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Abstract

Aim—Mood disorders are associated with low levels of the long-chain omega-3 (LC/+3) fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). This study investigated
LCn3 fatty acid biostatus in youth with or at varying risk for developing mania to assess its utility
as a prodromal risk biomarker.

Method—Erythrocyte fatty acid composition was determined in healthy adolescents (7=28, HC),
asymptomatic adolescents with a biological parent with bipolar I disorder (7=30; *high-risk’, HR),
adolescents with a biological parent with bipolar I disorder and major depressive disorder (MDD)
or depressive disorder not-otherwise-specified (7=36; ‘ultra high-risk’, UHR), and first-episode
adolescent bipolar manic patients (7=35, BP).

Results—Group differences were observed for DHA (p<0.0001) and EPA (p=0.03). Compared
with HC, erythrocyte EPA+DHA (‘omega-3 index’) was significantly lower in BP (—24%,
p<0.0001) and UHR (—19%, p=0.0006) groups, and there was a trend in the HR group (-11%,
p=0.06). Compared with HC (61%), a greater percentage of HR (77%, p=0.02), UHR (80%,
p=0.005), and BP (97%, p=0.001) subjects exhibited EPA+DHA levels of <4.0%. Among all
subjects (n=130) EPA+DHA was inversely correlated with manic (r=-0.29, p=0.0008) and
depressive (r=-0.28, p=0.003) symptom severity. The AA/EPA+DHA ratio was significantly
greater in BP (+22%, p=0.0002) and UHR (+16%, p=0.001) groups.

Conclusions—Low EPA+DHA levels coincide with the initial onset of mania, and increasing
risk for developing bipolar disorder is associated with graded erythrocyte EPA+DHA deficits. Low

"To whom cor respondence should be addressed: Robert K. McNamara, Ph.D., Department of Psychiatry and Behavioral
Neuroscience, University of Cincinnati College of Medicine, 260 Stetson Street, Cincinnati, OH 45219-0516, PH: 513-558-5601,
FAX: 513-558-4805, robert.mcnamara@uc.edu.

Disclosures
The remaining authors do not have disclosures.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McNamara et al. Page 2

erythrocyte EPA+DHA biostatus may represent a promising prodromal risk biomarker warranting
additional evaluation in future prospective studies.
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INTRODUCTION

The initial onset of mania, and by definition bipolar | disorder, typically occurs during
adolescence and is associated with significant psychosocial morbidity and increased risk for
suicide.12 Heritability estimates for bipolar disorder range from 60-87%,3 and family
studies demonstrate that having a first-degree relative with bipolar | disorder substantially
increases risk for developing bipolar disorder.4—6 Retrospective and prospective longitudinal
studies additionally suggest that mood symptoms, including episodic subsyndromal
depressive symptoms and major depressive disorder (MDD), frequently precede the initial
onset of mania by several years.”~9 While emerging retrospective and prospective evidence
suggests that adolescents with a positive family history and prodromal mood symptoms are
at increased risk for developing bipolar disorder,10:11 identifying prodromal biomarkers may
serve to augment prognostic accuracy as well as inform novel early interventions.12.13

One candidate risk factor that may be relevant to the pathoetiology of mood disorders is
long-chain omega-3 (LC-3) fatty acid deficiency. LC -3 fatty acids, including
eicosapentaenoic acid (EPA, 20:5/-3) and docosahexaenoic acid (DHA, 22:6-3), have anti-
inflammatory, neurotrophic, and neuroprotective properties and are required for healthy
brain development.14 LC-3 fatty acids are primarily obtained from the diet and cross-
national epidemiological studies suggest that lower habitual dietary intake of fish/seafood,
primary dietary sources of preformed EPA and DHA, is associated with increased
prevalence rates of MDD and bipolar disorder.1>-17 A large percentage of adolescents
residing in western countries consume very low quantities of LC+3 fatty acids in their
diet,18-21 which is associated with depressive symptoms.?2-24 Meta-analyses of controlled
trials further support the antidepressant effects of dietary fish oil supplementation in patients
with MDD?® and bipolar disorder,28 and preliminary trials suggest that fish oil
supplementation is effective for youth with MDD?2728 or bipolar disorder.2%:30 Together, this
body of evidence suggests that dietary LCn-3 fatty acid deficiency may represent a
modifiable risk factor for mood disorders.

Erythrocyte (red blood cell) membrane EPA and DHA composition correlates with habitual
fish or fish oil intake and represents a valid biomarker of LC/+3 fatty acid biostatus.31-33
Erythrocyte EPA+DHA composition (‘omega-3 index’) has been characterized as a risk
biomarker in the context of coronary heart disease, with erythrocyte EPA+DHA composition
of <4% of total fatty acid composition considered to be high risk whereas >8% is
protective.34 Cardiovascular disease is a leading cause of excess premature mortality among
subjects with mood disorders,336 and case-control studies have consistently observed lower
erythrocyte EPA and/or DHA levels in adolescents and adults with MDD?2737-38 or bipolar
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disorder.39-43 However, to our knowledge no studies have investigated erythrocyte EPA
+DHA in youth with or at varying risk for developing mood disorders.

The aim of the present cross-sectional study was to compare erythrocyte EPA+DHA
biostatus in youth with or at varying risk for developing bipolar disorder to evaluate its
potential utility as a prodromal risk biomarker.

Study participants

Study participants were recruited from inpatient units and outpatient clinics at Cincinnati
Children’s Hospital Medical Center and University of Cincinnati Medical Center.
Demographically-matched healthy comparison subjects were recruited from the
communities in which the other participants resided. The cohort consisted of 4 groups of
adolescents (9-20 years of age): 1) healthy comparison (HC) subjects without a personal or
family history of a DSM-IV Axis | disorder (/7=28), 2) subjects with no personal DSM-IV
AXxis | diagnosis and at least one biological parent with bipolar I disorder (high-risk; HR,
n=30), 3) adolescents with at least one biological parent with bipolar | disorder and a DSM-
IV Axis | diagnosis of MDD or depressive disorder not-otherwise-specified (‘ultra high-
risk’; UHR, 7=36), and 4) first-episode adolescent patient exhibiting mixed or manic
symptoms who received a DSM-1V diagnosis of bipolar I disorder (BP, 7=35). DSM-1V
diagnoses were determined using the Washington University in St. Louis Kiddie-Schedule
for Affective Disorders and Schizophrenia (WASH-U-KSADS).#* Parental diagnoses were
determined using the Structured Clinical Interview for DSM-IV (SCID)*° and confirmed
using the Family Interview for Genetic Studies (FIGS).#6 All participants were assessed by
psychiatrists with established inter-rater reliabilities (kappa >0.9). 1Q was estimated using
the Wechsler Abbreviated Scale of Intelligence (WASI).4” Manic and depressive symptom
severity ratings were obtained using the Young Mania Rating Scale (YMRS)*8 and the 28-
item Hamilton Depression Rating Scale (HDRS),9 respectively. Pubertal development was
measured using the self-measured Tanner Scale.>0 Subjects were excluded by a diagnosis of
substance dependence within the previous 3 months, major medical or neurological illness
(e.g., head trauma resulting in loss of consciousness), an 1Q<70, and if female a positive
urine pregnancy test. Cigarette use in the past 30 days was documented and was not
exclusionary. All patients were medication-free at the time of the blood draw. Written
informed consent was obtained from each parent or adult subject and written assent was
obtained for patients younger than 18 years of age. This study was approved by the
Institutional Review Boards of University of Cincinnati Medical Center and Cincinnati
Children’s Hospital Medical Center.

Erythrocyte fatty acid composition

Whole venous blood (4 ml) was collected into EDTA-coated BD Vacutainer tubes, and
immediately centrifuged at 4°C for 20 min (1,500 xg). Plasma and buffy coat were removed
and erythrocytes washed 3 times with 0.9% NacCl and stored at —80°C. Total erythrocyte
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membrane fatty acid composition was determined with a Shimadzu GC-2010 equipped with
an auto-injector (Shimadzu Scientific Instruments Inc., Columbia MD), using the direct
saponification method described previously.2’4143 The column was a DB-23 (123-2332):
30m (length), 1.D. (mm) 0.32 wide bore, film thickness of 0.25 pM (J&W Scientific, Folsom
CA). The carrier gas was helium with a column flow rate of 2.5 ml/min. Fatty acid
identification was determined using retention times of authenticated fatty acid methyl ester
standards (Matreya LLC Inc., Pleasant Gap PA). Analysis of fatty acid methyl esters was
based on areas calculated with Shimadzu Class VP 4.3 software. Fatty acid data are
expressed as weight percent of total fatty acids (mg fatty acid/100 mg fatty acids) which we
have found to be highly correlated with fatty acid total mass (umol/g). Our primary measures
of interest were the LC/+3 fatty acids EPA (20:5-3), docosapentaenoic acid (DPA,
22:5n-3), and DHA (22:6+3), EPA+DHA (‘omega-3 index’), and the omega-6 fatty acid
arachidonic acid (20:4-6). Samples were processed by a technician blinded to group
assignment.

Statistical analysis

RESULTS

Statistical analyses were performed using the Statistical Analysis System (SAS Institute,
Cary, NC, USA). Prior to data analysis the distribution of dependent variables was assessed
for normality (a=0.05), and each dependent variable was found to be normally distributed
within each group. Group differences in demographic variables were identified using a one-
way ANOVA for continuous variables and Chi-square tests for dichotomous variables. For
fatty acids and fatty acid ratio selected a priori (n=6), an overall group effect was evaluated
with a one-way ANOVA and individual group differences evaluated with #tests adjusted for
multiple comparisons (a=0.05/6=0.008). Categorical assessments were used to determine
the percentage of subjects with an ‘omega-3 index’ (EPA+DHA) of <4.0 percent or a
AA/EPA+DHA ratio of 4.6 (median-split)(Chi-square test). Interactions with selected
demographic variables were evaluated with a two-way ANOVA. Pearson correlation
coefficients were used to evaluate relationships between fatty acid levels and manic (YMRS)
and depression (HDRS) symptom severity scores as well as selected demographic variables.
For the primary outcome measure (EPA+DHA), interquartile range (IQR) and effect size
(Cohen’s d) were calculated.

Subject characteristics

Demographic characteristics of study participants are presented in Table 1. The four groups
were similar in age, BMI, and race. There were significantly more girls in the UHR group
(72%) compared with HC (54%, p=0.01) and HR (48%, p=0.001) but not BP (63%, p=0.87)
groups. Compared with HC (7%), significantly more UHR (22%, p=0.004) and BP (29%,
p=0.0001) participants, but not HR participants (7%, p=1.0), reported cigarette use in the
past 30 days. Compared with HC (0%), significantly more HR (33%, p=0.001), UHR (36%,
p=0.001) and BP (34%, p=0.001) subjects had a lifetime history of attention deficit
hyperactivity disorder (ADHD). In the UHR group, n=30 (83%) adolescents were diagnosed
with MDD and n=6 (17%) diagnosed with depressive disorder not-otherwise-specified. In
the BP group, n=13 had a positive family history for bipolar disorder and =22 had unknown
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or no family history. A significant main effect of group was observed for YMRS total score
(p<0.0001, Fig. 1A) and HDRS total score (p<0.0001, Fig. 1B).

Fatty acid analyses

Significant group effects were observed for DHA (p<0.0001), EPA (p=0.03), but not
docosapentaenoic acid (22:5/+3)(p=0.69). A significant group effect was observed for EPA
+DHA (‘omega-3 index’)(p<0.0001). Compared with HC (mean+S.D.. 4.0+1.0, /QR. 1.2),
erythrocyte EPA+DHA composition was significantly lower in BP (3.0+0.6, /QR. 0.93,
p<0.0001, ¢ =1.15) and UHR (3.2+0.6, /QR. 0.76, p=0.0006, d =0.9) groups, and there was
a trend with medium effect size in the HR group (3.6+0.6, /QR. 0.84, p=0.06, d =0.5)(Fig.
2A). No group effect was observed for arachidonic acid (AA, 20:4-6)(p=0.44)(Fig. 2B),
and a significant group differences was found for the AA/EPA+DHA ratio (p=0.0001).
Compared with HC, the AA/EPA+DHA ratio was significantly greater in BP (+22%,
p=0.0002) and UHR (+16%, p=0.001) groups, and there was a trend in the HR group
(+10%, p=0.08)(Fig. 2C). Compared with HC (61%), a significantly greater percentage of
HR (77%, p=0.02), UHR (81%, p=0.005), and BP (97%, p=0.001) subjects exhibited an
‘omega-3 index’ (EPA+DHA) of <4.0 percent (Fig. 3A). Following a median-split of the
AA/EPA+DHA ratio (4.6), a significantly smaller percentage of HR (23%, p<0.0001), UHR
(11%, p<0.0001), and BP (11%, p<0.0001) subjects exhibited a AA/JEPA+DHA ratio of <4.6
compared with HC (50%)(Fig. 3B).

Among all subjects (n=130), EPA+DHA was not significantly correlated with BMI (r=
-0.01, p=0.89) or age (r=-0.02, p=0.79), and EPA+DHA was not significantly correlated
with BMI or age within each group. For EPA+DHA, the interaction term for group by
smoking status (p=0.57) and group by gender (p=0.27) were not significant. The group by
ADHD interaction term was significant (p=0.03). EPA+DHA levels were significantly lower
in all subjects with ADHD (n=34) compared to healthy subjects (-18.5%, p=0.001, d=
0.85). Within the URH group, EPA+DHA did not differ between those with a DSM-1V Axis
| diagnosis of MDD compared with a diagnosis of depressive disorder NOS (p=0.70).
Within the BP group, EPA+DHA did not differ from those with a positive family history for
bipolar I disorder and those with unknown (p=0.99) or no family history (p=0.16). Although
EPA+DHA was not significantly correlated with either YMRS or HDRS total scores within
each group, among all subjects (n=130) EPA+DHA was inversely correlated with YMRS (r
=-0.29, p=0.0008) and HDRS (r= -0.28, p=0.003) total scores.

DISCUSSION

The present cross-sectional study investigated erythrocyte LC/+3 fatty acid biostatus in
adolescents with and at varying risk for bipolar disorder. We found that erythrocyte EPA
+DHA composition was significantly lower in first-episode BP and UHR groups compared
with healthy subjects, and a significantly greater percentage of subjects in the HR, UHR, and
BP groups exhibited EPA+DHA levels of <4.0% compared with healthy subjects. Group
differences in erythrocyte EPA+DHA levels could not be attributed to differences in age,
BMI, race, smoking status, or comorbid ADHD. The significant group differences in YMRS
and HDRS total scores were inversely correlated with erythrocyte EPA+DHA among all
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subjects only. These data suggest that low EPA+DHA levels coincide with the initial onset of
bipolar disorder and that increasing risk level for bipolar disorder onset is associated with
graded decreases in erythrocyte EPA+DHA. Together these data suggest that low erythrocyte
EPA+DHA may represent a promising prodromal risk biomarker warranting additional
evaluation in future prospective studies.

The mean erythrocyte EPA+DHA composition exhibited by healthy adolescents (4.0%) in
the present sample is similar to that observed in a separate cohort of healthy adolescents
residing in the United States (4.3%).2” The observation that UHR patients (i.e., adolescents
with MDD or depressive disorder NOS) exhibit EPA+DHA deficits compared with healthy
subjects is consistent with previous case-control studies employing adolescent and adult
MDD patients.2”:37:38 Similarly, the observed EPA+DHA deficit observed in adolescent BP
patients is consistent with previous case-control studies in pediatric and adult BP
patients.39-42 We did not observe erythrocyte AA deficits in any group which is consistent
with the majority of previous case-control studies of MDD?27:37:38 and bipolar disorder.39-42
It is notable that prior case-control studies did observe significant erythrocyte AA deficits in
addition to DHA deficits in medication-naive first-episode psychotic patients,®! suggesting
that AA deficits may distinguish risk for psychosis versus MDD or bipolar disorder. In
general, the present cross-sectional evidence is very consistent with prior studies observing
significant EPA+DHA deficits in patients with bipolar disorder and MDD, and further
suggest that EPA+DHA deficits coincide with, and may precede, the initial onset of manic
symptoms in high-risk youth.

The EPA+DHA deficits observed in youth at familial risk for bipolar disorder may be
attributable in part to heritable genetic factors. For example, heritable polymorphisms in
delta-6 and/or delta-5 desaturase enzymes, which mediate EPA and DHA biosynthesis from
the short-chain fatty acid precursor alpha-linolenic acid (ALA), have been identified and
may be associated with lower erythrocyte EPA and/or DHA levels.?2-54 While extant
evidence does not support an association between polymorphisms in delta-6 and delta-5
desaturase genes and bipolar disorder,>® epigenetic alterations (i.e., DNA methylation) may
also contribute to alterations in desaturase activity.>® Nevertheless, ALA—DHA
biosynthesis is negligible even in healthy subjects,>” and we found that other long-chain
fatty acids which also require delta-6 and delta-5 desaturases, including docosapentaenoic
(22:5n-3) and arachidonic acid (20:41-6), did not differ between groups. Alternatively, the
final biosynthesis of DHA requires peroxisomal f-oxidation,>8 and several functional
polymorphisms in peroxisome assembly genes have been identified®® and are associated
with low DHA biostatus.5? However, in a separate study we recently found that subjects
with or at risk for bipolar disorder do not exhibit other lipid abnormalities characteristic of
peroxisome defects (i.e., elevated plasma very long-chain fatty acids).81 Additional studies
are warranted to directly investigate potential interactions between these and other heritable
genetic factors and LCr-3 fatty acid biostatus in individuals with familial risk for bipolar
disorder.

The erythrocyte EPA+DHA deficits observed in youth at familial risk for bipolar disorder
may also be attributable to non-heritable factors including dietary deficiency. While not
directly evaluated in the present study, dietary fish or fish oil intake is linearly correlated
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with erythrocyte EPA+DHA levels,31:33 and fish oil supplementation is sufficient to increase
erythrocyte EPA+DHA levels in pediatric and adolescent patients with bipolar disorder.2%:30
It is relevant therefore that less frequent dietary fish intake is associated with erythrocyte
EPA+DHA deficits and depressive symptoms in adolescents.22-24 While it is not known
whether bipolar families consume fish less frequently than the general population, emerging
evidence suggests that patients with mood disorders have poorer nutritional habits®2-64 and
have lower intake of EPA+DHA.5% While these data suggest that the erythrocyte EPA+DHA
deficits observed in youth at familial risk for bipolar disorder may reflect dietary deficits in
preformed EPA+DHA, additional studies will be required to confirm this association.

Based on prospective longitudinal studies erythrocyte EPA+DHA (‘omega-3 index’)
composition of <4% of total fatty acid composition may be considered a risk factor for
coronary heart disease.34 In the present study, a large majority of adolescents with (97%) or
at high- (77%) or ultra-high risk (80%) for bipolar disorder exhibited erythrocyte EPA+DHA
composition of <4%. It is relevant, therefore, that cardiovascular disease is a leading cause
of excess premature mortality among subjects with bipolar disorder.35:3¢ Indeed, the mean
erythrocyte EPA+DHA composition exhibited by adolescents with (3.0%) or ultra-high risk
(3.2%) for bipolar disorder resemble that observed in adult patients with acute coronary
syndrome (3.4%).98 It is also notable that the majority of healthy adolescents (61%)
exhibited erythrocyte EPA+DHA composition at <4%, which would also be anticipated to
increase their risk for cardiovascular disease. Overall, these data are consistent with extant
evidence indicating that a large percentage of adolescents consume very low quantities of
LCn-3 fatty acids,18-21 and highlight a need to increase awareness of the importance of
consuming sufficient quantities of EPA+DHA in habitual diets.

The present findings may take on additional significance in view of evidence that DHA is
the principal LC/+3 fatty acid found in cortical gray matter, and erythrocyte DHA is
correlated with cortical gray matter DHA composition.67:68 Moreover, the adolescent period
is associated with a sharp increase in frontal cortex DHA concentrations,8” and significant
DHA deficits have been observed in the postmortem prefrontal cortex of adult patients with
bipolar disorder and MDD.59:70 |t is relevant therefore that adolescence is a developmental
period associated with the maturation of corticolimbic structural and functional
connectivity,”2~73 and emerging neuroimaging evidence suggests that blood DHA status is
correlated with corticolimbic structural and functional integrity.”*~77 Neuroimaging studies
are warranted to investigate associations between erythrocyte DHA biostatus and
corticolimbic structural and functional maturation in youth at high-risk for bipolar disorder.

A limitation of this study is the small number of individuals in each group, and the data
obtained may not be representative of all individuals in each risk category. Second, we did
not administer a diet questionnaire to determine the contribution of habitual dietary patterns
to the observed findings. Third, the cross-sectional design precludes evaluation of causality,
and prospective longitudinal studies will be required to clarify the role of EPA+DHA
biostatus in bipolar risk progression.

In summary, the present cross-sectional data suggest that adolescents with and at elevated
risk for developing bipolar disorder exhibit graded erythrocyte EPA+DHA deficits, and very
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low EPA+DHA levels accompany MDD in bipolar offspring and coincide with the initial
onset of bipolar disorder. Taken collectively, these and previous data suggest that erythrocyte
EPA+DHA represents a candidate prodromal risk biomarker that may serve to augment
demographic and clinical criteria to help identify individuals at increased risk for bipolar
disorder. Additionally, because low erythrocyte EPA+DHA biostatus can be corrected by
increasing dietary fish or fish oil intake, prospective supplementation studies are warranted
to determine whether increasing EPA+DHA intake can mitigate risk progression in high-risk
youth as has been observed in youth at high-risk for psychosis.’®
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Figure2.
Erythrocyte membrane EPA+DHA (omega-3 index)(A), arachidonic acid (AA)(B), and the

AA/EPA+DHA ratio (C) in healthy comparison (HC), high-risk (HR), ultra high-risk (UHR)
and first-episode bipolar (BP) groups. Fatty acids are expressed as weight percent of total
fatty acids (mg fatty acid/100 mg fatty acids) or ratio. Values are group mean + S.E.M.
**%P<0.0001 vs. HC, #P<0.05, #£<0.01 vs. HR.
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Figure 3.

Percentage of subjects in the healthy comparison (HC), high-risk (HR), ultra high-risk
(UHR), and first-episode bipolar (BP) groups with an omega-3 index (EPA+DHA) of <4.0%
(A) or a AA/EPA+DHA ratio <4.6 (median-split)(B). */£<0.05, **F<0.01, ***~<0.0001 vs.
HC, #P<0.05, ##pP<0.001 vs. HR, ***A<0.001 vs. UHR (Chi-Square test).
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