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MOLECULAR MECHANISMS UNDERLYING
THERAPEUTIC ACTION OF VITAMIN B,

0.A. Zagubnaya'?, Y.R. Nartsissov'?

! |Institute of Cytochemistry and Molecular Pharmacology,
Bldg 14, 24, 6th Radialnaya St., Moscow, Russia, 115404
2Biomedical Research Group, BiDiPharma GmbH,
5, Bultbek, Siek, Germany, 22962
E-mail: yn_brg@icmph.org
Received 10 Oct 2022 After peer review 15 Nov 2022 Accepted 10 Dec 2022

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.
Keywords: pyridoxine; pyridoxal phosphate; metabolism; vitamin B,

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.

MONEKYNAPHbLIE MEXAHU3MbI, NEXALWUUWE B OCHOBE
TEPANEBTUYECKOIO AENCTBUA BUTAMUHA B,

0.A. 3ary6Has'?, 4.P. Hapuyuccos'?

1 HayyHo-MccnenoBaTenbCKUn MHCTUTYT LLUTOXMMWUKM U MONEKYNAPHOW hapmaKkoioruu,
115404, Poccua, r. Mocksa, yn. 6-a PagmnanbHas, 4. 24, ctp. 14
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Monyyena 10.10.2022 Mocne peueHsnposarua 15.11.2022 MpuHAaTa Kk neyatn 10.12.2022
For citation: O.A. Zagubnaya, Y.R. Nartsissov. Molecular mechanisms underlying therapeutic action of vitamin B.. Pharmacy & Pharmacology.
2022;10(6): 500-514. DOI: 10.19163/2307-9266-2022-10-6-500-514
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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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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.

506

Volume X, Issue 6 2022



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N

OAPMAKOJOIUA

Ob30PbI

DOI: 10.19163/2307-9266-2022-10-6-500-514

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
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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
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(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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The aim of the study was to research the international experience in quality assurance of the products based on skin cells
in order to identify the features of the quality control strategy in the development, production, as well as during an expert
quality assessment as a part of the state registration procedure in the Russian Federation.

Materials and methods. The article provides an analysis of the materials presented in the assessment reports of the USA
and Japanese regulatory authorities, as well as on the official websites of manufacturers, in review and scientific papers on
the study of the structure and properties of tissue-engineered skin analogs.

Results. The manufacture of products containing human skin cells is associated with such risks as the possibility of
contamination of the preparation with infective agents transmitted by materials of the animal origin, feeder cells, donor
cells, or during the manufacturing process; a small amount of biopsy materials; a complexity of a three-dimensional product
structure when combining cells with a scaffold; continuity of the manufacture process and a short product expiry date.
The raw materials and reagents control, the creation of cell banks, using animal feeder cells only from qualified cell banks,
an in-process control and release testing in accordance with the requirements of the finished product specification, make
it possible to obtain a preparation with a reproducible quality. The specification should contain information about the
identity, safety and potency of the product. For each preparation, the choice of approaches for assessing the quality is
individual and depends on its composition and mode of action.

Conclusion. The features of the quality control strategy for the drugs based on human skin cells, consist in the implementation
of control measures in order to obtain a proper quality of cellular (viability, sterility, identity, potency, et al) and non-cellular
(physico-chemical scaffold properties) components or the whole graft (bioburden, barrier properties). The approaches and
methods for determining the potency should be selected individually for each product and reflect the number, viability and
identity of cells, a proliferative activity and secretable ability of the cellular component.

Keywords: skin substitute; keratinocytes; skin fibroblasts; organic and synthetic scaffolds; product quality control; quality
attributes

Abbreviations: SS — skin substitute (complete full-thickness skin replacement); ES — epidermal substitute; DS — dermal
substitute; MSC — mesenchymal stem cell; FDA — U.S. Food and Drug Administration; PMDA — Pharmaceuticals and Medical
Devices Agency; MCB — Master Cell Bank; WCB — Working Cell Bank; PCR — Polymerase Chain Reaction; VEGF — Vascular
Endothelial Growth Factor.
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Lienb. M3yyeHne mexayHapoaHOro onbiTa obecneyeHmns KauecTsa NpenapaToB Ha OCHOBE KETOK KOXKM C Lie/Ibto BbliABEHUA
0COBEeHHOCTEeN CTpaTerMm X KOHTPOIA KaYecTBa Npu pa3paboTKe, NPOM3BOACTBE, A TaKKe NPW IKCNEPTHOM OLLEHKE KayecTBa
B paMKax npoueaypbl rocyAapCTBEHHOW perncTpauumn B PO.

Marepuanbl U meToapl. B cTatbe NpMBeaeH aHaNN3 MaTepuanos, NPeACTaBAEHHbIX B SKCNEPTHbIX OTYETAX PEeryaaTOPHbIX
opraHoB CLUA u fInoHWK, a Takke Ha oduULMaANbHbIX caviTax npousBoguTenei, B 0630PHbIX M Hay4HbIX paboTax no
NCCNef0BaHMIO CTPYKTYPbI U CBOMCTB TKAHEUHXKEHEPHbIX aHAIOr0B KOXKM.

Pe3ynbratbl. [poM3BOACTBO MPENAPATOB, COAEPNKALLMX KNETKM KOXKM YE/IOBEKA, COMPAXKEHO C TAaKMMU PUCKAMMU, KaK
BO3MOMHOCTb 3arpA3HeHUa NpoAyKTa WHQEKUMOHHbIMM areHTamu npu  UCMOAb30BAHWUM MATEPMANOB KMBOTHOMO
NPoucXoXaeHns, GUAepPHbIX KNETOK, KNEeTOK JOHOpa WMAW B Mpouecce Npov3BoAacTBa; Hebonblion obbem BuoncuiiHoro
MaTepuana; CI0XKHOCTb TPEXMEPHOM CTPYKTYpbI NpenapaTos Npyv KOMBMHUPOBAHUMN KNETOK C HOCUTENEM; HEMPEPbIBHOCTb
npoLiecca NPoM3BOACTBa M HEBO/bLLIOW CPOK XpaHeHUA NpoayKTa. KOHTPO/b CbipbA M MaTepuasnos, Co3AaHNe HaHKOB KNETOK,
MUCMNoNb30BaHWe GUAEPHbIX KNETOK KMBOTHbIX TOIbKO M3 aTTECTOBAHHbIX GaHKOB, BHYTPMNPOWU3BOACTBEHHbIW KOHTPONb U
TECTMpOBaHWeE MpenapaTta Npu BbiMyCKe B COOTBETCTBMU C TPEBOBAHMAMM cneumduKaLmm Ha roToBbIN NPOAYKT NO3BONSAIOT
NoNy4ynTb NPOAYKT C BOCMPOM3BOAMMbIM KayecTBOM. CrneunduKauma [ONKHA COAEPMKaTb CBEAEHUA O MOAJAMHHOCTM,
6€30MacHOCTU M aKTUBHOCTM NPOAYKTa. [1A KaxAoro npenaparta BbI6op Noaxo40B ANA OLEHKW KavyecTBa UHAMBUAYANEH U
33aBUCUT OT €ro COCTaBa U MEXaHU3Ma AeNCTBuUA.

3akntoueHune. OcobeHHOCTM CTpaTermm KOHTPOIA KauecTBa NpenapaToB Ha OCHOBE K/IETOK KOXKM YeNoBeKa 3aK/1tovatoTca B
NPOBEAEHUN KOHTPOJIbHbIX MEPOMPUATUIA C LieNbio NOYYEHUs HAL/IeXKaLLero KayecTBa KAETOYHOrO (KM3HEeCnocobHOCTb,
CTePUNbHOCTb, MOA/IMHHOCTb, aKTUBHOCTb M APYrMUEe) U HEKNETOUYHOTO (PU3UKO-XMMUYECKUX CBOMCTB HOCUTENA) KOMNOHEHTOB
unn uenoro rpadra (buoHarpyska, 6apbepHble cBOMCTBA). Moaxoabl U MeToAbl ANA ONpeAeNeHnAa aKTUBHOCTU LOMKHbI
BbIOMPATbCA MHAMBUAYANbHO ANA KaXKAOro MPOAYKTA WM OTParKaTb YMCNO, KMU3HECMOCOOHOCTb M MOAJIMHHOCTb KIETOK,
nponndepaTUBHYIO N CEKPETOPHYHO CMOCOHBHOCTb KNETOYHOTO KOMMOHEHTA.

KntoueBble €noBa: 3KBMBANEHTbI KOXKMW; KEPATUHOLMTbI; GUOBPOBAACTbI KOXKM; OPraHUYecKMe U CUHTETUYECKUE HOCUTEeNu;
KOHTPO/Ib Ka4yecTBa NpenapaTa; NoKkasaTenn KayecTsa

Cnucok cokpauwieHuit: K — 3KBMBANIEHT KOXKM (MONHOCNOMHBIN); 33 — anuAaepManbHbli 3KBUBANEHT; [ — AepMasibHbIi
3KBMBaneHT; MCK — me3eHXxMmasnbHble CTBO/I0Bble KNeTKW; FDA — YnpasneHne No CaHUTAapHOMY Haf30py 3a KayecTBOM
NULWEBBIX NMPOAYKTOB M meankameHToB (CLUA); PMDA — AreHTCTBO Mo $apMauLeBTUYECKOW MPOAYKLUMN U MEeAULMHCKUM
npubopam (AnoHusn); MBK — mactep 6aHK Knetok; PBK — pabounit 6aHKk Kknetok; MLP — nonMmepasHas LenHaa peakums;

VEGF — ¢akTOp pocTa 3HAOTENNA COCYA0B.

INTRODUCTION

Skin substitutes (SSs) are tissue-engineered analogs
of the skin, which are three-dimensional constructs
based on in vitro cultured skin cells and various synthetic
or organic carriers (scaffolds, matrices, matrixes) used in
medicine for temporary or permanent replacement of
damaged epidermal, dermal or full-layer skin areas [1-
3]. For the same purpose, it is possible to use cultured
skin cells, for example, fibroblasts or keratinocytes,
without creating a three-dimensional structure on their
basis using a carrier in the form of a cell suspension [4].

The use of SSs and skin cells without a carrier is
aimed at restoring the structure and functions of the
skin, primarily the barrier one (protecting the body
from infection by pathogens from the environment and
preventing the loss of water and mineral salts by the
body through the wound surface). It is also important
to note the acceleration of healing processes and the
reduction of pain in burns, acute and chronic wounds,
scars, diabetic ulcers, nevi, skin structure disorders as a
result of genetic and other diseases [5-9].

A key step in the development and production of
SSs is the isolation of cells certain types from a donor
skin, followed by the cultivation of these cells in vitro
in order to obtain the amount of cellular material
necessary for a therapeutic effect. All the SSs currently
approved for a clinical use in the world, contain only
two types of cells (either individually or in tandem):
keratinocytes and fibroblasts. The use of keratinocytes
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able of forming a layer of outer cornified epithelium
underlies the creation of epidermal grafts (epidermal
tissue-engineeed equivalent, epidermal substitute
— ES), and the use of fibroblasts in combination with
organic or synthetic carriers makes it possible to create
an analogue of the dermis — a dermal graft (dermal
tissue engineered equivalent, dermal substitute — DS),
which increases the probability of the subsequent
successful engraftment from 15 to 45-75% [10]. There
are products given a permission for a clinical use in
different countries of the world. They combine both ESs
and DSs, and are composite two-layer SSs (full-layer SSs)
[11]. Full-thickness skin equivalents are an alternative
to skin grafts obtained both from healthy skin areas of
the patients themselves (autografts) and from healthy
donors (allografts).

The developments were carried out to improve the
functionality of tissue-engineered structures and achieve
greater similarity with healthy human skin through the
use of other cell types: endothelial cells, Langerhans
cells, melanocytes [12-14]. The inaccessibility and
complexity of cultivating keratinocytes and fibroblasts
led to attempts to use mesenchymal stem cells (MSCs) of
various origins. They have a high proliferative potential
and the ability to differentiate, either alone orin tandem
with a carrier [15]. However, all these studies are under
development or clinical trials: currently, there are no
registered SSs in the world based on the use of these
cell types.
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Among the preparations containing the skin cells
that have been approved for a clinical use, there are
products based on the cells of both autologous (more
often ESs) and allogeneic origin (more often DSs and
full-thickness SSs) [16]. In this case, the product can be a
suspension of cells and be applied to the wound surface
by spraying (in the form of a spray), or in the form of a
tissue-engineered graft to cover the wound as a result of
an application [4].

In a number of preparations, intradermal injections
of cells using a needle and syringe are used. To create a
graft, SSs cells are placed on a carrier (matrixes, scaffolds,
matrices). This is most often used as collagen of the
animal origin (bovine, porcine, murine) and synthetic
carriers (silicone, hyaluronic acid, and others). This
makes it possible to obtain a multilayer structure with a
well-defined barrier function, a biomechanical stability,
stratification of keratinocytes, formation of intercellular
interactions, synthesis of the basement membrane and
important components of the extracellular matrix [17, 18].

All SSs can be used as temporary bioactive barrier
dressings, however a number of products, mostly
containing biodegradable carriers, can be used as a
permanent replacement for a damaged skin area.

During the production and implementation of
the registration procedure for SSs, the question of
an adequate and comprehensive assessment of their
quality arises. This is complicated by a composite of
these preparations, which include both a component
of viable cells and, often, a non-cellular component — a
carrier.

THE AIM of the study was to research the
international experience in quality assurance of
the products based on skin cells in order to identify
the features of the quality control strategy in the
development, production, as well as during an expert
quality assessment as a part of the state registration
procedure in the Russian Federation.

MATERIALS AND METHODS

To analyze the characteristics of quality
control strategies for the products based on
viable skin cells, the basis of the study was the
materials presented in assessment reports of
the regulatory authorities of the United States
(Food and Drug Administration — FDA) and Japan
(Pharmaceuticals and Medical Devices Agency — PMDA)
for the following products that had received approval
for a clinical use by Fda.gov and Pmda.go.jp. They
were: Apligraf and GINTUIT (Organogenesis, Inc., USA)%;

! Food and Drug Administration (FDA). Gintuit — Summary Basis
for Regulatory Action, 2012. Available from: http://wayback.
archive-it.org/7993/20170723023240/https://www.fda.gov/
downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/
ApprovedProducts/UCM297753.pdf

Tom 10, Beinyck 6, 2022

LAVIV (Fibrocell Technologies, Inc., USA)?, STRATAGRAFT
(Sratatech  Corporation, USA)? Epicel (Genzyme
Biosurgery, USA)% Invitrx (Ortec International, Inc.,
USA)*; JACE (Japan Tissue Engineering Co., Ltd., Japan)®.

Information on the other products used in the
countries of the European Union (EU), the Republic of
Korea, the Russian Federation (RF) and other countries
of the world, was obtained from the official websites
of manufacturers, as well as from review and scientific
papers on the study of the structure and properties of
tissue-engineered skin substitutes.

The following electronic resources were used to
conduct the study: PubMed, Scopus, Google Scholar,
elibrary, Ema.europa.eu., Fda.gov, Pmda.go.jp. The
queries were conducted on combinations of the
following keywords: “skin substitutes”, “scaffolds for
skin repair and regeneration”, “skin tissue engineering”,
“skin cells products quality control”, “skin cells products
quality attributes”, as well as on the trade names of
the products, approved for a medical use. The search
was carried out for the period from Oct 2021 to Ap 2022.

The logical methods of the system analysis and
modeling were used in the work.

RESULTS AND DISCUSSION

Currently (dated Apr 2022), more than two dozen
products containing viable human skin cells have been
approved for clinical use in the EU, USA, Australia, Japan,
the Republic of Korea and the Russian Federation (for
some products, the license term expired has expired and
has not been renewed).

Table 1 presents preparations based on human skin
cells used for skin resurfacing (ESs, DSs, full-thickness
SSs and the preparations based on skin cells without
a carrier) that have received a clinical approval in
different countries of the world. Information on them
is presented on the manufacturers’ official websites
and in assessment reports of regulatory authorities (see
“Materials and methods”).

2 Food and Drug Administration (FDA). LAVIV — Summary Basis
for Regulatory Action, 2011. Available from: https://wayback.
archive-it.org/7993/20170723023939/https://www.fda.gov/
downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/
ApprovedProducts/UCM262780.pdf

3 Food and Drug Administration (FDA). SRTATAGRAFT — Package Insert,
2021. Available from: https://www.fda.gov/media/150129/download
4 Food and Drug Administration (FDA). Epicel — Summary of safety
and probable benefit, 1998. Available from: https://www.fda.gov/
media/103308/download

° Food and Drug Administration (FDA). Invitrx — Summary of safety and
probable benefit, 1998. Available from: https://www.accessdata.fda.
gov/cdrh_docs/pdf/H990013B.pdf

& Pharmaceuticals and Medical Devices Agency (PMDA). JACE —
Review Report, 2007. Available from: https://www.pmda.go.jp/
files/000223079.pdf
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Table 2 — Some qualification of keratinocytes and fibroblasts production cell banks

Indicator Approach to testing

Methods of analysis

Virus safety

In vitro and in vivo testing for viruses (including
retroviruses) specific to humans, pigs, cattle

Transmission electron microscopy;
Reverse transcription

Sterility, mycoplasma

contamination bacteria and fungi

Detection of all types of microbiological contaminants:

Microbiological methods;
PCR

Tumorigenicity
In vivo studies of tumor formation

In vitro studies of cell genome stability;

Karyotyping;
Isoenzyme analysis;
Cell culture aging tests;
Tumors formation tests

Identity Expression of involucrin by keratinocytes; Isoenzyme analysis;
Biosynthesis of collagen by fibroblasts Immunochemical methods;
PCR
Activity Viability; Cell counting with an automatic counter

Cell culture growth parameters

or with a hemocytometer;
Flow cytometry;
Morphological analysis

Comparability (with
previously characterized
cells)

In vitro tests, including confirmation of cellular purity,
degree and intensity of percutaneous absorption,
cytokine profile analysis and VEGF quantitation;

Histology;
Immunochemical methods;
MTT test

In vivo studies on immunodeficient animals of the
involucrin expression level, engraftment, integration,
morphology and deformation of the graft, reduction of
the wound surface through a wound contraction

Note: PCR — polymerase chain reaction; VEGF — Vascular Endothelial Growth Factor; MTT — Mitochondrial Tetrazolium Test (colorimetric method

using tetrazolium salt).

It should be notified that not all skin cell products
had been originally registered as drugs. A number of
products, such as Epicel (Genzyme Biosurgery) and
Invetrx (Ortec International), received the FDA approval
for a clinical use as medical devices (Humanitarion Device
Examption, HDE), but then were reclassified as biological
tissue based products -"Tissue & Tissue Products”-
regulated by the FDA’s Center for Biologics Evaluation
and Research (CBER). In the Russian Federation, there
is currently no experience of products state registration
containing viable human skin cells as biomedical cell
products within the framework of the Federal Law
dated Jun 23, 2016, No. 180-FZ “On Biomedical Cell
Products” currently in force in the Russian Federation,
or as advanced therapy medicinal products within the
framework of the Decision of the Eurasian Economic
Commission Council dated Nov 3, 2016, No. 78 “On the
Rules of marketing authorization and assessment of
medicinal products for human use”. Previously, three
tissue-engineered products (SPRG cell technology from
the Institute of Human Stem Cells, a dermal substitute
and multilayer keratinocyte layer from the Institute of
Cytology of the Russian Academy of Sciences) [6] received
a permission from the Federal Service for Surveillance in
Healthcare (Roszdravnadzor) for clinical use in medical
practice as cell technologies for a personalized skin
treatment’. Now, the validity of permits for the use of

7 Federal Service for Surveillance in Healthcare of Russian Federation.
List of medical technologies approved for use in medical practice as
of December 30, 2011. Available from: https://roszdravnadzor.gov.ru/
documents/12545.
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cellular technologies and registration certificates for
medical devices have expired, or their commercial use
has been suspended due to the changed legislative
framework of the Russian Federation in the field of
development and registration of the products based on
viable human cells.

Currently, only expert reports on the products
registered by the FDA and PMDA often containing
incomplete information regarding the conduct of a
quality assessment during an in-process control and
at the release control of the product are available
in the public domain. Based on the available data,
the following features of the quality control strategy for
SSs and the products based on viable skin cells as well
as the main problems associated with their production,
can be identified.

Input control of raw materials and reagents

The use of raw materials of the human and
animal origin (cell culture serum, bovine pituitary
extract, collagen for matrix) is associated with such
a safety problem for the product use as the risk
of microbiological and viral contamination, and in
case of the materials obtained from cattle, there
is an additional risk transmission of transmissible
spongiform encephalopathy. In order to reduce these
risks, materials and reagents of the animal origin are
tested for sterility (the presence of bacteria, fungi,
mycoplasma), the presence of the viral contamination

Volume X, Issue 6 2022
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and bacterial endotoxins. All the materials from cattle
should be obtained from the countries where cases of
transmissible spongiform encephalopathy have not
been reported [22].

In case of the most preparations production,
cell donors are tested for the presence of pathogens
of infectious diseases. However, for the autologous
product Epicel (Genzyme Biosurgery), donors of cellular
materials are not subjected to such testing, which
leads to the risk of a possible infection of the personnel
working with the biomaterial and product. This requires
special precautions in the production?®.

In addition, the materials used to create cell
carriers and form a three-dimensional structure of
the product must be tested for physical and chemical
properties.

Creation of cell banks

Another feature of the products production based
on human cells intended for an allogeneic use is the
need to create cell banks.

For the production of ESs, DSs and full-thickness
SSs for an allogeneic use, human keratinocytes and
fibroblasts are used. They are obtained from the
biopsy materials of healthy donors, cultured in order
to develop the cellular material necessary for the
therapeutic effect. Obtaining a required number of
cells, which can be used for one or even several patients
from a small donor area of the skin, would be difficult
without a creation of the production cell banks: a master
cell bank (MCB) and a working cell bank (WCB). As a
rule, a number of passages between MCB and WCB is
small9. The cell banks should be cvalificated and the
banked cell lines should be characterized by quality
attributes such as sterility, absence of mycoplasma
contamination and introduced viral agents, a cytogenetic
stability, tumorigenicity, purity, potency and identity,
a proliferative activity and viability. The features of
testing cell lines for some quality attributes, given in the
assessment reports of the regulatory authorities that
have issued the permission for the clinical products use
(section “Materials and methods”), are shown in Table 2.

Risk of using animal cell feeder layer

For the cultivation of human skin cells in the
production of a number of preparations, for example,
Epicel (Genzyme Biosurgery), STRATAGRAFT (Sratatech
Corporation) and JACE (Japan Tissue Engineering Co.),
a mouse cell feeder layer, which may be present in a

8 Food and Drug Administration (FDA). Epicel — Summary of safety and
probable benefit, 1998.

° Food and Drug Administration (FDA). Gintuit — Summary Basis for
Regulatory Action, 2012.

Tom 10, Beinyck 6, 2022

residual amount in the finished product, is used. The
FDA classifies these products as xenografts, and despite
the possibility of using feeder cells only from qualified
cell banks and recognizing a low risk of transmitting
infectious agents through these cells, it recommends
product recipients to refuse to donate blood, plasma,
tissues, eggs, breast milk and other biomaterials.

In-process control

The main characteristic of the production of
preparations containing viable human cells is the
implementation of all processes under aseptic
conditions. The impossibility of sterilizing the resulting
finished product leads to the need to control the product
for sterility and the absence of mycoplasma as an in-
process control.

The structural features of the preparations!®*! based
on skin cells, which are multilayer structures on a carrier,
lead to the need to track the morphology of the product
using a visual assessment and histological examination,
an investigation of physical properties after the graft
washing stage, a proliferative activity of keratinocytes,
and viable cells counting [23, 24]. Reporting of cell
morphology in the form of photographs, control of
stratification in the cell culture, and characterization of
other cell types (other than fibroblasts) present in the
cell culture, was also requested by the FDA advisory
committee for Laviv containing skin fibroblasts without
a carrier.

The results of testing for the above-listed quality
indicators, along with some others, such as “bioburden”,
may be included in the specification for the finished
product, but obtained during the production process.
This is due to the short shelf life of the finished product
(without cryo-freezing) [25], which does not allow long-
term tests during the drug release. Therefore, the shelf
life of Apligraf and Gintuit (Organogenesis, Inc.) after
thawing is 15 days®, and the shelf life of STRATAGRAFT
(Sratatech Corporation) is 4 h.

Release testing of finished products

All the products currently registered in the world
and containing viable human skin cells are obtained as a
result of a continuous production process, and therefore,
have only one final specification for the finished product.
Depending on the structure of the product, the presence
of a multilayer structure, or carrier, the specifications
may differ in the set of quality attributes by which the
product is release tested. Such testing may be performed
partly before cryopreservation the finished product and

0 |bid.
1 pharmaceuticals and Medical Devices Agency (PMDA). JACE — Review
Report, 2007.
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partly after packaging on thawed samples, as outlined in
the assessment report for LAVIV (Fibrocell Technologies,
Inc.).

In general, the specification for a finished product
containing viable human skin cells includes the following
quality attributes:

— Visual assessment of the product appearance
(description);

— Viability and total number of cells;

— Sterility;

— Mycoplasma;

— Bacterial endotoxins;

— ldentity (for fibroblasts and keratinocytes);

— Purity;

— Activity (efficiency);

— Container closure integrity.

The quality attribute “Description” should reflect
such parameters as color, transparency of the product,
the appearance of ESs or Dss (if applicable): the
presence of irregularities on the surface of the structure,
wrinkling, deformation, changes in the thickness of the
layers??,

The assessment of sterility is mainly carried out
using a standard microbiological test, followed by Gram
staining of microbiological preparations!*!*, The test for
mycoplasma at the release control of JACE (Japan Tissue
Engineering Co., Ltd.) was carried out by a cytochemical
method by staining DNA with a fluorescent dye (using
indicator cell lines). It is assumed that the results of
testing for sterility and mycoplasma can be obtained
after the clinical use of the product, due to the excess of
the duration of the test over the expiration dates of some
preparations®®. The possibility of the product clinical
use without results of the sterility assessment and
mycoplasma contamination leads to the requirement
to provide information for the doctor with a treatment
plan for the patient in case of infection with product-
contaminating agents on the package insert of the
finished product.

The assessment report on the JACE preparation
(Japan Tissue Engineering Co., Ltd.) indicates the need
for the content control of the residual amount of
bovine serum albumin, determine the residual number
of feeder cells and the physical properties of the flap
(possibly at the stage of in process control). Such tests
can be attributed to the quality attribute “purity” and

2 Food and Drug Administration (FDA). SRTATAGRAFT — Package Insert,
2021.

3 Food and Drug Administration (FDA). Epicel — Summary of safety and
probable benefit, 1998.

1 Food and Drug Administration (FDA). LAVIV — Summary Basis for
Regulatory Action, 2011.

% Food and Drug Administration (FDA). Gintuit — Summary Basis for
Regulatory Action, 2012.
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prove the absence of impurities in the finished product
resulting from the technological process.

One of the most difficult and controversial points
in the selection of adequate methods of analysis in
assessing the quality of products used to heal wounds
and skin lesions is the confirmation of their potency.
Most often, the mechanism of products action is
not demonstrated (not established) or is not given
in the regulatory documentation for the product. A
number of assessment reports on products indicate
the possibility of wound healing due to the activation
of a recipient cell division during the secretion of
biologically active substances by the cells of the product
(platelet, fibroblast, vascular endothelial, epidermal
growth factors, cytokines, type IV collagen, tenascin,
fibronectin, and others). A similar mechanism of action
has been notified for Apligraf, GINTUIT, STRATAGRAFT,
KeraHeal-Allo, OrCel, TransCyte and Dermagraft. The
ability of fibroblasts to accelerate the mechanisms of
tissue regeneration due to the secretion of biologically
active substances by them is considered proven [26,
27]. At the same time, such products are temporarily
on the wound surface, with a gradual elimination
of cells and a resorption of non-cellular material (if
applicable). For another group of products (KeraHeal,
TissueTech Autograft System, CellSpray), a decrease in
the wound surface was shown due to the proliferation
and differentiation of the cells of the product itself
with the formation of the skin structures necessary
to perform a barrier function. These preparations are
used as permanent applications to close the wound
surface due to the possible proliferation, migration and
differentiation of cells with the formation of a stratified
epithelium [28].

The choice of methods and approaches for assessing
the potency (which is a measure of the effectiveness of
a product in clinical use) of each preparations containing
human skin cells occurs on an individual basis and is
agreed by the product manufacturers with the regulatory
authorities of the countries where their clinical use will
be carried out. For example, the effectiveness of LAVIV
(Fibrocell Technologies, Inc.) was concluded based
on the determination of the total cells number in the
preparation, the confirmation of the fibroblasts identity,
and the analysis of the collagen secreted by the cells. To
evaluate the effectiveness of GINTUIT (Organogenesis,
Inc.), a histological examination of the graft was
performed. However, the advisory committee accepted
this approach only as the evidence of the structural
product integrity, and suggested that an additional
analysis of cell-secreted cytokines be carried out.

Besides, if necessary, additional quality attributes
can be added to the specification for the finished product:
pH, bioburden®®, barrier properties of grafts, which

' |bid.
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confirm the formation of the outer cornified epithelium
and are examined on the basis of a histological
analysis®’. The barrier function confirmation and studies
of graft permeability are carried out using different
approaches, for example, by determining the thickness
of the epidermis and studying the lipid profile [29].
A formation of the correct basement membrane is
possible by confirming the presence of type IV collagen
at the dermo-epidermal junction.

CONCLUSION

Due to the continuity of the technological production
process, a short shelf life and the impossibility of
carrying out sterilization procedures for the finished
product containing viable human skin cells, as well as
the complexity of combined preparations (applicable to
grafts), which consists in the presence of a non-cellular
component-carriers (matrixes, scaffolds, matrices) in the
finished product) which is often difficult to separate from
cells, it is of great importance to comply with a number
of requirements for a technological process and take into
accountthe peculiarities of the quality control strategy for
such drugs. These requirements are as follows: creation
of a qualification program for raw materials and reagents,

which would include the risks of their use; a control of
materials of the animal origin; creation of skin cell banks
used for the production of allogeneic products; the use
of feeder cells only from qualified banks; conducting
a number of studies on quality attributes during in
process control with the inclusion of the results of these
studies in the specification for the finished product.
In addition to standard tests (description, viability,
total number of cells, sterility, mycoplasma, bacterial
endotoxins, identity, purity, potency) characteristic
of a quality control of any preparations containing
viable human cells, a quality control of preparations
containing skin cells includes additional studies of
physical and chemical properties of the carrier and/or
the whole graft (bioburden, barrier properties of the
graft).

Due to the difficulty of demonstrating the potency
of products used for wound healing, and the incomplete
knowledge of the nature of their action, approaches and
methods for determining this quality attribute should be
selected individually for each product and reflect such
properties of the cellular component as the number,
viability and identity of cells, as well as their proliferative
and/or secretory capacity.
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a-synuclein is one of the key molecular links in the pathogenesis of Parkinson’s disease. The accumulated data indicate that
pathogenic mutations in the Snca gene are associated with the development of neurodegenerative brain damage, indicating
the relevance of studying the synuclein neurobiological role.

The aim of the study was to create a genetically modified clone of mouse stem cells with a conditional knockout of humanized
a-synuclein, which can be used for the reinjection into mouse blastocysts, as well as for basic and applied in vitro research in
the field of pathophysiology and neuropharmacology.

Materials and methods. To create mouse stem cells with a conditional knockout of the humanized Snca gene, a previously
obtained clone with the first Snca exon flanked by LoxP sites, was used. The CRISPR/Cas9-mediated homologous recombination
system with donor DNA oligonucleotides of the human sites of the corresponding gene sites was used to humanize the fourth
and fifth exons. Cas9 nuclease, single guide RNA, and donor DNA were transfected into mouse cells.

Results. An approach to obtaining clones of mouse genetically modified stem cells expressing pathological humanized
a-synuclein, has been proposed and implemented. The resulting clones were plated on Petri dishes for propagation and a
further genetic analysis. Clone 126-2F4 was found out carrying the necessary genetic modifications. The results obtained are
fundamentally important not only for understanding the development of the pathological process in a-synucleinopathies,
but which is more important, for the development of new therapeutic approaches that will stop the extension of the human
a-synuclein aggregation pathology throughout the nervous system, and the validation of these approaches in preclinical
trials.

Conclusion. As a result of the study, a strategy for CRISPR/Cas9-assisted homologous recombination in the genome of mouse
embryonic stem cells has been developed to create a fully humanized Snca gene encoding a-synuclein, and the clone genome
of mouse embryonic stem cells has been edited using a CRISPR technology. The RNA and DNA oligonucleotides necessary for
the creation of RNP complexes that carry out a directed homologous recombination in the Snca locus of the mouse genome
have been synthesized. The developed cell clone can serve to create a line of genetically modified mice that serve as a test
system for pathophysiological and neuropharmacological studies associated with synucleinopathies. Herewith, before the
induction of the Cre-dependent recombination, this line is a representative model for studying a biological role of mutant
Snca. At the same time, after a Cre-dependent knockout activation, it is possible to imitate the pharmacological inhibition of
a-synuclein, which is of particular interest for applied research in neuropharmacology.

Keywords: a-synuclein; neurodegeneration; Parkinson’s disease; conditional knockout; CRISPR/Cas9

Abbreviations: NDs — neurodegenerative diseases; sgRNA — single-guide RNA; NAC — non-amyloid-B component; RNP —
ribonucleoprotein; PCR — polymerase chain reaction; PD — Parkinson’s disease.
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OZHMM M3 K/OYEeBbIX MOJIEKYNAPHbIX 3BeHbeB B naTtoreHe3e 60se3HM [MapKUHCOHaA ABAAETCA GENoK O-CUHYKNEUH.
HakonneHHble AaHHble CBMAETENbCTBYIOT O TOM, YTO MATOreHHble MyTaluu B FreHe Snca accouuMmMpoBaHbl C PasBUTUMEM
HelpoAereHepaTMBHOrO MOBPEXAEHUA TONOBHOMO MO3ra, TeM CaMblM YKa3blBaAa Ha aKTyaJIbHOCTb W3y4yeHuA
HEMpPoBUONOTMYECKOM POAN O-CUHYKNEUHA.

Lenb. Co3gaHue reHeTUYeckn-moaMdULMPOBAaHHOIO KAOHA CTBO/IOBbIX K/AETOK Mblel € KOHAMLMOHHBIM HOKayTOM
rYMaHV3UPOBAHHOIO O-CUHYK/IEUHA, KOTOPbIW MOKET OblTb UCMOABb30BaH A1 PEUHDBEKLMU B MbllUMHbIE BaacToumcTbl, a
TaKxke ana GyHAAMEHTaNbHbIX U NMPUKNAAHbIX in Vitro nccnefoBaHnii B ob6aacty natodusnonormm n Helpodpapmakoaormu.
Martepuanbl u metogbl. [1na co3aaHMA MbILLMHBIX CTBONOBbIX KNETOK C KOHAMLMOHHBIM HOKAayTOM FYMaHM3MPOBAHHOTO
reHa Snca 6bla1 UCNONb30BAH MpPEXKAe NOAYYEHHbIW KNOH C GNaHKMPOBAHHbIM LoxP-caliTamu nepsbim 3K30HOM Snca. Ons
rymaHmsaumm IV 1 V ak3oHa 6bi1a ncnosb3osaHa cuctema CRISPR/Cas9-onocpesoBaHHOM roMOIOrMUYHON peKOMBUHaLUK
¢ fOoHOpHbIMK [IHK 0AUrOHYKNeoTMAaMM YeNOBEYECKMX CAaMTOB COOTBETCTBYIOWMX reHoB. Hykneasa Cas9, rugosbie PHK u
noHopHasa OAHK 6biamn TpaHcheLmMpoBaHbl B KNETKU MbILK.

Pe3ynbratbl. Hamu 6bl1 NpeasIoKeH U peann3oBaH NOAXOA K NOMYYEeHNIO KNOHOB MbILLIMHbIXTEHETUYECKM-MOANULMPOBAHHbIX
CTBO/IOBbIX K/IETOK, 3KCMPEeCcCcUMpyroLWMX MNaTONOrMYEeCKUA TYMAaHU3UPOBAHHBIN O-CUHYKNEUH. [ony4YeHHble KAOHbl 6bian
BbICEAHbI Ha YawKu MeTpn ANA Pa3MHOXKEHUA U AaNbHENLIero reHeTMYeCcKoro aHanmsa. bbin obHapy»KeH KaoH 126-2F4,
HecyLmi HeobxogmMmble reHeTudeckme moanduKaumm. PesynsbtaTbl NPOBEAEHHOrO UCCAeA0BaHMA NMPUHLMMMAABHO BaXKHbI
He TONbKO ANA NMOHUMAHWA Pa3BUTUA NMATONOMMYECKOro NMpoLLecca Npu O-CUHYKAEMHOMATUAX, HO U, YTO eLlé BaXKHee, ANA
pa3paboTKM HOBbIX TEPANneBTUYECKUX MNOAXOAOB, KOTOPble MO3BONAT OCTAHOBWUTbL PACMPOCTPAHEHWe arperauyMoHHON
naTo/I0rMMn YeNO0BEYECKOTO O-CUHYK/IEMHA NO HEPBHOM CUCTEME U BaNUAALMMN STUX NMOAXOL0B B SOK/JAMHUYECKUX UCTIBITAHUSAX.
3aknioueHue. B pesynbTaTe MpPoBEAEHHOro MccieaoBaHusa pa3pabortaHa crpatermsa CRISPR/Cas9-accMcTMpoBaHHOM
TOMOJ/IOTMYECKON PEKOMOUHALMM B TeHOMe 3MOPUOHANbHbBIX CTBOMOBLIX KNETOK MbIUW AN CO34aHWUA MOJAHOCTHIO
ryMaHM3MPOBAHHOIO reHa Snca, KogMPYOLWEro a-CUHYKAENH. BbINONHEHO peAaKTMpOBaHWE reHoMa KNoHa SMBPUOHAbHbIX
CTBONOBbIX KNETOK Mblwn ¢ ucnonb3oBaHnem CRISPR TtexHonoruu. CuHTesmpoBaHbl PHK u OHK onuroHykneotuapl,
Heobxogumble AN CO34aHUA PUBOHYKNEONPOTEMHOBBIX KOMMM/IEKCOB, OCYLLECTBAAIOLWMX HAaNpPaBAEHHYIO FOMONOrMYECKYHo
pekoMbUMHaLMIo B Snca IOKyce reHoMa MbilW. Pa3paboTaHHbIV KIOH KNETOK MOMKET CYKUTb 1A CO34AHUA IMHUM TeHETUYECKN-
MOAMOULMPOBAHHbBIX MbILIEN, CAYXKALWMX TecT-CUCTeMON ANnA MNaTodU3NONOTUYECKUX WU HelpodapMaKoNormyeckmx
nccnefoBaHUM, CBA3AHHBIX C CUHYKAeMHoNaTuAMU. MNpu 3Tom A0 MHAYKUMK Cre-3aBUCMMOM PEKOMOMHALMU JaHHAA INHUA
ABNAETCA Penpe3eHTaTMBHON MOAENbIO A/1A UCCea0BaHNA BUONOTMYECKOM POM MyTaHTHOTO Snca. B To ke Bpems, nocie
Cre-3aBMCMMasA aKTUMBALMA HOKayTa MO3BOAAET MMUTMPOBaTb GApPMaKONOTMUYecKoe MHIMOUPOBAHME Q-CUHYK/IEUHA, YTO
npeacTaBaseT 0cobblii MHTEPEC 4NA NPUKAAAHBIX UCCNef0BaHUI B HeMPOodapMaKonormu.

KnioueBble cnoBa: 0-CUHYKIEWH; HelpoaereHepauus; 60n1e3Hb MapKMHCOHA; KOHAULMOHHbIMA HoKayT; CRISPR/Cas9

Cnucok cokpauweHmit: H3 — HelpoaereHepatusHble 3abonesanHua; orPHK — oauMHOYHaA ruaoBas pUOOHYKNEMHOBaA
Kkucnota; PHM — puboHykneonpotenHsbl; MLUP — noanmepasHasa uenHas peakuma; NAC — HeaMnIoUAHbIA KOMMNOHEHT; BN —
60ne3Hb MapKUHCOHa.

INTRODUCTION

A heterogeneous group of pathologies, united
by the concept of neurodegenerative diseases (NDs),
continues to acquire an increasing medical and social
significance. In view of the increase in life expectancy, the
burden of NDs, classically associated with an old age, is
becoming one of the most relevant biomedical problems
[1]. Herewith, despite high rates of the neurobiology

526

development, many aspects of NDs pathogenesis remain
disclosed only fragmentarily. One of these aspects is the
role of a-synuclein in the main processes associated
with the degenerative death of neurons.

As the main component of protein aggregates,
a-synuclein has been found out in a number of NDs,
which are combined into a group of synucleinopathy,
including Parkinson’s disease, dementia with Lewy

Volume X, Issue 6, 2022
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bodies, a Rapid Eye Movement sleep behavior disorder,
and a pure autonomic failure [2].

a-synuclein is a product of the Snca gene located
on chromosome 4 at position q22.1 [3], and is a small
protein (140 amino acids) expressed mainly in neurons,
as well as in some tumor cells [4]. Its structure is
represented by three main domains. They are: an
N-terminal domain (1-60) containing a conserved
motif of several repeating amino acid sequences (a
consensus sequence of XKTKEGVXXXX); the central
domain (61-95), known as the non-amyloid-f
component (NAC), which is highly hydrophobic and
is involved in the aggregation of a-synuclein during
the formation of the [-sheet structure; C-terminal
domain (96-140) enriched in negatively charged
residues and a proline which provides polypeptide
flexibility [5].

Although an a-synuclein physiological function
remains understudied, its localization in presynaptic
terminals [6], the association with the synaptic vesicle
reserve pool [7],and observed deficienciesin the synaptic
transmission in response to the gene knockdown or
overexpression, suggest that a-synuclein participates in
the regulation of the neurotransmitters release, as well
as in neuroplasticity [8].

A possible role of a-synuclein in the regulation of
synaptic homeostasis is associated not only with its
direct interaction with synaptic vesicles: it interacts with
synaptic proteins that control vesicle exocytosis, such as
phospholipase D and the Rab family of small guanosine
triphosphatase [9]. The accumulated evidence
suggests that a-synuclein can act as a chaperone,
control the degradation, and influence the assembly,
maintenance, and distribution of the presynaptic SNARE
protein complex, which is involved in the release of
neurotransmitters, including dopamine [10]. Taken
together, these observations indicate that a-synuclein
plays an important role in the movement and exocytosis
of vesicles [8].

In this paper, a procedure for creating a clone
of mouse embryonic stem cells with CRISPR/Cas9-
mediated humanization of the Snca gene with the first
exon flanked by LoxP sites, have been described.

THE AIM of the study was to create a genetically
modified clone of mouse stem cells with a conditional
knockout of humanized a-synuclein, which can be used
for the reinjection into mouse blastocysts, as well as
for basic and applied in vitro research in the field of
pathophysiology and neuropharmacology.

MATERIALS AND METHODS

Ethics review of study
The experiments were carried out at the Research
Institute of Pharmacology of Living Systems (Belgorod

Tom 10, Beinyck 6, 2022

State National Research University) in compliance
with the ethical standards regulated by the ARRIVE
management. The experimental studies were approved
by the Bioethical Commission of Belgorod State National
Research University (protocol No. 08/21 dated February
8,2021).

Obtaining cell clone with flanked first exon

of Snca gene

A mouse clone of embryonic stem cells carrying
identically oriented LoxP sites flanking the first coding
exon of the Snca gene (Clone 126) had been obtained
in the previous laboratory studies and was used to
generate mice with a conditional knockout of this gene.
The obtained line of mice and the evidence for the
depletion of a-synuclein encoded by the Snca gene in
the nervous system after the induction of the LoxP/Cre
recombination have been described in the published
articles [11-13]. The clone was used for a further
genomic editing in order to obtain stem cells with the
humanized Snca gene.

The surfaces of all plastic Petri dishes, flasks and
plates used for the cultivation of mouse embryonic
stem cells, had been preliminarily coated with a layer
of gelatin: a 0.1% gelatin solution (Merk, Germany)
was layered on the working surface of the plastic
and aspirated after 15-30 min of incubation at room
temperature. Immediately afterwards, the surface was
covered with a layer of a culture medium.

The clone cells stored in liquid nitrogen with a
flanked first exon of a-synuclein were thawed, washed
with ESGRO Complete Basal Medium (Sigma-Aldrich,
USA), resuspended in 4 ml of the medium with GSK3 by
the ESGRO Complete Plus Clonal Grade Medium (Sigma-
Aldrich, USA) inhibitor and plated on plastic Petri dishes
6 cm in diameter (Nunc, Denmark). After 16 h of the
incubation at 37°C in the atmosphere of 5% CO,, the
medium was changed for the fresh ESGRO Complete
Plus Clonal Grade Medium, pre-washing the dishes with
the ESGRO Complete Basal Medium. After 48 h, the cells
concentration in the Goryaev chamber was calculated,
and 200,000 cells were seeded on each of the prepared
plastic Petri dishes using ESGRO Complete Accutase
(Merk, Germany).

Preparation of cells for nucleofection

48 hours after the passage, the cells were treated
with an Accutase solution as described above. 2 aliquots
of 200 000 cells were taken, centrifuged; the supernatant
was carefully removed, and each pellet was resuspended
in 20 pl of Complete P3 buffer prepared immediately
before use, by mixing 34.2 ul of the Nucleofector TM
Solution and 7.6 pl of P3 Primary Cell 4D-Nucleofector®
X kit S (Lonza, Switzerland).

The recombinant Cas9 protein, single-guide
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ribonucleic acid (sgRNA), as well as single-stranded DNA
oligonucleotides for the homologous recombination
carrying nucleotide substitutions corresponding to
the sequence of the human Snca gene, were used to
introduce directed breaks into the edited regions of the
Snca gene.

Ribonucleoprotein (RNP) complexes were formed by
mixing 1 pl of 100 pM sgRNAS solution, 1 pl of 100 pM
sgRNAS solution, and 1 pl of 10 mg/ml Cas9 solution.
Incubated for 10 min at 20°C, 0.4 ul of a freshly prepared
mixture of donor DNA solutions (ssODN4 and ssODNS5)
was added at the concentration of 250 uM for each of
the oligonucleotides, and 20 pl of the cells resuspended
in Complete P3 buffer, were immediately added as
described above.

The CRISPR/Cas9-assisted homologous
recombination strategy in the mouse embryonic
stem cell genome to generate a fully humanized Snca
gene expressing a human a-synuclein variant with an
increased propensity for the aggregation associated with
the development of a hereditary form of Parkinson’s
disease is shown in Fig. 1 and 5.

Delivery of RNP complexes into cells

by nucleofection

The cell suspension was transferred into
Nucleocuvette™ (Lonza, Switzerland) and a nucleofection
was performed in a 4D-Nucleofector™ device (Amaxa,
Ukraine) using a CA-120 program. At the end of the
cells were transferred into 5 ml of ESGRO Complete
Plus Clonal Grade Medium, resuspended to obtain a
monocellular suspension. The concentration of survived
cells in the Goryaev chamber was counted, and 200,

400, 600, 800, and 1000 cells were seeded for each of
five prepared Petri dishes with a diameter of 10 cm in
10 ml of the same medium, an aliquot for the isolation of
genomic DNA being previously taken.

The cells were grown until the appearance of
separate colonies originating from one cell, separated
by accutase in the well of a 96-well plate, incubated for
3 min at room temperature, 0.2 ml of ESGRO Complete
Plus Clonal Grade Medium was added, resuspended,
and the cells were grown until reaching a 30—-50-percent
monolayer. At this stage, the cells were subcultured
into wells of 4-well plates in triplets. The last of the
three parallel dishes was used to isolate the genomic
DNA.

Genomic DNA isolation

and exon editing analysis of Snca gene

After the medium removal, the cells were lysed
directly on the wells surface and DNA was isolated using
a Wizard Mammalian Cell DNA Extraction kit (Promega,
USA) according to the manufacturer’s instructions. DNA
was used for the PCR amplification of DNA fragments
containing mouse Snca exon sequences using a
GenPak PCR Core kit (Isogen, Russia), according to the
manufacturer’s instructions.

The presence of homologous recombination with
donor DNA was assessed using the allele-specific PCR
and restriction analysis. The reaction mixture was
incubated with restriction endonucleases specific to the
mutant sequence and electrophoretically separated to
assess the presence of the homologous recombination
with donor DNA. The reaction products were analyzed
in a 1.5% agarose gel.

Table 1 — Components of mixture transfected into clone 126 of embryonic stem cells for humanization
of mouse Snca gene

Component Sequence Molecule type
sgRNA4 (Alt® CRISPR- 5- mG*mU*mC*CUUCUUGACAAAGCCAGGUUUUAG AGCUAGAAAUAGCAAG RNA
Cas9 sgRNA UUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC

for humanization of Snca mU*mU*muU*U -3’

gene exon V)

sgRNAS (Alt® CRISPR- 5’- mG*mG*mG*UGAGGAGGGGUACCCACGUUUUAGAGCUArGAAAUAGCAAG RNA
Cas9 sgRNA for UUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGC

humanization of Snca mU*mU*mu*U -3’

gene exon V)

ssODN4 (Alt-RTM HDR 5’- /Alt-R-HDR1/G*T*T ATT ACT GAG CAT AAA ACA GGC AGC CAT ACC TTG CCC DNA
Donor single-stranded AACTGG TCCTTC TTG ACA AAG CCA GTT GCA GCA GCT ATG CTC CCA GCT ccC

oligonucleotide for TCC ACT GTC TTC TGA GCG ACA GCT GTC* A*C/Alt-R-HDR2/ -3’

humanization of Snca

gene exon V)

ssODN5 (Alt-RTM HDR 5’- /Alt-R-HDR1/A*A*A ACA CTC TCT TAT TGT GCT TTC TCT TCC CTC TCT GTA GAA DNA
Donor single-stranded TGA GGA GGG GGC CCC ACA AGA AGG AAT CCT GGA AGA CAT GCC TGT GGA TCC
oligonucleotide for TGA CAA TGA GGC TTA TGA AAT GCC TTC AGA GGT AAATGC CTG

humanization of Snca TA*T* A/Alt-R-HDR2/ -3’

gene exon V)

Cas9 nuclease - Protein
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Nucleotide sequence of exon IV and flanking regions of mouse Snca gene
Green background: exon IV

Blue background: direct primer

Yellow background: reverse primer

Bold type: CRISPR-Cas9 crRNA and PAM sequence (underlined)

Red font type: nucleotides to be changed for exon IV humanization

'rcnmnnuac'rcccunmrcTumcrccacrmncxrurcasmnrcccmmcammrcmnccm;cmwcm
TTTCTTCAGACTCCTGTTACCTATGATATATGTGTCTATAGAAGTTGACAGCTGCTAGAAGTGGAATTATTAAR \CAC(
ETTTTACTCTGTTGTCACTCTTGATTTTCTTAAG!

TCTCTG HNN:

vy R E XK TEK B 'V 2RV G A NTYT GV

T ANV A 0K 2 VYEGAGHE I AANTTGTEF VEED QNG K
CCTGTTTTATGCTCAGTAATAACCCTGGACACCATGTCCTTGCATGCATCATAGAGCATGCACATGATGCACACTGTGGGGAACACTGCCTTT
AAAGGGCTCTTATTTTGATGCACTGATGTCCTTGGGAAATGTCATGCACACAATAACCCTGATTGTTTTAGTTTCTGGAAGAAARGATATAGAA

Nucleide sequence homologous to ssODN4 (Alt-R™ HDR Donor a single-stranded oligonucleotide for exonlV
humanization of Snca gene

Italic font type: "mismatch" primer

Red lowercase type: Nucleotide substitutions leading to IV exon humanization or creating new restriction
endonuclease recognition sites

ACAGC! GTCGCTCAGAAGACAGTGGAGGGAGCTGGGA 7 CATAGCTGCTG o ACTGGCTTTGTCAAGAAGGACCAGH TGGGCAAGE T ATGGC G
Pwull
CCTGTTTTATGCTCAGTAATAAC

Nucleotide sequence of exon V and flanking regions of mouse Snca gene
Green background: exon V

Blue background: direct primer

Yellow background: reverse primer

Bold type: CRISPR-Cas9 crRNA and PAM sequence (underlined)

Red font type: nucleotides to be changed for exon V humanization

¢G:-E E'6Y P OE G I L EDEPYEE PGS EATENDE &2
GCCTGTATAAAGAAAACTAAGCAAAACACTTTAGGTGTTTAATTTGGAACACATACCATCAAAACCCTGCCACTATCAGATCTCTCTCACATT
ATGGTTGGCATAGTTCAATCAAGAAAATATTTTAGAGCAAATGATTTTAATCTTTGTGGGAGAGGGTAAGGGATATAGTAGGTCARAATTAAA

Nucleide sequence homologous to ssODN4 (Alt-R™ HDR Donor a single-stranded oligonucleotide for exon V
humanization of Snca gene

Italic font type: "mismatch" primer

Red lowercase type: Nucleotide substitutions leading to V exon humanization or creating new restriction
endonuclease recognition sites

AAAACACTCTCTTATTGTGCTTTCTCTTCCCTCTCTG
TAGaaTGAGGAGGEGqCCCCACAAGAAGGARTCCTGGAAGACATGCCTGTGGATCCTGA CAA TGAGGCTTATGAAATGCCTTCAGAGGTARAT
Apal
GCCTGTATA

Figure 1 — CRISPR/Cas9-assisted homologous recombination strategy in mouse embryonic stem cell genome to

generate fully humanized Snca gene
Note: for some primers and CRISPR-Cas9 crRNA, their positions on the given DNA strand are shown.
The actual sequences can be found in the text.
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Figure 2 — DNA amplification analysis of PCR products of analyzed clones after cells nucleofection

of clone 126 of mouse embryonic stem cells with RNP complexes
Note: Amplification of 176-nucleotide fragment using primers mexVfor-out and exV-rev-mism indicates successful homologous recombination
and, as a result, humanization of exon V in the genome of subclone 126-2-F4 cells. As a positive control,
amplification with the same template primers of a synthetic fragment corresponding to the humanized mouse V exon
with flanking sequences was used.
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Figure 3 — Analysis of two clones in which homologous recombination was detected in exon V
of Snca gene during primary screening by treating a 269-nucleotide PCR amplification product
with restriction endonuclease Apal
Note: complete cleavage of this fragment into fragments of 152 and 117 bps in size indicates that clone 126-2-F4 is homozygous

for the humanization of exon V (A), and only partial cleavage in the case of clone 126-3-B6 indicates that that only one
of the two allelic copies (B) of the Snca gene was humanized in this clone.
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Figure 4 — Analysis of exon IV humanization in genome of clone 126-2-F4 cells. DNA of maternal clone 126,
clone 126-2-F4

Note: Amplification with the same primers from the template of the synthetic fragment corresponding to the
humanized mouse exon IV with flanking sequences was used as a positive control. The detection of a 167-nucleotide fragment
in the DNA analysis of clone 126-2-F4 indicates that exon IV of the Snca gene was humanized in the cell genome of this clone.
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Clone of murine embryonic
cells with flanked exon | of
Snca gene

Transfection of

nucleopretins for
humanization of exons IV

Selection of clones
containing necessary
modifications

and V of Snca gene

Figure 5 — Strategy for creating clone of mouse embryonic stem cells with conditional knockout

of humanized Snca gene
Note: | —to create a clone of mouse embryonic stem cells with a conditional knockout of the humanized Snca gene,
the cells with the first Snca exon flanked by LoxP sites, were taken; Il — by transfection of CRISPR/Cas9, guide RNAs and fragments
of exons IV and V of human Snca for homologous repair, the mouse Snca gene was humanized; Ill — after the modification
by the allele-specific PCR and restriction analysis, the selection of clones carrying the necessary modification, was carried out.

The list of the primers used for the PCR analysis of
the homologous recombination at the Snca locus of the
mouse embryonic stem cell of clone 124 is as follows:

mexIV-for: 5’-GTCTCTGTCACACCATCATC-3’
mexIV-rev: 5’-AGTGTGCATCATGTGCATGC-3’
exIV-rev-mism:  5’-CAGTaGCAGCAGCTATgc-3’
mexVfor-out: 5’-CCAGTGGTTTGGTACACTTAG-3’
mexVfor-ins: 5’-CTGATAACACTTCGTGCAGC-3’
mexVrev-ins: 5-TAGTGGCAGGGTTTTGATGG-3’
mexVrev-out: 5’-CTATGCCAACCATAATGTGAG-3’
exV-rev-mism:  5’-tTGTGGGgcCCCCTCCTCALt-3’

RESULTS

Primary screening of clones

for humanized exon V

162 clones were selected for the presence of a 176-
bp PCR amplification product analysis using mexVfor-
out and exV-rev-mism primers after nucleofection.
The two 3’-terminal nucleotides in exV-rev-mism
corresponded to the nucleotides present in exon V of
the human Snca gene, while the mouse gene contains
2 other nucleotides at these positions. In addition to
those indicated, in the 5’-terminal part of this primer,
there are 3 more nucleotides that are characteristic for
only a human gene. Thus, an amplification product with
this primer is formed only when the template is human
DNA, or mouse DNA humanized for this gene. When
the template is native mouse DNA, no amplification
products are formed. An example of such an analysis

Tom 10, Beinyck 6, 2022

of PCR amplification products of DNA isolated from the
cells 15 selected clones is shown in Fig. 2.

As Fig. 2 shows, 1 out of 15 clones tested for the
presence of a 176-nucleotide PCR amplification product
gave a positive result, i.e. a homologous recombination
occurred in exon V in the DNA cells of this clone. That
was the evidence that in the clone designated 126-2-
F4, in accordance with its position in the well of one
of the initial 96-well plates, this exon turned out to be
humanized.

Test for homozygosity of modification

in clone 126-2-F4

The DNA of clone 126-2-F4 and maternal clone 126
were amplified using primers mexVfor-ins and mexVrev-
ins corresponding to the sequences flanking mouse V
exon. As expected, the same amplification product, a
269-nucleotide fragment, was detected in both cases.
The treatment of the reaction mixture with the restriction
endonuclease Apal did notleadtoa cleavage of the parent
clone 126 fragment amplified from the DNA template,
since in the mouse genome in the analyzed region, there
is no recognition site for this enzyme. However, the
point substitutions used in the humanization of exon V
resulted in the appearance of such a site. The fragment
amplified from the DNA template of clone 126-2-F4,
was cut with the restriction endonuclease Apal into
152-nucleotide and 117-nucleotide fragments (Fig. 3A).
It is important to notify that in this case, the original
269-nucleotide fragment completely disappeared, which
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indicated that in the genome of clone 126-2-F4 cells, the
homologous recombination and, consequently, the exon
V humanization, occurred in both alleles of the Snca
gene. In another clone, 126-3-B9, selected in the primary
screening, only a partial cleavage of the 269-nucleotide
fragment by the restriction endonuclease Apal, was
observed (Fig. 3B). It indicated that in this clone genome,
the homologous recombination occurred in only one
allelic copy gene or that this clone had originated
not from one, but from two cells, in the genome of
one of which the DNA sequences of exon V had not
been edited.

Verification of humanized exon IV presence

in genome of clone 126-2-F4 cells

The DNA of clones 126-2-F4, maternal clone 126
and two negative clones from the above screening were
amplified using primers mexIVfor and exIV-rev-mism. As
a positive control, amplification with the same template
primers of a synthetic fragment corresponding to the
humanized mouse exon IV with flanking sequences
was used. The analysis result of the PCR amplification
products is shown in Fig. 4.

A fragment of the expected size (167 bps) was
detected only when the DNA of clone 126-2-F4 cells
was used as a template, which indicated that this clone
had also a homologous exon IV recombination in the
mouse Snca gene. Testing for homozygosity of this exon
modification was carried out according to the same
scheme as had been used for exon V using primers
mexIV-for and mexIV-rev and the amplification products
treatment with the restriction endonuclease Pvull. It was
found out that the 280-nucleotide fragment, the product
of the DNA amplification of the clone 126-2-F4 cells, had
been completely cut by this enzyme into fragments of
164 and 116 base pairs (Fig. 4). That indicates that in the
genome of the clone 126-2-F4 cells, the homologous
recombination and hence the exon IV humanization
occurred in both alleles of the Snca gene. As expected, in
the absence of the Pvull recognition site, in the studied
fragment of the mouse genome, the 280-nucleotide PCR
amplification product of maternal clone 126, the DNA
cells were not cleaved by this enzyme. A partial cleavage
was observed for the 280-bp PCR DNA amplification
product of the clone 126-3-B9 cells, which supports the
earlier assumption that this clone had originated from
not one, but two cells.

DISCUSSION

Due to the progressive aging of the population, the
incidence and prevalence of Parkinson’s disease (PD)
have increased significantly and will continue to grow -
thus, this is a serious medical and social problem. The
search for effective therapeutic approaches requires
the use of optimal models for the development of the
pathological process in sporadic (~¥90% of cases) PD.
The models currently used, do not correspond to this
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task (not humanized - or incorrectly humanized, there
is no possibility of regulation) and cannot be used in
experimental neuropharmacology.

The most important role of a-synuclein in the
degenerative cell death has been shown in the whole
spectrum of neurodegenerative diseases. Moreover,
mutations (A53T and A30P) were among the first
discovered genetic correlates of the disease [14, 15]. This
finding has intensified the molecular mechanisms study
of a-synuclein-induced neuropathology. It is now known
that under pathological conditions, a-synuclein tends to
form the structures rich in B-sheets including oligomers,
protofibrils, and insoluble fibrils, which are eventually
accumulated to form Lewy bodies. Although the disease
has traditionally been associated with insoluble forms
of aggregated a-synuclein, it is the soluble intermediate
oligomers that are characterized by neurotoxic effects.
Oligomers have been found out to mediate aberrant
calcium signaling, lipid peroxidation, oxidative stress,
mitochondrial dysfunction, and neuronal death [16—
18]. In vivo studies have shown that oligomer-prone
and fibril-inhibiting forms of a-synuclein lead to the
death of dopaminergic neurons. On the contrary,
fibril-producing forms do not lead to the loss of these
neurons [19].

In general, the molecular cascades associated
with the aberrant function of a-synuclein, continue to
be the most important topic of the study for modern
neurobiology [20, 21].

In this regard, an approach to obtaining genetically
modified mice expressing pathological humanized
a-synuclein has been proposed and implemented.
To obtain this line, the strategy of creating genetically
modified animals through CRISPR/Cas9-mediated editing
of embryonic stem cells has been used. The resulting
clone of stem cells can be used for the reinjection
into blastocysts, which will then be transplanted into
recipient mice to carry genetically modified embryos.

The genetic model described in this work makes
it possible to carry out the studies aimed at a precise
assessment of the role of pathological a-synuclein in
mice.

Thus, the exons IV and V humanization will make
it possible to evaluate the phenotypic effects of
pathogenic human a-synuclein on a representative test
system. In addition, the presence of LoxP sites flanking
the first exon allows spatial and temporal control of
the humanized Snca expression due to the possibility
of Cre-induced gene knockout. This feature makes it
possible to precisely study the effects of a tissue-specific
impairment of the protein expression, providing the
information about its role in a specific cell population
[22-25]. Moreover, the possibility of inducing knockout
in adulthood eliminates the effect of the antenatal
adaptation to the genetic modification.

A Cre-dependent knockout induction is intended
to mean that crossing a line containing a gene region
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flanked by LoxP sites with transgenic animals expressing
Cre recombinase leads to the deletion of this region and
the loss of this gene functional activity [18]. To date, the
Cre-mice repertoire is characterized by a great diversity,
and the variety between different strains lies in the
tissue-specific recombinase expression. Moreover, there
are lines in which the penetration of Cre-recombinase
into the nucleus and, accordingly, its activity, depend
on tamoxifen. In this type of mice, a site-specific
recombination between the two LoxP sites occurs only
after the treatment with tamoxifen, which makes the
gene expression regulation over time possible [19].

Alongside the creation of a genetically modified
clone of embryonic stem cells, the authors’ team is
also implementing a direct editing approach of mouse
blastocytes. In other words, a mixture containing a DNA
template for a homologous recombination, Cas9 mRNA,
and guide RNAs, was microinjected into fertilized eggs of
CBAxC57BI6J mice. After a 24 h incubation, the survived
embryos were transplanted into the oviducts of female
recipients, who had served as surrogate mothers for the
mutants. At present, the primary offspring of mutant
mice has already been obtained in a similar way, which
is undergoing a genetic analysis for the presence of the
desired nucleotide substitutions.

The results obtained are fundamentally important
not only for understanding the development of the
pathological process in a-synucleinopathies, but what is
more important, for the development of new therapeutic
approaches that will stop the extension of human
a-synuclein aggregation pathology throughout the

nervous system, and the validation of these approaches
in preclinical trials.

CONCLUSION

As a result of the study, a strategy for CRISPR/Cas9-
assisted homologous recombination in the genome
of mouse embryonic stem cells has been developed
to create a fully humanized Snca gene encoding
a-synuclein, and the clone genome of mouse embryonic
stem cells has been edited using a CRISPR technology.

RNA and DNA oligonucleotides necessary for the
creation of RNP complexes that carry out directed
homologous recombination in the Snca locus of the
mouse genome, have been synthesized.

Clones screening obtained by maternal clone 126
nucleofection of mouse embryonic stem cells with RNP
complexes, made it possible to identify clone 126-2-F4
that meets the primary criteria for the successful
humanization of both alleles of the endogenous Snca
gene in the mouse embryonic stem cell genome.

Thus, the developed cell clone can serve to create
a line of genetically modified mice that serve as a test
system for pathophysiological and neuropharmacological
studies associated with synucleinopathies. At the
same time, before the induction of the Cre-dependent
recombination, this line is a representative model for
studying the biological role of mutant Snca. At the
same time, after a Cre-dependent knockout activation,
it is possible to imitate the pharmacological inhibition
of a-synuclein, which is of particular interest for the
applied research in neuropharmacology.
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The aim of the work was to determine the antidiabetic effect of a sitagliptin and aminoguanidine combination in rats with
experimental diabetes mellitus.

Materials and methods. The study was carried out on male Wistar rats and C57BL/KsJ-db/db mice. According to the models
used, it was divided into 4 series, in which alloxan, steroid-induced (dexamethasone) and streptozotocin-nicotinamide-
induced diabetes mellitus (DM) were formed, respectively, in rats, and in the 4 series, obese C57BL/KsJ-db/db mice were used.
In the 1 and 2 series, the treatment was started prophylactically — 3 h after the alloxan administration and simultaneously
with the dexamethasone administration, in the 3rd and 4th series, the treatment was carried out after the pathology had
developed — 7 days after the streptozotocin with nicotinamide administration, and in the obese mice — immediately after
their distribution according to the groups. The treatment was carried out with sitagliptin (10 mg/kg), aminoguanidine
(25 mg/kg), or a combination thereof. The treatment was continued till the end of the experiment, which was completed with
an oral glucose tolerance test (OGTT) after 4 h of fasting. The obtained data were subjected to statistical processing.
Results. In the course of the experiments, it was found out that the prophylactic administration of a sitagliptin and
aminoguanidine combination, unlike each of the components, prevented the development of alloxan DM. More
effectively than the administration of sitagliptin alone, it reduced the severity of steroid-induced DM, which was expressed
in a significantly lower level of fasting glycemia (after 4 h of fasting) and postprandial glycemia (during OGTT). Under the
conditions of streptozotocin-nicotinamide-induced DM, the studied combination slowed down the progression of the
pathology, and in the obese mice, the course therapeutic administration of sitagliptin and its combination reduced the
severity of carbohydrate metabolism disorders (fasting glycemia) and increased the rate of glucose utilization.

Conclusion. As an iNOS blocker, aminoguanidine enhances the antidiabetic effect of sitagliptin, preventing the development
of alloxan diabetes and reducing the severity of steroid-induced DM when administered prophylactically. When administered
therapeutically, it reduces the severity of streptozotocin-nicotinamide-induced DM in rats and type 2 DM in mice with a
predisposition to obesity.

Keywords: DPP-4 inhibitors; sitagliptin; preclinical studies; diabetes; alloxan; streptozotocin

Abbreviations: eNOS — endothelial nitric oxide synthase; iNOS — inducible nitric oxide synthase; nNOS — neuronal nitric
oxide synthase; NO — nitric oxide (Il); GLP-1 — glucagon-like peptide-1; DPP-4 inhibitors — inhibitors of dipeptidyl peptidase-4;
OGTT - oral glucose tolerance test; DM — diabetes mellitus; SDM — steroid-induced diabetes mellitus.
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Lienb. Onpeaenvtb 3GPeKTUBHOCTb NPOTUBOAMABETUYECKOTO AENCTBUA KOMBMHALMM CUTATAUNTUHA C aMUHOTYaHULUHOM Y
KPbIC C 3KCNEePUMEHTa/IbHbIM CaxapHbIM AnabeTom.

Martepuanbl U metoabl. MccienoBaHve MpoBEAEHO HA Kpbicax-camuax AvHuu Wistar u mbiwax avHum C57BL/Ks)-db/db.
CornacHo Wcnosnb3yembiM MOZENAM, OHO 6blIO pasgeneHo Ha 4 cepuu, B KOTOPbIX GOPMMPOBANWU aNJIOKCAHOBbIN,
CTEPOUA-UHAYLMPOBAHHDBIW (4EKCAaMeTa30HOBbIN) U CTPENTO30TOLMH-HUKOTMHAMUA-UHAYLMPOBAHHbIN CaxapHbli guabet
(CO) y Kpbic. B 4 cepun MCMOMb30BaM CKAOHHBIX K OXUPEHUIO Mbilwel anHumn C57BL/Ks)-db/db. B 1 n 2 cepuax neyexHue
HauyMHann nNpoduNakTUYeckn — Yyepes 3 Y nocne BBELEHWUA a/IOKCaHA U OAHOBPEMEHHO C BBEAEHMEM AEKCAaMeTa3oHa;
B 3 1 4 cepusax ne4yeHne nposBoanan nocne chbopmmpoBaBLIENCA NAaTONOIMKU —Yepes 7 cyT Noc/ie BBeAEHUA CTPeNnTo30TOUMHA
C HUKOTMHAMUZAOM WU Y MbILIEN C OXKMPEHWeM cpasy MNocae Ux pacrnpegeneHuns no rpynnam. B Kauectse neyeHns BBoAMAM
cuTarnnTuH (10 Mr/Kr), amuMHOryaHuamH (25 Mr/Kr) uam mx KombuHaumio. JledeHne NpoBoAMAN A0 KOHLA@ SKCNEPUMEHTA,
KOTOPbII 3aBepLIann NepopanbHbIM TECTOM Ha TONEPAHTHOCTL K rtoKo3e (MTTI) nocne 4 4 ronogaHus. MonyyeHHble AaHHbIe
noZBepraancb CTaTUCTUYECKON 06paboTKe.

Pe3ynbrathl. B xoZe NpoBefeHHbIX 3KCMEPUMEHTOB 6blsI0 YCTaHOB/IEHO, YTO NPOGUNAKTUYECKOE BBEAEHME KOMBUHALMK
CUTAFIMNTMHA C AMUHOTYaHUAWHOM, B OT/IMYME OT KaXKAOro M3 KOMMOHEHTOB, NPeaoTBPaLLaN0 Pa3BUTUE aNIOKCAHOBOrO
C/l, a Takke 6onee apPeKTUBHO, YUemM BBELAEHMNE TONIbKO CUTAIIMMTUHA CHUXKA/O BbIPAXKEHHOCTb CTEPOUA-UHAYLMPOBAHHOIO
C[, 4TO BblparKanocChb B 3HAUYMTE/IbHO 60/1e€ HU3KOM YPOBHE MIMKEMUU HATOLLAK (Yepes 4 4 ronoAaHua) U NOCTNPaHANANbHOM
rnkemun (B xoge nposeaeHusa MTTT). B ycnoBMAX CTPENTO30TOLMH-HUKOTUHAMUA-MHAYUMpPOoBaHHOro CJ, uccnegyemas
KOMBUHaLMA 3amennana NporpeccMpoBaHme NaTonorMum, a y Mbillen C OXXUPeHNnemM TepaneBTUYECKOE KYpcoBOe BBeAEHUE
CUTArIMNTUHA M €ro KOMBUHALMU CHUXKANO TAXKECTb HapyLIeHWs YrIeBoAHOro obMeHa (YpOBEHb FIMKEMUU HATOLLAK) U
YBEINYMBANO CKOPOCTb YTUAMU3ALMM [IHOKO3bI.

3aKnoueHue. AMUHOryaHuAMH Kak 6nokatop iINOS ycuavBan npotuBoanabeTnyeckoe A[eWCTBUE CUTAMIUNTUHA,
npefoTBpallas pasBUTUE aJIOKCAHOBOTO AvabeTa M yMeHbLUas BbIPaXKEHHOCTb CTepoua-uHAyLMpoBaHHoro C npwu
npoduNaKTUYeCKOM BBEAEHWW, a MNPU Ne4YebHOM KypCOBOM BBEAEHUM CHUXKAN TAMKECTb TEYEeHWUA CTPEnTO30TOLMH-
HUKOTMHaMUA-UHAYUMpPOoBAaHHOTO C y Kpbic M C[l 2 TMNa y Mbllel ¢ NPeapacnoNoKeHHOCTbIO K OXXUPEHMUIO.

KnioueBble cnoBa: WHrMbuTopbl AMMN-4; cUTAarUNTUH; AOKAMHUYECKME WCCNEA0BaHWA; CaxapHbli AuabeT; annoKcaH;
CTPENTO30TOLMH

Cnucok cokpauweHuit: eNOS — 3HAOTeNnanbHasA CUMHTa3a okcuaa asota; iINOS — nHayumnbenbHana cMHTa3a OKcMAa a3oTa;
nNOS — HelpoHanbHasA cMHTa3a okcuaa asota; NO — okemg, asora (I1); FMM-1 — raokaroHonogobHbIN nentua-1; nAMNMn-4 —
UHTMbUTOPLI Annentuaunnentuaasol-4; MTTT — nepopasbHbIA TECT HA TONEPAHTHOCTb K rtoKko3e; CL, — caxapHbli auaberT;
CC[, — cTepova-UHAYUMPOBAHHbIW CaxapHbIi Anaber.

INTRODUCTION

The number of diabetes mellitus (DM) patients
registered in Russia at the beginning of 2021, was almost
4.8 million people [1]. While in the world, according to
the International Diabetes Federation (IDF), the number
of diagnosed and undiagnosed cases exceeded 536
million people in 2021 and, according to its forecasts,
by 2045, this number will increase by 46%, reaching
783.2 million people [2]. A low availability of modern

Tom 10, Beinyck 6, 2022

hypoglycemic drugs significantly limits the effectiveness
of the endocrinological service and medical and social
measures aimed at curbing DM and related diseases.
Modern guidelines for the treatment of DM indicate
the feasibility of an early treatment using rational
combinations of drugs, and note the importance of
preventing vascular DM complications [3, 4].
Steroid-induced diabetes mellitus (SDM) is also a
common and potentially dangerous problem in clinical

537



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

practice, affecting almost all medical specialties but often
difficult to detect in the clinical setting. Glucocorticoids
are widely used as potent anti-inflammatory and
immunosuppressive drugs for the treatment of a wide
range of diseases. However, they are also associated
with a number of side effects, including new onset
hyperglycemia in patients without a history of DM
or severe uncontrolled hyperglycemia in the patients
diagnosed with DM [5]. The mechanism of the steroid-
induced diabetes mellitus (SDM) development includes
a decrease in insulin sensitivity (respectively, glucose
utilization) in target tissues, followed by an increase in
catabolic processes (proteolysis and lipolysis) and an
increase in the glucose production by the liver (due to
the stimulation of gluconeogenesis and glycogenolysis),
as well as the suppression of insulin synthesis, including
the ones due to the direct damaging effect of steroids on
pancreatic B-cells [5].

Currently, scientifically substantiated and reliably
tested methods for the prevention of SDM are
inconsiderable in number. As with other types of diabetes,
the risk factors principles of the early identification
and modification are used. SDM screening should be
performed in all patients receiving moderate to high
doses of glucocorticoids. Problems in the management
of SDM are associated with large fluctuations in
postprandial hyperglycemia and the lack of well-defined
treatment protocols. Along with lifestyle changes,
hypoglycemic drugs with an insulin-sensibilizing action
are indicated [6, 7]. However, the insulin therapy is often
unavoidable, so insulin can be considered the treatment
of choice. In the SDM treatment, the degree and nature
of hyperglycemia, as well as the type, dose and regimen
of glucocorticoids, should be taken into consideration. In
addition, it is important to instruct patients and/or their
families on how to make the necessary adjustments.
Prospective studies are needed to answer the remaining
questions regarding SDM. The hyperglycemia that
occurs during the use of glucocorticoids, is believed to
disappear after their withdrawal, but this is not always
confirmed in practice. A reverse situation occurs more
often, especially in individuals with risk factors such as
obesity or prediabetes, which is confirmed by the data
from the patients who have undergone COVID-19 [8].

Dipeptidyl peptidase-4 (DPP-4) inhibitors have a
moderate hypoglycemic activity and are often used to
create rational combinations of hypoglycemic drugs.
The drugs of this pharmacotherapeutic group including
the ones created by leading pharmaceutical companies
around the world [9] have been developed for more
than 30 years. A distinctive feature of the drugs with an
incretins activity, which also include DPP-4 inhibitors, is a
number of pleiotropic effects associated with a decrease
in the risk of developing cardiovascular DM complications
[10]. In Russia, DPP-4 inhibitors are actively used in the DM
combination therapy. The characteristics of the domestic
market for DPP-4 inhibitors are summarized in Fig. 1.
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Aminoguanidine is a nitric oxide synthase inhibitor
with a high (50-fold) specificity for its inducible isoform
(iNOS),aswellasaninhibitor of the formation ofadvanced
glycation end products [11]. Under the experimental
conditions, the administration of aminoguanidine
delayed the formation of autoimmune DM, the rate of
plaque formation in a diet with excess cholesterol, and
improved the course of alloxan DM [12-14]. A number
of studies testify in favor of a significant role of nitric
oxide in the development of autoimmune diabetes, and
indicate the advisability of using selective iNOS inhibitors
to reduce the disease states associated with the nitric
oxide expression and its increased production [13-15].
Nitric oxide can be considered as one of the targets for
the DM treatment and its complications, since its role
in the modulation of insulin secretion and its signaling
pathways has been proven [16]. The attention of many
researchers is focused on studying the role of iNOS
in the pathogenesis of many diseases, including the
formation of insulin resistance and death of B-cells in
DM. It is known that this enzyme can be induced by
many inflammatory cytokines, the increased expression
of which accompanies DM and obesity [14, 15, 18].

As a part of the search for means to prevent vascular
DM complications, aminoguanidine was previously
studied as an antiglycating agent and a drug for the
treatment of diabetic nephropathy [19]. However, clinical
trials of aminoguanidine were discontinued in phase Il
due to safety concerns and lack of efficacy. Nevertheless,
the therapeutic potential of aminoguanidine is of interest
in the development framework of new pathogenetic
approaches to the treatment of DM and its complications
by creating rational combinations. To do this, it is
advisable to study the combination potential of an agent
with an incretin activity that improves the function of
B-cells and an inhibitor of iINOS aminoguanidine, which
is able to reduce the autoaggression of the immune
system against B-cells in DM, and has the properties of
an antiglycation agent.

THE AIM of the work was to determine the
hypoglycemic effect of a sitagliptin and aminoguanidine
combination under the conditions of various
experimental diabetes mellitus models.

MATERIALS AND METHODS

Model objects

All experiments were performed in accordance
with the legislation of the Russian Federation and the
technical standards of the Eurasian Economic Union for
Good Laboratory Practice (GOST R 53434-2009, GOST R
51000.4-2011). The study design was approved by the
Regional Independent Ethics Committee (the registration
number: IRB 00005839 IORG 0004900 (OHRP), as
evidenced by the extract from Protocol No. 132 dated 20
May 2019 of the meeting of the Commission for Expertise
of the Study of the Ethics Committee at Volgograd State
Medical University.
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The work was performed on 150 male Wistar rats
(aged 6 months, body weight was 300-350 g, Rappolovo
Nursery of Laboratory Animals), and 40 male mice
of the C57BL/KsJ-db/db line (aged 4-5 months, body
weight was 50-60 g), characterized by severe obesity
and spontaneously developing severe diabetes, causing
necrosis of B-cells, nephro-, neuro-, retinopathy and
other complications. The mice of this line carry an
autosomal recessive mutation in the leptin receptor gene
(linkage group 8, chromosome 4). In the homozygous
state, it causes hyperleptinemia, hyperinsulinemia,
dyslipidemia, hyperglycemia, obesity and diabetes,
which is difficult to correct with the drugs from the DPP-
4 inhibitors in monotherapy [20]. As controls, 10 mice of
the C57BL/KsJ—db+/+m line were used (m gene — misty,
a recessive marker of the opposite chromosome that
brightens the color and does not carry the db gene); the
mice were without obesity and without diabetes (aged
4-5 months, body weight was 20-25 g) [21, 22]. All the
mice had been obtained from the nursery of laboratory
animals “Stolbovaya” (Scientific Center for Biomedical
Technologies of Federal Medical and Biological Agency
of Russia). After the arrival from the nursery, the
animals were quarantined for 14 days. in the vivarium
of Volgograd State Medical University, where they were
kept throughout the experiment at 20+2°C under the
conditions of 40-60% humidity of an alternating day/
night cycle (12/12 h) with an unlimited access to food
and water.

Pathology Modeling

In rats, disturbances in carbohydrate metabolism
were induced by multiple intraperitoneal dexamethasone
injections (injection solution — 4 mg/ml; KRKA, Slovenia)
at the dose of 20 mg/kg/day (within 7 days) or a single
intraperitoneal alloxan injection (130 mg/kg; Sigma-
Aldrich, USA) [23] or streptozotocin (65 mg/kg, 15 min
after 230 mg/kg nicotinamide; Sigma-Aldrich, USA) [24].
Alloxan and streptozotocin were administered to the
animals after 36 h of fasting, which provided a better
reproducibility of these models due to a decrease in
the level of glycemia to the lower limit of the reference
range and a decrease in the variability of its level among
the animals [24]. The mechanism of the diabetogenic
action of these substances is schematically shown in
Fig. 2. Due to the ability to selectively interact with the
glucose transporter GLUT2, alloxan and streptozotocin
accumulate in pancreatic B-cells and have a selective,
but different in mechanism, cytotoxic effect. The
administration of alloxan leads to the development of
an oxidative stress and subsequent death of the B-cells,
and causes a state of severe hyperglycemia, which may
correspond to type 1 diabetes. In this case, damage to
liver and kidney cells is possible due to a slight expression
of GLUT2. The cytostatic effect of streptozotocin
develops as a result of alkylation of nucleic acids
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and an increase in the generation of reactive oxygen
species. DNA alkylation leads to repair errors, which,
when accumulated, lead to the cell death through
the activation of apoptotic mechanisms. At the same
time, a combined administration of nicotinamide and
streptozotocin makes it possible to reduce the activity of
PARP-1, which reduces the activity of the SOS repair and
somewhat reduces the intensity of apoptosis processes.
The administration of streptozotocin and nicotinamide
in certain doses (and in certain ratios) makes it possible
to achieve a partial decrease in B-cell mass with the
development of a moderate hyperglycemia state, which
may correspond to one of the forms of type 2 diabetes,
characterized by an impaired insulin secretion without
insulin resistance [25].

Study design

The overall design of the study is presented below
on Figure 3. The study was performed in 4 series: in
the first series, the treatment was started 3 h after the
alloxan administration, in the second — simultaneously
with the first injection of dexamethasone, in the third —
after 7 days after the streptozotocin administration,
and in the fourth — after quarantine and distribution
into groups. Sitagliptin (Januvia, 10 mg/kg/day, per os)
or aminoguanidine (Sigma, 25 mg/kg/day, i.p.) or their
combination, were administered as a treatment (the
dose, regimen, and an administration route for each drug
remained unchanged). In the 1 and 2 series, in which
the treatment had been started before the pathology
development, the animals were divided into the groups
randomly before the administration of the study drugs.
In the 3 series (streptozotocin-nicotinamide-induced
DM) and in the 4 series (the obese mice), the level of
glycemia was preliminarily measured in the animals with
developed pathology. The rats and mice with fasting
glycemia levels of more than 11 mmol/l were subjected
to the randomization to the experimental groups. The
treatment was started immediately after the division into
groups. The effectiveness of the therapy was assessed
by measuring the concentration of glucose (glucometer
Kontur TC, Bayer, Germany) in the blood after 4 h of
fasting and/or during an oral glucose tolerance test
(OGTT). During that test, the level of glycemia was
recorded before and after 60 and 120 min after the oral
administration of an aqueous 40% glucose solution at
the dose of 4 g/kg, followed by the calculation of the
area under the “glycemic level-time” curve (AUC ).

In each series of the studies, the animals were
divided into equal (n=10) groups: intact, diabetes +
placebo (0.9% NaCl) — “placebo”, diabetes + sitagliptin —
“Sit”, diabetes + aminoguanidine — “AMG”, diabetes +
sitagliptin + aminoguanidine — “Sit + AMG”. The doses
of the substances were selected taking into account the
literature data [19, 26].
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Sales volume (packages)

3320020 (7,09%)
. 2|
Sales volume (rubles)

3759184 (8,12%)
3911285 thousand (21,79

4195393 thousand (21,92%)

Sales volume (packages, A) Sales volume (rubles, thousand, B) Average price (rubles, C)
== Alogliptin 344901 (10,39%) 386596 (10,28%) 415665 (10,63%) 468604 (11,17%) 1090,31 (6,95%) 1027 (6,15%)
- Alogliptin
+ metformin 45844 (1,38%) 43585 (1,16%) 70568 (1,80%) 67604 (1,61%) 1494,12 (9,53%) 1732,54 (10,38%)
mm Vildagliptin 1584690 (47,73%) 1876337 (49,91%) 1150815 (29,42%) 1267789 (30,22%) 723,23 (4,61%) 719 (4,31%)
e Vildagliptin 824156 (24,82%) 814582 (21,67%) 1259694 (32,21%) 1214527 (28,95%) 1623,7 (10,36%) 1774,82 (10,64%)
+ metformin
mm Linagliptin 140976 (4,25%) 174160 (4,63%) 235270 (6,02%) 285992 (6,82%) 1576,83 (10,06%) 1799,83 (10,78%)
Saxagliptin 36965 (1,11%) 37853 (1,01%) 69293 (1,77%) 67458 (1,61%) 1754,28 (11,19%) 1669,22 (10,00%)
Saxagliptin
+ metformin 14636 (0,44%) 14084 (0,37%) 46093 (1,18%) 43739 (1,04%) 2826,98 (18,03%) 3037,6 (18,20%)
mm Sitagliptin 222278 (6,7%) 272118 (7,24) 357402 (9,14%) 414779 (9,89%) 1395,99 (8,90%) 1355,08 (8,12%)
Sitagliptin
. 104762 (3,16% 9 , 2464,31 (15,72%
- tformin (3,16%) 126716 (3,37%) 305884 (7,82%) 354919 (8,46%) ( 4) 2291,16 (13,73%)
mm Gosogliptin 812 (0,02%) 11675 (0,31%) 599 (0,02%) 8697 (0,21%) 729,67 (4,65%) 578,31 (3,47%)
mm Evoligliptin - 1478 (0,04%) - 1284 (0,03%) - 703,72 (4,22%)

Figure 1 — Some indicators of iDPP-4 domestic market (according to DSM Group data)*
Notes: The data are presented in Russian rubles, dated 1 August 2022, 1 US dollar (USD) corresponded to 61.3 Russian rubles (RUB).
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Figure 2 — Mechanism of streptozotocin and alloxan diabetogenic action, adapted from [25]
Note: ADP, adenosine diphosphate; ATP — adenosine triphosphate; GLUT-2, glucose transporter, type 2; DNA — deoxyribonucleic acid;

ITP, inositol 1,4,5-triphosphate; mV — millivolt; NAD+, nicotinamide adenine dinucleotide (oxidized); cAMP — cyclic adenosine monophosphate;
EPR — endoplasmic reticulum.

1 The data were officially acquired from the DSM Group company, the calculations were made and the diagrams were presented on their basis.
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Experimental groups (n=10):
Intact

Diabetes + placebo
Diabetes + Sitagliptin (Sit)
Diabetes + Aminoguanidine (AMG) <«— DM development without therapy
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Alloxan (130 mg/kg)
and test substances

. Determination of glucose in blood

DM treatment Dexamethasone (20 mg/kg)

and test substances

Nicotinamide (230 mg/kg) +
streptozotocin (65 mg/kg)

Figure 3 — Study design
Note: AMG — aminoguanidine; DM — diabetes mellitus; Sit — sitagliptin.

Tom 10, Bbinyck 6, 2022 541



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

. Alloxan diabetes mellitus

304

Ea

204

Glycemic level, mmol/I

0,

o

5000+

4000+

(AUCo-120), mmol/l x min

Area under the curve
"glycemia level - time"

1000+

DM +
NaCl

DM +

Em Intact 1 [

(@)

w
o
1

DM +
mm Sit +
AMG

DM +
AMG

Steroid-induced diabetes mellitus

[
o
1

-
o
1

Glycemic level, mmol/I

Q-

O

5000+

4000+

(AUCo-120), mmol/I x min

Area under the curve
"glycemia level - time"

1000

DM +

- NaCl

Intact 1

DM +
B Sit+
AMG

DM +
AMG

Figure 4 — Influence of sitagliptin, aminoguanidine and their combination in prophylactic administration
to rats with alloxan (A, B) and steroid-induced (C, D) DM on fasting blood glucose levels (mmol/I; A, C)

and its utilization during oral glucose tolerance test (AUC

Note: A — the first column — the values before modeling DM (alloxan, day 0), the second — a
“glycemic level — time” (AUC_, ) 7 days after treatment of diabetes mellitus caused by the a
values before modeling DM (dexamethasone, day 0), second — after treatment (day 7); D — AUC

fer
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lloxan administration; C — the first column —

0120 7 days after treatment for dexamethasone-

induced DM; * — p<0.05 one-way analysis of variance with Newman-Keuls post-hoc test; compared samples are indicated by lines.

542

Volume X, Issue 6, 2022



Hay4HO-NpaKTUIecKi XypHan OPUTUHA/JIbHAA CTATbA

OAPMALINA N ' Dl
OAPMAKOJOIMS DOI: 10.19163/2307-9266-2022-10-6-536-548

A Streptozotocin-nicotinamide-induced diabetes mellitus

*

30+

20+

Glycemic level, mmol/|

i1 1 N

0
Day 0 7 14 21 ...

5000+ :
£2E 4000 %
2g3
;g £ 3000+
Teg
3 £ 5 20001
< ::é 1000+
NN 1 1 e
Day 7 14 21 ...
! Bl |ntact — oM m OM* m oM+ ] SD'2/|+Jr
Nacl sit AMG :
AMG
Mice genetically predisposed to obesity and diabetes mellitus
*
1
C 80y — * e
= B8 T tpg, TeEs e
2 = -
E .
o 4l T am =
5
g 2
(U]
0
Day 0 7 14 21 ..
D &000, - |
*
g:g g e £ 5 H
23 E 4000
5= E
T © =
°5 3 2000
JAAEN

Day 0 7 14 21 ...

DM + DM + DM + DM +
Bl |ntact — (=] e i
Nacl sit AMG — i‘;ﬂ*G

Figure 5 — Effect of sitagliptin, aminoguanidine and their combination in therapeutic administration
to rats with streptozotocin-nicotinamide-induced DM (A, B) and in C57BL/KsJ-db/db mice with genetic
predisposition to DM (C, D) on glucose levels in fasting blood (mmol/l; A, C) and its utilization during
oral glucose tolerance test (AUC_ ., , mmol/I*min; B, D) before and after treatment
Note: A —the first column — the values before modeling DM (streptozotocin, day 0), the second — before treatment (day 7), the third and fourth,
respectively, after treatment; B — the first column — before treatment (day 7), the second, third columns — AUC, ., respectively, after treatment;
C — the first column — the values before treatment (day 0), the second, third and fourth — days 7, 14 and 21 after treatment, respectively;

D — the first column — the values before treatment (day 0), the second, third and fourth — 7, 14 and 21 days, respectively, after treatment;
* — p <0.05 one-way analysis of variance with Newman-Keuls post-test; compared samples are indicated by lines.
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Statistical processing

Statistical processing of the obtained results was
carried out by methods of descriptive and analytical
statistics using Prism 6 software (GraphPad Software Inc.,
USA). The distribution of quantitative indicators was
assessed using the Shapiro-Wilk test. Intergroup
differences were assessed using a one-way analysis of
variance with the Newman-Keuls post-hoc test. The
differences were considered significant at p<0.05. The
numerical values were presented as histograms using
the arithmetic mean and a standard error of the
arithmetic mean (M+SD), as well as range plots with the
median of 25" and 75% percentile.

RESULTS

The alloxan administration causes a pronounced
toxic effect on pancreatic B-cells: 7 days after the
administration, in the animals that were simultaneously
injected with saline (placebo), the concentration of
glucose, in the blood was maximum and amounted to
28.1+3.3 mmol/l (the rate of glucose utilization during
OGTT in this group was minimal; Fig. 4A and B). This
indicates a pronounced violation of carbohydrate
metabolism due to the destruction of pancreatic B-cells.

A simultaneous administration of sitagliptin or
aminoguanidine with alloxan did not significantly
affect the severity of glucose metabolism disorders,
the level of hyperglycemia in the animals was
25.4+4.3 mmol/l or 21.5£3.2 mmol/l, respectively.
A combined administration of sitagliptin and
aminoguanidine had a pronounced protective
effect, since in the animals of this group, the glucose
concentration was 9.1+1.2 mmol/l (the rate of glucose
utilization during OGTT was also significantly higher
than in the animals of other groups, p<0.05; Fig. 4A and
B). Thus, a prophylactic administration of a sitagliptin
(DPP-4 inhibitors) and aminoguanidine (iNOS inhibitor)
combination prevented the development of alloxan
diabetes mellitus. This may be due to the combination of
the protective incretins action and the inhibitory effect
of aminoguanidine against iNOS: an enzyme that, by
causing the secretion of a large amount of NO, significantly
enhances apoptosis and, accordingly, potentiates the
cytotoxic effect of alloxan, and, accordingly, its blockade
prevents the occurrence of the oxidative stress and
reduces damage to the pancreas B-cells.

In contrast to the mechanism of DM development
after the use of alloxan, the course administration of
glucocorticosteroids causes an increase in catabolic
processes in insulin target tissues, as well as a decrease
in the function and death of B-cells. Depending on the
administration duration, the initial state of carbohydrate
metabolism and other individual characteristics,
glucocorticosteroids can cause minor reversible
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changes, as well as persistent and progressive disorders
of carbohydrate metabolism [5]. In the study, a course
administration of dexamethasoneled tothe development
of severe hyperglycemia (Fig. 4C and 4D). In the animals
treated simultaneously with dexamethasone, sitagliptin
(15.2%2.4 mmol/I), aminoguanidine (to a lesser extent,
16.4+1.8 mmol/l) or their combination (to a greater
extent, 14.2+0.8 mmol/l, p<0.05), the blood glucose
concentration was significantly lower than in those who
were administrated with dexamethasone and placebo
(17.8+1.2 mmol/l).

Like alloxan, the administration of streptozotocin
with nicotinamide caused less, but at the same time,
pronounced disturbances in glucose metabolism due
to incomplete damage to the B-cell mass, which is
preferable when conducting the studies lasting more
than 14 days, due to less general somatic depletion of the
animals. In this series of experiments, the test substances
were administered to the animals starting from the 7
day after streptozotocin. In the animals that had been
injected with saline (placebo), the glucose concentration
increased from 15.2+2.1 (7 days) to 24.3+1.8 mmol/I (21
days), which indicates a progressive destruction of B-cells
of the pancreas (Fig. 5A and B). In the animals treated
with sitagliptin or aminoguanidine for 14 days after
streptozotocin, the glucose concentration increased
from 17.2+3.4 and 16.7+2.1 mmol/l to 20.1+1.1 and
23.4%2.5 mmol/l, respectively. A minimal progression
of hyperglycemia was notified in the animals that had
received a combination of sitagliptin and aminoguanidine
for 14 days (from 15.8+1.2 to 17.5%1.3 mmol/l,
p<0.05), which may also be due to blocking iNOS and
reducing the number of factors promoting apoptosis.

The mice on which the last series of studies
were carried out, were kept on a standard diet and
characterized by extremely high values of hyperglycemia
(Fig. 5C and 5D), which is probably a feature of
this DM model. The administration of sitagliptin,
aminoguanidine or their combination to the animals had
a moderate hypoglycemic effect. Glycemic levels in the
mice that had been administered with the listed drugs
for 3 weeks, was 21.6+1.2 mmol/l, 24.7+0.9 mmol/l,
21.1+1.2 mmol/l, respectively, while in the animals
treated with placebo, the concentration of glucose in
the blood was 26+0.96 mmol/I.

DISCUSSION

The islet of Langerhans consists of approximately
1000 B-cells, which contain from 10 to 13 thousand
granules with 106 insulin molecules each. All NOS
isoforms are expressed in pancreatic cells. The
production of nitric oxide by inducible synthase (iNOS)
significantly exceeds that of other isoforms. Moreover,
the iNOS expression is increased at high concentrations
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(210 mM) of glucose in the cytoplasm. Nitric oxide is
involved in the early phase of insulin secretion, increases
the level of cyclic guanosine monophosphate and
intracellular Ca?*, promotes insulin synthesis, stimulates
the activity of the insulin gene promoter and its
expression, increases the blood flow in the pancreas and
prevents apoptosis through S-nitrosylation, modulates
the dynamic association of glucokinase with secretory
granules which, in combination, promotes insulin
secretion. In addition to the protective effect of NO
at high concentrations, created mainly by iNOS, it has
a pronounced negative effect on many body systems,
including the insular apparatus.

Physiological (produced by nNOS or eNOS)
concentrations of NO, cause positive effects that stop
functioning when iNOS is activated and an NO production
is too high, which enhances the islet dysfunction. In
response to inflammatory stimuli, pancreatic cells
increase the iNOS expression, which is accompanied
by an increase in NO concentration to cytotoxic levels,
causing damage, dysfunction, and death of B-cells, which
is important in the onset and progression of DM. The
suppression of INOS has a protective effect on pancreatic
cells, which are considered particularly sensitive to
damage by free radicals of various origins due to the low
level of enzymes of the antioxidant system — superoxide
dismutase, catalase, and glutathione peroxidase
[16-18].

The activity of inducible NOS is regulated at all
stages of the expression, including protein stability,
and largely depends on the functional state of the cell.
Taking into account the toxicity of excess NO, blockade
of iNOS under the conditions of inflammation is a
promising experimental approach to control a number
of pathological processes. Many attempts have been
made to normalize the NOS activity for various diseases:
blocking the upstream ROS production, the BH4
administration, the folic acid administration to recycle
BH2 to BH4, arginase inhibitors, resveratrol, calcium
dobesilate, cavnoxin, NOS transcription enhancers
(AVE3085 and AVE9488), L-arginine, blockers and
activators of various NOS [11].

Metabolic protection of pancreatic B-cells is a
promising approach to the treatment of diabetes
mellitus and reduction of its complications. A
combination of several drugs with multidirectional
effects and, accordingly, influencing various pathogenetic
mechanisms is a promising approach in the development
of modern drugs. From this perspective, aminoguanidine
(an inhibitor of iINOS and an inhibitor of glycation end
products formation [19]) and sitagliptin (which increases
the level of endogenous incretins that have a protective
effect on B-cells [27]) are reasonable candidates for the
consciousness of a combined antidiabetic drug able of

Tom 10, Beinyck 6, 2022

protecting B-cells and slowing down the progression of
diabetes of various etiologies.

In this study, an attempt to evaluate the antidiabetic
effect of the combination of the common drug sitagliptin
and an agent that exhibits a pronounced iNOS inhibitory
effect was made. The models used in this work are
characterized by different mechanisms of induction
of carbohydrate disorders: complete or partial death
of B-cells due to a specific toxin, the formation of
steroid-induced DM, and the genetic model of DM2.
With respect to the pathology formation moment,
the time of therapy initiation differed: a prophylactic
administration (alloxan DM with the induction of
B-cells complete death and steroid-induced DM with
a complex disorder of carbohydrate metabolism)
and a therapeutic administration (streptozotocin-
nicotinamide-induced DM and a genetic model of DM2),
which are characterized, respectively, by the death
of most B-cells, and obesity with the primary insulin
resistance).

In the course of the work, it was found out that
the protective effect of the combination significantly
exceeds the effects of individual substances. This fact
indicates the synergy of the components, which, in turn,
can be explained, among other things, by the diversity
of their action. The therapeutic effect was especially
pronounced during the prophylactic administration
in the model of alloxan DM, which is characterized by
a complete death of B-cells, which obviously did not
happen against the background of the administration
of an iNOS inhibitor and an incretin mimetic (iDPP-4)
combination. The protective effect of aminoguanidine on
the alloxan diabetes model has been previously stated in
the literature, herewith, its prophylactic administration
and monotherapy were focused. However, for the
development of a pronounced effect, its administration
was required for 6 weeks, while the gradually developing
protective effect is associated with the restoration
of the antioxidant defense system, inhibition of the
formation of advanced glycation end products, the
reduction of inflammation and restoration of islets [14].
In the current study, only in the group treated with the
combination (sitagliptin+aminoguanidine, but not the
individual components), the level of glycemia compared
with the negative control group was significantly (several
times) lower, as early as 1 week after the administration
of alloxan. That indicates a protective effect of the
combinations in relation to a cellular toxin, which realizes
its action through an oxidative stress with a subsequent
death of B-cells. Given the nature of experimental
diabetes induced by the administration of cytotoxic
substances similar in the mechanism of action (alloxan
and streptozotocin), i.e., the key role of apoptosis in
damage to B-cells and the participation of iNOS in this
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process, it can be assumed that the hypoglycemic and
protective effect on B-cells in sitagliptin (realizing its
action mainly through incretins) is complemented by
the anti-apoptotic (antioxidant and anti-inflammatory
due to iNOS inhibition) effect of aminoguanidine, which
leads to a decrease in the intensification of apoptosis
and, accordingly, a lower loss of B-cells. To elucidate the
exact mechanism of the combination effect on the B-cell
death process, additional research is required to identify
the expression of factors that affect apoptosis (e.g.,
transcription factors, cytokines, effectors and regulators
of apoptosis, etc.).

In the second series of the studies, it was found out
that the combination of sitagliptin and aminoguanidine
simultaneously (prophylactically) administrated with
dexamethasone, significantly limits the hyperglycemic
effect of the latter (progression of carbohydrate
metabolism disorders). The revealed effect was less
pronounced compared to the first series, which is
possibly due to the complex effect of glucocorticosteroids
on carbohydrate metabolism, with a limited number of
application points of the studied combination, primarily
the protection of B-cells. However, this approach
may be of interest for the correction of persistent
carbohydrate metabolism disorders after the withdrawal
of glucocorticosteroids.

Inthe third series of the experiments, the therapeutic
administration of a sitagliptin and aminoguanidine
combination managed to significantly slow down the
progression of streptozotocin-nicotinamide DM. That
can be also associated with a decrease in the intensity
of apoptosis and an improvement in the functional
state of the remaining B-cells due to the combination
of the hypoglycemic and protective effects of incretins

(DPP-4 inhibitors) and the anti-inflammatory effect of
aminoguanidine.

In the animals with obesity and DM, a certain
hypoglycemic effect of sitagliptin and its combination
with aminoguanidine, was also notified. It is known that
obesity and insulin resistance cause a cascade of reactions,
the common link of which is systemic inflammation
with an increase in the secretion of pro-inflammatory
cytokines. That accelerates damage to B-cells and the
transformation of type 2 diabetes into type 1. The use
of aminoguanidine in combination with sitagliptin can
significantly affect various pathogenetic links initiated by
hyperglycemia, in particular, reduce the level of systemic
inflammation by inhibiting the activity of iNOS and its role
in the destruction of B-cells. In the further work with this
model, due to the severity of the pathology, it is advisable
to use more effective incretin mimetics — agonists of the
glucagon-like peptide-1 receptor.

CONCLUSION

A combined application of sitagliptin and
aminoguanidine increases the antidiabetic effect of
individual components, preventing the development
of diabetes mellitus after the prophylactic alloxan
administration, reducing the severity of carbohydrate
disorders after the course administration of
dexamethasone. When administered medically, it slows
down the progression of streptozotocin-nicotinamide
DM and reduces the level of glycemia in the animals with
a genetic predisposition to diabetes mellitus and obesity.
The sitagliptin and aminoguanidine combination can
become a basis for the development of a new promising
approach to the treatment of diabetes mellitus and its
complications.
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Advanced glycation end-products play an important role in the development of diabetic complications, so slowing down of
glycated proteins’ cross-links formation have been suggested as a potential therapeutic option for the treatment of vascular
diabetic complications and preventing their progression.

The aim of the work was to assess the influence of novel anticrosslinking agent DF-5 on the renal advanced glycation end-
products and collagen contents, body weight, blood glucose and glycated hemoglobin levels and the development of early
renal disease in streptozotocin-induced diabetic rats.

Materials and methods. 40 male Sprague-Dawley rats were used in the study. Two months after inducing diabetes, the study
substance was administered intragastrically once a day for 28 days (12.5 mg/kg). Measurements included the assessment of
blood glucose and HbA1c levels, the evaluation of the renal function, and the results of histology and immunohistochemical
staining of kidneys.

Results. A repeated intragastric administration of DF-5 for 30 days significantly reduced the level of HbAlc in the blood, but
did not affect the level of fasting blood glucose. DF-5 compound significantly reduced proteinuria and prevented kidney
damage in experimental animals by limiting damage of the glomeruli and tubules. It was found that DF-5 inhibits the
progression of an early renal dysfunction in rats with streptozotocin-induced diabetic nephropathy. This was associated with
a decreased accumulation of advanced glycation end-products in the kidney, accompanied by the improvement of both renal
morphology and function.

Conclusion. The results obtained provide investigators with additional therapeutic options for the treatment of diabetic
nephropathy and possibly other complications of diabetes.

Keywords: advanced glycation endproducts; cross-links; ALT-711 (alagebrium); diabetes mellitus; diabetic kidney disease
(nephropathy); streptozotocin-induced diabetes.

Abbreviations: BSA — bovine serum albumin; ECM — extracellular matrix; GBM — glomerular basement membrane;
DMSO — dimethyl sulfoxide; IR — infrared spectroscopy; ELISA — enzyme-linked immunosorbent assay; AGEs — advanced
glycation end products; m.p. — melting point; NMR — nuclear magnetic resonance; IDF — International Diabetes Federation;
HbAlc — glycated hemoglobin.
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KoHeuHble NpoAyKTbl MUKUPOBAHWUA UIPAIOT BaKHYIO POJib B PA3BUTUM OC/IOKHEHUI caxapHoro aAuabeTa. Mo aToi npuymHe
3amegieHne obpa3oBaHMA NOMepeYHbIX CLUMBOK MIMKMPOBaHHbIX 6eNKOB, Kak npeanonaraercs, ABAAETCA NOTEHLMANbHbIM
TepaneBTUYECKUM NOAXOA0M K IEHYEHUIO U MTPODUNAKTUKE OCNIOKHEHMI 3a601eBaHUA, CBA3AHHBIX C MOPAXKEHUEM COCYA0B.
Llenb. OueHKa CMocobHOCTM HOBOrO aHTUCLUMBaKOLWEro coeanHeHusa OP-5 BAMATL HA KOMIMYECTBO KOHEYHbIX MPOAYKTOB
TIMKMPOBAHMUA W KO/lareHa B MOYKaX, Ha Maccy Tena, YPOBHU [IOKO3bl U INIMKMPOBAHHOIO remMoriobunHa, a TakkKe Ha
pasBUTME PAaHHMX NPOAB/IEHWUI NOPAXKEHWUA NOYEK Y KPbIC CO CTPENTO30TOLMHOBBIM CaxapHbIiM AnabeTom.

Martepuanbl U metoabl. Pabota nposegeHa Ha 40 camuax Kpbic Sprague-Dawley. Yepe3 2 mecAua nocne MHAYKLUK
avabeta nccnefyemoe BeLecTBO BBOAUAN BHYTpUKeNyAo4uHo (12,5 mr/kr) 1 p/cyT B TeueHue 28 AHEN ¢ MOMOLLbIO 30HAA.
Onpeaenanu ypoBeHb FHOKO3bl U IMKMPOBAHHOIO reMOrI06MHa B KPOBM, OLLEHMBANN GYHKLMIO MOYEK, A TaKKe NPOBOANIN
TMCTONOTMYECKOE U UMMYHOTMCTOXMMUYECKOE UCCAEA0BAHNA TKAHEN MOYEK.

Pe3synbratbl. PerynapHoe BHyTpu:kenyaoyHoe seegeHve A®-5 B TeyeHne 30 cyT CTaTUCTUYECKM 3HAYUMO CHUMKANO YPOBEHb
HbAlc B KpoBW, HO He BAWANO Ha YPOBEHb [IOKO3bl B KPOBM HaTolwaK. CoegnHeHne OP-5 cyliecTBEHHO YMEHbLUAIO
NPOTEVHYPUIO M NPEeAO0TBPALLAN0 MOBPEKAEHME MOYEK Y IKCNIEPUMEHTA/IbHBIX }KMBOTHbIX 3 CHET OrPaHUYEHUA MOBPEKAEHUI
K1y6OYKOB M KaHanbLeB. Bblno ycTaHOBEHO, YTO coeanHeHne AP-5 3amennaet noBpexaeHNe NoyYek Ha paHHen ctaguu
AvabeTnyeckoi HeppomaTm, YTO COMPOBOXKAAETCA CHUNKEHUEM KOIMYECTBA KOHEYHbIX MPOAYKTOB MIMKMPOBAHUA B TKaHU
noyek, ynyyweHvem nx Mopdosiornyeckon KapTuHbl U GYHKLUN.

3akntoueHue. MNonyyeHHble pe3ynbTaTbl OTKPbIBAOT BO3SMOXKHOCTb A1A Pa3paboTKM A0NOAHUTENbHOMO TepaneBTUYECKOro
NoAxoAa K ieYeHnto Anabetnyeckon Hedponatum 1, BO3MONKHO, APYTMX OCNONKHEHUI caxapHoro anaberta.

KntoueBble cnoBa: KOHeYHble NMPOAYKTbl IMUKMPOBaHWUA; nonepeyHble cwnBku; ALT-711 (anarebpuym); caxapHbii avaber;
amnabeTnyeckan 6one3Hb noyek (HedponaTus); CTPenTo30TOUUH-MHAYLUMPOBAHHbIN AnabeTt

Cnucok cokpawieHuin: 6CA — 6blumii CbIBOPOTOUHBIN anbbymunH; BKM — BHEKNETOUHbIN mMaTpuKc; TEM — rnomepynapHas
6a3anbHas membpaHa; AMCO — gumetuncynbdokena; UK — niopakpacHas cnektpockonusa; UOA — ummyHodpepmeHTHBbIN
aHanus; KMl — KoHeYHble MPOAYKTbI MIMKMPOBaHuaA; T —Temnepatypa naasnexns; AMP — AOEPHbIA MAarHUTHbIA PE30HaHC;
IDF — MexpyHapogaHan avabetmyeckan deaepaumn; HbAlc — rnMKMpPOBaHHbIN remorio6uH.

INTRODUCTION

Diabetes is a serious chronic disease affecting an
increasing number of people worldwide because of its
prevalence, costs, and health effects [1]. According to
estimates from the World Health Organization (WHO)?*
[2] in 2014, a total of 422 million adults had diabetes
and in 2019, an estimated 1.5 million deaths were

* World Health Organization (WHO). Diabetes. Available from: https://
www.who.int/news-room/fact-sheets/detail/diabetes
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directly caused by this illness. The International Diabetes
Federation (IDF) estimates that there were about 537
million people with diabetes worldwide in 2021, which
indicates a rapid spread of the disease.

Diabetes and its complications are rapidly becoming
the world’s most significant cause of morbidity and
mortality. In the case of chronic hyperglycemia, glucose
and other reducing sugars react with proteins by a
series of non-enzymatic reactions to form a class of
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heterogeneous compounds that are called advanced
glycation end products (AGEs) [2, 3]. Some of these
AGEs form irreversible cross-links throughout the
lifetime of many large proteins (such as collagen
and elastin), covalently modifying their structure
and damaging their function. AGEs formation in the
long-lived connective tissue and extracellular matrix
components is a causal factor in the development of
long-term diabetic complications and ageing-related
diseases, according to many studies [4-10]. AGEs
are important in the pathogenesis of such diabetes
complications as nephropathy, neuropathy, retinopathy,
cataract, cardiomyopathy. AGEs are also involved in the
formation of immunopathologies, neoplastic diseases
and atherosclerosis. [2, 11, 12].

In case of a diabetic kidney disease (nephropathy),
AGEs could accumulate in glomerular basement
membrane (GBM), mesangial cells, endothelial cells
and podocytes in patients with diabetes. Therefore,
AGEs play an important role in the development and
progression of nephropathy leading to the formation of
glomerulosclerosis and tubulointerstitial fibrosis in the
renal tissues [7]. In addition, heavily glycated proteins
are more resistant to digestion by the proteasomal — as
well as the lysosomal proteolytic systems [13]. The ability
of anti-AGE agents to decrease tissue AGEs is believed to
be a potential effective therapeutic approach to restore
the elasticity of vascular extracellular matrix (ECM)
as well as to treat vascular diabetic complications and
prevent their progression.

In the present study, the improved procedure
of the synthesis of a new representative of anti-
crosslinking agents, 9-benzyl-2-biphenylimidazo[1,2-a]
benzimidazole (DF-5 compound, 1) is described, its in vivo
activity, namely, the influence on glycated hemoglobin
(HbAlc) levels, body weight, blood glucose and the
development of early renal disease in streptozotocin-
induced diabetic rats, is evaluated. The in vivo activity
of this novel anti-crosslinking agent was compared
with that of well-known AGE cross-link breaker ALT-711
(alagebrium) [14].

THE AIM of the work was to assess the influence
of novel anti-crosslinking agent DF-5 on the renal
advanced glycation end-products and collagen contents,
body weight, blood glucose and glycated hemoglobin
levels and the development of early renal disease in
streptozotocin-induced diabetic rats.

MATERIALS AND METHODS

Materials
All the chemicals used in the present experiments
were of analytical grade and commercially available.

Tom 10, Beinyck 6, 2022

Streptozotocin  and  3,3',5,5'-tetramethylbenzidine
were purchased from Sigma-Aldrich (USA); glucose
was purchased from Agat-Med (Russia); bovine serum
albumin (BSA), fraction V was purchased from Biowest
(France); dimethyl sulfoxide (DMSO) was purchased
from Fisher Scientific (USA); rabbit polyclonal anti-BSA
antibody and goat anti-rabbit IgG secondary antibody
were purchased from Cloud-Clone (USA); 10% (w/v)
neutral buffered formalin, Masson'’s trichrome stain and
hematoxylin were purchased from Moditech (Russia);
homogenized paraffin media was purchased from Bio
Vitrum (Russia); rabbit polyclonal anti-AGE antibody was
purchased from Abcam (USA); ALT-711 was purchased
from Kailu Xingli Pharmaceutical Co., Ltd. (China).

Synthesis of Benzyl-2-biphenylimidazo[1,2-a]

benzimidazole (DF-5)

The synthesis of DF-5 compound (I-HCl) was carried
out in the Institute of Physical and Organic Chemistry
at Southern Federal University (Rostov-on-Don, Russia)
from 2-amino-1-benzylbenzimidazole (II).

IR spectra (v/cm™) of new compounds were recorded
on a Varian Excalibur 3100 FT-IR spectrophotometer
(Varian, USA) for powdered samples using the
method of attenuated total reflection; *HNMR spectra
were recorded on a Bruker Avance 600 (Germany)
spectrometer. Chemical shifts for 'H were given as &
values in parts per million (ppm) relative to the signals
of residual protons of a deuterated solvent DMSO-d,
and CDCI, (6 2.49 and 7.24, respectively) and coupling
constants were in hertz (Hz).

Melting points were measured on a Fisher-Johns
Melting Point Apparatus (Fisher Scientific, USA). The
elemental analysis was carried out using a classical
method [15]. The reaction progress and purity of the
obtained compounds were monitored by thin layer
chromatography (TLC) (plates with ALO, Ill degree of
activity, eluent CHCI,, visualization with iodine vapors in
a moist chamber).

2-Imino-3-[(2-biphenyl-4-yl)-2-oxoethyl)]-
1-benzylbenzimidazoline hydrobromide ().
4-(bromoacetyl)biphenyl (2.75 g,10 mmol) was
added to a hot solution of 2.23 g (10 mmol) of
2-aminobenzimidazole Il in 65 mL of MeCN. The mixture
was stirred until dissolving of the quaternizating reagent,
then heated until the completion of the precipitate
formation and kept for 6-8 h at room temperature.
After that, the precipitate of salt Il was filtered off and
thoroughly washed with acetone. The yield was 94%,
the m.p. was 254-256°C. The IR, v/cm?, was: 3207, 3240
(NH,), 1687 (C=0). The following data were established:
C, 67.47; H, 4.85; Br, 16.03; N, 8.43%. The ultimate
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analysis for C,.H, BrN,O was as follows: C, 67.45; H, 4.88;
Br, 16.00; N, 8.39%. '"HNMR (600 MHz, DMSO-d,), 6: 5.57
(s, 2H, CH,CO); 6.07 (s, 2H, N, CH,); 7.30-7.36 (m, 5H,
5,6-H, +3H,,); 7.40-7.48 (m, 3H, 2H_, +1HBiph); 7.51-
7.55 (m, 3H, 7-H,,+2H, ); 7.67-7.68 (m, 1H, 4-H,_ );
7.81 (d, 2H, 2H, =72 Hz); 7.97 (d, 2H, Hop / = 84
Hz); 8.19 (d, 2H, H,,, J = 8.4 Hz); 9.06 (s, 2H, N'H,).
9-Benzyl-2-(biphenyl-4-yl)-9H-imidazo[1,2-a]
benzimidazole (1). A mixture of bromide Il (2 g, 4.0 mmol),
finely powdered Na,CO, (0.89 g), EtOH (40 mL) and
water (9 mL) was refluxed until the reaction completion
(20-25 h). Then, the alcohol was distilled off from the
reaction mixture, the water (25-30 mL) was added
and the product was filtered off and dried in air. The
obtained base was purified by column chromatography
on AlLO,, CHCl, was used as eluent collecting a fraction
with R, 0.9. After the solvent evaporation, the residue
was recrystallized from DMF to obtain 1.3 g (81%) of I.
A mixture of 2.0 g (4 mmol) of amine Il and freshly
melted sodium acetate 0.33 g (4 mmol) was boiled in
glacial acetic acid (5 hr), controlling the completeness
of the reaction by thin layer chromatography. Then the
reaction mass was cooled to room temperature, the
precipitate of imidazo[1,2-a]lbenzimidazole | was filtered
off, washed with water and dried at 85°C. The yield was
1.5g(92%), the m.p. was 228-229 °C. The IR, v/cm™, was
1513, 1617 (C=C), 1664 (C=N). The following data were
established: C, 84.21; H, 5.38; N, 10.46%. The ultimate
analysis for C,.H, N_e HCI was as follows: C, 84.10; H,
5.30; N, 10.52%. *HNMR (600 MHz), 6: 5.76 (s, 2H, CH,);
7.29-7.53 (m, 10H, 5H,,, 6,7-H, +3H, ), 7.76 (d, 2H,
Hgip = 79 Hz), 7.84 (d, 2H, 5,8-H, , J = 8.3 Hz), 7.97
(d, 1H, H,,J=7.8 Hz), 8.03 (d, 2H, H, , J = 8.3 Hz); 8.64
(s, 1H, 3-H).
9-Benzyl-2-(biphenyl-4-yl)-9H-imidazo[1,2-a]
benzimidazole hydrochloride (DF-5). Thiscompound was
prepared by treatment of imidazo[1,2-albenzimidazole |
with conc. HCl. The yield was 93%, the m.p. was 237-
238°C. The IR, v/cm?, was 1512, 1614 (C=C), 1663 (C=N).
The following data were established: C, 77.11; H, 5.13;
Cl, 8.08; N, 9.58%. The ultimate analysis for C_H. N_e

28 21 3

HCl was as follows: C, 77.14; H, 5.09; Cl, 8.13; N, 9.64%.

Cleavage of AGE-BSA-collagen complexes

pre-formed in vitro

The ability of DF-5 to cause cleavage of pre-formed
AGE-BSA-collagen complex was tested by an enzyme-
linked immunosorbent assay (ELISA) technique [16]
with minor modifications detalized in Patent RU
2627769 C1, Russia (2017) [17].

Collagen was extracted from rat tails by a 0.1%
(w/v) solution of acetic acid for seven days, centrifuged
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(8000 g, 10 min) to precipitate the debris, and used
to coat plate wells. The BSA solution (50 mg/mL) was
incubated with glucose (0.5 M) in phosphate-buffered
saline for three months. The AGE-BSA was added to
plate wells and the incubation was carried out at 37°C for
4 h to form cross-links (AGE-BSA-collagen complexes). A
solution of DF-5 or ALT-711 was added to the plate wells
after the incubation and the plate was incubated at 37°C
for 16 h. After washing, 80 uL/well of rabbit anti-BSA
antibodies (1:500) were added to the plate wells and the
plate was incubated for 50 min at 37°C. After the next
washing, 80 pL/well of horseradish peroxidase-labeled
goat anti-rabbit 1gG secondary antibodies were added
(1:1000) to the plate wells and the plate was incubated
for 50 min at 37°C. Then 100 pL/well of substrate
3,3',5,5'-tetramethylbenzidine was added. After the 20-
min incubation in darkness at room temperature, the
reaction was stopped with 2M H_SO,. The absorbance
of plate wells was measured at 450 nm with an Infinite
M200 Pro microplate reader (Tecan, Austria).

When evaluating the activity of each compound,
4 groups of data were formed: 1) glycated BSA + collagen,
2) glycated BSA + collagen + test compound, 3) non-
glycated BSA + collagen, 4) non-glycated BSA + collagen +
test compound. To minimize the interference due to the
non-specific adhesion of BSA to the collagen matrix, the
results of the samples containing glycated BSA, were
subtracted from the samples results of the appropriate
composition containing non-glycated BSA.

Animals

Animal experiments were conducted in accordance
with animal research standards defined by the Russian
Federation law (GOST R 33044-2014 and GOST R 33647-
2015) and EASC technical standards for Good Laboratory
Practice. The study was performed after approval by
the Local Research Ethics Committee, Volgograd, Russia
[registration number: IRB 00005839 IORG 0004900
(OHRP)] dated June 5, 2015 (Protocol No. 2016-2015).

Male Sprague-Dawleyrats (5—6 weeks old, weighing
200-230 g) were purchased from LLC “NIC BMT”,
Moscow, Russia. The animals were housed at Volgograd
State Medical UniversityAnimal Care Unit. The animals
were acclimated to the housing environment in a
room with a 12/12-hour light/dark cycle at an ambient
temperature of 25°C for 2 weeks. The animals had a free
access to food and water before the study.

Diabetic model of rats

Diabetes induced in rats by a single
intraperitoneal injection of streptozotocin (65 mg/kg
in citrate buffer, pH 4.5) after an overnight fast. The

was
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procedure was performed in 40 animals. Additionally,
non-diabetic animals were injected with a citrate buffer
only (n=10). Three days after the streptozotocin injection,
only rats with blood glucose levels exceeding 15 mmol/L
measured in fasting conditions were classified as diabetic
and included in the study (n=30). The animals that had
failed to reach this criterion were excluded from the
current experiment (n=10). Five diabetic animals died
during the next two months after the streptozotocin
injection (before the treatment and groups
formation).

The choice of the effective dose (12.5 mg/kg) for
ALT-711 and DF-5 was based on the experimental studies
results of ALT-711 in various animal models of diabetic
complications described in the scientific literature
[18—20]. Two months afterinducing diabetes, the animals
with diabetes (n=24) were randomly divided into three
groups: the untreated diabetic control group (distilled
water, 5 mL/kg) and two diabetic treatment groups,
receiving either DF-5 or ALT-711 (12.5 mg/kg, dissolved
in distilled water, 5 mL/kg). Three animals were excluded
from the experiment at the beginning of the treatment:
for achieving equal groups’ volume — 8 animals per
group — 2 non-diabetic rats and 1 diabetic rat. During
a 4-week treatment period, the administration was
performed via intragastral administration once a day in
the morning (1 h after the lights were on). The untreated
non-diabetic (ND) group of 8 healthy animals habituated
to the same regiment and administration (distilled
water, 5 mL/kg intragastric) was also included in this
study. The animals’ blood glucose level and body weight
were monitored periodically. The study was carried out
for over 12 weeks.

Biochemical analysis

The blood glucose level was measured using a
blood glucose meter (Glucocard, Arkray, Japan) after the
collection of blood samples from the tail vein. A HbA
concentration was quantified at the end of the study
using a Diabet-Test Assay Kit (HbA ) (LLC Fosfosorb,
Russia) according to the manufacturer’s instruction).

Renal function

The renal function was assessed at the end of the
study by measuring a daily urine output, a urinary total
protein concentration and excretion. During the material
collection, the rats were housed in the metabolic cages
(Open Science, Russia) for a 24 h urine collection. Total
urinary protein was measured using an assay kit (Total
Protein-PK-Vital Cat. No. B 06.03, Vital Development
Corporation, Russia) according to the manufacturer’s
instruction.
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Kidney histology

and immunohistochemistry

The animals were sacrificed via decapitation at
the end of the experiment (the animals had been
anesthetized with chloral hydrate, 400 mg/kg i.p.). The
kidneys were removed and the renal cortex and medulla
specimens were fixed for 24 h in 10% (w/v) neutral
buffered formalin and embedded in paraffin. For the
assessment of the injury, 3—=5 um thickness sections
were stained with Masson’s trichrome to evaluate
glomerulosclerotic changes and a connective tissue
deposition. Other formalin-fixed kidney sections were
mounted on slides and stained with rabbit polyclonal
anti-AGE antibodies according to the manufacturer’s
instructions. After the immunological reaction, the
tissues were stained with hematoxylin. Imaging was
performed with the Axiostar Plusmicroscope (Carl Zeiss
Microscopy GmbH, Germany) and a digital camera
Axiocam 105 color (Carl Zeiss Microscopy GmbH,
Germany). The images were analyzed with Zeiss Zen Pro
2012 software (Carl Zeiss Microscopy GmbH, Germany).
The results were expressed as the percentage of area
with positive staining.

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 6.0 (GraphPad Software, Inc., USA). The data
were analyzed by ANOVA followed by a Tukey post
hoc test used for multiple comparisons versus the
control group. The data normality test was carried
out using Shapiro-Wilk test. A p<0.05 was considered
statistically significant. The data are presented as
M £SD.

RESULTS

Chemical synthesis

Compound | was synthesized from 2-amino-1-
benzylbenzimidazole (Ill) by the reaction sequence
depicted in Fig. 1 as described before [21] but with
the additionally improved Stage 2. In the first stage,
amine lll was quaternized by an equimolar amount of
4-(bromoacetyl)biphenyl (MeCN, room temperature,
6-8 h) and a nearly quantitative yield of salt Il was
obtained. Then, in the final stage, this salt was cyclized in
MeCOOH (reflux, 5 h) in the presence of sodium acetate.
The yield of compound | was 92%, which was much
more than for cyclization of salt lll in ag. EtOH [21], while
the reaction time was much shorter in this case. It has
also been notified that in refluxing DMF, the cyclization
proceeds was even faster (15-20 min), but with a low
yield.
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Figure 1 — Synthesis scheme for preparation of 9-benzyl-2-biphenylimidazo[1,2-a]benzimidazole
hydrochloride (DF-5)

HyG, CH,
H 0
cr

Figure 2 — Chemical structure of ALT-711 (alagebrium)

Figure 3 — Glomerular histopathology. Effect of diabetes and either DF-5 or ALT-711 on kidney tissues
Note: Masson trichrome staining: (A) non-diabetic control, (B) diabetic control, (C) diabetic + ALT-711 and (D) diabetic + DF-5. Magnification x100.
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Figure 4 — Effect of diabetes and either DF-5 or ALT-711 on renal AGEs accumulation
Note: Immunohistochemical staining for AGEs in kidneys: (A) non-diabetic control, (B) diabetic control, (C) diabetic + ALT-711
and (D) diabetic + DF-5. Magnification x100.

Table 1 - Body weight, blood glucose, HbA1c levels and mortality levels in non-diabetic (ND)

and diabetic (D) rats treated with or without DF-5 or ALT-711
at the end of the study

ND + vehicle 455.25+17.82 5.37+0.18 0/8
D + vehicle 323.80+18.75a 26.83+1.14° 19.77+0.08° 3/8
D + DF-5 (12.5 mg/kg) 358.00+32.35 27.93+0.95° 11.46%1.39% 2/8
D +ALT-711 (12.5 mg/kg) 335.83+20.80 25.78+0.43a 12.30+1.88ab 2/8

Note:? — p<0.05 vs. ND rats; ® — p<0.05 vs. D rats.

Table 2 — Renal function and urinary protein excretion in non-diabetic (ND) and diabetic (D)

rats treated with or without DF-5 or ALT-711
at the end of the study

ND + vehicle 15.00+1.54 0.017 £0.004 0.26 +0.08

D + vehicle 23.20+1.62° 0.058 + 0.005° 1.32+0.08°
D + DF-5 (12.5 mg/kg) 21.83+1.58° 0.025 £ 0.007** 0.59 £0.21%*
D +ALT-711 (12.5 mg/kg) 22.83+4.15° 0.033 £ 0.005* 0.72£0.13%*

Note:? — p<0.05 vs. ND rats;® — p<0.05 vs. D rats.
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Table 3 — Morphometric analysis of glomerular damage
in Masson trichrome-stained kidney sections in non-diabetic (ND) and diabetic (D)
rats treated with or without DF-5 or ALT-711 at the end of the study

Glomerular connective Relative area of glomerular

ot WY ol e (i tissue area (um?) connective tissue (%)
ND + vehicle 14885.17+1932.23 695.924+195.25 4.6

D + vehicle 12572.63+£1015.25 3356.46+£1871.64° 26.7°

D + DF-5 (12.5 mg/kg) 14753.21+975.23 2397.294+832.43 16.2°

D + ALT-711 (12.5 mg/kg) 13968.94+856.26 1640.38+543.19 11.7°

Note:? — p<0.05 vs. ND rats;® — p<0.05 vs. D rats.

Table 4 — AGEs staining in kidneys of non-diabetic (ND) and diabetic (D)
rats treated with or without DF-5
or ALT-711 at the end of the study

Total glomerular area

Positive AGE-stained Relative AGE-stained

Group (um?2) glomerular area (um2) glomerular area (%)
ND + vehicle 15287.35 £1759.13 1634.04 £ 759.17 10.68
D + vehicle 12121.19 £1234.57 3746.13 £1098.73 30.90°
D + DF-5 (12.5 mg/kg) 12982.17 £971.56 2471.09+ 658.81 17.48°
D + ALT-711 (12.5 mg/kg) 13106.82 + 1346.49 2117.85 + 732.43 19.03°

Note: * — p<0.05 vs. ND rats; ® — p<0.05 vs. D rats.

Cleavage of AGE-BSA-collagen

cross-links pre-formed in vitro

It was found that DF-5 exhibits a significant anti-
crosslinking activity on AGE-BSA-collagen pre-formed
cross-links  (half-maximal inhibitory concentration,
IC,,=0.31 mM), which is 6-fold more potent than the
activity of ALT-711 (the structure is shown in Fig. 2),
a well-known cross-link breaker (IC,=1.89 mM). The
ability of the ALT-711 compound to break cross-links has
been described, although the mechanism of action has
not yet been established. A more detailed description
is given in Patent RU 2627769 C1, Russia (2017) [17]. It
has been notified that based on the present experiment,
the exact mechanism of the decrease in crosslinking
cannot be assumed and that is why it is called “an anti-
crosslinking agent” instead of “a cross-link breaker”.

The design of the experiment takes into account the
correction for interference associated with non-specific
adhesion of BSA to the surface of the collagen matrix
and the plate plastic. For this reason, compounds DF-5
and ALT-711 are believed to act on a certain product
formed as a result of the interaction of albumin glycation
products with amino acid residues of collagen, and
attach albumin to the collagen matrix.

Cyclic beta-keto iminium cations are well suited
for the role of products that react on the albumin side
and quickly form a cross-link. They are the result of the
cyclization of Lederer’s glucosone or pentosone. Reacting
with the free guanidine group of arginine, they are able
to form glucosepane or pentosidine in several stages. It
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is possible that Lederer’s glucosone and pentosone, as
well as Amadori products that precede them, are also
important for the formation of complexes that fix BSA
on the collagen matrix, but their contribution remains
to be established.

Animal body weight

At the end of the study, the mean final body weights
of the diabetic animals were significantly lower than
those of non-diabetic rats (Table 1; p<0.05). DF-5 and
ALT-711-treated diabetic rats showed a slight increase in
weight compared to their untreated counterparts, but
the difference was statistically significant only in case of
DF-5-treated diabetic rats (Table 1; p<0.05).

Glycemic control

Diabetic rats had significantly increased blood
glucose and HbA levels compared with the non-
diabetic rats (Table 1; p<0.05). The elevated HbA
contents observed in diabetic animals, were significantly
decreased by almost 40% with the treatment of either
DF-5 or ALT-711 (Table 1; p<0.05). The treatment of
diabetic rats with DF-5 or ALT-711 only slightly, not
significantly, reduced a blood glucose concentration.

Renal function and histology

Diabetes was associated with an increased urinary
volume output and a urinary total protein excretion
(p=0.05 vs. non-diabetic control; Table 2). At the end of
the study, the diabetic rats had an elevated proteinuria
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(Table 2). The treatment of diabetic rats with DF-5 or
ALT-711 significantly prevented an increase in a urinary
total protein concentration (=50%, p<0.05), but not in a
daily urine output, compared to the untreated diabetic
rats (Table 2).

A histopathological
increased kidney tissue damage in the diabetes group.
Diabetes is typically accompanied by a progressive
glomerular and tubular damage. At the end of the
study, the kidneys of rats in the diabetes group showed
significant morphological changes compared with the
non-diabetic control group (Fig. 3). The GBM thickening
and mesangial matrix expansion in the glomeruli were
observedin the diabetic rats. GBM thickening and a range
of mild to moderate mesangial matrix expansion causing
capillary luminal narrowing were consistently observed.
Compared to the non-diabetic control animals, the
mean glomerular area was slightly decreased, but the
difference was not statistically significant, and the mean
glomerular connective tissue area and the relative area
of the glomerular connective tissue were significantly
(p=0.05) 4.8-fold and 5.8-fold increased, respectively, in
the diabetes group (Table 3). The treatment of diabetic
animals with either DF-5 or ALT-711 significantly reduced
the extent of the glomerular damage (Fig. 3). The mean
relative areas of the glomerular connective tissue
observed in the streptozotocin-diabetic rats treated with
either DF-5 or ALT-711, were significantly (p<0.05) 1.6-
fold and 2.3-fold lower, respectively, than in the vehicle-
treated diabetic animals (Table 3).

examination showed an

Kidney AGEs level

Immunohistochemical staining for AGEs in the rats’
kidneys demonstrated that there was a widespread
staining for AGEs in the diabetic rats glomeruli compared
to the non-diabetic control rats. This increased staining
was attenuated by treatment of diabetic rats with either
DF-5 or ALT-711 (Fig. 4). The mean relative AGE-stained
glomerular areas observed in the streptozotocin-
diabetic animals treated with either DF-5 or ALT-711,
were significantly (p<0.05) 1.6-fold and 1.8-fold lower,
respectively, than in the diabetic vehicle-treated group
(Table 4).

DISCUSSION

Protein glycation and formation of AGEs play an
important role in the pathogenesis of long-term diabetes
mellitus complications like retinopathy, nephropathy,
neuropathy, cardiomyopathy along with some other
diseases such as rheumatoid arthritis, osteoporosis and
ageing [2]. Glycation and cross-linking of proteins not
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only lead to a decrease in the elasticity of blood vessels,
but also affect the structural integrity and physiological
functions of internal organs.

Glycation is a stepwise process involving the
formation of hemiaminal, Schiff base, enaminol, Amadori
product, enediol, Lederer’s glucosone (or pentosone).
Then it undergoes an intramolecular condensation
between the amino group and the terminal aldehyde
function, which affords the positively charged ring
compound named a cyclic beta-keto iminium ion (6 or 7
membered) [2,22]. Thelatter, reacting with the guanidine
group of arginine, forms complex and stable cross-links,
such as glucosepane or pentosidine. Early products also
decompose into carbonyl compounds (methylglyoxal,
glyoxal, etc.), which are capable of forming other types
of crosslinking AGEs, such as MOLD and GOLD [22]. All
AGEs are characterized by a high stability.

Diabetic nephropathy is defined as a diabetes-
associated progressive decline in the glomerular
filtration rate, accompanied by proteinuria and other
kidneys complications [2]. In relation to the kidneys,
glycation and activation of the complement cascade
via recognition of glycated proteins by mannan-binding
lectin and/or dysfunction of glycated complement
regulatory proteins [23], activation of signaling cascades
of receptors for AGEs [24] etc. are noted. Key events in
GBM, mesangial and tubulointerstitial matrix, such as
an increase in collagen IV and VI, an increased glycation
of collagen IV, an increased cross-linking of collagen
IV, an increase in laminin and fibronectin, an increase
in collagen type | etc., are directly related or indirectly
associated with glycation [25]. The expansion of the
mesangial matrix and thickening of the GBM, podocyte
injury, glomerulosclerosis and renal fibrosis are observed
[26-28].

Cleavage of pre-formed AGEs within the kidney
by a cross-link breaker, such as ALT-711, is believed to
confer renoprotection in diabetes. Forbes J.M. et al.
(2001) believed that ALT-711 might provide a new kind
of therapy for the treatment of diabetic nephropathy.
The intervention with ALT-711 from weeks 16-32 of the
study had the capacity to not only improve functional
parameters, such as albuminuria, but also markers
of structural injury, including glomerulosclerosis, a
tubulointerstitial injury, and an oxidative stress [29].

The mechanism of a cross-link breaking activity is not
yet entirely understood. According to the data originally
proposed for the ALT-711 analogue, phenylthiazolium
bromide [16], it involves the cleavage of the C—C bond
between two adjacent carbonyl groups. AGEs of this
1,2-dicarbonyl structural type, however, have not yet
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been experimentally identified, although the cross-
links’ rupture has been immunologically proved by
experiments with antibodies to one or another of the
two cross-linked proteins [30-33]. It should be noted
that such a C—C bond between two adjacent carbonyl
groups is presented in some early glycation products
[22]. In addition, there is compelling evidence from in
vivo experiments that demonstrate the positive effect of
ALT-711 on diabetic nephropathy [34, 35]. The concept
of a direct destruction of AGE cross-links in the whole
[36] despite convincing
evidence of the activity of AGE cross-link breakers in
diabetic nephropathy. The anti-crosslinking mechanism
can theoretically be realized by hydrolysis, through the
cleavage of immature cross-links (an anti-crosslinking
activity), formed on early stages of the cross-linking
process, and through the inactivation of early products
of glycation.

It can be assumed that in the whole organism, the
inactivation of intermediate pre-crosslinked electrophilic
products, glucose-derived adducts or free derivates
of glucose, are possible mechanisms of action. Their
structures are similar to the structure of a theoretical
dicarbonyl cross-link which has never been found out
[14, 16]. Such products may include Schiff bases, carbonyl
compounds, a-oxoaldehyde protein adducts etc. As for
a-oxoaldehydes, their participation in the formation of
glycation cross-links has been proved for 2-ammonio-
6-({2-[(4-ammo-nio-5-oxido-5-oxopentyl)amino]-4,5-
dihydro-1H-imidazol-5-ylidene}amino) hexanoate
(GoDIC), 2-ammonio-6-({2-[(4-ammonio-5-oxido-5-
oxopentyl)amino]-4-methyl-4,5-dihydro-1H-imidazol-5-
ylidene}amino) hexanoate (MODIC), glucosepane [37,
38], and many more. The next important product, cyclic
b-keto iminium ion, possesses electrophilic properties
[22] and, when interacting with the guanidine group,
forms pentosinane at one stage, pentosidine at two
stages (if it is a 6-member ring) or glucosepane (if it is a
7-member ring).

The possibility of the early a-oxoaldehyde adducts
destruction by cross-link breakers is described in [39],
using glycation of apolipoprotein A-I by methylglyoxal in
the presence of ALT-711. This is discussed as a possible
action mechanism for cross-link breakers in [40], and a
direct possibility of methylglyoxal binding (representative
of a-oxoaldehydes) by ALT-711 was considered in [40].

Thus, the hypothesis of the action mechanism
assumes the ability of cross-link breakers to produce
nucleophilic attacks on electrophilic glycation
intermediates and early products of cross-linking
(an anti-crosslinking activity). A detailed molecular

organism is controversial,
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mechanism of the likely reaction requires clarification,
but considering nucleophilicity of DF-5 and ALT-711, this
mechanism is possible.

An in vivo study was conducted to confirm whether
the DF-5 compound could prevent the development of an
early diabetic kidney disease in streptozotocin-induced
diabetic rats. The test compound or the reference
compound ALT-711, were administered intragastrically
to the experimental animals for 30 days. Throughout the
whole duration of the experiment, the blood glucose
level of diabetic rats was not less than 15 mmol/L, which
contributed to the development of diabetic vascular
complications. At the end of the study, the animals’ body
weight, blood glucose and HbA, levels as well as renal
function and histology in the groups of non-diabetic,
diabetic rats treated with vehicle, DF-5 or ALT-711, were
assessed and compared.

Being administered intragastrically on a regular basis
for 30 days, DF-5 significantly reduced HbA, _levels in
blood, but demonstrated the absence of significant
influence on fasting blood glucose levels. This fact
likely points to the ability of DF-5 to act as assumed
above — a breaker of early-stages products, including
the so called Amadori products (HbA, has a structure
of products of such a type) [41]. According to the
above discussed hypothesis on the mechanism
of the AGE cross-link breakers action, they could
detach reversible glucose from its reversible
adducts with proteins (Schiff bases and/or Amadori
products) [42].

The current study has demonstrated the possibility
of preventing diabetic nephropathy in streptozotocin-
induced diabeticrats by using DF-5. As expected, diabetes
induced an increase in proteinuria over time. The test
compound DF-5 significantly reduced proteinuria and
prevented a kidney damage in the experimental animals
by limiting glomerular and tubular injuries. A similar
effect has also been described for ALT-711 [43]. The
observed phenomena, such as a reduced increase in the
amount of the connective tissue and a reduced content
of AGEs in the kidneys when compared with a control
group of animals, are probably characteristic properties
of the anti-crosslinking agents activity.

The accumulation of AGEs is associated with a
renal production of extracellular matrix components
in diabetes. An early intervention in this process
can ameliorate long-term functional and structural
features of diabetic nephropathy. In this study, the
AGEs accumulation within the kidney was increased by
diabetes and attenuated by the treatment with DF-5
compound.
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CONCLUSION improves both functional and morphologic damages

To sum up, the novel anti-crosslinking agent
DF-5 has been identified. However, the elucidation
of the exact action mechanism of the compound
requires further research. DF-5 (12.5 mg/kg) inhibits
the progression of an early renal dysfunction in
streptozotocin-induced diabetic rats. This compound

of experimental diabetic nephropathy. These changes
were associated with a decreased accumulation of
AGEs in the kidney. These findings provide investigators
with additional therapeutic options for the treatment
of diabetic nephropathy and possibly other diabetes
complications.
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Molnupiravir is one of the drugs for the etiotropic therapy of a new coronavirus infection COVID-19. It has confirmed its
clinical efficacy in the treatment of patients with mild and moderate COVID-19, including those who are at high risk of
progressing to severe disease.

The aim of the study was to evaluate bioequivalence of the generic drug molnupiravir ALARIO-TL and the original drug
Lagevrio with a single oral administration in healthy volunteers.

Materials and methods. This bioequivalence study was an open, randomized, two-period crossover study. In each of the
two periods, volunteers received a single dose of the test drug, or reference drug molnupiravir, in the form of capsules at
the dose of 200 mg. The washout period between the doses was 3 days. To determine pharmacokinetic (PK) parameters and
bioequivalence, the concentration the concentration of N-hydrozycytidine (NHC), the main molnupiravir metabolit in the
blood plasma of volunteers was evaluated. The blood plasma sampling was carried out in the range from 0 to 16 hours in each
of the study periods. Bioequivalence was assessed by comparing 90% confidence intervals (Cls) for the ratio of geometric
means of AUC(O_ls) and C__ of the test drug and reference drugs with the established equivalence limits of 80.00 — 125.00%.
Results. A total of 28 healthy male volunteers were included in the study. According to the results of the statistical analysis,
after the administration of the test and reference drugs, the 90% Cls for the ratio of the geometric means of AUC (015 @Nd
C... were 96.31% — 113.64% and 91.37% — 114.8%, respectively. These intervals fit within the established limits of 80.00—
125.00%, which confirms the bioequivalence of the drugs. When comparing the frequency of the individual adverse events
registration, no significant differences were found out after the administration of the test and reference drugs.

Conclusion. Based on the results of this study, it can be concluded that the test and reference drugs of molnupiravir are
bioequivalent. In addition, the data obtained indicate that the drugs have similar safety profiles.

Keywords: COVID-19; molnupiravir; bioequivalence; pharmacokinetics; N-hydroxycytidine

Abbreviations. COVID-19 — a novel coronavirus infection caused by the SARS-CoV-2 virus; NHC, N-hydroxycytidine;

Cl — confidence interval; AUC — area under the concentration-time curve; AUCD_t/AUCO_16 — area under the
concentration-time pharmacokinetic curve from zero to the last blood withdrawal at which the drug concentration
is equal to or higher than the lower limit of quantitation; AUC__ — area under the concentration-time

pharmacokinetic curve, starting from zero time, extrapolated to infinity; C__ — the maximum concentration of the
drug in blood plasma; NHC-TP — N-hydroxycytidine triphosphate; T — time to reach the maximum concentration;
HPLC-MS/MS — high performance liquid chromatography with tandem mass spectrometry; GLP — Good Laboratory Practice;

AE/SAE — undesirable/serious adverse event; CDKT — comparative dissolution kinetics test; BMI — body mass index.
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MonHynupasup — O4MH U3 NMpPenapaToB 3TUOTPOMHOM Tepanuu HOBOM KopoHaBupycHon MHdeKumn COVID-19, KoTopbii
NOATBEPAM CBOIO KNNHUYECKYIO 3PPEKTUBHOCTb B TEPANUU NALMEHTOB C NEFKUM U CPELHETAKENbIM TeYEHMEM, B TOM YMcne
¢ paKTOpamu pucKa pasBUTUA TAKENOTO TEYEHUS.

Lienb. OueHKka GMOIKBMBANEHTHOCTM BOCNPOM3BEAEHHOrO Mnpenapata MoaHynupasupa A/TAPUO-T/1 u opuUrnHanbHOro
npenapara JlareBp1o Npu o4HOKPATHOM NepopasibHOM NPUMEHEHUN Y 340POBbIX LO6POBONbLEB.

Matepuanbl u metoapl. [laHHOe ncciegoBaHne 6UO3KBUBANEHTHOCTM NPEACTaBAANO COBOMN OTKPbLITOE PaHAOMU3NPOBAHHOE
ABYXMepuoaHoe NepeKkpecTHoe uccnesoBaHue. B Kaxaom u3 AByx nepuogoB A06pOBOAbLbI MPUHUMANN OLHOKPATHO
nccnenyembliii UAn pedepeHTHbIM npenapaT MOAHYNMpaBupa B Buae Kancyn B fo3se 200 mr. OTMbIBOYHbIV NepUoa, Mexay
npuemamu npenapatos coctasun 3 cyT. Ans onpegeneHns GapMakoOKMHETUYECKUX NapaMeTpoB U BUOIKBUBANEHTHOCTU
OLEHMBAMIM KOHLIEHTPALMIO OCHOBHOro MeTabonuTta MmosiHynupasupa N-rugpokcuuntuguHa (NHC) B nnasme Kposu
nobposonbLes. OT6op 06pa3uoB N1a3Mbl KPOBU NMPOU3BOAWMAM B UHTEpPBase OT ToYkM O A0 16 4 B KaXKAOM U3 Nepuosos
nuccnenoBaHuA. BUOIKBMBANEHTHOCTb OLLeHWBaNW, cpaBHMBas 90% posepuTenbHble MHTepBanbl (W) Ans OTHOLWEHWA
CpefHUX reoMeTpUYecKUX 3HauyeHuwn AUC(HG) n C__ wncciepyemoro M pedepeHTHOro Mpenapatos C yCTaHOBNEHHbIMM
npegenamm sKBMBaneHTHOCTU, paBHbimu 80,00—125,00%.

Pe3ynbratbl. Bcero B uccnegoBaHue 6bino BKAWYEHO 28 340POBbIX A0O6POBOMLLEB MYKCKOro mosa. Mo pesynbratam
NpPOBeAEHHOr0 CTAaTUCTUYECKOro aHanusa, 90% AW ana OTHOWEHWA CpeaHWX FeOMETPUYECKMX MoKasaTtenemn AUC(HG)
u C__ nocne npuema uccneayemoro u pedepeHTHoro npenapatos coctasunn 96,31% — 113,64% v 91,37% — 114,8%,
COOTBETCTBEHHO. [laHHble WMHTEpBa/ibl YKNAAbIBAKOTCA B YyCTaHOB/EeHHble npegenbl 80,00-125,00%, 4To noATBepKAaeT
6M03KBMBANEHTHOCTb NPenapaTtos. [pn CpaBHEHMUM YACTOTbl PErUCTPALLUM OTAE/bHbIX HEXenaTeslbHbIX ABNEHUA He 6bino
BbIAB/IEHO JOCTOBEPHbIX Pa3INUMiA NOCAe NpUema nccaegyemoro U pepepeHTHoOro npenapaTos.

3akntoueHume. o pesynbratam AaHHOTO UCCAeA0BaHUA MOXKHO 3aK/I0UYUTb, YTO UCCeayeMbI U pedepeHTHbIM NpenapaThbl
MOJIHYNMpaBupa 6MoaKBMBaANEHTHbl. Kpome Toro, monyyeHHble AaHHble YKa3blBalOT Ha TO, YTO npenapaTbl obiasatoT
CXOAHbIMU NpodunaMm HesonacHocTH.

Kniouesblie cnosa: COVID-19; monHynupaBump; 6UO3KBMBANIEHTHOCTb; GapMaKOKMHETUKA; N-rMapOKCULUTUANH

Cnucok cokpaweHuii: COVID-19 — HoBas KopoHaBupycHas WHdeKuus, BbidBaHHaA Bupycom SARS-CoV-2; NHC -
N-ruapokcnuntTuanH; AN —poseputenbHbii MHTepBan; AUC—naowaab noa KPpUBOM « KOHLLEHTPALMA—BPEMSA»; AUCO_t/AUCO_m—
naowaab nog GapMakoKMHETUYECKON KPUBOM «KOHLEHTPALMUA—BPEMSA» OT HYAA 40 NOCAeAHEro 0Tbopa KPOBM MPU KOTOPOM
KOHLEHTpauu1A npenapara paBHa Wiu Bbille HUKHETO Mpefena KonnyecTseHHoro onpegenenuns; AUC,  — naowaap noa,
hapMaKOKMHETUYECKON KPUBOM KKOHLLEHTPALMA—BPEeMA», HaYMHAA C HYN1IEBOrO 3HAYEHWUA BPEMEHM, SKCTPANOANPOBAHHAA
00 6eckoHeYyHoCTH; C...x — MaKcMmanbHaa KOHUEHTpauwa npenapara 8 niasme Kposu; NHC-TP — N-ruapoKcuumT1amH
Tpudocdat; T — BpemA LOCTUKEHUA MAKCUMA/IbHOM KOHLEHTpaLum; BIKX-MC/MC — BbICOKOIDDEKTMBHAA MUAKOCTHAA
XpomaTtorpadua € TaHAEMHOM Macc-cnektpomerpuein; GLP — Hagsneskauwas nabopatopHasa npaktuka; HA/CHA -
HexenatesbHoe/cepbe3Hoe HexkenatenbHoe asaeHne; TCKP — Tect cpaBHUTENbHOM KMHETUKM pacTBopeHus; UMT — nHaeKc
Mmaccol Tena.
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INTRODUCTION

The novel coronavirus infection (COVID-19)
pandemic has significantly increased the burden on
healthcare systems around the world and required
decisive measures, in particular, an active search for
effective treatments [1-4]. Currently, there are 3
main areas of therapy for the treatment of COVID-19:
etiotropic (antiviral), pathogenetic and symptomatic.

Molnupiravir is an antiviral drug that is effective
against SARS-CoV-2. It is a prodrug that is chemically
a 5’-isobutyrate ester of the ribonucleoside
analog of N-hydroxycytidine (NHC). Once in the
bloodstream, molnupiravir is hydrolyzed to NHC,
which, upon penetrating into the cell, is transformed
to  pharmacologically active  N-hydroxycytidine
triphosphate (NHC-TP). NHC-TP, in turn, is inserted into
viral RNA by viral RNA polymerases and generates errors
in the genetic code of the virus. Genome errors caused
by NHC-TP, accumulate, disrupting viral replication. Thus,
the antiviral effect of molnupiravir is realized [5-7].

In clinical studies, molnupiravir has demonstrated
efficacy in the treatment of the novel coronavirus
infection COVID-19 and a favorable safety profile [8—12].
The recommended dosage regimen of molnupiravir
for COVID-19 is 800 mg twice/daily, regardless of food
intake for 5 days.

At the end of 2021, molnupiravir was approved for
the use in adult patients with mild to moderate COVID-19
with risk factors for developing a severe disease in
various countries, incl. the US, Europe and the UK. In
addition, it is included in the Interim Guidelines of the
Ministry of Health of Russia “Prevention, diagnosis and
treatment of a novel coronavirus infection (COVID-19)”,
starting with version 14 dated 27 December, 2021.

The original drug of molnupiravir is Lagevrio,
which was registered in Russia in 2022 by “MSD
Pharmaceuticals” LLC and is presented in the form of
capsules, 200 mg. LLC “Technology of Medicines” has
developed a generic drug molnupiravir — ALARIO-TL. To
confirm the bioequivalence of the developed generic
and original drugs, this bioequivalence study has been
conducted.

THE AIM of the study was to evaluate bioequivalence
of the generic drug molnupiravir ALARIO-TL and the
original drug Lagevrio with a single oral administration
in healthy volunteers.

MATERIALS AND METHODS

Study design

The bioequivalence of drugs was assessed as the
1** stage of a clinical trial with a combined two-stage
design (No. CJ051025138). The first stage of this study,
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i.e. the bioequivalence study, was a randomized two-
period crossover study with a single oral fasting dose
of 200 mg of test and reference drugs in healthy
volunteers.

The study design was developed taking into
account  both  Russian  recommendations  for
conducting bioequivalence studies! and international
guidelines?. The WHO recommendations®
on conducting bioequivalence studies of drugs based
on molnupiravir, were also taken into account when
planning the design.

Prior to the start of the study protocol
No. CJ051025138 was approved by the Russian
Ministry of Health and the Ethics Council under it
(Permission No. 294 dated 20 Apr, 2022), as well as by
the local ethics committees of the study site (Protocol
No. 236 dated 28 Apr, 2022). The study was conducted in
full compliance with the requirements of Good Clinical
Practice of the International Council for Harmonization
(ICH GCP) E6 (R2), the rules of good clinical practice of
the Eurasian Economic Union, the ethical principles of
the Declaration of Helsinki of the last revision and other
applicable legislative acts of the Russian Federation and
the Eurasian Economic Union.

The clinical stage of the bioequivalence study was
conducted on the basis of Eco-safety Research Center
LLC from Apr 28 to May 18, 2022.

Before starting the study, a in vitro equivalence
dissolution test and a comparative quantitation
were performed using the same series that were
subsequently used in the bioequivalence study. In vitro
equivalence dissolution test was carried out using a
paddle stirrer type device and a device for immersion
under the conditions of a stirrer rotation of 75 rpm, the
temperature of 37+0.5°C, and the medium volume of
900 ml. Three dissolution media were used for testing:
a buffer solution pH 1.2; an acetate buffer solution pH
4.5; a phosphate buffer solution pH 6.8. The samples
were analyzed at points 10, 15, 20, 30, 45, and 60 min by
UV spectrophotometry. As a research result of both the
test and the reference drugs, in all media, the release
of more than 85% of the active substance was observed

! Decision of Council of the Eurasian Economic Commission of
November 3, 2016 No. 85 “About approval of Rules of carrying out
researches of bioequivalence of medicines within the Eurasian
Economic Union”.

2 Committee for Medicinal Products for Human Use (CHMP).
Guideline on the investigation of bioequivalence. Doc. Ref.: CPMP/
EWP/QWP/1401/98 Rev. 1/ Corr **, 2010. Available from: https://
www.ema.europa.eu/en/documents/scientific-guideline/guideline-
investigation-bioequivalence-revl_en.pdf

3WHO, Guidance Document 15 November 2021, Notes on the design of
bioequivalence study: Molnupiravir. Available from: https://extranet.
who.int/pqweb/sites/default/files/documents/BE_molnupiravir_
Nov2021.pdf
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within 15 min, which made it possible to consider the
dissolution kinetics equivalent without mathematical
evaluations. The quantification showed that the content
of the active substance in the preparations differed by no
more than 5%, and the release profiles of molnupiravir
in vitro equivalence dissolution test were equivalent,
which confirmed the correctness of the series choice of
the test and reference drugs.

Study population

In total, 31 healthy volunteers were screened,
and 28 volunteers of them were successfully screened
and randomized (14 volunteers in each group). The
randomization was carried out using the envelope
method. The main inclusion criteria were: a male
gender; an age of 18-45 years; a body mass index
18.5-30 kg/m?, a verified diagnosis “healthy” according
to standard clinical, laboratory and instrumental
methods of examination. The volunteers with a positive
test for SARS-CoV-2, an aggravated allergic history,
hypersensitivity to the components of the study
products, as well as chronic diseases of various organ
systems, were not allowed to participate in the study.
The criteria for an discontinuation from the study were:
withdrawal of an informed consent, the occurrence of
adverse events (AEs) or serious adverse events (SAEs) in
volunteers, in which a further participation in the study
was undesirable, death, use of the prohibited therapy,
and significant protocol violations. No replacing of the
retired volunteers had been provided.

Administration of study products

In this research, the test (T) was a generic drug of
molnupiravir — ALARIO-TL (“R-Pharm” JSC, Russia), in
the dosage form of capsules, 200 mg. As a reference
drug (R), the original drug Lagevrio, capsules, 200 mg
(Patheon Pharma Services, Thermo Fisher Scientific
Inc, USA) was used. The volunteers were randomized to
one of the groups with a different sequence of dosing
(TR or RT). The drugs were administrated twice with an
interval of 3 days at the dose of 200 mg (1 capsule). In
group No. 1 (TR), in the 1% period, the volunteers were
administrated with the test drug once, and in the 2™
period — with the reference drug; in group No. 2 (RT) —
vice versa. The duration of the washout period was
chosen to exclude a possible effect of the molnupiravir
administration in the 1% period of the study on the
pharmacokinetic (PK) parameters of the drug in the 2™
period. The average half-life of the main molnupiravir
NHC metabolite is about 3.3 h. Accordingly, to guarantee
a decrease in the concentration of molnupiravir below
the lower limit of quantitation in the volunteers at the
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beginning of the 2" period of the study, the interval
between the drugs doses should be at least 5 half-lives,
i.e., at least 16.5 h.

Drugs were administrated in the morning on an
empty stomach after refraining from eating for at least
10 hours with 200 ml of non-carbonated drinking water
at the room temperature. The volunteers were to be in
the “sitting” position for 4 hours after taking the drug (it
was permissible to get up and walk, the “lying” position
was not allowed). If during the first 4 h after taking the
drug in any of the periods of the study, a volunteer
experienced vomiting or diarrhea, he dropped out of
the study.

Sampling and sample preparation

To assess the NHC concentration in plasma, time
points for biosampling were chosen in such a way
that the most complete data for each fragment of the
pharmacokinetic curve could be obtained. In order to
achieve this target, frequent sampling near T __ (~1 h
when taking molnupiravir at the dose of 200 mg) was
envisaged, as well as at least 3—4 points during the
terminal phase. Thus, biosampling was carried out at the
following points: before taking the test/reference drug
and then after 15, 30, 45, 60 min, 1 h and 15 min, 1 h
and 30 min, 1 h and 45 min, 2 h, 2 hand 15 min, 2 hand
30 min, 2 h and 45 min, 3 h, 3 h and 30 min, 4 h, 5 h,
6 h, 8 h, 10 h, 12 h and 16 h after dosing in each of the
2 study periods (the total of 21 sampling points in a
period). To determine the molnupiravir concentration,
timing postponement of blood sampling was not allowed
in the first 2 h; it was permitted for no more than 5 min
in the period from 3 to 16 h.

Venous blood in the volume of at least 6 ml was taken
into special vacutainer tubes containing the anticoagulant
K,EDTA. Blood plasma was separated by centrifugation at
2000 g for 10 min. Then the test tubes were frozen and
stored at the temperature not exceeding —65°C. The time
interval between blood sampling, centrifugation and
freezing did not exceed 30 min.

Analytical method

NHC, the main molnupiravir metabolite, was chosen
as the analyte in this study, since molnupiravir undergoes
hydrolysis to NHC before it reaches the systemic
circulation, as a result of which unchanged molnupiravir
is practically not detected in the blood.

All sample preparation was carried out under cooling
conditions in an ice bath, since at room temperature,
molnupiravir hydrolysis by plasma enzymes continued
after sampling. The extraction of NHC from blood plasma
was carried out by precipitation of blood plasma proteins
with chilled methanol containing 0.1% formic acid.
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Figure 2 — Dynamics of NHC metabolite concentrations (mean and 95% Cl) after taking test

and reference drugs (N = 28)
Note: R — reference drug, T —test drug.

Table 1 — Obtained values of pharmacokinetic parameters after taking test and reference drugs (n = 28)

Pharmacokinetic parameters ‘(I':s: ngt;g ?:ie;esr;ce LI
AUC, .., (ng/mi)*h 2229.66 (+963.99) 2083.21 (+656.45)
c_. ng/ml 1028.12 (+503.31) 972.68 (+317.16)
AUC, ., (ng/ml)*h 2327.01 (+984.49) 2154.71 (+673.22)
T .h 1.3 (0.8-2.5) 1.5 (0.8-2.3)
T,.h 1.7 (£0.42) 1.58 (+0.26)

Notes: n — a number of observations; Coo™ the maximum concentration of the drug in the volunteers’ blood; T, — time to reach Croo TUz -
half-life; AUC o — the total area under the curve “concentration — time” in the time interval from 0 to 16 hours; AUC, ., — the area under the
“concentration-time” curve in the time interval from 0 to infinity. The values of the indicators are presented as an arithmetic mean (standard
deviation), except T__, which is presented as a median (min — max).
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Table 2 — Calculated 90% Cl values for ratios of NHC pharmacokinetic parameters
of geometric means after test and reference drugs administration

Parameter Ratio of geometric T/R means Calculated values of 90% ClI v, ..t
AUC, 104.6% 96.31% — 113.64% 18.30%
Coax 102.4% 91.37% —114.80% 25.44%
Notes: ' —CV, _—intra-individual coefficient of variability; Cls — confidence intervals; T — test drug, R — reference drug.

Table 3 — Summary table of AEs frequency after taking each of the drugs

Test drug Reference drug 9
Adverse effect (N=28) (N=28) Pvalue
Cardiovascular disorders
Increase in diastolic blood pressure 1(3.6%) 0 (0.0%) 1.000
Laboratory and instrumental data

Increase in leukocytes number 0(0.0%) 1(3.6%) 1.000
Decrease in leukocytes number 1(3.6%) 0 (0.0%) 1.000
Increase in lymphocytes number 1(3.6%) 0 (0.0%) 1.000
Increase in creatine phosphokinase levels 1(3.6%) 0 (0.0%) 1.000

Note: * — McNemar’s criterion with Edwards’ correction. All adverse effects given in the table refer to grade 1 severity.

The plasma NHC concentration was determined
using validated high performance liquid chromatography
with a tandem mass spectrometry (HPLC-MS/MS)
technique. The determination method was developed
and validated in accordance with the standards of good
laboratory practice (GLP) and the recommendations
of Appendix No. 6 to the "Rules for Conducting
Bioequivalence Studies of Medicinal Products" within
the Eurasian Economic Union. Validation was carried out
according to the main characteristics of the methods:
extraction efficiency from plasma and the matrix effect;
a lower level of quantitation (LLOQ); a calibration range;
accuracy and precision; selectivity (specificity); a sample
transfer; stability.

The obtained samples were analyzed on an
Infinity 1290 high performance liquid chromatograph
(Agilent) equipped with a Triple Quad 5500+ (AB Sciex
Pte. Ltd., Singapore) mass spectrometric detector
with a triple quadrupole and electrospray ionization.
A chromatographic separation was carried out on
a Phenomenex Kinetex EVO C18 chromatographic
column (100A 50%x2.1 mm, 2.6 um) in a gradient elution
mode at a flow rate of 0.4 ml/min. The volume of the
injected sample was 2 pl. A combination of ammonium
acetate and methanol solutions was used as the mobile
phase. Under these conditions, the retention time for
N-hydroxycytidine was 0.5 min, the internal standard
tolbutamide was 1.8 min. The total analysis time was
4 min.

For a selective and sensitive detection of the studied
compounds, the optimal conditions for ionization in
an electrospray and registration of negatively charged
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ions were chosen (MRM transitions for NHC were
258.2/126.1, for tolbutamide — 269.1/170.2).

Quantitative data processing was carried out with
Analyst 1.7.2 program (AB Sciex Pte. Ltd., Singapore)
using the internal standard method (solution of
tolbutamide at the concentration of 1 mg/mL).

The analyte concentration was calculated from the
calibration dependence of the chromatographic peak
of the analyte to the area of the peak of the internal
standard area on the nominal analyte concentration.
The calibration curves were linear functions, the linear
concentration range for NHC was 20-5000 ng/mL.

Safety assessment

For the purpose of a safety analysis, periodic
assessments of physiological (blood pressure, pulse
rate, body temperature), hematological (erythrocytes,
hemoglobin, platelets, a leukocyte formula, an
erythrocyte sedimentation rate) and biochemical
(alanine aminotransferase, aspartate aminotransferase,
lactate dehydrogenase, creatine phosphokinase, uric
acid, glucose, total bilirubin, creatinine) indicators,
urinalysis, as well as adverse events (AEs) and serious
adverse events (SAEs) registrations, were carried
out. Laboratory and instrumental examinations were
performed at screening as well as face-to-face visits on
days 1, 4, and 6 from the start of the study. A telephone
visit on day 10+1 was chosen as an additional point
for safety monitoring. The selected safety endpoints
were: the incidence and severity of all AEs and SAEs,
the incidence of NCI CTCAE 5.0 Grade 3-5 AEs, and
the incidence of an early withdrawal from the study
associated with AEs/SAEs.
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Statistical analysis

The statistical analysis was carried out using the
software package for a statistical analysis R, version
4.2.0. (R Foundation, Austria).

The sample size was calculated taking
account the selected level of statistical significance a
equal to 0.05, power — 0.8 (80%), as well as an intra-
individual coefficient of variation for C__ and AUC 22%
molnupiravir — 0.22 (22%).

Pharmacokinetic and bioequivalence analyzes were
performed in the population of all volunteers who had
missed no more than 2 blood samplings in each of the
periods, and no more than 2 consecutive samplings. A
safety analysis was performed in the population of all
participants who had received at least one dose of test
or reference drugs.

Based on the obtained values of NHC concentrations
blood plasma, the
pharmacokinetic (PK) parameters were calculated in the
time intervals provided for in this protocol: C__ — the
maximum concentration of the drug in the volunteers’
blood; T —timetoreachC__; AUC(O_U —total area under
the concentration-time curve in the time interval from 0
to 16 hours; Tl/thalf-life; AUC(OM) is the area under the
“concentration-time” curve in the time interval from 0
to infinity.

All of the above parameters were presented using
the arithmetic mean + standard deviation (M+SD), with
the exception of T __, for which the median, minimum,
and maximum had been used.

The drugs assessed by
comparing the boundaries of confidence intervals (Cls)
for the ratio of the AUC (0-16) and C__ geometric means
after administrating the test and reference drugs
with established equivalence limits equal to 80.00—
125.00%. To establish bioequivalence, a analysis of
variance (ANOVA) of logarithmically transformed NHC
parameters necessary for assessing bioequivalence
(AUCand C__ ), was used. Based on the residual variation
of the dispersion models, the variation coefficients
of the studied parameters and the corresponding Cls
(on a logarithmic scale) were calculated to search for
the differences between the compared drugs. The
resulting Cls were inversely transformed to construct the
desired Cls for the ratio of means in the original (non-
transformed) units.

A statistical analysis took into account the sources of
variability that could affect the variable under study. The
fixed factors were used in the analysis of variance models:
the sequence of drugs, the subject of the study nested
in the sequence, the period and the drug. Analysis of

into

in the volunteers’ main

bioequivalence was
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variance was used to test hypotheses about the statistical
significance of each of these factors contribution to the
observed variability. The assessment of the residual
variation obtained by applying the analysis of variance,
was used to calculate a 90% confidence interval for the
ratio of the corresponding pharmacokinetic parameter
means.

RESULTS

Population

A total of 28 male volunteers were included in the
study. All randomized volunteers were white people.
The height and weight of the study participants were
within the normal range of body mass index (BMI). The
mean age was 26.46 (+4.74) years, the body weight was
77.55 (£9.20) kg, and BMI was 23.71 (+2.07) kg/m?2.
All volunteers completed the study according to
the protocol, and therefore were included in the
population for the evaluation of pharmacokinetics and
bioequivalence.

Assessment of pharmacokinetics

and bioequivalence

Based on the results of the NHC concentration
analysis in the volunteers’” blood plasma, the
main parameters of the calculated molnupiravir
pharmacokinetics, are presented in Table 1.

After taking the test and reference drugs,
the pharmacokinetic parameters of molnupiravir were
similar to each other. Thus, after taking the test drug,
concentration of C.. NHC was
1028.124+503.31 ng/ml, after taking the
reference drug, this parametr was equal to an
mean of 972.68+4317.16 ng/ml. The area under the
curve measured up to 16 h post-dose AUC(O_M), was
2229.66+963.99 ng*h/ml; and  2083.21+656.45
ng*h/ml — after taking the reference drug.

Fig. 2 shows a graph of changes in the NHC

the maximum
while

concentrations after taking the test and reference
drugs.

After calculating the PK parameters, a statistical
assessment of bioequivalence was carried out. Since the
calculation results showed that AUC, ,,, was more than
80% of the AUC, ., value, AUC; 1 values were used to
establish bioequivalence.

According to the results of the statistical analysis,
90% ClI for the ratio of the geometric mean AUC, .
of the test drug and reference drug, was 96.31% -
113.64% for NHC. For the ratio of geometric mean C__
of the studied drugs, 90% Cl was 91.37% — 114.8%.
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The intervals obtained correspond to the established
equivalence limit for AUC, o andC__ —80.00-125.00%,
which indicates the studied drugs bioequivalence
(Table 2). The results of the ANOVA showed that sources
of variation, such as differences between the drugs,
between the subjects (intersubject differences), and
the administration sequence and study periods, did not
significantly affect the variables assessed.

X

Safety

Throughout the study, both study and reference
drugs tolerated by
Hematological and biochemical blood tests, as well
as urinalysis and physiological parameters in most
volunteers remained normal throughout the study.
Any deviations from the norm of laboratory and
instrumental parameters were recorded as AEs. In
total, 5 AEs were registered in the study: an increase
in the diastolic blood pressure, an increase or decrease
in the number of lymphocytes, an increase in the
number of lymphocytes, an increase in the level of
creatine phosphokinase. The registered deviations
had a random multidirectional character. All AEs were
grade 1 according to Common Terminology Criteria for
Adverse Events (CTCAE) 5.0. The list of AEs is presented
in Table 3.

According to the investigators’
registered AEs were not associated with the study
products, i.e., the degree of association was regarded as
“doubtful”.

When comparing the frequency of individual AEs
registration, there were no significant differences
(p>0.05) after taking the test drug and the reference
drug, on the basis of which it can be concluded that the
drugs are similarly tolerated.

were well the volunteers.

conclusion, all

DISCUSSION

Molnupiravir is a weight
ribonucleoside prodrug that is hydrolyzed in the blood
to N-hydroxycytidine. Molnupiravir has an antiviral
activity against SARS-CoV-2 variants [13—15] and other
RNA-containing viruses such as influenza, Ebola and
respiratory syncytial viruses [16—20]. During preclinical
development in vitro and in vivo trials, molnupiravir
showed a high efficacy against SARS-CoV-2, as
well as a low toxicity to animals [21, 22]. In clinical
studies conducted for the original drug, molnupiravir
demonstrated efficacy in the treatment of mild and
moderate of a new coronavirus infection COVID-19 [11,
12, 23, 24]. In the most extensive research of MOVe-
OUT study (NCT04575597), phase 3, which included

low molecular
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1,433 patients, it was found out that molnupiravir at the
dose of 800 mg 2 twice a day for 5 days, significantly
reduced the risk of hospitalization or death compared
with placebo [12]. In the mITT population, which was
represented by randomized patients who had been
administrated with at least one dose of molnupiravir
or placebo and had not been hospitalized prior to the
therapy initiation, the rate of hospitalization or death was
6.8% (48 out of 709 patients) in the molnupiravir group
and 9.7% (68 out of 699 patients) in the placebo group.
The difference between the groups was 3% [95% Cl -5.9;
—0.1]. In addition, the drug showed a favorable safety
profile. The proportion of patients who had experienced
at least one AE was similar in both groups (30.4% in the
molnupiravir group and 33.0% in the placebo group).
Given the wide spread of the new coronavirus infection
COVID-19, the administration of a bioequivalent generic
drug molnupiravir to the market will increase the
availability of the effective and safe treatment for this
disease.

As a result of the bioequivalence study, it was
found out that the PK parameters of the generic drug
molnupiravir are comparable to the parameters of
the reference (original) drug. In addition, the PK
parameters of the test drug were comparable to the
data obtained as a result of the 1% phase study of the
original drug Lagevrio. Thus, the geometric mean
C,.. obtained in the study EIDD-2801-1001-UK [25]
of the original drug with a single dose of 200 mg was
926 ng/ml, while the geometric mean of this parameter
for the test drug in this bioequivalence research was
950 ng/ml. Similar trends can be observed in terms
of AUC, _: the geometric mean value in the study of
the original drug was 1830 ng*h/ml, and the value
of the test drug in this bioequivalence research was
2189 ng*h/ml.

After calculating the PK parameters of the test and
reference drugs in this research, a statistical determination
of bioequivalence was carried out. According to its
results it was found out that the obtained 90% CI fully
fit into the required range of 80.00-125.00% for AUC
andC__,
protocol and the “Rules for Conducting Bioequivalence
Studies of Medicinal Products” within the Eurasian
Economic Union, approved by the Decision of the
Council of the Eurasian Economic Commission No. 85
dated November 03, 2016, as well as the international
guidelines on bioequivalence of the European Medicines
Agency (EMA).

The spectrum of the reported AEs was consistent
with the safety profile of the original drug molnupiravir.

(0-16)
which was established in accordance with the
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The frequency of AEs registration did not differ after
taking the test and reference drugs. Thus, it can be
concluded that in the framework of the clinical trial, the
test and reference drugs demonstrated similar safety
characteristics.

CONCLUSION

The results of bioequivalence study fully meet all
criteria for the drugs established in generally recognized
by international guidelines. Thus, it can be concluded

that the test and reference molnupiravir products are
bioequivalent. Based on the results of the study, it can
also be concluded that the drugs have similar safety
profiles.

Based on the results of the bioequivalence and
safety research (July 2022), the drug ALARIO-TL
was registered in the Russian Federation under the
registration procedure for the drugs to be used under
the threat conditions of occurrence and liquidation of
emergency situations®.
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Currently, there are data that that make it possible to speak about a high clinical efficacy of the use of succinic salt of tyrosyl-
D-alanyl-glycyl-phenylalanyl-leucyl-arginine (hexapeptide succinate) for the COVID-19 treatment. This article is devoted to
the results of clinical trials of the original Russian drug based on it.

The aim of the study was to evaluate a clinical efficacy, safety and tolerability of intramuscular and inhalation use of
hexapeptide succinate in complex therapy in comparison with standard therapy in patients with moderate COVID-19.
Materials and methods. The research was conducted from February 28, 2022 to November 22, 2022 based on 10 research
centers in the Russian Federation. The study included hospitalized patients (n=312) over 18 years of age with moderate

For citation: L.A. Balykova, O.A. Radaeva, KYa. Zaslavskaya, P.A. Bely, V.F. Pavelkina, N.A. Pyataev, AYu. lvanova, G.V. Rodoman, N.E. Kostina,
V.B. Filimonov, E.N. Simakina, D.A. Bystritsky, A.S. Agafina, K.N. Koryanova, D.Yu. Pushkar. Efficacy and safety of original drug based on
hexapeptide succinate in complex COVID-19 therapy in adults hospitalized patients. Pharmacy & Pharmacology. 2022;10(6):573-588.
DOI: 10.19163/2307-9266-2022-10-6-573-588
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COVID-19 who had undergone a screening procedure and were randomized into 3 groups: group 1 received standard therapy
in accordance with the Interim Guidelines in force at the time of the study, within 10 days; group 2 received hexapeptide
succinate (Ambervin® Pulmo) intramuscularly at the dose of 1 mg once a day for 10 days; group 3 received hexapeptide
succinate (Ambervin® Pulmo) 10 mg once a day by inhalation for 10 days.

Results. According to the results of the study, therapy with the drug hexapeptide succinate, both intramuscular and inhaled,
provided an acceleration of recovery up to the complete absence of the disease signs in more than 80% of hospitalized
COVID-19 patients. By the end of the therapy course with the drug, more than 60% of patients had met the criteria for
discharge from hospital and could continue the treatment on an outpatient basis. About 70% of patients in the inhalation
group and 80% in the intramuscular hexapeptide succinate injection group had concomitant diseases (hypertension — 28%,
obesity — 14%), which indicates the effectiveness of this drug use in comorbid patients. The use of the drug contributed to the
restoration of damaged lung tissues, normalization of oxygenation, the disappearance of shortness of breath and a decrease
in the duration of the disease symptoms compared with standard therapy. As a result of a comparative analysis of adverse
events in terms of their presence, severity, causal relationship with the therapy and outcome, there were no statistically
significant differences between the treatment groups.

Conclusion. Thus, the results of the clinical study of the succinate hexapeptide efficacy and safety showed the feasibility of
using the drug in pathogenetic therapy COVID-19 regimens.

Keywords: ambervine; hexapeptide succinate; acute respiratory distress syndrome; “cytokine storm”; COVID-19; tyrosyl-D-
alanyl-glycyl-phenylalanyl-leucyl-arginine succinate

Abbreviations: AE — adverse events; SAE — serious adverse events; IG — Interim guidelines “Prevention, diagnosis and
treatment of a new coronavirus infection”; ALT — alanine aminotransferase; AST — aspartate aminotransferase; LDH — lactate
dehydrogenase; CRP — C-reactive protein; GFR — glomerular filtration rate; PIS — patient information sheet; HFO — high-flow
oxygen; NIVL — non-invasive lung ventilation; ALV — artificial lung ventilation; ECMO — extracorporeal membrane oxygenation;
ARDS — acute respiratory distress syndrome; SARS-CoV-2 — coronavirus, the causative agent of COVID-19; CTs — clinical trials,
SD — standard deviation; LPO — lipid peroxidation; RR — respiratory rate.

QPPEKTUBHOCTb U BE3OMNACHOCTb OPUTUHAJTIBHOIO
NMPEMNAPATA HA OCHOBE CYKUUHATA TrEKCANENTUAOA

B KOMMJIEKCHOW TEPANWUKU COVID-19

Y B3POCIIbIX TOCMNMUTAITM3NPOBAHHbBIX MALUEHTOB
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6toaKeTHOro 06pasoBaTeNbHOrO yYpeXKAeHUA Bbiclero obpasoBaHuUs
«Bonrorpagckuii rocyapcTBeHHbIN MegULMHCKUI YHUBEPCUTET»
MuHKUCTepcTBa 34paBooxpaHeHma Poccuninckon degepaumm
357532, Poccma, r. MaTuropck, np-t KanmHuHa, 4. 11
1 TocygapcTBeHHOe BI0AMKETHOE yUupexaeHue 34paBooxpaHeHns ropoaa MocKBbl
«lopogacKas KnnHuyeckan 6onbHMLa MeHn C.U. CNacoKyKOLKOro
JenaptameHTa 34paBooxpaHeHma ropoga MocKsbI»,
127206, Poccua, r. Mocksa, yn. ByyeTtuua, a. 21
E-mail: kiryonok@yandex.ru

MonyyeHa 01.12.2022 MNocne peueHsnposaHna 20.12.2022 MpuHATa K neyatn 30.12.2022

Ha cerogHALWHWI AeHb UMEITCA AaHHble, NO3BOAIOLWME FOBOPUTL O BbICOKOM KAUHUYECKOM 3GPEKTUBHOCTM NPUMEHEHUA
AHTAPHOKMCION COMN TUPO3UA-D-anaHuUN-TNLUA-GeHnNaNnaHUN-NeNLUN-aprMHUHA (reKcanenTnaa CyKUMHaT) ANS NeYeHus
COVID-19. Hacrtosw,as cTaTbA MOCBALLEHA pPe3ynbTaTamM KAMHUYECKMX WUCCNef0BaHUN OPUTMHANBHOIO POCCUIMACKOro
JIeKapCTBEHHOrO NpenapaTta Ha ero OCHOBe.

Lienb. OueHUTb KAMHUYECKYIO 3GPEeKTUBHOCTb, 6€30NacHOCTb U NEPEHOCUMOCTb BHYTPUMBILLEYHOTO U MHIAAALMOHHOIO
NPUMEHEHUA MpenapaTta rekcanenTMaa CyKuuHaTa B KOMMAEKCHOM Tepanuu B CPaBHEHWU CO CTAaHAAPTHOW Tepanuen y
NaLMeHTOB CO cpeaHeTAXenbim TedeHnem COVID-19.

Martepuanbl U metogpl. WccneposaHne nposoaunocb ¢ 28 deBpana 2022 r. no 22 Hoabpa 2022 r. Ha 6ase
10 nccnenoBaTeNnbCKUX LLEHTPOB Ha Tepputopumn PO, B nccieaoBaHue 6bliv BKAOYEHbI FOCMUTANIM3MPOBAHHbIE NALMUEHTbI
(n=312) crapwe 18 net co cpegHeTaxenbim TedyeHnem COVID-19, KoTopble MPOLWAM MNPOLEAYPY CKPUHMHIA U 6biin
paHAOMM3MPOBaHbI Ha 3 rpynnbi: rpynna 1 nosyyana ctaHAapPTHYHO TEPanuio B COOTBETCTBUN C BpemeHHbIMN MeToanYeCKUMm
pEKOMEHAAUNAMMU, AENCTBYOLWMMMN HA MOMEHT NPOBeAEHUA UCCAef0BaHUsA B TeyeHume 10 cyT; rpynna 2 nonyyana npenapat
rekcanenTuaa cykumHat (AmMb6epsuH® Mynbmo) BHYTpUMbILEeYHO no 1 mr 1 pas/cyT B TedeHune 10 gHeit; rpynna 3 noayyana
npenapar rekcanentuaa cykumHat (Am6epsuH® Mynbmo) nHransumorHo no 10 mr 1 pas/cyt B TeyeHue 10 gHeit.
Pe3ynbtatbl. [0 pe3ynbraTam UCCAe0BaHWUA TepPanua JIEKAPCTBEHHbIM MPEMapaToM reKkcanenTuaa CyKLMHAT Kak npu
BHYTPUMbILIEYHOM, TaK U MPU UHTANALMOHHOM BBEAEHUN obecneynBana yCKOpPeHUe BbI3JOPOBAEHUA BNIOTb A0 MOJHOIO
OTCYTCTBMA MpPU3HAKOB 3abosieBaHus 6onee, yem y 80% rocnutannmsmpoBaHHbiXx naumeHToB ¢ COVID-19. K oKoHuYaHMiO
Kypca Tepanuu npenapatom 6onee 60% nNauMeHTOB COOTBETCTBOBA/IM KPUTEPUAM BbIMMUCKM M3 CTauMoHapa M MOMU
NPOAO/IKUTL NledeHre B ambynaTopHbix ycnoBuax. OKono 70% NauMeHTOB B rpynne MHranaaumoHHoro seegeHma u 80% B
rpynne BHYTPMMbILLEYHOTO BBEAEHMS FeKCanenTuaa CyKLMHAT MMenn ConyTcTBytolmMe 3aboneBaHua (runepreHsuto — 28%,
oxupeHne — 14%), 4to roBopuT 06 3GGEKTUBHOCTU MPUMEHEHUSA YKa3aHHOTO IeKapCTBEHHOIO NpenapaTa y KoMOpPbUAHbIX
nauueHToB. MpumeHeHWe npenapaTta cnocobCTBOBANIO BOCCTAHOB/IEHWUIO MOBPEXAEHHbIX TKAHEN Nerkmx, Hopmaamsaumum
OKCUreHaLyMK, UCYE3HOBEHUIO OABILLIKU U YMEHbLIEHUIO MPOAO/IKUTENIbHOCTM CUMNTOMOB 3ab0neBaHMA MO CPaBHEHUIO
CO CTaHZAPTHOWM Tepanuen. B pesynbraTte CPaBHUTENbHOIO aHA/NIM3a HEMKENATENbHbIX ABNEHUN MO UX HANNYUIO, CTEMEHMU
TAYKECTN, NPUYNHHO-CNELACTBEHHOW CBA3M C Tepanuelr n ucxody He 6bl10 BbIABAEHO CTAaTUCTUYECKM 3HAUYMMbIX Pasivuumi
MeXAy rpynnamu Tepanuu.

3aKkntoueHue. Takum 0bpa3om, pesynbTaTbl NPOBEAEHHOTO KAMHUYECKOTO UccnenoBaHna 3GpdeKTMBHOCTM U 6e30nacHoCTH
rekcanenTMga CyKUMHAT MOKa3anu LLenecoobpasHOCTb MPUMEHEHMA MNperapaTta B CXemax MaToreHeTUYecKon Tepanuu
COVID-19.

KnioueBble cnoBa: ambepBuH; rekcanentuga CyKUMHAT, OCTPbIM PecrnMpaTopHbli AUCTPECC-CUHAPOM; KLUMTOKMHOBBIN
wropm»; COVID-19; Tpo3un-D-anaHun-rnupmn-beHnnanaHun-nenunn-apruHuHa CyKumHaT

CnuUcoK cokpalieHuit: HA — HexkenatenbHble ABneHusa; CHA — cepbé3Hble HexkenatenbHble ABAeHWUs; BMP — BpemeHHble
MeToANYECKME peKomeHAauuu «lMpodunakTMKa, AMarHoCTMKa W JIeYeHUe HOBOW KOPOHABUPYCHOW WHOEKLMMNY;
ANT — anaHuMHamuHoTpaHcdepasbl; ACT — acnapTaTamuHoTpaHcdepasa; JIAT — naktataermgporeHasa; CPb —
C-peakTuBHbI 6enok; CK® — ckopocTb Knyboukoson dunbrpaumm; UM — MHGOPMALMOHHBIN NUCTOK MauueHTa; BMNO —
BbICOKOMOTOYHAA okcureHotepanua; HWUBJ1 — HeuHBa3uBHaa BeHTUAAUMA nerkux; MIBJ1 — uUCKycCTBEHHasa BeHTMAALMA
nerkmx; IKMO — aKcTpakopnopasibHas MmembpaHHaa okcureHaums; OPAC — ocTpbI pecnmpaTopHbIN AUCTPECC-CUHAPOM;
SARS-CoV-2 — KopoHasupyc, Bo3byautens COVID-19; KU — KnuHuyeckme nccneposaHmsa, CO — cTaHAApTHOE OTK/IOHEHME;
MOJ1 — nepeKkncHoe OKUCAeHne AMNUA0B.

Tom 10, Beinyck 6, 2022 575



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

INTRODUCTION

Since the mid-1970s, an era of research into
endogenous substances that activate the same receptors
as opiates began. Subsequently, these studies led to
the discovery of the first endogenous opioid peptide.
In 1975, two classes of endogenous peptides
were discovered — methionine-enkephalin (met-
enkephalin) and leucine-enkephalin (leu-enkephalin).
Since then, more than 20 opioid peptides have
been discovered. Each of these peptides binds with
different affinity to three types of opioid receptors
(v, & or k) [1-5]. Currently, endogenous opioid
peptides are divided into four families: enkephalins,
dynorphins, endorphins, and nociceptin/orphanin FQ
[6, 7].

Tyrosyl-D-alanyl-glycyl-phenylalanyl-leucyl-arginine
is the world’s first synthetic opioid peptide created on the
basis of endogenous leucine-enkephalin by the standard
replacement of Gly2 with D-Ala2 and the addition of
a highly charged arginine residue to the C-terminal
part of the molecule in order to obtain a peripheral
effect and stability of the peptide. This modification
of the leucine-enkephalin molecule contributed to the
leveling of some side effects characteristic of other
opiates: it did not cause addiction, physical dependence
[8]. Tyrosyl-D-alanyl-glycyl-phenylalanyl-leucyl-arginine
was previously used in the treatment of patients with
peptic ulcer of the stomach and duodenum, resistant
to the therapy and with an insufficient effect from
the treatment with other drugs. Then the drug began
to be used to treat acute and chronic pancreatitis [8].
Further studies revealed cardioprotective properties
of  tyrosyl-D-alanyl-glycyl-phenylalanyl-leucyl-arginine
in the patients operated on under cardiopulmonary
bypass [9]. Subsequent studies have demonstrated
a protective effect of the drug on the lungs [10].

Immune system cells are ones of the main
opioid peptides targets due to the detection of the
corresponding receptors on the surface of immunocytes
of the lymph nodes, bone marrow, and spleen.
Endorphins, dynorphins, and enkephalins are involved
in the development and pathogenesis of a number of
autoimmune disorders and, therefore, can alter the
antiviral and antimicrobial response [11-14]. Taking into
account a wide range of an opioid peptides therapeutic
action, their high safety profile and good tolerability due
to the fact that they are mainly composed of natural
amino acids and have a high selectivity of action, no
interest in them has faded, and the search for their
possible use in various diseases continues [15, 16].

Enkephalins work as delta receptor agonists,
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suppressing excessive synthesis of pro-inflammatory
cytokines (IL-1, IL-6, TNF-a) and thus reducing the
consequences of a systemic hyperimmune reaction
(cytokine storm) [17-20]. Cytokine storm is the main
cause of the acute respiratory distress syndrome (ARDS)
development, in particular with COVID-19, which
requires the transfer of a patient to the artificial lung
ventilation due to severe hypoxia [21-23].

Delta receptor agonists, which include tyrosyl-D-
alanyl-glycyl-phenylalanyl-leucyl-arginine, stimulate
regeneration and healing processes;
microcirculation in the area of damage, contribute
to the maintenance of structural homeostasis
[13-15]. Hexapeptide has an immunomodulatory
effect, regulates the activity of cells of innate and
adaptive immunity, enhances the activity of the
phagocytic link of immunity (macrophages and
neutrophils). Tyrosyl-D-alanyl-glycyl-phenylalanyl-
leucyl-arginine increases the activity of natural killer
cells (NK cells), the availability of which decreases with
severe infections caused by RNA viruses (influenza,
Ebola virus, COVID-19, SARS, MERS). Hexapeptide
stimulates the production of endogenous interferons,
increases the body’s resistance to viral infections
[24, 25]. In completed preclinical studies was shown
that tyrosyl-D-alanyl-glycyl-phenylalanyl-leucyl-arginine
and his derivates have a positive effect on the course of
acute respiratory distress syndrome (ARDS), significantly
reducing animal mortality, inflammation and swelling
of the lung tissue , as well as suppressing the "cytokine
storm" [25].

The study by Ukrainskaya L.A. et al. (2002) showed
that the use of tyrosyl-D-alanyl-glycyl-phenylalanyl-
leucyl-arginine succinate in experimental stress-
induced lung alteration reduced lipid peroxidation
(LPO) hyperactivation, surfactant breakdown,
the severity of edema and leukocyte infiltration of
the alveoli and increased the gas exchange area.
Limiting the altering stress effects by a hexapeptide
administration has an effective pulmonoprotective
action [26]. To date, a number of experimental studies
have shown an immunomodulating effect of tyrosyl-D-
alanyl-glycyl-phenylalanyl-leucyl-arginine  hexapeptide
[24, 27].

In 2022, the drug Ambervin® Pulmo was developed
and registered (RU No. LP-008604 dated October 07,
2022; Patent No. EA038010). It contained tyrosyl-D-
alanyl-glycyl-phenylalanyl-leucyl-arginine
(hexapeptide succinate) in dosages of 1.16 mg and
5.8 mg. Ambervin® Pulmo has an anti-inflammatory
effect by inhibiting the synthesis in the lungs and

normalize
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inhibiting the entry into the systemic circulation of one
of the main pro-inflammatory mediators of the cytokine
storm —IL-6, as well as other pro-inflammatory cytokines
(in particular, IL-1, TNF-a, HMGB1). It also increases
the formation of IL-10 and VEGF, which have an anti-
inflammatory effect and increase the body’s defenses.
Being an analogue of leu-enkephalin, the drug! has a
vasoprotective effect, reducing the permeability of the
vascular wall and preventing the destruction of the
endothelium, increases tolerance to hypoxia, prevents
and reduces the severity of acute lung injury, reduces the
risk of an oxygenation decrease and the development of
secondary bacterial complications.

Due to the succinic acid fragment included in
the structure of the hexapeptide, the drug? under
exhibits  antioxidant, antihypoxic
properties, including the ones in the alveolar cells of
the lung tissue, in the epithelial cells of the middle and
upper parts of the respiratory system. It inhibits lipid
peroxidation, improves the structure and function of cell
membranes, reduces the inhibition degree of oxidative
processes in the Krebs cycle under hypoxic conditions,
and increases the body’s resistance to various damaging
factors.

consideration

Hexapeptide succinate® stimulates regeneration
and healing processes, promotes the damaged
tissues restoration. It includes alveolar epithelial
cells, reduces the severity of interstitial edema in the
lower respiratory tract (alveoli, bronchi, bronchioles),
normalizes microcirculation in the area of damage,
helps maintain structural homeostasis, has anti-
inflammatory, detoxification, antioxidant, reparative
and immunomodulatory effects, increasing the
effectiveness of ongoing antiviral and antibacterial
therapy.

This article is devoted to the clinical study
results of this drug use in the treatment of COVID-19
patients.

THE AIM of the study was to evaluate a clinical
efficacy, safety and tolerability of intramuscular and
inhalation use of hexapeptide succinate in complex
therapy in comparison with standard therapy in patients
with moderate COVID-19.

MATERIALS AND METHODS
The efficacy, safety, and tolerability of tyrosyl-D-
alanyl-glycyl-phenylalanyl-leucyl-arginine succinate, or

! Russian State Register of Medicines. Instructions for Ambervin®
Pulmo. Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=1f912539-dd59-4a95-adeb-31621b26fb0b

2 bid.

3 bid.
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succinate hexapeptide, compared with standard therapy
in patients hospitalized with COVID-19 was studied in
an open-label, randomized, multicenter, comparative,
phase lll clinical trial (CCT the Ministry of Health No. 100,
dated 2022 Feb 14).

The research was conducted from February 28,
2022 to November 22, 2022 on the basis of 10 research
centers in the Russian Federation:

1. National

University,

2. Regional Clinical Hospital;

3. Municipal clinical hospital No. 24, Moscow City

Health Department
4. Voronezh Regional
No. 1;

5. Ryazan State Medical University named after

academician I.P. Pavlov;

Research Ogarev Mordovia State

Clinical Hospital

6. City Clinical Hospital named after
S.I.  Spasokukotsky, Moscow City Health
Department;

7. Smolensk Clinical Hospital No. 1;

8. Infectious Clinical Hospital No. 1, Moscow City
Health Department;

9. City Hospital No. 40, St. Petersburg, Kurortny
District;

10. Emergency Hospital,
Republic.

Cheboksary, Chuvash

Study design

The hospitalized male and female patients (n=313)
aged 18 to 80 years inclusive, with moderate COVID-19,
were screened and randomized into 3 groups in a 1:1:1
ratio. The drug choice for patients was carried out in
accordance with the randomization number assigned to
patients at the time of randomization.

Randomization of study subjects

into groups

Male and female patients (at least 312 people) aged
18 to 80 years inclusive, hospitalized with COVID-19,
meeting the inclusion criteria and not meeting the
exclusion criteria, were randomized into 3 groups in a
1:1:1 ratio (Fig. 1).

The randomization was carried out according to the
following algorithm: each patient who had met all the
inclusion criteria and had not meet any of the exclusion
criteria, was assigned a three-digit randomization
number usingthe IWRS system. A patient’s randomization
number and other relevant data were entered by the
investigator into the Subject Screening/Randomization
Journal. If a patient discontinued participation in the
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study prematurely, their randomization number was not
reused.

This study was open, so both the patient and
the investigator knew what therapy the patient was
receiving.

Group 1 (n=104) received standard therapy in
accordance with the BMPs* in force at the time of the
study for 10 days;

Group 2 (n=104) received hexapeptide
succinate (Ambervin® Pulmo, PROMOMED RUS LLC)
intramuscularly at the dose of 1.16 mg once a day for
10 days;

Group 3 (n=104) received hexapeptide succinate
(Ambervin® Pulmo, PROMOMED RUS LLC) by inhalation
using a nebulizer, 11.6 mg once a day for 10 days.

As concomitant therapy, patients in groups 2 and 3
received standard therapy, presented in the BMPs, valid
at the time of the study. Intramuscular and inhalation
uses of the study drug was carried out in a hospital
setting. The design of the study is shown in Fig. 2. The
total duration of a patient’s participation in the study
was no more than 30 days.

Selection of subjects for analysis

Primary and secondary efficacy outcomes were
analyzed using a dataset of study participants selected
according to the protocol compliance, i.e. all the
patients who had completed the study in accordance
with the Study Protocol. A participant was excluded
from the data set if they had met the exclusion
criteria.

The safety data set included all randomized patients
who had been exposed to the study drug, regardless
of the degree of adherence to the Protocol during the
study.

Inclusion criteria

Availability of a signed and dated
Consent Form (ICF) by the patient, male and female,
aged 18 to 80 years inclusive at the time of signing
the ICF; a confirmed case of COVID-19 at the time of
screening based on the results of the analysis for the
determination of SARS-CoV-2 RNA by the nucleic acid
amplification method (NAAM); hospitalization due to
the COVID-19 disease; a moderate course of SARS-CoV-2
infection (presence of at least 2 of the following criteria:
body temperature >38°C; respiratory rate (RR) >22/min;

Informed

4 Interim guidelines “Prevention, diagnosis and treatment of novel
coronavirus infection (COVID-19)”. Version 16 (2022 Aug 18).
Available from: https://static-0.minzdrav.gov.ru/system/attachments/
attaches/000/060/193/original/%D0%92%D0%9C%D0%A0_
COVID-19_V16.pdf
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dyspnea on exertion; changes on computed tomography
(CT), typical for viral damage; Sp0O,<95%; Serum
C-reactive protein (CRP)>10 mg/l.); the volume of the
lungs damage is minimal or medium (CT 1-2); a patient’s
consent to use reliable methods of contraception
throughout the study and for 3 weeks after the end
of the study. The reliable means of contraception are
sexual abstinence, the use of a condom in combination
with spermicide. The study could also include women
who are unable to bear children (history: hysterectomy,
tubal ligation, infertility, menopause for more than
2 years), as well as men with infertility or a history of
vasectomy.

Noninclusion criteria

Noninclusion criteria are as follows: hypersensitivity
to the components of the study drug; obstacles or
inability to perform intramuscular injections and/or
inhalations; the inability to perform a CT procedure
(for example, a plaster cast or metal structures in the
study area); arterial hypotension (a decrease in blood
pressure (BP) below 100/60 mm Hg) at the time of
screening and/or a history of hypotensive crises; the
need to use drugs from the list of prohibited therapies;
the presence of criteria for severe and extremely severe
course of the disease at the time of screening; the
presence of a probable or confirmed case of COVID-19
moderate course within 6 months prior to screening; the
presence of a probable or confirmed case of severe and
extremely severe COVID-19 in history; vaccination less
than 4 weeks prior to screening; the need for treatment
in the intensive care unit at the time of screening. There
are some more noninclusion criteria: an abnormal liver
function (AST and / or ALT >3 ULN and/or total bilirubin
>1.5 ULN) at the time of screening; an impaired renal
function (GFR<60 ml/min) at the time of screening;
positive for HIV, syphilis, hepatitis B and/or C at the time
of screening; a chronic heart failure of FC I[lI-IV according
to the functional classification of the New York Heart
Association (NYHA); a history of malignant neoplasms,
except in patients who have not been observed for the
disease within the last 5 years, patients with completely
healed basal cell skin cancer or completely healed
carcinoma in situ; a history of alcohol, pharmacological
and/ordrug dependence and/or at the time of screening;
a history of epilepsy; schizophrenia, schizoaffective
disorder, bipolar disorder, or other psychiatric disorder
in history or suspected of having them at the time of
screening; severe, decompensated or unstable somatic
diseases (any diseases or conditions that threaten
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the patient’s life or worsen the patient’s prognosis,
and also make it impossible for him to participate in
a clinical trial); any history data that, in the opinion of
the investigator, may complicate the interpretation of
the results of the study or create additional risks for
the patient as a result of his participation in the study;
unwillingness or inability of the patient to comply
with the procedures of the Protocol (in the opinion
of the investigator); pregnant or lactating women, or
women planning a pregnancy; participation in another
clinical trial within 3 months prior to the enroliment
in the study; other conditions that, in the opinion of
the investigator, prevent the inclusion of a patient in
the study.

Exclusion criteria

A decision to exclude a subject from the study was
made by the investigator.

A patient was withdrawn from the study immediately
if any of the following situations had occurred:

1. Negative SARS-CoV-2 RNA NAAT selected at
screening (for patients with a probable case of
COVID-19 at the time of screening).

2. The appearance of any diseases or conditions
that worsen the patient’s prognosis, and
also make it impossible for the patient to
continue participating in the clinical trial during
the study.

If it was necessary to transfer the patient to high-
flow oxygen (HFQO), non-invasive lung ventilation
(NILV), the therapy provided for by the Protocol
continued, the patient was not excluded from the
study. The inhalation use of the hexapeptide succinate
preparation was carried out through the apparatus
circuit while maintaining the specified oxygenation
parameters.

Ifit was necessary to transfer a patient to the artificial
lung ventilation (ALV), extracorporeal membrane
oxygenation (ECMO), the patient was excluded from the
study and prescribed therapy in accordance with the
clinical practice of the research center.

3. Taking drugs of prohibited therapy or the need to

prescribe them.

4. Pregnancy of a patient.

5. Erroneous inclusion of a patient who does not
meet the inclusion criteria and/or meets the non-
inclusion criteria.

6. Other violations of the Protocol, which, in the
opinion of the investigator, are significant.

7. Patient refusal to participate in the study.

8. Other administrative reasons.
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Criteria for efficacy evaluation

Primary criteria for efficacy:

e Frequency of achieving category 0-1 on the
categorical ordinal scale of clinical improvement
at Visit 4 (Table 1).

Secondary criteria for efficacy:

e Frequency of patients with clinical status fewer
than 4 points on the categorical ordinal scale of
clinical improvement at Visits 3 and 4;

e Frequency of improvement in clinical status on
the categorical ordinal clinical improvement
scale of 2 or more categories at Visits 3
and 4;

e Time (in days) to improve clinical status on a
categorical ordinal scale of clinical improvement
by 21 point;

e The rate of patients meeting discharge criteria
for a continued outpatient treatment according
to IGs at Visits 2 and 3.

Discharge criteria (meeting all the criteria, however,
a patient could continue to stay in hospital after reaching
the discharge criteria if the investigator considered it
necessary or it was required for social reasons):

— persistent improvement of the clinical picture;

- level of blood oxygen saturation in air 295%;

- body temperature <37.5°C;

- CRP level <10 mg/I;

— level of blood lymphocytes >1.2x109/I.

e Rate of patients with RR <22/min at Visits 2 and
3. The evaluation was performed only for patients
who had a RR >22/min at Visit 1;

e Incidence of patients with
<10 mg/| at Visits 2 and 3;

e Evaluation was performed only for patients who
had a CRP level >10 mg/I at Visit 0;

¢ Incidence of patients with blood lymphocytes
>1.2x109/| at Visits 2 and 3. The evaluation
was limited to the patients who had a blood
lymphocyte count <1.2x109/I at Visit 0;

e Assessment of the lung damage degree according
to CT data for Visit 4;

* Incidence of patients with Sp0,295% for 2
consecutive days at Visits 2, 3 and 4. The
evaluation was performed only for patients who
had an SpO, <95% at Visit 1;

e The frequency of transfers of patients to the
intensive care unit;

e The frequency of cases of the use of HFO, NIVL,
ALV, ECMO;

¢ Incidence of acute respiratory distress syndrome
(ARDS);

¢ Incidence of patient deaths.

CRP levels
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Additional research parameters

e Frequency of patients reaching reference levels
at Visits 2, 3 for each of the following: IL 6, D
dimer, ferritin, fibrinogen, CRP, lymphocytes,
leukocytes, platelets, triglycerides, LDH;

e Change (%) to Visits 2, 3 for each of the
following: IL-6, D-dimer, ferritin, fibrinogen, CRP,
lymphocytes, leukocytes, platelets, triglycerides,
LDH.

Criteria for safety assessment

e Total number of AEs stratified by severity and
frequency;

e Frequency of adverse reactions;

e Frequency of SAEs, including those associated
with the study drug/standard therapy;

e Proportion of patients with at least one AE;

e Proportion of patients who interrupted treatment
due to AE/SAEs.

Statistical analysis

For a statistical analysis, software with validated
algorithms for performing statistical analyzes and a
proper documentation was used (StatSoft Statistica
10.0., IBM SPSS Statistics 22 (current version,
GPL-2/GPL-3 license).

Continuous (quantitative) data are presented
using the number of observations, arithmetic mean,
95% confidence interval (Cl) for the mean, standard
deviation, median, interquartile range (25" and 75%
centiles), minimum and maximum.

Qualitative data (ordinal, nominal) are presented
using absolute frequencies (a number of observations),
relative frequencies (percentage) and 95% Cl.

Checking for the normality of the distribution was
carried out by one of the generally accepted methods
(Shapiro-Wilk test, Kolmogorov-Smirnov test). In the
case of a Non-Gaussian distribution, non-parametric
evaluation methods were used to compare efficacy and
safety indicators.

Significance levels and confidence intervals were
calculated as two-tailed, and the statistical significance
of differences was two-tailed by default and referred
to a significance level of 0.05 (unless otherwise
indicated).

For the analysis of the primary criterion for
efficacy, it is assumed to use an intergroup comparison
of shares using a one-sided version of Fisher’s exact test
or x2 (the chi-square) test, if all the expected values
in the cells of the contingency table for this analysis
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are 5 or more. The proportion of patients achieving
grade 0-1 on a categorical ordinal scale of the clinical
improvement at Visit 4 is presented with a two-sided
95% confidence interval (Cl) by treatment groups.
The difference in proportions between the treatment
groups and the 95% two-sided Cl for the difference in
proportions calculated by the Newcomb-Wilson method,
are shown. Secondary criteria for efficacy and additional
study parameters are presented descriptively for each
group.

Safety population: the patients who
at least one dose of the study drug and for whom
there

received

is an assessment of the condition and/or
AE for at least one time point after application. If
the study drug was not taken by the volunteer/
patient, their data were not included in the statistical
analysis, but were presented in the final report of the
study.

RESULTS AND DISCUSSION

Baseline Patient Characteristics
313 patients
randomization

underwent the
procedure,
the study, one patient was excluded from the study

screening and
312 were included in
before taking the drug due to meeting the exclusion
criterion “Patient refusal to participate in the study”:
104 patients received standard therapy in accordance
with current 1Gs, 104 patients — hexapeptide succinate
intramuscularly (IM) and 104 patients — hexapeptide
succinate by inhalation. The groups were comparable
in terms of demographic, anthropometric, and clinical
characteristics (Table 2).

The average age of all the patients included in
the study was 58.21 years (from 18 to 80 years), the
number of women was slightly more — 53.21% (n=166)
than men — 46.79% (n=146). The average body mass
index (BMI) was 27.55 kg/m? (from 15.30 to 51.42 kg/
m?), which corresponds to the overweight according
to the WHO classification. In 242 patients (77.56%),
comorbidities were identified. The most common
comorbidities were hypertension 28% (n=173) and
obesity 14% (n=88). Other comorbidities/conditions
that occurred with a frequency of 2 to 5% were
atrial fibrillation (3.2%), chronic heart failure (2.4%),
myocardial ischemia (2.6%), angina pectoris (2.6%),
osteochondrosis (2.1%), type 2 diabetes mellitus
(4.8%), menopause (2.4%). In 163 (52.24%) patients,
ECG abnormalities were detected. The groups were
comparable in terms of sex, age and comorbid status of
patients.
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N=313
Patients scanned

N=313
Patients randomized

N=312
Patients who received Withdrawal before drug use
treatment
N=104 N=104 N=104
Group 1: Patients treated with standard therapy Group 2: patients treated with hexapeptide succinate | | Group 3: patients who received hexapeptide succinate
according to IGs intramuscularly 1 mg once a day for 10 days inhalation 10 mg once a day for 10 days

N=104 N=101 N=3 N=102 N=2

Completed Completed Out Completed Out

Figure 1 — Groups’ allocation

Note: IGs — Interim guidelines “Prevention, diagnosis and treatment of novel coronavirus infection (COVID-19)”. Version 16 dated 2022 Aug 18
(here and Fig. 2).

Group 1
Standard therapy

In accordance with IGs valid at the

time of the study
Group 2
Screening . Ambervin® Pulmo
Visit 0 Ra“\‘ji'i‘t“zim" intramuscularly Visit 2 Visit 3%* Visit 4%%* Visit 5**+* Visit 6% %+
,\tlﬁzr:o;fir Day 1 ST Ty e Day 5-6 Day 11-12 Day 15-16 Day 21+1 Day 28+1

standard therapy presented in IGs,
valid at the time of the study

Group 3
Ambervin® Pulmo
inhalations

As part of complex therapy with
standard therapy presented in IGs,
valid at the time of the study

Figure 2 — Study design

Note: *Visit 1 could coincide with Visit 0. If Visit 1 and Visit O were the same, then a physical examination, vital signs assessment, registration of
concomitant therapy, pulse oximetry with SpO, measurement were not repeated, evaluation of inclusion and non-inclusion criteria was performed
immediately before randomization, and exclusion criteria were assessed after drug use. **For patients in group 1: if a patient was discharged from
hospital earlier, at the time of discharge the patient was undergoing procedures of Visit 3, CT of the lungs and the assessment of changes in the
lungs using an “empirical” visual scale (according to CT of the lungs). If discharge from hospital was carried out earlier than day 7, then CT of the
lungs and the assessment of changes in the lungs using an “empirical” visual scale (according to CT of the lungs) was carried out at the discretion
of the researcher. *** If discharge from hospital was carried out on the 13" or 14" day from the therapy start, at the time of discharge, a carried
out visit corresponded to the volume of procedures provided for an in-person Visit. All patients who were discharged earlier than day 15 received
a Visit on days 15-16 corresponding to the scope of procedures provided for a Visit conducted by a phone call. ****If a discharge the hospital was
carried out earlier, then, instead of a face-to-face Visit, it was made via a phone call.
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Table 1 - Categorical ordinal scale for clinical improvement in COVID-19
Patient Status Description Category
Outpatient No clinical and virological signs of infection 0
No activity restrictions 1
Activity restrictions 2
Hospitalized: Hospitalized, no oxygen therapy 3
— mild disease Oxygenation with a mask or nasal cannula 4
— severe disease course Non-invasive ventilation or high-flow oxygenation 5
Intubation or artificial lung ventilation 6
Ventilation + additional organ support — vasopressors, renal 7

replacement therapy, extracorporeal membrane oxygenation (ECMO)

Dead

Death

Table 2 — Baseline demographic, anthropometric and clinical characteristics of patients

. Standard therapy, Hexapeptide succinate IM, Hexapeptide succinate
Cirreekaiils n=104 n=104) inhalation, n=104
Age, years (M £SD) 57.64+16.44 57.54+16.02 59.46+16.46
Male, n (%) 50 (48.08) 53 (50.96) 43 (41.35)

BMI, kg/m?*(M £SD) 27.87+5.72 26.91+5.90 27.86+5.30
Following comorbidities/conditions *

Hypertension, n (% of all FCs) 60 (29.56) 49 (25.13) 64 (29.22)
Obesity, n (% of all FCs) 34 (16.75) 21 (10.77) 33 (15.07)

Note: *in addition to those indicated in the table, the following comorbidities/conditions (FCs) were identified with a frequency of 5% or less:
atrial fibrillation, chronic heart failure, myocardial ischemia, angina pectoris, osteochondrosis, type 2 diabetes mellitus, menopause.

Table 3 — Summarized data on comparative evaluation for hexapeptide succinate efficacy

Check point

Groups

Standard therapy

Hexapeptide
succinate (IM)

Hexapeptide succinate
(inhalation)

Primary criterion

Achievement of category 0—1

Visit 4 (Day 15)

66.35% (69/104)

85.15% (86/101)

83.33% (85/102)

Secondary criteria for efficacy

Clinical status fewer than 4 points

Visit 3 (Day 11)

69.23% (72/104)

87.13% (88/101)

83.33% (85/102)

Visit 4 (Day 15)

94.23% (98/104)

99.01% (100/101)

99.02% (101/102)

Improvement in clinical status by 2 or more categories

Visit 3 (Day 11)

52.88% (55/104)

58.42% (59/101)

59.80% (61/102)

Visit 4 (Day 15)

90.38% (94/104)

98.02% (99/101)

96.08% (98/102)

Time till improvement in clinical status by >1 point

Median time, days

7

6

6

Eligibility for discharge to continue treatment on outpatient basis in accordance with the IGs

Visit 2 (Day 5)

13.46% (14/104)

16.83% (17/101)

17.65% (18/102)

Visit 3 (Day 11)

52.88% (55/104)

67.33% (68/101)

67.65% (69/102)

RR<22/min
Visit 2 (Day 5) 60.98% (25/41) 71.43% (25/35) 85.71% (36/42)
Visit 3 (Day 11) 92.68% (38/41) 100.00% (35/35) 100.00% (42/42)
CRP<10 mg/I
Visit 2 (Day 5) 52.78% (38/72) 59.46% (44/74) 55.88% (38/68)

Visit 3 (Day 11)

79.17% (57/72)

83.78% (62/74)

92.65% (63/68)

Blood lymphocytes >1.2x109/I at Visits 2 and 3

Visit 2 (Day 5)

55.26% (21/38)

67.86% (19/28)

69.23% (27/39)

Visit 3 (Day 11) 71.05% (27/38) 75.00% (21/28) 76.92% (30/39)
Lung damage degree according to CT
Visit 4 CT-0 30,77% (28/91) 33,33% (33/99) 33,33% (34/102)
(Day 15) CT-2 9,89% (9/91) 6,06% (6/99) 5,88% (6/102)
Sp0.295% for 2 consecutive days

Visit 2 (Day 5) 64,29% (36/56) 72,41% (42/58) 74,14% (43/58)
Visit 3 (Day 11) 87,50% (49/56) 96,55% (56/58) 96,55% (56/58)
Visit 4 (Day 15) 91,07% (51/56) 100,00% (58/58) 98,28% (57/58)

Note: RR — respiratory rate; CRP — C-reactive protein; CT — computer tomography.
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Table 4 — Description of total number of AEs registered in patients in study groups AE
(RT according to MeDRA)*

Number of AEs, absolute value (% of AEs total number)

AE (RT accordin
( & Hexapeptide succinate (IM)

Hexapeptide succinate (IM) Standard therapy Total,

to MeDRA)* X -

group, n=104 inhalation group, n=104 group, n=104 n=312
Arrhythmia 0 (0%) 0 (0%) 1(8.33%) 1(3.33%)
Hyperglycemia 0 (0%) 0 (0%) 1(8.33%) 1(3.33%)
Headache 0 (0%) 1(12.5%) 0 (0%) 1(3.33%)
Diarrhea 0 (0%) 0 (0%) 1(8.33%) 1(3.33%)
Respiratory failure 1(10%) 2 (25%) 0 (0%) 3 (30%)
Urinary tract infection 1(10%) 0 (0%) 0 (0%) 1(3.33%)
Concrement in urinary tract 0 (0%) 1(12.5%) 0 (0%) 1(3.33%)
Increase in ALT level 3 (30%) 1(12.5%) 2 (16.67%) 6 (20%)
Increase in AST level 1(10%) 2 (25.%) 2 (16.67%) 5(16.67%)
Increase in blood glucose 2 (20%) 1(12.5%) 1(8.33%) 4 (13.33%)
:z\ir;lease in blood creatinine 1(10%) 0 (0%) 0 (0%) 1(3.33%)
Nausea 0 (0%) 0 (0%) 1(8.33%) 1(3.33%)
E;?L?ar:*ﬁt:g:qgg;f;‘;aﬁqme 0 (0%) 0 (0%) 1(8.33%) 1(3.33%)
Prolongation of prothrombin
e 0 (0%) 0 (0%) 2 (16.67%) 2 (6.67%)
Heart failure 1(10%) 0 (0%) 0 (0%) 1(3.33%)
Total: 10 (100%) 8 (100%) 12 (100%) 30 (10%)

Note: *PT (preferterm) — the level of the international dictionary of medical and therapeutic terms MeDRA; ALT — alanine aminotransferase;

AST — aspartate aminotransferase.

Results of efficacy evaluation
Summarized comparative analysis data on efficacy
criteria are presented in Table 3.

Primary criterion for efficacy

In the succinate hexapeptide intramuscular group,
the proportion of patients who achieved category
0-1 on the categorical ordinal scale of the clinical
improvement at Visit 4 was 85.15% (86/101), in the
succinate hexapeptide inhalation group it was 83.33%
(85/102), in the standard therapy group — 66.35%
(69/104). The 95% CI for the proportion of patients
achieving category 0—1 on the categorical ordinal scale
of the clinical improvement at Visit 4 was 95% Cl [0.7637;
0.9118] for hexapeptide succinate intramuscularly, and
95% for hexapeptide succinate inhalation CI [0.7437;
0.8972], in the standard therapy group —95% Cl [0.5634;
0.7514]. The difference in proportions between the
succinate hexapeptide intramuscular group and the
standard therapy group was 0.188 (18.80%), a 95% Cl for
the difference in proportions between the groups was
-95% Cl [0.0638; 0.3049]. The difference in proportions
between the succinate hexapeptide inhalation group
and the standard therapy group was 0.1699 (16.99%),
a 95% ClI for the difference in proportions between the
groups was -95% Cl [0.0443; 0.2886].

Tom 10, Beinyck 6, 2022

As a result of the analysis, statistically significant
differences were found in the frequency of achieving
category 0-1 on the categorical ordinal scale of the
clinical improvement by Visit 4 both between the
group of the drug hexapeptide succinate, intramuscular
administration, and the standard therapy group
(p=0.0017), and between the hexapeptide succinate
group, the inhalation administration, and the standard
therapy group (p=0.0050).

Thus, it was shown that, in contrast to standard
hexapeptide therapy, succinate, both intramuscular and
inhaled, provided an acceleration of recovery up to the
complete absence of signs of the disease in more than
80% of hospitalized COVID-19 patients.

Moreover, since there were patients with
concomitant diseases among the study participants, it
can be concluded that hexapeptide succinate therapy
is highly effective both in patients without concomitant
diseases and in patients with comorbid pathology who
have risk factors for the progression of COVID-19 to a
severe course, regarding the acceleration of recovery
and discharge from hospital, as well as reducing the
risk of a aggravated course of COVID-19 and transfer
to the ICU, which confirms the clinical efficacy and
pharmacoeconomic feasibility of using the studied
treatment regimens.
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The course of therapy with the drug hexapeptide
succinate helped to accelerate the recovery and
discharge from hospital, prevent the progression of
COVID-19 to a severer course, which indicates a high
efficacy and substantiates the introduction of studied

therapy regimens into the clinical practice.

Secondary criteria for efficacy

At Visit 3, as a result of a comparative analysis of
the patients’ frequency with a clinical status of fewer
than 4 points on a categorical ordinal scale of clinical
improvement, statistically significant differences were
revealed between the succinate hexapeptide group (IM)
and the standard therapy group (p=0.0020), and also
between the succinate hexapeptide group (inhalation)
and the standard therapy group (p=0.0175). The data
obtained indicate a more effective, compared with
standard therapy, effect of succinate hexapeptide
on the dynamics of symptoms in COVID-19 patients,
leading to a pronounced improvement in the clinical
condition of patients. The treatment with succinate
hexapeptide, both intramuscularly and by inhalation,
by the end of therapy, 10 days after its start, ensured
the absence of restrictions on daily activities in more
than 80% of patients with a coronavirus infection. These
data confirm the efficacy of therapy in relation to the
course of the disease, improving the quality of life of
patients.

As aresult of a comparative frequency analysis of the
improvement in a clinical status on a categorical ordinal
scale of a clinical improvement by 2 or more categories,
statistically significant differences were found between
the hexapeptide succinate (IM) group and the standard
therapy group at Visit 4 (p=0.0334 ). Thus, it has been
shown that, compared with standard therapy, the use
of hexapeptide succinate leads to a more pronounced,
rapid and significant improvement in the condition of
COVID-19 patients.

As aresult of a comparative frequency analysis of the
of patients meeting the criteria for discharge to continue
treatment on an outpatient basis in accordance with the
BMRs, there were statistically significant differences
between the succinate hexapeptide (inhalation) group
and the standard therapy group at Visit 3 (p=0.0305),
and between the hexapeptide succinate (IM) group and
the standard therapy group (p=0.0348). Thus, it was
shown that, in contrast to the standard therapy in the
main group, by the end of therapy with hexapeptide
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succinate, both intramuscularly and inhaled, more
than 60% of patients met the discharge criteria and
could continue treatment on an outpatient basis, which
reduces the burden on the healthcare system and
indicates the appropriateness of the study therapy.

As a result of a comparative frequency analysis of
patients with a RR<22/min by the end of the therapy,
statistically significant differences (p=0.01) were revealed
between the group of the patients who had received
hexapeptide succinate (the inhalation administration)
and standard therapy: 85.7% (36/42) and 60.9%
(25/41), respectively. That indicates an improvement
in the condition of patients, the disappearance of
shortness of breath and a respiratory failure, which
helps to reduce the risk of developing COVID-19
complications.

As a result of a comparative frequency analysis
of patients with a level of CRP<10 mg/I at Visits 2 and
3, there were no statistically significant differences
between the study groups. It should be notified that,
in contrast to the patients receiving standard therapy,
more than 50% of the patients treated with hexapeptide
succinate showed a decrease in CRP<10 mg/l by the
5t day of therapy. It should be emphasized that by the
end of therapy, more than 90% of patients who had
received the drug in the inhalation form, achieved a
decrease in CRP to normal values. That indicates the
anti-inflammatory effect of the drug, reducing the
consequences of a systemic hyperimmune reaction,
reducing the severity of the acute tissue damage, and
reducing the risks of developing COVID-19 complications
and improved the disease prognosis.

Accordingtothe CT datainthe succinate hexapeptide
(IM) group at Visit 4, the mean value (MeanzSD) of
the lung injury degree was 0.73+0.57; in the group of
hexapeptide succinate (inhalation) — 0.73+0.57; in the
standard therapy group —0.79+0.61.

According to the CT data, the assessment of the lung
damage degree showed that therapy with hexapeptide
succinate leads to a significant improvement in the
condition of the lungs up to a complete disappearance
of the disease symptoms. It should be notified that,
according to the results of the intragroup analysis of the
lung damage degree, in contrast to the standard therapy,
in both succinate hexapeptide groups, a statistically
significant difference was found out between the
moment of screening patients and days 15-16 of therapy
(p<0.0001). That indicates the presence of positive
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dynamics in the course of the disease — a decrease in
the lung damage degree in the study drug group, both
with the intramuscular and inhalation administrations.
Therefore, the study drug use contributes to the
restoration of damaged lung tissues, including alveolar
epithelial cells.

As a result of a comparative frequency analysis of
the patients with Sp0,>95% for 2 consecutive days
before Visit 4, statistically significant differences were
found between the hexapeptide succinate (IM) group
and the standard therapy group (p=0.0260). It should
be notified that by the end of therapy, in the study
drug group, more than 90% achieved normalization of
the oxygenation index, which indicates a decrease in
the risk of developing COVID-19 complications and an
improvement in prognosis. Thus, the use of hexapeptide
succinate reduces the severity of diffuse alveolar damage
to the lung tissue, which helps prevent the development
of pulmonary fibrosis and normalizes a ventilation lungs
function.

Additional research parameters

As a result of comparing the biochemical blood test
parameters, statistically significant differences were
revealed between groups 1 and 3 at Visit 2 in terms of
“LDH” (p=0.016).

In the group of the studied drug, a decrease in LDH
was observed in the hexapeptide succinate inhalation
administration at Visit 2, and the values of this enzyme
were lower compared to the standard therapy group.
That may indicate a more damage reduction and
recovery, restoration of damaged tissues, including
alveolar epithelial cells, improving energy metabolism in
the cells and the function of cell membranes. In addition,
in the groups treated with the test compound, there was
a decrease in such indicators as ESR, CRP, IL-6, D-dimer,
lactate, triglycerides. These factors also confirm its anti-
inflammatory effect.

Safety assessment

The frequency of patients with reported cases of
AE/SAE was 7.69% (24/312). A total of 24 patients had
30 AEs (Table 4).

A comparative analysis in terms of their presence,
severity, causal relationship with therapy and the
outcome, no statistically significant differences were
found out between the treatment groups. In the study
drug groups, the majority of AEs were transient, and
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there were no cases of discontinuation of therapy or
dose changes due to the development of AEs in the
study drug groups. The study physicians assessed
that the study drug had been well tolerated by the
patients.

As a result of a comparative frequency analysis of
the patients’ transfer cases to the intensive care unit,
the use of HPE, NIVL, ALV, ECMO, the development of
ARDS, no statistically significant differences were found
out between the study groups.

There were no serious adverse events associated
with the study drug. Thus, the assessment of the ongoing
therapy safety indicates a positive benefit/risk profile in
relation to the drug Ambervin® Pulmo.

CONCLUSION

Thus, the results of the clinical study “Open
randomized multicenter comparative study to assess the
efficacy, safety and tolerability of the use of Ambervin®
Pulmo, a lyophilisate for the preparation of a solution
for intramuscular injection and a solution for inhalation
in patients hospitalized with COVID-19” showed that
therapy study drug, both intramuscular and inhaled,
provided an acceleration of recovery up to the complete
absence of signs of the disease in more than 80% of
hospitalized COVID-19 patients. By the end of the therapy
course with hexapeptide succinate, more than 60% of
the patients met the criteria for discharge from hospital
and could continue treatment on an outpatient basis,
which reduces the burden on the healthcare system
and confirms the feasibility of using the study therapy.
It is important to notify that 70% of patients in the
inhalation group and 80% in the intramuscular group of
the study drug had comorbidities (mainly hypertension
and obesity), which are risk factors for the progression
of COVID-19 to a severe course. The use of the drug
contributed to the restoration of damaged lung tissues,
including alveolar epithelial cells, the normalization of
oxygenation, the disappearance of shortness of breath
and a decrease in the duration of symptoms of the
disease compared with standard therapy. As a result
of a comparative analysis of adverse events in terms
of their presence, severity, causal relationship with
therapy and the outcome, there were no statistically
significant  differences between the treatment
groups. According to the investigators, the study drug
is characterized by a high safety profile and good
tolerability.
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The aim of the work is to study pharmacological substances that play a role of eNOS expression regulators in the modification
of lead intoxication effects in the experiment.

Materials and methods. In the experiment, linear male rats of the same age were used: intact and with lead intoxication
(120 heads). The study design was the following: group 1 — control; group 2 — intoxication with a lead acetate solution; group
3 —intact + L-nitroarginine methyl ester; group 4 — lead acetate + L-nitroarginine methyl ester; group 5 — intact + L-arginine;
group 6 —lead acetate + L-arginine. The research carried out the study state of the redox reactions, the content of nitric oxide
(NOx) stable metabolites, a lipid profile, the level of NO-synthase (eNOS) expression in the vascular endothelium, the main
processes of urination and the activity of Na*/K*-ATPase in the renal tissue layers, as well as in the liver. The results were
subjected to statistical processing.

Results. Saturnism caused the oxidative stress development, a decrease in the NO, content in blood plasma, a violation
of the L-arginine for eNOS bioavailability, and an endothelial dysfunction. Indicators of the impaired renal function were
a decrease in the glomerular filtration rate (GFR), the tubular reabsorption of water, sodium, and the Na*/K*-ATPase
activity. The damage to hepatocytes was evidenced by changes in the activity of organ-specific enzymes in the blood and
Na*/K*-ATPase. L-arginine exhibited antioxidant properties, increased the NO, content and the level of eNOS expression. The
eNOS L-nitroarginine methyl ester inhibitor showed the effects opposite to L-arginine.

Conclusion. Biochemical markers of damage to kidney and liver cells during saturnism are indicators of the oxidative
stress, NO, deficiency and hemodynamic disturbances in them. These mechanisms involved the following pharmacological
substances: an eNOS inhibitor, L-nitroarginine methyl ester, which caused a decrease in the expression level of the enzyme,
and an eNOS inducer, L-arginine, which increased this indicator severity. The lead toxicity mechanisms have been implicated
in the impaired cholesterol metabolism, contributing to the L-arginine reduced availability for eNOS and the NO, production.
Therefore, the use of L-arginine can be recommended as a regulator of the oxidative stress and an NO-producing endothelial
function in other pathologies.

Keywords: lead acetate; lipid peroxidation; antioxidant system; total nitric oxide metabolites; endothelial dysfunction;
L-arginine; L-NAME; kidney function; cholesterol; hepatocytes

Abbreviations: MPC — maximum permissible concentration; LPO — lipid peroxidation; AOS — antioxidant system; NO — nitric
oxide; NO,_— total nitric oxide metabolites; eNOS — endothelial NO synthase; iNOS — inducible NO synthase; IP — inorganic
phosphorus; Na*/K*-ATPase — sodium-potassium adenosine triphosphatase; L-NAME — L-nitroarginine methyl ester; TNF-a —
tumor necrosis factor-a; iL-1B —interleukin 1B; iL-10 —interleukin 10; MDA —malonic dialdehyde; SOD — superoxide dismutase;
CP — ceruloplasmin; TC — total cholesterol; LDL — low density lipoproteins; HDL — high density lipoproteins; GFR — glomerular
filtration rate; ADMA — asymmetric dimethylarginine; ALT — alanine aminotransferase; AST — aspartate aminotransferase;
GGTP — gamma-glutamyl transpeptidase; AORs — active oxygen radicals; AOMs — active oxygen metabolites; FRO —free radical
oxidation.

For citation: S.G. Dzugkoev, F.S. Dzugkoeva, O.l. Margieva, A.E. Khubulova, |V. Mozhaeva. Experimental participation of
pharmacological substances in mechanisms of lead acetate toxicity. Pharmacy & Pharmacology. 2022;10(6):589-600. DOI: 10.19163/2307-9266-
2022-10-6-589-600
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YHYACTUE PAPMAKOJNIOMNMYECKUX BELLECTB
B MEXAHU3MAX TOKCU4YHOCTU ALUETATA CBUAHLIA

B OKCNMEPUMEHTE

C.I. OzyrKkoes, ®.C. A3yrkoesa, 0.U. Mapruesa, A.E. Xybynosa, U.B. MoxxaeBa

NHCTUTYT BUOMEaNUMHCKUX UccnefoBaHunin — dunvan degepanbHOro rocyaapcTBEHHOMO
6104KETHOTO yupeXaeHNA Haykn PefepanbHOro Hay4YHOro LieHTpa

«BnaanKkaBKa3CKMI HAy4YHbIN LLEeHTP POCCUMIACKOM akaZeMmnn HayK»,

362025, Poccus, r. Bnagukaskas, yn. MNywKuHckas, a. 47

E-mail: patbiochem@mail.ru

Monyyena 12.10.2022 Mocne peueHsnposarua 15.12.2022 MpuHAaTa K neyatn 20.12.2022

Lienb. N3yuyeHne dapMaKkonormiyeckmnx BeLLecTs, UrpatoLLmMX Poab perynatopoBs skcnpeccumn eNOS, B moanduKaumm apdektos
CBMHL,0BOWM MHTOKCUKALMK B SKCNEPUMEHTE.

Matepuan n metogbl. B skcnepumeHTe 66111 MCNONB30BaHbl IMHENHbIE KPbICbI-CaMLibl OAHOMO BO3PacTa: MHTAKTHbIE U CO
CBMHL0BOM MHTOKCMKaumen (120 ronos). [iM3aiiH uccnefoBaHuaA: rpynna 1— KOHTPOb; rpynna 2 — MHTOKCUKaLMA PacTBOPOM
aueTaTa CBUHLA; rpynna 3 — MHTAKTHble + L-HUTPOaprMHUH MEeTUIOBbIM 3dUp; rpynna 4 — aueTaT CBMHLUA + L-HUTPOaprmHUH
METWUNO0BbIV 3GUP; rPynna 5 — MHTaKTHbIe + L-aprMHKUH; rpynna 6 —aueTaTt CBUMHLA + L-aprMHuH. B uccnegoBaHumn NnpoBoauaoChL
U3yYeHMEe COCTOSHUA OKUCAUTENbHO-BOCCTAHOBUTE/IbHLIX pPeaKLUi, CoAeprkaHUs CTabuibHbIX MeTabonnMTOB OKcMAa
asota (NO ), amnuaHoro npoduns, yposHa akcnpeccun NO-cuHTasbl (eNOS) B 3HAOTEMM COCYA0B, OCHOBHbIX MPOLECCOB
moyeobpasoBaHma 1 akTMBHOCTM Na*/K*-ATd-a3bl C0EB NOYEYHOM TKAHW, a TaKXKe B NedyeHu. PesynbtaTthl nogsepraamch
CTaTUCTUYECKoM 0bpaboTKe.

Pesynbratbl. CaTypHM3M BbI3Ba/ Pa3BUTME OKMUC/MTE/IbHOTO CTPecca, CHuKeHwe copepxanua NO, B niasme Kposw,
HapyLweHue buogocTynHocTu L-apruHuHa ans eNOS u aucdyHKumio sHaoTenus. NMokasaTensimm HapyweHus GyHKLMU NoYek
6blIN CHUXKEHME CKOpPOCTU KayboukoBol ¢unbtpaumm (CKD), KaHanbueBol peabcopbumm Boabl, HATPUSA U AKTUBHOCTU
Na*/K*-AT®-a3bl. O NOBPEXAEHUWN FEenaToLWUTOB CBUAETENIbCTBOBAZIO M3MEHEHME aAKTMBHOCTM oOpraHocneunduyeckux
depmeHTOB B KpoBM M Na*/K™-ATd-asbl. L-aprMHUH NPOAB/AN aHTUOKCUAAHTHbIE CBOWCTBA, NOBbLIWAN coaepaHue NO v
ypoBeHb akcnpeccun eNOS. MHrnbuTop eNOS — L-HUTPOAPrMHUH METMAO0BbIM 3dMP NOKa3an MPOTUBOMNOIOMKHbIE L-apruHUHY
3ddeKTbI.

3aknoueHne. bBroxMmuyeckMuMn MapKepamu MOBPEXKAEHUA K/AETOK MOYEeK M NEeYEeHW Mpu CaTypHU3MEe ABAAKTCA
noKasaTenn OKUCAMTEIbHOTO cTpecca, Aeduunt NO, v HapyweH1e reMogMHaMMUKN B HWX. B 3TUX MexaHM3max y4acTBoBau
dapmakonornyeckune Bewectsa: MHIMO6UTOP eNOS — L-HUTPOAPIMHUH METUNOBLIA 3GUP, BbI3bIBABLUMIA CHUXEHWE YPOBHA
3KCnpeccum aH3nma, M nHayktop eNOS — L-apruHuH, NOBbILWABLUMI CTENEHb BbIPAXKEHHOCTU 3TOro NokasaTtens. B mexaHnM3amax
TOKCMYHOCTM CBMHLA Y4YaCTBOBa/JIO HapylleHWe obMeHa XONecTepuHa, CMOCOOCTBYIOLWEE CHUMKEHHOM AOCTYMHOCTU
L-aprunuta ans eNOS u npoaykumnm NO,. CreposaTenbHo, NPUMEHEHWE L-aprHWHa MOXKHO PEKOMEHA0BATb KaK perynstopa
oKkucauTenbHoro ctpecca u NO-npoayumpyowein GyHKLMM SHAOTENNA NPU APYTMX NATONOTUSAX.

KniouyeBble cnoBa: auetat CBMHLQ; MNEPEKUCHOE OKWUCNEeHWEe /NUMNUAOB; aHTUOKUC/IUTENbHAA CUCTEeMa; CyMMApHble
MeTabonnTbl oKenaa a3oTa; ANCOYHKUMA aHaoTenuns; L-apruimH; L-NAME; GyHKLMA NOYEK; XONECTEPUH; FrenaToLMUTbI
Cnucok coKkpauweHuii: MNOK — npeaenbHo aonyctMmas KoHueHTpaums; MOJT — nepekucHoe okucneHne amnuaos; AOC —
aHTMokncauTenbHas cuctema; NO — okeung, asora; NO, — cymmapHsble meTabonntbl okenaa asota; eNOS — sHAoTeNMaNbHAA
NO-cuHTasa; iNOS — nHayumbenbHaa NO-cuHTasa; PH — HeopraHuuyeckuit docohop; Na'/K*-ATd-asa — HaTpuii-kanunesas
ageHosuHTpudpocdatasa; L-NAME — L-HUTpOaprMHUH metunosbln 3dup; TNF-a — dakTop Hekposa onyxonun-o; il-
18 — wuHTepneiiknH 1B; iL-10 — uHTepnenkuH 10; MAA — manoHoBbii auanbaerna; COL — cynepoKcuMaaucmyTasa;
LN — uepynonnasmuH; OXC — obwmii xonectepuH; JIMHIN — nunonpoTenHbl HU3KoW naoTHocTH; JIMBIM — nMnonpoTenHbl
BbICOKOW MnioTHOCTK; CK® — cKopocTb KayboukoBon ¢unbtpauuu; AMA — acCUMETPUYHbBIA SUMETUNAPTUHUH; AT —
aNaHMHamuHoTpaHcdepasa; ACT — acnapTtaTaMmHoTpaHchepasa; MMTIM — ramma-rayTamuntpaHcnentuaasa; APK — akTMBHble
paavKanbl kucnopoaa; AMK — akTUBHblE MeTabonTbl Kucanopoaa; CPO — cBO60AHO-paanKabHOE OKUCIEHHME.

INTRODUCTION

Experimental and clinical studies conducted
in recent years have shown the negative role of
ecopathogenic factors and their participation in the
development of vascular complications, an endothelial
dysfunction and pathology of internal organs — kidneys
and liver. In this aspect, heavy metals, which quite often
exceed the maximum permissible concentration (MPC)
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in the environment, make their negative contribution.
Scientists are also interested in the effect of lead on
metabolism and the function of internal organs. When
evaluating the toxicity of lead for the body, one should
take into account its persistence and cumulative capacity
for biological media in humans and animals [1-3]. Lead
ions at low levels, which were previously considered
safe, cause toxic effects [4—6]. Being a polytropic poison,
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lead is capable of disrupting the structure and function
of the internal organs’ cells. Lead nephropathy and
hepatopathy are an integral part of the toxic effect;
almost all elements of the nephron and hepatocyte are
damaged [7, 8].

By changingthe hemestructure of blood hemoglobin,
lead is the cause of anemia, hypoxia of the organ cells and
the activation of lipid peroxidation (LPO) in erythrocytes
and tissues [9-14]. Being a necessary component of body
systems under physiological conditions, free radical
oxidation (FRO) can be a factor in the development of a
pathological process. However, it should be noted that
there are very few published data that indicate the ability
of lead to activate the lipid peroxidation (LPO) process
in the blood and cells of the internal organs. Moreover,
the increased activity of free radical reactions (FRRs) can
cause not only negative phenomena, but also play the
role of a pathogenetic link in a number of pathological
processes in various nosologies. This process can be
interpreted as a multifunctional stress response of the
body to toxic effects. Developing an oxidative stress
inhibits the production of nitric oxide (NO), which acts
as an intracellular messenger and is involved in the
implementation of response reactions from the cells of
organs and tissues [15]. NO is formed by the enzymatic
oxidation of L-arginine with NO synthase (eNOS). LPO
reactions cause changes in lipoproteins in biological
membranes, while increasing their hydrophilicity,
permeability and disruption of lipid-protein interactions,
including the participation of enzymes.

A few pieces of information in the literature are
devoted to the activity analysis of Na'/K*-ATPase
erythrocytes during the lead intoxication in the
metallurgical industry workers [16]. Experimental
studies on rats have shown that a systematic exposure
to lead acetate is accompanied by its accumulation in
the nephron structures and the impairment of the
functional kidneys state. The contact duration with lead
and the amount of cumulated substance can lead to
chronic nephropathy, characterized by the development
of inflammation and apoptosis of kidney cells [17].

Pro-inflammatory cytokines are involved in the
mechanisms of nephropathy development: tumor
necrosis factor-a (TNF-a), interleukin 1B (iL-1B), etc.,
with an insufficient level of anti-inflammatory cytokines —
iL-10inthe nephron. At the same time, it should be noted
that complex studies on changes in redox reactions and
their role in the disturbance of NO metabolism, the
activity and expression of NO synthase, a kidney and
liver function in case of systematic poisoning of the
body with lead acetate are insufficiently represented in
the available literature. There are no literature data on
the pharmacological drugs that play a role of the eNOS
expression regulators in the lead intoxication; on the
participation of L-arginine and its modified derivative
L-NAME (L-nitroarginine methyl ester) inthese processes.
That was the basis for this experimental study.

Tom 10, Beinyck 6, 2022

THE AIM of the work is to study pharmacological
substances that play a role of eNOS expression regulators
in the modification of lead intoxication effects in the
experiment.

MATERIALS AND METHODS

The studies were carried out on linear male rats of
the same age group (10-14 months), weighing 200-280
grams: intact — control (n=20) and with a chronic lead
intoxication caused by a daily administration of a lead
acetate solution at the dose of 5 mg/kg of an animal body
weight subcutaneously for 30 days (n=60). Against the
background of the lead intoxication, the intact animals
(n=40) were administered pharmacological substances:
L-arginine (10 mg/kg) and L-NAME (25 mg/kg).
During the experiments, the animals obtained from
the vivarium of the Institute of Institute of Biomedical
Research — branch of Vladikavkaz Scientific Center of the
Russian Academy of Sciences were on a standard diet
with a free access to water, and a natural light regime.

The experimental animals were divided into the
following series: the 1% control group (n=20) — the
studies on intact rats; the 2" experimental group (n=20)
with a systematic intoxication caused by a subcutaneous
injection of a lead acetate solution (5 mg/kg of an animal
body weight) for 30 days; the 3™ group (n=20) — intact
rats + modified L-arginine (L-NAME); group 4 (n=20) —
the rats intoxicated with lead acetate + L-NAME; group 5
(n=20)—theintactrats with the L-arginine administration;
group 6 (n=20) — the rats intoxicated with lead acetate +
L-arginine. All series of the experiments had a duration of
30 days. The experiments were carried out in accordance
with the requirements for the work using animals in
the experiment. The compliance with the international
requirements for working with experimental animals,
including humane treatment of them, is confirmed by
the decision of the Institute of Biomedical Research —
branch of Vladikavkaz Scientific Center of the RAS
Ethics Committee (December 26, 2018, Protocol No. 6).
The eNOS expression regulators, L-arginine (Dia-m
LLC, Ajinomoto, Japan) and L-NAME (Etalon LLC, Cat.
No. 5757 Sigma-Aldrich, USA) were used.

At the end of the experiments, the chest in intact
and experimental rats was opened up under roush
anesthesia, the blood was taken with sodium citrate
anticoagulant from the left ventricle of the heart through
a catheter, centrifuged in a laboratory centrifuge TsSLMN-
P10-01-ELEKON, ELEKON-M, Russia, for 10 min at
1500 rpm, the blood plasma was collected. The
erythrocyte mass was washed twice with saline, then
a certain volume was lysed. At the same time, the samples
of kidney and liver tissues were taken, homogenized at
+4°C and homogenates were obtained. The effectiveness
of modeling was assessed by the content of lead in the
blood and the development of intoxication syndrome
by the intensity of the LPO-AQS system. The state of the
antioxidant system (AOS) of the body was assessed by
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the activity of its enzymes — catalase in blood plasma
spectrophotometrically according to the method of
M.A. Korolyuk (1988) [19], and superoxide dismutase
(SOD) — by the adrenaline oxidation method in
erythrocyte hemolysate (Sirota TV, 1999) [20], the
concentration of ceruloplasmin (CP) — by Ravin’s method
[21]. Cholesterol metabolism (CM) was determined
according to the total cholesterol (TC), LDL-C, HDL-C and
TAG in the blood plasma using kits (Vital Development
Corporation, Russia). The degree of peroxidation was
determined according to the change in the concentration
of the end product of lipid peroxidation — malonic
dialdehyde (MDA) in the hemolysate of erythrocytes, in
the homogenates of the renal and hepatic tissues by the
colorimetric method with thiobarbituric acid according
to the method of Asacawa T. [18]. The state of the
antioxidant system (AOS) of the body was assessed by
the activity of its enzymes — catalases in blood plasma
spectrophotometrically according to the method of M.A.
Korolyuk (1988) [19] and superoxide dismutase (SOD) —
by the method of adrenaline oxidation in erythrocyte
hemolysate (Sirota TV, 1999) [20], the concentration of
ceruloplasmin (CP) — by Ravin’s method [21]. Cholesterol
metabolism (CH) was determined according to the total
cholesterol (TC), LDL-C, HDL-C and TAG in blood plasma
using kits (Vital Development Corporation, Russia).

At the same time, the activity of enzymes — alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), gamma-glutamyl transpeptidase (GGTP) and
alkaline phosphatase in blood plasma — was studied
using the kits of the “Vital” company. For the analysis and
determination of stable nitric oxide (NO ) metabolites
in the blood plasma, the method developed by V.A.
Metelskaya was used. [22].

The study of the expression level of endothelial NO-
synthase (eNOS) was carried out by Western blotting
in the aorta endothelium in experimental animals,
including the samples treatment in liquid nitrogen.
The resulting content was placed in a centrifuge
tube, washed with phosphate buffer 3 times, and the
precipitate was centrifuged for 10 min at 1000 g. The
precipitate obtained was subjected to the action of a
lysis buffer in the volume of 100 pl. To determine the
effect of the used pharmacological preparations, a
comparative analysis of the eNOS expression level was
used in comparison with control marker proteins. The
data were expressed in arbitrary units, calculating the
ratio of the studied band X in relation to the control
data on each film. The determination of this indicator
was carried out jointly with the biochemical laboratory
of the National Medical Research Center for Therapy
and Preventive Medicine. The toxicity of lead acetate in
the experimental animals was determined according to
the content of this heavy metal in the animals’ blood.
The metal was extracted with concentrated nitric
acid, after which the lead content was determined
spectrophotometrically on a Hewlett-Packard ICH-VSHP
4500 mass spectrophotometer (USA).
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To study the functional nephron state, the conditions
of spontaneous diuresis were used, the main processes
of urine formation were evaluated: glomerular filtration
rate (GFR) and tubular reabsorption of sodium (R %)
and water (R, %), filtration charges of potassium
and sodium. The value of glomerular ultrafiltration
was determined by the clearance method by the ratio
of urinary creatinine to its content in blood plasma,
taking into account hourly diuresis. All kidney function
indicators were calculated according to the formulas
developed by Academician Natochin Yu.V. [23]. The
activity of Na*/K*-ATPase in the homogenates of the
cortical and medulla of the kidneys, as well as the liver,
was determined by the method of Scow J.C. (1957). A
specific activity was calculated per mg of protein per
hour (umolRn/mg protein/h). The protein in the samples
was determined by the Lowry O.H. method. (1951) [24].

The results were statistically processed using the
Microsoft Excel 2006 program and the Statistica 6.0
Package. The data obtained are characterized by a
normal distribution in accordance with the Shapiro-
Wilk test, and a parametric statistical method was
used in their processing. The data were presented as
mean (M) and error of mean (+m). The significance of
differences was determined by Student’s t-test, the
statistical significance of differences between the groups
was checked, and p<0.05 was considered the level of
the statistical significance. Correlation coefficients were
determined according to Pearson.

RESULTS AND DISCUSSION

Getting into the body of animals and humans, lead
inhibits the synthesis of hemoglobin and causes the
development of anemia, followed by tissue hypoxia.
Violation of the oxygen transport blood function
contributes to the formation of reactive oxygen species
(ROSs)andactivation ofthe LPO process. Being necessarily
present in cell membranes FRO is an important factor
in the normal functioning of cells, providing renewal
of cell membrane phospholipids and the regulation of
metabolism. However, an increased CPP activity can be
the cause of negative manifestations and pathological
processes. Nevertheless, it should be noted that the
literature provides insufficient information on the
ability of lead to activate FRO in the blood and internal
organs as a pathogenetic link in vascular complications,
its relationship with other metabolic processes, in
particular with the regulation of the NO content, NO
synthase activity, interaction with enzyme systems and
participation in these processes of eNOS expression
regulators — L-arginine and L-NAME. Systematizing and
analyzing the results obtained on the nature of changes
in redox reactions during the lead intoxication, it should
be noted that there is an activation of lipid peroxidation
according to a significant increase in erythrocytes in
the MDA concentration, in the cells of the renal and
hepatic tissues (Table 1). The MDA concentration in the
hemolysate of erythrocytes increases by an average
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of 33.3% (p<0.02), in the cortical and medulla of the
kidneys with a parenteral administration of the heavy
metal — by 74.2% (p<0.001) and 25.4% (p<0.001),
respectively, as well as in hepatocyte — by 94.1%
(p<0.001).

In the interconnection with the FRO processes is the
AOS of the organism, which limits lipid peroxidation in
almost all of its links. The state of the AOS was judged
by the activity of superoxide dismutase (SOD), catalase,
and the concentration of ceruloplasmin (CP). The data
showed an imbalance in the AOS — a decrease in the
SOD activity and an increase in the level of catalase
and CP (Table 1).

The analysis of the AOS activity data showed the SOD
inhibition in erythrocytes by 62.2%, while the catalase
activity and CP content in the blood serum increased by
69.5% and 27.6%, respectively. To understand the lack of
unidirectionality in the change activity of AOS enzymes,
the difference in their molecular structure is taken into
account; while the catalase enzyme is more protected
than SOD due to the presence of four heme molecules
and 4 NADPH (nicotinamide adenine dinucleotide
phosphate).

The intoxication syndrome development in the
parenteral administration of lead acetate is characterized
by a significant increase in the lead content in blood
plasma, urine, kidney and liver tissues. A strong
correlation was found out between the administered
lead acetate dose and its concentration in the blood
serum (r=+0.95; p<0.001). These results are consistent
with the literature data [12]. Any xenobiotic, as a rule,
is oxidized in the microsomal fraction of the hepatocyte,
exerts its damaging effect and is excreted by the kidneys.
In accordance with the data obtained, it was noted that
during the lead intoxication, reactive oxygen radicals
(RORs) induce the development of a systemic oxidative
stress, which is accompanied by a decrease in the
concentration of NO_in the blood plasma (Table 1).

An analysis of the relationship between an
increase in the MDA blood concentration in the NO,
level decrease showed a strong negative relationship
between these indicators (r=—0.69; p<0.001). It should
be notified that a disruption of the L-arginine-NO-
synthase-NO signaling pathway plays a decisive role
in the NO regulation of the vasodilator action. LPO
products can disrupt the interaction between the
oxygenase and reductase domains of NO synthase, as
a result of which the enzyme begins to produce ROS
and, accordingly, less NO is formed. In discussing these
results, the causal relationship of reduced NO_levels,
the intensity of lipid peroxidation, the presence of the
L-arginine substrate, its modified derivatives, the activity
and the eNOS expression level should be notified. In this
aspect, it should be assumed that in the development of
L-arginine deficiency as an eNOS expression inducer, its
use in the ornithine cycle might also play a role.

The literature data indicate an increased content
of urea in the blood serum against the background
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of the lead intoxication, due to its production [25,
26]. Therefore, many researchers use the arginase
enzyme inhibitors of the urea synthesis cycle to
increase the concentration of the L-arginine substrate
[27]. The reason for the L-arginine deficiency may
be its conversion into asymmetric dimethylarginine
(ADMA) and L-NAME, i.e., modified derivatives that
play a competitive role with L-arginine and reduce
its bioavailability for eNOS. In this regard, the effect
of these amino acids on the content of LPO products,
NOx, and eNOS expression was studied. A participation
of the increased LPO activity, the MDA concentration in
erythrocytes, the cells of the cortical and medulla of the
kidneys and hepatocytes in the disruption of the NO,
production was shown in this study. Their relationship
is confirmed by the presence of a negative correlation
between these indicators. To establish the fact of the
violation of the NO-producing endothelium function and
the insufficient NO_formation, the involvement of the
expression level and the eNOS functional activity were
studied. Another cause of the L-arginine deficiency is
an increase in the modified L-arginine derivative level —
ADMA and its analogue — L-NAME. The data obtained
showed that the eNOS expression inhibitor caused the
activation of the LPO process and, at the same time,
an even more pronounced decrease in the NO_level
(Table 1). In contrast to this result, L-arginine showed
its ability to increase the NO concentration during
saturnism and at the same time provide a decrease in
the LPO activity according to the MDA content (Table 2).
The adaptive system under conditions of the reduced
FRO activity under the influence of L-arginine showed
an increase in the SOD activity and positive dynamics in
relation to catalase and CP (Table 2).

In the regulation of the eNOS expression level and
its activity, an important role is played by coenzymes,
which lose their reduced state under an oxidative stress,
as well as in the presence of an expression inhibitor —
eNOS, an analogue of ADMA, L-NAME. To confirm this
assumption, a study of the eNOS expression against
the background of L-NAME during the lead acetate
intoxication was undertaken. The data showed that
in saturnism, L-NAME inhibited the eNOS expression
by 23.9%, while L-arginine stimulated this expression
by 29.05%. By normalizing redox reactions, L-arginine
simultaneously increased the production and content of
NO,, herewith promoting vasodilation. The data obtained
indicate the participation of L-NAME and L-arginine in
the regulation of the expression level of the endothelial
NO synthase. The results of the study confirm that the
iNOS activation under the oxidative stress conditions
is accompanied by a decrease in the eNOS expression
level, which is responsible for the basic level of the NO,
production as the main vasodilator. The very fact of an
increase in the level of the eNOS expression under the
influence of the eNOS inducer L-arginine and a decrease
in this indicator against the background of a modified
amino acid derivative, L-NAME, gives priority to the
results.
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Table 1 - Influence of expression inhibitor eNOS — L-NAME on changes nature in indicators

of oxidative stress and lipid metabolism during saturnism in the experiment

Indicators Units of Control Lead acetate Intact + L-NAME Lead acetate +
measurement L-NAME

MDA, erythrocytes nmol/ml 4.74+0.16 6.32+0.015°2 4.82+0.043° 6.59+0.03P¢
MDA, cortex nmol/mg protein 3.18+0.22 5.54+0.022 3.24+0.01° 5.67+0.02%¢
MDA, medulla nmol/mg protein  4.25+0.059 5.33+0.009° 4.55+0.042° 5.48+0.015°¢
MDA, hepatocyte  nmol/mg protein 1.73+0.05 3.36+0.007° 1.77+0.07° 3.52+0.013b¢
SOD C.u. 88.05+0.07 54.94+0.081* 82.1+1.67° 51.97+0.318°¢
Catalase mkat/I 225.56%29.09 382.36+0.313% 285.6+4.63° 395.41+3.01°¢
CcpP mg/I 339.1446.59 432.29+1.14° 360.2+1.15° 448.6+3.18°¢
NO pmol 50.95+0.65 29.38+0.029° 48.13+0.57° 28.33+0.32b<
TC mmol/L 1.88+0.03 4.67+0.009° 2.08+0.01° 5.02+0.014"¢
LDL cholesterol mmol/L 1.09+0.01 4.15+0.02° 1.11+0.01° 4.54+0.005°¢
HDL cholesterol mmol/L 0.673+0.01 0.27+0.006° 0.65+0.03° 0.205+0.009°¢
TAG mmol/L 0.246+0.011 0.55+0.009° 0.25+0.01° 0.61£0.007°¢

Note: MDA — malondialdehyde; SOD — superoxide dismutase; CP — ceruloplasmin; NO — nitric oxide; TC — total cholesterol; LDLs — low density
lipoproteins; HDLs — high density lipoproteins; TAG — triacylglycerides; L-NAME — L-nitroarginine methyl ester; a — p<0.001 — significance of lead
acetate relative to control; b — p<0.001, significance of lead acetate + L-NAME relative to intact + L-NAME; ¢ — p<0.001 — significance of lead
acetate + L-NAME relative to control; cc — p<0.01 - significance of lead acetate + L-NAME vs lead acetate.

Table 2 - Influence of eNOS expression inductor — L-arginine — on the nature

of changes in oxidative stress and lipid metabolism in saturnism during the experiment

Indicators r:r;i;;?:emen . Control Lead acetate :.rj:\la,::\/l+E t?;i;]c:tate *
MDA, erythrocytes nmol/ml 4.74+0.16 6.32+0.015° 4.18+0.10° 6.05+0.1°<
MDA, cortex nmol/mg protein 3.18%0.22 5.54+0.022 2.8+0.05° 5.26+0.005°¢
MDA, medulla nmol/mg protein 4.25+0.059 5.33+0.009° 3.9+0.06° 5.19+0.009°¢
MDA, hepatocyte  nmol/mg protein 1.73+0.05 3.36%0.007? 1.6740.03° 3.2240.013b¢
SOD c.u. 88.05+0.07 54.94+0.081° 88.8+1.37° 57.18+0.38"¢
Catalase mkat/I 225.56%29.09 382.36+0.313° 221.72+2.97° 370.17£3.12%¢
CcpP mg/| 339.1446.59 432.29+1.14° 336.446.39" 416.3+3.71°¢
NO pmol 50.95+0.65 29.38+0.029° 53.25+0.08° 32.0740.29>¢
TC mmol/L 1.88+0.03 4.67+0.009° 1.84+0.02° 4.32+0.009°¢
LDL cholesterol mmol/L 1.09+0.01 4.15+0.02° 1.03+0.03° 3.77+0.015%¢
HDL cholesterol mmol/L 0.673+0.01 0.27+0.006° 0.69+0.03° 0.39+0.011°¢
TAG mmol/L 0.246+0.011 0.55+0.009° 0.23+0.03° 0.49+0.007°¢

Note: MDA — malondialdehyde; SOD — superoxide dismutase; CP — ceruloplasmin; NO — nitric oxide; TC — total cholesterol; LDLs — low density
lipoproteins; HDLs — high density lipoproteins; TAG — triacylglycerides; L-NAME — L-nitroarginine methyl ester; a — p<0.001 — significance of lead
acetate relative to control; b — p <0.001, significance of lead acetate + L-NAME relative to intact + L-NAME; c — p<0.001 - significance of lead
acetate + L-NAME relative to control; cc — p <0.01 — significance of lead acetate + L-NAME vs lead acetate.
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Note: ALT — alanine aminotransferase; AST — aspartate aminotransferase;
GGTP — gamma-glutamyl transpeptidase; ALP — alkaline phosphatase.
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A concomitant role may be played by an impaired
bioavailability of L-arginine to NO-synthase due to
the inadequacy of the transport mechanism for the
amino acid. In this regard, changes in cholesterol
metabolism — hypercholesterolemia and hyper-B-
lipoproteinemia — can contribute to the disruption
availability of the L-arginine substrate. Our data on the
lead intoxication showed an increase in the content of
total cholesterol, LDL cholesterol in the blood serum and
a decrease in HDL cholesterol (Tables 1, 2). Moreover,
the results showed that under the oxidative stress
conditions, the oxidative modification of LDL occurs,
not only with the lipid component, but also with the
B-apolipoprotein protein — apo B, . The affinity of
B-globulin for LDL receptors is impaired, their uptake
by tissue cells is reduced, and the cholesterol content
in the blood plasma is increased. Such changes in the
metabolism of cholesterol lead to the interaction
of lipoproteins with the receptors-"scavengers” of
phagocytes, and their absorption. Lipids in the vascular
endothelium accumulate; “foamy” cells — risk factors for
atherogenesis — are formed. Under these conditions,
the endothelium structure of the vascular wall changes,
which leads to a disruption in the availability of L-arginine
for NO synthase and a decrease in the production of NO,
as the main vasodilator. NOx deficiency is accompanied
by hemodynamic changes, in particular in the nephron.
A violation of the adequate interaction between the
vascular tone of the afferent and efferent arterioles
of the kidneys glomerulus causes a change in their
functional state.

The analysis of the data obtained revealed a
decrease in the GFR by 17.09% in the lead intoxication.
At the same time, there was an increase in diuresis due
to a significant decrease in the tubular reabsorption
of water and sodium. Calculations of these indicators
revealed that the levels of the tubular reabsorption of
water and sodium are significantly reduced compared to
the control by 0.26% and 3.01%, respectively.

To determine the cause-effect relations of sodium
metabolism disorders in the nephron and a decrease
in the level of the ion tubular reabsorption, the
activity of the ATPase enzyme activated by Na and K
was determined in the homogenates of the cortical
and medulla of the renal tissue. The data showed the
activity inhibition of Na*/K*-ATPase in both layers of
the kidneys in the lead intoxication, as well as an even
more significant change in the enzyme data when it was
combined with L-NAME (Fig. 1). Conformational changes
in the enzyme molecule as a result of the LPO process,
which changes the molecular structure of phospholipids
in renal tubular cells, were accompanied by a decrease
in the ATPase activity (Fig. 1). The phospholipid structure
violation of cell membranes is also confirmed by the
literature data [16, 28].

Damage indicators of hepatocytes during the lead
intoxication against the background of L-NAME were the
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data indicating an increase in the MDA content in them,
a decrease in the function of Na*/K*-ATPase, as well as
significant changes in the activity level of blood plasma
enzymes: ALT, AST, GGTP and alkaline phosphatase
(Fig. 1, 3). In contrast to these data, the administration
of L-arginine to experimental animals caused the FRO
suppression in the cells of the renal and hepatic tissues,
the restoration of the phospholipid structure of the
organs cell membranes, and an increase in the activity
of Na*/K*-ATPase in them (Fig. 2). In blood plasma, under
the influence of L-arginine, the data showed a decrease
in the activity of organ-specific enzymes: ALT, AST, GGTP,
and alkaline phosphatase (Fig. 4).

Therefore, biochemical markers of the hepatocyte
membrane  hydrophilicity and the increased
permeability are the activity level of organ-specific
enzymes in blood plasma, the modulation activity of
Na*/K*-ATPase in liver cells.

Discussing these results in the lead intoxication, it
was notified that lipid peroxidation contributes to the
dysfunction of the endothelium and microcirculation, as
well as nephropathy and hepatopathy. Comparing these
biochemical data with the literature data, the activation
of mitogen-activated protein kinase was notified,
which triggers a certain sequence of reactions for the
formation of pro-inflammatory proteins, an increase in
the vascular tone and blood pressure [29].

An auxiliary role in the bioavailability disruption of
L-arginine for eNOS is played by changes in cholesterol
metabolism. The changes in cholesterol metabolism
were accompanied by the development of pre-
atherogenic changes in the vascular endothelium and
were an obstacle to the availability of L-arginine to eNOS,
which is also confirmed by the literature data [30].

Microcirculatory hemodynamic disorders in the
nephron led to functional changes in the kidneys, as
well as in the liver. Against the background of metabolic
changes, functional disorders developed both in
nephrons and in hepatocytes, including indicators of the
main processes of urination, a decrease in the activity
of the membrane enzyme Na*/K*-ATPase, a violation of
cholesterol metabolism in the liver, and an increase in
the activity of organ-specific enzymes in the blood. In
these mechanisms, the regulatory role was played by
pharmacological substances: the amino acid L-arginine
and its modified derivative, L-NAME. Thus, the data
obtained in the study with the lead intoxication on
changes in the LPO-AQOS system, the NO-producing
endothelial function, including the level of the eNOS
expression, as well as impaired renal and liver functions
in one study, are priorities.

CONCLUSION

A direct correlation was found between the
administered dose of lead acetate, the metal content
in blood plasma, and the activity of lipid peroxidation
in erythrocyte hemolysate. The POL activation is
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also notified in the homogenates of the cortical and
medulla of the renal tissue, as well as in the liver, as
evidenced by an increase in the concentration of the
secondary product of the lipid peroxidation — MDA.
A decrease in the AOS — SOD activity is responsible
for the development of the oxidative stress. There is
a direct positive correlation between the indicators
characterizing the lead acetate dose, its content in the
blood, organs and the intensity of the lipid peroxidation.
The oxidative stress is accompanied by a decrease in the
NOx content in blood plasma. Since eNOS is the main
NO producer, the effect of the NO synthase expression
level regulators was studied: the L-NAME inhibitor and
L-arginine inducer. The data confirmed the participation
of the NO-synthase inhibitor L-NAME, against the
background of which LPO increases, the NO_ content
and the level of eNOS expression decrease. In contrast,
L-arginine promoted an increase in NO, content,
inhibition of FRO intensity, and an increase in the level of
the eNOS expression. In the mechanism of the reduced
NO_ level, a violation of the availability of L-arginine for
the NO synthase also plays a role due to the changes

in cholesterol metabolism — hypercholesterolemia and
hyper-B-lipoproteinemia. In the vascular endothelium,
pre-atherogenic structural changes develop; they
are involved in reducing the availability of L-arginine
for eNOS. The oxidative stress causes a decrease in
NOx levels and a change in the functional state of the
kidneys: polyuria, natriuresis, a decrease in the level of
tubular reabsorption of water, sodium, and the Na*/K*-
ATPase activity. At the same time, there is an activation
of lipid peroxidation in hepatocytes, an increase in the
permeability of the cell membrane, the activity level
of the organ-specific enzymes in the blood serum.
L-arginine caused anincreaseinthe NO_level, anincrease
in microcirculatory hemodynamics and an increase in
the activity of Na*/K*-ATPase in the tissues of the kidneys
and liver. It is important to note the unidirectional
changes in the LPO process in erythrocytes, in the
cells of the renal, hepatic tissues, which is the basis
for recommendations for the use in clinical conditions
of determining the FRO activity in erythrocytes to
assess the dysfunction of internal organs in lead
poisoning.

FUNDING
This study did not receive financial support from third parties.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHORS’ CONTRIBUTION
Sergey G. Dzugkoev — idea, planning and scientific guidance of the study, article writing; Fira S. Dzugkoeva,
Olga I. Margieva — participation in the study design development, information search and analysis,
analysis and interpretation of the data obtained, preparation of the final article version; Irina V. Mozhaeva,
Olga I. Margieva, Anna E. Khubulova — pathology modeling, biochemical research, calculations.

REFERENCES

1. Boskabady M, Marefati N, Farkhondeh T, Shakeri F,
Farshbaf A, Boskabady MH. The effect of environmental
lead exposure on human health and the contribution of
inflammatory mechanisms, a review. Environ Int. 2018
Nov;120:404-20. DOI:10.1016/j.envint.2018.08.013

2. Levin SM, Goldberg M. Clinical evaluation and
management of lead-exposed construction workers. Am
J Ind Med. 2000 Jan;37(1):23-43. DOI:10.1002/(sici)1097-
0274(200001)37:1<23::aid-ajim4>3.0.co;2-u

3. deSouzalD, de Andrade AS, Dalmolin RJS. Lead-interacting
proteins and their implication in lead poisoning. Crit Rev
Toxicol. 2018 May;48(5):375-86. DOI:10.1080/10408444.
2018.1429387

4. Ericson B, Gabelaia L, Keith J, Kashibadze T, Beraia N,
Sturua L, Kazzi Z. Elevated Levels of Lead (Pb) Identified in
Georgian Spices. Ann Glob Health. 2020 Sep 28;86(1):124.
DOI:10.5334/aogh.3044

5. Mani MS, Kabekkodu SP, Joshi MB, Dsouza HS.
Ecogenetics of lead toxicity and its influence on risk
assessment. Hum Exp Toxicol. 2019 Sep;38(9):1031-59.
DOI:10.1177/0960327119851253

6. Obeng-Gyasi E. Sources of lead exposure in various
countries. Rev Environ Health. 2019 Mar 26;34(1):25-34.
DOI:10.1515/reveh-2018-0037

Tom 10, Beinyck 6, 2022

7. Wronska-Nofer T, Pisarska A, Trzcinka-Ochocka M,
Hatatek T, Stetkiewicz J, Braziewicz J, Nofer JR, Wasowicz W.
Scintigraphic assessment of renal function in steel plant
workers occupationally exposed to lead. J Occup Health.
2015;57(2):91-9. DOI:10.1539/joh.14-0115-0A

8. Alwaleedi SA. Haemato-biochemical changes induced by
lead intoxication in male and female albino mice. Int J
Recent Sci Res. 2015;6(Issue 5):3999-4004.

9. Lépez-Vanegas NC, Herndndez G, Maldonado-
Vega M, Calderdn-Salinas JV. Leukocyte apoptosis,
TNF-a concentration and oxidative damage in lead-
exposed workers. Toxicol Appl Pharmacol. 2020 Mar
15;391:114901. DOI:10.1016/j.taap.2020.114901

10. Omobowale TO, Oyagbemi AA, Akinrinde AS, Saba AB,
Daramola OT, Ogunpolu BS, Olopade JO. Failure of
recovery from lead induced hepatoxicity and disruption
of erythrocyte antioxidant defence system in Wistar rats.
Environ Toxicol Pharmacol. 2014 May;37(3):1202-11.
DOI:10.1016/j.etap.2014.03.002

11. Nakhaee S, Amirabadizadeh A, Brent J, Mehrpour O.
Impact of chronic lead exposure on liver and kidney
function and haematologic parameters. Basic Clin
Pharmacol Toxicol. 2019 May;124(5):621-8. DOI:10.1111/
bcpt.13179

599



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

12. Wang H, Huang P, Zhang R, Feng X, Tang Q, Liu S, Wen F,
Zeng L, Liu Y, Wang T, Ma L. Effect of lead exposure from
electronic waste on haemoglobin synthesis in children.
Int Arch Occup Environ Health. 2021 Jul;94(5):911-8.
DO0I:10.1007/s00420-020-01619-1

13. Sosedova LM, Vokina VA, Kapustina EA. Fetal programming
in the formation of cognitive impairment in the modeling
of lead intoxication in white rats. Bull Experim Biolog Med.
2018;166(11):559—-64. Russian

14. Obeng-Gyasi E, Armijos RX, Weigel MM, Filippelli GM,
Sayegh MA. Cardiovascular-Related Outcomes in U.S.
Adults Exposed to Lead. Int J Environ Res Public Health.
2018 Apr 15;15(4):759. DOI:10.3390/ijerph15040759

15. Tejero J, Shiva S, Gladwin MT. Sources of Vascular
Nitric Oxide and Reactive Oxygen Species and Their
Regulation. Physiol Rev. 2019 Jan 1;99(1):311-379.
DOI: 10.1152/physrev.00036.2017

16. Yicebilgic G, Bilgin R, Tamer L, Tukel S. Effects of lead on
Na(+)-K(+) ATPase and Ca(+2) ATPase activities and lipid
peroxidation in blood of workers. Int J Toxicol. 2003 Mar-
Apr;22(2):95-7. DOI:10.1080/10915810305096

17. Satarug S, C Gobe G, A Vesey D, Phelps KR. Cadmium and
Lead Exposure, Nephrotoxicity, and Mortality. Toxics. 2020
Oct 13;8(4):86. DOI:10.3390/toxics8040086

18. Asakawa T, Matsushita S. Coloring conditions of
thiobarbituric acid test, for detecting lipid hydroperoxides.
Lipids. 2006;15:137—-40. DOI:10.1007/BF02540959

19. Korolyuk MA, Ivanova LI, Mayorova |.G. Method for
determining the activity of catalase. Laboratory Business.
1988;(1):16-9. Russian

20. SirotaTV.Anew approachtotheinvestigation of adrenaline
autooxidation and its application for determination of
superoxide dismutase activity. Voprosy Meditsinskoi
Khimii, 1999;45(3):263—72. Russian

21. Afashagova MM, Marzhohova MYu, Akhokhova AV.
The content of ceruloplasmin in the blood of patients
with erysipelas. Fundamental Research. 2005;(5):103-4.
Russian

22. Metelskaya V.A., Gumanova N.G. Screening-method for

nitric oxide metabolites determination in human serum.
Russian Clinical Laboratory Diagnostics. 2005;(6):15-8.
Russian

23. Natochin YuV, Kutina AV. Novel approach to integrative
renal functional characteristics in various types of
diuresis. Nephrology (Saint-Petersburg). 2009;13(3):19-23.
DOI:10.24884/1561-6274-2009-13-3-19-23. Russian

24. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem.
1951 Nov;193(1):265-75.

25. Zhang G, Han S, Wang L, Yao Y, Chen K, Chen S. A Ternary
Synergistic eNOS Gene Delivery System Based on Calcium
lon and L-Arginine for Accelerating Angiogenesis by
Maximizing NO Production. Int J Nanomedicine. 2022
May 2;17:1987-2000. DOI:10.2147/1JN.S363168

26. Fan M, Gao X, LiL, Ren Z, Lui LMW, MclIntyre RS, Teopiz KM,
Deng P, Cao B. The Association Between Concentrations
of Arginine, Ornithine, Citrulline and Major Depressive
Disorder: A Meta-Analysis. Front Psychiatry. 2021
Nov 18;12:686973. DOI:10.3389/fpsyt.2021.686973

27. Koo BH, Lee J, Jin Y, Lim HK, Ryoo S. Arginase
inhibition by  rhaponticin  increases  L-arginine
concentration that contributes to Ca*-dependent
eNOS activation. BMB Rep. 2021 Oct;54(10):516-21.
DOI:10.5483/BMBRep.2021.54.10.053

28. Dzugkoev S. G., Dzugkoeva F. S., Mozhaeva I. V., Margieva
O. . Analysis of changes in redox reactions in intoxication
with nickel chloride and the NO-synthase inhibitor.
Medical news of the North Caucasus. 2021;(4):422-4.
DOI:10.14300/mnnc.2021.16102. Russian

29. Tarasova OS, Gaynullina DK. Rho-kinase as a key participant
in the regulation of vascular tone in normal circulation and
vascular disorders. “Arterial’naya Gipertenziya” (“Arterial
Hypertension”). 2017;23(5):383-94. DOI:10.18705/1607-
419X-2017-23-5-383-394

30. Jamwal S, Sharma S. Vascular endothelium dysfunction:
a conservative target in metabolic disorders. Inflamm
Res. 2018 May;67(5):391-405. DOI:10.1007/s00011-018-
1129-8

AUTHORS

Sergey G. Dzugkoev - Doctor of Sciences
(Medicine), Head of the Department of Physiological
and Biochemical Mechanisms of Pathology, Institute of
Biomedical Research — branch of Vladikavkaz Scientific
Center of the RAS. ORCID ID: 0000-0002-0597-6104.
E-mail: patbiochem@mail.ru

Fira S. Dzugkoeva — Doctor of Sciences (Medicine),
Professor, Leading Researcher, Laboratory of
Pathobiochemistry, Institute of Biochemistry — branch of
Vladikavkaz Scientific Center of the RAS. ORCID ID: 0000-
0002-4208-8157. E-mail: firadzugkoeva@mail.ru

Olga I. Margieva — Junior Researcher, Laboratory of

600

Pathobiochemistry, Institute of Biochemistry — branch of
Vladikavkaz Scientific Center of the RAS. ORCID ID: 0000-
0002-3557-0586. E-mail: margievaolga@mail.ru

Anna E. Khubulova - Candidate of Sciences
(Medicine), Researcher, Laboratory of Pathobiochemistry,
Institute of Biochemistry — branch of Vladikavkaz
Scientific Center of the RAS. ORCID ID: 0000-0001-7955-
779X. E-mail: kvizia@mail.ru

Irina V. Mozhaeva - Junior Researcher, Laboratory
of Pathobiochemistry, Institute of Biochemistry — branch
of Vladikavkaz Scientific Center of the RAS. ORCID ID:
0000-0003-3507-9356. E-mail: ledmin@mail.ru

Volume X, Issue 6, 2022



	ОБЛОЖКА_ФИФ_6_2022_ПЕРЕД
	верстка_6_2022_фарм_англ



