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Background: Past clinical trials of docosahexaenoic Acid (DHA) supplements for the prevention of Alzheimer’s
disease (AD) dementia have used lower doses and have been largely negative. We hypothesized that larger
doses of DHA are needed for adequate brain bioavailability and that APOE4 is associated with reduced deliv-
ery of DHA and eicosapentaenoic acid (EPA) to the brain before the onset of cognitive impairment.

Methods: 33 individuals were provided with a vitamin B complex (1 mg vitamin B12, 100 mg of vitamin B6 and
800 mcg of folic acid per day) and randomized to 2,152 mg of DHA per day or placebo over 6 months. 26 indi-

K ds: . . .
De]_}[zxzor s viduals completed both lumbar punctures and MRIs, and 29 completed cognitive assessments at baseline and 6
Omega-3 months. The primary outcome was the change in CSF DHA. Secondary outcomes included changes in CSF EPA

RCT levels, MRI hippocampal volume and entorhinal thickness; exploratory outcomes were measures of cognition.
Alzheimer’s disease Findings: A 28% increase in CSF DHA and 43% increase in CSF EPA were observed in the DHA treatment arm
Dementia compared to placebo (mean difference for DHA (95% CI): 0.08 1+g/mL (0.05, 0.10), p<0.0001; mean difference
APOE for EPA: 0.008 1+g/mL (0.004, 0.011), p<0.0001). The increase in CSF EPA in non-APOE4 carriers after supple-
mentation was three times greater than APOE4 carriers. The change in brain volumes and cognitive scores
did not differ between groups.
Interpretation: Dementia prevention trials using omega-3 supplementation doses equal or lower to 1 g per
day may have reduced brain effects, particularly in APOE4 carriers. Trial Registration: NCT02541929.
Funding: HNY was supported by RO1AG055770, RO1AG054434, R01AG067063 from the National Institute of
Aging and NIRG-15-361854 from the Alzheimer’s Association, and MGH by the L. K. Whittier Foundation.
This work was also supported by P50AG05142 (HCC) from the National Institutes of Health. Funders had no
role in study design, data collection, data analysis, interpretation, or writing of the report.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

A meta-analysis of 21 epidemiological studies with 181,580
participants identified that greater intake and blood levels of
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eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
omega-3 fatty acids (n-3 FA) were associated with lower Alzheimer’s
disease (AD) risk [1]. Lower levels of blood DHA have also been asso-
ciated with lower cognitive function, smaller hippocampal volumes,
and the accumulation of amyloid plaques in the brain imaged by PET
[2]. Both DHA and EPA promote synaptic plasticity, and are associated
with enhanced anti-oxidation processes and inhibition of synaptic
loss [3,4]. Long-term use of large dose DHA supplementation have
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Research In Context

Evidence before this study

Animal models and epidemiological studies support an associa-
tion between docosahexaenoic acid and eicosapentaenoic acid
(DHA and EPA) intake or blood levels with lower incidence of
Alzheimer’s disease (AD) dementia. Yet, systematic reviews of
randomized clinical trials using lower doses of omega-3 supple-
ments for dementia prevention have been negative. DHA sup-
plementation dosing needed for DHA brain delivery is not clear.

Added value of this study

In this placebo-controlled trial, cognitively unimpaired adults
were provided with a vitamin B complex and randomized to 2
gs per day of DHA supplementation or placebo over 6 months.
A modest increase in cerebrospinal fluid (CSF) DHA levels was
observed following supplementation, with APOE4 carriers hav-
ing a lower increase than non-carriers.

Implications of all the available evidence

Dementia prevention trials that use omega-3 doses of equal or
less than 1 g per day may have reduced brain effects, and espe-
cially for APOE4 carriers.

anti-amyloidogenic properties in AD animal models, reducing
B-amyloid (AB42) levels and diminishing neuronal loss [5]. Although
DHA and EPA can be synthesized de novo from precursor lipids con-
taining alpha-linolenic acid (ALA), this mechanism is not very effi-
cient and these n-3 fatty acids have to be obtained largely from
seafood consumption [6]. EPA can also be produced endogenously
through retro-conversion of dietary DHA by S-oxidation. The current
Western diet, however, contains considerably lower amounts of DHA
and EPA compared to the n-6 fatty acid, arachidonic acid (AA) [7].
Lower ratio of n-3 to n-6 fatty acids (DHA/AA, EPA/AA) in the circula-
tion is associated with higher measures of neuroinflammation [8,9]
and increased cardiovascular disease risk [10].

Despite these observations, DHA supplementation in clinical trials
was not effective in preventing symptomatic progression in partici-
pants already diagnosed with AD [11]. In addition, a systematic
review of trials with mostly lower doses (less than 1 g per day) of
DHA supplementation for the primary prevention of AD showed no
benefit on cognitive function in cognitively healthy older people [12].
DHA brain bioavailability after supplementation in prevention trials
is not clear.

Challenges to dementia prevention studies include identifying a
population at risk of progressing to dementia before the onset of irre-
versible neurodegeneration. Aging, APOE4, positive family history of
dementia [13], and sedentary lifestyles [14] increase the risk of devel-
oping dementia. Carbon-13 tracer studies suggest that both aging and
carrying the APOE4 allele accelerate DHA oxidation and loss [15,16].
Younger and cognitively healthy APOE4 carriers show an increase in
DHA brain uptake by PET compared to non-carriers suggesting com-
pensation for a brain DHA deficiency state [17]. Data on brain DHA
penetrance after supplementation is mostly limited to patients with
cognitive impairment. In OmegAD, 2.3 gs of n-3 FA supplementation
per day over 6 months led to a modest increase in CSF n-3 FA levels
[18]. In the ADCS sponsored DHA trial, plasma and CSF DHA levels
increased after 2 gs per day over 18 months with a greater increase
in APOE4 non-carriers compared to carriers [11,16]. The effect of
APOE4 on brain DHA and EPA delivery in cognitively unimpaired indi-
viduals is not known. To determine the delivery of DHA and EPA to
the brain before the onset of cognitive impairment, we conducted a

randomized controlled clinical trial stratified by APOE4 status among
persons with dementia risk factors using high-dose (2 gs per day)
DHA supplementation. Since adequate vitamin B levels are required
to incorporate n-3 FA into circulating phospholipids [19], all partici-
pants were provided with a vitamin B supplement.

2. Methods

Participants: Participants were recruited from the Los Angeles area
between 2016 and 2018. Inclusion criteria included: English and Span-
ish speaking cognitively unimpaired men and women ages 55 and
older with a first-degree family history of dementia. Exclusion criteria
included: current smokers (or a recent history of smoking within less
than 5 years), history of cardiovascular disease defined by a prior heart
attack, coronary artery revascularization, renal failure or blindness, a
diagnosis of cancer in the past 6 months, uncontrolled hyper- or hypo-
thyroidism, taking anti-coagulants such as warfarin, consumption of
n-3 polyunsaturated fatty acids (PUFA) capsules for the last 3 months,
regular exercise (>150 min of aerobic exercise per week), and heavy
drinking (>30 units of alcohol per week). All participants completed
the National Alzheimer Coordinating Center Uniform data set (UDS
3.0) neuropsychology battery. Participants meeting mild cognitive
impairment core criteria [20] or clinical diagnosis of dementia were
excluded. The study was approved by the USC IRB (HS-14-00864). All
participants provided signed informed consent. The trial was regis-
tered with clinical trials.gov (NCT02541929).

Intervention: In a single centered double-blind trial, participants
were randomized to 2152 mg per day of DHA or placebo in identically
appearing capsules and treated over 6 months. Participants were
required to take four 1000 mg soft-gel capsules per day which con-
tained either 538 mg DHA (treatment arm) or identically-appearing
capsules containing corn/soy oil (placebo arm) manufactured and
provided by DSM, Columbia, MD. The EPA content of the capsules
was <0.1% of the total fatty acid composition. The full content of the
DHA capsules is provided in Supplementary Table 1. Participants
were provided written instructions to limit their intake of PUFA
intake during the trial. All participants were provided and instructed
to take two vitamin B complex supplements per day each containing
500 mcg of vitamin B12, 50 mg of vitamin B6 and 400 mcg of folic
acid (Homocysteine Modulators, Solgar, NY). The full supplement
content is provided in Supplementary Table 2. A randomization
sequence was developed by the biostatistics team, with randomiza-
tion fidelity monitored by the trial data manager/analyst. Only the
trial statistician and one designated research coordinator had access
to the randomization list. Randomization was (1:1) between DHA
and placebo and was stratified by APOE4 carrier status, with a block-
ing factor that was not revealed to investigators. Participants came
for three visits: screening, baseline and 6 months visits. CSF and
plasma were done fasting overnight, and CSF was collected in poly-
propylene tubes. Compliance was assessed by pill counting.

Outcomes: The primary outcome was the change in CSF DHA lev-
els at 6 months. Secondary outcomes included changes in CSF EPA
levels, hippocampal volume and entorhinal cortex thickness on mag-
netic resonance imaging (MRI); and exploratory outcomes were the
Montreal Cognitive Assessment (MoCA) to assess global cognition,
Craft Stories and California Verbal Learning Test 2 (CVLT2) for verbal
memory, and Trail making A and B tests for speed and executive func-
tions as described [2].

Fatty acids measurements: For CSF, a 0.25 mL aliquot was trans-
ferred into a reaction vial containing an internal standard (C23:0 tri-
glyceride) and dried in a Speedvac for 40 min at 60 °C. For plasma, a
25 uL aliquot was combined with the internal standard in a reaction
vial. Thereafter the methylating reagent [boron trifluoride in metha-
nol (14%), toluene, and methanol (35/30/35 v/v); 0.5 mL] was added,
the vial vortexed and heated at 100 °C for 45 min. After cooling,
0.5 mL of distilled water and hexane (0.25 mL for CSF and 0.5 mL for
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plasma) were added. Fatty acid analysis was performed by GC MS
using a Shimadzu GC2010 Plus with a 100 m SP2560 capillary column
as described previously [21].

Other measurements: APOE genotyping was assessed using qPCR
with isoform-specific primers as described [22]. Blood biomarkers
were completed at Huntington Hospital clinical laboratory (Pasadena,
CA). CSF levels of AB,, were measured using the MSD multiplex assay
[23].

MRI methods: We collected structural MRI scans (MPRAGE) at
baseline and follow-up on 28 participants (Siemens Magnetom
Prisma 3T; TR 2300 ms; TE 2.95 ms; 1.1 x 1.1 x 1.2 mm). Hippocam-
pal segmentations were performed using FreeSurfer. Each segmenta-
tion was passed or failed by a trained reviewer following a visual
quality control assessment using a protocol based on the recommen-
dations of the European Alzheimer's Disease Consortium and the Alz-
heimer's Disease Neuroimaging Initiative (EADC—ADNI) harmonized
hippocampal protocol [22]. The mean of right and left hippocampal
volumes divided by intracranial volume estimated by FreeSurfer was
used in the statistical analyses. One right hippocampal segmentation
at baseline and one left hippocampal segmentation at follow-up
failed segmentation based on our protocol. In these cases, only the
measure of the remaining acceptable segmentation was used in the
analyses rather than a right-left mean. Two subjects also had bilater-
ally failed hippocampal segmentations at follow-up, leaving a total of
26 participants who had usable hippocampal segmentations at both
baseline and follow-up. For entorhinal cortex thickness, FreeSurfer
adequately segmented gray versus white matter in the entorhinal
cortex, using an in-house quality control protocol. The mean of right
and left entorhinal cortex thickness was included in the statistical
analyses.

2.1. Data sharing

Coded individual participant data and a data dictionary defining
each field in the set will be made available to others upon request to
the corresponding author, on January 1, 2022. Additional documents
(study protocol, statistical analysis plan, informed consent form) can
be made available by request to corresponding author on Jan 1, 2021.
Data will be shared after approval of a proposal, with a signed data
access agreement.

2.2. Statistical analysis

Sample size determination: In a prior study in patients with mild AD
[24], 44 participants had measures of DHA in CSF at baseline and 18
months after receiving 2 g per day of DHA treatment (DHA arm,
n =29, and placebo arm, n = 15). The difference in CSF DHA levels after
18 months was 1.0024% (in weight percentage units) in the DHA-
treated arm and —0.257% in the placebo-treated arm with a standard
deviation of 1.026. Based on these estimates, a sample size of 26 (13
per group) would have 80% power to detect a 1.22 difference in CSF
DHA after treatment. Given a possible 20% dropout rate, a total of 32
participants were required to be randomized to detect this difference.

Data analysis: Baseline variables were compared using Fisher’s
exact test and Wilcoxon two sample rank sum test. Changes in fatty
acids (post-pre) as a function of treatment and genotype were mod-
eled using an ANCOVA model within a general linear model frame-
work. Residuals were evaluated for normality and homoscedasticity.
One cognitive variable (CVLT Trial 5) with a non-normal distribution
was ranked and the regression model was run on both the untrans-
formed and ranked variables. Interaction of treatment and APOE
genotype was modeled as a function of fatty acid levels. A p-value
below 0.05 (two-sided) was considered statistically significant for
the primary outcome-change in CSF DHA. The analysis was done on a
modified intention-to-treat basis (limited to trial completers with
available follow-up outcome measures) and all subjects were

included regardless of adherence. For analysis of the imaging and
cognitive scores, multiple comparisons were not controlled for any
other variables and, therefore, p-values for results should be consid-
ered as nominal. All statistical analyses used R (http://www.R-proj
ect.org/) and SAS software version 9.4 (Cary, NC).

3. Results

One hundred and seventeen individuals were screened for trial
eligibility. Thirty-three participants were randomized into placebo
(n = 15; APOE4 carriers=7; non-carriers=8) and DHA treatment arms
(n = 18, APOE4 carriers=8; non-carriers=10), as shown in Fig. 1. All
but one participant had a Clinical Dementia Rating (CDR) score of 0.
Twenty-six individuals completed lumbar punctures and MRI imag-
ing, and 29 completed cognitive assessments at baseline and 6
months. The majority of participants were women, and there were
more males in the placebo group than in the DHA group. A summary
of the demographic and clinical characteristics of the cohort based on
treatment is provided in Table 1. The information is further grouped
by APOE4 status and presented in Supplementary Table 3. Blood and
imaging biomarkers, as well as baseline neuropsychological meas-
ures, are provided in Supplementary Table 4. For the analysis results
of primary, secondary, and exploratory outcomes, the mean differen-
ces in change between treatment groups with 95% confidence inter-
val are presented. Overall, the intervention was well tolerated, the
majority of adverse events were minor (mostly gastrointestinal) and
did not differ by treatment arms (Supplementary Table 5). Mean
adherence by pill count in the overall sample was 80.4% (placebo
mean (SD)=79.8 (21.8); DHA mean (SD)=80.9 (17.3)).

3.1. Change in CSF and plasma fatty acids after the intervention

At baseline, higher CSF DHA levels were significantly correlated
with higher CSF AB42 (r = 0.54; p = 0.0033). Fatty acid levels mea-
sured at baseline in CSF and plasma are presented in
Supplementary Tables 6 and 7. After six months of DHA supplemen-
tation, there was a significant increase in CSF DHA in the DHA supple-
ment arm (n = 13) compared with placebo (n = 13) (mean difference
(95% CI): 0.08 (0.05, 0.10) ng/ml; p<0.0001; Fig. 2a). There was a
trend for a greater increase in CSF DHA in APOE4 non-carriers com-
pared to carriers (0.02 (—0.003, 0.04), p = 0.08, Cohen’s effect size
d = 0.41) but the interaction between the treatment group and APOE
group on the change of CSF DHA was not significant (p = 0.61;
Fig. 2a). CSF EPA levels were increased after DHA supplementation
(0.008 (0.004, 0.01) pg/ml; p <0.0001; Fig. 2b). Change in CSF EPA
levels in both groups was significantly greater in APOE4 non-carriers
compared to carriers (0.006 (0.003, 0.009) pg/ml; p = 0.001). Interac-
tion of APOE genotype and treatment on the change in CSF EPA level
was not significant (p = 0.54). The changes in all CSF fatty acids by
treatment group are presented in Supplementary Table 8.

Plasma DHA levels after DHA supplementation was increased
compared with placebo (106.4 (87.8, 125.1) ug/ml, p<0.0001;
Fig. 2c). EPA plasma levels were also increased with DHA supplemen-
tation (13.8 (5.8, 21.7) ug/ml, p = 0.002; Fig. 2d). DHA and EPA
plasma levels did not significantly differ between APOE4 carriers and
non-carriers (DHA: 14.7 (—4.2, 33.7) ug/ml, p = 0.12; EPA: 4.4 (—3.4,
12.3) ng/ml, p = 0.25; Fig. 2B and D). When comparing the percentage
changes in plasma to CSF, participants in the DHA treatment arm
exhibited a 200% increase in plasma DHA, but only a 28% increase in
CSF DHA (Fig. 2e). By comparison, the percentage increase in CSF and
plasma EPA levels were similar after supplementation (Fig. 2f). The
change in all plasma fatty acids by treatment group is presented in
Supplementary Table 9. Increasing plasma DHA was associated with
an increase in CSF DHA (R = 0.91, p<0.001; Supp Figure 1a). APOE
genotype did not modify this association. In contrast to DHA, no
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Assessed for Eligibility
(n=117)

Excluded (n=73)

Enrollment

Did not meet inclusion
criteria (n=41)
Declined to Participate
(n=30)

Other reasons (n=2)

Randomized
(n=33)

Enrolled (n=44)

DHA Treatment Arm (n=18)
APQOE4 Carriers (n=8)
APOE4 Non-Carriers (n=10)

Completed Study (n=15)
Lost to Follow Up (n=3)
Discontinued Treatment
(n=0)

Baseline

Follow —Up
(6 months)

|
CSF Analysis (n=13)
APOE4 Carriers (n=7)
APOE4 Non-Carriers (n=6)

MRI Analysis (n=14)
APOE4 Carriers (n=6)
APOE4 Non-Carriers (n=8)

Analysis

Cognitive Analysis (n=15)
APQOE4 Carriers (n=6)
APOE4 Non-Carriers (n=9)

Placebo Treatment Arm (n=15)
APOE4 Carriers (n=7)
APOE4 Non-Carriers (n=8)

Completed Study (n=14)
Lost to Follow Up (n=1)
Discontinued Treatment
(n=0)

[
CSF Analysis (n=13)
APOE4 Carriers (n=6)
APOE4 Non-Carriers (n=7)

MRI Analysis (n=12)
APOE4 Carriers (n=7)
APOE4 Non-Carriers (n=5)

Cognitive Analysis (n=14)
APOE4 Carriers (n=7)
APOE4 Non-Carriers (n=7)

Fig. 1. Consort diagram. From 117 participants screened for eligibility, 33 were randomized into placebo (n = 15, APOE4=7, non-APOE4=8) and DHA (n = 18, APOE4=8, non-

APOE4=10) treatment arms.

correlation was observed between the changes in plasma and CSF
EPA (Supp Figure 1b).

Levels of CSF AA did not differ after DHA treatment (—0.02 (-0.07,
0.02) pug/ml, p = 0.35) and there was no interaction between treat-
ment and APOE genotype on levels of CSF AA (p = 0.32). Plasma AA
levels were significantly lower after DHA supplementation (—45.5
(=754, —15.6) ug/ml, p = 0.005). This difference in change was

Table 1
Demographic and baseline clinical characteristics by treatment arm.

Placebo (N=15) DHA(N=18) P-value

Age in years, median (min, max) 69 (58, 79) 68.5(58,90) 0.46
Males, n (%) 4(27%) 2(11%) 0.37
Race, n (%) 039

White (Non-Hispanic) 7 (47%) 11(61%)

Hispanic 5(33%) 6(33%)

Black 0 1(6%)

Asian 2(13%) 0

Other 1(7%) 0
APOE genotype, n (%)’ 0.99

E2/E3 2(13%) 3(17%)

E3/E3 6 (40%) 6 (33%)

E3/E4 6 (40%) 6 (33%)

E4/E4 1(7%) 2(11%)
BMI (kg/m?), median (IQR) 32.0(7.3) 27.8(5.8) 0.13
HgbA1c (%), median (IQR) 5.7(0.2) 5.8 (0.6) 0.66
MoCA, median (min, max)” 27(22,30) 28(19,30) 0.62

2 The exact genotype of one of the non-APOE4 carriers in the DHA arm was not
determined.
b sample size for HghA1c, MoCA: placebo (N = 15), DHA (N = 17).

significant among APOE4 non-carriers (—57.7 (—=115.1, —0.4) pg/ml,
p<0.05) but not among APOE4 carriers. The interaction between
APOE genotype and treatment arm on plasma AA was not significant
(p = 0.40).

The change in the ratio of DHA/AA and EPA/AA in CSF and plasma
was similar to total DHA and EPA concentrations. CSF DHA/AA was
increased among those taking DHA supplements compared with
those taking placebo (0.27 (0.20, 0.34), p<0.0001), but without a sig-
nificant difference between APOE4 groups. There was an increase in
CSF EPA/AA among those taking DHA supplements versus placebo
(0.03 (0.02, 0.04), p<0.0001); and was greater among non-carriers
compared to APOE4 carriers (0.01 (0.002, 0.03), p = 0.02), but without
a significant interaction between treatment and genotype (p = 0.26).
After treatment, change in plasma DHA/AA ratio (0.63 (0.48, 0.78),
p<0.0001), and plasma EPA/AA ratio (0.09 (0.03, 0.15), p = 0.004) dif-
fered by treatment group but did not differ significantly between
APOEA4 carriers and non-carriers.

3.2. Secondary and exploratory outcomes

There were no significant differences in the change of hippocam-
pal volume (—0.002 (—0.009, 0.005), p = 0.56) or entorhinal cortex
thickness (—0.11 (-0.25, 0.03), p = 0.13) between DHA and placebo
treatment arms. Cohen’s effect size d of the hippocampal and entorhi-
nal volume changes after treatment were 0.24 and 0.54 respectively.
Changes in individual cognitive scores are shown in Table 2. With the
exception of a nominally significant difference in change of scores in
CVLT Trial 5 of list learning (DHA treated arm learned one additional
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Fig. 2. Comparison of post-intervention difference in CSF DHA and EPA levels at baseline and 6-months based on treatment arm and APOE4 status. Comparison of a) change in CSF
DHA between DHA and placebo treatments arms separated by APOE4 status, b) change in CSF EPA between treatment arms separated by APOE4 status, c) change in plasma DHA
between treatments arms separated by APOE4 status, and d) change in plasma EPA between treatment arms separated by APOE4 status, e) mean DHA% change compared to baseline
in CSF and plasma, f) mean% change in EPA compared to baseline in CSF and plasma. The p values were derived from a linear model ANCOVA.

word than the placebo treated arm), all other measures of cognition
did not significantly differ between treatment arms.

4. Discussion

In this trial, we sought to determine the levels of DHA and EPA in
CSF following DHA supplementation in cognitively unimpaired indi-
viduals at risk of dementia, and whether the changes in CSF DHA and
EPA levels are related to APOE4 carrier status. We observed a modest
(28%) increase in CSF DHA levels with 2152 mg per day of TG-based
DHA supplementation. This finding has implications for past clinical
trials that used lower doses (e.g. 1 g daily of TG-based DHA supple-
ments per day or less) and were overwhelmingly negative [11]. Using
lower doses of n-3 FA supplements may have resulted in limited n-3
FA brain delivery.

Another aspect affecting the response to DHA supplementation is
APOE4 status. APOE4 non-carriers showed a trend toward greater CSF
DHA levels and significantly greater EPA levels compared with APOE4
carriers. Lower CSF DHA and EPA levels in APOE4 following DHA

supplementation could result from lower brain uptake or greater
brain consumption.

Although EPA levels are disproportionately low in the brain when
compared with other n-3 FAs such as DHA and AA (up to 250 times
lower) [25], this does not equate to lesser biological significance. EPA
plays fundamental roles in neuroinflammation and neural prolifera-
tion processes [[25],[26]]. EPA can work to attenuate the effects of
inflammatory mediators such as interleukin-18 (IL-18) via various
cell signaling pathways [27]. EPA also serves as a source of eicosanoids
and resolvins involved in mitigating inflammation and excitotoxicity
in the brain [[28],[29]]. This finding contributes to our understanding
as to why APOE4 carriers with limited omega-3 intake might be at a
greater risk of neuroinflammation and AD progression [30].

We define high dose supplementation as greater than 2 g of TG-
based DHA consumption per day. We acknowledge this definition is
limited as our study only tested one DHA dose. In addition, different
DHA formulations or populations may require distinct dosing strate-
gies that are determined by several factors (discussed below). Never-
theless, two important variables determining the delivery of DHA to

Table 2

Changes in cognitive scores by treatment arm.
Cognitive Test Placebo (N=14) DHA(N=15) Difference between treatment arms  P-value

Mean (SD) Mean (SD) Mean (95% CI)*

MoCA 0.3(1.6) -0.2(1.6) -05(-1.7,0.7) 0.40
Craft immediate recall 1.7(3.1) 03(3.2) -1.4(-3.9,1.0) 0.23
Craft delayed recall 04(2.8) 1.1(2.8) 0.7 (-1.5,2.8) 0.52
CVLT Trial 5 -0.8(2.1) 1.1(2.2) 1.9(0.2,3.5) 0.03
CVLT Trial 5 (ranked) 9.9(7.1) 14.6(7.2) 4.7(-0.8,10.2) 0.09
CVLT delayed recall 1.3(2.6) 1.9(2.6) 0.6 (-1.4,2.6) 0.53
Trails A -2.8(10.2) -3.8(10.3) -1.0(-8.8,6.9) 0.80
Trails B —1.5(40.0) 3.5(40.2) 5.0(—26.3,36.3) 0.74

2 Mean difference (DHA minus placebo) in change score.

b Sample size for Trails B: placebo (N = 14), DHA (N = 14).
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tissues are the dose and duration of supplementation. From a phar-
macokinetic standpoint, DHA levels in plasma phospholipids are satu-
rated after 6 weeks of supplementation with 2 g per day of TG-based
DHA [31]. However, a brain DHA tracer study reveals a much slower
brain DHA turnover than plasma with an estimated brain DHA half-life
of around 2.5 years [32]. This suggests a much longer time is needed to
remodel brain DHA and corroborated by the slower increase in CSF DHA
after supplementation over time compared to plasma. For example, in
OmegAD, 1720 mg of DHA [in ethyl ester form| per day over 6 months
was associated with only 11% increase in CSF DHA levels, as opposed to
a 200% increase in plasma DHA levels [18]. The ADCS-sponsored DHA
trial in mild AD used slightly larger doses than OmegAD [2 g of TG
derived DHA daily] but over 18 months and observed a 38% increase in
CSF DHA levels as opposed to a 207% increase in plasma DHA levels [33].
In the current study, 2.1 g of TG-DHA per day over 6 months in cogni-
tively unimpaired individuals was associated with a 28% increase in CSF
DHA and a 200% increase in plasma DHA levels. Together these data sug-
gest that short term (for example less than 1 year) of TG-based DHA
with doses less than 1 g per day will be less likely to lead to meaningful
remodeling of tissue DHA levels, particularly in the brain.

In addition to dosing and duration of n-3 FA supplementation,
vitamin B levels, baseline n-3 FA levels, age, sex, BMI, and physical
activity affect the levels of n-3 FA in the circulation following supple-
mentation. In the current study, all participants were provided a high
dose vitamin B complex supplement. B vitamins are necessary for the
incorporation of DHA into circulating phospholipids [19]. Emerging
evidence suggests that vitamin B influences DHA’s supplementation
efficacy on cognitive outcomes. In VITACOG, brain atrophy and possi-
bly some cognitive benefits of vitamin B supplementation were
dependent on the parallel presence of high levels of DHA and EPA
[34]. An analysis of OmegAD indicated that the effect of n-3 FA sup-
plementation on cognitive outcomes was influenced by baseline
homocysteine levels [35]. Lower baseline n-3 FA levels, older age,
female sex, and higher physical activity also appear to enhance the
circulating levels of n-3 FA in response to supplementation [36].

Another consideration for determining an effective n-3 FA dose is
a correlation between tissue levels and improved clinical outcome
data. There is some evidence to support that n-3 FA doses greater
than 2 g per day provide a dose “outcome” response. In cardiovascu-
lar disease prevention, REDUCE-IT using 4 g of ethyl-ester EPA per
day [37] was associated with lower rate of ischemic events including
cardiovascular death. In contrast, trials using lower doses were incon-
sistent or largely negative (reviewed in [38]). More recently, MAPT
[39], ORIGIN [40], VITAL [41] and Do-HEALTH [42] used n-3 FA sup-
plements with doses less or equal to 1 g per day. In trials with cogni-
tive outcomes, higher DHA doses or plasma levels were generally
associated with improvements in cognitive outcomes, whereas trials
using lower doses were not [11,43,44]. For example, in OmegAD,
improvements in cognitive outcomes were associated with the great-
est plasma levels of n-3 FA achieved after 2.3 g per day supplementa-
tion [45]. In lipiDIDiet, 1.2 g of DHA + 300 mg of EPA had positive
(but inconsistent) effects on some of the cognitive outcomes [46]. In
the ADCS sponsored clinical trial, treatment with 2 g of TG-DHA per
day was not associated with cognitive benefit, but the response dif-
fered by APOE4 status with non-APOE4 carriers showing signs of cog-
nitive improvement. These findings are corroborated in animal AD
and APOE4 models showing neuroprotective effects of TG-DHA sup-
plementation by long term supplementation with human doses
equivalent to 3 g per day or more [47]. Whether long term high-dose
DHA supplementation in persons at increased risk of AD but before
the onset of cognitive impairment, such as in APOE4 carriers, can
delay the symptomatic onset of cognitive decline remains an impor-
tant unanswered question.

N-3 FA supplement formulation does not appear to impact its plasma
bioavailability. N-3 FA can be produced by microalgae (TG-based),
refined from fish oils (ethyl esters or resterified TG-based), or krill oils

(phospholipid “PL"-based) [48]. Direct comparisons of the different for-
mulations do not support an advantage for TG or PL-based formulations
on plasma levels [48], although animal models indicate that PL-DHA
may increase in the brain more efficiently than other formulations [49].
Unesterified fatty acids and specific phospholipids such as lysophospha-
tidylcholine (LPC DHA) are the preferred brain DHA substrates [50]. Fol-
lowing absorption, dietary TG-DHA is hydrolyzed by lipases to produce
free or unesterified DHA and LPC DHA. A second phase PL-DHA is pro-
duced from hepatic metabolism of TG-DHA. When in free fatty acid
form, DHA detaches from albumin in the plasma and is transported via
passive diffusion across the outer membrane of the blood-brain barrier
(BBB) [41]. LPC DHA is transported along the inner membrane of the BBB
via the major facilitator superfamily domain-containing 2cc (MFSD2cx)
receptor [51]. Accordingly, LPC DHA formulations may produce faster
enrichment of brain DHA concentrations than TG-based DHA formula-
tions [52], but this has not yet been demonstrated in human studies.

In the current study, we observed an increase in EPA levels after
DHA supplementation which is likely secondary to retroconversion
from DHA. Although acute carbon tracer studies suggest minimal ret-
roconversion of DHA to EPA in tissues [53], longer-term DHA supple-
mentation leads to an increase in circulatory EPA by up to 10%
[54,55]. This process involves peroxisomal oxidation of DHA and
occurs in both astrocytes and hepatocytes [56]. Furthermore, the EPA
content of the n-3 FA capsules provided in this trial was very small
(<0.1%), making it a less plausible explanation for the observed
increase in plasma or CSF EPA levels following supplementation. The
lower rate of retroconversion of DHA to EPA in APOE4 carriers may
signify peroxisomal dysfunction. Peroxisomes play a key role in the
production of reactive oxygen species and contribute to the oxidation
of long-chain PUFAs [57]. In AD mouse models, decreased efficiency
of peroxisomal B-oxidation was observed in the hippocampus and
was associated with the accumulation of toxic very long chain fatty
acids [58]. It is plausible that older APOE4 carriers with evidence of
oxidation markers in tissues may not benefit from n-3 FA supplemen-
tation, underscoring the need for early intervention.

We also found a positive correlation between higher CSF DHA lev-
els and higher CSF AB42 (suggestive of lower amyloid deposition) at
baseline. Using PiB PET scanning, we previously found a correlation
between lower serum DHA levels and increased amyloid deposition
in patients without dementia but with vascular risk factors [59]. In
the ADCS-sponsored DHA clinical trial, we identified a similar associ-
ation between CSF DHA and CSF AB42 in patients with mild AD [24].
Together, these findings indicate an association between greater
brain amyloid accumulation and lower brain DHA levels that appear
before the onset of cognitive impairment and is independent of
APOE4 status. However, changes in CSF DHA levels were not associ-
ated with changes in CSF AB42. It is possible longer exposure to
larger concentrations of DHA in the brain are needed to affect AB42
metabolism [60,61] and slow brain amyloid accumulation.

The strength of this study is in the selection of participants with a
positive family history of dementia, stratifying recruitment by APOE
groups, low baseline omega-3 consumption and a sedentary lifestyle,
but who were not cognitively impaired. The present trial pilot, unlike
prior studies, investigated levels of DHA in CSF of cognitively normal
adults before any indication of cognitive impairment. The APOE geno-
type differences in CSF DHA and EPA levels that may arise before cog-
nitive deterioration or development of AD suggest potential
preventive measures. Although this was a randomized trial, there
were significantly fewer males and lower baseline fasting triglyceride
levels in the DHA treatment arm. This is a limitation of the smaller
sample size in this trial. We acknowledge that changes in CSF DHA
and EPA levels do not simply reflect brain uptake, but represent a
complex dynamic relationship occurring within the brain involving
both the uptake of these n-3 FA from the circulation and their recy-
cling/consumption from brain cells. As a result, we could not deter-
mine from this study whether lower DHA and EPA in CSF of APOE4
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carriers are due to lower uptake across the BBB or greater utilization
within brain cells. Future investigations should seek a better under-
standing of the APOE4-related mechanisms that determine DHA and
EPA brain bioavailability, as well as the development of alternative
formulations to enhance brain DHA delivery in this population. The
current study was not planned to detect an interaction effect on CSF
fatty acids by treatment and APOE groups nor to detect DHA treat-
ment effects on brain imaging or clinical cognitive outcomes. We are
currently testing the effect of high dose DHA supplementation on CSF
fatty acid levels, imaging, and cognitive outcomes in a larger ongoing
trial, PreventE4 (NCT03613844).

In summary, our study suggests that higher doses of n-3 FA (2 g
per day or more of TG-DHA) are needed to ensure adequate brain
delivery, particularly in APOE4 carriers. Although it is possible that n-
3 FA supplementation may not slow cognitive decline, past low dose
(1 g per day or less) n-3 FA supplementation trials in dementia pre-
vention may not have provided adequate brain levels to fully evalu-
ate the efficacy of n-3 FA supplementation on cognitive outcomes.
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