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ABSTRACT
Background: The factors other than dietary intake that determine
tissue concentrations of EPA and DHA remain obscure. Prior studies
suggested that, in women, endogenous estrogen may accelerate
synthesis of DHA from ɑ-linolenic acid (ALA), but the effects of
exogenous estrogen on RBC n–3 (ɷ-3) PUFA concentrations are
unknown.
Objective: We tested the hypothesis that menopausal hormone
therapy (HT) would increase RBC n–3 PUFA concentrations.
Methods: Postmenopausal women (ages 50–79 y) were assigned to
HT or placebo in the Women’s Health Initiative (WHI) randomized
trial. The present analyses included a subset of 1170 women (ages
65–79 y) who had RBC PUFA concentrations measured at baseline
and at 1 y as participants in the WHI Memory Study. HT included
conjugated equine estrogens (E) alone for women without a uterus
(n = 560) and E plus medroxyprogesterone acetate (P) for those with
an intact uterus (n = 610). RBC n–3 and n–6 (ɷ-6) PUFAs were
quantified.
Results: Effects of E alone and E+P on PUFA profiles were similar
and were thus combined in the analyses. Relative to the changes in
the placebo group after 1 y of HT, docosapentaenoic acid (DPA; n–3)
concentrations decreased by 10% (95% CI: 7.3%, 12.5%), whereas
DHA increased by 11% (95% CI: 7.4%, 13.9%) in the HT group.
Like DHA, DPA n–6 increased by 13% from baseline (95% CI:
10.0%, 20.3%), whereas linoleic acid decreased by 2.0% (95% CI:
1.0%, 4.1%; P values at least <0.01 for all). EPA and arachidonic
acid concentrations were unchanged.
Conclusions: HT increased RBC concentrations of the terminal n–3
and n–6 PUFAs (DHA and DPA n–6). These findings are consistent
with an estrogen-induced increase in DHA and DPA n–6 synthesis,
which is consistent with an upregulation of fatty acid elongases
and/or desaturases in the PUFA synthetic pathway. The clinical
implications of these changes require further study. The Women’s
Health Initiative Memory Study is registered at clinicaltrials.gov as
NCT00685009. Note that the data presented here were not planned
as part of the original trial, and therefore are to be considered
exploratory. Am J Clin Nutr 2021;113:1700–1706.

Keywords: estrogen, menopausal hormone therapy, progestin, n–3
fatty acids, n–6 fatty acids, Omega-3 Index, randomized trials

Introduction
Blood fatty acid concentrations are known to be associated

with a variety of cardiometabolic traits including diabetes risk
and heart disease, as well as brain function, mental health, and
overall mortality. Our group has replicated these associations
using RBC fatty acid concentrations in the Women’s Health
Initiative (WHI) Memory Study (1–4). The factors that determine
RBC concentrations of the n–3 fatty acids are not completely
understood. Although dietary and supplemental intake of n–
3 fatty acids is obviously important (5), only ∼50% of the
variability in the Omega-3 Index (6) (i.e., RBC concentrations
of EPA plus DHA) could be explained by the intake of oily fish
and fish-oil supplements, leaving a large proportion of variance
unexplained (7). The possibility that sex hormone status could be
one of these factors has been suggested from a variety of studies.
For example, DHA is higher in young women than in young men
(8–10), and in a novel study of male and female transsexuals
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undergoing sex-change procedures, males-to-females given oral
conjugated equine estrogens (E) had an increase in DHA,
whereas females-to-males given parenteral testosterone had a
decrease in DHA (11). Burdge and colleagues (12, 13) showed
that one reason young women have higher DHA concentrations
than men is that the former convert the plant n–3 fatty acid, ɑ-
linolenic acid (ALA; C18:3n−3) to EPA and DHA with a greater
efficiency than do young men. Teleologically, young women may
need to have a greater store of DHA to support childbirth. Finally,
in a large (∼160,000 patients) clinical dataset, among those
between 20 and 40 y of age, RBC DHA was significantly higher
in women than in men, but not in those above age 40 (8). Korean
women on menopausal hormone therapy (HT) also had elevated
RBC DHA concentrations (14). These data are consistent with
the hypothesis that E stimulates the biosynthesis of long-chain
n–3 fatty acids from common dietary precursors, presumably via
stimulation of the δ5 and 6 desaturases, the rate-limiting enzymes
in n–3 and n–6 PUFA biosynthesis, although an effect on the
elongases cannot be ruled out. Because these studies were not
interventional, firm conclusions about the effects of E on the n–3
fatty acid status cannot be drawn. The WHI is an ideal setting to
test this hypothesis. In this report we examine the effects of 1 y
of HT or placebo on RBC n–3 and n–6 PUFA concentrations.

Methods

Sample

The WHI Memory Study examined the effects of menopausal
HT on cognitive function in women aged 65–80 y (15, 16).
Recruitment was from 1993 to 1998. There were 1170 women
with both baseline and 1-y measurements of fatty acids who
were randomly selected from the Memory Study cohort. Of these
individuals, 610 had an intact uterus and 560 had undergone
a hysterectomy. Among the 610 women with a uterus, 300
women were randomly assigned to receive estrogen + progestin
(E+P) compared with 310 who were randomly assigned to
the placebo group. Among the 560 without a uterus, 273
received E alone versus 287 who received placebo. (Throughout
this article, HT refers to both E and E+P). Inclusion criteria
stipulated that any women in either arm previously taking
postmenopausal hormones had to undergo a washout period
for 3 mo before joining the study. Supplemental Figure 1
provides a flow chart of study inclusion criteria. The Women’s
Health Initiative Memory Study is registered at clinicaltrials.gov
as NCT00685009. Note that the data presented here were not
planned as part of the original trial, and therefore are to be
considered exploratory.

RBC fatty acid protocol

RBCs were isolated from blood drawn after a 10–12-h fast and
frozen at −80◦C after collection. RBC fatty acid composition was
analyzed by GC with flame ionization detection as previously
described in Pottala et al. (17). As reported therein, prior to
arrival at our laboratory, all of the RBC samples were stored at
−20◦C for a period of ∼2 wk at the central laboratory during
the aliquoting phase. This caused varying degrees of oxidative
degradation to the PUFAs. Experiments were undertaken to
quantify the degree of degradation, and models were generated

and applied to the original dataset to estimate true values. In doing
so, a dataset containing 10 imputations of each fatty acid for each
individual was generated. To properly account for the imputation
process, all statistical analyses included multiple imputation of
all fatty acid values, which consists of estimating the average
effect across all imputations, as well as the variability within and
between imputations (17).

The PUFAs of interest in this study were 4 n–6 and 4 n–
3 species plus the Omega-3 Index, which is EPA + DHA (see
Table 1). All PUFA levels are expressed as a percent of total
erythrocyte fatty acids. The CVs (i.e., the reproducibility) of each
RBC PUFA determined by our laboratory method are given in
Supplemental Table 1. In general, for PUFAs present at >3% of
total fatty acids, the CVs were <5%; for those present at 1% to
3%, <8%; and for the 2 PUFAs present at <0.5% (ALA) and do-
cosapentaenoic acid n-6 (DPA n–6), the CVs were 31% and 13%,
respectively.

Statistical analyses

This was a randomized, placebo-controlled trial in which the
effects of 1 y of HT on RBC PUFA composition was the primary
endpoint in this analysis. Two-sample t tests and chi-square
tests were used to evaluate demographic differences between
the 4 treatment arms, depending on whether variables were
continuous or categorical. When comparing women in the 2
groups (E+P vs. E alone) at baseline, we used linear models
predicting fatty acid concentrations by group plus demographic
variables—with a separate model for each fatty acid and the
Omega-3 Index [model 1: fatty acid level at baseline (y) =
group (0/1) + demographic covariates]. Demographic covariates
included in the model were age (y), race (Caucasian), BMI
(kg/m2), alcohol (at least 1 drink/wk), smoking (ever), ovaries
(still present), dietary EPA + DHA (g/d), and dietary n–6 (g/d).
When evaluating change in fatty acid concentrations over time,
we used paired t tests within each of the 4 treatment arms,
for each of the 8 fatty acids plus the Omega-3 Index. Linear
models predicting change in fatty acid concentrations with group
status, HT (yes/no), and their interaction were used to evaluate
the potential effects of treatment arm on 1-y change in fatty
acid status, and the potential modifying effect of group status
on HT. We first fit a model with the interaction term between
group status and HT [model 2a: change in fatty acid concentration
from baseline (y) = group status (0/1) + HT (0/1) + group
status × HT + demographic covariates + baseline fatty acid
concentration], where the list of demographic covariates was
the same as in model 1 with the exception of dietary intake.
We subsequently fit models separately within women in the
E+P group [model 2b: change in fatty acid concentration from
baseline (y) = HT (0/1) + demographic covariates + baseline
fatty acid concentration] and women in the E-alone group
[model 2c: change in fatty acid concentration from baseline (y)
= HT (0/1) + demographic covariates + baseline fatty acid
concentration].

Two sensitivity analyses were performed. First, to determine if
ovarian status confounded the analysis of women with no uterus,
we compared the change in PUFAs between HT and placebo
among women with bilateral oophorectomy compared with
women with conserved ovaries [model 3a: change in fatty acid
concentration (y) = ovarian status (0/1) + HT (0/1) + ovarian

http://clinicaltrials.gov
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TABLE 1 RBC fatty acid concentrations at baseline1

Estrogen +
progestin

(n = 610)2
Estrogen alone

(n = 560)2

Overall differences between groups (estrogen + progestin minus estrogen
alone)

Fatty acid Unadjusted (95% CI; P value)3 Adjusted (95% CI; P value)3,4

Alpha linolenic acid (ALA,
C18:3n–3)

0.16 ± 0.08 0.16 ± 0.07 0.0015 (−0.0012, 0.0042; 0.27) − 0.0006 (−0.004, 0.0028; 0.73)

EPA (C20:5n–3) 0.72 ± 0.45 0.68 ± 0.39 0.043 (0.028, 0.058; <0.0001) 0.032 (0.015, 0.05; 0.0004)
Docosapentaenoic acid n–3

(DPA n-3, C22:5n–3)
2.55 ± 0.42 2.5 ± 0.41 0.044 (0.029, 0.06; <0.0001) 0.025 (0.0062, 0.044; 0.009)

DHA (C22:6n–3) 4.58 ± 1.46 4.42 ± 1.39 0.16 (0.11, 0.21; <0.0001) 0.13 (0.071, 0.18; <0.0001)
Omega-3 Index

(EPA + DHA)
5.3 ± 1.75 5.1 ± 1.61 0.2 (0.14, 0.26; <0.0001) 0.16 (0.094, 0.22; <0.0001)

Linoleic acid (LA,
C18:2n–6)

11.67 ± 1.68 11.7 ± 1.7 − 0.029 (−0.09, 0.033; 0.36) − 0.079 (−0.16, −0.0018; 0.045)

Arachidonic acid (ARA,
C20:4n–6)

16.93 ± 1.71 17.02 ± 1.73 − 0.09 (−0.15, −0.028; 0.0045) − 0.089 (−0.17, −0.011; 0.026)

Adrenic acid (ADA,
C22:4n–6)

3.99 ± 0.86 4.09 ± 0.82 − 0.1 (−0.13, −0.073; <0.0001) − 0.055 (−0.091, −0.02; 0.0024)

DPA n–6 (C22:5n–6) 0.78 ± 0.25 0.8 ± 0.25 − 0.023 (−0.032, −0.014; <0.0001) − 0.0036 (−0.014, 0.0072; 0.52)

1Values are mean ± SD percentage points unless otherwise indicated.
2Combined samples give the pooled mean and SD for all women.
3Predicting fatty acid concentration at baseline by group using a linear model accounting for multiple imputation.
4Predicting fatty acid concentration at baseline by group and adjusting for age, race, BMI, alcohol consumption, smoking status, ovarian status, dietary

EPA + DHA, and dietary n–6 using a linear model accounting for multiple imputation (denoted as model 1 in the Statistical Analysis section).

status (0/1) × HT (0/1) + demographic covariates + baseline
fatty acid concentration]. We also estimated the effects of
HT separately on women with ovaries [model 3b: change
in fatty acid concentration (y) = HT (0/1) + demographic
covariates + baseline fatty acid concentration] and women
without ovaries [model 3c: change in fatty acid concentration
(y) = HT (0/1) + demographic covariates + baseline fatty acid
concentration]. In the second sensitivity analysis, we evaluated
whether pre-study use of E or E+P affected the results. To do
this, we compared the change in PUFAs with HT versus placebo
among women with or without prior (pre-baseline) use of HT
[model 4a: change in fatty acid concentration (y) = history of
HT (0/1) + HT (0/1) + history of HT (0/1) × HT (0/1) +
demographic covariates + baseline fatty acid concentration]. We
also estimated the effects of HT separately on women with a
history of HT [model 4b: change in fatty acid concentration (y)
= HT (0/1) + demographic covariates + baseline fatty acid
concentration] and women without a history of HT [model 4c:
change in fatty acid concentration (y) = HT (0/1) + demographic
covariates + baseline fatty acid concentration]. Due to the nature
of the fatty acid data, all analyses were adjusted for multiple
imputations (18). All statistical analyses were conducted using
R (19). Case-wise deletion was used when missing data were
present [missing data rates were low (<3% on all variables)
and typically <1%]. In all cases we used 2-sided tests and a
significance level of 0.05.

Results

Participant demographic profile by group status and
treatment arm

There were no statistically significant differences (P < 0.05)
at baseline between the women randomly assigned to HT and

the women randomly assigned to placebo in either HT trial
across a variety of demographic characteristics including age,
race, BMI, alcohol consumption, smoking status, ovarian status,
EPA + DHA intake, and n–6 intake (Table 2). However, there
were some significant demographic differences between women
in the 2 groups. Notably, women in the E+P group were more
likely to be white, have a lower BMI, more likely to consume at
least 1 alcoholic beverage/wk, and were more than twice as likely
to still have their ovaries (99% vs. 46%).

Differences in fatty acid concentrations at baseline

As shown in Table 1, EPA, DHA, the Omega-3 Index, and
docosapentaenoic acid n-3 (DPA n–3, 22:5n−3) concentrations at
baseline were higher in women in the E+P group compared with
those in the E-alone group; differences remained statistically sig-
nificant after adjusting for age, race, BMI, alcohol consumption,
smoking status, ovarian status, dietary EPA + DHA, and dietary
n–6. ALA concentrations were not significantly different in either
analysis. A different pattern was seen for the n–6 fatty acids, with
all 3 of the long-chain metabolites of linoleic acid (LA; 18:2n–
6) being lower in the women in the E+P group versus the E-
alone group in unadjusted analyses. After adjustment, differences
between groups remained significant for arachidonic acid (ARA,
20:4n−6) and adrenic acid (ADA, 22:4n-6), the difference for
DPA n–6 (22:5n-6) became nonsignificant, and the difference for
LA became statistically significant.

Changes in fatty acid concentrations after 1 y of HT

The observed changes in long-chain n–6 and n–3 fatty acid
concentrations across the 4 treatment arms after 1 y are detailed
in Table 3. The pooled effects (i.e., the adjusted effect of
HT compared with placebo for all participants regardless of
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group status; linear model predicting change in fatty acid by
HT) for 4 PUFAs in each family are summarized in Figure
1 as both absolute percentage point changes and percentage
changes from baseline. For the pooled analysis there was a
decrease of ∼10% relative to placebo for DPA n–3, and an
11% increase for DHA (P < 0.001 for both). There were no
significant effects on ALA or EPA. HT had a qualitatively
similar effect on concentrations of the n–6 metabolites in the
pooled analysis. That is, DPA n–6 increased with HT treatment
by ∼13%, whereas its metabolic precursors, ARA and ADA,
were unaffected. LA was, however, slightly but significantly
lowered (−2.6%) by HT (Figure 1). Effects of group status
on 1-y change (linear model predicting 1-y change in fatty
acid by group status) were not significant for any RBC PUFA
before and after adjusting for other variables, and group status
did not modify the effect of HT on any PUFA (linear model
predicting 1-y change in fatty acid by an interaction between
group status and HT; Supplemental Table 2). Two sensitivity
analyses were undertaken examining the effects of HT on RBC
PUFAs. The first included women in the E+P group stratified by
ovarian status (yes/no). No differences in RBC PUFA response
were observed by ovarian status (linear model predicting 1-y
change in fatty acid concentrations by HT, separately for women
with and without ovaries; Supplemental Table 3). The second
sensitivity analysis examined whether pre-study hormone use in
all participants affected the response, and again, no differences
were seen (linear model predicting 1-y change in fatty acid
concentrations by HT, separately for women with and without
a history of HT; Supplemental Table 4). Finally, we calculated
the fraction of the variability in the change in RBC PUFA
concentrations that was explained by HT at year 1. The highest
fraction explained was for DPA n–3 (9%) and the lowest for ADA
and ALA (<0.1%). For EPA, DHA, and the Omega-3 Index, the
explained proportions were ∼ 0.3%, 5%, and 3.2%, respectively
(Supplemental Table 5).

Discussion
In this study we found that postmenopausal women with a

mean age of ∼72 y who were in the E+P group had higher
concentrations of the long-chain n–3 fatty acids in their RBC
membranes than women in the E-alone group. Second, we
found that, largely regardless of group status, HT (whether E or
E+P) for 1 y reduced concentrations of DPA n–3 and increased
concentrations of DHA and DPA n–6. The latter finding supports
our hypothesis that estrogen enhances the synthesis of long-chain
n–6 and n–3 PUFAs in vivo.

Focusing on women randomly assigned to HT versus placebo,
we found that HT increased DHA and reduced concentrations
of its immediate precursor, DPA n–3, strongly suggesting
accelerated production of the former from the latter. The increase
in DPA n–6 further supports this hypothesis. With regard to the
extent to which E may contribute to the interindividual variability
in the Omega-3 Index, in this study HT explained <2%. In this
study, the Omega-3 Index increased from a mean of ∼5.2% to
5.6% in the HT group. Although the clinical implications of
this relatively small increase are not clear, the adjusted decrease
in risk of death from any cause associated with a 1-SD higher
Omega-3 Index in the WHI Memory Study cohort was 8% (1).
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An HT-induced increase in the Omega-3 Index of 0.4% (which
was approximately one-fourth of 1 SD) would be associated with
a reduction in risk of only ∼2%. This is unlikely to have major
clinical significance.

The metabolic route from DPA n–3 to DHA has been a source
of some controversy. The pathway proposed first by Voss et al.
(20) in 1991 included the peroxisomal B-oxidation of C24:6 n–3
to DHA (Figure 2). Park et al. (21) have more recently proposed
a more direct conversion of DPA to DHA via δ4 desaturation via
a gene product of fatty acid desaturase 2 (FADS2). Metherel and
Bazinet (22) have suggested that both pathways may exist, but
definitive support for 1 pathway versus the other (or contributions
from both) is presently lacking. Nevertheless, estrogen has been
shown to upregulate Fads2 (23, 24), and although this could
explain the increase in DHA, an upregulation of FADS2—without
concomitant changes in turnover—would be expected to also
increase EPA and DPA n–3, and therefore cannot explain the lack
of change in EPA concentrations or the significant lowering of
DPA n–3 seen here with HT.

Alternatively, the product of the ELOVL2 gene (elongation
of very-long-chain fatty acids 2) shares, along with that of
ELOVL5, the elongation of EPA to DPA n–3 (elongase 2 and
5, respectively). The former is the primary enzyme responsible
for the elongation of DPA n–3 to C24:5n–3 (tetracosapentaenoic
acid). Two genome-wide association studies (26, 27) revealed
that ELOVL2 variants were associated with shifts in EPA or DPA
n–3 to DHA ratios mirroring the effect of HT shown in our
study. In further support, a breast cancer cell line treated with
estradiol shows increased ELOVL2 gene expression compared
with nontreated cells, an effect that was blocked by the estrogen
receptor ɑ agonist tamoxifen (28). Furthermore, ovariectomized
rats treated with estradiol had higher DHA concentrations
compared with controls that corresponded to a higher expression
of Elovl2 [and Elovl5 and Fads2 (23)]. DPA n–6, the n–6
analog to DHA, also increases in response to HT and further
supports an upregulation of the pathway. The lack of decrease
(i.e., no change) in the n–6 precursors analogous to EPA (i.e.,
ARA) and in particular, analogous to DPA n–3 (i.e., ADA)
does not necessarily refute the role for elongase 2, but might
actually be expected due to the significantly higher affinity of
elongase 2 for n–3 PUFAs (29) compared with the n–6 PUFAs.
The lower elongase 2 affinity for ARA and ADA suggests that
any upregulation of elongation may continue to be matched by
synthesis from n–6 precursors, such as LA, whereas on the n-
3 side, synthesis rates of DPA n–3 cannot keep up with the
rapid DPA n–3 elongation to C24:5n-3. Moreover, the affinity
of elongase 2 is also much higher for 22-carbon fatty acids like
DPA n–3 compared with 20-carbon fatty acids like EPA (29) and
could thus explain the significant lowering of DPA n–3 relative
to EPA. Although not definitive, our study combined with the
aforementioned studies, suggests a mechanistic role for estrogen
in the modulation of ELOVL2 expression and or elongase 2
activity which may ultimately affect blood PUFA concentrations.

Finally, the serum concentrations of estradiol and estrone
achieved with the HT doses used in the WHI study are similar
to natural concentrations seen in young, premenopausal women
(30). Accordingly, our findings would suggest that the higher
DHA concentrations seen in young women (vs. young men) (8)
are likely due to an enhancement of DHA synthesis driven by
higher E concentrations.
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FIGURE 1 Summary of changes in RBC long-chain n–6 and n–3 fatty acids after 1 y of hormone therapy in all women regardless of group. Values are
means ± SDs. (A) Absolute change in RBC n–3 and n–6 PUFA concentrations versus placebo. For example, the placebo-adjusted change from baseline for
RBC DHA was ∼0.49%. This came from Table 3 where the placebo and hormone effects are presented by group. There, the net adjusted change in RBC DHA
was 0.49% for those women in the estrogen + progestin group and 0.48% for those in the estrogen-alone group. When the data are pooled, the overall net
change was 0.49%, as indicated above the DHA bar. (B) Relative (or %) change in RBC n–3 and n–6 PUFA concentrations from baseline versus placebo. For
example, from Table 1, the baseline RBC DHA for all women combined was ∼4.5% (i.e., the average of 4.42% and 4.58%). The average change in DHA for
the 2 groups was 0.49% as described above. Thus, the overall percentage change from baseline in DHA was 0.49%/4.5%, or 11.0%. ∗P < 0.01, ∗∗∗P < 0.001.
ARA, arachidonic acid; ADA, adrenic acid; DPA, docosapentaenoic acid; LA, linoleic acid.

Limitations

Although the overall WHI HT study was randomized, the
cohort making up this study was not truly “randomized” due to
selection processes and missing data. However, there were no
observed statistically significant differences in the distributions
at baseline, which suggests that confounding by these variables
is unlikely. This study included women aged ≥65 y. Whether

the results would apply to younger women taking HT in
early menopause is unknown. This study lasted only 1 y;
potential adjustments to homeostasis could have occurred with
prolonged treatment. As noted under Methods, the need to use
multiple imputations for fatty acid concentrations in the WHI
Memory Study, although not affecting point estimates, did widen
CIs.

FIGURE 2 Biosynthetic pathways for the n–6 (top) and n–3 (bottom) PUFAs. ∗Enzymes upregulated by estrogen in various model systems. Elovl,
elongation of very-long-chain fatty acid; Fads, fatty acid desaturase; Perox., peroxidation; B-ox., B-oxidation. Reproduced from reference (25) with permission.
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Conclusions

Randomization to HT in this cohort of postmenopausal women
increased RBC concentrations of both the n–6 and n–3 22-carbon
PUFAs. Together with previous studies, these findings suggest
that HT activates the ELOVL2 enzyme, resulting in altered PUFA
profiles. The clinical implications of such changes warrant further
study.
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