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Abstract. The E4 allele of apolipoprotein E (ApoE) is associated with neurodegeneration in part due to increased oxidative
stress. Transgenic mice lacking ApoE (−/−) represent a model for the consequences of deficiencies in ApoE function. Dietary
deficiency in folate and vitamin E has previously been shown to potentiate the impact of ApoE deficiency; ApoE−/− mice
deprived of folate and vitamin E for 1 month demonstrated increased oxidative damage in brain tissue and impaired cognitive
performance as compared to ApoE+/+ mice. Since individuals homozygous for E4 can demonstrate more increased risk for
neurodegeneration and an earlier age of onset than individuals heterozygous for E4, we tested the impact of folate and vitamin E
deprivation on ApoE+/−mice. Thiobarbituric acid-reactive substances in brain tissue of ApoE+/−were significantly increased
compared to ApoE+/+ mice, but this increase was less than that observed in ApoE−/− mice. By contrast, livers of ApoE+/−
and−/− mice displayed an identical increase over that of+/+ mice. ApoE−/− mice, but not+/− or +/+ mice, exhibited
impaired cognitive performance in maze trials when deprived of folate and vitamin E. These findings support the notion that
homozygous deficiency of ApoE function can be more severe than heterozygous deficiency. They further suggest that the impact
of partial deficiency in ApoE function may present a latent risk that may manifest only when compounded by other factors such
as dietary deficiency.
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1. Introduction

Folate deficiency contributes to age-related neu-
rological and psychological disorders including de-
mentia, impaired cognition, depression, psychosis,
Alzheimer’s disease (AD) and Parkinson’s disease
(PD) [1], for reviews, see [2–4]. These deleterious ef-
fects arise at least in part by the increase in oxidative
stress that accompanies folate deficiency. Folate defi-
ciency increases neuronal oxidative stress by increasing
levels of the neurotoxin homocysteine – levels of which
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are related to the progression and severity of AD [5],
by decreasing endogenous antioxidants, by depleting
overall cellular methylation reactions, and by inducing
DNA damage and depleting energy reserves [6–10].
Folate deprivation has been shown to impair multiple
aspects of learning and memory in humans [11] as well
as in experimental animals [12–14]. Folate deprivation
also potentiates the deleterious impact of certain other
risk factors for AD including amyloid beta, glutamate
and metal neurotoxicity [6,7,9,15] and deficiency in
apolipoprotein E (ApoE) [10,14,16,17].

The epsilon 4 allele (E4) of ApoE is linked with an
increase in, and an earlier age of onset, of sporadic
and familial AD [18–20]. It remains unclear whether
this risk is derived from the diminished function(s) of
ApoE4, or instead derives from the absence of protec-
tive effects provided by ApoE3 and/or ApoE2, or yet
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Fig. 1. Individual and combinatorial influence of dietary and genetic deficiencies on oxidative damage in brain and liver Mice received
dietary regimens as indicated for 1 month, after which total brain tissue was harvested and analyzed for TBARs as described in Materials and
Methods. Panels presentµmol TBARs/mg total protein (mean± standard deviation for brain and liver as indicated compiled from 2 independent
experiments, with 4–8 mice of each genotype maintained with both diets for each experiment, yielding a total n of 8–16 mice of each strain
under each condition. TBARs in brain tissue of both Apoe+/− and−/− mice differed from+/+ mice for both diets. Brain tissue from
all mice maintained on the deficient diet displayed increased TBARs relative to those on the complete diet. For liver analyses, all mice on the
complete diet displayed identical TBARs. All mice on the deficient diet displayed statistically-increased TBARs over those on the complete diet.
In addition mice lacking one or both ApoE genes displayed increased TBARs versus those earing both genes.

instead derives from the actual presence of ApoE4 [20,
21]. The E4 allele can exhibit gene dosage effects such
that individuals homozygous for E4 demonstrated the
most severe impairments in cognition and/or earliest
age of onset of dementia, while those heterozygous for
E4 in various studies demonstrated either no statistical
difference from otherwise normal individuals, or symp-
toms intermediate between individuals homogyzgous
for E4 and lacking E4 [22–27].

Pre-clinical memory decline can occur earlier in
E4 homozygotes than in E4 heterozygotes [28]. The
dosage of E4 therefore remains an important risk fac-
tor [29], and leaves open the possibility that individuals
heterozygous for E4 may harbor a latent risk for neu-
rodegeneration that will reach clinical proportions only
if augmented by one or more additional risk factors.

Transgenic mice lacking ApoE (“ApoE−/−”) ex-
hibit increased oxidative stress and, under certain con-
ditions, impaired cognition, and therefore represent a
useful model for the impact of deficiencies in ApoE
function on neurodegeneration [10,16,17,30–34]. Di-
etary deficiencies in folate and vitamin E deficiency
have been shown to potentiate oxidative damage to
brain tissue and impair cognitive ability of ApoE−/−
mice [10,14,16,17,35,36]. We tested herein whether
or not deficiencies in dietary folate and vitamin E ad-
versely affected mice heterozygous for ApoE.

2. Materials and methods

2.1. Mouse strains and diet

Normal C57BL/6J mice and ApoE−/− mice on
the same genetic background, originally obtained from

Fig. 2. Folate and vitamin E deficiency impairs cognitive perfor-
mance in ApoE−/− but not ApoE+/+ or +/− mice. Mice were
maintained on the indicated diets, then subjected to the Y maze test
and the % alternations determined as described in Materials and
Methods. Values present the mean± standard deviation for % al-
ternations derived from 2 independent experiments, with 4–8 mice
of each genotype maintained with both diets for each experiment,
yielding a total n of 8–16 mice of each strain under each condition.
Note that only ApoE−/− mice demonstrate impaired performance
(p < 0.05 versus all other conditions) and only when maintained
on the deficient diet; all other conditions were statistically identical
(ANOVA).

Jackson Laboratories, were crossed to yield ApoE+/−
mice. Mice of all three genotypes between the ages
of 9–12 months of age were maintained on a basal,
folate and vitamin E-free chow and drinking water ad
libitum for 1 month (“AIN-76”; Purina/Mother Hub-
bard, Inc.) [10,16]. For some groups, this basal diet
was supplemented folic acid (2 mg/kg total diet wet
weight), vitamin E (1 g/kg total diet wet weight), and
iron (50 g/500 g total diet;) as a pro-oxidant [10,16,
17]. Supplementation with folic acid and vitamin E
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without iron was defined as the “complete diet;” sup-
plementation with iron without folic acid or vitamin E
was defined as the “deficient diet.”

2.1.1. TBAR analyses
Thiobarbituric acid-reactive substances (TBARs)

were quantified in homogenates of frontal cortex as an
index of endpoint oxidative damage as utilized previ-
ously for ApoE−/− mouse central nervous system as
well as in AD [10,16,32,37,38]. Briefly, brain tissue
homogenates (50µg total protein) were mixed with
1 µM copper sulfate in 5 mM HEPES (total volume
400 µl). Samples then received 1 ml of a 0.375%
TBA/15% trichloroacetic acid in 0.25 N HCl, incu-
bated for 30 min at 90◦C, and were clarified by cen-
trifugation (1,500 rpm for 10 min). The resulting su-
pernatants were aspirated and fluorescence quantified
in a fluorescent spectrophotometer (excitation 520 nm,
emission 553 nm) by comparison with a standard curve
of tetramethoxypropane in HCl.

2.2. Y- maze tests

One day prior to sacrifice for the above TBAR anal-
yses, mice were subjected to standard Y maze tests as
described previously [14]. The pattern of exploration
of the maze was recorded over 5 min intervals and the
% alternations determined, which was defined as the
frequency in which mice visited each of the 3 arms
sequentially during any 3-arm visitation sequence [14]
and refs. therein.

2.3. Statistical analyses

All analyses are derived from 2 independent exper-
iments, with 4–8 mice of each genotype maintained
with both diets for each experiment, yielding a total
n of 8–16 mice of each strain under each condition.
Statistical analyses were carried out with Student’s t
test and ANOVA; values were considered statistically
different if p � 0.05.

3. Results and discussion

ApoE−/− exhibited statistically increased TBARs
in brain tissue versus ApoE+/+ and ApoE+/− mice
when maintained on the complete diet. A further
statistical increase in TBARs was observed for both
ApoE−/− and+/− mice when maintained on the de-
ficient diet; the increase for Apoe−/− mice was sta-

tistically greater than that observed for+/− mice. By
contrast, liver TBARs were statistically identical for all
genotypes when maintained under the complete diet,
and all genotypes demonstrated statistically-increased
TBARs when maintained on the deficient diet. ApoE
−/− and+/− mice on the deficient diet displayed a
further identical increase over that observed for+/+
mice. These data highlight differential sensitivity of
liver and brain to the impact of dietary- and genetically-
induced oxidative damage [10].

Since maintenance on the deficient diet for 1 month
has been shown to affect selectively the cognitive per-
formance of ApoE−/− mice in the Y-maze test [14],
we examined whether or not the deficient diet would
similarly affect ApoE+/− mice. As shown previ-
ously [14], ApoE−/− mice displayed a significant re-
duction in % alternations when maintained on the de-
ficient diet (Fig. 2;p � 0.005 vs. both other geno-
types). By contrast, ApoE+/− mice exhibited statis-
tically identical % alternations as those of ApoE+/+
mice (Fig. 2).

These studies demonstrate that dietary deficiencies
in folate and vitamin E foster increased brain oxidative
damage in ApoE+/− and−/− mice, and that the de-
gree of potentiation is dependent upon the number of
copies of the murine ApoE gene. As in our prior inves-
tigations of ApoE−/−mice (Shea and Rogers, 2002b),
liver demonstrated more pronounced oxidative damage
than did brain tissue. One interpretation of these data is
that oxidative damage to brain tissue can remain more
latent than that of liver; this interpretation is consistent
the lack of compromise in cognitive ability in ApoE
+/−mice under dietary conditions that do impair cog-
nitive ability in ApoE−/− mice [see also [14]]. Of
interest would be to examine the effect of maintaining
ApoE+/−mice on the deficient diet for longer periods,
which may induce cognitive deficits. In this regard,
while short-term (1 month) vitamin E deprivation alone
was not problematic for ApoE−/− mice [10], vitamin
E deprivation for 9 months induced cognitive deficits
in ApoE−/− mice [34]. This would reveal whether
mice with one functional ApoE allele can compensate
for long-term dietary deficiencies in folate and vitamin
E, or whether the increased oxidative damage to brain
tissue in ApoE+/− mice, which was less than that ob-
served in ApoE−/− mice, merely takes longer to be
reflected in cognitive function.

This study addressed only relative decreases in ApoE
function, obtained by absence of one or both copies
of the murine ApoE gene. Of interest would be to
examine the consequences of mice expressing one or
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more copies of E4 versus other ApoE alleles [20,21].
Increased oxidative stress, which can arise from di-
etary, environmental and/or genetic sources, is an ma-
jor risk factor contributing to the age-related decline
in cognitive performance [39–43]. Oxidative damage
in the brain is elevated in AD patients, and the extent
of this damage correlates with the presence of the E4
allele [31]. Since the timing and severity of cognitive
decline associated with ApoE4 can be a function of
the number of cpoies of E4 [28,29], the findings of the
present study leave open the possibility that individu-
als heterozygous for E4 may harbor a latent risk for
neurodegeneration that may reach clinical proportions
under conditions that induce additional oxidative stress
such as dietary deficiency.
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