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A therapeutic plants potential is based on the pharmacological effects due to their phytochemical profile. Today, scientific
interest in botanicals is increasing as a result of recent research that looks at the prospect of using these raw materials for the
cosmetic industry as a means to protect the skin from the harmful effects of UV rays.

The aim of the study was to evaluate a potential of plant-based UV-filters in modern concept view of skin photoprotection.
Materials and methods. A systematic literature search was carried out using the electronic information arrays PubMed,
Scopus, Google Scholar, eLibrary. The search depth was 10 years (the period from 2010 to 2021). The search was carried out
by the following keywords: antioxidants, cosmetics, photoprotection, chemical composition, pharmacological action.
Results. In the paper, modern principles of skin photoprotection based on the use of chemical or physical UV-filters are
considered and scientifically substantiated A trend for the use of plant-based materials and their components in the
formulation of photoprotectors was notified. That is associated with a wide activity spectrum, the absence of a xenobiotic
effect, and a high bioavailability of organic plant compounds.

Conclusion. The data analysis from scientific publications demonstrated a potential photoprotective activity of plant-based
biologically active substances due to antioxidant, anti-inflammatory and anti-radical effects. The results of the study are a
theoretical basis for a further comprehensive experimental study of plant objects in order to obtain a pool of evidence in the
field of photoprotection in in vivo experiments.

Keywords: plant-based UV filters; photoprotection; concept of modern skin photoprotection

Abbreviations: IPD — Immediate Pigment Darkening; IPF — Immune Protection Factor; NADH — nicotinamide adenine
dinucleotide; NADPH — nicotinamide adenine dinucleotide phosphate; PPD — Persistent Pigment Darkening; SPF — Sun
Protection Factor; UVA — ultraviolet A rays; UVB — ultraviolet B rays; UVC — ultraviolet C rays; ROS — reactive oxygen species;
BASs — biologically active substances; WHO — World Health Organization; DNA — deoxyribonucleic acid; UV rays — ultraviolet
rays.
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TepaneBTUYECKUI NOTEHLMAN PACTEHU I OCHOBAH Ha dapMaKkonornyecknx adpdektax, 06ycnoBaeHHbIX UX GUTOXMMUYECKUM
npodunem. CerogHA Hay4HbI UHTEPEC K PacTUTeNbHbIM O6bEKTaM BO3PACTAeT B pe3y/ibTaTe NoC/ieAHUX UCCNEef0BaHNUN, B
KOTOPbIX PAacCMaTPUBaAETCA NepCneKkTMBa NPUMEHeHUA 4aHHOTO CbiPbA AJ/19 KOCMETUYECKOM OTPACN B KaUecTBe CpeacTB A
3aLWMUTbl KOXKM OT NarybHoro Bo3genctama Yo-nyyei.

Lienb. OueHKa noTeHumMana pactutesnbHbix UV-GUabTpoB B CBETE COBPEMEHHOM KOHLEMLMM GOTO3aLLUTbI KOXKMU.
Martepuanbl U metogbl. CUCTEMATUYECKUI MOUCK INTEPATYPbI NPOBOAMICA C NMOMOLLbIO 3NEKTPOHHbIX MHHOPMALMOHHbIX
maccuBoB PubMed, Scopus, Google Scholar, elibrary. nybuHa noucka coctasuia 10 net (nepuog ¢ 2010 no 2021 rr.).
MoncK NPOBOAMAM MO KAOYEBLIM C/IOBAM: aHTMOKCUMAAHTbI, KOCMETUYecKne cpeactsa, GpoTosallmTa, XMMUYECKUI CoCTas,
dapmakoiormyeckoe gencteme.

Pe3ynbratbl. B paboTte paccMoTpeHbl M Hay4HO 060CHOBaHbI COBPeMEHHbIe MPUHLUMbLI GOTO3aLLMTbI KOXKM, basupytoLmeca
Ha MNPUMEHEHUN XUMUYECKUX Uan dusmyecknx UV-dunbtpoB. OTmMeyeHa TeHAEHLMA WMCNO/b30BaHMA PACTUTE/IbHOro
CbIpbA W €ro KOMMOHEHTOB B peLenType GOTONPOTEKTOPOB, YTO CBA3AHO C LUMPOKUM CNEKTPOM aKTUBHOCTM, OTCYTCTBMEM
KCeHOBbUOTUYECKOro addeKTa 1 BbICOKOW BUOLOCTYNHOCTbIO OPraHUYECKUX PACTUTE/IbHbBIX COeAUHEHUA.

3aKknoueHue. AHanM3  AaHHbIX HAyyHbIX MNy6AMKAUMA  MNPOAEMOHCTPUPOBAN MNOTEHLMANAbHYIO (OTOMPOTEKTOPHYHO
AKTUBHOCTb BMONOrMYECKU aKTUBHbIX BELLECTB pacTeHui, 06yCI0BNEHHYO aHTUOKCUAAHTHBIM, MPOTUBOBOCMANIUTE/IbHBIM
WU aHTMpaAuKanbHbiM 3ddeKrTamun. Pesynbratbl MCCNefOBaHUA ABAAIOTCA TEOPETUYEecKMm 6Hasncom Ans AasbHenwero
BCECTOPOHHEr0 3KCNEePUMEHTAZIbHOTO U3YYEHUA PACTUTE/IbHBIX OO BEKTOB C LLe/IbIo MOYYeHUsA Myaa AOKa3aTeNbHbIX AAHHbIX
B 06n1acTn GoToNpoTEKLUN B OMbITAX in Vivo.

KntoueBble cnoBa: pactutenbHble UV-dunbtpbl; GOTONPOTEKLMA; KOHLLENLUA COBPEMEHHOW (OTO3ALLUUTBI KOXKM

CnucoK coKpawieHwmit: IPD — 6bicTpoe NUrmeHTaumoHHoe notemHeHue; IPF — dakTop 3awmtbl MmmyHuteTa; NADH —
HUKOTUHAMUAAAEHUHONHYKNeOTUa, BocCTaHoBNeHHbIWM; NADPH — HWKOTUHamupazeHuHauHykneotuadocdat; PPD —
NOCTOAAHHOE MUFMEHTALMOHHOe noTemHeHue; SPF — conHue3awmTHbIn daktop; UVA — ynbTpaduronetosbie nyun A; UVB —
yneTpaduonetosble nyun B; UVC — ynbrpadmonetosble nyun C; AOK — akTMBHAA popma Kucnopoaa; BAB — 6uonormyeckm
aKTUBHble BelecTBa; BO3 — BcemunpHaa opraHu3auumsa 3apaBooxpaHeHus; AHK — ne3oKcMpuboHyKNenHoBas KWUCNOTa;

Y®-nyuu — yneTpadronetoBbie Nyun.

INTRODUCTION

Despite the fact that sunlight is an initiator and
catalyst of most metabolic processes, ultraviolet
radiation, as one of the fragments of the sunlight
spectrum, provokes photoaging with multiple exposures
to the skin, and also contributes to the development of
a number of pathologies, incl. photocarcinogenesis [1].

The effects of harmful UV exposure highlight the
need for the skin protection across the full sunlight
spectrum. A modern concept of human skin
photoprotection involves the use of broad-spectrum
cosmetics, which leads to the search for new natural
multifunctional ingredients, including those with a
photoprotective activity. Components of the plant
origin, which, due to the multicomponent chemical
composition, have a multi-vector biological effect, are
of considerable interest. This factor is primarily due

to the presence of active centers of biologically active
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substances (hydroxo groups of polyphenolic compounds,
keto-enol tautomeric groups of ascorbic acid, systems of
conjugated bonds, etc.) and contributes to the realization
of natural photoprotective properties [2].

The [3-5]
the ability of a number of representatives of various

literature contains information on
botanical classification groups, from algae and lichens
to dicotyledonous plants, to exert antioxidant, anti-
inflammatory, and immunomodulatory effects in
the experiment. In combination, they implement a
photoprotection mechanism. Thus, a number of authors
[6-10] report the active components ability of Silybum
marianum L., Gracilariopsis longissimi (S.G. Gmelin) M.
Steentoft, Elaeagnus angustifolia L., Moringa oleifera
Lam., Vitis vinifera L., Ruta graveolens L., Ginkgo
biloba L., Dirmophandra mollis Benth., to exhibit their
photoprotective properties. The literature also presents

the results of studying the chemical composition
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[11-14] and experimentally proven photoprotective
properties [15—-17] of rosehip raw materials; the data
on a high bioavailability of rosehip oil biomolecules
have been generalized [18-21]. Given a low toxicity,
the absence of a xenobiotic effect, a relative availability
of phytosubstances, a study and evaluation of plant
components as potential photoprotectors, are of
scientific and practical importance [22].

The results of this study are based on a systematic
analysis of the latest data from scientific publications
and can contribute to the formation of logical-structural
interrelations of this kind: “phytochemical composition —
spectrum of pharmacological activity — prospects for
using a plant to develop original cosmetic products with
a photoprotective effect.”

THE AIM of the study was to evaluate the potential
of plant-based UV-filters in modern concept view of skin
photoprotection.

MATERIALS AND METHODS

The study was carried out by the methods of the
content analysis and data aggregation. A systematic
literature search was carried out using the electronic
information databases PubMed, Scopus, Google Scholar,
elibrary. The search depth was 10 years (the period from
2010t0 2021). The reference (key) words for the targeted
search were in Russian: photoprotection, antioxidants,
cosmetics, chemical composition, pharmacological
action. To search for foreign sources, similar queries
were used but only in English.

RESULTS AND DISCUSSION

UV characteristics

To date, it seems undeniable that a human body
is affected by two spectra of UV rays: medium-waves
(UVB) with a wavelength range of 280-320 nm,
constituting 5% of ultraviolet, and long-waves (UVA)
with a wavelength range of 320-400 nm covering 95%
of the UV spectrum. In recognition of the importance
of the ultraviolet radiation dose affecting human skin,
the World Health Organization (WHO) introduced the
UV indey, i.e., the index of a daily assessment of the UV
rays intensity near the Earth’s surface, depending on
the weather conditions in a particular area. It should
be notified that the intensity of the UVB radiation
depends on the angle of the sun above the horizon and
increases by 4-10% every 300 meters up and by 3% for
every degree of latitude southward. Unlike the UVB, the
effect of UVA rays is not softened by the ozone layer,
they have a significant penetrating power, pass through
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clouds, glass, and are emitted constantly throughout the
daylight hours [1, 23].

Effect of UV radiation

on human skin

Attention is drawn to the fact that human skin
perceives the entire spectrum of electromagnetic
waves, but reacts to them in different ways. In this
case, the interaction of electromagnetic waves with skin
structures depends on the energy of its photon, which is
inversely proportional to the wavelength. This process is
characterized by the parameters of reflection/scattering,
absorption, and waves penetration depth. Visualization
of the UV rays impact on the skin according to various
authors is presented in Fig. 1.

In relation to visible light, the skin is an optically
semitranslucent formation. Reflection, scattering, and
absorption of waves occur insignificantly on its surface
and massively in its thickness. The index of the intralayer
reflection is one of the indicators of youthfulness of the
skin, because getting older, the proportion of reflected
light decreases (Fig. 2) [1, 23].

The studies by Russian and foreign authors have
shown that the shorter the wavelength (the greater
its frequency and energy), the more tightly it interacts
with tissue and cellular formations due to the intense
absorption by skin chromophores. As a consequence,
such waves realize predominantly a surface action. In the
stratum corneum, an important and massive absorbing
agent is keratin, which absorbs predominantly UVB rays
and, to a lesser extent, interacts with the UVA spectrum
[23—-25]. Along with keratin, keratinocytes, melanocytes,
fibroblasts, Langerhans and endotheliocytes
are also involved in the process of absorption of UV-

cells

wave energy. The biological effect of this interaction is
accompanied by the production of biological markers,
primarily reactive oxygen species (ROS), as well as
nitrogen and carbon, including both free radicals and
nonradical substances (Table 1) [1, 23].

It is important to note that ultraviolet radiation has
a cumulative damaging effect on the skin, i.e. small daily
doses accumulate into monthly/yearly ones. In this case,
it is not the doses of UV rays that accumulate, but the
consequences of their exposure, mainly represented
by the oxidative damage to cells and the extracellular
matrix. To date, a number of studies have shown that
up to 80% of facial skin aging signs are associated with
an exposure to UV rays [24-26]. Thus, an increase in the
time of the daily skin exposure to sunlight, from 1-2 to
5 hours a day, leads to a loss of moisture in the skin, a
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violation of the capillary tone and an increase in the
formation of fine wrinkles by 4.8 times. A daily use of a
cosmetic product with a sun protection filter (SPF) 4-10
can reduce the cumulative UV dose by 50% [23].

Considering that there are absorbers for all types
of waves in the cells and the extracellular matrix, the
biological consequences are multi-vector. The studies of
the etiology and pathogenesis of malignant skin diseases
testify to the adverse effects of UV rays on the skin. The
rays of UVA and UVB spectra lead to the oxidation of
lysine, proline and arginine, often found in proteins in
cells and matrix. That triggers an irreversible glycation
process with the formation of products of completed
glycolysis, cross-links of protein fibers inside and outside
cells. The latter circumstance leads to pronounced
melanogenesis in the epidermis and thinning of the
dermis [23, 25]. It is worth emphasizing that the use of
cosmetics with SPF 15 in children reduces the risk of skin
cancer later in life by 78% [23].

Attention is drawn to the fact that UVB-waves realize
their effect exclusively at the level of the epidermis,
in which primary lesions are formed. Biologically, the
most important absorber of UVB rays is the DNA of
keratinocytes of the germ layer of the epidermis, and the
target is the adjacent pyrimidine bases of thymine and
cytosine, between which pathological covalent bonds
arise under the conditions of a UVB photon absorption.
As a result of the interaction, two photoproducts are
formed: cyclobutane—pyrimidine dimer and a 6-4
photoproduct (Fig. 3) [1, 23]. It should be notified that
the formed photoproducts with altered spatial geometry
lead to a nucleotide substitution in the newly synthesized
chain, and lead to UVB mutations, which occur during
UVB irradiation in 85% of cases. In addition, as a result of
a massive DNA damage in the epidermis, the first “burn”
cells with a characteristic morphology are formed.
Thus, pyrimidine dimers and “burn” cells are an early,
accurate and informative indicator of the UVB exposure
intensity. Immune Langerhans cells, which are extremely
sensitive to the effects of UVB rays, are also a marker
of the exposure intensity to UVB radiation, since they
lose their processes and migrate to regional lymphatic
nodes [23].

Despite the fact that UVB-rays practically do
not penetrate the dermis, dermal reactions are also
indicators of the UVB damage degree, incl. activation
of dermal MMP-1, which destroys collagen, reddening
the skin and elastolysis, which increases due to the
accumulation of a large amount of immature elastin in
the papillary dermis [1].
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Herewith, the cumulative effect of UVA rays on
the human body is manifested by more pronounced
destructive changes than UVB radiation. Despite the
fact that the UVB rays energy is 1000 times as much
as the UVA rays energy, 90% of UVB rays are blocked
by the epidermis stratum corneum, while 50-60% of
UVA rays are able to penetrate deep into the dermis.
It is worth notifying that it is UVA irradiation in via the
avalanche-like production of a free radicals pool that
damage the cells and extracellular structures of the
dermis, which determines the manifestation of the skin
photoaging picture through the elasticity loss and the
wrinkles formation. An indicator of DNA damage during
UVA irradiation is the oxidation of DNA in the region of
the purine base of guanine with the accumulation of
8-hydroxyguanine. Along with this, an excess of ROS leads
to rapid ligand-independent activation of membrane cell
receptors for numerous growth factors and interleukins,
distortion of gene activity, including AP-1 and NF-kB.
These factors ultimately cause inhibition of procollagen
synthesis processes, synthesis of products glycation
and activation of metalloproteinases MMP-1, -3, and
-9, which determine the destruction of dermal matrix
structures (Fig. 4, Table 2) [1, 22, 23].

Physiological mechanisms of the body’s protection
from UV/UVB rays are represented by the epidermis
stratum corneum, able of compactionundertheinfluence
of UV/UVB rays, melanin (from Greek the “melanos” —
“black”), which delays up to 90% of photons, as well as
urocaninic acid. When irradiated, the acid transform
goes over into a cis form, and in the absence of the UV
radiation exposure, the reverse reaction occurs (Fig. 5)
[23, 27].

Thus, a multi-vector nature and depth of
morphological and functional changes in the skin
exposed to the entire spectrum of UV rays, emphasize
the importance of photoprotection of the largest organ
of the human body.

Characteristics and mechanism

of UV protective filters effect

UV filters have a protective effect on UV rays.
These are the substances designed to protect the skin
from the penetration of UV radiation by absorption,
reflection or scattering. The effectiveness of UV filters is
measured by the Sun Protection Factor (SPF) and is the
ratio of the minimum dose of UV radiation that causes
redness of the protected skin to the minimum dose of
UV radiation that causes redness of the unprotected
skin.
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Table 1 — Generation of toxic ROS when interacting with different sunlight spectra

Skin chromophores Absorption peak, nm ROS

Bilirubin 400-600 H,0,
Collagen/elastin 320-400 H,0,

Collagen AGE (pentosidine) 320-400 *0,” H,0, *OH
Melanin 230-600 H,O,
Copper/cytochrome C complex IV (mitochondrion) 770-1400 *0,” HO, *OH
NADH, NADPH 290-405 +0, 0,
2-thioracil/4-thiouridine 290-405 °0,” 'O,
Porphyrins 290-700 °0,” HO, 'O,
Tryptophan 300-400 *0,” HO, 'O,
Riboflavin 290-465 0, 'O,
Urocaninic acid 310 '0

2

Note: e O,”—superoxide anion radical; ¢ OH — hydroxyl radical; 'O, - singlet oxygen; ROS — reactive oxygen species; NADH — nicotinamide adenine
dinucleotide; NADPH — nicotinamide adenine dinucleotide phosphate.

Table 2 — Depth of penetration and UVA/UVB rays effect on the skin

Depth of rays penetration

Type of rays

Result of exposure to the skin

Epidermis — keratinocyte lesion nopakeHvne menaHounToB
UVA+UVB — melanocyte lesion
— migration of Langerhans cells
Dermis — generation of free radicals (including DNA, proteins and lipids,
membranes and mitochondria are affected)
UVA — decrease in synthetic activity of fibroblasts, disruption of their cell cycle
and ability to migrate
— violation of the synthesis and destruction of collagen and elastin
— infiltration of the circulatory matrix by shaped blood elements
Hypodermis — adipocyte damage, including impaired lipid synthesis and decreased
UVA triglyceride content

reduction of adiponectin synthesis

Table 3 — Characteristics of photoprotectors with different SPF values

Degree of photoprotection SPF value Transmission Absorption (%)
Low 6 0.167 83.3
Medium 10 0.100 90.0
15 0.067 93.3
High 20 0.050 95.0
25 0.040 96.0
30 0.033 96.7
Very high 50 0.020 98.0
60 (50+) 0.017 98.3

The solar protection index, e.g. 50, means that a 50
times more UV dose is required to produce erythema
with protection than without protection (Fig. 6) [1, 23,
27].

To date, it has been proven that the transmission
(transmittance without changing a direction) of UV
rays under the conditions of using a photoprotector is
inversely related to the absorption value. At the same
time, a significant increase in the values of the SPF factor
is realized only by a slight increase in the values of the
absorption index (Table 3) [1, 27].
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The level of photoprotection required by the skin
is strictly individual and is determined by the age and
characteristics of the body, the type and condition
of the skin, the predicted duration of exposure to
the sun, and the UV index (0-12) of the region, taking
into account cloud coverage. Since UVB rays are more
intense, the number on the sunscreen label indicates
protection against this type of wave. Weaker UVA rays
do not require a very high degree of protection, so
protection from them is 1/3 of type B rays. For example,
marking SPF 30 means that there will be protection
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Table 4 - Classification and nomenclature of UV filters
Criterium Physical UV filters Chemical UV filters

Chemical nature

Inorganic compounds (used in micronized,
ultra-micronized, finely dispersed and
nanoparticle forms)

Organic compounds

Mechanism of
action

They are mineral screens that scatter and
reflect sun rays.

they absorb ultraviolet light and undergo
isomerization under quantum of light action

Effect localization

Surface of epidermis stratum corneum

epidermis

high level of safety, inertness in relation to

ability to create combinations with minimal "working"

UV rays
— UVA/UVB - photoprotection
— price affordability

Advantages

concentrations and a wide protective spectrum
— compatibility with other recipe components

— physical particles are removed during
the day due to glands activity and other

factors

Disadvantages — "whitewash effect"

— rather high "working" concentrations
— difficulties when combined with other

recipe components

— likelihood of developing allergic reactions
— potential phototoxicity (incl. provocation of photo-
contact dermatitis formulation)

— zinc dioxide, titanium dioxide

Names of filters
present in European
and Russian
cosmetic markets

— UVB: p-aminobenzoic acid (PABA) and its derivatives
(padimate 0), salicylates (homomentyl salicylate,
octisalate, trolamine salicylate), cinnamates
(octinoxate), camphor derivatives, methoxycinnamic
acid derivatives

— UVA: avobenzone, mexoril, neo heliopan
UVA/UVB: octocrylene, benzophenone-3,4,5,8,
phenylbenzotriazole sulfonic acid (ensulizol),
dioxybenzone, triazines and triazones (tinosorb,
juvinul)

30 from UVB, and from UVA, it will be 1/3, i.e,
102 [26].

Several tests are used to accurately determine
the level of UVA protection. All of them are based on
transmission/absorption measurements (Fig. 7). In vivo
methods such as Immediate Pigment Darkening (IPD)
and Persistent Pigment Darkening (PPD) are based
on determining the skin response to UVA irradiation
(pigmentation and erythema) and then calculating the
UVA protective factor, similar to the SPF calculation.
Besides, additional tests have now been introduced to
assess not only the protective effect against erythema,
but also the protection against immunological and
mutational effects caused by ultraviolet radiation?.

The composition of sunscreen preparations includes
filters that trap the sun rays (Table 4), the principle of
operation of which is based on physical or chemical
interaction. Chemical filters capture UV rays and convert
them into thermal energy. Physical filters, such as
mineral compounds of titanium or zinc, remain on the
surface of the skin and block solar radiation by reflecting

2 Regulation (Ec) No. 1223/2009 Of The European Parliament And Of
The Council of 30.11.2009 on cosmetic products. Official Journal of the
European Union. 2009; L.342:59-209.

3 Commission Recommendation of 22 September 2006 on the efficacy
of sunscreen products and the claims made relating thereto. Official
Journal of the European Union. 2006; L265:P. 39-42.
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the rays. Physical filters almost always whiten the skin
and are washed off worse, they are suitable for sensitive
skin; chemical filters are transparent and invisible on
the face, and can have an irritating effect. The list of
UV filters approved for use in the European Union is
provided in Regulation (EU) 1223/200% The document
contains 28 positions of the International Nomenclature
of Cosmetic Ingredients (INCI) indicating the absorption
area and the maximum allowable concentration. In
Russia, the corresponding list is regulated by Technical
regulation Commission of the Customs Union, Annex 5
009/2011°, which also determines the conditions for the
use of photoprotectors and the warnings, information
about which should be brought to the consumer.

In the light of discussions about the properties of
photoprotectors, it is worth notifying photostability,
i.e. the ability to maintain its structure and properties
under the influence of radiation, as well as the extinction
coefficient, which shows how actively the drug absorbs
the energy. It is important to emphasize that some

4 Regulation (EC) No 1223/2009 Of The European Parliament And Of
The Council of 30.11.2009 on cosmetic products, 2009.

5 Decision of the Customs Union Commission dated September 23,
2011 No. 799 “On the adoption of the technical regulation of the
Customs Union “On the safety of perfumery and cosmetic products”
(together with “TR TS 009/2011. Technical regulation of the Customs
Union. On the safety of perfumery and cosmetic products”). Russian
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chemical filters undergo photolysis to a large extent. For
example, 15 minutes after the exposure to the sunlight,
a decrease in the activity is notified: avobenzone — up to
36%, octyl-p-methoxycinnamate — by 4.5%. The values
greater than 20 (butylmethoxydibenzoylmethane —31.0,
octyldemethyl p-aminobenzoic acid — 28.4, ethylhexyl-
p-methoxycinnamate — 24.2) are considered effective
values of the quenching coefficient [27].

Thus, the features of the chemical structure,
mechanism of action, the need to maintain stability,
efficiency and safety of use determine the range of
requirements for a modern photoprotector. They are:
the ability to absorb rays in a wide range; photo, thermal
and water resistance; low penetrating ability in relation
to the epidermis stratum corneum; acceptable safety
profile (lack of toxicity, as well as carcinogenic, sensitizing
effects); the ability to effectively prevent visible (sunburn)
and invisible (photoaging, carcinogenesis) effects of UV
radiation [28, 29].

Photoprotective properties

of plant-based biologically

active substances

A high level of innovation and dynamism in the
pharmaceutical and cosmetics industries is reflected
in the active search for new multifunctional natural
ingredients. Currently, special attention is drawn to
the trend of using plant-based materials and their
components in the formulation of sunscreens, which
is due to a wide spectrum of activity, the absence of a
xenobiotic effect, and a high bioavailability of organic
plant compounds® [30, 31].

Today, it seems undeniable that plants adapt to
environmental changes [32-35], incl. the damaging effect
of sunlight through the implementation of protective
mechanisms, comprising production or activation of
the biosynthesis processes of antioxidant molecules
[36—-38]. Moreover, in a number of studies [22, 24, 26,
30], hypotheses about the potential photoprotective
activity of plant compounds have been scientifically
substantiated.

At the same time, in a number of works [39, 40], it
is notified that plant extracts exhibit a synergistic effect
with chemical and physical UV filters, thereby increasing
the SPF factor of herbal cosmetic compositions.
Moreover, the mechanism of the photoprotective
action is different: from its own absorption of UV rays
up to antioxidant and anti-inflammatory effects, which
indirectly implement photoprotection, leveling the
negative effect of the sun.

© Ibid.
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In the series of biologically active substances in
plants, researchers attach the greatest photoprotective
significance to various classes of phenolic compounds.
So, Acevedo A. and his colleagues report that after
the introduction of verbascoside and linarin into the
composition of a photoprotective cosmetic product,
its SPF factor was 24. These compounds are glycosides
of caffeic acid and acacetin, which once again confirms
the thesis about the pronounced antiradical activity of
polyphenolic compounds [41]. Polyphenolic compounds

exhibit a wide range of biological properties:
antioxidant,  anti-inflammatory,  hepatoprotective,
vasoactive, antithrombotic, antitumor, antibacterial

and antiprotozoal. In the work by Velasco M.V.R.
et al., the structure similarity of polyphenolic
compounds with organic UV filters, for example,
ethylhexylmethoxycinnamate and, as a result, the
similarity of photoprotective properties, is notified [42].

Photoprotective properties have been studied for
many plant phenolic complexes. Thus, the positive effect
of polyphenolic compounds of the plantain lanceolate
dry extract, was demonstrated in the work of Brazilian
scientists [43]. It was shown that the addition of 7% dry
extract to the phytocomposition increased the UVA/UVB
ratio from 0.49 to 0.52. Silymarin, a complex of Silybum
marianum L. flavolignan compounds, demonstrates
optimal photoprotective properties, which, when added
to cosmetic photoprotective agents, provides SPF 13-14
[44]. High photoprotective properties (SPF = 9.9) are
also characteristic of the seaweeds phenolic complex
[45]. The photoprotective properties of anthocyanins,
a separate group of the flavonoid nature compounds,
which provide red-violet shades of the aerial parts
color (mainly flowers and fruits) of plants, are reported.
Cefali L.C. et al showed that oil extracts of raspberry
and blueberry anthocyanins exhibit SPF 37 and 54,
respectively [46].

Despite the predominant focus on the evidence of
the phenolic compounds photoprotective properties,
other groups of plant-based biologically active
substances are also characterized by a protective action
from the sunlight negative effects. The authors [47-49]
note a high photoprotective activity of lignin due to
its ability to neutralize free radicals. The incorporation
of lignin into cosmetic lotions has been notified to
increase the UVA/UVB ratio in the range of 0.69-0.72.
Publications [50, 51] provide the data on the study of the
caffeine photoprotective activity — catechol, chlorogenic
and 3,4,5-tricofeylquinic acids isolated from coffee
beans. Their effectiveness in the protection of skin aging
caused by the exposure to UV rays and a positive effect
on damaged DNA has been shown.
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The literature provides an evidence base and
shows the possibility of using vegetable oils as natural
UV filters: avocado (SPF 4-15), coconut (SPF 2-8),
macadamia (SPF 6), shea (SPF 3—-6), jojoba (SPF 4). This
is due to the presence of residues of polyunsaturated
(mainly linoleic and linolenic) acids and their ability to
neutralize free radicals, providing antioxidant protection.
Plant extracts, e.g., aloe, chamomile, skullcap, grapes,
etc., can be considered as complex phytocompositions
without individualization of the marker component of
the photoprotective action [31, 32].

It should be notified that Russian and foreign
authors have studied and experimentally established the
photoprotective potential expressed by the antioxidant
activity of the wild rose biologically active substances
[11-14]. Potential possibilities of using the oil of nuts
(fruits) in the development of sunscreens due to the
components of the oil — carotenoids, vitamins E and F,
triglycerides of polyunsaturated (linoleic and linolenic)
acids, which contribute to protection from UV radiation,
have been identified. The literature [18, 19] summarizes
the data on the high bioavailability of rosehip oil
biomolecules, which is determined by its composition
similar to the lipid layer of human skin.

The possibility of using secondary plant metabolites—
phenolic compounds (including flavonoids,
hydroxycinnamic acids, lignans), vitamins, terpenes —
can be confirmed by a wide use of the latter in
the formulation of photoprotective cosmetics and
nutraceutical products [1, 22, 23]. Since the formation
of an evidence base for the clinical effectiveness in the
field of photoprotection of plant-based sunscreens,
which represent a whole complex of biomolecules with
antioxidant, anti-inflammatory and anti-radical effects,
is complicated by a high labour intensity of isolating and
developing the optimal amount of biologically active
substances. There are no such positions on the market
of cosmetic ingredients today [24].

CONCLUSION

The data analysis from scientific publications
demonstrates a potential photoprotective activity
of biologically active substances in plants due to
antioxidant, anti-inflammatory and anti-radical effects.
The results of the study form a theoretical basis for a
further comprehensive experimental study of plant
objects in order to obtain a pool of evidence in the field
of photoprotection in vivo.
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The comparative assessment results of the hypoglycemic activity of a combined preparation containing microcapsules with
a phytocomposition consisting of Glycyrrhiza glabra L. extracts, a dry extract of Galega officinalis L., Mentha piperita L., and
gliclazide, are discussed in the article. Methods for obtaining microcapsules with an original PEG-6000 shell are described.
The aim of the study was to develop an optimal technology for obtaining microcapsules with a PEG-6000 shell containing a
combined antidiabetic substance, and conduct its detailed pharmacological study on the model of type 2 diabetes mellitus,
to conduct a detailed comparative pharmacological study of a microencapsulated antidiabetic composition with a shell based
on PEG-6000, including gliclazide and a sum of phytoextracts on the model of type 2 diabetes mellitus.

Materials and methods. As the main objects of the study, microcapsules with a PEG-6000 shell were obtained using methyl
miristate as the base liquid. The capsules contained the amount of plant extracts in their composition: a dry extract of
Glycyrrhiza glabra L., a dry extract of Galega officinalis L., a dry extract of Mentha piperita L., and gliclazide. The study of
a hypoglycemic activity was carried out after a single administration of drugs to the animals with alloxan-induced type 2
diabetes mellitus. The cumulative effect assessment of the drugs was carried out within 14 days with a test for the resistance
to oral glucose on days 7 and 14.

Results. Microcapsules with the original shell were obtained by dispersion in a liquid-liquid system with the adjustment of
some technological stages. The effect of the drugs under study on the glycemic profile in the rats with an experimental model
of type 2 diabetes mellitus was investigated. A comparative evaluation of the pharmacological effect was carried out with a
separate and combined use of microencapsulated preparations.

Conclusion. The rationality of combining phytocomponents and a synthetic antidiabetic agent in microcapsules has been
proven. The obtained results testify to the rationality of plant extracts combination and a synthetic hypoglycemic agent —
gliclazide in microcapsules.

Keywords: microcapsules; PEG-6000, methylmiristate; diabetes mellitus; Glycyrrhiza glabra extracts; Galega officinalis L.;
Mentha piperita L.; gliclazide

Abbreviations: DM — diabetes mellitus; PPAR-y — peroxisome proliferator-activated receptor; GLUT-4 — glucose transporter
type 4; AMPK —adenosine monophosphate protein kinase; PEG — polyethylene glycol; PEMC(s) — plant extract microcapsules;
GMC(s) — gliclazide microcapsules; GT(s) — gliclazide tablets; PBO — placebo; HGA — hypoglycemic activity.
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B cTaTbe paccmaTpuBaloTCA pe3ynbTaTbl CPAaBHUTENbHOW OLLEHKM TMMOMIMKEMUYECKON aKTMBHOCTU KOMOBWHWPOBAHHOIO
npenapaTta, CoAepMKaLlLero MMKpPOKancyabl ¢ GUTOKOMNO3ULIMEN, COCTOALLEN M3 SKCTPAKTOB CONOAKMU TONOW, KO3NATHWMKA
NIEKAPCTBEHHOrO, MATbI MEPEYHOM U rMKNa3uaa. OnmcaHbl Cnocobbl MONYYEHUA MUKPOKAMCYA C OPUrMHANIbHOW 060104KOM
13 M3r-6000.

Llenb. Pa3pabotaTb ONTUMANbHYIO TEXHONOTMIO MONYYEHWUA MMKPOKancyn c obonoykow u3 MM3M-6000, copepKalimx
KOMBUHMPOBaHHYO CybCTaHUMIO aHTUAMAbETUYECKOro AEeNCTBMA M MNpoBecTM eé noapobHoe dapmaKonorvyeckoe
uccnefoBaHMe Ha MOLEAWN caxapHoro Auabera 2-ro Tvna. MNpoBectu noapobHoe cpaBHWUTENbHOE dapmaKonorMyeckoe
nccnefoBaHMe MUKPOKANCyIMPOBAaHHOM aHTUAMAbeTUYeCKo KOMNO3KMLLMM C 060104KOM Ha ocHoBe M3M-6000, BKAtoYatoLLe
TIMKNA3UA U cyMmmy GUTOIKCTPAKTOB Ha MOAENN CaxapHOro anabeta 2-ro tmuna.

Martepuanbl U meTogbl. B KauectBe OCHOBHbIX OOBEKTOB MCC/MeA0BaHUA BblM MOMYyYEeHbl MUKPOKAMCy/bl ¢ 060/104KOM
13 MN3r-6000 ¢ ncnonb3oBaHNEM B KauecTBe 6a30BOM KUAKOCTU MeTUAMMpUCTaTa. Kancynbl cogepikanm B CBOEM COCTaBe
CYMMY PACTUTENIbHbIX SKCTPAKTOB: CYXOM 3KCTPAKT CONOAKMU TONIOM, CYXOM 3KCTPAKT KO3MATHUKA JIEKAPCTBEHHOrO, CyXOW
3KCTPAKT MATbI NEPEYHOM, A TaKKe MMKNasnga. MayyeHune runoriMkeMmMyeckom akTMBHOCTU NPOBEAEHO NOC/ae OAHOKPATHOrO
BBEAEHMUA NPenapaToB XMBOTHbIM C a/l/IOKCAH-UHAYLMPOBaHHbIM CaxapHbiM AnabeTom 2-ro Tna. OLeHKa HaKoMUTebHOro
addeKTa npenapaToB NpoBeaeHa B TeyeHne 14 cyToK ¢ NpoBeAeHMEM TecTa Ha Pe3MCTEHTHOCTb K NepopasibHOM [10K03e Ha
7 1 14 cyTKN.

Pe3ynbratbl. [Mony4YeHbl MUKPOKAMCY/bl C OPUTMHANIbHOM 060/I04KOM METOAOM AUCMEepPrMpoOBaHUA B CUCTEME KUIAKOCTb-
UOKOCTb C KOPPEKTUPOBKOM HEKOTOPbIX TEXHONOTMYECKUX 3TanoB. M3yyeHo BAMAHME uUcCnefsyemblx MpenapaTtoB Ha
TIMKEMUYECKMI MPOGUIIb Y KPbIC C IKCNEPUMEHTANIbHON MOAE/bo CaxapHoro anabeTa 2-ro Tuna. NMposeaeHa cpaBHUTEIbHAA
oueHKa dapmakonoruyeckoro adpdeKTa npu pasae/ibHoM U COBMECTHOM NMPUMEHEHUU MUKPOKANCY/IMPOBAHHbIX NpernapaTos.
3akntoyeHue. [loKkasaHa PaLMOHANbHOCTb KOMOWHWMPOBAHUA (GUTOKOMMOHEHTOB WM  CUHTETUYECKOTO CpeAacTsa
CaxapOCHMXKAIOLWEro AeWCTBUA B  MWMKPOKAncynax. [lonyyeHHble pe3ynbTaTtbl CBUMAETENLCTBYIOT O PaLMOHANbHOCTU
KOMBUWHaLMN PacTUTE/IbHbIX SKCTPAKTOB Y CUHTETUYECKOTO CaXxapOCHUMKAIOLLLEro cpeAcTBa — MMKAA3MAa B MUKPOKancynax.
KntoueBble cnoBa: mukpokancynbl; M3M-6000, METUAMUMPUCTAT; CaxapHblii AMabeT; IKCTPAKT CONOAKM FON0MN; KO3NATHUK
JIeKapCTBEHHbIN (ranera); MATa nepeyHas; rMukaasua,

Cnucok cokpauwieHuit: C[, — caxapHbli anabet; PPAR-y — peuentop-aktuBaTop nponudepaumm nepokcucom; GLUT-4 —
I/IIOKO3HbIN TpaHcnopTép Tmn 4; AMPK — ageHo3nHMoHodochaTHas NpoTenHKMHasa; M3l — nonnatuneHrmkons; MK —
MWKPOKAMCY/bl C PACTUTE/NIbHbIMU 3KCTpakTamu; MK — MUKpoKancynbl ¢ rnknasmaom; TF — Tabnetku muknasuaa; Ma —
nnauebo; A — runornMKkeMmnyecKkas akTMBHOCTb.

INTRODUCTION

One of the most problematic aspects of modern
medicine and pharmacy, in particular epidemiology, is
diabetes mellitus (DM) which can be considered as a
non-infectious epidemic of the present. The prevalence
of this disease reaches more than 6% in some countries
[1, 2]. At the same time, the disease is unstable; it is
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usually accompanied by a frequent disability [3] and
lethality [4]. This has been especially acute in recent
years associated with the pandemic [5, 6]. It was during
this period that the problem of diabetes reached its
maximum.

Interest in preventive measures (diets, dietary
regimens) has grown. However, this did not affect
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the need for the development and improvement of
pharmacotherapy, in which the basic emphasis had
also to be revised. The interest of diabetologists in
medicinal plants, which occupy an important position in
the treatment and prevention of DM today, has sharply
increased [7-8]. The search for new antidiabetic drugs
made out of medicinal plants, is an important and
strategically significant task, since they contain bioactive
phytochemicals that are more active and safe than
conventional therapy. At the same time, it is impossible
to underestimate the role of synthetic drugs that have
been solving these problems for many years quite
successfully —these are, first of all, metformin, gliclazide,
glibenclamide, and other well-known drugs which are
constantly in demand [9-11].

The main component of the proposed
phytocomposition is an extract of Glycyrrhiza glabra L.,
which has a wide range of a pharmacological activity.
Biologically active substances in the Glycyrrhiza glabra L.
extract can significantly bind to gamma peroxisome
proliferator-activated receptors (PPAR-y), which leads to
a decrease in blood glucose levels. Therefore, chalcone
and amorphrutin, obtained from Glycyrrhiza glabra L.,
promote the differentiation of adipocytes and improve
glucose and lipid metabolism. Amorphrutin increases
the sensitivity of cells to insulin and, as a result, glucose
tolerance. Glabridin prevents glucose intolerance and
ensures its maximum utilization by translocation of
GLUT-4 using adenosine monophosphate protein kinase
(AMPK) [12]. In addition, glycyrrhizic acid, which is one of
the main bioactive components of Glycyrrhiza glabra L.,
inhibits the activity of peroxidase, hemoglobin esterase
and hemoglobin-mediated oxidative damage, while not
affecting the ability of the protein to bind oxygen. This
effect is especially important in the treatment of DM,
given the complications associated with an oxidative
stress [13—15]. In addition, there are studies [16] on
the positive effect of the Glycyrrhiza glabra L extract on
the intestinal microbiota, which is extremely important,
since it is known that the pathogenesis of the onset and
severity of DM is indirectly associated with a violation
of the enzymatic and biochemical balance of the vital
activity of the normal intestinal microflora.

One of the medicinal plants with a pronounced
hypoglycemic effect is Galega officinalis L. In the 1920s,
it was found out that guanidine, an active component in
the herb of Galega officinalis L., reduces blood glucose
levels, which became the basis for the synthesis of several
antidiabetic compounds and, in particular, metformin
[17]. The hypoglycemic effect is also associated with
the alkaloid of galegin in the plant [18]. However, the
study of anti-diabetic properties of Galega officinalis L.
is ongoing. To date, a decrease in the concentration of
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glucose and glycosylated hemoglobin in the blood of
animals against the background of the galega extract
administration, as well as an increase in the cell tolerance
to glucose, an increase in the content of C-peptide
and insulin in blood plasma, have been proven. The
in vivo studies confirmed the cytoprotective effect of
the Galega officinalis L. extract on pancreatic cells,
expressed in an increase in the number of Langerhans
islets, their average area, diameter, volume, and the
number of B-cells [19, 20]. It has been established that
the Galega officinalis L. extract regulates disorders of
the proliferation, function and apoptosis of leukocytes
associated with DM, thereby having a pronounced
immunocorrective effect [21].

Aromatic plants rich in essential oils, such as Mentha
piperita L., Melissa officinalis L., Cuminum cyminum L.,
are among the potential new sources of drugs. These
plants are very promising due to their diverse chemical
composition and multiple mechanisms of action. Thus,
the antidiabetic effect of Mentha piperita L. is associated
with the inhibition of ATP-sensitive K+channels on the
B-cell membrane, increased insulin exocytosis under
the action of menthol. In addition, menthol increases
the survival of B-cells by stimulating the expression of
Bcl-2, an anti-apoptotic factor, and protects pancreatic
B-cells from apoptosis in a rat model of diabetes [22,
23]. In addition, the hypoglycemic effect of the Mentha
piperita L. extract is associated with an inhibitory
effect on a-amylase and a-glucosidase, which, in turn,
has a significant inhibitory effect on postprandial
hyperglycemia [24].

Thus, the literature data on the spectrum of
hypoglycemic activity of the Glycyrrhiza glabra L. extract;
Galega officinalis L. and Mentha piperita L. confirm the
rationality of including extracts of these medicinal plants
in the proposed phytocomposition and the development
of combined antidiabetic dosage forms based on them.

THE AIM of the study was to develop an optimal
technology for obtaining microcapsules with a PEG-6000
shell containing a combined antidiabetic substance,
and conduct its detailed pharmacological study on
the model of type 2 diabetes mellitus, to conduct
a detailed comparative pharmacological study of a
microencapsulated antidiabetic composition with a shell
based on PEG-6000, including gliclazide and a sum of
phytoextracts on the model of type 2 diabetes mellitus.

MATERIALS AND METHODS

Objects of study

The main objects of the study were microcapsules
containing a composition of dry extracts of Glycyrrhiza
glabra, Galega officinalis L. and Mentha piperita L. in
the ratio of 6:1:3, respectively, as well as gliclazide in a
traditional dosage.
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PEG-6000 with a density of 1200 kg/m?, soluble in
water and alcohol, non-toxic, was chosen as a film former
for microcapsules. Methylmiristat is a process medium,
it is a clear, colorless liquid with a low melting point.
To obtain microcapsules, dry extracts of Glycyrrhiza
glabra L., Galega officinalis L. and Mentha piperita L.
obtained from the manufacturer of LLC Kazan Extract
Plant (Russia), were used. The moisture content of the
extracts was not more than 4.8%.

Reference drug

For a comparative assessment of the hypoglycemic
activity, the tablet form of gliclazide (60 mg,
manufacturer LLC SERVIER RUS, Russia) had been
chosen as the reference drug. For this purpose, model
tablets with an active ingredient content of 2.5 mg were
used. The drug was administered using a gastric tube,
taking into account the interspecies conversion factor, in
several doses to achieve the required dose of gliclazide.

Equipment

Measurements of blood glucose concentration
in the animals with an experimental model of type 2
diabetes mellitus was carried out using an Accu-Chek
Performa Nano glucometer (Roche Diagnostics GmbH,
Germany).

The preparation of microcapsules was carried
out using an overhead stirrer US-1170D with a four-
bladed propeller nozzle (ULAB, Russia). A vessel with a
hemispherical bottom with a volume of 500 ml was used
as a reactor for obtaining microcapsules.

A six-seater water bath LOIP LB-161 (LC LOIP, Russia)
was also used.

The administration of the study drugs was carried
out using an intragastric metal probe for rodents.

Microcapsules obtaining

Taking into account the originality of the PEG-6000
microcapsule shell used for the first time, the most
reliable technological method of dispersion in the liquid-
liquid system was chosen. A saturated complex was
sequentially delivered in a thin stream: 25.0 g of the
total extracts solutions and 25.0 g of a gliclazide solution
together with 100 g of the solution forming the shell of
PEG-6000 microcapsules. The complex was delivered
into the reactor with the base medium in the form of
methyl miristat at the temperature of 40°C. Herewith,
defining the technological novelty was the choice of the
base solution and an active mixing device — a propeller
mixer operating at the speed of 500-600 rpm. The
temperature factor also changed, quickly passing from a
state of heating to artificial cooling.

The drops shaped in the oil, quickly solidified,
spherical particles were formed from them, and then
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they were separated from the methyl miristate solution
and washed with 90% ethyl alcohol, making sure that the
shell did not dissolve. The standardization of the finished
product of microcapsules was carried out according to
their flowability and the angle of repose, which was 30°
and which indicated a normal technological cycle [25].

Experimental animals

The hypoglycemic activity (GA) of the studied
preparations was investigated on male rats of the Wistar
line weighing 200-220 g, with alloxan-induced DM. The
animals were obtained from the Novosibirsk Nursery
of Laboratory Animals (State Unitary Enterprise of
Laboratory Animals, the RAS Siberian branch) and kept
in the vivarium of Krasnoyarsk State Medical University
of the Ministry of Health of Russia. The work with
laboratory animals was carried out in accordance with
Directive N 2010/63/EU of the European Parliament and
the Council of the European Union “On the protection
of animals used for scientific purposes” and GOST
33044-2014 “Principles of good laboratory practice”.
The animals were kept in conventional cages with an
area of 820 cm?, with litter of non-coniferous sawdust,
the indoor temperature of 22+2°C, a the relative air
humidity of 65+5%, with a free access to water and
food. The study protocol was approved by the ethics
committee of Krasnoyarsk State Medical University of
the Ministry of Health of Russia (protocol No. 104/2021
dated April 17, 2021).

Setting up DM model type 2

Setting up the model of alloxan-induced DM
was carried out in the classical way in accordance
with the guidance by A.M. Mironov!. The animals
were intraperitoneally injected with a 5% solution of
nicotinamide at the dose of 230 mg/kg, followed by the
administration of a 5% solution of alloxan at the rate of
150 mg/kg after 15 minutes. On the 4th day after the
injection of alloxan, 5 groups of animals (n=8) with an
average blood glucose level of more than 20 mmol/I,
were formed according to the principle of paired analogs.
Taking into account the previous studies, the doses
of the administered drugs were selected [26, 27] and
calculated based on the interspecies dose conversion
factor. The studied substances and the reference drug
were administrated into the stomach using a metal
probe.

The administration of drugs was carried out for 14
days according to the following scheme:

Group 1 — microcapsules with plant extracts
(PEMCs) — 750 mg/kg;

! [Guidelines for conducting preclinical studies of drugs (Part 1)].
Mironova AN, editor. M: Grif and K; 2012. 944 p. Russian
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Group 2 — microcapsules with gliclazide (GMCs) —
150 mg/kg;

Group 3 - gliclazide tablets (GTs) — 60 mg/kg —
reference group;

Group 4 — combination of microcapsules (PEMCs +
GMCs);

Group 5 — 2.5 ml of purified water (PBO) — control

group.

Determination of hypoglycemic effect

The assessment of hypoglycemic activity (HGA)
was carried out by monitoring the concentration of
glucose in the blood of animals for 24 hours after a
single administration of the study drugs. Taking into
account the established cumulative hypoglycemic effect,
characteristic of this phytocomposition and confirmed
for microcapsules with a gelatin shell, the effectiveness of
the developed microcapsules with a shell based on PEG-
6000, was studied for a long-term use. For this purpose,
tests for the resistance to oral glucose were carried out
on days 7 and 14 according to the methods [26, 27]. The
general study design of the hypoglycemic activity of the
microencapsulated preparations is shown in Fig. 1. The
scheme of the test for the glucose resistance is shown
in Fig. 2.

Statistical analysis

Statistical processing of the obtained results was
carried out using a Microsoft Excel software package
(2016), by a descriptive statistics method, by calculating
the mean value of the studied indicator and the standard
deviation (o). The normality of the sample distribution
was determined using the Shapiro-Wilk test. The
Wilcoxon’s t-test was used to assess differences between
guantitative non-normally distributed data of related
samples, the Student’s t-test was used for normally
distributed data of unrelated samples (p <0.05).

RESULTS AND DISCUSSION

The results of the HGA study after a single
administration of microcapsules containing the
composition of plant extracts, gliclazide, as well as their
combination, are presented in Tablel.

The comparison of the presented data in Table 1
shows that the decrease in the animals’ blood plasma
glucose concentration was established in all the groups
after a single administration of the studied drugs, except
the control group. There was no significant decrease
in blood glucose levels in the animals of the control
group within 24 hours after starting the experiment.
Against the background of the use of microcapsules
with plant extracts, a hypoglycemic activity (HGA)
develops after 4 hours and is maintained within 8 hours.
After the administration of GMCs, HGA manifests itself
after 2 hours and continues to grow within 10 hours.
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However, the achievement of the physiological blood
glucose level in the animals after a single administration
of monopreparations is not observed within 24
hours. With a combination of PEMCs+GMCs, the
pharmacological effect occurs after 2 hours, and after 6
hours, the animals’ blood glucose concentration reaches
its physiological level. After a single administration of
the developed microcapsules and the reference drug,
a stable hypoglycemic effect is observed from 6 to 12
hours. At the same time, the average animals’ blood
glucose level in the in this time interval was as follows: for
group 1-18.0+ 1.4 mmol/l; group 2 —-11.8 £ 0.9 mmol/l;
group 3 —6.6 = 0.2 mmol/l; group 4 — 7.7 £ 0.6 mmol/l;
the blood glucose level in the control animals’ group was
24.7 £ 1.9 mmol/L.

According to the statistical analysis of the obtained
results, the HGA combination of PEMCs+GMCs is
comparable to the gliclazide tablet form. In addition, in
the pharmacological activity, the combined composition
of microcapsules is superior to the microcapsules
containing only one component. 6 hours after the
administration of the drugs, the animals’ blood glucose
level in group 4 decreased by 68.8% (p <0.05), while the
blood glucose concentration in the animals of groups 1
and 2 decreased by 22.9% (p < 0.05) and 51.4% (p<0.05),
respectively. It should be also notified that 6 hours after
the administration of the PEMCs+GMCs combination
and the reference drug, there are significant differences
in the average values of the animals’ blood glucose levels
of the respective groups. The glucose concentration
in the blood of the animals receiving a combination of
PEMCs+GMCs (group 4) is 23.3% (p <0.05) higher than in
the blood of the animals treated with GTs. The absence
of statistically significant differences in the initial values
of the animals’ blood plasma glucose concentration
in these groups indicates different pharmacokinetic
characteristics of the dosage forms of the studied drugs,
i.e., a different degree of elongation.

Analyzing the results of monitoring the level of the
animals’ blood plasma glucose concentration, it can
be concluded that a stable hypoglycemic effect after a
single administration of the developed microcapsules
was not observed immediately, just as after a single
administration of the reference drug, in the time range
from 4 to 12 hours. However, in this time interval, a
significant decrease in blood glucose was observed with
the use of gliclazide tablets (group 3 of the animals),
with the use of gliclazide microcapsules (group 2)
and with the administration of a combination of
microcapsules (group 4). At the same time, the levels of
glucose in the animals’ blood plasma of groups 3 and 4
are almost equivalent and slightly lower than in group 2
which may indicate the presence of potentiation of the
hypoglycemic effect when the herbal components are
combined with a synthetic drug.
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Table 1 — Blood glucose level in animals with experimental model of type 2 diabetes mellitus after
a single administration of drugs under study

Time, hours
Group
0 2 4 6 8 10 12 24

1 25.3+3.8 23.5+4.1% 20.9+3.4% 19.5+2.3*  19.1+4.3*  16.8+5.3*"  16.8+4.5*%  23.64.4"
2 25.1+3.3 18.5+2.6 15.3+1.9*  12.2+41.7*  11.2+1.0*  11.0£0.7**  13.0+0.9*"  24.3+4.2%
3 27.7+2.4 15.1+3.8* 8.4+2.4" 6.6+1.1% 6.4+0.9* 6.5+0.7* 6.8+0.5%* 12.9+1.8*
4 27.614.0 17.6+3.0* 10.2+2.2* 8.6+2.0*" 7.3+1.7* 7.3+1.5%* 7.5+1.3* 26.5%3.0"
5 21.7+1.2 22.1+0.6 21.7+0.8 25.7+0.5 26.4+0.9 24.5+0.6 22.2+1.2 26.1+1.4

Note: results are presented as Meanzto; * — mean blood glucose concentration values significantly different from the control group (p <0.05) and
#—mean blood glucose concentration values significantly different from the comparison group (p <0.05), according to the results of the analysis

by the Student’s t-criterion.

Table 2 — Study results of cumulative effect on day 7

Mean glucose concentration, mmol/|

Group Drug administration Glucose administration

0 60 min 30 min 60 min 120 min 180 min
1 25.3+4.4% 244 +4.4% 24.0 £4.2% 25.8 +3.3" 25.5 £ 4.6" 24.0 £4.2"
2 23.5+4.8" 20.7 £ 5.5%# 18.0 + 4.6** 16.6 + 3.8** 14.4 + 3.4*% 13.6 £ 3.5**
3 6.4 £0.7* 6.2 £0.9* 6.9+1.1* 6.0+1.1* 5.8+0.8* 5.8+0.8*
4 19.8 + 1.8*# 12.4 + 1.5* 9.9+ 1.0* 6.8 +0.6* 6.8 + 0.5%# 6.8 = 0.4*#
5 23.9+3.5 249+4.0 28.5+2.9 28.7+4.2 26.7+2.8 25.4%2.0

Note: results are presented as Meanto; * — mean values of blood glucose concentration significantly different from the control group (p <0.05)
and # — mean values of blood glucose concentration significantly different from the comparison group (p <0.05), according to the results of the

analysis by the Student’s t-criterion.

Table 3 — Study results of cumulative effect on day 14

Mean glucose concentration, mmol/I

Group Drug administration Glucose administration

0 60 min 30 min 60 min 120 min 180 min
1 18.2 £3.2*# 17.9 £ 3.3* 16.5+ 4.2*" 17.6 £ 4.4*" 16.0 £ 3.4* 12.2 £2.5*
2 14.0 £ 2.3*# 12.7 £ 1.4** 12.7 £ 1.6** 12.4 +1.5%* 11.6 £ 0.9*# 11.1+£0.7*%
3 6.7 +1.0* 5.6 +1.3* 5.6+1.2* 59+1.1% 6.1+1.3*% 6.3 +1.2%
4 12.6 + 1.4%*% 9.0 £ 0.5** 8.5+ 0.5** 6.6 £+ 0.4* 6.5+0.4% 6.5+ 0.4%
5 21.7+3.3 21.3+3.0 27.0+2.8 28.7+1.0 283+t2.4 281+1.4

Note: results are presented as mean * standard deviation; * — mean values of blood glucose concentration significantly different from the control
group (p <0.05) and # — mean values of blood glucose concentration significantly different from the comparison group (p <0.05), according to the

results of the analysis by the Student’s t-criterion.

Thus, after a single administration, the HGA profile
of the preparations under study was investigated and
confirmed. It has been reliably established that the
above described hypoglycemic effect of microcapsules
based on PEG-6000 and containing a combination of
PEMCs+GMCs, can be characterized as more delayed
and prolonged.

As it has been notified in the previous studies?
[25], the composition of medicinal plants extracts is
characterized by a cumulative hypoglycemic effect. In
support of this trend, PEG-6000 based microcapsules
were tested for resistance to the alimentary glucose
administration on the 7" and 14* days of the study. For
this purpose, one hour after the administration of the
studied preparations, the animals of all experimental
groups were administrated with 2.5 ml of a 5% glucose

2 |bid.

326

solution using an intragastric metal probe, and the blood
glucose level was measured within the next 3 hours. The
study results of the resistance to oral glucose on the 7t
day of therapy are presented in Table 2.

According to the data presented in Table 2, it can
be notified that before the administration of drugs on
day 7, the blood glucose level in the animals’ blood
of the studied groups was higher than a physiological
one in all experimental groups, except group 3. In the
control group, the blood glucose level in the animals
was high throughout the entire time of the experiment.
It is also worth notifying that in the animals of groups
1 and 2 before the administration of drugs, the blood
glucose concentration does not have significant changes
compared to the control group.

The blood glucose concentration level in the animals
receiving microcapsules with plant extracts (group 1)
was high throughout the experiment, no statistically
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significant changes were detected (p >0.05) either
against the background of the drug administration and or
against the background of a glucose oral administration.

The glucose content in the animals’ blood of
group 2 decreased by 13.5% (p <0.05) from the initial
value. This trend persisted within the group throughout
the experiment, and at the end of the test, there was
a decrease in the glucose content in the animals’ blood
by 42.1% (p <0.05), which indicates a smooth increase
in the pharmacological effect. Despite the fact that
the decrease in the blood glucose concentration to
the physiological level was not observed, against the
background of the use of microcapsules with gliclazide,
the animals showed resistance to oral glucose.

In the animals receiving the comparison drug
(group 3), before the administration of the drug, the
blood glucose level was at the level of the physiological
norm, which is associated with the manifestation
of a stable hypoglycemic effect characteristic of
gliclazide tablets. This trend continued throughout the
experiment. Against the background of the alimentary
load, an increase in the blood glucose concentration in
the animals of group 2 was not observed, which also
indicates the stability of the reference drug.

Before the administration of the drug, the blood
glucose level in the animals receiving combined therapy
with microcapsules (group 4) on day 7 was above the
physiological norm. At the same time, the glucose
concentration was 67.7% (p <0.05) higher than in the
animals of the comparison group, but 17.2% (p <0.05)
lower than in the control group. However, after the
administration of the drug, the hypoglycemic effect
increased, and already after 60 minutes, a statistically
significant (the Wilcoxon T-test) decrease by 37.4%
(p <0.05) was established in the blood glucose
concentrationinthe animals of group 4 with the dynamics
unchanged. 60 min after the glucose oral administration,
the level of blood glycemia in the of animals of group 4
decreased by 65.7% (p <0.05) with the maintenance of
a physiologically significant level till the end of the test,
which indicates the animals’ resistance to receiving a
combination of microcapsules.

According to the statistical analysis results, it can
be said that the administration of the microcapsules
combination (group 4) contributed to the manifestation
of a tolerance effect comparable to that of the reference
drug (group 3) 60 minutes after the glucose oral
administration.

According to the test results on the resistance to
alimentary glucose on the 7" day of the study, therapy
with a combination of PEMCs+GMCs gives a more
pronounced pharmacological effect compared to the
separate use of the drugs.

Table 3 presents the study results of the resistance
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to oral glucose on the 14* day of the administration of
the investigated drugs.

According to the results presented in Table 3, it
can be said that before the administration of drugs on
the 14th day, the blood plasma glucose concentration
in the animals of the studied groups was also higher
than the physiological norm in all the experimental
groups, except the comparison one. The blood glucose
level in the animals treated with the reference drug
(group 3) was at the physiological level both before
and after the administration of the drug. Based on
the statistical analysis results of blood glycemia in the
animals of the 3rd group (the Wilcoxon T-test), it can be
said that the observed changes after the alimentary load
are statistically insignificant (p >0.05).

It should be notified that before the administration
of drugs, the glucose level on the 14™ day in groups 1,
2 and 4 decreased by 28.1% (p <0.05), 40.4% (p <0.05)
and 36.4% ( p <0.05) compared with the values of this
parameter in the respective groups on the 7 day.

In addition, before the administration of drugs, on
day 14, the glucose concentration in groups 1, 2 and 4
was lower by 16.1% (p <0.05), 35.5% (p <0.05) and 41.9%
(p <0.05) than the glucose concentration in the blood
plasma of the control group. As a whole, these factors
indicate the manifestation of a cumulative antidiabetic
effect of the studied microcapsule preparations.

60 minutes after the administration of microcapsules,
a significant change by 9.3% (p <0.05) and 28.6%
(p <0.05), respectively, from the initial level, was found
out in the blood glucose concentration in the animals
of groups 2 and 4. This trend persisted throughout the
experiment, and 60 minutes after the oral administration
of glucose, group 4 showed a decrease in the glucose
concentration by 47.6% (p <0.05) while maintaining a
physiologically significant level. Meanwhile, in group 2,
at the end of the experiment, a decrease in the animals’
blood glucose content was observed only by 20.7%
(p <0.05). The average blood glucose level of animals
treated with microcapsules with plant extracts
(group 1), had significantly decreased by 32.9% (p <0.05)
from the initial level only by the end of the test. At the
same time, a decrease in the blood glucose concentration
of the animals in groups 1 and 2 to the normal level was
not established.

In the control group, the animals’ blood glucose level
was high throughout the entire time of the experiment,
and 30 min after the administration of oral glucose there
was a significant increase in its blood concentration.

The blood glucose level in the animals’ control group
was high throughout the entire time of the experiment,
and 30 min after the administration of oral glucose there
was a significant increase in its blood concentration.

Analyzing the dynamics of changes in the blood
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glucose concentration of the studied groups’ animals,
it is worth notifying that a significant decrease in
glucose was observed in groups 2, 3 and 4 both after
the treatment and against the background of the
glucose administration, in comparison with the control
group. However, as previously stated, a decrease
in the blood glucose concentration in the animals
treated with monopreparations in microcapsules up
to the physiological norm was not observed, while the
administration of PEMCs+GMCs combination gives a
hypoglycemic effect comparable to the reference drug
2 hours after the administration, both on days 7 and 14.

A more pronounced therapeutic effect caused by
the combination of plant extracts and gliclazide, is most
likely associated with a potentiation of the action due
to a broader focus of the plant components. This is a
decrease in blood glucose associated with the interaction
of biologically active substances of Glycyrrhiza
glabra L. extract with PPAR-y receptors and due to
an increase in the utilization by the GLUT-4 transport
system and an increase in the cell sensitivity to insulin
[12]. The active components of Galega officinalis L.
extract increase the number of islets of Langerhans
and increase the sensitivity of cells to insulin [19, 20].
The versatile orientation of the mechanisms of the
hypoglycemic action of the plant components used is
of particular importance, given the hypoglycemic effect
of gliclazide realized by stimulating insulin secretion.
Additional inhibition of a-amylase and a-glucosidase
by the active components of Mentha piperita L.
extract [24] contributes to an increase in resistance to
alimentary factors in the development of hyperglycemia.
As a whole, these effects contribute to the versatile
orientation of therapy, which is a positive characteristic
of the proposed composition of microcapsules.

Thus, according to the results of studying the
cumulative effect of the investigated drugs for 14 days,
the administration of PEMCs+GMCs combination gives
a more pronounced pharmacological effect compared
to the separate use of the drugs. The HGA combination
is comparable to the reference drug and has significant
statistical differences compared to the control
group of animals. A pharmacological potentiation is

characteristic for the developed original antidiabetic
substance, consisting of the sum of phytoextracts (dry
extracts of Glycyrrhiza glabra L., Galega officinalis L.,
Mentha piperita L) with the addition of gliclazide,
i.e. a combined composition. As a dosage form and a
delivery vehicle, the developed microcapsules based
on PEG-6000, containing the entire complex of active
substances, showed a rather original HGA profile. The
combination of biologically active substances of the
plant origin, given their versatile action direction, with
a synthetic antidiabetic agent in one dosage form, has
a number of advantages over classical hypoglycemic
drugs, i.e., the range and variability of the action. The
use of microcapsules also makes it possible to achieve
a reduction in the irritating effect of the dosage form
on the gastrointestinal tract, which is characteristic of
tablets.

In addition, microcapsules  have  certain
technological and economic advantages — this is the
possibility of reducing the dose of gliclazide, and given
their prolongation, the obtained microcapsules can
later be used as an intermediate and preparatory stage
for constructing a form — a spansule. Therefore, the
pharmacological role of the developed microcapsules is
obvious, and its fixation and discussion presented in this
article, are necessary.

CONCLUSION

A technology for obtaining microcapsules with
a shell based on PEG-6000, has been developed and
substantiated. It has been shown that microcapsules
containingthe studied complex—the sum of plant extracts
and gliclazide — have a pronounced positive property
of the gradual development of a hypoglycemic effect.
The administration of a microcapsules combination
causes a more pronounced pharmacological response,
comparable to the reference drug in terms of the
hypoglycemic activity, but not inferior to it in terms
of the elongation. In addition, it causes a comparable
resistance to the alimentary glucose administration,
which confirms the feasibility of the chosen technology
and the originality of the microcapsule shell structure.
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To control the concentration of drugs with a narrow therapeutic range, and to conduct effective and safe treatments,
Therapeutic Drug Monitoring (TDM) is carried out. However, to date, the implementation of TDM is associated with various
difficulties, for the solution of which more convenient and less invasive methods for collecting biological material are being
developed.

The aim of the study was to develop protocols for the collection and storage of “dried blood spot” (DBS) samples, as well as
protocols for the validation methods for the quantitative determination of drugs in whole blood, using this technology for
subsequent therapeutic drug monitoring.

Materials and methods. To analyze a “dried blood spot” method in detail and to identify the characteristic features of taking
and storing biosamples, a collection and analysis of scientific literature over the past 10 years has been conducted. The search
for literature materials has been carried out from open and accessible sources located in the scientific libraries of institutions,
in electronic databases and search engines: Elibrary, PubMed, Scopus, Cyberleninka, Medline, ScienceDirect, Web of Science,
Google Scholar. Primary protocols for taking, storing and analyzing samples of the “dried blood drop” have been prepared.
To obtain the adequate quality samples, the developed protocols have been tested and optimized at the stages of selection
and storage. By high-performance liquid chromatography with mass spectrometric detection (HPLC-MS/MS), using a “dried
blood drop” as a sample preparation, drug validation protocols have been optimized to ensure that acceptable validation
characteristics were achieved, and subsequent Therapeutic Drug Monitoring was performed.

Results. The features of the collection, storage and analysis of the “dried blood spot” samples have been revealed. Such
characteristics as a spot volume effect, a hematocrit effect, a droplet uniformity, which can affect the results of a quantitative
HPLC-MS/MS analysis, have been determined. For a successful use of the new methods, appropriate protocols for taking
samples of “dried blood spot” from the finger of adult patients and from the heel of newborns, as well as protocols for
validating methods for the quantitative determination of drugs from these samples, have been developed.

Conclusion. The application of the “dried blood spot” method using newly developed protocols for taking, storing and
analyzing biological samples, relieves the existing constraints in conducting TDM, and can later become a promising method
for conducting preclinical and clinical studies.

Keywords: “dried blood spot” method; therapeutic drug monitoring; bioanalysis; method validation; HPLC-MS/MS
Abbreviations: MP/D — medicinal preparation/drug; HPLC-MS/MS — high performance liquid chromatography with tandem
mass spectrometry; TDM — Therapeutic Drug Monitoring; DBS — Dried Blood Spot; QCL — low quality con
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[NnA KOHTPONA KOHLUEHTPALMW JIeKapCTBEHHbIX MpPenapaTos, 06/aJaloWwmnX Y3KMM TepaneBTUYECKMM [AMana3oHoM, U
nposegeHna 3G eKTUBHbIX U 6e30MacHbIX METOA0B 1eYeHUA NPOBOAUTCA TEPANEBTUYECKUI NEKAPCTBEHHbIA MOHUTOPUHT
(TIM). OaHaKo Ha ceroaHALWHUIA AeHb npoBeaeHue T/IM cBA3aHO C pa3/IMYHbIMU 3aTPYAHEHUAMMU, AN PELUEHNS KOTOPbIX
paspabatbiBatoTca 6osee yaobHble U MeHee MHBa3MBHblE MeToAbl cbopa bBuonornyeckoro matepumna.

Llenb. Pa3paboTatb NPOTOKO/bI B3ATUA U XpaHeHMs 06pasLoB «BbiCylweHHOW Kaniu Kposu» (Dried Blood Spot, DBS), a
TaKXe MPOTOKOAbl BaANAALMN METOA0B KONMYECTBEHHOIO ONpeaeneHNA NeKapCTBEHHbIX NPenapaToB B LIe/IbHON KPOBU C
MCMO/Ib30BaHWEM AaHHOW TEXHONOTMM ANA NOCAeAYIOLWEro NnpoBeaAeH A TepaneBTUYECcKoro N1eKapCTBEHHOrO MOHUTOPUHTA.
Martepuanbl U metogbl. s [EeTaNbHOrO aHaAM3a METoAa «BbICYLUIEHHOW Kamiu KPOBM» W BbISIBIEHUS XapaKTepHbIX
0COobeHHOCTEN B3ATUA U XpaHeHMA B1uoobpasuos, 6bi1 NpoBeaeH cbop M aHaNU3 HayYHOW NTepaTypbl 3a nocnegHue 10 ner.
MouCcK NMTepaTypHbIX MaTepUanoB NPOBOAMCA C MOMOLLHO OTKPLITBIX U AOCTYMHbIX UCTOYHUKOB, Pa3MeLLEHHbIX B HAyYHbIX
B6MBNMOTEKAX YUPEKAEHMM, B INEKTPOHHbIX 6a3ax AaHHbIX M NOUCKOBbIX cucTemax: Elibrary, PubMed, Scopus, Kubep/leHuHKa,
Medline, ScienceDirect, Web of Science, Google Scholar. MogrotoBuan nepBuYHbIE MPOTOKOAbI B3ATUSA, XPaHEHWUA W
aHanM3a 0bpa3LoB «BbICYLUEHHOM Kanan KpoBu». Ha ctaguax oTbopa n xpaHeHMs NpoBoauaIv anpobaLmio 1 onTMMm3aLmio
pa3paboTaHHbIX MNPOTOKO/MIOB A/A MNoayvyeHUA o6pasLoB Haa/eXallero KayectBa. MeTofom BbICOKOI(dEKTUBHOM
YUAKOCTHOM XpomaTorpadpuu C Macc-CrekTpomeTpuyeckon aetekumen (BIMX-MC/MC) ¢ mcnonb3oBaHUEM B KayecTse
Npo6oMnoAroTOBKM «BbICYLIEHHYIO Kanato KPOBWU», ONTUMMU3MPOBAAN MPOTOKO/bI BaNMAALMU NEKAPCTBEHHbIX MPenapaTos
ONA obecnevyeHna JOCTUNKEHUA NPUEMNEMbIX BaIMAALMOHHbIX XapaKTEPUCTUK U NpoBeaeHUs nocaeaytowero T/IM.
Pe3ynbratbl. BbisiBNeHbl 0cO6eHHOCTH cbopa, XPaHEHMS U aHaNN3a 06Pa3LOB «BbICYLIEHHOM Kanau KpoBu». OnpeaeneHbl
TaKMe XapaKTePUCTUKM, KaK: 3ddeKT 06bEMa Kanau, 3ddeKT reMaTokpmTa, OLHOPOLHOCTb Kanau, KOTOPble MOTYT OKa3blBaTb
BAWAHME HA pe3y/bTaTbl KonnyecTBeHHoro BIXKX-MC/MC aHanusa. [1ns ycnewHoro Ucno/ib30BaHWA HOBOW METOAMKU HamMu
6b11M pa3paboTaHbl Hagaexaline NPOTOKO/Ibl B3ATUA 06PasLOB «BbICYLUEHHOM Kanau KPOBM» U3 Masiblia PyKU B3POC/bIX
NaLMeHTOB U M3 NATKM HOBOPOXKAEHHbIX AETEN, a TaKKe NPOTOKO/bl BaNUAALMU METOA0B KOMYECTBEHHOTO onpeaeneHns
JIeKapCTBEHHbIX MPENapaToB M3 AaHHbIX 06pa3LoB.

3aknoueHue. MpYMMEHEHNE METOAA «BbICYLLEHHOW Kamau KPOBMY» C UCMO/Ib30BAaHUEM HOBbLIX Pa3paboTaHHbIX MPOTOKO/I0B
B3ATUA, XpaHEHWUA N aHaIM3a BrMonornyeckmx ob6pasLLoB CHUMAET CYLLLECTBYHOLLME OrpaHuYeHus Npy nposeaeHny T/IM, a Takke
B MOCNEACTBUN MOMKET CTaTb NEPCMNEKTUBHBIM METOAOM A5 NPOBEAEHNUA AOKNNHUYECKUX U KNMHUYECKUX MCCAe0BaHUMA.
KnioueBble cnoBa: MeTos «BbICYLIEHHOM Kamau KPOBUY»; TepaneBTUYECKUA SIeKapCTBEHHbIM MOHUTOPWUHT; BuoaHanus;
Ba/sMaauma metoaa; BIXKX-MC/MC

CnUCOK coKpalleHuid: /1M — nekapcTBeHHbIi npenapat; BIXKX-MC/MC — BbicokoapdEKTUBHAA KUAKOCTHAA XpOMaTorpadus ¢
MacC-CNeKTpoMeTpuYeckor aetekuneit; T/IM — TepaneBTUYECKUIA IEKAPCTBEHHbIA MOHUTOPUHT; DBS — «BbICyLLEHHAn Kanas
KpoBu»; QCL — HM3KMI NOKasaTe/lb KOHTPOA KadecTBa; QCM — cpefHMI NoKasaTesb KOHTpoas Kavectsa; QCH — BbicoKui
nokKasare/ib KOHTponA KavecTBa; KK — KoHTposb KayecTBa; HIMKO — HUMKHUI Npesen KoANYecTBEeHHOro onpeaeneHus.
KnioueBble cnoBa: MeTos «BbICYLIEHHOM Kamau KPOBU»; TepaneBTUYECKUN SIeKapCTBEHHbIM MOHUTOPWUHT; BGuoaHanus;
BasMaauma metoaa; BIXKX-MC/MC

CnUCOK coKpalleHuid: /1M — nekapcTBeHHbIi npenapat; BIXKX-MC/MC — BbicokoapdEKTUBHAA KUAKOCTHAA XpOoMaTorpadus ¢
MacC-CNeKTpoMeTpuYecKor aetekuneit; T/IM — TepaneBTUYECKUIA IEKAPCTBEHHbIA MOHUTOPUHT; DBS — «BbICyLLIEHHAA Kanas
KpoBu»; QCL — HM3KMI NOKasaTe/lb KOHTPOA KadecTBa; QCM — cpefHMI NoKasaTesb KOHTpoas Kavectsa; QCH — BbicoKuiA
nokKasare/ib KOHTponA KavecTsa; KK — KoHTposb KayecTBa; HMKO — HUMKHWI Npesen KoANYecTBEHHOro onpeaeneHus.
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INTRODUCTION

“Dried blood spot” (DBS) is a relatively simple
sample preparation method for collecting small volumes
of blood that can eliminate plasma collection and sample
freezing.

The DBS method presents a wide range of possible
applications that are not feasible or difficult to
perform with traditional methods of biosampling [1].
One of the main options for using such a technology
is therapeutic drug monitoring (TDM).

To date, for TDM and analysis of medical preparations
(MPS), it is necessary to collect a large amount of
biological material — plasma or blood serum. To obtain
these biosamples, it is necessary to take whole blood,
which is obtained by standard venipuncture methods.
However, for many groups of patients, standard
methods for collecting whole blood cause significant
difficulties, limiting the implementation of TDM and
the adjustment of dosing regimens for drugs with a
narrow therapeutic range [1, 2].

A new technology for collecting whole blood
samples, is a less invasive and simple DBS method,
makes it possible to overcome the significant limitations
associated with standard methods, and perform TDM
in the clinical situations in which it was difficult or
impossible in principle [3].

However, a quantitative analysis of MPs in DBS
samples require the use of highly sensitive and selective
analytical technologies, such as high-performance
chromatography with mass spectrometric detection/
tandem mass spectrometry (HPLC-MS/MS). The use of
such amodern analytical system will optimize the analysis
of biosamples for TDM and expand the possibilities of
using the DBS at various stages of drug development and
within the framework of pharmacokinetic studies.

However, despite a great potential and advantages
of this technology, its widespread introduction into
the routine practice of TDM will be possible only
after a reliable confirmation of the accuracy and
reproducibility of the obtained analytical data on the
concentration of the studied drugs. These factors will
require additional development and validation of
bioanalytical methods using the DBS method at the
stage of taking the biomaterial and preparing it for
the study.

THE AIM of the study was to develop protocols for
the collection and storage of “dried blood spot” (DBS)
samples, as well as protocols for the validation methods
for the quantitative determination of drugs in whole
blood, using this technology for subsequent therapeutic
drug monitoring.
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MATERIALS AND METHODS

To analyze the DBS method and identify its
characteristic features of taking and storing biosamples,
a collection and analysis of scientific literature over the
past 10 years have been carried out. The search for
literature materials has been conducted using open and
accessible sources located in the scientific libraries of
institutions, in electronic databases and search engines:
Elibrary, PubMed, Scopus, Cyberleninka, Medline,
ScienceDirect, Web of Science, Google Scholar.

The following words and phrases were chosen
as the parameters for the selection of literature: DBS;
HPLC-MS; therapeutic drug monitoring; validation;
sample preparation; bioanalysis. The search was also
carried out using the English analogues of the keywords:
DBS; HPLC-MS; therapeutic drug monitoring; validation;
sample preparation; bioanalysis.

After analyzing the literature data, primary
protocols for taking, storing and analyzing the DBS
samples were developed, based on the detailed analysis
and identification of the specific characteristics of this
technique.

Then, using the HPLC-MS/MS method and a DBS
as a sample preparation, the ivabradine samples
were analyzed and the drug validation protocols
were optimized to achieve acceptable validation
characteristics and conduct subsequent TDM.

The basic equipment was an Agilent 1260 HPLC
system with a binary pump and a temperature-
controlled autosampler. A chromatographic separation
of the components was carried out on a Poroshell 120
C18 column (4.6 x 50 mm x 2.7 um). The analytes were
determined using a Sciex QTRAP 5500 hybrid mass
spectrometric system.

The mobile phase was represented by a water-
acetonitrile mixture, the mobile phase modifier was a
0.1% formic acid, which was added to both the aqueous
and organic mobile phases.

In the course of optimizing the conditions for a
chromatographic separation, a gradient elution mode
was chosen. The mobile phase ratio of water-acetonitrile
(70:30) did not change at 0.6 ml/min until 0.5 minutes,
after which there was a gradual change to the ratio of
water-acetonitrile (0:100), which was reached at the 2
minute. At the 3™ minute, the ratio was changed to the
original, and, at the same time, the system was balanced
up to the 5" minute. The mobile phase modifier was a
0.1% formic acid, which was added to both the aqueous
and organic components of the mobile phase.

In this methods, ivabradine standards (Servier,
France) and N-desmethylivabradine as an internal
standard (Toronto Research Chemical Inc., Canada),
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were used to prepare calibration standards and quality
control samples.

For each analytical series, fresh standard working
solutions were prepared. The final concentrations of
ivabradine working solutions were 10, 20, 100, 500,
1000, 5000, 8000, 10000 ng/ml.

To obtain a calibration solution, 100 ul of whole
blood was transferred into 1.5 ml microtubes and 10 pl
of a working solution of the appropriate concentration
was added. The concentrations of calibration solutions
were 1, 2, 10, 50, 100, 500, 800, 1000 ng/ml.

Quality control (QC) samples were prepared at the
following four concentration levels: 1 ug/mL (lower limit
of quantitation, LLQQ), 3 pg/mL (low QC, QCL), 400 pg/
mL (medium QC, QCM) and 750 mcg/ ml (high QC, QCH).

Next, 20 ul of the resulting working solutions were
applied to the filter paper and let them dry at room
conditions for 3 hours.

To prepare the DBS samples, a disc with the diameter
of 6 mm was cut from the cards with a Uni-Core marker
cutter, placed in a test tube and extracted with an
extraction solution. The extraction was performed with
a shaker for 20 min at 25°C, then the samples were
transferred to new tubes and analyzed by HPLC-MS/MS.

Statistical processing of results

The obtained data were processed using the R 3.6.1
software-statistical environment in the RStudio 1.2
program, as well as the specialized Sciex Analyst 1.6.2
software. During the system operation, the acquired
data were processed in the Analyst software as full mass
spectra, single or multiple ion intensities versus time,
or total ion current. For a quantitative determination,
a calibration curve method with a weighting factor of
1/x2 was used. The ratio of the peak areas of the analyte
and the internal standard was taken as a parameter
[8, 10, 12, 23].

RESULTS AND DISCUSSION

General provisions on DBS method

Unlike standard whole blood collection methods,
DBS involves collecting a minimal amount of capillary
blood from the finger of an adult or the heel of a
newborn child and applying the drop of blood to the
marked area of filter paper. After this procedure, a
drop of blood dries in air at room temperature for at
least 4 hours in a dry place without direct sunlight.
The dried samples are transported to the laboratory,
where they are subjected to the manipulations related
to cutting discs with a special device from 3 to 8 mm
from the filter card. This disk is subsequently extracted
with an organic solvent or a mixture of an aqueous
and organic solvent. Further on, the obtained samples
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are quantitatively determined by various bioanalytical
technologies [4].

Thus, the entire process of collecting DBS samples
is considered as the distribution of a blood drop over
a porous surface with a simultaneous penetration
and spreading inside it. The distribution and wetting
of substrate pores by blood is a complex process that
depends on the physical and chemical properties of
paper and blood, which must be further investigated
before being used in wide clinical practice [4].

This whole mechanism of the DBS method
determines a number of significant advantages of
this technology over standard methods for collecting
biomaterial, as well as some of its limitations.

Advantages and disadvantages

of DBS technology

One of the main advantages of this technology
is the collection of a sufficiently smaller amount of
whole blood, which makes it possible to overcome the
existing limitations of TDM for various patient groups.
The DBS method also involves the process of drying
samples under standard laboratory conditions and their
transportation to an analytical laboratory without the
use of special equipment and with a minimal risk of
infection [3, 5].

It is possible to carry out the procedure for taking
biomaterial at home without the involvement of special
personnel. This will allow more analyzes to be performed
using the DBS method and to build a more accurate
concentration-time curve to optimize the dosing regimen
of the drugs with a narrow therapeutic range.

All of the above advantages can have significant
economic benefits in the collection and analysis of DBS
samples compared to standard biosampling methods.
Potential home DBS sampling would also result in
significant economic benefits in patients requiring TDM
[71.

However, this method is not free from shortcomings.
The analysis of the DBS samples imply special highly
sensitive analytical equipment and the need to train
medical specialists to obtain samples of the adequate
quality [8, 9].

It should be also taken into account that the
currently used requirements for the validation of
bioanalytical methods, which are described in the
manuals for traditional matrices, do not provide all
the necessary aspects of the method development,
analytical and clinical validation for DBS samples and
their use in TDM. Such specific parameters characteristic
of the new technology are as follows: the effect of
hematocrit, which can lead to different blood viscosities
and a droplet distribution on paper, the homogeneity
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of the droplet and its size can affect the result obtained
and, in turn, require additional validation [10, 11].

All these shortcomings cause the need to develop
new protocols for taking and storing blood samples, as
well as additional validation that would be characteristic
of the DBS method and its use in TDM.

Analysis of current literature sources

Over the past 10 years, a large number of articles
describing the development, validation of a new DBS
method, as well as the possibility of using it as a part of
TDM for various classes of drugs (analgesics, antibiotics,
antiepileptics, antidepressants, antimalarials, antifungals,

antiretrovirals, diuretics, immunosuppressants and
others), have been published [12].
The existing methods for the quantitative

determination of MPs using HPLC-MS/MS in the DBS
samples have been analyzed (Table 1). The additional
validation characteristics that are unique to the new
method of collecting biosamples and have a significant
impact on the results of the analysis, have been taken
into accountin the selected studies. These characteristics
are: a droplet size, the nature of the material, a map for
the DBS samples, the extraction conditions, and the
hematocrit level [9, 10, 13, 15, 16, 18-20, 25-29].

Such parameters as a hematocrit effect, a drop
volume effect and a droplet uniformity can have a
significant impact on the result of a MP analysis in the
DBS samples and can vary from sample to sample. It
is these characteristics that have been identified as
additional parameters requiring the development of
new validation protocols for the quantitative HPLC-
MS/MS analysis of drugs, as well as working out
practical recommendations for medical professionals
on the collection and storage of these whole blood
samples to obtain acceptable analytical results. [8, 9,
17, 39]

Development of protocols for sampling,

storage of samples and validation DBS

Based onthe literature analysis and existing methods
for collecting whole blood drops on special paper,
protocols for taking DBS samples from an adult patient’s
finger and from a newborn’s heel have developed
and optimized [40-42]. The developed protocols are
presented below.

Protocol for taking and storing DBS samples from
newborn’s heel:

1. Issue the informed voluntary consent of the legal
representative;

2. Sign the drops with a patient’s ID and date;

3. Choose the puncture location on the lateral side
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of the heel;

4. Warm up the foot with a warm diaper;

5. Clean hands and put on sterile gloves;

6. Place the heel below the baby’s torso and hold it
without sharp bending of the ankle;

7. Treat the puncture location with an antiseptic
solution and let it dry;

8. Quickly pierce the skin laterally, in the place as
shown in the picture (Fig. 1) using a lancet, and wipe off
the first drop of blood with a sterile cotton ball;

9. Hold the puncture location down, gently pressing
on the adjacent area, and take blood on a filter paper
blank;

10. Hold the card without touching the marked area
(Fig. 2);

11. Carefully, touching a drop of blood with a filter
paper card, apply it to the card. Let the card absorb the
blood until the circle is full. After the application, do not
touch the marked area;

12. Let the blood spot dryin adark place. Avoid direct
sunlight for at least 4 hours. Do not heat or let dried spot
samples come into contact with other surfaces during
the drying process;

13. Seal the card (or parts of the card) in a gas-tight
bag with a zipper. Store no more than one card per
package in the refrigerator until sent to the laboratory
at 2-8°C.

Protocol for taking and storing samples of DBS
from a finger:

1. Issue the informed voluntary consent of the legal
representative;

2. Sign the drops with a patient’s ID and date;

3. Choose the puncture location on the index finger;

4. The phlebotamist must clean his hands and put
on sterile gloves;

5. Treat the puncture location with an antiseptic
solution and let it dry;

6. Quickly pierce the skin with a lancet and wipe off
the first drop of blood with a sterile cotton ball;

7. Hold the puncture location down gently pressing
on the adjacent area, and take blood on a filter paper
blank;

8. Hold the card without touching the marked area;

9. Gently touching a drop of blood with a filter paper
card, apply it to the card. Let the card absorb the blood
until the circle is full. After the application, do not touch
the marked ares;

10. Let the blood spot dry in a dark place. Avoid
direct sunlight for at least 4 hours. Do not heat or let
the dried spot samples come into contact with other
surfaces during the drying process;

11. Seal the card (or parts of the card) in a gas-tight
bag with a zipper. Store no more than one card per
package in the refrigerator until sent to the laboratory
at 2-8°C.
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Figure 1 — Puncture location
of newborn’s heel
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Figure 2 — Example of a map for DBS
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Figure 3 — Mass spectrum of ivabradine in blood plasma
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Figure 4 — Chromato-mass spectrogram of ivabradine in blood plasma

Note: on the abscissa — time (min), on the ordinates — signal intensity.
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Table 1 — Additional validation parameters for drug analysis by HPLC-MS/MS

MP Class of MP Additional DBS validation References
Fluconazole Antifungal Drop volume effect [32, 33]
Mycophenolic acid Antitumor - [15, 19, 20]
Methotrexate Antitumor Hematocrit effect [18]
Voriconazole Antifungal Drop volume effect [14, 15]
Moxifloxacin Antibiotic Drop volume effect, paper type [14, 21]
Pipyrecillin Antibiotic - [18, 20]
Sirolimus Immunosuppressant Homogeneity, hematocrit effect, [22-26]
drop volume effect
) H ity, h it effect,
Everolimus Immunosuppressant omogeneity, hematocrit effect [24-26, 28, 37, 38]
drop volume
Tazobactam Antibiotic - [16, 31]
Vancomycin Antibiotic Homogeneity, hematocrit effect, (16, 17]
drop volume effect
. H ity, h tocrit effect,
Tacrolimus Immunosuppressant omogeneity, hematocrit efiec [22-30]
drop volume effect
Cyclosporin A Immunosuppressant Homogeneity, hematocrit effect, [26, 30, 34-36, 43]

drop volume effect

Table 2 — Standard validation parameters

Validation parameter

Tests performed

Acceptance criteria [8, 10]

< 15% of nominal values (< 20% for LLQL),

Linearity 8 calibration samples + blank sample + zero sample not less than for 75% of samples
Selectivity 6 blank samples and 6 LLQLs <20% of LLQL

Accuracy 5 QC samples at 4 concentration levels <15% (< 20% for LLQL)

Precision 5 QC samples at 4 concentration levels <15% (< 20% for LLQL)

Matrix effect

5 QC samples at 2 concentration levels at 3 different

hematocrit values

<15%

Stability

5 QC samples at 2 concentration levels at room
temperature at three time points (2 hours, 7 days <15%
and 14 days after applying the blood drop)

Note: QC — quality control samples; LLQL — lower limit of quantitation level.

Table 3 - Specific validation parameters

Validation parameter

Tests performed

Acceptance criteria [8, 10]

Drop volume effect

5 QC samples at 3 drop volumes (10, 40, 70 pl) at 3
hematocrit levels (0.3; 0.4; 0.5), at 2 concentration levels

< 15% of nominal values

Hematocrit effect

5 QC samples for 3 hematocrit levels, at 2 concentration levels

< 15% of nominal values

Droplet uniformity

5 QC samples at 2 concentration levels at 3 hematocrit levels
are compared; obtained by 2 drop cut options: from the
center of the drop and at the edge.

< 15% of nominal values

Note: QC — quality control samples.
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Table 4 — Validation parameters of DBS sample preparation methods

Value
Parameter LLQL QcL QcMm QCH
(1 ng/ml) (3 ng/ml) (400 ng/ml) (750 ng/ml)
. Inside the cycle 9.4 8.0 7.5 114

Precision (CV %)

Between cycles 12.5 10.1 9.2 5.8

Inside the cycle 112.3 110.7 106.1 107.2
Accuracy (%)

Between cycles 91.2 100.7 95.9 96.3
Stability (%) - 88.3 - 91.2
Selectivity (%) 10.4 - - -
Correlation coefficient 0.99

Table 5 — Hematocrit effect on the analysis results

Nominal concentration

Hematocrit, % QC

Accuracy (%)

(ng/ml)
acL 3 113.7
03 QCH 750 109.6
QclL 3 99.4
0.4 QCH 750 105.1
acL 3 95.5
0.5 QCH 750 94.7

In this case, all the obtained samples on the filter
paper should be evenly distributed over the marked
area and the drops should not merge with each other.
In case of an incomplete distribution of blood in the
marked area or the fusion of two drops, such samples
are considered unacceptable and are not used for a
further analysis.

Validation protocols for quantitative

HPLC-MS/MS methods of analysis

To date, such organizations as the International
Association for Therapeutic Drug Monitoring and Clinical
Toxicology and the Food and Drug Administration (FDA)
are working at developing general guidelines for the
validation of dried blood spot technology, describing not
only validation parameters specific to standard sample
preparation methods and traditional matrices, but also
specific parameters inherent only to this new technology
[10, 11, 45-48, 50].

Based on the current methods analysis for the
quantitative HPLC-MS/MS determination of MPs
using this sample preparation method, new validation
protocols using standard (Table 2) and specific validation
parameters for the DBS method, were developed
(Table 3).

While developing methods for the quantitative
determination of ivabradine in the DBS samples, ions-
ivabradine “precursors” which corresponded to the
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particles with m/z 469, were found out. To develop
a multiple reactions monitoring (MRM) method, ion
transitions corresponding to the highest intensity of the
ions-"products” were used. It was found out that in the
course of dissociation in the collision chamber, the most
intense ions-“products” were: m/z 262.2 and 177.1 m/z
(Fig. 3).

In the process of chromatographic determination
under the optimized conditions, the retention time of
ivabradine in blood plasma was 1.74 min (Fig. 4).

The developed methods confirmed its linearity in
the concentration range from 1 to 1000 ng/ml using a
weighted coefficient 1/x?, while >0.99. The coefficient
of variation (%) calculated when determining inter- and
intraday accuracy did not exceed 15% for the main range
of concentrations.

The lower limit of the procedure quantification
was determined based on the data of linearity,
accuracy, and precision. The minimum concentration
of ivabradine in the samples of DBS in the analytical
range for which it is possible to quantify ivabradine
with values of the relative standard deviation of
no more than 20%, was taken as the lower limit of
quantification in these methods, and it was 1 ng/mL
(Table 4).

For the DBS method, the influence of specific
parameters of the new method on the results of the
analysis was also evaluated.
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The hematocrit effect was evaluated at 3 levels (0.3;
0.4; 0.5) for QCL and QCH, the concentrations obtained
were in the range from 95.5 to 107.1% of the nominal
(Table 5).

To validate the volume effect, 3 volumes (10, 40,
70 ul) (30, 40 and 55 pl) were analyzed at the average
hematocrit level (0.4), at 2 concentration levels in 5
series. At the average volume, the relative error of the
calculated concentrations did not exceed 15% of the
obtained values.

When validating the droplet homogeneity, the
results of the QC samples at QCL and QCH, obtained
by 2 drop cut options — from the center of the droplet,
and from the edge, were compared. The analysis was
carried out in 5 series. In this case, the relative error in
comparing the concentrations of the samples obtained
from the central and edge notches did not exceed 15%
of the nominal values.

The DBS samples at QCL and QCH levels were used
to assess stability, and the samples were analyzed at
three time points of 1, 7 and 14 days along with freshly
prepared samples as a part of the same analytical series.
The calculated concentrations of the samples after
storage were compared with the average concentrations
of freshly prepared quality control samples. At the same

time, the values obtained after 14 days of storage were in
the ranged of 87.2-93.8%.

Thermal stability was evaluated when storing the
DBS samples for 14 days at 22°C and 45°C, as potential
temperatures during their storage and transportation.

The developed protocols turned out to be suitable
forvalidating the methods for the ivabradine quantitative
determination and are acceptable for a further use in
research and TDM.

CONCLUSION

It should be noted that the DBS method is the latest
method of biological sampling, which has a number of
significant advantages over the standard methods.

With the use of the optimized sample preparation
and the new protocols that have been developed
for taking, storing, validating, and methods for the
guantitative analysis of DBS samples, the technology
is widely used in preclinical and clinical studies,
therapeutic and toxicological drug monitoring, as well as
in large epidemiological studies. At the same time, this
technology can provide a more cost-effective model for
the analysis of drugs, as well as provide much-needed
pharmacokinetic results in a fairly efficient and reliable
way.
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Antioxidants are widely used in practical medicine. Not only the search for new plant antioxidants, but also the study of the
factors affecting their accumulation in plants, are relevant.

The aim is to study the interrelation between the activity of mitochondrial enzymes and the antioxidant activity of the
secondary polyphenolic nature metabolites in hemiparasite Viscum Album L. leaves.

Materials and methods. The sampling material was Viscum album L. leaves, collected in winter from a host tree, Malus
domestica Borkh. The extraction of biologically active substances was carried out with ethyl alcohol of various concentrations
(90%, 70% and 50%), or purified water. The amount of total antioxidants was estimated by the amperometric method. The
amount of total phenols was evaluated in the reaction with the Folin-Ciocalteu reagent. The concentration of total flavonoids
was estimated by the change in the optical density of the rutin with aluminum (lll) chloride complex. The antioxidant
properties of the analyzed extracts were determined in vitro in the induced lipid peroxidation test. The activity of aconitase
was assessed by a conjugated aconitase-isocitrate dehydrogenase reaction, citrate synthase — by changing the color intensity
of the Ellman reagent solution, succinate dehydrogenase were determined in the reaction of succinate-dependent oxidation
of 2,6-dichlorophenolindophenol.

Results. The carried out study showed that the maximum amount of total phenols (2.39+£0.05%) is observed in a 50% ethanol
extract from Viscum album L. leaves, with the content of total flavonoids equal to 1.83+0.04%, and the antioxidants equal to
0.503%0.007 mg/g (a quercetin equivalent) and 0.322+0.006 mg/g (a gallic acid equivalent). A 50% ethanol extract suppressed
lipid peroxidation in the model mixture with IC, =106.3+1.09 pg/ml. In Viscum album L. leaves, a high activity of aconitase
which strongly correlated (r=0.88416) with changes in the concentration of flavonoids, has been notified.

Conclusion. The optimal extractant for obtaining extracts with a high antioxidant activity is 50% ethyl alcohol. The analysis
of the mitochondrial enzymes activity showed that in Viscum album L. leaves collected in winter, a high activity of aconitase
strongly correlated with changes in the concentration of flavonoids (r=0.88416).

Keywords: antioxidants; flavonoids; aconitase; succinate dehydrogenase; citrate synthase; Viscum album L.; correlation
analysis; plants-hemiparasites; mitochondrial enzymes

Abbreviations: LPO — lipid peroxidation; DMSO — dimethyl sulfoxide; TBA — thiobarbituric acid; EDTA — ethylene diamine
tetraacetatic acid; NADH — nicotinamide adenine dinucleotide, reduced form; NADP — nicotinamide-adenine dinucleotide
phosphate; PAL — phenylalanine ammonia lyase; AU(s) — unit(s) of activity; ROS — reactive oxygen spiecies.

For citation: S.L. Adjiakhmetova, D.l. Pozdnyakov, N.M. Chervonnaya, E.O. Kulichenko, E.T. Oganesyan. Interrelation between mitochondrial
enzyme activity and antioxidant activity of secondary polyphenol nature metabolites in hemiparasite Viscum album L. leaves. Pharmacy &
Pharmacology. 2022;10(4):343-353. DOI: 10.19163/2307-9266-2022-10-4-343-353
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B3AUMOCBA3b AKTUBHOCTU MUTOXOHOPUAJIBbHbIX
®EPMEHTOB U AHTUOKCUOAHTHOWU AKTUBHOCTH
BTOPUYHbIX METAEOJIUTOB NOJIM®EHOJIbHOWU
NMPUPOObI IMCTBEB FTEMUNAPA3UTA VISCUM ALBUM L.
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AHTMOKCUAAHTHbIE CPeACTBa HAXOAAT LUMPOKOE NPUMEHEHME B NMPAKTUYECKON MeauLMHE. AKTYaNbHbIM AB/IAETCA HE TOIbKO
NOWCK HOBbIX PACTUTENbHbIX aHTUOKCUAAHTOB, HO M U3yyeHue GAKTOPOB, BAUAIOLLMX HA UX HAKONIEHUE B PACTEHUAX.

Lienb. M3yyeHne B3aMMOCBA3WN aKTUBHOCTU MUTOXOHAPUANbHBIX GEPMEHTOB U aHTUOKCUMAAHTHOM aKTUBHOCTU BTOPUYHBIX
mMeTabonnToB NoMdEeHONbHON NPMPOAbI INCTbEB remunapasuTa Viscum album L.

Matepuanbl U meTtoabl. B KayecTBe uccieayemMoro matepuana BbICTyMaauM AUCTbA omenbl 6enoi, cobpaHHble 3MMmoi
C pepeBa-HocuTens — A6GNOHU OBbIKHOBEHHOW. JKCTPaKLMIO GUONOTMYECKM aKTMBHbLIX BELLECTB MPOBOAMAWN CNUPTOM
3TUNOBLIM Pa3NIMYHON KOHUeHTpauun (90%, 70% n 50%) nam BoAoN OYMLLEHHOM. KONMYECTBO CYyMMbl aHTUOKCUAAHTOB
OLEHMBaNM aMnepoMeTpUYECKMM MeTogoM. KonnyectBo cymmbl GeHONOB OLLeHWBaNW B peakuun ¢ peaktnsom donuHa-
Yokanbtey. KoHUEHTpaumio cymmbl $G1aBOHOMAOB OLEHMBAAM MO WM3MEHEHUIO ONTUYECKOM MAOTHOCTM KOMIJIEeKca
pyTvHa ¢ antomuHua (lll) xnopuaom. AHTUOKCUAAHTHbIE CBOMCTBA aHANM3UPYEMBIX W3BAEYEHUI OMpemensnv in vitro B
TECTEe UHAYLMPOBAHHOIO MEPEKUCHOrO OKWUC/IEHUSA NIUMUAOB. AKTMBHOCTb aKOHWTA3bl OLEHWMBANM MYTEM COMPAMKEHHOM
aKOHWTa3a — U30UMTPATAErMAPOreHa3sHOM peakuuu; UUTPATCMHTasbl — MO M3MEHEHUKD WHTEHCUMBHOCTM OKpPACKM
pacTBopa peakTMBa IDN/IMaHa; CyKUMHATAErMApPOreHasbl ONpefensain B peakuMn CYKUMHAT-3aBUCMMOrO OKMUC/IEeHUA
2,6-guxnopdeHonnHaodpeHona.

Pe3synbratbl. [poBeAeHHOE MCC/eA0BaHWE MOKa3ano, YTO MaKCMMaJbHOE KOoAM4ecTBo cyMmbl deHonos (2,39+0,05%),
Habntogaetcsa B 50% 3TaHO/IbHOM U3B/IEYEHUMN U3 INCTLEB OME/bl 6enoli, Npu cogepaHnm cymmbl pnasoHongos 1,83+0,04%
1 aHTMoKcuaaHTos 0,503+0,007 mr/r (sKBMBaNeHT KBepueTuHa) 1 0,322+0,006 mr/r (3KBUBANIEHT ranoBoi KUC/IOTbI). 50%
3TaHO/IbHOE M3BJEYEHME MOAABAAN0 NEPEKUCHOE OKUC/IEHME IUMUAOB B MOLENbHOM CMeCH ¢ IC50:106,3i1,09 MKr/mn. B
JINCTbAX OMesbl 6enolt OTMeYeHa BbICOKas aKTUBHOCTb aKOHWUTA3bl, CU/IbHO KoppennposasLwan (r=0,88416) ¢ usmeHeHnem
KOHLLeHTpaLumn G1aBoHOUAOB.

3aknoyeHune. ONTUMA/IbHbIM 3KCTPAreHTOM A1 NONYYEHUA W3BJAEYEHWUA C BbICOKOM AHTUOKCUAAHTHOM aKTUBHOCTHIO
ABNAETCA CNMPT 3TUNOBbIM 50%. AHAaNN3 aKTMBHOCTU MUTOXOHAPWANbHbLIX PEepPMEHTOB MOKa3an, YTo B JINCTbAX OMesbl
6enoi, cobpaHHbIX 3MMOW, OTMEYEHA BbICOKAs AKTMBHOCTb aKOHWUTA3bl, CWU/AbHO KOPPEAMPOBABLIAA C M3MEHEeHWEM
KOHUeHTpauumn dnasoHonaos (r=0,88416).

KntoueBble cnoBa: aHTMOKCUMAAHTbI; GIAaBOHOMAbI; aKOHUTA3a; CYKUMHATAErMAPOreHasa; uuTpaTcuHTasa; Viscum album L.;
KOPPEeNALMOHHbIM aHaNn3; pacTeHUA reMmnapasnTbl; MUTOXOHAPUANbHbIE pepMeHTbI

Cnucok cokpaweHui: MOJT — nepekncHoe okucneHne annngos; AMCO — gumetuncynbdokena; TBK — TMobapbutypoBsasn
Kucnota; 3OTA — 3TUneHgMamuHTeTpaauetaT Hatpus; HAAPH —  HUKOTMHaMuAaZeHUHAMHyKkneotun docdar
BOCCTAHOB/MEHHbIN; HALD — HUKOTUHaMuUaaAeHUHAWHYKNeoTua ¢ocdat; PAJ1 — deHwnanaHMH-ammuak nuasa; EL —
eauHuubl aericteus; AOK — akTnBHble popmbl Kucnopoaa.

INTRODUCTION numerous special attachment organs -

haustoria

About 100 species of evergreen semi-parasitic plants
belong to the Mistletoe genus, and only Viscum album L.
and Viscum coloratum (Kom.) Nacai are common in
Russia. Viscum album L. is an evergreen hemispherical
forking shrub that grows on the trunks and branches of
many deciduous trees as a parasitic form. The roots of
Viscum album L. form branches that penetrate under
the bark and into the wood of the host tree, forming
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in it2,
According to the taxonomic position and according

* Plant resources of the USSR. Flowering plants, their chemical
composition, use: Families Rutaceae — Elaeagnaceae / Academy of
Sciences of the USSR, Botan. in-t im. V.L. Komarova; [Compiled by
I.B. Sandina and others]; Rep. ed. P.D. Sokolov. — L.: Nauka: Leningrad.
department, 1988: 356 p. Russian

2 Liakh Y., Yurel D. [Mistletoe (Viscum album) and its ecological
significance in the republic of Belarus]. Sakharov readings 2018:
environmental problems of the XXI century: materials of the 18th int.
scientific conf. Minsk: Information Center of the Ministry of Finance.
2018; 2: 152-54.
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to the classification proposed by Takhtadzhyan A.E.
and Gilyarova M.S., Viscum album L. is assigned to
the Mistletoe genus (Viscaceae Miers.), the santal
order (Santalales). According to Elenevskaya A.G. and
others’ classification — to the Loranthaceae genus
(Loranthaceae Juss.); according to Tsitsin N.V.s one — to
the Loranthaceae Juss. genus®*,

Between Viscum album L. and other parasitic plants
is that Viscum album L. does not destroy host cells to
obtain nutrients, but rather binds to the vascular system
of the host tree. For its vegetation, a Viscum album L.
tree uses a significant part of the host tree’s nutrients,
which leads to the loss of its resources, thereby
increasing its susceptibility to various diseases. The
resulting morphological disturbances reduce protective
functions of the host tree, which leads to hypertrophic
processes, resulting in dying off a part of the tree®.

In the structure of Viscum album L., there is a variety
of biologically active compounds — lectins, viscotoxins,
viscerin, flavonoids, nitrogen-containing substances,
oleanolic and ursolic acids, alcohols, amines and other
active compounds that determine its unique therapeutic
properties [1, 2].

Three lectins from Viscum album L. have been
investigated, the most studied of which is lectin ML-
1, the immunomodulating protein which increases
the activity of the immune system, and herewith the
therapeutic effects are manifested in extremely small
doses [3]. Selectively interacting with the immune
cells (monocytes, lymphocytes), lectin stimulates the
secretion of interferon proteins, interleukins and a
tumor necrosis factor by cells. [4—6]. In addition to
lectins, viscotoxins have been isolated from Viscum
album L. extracts; their action in large doses is cytotoxic,
which is a prerequisite for an anticancer activity [1, 5].

Flavonoids and phenolcarboxylic acids found out in
Viscum album L., are marked by an antioxidant activity,
they are characterized by a structural diversity, a high
biological activity, and a low toxicity [6].

Some of the most effective antioxidants are: fat-
soluble polyphenols (tocopherol and its derivatives,
ubiquinones, some steroid hormones), phenolic
compounds (flavonoids, phenolic acids). In their
chemical structure and mechanism of action, these
substances are close to the most active antioxidants of a
synthetic origin: hydroquinone, agidol, naphthols [6-9].

Metal ions play a special role in the initiation of
peroxide processes, herewith, among metals with
a variable valence, iron and copper most often take
part in oxidation-reduction reactions. lonized iron is
a component of the active sites of many enzymatic
systems, such as aconitase, proline hydroxylase, or the
antioxidant defense enzyme — catalase. A biological

3 |bid.

4 Plant resources of the USSR. Flowering plants, their chemical
composition, use: Families Rutaceae — Elaeagnaceae, 1988.

° Turova AD. [Medicinal plants and their use]. M.: Medicine, 2013: 203
p. Russian
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role of iron is associated with its ability to accept and
donate electrons at a high reaction rate, transforming,
respectively, into divalent (Fe?) or trivalent (Fe3*) forms
[6, 11].

Being secondary plant metabolites, flavonoids
perform many vital biological functions, offering a
valuable metabolic and genetic model for studying
the transcriptional control of the gene expression.
Flavonoid biosynthesis includes many well-characterized
enzymatic and regulatory proteins that control flavonoid
biosynthesis by activating the early stages of biosynthesis
[12, 13].

THE AIM. To study the interrelation between the
activity of mitochondrial enzymes and the antioxidant
activity of the secondary polyphenolic nature
metabolites in hemiparasite Viscum Album L. leaves.

MATERIALS AND METHODS

Study objects

The object under study was Viscum album L. leaves
growing on Malus domestica Borkh., collected in the
vicinity of Stavropol, Russia. The raw materials were
collected during the winter period (01/21/2022). The
choice of time for harvesting raw materials was based on
the preliminary studies results of a comparative analysis
of the active components accumulation in Viscum album
L. leaves depending on the season for harvesting raw
materials; the maximum content of biologically active
compounds is observed in winter.

Determination of antioxidants total content

The total content of antioxidants was determined by
a amperometric method on a Tsvet Yauza 01-AA liquid
chromatograph (NPO Khimavtomatika, Russia) using a
calibration plot of the dependence of the output signal
on the concentration of quercetin and gallic acid [14, 15].

Obtaining extracts under study

A precisely weighed amount of the raw material
dried by the air-shadow method and crushed with
office scissors (1 g), was placed in a flask with a capacity
of 100 ml; 30 ml of ethyl alcohol of the appropriate
concentration (50%, 70% and 90%) or purified water
was added, boiled in the water bath for 60 minutes.
The contents of the flask were filtered through a paper
filter into a 100 ml volumetric flask. The extraction by
the above method was repeated twice, the filter was
washed with the appropriate extractant and the volume
of the filtrate was brought to the mark. If necessary, the
sample was diluted [14-17].

The total content of antioxidants (mg/g) was
determined by formula 1:

X:XG~VH-N' (1)
m,_ - 1000

where: X, is @ mass concentration of antioxidants
found according to the calibration chart, mg/|; V is an
extraction volume, ml; m is a sample of raw materials,
g; N is a dilution factor.
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Evaluation of antioxidant activity of extracts

under study on iron (ll)-induced

lipid peroxidation model

The antioxidant effect of the extracts under study
on the model of Fe*-induced lipid peroxidation (LPO)
was investigated in vitro. Lecithin liposomes acted as
a model medium for LPO. The intensity of liposomes
lipid peroxidation was evidenced by a change in
the concentration of the products that react with
2-thiobarbituric acid (TBA-active products). The content
of lipid liposomes in the medium under study was 40
mg/ml [18-20].

The antioxidant activity was evaluated after a
preliminary evaporation of the extract in the water bath
and drying in the oven at the temperature not exceeding
60°C [18-22].

The reaction of Fe?*-induced LPO was carried out
in the water bath at 37°C with continuous bubbling.
The studied dried extracts were preliminarily dissolved
in dimethyl sulfoxide (DMSO), added to the liposome
suspension and a ferrous iron solution and incubated for
15 min. Then 0.5 ml of a 20% trichloroacetic acid solution
was added and centrifuged for 15 minutes at 3 thousand
rpm. Next, 1 ml of a 0.5% thiobarbituric acid solution
was added to the supernatant and heated in the water
bath for 15 minutes at 100°C. The content of TBA-active
products was measured on an SF-102 spectrophotometer
(Aquilon, Russia) at 532 nm [23]. The percentage of the
LPO inhibition was calculated with respect to the control
sample (solvent) using formula 2 [24]:

A"\k _AAO
AOA ZTFIOO%, (2)

k

AA =Ay—Ak; M =A_ . —A

opl5 - op

where: AOA is an antioxidant activity, %; A, and Aop
are optical densities before the incubation; A, . and A
are optical densities after 15 min of the incubation.

In this work, the semi-inhibition coefficient (IC)
of lipid peroxidation, which had been calculated by
the regression analysis method [18-20], served as a
criterion indicator that made it possible to determine

the antioxidant activity level of the extracts under study.

Determination of phenolic compounds total

content by Folin-Ciocalteu method

In the solutions under study, the concentration
of phenolic compounds in terms of gallic acid was
determined according to the calibration curve, and the
percentage (X) in terms of absolutely dry raw materials
was calculated using formula 3:
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y _ G Wy W, 100

~a-V,-(100-w)’ 3

where: Cis a concentration of phenolic compounds
in the extract under study, calculated according to
the calibration curve, g/100 ml; a — sample of raw
materials, g; V_ —aliquot volume, ml; W, W, — volumes
of volumetric flasks, ml; W is a weight loss during drying
of raw materials, % [25-27].

The quantitative determination of flavonoids was
carried out by the spectrophotometric method on an
SPh-102 spectrophotometer. When calculating the total
flavonoids content, the value of the specific absorption
index of the rutin with aluminum chloride complex was
used, because the extracts from Viscum album L. leaves
in the presence of a 2% aluminum (ll) chloride alcohol
solution have a maximum absorption at the wavelength
of 41542 nm®.

The total content of flavonoids in percent (X) in terms
of rutin and absolutely dry raw materials is calculated by
formula 4:

_ A-25-100-100
A% .g-2-(100-W)’

m

(4)

where: A is the optical density of the test solution;
A% is a specific absorption index of the rutin with
aluminum chloride complex at the wavelength of 415+2
nm equal to 248; a is a weighed amount of raw materials,

g; W is the raw material moisture content, % [35].

Preparation of plant materials for determining

activity of mitochondrial enzymes

The activity of mitochondrial enzymes was evaluated
in the cytosolic fraction enriched with mitochondria, for
which 1.0 g of precisely weighed crushed raw materials
was placed in a 50 ml conical flask and filled with
10 ml of a buffer system (composition: 50 mM/I HEPES +
2 mM/I magnesium (1) chloride + 40 mM/I potassium
chloride + 1 mM/I EDTA + 0.1% bovine serum albumin +
1% polyvinylpyrrolidone 40 000 + 10% glycerol + 50 pg/ml
trypsin and potassium hydroxide up to pH 7.8). The
resulting mixture was kept at the temperature of 37°C
for 30 minutes. Then it was filtered through a glass
filter and the filtrate was centrifuged at 1 800 g for 10
minutes. The resulting supernatant was taken into sterile
Eppendorf tubes, layered with a 10% Percoll solution
and centrifuged again at 18 000 g for 10 minutes. The
secondary supernatant was removed for the analysis
[28].

6 Russian State Pharmacopeia XIV edition. Publisher: Ministry of Health
of the Russian Federation, 2018; 2, 4. Available from: http: // http: //
femb.ru/femb/pharmacopea.php
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Assessment of aconitase activity

An aconitase activity was assessed
spectrophotometrically using a PROMECOLAB PE-5300V
spectrophotometer (Shanghai Mapada Instruments Co.,
Ltd., China) in the course of a conjugated aconitase—
isocitrate dehydrogenase reaction by detecting NADH at
340 nm. The course of the analysis was as follows: 0.1 mg/
ml (10 ul) of a sodium citrate solution was added to the
medium containing 0.03 U/I isocitrate dehydrogenase,
0.32 mg/ml NADP, 55 pl phosphate-buffered saline
and 50 pl of the test biomaterial. The change in the
optical density of the obtained solutions was recorded
against the mixture of reagents without the biomaterial
under study within 2 minutes. An aconitase activity was
calculated according to the change in the absorbance
using an extinction coefficient of 0.0313uM-1. The
enzyme activity was expressed as U/mg protein. In the
analyzed samples, the protein content was determined
by the Bradford method [29].

Assessment of citrate synthase activity

The citrate synthase activity was evaluated in the
medium consisting of a 5,5’-di-thiobis-2-nitrobenzoic
acid solution (Ellman’s reagent) 100 mM Tris-HCI buffer
with pH 7.8 and higher; acetyl-CoA 100 mm; 0.1%
Triton-x 100 pl and 4 pl of the test biomaterial. The
reaction was started by adding 100 ul of oxaloacetate.
After 3 minutes, the change in the optical density of
the medium at 412 nm was evaluated. The citrate
synthase activity was also expressed as U/mg of protein.
In the samples under study, the protein content was
determined by the Bradford method [30].

Assessment of succinate

dehydrogenase activity

The activity of succinate dehydrogenase was
evaluated spectrophotometrically (spectrophotometer
PROMEKOLAB PE-5300V) in the reaction of succinate-
dependent oxidation of 2,6-dichlorophenolindophenol
at 600 nm. During the analysis, standard kits from
Abcam were used.

Statistical analysis

The statistical analysis was performed using the
STATISTICA 6.0 Software package. The results were
expressed as M + SEM (mean # standard error of the
mean). A further analysis was performed by a one-way
analysis of variance (ANOVA) with Newman-Keuls post-
processing in the presence of a Gaussian distribution and
the Kruskal-Wallis test in the absence of the Gaussian
distribution. The distribution normality was tested using
the Shapiro-Wilk test. The differences between the
study groups were considered statistically significant at

Tom 10, Beinyck 4, 2022

p <0.05. The correlation analysis was performed using
the Spearman’s test as interpreted by the Chaddock’s
scale.

RESULTS

Estimation of antioxidants total amount

in objects under study

The total content of antioxidants in hydroalcoholic
and aqueous extracts from Viscum album L. leaves was
expressed as the equivalent of quercetin and gallic acid.
The results are presented in Table 1.

By the amperometric method, it was found out that
the maximum amount of antioxidants in the extracts
from Viscum album L. leaves was notified with the use
of 50% ethanol as an extractant, which amounted to
0.503+0.007 mg/g in terms of quercetin and 0.322+0.006
mg/g in terms of gallic acid.

Determination of antioxidant effect

on Fe*-induced lipid peroxidation model

The extracts from Viscum album L. leaves were added
to the medium under study in the form of water-alcohol
and aqueous solutions in the final concentrations of
two-fold dilutions: 200 pg/ml — 12.5 pg/ml. The extract
from Viscum album L. leaves, obtained by the extraction
with 50% ethanol, exhibits the highest antioxidant
activity.

The maximum decrease in lipid peroxidation is
observed in the extracts from Viscum album L. leaves
(the extractant is 50% ethyl alcohol) collected in winter,
at the concentration of 200 pg/ml, and it is 73.64+1.43%.
A closer result for quercetin was observed at the
concentration of 25 pg/ml.

The calculated IC, values, numerically equal to
the concentration of the substances in the analyzed
medium, causing a 50% decrease in the intensity of lipid
peroxidation, were 19.27+0.97 pg/ml for quercetin and
106.3%£1.09 pg/ml for the 50% alcohol extraction from
Viscum album L. leaves under study.

The data obtained when determining the total
content of antioxidants on a liquid chromatograph
Tsvet Yauza 01-AA by the amperometric method, are
consistent with the data obtained when determining the
antioxidant effect of the extracts from Viscum album L.
leaves on Fe?*-induced LPO in the liposomal system.

Determination of phenolic compounds

amount using Folin-Ciocalteu reagent

For the quantitative determination of phenolic
compounds, the equation of the calibration curve was
used: y = 1746x+0.002. The results of determining the
total content of phenolic compounds are presented in
Fig. 1 and Table 3.
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Table 1 — Total amount of antioxidants in Viscum album L. extracts

Content of antioxidants, mg/g in terms of

Raw materials used Extractants Dilution ratio
Quercetin (n=6) Gallic acid (n=6)
ethanol 90% - 0.127+0.002 0.078+0.001
Viscum album L. leaves ethanol 70% - 0.374+0.003 0.244+0.003
harvested in winter ethanol 50% 2 0.503+0.007 0.322+0.006
purified water - 0.261+0.003 0.167+0.002

Table 2 - Effect of extracts from Viscum album L. leaves on Fe?*-induced LPO in liposome system

Final concentration, pg/ml

% decrease in LPO, n=3

Extractants

Ethanol 90%

Ethanol 70%

Ethanol 50%

Purified water

12.5 8.22+1.28 9.05+1.05 12.08+1.36 11.28+1.27
25 10.16+1.89 17.45+1.24 22.48+1.23 22.17+2.89
50 29.75+1.76 39.53+1.49 41.77+2.19 37.04+1.54
100 41.17+2.35 51.61+2.32 55.71+2.04 44.71+2.77
200 56.01+1.63 68.71+1.77 73.6411.43 62.26+2.69
IC 160.52+2.26 120.07+1.94 106.30+1.09 137.02+2.16

50

Note: A 95% alcohol solution of quercetin was used as a reference, which was added in final concentrations of two-fold dilutions: 3.125 pg/ml,
6.25 pg/ml, 12.5 pg/ml, 25 pg/ml, 50 pg/ml. The decrease in the accumulation of LPO products was as follows: 13.89+1.56%, 31.04+2.41%,
47.0442.21%, 69.91+2.07%, 88.97+1.37%.

Raw material name

Viscum album L. leaves

Table 3 — Amount of phenolic compounds from Viscum album L. leaves

Extractants used

Ratio of extract sample and Folin-Ciocalteu reagent

Content of phenolic compounds, % (n=6)

Ethanol 90% 1:1 1.74+0.03
Ethanol 70% 1:2 2.02+0.05
Ethanol 50% 1:1 2.39+0.05
Purified water 1:1 1.75%0.04

Note: When determining the total content of phenolic compounds, V = 0.5 ml was used for Viscum album L. leaves extracts.

Table 4 — Stability of 50% ethanol extraction complexes with Folin-Ciocalteu reagent in dynamics

Exposure time, min

Raw material

10 15 25 30 35 40 45 50 55 60
Optical density 0.613 0.664 0.686 0.710 0.713 0.716 0.720 0.733 0.762 0.767 0.770
Phenols
content 1.902 2.061 2.129 2.204 2219 2.223 2.235 2275 2366 2.381 2.391

Table 5 — Total content of phenolic compounds from Viscum album L. leaves

Raw material name

Viscum album L. leaves

Extractants used

Stabilization time (min) of optical density  Content of flavonoids, % (n=6)

Ethanol 90% 30 0.327+0.004
Ethanol 70% 35 1.46x0.03
Ethanol 50% 30 1.83+0.05
Purified water 35 0.282+0.003

Note: when determining the total content of phenolic compounds, V. = 5.0 ml was used for extracts from Viscum album L. leaves growing on

Malus domestica Borkh.
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Table 6 — Study of complexes color stability of 50% ethanol extract with 2% aluminum (1ll)
chloride alcohol solution in dynamics

Exposure time, min

Raw material name

10 15 20 25 30 35 40 45
Optical density 0.796 0.811 0.820 0.823 0.832 0.833 0.832 0.818 0.816
Phenols content 1.744 1.777 1.80 1.804 1.823 1.825 1.823 1.793 1.788

Table 7 — Changes in mitochondrial enzymes activity in Viscum album L. leaves

Index Viscum album L. leaves collected in winter
Aconitase, U/g protein 3.36+0.14

Citrate synthase, U/g protein 0.54+0.07*

Succinate dehydrogenase, U/g protein 1.12+0.06*

Note: * — statistically significant in relation to the activity of aconitase (Kruskell-Wallis test, p <0.05).

Optical density Curve Spectral Scanning
1.000

0.750

0.500

0.250

0.000 H H
400.00 600.00 800.00 1000.00 1100.00
Wavelength, nm

Figure 1 — UV absorption spectra of extracts complexes from Viscum album L. leaves

with Folin-Ciocalteu reagent
Note: 1 — extract obtained by extraction with 90% ethanol; 2 — extract obtained by extraction with 70% ethanol; 3 — extract obtained by
extraction with 50% ethanol; 4 — extract obtained by extraction with purified water.

Optical density Curve Spectral Scanning
1.000

0.712

0.425

0.137

-0.150 H H i
350.00 400.00 450.00 500.00 550.0
Wavelength, nm

Figure 2 — UV absorption spectra of extracts complexes from Viscum album L. leaves with 2% alcohol solution

of aluminum (lll) chloride
Note: 1 — extract obtained by extraction with 90% ethanol; 2 — extract obtained by extraction with 70% ethanol;
3 — extract obtained by extraction with 50% ethanol; 4 — extract obtained by extraction with purified water.
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Figure 3 — Dependence of the change in the concentration of flavonoids on the activity of aconitase

in Viscum album L. leaves
Note: the figure shows the determined indicators are highlighted in blue; the correlation trend line is solid;
the data scatter boundaries are highlighted in dotted lines.

The maximum amount of total phenols was notified
in the extract from the Viscum album L. leaves obtained
by extraction with 50% ethyl alcohol, and it was
2.39 £ 0.05%. The optical density stabilization time was
60 min.

Due to the fact that the reaction develops in
dynamics, it has been found out that the optical density
value stabilizes within 60 min, which is optimal for the
analysis.

Qualitative and quantitative analyses

of flavonoids

A quantitative determination of flavonoids was
carried out in terms of rutin in 6 repetitions. The results
of determining the total content of flavonoids are shown
in Fig. 2 and Table 5.

The data presented in Table 5 show that the
maximum amount of total flavonoids in the extracts
from Viscum album L. leaves is observed during the
extraction of raw materials with 50% ethyl alcohol, and
it is 1.83 + 0.04%. The stabilization time of the optical
density in the analyzed solutions is from 30 to 35 min.

Due to the fact that the reaction evolves in time,
it has been found out that the optical density value
stabilizes within 30 min, which is optimal for the analysis
[26].

Evaluation of changes in the activity

of mitochondrial enzymes

in Viscum album L. leaves

The study of changes in the activity of enzymes of the
mitochondrial origin in Viscum album L. leaves showed
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that the activity of aconitase was higher than the activity
of citrate synthase and succinate dehydrogenase by 6.2
times (p <0.05) and 3.0 times (p <0.05), respectively.

As a result of the correlation analysis, it was
found that the content of flavonoids, as the main
polyphenolic antioxidants, in Viscum album L. leaves
strongly correlates with the changes in the aconitase
activity with a correlation coefficient of r=0.88416 (Fig.
2). In case of assessing the dependence of changes
in the concentration of flavonoids on the activity of
citrate synthase and succinate dehydrogenase, a weak
correlation was notified (r=0.23681 and r=0.33984).

DISCUSSION

Flavonoids are a class of structurally diverse
secondary metabolites that perform many functions in
plants. For example, the leading role of flavonoids in the
growth regulation, pigment biosynthesis, transmission
of intracellular signals, a plant protection from ultraviolet
radiation and the action of reactive oxygen species have
been established. Today, flavonoids are one of the most
studied groups of natural compounds, while most of
the ongoing investigations are aimed at evaluating their
pharmacological activity. At the same time, the features
of biosynthesis and accumulation of flavonoids are also
of certain scientific interest [31].

Biosynthesis of all secondary metabolites in plants
is a controlled and deterministic process based on
a strictly defined sequence of enzymatic reactions.
While the pathways for the synthesis of carbohydrates,
fats, proteins, and nucleic acids, or simply primary
metabolites, are essentially the same, there is a
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wide variety of synthesis mechanisms for secondary
metabolites in all living organisms. Understanding
these metabolic processes is critical to regulating the
biosynthesis of the desired phytochemicals and their
potential use in the food or medical industry. Enzymatic
control of flavonoid biosynthesis reactions implies the
intensification of synthesis under certain conditions,
which, as applied to a plant, depend on growing
conditions and the season [32].

The majority of secondary metabolites, including
flavonoids, primarily perform a protective function in
plants, and their synthesisis activated undertheinfluence
of unfavorable external factors. In connection with this,
in this study, the content of secondary metabolites of
the polyphenolic structure in Viscum album L. leaves
collected in winter, has been estimated, i.e. under the
conditions most predisposing to their synthesis in large
guantities. As a result, it was shown that the maximum
extraction of flavonoids was notified when using 50%
ethyl alcohol while the content of the desired substances
was 1.83 + 0.05%. A high content of these substances
in Viscum album L leaves collected in winter, can be
explained by the fact that low temperatures stimulate
the expression of genes for enzymes responsible for the
synthesis of flavonoids: PAL (Phenylalanine-ammonia
lyase), chalcone synthase, flavanone-3-hydroxylase,
dihydroflavonol- 4-reductase, anthocyanidin synthase,
flavonoid-3-0O-glucosyltransferase, leukoanthocyanidin
reductase [12, 13], which lead to an increase in the
synthesis and accumulation of flavonoids and other
polyphenols. A strong correlation has also been notified
between the change in the content of flavonoids and
the activity of aconitase (r=0.88416) in Viscum album
L. leaves, while the dependence in relation to citrate
synthase (r=0.23681) and succinate dehydrogenase
(r=0.33984) was weak.

Aconitase, also known as aconitate hydratase, is
an iron-sulfur cluster protein enzyme that catalyzes the
reversible isomerization of citrate to isocitrate via cis-
aconitate in the tricarboxylic acid cycle. In mammals,
the enzyme is found out in two-cell compartments —
mitochondria and cytoplasm. The mitochondrial isoform
is directly involved in the Krebs cycle, while the role of
the cytoplasmic isoenzyme is reduced to the regulation
of the stability of certain transcripts upon cleavage of
the iron-sulfur cluster (in this case, aconitase acts as an
RNA-binding protein) [33].

In plants, cytoplasmic and mitochondrial enzymes
have similar characteristics and cannot be differentiated
with a high degree of selectivity. Plant aconitase is
involved in the reactions of the glyoxylate cycle and
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sucrose metabolism, as well as in several important
physiological processes, including the inactivation of
peroxides and nitroxides. Recent studies have shown
an important role of aconitase in the biosynthesis of
secondary metabolites, including flavonoids. Thus,
some hybrids demonstrating a reduced concentration
of flavonoids compared to the maternal line, have a
deficient aconitase phenotype [34].

Citrate synthase also plays a significant role in the
synthesis of secondary plant metabolites. Zhao H. et
al., showed that mitochondrial citrate synthase is a key
regulator of anthocyanin synthesis in Petunia hybrida
hort. ex E. Vilm [35]. Inits turn, succinate dehydrogenase
is responsible for the synthesis of organic acids in plant
cells [36]. Apparently, different roles of mitochondrial
enzymes in the biosynthesis of secondary plant
metabolites can explain their interrelation established in
this study.

Thus, it can be assumed that, under conditions
of a temperature stress, protective enzymatic and
non-enzymatic mechanisms (aconitase and increased
synthesis of flavonoids, respectively) are activated in
Viscum album L. leaves, the action of which is aimed at
maintaining cell viability. It has been established that
the impact of low temperatures as a strong stressor
on a plant cell leads to the accumulation of reactive
oxygen species (ROS): hydroxyl radicals, superoxide
anion, singlet oxygen and hydrogen peroxide. High
levels of ROS have a detrimental effect on cell structures,
leading to the DNA damage, lipid peroxidation, protein
denaturation, reduced photosynthesis, an impaired
enzyme activity, and a cell death. Therefore, maintaining
a moderate level of ROIS is necessary for the protection
against various abiotic and biotic stresses. It is the
activation of oxidative stress that can be associated
with an increased expression of aconitase from Viscum
album L. leaves and the synthesis intensification of
secondary metabolites [37].

CONCLUSION

The content of antioxidants, phenols, flavonoids in the
leaves of Viscum album L. growing on Malus domestica
Borkh., has been established. The optimal extractant
is 50% ethyl alcohol. The analysis of the mitochondrial
enzymes activity showed that in Viscum album L. leaves
collected in winter, a high activity of aconitase which
strongly correlated with the changesin the concentration
of flavonoids (r = 0.88416), was notified, while there
was no interrelation between the activity of succinate
dehydrogenase, citrate synthase and the content of
flavonoids in Viscum album L. leaves.
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Idiopathic thrombocytopenic purpura is a chronic autoimmune hematological disease caused by an increased destruction of
platelets and associated thrombocytopenia, for the treatment of which the imported drug romiplostim is used. Creation of
the drug biosimilar provides a reduction in the cost of therapy and an access for the treatment to more patients.

The aim of the study was to compare the safety indicators of the reference drug and its biosimilar in vivo and in vitro.
Materials and methods. In the in vitro study, a model of “complement-dependent cytotoxicity” induced by the complement
was formed on the 32D hTPOR clone 63-cell line, followed by a cell viability measurement with the CellTitter Glo® kit. An
in vivo part of the study was carried out on Javanese macaque monkeys (Macaca fascicularis). During the experiment, the
clinical condition, mortality, appetite of the animals, their body weight, body temperature, respiratory rate were assessed, the
clinical parameters of blood and urine of the animals were also monitored, and the hemostasis indicators were additionally
measured.

Results. In the in vitro experiment, the original drug romiplostim and its biosimilar GP40141 were compared in terms of EC50
values. The indicatirs did not show complement-dependent cytotoxicity. According to the in vivo results, no deviations were
recorded in the clinical status of the animals and their feed intake, and no lethality was fixed out in the groups either. For
all the parameters studied (body weight and temperature, respiratory rate, clinical urinalysis, clinical and biochemical blood
tests, coagulation hemostasis), GP40141 and romiplostim, when administered at the doses equivalent to 10 toxic doses
(TDs), had comparable effects.

Conclusion. In the comparison of safety performance both in vitro and in vivo, the original drug romiplostim and its biosimilar
GP40141 showed similar results.

Keywords: romiplostim; biosimilar GP40141; Nplate®; complement-dependent cytotoxicity; drug safety studies; in vivo; in
vitro; idiopathic thrombocytopenic purpura; toxicological profile; thrombopoietin receptor; TPO-R

Abbreviations: ITP — idiopathic thrombocytopenic purpura; TPO — tropmbopoetin; TPO-R — tropmbopoetin receptor; CDC —
complement-dependent cytotoxicity; CS —complement system; CP — classical pathway; BA — biological activity; RS — reference
standard; ICS — internal control sample; TO — test object; EC_, — half maximal effective concentration; IC_ — half-maximal
inhibitory concentration; MABs — monoclonal antibodies; MP — medicinal preparation; RR — respiratory rate; Density —
specific density; pH — pH value; TP — Total protein; GLU — glucose; BIL — bilirubin (in urine); UBG — urobilinogen; KET — ketone
bodies; RBC —red blood cell count; MCV — mean cell volume; Hgb — hemoglobin; MCH — mean cell hemoglobin; MCHC — mean
corpuscular hemoglobin concentration; HCT — hematocrit; PLT CNT — platelet count; PCT — plateletcrit; MPV — mean platelet
volume; PDW — platelet distribution width; WBCs — white blood cells/leucocytes; MON — monocytes; LYM — lymphocytes;
NEU — neutrophils; EOS — eosinophils; BA — basophils; APTT — activated partial thromboplastin time; PT — prothrombin time;
AP — alkaline phosphatase; ALT — alanine transaminase; AspAT — aspartate aminotransferase; LDH — lactate dehydrogenase;
TB — total bilirubin (blood); UREA — urea; CRE — creatinine; CHOL — cholesterine; TG — triglycerides; alb — albumine; GLB —
globulin; ALB/GLB — albumin/globulin ratio; SM — statistical mean; SD — standard deviation; t-test — Student’s t-test; Me —
median; Q1 — quartile 1; Q3 — quartile 3; U-test — Mann-Whitney U-test.
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Npnonatuyeckaa TpomboumToneHnYeckas nyprypa — 3To XpOHUYECKoe ayTOMMMYyHHOe remaTtonornyeckoe 3abonesaHue,
06yCcNoBAEHHOE MOBbLIWEHHbIM pPa3pylweHnemM TPOMOOLMUTOB M acCOLMMPOBAHHOW TpoMbOUMTONEHUEN, ANA NeYeHus
KOTOPOro MNPMMEHAETCA MMMOPTHbIA npenapat pomunaoctum. Co3gaHve 6GMoaHasora [aHHOTO Mperapata MOXKeT
NnocnocobCcTBOBATH CHUMKEHUIO CTOMMOCTM TEPANUM U JOCTYMHOCTU 6O/IbLIEMY YMCY NALLUEHTOB K IeYEHMIO.

Llenb. CpaBHeHWe NokasaTenel 6esonacHoCcTM pedbepeHTHOro NpenapaTa U ero broaHanora B yCNOBUAX in Vivo W in vitro.
Matepuanbl u metoapl. B in vitro nccnepgoBaHnm coopmmpoBaHa Moaeb KKOMNIEMEHT-3aBUCUMOM LIUTOTOKCUYHOCTUY,
MHAYUMPOBAHHOIO KOMM/IEMEHTOM, Ha KaeTodyHon avHum 32D hTPOR clone 63, c nocneaylowum U3MepeHUEM
Yu3HecrnocobHocTn KneTok Habopom CellTitter Glo®. In vivo yacTb uccnepgoBaHus bblia NpoBeAeHa Ha MaKaKax fABAaHCKUX
(Macaca fascicularis). B xoge aKCnepuMeHTa OLEHMBAIN KIMHUYECKOE COCTOAHME, CMEPTHOCTb, anneTUT XUBOTHbIX, Maccy
Tena, TemMnepaTtypy Tena, YactoTy AbIXaTesIbHbIX ABUMKEHWMW, TAaKXKe CMOTPeNu KAMHWYECKME MOKasaTesin KPOBU U MOuM
YKMBOTHbIX, A4ONONHUTENIbHO U3MEPAIUCH NMOKa3aTe/In remocTasa.

Pe3ynbrathl. B aKcnepumeHTe in vitro opuUrMHanbHbIW NpenapaTt POMMUNIAOCTUM U ero buoaHanor GP40141 cpaBHMBaNu
no 3Ha4yeHuam EC,, KOTopble He NOKasasnm KOMM/JEeMEHT-3aBUCMMOMN LIMTOTOKCUYHOCTU. Mo pesynbtaTtam in vivo He 6bino
3aMKCUPOBAHO OTKAOHEHUI B KAMHMYECKOM CTaTyCe YKMBOTHbIX M NMOTPEebAEHMM UMUK KOPMA, IETa/IbHOCTU B rpynnax He
3aduKcupoBaHo. Mo Bcem uccnedyembliM MoKasaTenam (Macca M TemnepaTtypa Tena, YacToTa AblXaTesbHbIX ABUMKEHWH,
KNMHUYECKMI aHaIN3 MOYUM, KAUHUYECKUA U BUOXMMUYECKUI aHaANN3bl KPOBM, KOArylALMOHHbIA remocta3) GP40141 u
POMMNAOCTUM, MPU BBEAEHUMN UX B A03aX 3KBMBaNeHTHbIX 10 T[l, oKasbiBann conoctaBumble 3GHEKTbI.

3akntoueHume. Mpy cpaBHEHUN NOKasaTesielt 6€30MacHOCTU in Vitro v in vivo opurMHabHbIM NpenapaTt POMUMNIOCTUM U ero
6uoaHanor GP40141 nokasanum aHaIOTUYHbIE Pe3yNbTaTbl.

KnioueBble cnoBa: pomunaoctum; 6uoaHanor GP40141; SHMNEWT®; KOMNAEMEHT-3aBUCMMAA LUTOTOKCUYHOCTD;
uccnepoBaHMA 6e3omacHOCTM npenapaTos; in Vivo; in vitro; wpuonatMyeckas TpombouuToneHWYeckas nypnypa;
TOKCMKO/IOTMYECKMI1 Npodub; TPOMBONO3TUHOBLIN peuenTop; TPO-R

Cnucok cokpalteHuii: UTIM — uauonatuyeckas TpombouuToneHuyeckas nypnypa; TPO — TponmbonostuH; TPO-R —
TpombonosTnHoBbIM peuentop; K3L, — KomniemeHT-3aBMCMMaA LMTOTOKcMYHOCTb; CK — cuctema KomniaemeHTa;
KM — knaccnyeckunin nytb; BA — 6uonormyeckas aktuHocTb; CO — cTaHAapTHbIM 06pasel; BKO — BHYTPEHHUI KOHTPO/IbHbIN
obpasey; ON — 06BLEKT UCMbITaHUSA; EC,, — nonymakcumasbHas aG¢eKkTMBHaA KoHueHTpauus; IC. — KoHueHTpauus
NOSIYMAaKCUMA/IbHOTO MHIMbMpoBaHusA; MAT — MOHOK/IOHasnbHble aHTuTena; JIM — nekapcTBeHHbIM npenapat; Y44 —
YyacToTa AbIXaTe/bHbIX ABWXKEHUI; NAOTHOCTb — yAeNbHbli Bec; pH — BOAOPOAHbLIM MOKasaTtenb; TP — obwuit 6enok;
GLU — rntoko3a; BIL — 6unmpybuH (B8 moye); UBG — ypobunuHoreH; KET — keToHOBble Tena; RBC — KONWMYECTBO 3pUTPOLIUTOB;
MCV — cpegHuin 06bem aputpounTa; Hgb — remornobuH; MCH — cpegHee coaeprkaHune remornobuHa B aputpoumte; MCHC —
CpeaHAA KOHLEHTpauua remornobuHa B aputpounte; Het — rematokpuT; Plt — konmyectso TpombouuTos; PCT— TpOMBOKPUT;
MPV — cpegHuit obbem TpombouuToB; PDW — OTHOCUTENbHAA LWMPUHA pacnpeaeneHus TPpombouuToB Mo 06bemy;
WBC — netikouutbl; MON — moHouuTbl; LYM — numdoumtel; NE — HenTpodunbl; EO — so03nHoduabl; BA — 6asodunbl;
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AYTB — aKTMBMpPOBaHHOE YacTu4yHoe TpombonnactmHoBoe Bpems; MB —
ALT — anaHMHamuHOTpaHcdepasa; AST — acnaptatammHoTpaHchepasa; LDH — naktataerMaporeHasa;

docdaraza;

npoTpombuHoBoe Bpems; ALP — wienoyHas

TB — obwmin 6unmpybmuH (kposu); UREA — moueBuHa; CRE — KpeaTuHuH; CHOL — xonectepuH; TG — Tpuranuepugbl;
ALB — anbbymuH; GLB — rmo6bynuH; ALB/GLB — anbbymuH/rnobynmHosoe cooTHoweHne; Mean — cpegHee CTaTUCTUYECKOE;
SD — cTaHZapTHOE OTK/AOHeHMWe; T-TecT — t-kputepuit CTbtogeHTa; Me — meamaHHa; Q1 — 1 KBapTuab; Q3 — 3 KBapTUAD;

U-Kkputepuii — U-Kputepuit MaHHa-YUTHMU.

INTRODUCTION

Idiopathic thrombocytopenic purpura (ITP) is a
severe disease characterized by thrombocytopenia
(<100%x10%/1) and requires thrombopoiesis stimulants
to maintain blood clotting [1-3]. Currently, only 2 drugs
belonging to this group are registered in the Russian
Federation (RF) — Nplate® (Nplate, AMGEN EUROPE,
B.V.)! and Revolade® (Revolade, NOVARTIS PHARMA,
AG)2. The active substance of Nplate®, romiplostim, has
been repeatedly tested for effectiveness and has shown
its therapeutic activity in the treatment of idiopathic
thrombocytopenic purpura. This made it possible for
patients to receive modern therapy that improves the
quality of life [1, 4-6]. However, this drug is produced
outside the Russian Federation, which increases its cost
for the consumer, and when creating a biosimilar, newer
technologies are used, which ultimately affects the cost
of their production [7]. As thrombopoiesis stimulants
are required on an ongoing basis in ITP [3, 8], their
availability and affordability are vital for patients. The
creation of a romiplostim biosimilar will increase the
availability of treatment in the Russian Federation.

Romiplostim (Fig. 1) is a peptid antibody containing
four TPO-R (thrombopoetin receptor, MPL) binding
domains with a high affinity for TPO-R and one IgG1
Fc-carrier domain, which has no sequence homology
with endogenous thrombopoietin (TPO) [9-11].
Romiplostim binds to and activates TPO-R on
megakaryocyte precursors in the bone marrow. It binds
in the same way as endogenous TPO and can displace
TPO from binding to the receptor. Like TPO, romiplostim
activates many of the same pathways resulting in a
sustained increase in platelet counts [9, 12—15]. Much
less is known about the effects mediated by the Fc area
of the romiplostim molecule. For example, complement-
dependent cytotoxicity (CDC) may be one of the
possible options, since this mechanism is implemented
in monoclonal antibodies by binding the Fc fragment to
activate the complement system [16-18].

The complement system (CS) is known to be an

* Russian State Register of Medicinal Products. Nplate®.
Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=e7a25c3e-1caa-44c0-81fe-5967882a071a.
2 Russian State Register of Medicinal Products. Revolade®
Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=e7a25c3e-1caa-44c0-81fe-5967882a071a.
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integral part of both the innate and adaptive immune
systems. This complex consists of a group of plasma
proteins that interact in a cascade manner [19]. CS can
be activated in three different ways, one of which is the
classical pathway (CP) usually activated by antibodies. It
mediates specific immune responses and functions as
a part of the adaptive immunity. CP is triggered when
the Clg complement molecule binds to the Fc antigen
elements. Binding to the antibody causes conformational
changes in the C1lg molecule, leading to the activation
of two C1r proteases and a further degradation of the
two Cls molecules (another serine protease). The C1
complex now binds to C2 and C4 and cleaves them.
The C4b product binds covalently to the cell surface
and forms C4bC2 complexes. Activated Cls further
cleave C4bC2 and generate C4bC2a, which is a C3/C5 CP
convertase. Then, if the complement activation is not
limited, it proceeds to the formation of a membrane
attack complex (MAC) and the lysis of the target cell
[19]. It has been generally accepted that monoclonal
antibodies (MABs), can mediate the effects that cannot
be fully elucidated by in vitro studies. These factors make
bioequivalence studies on animals reasonable3.

THE AIM of the study was to compare the safety

indicators of the reference drug romiplostim and its
biosimilar in vivo and in vitro.

MATERIALS AND METHODS

In vitro determination

of complement-dependent cytotoxicity

Complement-dependent (cDC) for
romiplostim was evaluated in comparison with the
indicative CDC method for rituximab. This drug is a
chimeric MAB that specifically binds to the CD20 antigen
on the surface of normal and malignant B-lymphocytes
and initiates immunological reactions that mediate
the B-cell lysis. One of the working mechanisms of
the drug goes through the CDC [20]. In the CDC test
for romiplostim, a mouse lymphoblast cell line (Mus
musculus) with a stable expression of the human TPO

cytotoxicity

3 Decision of Council of the Eurasian Economic Commission of
November 3, 2016 No. 89 “About approval of Rules of carrying out
researches of biological medicines of the Eurasian Economic Union”.
Available  from:  http://www.consultant.ru/document/cons_doc_
LAW_207925/.
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receptor 32D hTPOR clone 63 (Selvita Group) was used
as a test system. The effect of complement-dependent
cytotoxicity was compared with the original drug
romiplostim (AMGEN, the Netherlands) and its biosimilar
GP40141 (OO0 GEROPHARM, Russia). The complement
concentration was selected on the basis of the toxicity
absence of the complement itself; and a dilution by a
factor of 14 was chosen.

On the first day of the experiment, the cells were
seeded and the test objects (TOs) were introduced
with the rabbit blood serum complement (Cedarlane,
CL3441-S50). The used for the
assessment of a specific biological activity (BA) on the
32D-hTPOR clone cell line, were the following: 63:10;
3.3; 1.1; 0.4; 0.1; 0.04; 0.005; 0.002; 0.001; 0.0002
ng/mL). These concentrations were added to the
RPMI Basal assay medium, consisting of RPMI 1640
(Biolot, 1.3.4.), 1 mM HEPES (Biolot, 1.2.6.1.), 10
mM sodium pyruvate (Biolot, 1.4.004.), up to 1, 5 g/I
sodium bicarbonate (Sigma-Aldrich, S5761), up to 4.5
g/l anhydrous glucose (PanReac AppliChem, 141341),
penicillin-streptomycin (Biolot, 1.3.18.), to which a 10%
fetal bovine serum FBS (Capricorn, FBS-11A) was added.
After the test object (TO) preparation, the rabbit serum
complement was diluded by a factor of 14 and the
line was seeded into the wells of a 96-well white plate
(Corning, 3917) at the concentration of 5000 cells/well,
the cell counts were performed using a Countess Il FL cell
counter (ThermoFisher Scientific, USA). The test objects
with complements and without complements were

concentrations

added to the cells in different wells. They were incubated
with 5% carbon dioxide for 24+4 hours at 37°C. Then the
plate was cooled down to room temperature for 1 h, and
the CellTitter-Glo reagent (Promega, G7571) was added
to each well with the culture liquid in the equivalent
volume ratio. The cells were lysed mechanically on
an orbital shaker for also 2 min at room temperature.
Then the plates were incubated for 10 min to stabilize
the luminescent signal, after which the luminescence
was recorded on a CLARIOstar multimodal microplate
reader (BMG Labtech, Germany). The settings on the
instrument included Presets Ultra Glo, the integration
time was 0.4 sec per 1 well.

In the CDC test for rituximab,
B-lymphoblast cell line WIL2-S was used as a test system.
A rituximab reference standard (RS) (Mabxience, Spain)
and a rituximab internal control sample (ICR) were used
as TOs. On the first day of the experiment, similarly
to the CSC test for romiplostim, the cells were seeded
and the TO with the complement of the rabbit blood
serum was added. For rituximab CSC, the complement

the human
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concentration was selected at the ratio of 1:7, where
there was no toxicity of the complement itself. For Rl,
concentrations of 5000, 2000, 800, 320, 128, 51, 20, 8,
3, 1.3, and 0.5 ng/ml were selected; their dilution was
carried out in a medium similar to the rituximab CDC
for the analysis. After preparing the TO, the rabbit blood
serum complement was prepared and the line was
seeded into the wells of a 96-well black plate (Corning,
3603, USA) at the concentration of 10,000 cells/well. The
plate was incubated at 37°C and 5% carbon dioxide for 2
hours, and then the alamarBlue™ Cell Viability Reagent
(Thermo Fisher Scientific, DAL1100, USA) was added
and incubated again for up to 24 hours. On the expiry
of time, fluorescence was recorded on a CLARIOstar
multimodal microplate reader. The data analysis for
the two tests was carried out in the integrated MARS
Data Analysis software, and the statistical analysis —
in GraphPad Prism 9.3.1.471, where the data were
normalized as a percentage relative to the zero control,
then a four-parameter dose-response curve was built
up to calculate the EC_, value (a half maximum effective
concentration).

In vivo safety study

The study was carried out on the basis of Scientific
Research Institute of Medical Primatology (Russia, Sochi)
in the strict accordance with Rus-LASA standards*®[20].
The study was approved by the independent local ethics
committee (Protocol statement No. 61 dated February
9,2021).

Clinically healthy Javanese macaque monkeys
(Macaca fascicularis) were used as a test system. Macaca
fascicularis are phylogenetically quite close to humans
and, at the same time, in the framework of preclinical
safety studies of the original drug, they did not show
any formation of neutralizing antibodies to romiplostim,
unlike rats, mice and rhesus monkeys in the studies of
a similar duration. That makes it possible to predict the
risks associated with primary pharmacodynamics in
humans, to the greatest extent®. All these factors made it
possible to consider these animals as the most relevant
ones for a comparative safety study.

In accordance with the decision of the Economic

4 GOST 33218-2014 «Guide for the Care and Management of
Laboratory Animals. Rules of Care and Management of Nonhuman
Primates», 2014.

° GOST standard 33215-2014 «Guide for the Care and Use of
Laboratory Animals. Rules of Fitting of Facilities and of Organization
of Procedures», 2014.

5 CHMP assessment report for Nplate®. Procedure No. EMEA/H/C/942.
EMEA/654269/2008, 2022. Available from: https://www.ema.
europa.eu/en/documents/assessment-report/nplate-epar-public-
assessment-report_en.pdf.
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Commission for Europe Council 89 (ECE Council 89), when
forming experimental groups, it is necessary to adhere
to a flexible approach. It is permissible to use animals of
only one sex and only one dose of drugs, which makes
it possible to fully follow the Reduce principle (the
reduction in the number of the animals used) from the
fundamental principles of humanity 3R’. However, the
use of such methods to reduce the number of the animals
requires justification. Animals of the same sex were used
because the toxicological profile of the original drug
romiplostim did not differ between males and females
in numerous toxicological experiments, indicating the
absence of specific toxic effects associated with sex®. It
follows that the introduction of animals of two sexes will
not lead to additional information about the safety of
the substance and is contrary to the bioethical Reduce
principle. The next step to reduce the number of animals
was the abolition of the control group. According to the
Decision of EU Directive 89, it is permissible to conduct
a study with a modified design (using only one dose of
a biosimilar medicinal product (MP) and the original
(reference) MP. In order to compare the dynamics of
animal parameters, all main laboratory and functional
parameters had been taken before dosing, so that the
initial data of the animals acted as some control for
subsequent measurement points.

In this regard, 12 mature males weighing 2.65—
3.95 kg were selected for the experiment. The animals
were divided into groups according to the level of
platelets, which had been measured 7 days before the
administration of the drugs, after which, to eliminate the
preferences of the researcher, the experimental groups
were composed by randomization of the animals from
the formed groups. The animals were divided into 2
groups, 6 males in each. Group 1 received the biosimilar
GP40141, group 2 received the original drug romiplostim
(Table 1).

When selecting doses in safety studies, a critical point
is the choice of dosage and frequency of administration
of the test object and reference standard. On the one
hand, they should allow the potential adverse effects
to be fully assessed and thereby protect participants
in clinical trials. On the other hand, they should not be
redundant allowing unnecessary suffering of animals in

7 Directive 2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for scientific
purposes. Available from: https://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=0J%3AL%3A2010%3A276%3A0033%3A0079%3Ae
n%3APDF/

8 Decision of Council of the Eurasian Economic Commission of
November 3, 2016 No. 89 “About approval of Rules of carrying out
researches of biological medicines of the Eurasian Economic Union”.
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the framework of the research®!®l, |n this regard, as
a reasonable compromise, the dosage of 100 mcg/kg
was chosen, as it allows a significantly (10 times)
higher therapeutic dose for clinical use?, and had been
applied in earlier safety studies of the original drug
romiplostim®3. This dose has been directly extrapolated
from the clinical animal practice and no dose conversion
factor has been applied.

The drugs were administered repeatedly, over 28
days, with a frequency of once/72 hours, since this
frequency of administration repeats the design of
the study of the original drug romiplostim and allows
achieving a stable systemic exposure in animal plasma®.
The contents of the vial with test objects and the
reference standard were a powder diluted in 0.72 ml
of sterile water for injections to obtain a concentration
of 250 ug/0.5 ml (500 ug/ml) immediately after the
preparation. The drugs were administered to a specific
animal at the same place throughout the study (28 days).

The animals were kept and fed in accordance with
Directive 2010/63/EU of the European Parliament and
the European Council dated 22 September 2010 on
the protection of animals used for scientific purposes.
Throughout the experiment, the animals were kept in
individual cages, which indicated the animal’s inventory
number, group, and gender. The cells were equipped
with a central water supply. The ambient temperature
was 21-28°C, the relative humidity was 40—-70%, daylight
hours were natural (Sochi). The diet of the animals
consisted of granulated feed, eggs, dried and fresh fruits
and bread. Feeding was carried out in three stages:
8-9 o’clock — granulated feed mixture, 11-12 o’clock
— juicy feeds, rice porridge and biscuits, 14-15 o’clock
— granulated feed mixture. The water was provided ad
libitum and met the requirements of SanPiN 2.1.4.1074-
01, GN 2.1.5.1315-03, GN 2.1.5.2280-07*¢17,

° Ibid.

1 product monograph including patient medication information
Nplate® romiplostim for injection. Available from: https://www.
amgen.ca/-/media/Themes/CorporateAffairs/amgen-ca/amgen-ca/
documents/products/en/nplate_pm.pdf.

1 CHMP assessment report for Nplate®. Procedure No. EMEA/H/C/942.
EMEA/654269/2008, 2022.

2 Decision of Council of the Eurasian Economic Commission of
November 3, 2016 No. 89 “About approval of Rules of carrying out
researches of biological medicines of the Eurasian Economic Union”.
3 |bid.

* |bid.

1 SanPin 2.1.4.1074-01. Drinking water Hygienic requirements for
water quality of centralized drinking water supply systems. Quality
control.

% GN 2.1.5.1315-03 Maximum allowable concentrations (MACs)
of chemicals in the water of water objects used for drinking and
domestic recreation purposes. Available from: https://files.stroyinf.ru/
Data2/1/4294815/4294815336.pdf

7 GN 2.1.5.2280-07 “Maximum permissible concentration (MPC) of
chemical substances in water of water bodies of household, drinking and
cultural and household water use. Available from: http://pravo.gov.ru.
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Mortality, appearance (skin, hair, eyes, nose, analyzer (URIT Medical Electronic Group Co., Ltd, China).

respiration, stool, mucous membranes, posture, behavior
and coordination) and feed intake were assessed daily
during the study. Weight, body temperature, respiratory
rate (RR) were assessed on days 0, 15 and 29 along with
urine and blood sampling of the animals.

Urine samples were taken from the cell tray into
test tubes. The following indicators were analyzed: color,
transparency, specific gravity (density), pH, protein
(UP), glucose (GLU), bilirubin (BIL), ketone bodies (KET),
erythrocytes (ERY), leukocytes (LEY), urobilinogen
(UBG). The analysis was carried out on a DocUReader 2
PRO analyzer using test strips from the same company.

Blood sampling for clinical analyses was carried out
in Microvette Sarstedt capillary tubes, 200 pl, with K3-
EDTA. The following indicators were determined in the
blood samples of the experimental animals: hemoglobin
(Hgb), erythrocyte count (RBC), leukocyte count (WBC),
leukocyte formula (LYM), monocytes (MON), neutrophils
(NE), eosinophils (EQ), basophils (BA), platelet count
(PIt), hematocrit (Hct), mean cell volume (MCV),
mean cell hemoglobin (MCH), mean cell hemoglobin
concentration (MCHC), thrombocrit (PCT), mean platelet
volume (MPV), relative platelet distribution width
(PDW). The analysis was carried out on an automatic
hematological analyzer MEK 7300K (EKO-MED-S M LLC,
Russia). The reagents for the hematological analyzer
from Nihon Kohden (Firenze S.r.l., South Italy) were
used for the analyses. The number of cells was counted
by the volume resistance method; the hemoglobin
concentration was determined by a spectrophotometric
method; hematocrit, thrombocrit, platelet
erythrocyte distribution widths were calculated by
histograms.

To determine biochemical parameters, 18 hours
before blood sampling, the animals were deprived
of food, while maintaining a free access to the water.
Blood sampling was carried out in test tubes to obtain
serum with a clot activator and gel VACUETTE (5 or 8
ml) from the left inguinal vein. The serum was obtained
from the blood by the usual method: incubation at
room temperature for 30 min, centrifugation at 3500
rpm. The following parameters were evaluated: alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), de Ritis ratio, total protein (TP), albumin (ALB),
globulin  (GLB), albumin/globulin ratio (ALB/GLB),
alkaline phosphatase (ALP), total bilirubin (TB), total
cholesterol (CHOL), creatinine (CRE), glucose (GLU),
lactate dehydrogenase (LDH), triglycerides (TGs), sodium
(Na+), potassium (K+), urea (UREA). Biochemical blood
analysis was carried out on a BiolLit-8020 biochemical

and
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The reagents produced by DAC, Moldova were used
for the analysis. The measurement method used was
colorimetry (kinetics, the end point).

For the coagulometric analysis, the blood was
taken into S-Monovette® vacuum tubes (Germany)
with a piston of 1.4 ml. To study the effect on the blood
coagulation system, activated partial thromboplastin
time (APTT), prothrombin time (PT), and fibrinogen
were analyzed. The analysis for the coagulation
hemostasis was carried out on a coagulometer TS
4000 Plus (Russia). The PV-clotting method is based on
determining the clotting time of citrated blood plasma
under the action of a mixture of thromboplastin and
calcium ions. The method for determining APTT is the
following: a reagent, which is an aqueous solution of
ellagic acid in combination with soy phospholipids, and
calcium chloride are sequentially added to the studied
blood plasma. In the process of measuring the APTT, the
time from the moment of adding calcium ions to the
moment of clot formation is recorded. Fibrinogen was
determined by the Clauss method.

Statistical processing of analysis results

The in vivo statistical data processing part was
carried out using software packages R version 3.5.2.
For all the data, descriptive statistics was applied: the
data were checked for compliance with the normal
distribution law using the Shapiro-Wilk’s W test. In
case of a normal distribution, the mean value and
standard deviation were calculated, which, together
with the value of n (number of observations), are
presented in the final tables. If the data did not
comply with the normal distribution law, the median
and quartile range were calculated. When identifying
intergroup differences in the data with signs of the
normal distribution, the Student’s t-test was used, and
in the data with signs of abnormal distribution, it was
the Mann-Whitney U-test.

In the applicable cases, in intergroup and intragroup
comparisons, the indicators obtained for the animals at
different times of the experiment, were compared. To
assess the intragroup dynamics in the data with signs of
normal distribution, the Student’s t-test was used, and
in the data with signs of abnormal distribution, it was
Friedman’s test. Fisher’s exact test was used to analyze
the manifestation frequencies of some parameters (the
level of erythrocytes in the urine).

The comparison results were considered statistically
significant at p <0.05. The data graphical presentation
was carried out in GraphPad Prism 9.3.1.471.
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Table 1 — Scheme of experimental animals distribution by groups
Animals . ;
Group Numb Test object/ Route Dose, Duration
No. Gender . Umoer reference standard of administration ug/kg of administration
in the group
1 3 6 GP40141 Subcutaneous| 100 28 days,
2 J 6 Romiplostim v 100 once/72 hours

Note: & —male.

Table 2 - Indicators of CDC relative activity for romiplostim

Sample EC,,, ng/ml R? Relative activity, %
GP40141 (ng/ml) + Complement (1:14) 0.128 0.995 72%

GP40141 (ng/ml) 0.093 0.989 n/a

Romiplostim (ng/ml) + Complement (1:14) 0.084 0.994 87%

Romiplostim (ng/ml) 0.073 0.992 n/a

Sample IC,,, ng/ml R? Relative activity, %
Rituximab RM-RX-03 + complement (1:7) 125.6 0.951 n/a

Rituximab RM-RX-02 + complement (1:7) 121.7 0.948 n/a

Note: n/a — not applicable, R* — coefficient of determination, EC_, — half-maximal effective concentration, IC_; — half-maximal inhibition
concentration. EC, and IC, were calculated using 11 concentration points in 3 replicates.

Table 3 — Dynamics of changes in experimental animals’ average weight (g) by groups, n=6

Measurement day

Group Parameter
0 15 29

MeanSD 3483+397.1 3525+248,5 3600+249.0
GP40141 (Group 1)

T-test, p Background/Day n/a 0.83 0.56

MeanzSD 3 150+405.0 3116.7+469.8 3 158+453.2
Romiplostim (Group 2) T-test, p Background/Day n/a 0.90 0.97

T-test, p, Group 1/Group 2 0.07 0.06 0.05

Note: Mean — statistical mean, SD — standard deviation, T-test — Student’s t-test.

Table 4 — Dynamics changes in the average body temperature by groups of experimental animals, n=6

Measurement day

Group Parameters
0 15 29
MeanSD 38.6810.24 38.80+0.18 38.6310.26
GP40141 (Group 1)
T-test, p Background/Day n/a 0.36 0.74
Mean+SD 38.68+0.35 38.60+0.27 38.50+0.36
Romiplostim (Group 2) T-test, p Background/Day n/a 0.79 0.39
T-test, p, Group 1/Group 2 1.0 0.24 0.48

Note: Mean — statistical mean, SD — standard deviation, T-test — Student’s t-test.

Table 5 — Dynamics of changes in average RR/min of experimental animals by groups, n=6

Measurement day

Parametrs

Group

0 15 29

MeanSD 39.00+4.10 34.8314.83 32.17+2.48
GP40141 (Group 1)

T-test, p Background/Day n/a 0.14 0.006

Mean+SD 34.17+2.71 33.5043.02 32.83+2.14
Romiplostim (Group 2)  T-test, p Background/Day n/a 0.70 0.37

T-test, p, Group 1/Group 2 0.04 0.58 0.63
Note: Mean — statistical mean, SD — standard deviation, T-test — Student’s t-test.
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Table 6 — Indicators dynamics of clinical urine analysis, n=6
Indicators
Group Date Parameter eDensity, H UP, GGLU, LEY, BIL, UBG, KET,
g/ml P mg/dl ml/dl cells/ul  ml/dl mg/dl mg/dl
- 1 8.0 0 0 0 0 0 0
i .
g Peckeround Me(Q;Q) (1) 70,86 (00) (00 (0 (©0 (00  (00)
2 1 9.0 0 0 0 0 0 0
S Py MY w8990 00 00 (@0 (00 (00  (00)
<
3 1 8,25 0 0 0 0 0 0
M ; !
S 29days @) ) gsss) ©0) (00 (00 (00 (00 (00)
o Friedmantest, p >0.05  >0.05  >0.05  >0.05  >0,05 >0.05 005  >0.05
1 8.0 0 0 0 0 0 0
Background Me(Q; Q) (1) (74,90 (00) (00 (00) (00 (00) (00
1 8.5 0 0 0 0 0 0
N MeldiQ) 1) (3490) 00 ©0) (00 (0 (00 (00
3 15days U-criterion,
o p Group 1/ >0.05 >0.05 >0.05 >0.05 >0,05 >0.05 >0.05 >0.05
£ Group 2
2 . 1 8.25 0 0 0 0 0 0
2 MUY a1 6980 00 (00 00 00 (00 (00
E  20.days Friedmantest, p >0.05  >0.05  >0.05  >0.05  >0.05  >0.05 >0.05  >0.05
U-criterion,
p Group 1/ >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
Group 2

Note: Me — median; Q1 — 1 quartile; Q3 test — 3 quartile; U-test — Mann-Whitney U-test; TP — total protein; GLU — glucose; LEY — leukocytes; BIL —
bilirubin; UBG — urobilinogen; KET — ketone bodies.

according to results of clinical urine analysis, n=6

Table 7 — Frequency of erythrocytes manifestation in urine (5-10 cells/pl),

Measurement day

GP40141 (Group 1)

Romiplostim (Group 2)

Fisher’s exact test

(intragroup analysis), p

Background 1/6 1/6 >0.05
Day 15 1 1/6 >0.05
Day 29 1 1 >0.05
Fisher’s exact test

(intragroup analysis), background/day 15, p >0.05 >0.05 -
Fisher’s exact test 50.05 50.05 _

(intragroup analysis), background/day 29, p

Table 8 — Intralaboratory norms for indicators of clinical urine analysis

Indicator, unit of measurement Value range
Specific gravity (density), g/ml 1.0-1.030
Hydrogen index (pH) 5-9

Total protein (TP), mg/dl 0-15
Glucose (GLU), ml/dl 0-40
Erythrocytes (ERY), cells/ul 0-10
Leukocytes (LEY), cells/ul 0-20
Bilirubin (BIL), ml/dI 0-0.5
Urobilinogen (UBG), mg/dI 0-1.8
Ketone bodies (KET), mg/dl 0-50
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Table 9 — Hematological parameters of experimental animals groups, n=6

Parameter
S g
0O ® RBC, MCHC,
6 O 1021 MCV, fl Hgb, g/l MCH, pg g/l Hct, % Pltx10°%/I PCT,% MPV,fl PDW, %

6.6£0.56 63.7+4.55 126+4.4 19.3+1.70 303%+6.9 41.5+1.24 309+68.0 0.2+0.04 8.0+0.75 16.5+0.36

Back-
ground

6.1+0.62 63.8+4.86 115+2.1 18.9+1.73 297+7.7 38.7+1.57 757+183.2 0.5+0.09 7.0+0.66 17.8+0.74

MeantSD | MeanSD |Parameter

<
©
o
= 7 SiTE
= §335024 0.97 0.0003 0.71 0.21 0.006  0.0002  <0.0001 0.03  0.003
3 -
e o
g a
= S 581028 62.7t4.83 109+7.0 19.0+1.70 303%7.1 36.2+2.06 717+153.6 0.5+0.07 6.4+0.66 17.3+0.72
()
g s
<
W B~ w
T 2%
S 2535 001 0.74 0.0007 0.73 0.84 0.0003 0.0001  0.0001 0.002 0.04
~ 75
oy
o
-8 ¢
g5 & 025 0.77 010 097 0.29 0.04 0.68 0.16 013 025
|_*7‘ —
= o
v C 4
S 3 S 6.6:0.53 63.262.45 123+4.4 18.8+1.02 298+6.7 41.4+2.24 308+99.5 0.2+0.06 7.7+0.75 16.9+0.93
[a 0 [J]
® s
o
4
S 6.4+0.57 63.0:82.93 120%7.6 18.7+1.22 297+8.5 40.4+2.91 818+249.5 0.6+0.16 7.0+0.39 17.8+0.85
()
s
B
S %23 065 0.93 035 090 0.82 0.51 0.0009  0.0006 009  0.11
= R it
= &
s 3%
5 3 §g 0.41 0.82 018 079 0.86 0.24 0.64 0.54 096 094
£ P50
7
o
= Q
3 S 56048 62.3+2.71 105#5.3 18.7¢1.24 300£10.5 35.0+2.62 661+194.3 0.5+0.12 7.0+0.42 17.5+0.98
e £
~
2.,
235
o £ 53T 0009 056 <0.0001 0.92 0.66 0.001  0.003 0.002 0.08 034
s £l
- S
ol Lo
g9 ¢
g9 & 003 0.66 0.003 098 0.56 0.007  0.25 0.19 089 052
= o
SN
- Q.
2 §g 0.50 0.84 022 078 0.66 0.39 0.59 0.91 008 069
L50

Note: Mean — statistical mean; SD — standard deviation; T-test — Student’s t-test; RBC — erythrocyte count; MCV — mean cell volume; Hgb —
hemoglobin; MCH —mean cell hemoglobin; MCHC — mean cell hemoglobin concentration; Hct —hematocrit; Plt — platelet count; PCT —thrombocrit;
MPV — mean platelet volume; PDW — relative platelet distribution width.
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Table 10 — Experimental animals’ leukocyte formula by groups, n=6
Group Date Parameter :’(‘i%fl'l MON, % LYM, % NE, % EO, % BA, %
. Back 9.5+2.91 4.2+1.13 34.4+6.42 59.0+6.89 1.9+1.38 0.6+0.41
— MeantSD
2 ground
8 15 days Mean+SD 11.0+2.53 4.4+0.83 33.7#6.00 59.0+6.66 2.4+1.41 0.6+0.27
- T-test, p Background/15 days 0.34 0.82 0.85 0.98 0.59 1.00
g MeantSD 11.8£2.65 4.7+1.84 30.1£5.87 63.0+4.33  1.4+0.67 0.8+0.32
% 29 days T-test, p Background/29 days 0.17 0.57 0.25 0.25 0.47 0.41
T-test, p 15/29 days 0.60 0.65 0.32 0.25 0.18 0.31
Back- 9.241.73 4.2+1.06 35.448.41 58.0+7.60 1.6+1.28 0.810.27
= ground MeantSD
%‘ MeantSD 11.3£2.25 3.9#0.99 32.1+£10.08 61.9+11.38 1.5+0.96 0.6+0.37
@ 15 days T-test, p Background /15 days 0.10 0.62 0.55 0.50 0.88 0.39
£ T-test, p, Group 1/Group 2 0.87 0.43 0.75 0.61 0.26 0.93
E MeanzSD 14.2+5.53 5.2+1.47 24.5+14.08 67.4+15.58 2.0+2.87 0.9+0.29
E’ 29 days T-test, p Background /29 days 0.06 0.21 0.13 0.21 0.75 0.43
2 T-test, p 15/29 days 0.26 0.11 0.31 0.50 0.68 0.15
T-test, p, Group 1/Group 2 0.37 0.64 0.39 0.52 0.63 0.58

Note: Mean — statistical mean; SD — standard deviation; T-test — Student’s t-test; WBC — leukocytes; MON — monocytes; LYM — lymphocytes; NE —

neutrophils; EO — eosinophils; BA — basophils.

Table 11 — Biochemical parameters of animal blood (part 1), n=6

o Indicators
2 % Parameter GLU ALP ALT AST dRR LDH TB UREA
(GIl=) Mmol/l U/ U/l U/l U/l Mmol/l  Mmol/I
©
ey
3
% MeansD 4.0£0.96 1064+322.3 26.7+¢5.99 37.04+8.85 0.8+0.29 579+197.3 4.7+1.30 6.10.37
=%
g— o
& 2 MeanssD 4.3+0.55 1238+141.3 31.244.49 45.7+12.31 0.7+0.16 6511652 7.5¢2.99 6.2+0.37
O &
— © T-test,p
S 2 packground/15 days 0.54 0.053 0.17 0.19 090 051 0.06 0.60
S MeantsD 4.5+1.64 114243653 28.5¢5.82 41.2+16.74 0.8+0.19 543+314.0 4.6+1.93 6.2+0.57
o =
g Ttestp 0.48 0.71 0.60 0.60 1.00  0.82 0.96 0.68
Q Background/29 days
T-test, p, 15/29 days 0.70 0.15 0.40 0.61 087 047 0.07 1.00
©
o
3
& MeantSD 5.7+1.29 129442459 29.2+¢9.93 39.0+17.33 0.8+0.15 693+96.4 4.9+1.11 8.8+1.13
e
[an]
S MeantsD 4.041.39 1363+133.1 31.34+7.94 36.0+10.26 0.9+0.12 675+83.7 6.9+1.31 8.8+0.97
=}
© 2 T-test,p
5 § Backeround/15 days 0.06 0.56 0.69 0.72 031 073 0.02 0.98
£ B
g T-test, p, Group 1/ 0.67 0.75 0.97 0.17 014 076 0.64 0.0001
2 Group 2
T MeantSD 4.7+1.24 13224159.0 35.5+12.60 37.5+15.14 1.0+0.23 699+141.5 5.1+1.35 9.0+1.16
[e]
o =
o Ttest,pBackground/ ., g5 0.36 0.88 008 093 073 077
g 15 days
Q T-test, p 15/29 days 0.37 0.64 0.51 0.84 023 072 0.04 0.77
T-test, p, Group 1/ 0.85 0.29 0.24 0.70 0.06  0.29 0.61 0.0003
Group 2

Note: Mean — statistical mean; SD — standard deviation; T-test — Student’s t-test; GLU — glucose; ALP — alkaline phosphatase; ALT — alanine
aminotransferase; AST — aspartate aminotransferase; LDH — lactate dehydrogenase; TP — total protein; UREA — urea; dRR - de Ritis ratio.
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Table 12 — Biochemical parameters of animal blood (part 2), n=6
- Indicators
§ % Parameter  CRE CHOL TG TP ALB GLB ALB/ GLB K* Na*
O A Mmol/l  Mmol/l  Mmol/l g/l g/l g/l Mmol/l  Mmol/I
, ©
z‘; é MeantSD 1444252 3.5+1.18 0.4+0.09 71.7+15.00 41.7+9.14 30.0¢+7.4 1.4+0.29 4.2¢+0.90 118+2.4
[o14]
i 2 Mean+SD 164+18.9 3.9+0.81 0.5+0.23 79.2+11.58 49.2+3.87 30.0+12.8 2.1+1.41 5.2+0.86 115%+2.7
3 8 T-test, p
1G] 0 Background/ 0.16 0.47 0.18 0.36 0.09 1.00 0.26 0.07 0.07
= 15 days
3 MeantSD 138428.6 5.1+0.71 0.5+0.26 70.8£10.63 40.3#6.80 30.5+3.94 1.32+0.09 4.23+1.04 116%10.3
§ 2 T-test, p
G] & Background/ 0.71 0.34 0.25 0.91 0.78 0.89 0.41 0.89 0.63
Q 29 days
T-TecT, p
15/29 days 0.10 0.35 0.95 0.22 0.02 0.93 0.19 0.12 0.85
O
8 3 MeansSD  143t95 4.1:0.84 0.3:0.18 83.084.29 452172 37.8:392 12:0.13 47050 14496
oo
MeanSD 148+16.6 4.6+£1.02 0.5+0.14 84.5+5.28 47.3+3.67 37.2#5.42 1.3+0.29 5.2+0.71 150+5.1
T-test, p
~ % Background/ 0.54 0.42 0.11 0.60 0.22 0.81 0.45 0.15 0.22
2 © 15days
g 2 T-test, p,
- Group 1/ 0.14 0.23 0.92 0.33 0.42 0.23 0.19 0.91 <0.0001
.§ Group 2
§ Mean+SD 14049.3 3.9+0.38 0.4+0.32 84.5+5.54 46.5+3.83 38.0+3.95 1.240.17 4.9+0.55 148%4.1
-g‘ T-test, p
] Background/ 0.59 0.61 0.70 0.61 0.46 0.94 0.73 0.40 0.39
o wv
z 29 days
5 E/ef;'é’ays 0.33 0.17 0.49 1.00 0.71 0.77 0.62 0.46 0.47
T-test, p,
Group 1/ 0.93 0.35 0.55 0.02 0.08 0.01 0.31 0.17 <0.0001
Group 2

Note: Mean — statistical mean; SD — standard deviation; T-test — Student’s t-test; CRE — creatinine; CHOL — cholesterol; TG — triglycerides; TB — total

bilirubin; ALB — albumin; GLB — globu

lin; ALB/GLB — albumin/globulin ratio.

N-terminus
58
s s
‘ S S

Fc carrier domain

Thrombopoietin receptor-
binding domain

/U

/NS

C-terminus

Figure 1 — Chemical structure of romiplostim

Note: romiplostim is a recombinant protein consisting of an Fc receptor domain at the N-terminus fused to a thrombopoietin receptor-binding

domain at the C-terminus.
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Figure 2 — Graphs of complement-dependent cytotoxicity.
Note: A —rituximab CDC, B — romiplostim CDC.
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Figure 3 — Indicators of hematological analysis

365



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

1 GP40141, 100 mkg/ml

15+ 15+

10+

Total bilirubin (2-20) Mmol/I
UREA (2,5-7,5) Mmol/I

10+
5
0=

B Romiplostim, 100 mkg/ml

200-1

150+

100+

Na (100-150) Mmol/!

50-1

i

> N AR > N » > N » > N »
& & & & & & & & & & & & & & & & & &
Figure 4 — Indicators of biochemical blood test
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Figure 5 — Indicators of coagulation hemostasis
RESULTS in the signal for the samples in the presence of the
In vitro complement dependent cytotoxicity complement.
Series 1107017A of the innovator romiplostim For the obtained EC_ values, the relative activity
and its biosimilar GP40141 were analyzed to was calculated by comparing the values for the drug

evaluate CDC; the data are presented in Fig. 2 and
Table 2. The rituximab CDC test was considered as
a reference example of complement-dependent
cytotoxicity (Fig. 2A). For the CDC romiplostim test,
the EC50 was calculated relative to the control
without the addition of the TO and the complement.
For this, first the values were normalized in the
GraphPad Prism 9 Program, and then a logarithmic
response curve was built up. It has a symmetrical
sigmoidal shape and is also called a four-parameter
dose-response curve. Rituximab CDC was calculated
in a similar way.

The main action mechanism of rituximab is realized
through complement-dependent cytotoxicity [21-24].
Fig. 2A shows the dose-dependence of this effect: as
the concentration of rituximab increases, the viable
cell signal decreases. In contrast to rituximab for
romiplostim (Fig. 2B), on the contrary, with an increase
in the concentration of the drug, the signal of viable
cells increases, which is a consequence of its direct
biological action — binding to thrombopoietin receptors
and inducing cell proliferation. In order to distinguish the
proliferation from CDC, the samples with and without
complement were additionally there
were no differences and there was no clear decrease

considered:

366

without complement versus the drug with complement
in percentage. For the original drug, romiplostim, and
GP40141, similar values of 87% and 72% were obtained;
they can be considered insignificant due to the absence
of a decrease in the cell viability signal when the drug is
stimulated together with the complement.

In vivo safety study

The comparative safety results of the original drug
romiplostim and its biosimilar GP40141 on 12 male
Macaca fascicularis are presented in Tables 3-5 and
Fig. 3-5.

Influence on animals’ general condition

Throughout the entire period of the experiment,
there were no deviations in the animals’ clinical status of
feed intake in any of the experimental groups, and there
was no mortality observed.

Influence on body weight dynamics

The experimental animals’ body weight data and
their statistical processing are presented in Table 3.

According to the results of statistical processing,
no significant differences were found between the
experimental animals’ average weight before the start
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of the experiment with subsequent days of observation
withinthe groups (days 15and 29). Intergroup differences
on the 29" day are due to the fact that one of the males
showed a pronounced increase in body weight (11%),
which led to a decrease in SD and the emergence of
statistically significant differences between the groups
in the absence of the difference in the dynamics of body
weight gain. These differences not related to the effect
of drugs, but due to the individual growth dynamics of
this animal.

Influence on body temperature

The values of body temperature and the results of
statistical processing are shown in Table 4.

At the studied time points, the experimental
animals’ body temperature remained within the normal
range and did not change significantly relative to the
background values.

Influence on respiratory rate

The respiratory rate was measured by counting
the respiratory movements of the animals before the
administration of the drug, as well as on the 15" and
29t days. The results of statistical processing are shown
in Table 5.

From the results of statistical processing, it follows
that in Macaca fascicularis of the both groups, the
background values of the respiratory rate were higher
than on the following days: the dynamics of changes was
the same. Asignificant differenceinthefirst group relative
to the initial values in 29 days after the introduction of
the test object is due to the high background values in
some (2 out of 6) animals. A significant difference in the
background values between the Macaca fascicularis
groups is also a consequence of a large respiratory rates
variability in Macaca fascicularis of the 1% group. Given
this, it can be said that the drugs had a comparable
effect on the animals’ respiratory rates.

Influence on indicators of clinical urine analysis

The analysis was carried out in dynamics — before
the introduction of the objects, on the 15 and 29" days.
All the animals had yellow and clear urine throughout
the experiment. A summary table with the main results
of the clinical urine analysis is presented in Table 6.

Table 7 separately presents the results of
erythrocytes indicators in the animals’ urine. This
is due to the fact that in some animals during the
experiment, the number of erythrocytes equal to
5-10 cells/ul was recorded. Fisher’s exact test was
used for comparison. According to the results of the
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comparison, it was found out that there were no
differences in the dynamics of groups or between the
groups at similar time points.

Throughout the experiment, the urine indicators
did not go beyond the limits of intralaboratory norms,
either (Table 8). All these make it possible to conclude
that the studied preparations did not affect the animals’
urine.

Influence on parameters of clinical blood analysis

The analysis was carried out in dynamics — before
the introduction of the objects, on the 15% and 29%
days. Summary tables with the results of the clinical
analysis are presented in Tables 9 and 10. The data of the
clinical blood test indicators, for which the intergroup
differences were observed, are presented in Fig. 3.

There were no differences between the groups
in any of the clinical blood tests. However, when
analyzing the differences in the dynamics within
the groups, an increase in the number of platelets
(Plts), thrombocrit (PCT), as well as a decrease in the
number of erythrocytes (RBCs), hemoglobin (Hgb) and
hematocrit (Hct) was observed in both groups. In the
first group, on the 15% and 29* days, these indicators
differed significantly from the background (p <0.05), in
the second group, they differed on the 29t day relative
to the background and the 15 day (p <0.05). There was
also anincrease in the platelet distribution index (PDW)
in group 1 and a similar trend in group 2, as well as a
decrease in the mean platelet volume (MPV) within the
groups on days 15 and 29 relative to the baseline values
(Fig. 6). Since these indicators had similar dynamics
(relative to the baseline values) in the groups treated
with GP40141 and romiplostim, with a high degree of
probability, it can be argued that they had comparable
effects on hematological parameters. Similar changes
were notified in the studies of the original drug and
associated with its primary pharmacodynamics®*°,

Influence on the parameters of

a biochemical blood test

The analysis was carried out in dynamics — before
the introduction of the objects, on the 15% and 29%
days. The data of biochemical blood indicators analysis
are presented in Tables 11 and 12, and the indicators
for which intergroup differences were observed are
presented in Fig. 4.

The evaluation of intragroup dynamics showed
only an increase in the level of bilirubin on the 15™

8 CHMP assessment report for Nplate®. Procedure No. EMEA/H/C/942.
EMEA/654269/2008.

¥ Product monograph including patient medication information
Nplate® romiplostim for injection.
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day, compared with baseline values in both groups
(p <0.05). When evaluating the intergroup dynamics, it
was notified that throughout the experiment, groups
1 and 2 did not differ from each other in any indicator,
except the content of urea and sodium in the blood
(p <0.05).

Influence on blood coagulation system

In dynamics — on days 0, 15 and 29 — the blood
was taken from the experimental animals to assess the
parameters of coagulation hemostasis. The data of the
obtained results are presented in Fig. 5.

The administration of the original drug romiplostim
and GP40141 did not lead to changes in the parameters
of coagulation hemostasis, no significant differences
were found out either between the groups of the
monkeys, or between the background values and the
results on days 15 and 29 after the introduction of the
objects.

DISCUSSION

Complement-dependent cytotoxicity for the original
drug romiplostim, as well as for its analogue GP40141,
was not observed for the 32D hTPOR clone 63 lines.
The main mechanism of the romiplostim action is
associated with the activation of signaling pathways that
promote cells viability, their growth, megakaryocyte
endomitosis, and maturation of megakaryocytes and,
what is important, a platelet production [9]. The Fc—area
of the romiplostim molecule does not specifically bind
to complement proteins and therefore does not elicit an
immune response.

According to the results of in vivo studies, the
original drug romiplostim and its biosimilar GP40141
can be considered comparable in terms of the safety
profile. During the study, no deviations in the clinical
status of the animals were recorded, and neither
mortality in the groups was notified. Body weight
and respiratory rate had similar dynamics throughout
the experiment. There were no differences in the
indicators of coagulation hemostasis and clinical
urinalysis either; the dynamics according to these
indicators was similar. The values of most of the clinical
blood analysis indicators remained stable compared
to the baseline values. The exception was an increase

in the number of platelets and thrombocrit, as well as
a decrease in the level of erythrocytes, hemoglobin
and hematocrit, the intergroup differences were not
observed in any of the indicators. On the 15 day, the
analysis of blood biochemical parameters revealed only
an increase in the level of bilirubin, compared with the
initial values in both groups, and when assessing the
intergroup dynamics, it was notified that throughout
the experiment, groups 1 and 2 did not differ from
each other in any indicator, except urea and sodium
levels in the blood. Considering that the differences
were observed at each measurement point (before the
administration, on days 15 and 29), while the dynamics
of the indicators did not differ between the groups, we
it can be said that these differences are not due to the
action of the drugs, but reflect the initial difference
in the groups. All these indicate that the study drugs
had a comparable effect on the blood biochemical
parameters.

CONCLUSION

The comparison of safety profiles for the original
drug romiplostim and its biosimilar GP40141 both in
vitro and in vivo showed similar results. For the in vitro
CDC test, when the complement was added, the drugs
showed a proliferative activity, and there was no cells
death. Based on the data obtained as a result of the
in vivo study, it can be concluded that GP40141 (TO)
and romiplostim (RF) were satisfactorily tolerated by
the animals, there were no deviations in food intake,
no deviations in the clinical status and deaths were
recorded. The introduction of the test object and the
standard object did not lead to a significant change in
the weight and body temperature of the experimental
animals compared to the initial values. There were
no differences in urine and hemostasis parameters
throughout the study either. The revealed changes
in hematological parameters were unidirectional in
both groups and were associated with the primary
pharmacodynamics of GP40141 (TO) and romiplostim
(RF). The changes in biochemical blood parameters were
also unidirectional in both groups. According to the
results of in vivo studies, it can be concluded that the
toxicological profile for the drugs is similar and they are
comparable in terms of the safety profile.
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The article presents the data from an open, two-stage, multicenter study on the efficacy and safety evaluation of a combined
drug (a fixed combination of nirmatrelvir 300 mg and ritonavir 100 mg) in the complex therapy in COVID-19 patients.

The aim of the study was to assess the safety, tolerability and pharmacokinetic parameters of the fixed combination of
nirmatrelvir 300 mg and ritonavir 100 mg in healthy volunteers, the efficacy and safety assessment of the drug in the
combination therapy compared with the standard therapy in COVID-19 patients.

Material and methods. An open two-stage multicenter clinical study to assess the main pharmacokinetic parameters, safety,
and efficacy against COVID-19 of the drug nirmatrelvir 300 mg and ritonavir 100 mg combination (Skyvira® PROMOMED RUS
LLC, Russia) in the adult population, included 2 stages. At stage 1, safety, tolerability and pharmacokinetic parameters were
evaluated in healthy volunteers (over 18 years of age) in order to confirm their comparability with the literature data known
for a set of active substances. Phase 2 assessed efficacy and safety in COVID-19 patients. As a part of the second stage, the
study involved 264 patients (men and women aged 18 to 80 years), who had been divided into two groups. The first group
patients (n=132) received the study drugs (nirmatrelvir 300 mg and ritonavir 100 mg) — 1 tablet twice a day with an interval
of 12+2 hours for 5 days in combination with pathogenetic and symptomatic therapy. The second group patients (n=132)
received standard therapy in accordance with the approved Temporary Guidelines for the Prevention and Treatment of Novel
Coronavirus Infection (Version 15 dated February 22, 2022).

Results. During the study, none of the patients from the (nirmatrelvir + ritonavir) group experienced a transition of the
COVID-19 course to a heavier severity level, in contrast to the patients in the standard therapy group. The study participants
included patients with comorbidities (68% of the general population), with risk factors for COVID-19 progression to a heavier
severity level and the risk of hospitalization (75% of the general population). There were no cases of COVID-19 progression
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D.N. Zemskov, KYa. Zaslavskaya, S.M. Noskov, A.V. Taganov, P.A. Bely. modern directed antiviral COVID-19 therapy: results of multicenter
clinical effectiveness and safety study of fixed nirmatrelvir+ritonavir combination. Pharmacy & Pharmacology. 2022;10(4):371-386.
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to a heavier severity level in the study drug group. By the 6th day, in the nirmatrelvir + ritonavir group, the proportion of the
patients who had achieved a complete recovery was twice more and amounted to 35.61% (p=0.0001), and the proportion
of the patients with a negative RNA analysis to SARS-CoV-2 was 20% higher than in the comparison group, and amounted to
82.58% (p=0.0001). The fixed nirmatrelvir + ritonavir combination therapy has a favorable safety profile comparable to the
standard therapy. The identified adverse reactions were transient in nature and did not require discontinuation of therapy or
changes in the treatment regimen.

Conclusion. The fixed nirmatrelvir + ritonavir combination has a favorable safety profile in COVID-19 patients, comparable
to the standard therapy. The data obtained demonstrate a clinical and pharmacoeconomic feasibility of including the fixed
(nirmatrelvir + ritonavir) combination in the COVID-19 treatment regimen.

Keywords: coronavirus; COVID-19; nirmatrelvir; ritonavir; Skyvira®; adverse events

Abbreviations: RDS — respiratory distress syndrome; WHO — World Health Organization; FDA — Food and Drug Administration
(USA); SBP — systolic blood pressure; EMA — European Medicines Agency; AE — adverse event; DBP — diastolic blood pressure;
HR — heart rate; RR — respiratory rate; BMI — body mass index; SAE — serious adverse events; IG — Interim Guidelines
“Prevention, diagnosis and treatment of a new coronavirus infection”; Cmbs — comorbidities; NAAT — nucleic acid amplification
test; NSAIDs — non-steroidal anti-inflammatory drugs; ALT — alanine aminotransferase; AST — aspartate aminotransferase;
ULN — upper limit of normal; MedDRA (Medical Dictionary for Regulatory Activities) — medical dictionary of terms of
international medical terminology; EPIC-HR (Evaluation of Protease Inhibition for Covid-19 in High-Risk Patients) — assessment
of protease inhibition in COVID-19 in patients at high risk; Cl — confidence interval; SARS-CoV-2 — severe acute respiratory
syndrome coronavirus; COVID-19 — CoronaVlrus Disease 2019; CTs — clinical trials; IWRS — Interactive web randomization system.
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B cTtatbe npeacTaBaeHbl AaHHbIE OTKPbITOTO ABYX3TanNHOINO0 MHOTOLEHTPOBOIO UCCNEA0BAHMA NO OUEHKe 3GDEKTUBHOCTU U
6e30MacHOCTM KOMBUHMPOBAHHOTO Npenapata (pUKcMpoBaHHas KombUHauua HUpmaTpensmp 300 mr n puToHasup 100 mr)
B KOMMJIEKCHOW Tepanuu y nayumeHTos ¢ COVID-19.

Lenb. OueHnTb 6e30MacHOCTb, MEPEHOCUMOCTb U GapMaKOKMHETUYECKME MapameTpbl GUKCMPOBAHHON KOMBUHaL MK
HupmaTpensup 300 mr u putoHasup 100 mr y 340poBbix A06poBobLEB, 3GPEKTUBHOCTL M HE30NacHOCTb MPUMEHEHMUA
npenapaTta B KOMMJIEKCHOW TepanuUn B CPaBHEHMM CO CTaHAAPTHOM Tepanuvei y naumneHTos ¢ COVID-19.

Martepuan u metoabl. OTKpbITOE ABYX3TaNnHOE MHOFOLEHTPOBOE KAMHWYECKOE WUCCNeAO0BaHWE MO OLEHKE OCHOBHbIX
dapMaKOKMHETUYECKUX MapaMeTpoB, 6e3omacHOCTH, a TaKke 3ddeKTMBHOCTM B OTHOWeHUn COVID-19 nekapCTBEHHOro
npenapata Hupmatpensup 300 mr u putoHasup 100 mr (Ckansupa® OO0 «MPOMOME/L PYC», Poccusa) y B3pocnioi
nonynaumMm BKNOYano 2 stana. Ha | atane oueHnsBanacb 6e30nacHoOCTb, NEPEHOCUMOCTb M papMaKOKMHETUYECKUE MAPAMETPbI
Y 340pOBbIX 406pPOBO/bLEB (CTaplie 18 neT) ¢ Lenbio NOATBEPHKAEHUA UX COMOCTAaBUMOCTMU C INTEPATYPHLIMU AAHHBIMMU,
M3BECTHbIMW A Habopa pencTBytoLmx BelecTs. Ha Il atane oueHnBanacb apdeKTMBHOCTL M HE30MacHOCTb Y NaLMEHTOB
¢ COVID-19. B pamKax Il aTana B uccnegoBaHUM y4acTBOBaANO 264 NauUMeEHTa (MY»KUMHbI U KEHLWMHbI B Bo3pacTe oT 18 ao 80
NeT), KoTopble 6blAK pacnpeaeneHbl Ha ABe rpynnbl. MayueHTbl nepBow rpynnbl (n=132) noayyanun nccaeayemblit npenapat
(HMpmatpensup 300 mr n putoHasmp 100 mr) no 1 TabneTke 2 pasa B AeHb C UHTEPBANOM 1212 4 B TeUeHMe 5 gHEeN B KOMNIEKce
C MaToreHeTMYecKo N CMMNTOMaTUYECKON Tepanueid. MauneHTbl BTopon rpynnbl (n=132) nony4yanu cTaH4apTHYIO Tepanuio
B COOTBETCTBUM C YyTBEPKAEHHbIMU BpeMeHHbIMY METOANYECKUMU PEKOMEHAALMAMM NO NPODUNAKTUKE U NEYEHUIO HOBOW
KOPOHAaBUPYCHOW MHdEKLUK, yTBEPKAEHHBIMU MUHUCTEPCTBOM 3ApaBooxpaHeHusa Poccuiickon Pepepaumn (Bepcua 15
o1 22.02.2022).

Pe3ynbratbl. 3a BpeMsa UCCAEA0BAHMA HU Y O4HOMO MaLMeHTa U3 rpynnbl (HUPMATPENBUP + PUTOHABUP) He Habaaanocb
nepexoga tedyeHnna COVID-19 B 6onee TAKeNylo cTeneHb B OT/IMYME OT MaLMEHTOB rpynnbl CTaHAAPTHOW Tepanuu. Cpeaun
YHYaCTHUKOB UCCNeA0BaHMA BblIM NALMEHTbI C CONYTCTBYOLWMMM 3aboneBaHnaMM (68% OT 0bLuen nonynaumm), c paktopamm
pucka nporpeccupoBaHma COVID-19 go TAXKenoro TeyeHua W pucka rocnutanmsaumu (75% ot obuwen nonynaumu). B
rpynne uccneayemoro npenaparta He 6bi10 HU ogHoro cayyasa nepexoga COVID-19 B 6osiee TAKenyto cteneHb TedeHus. K
6-My OHIO B rpynne (HUpMaTpensup + PUTOHABMP) A0NA NALMEHTOB, SOCTUrLLIMX NOJIHOMO BbI3J0POBAEHMSA, Bblia 6onblue
B 2 pasa u coctasasana 35,61% (p=0,0001), a AoNA NMaUMEHTOB C OTpULUATENbHbIM aHann3om PHK Kk SARS-CoV-2 6bina
Ha 20% Bbilwe, Yem Yy Fpynnbl CpaBHEHWA W cocTaBuna 82,58% (p=0,0001). Tepanusa ¢GUKCMpPOBaAHHON KOMbBMHauuen
(HMpMaTpensup + pUTOHABUP) XapaKkTepusyeTtca 6aaronpUATHLIM Npoduiem 6e30nNacHOCTU, CONOCTaBUMbIM CO CTaHAAPTHOM
Tepanuen. BoiAiBneHHbIe HeenaTebHble peaKkL MM HOCUAW TPAH3UTOPHbIV XapaKTep U He TpeboBaan OTMEHbI Tepanum nam
M3MEHEHUA CXeEMbI IeYEHUA.

3akntoueHune. PMKCUMpPOBaHHAA KOMBMHALMA (HUPMATPENBUP + PUTOHABMP) XapaKkTepusyeTca baaronpuaTHbIM npodunem
6e3onacHocTM y naumeHToB ¢ COVID-19, conocTaBMMbIM CO CTaHAAPTHOM Tepanuei. MonyyeHHble AaHHble CBUAETE/IbCTBYOT
0 KIMHUYECKOWN U GapMaKO3IKOHOMMUYECKOM LiesIecoobpasHOCTU BKAOUYEHNA GUKCUPOBAHHOM KOMBMHaLMM HUpMaTpenBempa
C pUTOHaBUpPOM B cxemy nedyeHunsa COVID-19.

KntoueBble cnoBa: kopoHasupyc; COVID-19; HupmaTpensup; putoHasup; CkanBupa®; HexenatenbHble ABAEHUSA

Cnucok cokpaweHuit: PAC — pecnupaTopHbli Auctpecc-cMHApom; BO3 — BcemupHaa opraHusauusa 34paBOOXpPaHEHUS;
FDA — YnpaBneHue Mo CaHUTAapPHOMY HaA30pYy 3a KayecTBOM MULLEBLIX MPOAYKTOB M MegukameHTos (CLUA); CAL —
cUCTONMYECKoe apTepuanbHoe aasneHne; EMA — EBponerickoe areHTCTBO /IeKapCTBEHHbIX cpeacTs; HA — HexenatenbHoe
asneHue; AL, — Anactonvyeckoe apTepuanbHoe gaBneHue; YCC — yacTtoTa cepgeyHbiX coKpaweHui; YA — yacToTa
ObIXaTeNbHbIX ABUXKeHUN; UMT — nHaekc maccol Tena; CHA — cepbé3sHble HeXenatenbHble ABneHUs; BMP — BpemeHHble
MeTogMyeckme pekomeHZauun «lMpodunaktnka, A[MArHOCTUKA W NleYeHWe HOBOW KOPOHABUMPYCHOM UHOEKUUUY;
C3 — conytcTBytowme 3aboneBaHus; MAHK — metog amnandukaumm HykneuHoBbix Kucnot; HIMBI — HecTtepouaHbie
NpOTMBOBOCMANUTENbHbIE NpenapaTbl; AJIT — anaHMHamuHoTpaHcdepasbl; ACT — acnaptatamuHoTpaHcdepasa; BMH —
BEPXHAA rpaHuLa Hopmbl; MedDRA — meguLMHCKUIA CIOBapb TEPMUHOB MEXKAYHAPOAHON MEAULUHCKON TEPMUHONOTUN;
EPIC-HR — ougeHKa WHrMbupoBaHua npoteasbl npu COVID-19 y nauMeHTOB C BbICOKMM pUCKOM; AU — goBepuTesibHbIl
MHTepBan; SARS-CoV-2 — KopoHasupyc, Bo3byautens COVID-19; COVID-19 — KopoHaBupycHaa MHpeKuma; KU — KnuHuyeckue
nccneposanua; IWRS — mogynb paHAOMU3ALUM NALLUEHTOB.

INTRODUCTION
COVID-19 can follow several scenarios — from
asymptomatic carrier state to pneumonia of varying
severity with the development of acute respiratory
distress syndrome (ARDS). Despite the alleged
“weakening” of SARS-CoV-2 new variants, the medical
community has come to the consolidated opinion that
without targeted antiviral therapy and vaccination, the
COVID-19 pandemic may “approach” the scale of the
1894 plague (12 million deaths) and the flu pandemic
A(H1IN1) 1918 (50 million deaths) [1].

To date, the spread of the coronavirus disease
(COVID-19) is still unstoppable (the number of confirmed
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cases and deaths continues to rise). The World Health
Organization (WHO) reported the detection of cases
in 216 different countries, which dictates the need to
find new treatment strategies that can withstand the
pandemic [2, 3].

The unprecedented global spread of SARS-CoV-2 has
created serious challenges for the healthcare system. The
global research community calls for the development of
effective treatment protocols with the inclusion of new
drugs with a high efficacy and safety profile that can
significantly affect the containment and elimination of
the COVID-19 pandemic [3, 4].
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Currently, along with a standard supportive care,
therapeutic approaches for the treatment of COVID-19
include the use of drugs that interfere with the life
cycle of SARS-CoV-2 and block viral replication. At the
moment, according to the medical community, the
most promising is the combination of nirmatrelvir and
ritonavir. It has been established that nirmatrelvir (PF-
07321332) stops the spread of COVID-19 in animal
models, and ritonavir slows down its metabolism and
helps maintain therapeutic plasma concentrations.
Despite frequent mutations in the SARS-CoV-2 genome,
nirmatrelvir exhibits an effective antiviral effect against
recent mutations and variants of coronavirus [5].

All coronaviruses, including SARS-CoV-2, encode
two proteases required for the processing of the
PP1A and PP1AB polyproteins. The main protease
3CL (chemotrypsin-like) gives rise to the formation of
NSP11/16 proteins. The 3CL protease was chosen as one
of the possible therapeutic targets for the development
of antiviral drugs against SARS-CoV-2 due to its highly
conserved sequence and structure. Nirmatrelvir (PF-
00835231) has a high inhibitory activity against this
particular protease. The antiviral activity of the drug was
detected during the SARS-CoV-1 epidemic [6, 7].

Subsequently,
nirmatrelvir and ritonavir combination against SARS-

a high antiviral activity of the
CoV-2 has been demonstrated [8]. Pharmacokinetic
studies have shown off a significant increase in the
systemic exposure of nirmatrelvir when co-administered
with the CYP3A4 inhibitor ritonavir, consistent with
the predominant role of CYP3A4 in the metabolism of
nirmatrelvir [9, 10].

Further, in a number of clinical studies, the
effectiveness of the nirmatrelvir + ritonavir combination
was confirmed. Nirmatrelvir + ritonavir showed a greater
reduction in the risk of hospitalization and death than
molnupiravir compared with placebo. The both drugs
were prescribed in the first five days after the onset of
symptoms [11, 12].

In the EPIC-HR study, the use of the nirmatrelvir +
ritonavir combination in the patients with a coronavirus
infection resulted in an 88% reduction in hospitalization
or mortality among unvaccinated outpatients with early
COVID-19. The overall risk of hospitalization was 45%
lower among the patients treated with nirmatrelvir +
ritonavir [13]. An interim analysis demonstrated an 89%
reduction in the risk of hospitalization or deaths from
any cause associated with COVID-19 compared with
placebo in the patients starting treatment within three
days of the symptom onset (the primary endpoint) [14].
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In a double-blind (randomized) study, unvaccinated,
non-hospitalized adults at high risk of progression to
the severe disease of COVID-19 were given nirmatrelvir
(300 mg) + ritonavir (100 mg) every 12 hours for 5 days
[15-16]. The primary aim of the study was to evaluate
the efficacy of nirmatrelvir + ritonavir by comparing the
percentage of patients with hospitalization or deaths
from any cause related to COVID-19 within 28 days in
the two groups.

A total of 2246 patients were randomized; 1120
patients received nirmatrelvir+ritonavir (a nirmatrelvir
group) and 1126 patients received placebo (a placebo
group). The incidence of hospitalizations or deaths
associated with COVID-19 by day 28 in the nirmatrelvir
group was 6.32% lower than in the placebo group (95%
confidence interval (Cl), —9.04 to —3.59; p <0.001, the
reduction in the relative risk of hospitalization was
89.1%). All 13 deaths occurred in the placebo group.

The frequency of adverse events (AEs) was similar in
the two groups (any AE: nirmatrelvir + ritonavir group/
placebo group — 22.6%/23.9%; serious AEs — 1.6%/6.6%;
AEs leading to the drug withdrawal —2.1%/4.2%).
Dysgeusia (5.6% vs 0.3%) and diarrhea (3.1% vs 1.6%)
were more common in the groups treated with
nirmatrelvir + ritonavir than with placebo. The treatment
with nirmatrelvir in combination with ritonavir resulted
in an 89% reduction in the risk of progression to severe
COVID-19 compared with placebo and was characterized
by a favorable safety profile [15-18].

In the study by Najjar-Debbiny R. et al. (2022), it was
also proved that in the “Era of Omicrons”, nirmatrelvir in
combination with ritonavir was very effective in reducing
the risk of severe COVID-19 and/or mortality [19].

It is important to notify that the main target (3CL) is
practically not amenable to mutations and modifications,
and therefore nirmatrelvir in combination with ritonavir
will be effective regardless of SARS-CoV-2 strains, which
was also proven in a number of studies [20, 21].

The combination (nirmatrelvir + ritonavir) received
a conditional approval in the United Kingdom in
December 2021 for the treatment of adults at a high
risk of progressing to severe COVID-19 patients who do
not require supplemental oxygen. In January 2022, the
nirmatrelvir + ritonavir combination was approved in the
European Union to be used in adults and children over
12 years of age for the same indication and also has been
approved for an emergency use in the USA [22, 23].

Due to the rapid spread of the Omicron SARS-
CoV-2 virus variant worldwide, the Food and Drug
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Administration (FDA, USA) has issued an emergency use
authorization of the nirmatrelvir + ritonavir combination
for the outpatient treatment of mild to moderate
COVID-19 patients who are susceptible to risk of
progression [15, 24-25]. Nirmatrelvir is included in the
WHO guidelines for the COVID-19 treatment [26].

THE AIM of the study was to assess the safety,
tolerability and pharmacokinetic parameters of the fixed
combination of nirmatrelvir and ritonavir in healthy
volunteers, the efficacy and safety assessment of the
drug in the combination therapy compared with the
standard therapy in COVID-19 patients.

MATERIAL AND METHODS

An open two-stage multicenter study has been
conducted to assess the main pharmacokinetic
parameters and safety, as well as to evaluate the
effectiveness of the drug Skyvira® (LLC PROMOMED
RUS, Russia) against COVID-19 in the adult population.

This study was conducted with the aim of registering
the drug in the Russian Federation, and included an
assessment of the main pharmacokinetic parameters,
safety, and efficacy against COVID-19%.

The present study included 2 stages. At Stage 1, the
safety, tolerability and pharmacokinetic parameters of
the drug were evaluated in healthy volunteers (n=16),
at Stage 2, the efficacy and safety of the drug were
evaluated in COVID-19 patients.

The study was conducted in accordance with the
principles of good clinical practice from February 17,
2021 toJune 1, 2022 in 8 cities of the Russian Federation
(Moscow, Saransk, Kirov, Ivanovo, Smolensk, St.
Petersburg, Ryazan, Yaroslavl), on the basis of 12 medical
institutions involved in the treatment of patients with a
novel coronavirus infection.

Stage 1, research centers of clinical trials:

1. “Clinical Hospital No. 3” (Yaroslavl);

2. Analytical

Pharmaceutical Analytics (Moscow).

laboratory: LLC  Center for

Stage 2, research centers of clinical trials:
1. Clinical Hospital No. 3 (Yaroslavl);

! Open two-stage multicenter study has been conducted to assess the
main pharmacokinetic parameters and safety, as well as to evaluate
the effectiveness of the drug Skyvira® (LLC PROMOMED RUS, Russia)
against COVID-19 in the adult population film-coated tablets (LLC
PROMOMED RUS, Russia). Research sponsor LLC PROMOMED RUS,
Russia. Study protocol: No. NR-012022. Phase of clinical development:
I-ll phase. Stage | — open incompare cohort. Stage Il — open,
randomized multicenter comparative. Dates of the study: 2021 Feb 17 —
2022 Jan 06. Contract research organization: SOLYUR-PHARM LLC,
office 2, room 1, floor 3, Bldg 2, 4, Ivana Franko Str., Moscow, Russia,
121108.
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2. Spasokukotsky City Clinical Hospital, Moscow
City Health Department (Moscow);

3. National Research Ogarev Mordovia State
University, (Saransk);

4. Clinical Hospital No. 1 (Smolensk);

5. lvanovo Clinical Hospital n. a. after the Kuvaevs
(lvanovo);

6. Ryazan Pavlov State Medical University (Ryazan);

7. Kirov State Medical University (Kirov);

8. Smolensk State Medical University (Smolensk);

9. LLC “Aurora MedFort” (St. Petersburg);

10. OrKli Hospital Limited Liability Company (St.
Petersburg);

11. LLC “Uromed” (Smolensk).

Research objectives

Stage 1 of the study included a non-randomized
cohort design. All volunteers were screened and then
hospitalized per cohort (the volunteers of cohort 2
were invited to hospitalization after the completion of
participation in the study of cohort 1volunteers, subject
to approval of a further study by the Expert Council for
Drug Safety).

At this stage of the study, after the use of a fixed
combination of nirmatrelvir + ritonavir, the following
factors were evaluated in healthy volunteers: drug
tolerability, basic vital

physical examination

data, ECG, laboratory parameters (a clinical blood

signs,

test, a biochemical blood test, a clinical urinalysis), the
frequency and the AE severity. The pharmacokinetic
parameters of the active substances (nirmatrelvir +
ritonavir) after single and multiple uses of the drug were
also studied.

Inclusion criteria for Stage I:

1. Possession of a signed and dated informed
consent form, as well as the ability and willingness to
comply with all the requirements of the study protocol;

2. Men between 18 and 45 years old (inclusive) at
the time of signing the informed consent form;

3. Averified diagnosis of “healthy” according to the
standard clinical, laboratory and instrumental methods
of examination;

4. Hemodynamic parameters: systolic blood
pressure (SBP) 100—-130 Mmhg, diastolic blood pressure
(DBP) 60-85 Mmhg, heart rate (HR) 60—90 beats per
minute, respiratory rate (RR) 16-20 breaths per minute;

5. Negativetestresultsforhumanimmunodeficiency
virus (HIV), syphilis, hepatitis B (HbsAg), and hepatitis C
(HCV);
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6. Negative test results for the use of alcohol,
narcotic drugs and psychotropic substances.

7. Body mass index (BMI): 18.5-30 kg/m?;

8. Willingness to abstain from alcohol within 72
hours prior to screening and during the study period;

9. Avolunteer’s consent to use reliable methods of
contraception during the study period, within 3 weeks
after its completion.

Criteria for non-inclusion, Stage 1:

1. Aggravated allergological drug
intolerance. Hypersensitivity to the components of the
study drug;

2. Lactase deficiency, lactose intolerance, glucose-
galactose malabsorption;

3. Impossibility to install a venous catheter for
blood sampling;

4. Difficulties in swallowing tablets;

5. Donation or loss of blood (2450 ml of blood or
plasma) less than 3 months prior to screening;

6. Acute and chronic diseases of the cardiovascular,
bronchopulmonary, endocrine and nervous systems,
including organic diseases of the central nervous system
(CNS), as well as diseases of the gastrointestinal tract
(GIT), liver, kidneys, blood;

7. Any deviations from normal values during
laboratory and/or instrumental examinations.

8. Surgicalinterventions on the gastrointestinal tract
(with the exception of appendectomy) in anamnesis;

9. Acute infectious diseases or symptoms of SARS
less than 4 weeks before the screening visit;

10. Detection of SARS-CoV-2 RNA or SARS-CoV-2
antigen within 6 months prior to the screening;

11. Presence of at least one of the epidemic signs:

e return from an overseas travel 14 days prior to
the screening and no test results for SARS-CoV-2 RNA or
SARS-CoV-2 antigen;

¢ close contact with a person under observation for
COVID-19 who subsequently became ill, in the past 14
days prior to the screening;

¢ close contact with a laboratory confirmed case of
COVID-19 in the past 14 days prior to the screening;

e professional contacts with individuals who have a
suspected or confirmed case of COVID-19 in the last 14
days prior to the screening.

12. Regular intake of medications, including herbal
and homeopathic preparations, vitamins and/or dietary
supplements (BASs) less than 4 weeks before the
screening visit;

13. Taking medications that have a pronounced
effect on hemodynamics and/or function

anamnesis,

liver
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(barbiturates, omeprazole, cimetidine, etc.) less than 2
months before the screening visit;

14. Special diet (e.g., vegetarian, salt-restricted)
less than 2 months prior to the screening visit;

15. Special lifestyle (night work, an extreme physical
activity) less than 2 months prior to the

16. Alcohol ingestion in anamnesis: more than 10
units of alcohol per week (1 unit of alcohol is equivalent
to 500 ml of beer, 200 ml of wine or 50 ml of hard liquor),
or anamnestic data on alcoholism, drug addiction, drug
abuse;

17. Smoking more than 10 cigarettes per day at the
time of the screening visit;

18. Performing piercing procedures, tattooing/
tattooing less than 1 month before screening procedures
and throughout the study;

19. Mental, physical and other reasons that do not
allow the volunteer to adequately assess their behavior
and correctly fulfill the conditions of the Research
Protocol;

20. Participation in another clinical trial less than 3
months before the screening visit;

21. Other reasons that do not allow the volunteer,
in the opinion of the research physician, to take part in
this study.

Duration of Stage |

The total duration of a volunteer’s participation
in the study was no more than 11 days, herewith,
the screening duration was no more than 7 days, the
duration of a hospital stay was no more than 3.5 days,
the duration of the study drug was no more than 3 days.

Assessed safety indicators for Stage I:

1. The frequency and severity of AEs registered on
the basis of complaints, changes in the well-being of
volunteers according to abnormal results of laboratory
tests, physical examinations, assessment of vital signs,
ECG;

2. Number of cases of participants’ early termination
in the study due to the development of AEs and/or SAEs,
including those related to the investigated drug;

3. Assessment of the overall tolerability of the
investigated drug on the Likert scale by the investigator.

Method of application in Stage |

It was supposed to include 2 cohorts of 8 healthy
volunteers each: Cohort 1 — 300 mg + 100 mg once; Cohort
2 —300 mg + 100 mg every 12 hours, 5 doses in total.

The study began with the use of the drug by Cohort
1 volunteers. Taking the drug by the volunteers Cohort 2
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was started only after assessing the safety of the drug by
the volunteers of Cohort 1.

The decision on the possibility of switching to the
multiple use of the drug within Cohort 2 was made by the
Expert Council for Drug Safety based on the assessment
of AE/SAE. The transition to Cohort 2 could be stopped
if at least one of the following stopping criteria was
found in Cohort 1 of the volunteers. These criteria are as
follows: the development of a serious adverse reaction
with a possible, probable or definite connection with the
study drug in 21 healthy volunteers; the development of
a severe adverse reaction with a possible, probable or
definite connection with the use of the study drug in >2
healthy volunteers, regardless of whether they belong to
the same class of organ systems or not.

Randomization of Stage Il

Randomization was performed using the IWRS
(Interactive web randomization system) built into a
patient’s electronic individual registration card. At Stage
2 of the study, 264 patients who had finished the study
all over in accordance with the approved protocol were
randomized.

In the group of the drugs combination nirmatrelvir +
ritonavir (group 1), 84 female patients (63.64%) and
48 male patients (36.36%) were randomized, in the
standard therapy group — 82 female patients (62.12%)
and 50 male patients (37.88%). Subgroup 1-1 (n=33)
was without any presence of a risk factor for the
development of a severe COVID-19 course. Subgroup
1-2 (n=99) was characterized by the presence of at least
one risk factor for the development of a severe COVID-19
course.

The mean age of patients in the fixed combination
(nirmatrelvir + ritonavir) group was 46.61+15.75 years
(from 19 to 79 years of age), the mean body weight was
80.69+14.31 kg (from 49.0 to 116 .0 kg), the height was
170.44+7.78 cm (from 152 to 190 cm), BMI — 27.81+
4.89 kg/m? (from 18.37 to 40.90 kg/m?).

The mean age of patients in the standard therapy
group was 46.62+15.97 years (from 18 to 77 years old),
the mean body weight was 79.32+14.57 kg (from 50.0
to 122.0 kg), the mean height — 170.01£7.74 cm (from
148 to 193 cm), the mean BMI —27.45+4.81 kg/m? (from
17.71 to 43.74 kg/m?).

The first group (n=132) received 1 tablet of the
study drug (nirmatrelvir + ritonavir) twice a day with an
interval of 1242 hours for 5 days in combination with
pathogenetic and symptomatic therapy, presented in the
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Interim Guidelines “Prevention, diagnosis and treatment
of novel coronavirus infection” (1G)?, valid at the time of
the study.

The second group (n=132) received standard
therapy in accordance with the IGs in force at the time
of the study?.

Each group included 2 subgroups depending on
the presence/absence of at least one risk factor for the

development of severe COVID-19 in the ratio of 3:1.

Inclusion criteria for Stage 2:

1. Availability of an informed consent form signed
and dated by the patient;

2. Men and women aged from 18 to 80 years old
inclusive at the time of signing the informed consent
form;

3. A confirmed case of COVID-19 at the screening
time: a positive laboratory test for the presence of
SARS-CoV-2 RNA using nucleic acid amplification
methods (NAAT) or SARS-CoV-2 antigen using an
immunochromatographic analysis?*;

4. A mild or moderate infection caused by SARS-
CoV-2;

5. Atthe time of screening and randomization, there
is at least one of the following symptoms characteristic
of COVID-19: nasal congestion or a running nose, a
sore throat, shortness of breath on exertion, cough,
fatigue, muscle or body pain, headache pain, chills,
fever (body temperature >38°C), nausea, vomiting,
diarrhea, loss of smell (anosmia), loss of taste sensation
(ageusia).

6. The onset of the disease (appearance of the first
symptom) no more than 5 days before randomization;

7. A patient is willing and able to take oral
medications;

8. A patient’s consent to use reliable methods of
contraception throughout the study and for 3 weeks
after the end of the study.

The study could also include the women who are
unable to bear children (anamnesis: hysterectomy,
tubal ligation, infertility, menopause for more than 10
years), as well as men with infertility or anamnesis of
vasectomy.

2 Interim guidelines “Prevention, diagnosis and treatment of a new
coronavirus infection” (COVID-19), version 16 (2022 Aug 18), approved
by the Ministry of Health of Russian Federation.

3 Interim guidelines “Prevention, diagnosis and treatment of a new
coronavirus infection” (COVID-19), version 15 (2022 Feb 22), approved
by the Ministry of Health of Russian Federation.

4 SARS-CoV-2 test results obtained up to 5 days prior to randomization
could be considered if supporting documentation was available.
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Criteria for non-inclusion, Stage 2:

1. Hypersensitivity to the components of the study
drug;

2. Lactase deficiency, lactose intolerance, glucose-
galactose malabsorption;

3. Use of direct-acting antivirals within 10 days
prior to the screening;

4. At the screening time, the use of the drugs,
clearance of which is highly dependent on the CYP3A
isoenzyme, or which are strong inducers of CYP3A (for
more information, see the section “Prohibited Therapy”);

5. The need for the use of drugs from the list of
prohibited therapies;

6. The need for oxygen therapy at the time of
screening;

7. The need for hospitalization at the time of
screening, or expecting the need for hospitalization
caused by COVID-19 within 48 hours of randomization,
other than the need for hospitalization in an observatory
for social reasons (e.g., living in a hostel, cohabiting with
people, including risk factors for severe COVID-19, who,
after a contact with a patient, have a negative result in
SARS-CoV-2 RNA/antigen, etc.);

8. Availability of criteria for severe and extremely
severe course of the disease at the time of screening;

9. Vaccination less than 4 weeks prior to the
screening;

10. Presence of a probable or confirmed case
of moderate COVID-19 within 6 months prior to the
screening;

11. Presence of a probable or confirmed case of
severe and extremely severe COVID-19 in anamnesis;

12. Patients with the established moderate to
severe renal insufficiency (the estimated glomerular
filtration rate (GFR) <60 ml/min/1.73m? according to the
CKD-EPI formula) or receiving renal replacement therapy
at the screening time;
in Child-
Pugh’s classification) at the moment of screening or

13. A severe liver failure (class C
anamnesis (within 6 months prior to the screening)
of alanine aminotransferase (ALT) and/or aspartate
aminotransferase (AST) >2.5 upper limit of normal
(ULN) ), and/or total bilirubin =2 ULN (=3 ULN in Gilbert’s
syndrome);

14. A positive result of the analysis for the presence
of HIV, syphilis, hepatitis B and/or C at the screening;

15. Alcohol,

dependence in anamnesis and/or at the screening time;

pharmacological and/or  drug

16. Schizophrenia, schizoaffective disorder, a bipolar
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disorder or other psychiatric pathology in anamnesis or
suspicion of their presence at the screening time;

17. Any anamnestic data that, in the opinion of the
investigator, may complicate the interpretation of the
results of the study or create any kind of an additional
risk for a patient as a result of his participation in the
study;

18. Unwillingness or inability of a patient to comply
with the procedures of the Protocol (according to the
investigator);

19. Pregnant or lactating women or women
planning a pregnancy;

20. Participation in another clinical study within 3
months prior to the enrollment in the study;

21. Other conditions that prevent the inclusion of
the patient in the study.

Duration of Stage 2
The total duration of a patient’s participation in the
study was no more than 31 days (Table 1).

Criteria for safety assessment, Stage II:

1. Total number of AEs stratified by severity and
frequency.

2. Frequency of adverse events.

3. Frequency of SAEs, including those associated
with study drug/standard therapy.

4. Proportion of patients with at least one AE.

5. Percentage of patients interrupting the treatment
due to AE/SAE.

Criteria for evaluating effectiveness at Stage 2:

Primary efficacy criterion:

Incidence of patients with COVID-19 progressing to
a more severe Interim Guidelines from baseline at visit
4 (Day 16).

Secondary efficacy criteria:

1. Dynamics of clinical status on a categorical
ordinal scale of clinical improvement;

2. Frequency of worsening clinical status on a
categorical ordinal scale of clinical improvement by >1
category at visits 2, 3 and 4;

3. Frequency of patients with category 0 on the
categorical ordinal scale of clinical improvement at visits
2,3 and 4;

4. Rate of SARS-CoV-2 RNA negative patients at
visits 2, 3 and 4;

5 Symptom scores for Visits 2—6 on the COVID-19
Major Symptom Rating Scale.

Volume X, Issue 4, 2022



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOIUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2022-10-4-371-386

Statistical processing of research results

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

Descriptive statistics is presented for all indicators
of efficacy, safety, tolerability, and pharmacokinetic
parameters collected during the study.

Continuous (quantitative) data are presented
using a number of observations, arithmetic mean, 95%
confidence interval (Cl) for mean, standard deviation,
median, interquartile range (25" and 75% centiles),
minimum and maximum (if not specified otherwise).

Ordinal, categorial, and qualitative data are
presented as absolute frequencies (a number of
observations), relative frequencies (percentage), and
95% Cl (unless noted otherwise).

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

To assess the parameters represented by ordinal
values, non-parametric methods of the analysis were
used. The Mann-Whitney test was used to compare
indicators between the groups; to assess the dynamics
of an indicator within each group, the Friedman criterion
for several dependent variables was used; to compare
between the start and the end points within each
group, the Wilcoxon test for two dependent variables
was applied. If all the expected values in the cells of the
contingency table for this analysis were 5 or more, the
Fisher’s exact test or the chi-square test x? could be also
used for the analysis,

For the comparison between the groups of
quantitative indicators, the Student’s
t-test or Mann-Whitney test was used (depending on
the conclusion about the nature of the distribution).
Between the start and the end points of the assessment
within each group, a paired t-test or the Wilcoxon test
for two dependent variables (depending on the accepted
conclusion about the nature of the distribution) were

continuous

used.

In the case of estimating the time to the event (time-
to-event), taking into account censored observations,
the Kaplan-Meier method and the construction of
survival tables could be used as descriptive methods of
the analysis; the Cox-Mentel or Log-rank test.

The differences considered statistically
significant at p <0.05.

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

For Stages | and Il of the study, demographic data
(age, sex), baseline data are presented as absolute
frequencies (numbers of observations), relative
frequencies (percentage) or using the arithmetic mean,
95% Cl for the mean, standard (root mean square)
deviation, median, interquartile range (25" and 75%
centiles), minimum and maximum depending on the
type of the variable.

At Stage 2, to test the hypothesis about the
homogeneity of the study groups, the null hypotheses
(about the absence of differences between groups) using
the Student’s t-test (for interval indicators with a normal
distribution in the study population) were tested. The
Mann-Whitney test (for ordinal indicators or for interval
indicators with a distribution other than normal) or the
Fisher’s exact test and the x? test (for qualitative traits)
were also used.

In the case of finding statistically significant
differences between the groups, the magnitude of the
differences between the study groups was assessed

using CI.

RESULTS AND DISCUSSION

Results of study, Stage 1

As a part of the first stage of the investigation, the
safety of the studied combination was initially confirmed
and its pharmacokinetic profile was studied (Fig. 1, 2).

During the first phase of the study, the comparability
of the main pharmacokinetic parameters of the studied
fixed combination with the literature data [8, 9, 16] for
both nirmatrelvir and ritonavir was shown, both with a
single and multiple administration.

Nirmatrelvir

Cohort 1 (a single administration): the median
time to reach the maximum concentration (C =
1988.92+1109.65 ng/ml) of nirmatrelvir was T..=175
hours. Nirmatrelvir was eliminated from blood plasma
with a mean of T ,= 5.80 + 1.96 hours. The AUCO_,
and AUC, . values were 15354.88+6258.84 ngxh/ml
and 13105.22+5656.34 ngxh/ml, respectively. The
total clearance (Cl) was 23.18 + 11.21 I/h. The volume
of the drug distribution corresponded to the value of
V,=189.08+98.03 liters. The value of the mean retention
time of the drug substance in the blood plasma was
MRT = 8.82+3.00 hours.

379



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

Table 1 — Schedule of patients’ visits at Stage 2 of the study

Visit No. Interval (hours/days) Study status

No more than 48 hours Screening

1 day* Randomization

6-—7 day -

11-12 days -

14-15 days** -

unibflw|N|=R|O

21+1 days** -

6 28+1 days** Completion

Note: * — visit 1 may have coincided with visit 0. If visit 1 and visit O were the same, then physical examinations, vital signs, registration of
concomitant therapy, pulse oximetry with SpO, measurement, symptom scores using the COVID-19 Symptom Scale were not repeated, inclusion
and non-inclusion criteria were assessed immediately before randomization, and exclusion criteria were assessed after drug administration. ** —
the visit could be carried out both in person and by a phone call. In case of a phone call visit, and in the presence of a positive SARS-CoV-2 RNA
test at the previous visit, medical personnel were sent to collect a swab from the nasopharynx and/or oropharynx for SARS-CoV-2 RNA analysis.

Table 2 - Risk factors in patients in study drug and standard therapy group

Risk factors Main group (n=132) Comparison group (n=132)
BMI 30 or more kg/m? 36.36% 37.12%

Heart diseases 31.06% 30.30%

Age over 60 years 22.73% 21.97%

Chronic kidney diseases 3.03% 6.82%

Chronic lung diseases 2.27% 6.82%

Diabetes mellitus 0.76% 1.52%

Active malignancy 0.76% -

Table 3 — Analysis of adverse reactions frequency according to WHO classification associated
with taking nirmatrelvir + ritonavir combination

Number of events (abs/%)

System organ class and preferred - — .
MedDRA term Nirmatrelvir + ritonavir

(n=132)

p-value

Standard therapy (Fisher’s criterion)

(n=132)

Gastrointestinal disorders

Diarrhea 1 (0.8%) (infrequent) 1(0.8%) (infrequent) 1.0000
Dry mouth 1 (0.8%) (infrequent) Not observed 1.0000
Nausea Not observed 2 (1.5%) (frequent)  0.4981

Laboratory and instrumental data

Increased ALT levels 3(2.3%) (frequent)

2 (1.5%) (frequent) 1.0000

Increased AST levels 3 (2.3%) (frequent)

2 (1.5%) (frequent)  1.0000

Skin and subcutaneous tissue disorders

Erythema Not observed

1(0.8%) (infrequent) 1.0000

Nervous System Disorders

Dysgeusia 3 (2.3%) (frequent)

Not observed 0.2472

Note: The frequency of adverse reactions occurrence is defined as follows: very often (21/10), often (>1/100, but <1/10), infrequently (>1/1000,
but <1/100), rarely (> 1/10,000 but <1/1000), very rarely (<1/10,000), not known (cannot be established based on available data). ALT — alanine

aminotransferase, AST — aspartate aminotransferase.
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Figure 1 — Pharmacokinetic profile of average concentration values of nirmatrelvir a) and ritonavir b)
over time (in a linear transformation) after a single dose of the study drug
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Figure 2 — Pharmacokinetic profile of average concentration values of nirmatrelvir a) and ritonavir b)
over time (in a linear transformation) after multiple doses of the study drug

Cohort 2 (arepeated administration): the value of the
maximum nirmatrelvir concentration in the volunteers’
blood plasma was C__ = 3442.52+1078.88 ng/ml.
The value of the minimum nirmatrelvir concentration
in the blood plasma of volunteers was C = 246.30+
174.85 ng/ml. The AUC,, value waé 33334.03+
9770.52 ngxh/ml.

Ritonavir

Cohort 1 (a single administration): the value of the
median time to reach the maximum concentration (C__ =
25.74£20.98 ng/ml) of ritonavir was T__ = 5 hours.
Ritonavir was eliminated from the blood plasma with
a mean of T ,= 8.13 £ 3.08 hours. AUC,_ and AUC,,
values were 652.80 * 264.85 ngxh/ml and 183,89+
206,42 ngxh/ml, respectively. The total clearance
(Cl) was 173.84+78.32 I/h. The volume of the drug
distribution corresponds to the value of V = 1991.30
1049.61 liters. The value of the mean retention
time of the drug substance in the blood plasma was
MRT = 13.39+4.12 hours.

Cohort 1 (a repeated administration): the value of
the maximum ritonavir concentration in the volunteers’
blood plasma was C__ = 148.15+92.80 ng/ml. The
value of the minimum ritonavir concentration in the
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volunteers’ blood plasma was C = 16.78+9.48 ng/ml.
The AUC,, value was 1542.89+1207.18 ngxh/ml.

Since the results of the clinical trials (CTs) Stage
1 showed a favorable safety profile and a good
tolerability in single and multiple oral administrations
of the combination in the form of film-coated tablets,
nirmatrelvir 300 mg and ritonavir 100 mg, during the Stage
1 study, no criteria for stopping the CTs were identified,
and comparability of the obtained pharmacokinetic data
for nirmatrelvir and ritonavir with the available literature
data was demonstrated. The Ethics committee of the
Ministry of Health> of Russian Federation considered it
possible to proceed to the second stage of the study.
It should be notified that the data obtained confirm
the possibility and expediency of combining the active
substances in the form of the fixed combination, which
reduces polypharmacy and increases the convenience of
use for patients.

Results of study, Stage 2
182 (68.94%) of 264 patients had MedDRA-classified
comorbidities (Cmbs).

5 Study protocol: No. NR-012022. Contract research organization:
SOLYUR-PHARM LLC, office 2, room 1, floor 3, Bldg 2, 4, lvana
Franko Str., Moscow, Russia, 121108.

381



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

The most common Cmbs were obesity (36.32%)
and hypertension (32.48%), kidney diseases (15%),
other Cmbs (11%), respiratory diseases (7%), etc. The
groups were comparable in terms of the Cmbs presence.
In the study drug group, it is interesting to notify the
presence of patients with oncological diseases and
anamnestic data on atrial fibrillation, i.e., the patients
for whom a high safety profile of the drug is especially
important.

Atotal of 264 patientsincluding 198 patients with risk
factors (99 (75%) patients in each group) were observed
in the study (Stage 2). Of these, with the risk factor of
“the age over 60 years” there were 30 patients (22.73%)
in the study drug group and 29 patients (21.97%) in the
comparison drug group; with the risk factor of “obesity
(BMI 30 or more kg/m?)” — 48 patients (36.36%) in
the study drug group and 49 patients (37.12%) in the
comparison drug group; with the risk factor of “diabetes
mellitus” — 1 patient (0.76%) in the study drug group and
2 patients (1.52%) in the comparison drug group; with
a risk factor of “a heart disease” — 41 patients (31.06%)
in the study drug group and 40 patients (30.30%) in
the comparison drug group; with the risk factor of
“chronic lung diseases” — 3 patients (2.27%) in the study
drug group and 9 patients (6.82%) in the comparison
drug group; with the risk factor of “chronic kidney
diseases” — 4 patients (3.03%) in the study drug group
and 9 patients (6.82%) in the comparison drug group;
with the risk factor of “active malignant neoplasm” — 1
patient (0.76%) in the study drug group. Information on
the frequency of risk factors occurrence in the patients
in the study drug group and a standard therapy group is
presented in Table 2.

The intergroup analysis showed that the study
groups were comparable in terms of demographic and
clinical characteristics.

During the study, none of the patients in the
nirmatrelvir + ritonavir group experienced a transition of
the COVID-19 course to a heavier severity level, 6onee
TAMKENYIO CTeNeHb TAXKeCTU in contrast to the patients in
the standard therapy group.

In the drug group (nirmatrelvir + ritonavir), the
proportion of patients with the transition of the course
of COVID-19 to a heavier severity level, 6onee Taxenyto
cTeneHb Taxectn compared to the initial state by day
16, was 0.00% (0/132), 95% CI [0.0000; 0.0352], in the
standard therapy group — 6.06% (8/132), 95% CI [0.0285;
0.1198]. The difference in proportions between the
drug groups (nirmatrelvir + ritonavir) and the standard
therapy group was 0.0606 (6.06%), 95% CI [0.0129;
0.1198].

Hypothesis testing for the final statistical analysis
was carried out at a one-sided significance level of
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0.0275. As a result of a comparative analysis of the
patients’ frequency with the transition of the course of
COVID-19 to a heavier severity level compared to the
initial state by day 16, statistically significant differences
were revealed between the drug group (nirmatrelvir +
ritonavir) and the standard therapy group (p = 0.0035,
i.e. p<0.0275).

Thus, the hypothesis of the therapy superiority with
nirmatrelvir + ritonavir over the standard therapy can be
considered proven. It has been also concluded that fixed
combination therapy reduces the risk of deterioration
in the patients’ clinical condition and improves the
prognosis of the disease course.

Due to the fact that among the study participants
there were patients with Cmbs (68% of the general
population), with risk factors for the progression
of COVID-19 to a heavier severity level and the risk
of hospitalization (75% of the total population), we
can conclude that the therapy was highly effective
(nirmatrelvir + ritonavir), regardless of the risk factors
presence for an aggravated course of the disease.

Thus, the therapy under consideration is reasonable,
clinically and pharmacoeconomically effective.

The dynamics of the mean value (Mean + SD) of
the clinical status on the categorical ordinal scale of the
clinicalimprovementinthe study druggroup (nirmatrelvir
and ritonavir) on the 6th day of the observation was
1.30+1.01 points compared to the standard therapy
1.7610.79 (p=0.0001). This demonstrates the advantage
of the fixed combination over the standard regimen in
terms of reducing the severity of COVID-19 symptoms
and improving the clinical condition of the patients and
accelerating their recovery.

The frequency of patients with category 0 on the
categorical ordinal scale of clinical improvement by the
6th day of observation in the drug group (nirmatrelvir
and ritonavir) was 2 times more and amounted to 35.61%
(47/132), compared to the standard therapy group —
14.39% (19/132) (p=0.0001). The data obtained indicate
a high efficiency of the fixed combination (nirmatrelvir +
ritonavir) and its significant advantages over the
comparison group in terms of the improvement rate in
the clinical status of the patients and the reduction of
their recovery time.

The frequency of patients with a negative SARS-
CoV-2 RNA analysis by the 6th day in the study drug
group, was 20% higher than in the control group (82.58%
of patients (109/132) and 61.36% of patients (81/132),
respectively), which indicates the effective antiviral
effect of the fixed combination (nirmatrelvir + ritonavir),
characterized by a reduction in the elimination of the
SARS-CoV-2 virus compared to the standard therapy.
That leads to a faster disappearance of the infectious
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disease symptoms and reduces the risk of developing
COVID-19 complications.

As a result of a comparative analysis of the patients’
frequency with varying severity symptoms by day 6,
statistically significant differences were found between
the drug group (nirmatrelvir and ritonavir) and the
standard therapy group in terms of symptoms: nasal
congestion or a running nose (p = 0.0027), a sore throat
(p=0.0016), cough (p=0.0424), fatigue (p=0.0003), as well
as the presence of cough symptoms at visit 4 (p=0.0016),
indicating the effectiveness of the fixed combination in
COVID-19 patients.

The assessment of the total score on the scale of
the main COVID-19 symptoms shows that the average
value of the total score for all the symptoms in the
group taking the combination of nirmatrelvir + ritonavir
(Mean % SD) by day 6 (p <0.0001), was 1.39 + 1.45 points
(at screening — 5.43+2.16), in the standard therapy
group — 2.21+1.77 points (at screening — 5.80 + 2.46).
l.e., in the study drug group, positive dynamics for all the
symptoms occurred 60% faster than in the comparison
group, and the changes were more pronounced. Thus,
the use of the considered combination provides an
improvement in the general condition and relief of the
main symptoms of the disease.

Additionally, according to the WHO classification, an
analysis of the adverse reactions frequency including AEs
with a certain, probable and possible connection with
the drugs nirmatrelvir + ritonavir (Table 3), was made.

The results of the comparative analysis also showed
that taking the study drug contributed to a more
effective decrease in the body temperature, which led
to a decrease in the need for taking non-steroidal anti-
inflammatory drugs (NSAIDs) and an increase in the
therapy safety in general.

The incidence of patients in the study drug group
with reported AEs was 7.58% (10/132). In total, 14 AEs
were notified in 10 patients of the nirmatrelvir + ritonavir
group. Among the reported AEs, 92.86% (13/14) were
of a mild severity, 7.14% (1/14) were of a moderate
severity. According to the study physicians, a causal
relationship with the study drug therapy was assessed
as “possible” in 71.43% (10/14) of cases, as “not related”
in 14.29% (2/14) of cases, as “probable” in 7.14% (1/14)
of cases, as “doubtful” in 7.14% (1/14) of cases. The
analysis of the AEs outcomes frequency in the patients
showed that in the group of patients who had received
the study drug, “recovery without consequences” was
notified in 100% (14/14) of cases.

The frequency of patients in the standard therapy
group with reported cases of AEs was 6.06% (8/132). A
total of 10 AEs were notified in 8 patients of the standard
therapy group. Among the registered AEs, 90.00%
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(9/10) were of a mild severity, 10.00% (1/10) were of a
moderate severity.

According to the investigators, a causal relationship
with standard therapy was assessed as “possible” in
70.00% (7/10) of cases, as “not related” in 10.00% (1/10)
of cases, as “probable” in 10.00% (1/10) of cases, as
“doubtful” in 10.00% (1/10) of cases.

As a result of the AEs comparative analysis in terms
of their presence, severity, causal relationship with
the therapy and outcomes, no statistically significant
differences were found between the observation
groups. It was shown that taking the study drug does not
adversely affect the ECG and other vital functions (BP,
heart rate, etc.). No serious AEs, including deaths, were
reported during the study.

In the nirmatrelvir + ritonavir group, the following
adverse events classified by frequency, were identified:
increased ALT levels — 3 (2.3%), increased AST levels —
3 (2.3%), dysgeusia — 3 (2.3%), diarrhea — 1 (0.8%), dry
mouth — 1 (0.8%). In the standard therapy group, the
following adverse events were identified: nausea 2
(1.5%), increased ALT levels — 3 (2.3%), increased AST
levels — 3 (2.3%), diarrhea 1 (0.8%), erythema — 1 (0.8%).

The carried out analysis of adverse events in the
therapy groups showed no statistically significant
differences between the drug group (nirmatrelvir +
ritonavir) and the standard therapy group.

CONCLUSION

Thus, it can be argued that therapy with a fixed
combination of nirmatrelvir + ritonavir is characterized
by a favorable safety profile comparable to standard
therapy. The identified adverse events were transient in
nature and did not require discontinuation of therapy or
changes in the treatment regimen.

The unique technology developed in the Russian
Federation, which made it possible to combine both
active substances into one fixed dosage form, reduces
a number of tablets used, by 6 times compared to
the American analogue, which reduces polypharmacy
and increases adherence and safety of therapy
in general [27].

As a result of the clinical study “Open-label
two-stage multicenter study on evaluation of main
pharmacokinetic parameters, safety, and efficacy against
COVID-19 of drug Skyvira® in adult population”, the
advantage of therapy with a fixed nirmatrelvir (300 mg) +
ritonavir (100 mg) combination was demonstrated
over the standard therapy in COVID-19 patients, as
well as the comparability of the pharmacokinetic
profile of the drug with the available data on the
components.

The advantage of Skyvira® therapy over standard
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therapy in COVID-19 patients has been demonstrated
in terms of reducing the risk of a heavier severity level
of the disease and hospitalization, the rate of the virus
elimination, the dynamics of reducing the symptoms
severity of the infectious disease, improving the general
condition of patients and their clinical status, reducing
the risks of complications development in the course of
COVID-19 in both patients without and those with risk

factors for the progression of COVID-19 to a heavier
severity level.

The results of the study demonstrated a favorable
efficacy and safety profile of Skyvir (fixed combination:
nirmatrelvir 300 mg + ritonavir 100 mg) when used in
COVID-19 patients. The data obtained indicate a clinical
and pharmacoeconomic feasibility of the therapy.
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The article presents the results of an in vitro study of the synergetic effect evaluation of the combined preparation based on
coordination complex ethylmethylhydroxypyridine succinate and trimethylhydrazinium propionate on energy metabolism
and cell respiration.

The aim of the study was to evaluate the mitochondria-directed action of the metabolic and antioxidant preparation based
on succinic acid coordination complex with trimethylhydrazinium in relation to optimizing the energy metabolism in the cells
under the oxidative stress conditions, as well as against the background of ischemic processes.

Materials and methods. The study of the hydroxysuccinate complex effect of the drug Brainmax® components was carried
out on isolated mouse liver mitochondria. In the course of the study, the potential of mitochondria, the generation rate of
hydrogen peroxide during the respiration, the respiration rate were evaluated in the following positions: a) unstimulated
by malate and pyruvate, b) stimulated by malate and pyruvate (complex | substrates), by succinate (complex Il substrates),
c) against the background of the initial section of the electron transport chain blockade by rotenone, d) in phosphorylation
blockade by oligomycin, e) against the background of the FCCP-induced uncoupling, and f) in cyanide-blocked complex IV
(cytochrome C oxidase).

Results. It has been shown that the succinic acid coordination complex with trimethylhydrazinium, which is the active principle
of the Brainmax® drug, significantly reduced the transmembrane potential of mitochondria (IC,=197+5 pM), compared with
the widely used preparations of ethylmethylhydroxypyridine succinate and trimethylhydrazinium propionate, which facilitates
the transfer of the produced ATP into the cell and preserves a vital activity of mitochondria even under stress. In the study of

For citation: M.V. Zhuravleva, M.V. Granovskaya, KYa. Zaslavskaya, Yu.G. Kazaishvili, V.S. Shcherbakova, A.A. Andreev-Andrievsky,
D.l. Pozdnyakov, M.Yu. Vysokikh. Synergic effect of preparation with coordination complex “trimethydrazinium propionate+ethymth
methylhydroxypiridine succinate” on energy metabolism and cell respiration. Pharmacy & Pharmacology. 2022;10(4):387-399. DOI:
10.19163/2307-9266-2022-10-4-387-399
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the mitochondrial respiration stimulated by the substrates of complex | (NADP-coenzyme Q-oxidoreductase), pyruvate and
malate, the studied drug led to a more pronounced increase in the oxygen consumption with IC, =75+6 uM. When evaluating
the effect of the complex on the production of ATP by mitochondria, the most pronounced effect was observed with the
addition of studied complex, which indicated to the uncoupling of respiration and oxidative phosphorylation at the given
concentrations of the studied compounds. When assessing the effect of the complex on the production of hydrogen peroxide
by isolated mitochondria, a significant decrease in the peroxide production was shown in the samples containing the complex
of trimethylhydrazinium propionate and EMHPS.

Conclusion. Based on totality of the results obtained, it can be assumed that a favorable conformation of the pharmacophore
groups of ethylmethylhydroxypyridine succinate and trimethylhydrozinium propionate coordination complex included in
the composition of Brainmax® leads to a synergetic interaction and more pronounced pharmacological effects on target
cells. This complex provides stabilization of a mitochondrial function, intensification of the adenosine triphosphate energy
production and the optimization of energy processes in the cell, reduces the severity of the oxidative stress and eliminates
undesirable effects of an ischemic-hypoxic tissue damage.

Keywords: ethylmethylhydroxypyridine succinate; trimethylhydrazinium propionate; succinic acid coordination complex
with trimethylhydrazinium; hydroxysuccinate complex with trimethylhydrazinium; mitochondria; breath; oxidative stress;
peroxide production.

Abbreviations: EMHPS — ethylmethylhydroxypyridine succinate; TMHP — trimethylhydrozinium propionate; FCCP — carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone; ATP — adenosine triphosphate; ATPase — adenosine triphosphatase; ROS —
reactive oxygen species; DAMPs —damage associated molecular patterns; ADP —adenosine diphosphate; NADP —nicotinamide
adenine dinucleotide phosphate; MUPs — mitochondrial uncoupling proteins.

CUHEPIMYECKOE ENCTBUE NPEMNAPATA

C KOOPAMHALMNOHHbBIM KOMMNJIEKCOM
TPUMETUNTUOPA3SUHUA NMPOMUNOHATA

U ITUNMETUINTUMOPOKCUMTUPUOAUHA CYKUUHATA
HA QHEPFETUYECKWUWU OBMEH U ObIXAHUE KINETKWU

M.B. Xypasnesa'?, M.B. lpaHoBckas?, K.fl. 3acnasckan?, 10.I. Kazanwsunun®,
B.C. LLlepbakosa®, A.A. AHapees-AHgpuesckuin®, .U. NosgHakos?, M.1O. Bbicokux®

! depepanbHOE rocyaapcTBeHHOe BIoAKETHOE yUpeKaeHue

«Hay4HbIV LeHTP 3KCNepTU3bl CPEACTB MeAULIMHCKOTO NMPUMEHEHUAY

MuHuCTepcTBa 34paBooxXpaHeHuns Poccuiickolt depepaumnm,

127051, Poccus, r. Mockea, MNeTposckuin bynbsap, 4. 8, cTp. 2

2 depepasnbHOE rocyAapcTBEHHOE aBTOHOMHOE 0bpa3oBaTe/ibHOe yupexaeHue Bbiclero obpasoBaHus
MepBbli MOCKOBCKMI rOCyAapCTBEHHbIM MeANLMHCKUIA YyHUBEpcUTET meHn N.M. CeyeHoBa
MuHuCcTepcTBa 34paBooXpaHeHuns Poccuiickoit depepaumm (CeueHOBCKMA YHUBEPCUTET),

119991, Poccus, r. Mockea, yn. TpybeukKas, 4. 8, ctp. 2

3 UHCTUTYT cUCTEMHOW BMONOTUKM, YHUBEPCUTETCKUI Konneax dybavHa,

D04 VIWS, UpnaHgus, benduna, Ayb6nuH, 4

*depepanbHoe rocynapcTBeHHoe bloaKeTHOe 06pa3oBaTe/IbHOE YUPEXKAeHME BbICLLIEr0 06pa3oBaHMUsA
«HaumnoHanbHbIM UccnefoBaTeNbCKMI MOPAOBCKUIN rocyAapCTBEHHbIV YyHUBepcuTeT M. H.M. Orapésa»,
430005, Poccus, Pecnybnnka Mopgaosus, r. CapaHck, ya. bonblieBuctckas, 4. 68

>depnepasnbHOe rocyaapcTBeHHoe b6roaKeTHoe 0bpasoBaTeNbHOe yupexaeHue Bbiclero o6pasoBaHus
«TBEpPCKOW rocyaapCTBEHHbIV MeaMLMHCKUI yHUBepcuTeT MuH3apasa Poccun,

170100, Poccua, r. Teepsb, yn. CoBeTckas, 4. 4

¢ denepanbHOe rocyaapcTBeHHoe BIoAKEeTHOEe yUupeKaeHe HayKu

focyaapcTBEHHbIN Hay4yHbI LeHTP Poccuitckont deaepaumm UHCTUTYT meguKo-6umonornyecknx npobaem
Poccuitckolt akagemnm Hayk,

123007, Poccus, r. MockBa, XopolueBcKoe wocce, a. 76A

"TIATUTrOPCKUIA MeAnKo-hapMaLLeBTUYECKUI MHCTUTYT — duanan dpegepanbHOro rocyaapcTBeHHOo
6t04KeTHOro 06pa3oBaTeIbHOIO YUYpEKAEHMSA BbiCLLEro obpasoBaHuMA

«BonrorpagcKkuii rocyfapcTBeHHbIN MegULMHCKUI YHUBEPCUTET»

MuHuCTepcTBa 34paBooxpaHeHuns Poccuiickolt depepaunm,

357532, Poccma, r. Maturopck, np-1 KanmHuHa, 4. 11

8 TocypapcTBeHHOE yuperkaeHne «HayuyHo-uccnenoBaTeNlbCkUii MUHCTUTYT GU3NKO-XMMUYECKo Bruoiorum
nmeHn A.H. benosepckoro» MOCKOBCKOrO rocyaapCTBeHHOro yHmsepcuteta umeHn M.B. JIomoHOCOBa3,
119992, Poccua, r. Mocksa, JleHnHckue ropsl, A4. 1, ctp. 40

E-mail: kiryonok@yandex.ru

MonyyeHa 08.07.2022 Mocne peueHsnposaHua 12.08.2022 MpuHATa K neyatn 22.08.2022

388 Volume X, Issue 4, 2022



Hay4HO-npakTu4eckuin xypHan

OAPMALIA U
OAPMAKOSIOMS

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2022-10-4-387-399

B cTaTbe npescTaBAeHbl pe3yabTaThl in Vitro uccnefoBaHUA OLEHKM CUHEPTMYECKOro AeCTBUA NpenapaTa 1IeKapCTBEHHOTO
npenapata Ha OCHOBE KOOPAMHALMOHHOIO KOMMNAEKCa STUIMETUATUAPOKCUNUPUANHA CYKLUMHATA U TPUMETUATUAPA3UHUA
NponMoHaTa Ha SHePreTMYeCcKnin 0OBMeH 1 AbixaHUe KNEeTKK.

Llenblo paHHOro uMccnefoBaHUA ABAANACL OLEHKA MUTOXOHZPWA/TbHO-HAMPaBAEHHOro AelCcTBMA MeTabosmyeckoro
W AHTMOKCUMIAHTHOrO /J1IeKapCTBEHHOrO CpPeAcTBa Ha OCHOBE AHTAPHO-KMC/IOTO KOOPAMHALMOHHOIO KOMMAEeKca ¢
TPUMETUNTUAPA3UHUEM B OTHOLLIEHMM ONTUMM3ALUN SHEPrOOOMEHA B K/IETKAX B YCOBUAX OKCUAATUBHOIO CTPECCa, a TaKkKe
Ha GOHe MLLIeMUYECKMX MPOLLECCOB.

Martepnanbl 1M metogbl. MccnepoBaHwe [OeNCTBMA TMAPOCYKLUMHATHOTO KOMMJIEKCa KOMMOHEHTOB npenapaTa
BpeiHMaKc® MpoBOAM/IM Ha WM30NMPOBAHHBIX MUTOXOHAPUAX MEYeHM MblWwKW. B mpouecce uccnefoBaHUA oOLEHUBaNU
NOTEHLMAA MUTOXOHZPWUI, CKOPOCTb FEHEpaLUM B XOA4E AbIXaHUSA MEPEKUCU BOLOPOAA, A TAK¥KE CKOPOCTb AbIXaHWA: a)
HEeCTUMYIMPOBAHHOTO MasiaToOM WM MUpyBaToM, 6) CTMMY/IMPOBAHHOrO MasaTOM W MUPYBaTOM (cybcTpaTtbl KomnsieKca |),
CyKumHaToMm (cybcTpaT Komnekca 1), B) Ha poHe BaoKaabl Ha4aIbHOTO YYACTKa 3/1EKTPOH-TPAHCMNOPTHOW LieNy POTEHOHOM,
r) npu 610Kage pochopmnnnpoBaHUA 0UTOMULIUHOM, 4) Ha GoHe Bbi3BaHHOro FCCP pa3obLueHus 1 e) npu 3a610KMPOBaHHOM
umaHmgom komnaekce IV (uutoxpom C okcuaase).

Pesynbratbl. Bb110 MOKa3aHO, YTO AHTAPHO-KUC/IbINA KOOPAMHALMOHHbIN KOMMNJIEKC C TPUMETUATUAPA3UHUEM, ABAAIOLLMIACA
[ENCTBYIOWMM Haya/ioM JIeKapCTBEHHOro npenapaTta BpeHMaKc®, 3HaYMMO CHUMKaN TpaHCMeMOpaHHbIN MmoTeHuMan
MWTOXOHAPUI (IC50=19715 UM), No cpaBHEHMIO C LIMPOKO MPUMEHAEMbIMWU NpenapaTamu STUAMETUNTUAPOKCUNUPUANHA
CYKLMHATOM U MefbAOHMEM, YTO obsieryaeT nepeHoc npoayumpyembix AT® B KNETKY U COXPaHAET KWU3HeAeaTeNbHOCTb
MWUTOXOHAPUI faxe B yCnoBMAX cTpecca. Mpu nccnesoBaHUM AbIXaHUMA MUTOXOHAPUIA, CTUMY/IMPOBAHHOM cybcTpatamu
komnnekca | (HAO®-KoaH3MMQ-OKCMAOPEeAyKTasbl), NUpyBaTa M ManaTta, M3y4yaembli mpenapat npuBogua K bonee
BbIPa)KEHHOMY POCTy noTpebneHua Kucnopoga c IC,,;=7526 pM. [lpn OLEHKe BAMAHWA KOMM/IEKCA Ha MPOAYKLMIO
MuTOXOHApUAMK AT®, Hanbonee BbipaKeHHOE AeNCTBME HabNoAaNoCh Npu A06aBAEHWM U3YY4AaEMOro KOMM/EKCA, YTO
CBWAETENbCTBOBANO O PA3obLEeHUU AbIXaHUA U OKUCAUTENbHOrO (GOCPOPUNMPOBAHMA MPU AaHHbBIX KOHLEHTPaLMAX
nccnefyemblx coeguHeHui. Tpu OLEeHKe BAMAHUA KOMMJIEKca Ha MPOAYKUMIO W30MPOBAHHLIMU MWUTOXOHAPUAMM
nepekncu BoAOPOAa, OblI0 MOKA3aHO 3HAYMMOE CHUMKEHWE MPOAYKLMW MepeKkncu B Npobax, CoAepiKallMx KOMMAEKC
TPUMETUATUAPA3UHUA NponroHaTta n SMITIC.

3akntoyeHue. 10 COBOKYMHOCTM MOMYYEHHbIX PE3yNbTAaTOB MOMHO Mpeanonaratb, 4YTO BbIrOAHAA KoHpopmauma
bapmakodopHbIX rPynMn KOOPAMHALMOHHOTO KOMMIEKCA STUIMETUATUAPOKCUNMPUANHA CYKLMHATA U TPUMETUATUAPO3UHUA
NponuoHaTa B COCTaBe IEKAaPCTBEHHOrO Npenapata bpeliHMaKc® NPUBOAUT K CUHEPreTUYeCKOMY B3aUMOZENCTBUIO U bonee
BblpaXKeHHOMY GapMaKONOrMYECKOMY BO3AEWCTBUIO HA KNETKU-MULIEHW. [laHHbIA KOMNieKe obecneunsaeT cTabuansaLmio
MWUTOXOHAPWANbHON  QYHKUMM, WHTEHCUUKALMIO BbIPAabBOTKM 3Heprum afdeHosuHTpudocdata M ONTUMMU3ALMUIO
JHepreTMYecKMXx MNPOLLECCOB B K/ETKe, CHMXAeT BbIPaXKEHHOCTb OKCMAATMBHOIO CTPecca M YCTpaHAeT HexenaTeNbHble
30 PeKTbl ULLEMUYECKU-TUMOKCUYECKOTO NOBPEXKAEHNA TKAHEN.

KnioueBble cnoBa: 3STUAMETUATUAPOKCUNUPUAUHA CYKUMHAT, TPUMETUATUAPASUHUA NPOMUOHAT;, AHTAPHO-KUC/bIN
KOOPAMHALMOHHBIN KOMMIEKC C TPUMETUATUAPA3UHUEM; TUAPOKCUCYKLMHATHBIN KOMMIEKC C TPUMETUATUAPA3UHUEM;
MWTOXOHAPWW; AbIXaHNE; OKCUAATUBHbIN CTPECC; NPOAYKLMA NePEKUCH

Cnucok cokpaweHuit: SMITIC — 3TUAMETUATUAPOKCUNUPUAHHA CYKUMHAT, TMITI — TpUMETUArMAPa3UHUA NPONUOHAT;
FCCP -  KapboHWAUMaHWUA-N-TPUPTOPMETOKCU-DEHUATUAPA3oH; AT® —  ageHo3uHTpudocdat;  ATd-asbl  —
ageHo3uHTpudocdatasa; APK — aktmBHble dopmbl Kuciopopa; DAMPs — moneKkynsipHble NaTTepHbl K/IETOYHOro
nospexaeHus; AP —ageHosnHandocdat; HAAD — HUKoTUHaMUAaAeHUHANHYKNeoTuadocdAT; MPB — MMTOXOHAPUAAbHbIE

pasobuiatowme 6enku.

INTRODUCTION

Pathological conditions associated with
dyscirculatory disorders and tissue ischemia are the
most common causes of death and a primary disability
in the population. According to WHO Health Estimates?,
a coronary heart disease (terminal myocardial infarction)
and an ischemic stroke occupy dominant positions in the
list of leading non-communicable diseases with a high
risk of death.

The pathogenesis of any ischemic tissue damage
is based on an imbalance between the cells metabolic
activity, expressed in the consumption of oxygen and
substrates of biological oxidation, and an adequate
delivery of essential nutrients [1].

Modern studies show: the key pathogenetic aspect
that determines the severity of this imbalance is a
violation of the cell mitochondria functional activity.
Mitochondria are two-membrane organelles that

! World Health Organization. The top 10 causes of death. Available
from:  https://www.who.int/news-room/fact-sheets/detail/the-top-
10-causes-of-death
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perform many functions in cells. First of all, mitochondria
are assigned the role of “energy stations” that provide
an optimal pool of intracellular energy [2].

Mitochondria also regulate oxidation-reduction
processes and apoptosis reactions. In this regard,
disruption of a mitochondrial activity can lead to a
deficiency of macroergic compounds, an increase in
the generation of reactive oxygen species (ROS), and a
premature cell death via the programmed pathway [3].
The main trigger initiating these processes is the lack of
oxygen and oxidation substrates [4].

Vascular occlusion and subsequent hypoxia causes a
number of severe biochemical and metabolic disorders
that mediate a failure of the mitochondria functional
activity. Cell metabolism switches from mitochondrial
oxidative phosphorylation to anaerobic glycolysis,
which leads to the intracellular accumulation of lactate
and protons, lowering the pH with further activation
adenosine triphosphatases (ATPases), primarily the
Na*/H* exchanger, but due to the rapid depletion of the
energy resources in the form of ATP, there is an overload
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of the cell with sodium ions and, as a result, calcium
(under the conditions of sodium overload, Na‘*/Ca%*
ATPase is activated) [5].

A high intracellular calcium content in an ischemic
cell disrupts the buffer capacity of mitochondria, and
therefore the entry of calciumions into the mitochondrial
matrix is activated. [6]. Calcium ions entering the
mitochondria cause the respiratory chain dysfunction,
contributing to the hyperproduction of reactive oxygen
species and activation of the cell death mechanism
(necrosis, apoptosis). As a result of the calcium ions
influx, mitochondria also “swell” (the phenomenon of
mitochondrial blebbing) and are destroyed, releasing
compounds into the cytosol increasing the degree of
cellular damage [7].

First, these substances present damage associated
molecular patterns (DAMPs) which activate the AGE/
RAGE pathway, enhancing immunological reactivity in
the ischemic focus [8].

Taking into account the peculiarities of the
pathogenetic pathways of the ischemic cell damage
described above and the central role of mitochondria
in these processes, it is not surprising that the “energy
stations” of cells have become the main target for
the motivated cytoprotection. In order to correct
mitochondrial dysfunction in ischemia, a number of
chemically modified substances with a benz-y-pyrone
scaffold, ubiquinone, and a triphenylphosphonium linker
[9], as well as the substances of a protein nature, are
currently used. An example of them are peptides of the
Szeto-Schiller group (SS-31) [9, 10]. However, a number
of studies show that native, unmodified molecules can
act as means of correcting a mitochondrial dysfunction.
For example, succinates [11] or agents that bypass
metabolic processes (trimethylhydrazinium propionate,
trimetazidine) can prevent an irreversible damage to cell
mitochondria [12, 13].

In the Russian Federation in 2022, a new original
drug complex from the group of neuroprotectors and
antioxidants, Brainmax®, was registered. This is an
originalfixed combination of ethylmethylhydroxypyridine
succinate (EMHPS) and trimethylhydrazinium
propionate (TMHP) in the form of capsules or a
solution for intravenous and intramuscular injections.
Trimethylhydrazinium propionate usually exists as a
zwitterion (dihydrate) that has a positive charge on
the hydrazine fragment and a negative charge on the
carboxylate group [14]. It is described in the literature
that salts of some polybasic acids (acid salts of fumaric
and maleic acids, dihydrogen phosphate, acid salt of
oxalic acid, mono- or disubstituted salt of mucic acid,
salts of pamoic and orotic acids) in combination with
trimethylhydrazinium propionate demonstrated special
pharmacokinetic and pharmacodynamic properties
[15]. A specific feature of the drug under consideration
is the formation of a hydrosuccinate complex with
trimethylhydrazinium during the preparation of
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the finished dosage form. The components of the
complex are interconnected by hydrogen bonds and an
electrostatic intermolecular interaction, which provides
an advantageous conformation of pharmacophore
fragments for better binding to receptors and a more
pronounced effect. At the same time, it is important that
the components of the complex have different action
points of application, as a result of which, a synergistic
effect can develop when they are used combined.

THE AIM of the study was to evaluate the

mitochondria-directed action of the complex
ethylmethylhydroxypyridine succinate and
trimethylhydrazinium propionate included in

composition of Brainmax®.

MATERIALS AND METHODS

Animals

The study included 50 CBA’B6 male mice aged 4-5
months, obtained from the Center for Genetic Resources
of Laboratory Animals (Institute of Cytology and
Genetics of the Siberian Branch of the Russian Academy
of Sciences). The studies met the requirements of the
Law of the Russian Federation “On the Protection of
Animals from Cruelty” dated June 24, 1998, the rules
of laboratory practice for preclinical studies in the
Russian Federation (GOST 3 51000.3-96 and GOST
R 53434-2009), and the directives of the European
Community (86/ 609 EU), the rules of the International
Recommendations of the European Convention for the
Protection of Vertebrate Animals used in experimental
studies (1997) and the Rules of Laboratory Practice
adopted in the Russian Federation (Order of the Ministry
of Health of the Russian Federation No. 708 dated
29.08.2010). The study protocol has undergone expert
appraisal by the bioethics commission of the Scientific
Research Institute of Mitoengineering of Moscow State
University (Conclusion No. 171 dated 13 Jan 2022).

Study design

The study was carried out on isolated mouse liver
mitochondria. The potential of mitochondria, the
generation rate of hydrogen peroxide, the respiration
rate were evaluated in the following positions: a)
unstimulated by malate and pyruvate, b) stimulated by
malate and pyruvate (complex | substrates), by succinate
(complex Il substrates), c) against the background
of the initial section of the electron transport chain
blockade by rotenone, d) in phosphorylation blockade
by oligomycin, e) against the background of the FCCP-
induced uncoupling, and f) in cyanide-blocked complex
IV (cytochrome C oxidase).

For each of the indicators in the three experiments,
the following were recorded: 1) a reaction to meldonium,
2) a reaction to EMHPS, and 3) a reaction to the succinic
acid coordination complex of trimethylhydrazinium
propionate and EMHPS. For each of the experiments,
7 independent repetitions of the experiment were
performed.
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Isolation of liver mitochondria

To obtain the liver, mice were euthanized by a
cervical dislocation, after which the abdominal cavity
of the animals was immediately opened and the
liver was excised. The liver was placed in an ice-cold
phosphate-buffered saline (pH=7.0) and kept on ice until
mitochondria were isolated, but not longer than 3 min.

After homogenization in approximately 20 volumes
of an isotonic solution, the suspension of liver tissue was
transferred into test tubes and the remnants of intact
tissues were precipitated by centrifugation at 1000 g
and 4°C for 10 min. The supernatant was collected,
avoiding the milky suspension being pipetted, on the
surface and centrifuged at 14 000 g and 4°C for 10 min.
The resulting dark precipitate of mitochondria was
washed free from the upper light loose layer, collecting
the latter with a pipette and washing the mitochondria
with a buffer of the following composition: 250 mM
sucrose, 20 mM Hepes/NaOH, pH 7.5, 0.5 mM EGTA,
0.1% BSA. The pellet was suspended in 0.5 ml of this
buffer and carefully homogenized with 5-10 passes of a
Teflon pestle in a 1 ml glass homogenizer (G-Biosciences,
USA). The homogenate was quantitatively transferred
into a new tube and mitochondria were precipitated by
centrifugation at 12 000 g and 4°C for 10 min. The pellet
was suspended on ice in 70-100 pl of the isolation buffer
with a plastic pestle until a homogeneous suspension
was obtained.

Measurement of mitochondrial

respiratory function

An aliquot of the obtained mitochondria preparation
in the amount of 50 pg for the protein determined by the
method with bicinchoninic acid (Pierce, USA) was used
to determine the rate of respiration, the intensity of the
oxidative phosphorylation, the degree of conjugation,
and the calcium load of mitochondria. To determine the
rate of respiration, the method of a direct registration
of oxygen uptake using a highly sensitive oxigraph
(Hansatech, England) was used. To do this, an aliquot
of mitochondria was placed in a glass cuvette filled with
0.5 ml of a buffer containing: 120 mM sucrose, 75 mM
KCl, 2 mM MgCl,, 5 mM KH,PO,, 20 mM HEPES, pH=7.5
(titration with NaOH). The measurement of the oxygen
consumption was carried out in a closed system at 37°C
and constant stirring on a magnetic stirrer at the speed
of 500 rpm.

The obtained values (a change in O, over time,
dO,/dt) were normalized to the protein content.
Mitochondria were energized using substrates | and Il of
the respiratory chain complexes. After the registration of
the respiration rate activated by adding 4 mM pyruvate
to the system in the presence of 10 mM malate, the
effect of the rotenone (2 uM) blocking complex I, was
studied. To record the respiration rate of mitochondria
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with activated complex II, after the addition of
rotenone, 1 mM potassium succinate was added to the
measurement system.

The study of the conjugation degree of the
obtained preparations was carried out in the presence
of adenosine diphosphate (ADP) after the respiration
stimulation by introducing 0.1 mM ADP into the
system of 1 pg of oligomycin and the inhibition of the
stimulated respiration was recorded. The ratio of the
stimulated and unstimulated respiration rates was used
as a characteristic value (respiratory control coefficient),
which makes it possible to assess the quality of the
mitochondria obtained preparation and their state
in the tissues under study. The maximum rate of the
uncoupled respiration was determined in the presence
of 20-50 nM protonophore FCCP. When analyzing the
respiration rates, the value corresponding to the oxygen
consumption rate in the presence of 0.5 mM KCN was
subtracted from all values.

To do this, 25 pl of mitochondrial protein was added
tothe microcuvette with avolume of 250 pl, the kinetics of
changes in the 555/523 nm ratio were recorded in a two-
wave mode on an Aminco DW2000 spectrophotometer
(Olis Inc., USA) before and after the addition of the
respiratory substrates and specific inhibitors of the
electron transfer in the respiratory mitochondria chain
such as rotenone, antimycin, malonate and myxothiazol.
Dissipation of the transmembrane potential was
achieved using FCCP.

Measurement of calcium capacity

Thecalciumcapacityof mitochondriawasdetermined
by titration while measuring the light scattering at
575 nm, spectrophotometrically in Cary Varian 300
(Agilent, CLLA and in the medium of 250 mM sucrose,
2 mM MgCl, 5 mM KH,PO,, 20 mM HEPES, pH=7.4
(NaOH titration). At the same time, both the total
amount of calcium, which induces a drop in absorption,
corresponding to the maximum swelling of mitochondria
in the iso-osmotic system (calcium capacity), and the
kinetics of swelling, which characterizes the ability of
mitochondria to transport calcium, were studied.

Assessment of ATP synthesis

The level of adenosine triphosphate (ATP) synthesis
was determined by the ATP-dependent luminescence
of mitochondrial suspension in various states, when
various respiratory chain complexes were energized
by substrates. Since the level of the ATP production by
mitochondria during aerobic oxidation of the substrates
is determined by the activity of the ATP synthetase
sensitive to oligomycin; the use of this inhibitor makes it
possible to calculate the total maximum amount of the
ATP synthesized in mitochondria, thus characterizing the
differences in the ability of mitochondria to maintain
energy metabolism.
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Figure 1 — Dependence of mitochondria membrane
potential on a meldonium dose, EMHPS or a complex
of trimethylhydrazinium propionate and EMHPS

(Complex 1)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.

1001
—@— Meldonium

—- EMHPS
801 —A— Complex |

601

40+

Respiration rate,
nmol Oz/min/mg of protein

200 300

C(uM)

0 100

Figure 3 — Respiration rate of mouse
liver mitochondria stimulated with 5 mM
pyruvate and 1 mM malate in presence
of meldonium, EMHPS or a complex of components

(Complex 1)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 2 — Basal respiration rate (without addition
of exogenous substrates) of mouse liver mitochondria
in presence of meldonium, EMHPS, or complex

of components (Complex I)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine

succinate.
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Figure 4 — Respiratory rate of mouse liver
mitochondria stimulated with 5 mM pyruvate and
1 mM malate in presence of meldonium, EMHPS
or complex components (Complex I) and I inhibitor

rotenone (2 uM)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 5 — Respiratory rate of mouse liver
mitochondria stimulated with 1 mM succinate in
presence of meldonium, EMHPS, or studied complex

(Complex 1) and complex | inhibitor rotenone (2 uM)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 7 — Respiratory rate of mouse liver
mitochondria stimulated with 1 mM ADP in
presence of meldonium, EMHPS, or complex under
consideration (Complex 1) and ATP synthase blocker
oligomycin (1 pM)

Note: experimental data (M+SEM) are shown by dots, logistic

regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 6 — Respiration rate of mouse liver
mitochondria stimulated by 1 mM ADP in presence of
meldonium, EMHPS, or trimethylhydrazinium complex

(Complex 1)

Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 8 — Respiration rate of mouse liver
mitochondria stimulated with 1 mM ADP in
presence of meldonium, EMHPS or complex under
consideration (Complex I) and FCCP protonophore
(1 um)

Note: experimental data (M+SEM) are shown by dots, logistic

regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Figure 9 — Respiration rate of mouse liver Figure 10 — The ATP synthesis rate
mitochondria stimulated by 1 mM by mouse liver mitochondria
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Figure 11 — H,0, production rate of mouse liver
mitochondria in presence of meldonium,
EMHPS or complex EMHPS with

trimethylhydrazinium (Complex I)
Note: experimental data (M+SEM) are shown by dots, logistic
regression is shown by lines; EMHPS — ethylmethylhydroxypyridine
succinate.
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Measurement of hydrogen

peroxide generation

The generation of hydrogen peroxide by
mitochondria was assessed using horseradish peroxidase
(Thermo Scientific, USA) and its fluorogenic substrate
Amplex Red reagent (Thermo Scientific, USA), on a Cary
Eclipse fluorescent spectrophotometer (Agilent, USA)
in the presence of a catalase inhibitor with a specific
inhibitor of 3-amino-1,2,4-triazole.

Statistical data analysis

Forthe primary analysis, the data were tabulated and
descriptive statistics were calculated: mean (M), standard
deviation (SD), a standard error of the mean (SEM). The
data obtained submitted the Gaussian distribution law,
on the basis of which parametric methods of statistic
processing were chosen. Statistical analysis of the data
was performed using non-linear regression methods,
the Student’s test for the comparison and a one-
way variance analysis (for the comparison of several
samples). The differences were considered significant at
p <0.05. The data were analyzed using Microsoft Excel
2016 (Microsoft, USA) and Prism 5.0 (Graphpad, USA)
software.

RESULTS

Measurement of the transmembrane potential

of mitochondria

When evaluating the effect of the studied drugs
on the indicators of the mitochondria transmembrane
potential, it was shown that when the increasing drugs
concentrations were added, it decreased. The least
pronounced effect was exerted meldonium, for which
the value of the semi-effective concentration (IC_ ) was
419417 uM. EMHPS had a significantly (F (1.22) = 82.90;
p <0.0001) more pronounced effect on the potential
(IC,,=275%6 uM).

The complex of trimethylhydrazinium propionate
and EMHPS components reduced the potential of
mitochondria with IC50=197+5 uM, which is significantly
less compared to only meldonium (F (1.15) = 166.5;
p <0.0001) or only with EMHPS (F (1.22) = 107.5;
p <0.0001). When the uncoupler FCCP was added, the
mitochondrial potential decreased to zero, regardless
of the presence of meldonium, EMHPS, or the studied
complex in the incubation mixture (Fig. 1).

Mitochondrial respiration

In the absence of the exogenous respiration, the
background respiration of mitochondria did not change
with the addition of increasing concentrations of
meldonium. EMHPS also insignificantly increased the
rate of mitochondrial basal respiration from 2.2+0.2
to 3.4+0.25 nmol O,/min/mg protein (F (1.47) = 4.34;
p = 0.0426), and when the complex of the components
was added, the rate of basal respiration increased from
2.90.3 t0 6.8+1.0 nmol O,/min/mg of protein (F (1.40) =
28.95; p <0.0001), which may indicate the uncoupling of
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mitochondrial respiration by the action of the TMHP and
EMHPS complex (Fig. 2). This effect makes it possible
for protons to translocate into the intermembrane
space via specific respiratory complexes of the electron
transport chain and return to the mitochondrial matrix
independently of ATP synthase. The established proton
“leakage” is an important mechanism for the distribution
of energy in the cell and accounts for up to 25% of the
basal metabolism. Uncoupling of mitochondria against
the background of the action of the components
of the complex under study can be considered as a
cytoprotective strategy mediated by mitochondrial
uncoupling proteins (MUPs) under the conditions of
the oxidative stress in any ischemic injury, including
aging processes, as well as diabetes and resistance to
anticancer drugs.

Then, the mitochondrial respiration stimulated
by the substrates of complex | (NADP coenzyme Q
oxidoreductases), pyruvate, and malate, was studied
(Fig. 3). An increase in the respiration rate stimulated
by the substrates of complex I, was found out with
an increase in the concentration of the succinic acid
complex of TMHP and EMHPS in the cell. Semi-effective
concentrations of meldonium and EMHPS were 273167
and 350204 upM, respectively, and did not differ
significantly (F (1.90) = 0.21; p = 0.6470). The addition
of the studied complex led to a more pronounced
increase in the oxygen consumption with IC,,=75t6 pM,
which is significantly less compared to meldonium
(F (1.83) = 34.37; p <0.0001) and EMHPS (F (1.83) =
30.17; p <0.0001).

After the addition of the complex inhibitor rotenone
(2 uM), the rate of pyruvate-malate-stimulated
mitochondrial respiration decreased almost to zero
and did not change depending on the concentration of
meldonium, EMHPS, or studied complex (Fig. 4).

Succinate is a complex Il substrate of the electron
transport chain; thus, in the presence of rotenone, the
respiration stimulated by succinate makes it possible
to assess the state of complexes I, lll, and IV of the
mitochondrial electron transport chain. As shown in Fig.
5, the studied complex effect on the rate of the oxygen
consumption during the respiration supported by the
complex Il substrate of the electron transport chain (ETC)
was similar. A semi-effective concentration for these two
substances was 237+81 uM and 453+1059 uM and did
not differ significantly (F (1.90) = 0.20; p = 0.6596). An
equimolar mixture of the components in the complex
stimulated the respiration with IC_ = 141+27 uM. The
differences with meldonium (F (1.83) = 3.55; p = 0.0632)
and EMHPS (F (1.83) = 3.90; p = 0.0516) approached the
statistical significance level.

To assess the mitochondrial conjugation, the
respiration rate was measured in the presence of excess
ADP and phosphate (Fig. 6), and then in the presence of 1
UM oligomycin, the ATP synthase inhibitor (Fig. 7). It was
found out that in the presence of excess ADP, meldonium
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and EMHPS did not affect the respiration rate, either
alone or in the complex. Against the background of ATP
synthase blockade by oligomycin meldonium, EMHPS
and succinic acid complex with trimethylhydrazinium
increased the respiratory rate from IC =380+699,
536+1578 and 165+40 uM. The significant differences in
IC,, did not reach the statistical significance.

The rate of the FCCP-uncoupled respiration did not
change with the addition of meldonium, EMHPS, or the
complex under consideration (Fig. 8).

Finally, the respiration rate did not change during
the inhibition of cytochrome C oxidase by cyanide after
the addition of meldonium, EMHPS, or component
complex (Fig. 9).

Thus, the data on the effect of the studied complex
on the mitochondrial respiration indicate the restoration
of the oxygen exchange in the cells to ensure normal life
and modulation of cellular metabolism under conditions
of cardiovascular risks.

Assessment of ATP synthesis

According to the results of the experiment, it was
found out that meldonium, EPGMS and succinic acid
coordination complex with trimethylhydrazinium
have a pronounced effect on the ATP production by
mitochondria (Fig. 10). Thus, the least pronounced
effect on the rate of the ATP production was exerted by
EMHPS, for which the concentration of the half-maximal
inhibition was 321+168 uM. A half-maximal decrease
in the ATP production with the addition of meldonium
was observed at the substance concentration of
21646 uM. The most pronounced decrease in the ATP
production was observed with the addition of the TMHP
coordination complex and EMHPS with IC, =136+4 uM.

Peroxide production rate

The peroxide production rate was evaluated
fluorometrically. As shown in Fig. 11, TMHP, EMHPS and
their complex reduced the hydrogen peroxide production
by isolated mitochondria. EMHPS had the least effect
on the peroxide generation (EC, =186+6 uM), which is
significantly less than that of TMHP (IC, =153+11 uM, F
(1.113) = 16.36, p <0.0001). The greatest suppression of
the peroxide production was observed when complex
of meldonium and EMHPS were added to the isolated
mouse liver mitochondria (IC, =96+10 uM), which was
significantly less than for meldonium alone (F (1.92) =
68.94, p <0.0001) or for EMHPS alone (F (1.99) = 310.2,
p <0.0001). These results indicate a pronounced
decrease in the production of reactive oxygen species
and the antioxidant effect of the complex under
consideration, which determines its protective effect on
cells under conditions of ischemia and hypoxia.

DISCUSSION
Means of metabolic therapy are increasingly
used in practical medicine. The representatives of this
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pharmacotherapeutic group are trimethylhydrazinium
propionate and ethylmethylhydroxypyridine succinate,
widely known in the domestic pharmaceutical market.
Meldonium is the tool that makes it possible you to
“shunt” bioenergetic processes, switching the cell to a
more energetically favorable mode of functioning. As
a rule, this is reflected in a decrease in the intensity of
fatty acid B-oxidation reactions and the predominance
of carbohydrate metabolism reactions in the energy
production. It is important that meldonium has a
selective effect on the ischemic tissue, with virtually no
effect on intact tissue areas. That makes it possible to
avoid the “steal” effect [17].

The action of ethylmethylhydroxypyridine succinate
is primarily aimed at suppressing the processes of lipid
peroxidation and reducing the total ROS pool in the
cell, as well as stimulating the energy production. The
use of ethylmethylhydroxypyridine succinate limits the
production of reactive oxygen and nitrogen species,
eliminates negative endothelial effects in the form
of an increase in the activity of inducible nitric oxide
synthase, and increases the activity of endogenous
antioxidant defense enzymes (superoxide dismutase,
catalase). The presence of a succinate fragment in
the structure of the molecule allows this compound
to act not only as an antioxidant, but also as a direct
substrate of mitochondrial complex Il, which, given a
high bioavailability, can contribute to the high metabolic
activity. The variability of the targeted effects of
complex TMHP and EMHPS may underlie their synergy
with respect to the energy-producing function of cells.
Currently, the domestic pharmaceutical market presents
a neuro- and cytoprotector based on the coordination
complex of trimethylhydrazinium propionate and
ethylmethylhydroxypyridine succinate — Brainmax® —
which has antiamnestic, antihypoxic, antioxidant and
antiischemic effects [18].

In this regard, an investigation on the study of the
mitochondria-directed action of the complex under
consideration was conducted. As a result, it was shown
that in the culture of mitochondria, compounds with
pK of about 4 (trimethylhydrazinium propionate and
ethylmethylhydroxypyridine succinate) act as moderate
uncouplers of a mitochondrial respiration. This fact can
be associated with the presence of a positively charged
atom of tertiary nitrogen (trimethylhydrazinium) and
heterocyclic  nitrogen  (ethylmethylhydroxypyridine
succinate) in the structure of these compounds. In
this connection, a formation of ion pairs between
these compounds under physiological conditions
and the corresponding pH value can be assumed.
It is of interest to note that nitrogen with a positive
charge closed by methyl groups can play the role of a
penetrating cation and, upon the formation of an ion
pair, increase the efficiency of the counterion delivery
(in this case, succinate), including with subsequent
proton dissociation. Thus, the coordination complex
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under consideration can be a donor of additional
protons (protonophores), which are so necessary for the
respiratory chain.

The use of respiration uncouplers (the complex
under study), which moderately increase the proton
conductivity of mitochondria, can eliminate the negative
effects caused by an increase in the ROS generation by
mitochondria [19].

This assumption is confirmed, first, by the activation
of the endogenous substrates (pyruvate and malate)
utilization, but to a much greater extent, by the combined
action of the studied substances in the concentration
range of the tens of nmol order on the parameters
of energized mitochondria. The obtained data on
the dissipation of the membrane potential correlate
well with the data on the decrease in the peroxide
generation during a reverse transfer, while the kinetics
of the peroxide generation suppression overtakes the
kinetics of the ATP synthesis suppression, which makes
it possible to attribute the observed phenomenon to the
so-called soft depolarization, when the potential is below
the threshold value for the formation of peroxides, but
ATP synthesis is still possible.

In order for protonophores not to have a toxic effect
and not to show their activity in cases where the cell
needs ATP synthesis, it is necessary for their activity to
depend on the functional state of mitochondria, e.g.,
on the potential on its inner membrane. In the state
of hyperpolarization, the protonophore should remove
only the excess potential, but not reduce it excessively,
which will inevitably lead to the inhibition of the
respiration process. An ideal protonophore should not
inhibit the mitochondrial respiration even at relatively
high concentrations. Previous attempts were made
to synthesize substances with the properties of “soft”
mitochondrial uncouplers, but they failed [20].

Thus, the considered hydrosuccinate complex
probably acts as such a “soft” uncoupler, that it reduces
the intensity of the ROS formation and optimizes ATP
synthesis. As a result of the work, a high effect of the
complex on the respiratory function of mitochondria
has been shown. This study showed that a component
complex of metabolic and antioxidant actions increases
the basal level of the mitochondrial respiration, which
may be relevant for increasing the initially normal
respirometric function of mitochondria, for example, in
the prevention of hypoxic conditions in the absence of
pathology. An increase in the intensity of the stimulated
respiration is also an interesting aspect of the metabolic
action of the complex.

It was shown that the studied complex increased the
intensity of the substrate respiration, and pronounced
changes were obtained throughout the mitochondrial
respiratory chain, which is an important therapeutic
advantage in conditions of oxidation substrates
deficiency — in ischemic-hypoxic damages.

The universal metabolic pattern of ischemia is
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the accumulation of the succinate precursor, cyclic
citric acid, which is responsible for the mitochondrial
production of reactive oxygen species. Excess succinate
is re-oxidized by succinate dehydrogenase, which leads
to a rapid accumulation of reactive oxygen species.
Transferring the cell into an anaerobic cycle, the
trimethylhydrazine component of the studied complex
reduces the availability of molecular oxygen species for
succinate oxidation, thus interrupting the pathological
cascade of the formation of destructive free radicals and
exerting a pronounced antihypoxic effect [21].

In addition, taking into account the metabolic
profile of the trimethylhydrazinium propionate action,
i.e., the restriction of oxygen-demanding processes of
fatty acid oxidation with the cell transfer to the intensive
carbohydrate metabolism and the shunting effect of
ethylmethylhydroxypyridine succinate, an increase in
the resistance of cells to oxygen deficiency at different
conjugated metabolic levels can be assumed. Thus,
by increasing the transport of carbohydrates into the
cell and limiting glycolysis mediated by the inhibition
of phosphofructokinase, the trimethylhydrazinium
fragment can increase the efficiency of the influence
degree of ethylmethylhydroxypyridine succinate on
electron transport processes, thereby modulating the
optimal production of ATP under conditions of ischemia,
which is sufficient to maintain the cell normal functioning
[22].

Under the prevailing conditions of tissue ischemia,
modulation of ATP synthesis may be important for the cell
survival. It is known that under conditions of an ischemic
stroke, adecreaseinthe concentration of theintracellular
ATP pool to a critical level mediates the activation of
caspase-dependent apoptosis reactions, leading to the
cell death and increased neuroinflammation reactions
[23, 24]. During the manifestation of Alzheimer’s
disease, one of the most common neurodegenerative
diseases, an increase in the formation of ATP due to
the activation of substrate-dependent respiration, i.e.,
the switching of bioenergetic processes from one used
substrate to another, can also prevent spontaneous self-
aggregation of the tau protein, thereby suppressing the
main pathogenetic cascade of Alzheimer’s disease (in
this case, ATP acts as a natural hydrotrope that stabilizes
protein molecules) [25].

A significant increase in  the succinate-
dependent respiration under the influence of
the complex (trimethylhydrazinium propionate +
ethylmethylhydroxypyridine succinate) under conditions
of the activity blockade of the mitochondrial complex
| by rotenone, associated with the ROS-inhibiting
activity, is likely to achieve certain therapeutic benefits
in Parkinson’s disease. It has been established that
one of the pathogenetic triggers of this disease is the
mitochondrial complex | dysfunction, followed by an
increase in electron leakage from the mitochondrial
respiratory chain and the development of the oxidative
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damage to substantia nigra neurons [26]. Under these
conditions, the use of the considered components
complex will make possible achieving the effect of
“metabolic bypass” of complex I, which will reduce the
retrograde current and electron leakage, reducing the
formation of ROS.

CONCLUSION

Based on the totality of the results obtained, it
can be assumed that the drug Brainmax® leads to the
stabilization of mitochondrial function, rationalization
of cell function under stress, normalization of energy

metabolism in the cell even under conditions of
hypoxia, and the elimination of undesirable effects
of the ischemic-hypoxic tissue damage. Moreover,
for complex of active components with a synergistic
interaction, these effects are more pronounced than
when used separately. The spectrum of biochemical
reactions occurring in the cell under the action of a
succinic acid complex with trimethylhydrazinium and
the corresponding pharmacological effects may be
the subject of further, more detailed studies on the
corresponding experimental models of pathological
processes.
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