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ABSTRACT: Objectives: To test whether recently developed
methods for comprehensive profiling of the high-density
lipoprotein (HDL) glycome combined with the HDL
proteome can distinguish individuals with coronary artery
disease (CAD) from those without.Methods: Twenty subjects
at risk for CAD, who underwent diagnostic coronary
arteriography, were analyzed. Ten subjects had CAD, and
ten did not. HDL was extracted from fasting plasma samples
by ultracentrifugation, followed by shotgun proteomic,
glycomic, and ganglioside analyses using LC-MS. CAD vs
non-CAD subjects’ data were compared using univariate and
multivariate statistics. Results: Principal components analysis
showed a clear separation of CAD and non-CAD subjects, confirming that combined HDL proteomic and glycomic profiles
distinguished at-risk subjects with atherosclerosis from those without. CAD patients had lower HDL apolipoprotein content
(specifically ApoA-I, A-II, and E, p < 0.05), and lower serum amyloid A2 (SAA2, p = 0.020) and SAA4 (p = 0.007) but higher
sialylated glycans (p < 0.05). Conclusion: Combined proteomic and glycomic profiling of isolated HDL was tested as a novel
analytical approach for developing biomarkers of disease. In this pilot study we found that HDL proteome and glycome
distinguished between individuals who had CAD from those who did not within a group of individuals equally at risk for heart
disease.
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■ INTRODUCTION

Coronary artery disease (CAD), the cause for one in four deaths
in the US according to the Centers for Disease Control and
Prevention (CDC), accounts for ∼600,000 deaths each year.1

Despite ample evidence indicating that high-density lipoprotein
cholesterol (HDL-C) levels are protective against CAD across
populations, many pharmaceutical interventions to increase
HDL-C have failed to demonstrate benefit in cardiovascular end
points.2 HDL particles are heterogeneous, with multiple
subclasses and biologic functions, and undergo significant
remodeling in vivo.3 Chemical, compositional, and structural
changes transform atheroprotective HDL into less protective,
pro-inflammatory particles.4 The mechanisms behind these
transformations are unclear. These “dysfunctional HDL”
particles have a reduced capacity for reverse cholesterol
transport, have a reduced ability to provide antioxidant and
anti-inflammatory functions, and are associated with altered
composition.4 HDL particles from patients with cardiovascular
disorders are compositionally different from those of healthy
individuals: HDL from cardiovascular disease patients contain
oxidized apolipoprotein A-I (ApoA-I) and higher levels of

apolipoprotein C−III (ApoC-III) and the complement activa-
tion system protein C3;5 HDL from patients with metabolic
syndrome (MetS) is enriched in serum amyloid A (SAA) and has
decreased paraoxonase (PON) activity.6 Remodeling of the
HDL associated proteome in CAD has been linked to changes in
HDL functionality,7 and has also been found to be more
inflammatory compared to non-CAD HDL.8

Another compositional aspect of HDL that may be altered in
disease is the glycome. Protein glycosylation is a post-
translational modification during which sugar residues are
added to specific peptides of the protein to produce glycans
that range in size and composition. The process of protein
glycosylation begins in the endoplasmic reticulum, where an
oligosaccharide or glycan containing N-acetylglucosamine,
mannose, and glucose is transferred to the nascent protein, and
this post-translational modification guides protein folding.9

Trimming of the glycan structure also occurs in the endoplasmic
reticulum, after which the newly glycosylated protein is
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transported to the Golgi complex.9 In the Golgi, the precursor
high mannose glycans can be modified by glycosyltransferases
with fucose, galactose, and/or sialic acid residues to form a
diverse array of structures, which can be grouped into three
categories: high mannose, hybrid, and complex glycans.9a High
mannose glycans are enriched in mannose residues, complex
glycans contain mannose residues but also terminal N-
acetylglucosamine, fucose, and/or sialic acid residues, and hybrid
glycans contain a mixture of the two. It is estimated that over 50%
of all human proteins are glycosylated.10 The location, extent,
and type of glycosylation affect protein functions, folding,
interactions with other proteins, and degradation, and they lend
physicochemical properties (i.e., charge) to the protein.9b

Specifically, to how many and to which sites the glycans are
attached, and the composition and structure of the glycans
whether they are sialylated, fucosylated, or bothcan all affect
protein function.9a For example, the extent of sialylation on
ApoE in cerebrospinal fluid affects its binding to beta-amyloid,
which affects the development of Alzheimer’s disease.11

Not much is known about the specificity of glycosylation in
HDL-associated proteins, yet there is tantalizing evidence that it
is likely to be important in determining both the function and
metabolism of HDL. Sialylated ApoA-II associates only with
HDL3 whereas nonsialylated ApoA-II associates with HDL of all
sizes.12 ApoE Leiden, an aberrantly glycosylated variant of ApoE,
shows defective binding to the LDL receptor.13 Loss of sialic acid
α2,6-Neu5Ac containing structures in ApoC-III was found in
lung cancer patients.14 These data suggest important as yet not
fully characterized mechanistic links between apoprotein
glycosylation and function. Our group recently developed a
method for the comprehensive profiling of the HDL glycome,
and showed that HDLs are highly sialylated particles, suggesting
that glycosylation may be important both functionally and
diagnostically.15 Another recent paper showed changes in both
the amount of HDL-associated proteins, such as ApoC-III and
SAA, and their glycosylation in the HDL fraction from patients
with MetS compared to healthy controls.16 However, the utility
of glycomic profiling of HDL and other lipoproteins for the
development of biomarkers has not yet been demonstrated.

We previously reported a method to comprehensively assess
the HDL glycome.15 In the present pilot study, we combined this
approach with proteomics to compare the combined glycomic
and proteomic profiles of HDL from subjects with and without
CAD.Our objective was to test whether the combined proteomic
and glycomic profiling of isolated HDL can be used as a novel
analytical approach for developing biomarkers of disease. We
hypothesized that the use of combined proteomic and glycomic
profiling of HDL particles can be used to distinguish CAD
patients from non-CAD subjects. This study is a proof of concept
for the long-term objective of developing novel biomarkers of
risk associated with abnormal lipid metabolism.

■ METHODS

Sample Collection

The samples used for this case-control study were a subset from a
previously conducted study, which included 648 patients (401
men, 247 women) scheduled for diagnostic coronary arteriog-
raphy at either Harlem Hospital Center in New York City or the
Bassett Hospital in Cooperstown, NY.17 The 20 subjects for this
study were randomly selected from the parent study, with the
following criteria: 10 subjects with CAD and 10 subjects without
CAD, with equal number of males and females in each group,
HDL-C levels below normal (i.e., <40 mg/dL) but no difference
inHDL-C between the CAD and non-CAD group. If the subjects
that were randomly selected resulted in a significant difference in
HDL-C between groups the subjects with the outlier values were
replaced by another set of subjects that had values that more
closely matched the group average. The investigators performing
the HDL analyses were blinded to the CAD assignment and all
other subject clinical data until all of the HDL separations, and
proteomic and glycomic analyses were completed. CAD was
defined as the presence of >50% stenosis in any 1 of 15 coronary
artery segments, and characterized using a composite cardiovas-
cular score (0−75) based on determination of presence of
stenosis on a scale of 0−5 of the 15 predetermined coronary
artery segments. The subject characteristics are shown in Table 1.
The average values for several of the traditional biomarkers of
CAD in both groups of subjects included in this study were

Table 1. Baseline Characteristics of Study Volunteers, Comparing CAD vs Non-CAD Subjectsa

CAD (n = 10) (n = 5 male,
n = 5 female)

no CAD (n = 10) (n = 5 male,
n = 5 female)

Anthropometric and fasting
clinical parameters Mean ± SD Mean ± SD

p value for dif ference between CAD
vs non-CAD

Clinically
recommended range

Age (y) 57.2 ± 8.1 50.3 ± 7.8 0.032
BMI (kg/m2) 26.3 ± 2.1 30.6 ± 3.3 0.001 18−25
Systolic Blood pressure (mmHg) 137.1 ± 10.4 134.4 ± 8.7 0.297 ≤110
Diastolic Blood pressure (mmHg) 83.5 ± 8.8 80.6 ± 9.9 0.279 ≤70
Total cholesterol (mg/dL) 207.4 ± 35.0 210.1 ± 31.7 0.429 <200
LDL-cholesterol (mg/dL) 130.8 ± 35.1 143.2 ± 26.5 0.193 <100
HDL-cholesterol (mg/dL) 37.6 ± 3.3 37.8 ± 5.3 0.460 <40
Triglycerides (mg/dL) 195.3 ± 56.0 146.2 ± 42.7 0.021 <150
Waist-hip ratio 0.9 ± 0.0 0.9 ± 0.1 0.151 <0.8
Glucose (mg/dL) 157.5 ± 69.2 128.4 ± 61.7 0.167 <110
Insulin (mmol/L) 23.4 ± 12.8 31.4 ± 44.8 0.298
HOMA-IR 3.4 ± 2.0 4.1 ± 5.4 0.366 >3.0
CRP (mg/L) 4.4 ± 3.4 6.5 ± 6.4 0.196 <1.0
Composite cardiovascular score
[15]

25.2 ± 10.7 4.5 ± 4.7 0.000 ≤0

aBolded, italicized p values are significant differences. LDL − low density lipoprotein, HDL − high density lipoprotein, HOMA-IR − homeostatic
assessment of insulin resistance, CRP − C-reactive protein.
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outside of the clinically recommended range (i.e., total
cholesterol, LDL-C, fasting glucose, C reactive protein (CRP),
and HDL-C). Fasting blood samples were drawn 2−4 h before
the catheterization procedure, and plasma samples were stored at
−80 °C. The study was approved by the institutional review
boards at Harlem Hospital, the Mary Imogene Bassett Hospital,
and University of California Davis, and informed consent was
obtained from all subjects.
HDL Isolation

Preparation of HDLwas performed as described previously using
a fast micromethod.15,18 Briefly, plasma samples were overlaid
with KBr solution (d = 1.084 g/mL) and ultracentrifugation was
performed using a Sorvall RC M120 GX microultracentrifuge
equipped with a S120-AT2 fixed-angle rotor (Thermo Scientific,
Waltham, MA, USA) for 2.5 h, 8 °C, 435,680g. The combined
VLDL and LDL fractions with a density lower than 1.063 g/mL
were removed from the top of the tubes (0.9 mL). The remaining
infranate (1.0 mL) was transferred before being overlaid with 0.9
mL of KBr solution (d = 1.34 g/mL), and subjected to
ultracentrifugation for 3 h at 8 °C and 435,680g). Density
solutions of KBr, at d = 1.084 g/mL and 1.34 g/mL were made
weekly and verified using the Densito30PX portable densi-
tometer (Mettler Toledo, Columbus, OH, USA). The HDL
fraction (1.21−1.063 g/mL) was collected from the top of the
tube (0.6 mL) and subjected to diafiltration using Amicon ultra-
3K centrifugal filter devices. During this process the HDL
fractions were desalted by washing out the KBr salts with water
(Optima LC/MS) by two consecutive steps of centrifugation for
25 min at 8 °C and 14,000 xg. Then, the concentrated HDL
fraction was recovered in Optima Water for further analysis.
HDL Proteomic Analysis

Shotgun proteomics was used to investigate the protein
composition of the separated HDL fractions. Briefly, fractions
were desiccated and reconstituted in 100 μL ammonium
bicarbonate solution (50 mM). Cysteine residues were reduced
with 2 μL of 550 mM Dithiothreitol (DTT) for 50 min at 60 °C
and incubated for 30 min with 4 μL of 450 mM iodoacetamide
(IAA) at room temperature in the dark. Samples were digested
using 1 μL trypsin (1 μg/μL) for 18 h at 37 °C. The digests were
purified on a reverse-phase C18 pipet zip-tip according to the
manufacturer suggestions. HDL hydrolysates were dried down
and reconstituted in 20 μL nanopure water prior to analysis by
mass spectrometry.
Samples were analyzed by liquid chromatography mass

spectrometry (LC-MS) on an Agilent 6520 nano-HPLC-Chip
Q-TOF instrument in the positive mode. C18 was used as a
stationary phase. Mobile phases consisted of 0.1% formic acid
(FA) in 3% acetonitrile (ACN) (solvent A) and 0.1% FA in 90%
ACN (solvent B). LC separation was performed with the
following gradient: 1% to 8% B (0.00−5.00 min); 8% to 26.5% B
(5.00 min-48.00 min); 26.5% to 73% B (48.00 min-75 min); 73%
to 99% (75.00 min-77.00 min); 99%B (77.00 min-87.00 min).
Mass range in the MS mode was m/z 500−3,000 and m/z 50−
3,000 for MS/MS. Acquisition rates were 0.63 spectrum/s for
bothMS andMS/MS. All mass spectra were internally calibrated.
For MS/MS mode, the collision energies for each compound
were calculated as follows:

= −⎜ ⎟⎛
⎝

⎞
⎠V V

m z
V3.6

/
100 Da

4.2collision

MS/MS data was analyzed using X!Tandem (www.thegpm.
org) against the Swissprot human complete proteome. Precursor

ion and fragments were allowed 20 and 100 ppm error,
respectively. Cysteine carbamidomethylation was specified as a
fixed modification; asparagine and glutamine deamination and
methionine and tryptophan oxidation were specified as variable
modifications. Only proteins found in at least two samples (one
CAD and one non-CAD subject) and with log (e) values equal to
or less than −2 (corresponding to a false discovery rate of 99%)
were considered. Some studies suggest that normalized LC-MS
peak areas for detected proteins can be used to compare relative
abundances between similar samples.19 Hence, log (I), the base
−10 log of the sum of the fragment ion intensities in the tandem
mass spectra was used to quantify proteins in HDL particles.
Values were adjusted for initial sample volume as shown in eq 1
and eq 2.

= −∧a 10 ( log(I)) (eq 1)

= − ⎜ ⎟⎛
⎝

⎞
⎠Normalized log(I) log

a
initial volume (eq 2)

N- and O-Glycan Analysis

In our previously published study20 we analyzed both the
composition of the released glycans and protein-specific
glycosylation in HDL, however, in this study sample volumes
were too low to allow for protein-specific glycosylation analysis.
Thus, analysis of only the released glycans from all HDL-
associated proteins was performed on the separated HDL
fractions as described previously.15,21 Briefly, N-glycans were
released using the enzyme PNGase F and enriched using
standard procedures. N-glycans were reduced in the presence of
NaBH4 and desalted by solid phase extraction (SPE) using
porous graphitized carbon (PGC) cartridges to obtain the
correspondent alditols and avoid the presence of anomeric
isomers prior to nano-LC-Chip-QTOF analysis. O-glycans were
chemically released by β-elimination reaction. Briefly, O-glycans
were released in the alditol form by treatment with 1.0MNaBH4,
0.1 M NaOH for 16−24 h at 42 °C. Then, samples were
transferred to an ice bath and 1.0 M HCl was added to stop the
reaction and to neutralize excess NaBH4. The resulting mixture
of oligosaccharides was purified and fractionated on a PGC
cartridge. Released and purified N- and O-glycans were analyzed
by LC-MS on an Agilent 6210 nano-HPLC-Chip TOF in the
positive mode. PGC was used as a stationary phase. The mobile
phase consisted of the same solvents (A and B) previously
described. The glycan compositions were identified by accurate
mass, matched to a theoretical glycan mass library21c using amass
error tolerance of 20 ppm. Data analyses were performed with
the MassHunter Qualitative Analysis software ver. B.03.01
(Agilent Technologies, Inc., Santa Clara, CA).
Each glycan peak was assigned a glycan composition based on

the specific number of each type of monosaccharide contained
within it. Each glycan contains a certain number of hexose
residues, which include glucose, mannose, and galactose, N-
acetylglucosamine residues, fucose residues, and N-acetylneur-
aminic acid or sialic acid residues. Glycan compositions are
named according to their content of these four different
saccharide categories such that the number of hexose residues
is the first number, followed by the number of N-acetylglucos-
amine residues, then the number of fucose residues, and finally
the number of sialic acid residues. For example, a glycan
containing 5 hexose, 4 N-acetylglucosamine, 1 fucose and 2 sialic
acid residues is designated as 5−4−1−2. On the other hand, a
glycan with the composition 5−4−0−1 contains 5 hexose, 4 N-
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acetylglucosamine, 0 fucose and 1 sialic acid residue. The first
glycan, 5−4−1−2, is both a sialylated and a fucosylated glycan.
Specifically, it is monofucosylated and disialylated. The second
glycan, 5−4−0−1, is nonfucosylated and monosialylated.

Anionic Glycolipid (ganglioside) Analysis

Ganglioside analysis was performed on the separated HDL
fractions as previously described.15 Briefly, isolated HDL was
mixed with water, methanol and chloroform. After phase

Figure 1. Scree, Scores, and Loadings plot of PCA using a standardized data array with metabolic, proteomic, and glycan data, performed on 18 subjects
and excluding 2 subjects who were outliers for the PCA analysis. The glycans and apolipoproteins (especially ApoA-II, ApoE, and ApoM) are separated
by PC2 in the Loadings plot. The CAD subjects are also clustered together in the lower half of PC2, while non-CAD subjects appear to be predominantly
in the upper half of PC2, but not as clearly clustered together as the CAD subjects.
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separation, gangliosides in the aqueous upper layer were
recovered and further enriched by a C8 SPE cartridge (Supelco,
Bellefonte, PA, USA). A reverse-phase nano-HPLC Chip
(G4240−62001, Agilent Technologies, Inc., Santa Clara, CA)
with a 40 nL enrichment column and 43 × 0.075 mm ID
ZORBAX C18 analytical column was used for analysis. The
mobile phases used for gangliosides were water (solvent C) and
15% isopropanol in methanol (v/v) (solvent D), with both
containing 20 mM ammonium acetate and 0.1% acetic acid. The
Agilent 6520 Q-TOF MS and MS/MS were operated in the
negative mode. Data analyses were performed with the
MassHunter Qualitative Analysis software ver. B.03.01 (Agilent
Technologies, Inc., Santa Clara, CA). Molecular Fraction
Extraction (MFE) was performed to generate a peak list (m/z,
retention time and peak area) taking all ions into account
exceeding 1,000 counts. Focused postprocessing precursor ion
scan analysis was performed in order to select ganglioside peaks,
through a mode of the “Find by Auto MS/MS”. The NeuAc ions
(m/z 290.095) were the fragment ions used to determine the
precursor ion masses representing gangliosides. All metabolite
identifications were done at level 2 of the MSI standards.22

Statistical Analysis

A preliminary mean-centered (since different variables had
dramatically different ranges of magnitude), unsupervised
principal components analysis (PCA) revealed two multivariate
outliers (both from the CAD group−one female and one male),
which we removed for the multivariate analysis. Hence, 18 from
the total 20 subjects were used for the PCA analysis, however all
20 subjects were used for the rest of the analyses. PCA was used
to explore the variations in a total of 164 variables including
proteomic (128 proteins−listed in Supplemental Table 1),
glycomic (7 individual glycans: 5−4−0−2, 5−4−1−2, 5−4−0−
1, 6−5−0−2, 5−5−0−0, 3−3−1−0, 5−3−0−1; 3 individual
glycans converted to a dichotomous variable showing either
presence or absence of the glycan in each sample: 6−5−0−2 0/1,
5−3−0−1 0/1, 5−5−0−0 0/1; and 5 glycan categories: Total

Glycans, Sialylated, Fucosylated, Both Fucosylated and Sialy-
lated, Neutral (i.e., nonfucosylated, nonsialylated)), and clinical
(27 clinical and anthropometric parameters: Systolic BP,
Diastolic BP, Age, BMI, TC, LDL-C, HDL-C, TG, Age group,
Pulse BP, Height, Weight, Hip, Waist, Waist-hip ratio, TG log,
Glucose, Insulin, HOMA-IR, CRP, Fibrinogen, ApoA-I, ApoB-
100, Lp(a) nmol, Factor VII, %, Plasmin antiplasmin,
Plasminogen Activator Inhibitor-1) data. The Scree plot
(included in Figure 1) was used to determine which PCs to
use for interpreting results. Following the PCA, Student’s t tests
were used to identify differences between subjects with CAD
compared to those without CAD. All final data analyses were
performed using the R statistical software (packages−lme,
multcomp, Rcmdr)23 and JMP (SAS Institute, Cary NC).

■ RESULTS

The anthropometric and fasting clinical characteristics of the
subjects are summarized in Table 1. The CAD subjects were
older (57.2y vs 50.3y), had a lower BMI (26.3 kg/m2 vs 30.6 kg/
m2), higher fasting triglycerides (195.3 mg/dL vs 146.2 mg/dL),
and higher comprehensive cardiovascular score (25.2 vs 4.5)
compared to the non-CAD subjects. Both CAD and non-CAD
subjects had high total cholesterol (>200 mg/dL), high LDL-C
(>130 mg/dL), high fasting glucose (>100 mg/dL), high CRP
(>3 mg/L), and low HDL-C (<40 mg/dL). Both CAD and non-
CAD subjects had HOMA-IR values >3, indicative of insulin
resistance.24 Thus, while both groups of subjects were at risk for
CAD based on traditional biomarkers, only half had developed
extensive atherosclerosis indicative of CAD based on coronary
arteriography. The non-CAD group was comprised of 30%
diabetic, 70% hypertensive, and 30% smoker volunteers, while
the CAD group had 40% diabetic, 90% hypertensive and 30%
smokers as volunteers. A chi square test for difference in these
distributions in CAD vs non-CAD groups did not indicate a
statistically significant difference (p = 0.96, χ2 = 0.083).

Figure 2. Apolipoproteins in CAD vs non-CAD subjects in the separated HDL fractions. ApoA-I, ApoA-II, and ApoE were significantly higher in non-
CAD subjects compared to CAD subjects (p < 0.05 “∗”).
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Figure 1 is a compilation of the Scree, scores, and loadings plot
from the PCA conducted with all unique proteins, glycans,
anthropometric, and fasting clinical parameters. The first 10
components explained∼100% of the variance, with the explained
variance dropping dramatically following the first two
components. PC1 and PC2, explaining ∼30% of the total
variance in this population, were used to represent results from
the PCA. While CAD subjects appear to cluster together in the
lower half of PC2, the non-CAD subjects display more variance
across both PCs. The loadings plot, along similar lines, indicates a
partitioning between apolipoproteins and glycans across PC2 (as
well as PC1, but to a lesser degree). Apolipoproteins including
ApoA-I, ApoA-II, ApoM, ApoD, ApoA-IV, ApoH, and ApoE
appear above the intersection of PC1 and PC2 in the loadings
plot, while the fucosylated and sialylated glycans cluster below
the intersection, indicating a separation across PC2. Also of
interest, some proteins (C3, C4b and C9) that belong to the
complement activation system clustered in the fourth quadrant
across PC1, while apolipoproteins clustered together on the
other end of PC1. Univariate statistical analyses confirmed these
observations since ApoA-I (p = 0.044), ApoA-II (p = 0.019), and
ApoE (p = 0.030) were all significantly higher in non-CAD
subjects compared to the CAD subjects (Figure 2); however, no
statistically significant differences in the complement activation
system proteins were identified (data not shown). Serum
amyloid A 2 (SAA2) (p = 0.020) and SAA4 (p = 0.007) were
also significantly higher in the non-CAD subjects compared to
the CAD subjects (Figure 3).

Figure 4 depicts the N-glycan profile from a representative
HDL sample. Most of the identified glycan compositions
included two or more peaks corresponding to either structural
and/or linkage isomers. Because the majority of the glycans
observed in HDL were complex or hybrid type glycans,
groupings were based on fucosylation and/or sialylation. Again,
univariate analyses confirmed the PCA observations that total
sialylated glycans were higher in CAD subjects compared to non-
CAD subjects (p = 0.049), and that the individual glycan 5−4−
0−2 (a disialylated pentasaccharide) was significantly higher in
CAD compared to non-CAD subjects (p = 0.039) (Figure 5).
There were no statistically significant differences in gangliosides
between CAD and non-CAD patients.

■ DISCUSSION

In this pilot study, combined proteomic and glycomic profiles
associated with HDL were characterized in CAD vs non-CAD
subjects and found to be different in several aspects. CAD
subjects had lower apolipoprotein content, including ApoA-I,
ApoA-II, and ApoE, than non-CAD subjects. In contrast, total
sialylated glycans were significantly higher in CAD subjects.
Thus, our results indicate that HDL particles with lower
apolipoprotein concentrations but a higher degree of sialylation
were characteristic of CAD subjects. The CAD subjects were also
significantly older, and had a lower BMI and higher TG than the
non-CAD subjects. Thus, the differences in the proteomic and
glycomic profiles between CAD and non-CAD patients in this
study may be due to the presence of CAD itself, or to these other
factors such as age, adiposity, and plasma TG levels, or a
combination of all of these. Future studies using a larger cohort
are needed to distinguish the influence of age vs metabolic
phenotype on the combined glycomic and proteomic profiles, as
well as disease outcomes.
We found the HDL-associated apolipoprotein ApoA-I level to

be higher in non-CAD subjects compared to CAD subjects.
ApoA-I has long been associated with the cardioprotective,
antiatherogenic effects of HDL, and its abundance in HDL
particles is positively associated with protection fromCAD.25We
also found higher levels of ApoA-II and ApoE in HDL in non-
CAD subjects compared to CAD subjects, but we did not detect
any differences with regard to ApoC-III. Utilizing a similar
shotgun proteomics approach to compare CAD vs healthy
control individuals, Vaisar et al. detected higher HDL levels of
ApoE, ApoA-IV, ApoC-IV, and complement factor C3 in CAD
patients compared to healthy controls.5 Heinecke et al. also
found that levels of ApoE in the HDL proteome may be a crucial
marker for cardiovascular disease risk.26 In the current study,
instead of comparing healthy individuals to individuals with
disease, we compared a cohort of subjects who were all equally at
risk for CAD based on traditional clinical biomarkers, but who
were revealed to either have extensive stenosis or not following
coronary arteriography.
In this study we detected ApoB in our HDL fractions. Other

HDL proteomics studies, in fact most (10 out of 14), have also
reported detection of ApoB in the HDL fraction (reviewed in ref
27). This is likely due to the high sensitivity of MS instruments,
which can detect proteins present at low abundances.28 Our
proteomic data indicate that the levels of ApoA-I were about 10-
fold higher on average than the levels of ApoB in these samples,
which demonstrates that although a small amount of
contamination of ApoB-containing lipoproteins (i.e., LDL)
may have remained in these fractions, we did indeed successfully
separate HDL with this method. Furthermore, comparing our
proteomic results with those previously published27 indicates
that the separated HDL fractions contained predominantly
HDL, as all of the proteins are known to be HDL-associated
proteins.
Previous studies have reported that HDLs from patients with

heart disease are enriched in SAA, a family of acute phase
proteins associated with HDLs.29 The SAA present in HDLs
represents a multigene from four different loci: SAA1, SAA2,
SAA3, and SAA4.30 Of these, SAA1 and SAA2 are the dominant
acute phase response proteins, whereas SAA4 is considered a
“constitutive” form, which does not change acutely. In the
current study, we found higher levels of SAA2 and SAA4 in non-
CAD subjects and no difference across CAD status for SAA1.

Figure 3. Serum Amyloid A (SAA) proteins in CAD vs non-CAD
subjects in the separated HDL fractions. SAA2 and SAA4 were
significantly different between CAD and non-CAD subjects (p < 0.05),
but there was no difference in SAA1.
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Several functions of the SAA proteins have been identified
including endotoxin detoxification,31 stimulation of cytokine
production, and effectively rendering a pro-inflammatory

milieu.32 Furthermore, SAA interferes with HDL’s ability to
perform cholesterol efflux,33 decreasing the potential for
cholesterol removal.34 Some studies have associated higher

Figure 4.Differences between CAD and non-CAD subjects in glycan peptides measured in the separated HDL fractions. Total sialylated peptide counts
were significantly higher in the CAD subjects vs non-CAD subjects (p = 0.049, indicated by “∗“ − top panel). The bottom panel depicts individual
glycans −5−4−0−2, 5−4−1−2, and 6−5−0−2. While 5−4−0−2 was significantly higher in the CAD subjects (p = 0.039), the other two were not
significantly different between the groups.

Figure 5. Glycan structures identified in the separated HDL fractions. Green circles, mannose; yellow circles, galactose; blue squares, N-
acetylglucosamine; red triangles, fucose; purple diamonds, N-acetylneuraminic acid (or sialic acid).
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SAA protein levels with cardiovascular and coronary artery
disease outcomes.35 However, in a joint statement of the
American Heart Association and the CDC, a need for further
studies to substantiate this claim was voiced.36 The SAA3 isoform
is not expressed in humans,37 and SAA 1, 2, and 4 contribute to
the overall plasma concentration.38 Whereas most previous
studies have reported total SAA levels, the current study
examined the individual isoforms of SAA (SAA 1, 2, and 4)
separately. Combining the SAA1, 2, and 4 peptides measured in
this study indicated higher (not statistically significant) total SAA
levels in non-CAD subjects compared to CAD subjects (20.5 ±
13.9 vs 9.7 ± 6.8 number of peptides respectively, p = 0.19). As
SAA1 and SAA2 are highly homologous genes,39 further studies
are needed to better understand any physiological significance
due to variation in their levels. Both SAA1 and 2 have been
shown to impact the cholesterol esterase enzyme,40 and
macrophage cholesterol efflux,41 but there is limited knowledge
regarding SAA4. In addition, SAA protein levels have been
associated with adiposity with a 20% increase in SAA in obese
individuals compared to lean counterparts.42 Thus, it is possible
that the difference in SAA levels between the CAD and non-CAD
subjects in this study was entirely due to the difference in
adiposity rather than the extent of stenosis, since the non-CAD
subjects had a higher BMI.
In this pilot study we found a higher degree of sialylation in

CAD compared to non-CAD subjects. Total plasma sialic acid
has been associated with higher CVD risk,43 especially in large
epidemiological studies.44 Total serum sialic acid levels increase
prior to and during an atherosclerotic event.45 On the other
hand, a recent study found reduced glycosylation across
lipoproteins in MetS patients compared to healthy controls,
and specifically lower glycosylation in ApoC-III and SAA.16

Deglycosylation was found to render LDL particles more pro-
atherogenic by increasing their aggregation and ability to
stimulate intracellular cholesterol uptake.46 Desialylated LDL
particles were also found to be internalized faster than native
LDL particles by arterial smooth muscle cells.47 In patients with
atherosclerosis and diabetes, LDL was found to be desialylated,
more electronegative, and with a higher capacity to stimulate
cellular cholesterol uptake compared to LDL from normolipi-
demic subjects.48 On the other hand, others have not found any
difference in total glycan composition among LDL subclasses
(small-dense vs large LDL), either among normolipidemic or
hypercholesterolemic subjects.49 These conflicting results
emphasize the need for robust and sensitive methodologies, as
older methods were less likely to differentiate between glycans
that were part of glycoproteins vs glycolipids, such as
gangliosides, and in fact could not distinguish between free sialic
acid and sialic acid attached to proteins and lipids. In this study,
due to low sample volumes, we analyzed the composition of all
glycans that were cleaved from glycoproteins rather than
examining the specific glycan composition of individual proteins.
More studies are needed to examine whether protein-specific
glycosylation changes affect disease outcomes and HDL
function.
In this study we did not find any differences in the levels of

gangliosides between CAD and non-CAD patients. It is possible
that due to our small sample size we did not have the power to
detect the differences. Previous studies have found differences in
the GM3/GD3 ratio in atherosclerotic plaques,50 and higher
GD3 and lower GM3 content in atherosclerotic plaques
compared with unaffected intima sections.51 However, there is
a general lack of knowledge of any effect of changes in HDL

ganglioside composition on disease outcomes or HDL
function.44

Our study has several limitations. The sample size was limited
and our findings therefore need to be verified in larger groups so
that additional known modifiers of CAD risk can be included in
the analysis (e.g., high vs low TG, BMI, insulin, and other clinical
parameters, menopausal status, use of estrogens, kidney function,
etc.). Also, while the shotgun proteomic approach is high
throughput and useful, it is not quantitative. Rather than as a
confirmatory or conclusive analysis, this study was undertaken as
a proof of concept to explore whether the combined proteomic
and glycomic profiling of HDL would be useful to assess markers
of HDL function (and dysfunction).

■ CONCLUSIONS
This proof of concept study demonstrated that the application of
a comprehensive glycomic profiling method combined with
proteomics may be a promising approach for the development of
novel biomarkers of diseases related to lipoprotein metabolism.
Future studies using larger sample sizes are needed to further
examine the combined glycomic and proteomic differences
between different disease groups, and the functional and
mechanistic implications of those differences in HDL
composition.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jproteo-
me.5b00730.

Supplemental Table 1: List of all proteins identified and
used in statistical analysis in this report (PDF)

■ AUTHOR INFORMATION
Corresponding Author

*Telephone: (530) 554-2534. Fax: (530) 752-8966. Email:
amzivkovic@ucdavis.edu.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research project was supported by grant HL 62705 (PI:
L.B.) from the National Heart, Lung, and Blood Institute, and by
NIH R01GM049077 (PI: C.B.L.) from the UC Davis Clinical
and Translational Research Center (TR000002).

■ REFERENCES
(1) CDC National Center for Chronic Disease Prevention and Health
Promotion, Division for Heart Disease and Stroke Prevention. http://
www.cdc.gov/heartdisease/facts.htm.
(2) (a) Schwartz, G. G.; Olsson, A. G.; Abt, M.; Ballantyne, C. M.;
Barter, P. J.; Brumm, J.; Chaitman, B. R.; Holme, I. M.; Kallend, D.;
Leiter, L. A.; Leitersdorf, E.; McMurray, J. J.; Mundl, H.; Nicholls, S. J.;
Shah, P. K.; Tardif, J. C.; Wright, R. S.; dal, O. I. Effects of dalcetrapib in
patients with a recent acute coronary syndrome. N. Engl. J. Med. 2012,
367 (22), 2089−99. (b) The AIM-HIGH Investigators; Boden, W. E.;
Probstfield, J. L.; Anderson, T.; Chaitman, B. R.; Desvignes-Nickens, P.;
Koprowicz, K.; McBride, R.; Teo, K.; Weintraub, W. Niacin in patients
with low HDL cholesterol levels receiving intensive statin therapy. N.
Engl. J. Med. 2011, 365 (24), 2255−67.
(3) Asztalos, B. F.; Tani, M.; Schaefer, E. J. Metabolic and functional
relevance of HDL subspecies. Curr. Opin. Lipidol. 2011, 22 (3), 176−85.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.5b00730
J. Proteome Res. 2015, 14, 5109−5118

5116

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00730
http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00730
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00730/suppl_file/pr5b00730_si_001.pdf
mailto:amzivkovic@ucdavis.edu
http://www.cdc.gov/heartdisease/facts.htm
http://www.cdc.gov/heartdisease/facts.htm
http://dx.doi.org/10.1021/acs.jproteome.5b00730
http://pubs.acs.org/action/showLinks?pmid=22085343&crossref=10.1056%2FNEJMoa1107579
http://pubs.acs.org/action/showLinks?pmid=22085343&crossref=10.1056%2FNEJMoa1107579
http://pubs.acs.org/action/showLinks?pmid=21537175&crossref=10.1097%2FMOL.0b013e3283468061&coi=1%3ACAS%3A528%3ADC%252BC3MXlvFGhs7k%253D
http://pubs.acs.org/action/showLinks?pmid=23126252&crossref=10.1056%2FNEJMoa1206797&coi=1%3ACAS%3A528%3ADC%252BC38XhslyltrvK


(4) Ansell, B. J.; Fonarow, G. C.; Fogelman, A. M. The paradox of
dysfunctional high-density lipoprotein. Curr. Opin. Lipidol. 2007, 18 (4),
427−34.
(5) Vaisar, T.; Mayer, P.; Nilsson, E.; Zhao, X. Q.; Knopp, R.; Prazen,
B. J. HDL in humans with cardiovascular disease exhibits a proteomic
signature. Clin. Chim. Acta 2010, 411 (13−14), 972−9.
(6) Park, K. H.; Shin, D. G.; Kim, J. R.; Hong, J. H.; Cho, K. H. The
functional and compositional properties of lipoproteins are altered in
patients with metabolic syndrome with increased cholesteryl ester
transfer protein activity. Int. J. Mol. Med. 2010, 25 (1), 129−36.
(7) Riwanto, M.; Rohrer, L.; Roschitzki, B.; Besler, C.; Mocharla, P.;
Mueller, M.; Perisa, D.; Heinrich, K.; Altwegg, L.; von Eckardstein, A.;
Luscher, T. F.; Landmesser, U. Altered activation of endothelial anti-
and proapoptotic pathways by high-density lipoprotein from patients
with coronary artery disease: role of high-density lipoprotein-proteome
remodeling. Circulation 2013, 127 (8), 891−904.
(8) Alwaili, K.; Bailey, D.; Awan, Z.; Bailey, S. D.; Ruel, I.; Hafiane, A.;
Krimbou, L.; Laboissiere, S.; Genest, J. The HDL proteome in acute
coronary syndromes shifts to an inflammatory profile. Biochim. Biophys.
Acta, Mol. Cell Biol. Lipids 2012, 1821 (3), 405−15.
(9) (a)Maverakis, E.; Kim, K.; Shimoda,M.; Gershwin, M. E.; Patel, F.;
Wilken, R.; Raychaudhuri, S.; Ruhaak, L. R.; Lebrilla, C. B. Glycans in
the immune system and The Altered Glycan Theory of Autoimmunity: a
critical review. J. Autoimmun. 2015, 57, 1−13. (b) Moremen, K. W.;
Tiemeyer, M.; Nairn, A. V. Vertebrate protein glycosylation: diversity,
synthesis and function. Nat. Rev. Mol. Cell Biol. 2012, 13 (7), 448−62.
(10) Walsh, G.; Jefferis, R. Post-translational modifications in the
context of therapeutic proteins. Nat. Biotechnol. 2006, 24 (10), 1241−
1252.
(11) Sugano, M.; Yamauchi, K.; Kawasaki, K.; Tozuka, M.; Fujita, K.;
Okumura, N.; Ota, H. Sialic acid moiety of apolipoprotein E3 at
Thr(194) affects its interaction with beta-amyloid(1−42) peptides. Clin.
Chim. Acta 2008, 388 (1−2), 123−9.
(12) Remaley, A. T.; Wong, A. W.; Schumacher, U. K.; Meng, M. S.;
Brewer, H. B., Jr.; Hoeg, J. M. O-linked glycosylation modifies the
association of apolipoprotein A-II to high density lipoproteins. J. Biol.
Chem. 1993, 268 (9), 6785−90.
(13) Fazio, S.; Horie, Y.; Weisgraber, K. H.; Havekes, L. M.; Rall, S. C.,
Jr. Preferential association of apolipoprotein E Leiden with very low
density lipoproteins of human plasma. J. Lipid Res. 1993, 34 (3), 447−
53.
(14) Ueda, K.; Fukase, Y.; Katagiri, T.; Ishikawa, N.; Irie, S.; Sato, T. A.;
Ito, H.; Nakayama, H.; Miyagi, Y.; Tsuchiya, E.; Kohno, N.; Shiwa, M.;
Nakamura, Y.; Daigo, Y. Targeted serum glycoproteomics for the
discovery of lung cancer-associated glycosylation disorders using lectin-
coupled ProteinChip arrays. Proteomics 2009, 9 (8), 2182−92.
(15) Huang, J.; Lee, H.; Zivkovic, A. M.; Smilowitz, J. T.; Rivera, N.;
German, J. B.; Lebrilla, C. B. Glycomic Analysis of High Density
Lipoprotein Shows a Highly Sialylated Particle. J. Proteome Res. 2014, 13
(2), 681−691.
(16) Savinova, O. V.; Fillaus, K.; Jing, L.; Harris, W. S.; Shearer, G. C.
Reduced apolipoprotein glycosylation in patients with the metabolic
syndrome. PLoS One 2014, 9 (8), e104833.
(17) (a) Anuurad, E.; Ozturk, Z.; Enkhmaa, B.; Pearson, T. A.;
Berglund, L. Association of lipoprotein-associated phospholipase A2
with coronary artery disease in African-Americans and Caucasians. J.
Clin. Endocrinol. Metab. 2010, 95 (5), 2376−83. (b) Anuurad, E.;
Enkhmaa, B.; Gungor, Z.; Zhang, W.; Tracy, R. P.; Pearson, T. A.; Kim,
K.; Berglund, L. Age as a modulator of inflammatory cardiovascular risk
factors. Arterioscler., Thromb., Vasc. Biol. 2011, 31 (9), 2151−6.
(18) Brousseau, T.; Clavey, V.; Bard, J. M.; Fruchart, J. C. Sequential
ultracentrifugation micromethod for separation of serum lipoproteins
and assays of lipids, apolipoproteins, and lipoprotein particles. Clin.
Chem. 1993, 39 (6), 960−4.
(19) (a) Old,W. M.; Meyer-Arendt, K.; Aveline-Wolf, L.; Pierce, K. G.;
Mendoza, A.; Sevinsky, J. R.; Resing, K. A.; Ahn, N. G. Comparison of
label-free methods for quantifying human proteins by shotgun
proteomics. Mol. Cell. Proteomics 2005, 4 (10), 1487−1502.
(b) Wang, W.; Zhou, H.; Lin, H.; Roy, S.; Shaler, T. A.; Hill, L. R.;

Norton, S.; Kumar, P.; Anderle, M.; Becker, C. H. Quantification of
proteins andmetabolites by mass spectrometry without isotopic labeling
or spiked standards. Anal. Chem. 2003, 75 (18), 4818−4826. (c) Ong,
S.-E.; Mann, M. Mass spectrometry−based proteomics turns
quantitative. Nat. Chem. Biol. 2005, 1 (5), 252−262. (d) Chelius, D.;
Bondarenko, P. V. Quantitative profiling of proteins in complex
mixtures using liquid chromatography and mass spectrometry. J.
Proteome Res. 2002, 1 (4), 317−323.
(20) Huang, J.; Lee, H.; Zivkovic, A. M.; Smilowitz, J. T.; Rivera, N.;
German, J. B.; Lebrilla, C. B. Glycomic Analysis of High Density
Lipoprotein Shows aHighly Sialylated Particle. J. Proteome Res. 2014, 13,
681.
(21) (a) Hua, S.; An, H. J.; Ozcan, S.; Ro, G. S.; Soares, S.; DeVere-
White, R.; Lebrilla, C. B. Comprehensive native glycan profiling with
isomer separation and quantitation for the discovery of cancer
biomarkers. Analyst 2011, 136 (18), 3663−3671. (b) Hua, S.;
Williams, C. C.; Dimapasoc, L. M.; Ro, G. S.; Ozcan, S.; Miyamoto,
S.; Lebrilla, C. B.; An, H. J.; Leiserowitz, G. S. Isomer-specific
chromatographic profiling yields highly sensitive and specific potential
N-glycan biomarkers for epithelial ovarian cancer. Journal of
Chromatography A 2013, 1279, 58−67. (c) An, H. J.; Kronewitter, S.
R.; de Leoz, M. L. A.; Lebrilla, C. B. Glycomics and disease markers.
Curr. Opin. Chem. Biol. 2009, 13 (5), 601−607.
(22) Sansone, S. A.; Fan, T.; Goodacre, R.; Griffin, J. L.; Hardy, N. W.;
Kaddurah-Daouk, R.; Kristal, B. S.; Lindon, J.; Mendes, P.; Morrison, N.;
Nikolau, B.; Robertson, D.; Sumner, L. W.; Taylor, C.; van derWerf, M.;
van Ommen, B.; Fiehn, O.; MSI Board Members. The metabolomics
standards initiative. Nat. Biotechnol. 2007, 25 (8), 846−8.
(23) R Development Core Team. R: A language and environment for
statistical computing; R Foundation for Statistical Computing: Vienna,
Austria, 2008.
(24) Gayoso-Diz, P.; Otero-Gonzalez, A.; Rodriguez-Alvarez, M. X.;
Gude, F.; Garcia, F.; De Francisco, A.; Quintela, A. G. Insulin resistance
(HOMA-IR) cut-off values and the metabolic syndrome in a general
adult population: effect of gender and age: EPIRCE cross-sectional
study. BMC Endocr. Disord. 2013, 13, 47.
(25) Sung, K. C.; Ryu, S.; Wild, S. H.; Byrne, C. D. An increased high-
density lipoprotein cholesterol/apolipoprotein A-I ratio is associated
with increased cardiovascular and all-cause mortality. Heart 2015, 101,
553.
(26) Heinecke, J. W. The HDL proteome: a marker–and perhaps
mediator–of coronary artery disease. J. Lipid Res. 2009, 50 (Suppl),
S167−71.
(27) Shah, A. S.; Tan, L.; Long, J. L.; Davidson, W. S. Proteomic
diversity of high density lipoproteins: our emerging understanding of its
importance in lipid transport and beyond. J. Lipid Res. 2013, 54 (10),
2575−85.
(28) Vaisar, T. Proteomics investigations of HDL: challenges and
promise. Curr. Vasc. Pharmacol. 2012, 10 (4), 410−21.
(29) (a) Cabana, V. G.; Feng, N.; Reardon, C. A.; Lukens, J.; Webb, N.
R.; de Beer, F. C.; Getz, G. S. Influence of apoA-I and apoE on the
formation of serum amyloid A-containing lipoproteins in vivo and in
vitro. J. Lipid Res. 2004, 45 (2), 317−25. (b) Voudris, K. V.; Chanin, J.;
Feldman, D. N.; Charitakis, K. Novel Inflammatory Biomarkers in
Coronary Artery Disease: Potential Therapeutic Approaches. Curr. Med.
Chem. 2015, 22, 2680.
(30) Urieli-Shoval, S.; Linke, R. P.; Matzner, Y. Expression and
function of serum amyloid A, a major acute-phase protein, in normal and
disease states. Curr. Opin. Hematol. 2000, 7 (1), 64−9.
(31) Thompson, P. A.; Kitchens, R. L. Native high-density lipoprotein
augments monocyte responses to lipopolysaccharide (LPS) by
suppressing the inhibitory activity of LPS-binding protein. J. Immunol.
2006, 177 (7), 4880−7.
(32) Song, C.; Hsu, K.; Yamen, E.; Yan, W.; Fock, J.; Witting, P. K.;
Geczy, C. L.; Freedman, S. B. Serum amyloid A induction of cytokines in
monocytes/macrophages and lymphocytes. Atherosclerosis 2009, 207
(2), 374−83.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.5b00730
J. Proteome Res. 2015, 14, 5109−5118

5117

http://dx.doi.org/10.1021/acs.jproteome.5b00730
http://pubs.acs.org/action/showLinks?pmid=8504564&coi=1%3ACAS%3A528%3ADyaK3sXkvFSmt78%253D
http://pubs.acs.org/action/showLinks?pmid=25637367&crossref=10.1136%2Fheartjnl-2014-306784&coi=1%3ACAS%3A528%3ADC%252BC2MXntFemurY%253D
http://pubs.acs.org/action/showLinks?pmid=17033665&crossref=10.1038%2Fnbt1252&coi=1%3ACAS%3A528%3ADC%252BD28XhtVGgsrnK
http://pubs.acs.org/action/showLinks?pmid=20307520&crossref=10.1016%2Fj.cca.2010.03.023&coi=1%3ACAS%3A528%3ADC%252BC3cXlsFOju70%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fpr025517j&pmid=12645887&coi=1%3ACAS%3A528%3ADC%252BD38Xkt1Cksrk%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fpr025517j&pmid=12645887&coi=1%3ACAS%3A528%3ADC%252BD38Xkt1Cksrk%253D
http://pubs.acs.org/action/showLinks?pmid=20194707&crossref=10.1210%2Fjc.2009-2498&coi=1%3ACAS%3A528%3ADC%252BC3cXmtFens7s%253D
http://pubs.acs.org/action/showLinks?pmid=20194707&crossref=10.1210%2Fjc.2009-2498&coi=1%3ACAS%3A528%3ADC%252BC3cXmtFens7s%253D
http://pubs.acs.org/action/showLinks?pmid=25578468&crossref=10.1016%2Fj.jaut.2014.12.002&coi=1%3ACAS%3A528%3ADC%252BC2MXhtVCmurw%253D
http://pubs.acs.org/action/showLinks?pmid=16982930&crossref=10.4049%2Fjimmunol.177.7.4880&coi=1%3ACAS%3A528%3ADC%252BD28Xps1GnsLs%253D
http://pubs.acs.org/action/showLinks?pmid=16408053&crossref=10.1038%2Fnchembio736&coi=1%3ACAS%3A528%3ADC%252BD2MXhtVamtrfI
http://pubs.acs.org/action/showLinks?system=10.1021%2Fpr4012393&pmid=24417605&coi=1%3ACAS%3A528%3ADC%252BC2cXmtl2nsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=23434634&crossref=10.1194%2Fjlr.R035725&coi=1%3ACAS%3A528%3ADC%252BC3sXhsVCltLnF
http://pubs.acs.org/action/showLinks?pmid=8454651&coi=1%3ACAS%3A528%3ADyaK3sXit1ylsrc%253D
http://pubs.acs.org/action/showLinks?pmid=8454651&coi=1%3ACAS%3A528%3ADyaK3sXit1ylsrc%253D
http://pubs.acs.org/action/showLinks?pmid=23349247&crossref=10.1161%2FCIRCULATIONAHA.112.108753&coi=1%3ACAS%3A528%3ADC%252BC3sXivFOmurs%253D
http://pubs.acs.org/action/showLinks?pmid=21776491&crossref=10.1039%2Fc1an15093f&coi=1%3ACAS%3A528%3ADC%252BC3MXhtVyltr%252FP
http://pubs.acs.org/action/showLinks?pmid=19535079&crossref=10.1016%2Fj.atherosclerosis.2009.05.007&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFSgs7fP
http://pubs.acs.org/action/showLinks?pmid=21700927&crossref=10.1161%2FATVBAHA.111.232348&coi=1%3ACAS%3A528%3ADC%252BC3MXhtVaktrnK
http://pubs.acs.org/action/showLinks?pmid=24131857&crossref=10.1186%2F1472-6823-13-47&coi=1%3ACAS%3A280%3ADC%252BC2c%252FltF2qtw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=22722607&crossref=10.1038%2Fnrm3383&coi=1%3ACAS%3A528%3ADC%252BC38XovFyktLs%253D
http://pubs.acs.org/action/showLinks?pmid=17620860&crossref=10.1097%2FMOL.0b013e3282364a17&coi=1%3ACAS%3A528%3ADC%252BD2sXnsVCkurY%253D
http://pubs.acs.org/action/showLinks?pmid=25118169&crossref=10.1371%2Fjournal.pone.0104833&coi=1%3ACAS%3A528%3ADC%252BC2cXhs1equr7I
http://pubs.acs.org/action/showLinks?pmid=21840418&crossref=10.1016%2Fj.bbalip.2011.07.013&coi=1%3ACAS%3A528%3ADC%252BC38XjtFWnsL8%253D
http://pubs.acs.org/action/showLinks?pmid=21840418&crossref=10.1016%2Fj.bbalip.2011.07.013&coi=1%3ACAS%3A528%3ADC%252BC38XjtFWnsL8%253D
http://pubs.acs.org/action/showLinks?pmid=10608507&crossref=10.1097%2F00062752-200001000-00012&coi=1%3ACAS%3A280%3ADC%252BD3c%252FnsVajtA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=17687353&crossref=10.1038%2Fnbt0807-846b&coi=1%3ACAS%3A528%3ADC%252BD2sXos12ntr8%253D
http://pubs.acs.org/action/showLinks?pmid=14595002&crossref=10.1194%2Fjlr.M300414-JLR200&coi=1%3ACAS%3A528%3ADC%252BD2cXhslOmt70%253D
http://pubs.acs.org/action/showLinks?pmid=19322776&crossref=10.1002%2Fpmic.200800374&coi=1%3ACAS%3A528%3ADC%252BD1MXltlensrY%253D
http://pubs.acs.org/action/showLinks?pmid=23380366&crossref=10.1016%2Fj.chroma.2012.12.079&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFSmtbc%253D
http://pubs.acs.org/action/showLinks?pmid=23380366&crossref=10.1016%2Fj.chroma.2012.12.079&coi=1%3ACAS%3A528%3ADC%252BC3sXhvFSmtbc%253D
http://pubs.acs.org/action/showLinks?pmid=15979981&crossref=10.1074%2Fmcp.M500084-MCP200&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFeltbzI
http://pubs.acs.org/action/showLinks?pmid=19060251
http://pubs.acs.org/action/showLinks?pmid=18023277&crossref=10.1016%2Fj.cca.2007.10.024&coi=1%3ACAS%3A528%3ADC%252BD2sXhsVOltLvP
http://pubs.acs.org/action/showLinks?pmid=18023277&crossref=10.1016%2Fj.cca.2007.10.024&coi=1%3ACAS%3A528%3ADC%252BD2sXhsVOltLvP
http://pubs.acs.org/action/showLinks?pmid=19956911&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFKqsb3N
http://pubs.acs.org/action/showLinks?system=10.1021%2Fpr4012393&pmid=24417605&coi=1%3ACAS%3A528%3ADC%252BC2cXmtl2nsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=25891107&crossref=10.2174%2F0929867322666150420124427&coi=1%3ACAS%3A528%3ADC%252BC2MXhsFWmsbrK
http://pubs.acs.org/action/showLinks?pmid=25891107&crossref=10.2174%2F0929867322666150420124427&coi=1%3ACAS%3A528%3ADC%252BC2MXhsFWmsbrK
http://pubs.acs.org/action/showLinks?pmid=19775929&crossref=10.1016%2Fj.cbpa.2009.08.015&coi=1%3ACAS%3A528%3ADC%252BD1MXhsV2msL3O
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac026468x&pmid=14674459&coi=1%3ACAS%3A528%3ADC%252BD3sXmtVKlur0%253D
http://pubs.acs.org/action/showLinks?pmid=22339300&crossref=10.2174%2F157016112800812755&coi=1%3ACAS%3A528%3ADC%252BC38XptFers7g%253D
http://pubs.acs.org/action/showLinks?pmid=8468528&coi=1%3ACAS%3A528%3ADyaK3sXisFaltL4%253D
http://pubs.acs.org/action/showLinks?pmid=8504564&coi=1%3ACAS%3A528%3ADyaK3sXkvFSmt78%253D


(33) Banka, C. L.; Yuan, T.; de Beer, M. C.; Kindy,M.; Curtiss, L. K.; de
Beer, F. C. Serum amyloid A (SAA): influence on HDL-mediated
cellular cholesterol efflux. J. Lipid Res. 1995, 36 (5), 1058−65.
(34) Artl, A.; Marsche, G.; Lestavel, S.; Sattler, W.; Malle, E. Role of
serum amyloid A during metabolism of acute-phase HDL by
macrophages. Arterioscler., Thromb., Vasc. Biol. 2000, 20 (3), 763−72.
(35) (a) Song, C.; Shen, Y.; Yamen, E.; Hsu, K.; Yan,W.;Witting, P. K.;
Geczy, C. L.; Freedman, S. B. Serum amyloid A may potentiate
prothrombotic and proinflammatory events in acute coronary
syndromes. Atherosclerosis 2009, 202 (2), 596−604. (b) Johnson, B.
D.; Kip, K. E.; Marroquin, O. C.; Ridker, P. M.; Kelsey, S. F.; Shaw, L. J.;
Pepine, C. J.; Sharaf, B.; Bairey Merz, C. N.; Sopko, G.; Olson, M. B.;
Reis, S. E.; National Heart, L.; Blood, I. Serum amyloid A as a predictor
of coronary artery disease and cardiovascular outcome in women: the
National Heart, Lung, and Blood Institute-Sponsored Women’s
Ischemia Syndrome Evaluation (WISE). Circulation 2004, 109 (6),
726−32.
(36) (a) Pearson, T. A.; Mensah, G. A.; Alexander, R. W.; Anderson, J.
L.; Cannon, R. O., 3rd; Criqui, M.; Fadl, Y. Y.; Fortmann, S. P.; Hong, Y.;
Myers, G. L.; Rifai, N.; Smith, S. C., Jr.; Taubert, K.; Tracy, R. P.; Vinicor,
F. Markers of inflammation and cardiovascular disease: application to
clinical and public health practice: A statement for healthcare
professionals from the Centers for Disease Control and Prevention
and the American Heart Association. Circulation 2003, 107 (3), 499−
511. (b) Myers, G. L.; Rifai, N.; Tracy, R. P.; Roberts, W. L.; Alexander,
R. W.; Biasucci, L. M.; Catravas, J. D.; Cole, T. G.; Cooper, G. R.; Khan,
B. V.; Kimberly, M. M.; Stein, E. A.; Taubert, K. A.; Warnick, G. R.;
Waymack, P. P. Cdc; Aha, CDC/AHA Workshop on Markers of
Inflammation and Cardiovascular Disease: Application to Clinical and
Public Health Practice: report from the laboratory science discussion
group. Circulation 2004, 110 (25), e545−9.
(37) King, V. L.; Thompson, J.; Tannock, L. R. Serum amyloid A in
atherosclerosis. Curr. Opin. Lipidol. 2011, 22 (4), 302−7.
(38) Chiba, T.; Han, C. Y.; Vaisar, T.; Shimokado, K.; Kargi, A.; Chen,
M. H.; Wang, S.; McDonald, T. O.; O’Brien, K. D.; Heinecke, J. W.;
Chait, A. Serum amyloid A3 does not contribute to circulating SAA
levels. J. Lipid Res. 2009, 50 (7), 1353−62.
(39) Sellar, G. C.; Jordan, S. A.; Bickmore, W. A.; Fantes, J. A.; van
Heyningen, V.; Whitehead, A. S. The human serum amyloid A protein
(SAA) superfamily gene cluster: mapping to chromosome 11p15.1 by
physical and genetic linkage analysis. Genomics 1994, 19 (2), 221−7.
(40) Ely, S.; Bonatesta, R.; Ancsin, J. B.; Kindy, M.; Kisilevsky, R. The
in-vitro influence of serum amyloid A isoforms on enzymes that regulate
the balance between esterified and un-esterified cholesterol. Amyloid
2001, 8 (3), 169−81.
(41) Badolato, R.; Wang, J. M.; Murphy, W. J.; Lloyd, A. R.; Michiel, D.
F.; Bausserman, L. L.; Kelvin, D. J.; Oppenheim, J. J. Serum amyloid A is
a chemoattractant: induction of migration, adhesion, and tissue
infiltration of monocytes and polymorphonuclear leukocytes. J. Exp.
Med. 1994, 180 (1), 203−9.
(42) Poitou, C.; Viguerie, N.; Cancello, R.; De Matteis, R.; Cinti, S.;
Stich, V.; Coussieu, C.; Gauthier, E.; Courtine, M.; Zucker, J. D.; Barsh,
G. S.; Saris, W.; Bruneval, P.; Basdevant, A.; Langin, D.; Clement, K.
Serum amyloid A: production by human white adipocyte and regulation
by obesity and nutrition. Diabetologia 2005, 48 (3), 519−28.
(43) Afzali, B.; Bakri, R. S.; Bharma-Ariza, P.; Lumb, P. J.; Dalton, N.;
Turner, N. C.; Wierzbicki, A. S.; Crook, M. A.; Goldsmith, D. J. Raised
plasma total sialic acid levels are markers of cardiovascular disease in
renal dialysis patients. J. Nephrol 2003, 16 (4), 540−5.
(44) Gopaul, K. P.; Crook, M. A. Sialic acid: a novel marker of
cardiovascular disease? Clin. Biochem. 2006, 39 (7), 667−81.
(45) Crook, M. A.; Earle, K.; Morocutti, A.; Yip, J.; Viberti, G.; Pickup,
J. C. Serum sialic acid, a risk factor for cardiovascular disease, is increased
in IDDM patients with microalbuminuria and clinical proteinuria.
Diabetes Care 1994, 17 (4), 305−10.
(46) (a) Orekhov, A. N.; Tertov, V. V.; Mukhin, D. N.; Mikhailenko, I.
A. Modification of low density lipoprotein by desialylation causes lipid
accumulation in cultured cells: discovery of desialylated lipoprotein with
altered cellular metabolism in the blood of atherosclerotic patients.

Biochem. Biophys. Res. Commun. 1989, 162 (1), 206−11. (b) Tertov, V.
V.; Sobenin, I. A.; Gabbasov, Z. A.; Popov, E. G.; Orekhov, A. N.
Lipoprotein aggregation as an essential condition of intracellular lipid
accumulation caused by modified low density lipoproteins. Biochem.
Biophys. Res. Commun. 1989, 163 (1), 489−94. (c) Sobenin, I. A.;
Tertov, V. V.; Orekhov, A. N.; Smirnov, V. N. Synergetic effect of
desialylated and glycated low density lipoproteins on cholesterol
accumulation in cultured smooth muscle intimal cells. Atherosclerosis
1991, 89 (2−3), 151−4. (d) Tertov, V. V.; Sobenin, I. A.; Gabbasov, Z.
A.; Popov, E. G.; Jaakkola, O.; Solakivi, T.; Nikkari, T.; Smirnov, V. N.;
Orekhov, A. N. Multiple-modified desialylated low density lipoproteins
that cause intracellular lipid accumulation. Isolation, fractionation and
characterization. Lab Invest 1992, 67 (5), 665−75. (e) Sobenin, I. A.;
Tertov, V. V.; Koschinsky, T.; Bunting, C. E.; Slavina, E. S.; Dedov, II;
Orekhov, A. N. Modified low density lipoprotein from diabetic patients
causes cholesterol accumulation in human intimal aortic cells.
Atherosclerosis 1993, 100 (1), 41−54. (f) Tertov, V. V.; Kaplun, V. V.;
Sobenin, I. A.; Orekhov, A. N. Low-density lipoprotein modification
occurring in human plasma possible mechanism of in vivo lipoprotein
desialylation as a primary step of atherogenic modification. Athero-
sclerosis 1998, 138 (1), 183−95.
(47) Filipovic, I.; Schwarzmann, G.; Mraz, W.; Wiegandt, H.;
Buddecke, E. Sialic-acid content of low-density lipoproteins controls
their binding and uptake by cultured cells. Eur. J. Biochem. 1979, 93 (1),
51−5.
(48) (a) Tertov, V. V.; Orekhov, A. N.; Sobenin, I. A.; Morrisett, J. D.;
Gotto, A. M., Jr.; Guevara, J. G., Jr. Carbohydrate composition of protein
and lipid components in sialic acid-rich and -poor low density
lipoproteins from subjects with and without coronary artery disease.
Journal of lipid research 1993, 34 (3), 365−75. (b) Sobenin, I. A.; Tertov,
V. V.; Orekhov, A. N. Characterization of chemical composition of
native and modified low density lipoprotein occurring in the blood of
diabetic patients. Int. Angiol 1994, 13 (1), 78−83. (c) Tertov, V. V.;
Bittolo-Bon, G.; Sobenin, I. A.; Cazzolato, G.; Orekhov, A. N.; Avogaro,
P. Naturally occurring modified low density lipoproteins are similar if
not identical: more electronegative and desialylated lipoprotein
subfractions. Exp. Mol. Pathol. 1995, 62 (3), 166−72. (d) Tertov, V.
V.; Sobenin, I. A.; Orekhov, A. N. Similarity between naturally occurring
modified desialylated, electronegative and aortic low density lip-
oprotein. Free Radical Res. 1996, 25 (4), 313−9.
(49) Garner, B.; Harvey, D. J.; Royle, L.; Frischmann, M.; Nigon, F.;
Chapman, M. J.; Rudd, P. M. Characterization of human apolipoprotein
B100 oligosaccharides in LDL subfractions derived from normal and
hyperlipidemic plasma: deficiency of alpha-N-acetylneuraminyllactosyl-
ceramide in light and small dense LDL particles. Glycobiology 2001, 11
(10), 791−802.
(50) Prokazova, N. V.; Orekhov, A. N.; Mukhin, D. N.; Mikhailenko, I.
A.; Kogtev, L. S.; Sadovskaya, V. L.; Golovanova, N. K.; Bergelson, L. D.
The gangliosides of adult human aorta: intima, media and plaque. Eur. J.
Biochem. 1987, 167 (2), 349−52.
(51)Mukhin, D. N.; Prokazova, N. V.; Bergelson, L. D.; Orekhov, A. N.
Ganglioside content and composition of cells from normal and
atherosclerotic human aorta. Atherosclerosis 1989, 78 (1), 39−45.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.5b00730
J. Proteome Res. 2015, 14, 5109−5118

5118

http://dx.doi.org/10.1021/acs.jproteome.5b00730
http://pubs.acs.org/action/showLinks?pmid=2757685&crossref=10.1016%2F0021-9150%2889%2990157-3&coi=1%3ACAS%3A528%3ADyaL1MXltFejtrg%253D
http://pubs.acs.org/action/showLinks?pmid=220045&crossref=10.1111%2Fj.1432-1033.1979.tb12793.x&coi=1%3ACAS%3A528%3ADyaE1MXhtVSqtrw%253D
http://pubs.acs.org/action/showLinks?pmid=8889495&crossref=10.3109%2F10715769609149054&coi=1%3ACAS%3A528%3ADyaK28XmslCku7Y%253D
http://pubs.acs.org/action/showLinks?pmid=21734573&crossref=10.1097%2FMOL.0b013e3283488c39&coi=1%3ACAS%3A528%3ADC%252BC3MXos1WmsLY%253D
http://pubs.acs.org/action/showLinks?pmid=8318062&crossref=10.1016%2F0021-9150%2893%2990066-4&coi=1%3ACAS%3A528%3ADyaK3sXmtVWjs7w%253D
http://pubs.acs.org/action/showLinks?pmid=16624269&crossref=10.1016%2Fj.clinbiochem.2006.02.010&coi=1%3ACAS%3A528%3ADC%252BD28XntVWisLk%253D
http://pubs.acs.org/action/showLinks?pmid=12551878&crossref=10.1161%2F01.CIR.0000052939.59093.45&coi=1%3ACAS%3A280%3ADC%252BD3s%252Fkt1CqsQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=7516407&crossref=10.1084%2Fjem.180.1.203&coi=1%3ACAS%3A528%3ADyaK2cXksFGktrw%253D
http://pubs.acs.org/action/showLinks?pmid=7516407&crossref=10.1084%2Fjem.180.1.203&coi=1%3ACAS%3A528%3ADyaK2cXksFGktrw%253D
http://pubs.acs.org/action/showLinks?pmid=18571179&crossref=10.1016%2Fj.atherosclerosis.2008.04.049&coi=1%3ACAS%3A528%3ADC%252BD1MXhtFegsLw%253D
http://pubs.acs.org/action/showLinks?pmid=2775281&crossref=10.1016%2F0006-291X%2889%2992163-3&coi=1%3ACAS%3A528%3ADyaL1MXlsFWisrY%253D
http://pubs.acs.org/action/showLinks?pmid=2775281&crossref=10.1016%2F0006-291X%2889%2992163-3&coi=1%3ACAS%3A528%3ADyaL1MXlsFWisrY%253D
http://pubs.acs.org/action/showLinks?pmid=19286646&crossref=10.1194%2Fjlr.M900089-JLR200&coi=1%3ACAS%3A528%3ADC%252BD1MXnslSltrs%253D
http://pubs.acs.org/action/showLinks?pmid=3622519&crossref=10.1111%2Fj.1432-1033.1987.tb13343.x&coi=1%3ACAS%3A528%3ADyaL2sXlsFait78%253D
http://pubs.acs.org/action/showLinks?pmid=3622519&crossref=10.1111%2Fj.1432-1033.1987.tb13343.x&coi=1%3ACAS%3A528%3ADyaL2sXlsFait78%253D
http://pubs.acs.org/action/showLinks?pmid=9678784&crossref=10.1016%2FS0021-9150%2898%2900023-9&coi=1%3ACAS%3A528%3ADyaK1cXivVClt7g%253D
http://pubs.acs.org/action/showLinks?pmid=9678784&crossref=10.1016%2FS0021-9150%2898%2900023-9&coi=1%3ACAS%3A528%3ADyaK1cXivVClt7g%253D
http://pubs.acs.org/action/showLinks?pmid=2751649&crossref=10.1016%2F0006-291X%2889%2991982-7&coi=1%3ACAS%3A528%3ADyaL1MXkslGksLc%253D
http://pubs.acs.org/action/showLinks?pmid=15611379&crossref=10.1161%2F01.CIR.0000148980.87579.5E&coi=1%3ACAS%3A528%3ADC%252BD2MXotFentQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=14696756&coi=1%3ACAS%3A528%3ADC%252BD3sXpt1aqs7o%253D
http://pubs.acs.org/action/showLinks?pmid=8077803&coi=1%3ACAS%3A280%3ADyaK2czlvVGqtg%253D%253D
http://pubs.acs.org/action/showLinks?pmid=14970107&crossref=10.1161%2F01.CIR.0000115516.54550.B1&coi=1%3ACAS%3A528%3ADC%252BD2cXhtFWltbs%253D
http://pubs.acs.org/action/showLinks?pmid=1793442&crossref=10.1016%2F0021-9150%2891%2990055-8&coi=1%3ACAS%3A528%3ADyaK38XksFWg
http://pubs.acs.org/action/showLinks?pmid=11676294&crossref=10.3109%2F13506120109007360&coi=1%3ACAS%3A528%3ADC%252BD3MXnvVClsbo%253D
http://pubs.acs.org/action/showLinks?pmid=10712402&crossref=10.1161%2F01.ATV.20.3.763&coi=1%3ACAS%3A528%3ADC%252BD3cXit1aksr8%253D
http://pubs.acs.org/action/showLinks?pmid=11588155&crossref=10.1093%2Fglycob%2F11.10.791&coi=1%3ACAS%3A528%3ADC%252BD3MXns1GisbY%253D
http://pubs.acs.org/action/showLinks?pmid=8026286&crossref=10.2337%2Fdiacare.17.4.305&coi=1%3ACAS%3A280%3ADyaK2c3pvVCktA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=8612720&crossref=10.1006%2Fexmp.1995.1018&coi=1%3ACAS%3A528%3ADyaK28XisVaqsLo%253D
http://pubs.acs.org/action/showLinks?pmid=1434544&coi=1%3ACAS%3A528%3ADyaK3sXnsFKnsQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=15729583&crossref=10.1007%2Fs00125-004-1654-6&coi=1%3ACAS%3A528%3ADC%252BD2MXisVCitLg%253D
http://pubs.acs.org/action/showLinks?pmid=8188252&crossref=10.1006%2Fgeno.1994.1051&coi=1%3ACAS%3A528%3ADyaK2cXlt1Kgur0%253D
http://pubs.acs.org/action/showLinks?pmid=7658153&coi=1%3ACAS%3A528%3ADyaK2MXlvFamt7s%253D

