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phosphatidylserine reduces oxidative damage to murine brain and
improves cognitive performance
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Abstract
Alzheimer disease has a complex etiology composed of nutritional and genetic risk factors and
predispositions. Moreover, genetic risk factors for cognitive decline may remain latent pending agerelated decline in nutrition, suggesting the potential importance of early nutritional intervention,
including preventative approaches. We hypothesized that a combination of multiple nutritional
additives may be able to provide neuroprotection. We demonstrate herein that dietary
supplementation with a mixture of ALA, ALCAR, GPC, DHA, and PS reduced reactive oxygen
species in normal mice by 57% and prevented the increase in reactive oxygen species normally
observed in mice lacking murine ApoE when maintained on a vitamin-free, iron-enriched, oxidativechallenge diet. We further demonstrate that supplementation with these agents prevented the marked
cognitive decline otherwise observed in normal mice maintained on this challenge diet. These
findings add to the growing body of research indicating that key dietary supplementation may delay
the progression of age-related cognitive decline.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction
A growing body of research indicates that nutritional
deficiencies contribute to age-related cognitive decline,
including that which accompanies Alzheimer disease (AD).
Moreover, genetic risk factors for cognitive decline may
remain latent pending age-related decline in nutrient intake
[1-4]. Controlled studies with mice have demonstrated that
cognitive performance is subject to dietary compromise [5]
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and that key dietary supplementation can alleviate and in
some cases reverse the impact of dietary deficiencies on
cognitive performance [6-8]. This suggests the potential
importance of early nutritional intervention, including
preventative approaches before definitive diagnosis [1,4].
Oxidative stress is a pivotal factor in AD and is evident
before cytopathologic hallmarks of the disorder [9]. Antioxidants therefore represent a potential preventative
approach [3,10,11]. The beneficial effects of nutritional
supplementation, especially that of combinatorial supplementation, are supported by a number of preclinical and
clinical studies [8,12-14]. Of interest, therefore, was to

J. Suchy et al. / Nutrition Research 29 (2009) 70–74
Table 1 (continued)

Table 1
Composition of diets fed to mice for 4 weeks
Ingredients

Ingredients

Dietary groups
Complete Complete + Deficient Deficient +
supplements
supplements

Treatment supplements
ALA (mg/kg)
0
ALCAR (mg/kg)
0
DHA (g/kg)
0
GPC (mg/kg)
0
PS (mg/kg)
0
Vitamins
Vitamin A (IU/g)
22.1
Vitamin D (IU/g)
2.2
Vitamin E (IU/g)
50.1
Vitamin K (ppm)
10.4
Thiamin HCl (ppm)
18
Riboflavin (ppm)
20
Niacin (ppm)
90
Pantothenic acid (ppm)
55
Folic acid (ppm)
4
Pyridoxine (ppm)
16.5
Biotin (ppm)
0.4
Vitamin B12 (μg/kg)
20
Choline chloride (ppm) 1400
Minerals
Calcium (%)
0.6
Phosphorus (%)
0.57
Potassium (%)
0.4
Magnesium (%)
0.07
Sodium (%)
0.24
Chloride (%)
0.3
Fluorine (ppm)
5
Iron (ppm)
3
Zinc (ppm)
27
Manganese (ppm)
65
Copper (ppm)
15
Cobalt (ppm)
3.2
Iodine (ppm)
0.57
Chromium (ppm)
3
Molybdenum (ppm)
0.82
Selenium (ppm)
0.23
Protein (%)
Arginine
0.73
Histidine
0.54
Isoleucine
1
Leucine
1.82
Lysine
1.53
Methionine
0.69
Cystine
0.08
Phenylalanine
1
Tyrosine
1.06
Threonine
0.81
Tryptophan
0.23
Valine
1.2
Alanine
0.58
Aspartic acid
1.35
Glutamic acid
4.29
Glycine
0.41
Proline
2.47
Serine
1.16
Fat (ppm)
Linoleic acid
3.27
Linolenic acid
0.07
Arachidonic acid
0.02

200
500
6
100
50
22.1
2.2
50.1
10.4
18
20
90
55
4
16.5
0.4
20
1400

71

0
0
0
0
0
22.1
2.2
3
10.4
18
20
90
55
0
16.5
0.4
20
1400

200
500
6
100
50
22.1
2.2
3
10.4
18
20
90
55
0
16.5
0.4
20
1400

0.6
0.57
0.4
0.07
0.24
0.3
5
3
27
65
15
3.2
0.57
3
0.82
0.23

0.6
0.57
0.4
0.07
0.24
0.3
5
188
27
65
15
3.2
0.57
3
0.82
0.23

0.6
0.57
0.4
0.07
0.24
0.3
5
188
27
65
15
3.2
0.57
3
0.82
0.23

0.73
0.54
1
1.82
1.53
0.69
0.08
1
1.06
0.81
0.23
1.2
0.58
1.35
4.29
0.41
2.47
1.16

0.73
0.54
1
1.82
1.53
0.69
0.08
1
1.06
0.81
0.23
1.2
0.58
1.35
4.29
0.41
2.47
1.16

0.73
0.54
1
1.82
1.53
0.69
0.08
1
1.06
0.81
0.23
1.2
0.58
1.35
4.29
0.41
2.47
1.16

3.27
0.07
0.02

3.27
0.07
0.02

3.27
0.07
0.02

Dietary groups
Complete Complete + Deficient Deficient +
supplements
supplements

Omega 3 fatty acids
Total saturated fatty
acids
Total monosaturated
fatty acids
Polyunsaturated fatty
acids

0.07
2.77

0.07
2.77

0.07
2.77

0.07
2.77

3.52

3.52

3.52

3.52

3.46

3.46

3.46

3.46

Note specific differences in folate, vitamin E, and iron content in our
standard complete vs deficient diets [32]; treatment supplements: ALA,
ALCAR, GPC, DHA, and PS were added to both the complete and deficient
diets as indicated.

investigate the efficacy of additional combinatorial formulations on oxidative damage and cognitive function.
Laboratory studies demonstrate that the energetic cofactor
ALA and ALCAR ameliorate mitochondrial aging in rats and
may maintain cognitive performance [15,16]. Acetyl-Lcarnitine, GPC, DHA, and PS provide mitochondrial support,
modulate age-related changes in brain, and can maintain
cholinergic receptors during aging [17-20]. In addition to the
above preclinical investigations, clinical studies demonstrate
that these agents provide cognitive and/or behavioral benefits
in AD [21-29]. Our prior preclinical [5-8,12] and clinical
[13,14] studies indicate that superior neuroprotection can be
achieved by administration of multiple agents with overlapping and complimentary function vs that achieved by
individual agents. We therefore hypothesized that treatment
with a cocktail of the above agents (ALA, ALCAR, GPC,
DHA, and PS) may exert superior neuroprotection than has
been observed with any individual agents. We further
hypothesized that this may be reflected by beneficial impact
upon cognitive performance and levels of reactive oxidative
species in normal mice and mice lacking murine ApoE
(ApoE−/−mice), which display increased reactive oxidative
species and are a useful model for age-related oxidative
damage including that in AD [30-33].
2. Methods and materials
Three groups of 3 adult (9-12 months of age) C57B/6
mice from our colony that either express (“normal”) or lack
murine ApoE (ApoE−/− mice) received a diet (AIN-76;
Purina, St. Louis, MO/Mother Hubbard, Inc., Chelmsford,
MA) either lacking folate and vitamin E (defined as the deficient diet) or supplemented with folic acid (4 mg/kg) and
vitamin E (50 IU/kg total diet wet weight) (defined as the
complete diet). The deficient diet was also supplemented in
all cases with iron (50 g/500 g total diet) as a prooxidant
[5,33,34]. Additional groups of mice received the above
complete or deficient diets supplemented with 200 mg ALA,
500 mg ALCAR, 6 g DHA, 100 mg GPC, and 50 mg PS per
kg of total diet dry weight; for simplicity of writing, this
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combination of supplements is referred to as the formulation
(Table 1). α-Lipoic acid and DHA were obtained from Suan
Farma (Hackensack, NJ); ALA was obtained from Aceto Co
(Lake Success, NY), and GPC and PS were obtained from
Chemi Nutra (White Bear Lake, MN). Complete and
deficient diets were prepared with and without these
supplements by TestDiet (Richmond, IN).
Before and after the above feeding regimen, mice were
analyzed in a standard Y maze described previously
[5,7,8]. The pattern of exploration of the Y maze was
recorded over 5-minute intervals; and the percentage of
alternations was determined, which was defined as the
frequency in which mice visited each of the 3 arms during
any 3-arm visitation sequence.
After Y maze testing, mice were killed by cervical
dislocation; and the frontal portion of the brain (encompassing cortex and hippocampus) was immediately removed and
frozen for subsequent analyses. As in prior studies [33],
oxidative species were monitored using a commercial kit to
quantify TBARs as an index of total oxidative species in
brain tissue. Thiobarbituric acid reactive substances were
quantified in homogenates of frontal cortex using an assay
kit according to the manufacturer's instructions (Cell

Fig. 2. Supplementation with a combination of ALA, ALCAR, GPC, DHA,
and PS supports cognitive performance. Normal mice were maintained for 1
month on the indicated diets and subjected to Y maze analyses as described
in “Methods and materials.” Maintenance on the deficient diet induced a
15.1% ± 3% decrease in successful alternations, whereas supplementation
with a combination of ALA, ALCAR, GPC, DHA, and PS (formulation)
prevented this decrease. Values represent the means ± standard error of the
mean for 3 groups of 3 mice.

Biolabs, San Diego, CA). Frontal cortex was homogenized
in 50 mmol/L Tris containing 150 mmol/L NaCl and 1%
Triton-X, supplemented with the EDTA-free Protease
Inhibitor cocktail (Roche, Basel, Switzerland), and centrifuged (15 000g at 15 minutes); and the resulting supernatant
was incubated for 60 minutes at 95°C using the supplied
sodium dodecyl sulfate–lysis solution and TBA reagent. The
TBARs were quantified spectrophotometrically at 532 nm.
This regimen was completed 3 times, for a total of 9 mice per
diet. All animal procedures were approved by the Institutional Animal Care and Use Committee.
3. Results and discussion

Fig. 1. Supplementation with a combination of ALA, ALCAR, GPC, DHA,
and PS reduces oxidative species in brain tissue. Normal and ApoE−/− mice
were maintained for 1 month on the indicated diets, after which brain tissue
was examined for TBARs as described in “Methods and materials.”
Maintenance on the deficient diet increased TBARs in both mouse
genotypes, with a more severe increase in ApoE−/− mice. Supplementation
with a combination of ALA, ALCAR, GPC, DHA, and PS (treatment
supplements) prevented these increases (P b .05) and furthermore
significantly (P b .01) reduced basal levels of reactive oxygen species in
normal mice. Values represent the means ± standard error of the mean for 3
groups of 3 mice of each genotype.

Consistent with prior studies, maintenance of normal
mice on the challenge diet only slightly increased oxidative
species in brain tissue; however, supplementation with the
combinatorial formulation prevented this increase and
significantly (P b .01, 2-tailed t test) reduced levels of
oxidative species in brain tissue of mice maintained under
either the complete or the deficient diet (Fig. 1). As shown
previously [8], ApoE−/− mice displayed a larger increase
when maintained on the deficient diet than did normal mice;
however, supplementation with the formulation prevented
the increase for ApoE−/− mice as well (Fig. 1).
Supplementation with this formulation also affected
cognitive performance. Maintenance of normal mice on the
deficient diet alone induced a moderate (15%) decline in
performance that exhibited a trend toward significance (P b
.10, 1-tailed t test vs performance on the complete diet) [5].
However, supplementation with the formulation prevented
this decline (Fig. 2). By contrast, supplementation was not
capable of preventing the decline in cognitive performance
in ApoE−/− mice maintained on the deficient diet; ApoE−/−
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mice on the deficient diet declined in percentage of
successful alternations by 14.7% ± 2%, whereas those on
the supplemented deficient diet declined by 15.5% ± 2%.
Based on prior preclinical and clinical studies, we tested
the efficacy of a combination of ALA, ALCAR, GPC, DHA,
and PS on oxidative damage to brain tissue and cognitive
function in normal and ApoE−/− mice. To accomplish this,
we subjected some mice to our vitamin-deficient, ironenriched, oxidative-challenge diet, which we have shown to
increase brain oxidative species and reduce cognitive
performance [5,7,8,33]. Herein, we observed that this
formulation prevented the increase in brain oxidative species
that otherwise accompanies maintenance of mice on this
challenge diet and furthermore reduced basal levels of
oxidative species in normal mice.
This formulation prevented the decline in cognitive
performance observed after maintenance of normal mice,
but not ApoE−/− mice, on the deficient diet. This limitation
underscores that dietary supplementation may be useful to
delay the aging process but cannot necessarily be expected to
compensate for all aspects of genetic predisposition toward
neurodegeneration [2,35].
We have not examined the complete mechanism(s) by
which these supplements provided the degree of neuroprotection observed herein. In addition to providing potential
antioxidant protection to cell membranes and mitochondria
[15-20], a portion of the efficacy of these agents may be
due to membrane generation because DHA enzymatically
combined with GPC and PS to form membrane phospholipids [36], whereas PS administration alone enhanced
learning [37]. Notably, preclinical studies demonstrate that
some of these compounds provide beneficial effects against
hallmarks of AD; for example, ALA and ALCAR each
provide neuroprotection against Abeta toxicity [38,39],
whereas PS reduces levels of phospho-τ [40]. Further
studies on the efficacy of these constituents are warranted.
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