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Novel Phospholipid Signature of Depressive Symptoms in Patients
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Background-—Depression in patients with coronary artery disease (CAD) is associated with increased cardiovascular morbidity.
Given the proinﬂammatory actions of phospholipids, aberrant phospholipid metabolism may be an etiological mechanism linking
CAD and depression. Our primary objective was to identify a phospholipid biomarker panel that characterizes CAD patients with
signiﬁcant depressive symptoms from those without.
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Methods and Results-—We performed a targeted lipidomic analysis on CAD patients with signiﬁcant depressive symptoms (n=37,
Center for Epidemiologic Studies Depression score ≥16) and those without (n=49). Phospholipid species were selected using
partial least-square discriminant analysis, and the ability of the resulting model to discriminate between groups was evaluated
using receiver operator characteristic curves. Biosignature scores were calculated from this model, and analyses of covariance
were performed to compare intergroup differences in biosignature scores, with adjustment for clinical differences between
patients. Those with signiﬁcant depressive symptoms had lower cardiopulmonary ﬁtness, more prevalent history of depression,
and a greater number of vascular risk factors. A model of 10 phospholipid species had an area under the curve value of 0.84 (95%
conﬁdence interval 0.72-0.95), sensitivity of 0.73, and speciﬁcity of 0.71. This model passed permutation testing (n=1000,
P<0.001). Biosignature scores were higher in those with signiﬁcant depressive symptoms after adjustment for potential
confounders (F[1.86]=14.39, P<0.0005).
Conclusions-—The present ﬁndings support the role of proinﬂammatory phospholipid species in the presence of depression in CAD
patients from the CAROTID trial (Coronary Artery Disease Randomized Omega-3 Trial in Depression). Future investigations should
aim to replicate ﬁndings in larger data sets and clarify possible pathophysiological mechanisms.
Clinical Trial Registration-—URL: https://www.clinicaltrials.gov. Unique identiﬁer: NCT00981383. ( J Am Heart Assoc. 2018;7:
e008278. DOI: 10.1161/JAHA.117.008278.)
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I

n the past few decades, exercise-based cardiac rehabilitation has been instrumental in decreasing the cardiovascular mortality rate of patients with coronary artery disease
(CAD).1,2 However, CAD remains a leading cause of mortality,
accounting for 1 in 7 deaths in the United States.3 A barrier to
maximizing beneﬁt from cardiac rehabilitation is the frequent
concurrent presentation of depressive symptoms. Despite
these symptoms affecting up to 45% of CAD patients,4 79% of
US cardiovascular physicians lack a standard method to

screen for them.5 Depressive symptoms are associated with
noncompletion of cardiac rehabilitation6 and a 2-fold
increased risk of mortality compared with nondepressed
CAD patients.7 Despite their frequent comorbid presentation,
there is a lack of knowledge on the underlying biological
processes linking CAD and depression.8 As a result, the study
of biomarkers could provide additional clinical information
with implications for the underlying biological changes
associated with depression.
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What Is New?
• Although depression in coronary artery disease patients is
associated with worse cardiac outcomes, little is known
about the biochemical connection between coronary artery
disease and depressive symptoms.
• This study identiﬁes a 10-phospholipid biomarker panel that
discriminates coronary artery disease patients with significant depressive symptoms from those without (area under
the curve=0.84 [0.72, 0.95]).
• Composite scores comprising phospholipids from this panel
differed signiﬁcantly between these 2 groups.

What Are the Clinical Implications?
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• Those with signiﬁcant depressive symptoms had higher
concentrations of saturated and x-6 phospholipids, suggesting that downstream inﬂammatory signals are a primary
contributor to depression in coronary artery disease.
• Given the clinical consequences of depression in those
living with heart disease, future validation of this biomarker
model could help identify patients at risk for poor prognosis
and provide new directions for therapeutic interventions
aimed at neuroinﬂammation.

In our present study we investigate the utility of phospholipids in predicting depressive symptoms in CAD patients
because altered lipid metabolism may be a fundamental
mechanism linking vascular disease and depression.9,10 Aberrant phospholipid metabolism can affect depressive symptoms
through activation of dopamine and serotonin receptors, which
are involved in traditional depression pathophysiology.11 More
recently, inﬂammation downstream of phospholipid signaling
has been studied at the intersection of CAD and depression.12
Indeed, individual blood-based biomarkers of inﬂammation (eg,
cytokines) and oxidative stress (eg, malondialdehyde) correlate
with depressive symptoms in subsets of patients.13
Brieﬂy, phospholipids comprise a head group and 2 longchain fatty acid tails. There are various head groups:
phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine, and sphingomyelin (SM), each of which may have a different impact on
membrane biology.11 Lipidomics, a subcategory of metabolomics, provides a comprehensive analysis of all phospholipids14
and can be used to deﬁne a biosignature of multiple phospholipids associated with depressive symptoms in CAD patients.
The use of lipidomics has revealed insights into the differential
importance of phospholipid head groups. In a previous study
lipidomics showed that mice administered the antidepressants
maprotiline and paroxetine had lower PC levels and higher lysoPC levels in the prefrontal cortex. This modulatory effect of
antidepressants on phospholipids may increase levels of
DOI: 10.1161/JAHA.117.008278

docosahexaenoic acid.15 Although most studies report on the
relationship between n-3 fatty acids in patients with CAD or
depression, the relationship between other phospholipids are
not as well studied. As a progression from our previous work,10
we expanded our scope to include other phospholipids in
addition to those containing n-3 fatty acids.
We performed a biomarker discovery study using targeted
lipidomics, tested our model’s ability to identify CAD patients
with depressive symptoms using receiver operating curves,
and validated it using nested cross-validation and multivariate
regressions. Our primary objective was to establish a
phospholipid biomarker panel that can identify CAD patients
with signiﬁcant depressive symptoms. Our secondary objective was to construct a composite biosignature score from the
phospholipid biomarker model and compare it between CAD
patients demonstrating signiﬁcant depressive symptoms and
CAD controls.

Materials and Methods
The data used in this study will not be made available to other
researchers for purposes of reproducing the results or
replicating the procedure because of the sensitive nature of
patient conﬁdentiality. However, methods and materials used in
our analyses are described in detail in the following sections.

Patients
This cross-sectional study was conducted using baseline data
from the CAROTID trial (Coronary Artery Disease Randomized
Omega-3 Trial in Depression, NCT00981383).16 Patients were
recruited from a cardiac rehabilitation program at the University Health Network Toronto Rehabilitation Institute. All
patients had CAD (myocardial infarction, prior revascularization procedure, and/or angiographic evidence of at least 50%
stenosis in a major coronary artery). They were all between
the ages of 45 to 80, spoke and understood English, and
provided written and informed consent, as described
previously.16 Patients were excluded if they had any of the
following comorbidities: a history of a central neurological
condition, an Axis I psychiatric disorder other than depression,
a signiﬁcant acute medical illness, or a substance abuse
disorder. The use of antidepressants was permitted as long as
the dose had been stable for at least 3 months before inclusion.
The research ethics boards at Sunnybrook Health Sciences
Centre and the University Health Network approved this study.

Assessments
Demographic information, medical history, vascular risk
factors (hypertension, smoking, hypercholesterolemia, obesity, and diabetes mellitus), measures of cardiopulmonary
Journal of the American Heart Association
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Phospholipid Analysis
Blood for lipidomics was drawn at each visit at 0900 hours
(30 minutes) to minimize dietary and diurnal inﬂuences.
Blood was collected in ethylenediaminetetraacetid acid sample
tubes, centrifuged at 666 g for 10 minutes, separated, and
frozen at 80°C. The percentage of fatty acids in each
erythrocyte phospholipid class (PC, phosphatidylethanolamine,

PS, PI, SM, and lyso-PC) was determined by thin-layer
chromatographic separation of phospholipid classes, followed
by analysis of fatty acids by gas chromatography as previously
described.10 In total, 378 phospholipid species were identiﬁed.

Biomarker Discovery and Validation
A biomarker discovery and validation analysis was performed
using Metaboanalyst 3.0.21 It is a preferred platform for
metabolomic analyses, offering a wide range of statistical
methods. There are 4 steps involved: (1) data preprocessing;
(2) biomarker selection; (3) model performance evaluation;
and (4) phospholipid biosignature assessment. A visual stepby-step progression is presented in Figure 1. Additional
details are provided in subsequent subsections.

Data Preprocessing
Of 378 phospholipid species, 282 phospholipid species were
detected in fewer than 80% of patients due to low concentrations; thus, they were excluded from analyses. Of the
remainder, any missing values were replaced by the mean of
the corresponding phospholipid in each group. Data were
normalized with pareto scaling (mean-centered and divided by
the square root of the SD of each variable) to reduce
skewness of data. Out of the 92 patients in the CAROTID
study, 6 were excluded from our analyses because they did
not have metabolite measurements.

Figure 1. A step-by-step progression from all the measured phospholipids to those included in the ﬁnal biomarker model. AUC indicates area
under the curve; CI, conﬁdence interval; lyso-PC, lyso-phosphatidylcholine; PC, phosphatidylcholine; PI, phosphatidylinositol; PS,
phosphatidylserine; ROC, receiver operating curves; SM, sphingomyelin.
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ﬁtness, and concomitant medications were collected at
baseline. Cardiopulmonary ﬁtness was measured by the peak
volume of oxygen (VO2 peak) utilized by a patient during an
exercise stress test at entry to the cardiac rehabilitation
program. Fasting blood samples were collected to determine
the erythrocyte percentage composition (RBC%) of phospholipid species. RBC% of various phospholipid species was
quantiﬁed because it is a stable measure that closely reﬂects
percentage composition of those in neuronal membranes 17
and is not sensitive to daily changes in dietary intake.18
Severity of depressive symptoms was evaluated using the
CES-D (Center for Epidemiologic Studies Depression) scale,
which is a 20-item self-report questionnaire that assesses
positive affect, negative affect, somatic complaints, and
interpersonal problems.19 A higher CES-D score indicates
more severe depressive symptoms. A cutoff score of 16 or
greater was used to distinguish older adults with signiﬁcant
depressive symptoms from those with insigniﬁcant depressive
symptoms.20
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Potential phospholipids of interest were selected using partial
least-squares discriminant analysis, a standardized supervised
classiﬁcation technique used for biomarker selection in
metabolomic studies.22 Partial least-squares discriminant
analysis was used to extract a subset from 96 phospholipid
species via linear combination to predict a maximum separation between patients with signiﬁcant and nonsigniﬁcant
depressive symptoms. Potential phospholipid species of
interest were selected based on a ranking of their variable
importance projection scores.

Model Performance Evaluation: Receiver
Operator Characteristic Analysis
Downloaded from http://jaha.ahajournals.org/ by guest on May 23, 2018

The ability of biomarker models to discriminate between
groups was evaluated using receiver operator characteristic
curve analysis. The performance of each biomarker model was
presented as the area under the curve (AUC) and its
corresponding 95% conﬁdence interval. A greater AUC value
indicates greater sensitivity and speciﬁcity of the predictive
model.
Three biomarker models, consisting of 3, 5, and 10
phospholipid species, were evaluated. Given that we do not
have an independent population to validate the biomarker
model, nested cross-validation using the Monte-Carlo method
was performed to examine the ability of a chosen model to
discriminate between depressed and control patients.23 In
Monte Carlo cross-validation the study population is split into
a training set (two-thirds of study population) and a testing set
(the remaining one-third). Then, a biomarker model was
constructed using a training set, and the predictive ability of
this chosen model was validated using the test set; both sets
contained equal representation of patients with and without
signiﬁcant depressive symptoms. This cross-validation was
repeated with random samplings in permutation testing to
generate conﬁdence intervals for AUC. Permutation testing
was used to examine internal consistency: whether the
predictive ability of a selected model was signiﬁcantly
different from that of a randomly generated null model. A
resulting empirical P<0.05 means that fewer than 5% of
randomly permutated models (n=1000) have a predictive
performance similar to that of a selected model.

Statistical Analyses
Statistical analyses were conducted using IBM SPSS Statistics, version 20 (Chicago, IL). Analyses were 2-tailed, and
statistical signiﬁcance was deﬁned as P<0.05. Student t tests
and chi-squared (v2) tests were conducted to identify
differences in demographic and clinical characteristics
DOI: 10.1161/JAHA.117.008278

between depressed and control groups; any factors identiﬁed
to be signiﬁcantly different between groups were adjusted for
in subsequent analyses. To ensure that our ﬁndings were
robust, sensitivity analyses were conducted by including
characteristics with P-values of less than 0.1 in subsequent
regression models.
A composite biosignature score was calculated by taking
the sum of the standardized RBC% of the 10 phospholipids
that were included in the validated biomarker model. Because
a single standardized score is generated, this approach avoids
the issue of multiple comparisons and presents RBC% of
individuals on a comparable scale. Analyses of covariance
were performed to see whether biosignature scores were
different between those who had signiﬁcant depressive
symptoms and those who did not, after adjustment for
potential confounders. Analyses of covariance were also
conducted to compare RBC% of individual phospholipid
species that made up the biosignature between these 2
cohorts, after adjustment for potential confounders. The
relationship between biosignature scores and severity of
depressive symptoms using CES-D scores was evaluated in
linear regression models, after adjustment for potential
confounders. Linear regressions were also performed to
compare differences in the individual phospholipid species
that made up the biosignature.

Results
Patient Characteristics
Between August 2010 and February 2014, 86 patients with
stable CAD were enrolled and provided samples for the
present analysis. The majority of our population was white
(72.8%) and male (74.4%). The demographic and clinical
characteristics are summarized in Table 1. The CES-D score
indicated that 37 patients (43%) had signiﬁcant depressive
symptoms. This cohort with signiﬁcant depressive symptoms
had signiﬁcantly lower VO2 peak (t=2.30 [df=84], P<0.005)
with an average of 17.24.4 mL/(minkg), compared with
19.96.1 mL/(minkg) in those with no signiﬁcant depressive symptoms. In terms of medical history, 24 (64.8%) of
those with signiﬁcant depressive symptoms also had a
history of depression, which is a signiﬁcantly greater portion
than the 13 (26.5%) of those with no signiﬁcant depressive
symptoms (v2=12.64 [df=1], P<0.005). Moreover, those with
signiﬁcant depressive symptoms had a greater number of
vascular risk factors with an average of 3.71.4 compared
with an average of 2.51.4 in those who did not have
signiﬁcant depressive symptoms (t= 4.01 [df=84],
P<0.005). Last, those with signiﬁcant depressive symptoms
were more likely to be taking calcium channel blockers
(CCBs) (v2=6.42 [df=1], P=0.011): 13 (35.1%) of those with
Journal of the American Heart Association
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Patients
Without
Signiﬁcant
Depressive
Symptoms
(n=49)

Patients
With
Signiﬁcant
Depressive
Symptoms
(n=37)

Male, n (%)

39 (79.6)

25 (67.6)

Age, mean (SD)

62.8 (8.6)

60.4 (9.0)

BMI, mean (SD)

27.7 (4.7)

29.6 (5.5)

VO2

19.9 (6.1)

17.2 (4.4)

2.30 (84), 0.020*

Living alone, n (%)

5 (10.2)

9 (24.3)

3.08 (1), 0.080

History of
depression, n (%)

13 (26.5)

24 (64.8)

12.64 (1), <0.005*

Antidepressant
use, n (%)

5 (10.2)

7 (19.4)

1.10 (1), 0.294

Anxiolytic use, n (%)

1 (2.0)

4 (10.8)

2.96 (1), 0.085

b-Blockers, n (%)

36 (73.5)

24 (64.9)

0.74 (1), 0.390

ARB, n (%)

10 (20.4)

4 (10.8)

1.43 (1), 0.233

peak, mean (SD)

Number of
Phospholipids

AUC [95% CI]

Sensitivity

Speciﬁcity

Permutation
Testing
(n=1000)

t or v (df), P Value

3

0.83 [0.69 to 0.95]

0.78

0.63

P<0.001

1.60 (1), 0.210

5

0.83 [0.70 to 0.94]

0.78

0.67

P<0.001

1.24 (84), 0.220

10

0.84 [0.72 to 0.94]

0.73

0.71

P<0.001

2

1.71 (84), 0.090

ACE inhibitor, n (%)

28 (57.1)

24 (64.9)

0.53 (1), 0.468

NSAID, n (%)

43 (87.8)

30 (81.1)

0.73 (1), 0.392

Calcium channel
blocker, n (%)

6 (12.2)

13 (35.1)

6.42 (1), 0.011*

Myocardial
infarction, n (%)

14 (28.6)

16 (43.2)

3.11 (3), 0.380

Number of
cardiovascular
risk factors,
mean (SD)

2.5 (1.4)

3.7 (1.4)

sMMSE, mean (SD)

28.7 (1.1)

28.4 (1.3)

4.01 (84), <0.005*

1.14 (84), 0.260

*Denotes variables that were signiﬁcantly different between groups and used as
covariates in subsequent analyses. This is based on statistical signiﬁcance that is
deﬁned by a P value of <0.05.
ACE indicates angiotensin-converting enzyme blocker; ARB, angiotensin II receptor
blocker; BMI, body-mass index; df, degrees of freedom; NSAID, nonsteroidal antiinﬂammatory drug; sMMSE, standardized Mini-Mental State Examination scores;
VO2 peak, maximal oxygen consumption.

depressive symptoms were taking this class of drugs
compared with 6 (12.2%) of those without.

A 10-Phospholipid Model Identiﬁes Patients With
Signiﬁcant Depressive Symptoms
Receiver operator characteristic analyses revealed that a model
composed of 10 phospholipid species had the greatest AUC
value compared with those composed of 3 and 5 phospholipid
species (Table 2; Figure 2). The 10-phospholipid model was
carried forward through the remainder of results because of its
smaller conﬁdence interval around the AUC. The identities of
these 10 phospholipid species are presented in Table 3.
DOI: 10.1161/JAHA.117.008278

Table 2. Comparison of 3 Classiﬁer Models With 3, 5, and 10
Phospholipids and Their Corresponding Performance (AUC
Value, Sensitivity, and Speciﬁcity) in Distinguishing Patients
With Signiﬁcant Depressive Symptoms From Those Without

AUC indicates area under the curve CI, conﬁdence interval.

Phospholipid Biosignature Scores are
Signiﬁcantly Higher in Patients With Signiﬁcant
Depressive Symptoms Compared With Those
Without
The mean (SD) composite biosignature scores were
0.421.00 in CAD patients with signiﬁcant depressive
symptoms and 0.320.89 in CAD controls. Biosignature
scores were signiﬁcantly higher in those with signiﬁcant
depressive symptoms compared with CAD controls after
adjustment for VO2 peak, history of depression, number of
vascular risk factors, and use of CCB (F[1.86]=14.39,
P<0.0005). Of the 10 phospholipid species, RBC% of palmitic
acid (PA) with a lyso-PC head group, PA with a PI head group,
arachidonic acid (AA) with a PS head group, lignoceric acid
with a SM head group, and stearic acid (SA) with a PS head
group were signiﬁcantly higher in depressed patients,
whereas the RBC% of linoleic acid (LA) with lyso-PC, SM,
and PS head groups, and PA with a PS head group were
signiﬁcantly lower in depressed patients. All analyses were
adjusted for VO2 peak, history of depression, number of
vascular risk factors, and use of CCB (Table 3).

Phospholipid Biosignature Scores Correlated
With Severity of Depressive Symptoms
In a linear regression model every unit increase in the
biosignature score was associated with a 4.19 increase in
CES-D score after adjustment for VO2 peak, history of
depression, number of vascular risk factors, and use of CCB
(B=4.19 [SE=1.22], P=0.001). Of the 10 phospholipid species
that comprised the biosignature score, lignoceric acid with a
SM head group, AA with a PS head group, PA with a PI head
group, and SA with a PS head group were individually
associated with greater CES-D scores, whereas LA with SM
and PS head groups and PA with a PS head group were
individually associated with lower CES-D scores after adjusting for VO2 peak, history of depression, number of vascular risk
factors, and use of CCB (Table 3).
Journal of the American Heart Association
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pare the area under the curve (AUC) and conﬁdence interval (CI)
of classiﬁer models consisting of 3, 5, and 10 phospholipid
species (Var). Larger models with 20, 48, and 96 phospholipid
species are shown for comparison.

Discussion
Using targeted lipidomics in combination with multivariate
analyses, we constructed a model of 10 phospholipids and
showed that it can distinguish CAD patients with signiﬁcant
depressive symptoms from those without. The 10 phospholipids include LA in erythrocyte lyso-PC, SM, and PS; lignoceric
acid in erythrocyte SM; AA in erythrocyte PS; PA in
erythrocyte lyso-PC, PI, and PS; and SA in erythrocyte lysoPC and PS. This model had good internal validity as seen
through its performance in both permutation and crossvalidation testing, which suggested that its performance
would be similar in an independent sample. The biosignature
scores were signiﬁcantly higher in the depressed cohort
compared with the control cohort, independently of VO2 peak,
history of depression, number of vascular risk factors, and use
of CCB. The biosignature scores also correlated with symptom
severity. The present ﬁndings support a growing interest in
lipidomic approaches to optimize biomarker identiﬁcation and
warrant further investigation.

Potential Implications of Fatty-Acid Speciﬁcity in
a Phospholipid Biomarker Model
The proinﬂammatory nature of phospholipids in our model
supports inﬂammation as a primary contributor to the
progression of depression.24 For example, LA is a
DOI: 10.1161/JAHA.117.008278
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Figure 2. Receiver operating characteristics (ROC) curves com-

polyunsaturated n-6 essential fatty acid that serves as a
precursor to the longer-chain n-6 AA.25 Increased concentrations of LA lead to higher inﬂammatory marker concentrations
such as interleukin-8 and elevated oxidative stress.26 Likewise, high levels of LA have been associated with greater
urine levels of prostaglandin products, further supporting its
association with inﬂammation.27 However, in all 3 head
groups—lyso-PC, SM, and PS—our results indicate that
depressed patients had lower levels of LA compared with
nondepressed patients. These discrepant results may reﬂect
elevated activity of d-6 desaturase in patients with signiﬁcant
depressive symptoms, converting more LA to the biologically
active AA as previously observed.28 This aligns with our
observation that patients with signiﬁcant depressive symptoms have higher levels of AA compared with the nondepressed population. Given that AA metabolism produces
several inﬂammatory products such as leukotrienes, prostaglandins, and thromboxane A4, the elevation of AA in our
depressed cohort supports the association between depression and inﬂammation.29 Taken together, LA and AA are
consistently associated with more severe depressive symptoms in cross-sectional studies, presenting biological plausibility that they are involved in the mechanistic link between
CAD and depressive symptoms. As such, decreasing their
levels in the body may provide a therapeutic effect in those
with depression. Alternatively, high levels of n-6 fatty acids
may reﬂect a lack of n-3 fatty acids in the diet, because both
fatty acid families compete for the same rate-limiting d-6
desaturase, which mediates their conversion to their biologically active metabolites.
Saturated fatty acids were consistently elevated in our
depressive cohort, which corroborates previous ﬁndings that
they are a risk factor for depressive symptoms.30 Our results
show that levels of the saturated fatty acid, lignoceric acid,
were higher in CAD patients with signiﬁcant depressive
symptoms. In comparison, Assies and colleagues found lower
levels of lignoceric acid in people with major depressive
disorder compared with controls.31 Although its impact on
depressive symptoms is inconclusive, 63% of individuals in the
study done by Assies and colleagues were taking antidepressants, which could have contributed to normalizing the levels
of lignoceric acid. Similarly, CAD patients with signiﬁcant
depressive symptoms had higher levels of another saturated
fatty acid, PA in erythrocyte lyso-PC, PS, and PI. These results
are consistent with those of Tsuboi and colleagues, who
reported positive correlations between serum PA levels and
depressive symptom severity.32 Although the serum fraction
reﬂects recent dietary intake rather than long-term trends, our
replication of this association in a different blood fraction
supports the potential pathophysiological importance of PA.
Another saturated fatty acid, SA in erythrocyte lyso-PC and PS
was also elevated in our at-risk cohort. This is not unexpected,
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Phospholipids (Head Group)

Mean (SD) in Patients
With Nonsigniﬁcant
Symptoms (n=49)

Linoleic acid (Lyso-PC)

0.33 (1.11)

Mean (SD) in Patients
With Signiﬁcant Depressive
Symptoms (n=37)

0.42 (0.63)

ANCOVAH*

Linear Regression*

F(df†), P Value

Unstandardized
Coefﬁcient (B)

7.95 (1.86), 0.006

2.03

Standard
Error (SE)

P Value

1.31

0.125

Palmitic acid (Lyso-PC)

0.29 (0.91)

0.38 (1.00)

4.71 (1.86), 0.033

1.69

1.31

0.201

Stearic acid (Lyso-PC)

0.24 (0.91)

0.31 (1.04)

3.24 (1.86), 0.076

2.38

1.27

0.063

Palmitic acid (PI)

0.33 (0.91)

0.44 (0.95)

9.99 (1.86), 0.002

3.14

1.27

0.015

1.32

0.011

1.24

<0.0005

1.21

0.001

Linoleic acid (SM)
Lignoceric acid (SM)
Linoleic acid (PS)
Arachidonic acid (PS)
Stearic acid (PS)
Palmitic acid (PS)

0.34 (1.00)
0.45 (0.62)
0.22 (1.05)

0.45 (0.82)
0.60 (1.10)
0.29 (0.85)

5.70 (1.86), 0.019
22.72 (1.86), <0.0005
4.65 (1.86), 0.034

3.44
5.49
3.98

0.40 (0.94)

0.53 (0.82)

27.95 (1.86), <0.0005

5.29

1.18

<0.0005

0.25 (1.06)

0.33 (0.81)

12.51 (1.86), 0.001

3.93

1.22

0.002

1.29

0.004

0.36 (1.09)

0.48 (0.60)

11.19 (1.86), 0.001

3.78
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Linear regression models show associations between standardized RBC% of individual phospholipids and Centre for Epidemiologic Studies Depression Scale (CES-D) score.
*All analyses adjusted for VO2peak, history of depression, number of vascular risk factors, and use of CCB.
†
First number indicates degrees of freedom between groups; second number indicates degrees of freedom within groups.
CCB indicates calcium channel blocker; df, degrees of freedom; PC, phosphatidylcholine; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin.

because related saturated fatty acids are also upregulated in
this population, suggesting a shared mediating factor.
Collectively, saturated fatty acids may precipitate depressive symptoms through inﬂammation-mediated mechanisms.
For example, PA treatment in adipocytes induced expression
of interleukin-6 and accumulation of reactive oxygen
species.33 These inﬂammatory signals can be transmitted
across the blood-brain barrier by activation of glia cells and
cumulate in the release of inﬂammatory cytokines.34 The
resulting neuroinﬂammation increases oxidative stress, which
changes neuronal membrane stability and affects catecholamine
neurotransmission, a mechanism involved in traditional
depressive pathophysiology.35 Similarly, peripheral SA levels
increase brain inﬂammation through activation of toll-like
receptor 4 in the hypothalamus 36 and may be responsible for
dysregulation of the hypothalamus-pituitary-adrenal axis, a
frequent observation in depressed populations.37 Taken
together, we postulate that the association of lignoceric acid,
PA, and SA with inﬂammation may be relevant in the
progression of depression in CAD.

Potential Implications of Head Group Speciﬁcity
in a Phospholipid Biomarker Model
Inter-head-group differences in phospholipid levels were not
found in erythrocyte PC and PE, the most abundant
phospholipid classes.38 Instead, they were identiﬁed in
erythrocyte PI, SM, PS, and lyso-PC. The head-group speciﬁcity of these ﬁndings may be attributed to the net charge of
the head groups. The negative or positive charges of PI, SM,
DOI: 10.1161/JAHA.117.008278

PS, and Lyso-PC head groups may affect membrane ﬂuidity or
allow for interactions with hydrolytic enzymes, which convert
these structural phospholipids into regulatory messengers 38
and subsequently inﬂuence neurotransmission. In contrast,
the neutral charge of PC and PE means that they are unlikely
to participate in cellular signaling.
There are a multitude of inﬂammatory pathways through
which phospholipid head groups can affect depressive
symptoms in CAD. Phospholipase A2 (PLA2) converts
erythrocyte PC and PS into lysophospholipids that readily
leave the membrane to function as regulatory messengers.39
Lyso-PC released from glial cells initiate neurodegenerative
processes through inﬂammatory cascades.40 Likewise, activated platelets, a common feature in CAD, catalyze the
deacylation of PS into lyso-PS.41 In contrast to lyso-PC, lysoPS attenuates expression of inﬂammatory mediators in
atherosclerosis.42 In fact, its levels are positively correlated
with blood serotonin43 and have been investigated for its
antidepressant effects.44 PI is an important membrane
substrate on which kinases act to yield secondary messengers such as PIP2, DAG, and IP3. These secondary messengers
ultimately activate proinﬂammatory cascades that are relevant in cardiovascular disease and affective disorders.45
Although the immune effects of lyso-PC, PS, and PI are not
synergistic, their elevated levels in the depressed cohort
suggest the overactivation of PLA2, which has been previously
observed in patients with recurrent depression.46 Furthermore, it is interesting to note that most of the identiﬁed
phospholipids are endogenously synthesized by fatty acid
elongases within the same pathways.31 Considering the
Journal of the American Heart Association
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Table 3. Analyses of Covariance Show Associations Between Standardized Percentage of Individual Phospholipids in Red Blood
Cell Membrane From the 10-Phospholipid Model and Whether Patients Had Signiﬁcant Depressive Symptoms

Phospholipids Identify Depressive Symptoms in CAD

Chan et al

Study Strengths and Limitations
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Our exploratory model is robust as it was able to identify those
with signiﬁcant depressive symptoms after Monte Carlo crossvalidation and permutation testing was done to reduce model
overﬁtting. In addition, a composite biosignature score was
computed from this model to provide a more stable measurement and to avoid multiple comparisons. This biosignature
score differed signiﬁcantly between groups and correlated with
severity of depressive symptoms. Furthermore, our biosignature analyses adjusted for anthropomorphic variables, which
have been found to be associated with depressive outcomes.
However, this study did not include a comparative healthy
cohort without CAD. Thus, although signiﬁcant differences in
levels of phospholipids between groups may indicate metabolic differences due to depressive pathophysiology, they may
also be due to the presence of cardiovascular disease in our
clinical population. To address this, our analyses adjusted for
the number of vascular risk factors, but this is a surrogate
measure of cardiovascular inﬂuence as it assumes that each
factor confers equal risk. Also, the expression of erythrocyte
phospholipids as percentage of RBC membrane composition
rather than concentration may restrict generalizability of
these ﬁndings. These analytical nuances may complicate the
applicability of phospholipids as a potential biomarker. We
preferentially expressed the phospholipids as RBC%, to
normalize their relative abundance, ensuring that more
abundant phospholipids do not obscure the impact of less
abundant phospholipids. Also, we wanted to understand their
relationship relative to the rest of the RBC. Lastly, the use of
gas chromatography-ﬂame ionization detector is limited to the
fatty acyl group associated with the phospholipid. In future
studies the use of tandem mass spectrometry may improve
speciﬁcity in identifying individual species.
Although our cross-sectional analysis is an important ﬁrst
step, the next step is to verify this model in repeated
assessments in the same clinical population. The sample size
is modest, so it may not represent other CAD populations with
depressive symptoms. Future studies should aim to validate
these ﬁndings in an independent population with a larger
sample size. The integration of other biological modalities
such as gene and protein expression may improve ﬁt of the
proposed model with observed depressive symptoms.

Conclusions
This biomarker discovery study found that a 10-phospholipid
model was able to distinguish between CAD patients with and
without signiﬁcant depressive symptoms. Composite
DOI: 10.1161/JAHA.117.008278

biosignature scores, calculated from this model, were higher
in CAD patients with signiﬁcant depressive symptoms and
correlated with severity. These ﬁndings support the role of
proinﬂammatory phospholipids in the development of depressive symptoms in CAD patients. The head group speciﬁcity of
these ﬁndings suggests that previous associations of total
RBC phospholipids and depression may have neglected other
important factors that may also contribute to this relationship.
Additional studies to investigate causality will be needed.
Integrating other biological modalities such as gene and
protein expression may increase ﬁt of the proposed model
with the observed depressive symptoms.
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