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Background—Molecular tools may provide insight into cardiovascular risk. We assessed whether metabolites discriminate
coronary artery disease (CAD) and predict risk of cardiovascular events.

Methods and Results—We performed mass–spectrometry–based profiling of 69 metabolites in subjects from the
CATHGEN biorepository. To evaluate discriminative capabilities of metabolites for CAD, 2 groups were profiled: 174
CAD cases and 174 sex/race-matched controls (“initial”), and 140 CAD cases and 140 controls (“replication”). To
evaluate the capability of metabolites to predict cardiovascular events, cases were combined (“event” group); of these,
74 experienced death/myocardial infarction during follow-up. A third independent group was profiled (“event-
replication” group; n�63 cases with cardiovascular events, 66 controls). Analysis included principal-components
analysis, linear regression, and Cox proportional hazards. Two principal components analysis–derived factors were
associated with CAD: 1 comprising branched-chain amino acid metabolites (factor 4, initial P�0.002, replication
P�0.01), and 1 comprising urea cycle metabolites (factor 9, initial P�0.0004, replication P�0.01). In multivariable
regression, these factors were independently associated with CAD in initial (factor 4, odds ratio [OR], 1.36; 95% CI,
1.06 to 1.74; P�0.02; factor 9, OR, 0.67; 95% CI, 0.52 to 0.87; P�0.003) and replication (factor 4, OR, 1.43; 95% CI,
1.07 to 1.91; P�0.02; factor 9, OR, 0.66; 95% CI, 0.48 to 0.91; P�0.01) groups. A factor composed of
dicarboxylacylcarnitines predicted death/myocardial infarction (event group hazard ratio 2.17; 95% CI, 1.23 to 3.84;
P�0.007) and was associated with cardiovascular events in the event-replication group (OR, 1.52; 95% CI, 1.08 to 2.14;
P�0.01).

Conclusions—Metabolite profiles are associated with CAD and subsequent cardiovascular events.
(Circ Cardiovasc Genet. 2010;3:207-214.)
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Coronary artery disease (CAD) is the leading cause of
death in industrialized countries. Many accepted risk

factors for CAD are metabolic. However, there remains an
incomplete mechanistic understanding of CAD risk and
equally important, a need to refine our ability to identify
individuals at highest risk of cardiovascular events. Given the
complex nature of CAD, evaluation with more comprehen-
sive tools may improve risk stratification and enhance our
understanding of the disease process. Metabolomics, the
study of small-molecule metabolites, may be particularly
useful for the diagnosis of human disease. Studies have
demonstrated heritability of metabolites in mice,1 and we

have shown that metabolite profiles are heritable in human
families with early-onset CAD,2 suggesting that the known
heritability of CAD may be mediated at least in part through
metabolic components measurable in peripheral blood.
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In this study, we performed quantitative profiling of 69
metabolites, including acylcarnitine species (byproducts of
mitochondrial fatty acid, carbohydrate, and amino acid oxi-
dation), amino acids, and conventional metabolites, in partic-
ipants enrolled in the Duke CATHGEN biorepository. Our
primary goals were to assess the capability of metabolite
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profiles to discriminate the presence of CAD and to explore
the relation of metabolite profiles with subsequent cardiovas-
cular events.

Methods
Study Sample
The CATHGEN biorepository consists of subjects recruited sequen-
tially through the cardiac catheterization laboratories at Duke Uni-
versity Medical Center (Durham, NC). After informed consent was
obtained, blood was drawn from the femoral artery at the time of
arterial access for catheterization, immediately processed to separate
plasma, and frozen at �80°C. Subjects were fasting for a minimum
of 6 hours before collection. Clinical data were provided by the Duke
Databank for Cardiovascular Disease (DDCD), a database of patients
undergoing catheterization at Duke University since 1969. Data were
collected for long-term medications, that is, medications at admis-
sion (inpatients) or from a clinic note within 1 month prior
(outpatients). Follow-up data, including occurrence of myocardial
infarction (MI) and death, were collected at 6 months after catheter-
ization and annually thereafter. Vital status was confirmed through
the National Death Index. The indication for catheterization for all
subjects was clinical concern for ischemic heart disease. Patients
with severe pulmonary hypertension or organ transplant were
excluded.

To evaluate the discriminative capability of metabolites for CAD,
2 independent case-control groups were constructed: “initial” (174
CAD cases and 174 CAD-free controls) and “replication” (140 CAD
cases and 140 CAD-free controls). For the initial group, sequential
cases meeting inclusion criteria were selected: CADindex �32 (at
least 1 coronary artery with �95% stenosis) and age –of onset �55
years. CADindex is a numeric summary of angiographic data.3 Age
–of onset was defined as age at first MI, percutaneous coronary
intervention, coronary artery bypass grafting (CABG), or at first
catheterization meeting the CADindex threshold. Sex- and race-
matched controls meeting the following criteria were selected:
CADindex �23; no coronary artery with �50% stenosis; age –at
catheterization �61 years; and no history of MI, percutaneous
coronary intervention, CABG, or transplant. Given differences in age
based on these criteria, results could be confounded by age. There-
fore, for the replication group, sequential subjects meeting the same
inclusion criteria were selected, but the criterion of age –of onset
(cases) or age –at catheterization (controls) was removed and
cases/controls were not matched, thereby allowing generalizability
of findings to a representative population of patients referred for
catheterization. Analyses were also performed by constraining cases
to those with a history of MI (n�86 cases in initial group, n�61 in
replication group).

To evaluate the capability of metabolites to predict risk of
subsequent events, an “event” group was constructed by combining
CAD cases from the initial and replication groups (event group,
n�314); of these, 74 individuals experienced death or MI during
follow-up. To validate findings for the association of metabolites
with risk of cardiovascular events, profiling was performed in an
independent event case-control group (“event-replication”) com-
posed of unique individuals from CATHGEN and meeting the
following criteria: ejection fraction �40%, no history of percutane-
ous coronary intervention or CABG, and no subsequent CABG.
Among these, event cases (n�63) experienced death or MI or had
percutaneous coronary intervention with acute coronary syndrome
within 2 years after catheterization; controls (n�66) were event-free
with at least 2 years of follow-up and were matched to cases on age,
race, sex, and CADindex.

The Duke Institutional Review Board approved the protocols for
CATHGEN and for this study. Informed consent was obtained from
each subject.

Metabolite Measurements
Fasting plasma samples were used for quantitative determination of
targeted levels for 45 acylcarnitines, 15 amino acids, 5 conventional

metabolites (total, LDL, and HDL cholesterol; triglycerides; and
glucose), ketones, �-hydroxybutyrate, total free fatty acids, and
C-reactive protein (CRP) (online-only Data Supplement 1). Meth-
odology and coefficients of variation have been reported.2,4 The
laboratory (Sarah W. Stedman Nutrition and Metabolism metabolo-
mics/biomarker core) was blinded to case-control status, and the
cases/controls were randomly distributed.

Standard methods were used for conventional metabolites with
reagents from Roche Diagnostics (Indianapolis, Ind), and for free
fatty acids (total) and ketones (total and �-hydroxybutyrate) with
reagents from Wako (Richmond, Va). All assays were performed on
a Hitachi 911 clinical chemistry analyzer.

For mass spectroscopy–profiled metabolites (acylcarnitines,
amino acids), the following protocol was used.5,6 Proteins were first
removed by precipitation with methanol. Aliquots of supernatants
were dried and then esterified with hot, acidic methanol (acylcar-
nitines) or n-butanol (amino acids). Analysis was done by tandem
mass spectroscopy with a Quattro Micro instrument (Waters Corp,
Milford, Mass). Quantification of the “targeted” intermediary me-
tabolites was facilitated by addition of mixtures of known quantities
of stable-isotope internal standards (Supplement 2). Details are
included in Supplement 3; biological annotation is included in
Supplement 4.

Statistical Analysis
Metabolite levels reported as “0” (ie, below the lower limits of
quantification) were given a value of limits of quantification/2.
Metabolites with �25% of values as “0” were not analyzed (5
acylcarnitines). Metabolites were natural-log transformed to approx-
imate a normal distribution. For analysis of CAD status, generalized
linear-regression models were used to assess differences in metabo-
lite levels between CAD cases and controls, unadjusted and adjusted
for CAD risk factors not constrained by matching: diabetes, hyper-
tension, dyslipidemia, body mass index (BMI), family history of
CAD, and smoking. Analyses of the replication group were further
adjusted for race, sex, and age. With log transformation, all signif-
icant metabolites showed a normal distribution (Kolmogorov-
Smirnov test P�0.01), except valine, ketones, and C8, C8:1-OH/
C6:1-DC, C10:1, C14:2, C16:1, C16:1-OH/C14:1-DC, and C18-OH/
C16-DC acylcarnitines. Visual inspection suggested a grossly
normal distribution (Supplement 7). Regardless, we performed
sensitivity analyses with nonparametric Wilcoxon tests, which
showed results similar to those of the semiparametric linear models,
except for valine and C14:2 acylcarnitine, which were not significant
in linear regressions (P�0.10 and P�0.06, respectively) but were
significant with these nonparametric tests (P�0.05 and P�0.008).
Analyses were also stratified by diabetes and smoking status.

In exploratory analyses, multivariable models were further ad-
justed for medications (�-blockers, statins, diabetes medications,
aspirin, angiotensin-converting-enzyme inhibitors, nitrates, clopi-
dogrel, and diuretics), use of preprocedural sedation, and continuous
intravenous heparin use at time of catheterization. The CATHGEN
protocol requires sample collection before supplemental heparin
administration during catheterization. Therefore, adjustment for
continuous intravenous heparin use at the time of catheterization
addresses differences related to heparin. Only 66% of individuals
had medication data, hence, medications were coded as not on
medication, missing, and on medication.

Given that metabolites reside in overlapping pathways, correlation
of metabolites is expected. We used principal-components analysis
(PCA) to reduce the large number of correlated variables (Supple-
ment 5) into uncorrelated factors. Factors with higher “eigenvalues”
account for larger amounts of variability. Factors with an eigenvalue
�1.0 were identified, and varimax rotation was performed to
produce interpretable factors. Metabolites with a factor load �0.4
were reported as composing a factor. Scoring coefficients were
constructed from the initial group and used to calculate factor scores
for each individual (weighted sum of the standardized metabolites
within that factor, weighted on the factor loading for each metabo-
lite) and were also applied to the replication group. Generalized
linear-regression models were used to assess the difference in factors
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between cases and controls. All factors were normally distributed
(Kolmogorov-Smirnov test P�0.01), except for factors 7 to 9; visual
inspection showed a grossly normal distribution (Supplement 7).
Nonparametric Wilcoxon tests for these factors showed the same
results as did linear models.

To further assess the independent capability of metabolite profiles
to discriminate CAD cases from controls, logistic-regression models
were constructed; in these models, CAD risk factors (BMI, dyslip-
idemia, hypertension, diabetes, family history, and smoking) were
forced into the model and then metabolite factors were added.
Receiver operating characteristic (ROC) curves were constructed and
measures of model fit calculated. Nonparametric analysis for com-
parison of the areas under these curves was performed with previ-
ously reported methods.7

For analysis of subsequent cardiovascular events, cases from
initial and replication groups were pooled (event group). The relation
between metabolite factors and time –to occurrence of death/MI was
assessed with Cox proportional hazards (unadjusted and adjusted for
BMI, dyslipidemia, hypertension, diabetes, family history, smoking,
age, race, sex, creatinine, ejection fraction, and CADindex). The
assumption of proportional hazards was met. For replication in the
event-replication group, scoring coefficients from PCA-derived fac-
tors constructed in the initial CAD group were used to calculate
factor scores in the event-replication group; logistic regression was
used to assess the association between factors and case-control status
(unadjusted and adjusted for BMI, dyslipidemia, hypertension,
diabetes, family history, smoking, creatinine, and ejection fraction).

Because all analyses were exploratory in nature and given the
colinearity of the metabolites, 2-sided probability values unadjusted
for multiple comparisons are presented; however, results interpreted
in the context of Bonferroni correction are reported. Nominal
significance was defined as P�0.05. Bonferroni-corrected probabil-
ity values were P�0.0007 (individual metabolites) and P�0.004

(factors). Statistical analyses were performed by D.R.C. and S.H.S.
with SAS version 9.1 (Cary, NC). The authors had full access to the
data and take responsibility for its integrity. All authors have read
and agreed to the manuscript as written.

Results
Patient Populations
Population characteristics for the initial (174 early-onset
CAD cases, 174 matched controls) and replication groups
(140 CAD cases, 140 controls) are displayed in Table 1 and
for the event-replication group in Supplement 8.

Association of Individual Metabolites With CAD
Levels of several amino acids were different between cases
and controls in the initial group (Table 2), including the
branched-chain amino acids leucine/isoleucine (P�0.0001)
and valine (P�0.007), glutamate/glutamine (P�0.0001), pro-
line (P�0.04), and methionine (P�0.05). Levels of several
acylcarnitines were also different between cases and controls
in the initial group, including the C16 acylcarnitines (C16:1,
P�0.006; C16:1-OH/C14:1-DC, P�0.004; C16:2, P�0.05;
and C18-OH/C16-DC, P�0.003), C4:Ci4 (P�0.009), C8
(P�0.009), C8:1-OH/C6:1-DC (P�0.003), and C10:1
(P�0.002) acylcarnitines (Table 2). For most metabolites,
these differences persisted after adjustment for CAD risk
factors.

Several of these metabolites were also significant in the
replication group in adjusted analyses (with similar direction

Table 1. Baseline Clinical Characteristics

Initial Group Replication Group

Cases (n�174) Controls (n�174) P* Cases (n�140) Controls (n�140) P*

Age, mean (SD), y 48.7 (10.0) 67.8 (5.9) �0.0001 61.1 (13.0) 60.3 (13.0) 0.69

Age-of-onset, mean (SD), y 45.8 (6.9) N/A N/A 57.0 (10.8) N/A N/A

Sex, % male 77.0 75.3 0.71 75.0 51.4 �0.0001

Race, % white 66.9 67.8 0.97 77.5 76.9 0.90

Hypertension, % 64.9 68.4 0.50 72.9 64.3 0.12

Diabetes, % 32.2 23.0 0.06 28.6 19.3 0.07

Family history of CAD, % 57.5 22.4 �0.0001 49.3 32.9 0.005

Currently smoking, % 66.1 47.1 0.0004 64.3 39.3 �0.0001

Body mass index, mean (SD) 31.1 (6.8) 29.3 (6.0) 0.02 29.1 (5.8) 31.4 (9.1) 0.03

CADindex, mean (SD) 56.5 (21.9) 6.2 (9.4) �0.0001 58.6 (21.8) 4.6 (8.6) �0.0001

No. of coronary arteries w/ �75% stenosis, % �0.0001 �0.0001

0 0 100 0 100

1 27.0 0 22.1 0

2 29.3 0 35.0 0

3 43.7 0 42.9 0

Ejection fraction, mean (SD) 51.8 (13.0) 59.4 (13.0) �0.0001 53.5 (15.1) 63.4 (9.5) �0.0001

History of MI, % 49.4 0 �0.0001 42.9 0 �0.0001

History of dyslipidemia, % 73.6 44.8 �0.0001 60.7 49.3 0.05

Total cholesterol, mean (SD) 178.5 (55.1) 176.1 (39.2) 0.54 177.9 (44.4) 169.9 (38.7) 0.14

LDL cholesterol, mean (SD) 105.3 (39.3) 104.2 (32.1) 0.64 105.9 (36.8) 101.1 (32.5) 0.37

HDL cholesterol, mean (SD) 35.6 (10.8) 48.0 (16.0) �0.0001 39.3 (12.2) 39.0 (12.6) 0.70

Triglycerides, mean (SD) 157.7 (170.4) 93.2 (60.7) �0.0001 128.1 (82.4) 119.8 (91.1) 0.17

*P value for difference between cases and controls.
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of effect), including the amino acids leucine/isoleucine and
glutamate/glutamine, and the long-chain acylcarnitines
C14:1-OH and C16:1-OH/C14:1-DC (Table 2). In unadjusted
analyses, these metabolites, amino acids methionine and
proline, and C16:2 and C16:1 acylcarnitine were significant
in both groups.

Further adjustment for lipids (total, LDL, and HDL cho-
lesterol, and triglycerides) resulted in similar results, although
with attenuation of association for leucine/isoleucine in the
initial group (Supplements 9 and10). Analyses stratified by
diabetes (Supplements 11 and 12) suggested some heteroge-
neity of association by diabetes. For example, leucine/isoleu-
cine and C16:1-OH/C14:1-DC showed stronger associations
in nondiabetics. Analyses stratified by smoking status sug-
gested no difference in smokers and nonsmokers (Supple-
ments 14 and 15).

Unbiased PCA
PCA identified 12 factors, comprising collinear metabolites
(Table 3), grouping in biologically plausible factors. Three
factors were significantly different between cases and con-
trols in the initial group in adjusted analyses: factor 1
(medium-chain acylcarnitines), factor 4 (branched-chain
amino acids and related metabolites), and factor 9 (arginine,

histidine, citrulline, and Ci4-DC:C4DC). Of these factors, 2
factors (4 and 9) remained ‘significant in the replication
group. Factor 1 was only weakly significant in the replication
group (unadjusted P�0.15, adjusted P�0.03).

Further adjustment for lipids showed a continued associa-
tion with CAD, although factor 4 was not significant in the
initial group (initial group: factor1, P�0.0002; factor 4,
P�0.59; factor 9, P�0.02; replication group: factor1,
P�0.01; factor 4, P�0.02; and factor 9, P�0.004). Although
we adjusted for diabetes, given studies showing relations
between metabolites with insulin resistance,4,8,9 we further
adjusted the base multivariable model for fasting glucose.
These analyses revealed a continued significant association
with CAD (initial group: factor 1, P�0.02; factor 4, P�0.02;
factor 9, P�0.003; replication group: factor 1, P�0.03; factor
4, P�0.05; factor 9, P�0.02).

Stratified analyses suggested a stronger association be-
tween factors 4 and 9 with CAD in nondiabetics compared
with diabetics (Supplement 13), with minimal/no association
in diabetics and no consistent differences in association with
CAD by smoking status (Supplement 16).

Additional adjustment for 10 classes of medications had
minimal influence on the relation between factors and CAD
in the initial group (factor 1, P�0.009; factor 4, P�0.03;

Table 2. Association of Individual Metabolites With CAD

Metabolite

Initial Group Replication Group

CAD Cases Controls Unadjusted P Adjusted P * Cases Controls Unadjusted P Adjusted P †

Amino acids

PRO 190.2 (56.4) 177.5 (41.3) 0.04 0.13 197.0 (75.9) 173.9 (44.3) 0.001 0.03

LEU/ILE 175.1 (39.5) 158.7 (36.3) �0.0001 0.004 183.6 (52.7) 162.3 (35.5) �0.0001 0.002

VAL 259.1 (58.1) 242.2 (54.9) 0.007 0.26 256.8 (63.7) 266.2 (51.5) 0.10 0.05

MET 25.8 (5.6) 24.6 (4.8) 0.05 0.14 26.6 (7.7) 24.0 (5.2) 0.003 0.03

GLX 151.1 (41.7) 125.5 (39.0) �0.0001 �0.0001 129.7 (30.5) 120.3 (31.4) 0.005 0.02

CIT 36.4 (12.2) 39.9 (11.2) 0.002 0.003 39.7 (12.0) 37.8 (10.8) 0.21 0.86

Acylcarnitines

C2 9.10 (4.25) 9.90 (3.98) 0.02 0.01 10.73 (4.86) 8.76 (3.83) �0.0001 �0.0001

C4:Ci4 0.22 (0.12) 0.18 (0.10) 0.009 0.03 0.22 (0.11) 0.20 (0.11) 0.06 0.15

C5 0.104 (0.095) 0.087 (0.047) 0.01 0.08 0.092 (0.045) 0.101 (0.045) 0.05 0.004

C8 0.107 (0.057) 0.123 (0.076) 0.009 0.04 0.129 (0.121) 0.124 (0.106) 0.54 0.17

C8:1-OH/C6:1-DC 0.030 (0.027) 0.032 (0.019) 0.003 0.005 0.026 (0.013) 0.028 (0.012) 0.47 0.56

C10:1 0.174 (0.097) 0.193 (0.083) 0.002 0.002 0.200 (0.096) 0.198 (0.096) 0.87 0.47

C14:2 0.039 (0.027) 0.044 (0.028) 0.02 0.02 0.039 (0.028) 0.047 (0.025) 0.06 0.42

C14:1-OH 0.012 (0.006) 0.014 (0.007) 0.04 0.03 0.012 (0.006) 0.015 (0.007) 0.002 0.006

C16:2 0.0088 (0.0065) 0.0092 (0.0053) 0.05 0.03 0.0098 (0.0059) 0.0117 (0.007) 0.03 0.11

C16:1 0.0258 (0.0171) 0.0262 (0.0124) 0.006 0.07 0.0286 (0.0154) 0.0321 (0.0138) 0.03 0.24

C16:1-OH/C14:1-DC 0.0087 (0.0036) 0.0091 (0.0031) 0.004 0.01 0.0088 (0.0040) 0.0096 (0.0040) 0.008 0.01

C18-OH/C16-DC 0.008 (0.009) 0.007 (0.004) 0.003 0.02 0.007 (0.003) 0.008 (0.004) 0.005 0.03

Ketones 289.8 (345.0) 324.3 (286.0) 0.04 0.14 319.2 (289.9) 313.1 (279.0) 0.87 0.44

�-Hydroxybutyrate 199.7 (271.6) 237.1 (235.3) 0.01 0.05 211.5 (205.7) 202.9 (199.8) 0.63 0.29

Means and SDs for metabolites significantly different between cases and controls in the initial group are presented. Results for these analytes in the replication
group are also presented. All values are in millimolar for amino acids and micromolar for acylcarnitines. Analytes in bold show association across both datasets in
adjusted analyses (with consistent direction of effect).

*Adjusted for diabetes, hypertension, smoking, dyslipidemia, family history of CAD, and BMI.
†Adjusted for age, race, sex, diabetes, hypertension, smoking, dyslipidemia, family history of CAD, and BMI.
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factor 9, P�0.003) but were no longer significant in the
replication group (factor 1, P�0.02; factor 4, P�0.19; factor
9, P�0.14). We also performed similar analyses, restricted to
those individuals with available medication data, in the
combined datasets to optimize power (n�416). These results
showed a continued association between factors 4 and 9 with
CAD (factor 4: unadjusted model, P�0.0009; model adjusted
for CAD risk factors, P�0.03; model adjusted for CAD risk
factors and medications, P�0.05; factor 9: unadjusted model,
P�0.0003; model adjusted for CAD risk factors, P�0.002;
model adjusted for CAD risk factors and medications,
P�0.007).

Results presented are unadjusted for multiple comparisons.
We used PCA to account for the colinearity of metabolites. Of
the individual metabolites, only glutamate/glutamine would
survive Bonferroni correction. Factors 4 and 9 would survive
Bonferroni correction at the level of factors (P�0.004).

Association of Metabolite Profiles With
Prevalent MI
To examine the association of these metabolites with a more
severe phenotype, we evaluated the relation of the PCA-
derived factors in cases with a prior history of MI compared
with CAD-free controls (initial group n�86 MI cases, repli-
cation group n�61 MI cases). The 2 factors (4 and 9)
associated with CAD were also associated with MI in both
groups (Table 3).

Assessment of Model Fit and ROC Curves
for CAD
To further quantify the independent association of metabolite
factors with CAD, the following logistic-regression models
were constructed: (1) clinical model; (2) clinical model plus
factors 4 and 9; and (3) clinical model plus all metabolite
factors. Factors 4 and 9 were independently associated with
CAD in both the initial group (factor 4: odds ratio [OR], 1.42;
95% CI, 1.09 to 1.84, P�0.01; factor 9: OR, 0.69, 95% CI,
0.53 to 0.90, P�0.006) and the replication group (factor 4:
OR, 1.42; 95% CI, 1.06 to 1.89, P�0.02; factor 9: OR, 0.67;
95% CI, 0.48 to 0.92, P�0.01). Measure of model fit and
ROC curves (Figure 1) in the initial group showed modestly
greater discriminative capability for models containing fac-
tors 4 and 9 (c-statistic 0.778), with some improvement with
the addition of all factors (c-statistic 0.804) compared with
the model containing clinical variables only (c-statistic 0.756;
P�0.06 for comparison of clinical model with clinical model
plus factors 4 and 9; P�0.003 for comparison of clinical
model with clinical model plus all factors). In the replication
group, there was a slightly higher c-statistic with the addition
of factors 4 and 9 to the clinical model (c-statistic 0.773) than
for the clinical model alone (c-statistic 0.743) but more
dramatic improvement with addition of all factors (c-statistic
0.874; P�0.04 for comparison of clinical model to clinical
model plus factors 4 and 9; and P�0.0001 for comparison of
clinical model to clinical model plus all factors).

Table 3. Principal Components Analysis

Factor Name Individual Components* Eigen-Value Var**

Initial Group Replication Group

CAD MI CAD MI

Unadjusted Adjusted† Unadjusted Adjusted† Unadjusted Adjusted† Unadjusted Adjusted†

1 Medium-chain
acylcarnitines

C8, C10:1, C12, C10, C12:1,
C10-OH:C8DC, C6-DC, C8:1-DC, C14:1,

C14:2, C8:1-OH/C6:1-DC, C2
acylcarnitines

12.45 0.21 0.001 0.01 0.01 0.06 0.15 0.03 0.59 0.18

2 Long-chain
acylcarnitines

C18:1, C18:2, C18, C16,
C16:1, C20:4, C14:1, C14:2,

C16:2, C14:1-OH

5.78 0.10 0.28 0.34 0.21 0.14 0.03 0.01 0.08 0.05

3 Long-chain
dicarboxyl/hydroxyl

acylcarnitines

C18-OH/C16-DC, C20-OH/C18-DC,
C20:1-OH/C18:1-DC, C16-OH/C14-DC,
C18:1-OH/C16:1-DC, C14-OH/C12-DC,

C12-OH:C10-DC, C14:1-OH, C20

4.75 0.08 0.10 0.36 0.04 0.13 �0.0001 0.004 0.03 0.21

4 BCAA related Phe, Tyr, leu/Ile, Met, Val, C5, Ala 2.87 0.05 0.002 0.02 0.0002 0.01 0.01 0.03 0.006 0.005

5 Ketone related Ket, Hbut, Ala (-), C2, C4:OH, C14:1 2.24 0.04 0.18 0.33 0.02 0.12 0.54 0.41 0.07 0.06

6 Various C8:1, C10:3 1.92 0.03 0.56 0.75 0.92 0.28 0.79 0.92 0.76 0.89

7 Amino acids Ser, Gly, FFA (-) 1.71 0.03 0.19 0.13 0.59 0.42 0.04 0.18 0.28 0.60

8 Dicarboxyls C5-DC, C8:1-OH/C6:1-DC,
Cit, C8:1-DC, C6-DC

1.41 0.02 0.73 0.34 0.59 0.25 0.05 0.57 0.002 0.04

9 Urea cycle related Arg, His, Cit, Ci4-DC:C4DC (-) 1.33 0.02 0.0004 0.004 0.0006 0.01 0.01 0.01 0.003 0.006

10 Short-chain
acylcarnitines

C3, C4:Ci4, C5 1.22 0.02 0.02 0.19 0.03 0.23 0.72 0.92 0.27 0.48

11 Various C5:1, C18:2-OH (-), C22 (-) 1.15 0.02 0.62 0.13 0.95 0.13 0.03 0.01 0.13 0.12

12 Various Asx, C22 1.08 0.02 0.12 0.83 0.15 0.80 �0.0001 �0.0001 0.01 0.05

Results of PCA are presented. P values for the difference in the mean value of the factors between cases and controls for the initial and replication groups are
presented.

*Analytes with factor load �0.4 for that factor are listed, in order of magnitude of load for that factor; analytes with a negative factor load for that factor are
annotated with a (-).

**Proportion of variance explained by that factor.
†Adjusted for diabetes, hypertension, smoking, dyslipidemia, family history, and BMI; replication group additionally adjusted for age, race, and sex.
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Given that it is a standard of care to measure lipids in
patients in whom a diagnosis of CAD is being considered and
that CRP is a recognized biomarker of cardiovascular disease,
we reconstructed these models including lipids and CRP.
These analyses revealed a higher clinical model fit in both
initial and replication groups (c-statistic 0.842 and 0.778,
respectively). The addition of factors 4 and 9 to the clinical
model inclusive of lipids and CRP resulted in no improve-
ment in the discriminative ability of the model in the initial
group (c-statistic 0.848, P�0.31 for comparison with clinical
model), with some improvement with the addition of all
factors (c-statistic 0.865, P�0.01 for comparison with clini-

cal model). However, the magnitude of improvement in the
clinical model with the addition of metabolite factors re-
mained similar and large in the replication group (c-statistics:
clinical model inclusive of lipids and CRP, 0.778; clinical
model plus factors 4 and 9, 0.799, P�0.08; clinical model
plus all metabolite factors, 0.900, P�0.0001 for comparison
with clinical model).

Metabolite Factors and Risk of Subsequent
Cardiovascular Events
During a median of 2.72 years of follow-up, 74 of 314 CAD
cases had an incident cardiovascular event. In unadjusted
comparisons, factor 8 (short-chain dicarboxylacylcarnitines)
was highly associated with occurrence of death or MI (Figure
2; highest vs lowest tertile hazard ratio [HR], 2.50; 95% CI,
1.47 to 4.17; P�0.0008; highest vs middle tertile HR, 2.33;
95% CI, 1.39 to 3.85; P�0.002). The strength of this
association was somewhat attenuated after adjustment for

Figure 1. ROC curves for metabolite factors and CAD. ROC
curves and measures of model fit (c-statistic) are presented for:
clinical model inclusive of CAD risk factors (diabetes, hyperten-
sion, dyslipidemia, smoking, BMI, family history; for the replica-
tion group, age, race, and sex are also included, black solid
line); a model inclusive of traditional risk factors plus metabolite
factors 4 and 9 (blue line); and a model inclusive of traditional
risk factors plus all metabolite factors (black, dashed line), for
both the initial (A) and replication (B) groups.

Figure 2. Cox proportional-hazards model for predictive capa-
bility of metabolite factor 8 for cardiovascular events. Unad-
justed (A) and adjusted (B) survival curves (adjusted for BMI,
CAD severity, hypertension, dyslipidemia, diabetes, smoking,
family history, ejection fraction, serum creatinine, subsequent
CABG, age, race, and sex) are presented for factor 8.
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CAD risk factors, CADindex, age, race, sex, ejection fraction,
creatinine, and treatment with CABG after catheterization
(highest vs lowest tertile: HR, 1.67; 95% CI, 0.88 to 3.13;
P�0.11; highest vs middle tertile: HR, 1.89; 95% CI, 1.09 to
3.33; P�0.03). Factor 1 was also associated with the occur-
rence of death/MI (highest vs lowest tertile HR, 1.85; 95%
CI, 1.06 to 3.23; P�0.03; highest vs middle tertile HR, 1.79;
95% CI, 1.02 to 3.03; P�0.04) but was no longer significant
after adjustment (P�0.14 and 0.05, respectively).

To validate these findings, we performed metabolomic
profiling in an independent dataset (event-replication group).
Factor 8 was associated with cardiovascular events (unad-
justed OR, 1.52; 95% CI, 1.08 to 2.14; P�0.01; adjusted OR,
1.82; 95% CI, 1.08 to 3.50; P�0.03), with higher scores in
cases who experienced subsequent cardiovascular events
versus event-free controls. Individual metabolites within the
factor were also significantly different (P�0.05) between
cases and controls, with a similar direction of effect as
observed in the original event dataset.

Discussion
We demonstrate in this study that peripheral blood metabolite
profiles are independently associated with the presence of
CAD and add to the discriminative capability for CAD
compared with models containing clinical variables only.
Furthermore, we report a specific metabolite cluster that
independently predicts subsequent cardiovascular events in
individuals with CAD. These findings hold promise for better
defining the mechanisms of disease, improving clinical diag-
nostic models, and better risk stratification of patients once
diagnosed with CAD.

Studies of nuclear magnetic resonance–based metabolomic
profiling have uncovered differences in myocardial ische-
mia10 and have been suggested to predict the presence and
severity of CAD.11 However, another group has refuted the
CAD findings.12 In both studies, the majority of analytes
within the profile remained unidentified, thus limiting utility
for understanding pathophysiology or as potential diagnostic/
prognostic tools. In this study, we performed quantitative and
targeted analysis of a discrete set of metabolites by reporting
on multiple pathways of lipid, protein, and glucose metabo-
lism and identified groups of metabolites that are associated
with CAD and predictive of clinical events in patients with
this malady.

For example, factor 4 scores (and individual metabolites
composing the factor) were associated with CAD. This factor
seems to report on branched-chain amino acid catabolism,
previously implicated in obesity and insulin signaling.4,13 We
have previously observed clustering of these metabolites2,4;
although C5 and valine showed an inconsistent direction of
effect in the 2 groups, factor 4 scores and the other metabo-
lites comprising the factor were consistent in both groups
(higher in cases), suggesting that this group of metabolites is
providing biological insight into the branched-chain amino
acid pathway in CAD. Factor 9 was also associated with CAD
in both groups; given the strong load of arginine, this factor
may be reporting on amino acid catabolism and subsequent
metabolism of ammonia derived from these amino acids in
the urea cycle. Two of the metabolites composing this factor

showed an inconsistent direction of effect across the 2
groups; however, we note that neither metabolite was signif-
icant as an individual discriminator. Furthermore, we show
that a signature composed of dicarboxylacylcarnitines was
predictive of cardiovascular events in individuals with CAD.
Dicarboxylacylcarnitines are thought to be derived by car-
boxylation of long-chain acyl coenzyme A species by P450
enzymes of the endoplasmic reticulum, followed by metabo-
lism of these modified fatty acids to smaller coenzyme A
species in peroxisomes and their equilibration with cognate
acylcarnitine species.14 Thus, these metabolites could reflect
alterations in mitochondrial fatty acid oxidation, carboxyla-
tion at the endoplasmic reticulum, or peroxisomal metabo-
lism. Further studies are required to understand the mecha-
nistic significance of these metabolites in cardiovascular
disease.

The potential implications for our findings are multiple.
They suggest that simple metabolite profiles could be further
developed to aid in the diagnosis of CAD and to identify
patients to target for more aggressive therapies. Furthermore,
we have previously shown that these profiles are heritable in
families with CAD.2 Combined with this study, these results
suggest that measurement of metabolite profiles may be
useful for genetic studies of CAD.

We note that addition of metabolite profiles to a clinical
model inclusive of lipids did not improve the ROC curve in
the initial group, although it did in the replication group. This
may be because metabolite profiles do not add independent
information in patients with early-onset CAD in whom a
higher burden of risk factors exists (hence, the higher
c-statistic for the clinical model in the initial group). How-
ever, our results suggest that metabolite signatures are im-
portant independent discriminators of CAD in a more gener-
alizable population (ie, replication group). Alternatively, this
may be a phenomenon of the small sample sizes we had
available for these studies and the constrained methodology
that was used. Larger studies in broader populations will
provide further insights into these relations.

Several limitations of this study deserve mention. First, we
did not adjust for multiple comparisons but used PCA to
account for the colinearity of metabolites. Only glutamate/
glutamine would survive Bonferroni adjustment for multiple
comparisons at an individual metabolite level. However,
given the colinearity of metabolites, this correction is too
conservative. Both factors 4 and 9 would survive Bonferroni
correction at the level of factors. More important, we ob-
served similar associations of both factors 4 and 9 with CAD
in an independent dataset. Second, our results could be
confounded by other factors; however, we have taken great
care to explicitly evaluate and adjust for such confounders,
including comorbidities and medications; all patients were
fasting; and blood samples were collected under similar
conditions. There was some attenuation of association in the
initial group after adjustment for lipids, suggesting that
metabolomic profiles could be reporting on lipid-related
pathways. However, a large proportion of patients were being
treated with dyslipidemia medications; therefore, lipids are
reflective of underlying lipid risk and variability associated
with medications. In fact, studies have shown a paradoxical
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effect, with dyslipidemia being associated with better out-
comes.15 Hence, lipid-adjusted results should be interpreted
with caution. Third, interindividual variability of these me-
tabolites in a general population and biological variability by
sex, race, and other demographics are unknown, although
investigations are ongoing. Finally, our groups were not
population based but were selected on the basis of referral for
cardiac catheterization for concern of cardiac ischemia. How-
ever, the angiographic phenotype with true lack of disease in
controls is a strength. Despite these potential limitations, our
study is the largest to date to study peripheral blood metab-
olite profiles in cardiovascular disease.

In summary, we have observed that simple metabolite profiles
are independently associated with CAD and the occurrence of
subsequent cardiovascular events. These profiles point toward
potential diverse and novel mechanisms of CAD pathophysiol-
ogy and the opportunity for improved risk stratification.
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CLINICAL PERSPECTIVE
Coronary artery disease (CAD) is the leading cause of death in industrialized countries, and many accepted risk factors for
CAD are metabolic. However, we have an incomplete mechanistic understanding of CAD risk, and equally important, there
is a need to refine our ability to identify individuals at highest risk of cardiovascular events. New molecular profiling tools
may help improve risk stratification and enhance our understanding of the disease process. Metabolomics is a novel
technology used to study the small-molecule metabolites that are byproducts of cellular metabolism and that may be
particularly useful for diagnosis of human disease. Therefore, in this study, we performed quantitative metabolomic
profiling of 69 metabolites, including acylcarnitine species (byproducts of mitochondrial metabolism), amino acids, and
conventional metabolites. Profiling was performed in peripheral blood samples from 2 independent CAD case-control
datasets of participants enrolled in the Duke CATHGEN biorepository of patients undergoing cardiac catheterization. We
observed that 2 metabolomic biosignatures were independently associated with CAD in both case and control datasets, 1
comprising metabolites from the branched-chain amino acid pathway and 1 from the urea cycle pathway. The metabolomic
signatures also seemed to add discriminative capability to models with clinical risk factors alone. A third metabolomic
biosignature in the blood was able to independently predict who would experience future cardiovascular events (death or
myocardial infarction). Hence, these metabolomic signatures may represent useful markers for the presence of CAD,
potentially improve risk stratification, and identify novel mechanisms of CAD pathophysiology.
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