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Abstract: Aging results in more health challenges, including neurodegeneration. Healthy aging
is possible through nutrition as well as other lifestyle changes. One-carbon (1C) metabolism is
a key metabolic network that integrates nutritional signals with several processes in the human
body. Dietary supplementation of 1C components, such as folic acid, vitamin B12, and choline are
reported to have beneficial effects on normal and diseased brain function. The aim of this review is
to summarize the current clinical studies investigating dietary supplementation of 1C, specifically
folic acid, choline, and vitamin B12, and its effects on healthy aging. Preclinical studies using model
systems have been included to discuss supplementation mechanisms of action. This article will also
discuss future steps to consider for supplementation. Dietary supplementation of folic acid, vitamin
B12, or choline has positive effects on normal and diseased brain function. Considerations for dietary
supplementation to promote healthy aging include using precision medicine for individualized plans,
avoiding over-supplementation, and combining therapies.
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1. Introduction

The world’s population is aging, and the number of age-related diseases is on the
rise [1]. Healthy aging is possible through nutrition as well as other lifestyle changes [2].
One-carbon (1C) metabolism is a key metabolic network that integrates nutritional signals
with biosynthesis, redox homeostasis, and epigenetics. One-carbon metabolism plays an
essential role in the regulation of cell proliferation, stress resistance, and embryo develop-
ment [3,4]. In the brain, 1C plays an important role in methylation, lipid metabolism, DNA
repair, and purine synthesis (Figure 1).

B-vitamins such as vitamin B9 (folic acid) and vitamin B12, as well as the nutrient
choline, play important roles in 1C (Figure 1). For example, they are all involved in the
methylation of a non-protein amino acid called homocysteine. Increased levels of homo-
cysteine indicate deficiencies, genetic or nutritional, within the 1C pathway. Some clinical
studies have demonstrated that increased levels of homocysteine have been associated with
negative outcomes for brain health, such as Alzheimer’s disease [5], stroke [6], vascular
dementia [7], as well as neural tube defects [8] in developing babies. However, the link
between elevated levels of homocysteine and neurodegeneration are not clear [9].

Deficiencies in 1C can arise through either genetic changes or reduced intake from diet.
As individuals age, there are changes in physiology which can lead to deficiencies in 1C
components. For example, changes in stomach acid pH and reduced levels of intrinsic factor
led to less vitamin B12 absorption from the diet resulting in a deficiency [10]. Reduced
levels of vitamin B12 have been linked to increased risk of stroke and worse outcomes [11].
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In terms of healthy aging, dietary supplementation of 1C may be a prudent step to
take prior to the onset of neurodegeneration [9,12]. The aim of this review is to summarize
the current clinical studies investigating dietary supplementation of 1C, specifically folic
acid, choline, and vitamin B12, and its effects on healthy aging. We have also included a
preclinical study section that provides details on the mechanisms through which supple-
mentation may be changing brain function to promote healthy aging. This article will also
discuss future steps to consider for the dietary supplementation of folic acid, choline, and
vitamin B12.
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Figure 1. Simplified cellular one-carbon (1C) metabolism. B-vitamins are pleiotropic molecules, as 
they are involved in nucleotide synthesis, DNA repair, methylation, and transsulfuration. In this 
review, we focus on the impact of increasing dietary levels of folic acid, vitamin B12, and choline 
(red text). A control diet with adequate levels will also be used. Abbreviations: folate receptor, FR. 

2. Folic Acid 
2.1. Functional Role of Folic Acid 

Homocysteine plays an important role in methylation reactions in the body and is 
dependent on folic acid, as well as vitamins B6 and B12, for synthesis [13]. Folic acid defi-
ciency results in elevated homocysteine levels, and hyperhomocysteinemia has been iden-
tified as a risk factor for various diseases, such as vascular disease. In patients with hyper-
tension, the role of folic acid supplementation on SAH (S-adenosylhomocysteine) levels 
was measured [14]. This study also investigated the effect of the 5,10-methylenetetrahy-
drofolate reductase (MTHFR) C677T gene polymorphism on SAH levels. MTHFR is an-
other enzyme that plays a role in folate metabolism. The patients recruited for this study 
were aged 45–75 years old with a history of primary hypertension and were grouped 
based on their MTHFR C677T polymorphism (CC, CT, or TT). The treatment groups in-
cluded a daily oral dose of 10 mg enalapril with either 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, or 2.4 mg 
of folic acid. Treatment groups administered 10 mg of enalapril with 0.4–2.0 mg of folic 
acid did not have altered S-adenosylhomocysteine (SAH) levels, but supplementation 
with 2.4 mg increased SAH levels. Patients with the MTHFR C677T genotype CT and TT 
supplemented with 2.4 mg of folic acid had increased SAH levels. The CC genotype did 
not show an increase in SAH levels with the supplementation of 2.4 mg of folic acid. These 
findings indicated that the MTHFR genotypes affected by folic acid supplementation were 
both CT and TT. Additionally, higher levels of folic acid supplementation (2.4 mg) re-
sulted in increased homocysteine levels like what is reported during folate deficiency. This 
suggests that higher levels of folic acid supplementation could be harmful, which was 
confirmed by two other studies [15,16]. Low and high serum folate concentrations were 
associated with increased risk of mortality related to cardiovascular disease.  

Figure 1. Simplified cellular one-carbon (1C) metabolism. B-vitamins are pleiotropic molecules, as
they are involved in nucleotide synthesis, DNA repair, methylation, and transsulfuration. In this
review, we focus on the impact of increasing dietary levels of folic acid, vitamin B12, and choline (red
text). A control diet with adequate levels will also be used. Abbreviations: folate receptor, FR.

2. Folic Acid
2.1. Functional Role of Folic Acid

Homocysteine plays an important role in methylation reactions in the body and is de-
pendent on folic acid, as well as vitamins B6 and B12, for synthesis [13]. Folic acid deficiency
results in elevated homocysteine levels, and hyperhomocysteinemia has been identified as
a risk factor for various diseases, such as vascular disease. In patients with hypertension,
the role of folic acid supplementation on SAH (S-adenosylhomocysteine) levels was mea-
sured [14]. This study also investigated the effect of the 5,10-methylenetetrahydrofolate
reductase (MTHFR) C677T gene polymorphism on SAH levels. MTHFR is another enzyme
that plays a role in folate metabolism. The patients recruited for this study were aged
45–75 years old with a history of primary hypertension and were grouped based on their
MTHFR C677T polymorphism (CC, CT, or TT). The treatment groups included a daily
oral dose of 10 mg enalapril with either 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, or 2.4 mg of folic acid.
Treatment groups administered 10 mg of enalapril with 0.4–2.0 mg of folic acid did not have
altered S-adenosylhomocysteine (SAH) levels, but supplementation with 2.4 mg increased
SAH levels. Patients with the MTHFR C677T genotype CT and TT supplemented with
2.4 mg of folic acid had increased SAH levels. The CC genotype did not show an increase
in SAH levels with the supplementation of 2.4 mg of folic acid. These findings indicated
that the MTHFR genotypes affected by folic acid supplementation were both CT and TT.
Additionally, higher levels of folic acid supplementation (2.4 mg) resulted in increased
homocysteine levels like what is reported during folate deficiency. This suggests that higher
levels of folic acid supplementation could be harmful, which was confirmed by two other
studies [15,16]. Low and high serum folate concentrations were associated with increased
risk of mortality related to cardiovascular disease.

Telomere attrition or shortening is a key finding in many age-related disorders. The
role of folic acid in telomere shortening was investigated, noting that folic acid had been
implicated in astrocyte (glial cell) apoptosis and in aging disorders, but its role in telomere
attrition was unknown [17]. Four-month-old male mice were fed diets with varying folic
acid concentrations, including 0.1 (folic acid deficient diet), 2.0 (folic acid normal diet), 2.5
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(low folic acid supplemented diet), and 3.0 mg (high folic acid supplemented) of folic acid
per kg of diet for six months. The mice were euthanized when they were 10 months old,
and astrocytes in the hippocampal and cerebral cortex tissue were analyzed, along with
telomere length and telomerase activity. Folic acid supplementation prevented astrocyte
apoptosis, telomere shortening and apoptosis, and degeneration in both the hippocampus
and cortex. Telomerase activity was also shown to increase with folic acid supplementation,
which is likely what prevented telomere attrition.

2.2. Folic Acid’s Implications in Neurodegeneration

The role of 1C metabolism in cognitive health has been explored [18,19]. Altered 1C
metabolism through dietary deficiencies in B-vitamins may have a role in cognitive decline
resulting from changes in DNA methylation [18], increased homocysteine levels [19], and
decreased levels of neurotransmitters, as well as nucleotides [20]. Inflammation has been
implicated in cognitive impairment and conditions such as Alzheimer’s disease [21]. The
link between inflammation and folate status is also being studied, specifically the role of
folic acid supplementation in inflammation and cognition in patients with Alzheimer’s
disease. The participants for this study were patients aged 40–90 years old with new
diagnoses of mild to moderate Alzheimer’s disease who were being treated with Donepezil.
The control group included patients taking just the Donepezil, and the treatment group
included patients taking Donepezil with 1.25 mg of oral folic acid daily for six months
with assessment every six weeks. Inflammation levels were determined through the mea-
surement of IL-6 and TNFα mRNA. The effect of folic acid supplementation on present
Alzheimer’s disease pathology was determined through measurements of serum Aβ (amy-
loid beta) 40, Aβ 42, Aβ 42/Aβ 40, APP (amyloid precursor protein) mRNA, PS1 (presenilin
1) mRNA, and PS2 mRNA. Cognition was studied through Mini-Mental State Examination
(MMSE) score and Activities of Daily Living (ADL) score. Participants in the treatment
group had higher levels in the MMSE compared to the control group indicating improved
cognition with folate supplementation. However, levels of Aβ 40 decreased after folic
acid supplementation leading to a higher Aβ 42/Aβ 40 ratio which is typically the case
in familial Alzheimer’s disease. SAM (S-adenosylmethionine) increased post-treatment,
and TNFα mRNA decreased indicating lower levels of inflammation. Prior studies have
demonstrated a relationship between increasing SAM levels and decreasing TNFα. It
was concluded that folic acid supplementation along with Donepezil treatment improved
cognition, as well as inflammation in patients with Alzheimer’s disease.

Another study investigated folic acid and vitamin B12 supplementation on inflamma-
tion and cognitive health in Alzheimer’s disease patients [22]. The patients for this study
had a diagnosis of “stable” Alzheimer’s disease with a Montreal Cognitive Assessment
score of less than 22 and were taking medication individually prescribed to them for their
diagnosis. The treatment group was administered 1.2 mg of folic acid and 50 µg of vitamin
B12 orally per day for six months, while the control or placebo group was administered
the equivalent number of starch tablets resembling both folic acid and vitamin B12. Blood
samples were analyzed for folate, vitamin B12, SAM, and SAH levels. There was also
quantification of Aβ 40, Aβ 42, and the following inflammatory markers: IL2, IL6, IL10,
MCP1, and TNF-α. Cognitive health was tested through neuropsychological testing in-
cluding the Montreal Cognitive Assessment and the Alzheimer’s Disease Assessment
Scale-Cognitive subscale. Supplementation of both folic acid and vitamin B12 resulted in
higher total, naming, and orientation scores of the Montreal Cognitive Assessment. Scoring
for attention improved for the Alzheimer’s Disease Assessment Scale-Cognitive subscale.
The results of this neuropsychiatric testing indicated that the combined supplementation
improved cognition in these patients. Combined supplementation also increased SAM
and SAM/SAH levels and decreased homocysteine levels. Levels of inflammatory marker
TNFα also decreased indicating a decrease in inflammation with combined folic acid and
vitamin B12 supplementation.
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A similar study aimed to determine the effect of folic acid and vitamin B12 (separately
and combined) on patients with mild cognitive impairment (MCI) [9]. Participants were
divided into four groups, including the control group that was not administered treatment,
folic acid alone with 400 µg of folic acid daily, vitamin B12 alone with 25 µg daily, and
combined treatment with 400 µg of folic acid and 25 µg of vitamin B12 daily for 6 months.
Blood analysis was completed for the quantification of inflammatory cytokines: IL2, IL6,
IL10, TNFα, IFN-y, and MCP-1. Cognitive testing was completed through the Wechsler
Adult Intelligence Scale-Revised (WAIS-RC). Findings revealed that combined treatment
decreased inflammatory cytokines IL6, TNFα, and MCP-1 while improving cognitive
testing (WAIS-RC) scores.

Another example of the positive effects of dietary supplementation with folic acid,
vitamin B6, and vitamin B12 is that they reduce the risk of age-related macular degeneration
(AMD), which is the leading cause of severe irreversible vision loss in the elderly [23]. The
study supplemented female participants that had a preexisting cardiovascular disease
with 2.5 mg/day, vitamin B6 50 mg/day, and vitamin B12 1.0 mg/day for 7.3 years; there
were 55 cases of AMD in the treated group, and 82 in the placebo group. Other studies
investigating 1C supplementation have also reported that dietary supplementation is
beneficial for people at high risk of AMD [23,24].

2.3. Folic Acid Interactions with Vitamin B12

The effect of high serum folate was studied in elderly individuals with a history of
diabetes and vitamin B12 deficiency [25]. Prior studies have shown that high folate supple-
mentation can result in increased cognitive impairment [26]. There is also evidence that
folate supplementation in individuals with vitamin B12 deficiency can result in cognitive
impairment [27]. The goal of this study was to determine if there was a correlation between
high levels of folate supplementation and cognitive impairment in individuals with vitamin
B12 deficiency. The participants for this study were recruited from an established study
of vitamin B12 supplementation in elderly Chinese individuals (average of 75 years old)
with a history of diabetes. Serum methylmalonic acid and folate levels were assessed in
these individuals, and those with high methylmalonic acid with a concentration greater
than 0.3 µmol and high serum folate with a concentration greater than 31.4 nmol/L were
chosen for this study. Magnetic resonance imaging was used to analyze brain structure in
relation to methylmalonic and folate levels in these individuals. Imaging revealed atrophy
of the gray matter in the right middle occipital gyrus, as well as the inferior frontal gyrus,
in individuals with high folate concentrations and vitamin B12 deficiency. This led to the
conclusion that high folate concentrations could be harmful to neuronal structure resulting
in degeneration in the setting of vitamin B12 deficiency.

3. Vitamin B12

Data suggest that as healthy humans age, both males and females exhibit a decrease
in plasma concentrations of vitamin B12 as the body ages and metabolism changes [10].
Vitamin B12 deficiency has been linked to cognitive and memory impairment in some
individuals, as shown with inverse correlations between methyl malonic acid (MMA)
and global cognition and executive function tests [28–31]. Research also suggests that
in addition to decreased levels of B12 in healthy individuals, the brain atrophies at a
slow, steady rate, decreasing in volume over time, but this is exacerbated when deficient
in vitamin B12 [29]. Very few studies deny that B12 supplementation shows significant
reduction in total plasma homocysteine in patients, and multiple studies have demonstrated
that B12 supplementation may somehow be linked to decreasing rates of brain atrophy and
volume loss, primarily in patients with high concentrations of homocysteine at baseline.

In a study performed in 2020, 92 amnesic mild cognitive impairment (aMCI) patients
were split into two groups, control (46 cases) or treatment (46 cases), to assess whether folate
and vitamin B12 supplementation would decrease total serum homocysteine and improve
cognitive function [32]. Both study groups received routine treatment, but the treatment
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group received an additional 5.0 mg/day folate + 500 µg × 3/day vitamin B12. The groups
were assessed prior to treatment, and at 4, 12, and 24 weeks of treatment. As anticipated,
participants in the treatment group demonstrated significant and steady increased con-
centrations of total serum folate and vitamin B12, with inversely related concentrations of
homocysteine, at weeks 4, 12, and 24. This suggests that supplementation of folate and
vitamin B12 sufficiently serves in decreasing total homocysteine. As intervention time
increased, the Montreal Cognitive Assessment Scale score improved significantly by the
24th week compared to before treatment, and with respect to the control group at the same
time point. These data show that, with respect to intervention duration, neurocognition
function increased with decreased levels of total homocysteine. Additionally, the interven-
tion group exhibited a significantly shorter P300 latency at 24 weeks compared to before
treatment, intra-group latency at 12 weeks, and the control group at 24 weeks, despite a
lack of significant change in amplitude for either group at all time points. P300 potential is
an assessment of cognitive function by using the Oxford Multimedia Electromyography
(EMG) system to assess response times to an electrical stimulus. This further supports
that with decreased concentrations of total homocysteine at 24 weeks of treatment, the
neurocognitive function of aMCI patients improved. It is important to keep in mind that
the results of this study were based on a small sample of amnesic MCI patients.

Where the literature demonstrates the most inconsistency is regarding whether vi-
tamin B12 supplementation also affects cognitive function, for example, episodic and
spatial memory. Vitamin B12 supplementation in participants diagnosed with dementia
and B12 deficiency, without folate deficiency, was responsible for significant increases in
the Mini Mental State Exam (MMSE) scores, decreased hippocampus atrophy, decreased
homocysteine, and increased vitamin B12 levels in plasma [33]. Another randomized,
double-blinded study suggests that patients diagnosed with mild cognitive impairment
(MCI), and especially in patients with hyperhomocysteinemia, demonstrate an impeded
regression in neurocognition when supplemented with vitamin B12 [34]. However, other
studies suggest that, despite vitamin B12 supplementation, cognitive and memory impair-
ment persist despite biochemical restorations to healthy concentrations [35]. In patients
that have a history of hypertension, anemia, or are healthy without MCI, several studies
suggest the sole benefit of vitamin B12 supplementation is to decrease plasma homocysteine
concentrations [36,37]. These studies suggest a lack of long-term benefits in immediate
recall or attention, or cognitive function in general [38].

4. Choline

In healthy elderly populations, choline supplementation has an overall positive effect
on cognition [39]. In a cross-sectional study, it was reported that choline supplementation
had a neuroprotective effect on the elderly [40]. Specifically, in the 187.60 to 399.0 mg/day
intake range, there was a significantly lower risk of cognitive impairment of 50%, as as-
sessed by the CERAD (Consortium to Establish a Registry for Alzheimer’s Disease), AF
(Animal Fluency), and DSST (Digital Symbol Substitution) tests of cognitive function [40].
Another study further supported this positive correlation by looking at the four neuropsy-
chological factors of verbal memory, visual memory, verbal learning, and executive function
along with white matter hyperintensity [39]. Higher choline intake was associated with
better performance in the four factors, and there was a significant inverse relationship to
white matter hyperintensity in a non-demented healthy population of elderly adults [39].
Another form of choline, known as citicoline or CDP-choline, was measured for its effects
on elderly populations with age-associated memory impairment. This form of choline
also showed significant improvements in overall memory, especially episodic memory,
compared to the placebo group [41].

Contrary to the elderly populations, a double blind, placebo controlled cross-over
experiment that assessed choline bitartrate supplementation showed no significant im-
provement in acute memory performance in young adults [42]. However, this study did not
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look at long-term effects for comparison, and the rapid turnaround from supplementation
to memory testing may have limited the results.

5. Preclinical Studies of Folic, Choline, and Vitamin B12 Supplementation Using
Model Systems

In an effort to understand the mechanisms through which the supplementation of folic
acid, vitamin B12, and choline impacts brain function, we have reviewed model system
studies. These studies have an important role in our understanding of mechanisms. It
is important to note that some of the preclinical studies we have included in this review
article were not conducted in aged model systems. There are several challenges involved
when using aged animals such as increased costs and translation to humans [43,44].

5.1. Brain Metabolism Is Affected by Folate and Vitamin B12 Status

As the brain ages, total volume decreases [45], as well as glucose metabolism [46]
in the brain. Folic acid supplementation can prevent cognitive impairment, but its role
in glucose metabolism is unknown. Researchers aimed to identify if folic acid status
resulted in structural or metabolic changes in the brain [47]. Three-month-old male rats
were administered diets containing either 0.1 (folic acid deficient), 2.0 (folic acid normal),
4.0 (low folic acid supplementation), or 8.0 mg (high folic acid supplementation) per kg
diet for 22 months. Magnetic resonance imaging (MRI) and diffusion tensor imaging was
completed to determine changes in brain structure. Folic acid supplementation reduced
age-induced atrophy in the hippocampus. Brain positron emission tomography (PET)
for glucose distribution in the brain revealed that folic acid supplementation resulted in
increased glucose uptake in the brain. Behavioral testing was carried out using the Morris
Water Maze test and the Open Field test. Testing revealed that folic acid supplementation
altered age-related cognitive impairment. Overall, folic acid supplementation resulted in
improved glucose brain metabolism and decreased age-related structural changes in the
hippocampus and age-related cognitive decline.

S-adenosylmethionine (SAM) plays a direct role in methylation reactions, and folate
deficiency results in a decline in SAM [48]. SAM also controls neurotransmitter levels, and
thus a decline in folate levels may result in altered cognition, as is seen in Alzheimer’s
disease through altered acetylcholine levels. A 5,10-methylene tetrahydrofolate reductase
(MTHFR) deficiency has also been identified to reduce choline levels, which ultimately
results in lower acetylcholine. Folic acid deficiency and its role on cognitive health and
behavior through SAM and acetylcholine was studied in adult (9- to 12-month-old) and
aged (2.0- to 2.5-year-old) mice [49]. In this study, both a dietary folic acid deficiency and
oxidative stress-induced folate deficiency were included. There were varying mice strains
used, including “normal” adult and aged mice, Mthfr+/+ and Mthfr−/− mice, and mice with
murine apolipoprotein (ApoE) knocked out, as ApoE4 is a gene predictive for the onset of
Alzheimer’s disease, and these mice additionally either expressed an empty vector, ApoE2,
ApoE3, or ApoE4. The mice were administered two different diets: a diet deplete of folate
and vitamin E with iron (to induce oxidative stress), or a diet supplemented with 4mg/kg
folic acid and vitamin E for one month. A separate group of mice on the deficient diet were
also administered a supplementation of 100 mg/kg SAM for one month. Following this,
cognitive testing was carried out via the standard Y maze test, and behavior (aggression)
was also observed in the mice at that time. Folate-depleted “normal” and Mthfr+/+ mice
had cognitive impairment per Y maze testing, but mice expressing ApoE2 and ApoE3
did not. Mthfr+/− mice on a “complete” diet with folate supplementation also showed
cognitive impairment compared to the Mthfr+/+ mice. However, on the folate-depleted diet,
both groups showed increasing cognitive impairment. Mice expressing ApoE3, ApoE4,
or MTHFR on a folate-deficient diet showed aggression. The mice were killed, and the
cortical and hippocampal areas were assayed to quantify levels of acetylcholine and SAM.
The findings revealed that folate deficiency resulted in declined levels of SAM in all mice.
Supplementation of SAM in the folate-deficient mice resulted in repleted acetylcholine
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levels in the mice and improved aggression, as well as cognitive impairment. These
results led to the conclusion that SAM supplementation can play a role in the repletion of
acetylcholine even in the setting of dietary or stress-induced folate deficiency while also
improving cognitive impairment and altered behavior.

Altered 1C metabolism through folate deficiency and its role in neuroprogenitor cell
proliferation has not been studied extensively [50]. One study carried out in adult mice
revealed that folate deficiency reduced the proliferation of cells in the hippocampal dentate
gyrus (in vivo) and reduced the proliferation of embryonic neuroprogenitor cells (in vitro).
For one part of the study, mice embryo trunks were dissected and incubated in folate-
deficient solution or solution containing methotrexate, which inhibited folate metabolism.
Cell counts were performed to quantify neuroprogenitor cells, which revealed that folate
deficiency led to decreased proliferation of these cells. For the in vivo study, one-month-
old mice were maintained on a standard or folate-deficient diet for 3.5 months and then
sacrificed. Similar to the in vitro findings, there was decreased proliferation of progen-
itor cells in the dentate gyrus, thus producing the conclusion that deficient one-carbon
metabolism through decreased folate and elevated homocysteine altered neuroprogenitor
cell proliferation.

Using aged rats with hyperhomocysteinemia, researchers assessed folate and B12
supplementation that reduced levels of homocysteinemia-induced tau deposition in the
hippocampus, and the reversal of statistically significant spatial memory deficits without
any impairment to their learning ability or alterations to the tau biochemical signaling [51].
These results suggest the need to perform clinical tests on whether folic acid and B12
supplementation can reverse, slow, or stop the progression of hyperhomocysteinemia and
prevent the deposition of tau aggregates.

5.2. Mechanisms of Choline Supplementation

In a preclinical study on choline supplementation, there was significant improvement
in the spatial memory performance of healthy normal rats treated with choline at embry-
onic ages of 12–17 days and 16–30 days. Dendritic spine branching and spread was higher
in CA1 pyramidal and upper and lower limb dorsal ganglion granule cells from control.
Supplementation was also correlated with a higher amount of acetylcholine in hippocampal
regions as opposed to the control supporting good cognition over time [52]. The potential
biochemical pathways driving related behavioral changes such as improved spatial and
cued navigational abilities was investigated after choline was supplemented [53]. They
found that choline enhanced the phosphorylation of hippocampal MAPK and CREB signal-
ing pathways, whereas deficiency of choline reduced it. Lastly, another perspective was
explored on prenatal choline’s effect on risk or resilience behavior in the cognition and
preservation of hippocampal plasticity in old age [54]. Researchers found that prenatal
exposure only attenuated but did not prevent age-related decline in risky behavior. Addi-
tionally, these male and female rats showed some preserved hippocampal plasticity with
age, indicating some protective effect [54].

Furthermore, looking at diseased models, choline supplementation reduced dis-
ease markers in Alzheimer’s and hippocampal-dependent memory impairment. In the
Alzheimer’s model, it was reported that supplementation with choline significantly de-
creased amyloid-plaque load and improved spatial memory in the APP/PS1 Alzheimer’s
disease mouse model [51]. The only limitation of this study is that only female mice
were studied, so gender-dependent variations could occur and need to be further studied.
Similarly, long-term dietary supplementation of CDP-choline could improve hippocampal-
dependent memory impairment in rat models raised in food-impoverished conditions
versus the control [53]. However, there was no improvement seen in food-enriched rats
between the control and CDP-choline supplemented.

In addition to preclinical studies on choline’s benefits in normal aging and disease
models, there were also studies showing other neuroprotective effects of choline in the
brain and its enhancement of sensory modality processing. A study investigated prenatal
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choline supplementation and nerve growth factor (NGF) levels in the hippocampal and
frontal cortex region. Researchers reported that there was significantly increased NGF in
choline-supplemented rats. In the 20- and 90-day-old rats, there was a 25–30% NGF increase
in the hippocampal region. However, in the frontal cortex, there was only a 16-fold increase
in the 20-day-old rats, whereas there was a decrease in NGF in the 90-day-old rats [55]. In
relation to the timing of auditory and visual processing, researchers found that there were
differences in temporal integration between auditory and visual stimuli in aged rats when
supplemented with prenatal choline. The auditory signal had faster duration discrimination
than visual stimuli in choline-supplemented rats. They also showed increased attention
and memory during adulthood with reduced age-related decline in cognition [56].

6. Future Directions and Conclusions

As humans age, the ability to absorb nutrients from our diet decreases. Reduced levels
of 1C can impact brain health by increasing the risk for diseases and worsen outcomes when
the brain is stressed by disease. As our review article has demonstrated, supplementation
with folic acid, vitamin B12, or choline can have positive effects on normal and diseased
brain function.

The clinical trials reviewed in this study lack longevity amongst trials in the elderly
population. Rarely do studies surpass 24 months, let alone 5 or 10 years. It also remains
increasingly difficult to maintain a properly powered trial due to exclusion criteria like
loss of life or failure to comply with the treatment regimen. Additional research needs to
be conducted with more participants, including comparable participation amongst both
males and females, and a control group properly age matched. Trials that follow these
improvements will provide stronger-powered data to contribute to this critical research.

Maintaining adequate levels of 1C can promote healthy aging; this can take place
through dietary supplementation. We propose the use of precision medicine to guide
healthcare providers in implementing ideal supplementation for patients. This could
include genetic testing for polymorphisms of enzymes involved in 1C or blood tests
measuring levels of 1C metabolites [57,58] and then customizing supplementation to
specific needs. Over-supplementation of 1C, specifically folic acid, has recently become a
concern in childbearing women and the elderly. This is something that should be avoided,
as the data do not show any positive health outcomes.

Combination therapies have proven to be effective for patients suffering from ischemic
stroke [59] as well as other neurological diseases [60]. We propose that nutrition should
be added to a therapeutic plan for patients in addition to other interventions. The timing
of dietary supplementation with 1C may be something that requires further investiga-
tion, since the onset of neurodegeneration is thought to occur well before the onset of
symptoms [61–63].

Healthy aging is possible. In this review article, we propose that nutrition, especially
1C, plays an important role in promoting healthy neurological function through the aging
process.
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2. Rudnicka, E.; Napierała, P.; Podfigurna, A.; Męczekalski, B.; Smolarczyk, R.; Grymowicz, M. The World Health Organization

(WHO) Approach to Healthy Ageing. Maturitas 2020, 139, 6–11. [CrossRef]
3. Clare, C.E.; Brassington, A.H.; Kwong, W.Y.; Sinclair, K.D. One-Carbon Metabolism: Linking Nutritional Biochemistry to

Epigenetic Programming of Long-Term Development. Annu. Rev. Anim. Biosci. 2019, 7, 263–287. [CrossRef] [PubMed]
4. Shiraki, N.; Shiraki, Y.; Tsuyama, T.; Obata, F.; Miura, M.; Nagae, G.; Aburatani, H.; Kume, K.; Endo, F.; Kume, S. Methionine

Metabolism Regulates Maintenance and Differentiation of Human Pluripotent Stem Cells. Cell Metab. 2014, 19, 780–794. [CrossRef]
[PubMed]

5. Seshadri, S. Homocysteine and the Risk of Dementia. Clin. Chem. 2012, 58, 1059–1060. [CrossRef]
6. Spence, J.D. Nutrition and Risk of Stroke. Nutrients 2019, 11, 647. [CrossRef]
7. Castro, R.; Rivera, I.; Blom, H.J.; Jakobs, C.; de Almeida, I.T. Homocysteine Metabolism, Hyperhomocysteinaemia and Vascular

Disease: An Overview. J. Inherit. Metab. Dis. 2006, 29, 3–20. [CrossRef]
8. Osterhues, A.; Ali, N.S.; Michels, K.B. The Role of Folic Acid Fortification in Neural Tube Defects: A Review. Crit. Rev. Food Sci.

Nutr. 2013, 53, 1180–1190. [CrossRef]
9. Smith, A.D.; Refsum, H. Homocysteine, B Vitamins, and Cognitive Impairment. Annu. Rev. Nutr. 2016, 36, 211–239. [CrossRef]
10. Yahn, G.; Abato, J.; Jadavji, N. Role of Vitamin B12 Deficiency in Ischemic Stroke Risk and Outcome. Neural Regen. Res. 2021, 16,

470. [CrossRef]
11. Ahmed, S.; Bogiatzi, C.; Hackam, D.G.; Rutledge, A.C.; Sposato, L.A.; Khaw, A.; Mandzia, J.; Azarpazhoo, M.R.; Hachinski, V.;

Spence, J.D. Vitamin B 12 Deficiency and Hyperhomocysteinaemia in Outpatients with Stroke or Transient Ischaemic Attack: A
Cohort Study at an Academic Medical Centre. BMJ Open 2019, 9, e026564. [CrossRef]

12. Smith, A.D.; Refsum, H.; Bottiglieri, T.; Fenech, M.; Hooshmand, B.; McCaddon, A.; Miller, J.W.; Rosenberg, I.H.; Obeid, R.
Homocysteine and Dementia: An International Consensus Statement. J. Alzheimers Dis. 2018, 62, 561–570. [CrossRef] [PubMed]

13. Kaye, A.D.; Jeha, G.M.; Pham, A.D.; Fuller, M.C.; Lerner, Z.I.; Sibley, G.T.; Cornett, E.M.; Urits, I.; Viswanath, O.; Kevil, C.G. Folic
Acid Supplementation in Patients with Elevated Homocysteine Levels. Adv. Ther. 2020, 37, 4149–4164. [CrossRef]

14. Zhang, R.-S.; Tang, L.; Zhang, Y.; Shi, X.-L.; Shu, J.; Wang, L.; Zhang, X.; Xu, Y.-P.; Zou, J.-F.; Wang, R.; et al. Effect of Folic Acid
Supplementation on the Change of Plasma S-Adenosylhomocysteine Level in Chinese Hypertensive Patients: A Randomized,
Double-Blind, Controlled Clinical Trial. J. Clin. Biochem. Nutr. 2022, 71, 238–244. [CrossRef] [PubMed]

15. Nkemjika, S.; Ifebi, E.; Cowan, L.T.; Chun-Hai Fung, I.; Twum, F.; Liu, F.; Zhang, J. Association between Serum Folate and
Cardiovascular Deaths among Adults with Hypertension. Eur. J. Clin. Nutr. 2020, 74, 970–978. [CrossRef] [PubMed]

16. Xu, J.; Zhu, X.; Guan, G.; Zhang, Y.; Hui, R.; Xing, Y.; Wang, J.; Zhu, L. Non-Linear Associations of Serum and Red Blood Cell
Folate with Risk of Cardiovascular and All-Cause Mortality in Hypertensive Adults. Hypertens. Res. Off. J. Jpn. Soc. Hypertens.
2023, 46, 1504–1515. [CrossRef] [PubMed]

17. Li, Z.; Zhou, D.; Zhang, D.; Zhao, J.; Li, W.; Sun, Y.; Chen, Y.; Liu, H.; Wilson, J.X.; Qian, Z.; et al. Folic Acid Inhibits Aging-Induced
Telomere Attrition and Apoptosis in Astrocytes In Vivo and In Vitro. Cereb. Cortex 2022, 32, 286–297. [CrossRef]

18. Robinson, N.; Grabowski, P.; Rehman, I. Alzheimer’s Disease Pathogenesis: Is There a Role for Folate? Mech. Ageing Dev. 2018,
174, 86–94. [CrossRef]

19. Smith, A.D. The Worldwide Challenge of the Dementias: A Role for B Vitamins and Homocysteine? Food Nutr. Bull. 2008, 29,
S143–S172. [CrossRef]

20. Locasale, J.W. Serine, Glycine and One-Carbon Units: Cancer Metabolism in Full Circle. Nat. Rev. Cancer 2013, 13, 572–583.
[CrossRef]

21. Chen, H.; Liu, S.; Ji, L.; Wu, T.; Ji, Y.; Zhou, Y.; Zheng, M.; Zhang, M.; Xu, W.; Huang, G. Folic Acid Supplementation Mitigates
Alzheimer’s Disease by Reducing Inflammation: A Randomized Controlled Trial. Mediators Inflamm. 2016, 2016, 5912146.
[CrossRef]

22. Chen, H.; Liu, S.; Ge, B.; Zhou, D.; Li, M.; Li, W.; Ma, F.; Liu, Z.; Ji, Y.; Huang, G. Effects of Folic Acid and Vitamin B12
Supplementation on Cognitive Impairment and Inflammation in Patients with Alzheimer’s Disease: A Randomized, Single-
Blinded, Placebo-Controlled Trial. J. Prev. Alzheimers Dis. 2021, 8, 249–256. [CrossRef]

23. Christen, W.G.; Glynn, R.J.; Chew, E.Y.; Albert, C.M.; Manson, J.E. Folic Acid, Vitamin B6, and Vitamin B12 in Combination and
Age-Related Macular Degeneration in a Randomized Trial of Women. Arch. Intern. Med. 2009, 169, 335–341. [CrossRef] [PubMed]

24. Merle, B.M.J.; Barthes, S.; Féart, C.; Cougnard-Grégoire, A.; Korobelnik, J.-F.; Rougier, M.-B.; Delyfer, M.-N.; Delcourt, C. B
Vitamins and Incidence of Advanced Age-Related Macular Degeneration: The Alienor Study. Nutrients 2022, 14, 2821. [CrossRef]

25. Deng, Y.; Wang, D.; Wang, K.; Kwok, T. High Serum Folate Is Associated with Brain Atrophy in Older Diabetic People with
Vitamin B12 Deficiency. J. Nutr. Health Aging 2017, 21, 1065–1071. [CrossRef] [PubMed]

26. Morris, M.C.; Evans, D.A.; Bienias, J.L.; Tangney, C.C.; Hebert, L.E.; Scherr, P.A.; Schneider, J.A. Dietary Folate and Vitamin B12
Intake and Cognitive Decline among Community-Dwelling Older Persons. Arch. Neurol. 2005, 62, 641–645. [CrossRef]

27. Mills, J.L.; Molloy, A.M.; Reynolds, E.H. Do the Benefits of Folic Acid Fortification Outweigh the Risk of Masking Vitamin B12
Deficiency? BMJ 2018, 360, k724. [CrossRef] [PubMed]

https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.1016/j.maturitas.2020.05.018
https://doi.org/10.1146/annurev-animal-020518-115206
https://www.ncbi.nlm.nih.gov/pubmed/30412672
https://doi.org/10.1016/j.cmet.2014.03.017
https://www.ncbi.nlm.nih.gov/pubmed/24746804
https://doi.org/10.1373/clinchem.2011.181099
https://doi.org/10.3390/nu11030647
https://doi.org/10.1007/s10545-006-0106-5
https://doi.org/10.1080/10408398.2011.575966
https://doi.org/10.1146/annurev-nutr-071715-050947
https://doi.org/10.4103/1673-5374.291381
https://doi.org/10.1136/bmjopen-2018-026564
https://doi.org/10.3233/JAD-171042
https://www.ncbi.nlm.nih.gov/pubmed/29480200
https://doi.org/10.1007/s12325-020-01474-z
https://doi.org/10.3164/jcbn.22-13
https://www.ncbi.nlm.nih.gov/pubmed/36447492
https://doi.org/10.1038/s41430-019-0533-7
https://www.ncbi.nlm.nih.gov/pubmed/31776452
https://doi.org/10.1038/s41440-023-01249-3
https://www.ncbi.nlm.nih.gov/pubmed/36899181
https://doi.org/10.1093/cercor/bhab208
https://doi.org/10.1016/j.mad.2017.10.001
https://doi.org/10.1177/15648265080292S119
https://doi.org/10.1038/nrc3557
https://doi.org/10.1155/2016/5912146
https://doi.org/10.14283/jpad.2021.22
https://doi.org/10.1001/archinternmed.2008.574
https://www.ncbi.nlm.nih.gov/pubmed/19237716
https://doi.org/10.3390/nu14142821
https://doi.org/10.1007/s12603-017-0979-z
https://www.ncbi.nlm.nih.gov/pubmed/29083449
https://doi.org/10.1001/archneur.62.4.641
https://doi.org/10.1136/bmj.k724
https://www.ncbi.nlm.nih.gov/pubmed/29496696


Nutrients 2023, 15, 3891 10 of 11

28. Vogiatzoglou, A.; Refsum, H.; Johnston, C.; Smith, S.M.; Bradley, K.M.; de Jager, C.; Budge, M.M.; Smith, A.D. Vitamin B12 Status
and Rate of Brain Volume Loss in Community-Dwelling Elderly. Neurology 2008, 71, 826–832. [CrossRef] [PubMed]

29. Douaud, G.; Refsum, H.; de Jager, C.A.; Jacoby, R.; Nichols, T.E.; Smith, S.M.; Smith, A.D. Preventing Alzheimer’s Disease-Related
Gray Matter Atrophy by B-Vitamin Treatment. Proc. Natl. Acad. Sci. USA 2013, 110, 9523–9528. [CrossRef]

30. Ueno, A.; Hamano, T.; Enomoto, S.; Shirafuji, N.; Nagata, M.; Kimura, H.; Ikawa, M.; Yamamura, O.; Yamanaka, D.; Ito, T.;
et al. Influences of Vitamin B12 Supplementation on Cognition and Homocysteine in Patients with Vitamin B12 Deficiency and
Cognitive Impairment. Nutrients 2022, 14, 1494. [CrossRef]

31. Song, H.; Bharadwaj, P.K.; Raichlen, D.A.; Habeck, C.G.; Huentelman, M.J.; Hishaw, G.A.; Trouard, T.P.; Alexander, G.E.
Association of Homocysteine-Related Subcortical Brain Atrophy with White Matter Lesion Volume and Cognition in Healthy
Aging. Neurobiol. Aging 2023, 121, 129–138. [CrossRef]

32. Jiang, B.; Yao, G.; Yao, C.; Zheng, N. The effect of folate and VitB12 in the treatment of MCI patients with hyperhomocysteinemia.
J. Clin. Neurosci. 2020, 81, 65–69. [CrossRef] [PubMed]

33. Vogiatzoglou, A.; Smith, A.D.; Nurk, E.; Drevon, C.A.; Ueland, P.M.; Vollset, S.E.; Nygaard, H.A.; Engedal, K.; Tell, G.S.; Refsum,
H. Cognitive Function in an Elderly Population: Interaction Between Vitamin B12 Status, Depression, and Apolipoprotein E4:
The Hordaland Homocysteine Study. Psychosom. Med. 2012, 75, 20–29. [CrossRef] [PubMed]

34. de Jager, C.A.; Oulhaj, A.; Jacoby, R.; Refsum, H.; Smith, A.D. Cognitive and Clinical Outcomes of Homocysteine-Lowering
B-Vitamin Treatment in Mild Cognitive Impairment: A Randomized Controlled Trial. Int. J. Geriatr. Psychiatry 2012, 27, 592–600.
[CrossRef] [PubMed]

35. Kwok, T.; Wu, Y.; Lee, J.; Lee, R.; Yung, C.Y.; Choi, G.; Lee, V.; Harrison, J.; Lam, L.; Mok, V. A Randomized Placebo-Controlled
Trial of Using B Vitamins to Prevent Cognitive Decline in Older Mild Cognitive Impairment Patients. Clin. Nutr. 2019, 39,
2399–2405. [CrossRef]

36. Aisen, P.S.; Schneider, L.S.; Sano, M.; Diaz-Arrastia, R.; van Dyck, C.H.; Weiner, M.F.; Bottiglieri, T.; Jin, S.; Stokes, K.T.; Thomas,
R.G.; et al. High Dose B Vitamin Supplementation and Cognitive Decline in Alzheimer’s Disease: A Randomized Controlled
Trial. J. Am. Med. Assoc. 2008, 300, 1774–1783. [CrossRef]

37. Ford, A.H.; Flicker, L.; Alfonso, H.; Thomas, J.; Clarnette, R.; Martins, R.; Almeida, O.P. Vitamins B12, B6, and Folic Acid for
Cognition in Older Men. Neurology 2010, 75, 1540–1547. [CrossRef]

38. Dangour, A.D.; Allen, E.; Clarke, R.; Elbourne, D.; Fletcher, A.E.; Letley, L.; Richards, M.; Whyte, K.; Uauy, R.; Mills, K. Effects of
Vitamin B-12 Supplementation on Neurologic and Cognitive Function in Older People: A Randomized Controlled Trial. Am. J.
Clin. Nutr. 2015, 102, 639–647. [CrossRef]

39. Poly, C.; Massaro, J.M.; Seshadri, S.; Wolf, P.A.; Cho, E.; Krall, E.; Jacques, P.F.; Au, R. The Relation of Dietary Choline to Cognitive
Performance and White-Matter Hyperintensity in the Framingham Offspring Cohort 1–4. Am. J. Clin. Nutr. 2011, 94, 1584–1591.
[CrossRef]

40. Liu, L.; Qiao, S.; Zhuang, L.; Xu, S.; Chen, L.; Lai, Q.; Wang, W. Choline Intake Correlates with Cognitive Performance among
Elder Adults in the United States. Behav. Neurol. 2021, 2021, 2962245. [CrossRef]

41. Nakazaki, E.; Mah, E.; Sanoshy, K.; Citrolo, D.; Watanabe, F. Citicoline and Memory Function in Healthy Older Adults: A
Randomized, Double-Blind, Placebo-Controlled Clinical Trial. J. Nutr. 2021, 151, 2153–2160. [CrossRef]

42. Lippelt, D.P.; van der Kint, S.; van Herk, K.; Naber, M. No Acute Effects of Choline Bitartrate Food Supplements on Memory in
Healthy, Young, Human Adults. PLoS ONE 2016, 11, e0157714. [CrossRef] [PubMed]

43. Jackson, S.J.; Andrews, N.; Ball, D.; Bellantuono, I.; Gray, J.; Hachoumi, L.; Holmes, A.; Latcham, J.; Petrie, A.; Potter, P.; et al.
Does Age Matter? The Impact of Rodent Age on Study Outcomes. Lab. Anim. 2017, 51, 160–169. [CrossRef] [PubMed]

44. Holtze, S.; Gorshkova, E.; Braude, S.; Cellerino, A.; Dammann, P.; Hildebrandt, T.B.; Hoeflich, A.; Hoffmann, S.; Koch, P.; Terzibasi
Tozzini, E.; et al. Alternative Animal Models of Aging Research. Front. Mol. Biosci. 2021, 8, 660959. [CrossRef] [PubMed]

45. Fotenos, A.F.; Snyder, A.Z.; Girton, L.E.; Morris, J.C.; Buckner, R.L. Normative Estimates of Cross-Sectional and Longitudinal
Brain Volume Decline in Aging and AD. Neurology 2005, 64, 1032–1039. [CrossRef] [PubMed]

46. Deery, H.A.; Di Paolo, R.; Moran, C.; Egan, G.F.; Jamadar, S.D. Lower Brain Glucose Metabolism in Normal Ageing Is Predomi-
nantly Frontal and Temporal: A Systematic Review and Pooled Effect Size and Activation Likelihood Estimates Meta-analyses.
Hum. Brain Mapp. 2022, 44, 1251–1277. [CrossRef]

47. Zhou, D.; Sun, Y.; Qian, Z.; Wang, Z.; Zhang, D.; Li, Z.; Zhao, J.; Dong, C.; Li, W.; Huang, G. Long-Term Dietary Folic Acid
Supplementation Attenuated Aging-Induced Hippocampus Atrophy and Promoted Glucose Uptake in 25-Month-Old Rats with
Cognitive Decline. J. Nutr. Biochem. 2023, 117, 109328. [CrossRef]

48. Serra, M.; Chan, A.; Dubey, M.; Gilman, V.; Shea, T.B. Folate and S-Adenosylmethionine Modulate Synaptic Activity in Cultured
Cortical Neurons: Acute Differential Impact on Normal and Apolipoprotein-Deficient Mice. Phys. Biol. 2008, 5, 044002. [CrossRef]

49. Chan, A.; Tchantchou, F.; Graves, V.; Rozen, R.; Shea, T.B. Dietary and Genetic Compromise in Folate Availability Reduces
Acetylcholine, Cognitive Performance and Increases Aggression: Critical Role of S-Adenosyl Methionine. J. Nutr. Health Aging
2008, 12, 252–261. [CrossRef]

50. Kruman, I.I.; Mouton, P.R.; Emokpae, R.; Cutler, R.G.; Mattson, M.P. Folate Deficiency Inhibits Proliferation of Adult Hippocampal
Progenitors. Neuroreport 2005, 16, 1055–1059. [CrossRef]

https://doi.org/10.1212/01.wnl.0000325581.26991.f2
https://www.ncbi.nlm.nih.gov/pubmed/18779510
https://doi.org/10.1073/pnas.1301816110
https://doi.org/10.3390/nu14071494
https://doi.org/10.1016/j.neurobiolaging.2022.10.011
https://doi.org/10.1016/j.jocn.2020.09.043
https://www.ncbi.nlm.nih.gov/pubmed/33222971
https://doi.org/10.1097/PSY.0b013e3182761b6c
https://www.ncbi.nlm.nih.gov/pubmed/23213264
https://doi.org/10.1002/gps.2758
https://www.ncbi.nlm.nih.gov/pubmed/21780182
https://doi.org/10.1016/j.clnu.2019.11.005
https://doi.org/10.1001/jama.300.15.1774
https://doi.org/10.1212/WNL.0b013e3181f962c4
https://doi.org/10.3945/ajcn.115.110775
https://doi.org/10.3945/ajcn.110.008938
https://doi.org/10.1155/2021/2962245
https://doi.org/10.1093/jn/nxab119
https://doi.org/10.1371/journal.pone.0157714
https://www.ncbi.nlm.nih.gov/pubmed/27341028
https://doi.org/10.1177/0023677216653984
https://www.ncbi.nlm.nih.gov/pubmed/27307423
https://doi.org/10.3389/fmolb.2021.660959
https://www.ncbi.nlm.nih.gov/pubmed/34079817
https://doi.org/10.1212/01.WNL.0000154530.72969.11
https://www.ncbi.nlm.nih.gov/pubmed/15781822
https://doi.org/10.1002/hbm.26119
https://doi.org/10.1016/j.jnutbio.2023.109328
https://doi.org/10.1088/1478-3975/5/4/044002
https://doi.org/10.1007/BF02982630
https://doi.org/10.1097/00001756-200507130-00005


Nutrients 2023, 15, 3891 11 of 11

51. Wei, W.; Liu, Y.-H.; Zhang, C.-E.; Qang, Q.; Wei, Z.; Mousseau, D.D.; Wang, J.-Z.; Tian, Q.; Liu, G.-P. Folate/Vitamin-B12 Prevents
Chronic Hyperhomocysteinemia-Induced Tau Hyperphosphorylation and Memory Deficits in Aged Rats. J. Alzheimers Dis. 2011,
27, 639–650. [CrossRef]

52. Bahnfleth, C.L.; Strupp, B.J.; Caudill, M.A.; Canfield, R.L. Prenatal Choline Supplementation Improves Child Sustained Attention:
A 7-year Follow-up of a Randomized Controlled Feeding Trial. FASEB J. 2022, 36, e22054. [CrossRef] [PubMed]

53. Mellott, T.J.; Williams, C.L.; Meck, W.H.; Blusztajn, J.K. Prenatal Choline Supplementation Advances Hippocampal Development
and Enhances MAPK and CREB Activation. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2004, 18, 545–547. [CrossRef]

54. Glenn, M.J.; Kirby, E.D.; Gibson, E.M.; Wong-Goodrich, S.J.; Mellott, T.J.; Blusztajn, J.K.; Williams, C.L. Age-Related Declines
in Exploratory Behavior and Markers of Hippocampal Plasticity Are Attenuated by Prenatal Choline Supplementation in Rats.
Brain Res. 2008, 1237, 110–123. [CrossRef]

55. Sandstrom, N.J.; Loy, R.; Williams, C.L. Prenatal Choline Supplementation Increases NGF Levels in the Hippocampus and Frontal
Cortex of Young and Adult Rats. Brain Res. 2002, 947, 9–16. [CrossRef] [PubMed]

56. Cheng, R.-K.; Scott, A.C.; Penney, T.B.; Williams, C.L.; Meck, W.H. Prenatal-Choline Supplementation Differentially Modulates
Timing of Auditory and Visual Stimuli in Aged Rats. Brain Res. 2008, 1237, 167–175. [CrossRef]

57. Konno, M.; Asai, A.; Kawamoto, K.; Nishida, N.; Satoh, T.; Doki, Y.; Mori, M.; Ishii, H. The One-Carbon Metabolism Pathway
Highlights Therapeutic Targets for Gastrointestinal Cancer (Review). Int. J. Oncol. 2017, 50, 1057–1063. [CrossRef] [PubMed]

58. Franco, C.N.; Seabrook, L.J.; Nguyen, S.T.; Leonard, J.T.; Albrecht, L.V. Simplifying the B Complex: How Vitamins B6 and B9
Modulate One Carbon Metabolism in Cancer and Beyond. Metabolites 2022, 12, 961. [CrossRef]

59. Lapchak, P.A.; Araujo, D.M. Advances in Ischemic Stroke Treatment: Neuroprotective and Combination Therapies. Expert Opin.
Emerg. Drugs 2007, 12, 97–112. [CrossRef]

60. Arranz-Romera, A.; Esteban-Pérez, S.; Garcia-Herranz, D.; Aragón-Navas, A.; Bravo-Osuna, I.; Herrero-Vanrell, R. Combination
Therapy and Co-Delivery Strategies to Optimize Treatment of Posterior Segment Neurodegenerative Diseases. Drug Discov. Today
2019, 24, 1644–1653. [CrossRef]

61. Mau, K.J.; Jadavji, N.M. A New Perspective on Parkinson’s Disease: Pathology Begins in the Gastrointestinal Tract. J. Young
Investig. 2017, 33, 1–8. [CrossRef]

62. Hörder, H.; Johansson, L.; Guo, X.; Grimby, G.; Kern, S.; Östling, S.; Skoog, I. Midlife Cardiovascular Fitness and Dementia: A
44-Year Longitudinal Population Study in Women. Neurology 2018, 90, e1298–e1305. [CrossRef] [PubMed]

63. Suvila, K.; Lima, J.A.C.; Yano, Y.; Tan, Z.S.; Cheng, S.; Niiranen, T.J. Early-but Not Late-Onset Hypertension Is Related to Midlife
Cognitive Function. Hypertension 2021, 77, 972–979. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3233/JAD-2011-110770
https://doi.org/10.1096/fj.202101217R
https://www.ncbi.nlm.nih.gov/pubmed/34962672
https://doi.org/10.1096/fj.03-0877fje
https://doi.org/10.1016/j.brainres.2008.08.049
https://doi.org/10.1016/S0006-8993(02)02900-1
https://www.ncbi.nlm.nih.gov/pubmed/12144847
https://doi.org/10.1016/j.brainres.2008.08.062
https://doi.org/10.3892/ijo.2017.3885
https://www.ncbi.nlm.nih.gov/pubmed/28259896
https://doi.org/10.3390/metabo12100961
https://doi.org/10.1517/14728214.12.1.97
https://doi.org/10.1016/j.drudis.2019.03.022
https://doi.org/10.22186/jyi.33.4.63-70
https://doi.org/10.1212/WNL.0000000000005290
https://www.ncbi.nlm.nih.gov/pubmed/29540588
https://doi.org/10.1161/HYPERTENSIONAHA.120.16556
https://www.ncbi.nlm.nih.gov/pubmed/33461314

	Introduction 
	Folic Acid 
	Functional Role of Folic Acid 
	Folic Acid’s Implications in Neurodegeneration 
	Folic Acid Interactions with Vitamin B12 

	Vitamin B12 
	Choline 
	Preclinical Studies of Folic, Choline, and Vitamin B12 Supplementation Using Model Systems 
	Brain Metabolism Is Affected by Folate and Vitamin B12 Status 
	Mechanisms of Choline Supplementation 

	Future Directions and Conclusions 
	References

