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Smoothmuscle cells (SMC) contribute to the development and stability of atherosclerotic lesions. Themolecular
mechanisms thatmediate their properties are incompletely defined.We employed proteomics and in vitro func-
tional assays to identify the unique characteristics of intimal SMC isolated from human carotid endarterectomy
specimens and medial SMC from thoracic aortas and carotids. We verified our findings in the Tampere Vascular
Study. Human atheroma-derived SMC exhibit decreased expression of mitochondrial proteins ATP Synthase
subunit-beta and Aldehyde dehydrogenase 2, and decreased mitochondrial activity when compared to control
SMC. Moreover, a comparison between plaque-derived SMC isolated from patients with or without recent
acute cerebrovascular symptoms uncovered an increase in Annexin A1, an endogenous anti-inflammatory pro-
tein, in the asymptomatic group. The deletion of Annexin A1 or the blockade of its signaling in SMC resulted in
increased cytokine production at baseline and after stimulation with the pro-inflammatory cytokine Tumor
Necrosis Factor α. In summary, our proteomics and biochemical analysis revealed mitochondrial damage in
human plaque-derived SMC as well as a role of Annexin A1 in reducing the production of pro-inflammatory
mediators in SMC.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The seminal work of Campbell and Campbell demonstrated that
smooth muscle cells (SMC) undergo ‘phenotypic modulation’ from a
quiescent to a synthetic state within the atherosclerotic intima to ac-
commodate an increased synthesis of extracellular proteins [1] that
strengthen the fibrous cap [2]. Thus, the survival of SMC is essential to
plaque stability [2]. Classical studies by Bennett and Schwartz have
shown that cultured SMC isolated from atherosclerotic lesions display
decreased rates of proliferation and increased senescence and apoptosis
compared to medial SMC [3]. Importantly, apoptosis of SMC led to in-
creased inflammatory cell infiltration, suggesting that the survival of
SMC may modulate inflammation within atherosclerotic plaques [4].
The molecular mechanisms through which SMC can modulate the in-
flammatory response are currently unknown.
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Proteomics approaches provide an unbiased assessment of the pro-
tein components of diseased tissues. Proteomics analyses in carotid tis-
sue have generated biomarkers for cardiovascular events, such as
osteopontin [5]. Only transcriptomic approaches have so far been ap-
plied to SMC from human atherosclerotic lesions [6,7], while no study
has thus far compared the proteome of SMC derived from symptomatic
or asymptomatic carotid disease and control vascular tissue.

In order to identify qualitative protein changes in SMC in established
human atherosclerosis, we performed a proteomics characterization of
SMC derived from carotid artery stenosis and control vascular tissue.
We herein describe that Annexin A1 (ANXA1) levels in SMC are modu-
lated in carotid disease and that ANXA1 signaling blockade or its dele-
tion increases cytokine and chemokine production by SMC. We also
show thatmitochondrial damage is a distinctive feature of SMC isolated
from human atherosclerotic lesions.
2. Materials and methods

An expanded Materials and methods section is available in the
Supplementary data.

http://dx.doi.org/10.1016/j.yjmcc.2012.11.002
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2.1. Study population

For the proteomics profiling carotid plaques were obtained from 10
patients undergoing carotid endarterectomy at the Imperial Vascular
Unit, London. Ethical approval was obtained (Riverside Research Ethics
Committee 2989) and all patients gave their written informed consent.
A patient was defined symptomatic if she/he had experienced, within
the last 6 months, focal neurological symptoms pertaining to the ipsi-
lateral carotid territory (stroke, transient ischemic attack or amaurosis
fugax). Six out of 10 patients recruited matched these criteria (symp-
tomatic group). The remaining 4 patients included in the study had ca-
rotid stenosis but did not experience acute symptoms (asymptomatic
group). Each clinical case was presented in full at a specialist regional
neuro-vascularmulti-disciplinary teammeetingwhere the index carot-
id stenosis was confirmed as responsible for the symptoms by highly
experienced vascular clinicians, surgeons and radiologists on the basis
of neurovascular imaging and exclusion of alternative embolic sources,
including atrial fibrillation. All patients were on statins to avoid differ-
ences due to disease modulation. Patient characteristics are presented
in Supplemental Table SI.
2.2. Genome wide expression studies in the Tampere Vascular Study

In order to eliminate the possibility that changes in the molecules of
interest were due to the culture conditions, we verified their gene ex-
pression in the TampereVascular Study cohort [8]. Patient characteristics
relative to the Tampere Vascular Study are presented in Supplemental
Table SII. An extended methodology section on the Tampere Vascular
Study is included in the online supplement.
2.3. SMC isolation and culture

Carotid endarterectomies were enzymatically digested immediately
after collection and the cell suspension underwent negative selection
with magnetic beads (Miltenyi) in order to obtain a pure population
of plaque-derived intimal SMC (AthSMC) as previously described [9]
and as detailed in the online supplement. Attempts to isolate SMC
from the small medial segments attached to carotid endarterectomy
specimenswere unsuccessful in the majority of cases and did not result
in enough cells for proteomics studies. However,wewere able to isolate
enoughmedial smoothmuscle cells from3 carotid specimens for select-
ed validation studies. Human medial thoracic aorta-derived SMC
(AoSMC) from 6 donors (mean age 31.5 years) were purchased from
PromoCell (GmBH Heidelberg, Germany) and used as controls for the
proteomics study. SMCwere consistently used at passage 3 in all exper-
iments. SMC were serum starved for 48 hours and were subsequently
cultured in the presence or absence of Tumor Necrosis Factor α
(TNFα; 10 ng/mL) for 24 hours.
2.4. Proteomics

Full description of the 2D electrophoresis and Mass Spectrometry
methodology is included in the online supplement.
2.5. Validation experiments

Differential expression of proteins between the different groupswas
validated by immunoblotting and real-time quantitative PCR. Changes
inmitochondrial protein expressionwere further validated functionally
by quantifying mitochondrial dysfunction and cell apoptosis via citrate
synthase and cytochrome c assay, respectively. Changes in proteasome
activity in AthSMC and AoSMC were also assessed.
2.6. Annexin A1 blockade

ANXA1 signals through the N-formyl peptide receptor 2 (FPR2),
which has a structural homologue FPR1. To assess whether inhibition
of binding of ANXA1 to its receptors would affect the response to
TNFα of humanAoSMC,we used twodifferentANXA1 receptor blockers,
cyclosporin H (FPR1 antagonist) and WRW4 (FPR2 antagonist). AoSMC
were serum-starved 24 hours prior to incubation with either vehicle,
cyclosporin H (CsH, 10 μM) or WRW4 (10 μM) for 30 minutes followed
by incubation with or without TNFα (10 ng/μl). The concentration of
IL-6, MCP-1/CCL2, Fractalkine, IP-10/CXCL10, RANTES/CCL5 in cell cul-
ture supernatants was measured after 24 hours using a commercially
available Luminex assay (Human cytokine/Chemokine Assay,Millipore).

2.7. Isolation and culture of Anxa1−/− aortic SMC

We isolated SMC from the thoracic aortas of Anxa1−/− [10] and wild
typemice (see online supplement for further details) by enzymatic diges-
tion. SMC fromat least 4micewere pooled for experiment, serumstarved
24 hours and subsequently stimulated with murine TNFα (10 ng/ml) or
left unstimulated. IL-6 concentration in cell culture supernatants was
measured after 24 hours using commercially available ELISA (DuoSet
ELISA, R&D Systems). Furthermore, cells were lysed for RNA and gene ex-
pression levels of IL-6 andCCL2were studiedusing individual TaqManas-
says (LifeTechnologies).

2.8. Statistical analyses

Data are shown as mean±SEM. Statistical analysis of 2D gel data
employed the statisticsmodule of Progenesis Samespots (NonlinearDy-
namics, UK). Other analyseswere performedusingGraphPadPrismver-
sion 5.0 for Windows (GraphPad Software, San Diego, California, USA).
One-way ANOVA, Student's t-test or repeated measures 2-way ANOVA
were used as appropriate. All tests were 2-tailed. Statistical significance
was considered for Pb0.05. GenePattern software (version 3) was used
to generate a heatmap representing the relative difference of the 2D
spot volume for each identified protein [11]. The principal component
analysis (PCA), using an orthogonal transformation to perform eigen-
value decomposition of the data into two uncorrelated variables was
also computed using the GenePattern software.

3. Results

3.1. AthSMC show evidence of phenotypic modulation

Both AthSMC and AoSMC appeared spindle-shaped and displayed
the characteristic hill and valley pattern at confluence (Fig. S1A). Evalu-
ation of the contractile markers smooth muscle α-actin (αSMA) and
smooth muscle myosin heavy chain (SM-MHC) by PCR, immunofluo-
rescence and immunoblotting demonstrated a decrease in αSMA and
SM-MHC expression in AthSMC compared with AoSMC (Fig. S1B–D).

Eighty-four spots on the 2D gels were identified by Mass Spectrom-
etry (Table SIII). The 2D gel analysis with Samespots software demon-
strated that thirteen spots out of 84 were differentially expressed
between the AthSMC (n=10) and AoSMC (n=6; Table SIV). The first
notable change in AthSMC compared to AoSMCwas the reduction in cy-
toskeletal proteins actin and vimentin. Actin was identified as a train of
spots (19–23 in Fig. S1E and Table SIII), with a molecular mass of ap-
proximately 40 kDa and isoelectric points between 5.3 and 6.0, which
would be due to post-translational modifications, such as acetylation.
There is 94% sequence homology between β-actin and αSMA. All but
one (GYSFTTTAERE–β-actin specific) of the peptides detected belonged
to both sequences. Thus, the identified actin could be either β-actin or
αSMA. Four of the actin spots were significantly decreased in volume
in AthSMC compared to AoSMC (spot 19, 20 and 21, Pb0.05; spot 23,
Pb0.01; Fig. S1E and Table SIV). In keeping with this finding, four
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spots (Fig. S2 and Table SIII) were identified as vimentin, themajor con-
stituent of the intermediate filaments of the cytoskeleton. One of these
spots (spot 83)was decreased in AthSMC compared to AoSMC (Pb0.01;
Table SIV), in accordancewith previous literature showing a decrease in
vimentin in atherosclerotic intima [12].

Inflammation is one of the factors distinguishing the plaque environ-
ment from thenormal arterialwall.We therefore investigated TNFα as a
model pro-inflammatory stimulus on the SMC proteome. After TNFα
stimulation, two actin spots were statistically significantly decreased in
both AthSMC and AoSMC (Fig. S3A). Accordingly, the actin-associated
protein F-actin capping subunit alpha (CAPZA1) was decreased in
TNFα-stimulated AoSMC by 27% (Fig. S3D).

3.2. Mitochondrial damage and over-oxidation of peroxiredoxins are
features of AthSMC

Two key mitochondrial proteins were differentially expressed in
AthSMC vs. AoSMC (Fig. 1A) in the 2D gel analysis. The expression of
ATP synthase beta subunit (ATP5B), which is part of the F1 catalytic
core of ATP Synthase (complex V) in the electron transport chain was
lower in AthSMC than in AoSMC (Pb0.001; Fig. 1A). Similarly, aldehyde
dehydrogenase 2 (ALDH2), important in the detoxification of reactive
Fig. 1. Reduction of mitochondrial protein expression and reduced citrate synthase activity in A
compared to AoSMC (n=6). Graphs show quantitative changes in spot volumes. Each poin
(*Pb0.05, ***Pb0.001). Representative 2D gel spot images are shown below. B) Representa
AoSMC.α-tubulinwas used as a loading control. C) Densitometry of immunoblots for ATP5B and
of ALDH2 is reduced in AthSMC (n=10) compared with AoSMC (n=6, ***Pb0.001). E) Gene
medial AthSMC (n=3, *Pb0.05). F) AthSMC have reduced citrate synthase activity compar
panel; fold change=0.54, P=2.95×10−12) gene expression was lower in atherosclerotic plaq
Study (AU=arbitrary unit).
aldehydes, was decreased in AthSMC vs. AoSMC (Pb0.05; Fig. 1A). The
significant decrease of ATPB5 and ALDH2 proteins in AthSMC vs.
AoSMC was confirmed by Immunoblotting (Pb0.01; Figs. 1B–C). Quan-
titative Real-Time PCR also showed a statistically significant decrease of
ALDH2 in AthSMC vs. AoSMC (Pb0.001, Fig. 1D), albeit ATP5B gene ex-
pression was not statistically significant (data not shown). Subsequent-
ly, we compared the expression of the mitochondrial proteins ATP5B
and ALDH2 in medial and intimal AthSMC to exclude the possibility
that the differences observed were due to sampling of different arterial
sites. We were able to confirm a reduced expression of both genes in
diseased intimal compared to the medial AthSMC (Pb0.05, Fig. 1E), in-
dicating that the differences in mitochondrial proteins could not be
explained by vascular site or embryological origins of the SMC.

Nextwe sought to assesswhether the decrease of ATP5B and ALDH2
in AthSMCwas the result of a decrease inmitochondrial mass. Since cit-
rate synthase is exclusively localized inmitochondria, its activity is used
as a marker for mitochondrial mass [13,14]. AthSMC had significantly
lower citrate synthase activity compared with AoSMC (Pb0.0001;
Fig. 1F). To assesswhether the change inmitochondrialmass in AthSMC
was secondary to apoptosis, we quantified the cytosolic levels of cyto-
chrome c, a protein associated with the inner membrane of the mito-
chondrion [15] and released into the cytosol in response to apoptotic
thSMC. A) Mitochondrial proteins ATP5B and ALDH2were decreased in AthSMC (n=10)
t represents the mean spot volume per donor calculated from triplicate 2D gels±SEM.
tive immunoblot confirming a decrease of ATP5B and ALDH2 in AthSMC compared to
ALDH2 inAthSMC (n=10) comparedwith AoSMC (n=6, **Pb0.01). D)Gene expression

expression of ATP5B and ALDH2 is statistically significantly lower in intimal compared to
ed with AoSMC (n=3, Pb0.01). G) ATP5B (left panel; P=NS) and ALDH2 gene (right
ues (n=68) compared with non-atherosclerotic ones (n=25) in the Tampere Vascular
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signals [16]. Cytosolic cytochrome c concentrations did not differ be-
tween AthSMC and AoSMC (P=NS; Fig. S4), indicating that a decrease
in mitochondrial mass -but not apoptosis - is responsible for the de-
crease in ATP5B and ALDH2 in AthSMC. Moreover, gene expression
studies in the Tampere Vascular Study revealed lower ALDH2 (P=
2.95×10−12, Fig. 1G) and ATP5B (P=NS; Fig. 1G) gene expression in
atherosclerotic plaques compared with non-atherosclerotic ones,
suggesting that changes in the expression of mitochondrial proteins
are not only related to the culture conditions but are present in undisso-
ciated tissues.

We have previously shown that mice transgenic for human TNFα
have reduced mitochondrial function and fatty acid oxidation [17].
Thus we evaluated whether TNFα might modulate the expression of
the mitochondrial proteins ATP5B and ALDH2. TNFα-stimulation of
AthSMC caused a 15% decrease in ATP5B and 32% decrease in ALDH2
compared to unstimulated AthSMC (Fig. S3B). However, the difference
in citrate synthase activity between TNFα stimulated and unstimulated
SMC was not statistically significant (Fig. 1F).

An important pathway for mitochondrial dysfunction is the exposure
to excessive oxidative stress. Two spotswere identified as the antioxidant
protein peroxiredoxin-4 (PRDX4) respectively in the oxidized and re-
duced form. The over-oxidized form of PRDX4 was increased in AthSMC
compared to AoSMC (Pb0.05; Fig. S5A–C; Table SIV). As therewas no cor-
responding reduction in the reduced form (Fig. S5C), this finding might
indicate that AthSMC have been exposed to increased oxidative stress
resulting in an overall increase in expression and oxidation of PRDX4. In
support of this finding, analyses in the Tampere Vascular Study showed
an increase in PRDX4 gene expression in atherosclerotic plaques com-
pared with the non-atherosclerotic controls (P=1.12×10−11; Fig. S5D).
The expression levels of ATP5B, ALDH2 and PRDX4 in the Tampere Vascu-
lar Study did not vary in plaques with different Stary Classification types
(Fig. S6), with the presence of intraplaque hemorrhage or thrombus
(Fig. S7), or patient symptoms (Fig. S8). Moreover, no differences were
found when patients were grouped according to risk factors (Table SV),
suggesting that the differences in such genes are not restricted to a specif-
ic risk factor or plaque development stage.

3.3. Differences in the proteome of AthSMC derived from symptomatic
and asymptomatic patients include changes in contractile proteins and
Annexin A1

We next investigated whether the symptomatic status of patients
influenced the properties of their AthSMC. In a comparison between
2D gel images with the Samespots software between AoSMC (n=6),
asymptomatic (n=4) and symptomatic (n=6) AthSMC, 28 spots
were differentially expressed and positively identified by mass spec-
trometry. The relative difference in spot volume for each identified pro-
tein is shown as a heat map in Fig. 2A and in Table SVI. Interestingly,
eigenvalue decomposition of the data into two uncorrelated principal
components using PCA (94% of the data variance) indicated that the
protein profile of symptomatic patients with carotid disease was dis-
tinctively different from the protein profile from both asymptomatic
patients and AoSMC (Fig. 2B). Thirteen of the spots were differently
expressed between AthSMC from symptomatic (n=6) and asymptom-
atic (n=4) patients (Table SVII).

Actin expression was increased by approximately 30–50% in
AthSMC derived from asymptomatic patients compared to symptomat-
ic patients (Pb0.05; Fig. 3A). A decrease of contractile proteins αSMA
and SM-MHC in AthSMC of symptomatic patients was also confirmed
via PCR (Fig. S9). In addition, actin binding protein F-actin capping pro-
tein subunit alpha-1 was decreased by 46% in symptomatic AthSMC
(Pb0.01; Table SVII). Instead, the expression of oxidized PRDX4 and
of the mitochondrial proteins ATP5B and ALDH2 did not differ between
symptomatic and asymptomatic SMC (Figs. 3B–C).

Of the differentially expressed proteins, Annexin 1 (ANXA1) was of
particular interest, due to its potent anti-inflammatory properties.
ANXA1 was increased in asymptomatic SMC compared to symptomatic
SMC (Pb0.05; Fig. 4A). This observation was confirmed at the gene
level (Pb0.05; Fig. 4B) and via immunoblotting (Pb0.01; Figs. 4C–D).
Moreover, in the Tampere Vascular study, ANXA1 gene expression
was significantly higher in atherosclerotic plaques compared with
non-atherosclerotic controls (P=2.95×10−5; Fig. 4E). The expression
levels of ANXA1 in the Tampere Vascular Study did not vary in plaques
with different Stary Classification types (Fig. S6), or with the presence
of intraplaque hemorrhage or thrombus (Fig. S7). Moreover, no differ-
ences in its expression were found when patients were grouped
according to risk factors (Table SV), suggesting that the differences in
ANXA1 are not simply a reflection of risk factors or plaque development
stage. Only 2 patients in the Tampere Vascular Study were asymptom-
atic, but they had higher levels of ANXA1, in accordance with previous
literature [18].

3.4. Blockade of Annexin A1 signaling or Annexin A1 deletion increases
cytokine and chemokine production in vascular SMC

Wenext investigated thebiological significance of ANXA1 in SMCbe-
havior. ANXA1 signals through FPR2 and its structural homologue FPR1.
We cultured AoSMC in the presence or absence of two selective FPR
blockers, cyclosporin H (FPR1 antagonist) andWRW4 (FPR2 antagonist)
to assess whether inhibition of the binding of ANXA1 to its receptors
would affect the TNFα response of human SMC. We observed a signifi-
cant increase in IL-6 and Fractalkine release at baseline and upon TNFα
stimulation in the presence of both blockers (Pb0.001; Fig. 5A). No sig-
nificant changes were observed in the other mediators studied.

Finally, SMC isolated from thoracic aortas of Anxa1−/− mice dis-
played an increased expression of IL-6 and CCL2 when compared to
SMC isolated from thoracic aortas of WT mice both at baseline and
upon stimulation with TNFα (Pb0.001; Fig. 5B). Similar changes were
observed with IL-6 release (Fig. 5C).

4. Discussion

SMC are important arbiters of the outcome of atherosclerotic plaque
formation. Our study is the first to characterize the proteome of SMC de-
rived from human atherosclerotic lesions (AthSMC), and it reveals that
AthSMC exhibit signs of exposure to oxidative stress and mitochondrial
damage when compared to control SMC (AoSMC). We also show that
SMC isolated from asymptomatic patients are qualitatively different
fromSMC isolated from symptomatic patients, as they have an increased
expression of the potent anti-inflammatory protein annexin-A1
(ANXA1). Loss of ANXA1 or blockade of ANXA1 signalingwas associated
with increased production of IL-6, CCL2 and fractalkine in vascular SMC,
suggesting that ANXA1 expression in SMCmaymodulate the inflamma-
tory response.

Mitochondrial dysfunction is linked to insulin resistance and athero-
sclerosis [19]. We found a significant decrease in expression of two key
mitochondrial proteins in AthSMC compared to AoSMC. This decrease
was independently verified in the extended cohort of the Tampere
Vascular Study. The reduction in ATP5B andALDH2 in AthSMCwas asso-
ciated with a decrease in mitochondrial abundance as assessed via the
citrate synthase assay, indicating that loss of ATP5B and ALDH2 may be
a true indicator of the presence of mitochondrial damage. Concomitant-
ly, we observed a compensatory increase in the expression of the glyco-
lytic enzyme pyruvate kinase in AthSMC compared to AoSMC (Table
SIV). This is consistentwith the increased levels of alpha-enolase and tri-
ose phosphate isomerase reported inmurine atherosclerotic aortas [20],
and with the possibility of damage to the electron transport chain, of
which ATP5B is a key participator. The levels of ATP5B and ALDH2 in
AthSMC decreased with TNFα stimulation but the difference was not
reflected in the citrate synthase activity between the stimulated and
unstimulated SMC, suggesting that a prolonged exposure to TNFα may
be necessary to inducemitochondrial changes or that othermechanisms
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Fig. 2. AthSMCderived fromsymptomatic patients display a different protein expression profile fromAthSMCderived fromasymptomatic patients andAoSMC.A) The relative difference in spot
volumes of the identified proteins is shown on the heatmap using a color gradient: blue (low)bwhite (average)bred (high). B) PCA of the spot volume of the identified SMC proteins with a
statistical significant difference amongst groups (Pb0.05). AoSMCare shown in blue, asymptomatic AthSMC in green, symptomatic AthSMC in red. The individual replicates fromeach group are
represented by the small rectangles, while the larger rectangles show the average value for the 2 principal components from each group.

69L.E. Viiri et al. / Journal of Molecular and Cellular Cardiology 54 (2013) 65–72
might be involved in determining overall mitochondrial function. The
identification of specific proteins ATP5B and ALDH2 as associated with
conditions of mitochondrial damage in the atherosclerotic plaque raises
hope of their suitability as future biomarkers of mitochondrial function
in atherosclerosis and other conditions.

The causes of mitochondrial dysfunction in atherosclerosis are likely
to be complex. Mitochondrial DNA is particular susceptible to DNA dam-
age. Apolipoprotein E (ApoE)−/− mice deficient in the DNA repair en-
zyme ataxia telangiectasia mutated protein, had marked mitochondria
dysfunction and accelerated atherosclerosis [19].Wewere not able to de-
tect the specific mitochondrial DNA deletion in human SMC (data not
shown) suggesting other mechanisms may be at play in our setting.
The release of mitochondria-associated proteins, such as cytochrome c,
is a feature of apoptosis [16]. We did not detect variations in cytosolic
release of cytochrome c between AthSMC and AoSMC, indicating that
the differences observed in the levels of the mitochondrial proteins
ATP5B and ALDH2 are not due to increased apoptosis of the AthSMC,
but rather reflect mitochondrial damage. The concomitant finding of
over-oxidation of peroxiredoxin-4 in AthSMC compared with AoSMC
confirm previous findings of increased over-oxidation of 1-Cys
peroxiredoxin in murine atherosclerosis [20] and it might indicate that
mitochondrial damage is carried out by increased oxidative stress. Of rel-
evance, SMC are a major cellular source of reactive oxygen species in the
vesselwall inmodels of arterial injury [21] and atherosclerosis [22].With
relevance to our set up, cultured SMC fromWatanabeHeritableHyperlip-
idemia (WHHL) rabbit aortas exhibited significantly greater basal levels
of reactive oxygen species than SMC from control New Zealand rabbits
[22]. Importantly, PRDX4 has been recently shown to exert a protective

image of Fig.�2


Fig. 3. Differences in protein expression betweenAthSMC derived from symptomatic and asymptomatic patients. Graphs showquantitative changes in spot volumes. Each point represents the
mean spot volume per donor calculated from triplicate 2D gels±SEM. Representative 2D gel spot images are shown below. A) Actin spots 22 and 23were significantly higher in AthSMC from
symptomatic (n=6) and asymptomatic (n=4)patients (*Pb0.05). B) Levels of the reduced or oxidized forms of peroxiredoxin-4 (PRDX4)were not statistically significantly different (P=NS).
C) There was no difference in levels of ATP Synthase subunit-beta (ATP5B) or aldehyde dehydrogenase 2 (ALDH2; P=NS).
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action in atherosclerosis by suppressing oxidative damage [23]. In this
study, lower levels of oxidative stress were detected in SMC in the
plaques of ApoE−/−mice transgenic for human PRDX4 compared to
ApoE−/− mice [23].

ANXA1, a protein with potent anti-inflammatory effects [24], was
expressed at higher levels in AthSMC isolated from asymptomatic com-
pared to symptomatic patients. ANXA1 has previously been detected in
atherosclerosis in cells staining with HAM56 antibody, which is reactive
for macrophages and subpopulations of endothelial cells [25]. A recent
study [18] reported increased ANXA1 protein in whole carotid plaques
from asymptomatic vs. symptomatic patients, in keeping with our re-
sults. However, its functional role in atherosclerosis is yet unexplored.
Anxa1−/− mice have exacerbated inflammation [10]. We showed that
when ANXA1 function is prevented via blockade of its receptors, SMC
producemore inflammatory cytokines, an effect that is further promoted
by TNFα stimulation. This supports the hypothesis that ANXA1 may



Fig. 4. Annexin 1 protein and gene expression is higher inAthSMCderived fromasymptomatic patients compared to symptomatic patients. A) ANXA1protein is higher in AthSMC fromasymp-
tomatic carotid stenosis (n=4; P=0.024) compared to AthSMC derived from symptomatic patients (n=6, *Pb0.05). Each point represents the mean spot volume per donor calculated from
triplicate 2Dgels±SEM.Representative2Dgel spot images are shownbelow. B)GeneexpressionofANXA1 is increased inAthSMC fromasymptomatic patients (n=4)vs. symptomatic patients
(n=6; Pb0.05). C) Representative immunoblot of ANXA1 confirms an increase in AthSMC from asymptomatic patients (n=4) vs. symptomatic patients (n=6).α-tubulinwas used as a load-
ing control. D) Densitometry of immunoblots for ANXA1 in AthSMC fromasymptomatic patients (n=4) vs. symptomatic patients (n=6, *P=0.01). E) ANXA1 gene expressionwas statistically
significantly higher in atherosclerotic plaques (n=68) compared with non-atherosclerotic controls (n=25; FC=1.16, P=2.95×10−5) in the Tampere Vascular study.
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exert anti-inflammatory effects by dampening the response to inflamma-
tory stimuli (such as TNFα) in SMC. Reduction of SMCnumbers via induc-
tion of apoptosis has been experimentally shown to induce plaque
inflammation [4], implicating either the production of pro-inflammatory
mediators by apoptosis or the removal of anti-inflammatorymechanisms
Fig. 5. ANXA1 receptor blockade or ANXA1 deletion leads to increased cytokine and chemokine
(CsH; 10 μM) or WRWWW (WRW4, 10 μM) in the presence or absence of TNFα (10 ng/μl). IL
(n=3, *Pb0.05, ***Pb0.001). B) IL-6 and CCL2 gene expression in SMC isolated fromAnxa1−/− and
from SMC isolated from Anxa1−/− andWT aortas in the presence or absence of TNFα (10 ng/μl)
in this process. Further prospective and in vivo studies will be needed to
ascertain a role for ANXA1 in preventing plaque inflammation. In accor-
dance with our previous studies, we did not observe significant changes
in ANXA1 after exposure to TNFα suggesting that other factors might be
involved in the regulation of its expression [26,27].
production in vascular SMC. A) Human AoSMC were incubated with vehicle, cyclosporin H
-6 and Fractalkine concentration in cell culture supernatants was measured after 24 hours
WT aortas in the presence or absence of TNFα (10 ng/μl) (n=3, ***Pb0.001). C) IL-6 release
(n=3, *Pb0.05, ***Pb0.001).
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One limitation of our approach is the possibility that SMC lose their
phenotypewhen extensively passaged. Tominimize such effect we pas-
saged cells no more than three times, and used both atheroma-derived
and control SMC at the same early passage. Another challenge in this
setting is the choice of control cells. Attempts to isolate AthSMC from
medial segmentswere unsuccessful in 70% of the donors and did not re-
sult in enough cells for proteomics studies, limiting their use to selected
validation studies. Carotid medial SMC are not commercially available.
Thoracic aorta is much less prone to atherosclerosis than other available
options, i.e. abdominal aorta or coronary arteries [28]. Albeit thoracic
AoSMC have different embryonic origin [29], they are topographically
the closest of all controls available and were thus considered to be the
most suitable cells for our study. AthSMC were isolated using the same
method (enzymatic digestion as opposed to explanting), grown in iden-
tical medium and used at the same cell passage as control medial
AoSMC.Wewere able to reproducefindingof previous proteomics stud-
ies in atherosclerosis, e.g. increase in proteins related to oxidative stress
and glucose metabolism [20]. In line with previous literature [30], we
observed the down-regulation of cytoskeletal proteins in AthSMC com-
pared to AoSMC. Our finding that TNFα stimulation decreases the ex-
pression of actin and of the actin-associated protein F-actin capping
subunit also reproduces past observations [31]. The consistency of our
findings with previous literature lends strong support to our experi-
mental design. Moreover, Fig. 2 and Table SVI highlight that the prote-
ome of AoSMC was remarkably similar to the SMC derived from
asymptomatic carotid stenosis rather than the ones derived from symp-
tomatic carotid stenosis. Finally, wewere able to reproduce our findings
in a comparison between carotidmedial and intimal cells, underpinning
the validity of our observations.

5. Conclusions

In established human atherosclerosis SMC acquire a distinct protein
“signature” that suggests exhaustion of antioxidantmechanisms andmi-
tochondrial damage. We identify biological differences between SMC
extracted from patients with symptomatic and asymptomatic carotid
disease, including the increased expression of Annexin A1 in SMC resi-
dent in asymptomatic carotid stenosis. Our findings underscore the pro-
tective role of SMC in advanced atherosclerosis and suggest Annexin A1
signaling as a novel mechanism through which SMC might dampen
inflammation.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.yjmcc.2012.11.002.
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