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The aim of the study was to analyze the molecular mechanisms that determine the possibility of using vitamin B in clinical
practice for the correction of various pathological conditions.

Materials and methods. Information retrieval (Scopus, PubMed) and library (eLibrary) databases were used as research
tools. In some cases, the ResearchGate application was used for a semantic search. The analysis and generalization of the
scientific literature on the topic of research, covering the period from 1989 to the present, has been carried out in the work.
Results. It has been shown that all chemical forms of vitamin B, are able to penetrate the membranes of most cells by free
diffusion, while forming phosphorylated forms inside. Pyridoxal phosphate is a biologically important metabolite that is
directly involved as a cofactor in a variety of intracellular reactions. Requirements for this cofactor depend on the age, sex
and condition of the patient. Pregnancy and lactation play a special role in the consumption of vitamin B,. In most cases,
a balanced diet will provide an acceptable level of this vitamin. At the same time, its deficiency leads to the development
of a number of pathological conditions, including neurodegenerative diseases, inflammations and diabetes. Negative
manifestations from the central nervous system are also possible with an excessive consumption of B..

Conclusion. Replenishment of the vitamin B, level in case of its identified deficiency is a necessary condition for the successful
treatment of the central nervous system diseases, diabetes and correction of patients’ immune status. At the same time, it is
necessary to observe a balanced intake of this cofactor in order to avoid negative effects on metabolism in case of its excess.
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Abbreviations: PN — pyridoxine; PM — pyridoxamine; PL — pyridoxal; PNP — pyridoxine phosphate; PMP — pyridoxamine
phosphate; PLP — pyridoxal phosphate; PNG — pyridoxine glycoside; PDXK — pyridoxalkinase; PNPO — pyridoxine(amine)
phosphate oxidase; ALP — tissue non-specific alkaline phosphatase; PDXP — pyridoxal(pyridoxine/pyridoxamine)phosphatase;
AT — aminotransferase; DH — aldehyde dehydrogenase; PNGH — pyridoxine glycoside hydrolase; LPH — lactase-phloretin
hydrolase; AOX — aldehyde oxidase; E-PLP — enzyme-linked pyridoxal phosphate; E-PMP — enzyme-bound pyridoxamine
phosphate; RDM — recommended daily maintenance; POX — L-pipecolate oxidase; PYRC — Al-pyrroline-5-carboxylate
reductase; AASA — a-aminoadipate-6-semialdehyde; AASDH — antiquitin (a-aminoadipate-6-semialdehyde dehydrogenase);
AADAT — a-aminoadipate aminotransferase; P6C — L-Al-piperidine-6-carboxylate; P5C — L-Al-pyrroline-5-carboxylate;
KYN — kynurenine; KYNA — kynurenic acid; XA — xanthurenic acid; PUFAs — polyunsaturated fatty acids; AGEPs — advanced
glycation end product; ROS — reactive oxygen species; CRP — C-reactive protein; TNF-a — tumor necrosis factor-o; IL-1b —
interleukin-1b; IL-6 — interleukin-6; WBCs — number of white blood cells; ATP- adenosine triphosphate; GABA — gamma
aminobutyric acid; CNS — central nervous system; MMT — mitochondrial membrane transporter; BBB — blood-brain barrier.
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Llenb. AHann3 MONEKyNAPHbIX MEXaHU3MOB, ONPeaeNsAIoLLMX BO3MOXKHOCTb UCMNO/Ib30BaHUA BUTAMMHA B, B KNWHMYECKOM
NPaKTUKe AN KOPPEKLMMN Pa3IUYHBIX NAaTONOrMYECKUX COCTOAHMMNA.

Matepuanbl U1 metogbl. B KayecTBe WMHCTPYMEHTOB NpPOBEAEHWUA MCCAef0BaHUA WMCMO/b30BAaNNUCL MHPOPMALMOHHO-
nouckosble (Scopus, PubMed) n 6ubanoteyHble (elibrary) 6a3bl AaHHbIX. B page cny4aes Ans CEMaHTUMYECKOrO MoMUcKa
MCnosib30Basiock NpuioxeHne ResearchGate. B paboTe ocyLiecTsica aHanm3 1 0606LieHMe HayYHOW INTePaTypbl MO Teme
nuccnenoBaHus, oxBaTtbiBatowen nepmog ¢ 1989 no HacTosLee Bpems.

Pe3synbratbl. [T0Ka3aHo, 4TO BCe xMmMMyeckmne Gopmbl BUTammHa B, cnocobHbl NpoHuKaTb Yepes MembpaHbl 60/1bWKHCTBA
KNETOK nyTem cBobogHoli anddysum, npu sTom BHYTpM GopmupytoT pocdopuampoBaHHbie Gopmbl. Mupuagorcanbdocdar
ABNAETCA BUONOrMYECKN BaXKHbIM METaboNMTOM, HENOCPEACTBEHHO YYaCTBYIOWMM B KayecTBe KodpaKTopa BO MHOXKeCTBe
BHYTPUKNETOYHbIX peakuui. NMotpebHocTn B 4aHHOM KodaKTope 3aBUCAT OT BO3PacTa, Noja U COCTOAHUSA nauneHTa. Ocobyto
posib B noTpebaeHnu BuTammHa B, urpaet 6epeMeHHOCTb 1 Nepuog NaKkTaumu. B 6onbinHcTse ciyyaes cbanaHcmposaHHoe
nuTaHMe no3sondeT obecneyntb NPUemsembli YPOBEHb AAHHOrO BUTaMMHa. B To ke Bpems ero geduvuuT npuBOamT K
pPa3BUTUIO LLeNOr0 pAda NATONIOFMYECKUX COCTOAHWM, BKJIKOYAIOWMX HelpoaereHepaTuBHble 3aboneBaHuA, BocnaneHue
1 anabet. TakKe BO3MOMKHbl HEFAaTUBHbIE NPOABNEHUA CO CTOPOHbI LLEHTPasIbHOM HEPBHOM CMCTEMbI MPU U36bLITOYHOM
notpebneHunm B,

3aknioueHune. BocnonHeHne ypoBHA BUTaMuHa B, npu ero BbifBIEHHOM AeduumnTe ABNAETCA HEOBXOAMMbBIM YCN0BUEM
YCMEeLwWHOoM Tepanumn 3a601eBaHNIM LLEHTPaIbHON HEPBHOW CUCTEMbI, ANabETa U KOPPEKLMN MMMYHHOTO CTaTyca NaLlMeHTOoB.
Mpw 3ToM Heobxoanmo coboaaTb cbanaHCUMPOBAHHbIN NPUEM JaHHOTO KodaKTopa BO u3bekaHue HeraTuBHbIX 3PPeKToB
Ha MeTabo/IM3M Npu ero nepensbbITKe.

KnioueBble cn0Ba: NMPUAOKCHH; NMpuAoKcanbpocdat; metabonnsm; BUTamMmuH B,

Cnucok cokpaweHuii: PN — nupugokcuH; PM — nupuaokcamuH; PL — nupugokcanb; PNP — nupuaokcuHdocdar;
PMP — nupuaokcamuHodocoat; PLP — nupugokcanbdocdat; PNG — nupuaokcuHrnkosng,; PDXK — nupuaoKcanbKknHasa;
PNPO - nupuaokcuH(amuH)dochatokengasa; ALP  —  TkaHeHecneuududeckaa ankaanHdocportasa; PDXP —
nNMpUAoKcanb(NMpuaoKcMH/nupuaokcamu)docdartasa; AT — amuHoTpaHcdepasa; DH — anbaermagermaporeHasa;
PNGH - nupuaokcuHrnkosuarngponasa; LPH — naktasa-dnopetuHrugponasa; AOX — anbaernpokcupgasa; E-PLP —
CBA3aHHbIN € depmeHTOM nupuaokcanbpocdat; E-PMP — cBssaHHbIM ¢ depmeHTOM nupugokcamuHoocdar; PCI —
peKomeHayemasn cyTodHaa noTpebHocTb; POX — L-nunekonatokcnpasa; PYRC — Al-nupponnH-5-KapboKcunatpeayKrasa;
AASA, a-amuHoagunat-6-nonyanbaerna; AASDH — aHTMKBUTUH (0-aMMHOaAMnaT-6-nosyanbAernanernaporeHasa);
AADAT — a-amnHoagunatammHoTpaHcdepasa; P6C— L-Al-nunepnaunH-6-kapbokcunat; P5SC—L-Al-nupponnH-5-kapbokcunar,
KYN — knHypeHuH; KYNA — KMHYpeHWHOBasA KUCnoTa; XA — KCAHTYpeHWHoBaA KucnoTa; MHXKK — nonmMHeHacobiweHHble
UpHble KucaoTbl; KM — KoHeyHble NPoAYKTbl MMKNpoBaHuA; APK — akTMBHbIe dopmbl Knciopoaa; CRP — C-peakTuBHbIN
6enoK; TNF-a — ¢pakTop HeKpo3a onyxonu-a; IL-1b — nHtepneriknu-1b; IL-6 — nHTepneliknH-6; WBC — uncio 6enbix KpoBsHbIX
Teneu; ATP — ageHo3uHTpudochat; TAMK — ramma ammHomacnsiHHas kucnaota; LLHC — weHTpanbHas HepBHas cUCTEMa;

MMT -
remaTtosHuedanmyeckumii bapbep.

MUTOXOHAPWANbHBIM  MeMbpaHHbI  TpaHcnopTtep; ROS —

peakTuBHble ¢opmMbl Kucnopoga; b —

INTRODUCTION

Vitamin B, is one of the vital water-soluble vitamins.
Its discovery dates back to the beginning of the 20th
century; the discovery occurred as a result of the search
for a pellagra cure [1]. In solution, this vitamin is present
in the form of 3 main chemical forms (vitamers) —
alcohol, aldehyde and amine. B, vitamers are stable in an
acidic environment, but become extremely unstable in a
neutral or alkaline environment, especially when heated
or exposed to light [2]. Although the chemical forms of
vitamin B, are relatively diverse, only the phosphorylated
form of the aldehyde functions as a coenzyme in
mammalian organisms. The main metabolism of this
vitamin occurs in the liver; however, other tissues
have a corresponding metabolic activity. In this case,
the catabolism product of vitamin B, is pyridoxic acid
(4-pyridoxic acid, PA).

Among the biochemical reactions directly involved
in the vitamin B6 metabolism, it is necessary to highlight
several key enzymes (Fig. 1), which include:

e pyridoxalkinase  (PDXK,  pyridoxal kinase,
EC 2.7.1.35), catalytic activity cofactors: divalent metal
ions (Mg?*, Zn?*, Co?, Mn?'); the corresponding reaction is:

Tom 10, Beinyck 6, 2022

ATP + PL/PN/PM = ADP + H* + PLP/PNP/PMP

e pyridoxine (amine) phosphate oxidase (PNPO,
pyridoxine-5’-phosphate oxidase, EC 1.4.3.5), catalytic
activity cofactor: flavin mononucleotide (FMN); the
corresponding reaction is:

H,0 + O, + PNP/PMP - H,O, + NH," + PLP
e tissue-nonspecific alkaline phosphatase (ALP,
tissue non-specific alkaline phosphatase, EC 3.1.3.1),

catalytic activity cofactors: Mg?*, Zn*'; the corresponding
reaction is:

PLP + H,O - PL + phosphate

e pyridoxal (pyridoxine/pyridoxamine)
phosphatase (PDXP pyridoxal (pyridoxine/
pyridoxamine)  phosphatase, EC 3.1.3.74), a

catalytic activity cofactor: Mg2+; the corresponding
reaction is:

PLP + H,O <> PL + phosphate

e aminotransferase (AT aminotransferase, EC
2.6.1.54); the corresponding reaction is:

PMP + 2-Oxoglutarate <> PLP + D-Glutamate
501
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e pyridoxine glycoside hydrolase (PNGH, PNG
hydrolase, EC 3.2.1.62) and/or LPH — lactase-phloretin
hydrolase (lactase-phloretin hydrolase, EC 3.7.1.4); the
corresponding reaction is:

PN-5’-B-D-glucoside + H,0 - pyridoxine + D-glucose

e aldehyde oxidase (AOX, aldehyde oxidase, EC
1.2.3.1), catalytic activity cofactors: [2Fe-2S] clusters,
FAD, Mo-molybdopterine; the corresponding reaction is:

PL+H"+H,0,$>PA+H,0+0,

The combination of the enzymes listed above,
forms pools of intracellular vitamin B, derivatives
and predetermines the corresponding levels of the
metabolic processes activity directly associated
with the participation of pyridoxal phosphate. It is
noteworthy that certain types of bacteria of the human
intestinal microflora are able to synthesize vitamin B,
in the form of pyridoxal phosphate from deoxyxylulose
5'-phosphate and 4-phosphohydroxythreonine, as well
as from glyceraldehyde-3-phosphate and D-ribulose
5'-phosphate. The following bacteria have these
biosynthetic pathways: bacteroids (Bacteroides fragilis
and Prevotella copri), actinobacteria (Bifidobacterium
longum and Collinsella aerofaciens), and proteobacteria
(Helicobacter pylori) [3]. Despite rather extensive
information on the impact on the biochemical processes
of this representative water-soluble vitamins group,
today, there is no fully substantiated idea of its use
possibility in various pathological conditions and
molecular processes that underlie the alleged positive
effects.

THE AIM of the study was to analyze the molecular
mechanisms that determine the possibility of using
vitamin B, in clinical practice for the correction of various
pathological conditions.

MATERIALS AND METHODS

Information retrieval (Scopus, PubMed) and library
(eLibrary) databases were used as research tools. In
some cases, the ResearchGate application was used for
a semantic search. The analysis and generalization of the
scientific literature on the topic of research, covering the
period from 1989 to the present, has been carried out in
the work.

The following keywords and word combinations were
used in the search: pyridoxal phosphate, recommended
daily maintenance for vitamin B,, vitamin B, deficiency,
pyridoxal phosphate, pyridoxine, PLP, vitamin B,
metabolic pathways, PLP-dependent enzymes, pyridoxal
phosphate-dependent reactions, vitamin B_ daily intake,
vitamin B_ deficiency, pyridoxal phosphate and oxidative
phosphorylation, PLP-dependent epilepsy, pyridoxal
phosphate and diabetes, vitamin B6 therapy, pyridoxine
toxicity.
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The BRENDA database (https://www.brenda-enzymes.org)
was used to describe the B, derivatives metabolism
using the appropriate classification of enzymes, the
reactions they catalyze, and the cofactors involved.
When detailing the processes of intake and distribution
of vitamin B_ in the body, metabolic pathways maps of
the KEGG information database (https://www.kegg.jp)
were used. To build chemical formulas and illustrations,
the Corel Draw 2018/2022 software package was used.

RESULTS AND DISCUSSION

Intake and distribution of vitamin B,

in the body

A distinctive feature of pyridoxal (PL) and its
derivatives is the difference between the biologically
significant active form of the vitamin and the form that
is able to penetrate into cells.

Phosphorylated forms of B, vitamers and pyridoxine
glycoside are not absorbed in the intestine, so they are
subject to dephosphorylation by intestinal phosphatases
(PDXP) and deglycosylation by hydrolases (PNGH/LPH)
[5]. B, vitamers have been shown to be absorbed in
the intestine via passive diffusion [6, 7]. It is possible
that there is transport of B_ vitamers by thiamine
transporters (THTR), which belong to the SLC19A2 and
SLC19A3 families and function in the acidic environment
of the small intestine or other tissues [8]. The absorption
of vitamin B, increases with an increase in the level of
carriers transcription (with a deficiency of pyridoxal
phosphate), as well as under the action of protein kinase
A. In turn, with an increase in the intracellular level
of cAMP, there is a significant absorption inhibition of
vitamin B, which is also sensitive to the action of the
diuretic amiloride [7].

After the absorption by the small intestine cells, B,
vitamers are rephosphorylated by the corresponding
kinases (PDXK) and converted to pyridoxal phosphate or
delivered to the liver with the blood flow. The liver also
rephosphorylates and converts pyridoxine phosphate
(PNP) and pyridoxamine phosphate (PMP) to pyridoxal
phosphate (PLP) by pyridoxine (amine) phosphate
oxidase (PNPO). Although this process occurs primarily
in the liver, PNPO is also expressed in many other tissues.
PLP is exported from the liver via sinusoidal capillaries in
a bound state with a lysine 190 residue of albumin [9].

If the intake of B, vitamers exceeds the required
level, PLP is dephosphorylated by pyridoxal phosphatase
(PDXP) and oxidized by aldehyde oxidase (AOX) to
pyridoxic acid (PA). It has also been shown that aldehyde
dehydrogenase (ALDH, EC 1.2.1.4) and pyridoxal oxidase
(PO, EC 1.2.3.8) can be responsible for the process of PL
oxidation. Pyridoxic acid is excreted from the body in the
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urine, which accounts for more than 90% of the total
excreted vitamin B, [10].

The penetration through the cell membrane of most
tissues is carried out by passive diffusion. The exception
is penetration through the membrane of mitochondria
and erythrocytes, after dephosphorylation by tissue-
nonspecific alkaline phosphatases (ALP) — ecto-enzymes
sewn to cell membranes with glycophosphatidylinositol
(phosphoglyceride  anchors, GPl  Anchors -
glycosylphosphatidylinositol anchors). PL, possibly,
crosses the blood-brain barrier via facilitated diffusion
using a carrier, and is “deposited” inside brain or choroid
plexus (CP) cells via PDXK phosphorylation [7]. Apart
from the liver, the choroid plexus is the only organ
capable of rapidly mobilizing PLP, which explains its high
proportion in cerebrospinal fluid (CSF) relative to the
total amount in the body, which is 38% in humans [11]

A possible participation of carriers in the process
of PL transport into mitochondria, erythrocytes or via
the blood-brain barrier in humans has been shown,
although the corresponding proteins and genes
encoding their synthesis have not been identified yet.
However, in yeast, the Tpn1l protein, which is a member
of the purine-cytosine permease family, is responsible
for the transport of pyridoxine across the cytoplasmic
membrane, while the Mtm1p protein is responsible for
the transport of PLP into mitochondria [12].

In some cells, in addition to the liver, catabolism
of PLP to pyridoxamine phosphate under the action of
aminotransferase (AT) is possible, and the subsequent
reverse process under the action of PNPO, the so-called
salvage pathway, is also possible [11].

PLP homeostasis inside cells

To avoid “undesirable” reactions of aldehyde or
carbonyl stress, a free intracellular PLP concentration is
maintained at a low level of 1 uM. For this, there are
PLP-binding proteins, such as glycogen phosphorylase
in muscles, hemoglobin in erythrocytes, and albumin in
blood plasma [6].

The action of PLP synthesizing enzymes, i.e. PDXK
and PNPO, is inhibited by the reactions product.
Moreover, it has been shown that there is a system
for transferring the synthesized pyridoxal phosphate
directly to the target pyridoxal phosphate dependent
enzymes [11].

In the cellular homeostasis of pyridoxal phosphate,
the protein PROSC, which binds it, plays the role, the
dysfunction of which leads to the accumulation of
pyridoxine phosphate inside the cells [13].

Inside mitochondria, PLP is also present in a protein-

Tom 10, Beinyck 6, 2022

bound form: E-PLP — enzyme bound PLP; E-PMP, enzyme
bound PMP, where it enters via the mitochondrial
membrane transporter (MMT) SLC25A39/40 [11]. The
spatial distribution of the transformation processes and
transport of vitamers in tissues should be also notified.
In most cases, there is no specific carrier to carry the
dephosphorylated vitamin B_form. This certainly makes
the use of this coenzyme as an active component of
the dosage form very promising. The main routes of
transport and metabolic transformations of B, vitamers
are shown in Fig. 2.

Reactive properties of vitamin B,

All the reactive properties of pyridoxal phosphate
listed below, are manifested only in the composition of
the corresponding enzyme [14]. At rest, PLP is covalently
bound to the enzyme (Fig. 3). In this case, the aldehyde
group of pyridoxal phosphate and the e-amino group of
the lysine residue in the active site of the enzyme form
a Schiff base.

This condition is called Internal aldimine. Substrate
binding to the enzyme leads to the g-amino group
replacement of the lysine residue by the substrate
amino group; the process is called transaldimination,
and the product is called substrate-PLP. This condition
is called external aldimine. The state formed after
breaking one of the three bonds of the substrate
a-carbon atom is a transition state, and it is called
Quinonoid. The detachment of the H+ proton from the
substrate a-carbon atom corresponds to the reactions
of transamination, B-elimination or racemization, the
detachment of the COO- carboxyl group corresponds
to decarboxylation, and the detachment of the R side
chain corresponds to retroaldol hydrolysis (cleavage).
During the reactions, PLP acts as an electron acceptor,
stabilizing carbanion. Stabilization is possible due to
the redistribution of the negative charge within the
system of m-bonds formed by the Schiff base and the
PLP pyridine ring. In this case, it is necessary that the
corresponding bond be located perpendicular to the
PLP pyridine ring, and the corresponding p-orbitals be
parallel. This makes it possible for the negative charge
of the substrate a-carbon atom to be most optimally
stabilized within the system of m-bonds [15].

Along with the above-mentioned properties, the
PLP participation in the antioxidant defense system can
be notified. Due to its high reactivity, PLP is characterized
by a significant rate of 'O, quenching, comparable to the
action of vitamins C and E [16]. In addition, the aldehyde
B, vitamer is necessary to ensure the glutathione
synthesis, since PLP-dependent enzymes synthesize
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about 50% of cysteine, one of the components of this
important antioxidant [17].

Daily maintenance for vitamin B,

The daily maintenance for vitamin B, varies quite
a lot depending on the patient’s condition, age and
gender (Table 1). With full confidence, the reason for
the differences in the daily maintenance for vitamin
B, can be considered an individual variability in the
content and activity of enzymes that use it as a substrate
or cofactor, as well as an increased consumption of B,
during pregnancy [18], breastfeeding [19] and with age-
related changes.

Vitamin B, intake may vary depending on the age of
the patients. A recent clinical study of the quantitative
B, vitamers content in the blood when taken orally [20]
showed the following. In the older age group (70.1+2.7
years, 10 men and 10 women) there was a reduced level
of pyridoxine and pyridoxal phosphate in the blood
plasma, but elevated levels of pyridoxic acid, compared
with the data of the younger age group (24.2+2.8
years, 10 men and 10 women). The total amount of B,

vitamers taken was in line with the recommended daily
maintenance of Harvard Medical School: 1.3 mg for
both sexes in the younger age group; 1.5 mg and 1.7
mg for women and men, respectively, in the older age
group.

The time of maximum plasma concentration of
pyridoxal after the administration of vitamin B_ in the
form of pyridoxine hydrochloride in the pharmacokinetic
studies is 1 hour, while for pyridoxal phosphate the time
of the maximum concentration reaches 10 hours [10],
and reflects the time required for the metabolism of
pyridoxal by liver cells.

From 40% to 60% of the total vitamin B, intake is
excreted in the urine [10]. According to the clinical study
in the younger age group, there is a greater excretion
of pyridoxine in the urine compared to the older group
after a single intake of the vitamin-mineral complex
and breakfast. At the same time, there is no noticeable
difference in the level of urinary excretion of other B,
vitamers in these age groups [20]. That indicates a
greater bioavailability of pyridoxine for the people in the
older age group.

HO O HN
(l)H (l)H ?H
HO _ Oo— ||3=O HO = o— I|3:O ‘ HO s Oo— I‘:’ZO
OH oH —= OH
X e N PNPO N
H3C N FMN H,C FMIN ch N
Pyridoxine 5'-phosphate (PNP) Pyridoxal 5'-phosphate (PLP) Pyridoxamine 5'-phosphate (PMP)
ALP
PDXP PDXK Mg*,zn* PDXK PDXP PDXK
Ma?* Mg?, Zn?, Mg?, Zn**, N Mg?*, Zn%,
5 PDXP o Mg
Co*, Mn** Mg? Co*, Mn Co?, Mn**
HO (@] H H,N
HO ~ OH HO = OH HO = OH
N AN NS
H,C N H,C N H,C N
Pyridoxine (PN) Pyridoxal (PL) Pyridoxamine (PM)
AOX
PNGH [2Fe-25] clusters,
FAD, Mo-MPT
(0] OH
OH
00 OH HO OH
CH,OH =
A N
H,C N H,C N

3
Pyridoxine 5'-B -D-glucoside

4-Pyridoxic Acid

Figure 1 — Mutual conversion of three B_ vitamers
Note: Three possible forms are involved in the metabolic cells processes. They are: aIcohof(pyrldoxme pyridoxine, PN), amine (pyridoxamine,
pyridoxamine, PM) and aldehyde (pyridoxal, pyridoxal, PL). Each of the vitamers can be in a phosphorylated form: pyridoxine phosphate
(pyridoxine 5’-phosphate, PNP), pyridoxamine phosphate (pyridoxamine 5’-phosphate, PMP), and pyridoxal phosphate (pyridoxal 5’-phosphate,
PLP), respectively [4]. In the case of an alcohol vitamer, a glycosylated form may also exist: pyridoxine glycoside
(pyridoxine-5'-B-D-glucoside, PNG) [5].
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Figure 2 — Main ways of transport and tissue distribution of B, vitamers
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Figure 3 — Generalized representation of PLP states in composition of active protein center, taking into account
transition of internal aldimine to external, followed by quinonoid formation
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Table 1 - Recommended Daily Maintenance for (RDM) for vitamin B, proposed by European Food Safety
Authority, in accordance with a certain life stage (according to Ali MA et al., 2022 [19])

Life stage

RDM, mg

Significant processes and effects on the body

Deficiency symptoms

Newborns 0-6 months

0.1

7-12 months

0.3

Vital for growth, development and weight gain.
Lifelong therapy is necessary for newborns with
congenital glutamate decarboxylase deficiency.

Children 1-3 years old

0.5-0.6

4-9 years old

0.6

Adolescents  Girls

1-1.2

Boys

1-1.3

Required for thymidine biosynthesis and immunity
formation. Effective in treatment of behavioral
disorders symptoms associated with autism,
hyperactivity and schizophrenia.

Adjuvant to antiepileptic drugs.

Has a beneficial effect on stressful conditions that
accompany puberty.

Deficiency can lead to
treatment-resistant
polymorphic seizures.

Adults Men

13

Extremely effective against colorectal cancer in
adult men.
Reduces cholesterol level in blood plasma.

Women

Not pregnant

13

Essential for estrogen metabolism. Indicated for
women with breast cysts.
Effective during PMS.

Microcytic hypochromic
anemia, lymphopenia,
convulsions.

Pregnant

5.5-7.6

Pregnancy stabilization, prevention of miscarriage.
Correction of hyperemesis manifestations in
pregnant women.

Necessary for heme and porphyrin synthesis, as
well as for proper exploitation of iron by red blood
cells.

Maintaining natal and postnatal development
within the norm range.

Hyperemesis of pregnancy,
anemia, nausea, vomiting,
spontaneous miscarriages.

Lactating

5.5-7.6

The same as in the previous paragraph.
Mood swings.
Reducing anemia risks.

The same as in the previous
paragraph.

Elderly

0.5-1.7

Reducing irritable bowel syndrome risk.

Deficiency can cause irritable
bowel syndrome.

Table 2 — Mechanisms leading to dysfunction of PLP-dependent enzymes and subsequently forming clinical

or biochemical disorders

Clinical and/

or biochemical
manifestations in
violation of vitamin B,
metabolism

PLP-dependent enzymes
associated with clinical and/or
biochemical manifestations of
disorders

Mechanism References

Epilepsy (Seizures)

Branched-chain amino acid
aminotransferase, BCAT1 + 2,
EC2.6.1.42

Inhibition of glutamate synthesis in brain by disrupting [24]
transamination of branched chain amino acids

valine, leucine, isoleucine and a-ketoglutarate to the
corresponding a-ketoacid and glutamate.

Glutamate decarboxylase, GAD, Dysregulation of GABA/glutamate interconversion [25]
EC4.1.1.15 and, consequently, neuronal excitability, due to
inhibition of one of the processes: synthesis of
GABA-transaminase, GABA-T, inhibitory neurotransmitter GABA by transamination
EC2.6.1.19 of a-ketoglutarate to glutamate (an excitatory
neurotransmitter), which, in turn, is decarboxylated
back to GABA.
Hypotension, Aromatic L-amino acid Inhibition of final step catalysis in synthesis of [26]

movement disorders
(gaze palsy, dystonia,
hypokinesia),
vegetovascular
dystonia

decarboxylase, AADC,
EC4.1.1.28

dopamine and serotonin and, subsequently,
norepinephrine and epinephrine.
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Clinical and/
or biochemical

PLP-dependent enzymes
associated with clinical and/or

manifestations in . . . . Mechanism References
violation of vitamin B b!ochemlcal manifestations of
. disorders
metabolism
Defects in Serine racemase, SRR, Catalysis inhibition L-serine racemization reaction to [27]
neurotransmission, EC5.1.1.18 D-serine, the most important co-agonist of N-methyl-
synaptogenesis, long- D-aspartate receptor (NMDA-R), with subsequent CNS
term potentiation of dysfunction.
synaptic transmission,
CNS development,
and excitotoxicity of
L-serine racemase
Anemia and lactic A-Aminolevulinic acid synthase,  Violation of heme and Fe-S-clusters synthesis. [28, 29]
acidosis ALAS1+2,EC2.3.1.37
Cysteine desulfurase, NFS1,
EC2.8.1.7
Hypoglycemia Aspartate transaminase, Disruption of the malate-aspartate shuttle [6, 30, 31]
AST or Glutamate oxaloacetate mechanism when aspartate aminotransferase is
transaminase, GOT, inhibited; inhibition of pyruvate synthesis by alanine
EC2.6.1.1 aminotransferase and L-serine non-hydratase.
Aspartate transaminase, AST Distribution of many aminotransferases in tissues is
or Glutamate oxaloacetate used in tissue damage diagnosis. Thus, an increase in
transaminase, GOT, the number of these aminotransferases in the blood
EC2.6.1.1 plasma is a sign of a liver violation.
|-Serine dehydratase, SDH,
although BRENDA gives the
more accurate name L-serine
ammonia-lyase, SDS,
EC4.3.1.17
Glycogen phosphorylase, GP, Glycogen phosphorylase catalyzes one of the [32]
EC2.4.11 gluconeogenesis steps. Vitamin B, deficiency leads to
inability to mobilize sufficient glucose from glycogen
stored in the liver.
Hyperammonemia, Ornithine aminotransferase, OAT, Deficiency of ornithine aminotransferase is [33]
girate atrophy EU 2.6.1.13 characterized by an increase in the concentration of
ornithine in the blood and urine and is accompanied
by progressive degeneration of choroid and retina of
eyes and hyperammonemia.
Changes in the Serine hydroxymethyltransferase, These enzymes are essential for biosynthesis and [11, 34]
amount of serine, SHMT, EC2.1.2.1 catabolism of serine, threonine and glycine. Significant
threonine and glycine  Glycine dehydrogenase, GLDC, deficiency of vitamin B6 leads to an increase in
in blood plasmaand  gc1.4.4.2 concentrations of these amino acids in blood plasma
cerebrospinal fluid. Serine/threonine deaminase, and cerebrospinal fluid.
SDS, EC4.3.1.17
Phosphoserine aminotransferase,
PSAT1, EC 2.6.1.52
Glycine C-acetyltransferase,
GCAT, EC 2.3.1.29
Increased levels of Kynureninase, KYNU, Tryptophan metabolism disorder [35]
xanthurenic acid in EC3.7.1.3
urine. Kynurenine aminotransferase,
KYAT1 & 2,
EC2.6.1.7
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Figure 4 — Scheme of mutual influence processes leading to vitamin B,
deficiency and formation of diabetes mellitus

Vitamin B, deficiency

Deficiency of vitamin B_ alone is rare in developing
countries, although low levels of circulating PLP have
been reported with oral contraceptives and some other
drugs, smoking and alcoholism, celiac disease, and
diabetes [4]. Despite the reduced bioavailability of plant
B, vitamers (the predominance of pyridoxine glycoside)
relative to vitamers from animal food, vegetarians do
not have this vitamin deficiency [21].

From a biochemical point of view, vitamins B have
a clear relationship, playing a significant role in key
metabolic pathways in the human body. B_ deficiency
combined with other vitamins has other clinical
manifestations. For example, the manifestation of
pellagra is usually caused by a deficiency of pyridoxine,
niacin and riboflavin [22]. Clinical and/or biochemical
manifestations of vitamin B, metabolism disorders
are characterized by inhibition of the PLP-dependent
enzymes functions, and can be recorded by measuring
the concentration levels of the corresponding
metabolites in blood plasma, urine, or cerebrospinal
fluid [6, 23] (Table 2).

As Table 2 shows, it is obvious that PLP is closely
related to the metabolism of neurotransmitters and
the state of the central nervous system. Changes in the
mutual conversion of GABA, glycine, and glutamic acid
can lead to an imbalance in the processes of excitation
and inhibition in neurons [36].

At the same time, the process of PLP synthesis is ATP-
dependent, which, in turn, requires energy costs and
activation of mitochondrial oxidative phosphorylation in
neurons and astrocytes. An increase in the content of

508

PLP, which activates glycine dehydrogenase (a part of
the glycine cleavage system), will lead to its decrease
in plasma and cerebrospinal fluid and, possibly, affect
microcirculation [37] and the supply of nervous tissue
with key metabolites, in particular glucose [38, 39].

Clinical manifestations of vitamin B, deficiency

The cofactors of the methionine cycle and the
tricarboxylic acid cycle are thiamine (B,) and pyridoxine
(B,). Violation of the methionine cycle is associated
with cognitive impairment and is accompanied by low
levels of pyridoxine (B) and cobalamin (B,,). Therefore,
a combined use of thiamine, pyridoxine, and cobalamin,
even without a proven deficiency of one of them, can
improve the clinical picture in neuropathy, motor
dysfunction, nociceptive and neuropathic pain [40].

Metabolism of homocysteine depends on several
cofactors, including PLP (B,), folate (B,) and cobalamin
(B,,). Their deficiency leads to the accumulation of
homocysteine [41]. Its excess —hyperhomocysteinemia —
is one of the stages in the development of increased
blood clotting, accompanied by ischemic cerebrovascular
and cardiovascular disorders, and is one of the causes of
migraine [42].

Vitamin B, deficiency is directly associated with the
development of hypertension [43] and an increased
risk of a cardiovascular disease, stroke and venous
thrombosis [44]. In systemic inflammation, accompanied
by an increased level of C-reactive protein, changes
in plasma pyridoxal phosphate serve as a method for
diagnosing myocardial infarction [4].

Low levels of vitamin B_ are detected in some types
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of cancer: brain ventricular cancer, colorectal cancer,
lungs, breast and kidney cancer. An increase in the level
of pyridoxal phosphate in the blood plasma of patients
with kidney cancer is associated with a decrease in the
mortality rate [10].

Vitamin B_ deficiency is observed in rheumatoid
arthritis, and its plasma level is inversely proportional to
the severity of the disease. It is noteworthy that with a
low level of pyridoxal phosphate in the blood plasma,
such patients have a normal level of erythrocyte PLP.
This phenomenon is not explained by a low intake
of B, vitamers, inborn defects in B, metabolism, or
its deficiency. In the rat models, low plasma levels of
pyridoxal phosphate corresponded to low levels in the
liver, while the amount of this cofactor in the muscles,
which have the largest pool of vitamin B_ in the body,
remained unchanged. An increase in the level of vitamin
B, catabolism was not detected either in rats or in
humans, since urinary excretion of pyridoxic acid was
not increased [45].

Convulsive disorders (epileptic episodes) associated
with pyridoxine deficiency, are among the first described
genetic disorders [46]. Clinical manifestations can be
already observed in the first 24—48 hours after birth, in
some situations, epileptic episodes can be detected in
the perinatal period, and cases of manifestation of the
disease months and years after birth are not uncommon.
In a mild form, such disorders are accompanied by
excessive excitability, irritability, trembling, abnormal
crying, frequent startling in response to a sound or touch.
Severer clinical manifestations of convulsive disorders are
usually accompanied by encephalopathy, which is more
likely a precursor to epilepsy than its consequence, and
systemic disorders: hyper- or hypothermia, abdominal
distension, vomiting (possibly with bile impurities),
hepatomegaly, shortness of breath with hypoxemia, and
metabolic acidosis. Therapy with high doses of vitamin
B,, preferably intravenously, or orally, in the case of older
age, gives a positive trend, although a case of a buccal
administration of a pyridoxine solution by a nursing
mother has been described [47].

In some cases, PLP deficiency can lead to epileptic
disorders. Pyridoxine-dependent epilepsy is often
accompanied by a mental retardation and requires
immediate therapy, which should include not only
pyridoxine, but also other drugs, since the underlying
mechanisms of a mental retardation are unique. Indeed,
various gene mutations lead to the accumulation of
different reactive components: ALDH7A and MOCS2
mutations lead to the accumulation of a-aminoadipic
semialdehyde (AASA) and L-Al-piperidine-6-carboxylate
(L-Al-piperideine-6-carboxylate, P6C), and the ALDH4A1
mutation — to y-glutamyl semialdehyde (y-glutamyl
semialdehyde, GGSA) and L-Al-pyrroline-5-carboxylate

Tom 10, Beinyck 6, 2022

(L-Al-pyrroline-5-carboxylate, P5C) [48]. These
components are the most pathogenic factors in the
manifestation of mental retardation, as they accumulate
in brain tissues and their amount is not necessarily
reduced during the pyridoxine therapy [49].

Due to their aldehyde groups, AASA and GGSA can
interact non-enzymatically with glutathione and other
key body macromolecules, and alter their functionality.
These macromolecules include DNA, RNA, proteins and
phospholipids, as well as molecules containing —SH
groups. These interactions lead to the accumulation of
glycation end products [48]. P6C and P5C form a complex
with PLP, which reduces the level of bioavailable PLP and
manifests as an epileptic disorder in patients [6, 50].

Antiquitin, a-aminoadipate semialdehyde
dehydrogenase (AASDH), is responsible for the AASA
synthesis. Antiquitin deficiency, in addition to these
features, is accompanied by oxidative stress, which is
one of the main causes of brain cell death in epilepsy;
therefore, the diagnosis of pyridoxine-dependent
epilepsy, monitoring of the disease dynamics, and
correction of the therapeutic plan can be carried out
by measuring the metabolites associated with oxidative
stress [48]. Clinical studies of high-dose vitamin B,
therapy in combination with a diet restricting lysine
intake have shown a reduction in neurotoxic effects
due to the accumulation of pyridoxine-dependent
enzymes substrates that cause a developmental delay
and cognitive impairment, compared with monotherapy
[51]. The current standard is triple therapy, which
includes high doses of vitamin B (15-30 mg/kg/day, in 3
doses), lysine restriction, and arginine support (150 mg/
kg/day, in 3 doses) [52].

In the case of a late manifestation of pyridoxine-
dependent epilepsy with antiquitin deficiency, an
unexpressed reaction to therapy with high doses
of pyridoxine is possible. In this case, therapy is
supplemented with high doses of folic acid (3-5 mg/kg/
day) [53].

Vitamin B, deficiency and diabetes are strongly
associated. According to the literature sources, vitamin
B, deficiency can be both a consequence and a cause
of diabetes (Fig. 4). The effect of vitamin B, on type 1
diabetes differs from its effect on type 2 diabetes due to
the difference in pathophysiological processes [54].

In the case of type 1 diabetes mellitus, in the context
including pregnancy and obesity, an increased need for
vitamin B_ for specific PLP-dependent enzymes, as well
as triggering inflammatory pathways, may reduce its
availability. In the case of type 2 diabetes mellitus, a
decrease in vitamin B, levels can lead to an aggravation
of the clinical diabetes manifestations, affecting insulin
secretion or its biological activity. At the same time,
mechanisms including increased tryptophan catabolism
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via the kynurenine pathway reduced the adipogenesis
(lipogenesis) rate, impaired lipid metabolism, or a
reduced ability to resist the formation of advanced
glycation end products, can contribute to the
development of the disease. Moreover, a violation of the
vitamin B_ antioxidant activity can also contribute to the
development of complications in diabetes and cancer
[55].

Possibilities of vitamin B, therapeutic use

Taking vitamin B6 in appropriate dosages is
undoubtedly justified in case of its confirmed deficiency.

Pyridoxine can affect not only the central nervous
system functions, but also the physiological processes
performed by the peripheral nervous system [56]. A B,
participation in the synthesis of the neurotransmitters
serotonin and GABA (Table 2), which have an inhibitory
effect on the transmission of pain nerve impulses in
the spinal cord and brain, indicates the possibility of
the alleviating pain in carpal tunnel syndrome. In the
scientific literature, cases of this positive effect from
taking pyridoxine at the doses of 50 to 200 mg per
day have been described, toxic side effects have been
recorded at higher doses, but the topic requires a further
study [57].

It should be also notified that taking vitamin B_
could lead to mixed results. As a cofactor for aromatic
amino acid decarboxylase (EC 4.1.1.28), PLP promotes
increased dopamine synthesis in hypothalamic neurons,
which leads to the inhibition of the prolactin action. This
mechanism underlies the decrease in the effectiveness
of Parkinson’s syndrome therapy with levodopa when
taken together with vitamin B, However, according
to the recent analysis of relevant clinical studies,
lactation inhibition by pyridoxine is controversial and
unsubstantiated and requires further research [58].
However, in a number of countries, a combination
of doxylamine and pyridoxine hydrochloride is used
as a drug in the treatment of nausea and vomiting in
pregnant women [59-61].

There are prerequisites for the use of pyridoxine and
magnesium high doses in autism spectrum disorders.
However, a blind placebo-controlled study did not
reveal statistically significant differences in the effects of
pyridoxine and magnesium from the placebo effect [62].
Nevertheless, a combined use of pyridoxine and cations,
as well as the inclusion of cation salts in the composition
of the dosage form, seems to be quite reasonable, as
well as the previously analyzed possible combined use of
the amino acid glycine and zinc compounds [63].

At present, there are prerequisites for the use of
pyridoxine as a prevention of hand-foot syndrome (a
side effect of chemotherapy) [64].

Vitamin B, is also used as an antidote for acute
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intoxications with isoniazid (as an anti-tuberculosis
drug), gyromitrin from  Gyromitra esculenta),
monomethylhydrazine (a component of rocket fuel), and
an exposure to hydrazine (a corrosion inhibitor) [65].

Vitamin B, deficiency has a strong effect on cellular
immunity and, to alesser extent, on humoral immunity. A
marked decrease in the level of ymphocyte proliferation,
T-cell cytotoxicity, delayed-type hypersensitivity,
allograft rejection, and an altered cytokine profile have
been demonstrated in B_-deficient rats. In humans, a
similar situation is observed, and therapy with vitamin B,
doses exceeding the recommended daily maintenance,
improves this situation [4]. Replenishment of PLP
deficiency can be also recommended for inflammation.
In the case of cardiovascular diseases and cancer, it is
the inflammatory process that is considered to play
a key role in the pathological course or progression of
diseases. It has been shown that vitamin B, deficiency
accompanies inflammatory bowel diseases [4].

Inflammation is characterized by a decrease in
serum albumin concentration and an increase in tissue-
specific alkaline phosphatase (ALP). In general, this
enhances the process of PLP mobilization, reducing the
proportion of the albumin-bound state and increasing
the rate of its dephosphorylation to PL. Such a change in
the distribution of vitamin B, may not be limited to areas
of inflammation, but may also affect other intact tissues
and cells [45].

C-reactive protein (CRP) is a marker of the IL-1b/
TNF-a/IL-6 inflammatory pathway. IL-6 — interleukin-6 —
causes an increase in ALP. Interleukin-1b (IL-1b)
and interleukin-6 (IL-6) are among the activators of
the hypothalamic-pituitary-adrenal (HPA)
which cortisol plays a key role. Cortisol has multiple
effects on the body and is a major regulator of the
physiological stress response, which includes increased
gluconeogenesis and protein breakdown in muscles and
connective tissue. The released amino acids can then be
utilized for the energy production, immunomodulating
protein synthesis, immune cell proliferation, and tissue
repair. All these processes require the PLP participation,
and therefore, the cellular demand for this cofactor
increases [10].

In blood plasma, the PLP level demonstrates
an inverse relationship with the content of clinical
markers of inflammation — CRP, IL-6 receptor, a-1-
antichymotrypsin, serum amyloid A, white blood cell
count (WBC), kynurenine/tryptophan ratio (KTR),
neopterin; overall inflammatory summary score and
summary scores representing different inflammatory
modalities) [45].

Moreover, an increase in the intracellular PLP level
is associated with a change in the cellular response to

axis, in
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the action of glucocorticoids during the prednisone
therapy. During such therapy, there is an increase in the
concentration of PLP, PL and PM in the blood plasma.
This process is accompanied by an increased activity
of pyridoxal phosphate-synthesizing enzymes — PDXK,
PMPO/PNPO — and suppression of the PDXP activity
in the liver, while the effect of ALP in plasma remains
unchanged [11].

Toxic effect of vitamin B,

Excessive intake of vitamin B, (from 2 to 6 g per day)
leads to the development of severe sensory neuropathy,
although cases of motor neuropathy have also been
described. At the same time, the abolition of B leads
to a marked improvement in clinical manifestations.
This effect is similar to the clinical manifestation of a
hereditary mutation of the gene encoding PDXK, since
high amounts of circulating pyridoxine can inhibit the
action of this enzyme [66]. However, for many years, the
therapeutic dose of B,, which is 200-500 mg per day, has
not given either clinical symptoms or electrophysiological
evidence of peripheral neuropathy in homocysteinuria
[67]. It should be notified that despite the positive effect

of taking pyridoxine in various disorders of the peripheral
nervous system, it is necessary to take into account
the possible risk of its toxic effect, which undoubtedly
depends both on the dose and on the administration
duration [65].

CONCLUSION

Thus, replenishing the B, vitamers deficiency in case
of their identified deficiency is a necessary condition for
the successful treatment of the central nervous system
diseases, inflammatory processes, and diabetes; it is also
necessary for correcting the immune status of patients.
In most cases, the improvement in the condition will
be due to the normalization of the balance of redox
reactions involving PLP. It is advisable to consider a
combined use of vitamin B, derivatives with various
metabolites. At the same time, it should be taken into
account that dephosphorylated forms of pyridoxine
derivatives are necessary for the absorption, as well as
the fact that a combined intake of metabolites will entail
a shift in the cell biochemical processes, which can lead
to the manifestation of negative effects on metabolism
in conditions of its excess.
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