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Abstract
Folate is an important B vitamin required for methylation reactions, nucleotide and neurotransmitter synthesis, and maintenance
of homocysteine at nontoxic levels. Its metabolism is tightly linked to that of choline, a precursor to acetylcholine and membrane
phospholipids. Low folate intake and genetic variants in folate metabolism, such as the methylenetetrahydrofolate reductase
(MTHFR) 677 C>T polymorphism, have been suggested to impact brain function and increase the risk for cognitive decline and
late-onset Alzheimer’s disease. Our study aimed to assess the impact of genetic and nutritional disturbances in folate metabolism,
and their potential interaction, on features of cognitive decline and brain biochemistry in a mouse model. Wild-type andMthfr+/−

mice, a model for the MTHFR 677 C>T polymorphism, were fed control or folate-deficient diets from weaning until 8 and
10 months of age. We observed short-term memory impairment measured by the novel object paradigm, altered transcriptional
levels of synaptic markers and epigenetic enzymes, as well as impaired choline metabolism due to the Mthfr+/− genotype in
cortex or hippocampus. We also detected changes in mRNA levels of Presenillin-1, neurotrophic factors, one-carbon metabolic
and epigenetic enzymes, as well as reduced levels of S-adenosylmethionine and acetylcholine, due to the folate-deficient diet.
These findings shed further insights into the mechanisms by which genetic and dietary folate metabolic disturbances increase the
risk for cognitive decline and suggest that these mechanisms are distinct.
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Introduction

In the last decades, the proportion of older individuals has
been dramatically increasing, and the number of people over
60 years of age is expected to double by 2050, reaching ap-
proximately 2.1 billion individuals. It is estimated that 150
million of these individuals will be affected by cognitive de-
cline and neurodegenerative disorders such as Alzheimer’s
disease (AD). Aging is considered a major risk fcactor for
these chronic diseases [1]. The cells of the nervous system
are particularly affected by aging, which changes the brain
structurally and functionally. These changes include but are
not limited to the following: loss of synaptic function and
plasticity, decreased expression of neurotrophic factors, global
downregulation of DNA methylation, dysregulation of his-
tone acetylation, and breakdown of myelin, which ultimately
facilitate and accelerate cognitive impairment and susceptibil-
ity to degenerative disorders [2, 3]. Characteristic pathological
changes of the natural aging process are also present in AD but
with a different severity. Thus, some investigators support the
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idea of a continuum from brain aging to AD, which is suscep-
tible to genetic, epigenetic, and environmental influences [4].

AD is an age-related neurodegenerative disorder char-
acterized by progressive memory impairment, loss of cog-
nitive function, and deposition of intracellular neurofibril-
lary tangles (phosphorylated Tau protein filaments) and
extracellular senile plaques (amyloid beta (Aβ)). Late-
onset Alzheimer’s disease (LOAD) is the most common
form of AD, occurring sporadically in individuals over
65 years of age [5]. Converging evidence suggests that
the pathophysiological process of LOAD starts decades
before the first clinical symptoms, and there is no known
causative factor [6]. However, several genetic and envi-
ronmental factors can increase the risk of the disease [7,
8], including low folate levels and the genetic variant in
methylenetetrahydrofolate reductase (MTHFR), MTHFR
677C>T (A222V) [9–12].

Folate is an essential B vitamin involved in many biochem-
ical processes. It is critical for optimal brain function since it is
required for nucleotide and neurotransmitter synthesis, DNA
and histone methylation reactions, myelin synthesis, and
maintenance of homocysteine at non-toxic levels [13, 14]. 5-
Methyltetrahydrofolate (methylTHF), the main circulatory
form of folate, is used to remethylate homocysteine to methi-
onine, which is the precursor of S-adenosylmethionine
(SAM), the primary methyl donor in most mammalian reac-
tions.MTHFR is an important gene in folate metabolism; it is
ubiquitously expressed and generates methylTHF for methio-
nine and SAM synthesis. The MTHFR 677C>T polymor-
phism is present at 10–15% homozygosity in many North
American and European populations and is associated with
mild hyperhomocysteinemia (HHcy) and low methylTHF
[15, 16].

Themainmechanisms bywhich a folate-deficient (FD) diet
or mild MTHFR deficiency increases the risk of developing
LOAD remain unknown. Several authors have suggested that
the increased risk is mediated by the adverse effects of HHcy
which include negative cardiovascular effects, oxidative
stress, and chromosome instability [17, 18]. Other hypotheses
point to the dysregulation of one-carbon and choline metabo-
lism. Folate and MTHFR deficiency can lead to decreased
SAM and increased S-adenosylhomocysteine (SAH) [19,
20], which could eventually alter methylation of DNA and
histones [21, 22]. In addition, disturbances in folate metabo-
lism often disrupt choline metabolism. Choline is an alternate
methyl donor for remethylation of homocysteine [23], mainly
in the liver. It can be oxidized to betaine, which then donates
its methyl group to homocysteine. When folate metabolism is
impaired, choline-dependent methionine/SAM synthesis is
upregulated, with potential consequences on choline pools
[24–26]. Choline is the precursor for acetylcholine (Ach)
and for many important lipids such as phosphatidylcholine
and sphingomyelin, which are critical for optimal brain

function. Decreased levels of these choline-derived metabo-
lites are associated with cognitive impairment and AD [27,
28].

Murine studies have been used to identify the mechanisms
underlying the associations of AD with folate dysmetabolism.
However, most of the research has been performed in AD
transgenic mouse models which overexpress mutations in
the amyloid precursor protein (APP) and therefore resemble
familial AD rather than sporadic LOAD [21, 29], or in mice
fed folate-deficient diets combined with other nutritional
changes, which lead to a more severe nutritional deficiency
[30]. Although these studies have been informative, they do
not recapitulate LOAD and many questions remain
unanswered.

In order to better explore the mechanisms by which genetic
or dietary folate deficiency, or their interaction, contribute to
risk for LOAD and the early associated changes in aging, we
investigated the effects of a folate-deficient diet (FD) or a
control diet (CD), initiated at weaning, on brain function of
8- and 10-month-old wild-type andMthfr+/−mice, a model for
the MTHFR 677 C>T polymorphism [20]. We chose these
time points to uncover early effects of folate dysmetabolism
that could increase the risk for cognitive impairment and neu-
rodegeneration in later stages. In particular, we were interested
in alterations in pathways known to be affected in aging and
neurodegeneration including epigenetic changes, synaptic
function and plasticity, expression of neurotrophic factors
and amyloid processing genes. We therefore assessed changes
in (1) behavioral tests (novel object recognition, Y-maze and
open field); (2) cortical and hippocampal mRNA expression
of epigenetic genes, synaptic and neurotrophic factors, APP
processing enzymes, and genes involved in methylation ho-
meostasis and cholinergic signaling; (3) cortical levels of
SAM, SAH, methionine, and choline-derived metabolites;
and (4) hepatic expression of folate and one-carbon metabolic
enzymes.

Results

Ten-Month-Old Mthfr+/− Mice Have Short-term
Memory Impairment and Increased Anxiety

MaleMthfr+/− andMthfr+/+ mice were placed on a control diet
(CD) or a folate-deficient diet (FD) at weaning and studied at 8
or 10 months of age. This FD diet has previously been shown
to result in folate deficiency and hyperhomocysteinemia in
these mice [31].There were no body weight differences be-
tween groups at 10 months of age (CD+/+ 31.29 ± 0.57, FD+/+

31.95 ± 0.35, CD+/− 31.16 ± 0.71, FD+/− 31.93 ± 0.65). They
were subjected to a series of behavioral tests in the following
order: the novel object recognition test (NOR) to assess short-
term memory, the Y-maze test to assess working memory, and
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the open-field test to assess general locomotor activity levels
and anxiety.

Ten-month-old Mthfr+/− mice showed short-term memory
impairment in the NOR (Fig. 1a, two-way ANOVA, F (1,22) =
7.71, p = 0.01); there was no dietary effect. For the Y-maze
test, there were no differences in the number of visits or %
alternation, suggesting similar working memory between
groups (Fig. 1b). In the open-field test, there was no difference
in distance traveled or speed between groups; however,
Mthfr+/− mice spent significantly less time in the center areas
(i.e., the exposed areas) compared toMthfr+/+ mice, suggesting
they were more anxious (Fig. 1c, two-way ANOVA, F (1,29) =
4.45, p = 0.04). No differences due to diet or genotype were
seen in 8-month-old mice (data not shown).

Cortex of FD Mice Shows Disturbances in Methyl
Metabolism

SAM levels in the cortex were decreased although they did
not reach statistical significance by two-way ANOVA
(Fig. 2a, F (1,16) = 3.26, p = 0.08). No differences were seen
in SAH levels (the product of SAM-dependent methylation
reactions) (Fig. 2b) or in the SAM/SAH ratio. We observed
increased Mat2a mRNA, which synthesizes SAM from me-
thionine in the brain, due to FD (Fig. 2c, two-way ANOVA,
diet: F (1,14) = 10.67, p = 0.005; DxG: F (1,14) = 8.67, p =
0.01). This upregulation could constitute a compensatory
mechanism to increase SAM levels. PEMT is a major con-
sumer of SAM for the synthesis of phosphatidylcholine and
we observed a significant diet and genotype interaction
(Fig. 2d, two-way ANOVA, F (1,13) = 4.64, p = 0.05). For
these results, the dietary differences appeared to be greater in
the wild-type group, as compared to the mutant group. To
further examine this trend, we evaluated the effect of diet in
theMthfr+/+ group, by t test. In this analysis, SAM was lower

in the FD Mthfr+/+ group (t test, p = 0.052). Mat2a was sig-
nificantly upregulated in FDMthfr+/+ mice (t test, p < 0.005),
and there was an increase in PemtmRNA in this group which
did not quite reach significance (t test, p = 0.06). By
performing a t test analysis, we also observed a significant
increase in methionine levels in the cortex in the FD
Mthfr+/+ group (Table 1, t test, p < 0.05). Taken together, these
data suggest that wild-type mice may be trying to compensate
for reduced SAM levels. In contrast, in the Mthfr+/− group, t
test analyses did not show any differences due to diet.

An increasing number of studies in age-related disorders
have reported changes in key epigenetic enzymes [3]. Given
the changes in SAM, wemeasured the expression levels of the
DNA methyltransferases Dnmt1, Dnm3b, and Dnmt3a in the
cortex of 10-month-old mice. We observed a significant in-
crease in Dnmt1 (Fig. 3a, two-way ANOVA, F (1,31) = 9.29,
p = 0.004) and Dnmt3b mRNA (Fig. 3b, two-way ANOVA,
F (1,27) = 4.87, p = 0.04) due to FD. We did not observe
differences in Dnmt3a expression (Fig. 3c). Since the differ-
ences in SAM were more pronounced in the Mthfr+/+ group,
we also assessed the effect of diet in the Mthfr+/+ group on
Dnmt expression by t test. Both Dnmt1 and Dnmt3b were
significantly upregulated due to FD in Mthfr+/+ mice (t test,
p < 0.05). No differences were seen in the Mthfr+/− group
due to diet by t test analysis.

We also measured gene expression of the histone
deacetylase Hdac3, the main class I histone deacetylase in
the brain; increased levels of this enzyme have been negative-
ly associated with memory [32]. We saw a significant increase
of Hdac3 mRNA due to diet and genotype (Fig. 3d, two-way
ANOVA, diet: F (1,31) = 9.91, p = 0.003; genotype: F (1,31) =
4.43, p = 0.04; DxG: F (1,31) = 14.2, p = 0.0007). Tukey’s post
hoc analysis showed that for all three groups Hdac3 levels
were significantly higher than those in the CDMthfr+/+ group
(CDMthfr+/−, FD Mthfr+/+, and FD Mthfr+/−, p < 0.005). No

Fig. 1 Ten-month-old Mthfr+/− mice had short-term memory
impairment. Behavioral testing was performed on 10-month-old male
mice. a Short-term memory impairment was seen due to the Mthfr+/−

genotype on the novel object recognition test. A negative discrimination
index indicates that less time was spent with the novel object versus the
familiar object. b No differences were seen in working memory as

measured by the Y-maze test. c Mthfr+/− mice had lower values, which
is indicative of increased anxiety, as measured by the open-field test. N =
5–10 mice/group. Values are means ± SEM. p values from two-way
ANOVA indicated at the top of each graph. CD control diet, FD folate-
deficient diet, DxG interaction of diet and genotype
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changes in expression were seen for members of two other
HDAC families, Hdac5 (class IIa) and Sirt1 (class III) (data
not shown).

Since epigenetic changes such as DNA methylation and
histone acetylation can precede cognitive changes and
Alzheimer’s pathology [33], we measured the expression

of the aforementioned enzymes in the cortex of 8-month-
old mice, which did not show short-term memory impair-
ment. Interestingly, we observed an increase in Dnmt1 ex-
pression due to diet that did not reach statistical signifi-
cance (Fig. 3e, two-way ANOVA, F (1,16) = 3.57, p =
0.07). This finding was similar to that seen in 10-month-

Fig. 2 Altered SAM metabolism in cortex due to low folate. Two-way
ANOVA did not show statistically significant differences for SAM (a) or
SAH (b) levels. c mRNA levels of Mat2a were significantly increased
due to FD. d There was a significant diet and genotype interaction in

mRNA expression of Pemt. N = 4–5 mice/group. Values are means ±
SEM. p values for two-way ANOVA are indicated at the top of each
graph. CD control diet, FD folate-deficient diet, DxG interaction of diet
and genotype

Table 1 Choline metabolites in
cortices of 10-month-old mice.
Mthfr+/− genotype and/or folate
deficiency did not alter the
concentration (nmol/g) of choline
metabolites in the cortex of 10-
month-old mice, when assessed
by a two-way ANOVA

Metabolite CD +/+ FD +/+ CD +/− FD +/−

Methioninea 79.09 ± 1.36 94.10 ± 3.95 76.12 ± 1.96 77.14 ± 12.99

Betaine 10.84 ± 1.01 13.94 ± 1.48 12.1 ± 1.00 10.63 ± 1.04

Choline 157.58 ± 13.33 186.90 ± 12.05 177.74 ± 17.29 167.13 ± 18.64

GPC 735.05 ± 18.35 817.8 ± 50.46 794.71 ± 17.35 712.1 ± 39.61

PCho 372.06 ± 18.08 403.6 ± 29.25 385.14 ± 24.80 371.2 ± 35.49

N = 4–5 mice/group

Values are means ± SEM (analyzed by two-way ANOVA)
a t test analysis for the effect of FD onMthfr+/+ mice showed increased methionine (p < 0.05)

CD control diet

FD folate-deficient diet

GPC glycerophosphocholine

Pcho phosphocholine
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old mice, which had a significant marked increase in
Dnmt1 expression due to diet. No changes in expression
were seen for the other enzymes.

To determine if these changes in Dnmt expression affected
global DNA methylation, we measured DNA methylation in
cortices of 8- and 10-month-old mice with the LUMA assay.

Fig. 3 Low folate resulted in epigenetic alterations in the cortex. a
mRNA levels of Dnmt1 were significantly increased due to diet (data
from two independent experiments, n = 9–10 mice/group in total). b
There was a significant increase of Dnmt3b mRNA due to diet (data
from two independent experiments, n = 9–10 mice/group in total). c No
changes were seen inDnmt3amRNA. d There was a significant increase
of Hdac3 mRNA due to diet and genotype (data from two independent

experiments, n = 9–10 mice/group in total). e The increase in Dnmt1
mRNA in the cortex of 8-month-old mice due to diet did not reach
statistical significance (n = 5 mice/group). Values are means ± SEM.
p values for two-way ANOVA indicated at the top of the graph. CD
control diet, FD folate-deficient diet, DxG interaction of diet and
genotype
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Differences were not observed between groups (Supplementary
Fig. 1a,b).

Disturbances in Folate Metabolism Lead
to Cholinergic and Glutamatergic Changes in Cortex

We observed a significant decrease of Ach levels in the cortex
due to FD (Fig. 4a, two-way ANOVA, F (1,15) = 5.63, p =
0.03). Although there were no significant differences due to
diet or genotype by two-way ANOVA for expression of cor-
tical acetylcholinesterase (AchE) (Fig. 4b), the enzyme re-
sponsible for Ach breakdown, Tukey post hoc analysis
showed a non-significant increase in FD Mthfr+/+ relative to
CD Mthfr+/+ mice, with the same p value as the D × G inter-
action by ANOVA (p = 0.07). We did not see any changes in
protein levels of choline acetyltransferase (ChAT), the enzyme
responsible for Ach synthesis, by immunoblotting (Fig. 4c).
When we stained for cholinergic neurons, we did not observe
a change in ChAT intensity or in number of cholinergic neu-
rons (data not shown).

Homocysteine is a known agonist of NMDA receptors and
HHcy has been shown to lead to excitotoxicity of these recep-
tors [34]. The basic functional structure of NMDA receptors is
formed by NR1 subunits, and these receptors are highly
expressed in the human brain throughout adulthood [35]. We
measured mRNA levels of the Nmda nr1 receptor and ob-
served an increase due to folate deficiency (Fig. 4c, two-way
ANOVA, F (1,31) = 11.05, p = 0.02).

We measured other choline-derived metabolites in cortices
of 10-month-old mice (Table 1). The values for methionine
were discussed above. There were no significant differences in
betaine, choline, glycerophosphocholine, or phosphocholine.
However, we observed a decrease in phosphatidylcholine
(PtdCho) due to the Mthfr+/− genotype (Fig. 5a, two-way
ANOVA, F (1,16) = 12.52, p = 0.002). We also observed a sig-
nificant diet and genotype interaction for sphingomyelin
levels (Fig. 5b, two-way ANOVA, F (1,15) = 12.03, p =
0.003). Sphingomyelin was significantly decreased due to
Mthfr+/− genotype in mice fed FD (Tukey’s post hoc, p =
0.02 FD Mthfr+/+ vs FD Mthfr+/−). These data suggest that

Fig. 4 Cholinergic and glutamatergic changes in cortex of 10-month-old
mice. aAch levels were decreased due to FD and b the interaction of diet
and genotype for mRNA levels of acetylcholinesterase (AchE) was
borderline significant (combined data from two independent
experiments, n = 9–10 mice/group in total). c There were no differences
in choline acetyltransferase (ChAT) levels by immunoblotting (n = 5

mice/group). d mRNA levels of the glutamate receptor NMDA were
significantly increased due to FD (combined data from two independent
experiments, n = 9–10 mice/group in total). Values are means ± SEM.
p values for two-way ANOVA indicated at the top of the graph. CD
control diet, FD folate-deficient diet, DxG interaction of diet and
genotype
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dietary and genetic folate disturbances can alter choline me-
tabolism in the cortex.

Folate and MTHFR Deficiency Alter Cortical
Expression of Genes Involved in Neuronal Survival
and Synaptic Transmission

Decline in cognitive function in the aging brain is often
accompanied by loss or diminished synaptic function. We
measured the expression of some neurotrophic factors that
are key players in these processes. We did not observe a
significant effect of diet or genotype on Ngf mRNA (data
not shown). Bdnf mRNA levels were decreased due to
genotype but this did not reach statistical significance
(Fig. 6a, two-way ANOVA, F (1,28) = 3.66, p = 0.06).
However, since the p value was 0.06, we pursued possible
involvement of BDNF by measuring DNA methylation in
the promoter and by assessing expression of some down-
stream targets. We observed increased Bdnf methylation at
CpG5 in the promoter region (Fig. 6b, Table 2 and
Supplementary Fig. 2, two-way ANOVA, F (1,14) = 4.48,
p = 0.05) due to Mthfr+/− genotype. We measured gene
expression of Synapsin 1a and 1b (combined), Synapsin
1a, Synapsin 2a, and Synapsin 2b, which encode the
phosphoproteins that associate with synaptic vesicles but
there was no significant effect of diet or genotype (data
not shown). However, synaptophysin, a downstream target
of Bdnf, which encodes an integral protein of synaptic
vesicles, showed increased expression due to folate defi-
ciency (Fig. 6c, two-way ANOVA, F (1,31) = 6.8, p = 0.01).
Bdnf and synaptophysin expression showed a significant
positive correlation (r = 0.4, p = 0.018) (Fig. 6d), suggest-
ing that the decrease in neurotrophin expression may re-
sult in decreased synaptic transmission and activity. We

also measured mRNA expression of Neuritin, another
downstream target of Bdnf involved in plasticity, and did
not observe any changes due to diet or genotype but again
found a significant positive correlation with Bdnf (r =
0.44, p = 0.009).

mRNA Level of Aβ Processing Enzyme Is Altered
in Cortex Due to Folate Deficiency with no Changes
in Aβ Protein Levels

To determine if our model showed any signs of AD pathology,
we examined some aspects of amyloid plaque processing. The
amyloidogenic APP processing pathway involves cleavages
by β- and γ-secretases resulting in the generation of Aβ frag-
ments which oligomerize and fibrillize contributing to AD
pathology, whereas α-secretases are involved in the non-
amyloidogenic APP processing pathway [36].

There were no statistically significant changes in mRNA
levels ofβ-secretase (Bace1) (Fig. 7a). There was a significant
increase of mRNA for Presenillin-1 (Psen1), the catalytic sub-
unit of the γ-secretase, due to FD (Fig. 7b, two-way ANOVA,
F (1,30) = 5.53, p = 0.02). We also observed decreased methyl-
ation at CpGs − 421 and − 470 in the promoter of Psen1,
suggesting that the decreased methylation could have led to
the increased gene expression (Fig. 7c, d, Supplementary
Fig. 2). These CpGs have been previously reported to be
hypomethylated due to a vitamin B-deficient diet [21].

To determine if these changes had any consequences on
Aβ processing, we evaluated by immunoblotting the levels
of the different Aβ oligomers in the cortex. We did not
observe any differences in oligomer expression (at any
molecular weight; data not shown), suggesting that at this
stage (10 months of age), there were no consequences on
amyloid processing.

Fig. 5 Choline-derived phospholipids in cortex of 10-month-old mice. a
Phosphatidylcholine (PtdCho) concentration was decreased due to
MTHFR genotype and b there was a significant diet and genotype
interaction for concentration of sphingomyelin. N = 4–5 mice/group.

Values are means ± SEM. p values for two-way ANOVA indicated at
the top of the graph. CD control diet, FD folate-deficient diet, DxG
interaction of diet and genotype
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Hippocampal Changes in Gene Expression
of Neurotrophic Factors and Epigenetic Enzymes

Given the role of the hippocampus in memory and learning,
we examined all the aforementioned genes in the hippocampi
of our 10-month-old mice. We identified changes in two epi-
genetic enzymes that were not altered in the cortex. mRNA
levels of Dnmt3a were decreased due to genotype (Fig. 8a,
two-way ANOVA, F (1,15) = 7.72, p = 0.01) and Hdac5
mRNA was decreased due to FD (Fig. 8b, two-way
ANOVA, F (1,14) = 7.4, p = 0.02). Hdac5 positively correlated
with NOR behavioral results (r = 0.59, p < 0.01), such that
mice with worse scores also showed lower Hdac5 levels.

The expression of neurotrophic factors Bdnf and Ngf was
downregulated due to FD in hippocampus (Fig. 8c, two-way
ANOVA, F (1,15) = 5.3, p = 0.03 and Fig. 8d, two-way
ANOVA, F (1,15) = 10.24, p = 0.006). Consistent with the de-
creased expression, we observed increased methylation of the
Bdnf gene in the hippocampus in CpG 2 due to FD. There was
a diet-genotype interaction for CpGs 5 and 7 (Table 2,

Supplementary Fig.2) which demonstrated borderline in-
creases due to FD in the Mthfr+/+ group when analyzed by t
test. In the aforementioned studies in cortex, Bdnf had shown
decreased expression due to genotype and CpG 5 had also
shown increased methylation.

Altered Hepatic One-Carbon Metabolism

Liver is the key organ for folate and choline metabolism. We
measured MTHFR immunoreactive protein in liver and ob-
served significant upregulation due to FD (Fig. 9a, two-way
ANOVA, F (1,16) = 31.28, p < 0.0001). Interestingly, we did
not observe changes in MTHFR protein levels in cortex (data
not shown). Several genes in choline and folate metabolism
did not show hepatic mRNA changes (Supplementary
Table 1). However, we did see increased expression due to
genotype of choline dehydrogenase (Chdh), which converts
choline to betaine for the alternative methylation pathway
(Fig. 9b, two-way ANOVA, F (1,16) = 8.65, p = 0.009).

Fig. 6 Altered expression of genes involved in synaptic transmission in
cortex of 10-month-old mice. a There was a trend towards decreased
mRNA levels of brain-derived neurotrophic factor (Bdnf) due to
genotype and b increased methylation at CpG5 due to genotype (n = 5
mice/group). c mRNA levels of synaptophysin were significantly
increased due to FD and d synaptophysin expression positively

correlated with Bdnf expression (r = 0.4, p = 0.018). Data from two
independent experiments, n = 9–10 mice/group. Values are means ±
SEM. p values for two-way ANOVA indicated at the top of the graph.
CD control diet, FD folate-deficient diet, DxG interaction of diet and
genotype
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Discussion

Our study was designed to investigate the early impact of
genetic and/or dietary disturbances in folate metabolism on
cognitive decline and brain metabolism that could increase
the risk for cognitive impairment and neurodegeneration in
later stages. In contrast to other studies, we used a non-
transgenic model of AD, a diet deficient in folate rather than
in multiple B vitamins, and examined the liver, a key organ of
folate metabolism. Towards that end, we fed Mthfr+/+ and
Mthfr+/− mice with control or folate-deficient diets as of
weaning until 8 or 10 months of age. One limitation of our
work was studying exclusively male mice. Subsequent studies
should include female mice, particularly since AD is more
prevalent in women [37].

At 10 months of age, we observed short-term memory im-
pairment and increased anxiety due to MTHFR deficiency.
The memory impairment is consistent with clinical studies
that have reported increased risk of mild cognitive impairment
in individuals with the MTHFR 677 C>T polymorphism [12,
38].We did not see cognitive changes due to folate deficiency.
It is possible that behavioral changes due to FD might be
manifest at later time points.

Changes in the epigenetic landscape, mainly global DNA
hypomethylation and decreased levels of histone acetylation,
are common in aging and age-related disorders such as AD
[3]. In our study, we observed increased cortical Dnmt1 and

Dnmt3b expression in 10-month-old mice due to folate defi-
ciency, particularly in the Mthfr+/+ group. Increased Dnmt
gene expression with low folate or methyl-deficient diets has
been reported in different models and tissues [39–41].
Disturbances in folate metabolism, either dietary or genetic,
have been shown to reduce levels of SAM, the primary methyl
donor, in a variety of tissues. Previous studies have reported
lower SAM levels in the cerebrospinal fluid [42] and in brains
of patients with cognitive decline [43] and AD [44], as well as
in animals fed folate-deficient diets [45, 46]. We observed
decreased cortical SAM levels due to FD, mainly in
Mthfr+/+ mice. Since DNMTs are very sensitive to SAM
levels [47], it is possible that the increase in DNMTexpression
is a compensatory mechanism to prevent methylation distur-
bances. The significant increase of Mat2a mRNA and the
increased methionine levels in cortex, as well as the increase
in hepatic MTHFR protein, may also be compensatory mech-
anisms to replenish SAM.

Our results are distinct from a study in which transgenic
AD mice, fed a vitamin B-deficient diet, showed a difference
in SAM/SAH ratios and a downregulation of DNMT3a/b pro-
tein levels [48]. This difference may be due to the fact that our
mice do not overexpress a mutant APP gene and our diet is
deficient only in folate not 3 vitamins (B12, folate, and B6)
[49].

We did not observe differences between groups in global
DNA methylation by LUMA assay, but there could be

Table 2 Increased methylation in CpGs of the Bdnf gene in 10-month-old mice. Table summarizes p values from two-way ANOVA for methylation
levels at different CpGs in the Bdnf gene in cortex and hippocampus of 10-month-old mice

Diet Genotype Diet × Genotype

df F p value df F p value df F p value

Bdnf promoter CpG − 1 Hippocampus 1, 16 0.427 0.523 1, 16 2.412 0.140 1, 16 0.440 0.517

Cortex 1, 16 0.098 0.758 1, 16 1.038 0.323 1, 16 1.353 0.262

CpG − 2 Hippocampus 1, 16 6.248 0.024 1, 16 0.203 0.658 1, 16 1.927 0.184

Cortex 1, 16 1.284 0.274 1, 16 0.001 0.992 1, 16 1.066 0.317

CpG − 3 Hippocampus 1, 15 0.017 0.898 1, 15 1.468 0.244 1, 15 0.053 0.820

Cortex 1, 16 1.197 0.290 1, 16 0.784 0.389 1, 16 2.449 0.137

CpG − 5 Hippocampus 1, 16 0.413 0.529 1, 16 0.562 0.464 1, 16 3.359 0.086a

Cortex 1, 14 0.487 0.497 1, 14 4.483 0.053 1, 14 2.601 0.129

CpG − 6 Hippocampus 1, 16 1.844 0.193 1, 16 1.562 0.229 1, 16 2.073 0.169

Cortex 1, 15 2.336 0.147 1, 15 0.358 0.558 1, 15 0.013 0.911

CpG − 7 Hippocampus 1, 16 0.228 0.640 1, 16 0.006 0.938 1, 16 5.476 0.033b

Cortex 1, 15 0.917 0.353 1, 15 0.679 0.423 1, 15 1.076 0.316

CpG – 8 Hippocampus 1, 16 0.302 0.509 1, 16 0.582 0.457 1, 16 2.233 0.155

Cortex 1, 15 0.901 0.357 1, 15 1.189 0.293 1, 15 0.220 0.646

df degrees of freedom. Bold values indicate p ≤ 0.05
Italicized value indicates a trend for significance
a t test CD Mthfr+/+ vs FD Mthfr+/+ ; p = 0.09
b t test CD Mthfr+/+ vs FD Mthfr+/+ ; p = 0.07
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changes at specific genes involved in AD or age-related cog-
nitive decline without changing global methylation, as we
observed for Psen1 and Bdnf. Identification of additional
genes would be useful since early changes in DNA methyla-
tion are being considered as preclinical markers of AD [33].

In the hippocampus, the decrease of Dnmt3a due to geno-
type could be contributing to the poor performance ofMthfr+/−

mice in the NOR test.Dnmt3a is necessary for normal memory
formation and its downregulation has been previously associ-
ated with memory impairment and variable cognitive disability
in rodents and humans respectively [50–52]. Importantly,
Dnmt3a levels are significantly decreased in the hippocampus
of AD patients [53].

We observed an increase in cortical Hdac3 expression, the
most highly expressed class I HDAC in the brain, due to FD
diet and Mthfr+/− genotype. HDAC3 has been previously de-
scribed as a negative regulator of memory formation and its
inhibition can enhance long-term object recognition memory
in mice [32, 54]. A study in the rat H19-7 hippocampal cell
line found that folate deficiency led to an increase in the ex-
pression of other HDACs such as HDAC 4, 6, and 7 [55]. A
loss of HDAC5 has been reported to damage memory func-
tion in a mouse model for amyloid pathology [56] and we

observed downregulation of Hdac5 due to FD diet in the hip-
pocampus.Moreover, Hdac5 positively correlated with NOR
behavioral results, with lower Hdac5 levels in mice with
poor NOR scores. To our knowledge, this is the first report
showing modulation of Hdac3 and Hdac5 by folate defi-
ciency. Since there is an interplay between histone acetyla-
tion and DNA methylation, the changes in DNA methyla-
tion in folate disturbances could be underlying the modula-
tion of Hdacs [57, 58].

Cholinergic and Ach deficiencies are very common in cog-
nitive decline and AD [59].We observed decreased Ach levels
due to FD in cortices of 10-month-old mice, as well as a minor
increase in AchE expression in the Mthfr+/+ group fed FD.
This finding is consistent with a previous study where rats
with hyperhomocysteinemia, a feature of MTHFR deficiency
and FD in our mouse model [20, 31], showed increased AchE
expression [60]. Increased AchE activity is often reported in
AD patients and the use of AchE inhibitors is a common
therapy to increase Ach levels in the synaptic space [61, 62].
We also observed decreased levels of cortical PtdCho in
Mthfr+/− mice. PtdCho is essential for membrane integrity,
axonal elongation and growth. Genes in PtdCho metabolism
have been reported to be involved in AD [63, 64], and a study

Fig. 7 Low folate diet can alter mRNA levels of APP processing genes in
cortex of 10-month-old mice. a Significant differences were not observed
for mRNA levels of β-secretase (Bace1) (data from two independent
experiments, n = 9–10 mice/group in total). b mRNA levels of Psen1
were increased due to FD diet (data from two independent experiments,
n = 9–10 mice/group in total). c–d Methylation levels were decreased at

CpG − 421 and − 470 in the promoter of Psen1 due to FD (n = 5
mice/group). Significant p values in d are in bold. Values are means ±
SEM. p values for two-wayANOVA indicated at the top of the graph. CD
control diet, FD folate-deficient diet, DxG interaction of diet and
genotype
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in folate-deficient rats reported depletion of PtdCho in the
brain [27]. Our results here and in other work [65, 66] suggest
that folate disturbances trigger changes in choline metabolism.
Since choline is an alternate methyl donor for methionine/
SAM synthesis, choline pools may be depleted in Mthfr+/−

mice in an attempt to maintain SAM synthesis [24, 26], with

impairment of PtdCho and Ach synthesis and potential ad-
verse consequences in the brain.

We observed an increase in Nmda nr1 gene expression in
the cortex due to folate deficiency. Glutamate excitotoxicity
has been reported in the context of folate and MTHFR defi-
ciency, mainly due to increased homocysteine levels [67].

Fig. 8 Decreased expression of epigenetic enzymes and neurotrophic
factors in hippocampus of 10-month-old mice due to MTHFR
deficiency or folate deficiency. a mRNA levels of Dnmt3a were
decreased due to Mthfr+/− genotype. mRNA levels of b Hdac5, c Bdnf,

and d Ngf were decreased due to FD (N = 5 mice/group). Values are
means ± SEM. p values for two-way ANOVA indicated at the top of
the graph. CD control diet, FD folate-deficient diet, DxG interaction of
diet and genotype

Fig. 9 One-carbon metabolism is altered in liver of 10-month-old mice. a
Total MTHFR protein expression was increased due to FD. b mRNA
levels of choline dehydrogenase (Chdh) were significantly increased

due to genotype. N = 5 mice/group. Values are means ± SEM. p values
for two-way ANOVA indicated at the top of the graph. CD control diet,
FD folate-deficient diet, DxG interaction of diet and genotype
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Glutamate excitotoxicity is associated with neurodegeneration
and an NMDA receptor channel blocker, memantine, has been
approved for the treatment of AD [68].

In studies of one-carbon metabolism in brain, the liver is
not always examined despite its critical role in supplying
methyl metabolites to the circulation. In this study, we ob-
served increased expression ofMTHFR due to folate deficien-
cy, as we previously reported [65], and a significant increase
of ChdhmRNA due to genotype. The liver is the main site of
folate and choline metabolism, and these changes may consti-
tute a mechanism to replenish methyl donors into the circula-
tion for supplying the brain and other tissues.

Low folate has been associated with decreased methylation
of Psen1 in human and animal studies [21, 69]. This finding is
consistent with our results, i.e., decreased Psen1 methylation
and increased mRNA expression in FD mice but we did not
observe changes in protein levels of APP and APP oligomers
at this time point. Hoffman et al. recently reported an increase
in APP phosphorylation, which could promote Aβ produc-
tion, due to folate deficiency and Mthfr+/− genotype in an
age-specific and brain region-specific manner [70].
However, since PSEN1 has many different substrates in addi-
tion to APP, further research is needed to address the potential
impact of Psen1mRNA changes on other pathways altered in
AD such as the Notch and Wnt signaling pathways [36].
Moreover, alterations in non-CpG methylation levels of
Psen1 have been reported [71]. It would be interesting to
measure these sites, since the primers used in this study were
not designed for this assessment.

The decreased expression of Bdnf in the cortex ofMthfr+/−

mice and in the hippocampus of FD mice and the correspond-
ing increase in methylation in the promoter region are alter-
ations that have been reported in the context of aging and AD
[72]. We measured DNA methylation in the promoter up-
stream of exon IVas it has been shown to be more responsive
to neuronal activity [73]. This region of exon IV has also been
shown to be responsive to environmental factors and
hypermethylated in aging [74, 75]. Although statistically sig-
nificant, the percent increase of methylation in our study was
minor. Similar studies exploring DNA methylation in brain
found that small changes could be explained by the presence
of some heavily methylated cells amongst fully unmethylated
ones in the same tissue [76]. Thus, additional work should
explore particular areas in the cortex and hippocampus to de-
termine whether this regulation is more important in certain
groups of neurons.

Expression ofNgf, another neurotrophic factor shown to be
affected by folate [77], was decreased by FD in the hippocam-
pus. The synaptic marker synaptophysin exhibited a signifi-
cant positive correlation with Bdnf expression. Bdnf is known
to modulate expression of synaptic markers, and decreased
synaptophysin has been reported in aging and AD [78].
Neuritin expression, another synaptic marker [79], also

showed a significant positive correlation with Bdnf expres-
sion. The correlation between Bdnf expression in hippocam-
pus and NOR results is also consistent with its involvement in
the memory impairment.

Our work suggests that MTHFR deficiency or low folate
may contribute to brain dysfunction, possibly through different
mechanisms. These mechanisms may not be acting alone.
Other mechanisms that have previously been reported in
folate-deficient rodents include changes in the vasculature
[80], nuclear receptor dysregulation [81], increased apoptosis
[82], ER stress [83], and inflammation [84]. In most cases, the
modulation by diet in our study seemed to be manifested more
in Mthfr+/+ mice, whereas in Mthfr+/− animals the differences
between CD and FDwere not significant. Importantly,Mthfr+/−

mice have a genetic disturbance prenatally and postnatally;
therefore, it is possible that altered development or the long
time frame could have contributed to the memory impairment
seen at 10 months of age. Moreover, complex regulatory or
compensatory mechanisms may have come into play, which
could explain why mutant mice are less sensitive to FD.

In summary, MTHFR-deficient mice exhibited cognitive
impairment, evidence for synaptic dysfunction (decreased
Bdnf), and altered choline metabolism. The folate-deficient
diet resulted in reduced SAM and acetylcholine levels and
changes in mRNA levels of Psen1, Ngf, Bdnf, Hdacs,
Dnmts, and Nmda nr1 and one-carbon metabolism enzymes
(Mat2a, Pemt, Chdh). Future studies could assess changes in
protein levels of some of the critical aforementioned genes
and examine later time points to determine whether the alter-
ations identified in this study contribute to the more deleteri-
ous phenotype associated with folate dysmetabolism in hu-
man epidemiological studies. Although some of the observed
changes appeared to be minor, they are in keeping with clin-
ical studies suggesting that the alterations leading to AD con-
sist of multiple changes in multiple pathways that eventually
shift the process from normal aging to disease [85, 86].
Overall, our work has identified early changes in pathways/
markers that are sensitive to folate status, thereby adding fur-
ther evidence that low dietary folate and mild MTHFR defi-
ciency, such as that seen with the 677C>T polymorphism,
may be risk factors for brain biochemical disturbances and
cognitive decline. Adequate folate status, which can be
achieved by modest folate supplementation, overcomes the
effect of both dietary and genetic deficiencies andmay prevent
or reverse the changes we observed.

Materials and Methods

Animal Experimentation and Diets

Experiments were performed according to the guidelines
of the Canadian Council on Animal Care and approved by
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the Animal Care Committee of the Research Institute of
the McGill University Health Centre. The animals were
kept in clean pathogen-free facilities in a controlled envi-
ronment (12-h light/dark cycle) with food and water ad
libitum. At weaning, BALB/c Mthfr+/+ and Mthfr+/− male
mice (total n = 40) were randomly placed on an amino
acid-defined control diet (CD, 2 mg folate/kg diet, the
recommended amount for rodents, TD.09704, Harlan
Laboratories, Inc., Madison, WI, USA) or folate-
deficient diet which was identical to CD except for folate
content (FD; 0.3 mg folate/kg diet TD.09705, Harlan
Laboratories, Inc., Madison, WI, USA), such that each
of the four diet/genotype groups had n = 10. Mice were
maintained on diets until 8 or 10 months of age. Both
diets contained 1% succinylsulfathiazole, an antibiotic
that inhibits folate synthesis by intestinal flora. We have
previously shown that this diet leads to folate deficiency
and hyperhomocysteinemia as indicated by the plasma
homocysteine levels measured for the same background
strain and the same diet for 1 year: Mthfr+/+ CD, 8.55 ±
1.19 μmol/L; Mthfr+/− CD, 13.97 ± 3.29 μmol/L;
Mthfr+/+ FD, 18.93 ± 3.58 μmol/L; and Mthfr+/− FD,
38.87 ± 5.42 μmol/L [31]. Mice were sacrificed after com-
pletion of behavioral testing in random order by CO2 as-
phyxiation and body weights were recorded. Cortex, hip-
pocampus, and liver were collected and weighed. Tissues
were snap frozen on dry ice and stored at − 80 °C.

Behavioral Testing

Mice were subjected to three behavioral tests: the novel object
recognition test (NOR); the Y-maze; and the open-field test.
Animals were able to rest for 48 h between each test. The tests
have been previously described [26] and are briefly summa-
rized below.

Novel Object Recognition Test

Twenty-four hours prior to the test, mice were habituated to
the apparatus (open field) for 10 min. Animals explored two
identical copies of object one in the apparatus for 8 min (trial
phase). One hour later, the test phase began and animals had to
explore the familiar object (object 1) and a novel object (object
2) for 5 min. Both phases were recorded and the time spent
exploring the objects was measured by two independent re-
searchers. The discrimination index was then calculated ac-
cording to the following formula: (time novel − time familiar) /
(time (novel + familiar)). Given the curious nature of mice,
they should spend more time exploring the novel object. A
negative value indicates that the animal spent less time with
the novel object and is indicative of short-term memory
impairment.

Y-Maze

The Y-maze test was used to evaluate working memory. At the
beginning of the test, mice naive to the maze were placed at
the end of the longest arm of the maze and allowed to move
freely for a period of 8 min. The session was recorded and the
entries into each arm were noted. The number of alternations,
i.e., successive entries into three arms on overlapping triplet
sets, was measured using Y-maze software.

Open-Field Test

The open-field test is used to assess anxiety, general loco-
motor activity levels, and willingness to explore. The mouse
is placed in the middle of an open-field box (opaque gray
Plexiglas) and its movement is recorded with a video camera
for 5 min. All sessions were analyzed using the Any-Maze
software (Stoelting Co., IL, USA) to measure time spent in
the center or edges of the box, movement pattern, and dis-
tance [87]. The anxiety index is calculated as the ratio of
distance traveled in the center areas relative to total distance
traveled.

Quantitative Real-time PCR

Experiments were performed as previously described [66].
Briefly, the total RNA extraction from frozen hippocampus
(~ 20 mg) and cortex (~ 30 mg) was performed using
AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Toronto,
Canada) and RNA from liver was extracted using RNeasy
Mini Kit (Qiagen, Toronto, Canada). cDNA synthesis was
achieved using iScript™ cDNA Synthesis Kit (Bio-Rad,
Quebec, Canada) . RT-PCR was carr ied out with
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-
Rad, Quebec, Canada) on a Lightcycler LC480 (Roche
Diagnostics). The following reference genes were evaluated:
β-actin (Actb), β-2-microglobulin (B2m), and glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). The two most stably
expressed reference genes were used to calculate one normal-
ization factor for target gene expression by geNorm v.3.4
(Ghent University Hospital Center for Medical Genetics)
[88]. Relative gene expression was measured using values
calculated relative to the standard curve (eight serial dilutions
(1:2) from a pool of all samples) and then normalizing by the
normalization factor. Primer sequences and reaction condi-
tions are summarized in Supplementary Table 2.

DNA Methylation Analysis

Pyrosequencing

Bisulfite pyrosequencing was used to determine the percent
methylation at single CpG sites, as we previously described
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[89]. Briefly, genomic DNA extraction from frozen hippo-
campus (~ 20 mg) and cortex (~ 30 mg) was done using
AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Toronto,
Canada). Five hundred nanograms was used for bisulfite con-
version (EpiTect Bisulfite Kit; Qiagen, Toronto, Canada). To
amplify regions of interest, 1 μL of bisulfite converted DNA
was run in a PCR using the PyroMark PCR kit (Qiagen,
Toronto, Canada) and specific primers, one of which was bi-
otinylated at the 5′ end. Pyrosequencing was performed on a
PyroMark Q24 pyrosequencer using PyroMark Gold Q24
Reagents (Qiagen, Toronto, Canada) and a specific sequenc-
ing primer. PCR amplification and pyrosequencing primer
sequences were designed by PyroMark Assay Design 2.0 soft-
ware (Qiagen, Toronto, Canada). The average methylation
levels of CpG sites were quantified using PyroMark Q24
2.0.4 software (Qiagen, Toronto, Canada). Primers are shown
in Supplementary Table 3.

Global DNA Methylation

Global methylation was measured using a modification of the
luminometric methylation assay (LUMA) [90]. Briefly,
500 ng of genomic DNAwas incubated at 37 °C for 4 h with
the EcoRI restriction enzyme mix and either HpaII or MspI.
The cut sites were then tested on a Pyromark Q24
Pyrosequencer (Qiagen). Dispensation order is TAAACCCT
TTGGGCCC; analyzed sequence is TA/CTGC. “A”
(dATPαS) and “T” (dTTP) nucleotides were undiluted. For
the “C” dispensation, a mixture of dCTP and dGTP was used,
whereas for the “G” dispensation, the undiluted dCTP nucle-
otide was provided as a negative control. For normalization,
the peak height of the first “C” (from HpaII or MspI diges-
tion) was divided by the peak height of A (from EcoRI di-
gestion), and peak height of C (from MspI digestion) was
divided by the peak height of the first “A” (from EcoRI di-
gestion). The percent methylation was calculated from the
obtained ratio using the following formula: 100 × [1
− [(HpaII EcoRI) / (MspI EcoRI)]].

Western Blotting

Protein extracts from hippocampus, cortex, and liver were
prepared and immunoblotting was performed as previously
described [91]. The primary antibodies were MTHFR,
ChAT, and APP (Millipore, Billerica, USA), GAPDH
(Cell Signaling Technology, Boston, USA), and β-actin
(Sigma-Aldrich). Secondary antibodies were horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit IgG (GE
Healthcare, Mississauga, Canada) and HRP-conjugated
donkey anti-goat IgG (Santa Cruz Biotechnology, Santa
Cruz, USA), as appropriate. Detection was achieved using
ECL Prime Western Blotting Detection Reagent (GE
Healthcare, Mississauga, Canada). Bands were quantified

by densitometry using Image J software and normalized to
GAPDH, β-actin, or total protein (measured by amido
black staining) as appropriate.

Measurement of Choline Metabolites

Choline, betaine, glycerophosphocholine, phosphatidyl-
choline, sphingomyelin, lysophosphatidylcholine,
phosphocholine, and acetylcholine were measured in
cortex according to protocols previously published with
modifications [92–94]. SAM and SAH concentrations
were determined by liquid chromatography-electrospray
ionization tandem mass spectrometry with modifications
based on our instrumentation [95].

Immunohistochemistry

At sacrifice, brains were cut sagitally and the entire right hemi-
sphere of the cortex was fixed in 4% paraformaldehyde for
24 h and stored at 4 °C in 70% ethanol until embedded in
paraffin. Five-micrometer thick sections were mounted on
slides for immunohistochemical analysis. Cholinergic staining
was done as previously described using a ChAT polyclonal
goat antibody (Millipore, Billerica, USA) [96]. Slides were
scanned using the Zeiss Axio Scan.Z1 (Oberkochen,
Germany).

Statistical Analysis

Statistical analysis was performed using SPSS (version
19.0) and GraphPad software package 5.01. Two-way
ANOVA [two genotypes (Mthfr+/+, Mthfr+/−) × 2 diets
(CD, FD)] was conducted to assess genotype and diet
effects. Comparisons between groups were performed by
Tukey’s post hoc test. All data are presented as means ±
S.E.M and p values (p) below 0.05 were considered sta-
tistically significant. Statistical outliers (≥ two standard
deviations from the mean) and a mouse with a tumor were
removed from the analyses. Partial correlations (control-
ling for genotype and/or diet effect) were utilized to ana-
lyze the possible association between expression of two
genes or between gene and behavioral testing variables.
For some cortical mRNA experiments, as indicated, re-
sults were obtained from a first experimental set of 10-
month-old mice (n = 5/group) and then validated in a sec-
ond set of 10-month-old mice (n = 5/group). The com-
bined results of the two experiments are shown and
expressed as a fold change relative to the control mice
(Control diet, Mthfr+/+) and then analyzed by two-way
ANOVA. Unpaired t test analysis was occasionally per-
formed using GraphPad software, as indicated.

4188 Mol Neurobiol (2019) 56:4175–4191



Acknowledgements We thank Dr. Nancy Lévesque for her help in
conducting the experiments. We also thank Marie-Julie Allard and
Mathilde Chevin (McGill University) for assistance with methodologies.

Funding Information This work was supported by the Canadian
Institutes of Health Research (MOP-43232 to RR). RHB is the recipient
of a Doctoral Award from the Fonds de Recherche du Québec-Santé.
MCT is the recipient of a Predoctoral Fellowship from MINECO (FPU
2013) and Post-Doctoral Award from the Fonds de Recherche du
Québec-Santé. The Research Institute is supported by a Center’s grant
from the Fonds de Recherche du Québec-Santé.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Moore K, Hughes CF, Ward M, Hoey L, McNulty H (2018)
Diet, nutrition and the ageing brain: current evidence and
new directions. Proc Nutr Soc 77:1–12. https://doi.org/10.
1017/S0029665117004177

2. Bishop NA, Lu T, Yankner BA (2010) Neural mechanisms of age-
ing and cognitive decline. Nature 464(7288):529–535

3. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G
(2013) The hallmarks of aging. Cell 153(6):1194–1217

4. Jagust W (2013) Vulnerable neural systems and the borderland of
brain aging and neurodegeneration. Neuron 77(2):219–234

5. Krstic D, Knuesel I (2013) Deciphering the mechanism underlying
late-onset Alzheimer disease. Nat Rev Neurol 9(1):25–34

6. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan
AM, Iwatsubo T, Jack CR et al (2011) Toward defining the preclin-
ical stages of Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups
on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement 7(3):280–292

7. Imtiaz B, Tolppanen A-M, Kivipelto M, Soininen H (2014) Future
directions in Alzheimer’s disease from risk factors to prevention.
Biochem Pharmacol 88(4):661–670

8. Deckers K, Boxtel MP, Schiepers OJ, Vugt M, Muñoz Sánchez JL,
Anstey KJ, Brayne C, Dartigues JF et al (2015) Target risk factors
for dementia prevention: a systematic review and Delphi consensus
study on the evidence from observational studies. Int J Geriatr
Psychiatry 30(3):234–246

9. Lopes da Silva S, Vellas B, Elemans S, Luchsinger J, Kamphuis P,
Yaffe K, Sijben J, GroenendijkM et al (2013) Plasma nutrient status
of patients with Alzheimer’s disease: systematic review and meta-
analysis. Alzheimers Dement

10. Setién-Suero E, Suárez-Pinilla M, Suarez-Pinilla P, Crespo-Facorro
B, Ayesa-Arriola R (2016) Homocysteine and cognition: a system-
atic review of 111 studies. Neurosci Biobehav Rev 69:280–298

11. Laumet G, Chouraki V, Grenier-Boley B, Legry V, Heath S,
ZelenikaD, Fievet N, Hannequin D et al (2010) Systematic analysis
of candidate genes for Alzheimer’s disease in a French, genome-
wide association study. J Alzheimers Dis 20(4):1181–1188

12. Rajagopalan P, Jahanshad N, Stein JL, Hua X, Madsen SK,
KohannimO, Hibar DP, TogaAWet al (2012) Common folate gene
variant, MTHFR C677T, is associated with brain structure in two
independent cohorts of people with mild cognitive impairment.
Neuroimage Clin 1(1):179–187

13. Georgieff MK (2007) Nutrition and the developing brain: nutrient
priorities and measurement. Am J Clin Nutr 85(2):614S–620S

14. Reynolds E (2006) Vitamin B12, folic acid, and the nervous system.
Lancet Neurol 5(11):949–960

15. Frosst P, Blom HJ, Milos R, Goyette P, Sheppard CA, Matthews
RG, Boers GJ, den Heijer M et al (1995) A candidate genetic risk
factor for vascular disease: a common mutation in methylenetetra-
hydrofolate reductase. Nat Genet 10(1):111–113

16. Meadows DN, PyzikM,WuQ, Torre S, Gros P, Vidal SM, RozenR
(2014) Increased resistance to malaria in mice with methylenetetra-
hydrofolate reductase (Mthfr) deficiency suggests a mechanism for
selection of theMTHFR 677C> T (c. 665C> T) variant. HumMutat
35(5):594–600

17. Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg IH,
D’Agostino RB, Wilson PW, Wolf PA (2002) Plasma homocyste-
ine as a risk factor for dementia and Alzheimer’s disease. N Engl J
Med 346(7):476–483

18. Wald DS, Kasturiratne A, Simmonds M (2010) Effect of folic acid,
with or without other B vitamins, on cognitive decline: meta-
analysis of randomized trials. Am J Med 123(6):522–527.e522

19. Devlin AM, Arning E, Bottiglieri T, Faraci FM, Rozen R, Lentz SR
(2004) Effect of Mthfr genotype on diet-induced hyperhomocystei-
nemia and vascular function in mice. Blood 103(7):2624–2629

20. Chen Z, Karaplis AC, Ackerman SL, Pogribny IP, Melnyk S,
Lussier-Cacan S, Chen MF, Pai A et al (2001) Mice deficient in
methylenetetrahydrofolate reductase exhibit hyperhomocysteine-
mia and decreased methylation capacity, with neuropathology and
aortic lipid deposition. Hum Mol Genet 10(5):433–443

21. Fuso A, Nicolia V, Pasqualato A, Fiorenza MT, Cavallaro RA,
Scarpa S (2011) Changes in Presenilin 1 gene methylation pattern
in diet-induced B vitamin deficiency. Neurobiol Aging 32(2):187–
199

22. Chan A, Tchantchou F, Rogers EJ, Shea TB (2009) Dietary defi-
ciency increases presenilin expression, gamma-secretase activity,
and Abeta levels: potentiation by ApoE genotype and alleviation
by S-adenosyl methionine. J Neurochem 110(3):831–836

23. Caudill MA (2009) Folate and choline interrelationships: metabolic
and potential health implications. In: Bailey LB (ed) Folate in health
and disease, vol 1, 2nd edn. CRC Press, USA, pp. 449–465

24. Yan J, Wang W, Gregory JF 3rd, Malysheva O, Brenna JT, Stabler
SP, Allen RH, Caudill MA (2011) MTHFR C677T genotype influ-
ences the isotopic enrichment of one-carbon metabolites in folate-
compromised men consuming d9-choline. Am J Clin Nutr 93(2):
348–355

25. Ganz AB, Shields K, Fomin VG, Lopez YS, Mohan S, Lovesky J,
Chuang JC, Ganti A et al (2016) Genetic impairments in folate
enzymes increase dependence on dietary choline for phosphatidyl-
choline production at the expense of betaine synthesis. FASEB J
30(10):3321–3333

26. Jadavji NM, Deng L, Leclerc D, Malysheva O, Bedell BJ, Caudill
MA, Rozen R (2012) Severe methylenetetrahydrofolate reductase
deficiency in mice results in behavioral anomalies with morpholog-
ical and biochemical changes in hippocampus. Mol Genet Metab
106(2):149–159

27. Troen AM, Chao WH, Crivello NA, D’Anci KE, Shukitt-Hale B,
Smith DE, Selhub J, Rosenberg IH (2008) Cognitive impairment in
folate-deficient rats corresponds to depleted brain phosphatidylcho-
line and is prevented by dietary methionine without lowering plas-
ma homocysteine. J Nutr 138(12):2502–2509

28 . S e l l e y ML (2007 ) A me t abo l i c l i n k be tween S -
adenosylhomocysteine and polyunsaturated fatty acid metabolism
in Alzheimer’s disease. Neurobiol Aging 28(12):1834–1839

29. Zhuo J-M, Praticò D (2010) Acceleration of brain amyloidosis in an
Alzheimer’s disease mouse model by a folate, vitamin B6 and B12-
deficient diet. Exp Gerontol 45(3):195–201

30. Chan A, Tchantchou F, Graves V, Rozen R, Shea T (2008) Dietary
and genetic compromise in folate availability reduces acetylcholine,

Mol Neurobiol (2019) 56:4175–4191 4189

https://doi.org/10.1017/S0029665117004177
https://doi.org/10.1017/S0029665117004177


cognitive performance and increases aggression: critical role of S-
adenosyl methionine. J Nutr Health Aging 12(4):252–261

31. Knock E, Deng L, Wu Q, Lawrance AK, Wang XL, Rozen R
(2008) Strain differences in mice highlight the role of DNA damage
in neoplasia induced by low dietary folate. J Nutr 138(4):653–658

32. McQuown SC, Barrett RM, Matheos DP, Post RJ, Rogge GA,
Alenghat T, Mullican SE, Jones S et al (2011) HDAC3 is a critical
negative regulator of long-term memory formation. J Neurosci
31(2):764–774

33. De Jager PL, Srivastava G, Lunnon K, Burgess J, Schalkwyk LC,
Yu L, EatonML, Keenan BTet al (2014) Alzheimer’s disease: early
alterations in brain DNA methylation at ANK1, BIN1, RHBDF2
and other loci. Nat Neurosci 17(9):1156–1163

34. Lipton SA, KimW-K, Choi Y-B, Kumar S, D’Emilia DM, Rayudu
PV, Arnelle DR, Stamler JS (1997) Neurotoxicity associated with
dual actions of homocysteine at the N-methyl-D-aspartate receptor.
Proc Natl Acad Sci 94(11):5923–5928

35. Zhang Y, Li P, Feng J, WuM (2016) Dysfunction of NMDA recep-
tors in Alzheimer’s disease. Neurol Sci 37(7):1039–1047

36. Chow VW, Mattson MP, Wong PC, Gleichmann M (2010) An
overview of APP processing enzymes and products.
NeuroMolecular Med 12(1):1–12

37. Podcasy JL, Epperson CN (2016) Considering sex and gender in
Alzheimer disease and other dementias. Dialogues Clin Neurosci
18(4):437

38. Gilbody S, Lewis S, Lightfoot T (2007) Methylenetetrahydrofolate
reductase (MTHFR) genetic polymorphisms and psychiatric disor-
ders: a HuGE review. Am J Epidemiol 165(1):1–13

39. Wang Y, Xu S, Cao Y, Xie Z, Lai C, Ji X, Bi J (2014) Folate
deficiency exacerbates apoptosis by inducing hypomethylation
and resultant overexpression of DR4 together with altering
DNMTs in Alzheimer’s disease. Int J Clin Exp Med 7(8):1945–
1957

40. Ghoshal K, Li X, Datta J, Bai S, Pogribny I, PogribnyM, Huang Y,
Young D et al (2006) A folate- and methyl-deficient diet alters the
expression of DNA methyltransferases and methyl CpG binding
proteins involved in epigenetic gene silencing in livers of F344 rats.
J Nutr 136(6):1522–1527

41. Ding Y, He J, Liu X, Chen X, Long C, Wang Y (2012) Expression
of DNA methyltransferases in the mouse uterus during early preg-
nancy and susceptibility to dietary folate deficiency. Reproduction:
REP-12-0006

42. Bottiglieri T, Godfrey P, Flynn T, Carney M, Toone B, Reynolds E
(1990) Cerebrospinal fluid S-adenosylmethionine in depression and
dementia: effects of treatment with parenteral and oral S-
adenosylmethionine. J Neurol Neurosurg Psychiatry 53(12):1096–
1098

43. Dayon L, Guiraud SP, Corthésy J, Da Silva L, Migliavacca E,
Tautvydaitė D, Oikonomidi A, Moullet B et al (2017) One-carbon
metabolism, cognitive impairment and CSFmeasures of Alzheimer
pathology: homocysteine and beyond. Alzheimers Res Ther 9(1):
43

44. Morr ison LD, Smith DD, Kish SJ (1996) Brain S-
adenosylmethionine levels are severely decreased in Alzheimer’s
disease. J Neurochem 67(3):1328–1331

45. Sibani S, Melnyk S, Pogribny IP, Wang W, Hiou-Tim F, Deng L,
Trasler J, James SJ et al (2002) Studies of methionine cycle inter-
mediates (SAM, SAH), DNA methylation and the impact of folate
deficiency on tumor numbers in Min mice. Carcinogenesis 23(1):
61–65

46. Knock E, Deng L, Krupenko N, Mohan RD, Wu Q, Leclerc D,
Gupta S, Elmore CL et al (2011) Susceptibility to intestinal tumor-
igenesis in folate-deficient mice may be influenced by variation in
one-carbon metabolism and DNA repair. J Nutr Biochem 22(11):
1022–1029

47. James SJ, Melnyk S, Pogribna M, Pogribny IP, Caudill MA (2002)
Elevation in S-adenosylhomocysteine and DNA hypomethylation:
potential epigenetic mechanism for homocysteine-related patholo-
gy. J Nutr 132(8):2361S–2366S

48. Fuso A, Nicolia V, Cavallaro RA, Scarpa S (2011) DNAmethylase
and demethylase activities are modulated by one-carbon metabo-
lism inAlzheimer’s diseasemodels. J Nutr Biochem 22(3):242–251

49. Fuso A, Nicolia V, Cavallaro RA, Ricceri L, D’anselmi F, Coluccia
P, Calamandrei G, Scarpa S (2008) B-vitamin deprivation induces
hyperhomocysteinemia and brain S-adenosylhomocysteine, de-
pletes brain S-adenosylmethionine, and enhances PS1 and BACE
expression and amyloid-β deposition in mice. Mol Cell Neurosci
37(4):731–746

50. Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, Silva AJ, Fan
G (2010) Dnmt1 and Dnmt3a maintain DNA methylation and reg-
ulate synaptic function in adult forebrain neurons. Nat Neurosci
13(4):423–430

51. Morris MJ, Adachi M, Na ES, Monteggia LM (2014) Selective role
for DNMT3a in learning and memory. Neurobiol Learn Mem 115:
30–37

52. Shen W, Heeley JM, Carlston CM, Acuna-Hidalgo R, Nillesen
WM, Dent KM, Douglas GV, Levine KL et al (2017) The spectrum
of DNMT3A variants in Tatton–Brown–Rahman syndrome over-
laps with that in hematologic malignancies. Am J Med Genet
173(11):3022–3028

53. Chouliaras L, Mastroeni D, Delvaux E, Grover A, Kenis G, Hof
PR, Steinbusch HW, Coleman PD et al (2013) Consistent decrease
in global DNA methylation and hydroxymethylation in the hippo-
campus of Alzheimer’s disease patients. Neurobiol Aging 34(9):
2091–2099

54. Volmar C-H, Wahlestedt C (2015) Histone deacetylases (HDACs)
and brain function. Neuroepigenetics 1:20–27

55. Akchiche N, Bossenmeyer-Pourié C, Kerek R, Martin N, Pourié G,
Koziel V, Helle D, Alberto J-M et al (2012) Homocysteinylation of
neuronal proteins contributes to folate deficiency-associated alter-
ations of differentiation, vesicular transport, and plasticity in hippo-
campal neuronal cells. FASEB J 26(10):3980–3992

56. Agis-Balboa RC, Pavelka Z, Kerimoglu C, Fischer A (2013) Loss
of HDAC5 impairs memory function: implications for Alzheimer’s
disease. J Alzheimers Dis 33(1):35–44

57. Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides T
(2000) DNA methyltransferase Dnmt1 associates with histone
deacetylase activity. Nat Genet 24(1):88–91

58. Liu X, Luo M, Wu K (2012) Epigenetic interplay of histone mod-
ifications and DNA methylation mediated by HDA6. Plant Signal
Behav 7(6):633–635

59. Bierer LM, Haroutunian V, Gabriel S, Knott PJ, Carlin LS, Purohit
DP, Perl DP, Schmeidler J et al (1995) Neurochemical correlates of
dementia severity in Alzheimer’s disease: relative importance of the
cholinergic deficits. J Neurochem 64(2):749–760

60. Scherer EB, Loureiro SO, Vuaden FC, da Cunha AA, Schmitz F,
Kolling J, Savio LEB, Bogo MR et al (2014) Mild hyperhomocys-
teinemia increases brain acetylcholinesterase and proinflammatory
cytokine levels in different tissues. Mol Neurobiol 50(2):589–596

61. Hung S-Y, Fu W-M (2017) Drug candidates in clinical trials for
Alzheimer’s disease. J Biomed Sci 24(1):47

62. Colovic MB, Krstic DZ, Lazarevic-Pasti TD, Bondzic AM, Vasic
VM (2013) Acetylcholinesterase inhibitors: pharmacology and tox-
icology. Curr Neuropharmacol 11(3):315–335

63. Whiley L, Sen A, Heaton J, Proitsi P, García-Gómez D, Leung R,
Smith N, Thambisetty M et al (2014) Evidence of altered phospha-
tidylcholine metabolism in Alzheimer’s disease. Neurobiol Aging
35(2):271–278

64. Haughey NJ, Bandaru VV, Bae M, Mattson MP (2010) Roles for
dysfunctional sphingolipid metabolism in Alzheimer’s disease
neuropathogenesis. Biochim Biophys Acta 1801(8):878–886

4190 Mol Neurobiol (2019) 56:4175–4191



65. Christensen KE, Wu Q, Wang X, Deng L, Caudill MA, Rozen R
(2010) Steatosis in mice is associatedwith gender, folate intake, and
expression of genes of one-carbon metabolism. J Nutr 140(10):
1736–1741

66. Bahous RH, Jadavji NM, Deng L, Cosín-Tomás M, Lu J,
Malysheva O, Leung K-Y, HoM-K et al (2017) High dietary folate
in pregnant mice leads to pseudo-MTHFR deficiency and altered
methyl metabolism, with embryonic growth delay and short-term
memory impairment in offspring. Hum Mol Genet 26(5):888–900

67. MattsonMP, Shea TB (2003) Folate and homocysteine metabolism
in neural plasticity and neurodegenerative disorders. Trends
Neurosci 26(3):137–146

68. Bossy-Wetzel E, Schwarzenbacher R, Lipton SA (2004) Molecular
pathways to neurodegeneration. Nat Med 10(7):S2–S9

69. Selhub J, Troen A, Rosenberg IH (2010) B vitamins and the aging
brain. Nutr Rev 68(suppl_2):S112–S118

70. Hoffman A, Taleski G, Qian H, Wasek B, Arning E, Bottiglieri T,
Sontag J-M, Sontag E (2018) Methylenetetrahydrofolate reductase
deficiency deregulates regional brain amyloid-β protein precursor
and phosphorylation levels. J Alzheimers Dis (Preprint) 1–15

71. Fuso A, Ferraguti G, Scarpa S, Ferrer I, Lucarelli M (2015)
Disclosing bias in bisulfite assay: MethPrimers underestimate high
DNA methylation. PLoS One 10(2):e0118318

72. Nagata T, Kobayashi N, Ishii J, Shinagawa S, Nakayama R, Shibata
N, Kuerban B, Ohnuma T et al (2015) Association between DNA
methylation of the BDNF promoter region and clinical presentation
in Alzheimer’s disease. Dement Geriatr Cogn Dis Extra 5(1):64–73

73. Zheng F, Zhou X, Moon C, Wang H (2012) Regulation of brain-
derived neurotrophic factor expression in neurons. Int J Physiol
Pathophysiol Pharmacol 4(4):188

74. Lubin FD, Roth TL, Sweatt JD (2008) Epigenetic regulation of
BDNF gene transcription in the consolidation of fear memory. J
Neurosci 28(42):10576–10586

75. McKinney BC, Lin C-W, Oh H, Tseng GC, Lewis DA, Sibille E
(2015) Hypermethylation of BDNF and SST genes in the orbital
frontal cortex of older individuals: a putative mechanism for declin-
ing gene expression with age. Neuropsychopharmacology 40(11):
2604–2613

76. Iwata A, Nagata K, Hatsuta H, Takuma H, Bundo M, Iwamoto K,
Tamaoka A, Murayama S et al (2013) Altered CpG methylation in
sporadic Alzheimer’s disease is associated with APP and MAPT
dysregulation. Hum Mol Genet 23(3):648–656

77. Eckart S, Hörtnagl H, Kronenberg G, Gertz K, Hörster H, Endres
M, Hellweg R (2013) Reduced nerve growth factor levels in stress-
related brain regions of folate-deficient mice. Neuroscience 245:
129–135

78. Poo M-M (2001) Neurotrophins as synaptic modulators. Nat Rev
Neurosci 2(1):24

79. Choi Y, Lee K, Ryu J, Kim HG, Jeong AY, Woo R-S, Lee J-H,
Hyun JWet al (2014) Neuritin attenuates cognitive function impair-
ments in Tg2576 Mouse Model of Alzheimer’s disease. PLoS One
9(8):e104121

80. Troen AM, Shea-Budgell M, Shukitt-Hale B, Smith DE, Selhub J,
Rosenberg IH (2008) B-vitamin deficiency causes hyperhomocys-
teinemia and vascular cognitive impairment in mice. Proc Natl
Acad Sci U S A 105(34):12474–12479

81. Pourié G, Martin N, Bossenmeyer-Pourié C, Akchiche N, Guéant-
Rodriguez RM, Geoffroy A, Jeannesson E, Chehadeh SEH et al
(2015) Folate-and vitamin B12-deficient diet during gestation and
lactation alters cerebellar synapsin expression via impaired influ-
ence of estrogen nuclear receptor α. FASEB J 29(9):3713–3725

82. Craciunescu CN, Brown EC, Mar M-H, Albright CD, NadeauMR,
Zeisel SH (2004) Folic acid deficiency during late gestation de-
creases progenitor cell proliferation and increases apoptosis in fetal
mouse brain. J Nutr 134(1):162–166

83. Werstuck GH, Lentz SR, Dayal S, Hossain GS, Sood SK, Shi YY,
Zhou J, Maeda N et al (2001) Homocysteine-induced endoplasmic
reticulum stress causes dysregulation of the cholesterol and triglyc-
eride biosynthetic pathways. J Clin Invest 107(10):1263–1273

84. Sudduth TL, Powell DK, Smith CD, Greenstein A, Wilcock DM
(2013) Induction of hyperhomocysteinemia models vascular de-
mentia by induction of cerebral microhemorrhages and neuroin-
flammation. J Cereb Blood Flow Metab 33(5):708–715

85. Poirel O, Mella S, Videau C, Ramet L, Davoli MA, Herzog E,
Katsel P, Mechawar N et al (2018) Moderate decline in select syn-
aptic markers in the prefrontal cortex (BA9) of patients with
Alzheimer’s disease at various cognitive stages. Sci Rep 8(1):938

86. Drachman DA (2006) Aging of the brain, entropy, and Alzheimer
disease. Neurology 67(8):1340–1352

87. Crawley JN (2007) What’s wrong with my mouse? Behavioural
phenotyping of transgenic and knockout mice, 2nd edn. John
Wiley& Sons, Inc, New Jersey

88. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De
Paepe A, Speleman F (2002) Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple inter-
nal control genes. Genome Biol 3(7):research0034

89. Leclerc D, Cao Y, Deng L, Mikael LG, Wu Q, Rozen R (2013)
Differential gene expression and methylation in the retinoid/
PPARA pathway and of tumor suppressors may modify intestinal
tumorigenesis induced by low folate in mice. Mol Nutr Food Res
57(4):686–697

90. Luttropp K, Sjöholm LK, Ekström TJ (2015) Global analysis of
DNA 5-methylcytosine using the luminometric methylation assay,
LUMA. Methods Mol Biol 1315:209–219

91. Christensen KE, Mikael LG, Leung KY, Levesque N, Deng L, Wu
Q, Malysheva OV, Best A et al (2015) High folic acid consumption
leads to pseudo-MTHFR deficiency, altered lipid metabolism, and
liver injury in mice. Am J Clin Nutr 101(3):646–658. https://doi.
org/10.3945/ajcn.114.086603

92. Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Devapatla S,
Pressman E, Vermeylen F et al (2012) Maternal choline intake
modulates maternal and fetal biomarkers of choline metabolism in
humans. Am J Clin Nutr 95(5):1060–1071

93. Holm PI, Ueland PM, Kvalheim G, Lien EA (2003) Determination
of choline, betaine, and dimethylglycine in plasma by a high-
throughput method based on normal-phase chromatography-tan-
dem mass spectrometry. Clin Chem 49(2):286–294

94. Koc H, Mar MH, Ranasinghe A, Swenberg JA, Zeisel SH (2002)
Quantitation of choline and its metabolites in tissues and foods by
liquid chromatography/electrospray ionization-isotope dilution
mass spectrometry. Anal Chem 74(18):4734–4740

95. Kim JK, Harada K, Bamba T, Fukusaki E, Kobayashi A (2005)
Stable isotope dilution-based accurate comparative quantification
of nitrogen-containing metabolites in Arabidopsis thaliana T87
cells using in vivo (15)N-isotope enrichment. Biosci Biotechnol
Biochem 69(7):1331–1340

96. Jadavji NM, Bahous RH, Deng L, Malysheva O, Grand’maisonM,
Bedell BJ, Caudill MA, Rozen R (2014) Mouse model for deficien-
cy of methionine synthase reductase exhibits short-term memory
impairment and disturbances in brain choline metabolism.
Biochem J 461(2):205–212. https://doi.org/10.1042/BJ20131568

Mol Neurobiol (2019) 56:4175–4191 4191

https://doi.org/10.3945/ajcn.114.086603
https://doi.org/10.3945/ajcn.114.086603
https://doi.org/10.1042/BJ20131568

	Early Manifestations of Brain Aging in Mice Due to Low Dietary Folate and Mild MTHFR Deficiency
	Abstract
	Introduction
	Results
	Ten-Month-Old Mthfr+/− Mice Have Short-term Memory Impairment and Increased Anxiety
	Cortex of FD Mice Shows Disturbances in Methyl Metabolism
	Disturbances in Folate Metabolism Lead to Cholinergic and Glutamatergic Changes in Cortex
	Folate and MTHFR Deficiency Alter Cortical Expression of Genes Involved in Neuronal Survival and Synaptic Transmission
	mRNA Level of Aβ Processing Enzyme Is Altered in Cortex Due to Folate Deficiency with no Changes in Aβ Protein Levels
	Hippocampal Changes in Gene Expression of Neurotrophic Factors and Epigenetic Enzymes
	Altered Hepatic One-Carbon Metabolism

	Discussion
	Materials and Methods
	Animal Experimentation and Diets
	Behavioral Testing
	Novel Object Recognition Test
	Y-Maze
	Open-Field Test

	Quantitative Real-time PCR
	DNA Methylation Analysis
	Pyrosequencing
	Global DNA Methylation

	Western Blotting
	Measurement of Choline Metabolites
	Immunohistochemistry
	Statistical Analysis

	References


