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Abstract

Background: Blood-based biomarkers of atherosclerosis have been used to identify patients at
high risk for developing stroke. We hypothesized that patients with carotid artery disease would
have a distinctive proteomic signature in blood as compared to a healthy control population
without carotid artery disease. In order to discover protein biomarkers associated with increased
atherosclerotic risk, we used two different strategies to identify biomarkers from patients with
clinically defined atherosclerosis who were undergoing endarterectomy for atherosclerotic ca-
rotid artery disease. These patients were compared with healthy matched controls. Methods:
Serum was obtained from patients undergoing endarterectomy (EA; n = 38) and compared to
agroup of age-matched healthy controls (n =40). Serum was fractionated using anion exchange
chromatography and three different surface-enhanced laser desorption/ionization (SELDI) chip
surfaces and then evaluated with mass spectrometry (MS) and two-dimensional difference gel
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electrophoresis (2D-DIGE). Results: A random forest (RF) analysis of the SELDI-MS protein peak
data distinguished these two groups with 69.2% sensitivity and 73.2% specificity. Four unique
SELDI peaks (4.2,4.4,16.7 and 28 kDa, all p< 0.01) showed the greatest influence in the RF mod-
el. The EA patients with a history of prior clinical atherosclerotic plaque rupture manifested as
either stroke or transient ischemic attack (symptomatic; n = 16) were compared to patients with
carotid atherosclerosis but no clinical evidence of plaque rupture (asymptomatic; n = 22). Anal-
ysis of the SELDI spectra did not separate these two patient subgroups. A subgroup analysis
using 2D-DIGE images obtained from albumin-depleted serum comparing symptomatic (n =
10) to asymptomatic EA patients (n = 10) found 4 proteins that were differentially expressed
(p <0.01) in the symptomatic patients. These proteins were identified as ay-antitrypsin, hapto-
globin and vitamin D binding protein that were downregulated and a,-glycoprotein precursor
that was upregulated in the symptomatic EA group. Conclusions: SELDI-MS data analysis of
fractionated serum suggests that a distinct protein signature exists in patients with carotid ath-
erosclerosis compared to age-matched healthy controls. Identification of 4 proteins in a subset
of patients with symptomatic and asymptomatic carotid atherosclerosis suggests that these
and other protein biomarkers may assist in identifying high-risk patients with carotid athero-
sclerosis. Copyright © 2011 S. Karger AG, Basel

Introduction

Atherosclerosis is an inflammatory disease that affects medium and large arteries. Im-
mune mechanisms underlie both the formation and activation of atherosclerotic plaques that
cause ischemia from vessel stenosis or plaque rupture with thrombosis [1, 2]. The discovery
of biomarkers that improve current methods of diagnosis and treatment of cerebral ischemia
would be a valuable addition to patient care. Several categories of protein biomarkers that
reflect brain tissue damage, inflammation, vascular injury, hemostasis or neuroendocrine
responses have helped to delineate mechanisms and potential pathways for new therapies
[3-5]. Similarly, microarray profiles of ribonucleic acid expression in blood can distinguish
ischemic stroke from controls and other types of brain injury [6]. Single nucleotide polymor-
phisms of genes that regulate inflammatory pathways have been associated with an increased
relative risk for ischemic stroke [7-10]. However, due to the heterogeneity of causes of isch-
emic stroke and the lack of sufficient sensitivity and specificity, none of these markers are
currently used routinely to assess risk, and diagnose, treat, or provide prognosis of cerebral
ischemic events [3-5, 11].

Some of the biomarkers assessing risk associated with carotid artery disease are similar to
those associated with cardiovascular risk, such as C-reactive protein or fibrinogen [12]. Blood
levels of cholesterol and associated lipoproteins have a well-known relationship to the risk of
coronary artery disease, yet this relation is only weakly associated in ischemic stroke suggest-
ing possible differences in mechanisms or susceptibility of the different vascular beds to ath-
erogenesis [13-15]. A recent systematic review of biomarkers associated with stroke risk and
best therapy for carotid artery disease noted the heterogeneity of results from the studies of
different biomarkers [12]. Clarifying the role of inflammatory markers that are predictive of
carotid artery disease within a background of systemic atherosclerosis remains challenging.

In order to discover new protein biomarkers associated with increased atherosclerotic
risk, we conducted a pilot study in patients with and without carotid artery disease. We hy-
pothesized that patients with carotid artery disease would have a distinctive proteomic sig-
nature in blood as compared to a healthy control population. Our goal was to identify sero-
logical markers that would help distinguish patients with and without carotid atherosclero-
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sis and those who were more likely to become symptomatic. We used two different strategies
to identify biomarkers from patients with clinically defined atherosclerosis who were under-
going endarterectomy (EA) for carotid artery disease. We characterized the entire proteome
in these patients by fractionating serum using anion exchange and then fractionating further
using three different protein chip surfaces for screening with surface-enhanced laser desorp-
tion/ionization (SELDI)-time of flight (TOF) mass spectrometry (MS). A bioinformatic ap-
proach to establish multivariate classification models based on SELDI-MS data was used to
distinguish the atherosclerosis group from the no atherosclerosis group. Samples from the
symptomatic and asymptomatic EA group were analyzed using two-dimensional difference
gel electrophoresis (2D-DIGE), matrix-assisted laser desorption/ionization (MALDI) tan-
dem MS (MS/MS) and liquid chromatography MS/MS. Our results demonstrate both the
utility and limitations of protein profiling using these approaches.

Materials and Methods

Sample Collection

The atherosclerosis group was composed of 38 patients who had blood samples obtained
prior to EA with carotid plaque removal. The control group consisted of 40 age-matched
healthy subjects who were enriched for atherosclerotic risk factors but had no clinical evi-
dence of atherosclerosis at the time of sampling. The atherosclerosis group was composed of
both symptomatic (n = 16) and asymptomatic (n = 22) patients who underwent EA. The
symptomatic patients underwent EA surgery after a prior stroke or transient ischemic attack
(TTA) and met the North American Symptomatic Carotid Endarterectomy Trial (NASCET)
criteria for symptomatic atherosclerosis [16]. The asymptomatic atherosclerotic patients had
no prior clinical sequelae from their vascular disease. Table 1 lists their baseline clinical char-
acteristics. Serum from all patients who consented to participation was collected at the Na-
tional Naval Medical Center under an institutional review board-approved protocol during
outpatient visits prior to EA or in outpatient visits as appropriate. The serum was stored at
-80°C before use. In symptomatic patients, samples were obtained within 1-4 weeks after
TIA or stroke. The strokes were mild to moderate in severity.

Sample Fractionation

Prior to generating protein expression profiles by SELDI analysis, serum samples were
processed by anion exchange chromatography using a 96-well serum fractionation kit con-
taining anion exchange resin according to the manufacturer’s recommendations (Ciphergen
Biosystems, Fremont, Calif., USA) and automated for high-throughput liquid handling on a
Biomek 2000 automated workstation (Beckman Coulter, Fullerton, Calif., USA). Six total
fractions with buffers of 50 mM Tris-HCI, 0.1% N-octyl-B-D-glucoside (OGP; pH 9; F1); 50
mM HEPES, 0.1% OGP (pH 7; F2); 100 mM Na acetate (pH 5; F3); 100 mM Na acetate, 0.1%
OGP (pH 4; F4); 50 mM Na citrate, 0.1% OGP (pH 3; F5), and 33.3% isopropanol, 16.7% ace-
tonitrile and 0.1% trifluoroacetic acid (TFA; organic, F6) were collected (fig. 1). Each of the
six 200-pl fractions was then stored at —80°C until application to the ProteinChip arrays.

SELDI ProteinChip Analysis

Mass spectra from serum protein expression profiles were obtained using immobilized
metal affinity capture (IMAC30), strong anion exchange (Q10) and/or weak cation exchange
(CM10) ProteinChip arrays (Ciphergen Biosystems) and run in duplicate according the man-
ufacturer’s recommended protocols. All sample preparations, including deposition of ma-
trix, were performed on a Biomek 2000 automated work station using two 96-well Bioproces-
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Table 1. Clinical characteristics of all patients

No clinical Atherosclerosis p value
atherosclerosis (n=38)
(n = 40)
Males/females 32/8 31/7 1.0
Age, years 71.2%8.3 70.0x9.5 0.59
Smoking
Never 25 11 0.004
Quit 13 20 0.45
Active 2 7 0.08
Hypertension 17 36 <0.001
High cholesterol 12 29 0.003
Diabetes 1 9 0.023
Atrial fibrillation 0 4 0.05
CAD 0 16 <0.001
CABG 0 8 0.002
Angina 0 8 0.01
MI 0 6 0.01
PVD 0 15 <0.001
Claudication 0 13 <0.001
Prior stroke or TIA 0 16 <0.001
Glucose, mg/dl 92*15 110x47 0.03
Triglycerides, mg/dl 132+58 151+93 0.30
Cholesterol, mg/dl 20330 177 £ 34 <0.001
HDL, mg/dl 5813 45+ 11 <0.001
LDL, mg/dl 123+30 103+ 26 0.003
VLDL, mg/dl 26%11 28%11 0.46
WBC, 10°/1 5.92+0.79 7.32£2.19 <0.001
Platelets, 10°/1 239+ 64 230+57 0.5
Fibrinogen, mg/dl 358 =51 38298 0.19
ESR, mm/h 11£8 18%16 0.01
C-reactive protein
<1 mg/l 36 32 0.51
1-3 mg/l 1 5 0.10
>3 mg/l 0 1 0.48
Not done 3 0

CAD = Coronary artery disease; CABG = coronary artery bypass graft; ESR = erythrocyte sedimenta-
tion rate; MI = myocardial infarction; PVD = peripheral vascular disease. Data are means = SD. Com-
parisons of the groups (no clinical atherosclerosis vs. atherosclerosis) were done using either an unpaired
t test or Fisher’s exact test (InStat 3, version 3.0b, GraphPad Software) with nominal p values reported.

sors from Ciphergen. For quality control purposes and to measure the chip-to-chip experi-
mental variation, a pooled serum sample was prepared by mixing control and patient samples,
and applied to 1 spot on each ProteinChip array used. The coefficients of variation (CV) of
the intensity of each detectable peak were measured and the average variation across the en-
tire range was <25%. Spectra from each sample were generated using a high and low laser
intensity reading in order to optimize the detection of both low and higher molecular weight
proteins. Prior to all chip reading, the instrument performance was evaluated by measuring
laser energy output, resolution and sensitivity, and then externally calibrated using standard
calibrants spanning the user-defined range of the mass/charge ratio.
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Fig. 1. Four unique SELDI-MS peaks that showed the greatest influence in distinguishing atherosclerosis
samples from patient samples with no evidence of atherosclerosis.

SELDI-MS Bioinformatic Analysis

All SELDI-MS spectra were processed similarly using CiphergenExpress 2.1 data man-
agement software (Ciphergen Biosystems). Initially, both raw and processed data were ana-
lyzed. For spectrum-processing parameters, the general approach was the determination of
the optimal baseline subtraction and smoothing algorithms, a total ion current normaliza-
tion across all spectra, followed by a recalibration using peak alignment. A peak detection
algorithm, using modifiable values for signal to noise and peak valley depth, was then em-
ployed to select peaks from a set of spectra from the same fraction and chip type. A Mann-
Whitney U test was used to compare the mean intensity value of each recognized peak be-
tween two different clinical groups. The random forest (RF) program, which is a machine-
learning classifier algorithm that makes group predictions based on many potentially
correlated variables, was used to develop the multivariate classification models [17].

Albumin Depletion from Serum

Samples to be analyzed by 2D gels were albumin depleted using four Seppro Human
Albumin IgY bead columns (Genway Biotech, San Diego, Calif., USA). Each serum sample
was run through a column two times to obtain sufficient concentration of albumin-deplet-
ed serum proteins. Albumin-depleted and albumin-bound fractions were both recovered
from the column and stored at -80°C. Symptomatic and asymptomatic samples were ran-
domized with respect to columns. After all depletions, samples were thawed and a bicin-
choninic acid assay (Pierce Biotechnology, Rockford, Ill., USA) was run to determine the
protein concentration of the depleted and bound fractions for each sample. Samples were
then stored at 4°C.
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2D-DIGE and Image Analysis

Detailed protocols for sample preparation, fluorescent labeling, 2D-PAGE and image
acquisition are presented in the online supplementary experimental protocol (for all online
suppl. material, see www.karger.com/doi/10.1159/000334477). Briefly, after sample cleaning
and denaturing, 25 g of protein were used for the Cy2 standard pool. Albumin-depleted
serum samples from symptomatic and asymptomatic EA patients were labeled using either
Cy3 or Cy5 dye. The remaining non-labeled samples were pooled to create a physical average
for a Coomassie-stained spot picking gel. Minimal labeling uses 50 pg of protein with 1 .l
of 400 pmol DIGE dye. Amersham IPG Immobiline Drystrips (pH 3-10 NL, 24 cm) and 18
cm 4-12% gradient Precast gels (Jule, Milford, Conn., USA) were used for the 1st and 2nd
dimensions. These gels were run using the Ettan DALT 12 system (Amersham Biosciences,
Piscataway, N.J., USA). All gels were imaged using a Fuji Film FLA-5000 scanner and Image-
View software. The picking gel was scanned using a laser wavelength at 473 nm with a long-
pass blue filter. The image was saved as a 16-bit image with a resolution of 10 wm. DIGE gels
were scanned twice using appropriate laser and filter settings for Cy3 and Cy5. The 2D-DIGE
images were uploaded to www.ludesi.com and analyzed for spot detection, segmentation and
matching using the image analysis software, Ludesi 2D Interpreter.

Protein Identification

Tryptic in-Gel Digestion. For 2D-DIGE experiments a picking gel for protein identifica-
tion, was run simultaneously and stained with Coomassie blue. Protein spots of interest were
excised from the gel and the gel plugs were digested with the trypsin profile IGD kit (Sigma,
St. Louis, Mo., USA) or modified trypsin (Promega, Madison, Wisc., USA) according to the
manufacturers’ protocols. For protein identification using high-resolution MALDI-MS/MS,
the digested sample was desalted with Vivapure C18 micro spin column or C18 ZipTip (Wa-
ters, Milford, Mass., USA) and eluted with 3 1 60% ACN with 0.1% TFA.

High-resolution MALDI-TOF-TOF was acquired using an ABI 4700 proteomics ana-
lyzer (Applied Biosystems, Foster City, Calif., USA) operating in positive ion reflectron mode
at 20 kV. The sample (0.5 1) was mixed with 0.5 pl of the MALDI matrix (5 mg/ml of CHCA
in 50% ACN and 0.1% TFA) and spotted onto the plate. The instrument was calibrated prior
to analysis. The acquired spectra were submitted to MASCOT to search for matched proteins
with human SPROT protein database.

Detailed experimental protocols are described in the online supplementary experimen-
tal protocols.

Results

Patient Characteristics

Demographics and clinical characteristics of the patients with and without atheroscle-
rosis are summarized in table 1. Fifteen of 20 clinical variables were statistically different in
the patients with atherosclerosis (e.g. coronary artery disease, peripheral vascular disease,
angina, diabetes, hypertension and hypercholesterolemia). In contrast, comparisons of these
clinical variables in patients with atherosclerosis who were symptomatic versus those who
were asymptomatic prior to EA (table 2) showed that other than the history of a previous
ischemic event, none of the clinical variables were different between these two groups.

SELDI-MS Profiling
Univariate analysis of the SELDI data comparing the atherosclerosis patient group (n =
38) to non-atherosclerotic controls identified 42 peaks with p <0.01 by Mann-Whitney t tests
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Table 2. Clinical characteristics of the patients with atherosclerosis

Atherosclerosis p value
symptomatic asymptomatic
(n=16) (n=22)
Males/females 14/2 17/5 0.67
Age, years 70.1+12.3 70.0x7.4 0.96
Smoking
Never 5 6 0.49
Quit 9 11 1.0
Active 2 5 0.67
Hypertension 14 22 0.17
High cholesterol 10 19 0.12
Diabetes 5 4 0.44
Atrial fibrillation 1 3 0.62
CAD 6 10 0.74
CABG 2 8 0.14
Angina 2 6 0.42
MI 2 4 1.0
PVD 5 10 0.50
Claudication 4 9 0.48
Prior stroke or TIA 16 0 <0.001
Glucose, mg/dl 101x16 115%60 0.37
Triglycerides, mg/dl 132+ 54 164 £115 0.31
Cholesterol, mg/dl 171 %35 181 £33 0.36
HDL, mg/dl 42*10 46*12 0.20
LDL, mg/dl 103 £32 103 £20 0.93
VLDL, mg/dl 27*x11 29%12 0.66
WBC, 10°/1 6.96+1.77 7.58+2.51 0.40
Platelets, 10%/1 220+ 67 237148 0.36
Fibrinogen, mg/dl 38289 381 =108 0.99
ESR, mm/h 16x13 20x18 0.47
C-reactive protein
<1 mg/l 14 18 1.0
1-3 mg/l 2 3 1.0
>3 mg/l 0 1 1.0
Not done 0 0

CAD = Coronary artery disease; CABG = coronary artery bypass graft; ESR = erythrocyte sedimenta-
tion rate; MI = myocardial infarction; PVD = peripheral vascular disease. Data are means = SD. Com-
parisons of the two groups (symptomatic vs. asymptomatic atherosclerosis) were done using either an
unpaired t test or Fisher’s exact test (InStat 3, version 3.0b, GraphPad Software) with nominal p values
reported.

of mean peak intensity (listed in online suppl. table 1). We utilized 3 different ProteinChip
surfaces with different binding properties. The number of unique peaks will therefore be less
as some of the proteins will bind to more than one SELDI surface resulting in an overlap of
the peaks between chips.

In order to better classify the groups based on SELDI protein peak data, RF analysis was
applied to the data set for an unbiased estimate of correct prediction rates [18]. The RF mod-
el demonstrated 69.2% sensitivity and 73.2% specificity in atherosclerosis prediction. The
metric multidimensional scaling representation of the proximity matrix is shown in figure
2. Dimension (Dim) 1 and Dim 2 are approximations to the first two principal components
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of the similarity space defined by the model. Based on significance weighting of specific
peaks in the RF models, the signal intensity of 4 unique SELDI peaks showed the greatest
influence in distinguishing atherosclerosis samples from control patient samples (online
suppl. fig. 2). SELDI-derived peaks had p < 0.01 by univariate analysis. The 4 unique SELDI
peaks were: 4.2 kDa (Q10, F6), 16.7 kDa (IMAC, Fl1), 4.4 kDa (CM10, F1) and 28 kDa (Q10,
F5), with the chip type and anion-exchange fraction listed following the molecular mass of
the peak. Based on our previous publication [19], the 28.1-kDa peak is apolipoprotein A,
(ApoA;). We did not attempt to further identify the 4.2-, 4.4- and 16.7-kDa peaks.

SELDI-MS Profiling of Symptomatic versus Asymptomatic EA Groups

We analyzed SELDI peak data to compare asymptomatic EA patients to symptomatic
EA patients. RF analysis failed to develop models with high sensitivity and specificity. The
balanced RF (average over 10 RF runs) yielded a sensitivity of 28.8% and a specificity of
52.7%.

2D-DIGE with Protein Identification of Differentially Expressed Proteins in the

Symptomatic and Asymptomatic EA Groups

2D-DIGE analysis of albumin-depleted serum on the 20 randomly selected samples re-
vealed 11 spots with p < 0.01 (fig. 3). Absolute spot intensity and volumes, p values and pro-
tein identification of these differentially expressed spots are shown in table 3. Using MALDI-
MS/MS and liquid chromatography MS/MS, 8 of the 11 proteins that were differentially ex-
pressed were identified (table 3). Four of these spots were identified as belonging to the same
parental protein molecule haptoglobin (HPT) and 2 were related to a;-antitrypsin (A;AT),
both of which were downregulated in patients in the symptomatic EA group. It is likely that
these spots represent proteins that are alternative splice variants or posttranslationally mod-
ified versions of the parental protein. Vitamin D binding protein (VTDB) was downregu-
lated in the symptomatic EA, and leucine-rich a,-glycoprotein precursor (LRG) was upregu-
lated in the symptomatic EA group (fig. 4).

Discussion
Carotid atherosclerosis is one of the primary causes of ischemic stroke [20]. Endothelial

activation due to inflammation at the site of the carotid plaque as well as systemic inflam-
mation may contribute to thrombus formation [20-22]. Examination of carotid plaques re-
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Table 3. Protein identification by MALDI-MS/MS and liquid chromatography-MS/MS for spots differentially expressed
between symptomatic and asymptomatic EA patients using 2D-DIGE

Spot No.

(identifier)

Mean average spot volume=SD  pvalue Protein MASCOT Peptides

asymptomatic symptomatic

1D score

1
(16,674)

1,092 £313 767 £ 165

0.0039 HPT 141

GSFPWQAR
VGYVSGWGR

VTSIQDWVQK
DIAPTLTLYVGK
SCAVAEYGVYVK (C)
YVMLPVADQDQCIR (C)
YVMLPVADQDQCIR (C) (M)
SPVGVQPILNEHTFECAG (C) (M)

2
(16,681)

780%219 535%121

0.0029 HPT

82

YEELQITITAGR
LALDLEIATYR
WELLQQVDTSTR
THNLEPYFESFINNLR

HPT

45

VGYVSGWGR
YVMLPVADQDQCIR (C) (M)

3
(16,682)

563 £ 68 426*82

0.0007  VTDB

84

YTFELSR
THLPEVFLSK
HLSLLTTLSNR
EDFTSLSVLYSR

4
(16,723)

535%87 375X 66

0.0001 KAC

58

SGTASVVCLLNNEYPR (C)
TVAAPSVFIFPPSDEQLK

ADPGK

22

LAAAWDALIVRPVRR

PF21B

21

LASNYLNNPLFLTAR
GSELQNEHQQLEEERDR

5
(16,770)

16958 317x106

0.0005 HPT

66

VGYVSGWGR
VTSIQDWVQK
YVMLPVADQDQCIR (C)
YVMLPVADQDQCIR (C) (M)
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Table 3 (continued)
Spot No. Mean average spot volume+SD  pvalue Protein MASCOT Peptides
(dentifier)  ymptomatic  symptomatic ID score
6 283%+74 1531+42 0.0001 HPT 19 VGYVSGWGR
(17,006) YVMLPVADQDQCIR (C) (M)
OR2T6 13 AVMTSGGWR (M)
FHL1 11 VSHPVSKAR
7 128 £51 293238 0.0028 MELT2 13 LSRLLKPGGMMLLR (M)
(16,816) SUCBI 12 ALIADSGLKILACDDLDEA (C)
PCDG9 11 GRLVLLCSLLGMLWEAR (C)
8 10346 240%83 0.0015 LRG 35 DLLLPQPDLR
(16,843) TLDLGENQLETLPPDLLR
10 106 £27 63138 0.0115 AAT 116 FLENEDR
(16,862) WERPFEVK
DTVFALVNYIFFK
LQHLENELTHDIITHDIITK
VESNGADLSGVTEEAPLK
DTEEEDFHVDQVTTVK
TLNQPDSQLQLTTGNGLFLSEGLK
11 142 £ 48 74 %36 0.0015 AAT 134 FLENEDR
(16,868) WERPFEVK
DTVFALVNYIFFK
TDTSHHDQDHPTFENK
LQHLENELTHDIITH
VESNGADLSGVTEEAPLK
DTEEEDFHVDQVTTVK
LYHSEAFTVNFGDTEEAK
ELDRDTVFALVNYIFFK
LYHSEAFTVNFGDTEEAKK

GTEAAGAMFLEAIPMSIPPEVK (M)

Spot 9 was identified as keratin. (C) = Carbamidomethyl; (M) = oxidation.

moved from patients with ischemic strokes found that ulceration and thrombosis are more
common in symptomatic patients [21]. Identifying proteins from the blood proteome that
influence inflammation in patients with carotid atherosclerosis may provide some insight
into the cause of thrombus formation and serve as potential biomarkers to identify patients
at risk for developing symptomatic carotid atherosclerosis.

We hypothesized that differences in serum proteome expression between the atheroscle-
rosis and control groups would be due to the presence of mature atherosclerotic plaques and
not simply induced by the presence of atherosclerosis risk factors. We attempted to identify
serological markers that would help us distinguish not only those patients with and without
carotid atherosclerosis but also those who were more likely to become symptomatic. Using RF
analysis of the entire protein spectra of fractionated serum from patients with and without
carotid atherosclerosis revealed a 69.2% sensitivity and a 73.2% specificity in predicting the
presence of atherosclerosis (table 1; fig. 1). These results suggest that a distinctive pattern is
present in patients with carotid atherosclerosis. The 4 peptide peaks showing the greatest ef-
fect in the RF analysis that discriminated between these groups had apparent molecular mass-
es of 4.2, 4.4, 16.7 and 28 kDa. However, this approach did not discriminate between the pa-
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Fig. 4. Normalized fluorescent intensity values from each albumin-depleted sample of the three most sta-
tistically significant, differentially expressed spots observed by 2D-DIGE. The gray lines represent the
mean from each group, while the red lines delineate standard deviations. Sample numbers are shown on
the x-axis of each graph.
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tients with symptomatic versus asymptomatic carotid artery disease. This may reflect a limi-
tation of the SELDI-TOF methodology as well as the smaller sample size of this subgroup
analysis. The 28.1-kDa peak was reduced in patients with atherosclerosis and identified as
ApoA, based on a comparison of the signal characteristics to our SELDI database [19]. ApoA,
is a hepatic immediate-early response protein and a major component of high-density lipopro-
tein (HDL). It has antioxidant and anti-inflammatory actions and low HDL cholesterol and
low ApoA, levels have been found to be significant risk factors for all types of stroke [23, 24].

Using 2D-DIGE, we examined a subset of 20 patients with symptomatic or asymptom-
atic carotid atherosclerosis. Four proteins were differentially expressed and significantly dif-
ferent between these two subgroups and were identified as HPT, A;AT, VIDB and LRG. Two
of these proteins, HPT and A AT are part of a panel of acute-phase reactants termed inflam-
matory-sensitive plasma proteins (e.g. fibrinogen, A;AT, HPT, ceruloplasmin and orsomu-
coid) that have been shown in large cohort studies to be major risk factors for stroke [13].
Hypercholesterolemia in association with elevations in inflammatory-sensitive plasma pro-
teins increases the risk of cardiovascular disease, ischemic stroke and myocardial infarction
whereas in the absence of the proteins, no association was found between hypercholesterol-
emia and ischemic stroke [13]. These plasma biomarkers modify the risk of stroke in patients
with hypercholesterolemia, hypertensive patients, and patients with obesity and diabetes [13,
18, 25]. A recent study showed similar findings using an inflammatory score based on white
blood cell count, HPT and C-reactive protein that added predictive information above that
of total cholesterol and triglycerides to predict major cardiovascular events (stroke, myocar-
dial infarction or heart failure) in a healthy cohort over 1 decade [26].

HPT has several functions that may serve as a cofactor in symptomatic atherosclerotic
disease. It is an acute-phase reactant that binds free hemoglobin, serves as an antioxidant and
induces anti-inflammatory cytokines [27]. HPT also binds to ApoA; on HDL, a site that is
critical for lecithin cholesterolacyl transferase activity and may help bind hemoglobin to
HDL making it a potentially proatherogenic molecule [27, 28]. A strong association of in-
creased risk of micro- and macrovascular cardiovascular disease in patients with the Hp2:2
genotype and diabetes has been described [27]. Its role in non-diabetic cardiovascular dis-
ease remains to be defined [29].

VTDB is a major plasma carrier of vitamin D and its metabolites [30]. In addition, VTDB
has other important functions, including scavenging actin, fatty acid transport, macrophage
activation and enhancement of neutrophil and macrophage chemotaxis to C5 des Arg [30,
31]. Stressed endothelial cells release VTDB that has both a chemotactic function and serves
as a growth factor for vascular smooth muscle cells [32]. Actin filaments released from dam-
aged cells have the potential to damage the vasculature and enhance thrombosis [33]. Re-
cently, VTDB has been found in both the serum and thrombotic plaques of patients with
acute myocardial infarction [34]. VTDB administration in vitro decreased platelet aggrega-
tion and prolonged coagulation [34]. Further, patients with acute coronary syndromes have
persistent elevation of plasma VTDB over 6 months compared to healthy volunteers [35]. We
show that VTDB is present in patients with carotid artery atherosclerosis and that patients
who were symptomatic prior to EA have lower levels of VIDB. Lower levels of VTDB in our
symptomatic EA patients may have enhanced atherogenesis or contributed to an unstable
atheromatous plaque.

LRG was elevated in symptomatic EA patients. It is an acute-phase reactant induced by
proinflammatory cytokines, and increased expression has been found in several inflamma-
tory conditions, including the sera of patients with graft-versus-host disease, lung and pan-
creatic cancer and in the cerebrospinal fluid of patients with normal pressure hydrocephalus
[36]. LRG is upregulated during neutrophilic differentiation and is localized in azurophilic
granules [37]. It binds to cytochrome ¢, a proinflammatory mediator, and is toxic to lympho-
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cytes [36, 38]. The inflammation-modifying effects of LRG in the pathogenesis of atheroscle-
rosis remain to be defined.

Multiple strategies are necessary to find new biomarkers associated with carotid athero-
sclerosis [39, 40]. Our study describes preliminary observations regarding biomarkers associ-
ated with symptomatic and asymptomatic carotid artery disease. Limitations of our study are
based in part on its size and methodology. The SELDI platform is a semiquantitative tool for
proteomic discovery and hypothesis generation. It provides spectral patterns that are rich with
information, but limitations of this approach have been noted [39, 41]. In our patients, the tim-
ing of blood sampling after the acute event may have influenced our analysis. Some proteins
may be upregulated during recovery from the acute event rather than representing a specific
marker of carotid artery disease. Biomarkers measured in serum may not necessarily reflect
biologic activity at the level of the plaque and may also be influenced by other factors, such as
degradation in the serum, tissue metabolism and excretion. Lastly, our study did not control
for the effects of different therapies (i.e. statins, cyclooxygenase inhibitors or antihyperten-
sives) that may have unrecognized effects on the differentially expressed proteins. Our obser-
vations will require validation in other well-defined cohorts at risk for cerebral ischemia.

Acknowledgments

This work was supported by the National Naval Medical Center and the Intramural Re-
search Program of the Clinical Center, National Institutes of Health. The authors also thank
Angel Aponte (NHLBI Proteomics Core Facility) for his help with MALDI-MS/MS data ac-
quisition.

The opinions expressed in this paper are those of the authors and do not necessarily re-
flect those of the Department of the Navy, the Department of Health and Human Services
or the National Institutes of Health.

References

1 Hansson GK, Libby P: The immune response in atherosclerosis: a double-edged sword. Nat Rev Im-
munol 2006;6:508-519.

2 Hansson GK: Atherosclerosis — an immune disease: the Anitschkov Lecture 2007. Atherosclerosis
2009;202:2-10.

3  Whiteley W, Chong WL, Sengupta A, Sandercock P: Blood markers for the prognosis of ischemic
stroke: a systematic review. Stroke 2009;40:¢380-e389.

4 El Husseini N, Laskowitz DT: Clinical application of blood biomarkers in cerebrovascular disease.
Expert Rev Neurother 2010;10:189-203.

5 Katan M, Elkind MS: Inflammatory and neuroendocrine biomarkers of prognosis after ischemic
stroke. Expert Rev Neurother 2011;11:225-239.

6 Sharp FR, Jickling GC, Stamova B, Tian Y, Zhan X, Liu D, Kuczynski B, Cox CD, Ander BP: Mo-
lecular markers and mechanisms of stroke: RNA studies of blood in animals and humans. ] Cereb
Blood Flow Metab 2011;31:1513-1531.

7 DeGraba TJ: Immunogenetic susceptibility of atherosclerotic stroke: implications on current and
future treatment of vascular inflammation. Stroke 2004;35:2712-2719.

8 Flex A, Gaetani E, Papaleo P, Straface G, Proia AS, Pecorini G, Tondi P, Pola P, Pola R: Proinflam-
matory genetic profiles in subjects with history of ischemic stroke. Stroke 2004;35:2270-2275.

9 Nyquist PA, Winkler CA, McKenzie LM, Yanek LR, Becker LC, Becker DM: Single nucleotide poly-
morphisms in monocyte chemoattractant protein-1 and its receptor act synergistically to increase
the risk of carotid atherosclerosis. Cerebrovasc Dis 2009;28:124-130.

127

KARGER



Cerebrovasc Dis Extra 2011;1:115-129

C€l'€!DI'OVaS¢lI ar DOI: 10.1159/000334477 ©2011 S. Karger AG, Basel
D'seases 7 Published online: December 3, 2011 www.karger.com/cee
DeGraba et al.: Serum Biomarkers in Carotid Atherosclerosis
10 Belfer I, Wu T, Hipp H, Walter ], Scully M, Nyquist PA, Bollettino A, Goldman D, Max MB, DeGra-

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

ba TJ: Linkage of large-vessel carotid atherosclerotic stroke to inflammatory genes via a systematic
screen. Int J Stroke 2010;5:145-151.

Jickling GC, Sharp FR: Blood biomarkers of ischemic stroke. Neurotherapeutics 2011;8:349-360.
Avgerinos ED, Kadoglou NP, Moulakakis KG, Giannakopoulos TG, Liapis CD: Current role of bio-
markers in carotid disease: a systematic review. Int J Stroke 2011;6:337-345.

Engstrom G, Lind P, Hedblad B, Stavenow L, Janzon L, Lindgarde F: Effects of cholesterol and in-
flammation-sensitive plasma proteins on incidence of myocardial infarction and stroke in men. Cir-
culation 2002;105:2632-2637.

Shahar E, Chambless LE, Rosamond WD, Boland LL, Ballantyne CM, McGovern PG, Sharrett AR:
Plasma lipid profile and incident ischemic stroke: the atherosclerosis risk in communities (ARIC)
study. Stroke 2003;34:623-631.

Canoui-Poitrine F, Luc G, Bard JM, Ferrieres J, Yarnell ], Arveiler D, Morange P, Kee F, Evans A,
Amouyel P, Ducimetiere P, Empana JP: Relative contribution of lipids and apolipoproteins to incident
coronary heart disease and ischemic stroke: the prime study. Cerebrovasc Dis 2010;30:252-259.
Collaborators NASCET: Beneficial effect of carotid endarterectomy in symptomatic patients with
high-grade carotid stenosis. North American Symptomatic Carotid Endarterectomy Trial Collabo-
rators. N Engl ] Med 1991;325:445-453.

Thaka R, Gentleman R: A language for data analysis and graphics. ] Comput Graph Stat 1996;5:299-
314.

Engstrom G, Lind P, Hedblad B, Stavenow L, Janzon L, Lindgarde F: Long-term effects of inflamma-
tion-sensitive plasma proteins and systolic blood pressure on incidence of stroke. Stroke 2002;33:
2744-2749.

Yuditskaya S, Tumblin A, Hoehn GT, Wang G, Drake SK, Xu X, Ying S, Chi AH, Remaley AT, Shen
RF, Munson PJ, Suffredini AF, Kato GJ: Proteomic identification of altered apolipoprotein patterns
in pulmonary hypertension and vasculopathy of sickle cell disease. Blood 2009;113:1122-1128.
White H, Boden-Albala B, Wang C, Elkind MS, Rundek T, Wright CB, Sacco RL: Ischemic stroke
subtype incidence among whites, blacks, and Hispanics: the Northern Manhattan Study. Circulation
2005;111:1327-1331.

Fisher M, Paganini-Hill A, Martin A, Cosgrove M, Toole JF, Barnett HJ, Norris J: Carotid plaque pa-
thology: thrombosis, ulceration, and stroke pathogenesis. Stroke 2005;36:253-257.

Corrado E, Rizzo M, Tantillo R, Muratori I, Bonura F, Vitale G, Novo S: Markers of inflammation
and infection influence the outcome of patients with baseline asymptomatic carotid lesions: a 5-year
follow-up study. Stroke 2006;37:482-486.

Walldius G, Aastveit AH, Jungner I: Stroke mortality and the apoB/apoA-I ratio: results of the
AMORIS prospective study. ] Intern Med 2006;259:259-266.

Walldius G, Jungner I: Apolipoprotein A-I versus HDL cholesterol in the prediction of risk for myo-
cardial infarction and stroke. Curr Opin Cardiol 2007;22:359-367.

Engstrom G, Stavenow L, Hedblad B, Lind P, Eriksson KF, Janzon L, Lindgarde F: Inflammation-
sensitive plasma proteins, diabetes, and mortality and incidence of myocardial infarction and stroke:
a population-based study. Diabetes 2003;52:442-447.

Holme I, Aastveit AH, Hammar N, Jungner I, Walldius G: Inflammatory markers, lipoprotein com-
ponents and risk of major cardiovascular events in 65,005 men and women in the apolipoprotein
mortality risk study (AMORIS). Atherosclerosis 2010;213:299-305.

Levy AP, Asleh R, Blum S, Levy NS, Miller-Lotan R, Kalet-Litman S, Anbinder Y, Lache O, Nakhoul
FM, Asaf R, Farbstein D, Pollak M, Soloveichik YZ, Strauss M, Alshiek J, Livshits A, Schwartz A,
Awad H, Jad K, Goldenstein H: Haptoglobin: basic and clinical aspects. Antioxid Redox Signal 2010;
12:293-304.

Watanabe J, Chou K], Liao JC, Miao Y, Meng HH, Ge H, Grijalva V, Hama S, Kozak K, Buga G,
Whitelegge JP, Lee TD, Farias-Eisner R, Navab M, Fogelman AM, Reddy ST: Differential association
of hemoglobin with proinflammatory high density lipoproteins in atherogenic/hyperlipidemic mice.
A novel biomarker of atherosclerosis. ] Biol Chem 2007;282:23698-23707.

Levy AP, Hochberg I, Jablonski K, Resnick HE, Lee ET, Best L, Howard BV: Haptoglobin phenotype
is an independent risk factor for cardiovascular disease in individuals with diabetes: the Strong Heart
Study. ] Am Coll Cardiol 2002;40:1984-1990.

128

KARGER



Cerebrovascular
Diseases

30

31

32

33

34

35

36

37

38

39

40

41

///////////E//)S/////L//B///AW Cerebrovasc Dis Extra 2011;1:115-129

DOI: 10.1159/000334477 © 2011 S. Karger AG, Basel
Published online: December 3, 2011 www.karger.com/cee

DB

DeGraba et al.: Serum Biomarkers in Carotid Atherosclerosis

Speeckaert M, Huang G, Delanghe JR, Taes YE: Biological and clinical aspects of the vitamin D bind-
ing protein (Ge-globulin) and its polymorphism. Clin Chim Acta 2006;372:33-42.

Otterbein LR, Cosio C, Graceffa P, Dominguez R: Crystal structures of the vitamin D-binding pro-
tein and its complex with actin: structural basis of the actin-scavenger system. Proc Natl Acad Sci
USA 2002;99:8003-8008.

Raymond MA, Desormeaux A, Labelle A, Soulez M, Soulez G, Langelier Y, Pshezhetsky AV, Hebert
MJ: Endothelial stress induces the release of vitamin D-binding protein, a novel growth factor. Bio-
chem Biophys Res Commun 2005;338:1374-1382.

Gomme PT, Bertolini J: Therapeutic potential of vitamin D-binding protein. Trends Biotechnol
2004;22:340-345.

Gasparri C, Curcio A, Torella D, Gaspari M, Celi V, Salituri F, Boncompagni D, Torella M, Gulletta
E, Cuda G, Indolfi C: Proteomics reveals high levels of vitamin D binding protein in myocardial in-
farction. Front Biosci (Elite Ed) 2010;2:796-804.

Darde VM, de la Cuesta F, Dones FG, Alvarez-Llamas G, Barderas MG, Vivanco F: Analysis of the
plasma proteome associated with acute coronary syndrome: does a permanent protein signature ex-
ist in the plasma of ACS patients? ] Proteome Res 2010;9:4420-4432.

Shirai R, Gotou R, Hirano F, Ikeda K, Inoue S: Autologous extracellular cytochrome c is an endog-
enous ligand for leucine-rich a,-glycoprotein and (3-type phospholipase A, inhibitor. ] Biol Chem
2010;285:21607-21614.

Ai J, Druhan L], Hunter MG, Loveland MJ, Avalos BR: LRG-accelerated differentiation defines
unique G-CSEFR signaling pathways downstream of PU.1 and C/EBPe that modulate neutrophil ac-
tivation. ] Leukoc Biol 2008;83:1277-1285.

Codina R, Vanasse A, Kelekar A, Vezys V, Jemmerson R: Cytochrome c-induced lymphocyte death
from the outside in: inhibition by serum leucine-rich alpha-2-glycoprotein-1. Apoptosis 2010;15:
139-152.

Anderson L: Candidate-based proteomics in the search for biomarkers of cardiovascular disease.
J Physiol 2005;563:23-60.

Tunon J, Martin-Ventura JL, Blanco-Colio LM, Lorenzo O, Lopez JA, Egido J: Proteomic strategies
in the search of new biomarkers in atherothrombosis. ] Am Coll Cardiol 2010;55:2009-2016.
Kiehntopf M, Siegmund R, Deufel T: Use of SELDI-TOF mass spectrometry for identification of new
biomarkers: potential and limitations. Clin Chem Lab Med 2007;45:1435-1449.

129

KARGER



