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Pyridoxine (vitamin B6)-responsive epilepsies are severe forms of epilepsy that manifest
as seizures immediately after birth, sometimes in utero, sometimes months, or years after
birth. Seizures may be treated efficiently by life-long supplementation with pyridoxine
or its biologically active form, pyridoxal phosphate, but even so patients may become
intellectually disabled, for which there currently is no effective treatment. The condition
may be caused by mutations in several genes (TNSALP, PIGV, PIGL, PIGO, PNPQO,
PROSC, ALDH7A1, MOCS2, or ALDH4A1T). Mutations in ALDH7A1, MOCS2, and
ALDH4A1 entail build-up of reactive aldehydes (a-aminoadipic semialdehyde, y-glutamic
semialdehyde) that may react non-enzymatically with macromolecules of brain cells.
Such reactions may alter the function of macromolecules, and they may produce
“advanced glycation end products” (AGEs). AGEs trigger inflammation in the brain. This
understanding points to aldehyde-quenching, anti-AGE, or anti-inflammatory therapies
as possible strategies to protect cognitive development and prevent intellectual disability
in affected children. Studies on how aldehydes traverse cell membranes and how
they affect brain function could further the development of therapies for patients
with pyridoxine-responsive epilepsies.

Keywords: vitamin B6, pyridoxine-responsive epilepsy, intellectual disability, lysine metabolism, «-aminoadipic
semialdehyde, y-glutamic semialdehyde, aldehydes, hyperprolinemia type Il

INTRODUCTION

Pyridoxine-Responsive Epilepsy: Clinical Manifestations and
Underlying Molecular Causes

Pyridoxine-responsive epilepsy is a severe form of epilepsy that manifests as generalized seizures
immediately after birth, sometimes in utero. In some patients seizures begin some months or
years after birth (1, 2). Life-long treatment with high doses of pyridoxine (vitamin B6) or its
derivative pyridoxal 5'-phosphate (PLP) is efficient with respect to the epileptic seizures; withdrawal
of pyridoxine may precipitate life-threatening status epilepticus, which is only reversed when
pyridoxine is reinstated. Conventional antiepileptic drugs probably have no place in the treatment
of this disorder. Pyridoxine-responsive epilepsy may entail intellectual disability and other
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neurodevelopmental  impairments, such as attention
deficit/hyperactivity disorder and autism (3, 4), which are
not prevented by pyridoxine treatment alone, pointing to
separate mechanisms underlying the epilepsy and the cognitive
impairment. Only in some cases is the metabolic disturbance
accompanied by structural changes (white matter changes,
hippocampal sclerosis) that may contribute to the epilepsy or the
intellectual disability.

PYRIDOXINE: THE BIOLOGICALLY ACTIVE
FORM AND ITS ENTRY INTO THE BRAIN

To be biologically active, pyridoxine must be converted to PLP.
This two-step conversion involves phosphorylation of pyridoxine
to pyridoxine 5'-phosphate, which is then oxidized to PLP.
PLP is a co-enzyme in more than 100 biochemical reactions,
many involving amino acid metabolism (5). With respect to
brain function, PLP is essential for the formation of various
neurotransmitters and neuromodulators that are amino acids
or derived from amino acids: monoamines, GABA, glutamate,
glycine, D-serine, and taurine (5, 6). Through its involvement in
amino acid metabolism PLP is necessary for energy production
in all brain cells.

Pyridoxine’s route from food ingredient to active coenzyme
in the brain is somewhat complex. Pyridoxine is taken up in
the gut and converted into PLP in the liver (Figures 1A,B). PLP
is given off to the circulation, but for PLP to enter the brain,
it has to lose its phosphate group and become pyridoxal. This
dephosphorylation (from PLP to pyridoxal) is performed by an
extracellular enzyme: tissue non-specific alkaline phosphatase,
which is attached to cell surfaces by glycosylphosphatidylinositol
(GPI) anchors. Once inside brain cells, pyridoxal is reconverted
to PLP by the enzyme pyridoxal kinase (7). Reduced expression
of pyridoxal kinase in mice leads to low levels of PLP in the
brain and severe seizures (8); a similar condition has not yet been
reported in humans.

GENETIC CAUSES OF
PYRIDOXINE-RESPONSIVE EPILEPSY:
SOME AFFECT METABOLISM OF
PYRIDOXINE, SOME LEAD TO BUILD-UP
OF REACTIVE METABOLITES THAT
INACTIVATE PLP

Pyridoxine-responsive epilepsy is caused by rare, mostly recessive
loss-of-function mutations in various genes. Some mutations
affect the metabolism of pyridoxine, whereas some lead
to accumulation of reactive metabolites that inactivate PLP
(Table 1). The PNPO gene encodes the enzyme pyridoxine 5-
phosphate oxidase, which is rate-limiting for the formation of

Abbreviations: AGE, advanced glycation end product; CSE, cerebrospinal fluid;
GABA, y-amino butyric acid; GPI anchors, glycosylphosphatidylinositol anchors;
MRI, magnetic resonance imaging; PLP, pyridoxal 5'-phosphate; P5C, Al-
pyrroline-5-carboxylate; P6C, L- Al -piperidine-6-carboxylate; RAGE, receptor for
advanced glycation end products.
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Pyridoxal

FIGURE 1 | Uptake, transport, and metabolism of pyridoxine and its
derivatives. (A) Pyridoxine (PN) (or its closely related form pyridoxamine), is
transported from the gut to the liver, where it is metabolized successively to
pyridoxine phosphate (PNP) and pyridoxal phosphate (PLP). PLP is given off to
the circulation, but cannot cross the blood-brain barrier and enter the brain
unless it is converted to pyridoxal (PL). Once inside brain cells, PL is
re-phosphorylated to PLP. (B) Molecular structures of pyridoxine and its
metabolites. PN is phosphorylated to PNP by pyridoxine kinase (a) in the liver.
PNP is oxidized to PLP by PNP oxidase (b). In brain capillaries, PLP is
dephosphorylated to PL by tissue non-specific alkaline phosphatase (c). In
brain cells, PL is re-phosphorylated to PLP by PL kinase (d). The circle shows

the OH group that gives rise to the aldehyde function in PLP and PL.

PLP in the liver (9) (Figure 1). Mutations affect the enzymes’
ability to bind its cofactor (flavin mononucleotide) and its
interaction with PLP-dependent enzymes (10). The result is
reduced formation of PLP, a low circulating level of PLP, and
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TABLE 1 | Genes whose mutations cause defective PLP metabolism or inactivation of PLP through accumulation of reactive compounds.

Gene Protein Protein function Effect of mutation
Mutations PNPO Pyridoxine phosphate oxidase PLP synthesis from PNP Lack of PLP in liver and hence in blood
related to
PLP TNSALP Tissue non-specific alkaline phosphatase PL formation from PLP Lack of PL formed at the blood-brain barrier
metabolism PIGV, PIGL, GPl-anchors Anchoring tissue non-specific Lack of PL formed at the blood-brain barrier
PIGO alkaline phosphatase at
capillaries
PROSC Proline synthase cotranscribed, aka Cellular PLP homeostasis? Increased cellular PLP consumption?
“Pyridoxal phosphate homeostasis
protein”
PDXK Pyridoxal kinase PLP synthesis Lack of PLP in cells (only in knock-out mouse model)
Mutations ALDH7A1 a-Aminoadipic semialdehyde a-Aminoadipate Accumulation of a-aminoadipic semialdehyde and P6C,
that cause dehydrogenase which inactivates PLP
PLP
inactivation MOCS2 Molybdenum cofactor synthesis 2 Involved in oxidation of sulphite Accumulation of sulphite, which inactivates
to sulfate a-aminoadipic semialdehyde dehydrogenase, causing
accumulation of a-aminoadipic semialdehyde and P6C,
which inactivates PLP
ALDHA4AT P5C dehydrogenase Metabolism of proline Accumulation of y-glutamic semialdehyde and P5C,

which inactivates PLP

All mutations cause epilepsy, which (except in the case of experimental pyridoxal kinase deficiency) respond to pyridoxine therapy. GPI, glycosylphosphatidylinositol; PLF, pyridoxal
phosphate; PL, pyridoxal; PNP, pyridoxine phosphate; P6C, L- A’ -piperidine-6-carboxylate; P5C, A'-pyrroline-5-carboxylate.

a low availability of PLP (i.e., pyridoxal) to the brain. This
deficiency may be amended with administration of PLP rather
than pyridoxine.

The TNSALP gene encodes tissue non-specific alkaline
phosphatase, which is present at the blood-brain barrier, among
other tissues. This phosphatase dephosphorylates blood-borne
PLP to pyridoxal, which may enter the brain. Loss-of-function
TNSALP mutations lead to ineffective PLP dephosphorylation
to pyridoxal, reduced pyridoxal transfer into the brain, and
accumulation of PLP in blood (11). Pyridoxine treatment
alleviates the ensuing epilepsy (12) probably by raising the serum
level of PLP even further to achieve some increase in pyridoxal
level. This approach may be effective, because the mechanism
for transport of pyridoxal across the blood-brain barrier is not
saturated, so that any increase in serum pyridoxal concentration
will lead to increased uptake into the brain (13). The disorder,
which is termed hypophosphatasia due to the low circulating level
of alkaline phosphatase, may be treated with enzyme replacement
therapy (14), which reduces the need for pyridoxine therapy (12).

Several proteins are involved in the formation of GPI
anchors that tether extracellular tissue non-specific alkaline
phosphatase to the cell membrane. Mutations in some genes
(PIGV, PIGL, PIGO) (15, 16) that encode GPI-related proteins are
known to cause pyridoxine-responsive epilepsy (17). Suboptimal
GPI anchoring of tissue non-specific alkaline phosphatase
at the blood-brain barrier probably explains the pyridoxine-
responsiveness of the epilepsy of these patients (18). The
dysfunctional anchoring of alkaline phosphatase is also the
reason for the high circulating level of alkaline phosphatase in
this disorder known as hyperphosphatasia or Mabry syndrome.

The ALDH7A1 gene encodes the enzyme a-aminoadipic
semialdehyde dehydrogenase (aka antiquitin), which is involved
in lysine metabolism. The mutation, the incidence of which has

recently been estimated at 1.6:100 000 (19), causes build-up
of the lysine metabolite a-aminoadipic semialdehyde, its cyclic
form L-A!-piperidine-6-carboxylate (P6C), and their common
precursor L-pipecolic acid. The level of these metabolites
in plasma, urine, and cerebrospinal fluid (CSF) is typically
elevated with ALDH7A1 mutations (20, 21). P6C has been
found to bind and inactivate PLP (22). This inactivation
is thought to underlie the pyridoxine responsiveness of the
seizures in this condition, which is often termed “pyridoxine-
dependent epilepsy.” A similar situation is caused by MOCS2
mutations, which lead to molybdenum cofactor deficiency and
sulphite accumulation. Sulphite has been shown to inhibit a-
aminoadipic semialdehyde dehydrogenase (23), causing build-
up of a-aminoadipic semialdehyde and hence of P6C, which
inactivates PLP (24). In hyperprolinemia type II, mutations in
ALDH4A1 (A'-pyrroline-5-carboxylate dehydrogenase) lead to
accumulation of y-glutamic semialdehyde and its cyclic form
pyrroline-5-carboxylic acid (P5C). P5C reacts with PLP in a
manner similar to P6C (25) to produces PLP deficiency in the
brain (26).

The PROSC gene encodes a cytosolic protein that binds
PLP. The function of the protein remains unknown,
but it has been suggested to act as an intracellular PLP
reservoir, preventing PLP, itself a reactive aldehyde, to react
spontaneously with other cell constituents (27). PROSC
mutations entail low CSF levels of PLP, possibly because PLP
is consumed through spontaneous reactions with other cell
constituents, and the epilepsy that accompanies the condition is
therefore pyridoxine-responsive.

Thus, it seems that a lack of PLP in the brain is the
cause of epilepsy in all the above-mentioned conditions: in
TNSALP mutations and in mutations causing dysfunctional
GPI anchoring of tissue non-specific alkaline phosphatase the
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transfer of PLP in the form of pyridoxal into the brain is
suboptimal; in PNPO mutations, PLP is not produced normally
in the liver; in ALDH7AI, MOCS2, and ALDH4A1 mutations,
PLP is inactivated by accumulating reactive metabolites. In
PROSC mutations PLP may be consumed as it acts as a
reactive metabolite toward other cell constituents (Table 1). In
all cases treatment with pyridoxine or PLP itself alleviates the
seizure tendency (2).

It has been hypothesized that a deficiency of PLP may
cause seizures through suboptimal inhibitory GABAergic
neurotransmission. However, in a study on one patient with
pyridoxine-responsive epilepsy (reported before the genetic
origin had been discovered) the CSF obtained by lumbar
puncture had a level of glutamate that was 200 times higher than
normal, indicative of dysfunctional glutamate metabolism, but
the level of GABA was normal (28). With pyridoxine treatment
the CSF level of glutamate was normalized, and that of GABA
remained normal. Realizing that PLP is essential in more than
100 enzymatic reactions (5), ascribing pyridoxine-responsive
seizures to one enzymatic dysfunction may seem reductionist.
Intriguingly, in four patients with hyperprolinemia type II and
pyridoxine-responsive epilepsy serum PLP was normal (29), and
in two other cases of pyridoxine-responsive epilepsy, the level of
PLP in CSF was normal (28, 30). The latter observation could
suggest that CSF levels of PLP do not reliably reflect intracellular
PLP levels in brain cells (which do not accumulate PLP, but
pyridoxal) (13), or that the biochemistry of the mutations is
more complex than one would expect from the (hitherto) known
functions of the genes.

INTELLECTUAL DISABILITY IN
PYRIDOXINE-RESPONSIVE EPILEPSY:
THE NEED FOR NOVEL THERAPIES

Pyridoxine-responsive epilepsy is often associated with
intellectual disability (2, 4, 10, 27, 29, 31). The intellectual
disability is not prevented by pyridoxine treatment alone,
and patients tend to be intellectually disabled although their
epilepsy is well controlled. These observations point to unique
mechanisms underlying the intellectual disability. Some effects
of the metabolic derangement may be unspecific, such as lesions
to periventricular white matter or to the hippocampus in the
form of hippocampal sclerosis (27, 32), and such structural
damage could play a role in the intellectual disability in addition
to the biochemical alteration. In many cases, however, magnetic
resonance imaging (MRI) of the brain is normal, and the cause
of intellectual disability must be sought elsewhere.

Intellectual disability is diagnosed when a person has an IQ
score below 70, when he/she has impaired adaptive skills, and
when the disability was manifest before the person reached 18
years of age (33). Intellectual disability implies that development
of complex brain functions, or cognitive functions, is slowed or
arrested (34). Intellectual disability encompasses impairment in
abstract thinking, language, numerical understanding, problem
solving, and learning i.e., intellectual skills. It further implies
impairment in executive functioning: the ability to initiate,

prioritize, plan, and carry out actions, and the ability to
regulate one’s own emotions and impulses, and it affects the
understanding of social cues and rules. Another area of disability
is visuospatial understanding, or the comprehension of space
and movement, manifesting as clumsiness in the execution
of practical work and problem solving. Intellectual disability
leaves the affected person with low psychomotor speed and
limited attention span and working memory, which lead to
slow information processing and vulnerability to distraction
and fatigability. The degree of disability ranges from mild,
through moderate and severe, to profound. Regardless of
degree, the all-encompassing nature of intellectual disability
renders the disabled person at an enormous disadvantage in
managing his/her own adult life in an independent manner.
Therefore, identification of ways to ameliorate or compensate
for metabolic dysfunctions that entail intellectual disability is
sorely needed. However, research into molecular mechanisms
that may form the basis for therapy is scant. Below we therefore
point to possibilities that arise from the understanding of the
reactivity of the metabolites that accumulate in some of the
pyridoxine-responsive epilepsies.

POSSIBLE TOXIC MECHANISMS OF
«-AMINOADIPIC SEMIALDEHYDE,
y-GLUTAMIC SEMIALDEHYDE, P6C, AND
P5C. THERAPEUTIC POSSIBILITIES

Several mutations that cause pyridoxine-responsive epilepsy
lead to accumulation of reactive compounds: a-aminoadipic
semialdehyde and P6C in ALDH7A1 and MOCS2 mutations (20,
23), y-glutamyl semialdehyde and P5C in ALDH4A1 mutations
(25). These compounds must be assumed to accumulate in brain
cells, and they emerge as likely pathogenic factors underlying the
intellectual disability that accompanies pyridoxine-responsive
epilepsy. Their levels would not be expected to decrease with
pyridoxine therapy. An important mechanistic observation has
come from intervention studies on patients with ALDH7AI
mutations. These patients seem to improve cognitively on a
diet that is poor in lysine, but enriched in arginine (32). The
dose of dietary arginine was 150 mg arginine/kg bodyweight/day
or higher in children that were from 288 days to 8 years of
age (32). Arginine supplementation probably inhibits transfer
of lysine across the blood-brain barrier, as the two amino
acids travel competitively on the same transporter (35). The
net result would be a reduction of the exposure of the
brain to lysine, pointing to lysine metabolites (o-aminoadipic
semialdehyde and its derivatives) as an important cause of
intellectual disability in in ALDH7AI mutations. It cannot
be ruled out, however, that such dietary measures may have
biological effects in themselves that are not related to the
effects of ALDH7A1 mutations. Arginine supplementation has
a number of biological effects in humans (36, 37), some of
which may be related to arginine’s role as a precursor for
nitric oxide.

a-Aminoadipic semialdehyde and y-glutamic semialdehyde
may, because of their aldehyde groups, react non-enzymatically
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with proteins and probably other macromolecules, such as
DNA, RNA and phospholipids, and with glutathione and
other —-SH-group-containing molecules (38-40). The reaction
of proteins and other molecules with an aldehyde may change
their function or turnover. Such reactions further lead to
the formation of “advanced glycation end products” (AGEs).
Other endogenous aldehydes, such as glucose in its open chain
form (41), methylglyoxal (42), glyceraldehyde (43-45), and
acetaldehyde (46), are known to participate in the formation
of AGEs, a reactivity that is an important aspect of their
pathogenicity. AGEs may trigger pathological inflammation
reactions through their activation of AGE receptors [RAGEs;
(47)]. This mechanism has been proposed to contribute
to the cognitive derangement in Alzheimer disease and in
the neuronal dysfunction observed in diabetes (44, 48). At
present, a pathogenic role of spontaneous reactions between
aldehydes and other cell constituents is only hypothetical.
Even so, two possible therapeutic strategies emerge in the
subset of pyridoxine-responsive epilepsies that are associated
with aldehyde accumulation: prevention of AGE formation and
inhibition of the downstream inflammatory reactions that AGEs
may precipitate.

Prevention of AGE formation or inactivation of AGEs has
proved possible with both metformin (49), a commonly used
antidiabetic drug, and with trans-resveratrol, a polyphenol found
in berries, and hesperetin, a flavonoid found in citrus fruit
(50). Some studies suggest an anti-AGE effect of pyridoxine
itself (51-53), while others do not confirm this (54-56). It
may be possible to scavenge a-aminoadipic semialdehyde and
y-glutamic semialdehyde by other means as well, e.g., by
increasing the availability of free SH groups in the form of
glutathione or N-acetyl-cysteine. The reactivity of a-aminoadipic
semialdehyde and y-glutamic semialdehyde toward free —-SH
groups has not been determined, however. Treatments or
diets that reduce the total exposure of the brain to AGE-
forming compounds (e.g., from glucose, fructose, or their
metabolites glyceraldehyde and methylglyoxal) may be beneficial
when the level of a-aminoadipic semialdehyde or y-glutamic
semialdehyde is high. Such a diet may be one that keeps serum
glucose low (57). The downstream inflammatory response to
AGE formation may possibly be targeted by anti-inflammatory
drugs, scavengers of reactive oxygen species, and RAGE
antagonists (58-60).

The cyclic forms of a-aminoadipic semialdehyde, P6C, and y-
glutamic semialdehyde, P5C, are reactive toward PLP (22, 25),
probably reflecting a general reactivity that could lead these
compounds to modify other metabolites or cell constituents as
well. However, this has not yet been studied in much detail.

It is not known where in the brain o-aminoadipic
semialdehyde and vy-glutamic semialdehyde may exert their
(supposed) toxic action, for instance, whether it occurs intra-
or extracellularly. One missing factor that is necessary for the
understanding of the toxicity of aldehydes is knowledge of how
aldehydes cross cell membranes in the brain. From toxicological
and metabolic studies (42, 61) it is clear that various aldehydes
do cross cell membranes, but the transfer mechanism remains
unknown and therefore escapes therapeutic manipulation.

A PATHOGENIC LACK OF DOWNSTREAM
PRODUCTS DURING ENZYME
DYSFUNCTION?

Although accumulation of toxic metabolites may be a primary
mechanism of pathology in enzyme deficiencies, it cannot be
ruled out that reduced formation of downstream metabolites
contributes to the overall phenotype. In ALDH7AI mutation, a-
aminoadipic semialdehyde is not converted into a-aminoadipate
(and hence a-ketoadipate) at a normal rate. a-Aminoadipate may
have important physiological functions as it may act as a ligand
at the NMDA-type glutamate receptor, and it may modulate
kynurenate metabolism (62). Further, a-aminoadipate is noted
for its fairly selectively toxic effects on glial cells (63), which
may be a reflection of a hitherto unexplored physiological effect
of a-aminoadipate at lower concentrations. Therefore, a lack of
a-aminoadipic semialdehyde dehydrogenase function may have
biological consequences caused by downstream effect as well as
by the accumulation of aldehyde substrate. A recently developed
aldh7al knock-out zebra fish (64) could be a suitable model for
the testing of therapeutic effects of a-aminoadipate in loss of
a-aminoadipic semialdehyde dehydrogenase function.

CAVEATS IN THE TREATMENT OF
PYRIDOXINE-RESPONSIVE EPILEPSIES
AND ASSOCIATED INTELLECTUAL
DISABILITY

The use of pyridoxine at high doses must take into account
that pyridoxine itself may be neurotoxic in the long run,
causing polyneuropathy (65, 66), for which patients should be
monitored. Further, the use of a diet that is rich in arginine
to reduce transport of lysine across the blood-brain barrier
(31) may lead to higher levels of y-glutamic semialdehyde (and
P5C), an arginine metabolite, that may lead to AGE formation.
Lastly, the use of scavengers to reduce tissue concentration
of a-aminoadipic semialdehyde in ALDH7A1 mutations or y-
glutamic semialdehyde in ALDH4A1 mutations must take into
account that the scavenger might react with PLP itself, reducing
the effectiveness of pyridoxine treatment.

The published reference values for PLP in CSF obtained
through lumbar puncture cover a fairly narrow concentration
range: 11-46 nmol/L in adults (67), 32-89 nmol/L (68), or 23—
64 nmol/L (29) in children. In a recent study, we used HPLC and
tandem mass spectrometry to measure PLP and other pyridoxine
metabolites in CSF from the cerebral ventricles of 15 patients
undergoing CSF drainage because of raised intracranial pressure
(69); at the time of sampling the intracranial pressure was
normal, and the CSF was clear and colorless. The range of PLP
values in ventricular CSF was great: 3.65-132 nmol/L (median
11.3 nmol/L); pyridoxal range was 6.4-51 nmol/L (median 20
nmol/L); the range for pyridoxic acid, the metabolic product of
pyridoxal, was 0.32-14.5 (median 1.77 nmol/L). Similar findings
for PLP were reported by Footitt et al. (70). Thus, with a 36-fold
difference between the lowest and the highest PLP value, it may
be that the natural variation in CSF levels of PLP may explain
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differences in pyridoxine requirement among patients, and it
may explain why some patients develop intellectual disability and
others do not.

With respect to dietary treatment of patients suffering
from ALDH7AI mutations with lysine restriction and arginine
supplementation it should be realized that results on intellectual
disability are preliminary, and that a better understanding of the
variation in clinical response as well as possible side effects of the
treatment is needed.

CONCLUSION

Pyridoxine-responsive epilepsies are often compounded by
neurodevelopmental disorders, most importantly intellectual
disability. The epilepsies may be treated efficiently with
pyridoxine or PLP, but the intellectual disability does not respond
to such treatment. In some forms of pyridoxine-responsive
epilepsy the underlying mutation entails accumulation of
certain aldehydes that may react non-enzymatically with brain
cells constituents, altering their function. Alternatively, the
aldehydes may, after binding to proteins and forming AGEs,
produce inflammation upon activation of AGE receptors.

REFERENCES

1. Stockler S, Plecko B, Gospe SM Jr, Coulter-Mackie M, Connolly M,
van Karnebeek C, et al. Pyridoxine dependent epilepsy and antiquitin
deficiency: clinical and molecular characteristics and recommendations for
diagnosis, treatment and follow-up. Mol Genet Metab. (2011) 104:48-60.
doi: 10.1016/j.ymgme.2011.05.014

2. Mills PB, Camuzeaux SS, Footitt EJ, Mills KA, Gissen P, Fisher L,
et al. Epilepsy due to PNPO mutations: genotype, environment and
treatment affect presentation and outcome. Brain. (2014) 137:1350-60.
doi: 10.1093/brain/awu051

3. Burd L, Stenehjem A, Franceschini LA, Kerbeshian J. A 15-year follow-up of
a boy with pyridoxine (vitamin B6)-dependent seizures with autism, breath
holding, and severe mental retardation. J Child Neurol. (2000) 15:763-5.
doi: 10.1177/088307380001501111

4. van Karnebeek CD, Tiebout SA, Niermeijer J, Poll-The BT, Ghani A, Coughlin
CRII, et al. Pyridoxine-dependent epilepsy: an expanding clinical spectrum.
Pediatr Neurol. (2016) 59:6-12. doi: 10.1016/j.pediatrneurol.2015.12.013

5. Clayton PT. B6-responsive disorders: a model of vitamin dependency. ] Inherit
Metab Dis. (2006) 29:317-26. doi: 10.1007/s10545-005-0243-2

6. Petroff OA. GABA and glutamate in the human brain. Neuroscientist. (2002)
8:562-73. doi: 10.1177/1073858402238515

7. Kwok F Churchich JE. Brain pyridoxal kinase. Purification, substrate
specificities, and sensitized photodestruction of an essential histidine. ] Biol
Chem. (1979) 254:6489-95.

8. Gachon F, Fonjallaz P, Damiola E, Gos P, Kodama T, Zakany J, et al. The loss of
circadian PAR bZip transcription factors results in epilepsy. Genes Dev. (2004)
18:1397-412. doi: 10.1101/gad.301404

9. Choi JD, Bowers-Komro M, Davis MD, Edmondson DE, McCormick DB.
Kinetic properties of pyridoxamine (pyridoxine)-5’-phosphate oxidase from
rabbit liver. ] Biol Chem. (1983) 258:840-5.

10. diSalvo ML, Mastrangelo M, Nogués I, Tolve M, Paiardini A, Carducci C, et al.
Pyridoxine-5’-phosphate oxidase (Pnpo) deficiency: clinical and biochemical
alterations associated with the C.347g> A (P.-Argl16gln) mutation. Mol Genet
Metab. (2017) 122:135-42. doi: 10.1016/j.ymgme.2017.08.003

11. Whyte MP, Landt M, Ryan LM, Mulivor RA, Henthorn PS, Fedde KN,
et al. Alkaline phosphatase: placental and tissue-non-specific isoenzymes
hydrolyze phosphoethanolamine, inorganic pyrophosphate, and pyridoxal 5’
phosphate. Substrate accumulation in carriers of hypophosphatasia corrects
during pregnancy. J Clin Invest. (1995) 95:1440-5. doi: 10.1172/JCI117814

Dietary measures to reduce the brain’s exposure to lysine
metabolite a-aminoadipic semialdehyde in ALDH7AI mutations
has shown promise with respect to ameliorating intellectual
disability; this was achieved by reducing dietary lysine and by
dietary arginine supplementation upwards of 150 mg arginine/kg
bodyweight/day in children that were from 288 days to 8 years
of age (32).

Future therapies aimed at protecting cognitive development
in affected children may exploit the possibility of inactivating
the accumulating aldehydes, inhibiting AGE formation or
AGE receptors, or dampening the inflammatory response that
follows from AGE receptor activation.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by The Norwegian Health Association
(Grant#1513).

12. Oyachi M, Harada D, Sakamoto N, Ueyama K, Kondo K, Kishimoto K, et al. A
case of perinatal hypophosphatasia with a novel mutation in the ALPL gene:
clinical course and review of the literature. Clin Pediatr Endocrinol. (2018)
27:179-86. doi: 10.1297/cpe.27.179

13. Spector R, Johanson CE. Vitamin transport and homeostasis in mammalian
brain: focus on vitamins B and E. ] Neurochem. (2007) 103:425-38.
doi: 10.1111/j.1471-4159.2007.04773.x

14. Whyte MP, Greenberg CR, Salman NJ, Bober MB, McAlister WH, Wenkert
D, et al. Enzyme-replacement therapy in life-threatening hypophosphatasia.
N Engl ] Med. (2012) 366:904-13. doi: 10.1056/NEJMoal106173

15. Krawitz PM, Schweiger MR, Rodelsperger C, Marcelis C, Kolsch U, Meisel
C, et al. Identity-by-descent filtering of exome sequence data identifies PIGV
mutations in hyperphosphatasia mental retardation syndrome. Nat Genet.
(2010) 42:827-9. doi: 10.1038/ng.653

16. Horn D, Krawitz P, Mannhardt A, Korenke GC, Meinecke P.
Hyperphosphatasia-mental retardation syndrome due to PIGV mutations:
expanded clinical spectrum. Am ] Med Genet. (2011) 155A:1917-22.
doi: 10.1002/ajmg.a.34102

17. Kuki I, Takahashi Y, Okazaki S, Kawawaki H, Ehara E, Inoue N, et al. Vitamin
Bé6-responsive epilepsy due to inherited GPI deficiency. Neurology. (2013)
81:1467-9. doi: 10.1212/WNL.0b013e3182a8411a

18. Thompson MD, Killoran A, Percy ME, Nezarati M, Cole DE,
Hwang PA. Hyperphosphatasia with neurologic deficit: a pyridoxine-
responsive  seizure  disorder?  Pediatr  Neurol.  (2006)  34:303-7.
doi: 10.1016/j.pediatrneurol.2005.08.020

19. Coughlin CR II, Swanson MA, Spector E, Meeks NJL, Kronquist KE, Aslamy
M, et al. The genotypic spectrum of ALDH7Al mutations resulting in
pyridoxine dependent epilepsy: a common epileptic encephalopathy. J Inherit
Metab Dis. (2018). doi: 10.1007/s10545-018-0219-7. [Epub ahead of print].

20. Plecko B, Paul K, Paschke E, Stoeckler-Ipsiroglu S, Struys E, Jakobs C, et al.
Biochemical and molecular characterization of 18 patients with pyridoxine-
dependent epilepsy and mutations of the antiquitin (ALDH7A1) gene. Hum
Mutat. (2007) 28:19-26. doi: 10.1002/humu.20433

21. Struys EA, Bok LA, Emal D, Houterman S, Willemsen MA, Jakobs C. The
measurement of urinary A'-piperideine-6-carboxylate, the alter ego of a-
aminoadipic semialdehyde, in Antiquitin deficiency. J Inherit Metab Dis.
(2012) 35:909-16. doi: 10.1007/s10545-011-9443-0

22. Mills PB, Struys E, Jakobs C. Mutations in antiquitin in individuals
with  pyridoxine-dependent seizures. Nat Med. (2006) 12:307-9.
doi: 10.1038/nm1366

Frontiers in Psychiatry | www.frontiersin.org

March 2019 | Volume 10 | Article 116


https://doi.org/10.1016/j.ymgme.2011.05.014
https://doi.org/10.1093/brain/awu051
https://doi.org/10.1177/088307380001501111
https://doi.org/10.1016/j.pediatrneurol.2015.12.013
https://doi.org/10.1007/s10545-005-0243-2
https://doi.org/10.1177/1073858402238515
https://doi.org/10.1101/gad.301404
https://doi.org/10.1016/j.ymgme.2017.08.003
https://doi.org/10.1172/JCI117814
https://doi.org/10.1297/cpe.27.179
https://doi.org/10.1111/j.1471-4159.2007.04773.x
https://doi.org/10.1056/NEJMoa1106173
https://doi.org/10.1038/ng.653
https://doi.org/10.1002/ajmg.a.34102
https://doi.org/10.1212/WNL.0b013e3182a8411a
https://doi.org/10.1016/j.pediatrneurol.2005.08.020
https://doi.org/10.1007/s10545-018-0219-7
https://doi.org/10.1002/humu.20433
https://doi.org/10.1007/s10545-011-9443-0
https://doi.org/10.1038/nm1366
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Hassel et al.

Cognitive Development in Pyridoxine-Responsive Epilepsies

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mills PB, Footitt EJ, Ceyhan S, Waters PJ, Jakobs C, Clayton PT, et al. Urinary
AASA excretion is elevated in patients with molybdenum cofactor deficiency
and isolated sulphite oxidase deficiency. ] Inherit Metab Dis. (2012) 35:1031-6.
doi: 10.1007/s10545-012-9466-1

Struys EA, Nota B, Bakkali A, Al Shahwan S, Salomons GS, Tabarki B.
Pyridoxine-dependent epilepsy with elevated urinary o-amino adipic
semialdehyde in molybdenum cofactor deficiency. Pediatrics. (2012)
130:€1716-9. doi: 10.1542/peds.2012-1094

Farrant RD, Walker V, Mills GA, Mellor JM, Langley GJ. Pyridoxal
phosphate  de-activation by pyrroline-5-carboxylic acid. Increased
risk of vitamin B6 deficiency and seizures in hyperprolinemia
type IL J Biol Chem. (2001) 276:15107-16. doi: 10.1074/jbc.M010
860200

Walker V, Mills GA, Peters
and hyperprolinaemia type IL
doi: 10.1136/adc.82.3.236

Darin N, Reid E, Prunetti L, Samuelsson L, Husain RA, Wilson M, et al.
Mutations in PROSC disrupt cellular pyridoxal phosphate homeostasis and
cause vitamin-Bg-dependent epilepsy. Am ] Hum Genet. (2016) 99:1325-37.
doi: 10.1016/j.ajhg.2016.10.011

Baumeister FA, Gsell W, Shin YS, Egger J. Glutamate in pyridoxine-dependent
epilepsy: neurotoxic glutamate concentration in the cerebrospinal fluid and its
normalization by pyridoxine. Pediatrics. (1994) 94:318-21.

van de Ven S, Gardeitchik T, Kouwenberg D, Kluijtmans L, Wevers R,
Morava E. Long-term clinical outcome, therapy and mild mitochondrial
dysfunction in hyperprolinemia. J Inherit Metab Dis. (2014) 37:383-90.
doi: 10.1007/s10545-013-9660-9

Levtova A, Camuzeaux S, Laberge AM, Allard P, Brunel-Guitton C, Diadori
P, et al. Normal cerebrospinal fluid pyridoxal 5’-phosphate level in a PNPO-
deficient patient with neonatal-onset epileptic encephalopathy. JIMD Rep.
(2015) 22:67-75. doi: 10.1007/8904_2015_413

Pena IA, MacKenzie A, Van Karnebeek CDM. Current knowledge for
pyridoxine-dependent epilepsy: a 2016 update. Expert Rev Endocrinol Metab.
(2017) 12:5-20. doi: 10.1080/17446651.2017.1273107

Coughlin CR 1II, van Karnebeek CD, Al-Hertani W, Shuen AY,
Jaggumantri S, Jack RM, et al. Triple therapy with pyridoxine, arginine
supplementation and dietary lysine restriction in pyridoxine-dependent
epilepsy: neurodevelopmental outcome. Mol Genet Metab. (2015) 116:35-43.
doi: 10.1016/j.ymgme.2015.05.011

World Health Organization. WHO Methods and Data Sources for Global
Burden of Disease Estimates 2000-2011. Global Health Estimates Technical
Paper. (2013) WHO/HIS/HSI/GHE/2013.4

Salvador-Carulla L, Reed GM, Vaez-Azizi LM, Cooper SA, Martinez-
Leal R, Bertelli M, et al. Intellectual developmental disorders:
towards a new name, definition and framework for “mental
retardation/intellectual disability” in ICD-11. World Psychiatry. (2011)
10:175-80. doi: 10.1002/j.2051-5545.2011.tb00045.x

O’Kane RL, Vina JR, Simpson I, Zaragozd R, Mokashi A, Hawkins RA.
Cationic amino acid transport across the blood-brain barrier is mediated
exclusively by system y*. Am J Physiol Endocrinol Metab. (2006) 291:E412-9.
doi: 10.1152/ajpendo.00007.2006

McNeal CJ, Meininger CJ], Reddy D, Wilborn CD, Wu G. Safety
and effectiveness of arginine in adults. J Nutr. (2016) 146:2587S—93S.
doi: 10.3945/jn.116.234740

Shah PS, Shah VS, Kelly LE. Arginine supplementation for prevention of
necrotising enterocolitis in preterm infants. Cochrane Database Syst Rev.
(2017) 4:CD004339. doi: 10.1002/14651858.CD004339.pub4

Daneshvar B, Frandsen H, Autrupand H, Dragsted LO. y-Glutamyl
semialdehyde ~ and  2-amino-adipic ~ semialdehyde:

of oxidative damage to proteins. Biomarkers. (1997)
doi: 10.1080/135475097231841

Akagawa M, Sasaki D, Kurota Y, Suyama K. Formation of alpha-
aminoadipic and gamma-glutamic semialdehydes in proteins by the maillard
reaction. Ann N Y Acad Sci. (2005) 1043:129-34. doi: 10.1196/annals.
1333.016

Estévez M, Ollilainen V, Heinonen M. Analysis of protein oxidation markers
alpha-aminoadipic and gamma-glutamic semialdehydes in food proteins
using liquid chromatography (LC)-electrospray ionization (ESI)-multistage

SA, Merton WL. Fits, pyridoxine,
Arch Dis Child. (2000) 82:236-7.

biomarkers
2:117-23.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

tandem mass spectrometry (MS). J Agric Food Chem. (2009) 57:3901-10.
doi: 10.1021/j804017p

Giri B, Dey S, Das T, Sarkar M, Banerjee J, Dash SK. Chronic hyperglycemia
mediated physiological alteration and metabolic distortion leads to organ
dysfunction, infection, cancer progression and other pathophysiological
consequences: an update on glucose toxicity. Biomed Pharmacother. (2018)
107:306-28. doi: 10.1016/j.biopha.2018.07.157

Allaman 1, Bélanger M, Magistretti PJ. Methylglyoxal, the dark side of
glycolysis. Front Neurosci. (2015) 9:23. doi: 10.3389/fnins.2015.00023
Takeuchi M, Yamagishi S. Involvement of toxic AGEs (TAGE) in the
pathogenesis of diabetic vascular complications and Alzheimer’s disease. |
Alzheimers Dis. (2009) 16:845-58. doi: 10.3233/JAD-2009-0974

Fawver JN, Schall HE, Petrofes Chapa RD, Zhu X, Murray IV. Amyloid-
p metabolite sensing: biochemical linking of glycation modification and
misfolding. ] Alzheimers Dis. (2012) 30:63-73. doi: 10.3233/JAD-2012-112114
Koriyama Y, Furukawa A, Muramatsu M, Takino J, Takeuchi M.
Glyceraldehyde caused Alzheimer’s disease-like alterations in diagnostic
marker levels in SH-SY5Y human neuroblastoma cells. Sci. Rep. (2015)
5:13313. doi: 10.1038/srep13313

Garaycoechea JI, Crossan GP, Langevin F, Mulderrig L, Louzada S, Yang F,
et al. Alcohol and endogenous aldehydes damage chromosomes and mutate
stem cells. Nature. (2018) 553:171-7. doi: 10.1038/nature25154

Srikanth 'V, Maczurek A, Phan T, Steele M, Westcott B, Juskiw
D, et al. Advanced glycation endproducts their  receptor
RAGE in Alzheimers disease. Neurobiol Aging. (2011) 32:763-77.
doi: 10.1016/j.neurobiolaging.2009.04.016

Frimat M, Daroux M, Litke R, Neviere R, Tessier FJ, Boulanger E. Kidney,
heart and brain: three organs targeted by ageing and glycation. Clin Sci. (2017)
131:1069-92. doi: 10.1042/CS20160823

Kinsky OR, Hargraves TL, Anumol T, Jacobsen NE, Dai ], Snyder
SA, et al. Metformin scavenges methylglyoxal to form a novel
imidazolinone metabolite in humans. Chem Res Toxicol. (2016) 29:227-34.
doi: 10.1021/acs.chemrestox.5b00497

Rabbani N, Thornalley PJ. Advanced glycation end products in the
pathogenesis of chronic kidney disease. Kidney Int. (2018) 93:803-13.
doi: 10.1016/j.kint.2017.11.034

Noori N, Tabibi H, Hosseinpanah F, Hedayati M, Nafar M. Effects of combined
lipoic acid and pyridoxine on albuminuria, advanced glycation end-products,
and blood pressure in diabetic nephropathy. Int J Vitam Nutr Res. (2013)
83:77-85. doi: 10.1024/0300-9831/2000147

Miyashita M, Arai M, Kobori A, Ichikawa T, Toriumi K, Niizato K, et al.
Clinical features of schizophrenia with enhanced carbonyl stress. Schizophr
Bull. (2014) 40:1040-946. doi: 10.1093/schbul/sbt129

Sadowska-Bartosz I, Galiniak S, Bartosz G. Kinetics of glycoxidation
of bovine serum albumin by glucose, fructose and ribose and its
prevention by food components. Molecules. (2014) 19:18828-49.
doi: 10.3390/molecules191118828

Cetin E, Civelek S, Andican G, Candan Polizzi F, Yumuk V, Bur¢ak G. Plasma
AGE-peptides and C-peptide in early-stage diabetic nephropathy patients on
thiamine and pyridoxine therapy. Minerva Med. (2013) 104:93-101.
Nascimento MM, Suliman ME, Murayama Y, Nihi M, Hayashi SY, Stenvinkel
P, et al. Effect of high-dose thiamine and pyridoxine on advanced glycation
end products and other oxidative stress markers in hemodialysis patients:
a randomized placebo-controlled study. J Ren Nutr. (2006) 16:119-24.
doi: 10.1053/j.jrn.2006.01.002

Tarwadi KV, Agte VV. Effect of micronutrients on methylglyoxal-mediated
in vitro glycation of albumin. Biol Trace Elem Res. (2011) 143:717-25.
doi: 10.1007/s12011-010-8915-7

Vlassara H, Uribarri J. Advanced glycation end products (AGE)
and diabetes: cause, effect, or both? Curr Diab Rep. (2014) 14:453.
doi: 10.1007/s11892-013-0453-1

Walker D, Lue LE Paul G, Patel A, Sabbagh MN. Receptor for
advanced glycation endproduct modulators: a new therapeutic target
in Alzheimer’s disease. Expert Opin Investig Drugs. (2015) 24:393-9.
doi: 10.1517/13543784.2015.1001490

Schmidt AM. 2016 ATVB plenary lecture: receptor for advanced glycation
endproducts and implications for the pathogenesis a treatment of
cardiometabolic disorders: spotlight on the macrophage. Arterioscler

and

Frontiers in Psychiatry | www.frontiersin.org

March 2019 | Volume 10 | Article 116


https://doi.org/10.1007/s10545-012-9466-1
https://doi.org/10.1542/peds.2012-1094
https://doi.org/10.1074/jbc.M010860200
https://doi.org/10.1136/adc.82.3.236
https://doi.org/10.1016/j.ajhg.2016.10.011
https://doi.org/10.1007/s10545-013-9660-9
https://doi.org/10.1007/8904_2015_413
https://doi.org/10.1080/17446651.2017.1273107
https://doi.org/10.1016/j.ymgme.2015.05.011
https://doi.org/10.1002/j.2051-5545.2011.tb00045.x
https://doi.org/10.1152/ajpendo.00007.2006
https://doi.org/10.3945/jn.116.234740
https://doi.org/10.1002/14651858.CD004339.pub4
https://doi.org/10.1080/135475097231841
https://doi.org/10.1196/annals.1333.016
https://doi.org/10.1021/jf804017p
https://doi.org/10.1016/j.biopha.2018.07.157
https://doi.org/10.3389/fnins.2015.00023
https://doi.org/10.3233/JAD-2009-0974
https://doi.org/10.3233/JAD-2012-112114
https://doi.org/10.1038/srep13313
https://doi.org/10.1038/nature25154
https://doi.org/10.1016/j.neurobiolaging.2009.04.016
https://doi.org/10.1042/CS20160823
https://doi.org/10.1021/acs.chemrestox.5b00497
https://doi.org/10.1016/j.kint.2017.11.034
https://doi.org/10.1024/0300-9831/a000147
https://doi.org/10.1093/schbul/sbt129
https://doi.org/10.3390/molecules191118828
https://doi.org/10.1053/j.jrn.2006.01.002
https://doi.org/10.1007/s12011-010-8915-7
https://doi.org/10.1007/s11892-013-0453-1
https://doi.org/10.1517/13543784.2015.1001490
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Hassel et al.

Cognitive Development in Pyridoxine-Responsive Epilepsies

60.

61.

62.

63.

64.

65.

66.

Thromb Vasc Biol. (2017) 37:613-21. doi: 10.1161/ATVBAHA.117.
307263

Sanajou D, Ghorbani Haghjo A, Argani H, Aslani S. AGE-RAGE axis blockade
in diabetic nephropathy: current status and future directions. Eur ] Pharmacol.
(2018) 833:158-64. doi: 10.1016/j.ejphar.2018.06.001

Hassel B, Elsais A, Froland AS, Taubell E, Gjerstad L, Quan Y, et al. Uptake and
metabolism of fructose by rat neocortical cells in vivo and by isolated nerve
terminals in vitro. ] Neurochem. (2015) 133:572-81. doi: 10.1111/jnc.13079
Wu HQ, Ungerstedt U, Schwarcz R. L-alpha-aminoadipic acid as a regulator
of kynurenic acid production in the hippocampus: a microdialysis
study in freely moving rats. Eur ] Pharmacol. (1995) 281:55-61.
doi: 10.1016/0014-2999(95)00224-9

Sherpa AD, van de Nes P, Xiao F Weedon ], Hrabetova S. Gliotoxin-
induced swelling of astrocytes hinders diffusion in brain extracellular
space via formation of dead-space microdomains. Glia. (2014) 62:1053-65.
doi: 10.1002/glia.22661

Zabinyakov N, Bullivant G, Cao F, Fernandez Ojeda M, Jia ZP, Wen XY,
et al. Characterization of the first knock-out aldh7al zebrafish model for
pyridoxine-dependent epilepsy using CRISPR-Cas9 technology. PLoS ONE.
(2017) 12:e0186645. doi: 10.1371/journal.pone.0186645

Scott K, Zeris S, Kothari MJ. Elevated B6 levels and peripheral
neuropathies.  Electromyogr ~ Clin ~ Neurophysiol. ~ (2008)  48:219-23.
doi: 10.1002/9780470378014.ch14

Kulkantrakorn K. Pyridoxine-induced sensory ataxic neuronopathy
and  neuropathy:  revisited.  Neurol  Sci.  (2014)  35:1827-30.
doi: 10.1007/s10072-014-1902-6

67. Jaeger B, Abeling NG, Salomons GS, Struys EA, Simas-Mendes M,
Geukers VG, et al. Pyridoxine responsive epilepsy caused by a novel
homozygous PNPO mutation. Mol Genet Metab Rep. (2016) 6:60-3.
doi: 10.1016/j.ymgmr.2016.01.004

68. Ormazabal A, Oppenheim M, Serrano M, Garcia-Cazorla A, Campistol J,
Ribes A, et al. Pyridoxal 5-phosphate values in cerebrospinal fluid: reference
values and diagnosis of PNPO deficiency in paediatric patients. Mol Genet
Metab. (2008) 94:173-7. doi: 10.1016/j.ymgme.2008.01.004

69. Dahlberg D, Struys EA, Jansen EE, Merkrid L, Midttun @, Hassel B. Cyst
fluid from cystic, malignant brain tumors: a reservoir of nutrients, including
growth factor-like nutrients, for tumor cells. Neurosurgery. (2017) 80:917-24.
doi: 10.1093/neuros/nyw101

70. Footitt EJ, Heales SJ, Mills PB, Allen GE, Oppenheim M, Clayton PT. Pyridoxal
5’-phosphate in cerebrospinal fluid; factors affecting concentration. J Inherit
Metab Dis. (2011) 34:529-38. doi: 10.1007/s10545-011-9279-7

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Hassel, Rogne and Hope. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

March 2019 | Volume 10 | Article 116


https://doi.org/10.1161/ATVBAHA.117.307263
https://doi.org/10.1016/j.ejphar.2018.06.001
https://doi.org/10.1111/jnc.13079
https://doi.org/10.1016/0014-2999(95)00224-9
https://doi.org/10.1002/glia.22661
https://doi.org/10.1371/journal.pone.0186645
https://doi.org/10.1002/9780470378014.ch14
https://doi.org/10.1007/s10072-014-1902-6
https://doi.org/10.1016/j.ymgmr.2016.01.004
https://doi.org/10.1016/j.ymgme.2008.01.004
https://doi.org/10.1093/neuros/nyw101
https://doi.org/10.1007/s10545-011-9279-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Intellectual Disability Associated With Pyridoxine-Responsive Epilepsies: The Need to Protect Cognitive Development
	Introduction
	Pyridoxine-Responsive Epilepsy: Clinical Manifestations and Underlying Molecular Causes

	Pyridoxine: The Biologically Active Form and its Entry Into the Brain
	Genetic Causes of Pyridoxine-Responsive Epilepsy: Some Affect Metabolism of Pyridoxine, Some Lead to Build-up of Reactive Metabolites That Inactivate PLP
	Intellectual Disability in Pyridoxine-Responsive Epilepsy: The Need for Novel Therapies
	Possible Toxic Mechanisms of α-Aminoadipic Semialdehyde, γ-Glutamic Semialdehyde, P6C, and P5C. Therapeutic Possibilities
	A Pathogenic Lack of Downstream Products During Enzyme Dysfunction?
	Caveats in the Treatment of Pyridoxine-Responsive Epilepsies and Associated Intellectual Disability
	Conclusion
	Author Contributions
	Funding
	References


