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Dietary Docosahexaenoic Acid and Docosapentaenoic Acid
Ameliorate Amyloid-␤ and Tau Pathology via a Mechanism
Involving Presenilin 1 Levels
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The underlying cause of sporadic Alzheimer disease (AD) is unknown, but a number of environmental and genetic factors are likely to be
involved. One environmental factor that is increasingly being recognized as contributing to brain aging is diet, which has evolved
markedly over modern history. Here we show that dietary supplementation with docosahexaenoic acid (DHA), an n-3 polyunsaturated
fatty acid, in the 3xTg-AD mouse model of AD reduced the intraneuronal accumulation of both amyloid-␤ (A␤) and tau. In contrast,
combining DHA with n-6 fatty acids, either arachidonic acid or docosapentaenoic acid (DPAn-6), diminished the efficacy of DHA over a
12 month period. Here we report the novel finding that the mechanism accounting for the reduction in soluble A␤ was attributable to a
decrease in steady-state levels of presenilin 1, and not to altered processing of the amyloid precursor protein by either the ␣- or
␤-secretase. Furthermore, the presence of DPAn-6 in the diet reduced levels of early-stage phospho-tau epitopes, which correlated with
a reduction in phosphorylated c-Jun N-terminal kinase, a putative tau kinase. Collectively, these results suggest that DHA and DPAn-6
supplementations could be a beneficial natural therapy for AD.
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Introduction
Alzheimer disease (AD) is a progressive neurodegenerative disorder of the elderly. Two well defined pathologies of the disease
have been studied extensively. The first is the accumulation of the
4 kDa peptide amyloid-␤ (A␤), which deposits to form amyloid
plaques but can also accumulate intraneuronally. The second is
the somatodendritic buildup of hyperphosphorylated tau, which
forms neurofibrillary tangles (NETs). The relationship between
these two pathologies is not yet fully understood, but for a therapy to be successful, it is likely that it will need to alleviate both
pathologies. Mouse models of AD have been very useful for investigating potential novel therapies, with the hope that the findings will be translatable to the human disease. Nutraceuticals
represent a facile means of ameliorating or preventing the
disease.
There is mounting evidence that alterations in dietary intake
could be beneficial for preventing and treating AD, which could
provide an alternative or supplementary therapy. Other natural
therapies have already shown promise in transgenic mouse models of AD such as blueberry-containing diets (Joseph et al., 2003),
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environmental enrichment (Lazarov et al., 2005), exercise
(Adlard et al., 2005), green tea (Rezai-Zadeh et al., 2005), and
melatonin (Lahiri et al., 2004). Docosahexanoic acid (DHA) is an
omega n-3 polyunsaturated fatty acid (PUFA) found in fish and
certain algae. This PUFA is obtained mainly though dietary intake because biosynthesis from precursors in mammals does not
readily occur. Sixty percent of the fatty acids that make up neuronal cell membranes consist of DHA, and it is particularly concentrated in synaptic membranes (Bazan and Scott, 1990) and in
myelin sheaths (Ansari and Shoeman, 1990). DHA is essential for
prenatal brain development as well as normal healthy brain
functioning.
Intriguingly, AD patients have decreased serum and brain
DHA compared with age-matched, nondemented subjects, suggesting that a deficiency in this PUFA could play a role in the
disease (Tully et al., 2003). Furthermore, greater consumption of
fish (and in particular, DHA) significantly reduced the likelihood
of developing AD (Morris et al., 2003; Schaefer et al., 2006). Loss
of DHA in AD could be accounted for by oxidation of DHA
converting it into F4-neuroprostanes, which accumulate in AD
patients (Reich et al., 2001). Because DHA makes up such a large
proportion of the fatty acids in the brain, and plays roles in neuronal excitability, it is possible that DHA reduction contributes to
memory impairments in AD. To illustrate, dietary DHA treatment simultaneously with A␤ infusion into rat brain protected
against memory impairments induced by A␤ alone, suggesting
that DHA can prevent or protect from the downstream effects of

4386 • J. Neurosci., April 18, 2007 • 27(16):4385– 4395

A␤ that cause memory loss (Hashimoto et al., 2005). DHA depletion in a mouse model of AD exacerbated dendritic and synaptic
pathology caused by the amyloid pathology (Calon et al., 2004),
suggesting that DHA, which is normally present in mouse chow,
might partially protect against secondary amyloid pathologies.
Recent data have shown that DHA supplementation of mouse
chow (0.6%) can reverse some amyloid pathology in Tg2576
mice (Lim et al., 2005), but a mechanism has yet to be elucidated.

Materials and Methods
Immunoblotting. Protein extracts were prepared from cells using M-per
(Pierce, Rockford, IL) extraction buffer and Complete Mini Protease
Inhibitor Tablets (Roche, Indianapolis, IN). Protein extracts were prepared from whole-brain samples by homogenizing in T-per (Pierce) extraction buffer and Complete Mini Protease Inhibitor Tablets (Roche),
followed by high-speed centrifugation at 100,000 ⫻ g for 1 h. The supernatant was taken as the protein extract. Protein concentrations were
determined by the Bradford method. Equal amounts of protein (20 –50
g depending on protein of interest) were separated by SDS-PAGE on a
10% Bis/Tris gel (Invitrogen, Carlsbad, CA), transferred to 0.45 M polyvinylidene difluoride membranes, blocked for 1 h in 5% (v/v) nonfat
milk in Tris-buffered saline, pH 7.5, supplemented with 0.2% Tween 20
(TBS-T), and processed as described. Antibodies and dilutions used in
this study include 6E10 (1:1000; Signet, Dedham, MA), CTF20 (1:5000;
Calbiochem, La Jolla, CA), HT7 (1:3000; Innogenetics, Gent, Belgium),
AT8 (1:1000; Pierce), AT180 (1:1000; Pierce), AT270 (1:1000; Pierce),
anti-␤-APP-cleaving enzyme (BACE) (1:1000; Calbiochem), antiinsulin degrading enzyme (IDE; 1:1000; a kind gift from Dr. D. Selkoe,
Harvard Medical School, Boston, MA), anti-presenilin 1 (PS1; 1:500; Cell
Signaling Technology, Danvers, MA), anti-ADAM10 (1:1000; Chemicon, Temecula, CA), prealbumin [for transthyretin (TTR), 1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA], anti-apolipoprotein E (ApoE;
1:1000; Abcam, Cambridge, MA), anti-cdk5 (1:3000; Calbiochem), antip23 C⬘ terminal (for p25 and p35, 1:500; Santa Cruz Biotechnology),
anti-glycogen synthase kinase-3␣/␤ (GSK3␣/␤; 1:2000; Calbiochem),
anti-GSK3␤ ser9 (1:3000; Cell Signaling Technology), antiphosphorylated c-Jun N-terminal kinase (phospho-JNK; 1:1000; Cell
Signaling Technology), and anti-actin (1:10,000; Sigma-Aldrich, St.
Louis, MO). Quantitative densiometric analyses were performed on digitized images of immunoblots with Scion (Frederick, MD) Image 4.0.
Dot blot. Ten micrograms of protein were made up to 10 l in H2O,
pipetted onto 0.45 M nitrocellulose membrane (Pierce), and allowed to
dry. The membrane was blocked for 45 min in 5% powder milk in TBS-T
and incubated in A11 (a generous gift from C. Glabe, University of California, Irvine, CA) at 1:1000 overnight at 4°C. The membrane was then
washed five times in TBS-T and incubated for 1 h in HRP goat anti-rabbit
antibody (1:10,000; Sigma-Aldrich). After an additional five washes, the
membrane was coated with ECL Plus (Amersham Biosciences, Piscataway, NJ) and developed on photographic film. Quantitative densiometric analyses were performed on digitized images of immunoblots using
Scion Image 4.0 software.
A␤ ELISA. A␤1– 40 and A␤1– 42 were measured using a sensitive sandwich ELISA system. Soluble and insoluble A␤ was isolated from wholebrain homogenates using T-per extraction buffer (Pierce) and 70% formic acid (FA), respectively. Soluble fractions were loaded directly onto
ELISA plates, and FA fractions were diluted 1:20 in neutralization buffer
(1 M Tris base and 0.5 M NaH4PO4) before loading. MaxiSorp immunoplates (Nunc, Rochester, NY) were coated with mAB20.1 antibody (a
kind gift from Dr. W. Van Nostrand, Stony Brook University, Stony
Brook, NY) at a concentration of 25 g/ml in coating buffer (0.1 M
NaCO3 buffer, pH 9.6) and blocked with 3% BSA. Standards of both
A␤40 and A␤42 were made in antigen capture buffer [20 mM NaH2PO4,
2 mM EDTA, 0.4 M NaCl, 0.5 g of CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), and 1% BSA, pH 7.0]
and loaded onto ELISA plates in duplicate. Samples were then loaded in
duplicate and incubated overnight at 4°C. Plates were washed and probed
with either HRP-conjugated anti-A␤35– 40 (MM32-13.1.1, for A␤1– 40) or
anti-A␤35– 42 (MM40-21.3.4, for A␤1– 42) overnight at 4°C. 3,3⬘,5,5⬘-
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Tetramethylbenzidine was used as the chromagen, and the reaction was
stopped by 30% O-phosphoric acid and read at 450 nm on a plate reader
(Molecular Dynamics, Sunnyvale, CA). A␤ readings were then normalized to protein concentrations of the samples loaded or to the protein
concentration of the cell layer that the medium was incubated with, in the
case of the in vitro assays. This takes into account any variations of cell
numbers or protein concentrations that may otherwise affect A␤
readings.
Immunostaining. Light-level immunohistochemistry was performed
using an avidin– biotin immunoperoxidase technique (ABC kit; Vector
Laboratories, Burlingame, CA) and was visualized with diaminobenzidine (DAB) as described previously (Oddo et al., 2003). The following
antibodies were used: anti-A␤, 6E10, anti-Tau HT7, and MC1 (a kind gift
from Dr. P. Davies, Albert Einstein College of Medicine, Bronx, NY).
Primary antibodies were applied at dilutions of 1:1000 for 6E10, 1:200 for
HT7, and 1:200 for MC1. Quantification of DAB staining was performed
by taking three adjacent images from each hippocampus at 20⫻. These
images were loaded in Scion Image 4.0, and the DAB pixel count was
measured by setting the threshold to the same value for each section.
Pixel counts were averaged from the three adjacent sections for at least
three animals per group, and the data were plotted.
Cell culture. SHSY5Y cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS. Cells were passaged at 1:40 when 70%
confluency had been achieved and discarded after 20 passages. For experiments, equal numbers of cells were plated down in six-well plates.
Wells were treated 24 h later by removing the medium and replacing with
2 ml of fresh medium containing either DHA (Nu-Chek Prep, Elysian,
MN) complexed to BSA (1:3) or the equivalent BSA alone.
Real-time PCR. After treatment, RNA was extracted from cells using an
Aurum RNA extraction kit (Bio-Rad, Hercules, CA) as per the manufacturer’s instructions. RNA (1 g) from each sample was converted to
cDNA, using the iScript cDNA synthesis kit (Bio-Rad), as per the manufacturer’s instructions. DNA (1 g) was taken and diluted 1:100. This
was mixed with 500 nM of each primer and 10 l of SYBERGREEN
supermix (Bio-Rad). The volume was made up to 20 l with nucleasefree water. Real-time PCR was done on a MyCycler IQ system (Bio-Rad)
with the following parameters: 1 time at 95°C for 5 min; 40 times at 95°C
for 30 s, 62°C for 30 s, and 72°C for 30 s; followed by melt-curve analysis
to ensure single products.
Primers were designed as follows: actin left, 5-ACTGTGTTGGCATAGAGGTCTTTA-3; actin right, 5-CTAGACTTCGAGCAGGAGATGG-3; mouse PS1 left, 5-CTCGCCATTTTCAAGAAAGC-3; mouse
PS1 right, 5-GGGCTTGCTCTCTCTGTTTTTG-3.
Brain total lipids extraction. The brains were maintained at ⫺80°C
until analysis. The brains were freeze-dried, and the lipids were extracted
in 4 ml of 2:1 (v/v) chloroform/methanol with 0.5% butylated hydroxytoluene (BHT) as an antioxidant. The mixture was sonicated for 10 min
and centrifuged to pellet out the solids.
Total brain lipid analysis. The brain lipid extract (1.2 mg) was analyzed
for brain total fatty acids. The brain total lipids were converted to fatty
acid methyl esters (FAMEs) with 14% BF3/methanol at 100°C for 30 min
(Morrison and Smith, 1964). BHT was added before saponification, and
all samples were purged with N2 throughout the process to minimize
oxidation. Tricosanoic free fatty acid (23:0) was added to each sample as
an internal standard before FAME analysis.
Brain phospholipid analysis. Brain phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylethanolamine (PE) were separated
using the methods of Gilfillan et al. (1983). K silica gel plates (0.25 mm
thick, 20 ⫻ 20 cm; Whatman, Clifton, NJ) were activated for 60 min in a
100°C oven. A sample (0.6 mg) of total brain extract was spotted on the
plate and developed in a TLC chamber using chloroform/methanol/petroleum ether/acetic acid/boric acid 40:20:30:10:1.8 (v/v/v/v/w). The
plate was developed to within 1 cm of the top of the plate. The plate was
sprayed with cupric acetate to visualize the bands. The PC, PS, and PE
bands were scraped into test tubes, and the lipids were converted to
FAMEs with 14% BF3/methanol at 100°C for 30 min (Morrison and
Smith, 1964). BHT was added before saponification, and all samples were
purged with N2 throughout the process to minimize oxidation. Trico-
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Table 1. n-3 and n-6 fatty acid content of rodent diets containing corn/soy,
DHASCO, DHA-S, and DHASCO/ARASCO oils
Dietary oil tested
Fatty acid (g/100 g diet)
n-6 series
18:2 linoleic acid
20:4 ARA
22:5 DPA
n-3 series
18:3 linolenic acid
20:5 EPA
22:6 DHA
% SAT
% MONO
% POLY
n-6-to-n-3 ratio

Control
(corn/soy)

DHA
(DHASCO)

DHA-DPA
(DHA-S)

DHA-ARA
(DHASCO/ARASCO)

2.34
0
0

1.28
0
0.01

0.68
0.03
0.51

0.84
0.48
0.01

0.23
0
0
27.4%
21.0%
51.6%
10.10

0.01
0
1.27
27.3%
20.8%
51.9%
1.00

0.01
0.08
1.25
26.4%
20.1%
53.5%
0.91

0.05
0
1.27
26.7%
19.9%
53.3%
1.01

Table 2. Composition of the oil mixture used for the experimental diets

Oil type

Control diet
(corn/soy)
(g/100 g
diet)

DHA DHASCO
(g/100 g diet)

DHA ⫹ DPA
DHAS (g/100
g diet)

DHA ⫹ ARA
ARASCO/DHASCO
(g/100 g diet)

DHASCO
Corn
Soybean
Safflower
Coconut
DHA-S
ARASCO
Sunflower
Sum

0
15
27
0
8
0
0
0
50

30
9
0
9
2
0
0
0
50

0
0
0
8
1
31
0
10
50

30
0
2
8
0
0
11
0
51

Table 3. Mean body weights

SAT, Saturated; MONO, monounsaturated; POLY, polyunsaturated.

sanoic free fatty acid (23:0) was added to each sample as an internal
standard before FAME analysis.
Red blood cell analysis. Total lipids were extracted from 400 l of
packed red blood cells (RBCs) using the methods of Bligh and Dyer
(1959). Tricosanoic free fatty acid (23:0) was added to each sample as an
internal standard before extraction. The RBC lipids were saponified with
0.5N methanolic sodium hydroxide, and the fatty acids were converted to
methyl esters with 14% BF3/methanol at 100°C for 30 min (Morrison
and Smith, 1964). BHT was added before saponification, and all samples
were purged with N2 throughout the process to minimize oxidation.
Gas chromatogram analysis. FAMEs were analyzed by gas–liquid chromatography using a Hewlett Packard (Palo Alto, CA) 6890 equipped with
a flame ionization detector. The FAMEs were separated on a 30 m FAMEWAX capillary column (0.25 mm diameter, 0.25 m coating thickness;
Restek, Bellefonte, PA) using helium at a flow rate of 2.1 ml/min with
split ratios of 48:1 and 20:1. The chromatographic run parameters included an oven starting temperature of 130°C that was increased at 6°C/
min to 225°C, where it was held for 20 min before increasing to 250°C at
15°C/min, with a final hold of 5 min. The injector and detector temperatures were constant at 220°C and 230°C, respectively. Peaks were identified by comparison of retention times with external FAME standard
mixtures from Nu-Chek Prep. The fatty acid profiles were expressed as a
percentage of the total microgram of fatty acid (weight percentage).

Results
Our laboratory developed a transgenic mouse model that exhibits
both A␤ and tau pathologies and is referred to as the 3xTg-AD
mice (Oddo et al., 2003). To investigate the influence of dietary
PUFA on AD-related pathologies, 3-month-old 3xTg-AD mice
were fed one of the following four dietary regimens: (1) a control
diet containing an n-6/n-3 ratio of 10:1; (2) a diet containing
DHA and an n-3/n-6 ratio of 1:1; (3) a diet containing DHA and
docosapentaenoic acid n-6 (DHA–DPA) and an n-3/n-6 ratio of
1:1; and (4) a diet containing both DHA and arachidonic acid
(DHA–ARA) and an n-3/n-6 ratio of 1:1. Investigators were double blinded to the diet compositions or contents throughout the
study, and diets were identified to investigators by color only. The
diet formulation was the AIN-76 rodent diet containing 5% total
fat. The target fatty acid composition of each diet is described in
Table 1 and was achieved by blending a combination of vegetable
and microalgal oils as outlined in Table 2.
All diets contained 5 g of fat/100 g chow; each of the DHAcontaining diets had 1.3 g of DHA/100 g chow and had a 1:1 ratio
of n-6 to n-3 fatty acids compared with the control diet, which
had a 10:1 ratio. The ratio of 10:1 (n-6/n-3) was constructed to
represent the current typical intakes of these fatty acids in the
United States diet. The Institute of Medicine estimates that the

After 3 month diet
Control
DHA
DHA–DPA
DHA–ARA
After 6 month diet
Control
DHA
DHA–DPA
DHA–ARA
After 9 month diet
Control
DHA
DHA–DPA
DHA–ARA

Male

⫹/⫺

Female

⫹/⫺

38.50
32.08
40.54
31.23

1.88
0.68
2.31
1.23

29.00
28.43
32.10
27.43

2.32
0.33
1.42
0.73

39.60
47.10
50.13
39.26

5.42
5.27
1.74
3.77

26.46
32.50
34.53
32.83

0.81
1.79
4.22
2.82

39.68
45.81
46.56
47.51

1.688
6.16
1.69
2.89

35.40
46.44
37.53
32.45

3.15
3.95
6.08
0

average intake of linoleic and ␣-linolenic acid (ALA) in the adult
United States population to be ⬃15 and 1.4 g per day, respectively
(ratio of 10:1). The percentage of saturated, monounsaturated,
and polyunsaturated fatty acids were equivalent across the diets.
The amount of total protein (20%) and carbohydrate (66%) as
well as total energy (3.9 kcal/g) were also equivalent across all
diets. The test diets were designed to provide a constant level of
DHA, while maintaining a constant percentage of saturated,
monounsaturated, and polyunsaturated fatty acids. Furthermore, the test diets were constructed to maintain a constant total
n-6 (linoleic acid plus ARA plus DPAn-6) and n-3 [␣-linolenic
plus DHA plus eicosapentaenoic acid (EPA)] PUFA level at an
n-6/n-3 PUFA ratio of 1:1. All of the diets were isocaloric and
provided 5% total fat. To maintain all of the above variables
constant, different amounts of soybean, corn, safflower, coconut,
sunflower, DHASCO, DHA-S, and ARASCO oils were added to
each diet. The oils contain mixed tocopherols (including
␣-tocopherol) in the processing at a range of 250 –500 ppm,
ascorbyl palmitate at 250 ppm, as well as tBHQ (tert-butyl
hydroxy-quinone) at 0.02 gm%, which are antioxidants, although the antioxidant content was not varied between diets.
Supplementation of diets continued for 3, 6, or 9 months with
separate cohorts of animals killed after each treatment period for
analyses. Mean body weights of male and female mice did not
differ across the diets after 3, 6, or 9 months of treatment, as
shown in Table 3. Mice continued to grow and remained healthy
on all diets over the course of the study.
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Figure 1. Whole-brain and RBC fatty acid profiles in 3xTg-AD mice after PUFA dietary supplementation. a, Whole-brain homogenates and RBC fatty acid profiles of the four groups after
3 months (n ⫽ 6) of supplementation with various PUFAs. Values are expressed as a weight
percentage of total brain (a) or RBC (b) fatty acids. The four diets are shown as control, DHA,
DHA–DPA, and DHA–ARA. Error bars indicate SEM. DMA, Dimethylacetals; LA, linoleic acid
(n-6); ADRENIC, adrenic acid (n-6).

Fatty acid profiles in treated mice
Brain and RBC fatty acids were altered in the 6-, 9-, and 12month-old mice as a result of the PUFA-enriched diets (Fig. 1; 9and 12-month-old animal data not shown). RBC DHA (22:6 n-3)
weight percentage levels were more than double the control levels
with all of the PUFA-supplemented diets at all time points. The
total brain DHA levels were also increased one to three weight
percentages across all PUFA-supplemented diets, but not as great
as in the RBCs. Mice fed the DHA-alone diet had the largest
changes in DHA weight percentages in both the RBCs and the
brain total lipids. As a weight percentage of fatty acids, DHA and
ARA (20:4 n-6) are the most abundant long-chain PUFAs in both
the brain and RBC total lipids. EPA (20:5 n-3) levels in the brain
and RBCs are low, and DHA weight percentage levels in the brain
are typically ⬃15 times higher than EPA and ⬃5 times higher in
the RBCs.
Although DHA levels increased, there was a subsequent decrease in total brain lipid ARA with all three PUFA-enriched diets
compared with the control diet (which had an n-6-to-n-3 ratio of
10:1). Both DHA and ARA brain fatty acid levels were maintained
throughout the supplemented period with both the supplemented and control diets. In the RBCs, the DHA-alone diet
greatly lowered ARA levels by 11 weight percentages compared
with the control group across all time points. As expected, the
mice on the DHA–ARA diet had ARA RBC levels closest to the
control mice.
RBC and total brain lipid DPA (22:5 n-6) levels in the DHA–
DPA diet were more than double the control levels across all time
points. Brain and RBC DPA levels were very low or nondetectable
in the mice fed the DHA-alone or DHA–ARA diets. There is
minimal ALA (18:3 n-3) in the brain and RBC lipids, and very
small fatty acid changes were seen in either tissue type for this
precursor of long-chain PUFAs. Linolenic acid (18:2 n-6) levels
are ⬃15 times higher in RBCs compared with the brain. RBC
linoleic acid weight percentage levels were lower than the controls
with all PUFA-enriched diets across the time points. These

Figure 2. Whole-brain phospholipid fatty acid profiles in 3xTg-AD mice after dietary supplementation. Whole-brain phospholipid fatty acid profiles of the four groups after 3 months of
dietary supplementation (n ⫽ 6) are shown. Values are expressed as a weight percentage of
total brain fatty acids. The four diets are shown as control, DHA, DHA–DPA, and DHA–ARA. Error
bars indicate SEM. DMA, Dimethylacetals; LA, linoleic acid (n-6); ADRENIC, adrenic acid (n-6).

changes are reflective of the fatty acid compositions of the diets
administered. RBC EPA weight percentage levels were higher
across all PUFA-supplemented diets versus control levels, although these diets did not contain appreciable amounts of EPA.
This may signify the retroconversion of DHA to EPA in blood
cells. No appreciable amounts of EPA were detected in brain
lipids across the various PUFA-supplemented diets and time
periods.
PS, PE, and the PC brain phospholipid fatty acids were also
altered in the 6-, 9-, and 12-month-old mice with the PUFAenriched diets (Fig. 2; 9- and 12-month-old mouse data not
shown). As a weight percentage, DHA is five times more abundant in the PS and PE fractions compared with the PC fraction,
and ARA is most abundant in the PE fraction. EPA, linoleic acid,
and ALA levels in the brain phospholipids are very low. The
DHA-alone diet led to the largest increase from control in the
brain phospholipid DHA weight percentages for all three phospholipids. There was also a corresponding decrease in ARA levels
with the DHA-alone diet compared with controls in all three
brain phospholipids. As seen in the RBCs and total brain lipids,
the DPA weight percentage levels in all brain phospholipid fractions increased most in the mice fed the DHA–DPA diet.
In summary, the ratios of n-6-to-n-3 fatty acid compositions
of the diets were reflected in RBC and brain fatty acid levels.
Increasing DHA content in the diets led to significant increases in
DHA levels in both RBC and brain levels. With increased levels of
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soluble A␤40 and A␤42 were significantly
reduced in all three treatment diets
(⬃50%; p ⬍ 0.05, Tukey test) but were
insignificant from one another (Fig. 3a).
Insoluble A␤ levels were unaffected by dietary supplementation and, as expected,
very low because of the age of the mice (6
months old) (Fig. 3b). Using immunohistochemistry, we observed a widespread reduction in intraneuronal A␤-like staining
in the cell bodies of the hippocampus (Fig.
3g,h) and amygdala (data not shown), two
regions affected in AD. Reductions in intraneuronal A␤ staining correlated well
with reductions in soluble A␤. All three
treatments prevented A␤ accumulation
equally, making it likely that it was the
presence of DHA in the diet that was causing the effect, because all three treatment
diets contained the same amount of DHA.
After 6 months of dietary supplementation, soluble A␤40 and A␤42 levels were
significantly reduced for the DHA-alone
and DHA–DPA diets, whereas A␤ levels
were unchanged in mice receiving the
DHA–ARA diet, which contained ARA in
addition to DHA, and were comparable to
those on the control diet (Fig. 3c). Consistent with the first time point, insoluble A␤
levels were not altered by the treatment
diets, and at this age, we can observe an
elevation in A␤42 (Fig. 3d) corresponding
to the initial seeding of plaques.
At the final time point, after 9 months
of supplementation, only the DHA-alone
diet significantly reduced levels of soluble
A␤, whereas both the DHA–DPA and
DHA–ARA diets have similar levels to the
control diet (Fig. 3e). Insoluble A␤ levels
are unchanged by the diet, and here we
now observe an increase in A␤40 (Fig. 3f ).
Although we cannot completely rule
Figure 3. A␤ levels in 3xTg-AD mice after PUFA dietary supplementation. a–f, Soluble and insoluble A␤40 and A␤42 levels
were measured from 3xTg-AD whole-brain homogenates after 3 months (a, b; n ⫽ 6), 6 months (c, d; n ⫽ 6), and 9 months (e, out the possibility that small amounts of
f; n ⫽ 6) of dietary supplementation. Soluble A␤40 and A␤42 levels were significantly decreased in the treatment diets after 3 high-molecular-weight A␤ aggregates
months of supplementation ( p ⬍ 0.05), in the DHA and DHA–DPA diets after 6 months of treatment ( p ⬍ 0.05), and only A␤40 could contribute to the soluble fraction
in the DHA group after 9 months of supplementation ( p ⬍ 0.05). Insoluble A␤40 and A␤42 levels were unaffected but demon- because of the detergent used, we tried
strated a gradual increase in levels as time progressed. g, DAB staining with 6E10 shows A␤-like immunoreactivity in 40 M to minimize this by comparing multiple
sections from 3 month diet-treated mice. The hippocampus region is shown (original magnification, 5⫻). DAB A␤-like immuno- detergents and using one that gives
reactivity was elevated in cell bodies of the hippocampus and amygdale, corresponding to the decreased soluble A␤40 and A␤42 lower soluble levels than stronger
as measured by ELISA. h, Quantification of g. Error bars indicate SEM.
homogenization buffers. The soluble
fraction also contains low-molecularDHA in the diet, there was a subsequent decrease in n-6 fatty
weight A␤ aggregates, or oligomers. Dot blot analysis of these
acids, an effect well characterized in the nutritional literature.
with the oligomer-specific antibody A11 (Kayed et al., 2003)
The addition of other fatty acids (i.e., DPA and ARA) to the
revealed no significant differences between dietary groups at
diets caused their corresponding fatty acid levels to increase in
any treatment time point, but levels did increase with age, as
the tissues as well. Overall, brain fatty acid levels were well
expected (Fig. 4a,b).
maintained throughout the supplementation period for each
These results indicate that dietary supplementation with DHA
diet.
is able to reduce the levels of soluble A␤ in a preventative manner,
but that this treatment loses efficacy over time when other n-6
fatty acids are also added. Importantly, a dietary regimen conDietary DHA supplementation reduces soluble
taining DHA was able to prevent accumulation of A␤, indicating
A␤ accumulation
After 3 months of dietary PUFA supplementation, mice were
that its utilization could represent a potential treatment option to
killed, and brain A␤ levels were assessed by sandwich ELISA. Both
prevent or delay AD.
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Dietary DHA does not affect ␣- or ␤amyloid precursor protein processing
or A␤ degradation
A␤ levels can be reduced by a variety of
enzymes and proteins that could either decrease production or increase degradation. To elucidate the mechanism by
which DHA reduced A␤ levels, we focused
on the first time point following 3 months
of dietary supplementation when all three
PUFA-enriched diets decreased soluble
A␤ levels equally. We first measured
steady-state levels of the amyloid precursor protein (APP), the parent protein of
A␤. Increases in this membrane protein
lead to increases in A␤ production,
whereas the opposite is also true. Because
the human APP transgene in the 3xTg-AD
mice is under the control of the Thy1.2
promoter, it is unlikely that APP transcription is affected. Steady-state levels of
APP were unaltered across all four diets
(Fig. 4c,d), and although APP steady-state
levels exhibited a lower trend in the DHA
group, it did not reach significance ( p ⫽
0.1). Analysis of homogenates with 6E10
also reveals a recently identified A␤ 12mer
(Lesne et al., 2006), with longer exposures
(Fig. 4c,d). Steady-state levels of this putative oligomer were not altered between
treatment groups, in accordance with the
A11 dot blot analysis (Fig. 4a,b). We previously showed that this band selectively
dissipates with hexafluoroisopropanol
treatment and is detectable by multiple A␤
antibodies (Oddo et al., 2006; Billings et
al., 2007) in the 3xTg-AD mice. We next
measured the C⬘-terminal fragments Figure 4. A␤ oligomer, APP fragments, and IDE, TTR, and ApoE steady-state levels in 3xTg-AD mice after DHA dietary supple(CTFs) of APP, C99 and C83, because mentation. Western blot analyses of protein extracts from whole-brain homogenates of 3 month diet-treated 3xTg-AD mice (n ⫽
these represent the products of both ␣- 6) are shown as alternating lanes: C, control; D, DHA; DP, DHA–DPA; DA, DHA–ARA. a, Dot blot analyses for oligomer levels in brain
and ␤-secretase processing pathways and homogenates from 6-, 9-, and 12-month-old 3xTg-AD mice treated with diets for 3, 6, and 9 months, respectively (n ⫽ 6 per
dietary group). b, Quantification of a. c, Steady-state levels of APP and APP CTFs C83 and C99. A longer exposure of APP is also
changes in these reflect alterations in APP shown to expose a band at 56 kDa corresponding to the A␤ 12mer oligomer (APP56). d, Quantification of protein blots from c
processing. Unexpectedly, given the re- shown normalized to ␤-actin levels as a loading control. e, Steady-state levels of IDE, TTR, and ApoE. f, Quantification of protein
ductions in A␤ levels, no difference was blots from e shown normalized to ␤-actin levels as a loading control. Error bars indicate SEM.
seen with dietary treatment for either C83
or C99 (Fig. 4c,d).
A␤ levels are also modulated by degracells or from the brain (Koistinaho et al., 2004). However, we
dation of the peptide. Several A␤-degrading enzymes have been
found that ApoE steady-state levels were unchanged between
identified including IDE (Kurochkin and Goto, 1994) and nepridietary groups (Fig. 4e,f ). We also investigated whether levels
lysin (Iwata et al., 2000), of which steady-state levels of IDE and
of TTR, another A␤ carrier protein found in serum and CSF,
neprilysin are reduced in the AD brain (Caccamo et al., 2005).
was altered. TTR exists as a 55 kDa tetramer made of two
Steady-state levels of IDE were unaffected by the dietary treatdimers and has been shown to be protective against developments (Fig. 4e,f ) and, although steady-state levels do not necesment of A␤ plaques (Stein and Johnson, 2002), by sequestersarily equate to activity, it is probable that degradation was also
ing A␤ (Tsuzuki et al., 2000). It has also been shown to be
not affected. We also measured steady-state levels of neprilysin
upregulated with dietary DHA treatment (Puskas et al., 2003)
but found no differences between the four groups (data not
and could account for reductions in A␤ levels. Steady-state
shown). However, we cannot rule out the possibility of other
analysis of TTR dimers and tetramers showed no significant
A␤-degrading enzymes being involved. Because serum and brain
differences between dietary treatment groups in the brain hofatty acid profiles were altered with each treatment group, we
mogenates (Fig. 4e,f ), although there was a trend for higher
examined steady-state levels of ApoE because it is a well characlevels
in the DHA group. Although we cannot rule out altered
terized lipoprotein transporter, which is also a significant risk
dynamics
of A␤ degradation/sequestration by any of these
factor for AD (Travis, 1993). ApoE has been postulated to act as
A␤-binding proteins, we find no changes in steady-state levels
an A␤ transporter and thus could facilitate A␤ clearance from
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4c,d). Furthermore, BACE levels were unaltered (Fig. 5a,b), in agreement with C99
levels (Fig. 4c,d). Release of A␤ is liberated
by additional proteolysis of C99 by the
␥-secretase complex. This complex consists of the catalytic core of PS1 or PS2 and
an additional three proteins: nicastrin,
PEN2, and Aph1 (Marlow et al., 2003). It
usually cleaves C99 40 – 42 amino acids
from the N⬘ terminus, liberating the A␤
peptide and releasing the C⬘ terminus–
APP intracellular domain. We found that
all three dietary supplementations significantly reduced PS1 levels relative to controls (Fig. 5c,d) ( p ⬍ 0.05). This reduction
correlates with the decreased A␤ levels
(Fig. 3) and accounts for the lack of alterations on APP processing. Notably, nicastrin steady-state levels were unaffected
(Fig. 5c,d), showing a specific effect on PS1
rather than the ␥-secretase complex as a
whole. Although a reduction in PS1
steady-state levels does not necessarily
correspond to reduced ␥-secretase activity, small interfering RNA knockdown of
PS1 results in lower A␤ production in vitro
(Luo et al., 2004), and the reduction in PS1
levels correlates strongly with the reduction in A␤. We next examined PS1 steadystate levels after 6 and 9 months of dietary
treatment accordingly, because soluble
A␤ was also reduced at these time points
in the DHA plus DHA–DPA and DHA
groups, respectively. After 6 months of dietary treatment, steady-state levels of PS1
were significantly decreased in the DHA
group only, whereas after 9 months of
treatment, no significant differences were
found (Fig. 5e,f ). Thus, it seems as with
Figure 5. Secretase steady-state levels in 3xTg-AD mice after DHA dietary treatment. Western blot analyses of protein extracts
soluble A␤ levels, changes in PS1 levels
from whole-brain homogenates of 3 month diet-treated 3xTg-AD mice (n ⫽ 6) are shown as alternating lanes: C, control; D, DHA;
also
decrease with treatment duration and
DP, DHA–DPA; DA, DHA–ARA. a, Steady-state levels of ADAM10 and BACE. b, Quantification of protein blots from a shown
normalized to ␤-actin levels as a loading control. c, Steady-state levels of PS1 and nicastrin. d, Quantification of protein blots from that changes in PS1 levels occur before
c shown normalized to ␤-actin levels as a loading control. e, Steady-state levels of PS1 from 6 and 9 months of dietary treatment changes in soluble A␤.
To further elucidate the mechanism by
brain homogenates. f, Quantification of protein blots from e shown normalized to ␤-actin levels as a loading control. g, SHSY5Y
cells treated for 48 h with either 0.3 g/ml DHA complexed 3:1 to BSA (n ⫽ 3) or with the equivalent BSA alone (n ⫽ 3). mRNA which DHA treatment reduces PS1 levels,
was extracted, and real-time PCR was used to quantify PS1 mRNA levels. The graph shows PS1 mRNA levels normalized to we evaluated its effects on a human neu␤-actin mRNA as a loading control. DHA significantly reduced PS1 mRNA. The asterisk indicates significance ( p ⬍ 0.05). roblastoma cell line, SHSY5Y. Treatment
Error bars indicate SEM.
of these cells for 48 h with 0.3 g/ml DHA
complexed 3:1 to BSA, or with the equivthat could account for the reductions in soluble A␤ measured
alent BSA alone as a control, resulted in a twofold decrease in PS1
with dietary DHA treatment.
mRNA with DHA, as measured by real-time PCR (Fig. 5g). This
finding shows that DHA, at least in vitro, is able to modulate PS1
Dietary DHA reduces PS1 steady-state levels
mRNA levels and nicely complements our animal studies in
Dietary DHA reduces A␤ levels, but the mechanism behind this
which we found that DHA also led to a reduction in the steadyreduction is puzzling and did not appear to be attributable to
state levels of the PS1 protein. Linoleic acid has been shown preincreased degradation of the peptide or altered processing of
viously to affect PS1 levels and activity in vitro (Liu et al., 2004),
APP. Consequently, we next evaluated the steady-state levels of
showing that fatty acids can modulate presenilin. Because the test
the three secretases that process APP and control the production
diets also contain linoleic acid as well as DHA, it is possible that it
of A␤. ADAM10 is the leading candidate as the constitutively
is the linoleic acid modulating presenilin levels rather than DHA.
active ␣-secretase and cleaves APP to release sAPP␣ and C83,
However, brain levels of linoleic acid (Fig. 1a) are comparable
precluding A␤ formation (Lammich et al., 1999). Levels of mabetween groups and are very low compared with the other brain
ture ADAM10 were unaltered by the dietary supplementation
fatty acids. This level is typical for this n-6 fatty acid and likely
(Fig. 5a,b), in concurrence with unaltered levels of C83 (Fig.
reflects its function as a precursor that is highly metabolized to
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the longer-chain PUFAs. The linoleic acid
brain levels in the control and DHA
groups did not differ. This is in contrast to
brain DHA levels that were significantly
different in the DHA group from control,
making it unlikely that the effects on presenilin in brain are attributable to changes
in linoleic acid levels.
DHA treatment reduces
somatodendritic accumulation of tau
After 3 months, all dietary DHA treatments significantly reduced steady-state
levels of tau protein (⬃37%; p ⬍ 0.05), as
observed by Western blot relative to mice
on the control diet (Fig. 6a,b). Likewise,
the reduction in tau staining could also be
visualized in hippocampal sections, where
HT7 staining is observed abundantly in
the somatodendritic compartment and
throughout the processes in the control
diet (Fig. 6c,d, representative control and
DHA–DPA treatments, respectively, from
the 3 month treatment time point). After 6
months of supplementation, tau accumulation is significantly decreased in both the
DHA-alone and DHA–DPA groups compared with controls (Fig. 6e,f ). At the final
time point, after 9 months of supplementation, when soluble A␤ is only decreased
in the DHA-alone group, human tau is
similarly affected (Fig. 6g,h). Therefore, it
seems that the effects of DHA on tau accumulation lose efficacy over time, as also
seen with soluble A␤ levels, strongly suggesting a direct relationship between A␤
and tau buildup.

Figure 6. Tau steady-state levels in 3xTg-AD mice after DHA dietary enhancement. Western blot analyses of protein extracts
from whole-brain homogenates of 3 month dietary-treated 3xTg-AD mice (n ⫽ 6) are shown as alternating lanes: C, control; D,
DHA; DP, DHA–DPA; DA, DHA–ARA. a, Steady-state levels of total human tau from 3 month PUFA-treated 3xTg-AD mice. b,
Quantification of protein blots from a shown normalized to ␤-actin levels as a loading control. c, d, Representative HT7 DAB
staining of hippocampus from control and DHA–DPA-treated animals. e, Steady-state levels of total human tau from 6 month
PUFA-treated 3xTg-AD mice. f, Quantification of protein blots from e shown normalized to ␤-actin levels as a loading control. g,
Steady-state levels of total human tau from 9 month PUFA-treated 3xTg-AD mice. h, Quantification of protein blots from g shown
normalized to ␤-actin levels as a loading control. The asterisk denotes significance ( p ⬍ 0.05). Error bars indicate SEM.

Dietary DHA–DPA reduces phosphorylation and
fragmentation of tau
Tau pathology progresses in a hierarchical manner, initially manifesting with its somatodendritic accumulation, followed by
changes in conformation and phosphorylation patterns, and
eventually developing into mature NFTs. All three treatment diets were able to reduce somatodendritic accumulation of tau, but
this effect was transient and no longer apparent after 3 months.
Presumably, this effect on tau buildup was attributable to the
presence of DHA in the diets affecting A␤ levels, because all diets
initially affected A␤ in the same manner. In the 3xTg-AD mice,
we usually observe conformationally altered tau around 6
months of age, which can be visualized with immunostaining
using antibody MC1 (Oddo et al., 2003). Staining of hippocampal sections from the control, DHA-alone, and DHA–DPA
groups revealed reduced MC1-positive neurons in the DHA–
DPA group and, to a lesser extent, the DHA-only group, relative
to controls (Fig. 7a, representative staining shown, quantified in
Fig. 7b). These data suggest that the presence of DHA in the diet
is able to reduce soluble A␤ and somatodendritic accumulation
of tau, but the additional presence of DPA prevented additional
pathological tau progression.
After 9 months, the effects of the DHA–DPA diet supplementation on A␤ and tau accumulation had dissipated, whereas DHA
alone still had efficacy. At this age, we can examine the effects of

the DHA–DPA diet on phosphorylation of tau, somewhat independently from its effects on A␤, because there were no changes
in the A␤ load at this time point (Fig. 3e,f ), although we cannot be
certain that the same is true for events downstream of the A␤
pathology. Because steady-state levels of human tau (Fig. 6g,h),
the most well defined downstream pathology of A␤ in these mice,
had returned to control levels, this seems likely. Interestingly
early phospho-tau epitopes (AT270 and AT180) were significantly reduced in the DHA–DPA group compared with controls
(Fig. 7c,e). Levels of phospho-tau were also reduced in the DHA
group, albeit to a lesser extent (Fig. 7c,e), which may be attributable to the effects of DHA on tau phosphorylation or because the
DHA group also had less total tau accumulation at this time point
(Fig. 6g,h), whereas the DHA–DPA group did not. Later
phospho-tau epitopes, such as PHF and AT8, were not altered
with the dietary treatments (Fig. 7c,e), but a ⬃30 kDa fragment
was reduced with DPA treatment (Fig. 7c).
We also examined the two major tau kinases to determine
whether their steady-state levels or active forms varied. GSK3␤
and cdk5 have been shown to hyperphosphorylate tau and are
sometimes referred to as tau kinase 1 and 2 (Kobayashi et al.,
1993; Flaherty et al., 2000). We found no differences in cdk5 or in
its activator p25 (Fig. 7d,e). Likewise, there were no differences in
GSK3␤ or its inactive form, which is phosphorylated at ser9 (Fig.
7d,e). n-3 PUFAs (EPA and DHA) have previously been shown to
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Figure 7. DPA reduces conformationally altered and phosphorylated tau in 3xTg-AD mice
after dietary supplementation. a, DAB staining with MC1 shows conformationally altered tau
immunoreactivity in 40 M sections from 3 month diet-treated mice (control diet, DHA diet,
and DHA–DPA diet). The hippocampus region is shown (magnification, 5⫻). DAB tau immunoreactivity was elevated in cell bodies of the hippocampus. b, Quantification of a. c, Steadystate levels of phospho-tau epitopes from 9 month PUFA-treated 3xTg-AD mice. d, Steady-state
levels of putative tau kinases from 9 month PUFA-treated 3xTg-AD mice. e, Quantification of
protein blots from c and d shown normalized to ␤-actin levels as a loading control. The asterisk
denotes significance ( p ⬍ 0.05). Error bars indicate SEM.

reduce phospho-JNK both in vivo and in vitro (Moon and Pestka,
2003; Xue et al., 2006), and in agreement with this, we found
significant reductions in phospho-JNK in the DHA–DPA group
compared with controls (Fig. 7d,e). These reductions correlate
with the reductions in phosho-tau seen with this dietary treatment. This mitogen-activated protein (MAP) kinase has been
shown to be activated around NFTs in AD (Zhu et al., 2001).

Discussion
Here we report the novel findings that dietary DHA-mediated
reductions in soluble A␤ correlate with decreased steady-state
levels of PS1. Thus, the influence of DHA on A␤ levels is most
likely mediated by a reduction in ␥-secretase activity. If APP processing by ␣- or ␤-secretases was altered, then we would expect to
observe differences in the APP holoprotein or the CTFs C83 and
C99, which we did not. An increase in CTFs may have been expected with a decrease in PS1 levels; however, we did not find one,
perhaps because of the chronic nature of the treatment or sensi-
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tivity of the assay (Western blot for the CTFs vs the more sensitive
sandwich ELISA for A␤ measurements), or perhaps because the
CTFs are more rapidly degraded, because they have been shown
previously to be degraded by the endosomal/lysosomal systems
(Agiostratidou et al., 2006). Supporting this, PS1 is known to
stablize APP CTFs such that similar increases are seen in both A␤
and C99 with PS1 overexpression (Pitsi and Octave, 2004) rather
than a concurrent decrease in C99 levels. This finding corroborates recent studies showing that dietary DHA supplementation
could reverse A␤ pathology in mouse models of AD, which also
found no differences in APP processing with increased DHA
(Lim et al., 2005; Oksman et al., 2006). Hence, DHA seems to act
as a natural ␥-secretase “suppressor.” How it does this is not clear,
but fatty acids have previously been shown to affect PS1 levels and
activity (Liu et al., 2004). Because the steady-state levels of nicastrin were unaltered, the effects of DHA appear to be specific for
PS1, rather than the entire ␥-secretase complex, although we cannot rule out effects on other members of the ␥-secretase complex
such as Pen2 or Aph-1.
Intriguingly, dietary DHA treatment reduced soluble and intraneuronal A␤ but not the insoluble A␤ pool. The most likely
reason is that only a certain amount of soluble A␤ is able to
aggregate sufficiently into high-molecular-weight assemblies and
that dietary PUFA treatment does not affect these dynamics, or
that there are multiple pools of A␤ (Skovronsky et al., 1998) and
PUFA treatment does not affect the pool that is destined to become high-molecular-weight aggregates. It may be that the aged
brain allows more A␤ to aggregate into these high-molecularweight assemblies, which may explain why transgenic mice overexpressing APP develop increasing amounts of A␤ plaques with
age, despite constant levels of APP expression.
Although the treatment diets contained DHA, they also contained varying amounts of other PUFAs, such as DPA and ARA.
Clearly, the treatment diets all increased DHA levels in the brain
and RBCs, but effects on other PUFAs were also notable. One
striking observation was that the presence of DHA in the diets
appeared to reduce the amount of ARA in both brain and RBCs,
although this effect was somewhat negated by the additional presence of DPA. This reduction in ARA may also have effects on A␤
processing through its breakdown products, because prostaglandin E2 has been shown to increase ␥-secretase activity resulting in
more A␤ (Qin et al., 2003). Reducing ARA, with DHA treatment,
would lead to a subsequent reduction in prostaglandins.
Our study also revealed that dietary DHA treatment reduces
intraneuronal A␤ accumulation in the 3xTg-AD mice. The relevance of this A␤ pool to AD and to cognition is still not completely understood. Although A␤-laden plaques are the most visible and well characterized amyloid pathology in the AD brain,
plaque load correlates poorly with cognitive decline (Braak and
Braak, 1997), with many elderly showing A␤ plaque pathology
postmortem without cognitive decline before death (Benzing et
al., 1993). One argument is that A␤ in plaques is merely an end
point of the amyloidosis and, moreover, may provide a protective
mechanism to sequester soluble oligomeric A␤ species and diminish the influence of these more toxic A␤ species on cognition
function. In support of this, levels of soluble A␤ correlate well
with cognitive decline (Lue et al., 1999; McLean et al., 1999;
Naslund et al., 2000). Furthermore, the 3xTg-AD mouse develops intracellular A␤ accumulation in the cell bodies of neurons in
the hippocampus before any plaque pathology develops, and at
an age at which both synaptic dysfunction and cognitive impairments are observed (Oddo et al., 2003; Billings et al., 2005).
Therefore, it could be argued that intracellular accumulation of
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A␤ in AD is a critical factor in the disease progression and any
therapy that reduces or prevents it would be beneficial.
In addition to the reduction in soluble and intraneuronal A␤,
dietary DHA also reduces steady-state levels of tau, which accumulate in the somatodendritic compartments of neurons. Our
previous studies clearly demonstrated a hierarchical relationship
between A␤ and tau pathologies, with A␤ causing tau to accumulate and to undergo phosphorylation. Removal of intraneuronal
A␤ via immunotherapy leads to tau clearance from neurons several days after the A␤ itself has cleared (Oddo et al., 2004). Therefore, the reduction we observe here in steady-state levels of tau
with DHA seems to be closely related to the reduction seen in
soluble A␤. In fact, the correlation between soluble A␤ levels and
steady-state levels of tau is very strong, at all treatment time
points. At the point when the n-6 PUFA-containing diets lose
efficacy at reducing soluble A␤, we also noted that they no longer
reduced tau steady-state levels, strengthening the relationship
between the two pathologies.
One surprising and novel aspect of our finding is that although we found that dietary DHA supplementation was effective at preventing accumulation of both A␤ and tau, it should be
noted that the efficacy of the DHA–ARA and DHA–DPA diets
declined with time and, after 6 and 9 months of treatment, respectively, had lost all efficacy completely. DHA alone was still
effective, however, up to the last time point evaluated, which was
after 9 months of treatment. This finding is impressive given the
fact that it had to overcome transgene expression rather than the
gradual increase in A␤ in AD that takes many years to form.
Therefore, despite the fact that the omega-3 and omega-6 combined diets lost efficacy with time, increased dietary DHA had
long-lasting effects on AD pathology, and it remains to be determined whether DHA will be effective in AD patients, where the
pathology presumably develops more gradually, compared with
transgenic mice, where it develops more acutely.
Perhaps the most novel aspect of our findings is that the presence of DPAn-6 in the diet had dramatic effects on the progression of tau pathology, as seen after 9 months of dietary treatment
when the animals had reached 12 months of age, preventing both
conformational changes and phosphorylation of tau. These effects were independent from any effects on A␤ because they occurred at time points when soluble A␤ were no longer reduced
with DPAn-6 (after 9 months of treatment). However, the role
that phospho-tau and neurofibrillary tangles actually play in AD
is unclear, including whether or not they contribute to cognitive
decline and neuronal loss, or whether it is a different soluble tau
species that is toxic. As additional research is conducted, this issue
will be resolved, but the accumulation of phospho-tau in the AD
brain is a highly visible and defined event that represents a potential therapeutic avenue, albeit a harder and less defined one than
preventing production of the A␤ peptide. Our results also suggest
that these striking reductions in tau phosphorylation are not mediated by effects on GSK3␤ and cdk5. However, we did find a
significant reduction in levels of activated (phosphorylated) JNK,
a member of the stress-activated MAP kinase family, with DHA–
DPA treatment, which correlated with this reduction in
phospho-tau. JNK has been shown to hyperphosphorylate tau
(Reynolds et al., 1997; Yoshida et al., 2004; Tatebayashi et al.,
2006) and is found in tau-laden neurons in AD (Pei et al., 2001;
Zhu et al., 2001). Furthermore, n-3 PUFAs (EPA and DHA) have
been shown to reduce phospho-JNK both in vivo and in vitro
(Moon and Pestka, 2003; Xue et al., 2006), although DPA has not
been tested previously.
DHA-DPA is the first treatment paradigm described that ef-

fectively ameliorates tau pathology, and because it is a combination of PUFAs (omega-3 and omega-6 fatty acids) rather than a
pharmacological compound, it is a well characterized, safe, and
viable treatment option for AD. Notably, the presence of DPAn-6
in the diets prevented the appearance of a ⬃30 kDa fragment of
PHF and AT8 phospho-tau. This size fragment corresponds to a
previously described cleavage fragment of tau, mediated by
thrombin (Arai et al., 2005; Khlistunova et al., 2006), which prefers to cleave extensively phosphorylated tau rather than dephosphorylated tau. Although the relevance of this fragment to AD
pathology and cognition remains unknown, it may prove to be
critical for aggregation and/or toxicity of tau making DHA–DPA
an attractive therapy that seems to target this tau fragment as well
as decrease early phospho-tau epitopes.
Overall, additional studies in aged humans should be conducted to assess how well PUFA supplementation translates from
AD mouse models, because DHA and DHA–DPA look very
promising as potential therapeutic agents.
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