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Abstract

Alzheimer's disease (AD) involves progressive deposition of amyloid β-peptide (Aβ), synapse loss 

and neuronal death, which occur in brain regions critical for learning and memory. Considerable 

evidence suggests that lipid peroxidation contributes to synaptic dysfunction and neuronal 

degeneration, both upstream and downstream of Aβ pathology. Recent findings suggest that lipid 

peroxidation can be inhibited by replacement of polyunsaturated fatty acids (PUFA) with isotope-

reinforced (deuterated) PUFA (D-PUFA), and that D-PUFA can protect neurons in experimental 

models of Parkinson's disease. Here we determined whether dietary D-PUFA would ameliorate Aβ 
pathology and/or cognitive deficits in a mouse model of AD (APP/PS1 double mutant transgenic 

mice). The D-PUFA diet did not ameliorate spatial learning and memory deficits in the AD mice. 

Compared to mice fed an H-PUFA control diet, those fed D-PUFA for 5 months exhibited high 

levels of incorporation of deuterium into arachidonic acid and docosahexanoic acid, and reduced 
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concentrations of lipid peroxidation products (F2 isoprostanes and neuroprostanes), in brain 

tissues. Concentrations of Aβ40 and Aβ38 in the hippocampus were significantly lower, with a 

trend to reduced concentrations of Aβ42, in mice fed D-PUFA compared to those fed H-PUFA. 

We conclude that a D-PUFA diet reduces the brain tissue concentrations of both ARA and DHA 

oxidation products, as well as the concentration of Aβs.

Introduction

Alzheimer's disease (AD), the most common neurodegenerative disorder of aging, is 

characterized by progressive cognitive impairment resulting from degeneration of synapses 

and neurons that is most pronounced in the hippocampus, entorhinal cortex and functionally 

connected regions of the parietal, temporal and frontal lobes (Leal and Yassa, 2013). The 

neurodegenerative process is associated with extracellular accumulation of aggregated forms 

of amyloid β-peptide (Aβ) and intraneuronal accumulation of hyperphosphorylated forms of 

the microtubule-associated protein Tau (Raskin et al., 2015). Aβ is generated by cleavages of 

the β-amyloid precursor protein (APP) by β- and γ-secretases. Mutations in APP, and in 

presenilin 1 (the catalytic subunit of the γ-secretase enzyme complex) are responsible for 

rare cases of early-onset dominantly inherited AD. These mutations result in increased 

production of an aggregation-prone neurotoxic 42 amino acid form of Aβ, strongly 

suggesting that Aβ pathology is a pivotal event in the disease process (Bertram et al., 2010). 

The factors that result in Aβ accumulation and neuronal degeneration in the more common 

late-onset cases of AD are unclear, but are presumably related to mechanisms of aging, 

because aging is the major risk factor for AD. Studies of experimental cell culture and 

animal models of AD have shown that aggregating forms of Aβ can cause synaptic 

dysfunction and neuronal degeneration (Mattson, 2004). Evidence suggests that the cellular 

and molecular mechanism by which Aβ damages neurons involves oxidative stress and 

disruption of cellular Ca2+ homeostasis, which results in neuronal network hyperexcitability 

and excitotoxicity (Mattson et al., 1992; Bezprozvanny and Mattson, 2008).

The brain is susceptible to oxidative stress due to the high metabolic rate of neurons and 

consequent elevated production of reactive oxygen species (ROS) (Marques-Aleixo et al, 

2012). In addition, the brain contains high levels of polyunsaturated fatty acids (PUFA), 

arachidonic acid (ARA), docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), 

which are enzymatically produced from the diet-derived fatty acids linoleic acid (18:2, n-6) 

and linolenic acid (18:3, n-3), which are prone to attack by ROS, resulting in the non-

enzymatic autocatalytic chain reaction of lipid peroxidation (LPO) (Porter et al., 1995). This 

insidious process requires just one initiating event to get the reaction chain started (Figure 

1), leading to extensive oxidative damage of membrane PUFAs, and the generation of 

multiple classes of LPO products including F2, F3 and F4 isoprostanes are generated from 

ARA, EPA and DHA, respectively (Montine et al., 2004; Milne et al., 2007; Milne et al, 

2011). A particularly sinister group of PUFA decomposition products are the highly reactive 

cytotoxic carbonyls 4-hydroxynonenal (HNE) and 4-hydroxyhexenal (HHE), which are 

highly toxic compounds that irreversibly crosslink various proteins (Negre-Salvayre et al., 

2008). During aging, brain cells accumulate oxidatively damaged proteins, lipid membrane 

components, and DNA, and these oxidative modifications are greatly amplified in vulnerable 
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brain regions of AD patients (Butterfield and Boyd-Kimball, 2004; Sultana and Butterfield, 

2006; Markesbery and Lovell, 2007; Mattson, 2009). Membrane associated oxidative 

stress/LPO plays a pivotal role in the synaptic dysfunction and neuronal degeneration of AD, 

both upstream and downstream of Aβ (Hensley et al., 1994; Mattson 2004; Mark et al, 

1997; Gwon et al, 2012, McManus et al, 2011). Considerable evidence implicates LPO in 

AD pathogenesis including: the accumulation of isoprostanes, neuroprostanes, and proteins 

covalently modified by HNE in afflicted brain regions and cerebrospinal fluid of AD patients 

(Lovell et al., 1997; Montine et al., 2004; Williams et al., 2006; Bradley et al., 2010); LPO 

and HNE accumulation occurs in neurons exposed to neurotoxic Aβ species (Mark et al., 

1997a; Mark et al., 1997b); and HNE impairs neuronal Ca2+ homeostasis and energy 

metabolism, rendering neurons vulnerable to excitotoxicity and apoptosis (Keller et al., 

1997; Kruman et al., 1997; Mark et al., 1997a; Bruce-Keller et al., 1998). In addition, data 

suggest that lifestyle factors that increase AD risk (overweight and a sedentary lifestyle) 

increase brain oxidative stress, while factors that decrease AD risk (regular exercise) reduce 

brain oxidative stress (Studzinski et al., 2009; Baumgart et al., 2015; Herring et al., 2016; 

Camandola and Mattson, 2017).

The results of preclinical studies using experimental models of AD provided evidence that 

antioxidants known to inhibit lipid peroxidation (e.g., vitamin E) or dietary DHA 

supplementation can ameliorate cognitive deficits and associated Aβ pathology, when 

administered early in the disease process (Conte et al., 2004; Sung et al., 2004; Lim et al., 

2005; Calon and Cole, 2007). However, subsequent trials of vitamin E and DHA in patients 

with clinical manifestations of AD failed to reveal any clear therapeutic benefit (Quinn et al., 

2010; Farina et al., 2012). Possible reasons for this are described elsewhere (Kamat et al., 

2008).

A novel approach for suppressing membrane lipid peroxidation was proposed based on the 

replacement of normal dietary PUFAs with deuterated PUFAs (D-PUFAs) (Shchepinov, 

2007). Recent studies have shown that such isotope-reinforced PUFAs are relatively resistant 

to lipid peroxidation. Substitution of just one or two bis-allylic hydrogens with deuterium at 

carbon 11 in linoleic acid is sufficient to inhibit PUFA autoxidation in yeast cells (Hill et al., 

2011; Hill et al., 2012; Andreyev et al., 2015), and can protect cultured mammalian cells 

against oxidative stress-induced death (Yang et al., 2016). With regards to potential 

therapeutic applications for neurodegenerative disorders, it was recently reported that D-

PUFA can protect dopaminergic neurons against degeneration, can protect cultured neurons 

against α-synuclein toxicity in experimental models of Parkinson's disease (Shchepinov et 

al., 2011; Angelova et al., 2015), and suppresses brain lipid peroxidation and restores 

cognitive deficit in aldehyde dehydrogenase 2 (ALDH2) deficient mice, a model of cognitive 

impairment caused by lipid peroxidation (Elharram et al., 2017). In the present study, we 

tested the hypothesis that dietary D-PUFAs can reduce brain cell lipid peroxidation and 

ameliorate Aβ pathology and associated cognitive deficits in a mouse model of AD.
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Materials and Methods

Animals and Diets

Male APP/PS1 double mutant transgenic mice B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo 

(Borchelt et al., 1997), and age- and gender-matched wild type controls, were obtained from 

the Jackson Laboratories (stock # 34832), and were maintained in the National Institute on 

Aging vivarium. Mice had ad libitum access to food and water. All mice were housed with a 

12 h light/dark cycle. Mice were fed pellets of AIN-93 diet modified at Research Diets Inc. 

(Brunswick, NJ) to contain 1% 11,11-D2-Ethyl linoleate:11,11,14,14-D4-ethyl linolenate 

(1:1) (D-PUFA diet, Figure 1) or 1% ethyl linoleate:ethyl linolenate (1:1) (H-PUFA, control 

diet) for a period of 5 months beginning when the mice were 4-7 months old. The complete 

compositions of the diets can be found in Elharram et al. (2017). Methods for synthesis of 

the D-PUFAs have been described previously (Shchepinov et al., 2011) and H-PUFA were 

purchased from Sigma (St. Louis, MO). All animal procedures were approved by the Animal 

Care and Use Committee of the National Institute on Aging Intramural Research Program 

(protocol #290-LNS-2019) and complied with NIH guidelines for the care and use of 

laboratory animals.

Behavioral Tests—After nearly 5 months on the diet, the mice completed four behavioral 

tests in the following order: open field, elevated plus maze, Morris water maze, and fear 

conditioning. For all behavioral tests the mice were acclimated to the testing room for 1 

hour/day for 2 days prior to testing. During the test, the mice roamed freely in a 27.3cm × 

27.3cm × 20.3cm mouse open field box (Med Associates Inc.; ENV-510) for 30 minutes. 

The XY dimensions of the field were electronically segmented into a center square region 

(16 × 16 cm) and a remaining outer perimeter region using video tracking software (ANY-

maze, Wood Dale, IL) which monitored the animals’ movements in each region during the 

entire testing period.

For the elevated plus maze, mice were placed in the middle of the maze facing one of the 

open arms and tracked using ANY-Maze tracking software (ANY-maze, Wood Dale, IL). 

Mice were allowed to roam for 5 minutes and their entrances into, time spent within, and 

speed of movements in the open arms, closed arms and the middle area of the maze were 

quantified. Methods for water maze fear conditioning testing have been described previously 

(Okun et al., 2012). For the water maze testing, mice were trained for 7 days to find the 

hidden platform in the upper right quadrant of the pool. The water temperature was 24°C 

and non-toxic white paint was added to the water to obscure the submerged platform. If the 

mouse found the platform and stayed on it for 2 seconds, the test would end. Otherwise, the 

trial would continue for 60 seconds, at which time the experimenter guided the mouse to the 

platform and the mouse was allowed to stay on the platform for 15 seconds. After the 

seventh day of training, a 4 hour probe trial was performed in which the platform was 

removed from the pool and the mouse was allowed to swim for 60 seconds; the probe trial 

was repeated 24, 48, and 72 hours later.

Following the 72 hour probe, a vision test was performed in a pool with clear water with a 

small blue flag affixed to the platform, and with the platform placed in a location different 

than the original testing location. Video tracking software (ANY-maze, Wood Dale, IL) was 
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used to quantify goal latencies, swimming distance and swimming speed. For fear 

conditioning, a neutral stimulus (sound) was paired with an aversive stimulus (electrical 

shock 0.5 mA) using a commercially available fear conditioning system (Med Associates 

Inc., Fairfax, VA). The mice were placed in a chamber with an electrifiable wire floor. On 

the first day of testing the mice were conditioned for 5 minutes to learn that the sound was 

associated with the shock. The first 2 minutes were for acclimation to the chamber and 

during each of the remaining 3 minutes there were exposed to a 30 second sound followed 

by a shock. The second day the mice were placed in the same context for 5 minutes with no 

sound or shock – the contextual test. Three hours later the environment was changed to have 

a smooth white floor and a black teepee structure was put in the chamber – the cued test. 

Mice were placed in the chamber for 10 minutes; for the first 5 minutes the mice roamed 

freely and during minutes 5-10 there was a 30 second sound every minute but no shock. 

Mouse movements and freezing were tracked and analyzed with the fear conditioning 

system software (Med Associates Inc, Fairfax, VT). After all behavioral tests were 

completed, the mice were allowed to recover in their home cages for 1 week prior to 

euthanasia.

Immunohistochemistry—Mice were euthanized by isoflurane inhalation and cervical 

dislocation, blood was collected from the heart, and the brain and liver were removed. The 

liver tissue was flash frozen and stored at -8°C. One hemisphere of the brain was immersion 

fixed 4% paraformaldehyde in phosphate buffered saline (PBS) for 24 hours and then 

cryoprotected by immersion in a solution of 30% sucrose in PBS. The hippocampus, 

striatum and cerebral cortex were removed from the other brain hemisphere, flash frozen, 

and stored at -80°C. Frozen sections (30 micrometers thick) were prepared using a Cryostat 

(Leica CM 3050, Buffalo Grove, IL) and the sections were mounted on charged slides. For 

antigen retrieval, sections were treated with 70% formic acid in Tris-buffered saline (TBS). 

Endogenous peroxidases were quenched by incubation with 0.3% hydrogen peroxide in TBS 

for 30 minutes. The sections were then processed for Aβ immunostaining using antibody 

2454 (Cell Signaling Technologies, Danvers, MA; 1:1200 dilution) using methods described 

previously (Liu et al., 2010). Images of sections were acquired with a Nikon Eclipse E600 

microscope with Ivision software (4.5.4. r8) (Biovision Technologies, Chester Springs, PA). 

For quantification of Aβ immunoreactivity, ImageJ software was used; the images were 

converted to 8 bit, inverted, and the average integrated intensity was calculated. Average 

integrated intensity of plaques was calculated by taking a 1088 × 1200 rectangle from the 

cortex and hippocampus on 10x images. The average integrated intensity was calculated 

from ImageJ software.

Deuterium Incorporation—At the end of the study, deuterium incorporation was 

determined as described previously (Shchepinov et al., 2011). In short, tissues were 

sonicated and aliquots of tissue samples were lyophilized for deuterium evaluation using 

isotope ratio mass spectrometry (ir-MS). Samples were placed into silver capsules using 

CCl4 to avoid contamination by hydrogen. Subsequently, samples were loaded into a 

Costech Zero Blank Auto-sampler connected to a Thermo/Finnigan thermochemical 

elemental analyzer (TC/EA) (Thermo Fisher, Bremen, Germany) and analyzed in triplicate 

as described. Each run was standardized using at least two standards of different isotopic 
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values. Data are presented as delta D/H (in permille, ‰), where delta D/H = (Rsample/
Rstandard) × 1000; with R being the ratio between the abundances of deuterium and hydrogen 

(R = D/H).

Measurement of Aβ Concentrations—Cerebral cortical and hippocampal tissues were 

sonicated in radioimmunoprecipitation assay (RIPA) buffer containing 200 μM Na3VO4. 

Protein concentration of the supernatant was determined using BSA protein assay. The V-

PLEX Plus Aβ Peptide Panel 1 (4G8) Kit (Meso Scale Discovery, Rockville, MD) was used 

to quantify concentrations of Aβ38, Aβ40, Aβ42 in the samples. After the plate was 

blocked, and the detection antibody was added, and 0.41 μg of cerebral cortical protein or 

1.04 μg of hippocampal protein from each mouse was assayed in duplicate. Concentrations 

of immunoreactivity were quantified using an MSD plate reader (Meso Scale Discovery, 

Rockville, MD).

Measurement of F2-isoprostane and F4-neuroprostane concentrations—The 

frozen tissue was weighed and added to ice-cold Folch solution and homogenized. The 

sample tube was flushed with a stream of nitrogen or argon for 30–60 seconds to remove air 

and then capped. The solution was incubated at room temperature (22–25 °C) for 1 hour to 

allow maximal extraction of lipids from the tissue. The tube was shaken intermittently for 

several seconds during this period. Next, aqueous NaCl (0.9%) in ultrapure water was added, 

and the sample was vortexed vigorously for 1 minute. The tube was then centrifuged for 10 

minutes in a tabletop centrifuge to separate aqueous and organic layers. After centrifugation, 

the top aqueous layer was removed and discarded. The organic layer was evaporated under a 

stream of nitrogen. The lipids were then resuspended in 1 ml of methanol containing 0.005% 

BHT and vortexed. Next, 1 ml aqueous KOH (15%, wt/vol) was added, vortexed, and the 

flask was purged with nitrogen and capped. The mixture was incubated at 37°C for 20 

minutes. After incubation, the mixture was acidified to pH 3 with 1N HCl, diluted to 0.01N 

HCl and 1 ng of the internal standard [2H4]-15-F2t-IsoP was added. The sample was then 

applied to a C-18 Sep-Pak cartridge that had been prewashed with 5 ml methanol and 5 ml 

0.01N HCl. The cartridge was then washed with 10 ml 0.01N HCl, followed by 10 ml 

heptane, and lipids were then eluted with 10 ml ethyl acetate:heptane (50:50, v/v). The 

eluate was applied to a silica Sep-Pak cartridge prewashed with ethyl acetate (5 ml). It was 

then rinsed with 5 ml ethyl acetate and compounds eluted with 5 ml ethyl acetate:methanol 

(50:50, v/v). The eluate was dried under nitrogen. Compounds were converted to the 

pentafluorobenzyl (PFB) esters by the addition of 40 μl of a 10% solution of 

pentafluorobenzyl bromide in acetonitrile and 20 μl of a solution of 10% 

diisopropylethanolamine in acetonitrile and allowed to incubate for 30 min at 37°C.

Reagents were dried under nitrogen and the residue reconstituted in 30 μl chloroform and 20 

μl methanol and divided equally into two 25 ml aliquots. Aliquot 1 was chromatographed on 

a silica TLC plate to 13 cm in a solvent system of chloroform:methanol (93:7, v/v). The 

methyl ester of PGF2α was chromatographed on a separate lane and visualized with 10% 

phosphomolybdic acid in ethanol by heating. The Rf of PGF2α methyl ester in this solvent 

system was 0.15. Derivatized F2- and F3-IsoPs migrating in the region 1 cm below the 

PGF2α standard to 3.5 cm above the standard were scraped from the TLC plate, extracted 
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with 1 ml ethyl acetate, and dried under nitrogen. Aliquot 2 was chromatographed on a silica 

TLC plate to 15 cm in a solvent system of chloroform:ethanol (90:10, v/v). The methyl ester 

of 17-F4c-NP was chromatographed on a separate lane and visualized with 10% 

phosphomolybdic acid in ethanol by heating. Derivatized F4-NPs migrating immediately 

below the TLC standard to 2 cm above the standard were scraped from the TLC plate, 

extracted with 1 ml ethyl acetate, and dried under nitrogen. Following TLC purification, 

compounds were converted to trimethylsilyl (TMS) ether derivatives by addition of 20 μl 

N,O-bis(trimethylsilyl)trifluoroacetamide and 10 μl dimethylformamide. The sample was 

incubated at 37°C for 10 minutes and then dried under nitrogen. The residue was re-

dissolved for GC/MS analysis in 20 μl undecane that had been stored over a bed of calcium 

hydride.

Mass spectrometric (MS) analysis was performed using an Agilent 5973 Inert Mass 

Selective Detector that is coupled with an Agilent 6890n Network gas chromatography (GC) 

system (Agilent Labs, Torrance, CA) that is interfaced with an Agilent computer (Milne et 

al., 2007). GC was performed using a 15 m, 0.25 μm film thickness, DB-1701 fused silica 

capillary column (J and W Scientific, Folsom CA). The column temperature was 

programmed from 190°C to 300°C at 20° per minute. The major ion generated in the 

negative ion chemical ionization (NICI) mass spectrum of the PFB ester, TMS ether 

derivative of F2-IsoPs, was the m/z 569 carboxylate anion [M-181 (M-CH2C6F5) ]. The 

major ion generated in the NICI mass spectrum of the PFB ester, TMS ether derivative of 

F4-NPs, was the corresponding m/z 593 carboxylate anion. The ion generated by the 

[2H4]-15-F2t-IsoP internal standard was m/z 573.

Concentrations of endogenous F2-IsoPs/F4-NPs in a biological sample were calculated from 

the ratio of intensities of the ions m/z 569 to m/z 573. By employing this assay, the lower 

limit of detection of F2-IsoPs was in the range of 4pg using an internal standard with a blank 

of 3 parts per thousand. The precision of this assay in biological fluids was +6% and the 

accuracy 94%.

Measurement of PUFA Concentrations—Extraction was performed using a modified 

Bligh-Dyer (BD) procedure (Axelsen and Murphy, 2010). Tissue samples (∼10 mg) were 

weighed and homogenized with a tip sonicator (F60 Sonic Dismembrator, Fisher Scientific, 

Pittsburgh, PA) for 60 s in 760 μl of the BD monophase (400 μl methanol, 200 μl 

dichloromethane, and 160 μl of 5 mM ammonium chloride) in 1.8 ml high recovery vial 

(Microsolv Eatontown, NJ). 10 μl volumes of an internal standard (0.1 mM d8-ARA) and 10 

μl of a butylated hydroxytoluene solution (100 μM in methanol) were added prior to 

sonication. After sonication, 200 μl of dichloromethane and 160 μl of water were added to 

break the monophase and the vial was vortexed.

The three resulting phases were separated by 2 minutes of low speed centrifugation. The 

lower (dichloromethane) phase (∼1-2 ml) was withdrawn, transferred to a 5 ml glass tube 

(Fisher Scientific, Pittsburgh, PA), and dried under argon. The residue was resuspended in 

85% MeOH in water with 0.5 M Na2OH (1 ml final volume) and saponified by incubating at 

80°C for one hour. Following saponification, samples were cooled to room temperature, 
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acidified with 150 μl of 5M HCl and evaporated under argon. The residue was resuspended 

in 150 μl methanol for analysis.

Samples (5 μl) were injected onto a 1 × 250 mm Zorbax 300SB 5 μm C18 column (Agilent, 

Santa Clara, CA). Solvent A was 8% acetonitrile, 92% water, and 0.1% formic acid. Solvent 

B was 100% acetonitrile and 0.1% formic acid. The mobile phase was pumped at 0.1 ml/min 

as the composition was changed linearly from 8% to 80% solvent B over 25 min, and held at 

80% B for 9.5 min. The eluent was alkalinized post-column with 0.15 M ammonium 

hydroxide in methanol flowing at 50 μl/min before being introduced via electrospray 

ionization into an ABI 4000 mass spectrometer (Sciex, Toronto, Canada) operating in 

negative ion mode with a declustering potential of –70V, an ionization energy of –4500V, 

and a 200°C drying gas. The collision gas was nitrogen at 7 psi when operating in multiple 

reaction monitoring (MRM) or product ion scanning mode, with the transitions and collision 

energy values listed in Table 1. The collection time for each transition was 100 msec.

Quantification of peaks was done using Analyst software (AB Sciex). The peak area for each 

fatty acid transition was divided by the peak area of the d8-ARA internal standard. A 

calibration curve for d8-ARA was prepared using unlabeled neat ARA, and the final results 

were divided by tissue weight.

Data and Statistical Analysis—Statistical analysis was run on GraphPad Prism and 

either t-tests or one- or two-way ANOVAs were run on the data. Neuman-Keuls post-hoc 

tests were performed for t-tests and one-way ANOVAs and Bonferroni post hoc tests were 

performed for two-way ANOVAs. A p value < 0.05 was considered statistically significant.

Results

Analyses were performed on wild type (WT) mice that had been maintained for 5 months on 

the H-PUFA diet (n = 11), APP/PS1 double mutant transgenic (AD) mice that been 

maintained for 5 months on either the H-PUFA diet (n = 14) or D-PUFA diet (n = 13). At the 

end of the study, efficient D-PUFA incorporation was confirmed by measuring deuterium 

content on sections of the cortex and hippocampus as well as liver by irMS. The tissue 

deuterium contents were: in the cortex, D-PUFA (32070 ± 3126‰) versus H-PUFA (-143.1 

± 18.21‰); in the hippocampus, D-PUFA (33230 ± 1843‰) versus H-PUFA (-149.2 

± 12.3‰); in the liver, D-PUFA (29082 ± 2958‰) versus H-PUFA (-149.9 ± 32.77‰). For 

all measurements, p < 0.0001 (t-test, unpaired, nonparametric, Mann Whitney correction). 

The difference between the D-PUFA and H-PUFA groups corresponds to a level of D-PUFA 

incorporation in the total PUFA pool of approximately 40% (Shchepinov et al., 2014; 

Elharram et al., 2017), and correlates with PUFA-specific incorporation measurements (vide 
infra). This level of D-PUFA substitution is biologically relevant as approximately 10-20% 

is sufficient to terminate LPO (Hill et al., 2012).

For behavioral analyses, mice were subjected to two tests of anxiety-like behavior (open 

field and elevated plus maze) and two tests of learning and memory (water maze and fear 

conditioning). In the open field test, there were no significant differences between AD mice 

in the H-PUFA and D-PUFA diet groups in distance traveled (Figure 2A), number of entries 
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into the center zone (Figure 2B) or time spent in the center zone (Figure 2C). There were 

also no significant differences between WT mice, and AD mice in either diet group, except 

for the first 5 minutes in the open field, during which time AD mice in the D-PUFA group 

traveled further than WT mice. In the elevated plus maze there were no significant 

differences between the three groups of mice in time spent in open and closed arms (Figure 

2D) or time spent in the open arms (Figure 2E), although there was a non-significant trend 

for AD mice on the D-PUFA diet to spend more time in the open arms.

Mice in all three groups learned the location of the hidden platform in the Morris water 

maze as indicated by decreases in swimming distance (Figure 4A) and time required to 

locate the platform (Figure 3B) over the 7-day training period. WT mice learned the 

platform location more quickly (by day 4) than AD mice (Figure 3A, 3B). AD mice in the 

D-PUFA group exhibited a 1-2 day delay in learning the location of the hidden platform (on 

training days 4 and 5), but by training day seven AD mice in both diet groups exhibited 

identical times required to find the platform and distance traveled. In the probe trials 

performed at 4 hours and 24 hours after the last day of training, AD mice on the H-PUFA 

and D-PUFA diets spent less time in the target quadrant compared to WT mice, indicating 

poor retention of the memory of the platform location (Figure 3C). Similarly, in the 4-hour 

probe trial the AD mice in the H-PUFA and D-PUFA diet groups entered the platform area 

less frequently compared to the WT mice (Figure 3D). There were no significant differences 

between the AD mice in the H-PUFA and D-PUFA groups in the probe trials (Figure 3C, D). 

For the fear conditioning tests, there were no differences between the three groups for the 

training day (Figure 4A), contextual test (Figure 4B), and the cued test (Figure 4C).

After the behavioral testing and a week rest period, the mice were euthanized at 9-12 months 

of age and brain tissue processed for either histological or biochemical analyses. We 

immunostained brain sections from AD mice with an Aβ antibody and evaluated the number 

of plaque-like depositions in the hippocampus and cerebral cortex (Figure 5A-C). As a 

negative control, we immunostained brain sections from a WT mouse, and no Aβ deposits 

were evident (Figure 5A). Relative Aβ plaque loads were not significantly different in either 

brain region in AD mice in the H-PUFA and D-PUFA diet groups (Figure 5D, 5E). To 

determine whether the D-PUFA diet might affect APP processing, we quantified 

concentrations of Aβ38, Aβ40 and Aβ42 in the cerebral cortex and hippocampus (Figure 6) 

of AD mice on the H-PUFA and D-PUFA diets. In the cerebral cortex, there were no 

significant differences in any of the Aβ species between the H-PUFA and D-PUFA diet 

groups (Figure 6A-D). In the hippocampus, the amounts of Aβ40 and Aβ38 were 

significantly lower in the AD mice maintained on the D-PUFA diet compared to those 

maintained on the H-PUFA diet (Figure 6F). There was a nonsignificant trend towards 

reduced Aβ42 levels in the hippocampus of AD mice fed D-PUFA compared to those fed H-

PUFA (Figure 6G).

We previously reported that when mice are fed D-PUFA for 3 months, D-PUFA are 

incorporated into major neuronal membrane lipid species known to be susceptible to lipid 

peroxidation including ARA and DHA (Shchepinov et al., 2014). To confirm that D-PUFA 

were incorporated into these lipid species throughout the brains of the APP/PS1 double 

mutant transgenic (AD) mouse line used in the present study, we measured total and D-
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containing levels of ARA, DHA, 18:2, 18:3n-3, 16:0 and 18:0 in cerebral cortex, 

hippocampus, striatum, cerebellum, liver and adipose tissues. D-PUFA accounted for 

approximately 30-40% of ARA and 50-70% of DHA in all four brain regions (Figure 7A-

D). In the liver and adipose tissues there were high levels of incorporation of D-PUFA into 

DHA, 18:2 and 18:3n-3 (Figure 7E, F).

Because the D-PUFA diet had little or no impact on cognition or Aβ plaque pathology in the 

AD mice, we next determined whether the mice on the D-PUFA diet did, in fact, exhibit 

reduced lipid peroxidation in their brain tissues. Accordingly, we quantified concentrations 

of F4-neuroprostanes (generated by peroxidation of DHA) and F2-isoprostanes (generated 

by peroxidation of ARA) in cerebral cortical and liver tissues from AD and WT mice that 

had been maintained for 5 months on H-PUFA or D-PUFA diets (4 or 5 mice/group). 

Concentrations of F4-neuroprostanes were significantly lower in cerebral cortex tissues from 

WT and AD mice in the D-PUFA groups compared to mice in the H-PUFA groups (Figure 

8A). Concentrations of F2-isoprostanes were significantly lower in the livers of WT and AD 

mice on the D-PUFA diet compared to those on the H-PUFA diet (Figure 8B). There were 

non-significant trends towards reduced concentrations of F2-isoprostanes in the cerebral 

cortex of WT and AD mice in the D-PUFA groups compared to those in the H-PUFA groups 

(Figure 8C).

Discussion

Because aggregating Aβ damages and kills neurons by a mechanism involving membrane 

lipid peroxidation (Hensley et al., 1994; Mark et al., 1997a; Mark et al., 1997b; Murray et 

al., 2005; Murray et al., 2007; Liu et al., 2008; Axelsen et al., 2011; Eskici and Axelsen, 

2012), and because D-PUFA can suppress membrane lipid peroxidation (Hill et al., 2011; 

Hill et al., 2012; Andreyev et al., 2015), we tested the hypothesis that dietary D-PUFA 

would ameliorate Aβ pathology and cognitive deficits in the APP/PS1 double mutant 

transgenic mouse model of AD.

Deuterium was incorporated into DHA and ARA in the hippocampus and cerebral cortex in 

AD mice on the D-PUFA diet, and the D-PUFA diet resulted in significant reductions in 

concentrations of lipid peroxidation products in the brain (Ara- derived F2-isoprostanes and 

DHA-derived F4-neuroprostanes), demonstrating that the D-PUFA did in fact enter the brain 

where it was incorporated into membrane lipids and suppressed neuronal lipid peroxidation. 

Moreover, levels of Aβ40 and Aβ38 were significantly lower and Aβ42 marginally lower in 

the hippocampus of AD mice fed D-PUFA, suggesting a role for lipid peroxidation upstream 

of Aβ production in this mouse model. The AD mice exhibited impaired learning and 

memory retention in a water maze test compared to WT mice, but the D-PUFA diet had no 

significant impact on these cognitive deficits. Because previous studies have shown that Aβ 
accumulation and lipid peroxidation can impair synaptic plasticity and learning and memory 

in experimental models of AD (Mattson, 2004, 2009), it is unclear why the D-PUFA diet did 

not ameliorate behavioral deficits in the present study despite reducing lipid peroxidation 

and Aβ levels. One possibility is that the time of initiation and/or duration of the D-PUFA 

diet intervention were not sufficient to reduce lipid peroxidation and Aβ accumulation to 

levels sufficient to ameliorate cognitive deficits. In addition to inducing membrane-
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associated oxidative stress (Mattson, 2009), it has been proposed that Aβ oligomers impair 

cognition by binding to specific synaptic proteins and impairing their function (Viola and 

Klein, 2015). The D-PUFA may not impact the latter mechanism.

Although we did not discern significant effects of the D-PUFA on learning and memory in 

the APP/PS1 double mutant transgenic mice, this does not preclude potential beneficial 

effects of the D-PUFA on cognition in other mouse models. In the APP/PS1 mice we used 

there is considerable Aβ deposition, but the fact that the mutant human APP and PS1 are 

overexpressed in an unregulated manner may result in masking of potential therapeutic 

effects that would be discernable in more relevant models such as APP/PS1 double mutant 

knock-in mice (Abdul et al., 2008) and APP mutant knockin mice (Masuda et al., 2016). The 

APP/PS1 double mutant knock-in mice have been shown to exhibit increased lipid 

peroxidation and oxidative protein modification in their brains, and cognitive deficits that 

can be ameliorated by administration of the antioxidant N-acetyl-L-cysteine (Abdul et al., 

2008; Huang et al., 2010; Webster et al., 2013). It would therefore be of considerable interest 

to evaluate D-PUFA in the latter mouse model of AD. Also, in addition to increasing Aβ 
production, increased generation of N- and C-terminal APP fragments can trigger neuronal 

degeneration (Saganich et al., 2006; Nhan et al., 2015) by mechanisms that may be 

independent of lipid peroxidation. If such APP fragments contribute to cognitive impairment 

in APP/PS1 double mutant transgenic mice used in the present study, then D-PUFA may not 

counteract that neurotoxic mechanism.

Previous findings have suggested roles for membrane lipid peroxidation in the pathogenesis 

of AD both downstream and upstream of accumulation of neurotoxic forms of Aβ. During 

the process of aggregation, Aβ generates reactive oxygen species (Hensley et al., 1994) and, 

when the peptide aggregation occurs on cell membranes, the ROS induce membrane lipid 

peroxidation (Mark et al., 1997a). By impairing the function of ion-motive ATPases and 

glutamate and glucose transporters, the lipid peroxidation product 4-hydroxynonenal may 

play a particularly prominent role in the synaptic dysfunction and neuronal degeneration 

caused by Aβ (Mark et al., 1997a, 1997b; Keller et al., 1997a, 1997b). In addition to HNE, 

HHE is another highly reactive and potentially neurotoxic lipid peroxidation product 

implicated in AD pathogenesis (Bradley et al., 2012). However, HHE, and other aldehydes, 

as well as their conjugates, are less often assessed due to the unreliable analytical techniques 

available for their detection (Long et al., 2010). Our finding that dietary D-PUFA can reduce 

brain lipid peroxidation in a mouse model of AD in which Aβ accumulates in plaque-like 

deposits suggests a potential for this therapeutic approach in protecting neurons against Aβ-

induced degeneration. It has been reported that Aβ can induce LPO (Mark et al., 1997a, 

1997b; Mattson, 2009). Moreover, previous studies have shown that lipid peroxidation can 

alter the proteolytic processing of the β-amyloid precursor protein in a manner that increases 

the production of Aβ. Specifically, oxidative lipid modification the γ-secretase complex 

protein nicastrin enhances activity of γ-secretase resulting in increased Aβ production 

(Gwon et al., 2012). Thus, by suppressing lipid peroxidation, D-PUFA would be expected to 

reduce the levels of Aβ, a possibility consistent with our finding that Aβ40 and Aβ38 levels 

were significantly reduced in the hippocampus of APP/PS1 mutant transgenic mice that 

consumed D-PUFA. LPO is also implicated in the pathogenesis of Parkinson's disease, both 
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upstream and downstream of intracellular accumulation of α-synuclein aggregates 

(Angelova et al., 2015; Zhang et al., 2017).

Mice lacking ALDH2 exhibit accumulation of lipid peroxidation products in various tissues 

including the brain. The increased cerebral lipid peroxidation in ALDH2 deficient mice is 

associated with cognitive impairment that can be ameliorated by feeding the mice D-PUFA 

(Elharram et al., 2017). It is not clear why the D-PUFA diet did not improve cognition in 

APP/PS1 mice with Aβ pathology in the present study, despite reducing lipid peroxidation. 

It will therefore be of interest to determine the relative contributions of lipid peroxidation 

and other molecular pathways of Aβ-associated neuropathology in AD.
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Highlights

Dietary isotope-reinforced (deuterated) PUFA (D-PUFA) are incorporated into 

arachidonic acid and docosohexanoic acid in the brain of APP/PS1 mutant AD mice.

AD mice fed D-PUFA exhibit reduced cerebral lipid peroxidation compared to AD mice 

fed H-PUFA.

AD mice fed D-PUFA exhibit reduced levels of amyloid β-peptides in the hippocampus 

compared to AD mice fed H-PUFA.

The D-PUFA diet did not ameliorate spatial learning and memory deficits in the AD 

mice.
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Figure 1. 
Protective effect of D-PUFAs on lipid peroxidation (LPO). (A) D-PUFAs inhibit the rate-

limiting step of reactive oxygen species (ROS)-driven abstraction off a bis-allylic site. (B -E) 

Lipid bilayer made mostly of D-PUFAs is impervious to LPO. ROS-driven hydrogen 

abstraction off a bis-allylic site (A) generates resonance-stabilized free radicals (C), which 

quickly react with abundant molecular oxygen to form lipid peroxyl radicals (D). These 

newly formed ROS species (L-OO.) abstract hydrogen off a neighboring PUFA molecule 

(turning themselves into lipid peroxides LOOH (E), thus sustaining the chain reaction of 

LPO. The chain is eventually terminated by a chain terminating antioxidant or homologous 

recombination (not shown). (F) 11,11-D2-Lin (a) an omega-6 D-linoleic acid used in this 

study, is enzymatically converted into 13,13- D2-arachidonic acid (b). 11,11,14,14-D4-Lnn 

(c), an omega-3 D-linolenic acid used in this study, is enzymatically converted into 

13,13,16,16-D4-EPA (d) and 15,15,18,18-D4-DHA (e). (G) lipid peroxides (E), which have 

greater volume compared to non-oxidized lipids, further decompose through multiple 

pathways, into numerous species such as reactive carbonyls, for instance 4-HNE (a), 4-HHE 

(b), malonic dialdehyde (c), acrylic aldehyde (d), oxalic aldehyde (e), methylglyoxal (f), etc. 

Other classes of products include arachidonic acid-derived isoprostanes (g; iPF2α-IV, or 8-

F2-IsoP is one of 64 different isomers), as well as PGF2α (h), a prostaglandin which can be 

produced both enzymatically and non-enzymatically.
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Figure 2. 
A D-PUFA diet does not affect levels of anxiety-related behaviors in AD mice in the open 

field and elevated plus maze tests. (A-C) Results of open field test showing total distance 

traveled (A), number of entries into the center zone (B) and the time spent in the center zone 

(C). (D and E) Results of the elevated plus maze test showing time spent in both the closed 

and open arms (D) and time spent in the open arms (E). Values are the mean and SEM of 11 

wild type (WT) mice on the H-PUFA diet, 14 AD mice on the H-PUFA diet and 13 AD mice 

on the D-PUFA diet. *p<0.05.
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Figure 3. 
A D-PUFA diet does not ameliorate spatial learning deficits in AD mice. (A and B) Results 

of water maze testing during the 7 days of learning trials showing distance traveled to reach 

the hidden platform (A) and time required to locate the hidden platform (B). (C and D) 

Results of water maze probe trials performed at 4, 24, 48 and 72 hours after the last (day 7) 

learning trial showing time spent in the quadrant of the pool where the platform had been 

during the training trials (C) and number of entries into the exact location of the platform 

(D). Values are the mean and SEM of 11 wild type (WT) mice on the H-PUFA diet, 14 AD 

mice on the H-PUFA diet and 13 AD mice on the D-PUFA diet. *p<0.05, **p<0.01, 

***p<0.001 compared to the values for WT mice.
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Figure 4. 
Wild type mice and AD mice on either H-PUFA or D-PUFA diets perform similarly in fear 

conditioning tests. (A) Percentage of time that the mice spent freezing on the training day. 

(B) Percentage of time that the mice spent freezing on day 2 in the absence of a shock 

(context setting). (C) Percentage of time that the mice spent freezing on day 2 during and 

after exposure to the same sound used as the cue on the preceding training day. Values are 

the mean and SEM of 11 wild type (WT) mice on the H-PUFA diet, 14 AD mice on the H-

PUFA diet and 13 AD mice on the D-PUFA diet.
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Figure 5. 
The amounts of Aβ deposits in the cerebral cortex and hippocampus are similar in AD mice 

fed the D-PUFA diet and AD mice fed the H-PUFA diet. (A-C) Representative images of Aβ 
immunoreactivity in the cerebral cortex and hippocampus of a wild type mouse (A), an AD 

mouse that had been maintained on the H-PUFA diet for 5 months (B), and an AD mouse 

that had been maintained on the D-PUFA diet for 5 months (C). Arrows point to plaque-like 

Aβ deposits. (D and E) Results of quantification of Aβ load in the cerebral cortex and 

hippocampus. Values are the mean and SEM of 14 AD mice on the H-PUFA diet and 13 AD 

mice on the D-PUFA diet.
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Figure 6. 
Levels of soluble Aβ40 in the hippocampus are lower in AD mice fed D-PUFA compared to 

AD mice fed H-PUFA. (A-D) Levels of Aβ38, Aβ40, Aβ42 and the Aβ40/Ab42 ratio in 

samples of cerebral cortex tissue from AD mice that had been maintained for 5 months on 

either H-PUFA or D-PUFA diets. (E-H) Levels of Aβ38, Aβ40, Aβ42 and the Aβ40/Aβ42 

ratio in samples of hippocampal tissue from AD mice that had been maintained for 5 months 

on either H-PUFA or D-PUFA diets. Values are the mean and SEM of 14 AD mice on the H-

PUFA diet and 13 AD mice on the D-PUFA diet. *p<0.05.
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Figure 7. 
Concentrations of H- and D- fatty acids in brain, liver and adipose tissues of wild type mice 

(WT) and APP/PS1 double mutant transgenic mice (TG) that had been fed either H-PUFA 

(H) or D-PUFA (D) diets for 5 months. The overall bar height represents the mean total 

concentration of the fatty acid and error bars represent standard errors for the total 

concentration. The hatched portion of each bar represents the portion of the total fatty acid 

concentration comprised of deuterated isomers. Note that small portions of some bars in the 

H-WT and H-TG bars are hatched; these reflect baseline noise, and are invariably smaller 

than the standard errors of the means (shown as error bars). n = 5 for the D-WT group; n = 4 

for the other groups.
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Figure 8. 
Mice fed D-PUFA exhibit reductions in levels of lipid peroxidation products in the brain and 

liver compared to mice fed H-PUFA. (A) Levels of F4-neuroprostanes in cerebral cortical 

tissue samples from WT and AD mice that had been maintained on H-PUFA or D-PUFA 

diets for 5 months. (B) Levels of F2-isoprostanes in liver tissue samples from WT and AD 

mice that had been maintained on H-PUFA or D-PUFA diets for 5 months. (C) Levels of F2-

isoprostanes in cerebral cortical tissue samples from WT and AD mice that had been 

maintained on H-PUFA or D-PUFA diets for 5 months. Values are the mean and SEM of 4 

WT mice fed H-PUFA, 5 WT mice fed D-PUFA, 4 AD mice fed H-PUFA and 4 AD mice 

fed D-PUFA. AD mice on the H-PUFA diet and 13 AD mice on the D-PUFA diet. *p<0.05, 

**p<0.01, ***p<0.001.
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