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Abstract New biomarkers of cardiovascular disease are
needed to augment the information obtained from traditional
indicators and to illuminate disease mechanisms. One of the
approaches used in metabolomics/metabonomics for that
purpose is metabolic fingerprinting aiming to profile large
numbers of chemically diverse metabolites in an essentially
nonselective way. In this study, gas chromatography-mass
spectrometry was employed to evaluate the major metabolic
changes in low molecular weight plasma metabolites of
patients with acute coronary syndrome (n=9) and with stable
atherosclerosis (n=10) vs healthy subjects without signifi-
cant differences in age and sex (n=10). Reproducible
differences between cases and controls were obtained with
pattern recognition techniques, and metabolites accounting
for higher weight in the classification have been identified
through their mass spectra. On this basis, it seems inherently
plausible that even a simple metabolite profile might be able
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to offer improved clinical diagnosis and prognosis, but in
addition, specific markers are being identified.

Keywords Acute coronary syndrome - Atherosclerosis -
Metabonomics - Metabolomics - Pattern recognition -
Separation techniques - Stroke

Introduction

Despite considerable advances in the treatment of athero-
thrombosis, it remains the leading cause of death in
developed countries. The assessment of classic cardiovas-
cular risk factors—including high blood pressure, dyslipi-
demia, diabetes, and smoking—has a central role in disease
prevention. However, the presence of these risk factors is
not enough to predict accurately what persons are at risk of
suffering an acute ischemic event, which is caused by the
occlusion of an artery due to the formation of a thrombus on
the atherosclerotic plaques. Identifying individuals at risk of
developing these events is critical in order to direct available
therapeutic resources efficiently. Thus, complementary
approaches are needed to improve our ability to predict the
appearance of these events. The possibility that abnormal
plasma levels of one or more molecules may predict the
appearance of new vascular events has gained acceptance in
the last years. However, no biomarker has shown consistent
results to be used in the clinical practice [1, 2].

Application of large-scale technologies to the study of
cardiovascular diseases has resulted in outstanding
advances in the last years. These include improvements
in our understanding of molecular mechanisms of
pathophysiological processes, identification of diagnostic/
prognostic biomarkers for cardiovascular disease, and
identification of novel therapeutic targets [3]. In this respect,
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metabolite fingerprinting is an example of a new type of
diagnostic test that shows considerable promise. Metabolites
are the small molecular products of enzyme-catalyzed
reactions. Metabolite levels are determined by protein
activities, so a comprehensive understanding of biological
systems is not possible without measuring and modeling
these small molecules and integrating the information with
data from other large-scale molecular analyses. Nuclear
magnetic resonance spectroscopy or chromatographic sepa-
rations can be used to generate a “molecular fingerprint” of a
serum sample, and cutting-edge pattern recognition techni-
ques can then be applied to identify molecular signatures
associated with the presence of occlusive atherosclerotic
lesions [4]. The aim is the collection of profiles (containing
as many metabolites as possible) and search within those
profiles for signatures that predict future cardiovascular
events with high sensitivity and specificity through mathe-
matical modeling tools. Afterward, target biomarkers would
be identified with the use of standardized technology
platforms, followed by validation of the assays, statistical
evaluation of biomarker distributions in reference samples
and in those with disease, and assessment of the correlation
between biomarker levels (or expression patterns of bio-
markers) and clinical measurements that define disease status
[5].

Recent studies have reported the use of multivariate
analysis of '"H NMR spectroscopy of serum and plasma
samples to predict the presence and severity of angio-
graphically defined coronary artery disease and of hyper-
tension [6, 7]. Nevertheless, different authors argued that
the analysis depended mainly on the major lipid regions of
the spectra, but many variables, including gender and drug
treatment, affect lipid composition and are potential con-
founders [8]. Recently, an application of metabolomics to
acute myocardial ischemia has been reported, in which
novel biomarkers have been identified. Plasma samples
were fractionated by liquid chromatography, and profiling
of analytes was performed with a high-sensitivity electro-
spray triple—quadrupole mass spectrometer under selected
reaction monitoring conditions. Changes in six metabolites,
including citric acid, differentiated cases from controls with
a high degree of accuracy (P<0.0001; cross-validated
c statistic=0.83) [9].

Gas chromatography-mass spectrometry (GC-MS) has
been one of the techniques commonly used for metabolomic
analysis due to technical advantages, including separation
capability, larger spectrum libraries, robustness, and sensi-
tivity. Our final aim will be the employment of as many
analytical platforms as possible in order to gather the
broadest possible information, and GC-MS has been the
technique of choice to get the fingerprint of low molecular
weight metabolites in plasma. GC-MS metabolomics, how-
ever, requires derivatization of the original sample, with the
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corresponding decrease in sample throughput. Therefore, its
use is not intended for routine clinical work, but to find the
markers for which later will be developed a specific and
simple analysis.

Perhaps the greatest strength of these metabolic
profiling methods, however, comes from their ability to
identify previously unknown correlations between unexpected
metabolic partners, either in disease or in response to chemical
perturbation.

In a previous study, Moritz et al. [10] developed and
optimized an extraction and derivatization protocol for
analyzing human blood plasma metaboloma by GC/MS.
The method was validated for 32 compounds out of 500
resolved peaks in the profile.

The aim of our work was to generate the GC-MS
fingerprint of low molecular weight metabolites in the
plasma of patients with a non-ST-elevation acute coronary
syndrome (NSTEACS). Afterward, without identifying any
specific metabolites in the profile, but merely reproducible
differences between cases and controls, pattern recognition
techniques have been successfully applied. Finally, metab-
olites accounting for higher weight in the classification
have been identified through their mass spectra as well as
those that significantly correlate with them.

Materials and methods
Chemicals

The reference compounds were purchased from Sigma (St.
Louis, MO, USA) and Aldrich (Steinhein, Germany). The
compounds and reagents were all of analytical grade except
where stated otherwise. N,O-Bis(trimethylsilyl)trifluoroace-
tamide (BSTFA) plus 1% trimethylchlorosilane (TMCS)
were purchased from Pierce Chemical Co (Rockford, IL,
USA). O-Methoxyamine hydrochloride, pyridine (silylation
grade), and heptane (analytical grade) were obtained from
Sigma. Methanol, acetone, and acetonitrile (HPLC grade)
were from Supelco (Bellefonte, PA, USA). Ultrapure water
was produced by a Milli-Q Reagent Water System (Millipore,
MA, USA).

Stock solutions of the reference compounds were
prepared either in Milli-Q water or in methanol at the same
concentration 25 mM. These solutions were kept at —80 °C.
Before the analysis, the solutions were thawed and diluted
(1/100) with methanol.

Samples
Plasma of patients with NSTEACS (n=9), withdrawn the

fourth day of hospital stay, patients with stable carotid
atherosclerosis (n=10), and healthy subjects (n=10) with-
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out significant differences in age and sex have been studied.
All subjects were in fasting state, and the extraction was
performed in the morning (between 8 a.m. and 11 a.m.).

All NSTEACS and carotid atherosclerosis patients were
under low-cholesterol diet. In 33% of NSTEACS patients,
the diet was also low salt containing; in 44%, low salt and
low carbohydrate; and in 11%, low carbohydrate diet. Sixty
percent of patients with carotid atherosclerosis received a
diet that was also low salt containing, 20% a low
carbohydrate and low salt diet, and 10% a low carbohydrate
diet. Healthy subjects did not have dietary restrictions. All
patients with NSTEACS were under enoxaparin, aspirin, and
statins; 89% received clopidogrel and nitroglycerin, 78%
omeprazol and angiotensin-converting enzyme inhibitors/
angiotensin receptor blockers, 67% beta blockers, 44%
lorazepam, 33% oral antidiabetic drugs, 22% furosemide,
and 11% tirofiban, insulin, alprazolam, sucralfate, alopurinol,
and trimetazidine. Sixty percent of patients with carotid
atherosclerosis received statins, aspirin, and angiotensin-
converting enzyme inhibitors/angiotensin receptor blockers,
20% oral antidiabetic drugs and clopidogrel, and 10%
insulin.

In addition, for quality control, a pool was prepared of
samples from healthy people, and all the plasma samples
were stored in aliquots at —80 °C.

Fresh EDTA anticoagulated blood was centrifuged at
1,000xg (Heraeus Instruments, Landgeselbold) for 10 min
at 4 °C. Plasma was thawed, vortex-mixed, and filtered
through a 0.22-um filter (Millipore) before use.

Sample treatment

Plasma (50 pL) or standard was vortex-mixed with
50 uL of acetonitrile, let stand for 5 min, and centrifuged
at 15,400xg (Hettich, Tuttlingen) for 10 min at 4 °C.
Upper-phase (50 pL) was transferred to a GC vial and
evaporated to dryness in a Speedvac Concentrator
(Thermo Fisher Scientific, Waltham, MA, USA). Ten
microliters of O-methoxyamine hydrochloride (15 mg/
mL) in pyridine was added to each GC vial, and the
resultant mixture was vigorously vortex-mixed for 5 min.
Methoxymation was carried out at room temperature for
16 h. The solution was then vortex-mixed again for 5 min
after adding 10 pL of BSTFA with 1% TMCS as catalyst.
After silylation for 1 h at 70 °C in an oven, 100 puL of
heptane with 10 ppm of C16:0 methyl ester (IS) was
added to each GC vial and vortex-mixed for 2 min before
GC analysis.

GC-MS method

Derivatized samples (1 uL) were analyzed by GC-MS with a
Varian instrument 3900 Series GC. Helium was used as carrier

gas at a constant flow rate of 1 mL min "' through the column.
The injector temperature was 250 °C and split ratio 1:10.

The initial oven temperature of the column (Factor four
capillary column, VF-5 ms 30 mx0.25 mm ID DF=0.25,
VARIAN, USA) was 50 °C; 1 min after injection, the
temperature was raised at the rate of 3.3 °C/min to reach a
final temperature of 340 °C.

Detection conditions: mass spectrometer detector Saturn
2110 T with ionic trap. The transfer line temperature was
set at 280 °C and the trap temperature at 200 °C, and the
manifold temperature was set at 60 °C. lons were generated
by a 70 eV. The mass spectrometer was operated in full-
scan mode only (scanning from m/z 50 to m/z 650) at a rate
of five spectra per second.

Quality control

The analytical method is based on two methods previously
described and validated [10, 11], optimized for the low volume
of sample available. For that reason and because the aim is not
quantification, only repeatability was tested with six real
samples from a pool submitted individually to the whole
method described above. RSDs of the areas in different
compounds identified along the chromatogram were studied.

Data alignment and treatment

Multialignment of the electropherograms was performed
with an in-house program developed in Matlab® 7.0, using
the correlation optimized warping (COW) method previously
described [12]. Subsequently, data were analyzed with
SIMCA P+ 11.5 (Umetrics, Sweden). Another in-house
program developed in Matlab makes a complete study of
correlations among the selected variable and all the others by
using Pearson correlation coefficient. It also calculates the
statistical significance of the correlations [13].

Results and discussion

The median (interquartile range) age was 79 (58—84) years
in NSTEACS patients, 67 (58-74) in stable atherosclerosis,
and 64 (63—64) in healthy subjects (»p=0.073). The
proportion of male/females was 66.6/33.4%, 70/30%, and
70/30%, respectively (p=0.984).

GC-MS was selected as the first approach in this study
because, although the drawbacks related with exhaustive
sample treatment are well known, the efficiency in the
separation of very small molecules and the ability to
identify them through libraries are important values.

As in previous works [14, 15], the whole signal in the
profile in total ion mode was employed to compare the
fingerprints that avoids deciding the threshold for peak
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detection, which is always cumbersome, and permitted us
to use the existing software for data pre-treatment. The first
treatment applied to each profile was baseline correction
that could not be as necessary for GC data as it is for other
techniques such as capillary electrophoresis. However, it is
part of the routine developed in Matlab and always poses an
improvement in the raw signal. The treatment consisted of
dividing the electropherogram in p regions (p is a value to
be optimized). Then, the minimum value in each region is
calculated, and all the minimums are interpolated by
means of a polynomial function to obtain the baseline.
The second step was the multialignment of the profiles.
Again, shifts in GC profiles are quite smaller than in other
separation techniques, and probably the alignment would
not be very important for sample classification as it affects
randomly to all the samples and only in a small number of
peaks, but it improves marker identification, which was
the final aim of the study. We have been working with the
COW algorithm with very good results, and again, after
data alignment, the situation was perfect to apply pattern
recognition tools. Previously, samples were normalized with
the internal standard to avoid solvent evaporation effects and
autoscaled.

Principal component analysis was firstly used as multi-
variate nontarget analysis of the patterns to reduce the
dimensionality of a multidimensional dataset while retaining
the characteristics of the dataset that contributes most to its
variance. In humans, a great number of sources of variation

Fig. 1 PLS-DA of controls vs

exist, and therefore, a target multivariate analysis was
necessary.

After applying partial least square discriminant analysis
(PLS-DA), samples were perfectly classified both controls
vs NSTEACS patients (Fig. 1) and controls vs patients with
stable atherosclerosis (Fig. 2). The classification error was
0% in both groups, while after making the cross-validation
by leaving one out applied to all the individuals, it was 10%
in control vs NSTEACS and 22% in controls vs stable
atherosclerosis, which is quite sensible considering the type
of samples. In both cases, variability explained in Y
(classes) was over 90%. When testing the three groups
together (Fig. 3), classification error was 5.3% in NSTEACS
and 0% in controls and stable atherosclerosis.

Looking for disease markers, the loading plot in the
assays by pairs was used because the classification was
better. The loading plot informs about variables responsible
for sample grouping by giving the number of the variable.
Taking the number of the variable to the profile, peaks were
identified. As identification of metabolites responsible for
differences in the profiles was one of the aims in the study,
a set of 85 individual standards was previously analyzed.
Figure 4a and b shows the chromatographic profile, and all
the metabolites were identified by retention time and
fragmentation pattern as compared with the corresponding
standard and with the MS (NIST) library.

In order to assure repeatability of the results, six quality
control plasma samples were analyzed, and RSDs of the
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Fig. 2 PLS-DA of controls vs
patients with stable atherosclero-
sis. Arrow cross Control samples;
squares samples from stable ath-
erosclerosis. LV latent variable 1
and 2. Each axe includes the

percentage of explained variance

Fig. 3 PLS-DA of controls vs
NSTEACS vs stable atheroscle-
rosis. Arrow cross Control sam-
ples; inverted triangles samples
from patients with NSTEACS;
squares samples from stable
atherosclerosis. LV latent vari-
able 1 and 2. Each axe includes
the percentage of explained
variance
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Chromatogram Plot
File: c:\varianws\data\metaboloma\071120\p3 11-21-2007.sms

Sample: p3 Operator: T
Scan Range: 1 -3242 Time Range: 0.00 -88.98 min Date: 11/21/2007 2:57 AM
osu(;gs_' RIC Merged p3 11-21-2007.sms 2000 CENTROID RAW ]
400 — —
300 — —
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100 1 -
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Fig. 4 a and b Chromatographic profile of the derivatized plasma. a
From 0 to 43 min. Peaks: / lactate I, 2 lactate II, 3 oxalacetate, 4
valine, 5 alanine I, 6 unknown, 7 glycine I, § 2-hydroxybutyric, 9
oxalate I, /0 oxalate II, 7/ 3-hydroxypropionate, /2 unknown, /3
unknown, /4 3-hydroxybutyrate, /5 siloxane, /6 2-Aminobutyrate, /7
unknown, /8 valine II, /9 urea, 20 leucine, 21 isoleucine, 22 threonine
I + proline, 23 glycine II, 24 succinate, 25 glycerate, 26 serine, 27
nonanoate (not injected), 28 threonine II, 29 unknown, 30 amino-
malonate (not injected), 3/ malate, 32 unknown, 33 2,3,4-trthydrox-
ybutanal aldehyde (not injected), 34 methyonine + piroglutamate +
glutamine, 35 4-hydroxyproline, 36 aspartate, 37 2,3,4-trihydroxybu-
tyrate (not injected), 38 phenylalanine I, 39 creatinine, 40, 41, 42
unknown, 43 glutamate + phenylalanine II, 44 and 45 unknown, 46

areas of different peaks along the profile were calculated and
are shown in Table 1. Values ranged from 4.5% to 19.6%
and can be considered adequate for this type of analysis.

From the loading plot, citric acid, 4-hydroxyproline,
aspartic acid, and fructose were decreased and lactate, urea,
glucose, and valine were increased in NSTEACS patients
vs healthy people.

Citric acid was previously described as decreased in
acute myocardial ischemia [16] as expected, as it is related
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laurate, 47 asparagine, 48 and 49 unknown, 50 xylitol (not injected),
51 ornitine, 52 dehydrated citric (not injected), 53 galactopyranose
(not injected), 54 9-H-purine (not injected), 55 citric, 56 galactofur-
anose (not injected), 57 deoxyglucose (not injected). b From 40 to
75 min. Peaks: 53 galactopyranose (not injected), 54 9-H-purine (not
injected), 55 citric, 56 galactofuranose (not injected), 57 deoxyglucose
(not injected), 58 myristic, 59 fructose, 60 gluconate, 6/ and 62
glucose, 63 glucitol, 64 unknown, 65 tyrosine, 66 unknown, 67 and
68 disaccharide glucose derivate (not injected), 69 unknown, 70
inositol (not injected), 7/ glucose, 72 palmitate, 73 myo-inositol, 74
urate, 75 methyl estearate (IS), 76 unknown, 77 tryptophan + 5-
hydroxy-3-indolacetate, 78 linoleate, 79 oleate, 80 estearate, 81
EDTA, 82 phthalate, §3—86 unknown, 87 cholesterol

to aerobic metabolism. Aspartic acid is quite unspecific.
Nevertheless, increased expression of cysteine and
aspartic proteases were found during progression of
atherosclerosis in apolipoprotein E-deficient mice, sug-
gesting that these proteases may participate in the
remodeling of extracellular matrix associated with the
atherosclerotic process [17]. Fructose could have different
origins, including the diet. Therefore, we were especially
interested in 4-hydroxyproline.
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Chromatogram Plot
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Sample: p3 Operator: T
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Fig. 4 (continued)

Hydroxyproline is a highly specific component of
collagen. It is also found in minor proportion in other
proteins, such as elastin, the Clq component of the
complement system and acetylcholinesterase [18]. Trieu et
al. [19] reported that lipoprotein(a) binds to L-proline and
hydroxyproline [20]. Circulating hydroxyproline could
prevent the binding of LDL to lipoprotein(a) already
deposited in the vascular wall and, by the same mechanism,
release already deposited LDL from the atherosclerotic
lesions. Elderly Okinawans, with high levels of hydroxy-
proline, have coronary arteries virtually free of atheroscle-
rotic plaques [21]. Moreover, collagen confers stability to
the atherosclerotic plaque, avoiding its rupture as a
consequence of the hemodynamic forces [22]. Macro-
phages have been shown to degrade collagen into hydroxy-
proline [23]. This favors the rupture of the fibrous cap of
the atherosclerotic plaques, allowing the blood to contact
with the lipid core, which is highly thrombogenic [24],
triggering thrombosis. The decrease in plasma hydroxypro-

Table 1 Relative standard deviation for peak areas (n=6) of 16
selected compounds through the profile

Time (min) Peak name RSD (%)
15.53 2-Hydroxybutyrate 4.8
15.88 Oxalate 14.7
17.01 3-Hydroxybutyrate 6.4
19.26 Valine 13.0
20.90 Urea 6.8
21.63 Leucine 5.7
23.48 Succinate 13.7
30.15 Malate 13.4
31.28 Piroglutamate 17.5
31.32 Aspartate 18.2
33.51 2-Ketoglutarate 19.6
36.03 Laurate 6.2
44.14 Glucose 18.7
48.20 Palmitate 12.9
49.06 Myo-inositol 4.5
49.66 Urate 14.3
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line levels in our patients may reflect a status of low
collagen synthesis and turnover in NSTEACS, although
these findings deserve further study.

Conclusion

In a preliminary assay, GC-MS has been applied to plasma
samples for disease diagnosis (without identifying any
specific metabolites in the profile, but merely reproducible
differences between cases and controls) with pattern
recognition techniques. Samples coming from patients with
acute coronary syndrome, as compared to healthy subjects
and patients with stable atherosclerosis, have been success-
fully classified. Furthermore, identification of variables
accounting for the classification through spectral libraries
and the corresponding standards has led us to a list of
markers. Among them, 4-hydroxyproline appears as an
interesting compound for further studies.
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