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Abstract. To date, only a few randomized clinical trials (RCTs) have investigated the effects of omega-3 fatty acids (FA) on
Alzheimer’s disease (AD). Some of these studies demonstrated that patients with very mild AD or mild cognitive impairment
benefit from omega-3 FA treatment, but none showed significant improvements in cognitive function in patients with moderate
or advanced AD. All these RCTs had a relatively short duration of supplementation, however, and we hypothesized that this
might be one of the reasons why no effects of omega-3 FA supplementation could be observed in patients with “moderate”
or “advanced” AD. Animal studies offer better possibilities for controlled long-term supplementation than clinical studies.
Therefore, we performed a systematic review (SR) and meta-analysis of the literature that focused on effects of the relatively
long-term omega-3 FA supplementation (minimum period; 10% of average total lifespan) on cognitive impairment, amyloid-␤
pathology, and neuronal loss in animal models of AD. This SR shows that long-term omega-3 FA supplementation decreased
the omega-6/omega-3 FA ratio and reduced the amount of amyloid-␤ in experimental animal models of AD. Omega-3 FA
supplementation also improved cognitive function; this effect appeared larger in rats compared to mice, and in males compared
to females. Moreover, omega-3 FA supplementation diminished the amount of neuronal loss, especially in female animals. The
results of this SR indicate that it might be worthwhile to perform new clinical trials with long-term omega-3 FA supplementation
in AD patients.
Keywords: Alzheimer’s disease, amyloid-␤ peptides, animal models, cognition, docosahexaenoic acid, omega-3 fatty acids,
pathology, systematic review
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Alzheimer’s disease (AD) is a multifactorial
neurodegenerative disease characterized by cognitive impairment, intracellular neurofibrillary tangles,
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synaptic loss, and extracellular amyloid plaques that
accumulate in vulnerable brain regions. The cause of
AD is still largely unknown and until now no cure for
the disease is available. Therefore strategies for prevention and therapy are needed, especially because the
number of people suffering from AD is rising quickly.
Clinical and epidemiological studies have shown
that nutrition can affect the risk of the development of
AD [1–7]. One of the dietary components that appear
to play an important role is omega-3 fatty acids (FA).
Of the omega-3 polyunsaturated FAs, docosahexaenoic acid (DHA), is the most abundant one in the
mammalian brain; very high levels can be found in
neuronal membranes and the myelin sheath. Incorporation of omega-3 FA into neuronal membranes increases
membrane fluidity; it also improves neurotransmission
and signaling via increased receptor binding, enhances
number and affinity of receptors, and improves the
function of ion channels [8–11]. It is therefore not
surprising that decreased serum DHA levels are associated with cognitive impairment [12–14]. Decreased
DHA levels have also been observed in brain tissue
of people with AD, specifically in areas that mediate learning and memory [15]. As a result of these
findings, various researchers have investigated the possibility that use of DHA supplements may reduce the
risk of development or progression of AD (reviewed in
[16–19]). Although the results of observational studies concerning the intake of fatty fish or omega-3 FA
and the risk of cognitive decline or AD were conflicting [1, 5, 7, 20–31], randomized clinical trials (RCTs)
studying the influence of omega-3 FA supplementation on AD or mild cognitive impairment (MCI) were
performed.
Some of these RCTs showed that patients with very
mild AD or MCI could benefit from omega-3 FA treatment. Patients with very mild AD in the OmegAD
study showed a significant reduction in Mini-Mental
State Examination (MMSE) decline rate due to omega3 FA treatment [32], and Chiu et al. [33] and Kotani
et al. [34] showed significant improvements on cognition in patients with MCI. Chiu et al. also showed that
general clinical function improves due to omega-3 FA
supplementation in patients with mild to moderate AD
[33]. Although the study of Quinn et al. showed a significantly slower decline in cognitive function in the
APOE4 negative subgroup supplemented with DHA
compared to placebo group [35], none of the other
RCTs showed significant improvements in cognitive
function in patients with moderate or advanced AD
after omega-3 supplementation. This might partly be
explained by the fact that, in all these RCTs, omega-3

FA was supplemented relatively late in the course of
disease; in addition, the durations of supplementation
were relatively short (varying between 90 days and 18
months, which is a maximum of 1.8% of the total life
span of a human).
Although these few studies give good insight into the
effects of omega-3 FA on AD development, long-term
clinical trials examining the efficacy of omega-3 FA
against cognitive decline in AD are needed. In the ideal
situation, long-term clinical studies, in which participants are supplemented with omega-3 FAs from young
adult age, should be performed to confirm the beneficial effects of omega-3 FA supplementation. However,
this kind of research is expensive, ethically complex,
and time consuming and could only be performed
in large collaborations subsidized by several governments; therefore we should focus for the time being
on experimental animal models resembling the human
situation as closely as possible to resolve the question
whether or not relatively long-term omega-3 FA supplementation diminishes cognitive decline and reduces
AD pathology.
In the last decade, several groups around the world
used experimental animal models to study the longterm effects of omega-3 FA treatment on various
aspects of AD. The results of these studies often originate from relatively small experiments and are quite
heterogeneous. Systematically reviewing all these published papers in a objective and quantitative manner
(unlike the widely used narrative reviews) has never
been carried out before and might provide us with
reliable and solid new evidence on whether or not longterm omega-3 FA treatment could be beneficial for
patients with “advanced” AD. Therefore, the aim of
this current study was to perform a systematic review
(SR) and a meta-analysis of all available experimental
evidence concerning the effects of long-term omega-3
FA supplementation on cognitive impairment, amyloid
pathology, neurodegeneration, and brain FA levels in
animal models of AD.
MATERIALS AND METHODS
Search strategy and selection of the papers
We searched the PubMed and Embase database for
original articles concerning the effects of omega-3 FA
supplementation in experimental animal models for
AD until April 22, 2011. The search strategy was composed of three components: AD, omega-3 FA, and
animals as described in Table 1, and was developed
in cooperation with experts/information specialists
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Table 1
Search strategy in PubMed and Embase
Search strategy
Pubmed

Alzheimer’s disease

Omega-3 fatty acids

Embase

Animals
Alzheimer’s disease
Omega-3 fatty acids

Animals

(“dementia”[MeSH Terms] OR “dementia”[Tiab] OR “dementia, vascular”[MeSH Terms] OR
“alzheimer disease”[MeSH Terms] OR “alzheimer”[Tiab] OR “alzheimer’s”[Tiab] OR
“alzheimers”[Tiab])
(“fish oils”[MeSH Terms] OR (“fish”[Tiab] AND “oils”[Tiab]) OR (“fish”[Tiab] AND
“oil”[Tiab]) OR “fatty acids, omega-3“[MeSH Terms] OR (“fatty”[Tiab] AND “acids”[Tiab]
AND “omega-3”[Tiab]) OR (“fatty”[Tiab] AND “acid”[Tiab] AND “omega-3”[Tiab]) OR
“docosahexaenoic acids”[MeSH Terms] OR “docosahexaenoic acid”[Tiab] OR
“docosahexaenoic acids”[Tiab] OR “eicosapentaenoic acid”[MeSH Terms] OR
“eicosapentaenoic acids”[Tiab] OR “eicosapentaenoic acid”[Tiab] OR “alpha-linolenic
acid”[MeSH Terms] OR “alpha-linolenic acids”[Tiab] OR “alpha-linolenic acid”[Tiab] OR
“dietary fats, unsaturated”[MeSH Terms] OR (“dietary”[Tiab] AND “fats”[Tiab] AND
“unsaturated”[Tiab]) OR (“dietary”[Tiab] AND “fat”[Tiab] AND “unsaturated”[Tiab]) OR
“polyunsaturated fatty acid “[Tiab] OR “polyunsaturated fatty acids “[Tiab] OR “poly
unsaturated fatty acid “[Tiab] OR “poly unsaturated fatty acids “[Tiab] OR “PUFA “[Tiab] OR
“PUFAs “[Tiab] OR “n-3 fatty acids “[Tiab] OR “n-3 fatty acid “[Tiab] OR “n3 fatty
acids”[Tiab] OR “n3 fatty acid “[Tiab] OR “fatty acids n-3 “[Tiab] OR “fatty acids n3 “[Tiab]
OR “DHA “[Tiab] OR “EPA “[Tiab] OR “ALA “[Tiab])
Laboratory animal search filter [36]
exp Dementia/or exp Presenile Dementia/or exp Senile Dementia/or dementia.ti,ab. or exp
alzheimer disease/or alzheimer.ti,ab. or alzheimers.ti,ab. or vascular dementia.ti,ab.
fish oil/or (fish and oil).ti,ab. or (fish and oil).ti,ab. or fish oils.ti,ab. or fish oil.ti,ab. or omega-3
fatty acid/or omega-3.ti,ab. or omega 3.ti,ab. or docosahexaenoic acid/or (docosahexaenoic and
acids).ti,ab. or (docosahexaenoic and acid).ti,ab. or (eicosapentaenoic and acid).ti,ab. or
(eicosapentaenoic and acids).ti,ab. or linolenic acid/or (linolenic and acid).ti,ab. or (linolenic
and acids).ti,ab. or Edible Oil/or edible oil.ti,ab. or edible oils.ti,ab. or unsaturated fatty acid/or
(dietary and fats and unsaturated).ti,ab. or (dietary and fat and unsaturated).ti,ab. or (dietary and
fatty and unsaturated).ti,ab. or polyunsaturated fatty acid/or polyunsaturated fatty acid.ti,ab. or
polyunsaturated fatty acids.ti,ab. or (n-3 and PUFA).ti,ab. or DHA.ti,ab. or EPA.ti,ab. or
ALA.ti,ab.
Laboratory animal search filter [37]

from the Medical Library of the Radboud University
Nijmegen, the Netherlands. To detect all animal studies
in both PubMed and Embase, search filters were used
[36, 37]. Furthermore, the reference lists of the selected
relevant papers were screened by hand for potentially
relevant new papers. No language restriction was used.
If necessary, papers in languages other than English
were translated by scientists (native speakers for that
particular language) within the Radboud University
Nijmegen Medical Centre. The selection of studies was
performed on the basis of the title and abstract. In case
of doubt, the entire publication was purchased and evaluated. Two investigators (C. Hooijmans and P. Pasker
de Jong) independently screened all the abstracts for
the inclusion criteria. Differences were resolved by a
third investigator. Studies were included when they
studied the effect of omega-3 FA supplementation in
animal models for AD on behavior, cognition, neurodegeneration, brain circulation, or amyloid deposition.
However, when they fulfilled one of the following
exclusion criteria, the papers were excluded: 1) Not an
original paper (review or letter etc.); 2) Omega-3 FA

supplementation was combined with other (nutritional)
components; 3) An animal model for AD without
amyloid pathology was used; 4) Absence of a correct
control group (control group had to be comparable to
the experimental group, but without the omega-3 FA
supplementation).
Study characteristics and data extraction
From the studies reviewed, the following data
were extracted: animal species, kind of AD model,
background, gender, number of animals in treatment and control group, randomization, blinding,
kind of supplement, start and duration of supplementation, amount of omega-3 FAs in diet per day,
route of administration, age of sacrificing the animals,
number of animals excluded for statistical analysis, reason for excluding animals, outcome measures,
and results (Table 2). Bibliographic details such as
author, journal, and year of publication were also
registered. Four outcome measures were assessed: cognition, amyloid-␤ (A␤) deposition, neuron loss in the

Study

Species

AD model

Sex

Arendash
[43]

Mouse

A␤PP/PS1
2×TgAD

?

Route of
administration

Start supple- Amount of
mentation
supplement
(treated/control)

Duration of
supplementation

Outcome measures

Comments

n-3 fatty acids

Diet

2 months

5.5 months

Cognition; MWM,
circular platform

Treated group also
contains higher level
of SFA
Contact with the
authors revealed the
use of both
males and females
(combined in one
group)

13%/2.76

platform recognition,
Y-maze, RAWM
A␤ deposition: Elisa

Arsenault
[54]

Mouse

A␤PP/PS1/tau;
3×TgAD

?

DHA

Diet

4 months

0.6%/0

8–10 months

Brain fatty acids
Cognition: object
recognition
A␤ deposition: Elisa

Calon [45]

Mouse

tg2576

M+F

DHA

Diet

17 months

0.6%/<0.01%

103 days

Calon [44]

Mouse

tg2576

M+F

DHA

Diet

17 months

0.6%/<0.01%

3–5 months

Green [38]

Mouse

A␤PP/PS1/tau;
3×TgAD

M+F

DHA

Diet

3 months

1.3%/0

3, 6 or 9
months

Brain fatty acids
Cognition: MWM

Neuron loss: dendritic
pathology
Neuron loss: loss of
presynaptic markers
Brain fatty acids
A␤ deposition: Elisa

A␤ deposition: IHC

Hashimoto
[48]

Rat

A␤ infused rats

M

DHA in gum
arabic solution

Oral

25 weeks

300 mg/kgBW/day
vs 0

15 weeks

Cognition: avoidance
learning
Neuron loss: cell death

Hashimoto
[50]

Rat

A␤ infused rats

M

DHA in gum
arabic solution

oral

26 weeks

300 mg/kgBW/day
vs 0

12 weeks

Brain fatty acids
Cognition: Radial Arm
Maze
Brain fatty acids

Contact with the
authors revealed the
use of both
Males and females
(combined in one
group)
Both males and
females combined in
one group

Both males and
females combined in
one group
Study contains 3
separate
experimental groups
(3, 6 and 9 months of
supplementation)
Both males and
females combined in
one group
DHA is administered
12 weeks before and
3 weeks
After surgery and A␤
infusion
DHA is administered
after surgery
(continued next page)
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Table 2
Study characteristics of the included studies

Table 2
(continued)
Species

AD model

Sex

Supplement

Route of
administration

Start supple- Amount of
mentation
supplement
(treated/control)

Duration of
supplementation

Outcome measures

Comments

Hashimoto
[46]

Rat

A␤ infused rats

M

DHA in gum
arabic solution

oral

26 weeks

300mg/kgBW/day
vs 0

12 weeks

DHA is administered
after surgery

Hashimoto
[47]

Rat

A␤ infused rats

M

DHA in gum
arabic solution

oral

25 weeks

300mg/kgBW/day
vs 0

12 weeks

Cognition: Radial
Arm Maze
A␤ deposition: Elisa
Brain fatty acids
Cognition: avoidance
learning

Hashimoto
[49]

Rat

A␤ infused rats

M

DHA in gum
arabic solution

oral

20 weeks

300mg/kgBW/day
vs 0

12 weeks

Brain fatty acids
A␤ depostion: Elisa

Hooijmans
[51]

Mouse

A␤PP/PS1
2×TgAD

M

DHA + EPA

diet

6 months

0.5% /0%

12 months

Brain fatty acids
A␤ deposition: IHC

Hooijmans
[39]

Lim [52]

Mouse

Mouse

A␤PP/PS1
2×TgAD

Tg2576

M

M+F

DHA + EPA

DHA

diet

diet

2 months

0.4%/0%

17–19 months 0.6%/<0.01%

Neuron loss: atrophy
Brain fatty acids
6 or 13 months Cognition: MWM,
circular platform,
reverse MWM
A␤ deposition: IHC

103 days/3–5
months

Neuron loss: atrophy
Brain fatty acids
A␤ deposition: Elisa

A␤ deposition: IHC

Oksman
[53]

Perez [40]

Mouse

Mouse

A␤PP/PS1
2×TgAD

A␤PP/PS1
2×TgAD

M

M+F

DHA

DHA

diet

diet

6 months

3 months

0.5%/0%

0.6%/0%

4 months

Cognition: MWM

3 months

A␤ deposition: Elisa
A␤ deposition: IHC
Brain fatty acids
A␤ deposition: IHC

Brain fatty acids

DHA is administered
before surgery and
A␤ infusion
DHA is administered
after surgery

Study contains 2
separate
experimental groups
(6 and 13 months of
supplementation)

Duration of
supplementation not
clear
Both males and
females combined in
one group
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performed in males
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hippocampus, and cortical FA levels. The six most
studied brain polyunsaturated FAs were analyzed
in our meta-analysis: linoleic acid (C18 : 2n-6),
arachidonic acid (C20 : 4n-6), adrenic acid (C22 : 4n6), ␣-linolenic acid (C18 : 3n-3), eicosapentaenoic
acid (EPA, C20 : 5n-3), docasahexaenoic acid (DHA,
C22 : 6n-3). Also the ratio between the total amount of
n-6 and n-3 FA in cortical brain tissue was determined.
For the outcome measure “cognition”, results of studies were included in which learning and/or memory
functions had been determined.
Data could be extracted in case the authors had
explicitly described the measure of interest as a
measure for neuron loss, synapse loss, or neurodegeneration, such as the width of the dentate gyrus of
the hippocampus, histone-associated DNA fragments,
synaptic marker loss, etc. From all outcome measures
that were assessed, the means, standard deviations
(SDs) or standard errors (SE), and number of animals
per group (n) were recorded. When data were only
presented graphically, attempts were made to obtain
data from the authors; if these were not available, data
were measured using digital ruler software where possible (Universal Desktop Ruler). If a study contained
groups with different genders or several age groups that
were investigated separately (i.e., [38–40]), the age or
gender groups were analyzed as if they were separate
studies.
Quality assessment
We assessed the study quality of the included studies using the criteria described in Table 3. These
criteria are based on the presence and short description of important study characteristics such as age,
species, gender, duration of supplementation, amount
of omega-3 in diet, etc., but also on the assessment of
the internal validity - performance bias (differences in
care provided?), exclusion bias (differences in withdrawal from studies?), detection bias (differences in
measurement of outcomes?), selection bias (biased
allocation to comparison groups?) - and external validity - population, intervention, outcome, precision, etc.
- as described in the book of Egger et al. [41].
The quality of all studies was assessed independently by two reviewers (C. Hooijmans and P. Pasker
de Jong). It should be noted that the quality assessment assesses mainly the reporting quality. Negative
judgment does not necessarily indicate that the experiment has been carried out insufficiently; it indicates
inadequate information to assess quality.

Quantitative data synthesis and statistical analysis
For each outcome measure in each study, the standardized mean difference (SMD) was calculated (the
mean of the experimental group minus the mean of
the control group divided by the pooled SD of the two
groups). Despite anticipated heterogeneity, the individual SMDs were pooled whenever possible (starting
from two studies or more) to obtain an overall SMD and
95% confidence interval. Where outcomes were measured repeatedly using different methods, we chose the
time point at which the measured efficacy was greatest.
To account for anticipated heterogeneity, we used
the random effects model [42] in which some heterogeneity beyond sampling errors is allowed. To
explore possible causes for heterogeneity, subgroup
analyses were planned for the following study characteristics: gender (male, female, or mixed), species
(mice/rats), duration of supplementation (shorter or
longer than 6 months), starting age of supplementation (young adults: mice 8–14 weeks, rats 16–22
weeks; aged adults: mice > 14 weeks, rats > 22 weeks),
and start of supplementation before or after inducing
AD in an animal model. We have chosen biological
rather than methodological characteristics to try to
explain the possible causes of heterogeneity. A subgroup was defined as a group containing a minimum
of two studies. Groups were considered different in
case of approximately one SEM of the SMD difference (␣ t 30%). Because of this high ␣ and low
power, no statistical tests were used to confirm differences between subgroups. For the same reason,
observed differences between small subgroups should
be interpreted with caution and be used for constructing
new hypotheses, rather than for drawing final conclusions. To detect publication bias, funnelplots were
created and explored. Meta-analysis was performed
with Review Manager (RevMan Version 5.0. Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2008). Meta-regression was then carried out for each of the outcome measures and the study
characteristics gender, species, and duration of supplementation in SPSS 16.0 using a macro written by David
B. Wilson (E-mail: dwilsonb@gmu.edu). We used
inverse variance weighted generalized least squares
regression with full-information maximum likelihood
estimates. We present R-squared as a measure of explanation of heterogeneity by the total model, and studied
the coefficients of the variables to determine effect
modification. As the power was low, we decided on
determining effect modification (i.e., heterogeneity)
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= fulfilling the criterion, no = not fulfilling the criterion, ? = not enough information to determine whether or not the raised criterion is fulfilled. 0: It is not
clearly stated whether the diet is fed ad libitum or not and when the animals received their food. 1 - Authors mention that the food is given ad libitum. 2 Not precise, authors say “at least 17 months, or 17 months. 3 - The scientists did not describe the distribution of weight or gender in the groups at the start
of the experiment. 4 - Partly. 5 - Answer is “YES” when in 50% of the cases the number of animals is mentioned. 6 - Authors mention that the animals are
between 17–19 months old, which is not precise. 7 - The research question is incomplete. 8 - The design of the experiment was not clear to us, and because
of that the age when supplementation started and when the mice were sacrificed could not be determined. 9 - Partly, only assessment of A␤ deposition is
blinded. 10 - Duration of supplementation varied (for example 3–5 months).
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Research question specified and clear?
Outcome measures relevant for AD research
Are the characteristics of study population clear?
Species
Background/generation
Sex (and distribution)
Age
Presence and correct control group?
Where the groups similar at baseline (if not randomized think of
weight and sex etc)?
Is the experiment randomized?
Kind of supplement mentioned (DHA, EPA or combination etc)?
Age when supplementation started mentioned?
Duration of supplementation clear and specified?
Amount of omega-3 in diet mentioned
Administration route specified (diet or oral etc)?
Is the timing of the supplementation during the day specified and
similar in both groups?
Methods used for outcome assessment the same in both groups ?
Drop outs described for each group separately?
Blinded outcome assessment?
Was the outcome assessment randomized across the groups?
Total number of animals included in statistical analyses clear?
Age of sacrificing animals mentioned?

Calon [45]

Study Quality:

Arsenault [54]

Arendash [43]

Table 3
Quality assessment of the included studies

197

198

C.R. Hooijmans et al. / Omega-3 Fatty Acids in Experimental Alzheimer’s Disease

on the basis of at least one SEM difference in SMD
between the subgroups.
RESULTS
Description of the included studies
The search strategy described in Table 1 retrieved
313 papers in PubMed and 514 papers in Embase.
Twenty-seven papers met our selection criteria. After
correction for duplicate findings, 15 original studies
remained. The characteristics of these studies [38–40,
43–54] are shown in Table 2.
There was a large variation in most study characteristics. Ten studies were performed with transgenic
mice, and five studies used A␤-infused rats. Eight
studies used only males, and five studies used both
genders. Two studies did not mention which gender
was used, but after contacting the authors it became
clear that the experimental population consisted of both
genders. Two of the studies, which were performed
in rats, started DHA supplementation before creating the experimental AD model (infusing A␤ peptide
in the rat cerebral ventricle). The age at the start of
supplementation (2–19 months of age) and the duration of supplementation (3–13 months) varied greatly
between the studies. Because of the large variation in
study design, subgroup analyses were performed for
gender, species used, and duration of supplementation
only.
Data of the four outcome measures were collected: cognition, A␤ deposition, neuron loss/
neurodegeneration, and brain FA levels. Fourteen
experiments (extracted from 10 papers) studied the
effects of omega-3 FAs on A␤ deposition in AD animal
models and could be used in the meta-analysis. Eight
papers presented a measure for cognition (defined as a
measure for learning or memory capacity). Brain FA
content was reported in 13 of the 15 papers. From 12 of
these studies, data could be included in meta-analysis
(one study contained duplicate data). Neuron loss or a
measure for neurodegeneration was presented in five
papers.
Study quality
Table 3 shows the results of the quality assessment of
the 15 studies included in this SR. The median quality
score was that 16 items out of 21 had been reported.
The lowest score was 12 items (57%), and the highest scoring studies reported 17 items out of 21 (81%).
Although randomization, blinding, and description of

the number of dropouts are key quality measures in
the quality assessment of clinical trials, only 60% of
the studies included in this SR randomly allocated the
experimental units across the treatment groups. None
of the papers described the method of randomization or
randomizing the order of outcome assessment across
the groups. Only 6% of the studies mentioned blinding
of the outcome assessment, and only 20% of the studies
described the number of dropouts per group. The number of studies included in this SR is relatively small,
and the quality assessment of these studies assesses the
quality of reporting more than the quality of the carrying out of an animal study. Therefore the results of
the quality assessment were not used for a sensitivity
analysis.
Publication bias
The presence of publication bias was assessed for
the outcome measures learning and A␤ deposition. The
variation in SE was too small, however, to interpret the
funnel plots reliably (data not shown).
Effects of omega-3 supplementation
Aβ deposition
Fourteen experiments studied the effect of omega-3
FA supplementation on the amount of A␤ in animal models for AD. Eight of these experiments
showed significantly reduced A␤ levels due to omega3 FA supplementation. Overall analysis showed that
omega-3 FA supplementation reduced the amount of
A␤ in animal models for AD (Fig. 1; SMD −1.43
[−1.96, −0.89]). Supplementary Figure 1 (available online: http://www.j-alz.com/issues/28/vol28-1.
html#supplementarydata03) shows different subgroups for A␤ deposition. No clear differences
between brain regions or types of A␤ measured were
observed. In the meta-regression, the very moderate heterogeneity of results that was present was not
explained by any of the variables included in the model.
R-squared of the model (the proportion of variance
explained by the model) was 8%.
Cognition
Ten studies described the effect of omega-3 FA
supplementation on cognition; nine of these studies
could be included in the meta-analysis. Five of these
nine studies used the Morris water maze test, two
studies used the avoidance learning test, one used
the object recognition, and one used the radial arm
maze. Of the studies included in the meta-analysis, five
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Fig. 1. Forest plot (effect size and 95% CI) of individual studies of omega-3 FA supplementation on amyloid-␤ deposition in experimental
animal models of Alzheimer’s disease.
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Effect size and CI
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1.72 [0.58, 2.86]
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0.56 [0.15, 0.98]
3.17 [0.77, 5.57]

Fig. 2. (a) Forest plot (effect size and 95% CI) and (b) subgroup analysis of individual studies of omega-3 FA supplementation on cognition in
experimental animal models of Alzheimer’s disease.

reported significantly improved cognition in animals
supplemented with omega-3 FAs compared to controls.
Overall analysis showed that omega-3 FA supplementation improved cognition (Fig. 2; SMD 1.23 [0.46,
1.99]). Subgroup analysis revealed that this effect
was more pronounced in rats compared to mice (rats:
SMD 3.17 [0.77, 5.57], mice: SMD 0.56 [0.15, 0.98])
and in males compared to the mixed gender groups
(males: SMD 1.72 [0.58, 2.86], mixed: SMD 0.50
[−0.14, 1.13]). The two studies with the largest effect

size (Fig. 2a) started omega-3 supplementation before
creating the experimental AD model (infusing A␤ peptide in the rat cerebral ventricle). Sensitivity analysis
revealed that, if the studies that started omega-3 FA
supplementation before creating the experimental AD
model are excluded from the meta-analysis, the overall
effect on cognition remains significantly improved in
omega-3 supplemented animals compared to the controls (SMD 0.61 [0.23, 0.99]). In the meta-regression,
the effect of species remained, but in this simultaneous
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Fig. 3. (a) Forest plot (effect size and 95% CI) and (b) subgroup analysis of individual studies of omega-3 FA supplementation on neuron
loss/neurodegeneration in experimental animal models of Alzheimer’s disease.

analysis the effect of gender disappeared, suggesting
confounding by species. Duration of supplementation
explained a small part of the heterogeneity as well.
R-squared of the model was 49%. However, heterogeneity remained strong.
Neuron loss/neurodegeneration
In four out of six experiments that were included in
meta-analysis, the amount of hippocampal neuronal
loss/neurodegeneration significantly decreased with
omega-3 FA supplementation in animal models for
AD. Meta-analysis of all six studies investigating hippocampal neuronal loss/neurodegeneration revealed a
diminished amount of neuronal loss in AD animals
supplemented with omega-3 FA compared to controls
(Fig. 3a; SMD −1.02 [−1.61, −0.43]). Subgroup analysis (Fig. 3b) revealed that this effect was largest in
the mixed gender group (SMD −2.03 [−3.36, −0.70])
compared to the male groups (SMD −0.75 [−1.26,
−0.24]). In the meta-regression, most of the heterogeneity was explained by gender. The other variables
did not add anything. R-squared of the model was 86%.
Fatty acid levels
Omega-6 FAs. Both arachidonic acid (AA) and
adrenic acid levels in the cortex of experimental AD
models decreased in response to omega-3 FA supplementation (Fig. 4a; AA: SMD −1.86 [−2.60, −1.11],
adrenic acid: SMD −2.75 [−4.03, −1.47]). Linoleic
acid levels remained unaltered. Subgroup analysis

revealed a gender effect for AA, adrenic acid, and
linoleic acid. Linoleic acid levels were increased in
the mixed gender group compared to the group with
just males (Fig. 4b; mixed gender: SMD 2.03 [0.67,
3.39], males: SMD 0.09 [−0.76, 0.93]). The observed
decrease in AA and adrenic acid levels were larger in
the mixed gender group compared to the group with
just males (Fig. 4).
Omega-3 FAs. In all 14 studies included in this SR,
DHA was one of the supplemented omega-3 FAs
(Table 2). Thirteen studies could be included in metaanalysis. Of those 13 studies, 10 showed a significant
increase in DHA levels. Clearly, DHA/omega-3 FA
supplementation resulted in increased levels of DHA
in cortical brain tissue of experimental AD models
(Fig. 5a; SMD 2.14 [1.28, 2.99]). This effect seemed
to be even larger in female animals compared to males
alone and in mice compared to rats (Fig. 5b; mixed gender: SMD 2.67 [1.09, 4.26], males: SMD 1.86 [0.79,
2.93], rats: SMD 1.51 [0.16, 2.87], mice: SMD 2.62
[1.49, 3.75]). EPA levels were unaltered in the overall analysis, which is expected because the majority
of studies did not supplement EPA. ␣-Linolenic acid
levels (precursor of DHA and EPA) were diminished
probably as a consequence of omega-3 FA supplementation: SMD 1.54 [−2.99, −0.10]. However, this result
was restricted to two studies performed by Hashimoto
et al. [50, 55], and is also the cause of the gender
difference observed in subgroup analysis (Fig. 5b).
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Fig. 4. (a) Forest plot (effect size and 95% CI) and (b) subgroup analysis of individual studies of omega-3 FA supplementation on cortical
omega-6 FA levels in experimental animal models of Alzheimer’s disease.
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Fig. 5. (a) Forest plot (effect size and 95% CI) and (b) subgroup analysis of individual studies of omega-3 FA supplementation on cortical
omega-3 FA levels in experimental animal models of Alzheimer’s disease.
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Fig. 6. (a) Forest plot (effect size and 95% CI) and (b) subgroup analysis of individual studies of omega-3 FA supplementation on the ratio
between omega-6 and omega-3 FAs in experimental animal models of Alzheimer’s disease.

Overall analysis of omega-6 and omega-3 FA levels was not performed because the overall result will
be biased given that not all types of omega-3 and
omega-6 FAs were taken into account in the included
studies.

Omega-6/omega-3 ratio. Overall analysis of the studies investigating the omega-6/omega-3 ratio showed
that this ratio decreased under influence of omega3 supplementation (Fig. 6a; SMD −4.13 [−5.90,
−2.36]) due to a shift in the balance between omega-3
and omega-6 FAs. The relative amount of omega6 FA decreased as the relative amount of omega-3
FA increased in experimental animal models for AD
supplemented with omega-3 FA. Subgroup analysis
revealed a possible gender effect of mixed gender (a
lower ratio) compared to males (Fig. 6b; mixed gender: SMD −5.22 [−9.13, −1.32], males: SMD −3.90
[−6.37, −1.43]).
The meta-regression did not explain any of the heterogeneity at all with an R-squared of 7%. There was
no variation in species over the studies with this outcome measure, so this variable was not included in the
model. The effect of gender remained, but precision
was so low that the change in SMD was no longer
more than one SEM.

DISCUSSION
The RCTs carried out so far [32–35] used shortterm supplementation (a maximum of 2% of the life
expectancy of the participants in the largest and longest
RCT [36] ever performed). Further, there are practical
difficulties involved in RCTs studying long-term supplementation. Given these considerations, our SR of
the literature has focused on the effects of relatively
long-term omega-3 FA supplementation (a minimum
of 10% of the life expectancy of mice and rats) on cognitive impairment, A␤ pathology, neurodegeneration,
and brain FA levels in animal models of AD.
This SR shows that relatively long-term omega-3 FA
supplementation (during at least 10% of the expected
life span in mice and rats) reduced the amount of A␤
in the brain, improved cognition, and diminished the
amount of neuronal loss in animal models for AD. In
other words, long-term omega-3 FA supplementation
suggests favorable effects on parameters related to AD
in animal models.
In addition, subgroup analyses also revealed potential gender and species differences. For example:
the effect of omega-3 supplementation on cognition
seemed larger in rats compared to mice, and the
diminished amount of neuronal loss due to omega-3
supplementation was largest in the mixed gender group
compared to males alone.
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Finally, meta-regression showed that, for most of
the outcomes, the heterogeneity in the results was
not solely attributable to the variables included in the
model. Gender did explain the heterogeneity in the
results for neurodegeneration. However, the gender
effects on both cognition and DHA levels disappeared
in the meta-regression, suggesting confounding by
species, which remained an effect modifier for these
outcomes.
Fifteen studies concerning the effects of omega-3 FA
supplementation in experimental AD were included in
this SR. Therefore, this review contains on average
30% more relevant papers compared to the narrative
reviews published in this field, which clearly shows
the benefit of searching systematically. For most of
the included studies, all the necessary data for metaanalysis were obtained from the papers or through
contact with the author. The data about cognition could
not be obtained from one study, which devaluates the
strength of the results of the performed meta-analysis
because the power diminished. Nevertheless we used
the results of that study in a descriptive way, and the
results supported our findings.
It is of importance that the results of published animal experiments, similar to those of clinical trials, are
archived for at least 5–10 years and that scientists
performing animal experiments will make their data
available to encourage the carrying out of SRs in animal experimentation. The results of SRs will lead to
much better interpretation of the available scientific
results from animal studies, through which a better
translation to the clinic and more guarantees for patient
safety may become reality.
However, not only is there a need to improve access
to the results of already published animal experiments,
but also the scientific quality of the papers must be
improved [56]. Key characteristics of scientific practice such as randomization, blinding, and description of
withdrawals/dropouts are routinely published in most
human clinical trials, but are often not mentioned in
publications of animal studies. In our SR, 60% of the
studies reported the use of randomization but none
mentioned the method of randomization, only 6% of
the studies mentioned blinding the outcome assessment, and in 20% the number of animals excluded per
group were properly described. For scientific and ethical reasons towards animals and humans, it is urgent
that standards that are routinely applied in human
research are applied to animal research as well. Nevertheless, the results of the quality assessment performed
in this SR should be carefully interpreted because this
assessment was based on the published manuscript,

and strictly speaking assessed the quality of reporting instead of the quality of the carrying out of the
experiment. For this reason better reporting of animal
studies is crucial, and it is of the utmost importance that
recent initiatives in this field are implemented [56, 57].
Despite insufficient reporting, SRs and meta-analysis
of current publications do provide us with valuable new
insights, and aid in making possible bias transparent.
Our meta-analysis clearly shows that the ratio
omega-6/omega-3 FA in brain tissue shifted in favor
of omega-3 under influence of omega-3 FA supplementation in experimental AD models. This indicates a
direct influence of dietary FA on the brain, demonstrating an exchange of long-chain polyunsaturated FAs
across the blood brain barrier [58]. The overall analysis revealed that omega-3 FA supplementation (which
was solely DHA supplementation in 86% of the studies) increased brain DHA levels. Three of the included
experiments did not show an effect of omega-3 FA
supplementation on DHA content in cortical brain tissue; however, they did show a significant increase in
DHA brain levels in other regions or other fractions.
The study by Hashimoto et al. [50] showed significant increased DHA levels in hippocampal tissue; a
further study by Hashimoto et al. [46] showed that the
mol% of DHA and the detergent soluble fractions of
the cortex significantly increased due to omega-3 FA
supplementation. In the study by Arendash et al. [43],
only the frontal cortex was sampled and they did not
report any significant increase in DHA brain levels. It
cannot be ruled out that, also in this study, hippocampal DHA could have been increased, but this remains
pure speculation. Nevertheless, the sensitivity analysis
revealed that excluding the study of Arendash et al.
[43] or all three studies did not influence our overall
results substantially (data not shown).
The observed relative increase of omega-3 FAs over
omega-6 FAs may imply increased membrane fluidity [9]. Gray matter is composed of approximately
30–40% of DHA, which is almost 17% of the total
weight of FAs in the brain. Because of this huge abundance of DHA in the brain, it can be expected that a
significant increase of DHA in the brain as seen in this
SR influences membrane fluidity. In previous studies,
increased DHA concentrations in neuronal membranes
have led to changes in the physical properties of membranes, enzyme activities, receptors, transport, and
cellular interactions [59–61], and it is therefore possible that increased membrane fluidity also directly
influences the production of A␤.
Indeed, this SR shows that, overall, long-term
omega-3 FA supplementation reduced the amount
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of A␤. Eight of the included experiments showed
significantly reduced A␤ levels after omega-3 FA supplementation. The results of one experiment on the
effects of omega-3 FA supplementation on A␤ levels has not been included in this meta-analysis [62]
because the paper was published after the completion
of the meta-analysis. However, the results from that
study are also in accordance with the results of the
meta-analysis.
In this SR, the effects of omega-3 FA supplementation on cognitive functioning was also analyzed.
From this analysis it became clear that omega-3 FA
supplementation improved cognition in AD experimental animals. These results were in accordance
with the results of the paper excluded from metaanalysis because the exact data could not be obtained.
In that particular study [50], protective effects of DHA
against impaired learning in A␤-infused rats were
reported.
Nonetheless, it should be noted that, from the studies included in this meta-analysis investigating the
effect of DHA on cognition in animal models of
AD, the studies with the largest effect sizes started
omega-3 supplementation already before creating the
experimental AD model (infusing A␤ peptide in the
rat cerebral ventricle). This might indicate that DHA
supplementation should be started early in life to
generate the largest beneficial effects. Nevertheless
sensitivity analysis revealed that, when the studies
that started omega-3 supplementation before creating the experimental AD model were excluded from
the meta-analysis, the overall effect on cognition
remained significantly improved in animals supplemented with omega-3 supplemented compared to the
controls (results not shown). The reasons for the beneficial effects of omega-3 FAs on cognition are largely
unclear and are not the topic of this SR, but they could
be the result of DHA-mediated neuroprotection [63].
Indeed, also in this SR we found a diminished amount
of neuronal loss in AD animals supplemented with
omega-3 FA compared to controls. Subgroup analysis
of the outcome measure “cognition” revealed that this
effect was larger in rats compared to mice. Although
it is heavily debated whether rats are a better model
to study cognition compared to mice, this SR indicates that a rat model might be more suitable/sensitive.
However, all the rat studies included in this SR were
carried out by the same research group using the same
experimental AD model and rat strain (i.e., Wistar rat).
Therefore, strictly we can only conclude that omega-3
FA supplementation improves cognitive functioning in
A␤-infused Wistar rats.
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As mentioned before, a diminished amount of neuronal loss in AD animals supplemented with omega-3
FA compared to controls was observed. Elaborating on
the mechanism underlying this DHA mediated neuroprotective effect would go beyond the scope of this SR.
However, several mechanisms that might be responsible have been suggested and extensively discussed by
others (reviewed in [62–64]). Subgroup analysis and
meta-regression revealed that this effect was larger in
the mixed gender group. Although, as noted before,
the results from subgroup should be interpreted with
caution and no strong conclusions can be drawn, this
finding indicates a possible improved protection of
females to neuronal loss due to omega-3 FA supplementation. The underlying mechanism responsible for
this interesting if uncertain gender effect is unknown
and should be investigated more in-depth in the future.
However, it might be directly related to the amount of
omega-3 FA in brain tissue, since the results from the
brain FA analysis performed in this SR also suggested
that females benefit more from omega-3 supplementation than males, although this effect could not be
confirmed in the meta-regression analysis.
It could be suggested that neuronal loss is the cause
of the alterations in cognition. However, if this were
true, subgroup analysis for the outcome measure cognition should have revealed a gender effect in favor of
females as well, which was not the case here. Subgroup
analysis for cognition revealed a larger improvement
of cognition in males compared to the mixed gender group, but this effect disappeared after correction
for species in the meta-regression. Therefore, it could
be proposed that a mechanism other than neuronal
loss is responsible for the changes in cognition (e.g.,
changes in cerebral hemodynamics). Previously, one
of our own studies has indeed shown that a DHAenriched diet changed vascular parameters (relative
cerebral blood volume) before effects on A␤ load and
cognition were noted [39]. In addition, other studies
showed that DHA is able to improve vascular conditions via lowering plasma triacylglycerol [64, 65],
vascular reactivity [64, 66], and decreasing atherosclerosis [67, 68]. These positive effects on the circulation
may improve age- and AD-related hypoperfusion in the
brain and in this way contribute to improvement of cognition. But other mechanisms could also be proposed
(reviewed in [19, 69]). For example, omega-3 FAs
also seem to have anti-oxidative, anti-inflammatory,
and anti-apoptotic effects, which could be responsible
for alterations in cognition. In addition, alterations in
molecular signaling could be the cause. Omega-3 FAs
seem to increase expression of CaMKII, CREB and
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glutamate receptors, which promote long-term potentiation to strengthen synaptic plasticity and ultimately
improve cognitive function.
In this SR, we investigated the effect of omega-3
FAs on cognition and AD pathology in animal models
of AD. It should be noted, however, that, because of
the large number of studies solely supplementing DHA
and the few remaining studies supplementing a mixture
of DHA and other omega-3 FAs, it could be suggested
that our study results primarily reflect the effects of
DHA, rather than of omega-3 FAs in general.
The sensitivity analysis (data not shown) revealed
that when including only the studies which supplemented solely DHA in the meta-analysis, the overall
results did not change. This suggests that the effects on
cognition and AD pathology in this SR are probably
mainly determined by the presence of DHA.
When selecting an animal model, it is important
to keep in mind that the choice of a specific gender
or species to study the effects of omega-3 FA supplementation should be dependent on the parameters
that need to be investigated. On the basis of this SR
it is suggested that, in case solely behavioral parameters for cognition are determined, it will be useful
to choose an A␤-infused rat model instead of a transgenic AD mouse model, whereas females instead of
males in AD experiments might occasionally be better
to study the often subtle effects on neurodegeneration.
However, one should keep in mind that female animals are influenced by their hormonal cycle, which
might influence behavior, body physiology and cognitive and learning-related performance, and which
should be accounted for in the experimental design
(e.g., increasing power and balanced randomization of
the animals across groups, etc.). More generally, SRs
provide extremely important information for choosing
the best animal model for answering a specific research
question. Therefore it is strongly recommended, whenever possible, to carry out a SR prior to deciding which
animal model will give the best answer to a (clinical)
research question [56, 70, 71].
This SR also has some limitations. First, there is
a chance of overestimation of the summary scores
because in this SR only published studies are included,
and of those the most extreme results were selected.
Further, some studies of low methodological quality were used. Second, the data included in this SR
are very heterogeneous largely due to the variation in
study quality and experimental designs used (different species, ages, duration of supplementation, etc.).
Although we have tried to account for that by using
the random effect model and performing subgroup

analysis and meta-regression, pooling of the results
is probably not appropriate for all outcome measures.
However, all studies provide information on the association between omega-3 FA supplementation and
the development of AD. There is much debate as to
whether variation increases or decreases the validity
of the pooled results.
In summary, this SR showed that long-term omega3 FA supplementation to experimental rat and mouse
AD models shifted the ratio omega-6/omega-3 FA in
favor of omega-3, and reduced the amount of A␤. In
addition, omega-3 FA supplementation improved cognitive function, especially in rats. Last but not least,
omega-3 FA supplementation diminished the amount
of neuronal loss in animal models for AD, and this
effect seemed to be larger in female animals.
The above-mentioned results obtained from animal studies indicate that long-term supplementation of
omega-3 FA, during a minimum period of 10% of total
life span, may be beneficial for patients with advanced
AD. This SR clearly illustrates the importance of carrying out a SR before choosing an animal model, since
new information appears from such an analysis, i.e., the
gender and species differences. This provides essential
argumentation for the scientific decision which animal
model suits best for answering a specific ([bio]medical)
research question.
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