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Background:Biochemical detectionof chronic stable angina (CSA) andmyocardial infarction (MI) are challenging. To
address the shortcomings of the conventional biochemical approach for detection of MI, we applied serum lacking
proteins and lipoprotein-basedmetabolomics in an approach using proton nuclearmagnetic resonance (1HNMR) spec-
troscopy for screening of coronary artery disease (CAD) and especiallyMI. Our aimwas to discover differential biomarkers
among subjectswith normal coronary (NC), CSA, andMI.
Methods: The study comprised serumsamples fromnondiabetic angiographically provenCAD [CSA (n = 88),MI (n = 90)]
and NC (n = 55). 1H NMR spectroscopy was used to acquire metabolomics data. Clinical variables such as troponin I (TI),
lactatedehydrogenase (LD), creatinekinase (CK,CK-MB,CK-MM), serumcreatinine, and lipidprofileswerealsomeasured in
all subjects. Metabolomic data and clinical measures were appraised separately using a chemometric approach and ROC
analysis.
Results: The screening outcomes revealed that the pattern ofmethylguanidine, lactate, creatinine, threonine, aspartate,
and trimethylamine (TMA), and TI, LD, CK, and serum creatinine were changed in CAD compared to NC. Statistical analysis
demonstrated high precision (93.6%byNMRand 67.4%by clinicalmeasures) to distinguish CAD fromNC. Further analysis
indicated thatmethylguanidine, arginine, and threonine, andTI, LD, andserumcreatininewere significantly changed inCSA
compared toMI. Statistical analysisdemonstratedhighaccuracy (88.2%byNMRand92.1%byclinicalmeasures) todiscrim-
inate CSA fromMI.
Conclusions: In contrast to other laboratorymethods, 1H NMR–basedmetabolomics of filtered sera appears to be
a robust, rapid, andminimally invasive approach to probe CSA andMI.

IMPACT STATEMENT
This study was conducted on Indian populations comprising (a) patients with normal coronary, (b) patients with

chronic stable angina, and (c) patients withmyocardial infarction. The inference of this study is to not only develop
biomarkers of these ailments, but to also find new mechanisms for the underlying pathology. In contrast to the
conventional approach, the novel filtered-serum–based approach and application of advanced level statistical
analysis provide the evidence that metabolomics may be a better choice for management of the underlying
pathology. This study reveals profound information using a novel method, contributes to the advanced-level
information that can be used for discovery of CSA andMI biomarkers, andmay reveal the precise mechanism for
underlying pathology.
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Coronary artery disease (CAD)3 is a global
health issue causing significant morbidity and
mortality. Registration of chronic stable angina
(CSA) and myocardial infarction (MI) is compli-
cated both for evaluating coronary heart ail-
ments and for appraising the response to
therapeutic interventions. CAD is currently diag-
nosed through typical angina pectoris and with
or without electrocardiogram (ECG) ST-segment
and T-wave changes. Moreover, diagnosis of CSA
depends solely on symptoms, which may not be
classical in every patient. MI could be diagnosed
with or without ECG ST-segment and T-wave
changes and increased troponin T or I levels and
expression of CK-MB. These approaches, how-
ever, are usually substandard and inadequate to
predict CSA and MI at an early stage. Because of
the fleeting character of ECG changes, delayed
(6–12 h) rise in the troponin T and I levels and
expression of CK-MB is not unique to the heart
only (1, 2). The risk indexes recognized so far
from various studies are inadequately efficient
to provide an early and clinically useful diagnosis
of CAD (3, 4).
Novel metabolomic approaches have aug-

mented the feasibility of high-throughput disease
diagnosis through screening of complete meta-
bolic status (5). The profiling of low-molecular-
weight metabolites that act as substrates or
products in various metabolic pathways is pre-
dominantly related to cardiomyopathy. Besides,
as disease biomarkers, these circulatory small
metabolites may play roles as regulatory signals
in the modulation of blood pressure. A recent
study revealed that succinate, the tricarboxylic
acid (TCA) cycle intermediate, may stimulate G-

protein–coupled receptors in the kidney to reg-
ulate blood pressure (6). Indeed, proton nuclear
magnetic resonance (1H NMR) spectroscopy–
derived metabolomics have been used to dis-
criminate CAD patients from subjects exhibiting
normal coronary arteries, but in another opin-
ion, the outcomes were contentiously ascribed
to statin therapies (7, 8). Besides NMR spectros-
copy, mass spectrometry (9) and liquid chroma-
tography (10) technologies appear to have the
most promising application in metabolomics. In
contrast to other technologies, NMR requires
native (without any chemical treatment) biofluids
to execute the metabolomics and avoids the
need for an expert to prepare cellular RNA or
DNA and protein necessary for genomics and
proteomics, respectively.
In this study, we present the concept of applying

multivariate statistical analysis to intricate NMR
spectral data of filtered serum obtained from CSA,
MI, and normal coronary (NC) subjects. This ap-
proach will provide the performance of the
metabolomic study as a diagnostic approach
through a novelmodel of development. To achieve
this aim, we had 3 goals. First, we intended to find
out whether NMR-derived filtered-serum metabo-
lomics are robust enough to identify subtle
changes in circulating metabolites in CSA and MI.
Second, we wished to determine and distinguish
particular metabolic pathways and circulating bio-
markers that are changed because of the inci-
dence of CSA and MI. Third, our intention was to
determine whether metabolic profiling of filtered
serum is able to characterize patients with CSA
and MI and thus potentially join our investigative
armamentarium.

†Ashish Gupta and Sudeep Kumar contributed equally to the work, and both should be considered as first authors.
DOI: 10.1373/jalm.2016.020776
© 2016 American Association for Clinical Chemistry
3Nonstandard abbreviations: CAD, coronary artery disease; CSA, chronic stable angina; MI, myocardial infarction; ECG, electrocardiogram;
TCA, tricarboxylic acid; 1H NMR, proton nuclear magnetic resonance; NC, normal coronary; SGPGIMS, Sanjay Gandhi Post Graduate Institute of
Medical Sciences; LD, lactate dehydrogenase; CK, creatine kinase; LVEF, left ventricular ejection fraction; AMIX, analysis of mixtures; OPLS-DA,
orthogonal partial least-squares discriminant analysis; ICV, internal cross-validation; VIP, variable importance plot; TMA, trimethylamine; MG,
methylguanidine; RIP, receptor-interacting protein.
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METHODS

Patients and sample collections

The institutional review board and ethics commit-
tee of the Sanjay Gandhi Post Graduate Institute
of Medical Sciences (SGPGIMS) approved this
study. Participants were enrolled from the Depart-
ment of Cardiology, SGPGIMS. Subjects (n = 289,
age 40–60 years) were recruited from the emer-
gency and outpatient departmentswith symptoms
suggestive of angina pain. All subjects gave written
informed consent. Fifty-six patients were excluded
on grounds of coexisting diabetes or kidney dis-
ease and other exclusion criteria known to influ-
ence metabolic phenotype, such as the presence
of any active infections, arthritis, malignancies, tu-
berculosis, endocrine disorders, or drug abuse.
Patients having ejection fraction <45% were also
excluded, since this may influence metabolomics.
All subjects underwent coronary angiography af-

ter detailed clinical examination and biochemical
evaluation for cardiac biomarkers. Conventional
high-sensitivity cardiac troponin I (ng/mL), lactate
dehydrogenase (LD) (U/L), and creatine kinase (CK,
CK-MB, CK-MM) (U/L) were measured in all sub-
jects as described earlier (11). Serum creatinine
(mg/dL), lipid profile (mg/dL) (total cholesterol, trig-
lycerides, VLDL, HDL, and LDL) were also mea-
sured using standard clinical laboratory methods.
Patients were categorized in 3 groups based on

their clinical presentation and findings of angiog-
raphy. Group I comprised patients with NC (n = 55)
presenting with the following: (a) atypical angina,
(b) inconclusive or equivocal stress test, (c) normal
left ventricular ejection fraction (LVEF), and (d) NC
angiogram.
Group II comprised patients with CSA (n = 88)

presenting with the following: (a) typical chest dis-
comfort for angina, (b) atherosclerotic CAD, (c) nor-
mal LVEF, and (d) near-normal level of cardiac
biomarkers.

Group III comprised patients with MI (n = 90)
exhibiting the following: (a) well-defined ECG ST-
segment and T-wave changes, (b) increased car-
diac biomarkers, and (c) near-normal LVEF.
Blood samples were collected as soon as pa-

tients arrived or were admitted to the hospital and
before angiography. For clotting, the collected
blood was kept for 30 min in a Vacutainer® tube at
room temperature. Clotted blood samples were
centrifuged at 3000g at 4 °C for 10min to eliminate
the supernatant yellow color exudates serum.
Serum comprises numerous proteins and lipo-

proteins (60–80 g/L) that make either impercepti-
ble or significant reductions in small metabolites in
the 1H NMR spectra. Hence, to augment the inter-
est and requirement for more reliable approaches
to evolve CADmetabolic biomarkers, we exerted a
mechanical approach such as centrifugal filters (3-
kDa cutoff; Vivospin Turbo 4, VS04T91, Sartorius)
to eliminate large proteins and lipoproteins from
serum.
The centrifugal filters were washed 3 times with

1000 μL phosphate buffer in triple-distilled water
at 9168g for 30min each time. The supernatant of
the serum sample (1.5 mL) was poured into the
centrifugal filter tube and centrifuged at 9168g at
4 °C for 30 min to remove proteins and lipopro-
teins. Filtrates (approximately 850 μL) were col-
lected in Eppendorf tubes; 0.1NHCl or NaOHwere
used to adjust filtered-serum pH at 7.4, if required,
and were rapidly stored at −80 °C until the NMR
experiment was executed. This protocol was ap-
plied for all serum samples.

NMR experiments

The NMR experiments were performed on a
Bruker Avance 800-MHz spectrometer exerting a
5-mm broadband inverse probe head with a Z-
shielded gradient. Filtered-serum samples were
thawed at room temperature and 400 μL of serum
samples were tipped in 5-mmNMR tubes. A sealed
capillary comprising 25 μL of 1.25 mmol/L of tri-
methylsilyl propionic acid sodium salt deuterated
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at CH2 groups was inserted in an NMR tube for the
deuterium lock, reference, and standard signal for
the quantitative appraisal of metabolites. For all
serum samples, 1-dimensional 1H NMR experi-
ments were performed at 22 °C by suppression of
water resonance by presaturation. The following
parameters were used: spectral width, 16666 Hz;
time domain points, 65 k; relaxation delay, 10 s;
pulse angle, 90 °; number of scans, 128; and line
broadening, 0.3 Hz. Bruker TopSpin software (ver-
sion 2.1) was used for phase and baseline correc-
tion of all NMR spectra.
Total time, approximately 46 min, was required

to prepare sampleswith ultrafiltration (30min) and
NMR data acquisition (16 min).

Chemometric data analysis

Detailed chemometric data analysis and model
validation are explained in the Data Supplement
that accompanies the online version of this article
at http://www.jalm.org/content/vol1/issue3.

RESULTS

Fig. 1 shows a typical 1-dimensional 1H NMR
spectra of the comprehensive metabolic profile
and chemical-shift information of various reso-
nances in filtered sera from NC, CSA, and MI sub-
jects. Clinicopathological data of all participants in
this study are also summarized in Table 1.

Fig. 1. A typical 1HNMRspectrumoffiltered-serumsamples after removal of proteins and lipoproteins.
(A) NC subjects, (B) CSA subjects, and (C) MI subjects presenting assignment of well-resolved various metabolites.
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Multivariate statistical approach

First of all, analysis of mixtures (AMIX)-generated
binned data were used to perform and engender
the principal component analysis score plot
among various cohorts, as shown in Fig. S1 in the
Data Supplement. The 3-dimensional scatterplots
of the principal components describe the percent-
age of the variance among various classifications
(see Fig. S1 in the online Data Supplement).
To appraise the performance of the method, an

orthogonal partial least-squares discriminant anal-

ysis (OPLS-DA) approach was administered, and
outcomes presented a well-resolved, intensely
clustered pattern among different cohorts in the
OPLS-DA score plot of NMR-derived metabolites
(Fig. 2A) and clinical variables (Fig. 2E). The pair-
wise (NC vs CSA, NC vs MI, and CSA vs MI) exami-
nation also revealed a well-discriminated and
clustered motif in OPLS-DA score plots of NMR-
derived metabolites (Fig. 2B–D) and clinical vari-
ables (Fig. 2F–H). These strongly discriminated
and tightly clustered motifs indicate that this

Table 1. Patient characteristics.a

NC CSA MI
n 55 88 90
Age, years 51 ± 12 55 ± 10 54 ± 13
Sex, M/F 30/25 42/46 40/50
Hypertension, % 50 46 48
Smoking/tobacco, % 35/31 39/45 67/53
ECHO LVEF, % 52 ± 16 54 ± 8 50 ± 11
Coronary angiography
Single-vessel disease, % 0 27 39
Double-vessel disease, % 0 29 32
Triple-vessel disease, % 0 29 19

Serum creatinine, mg/dL 1.01 ± 0.2 1.09 ± 0.2b 1.17 ± 0.3b,c

Hemoglobin, g/dL 12.9 ± 1.4 12.8 ± 1.5 14 ± 2
Lipid profile
Total cholesterol, mg/dL 152 ± 39 160 ± 53 162 ± 50
Triglyceride, mg/dL 130 ± 43 136 ± 44 150 ± 38b,c

HDL, mg/dL 39 ± 8 36 ± 6 37 ± 7
LDL, mg/dL 87 ± 39 96 ± 54 95 ± 50
VLDL, mg/dL 26 ± 8 27 ± 8 30 ± 7b,c

LD, U/L 174 ± 49 202 ± 41b 209 ± 61c,d

CK, U/L 49.0 ± 16.1 54.8 ± 12.6b 55.9 ± 13.7b

CK-MB, U/L 6.8 ± 2.4 7.8 ± 2.4b 8.0 ± 2.5b

CK-MM, U/L 43.3 ± 15.8 47.0 ± 11.6 48.0 ± 13.1
Troponin I, ng/mL 0.044 ± 0.02 0.043 ± 0.02 6.90 ± 4.0d,e

Medications Aspirin (50%) Aspirin (65%) Aspirin (88%)
Clopidogral (0%) Clopidogral (29%) Clopidogral (51%)
Ramipril (38%) Ramipril (49%) Ramipril (54%)
Metoprolol (9%) Metoprolol (48%) Metoprolol (68%)
Statin (28%) Statin (78%) Statin (88%)

a Data are means ± SD unless otherwise indicated.
b P < 0.05 compared to NC.
c P < 0.05 compared to CSA.
d P < 0.001 compared to NC.
e P < 0.001 with compare to CSA.
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Fig. 2. Three-dimensional OPLS-DA score plot.
(A) NC vs CSA + MI, (B) NC vs CSA, (C) NC vs MI, and (D) CSA vs MI, obtained from NMR-derived metabolomics and 3-dimen-
sional OPLS-DA score plot. (E) NC vs CSA + MI, (F) NC vs CSA, (G) NC vs MI, and (H) CSA vs MI obtained from clinical variables.
Cumulative (cum) explained variance outcomes (R2) and the precision of prediction of the model (Q2) values are exhibited.
NC, blue star; CSA, green circle; MI, red star.
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interpretive strategy was robust. Because the
OPLS-DA tactic uses information about the class
of disease to generate the highest differentiation
among groups of measurements, this method
aided in detecting and identifying undetected
and unique biomarkers for a specific cohort. The
decisiveness of the OPLS-DA model in the form
of R2 and Q2 is displayed along wi th their corre-
sponding score plots (Fig. 2).
To avoid overfitting of the OPLS-DA model, this

analysis was repeated on the dataset; approxi-
mately 60% of data were arbitrarily chosen from
the Fisher and Yates statistical table as a training

set. The remaining 40% of the given dataset was
considered as the test set. The arduous internal
cross-validation (ICV) evaluation presented the de-
cisiveness of the model in the form of R2 and Q2

measures exhibiting corresponding OPLS-DA
score plots of NMR-derivedmetabolites (Fig. 3A–D)
and clinical variables (Fig. 3E–H). The strength of
the OPLS-DA model of NMR-derived metabolites
was confirmedby the prediction of the test set with
91.4% accuracy between NC and CAD (CSA + MI),
89.5% precision between NC and CSA, 91.6% ac-
curacy between NC and MI, and 87.3% precision
between CSA and MI (Fig. 3A–D). The strength of

Fig. 3. Left side: 3-dimensional OPLS-DA score plots of training set (60% of the original data) along with
R2 and Q2 values. Right side: prediction of unknown samples (test set, 40% of the original data) using
training set–derived OPLS-DA model.
The predictions are generated based on cutoff value of 0.5 for classmembership, exerting Y-predicted box plot. Y-prediction
scores depicted mean values along with SD. (A) NC vs CSA + MI, (B) NC vs CSA, (C) NC vs MI, and (D) CSA vs MI define
metabolomics; and (E) NC vs CSA + MI, (F) NC vs CSA, (G) NC vs MI, and (H) CSA vs MI define clinical measures. NC, blue dot;
CSA, green circle; MI, red star.
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the OPLS-DA model of clinical variables was con-
firmed by the prediction of the test set with 66.2%
accuracy between NC and CAD, 68.3% of precision
between NC and CSA, 88.3% accuracy between NC
and MI, and 90.8% precision between CSA and MI
(Fig. 3E–H).
The comparable outcomes indicate that the

OPLS-DA examination strategy is a viable ap-
proach for noninvasively probing and screening of
CSA and MI. The comparable results of NMR-
derived metabolites and clinical variables reveal
that the least-invasive filtered-serum–based
metabolomics are comparable to the tedious
and invasive laboratory method for appraisal of
cardiac disease.

Metabolic signature metabolites related
to CAD

To appraise the most significant variables, the
following 6-step procedure was applied: (i) false-
positive variables were removed by implementing
a covariance-correlation–based approach. All
AMIX-generated binned data passed through Pa-
reto scaling after S-plot generation using SIMCA-P
software (version 8.0) to choose significant vari-
ables. The most altered variables of the entire da-
taset are presented in Fig. S2 in the online Data
Supplement of S-plot distribution. The variables
presenting higher P and P (corr) measures were
responsible for the clustering of designated co-
horts and were marked as vital variables. (ii) Ap-
praisal of variable importance plot (VIP) values of
these variables was executed. Variables reflecting
VIP score >1 were considered as most effective
and were chosen and forwarded for the next step.
(iii) A leave-one-out approachwas implemented on
chosen variables at step 2. The variables contain-
ing negative CIs were eliminated, and the remaining
variables were selected for further assessment. (iv)
On the remaining variables at step 3, to ascertain
the statistical difference of these spectral bins
among different groups, a one-way ANOVA fol-
lowed by a post hoc Student–Newman–Keuls mul-

tiple comparisons test was applied. The variables
exhibiting significant difference (P < 0.05) were se-
lected. This limit consisted of only 8 variables;
therefore, 8 variableswere considered as potential
metabolites for distinguishing among the NC, CSA,
and MI cohorts. (v) Retrospectively, by examining
the 1H NMR spectra of filtered serum of chemical
shift and the coupling constant data of these vari-
ables, arginine, threonine, histidine, aspartate, lac-
tate, methylguanidine (MG), trimethylamine (TMA),
and creatinine were identified. The following 3-fold
tactics were used to confirm the assignment of
these biomarkers: spiking experiments in 1H NMR
measurements, appraisal with the Human Metabo-
lome Database (http://www.hmdb.ca), and avail-
able previous reports (12–14). (vi) The absolute
amount of chosenmetabolites was also calculated
using the calibration curve of the commonly avail-
able standard compounds. Addition of different
concentrations of the standard compounds in the
control filtered-serum samples was used for the
calibration curve. The OPLS-DA was used on an
absolute amount of metabolites, and analogous
consequences were exhibited, as mentioned un-
der Multivariate Statistical Approach. The mea-
sured absolute amounts of these signature
metabolites are summarized in Table 2. This tactic
was implemented to reveal and identify the pro-
found and latent signature metabolites.

Clinical signature variables related to CAD

Alterations in clinically measured variables from
CSA and MI cases and from corresponding NC
subjects were established using an OPLS-DA ap-
proach. We compared measured variables be-
tween CAD patients and NC subjects, as well as
each disease group between each other. The 7
signature clinical variables responsible for the dis-
crimination of the disease groups (CSA and MI)
from the NC groups and of both disease groups
are summarized in Table 1.
The subsequent step is the validation of judi-

ciously obtained vital biomarkers for their clinical
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effectiveness. We executed this assessment using
ROC analysis. The correlation matrix analysis dem-
onstrated the intra-relatedness of different vari-
ables that permitted for the choice of a few
variables for the best categorization of each co-
hort. Permutations of NMR-derived signature me-
tabolites and clinical variables were performed,
and the outcomes of ROC testing for each cohort's
analysis are presented in Table 3 and Fig. 4.
Among the 8 selected metabolites, permutation

analysis with a leave-one-out approach revealed
that 6 metabolites are sufficient for the utmost
segregation between NC and CSA + MI, that 3 po-
tential biomarkers are sufficient to classify NC from
CSA, that 4 metabolites are efficiently capable to
segregate NC from MI, and that 3 metabolites are
sufficient to classify CSA and MI with utmost sensi-
tivity and specificity (Table 3 and Fig. 4).
Similarly, regarding clinical variables, among the

7 selected variables, permutation analysis with a
leave-one-out approach revealed that 4 variables
are sufficient for the utmost segregation between
NC and CSA + MI; that 4 potential variables are
sufficient to classify NC from CSA, and NC fromMI;
and that 3 clinical variables are sufficient to classify

CSA and MI with utmost sensitivity and specificity
(Table 3 and Fig. 4).

DISCUSSION

There are numerous outcomes from this NMR-
derived metabolomic study using human filtered-
serum samples lacking proteins and lipoproteins
obtained from CSA, MI, and NC. First, we detected
that CSA, MI, and NC cohorts can be not only accu-
rately discriminated using filtered-serum–based
NMR spectroscopy and a chemometric data anal-
ysis approach, but can also divulge latent and im-
portant biomarkers. Second, critical appraisal
(ROC analysis) with confirmation of important bio-
markers revealed the precision of the outcomes
and the clinical impact of the identified metabo-
lites. Third, the above narration clarifies the gaps of
the following facts: (a) NMR-derived serum meta-
bolic phenotypes are sufficiently robust to detect
subtle perturbations in circulating metabolites in
CSA and MI; (b) CSA and MI not only generate
signature biomarkers due to the perturbation
of specific metabolic pathways, but also these
biomarkers can be applied to determine and

Table 2. Signature measured metabolites (in μmol) in the NC, CSA, and MI cohorts.a

Metabolites NC CSA MI
n 55 88 90
MG 1.28 ± 0.8 5.58 ± 3.2b 1.44 ± 1.2b

Creatinine 70.96 ± 16.2 76.19 ± 13.3c 80.74 ± 14.1d,e

Threonine 132.77 ± 35.3 129.63 ± 37.7 157.25 ± 33.8b,d

Arginine 115.30 ± 17.1 119.80 ± 15.7 128.71 ± 26.5d,f

Lactate 3472.28 ± 645.3 3869.20 ± 692.6g 4128.11 ± 850.1d,e

Aspartate 37.94 ± 14.4 24.83 ± 8.4d 27.41 ± 12.3d

TMA 1.51 ± 0.8 0.87 ± 0.5d 0.94 ± 0.5d

Histidine 109.85 ± 37.1 90.77 ± 13.9d 91.42 ± 17.2d

a Data are means ± SD unless otherwise indicated.
b P < 0.001 compared to CSA.
c P < 0.05 compared to NC.
d P < 0.001 compared to NC.
e P < 0.05 compared to CSA.
f P < 0.01 compared to CSA.
g P < 0.01 compared to NC.
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distinguish them; (c) ROC analysis of these bio-
markers reveals that filtered-serummetabolic pro-
filing rapidly characterizes patients with CSA and
MI; (d) NMR-derived metabolomic outcomes are
comparable to clinical measures and are rapid, ro-
bust, and unambiguous; thus, an NMR-derived
metabolomics approach has the potential to join
our investigative armamentarium.

Significance of metabolic signature
biomarkers

The visibly augmented level of MG in CSA com-
pared to NC and MI in Table 2 and 1H NMR (Fig. 1)
reveals that MG is an important metabolite in dis-
covering CSA. Oxidative stress plays amajor role in
the pathophysiology of CAD (15). CSA is a kind of
apoptosis-based cell death phenomenon (15, 16).
In CSA, the ischemia-reperfusion phenomenon
causes the release of free radicals, cytokines, and
other proinflammatory mediators (15). The in-
creased levels of peroxides may then stimulate
neutrophils for MG production from creatinine
(17). The increased level of MG in CSA patients as
compared to NC is suggestive of increased oxida-
tion of creatinine with hydroxyl radicals via creatol
(15, 18). Studies have also demonstrated a corre-
lation between serum creatinine and MG levels,
which supports the idea of the oxidative stress of
disease (15, 16).
In the case of MI, free radicals are supposed to

play amajor role in tissue necrosis and reperfusion
injury (19, 20). Transgenic mice with overexpres-
sion of superoxide dismutase exhibited lessened
infarct size, which concurs with the debate posi-
tion that free radicals are potential mediators of
cardiac myocyte damage in MI (21). Necrotic cell
death is also activated through threonine protein
kinases in the receptor-interacting protein (RIP) fam-
ily. Inhibition of RIP1 with a small molecule inhibitor
(necrostatin-1) has been reported to decrease in-
farct size after myocardial ischemia-reperfusion in-
jury (22). Possibly, the augmented level of threonine
in MI compared to NC and CSA is to reduce necrotic
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injury-causing myocardial ischemia-reperfusion and
the generation of oxidative stress from the activation
of metabolic pathways by RIP (23).
Arginine was significantly augmented in CSA and

MI compared to NC, which again establishes the
role of oxidative stress in CAD and the formation of
nitric oxide through enzymatic or nonenzymatic
pathways (16). Another study revealed the capacity
of L-arginine to lessen necrotic injury in an experi-
mental model of myocardial ischemia plus reper-
fusion. This reduction in infarct size is linked with
the preservation of endothelial function and the
reduction of neutrophil accumulation in ischemic
cardiac myocytes (24).

The present study demonstrates an increased
lactate level in CAD patients compared to NC,
which is consistent with earlier reports (25–28).
The myocardial enrichment pattern is evident
for metabolites related to myocardial anaerobic
metabolic end product lactate. Moreover, stud-
ies have suggested that myocytes injury affects
liver metabolism through vasopressin action,
pouring more acetyl Co-A toward the TCA cycle and
less toward ketone body synthesis (29, 30). Further-
more, under hypoxia or ischemia pathology, an
augmented reliance on anaerobic myocardial me-
tabolism takes place that escalates the releaseof lac-
tate (31).

Fig. 4. ROC curves presenting the diagnostic precision on the basis of discriminant predicted probabil-
ity ofmetabolic biomarkers and clinicalmeasures for different groups (A) NC vs CSA +MI, (B) NC vs CSA,
(C) NC vs MI, and (D) CSA vs MI.
AUC, area under the curve.
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The present study observed that a decrease in
the aspartate level of CAD compared to NC con-
curs with a previous study of plasma samples ob-
tained from acute coronary syndrome patients
conducted by GC-MS (32).
Altered TMA in CAD compared to NC concurs

with the recently spectacular observation where a
meta-organismal pathway was elucidated compris-
ing gut microbiota-dependent formation of TMA
shown to bemechanistically related to atherosclero-
sis, and their measures are strongly associated with
the risk of cardiovascular disease (33).
Histidine belongs to a semi-essential amino acid

category comprising antioxidant and antiinflamma-
tory properties. The significantly reduced histidine
level in CAD compared to NC concurs with a recently
published study where the association between ge-
netic variants, serum histidine levels, and incident
coronary heart disease revealed that the 3 loss-of-
function allelemutations inHALwere associatedwith
the level of histidine that is inversely related to the
risk of coronary heart disease (34).

Significance of clinical signature variables

Troponin I was found to be significantly in-
creased in MI compared to CSA and NC. This find-
ing concurs with the well-known phenomenon
where an increased level of cardiac-specific tro-
ponin in the circulation is good evidence of
damage to cardiac muscle cells, such as MI, myo-
carditis, trauma, unstable angina, cardiac surgery,
or other cardiac procedures (35).
CK and CK-MB are significantly increased in CAD

compared to NC. Our finding concurs with spectac-
ular studies that explain that CK and CK-MB are sig-
nificantly increased after onset of symptoms of MI
(36–38) and that CK-MB elevation correlates with a
greater atherosclerotic plaque burden (37). More-
over, a study revealed that elevation of CK-MM also
presents a unique means of appraising the time of
onset of necrosis and a monitor of the duration of
enzyme release from the site of injury (38).

The clinical LD measures significantly increased
in CAD compared to NC agree with NMR-derived
lactatemetabolites. LD and lactate are the enzyme
and product of a reaction; hence, 2 independent
tactics gauged 1 analyte and found that comparable
observations further confirmtheaccuracyof theout-
comes. Both of these measures further validated
that LD helps to determine retrospective diagnosis
of cardiomyopathy and the occurrence of CAD in the
days before a patient was evaluated (39).
Significantly increased serum creatinine mea-

sured in CAD is well correlated to NMR-derived
creatinine levels. Two independent approaches
measured one constituent and found that similar
observations further validated the precision of the
results. An augmented level of creatininemay help
MG production causing neutrophils stimulation
through free radicals, cytokines, and other perox-
ides (15–17) and supports the idea of oxidative
stress of the disease, as explained above in detail.
Triglycerides and VLDL are also significantly

upregulated in CAD compared to NC, which is
consistent with an earlier study (40) that ex-
plained that high triglyceride levels are strong
and independent predictors of atherosclerotic
cardiovascular diseases.
In essence, comparison of the clinical mea-

sures–derived OPLS-DA model and the NMR-
based metabolomics–derived OPLS-DA model
reveals that they are comparable. Although, the
contemporary latter approach ismore convenient,
rapid, less invasive, with least error, and provides
several measures in a single experiment com-
pared to the classical approach, which is labor-
intensive, time-consuming, with higher chance for
error, and offers one measure at a time.
Our study includes a medium (CSA, n = 88 and

MI, n = 90) sample size except for 1 group (NC, n =
55). We are confident that reliability will not be af-
fected with use of the medium sample size. In the
training group, the model was built with 60% data
of the sample size, adequate for developing a
model reflecting its reliability (R2 = 0.82, 0.84, 0.91,
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and 0.92 in respective cohorts, Fig. 3E–H) in ICV-
based OPLS-DA.
Metabolomics, on the basis of the model pre-

sented in this study, represents a robust, least-
invasive, and cost-effective metabolic profile for
the identification of patients with CAD as well as
differentiating CSA and MI. Possibly, this study
will help differentiate apoptosis and necrosis
with a single experiment. The findings of our
study offer proof that recent modalities with

high throughput can be applied to identify clini-
cally significant, profound perturbations in circu-
lating metabolites that frequently precede the
onset of CAD. Moreover, contemplation of me-
tabolites as a pathway either intermediates or
end-product rather than stand-alone metabo-
lites may provide insight into the metabolism of
patients with CSA and MI. We hope that an NMR-
derived metabolomic approach will eventually
add to improved methods for assessing CAD.

Author Contributions: All authors confirmed they have contributed to the intellectual content of this paper and havemet the following
4 requirements: (a) significant contributions to the conception and design, acquisition of data, or analysis and interpretation of data; (b)
drafting or revising the article for intellectual content; (c) final approval of the published article; and (d) agreement to be accountable for
all aspects of the article thus ensuring that questions related to the accuracy or integrity of any part of the article are appropriately
investigated and resolved.

Authors’ Disclosures or Potential Conflicts of Interest:Uponmanuscript submission, all authors completed the author disclosure
form. Employment or Leadership: None declared. Consultant or Advisory Role: None declared. Stock Ownership: None
declared.Honoraria: None declared. Research Funding: Department of Biotechnology (BT/PR6547/GBD/27/450/2012), New
Delhi, India. Expert Testimony: None declared. Patents: None declared.

Role of Sponsor: No sponsor was declared.

Acknowledgments: We thank Prashant Singh Shakya, Centre of Biomedical Research, SGPGIMS Campus, Lucknow, for NMR
data acquisition help and Dr. Sudhir Kumar Mandal, Centre of Biomedical Research, SGPGIMS Campus, Lucknow, for statistical
analysis help.

REFERENCES
1. Zimmerman J, Fromm R, Meyer D, Boudreaux A, Wunn

CC, Smalling R, et al. Diagnostic marker cooperative
study for the diagnosis of myocardial infarction.
Circulation 1999;99:1671–77.

2. Mair J. Cardiac troponin I and troponin T: are enzymes
still relevant as cardiac markers? Clin Chim Acta 1997;
257:99–115.

3. Cullen P, Funke H, Schulte H, Assmann G. Lipoproteins
and cardiovascular risk: from genetics to CHD
prevention. Eur Heart J 1998;19:C5–11.

4. Isles CG, Paterson JR. Identifying patients at risk for
coronary heart disease: implications from trials of lipid-
lowering drug therapy. Q J Med 2000;93:567–74.

5. Nicholson JK, Wilson ID. Understanding “global” systems
biology: metabonomics and the continuum of
metabolism. Nature Rev Drug Disc 2003;2:668–76.

6. He W, Miao FJ, Lin DC, Schwandner RT, Wang Z, Gao J,
et al. Citric acid cycle intermediates as ligands for orphan
G-protein-coupled receptors. Nature 2004;429:188–93.

7. Brindle JT, Antti H, Holmes E, George T, Nicholson JK,
Bethel HWL, et al. Rapid and non-invasive diagnosis of
the presence and severity of coronary heart disease
using 1H-NMR-based metabonomics. Nat Med 2002;8:
1439–44.

8. Kirschenlohr HL, Griffin JL, Clarke SC, Rhydwen R, Grace
AA, Schofield PM, et al. Proton NMR analysis of plasma is
a weak predictor of coronary artery disease. Nat Med
2006;12:705–10.

9. Rashed MS. Clinical applications of tandem mass
spectrometry: ten years of diagnosis and screening for
inherited metabolic diseases. J Chromatogr B Biomed Sci
Appl 2001;758:27–48.

10. Vigneau-Callahan KE, Shestopalov AI, Milbury PE, Matson
WR, Kristal BS. Characterization of diet-dependent
metabolic serotypes: analytical and biological variability
issues in rats. J Nutr 2001;131:924S–32S.

11. Peivandi AA, Dahm M, Opfermann UT, Peetz D, Doerr F,
Loos A, et al. Comparison of cardiac troponin I versus T
and creatine kinase MB after coronary artery bypass
grafting in patients with and without perioperative
myocardial infarction. Herz 2004;7:658–64.

12. Kumar D, Gupta A, Mandhani A, Sankhwar SN.
Metabolomics-derived prostate cancer biomarkers: fact
or fiction? J Proteome Research 2015;14:1455–64.

13. Gowda GAN, Gowda YN, Raftery D. Expanding the limits
of human metabolite quantitation using NMR
spectroscopy. Anal Chem 2015;87:706–15.

14. Kumar D, Gupta A, Mandhani A, Sankhwar SN. NMR

ARTICLES Metabolomics of Coronary Artery Disease

292 JALM | 280–293 | 01:03 | November 2016

..............................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/jalm

/article/1/3/280/5587347 by guest on 22 M
ay 2023



spectroscopy of filtered serum of prostate cancer: a new
frontier in metabolomics. Prostate 2016;76:1106–19.

15. Giordano FJ. Oxygen, oxidative stress, hypoxia and heart
failure. J Clin Inves 2005;115:500–8.

16. Kimura H, Gejyo F, Suzuki S, Miyazaki R, Shirasaki A,
Yamamoto C, et al. The methylguanidine-to-creatinine
ratio, serum NOx concentrations and vascular disease in
nondiabetic hemodialysis patients. Clin Exp Nephrol
2000;4:231–5.

17. Sakamoto M, Aoyagi K, Nagase S, Ishikawa T, Takemura K,
Narita M. Methylguanidine synthesis by active oxygen
generated by stimulated human neutrophils. Nihon Jinzo
Gakkaishi 1989;31:851–8.

18. Nakamura K, Ikenaga K, Yokozawa T, Fujitsuka N, Oura H.
Production of methylguanidine from creatinine via
creatol by active oxygen species: analyses of the
catabolism in vitro. Nephron 1994;66:140–6.

19. Asimakis GK, Lick S, Patterson C. Post ischemic recovery
of contractile function is impaired in SOD2 (+/–) but not
SOD1 (+/–) mouse hearts. Circulation 2002;105:981–6.

20. Yoshida T, Maulik N, Engelman RM, Ho YS, Das DK.
Targeted disruption of the mouse Sod I gene makes the
hearts vulnerable to ischemic reperfusion injury. Circ Res
2000;86:264–9.

21. Chen EP, Bittner HB, Davis RD, Folz RJ, Van PT. Extracellular
superoxide dismutase transgene overexpression preserves
post-ischemic myocardial function in isolated murine
hearts. Circulation 1996;94:II412–7.

22. Smith CC, Davidson SM, Lim SY, Simpkin JC, Hothersall JS,
Yellon DM. Necrostatin: a potentially novel cardioprotective
agent. Cardiovascular Drug Ther 2007;21:227–33.

23. Whelan RS, Kapinskiy V, Kitsis RN. Cell death in the
pathogenesis of heart disease: mechanisms and
significance. Annu Rev Physiol 2010;72:19–44.

24. Weyrich AS, Ma Xin-Liang, Lefer AM. The role of L-arginine
in ameliorating reperfusion injury after myocardial ischemia
in the cat. Circulation 1992;86:279–88.

25. Sabatine MS, Liu E, Morrow DA, Heller E, McCarroll R,
Wiegand R, et al. Metabolomic identification of novel
biomarkers of myocardial ischemia. Circulation 2005;
112:3868–75.

26. Lewis GD, Wei R, Liu E, Yang E, Shi X, Martinovic M, et al.
Metabolite profiling of blood from individuals undergoing
planned myocardial infarction reveals early markers of
myocardial injury. J Clin Invest 2008;118:3503–12.

27. Pisarenko OI, Baranov AV, Aleshin OI, Studneva IM,
Pomerantsev EA, Nikolaeva LF. Features of myocardial
metabolism of some amino acids and ammonia in
patients with coronary artery disease. Eur Heart J 1989;
10:209–17.

28. Bodi V, Sanchis J, Morales JM, Marrachelli VG, Nunez J,
Forteza MJ, et al. Metabolic profile of humanmyocardial
ischemia by nuclear magnetic resonance spectroscopy of
peripheral blood serum. J Am Coll Cardiol 2012;59:1629–
41.

29. Williamson DH. Regulation of ketone body metabolism
and the effects of injury. Act Chir Scand (Suppl) 1981;
507:22–9.

30. Sugden MC, Ball AJ, Ilic V, Williamson DH. Stimulation of
[1-14C] oleate oxidation to 14CO2 in isolated rat
hepatocytes by vasopressin: effects of Ca+2. FEBS Lett
1980;116:37–40.

31. Lied AJ. Effects of coronary perfusion during myocardial
hypoxia. Comparison of metabolic and hemodynamic
events with global ischemia and hypoxemia. J Thorac
Cardiovasc Surg 1976;71:726–35.

32. Vallejo M, García A, Tuñón J, García-Martínez D, Angulo S,
Martin-Ventura JL, et al. Plasma fingerprinting with GC-
MS in acute coronary syndrome. Anal Bioanal Chem
2009;394:1517–24.

33. Tang WHW, Hazen SL. The contributory role of gut
microbiota in cardiovascular disease. J Clin Invest 2014;
124:4204–11.

34. Yu B, Li AH, Muzny D, Veeraraghavan N, de Vries PS, Bis
JC, et al. Association of rare loss-of-function alleles in
HAL, serum histidine levels and incident coronary heart
disease. Circ Cardiovasc Genet 2015;8:351–5.

35. Eisenman A. Troponin assays for the diagnosis of
myocardial infarction and acute coronary syndrome: where
do we stand? Expert Rev Cardiovasc Ther 2006;4:509–14.

36. Fisher ML, Carliner NH, Becker LC, Peters RW, Plotnick
GD. Serum creatine kinase in the diagnosis of acute
myocardial infarction: optimal sampling frequency. JAMA
1983;249:393–4.

37. Mehran R, Dangas G, Mintz GS, Lansky AJ, Pichard AD,
Satler LF, et al. Atherosclerotic plaque burden and CK-
MB enzyme elevation after coronary interventions.
Circulation 2000;101:604–10.

38. Apple FS. Diagnostic use of CK-MM and CK-MB isoforms
for detecting myocardial infarction. Clin Lab Med 1989;4:
643–54.

39. Jaffe AS, Landt Y, Parvin CA, Abendschein DR, Geltman
EM, Ladenson JH. Comparative sensitivity of cardiac
troponin I and lactate dehydrogenase isoenzymes for
diagnosing acute myocardial infarction. Clin Chem 1996;
42:1770–6.

40. Nordestgaard BG. Triglyceride-rich lipoproteins and
atherosclerotic cardiovascular disease: new insights from
epidemiology, genetics, and biology. Circ Res 2016;118:
547–63.

Metabolomics of Coronary Artery Disease ARTICLES

November 2016 | 01:03 | 280–293 | JALM 293

..............................................................................................................

D
ow

nloaded from
 https://academ

ic.oup.com
/jalm

/article/1/3/280/5587347 by guest on 22 M
ay 2023


	Nuclear Magnetic Resonance–Based Metabolomics of Human Filtered Serum: A Great White Hope ...
	Methods
	Patients and sample collections
	NMR experiments
	Chemometric data analysis

	Results
	Multivariate statistical approach
	Metabolic signature metabolites related to CAD
	Clinical signature variables related to CAD

	Discussion
	Significance of metabolic signature biomarkers
	Significance of clinical signature variables

	Acknowledgments
	References


