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nucleic acid (DNA), ribonucleic acid (RNA), neurotransmitters, and
many other pathways requiring methyl group transfers. At the same
When training in neurology at the National Hospital, London in the
mid-1960s, my first research interest was on the effects of antiepileptic
drugs (AEDs) on folate and vitamin B12 metabolism and their implica-
tions. At that time, my colleagues and I found that the front-line drugs,
phenobarbitone, primidone, and phenytoin, caused a reduction in
serum, red cell, and cerebrospinal fluid (CSF) folate in a high proportion
of patients with epilepsy [1,2]. Treatment with folic acid for one to three
years appeared to improve the mental state, mainly alertness, motiva-
tion, mood, and sociability, in many patients and exacerbate the epi-
lepsy in a few [3]. Experimental studies by several groups confirmed
that folate derivatives were convulsant, especially if the highly efficient
blood–brain barrier mechanism for the transport form of methylfolate
into thebrain is bypassed [4–6]. I therefore proposed that not only folate
deficiencymay contribute to some cognitive, mood, and other psychiat-
ric complications of epilepsy but also the antiepileptic action of the
drugs may be related to their antifolate action [2,3].

At that time, almost nothingwas known about the role of folate in the
nervous system except that it was harmful if administered inappropri-
ately for patients with pernicious anemia or vitamin 12 deficiency [7].
Since then, I have developed a career-long interest in folate and vitamin
B12 metabolism in the fields of neurology and psychiatry apart from ep-
ilepsy [8,9]. It is now recognized that there is a considerable overlap be-
tween the neuropsychiatric complications of folate and vitamin B12
deficiency,with orwithoutmegaloblastic anemia. These include cognitive
impairment, depression, and less commonly spinal cord and peripheral
nerve involvement [9]. Over the last 50 years, there has also been increas-
ing recognition of the overlapping developmental and neurological man-
ifestations of inborn errors of folate and vitamin B12 metabolism, most
recently cerebral folate deficiency [9,10]. Finally, over the last 30 years,
it has been established that periconceptual folic acid will reduce the risk
of neural tube defects (NTDs) and other congenital malformations, so
much so that over 80 countries have introduced mandatory fortification
of grains and cereals [11].

For all these reasons, it is clear that folate and vitamin B12 are funda-
mental to nervous system function at all ages. There is interest in the
role of these vitamins not only in the prevention of developmental dis-
orders in the fetus, infant, and child but also in the prevention of cogni-
tive and mood disorders in the elderly [9]. Folic acid is an unnatural
synthetic form of folate which, as illustrated in the figure, must first be
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reduced before entering the complex folate/one carbon cycle, where
the reduced tetrahydrofolate picks up a single carbon unit from serine,
which is further reduced to methyltetrahydrofolate which participates
with vitaminB12 in the synthesis ofmethionine fromhomocysteine. Ul-
timately, the methyl group is passed on via S-adenosylmethionine
(SAM) in numerous crucial methylation reactions involving deoxyribo-

time, the folate cycle is required for the synthesis of purine and thymi-
dine nucleotides. Thus, disruption of the folate cycle has potentially
wide ranging effects including impairment of DNA transcription, meth-
ylation, including epigenetic modification, all of which can affect tissue
growth, differentiation, and repair, as well as excitatory and inhibitory
mechanisms [12,13].

However, interest in the relationship between antifolate and antiepi-
leptic mechanisms waned for several reasons. Treatment with folic acid
for relatively short periods did not appear to exacerbate epilepsy in most
patients [7]. In the 1970s, two new AEDs with very different chemical
structures, i.e., carbamazepine and sodium valproate (VPA), were
marketed. Bothdrugs did exhibitmild lowering of blood folate levels in pa-
tients with epilepsy [14,15]. However, the marketing of lamotrigine by
1990 was said to have undermined any relationship between antifolate
and antiepileptic mechanisms. Interestingly, the development of
lamotrigine was based on the antifolate–antiepileptic hypothesis [16].
Wellcome Laboratories already had the following two antifolate drugs in
their portfolio: 1) pyrimethamine, a potent inhibitor of mammalian
dihydrofolate reductase (DHFR) utilized as an antimalarial, which Miller
and colleagues [5] now confirmed experimentally, was a potent AED;
and 2) a related pyrimidine, trimethoprin, which was a weaker DHFR in-
hibitor andweaker AED. At the same time, they confirmed experimentally
that folates including folinic acidwere convulsant [5]. Bymanipulating the
structure of pyrimethamine, Wellcome reported that the resulting
lamotrigine retained the antiepileptic potency of the former but was
now a weaker DHFR inhibitor. Lamotrigine was therefore marketed as a
novel and successful AED with little or no antifolate activity [16].

In the 1990s, a new measure of disturbed folate and one carbon me-
tabolism became available, i.e., plasma homocysteine. Over the last 20
years, numerous studies of children and adults with epilepsy have con-
firmed that phenobarbitone, phenytoin, carbamazepine, and VPA are sig-
nificantly associated with the elevation of plasma homocysteine [17–19].
A more recent study found the same for levetiracetam, oxcarbazepine,
and topiramate [20]. Paradoxically, lamotrigine has been least studied. Al-
though genetic polymorphisms of folate and homocysteine, especially the
C677T variant of methylenetetrahydrofolate reductase (MTHFR), may be
a predisposing factor, the rise in plasma homocysteine is invariably corre-
lated with a fall in serum folate and is reversible by treatment with folic
acid, which may also improve mood [17–19,21].
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Fig. 1. Relationships between the folate cycle, vitamin B12, and the methylation cycle to one-carbon metabolism. *Reported inhibition by VPA. Valproate also inhibits folate receptor one (FOLRI) and possibly other folate receptors. **Reported
inhibition by lamotrigine.
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A review and meta-analysis of 8 studies confirmed that VPA mono-
therapy is invariably associated with an increase in plasma homocyste-
ine in adults and children with epilepsy [22]. Most of the studies also
reported a fall in serum folate. Vitamin B12 levels were unaffected. In
a further study of VPA and lamotrigine monotherapy, only VPA was as-
sociated with a rise in homocysteine; but both drugs were associated
with reduced levels of folate, which also correlated with the methyla-
tion status of peripheral blood MTHFR amplicons [23]. The authors sug-
gest that both drugs may induce specific regions of DNA
hypomethylation. Earlier, Smith et al. [24] reported decreased methyla-
tion scores across CpG islands in 50 neonates exposed in utero to vari-
ous AEDs, including VPA, but mostly lamotrigine, particularly in those
with the longest exposure. There is also experimental evidence that
acute VPA exposure may inhibit glutamate formyl transferase, the en-
zyme mediating the formation of formyltetrahydrofolate (folinic acid)
[25], and also methionine adenosyltransferase, the enzyme mediating
the formation of SAM [26] (see Fig. 1). It has also beenproposed recently
that VPA is a histone decarboxylase inhibitor with antagonistic actions
to SAM as an epigenetic modulator [27].

Perfusion of normal full-term human placentas with VPA for 180
min led to a reduction of placental folate by 25–35% and altered
messenger RNA (mRNA) levels of major carriers for folate, choline,
and glucose. The authors concluded that VPA targets the folate receptor
FOLR1 and possibly other folate receptors leading to a direct inhibition
of placental folate uptake [28]. Utilizing cell culture modeling, it was
also suggested that VPA is a noncompetitive inhibitor of high-affinity fo-
late receptors [29]. Forty years ago, before anythingwas known of folate
receptors, Smith and Racusen reported that experimentally in the rat,
both phenobarbitone and VPA lowered brain folate levels and partially
blocked the reuptake of formyltetrahydrofolate (folinic acid). Phenytoin
also lowered brain folate, perhaps by a different mechanism, but carba-
mazepine had little effect [30].

In conclusion, it is surely remarkable 1) that so many first-line AEDs
of different chemical structures, i.e., phenobarbitone, primidone, phe-
nytoin, carbamazepine, VPA, lamotrigine, and perhaps also levetirace-
tam, oxcarbazepine, and topiramate all interfere with folate,
methylation, and one-carbon metabolism in varying ways; and 2) bio-
logical folate derivatives have convulsant and excitatory properties.
The mechanisms of the AED effects on these pathways have never
been clarified, perhaps because the complexity of the folate cycle, in-
cluding receptor and transport processes, and their relevance were
not previously understood. As illustrated in the figure VPA, probably
the most studied AED, perhaps because it is the most teratogenic, may
interfere with one-carbon metabolism at more than one site, including
folate receptors and the transport of methylfolate into brain and pla-
centa [31]. Likewise, the mechanisms of the excitatory properties of
folate have been little investigated or understood. Are they related
to the glutamate moieties of folate? Nearly 50 years ago, folate
and folinate were reported to have excitatory effects on single
neurons of the cat cerebral cortex, perhaps by blocking or reversing
gammaaminobutyric acid (GABA) mediated inhibition [32]. Some
AEDs are widely used for the treatment of bipolar disorder, not least
VPA and lamotrigine, and one-carbon metabolism is now a focus of re-
search in this disorder [33]. It has long seemed to me to be more than
a coincidence that whereas folates are convulsant, the commonest neu-
ropsychiatric complication of severe folate deficiency is depression
[7,34]. Whether or not folates are involved in seizure and AED mecha-
nisms, the evidence that disturbed folate metabolism is implicated in
some of the teratogenic, developmental, and neuropsychiatric compli-
cations of AEDs is increasingly apparent [3,31].

“Vitamin” research has never attractedmuch investment at the clin-
ical level, perhaps partly for commercial reasons, but one-carbon me-
tabolism is fundamental to brain and mental development and health
at all ages. For all the reasons summarized here, the time is appropriate
for a major research investment in these pathways in seizure and AED's
mechanisms and their complications.
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