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Abstract

Introduction—Considering that estradiol (E2) and n-3 polyunsaturated fatty acids (PUFAS) have
roles in neurogenesis and in neurotransmission, we examined whether the association of PUFAs
with incident depressive symptoms in postmenopausal women is modified by hormone therapy
(HT) use or estrogen status.

Methods—Women (N=1616) free of depressive symptoms at baseline (2000-02) in the Multi-
Ethnic Study of Atherosclerosis were classified by HT usage and quartiles of dietary
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and the sum EPA+DHA. Women with
serum E2 <0.073 nmol/L (sample median), were classified low on E2. Poisson regression was
used to model incident depressive symptoms at examination 3 (2004-05), defined by the Center for
Epidemiological Studies Depression Scale =16 or taking an antidepressant, first as a function of
HT use and n-3 PUFA quartiles, and second, as a function of low E2 status and n-3 PUFA
quartiles.

Results—Among HT non-users, positive, graded relationships (p-trends<0.003) were found
between PUFAs and incident depressive symptoms. Compared to the lowest quartile, the adjusted

Corresponding author: Laura A Colangelo, Department of Preventive Medicine, 680 North Lake Shore Drive, Suite 1400, Chicago,
Ilinois 60611; Phone: (312) 908-1971; FAX: (312) 908-9588: I-colangelo@northwestern.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contributions

LAC designed the analysis, conducted the statistical analysis, and wrote the manuscript. PO, SMG, and KL were responsible for
acquisition of the data and obtained the original funding. All authors contributed to interpretation of the data, critical review and
revision for important intellectual content, and approved the final manuscript for publication.

Conflict of interest
All authors have no financial disclosures and no conflicts of interests to report.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colangelo et al. Page 2

risk ratios (RRs) for the highest were 2.10, 2.39, and 2.04 for EPA, DHA, and EPA+DHA,
respectively. For HT users, no associations were seen. When analyses were run for E2 status, the
RRs over quartiles of the PUFAs were positive and graded for low E2 women, but were null for
High E2 women.

Conclusions—Higher intakes of DHA and EPA were associated with higher risk of depressive
symptoms in nonusers of HT, contrary to hypothesis.
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1.INTRODUCTION

Eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA) are key n-3 polyunsaturated
fatty acids (PUFAS) studied over the past two decades for a relation with depressive
disorders or symptoms in a literature that, while quite sizable, has not produced clear and
unequivocal findings. The earlier literature supporting a protective association of n-3 PUFAs
with depression includes ecologic (Hibbeln, 1998; Hibbeln, 2002) and clinical studies (Peet
etal., 1998; Edwards et al., 1998; Maes et al., 1999). Some studies through the 2000s that
did not support this association include cross-sectional (Suzuki et al., 2004), prospective
(Lucas et al., 2011; Persons et al., 2014), and randomized clinical trials (Marangell et al.,
2003; Hakkarainen et al., 2004; Silvers et al., 2005). Although a review and meta-analysis of
31 observational studies concluded that dietary n-3 PUFA intake was associated with lower
risk of depression (Grosso et al., 2016), a recent Cochrane review (Appleton et al., 2015) of
26 randomized clinical trials concluded that there was insufficient high quality evidence to
determine the effects of n-3 PUFAs as a treatment for major depressive disorder. On the
other hand, apart from randomized clinical trials, several cross-sectional (Timonen et al.,
2004; Colangelo et al. 2009; Beydoun et al., 2013) and incidence (Sanchez-Villegas et al.,
2007; Smith et al., 2014) studies with no fewer than 1300 participants have found inverse
associations of n-3 PUFAs or fish, the primary source of n-3 PUFAs, with depressive
symptoms or disorders in women but not in men. This gender-specific relation has been
attributed to estrogenic effects on n-3 PUFAs (Giltay et al., 2004). Studies indicate that
estrogen stimulates and testosterone inhibits the conversion of essential fatty acids into their
longer chain metabolites, such as the case with a-linolenic acid conversion into DHA (Decsi
and Kennedy, 2011).

Apart from its effects on DHA synthesis, estrogens - namely estradiol - may also have a role
in depression in women through its effects on neurotrophic function and the serotonergic
system in several brain areas, such as the raphe nucleus, the hippocampus, the amygdala, the
anterior cingulate cortex, and the prefrontal cortex (Borrow and Cameron, 2014). Some
animal studies have shown that estradiol affects neurogenesis in the dentate gyrus of the
hippocampus (Galea et al., 2013) and improves hippocampal synaptic plasticity (Bredemann
and McMahon, 2014), processes implicated in the pathophysiology of depression
(Christoffel et al., 2011). Given that DHA biosynthesis depends on estrogens (Giltay et al.,
2004ab) and considering that estradiol (E2) and n-3 PUFAs have roles in neurogenesis
(Crupi et al., 2013) and in neurotransmission, a potential interplay between sex hormones
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and n-3 PUFAs with respect to depression might be conjectured. The Multi-Ethnic Study of
Atherosclerosis (MESA) provides an opportunity to examine whether sex hormones, in
particular E2 — endogenous or exogenous — modifies the association of n-3 PUFAs with
incident depressive symptoms. We hypothesize that in postmenopausal women, there will be
a significant interaction between hormone therapy (HT) use and n-3 PUFA intake such that,
in women taking HT, an inverse association between n-3 PUFA intake and incident
depressive symptoms will be observed, but in women not taking HT, there will be no
association. Additionally, for women with serum E2 levels below the median in the cohort,
an inverse association of incident depressive symptoms with n-3 PUFA will be observed and
there will be no association for women with E2 above the median.

2. METHODS
2.1 Study population

Initiated in 2000 to investigate the prevalence and progression of subclinical cardiovascular
disease, 6,814 non-Hispanic white, African American, Chinese American, and Hispanic men
and women without known cardiovascular disease, aged 45-84 years, were recruited from
six US communities: Baltimore City and County, MD; Chicago. IL; Forsyth County, NC;
New York, NY; Los Angeles County, CA; and St. Paul, MN. Details on the design,
recruitment, and cohort examination procedures (Bild et al., 2002) and methods for blood
collection (Golden et al., 2007) were published elsewhere. All participants gave informed
consent, and the MESA protocol was approved by the Institutional Review Board at each
participating site.

2.2 Blood collection and assessment of endogenous sex hormones

Blood specimens from fasting participants were collected in the clinic between 7:30 am and
10:30 am, processed within 30 minutes of phlebotomy, and stored at —70°C using a
standardized protocol and shipped to two central laboratories. Using stored blood collected
from the baseline MESA exam, serum sex hormone and binding protein concentrations were
measured at the University of Massachusetts Medical Center in Worcester, MA. E2 was
measured using an ultra-sensitive radioimmunoassay kit from Diagnostic System
Laboratories (Webster, TX). Total testosterone (T) and dehydroepiandrosterone (DHEA)
were measured directly using RIA kits, and sex hormone binding globulin (SHBG) was
measured by chemiluminescent enzyme immunometric assay using Immulite Kits obtained
from Diagnostic Products Corporation (Los Angeles, CA). Bioavailable T was calculated
using total T and SHBG concentrations according to the method of S6dergard et al. (1982).
Assay variability was monitored by including ~10% blind, quality control samples in each
batch. The intra- and inter-assay technical errors were 8.13 and 9.31%, respectively, for total
T; 5.22 and 6.39%, respectively, for SHBG; 8.75 and 5.86%, respectively, for E2; and 7.45
and 8.49% for DHEA. Because clinically meaningful cutpoints for sex hormones have not
been established, we classified women as having high or low hormone status on a given
hormone if her serum hormone level was above/below the median for the cohort. In this
cohort the median and standard deviation (SD) for the hormones were: 0.073 (0.171) nmol/L
for E2, 0.90 (1.01) nmol/L for total T, 0.21 (0.30 nmol/L for bioavailable T, 10.17 (6.34)
nmol/L for DHEA, and 60.10 (55.60) nmol/L for SHBG.
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2.3 Menopausal status

Women were classified as postmenopausal if (2) they responded ‘yes’ to the question, ‘Have
you gone through menopause (change of life)?’, or (b) had a prior hysterectomy and bilateral
oophorectomy. Years of post-menopause were computed as baseline age minus self-reported
age at menopause, unless the woman had a hysterectomy and a bilateral oophorectomy, in
which case years post-menopause was taken to be years from age at hysterectomy.

2.4 Diet assessment

At the baseline examination a self-administered 120-item food frequency questionnaire
(FFQ) assessed the usual dietary intake over the past year. The FFQ was modified from the
validated Insulin Resistance Atherosclerosis study in which comparable validity was
observed for non-Hispanic white, African American, and Hispanic individuals (Mayer-Davis
et al., 1999). The MESA dietary assessment was modified to include foods typically eaten
by Chinese groups. The criterion validity of the MESA FFQ was established by quantifying
the concordance of the FFQ known relationships between macronutrients and plasma lipid
concentrations (Nettleton et al., 2009). De Oliveira Otto et al. (2013) showed in MESA that
higher circulating EPA and DHA and higher dietary EPA and DHA were inversely
associated with markers of inflammation and with lower cardiovascular disease incidence. A
section on vitamins, minerals, and other nutritional supplements — which was not self-
administered - was completed at the time of the medication inventory supplement form.
Participants were instructed to bring in bottles of any vitamin or other nutritional
supplements they took, along with all prescription and over-the-counter medications.
Nutrients including n-3 PUFAs were derived from the Minnesota Nutrition Data System
NDS software (version 4.02/30; Nutrition Coordinating Center, University of Minnesota,
Minneapolis, MN). EPA and DHA were expressed as the percentage of total energy intake.

2.5 Outcome variable assessment

Depressive symptoms were measured at the baseline (2000-02) and the third examinations
(2004-05) using the 20-item CES-D scale (Radloff, 1977), which has a maximum score of
60. The CES-D, which was self-administered in English, Spanish, Cantonese, and Mandarin,
asks participants to indicate how often they experienced each symptom in the past week
(“rarely or none of the time (less than 1 day),” “some or a little of the time (1-2 days),” “a
moderate amount of the time (3-4 days),” or “most of the time (5-7 days).” Scores for the
four possible responses range from 0 to 3 points. Examples of symptoms included in the
scale are poor appetite, trouble concentrating, restless sleep, feelings of depressed mood,
crying spells, feeling disliked, talking less than usual, and inability to “get going.” A cutoff
score of =216 is suggested in epidemiologic studies to indicate a high level of depressive
symptoms (Radloff, 1977; Radloff and Locke, 1986). We defined depressive symptoms as
being present if the CES-D score was =16 or if the participant was taking an antidepressant
medication. In a secondary analysis, because antidepressants might be prescribed for
conditions other than depression, we defined depressive symptoms as present if CES-D >16.
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2.6 Other participant characteristics

Information on participant demographic and lifestyle characteristics, medical history, and
medication use was collected with standardized questionnaires: height and weight were
measured and body mass index (BMI) was calculated as weight (kilograms)/height (meters
squared). Age, race/ethnicity, years of education, marital status, cigarette smoking history,
alcohol intake, medical history and annual income were self-reported. Women were asked to
bring in all medications they were taking to each examination, but they were not specifically
asked if they were taking a medication for depression. Five categories were used to model
smoking status: never smokers, past smokers with fewer than 12.05 pack-years, past
smokers with at least 12.05 pack-years, current smokers with fewer than 21.05 pack-years,
and current smokers with at least 21.05 pack years. The cutpoints of 12.05 and 21.05 pack
years were selected as the medians for past smokers and current smokers, respectively.
Physical activity measured by a total intentional exercise variable was categorized into
quartiles. The MESA Typical Week Physical Activity Survey is described elsewhere
(Bertoni et al., 2009). Income, which was categorized into 13 levels, was treated an ordinal
variable.

2.7 Statistical Analysis

Statistical analyses were conducted using SAS for Windows, release 9.4 (SAS Institute Inc.,
Cary, NC, USA). Descriptive characteristics were tabulated separately for users and non-
users of HT across quartiles of EPA + DHA. Multivariable modified Poisson regression
(Zou, 2004), implemented through SAS PROC GENMOD with a REPEATED statement to
obtain robust error variances, was used to assess the associations of n-3 PUFAs and HT
usage/estradiol status with incident depressive symptoms and compute risk ratios (RRS).
Tests for interactions between quartiles of n-3 PUFAs and HT status were obtained by
specifying the TYPE 3 option in the MODEL statement of PROC GENMOD. The
interaction terms were used to obtain RRs over the n-3 PUFA quartiles for HT users and HT
non-users. Tests for trend over the quartiles were done by assigning the median n-3 PUFA
value in its quartile to all participants in the quartile and modeling it as a continuous
variable. We also tested for interactions between quartiles of n-3 PUFAs and E2 status.

We also examined the associations of n-3 PUFA intake with incident depressive symptoms
treating the n-3 PUFAs as continuous variables and stratifying by HT use. A generalized
additive model (gam), implemented with the “mgcv” package in R.3.1.3 (R foundation for
statistical computing), was used to model and illustrate the probability of having depressive
symptoms at examination 3 as a function of n-3 PUFAs for HT users and nonusers. This
method allows examination for nonlinear associations in the predictor variable on the
probability scale (absolute risk). To quantify absolute risk while adjusting for confounders,
we used an additive binomial linear model (BLM) available in the R package “blm”
(Kovalchik et al. 2013). We computed absolute risk per 1000 women for each n-3 PUFA
quartile for nonusers and for users of HT. Statistical models — RR regression models, BLMs
and gams — were adjusted for age, race, body mass index, smoking status, intentional
exercise, education, income, current drinking status, marital status, diabetes, and energy
intake. Exploratory analyses were done assessing multiplicative interactions of n-3 PUFAs
with total T, bioavailable T, DHEA, and SHBG.
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Subsequent to finding primary results contradictory to our original hypotheses, we
conducted additional post hoc exploratory analyses that looked at possible neglected
confounders and potential misclassification of menopausal status. We introduced one at a
time to the fully adjusted models of tables 2 and 3 variables representing inflammation (via
log(C-reactive protein)), cardiovascular disease risk (via Framingham Global CVD Risk
Score), reproductive history (via number of live births), and dietary elements associated with
depression. The dietary variables consisted of folate, vitamin B12, zinc, vitamin D (Sarris et
al., 2016) and selenium (Conner et al., 2015). Because 21 women who self-reported that
they were 0 years postmenopause may actually have been perimenopausal by STRAW+10
criteria (Harlow et al., 2012), we conducted the analyses in Tables 2 and 3 again after
excluding these women.

From the 3,601 women in the MESA cohort, we excluded 592 without sex hormone levels, 3
missing menopause status, 47 who were not menopausal, 62 missing age at menopause, 15
missing CES-D score at baseline, 403 who did not return to the third examination or who
were missing CES-D score at examination 3, 31 who were missing information on HT, 115
who were missing covariate data, and 522 who had clinically significant depression at
baseline, defined as CES-D score of 16 or higher and/or taking antidepressant medication at
baseline, leaving 1811 women in the analytic cohort. From the 1811, an additional 195 were
excluded for having extremely high (>6000 kcal/d) or low energy (<600 kcal/d) intake,
leaving 1616 in the final analytic cohort.

We compared the baseline characteristics of the 1616 women included in the analytic cohort
to the 1126 who were excluded and not depressed. Compared to those excluded, those
included were on average older (mean 64.5 vs 59.4 years, p<0.001), had lower BMI (mean
28.3 vs 29.0 kg/m?, p=0.004), higher median income ($35K-$39.9K vs $30K-$34.9K,
p=0.09), were more likely to have at least a bachelor's degree (32.5% vs 28.6%, p=0.04) and
consume alcohol (51.4% vs 45.9%, p=0.005), and were less likely to have diabetes (10.8%
vs 13.4%, p=0.03) or to smoke (9.0% vs 13.4%, p<0.001).

3. RESULTS

Mean age (z standard deviation) in the cohort of 1616 women was 64.5 (+8.8) years at
baseline and 536 (33%) women were HT users. Mean follow-up (z standard deviation) was
3.2 (£0.3) years. Overall n-3 PUFA intakes were low. Mean + SD intakes of EPA and DHA
were 0.04 (0.04) gms and 0.08 (0.06) gms, respectively. The maximum EPA+DHA was 1.06
gms. Among 1080 HT nonusers, there were 121 (11%) incident cases of high depressive
symptoms at examination 3 and among 536 HT users, there were 87 (16%) cases. Table 1
shows characteristics of the HT nonusers and users by quartile of EPA+DHA. HT users were
on average fewer years postmenopause than nonusers and both HT users and nonusers were,
on average, overweight. Whites were more often represented among current users. HT users
were more likely to be married and less likely to be widowed. MET-minutes/week of
intentional exercise also tended to be greater and family income and level of education was
higher among HT users. For both HT nonusers and users, the highest quartile of EPA+DHA
had lowest mean energy intake.
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Table 2 shows the minimally adjusted and fully adjusted RRs for incident depressive
symptoms over the quartiles of n-3 PUFAs by HT status. For HT nonusers, the minimally
adjusted RRs reveal significant positive and graded associations of each n-3 PUFA with
incident depressive symptoms. After full adjustment, the RRs increased in magnitude with
DHA maintaining the greatest magnitude in the highest quartile, RR=2.4. For HT users,
there were no associations for any n-3 PUFA in either minimally or fully adjusted models.

Figure 1 shows the fully adjusted associations of EPA+DHA as a continuous variable with
probability of having depressive symptoms for HT nonusers on the left and HT users on the
right. Using the gam model, the association appears positive and linear for the HT nonusers
whereas the association is absent for the HT users. Using the fully adjusted BLM, we
computed the fitted absolute risks and standard errors (SE) of depressive symptoms per 1000
women for the 4 quartiles of EPA+DHA by HT user/nonuser status. For HT nonusers, in
order of quartiles, the fitted risks (SE) were: 93.4 (12.2), 96.0 (11.6), 111.5 (13.1), and 159.0
(18.4). For HT users the fitted risks (SE) were: 155.1 (28.6), 167.0 (29.4), 171.4 (29.9), and
133.8 (24.0).

When analyses for the RR regression models were rerun substituting high E2 status (i.e.,
above median E2) for HT status (Table 3), for women at or below the median E2 level, the
RRs over the quartiles of each n-3 PUFA had similar patterns to those seen in Table 2. For
women above the median E2 level, there were no associations.

In secondary analyses defining depressive symptoms by CES-D =16 without consideration
of antidepressant use, although the RRs for incident depressive symptoms were all
attenuated for HT nonusers (Table 4), they remained positive and graded in the fully
adjusted models. The trends for DHA remained significant, but for EPA and for EPA+DHA,
the trends were marginally significant. There were still no significant associations for the HT
users (Table 4). In the secondary analyses by E2 status (Table 5), the RRs for women with
E2 < median E2 level for all PUFAS were again attenuated and only the trend for DHA was
marginally significant (p=0.05) in the fully adjusted model. For women with E2 above the
median, the RRs over the PUFA quartiles showed positive trends departing from the null, but
they did not reach significance.

In prespecified exploratory analyses we assessed whether there were any interactions of EPA
+DHA with total T, bioavailable T, DHEA, or SHBG. Interactions were tested using
quartiles of EPA+DHA with each log-transformed hormone and with square-root
transformed EPA+DHA with the log-transformed hormones. A significant interaction was
apparent only for SHBG (p=0.04 for square root EPA+DHA X logSHBG). For participants
with SHBG at or below the median level, the RRs (95% CI) for quartiles 1 through 4 of EPA
+DHA were: 1, 1.23 (0.68, 2.124), 1.87 (1.06, 3.29), and 1.89 (1.04, 3.44), respectively. For
participants with SHBG above the median level, all RRs over the quartiles were
nonsignificant and close to unity.

In the post hoc exploratory analyses, only the inclusion of dietary selenium to the fully
adjusted models affected the RRs for the n-3 PUFA quartiles. Whereas the fully adjusted RR
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(95% CI) for the highest quartile of DHA for non-HT users was 2.39 (1.45-3.93) in the
original analysis, after including selenium it became 1.91 (1.09-3.33).

4. DISCUSSION

To the best of our knowledge this is the first cohort study to examine whether estrogen status
of postmenopausal women modifies the association of n-3 PUFA intake with incident
depressive symptoms. Recently, Jin et al. (2016) reported cross-sectional inverse correlations
of erythrocyte levels of n-3 PUFAs with Beck Depression Inventory scores only in
postmenopausal women using HT, and no associations in the women not using HT,
supporting an interaction between n-3 PUFA and estrogen with depressive symptoms. While
the findings of Jin et al. are consistent with the hypotheses we advanced at the outset of our
study, they are in stark contrast to our findings, as our findings are in contrast to our
hypotheses. Although we did find a qualitative interaction of HT with n-3 PUFA intake on
incident depressive symptoms, the nature and directions of the n-3 PUFA — depression
associations were contrary to our hypothesis in the HT users and the HT nonusers: the
association was null in HT users and positive in the nonusers. Moreover, the magnitude of
the associations in nonusers in our study was non trivial with RRs = 2 in the highest quartile
of n-3 PUFA. This raises the possibility of either a spurious association due to selection bias
or uncontrolled confounding — and these circumstances are potential in either study. In the
cross-sectional study by Jin et al., details on the process of selecting the 214 participants
were not provided. While the potential confounders adjusted for in the present study were
numerous and included demographics, SES, and lifestyle factors, an omitted confounder or
residual confounding cannot be excluded. Our post hoc exploratory analyses only revealed
dietary selenium with the potential to attenuate the RRs for the quartiles of n-3 PUFAs.
However, it is important to note that selenium is not typically associated with n-3 PUFAS
(Park et al. 2011) and the preferred method of estimating selenium levels is from a
biochemical marker such as with neutron activation analysis of toenails (He, 2011). Using an
FFQ to estimate selenium exposure is problematic due to selenium varying widely within
individual foods, resulting in inaccurate food composition tables for selenium (Willett, p
175, 1998). Therefore, the RRs resulting with selenium from FFQ in the statistical models
should be interpreted with caution.

While this still does not address the issue of an unmeasured confounder, we note that if there
is an unmeasured confounder U, then an extension of the “Cornfield conditions” (Ding and
VanderWeele, 2016) implies we should consider scenarios where the n-3 PUFA — U relative
risk would have to be at least as large as the observed n-3 PUFA- depression relative risk
(which is ~2 for the highest n-3 PUFA quartile) and the U — depression relative risk would
also have to be at least as large as the observed n-3 PUFA — depression relative risk (Ding
and VanderWeele, 2016).

It is also possible that the association is real, but an incomplete state of knowledge permits
only speculation about the existence of an underlying mechanism that could produce a
positive relation of n-3 PUFAs with incident depressive symptoms in postmenopausal
women who have a low E2 status. Estrogen has a role in the biosynthesis of DHA (Kitson et
al., 2010), as indicated by the works of Giltay and colleagues (2004a, 2004b).
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Postmenopausal women taking estrogen replacement have increased circulating DHA
compared to postmenopausal women not using hormone therapy (Giltay et al. 2004a) and in
ovariectomized female-to-male transsexuals the effect of receiving testosterone was to
decrease the plasma cholesteryl ester DHA whereas in male-to-female transexuals the effect
of receiving estradiol was to increase DHA in plasma cholesteryl ester (Giltay et al., 2004b).
It has been suggested estrogen might increase the concentration or activity of DHA synthesis
enzymes (Kitson et al., 2010). These enzymes include the delta-6 and delta-5 desaturases,
elongases, and peroxisomal p-oxidation enzymes (Kitson et al., 2010). The pathways of
enzymatic conversion of essential fatty-acids to longer-chain metabolites have been detailed
elsewhere (Kitson et al, 2010; Decsi and Kennedy, 2011).

There are limited studies that consider an interplay of ovarian hormones with DHA
composition in the brain, and these were in rat models (Allessandri et al., 2011; Fabelo et al.,
2011; McNamara et al., 2009). One such study was initiated subsequent to finding that DHA
was significantly reduced in the postmortem prefrontal cortex of female, but not male,
patients with major depression (McNamara et al., 2007). McNamara et al. (2009) evaluated
erythrocyte and brain DHA composition in intact male and female rats as well as in
oophorectomized rats with or without cyclic estradiol treatment. Oophorectomy resulted
with decreased DHA in the hippocampus, but not in the prefrontal cortex or midbrain and
estradiol treatment did not prevent the decrease of hippocampal DHA, supporting the
conclusion that regional brain DHA is in part regulated by ovarian hormones. Other studies
(Allesandri et al., 2011; Fabelo et al., 2011) also support an effect of estradiol regulating
brain DHA in the female rat.

There is a separate literature examining estradiol's effects on hippocampal neurogenesis in
the female rodent (Barha and Galea, 2010; Galea et al., 2013; Pawluski et al, 2009),
although it does not examine these effects on regulation of brain DHA. The neurogenesis
hypothesis of depression was first introduced around 1999 since then its viability has grown
in acceptance (Eisch and Petrik, 2012). Hippocampal neurogenesis is altered throughout the
adult female lifespan and is influenced by fluctuations in endogenous and exogenous
estrogens (Barha and Galea, 2010). Experiments have shown that age and reproductive
experience (Barha and Galea, 2010), and in particular multiparity and nulliparity (Barha et
al., 2015) also have a role in estrogen's ability to influence neurogenesis. Whether these
findings in female rodents have implications for female humans is to be determined.

While experiments in animal models reveal a complex relation of estradiol to neurogenesis
-- and it is not known what action estradiol might have on neurogenesis in humans -- it has
been observed in human experiments that the responses of depression to estradiol may differ
between perimenopausal and postmenopausal women, with perimenopausal depression
tending to be improved by HT and menopausal depression being less responsive (Toffol et
al., 2015). While the efficacy of estradiol treatment for postmenopausal depression is
questionable, two randomized experiments in non-depressed postmenopausal women
revealed untoward effects with estradiol administration (Newhouse et al,. 2008) and with
estradiol withdrawal (Schmidt et al, 2015). In an experiment that subjected postmenopausal
women free of current or past Axis | psychiatric disorders to a series of challenge studies
intended to examine differences in sensitivity to acute monoamine depletion and
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psychosocial stress, contrary to the hypothesized expectation that E2 administration would
blunt negative mood effects induced by the combination of monoamine depletion and stress
test, the investigators observed in the women randomized to E2 a “markedly exaggerated
negative emotional response” (Newhouse et al., 2008). In another experiment that studied
the effect of estradiol withdrawal in asymptomatic postmenopausal women (Schmidt et al.,
2015), those with a history of perimenopausal depression experienced a recurrence of
depressive symptoms upon E2 withdrawal, whereas those with no history of perimenopausal
depression did not experience an occurrence of depressive symptoms. Importantly, in both
studies no women were currently taking antidepressants, so the observed responses could
not be attributed to an antidepressant. These studies suggest that estradiol administered alone
does not have simple, linear actions on behavior in female humans in any reproductive stage.

The findings of the present study indicate a statistical qualitative interaction of high estradiol
status or HT status with dietary intake of n-3 PUFASs in postmenopausal women. If these
findings can be replicated in other cohort studies there may be implications for randomized
clinical trials investigating efficacy of n-3 PUFAs for depressive disorders. A recent
Cochrane Review (Appleton et al., 2015) found insufficient evidence to determine the effects
of n-3 PUFAs as a treatment. It may be that randomized clinical trials need to stratify on
menopausal status and within menopausal status, estrogen status to identify the best target
population.

Other large cohort studies of older women that do not support an inverse association of n-3
PUFAs with incident clinical depression or depressive symptoms include the Nurses” Health
Study (Lucas et al., 2011), which included over 54,000 US women aged 50-77 years, and the
Women's Health Initiative Memory Study (Persons et al., 2014), which included 7086
postmenopausal women aged 63-81 years. In the Nurses’ Health Study, although an inverse
association of a-linolenic acid with clinical depression was found, there was no association
for n-3 PUFA. On the other hand, in the Women's Health Initiative Memory Study, a positive
association of dietary DHA+EPA with baseline depressive symptoms was found, though no
association was seen at follow-up. Both of these studies have ample numbers of HT users
and nonusers and an analysis conditioning on HT status might be informative.

Our study has some limitations. Diet was evaluated at a single time point, as were the serum
hormones. Reliability and validity of FFQ are not high and may result in misclassification.
The STRAW criteria for staging reproductive aging (Harlow et al, 2012), introduced in 2001
and updated in 2011, currently classifies a woman as perimenopausal if she is within 1 year
of her final menstrual period. It is possible some women who self-identified as menopausal
in 2000-02 with 0 years postmenopause were actually perimenopausal by STRAW+10
criteria. We did not have specific information on type of HT, that is, whether estrogen alone
or estrogen in combination with progesterone was used. Other research indicates that a
progestogenic component may have effects on mood (Toffol et al., 2015). There were
temporal changes in HT use during the study, with only 2.5% of the women in the HT
nonuser group using HT at exam 3, but with 66.6% of women in the HT user group
curtailing the use of HT by the third exam. However, within the HT user group, additional
analysis revealed the null association of n-3 PUFA with depressive symptoms was still
present for both HT consistent users and the HT curtailers. Also, we could only assess
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depressive symptoms as determined by the CES-D score rather than by a clinical structured
interview for depressive disorders.

In addition, although this study had CES-D measures at baseline and follow-up so that it was
possible to examine incident depressive symptoms, history of depressive symptoms prior to
baseline was not available. Thus, the “incident” depressive symptoms do not necessarily
represent first onset.

In summary, this study supports an interaction of estrogen status with dietary n-3 PUFAs in
postmenopausal women. Confirmation of this interaction in other cohorts is essential as
uncontrolled confounding or selection bias cannot be excluded. While this study adjusted for
many potential confounders, it did not control for lifetime endogenous estrogen exposure
(Georgakis et al 2016). Also, assessing for selection bias can be a nontrivial undertaking, as
evidenced by the Harvard Study of Moods and Cycles (Harlow et al., 2013) — a study that
invoked the use of directed acyclic graphs in their evaluation for bias. However, given these
cautions, the findings in this study may have implications for the design of future
randomized clinical trials using PUFAs for prevention of depression. Ideally, a randomized
clinical trial conducted in postmenopausal women with a 2 x 2 factorial design testing the
effects of HT and n-3 PUFA for depression could be done in the future to avoid biases that
may have occurred in the current study.
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Highlights

. We studied the interaction of n-3 fatty acids with hormone therapy
(HT) for incident depressive symptoms postmenopause

. Graded, positive associations were found for n-3 fatty acids and
depressive symptoms in HT non-users

. There were no associations in postmenopausal HT users

. The findings suggest menopause and HT status should be considered in
the design of studies examining n-3 fatty acids for depressive disorders
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Figure.

Left panel: Adjusted relationship by spline regression between probability of having incident
depressive symptoms at examination 3 and EPA+DHA as a percent of energy intake for HT
nonusers (n=1087). Spline (with 95% pointwise confidence band) is adjusted for age,
ethnicity, energy intake, body mass index, smoking status, quartiles of exercise, education
status, income, current drinker, marital status, and diabetes.

Right panel: Adjusted relationship by spline regression between probability of having
incident depressive symptoms at examination 3 and EPA+DHA as a percent of energy intake
for HT users (n=538). Spline (with 95% pointwise confidence band) is adjusted for age,
ethnicity, energy intake, body mass index, smoking status, quartiles of exercise, education
status, income, current drinker, marital status, and diabetes.
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