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Folate deficiency is relatively common in older adults. There is now growing interest in the roles
played by folate and B vitamins in the metabolism of homocysteine. Recent studies have sug-
gested a link between elevated levels of homocysteine and the risk of Alzheimer disease. In this
article, we will focus on the physiology and pathophysiology related to folate and homocys-
teine metabolism. We have also included a discussion of the laboratory evaluation of these
compounds. Finally, we review the evidence supporting the relationships between folate defi-
ciency, hyperhomocysteinemia and the development of dementia.
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Introduction

Folate deficiency is relatively common in
older adults, and may result from nutri-
tional deficits, malabsorption, medication
effects or other causes. Interest in folate
and B vitamins has increased in recent
years due to their role in homocysteine
metabolism. Elevated levels of homocys-
teine have been implicated in cardiovas-
cular disease,! and there also have been
several recent observational studies link-
ing elevated levels of homocysteine to
Alzheimer disease and other dementias.2’
In this article, we will focus on the phys-
iology and pathophysiology of folate
and homocysteine, and the evidence
supporting an association with demen-
tia. An accompanying article discusses
the evaluation and management of vita-
min B2 deficiency in the elderly (see
article, page 16).

Physiology and Pathophysiology
of Folate Metabolism

The sequence of folate metabolism helps
to classify the various causes of folate
deficiency (Table 1). The term folic acid
refers, in the strictest sense, to a specific
compound, pteroylglutamic acid (PGA),
but it is more often used generally to
describe the polyglutamate folates, a class

of compounds with similar nutritional
activity.8 Folates are found in a wide vari-
ety of foods, including fruits, vegetables,
dairy products and cereals. Folate may be
degraded or leach into the water in large
guantities when such foods are cooked.8

The daily requirement for folate is
200-300mg/day in healthy individuals.
The total body stores are normally
5-10mg. As the ratio of daily intake to
body stores is much higher for folate than
vitamin B1y, folate deficiency can devel-
op much more quickly than vitamin By
deficiency.8 This is especially true when
requirements increase, as in pregnancy.
In order to help reduce the incidence of
neural tube defects in newborns, cereals
have been fortified with folate in North
America since the late 1990s. Women also
are advised to increase their folate intake
during pregnancy.®

Figure 1 outlines the steps involved
in folate absorption and transport.
Although synthetic folate is a monog-
lutamate (PGA1), the naturally occur-
ring folates in the diet are
polyglutamates (PGA, where n=2-9).10
As a result, dietary folates must be
deconjugated to the monoglutamate
form by enzymes on the jejunal brush-
border surface to allow absorption into

the circulation. Some drugs (e.g., sul-
fasalazine) may interfere with this
deconjugation and thereby inhibit
absorption.8 Diseases affecting the
jejunum (e.g., celiac disease, inflamma-
tory bowel disease) may also interfere
with folate absorption, but malabsorp-
tion alone is an uncommon cause of
folate deficiency. In the circulation, one-
third of folate is free whereas the rest
binds non-specifically to aloumin.10
Intracellular uptake is mediated by
folate-binding receptors. The principal
storage site is the liver, and there is an
enterohepatic recirculation via the bil-
iary system. Alcohol ingestion can inter-
fere with this system, leading to a fall in
serum folate levels.8 Folate and cobal-
amin participate in pathways leading to
DNA synthesis.10 After folate enters a
target cell—such as a red blood cell pre-
cursor—its levels remain relatively sta-
ble throughout the cell’s lifespan. As a

Table 1

Selected Causes of Folate
Deficiency

1. Inadequate intake
— elderly “tea and toast” diet
— alcoholism

2. Increased demands
— pregnancy
— increased cell turnover (e.g., chronic
hemolysis, leukemia, exfoliative
dermatitis)

3. Malabsorption

— intestinal diseases (e.g., celiac
disease, inflammatory bowel disease)

4. Drug-induced
— anticonvulsants (e.g., phenytoin)
— oral contraceptives
— sulfasalazine
— methotrexate
— alcohol
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result, red blood cell folate levels repre-
sent the folate status at the time the cell
was formed, and are more reflective of
body stores and are less prone to fluc-
tuate with changes in diet than are
serum folate levels.®

Figure 3 in the accompanying arti-
cle on vitamin Bi2 deficiency details the
role of folate in mammals (page 18). The
primary intracellular function of folate
in this metabolic pathway is to transfer
one-carbon units in order to facilitate
effective DNA synthesis. To achieve this
coenzymatic activity, folate analogues
must be in both a reduced form (i.e.,
tetrahydrofolate, THF) and a polyglu-
tamated form (i.e., THFp).19 This meta-

bolic pathway also leads to the produc-
tion of S-adenosylmethionine (SAMe),
which is thought to be essential to nerv-
ous system functioning.®

Unlike dietary folate, synthetic folate
is reduced directly to THF without the
need for cobalamin as a cofactor. As a
result, the administration of supplemen-
tal folate to a cobalamin-deficient patient
may correct megaloblastic hematologic
changes, but would still allow neurolog-
ic damage to progress.?

Clinical Features of Folate
Deficiency

The clinical features of folate deficien-
cy can be related back to its patho-
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physiology. As folate is responsible for
DNA synthesis, the effect of inade-
quate folate stores are most pro-
nounced on cell lines with high
turnover, such as the hematologic sys-
tem and gastrointestinal tract. As a
result, the megaloblastic anemia of
folate deficiency produces fatigue, pal-
pitations and pallor. Gastrointestinal
involvement can produce angular
cheilitis and stomatitis. When neu-
ropsychiatric features are present, it is
traditionally thought that they repre-
sent the effects of coexistent cobalamin
(vitamin B1o) deficiency rather than
folate deficiency per se.811 There is
some evidence to suggest that folate
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deficiency itself may produce cognitive
impairment and mood disorders,112
although this remains controversial. 11
The common link of hyperhomocys-
teinemia may explain the finding of
dementia in subjects with either vita-
min B or folate deficiency.

Laboratory Testing for Folate
and Homocysteine

As mentioned above, red blood cell
folate levels are thought to reflect total
body stores better than serum levels,
and are therefore most often used to
screen for folate deficiency.l® Even red
blood cell measurements, however, may
have limited sensitivity in detecting
folate deficiency in pregnant or alco-
holic subjects.® Because cobalamin is
necessary for the normal transfer of
methyltetrahydrofolate from the blood
into cells, cobalamin deficiency can
cause falsely lowered red blood cell
folate levels and falsely elevated serum
folate levels.813 Furthermore, the red
blood cell folate concentration can be
misleading if the patient has received a
recent blood transfusion.13

If folate deficiency is diagnhosed,
other tests to determine its cause may be
necessary. For example, celiac disease
(also called gluten-induced enteropathy)
may be diagnosed via duodenal biopsy.13
Although histopathology from duodenal
biopsy is considered the gold standard
for diagnosis, serum assays for antibod-
ies against gliadin and endomysium
have gained popularity due to their high
predictive value and convenience com-
pared to endoscopy.1*

Homocysteine levels are typically
elevated in subjects with folate deficien-
cy. Hypovolemia, renal insufficiency and
deficiency of either pyridoxine (vitamin
Bs) or cobalamin can also cause eleva-
tions of homocysteine, and these should
be ruled out before making the diagnosis
of folate deficiency in a subject with ele-
vated homaocysteine levels but normal
folate levels.? Following serial homocys-
teine levels can be valuable in assessing
the response to treatment; metabolite lev-
els usually normalize within seven to 14
days of treatment.8

Measurement of homocysteine can
be extremely useful in establishing the
presence of folate deficiency, especially in
cases of subtle or atypical deficiency.1® In
healthy fasting individuals, total plasma
homocysteine concentrations usually fall
between 5 and 15mmol/L.1516 Abnor-
mally high levels are arbitrarily catego-
rized as moderate (16-30mmol/L),
intermediate (30-100mmol/L) and
severe (> 100mmol/L) hyperhomocys-
teinemia.® There is some debate over the
upper reference limit for total plasma
homocysteine. Some authorities feel that
the formerly accepted value of
15mmol/L is too high in healthy subjects,
and suggest that this value be dropped to
as low as 10mmol/L.15 Total plasma
homocysteine is most commonly meas-
ured after a 12-hour fast. Oral methion-
ine loading has been suggested as a
means of identifying subjects who might
have normal fasting homocysteine values
but high post-load values.’> However,
oral methionine loading is inconvenient
and reference values are not well estab-
lished for this test. As a result, fasting
samples are generally recommended
instead.1 Plasma samples must be sent
on ice to the laboratory immediately to
prevent an artefactual rise in levels.1

Should folate and/or homocysteine
levels be assessed in all patients with
suspected dementia? The Canadian
Consensus Conference on Dementia
(CCCD) guidelines suggest that folate
measurement is an optional additional
test that may be helpful in the diagnos-
tic evaluation of dementia.l” Interest-
ingly, however, neither the CCCDY/ nor
the updated American Academy of
Neurology practice parameter on
demential® address the issue of homo-
cysteine testing. Among the guideline
writers’ concerns may be that homo-
cysteine assays are not available in
many peripheral laboratories, and that
fasting samples are needed. A recent
editorial suggests that perhaps homo-
cysteine levels should be added to the
battery of blood tests that are routinely
done in the initial work-up of demen-
tia, 1 but there is currently little evi-
dence to support this approach.

Hyperhomocysteinemia
Homocysteine, a sulphur-containing
amino acid, is a central intermediate in
the metabolic pathways involving
methionine, folate, cobalamin and pyri-
doxine (see Figure 3 in the accompanying
article on page 18). When methionine is
abundant, homocysteine undergoes
trans-sulfuration, a process for which
vitamin Bs is an essential cofactor. When
methionine levels are low, homocysteine
is re-methylated to conserve methionine.
This re-methylation process requires both
folic acid and vitamin By2.16

Causes of hyperhomocysteinemia are
outlined in Table 2.1516 While genetic dis-
orders characterized by severe hyperho-
mocysteinemia are rare, mild to moderate
elevations caused by point mutations are
fairly common. The “thermolabile’” methyl-
tetrahydrofolate reductase (MTHFR)
C677T point mutation is estimated to be

Table 2

Causes of
Hyperhomocysteinemia

Nutritional deficiencies

— folate

— vitamin B1

— vitamin Bg
Genetic defects in homocysteine
metabolism

— MTHFR* C677T substitution
(*“thermolabile” MTHFR mutation)
(common; 10-13% of Caucasian
population)

— congenital homocystinuria
(homozygous ChS** deficiency) (rare)

— homozygous MTHFR deficiency (rare)

Hormonal influences
— male sex
— postmenopausal status
— corticosteroid use

Increasing age
Chronic renal insufficiency
Hypothyroidism

*MTHFR = methyltetrahydrofolate reductase
**ChS = cystathionine beta-synthase
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present in 10-13% of the Caucasian popu-
lation.16 Other factors associated with high
homocysteine levels include increasing age,
renal insufficiency, hypothyroidism, male
sex and postmenopausal status (suggest-
ing that sex hormones have a role).1516:20
Because of the metabolic pathways
involved, deficiencies in folate and vitamins
Bs and Bs2 also result in elevated homocys-
teine. According to large surveys, high
homocysteine levels can be found in
approximately 10% of the general popula-
tion and in approximately 45% of those
older than 60 years.2! The most common
cause of mild hyperhomocysteinemia, par-
ticularly in the elderly, appears to be dietary
insufficiency of folate and/or vitamin By2.2!

Homocysteine and Dementia

Hyperhomocysteinemia was first pro-
posed as a risk factor for severe
atherothrombotic vascular disease over
30 years ago among young subjects with
congenital homocystinuria.l8 Since then,
evidence suggesting that homocysteine
may play a key role in atherosclerosis has
mounted.! More recently, observational
studies have begun to link high concen-
trations of homocysteine to Alzheimer
disease and other dementias.Z’

There are several potential mecha-
nisms by which hyperhomocysteinemia
might promote the development of
dementia. Elevated homocysteine levels
can cause endothelial cell dysfunction,
smooth muscle cell proliferation,
impaired fibrinolysis and increased oxida-
tive stress. These factors might contribute
to atherothrombotic cerebrovascular dis-
ease.? In addition, homocysteine and its
metabolites may cause neurotoxicity via
enhanced B-amyloid peptide production
and NMDA receptor stimulation.??

Findings from several observational
studies have supported the link between
hyperhomocysteinemia and the risk of
dementia.%” Two small case-control stud-
ies found significantly higher homocys-
teine levels in patients with Alzheimer
disease compared to levels in cognitive-
ly intact controls.23 In a subsequent small,
retrospective, cohort study involving 32
healthy elderly subjects, McCaddon’s
group reported that homocysteine was a

predictor of cognitive decline independ-
ent of age, sex, education, renal function,
B vitamin status, smoking and hyperten-
sion.* A larger case-control study also
found an association between elevated
homocysteine levels and Alzheimer dis-
ease.® Radiological evidence of disease
progression (using serial computed
tomography measurements of medial
temporal lobe thickness) in this study
was greater among those with higher ini-
tial homocysteine levels.> Lehmann, et al.
studied 366 consecutive patients referred
to a memory clinic, and categorized them
by probable diagnosis (e.g., Alzheimer
disease, vascular dementia, other demen-
tias, “minor cognitive impairment” and
subjective symptoms only).6 The investi-
gators found that homocysteine levels
were inversely correlated with cognitive
performance in the groups with
Alzheimer disease, vascular dementia
and “minor cognitive impairment”.6 A
further analysis of the Rotterdam study
cohort has suggested that elevated homo-
cysteine levels are also associated with
decreased cognitive performance in non-
demented elderly subjects.z

The study by Seshadri and col-
leagues recently generated a great deal of
interest in the relationship between
homocysteine and dementia.” The inves-
tigators employed a retrospective cohort
study design and used data from the
Framingham Study. They made adjust-
ments for many known dementia risk
factors, including age, sex, apolipoprotein
E genotype, educational status, history of
stroke, smoking, alcohol, diabetes melli-
tus, blood pressure and body mass index.
They also measured folate and B vitamin
status. Of the 1,092 participants, 111
developed dementia during a median
follow-up of eight years; Alzheimer dis-
ease accounted for 83 of these cases. The
multivariable-adjusted relative risk of
dementia was 1.4 for each increase of one
standard deviation in the log-trans-
formed homocysteine value. For subjects
with homocysteine levels greater than
14mmol/L, this meant that the risk of
Alzheimer disease was nearly doubled.’

One study that failed to find an asso-
ciation between hyperhomocysteinemia
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and dementia used a random sample of
702 community-dwelling respondents to
the Rotterdam Study.2* The mean dura-
tion of follow-up was 2.7 years. After
adjustment for age, sex and education,
there was no relationship found between
total homocysteine and cognitive impair-
ment. Potential explanations for the con-
flicting results in the papers by Seshadri,
et al.” and Kalmijn, et al.2* include differ-
ences in the duration of follow-up, in
adjustments for possible confounding
factors and in outcome definitions (diag-
nosis of dementia vs. “cognitive impair-
ment” or “cognitive decline”).

Several randomized controlled trials
have been launched to evaluate the role
of lowering homocysteine in the preven-
tion of coronary events,2526 stroke?” and
venous thrombosis.2¢ Randomized con-
trolled trials designed to test the hypoth-
esis that lowering homocysteine has an
impact on the risk of developing demen-
tia also are now underway.2° One pub-
lished open-label study has examined the
effects of oral supplementation with vita-
min Bz (Img/day) and folate (5rg/day)
on cognitive outcomes in 28 patients
diagnosed with various dementias of
mild-to-moderate severity.30 Subjects in
this study were categorized as having
normal or elevated homocysteine levels
(cut-off point 19.9mmol/L). In the 17 sub-
jects with elevated homocysteine, there
were significant improvements in cog-
nitive testing after two months of sup-
plementation. In contrast, there were no
significant changes in test performance
in those subjects without baseline
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homocysteine levels > 19.9mmol/L.30
Although unblinded and uncontrolled,
this intriguing study supports the need
for randomized controlled trials of
homocysteine-lowering therapies to
prevent and/or treat dementia.

Treatment of Folate Deficiency
and Hyperhomocysteinemia

In subjects with folate deficiency, the effi-
cacy of supplemental oral folic acid
(1-5mg/day) depends on the identifica-
tion and management of underlying
pathology. For example, supplements will
be of limited value if specific treatment for
the malabsorption associated with celiac
disease is not provided. Vitamin B1, defi-
ciency must be excluded in all patients
starting folic acid treatment to prevent
occult progression of the neurological
damage associated with Bs, deficiency.8

Most trials that evaluate homocys-
teine-lowering therapies use a combina-
tion of folate, cobalamin and pyridoxine
to achieve this goal. The optimal dose of
each component has not been estab-
lished, but doses range from 1-5mg of
folate, 0.4-1mg of cobalamin and 0-50mg
of pyridoxine.25-30

Conclusions

Deficiencies of folate and vitamin Bz,
are common in older adults. We have
tried to present a rational approach to the
evaluation of these conditions by review-
ing their physiology and metabolism.
Folate and B vitamins play an integral
role in the metabolism of homocysteine.
The role of homocysteine and vitamin
deficiencies in various disease states is
now being delineated. Observational
studies have linked hyperhomocysteine-
mia with an increased risk of dementias
such as Alzheimer disease. We now await
interventional studies to see if the risk
conferred by high homocysteine levels is
modifiable by supplementation with
folate and B vitamins. Given the current
lack of effective dementia therapy, there
is considerable excitement about the
potential benefits of these inexpensive,
well-tolerated agents. 0

No competing financial interests declared.
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