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Metabolite fingerprinting (metabolomics/metabonomics) is perfectly suited for assessing the biolog-
ical response following acute coronary syndrome (ACS) as relevant information can be identified in
both the change and the absence of change in metabolite concentrations as time progresses post syn-
drome. During this study the metabolic pattern of plasma from patients at time points 0, four days,
two months and six months after the onset of ACS were compared to controls using a non-targeted
approach with gas chromatography mass spectrometry (GC-MS). Fatty acid profiles of the sample set

ﬁggﬁgﬁ’;ﬂics were also analysed in a targeted way. The methods were employed with the aim to identify specific
GC-MS biomarkers, which vary with time. Using the non-targeted approach 27 statistically significant metabo-
Fatty acids lites of interest were found: glucose, fructose, myoinositol, pyruvate, lactate, oxalate, citrate, isocitrate,

succinate, malate, valine, alanine, serine, glycine, cysteine, threonine, aspartate, tryptophan, tyrosine,
4-hydroxyproline, 2-hydroxybutyrate, 2-aminobutyrate, 2,3,4-trihydroxybutyrate, 3-hydroxybutyrate,
creatinine and aminomalonate. In addition, the targeted analysis of 21 fatty acids revealed patients
within the group ACS at day 0 had the highest values for all 21. After 4 days, values decreased and
were maintained at a lower level during the 6 months. Whereas the overall fatty acid profile did not
change, different patterns of concentration trajectories over time were identified, which can reflect the
underlying metabolic alterations as a result of the initial ACS, interestingly these levels had not fully
reverted six months later.

Cardiovascular disease
Acute coronary syndrome

© 2011 Elsevier B.V. All rights reserved.

1. Introduction disease. Recently, metabolomic analysis has been reported

to discriminate in the prognosis and diagnosis of other

Improvements in our understanding of the pathophysiol-
ogy of atherosclerosis and acute coronary syndrome (ACS) are
necessary for a better prevention and treatment. There is a
growing body of literature about non-targeted analysis of metabo-
lites (metabolic fingerprinting/metabolomics/metabonomics) as
a research tool to understand mechanisms of pathology and
as an approach for biomarker discovery in cardiovascular
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human diseases, including diabetes, blood pressure and cancer
[1-3].

As proof of principle, Sabatine et al. [4] used mass spectrometry-
based methods to identify differences in plasma metabolites among
18 subjects suffering from ischemia induced by exercise stress
testing compared with non-ischemic individuals who also under-
took regular exercise. Results demonstrated specific changes in
6 metabolites, including citric acid, between disease and control
subjects (p<0.0001). In additional support to this, two further
studies have reported the use of multivariate analysis combined
with TH NMR spectroscopy of serum and plasma samples to
predict the presence and severity of angiographically defined
coronary artery disease and of hypertension [5,6]. However it
has been argued that results such as these not only depend
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on the major lipid regions of the spectra, but also many vari-
ables, including gender and drug treatment, which are capable
of affecting lipid composition and are potential interferants [7].
In a previous preliminary study [8] GC-MS fingerprinting was
applied to plasma samples from patients with ACS and com-
pared them to healthy subjects, looking for marker molecules
capable of disease diagnosis when analysed with pattern recogni-
tion techniques. Identification of variables which account for the
classification observed from the loading plot showed that citric
acid, 4-hydroxyproline, aspartic acid, and fructose were decreased
and lactate, urea, glucose, and valine were increased in non-ST
elevation ACS (NSTEACS) patients vs. healthy controls. NSTEACS
describes a type of ACS where ischemia affects only the inner
region of the myocardium, as opposed to what happens in ST-
elevation ACS, where the coronary occlusion is more severe and
ischemia affects the whole thickness of the myocardium. The
term ST elevation refers to a segment of the electrocardiogram
which becomes elevated in the last case, but not in NSTEACS.
GC-MS was selected as analytical technique because, although
the drawbacks related with exhaustive sample treatment are
well known, the efficiency in the separation of small molecules
and the ability to identify them through libraries are important
advantages that outweighed the disadvantages of the technique
[8].

Previous investigations [9] also studied the plasma of patients
with stable carotid atherosclerosis as compared to healthy sub-
jects with both GC-MS and 'H NMR. The results showed at least
24 metabolites that were significantly modified in the group of
atherosclerotic patients by this non-targeted procedure. Most of
these changes could be attributed to alterations in metabolism
which are typical in cases of insulin resistance, which is a con-
dition strongly related to the metabolic syndrome. Supporting
this hypothesis, Mayr et al. [10] concluded that inefficient vas-
cular glucose and energy metabolism coincides with increased
oxidative stress in hyperlipidemic animals. This was evident
as the oxidation of redox-sensitive proteins was identified via
the completion of both proteomic and metabolomic analysis
of aortas from apolipoprotein E deficient homozygous recessive
mice.

Typically, biomarker studies of ACS patients have reported find-
ings on the basis of a single sample collected early in the course
of an ACS hospital stay [11], however there is emerging data about
the importance of temporal changes in biomarker levels.

There is also previous evidence regarding the involvement of
fatty acids in the ACS process. An increase of free fatty acids (FFA)
has been linked to an increase in plasma norepinephrine with
increases occurring within minutes of the onset of ACS and remain-
ing high for up to 20 h [12]. This can have a negative effect because
an excessive delivery of plasma FFA to the heart, may contribute to
myocardial dysfunction [13]. In fact, previously high fatty acid lev-
els were associated with all-cause and cardiovascular mortality in
a cohort of patients who were referred for a coronary angiography
who had a high prevalence of coronary artery disease [14].

According to Mozaffarian [15], in ACS profound changes in sys-
temic metabolism occur, and these may result in the myocardium
no longer receiving the optimum balance of energy substrates
allowing it to contract and function normally. In addition, circulat-
ing free fatty acid levels provide an additional indication of higher
clinical risk for ACS [15].

The present study described here addresses this issue in two
ways. Firstly, by obtaining the metabolic pattern from plasma sam-
ples of patients at time 0, four days, two months and six months
after the onset of ACS and compared them to matched controls in
a non-targeted approach. Once the profiling of the fatty acids was
undertaken this was investigated further with respect to changes
versus time for their potential use as specific biomarkers.

2. Material and methods
2.1. Study design

Nineteen patients suffering from a NSTEACS, defined as anginal
pain with troponin elevation and/or ST-T changes on the elec-
trocardiogram, entered the study. Exclusion criteria for the study
included those affected by inflammatory or neoplasic disease,
coagulation disorders, other significant heart diseases except left
ventricular hypertrophy secondary to hypertension, those under-
going chronic treatment procedures (except drugs for pre-existing
clinical atherosclerosis or its risk factors), or those who have
undergone surgical procedures, major traumatisms, thromboem-
bolic events, or revascularization procedures in the previous 6
months. Patients with an ejection fraction of less than 0.45 were
also excluded, given that left ventricular dysfunction may enhance
inflammation, adding a potential confounder to the results [16].
The ejection fraction is defined as the percentage of end-diastolic
blood volume, which is expelled by the left ventricle during systole.
The normal values range between 55% and 75%. At the moment
the diagnosis was made, the patients were asked to participate in
the study. In case of acceptance, they signed the informed con-
sent form, and 28 mL of blood was withdrawn for analysis and
introduced immediately to EDTA-prepared collection tubes (Veno-
ject, Terumo Europe). In cases diagnosed during the evening, blood
was extracted at 9a.m. the next morning. Management included
coronary angiography in all cases. A second blood sample was
taken on day 4 to investigate if there was a fast reversion of the
changes observed on admission. An intermediate blood sample
was withdrawn at 2 months. The last blood sample was per-
formed at 6 months, given that and inflammation ceases at this
time [17]. Moreover, we have reported previously that, on admis-
sion, circulating monocytes of NSTEACS patients show abnormal
expression of 17 proteins as compared to stable subjects with
coronary artery disease [18]. However, the number of abnormally
expressed proteins was decreasing progressively with time and, at
six months the proteome of these cells was identical to that of sta-
ble patients with this disorder. Given the relevance of monocytes
in plaque inflammation, we estimate that biological phenomena
leading to an ACS are over at six months. Blood was also col-
lected from 6 healthy subjects without significant differences in
age. They did not have previous or family history of CAD, and
were not receiving any pharmacological treatment. Moreover, they
had none of the characteristics of the patients (smoking, hyper-
tensions, diabetes, etc.), and showed normal physiological values
of cholesterol, triglycerides and lipoproteins. Well-characterized
controls were difficult to obtain, but the experiment was mainly
focused on the evolution of patients as compared with them-
selves.

The basal characteristics of the patients are described in Table 1.
The final diagnosis was unstable angina in 5.6%, and non-Q wave
myocardial infarction in 94.4%, defined as troponin T levels higher
than 0.20 ng/mL. All patients underwent coronary angiography: the
percentages of patients with 1-,2-, and 3-vessel disease were 36.8%,
31.6%, and 31.6%, respectively. The ejection fraction was normal in
all cases. Fifty-eight percent of the patients were treated with per-
cutaneous coronary intervention, 16% with coronary artery bypass
graft, and 26% received only medical treatment. At discharge,
89.5% received aspirin and/or clopidogrel and 5.3% clopidogrel
plus acenocumarol, 89.5% were treated with statins, 22.2% with
oral antidiabetic drugs, 52.7% with angiotensin converting enzyme
inhibitors, 68.4% with beta blockers, 15.8% with calcium channel
blockers and 31.6% with nitroglycerin.

The patients and the controls were recruited in the Fundacién
Hospital de Alcorcén and Méstoles Hospitals, whose Ethics Com-
mittees approved the study. Blood was centrifuged at 1000 x g
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Table 1
Baseline characteristics of patients.?
ACS Controls P

Age (years) 60.0 (54.0-67.0) 65.5(51.8-73.3) 0.514
Sex (male/female) 16/3 (84%/16%) 3/3 (50%/50%) 0.125
Smoker: current/past/no 9/5/5 (47.4%[26.3%/26.3%) 2/1/3(33.3%/16.7%/50.0%) 0.554
Hypertension 10 (53%) 0 (0%) 0.063
Diabetes 6 (32%) 0 (0%) 0.278
Obesity/overweight 42.1% 0 (0%) 0.129
Body mass index 28.4(25.9-32.6) 25.9 (24.8-26.64) 0.071
Family history of early CAD 17.6% 0 (0%) 0.539
Total cholesterol (mg/dL) 197 (187-218) 198 (163-214) 0.581
LDL (mg/dL) 129 (112-142) 124 (83-147) 0.595
HDL (mg/dL) 36 (33-39) 55 (45-63) 0.001
Triglycerides (mg/dL) 159 (133-219) 92 (71-113) 0.001
Glucose 104 (86-131) 91 (84-112) 0.274
Previous CAD 21.1% 0 (0%) 0.540
Statin 21.1% 0 (0%) 0.540
Antithrombotic therapy 21.1% 0 (0%) 0.681

Peak troponin I (ng/mL) 0.68 (0.27-2.66)

2Quantitative data are expressed as median (interquartile range). Comparisons were performed using a Mann-Whitney for quantitative variables and a chi square test
(Fisher’s exact test when appropriate) for qualitative data. Statin and antithrombotic therapy refer to treatments received by the patients previously to the present event.

Abbreviations: ACS, acute coronary syndrome; CAD, coronary artery disease.

(Heraeus Instruments, Langenselbold) for 10 min at 4°C. Plasma
was stored at —80°C until the day of analysis.

2.2. Solvents and reagents

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 other-
wise. N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) plus 1%
trimethylchlorosilane (TMCS) were purchased from Pierce Chemi-
cal Co. (Rockford, IL, USA). O-methylhydroxylamine hydrochloride,
pyridine (silylation grade) and heptane (analytical grade) were
obtained from Sigma. Methanol, acetone, and acetonitrile (HPLC
grade) were from Supelco (Bellefonte, PA, USA). Ultra pure water
was produced by a Milli-Q Reagent Water System (Millipore, Bil-
lerica, MA, USA).

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

2.3. Sample treatment for plasma fingerprinting with GC-MS and
instrumental conditions

Sample treatment and instrumental conditions for GC-MS
were as previously described [8]. Briefly, plasma was thawed,
vortex-mixed and filtered through a 0.22-pm filter (Millipore).
Plasma was deproteinized, dried and derivatized first with O-
methylhydroxylamine hydrochloride and then with BSTFA with
TMCS used as a catalyst. C18:0 methyl ester was added as internal
standard (IS).

Samples were analysed by GC-MS with a Varian instrument
3900 Series GC (Varian, Palo Alto, CA, USA). Helium was used as car-
rier gas at a constant flow rate of 1 mLmin~! through the column.
The injector temperature was 250 °C and split ratio 1:10. The initial
oven temperature of the column (Varian FactorFour capillary col-
umn, VF-5ms, 30m x 0.25 mm ID, DF=0.25 wm,) was 50°C; 1 min
after injection, the temperature was raised at a rate of 3.3 °Cmin~!
to reach a final temperature of 340°C. The mass spectrometer
detector was a Saturn 2110T (Varian) with ion trap. The mass spec-
trometer was operated in full-scan mode only (scanning from m/z
50 to m/z 650) at a rate of 5 spectras~1.

Metabolites were identified in the profiles by retention time and
by comparison with the mass spectra either in NIST library or with
an in house library built using the pure standards.

2.4. Data alignment and treatment

The whole signal profile from total ion mode was employed
to compare the fingerprints. Multialignment of the GC-MS chro-
matograms was performed with an in-house program developed
in Matlab® 7.0 (MathWorks, Natick, MA, USA), using the correla-
tion optimised warping (COW) method previously described [19].
The first treatment applied to each profile was baseline correc-
tion; it is part of the routine developed in Matlab and always
poses an improvement in the raw signal. The second step was the
multialignment of the profiles. Finally samples were normalised
with the internal standard to avoid solvent evaporation effects and
autoscaled and subsequently, data were analysed with SIMCA P+
12.0 (Umetrics, Umea, Sweden) for multivariate data analysis.

2.5. Sample treatment for fatty acid analysis in plasma

All transesterification reactions were carried out in Pyrex tubes
(Nirco, Barbera del Vallés, Spain) with a total capacity of 10mL
and capped with Teflon caps. The process was completed using
a microwave with a method developed and validated in our own
laboratory. Plasma samples and the internal standards (C15:0 acid
form and C17:0 methyl ester) were added to the pyrex tube
followed by the addition of 1.5 mL methanol/toluene (4:1) and
250 pL of sulphuric acid. Each individual tube was then vortexed.
Microwave irradiation was carried out at 600 W for 80s (Anton
Paar Microwave digestor Multiwave, Graz, Austria). Following that,
1 mL of heptane was added as the extraction solvent along with as
500 L NaCl 5% (w/v) to aid separation of the layers due to its higher
ionic concentration. Each tube was vortexed for 1 min and then cen-
trifuged for 10 min at 1000 x g at 4 °C. Finally, 700 L of the organic
layer was removed and dried under vacuum before resuspension
in 100 WL of toluene/BHT (50 mg/L) to be analysed by GC-MS.

The fatty acid methyl ester (FAME) analysis was performed on
the same equipment previously described. Helium was used as car-
rier gas at a constant flow rate of 0.8 mL min~! through the column.
The injector temperature was 200 °C and split ratio 1:30. The ini-
tial oven temperature of the column (Varian FactorFour capillary
column, VF-23ms 30m x 0.25mm ID DF=0.25 um) was 150°C,
after 1 L of injection the temperature was raised at the rate of
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Fig. 1. Score plot of PLS-DA for the 1st component. R?Y(cum)=0.123,
Q2(cum)=0.0296. (1) Time zero, (2) 4 days, (3) 2 months, (4) 6 months after
ACS, and (5) control group.

2°Cmin~! to reach 210°C. It was then raised at a rate of 3°C min~!
to reach a final temperature of 260°C. The mass spectrometer
detector was a Saturn 2110T (Varian) with ion trap. The mass spec-
trometer was operated in the full-scan mode only (scanning from
m/z 50 to m/z 650).

FAME were identified in the profiles by retention time and by
comparison with the mass spectra in NIST library and with an
in house library built using the pure standards. The method was
developed and validated in our laboratory.

3. Results
3.1. Metabolomic studies

The initial hypothesis of the present study proposed that ACS
disrupts metabolism, and therefore will be reflected in changes
to the metabolite composition that can be detected with GC-MS
when comparing diseased plasma profiles with the corresponding
controls using a non-targeted approach. These changes will evolve
over time, as the acute biological processes which trigger the ACS
disappear. Chemometric tools can be used to highlight changes in
plasma composition and their evolution over time.

Firstly, a non-supervised principal component analysis (PCA)
was applied; however no clustering was observed when variables
were not selected. The final data set comprised of 82 observations
(patients =19 in four time points, controls =6).

Next, a partial least square-discriminant analysis (PLS-DA)
was performed. When studying the score plot for only the 1st
component it was possible to observe series of characteristic
time-dependent changes, which arose during the recovery process
(Fig. 1), resulting in a time-trajectory appearing on the plot.

The group of patient samples from time zero was separated
from the control group. This group was used for obtaining refer-
ence values, although it can be true that the physiological situation
of such people can be not exactly comparable to the patients whose
evolution was subsequently studied.

Following this, a comparison of each possible pair of groups,
performing orthogonal partial least square discriminate analysis
(OPLS-DA) was carried out and found metabolites that differen-
tiated both groups. OPLS [20] is a modification of PLS developed
to improve interpretation of the resulting models. The difference
between PLS and OPLS is that the latter splits the variation in X,
needed to predict Y in PLS, into two parts; the Y-related varia-
tion and the Y-orthogonal variation. OPLS facilitates interpretation
since these two sources of variation are separated, providing the
opportunity to interpret them independently. This also makes it
possible to estimate the size of the variation in X that is related
to Y. S-plot combines the contribution/covariance (Cov(t,X)) and
reliability/correlation (Corr(t,X)) from OPLS-DA model and helps to
identify differential metabolites between classes and in addition it

permits to obtain a jack-knifed based confidence interval for the
variables. OPLS-DA was applied in order to improve the separation
between the groups and to obtain the significance of the correlation
between the variable and the scores on the predictive vector. Clas-
sifying metabolites were grouped according to their biochemical
classes and in order to prove their statistical significance the Jack
knife interval with level of confidence 95% was calculated (Fig. 2).
Those compounds including zero can be considered with a random
probability of being correlated, for that reason only compounds
not including zero in at least one of the comparisons were consid-
ered. Statistical significance was estimated as +0.02 on Y axis of the
OPLS-DA score plot.

Finally a colour coded representation was created which
included significant metabolites and their percentage of abundance
through time as compared to control, which was considered as a
reference (Fig. 3).

3.2. Fatty acids

Among these metabolites several fatty acids appeared and
therefore targeted analysis was applied with a specifically devel-
oped method. In the chromatogram of fatty acid methyl esters,
21 fatty acids were identified by the retention time of the stan-
dards and the spectrum (C14:0, C16:0, C18:0, C20:0, C22:0, C23:0,
C24:0,C16:1,C16:1w7 (Z),C18:1,C18:1w9 (Z), C24:109, C18:3w3,
C20:5w3, C22:5w3, C22:6w3, C18:2w6 (E), C18:2w6 (Z), C18:3w6,
C20:2w6, C20:3w6, and C20:4w6). After correcting the signal for
that of the internal standard (C17:0 methyl ester), 5 out of 21 fatty
acids comprised for approximately 85% of the corrected signal in all
the chromatograms (C18:2w6 (Z) -linoleic acid, C16:0 - palmitic
acid, C18:1w9 (Z) - oleic acid, C18:0 - stearic acid, and C20:4w6 -
arachidonic acid). In Fig. 4A the values for the corrected signal of
these five fatty acids are depicted. As can be seen, patients with ACS
at day 0 have the highest values for all the fatty acids. After 4 days,
values have decreased, and they maintain these values during the
6 months.

For evaluating changes in the profile of individual fatty acids,
intensity values were normalised for each fatty acid, to the maxi-
mum level attained after ACS or control. Therefore the trends of all
the fatty acids can be observed independently from their relative
amount in the profile. In Fig. 4 these results can be seen, grouped
by type of fatty acid (saturated, monounsaturated, polyunsaturated
3, and polyunsaturated w6 in Panels B, C, D and E, respectively).

4. Discussion

Patients suffering ACS present alterations in metabolism that
can be attributed to at least two different metabolic challenges,
with different impact on metabolic changes: metabolic stress under
hypoxia and, to a lesser extent, insulin resistance.

At the onset of ACS, catecholamines (epinephrine and nore-
pinephrine) increase, and remain high for several hours, activating
the flight-or-fight response [21]. The global result is that, as higher
energy is urgently needed for facing a situation of stress, carbo-
hydrates become the preferential substrate of myocardium (by
glycolysis) because less oxygen is needed for very quick ATP pro-
duction.

Besides this situation, insulin resistance could be present even
though patients had not been previously diagnosed as diabet-
ics. Insulin resistance has been reported in patients of myocardial
infarction and unstable angina pectoris on admission [21]. In cases
of insulin resistance lipogenesis is reduced and hormone sensitive
lipase (HSL) activity is increased, whereas lipoprotein lipase (LPL)
is reduced, leading to accumulation of lipids in plasma (higher free
fatty acids in circulation).
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Patients at day 4 had started a treatment, based mainly on Under treatment with beta-blockers myocardium glycolysis is
beta-blockers and statins. Beside the clinical goals that must be inhibited, but not liver gluconeogenesis. Beta-blockers increase
achieved in the management of their complications, these drugs insulin release and will induce the reverse switch of myocardium
induce changes in the metabolic profile. metabolism to catabolism of free fatty acids, as a consequence of
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Fig. 3. Time trajectory of selected metabolites, calculated as relative changes of
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less conversion of pyruvate to acetyl CoA. Moreover, these agents
partially block the catecholamine-induced release of fatty acids
from adipose depots.

During the first hours of acute myocardium infarction, plasma
free fatty acids increase and can be double or triple that of rest-
ing values [12,22] and this investigation found, as expected, higher
fatty acid concentration in the plasma of patients at onset of ACS,
therefore suggesting an increase in free fatty acids. After ACS,
fatty acids were greatly reduced, and this change can be mainly
attributed to the reduction in circulating free fatty acids, which
should have been accomplished by the treatment with statins
(reduction in LDL-cholesterol) [23] and beta blockers [24]

The fatty acid profile of all the patients at each sampling time
point was evaluated, in order to highlight possible differences in
the proportion of fatty acids, together with the changes in concen-
tration of circulating lipids. There was no significant change in the
overall profile (percentage of each fatty acid); because the action
of drugs from the treatment must modify activities of lipases and
other lipogenetic enzymes (such as hydroxymethylglutaryl-CoA
reductase),and not those responsible for elongation or desaturation
reactions.

Together with hyperlipidemia, the main changes associated to
catecholamine challenge are hyperglycemia and hyperlactatemia.
Increase in glucose production comes first from glycogenolysis, fol-
lowed quickly afterwards by liver gluconeogenesis which is then
maintained. In the patient samples from our study variations of
metabolites that support this situation have been identified: glu-
cose and lactate were found to be higher than in controls, together
with pyruvate, the end product of glycolysis. Although six months
after ACS glucose and pyruvate levels were not different to those
at onset, lactate was higher after 2 months, and was high even 6
months later.

Fructose was also found to exist at higher levels. In a previ-
ous study with stable atherosclerosis, lower levels of fructose were
found in patients, which were attributed to higher consumption
because glucose uptake could be compromised due to insulin resis-
tance [9]. Under hypoxia, the biological condition of patients differs,
with both glycolysis and gluconeogenesis enhanced. Therefore
increased production of glycolytic intermediates such as fructose
1,6-diphosphate and fructose 6-phosphate, easily convertible to
fructose, may be the origin of the increased plasma fructose, which
shows the highest levels 4 days after ACS, and then decreases.

Regarding carbohydrate metabolites, trihydroxybutyrate, a
metabolite of heterosugars, was also found increased in patients.
Trihydroxybutyrate comes from the metabolic breakdown of
heterosugars (N-acetylglucosamine and N-acetylgalactosamine)
found in conjunctive tissue and/or glycoproteins. Their degrada-
tion can be increased when patients suffer from shock. Moreover,
degradation of the connective tissue of the atherosclerotic plaques
is of key importance predisposing to plaque rupture and throm-
bosis [25]. Nevertheless, after 6 months of treatment, values are
even higher than at onset. The reason why these changes have not
been reverted should consider that convalescence of the patients
includes a repair of the damage caused by plaque rupture and vas-
cular occlusion. However, independent of the (local) repair process
atherosclerosis typically is a general disease. In consequence, the
changes observed after 6 months include both, local repair and
ongoing systemic atherosclerosis.

In addition, myoinositol levels also can increase as a secondary
result of higher glucose concentrations. This may also be caused by
deficiencies in insulin response, as insulin administered to diabetic
patients can reduce plasma myoinositol to levels similar to controls
[26].

Among the metabolites related to oxidative catabolism of acetyl
CoA (Krebs or tricarboxylic acids cycle), patients on admission pre-
sented higher signals for isocitrate, malate, and succinate, with
no differences in citrate. It is difficult to assign variations in these
metabolites to one single factor, because they are involved in many
reactions, in different tissues and intracellular compartments.

The first point of regulation of Krebs cycle is citrate synthase.
Sabatine et al. found that, in patients with inducible ischemia, cit-
rate signals decreased when submitted to a stress test [4]; whereas
if they did not present symptoms of ischemia variation in citrate
levels remained non significant. In our study with patients after ACS
we have found no differences in citrate signals between patients
and controls at onset and after six months, but lower levels in the
samples taken 4 days after. Isocitrate, malate and succinate levels
were found to be higher, with high levels during the period of study,
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but with different patterns: isocitrate was at two months lower
than at onset, whereas it took 6 months for malate and succinate.
This may be related to the lower activity of the cycle together with
lower activities of other enzymes, leading to an accumulation of
intermediates. For instance, the activity of malate decarboxylase, a
key enzyme in lipogenesis, is reduced under stress and/or impaired
insulin response, therefore conversion of malate to pyruvate could
be decreased. It is also noteworthy that oxalate, a metabolite from
glyoxylate and enhancer of malate decarboxylase activity, was
found to be also lower in patients at onset.

An effect of epinephrine and norepinephrine is to increase cor-
tisol concentration, which in turn, increases the level of amino acid
catabolism; in addition, lack of insulin or the presence of insulin
resistance also increases proteolysis and catabolism of amino acids
as substrates for glucose and/or ATP synthesis.

Nevertheless, these effects do not influence all the amino acids
metabolic routes in the same way: 4 out of 7 amino acids that
were lower than in controls at the onset (glycine, alanine, thre-
onine, and aspartate) presented higher signals than controls 4
days after, whereas the remaining three (serine, tryptophan, and
tyrosine), presented signals that were not different than controls.
Cysteine, valine, and 4-hydroxyproline, presented data higher than
the controls at onset, and even higher at day 4. At 6 months, the
signals for glycine, alanine, cysteine, threonine, aspartate, valine
and 4-hydroxyproline were higher than in controls; only serine,
tryptophan and tyrosine (among the 10 studied amino acids) were
comparable to controls. It could be hypothesised that proteolysis
was not decreased as a consequence of treatment, although sub-
sequent catabolism of amino acids did not proceed to the same
extent.
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2-Hydroxybutyrate and 2-aminobutyrate are metabolites of
2-oxobutyrate (product of catabolism of threonine), converted
respectively by dehydrogenases (either lactate dehydrogenase or
a-hydroxybutyrate dehydrogenase, an isoform of lactate dehydro-
genase present in the heart [27]), or by transaminases. Although
this suggests that both activities must be enhanced on admission,
compared with controls, it could be hypothesised that the efficiency
of the dehydrogenases is higher, as 2-aminobutyrate levels were
identified at lower values, whereas 2-hydroxybutyrate levels were
found to be higher in patients at onset.

As threonine levels increased, signals for 2-hydroxybutyrate
decreased, and a “peak” at day 4 for 2-aminobutyrate was found.
There was a net reduction in these two metabolites, which should
correspond to higher 2-oxobutyrate conjugation with cysteine for
generation of cystathionine, because activities of lactate dehy-
drogenase and transaminases are known to be decreased under
beta-blocker treatment.

Furthermore, oxidative stress or detoxification demands can
dramatically increase the rate of hepatic glutathione synthesis.
Under such metabolic stress glutathione can be de novo synthesised
from cystathionine, releasing 2-hydroxybutyrate as a by-product
[28]. This synthesis of reduced glutathione can be increased in
patients, because under stress conditions the pentoses-phosphate
metabolic pathway (the main source for NADPH+H"), is reduced,
and it is essential for obtaining reduced glutathione from its oxi-
dised form. Other studies have found increased 2-hydroxybutyrate
[8,9], and it has been proposed as an early biomarker of insulin
resistance [29].

4-Hydroxyproline also was found to exist at increased con-
centrations post ACS, and remained high six months later. As
previously commented, proteolysis induces collagen breakdown
and may predispose to plaque rupture [25]. In fact, macrophages
have been demonstrated in vitro to degrade collagen from
atherosclerotic plaques resulting in release of hydroxyproline into
the medium [30]. In addition, retro-inhibition by the substrate of
the last aldolase of this pathway can also be considered.

Hyperhydroxyprolinemias are known only as result of inherited
metabolic diseases. Although they are considered to be benign, as
4-hydroxyproline may account for 10-13% of collagen, and colla-
gen may account for 30% of all the proteins in human organism,
catabolism of 4-hydroxyproline becomes a significant source for
glyoxylate and pyruvate. It has been previously described in rat
mitochondria that oxalate formation from 4-hydroxyproline was
significantly reduced when serine:pyruvate/alanine:glyoxylate
aminotransferase (SPT/AGT) had been induced by prior injection of
glucagon, because glyoxylate from 4-hydroxyproline can be very
efficiently metabolised to glycine, reducing the harmful formation
of oxalate [31].In this study, an increase in glycine was not observed
at onset, maybe because the catabolism of glycine into NH3 and CO,
was very active due to epinephrine and norepinephrine. Neverthe-
less, during the treatment with beta-blockers for 6 months (lower
glucagon expected), 4-hydroxyproline was not reduced, oxalate
remained lower than in controls, and glycine showed a tendency
to be increased; this could be a result of decreased glucagon and
therefore reduced conversion of 4-hydroxyproline into glyoxylate
and oxalate, as well as reduced glycine catabolism.

Aminomalonate has been unequivocally identified as one of the
most important signals for the classification of samples. Neverthe-
less, the biochemical meaning of this significance is still a matter
of research, because its role in metabolism is unknown.

After 6 months under treatment, it can be seen that levels
of metabolites are not comparable to controls. Among the 27
metabolites presented herein, only 8 showed signals comparable
to controls. Moreover, only 4 among the identified metabolites did
not change throughout the 6 months studied, justifying the time
trajectory observed in the score plot of the PLS-DA (Fig. 1).

The lower availability of fatty acids and lower activity of
transaminases could have been induced by beta-blocker treat-
ment. Therefore, carbohydrate metabolism may have become more
important as a source of energy, although hyperglycemia and
hyperlactatemia could be still present because insulin resistance
(if present) had not been treated.

Many of these changes have previously been described in inde-
pendent contexts; however the main novelty in this work is the
capability of modelling different metabolite changes in a simulta-
neous way.

5. Conclusion

In summary, this study showed for the first time in patients that
have suffered from ACS, the time line changes in metabolite con-
centrations throughout the 6 months of the investigation compared
to the controls. Thus with these new ideas that are emerging more
detailed knowledge of the changes in the metabolism can lead to
support new diagnosis strategies (biomarkers) and/or therapies,
including those treatments that are designed to specifically address
changes in the metabolism induced by ACS, such as glucose-insulin-
potassium or 3-ketoacyl CoA thiolase inhibitors [32].

Acknowledgements

Joanna Teul acknowledges her fellowship to EADS-CASA. The
authors acknowledge the funding to Comunidad de Madrid, S-
GEN-0247-2006, Ministery of Science and Technology (MCIT)
CTQ2008-03779, Fondo de Investigaciones Sanitarias (PS09/01405)
and European Network Health F2-2008-200647.

References

[1] E.Holmes,R.L. Loo, J. Stamler, M. Bictash, L.K. Yap, Q. Chan, T. Ebbels, M. De lorio,
LJ. Brown, K.A. Veselkov, M.L. Daviglus, H. Kesteloot, H. Ueshima, L. Zhao, J.K.
Nicholson, P. Elliott, Human metabolic phenotype diversity and its association
with diet and blood pressure, Nature 453 (2008) 396-400.

[2] L. Yi, D. Yuan, Z. Che, Y. Liang, Z. Zhou, H. Gao, Y. Wang, Plasma fatty acid
metabolic profile coupled with uncorrelated linear discriminant analysis to
diagnose and biomarker screening of type 2 diabetes and type 2 diabetic coro-
nary heart diseases, Metabolomics 4 (2008) 30-38.

[3] J.E.Ippolito, ]. Xu, S. Jain, K. Moulder, S. Mennerick, ].R. Crowley, R.R. Townsend,
J.I. Gordon, An integrated functional genomics and metabolomics approach for
defining poor prognosis in human neuroendocrine cancers, Proc. Natl. Acad.
Sci. U.S.A. 102 (2005) 9901-9906.

[4] M. Sabatine, E. Liu, D. Morrow, E. Heller, R. McCarroll, R. Wiegand, G. Berriz, F.
Roth, R. Gerszten, Metabolomic identification of novel biomarkers of myocar-
dial ischemia, Circulation 112 (2005) 3868-3875.

[5] J. Brindle, J. Nicholson, P. Schofield, D. Grainger, E. Holmes, Application of
chemometrics to "H NMR spectroscopic data to investigate a relationship
between human serum metabolic profiles and hypertension, Analyst 128
(2003) 32-36.

[6] J. Brindle, H. Antti, E. Holmes, G. Tranter, J. Nicholson, H. Bethell, S. Clarke,
P. Schofield, E. McKilligin, D. Mosedale, D. Grainger, Rapid and noninvasive
diagnosis of the presence and severity of coronary heart disease using ' H-NMR-
based metabonomics, Nat. Med. 8 (2002) 1439-1444.

[7] H.Kirschenlohr,].Griffin, S. Clarke, R. Rhydwen, A. Grace, P. Schofield, K. Brindle,
J. Metcalfe, Proton NMR analysis of plasma is a weak predictor of coronary
artery disease, Nat. Med. 12 (2006) 705-710.

[8] M. Vallejo, A. Garcia, J. Tufién, D. Garcia-Martinez, S. Angulo, J. Martin-
Ventura, L. Blanco-Colio, P. Almeida, J. Egido, C. Barbas, Plasma fingerprinting
with GC-MS in acute coronary syndrome, Anal. Bioanal. Chem. 394 (2009)
1517-1524.

[9] J.Teul, F.Rupérez, A. Garcia, ]. Vaysse, S. Balayssac, V. Gilard, M. Malet-Martino, J.
Martin-Ventura, L. Blanco-Colio, J. Tufién, J. Egido, C. Barbas, Improving metabo-
lite knowledge in stable atherosclerosis patients by association and correlation
of GC-MS and "H NMR fingerprints, ]. Proteome Res. 8 (2009) 5580-5589.

[10] M. Mayr, Y. Chung, U. Mayr, X. Yin, L. Ly, H. Troy, S. Fredericks, Y. Hu, ]. Grif-
fiths, Q. Xu, Proteomic and metabolomic analyses of atherosclerotic vessels
from apolipoprotein E-deficient mice reveal alterations in inflammation, oxida-
tive stress, and energy metabolism, Arterioscler Thromb. Vasc. Biol. 25 (2005)
2135-2142.

[11] C. deFilippi, S. Seliger, Biomarkers for prognostication after acute coronary
syndromes: new times and statistics, J. Am. Coll. Cardiol. 54 (2009) 365-367.



J. Teul et al. / Journal of Pharmaceutical and Biomedical Analysis 56 (2011) 343-351 351

[12] L. Opie, Metabolism of free fatty acids, glucose and catecholamines in acute
myocardial infarction. Relation to myocardial ischemia and infarct size, Am. J.
Cardiol. 36 (1975) 938-953.

[13] G.D. Lopaschuk, J.R. Ussher, C.D.L. Folmes, ].S. Jaswal, W.C. Stanley, Myocardial
fatty acid metabolism in health and disease, Physiol. Rev. 90 (2010) 207-258.

[14] S. Pilz, H. Scharnagl, B. Tiran, B. Wellnitz, U. Seelhorst, B. Boehm, W. Marz,
Elevated plasma free fatty acids predict sudden cardiac death: a 6.85-year
follow-up of 3315 patients after coronary angiography, Eur. Heart J. 28 (2007)
2763-27609.

[15] D. Mozaffarian, Free fatty acids, cardiovascular mortality, and cardiometabolic
stress, Eur. Heart J. 28 (2007) 2699-2700.

[16] G.Torre-Amione, Immune activation in chronic heart failure, Am. J. Cardiol. 95
(2005) 3C-8C, discussion 38C-40C.

[17] N. Mulvihill, J. Foley, R. Murphy, P. Crean, M. Walsh, Evidence of prolonged
inflammation in unstable angina and non-Q wave myocardial infarction, J. Am.
Coll. Cardiol. 36 (2000) 1210-1216.

[18] M. Barderas, V. Dardé, M. Duran, J. Egido, F. Vivanco, Characterization of circu-
lating human monocytes by proteomic analysis, Methods Mol. Biol. 357 (2007)
319-328.

[19] I. Garcia-Pérez, P. Whitfield, A. Bartlett, S. Angulo, C. Legido-Quigley, M.
Hanna-Brown, C. Barbas, Metabolic fingerprinting of Schistosoma mansoni
infection in mice urine with capillary electrophoresis, Electrophoresis 29
(2008) 3201-3206.

[20] J. Trygg, S. Wold, Orthogonal projections to latent structures (OPLS), J.
Chemometr. 16 (2002) 119-128.

[21] P.Stubbs, J. Laycock, J. Alaghband-Zadeh, G. Carter, M. Noble, Circulating stress
hormone and insulin concentrations in acute coronary syndromes: identifica-
tion of insulin resistance on admission, Clin. Sci. (Lond.) 96 (1999) 589-595.

[22] M. Oliver, Sudden cardiac death: the lost fatty acid hypothesis, QJM 99 (2006)
701-709.

[23] G. Schwartz, A. Olsson, M. Ezekowitz, P. Ganz, M. Oliver, D. Waters, A. Zeiher,
B. Chaitman, S. Leslie, T. Stern, Myocardial Ischemia Reduction with Aggres-
sive Cholesterol Lowering (MIRACL) Study Investigators, Effects of atorvastatin
on early recurrent ischemic events in acute coronary syndromes: the MIRACL
study: arandomized controlled trial, ]. Am. Med. Assoc. 285 (2001) 1711-1718.

[24] P.Kantor, ]. Dyck, G. Lopaschuk, Fatty acid oxidation in the reperfused ischemic
heart, Am. ]. Med. Sci. 318 (1999) 3-14.

[25] M.]. Davies, Stability and instability: two faces of coronary atherosclerosis. The
Paul Dudley White Lecture 1995, Circulation 94 (1996) 2013-2020.

[26] RJ. Clements, R. Reynertson, Myoinositol metabolism in diabetes mellitus.
Effect of insulin treatment, Diabetes 26 (1977) 215-221.

[27] S. Rosalki, J. Wilkinson, Reduction of alpha-ketobutyrate by human serum,
Nature 188 (1960) 1110-1111.

[28] S. Landaas, The formation of 2-hydroxybutyric acid in experimental animals,
Clin. Chim. Acta 58 (1975) 23-32.

[29] W. Gall, K. Beebe, K. Lawton, K. Adam, M. Mitchell, P. Nakhle, ]J. Ryals, M.
Milburn, M. Nannipieri, S. Camastra, A. Natali, E. Ferrannini, R.S. Group, Alpha-
hydroxybutyrate is an early biomarker of insulin resistance and glucose
intolerance in a nondiabetic population, PLoS One 5 (2010) e10883.

[30] P.K.Shah, E.Falk,].J. Badimon, A. Fernandez-Ortiz, A. Mailhac, G. Villareal-Levy,
J.T. Fallon, J. Regnstrom, V. Fuster, Human monocyte-derived macrophages
induce collagen breakdown in fibrous caps of atherosclerotic plaques. Poten-
tial role of matrix-degrading metalloproteinases and implications for plaque
rupture, Circulation 92 (1995) 1565-1569.

[31] T.Takayama, K. Fujita, K. Suzuki, M. Sakaguchi, M. Fujie, E. Nagai, S. Watanabe,
A. Ichiyama, Y. Ogawa, Control of oxalate formation from L-hydroxyproline in
liver mitochondria, J. Am. Soc. Nephrol. 14 (2003) 939-946.

[32] E.R. Eberli, Guidelines and metabolic approach to acute coronary syndrome,
Heart Metab. 23 (2004) 6.



	Targeted and non-targeted metabolic time trajectory in plasma of patients after acute coronary syndrome
	1 Introduction
	2 Material and methods
	2.1 Study design
	2.2 Solvents and reagents
	2.3 Sample treatment for plasma fingerprinting with GC–MS and instrumental conditions
	2.4 Data alignment and treatment
	2.5 Sample treatment for fatty acid analysis in plasma

	3 Results
	3.1 Metabolomic studies
	3.2 Fatty acids

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


