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Abstract

Introduction: Omega-3 polyunsaturated fatty acids (PUFAs) have been proven critical
in the development and management of major depressive disorder (MDD) by a number
of epidemiological, clinical and preclinical studies, but the molecular mechanisms
underlying this therapeutic action are yet to be understood. Although eicosapentaenoic
acid (EPA) seems to be the active component of omega-3 PUFAs’ antidepressant effects,
the biological research about the difference of specific genetic regulations between EPA
and docosahexaenoic acid (DHA), the two main components of omega-3 PUFAs, is still

lacking in human subjects.

Methods: We conducted a 12-week randomized-controlled trial comparing the effects
of EPA and DHA on gene expressions of phospholipase A2 (cPLA2) and
cyclo-oxygenase-2 (COX2), serotonin transporter (5HTT), and Tryptophan hydroxylase
2 (TPH-2) in 27 MDD patients. In addition, the erythrocyte PUFA compositions and the
candidate gene expressions were also compared between these 27 MDD patients and 22

healthy controls.

Results: EPA was associated with a significant decrease in HAM-D scores (CI: -13 to -21,
p<0.001) and significant increases in erythrocyte levels of EPA (Cl: +1.0% to +2.9%,
p=0.001) and DHA (CI: +2.9% to +5.6%, p=0.007). DHA treatment was associated with a
significant decrease in HAM-D scores (CI: -6 to -14, p<0.001) and a significant increase
in DHA levels (CI: +0.2% to +2.3%, p=0.047), but not of EPA levels. The cPLA2 gene
expression levels were significantly increased in patients received EPA (1.9 folds,
p=0.038), but not DHA (1.08 folds, p=0.92). There was a tendency for both EPA and DHA
groups to decrease COX-2 gene expressions. The gene expressions of COX-2, cPLA2Z,

TPH-2 and 5-HTT did notdiffer between MDD cases and healthy controls.

Conclusions: EPA differentiates from DHA in clinical antidepressant efficacy and in
upregulating cPLA2 gene regulations, which supports the clinical observation showing

the superiority of EPA’s antideresspant effects.

Trial Registration: ClinicalTrials.gov identifier: NCT02615405



Introduction

Omega-3 polyunsaturated fatty acids (w-3 or n-3 PUFAs), such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), are essential nutritional compounds with
potential preventive and therapeutic effects against depression (Lin et al, 2012; Sarris
et al, 2015; Song et al, 2016; Su, 2015a; Su, 2015b; Su and Balanza-Martinez, 2013; Su
et al, 2014; Su et al, 2015; Su et al., 2013). Patients with major depressive disorder
(MDD) have lower levels of omega-3 PUFAs (Lin et al, 2010), and societies that consume
a larger amount of omega-3 PUFAs have a lower prevalence of MDD (Hibbeln, 1998;
Tanskanen et al., 2001). More importantly, many clinical trials and meta-analyses (Lin et
al, 2012; Lin and Su, 2007; Martins et al, 2012; Sublette et al, 2011), if not all (Bloch
and Hannestad, 2012; Marangell et al, 2003; Silvers et al, 2005), have shown that

omega-3 PUFAs have antidepressant effects.

The hypothesized mechanisms underlying PUFAs’ antidepressant effects are their
action on neurotransmission and neuroinflammation (Song et al.,, 2016; Su, 2009, 2012,
2015b). DHA has been shown to regulate neurotransmitters function, including
serotonin, norepinephrine and dopamine (Chalon, 2006; Kodas et al,, 2004; Zimmer et
al,, 2002), which is of relevance to the tranditional monoamine theory of depression. On
the other hand, EPA is important in regulating immune function by antagonizing
membrane arachidonic acid (AA, an n-6 PUFA), reducing prostaglandin E2 (PGE2)
synthesis (Farooqui et al, 2006), and preventing the response to inflammatory stimuli
(Lu et al, 2010; Moon et al, 2007; Moon and Pestka, 2003), which is link to the
promising inflammation theory of depression. Cytosolic phospholipase A2 (cPLA2) and
cyclo-oxygenase-2 (COX2) are the two key enzymes of the PUFA metabolism and PGE2
synthesis and have been proposed to be critical in modes of action for mood stabilizers
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in animal studies (Bosetti et al, 2002; Rao et al, 2007; Rao et al, 2008). The mRNA
expressions of the genes encoding for COX-2 were significantly increased in the
peripheral blood cells of depressed patients (Galecki et al, 2012). In addition, a genetic
variation, the Banl GG polymorphism, on cPLA2 has been reported to be associated with
major depressive disorder (Pae et al, 2004), which has been replicated in a another

population of depression induced by interferon-alpha therapy (Su et al,, 2010).

Despite the fact that DHA is the major omega-3 PUFA in the brain, EPA seems to be
the most active component of omega-3 PUFAs’ antidepressant effects (Lin et al, 2012;
Lin and Su, 2007; Martins et al, 2012; Su et al, 2013; Sublette et al,, 2011). Our recent
study further supports this notion by showing that EPA, but not DHA, pre-treatment
significantly decreased the incidence of interferon-a-induced depression in HCV
patients (Su et al, 2014). Indeed, clinical trials using only DHA monotherapy as
antidepressant strategy have shown conflicting findings: Marangell et al. (Marangell et
al, 2003) found no benefit over placebo for 2 g/day DHA, but Mischoulon et al.
(Mischoulon et al., 2008) found a dose-response effect supporting 1 g/day as superior to
2 g/day or 4 g/day, though the latter study was limited by the lack of a placebo arm.
However, the mechanistic understanding about the difference in clinical effectiveness

between EPA and DHA in human subjects is still lacking.

To our knowledge, there are no studies examining the changes of gene expression
on serotonin transporter (5HTT), Tryptophan hydroxylase 2 (TPH-2), cPLA2 and COX2
in patients receiving omega-3 PUFAs as antidepressant monotherapy. Therefore, we
have specifically conducted a 12-week EPA and DHA interventional study to investigate
their clinical and biological effects in patients with acute episode of MDD. Our

hypothesis is that EPA and DHA might have different effects on these gene expressions.
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Method

Subjects

All the subjects were referred from the outpatient psychiatric department at the
China Medical University Hospital, Taichung, Taiwan, where the Institutional Review
Board approved the study. Eligible participants were those who met the following
criteria: (1) the diagnostic criteria of DSM-IV for major depressive disorder, (2) 18 to 65
years old, (3) pre-study ratings of 18 or greater on the 21-item Hamilton Rating Scale for
Depression (HAM-D) (Hamilton, 1960) and “mildly” to “moderately” ill on the Global
Severity Item of the Clinical Global Impression (GCI) scale, (4) physically healthy on
medical history and physical examination and laboratory parameters within normal
limits, (5) haven’t received any psychiatric treatment in 2 weeks, (6) competent to
receive a full explanation of the study and give written informed consent. The exclusion
criteria for patients were: (1) a recent or past history of other axis-I diagnoses besides
unipolar major depression, including psychotic disorders, organic mental disorders,
impulse control disorders, substance use disorder or substance abuse (last 6 months
prior to the studies), and bipolar disorders; (2) axis-II diagnoses, i.e. borderline and
antisocial personality disorder; (3) a notable medical comorbidity; (4) acutely suicidal
ideation and attempt were noted that close monitoring such as hospitalization is
necessary; and (5) regular consumption of omega-3 PUFA supplements or a habit of
eating fish equal or more than 4 times per week. This study was registered at

ClinicalTrials.gov under the identifier NCT02615405.

Study Design and Recruitment



Before entering the study, every eligible patient will be assessed by trained
psychiatrists for any psychiatric disorders as determined by the Structured
Mini-International Neuropsychiatric Interview (MINI) (Sheehan et al, 1998) The
information of translation, validation and instruction of Taiwanese version of MINI can
be accessed at the website of Taiwanese Society of Psychiatry
(www.sop.org.tw/dow_a.htm). As secondary analyses of original clinical trials, we
enrolled and randomized the first 30 from 40 eligible outpatients consented to
participate in this biological research from 'a 12-week, double-blind,
randomized-controlled trial, comparing the antidepressant effects of EPA (3.5 g/d) and
DHA (1.75 g/d). Twenty-seven of them completed the 12-week trial and were included
in the analysis. For allocation of the participants following simple double-blind
randomization procedures, a computer-generated list of random numbers was used.
The identical capsules were pre-packed in bottles and consecutively numbered
according to the randomisation schedule by an independent nutritionist. One subjects
discontinued from the EPA group and 2 from the DHA group. Sociodemographic factors,
including gender, age, education, marital status, as well as the past psychiatric history,
substances use history and family history will be recorded. All patients who agreed to
participate in this study provided their signed written informed consent before

enrolment.

MDD patients were assigned randomly to take of 5 identical capsules of EPA (3.5
g/d) or DHA (1.75 g/d) in a double-blind fashion for 12 weeks. The experimental
capsules containing concentrated EPA (solely 700-mg EPA) or DHA (solely 350-mg
DHA); they weighted 1000 mg, were deodorized with orange flavour, and supplemented

with tertiary-butyl hydroquinone (0.2 mg/g) and tocopherols (2 mg/g) as antioxidants.



The sources of EPA and DHA were from anchovy fish body oil (purchased from AK
BioTech, Ulsan, Korea) and algal vegetable (purchased from DSM Nutritional Products,
Basel, Switzerland), respectively. The treatment protocol is designed to investigate
potential different effects of EPA and DHA in therapeutic and biological effects in

patients with major depression.

The judgment of concomitant medications for anxiety and insomnia or
discontinuation from this trial for re-allocation to antidepressant drugs will be based on
physicians’ clinical judgment. Depressive symptoms (the 21-item HAM-D and the
21-item Beck Depression Inventory, BDI) (Beck et al, 1996; Hamilton, 1960) were
assessed for clinical outcomes before therapy (week 0), and at week 1, 2, 4, 8, and 12.
The dietary habits will be assessed with the Taiwanese version of Mini Nutrition

Assessment (MNA) (Tsai et al,, 2007).

To compared the baseline gene expression profiles between cases and controls,
twenty-two healthy controls from eligible volunteers were enrolled after exclusion of
any psychiatric disorders as determined by the Structured Mini-International
Neuropsychiatric Interview (MINI) (Sheehan et al, 1998). Sociodemographic factors,
including gender, age, education, marital status, as well as the past psychiatric history,

substances use history, and family history were recorded.

Laboratory Methods

Blood samples were obtained from venous blood between 08:30 and 09:30 after an
overnight fasting at weeks 0 and 12. The blood tissues were prepared in 24 hours,

separating erythrocyte for analysis for individual fatty acids by gas chromatography and



RNA extracted from peripheral blood mononuclear cells (PBMCs) for gene expression.
Laboratory measures were conducted on coded samples by research workers who were

blind to subjects’ information.

Fatty acid composition of erythrocyte membranes was analyzed and the level of
individual fatty acid was measured with gas chromatography of methyl esters (Lipid
Standards, FAME, Sigma Co., St. Louis, MO, USA). The detailed step-by-step procedures
have been published and described elsewhere (Chang et al, In Press; Chiu et al, 2003;
Jadoon et al,, 2012; Su et al, 2003; Su et al,, 2008; Su et al, 2010; Su et al, 2014). Fatty
acid profiles were identified by comparing the retention times with those of appropriate
standard fatty acid methyl esters. The levels of each fatty acid were expressed as a
percentage of total fatty acids. Researchers who participated in the laboratory were

blind to the information of coded samples.

Gene expression of cPLA2 (PLA2G4A), COX-2, and 5-HTT was determined by
gqRT-PCR analysis with the ABI PRISM® Step One Plus™ (Applied Biosystems, Foster City,
CA). Total RNA from PBMCs was isolated using the RNeasy Mini Kit (Qiagen, CA, USA)
according to the manufacturer’s method. RNA concentration was determined by
NanoDrop Spectrophotometer (Nanodrop Technologies). Briefly, 100ng of total RNA was
reverse transcribed with QuantiTect Reverse Transcription Kit (Qiagen Cat. No.205311),
and the amplification reactions was performed in triplicate in 25 pl final volumes via
SYBR Green chemistry on an ABI PRISM® Step One Plus™ (Applied Biosystems, Foster
City, CA). Gene-specific primers for human were from the Qiagen Quanti Tect Primer
Assay. The gene sequence (QT) and accession numbers (NM), respectively, were
QT00085813 and NM_024420 for cPLA2, QT00040586 and NM_000963 for COX-2,

QT00053886 and NM_173353 for the TPH-2, and QT00058380and NM_001045 for
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5-HTT. All genes were amplified according to the Real-Time Cycler conditions suggested
by Qiagen. The GAPDH gene amplification was used as a reference standard to
normalize the target signal. The QuantiFast SYBR Green conditions were followed by the
manufacture protocol. Cycle threshold was automatically calculated by manufacturer’s
software, with an independent average threshold determined for each target and each
plate. Individual reaction kinetics were analyzed using a five-fold dilution series of total
RNA to ensure each qRT-PCR did not differ significantly from 100%. The relative
quantity of mRNA expressions were estimated using 22T, where ACT is defined as [Cr

gene of interest - Cr gene of GAPDH] (Schmittgen and Livak, 2008; Winer et al., 1999).

Data Analyses and Statistics

The SPSS statistical software (SPSS Inc., Chicago, Illinois, USA), version 15, was used
to compare continuous variables between case and controls using independent-samples
t test and to compare continuous variables before and after omega-3 PUFAs intervention
using paired t test. The categorical clinical variables were analysed using x2
(chi-squared) test. P values less than 0.05 were considered statistically significant.
Whenever appropriate, data were reported as Mean+SD and the error bars were
represented as standard error of the means (SEM) in the result figures. The ratio of the
mean changess of gene expression after interventions was estimated as 30%. The power
calculation was accessed by online software on powerandsamplesize.com website. The
result of sample size estimation for within subjects (before and after EPA/DHA
interventions) was a total sample size of 42 (21 in each group) with power of 0.9

(2=0.05).



RESULTS

MDD versus healthy controls

The participating subjects included 27 (5 male and 22 female) depressive patients
with a mean age of 45 + 13 (SD.) years, and 22 (5 male and 17 female) healthy controls
with mean age of 45 + 12 (SD.) years. Table 1 presents sociodemographic data, the
severity of depression, and the levels of EPA and DHA before and after omega-3 PUFA
levels. There were no significant differences between MDD cases and healthy controls in
age, gender distribution, education, and body mass index (BMI). Patients with MDD had
a significantly high BDI scores. In depressive patients, the age of onset was 35 * 10 (S.D.)
years and the duration of index episode was 17 * 20 (SD.) weeks. Numbers of
depressive episodes were 1.5 + 0.6 (S.D.). As compared to controls, patients with MDD
had significantly lower levels of EPA (CI: -0.10 to -1.17%, p=0.046) and DHA (CI: -1.08 to
-2.81%, p<0.001) on erythrocyte membranes before omega-3 PUFAs supplements.
Figure 1 shows the comparisons of gene expressions of cPLA2 (1a), COX-2 (1b), TPH-2
(1c) and 5-HTT (1d) in peripheral blood mononuclear cells (PBMCs). There were no
significant differences between MDD patients and healthy controls in all four selected

gene expressions with RNA extracted from peripheral blood mononuclear cells.

EPA versus DHA treatments
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Twenty-seven patients with MDD were assigned randomly to receive 12-week
intervention with EPA (n=14) or DHA (n=13) in a double-blind fashion. Table 2
presents sociodemographic data, the severity of depression, and the levels of EPA and
DHA before and after omega-3 PUFA levels. At baseline, there were no significant
differences between patients and controls in age, gender distribution, marital status,
education, BMI, duration of index episode, numbers of depressive episodes, HAM-D
scores, and EPA and DHA levels. After 12-week omega-3 PUFAs treatments, EPA
treatment was associated with significant decreased HAM-D scores (CI: -13 to -21 points,
p<0.001) and significant increases in levels of erythrocyte EPA (CI: +1.0% to +2.9%,
p=0.001) and DHA (CI: +2.9% to +5.6%, p=0.007). DHA treatment was also associated
with significant decreased HAM-D scores (CI: -6 to -14 points, p<0.001) and an increase
of DHA levels (CI: +0.2% to +2.3%, p=0.047), but not EPA levels (CI: -0.6% to +1.1%,
p=0.6). As compared to DHA group, EPA treatment was associated with significant lower
HAMD scores (CI: -2 to -13 points, p<0.001) and higher EPA levels (CI: +1.0% to +2.7%,
p=0.01) on erythrocyte membranes at Week 12 (Table 2). EPA and DHA were found
well tolerated in this population. No participant was withdrawn because of adverse

events by investigators’ decision.

There were no significant differences between EPA and DHA groups in levels of

relative expression in any of the 4 genes at baseline (before omega-3 PUFAs treatment).
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Figure 2 shows the fold changes of cPLA2 (2a), COX-2 (2b), TPH-2 (2c) and 5-HTT (2d)
gene expressions after 12-week EPA or DHA treatments. MDD patients received EPA
treatment did significantly change the gene expressions of cPLA2 (1.89 folds, p=0.038),
but not COX-2 (0.36 folds, p=0.09), TPH-2 (1.18 folds, p=1.00) and 5-HTT (1.46 folds,
p=0.06). DHA treatment did not significantly change of gene expression of any of the 4
genes of cPLA2 (1.08 folds, p=0.92), COX-2 (0.36 folds, p=0.14), TPH-2 (0.96 folds,
p=0.62) and 5-HTT (0.87 folds, p=0.82). Since the fold changes of cPLAZ and COX2 in
EPA and DHA groups were at the same direction, the combination of both groups (MDD
patients received omega-3 PUFAs treatment for 12 weeks) did have significant changes
in gene expressions on cPLA2 and COX-2, but not on TPH-2 and 5-HTT. Specifically, the
gene expressions of cPLAZ increased and COX-2 decreased significantly after 12-week

omega-3 PUFAs supplementation as shown in Figure 1.

Finally, we did the correlation analyses of changes between the score improvement
in depression and the changes of levels in cPLA2, COX-2, TPH-2 and 5-HTT gene
expressions and erythrocyte DHA and EPA levels. There were no significant results in

these correlation analyses.

DISCUSSION

The main finding of our current study is that EPA differentiates DHA in clinical
antidepressant efficacy and in cPLAZ gene regulations. In addition, omega-3 PUFAs
treatment significantly increased the cPLAZ and decreased COX-2 gene expressions, but
not TPH-2 nor 5-HTT gene expressions. To our knowledge, this is the first study to
demonstrate that omega-3 PUFAs as an antidepressant treatment significantly changed

peripheral blood gene expressions in patients with MDD. Previous clinical trials and
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meta-analyses have shown that the efficacy of omega-3 fatty acids as antidepressant
might be dependent on the ratio of EPA and DHA, and have suggested that EPA, rather
than DHA, might be the most active component of omega-3 PUFAs' antidepressant
effects (Lin et al, 2012; Lin and Su, 2007; Martins et al, 2012; Su et al, 2013). The
different clinical antidepressant effects implied different biological pathways of EPA and
DHA, and it is now supported by our current study that EPA, but not DHA, significantly
increased cPLA2 gene epxression after 12-week omega-3 PUFA supplement in the gene

expression model.

Consistent to previous studies to show the association between cPLA2 and COX2
genetic variations and depression (Pae et al., 2004; Su et al., 2010), our findings further
support the important role of cPLA2 and COX-2 genes in modulation of omega-3 PUFAs’
antidepressant effects. In addition, as cPLA2 and COX2 have been proposed to be critical
in mode of action of mood stabilizers in animal studies (Bosetti et al., 2002; Rao et al,
2007; Rao et al, 2008), our findings replicate this important pathway in human subjects.
Omega-3 PUFAs intervention significantly changed gene expressions of cPLA2 and
COX-2, but not TPH-2 and 5-HTT, indicating the antidepressant effects from omega-3
PUFAs might be independent from the regulation of monoamine systems. On top of
several animal studies to show that omega-3 PUFAs can regulate gene expressions that
play important roles in synaptic plasticity and neuronal function (de Urquiza et al.,, 2000;
Kitajka et al., 2004; Puskas and Kitajka, 2006), the gene expression regulation in our
current study implied that PUFA metabolism and inflammation systems would also play

arole in antidepressantactions.

Although MDD patients in EPA group have shown significantly lower HAMD scores

at week 12, both EPA and DHA significantly decreased HAMD scores after 12-week
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treatment. Without a placebo comparision, our current study could not ruled out
potential antidepressant effects from DHA. For example, a recent meta-analysis has
suggested that both EPA and DHA contribute to antidepressant effects, even though that
the effects of EPA are stronger (Sublette et al, 2011). In our recent clinical trial to
demonstrate preventive effects of omega-3 PUFAs in interferon-a-induced depression,
we found that EPA reduces the incidence of depression while DHA delays the onset of
depression (Su et al, 2014). In our current study, EPA intervention increased both EPA
and DHA levels. Theoretically, EPA can be metabolised into DHA, and EPA intervention
can increase blood and brain levels of DHA (Brenna, 2002), which is particularly
relevant in this context as we used to identified lower endogenous DHA as a risk factor
for interferon-a-induced depression (Su, 2015a; Su et al, 2010). Incidentally, in our
previous animal study, we have demonstrated that a PUFAs dietary intervention is able
to increase PUFAs levels in both erythrocytes and the brain, thus supporting the notion
that PUFAs changes measureable in the periphery reflect changes in the brain (Huang et
al, 2008). These results therefore indicate possible synergetic effects of EPA and DHA

on depressive symptomatology.

The secondary finding of this study is that the gene expressions of COX-2, cPLA2,
TPH-2 and 5-HTT did not differ between MDD cases and healthy controls. This implied
that the individual variations of gene expression between cases and controls
(“between-subjects”) might be too large to be a diagnostic biomarker. In contrast, the
comparisons of gene expression between pre-and post-treatment (“within-subjects”)
are more suitable to apply peripheral mRNA levels as therapeutic biomarkers. In
addition, our current study also replicated the significant lower levels of erythrocyte

EPA and DHA in patients with MDD (Lin et al,, 2010). Finally, we chose 3.5 grams of EPA
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and 1.7 grams of DHA per day because our previous studies conducted in Taiwan have
shown the effective dose to be between 2.2 g/day and 4.4 g/day for EPA, and 1.2 g/day
to 2.2 g/day for DHA (Su et al, 2003; Su et al, 2008; Su et al, 2014). In addition, we
chose EPA with a higher dosage than DHA because the bioavailability of EPA might be
reduced after metabolizing into DHA and other forms of omega-3 PUFAs, while DHA
might be more stable regarding its bioavailability. These doses are relatively high, which
is consistent to the fact that the baseline dietary content of fish is much higher in Taiwan

than in many Western countries (Hibbeln, 1998).

Some of the findings may appear difficult to reconcile, but this is part due to the
inherent limitations of insufficient statistical powers in measuring gene expressions
with large individual variations, rather than a true inconsistency within findings. For
example, the significant effects of decreasing COX-2 gene expressions by omega-3 PUFAs
(combining EPA and DHA) disappeared when the whole group was divided into EPA and
DHA groups, although there is a tendency of decreasing COX-2 gene expressions by both
EPA and DHA (Figure 2). In addition, this study is also limited by its relatively small
sample size. Finally, one might argue the increased cPLA2 activity after EPA treatment
seems to be unfavorable because cPLA2 could release AA. One explanation is that an
increased peripheral cPLA2 activity might imply a compensation of decreased cPLA2
activity and AA levels in the brains. Unfortunately, we only measured these biomarkers
from periphearal blood tissues, and we did not have brain levels for correlations. Future
animal studies are warranted to investigate the potential complex biological

interactions.

In conclusion, the findings from our current study revealed that EPA differentiates

DHA in clinical antidepressant efficacy and in cPLA2 gene regulations, which supports
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the clinical observation showing the superiority of EPA's antideresspant effects.
Furthermore, the study further supports the important role of cPLA2 and COX-2 genes
in omega-3 PUFAs’ antidepressant effects and imply that the antidepressant effects from

omega-3 PUFAs might be independent from the regulation of monoamine systems.
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HIGHLIGHTS:

® Despite that docosahexaenoic acid (DHA) is the major omega-3 polyunsaturated
fatty acids (PUFAs) in the brain, eicosapentaenoic acid (EPA) seems to be the active
component of omega-3 PUFAs’ antidepressant effects. However, the mechanistic
understanding about the difference in clinical effectiveness between EPA and DHA

in human subjects is still lacking.

® Omega-3 PUFAs treatment significantly increased the cytosolic phospholipase A2
(cPLA2) and decreased cyclo-oxygenase-2 (COX2) gene expressions, but not
tryptophan hydroxylase 2 (TPH-2) nor serotonin transporter (5HTT) gene

expressions, indicating the antidepressant effects from omega-3 PUFAs might be
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independent from the regulation of monoamine systems.

® EPA differentiates from DHA in clinical antidepressant efficacy and in upregulating

cytosolic phospholipase A2 (cPLA2) gene regulations.

® Future animal studies are warranted to investigate the potential complex biological

interactions between omega-3 PUFAs and cPLA2 genetic expressions in brains.

References:

Beck, A.T., Steer, R.A., Brown, G.K., 1996. Manual for the Beck depression inventory-II.
Psychological Corporation: San Antonio, Texas.

Bloch, M.H., Hannestad, J., 2012. Omega-3 fatty acids for the treatment of depression:
systematic review and meta-analysis. Mol.Psychiatry 17, 1272-1282.

Bosetti, F., Rintala, J., Seemann, R., Rosenberger, T.A., Contreras, M.A., Rapoport, S.1.,
Chang, M.C., 2002. Chronic lithium downregulates cyclooxygenase-2 activity and
prostaglandin E(2) concentration in rat brain. Mol.Psychiatry 7, 845-850.

Brenna, J.T., 2002. Efficiency of conversion of alpha-linolenic acid to long chain n-3 fatty
acids in man. Curr.Opin.Clin.Nutr.Metab Care 5, 127-132.

Chalon, S., 2006. Omega-3 fatty acids and monoamine neurotransmission. Prostaglandins
Leukot.Essent.Fatty Acids 75, 259-269.

Chang, J.P.,, Lai, H.C., Yang, H.T., Su, W.P., Peng, C.Y., Galecki, P., Walczewska, A., Pariante,
C., Su, K.P, In Press. Polyunsaturated fatty acids levels and initial presentation of
somatic symptoms induced by interferon-alpha therapy in patients with chronic hepatitis
C viral infection. Nutritional neuroscience.

Chiu, C.C., Huang, S.Y., Su, K.P,, Lu, M.L., Huang, M.C., Chen, C.C., Shen, W.W., 2003.
Polyunsaturated =~ fatty acid deficit in patients with bipolar  mania.
Eur.Neuropsychopharmacol. 13, 99-103.

de Urquiza, A.M., Liu, S., Sjoberg, M., Zetterstrom, R.H., Griffiths, W., Sjovall, J., PerImann,
T., 2000. Docosahexaenoic acid, a ligand for the retinoid X receptor in mouse brain.
Science 290, 2140-2144.

Farooqui, A.A., Ong, W.Y., Horrocks, L.A., 2006. Inhibitors of brain phospholipase A2
activity: their neuropharmacological effects and therapeutic importance for the treatment
of neurologic disorders. Pharmacol.Rev. 58, 591-620.

Galecki, P., Galecka, E., Maes, M., Chamielec, M., Orzechowska, A., Bobinska, K., LewinskKi,
A., Szemraj, J., 2012. The expression of genes encoding for COX-2, MPO, iNOS, and
SPLA2-1IA in patients with recurrent depressive disorder. J Affect Disord 138, 360-366.

17



Hamilton, M., 1960. A rating scale for depression. J.Neurol.Neurosurg.Psychiatry 23, 56-62.

Hibbeln, J.R., 1998. Fish consumption and major depression. Lancet 351, 1213.

Huang, S.Y., Yang, H.T., Chiu, C.C., Pariante, C.M., Su, K.P., 2008. Omega-3 fatty acids on
the forced-swimming test. J Psychiatr.Res. 42, 58-63.

Jadoon, A., Chiu, C.C., McDermott, L., Cunningham, P., Frangou, S., Chang, C.J., Sun, LW.,
Liu, S.I., Lu, M.L., Su, K.P, Huang, S.Y., Stewart, R., 2012. Associations of
polyunsaturated fatty acids with residual depression or anxiety in older people with
major depression. J.Affect.Disord. 136, 918-925.

Kitajka, K., Sinclair, AJ., Weisinger, R.S., Weisinger, H.S., Mathai, M., Jayasooriya, A.P.,
Halver, J.E., Puskas, L.G., 2004. Effects of dietary omega-3 polyunsaturated fatty acids
on brain gene expression. Proc.Natl.Acad.Sci.U.S.A 101, 10931-10936.

Kodas, E., Galineau, L., Bodard, S., Vancassel, S., Guilloteau, D., Besnard, J.C., Chalon, S.,
2004. Serotoninergic neurotransmission is affected by n-3 polyunsaturated fatty acids in
the rat. J Neurochem. 89, 695-702.

Lin, P.Y,, Huang, S.Y., Su, K.P., 2010. A meta-analytic review of polyunsaturated fatty acid
compositions in patients with depression. Biol.Psychiatry 68, 140-147.

Lin, P.Y., Mischoulon, D., Freeman, M.P., Matsuoka, Y., Hibbeln, J., Belmaker, R.H., Su, K.P.,,
2012. Are omega-3 fatty acids antidepressants or just mood-improving agents? The
effect depends upon diagnosis, supplement preparation, and severity of depression.
Mol.Psychiatry 17, 1161-1163.

Lin, PY,, Su, K.P,, 2007. A meta-analytic review of double-blind, placebo-controlled trials of
antidepressant efficacy of omega-3 fatty acids. J Clin.Psychiatry 68, 1056-1061.

Lu, D.Y, Tsao, Y.Y., Leung, Y.M., Su, K.P.,, 2010. Docosahexaenoic Acid Suppresses
Neuroinflammatory Responses and Induces Heme Oxygenase-1 Expression in BV-2
Microglia: Implications of Antidepressant Effects for Omega-3 Fatty Acids.
Neuropsychopharmacology 35, 2238-2248.

Marangell, L.B., Martinez, J.M., Zboyan, H.A., Kertz, B., Kim, H.F., Puryear, L.J., 2003. A
double-blind, placebo-controlled study of the omega-3 fatty acid docosahexaenoic acid
in the treatment of major depression. Am.J.Psychiatry 160, 996-998.

Martins, J.G., Bentsen, H., Puri, B.K., 2012. Eicosapentaenoic acid appears to be the key
omega-3 fatty acid component associated with efficacy in major depressive disorder: a
critique of Bloch and Hannestad and updated meta-analysis. Mol.Psychiatry 17,
1144-1149.

Mischoulon, D., Best-Popescu, C., Laposata, M., Merens, W., Murakami, J.L., Wu, S.L.,
Papakostas, G.I., Dording, C.M., Sonawalla, S.B., Nierenberg, A.A., Alpert, J.E., Fava,
M., 2008. A double-blind dose-finding pilot study of docosahexaenoic acid (DHA) for
major depressive disorder. Eur.Neuropsychopharmacol. 18, 639-645.

Moon, D.O., Kim, K.C., Jin, C.Y., Han, M.H., Park, C., Lee, K.J., Park, Y.M., Choi, Y.H.,

18



Kim, G.Y.,, 2007. Inhibitory effects of eicosapentaenoic acid on
lipopolysaccharide-induced activation in BV2 microglia. Int Immunopharmacol. 7,
222-229.

Moon, Y., Pestka, J.J., 2003. Deoxynivalenol-induced mitogen-activated protein kinase
phosphorylation and IL-6 expression in mice suppressed by fish oil. J.Nutr.Biochem. 14,
717-726.

Pae, C.U,, Yu, H.S., Kim, J.J,, Lee, C.U., Lee, S.J., Lee, K.U., Jun, T.Y., Paik, I.H., Serretti,
A., Lee, C., 2004. Banl polymorphism of the cytosolic phospholipase A2 gene and
mood disorders in the Korean population. Neuropsychobiology 49, 185-188.

Puskas, L.G., Kitajka, K., 2006. Nutrigenomic approaches to study the effects of n-3 PUFA
diet in the central nervous system. Nutr.Health 18, 227-232.

Rao, J.S., Ertley, R.N., DeMar, J.C., Jr., Rapoport, S.1., Bazinet, R.P., Lee, H.J., 2007. Dietary
n-3 PUFA deprivation alters expression of enzymes of the arachidonic and
docosahexaenoic acid cascades in rat frontal cortex. Mol.Psychiatry 12, 151-157.

Rao, J.S., Lee, H.J., Rapoport, S.I., Bazinet, R.P., 2008. Mode of action of mood stabilizers:
is the arachidonic acid cascade a common target? Mol.Psychiatry 13, 585-596.

Sarris, J., Logan, A.C., Akbaraly, T.N., Amminger, G.P., Balanza-Martinez, V., Freeman, M.P.,
Hibbeln, J., Matsuoka, Y., Mischoulon, D., Mizoue, T., Nanri, A., Nishi, D., Ramsey, D.,
Rucklidge, J.J., Sanchez-Villegas, A., Scholey, A., Su, K.P., Jacka, F.N., International
Society for Nutritional Psychiatry, R., 2015. Nutritional medicine as mainstream in
psychiatry. Lancet Psychiatry 2, 271-274.

Schmittgen, T.D., Livak, K.J., 2008. Analyzing real-time PCR data by the comparative C(T)
method. Nature protocols 3, 1101-1108.

Sheehan, D.V,, Lecrubier, Y., Sheehan, K.H., Amorim, P., Janavs, J., Weiller, E., Hergueta, T.,
Baker, R., Dunbar, G.C., 1998. The Mini-International Neuropsychiatric Interview
(M.ILN.L): the development and validation of a structured diagnostic psychiatric
interview for DSM-IV and ICD-10. J Clin.Psychiatry 59 Suppl 20, 22-33.

Silvers, K.M., Woolley, C.C., Hamilton, F.C., Watts, P.M., Watson, R.A., 2005. Randomised
double-blind placebo-controlled trial of fish oil in the treatment of depression.
Prostaglandins Leukot.Essent.Fatty Acids 72, 211-218.

Song, C., Shieh, C.H., Wu, Y.S., Kalueff, A., Gaikwad, S., Su, K.P., 2016. The role of
omega-3 polyunsaturated fatty acids eicosapentaenoic and docosahexaenoic acids in the
treatment of major depression and Alzheimer's disease: Acting separately or
synergistically? Progress in lipid research 62, 41-54.

Su, K.P.,, 2009. Biological Mechanism of Antidepressant Effect of Omega-3 Fatty Acids:
How Does Fish Oil Act as a 'Mind-Body Interface'? Neurosignals 17, 144-152.

Su, K.P,, 2012. Inflammation in psychopathology of depression: Clinical, biological, and
therapeutic implications. BioMedicine 2, 68-74.

19



Su, K.P, 2015a. Nutrition, psychoneuroimmunology and depression: the therapeutic
implications of omega-3 fatty acids in interferon-alpha-induced depression. Biomedicine
(Taipei) 5, 21.

Su, K.P., 2015b. Personalize medicine with omega-3 fatty acids for depression in pregnant
women and children, and depression associated with inflammation. Journal of Clinical
Psychiatry 76, e1476-1477.

Su, K.P., Balanza-Martinez, V. 2013. Role of omega-3 fatty acids in mood disorders. In: The
omega-3 fatty acid deficiency syndrome: opportunities for disease prevention. pp.
315-336. Ed. R.K. McNamara. Nova Science Pub Inc.: NY, USA.

Su, K.P, Huang, S.Y., Chiu, C.C., Shen, W.W., 2003. Omega-3 fatty acids in major
depressive  disorder. A preliminary double-blind,  placebo-controlled trial.
Eur.Neuropsychopharmacol. 13, 267-271.

Su, K.P,, Huang, S.Y., Chiu, T.H., Huang, K.C., Huang, C.L., Chang, H.C., Pariante, C.M.,
2008. Omega-3 fatty acids for major depressive disorder during pregnancy: results from
a randomized, double-blind, placebo-controlled trial. J.Clin.Psychiatry 69, 644-651.

Su, K.P,, Huang, S.Y.,, Peng, C.Y., Lai, H.C., Huang, C.L., Chen, Y.C., Aitchison, K.J.,
Pariante, C.M., 2010. Phospholipase A2 and Cyclooxygenase 2 Genes Influence the
Risk of Interferon-alpha-Induced Depression by Regulating Polyunsaturated Fatty Acids
Lewvels. Biol.Psychiatry 67, 550-557.

Su, K.P, Lai, H.C., Yang, H.T., Su, W.P,, Peng, C.Y., Chang, J.P., Chang, H.C., Pariante, C.M.,
2014. Omega-3 fatty acids in the prevention of interferon-alpha-induced depression:
results from a randomized, controlled trial. Biol Psychiatry 76, 559-566.

Su, K.P., Matsuoka, Y., Pae, C.U., 2015. Omega-3 Polyunsaturated Fatty Acids in Prevention
of Mood and Anxiety Disorders. Clinical psychopharmacology and neuroscience : the
official scientific journal of the Korean College of Neuropsychopharmacology 13,
129-137.

Su, K.P., Wang, S.M., Pae, C.U., 2013. Omega-3 polyunsaturated fatty acids for major
depressive disorder. Expert opinion on investigational drugs 22, 1519-1534.

Sublette, M.E., Ellis, S.P., Geant, A.L., Mann, J.J., 2011. Meta-analysis of the effects of
eicosapentaenoic acid (EPA) in clinical trials in depression. The Journal of clinical
psychiatry 72, 1577-1584.

Tanskanen, A., Hibbeln, J.R., Hintikka, J., Haatainen, K., Honkalampi, K., Viinamaki, H.,
2001. Fish consumption, depression, and suicidality in a general population.
Arch.Gen.Psychiatry 58, 512-513.

Tsai, A.C., Ho, C.S., Chang, M.C., 2007. Population-specific anthropometric cut-points
improve the functionality of the Mini Nutritional Assessment (MNA) in elderly
Taiwanese. Asia Pac.J Clin.Nutr. 16, 656-662.

Winer, J., Jung, C.K., Shackel, I., Williams, P.M., 1999. Development and validation of

20



real-time quantitative reverse transcriptase-polymerase chain reaction for monitoring
gene expression in cardiac myocytes in vitro. Analytical biochemistry 270, 41-49.

Zimmer, L., Vancassel, S., Cantagrel, S., Breton, P., Delamanche, S., Guilloteau, D., Durand,
G., Chalon, S., 2002. The dopamine mesocorticolimbic pathway is affected by
deficiency in n-3 polyunsaturated fatty acids. Am.J.Clin.Nutr 75, 662-667.

21



Table 1. Demographic and clinical characteristics of patients of major depressive

disorder (MDD) and healthy controls

MDD

Healthy controls

(N=27) (N=22) P
Age (years), Mean+SD 45 + 13 45 + 12 0.9
Sex (Male, %) 19% 23% 0.7**
Education (years), Mean+SD 13 + 3 12 £ 4 0.8
Body mass index (kg/m?2), 29 + 4 24 + 5 0.3
mean+SD

Marriage (Married, %) 67% 68% 0.9**
Family History of MDD (%) 26% 0% 0.010**
Baseline BDI scores, Mean+SD 26 + 11 54 <0.001
HAMD scores, Mean+SD <0.001

Week 0 26 £ 5

Week 12 12 £ 9
EPA levels (%), MeanSD

Week 0 2.82 £ 1.00 3.42+ 1.037 0.046"

Week 12 3.77 £ 1.47# 0.016*
DHA levels (%), Mean+SD

Week 0 3.56 £ 093 550 + 1.81~ <0.0017

Week 12 5.03 £ 1.89# 0.001#

* Differences were compared by the Mann-Whitney test unless otherwise specified. E.g.

** indicates the results of x2 (chi-squared) tests. ” indicates comparisons between MDD

versus controls. # indicates comparisons between before and after treatment. Difference

was considered statistically significant if a p-value was equal to or smaller than 0.05.

Abbreviations: MDD, major depressive disorder; EPA, eicosapentaenoic acid; DHA,

docosahexaenoic acid; HAMD, the 21-item Hamilton Depression Rating Scale; BDI, Beck

Depression Inventory
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Table 2. Demographic and clinical characteristics of MDD patients received EPA and DHA

EPA

DHA

p*
(N=14) (N=13)
Age (years), Mean+SD 44 + 14 46 £ 12 0.7
Sex (Male, %) 21% 15% 0.7**
Education (years), Mean+SD 13 + 3 12 + 3 0.3
i 2
Body mass index (kg/m?), 23 + 4 21 + 3 01
mean+SD

Marriage (Married, %) 57% 77% 0.3**
Index episode (weeks), Mean+SD 18 + 13 16 + 25 0.8
Numbers of episodes, Mean+SD 14 £ 05 1.6 £ 0.7 0.3
Family History of MDD (%) 36% 15% 0.2%*
HAMD scores, Mean+SD

Week 0 26 £ 5 26 £ 6 0.9

Week 12 819 16 + 7 0.017
EPA levels (%), Mean+SD

Week 0 2.65 + 0.88 3.01 £ 1.09 0.4

Week 12 4.67 * 1.23 2.80 £ 1.03 0.001
DHA levels (%), Mean+SD

Week 0 345 £ 1.00 3.67 £ 0.88 0.6

Week 12 522 £ 198 483 + 1.82 0.3

* Differences were compared by the Mann-Whitney test unless otherwise specified. E.g.
** indicates the results of x2 (chi-squared) tests. ” indicates comparisons between MDD
versus controls. # indicates comparisons between before and after treatment. Difference

was considered statistically significant if a p-value was equal to or smaller than 0.05.

Abbreviations: MDD, major depressive disorder; EPA, eicosapentaenoic acid; DHA,
docosahexaenoic acid; HAMD, the 21-item Hamilton Depression Rating Scale
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Legends for Figure 1. The relative gene expressions of PBMCs mRNA of cPLA2 (1a),
COX-2 (1b), TPH-2 (1c) and 5-HTT (1d) in healthy controls and major depressive
disorders (MDD) patients before and after omega-3 PUFAs treatment. Results are
presented as the mean values in columns and SEM in error bars. Differences between
MDD patients and controls were compared by the Mann-Whitney test. There were no
significant differences between patients and controls in all four selected gene
expressions. Differences between pre- and post-treatment of omega-3 PUFAs in MDD
patients were compared by the paired-t test. The levels of relative fold expressions in
MDD patients received omega-3 PUFAs did increase in cPLA2 and decrease in COX-2, but
notin TPH-2 and 5-HTT genes. Difference was considered statistically significant if a

p-value was equal to or smaller than 0.05*.
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Legends for Figure 2. The fold changes of relative gene expression of PBMCs mRNA
of cPLA2 (2a), COX-2 (2b), TPH-2 (2c) and 5-HTT (2d) in major depressive
disorders (MDD) patients before and after EPA and DHA treatments. Results are
presented as the mean values in columns and SEM in error bars. The baseline values of
means of every gene expression are reduced to 1 for reference. The fold changes of
mRNA expression after omega-3 PUFAs treatments are presented as ratio as comparing
to the baseline respectively., The SEM values are calculated as the ratios according to
their mean values. Differences between pre- and post-treatmentare compared by
paired-ttest. MDD patients received EPA treatment did significantly change the gene
expressions of cPLA2 (1.89 folds, p=0.038), but not COX-2 (0.36 folds, p=0.09), TPH-2
(1.18 folds, p=1.00) and 5-HTT (1.46 folds, p=0.06). DHA treatment did not significantly
change of gene expression of any of the 4 genes of cPLA2 (1.08 folds, p=0.92), COX-2
(0.36 folds, p=0.14), TPH-2 (0.96 folds, p=0.62) and 5-HTT (0.87 folds, p=0.82).
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