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The aim of the work was to carry out a systematic analysis of the molecular mechanisms that determine the possibility of
a combined use of amino acid glycine and zinc compounds for the treatment of patients with manifestations of stress and
anxiety.

Materials and methods. Information retrieval (Scopus, PubMed) and library (eLibrary) databases were used as research
tools. In some cases, the ResearchGate application was applied for a semantic search. The analysis and generalization of
references was carried out on the research topic, covering the period from 2000 to the present time.

Results. It has been shown that amino acid glycine, along with gamma-aminobutyric acid (GABA), is a key neurotransmitter that
regulates physiological inhibition processes in the central nervous system (CNS) by increasing transmembrane conductance
in specific pentameric ligand-gated ion channels. The introduction of zinc ions can potentiate the opening of these receptors
by increasing their affinity for glycine, resulting in an inhibitory processes increase in CNS neurons. The replenishment of the
glycine and zinc combined deficiency is an important element in the correction of a post-stress dysfunction of the central
nervous system. A balanced intake of zinc and glycine is essential for most people who experience daily effects of multiple
stresses and anxiety. This combination is especially useful for the people experiencing a state of chronic psycho-emotional
stress and maladaptation, including those who have a difficulty in falling asleep.

Conclusion. A balanced maintenance of the zinc and glycine concentration in the body of a healthy person leads to the
development of a stable anti-anxiety effect, which is accompanied by the normalization of the sleep-wake rhythm, which
makes it possible to have a good rest without any loss of working efficiency after waking up.

Keywords: glycine; zinc; anxiolytic agents; brake action; anxiety states

Abbreviations: GABA — gamma-aminobutyric acid; pLGICs — pentameric ligand-gated ion channels; CNS — central nervous
system; GlyR — glycine receptor; MT — metallothioneins; ROS — reactive oxygen species; RNS — reactive nitrogen species;
SHMT — serine hydroxymethyltransferase; GCS — glycine cleavage system; VIAAT — vesicular inhibitory amino acid transporter;
BBB — blood-brain barrier.

For citation: V.N. Shishkova, Y.R. Nartsissov, V.. Titova, E.V. Sheshegova. Molecular mechanisms defining application of glycine and zinc
combination in correction of stress and anxiety main manifestations. Pharmacy & Pharmacology. 2022;10(5):404-415. DOI: 10.19163/2307-
9266-2022-10-5-404-415
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Lenb. PaboTa mnocBAWEHa CUCTEMHOMY aHa/sM3y MONEKYAAPHbIX MEXaHU3MOB, OMpPeAEeNALWMX BO3MOXKHOCTb
KOMBWUHUPOBAHHOIO MCMO/b30BAHMA aMUHOKUCNOTbI TMLUMH U COEAMHEHUI LMHKA 417 IeHEHUA NALUEHTOB C NPOSABAEHUAMMU
cTpecca v TpeBoru.

Martepuanbl U metoabl. B KayectBe MHCTPYMEHTOB NPOBEAEHUA WCCAEA0BaHWA WCMO/b30BasUCb MHGOPMaLMOHHO-
nouckosble (Scopus, PubMed) n 6ubanoteyHble (elibrary) 6a3bl AaHHbIX. B page cny4aes Ans CEMAHTMYECKOTO MOMCKa
MCNoNb30BaNoCh NpuaoKeHue ResearchGate. B pabote ocyLiectBaanca aHanu3 n 0606LieHMe Hay4HOW ANTEPATYpPbI MO Teme
nccnefoBaHMA, oxBaTbiBatowel nepuog, ¢ 2000 no HacTosLLee Bpems.

PesynbTtatbl. MMOKa3aHO, YTO AMMHOKWUCAOTA FIWLMH, HAapaBHe C ramma-aMMHoMacnsHon Kucnotoin (TAMK) sBnsetca
KIOYEBbIM HEVPOMEANATOPOM, PEryIvpPYIOWMM NpoLecchl GU3NONOFMYECKOrO TOPMOMKEHUA B LEHTPaNbHOW HEpPBHOW
cuctembl  (LUHC) nytem yBennuyeHus TpaHCMEMBpaHHOM NPOBOAMMOCTM B cneuudUUecKUX reTeponeHTaMepHbIX
NIUTaHA3aBUCUMBIX  XJIOPHbIX KaHanax. BBegeHMe WMOHOB UMHKA CMOCOOGHO MOTEHLUMPOBATb OTKPbITUE AAHHBIX
peLenTopoB MNyTeM YBE/MYEHUA WX CPOACTBA K [MUUMHY, B pe3yabTaTe Yero NPOUCXOAUT YCU/IeHWe MpOoLeccoB
TOPMOKEHMA B HelpoHax LHC. BocnonHeHue coveTaHHOro AeduumTa MMLMHA U LMHKA ABAAETCA BaXKHbIM 3/1EMEHTOM
KOppeKuun noctctpeccopHori gucoyHkumm LIHC. Cb6anaHcupoBaHHOe noTpebnieHWe UMHKa W MWUMHA  UMeeT
BaXKHOEe 3HayeHWe ana 6GonbWMHCTBA /l0AeN, eXefHEBHO WCMbITbIBAKOLWMX MOCNEACTBUA MHOFOYUC/IEHHBIX CTPECCOB
N HaxoAALWMXCA B TPEBOXHOM COCTOAHWM. OcoBeHHO Mose3Ha AaHHAA KOMOWHAUMA ANA /UL, WCNbITbIBAKOLWMX
COCTOAHME XPOHWYECKOrO MCUXOIMOLMOHANIbHOFO HAMpPAXEeHUA W Ae3aganTauuu, B TOM YUCIAE MMEIOLMUX CNOMKHOCTU
C 3acbinaHnem.

3aknioueHue. CbanaHCMpPOBaHHOE NOAJEPKAHME KOHLEHTPALMKU LMHKA U [WLMHA B OpraHvM3me 340pOBOro YenoBeka
NPUBOAUT K PasBUTUIO CTOMKOrO MPOTUBOTPEBOXKHOTO 3dpdeKTa, KOTOPbI COMPOBONAAETCA HOpPManu3auMen putma
COH-b0ApCTBOBaHME, YTO AAET BO3MOXKHOCTb MOJIHOLLEHHOTO OTAbIXa 6e3 noTepb paboTocnocobHOCTM Nocae NPobyKAeHUA.
KnioueBble cnoBa: mMuumH; LMHK; aHKCMONIUTUYECKUE CPeACTBA; TOPMOMKEHME; TPEBOXKHbIE COCTOAHMA

CnucoK cokpalleHunit: TAMK — ramma-amuHomacnsHas Kucnota; pLGICs — reTeponeHTOMepHble AWUraHA-3aBUCUMble
XnopHble KaHanbl; UHC — ueHTpanbHaa HepBHaa cuctema; GlyR — mnumHoBbIM peuentop; MT — MeTannoTUOHEUHBI;
ROS — peakTuBHble popmbl Kucnopoaa; RNS — peaktneHble dopmbl a3oTa; SHMT — cepuH rmapoKkcumeTuntpaHcdepasa;
GCS — MUTOXOHApWaNbHasA cucTema pacuwienneHua ruumnHa; VIAAT (vesicular inhibitory amino acid transporter) —
BE3MKYNAPHbIA NEPEHOCYMK TOPMO3HbIX aMUHOKMUCAOT; B — remaTosHuedannyecknin bapbep.

INTRODUCTION

A negative impact of stress and anxiety s
experienced by an increasing number of people in the
modern world, regardless of age and gender [1]. It is
known that stress is also called a state of acute or chronic
psycho-emotional tension. It should be also notified that
anxiety disorders are significant psychosocial risk factors
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for the development of many chronic noncommunicable
diseases [2]. Taking into account the growing need for
timely therapy and prevention of disorders associated
with the development of stress and anxiety, the search
and development of safe and effective means for their
correction are becoming increasingly important.
Treatment regimens for anxiety states of various
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origins are based on the use of a number of anxiolytic
psychotropic drugs [3]. The molecular mechanism of
their anti-anxiety action is based on a long-term increase
in the activity of subclass A gamma-aminobutyric acid
(GABA) receptors [4]. This class of membrane receptors
responsible for the inhibition in neurons belongs to the
family of pentameric ligand-gated ion channels (pLGICs)
[5, 6]. The interaction of the agonist with the receptor,
leading to the opening of a selective anion channel on
the surface of the excitable membrane, leads to an
increase in the CI flux, which causes hyperpolarization
of the neuron [7]. This activation of the transmembrane
anionic current through the GABA receptors makes
it possible to consider GABA as the main inhibitory
neurotransmitter in the central nervous system (CNS) in
the classical approach to neurophysiological processes
[8]. Along with this, the second most physiologically
important mediator that causes inhibition in the neurons
of the spinal cord and brainstem is amino acid glycine
[9]. This neurotransmitter, along with GABA, is present
both in specific glycinergic and mixed synapses and is
widely distributed in different parts of the brain. It also
activates the transmembrane conductivity of chloride
ions in the glycine receptor (GlyR), which belongs to the
already mentioned pLGICs family [10, 11] (Fig. 1).

It is noteworthy that the structures of
transmembrane proteins are isolated together with zinc
ions, which are present in the analyzed recombinant
proteins [12, 13]. Zinc belongs to the group of the most
significant trace elements in the body along with iron,
magnesium, and iodine. A decrease in the content of this
divalent cation leads to significant problems for patients
in both developing and developed countries [14, 15].

Zinc is the second most common micronutrient
in the body after iron. On average, the body of an
adult contains 2—3 grams of zinc [16]. In the body, it
is distributed according to the skeletal type — 63% in
the skeletal muscles, 22% in the skeletal system. The
maximum concentration of zinc is also observed in the
muscles and bones, as well as in the prostate gland in
men. The concentration of zinc in the brain is estimated
at 150 umol/l, which, in turn, is 10 times higher than the
content of zinc in blood serum [17]. Zinc is involved in all
types of metabolism: it is assumed that it binds to about
3000 enzymes in vivo, which corresponds to about 10%
of the human proteome [18]; regulates the cell stability
and permeability and participatesin membrane transport
[19]; it has a pronounced immunomodulatory effect
on hematopoiesis, osteogenesis, respiration processes
and programmed cell death (apoptosis) [16, 20]. The
role of Zn?* as a neurotransmitter and modulator of the
neurons state has been experimentally proven, since
this ion is able to accumulate in presynaptic vesicles
with a subsequent release into the synaptic cleft [21].
In addition, the level of zinc affects the susceptibility
to learning and memory [22]. These results show that
zinc ions, along with well-known neurotransmitters, can
directly affect the state of neurons and participate in the
regulation processes of CNS excitation and inhibition.
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THE AIM of the work was to carry out a possible
combined application of glycine and zinc compounds to
change the metabolism and correct the conditions of
patients with anxiety disorders and manifestations of
stress.

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 synthesis of the scientific literature
on the research topic, was carried out covering the
period from 2000 to September 2022.

The following keywords and word combinations were
used in the search: anxiety, anxiolytic properties, neuron
metabolism, a synaptic cleft, inhibitory mediators,
glycine metabolism, glycine receptor, GABA, GABA
receptors, glycine transporters, chloride ion properties,
chloride connectivity, zinc metabolism, tissue zinc
levels, zinc levels, zinc transport, zinc effects, allosteric
regulation, reactive oxygen species, antioxidant effects,
metabolic levels of glycine, metabolic level of zinc,
blood-brain barrier, vasodilatation, cerebral blood flow,
anti-anxiety effects of glycine, glycine effects on stress,
clinical trials of glycine.

Visualization of membrane receptors was carried
out using the data from the Protein Data Bank (PDB)
(https://www.rcsb.org/). To make up chemical formulas
and illustrations, the libraries of the ACD/ChemSketch
2020.2.0 software package were used.

RESULTS AND DISCUSSION

A feature of the molecular mechanisms underlying
the therapeutic effect of glycine and zinc ions on patients
suffering from anxiety disorders is the combined effect of
these metabolites on various biochemical and signaling
systems. In fact, it is necessary to discuss a complex
effect touching upon several systems at once.

In the context of accumulation and transformation,
in neurons and other types of human cells, there are
fundamental differences between glycine and zinc due
to their chemical nature. Glycine is a non-essential
amino acid that is actively involved in many metabolic
processes, while Zn* is a part of the trace elements, the
level of which is always regulated by an influx from an
external source.

Processes of zinc transport and storage

in human cells and tissues

In enterocytes of the small intestine, zinc buffer
proteins determine the process of this ion transfer into
the bloodstream. Further, Zn?" is redistributed between
albumin (the main zinc carrier, binds up to 80% in blood),
a-microglobulin and transferrin [22, 24]. The protein
content of food, as well as the condition of the mucosal
layer of the small intestine, determine the absorption of
zinc. Only 10% of zinc is excreted from the body with
sweat and urine, the rest — with fecal masses [25].
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Figure 1 — Pentamers activation of pLGICs family by CNS inhibitory neurotransmitters
Note: Structural images of membrane proteins are presented based on the Protein Data Bank (PDB) (https://www.rcsb.org) in parallel planes
(GABA, receptor, 7PBZ, [12]; glycine receptor, 6VM3, [23]) and perpendicular (glycine receptor, SVDI, [13]) plane of the membrane.
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Figure 2 — Main ways of zinc ions transport and deposition in human cells
Note: Intracellular compartments are: endoplasmic reticulum (ZnT1, ZIP7), Golgi apparatus (ZnT5-7, ZIP13), endosomes (ZnT4), lysosomes (ZnT2),
insulin granules (ZnT5, ZnT8) and synaptic vesicles (ZnT3).
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Figure 3 — Schematic representation of glycinergic synapse
Note: A neurotransmitter release from synaptic vesicles is accompanied by a subsequent diffusion into the synaptic cleft and the activation of
structured GlyR and gephyrin clusters on the postsynaptic membrane. The increasing concentration of chloride ions in the postsynaptic terminal is
regulated by transport through the KCC2 transporter. Structural plasticity of the synapse is mediated by the interaction of a-neurexin (presynaptic
membrane) and the neuroligin-2 complex with the structural network of gephyrin trimers in the postsynaptic terminal [43].

At the cellular level, 30—-40% of zinc is localized in the
nucleus, 50% in the cytoplasm and organelles, and the
rest — in the cell membrane. Cellular zinc homeostasis
is mediated by three main mechanisms [26]. First, this
is transport across the plasma membrane by importer
proteins fromthe ZIP and ZnT families (Fig. 2). Second, this
is due to the sequestration mediated by the transporter
into intracellular organelles, including endoplasmic
reticulum, a Golgi complex and lysosomes. To maintain
the cell viability, a strict control of zinc homeostasis is
necessary, since dysregulation leads to the cell death.
The third mechanism for maintaining homeostasis is the
metallothionein/thionein system [18]. Metallothioneins
(MTs) form complexes with about 20% of intracellular
zinc. MTs are ubiquitous proteins characterized by a low
molecular weight, a high cysteine content and the ability
to form complexes with metal ions.

One MT molecule can bind up to seven zinc ions.
Due to the different affinity of metal ion binding sites, Zn
can act as a powerful cellular zinc buffer. Free and weakly
bound zinc ions interact with the apoprotein thionein
(T.,) to form MTs [27]. An increase in the level of free
zinc ions triggers the transcription factor-1 (MTF), thus
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inducing the expression of thionein [18]. In addition,
oxidation of thiols by reactive oxygen species (ROS) or
nitrogen (RNS) triggers the formation of oxidized protein
thionine (Tox) with a concomitant zinc release [28].

Since there is no zinc storage system in the body,
its level in cells must be constantly maintained. Both
vegetable (mushrooms, nuts, cereals, legumes) and
animal (meat, liver, seafood, cheese) products can be
used as sources to maintain the normal level of this ion
[25, 29].

In accordance with the norms of physiological
needs for energy and nutrients for various population
groups in the Russian Federation (Methodological
recommendations MP 2.3.1.0253-21), therecommended
daily allowance is from 3 to 12 mg of zinc for children
and 12 mg for adults. In the US, the daily allowance of
zinc for men is 11 mg, for women — 8 mg. In Germany, it
is 10 mg for men and 7 mg for women [26].

Glycine metabolism in human cells

As mentioned above, unlike zinc, amino acid glycine,
being both a substrate and a product of enzymatic
reactions, is actively involved in the metabolic processes
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of human cells. In most cases, glycine is synthesized by
serine hydroxymethyltransferase (SHMT), which uses
serine supplied with food or obtained as a product of
anabolic reactions from glucose and glutamate, as a
substrate [30]. SHMT is a pyridoxal phosphate and a
tetrahydrofolate dependent protein that is present in
both the cytoplasm (SHMT1) and mitochondria (SHMT2),
with the mitochondrial enzyme being more active
[31]. Alternative metabolic pathways are the synthesis
of glycine from threonine (with the participation of
threonine aldolase and threonine dehydrogenase),
choline (initiated by choline oxidase), and glyoxylate
(catalyzed by alanine glyoxylate aminotransferase) [32,
33]. In general, the balance and dominance of these
anabolic pathways is highly dependent on conditions,
diet, and a body state. As catabolic reactions, one can
consider the reversibility of the SHMT reaction, as well as
the mitochondrial glycine cleavage system (GCS), which
is a combination of four proteins (glycine decarboxylase
(P-protein), aminomethyltransferase (T-protein),
dihydrolipoamide dehydrogenase (L-protein) and a
protein containing lipoic acid (H-protein) [34]. It should
be notified that despite the complexity of the process,
GCS is considered as a reversible system and its activity
is unevenly distributed in human tissues: the glycine
cleavage system is more represented in the liver and
kidneys and, to a lesser extent, in the brain, testicles,
and the small intestine [30].

Role of glycine as neurotransmitter in neurons

Synthesized glycine is pumped into vesicles via the
vesicular inhibitory amino acid transporter (VIAAT),
which is associated with the transport of chloride ions
into synaptic particles [35]. Such an activity is typical
for both glycinergic and GABAergic neurons, as well as
for terminal endings of a mixed type [36]. Exocytosis of
synaptic vesicles leads to the diffusion of glycine into the
postsynaptic membrane with a subsequent activation
of GlyR, which, in turn, leads to the depletion of the
chloride ion gradient [37, 38]. For most mature CNS
neurons, the intracellular concentration of chloride ions
is maintained at a low level (about 5 mM) [39], which
is achieved due to the activity of K*/Cl- carriers known
as KCC2 [40, 41], which function along with Na*/K*/CI
transporter (NKCC1), as well as glycine transporters —
GlyT1 and GlyT2 [42] (Fig. 3).

It should be emphasized that a distinctive structure
feature of the postsynaptic region containing glycine
and GABAA receptors is their cluster organization on
the membrane surface. A similar effect is achieved
due to the interaction of GlyR with a specific protein,
gephyrin [44], which consists of three subunits [43] and
forms trimers associated with cytoskeleton (Fig. 3). This
protein is a part of a multistage system that ensures the
formation and development of neuroplasticity of the
neurons postsynaptic membrane containing receptors
activated by inhibitory neurotransmitters (glycine and
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GABA) [45]. This process is dynamic and can be regulated
in various ways, in particular, by the level of a specific
brain-derived neurotrophic factor [46]. Glycine released
into the synaptic cleft is subsequently captured back into
neurons and glial cells through the already mentioned
GlyT carriers, and some of the neurotransmitter
molecules are carried away by convection diffusion into
the interstitial fluid. This process is important for the
formation of spatial heterogeneity in the distribution
of glycine and the explanation of the molecular
mechanisms of its effects in neurons [33].

Other concomitant and metabolic effects

of glycine

The considered molecular activation mechanism
of chlorine ions transmembrane currents indicates
the direct participation of glycine in the formation of
inhibitory processes in CNS neurons and is the basis
for the formation of various treatment regimens aimed
at reducing anxiety and reducing the manifestation of
stress. Thus, it has been experimentally shown that high
doses of glycine when taken orally (3 g once before falling
asleep) improve the subjective and objective assessment
of the quality of sleep in the group of patients under
consideration [47]. The oral intake of glycine reduces
metabolic disorders in patients with cardiovascular
diseases, inflammation of various origins in a number of
cancers, as well as in obesity and diabetes [48]. Glycine
protects against oxidative stress caused by a wide range
of toxic compounds (including drugs) at the level of cells
or an entire organ in the liver, kidneys, intestines, and a
vascular system [49]. It is noteworthy that glycine has a
direct effect on the arteriole dilatation [50, 51], which
is the most important aspect of this amino acid overall
effect on the CNS state [52]. The impact on the blood
flow system in microvessels and capillaries leads to a
theoretically substantiated [53-55] and experimentally
confirmed increase in the glucose content in tissues [56].

Allosteric regulation of GlyR by zinc ions

A number of experimental works have shown the
allosteric regulation of GlyR by zinc ions [57, 58]. The
effect of zinc on the activity of glycine receptors depends
on the level of the ion content and has a biphasic form.
At low concentrations of Zn?" (<10 uM), the receptor
is activated, while at high concentrations (>10 uM), it
is inhibited. These multidirectional processes involve
different sites on the receptor and have different
molecular mechanisms. Potentiation is achieved by
increasing the affinity of the receptor for glycine, while
inhibition is achieved by decreasing its efficiency [57].
These effects should be considered as a consequence
of zinc physicochemical properties; zinc is the only ion
among transition metals that does not have a biological
redox activity. It is the lack of the zinc redox activity,
along with its relatively strong affinity for proteins
that has made zinc a suitable ion to play the role of a
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structural cofactor that modulates the activity of the
glycine receptor.

Antioxidant effects of glycine and zinc

In addition to the immediate direct combined effect
onthestate ofthe neuron membrane polarization, glycine
and Zn?* have many effects on metabolic processes that
directly affect the condition of patients with anxiety
disorders. In particular, it has been experimentally
shown that an increase in the concentration of glycine
has a protective effect on the oxidative phosphorylation
system in the mitochondria of neurons under anoxia and
hypoxia conditions [59-61], which is a part of the global
regulatory mechanism of the metabolism switching state
depending on the level of the tissue amino acids [62].
In addition, a direct increase in the content of glycine
reduces the generation level of reactive oxygen species
initiated by glutamate excitotoxicity [63]. The antioxidant
effect is supported by the mediated participation of
glycine in the glutathione tripeptide in the system of
protection against the oxidative stress, which is the basis
of this amino acid protective effect in various ischemic
conditions and acute cerebrovascular accidents [64].
Under normal physiological conditions, Zn* is redox-
inactive; therefore, it takes part in the processes of
receiving and transmitting electrons indirectly. The
antioxidant properties of zinc are the result of several
indirect mechanisms, i.e. the inhibition of ROS formation
by transition metals and sulfhydryl stabilization [65, 66].

The above-mentioned molecular mechanisms
of the glycine and zinc effect on the cellular and
subcellular systems of the brain tissue indicate the need
for the combined use of these metabolites to achieve
a more pronounced effect in patients suffering from
anxiety disorders. At the same time, both the ability
to maintain the concentration of the amino acid and
microelement in question, as well as their effectiveness
and bioavailability, are important.

Bioavailability and maintenance of glycine

and zinc levels in human body

Despite the fact that glycine is a non-essential
amino acid, Melendes-Hevia E. et al. point at the need
for its supply from outside as a source to meet the
biological needs of the cells [67]. It should be notified
that to date, the ability of glycine to penetrate the BBB
with the help of nonspecific amino acid carriers when
administered orally has been experimentally proven
[47]. Nevertheless, the doses used in this method
of administration are quite high [68] and, therefore,
it is necessary to take into account the specificity of
local changes in the concentration of glycine, which is
achieved by an effective choice of this metabolite route
of delivery.

To maintain full zinc homeostasis, a sufficient
daily intake is necessary, because the systems of the
intracellular zinc ions localization discussed above,
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are rather dynamically filled compartments and traps,
which ultimately can lead to the absence of a deposition
system for this microelement in the body.

Unfortunately, zinc deficiency does not show any
specific symptoms. With its deficiency, such nonspecific
conditions as sleep disturbances, deterioration of the
skin, hair and nails, decreased appetite, increased hair
loss, impaired night vision, decreased mood, increased
duration of wound healing, and others can be observed
[69].

Zinc deficiency is more common among people
on the diet high in phytates [15]. Most often, they are
residents of developing countries. Phytates are found
in grains, seeds, nuts, legumes, cocoa beans and cocoa
powder, and coffee beans. Phytates bind to zinc, thereby
reducing its bioavailability [25, 26]. It is worth noting
that zinc derived from animal products has a higher
bioavailability compared to plant foods. Therefore,
vegetarians are usually recommended to increase the
zinc norm by 1.5 times [26].

To increase its bioavailability in vegetarian diets,
legumes should be used in the sprouted form, or grains
and legumes should be soaked in water for several hours
before cooking.

According to the unified sanitary-epidemiological
and hygienic requirements for goods subject to sanitary-
epidemiological supervision (control), the recommended
adequate level of the daily zinc intake for an adult is
12 mg; the upper allowable intake level is 25 mg [70].
The physiological need for children is from 3 to 12 mg/
day (depending on age). Breastfeeding until at least 6
months of age provides an adequate level of zinc intake
in the child’s body [71].

Interestingly, some authors point at the need for
sublingual zinc in the treatment of colds [14]. A slow
drug dissolution in the mouth will allow zinc ions to be
released, absorbed and transported to the nose — the
source of infection. The chemical composition of the
preparation is also important so that zinc can be ionized
in the oral cavity at pH 7.4: citric acid, glycine and tartrate
prevent zinc ionization [14].

In biologically active food supplements, zinc can
be present in the form of compounds: acetate, sulfate,
chloride, citrate, gluconate, lactate, oxide, carbonate,
L-ascorbate, L-aspartate, bisglycinate, L-lysinate, malate,
mono-L-methionine sulfate, picolinate, L-pyroglutamate,
as well as amino acid complexes (in accordance with
the Unified Sanitary-Epidemiological and Hygienic
Requirements). Biological zinc supplements have a
varying bioavailability. Zinc bound to amino acids such
as aspartate, cysteine and histidine, has the highest
absorption concentration, followed by zinc chloride,
sulfate and acetate, while zinc oxide has the lowest
bioavailability [14, 26, 72]. A comparison of various
saccharides and their combinations effect on the zinc
uptake by vesicles with brush border membranes showed
that the addition of maltose and a mixture of galactose
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with glucose did not significantly reduce the level of the
zinc uptake compared with the control. The addition
of a glucose polymer or lactose significantly increased
the bioavailability of zinc [73]. The addition of glucose
to lactose or mannitol to the glucose polymer had the
same effect as lactose or polymer alone, respectively.
The galactose-only buffer had no effect on zinc binding.
In another study, a low molecular weight lactose-zinc
complex was found out to have a higher bioavailability
in vitro [74].

The use of Zn?* together with glycine will allow the
formation of chelated forms of zinc, the undeniable
advantages of which include a maximum bioavailability
even under the conditions where the assimilation of the
components is impaired (the lack of interaction with
food, other minerals and gastric hydrochloric acid, the
absence of adverse reactions) [75].

It has been established that zinc, as one of the most
important trace elements, plays an important role in
various pathological conditions. Various diseases of the
gastrointestinal tract, such as malabsorption, cirrhosis of
the liver, a celiac disease, Crohn’s disease and chronic
diarrhea, can also lead to zinc deficiency, due to the
impaired absorption [19, 26].

Low zinc levels have been shown to be associated
with metabolic syndrome and diabetes [76, 77], as well
as decreased immunity [26, 78, 79]. Large amounts
of iron from supplements can interfere with the zinc
absorption. Disruption of zinc homeostasis, leading to
either depletion or excess zinc, causes severe damage
to neurons [80]. Zinc-induced cell death and changes
in brain zinc status are associated with a wide range of
diseases, including many neurodegenerative disorders,
such as Alzheimer’s disease, and mood disorders,
including depression, Parkinson’s disease, Huntington’s
disease, amyotrophic lateral sclerosis and prion diseases,
as well as autism spectrum disorders. [66, 81-83].

The considered molecular mechanisms of the
metabolites action are reflected in the clinical practice of
the anxiety states treatment. In particular, it was shown
that such anxiety symptoms as anxious mood, tension,
and sleep disturbances were subjected to the greatest
reverse dynamics during glycine therapy [85]. In addition,
a randomized placebo-controlled study demonstrated
the effectiveness of glycine in the treatment of mild
anxiety in patients with an adjustment disorder with a
predominance of disturbance of other emotions [86].

All major metabolic pathways are regulated by zinc
metalloenzymes. The functions of these enzymes include
catalytic, structural and regulatory roles. The status of
zinc, whether deficient or abundant, is able of influencing
each of this element’s diverse roles in human biology.

CONCLUSION

Thus, deficiencies of certain essential trace elements
and amino acids, such as glycine and zinc, especially
their combined deficiencies, are one of the frequent
causes of various adverse effects, including post-stress
CNS dysfunctions. Given the accumulated experience of
these micronutrients positive impact on the processes
of recovery and maintenance of the central nervous
system normal functioning, an adequate intake of zinc
and glycine may be important for most people who
experience the consequences of numerous stresses
and anxiety on a daily basis. This combination can be
especially useful for the people experiencing a state of
chronic psycho-emotional stress and maladaptation,
including those who have difficulty in falling asleep.
Replenishment of zinc and glycine deficiency in the body
of a healthy person is manifested by the development
of a persistent anti-anxiety effect, which is accompanied
by the normalization of the sleep-wake rhythm, which
makes it possible to have a good rest without any loss of
working efficiency after waking up.
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The aim of the work was to analyze the available therapeutic options for the conventional therapy of hereditary myopathies.
Materials and methods. When searching for the material for writing a review article, such abstract databases as PubMed
and Google Scholar were used. The search was carried out on the publications during the period from 1980 to September
2022. The following words and their combinations were selected as parameters for the literature selection: “myopathy”,
“Duchenne”, “myodystrophy”, “metabolic”, “mitochondrial”, “congenital”, “symptoms”, “replacement”, “recombinant”,
“corticosteroids”, “vitamins”, “tirasemtiv”, “therapy”, “treatment”, “evidence”, “clinical trials”, “patients”, “dichloracetate”.
Results. Congenital myopathies are a heterogeneous group of pathologies that are caused by atrophy and degeneration of
muscle fibers due to mutations in genes. Based on a number of clinical and pathogenetic features, hereditary myopathies
are divided into: 1) congenital myopathies; 2) muscular dystrophy; 3) mitochondrial and 4) metabolic myopathies. At the
same time, treatment approaches vary significantly depending on the type of myopathy and can be based on 1) substitution
of the mutant protein; 2) an increase in its expression; 3) stimulation of the internal compensatory pathways expression;
4) restoration of the compounds balance associated with the mutant protein function (for enzymes); 5) impact on the
mitochondrial function (with metabolic and mitochondrial myopathies); 6) reduction of inflammation and fibrosis (with
muscular dystrophies); as well as 7) an increase in muscle mass and strength. The current review presents current data on
each of the listed approaches, as well as specific pharmacological agents with a description of their action mechanisms.
Conclusion. Currently, the following pharmacological groups are used or undergoing clinical trials for the treatment of various
myopathies types: inotropic, anti-inflammatory and antifibrotic drugs, antimyostatin therapy and the drugs that promote
translation through stop codons (applicable for nonsense mutations). In addition, metabolic drugs, metabolic enzyme
cofactors, mitochondrial biogenesis stimulators, and antioxidants can be used to treat myopathies. Finally, the recombinant
drugs alglucosidase and avalglucosidase have been clinically approved for the replacement therapy of metabolic myopathies
(Pompe’s disease).

Keywords: hereditary myopathies; Duchenne’s muscle dystrophy; metabolic therapy; pharmacological correction
Abbreviations: ETC — electronic transport chain; mRNA — matrix ribonucleic acid; tRNA — transport ribonucleic acid;
siRNAs — small interfering ribonucleic acids; NAD, nicotineamide-adenine dinucleotide; FAD — flavin adenine dinucleotide;
NADP — nicotinamide adenine dinucleotide phosphate; ATP — adenosine triphosphate; ADP — adenosine diphosphate;
CTGF — connective tissue growth factor; TGFP — transforming growth factor-beta; NSAIDs — non-steroidal anti-inflammatory
drugs; XLMTM — X-linked myotubular myopathy; TCA — tricarboxylic acid cycle; TNF-a — tumor necrosis factor-alpha;
CTGF/CCN2 — connective tissue growth factor.
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Lenb. MpoaHannsupoBaTb AOCTYyMHble TepPaneBTUYECKUME OMUMW ANA KOHBEHLUMOHAJIbHOM Tepanuu HaCNeACTBEHHbIX
MWONATUN.

Martepuanbl 1 meToabl. [Mpy NovcKe maTepuana A HanucaHWsA 0630pHOM CTaTby UCMONb30BaNN Takue pedepaTuBHbIe 6asbl
OaHHbIX, Kak PubMed n Google Scholar. MNMouck ocywectsasnca no nybankaumam 3a nepuog, ¢ 1980 r. no ceHTAbpb 2022 .
MapameTpamu gaa otbopa NuTepaTtypbl BbliM BbiGpaHbl caeaytolime cnoBa U Ux codeTaHua: “myopathy”, “Duchenne”,

“myodystrophy”, “metabolic”, “mitochondrial”, “congenital”, “symptoms”, “replacement”, “recombinant”, “corticosteroids”,

“vitamins”, “tirasemtiv”, “therapy”, “treatment”, “evidence”, “clinical trials”, “patients”, “dichloracetate”.

Pe3ynbrathbl. BpoxaeHHbIe MMONATUM NPEACTABAAIOT COOOMN reTeporeHHyo rpynny NaTos0rui, KOTopble Bbi3BaHbl aTpoduei
W fereHepaLmen MblleYHbIX BOIOKOH BCNeACTBME MyTaLmii B reHax. Ha ocHOBaHMM pAaAa KAMHUYECKUX U NAaTOTeHETUYECKUX
0COBEHHOCTEN HAC/NEACTBEHHbIE MWONATUM PasgenatoT Ha: 1) BPOXKAEHHbIE MUMOMATUKM; 2) MbllWeYHble aucTpoduu;
3) muToxoHApuanbHble U 4) meTabonuyeckme muonatuu. Mpu 3TOM, NOAXOAbl K JIEHEHWUIO 3HAUYUTENbHO BapbUPYHOT B
3aBMCMMOCTM OT TWMMa MMOMATUM W MOFYT 6biTb OCHOBaHbl Ha 1) 3amelleHWMM MyTaHTHOro 6enka; 2) yBeNMYEHUWU ero
3KCMpeccun 3) CTUMYNALUKU SKCNPECCUN BHYTPEHHUX KOMNEHCATOPHbIX NyTen; 4) BOCCTAaHOBNEHUM HanaHca coefuHeHUN,
CBA3aHHbIX C OYHKUMEW MyTaHTHOro 6enka (ana depmeHToB); 5) BO3gehCTBMM Ha OYHKUUIO MUTOXOHAPUKA (npu
MeTaboNNYEeCKMX U MUTOXOHAPUABbHBIX MMONATUAX); 6) CHUMKEHUN BOcnaneHnsa U GrMbposa (Mpu MblweyHbIx gucTpodusx);
a TaKXKe Ha 7) yBeIMYeHUN MbILIEYHOM Macchl U cuibl. B TeKylem o63ope npeacTaBieHbl COBPEMEHHbIE AaHHbIE O KayK40M
13 NEePEUYNCNEHHbIX MOAXOA0B, @ TaKKe KOHKPETHble GapMaKoNOrnMYeckne areHTbl C ONMCcaHMEM UX MEXAHU3MOB LENCTBUA.

3aknoueHune. B HacTosllee Bpems A5 NIeYEHUA PasHbIX TUMNOB MMOMATUA MCMONL3YIOTCA WAW MPOXOAAT KAMHUYECKME
nccnenoBaHuA cneayowme Gapmakoniormyeckme rpynnbl: UHOTPOMHbIE, MPOTUBOBOCMNANUTENbHbIE U aHTUGMBpOTUYECKME
npenapaTtbl, aHTUMWOCTATUHOBAA Tepanua U NpenapaTbl, CNOCOBCTBYOWME TPAHCAALMMN Yepes CTOM-KOAOHbI (NpumeHMMa
npyY HOHCeHc-myTaumax). Kpome Toro, ANA NeYeHUA MMOMATMI MOTYyT ObiTb NPUMEHeHbl MeTabosiMyeckue mpenapartbl,
KodaKTopbl MeTabonnyecknux GpepmeHTOB, CTUMYNATOPbI MUTOXOHAPWANbHOrO GUoreHesa U aHTUOKCUAAHTbI. HakoHeu,
KANMHWYECKN 0f06peHbl peKOMOUHaAHTHbIE NpenapaThl a/fFIlOKO3MAa3a U aBaNrlOKO3UAa3a A1 3aMeCcTUTEIbHOW Tepanuu
meTabonnyecknx mmonatuii (6onesHb NMomne).

KntoueBble cnoBa: HacneACTBEHHblE MMOMATUN; MUOAUCTPOdUA [tolweHHa; MeTaboiMyecKan Tepanus; Gapmakoaormyeckas
KOppeKuus

CnUcoK coKpauwieHmii: ITL, — 3/1eKTpOHHO-TpaHCMopTHaa uenb; MPHK — maTpuyHaa pubOOHYKNEeMHOBas KWUC/IOTa;
TPHK — TpaHcnopTHaa pubOHyKNenHoBas Kucnota; MUPHK — manaa uHTepdepupytowana pubOHYK/IEMHOBasA KUCNOTa;
HAL = HUKOTMHaMUAAAEHUHONHYKNEOoTUA,; OAL = bnaBMHaLEHUHAVHYKNEOTUA,; HAO® =
HUKOTUHaMUAAAeHUHANHYKNeoTuadocdaT; ATO — ageHosnHTpudocdat; AAD — apeHosnHandocdaTt; CTGF — dpakTop pocTta
coeanHuTenbHon TKaHW; TGFP —TpaHcdopmupyowmii dakTop pocta-6eta; HIMBIM — HecTepoMaHble MPOTUBOBOCNANUTE/IbHbIE
npenapatbl; XLMTM — X-cuenseHHaa muoTybynapHas mmonatua; LUTK — uukn TpukapboHoBbIX Kucnot; PHO-a — dakTop
Hekpo3a onyxonun-anbda; CTGF/CCN2 — GpaKkTop pocTa COeAMHUTENbHOW TKaHM.
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INTRODUCTION

Hereditary myopathies are a clinically, histologically
and genetically heterogeneous group of muscle
pathologies that are caused by atrophy and degeneration
of striated muscles due to mutations in genes whose role
is closely related to the functioning of myocytes. Most
often, the proteins encoded by these genes are involved
in the formation or maintenance of the structural
integrity of the cytoskeleton and plasma membrane.
At the same time, myopathies associated with the
pathology of cytoskeletal proteins are characterized
by a progressive course (muscular dystrophies), and
myopathies caused by a function loss of membrane
proteins are fully manifested from birth (congenital
myopathies). In addition, hereditary myopathies can be
caused by mutations in the genes associated with the
work of mitochondria (mitochondrial myopathies), or
the genes encoding enzymes of intracellular metabolism
(metabolic myopathies) [1].

Initially, classifications of hereditary myopathies
were based on the clinical presentation or typical
histological features found in muscle biopsy specimens.
However, according to the current recommendations,
the diagnosis of myopathy should be accompanied by
the data from molecular genetic studies. In addition
to precision diagnostics, this approach leads to an
expansion list of the nosological group genetic correlates
[2].

THE AIM of the work was to analyze the available
therapeutic options for the conventional therapy of
hereditary myopathies.

MATERIALS AND METHODS

When searching for the material for writing a review
article, such abstract databases as PubMed and Google
Scholar were used. The search was carried out on the
publications during the period from 1980 to September
2022. The following words and their combinations
were selected as parameters for the literature
selection: “myopathy”, “Duchenne”, “myodystrophy”,
“metabolic”, “mitochondrial”, “congenital”, “symptoms”,
“replacement”, “recombinant”, “corticosteroids”,
“vitamins”,  “tirasemtiv”, “therapy”, “treatment”,

patients”, “dichloracetate”.

” o« ” o«

“evidence”, “clinical trials”,
RESULTS AND DISCUSSION

1. General characteristics

of hereditary myopathies

The most typical symptoms of myopathies are
muscle weakness, myalgia, myopenia, and exercise
intolerance. The clinical picture of myopathies can vary
from asymptomatic forms with an increase in serum
creatine kinase values and an increased tendency
to hyperthermia to severe forms leading to skeletal
deformities, as well as respiratory and heart failures.
The groups of affected muscles can differ significantly —
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from an isolated lesion of the oculomotor muscles [3]
to a systemic muscle atrophy involving myocardium and
diaphragm. The variability of clinical signs is associated
both with the diversity of causative genes and with the
degree of their function loss. For example, a severe
muscle phenotype in Duchenne’s muscle dystrophy
is associated with neuropsychiatric disorders [4], and
muscle symptoms in the phosphofructokinase deficiency
(Tarui disease) are accompanied by hemolytic anemia
and hyperuricemia [5]. Mitochondrial myopathies are
characterized by especially high clinical heterogeneity
[6]. Since multisystem disorders, nervous, digestive,
urinary, cardiovascular, endocrine and reproductive
systems, as well as the organs of vision and hearing
often accompany a mitochondrial dysfunction, they can
be involved in the pathological process (Table 1).

1.1. Muscular dystrophies

More than 30 muscular dystrophies have been
identified, the most common of which are as follows:
Duchenne’s muscle dystrophy, facioscapulohumeral
muscular dystrophy, Becker muscular dystrophy, limb-
girdle and myotonic kinds of muscular dystrophy.
Etiologically, these diseases are very heterogeneous.
For example, Duchenne’s muscle dystrophy and Becker
dystrophy are caused by dystrophin mutations, while
lumbar-limb muscular dystrophies can be caused by
an impaired function of calpain, dysferlin, sarcoglycan,
lamin, anoctamine, etc. [7]. In all cases, early signs of
degeneration and then regeneration of some muscle
fibers are usually found. The fibers that regenerate
become larger than usual, and eventually the muscle is
almost completely replaced by a fibrous scar tissue and
fat.

The most classic type of such muscle disorders
is Duchenne’s dystrophy. It is caused by frameshift
mutations in the MDD gene encoding the dystrophin
protein, which is a plasma membrane-associated
protein that plays a critical role in sarcolemma stabilizing
in mechanical shifts during the muscle contraction
or stretching [8, 9]. The dystrophin absence leads to
a decrease in the resistance of sarcolemma and the
subsequent necrosis of the muscle fibers [10]. The muscle
fibers destruction is exacerbated by a mechanical stress
and improves while the muscle immobilization [11, 12].
Thus, the accumulation of the damaged muscle fibers
is the cause of the progressive course of Duchenne’s
myodystrophy. At the same time, the exact molecular
mechanisms by which dystrophin plays the role of a
mechanical stabilizer, are still unclear [13].

1.2. Congenital myopathies

Unlike muscular dystrophies, congenital myopathies
are already manifested in the neonatal period [14].
This is due to the fact that the function of defective
proteins is not associated with maintaining the
integrity of already differentiated myocytes, but with
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the structural organization of the muscle tissue even
at the stage of histogenesis. Basically, these are the
proteins involved in the formation of the cytoskeleton
or intercellular substance. At the same time, these
can be such multifunctional proteins as myotubularin,
which is involved in the transfer of endosomes, coupling
of excitation and contraction, the organization of
intermediate filaments, and apoptosis.

Although the exact epidemiology of congenital
myopathies is unknown, researchers estimate their
incidence to be around 1:25 000 [15]. The classification
of congenital myopathy is constantly being revised
as more genes that are associated with its various
phenotypic and histological manifestations, are
identified. At the moment, it continues to be based
mainly on the features observed in muscle biopsy [16].
Accordingly, congenital myopathy can be divided into the
following five forms: rod myopathy; cardiac myopathy;
centronuclear myopathy; congenital myopathy of a fiber
type imbalance; myosin storage myopathy.

Clinically, congenital myopathies are manifested
by muscle hypotonia and weakness, present at birth
or appearing in infancy and not progressive during life.
Depending on the causative gene and the nature of
the mutation, the clinical spectrum varies from severe
neonatal forms with congenital arthrogryposis to mild
forms with isolated hyposthenia [14, 16]. In the neonatal
period, symptoms tend to be more pronounced and
may include reduced fetal movement and a subsequent
development of arthrogryposis and clubfoot. Severe
muscular hypotonia is often present at birth and in the
first months of life (a sign of a lethargic baby) along with
a frog-like posture, difficulty sucking, and a respiratory
failure [17].

1.3. Metabolic myopathies

Metabolic myopathies are associated with
mutations in the genes encoding energy metabolism
enzymes. Biochemical disorders include disorders of
fatty acids, glucose, or glycogen oxidation. As a result,
the functional reserves of the muscle tissue are reduced,
which is manifested by hypotension, increased fatigue,
myalgia, convulsions, episodes of rhabdomyolysis, etc.
[18]. At the same time, fatty acids utilization defects
are characterized by a low tolerance to long-term
endurance exercises, while disorders of glucose and
glycogen metabolism are manifested by an intolerance
to fast high-intensity exercises [19]. A separate
feature of myopathies also associated with mutations
of glycogenolysis enzymes, is the accumulation of
intracellular glycogen inclusions [20].

1.4. Mitochondrial myopathies

The pathogenetic basis of mitochondrial myopathies
is a violation of energy metabolism processes due to
defects in the oxidative phosphorylation. In this regard,

Tom 10, Beinyck 5, 2022

some authors consider mitochondrial myopathies as
a subtype of metabolic ones. Nevertheless, a number
of features of inheritance and pathogenesis, as well
as some clinical characteristics, make it possible
to distinguish them into a separate group. Thus,
mitochondrial myopathies are always associated with
impaired functioning of the electronic transport chain
(ETC), most often with defects in complex 1 [21-23].
In addition, mitochondrial myopathies can be caused
by mutations in both nuclear and mitochondrial genes.
In case of mitochondrial DNA mutations, inheritance
occurs almost exclusively maternally [24]. The severity of
symptoms is determined not only by the pathogenicity
of the mutation, but also by the number of the mutant
mitochondrial DNA copies that the body has inherited
from the mother [25]. The fact is that the mitochondrial
genome is heterogeneous (the phenomenon of
heteroplasmy) and, along with mutant ones, healthy
mitochondria are always present in the cell. Thus, the
proportion of defective mitochondria is determined
randomly with a random distribution of mitochondria
between the daughter cells, which is called the
“bottleneck” phenomenon [26].

In general terms, mitochondrial myopathies are
mitochondrial diseases, in the spectrum of clinical
manifestations of which there are pronounced symptoms
from the muscle tissue. Mitochondrial myopathies are
characterized by a progressive course and a wide range
of associated symptoms, including epilepsy, neuropathy,
sensory impairments, etc. [27].

2. Treatment of hereditary myopathy

Treatment of hereditary myopathies varies widely
depending on the type and specific disease. A significant
proportion of therapeutic interventions in the treatment
of myopathies patients are the approaches based on
diet, exercise therapy and massage. For example, in
metabolic myopathies associated with impaired glucose
utilization, the most important therapeutic approach is
a low-carbohydrate ketogenic diet [53]. When correcting
congenital myopathies, patients are recommended a
controlled physical activity, as well as the use of special
corsets to prevent the development of bone deformities.

Pharmacological approaches occupy an important
place in symptomatic, supportive, and pathogenetic-
oriented kinds of therapy. In addition, high rates
development of antisense and gene therapy have
recently made it possible to focus on etiotropic
approaches in the treatment of myopathies patients.

As with most monogenic diseases associated with
the gene function loss, conventional specific therapy can
be aimed at: 1) replacement of the mutant protein; 2)
increase in its expression; 3) stimulation of the expression
of internal compensatory pathways; 4) restoration of the
balance of compounds associated with the function of
the mutant protein (for enzymes).
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2.1. Mutant protein substitution

Currently, a number of recombinant enzymes have
been approved for the specific myopathies therapy. One
of the approved approaches is the enzyme replacement
therapy for type Il glycogenosis (Pompe’s disease)
with recombinant human alglucosidase alfa (rhGAA;
Myozyme® (ex-US) and Lumizyme® (USA), which has
been available since 2006, or with avalglucosidase alfa
(NEXVIAZYME™; avalglucosidase alfa-ngpt) available
since 2021 [54, 55].

Obviously, replacement therapy with recombinant
forms of proteins is not the main strategy, since most
exogenous proteins cannot penetrate intracellularly to
carry out their functions. However, the approaches to
directlymodify proteinsand peptidestoenhancecytosolic
translocation, continue to be a promising method for
improving the delivery efficiency and extending the
viability of intracellular protein therapeutics. Among the
proposed approaches to improve the cytosolic delivery
of exogenous proteins, there have been such as chemical
recharging or the inclusion of intracellular internalization
motifs [56]. For example, the enzyme replacement
therapy with a modified recombinant protein has been
proposed for the treatment of X-linked myotubular
myopathy. In the preclinical study on Mtm1 64 mice
with a myotubularin gene knockout, the replacement
therapy with recombinant 3E10Fv-MTM1 protein
(0.1 mg/kg) into the tibialis anterior muscle twice a week
significantly improved the muscle function [57].

2.2. Increase in expression

Some nucleotide substitutions called nonsense
mutations, lead to the formation of a stop codon in
the coding gene region, resulting in the premature
termination of the desired protein synthesis. In addition,
mMRNA resulting from nonsense mutations is destabilized
by a nonsense-mediated decay [58]. Similar mutations
are often the cause of hereditary myopathies. Such
mutations are found in approximately 10% of Duchenne’s
patients [59] and in 20% of individuals with X-linked
myotubular myopathy (XLMTM) [60].

To restore the expression of the full amino acid
sequence, the drugs that force the reading of termination
codons were proposed [61]. For example, these were
aminoglycosides containing a 2-deoxystreptamine ring
bind to the small ribosomal RNA subunit, reducing
the accuracy of translation [62]. This property made
it possible to propose the use of aminoglycosides for
the treatment of Duchenne’s myodystrophy [63] and
a number of other monogenic diseases caused by
premature stop codon mutations [64, 65].

However, serious side effects of aminoglycosides,
such as nephrotoxicity and ototoxicity, limit their
long-term use. In this regard, alternative agents have
been proposed, including suppressor tRNAs and small
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interfering  RNAs (siRNAS) [66] and ataluren [67].
However, only ataluren is currently approved for a
clinical use [68].

Theoretically, the termination forcing approach
could help treat all hereditary myopathies associated
with premature stop codons. Restoration of translation
does not always lead to the formation of a functional
protein, which, apparently, is associated with impaired
intracellular traffic and post-translational modifications
of the product [69]. To date, the termination-forcing
strategy has been approved for only use with nonsense
mutations that cause Duchenne’s muscular dystrophy.
In addition, despite a high proportion of nonsense
mutations in myopathies, their heterogeneity and a
low prevalence of each specific disease in the general
population make it difficult to conduct full-fledged
clinical studies [57].

2.3. Stimulation of internal compensatory

pathways expression

In some cases, a decrease or absence of
protein expression can be partially compensated
for hyperactivation of internal pathways that can
functionally mitigate the defect. For example, the
severity of muscle pathology in dystrophin defects can
be reduced due to the myogenic stimulation, which leads
to an increase in the expression of myocyte structural
proteins. Non-clinical studies demonstrate that
inhibitors of histone deacetylases have a pronounced
therapeutic effect in some myopathies. Apparently,
due to the regulatory activity in relation to epigenetic
modifications, such compounds increase the activity
of myogenic differentiation of myocyte precursors. In
vitro studies have found out that inhibitors of histone
deacetylases enhance myogenesis and the formation of
enlarged skeletal myotubes [70, 71]. When administered
to the dystrophy mice, the drugs had similar beneficial
effects. In the mdx mice, the inhibitors increased
the cross-sectional area of myofibrils, reducing the
histological signs of inflammation and remodeling
[72]. Interestingly, among the compounds with an
inhibitory activity against histone deacetylases, such
well-known drugs as trichostatin A and valproic acid
can be distinguished. Herewith, computational biology
methods have shown that trichostatin A has the ability to
weaken the posttranscriptional repression of utrophin,
which has a significant similarity in sequence and
functional motifs with dystrophin, including the ability
to bind the same dystrophin-associated glycoprotein
complex [73, 74]. Utrophin is expressed in fetal tissues
at high levels and is inhibited during its development
in adults. It was found out that in mice, a decrease in
the level of utrophin programmed in embryogenesis
corresponds to the onset of muscle necrosis [75]. At the
same time, the gene therapy approaches aimed at the
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delivery of utrophin, significantly improve the condition
of Duchenne’s myodystrophy mice [76]. Trichostatin A
is currently undergoing clinical trials for the treatment
of Duchenne’s muscular dystrophy. At the same time,
the specific utrophin modulator ezutromid/SMT C1100
demonstrated unsatisfactory results in phase Il clinical
trials and was withdrawn [77]. At present, the search for
an optimal candidate for increasing utrophin expression
continues [78].

2.4, Restoring Balance of Compounds

Associated with Mutant Protein Function

In some cases, in addition to repairing the deficiency
of the protein itself, a strategy for the delivery of
compounds related to its catalytic function can be used
(Fig. 1). Obviously, such an approach can be implemented
in only metabolic and mitochondrial myopathies, where
the cause of the disease is the metabolic enzyme
deprivation function, and not the one of structural
protein or kinase. The main principle of this approach
is based on the fact that the use of an exogenous
metabolite compensates for its endogenous deficiency,
restoring the efficiency of the entire biochemical chain.
For example, it has been known since the 1960s that
intravenous glucose improves the exercise tolerance in
patients with McArdle’s disease, which is associated with
a defect in the conversion of glycogen to glucose [79].
Glucose therapy is also effective in some other diseases
associated with mutations in the proximal enzymes
of glycogen catabolism [80-82]. Another example is
the use of triheptanoin, a synthetic medium-length
triglyceride that restores the energy efficiency of long-
chain fatty acid oxidation in the presence of mutations
in proximal catabolism enzymes [83]. Triheptanoin has
demonstrated a significant improvement in cardiac and
muscle symptoms in VLCAD syndrome patients and in
patients with carnitine palmitoyltransferase 2 deficiency
[84, 85]. In some cases, an effective strategy to
increase the concentration of compounds that serve as
substrates for the bypass or an alternative biochemical
cascade is also used. Thus, for example, in case of a
defect in the formation of ATP along the pathway of
fatty acid oxidation, an increase in glucose concentration
can compensate for the total energy deficiency due to
glycolysis [86]. A similar effect can be achieved with the
use of creatine. Creatine is a skeletal muscle amino acid
that serves as a substrate for the formation of creatine
phosphate, a phosphate group donor for the conversion
of ADP to ATP by the enzyme creatine kinase. Ina number
of studies, the administration of exogenous creatine has
shown a therapeutic effect on the muscle symptoms in
metabolic myopathies [62, 63].

2.5. Mitotropic drugs
Various cofactors, including riboflavin, coenzyme
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Q10, vitamins B6 and B3, can be used to partially
compensate for the disorders caused by a dysfunction
of one of the metabolic pathways (Fig. 1). These drugs
can partially increase the energy efficiency of cells due
to a positive effect on oxidative phosphorylation in
mitochondria [88]. It is known that vitamin B3 (nicotinic
acid) serves as a substrate for the formation of NAD and
NADP, thereby facilitating the transfer of hydrogen from
the tricarboxylic acid cycle to complex 1. Coenzyme Q10
(ubiquinone), in turn, is directly involved in the transfer
of electrons from the NADH dehydrogenase complex
(complex I) and succinate dehydrogenase complex (ll) to
complex Ill.

The use of cofactors is one of the main therapeutic
options for mitochondrial myopathies. However, due to
the lack of full-fledged clinical studies, it is impossible
to judge the effectiveness of this approach in terms of
evidence-based medicine. Moreover, the vast majority
of these compounds are registered as food additives
[89]. Obviously, the approaches based on the use of
cofactors do not have a dramatic clinical effect due to
e thweak mitochondrial transport, nonselectivity of
the action, and a weak overlap with the pathogenetic
mechanisms of the disease [90, 91]. The use of vitamin
and cofactor cocktails is more justified when the number
of factors considered is reduced due to their deficiency
or transport defect now when this approach can be
considered as replacement therapy [42, 68, 69].

In general, there are still not so many effective
methods for restoring a mitochondrial function
in mitochondrial mutations from the point of
view of evidence-based medicine. In addition to
cofactors, mitotropic compounds are represented by
antioxidants, mitoprotectors, incl. dichloroacetate,
arginine, coenzyme Q10, idebenone, etc. [70, 71].
Pharmacological approaches aimed at improving the
function of mitochondria are based on the use of a
very wide range of drugs [89, 90, 94]. Some of the most
requested connections are shown in Fig. 1.

Classical pharmacological methods of compensating
for inadequate functioning of mitochondria are based
on increasing the activity of mitochondrial metabolic
cascades and reducing the content of toxic agents
such as lactate and reactive oxygen species (ROS). E.g.,
bezafibrate has been shown to stimulate mitochondrial
biogenesis by activating the PGC-1a/PPAR pathway. In
addition, acipimox, nicotinamide and riboside restore
the content of NAD*, increasing the efficiency of electron
transfer to the ETC.

Thiamine, lipoic acid and dichloroacetate activate
pyruvate dehydrogenase, which leads to a decrease
in the lactate accumulation due to the conversion of
pyruvate to another metabolite, acetyl-CoA. Succinate,
riboflavin, and CoQ10 promote the ETC electron transfer
or restore the function of complexes | and Il. Some
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compounds, such as idebenone, N-acetylcysteine, and
lipoic acid, have the ability to reduce or inactivate the
ROS production. Elamepritide stabilizes mitochondrial
membrane lipids, preventing a mitochondrial
destruction.

In case of a deficiency of certain lipid or carbohydrate
metabolism enzymes, the deficiency replenishing
strategy of compounds in the biochemical chain after
the reaction catalyzed by the mutant enzyme, has a
therapeutic efficacy. E.g., with a defect in the utilization
of long-chain fatty acids, the use of heptanoin, a more
proximal component included in the tricarboxylic acid
(TCA) cycle, is justified. Similarly, in case of glycogen
cleavage defects, the therapeutic potential is the use of
exogenous glucose. Finally, the defects in the oxidative
phosphorylation and mitochondrial function can be
partially compensated for by the use of creatine, which
acts in muscles as an alternative carrier of the high-
energy phosphate bond in the formation of creatine
phosphate.

2.6. Anti-inflammatory therapy

Anti-inflammatory therapy is one of the key
approaches to the treatment of muscular dystrophies
[96]. Inflammatory changes may accompany other types
of myopathies, but this is extremely rare [97].

Currently, the only approved approach aimed at
suppressing the inflammatory process in myodystrophy
is corticosteroid therapy. However, it is important to
emphasize that, despite the progressive death of muscle
fibers, anti-inflammatory therapy is not necessary for all
muscular dystrophies. E.g., treatment with deflazacort in
dysferlinopathies patients neither improved nor showed
any trend towards a decrease in muscle strength [98].

Corticosteroids have been shown in clinical trials to
improve muscle strength and function without clinically
serious side effects [99, 100]. Moreover, glucocorticoids
have been shown to increase the utrophin expression
[101].

In view of the serious side effects developed during
a long-term use of corticosteroids, the search for other
anti-inflammatory therapy strategies continues. For
example, among the strategies tested in myodystrophy,
inhibitors of cyclooxygenase (COX), tumor necrosis
factor-alpha (TNF-a) and its receptor, as well as TRPV2
channels, can be distinguished.

Non-steroidal anti-inflammatory drugs (NSAIDs)
have shown a relatively modest efficacy in a mouse
model of Duchenne’s dystrophy. Despite the fact
that the use of aspirin and ibuprofen improved the
morphological picture of muscles and reduced the
inflammatory infiltration and necrosis, the percentage
of regenerating myofibrils and isometric tension did not
change significantly [102].

The spectrum of the pharmacological activity of the
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antiallergic drug tranilast includes blockade of TRPV2
[103], therefor its use led to a decrease in fibrosis in
skeletal muscles and anincrease in the exercise tolerance
[104, 105].

Inhibitors of TNF-a have shown some potential in
the treatment of myodystrophy. The use of etanercept
or an anti-TNF-a antibody slowed down the course of
the disease and also reduced the inflammation and
destruction of dystrophic muscles in mdx mice without
the development of pronounced side effects [106, 107].

2.7. Antifibrotic therapy

An extracellular matrix is an important component
of skeletal muscles. It provides a scaffold structure
that holds the myofibrils and vessels. In addition, it
plays a major role in the processes of biomechanical
contraction, as well as in maintaining the integrity and
repair of muscle fibers. An excessive accumulation of
extracellular matrix components, especially collagen, is
defined as fibrosis. An excess formation of the connective
tissue as a result of death and defect in muscle cells
proliferation is the most important distinguishing feature
of muscular dystrophies. Since the dynamics of fibrotic
replacement in myodystrophy strongly correlates with
the development of muscle symptoms, antifibrotic
therapy is one of the main approaches to treating such
patients [108].

Tamoxifen is a prodrug, and some of its metabolites
interact with the nuclear estrogen receptor, mediating
antifibrotic and myoprotective effects. A multicenter,
prospective study in 13 outpatient boys aged 6-14
years with genetically confirmed Duchenne’s muscular
dystrophy demonstrated that patients treated with
tamoxifen 20 mg/daily maintained a motor and
respiratory functions, compared with a significant
deterioration in the patients of the same history of age
who had been administrated with only corticosteroids
[109].

A similar approach has also shown off its efficacy in
a mouse model of dystroglycanopathy. In the studies by
Wu B. et al. it has been demonstrated that tamoxifen and
raloxifene significantly alleviate a disease progression in
the animals with the ¢.1343C>T mutation of the FKRP
gene, demonstrating a pronounced phenotype of a limb-
girdle muscular dystrophy [110].

A primary profibrotic signal in skeletal muscles,
as in other tissues, is a transforming growth factor-
beta (TGFB) [111]. A high expression of TGFB is a
characteristic feature of dystrophic muscles [112] and
is considered one of the main therapeutic targets for
reducing fibrosis. It has been shown that Wnt-TGFB2
is one of the key factors mediating the differentiation
of dystrophin-deficient muscle cell precursors in the
fibrogenic direction. Antibodies stabilizing LTBP4, which
is a TGFB binding factor, demonstrated a high efficiency.
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Anti-LTBP4 treatment also reduced muscle fibrosis and
increased muscle strength, including the ones in the
diaphragm muscles [113].

The renin-angiotensin system plays an important
role in the transmission of profibrotic signals. In
particular, the activation of the angiotensin 1 receptor
stimulates fibrosis. At the same time, it has been shown
that the antihypertensive drug with an inhibitory activity
against TGFP2 losartan led to an increase in the level of
myogenic factors with a reduced expression of fibrogenic
genes in mdx mice (Duchenne’s myodystrophy model)
[112].

Interestingly, another drug that blocks the renin-
angiotensin-aldosterone axis, enalapril, also exhibits
inhibitory effects on the connective tissue growth factor
(CTGF/CCN2) [114] and is another regulator of profibrotic
signaling [115, 116]. Pharmacological blockade of CTGF
has been shown to slow the progression of fibrosis and
improve a muscle function in mdx mice [114]. Moreover,
anti-muscle CTGF therapy is currently undergoing
clinical trials for the treatment of Duchenne’s muscular
dystrophy [117].

2.8. Means with a positive effect

on muscle strength

A decreased muscle strength is the main symptom
of myopathies. In this regard, in addition to other
approaches, strategies have been developed to increase
the effectiveness of the muscle contraction or the
prevention of myopenia.

For example, tirasemtiv, fast skeletal troponin
activator acting on thin filaments, has been shown to be
effective as an agent that increases muscle strength, and
can be used to compensate for hypotension in the muscle
dysfunction. In the studies on genetically modified mice
and cells from a patient with rod myopathy carrying an
actin mutation (ACTA1H40QY), treatment with tirasemtiv
increased inotropic parameters to those comparable to
healthy controls [118].

One of the most popular targets for regulating a
muscle mass is myostatin. A decrease in signaling of
this myokine leads to a sharp increase in the muscle
mass due to the intensification of the muscle fiber
growth [119]. The first similar drug, domagruzumab
(PF-06252616, Pfizer), which is arecombinant humanized
antibody to myostatin, was withdrawn during the
second phase of clinical trials, despite the fact that in
the first phase, a 6.1% increase in the muscle mass after
treatment was shown compared with a placebo group
[120]. Another antimyostatin drug, BMS-986089, has
demonstrated its high efficacy in preclinical test systems
in mice and cynomolgus monkeys, and is currently
undergoing clinical trials. However, in general, despite
the theoretical promise of the approach and positive
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initial results, the recent clinical data demonstrate that
antimyostatin therapy is less effective than expected. In
addition, the long-term effects of antimyostatin therapy
require a particularly close study, due to the possible
negative impact on the pool of myosatellite cells [121].

CONCLUSION

Hereditary myopathies are a group of incurable
diseases with a wide range of symptoms and a high
variability in the clinical course. Currently, a large number
of therapeutic approaches have been developed and
approved for the use in various types of myopathies
(Fig. 2). The most developed are the methods for the
correction of muscular dystrophies, which, due to
the progressive nature of the course, have the largest
number of pathogenetic pathways that can be targets
for therapy. At the same time, the smallest number of
therapeutic options is available for the treatment of
congenital myopathies, where the hereditary defect is
permanently manifested throughout life, and there are
no secondary alteration factors, such as inflammation
and fibrosis. In addition, with the exception of some
nosologies, there are no effective approaches to correct
metabolic and mitochondrial myopathies.

In the treatment of all myopathies, an important role
is played by symptomatic and supportive therapy aimed
at treating pain and symptoms from other organs and
systems. Osteoporosis [122] and pneumonia are regular
consequences arising from hypodynamia myopathies,
which are treated according to standard schemes.

It should be notified that in recent years, gene
therapy approaches that correct or compensate for
a defect at the gene level have become increasingly
important. These approaches were not been covered in
the work, the aim of which was to analyze the existing
conventional strategies. However, to date, it is gene
and cell therapy that constitute the most growing and
promising layer of pharmacological agents for the
treatment of hereditary myopathies.

In congenital myopathies, tirasemtiv, rapid skeletal
troponin activator acting on thin filaments, has been
shown to be effective. Theoretically, this approach
can be effective in other types of myopathies. For the
treatment of muscular dystrophies, anti-inflammatory
and antifibrotic drugs, as well as antimyostatin therapy
and a strategy aimed at translation through stop
codons (applicable for nonsense mutations), can be
used. In addition, metabolic drugs, metabolic enzyme
cofactors, mitochondrial biogenesis stimulants, and
antioxidants can be used to treat mitochondrial and
metabolic myopathies. Finally, the recombinant drugs
alglucosidase and avalglucosidase have been clinically
approved for the replacement therapy of metabolic
myopathies (Pompe’s disease).
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Since the beginning of the pandemic, repeated attempts have been made to develop etiotropic therapy for a novel
coronavirus infection. Hydroxychloroquine, lopinavir/ritonavir, etc. derivatives were used as antiviral agents, however, they
demonstrated a low efficiency and an insufficient safety. In this connection, other groups of drugs with a more effective and
safe pharmacological profile are currently being actively used.

The aim of the study was to analyze the literature references on the efficacy and safety of antiviral drugs for the COVID-19
treatment.

Materials and methods. When searching for the materials for the review article writing, such abstract databases as PubMed,
Google Scholar, e-Library were used. The search was carried out on publications for the period from January 2020 to
September 2022. The key queries were: COVID-19, etiotropic therapy; immunological drugs; antiviral drugs; interferons.
Results. Currently, there are various degrees of effective etiotropic drugs for the treatment of COVID-19 patients. The review
has considered a few groups of drugs that are of interest from the point of view of etiotropic therapy: immunological drugs
(anticovid plasma, the drugs based on antiviral antibodies, the drugs of recombinant interferons-a2 and -1, as well as
interferon inducers, i.e., the drugs based on double-stranded RNA sodium salt, and others); drugs that block the penetration
of the virus into the cell (umifenovir); the drugs that disrupt the process of the viral replication (favipiravir, remdesivir,
molnupiravir, nirmatrelvir/ritonavir).

Conclusion. Synthetic antivirals, in particular favipiravir, molnupiravir, remdesivir, and nirmatrelvir/ritonavir, have the largest
evidence base for their efficacy and safety. The search for new effective and safe etiotropic drugs for the treatment of
COVID-19, as well as the collection and analysis of post-registration data on the drugs already used in clinical practice,
continues.

Keywords: COVID-19; interferons; molnupiravir; favipiravir; nirmatrelvir/ritonavir; etiotropic therapy

Abbreviations: IFN — interferon; Il — interferon inducers; IVIG — intravenous immunoglobulin; dsRNA — double-stranded
ribonucleic acid; siRNA — small interfering RNA; ARDS — acute respiratory distress syndrome; OR — odds ratio; Cl — confidence
interval; RR — risk ratio; AE - adverse events; ALV — artificial lung ventilation.
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C Havana naHAemuu npeanpuHUManNCbL HEOAHOKPATHble MOMbITKM Pa3paboTKM ITUOTPOMHOM Tepanuu HOBOWM
KOPOHABUPYCHOW MHbEKLMN. B KauecTBe NpOTUBOBUPYCHbIX CPEACTB UCMONb30Ba/IMCh MPOU3BOAHbBIE TMAPOKCUXIOPOXMHA,
NONUHABUP/PUTOHABUP M Ap., O4HAKO OHW MPOLEMOHCTPMPOBAJIM HEBBLICOKYIO 3GQEKTUBHOCTD M HEAOCTaTOUHYHO
6e30MacHOCTb. B cBA3M € Yem, B HacToALLEee BPEMA aKTUBHO NPUMEHAIOTCA APpYr1e rpynmnbl npenapartos, obnagatowmx bonee
3ddeKTMBHbIM M 6e3onacHbIM GapMaKoIorMyeckum npopuaiem.

Lienb. AHanu3 nuTepaTypHbIX AaHHbIX N0 3GDEKTUBHOCTM M 6e30NacHOCTM NPOTUBOBUPYCHLIX NPenapaToB AN NevYeHus
COVID-19.

Matepuanbl u metoapl. Mpn novcke matepuana gaa HanMcaHUA 0630PHONM CTaTbW MUCMONb30BaNW Takne pedepaTnBHble
6a3bl gaHHbIX, Kak PubMed, Google Scholar, e-Library. NMouck ocyuiecTeaanca no nybankaumam 3a nepuog c sHeapsa 2020
no ceHtabpb 2022 rr. Knwouesble 3anpocbli: COVID-19, sTvoTponHaa Tepanwus/etiotropic therapy; MmmyHonornyeckue
npenapatbl/immunologic drugs; npoTMBoBMpycHble npenapartbl/antiviral drugs; nHtepdeponsi/interferons.

Pe3synbrathl. B HacToflee BpemAa MMeITCA B Pa3HOW cTeneHn 3ddeKTUBHbIE STUOTPOMHbIE MpenapaTbl ANA NevYeHus
nauuneHToB ¢ COVID-19. B 0630pe paccMoTpeHbl HECKONBbKO FPyrn JIEKAPCTBEHHbIX NPEnapaToB, NPeACTaBAAOWMX MHTepeC
C TOYKM 3pEHUsA STUOTPOMHON Tepanuu: UMMYHONOTUYECKMEe MpenapaTbl (AHTMKOBMAHAA Nia3ma, nMpenapatbl Ha OCHOBE
NPOTUBOBUPYCHbIX aHTUTEN, NpPenapaTbl PEKOMOUHAHTHbIX MHTepdpepoHoB-a2 U -B1, a TakKe UHAYKTOPbl MHTEPDEPOHa,
Hanpumep, npenapatbl Ha ocHoBe PHK ABycnvpanbHOM HAaTPMEBOM COM 1 Ap.); NpenapaTbl, 610KMpPYIoLLME MPOHUKHOBEHWE
BMpYyCa B KNeTKy (ymudbeHoBUp); Npenapatbl, HapyLlaloLe npoLecc penankaumu supyca (basunupasmp, pemaecvsup,
MOJIHYMUPABUP, HUPMATPENBUP/PUTOHABMP).

3akntoueHue. Hanbonee o6EMHYIO flOKa3aTeNbHYO 633y AaHHbIX N0 3P dEKTUBHOCTU M 6€30NaCHOCTU UMEIOT CUHTETUYECKKE
NPOTMBOBUPYCHbIE CPEACTBA, B YaCTHOCTU GaBUMMPABMP, MOJHYNMPABUP, PEMAECUBUP U HUPMATPENBUP/pUToHasmp. Mounck
HOBbIX 3GdEKTUBHbBIX M Be30MacHbIX STUOTPOMHbIX NpenapaTos AnA nevyeHna COVID-19 npoaonkaerca, TakxKe Kak coop u
QHaNM3 NOCTPErnCTPALMOHHbBIX AAHHbIX 06 yXKe NPUMEHSAIOLLMXCA B KIMHUYECKOM NMPAKTUKe CPeaCcTBaXx.

Kniouesble cnosa: COVID-19; vHTepdEpOHbl; MOSHYNUPaBup; Gasunupasunp; HUPMaTPEBUP/PUTOHABUP; STMOTPOMHASA
Tepanus

Cnucok cokpaweHuin: MH® — nHtepdepoH; N — nHayktopbl nHTEpdepoHos; BBUI — BHYTPMBEHHbIM MMMYHOII06YNH;
AcPHK — aBycnupanbHaa puboHyknemHoBaa Kucnota; MUPHK — manaa mHTepdepupyowan puboHyKaemHoBas KUCNOTa;
OPAC — ocTpblit pecnupaTopHbIi guctpecc-cuHapom; OLL — oTHoweHune waHcos; AU — noBeputenbHblii MHTepBan; OP —

OTHOLWeHWe puUcKoB; HA — HexenatenbHble ABneHUA; NBJ1 — MCKyCCTBEHHAA BEHTUNALMA NErKUX.

INTRODUCTION

The novel coronavirus infection has challenged all of
humanity, showing the global vulnerability of the society
to infectious diseases. The main target of SARS-CoV-2 is
the respiratory system, however, in addition to the fatal
pulmonary complications of COVID-19, the patients have
a variety of dangerous extrapulmonary manifestations,
including thrombotic complications, an acute kidney
injury, and “acute” cardiovascular disorders [1, 2]. The
prognosis for COVID-19 is determined by a combination
of individual risk factors (age, comorbidities, healthcare
organizations).

In the retrospective study by Magleby R. et al.,,
comprising 678 hospitalized COVID-19 patients, it
was demonstrated that an independent risk factor
for mortality (odds ratio (OR)=6.05; p <0.001) and the
crossover to the artificial lung ventilation (ALV) (OR=2.73;
p <0.001) is a high viral load [3]. An early initiation of the
antiviral therapy contributes to an effective reduction in
the viral load, reduces the risk of the disease progression
and improves the prognosis [4]. In this regard, in
the early phase of the disease, when the maximum
replication rate of SARS-CoV-2 is notified, the antiviral
therapy is of primary importance, while in later periods,
the hyperinflammatory syndrome and coagulopathy
take the leading places in the pathogenesis of the
disease, respectively, the role of anti-inflammatory drugs
(glucocorticosteroids), immunomodulating agents,

Tom 10, Beinyck 5, 2022

anticoagulants and their combinations, increases [5].
However, it should be notified that the antiviral therapy
remains a significant even at the late stages of the
disease, due to the long-term (from 17 to 27 days) viral
shedding in patients, especially those with a severe
infection [6].

Since the beginning of the pandemic, repeated
attempts have been made to develop etiotropic therapy
for a novel coronavirus infection. Hydroxychloroquine,
lopinavir/ritonavir, etc. derivatives were used as antiviral
agents, however, they demonstrated a low efficiency
and an insufficient safety [7-10]. In this connection,
other groups of drugs with a more effective and safe
pharmacological profile are currently being actively
used.

THE AIM of the study was to analyze the literature
references on the efficacy and safety of antiviral drugs
for the COVID-19 treatment.

MATERIALS AND METHODS

When searching for the materials for the review
article writing, such abstract databases as PubMed,
Google Scholar, e-Library were used. The search was
carried out on publications for the period from Jan
2020 to Sep 2022. The key queries were: COVID-19,
etiotropic therapy; immunological drugs; antiviral drugs;
interferons. The data from both clinical and in vitro trials,
were considered as references.
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RESULTS AND DISCUSSION

At the moment, the following groups of etiotropic
drugs for the treatment of COVID-19 can be distinguished
(Table 1):

1) immunological drugs (anticovid plasma,
preparations based on antiviral antibodies, preparations
of recombinant interferons-a2 and -B1, as well as
interferon inducers, i.e., the drugs based on double-
stranded RNA sodium salt, and others);

2) drugs that block the penetration of the virus into
the cell (umifenovir);

3) drugs that disrupt the process of the viral
replication  (favipiravir, remdesivir, molnupiravir,
nirmatrelvir/ritonavir).

1. Immunological drugs

1.1. Anticovid plasma

Plasma from the patients who have been cured of
the COVID-19 infection, is a source of antiviral antibodies
and is considered as a treatment option backed by a
significant historical experience, but still promising in
the context of SARS-CoV-2. In addition to the antiviral
(virus-neutralizing) effect, plasma reduces an antibody-
dependent cellular cytotoxicity, a complement
activation, and phagocytosis [11]. Theoretically, the
administration of convalescent plasma at an early stage
of the disease is more effective [12], since the peak of
viremia is observed in the first week of the infection, and
the native primary immune response usually develops
on the 10-14™ days [13]. In addition to direct antiviral
effects, plasma components can also restore the activity
of the hemostasis system [14].

Against the background of the conventional therapy
and in the controlled study, in patients with severe
COVID-19, in the description of individual series of
plasma clinical cases, positive results were obtained in
76-90% [15-17]. A donor selection according to the
titers or the activity of neutralizing antibodies can further
increase the efficacy of anticovid plasma [18]. Clinical
and biochemical predictors of the plasma efficacy are
lymphopenia, elevated levels of procalcitonin, ferritin,
D-dimer and C-reactive protein. It is believed that the
preference should be given to the patients who are in a
non-critical condition, at the early stage of the disease
[19]. A potential danger lies in the intensification of
the disease in the presence of certain antibodies — an
antibody-dependent increase in the penetration of
coronavirus [20]. An analysis of more than 5 000 patients
with a severe or life-threatening COVID-19 infection
treated with anticovid plasma, showed that serious
adverse events (AEs) occurred in <1% of patients in the
first 4 h after the infusion [21].
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1.2. Intravenous immunoglobulin

Intravenous immunoglobulin (IVIG) can inhibit the
complement cascade activation of pro-inflammatory
cytokines, differentiation and activation of dendritic cells,
as well as the activation of neutrophils and the formation
of neutrophil extracellular traps [22]. Considering that
these mechanisms can play an important role in the
pathogenesis of a novel coronavirus infection, IVIG
is one of the options for treating COVID-19 [23]. In a
multicenter, double-blind, placebo-controlled (Phase
3) study of 146 patients (69 of whom 69 had received
IVIG, 77 — placebo) with an acute respiratory distress
syndrome (ARDS) due to COVID-19, the use of IVIG
did not improve clinical outcomes (on day 28) and was
associated with a slight increase in the incidence of
thromboembolic complications [24].

1.3. Interferons

Based on the pathogenetic mechanisms of infection
caused by SARS-CoV-2, a possible drug target is the
interferon (IFN) system. The SARS-CoV-2 virus can
inhibit the induction of type I and type Il IFNs [25]. In
the study by Contoli M. et al., the hospitalized COVID-19
patients with a respiratory failure had 3.8 times lower
levels of IFN-a compared to the controls. Herewith, the
improvementin the patients’ condition was accompanied
by an increase in the blood level of the same IFN-a [26].
In addition, the patients with congenital defects in the
type | IFN system (with the presence of autoantibodies)
have a predisposition to a severe COVID-19 [27]. In the
treatment of COVID-19, the antiviral effect of IFN-a2b
is determined by the time of the therapy initiation [28].

1.4. Double-stranded RNA sodium salt

The data accumulated by now, show that interferon
inducers (lls) of double-stranded ribonucleic acid
(dsRNA), sodium ribonucleonate, being a multiclonal
stimulator, induces the synthesis of IFN by several
cell populations (cells of the mononuclear phagocytic
system, granulocytes, neutrophils, endothelial cells and
fibroblasts), characterized by a high (specific) activity
and safety.

By activating a number of Toll-like receptors, dsRNA
stimulates the synthesis of endogenous IFNs (a, B, y),
which block the ability of the cells to support a viral
reproduction by both activating the synthesis of proteins
that inhibit the production of viral copies in affected
cells and, possibly, damaging the genetic virus material
when interacting with the host cell (similar to siRNA
effects). Subsequently, both NK cells and mechanisms of
adaptive immunity are activated.

In the Russian Federation, a medicinal product
based on the dsRNA sodium salt (Radamin® Viro
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LS-000381! dated 03 Aug 2010, date of renewal 27 Dec
2021), is registered. When administrated into the body,
dsRNA stimulates the formation of endogenous IFN |
(IFN-a, IFN-B) and IFN Il (IFN-y) types, which are the most
important cytokines of the immune response, induce
differentiation of myeloid cells, stimulate phagocytosis
of neutrophils and macrophages, activate NK cells,
enhance the Thl-type T-helper response, thus triggering
the innate and adaptive immune response. The antiviral
effect of the drug is associated with the activation of
the proteins synthesis inhibiting the production of viral
copies in the affected cells [29].

DsRNA belongs to the “early type” of interferon
inducers, while the production of IFN occurs within 2-6
hours after the administration of the drug with a return
to the background values within 2 days. The drug inhibits
the reproduction of viruses and various microorganisms
(including chlamydia) at the cellular level, prevents the
development of the infectious process by activating the
body’s nonspecific resistance, optimizing inflammatory
reactions. Due to its mechanism of action, the drug
provides a high protection of the body at already early
stages of viral or bacterial infections, has a pronounced
anti-inflammatory effect, and also indirectly stimulates
reparative and regenerative processes in the body, has
antiviral, antibacterial and immunostimulating effects,
and also increases the body’s resistance to infections
[29].

As an I, dsRNA itself has been known for more than
10 years. However, a new technology for the production
of dsRNA sodium salt has made it possible to obtain a
highly purified biological product, which significantly
increases the safety of the drug and opens up broad
prospects for its use in clinical practice [29].

2. Drugs that block virus penetration into cell

2.1. Umifenovir

Since the start of the pandemic, umifenovir has been
one of the first widely used synthetic antiviral drugs in
our country. It is a broad-spectrum antiviral drug that
blocks the entry of viruses into host cells by inhibiting
the fusion of the lipid envelope of the virus with the
cell membrane. Initially, umifenovir was developed for
the prevention of the influenza treatment [30]. It has
demonstrated an activity against SARS-CoV-2 in vitro [31].
In the meta-analysis assessing the efficacy and safety of
umifenovir in COVID-19, it was found out that the use
of the drug was associated with a higher incidence of
negative PCR results on the 14 day of illness (OR=1.27;
95% Cl=1.04-1.55) compared with the control group,

! Russian State Register of Medicines. Instructions for Radamin®
Viro.  Available  from:  https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=27d5a81d-b2e9-49d2-a9eb-1f1c9eacbaad
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however, was not associated with a reduction in the risk
of the COVID-19 progression, a clinical improvement,
and a duration reduction in hospital stay [32].

3. Drugs that disrupt viral replication process

Recently, the drugs able of inhibiting RNA-dependent
RNA polymerase of direct action, which is an important
enzyme of RNA-containing viruses, have been of primary
importance in the development of the antiviral therapy
strategy for COVID-19 and ensuring their replication [33].

3.1. Favipiravir

Favipiravir, synthesized and patented by Japanese
scientists Y. Furuta and H. Egawa in the late 1990s,
is a broad-spectrum antiviral drug proposed for the
treatment of severe viral infections, including influenza
A, B and C, as well as Ebola. [34]. In 2014, this drug was
approved in Japan for the treatment of the infection
caused by a pandemic variant of the influenza virus or
when other drugs had failed. The subsequent studies
have shown that favipiravir is highly active against a
large group of RNA-containing viruses, such as influenza
viruses, bunya-, arena-, flavi-, picoranaviruses, etc. [35].
In an experimental study by Yamada K. et al., favipiravir
has been shown to be effective for a post-exposure
prophylaxis of rabies and may be a suitable alternative
to immunoglobulin [36]. Favipiravir has shown a good
inhibitory activity in vitro against SARS-CoV-2, but
relatively high doses of the drug are required to obtain
effective inhibitory concentrations and provide an
antiviral activity [35].

Favipiravirisa prodrug, itsactive formisribofuranosyl
triphosphate. As a nucleoside analogue, it inhibits the
SARS-CoV-2 RNA-dependent RNA polymerase complex
by binding to its catalytic domain and preventing the
incorporation of nucleotides for a viral RNA replication,
which leads to anincrease in the mutation frequency and
a possible lethal mutagenesis. Also important note that
RNA-dependent RNA polymerase is absent in human
cells, so the drug is active only contrary virus [37, 38].

The Ministry of Health of the Russian Federation
has issued an accelerated permission to use favipiravir
preparations for the treatment of COVID-19 [37]. Similar
approvals have been obtained in China, India and other
countries. In phase II/lll of the clinical study in sixty
patients, favipiravir therapy was well tolerated and safe,
resulting in viral clearance in 62.5% of COVID-19 patients
after four days. On the fifth day, twice as many patients
treated with favipiravir, received a negative PCR result for
SARS-CoV-2 compared with the patients in the control
group (p <0.05) [39].

A lot of clinical trials and observatory studies
which reported on the effectiveness and safety of
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Favipiravir in the treatment of COVID-19 patients, have
been conducted [38—44]. Alamer A. et al. assessed the
effectiveness of Favipiravir in the treatment of COVID-19
(n=457). It has been established that the average time
from the onset of the disease to discharge was 10
days (95% Cl = 9-10) in the group of patients receiving
favipiravir (n=234), versus 15 days (95% Cl=14-16) in the
comparison group, receiving supporting therapy (n=223)
[38]. In the prospective open multicenter clinical study,
including 240 COVID-19 patients (120 patients received
Favipiravir, 120 — Umifenovir), in the group of favipiravir
patients, there was a faster decrease in the temperature
and a decrease in the cough severity [40].

According to the results of the open randomized
multicenter comparative study (N = 206), the use of
favipiravir for the COVID-19 treatment contributed to
a more rapid improvement of the condition (6-8 days)
compared with the use of the standard therapy (7-12
days), also demonstrating a favorable security profile.
According to the PCR, the Elimation of SARS-COV-2 to the
10th day of therapy was recorded in 98% of the favipiravir
patients, and in 80% in the control group (p=0.00007).
AEs were observed in 24.04% of the patients of the main
group and in 27.45% — the control group [41].

In a number of meta-analyses that summarize the
data of clinical studies, the benefits of adding favipiravir
to the standard therapy, were confirmed [43, 44]. In
the hospitalized patients, Favipiravir, compared with
the control group that were receiving only the standard
therapy, contributed to a faster elimination of the virus —
an average of 5 days (OR=1.60; p=0.02), an earlier
temperature decrease — an average of 3 by an average
of the 3—-4" day (OR=1.99; p <0.01), an improvement in
the radiological picture in the lungs (OR=1.33; p <0.01)
and an earlier discharge from the hospital (OR=1.19;
p <0.01). As for the AEs, the Favipiravir group recorded
a higher frequency of hyperuricemia (OR=9.42;
p <0.01), increased levels of alanineine-veransferase
(OR=1.35; p <0.01), but a lower frequency of nausea
(OR=0.42; p <0.01) and vomiting (OR=0.19; p=0.02). The
authors arrived at the conclusion that the addition of
Favipiravir to the standard therapy is beneficial to the
hospitalized COVID-19 patients. At the same time, it has
been notified that pregnant women and patients with
hyperuricemia in an anamnesis should avoid the use of
phavipiral [43].

Favipiravir for per os administration has proved to
be quite effective and safe for the treatment of a novel
coronavirus infection in both mild and moderate courses
and has occupied its niche in the outpatient practice.
However, in complicated cases, the parenteral therapy
has advantages over the oral route of the drug delivery.
This therapy can be used in the situations where the
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patient is in a serious condition or unconscious, has
swallowing difficulties or conditions that prevent
swallowing. It may also be important in patients with
gastrointestinal COVID-19 symptoms, in patients with
antibiotic-associated diarrhea (uncontrolled use of
antibiotics combinations on an outpatient basis), the
exacerbation of chronic gastrointestinal diseases and
pseudomembranous colitis, and other situations where
the p. o. administration is difficult). The intravenous
route of the drug administration is used for a quick
and pronounced result, since it immediately enters
the bloodstream, its quickly provides maximum
bioavailability and the pharmacokinetics are generally
more predictable — there is no interaction with food and
digestive enzymes [42]. In view of this, in 2021 in the
RF was developed and registered a new dosage form of
favipiravir for the parenteral administration — Areplivir®
(RU LP-007598 dated 18 May 2022), was registered. In
the clinical centers of Moscow, Smolensk, Yaroslavl, St.
Petersburg, Saransk and Ryazan, an open randomized
multicenter comparative study of favipiravir for the
parenteral administration (n=209) was conducted
in the hospitalized patients aged 18-80 years with
moderate form of the coronavirus infection. Based
on the results of the study, the data were obtained
confirming a high efficacy and safety of the parenteral
form of favipiravir for the treatment of COVID-19.
In the main group, by the 10" day of therapy, an
improvement in the clinical status by 2 or more points
on the World Health Organization (WHO) scale was
observed in 56.86% of patients, which corresponds to
mild symptoms or the complete absence of signs of the
disease, and in the control group (the patients receiving
the standard therapy) — in 28.04% (p <0.0001). In the
group of favipiravir patients, the clinical status improved
faster (median=5 days) than in the control group
(7 days). On days 5 and 14 of the treatment (visits 2
and 4), a more pronounced improvement in the clinical
status was recorded in the main group, in contrast to the
patients in the comparison group [42].

A faster and more enhanced favipiravir action for the
parenteral use is aimed at increasing the effectiveness of
therapy and preventing the development of an extremely
severe COVID-19 course, getting to the resuscitation and
intensive care unit and death [42, 45].

3.2. Remdesivir

One of the first drugs in the group of RNA-
dependent RNA polymerase inhibitors was remdesivir,
originally developed for the treatment of the infection
caused by the Ebola virus. It is a prodrug that inhibits the
reproduction of a wide range of viruses, including filo-,
paramyxo-, pneumo- and ortho-coronaviruses (SARS-
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CoV and a Middle East respiratory syndrome coronavirus
[MERSCoV]) [46-48]. This drug is administered
parenterally, which makes it difficult to be used on an
outpatient basis?. Remdesivir in high doses inhibits the
enzyme RNA-dependent RNA polymerase of the virus,
causing a delayed termination of the RNA chain without
affecting the activity of human polymerases® [49, 50].

The National Institute of Allergy and Infectious
Diseases (NIAID) in the United States has initiated a
placebo-controlled, double-blind, randomized Phase llI
trial to evaluate the efficacy and safety of remdesivir
versus placebo (NCT04280705). This study included
1062 hospitalized patients with COVID-19 and signs of
a lower respiratory tract infection (541 patients in the
remdesivir group, 521 patients in the placebo group). In
the patients treated with remdesivir, the medianrecovery
time was 10 days (95% CI=9-11) compared with 15 days
(95% CI=13-18) in the placebo group (OR=1.29; 95% Cl =
1.12-1.49; p <0.001). Serious AEs were reported in 131
of 532 patients treated with remdesivir (24.6%) and in
163 of 516 patients treated with placebo (31.6%). The
authors concluded that remdesivir is superior to placebo
in terms of its effect on the duration of the disease and
the severity of clinical symptoms [46].

In patients with moderate COVID-19 who received
a 10-day course of remdesivir, there was no statistically
significant difference in the clinical status compared
to the standard therapy by day 11 of treatment. The
patients treated with a 5-day remdesivir course, had
a statistically significant difference in clinical status
compared to the standard therapy (OR=1.65; 95%
Cl =1.09-2.48; p=0.02), but this difference, according to
the researchers, had no clinical significance [50]. In some
other randomized trials, it was not possible to obtain
any convincing evidence of the remdesivir effectiveness,
either.

Despite the mixed trial results, the FDA has approved
remdesivir for the use in hospitalized adult patients with
severe COVID-19. Subsequently, the range of indications
was expanded and remdesivir was also recommended
for the treatment of COVID-19 children aged >28 days
and weighing >3 kg*. The data from a number of other
clinical studies have also been published in support of
the final approval [51-56]. In the double-blind, placebo-
controlled study (n=562) of unvaccinated outpatients
aged =12 years (with one or more risk factors for
severe COVID-19), the risk of hospitalization was 87%

2 Cohen P, Gebo K. COVID-19: Outpatient evaluation and management
of acute illness in adults. UpToDate. Literature review current through:
Jun 2022.

3 Coronavirus (COVID-19) update: FDA approves first COVID-19
treatment for young children. Available from: https://www.fda.gov/
news-events/press-announcements/coronavirus-covid-19-update-
fda-approves-first-covid-19-treatment-young-children.

4 Ibid.
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lower in the remdesivir group (n=279) compared with
placebo (n=283) (95% CI=0.03-0.59) [51]. In the study by
Goldman D.L. et al., in 77 children with severe COVID-19,
the remdesivir therapy was characterized by a favorable
safety profile with a high clinical recovery rate [52].

To date, many additional randomized controlled
trials and meta-analyses have been obtained, though
their conclusions are still conflicting. Among all these
works, the most authoritative is the independent
WHO Solidarity study, which, according to the results
of the interim analysis, did not reveal a significant
effect of remdesivir (as well as other antiviral drugs) on
mortality rates in hospitalized COVID-19 patients [54].
For this reason, the WHO did not initially recommend
the use of remdesivir in these patients. However, the
continuation of the study found out that remdesivir
had no effect on the survival of ventilated COVID-19
patients, while it slightly reduced the risk of death (up
to 14.6% compared to 16.3% in the control group) or the
crossover to the artificial lung ventilation (ALV) (14.1%
versus 15.7% in the control group) of the hospitalized
patients [54]. Based on these data, the WHO has revised
its conclusions regarding the use of remdesivir, and
now remdesivir is recommended for the treatment of
mild to moderate COVID-19, where there is a high risk
of hospitalization®. Singh S. et al. summarized the data
from 4 studies involving 7,324 patients. No reduction
in mortality was observed with remdesivir compared
with controls (OR=0.92; 95% CI=0.79-1.07; p=0.30). The
authors concluded that, given the lack of a significant
effect on mortality and a high cost of the drug, its use
in COVID-19 is not appropriate, especially in low-income
countries [54].

3.3. Molnupiravir

Molnupiravir has become another innovative drug
that has not been previously used in clinical practice and
received an accelerated approval during the COVID-19
pandemic. Itisa prodrug, an analog of N-hydroxycytidine,
which is phosphorylated to form N-hydroxycytidine
triphosphate and is integrated into viral RNA with the
help of RNA polymerase, leading to the accumulation of
mutations in the virus genome and, as a result, inhibiting
a replication [57]. Molnupiravir is active against RNA-
containing viruses, including SARS-CoV-2, which has
been shown in experiments in vitro and in vivo [58].
The results of phase I/1I/Ill clinical trials confirmed the
efficacy and safety of molnupiravir in COVID-19 [59, 60].

During conducting a phase | clinical study on healthy
volunteers (n=130), the data on a good tolerability of the

5 Remdesivir for COVID-19. Available from: https://apps.who.int/iris/
bitstream/handle/10665 /359753/WHO0-2019-nCoV-Therapeutics-
Remdesivir-Poster-A-2022.1-eng.pdf
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drug were obtained. 35.4% and 43.8% (control group)
of patients experienced mild side effects with a single
dose, 42.9% and 50.0% (control group) — with multiple
increasing doses, respectively [59]. By PCR, in a phase
lla clinical trial (n=202), SARS-CoV-2 virus clearance
was shorter in the study group compared with placebo
(median = 14 days for molnupiravir and 27 days for
placebo; p=0,01)¢.

The Phase Ill, double-blind, randomized, placebo-
controlled MOVe-OUT trial included 1 433 non-
hospitalized adult patients with mild to moderate
COVID-19 (the most common SARS-CoV-2 variants
were delta (58.1%), mu (20.5%), gamma (10.7%) and
the presence of at least one risk factor for a severe
novel coronavirus infection (716 participants received
molnupiravir, 717 — placebo). Patients from 15 Russian
centers also participated in the MOVe-OUT study.
The risk of hospitalization or death was lower in the
molnupiravir group (6.8%) compared with placebo
(9.7%) (95% Cl=5.9-0.1%). The frequency of the AEs
registration (including viral pneumonia) in the group of
patients receiving molnupiravir was comparable to that
in the placebo group (30.4% and 33.0%, respectively).
The most common side effects were: diarrhea (1, 7% and
2.1%), nausea (1.4% and 0.7%) and dizziness (1.0% and
0.7%) [60].

Due to the increase in the incidence of COVID-19
and the need to introduce effective drugs for its
treatment into clinical practice, the Russian Federation
has also developed and registered the drug molnupiravir
(Esperavir®) in the oral dosage form capsules (LP-007856
dated 18 May 2022)’. According to the results of the
clinical study involving 240 outpatients with mild to
moderate COVID-19 from 12 Russian centers, the use of
molnupiravir for 5 days at the dose of 800 mg 2 times a
day led to a 4-fold reduction in the risk of worsening the
disease course to the 2" study week compared with the
standard therapy (p=0.0149). It should be notified that
about 70% of the patients who participated in the study
had concomitant diseases (mainly obesity of degree 2
and above, as well as arterial hypertension).

An important indicator for predicting a COVID-19
course is the virus elimination rate. In 71.67% of patients
treated with molnupiravir, SARS-CoV-2 RNA in a swab
from the nasopharynx and / or oropharynx was not
detected already 6—7 days after the therapy start. In 19%
of patients in the molnupiravir group, a complete clinical

5US Food and Drug Administration. Fact sheet for healthcare providers:
emergency authorization for Paxlovid. 2022. Available from: https://
www.fda.gov/media/155050/download. Accessed 30 April 2022.
7 Russian State Register of Medicines. Instructions for molnupiravir
(Esperavir®). Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=62a879e9-2c06-4028-8a58-5bac4e01d9ef
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recovery had been achieved by days 6-7. In the standard
therapy group, only 6% of patients (p=0.0039) had been
cured by this point.

The treatment of COVID-19 with molnupiravir also
led to a significant decrease compared to the standard
therapy in the frequency and severity of the disease
symptoms, such as cough, changes in osphresis and taste
sensitivity over the latest 24 hours after 6-7 days from
the therapy start. The data obtained indicate significant
advantages of molnupiravir compared to the standard
therapy in terms of the dynamics of the COVID-19
symptoms disappearance, the viral load reduction, the
improvement in the condition of patients and their
clinical status. Therapy with molnupiravir was well
tolerated, most of the AEs were of a mild severity, there
were no cases of therapy discontinuation or changes in
the dose of the study drug due to the development of
AEs [61].

Molnupiravir is contraindicated during pregnancy
and lactation, and is also prohibited in patients under
18 years [57].

3.4. Nirmatrelvir/ritonavir

The data on the antiviral efficacy of the nirmatrelvir
and ritonavir combination in the treatment of COVID-19
are being accumulated. The combination with a
commercial product name Paxlovid, was developed by
Pfizer and approved by the FDA for an emergency use in
mild to moderate COVID-19 in adults and children over
12 years of age at high risk of developing a severe disease.
This drug is included in the WHO recommendations for
the treatment of COVID-19 [62, 63]. Nirmatrelvir is an
inhibitor of the 3-chymotrypsin-like enzyme of SARS-
CoV-2 cysteine protease (MP™), which is involved in the
viral replication. It has a high antiviral activity against
different types of SARS-CoV-2, including alpha (B.1.1.7),
beta (B.1.351), gamma (P.1), delta (B.1.617.2) and
omicron (B.1.1.529) variants [64]. Ritonavir, an inhibitor
of cytochrome P450 3A4, acts as a pharmacokinetic
booster, slowing down the nirmatrelvir metabolism of
[62, 63]. In December 2021, the combination medicine
nirmatrelvir/ritonavir was first approved in the UK
for the treatment of COVID-19 in adults who did not
require supplemental oxygen and are at the increased
risk of progression to severe COVID-19. In January 2022,
this drug was approved for the same indications in the
European Union, then in the United States, as well as in
several other countries.

To date, two randomized trials have shown that the
use of nirmatrelvir/ritonavir in outpatients with mild
to moderate COVID-19 for 5 days leads to a reduction
in hospitalization and mortality [62, 64]. The double-
blind, randomized, placebo-controlled EPIC-HR Phase
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2/3 trial evaluated the efficacy of nirmatrelvir/ritonavir
in 1,120 outpatient unvaccinated patients at a high risk
of a severe novel coronavirus infection compared with
1,126 placebo-treated patients. The use of nirmatrelvir/
ritonavir resulted in an 88.9% (95% Cl=75%, 8 of
1039 [0.8%]) reduction in the risk of severe COVID-19
(hospitalizations and all-cause mortality) vs. 66 of 1046
[6.3%] in the placebo group). There were no deaths
in the nirmatrelvir/ritonavir group (0/1039), while 12
deaths (12/1046) were described in the placebo group
(12/1046) by day 28 of the observation. Herewith, the
incidence of AEs was comparable in both groups (22.6%
and 23.9% in the study and control groups, respectively)
[64].

The second study (n=180 351 patients) was
conducted in January-February 2022 in Israel, when
the omicron strain predominated; 2.6% of participants
received nirmatrelvir/ritonavir, resulting in a reduced risk
of a severe COVID-19 mortality (OR 0.54 (95% CI=0.39—
0.75). This was comparable to an adequate vaccine
status (OR=0.20; 95% Cl|=0.17-0.22). The combined
antiviral drug appeared to be more effective in elderly
and immunocompromised patients, as well as patients
with concomitant neurological and cardiovascular
diseases (p <0.05 for all), regardless of vaccination status
[62].

Currently, there are insufficient clinical data on the
use of the nirmatrelvir/ritonavir combination in children
under 12 years of age (<40 kg). Gangfeng VY. et al.
conducted a cohort study on a small sample of patients
(n=5 — the main group, n=30 — the comparison group)
aged 6-14 years with comorbidities and found out that
this combination may be one of the options for treating
COVID-19 in children with comorbidities. Despite the
drug is recommended for use in children by the EU
from 12 years and older, the efficacy and safety of the
nirmatrelvir/ritonavir combination requires a further
study in pediatric practice [63].

In a recent review by Saravolatz L.D. et al., the
authors analyzed the available data from FDA clinical
trials of oral antivirals, concluded that the nirmatrelvir/
ritonavir combination showed a greater reduction in
the risk of hospitalization and death than molnupiravir
compared with placebo [65]. They also notified that this
combination had a better safety profile (it does not have
a proven teratogenic effect). The WHO considers this
drug “today’s best therapeutic agent for the treatment
of COVID-19"8,

8 WHO recommends highly successful COVID-19 therapy and calls
for wide geographical distribution and transparency from originator,
22 April 2022 Statement, Geneva. Available from: https://www.who.
int/news/item/22-04-2022-who-recommends-highly-successful-
covid-19-therapy-and-calls-for-wide-geographical-distribution-and-
transparency-from-originator.
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In the Russian Federation, a unique technology
was developed; that made it possible to combine both
active ingredients (nirmatrelvir and ritonavir) into one
fixed dosage form (Skyvira® LP-008056 from 20 Apr
2022)°, which lead to the reduction of the number of
tablets used, by 6 times compared to the American
analogue. This provides a reduction in polypharmacy
and increases the adherence and safety of therapy
in general.

According to the results of the Russian open
two-stage multicenter study, the considered fixed
combination has a high efficacy and a favorable safety
profile when used in COVID-19 patients (including the
patients with comorbid pathology). The proportion of
patients receiving Skyvira® who had achieved a complete
recovery by the 6th day of observation was twice higher
than in the comparison group. In the main group, there
were no cases of COVID-19 transition to a severer
course, in contrast to the patients who had received
the standard therapy (8 patients were hospitalized)
(p=0.0035, i.e. p <0.0275) [66].

CONCLUSION

Thus, to varying degrees, etiotropic drugs are
currently available for the treatment of COVID-19
patients. Synthetic antivirals, in particular favipiravir,
molnupiravir, remdesivir, and nirmatrelvir/ritonavir, have
the largest evidence base for efficacy and safety. In the
latest version, in addition to the above, the 16" one of the
Russian interim recommendations for the prevention,
diagnosis and treatment of a novel coronavirus infection
(dated 18 Aug 2022), the following immunotropic drugs
are marked: anticovid plasma, monoclonal antibodies
and intranasal interferon alfa, umifenovir and the
original domestic development — a MIR 19 preparation
(synthetic small interfering ribonucleic acid, siRNA)™. It
should be notified that both the search for new effective
and safe etiotropic drugs for the COVID-19 treatment as
well as the collection and analysis of post-registration
data on the drugs already used in clinical practice, are
being continued.

° Russian State Register of Medicines. Instructions for Skyvira®.
Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=e51916eb-403a-40a7-adef-0e0421269063

1 Interim guidelines “Prevention, diagnosis and treatment of a
new coronavirus infection (COVID-19)” Version 16 (18.08.2022).
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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An analysis of the medicinal preparation consumption structure in the period of the COVID-19 pandemic in the pharmacy
network reflects the existing outpatient practice and makes it possible to draw generalized conclusions about its compliance
with the pharmacotherapy standards.

The aim. Comparative analysis of population consumption of antimicrobial and antiviral medicines sold in the retail
pharmacies of the Samara region in 2015-2021.

Materials and methods. The study was conducted in the retail sector of the Samara region pharmaceutical market. The
material of the study was the information on the list of items and dispensing volumes of antibacterial and individual
antiviral drugs during the novel coronavirus infection spread (in 2020) in the network of the Samara region pharmacies. The
data are compared with the indicators of the drug sales in 2015-2019. Methods of retrospective, comparative, graphical,
methodological, content analyzes and statistical methods of analyses were used.

Results. The authors have established a significant distortion in the consumption of systemic antimicrobial preparations in the
Samara region pharmacy segment in the period of 2015-2019 with the predominance of the ATC (Anatomical Therapeutic
Chemical Classification System) JO1D group, primarily cephalosporins (38%), mainly by the parenteral administration route.
The share of macrolides (JO1F) consumption in volume terms was 14.9%, of fluoroquinolones (JO1M) — 11.3%, beta-lactam
antibiotics with beta-lactamase inhibitors — 10.7%, beta-lactam antibiotics penicillins (JO1C) — 8.1%. Compared to 2019, in
2020, under the conditions of the COVID-19 pandemic, the total consumption of AMPs increased by 2.1 times. In the “Other
beta-lactam antibiotics” group with a predominant proportion of cephalosporins, there was an increase by 3.2 times, in
the “Macrolides and lincosamides” group — by 3.5 times, in “Quinolone derivatives” — by 2.6 times. The noted facts should
be assessed as the phenomenon that can have a direct impact on the growth of an antibiotic resistance on a population
scale. Among antivirals, the largest consumption increase was noted for oseltamivir and rimantadine. In absolute terms, the
volume of antiviral preparations consumption in 2020 increased by 2.4 times, which was accompanied by an increase in the
cost of one package by 55.8%.

Conclusion. In the period of spreading a novel coronavirus infection, a significant increase in the consumption of antimicrobial
and antiviral preparations (up to 20 times for certain pharmacotherapeutic groups and names) was notified, which may
negatively affect the growth of the antibiotic resistance in the population.

Keywords: systemic antimicrobial preparations; antiviral drugs; pharmacy segment; consumption; COVID-19 pandemic
Abbreviations: AMPs — antimicrobial preparations; MP — medicinal preparations; DDD — Defined Daily Dose; INN —
international non-proprietary name; ATC — Anatomical Therapeutic Chemical Classification System; ARVI — acute respiratory
viral infection; RNA — ribonucleic acid.
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AHann3 CTPYKTYypbl NOTPEBNEHMA NEKAPCTBEHHBIX MPENapaToB B nepuog naHgemmm COVID-19 B anTeYHOW ceTn oTparkaeT
CyLLecTBYtOLY0 aMbyn1aTOPHYO MPAKTUKY M NO3BONSAET caenatb 0606LeHHble BbIBOAbI O COOTBETCTBMM ee CTaHZapTam
dapmakoTepanuu.

Llenb. CpaBHUTENbHbIA aHaAU3 MONYAALMOHHOTO MOTPE6AEHMS aHTUMUKPOBHbLIX U MPOTUBOBUPYCHBIX JIEKAPCTBEHHbIX
npenapaTos, peasn30BaHHbIX B PO3HUYHOM CEKTOpe dpapmaLieBTMYECKOro pbiHka Camapckoi obnactm B 2015-2021 rr.
Martepuanbl u metoabl. MiccnegoBaHue NpoBeAeHO B PO3HUYHOM CeKTOpe GpapmaLLeBTUYECKOro pbiHKa CamapcKoi obnactu.
B KauecTBe maTepuana UccnenoBaHUsA UCMONb30BaIN CBEAEHMSA O HOMEHKATYpe U 06bemax OTnycka aHTMOaKTepUaibHbIX
WU OTAENbHbIX MPOTUBOBUPYCHbIX JIEKAPCTBEHHbIX MPENapaToB B MNEpUOA PacnpoCTpaHEHUA HOBOW KOPOHABMPYCHOM
UHpeKumm (B8 2020 r.) B cetn antek Camapckoh ob6nactu. [aHHble COMOCTaB/ieHbl C MOKa3aTeNaMu peanusauuu
NIeKapCcTBEHHbIX Npenapatos B 2015-2019 rr. Mcnonb3oBaHbl METOAbI PETPOCNEKTUBHOIO, CPAaBHUTENBHOIO, rpadnyeckoro,
METOA0N0rMYECKOr0, KOHTEHT-aHa/IN3 U CTaTUCTUYECKME METOAbI aHaAn3a.

Pe3ynbratbl. ABTOPaMM yCTaHOB/IEHA 3HaUUTENbHAA Aedopmauna noTpebneHma aHTMMUKPOBHbIX NpenapaToB CUCTEMHOIO
OencTBmA B anTedHom cermeHTe Camapckoi obnactv B nepuog 2015-2019 rr. ¢ npeobnagaHvem rpynnbl ATX JO1D c
AOMUHUpoBaHMeM LedanocnopuHos (38%) npenMmyLLecTBEHHO MapeHTepasbHOrO NyTW BBeAeHuA. Jonsa nortpebneHus
B HaTypa/bHOM Bblpa)KeHUn makponupos (JO1F) coctasuna 14,9%, ¢topxuHonoHos (JOIM) — 11,3%, 6eTa-nakTamHbIx
AHTUBUMOTMKOB C MHTMBUTOPamK beTa-nakTamas — 10,7%, 6eTa-nakTamHbIX aHTUBMOTMKOB-NeHMLUMAAMHOB (JO1C) — 8,1%. B
cpaBHeHun ¢ 2019 r., B 2020 r. B ycnoBusax naHgemuum COVID-19 obuiee notpebneHne AMI ysenmumnocs B 2,1 pas. B rpynne
«[pyrve 6eta-nakTamMHble aHTUBUOTUKMY C NPEUMYLLECTBEHHOW Aonei uedanocnopvHOB NPOM3OLWI0 yBenuyeHve B 3,2
pasa, «Makponuabl U MHKo3amuabi» — B 3,5 pas, «lpon3BoaHble XMHOMOHA» — B 2,6 pa3a. OTMeyeHHble GaKTbl cneayeT
OLEHMBaTb Kak (AKTOp, KOTOPbIM MOMET OKa3aTb HEenocpescTBEHHOE B/MAHME Ha POCT AaHTMOMOTMKOPE3UCTEHTHOCTU
B NonyasauMoHHOM MacwTabe. Cpegn NPOTMBOBMPYCHbLIX MPenapaToB HauMbonbwwuii pocT noTpebneHns oTmedeH A
oce/lbTaMMBUPa U PUMaHTaguHa. B abcontoTHOM BbipaxkeHUn ob6bem MoTpebaeHUs MPOTUBOBUPYCHBIX JEKAapPCTBEHHbIX
npenapatos B 2020 r. yBeanuumncsa B 2,4 pasa, YTo CONPOBOXKAANOCH YBEMYEHMEM CTOMMOCTM OAHOM YNaKoBKK Ha 55,8%.
3akntoueHue. B neproga pacnpocTpaHeHUa HOBOM KOPOHABMPYCHOM MHGEKLMN OTMEYEH 3HAaUYMTEIbHbIM POCT NOTpebaeHnn
QHTUMUKPOBHbLIX U MPOTUBOBUPYCHBIX IEKAPCTBEHHBIX MpenapaToB (Mo oTaenbHbIM GpapmaKkoTepaneBTUYECKMM Fpynnam
1N HauMeHoBaHUAM — 20 20 pas), YTO MOXKET HeraTUBHbIM 06Pa30M OTPA3UTLCA Ha POCTE AaHTUBMOTUKOPE3UCTEHTHOCTU Y
HaceneHus.

KntoueBble c10Ba: aHTUMUKPOBHbIE MpenapaTtbl CUCTEMHOTO AEUCTBUSA; MPOTUBOBMPYCHbIE MPENapaThbl; anTeUYHbI CETMEHT;
notpebneHune; naHaemma COVID-19

Cnucok cokpaweHuit: AMI — aHTUMUKPOBHble npenapatbl; JIM — nekapcTBeHHble npenapaTbl; DDD — cyToyHan
noaaepkunsarowan gosa; MHH — mexxayHapogHoe HenaTeHTOBaHHOE HauMmeHoBaHue; ATX — aHaTOMO-TepaneBTUYEeCKO-
XMMunYeckKan knaccudurauma; OPBU — ocTpasa pecnupatopHas BUpycHaa uHoekumsa; PHK — puboHyknenHoBasa KMcioTa.

INTRODUCTION

A new coronavirus infection has become an
unprecedented challenge for the health care system
of the Russian Federation (RF), the pharmaceutical
industry, and the regional drug supply system [1-3].
The greatest difficulty is the search for the effective
methods of etiotropic treatment. In the absence of new
medicinal preparations (MPs) that effectively suppress
the SARS-Cov-2 replication, screening of the known
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antiviral agents seems relevant. Obtaining reliable data
on the clinical benefit of drugs has proved to be very
problematic in the current situation and has led to the
fact that the preference of physicians and patients has
become a criterion for benefit [4-8].

The consumption structure of antimicrobial and
antiviral preparations by the population through the
pharmacy network, reflecting the outpatient practice
in the period preceding the pandemic, as well as the
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dynamics of the MPs consumption during the pandemic,
seems important in terms of compliance with the
directions of modern recommendations?. Herewith, the
scope of use of antimicrobial and antiviral preparationsin
the outpatient practice of the Russian Federation regions
is not reliably known; such data are rare in the press. At
the same time, the problem of the antibiotic resistance
may become particularly acute in the near future in case
of an irrational increase in the AMPs use [9-15]. The
AMPs prescribtion and use should always be justified,
since the irrational use of this pharmacotherapeutic
group MPs can lead to a noticeable increase in the
antibiotic resistance on a population-based study [1,
12, 16]. The dynamics of the antimicrobial and antiviral
preparations consumption makes it possible to indirectly
assess the optimality of pharmacotherapy for the novel
coronavirus infection, as well as to establish compliance
with current guidelines. The results of such an analysis
can be used to improve the medicinal preparations
efficiency and safety at the population level [17-26].

In this regard, marketing research is becoming highly
relevant, making it possible to identify trends in the
population consumption of antimicrobial and antiviral
preparations in the retail sector of the pharmaceutical
market.

THE AIM. Comparative analysis of population
consumption of antimicrobial and antiviral medicines
sold in the retail pharmacies of the Samara region in
2015-2021.

MATERIALS AND METHODS

The study was conducted on the retail sector
example of the Samara region pharmaceutical market.
According to a number of demographics, medical,
social, economic and infrastructural indicators, this
region is among the most developed ones of the Volga
Federal District and the Russian Federation. The regional
pharmaceutical market is highly concentrated with a
high degree of competition.

The material of the study was information on the
list of items and volumes of antimicrobial and antiviral
preparations sale during the spread of the coronavirus
infection (in 2020-2021) in the pharmacy network of the
Samara region. The analyzed pharmacy network includes
30 pharmacies located in different municipalities of
the Samara region. These network pharmacies have a
wide range of medicines and other pharmacy products
(about 30 thousand items).

The following analytical methods were used:
methods of the retrospective analysis (changes in

! Interim guidelines “Prevention, diagnosis and treatment of a new
coronavirus infection (COVID-19). Version 3 (03.03.2020). Available
from: http://edu.rosminzdrav.ru/fileadmin/user_upload/specialists/
COVID-19/Vremennye_MR_COVID-19_03.03.2020__versija_3__6-6_
verl.pdf. Russian

448

the indicators of the retail sale of medicines to the
population during 2015-2021), a comparative analysis
(the one of individual groups and intragroup indicators),
a graphical analysis (presentation pharmaceutical
sales time series), a methodological analysis (the
identification of common characteristics for the objects,
the analysis relationships between the phenomena),
content analysis (the analysis of the text arrays content
about the medicinal preparations implementation in the
analyzed period) and statistical methods of the analysis.
A statistical processing was performed using IBM SPSS
Advanced Statistics 24.0 No. 5725-A54 (IBM, USA).

The representativeness assessment of the sample
in the conducted studies was carried out by assessing
the number of the medicinal preparations purchases of
the groups under consideration in the analyzed retail
network of the Samara region pharmaceutical market.
For this purpose, the following formula was used:

m:Z\/;,

where: m is the resulting sample size; n is the size of
the general totality.

In the conducted studies, the general totality is
understood as the Samara region population (n in
2021 was 3 154 200 people). Therefore, to ensure the
representativeness of the sample size, it should be
3 552 purchases of antibacterial medicinal preparations
in 2020. In the studied pharmacy chain, in 2015-2021,
about 50 thousand purchases were made annually,
which confirms the representativeness of the data
obtained, i.e. the correspondence of the characteristics
of the sample to the characteristics of the general
population.

As for the medicinal preparations, the cost of one
defined daily dose (DDD) was calculated by dividing the
total cost of the medicinal preparations packages with
one INN by the total number of DDDs.

RESULTS

Consumption of systemic antimicrobials

For the period of 2015-2021, in the studied retail
segment sector of the Samara region pharmaceutical
market, about 18 million packages of MPs and other
pharmacy products were sold, 2.57% of which were
accounted for AMPs. In the total volume of the
dispensed packages, the average share of AMPs for
the period of 2015-2021 was 3.38%. For comparison,
in the Russian pharmaceutical market, the share of
AMPs sales by volume was about 11.69%. Herewith,
43.7% of purchases were made at the expense of the
population’s personal funds. In general, in 2015-2021,
the range of AMPs averaged (+ standard deviation, SD)
5443 international non-proprietary names (INN), which
corresponds to 138+3 trade names.
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A noticeable increase in the consumption of
antibacterial medicinal preparations in the retail sector
of the Samara region pharmaceutical market was
notified in 2020 (compared to 2019, the sales in packages
increased by 2.12 times), which exceeds the average
annual fluctuations in realized demand for this group of
MPs in 2015-2019. The dynamics study of the realized
demand for individual systemic AMPs subgroups (in
accordance with subgroups in the anatomical-chemical-
therapeutic [ATC-]classification) revealed a significant
increase in the number of dispensed packages in 2020
for the following subgroups: JO1D “Other beta-lactam
antibacterials”, JO1F “Macrolides, lincosamides and
streptogramins”, JO1M “Quinolone antibacterials” (Table
1, Fig. 1). In the authors’ opinion, this circumstance is
due to the influence of the novel coronavirus infection
spread and, in some cases, the rush demand for drugs
from certain pharmacotherapeutic groups.

Herewith, at the end of 2021, the level of the
consumer demand returned to the values of 2015-2019.
Possible reasons for this trend may be as follows: the
formation of AMPs stocks in home medicine cabinets
by the end of 2020; the implementation of programs
providing the COVID-19 patients with the MPs prescribed
for them at the expense of the federal budget; a change
in the algorithm for treating outpatients (in 2021, at the
outpatient stage of medical care, AMPs were excluded
from pharmacotherapy regimens).

In 2020, against the background of a significant
increase in demand for drugs of ATC subgroups J01D
“Other beta-lactam antibacterials”, JO1F “Macrolides,
lincosamides and streptogramins”, JO1IM “Quinolone
antibacterials”, a decrease in the share of the AMPs
packages total sales for the drugs of JO1A subgroups
“Tetracyclines” was notified. Besides, there were
JO01C “Beta-lactam antibacterials, penicillins”, J01G
“Aminoglycoside antibacterials”, JO1X “Other AMPs”,
and “Beta-lactam antibacterials with beta-lactamase
inhibitors”. As Fig. 2 shows, in 2021, there was a return to
the existing picture of demand for AMPs in 2015-2019,
with the exception of aminoglycosides, the number of
sold packages decreased in 2019-2021 by an average of
35% annually (Fig. 2).

In 2015-2021, the maximum share of the total
volume of the realized demand was accounted for the
ATCs subgroup JO1D “Other beta-lactam antibiotics”
(Fig. 3). The average value of the share (+ SD) of the
volume of the realized demand in real terms for this
ATCs subgroup was 38.5+5.6%.

In 2020, against the background of the beginning of
a novel coronavirus infection pandemic, an increase in
the proportion of the medicines of this ATCs subgroup
to 47.6% was notified. In 2021, the value of the share
of JO1D MPs in the total volume of the realized demand
returned to the previous average annual values (39.0%)

Tom 10, Beinyck 5, 2022

(Table 1, Fig. 1). Over the past two years, an extraordinary
demand for these drugs was notified in October,
although in 2021 it was less pronounced compared to
2020 (Fig. 4).

In 2020, asin the previous period (2015-2019), in the
“Other beta-lactam antibacterials” group, ceftriaxone
preparations had the largest volumes of consumption in
volume terms (median 72.2%), ranging from 63.5 % in
2020 to 76.8% in 2017 of the total realized demand for
drugs from this ATC subgroup. At the same time, in 2020,
in the overall structure of the dispensed drugs packs of
the ATCJO1D subgroup, there was a sharp increase in the
share and number of the dispensed packs for the drugs
of cefazolin, cefditoren and meropenem, which returned
to their previous values in 2021. The greatest demand
in the outpatient practice is for parenteral preparations
from the group of cephalosporins “Other B-lactam
antibacterials”, including ceftriaxone, as well as cefazolin
(8.3-12.9%) and cefotaxime (7.7-5.4%). In accordance
with the current recommendations, amoxicillin and its
combination with clavulanic acid (B-lactam antibiotics
and B-lactam penicillins with B-lactamase inhibitors)
should be the basic treatment for the vast majority of
bacterial infections in the outpatient practice. However,
the frequency of amoxicillin sales from 2015 to 2021
decreased from 14.1% to 6.1% (Table 1). In combination
with B-lactamase inhibitors, where the main share of
MPs is accounted for amoxicillin (96.9-81.6%), the
frequency of this antibacterial sales does not exceed
10% in total in 2020 (Table 1).

According to the literature data, in outpatient
practice, the first-line MPs of choice is amoxicillin,
administered orally for pneumonia, exacerbation
of chronic obstructive pulmonary disease, acute
rhinosinusitis, bronchitis, acute tonsillitis, and
uncomplicated skin and soft tissue infection [8, 15, 17].
At the same time, a high consumer demand for B-lactam
antibiotics was notified in the retail sector of the Samara
Region pharmaceutical market.

In 2015-2021, a significant share in the structure of
consumption volume in physical terms was also occupied
by medicines of JO1F ATC subgroups “Macrolides,
lincosamides and streptogramins” (15.0%) and JO1M
“Quinolone antibacterials” (11.4%) (Table 1, Fig. 1).
In 2020, for the group “Macrolides, lincosamides and
streptogramins”, an increase in the share was notified
(in the total structure of the dispensed packages — up
to 19.9%). In 2021, this share decreased compared to
2020, but continued to be high compared to the average
annual data for the period of 2015-2019 (14.4%). When
analyzing the demand by months, it was found out that
in 2020 and 2021, the demand for these AMPs, as in
the case of the ATC subgroup JO1D “Other beta-lactam
antibacterials”, peaked in October (Fig. 5).
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Figure 1 — Dynamics of realized demand for some groups of antibacterial medicinal preparations,
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Figure 2 — Dynamics of realized demand for some groups of antibacterials,
sales of which decreased or did not change during pandemic
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Figure 3 — Median shares of realized demand volume for antibacterial MPs
in 2015-2021
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Figure 4 — Dynamics of demand for ATC subgroup medicinal preparations —
JO1D “Other beta-lactam antibacterials” in 2015-2021 (by months)
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Figure 5 — Dynamics of demand for ATC subgroup medicinal preparations —JO1F
"Macrolides, lincosamides and streptogramins" in 2015-2021 (by months)
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Figure 6 — Median volume shares of realized demand for antiviral medicinal preparations
in 2015-2020
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Figure 9 — Dynamics of oseltamivir demand in 2015-2021
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Figure 10 — Dynamics of rimantadine demand in 2015-2020
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Figure 11 — Dynamics of imidazolylethanamide pentadioic acid demand in 2015-2020

Number of packages

Tom 10, Beinyck 5, 2022

2000
1800
1600
1400
1200
1000
800
600
400
200
0

-

1 2 3 4 5 6 7 8 9
Months
——2018

10 11 12

——2015 —-2016 2017 ——-2019 ——=2020 —-2021

Figure 12 — Dynamics of thyrolon demand in 2015-2020
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Figure 13 — Dynamics of umifenovir demand in 2015-2020

Table 1 — Consumption structure of antibacterials in retail sector
of Samara region pharmaceutical market

JO1A Tetracyclines 2.6 (1.2-3.0)
Doxycycline 85.5 88.7 85.6 84.3 86.5 80.2 87.7 87.6(80.2-88.7)
Tetracycline 14.5 11.1 12.8 15.3 13.3 19.1 9.9 13.3(9.9-19.10)
J01C Beta-lactam penicillins 14.1 10.3 8.7 7.6 7.2 3.6 6.1 7.6(3.6-14.1)
Amoxicillin 58.6 81.3 85.4 93.3 91.3 95.5 100.0 91.3(58.6-100.0)
J01D Other beta-lactam antibacterials  34.0 33.5 41.0 41.4 35.0 47.6 39.0 39.0(33.5-47.6)
Ceftriaxone 71.8 65.8 76.8 74.0 72.5 63.5 75.7 72.6 (63.5-76.8)
Cefazolin 8.5 8.3 5.1 4.0 3.5 12.8 45 5.1(3.5-12.8)
Cefotaxime 5.5 7.8 3.1 5.4 5.1 6.3 2.5 5.4(2.5-7.8)
Cefixime 4.6 5.4 5.9 6.8 8.1 3.9 8.3 5.9(3.9-8.3)
Cefditoren 0.0 0.4 0.3 1.0 1.8 8.1 2.1 1.0(0.00-8.1)
peta-lactam antibacterials with 95 108 105 109 119 7.6 1.7 10.8(7.6-119)
eta-lactamase inhibitors
Amoxicillin + clavulanic acid 88.2 94.6 95.4 96.9 91.9 81.6 93.3 93.3(81.6-96.9)
JO1E Sulfonamides and 21 20 19 22 23 12 15 20(1.2-2.3)
trimethoprim
Co-trimoxazole 85.8 85.7 81.8 85.9 89.6 91.2 98.8 98.9(81.8-98.8)
Sulfadimethoxine 12.8 12.9 10.6 12.8 9.8 8.4 1.1 10.6(1.1-12.9)
|01F Macrolides, lincosamidesand 453 150 133 134 155 199 181 15.0(13.3-19.9)
streptogramins
Azithromycin 48.2 46.1 44.6 50.4 49.4 79.7 68.7 49.4 (44.6-79.7)
Clarithromycin 23.9 25.3 28.6 27.3 30.2 12.4 20.0 25.3(12.4-30.2)
Josamycin 8.4 10.4 10.1 7.8 8.2 3.4 5.5 8.2(3.4-10.4)
Lincomycin 9.0 8.1 8.0 7.4 7.5 2.7 4.2 7.5(2.7-9.0)
J01G Aminoglycosides 1.6 2.5 1.4 2.2 2.3 0.8 0.1 1.6(0.1-2.5)
Gentamicin 19.0 14.1 18.1 13.0 11.1 29.2 72.4 18.1(11.1-72.4)
Amikacin 51.5 37.9 65.8 86.8 88.5 70.8 27.6  65.8(27.6-88.5)
JO1M Quinolone antibacterials 10.9 11.8 10.9 10.5 11.6 11.7 11.4 11.4(10.5-11.8)
Ciprofloxacin 37.1 37.4 37.3 36.1 35.6 21.8 30.4 36.1(21.8-37.4)
Levofloxacin 25.9 31.1 33.7 37.1 38.1 59.8 49.6 37.1(25.9-59.8)
Norfloxacin 18.3 17.6 15.4 15.2 15.6 7.8 13.0 15.4(7.8-18.3)
JO1X Other antibacterials 6.1 6.2 5.4 5.3 7.4 4.4 6.7 6.1(4.4-7.4)
Metronidazole 96.0 92.8 93.6 91.8 94.8 91.7 92.9 92.9(91.7-96.0)
Antibiotic combinations 4.3 4.9 4.2 4.1 4.3 2.0 3.4 4.2(2.0-4.9)

Benzathine benzylpenicillin +
Benzylpenicillin procaine
Benzathine benzylpenicillin

37.6 353 23.9 333 21.1 16.3 18.5 23.9(16.3-37.6)

+ Benzylpenicillin procaine + 18.7 11.7 16.7 13.7 133 18.0 13.6 13.7 (11.7-18.7)
Benzylpenicillin sodium
Ciprofloxacin + tinidazole 39.8 44.2 51.6 48.2 57.9 63.5 66.5 51.6(39.8-66.5)

Note: * — indicators of realized demand in packages were used for the analysis. For pharmacotherapeutic groups, the shares of the total volume
of realized demand are indicated, for INN it is the share of the volume of realized demand for a particular pharmacotherapeutic group; the table
shows INNs with the largest volumes of realized demand within each pharmacotherapeutic group.
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Table 2 — Consumption structure of antiviral medicinal preparations prescribed for treatment
of respiratory viral infections in retail sector of Samara region pharmaceutical market

Zanamivir 0.10 0.40 0.20 0.34 0.23 0.19 0.06
rrﬁ?;::c:';;s:fami g 24.97 22.20 22.64 25.63 16.80 15.85 11.96
Inosine acedoben dimepranol 3.49 2.58 2.95 4.63 4.82 2.09 3.23
Oseltamivir 0.71 1.60 2.11 3.23 3.25 17.26 8.04
Rimantadine 24.74 25.55 24.69 23.35 20.35 13.34 12.81
Tiloron 10.26 14.10 14.34 14.60 20.56 17.71 17.00
Umifenovir 25.61 26.97 25.70 19.97 17.13 26.79 40.13
Favipiravir* - - - - - 0.44 1.18
Paracetamol + Rimantadine +

Ascorbic Acid + Loratadine + 10.11 6.61 7.36 8.23 0.17 6.22 5.52

Rutoside + Calcium Gluconate

Note: for the analysis, indicators of realized demand in packages were used; * — Favipiravir preparations were registered in Russia in 2020.

Table 3 — Average cost of treatment for one maintenance daily dose of antiviral MPs in 2019-2020

Zanamivir 234.09 (234.09-234.09)

276.33 (256.33-300.10)

280.32 (280.32-280.32)

280.32 (280.32-280.32)

Pentandioic acid

imidazolylethanamide 82.21(77.34-87.08)

103.38 (85.86-120.70)

102.09 (73.33-122.79) 102.09 (73.33-122.79)

Inosine Acedoben 192.43 (93.19-417.22)

209.75 (115.25-374.58)

216.98 (145.00-312.09) 247.40 (187.88-245.72)

Dimepranol

Oseltamivir 174.88 (133.92-291.74) 202.99 (167.22-288.68) 210.53 (126.46-248.71) 245.38 (242.05-248.71)
rimantadine 11.64 (6.87-255.80) 20.65(11.32-261.82) 16.92 (7.72-157.55) -

Tiloron 102.09 (41.66-143.53) 102.26 (51.99-151.42)  92.27 (46.29-134.74) 133.43 (132.12-134.74)
Umifenovir 169.06 (97.77-291.56)  188.25 (99.85-335.25)  238.62 (119.60-384.22) 253.10 (246.88-384.22)
Favipiravir 2 073.68 1255.79

(1795.27-2 073.68)

(1001.78-2 382.38)

In2020-2021,inthegroup “Macrolides, lincosamides
and streptogramins”, there was an increase in the share
of azithromycin-containing medicinesin the total number
of the dispensed packages of this ATC subgroup, which
amounted to 79.7% and 68.7%, respectively (compared
to the average value of 47.8+2.4% in 2015-2019). The
demand for other medicines within this ATC subgroup
remained at the same level or slightly decreased.
According to the document of the World Health
Organization (WHO) and domestic recommendations,
macrolides should be considered as second-line drugs in
the treatment of respiratory infections [16].

The group of fluoroquinolones is considered as
reserve AMPs and is not recommended for the treatment
of acute uncomplicated infections in the outpatient
practice. In this study, their share of the total number
of the dispensed packages remained approximately at
the same level and averaged 11.4+0.5%. The drugs of

Tom 10, Beinyck 5, 2022

the ATC subgroup “Quinolone antibacterials” were more
often applied for. They were the medicines containing
the active ingredients ciprofloxacin, levofloxacin or
norfloxacin (medians for the period of 2015-2021 —
36.1%, 37.1% and 15.4% of the volume of this group
realized demand, respectively). At the same time,
in 2020-2021, there was an increase in demand for
“respiratory” drugs of this group: levofloxacin and
moxifloxacin.

In 2020, for the ATC subgroups “Other beta-lactam
antibacterials”, the number of the dispensed packages
increased by 3.2 times, for “Macrolides, lincosamides
and streptogramins” — by 3.5 times, for “Quinolone
antibacterials” — by 2.6 times in 2020 (compared to the
average values of the dispensed MPs packages of these
subgroups in 2015-2019). A similar increase was notified
for individual INNs: ceftriaxone — by 2.9 times, cefazolin
—by 7.5 times, by cefotaxime — by 3.3 times, cefditoren —
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by 33 times, meropenem — by 90 times, azithromycin —
by 5.8 times, levofloxacin — by 4.7 times, moxifloxacin —
by 7.0 times. Interest in cefditoren is obviously due to
the fact that it was included in the domestic clinical
guidelines for the treatment of community-acquired
pneumonia in 2018. The number of dispensed packages
of the remaining drugs was approximately at the level of
the previous period, respectively, their share in the total
consumption structure in 2020 slightly decreased.

For most of the groups and individual items of the
MPs under consideration, there was an increase in the
cost of 1 DDD in 2020 compared to 2019. The cost of one
package increased by 15%, the median cost of 1 DDD
increased by 20%. In 2021, the corresponding values
compared to 2020, were 3.5% and 5.0%, respectively.

Antiviral medicinal preparations

The range of antiviral medicinal preparations
approved for use in the treatment of acute respiratory
viral infections was represented by 8 out of 9 INNs
registered in the Russian Federation (except baloxavir
carboxyl, registered in September 2020), which
corresponded to 35 trade names. At the end of 2021,
the share of antiviral medicinal preparations in the
total structure of the dispensed packages amounted to
0.92% (for comparison, in 2018 and 2020 — 0.93% and
1.02%, respectively). In absolute terms (in terms of the
package quantity), in 2020, the volume of consumption
of medicinal preparations increased by 2.38 times,
which exceeds the average annual fluctuations in the
consumer demand in the period preceding the start
of the novel coronavirus infection spread (an average
increase by 1.15 times).

Among antiviral medicines, the largest consumption
volume in physical terms was accounted for the MPs
of imidazolylethanamide pentadioic acid (median
22.2% of the realized demand volume, the range of
15.9% — 25.6%), umifenovir (25.7%, 16.7% — 40.1%) and
rimantadine (23.4%, 12.8% — 25.6%) (Table 2, Fig. 6). In
2020-2021, the consumption of rimantadine naturally
decreased to 13.3 and 12.8%, respectively, since the
indications for its use do not refer to ARVI, SARS-Cov-2
infections, while the incidence of influenza in 2020,
compared to 2019, decreased by 25%.

Inthe period of the new coronavirus infection spread
(2020), a significant increase in the share of oseltamivir
was notified in the overall consumption structure (up to
17.26% compared to 0.71% in 2015, 1.60% in 2016, 2,
11% —in 2017, 3.23% — in 2018 and 3.25% — in 2019),
and the number of the dispensed packages (by 23.5
times compared to the average value in 2015-2019).
Oseltamivir, a neuraminidase inhibitor approved for
the treatment of influenza, has no documented in vitro
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activity against SARS-CoV-2. It seems that understanding
of oseltamivir ineffectiveness in the SARS-CoV-2 infection
and diagnostics advance led to a decrease in the share of
the total oseltamivir demand to 8.0% in 2021.

In addition, in 2020, a number of the dispensed
imidazolylethanamide pentanedioic acid, tilorone and
umifenovir packages increased by 2.2, 3.9 and 3.8
times, respectively, compared with the average values
in 2015-2019). Inosine acedoben dimepranol has been
registered in more than 70 countries as an antiviral
and immunomodulatory MP that has received a good
evidence base since 1971. It has been shown to inhibit
the replication of herpes simplex virus, cytomegalovirus
and Epstein-Barr virus, human papillomavirus, human
immunodeficiency virus, influenza viruses and SARS [22,
24]. Nevertheless, the positive qualities of the medicines
did not affect its consumption frequency, which remains
one of the lowest in the considered segment of the
pharmacy market (Table 2).

Umifenovir has a high sales rating in this study
(Table 2, Fig. 6), since it is officially recommended by the
Ministry of Health of the Russian Federation to be used
in patients with mild COVID-19, as well as in patients
with signs of SARS and unconfirmed SARS-Cov-2 [25, 27].
In 2021, umifenovir MPs were accounted for 40.1% of
total antiviral MPs sales.

Among the antiviral medicinal preparations used to
treat acute respiratory viral infections, the highest cost
per 1 DDD was for medicines containing favipiravir, a
substance active against the novel coronavirus infection
(according to the results of 2021, the median was
1,255.79 rubles, in the range from 1,001.78 to 2,382.38
rub.).

Taking into account the fact that in 2019 the MPs
containing favipiravir was not introduced in the retail
sector, the increase in the cost of 1 DDD of antiviral MPs
in 2020, compared to 2019, occurred by 43.1% (at the
same time, the average cost of one package increased
by 55.8%). Excluding these medicines, the average cost
of 1 DDD increased by 9.4% (the average price of one
package increased by 13.7%). In 2021, there were no
significant changes in the price level compared to 2020,
with the exception of umifenovir MPs, for which the cost
of 1 DDD increased by 26.8% (Table 3). In all the cases,
the cost of treatment with original MPs exceeded the
cost of treatment with generic MPs (if available on the
pharmaceutical market).

Fig. 7 and 8 show the incidence of acute respiratory
viral infections, influenza, = community-acquired
pneumonia in 2019 and 2020, as well as COVID-192
in 2020. In addition to the well-known dynamics of

2 [Information materials of the Office of Rospotrebnadzor of the
Samara Region on the epidemiological situation of the incidence of
SARS and influenza in the Samara Region for the period 2019 and
2020]. Available from: https://www.63.rospotrebnadzor.ru
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a decrease in the incidence in the summer period,
an increase in the incidence of the acute respiratory
viral infections by 24% in 2020 and a decrease in the
incidence of influenza by 25% compared to 2019
should be notified. The sales volumes of antiviral MPs
presented in these graphs in volume terms show clearly
defined seasonal fluctuations with maximum values in
the autumn-winter-spring period, which corresponds to
the period of the highest incidence of SARS. As expected,
the smallest volumes of antiviral MPs sales during 2015—
2020 were recorded in July and August. It should be
notified that the volume of AMPs sales is significantly
higher than that of antiviral MPs, and this trend is most
pronounced in 2020.

Fig. 9—13 show a monthly dynamics of antiviral MPs
realization in 2015—-2021. Despite different ranges of the
MPs, their consumption dynamics is exactly the same.
The dynamics of demand for typical anti-influenza MPs,
oseltamivir and rimantadine, is absolutely consistent
with other antiviral drugs and does not correlate with
the incidence of influenza among the Samara region
population. In 2020-2021, in all cases, an extraordinary
demand for antiviral drugs was observed in the autumn
period, however, in 2021 it was lower compared to 2020.

Thus, a significant increase in demand for
antibacterial and antiviral MPs was recorded in the
autumn period of 2020 against the backdrop of an
increase in the incidence of the novel coronavirus
infection.

CONCLUSION

There was a 2.12-fold increase in the AMPs
consumption in 2020 compared to the average values
of the dispensed MD packages of these subgroups in
2015-2019. For the ATC subgroups “Other B-lactam
antibacterials”, “Macrolides, lincosamides and
streptogramins”, “Quinolone antibacterials” in 2020,
this indicator increased by 3.2, 3.5 and 2.6 times,
respectively, which has adverse consequences for the
bacterial resistance.

In 2020, the dynamics of the SARS, COVID-19 and
community-acquired pneumonia incidence have largely
a similar pattern, which is probably more due to the
difficulty of recognizing these respiratory infection
forms, mainly based on the results of the PCR method
for detecting SARS-Cov-2 RNA. The AMPs and antiviral
MPs consumption is closely related to the incidence of
acute respiratory viral infections and has clear maximain
the spring and autumn-winter periods. At the same time,
the AMPs consumption is higher than that of antiviral
MPs. In 2020, the cumulative influenza incidence was
25% lower than in 2019, which can be explained by the
curing effect of sanitary measures during the COVID-19
pandemic.

In absolute terms, in 2020, the volume of antiviral
MPs consumption increased by 2.38 times, which
was accompanied by an increase in the average cost
of one package by 55.8%. In the initial period of the
novel coronavirus infection spread (2020), a significant
increase in the share of oseltamivir was notified in the
overall consumption structure (up to 17.26% compared
t00.71%, 1.60%, 2.11%, 3.23% and 3.25% in 2015-2019,
respectively), and the number of the dispensed packages
(by 23.5 times compared to the average value in 2015—
2019). In 2021, the share of umifenovir MPs in the total
volume of the realized demand increased (up to 40.1%).

In the authors’ opinion, the results of the study
confirm the need to strengthen control over the
implementation of AMPs. Other measures may include
timely informing outpatient medical specialists about
the new editions appearance of methodological
recommendations of the Russian Ministry of Health for
the treatment of a novel coronavirus infection. By no
means unimportant is the educational work with the
population about the inadmissibility of following false
algorithms for COVID-19 therapy. They periodically
appear in the public domain on the Internet, social
networks and instant messengers, and contain
information about the need to take two, and sometimes
three AMPs at the same time, even with mild course of
the novel coronavirus infection.
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The aim of the article is to study pharmacokinetic characteristics of intravenous olokizumab in patients with moderate
COVID-19 to relieve a hyperinflammation syndrome.

Materials and methods. The pharmacokinetic study was conducted as a part of a phase Il clinical study (RESET, NCT05187793)
on the efficacy and safety of a new olokizumab regimen (intravenous, at the doses of 128 mg or 256 mg) in COVID-19
patients. Plasma concentrations of olokizumab were determined by the enzyme immunoassay. The population analysis was
performed using a previously developed pharmacokinetic model based on a linear two compartment.

Results. The pharmacokinetic analysis included the data from 8 moderate COVID-19 patients who had been administrated
with olokizumab intravenously at the dose of 128 mg. According to the analysis results in this population, there was an increase
in the drug clearance, compared with the data obtained in healthy volunteers and the patients with rheumatoid arthritis:
0.435, 0.178 and 0.147 |/day, respectively. The parameters analysis within the framework of a population pharmacokinetic
model showed that the main factors for the increased olokizumab clearance are a high body mass index. In addition, the
presence of COVID-19 itself is an independent factor in increasing the drug clearance.

Conclusion. After the intravenous olokizumab administration, an increase in the drug clearance is observed in moderate
COVID-19 patients against the background of the disease course. The main contribution to the increased clearance is made
by the characteristics of the population of COVID-19 patients associated with the risk of a severe disease and inflammation.
When administered intravenously at the dose of 128 mg, a therapeutically significant olokizumab level was maintained
throughout the acute disease phase for 28 days.

Keywords: COVID-19, olokizumab; clearance; pharmacokinetic model

Abbreviations: IL(s)—interleukins; PAIT—proactive anti-inflammatory therapy; Ig(s) —immunoglobulins; PK—pharmacokinetics;
RA — rheumatoid arthritis; RESET — hyperinflammation; CRP — C-reactive protein; CT — computer tomography; RR — respiratory
rate; ALT —alanine aminotransferase; AST — aspartate aminotransferase; ULN — upper limit of normal; BMI —body mass index;
ELISA — enzyme-linked immunosorbent assay; T, , — half-life; AUC,, — area under the concentration-time pharmacokinetic
curve from zero to the last blood draw; Kel — elimination constant; AUC, _ —area under the concentration-time curve from
time zero to infinity; CL — clearance; T _ —time to reach the maximum concentration of olokizumab in blood plasma; C__ —
maximum concentration of olokizumab in blood plasma; MRT — Mean Resident Time.

For citation: E.V. Tavlueva, EV. Zernova, M.P. Kutepova, N.E. Kostina, V.S. Lesina, D.R. Mould, K. Ito, AV. Zinchenko, A.N. Dolgorukova,
M.V. Nikolskaya, M.C. Lemak, O.V. Filon, M.Yu. Samsonov. Characteristics of olokizumab pharmacokinetics in patients with novel coronavirus
infection COVID-19. Pharmacy & Pharmacology. 2022;10(5):460-471. DOI: 10.19163/2307-9266-2022-10-5-460-471

© E.B. Tasnyesa, E.B. 3epHosa, M.I1. Kymenoea, H.3. KocmuHa, B.C. J/lecuHa, [].P. Moynd, K. Umo, A.B. 3uH4eHKo,
A.H. flonzopykoea, M.B. Hukoneckas, M.C. J/lemak, O.B. ®uaoH, M.IO. CamcoHos, 2022

Ana uyutuposanua: E.B. Tasnyesa, E.B. 3epHoBa, M.M. Kytenosa, H.3. KoctuHa, B.C. Nlecuna, O.P. Moyna, K. UTto, A.B. 3uHueHKo,
A.H. Jonropykosa, M.B. Hukonbckas, M.C. Jlemak, O.B. ®DunoH, M.H0. CamcoHoB. OcobeHHOCTM hapMaKOKMHETUKN 0/10KM3ymaba y NaLmMeHToB ¢
HOBOW KOpPOHaBMpycHoM uHbekumei COVID-19. dapmayus u papmakonoaus. 2022;10(5):460-471. DOI: 10.19163/2307-9266-2022-10-5-460-471

460 Volume X, Issue 5, 2022


https://crossmark.crossref.org/dialog/?doi=10.19163/2307-9266-2022-10-5-460-471&domain=pdf&date_stamp=2022-12-11

Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOIUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2022-10-5-460-471

OCOBEHHOCTU ®PAPMAKOKUHETUKU OITOKU3YMABA
Y NAUMEHTOB C HOBON KOPOHABUPYCHOW MH®EKLUUNEN

COVID-19

E.B. TaBnyesa’, E.B. 3epHoBa?, M.. Kytenosa?, H.3. KoctuHa?, B.C. flecuna?, 4.P. Moyna?*, K. Uto?,
A.B. 3uHueHko?, A.H. flonropyKkosa®, M.B. Hukonbckasa®, M.C. Jlemak3, 0.B. dunon3, M.}0. CamcoHos?

! TocyaapcTBeHHOE BIoAXKEeTHOE yUpekaeHue 34paBooxpaHeHnaA ropoga MocKBbl

«lopogacKas KnnHuyeckan 6onbHuua um. .U, MHozemueBa [enapTameHTa 34paBooxpaHeHmsa ropoga MocKBbI»,
105187, Poccusa, r. MockBa, yn. PopTyHaToBCKas, 4. 1

2 Blog)KeTHOE yuperKaeHne 34paBooXpaHeHnsa BopoHekcKoi obnactu

«BopoHerKcKan obnactHaa KAMHUYeckas 6onbHMLA N2 1»,

394066, Poccus, r. BopoHeK, np-T MockoBckui, 4. 151

3 AKumMoHepHoe obuwecTBo «P-Gapm»,

123154, Poccua, r. Mocksa, yn. bep3sapuHa, 4. 19, kop. 1

4 Projections Research, Inc.,

19460, CLLA, NMeHcnnbBaHusa, PeHnkesman, Springview Lane, 535

E-mail: mv.nikolskaya@rpharm.ru

MNonyyeHa 10.09.2022 MNocne peueHsnposaHua 15.09.2022 MpuHATa K neyatn 06.10.2022

Lienb. M3yyeHne ocobeHHocTen GapMaKOKMHETUKM ONOKM3yMaba Npu BHYTPUBEHHOM BBeAEHUU y naumeHToB ¢ COVID-19
CpeAHETAXEeNOro Te4eHNA A4 KYNMPOBaHUA CUHAPOMA rMnepBoCnaneHns.

Martepuanbl U meTtogbl. V3yyeHne dapmMaKOKMHETMKM MPOBOAMIOCL B PaMKax KAMHWYECKoro uccieposaHua Il ¢pasbl
(nccnemosaHmne RESET, NCT05187793) acddeKTMBHOCTM M HE30MacHOCTM HOBOFO peXMMa MpPUMEHEeHMsA O0Ku3ymaba
(BHYTPMBEHHO, B A03ax 128 mr uan 256 mr) y naumeHtos ¢ COVID-19. OnpegeneHmne KOHUEHTpauun 0oKkM3ymaba B naasme
KPOBW NPOBOAMAN METOAOM MMMYHOPEPMEHTHOrO aHanu3a. MonynALMOHHbBIN aHaAW3 BbIMOJAHEH C MOMOLLbIO paHee
pa3paboTaHHOM papMaKOKUHETUYECKOWM MOLEAN HA OCHOBE IMHEMHOW ABYXKaMePHOW MOgENN.

Pe3ynbratbl. B aHann3 GpapmMaKoOKMHETUKK Bblan BKAOYEHb! AaHHble 8 nauueHToB ¢ COVID-19 cpegHeTAXKeNnoro TedeHus,
nosy4asLuve o1oKM3ymab B go3e 128 mr BHyTpMBeHHO. CornacHo pesy/ibTaTam aHain3a B 4aHHOM nonynauum Habaoganoch
yBe/MYeHne KAUpeHca npenapaTa, MO CPABHEHUIO C AAHHBIMU, NOAYYEHHBIMU Y 340POBbIX 40O6POBONLLEB M NALMEHTOB C
pesmatonaHbim aptputom: 0,435, 0,178 n 0,147 n/cyT, COOTBETCTBEHHO. AHa/IM3 MapaMeTPOB B PaMKax Mony/iAaLMOHHOM
bapMaKOKMHETUYECKOW MOAENM MOKasas, YTO OCHOBHbIMU GaKTOpaMM MOBbILEHHOTO K/AMPEHCa 0/I0KM3ymMaba aBasAoTCA
BbICOKUIM MHAEKC macchl Tena. Kpome Toro, HesaBUCMMbIM GaKTOPOM MOBBILIEHUA KAMPEHCA Mpenapata ABAAETCA Camo
Hananyme COVID-19.

3aknioyeHue. Y naumeHToB co cpegHeTaxenbim TeyeHnem COVID-19 nmocne BHYTPMBEHHOrO BBeAEHWA ONOKM3ymaba
Habnlojaetca yBennyeHWe KAMpeHca npenapata Ha ¢oHe TeyeHusa 3aboneBaHuA. OCHOBHOW BKAaZ, B MOBbILIEHHbIN
K/IMPEHC BHOCAT 0COBEHHOCTU nonynauun naumeHtos ¢ COVID-19, cBA3aHHbIe C PUCKOM TAXKENOro TeyeHusa 3aboneBaHuA
M BbIPaXKEHHbIM BocnaneHvem. lpu BHYTPUBEHHOM BBeAeHWM B fAo03e 128 mr TepaneBTUYECKM 3HAYUMMbIA YPOBEHb
0/10KM3yMaba CoXpaHAICA B TeYeHMe BCei ocTpoi dpasbl 3a601eBaHUA Ha NPOTANKEHUMN 28 AHEN.

KntoueBblie cnosa: COVID-19; 0n0Kn3ymab; KanpeHc; papmMaKkoKMHETUYECKas MOAENb

Cnucok cokpaweHuin: W1 — wuHTepnelikuHbl; YMT — ynpexagawowasa MpoTMBOBOCNAAUTENbHAA Tepanusa; g —
MMMYHON06ynunHbl; DK — dapmakokuHeTuKa; PA — peBmaTouaHbii apTpuT; RESET — runepsocnaneHue; CPB — C-peakTuBHbIN
6enok; KT — KomnbtoTepHaa tomorpadwms; YA — yactoTa AbixaTenbHbIX ABUXKeHWUIU; AJ/IT — anaHMHamuHoTpacdepasa;
ACT —acnapTtatammnHoTpaHcdepasa; BI'H —BepxHaa rpaHuua Hopmbl; UMT —uHAeKe maccbl Tena; UPA —nmmyHOopepMeHTHbI
aHanus; T , — nepuog nonysbisefeHus; AUC  _niowaap nog bapMaKOKMHETUYECKOM KPUBOW «KOHLLEHTPALUA-BPEMSA»
OT Hyna [0 nocnefHero otbopa kposu; K, — KOHCTaHTa anumuHauuu; AUC — — nnowadp noj GapMakoKMHETUYecKow
KPUBOMN «KOHLLEHTPaLMA-BPeMA», HaYMHAA C HYNEeBOro 3HAYeHWA BPEMEHM, IKCTPAnoNMpoBaHHAA A0 6ECKOHe4yHOCTH;

CL—knupeHc; T

max

— Bpems SOCTUKEeHUA MaKCMMalbHOM KOHLLeHTPALLMKW 0N10KM3yMaba B niasme Kposu; C

— MaKCuMmanbHaA

max

KOHLEHTpaLMa 010KM3yMaba B niasme Kposu; MRT — cpeaHee pesnaeHTHOE Bpems.

INTRODUCTION

In December 2019, a large outbreak of a disease
caused by a novel coronavirus (SARS-CoV-2) affecting
the lower respiratory tract, occurred in Wuhan, China
[1].

Most patients suffer from a mild form of the
disease (like an acute respiratory viral infection), but
the infection can turn into an acute respiratory distress

Tom 10, Beinyck 5, 2022

syndrome. In this case, there is a rapid replication of
the virus, a rapid release of pro-inflammatory cytokines
against the background of the inflammatory infiltrates
formation in the lung parenchyma and pulmonary
vascular endothelium, damage to the alveoli, vascular
microthrombosis, etc. There is a pattern of systemic
hyperinflammation with increased levels of interleukins
(ILs) cytokines such as IL-1B, IL-1Ra, IL-6 and the IL-2
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receptor. The progressive development of systemic
pathological inflammation results in a pronounced
increase in the severity of the disease and the
development of multiorgan damage [2-4].

According to the Interim Guidelines (IGs) of the
Russian Ministry of Health “Prevention, diagnosis and
treatment of novel coronavirus infection (COVID-19)"%,
the use of proactive anti-inflammatory therapy (PAIT)
in combination with active anticoagulant therapy is
currently the standard of care. Monoclonal antibodies —
blockers of the IL-6, IL-6, IL-1 receptors, can be used
among others as PAIT.

Olokizumab (Artlegia®) is a humanized monoclonal
antibody of the immunoglobulin (Ig) G4/kappa isotype
that can specifically bind to the IL-6 molecule. The drug
has a unique action mechanism, sinceit directly binds IL-6
and thus blocks the pathological cascade of inflammatory
reactions. In this, it differs from tocilizumab, sarilumab,
and levilimab, which are antagonists of the IL-6 receptor
[5-7]. Due to the high affinity for IL-6 and the mode of
action (inhibition of the interaction between IL-6 and
the glycoprotein gp130), the pharmacodynamic effects
of olokizumab are realized at lower doses [8, 9].

Olokizumab was originally developed as a drug
for the treatment of rheumatoid arthritis (RA) and has
successfully passed a full-fledged clinical development
program that included phase Il studies [10] in 380
patients, and phase Il studies in 2443 patients
(CREDO 1%, CREDO 23, CREDO 3* and CREDO 4°), as well
as post-marketing studies [11]. According to the studies,
the recommended olokizumab dose in RA is 64 mg once
every 2 or 4 weeks when administered subcutaneously.
In case of pathogenetic therapy of a cytokine release
syndrome in a new coronavirus infection (COVID-19) —
64 mg subcutaneously once.

Subsequently, the effect of olokizumab was studied
in COVID-19 patients. The use of olokizumab as a

! Interim Guidelines of the Russian Ministry of Health “Prevention,
diagnosis and treatment of novel coronavirus infection (COVID-19),
version 16, 18.08.2022. Available from: https://static-0.minzdrav.gov.
ru

2 Evaluation of the Effectiveness and Safety of Two Dosing Regimens of
Olokizumab (OKZ), Compared to Placebo, in Subjects With Rheumatoid
Arthritis (RA) Who Are Taking Methotrexate But Have Active
Disease (CREDO 1). Available from: https://grisbase.ru/clinicaltrails/
clintrail/2763

3 Evaluation of the Efficacy and Safety of Two Dosing Regimens of
Olokizumab (OKZ), Compared to Placebo and Adalimumab, in Subjects
With Rheumatoid Arthritis (RA) Who Are Taking Methotrexate But
Have Active Disease (CREDO 2). Available from: https://clinicaltrials.
gov/ct2/show/NCT02760407

4 Evaluation of the Efficacy and Safety of Two Dosing Regimens of
Olokizumab (OKZ), Compared to Placebo, in Subjects With Rheumatoid
Arthritis (RA) Who Were Taking an Existing Medication Called a Tumour
Necrosis Factor Alpha Inhibitor But Had Active Disease (CREDO 3).
Available from: https://clinicaltrials.gov/ct2/show/NCT02760433

5 Efficacy and Safety of Olokizumab in Subjects With Moderately
to Severely Active Rheumatoid Arthritis (CREDO 4). Available from:
https://clinicaltrials.gov/ct2/show/NCT03120949
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part of the complex therapy for COVID-19 revealed a
number of pharmacokinetic characteristics of the drug
in this population, compared with healthy volunteers
and RA patients. In general, the patient population in
which olokizumab was prescribed as proactive anti-
inflammatory therapy (PAIT) is characterized by a number
of trends in both demographic data and laboratory
parameters. In particular, a body mass index, or rather
overweight, which, in turn, is a risk factor for severe
COVID-19, has a known effect on the pharmacokinetics
of drugs. In COVID-19, a typical pattern of deviations
in the biochemical analysis of blood is observed: an
increase in the levels of inflammatory markers, a change
in the levels of protein fractions, reflecting the course
and severity of the inflammatory process, which also
affects the drugs pharmacokinetics.

THE AIM of the article is to study pharmacokinetic
characteristics of intravenous olokizumab in patients
with moderate COVID-19 to relieve hyperinflammation
syndrome.

MATERIALS AND METHODS

Study design

Currently, according to the Interim guidelines
(version 16 dated 18 Aug 2022), the intravenous
administration of olokizumab is included in the
recommended standards of COVID-19 therapy. The
pharmacokinetics of the drug when administered
intravenously in COVID-19 patients, was evaluated
as a part of a multicenter, open, randomized phase Il
research, the aim of which was to study the efficacy and
safety of a new olokizumab regimen (at the doses of 128
and 256 mg, respectively, administered intravenously)
in COVID-19 patients with signs of hyperinflammation
(RESET). The randomization of patients in the study was
central and it was performed using an electronic system.
The patients were randomized into 2 groups at the
ratio of 1:1 — the olokizumab group (group 1) and the
comparison group (group 2). In order to evenly distribute
patients into the treatment groups, the stratification was
carried out according to the following criteria:

e according to the need for the oxygen support at
screening (yes / no),

e the presence of a concomitant disease that is a
risk factor for severe COVID-19 (no risk factors or there
is one or more risk factors).

Thus, as a result of the stratification, the patients
in groups will be equivalent in terms of the presence of
respiratory failure and risk factors for severe COVID-19.

Selection criteria for the study
The RESET study was conducted with the approval

Volume X, Issue 5, 2022



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOIUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2022-10-5-460-471

of the Ethics Council of the Department for Regulation
of the Circulation of Medicines (Ministry of Health of the
Russian Federation, Protocol No. 273 dated 20 Apr 2021);
the local ethics committees of Voronezh Regional Clinical
Hospital No. 1 (Protocol No. 117 dated 22 Jul 2021) and
Inozemtsev City Clinical Hospital (Protocol No. 11 dated
28 May 2021). The results of the pharmacokinetic study
in the subgroup of COVID-19 patients, compared with
the data from the previous studies in healthy volunteers
and RA patients, are presented in this paper. The
study included hospitalized patients with a confirmed
moderate-to-severe coronavirus infection and signs of
hyperinflammation, aged over 18 years.

The main inclusion criteria were: moderate
COVID-19, pneumonia on computer tomography (CT)
and the body temperature > 38°C, in combination
with 1 or more features, including the saturation level
(Sp0O,) < 95%, respiratory rate (RR) > 22, dyspnea
on exertion, C-reactive protein (CRP) >10 mg/l; the
presence of one of the risk factors (diabetes mellitus,
severe cardiovascular pathology, chronic renal failure,
oncological pathology, obesity, or age =65 years);
the presence of the hyperinflammation signs (a body
temperature >38°C for 2 days or more, in combination
with 1 or more signs: a CRP level >3xupper limit of
normal (ULN), the leukocyte count — 2.0-3.5 x 10%/I, the
absolute number of lymphocytes — 1.0-1.5x10°%/1).

The main exclusion criteria were: a severe or
extremely severe COVID-19 course, the presence of
severe laboratory abnormalities (hemoglobin <80 g/I, an
absolute neutrophil count <0.5x109/I, a leukocyte count
<2.0x109/1, a number of platelets <50 x 109/L, alanine
aminotransferase (ALT) > 3.0 x ULN and/or aspartate
aminotransferase (AST) = 3.0 x ULN), the creatinine
clearance < 30 ml/min, confirmed sepsis by pathogens
other than COVID- 19, a high probability of a disease
progression to death within the next 24 hours.

Selection criteria for the pharmacokinetics

subgroup

The pharmacokinetics (PK) study subgroup included
patients with a body mass index (BMI) in the range of
18.5-35.0 kg/m?who had signed an additional voluntary
informed consent form for the inclusion in the PK study.
A total of 9 patients were included in the PK subgroup.
These patients were administrated with Artlegia®
(INN: olokizumab), a solution for the subcutaneous
administration, 160 mg/mg, as an intravenous 60-minute
infusion, at the dose of 128 mg (8 patients were
administrated with the drug once at the dose of 128
mg), 1 patient was not included into statistical analysis
(total dose 256 mg). 1 patient was administrated with
the drug twice with a total dose of 256 mg).

Tom 10, Beinyck 5, 2022

In addition to olokizumab, the patients received
baricitinib (4 mg/day, for 7 days) and low-doses of
glucocorticosteroids (dexamethasone at the doses
of 4-20 mg/day IV or IM, or methylprednisolone at
the dose of 1 mg/kg intravenously every 12 hours), as
well as etiotropic therapy for COVID-19 (favipiravir or
remdesivir), symptomatic and anticoagulant therapy
drugs.

In the patients included in the PK assessment
subgroup, blood biosamples were taken to study
olokizumab concentrations as follows: before the start
of the infusion, then after 2, 4, 8, 24, 48 and 72 hours;
then every day, starting from 4 to 10 days; at the end on
days 14 and 28 after the first administration of the drug
(i.e. from the moment the infusion began). After the
selection, plasma biosamples were frozen and stored at
the temperature not exceeding —65°C.

For the analysis of biosamples, a bioanalytical
method based on enzyme immunoassay (ELISA) was
developed. The method is based on the interaction of
olokizumab with IL-6 associated with goat antibodies
to human IL-6 immobilized on the surface of the plate.
The method was validated in the concentration range of
2.5-100 pg/ml.

Statistical analysis

To assess a possible influence of various factors on
the olokizumab clearance, the results were combined
with a previously created phases 1 and 2 database
of olokizumab clinical trials, including the data from
the pharmacokinetic samples analysis of 30 healthy
volunteers and 30 RA patients, and the ones who had
received a single intravenous olokizumab injection at
various concentrations [12].

The description of the olokizumab pharmacokinetics
was performed using a linear 2 compartment model with
the absorption kinetics and the first order elimination.
The model parameterization included pharmacokinetic
parameters such as clearance (CL), an distribution
volume (V), an elimination rate constant (K ) and
rate constants of exchange between compartments
(Q/Ve, Q/Vp) (Fig. 1). Interindividual variability (l1V)
parameters were included in the final model for the
volume of distribution parameters of the central (Vc)
and peripheral compartments (Vp). The influence of the
following covariates was assessed: age, sex, body weight,
serum albumin, liver enzymes, bilirubin, creatinine
clearance. Since study CL04041094 did not collect data
on participants’ albumin levels, for modeling purposes,
missing individual albumin levels were reconstructed
using the following formula (ALB =—-0.4714xCRP+50.714)
based on the literature data [13].
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Figure 1 — Diagram of linear two compartment model to describe olokizumab pharmacokinetics
Note: Q/Vc, Q/Vp — speed constants of exchange between cameras; K — elimination rate constant.
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Figure 2 — Goodness of fit plots for the final model
Note: DV — dependent variable; PRED — predicted values; IPRED — individual predicted values; TAD — time after the last dose;
CWRES - conditional weighted residuals calculated using the FOCI algorithm.
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Figure 3 — Assessments of the normality assumption of interindividual variability
Note: ETA = n; IV — interindividual variability; CL - clearance; Vc — volume of the central chamber; Vp — volume of the peripheral chamber;
Normal QQ Plot — quantile-quantile plot for assessing normality of the distribution.
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Figure 4 — Graphical representation of observed and predicted pharmacokinetic olokizumab profiles

for COVID-19 patients, healthy volunteers, and RA patients

Note: The area marked in pink is the boundaries of the 95% confidence interval for estimating the median; the areas marked in gray are the

boundaries of the 95% confidence interval for estimating the 5" and 95" percentiles.

Table 1 - Individual pharmacokinetic olokizumab parameters and mean values

Crnax (1g/ml)

Mean (£SD) 21.4 (+0.842) 22.28 (+3.9) 40.20 (+18.06)

Geometric mean (CV%) - 21.98 (17.53) 35.69 (44.93)
Tmax (h)

Median 4.00 2.00 6.00

L.Qu., U.Qu. 2.03-4.00 2.0-14.0 2,0-18,0

Geometric mean (CV%) - 4.49 (123.26) 7.44 (159,72)

AUC,: (hxmcg/ml)

Mean (£SD)

9 427 (£524)

7 001.58 (+1,259.89)

7 802,19 (+4005,29)

Geometric mean (CV%)

6911.9 (17.99)

6 855.77 (51.34)

AUC;... (hxmcg/ml)

Mean (£SD) 10 435 (+1,266) 13 979.67 (+3,267.86) 13 117.51 (+9,777.32)
Geometric mean (CV%) - 13 633.52 (23.38%) 10 600.21 (74.54)

Ty2 (days)
Mean (+SD) 27.9 (+12) 30.66 (+14.2) 13.8 (+10.86)
Geometric mean (CV%) - 28.13 (46.31) 10.35 (78.65)

CL, I/day
Mean (+SD) 0.177 (+0.020) 0.145 (+0.03) 0.349 (+0.214)

Geometric mean (CV%)

0.143 (20.372)

0.289 (61.275)

Vd, |

Mean (£SD)

7.08 (+3.04)

6.29 (+2.97)

5.26 (+4.56)

Geometric mean (CV%)

5.79 (47.23)

4.33 (86.81)

Notes: SD — standard deviation; CV% — coefficient of variation; L.Qu. — lower quartile (25%); U.Qu. — upper quartile (75%); IV — intravenously;
max. — maximum; min. — minimum; n is the number of patients; CL — clearance; Vd — volume of distribution; 1 — the comparison table includes
only the data of volunteers administrated with olokizumab at the dose of 1 mg/kg intravenously. A total of 87 volunteers participated in the phase
1 studies, 67 —in the European population (RA0001), 20 — in the Asian (Japanese) population (RA0074).

466 Volume X, Issue 5, 2022



Hay4HO-NpaKTUIecKi XypHan OPUTUHA/JIbHAA CTATbA
q)A PMALl I/IH VI DOI: 10.19163/2307-9266-2022-10-5-460-471
OAPMAKOJTIOIA

Table 2 — Mean pharmacokinetic olokizumab parameters in general population of RA and COVID-19 patients

CL (I/day) 01 0.154 - 6.8
ve (1) 82 4.1 - 5.6
Q (I/day) 03 0.348 - 16.3
Vp (1) 04 1.67 - 12.2
Residual error — frequent sampling 07 0.167 5.9 -
IV CL (CV%) ni 34.2 2.2 -
1V Vc (CV%) n2 27.3 2.6 -
IV Vp (CV%) n3 56.7 16.0 -
Correlation of random effects

1V CL—11V Vc CORRy,; 0.651 - -
IV CL-1IV Vp CORRy3 0.110 - -
1V Ve -1V Vp CORRy3 0.512 - -

Note: RSD — relative standard deviation; CL — total clearance; Vc, Vp — volume of distribution of the central, peripheral, respectively; Q/Vc, Q/
Vp — speed constants of exchange between cameras; IIV(CV%) — interindividual variability (coefficient of variation %); 0 is a parameter with a fixed
value; n is the variability parameter given by a value with a normal distribution; CORR — correlation between random effects.

Table 3 - Effects of individual patients’ characteristics

Impact of body weight on CLand Q 08 0.654 57.3
Impact of body weight on Vc andVp 014 0.498 60.0
Impact of COVID-19 disease on CL 016 0.965 23.4

Note: 6 — parameter with a fixed value; RSD — relative standard deviation; CL — total clearance; Q — intercompartmental clearance; Vc, Vp —volume

of distribution of the central, peripheral, respectively.

Diagnostic plots were used to assess model
assumptions  and goodness-of-fit; satisfactory
n-shrinkage values were obtained, and Visual Predictive
Check was performed. The stability of the model, the
asymmetry and kurtosis of the n distribution were also
evaluated [13, 14].

Population pharmacokinetic olokizumab parameters
were evaluated using the First Order Condition
Estimation (FOCE) algorithm in NONMEM 7.4 software.
The construction of diagnostic plots, the exploratory
analysis, and post-processing of the NONMEM
output data were performed using R version 3.5.3
software. The analysis was performed in accordance
with FDA® and EMEA’ guidelines for population
pharmacokinetics.

RESULTS

The mean age of the patients was 56.4 (+10.0) years
[45 to 74 years], the majority were males (87.5%), the
average body weight of the patients was 87.0 (+15.1) kg,

6 Guidance for Industry: Population Pharmacokinetics. U.S. Department
of Health and Human Services, Food and Drug Administration,
Center for Drug Evaluation and Research (CDER), Center for Biologics
Evaluation and Research (CBER), February 2022.

7 EMEA report. Guideline on Reporting the Results of Population
Pharmacokinetic Analyses, 2007.

Tom 10, Beinyck 5, 2022

and BMI — 26.8 (+3.4). All patients were Caucasian. In
five patients, biosamples were taken at all planned
points, in 2 patients the sampling was completed at the
point of 366 hours and in 1 —at the point of 240 hours (a
withdrawal due to death).

Standard non-compartmental PK parameters from
individual studies are presented in Table 1, compared
with the results of the previous studies in healthy
volunteers and RA patients. After the administration,
the drug was distributed fairly fast. In the studied
population, C__~ was reached quite fast and was
about 36 pg/ml, the median T  wasb hours. Further
on, the concentration decreased during the entire
subsequent observation period. Despite a faster
decrease in the concentration compared with the
intravenous (IV) olokizumab administration at the
dose of 1 mg/kg (mean 75 mg) in RA patients [10], 7
days after the administration, in 7 out of 8 patients,
the plasma concentration of olokizumab exceeded
10 mcg/ml; after 14 days, in 5 out of 7 patients, the
concentration was above 5 mcg/ml. In this case, the
mean T, , was about 13.8 days, which was significantly
than when administered intravenously to
(27.9 days) and RA patients

lower
healthy volunteers
(30.66 days).
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Analysis of individual characteristics influence

on olokizumab clearance

A graphical analysis of the goodness-of-fit criteria
and a visual assessment of the compliance with the
model predictions demonstrated the satisfactory ability
of the selected population pharmacokinetic model to
describe plasma concentrations of olokizumab (Fig. 2—-4).

The pharmacokinetic ~ olokizumab
parameters in the general population of RA and
COVID-19 patients, determined on the basis of the
developed population pharmacokinetic model, generally
corresponded to the previously obtained individual
pharmacokinetic parameters in the RA population
(clearance 0.153 I/day vs. 0.147 |/day)3.

The covariates analysis showed that a body weight
has the greatest effect on the drug elimination rate
(Table 3). After adjusting for albumin and body weight,
a COVID-19 disease was found to be an independent
significant factor in increasing olokizumab clearance by
96.5% (616).

average

DISCUSSION

The peak intravenous concentration in COVID-19
patients was about 36 pg/mL; it was consistent with
the previous data in healthy volunteers and RA patients
however, in only two patients T__ exceeded 8 hours.
Thus, in general, the time to peak concentration was
comparable in all studied populations, the observed
differences may be associated with differences in
the speed and techniques of intravenous infusion
of the drug in different studies. Although the rate of
elimination and the volume of olokizumab distribution
did not significantly differ between healthy volunteers
and RA patients, the patients with moderate COVID-19
showed a significantly faster clearance of the drug. The
median of T,/, in COVID-19 patients was about 6 days
compared to about 30 days in healthy volunteers and
RA patients. For a more detailed analysis, a previously
developed population pharmacokinetic model based on
the results intravenous administration of olokizumab in
healthy volunteers and patients with RA program, was
adapted to assess the impact of individual patients’
characteristics on the drug clearance in COVID-19
patients. It has been shown that a decrease in albumin
levels and an increase in body weight are associated
with an increase in the rate of olokizumab clearance.
Decreased albumin levels are a hallmark of a COVID-19
disease: hypoalbuminemia is observed in 30-50% of

8 Instructions for drug use Artlegia®. Available from: https://artlegia.
com/#close
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hospitalized patients and can serve as an independent
predictor of a severe disease and death [23, 24], while
average levels of albumin in healthy volunteers and
RA patients do not differ. An increased body weight is
a risk factor for severe COVID-19, and therefore such
patients are more likely to be hospitalized and are
disproportionately represented in the study populations.
The median body weight of patients in the COVID-19
patient cohort was higher compared to RA patients
and healthy volunteers (92, 78 and 76 kg, respectively).
Thus, in COVID-19
patients may be partly explained by a higher incidence
of hypoalbuminemia and the greater body weight of
patients. A COVID-19 disease was also independently
associated with increased olokizumab clearance, which

a faster olokizumab clearance

may be due to the acceleration of protein metabolism
in infectious and inflammatory diseases [25], one of
the markers of which can serve as a reduced level of
albumin. Hypoalbuminemia is a characteristic feature
of a COVID-19 disease: it is observed in 30-50% of
hospitalized patients and plays an independent predictor
of a severe disease and death [17-22], while mean
albumin levels do not differ between healthy volunteers
and RA patients.

A similar effect, comparable in magnitude, was
previously demonstrated for another inhibitor of the
IL-6 signaling pathway, tocilizumab, in patients with
severe COVID-19 [21]. In the review by Leung E. et al.
(2022), 2 routes for the elimination of monoclonal
antibodies are described. The first pathway, providing
a linear clearance, is associated with proteolytic
catabolism of drugs after the administration. The second
pathway involves a specific a ligand-receptor (e.g., IL-6
receptor and tocilizumab) binding to both soluble and
membrane-bound targets, followed by an internalization
and an intracellular degradation. This process provides
a non-linear clearance and depends on the relative
expression of the target. Therefore, this mechanism may
be influenced by patient-specific factors such as the type
and severity of the disease. In this case, the linear part
of the tocilizumab clearance, apparently, to some extent
depends on a body weight.

Inthe study by Moes D.J.A.R. etal (2021), in patients
with severe COVID-19, the clearance (CL) estimate was
0.725 I/day and it was higher than the estimate in adult
RA patients (0.2-0.3 I/day), children with systemic
juvenile idiopathic arthritis (0.17 1/day), children and
adults with a CAR T-induced cytokine release syndrome
(0.5 I/day) [26]. Similar trends are shown by the ratio
of the olokizumab clearance in patients with moderate
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COVID-19 (0.349 I/day) and RA patients (0.145 |/day).
However, it should be taken into account that the study
did not show the feasibility of calculating the dose
of tocilizumab based on the body weight of patients,
the use of fixed doses is preferable. Given these data,
a caution should be exercised when interpreting
the study results of this population olokizumab
pharmacokinetics. Thus, until further pharmacokinetic
data are obtained in COVID-19 patients, a revision of
the dosing olokizumab regimen seems unreasonable in
this population.

CONCLUSION

After the intravenous administration of olokizumab,
during the disease course, in patients with moderate
COVID-19, an increase in clearance was demonstrated

compared with previously studied populations
of healthy volunteers and RA patients. The main
contribution to the increased olokizumab clearance is
made by the characteristics of the COVID-19 patients
population associated with the risk of the severe
disease (overweight) and the effect of accelerated
protein metabolism due to the severe inflammation,
characterized by hypoalbuminemia. At the same time,
the contribution of the unidentified factors of the
increased clearance associated with a COVID-19 disease,
and probably due to the interaction of the mechanism of
olokizumab action and COVID-19 pathogenesis, was also
observed. However, when administered intravenously
at the dose of 128 mg, a therapeutically significant
olokizumab level was maintained throughout the acute
phase (28 days) of the disease.
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The aim of the work is to evaluate the hemostimulating activity of recombinant human granulocyte-macrophage colony-
stimulating factor (rhGM-CSF) conjugates with alendronic acid (ALN) in the model of cytostatic myelosuppression and the
dynamics of rhGM-CSF accumulation as a part of the conjugate in the bone tissue and bone marrow of mice.

Materials and methods. The conjugates obtained by a solid-phase synthesis using 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide or periodate oxidation, were used. A hemostimulating activity was evaluated in a model of a cytostatic
myelosuppression induced by the administration of cyclophosphamide to CBA/Calac mice. RhGM-CSF preparations were
injected subcutaneously for 4-5 days at the dose of 90 pg/kg. After the injections cycle had been completed, the total
leukocyte and segmented neutrophil counts were carried out in the blood samples, and the total karyocyte count was carried
out in the bone marrow samples.

The tissue distribution of rhGM-CSF preparations was assessed in outbred CD-1 mice after a single intravenous administration
at the effective dose. The content of rhGM-CSF in blood, femoral tissue and bone marrow was determined by enzyme
immunoassay.

Results. RhGM-CSF conjugates with ALN have been shown to retain the ability of the original protein to increase the number
of leukocytes, segmented blood neutrophils, and bone marrow karyocytes under the action of conjugates. The stimulation of
the neutrophil production used to be observed at earlier times than in the case of rhGM-CSF. The increase in the total number
of bone marrow cells after the introduction of all three conjugates was more pronounced compared to the original protein
(by 34%). The increased hemostimulatory effect of the AEG conjugate was accompanied by a more intense accumulation of
rhGM-CSF in the bone tissue and bone marrow of mice. The rhGM-CSF introduced into the conjugate was detected in the
bone tissue for 24 h and it circulated in the bloodstream for a longer time compared to the original protein.

Conclusion. The data obtained make it possible to conclude that further work on the development of effective hemostimulating
drugs based on rhGM-CSF conjugates with ALN, is promising.

Keywords: recombinant human granulocyte-macrophage colony-stimulating factor; alendronic acid; conjugate;
hemostimulating activity; accumulation in bone tissue and bone marrow.

Abbreviations: ALN —alendronic acid; GM-CSF — granulocyte-macrophage colony-stimulating factor; rhGM-CSF —recombinant
human granulocyte-macrophage colony-stimulating factor; HAP — hydroxylapatite; EDC — 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide; CP — cyclophosphan; ELISA — electronic intelligence search and analysis; TKC — total karyocyte count.
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Lenb. OueHKa remMoCTUMYANPYIOLLEeN AaKTMBHOCTM KOHBIOraToB PEKOMOWHAHTHOrO rpaHy/NoLUTapHO-MakpodaraibHOro
KOJIOHWECTUMYNMpYIoLero ¢akTopa yenoseka (pulM-KC®P) c aneHapoHoBo Kucnoton (AJIH) Ha moaenu uMTocTaTUdeckom
MMeNocynpeccumn u guHaMukn HakonneHua pulrM-KC® B cocTaBe KOHbIOraTa B KOCTHOM TKAaHW M KOCTHOM MO3re MblLLEe.
Martepuanbl u metogpbl. B pabote MCNonb30BaNM KOHBIOrATbI, MONYYEHHblIE METOAO0M TBEpPA0(hA3HOro CUHTE3a C MOMOLLLbIO
1-atun-3-[3-gumetTnnamuHonponunlkapboguummaa AN  peakuum NepuosaTHOro OKUCAEHUA. [eMOCTUMYNMPYIOLLYIO
aKTUBHOCTb OLIEHMBAZM Ha MOAE/NU LMTOCTaTUYECKOW MMEenocynpeccuu, Bbi3BaHHOW BBeAeHMem Mbiwam CBA/Calac
unknodocdaHa. Npenapatbl pulM-KCH BBOAMAM NOAKOKHO B TedeHue 4—-5 aHei B go3e 90 MKr/Kr. Mo OKoOHYaHWUM Kypca
WHBEKLMI B 06pa3Lax KPOBU NOACHUTbIBANM O6LLLEE KONMYECTBO NIEMKOLMUTOB, CErMEHTOAAEPHbIX HEMTpodUIOoB, B 06pasLLax
KOCTHOro mo3ra — obuiee ymcno KapuoumToB. OLeHKY pacnpeseneHuna npenapatos pulM-KC® no TKaHAM NpoBOAWMAM Ha
ayTbpeaHbix Mbiwax CD-1 nocne og4HOKPATHOTO BHYTPUBEHHOTO BBeAeHMUA B 3ddeKTnBHoM gose. CoaepikaHue pulM-KCP B
KPOBM, TKaHW 6eAPEHHOM KOCTU U KOCTHOM MO3re onpeaensim UMMyHOPEPMEHTHbIM METOLOM.

Pe3ynbraTtbl. [lOKa3aHo, YTo KoHbtoraTbl p4rM-KC® ¢ AJ/TH coxpaHAaM NpuUcyLLyto ncxoaHomy 6enky cnocobHOCTb NoBbIWaTh
YUCNO NIEMKOLUUTOB, CErMEHTOAAEPHbIX HEWTPOOUNIOB KPOBU U KApMOLMTOB KOCTHOTO Mo3ra. CTUMyAAuMA NPOAYKLMK
HeWTPodUNOB NoA AENCTBUEM KOHBIOrATOB Haboganack B bonee paHHUE CPoKK, Yem B caydae pulM-KCo. YeennyeHue
06LLEero YMcaa KAeToK KOCTHOFO Mo3ra Nocie BBEAEHWUA BCEX TPEX KOHBIOraToB 6bl10 6onee BblpaKeHHbIM NO CPAaBHEHUIO
C ucxogHbiMm 6enkom (Ha 34%). MoBbIWEHHbIM remocTUMmynupylowmnin apdekT KoHblorata AEG conpoBoxganca 6onee
MHTEHCUBHbIM HakonieHnem pulM-KC® B KOCTHOWM TKaHM M KOCTHOM MO3re Mbilieil. BBeAeHHbIN B COCTaB KOHbtOrata
pUrM-KC® o6HapyKMBaicsa B KOCTHOM TKaHW B TedyeHue 24 4 n 6onee ANUTENLHO LMPKYANPOBAA B KPOBEHOCHOM pyc/e no
CPaBHEHUIO C UCXOAHbIM BenlkoM.

3aKkntoueHue. MonyyeHHble AaHHble MO3BOMAIOT CAENaTb BbIBOA O NEPCMNEKTUBHOCTU AasibHeMLmnX paboT no co3gaHuio
30 PEKTUBHBIX TEMOCTUMYIMPYHOLLMX NPENapPaToOB Ha OCHOBE KOHbloratoB pulrM-KC® c A/TH.

KnioueBble cnoBa: peKOMOWHAHTHbIM TPAHYIOLMUTAPHO-MAKpOdarasbHblii KONOHUECTUMYAMPYIOWMIA GaKkTop 4YenoBeka;
a/1eHAPOHOBAA KMUC/I0TA; KOHBIOrAT; FTeMOCTUMYINPYHOLLLAA aKTUBHOCTb; HAKOM/IeHNE B KOCTHOWM TKaHM U KOCTHOM Mo3re

Cnucok  coKpaweHuii: AJIH - aneHgpoHoBasa  Kucnota; [M-KCP —  rpaHynouuTapHo-makpodaraibHbiit
KOJIOHUECTUMYNNPYIOLLMIA dakTop; pulM-KCD = PEKOMBUHAHTHbIN rpaHynouUUTapHO-MaKpodaranbHblil
KOJIOHWEeCTUMyNupyowWwmnii  dakTop 4enoseka; Al — rugpokcunanatut; EDC — 1-3tun-3-[3-gumetnnammuHonponm]

Kapboaunmug; LLd — uuknodpocdaH; NGA — ummyHopepmeHTHbIM aHanms; OKK — obLiee KoANMYecTBO KapuoLMTOB.

INTRODUCTION

The relevance of the search for new drugs
and methods for the treatment of neutropenia of
various etiologies, arising, in particular, as a result of
chemotherapy and radiotherapy in cancer patients, is
extremely high. Chemotherapy-induced disorders of
hematopoiesis and, above all, suppression of leukocyte
production, in some cases become the main indicators
for interrupting the treatment, despite a distinct
oncolytic therapy effect [1].

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is a natural cytokine protein that regulates
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the proliferation and differentiation of stem cells with
the formation of colonies of neutrophilic, eosinophilic
leukocytes, and macrophages [2—4]. The ability of GM-
CSF to enhance hematopoiesis served as a basis for
the development and introduction of drugs based on
it, Leukine and Leucomax (USA), into clinical practice,
to reduce the side effects of the antitumor therapy,
increase resistance to infections, during bone marrow
transplantation. However, despite a high level of GM-CSF
preparations safety, their use leads to the development
of adverse reactions such as fever, chills, lethargy,
myalgia, bone pain, fever, body weight fluctuations,
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generalized pruritus, redness and an aerythematous
reaction around the site of the subcutaneous injection
[5-8]. In this regard, the improvement of GM-CSF
preparations in terms of increasing their affinity for the
target tissues, reducing the therapeutic dose and, as a
result, side treatment effects, is of undoubted interest.

Literature references describe examples of various
vector molecules used for the targeted delivery of
immunoregulatoryligands,inparticular, cytokines[9-11].
As a means of delivering biologically active substances
to the bone tissue and bone marrow, bisphosphonates
which are characterized by a high affinity for calcium
ions and the ability to rapidly accumulate in the bone,
are used [12-17]. One of the methods for obtaining
the targeted drugs based on bisphosphonates, is their
conjugation with medicinal preparations [12, 13].

Taking into account all of the above, conjugates of
a human tumor necrosis factor alpha with alendronic
acid aminobisphosphonate (ALN), which demonstrated
the ability to accumulate in the foci of bone metastasis
of the tumor, thereby exhibiting an antitumor activity,
was obtained [18, 19]. These data became a basis
for the use of ALN as a vector molecule for a delivery
of a recombinant human granulocyte-macrophage
colony-stimulating factor (rhGM-CSF) to bone marrow
cells.

A technology for the production of rhGM-CSF in a
prokaryotic expression system (recombinant strain E.
coli SG20050/p280_2GM) [20], as well as methods for
conjugating rhGM-CSF with ALN using different types
of cross-linking agents, has been developed at the
Institute of Medical Biotechnology of the State Research
Center for Virology and Biotechnology “Vector”, Federal
Service for Surveillance on Consumer Rights Protection
and Human Well-being (IMBT FBRI SRC VB "Vector",
Rospotrebnadzor) [21]. It has been shown that the
resulting conjugates, compared to rhGM-CSF, have an
increased affinity for hydroxylapatite, an analog of the
mineral bone tissue matrix. The evaluation of the specific
conjugates activity in vitro confirmed the preservation of
the biological activity of rhGM-CSF in the composition
[21].

THE AIM of the work is to evaluate the
hemostimulatory activity of recombinant human
granulocyte-macrophage  colony-stimulating  factor
(rhGM-CSF) conjugates with alendronic acid (ALN) in the
model of cytostatic myelosuppression and the dynamics
of rhGM-CSF accumulation as a part of the conjugate in
the bone tissue and bone marrow of mice.

MATERIALS AND METHODS

Study drugs

Experimental preparations were conjugates of
rhGM-CSF with ALN obtained by the described methods
[21]. The key point in the synthesis process was the
choice of conditions that would minimize conformational
changes in protein molecules in order to preserve their
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biological activity. For this, equimolar amounts of the
rhGM-CSF protein and ALN were used. 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide (EDC) was chosen as
the crosslinking agent; dextran with a molecular weight
of 40,000 Da, activated with periodate, was used as a
linker. The conjugation with EDC was carried out in two
ways: a direct (rhGM-CSF -EDC - ALN) and reverse
(ALN -EDC - rhGM-CSF) sequence of components
application to the solid phase (hydroxyapatite sorbent,
HAP).

For the direct sequence conjugation, the HAP
chromatographic column was equilibrated with 2 mM
potassium phosphate buffer, pH 7.0. A rhGM-CSF protein
solution was applied to the balanced column, after the
sorption of which the EDC solution was also fed to the
column. The outlet of the solution from the column
was blocked for 2 h to bind the components, then the
column was washed with 2 mM potassium phosphate
buffer (pH 7.0), and the ALN solution was applied. The
column was repeatedly washed with phosphate buffer
to remove the unbound components. The resulting
conjugate was eluted from the column with 0.2 M
potassium phosphate buffer, pH 7.0. The synthesized
conjugate was transferred into a physiological saline
solution by dialysis.

When dextran was used as a linker during the
conjugation, it was added to the solution containing
sodium periodate to form reactive aldehyde groups in
the ratio of 1:40 (mol/mol), mixed, and incubated at 20°C
for an hour. The activated dextran was separated by a gel
filtration on the Sephadex G-25 column. The solutions of
protein and ALN were added to the dextran solution in
equimolar ratios: 1 mol of protein and 1 mol of ALN per
1 mol of dextran. The resulting mixture was incubated
for 3 h at 20°C. To remove the unreacted components,
the gel filtration was performed on the Sephadex G-25
column. The synthesized conjugate was transferred into
the physiological saline by dialysis.

Three types of conjugates were obtained:

1 — GEA — rhGM-CSF conjugate with ALN, obtained
by a solid-phase synthesis through the carboxyl group
of the protein using EDC by the method of a direct
(protein>EDC->ALN) sequence of applying components
to the sorbent, with a protein concentration of
1.09 mg/ml ( Fig. 1, track 1);

2 — AEG - conjugate of rhGM-CSF with ALN,
obtained by a solid-phase synthesis through the
carboxyl group of the protein using EDC by the reverse
(ALN—>EDC->protein) sequence of applying components
to the sorbent, with a protein concentration of
1.45 mg/ml ( Fig. 1, track 2);

3 — DGA - conjugate of rhGM-CSF with ALN,
obtained by a synthesis through the protein amino
group via a dextran molecule as a linker using the
Malaprade reaction [22], with a protein concentration of
0.86 mg/ml (Fig. 2, track 1).
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Reference drug

The rhGM-CSF protein, obtained at the IMBT FBRI
SRC VB "Vector", Rospotrebnadzor according to the
described method [23], was used as a reference drug
and to obtain conjugates with ALN.

The protein substance was characterized by quality
indicators in accordance with the requirements of
regulatory documentation®. The protein concentration
in the used substance was 1.5 mg/ml, the homogeneity
of the preparation was 99.2%.

Experimental animals

The study was carried out on 66 healthy male
CBA/Calac mice weighing 19-23 g, obtained from the
nursery of Goldberg Research Center of Pharmacology
and Regenerative Medicine (Tomsk), and 45 female
white outbred CD-1 (ICR) mice weighing 22-25 g from
the nursery of the Federal Budgetary Institution of the
State Research Center “Vector” of Rospotrebnadzor
(Koltsovo, the Novosibirsk region). The age of the
animals was 2.0-2.5 months. Before the start of the
study, the animals had gone through a period of the
adaptive quarantine. The mice were kept under standard
vivarium conditions at the constant temperature and
humidity; food and drink were available at any time of
the day. The animals’ keeping and experimental studies
were carried out in accordance with the requirements
of the International Convention for the Protection of
Vertebrate Animals used for Experimental and Scientific
Purposes (Strasbourg, 1986), as well as in compliance
with Directive 2010/63/EU of the European Parliament
and Council of the European Union dated September
22, 2010, for the protection of the animals used for
scientific purposes. The studies were approved by the
Bioethical Commission of “Vector” (protocol No. 5 dated
01.10.2020).

Method for assessing hemostimulating activity

of conjugates

The hemostimulating activity of the drugs was
studied in a model of cytostatic myelosuppression
induced by the administration of cyclophosphamide (CP,
Sigma-Aldrich, USA) to CBA/Calac mice [24].

The animals were divided into 5 experimental groups
(4 experimental and 1 control); there were 12 male mice
in each one. All the experimental animals received a
single intraperitoneal injection of a CP solution at the
maximum tolerated dose (250 mg/kg) in the volume of
0.25 ml per 20 g of body weight.

24 hours after the CP injection, the mice of the
experimental groups were injected subcutaneously for

! GPM.1.7.1.0007.15 “Medicines obtained by recombinant DNA
methods”. Russian State Pharmacopeia ed 14. 2018;4: 2575-95.
Available from: https://docs.rucml.ru/feml/pharma/v14/vol2/763/
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4-5 days with one of the following drugs: 1) rhGM-CSF;
2) GEA conjugate; 3) AEG conjugate; 4) DGA conjugate.
The administration dose, previously determined as
an effective hemostimulating agent using the rhGM-
CSF preparation [25], was 90 pg/kg; the volume of
the administration was 0.2 ml per 20 g of the animal
body weight. The mice of the control group received
subcutaneous saline in the equivalent volume according
to the similar scheme. Six intact animals were used as an
additional control group (without the administration of
rhGM-CSF and CF preparations). All manipulations with
the animals were carried out at the same time (in the
morning).

One day after the drug administration completion
(on the 5th day after the CP administration), the blood
samples from the tip of the tail were taken for the
analysis from each group in half of the animals, and
after the cervical dislocation of the cervical vertebrae,
the bone marrow samples were taken. On that day, the
second half of the animals received another injection;
the biomaterial was taken for the analysis 24 hours after
injection.

In the blood samples, the total leukocyte count
was determined by a light microscopy (the blood was
diluted 20 times with a 3% solution of acetic acid, the
calculation was carried out in Gorjaev’s chamber),
the relative and absolute contents of neutrophils and
other morphological forms of leukocytes were also
detremined. In the bone marrow samples, the total
karyocyte count (TKC) was carried out and the number
of cells per femur was calculated. To obtain the bone
marrow, the mouse femur was isolated, it was cleaned
from the soft tissues of the femur, and the bone marrow
canal was thoroughly washed with a 3% acetic acid
solution in the volume of 1 ml. The TKC was carried out
using Gorjaev’s chamber.

Method for studying rhGM-CSF

accumulation dynamics

To study the rhGM-CSF accumulation dynamics in
bone tissue and bone marrow, CD-1 female mice were
divided into 3 groups: a control group (5 individuals) and
two experimental groups (20 individuals in each). On the
eve of the experiment, at the end of the working day,
the mice were transferred to clean cages without food.
The animals were given food 2 hours after the drugs
administration, there was water without restrictions.

The animals of the first experimental group received
an intravenous rhGM-CSF injection; the mice of the
second experimental group were injected with the AEG
conjugate. The preparations were administered at the
dose of 90 pg/kg of body weight, 0.2 ml per 20 g of
animal weight. The intact mice served as control animals
(the third group).
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Figure 1 — Electrophoregram of conjugates obtained
by direct sequence of applying components, GEA (1)
and reverse sequence, AEG (2)

Note: Electrophoresis in 15% polyacrylamide gel under reducing

conditions, R-250 Coomassie staining. Tracks: 3 — protein marker
10-250 kDa; 4 — rhGM-CSF protein, 20 pg.
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Figure 2 — Electropherogram of conjugate obtained

using dextran (1)
Note: Electrophoresis in 15% polyacrylamide gel under reducing
conditions, R-250 Coomassie staining. Tracks: 2 — rhGM-CSF protein,
20 pg; 3 — protein marker 10-250 kDa.

Leukocyte count 10(9)/L

Day 5

Saline solution = rhGM-CSF

M GEA conjugate

Day 6

M AEG conjugate B DGA conjugate

Figure 3 — Leukocyte count in peripheral CBA mice blood against the background of CP administration, rhGM-CSF
drug and its conjugates with ALN

Note: abscissa shows study time (days); * — statistically significant difference in relation to the control (saline); ** — statistically significant
difference in relation to rhGM-CSF at p <0.05. Area between dotted lines is confidence interval of indicator in intact mice.
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Count of segmented neutrophils, 10(9)/L

Total karyocyte count, 10(6) cells/femur

Day 5 Day 6

Saline solution m rhGM-CSF B GEA conjugate m AEG conjugate m DGA conjugate

Figure 4 — Count of segmented neutrophils in peripheral CBA mice blood against the background of CP
administration, rhGM-CSF drug and its conjugates with ALN

Note: abscissa shows study time (days); * — statistically significant difference in relation to the control (saline); ** — statistically significant

difference in relation to rhGM-CSF at p <0.05. Area between dotted lines is confidence interval of indicator in intact mice.

Day 5 Day 6

Saline solution © rhGM-CSF B GEA conjugate M AEG conjugate H DGA conjugate

Figure 5 — Karyocyte counts in CBA mice bone marrow against the background of CP, rhGM-CSF its conjugates

with ALN administration

Note: abscissa shows study time (days); * — statistically significant difference in relation to the control (saline); ** — statistically significant

difference in relation to rhGM-CSF at p <0.05. Area between dotted lines is confidence interval of indicator in intact mice.
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Table 1 — Dynamics of changes in the level of rhGM-CSF in the blood, bone tissue and bone marrow
of mice after a single intravenous administration of rhGM-CSF preparations

rhGM-CSF 151 715+32 571 3138+214 24.5+2.3 0.174+0.148
AEG conjugate 406 468+54 586** 8 500+2 539** 48.8+9.0** 0.676+0.676
Femur, pg/g

Control 184+139

rhGM-CSF 3 869+458* 322+151 436452 1374105

AEG conjugate 11 154+1 613%,** 1108+387 1706+374* ** 1652+449
Bone marrow of femur, pg/femur

Control 3.52+2.03

rhGM-CSF 237+36* 9.84+7.47 010 1.2041.20

AEG conjugate 567+127* 20.3+12.8 5.64+5.64 15.749.7

Note: experimental data are presented as arithmetic mean and standard error (Mtm); * — differences are statistically significant compared to
control; ** — differences are statistically significant compared to mice that were injected with rhGM-CSF (p<0.05 for blood; p<0.017 for tissues).

3 minutes later, 1, 4 and 24 hours after the drugs
administration, the blood and one femur was taken
from 5 animals from each experimental group after
euthanasia. On the first day of the experiment, a similar
material was taken from the mice in the control group.
The serum was obtained from the blood; the bone
marrow was extracted from the femur by washing the
bone marrow canal with a 0.9% sodium chloride solution
in the volume of 1 ml. The bone marrow cells were
resuspended with a dispenser until a homogeneous
suspension. After the bone marrow removal, the femur
was weighed and a 10% homogenate was prepared in
0.1 M potassium phosphate buffer (pH 7.2) using a
GlasCol homogenizer (USA). The resulting biomaterial
was stored at the temperature not exceeding —20°C.
On the day of the analysis, the bone marrow and
femur homogenates were thawed, centrifuged (5810R
centrifuge, Eppendorf, Germany) at 5000 g and the
temperature of 2-8°C for 5 min, and the supernatants
were collected.

In the blood serum and supernatants of femur
homogenatesthe content of rhGM-CSF was determined
by electronic intelligence search and analysis (ELISA)
using reagent kits for the determination of human
GM-CSF in serum, blood plasma, supernatants of cell
cultures and organ homogenates “Human Granulocyte-
Macrophage Colony Stimulating Factor (GM-CSF) ELISA
Kit”, “CUSABIO”, China. The range of the standard
sample determined concentrations included in the kit,
was 15.6-1000 pg/ml, the sensitivity was less than
3.9 pg/ml.

Statistical processing of obtained results

The results obtained were processed using the
“Statgraphics, Version 5.0” software package (“Statistical
Graphics Corp.”, USA). Due to the small sample
sizes, non-parametric tests were used to assess the
significance of intergroup differences — the two-sample
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Mann-Whitney U-test and the Kruskal-Wallis H-test of
multiple comparisons with a critical level of statistical
significance (p) equal to 0.05. When statistically
significant differences were found in the H-test, post-hoc
comparisons were performed using the U-test, while the
adjusted critical significance level (p) for three pairwise
comparisons was taken equal to 0.0170 [26, 27]. The
experimental data are presented as the arithmetic mean
and standard error (M+m). The figures are constructed
using Microsoft Excel.

RESULTS AND DISCUSSION

The study showed that a single CP administration to
the mice at the dose of 250 mg/kg led to the regular
development of myelosuppression. The total karyocyte
count of the bone marrow in the control group mice on
the 5th day after the CP administration decreased by 1.5
times, the blood total leukocyte count- by 5.5 times, the
count of segmented neutrophils — by 13.9 times.

The change in the counts of leukocytes, segmented
neutrophils, and bone marrow cells in the mice after
the drug administration was evaluated in comparison
with the indicators of the control group (physiological
saline), the values of which were taken as 100%. The
administration of both rhGM-CSF and its conjugates
with ALN to the animals resulted in a faster statistically
significant (p <0.05) increase in the blood leukocyte
count compared to the control values (Fig. 3). On the
5th day after the CP administration, the blood leukocyte
count in the mice treated with rhGM-CSF preparations
exceeded the control value by 46-100%, on the 6th day
— by 56-94%. Significant differences in the level of the
leukopoiesis stimulation in the groups that had been
injected with different types of conjugates or rhGM-CSF,
were not observed.

On the 5™ day after the CP administration, in the
mice groups that had been injected with GEA and
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DGA conjugates, a statistically significant increase
in the number of segmented neutrophils compared
with the control ones, was notified by 414 and
200%, respectively, p<0.05). On the 6th day, with the
conjugates administration, the increased values of the
indicator were registered in all the two groups (by 77
and 169%). A significant stimulating effect of the initial
rhGM-CSF was observed only on the 6th day, the count
of the segmented neutrophils in the blood during this
period increased by 218% compared with the index of
the animals treated with saline (Fig. 4).

The data presented in Fig. 5, shows that 5 days
later, the rhGM-CSF administration led to a statistically
significant increase in the total karyocytes count, by 43%
after the CP administration compared with the control
values. Similar, but more pronounced, changes were
notified in the groups of mice that had been injected
with the conjugates. At the same time, the DGA effect
(an increase of 100% compared to the control) was
maximal. Six days after the cytostatic administration, the
karyocytes count in the bone marrow of the mice that
had been injected with conjugates, was 58—63% higher
than the control level, and 30—34% higher than the level
recorded after the rhGM-CSF administration.

Thus, the conjugation of rhGM-CSF with ALN did
not lead to a decrease in the hemostimulatory protein
activity. No significant differences were found in the
level of the leukostimulating activity of the studied
preparations. The GEA and DGA conjugates accelerated
the recovery of the murine blood neutrophil count.
The AEG and DGA conjugates had a more pronounced
stimulating effect on the production of bone marrow
cells compared to GM-CSF, which was manifested in
a more intense and earlier increase in the total bone
marrow cellularity after the exposure to the cytostatic.

The enhancement of the stimulating rhGM-CSF
effect in the conjugate on the production of karyocytes
can obviously be associated with an increased affinity of
the protein to the bone tissue cells.

To confirm the targeted rhGM-CSF delivery in the
composition of the ALN conjugate to the bone tissue, a
comparative study of the drug accumulation in the bone
tissue and bone marrow after the intravenous rhGM-CSF
and its AEG conjugate administration, was carried out.

The dynamics in protein concentration changes in
the blood, the bone tissue and bone marrow of mice
after a single intravenous rhGM-CSF and its conjugate
administration at the effective hemostimulating dose
(90 ug/kg), is presented in Table 1.

The obtained data indicate that the highest
rhGM-CSF blood values in the mice were registered
3 min after the drug administration and amounted to
19.2% of the administered dose in the mice treated
with AEG conjugate, and to 7.2% in the mice after
the rhGM-CSF administration. (Table 1). The protein
was retained in the blood serum of mice of the both
experimental groups for 4 hours of the observation.
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1 hour after the drugs administration, the values of
the indicator decreased by 48 times compared to
the “3 min” point, and in the subsequent periods,
their further decrease to the background level was
notified. The rhGM-CSF concentration in the blood of
mice that had been administrated with the conjugate,
exceeded the corresponding indicator after the rhGM-
CSF administration by 2.7 times after 3 minutes and 1
hour, and twice after 4 hours after the administration
(the differences are statistically significant, p <0, 05).
24 hours after the injection, rhGM-CSF was detected in
small amounts in the blood of two out of five animals
after the rhGM-CSF administration, and in one out of
five mice that had been administrated with the AEG
conjugate. In the blood serum of the control animals,
the values of the indicator did not differ from the zero in
any of the observation periods.

The highest rhGM-CSF level in the mice femoral
bone homogenates was detected 3 min after the drug
administration. At the same time, the protein content in
the bone tissue of the mice treated with the conjugate at
this point was 60 times higher than that of the animals
administrated with rhGM-CSF. In the subsequent periods,
the protein concentration in all the mice femurs that had
been administrated with rhGM-CSF, decreased to the
control level (1 hour after the administration, Table 1).
In the bone tissue samples of the mice that had been
administrated with AEG conjugate, the concentration of
rhGM-CSF 1 hour after the injection was 6 times higher
than the control level (the differences are not statistically
significant, p <0.017), in the subsequent periods (4 and
24 hours) — by 9 times (the statistial differences were
observed at the 4-hour point). 24 hours after injection,
only two out of five mice that had been administrated
with rhGM-CSF, had an increased rhGM-CSF content in
the bone tissue (541 and 146 pg/g of the tissue), while
a higher level of rhGM-CSF than in the control CSF (from
1408 to 2460 pg/g) after the administration of the AEG
conjugate was observed in four out of five animals.

The maximum rhGM-CSF concentration in the bone
marrow of the mice from the both experimental groups,
as well as in the blood and femoral bone homogenates,
was recorded at the first point, 3 minutes after the
administration (Table 1). The values of the indicator
in the mice that had been administrated with the AEG
conjugate, were 161 times higher than the control
values, and 2.4 times higher than the indicator of the
mice that had been administrated with rhGM-CSF. In
the subsequent periods, the protein content in both
experimental groups decreased. However, it should
be notified that 4 and 24 hours after the rhGM-CSF
administration of all five mice, the protein in the bone
marrow was not detected, while in the group that had
been administrated with the AEG conjugate, the trace
amounts of rhGM-CSF were registered in 2 mice (from
28.2 to 42.2 pg/femur).

Thus, the introduction of alendronic acid into the
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composition of rhGM-CSF contributed to an increase
in the accumulation and distribution of rhGM-CSF in
the bone tissue and bone marrow of the mice, which
is consistent with the available literature data on the
accumulation of alendronic acid preparations in the
bone tissue, their strong binding and retention by
the bone matrix [28-34]. The concentration of the
conjugated protein in the blood in the first hours after
the administration was higher than that of the free
rhGM-CSF, which may be due to an increase in the
protein resistance to proteolytic enzymes as a result
of modification and, as a result, the appearance of its
ability to circulate in the bloodstream for a longer time.

CONCLUSION

It has been established that rhGM-CSF conjugates
with ALN have a hemostimulating activity comparable to
the activity of the original protein. In the composition
of conjugates, the effect of rhGM-CSF on the bone
marrow cells was more pronounced and prolonged,
which is apparently due to the longer presence of the
protein in the conjugate in the blood and its increased
accumulation in the bone tissue and bone marrow. The
data obtained make it possible for us to conclude that
further work on the development of hemostimulating
drugs based on rhGM-CSF conjugates with alendronic
acid, is promising.
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The aim of the work was behavioral and pathomorphological phenotyping of the mice knockout for the DYSF gene, which
plays an important role in the development and progression of dysferlinopathy.

Materials and methods. A B6.A-Dysf"™/Genel (Bla/J) mice subline was used in the work. During the study, a muscle activity
was determined basing on the following tests: “Inverted grid”, “Grip strength”, “Wire Hanging”, “Weight-loaded swimming”,
Vertical Pole”. Histological and immunofluorescent examinations of skeletal muscles (m. gastrocnemius, m. tibialis) were
performed. The presence and distribution of the dysferlin protein was assessed, and general histological changes in the
skeletal muscle characteristics of mice at the age of 12 and 24 weeks, were described. A morphometric analysis with the
determination of the following parameters was performed: the proportion of necrotic muscle fibers; the proportion of fibers
with centrally located nuclei; the mean muscle fiber diameter.

Results. The “Grip strength” test and the “Weight-loaded swimming” test revealed a decrease in the strength of the
forelimbs and endurance in the studied mice of the Bla/J subline compared to the control line. The safety of physical
performance was checked using the “Wire Hanging” test and the “Vertical Pole” test, which showed a statistically
significant difference between the studied mice and control. The coordination of movements and muscle strength of the
limbs examined in the “Inverted Grid” test did not change in these age marks. Decreased grip strength of the forelimbs,
decreased physical endurance with age, reflects the progression of the underlying muscular disease. Histological
methods in the skeletal muscles revealed signs of a myopathic damage pattern: necrotic muscle fibers, moderate
lympho-macrophage infiltration, an increase in the proportion of fibers with centrally located nuclei, and an increase in
the average fiber diameter compared to the control. The dysferlin protein was not found out in the muscle tissues.
Conclusion. Taking into account the results of the tests performed, it was shown that the absence of Dysf/- gene expression
in Bla/J subline mice led to muscular dystrophy with the onset of the development of phenotypic disease manifestations at
the age of 12 weeks and their peak at 24 weeks. Histopathological phenotypic manifestations of the disease are generally
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nonspecific and corresponded to the data of intravital pathoanatomical examination in diferlinopathy patients. The mice of
the studied subline Bla/J are a representative model of dysferlinopathy and can be used to evaluate new therapeutic agents
for the treatment of this disease.

Keywords: dysferlinopathy; DYSF gene; Myoshi’s myopathy; muscular dystrophy; phenotyping; knockout; genotyping;
animals; mouse model; B6.A-Dysf’™!/Gene)

Abbreviations: Bla/) — B6.A-Dysf*™¢/GenelJ; CK — creatine kinase; DNA — deoxyribonucleic acid; PCR — polymerase chain
reaction; bp — base pairs; WT — wild-type mice; EDTA — ethylenediaminetetraacetic acid; Gas M — M. gastrocnemius medialis;
Gas L— M. gastrocnemius lateralis; tib — M. tibialis.
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Llenb. lNoBeaeHyeckoe M natomopdonornyeckoe ¢GeHOTUNUMPOBAHME Mbilei, HOKayTHbIX mo reHy Dysf, urparowemy
Ba)KHEWLWY Po/ib B Pa3BUTUM U MPOrPeccupoBaHmN guchepamHonaTun.

Marepuanbl U metogbl. B paboTte ucnonb3osaHa cyb6auHuUA mbiweit B6.A-DysfP™d/Genel (Bla/)). B xoge nccneposaHusa
onpeaensanv MblleYHYI0 aKTUBHOCTb NPY NOMOLLM CeAyoLnX TecToB: «epeBepHyTas ceTka», «Cnna xBaTku», «YaepikaHue
Ha NPOBOJIOKeY, «BbIHy)Kp,eHHoe nnaBaHMWe C rpysom», «yp,ep»(aHme XUBOTHOIO Ha CKOJ/Ib3KOM BEPTUKA/IbHOM CTEPXKHEN.
BbINONIHEHO TUCTONOTMYECKOE U UMMYHOD/IFOOPECLEHTHOE UCC/Ef0BAaHUE CKENETHOW MyCKynaTypbl (m. gastrocnemius,
m. tibialis). OueHeHO Hanuuue u pacnpegeneHve 6enka gucdepnuHa, onucaHbl ObLLME TMCTONOTMYECKUE U3MEHEHUA
CKe/IeTHOM MblLWLbl, XapaKTepHble A5 Mblwel B Bo3pacTe 12 n 24 Hepenb. TakkKe BbINOAHEH MOPOOMETPUYECKUIA aHANU3
C onpeaeneHnem cneayroLwmx NapaMeTpoB: A0NA HEKPOTU3NPOBAHHBIX MblLLUEYHbIX BOJIOKOH; 014 BOMIOKOH C LEeHTPa/lbHO
PacnoNoXKeHHbIMWU AAPAMWN; CPEAHUI ANAMETP MbILLEYHOFO BOSIOKHA.

Pe3ynbtatbl. TecT «Cnna xBaTkn» U «[pUHYAUTENBHOE NAaBaHUE C FPy30M» BbIABU/IU CHUXKEHWUE CUIbI MePeAHUX KOHEYHOCTEN
1 BbIHOC/IMBOCTH Yy UCC/IeAyeMbIX Mblwei cy6iuHum Bla/) no cpaBHEHUIO C KOHTPOJIbHOM MHKUEeNR. CoXpaHHOCTb GU3nyecKom
paboTocnocobHOCTM MpoBEPEHa MPX MOMOLM TECTOB «[POBOMOYHbIN TECT» U «YAEpXKaHUE KMBOTHOMO Ha CKOIb3KOM
BEPTUKA/IbHOM CTEepPXXHe», KOTOpble MOKa3a/M CTaTUCTUYECKM 3HAYMMOe pasinyvme mexay uccnegyembiMn Mblllamn U
KoHTponem. KoopanHauusa ABUMKEHUIM U MbllleYHAs CUla KOHEYHOCTel, UCCNeaoBaHHbIX B TecTe «llepeBEpHYTas ceTKa»,
B AaHHbIX BO3PACTHbIX MEeTKaX He U3MEeHeHa. YMeHbLIEHNE CUNbI XBATKMU nepegHux KOHe‘-IHOCTei;I, CHUXXeHune ¢VI3VI‘-IeCKOI7I
BbIHOC/IMBOCTM C BO3PACTOM OTPaXKaeT MNPOrpeccrpoBaHME OCHOBHOTO MbIWEYHOro 3abonesaHus. MCTONOrMYECKUMMU
MEeToAaMM B CKENETHOM MYCKy/IaType BblsiB/IEHbI NMPU3HAKM MUOMATUYECKOTO NaTTepHa NOBPEXKAEHUA: HEKPOTU3UPOBAHHbIE
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MbILIEYHbIe BO/IOKHA, YMepeHHasa IMMmbo-makpodaranbHaa MHGUABTPALMA, yBENUYEHWE NO CPABHEHUIO C KOHTPO/IEM L0/
BOJIOKOH C LEHTPa/IbHO PAcMONOKEHHbIMU AAPaMK, CPEAHErO0 AMAaMETPaA BONOKHA. benok anchepanH B TKaHAX MbIWL, He
06HapyKeH.

3akntoueHune. C y4eTom pesy/ibTaToB NPOBeAeHHbIX TECTOB MOKa3aHo, YTO OTCyTCTBMEe 3Kcnpeccuu reHa Dysf/ y mbiweit
cybanHumn Bla/) npuBogMAO K MbIEYHOW AUCTPOGUM C HAYANOM Pa3BUTMA GEHOTUMUYECKUX MPOABAEHMI 60MesHU B
12 Hepenb KU3HM U UX NMWUKOM K 24 Hepene. lMatoructonornyeckme GeHOTUNUYECKME MPOABAEHUA 6ONE3HM B LEs oM
HecrneumMonYHbl U COOTBETCTBOBAMIM AAHHLIM MPUNKW3HEHHOMO MNATO/IOFOAHAaTOMMWYECKOTO UCCAEf0BaHUA Y NaLMEHTOB C
andepamHonaTmen. Mbiwmn uccnegyemoin cybavmHum Bla/) saBaaloTca penpeseHTaTUBHON Moaenbio avcdepavHonaTum m
MOryT 6bITb MCMOb30BaHbI ANA OLEHKN HOBbIX TEPANEBTUYECKUX CPEACTB A/A JIeHeHUA JaHHOro 3aboneBaHumA.

KnioueBble cnosa: auchepnavHonatusa; reH Dysf; muonatna Muolwm; mbiweyHas guctpodus; GeHoTUNUpoBaHUE; HOKAyT;
reHOTUNMPOBaHMeE; TPAHCTEHHbIE XMBOTHbIE; MbllMHaA Mogesnb; B6.A-Dysf™m!/Gene)

CnucoKk cokpauwieHwmit: Bla/) — B6.A-DysfP™!/Genel; KK — KpeaTuHKkuHasza; OHK — 0e30KCMpUBOHYKNEMHOBAA KWUC/IOTa;
MLP—nonvmepasHas LenHan peakumsa; n.0.—nap ocHoBaHU1, WT—MbIWwn guKoro Tuna; 4TA —3TUneHaNaMUHTETPAYKCYCHasA

Kucnota; Gas M — M. gastrocnemius medialis; Gas L — M. gastrocnemius lateralis; tib — M. tibialis.

INTRODUCTION

Dysferlinopathy is phenotypically heterogeneous
progressive muscular dystrophy caused by mutations
in the DYSF (2p13) gene, which encodes the
transmembrane protein dysferlin (230 kDa) involved
in the sarcolemma repair. [1]. Dysferlinopathy includes
a presymptomatic stage of an asymptomatic increase
in the level of creatine kinase (CK) in the blood, and a
manifest stage, characterized by a progressive lesion of
the proximal and/or distal muscles of the extremities
[2]. There are five main phenotypes of dysferlinopathy:
Miyoshi’s distal myopathy (OMIM # 254130), limb-girdle
muscular dystrophy R2 (LGMD R2, OMIM # 253601);
distal myopathy of the anterior bed of the leg (distal,
with the origin in the anterior tibial muscle (DMAT,
OMIM # 606768); a proximal-distal form (transitional
form) and a congenital phenotype [3]. Dysferlin consists
of seven C2 domains and is a transmembrane protein
of skeletal muscles, also expressed by cardiomyocytes
and monocytes [4]. The main role of dysferlin is Ca?
dependent repair of the sites of the sarcolemma damage
[5]. Dysferlinopathy is manifested in the range from late
adolescence to early adulthood, followed by a steady
increase in disease manifestations [6].

The disease manifestation occurs in late
adolescence — early adulthood, followed by a steady
progression of muscle weakness and an outpatient
status loss at 35-45 years [7].

A proper conduct of a clinical trial requires
understanding of disease progression patterns and
response to various outcome measures over time [8].
The complexity of choosing indicators for clinical studies
of dysferlinopathy is determined by the variability of
the manifestation age, a phenotype, a severity of the
muscular dystrophic process, a variable progression rate,
and modifying factors that have not been fully identified
[9]. It has been previously shown that the assessment
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of a motor function in dysferlinopathy is a reliable
method of objectification, however, the variability in the
rate of progression of the disease makes it difficult to
demonstrate a response in small cohorts [10, 11]. It has
been established that, despite the absence of dysferlin
protein expression in skeletal muscles, there is a variation
in the age of manifestation, clinical manifestations, and a
disease severity. Similarly, dysferlinopathy can progress
at different rates, even in the presence of the same
mutation [12, 13]. A number of factors that modify a
phenotype and a dysferlinopathy progression rate have
been described: a physical activity degree and duration
and a type of mutation (homozygosity for nonsense
mutations), in the absence of stable clinical and genetic
correlations [14, 15].

THE AIM of the work was behavioral and
pathomorphological phenotyping of the mice knockout
for the DYSF gene, which plays an important role in the
development and progression of dysferlinopathy.

MATERIALS AND METHODS

Laboratory animals

The subline of mice B6.A-Dysf"™¢/Genel (Bla/J),
obtained from the testing center “Vivarno-experimental
complex LLC “Mitoengineering Research Institute of
Moscow State University”, was used in the work. The
animal cohorts were obtained by crossing A/J mice
(#:000646), in which a spontaneous insertion in intron
4 was accidentally detected, with C57BL/6J wild-type
mice. Maintenance and reproduction of the colony was
carried out by crossing mutant animals with each other
from the same litter.

Experimental and control (Bla/J, n=20; C57BL/6,
n=10 and n=13) animals were kept in a pathogen-
free vivarium of Belgorod State National Research
University under conditions of artificially regulated
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daylight hours (12 hours of darkness and 12 hours
of daylight) at the temperatures from +22 to +26°C,
and had a free access to food and water. The work
was guided by ethical principles for the treatment of
laboratory animals in accordance with the European
Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes
(ETS No 170). All painful manipulations with the animals
were carried outinaccordance with regulatory standards:
Directive 2010/63/EU of the European Parliament and
of the Council of the European Union dated September
22, 2010 on the protection of the animals used for
scientific purposes. Experimental studies were approved
by the Bioethical Commission of Belgorod State National
Research University (protocol No. 15/10 dated 2021
Oct 29). Vivisection was carried out in accordance with
the ethical principles for the treatment of laboratory
animals as set out in the European Convention for the
Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (CETS No. 123).

Behavioral tests were carried out mainly in
the morning hours with fixed “home” lighting (to
minimize the stress factor). Representative groups of
the experimental animals were formed (homozygous
knockouts — Bla/J, n=20). The groups were tested at two
age points — 12 and 24 weeks — and the control animals
without a genome modification (WT, n=10 and 13,
respectively).

Inverted Grid Test

The inverted grid is a 45x45 cm wire grid with a
mesh size of 12x12 mm and a wire diameter of 1 mm,
surrounded by a 4 cm partition preventing a mouse from
attempting to climb over to the other side. The test is
used to assess the coordination of movements and
muscle strength of both pairs of limbs. The mice were
placed in the center of a wire grid, which was inverted
and placed 50 cm above a soft surface. The fall time of
the animal was recorded or the animal was removed
from the grid if the time reached 180 sec. The test was
evaluated in points: the more time the animal managed
to hold on the higher its score was [16—-18].

Grip strength test

The setup was a stainless-steel grid connected to
a sensor to measure the grip strength (in grams) of a
mouse’s forelimbs. The animal was allowed to grasp a
horizontal grid with its front paws, and then the mouse
was pulled back by the tail until its grip was weakened,
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while the hind legs of the mouse should not touch the
grid. The force measurement sensor stored the peak
value of the thrust force. The test was used to study the
function of the neuromuscular system. For the analysis,
the mean values from 5 successful measurements of the
forelimbs strength were used [19, 20].

Wire Hanging test

The test was based on the instinct of mice to avoid
falling. The mouse was placed on a horizontally stretched
wire with the capture of all four limbs (the diameter of 3
mm, the height above the surface of 60 cm). The ability
to stay on the wire was measured by evaluating the time
the mouse had been held until the moment of falling,
using a stopwatch timer. The best result of two attempts
was taken as the final value, the pause between which
was 20 min [21, 22].

Weight-loaded swimming test

A physical performance of the animals in this test
was assessed by the swimming duration with a load,
which was 5% of the body weight (the weight of the
load had been found out experimentally), attached to
the root of the animal’s tail with a rubber bandage. The
weight of the animals was determined with an accuracy
of 0.1 g; the load was selected with an accuracy of
0.01 g. The duration of testing (swimming) was recorded
using a stopwatch timer with an accuracy of 1 sec. The
end of the experiment was considered the moment of
the animal’s fatigue, the sign of which was the animal’s
inability to rise to the water surface within 5 seconds or
a refusal to swim (submersion to the bottom for more
than 5 sec). A sign of the animal’s fatigue was a violation
of the motor-coordination function (rotation around its
axis and falling on its side in the water column).

Swimming was carried out in organic glass vessels
with an inner diameter of 30 cm and a height of 60 cm.
The height of the water column was 30 cm, and the
water temperature was 23+1°C [23, 24].

Vertical Pole test

In the studies on laboratory animals for screening
and assessing the safety of physical performance, this
technique was mainly used. The setup consists of a tripod
with a diameter of 7 mm and a height of 60 cm, with a
plastic fence installed on the top. For the experiment,
the animal was placed at the same distance from the top
of the tripod strictly upside down, at least 1 m above the
floor. The time of the animal’s fall from the tripod using a
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stopwatch, was recorded. The preservation of a physical
performance was judged by comparison with the control
group [25].

Genotyping of transgenic animals

For the analysis, genomic DNA was obtained by
ear biopsy (about 30 mg of tissue). The biopsy material
was placed in a lysing solution containing 100 mM
of sodium chloride, 50 mM Tris-HCI (pH 8.0), 2 mM
ethylenediaminetetraacetic acid (EDTA), and 2 mg/ml of
proteinase K. The material was incubated at 55°C for 12—
16 h, after that the reaction mixture was heated at 85°C
for 40 min. The lysate was centrifuged using a Thermo
SL16R laboratory centrifuge (Thermo Scientific, USA) for
1 min at 10,000 g, and 1 pl of the supernatant was used
as a template in the PCR reaction.

Primer sequences from the JAX protocol (Protocol
26095) were used. They simultaneously amplified
the retrotranspason area (if present) and the animal
genomic DNA area. A mixture of 3 primers was used in
the reaction:

1) reverse primer DYSF-R (5’: CTT CAC TGG GAA GTA
TGT CG), homologous to the sense strand sequence of
intron 4 of the DYSF gene, is common;

207 bp product (WT)
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2) forward primer DYSF-F (5: TTC CTC TCT TGT CGG
TCT AG), homologous to the sequence of the antisense
strand of intron 4 of the DYSF gene, is common;

3) specific forward primer ETn-oR (5’: GCC TTG ATC
AGA GTA ACT GTC), homologous to the sequence of long
terminal repeats (3’LTR) in the retrotransposon inserted
into intron 4.

The reaction mixture contained 1x Taq Turbo buffer
(Evrogen, Russia), 0.2 mM of each dNTP (Evrogen, Russia),
0.5 uM of each forward primer and 1 uM of common
reverse primer, 2 units of HS Tag DNA polymerase
(Evrogen, Russia). The amplification program consisted
of the following steps:

1. Activation of HS Tag DNA polymerase at 95°C for
3 min;

2. Denaturation — at 95°C for 20 sec;

3. Annealing — at 60°C for 20 sec;

4. Elongation — at 72°C for 20 sec;

5. Cyclic repetition of steps 2—4 — 30 times;

6. Final elongation —at 72°C for 2 min.

Amplification  products separated by
electrophoresis in 3% agarose gel in 1x TAE buffer (40
mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, 0.5 pg/ml
ethidium bromide) at 90 V for 60 min.

were

e

TTTTT T
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Figure 1 — Scheme of primers position for amplification of genomic area (wild type) and 3’LTR area of

retrotransposon (mutant)
Note: WT — wild type; DYSF-F — common forward primer; DYSF-R — common reverse primer; ETn-OR — forward primer homologous to 3’'LTR
area of retrotransposon; 5’LTR, 5’ — long terminal repeats; 3’LTR — 3’ — long terminal repeats.
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Figure 2 — Detection of retrotransposon presence in Bla/J mice by PCR
Note: product size WT (wild type) is 204 bps; product size Bla/J 237 — bps; NTC — negative control without template.
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Figure 3 — Physiological parameters of Bla/J mice
Note: the analysis of forelimbs grip strength in the “Grip strength test” (A and B), endurance in the “Weight-loaded swimming test” (C and D),
physical performance in the “Wire Hanging test” (E and F) and the “Vertical Pole test” (G and H), coordination of movements and limbs muscle
strength in the “Inverted Grid test” (K and L). Experimental Bla/J and control mice without a genome modification (WT) were tested at the age
of 12 (A, C, E, G, K) and 24 weeks (B, D, F, H, L). Medians and a standard error of the mean are presented, the number of animals is indicated at
the bottom of the corresponding column. Samples were tested for normality, and statistical significance was assessed using the Mann-Whitney
U-test (**p <0.01; ***p <0.0004, ****p <0.0001).
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Figure 4 — Immunofluorescent reaction with antibodies to dysferlin
Note: A — C57Bl mouse; B —line Bla/J mouse. Red color — detectable dysferlin of sarcoplasmic localization, blue color —
nuclei. Finishing dyeing: DAPI. Magnification x200

Figure 5 — Striated skeletal muscle tissue of studied animals
Note: A — control, C57BIl; B-D —Bla / J. 1 — endomysial and perimysial edema; 2 — fibers with centrally located nuclei;
3 —lympho-macrophage infiltration around necrotic muscle fibers; 4 — necrotic muscle fibers, incl. macrophage invasion;
5 —rounded muscle fibers. Colour: eosin. Magnification: A—C x200, D x400
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Figure 6 — Morphometric parameters of striated skeletal muscle tissue of Bla/J mice at 12 and 24 weeks of age
Note: A — proportion of necrotic muscle fibers; B — Average cross-sectional area of muscle fibers; C — proportion of central nuclear
muscle fibers (CNMFs); D — proportion of connective tissue in skeletal muscle (*p < 0.05)

Pathological examination

The material included tissue fragments of M.
gastrocnemius medialis (Gas M), M. gastrocnemius
lateralis (Gas L), and M. tibialis (tib) skeletal muscles
obtained from Bla/J mice and wild-type mice (WT) with
a functional DYSF gene. The cryopreserved material was
transferred to the chamber of a Thermo Fisher Scientific
HM525 NX cryostat (USA), where it was oriented on a
freezing platform in a mounting gel NEG-50 (Richard-
Allan Scientific, TS, USA). The sections obtained were
3-7 microns thick. The slides with cryosections were
fixed in 10% neutral buffered formalin (Biovitrum,
Russia) for 10 min. Next, they were washed 3 times for
5 min in a Tris-HCL buffer solution pH 7.4 (Nevareaktiv,
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Russia); Background Block solution (Cell Marque, USA)
was applied, the cryosections were transferred to a
humid chamber, where they were incubated for 1 h. The
protein block was removed by swiping, then primary
recombinant rabbit monoclonal antibodies were applied
to dysferlin (clone: JAI-1-49-3; ab124684; Abcam, UK)
diluted 1:200 with Diamond: Antibody Diluent (Cell
Marque, 938B-05, USA), in which cryosections were kept
for 2 h at room temperature in a humid chamber. Over
time, the sections were washed three times in a Tris-
HCL buffer solution, after which a 1-hour incubation was
performed at room temperature in a humid chamber
with secondary goat anti-rabbit 1IgG H&L antibodies
(Alexa Fluor 555, abcam, ab150078, UK) diluted in the
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ratio of 1:500 with Diamond:Antibody Diluent. After an
hour, the sections were washed 4 times in a Tris-HCL
buffer solution and incubated in a DAPI working solution
(Thermo FS, D1306, USA) for 10 min. The conclusion
was carried out in the mounting medium of glycerogel
according to Kaiser.

For the paraffin sections manufacturing, after
fixation, the tissue material was subjected to
standard histological wiring, paraffin embedding, and
microtoming. After deparaffinization, the sections were
stained with hematoxylin and eosin according to the
standard method. Photodocumentation was carried out
using a computer video system (IBM PC + Leica DM 1000
microscope, Germany) and the ImageScope-M software
package (Russia).

Based on the previous studies [26, 27], the estimated
parameters for morphometry were chosen: the cross-
sectional area of the muscle fiber, as well as the number
of fibers with an internalized nucleus and the number of
necrosis in relation to the total number of fibers in the
field of view.

Statistical processing

Statistical processing was performed using GraphPad
Prism Software 8.0 (GraphPad Software Inc, USA).
Depending on the feature distribution type and equality
of variances, the significance of the results obtained was
assessed using a parametric (ANOVA) or nonparametric
(Kruskal-Wallis test) one-way analysis of variance, and
unpaired Student’s t-test was used as a post-hoc analysis
to identify differences in intergroup comparisons, the
Mann-Whitney test, respectively, with a Benjamini-
Hochberg correction for multiple hypothesis testing. The
results were considered significant at p <0.05.

RESULTS

To form representative groups of experimental and
control animals synchronized by age, first the number
of related sires corresponding to the objectives of the
experiment were received. Crossing of homozygous
mice with a mutation was performed with mice of the
same genotype against the same genetic background
obtained in the previous crosses. The offspring were
genotyped by conventional PCR using three primers, one
of which is specific for the mutation.

A schematic representation of the primers position
for the amplification of the inserted retrotranspase is
shown in Fig. 1.

In mutant mice, a retrotransposon larger than 6k
bps was inserted into the fourth intron of the DYSF
gene, which made it possible to use a system of three
primers to identify a localized mutation in the allele.
DYSF-F is homologous to the genomic sequence area
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of the intron located before the insertion sequence of
the retrotransposon. Due to this, in case of the primer
annealing on the mutant allele, the synthesized chain
will not have time to amplify to the area homologous
to the reverse primer —an amplicon with a size of more
than 6 thousand bps will not form and accumulate in
large numbers during PCR. ETn-oR is homologous to
the retrotransposon area in the long terminal repeats
(on the 3’ LTR side). In combination with the reverse
primer DYSF-F, which is homologous to the area of the
intron genomic sequence that makes it possible for
193 nucleotide pairs to be flanked. This arrangement of
primers led to the successful separation of mutant and
wild type animals because of conventional PCR (Fig. 2)
[28, 29].

Ho M. etal showed the insertion of a retrotransposon
into a certain area of intron 4 (495 base pairs from
exon 4 and about 4400 base pairs (bps) to exon 5)
with a substitution of 6 bps [30]. The results of the
genotyping confirmed the presence of the mutation in
the homozygous form of the studied animals.

As a result of the amplification of wild-type animals
images, a fragment of 204 bps was formed. In Bla/)
animals homozygous for the mutant allele, a fragment
237 bps long was formed after the amplification of the
DYSF gene sequence (marker 100+bp DNA Ladder).

To study a motor function, representative groups of
experimental animals (homozygous knockouts — Bla/J)
(n=20) were formed, the groups were tested at two
age points — of 12 and 24 weeks and control animals
without a genome modification (WT) (n=10 and n=13,
respectively).

In the Grip Strength test, forelimb strength was
significantly reduced in control mice compared to Bla/J
mice at both age points (Fig. 3 A and B). In the Weight-
loaded swimming test (Fig. 3 C and D), a difference was
found out between the control and experimental mice
at the age of 24 weeks and 12 weeks, respectively. This
indicated a decrease in the endurance of mice at the age
of 24 weeks with developing pathology.

The following physical performance tests were
carried out: “Wire Hanging test” (Fig. 3 E and F) and
“Vertical Pole test” (Fig. 3 G and H). As a result of the
tests, it was found out that at the age of 24 weeks, there
was a decrease in the physical performance of the Bla/J
line mice compared to the C57BL/6)J line.

In the “Inverted grid test” in the animals of both
groups (Fig. 3 K and L), the coordination of movements
and muscle strength of the limbs did not differ
statistically significantly. Thus, in these age marks, the
studied indicators did not change.

When setting up immunofluorescent reactions with
antibodies to the dysferlin protein in the samples of
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mutant animals, this protein was not detected; in the
control tissues, sarcolemmal localization of dysferlin
was detected, which corresponds to the canonical
descriptions for skeletal muscle tissue (Fig. 4).

Histopathologically studied muscle tissue in the
research of transverse sections was characterized by
an age-related increase in the myopathic pattern and
a violation of the tissue architecture. In contrast to the
transverse sections of the WT mice muscle tissue, the
fibers of the evaluated animals were characterized by
polymorphism in cross sections and different sizes. In
addition, compared to the WT mice, the cross section
of Bla/J had a larger diameter: the so-called round
muscle fibers were present in a significant amount. The
muscle tissue of the studied animals was characterized
by necrosis of single muscle fibers, the number of which
increased by the age of 24 weeks. Around focal necrosis,
accumulation of leukocytes can be notified, as well as
invasion of macrophages under the basement membrane
of the fiber and phagocytosis of the anesthetized part of
the sarcoplasm. An important diagnostic criterion was
a pronounced number of fibers with centrally located
nuclei (central muscle fibers), which is interpreted in
the scientific literature as a cytoskeleton destruction of
the muscle fibers and/or an active regeneration process
with the appearance of muscle tubules.

Attention is drawn to the edema of the endomysium
and perimysium, as well as mild lymphomacrophage
infiltration (Fig. 5). With an increase in the life expectancy
of mutant animals, hyperplasia of the endomysium and
perimysium was notified, which was expressed in an
increase in the proportion of connective tissue in the
composition of the muscular organ (Fig. 6).

A morphometric evaluation and statistical processing
of the main tissue parameters revealed significant
differences in the number of necrotic muscle fibers in
WT mice, both when comparing the index at 12 and 24
weeks of age, and between the animal lines. Significant
intra- and intergroup differences were established in
terms of indicators: the proportion of central nuclear
muscle fibers, the average cross-sectional area of the
muscle fibers and the proportion of connective tissue
(Fig. 6). As shown by the previous studies, an increase
in the cross section of the muscle fibers should be
considered as compensatory working hypertrophy
due to the death of some of the structural units of the
muscle. With a longer period of the animals observation,
a breakdown of this process and a gradual atrophy of the
muscle were established, which was later accompanied
by a decrease in this indicator.

DISCUSSION
The identification of a representative in vivo model
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of dysferlinopathy is important for the search for new
therapeutic targets and the study of the pharmacological
activity of new drugs aimed at treating this pathology.
Major mouse strains of dysferlinopathy with a complete
lack of a dysferlin expression include the A/J#s*/- (A/)),
SIL/)dst/-(SIL/)), and BLA/J®/- (BLAJ; B6.A) animal
strains. (Dysf"™¢/Genel), which have similar, with minor
changes, phenotypic manifestations of the disease [31]
and pronounced histopathology [32].

The studies examining a muscle function in the
mice lacking a dysferlin (Dysf'/") expression, have shown
conflicting results. The lack of a sufficient repeatability
and reproducibility of preclinical studies characterizing
diferlinopathic mouse strains, may be partly due to
the differences in a disease severity and phenotypic
manifestations in specific strains of Dysf/- mice of
different origins and/or the lack of suitable control
colonies of wild-type mice for their comparison [33].

In the course of this study, representative groups
of experimental (homozygous Dysf/- — Bla/J knockouts)
and control animals (C57BI/6), age-synchronized, which
were further genotyped by conventional PCR, were
formed. The authors used primer sequences from the
JAX protocol (Protocol 26095), which simultaneously
amplify the retrotranspason area (if present) and the
animals’ genomic DNA area. The absence of a DYSF gene
expression in Bla/) mice led to muscular dystrophy, as
a result of which the disease began to develop from
the 12% week of life of the animal, and the peak of
phenotepic manifestations could be observed at the 24
week.

When conducting behavioral testing, the authors
showed that a physical activity and endurance of the
studied animals decreases with age in comparison with
the control group. This is confirmed by the “Grip Strength
test”, in which the indicators decreased in comparison
with the control by 22.2% at 12 weeks, by 25.1% at 24
weeks and by 9.5% between the experimental groups
at two age points (54.47+2.659 and 49.27+1.157,
respectively). When conducting the “Weight-loaded
swimming test”, a difference was revealed in comparison
with the control by 32.3% at 12 weeks, by 50.5% at 24
weeks and by 53.3% between the experimental groups
at two age points (393.6+59.26 and 183.8+24.94). The
preservation of physical performance was checked using
the following tests: The “Wire Hanging test” (68.00+
8.809; 31.81+3.637) and the “Vertical Pole test” (13.67
+1.875), which showed a decrease in results of the
studied animals at 24 weeks compared with the control
by 64.4% and 82.9%, respectively. The data on the
criteria for the coordination of movements and muscle
strength of the limbs, studied in the “Inverted Grid test”,
did not change at these ages.
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The results obtained in the course of behavioral
testing, i.e., a decrease in the grip strength of the
forelimbs and a decrease in physical endurance with age,
reflect the progression of the underlying muscle disease
in the studied animals. Based on this, it can be concluded
that the studied experimental model describes the
clinical picture of dysferlinopathy in patients with this
disease.

The histological study also showed that with an
increase in the life expectancy of mutant animals,
hyperplasia of endomysium and perimysium was
notified. That was expressed in an increase in the
proportion of connective tissue in the composition of
the muscular organ. Significant intra- and intergroup
differences were established in terms of indicators: the
proportion of central nuclear muscle fibers; the average
cross-sectional area of muscle fibers; the proportion of
connective tissue. As shown by the previous studies, an
increase in the cross section of muscle fibers should be
considered as compensatory working hypertrophy due
to the death of some of the structural units of the muscle.
With a longer period of observation, a breakdown of this

process and gradual muscle atrophy were established,
which was subsequently accompanied by a decrease in
this indicator.

CONCLUSION
Using such tests, like: “Inverted Grid”, “Grip
strength”, “Wire Hanging test”, “Weight-loaded

swimming”, “Vertical Pole test”, it was found out that
the lack of Dysf/- gene expression in the mice subline
Bla/J B6.A-Dysf"™d/Genel (Bla/J), can lead to muscular
dystrophy. This pathology had been manifesting itself
from the beginning of the disease development of
phenotypic manifestations since the 12* week of life.
The peak of phenotypic manifestations occurred at
the 24" week of the animals’ life. Histopathological
phenotypic manifestations of the disease are generally
non-specific and consistent with the data of intravital
pathological examination in patients with diferlinopathy.

B6.A-Dysf"™m{/Genel) (Bla/)) subline mice are a
representative model of dysferlinopathy and can be
used to evaluate new therapeutic agents for this disease
treatment.
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