmental signaling cues, the bevy 
of potential relationships and the precise mechanisms 
underlying this communication remain unknown.

  Matrix Composition in the SMC Inflammatory 
Phenotype 
 The composition of the smooth muscle matrix affects 

multiple aspects of SMC function. SMC are normally sur-
rounded by a basal lamina composed of collagen IV, lam-
inin, and perlecan, and signals generated by the basal 
lamina prevent SMC growth and stimulate differentia-
tion  [65, 66]  ( fig. 2 .3). In contrast, transitional matrix 
proteins such as fibronectin (FN) and osteopontin are de-
posited in the vessel wall during injury, and these transi-
tional matrix proteins stimulate SMC growth through 
the ERK-dependent expression of cell cycle regulators 
 [65, 66] . However, recent work suggests matrix composi-
tion may similarly effect the transition to the inflamma-
tory phenotype. TNF �  and IL-1 �  both stimulate SMC 
FN expression  [67] , and attachment to FN stimulates 
transient activation of NF- � B  [68] . Osteopontin deposi-
tion is enhanced in the atherosclerotic plaque, and osteo-
pontin siRNA reduces Ang II-dependent secretion of IL-
6 through an NF- � B- and AP-1-dependent mechanism 
 [69] . Matrix-specific cellular responses are thought to oc-
cur through the integrin family of matrix receptors. The 
integrins  �  5  �  1  and  �  v  �  3  are associated with binding to 
these transitional matrix proteins and are implicated in 
the enhanced proliferation and migration associated with 
wound-induced neointima formation  [70, 71] . These in-
tegrins also stimulate NF- � B activation in other cell 
types  [72, 73] , but their role in SMC inflammation re-
mains relatively unexplored. In contrast, the non-integ-
rin matrix receptor CD44 is implicated in the transition 
to a proinflammatory phenotype. CD44 binds to hyal-
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uronic acid in the matrix, which shows higher expression 
in the atherosclerotic plaque  [74] . Hyaluronic acid stimu-
lates SMC VCAM-1 expression, and CD44 deficiency re-
duces atherosclerosis and VCAM-1 expression in the 
ApoE knockout mouse  [74] .

  The role of the interstitial matrix in SMC biology is 
more complex than the protective basal laminae and the 
proinflammatory transitional matrix. While present un-
der healthy conditions, SMC interaction with the inter-
stitial matrix is thought to occur after the pericellular 
basal lamina has been degraded. In atherosclerosis, SMCs 
express collagen I and collagen III contributing to the lo-
cal fibrotic response in the plaque. Polymerized collagen 
I reduces SMC growth and migration and is generally as-
sociated with a differentiated SMC phenotype  [65, 75] . In 
contrast, monomeric collagen I reduces SMC differentia-
tion and promotes an inflammatory phenotype  [14, 76] . 
Activation of NF- � B in SMCs results in the expression of 
MMP-1, MMP-3, and MMP-9 that degrade the polymer-
ized collagen fibrils releasing monomeric collagen  [77] . 
Adhesion to monomeric collagen I results in a marked 
and sustained increase in VCAM-1 expression compared 
to cells on the basal lamina-associated collagen IV  [14] . 
Unlike cytokines that appear to stimulate VCAM-1 ex-
pression through an NF- � B-dependent pathway, colla-
gen I-induced VCAM-1 expression is insensitive to NF-
 � B inhibitors  [14] . Paradoxically, the induction of VCAM-
1 on collagen I requires the NF- � B binding site. Recent 
work by Minami et al.  [78]  demonstrated that the NF- � B 
binding sites on the VCAM-1 promoter can also bind to 
the transcription factor NFAT. Monomeric collagen I 
stimulates a rapid ( ! 24 h) increase in NFAT activation 
compared to collagen IV, and the calcineurin inhibitors 
cyclosporin A and A-285222  [31]  both completely block 
collagen I-induced VCAM expression  [14] . These data 
suggest that matrix composition and soluble cytokines 
promote VCAM-1 expression through different mecha-
nisms ( fig. 2 .3). 

  One remaining question in collagen-induced VCAM-
1 expression is the identity of the receptors involved. Col-
lagen I and collagen IV bind to similar integrins, although 
 �  2  �  1  integrins show preference for collagen I while  �  1  �  1  
integrins preferentially bind to collagen IV  [79] . Interest-
ingly, ligation of  �  2  �  1  by the snake venom toxin aggretin 
was recently shown to stimulate SMC growth and migra-
tion through the activation of NF- � B  [80] . In addition, 
healthy SMCs show high levels of  �  1  �  1  expression, while 
both in vitro and in vivo model systems demonstrate en-
hanced  �  2  �  1  expression in SMCs during phenotypic 
modulation  [81] . The discoidin domain receptors DDR1 

and DDR2 are transmembrane collagen receptors, and 
therefore may also mediate the differential effects of col-
lagen I and collagen IV. Mice deficient in DDR1 show 
reduced SMC migration to collagen I and reduced ex-
pression of MMP-2 and MMP-9  [82] . Interestingly, mice 
deficient in both DDR1 and the LDL receptor show re-
duced atherosclerosis compared to LDL receptor null 
mice, characterized by reduced macrophage content 
within the plaque  [83] . More work will be required to de-
fine the specific receptors and molecular mechanisms 
underlying the collagen I-induced transition to the in-
flammatory phenotype ( fig. 2 .3).

  ‘Forcing’ the Smooth Muscle Inflammatory 

Phenotype: The Role of Shear Stress and Strain 

 As we stated above, caution must be taken when inter-
preting monoculture cell studies and single stimuli. Cells 
dispersed from organs rarely behave like they do in vivo  
 and the cell phenotype in vivo is often dictated by many 
factors. In the vasculature, elegant studies from the Gim-
brone Laboratory (Brigham and Women’s Hospital) and 
others have shown that the pulsatile nature of blood flow 
and the forces imposed on the endothelium can recapitu-
late endothelial cell phenotype ex vivo  [9, 84] . Flowing 
blood generates a tangential frictional force termed shear 
stress that endothelial cells respond to. Endothelial cells 
exposed to shear stress produce multiple factors that are 
known to promote SMC migration in SMC monoculture 
studies, such as PDGF-BB and IL-1 �   [85] . As mentioned 
previously, in humans and animal models, atherosclero-
sis preferentially develops in regions of the vasculature 
where hemodynamic shear forces are disturbed, includ-
ing regions where arteries bifurcate, e.g. the carotid sinus, 
and areas of extreme curvature, e.g. the inner region of 
the aortic arch. To illustrate the importance of region-
specific hemodynamic shear forces in regulating cell 
phenotype, Dai et al.  [86]  generated hemodynamic flow 
patterns from human subjects where atherosclerosis de-
velops and flow is disturbed (the carotid sinus) and where 
atherosclerosis does not develop and shear forces are high 
(the common carotid artery), and applied these wave 
forms to endothelial cells in cell culture using a cone and 
plate viscometer  [86, 87] . Results from these studies 
showed that disturbed hemodynamic flow induces endo-
thelial priming towards inflammation, whereas high pul-
satile shear stress patterns promote the quiescent endo-
thelial cell phenotype ( fig. 2 .1). 
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  Recently our group showed that when human endo-
thelial cells are grown in coculture with SMCs, applica-
tion of an atheroprone, carotid sinus flow increases IL-8 
secretion from endothelial cells which was associated 
with an increase in VCAM-1 expression in both endothe-
lial cells and SMCs  [12] . When monocytes were intro-
duced into the system, increased monocyte adhesion was 
observed in both endothelial cells and SMCs exposed to 
disturbed hemodynamic waveforms compared to athero-
protective waveforms. Further analysis of the role of en-
dothelial-derived IL-8 in the SMC expression of VCAM-
1 demonstrated a surprising  anti-inflammatory  role for 
IL-8 ( fig. 2 .4). Blocking IL-8 secretion from the endothe-
lium by either siRNA or anti-IL-8 prevented flow-in-
duced secretion of IL-8 and potentiated flow-induced en-
dothelial and SMC VCAM-1 expression  [5] . Treating 
SMCs with IL-8 did not induce VCAM-1 expression, 
while treating cells with both IL-1 �  and IL-8 reduced 
VCAM-1 expression compared to cells treated with IL-1 �  
alone. This induction of VCAM-1 by IL-1 �  requires p38 
activity, and IL-8 reduces IL-1 � -induced p38 signaling 
suggesting a potential mode of action  [5] . This intricate 
signaling between the endothelium and SMCs is very dif-
ficult to tease out in intact arteries, and furthermore, in 
rodents, these studies are further challenged by the fact 
that mice and rats do not express the IL-8 gene. 

  Other forces, including circumferential strain that af-
fects both endothelial cells and SMCs during the cardiac 
cycle, can play a role in vascular responses  [16] . Experi-
mental analysis of the smooth muscle response to stretch 
suggests that a certain degree of stretch is required to 
maintain the differentiated SMC phenotype  [88] . How-
ever, too little or too much stretch both result in SMC 
proliferation and the induction of inflammatory genes 
 [15, 16] . Exposing vascular SMCs to pulsatile stretch in 
culture stimulates NF- � B activation through an oxida-
tive stress-dependent pathway  [89] . Stretch-induced pro-
duction of reactive oxygen species stimulates MCP-1 ex-
pression through an ERK- and p38-dependent mecha-
nism  [90] , suggesting stretch may utilize multiple 
signaling pathways to induce inflammatory gene expres-
sion. Vascular SMCs align parallel to the stretching force, 
and application of uniaxial stretch polarizes Rac activity 
to mediate this alignment response  [91] . Since Rac also 
stimulates reactive oxygen species production through 
the NADPH oxidase complex  [92] , this remodeling stim-
ulus may similarly be involved in the inflammatory phe-
notype. As such, Rac signaling is implicated in stretch-
induced IL-6 expression through activation of both p38 
and NF- � B  [93] . Interestingly, force-induced SMC align-

ment is also a function of shear forces on the endothelium 
 [12, 94] , suggesting that endothelial cells may play an im-
portant role in generating the spatial cues necessary to 
direct SMC-adaptive signaling  [12] . 

  It is now apparent that observations in monoculture 
studies with single stimuli are only scratching the surface 
of what may be going on in an intact blood vessel. Because 
it is very difficult to dissect how multiple signals are in-
tegrated in vivo, developing models that attempt to reca-
pitulate human in vivo cell phenotypes ex vivo will allow 
for a more detailed understanding of the factors and 
mechanisms that regulate not only SMC phenotype in 
atherosclerosis, but endothelial cells and macrophages 
and the delicate interactions in signaling occurring be-
tween these cells types ( fig. 1 ,  2 ).

  Is Posttranslational Regulation of the Inflammatory 

SMC Phenotype Important? 

 mRNA Stability in the Inflammatory Phenotype 
 In addition to transcriptional regulation, protein ex-

pression often depends upon multiple posttranscription-
al regulatory steps that affect mRNA stability and trans-
lation. MicroRNAs are evolutionarily conserved short 
RNA sequences that function to silence the expression of 
target genes, either through preventing translation or by 
inducing degradation. The miR-126 regulates VCAM-1 
expression in endothelial cells  [95] ; however miR-126 ex-
pression in SMCs has not been described. The microRNA 
miR-155 is emerging as a key regulator of inflammatory 
gene expression in leukocytes and lymphocytes  [96, 97] . 
In leukocytes, expression of miR-155 is induced by lipo-
polysaccharides, TNF � , and IFN- �   [98, 99]  and is thought 
to represent a negative feedback pathway, as miR-155 re-
duces the expression of components of the TLR and cy-
tokine signaling pathways such as FADD, RIP, and IKK 
 [98] . Smooth muscle cells show constitutive expression of 
miR-155, and the Ang II type I receptor is translationally 
repressed by miR-155 in SMCs  [100] . However, the rele-
vance of miR-126 and miR-155 to the SMC inflammatory 
phenotype is currently unknown and should provide an 
interesting target for future research.

  In addition to microRNAs, the presence of adenylate 
uridylate-rich elements (AREs), usually located in the 3 �  
untranslated region of mRNAs, regulates mRNA stabil-
ity by affecting its degradation  [101] . Many inflammatory 
proteins are encoded by ARE-containing mRNAs, in-
cluding ICAM-1, VCAM-1, TNF � , IL-1 � , IL-8, and MCP-
1 among others, consistent with the need to rapidly and 
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efficiently modulate the expression of these genes  [18, 
102–104] . AREs affect mRNA stability through multiple 
ARE-binding proteins (i.e. HuR, AUF1, and TTP) that 
can function to either reduce or enhance the stability of 
the target mRNA sequences  [101] . HuR generally protects 
ARE-containing transcripts from degradation, while 
AUF1 and TTP destabilize target mRNA. These effects 
appear to be gene specific, as AUF1 binding destabilizes 
IL-3 mRNA  [105]  while TTP destabilizes TNF �  and GM-
CSF mRNA  [106, 107] . Many of the ARE-binding pro-
teins are regulated by phosphorylation. For example, the 
stress-activated kinase p38 induces MAPKAP kinase 2 
(MK2)-dependent phosphorylation of TTP  [108, 109]  re-
sulting in the recruitment of the 14-3-3 family of adaptor 
molecules. Binding of 14-3-3 to TTP blocks the interac-
tion with the ‘decay machinery’ and prevents TTP de-
phosphorylation by protein phosphatase 2 �  thereby pro-
moting mRNA stability  [109, 110] . MK2 knockdown sup-
presses IL-1 � -induced VCAM-1 and MCP-1 expression, 
and the MK2 knockout shows reduced hypercholesterol-
emia-induced atherosclerosis  [103] . 

  Some inflammatory stimuli appear to specifically tar-
get mRNA stability to induce inflammatory gene expres-
sion either alone or synergistically with other stimuli. 
VCAM-1 expression in response to TNF �  in synovio-
cytes can be sustained at the posttranscriptional level by 
the cotreatment with IL-4 or IL-13  [111] . IL-8 reduces 
both p38 phosphorylation and VCAM-1 expression in re-
sponse to IL-1 �   [5] . However, the role of p38 signaling in 
VCAM-1 mRNA stability has yet to be explored in this 
system. We recently demonstrated that collagen I stimu-
lates a sustained increase in VCAM-1 expression, and 
this effect may also involve posttranscriptional regula-
tion. Plating SMCs on a collagen I matrix results in a rap-
id ( � 6 h) increase in the activity of the VCAM-1 promot-
er measured using a luciferase construct  [14] . However 
this enhanced activity was reduced to basal levels by 24 h 
 [14] . Despite this, levels of VCAM-1 mRNA and protein 
continued to climb for at least 5 days. One explanation for 
this discrepancy is that collagen I promotes VCAM-1 
mRNA stability. Activation of p38 and subsequent TTP 
phosphorylation is one way to accomplish this, however 
p38 activation was similar between matrices  [14] . 

  Translational Control of Inflammatory Genes 
 Regulation of mRNA translation represents another 

means of posttranscriptional control. Protein translation 
is classically regulated by the mammalian target of the 
rapamycin (mTOR) pathway [recently reviewed in ref. 
 112, 113 ]. Binding of eIF-4E to the 5 �  mRNA cap recruits 

eIF-4G to stimulate the formation of the eIF-4F complex 
and initiate cap-dependent translation. The interaction 
between eIF-4E and eIF-4G is blocked by 4E-BP1. Phos-
phorylation of 4E-BP1, most commonly by mTOR, re-
duces 4E-BP1 binding to eIF-4E thereby enhancing trans-
lation. Rapamycin is currently in use as an immunosup-
pressant due to its potent growth-inhibitory effects. 
Several inflammatory stimuli activate mTOR, although 
little is known concerning the role of mTOR in inflam-
matory gene expression. In response to TNF � , mTOR in-
hibition blocked the expression of IL-6 but did not affect 
the expression of IL-8 or MCP-1  [114] . An alternative 
mechanism of translational regulation is the activation of 
MAP kinase signal-integrating kinase-1 (Mnk-1), a sub-
strate of both p38 and ERK MAP kinases that phosphor-
ylates eIF-4E on Ser209 enhancing its affinity for the 
mRNA cap  [115, 116] . Mouse macrophages require Mnk-
dependent eIF-4E phosphorylation for lipopolysaccha-
ride-induced TNF �  production  [117] . TNF �  and IL-1 �  
stimulate eIF-4E phosphorylation through the p38-de-
pendent Mnk1 activation, and Mnk1 inhibition prevents 
IL-1 �  and anisomycin-induced release of proinflamma-
tory cytokines, including IL-1 � , TNF � , and IL-6  [118, 
119] . In addition to eIF-4E, Mnk phosphorylates the 
ARE-binding protein hnRNP A1, and this phosphoryla-
tion stabilizes TNF �  mRNA in T cells  [120] . While a role 
for Mnk signaling in the SMC inflammatory phenotype 
has not been described, Mnk proteins are expressed in 
SMCs and ERK-dependent Mnk-1 activation was shown 
to be required for angiotensin II-induced SMC protein 
synthesis and hypertrophy  [121] . The involvement of 
Mnk signaling in SMC inflammatory gene expression is 
an intriguing target for future research.

  Concluding Remarks 

  Will targeting vascular inflammation reduce athero-
sclerosis? Agents that block SMC proliferation have been 
shown to be effective in reducing in-stent restenosis and 
atherosclerosis, but will this apply to agents that block in-
flammation?  Targeting one inflammatory pathway may 
be insufficient to reduce the inflammatory phenotype. 
However, given the importance of p38 signaling in the 
posttranscriptional control of the inflammatory re-
sponse, it is not surprising that three p38 inhibitors 
(SCIO469, VX-702, and BIRB-796) are currently in clini-
cal trials for the treatment of chronic inflammatory dis-
eases such as Crohn’s disease and rheumatoid arthritis 
 [17, 122] . Secondary clinical outcomes such as carotid in-
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tima media thickness may shed light on whether such 
therapies can also reduce atherosclerosis. Interestingly, 
statins, specifically Crestor (rosuvastatin calcium), was 
recently shown in the Jupiter Trial to reduce C-reactive 
protein, a biomarker for systemic inflammation, in addi-
tion to its primary effect of lowering cholesterol. What is 
interesting, though, is that there are little data showing 
that statins decrease vascular wall inflammation in vivo. 
Thus, although we have presented compelling evidence 
that the inflammatory SMC phenotype is important in 
atherosclerosis, therapeutic targeting of this cell type is 
in its infancy. In fact, to these authors, it is not clear if 
there are any therapies in development that are designed 
to directly target the vascular wall for preventing athero-
sclerosis. All therapies to date decrease atherosclerosis by 
treating the factors associated with the development of 
the disease, such as cholesterol, triglycerides, diabetes, 
and hypertension. 

   Can vascular inflammation be used to diagnose athero-
sclerosis?  The field of molecular imaging has taken ad-
vantage of cell surface markers associated with inflam-
mation, such as VCAM-1, to develop antigen-recognition 
imaging modalities for diagnosing regions of vascular in-
flammation and atherosclerosis and potential spatial 
monitoring of anti-VCAM-1 pharmacotherapy  [123] . It is 
also plausible that small molecule compounds, drug ther-
apies, and gene therapy can be delivered to inflamed 
blood vessels using VCAM-1 molecular-targeted micro-
bubble/contrast agent carriers  [124, 125] .

   Is SMC interaction with macrophages during the devel-
opment of atherosclerosis good or bad?  Endothelial cell in-
teraction with SMCs at the myoendothelial cell junction is 
very important in regulating tone and vessel homeostasis 
and healthy cell phenotype. Conventional wisdom would 
suggest that monocyte/macrophage interaction with SMCs 
in atherosclerosis is bad but there is no definitive proof of 
this ( fig. 2 .5). Studies have shown that SMCs can function 
to stabilize monocytes/macrophages and prevent apopto-
sis, a good thing?  [126] . Indeed, the inherent plasticity of 
the vascular SMC is often viewed as a means to repair or 
heal the vascular wall in response to vascular injury and 
chemical stimuli. Emerging evidence for a population of 
anti-inflammatory macrophages (Ly-6C lo  monocytes in 
mouse, CD14+CD16+ monocytes in humans) as negative 
regulators of atherosclerosis also clouds the predicted 
function of SMC-dependent macrophage retention model 
in the progression of atherosclerosis  [127] .

  Lastly,  what are the specific receptors and molecular 
mechanisms underlying matrix-induced transition to the 
inflammatory phenotype  ( fig. 2 .3)?

  Other major challenges include dissecting out the 
multiple signaling pathways that regulate vascular SMC 
phenotype in vivo during the progression of atheroscle-
rosis. It is likely that major progress in this area is going 
to be dependent on the development of sophisticated loss-
of-function approaches including SMC-specific condi-
tional gene knockout models and/or local inhibition of 
candidate regulatory factors/pathways specifically at sites 
of lesion formation  [128] . These in vivo tasks are not triv-
ial and perhaps the ex vivo coculture models discussed 
above will allow researchers to further understand these 
complex mechanisms. 
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