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Summary Pyridoxal phosphate is the cofactor for over 100

enzyme-catalysed reactions in the body, including many in-

volved in the synthesis or catabolism of neurotransmitters.

Inadequate levels of pyridoxal phosphate in the brain cause

neurological dysfunction, particularly epilepsy. There are

several different mechanisms that lead to an increased re-

quirement for pyridoxine and/or pyridoxal phosphate. These

include: (i) inborn errors affecting the pathways of B6 vi-

tamer metabolism; (ii) inborn errors that lead to accumu-

lation of small molecules that react with pyridoxal phos-

phate and inactivate it; (iii) drugs that react with pyridoxal

phosphate; (iv) coeliac disease, which is thought to lead

to malabsorption of B6 vitamers; (v) renal dialysis, which

leads to increased losses of B6 vitamers from the circulation;

(vi) drugs that affect the metabolism of B6 vitamers; and

(vii) inborn errors affecting specific pyridoxal phosphate-

dependent enzymes. The last show a very variable degree

of pyridoxine responsiveness, from 90% in X-linked sider-

oblastic anaemia (δ-aminolevulinate synthase deficiency)

through 50% in homocystinuria (cystathionine β-synthase

deficiency) to 5% in ornithinaemia with gyrate atrophy (or-

nithine δ-aminotransferase deficiency). The possible role of

pyridoxal phosphate as a chaperone during folding of nascent

enzymes is discussed. High-dose pyridoxine or pyridoxal

phosphate may have deleterious side-effects (particularly pe-
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ripheral neuropathy with pyridoxine) and this must be con-

sidered in treatment regimes. None the less, in some patients,

particularly infants with intractable epilepsy, treatment with

pyridoxine or pyridoxal phosphate can be life-saving, and in

other infants with inborn errors of metabolism B6 treatment

can be extremely beneficial.

Chemical structure of B6 vitamers

Vitamin B6 is present in the human body as six vitamers,

which all share a 2-methyl-3-hydroxypyridine structure but

differ in the nature of the C4 and C5 substituents (Fig. 1)

(Sauberlich 1999). The C4 carbon bears a hydroxymethyl

group (−CH2OH) in pyridoxine, an aldehyde group (−CHO)

in pyridoxal, and an aminomethyl group (−CH2NH2) in pyri-

doxamine. All three of these C4 variants can exist with the C5

substituent as a hydroxymethyl group or with this group es-

terified to phosphate (e.g. pyridoxal 5′-phosphate). In plants

the C5 hydroxymethyl group of pyridoxine can be esterified

to glucose, forming pyridoxine-5′-β-D-glucoside.

Sources of vitamin B6

Vitamin B6 in human breast milk is present as pyridoxal

phosphate plus pyridoxal (Morrison and Driskell 1985). In

animal-derived foods it is also present largely as pyridoxal

phosphate and in greatest amounts in meat (including poul-

try and fish) because, in animals, the largest store of pyri-

doxal phosphate is present in muscle, associated with glyco-

gen phosphorylase. Smaller amounts of pyridoxamine phos-

phate are also present in animal-derived foods. In plant-

derived foods, B6 is present mainly as pyridoxine, pyridoxine

phosphate and pyridoxine glucoside (which appears to have

reduced bioavailability because of the need for hydrolysis by
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Fig. 1 B6 vitamers

an intestinal glucosidase) (Mackey et al 2003). When foods

are fortified with B6 (e.g. soya meat substitutes), the form

that is used is usually pyridoxine (hydrochloride). The two

B6 vitamers that have been used therapeutically are pyridox-

ine (hydrochloride) and pyridoxal 5′-phosphate (PLP); this

review will discuss disorders responsive to pyridoxine and/or

PLP.

Reactivity of pyridoxal 5′-phosphate

Pyridoxal 5′-phosphate is a highly reactive chemical. The

aldehyde group can react with:

1. Amino groups, by condensation reactions to form a cova-

lent Schiff base, e.g. the ε-amino groups of lysine residues

at the active sites of PLP-dependent enzymes, the α-amino

groups of amino acids during PLP-catalysed reactions, or

the ε-amino group of lysine-130 in albumin

2. Hydrazines, by condensation reactions e.g. hydralazine,

isoniazid, carbidopa

3. Substituted hydroxylamines, by condensation reactions

e.g. D-cycloserine

4. Sulphydryl compounds, e.g. L-penicillamine

The ability of small molecules to react with PLP and in-

activate it is an important factor in pyridoxine dependency,

both in patients taking drugs such as isoniazid and in certain

inborn errors of metabolism; the latter will be discussed in

more detail below. The reactions of PLP with lysine residues

of proteins and with the α-amino groups of amino acids are

essential to the numerous reactions involving amino acids

that are catalysed by PLP-dependent enzymes.

Physiological roles

Our requirement for B6 arises mainly from the fact that

PLP is the cofactor for over 100 enzyme-catalysed reac-

tions that occur in humans. The majority of these reactions

involve amino acids. When PLP reacts with the α-amino

group of an amino acid substrate, it stabilizes a negative

charge at Cα . This facilitates reactions at the α, β and

γ positions (Eliot and Kirsch 2004). Some of the im-

portant pyridoxal-phosphate-dependent enzymes in relation

to B6 deficiency, known or suspected inborn errors of

metabolism and/or seizures are listed in Table 1. It can be

seen that the metabolism of the sollowing neurotransmit-

ters could be affected by PLP deficiency: dopamine, sero-

tonin (5-hydroxytryptamine), glycine, D-serine, glutamate,

γ-aminobutyrate (GABA), and histamine. Furthermore, the

following might be indicators of deficient flux through a

PLP-deficient pathway: raised CSF 3-methoxytyrosine (3-

O-methyl-dopa); raised urinary vanillyllactate; low CSF

homovanillic acid (HVA) and 5-hydroxyindoleacetic acid

(5-HIAA); raised threonine and/or glycine and/or serine

and/or histidine in CSF and perhaps in plasma; raised plasma

total homocysteine, and plasma and urine homocystine;

raised urinary cystathionine; increased urinary xanthurenic

acid (particularly following a tryptophan load); and micro-

cytic, hypochromic anaemia.

PLP also acts as the cofactor for glycogen phosphorylase,

although the mechanism is different from that seen in reac-

tions involving amino acids (Takagi et al 1982). Other phys-

iological roles of B6 include modulation of steroid receptor

interaction (Tully et al 1994) and regulation of immune func-

tion. PLP binds tightly to the D1 domain of the CD4 molecule

(Salhany and Schopfer 1993) and it has been suggested that

this may interfere with the reaction of CD4 with MHC II

(Namazi 2003)

There is some evidence that in some situations B6 vitamers

can function as antioxidants, quenching singlet oxygen at a

rate comparable to vitamins C and E (Ehrenshaft et al 1999;

Bilski et al 2000).

Dietary deficiency of vitamin B6

Isolated dietary deficiency of vitamin B6 is rare. The first re-

ports were of an ill-defined syndrome characterized by weak-

ness, irritability, nervous disorder, insomnia and difficulty

with walking. In1954, Coursin observed that when infants

were fed on a formula containing only 60 μg/L of B6 they

developed irritability and seizures. These changes were re-

versed when their B6 intake was restored to 8 μg/kg per day.

A dietary intake of B6 of less than 7 μg/kg per day also causes

EEG changes in adults (Kretsch et al 1991). The changes can

be reversed by restoring vitamin B6 intake to 8 μg/kg per day.

Biochemical changes observed in vitamin B6 deficiency in-

clude increased urinary excretion of xanthurenic acid (Fouts

and Lepkovsky 1942), raised plasma concentrations of thre-

onine, glycine and serine (Park and Linkswiler 1971).

Hyperhomocystinaemia has also been seen in elderly sub-

jects who are receiving insufficient B6. A daily supplement
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Table 1 Pyridoxal 5′-phosphate-requiring enzymes

Known to be involved in neurotransmitter metabolism
Aromatic amino acid decarboxylase Formation of dopamine and 5-hydroxytryptamine

Branched chain amino acid 2-oxoglutarate aminotransferase Synthesis of glutamate

Glutamate decarboxylase Conversion of glutamate to GABA

GABA transaminase Breakdown of GABA, regeneration of glutamate

Glycine cleavage enzyme Catabolism of neurotransmitter, glycine

L-Serine racemase Formation of neurotransmitter, D-serine

Histidine decarboxylase Synthesis of histamine

Providing markers of B6-deficiency/dependency

Cystathionine β-synthase Raised plasma total homocysteine

Cystathionine γ-lyase Increased urinary cystathionine

Kynureninase (?+ kynurenine aminotransferase) Increased urinary xanthurenic acid

Threonine dehydratase Raised plasma/CSF threonine

Serine dehydratase Raised plasma serine

Aminolevulinate synthase Microcytic, hypochromic, (sideroblastic) anaemia

of 30 μg/kg per day is sufficient to correct the hyperhomo-

cystinaemia in those who are folate and riboflavin replete

(McKinley et al 2001).

Decreased absorption of B6 vitamers

There is evidence to suggest that absorption of B6 vitamers

is impaired in coeliac disease (Kowlessar et al 1964). Sur-

prisingly, PLP concentrations in plasma are still low in some

patients who have been on a gluten-free diet for 10 years

(Hallert et al 2002).

Metabolic pathways, including interconversion of B6

vitamers

The phosphorylated B6 vitamers in the diet are thought to be

hydrolysed to pyridoxal, pyridoxamine and pyridoxine by in-

testinal phosphatases prior to absorption (Fig. 2). Pyridoxine-

glucoside is hydrolysed to pyridoxine by a glucosidase. The

absorbed pyridoxal, pyridoxamine and pyridoxine are rapidly

cleared, principally by uptake into the liver, where they are

phosphorylated by pyridoxal kinase. Pyridoxine phosphate

and pyridoxamine phosphate are then converted to pyridoxal

phosphate by pyridox(am)ine-5′-phosphate oxidase (PNPO).

Pyridoxal phosphate re-enters the circulation bound to the

lysine-190 residue of albumin. Delivery of active cofactor

to the tissues requires hydrolysis of circulating pyridoxal

phosphate to pyridoxal by the ecto-enzyme tissue nonspecific

alkaline phosphatase. Pyridoxal is able to cross the blood–

brain barrier (and enter other tissues) but then needs to be

re-phosphorylated by pyridoxal kinase to produce active co-

factor.

In the next sections we will discuss the effect of deficiency

of PNPO and tissue nonspecific alkaline phosphatase (inborn

errors affecting the interconversion of B6 vitamers).

Inborn errors affecting interconversion of B6

vitamers

Pyridox(am)ine phosphate oxidase deficiency

Autosomal recessive loss-of-function mutations in the PNPO
gene encoding pyridox(am)ine-5′-phosphate oxidase have

been described in 5 infants with neonatal epileptic en-

cephalopathy from three families (Mills et al 2005). In all of

these newborns, the severe seizure disorder did not respond

to treatment with pyridoxine; in the one infant in whom pyri-

doxal phosphate was tried there was a dramatic cessation

of seizures. These 5 infants will be described below. Much

larger numbers of infants have been described in whom se-

vere epilepsy has been better controlled with the use of PLP

than with the use of pyridoxine (Wang et al 2005). It is not

yet known whether any of these infants have mutations or

polymorphisms in the PNPO gene.

All 5 infants with homozygous PNPO deficiency were

born prematurely and all but one had low Apgar scores

and/or required intubation. Early acidosis was also common.

Seizures commenced on the first day of life and were as-

sociated with an EEG showing a burst suppression pattern.

The convulsions, which included myoclonic jerks and severe

tonic-clonic seizures, were resistant to conventional anticon-

vulsant drugs. In two patients pyridoxine treatment led to a

partial improvement in clonic contractions and lip-smacking

automatisms.
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Fig. 2 Conversion of dietary
vitamin B6 to intracellular
pyridoxal 5′-phosphate cofactor

CSF concentrations of the dopamine metabolite HVA

and of the serotonin metabolite 5HIAA were low. The

CSF concentration of the L-dopa metabolite 3-O-methyl-

dopa (3-methoxytyrosine) was very high. The urinary ex-

cretion of another L-dopa metabolite, vanillyllactic acid, was

increased. These changes indicated reduced activity of the

PLP-dependent enzyme aromatic L-amino-acid decarboxy-

lase. Raised CSF concentrations of glycine and threonine

(4/5) could be explained by reduced activity of the PLP-

dependent glycine cleavage enzyme and threonine dehy-

dratase, respectively. CSF concentrations of histidine and

taurine (4/5) were also increased. Plasma and CSF concentra-

tions of arginine were low. CSF concentrations of pyridoxal

and pyridoxal phosphate were measured in 3 patients and

were low in all cases.

The PNPO gene is situated on chromosome 17q21.2. The

newborns with epileptic encephalopathy and the biochemi-

cal changes reported above were shown to be homozygous

for missense, splice site and stop codon mutations Expres-

sion studies showed that the splice site (IVS3−1g>a) and

stop codon (X262Q) mutations were null activity mutations

and that the missense mutation (R229W) markedly reduced

pyridox(am)ine-phosphate oxidase activity.

Diagnostic tests

The least-invasive test for PNPO deficiency is measurement

of urinary vanillyllactate, but the sensitivity and specificity

of this determination in neonates with seizures has yet to be

determined. High CSF (and plasma) threonine, and low CSF

HVA and 5HIAA, with high CSF 3-methoxytyrosine are im-

portant indicators of possible PNPO deficiency. A tentative

diagnosis of PNPO deficiency might be made if a neonate

has seizures that respond dramatically to PLP having failed

to respond to pyridoxine (but therapeutic trials must be un-

dertaken with great care—see below).

Pyridoxal phosphate for intravenous use is not readily

available. Fortunately, PLP is very effective when given via a

nasogastric tube (in a sick neonate) or orally following recov-

ery from the seizures. A trial of treatment with PLP should

only be undertaken in a setting where full resuscitation and

intensive care facilities are available. In a PNPO-deficient pa-

tient, nasogastric administration of 50 mg of PLP led to ces-

sation of seizures within an hour, but this was associated with

profound hypotonia and unresponsiveness and also some hy-

potension. His neurology only normalized after 4 days of

treatment. Continuing control of seizures was achieved with

10 mg/kg of PLP 6-hourly. Without PLP treatment, PNPO

deficiency was rapidly fatal in all affected infants. The one

case who was treated with PLP after suffering from severe

seizures for 2 weeks is alive at 2 years 8 months but has se-

vere dystonia, acquired microcephaly and moderate to severe

developmental delay. Treatment with L-dopa and carbidopa

was helpful in controlling his dystonic spasms. The effect of

earlier treatment remains to be established.

Hypophosphatasia

Hypophosphatasia was described by Rathbun in 1948. He

reported paradoxically low levels of alkaline phosphatase

(ALP) activity in blood and in several tissues of an infant

who died with ‘rickets’ and epilepsy. Hypophosphatasia is

now known to be an inborn error of metabolism–deficient ac-

tivity of the tissue nonspecific isoenzyme of ALP (TNSALP)

caused by deactivating mutations in the ALPL gene (McKu-

sick 171760). Waymire and colleagues in 1995 showed that

the ALPL knockout mouse developed fatal seizures shortly

after birth and that these were associated with elevated serum

PLP levels and reduced levels of GABA in the brain. Seizures
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Fig. 3 Mechanism of pyridoxal
5′-phosphate deficiency in
hyperprolinaemia type II

could be prevented by the administration of pyridoxal. Sev-

eral case reports have indicated that some human infants with

hypophosphatasia develop neonatal convulsions with burst

suppression on EEG and/or infantile spasms with hypsar-

rhythmia on EEG (Litmanovitz et al 2002; Whyte et al 1988).

Good responses to treatment have been described with pyri-

doxine 100 mg intravenously or oral pyridoxal phosphate

(30 mg/kg per day). Affected individuals have high plasma

concentrations of PLP (Iqbal et al 1998) but low plasma con-

centrations of pyridoxal (Whyte et al 1988). These observa-

tions are consistent with the scheme proposed in Fig. 1 which

indicates that TNSALP is an ecto-enzyme required for the de-

phosphorylation of circulating PLP to form pyridoxal, which

can then enter the brain (and other tissues).

Drugs that affect enzymes involved in B6 vitamer
metabolism

In the brain of the seizure-prone gerbil, vigabatrin has been

shown to inhibit pyridox(am)ine oxidase (An et al 2004).

This effect is separate from the known inhibition of GABA

transaminase. Enzyme-inducing anticonvulsants probably

increase the rate of catabolism of B6 vitamers. Adults on

anti-epileptic medication have hyperhomocysteinaemia and

subnormal plasma concentrations of PLP; these can be cor-

rected with a supplement of folic acid, pyridoxine and ri-

boflavin (Apeland et al 2002). Apeland and colleagues used

a dose of pyridoxine of 2 mg/kg per day but stressed that little

is known about the relative effectiveness of high versus low

doses of pyridoxine hydrochloride in patients on anticonvul-

sants.

Pyridoxal kinase is inhibited by methylxanthines (Ubbink

et al 1990a); consequently it can be shown that pyridoxal

phosphate levels fall when a patient is given a theophylline

infusion for treatment of asthma (Ubbink et al 1990b).

With prolonged treatment with xanthines there is a com-

pensatory increase in pyridoxal kinase activity. Seizures are

a serious complication of theophylline therapy. In rabbits,

theophylline-induced EEG changes can be reversed with

pyridoxine (Glenn et al 1995).

Inborn errors causing accumulation of metabolites
that inactivate PLP

Hyperprolinaemia type II (�1-pyrroline-5-carboxylate

dehydrogenase deficiency)

In this disorder, mutations in the gene encoding L-�1-

pyrroline-5-carboxylic acid (P5C) dehydrogenase lead to ac-

cumulation of P5C. Walker et al (2000) observed xanthurenic

acid in the urine of a child with hyperprolinaemia type II who

had severe seizures complicating pneumonia. They deduced

that the seizures and increased excretion of xanthurenic acid

might be due to PLP deficiency and found that, indeed, the

plasma PLP concentration was low. Farrant and colleagues

(2001) proposed that PLP had been inactivated by reacting

with P5C (Fig. 3). They showed that P5C could indeed react

with PLP by a novel condensation reaction. This involved a

Claisen condensation (or Knoevenagel type of reaction) be-

tween the activated C-4 carbon of the pyrroline ring of P5C

and the aldehyde carbon of PLP.

Pyridoxine-responsive epilepsy

Pyridoxine-responsive epilepsy (PDE) was first described in

1954 (Hunt et al 1954). The diagnosis is based on the clinical

observation of cessation of seizures after the administration

of 50–100 mg (rarely 500 mg) of pyridoxine, continuing

Springer



322 J Inherit Metab Dis (2006) 29:317–326

Fig. 4 Proposed mechanism of
pyridoxal 5′-phosphate
deficiency in
pyridoxine-dependent epilepsy

seizure control on pyridoxine 10 mg/kg per day and recur-

rence of fits when the pyridoxine is stopped. The response to

pyridoxine may be dramatic, not only in terms of the seizure

control but also in terms of additional effects that can include

severe unresponsiveness, hypothermia, hypotension and res-

piratory arrest. These latter effects are more likely if the in-

fant has been treated with anticonvulsants. The EEG prior

to administration of pyridoxine frequently shows burst sup-

pression; 20 min after administration, pyridoxine the EEG

may be flat; after 24 h normal activity can be seen.

Pyridoxine dependency is often classified as ‘typical’ or

‘atypical’ (Baxter 2001). Typical seizures are of perinatal

onset, are refractory to anticonvulsants, respond rapidly to

pyridoxine and recur soon after the pyridoxine is stopped.

Atypical pyridoxine dependency is of later onset (up to 2

years); the patient may only respond after repeated admin-

istration of pyridoxine and patients may be seizure-free for

up to 5 months when treatment is stopped. Additional fea-

tures that may be seen in infants with pyridoxine dependency

include jitteriness, hypothermia, neonatal dystonia, and a

prodrome of restlessness, irritability and emesis preceding

the seizures. Imaging may show cerebellar dysplasia, hemi-

spheric hypoplasia or atrophy, neuronal dysplasia, periven-

tricular hyperintensity, and intracerebral haemorrhage. Pa-

tients occasionally develop hydrocephalus on follow-up. In

2000, Cormier-Daire and colleagues mapped the gene for

PDE to 5q31.

Estimates of the incidence of PDE vary considerably. In

one centre in Germany where a trial of pyridoxine is a formal

part of the protocol for neonatal seizures, an incidence of 1

in 20 000 has been described (Ebinger et al 1999). In the UK

and Ireland (where there is considerable variation in the use

of a trial of pyridoxine for neonates and infants with seizures)

a poll of paediatricians suggested an incidence of 1 in 700

000 for definite and probable cases of PDE (Baxter 2001).

However, there was marked geographical variation, suggest-

ing the possibility of under-recognition and under-reporting.

A similar nationwide survey in The Netherlands suggested

an incidence of 1 in 396 000 for definite and probable cases

and 1 in 252 000 when possible cases were included (Been

et al 2005).

In 2004, I developed a hypothesis for the pathogenesis

of PDE, based on two main observations: (1) the known

ability of PLP to react with small molecules (in particu-

lar the observations of Walker et al (2000) and Farrant et

al (2001) on the reaction between PLP and P5C that oc-

curs in hyperprolinaemia type II (see above)); and (2) the

observation of increased pipecolic acid concentrations in

CSF, plasma and urine of patients with PDE (Plecko et al

2000). The hypothesis was that PDE may be caused by a

defect in the catabolism of pipecolic acid. Metabolism of

pipecolic acid occurs via pipecolic acid oxidase, which gener-

ates �1-piperideine 6-carboxylate (P6C). P6C is structurally

similar to P5C and might be expected to undergo a Kno-

evenagel condensation with PLP, with the aldehyde group

of the PLP condensing with the activated C5 methylene of

the piperideine ring of P6C. Thus, PDE might be caused by

a defect in the metabolism of P6C (which is in equilibrium

in solution with α-aminoadipic semialdehyde (α-AASA);

Fig. 4). The piperideine-6-carboxylate dehydrogenase from

Streptomyces clavuligerus had been cloned (Perez-Llarena

et al 1998). A BLAST search of the human genome was
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undertaken with an amino acid sequence that is highly con-

served between the P6C dehydrogenase of S. clavuligerus
and aldehyde dehydrogenases from Caenorhabditis elegans
and Pisum sativum (and conserved to a lesser degree in the

pyrroline-5-carboxylate dehydrogenase from Bacillus sub-
tilis) (Mills et al 2006). This search led to a single human

gene encoding a protein called antiquitin (because the ho-

mology between the protein from humans and that from the

pea suggested it arose early in evolution) (Lee et al 1994). The

gene was known as ALDH7A1 because of its homology with

other aldehyde dehydrogenases. ALDH7A1 mapped to 5q31

(Skvorak et al 1997) and this was the known locus for PDE

(Cormier-Daire et al 2000). Thus it seemed a good candi-

date gene. We were able to show that antiquitin is indeed an

α-aminoadipic semialdehyde/P6C dehydrogenase and that

children with PDE have ALDH7A1 mutations that abolish

this enzyme activity. We were further able to show that α-

AASA is present in increased concentration in CSF, plasma

and urine of children with PDE and that P6C can undergo a

Knoevenagel condensation with PLP at physiological tem-

perature and pH (Mills et al 2006).

Drugs that react with PLP and inactivate it

Hydrazines

The pyridoxal phosphate hydrazide complex cannot act as a

cofactor (Biehl and Vilter 1954) and may also inhibit pyri-

doxal kinase (McCormick and Snell 1961).

During isoniazid treatment of tuberculosis, symptomatic

pyridoxine deficiency tends to occur only in patients who

are slow isoniazid inactivators or who have renal insuffi-

ciency. The commonest effect is peripheral neuropathy; this

and other side-effects can be prevented by giving pyridoxine

in a dose 50–100 mg of pyridoxine daily (for an adult).

Penicillamine

Symptomatic pyridoxine deficiency became rare when treat-

ment with D, L-penicillamine was replaced by treatment with

D-penicillamine. Nevertheless, most people treating Wilson

disease with penicillamine give pyridoxine at a dose of 25

mg daily (for an adult).

Inborn errors affecting PLP-dependent enzymes

Some patients with inborn errors affecting enzymes that use

PLP as cofactor are pyridoxine responsive. One obvious ex-

planation could be that these patients have mutations that im-

pair the binding of PLP to the enzyme. However, the nature

of the mutations in some pyridoxine-responsive patients ren-

ders this explanation unlikely. Thus it is important to con-

sider other possible mechanisms. In particular we need to

think about a possible role of PLP in assisting protein folding

and/or reducing the likelihood of degradation of misfolded

proteins. For any particular mutation, more than one mech-

anism may contribute to cofactor responsiveness as shown

by the detailed studies of the molecular basis of tetrahydro-

biopterin responsiveness in phenylketonuria (Erlandsen et al

2004).

Pyridoxal phosphate as chaperone

As early as 1963, Greengard and Gordon provided evi-

dence indicating that the amount of tyrosine aminotrans-

ferase (TAT) protein in the liver could be increased by

treatment with pyridoxine. They measured the liver TAT ac-

tivity (using a saturating concentration of PLP) before and

4 h after pyridoxine administration. There was a 3-fold rise

in the enzyme activity following B6 administration, and this

increase was blocked by puromycin and was therefore depen-

dent on protein synthesis. More recently, Gross-Mesilaty and

colleagues (1997) showed that the increased overall synthesis

of TAT in the presence of PLP could be explained by reduced

catabolism of nascent protein by the ubiquitin-proteasome

pathway. In their model system, TAT conjugation and degra-

dation required ubiquitin, ATP and the 26S proteasome and

could be inhibited by association of TAT with PLP.

Among the inborn errors affecting enzymes that have

PLP as cofactor, there is considerable variation in the pro-

portion of affected patients who are pyridoxine-responsive.

Thus, estimates of pyridone responsiveness range from 90%

of patients with deficiency of erythroid δ-aminolevulinate

synthase (pyridoxine-responsive anaemia), through 50% of

patients with cystathionine β-synthase deficiency (clas-

sical homocystinuria), to 5% of patients with ornithine

δ-aminotransferase deficiency (ornithinaemia with gyrate at-

rophy) and 0% of patients with TAT deficiency (despite the

chaperone effect demonstrated in the rat).

Pyridoxine-responsive anaemia

Pyridoxine-responsive anaemia (or X-linked sideroblastic

anaemia) is caused by a defect in the erythroid-specific form

of δ-aminolevulinate δ-ALA synthase, a PLP-dependent en-

zyme that catalyses the reaction between succinyl-CoA and

glycine to produce δ-aminolevulinic acid, coenzyme A and

CO2. It usually presents in the second decade of life with a mi-

crocytic, hypochromic anaemia with a sideroblastic marrow

and other problems caused by iron overload. Improvement

with pyridoxine is usual but may not be seen in patients with

a severe degree of iron overload.

Most of the (more than 24) published mutations in the gene

are missense and are in the catalytic domain as opposed to
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the mitochondrial-targeting or regulatory domains. When the

mutations are expressed in E. coli, they have reduced enzyme

activity that can be increased in the presence of pyridoxine.

In 1979, Aoki and colleagues showed that newly syn-

thesized δ-ALA-synthase from patients with pyridoxine-

responsive anaemia was more rapidly broken down by

erythroid protease than wild-type enzyme. In 1995, Cotter

and colleagues showed that two pyridoxine-responsive pa-

tients had reduced apo-enzyme stability.

Furuyama and colleagues (1997) studied a patient with

δ-ALA synthase deficiency who was pyridoxine-resistant.

Expression studies suggested that the B6 resistance might be

due to failure of mitochondrial import of the mutant enzyme,

but iron overload may also have contributed to the pyridoxine

resistance of this patient.

Homocystinuria (cystathionine β-synthase deficiency)

Cystathionine β-synthase (CBS) catalyses the PLP-

dependent condensation of serine with homocysteine. A de-

fect in this reaction causes classical homocystinuria. In 1967,

Barber and Spaeth reported 3 patients with CBS deficiency

who responded to very high doses of pyridoxine (250–500

mg daily) with decreases of plasma methionine levels to nor-

mal and virtual elimination of homocystine from plasma and

urine. Subsequent reports suggested that approximately 50%

of CBS-deficient patients showed a marked or a partial re-

sponse to pyridoxine in vivo (Mudd et al 2001). This effect

may not be detectable if the patient is folate-depleted. The

response tends to be consistent between siblings. In gen-

eral there is a correlation between residual hepatic enzyme

activity and pyridoxine responsiveness, but there are some

exceptions–individuals with high residual activity and no re-

sponse to pyridoxine. An interesting observation that sug-

gests the possibility of a chaperone action of PLP came from

measurement of CBS activity in liver biopsies from patients

taken before and after in vivo pyridoxine supplementation.

The B6 administration led to 1.3- to 4.5-fold increase in the

hepatic CBS activity (Mudd et al 2001).

Ornithine δ-aminotransferase deficiency

PLP is the cofactor for ornithine δ-aminotransferase (OAT).

Between 1978 and 1981 six patients from 5 sibships were de-

scribed who showed significant reduction in plasma ornithine

in response to high doses of pyridoxine (500–100 mg/day)

(Berson et al 1978, 1981; Weleber et al 1978, 1981). Weleber

and colleagues found that 15–20 mg/day was as effective as

the higher doses in some of their patients. Fibroblast OAT ac-

tivity in these patients increased when high concentrations of

PLP were added to the assay medium (Kennaway et al 1980).

These experiments suggested that the Km for PLP in patients

with pyridoxine-responsive OAT deficiency might be in the

order of 80–310 μmol/L in contrast to a figure of 20 μmol/L

in controls. However, the experiments were done in an intact

cell system and it is possible that chaperoning by PLP led to

reduced degradation of newly synthesized enzyme and that

this contributed to the increased enzyme activity. Molecular

modelling has been used to try to explain pyridoxine respon-

siveness in OAT deficiency. PLP is covalently bound to the

lysine-292 residue of the enzyme, but other residues are also

important in noncovalent interactions between the enzyme

and its cofactor. Patients with pyridoxine-responsive OAT de-

ficiency due to the A226V mutation could have an impaired

interaction between the E230 residue and the 3′-hydroxyl

group of PLP. Molecular modelling does not provide an ex-

planation for the pyridoxine responsiveness of the V332M

or E318K missense mutations causing B6-responsive OAT

deficiency.

Dangers of an excessive intake of vitamin B6

There may be significant differences between pyridoxine and

PLP in terms of adverse effects of high doses. Supplementa-

tion of pyridoxine intake to 1–10 mg/kg per day (for treatment

of premenstrual syndrome) caused subtle neurological symp-

toms in 60% of the women taking the supplement (Dalton and

Dalton 1987). Objective evidence of dorsal root ganglionopa-

thy has been documented in individuals taking a similar dose

(Baxter 2001; Bender 1999). In young rats, doses of pyridox-

ine of 100–400 mg/kg per day given intraperitoneally caused

EEG changes and sometimes frank seizures (Veresova et al

1998). Six hundred mg/kg twice daily for 3–4 days consis-

tently produced neurotoxicity in rats (Levine and Saltzman

2004). This effect is exacerbated when the rats are given a

low-protein diet and is not seen with B6 vitamers other than

pyridoxine.

One neonate treated with PLP showed an unexpected in-

crease in seizure frequency (Hammen et al 1998) and PLP in-

jected into the cerebral ventricles of rats can induce seizures

(Salazar and Tapia 2001). One infant with homocystinuria

treated with pyridoxal phosphate at a dose of 300 mg/kg per

day showed evidence of hepatotoxicity (Yoshida et al 1985).

Against these observations it is important to note that both

pyridoxine and PLP have been used quite extensively for

treatment of children with idiopathic epilepsy without obvi-

ous side-effects (Wang et al 2005).
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