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Today the activities of compounding pharmacies in terms of the drug compounding and in-pharmacy packaging of approval
drugs is considered as a priority social task of the Russian Federation, due to the need to solve problems that are aimed
at ensuring the strategic independence of the state from external and internal challenges, as well as threats, widespread
introduction of personalized pharmacotherapy methods, opportunities in the field of optimizing the costs of the healthcare
system.

The aim of the study was to conduct a historical analysis and comprehensive review of the current state of legal and regulatory
framework of the Russian pharmaceutical market in the field of compounding drugs, as well as to develop proposals for
improving the regulatory field.

Materials and methods. The following methodological tools — empirical, theoretical, quantitative ones — have been used in
the work. In particular, an analysis of a wide range of relevant sources of information was carried out and information was
obtained from legal and regulatory framework for the activities of compounding pharmacies in the Russian Federation, which
was implemented using a bibliometric method of analysis.

Results. The main elements of the Russian legislation in the field of drug circulation with the aim of a comprehensive
understanding of the classification and determination of the role of extemporaneous drugs in the Russian healthcare
system, are presented in the article. A historical and technical analysis of the regulatory practice development is consistently
presented. The key issues of organizing the pharmaceutical business in the field of compounding and dispensing of drugs on
the territory of the Russian Federation have been considered, and current problems that need to be solved when improving
the regulatory field, are presented.

Conclusion. The review conducted makes it possible to clarify further actions to improve federal legislation and delegated
legislation in the field of circulation of compounded drugs by pharmacy organizations. The work presents recommendations
that will contribute to the development of compounding pharmacies in the constituent entities of the Russian Federation.
Keywords: drug circulation in the Russian Federation; drugs compounding; extemporaneous drugs; diluting (reconstitution)
of drugs; compounding pharmacies; history of pharmaceutical compounding of drugs; Russian pharmaceutical market; sales
volume of extemporaneous drugs; rules for compounding and dispensing of drugs

Abbreviations: MP — medicinal product / preparation; EU — European Union; ED — extemporaneous drug; PO — pharmacy
organization; DF — dosage form; APl — active pharmaceutical ingredient; MPTF — medical and preventive treatment facility;
EMs — List of Essential Medicines; FD — approval drug; RPD — radiopharmaceutical drugs; MA — marketing authorization;
SRMRs — State Register of Medicinal Remedies; FDA — Food and Drug Administration; GxP — Good Practice.

For citation: D.D. Mamedov, D.S. Yurochkin, Z.M. Golant, V.S. Fisenko, A.V. Alekhin, I.A. Narkevich. Past, current and future of legal regulation of
drugs compounding in the Russian Federation. Pharmacy & Pharmacology. 2023;11(3):176-192. DOI: 10.19163/2307-9266-2023-11-3-176-192
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Ha cerogHAWHWI AeHb AeATesIbHOCTb NPOM3BOACTBEHHBIX AaNTeK B YacTU WM3roTOB/IEHWUA /IEKAPCTBEHHbIX MPEenapaTos U
BHYTpMANTeYHoOW HaCcoBKM 3apermcTpUpoBaHHbIX 1EKAPCTBEHHbIX MPEMNAPATOB PAaCCMATPMBAETCA B KAYeCTBE MPUOPUTETHOM
coumanbHoM 3agaum Poccuiickont Pepepaumm, B CBA3M C HEOOXOAMMOCTBIO peLeHWA 3afay, HanpaB/ieHHbIX Ha
obecneyeHune CTpaTerMyeckon He3aBUCMMOCTU rOCYAAPCTBA OT BHELWHMX M BHYTPEHHWUX BbI3OBOB, @ TaKXKe yrpos, WMPOKOro
BHEAPEHUA MeToA0B MepCOHANN3UPOBAHHOM dapmaKkoTepanun, BO3MOXKHOCTEN B chepe onTMMM3aLUM 3aTpaT CUCTEMDI
3/ paBOOXPaHEHMUSA.

Lienb. lMpoBecT” MUCTOPUYECKMI aHaNW3 W BCECTOPOHHUM 0630p TEKyLero COCTOAHMA HOPMATMBHOIO MPaBOBOrO
perynMpoBaHuA poccUicKoro GpapmaLeBTMYECKOTO pPbliHKA B 06/1aCTM U3roTOB/IEHUA NEKAPCTBEHHbIX NPenapaTos, a TaKKe
pa3paboTaTb NpeasioKeHNA NO COBEPLIEHCTBOBAHUIO PErYAATOPHOTO NOAA.

Matepuanbl U metogbl. B pabote MCNonb30BaHbl METOAONOTMYECKME WHCTPYMEHTbI: SMMUPUYECKME, TEOPETUYECKUE,
KOZIMYeCTBEHHbIe. B YacTHOCTK, NpoBeAEH aHANN3 LUMPOKOTO NePEYHA PeieBAaHTHbIX MCTOYHUKOB MHGOPMALIMK U NOYYEHbI
CcBeAeHNA N3 HOPMATUBHbIX MPABOBbIX AOKYMEHTOB, PEryMpyOLLNX AeATENbHOCTb MPOM3BOACTBEHHbIX aNTEK Ha TEPPUTOPUN
Poccuiickon ®epepaummn. B saHHOM nccnesoBaHUM aBTOPamMuM NPUMEHEH meTog, 6ubanomeTpuyeckoro aHaausa.
Pesynbtatbl. B ctaTbe npeactaBneHbl OCHOBHble 3/1€MEHTbl POCCUMIACKOrO 3aKoHoZaTesnbcTBa B cdepe obpalleHua
NIeKapCTBEHHbIX CPEeACTB C Lle/Ibl0 BCECTOPOHHEro MOHMMaHMA KaaccubuKauum M onpegeneHns poau 3KCTEMNOPaAsbHbIX
JIeKaPCTBEHHbIX NPENAPATOB B POCCUIACKOM CUCTEME 3A4PaBOOXpPaHeHUsA. [locnes0BaTeIbHO U3NIOKEH UCTOPUKO-TEXHUYECKUI
aHaNM3 Pas3BUTUA PErynATOPHOM NPaKTMKWU. PaccmaTpuBaloTCA KAOYEBble BOMPOCHI OpraHM3aumm dbapmaleBTUYecKoro
Aena B 061acT M3roTOBAEHMA M OTMYCKa JIeKapCTBEHHbIX NPenapaToB Ha Tepputopumn Poccuiickont Pepepaumm, a Takxke
npeacTaBAeHbl aKTyanbHble 334a4M, KOTopble NPeACTOUT PELLUTb NPU COBEPLLIEHCTBOBAHMUM PEryIATOPHOrO NonsA.
3akntoueHue. MpoBeaEHHbIN 0630p NO3BONAET YTOUHUTL AasibHENLMe AEMCTBMA NO COBEPLUEHCTBOBAHMIO deaepasibHOro
3aKOHOAATeNbCTBA M MOA3AKOHHbIX HOPMATMBHbIX MPABOBbIX aKTOB B cdepe 0b6palLeHMA NIeKapCTBEHHbIX NpernapaTos,
U3roTaB/IMBaeMblX anTeYHbIMM OpraHusauuamu. B pabote npeactaBneHbl PEKOMEHAALMKN, KOTOPbIE MOTYT MOCNOCOHCTBOBATDL
pPa3BUTUIO AeATENIbHOCTM NPOMU3BOACTBEHHDBIX anTeKk B cybbekTax Poccuitckoit deaepaumu.

KnioueBble cnoBa: obpallleHWe fneKapcTBEHHbIX cpeacts B Poccuiickort Pepepaunu; M3roToBAEHME NEKAPCTBEHHbIX
npenapaToB; 3KCTEMMOPaA/IbHbIE NEKAPCTBEHHbIE MPenapaThl; pa3BeseHue (BOCCTaHOBNEHWE) NEKAPCTBEHHbIX NMPenapaTos;
NPOV3BOACTBEHHbIE aNTEKW; UCTOPUA anTEYHOrO M3rOTOB/IEHWUA IeKAPCTBEHHbIX NpenapaTos; GapMaLeBTUYECKUN PbIHOK
Poccnu; 06BEM Npoaark IKCTEMNOPabHbIX IEKAPCTBEHHbIX MPEMNAPATOB; NPaBUIa U3roTOBAEHUA U OTMYCKA SIeKapCTBEHHbIX
NnpenapaTos; HaA/eXalllas NPaKTUKa U3roTOBAEHNA M OTMYCKA JIEKAPCTBEHHbIX MPenapaTos

Cnucok coKpaleHuid: JIMN — nekapctBeHHbIM npenapat; EC — EBponelickuii cotos; /1M — aKcTeMNopanbHbIN NEKAPCTBEHHDbIN
npenapat; AO — anTe4yHaa opraHusaumsa; JI® — nekapcteeHHaa dpopma; J/IC — nekapcTBeHHoe cpeacTBo; AOC — aKkTMBHasA
dapmauesTuyeckasa cybctaHuma; JINY — neyebHo-npodunaktnyeckoe yupexkaeHue; MHBJIM — KU3HEHHO Heobxogumbie
W Ba)KHeWlWe NeKapCTBeHHble mnpenapatbl; [J/1® — 3aperncTpMpoBaHHbI NEKAPCTBEHHbIM npenapaT; PN —
paanodapmaLeBTUHECKME NEKAPCTBEHHbIE NpenapaTbl; PY — peructpaunoHHoe yaoctoseperue; MP/1IC — focyaapcTBEeHHbIN
peecTp nekapcTBeHHbIx cpeacts; FDA — YnpasneHMe Mo CaHUTAPHOMY HaA30py 3a Ka4YeCTBOM MULLEBbIX MPOAYKTOB U
meankameHToB; GxP — cuctema Haaexalmx NpakTuK.
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INTRODUCTION

With the development of industrial manufactories,
in the USSR, the segment of pharmaceutical
compounding of drugs experienced processes of
stagnationintheframeworkof referenceto compounding
pharmacies, similar to the European Union (EU) [1] and
the USA [2].

According to the data for 1939, in the Soviet Union,
the drugs compounded by pharmacy organizations (POs)
(i.e., extemporaneous drugs products, EDs) occupied a
share equal to 60-70% of all the drugs sold in Pos [3],
in 1961 — 55%, in 1980 —18% with a predominance of
parenteral dosage forms (DFs) in the amount of up to
40-50% in medical and preventive treatment facilities
(MPTFs). Despite this, based on the content analysis
performed [1, 4-6], a systemic conclusion follows that
in the 80° of the 20" century, the USSR had the most
developed network of compounding pharmacies in the
world.

The collapse of the Soviet Union led to the formation
of a market for the circulation of drugs in Russia with
the parameters that resulted from the specifics of
the previously functioning healthcare system, i.e.,
a delivery of health care as a public service and
supplying the population with medicinal products [7].
The breakdown of production chains and the
simultaneous economic crisis led to a rapid decline in
local production of drugs and active pharmaceutical
ingredients (API). For example, for the period from
1992 to 2008, the volume of production of the latter
in the Russian Federation decreased by more than
20 times [8]. The lack of access to raw materials, coupled
with the insufficient regulatory influence, led to the
closure of the majority of compounding pharmacies,
the decline of which is observed annually in the Russian
Federation. In particular, according to the study [9],
36% of joint-stock companies ceased their activities
in the production of drugs in the period from 2015 to
2019. It was at that time that pharmaceutical specialists
reoriented their activities to industrial facilities
producing drugs, as well as POs engaged in retail trade of
approval drugs. Nowadays, the number of POs that have
a license for pharmaceutical activities with the right to
compounding and dispense drugs is estimated at less
than 0.5% of the total number of POs [10].

Federal Law No. 61-FZ “On drug circulation”
(FL No. 61)?, adopted in 2010, was aimed at harmonizing
domestic legislation with European legislation and,
consequently, implementing a Good clinical practice
(GCP / GxP) in all areas of the pharmaceutical market,
which was implemented at all levels of drug circulation,
with the exception of the pharmaceutical compounding
segment of drugs.

Compounding pharmacies are an element of both
the healthcare system and the social protection systemin

! Federal Law of April 12, 2010 No. 61-FZ “On the Circulation of Drugs”.
Available from: https://docs.cntd.ru/document/902209774
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terms of providing certain categories of citizens entitled
to receive government assistance, with medications.

Today, the Russian pharmacological support has
encountered difficulties in relation to its basic tasks in
terms of the transition from supplying patients with bulk
drug substances regarding course prescriptions, including
the ones associated with the absence in the legislation
of one of the GxP elements — drugs preparation by the
compounding pharmacies and intrapharmacy packing
of approval drugs. In the next decade, according to the
authors of this study, the latter will likely become one of
the key areas for improving the legislation of the Russian
Federation regarding drug circulation. Herewith, the
need for changes in legal and regulatory framework will
come from the already established and basic functions
of compounding pharmacies and the newly created
modern pharmacy infrastructure, i.e.:

1. Providing direct physical access to the drug.

Currently, there are cases when the pharmaceutical
industry does not offer an alternative to packaging and
volume, especially for expensive and high-cost drugs
that are not registered in the Russian Federation. This
fact affects the rationality of spending money, regardless
of the source of financing — the state or citizens’ own
funds. Moreover, without a direct control of the drug
provision costs for a particular patient in the required
course volume of therapy, it is impossible to achieve a
budgetary efficiency, since there are no comparable
criteria for the comparison [1, 11].

2. Direct  pharmacoeconomic
compounding pharmacies:

— by packaging approval drugs in the “bulk” form
(thereby achieving the aim of solving the problem in the
field of systematization of healthcare in accounting for
spent course prescriptions);

—due to direct savings in the drugs compounding
in those nosologies where this is justified (orphan drugs,
antitumor drug therapy, high-tech drugs, etc.).

This study significantly reveals the current legal
and regulatory framework for the drug circulation in
the Russian Federation, thereby demonstrating in it the
place of pharmaceutical compounding of drugs, and also
specifies the past and a current state of regulation of
the compounding pharmacies, includig setting possible
vectors of development of the latter.

THE AIM of the study was to conduct a historical
analysis and comprehensive review of the current
state of legal and regulatory framework of the
Russian pharmaceutical market in the field of drug
compounding, as well as to develop proposals for
improving the regulatory field.

This article is a continuation of the series of works
by the authors, which are devoted to the formation of
a unified harmonized system of legal and regulatory
framework in the field of circulation of the drugs
compounded by joint-stock companies in the Russian
Federation [1, 2, 9-12].

advantage  of
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MATERIALS AND METHODS

The following methodological tools — empirical,
theoretical, quantitative ones — have been used in
the work. In particular, an analysis of a wide range of
relevant information sources was carried out and data
was obtained from legal and regulatory framework
for the activities of compounding pharmacies in the
Russian Federation, which was implemented using the
bibliometric method of analysis.

The data from various sources of information were
used. In terms of the analysis of legal and regulatory
framework, the following materials were used: the
electronic fund of regulatory, technological and
regulatory intelligence of the “Code” Consortium, the
reference legal system “ConsultantPlus”.

To analyze the results of research by other authors,
relevant sources of information and data from search
engines were used: PubMed, for biomedical research,
scientific electronic library —elibrary.ru, Russian National
Library, National Electronic Library, Google Academy.
The search depth was 1917 to 2023. The choice of period
was determined by historical events and the beginning
of the active development of compounding pharmacies
activities in the USSR. The literature search was carried
out in Russian and English using the following keywords
or combinations: drug circulation in the Russian
Federation; drug compounding; extemporaneous
drugs; diluting (reconstitution) of drugs; compounding
pharmacies; history of pharmaceutical compounding
of drugs; Russian pharmaceutical market; sales volume
of extemporaneous drugs; rules for good compounding
and dispensing of drugs; good practice in compounding
and dispensing of drugs.

RESULTS AND DISCUSSION

Classification of extemporaneous drugs

The main legal and regulatory framework on the
drug market in the Russian Federation is FL No. 61,
according to which a separate definition of ED has not
been established. Based on the systemic interpretation
of Art. 4, 13 and 56 of FL No. 61, as well as other legal
and regulatory framework, it follows that EDs belong to
drugs. In addition, FL No. 61 does not contain a definition
of the approval drugs approved by the Ministry of Health
of Russian Federation [13] which is an authorized federal
government body, a ministry of the Russian Federation,
similar in functionality to the FDA; hereinafter ADs).
According to Art. 14 and Art. 17 of FL No. 61, the fact of
the ADs registration is a marketing authorization (MA)
received by the applicant for the drug, issued as a
result of the examination of the registration dossier.
The distribution diagram of the main definitions used
in FL No. 61 is presented in Figure 1.

Within the meaning of clause 5 of Article 13 of the
FLNo. 61, state registration [14] in the Russian Federation
is not subject to:

Tom 11, Beinyck 3, 2023

— drugs compounded by POs that have a license for
pharmaceutical activities, according to prescriptions for
drugs and the requirements of medical organizations;

— drugs purchased by individuals outside the Russian
Federation and intended for personal use;

—drugs imported into the Russian Federation to
provide medical care according to the vital indications of
a specific patient on the basis of a permission issued by
the authorized federal executive body;

—drugs imported into the Russian Federation on the
basis of a permission issued by the authorized federal
executive body and intended for conducting clinical
trials of drugs and (or) to be evaluated for the state
registration of drugs;

— active pharmaceutical ingredient (API);

— radiopharmaceutical drugs (RPDs), compounded
directly in medical organizations, in the manner
established by the authorized federal executive
body;

— drugs produced for export.

According to Art. 33 of FL No. 61, the list of ADs and
the list of APIs included in the ADs are contained in the
State Register of Medicinal Remedies (SRMRs)? [15].
According to paragraph 2 of Art. 33, an APl produced for
sale may be included in the SRMRs on the basis of an
application from the developer or manufacturer of the
drug, or a legal entity authorized by them, subject to an
examination of the API quality in relation in the manner
established by Art. 34 of FL No. 61.

Thus, on the Russian Federation drug circulation
market, APIs can exist in two different states:

— as active APIs included in the MA can only be used
by the holder of the MA (sale of such APIs to third party
companies is prohibited);

—as APlIs included in the SRMRs can be sold to all
drug manufacturers, drug wholesalers and compounding
pharmacies.

Licensing in the field of drug circulation

In accordance with FL No. 61, the production of
drugs and pharmaceutical activities are separated [16].
Moreover, the latter consists of retail trade and wholesale
trade of drugs. At the same time, a pharmaceutical
activity for compounding is a type of retail trade of
drugs (Fig. 2).

To produce drugs, it is necessary to obtain an
advisory license (Art. 45 of FL No.61). The procedure
for licensing activities for the drugs production
was approved by the Decree of the Government of
the Russian Federation No. 686 dated July 6, 2012
(hereinafter referred to as Resolution No. 686)3. Based
on that, licensing of the drugs production is carried out

2 State Register of Drugs of the Russian Federation. Available from:
https://grls.rosminzdrav.ru/Default.aspx

3 Decree of the Government of the Russian Federation of July 6, 2012
No. 686 “On approval of the Regulations on licensing the production
of drugs.” Available from: https://docs.cntd.ru/document/902356716
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by the authorized federal executive body — the Ministry
of Industry and Trade of Russia [17]. To obtain a license,
drug manufacturers must meet the criteria of the Good
Manufacturing Practice Rules of the Eurasian Economic
Union (hereinafter referred to as the EAEU GMP
Rules?) — an adapted translation of the EU Good
Manufacturing Practice Rules®. Confirmation of the
production site for compliance with the EAEU GMP
Rules is carried out through a preliminary inspection
procedure. The authority to conduct inspections
has currently been transferred to the Institution
for Medicinal Products and Good Manufacturing
Practice [18], subordinate to the Ministry of Industry
and Trade of Russia.

According to Art. 54 of FL No.61, wholesale trade
of drugs is permitted for drug manufacturers and
drug wholesale trade organizations that meet the
requirements of the Rules of Good Distribution Practice
within the Eurasian Economic Union (hereinafter referred
to as the EAEU GDP Rules)® [19]. It should be noted that
a direct standard for compliance by drug manufacturers
with these rules is not provided for by Resolution
No. 686. The procedure for licensing pharmaceutical
activities (wholesale and retail trade) was approved by
the Decree of the Government of the Russian Federation
No. 547 dated March 31, 2022°.

The basic requirements for the retail drug trade
procedure are described in Art. 55 of FL No.61 and
are implemented by establishing the POs compliance
with the Rules of Good Pharmacy Practice (hereinafter
referred to as Order No. 647n)%. However, these
rules are devoted exclusively to the retail drug trade,
which differs significantly from the approaches to
good pharmacy practices implemented, for example,
in the EU, as well as in the countries of the Eurasian
Economic Union (Republic of Kazakhstan, Republic of
Belarus) [1].

In the Russian Federation, distance sale of drugs
is permitted, with the exception of prescription drugs,
narcotic and psychotropic ones, as well as alcohol-

4 Decision of the EEC Council of November 3, 2016 No. 77 “On approval
of the Rules of Good Manufacturing Practice of the Eurasian Economic
Union.” Available from: https://docs.cntd.ru/document/456026099

> Comparison and analysis of GMP requirements of the Russian
Federation and the EAEU. Available from: https://gxpnews.
net/2020/08/sravnenie-i-analiz-trebovanij-gmp-rossijskoj-federacii-i-
eaes/.

5 Decision of the EEC Council of November 3, 2016 No. 80 “On approval
of the Rules of Good Distribution Practice within the framework of
the Eurasian Economic Union.” Available from: https://docs.cntd.ru/
document/456026098

7 Decree of the Government of the Russian Federation of March
31, 2022 No. 547 “On approval of the Regulations on licensing of
pharmaceutical activities.” Available from: https://docs.cntd.ru/
document/350167126

8 Order of the Ministry of Health of Russia dated August 31, 2016
No. 647n “On approval of the Rules of Good Pharmacy Practice
of Drugs for Medical Use.” Available from: https://docs.cntd.ru/
document/564406688
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containing drugs with a volume fraction of ethyl alcohol
over 25%, subject to a license for the retail drug trade and
the corresponding permit® from the federal executive
body, which carries out the functions of control and
supervision in the field of healthcare — Federal Service
for Surveillance in Healthcare (hereinafter referred
to as Roszdravnadzor) [20]. At the time of submitting
the manuscript for publication, distance trading of
prescription drug is carried out in a pilot (test) mode
in the territories of Moscow, Moscow and Belgorod
regions according to the limited list of international
nonproprietary names (INN) [21]. The procedure for
remote retail trade of prescription drugs was introduced
by Federal Law No. 405-FZ dated October 20, 2022
At the same time, by the Decree of the Government of
the Russian Federation No. 2465'? dated December 28,
2022, the online sale of EDPs is prohibited.

The production of drugs is regulated by Art. 56
FL No. 61 and is carried out by POs that have a license for
pharmaceutical activities on the basis of prescriptions
for drugs and the requirements of medical organizations
(MO), in accordance with the Rules for Good
Manufacturing and Dispensing Practices of Drugs,
approved by the Order of the Ministry of Health of
Russia dated May 22, 2023 (hereinafter — Order No.
249n)®. Types of joint stock companies are established
in Order of the Ministry of Health of Russia No. 780n**
dated July 31, 2020 [22] and include, but are not limited
to (Figure 3):

° Order of Roszdravnadzor dated May 28, 2020 No. 4394 “On approval
of the List of documents confirming the compliance of a pharmacy
organization with the requirements giving the right to carry out retail
trade in drugs for medical use remotely, the Procedure for maintaining
a register of issued permits for retail trade in drugs for medical use
remotely and forms of documents used by the Federal Service for
Surveillance in Healthcare when issuing permission to retail trade
in drugs for medical use remotely.” Available from: https://www.
consultant.ru/document/cons_doc_LAW_354200/.

1 Decree of the Government of the Russian Federation of February 22,
2023 No. 292 “On approval of the Regulations on the procedure for
conducting an experiment on the retail trade of drugs for medical use,
dispensed with a prescription for a drug, remotely.” Available from:
https://docs.cntd.ru/document/1300876915

11 Federal Law of October 20, 2022 No. 405-FZ “On Amendments to
the Federal Law “On the Circulation of Drugs”. Available from: http://
publication.pravo.gov.ru/Document/View/0001202210200012

2 Decree of the Government of the Russian Federation of December
28, 2022 No. 2465 “On approval of criteria for the inclusion of drugs
and pharmacotherapeutic groups of medicinal products in the list of
drugs and pharmacotherapeutic groups of drugs approved for sale
within the framework of an experiment in the retail trade of medicinal
products for medical use, dispensed with a prescription for a drug,
remotely.” Available from: http://publication.pravo.gov.ru/Document/
View/0001202212290005

B Order of the Ministry of Health of Russia dated May 22, 2023
No. 249n “On approval of the rules for the compounding and
dispensing of drugs for medical use by pharmacies licensed for
pharmaceutical activities.” Available from: https://docs.cntd.ru/
document/1301699481

14 Order of the Ministry of Health of Russia dated July 31, 2020
No. 780n “On approval of types of pharmacy organizations.” Available
from: https://docs.cntd.ru/document/565649073
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Federal Law No. 61-FZ dated April 12, 2010

Development, preclinical studies, clinical studies, evaluation, state registration, standardization and quality control, production, compounding, storage,
transportation, import and export, advertising, dispensing (drugs), sale, transfer, administration, destruction of drugs

Pharmaceutical

substance .
Auxiliary

substance

Approval drug (AD) Extemporaneous drug (ED)

Figure 1 — Definition of drug according to Federal Law No. 61
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Figure 2 — Relationship between drug manufacturing and pharmaceutical activities
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Figure 3 — Types of pharmacy organizations in the Russian Federation

Tom 11, Beinyck 3, 2023

181



Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

REVIEWS
ISSN 2307-9266 e-ISSN 2413-2241

Drug manufacturers
Wholesale drug trade organizations (Drug sales)

Wholesale drug trade
organizations

Healthcare
organizations

Drug
manufacturers

Pharmacies

Compounding
pharmacy
(drug sales)

Finished dosage
forms pharmacy
(drug sales)

g
=0,
Individual Individual
(buying drugs) (buying drugs+EDs)

Healthcare organizations
(buying EDs)

Figure 4 — Drug sales channels in the Russian Federation
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Figure 6 — Consolidated results of monitoring compounding pharmacies in the Russian Federation
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Figure 7 — Key regulatory standards of compounding pharmacies

Table 1 — Requirements for microbiological purity of air during drugs compounding

EAEU GDP Rules

SanPiN 2.1.3678-20

Cleanliness  Total number of microorganisms Cleanliness  Total number of microorganisms in 1 m? of air (CFU/m?)
class in 1 m? of air (CFU/m?) class in equipped condition in operating condition
A <1 A 200 500
B 10 B 500 750
C 100 - - -
D 200 - - -
1. Pharmacy carrying out retail drug trade established types of pharmaceutical services and
(dispensing) to the population: work [1, 23].
— ADs; The requirements for POs segregated compounding

— Compounding pharmacy with the right to drugs
compounding;

— Compounding pharmacy with the right to aseptic
drugs compounding.

2. Pharmacy as a structural unit of the Moscow
Region:

— ADs;

— Compounding pharmacy with the right to drugs
compounding;

— Compounding pharmacy with the right to aseptic
drugs compounding;

— Compounding pharmacy with the
compound RPDs.

Thus, the activities of manufacturing drugs relate
to the retail drug trade, are equivalent to retail medical
supplies stores, and are not associated with healthcare
institutions. That differs significantly from the
approaches of developed healthcare systems, where POs
are full-fledged participants in the provision of medical
care to the population and the drug supply system,
performing the functions of providing pharmaceutical
assistance to the population in accordance with the

right to
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areas are described within the framework of the
Resolution of Russia’s Chief Public Health Officer No. 44
dated December 24, 2020 (hereinafter referred to as
SanPiN 2.1.3678-20)%°. The procedure for prescribing
and dispensing drugs (including the rules for filling
prescriptions) in the Russian Federation is carried out
in accordance with Order of the Ministry of Health of
Russia No. 1094n dated November 24, 2021 [24, 25],
dispensing drugs (sale) to the population in accordance

> Resolution of the Chief State Sanitary Doctor of the Russian
Federation dated December 24, 2020 No. 44 “On approval of sanitary
rules SP 2.1.3678-20 “Sanitary and epidemiological requirements
for the operation of premises, buildings, structures, equipment and
transport, as well as the conditions of activity of business entities
carrying out sale of goods, performance of work or provision of
services.” Available from: https://docs.cntd.ru/document/573275590
® Order of the Ministry of Health of Russia dated November 24,
2021 No. 1094n On approval of the Procedure for prescribing drugs,
forms of prescription forms for drugs, the Procedure for registration
of these forms, their accounting and storage, forms of prescription
forms containing the prescription of narcotic drugs or psychotropic
substances, the Procedure for their production , distribution,
registration, accounting and storage, as well as Rules for the preparation
of prescription forms, including in the form of electronic documents.
Available from: https://docs.cntd.ru/document/727251258
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with Order of the Ministry of Health of Russia
No. 1093n'” dated November 24, 2021. [26].

Trade channels, dispensing and sale of drugs by
subjects of the drug circulation in the Russian Federation
are presented in Figure 4.

The quality of drugs must comply with the
requirements of the State Pharmacopoeia of the Russian
Federation, which is a set of general pharmacopoeial
monographs that describe the general requirements
for the drug, as well as methods and techniques for
monitoring the drugs quality, and pharmacopoeial
monographs containing the requirements for the quality
of a specific drug.

EDs sales volume

The right of citizens to the medication provision
is the prerogative of every citizen of the Russian
Federation for health protection, enshrined in Art. 41
of the Constitution of the Russian Federation [27, 28].
In the Russian Federation, nowadays, medical care to
the population is provided by a system of government
institutions [29], which are financed using different
levels of a budgetary support of the Russian Federation.
According to the general principle, the drug provision to
the population of the Russian Federation when providing
free medical care, is carried out within the framework
of the List of Essential Medicines (EMs), which is
annually approved by the Government of the Russian
Federation®® [30]. The availability of the medications
at no cost to the population is fixed in accordance with
the basic compulsory medical insurance program, in
accordance with Art. 80 federal Law No. 323-FZ dated
November 21, 2011 (hereinafter — FL No. 323)%. Each

7 Order of the Ministry of Health of Russia dated November 24,2021 No.
1093n “On approval of the Rules for the dispensing of drugs for medical
use by pharmacy organizations, individual entrepreneurs licensed to
carry out pharmaceutical activities, medical organizations licensed
to carry out pharmaceutical activities, and their separate divisions
(outpatient clinics , paramedic and paramedic-midwife stations,
centers (departments) of general medical (family) practice) located
in rural settlements in which there are no pharmacies, as well as the
Rules for the dispensing of narcotic drugs and psychotropic substances
registered as drugs for medical use, drugs for medical use containing
narcotic drugs and psychotropic substances, including the Procedure
for the dispensing of immunobiological drugs by pharmacies.”
Available from: https://docs.cntd.ru/document/727251237

8 Order of the Government of the Russian Federation dated October
12,2019 No. 2406-r “On approval of the list of vital and essential drugs
for medical use for 2020, the list of drugs for medical use, including
drugs for medical use prescribed by decision of doctors commissions
of medical organizations, a list of medications intended to provide
people with hemophilia, cystic fibrosis, pituitary dwarfism, Gaucher
disease, malignant neoplasms of lymphoid, hematopoietic and related
tissues, multiple sclerosis, hemolytic-uremic syndrome, juvenile
arthritis with systemic onset, mucopolysaccharidosis |, Il and VI types,
persons after organ and (or) tissue transplantation and the minimum
range of medications necessary to provide medical care.” Available
from: https://docs.cntd.ru/document/563469457

19 Federal Law of November 21,2011 No. 323-FZ “On the fundamentals
of protecting the health of citizens in the Russian Federation.” Available
from: https://docs.cntd.ru/document/902312609
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citizen of the Russian Federation deducts 5.1% of their
salary to finance the Compulsory Medical Insurance
Fund [31, 32], from which the above mentioned program
is financed (Chapter 34 of the Tax Code of the Russian
Federation), while tax payments are carried out by the
employers. The latter led to the division of the Russian
pharmaceutical market into a commercial segment
(Pos sales) [33] and a government segment (purchases
of healthcare organizations in accordance with Federal
Law No. 44-FZ dated April 5, 2013 (hereinafter —
FL No. 44)* Dynamics of the pharmaceutical Russian
market is shown in Figure 5%,

According to the previously mentioned study [9],
in 2022, it was determined that the total number of
the drugs compounded in pharmacies amounted to
16.9 million units. According to the requirements of
healthcare organizations, inthe structure of compounded
drugs, the demand for services (jobs) for the production
of drugs and in-pharmacy packaging of approval drugs
prevails: 34% of the total number of compounded and
dispensed units are compounded drugs in the form of
in-pharmacy blanks — pre-compounded drugs intended
for dispensing according to the most frequently received
prescriptions for drugs or requirements of healthcare
organizations (Fig. 6).

At the moment, according to the expert assessment
of the authors of the article, the total market for the
EDs circulation in the Russian Federation is about
3.5-4.0 billion rubles (38.0-44.0 million USD at the date
of this study publication), herewith, it is represented
with outdated formulations, where almost 95% falls
on the outpatient segment of dispensing in the retail
segment. It is worth noting that the insufficient supply
to the healthcare community for the use of modern
formulations and the lack of systemic demand from
the healthcare system, both in the segments of
regional and federal benefits, and from the healthcare
organizations participating in the compulsory health
insurance system, the volume of the EDs market retains
its small share, but has a significant potential and
prerequisites for development. A limited demand is
primarily associated with the outdated infrastructure
of the POs and its systemic stagnation, a bias towards
a retail trade of approval drugs, which is generally
caused by the current provisions of the law. Despite the
annual increase in the need for EDs, their share in the
structure of the total circulation of approval drugs is less
than 0.4% [9].

2 Federal Law of April 5, 2013 No. 44-FZ “On the contract system
in the field of procurement of goods, works, services to meet
state and municipal needs.” Available from: https://docs.cntd.ru/
document/499011838
22DSM  Group reports.
reports/?category=13

Available from: https://dsm.ru/news-
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Retrospective of the regulatory impact

on the pharmaceutical compounding segment

Today, precision and translational kinds of medicine
are considered a new healthcare paradigm. However,
an individual approach to the treatment of diseases,
taking into account all factors of the health status of a
particular person, is not new for Russia and is reflected
in the works by great Russian doctors and pharmacists of
the past [34, 35]. There are many examples of drugs with
different pharmacokinetic profiles between children and
adults, highlighting the importance of understanding
pediatric physiology and the potential impact on
drug concentrations [36]. Dose adjustments are
made to ensure an appropriate internal exposure and
pharmacodynamic effects. However, these parameters
depend on the specific properties of the drug and
the ontogenesis of the corresponding physiological
processes in the patient. A recent review [37]
of approval clinical trials in children reported that
the pharmacokinetic data had been collected in only
24% of all ongoing trials, with the majority being
conducted in children over 2 years of age in North
America. The need of a number of population groups
for individual dosages of drugs in each state makes
their industrial manufacturing impossible due to a low
profitability. At the same time, the pharmacoeconomic
advantages of pharmacy compounding drugs in highly
specialized, high-cost nosological units of diseases
(orphan, oncological ones, etc.) are telling of one
thing — pharmacy compounding drugs and their
industrial manufacturing complement each other,
must be developed and improved in parallel, while
pharmacy compounding drugs is a universal tool for
every doctor in the pharmacotherapy of patients. The
latter thesis is clear to all market participants and can be
traced throughout the scientific literature, starting from
the USSR and ending with our time [1, 3].

Over the past 20 vyears, the pharmaceutical
compounding segment has undergone a global
transformation in the USA and EU countries. Currently,
it is impossible to consider drug compounding activities
in isolation from the principles and recommendations
of GMP. Thus, in the USA, the organizations involved
in the drugs compounding are divided into two
types: pharmacies (type 503A) and outsourcing
facilities (type 503B), where the former must have
a license for pharmaceutical activities and comply
with the requirements of chapters 795 and 797
of the US Pharmacopoeia, and the latter must be
certified for compliance with ¢cGMP rules. Herewith,
Chapters 795 and 797, among other things, contain
the implementation of the provisions of these rules.
In the EU, there is a ResAP (2011) 1 on quality and
safety assurance requirements for drugs prepared in
pharmacies for the special needs of patients, according
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to which the Guide to Good Manufacturing Practice for
drugs (PIC/S) is recommended to be used as a reference
book in the manufacture of the group of “hazardous
drugs”, and the Guide to Good Manufacturing Practice
for drugs (PIC/S) for the manufacture of “low-risk
medicinal drugs”. The latter is an adaptation of the GMP
rules for the activity of drug compounding and includes
9 main chapters of the rules of Good Manufacturing
Practice [1, 2, 11, 38].

Within the framework of the USSR policy, the
concept of drug production quality was based on
stage-by-stage (operational) and final quality control
of finished products. Herewith, the main priority of
the chemical and pharmaceutical industry of the USSR
was the volume of products produced. In such an
iteration, taking into account the interpretation of the
GMP concept as “no more than the modernization
of technical means of production (buildings and
equipment)” [39] in the absence of a policy for
exporting drugs (where compliance with GMP rules
is a condition for importing drugs into the EU), on the
part of domestic manufacturers and regulators put
forward the thesis that the costs of implementing GMP
requirements in the USSR were too high. In the Russian
Federation, the following standards were successively
adopted: OST 42-510-98%2, GOST R 52249-2004%,
GOST R 52249-2009%, which are a compilation of various
GMP rules (WHO, USA, EU). The final transition of the
domestic pharmaceutical industry to GMP rules took
place in 2013 through the adoption of Order No. 916%
of the Ministry of Industry and Trade of Russia dated
June 14, 2013, which was generally consistent with
European GMPs. The requirement to comply with these
rules has become mandatory since 2014 [39-42]. From
2021, Russian drug manufacturers must comply with
the EAEU GMP Rules, while the issuance of national
certificates has been discontinued [43].

In the Soviet Union, the described problems
of transition to GMP requirements affected the
pharmaceutical production of drugs in the Russian
Federation. Until 1997, there were regulatory
legal requirements for the implementation of
this type of activity, developed in the USSR and,
accordingly, containing outdated approaches to

2 QOrder of the Ministry of Health of Russia and the Ministry of
Economy of Russia dated December 3, 1999 No. 432/512 “On the
implementation of the Industry Standard OST 42-510-98 “Rules for
the organization of production and quality control of drugs (GMP).”
Available from: https://dokipedia.ru/document/5180069

2 National standard of the Russian Federation GOST R 52249-2004
“Rules for the production and quality control of drugs.” Available from:
https://docs.cntd.ru/document/1200071754

24 National standard of the Russian Federation GOST R 52249-2009
“Rules for the production and quality control of drugs.” Available from:
https://docs.cntd.ru/document/1200036160

% Order of the Ministry of Industry and Trade of Russia dated June 14,
2013 No. 916 “Rules for the production and quality control of drugs.”
Available from: https://docs.cntd.ru/document/499029882
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both drug compounding technologies themselves,
and to methods and techniques for monitoring their
quality. The regulatory documents adopted in 1997
describing the quality control of EDPs* compounding,
standards of deviations in the EDPs?, technology for
the production of liquid dosage forms®, the sanitary
regime of compounding parmacies?, qualitatively and
guantitatively repeated the regulatory legal documents
that had been in force in the USSR, creating additional
discrepancies in some of their provisions, which can
be traced as a result of the historical and technical
analysis of the development of regulation and changes
in legislation in the field of drug compounding [1].

In the next two decades, Fl No. 61 was adopted, one
of the main objectives of which was the harmonization of
the Russian legal regulation with international principles
and standards adopted in relation to the circulation of
drugs [44]. Since 2010, the process of transition to GxP
began, which is currently reflected at the following
levels:

—preclinical studies, which are regulated by the
Rules of Good Laboratory Practice (Art. 11 of the
FL No.61) [45, 46];

—production of drugs, which is regulated by the
EAEU GMP Rules (Art.45 of the FL No. 1);

—wholesale trade, which is regulated by the EAEU
GMP Rules (Art. 54 of the FL No.61);

—retail drug trade, which is regulated by the Rules
of Good Pharmacy Practice (Order No. 647n, Art. 55 of
the FL No. 61).

In this concept of a new regulation of the drug
circulation market, the professional community
expected a further implementation of GxP principles
in the pharmaceutical compounding segment of drugs.
However, in 2015, the Rules for Good Manufacturing
Practice for drugs were adopted, approved by Order
of the Ministry of Health of Russia No. 751n dated
October 26, 2015 (hereinafter referred — Order
No. 751n) *, where, on the one hand, an attempt was
made to collect previously existing orders, methodological
recommendations and instructions regarding the

%6 Order of the Ministry of Health of Russia dated July 16, 1997
No. 214 “On quality control of drug compounding in pharmacy
organizations (pharmacies).” Available from: https://docs.cntd.ru/
document/902062371

27 Order of the Ministry of Health of Russia dated October 16, 1997 No.
305 “On the norms of deviations permissible in the drug compounding
and packaging of industrial products in pharmacies.” Available from:
https://docs.cntd.ru/document/901701705

% Order of the Ministry of Health of Russia dated October 21, 1997
No. 308 “On approval of instructions for the production of liquid
dosage forms in pharmacies.” Available from: https://docs.cntd.ru/
document/901702358

2 Order of the Ministry of Health of Russia dated October 21, 1997
No. 309 “On approval of the Instructions for the sanitary regime of
pharmacy organizations (pharmacies).” Available from: https://docs.
cntd.ru/document/901701706

30 Order of the Ministry of Health of Russia dated October 26, 2015 No.
751n “On approval of the rules for the compounding and dispensing
of drugs for medical use by pharmacy organizations and individual
entrepreneurs with a license for pharmaceutical activities.” Available
from: https://docs.cntd.ru/document/420313316
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compounding of drugs in POs, and on the other hand, the
existing world practice and approaches to the processes
of pharmaceutical compounding, a quality control,
and studying the stability of EDs were left without
attention [1].

Since 2010, Art. 56 of the FL No. 61 contains a ban
on the compounding of AD, which significantly limited
the activities of POs and led to a reduction in the number
of compounding pharmacies in all constituent entities
of the Russian Federation. After the adoption of the
FL No. 61, Roszdravnadzor published a letter® regarding
the norms of Art. 56, which indicated the limited ability
of the POs to ensure the appropriate level of the quality
for compounded drugs, which was the main reason for
introducing restrictions on the compounding of AD.
However, the results, once again confirmed and obtained
over the past decade, allow us to say with confidence
that EDs are an integral element of providing medical
care to the population, and the level of development
of technological and engineering systems allows
us to ensure an appropriate level of the ED quality,
comparable to the requirements of GxP and processes
pharmaceutical facilities [1, 2].

Current state of legal and regulatory framework

of pharmaceutical drugs compounding

in the Russian Federation

In 2019, a group of deputies led by Ayrat Zakievich
Farrakhov introduced draft Federal Law No. 798952-7
“On Amendments to Part 2 of Art. 56 of the Federal
Law “On drug circulation” (hereinafter — Draft Law
No. 798952-7)*, which expanded the powers of
compounding parmacies, allowing the compounding
of drugs from ADs, and also eliminated the ban on the
compounding of the latter. The proposal of Draft Law
No. 798952-7 to eliminate this limitation was determined
by the need to satisfy the requirements of patients for
individual dosages of drugs, incl. ultra-small quantities,
to meet the needs of pediatric practice, and the drugs
approval in the SRMRs; but temporarily absent from
the pharmaceutical market of the Russian Federation,
through their compounding in POs. The explanatory
note to Draft Law No. 798952-7 also led to a significant
reduction in the range and quantity of compounded
drugs, including the massive closure of compounding
pharmacies in all regions of the Russian Federation. Draft
Law No. 798952-7 was adopted on December 5, 2022
in the form of Federal Law No. 502-FZ dated December
5, 2022 “On Amendments to Art. 56 of the Federal Law
“On Drug Circulation” (hereinafter — FL No. 502)*® with

31 Letter of Roszdravnadzor dated June 1, 2010 No. 041-516/10 “On the
quality of injection and infusion solutions of compounding pharmacies
” Available from: https://docs.cntd.ru/document/902218497

32 Materials for bill No. 798952-7 “On amendments to Part 2 of Article
56 of the Federal Law “On the Circulation of Drugs”. Available from:
https://sozd.duma.gov.ru/bill/798952-7

3 Federal Law of December 5, 2022 No. 502-FZ “On Amendments to
Article 56 of the Federal Law “On the Circulation of Drugs”. — Available
from: https://docs.cntd.ru/document/1300131660
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the starting date of coming into force on September 1,
2023. However, the provisions that would have lifted
the ban on the compounding of ADs were excluded
from it [1].

In January 2023, a specialized Working Group
was created to form a unified system of legal and
regulatory framework of activities in the field of drug
compounding under the State Duma Committee on
Health Protection (hereinafter — Working Group), whose
activities are aimed at accelerating and preparing
for the implementation of the norms of FL No. 502 in
terms of drugs compounding and making necessary
amendments to the delegated legislation and legal and
regulatory framework.

During the period from March 28 to April 7, 2023,
in accordance with paragraph 4 of the first meeting
protocol No. 1 of the Working Group dated January 26,
2023, monitoring of compoundings pharmaciesactivities
in Russia was carried out [9]. It was aimed at identifying
key infrastructural, technological and personnel
characteristics of the compounding pharmacies
segment. As of March 28, 2023, 1 019 legal entities and
individual entrepreneurs operating at 1 378 addresses,
had the right to drug compounding. The study was
conducted within the framework of a sample presented
by the State Duma, the structure of which included 643
addresses at the place of pharmaceutical activities,
which in general accounted for 46.7% of the total number
of addresses for the activities of compounding and
dispensing drugs.

Based on the results of the POs survey, it was found
that a part of the compounding pharmacies — 17 out
of 47 (7.3%) ceased their activities in the period from
2015 to 2019. Most of these organizations were in the
Far Eastern Federal District (35.3%), the Central Federal
District (26.9%) and in the North Caucasus (22.2%).
The respondents noted that the main factors that had
influenced this decision were:

—lack of demand for compounded drugs within the
framework of regional state guarantee programs, both
at the expense of compulsory health insurance and
preferential drug provision;

—outdated infrastructure, lack of proper equipment
with technological, analytical, engineering equipment
and lack of financial measures of state support;

—problems in concluding and executing contracts
for the provision of services (work) for the drugs
compounding and in-pharmacy packaging of approval
drugs within the legal and regulatory framework
of the contract system in the field of procurement
(FL No. 44);

—almost complete nomenclature (physical) and
price unavailability of substances and excipients in small
packages, including the lack of a number of necessary
raw materials.

As a result of monitoring, it was established
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that the total area of all pharmacies surveyed
was 36 282 m? 8149 m? of that area was in the
“segregated compounding area” and 4 760 m? — in the
“clean rooms”. The extrapolation of the results showed
that the total number of production facilities that needed
reconstruction is more than 140 000 m2 This study
also provides statistics regarding the classification of
pharmacies into retail entities and hospital pharmacies.
It shows the distribution according to the list of services
(jobs) provided that constitute pharmaceutical activities
with the right to compounding and dispense drugs, and
touches upon the issue of the of pharmacy specialists’
structure. That revealed an acute shortage of chemists-
analysts and (or) pharmacy technicians, which indicates
a high risk of suspension of activities at any time. The
results of the study demonstrated and confirmed the
“traditional” [1, 2, 9-11] problems of compounding
pharmacies, accumulated over a long period of time,
i.e., since the formation of the Russian Federation.

In the framework of this study, one cannot help
dwelling on the requirements for compounding
pharmacies. In accordance with SanPiN 2.1.3678-20,
they are:

—a pharmacy must be located in an isolated block of
premises in apartment buildings, public buildings or in
separate buildings;

—pharmacy premises must have natural and artificial
lighting. Natural lighting may be absent in warehouses
(without a permanent workplace), storerooms, toilets,
dressing rooms, showers, household and auxiliary
premises;

—the premises of the aseptic unit are equipped with
a ventilation system with a predominance of inflow over
exhaust. The supply of clean air is carried out by laminar
airflows;

— pharmacy premises must be subjected to daily wet
cleaning using detergents and disinfectants. Pharmacy
must be provided with a 3-day supply of detergents and
disinfectants, which is calculated taking into account the
area of surfaces to be treated, the amount of equipment
to be processed, and the availability of household
equipment to ensure sanitary conditions;

—cleaning of all premises with the treatment of walls,
floors, equipment, implements, lamps using detergents
and disinfectants should be carried out at least once
a month, and in premises for the drug compounding
under aseptic conditions — weekly.

In addition, compounding pharmacies have
established requirements for the microbiological
purity of air. At the same time, there are no standards
regulating the content of the maximum permissible
amount of particles in the air, while class A of
microbiological purity SanPiN 2.1.3678-20 is equal to
class D of the EAEU GDP Rules (Table 1).

The final scheme of subordination of compounding
pharmacies to the main governing documents is
presented in Figure 7.

187



REVIEWS
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

In May 2023, Order No. 249n was signed, where,
on the one hand, it was possible to partially reflect
and lay the foundations for the development of the
POs quality assurance system, but on the other hand,
it was not possible to solve the problem of improving
the operation of compounding pharmacies at the level
of developed healthcare systems, where the number of
significant restrictions of Order No. 751n has not been
eliminated, i.e.:

—list principle of nomenclature formation, which
limits the fulfilment possibility of new formulations
development by compounding pharmacies;

—absence of the POs possibility to independently
determine expiration dates by conducting studies of the
EDs stability;

—text of the Order describes significant general
technological limitations associated with direct
indications of a specific technology for the compounding
of dosage forms or the use of specific, often
unqualified, equipment, which limits the opportunities
for independent development of compounding
technologies and methods for the quality EDP control by
compoundings pharmacies;

—lack of principles, methods and validation tools,
which does not allow compoundings pharmacies to
carry out research and development work, thereby
eliminating cooperation with research and educational
organizations, including the implementation of the
results of research and development obtained by them
(a technology transfer);

—Order contains excessive requirements for a
“100% quality inspection” of compounded drugs at
all stages of the compounding process, which does
not correspond to international regulatory practice,
experience in implementing the principles of good
pharmacy practices, and in general will be a key factor in
negative profitability in pharmacy compounding drugs;

—Order includes quality control requirements
higher than for drug manufacturers. So, for example,
when producing one injection or infusion solution of
the same dosage and packaging, in the amount of 2
(two) units (doses), a compounding pharmacies must
conduct an aseptic study and test for pyrogenicity
or bacterial endotoxins, which in total will cost more
than 6,000 rubles (80 USD on the date the manuscript
was submitted for printing); at the same time, the
compounding pharmacies will be made to produce a
third unit of solution, which will be sent for the analysis.

To date, for the implementation of activities for
the diluting (reconstitution) of drugs [47-49], no
requirements or rules have been established, which
is implemented in healthcare organizations without
a licensing procedure. The only mention of this
activity is the requirement® for healthcare institutions

34 Order of the Ministry of Health of Russia dated February 19, 2021
No. 116n “On approval of the Procedure for providing medical care to
the adult population for cancer.” Available from: https://docs.cntd.ru/
document/573956757
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providing medical care in the “Oncology” profile
to have a laminar airflow workbench for an aseptic
diluting (reconstitution) of drugs or a class 2 biological
safety cabinet, which differs significantly from the
approaches of healthcare institutions to working with
highly hazardous substances in developed healthcare

systems [1], and also increases the risks of
toxic effects on medical and pharmaceutical
specialists.

In the framework of the 3 meeting of the Working
Group, held on June 29, 2023, the relevance and demand
for EDs in the segments of oncology, pediatrics, orphan
and other diseases were noted. The importance of
developing the activities of compoundings pharmacies
in terms of intra-pharmacy packaging of approval drugs
was especially emphasized, as well as the feasibility
of transitioning from the rules for compounding and
dispensing of drugs (the Soviet regulatory system) to
the rules of Good Manufacturing Practice for MPs (the
modern regulatory system).

In August 2023, the work on the preparation of the
State Pharmacopoeia of the Russian Federation (XV
edition) was completed, as well as the development of
the necessary general pharmacopoeial monographs in
the field of the drug production within the time frame
agreed with the Russian Ministry of Health. In order
to increase the efficiency of the processes of their
preparation and adoption, a separate expert section
for the standardization of pharmaceutical preparations
was created at the Institute of Pharmacopoeia and
Standardization in the sphere of drug circulation of the
Federal State Budgetary Institution “Scientific Center
for Evaluation of Medical Products” of the Ministry
of Health of the Russian Federation (hereinafter —
SCEMPs) [50], subordinate to the Ministry of Health of
Russia.

From the point of view of the government
budgetary policy, the development of modern pharmacy
infrastructure in the field of drug compounding in the
Russian Federation will help improve the efficiency of
costs at all levels of the healthcare system. The goal of
optimizing drug costs is to compensate for the actual
volume of the drugs required for a specific patient per
unit of time. Medical and economic standards and
calculations for the provision of medical care, both within
the framework of the program of state guarantees of free
medical care provision to citizens, and at the expense of
citizens’ own funds, should be guided by the methods of
cost accounting accepted in international practice within
the framework of the course, daily or annual need for
drugs [1, 11].

Compounding pharmacies, as an element of the
healthcare infrastructure, are also of key importance
for optimizing budget costs in terms of reducing the
level of drug inventory. In particular, the data analysis
results of the federal project implementation of
“Combating Cardiovascular Diseases”, carried out by
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the Accounts Chamber of the Russian Federation at the
end of 2022, show a high level of inventory balances of
drugs intended to provide people who have suffered
a stroke or heart attack®. Thus, as of January 1, 2022,
in 54 regions, the level of such balances for a number
of drugs exceeded 24 months (with a 2-3 year shelf
life for the specified category of patients), the report
indicates the risk of potential write-off of drugs totaling
4 671.6 million rubles due to the expiration of their shelf
life. The latter became a reality; from the beginning of
2022 to May 2023, the State Budgetary Institution of
Higher Education “Center for the Procurement in the
Healthcare Sector of the Vladimir Region” wrote off
drugs for a total amount of 58.6 million rubles due to
expiration dates, 32.1 million rubles of which had been
spent on the drugs purchased as a part of the regional
project “Combating Cardiovascular Diseases”*®. The
described indicates the need to increase the efficiency of
using budget funds at any level allocated for the purchase
of drugs; in resolving this issue, the development of
the activities of compounding pharmacies in the field
of individual in-pharmacy packaging of approval drugs
will be of particular importance, the implementation of
which will ensure the modernization of the accounting
system from packages to the accounting of course doses,
will eliminate budget overspending within the current
drug supply system.

CONCLUSION

In order to provide conditions for the development
of a competitive, sustainable and structurally balanced
industry in Russia, in 2014, the Government of the
Russian Federation approved the state program
“Development of Pharmaceutical and Medical Industry”,
which over the next 10 years, made it possible to create
a necessary level of the material and technical base for
the implementation of the stages of the ADs production
up to 82% within the List of EDs. The Strategy for the
Development of the Pharmaceutical Industry in the
Russian Federation for the period until 2030 (hereinafter—
Strategy), approved by the Decree of the Government of
the Russian Federation No. 1495-r dated June 7, 2023,
especially emphasizes a close relationship between
manufacturers and compounding pharmacies, which
consists in the unity of principles based on meeting the
needs of the healthcare system to the greatest possible
extent and ensure an uninterrupted access for the
citizens of the Russian Federation to the required range of
drugs. In particular, Section 3 of the Strategy establishes

35 Accounts Chamber of the Russian Federation. Appendix No. 4 to the
report on the work of the Accounts Chamber of the Russian Federation
in 2022 “Report on the work of the audit of healthcare and sports of
the Accounts Chamber of the Russian Federation in 2022.” Available
from: https://ach.gov.ru/reports/report_2022

3 Federal Project “Combating Cardiovascular Diseases”.
Available from: https://minzdrav.gov.ru/poleznye-resursy/
natsproektzdravoohranenie/bssz
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the priorities for its implementation, which include
(including, but not being limited to): the development of
gene and targeted therapy technologies, new treatment
methods, including the use of biomedical cell products;
development, implementation and use of new medical
technologies and drugs in accordance with the Strategy
for the development of healthcare in the Russian
Federation.

One of the main directions for the implementation
of the Strategy, set out in section 4 of the Strategy “Main
directions for the implementation of the Strategy”, is
the creation of prerequisites for the development of the
personalized therapy segment, new treatment methods,
stimulating the development of conditions for localizing
the production of in-demand drugs in case of a limited
supply at the national pharmaceutical market, as well
as building stable supply chains in order to ensure the
physical and economic accessibility of drugs. From the
point of view of training scientific, technological and
production personnel for the Russian compounding
pharmacies, subsection 9 of section 4 of the Strategy
“Main directions for the implementation of the
Strategy” also notes the need to implement measures
aimed at further developing competencies in the field
of development of drugs intended for the treatment of
socially significant diseases that prevail in the structure
of morbidity and mortality of the population of the
Russian Federation, as well as the diseases that pose a
danger to others, including in pharmacies, using semi-
industrial equipment and production packaging of APIs
in small doses. The basis for the further development of
the pharmaceutical industry, including the development
of compounding pharmacies, and the introduction of
personalized medicine methods, is the expansion of an
access provision of the pharmaceutical infrastructure
to raw materials — API (especially in small packages),
pharmaceutical grade excipients, reagents, packaging,
closures and other consumables materials that are
used both in the manufacture of drugs and in the
compounding of drugs.

Taking into account the existing prerequisites in
the development of the pharmaceutical compounding
segment of drugs, i.e., the adoption of FL No. 502, the
Strategy, the creation of a specialized Working Group
and a separate expert section for the standardization
of pharmaceutical drugs at the SCEMPs, and also
understanding that the need for personification of
pharmacotherapy is unlikely to decrease in the near
future, with a simultaneous permanent increase in the
financial burden on all budgets of the healthcare system,
the next most important step in the development of
compounding pharmacies will be the formation of a
unified harmonized system of legal regulation of the EDP
circulation. Taking into account the experience of global
healthcare systems, the basic concept of the necessary
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measures for the development of modern pharmacy
infrastructure in the Russian Federation assumes that
the current system of regulation of compounding
pharmacies will be fundamentally rethought, improved
and finalized, where the key legislative initiatives at the
federal level should be:

1. The changes made to FL No. 323 in terms of
expanding the possibilities of using EDPs and including
them in clinical recommendations, as well as to
FL No. 326-FZ dated November 29, 2010 “On Compulsory
Health Insurance in the Russian Federation” on the
tariff structure of the basic program compulsory health
insurance, by supplementing it with regulations on the

use of medical services (jobs) for the production of
drugs and packaging of approval drugs by compounding
pharmacies.

2. The changes made to FL No. 61 (including, but
not limited to) in terms of the transition from the rules
of good manufacturing and dispensing of drugs to the
rules of good manufacturing and dispensing practices
for drugs, thereby achieving the goals of completing the
GxP concept in the legislation on the circulation of drugs
inthe Russian Federation, as well as to ensure the quality,
safety and effectiveness of electronic drugs, including
the processes of in-pharmacy packaging of approval
drugs.
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The aim of the work was to conduct a review of drugs approved by the FDA in 2022.

Materials and methods. In searching for the materials to write this review article, bibliographic databases including PubMed,
Google Scholar and e-library.ru were utilized. The search was conducted for the publications spanning the period from 2008
to 2023. Herewith, the following keywords and word combinations were used: new drug approval, NDA, drug authorization,
approval package, breakthrough medicine.

Results. The discovery and development of drugs are among the most crucial scientific processes in healthcare. Developing
a new drug is a highly intricate, expensive, and time-consuming process. Nowadays, the problem of costs reduction and
the process of expedited discovering of new medications are particularly pertinent. To optimize the search for active
compounds, virtual and high-throughput screenings, machine learning, artificial intelligence, cryo-electron microscopy,
and drug repurposing are employed. Simultaneously, the search for original molecules to serve as the basis for innovative
drugs continues. This article presents a review of medications approved by the FDA in 2022 for the treatment of various
pathologies.

Conclusion. A drug development is a complex and resource-intensive process, with only a small fraction of candidates
advancing to clinical trials. A drug design evolves in tandem with societal needs, and this review highlights some of the
drugs approved by the FDA in 2022. Technological advancements are expected to expedite drug development, potentially
reducing the time to the market. Biotechnology, including cell therapy, holds significant prospects, and achievements in
genetic mapping and chip technologies will enhance the accessibility of personalized pharmacology.

Keywords: FDA; biopharmaceuticals; monoclonal antibodies; drug design trends

Abbreviations: ADMET — absorption, distribution, metabolism, excretion, and toxicity; Al — artificial intelligence; Ang2 —
angiopoietin 2; ANN — artificial neural networks; CALD — cerebral adrenoleukodystrophy; CNN — convolutional neural
networks; cryo-EM — cryogenic electron microscopy; CVDs — cardiovascular diseases; DL — deep learning; EMA — European
Medicines Agency; FBS — fragment-based screening; HTS — high throughput screening; FDA — Food and Drug Administration;
GIP — gastric inhibitory polypeptide; GLP-1 — glucagon-like peptide-1; IL — interleukin; ISMC — International Symposium on
Medicinal Chemistry; JAK1 — Janus kinase 1; LDA — linear discriminant analysis; MHRA — The Medicines and Healthcare
products Regulatory Agency; ML — machine learning; MLP — multilayer perceptron; NME — New Molecular Entity;
NYHA — New York Heart Association; PD-1 — programmed cell death 1 receptor; PDB — Protein Data Bank; QSAR — quantitative
structure-activity relationship; RF — random forest; RNN — recurrent neural networks; SBDD — structure-based drug discovery;
SVM — support vector machine; TSLP — thymic stromal lymphopoietin; VEGF — vascular endothelial growth factor; VLCFAs —
very long chain fatty acids; R&D — research and development; CNS — central nervous system; CT — clinical trials.
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Lienb. AHanu3 aKTyasbHbIX TEHAEHLMM 3apybekHOM NpakTUKM B 06/1acTM pPa3paboTkM U perncrpaumm NeKkapCTBeHHbIX
npenapaTos.

Martepuanbl u metogbl. [pn Novcke matepuana AAA HanMcaHWA 0H630PHOM CTaTbW UCMONb30BaAU pedepaTuBHble Hasbl
naHHbix PubMed, Google Scholar u e-library.ru. Mouck ocywectsnanm no nybavkaumam 3a nepuog, ¢ 2008 no 2023 roga, ¢
MCMNO/Ib30BaHWEM CNefyHoLMX KatoueBblx cnoB: «new drug approval», «NDA», «drug authorization», «approval package»,
«breakthrough medicine».

Pe3synbtatbl. OTKpbITME W pa3paboTKa /IeKApPCTBEHHbIX CPEACTB ABAAIOTCA OAHMMWM M3 Hambosnee BaXKHbIX HAYYHbIX
HanpaBieHWn B 34paBOOXpaHeHUW. Pa3paboTka HOBOro npenapata — OYEHb C/IOXKHbIN, AOPOroN W AJUTE/bHbIN
npouecc. Kak CHM3UTb 3aTpaTbl U YCKOPUTb OTKPbITUE HOBbIX JIEKAPCTB? ITOT BOMPOC ABAAETCA OCOOEHHO aKTya/lbHbIM
Ha CerogHAWHUM AeHb. [aAa ONTMMM3aLMKM NpoLecca MOWCKA aKTUBHbBIX COEAMHEHWUM MCMO/b3YHTCA BUMPTYANbHbIA W
BbICOKOMPOU3BOAUTENbHbIN CKPUHWUHT, MalLMHHOE 06y4eHMe, UCKYCCTBEHHbIN MHTENIEKT, KOMOINEKTPOHHAA MUKPOCKONUS, a
TaKXe nepenpodpuiMpoBaHue CyLLECTBYIOLLMX IEKAPCTBEHHbIX CPeACTB. B TO e Bpemsa NpoaonKaeTca NOUCK OPUTMHAIbHBIX
MOJIEKYN OJ1A Pa3paboTKM Ha MX OCHOBE MHHOBALMOHHbBIX MpenapaTtoB. B AaHHOWM cTaTbe npeacTasBieH 0630p /NeKapCTBEHHbIX
cpeacTs, ogobpeHHbix B 2022 rogy Food and Drug Administration (FDA), 4na ne4yeHns pasninyHbIX NaToNOTUNA.
3akntoueHue. PaspaboTka fiekapcTB npeacTaBaseT cobov CAOXKHbIA M PecypcoemMKMin mpouecc, Npu KOTOPOM Aullb
Heb0/1blwan YacTb KaHANAATOB AOXOANT 4,0 KMHUYECKUX UCNbITaHWI. [In3aliH NeKapCTB pa3BMBaETCA BMeCTe CNoTpebHOCTAMM
obuectBa, M1 B 3ToOM 0630pe OCBELLAIOTCA HEKOTOPblEe U3 Mpenapatos, ofobpeHHbIx FDA B 2022 roay. Oxupaetca, 4To
TEXHONOTUYECKME [OCTUNKEHUA YCKOPAT Pa3paboTKy NeKapCTB, MOTEHLUMANIbHO COKPALLAA BPemMA MX BbIXOAA Ha PbIHOK.
BuoTtexHonorua, BKAOYAA KNETOYHYIO Tepanuto, MMeeT Honblume NepcreKkTUBbl, a AOCTUNKEHUA B 061aCTU reHeTUYeCcKoro
KapTMPOBAHMA U TEXHO/IOTUIA YNMOB MOBbICAT AOCTYNHOCTb NEPCOHANM3NPOBAHHOM GpapmaKonormu.

Kniouesble cnoBa: Food and Drug Administration; FDA; 6vodapmaueBTMKa; MOHOK/IOHA/NbHbIE aHTUTENa; TEHAEHLUU
JIeKapCTBEHHOTO AM3aiHa

Cnucok cokpauieHuii: ADMET — abcopbuus, pacnpegeneHne, Metabosmam, SKCKPELMA Y TOKCUYHOCTb; Al — MCKYCCTBEHHbIN
MHTeNNekT; Ang2 —aHrmonoatuH 2; ANN — MCKycCTBEHHble HelpoHHble ceTu; CALD — uepebpanbHas agpeHoneinkogucTpoodus;
CNN —cBepTOYHble HEMPOHHBIE ceTu; cryo-EM —KpnoaneKkTpoHHaa Mukpockonusa; CC3 —cepaeyHo-cocyaucTble 3abonesaHus;
DL — rnybokoe obyyeHune; EMA — EBponeiickoe areHTCTBO Mo JIEKAaPCTBEHHbIM cpeacTBam; FBS — dparmeHTapHbIN CKPUHUHT;
HTS — BblCOKONPOU3BOANUTENbBHbIN CKPUHWUHT; FDA — YnpaBneHWe no KOHTPOJIKO 33 MPOAYKTaMu U nekapctsamu; UM —
TIIOKO303aBUCUMbIA  MHCYNIMHOTPOMHbIM nonaunentua; [MM-1 — riokaroHonoaobHbIi nentna-1; IL — WHTEpAenKuH;
ISMC — MexayHapoAHbI CUMMO3UYM N0 MeAUUMHCKOM Xnmuu; JAKL — saHyc-KnHa3a-1; LDA — IMHeHbIN AUCKPUMMWHAHTHBbIN
aHanu3; MHRA — AreHTCTBO MO peryMpoBaHUIO NEKAPCTBEHHbIX CPeAcTB M TOBAapOB MeAUULMHCKOro HasHayeHua; ML —
MaLWnHHoe obyyeHne; MLP — ceTb MHorocnoiHoro nepcentpoHa; NME — HoBble MonekrynsapHble coeanHeHusa; NYHA — Hbto-
Mopkckaa Kapamonormyeckas accoupaums; PD-1 — peuentop NporpaMmmmpyemoii CMepTu KaeTok 1; PDB — BaHK AaHHbIX
6enKkoB; QSAR — KoNMYeCcTBEHHOE COOTHOLLEHME CTPYKTYPa-aKTUBHOCTb; RF — meToa cnyyaliHoro neca; RNN — pekyppeHTHble
HelWpoHHble ceTh; SBDD — CTpyKTypa-3aBUCMMOE WCC/e0BaHWE NEKAPCTBEHHbIX mpenapatos; SVM — meTon onopHbIX
BEKTOPOB; TSLP — cTpoManbHbIvi IMMPonosTuH Tumyca; VEGF — dakTop pocta aHaoTenms cocynos; VLCFAS — )KMpPHbIe KUCNOTbI
C 0YeHb A/IMHHOM Uenbto; JIC— nekapctBeHHoe cpeacTBo; HUOKP — HayuyHo-Mccnen0BaTeIbCKME U OMbITHO-KOHCTPYKTOPCKUE
pabotbl; LLHC — ueHTpanbHas HepBHasa cuctema; KM — KnnHnyeckne nccneposaHus.
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INTRODUCTION exclusion criteria comprised earlier publications,

The search for new drugs is a long and complex
process, which can be roughly divided into four main
phases: (i) target identification and validation; (ii)
compound screening and optimisation of hit structures;
(iii) pre-clinical studies; and (iv) clinical trials [1].
Completion of a typical drug development cycle from a
target identification to an FDA-approved drug takes up
to 14 years at an estimated cost of $800 million [2—-4].
For this reason, large corporations are continually
searching for new methods to accelerate this process,
as well as monitoring new technologies from other
areas of research [5]. Various approaches are used to
optimise the process of active compounds searching:
virtual screening [4], machine learning [6], artificial
intelligence [1], high throughput screening [7]. Cryo-
electron microscopy is a rapidly developing tool for
investigating drugs based on their chemical structures [8].

Furthermore, the protracted timeline for the
emergence of drug candidates has opened avenues
for the repurposing and repositioning of existing
medications. Drug repurposing entails the utilization
of drugs previously sanctioned for treating established
pathologies, as authorized by regulatory agencies
such as the Food and Drug Administration (FDA),
the European Medicines Agency (EMA), and the
Medicines and Healthcare products Regulatory Agency
(MHRA) [9]. This paper provides a selective overview
of the strides made within the global pharmaceutical
industry, with a specific focus on market leaders and
enterprises committing substantial financial resources
to the research and development of pharmaceuticals
and healthcare products.

THE AIM of this study is to analyze current trends
in the development and registration of pharmaceutical
drugs.

MATERIALS AND METHODS

The literature search (including results of clinical
studies, literature reviews, and, in some cases,
information on preclinical studies) was based on the
information available on the official websites of the
FDA and EMA related to the issuance of registration
certificates for new pharmaceutical drugs, as well as in
bibliographic databases like PubMed, Google Scholar and
e-library.ru. The search encompassed publications from
2008 to 2023. The list of keywords included (but was not
limited to) the following ones: new drug approval, NDA,
drug authorization, approval package, breakthrough

medicine. A total of 410 sources were analyzed. The

Tom 11, Beinyck 3, 2023

non-English language articles, retracted articles, and
the articles not directly relevant to the review topic.
Furthermore, after a systematic categorization, 37
articles with duplicative information were removed.
Following thorough the examination, 82 sources were
deemed suitable for an inclusion in the review.

RESULTS AND DISCUSSION

Challenges of drug development

There has been an incredible increase in the amount
of scientific information available on a wide range of
areas of biology, including new findings on human
physiology and the pathophysiology of human diseases.
Research and development in the pharmaceutical
industry is estimated to the cost over US$100 billion
annually [10]. Clinical trials (CTs) of drugs account for
up to 63% of this amount, while the cost of preclinical
studies is only estimated at 32% [11]. In 2011, out
of 5408 clinically investigational drugs worldwide,
around 2000 were in phase | and phase Il, and around
850 were in phase Il [10]. It is worth pointing out
that many medicinal products that have reached the
phase are indicated for more than one treatment
application [12].

In recent years, significant attention has been
dedicated to the advancement of genomic and
bioinformatic approaches for the discovery of novel
disease biomarkers or potential drug targets [13]. The
revolution in genomics and proteomics has resulted in
the emergence of thousands of new drug targets [14].
These biomarkers can be regarded as indicators for
measuring and evaluating normal biological processes or
for influencing biological systems by certain agents, such
as therapeutics, biological, or physical agents [15]. The
utilization of biomarkers for patient selection in phase
I/1l studies may expedite the development of anticancer
drugs [14, 16].

In spite of the favourable profile of pre-clinical
studies, of course, drugs can fail in CTs or reach the
market with delays as a result of serious side-effects [17].
Although the best efforts have been made, failures in CTs
have increased dramatically over the past 20 years, with
drop-out rates increasing between 1990 and 2010 for
phase | from 33 to 46%, for phase Il from 43 to 66% and
for phase Ill from 20 to 30% [10]. The current reasons for
phase Il failures are: lack of efficacy (51%), safety issues
(19%), strategic issues (29%) and pharmacokinetic/
bioavailability issues (1%) [18]. The reasons for phase IlI
failures are: lack of efficacy (66%), safety problems (21%),
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financial or commercial difficulties (7%) and other
aspects (6%). Overall, the performance of new drugs
in phase Il is around 20% (51% ineffectiveness and
19% safety concerns) and it is around 50% in phase Il
(66% ineffectiveness and 21% safety concerns) [19].
Thus, although success in the execution of research and
development (R&D) is important at each stage, the right
choice of strategy at the earliest stage remains crucial.

Drug development trends by therapeutic areas

During the inaugural “International Symposium
on Medicinal Chemistry” (ISMC) held in the 1970s,
infectious diseases constituted a substantial focal
point, comprising 30% of the proceedings in both 1970
and 1972 [20, 21]. However, the significance of this
domain steadily declined, reaching less than 15% until
2016, followed by a resurgence in 2018. Meanwhile,
deliberations related to central nervous system (CNS)
disorders took precedence at ISMCs until the 2000s,
accounting for 20.8% in the 1980s, 16.6% in the 1990s,
and 16.8% in the 2000s. However, their prominence
waned to third place in the 2010s (9.9%). This overall
decline can be attributed to a dwindling number of CNS
drug candidates in clinical development since the 1990s,
indicative of waning pharmaceutical industry interest
in CNS conditions [22]. In CNS-related research, the
focus is gradually transitioning from psychiatry, which
dominated the landscape until the late 1980s, toward
neurology.

In the 1970s, cardiovascular diseases (CVDs)
occupied the third position, commanding a notable share
of 30% in 1974. Subsequently, CVDs ascended to the
second spot in the 1980s (13.1%) and the 1990s (14.5%).
Nevertheless, the number of CVD-related presentations
plummeted significantly in the late 1990s, relegating
this domain to the lower echelons with only 3.6% in the
2000s and 3.9% in the 2010s [20]. This corresponds to
the diminishing focus on the pharmaceutical research
and development in this area, leading to its stagnation
spanning two decades [23].

The most conspicuous transformation has occurred
in oncology. While this therapeutic realm was scarcely
represented in the 1970s (2.7%), it experienced a
remarkable surge in contributions by the 2000s and
has dominated the ISMC program, occupying 21.5% in
the 2010s. This evolution aligns with the consistent rise
in the FDA-approved New Molecular Entities (NMEs)
designated for cancer treatment and the preeminence
of anti-tumour drug candidates, constituting 36.7% of
the overall pharmaceutical R&D landscape [21].

In contrast, other therapeutic domains make more
modest contributions to contemporary symposium

196

programs [20]. Immunology and metabolic disorders
each account for up to 10%, while analgesia issues
contribute up to 7%, and respiratory diseases — only
1%. Several therapeutic areas have made sporadic
appearancesin ISMC curricula, including musculoskeletal
diseases, gastrointestinal diseases, otorhinolaryngology,
reproduction, sleep disorders, urology/nephrology,
dermatology, and ophthalmology.

Strategies for drug design

Over the last 30 years, the targeted drug discovery
has made it possible to significantly expand the list of
chemotypesand pharmacophoresfortheirdevelopment.
New techniques such as high throughput screening
(HTS), fragment-based screening (FBS), crystallography
combined with molecular modelling, and combinatorial
and parallel chemistry have made the generation
of a considerable variety of chemical hit structures
possible [24]. Moreover, this plethora of chemotypes
can now be used as a source of compounds-tools to
explore the undiscovered biological space and search
for new drug targets or for phenotypic screening using
systematic approaches to identify drug candidates in an
agnostic manner.

Artificial Intelligence (Al) encompasses multiple
domains of techniques, including reasoning, knowledge
representation, decision mining, and machine
learning (ML) [25]. ML employs algorithms capable
of identifying patterns within datasets, which are
subsequently classified [1]. Deep learning (DL), a

subset of ML, involves artificial neural networks
(ANN) [26], which consist of interconnected
computational elements resembling “perceptrons”,

akin to biological neurons, replicating electrical impulse
transmission in the human brain [27]. ANNs comprise
nodes receiving distinct inputs, ultimately producing
output signals, either single or multi-connected,
through algorithmic processes to solve problems [28].
ANNs encompass various types, including multilayer
perceptron networks (MLP), recurrent neural networks
(RNNs), and convolutional neural networks (CNNs),
all employing supervised or unsupervised learning
procedures [29, 30]. Despite its merits, Al confronts
substantial data challenges such as scale, growth,
diversity, and data uncertainty. Within pharmaceutical
drug development, datasets may encompass millions of
compounds, posing challenges for traditional machine
learning tools [31]. Quantitative structure-activity
relationship (QSAR)-based computational models can
swiftly generate numerous compounds or predict
simple physicochemical parameters like logP or logD.
However, these models fall short in predicting complex
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biological properties, including compound efficacy and
side effects [32]. They also grapple with issues like
small training datasets and experimental data errors.
To surmount these challenges, recent Al approaches,
including DL and modeling studies, have emerged for
assessing drug molecule safety and efficacy through
a big data analysis [33]. In 2012, Merck sponsored the
QSAR ML task, evaluating DL's utility in pharmaceutical
industry drug development [34, 35]. DL models have
demonstrated superior predictive capabilities compared
to traditional ML approaches across 15 candidate drug
absorption, distribution, metabolism, excretion, and
toxicity (ADMET) datasets [33, 36].

Virtual screening (VS) operates the
expansive virtual chemical space, presenting a spatial
representation of molecules and their properties. VS
endeavors to identify biologically active compounds
within this space, facilitating the selection of molecules
for a further evaluation [37]. Several publicly
accessible chemical spaces, including PubChem,
ChemBank, DrugBank, and ChemDB, support these
efforts.

within

Diverse in silico methods for virtual screening,
employing  both and  ligand-based
approaches, offer an enhanced profile analysis, an
expedited removal of non-promising compounds, and
a cost-effective selection of drug candidates [38]. Drug
design algorithms, such as Coulomb matrices and a
molecular fingerprint recognition, consider physical,
chemical, and toxicological profiles to identify lead
compounds [1].

Various strategies, encompassing predictive
models, molecular similarity assessments, molecular
generation processes, and in silico techniques,
facilitate the prediction of desired compound chemical
structures [39, 40]. Pereira et al. introduced the
DeepVS system, capable of docking 40 receptors and
2950 ligands with an exceptional performance in
screening 95 000 ligands across these receptors [41].
Another approach employed a multi-criteria automated
replacement algorithm to optimize the activity profile
of a cyclin-dependent kinase-2 inhibitor, assessing their
form similarity, biochemical activity, and physicochemical
properties [42].

structure-

Table 1 - Current trends in FDA approved drugs by indication

Group of disorders LT

Indications

drugs, absolute value (%)

Angiofibroma, hepatocellular carcinoma, melanoma,
myelofibrosis, multiple myeloma, non-small cell lung

Cancer 17 (21%) . . .
cancer, acute myeloid leukemia, prostate cancer, ovarian
cancer, follicular lymphoma, cholangiocarcinoma
Insomnia, Alzheimer’s disease, major depressive

CNS diseases 10 (12%) d!sorder, mu.ItlpIe scler05|s., attention deﬁut- hyper.actlwty
disorder, seizures of various genes, anxiety disorder,
cerebral adrenoleukodystrophy

Dermatological diseases 8 (10%) Atopllc .derm.atltls, plaque psoriasis, generalized pustular
psoriasis, skin burns, rosacea
Vaginal fungal infection, HIV infection, prevention of

. . COVID-19, prevention of measles, mumps, rubella

Infect d 6 (79 ) e Y

niectious diseases (7%) prevention of recurrent Clostridioides difficile infection,
Helicobacter infection
Acid sphingomyelinase deficiency, pyruvate kinase

Metabolic disorders 6 (7%) deficiency, urea cycle disorders, type 2 diabetes,
transthyretin amyloidosis

Complications of anticancer therapy 5 (6%) C.hemc?th.erapy—related n.e.utropenla, prevention of
cisplatin-induced ototoxicity

Diagnoses and examinations 5(6%) Not applicable
Open-angle glaucoma, macular degeneration, yellow

Ophthalmological disorders 5 (6%) spot oedema, glaucoma/intraocular hypertension,
superficial anesthesia

Musculoskeletal disorders 4 (5%) Amyotrophic lateral sclerosis, spasticity

. . . H jon, h i , i is,

Cardiological diseases 3 (4%) yperte'ntlon coronary .eart d{sease angina pectoris

heart failure, hypertrophic cardiomyopathy
) . Beta-thal ia, col lutinin di X
Haematological diseases 3 (4%) eta-thalassaemia, cold agglutinin disease

haemophilia B
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Table 3 — Combinations of chemotherapeutic drugs with evacizumab
to treat different types of cancer.

Indication

Drug administered in combination with bevacizumab

Metastatic colorectal cancer

Fluorouracil (15=2" line)

Fluoropyrimidine+irinotecan or Fluoropyrimidine+oxaliplatin (2" line)

Non-small cell lung cancer

Carboplatin+paclitaxel (1% line)

Metastatic renal cell cancer

Interferon alpha

Persistent, recurrent or metastatic cervical cancer

Paclitaxel+cisplatin or Paclitaxel+topotecan

Epithelial cancer of the ovaries, fallopian tubes or  Paclitaxel

primary peritoneal cancer

QSAR modeling tools have evolved into Al-based
QSAR approaches, such as a linear discriminant analysis
(LDA), support vector machines (SVMs), random
forest (RF), and decision trees, accelerating a QSAR
analysis [43-45].

Cryogenic electron microscopy. Until 2014,
cryogenic  electron microscopy (cryo-EM) rarely
provided the resolution below 4.0 A, often necessary for
a structure-based drug discovery (SBDD) [46]. However,
the tremendous advances in the methodology over the
latest few years have led to a higher availability of high-
resolution structural data. “The quantum leap” of cryo-
EM is due to many advances, such as direct electron
detectors for image recording, improved computational
methods and a hardware parallelisation for processing
large datasets [47]. Furthermore, the nature of cryo-EM
as a direct imaging technique allows a rapid diagnosis
of biochemical problems such as aggregation and
instability of samples, leading to the rapid improvement
through genetic and biochemical modifications [48]. As
a result, the number of cryo-EM structures deposited in
the Protein Data Bank (PDB) with a resolution of 4.0 A
or higher increased from 16 before 2014 to 1753 new
structures deposited in 2020 alone. The proportion
of newly deposited structures with resolutions
better than 4.0 and 3.5 A increased from 36 and 12%
in 2015 to 75 and 50% in 2020 [8]. Perhaps most
impressively, the proportion of deposited structures
above 3.0 and 2.5 A resolution in 2020, previously
almost non-existent, is now a significant 18 and 3%
respectively [8, 49].

Drug repositioning. Drug repositioning has a number
of interrelated benefits [50]. Essentially, they include
the simplification of regulatory procedures to bring
a previously approved drug to the market, especially
in some countries such as the US [51]. This procedure
considers previously obtained data, in particular on the
safety and toxicity of the drug, which can significantly
speed up the initial stages of development of a new
drug [52] and hence make it cheaper (by more than 80%
according to Naylor) [53], and increase the chances of

204

it reaching the market. One important consideration,
however, is that because the level of safety required
for a medicine is highly dependent on its indication, the
side effects of a medicine will be proportionately less
acceptable if it is repositioned to treat a less serious
disease than its original indication [54, 55]. Any change
in the formulation, dosage or route of administration
would require a reassessment of the safety profile
of the drug in this new setting, as it would be a new
pharmaceutical product.

Current state of FDA-approved drugs

According to the analysis of recent developments,
drugs with an anticancer activity (21%), CNS
disorders (12%), and dermatological conditions (8%) are
most frequently approved (Table 1). It is worth pointing
out that about 22% of the approved drugs are biotech
products, which may indicate current trends in the drug
design (Table 2).

Spikevax® is an mRNA vaccine that can be used for
an active immunization against COVID-19 in persons
aged 12 years and older. The FDA-approved vaccine
Spikevax® (monovalent) and the emergency-approved
(EUA) vaccine Moderna COVID19 (monovalent) contain
the same mRNA component of the original SARS-CoV-2
strain, but when used with the FDA approval, the
vaccine is labeled Spikevax® and when used under the
EUA — Moderna COVID19 vaccine. Moderna COVID19,
a bivalent vaccine, differs from the original Moderna
COVID19 (monovalent) vaccine and Spikevax® because
it contains two SARS-CoV-2 mRNA components. The
efficacy of the vaccine has been confirmed by numerous
studies [56-58].

Opdualag® (nivolumab and relatlimab) is an
antibody combination indicated for the treatment of
unresectable or metastatic melanoma in adults and
children from 12 years of age [59]. Nivolumab is an
antibody that blocks programmed death-1 receptor
(PD-1), first approved under the brand name of Opdivo
for the treatment of unresectable or metastatic
melanoma in 2014. Lymphocyte activation gene-3
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(LAG-3) is a cell surface molecule expressed on effector T
cells and regulatory T cells, and it is associated with the
T cell depletion and resistance to immunotherapies such
as antibodies that block PD-1 [60]. Relatlimab is an LAG-3
blocking antibody that binds to LAG-3 on T cells, thereby
restoring the effector function of depleted T cells and
potentially promoting an anti-tumour response [61].
The combination of nivolumab and relatlimab leads to
an increased T-cell activation compared to the activity of
either antibody alone. The FDA approval of Opdualag®
is based on the results of the phase 2/3 RELATIVITY-047
trial, in which a fixed combination of relatlumab and
nivolumab demonstrated a statistically significant and
clinically relevant progression-free survival benefit
compared to nivolumab monotherapy [62].

Alymsys® (bevacizumab) is a vascular endothelial
growth factor (VEGF) inhibitor intended to treat several
types of cancer, including metastatic colorectal cancer;
non-small cell lung cancer; glioblastoma; metastatic
renal cell carcinoma; cervical cancer; epithelial ovarian,
fallopian tube or primary peritoneal cancer [63-66]
(Table 3). Instead of directly targeting cancer cells,
bevacizumab affects the tumour microenvironment,
characterised by complex interactions between
cancer cells, normal cells and the extracellular matrix.
Moreover, VEGF plays additional roles independent of
angiogenesis in the complex tumour microenvironment,
including a modulation of anticancer immune response.
Since the initial approval of bevacizumab, a number
of targeted cancer therapies have become available,
changing the treatment landscape for many solid
tumour indications and providing opportunities for
new approaches to combination therapy. Notably, the
approval of bevacizumab in combination with immune
checkpoint inhibitors for non-small cell lung cancer
treatment has recently occurred, with additional CTs
demonstrating clinical benefits in renal cell cancer
patients in combination with PARP inhibitors for ovarian
cancer treatment [67].

Camzyos® (mavacamten) is a first-in-class cardiac
myosin inhibitor for the treatment of adults with
symptomatic obstructive hypertrophic cardiomyopathy
of class lI-1ll according to the New York Heart Association
(NYHA) classification [68]. Hypertrophic cardiomyopathy
is a type of a heart disease characterised by thickening
of the heart muscle and the left ventricular stiffness. The
obstruction occurs when the thickened septum causes
a narrowing that can block or reduce a blood flow from
the left ventricle to the aorta, making it difficult for the
heart to expand normally and fill with blood. Camzyos®
is an allosteric, reversible and selective inhibitor of
cardiac myosin [69]. It is thought to work by reducing the
cardiac muscle contractility by inhibiting an excessive
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formation of myosin-actin cross-links. The drug has an
embryo-fetal toxicity.

Fleqsuvy is an oral baclofen suspension for the
treatment of spasticity caused by multiple sclerosis,
especially for the relief of flexor spasms and the
associated pain, clonus and muscle stiffness. Fleqsuvy
may also be useful for patients with a spinal cord disease,
including trauma. It is increasingly used off-label for the
treatment of skeletal muscle pain, a gastroesophageal
reflux disease and alcohol dependence [70-72].

Mounjaro (tirzepatide) is a glucose-dependent
insulinotropic polypeptide (IGP) receptor and a glucagon-
like peptide-1 (GFP-1) receptor agonist shown as a
supplement to diet and exercise to improve a glycaemic
control in adults with type 2 diabetes. Mounjaro works
by activating the body’s receptors for GIP and GFP-1,
which are naturally occurring incretin hormones [73-75].
The drug is administered subcutaneously once a week.
Patients with diabetic retinopathy should take the drug
with caution as taking Mounjaro may exacerbate the
condition.

Cibingqo® (abrocitinib) is indicated for the treatment
of adults and children from 12 years of age with moderate
to severe refractory atopic dermatitis refractory to other
treatments. Cibinqo” selectively inhibits Janus kinase-1
(JAK1) [76]. The inhibition of JAK1 is thought to modulate
several cytokines involved in the pathophysiology of
atopic dermatitis, including interleukin IL-4, IL-13, IL-
31, IL-22 and thymic stromal lymphopoietin (TSLP) [77].
The study published in The Lancet assessed the
effectiveness and safety of abrocitinib in comparison to
dupilumab [78]. Abrocitinib, administered at a daily
dose of 200 mg, demonstrated a superior efficacy to
dupilumab in adults with moderate to severe atopic
dermatitis who were receiving topical therapy, resulting
in rapid alleviation of itching and improvement in atopic
dermatitis symptoms. Cibinqo® is administered orally
once daily.

Adstiladrin® (nadofaragen firadenovec) is a non-
replicative gene-based adenoviral vector designed to
treat adult patients with Bacillus Calmette-Guerin (BCG)
unresponsive non-muscle invasive bladder cancer with
or without papillary tumours [79]. Adstiladrin® acts by
delivering the interferon alfa-2b gene into bladder wall
cells, resulting in the increased secretion of interferon
alfa-2b protein, a native cancer-fighting agent [80].
Adstiladrin® is injected into the bladder once every
three months.

Skysona® (elivaldogen autotemcel) is a single-dose
gene therapy administered intravenously to treat the
underlying cause of cerebral adrenoleukodystrophy
(CALD). Skysona® is indicated for slowing the
progression of a neurological dysfunction in boys aged
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4-17 years with early active CALD. This indication was
approved in a fast-track procedure after the evidence
of a 24-month survival rate without major functional
impairments [68].

CALD is a genetic disorder caused by mutations in
the ABCD1 gene that lead to an accumulation of very
long chain fatty acids (VLCFAs) in the brain. VLCFAs can
destroy the myelin coating of nerve cells and cause
brain damage [81]. Skysona® is made specifically for
each patient using the patient’s own blood stem cells.
Functional copies of the ABCD1 gene are added to the
patient’s stem cells, which can then help the body to
degrade VLCFAs to slow the progression of brain damage
and slow the decline in a neurological function [82].
Skysona packets are administered intravenously over
less than 60 min each.

CONCLUSION

Drug development is obviously a very time-consuming
and labour-intensive process requiring a huge number
of resources. A small proportion of pharmaceuticals
undergoing the preclinical research cycle reach the stage
of CTs. Drug design trends are not static and changing
according to the demands of the society. This review
presents only a few of the most promising drugs approved
by the FDAin 2022. As the technology advances, the speed
of drug development will increase, resulting in a shorter
time for the drugs to reach the market. Biotechnology-
based pharmaceuticals, particularly cell-based therapies,
have great a potential and demand, while genetic mapping
and improved chipping technologies (cell / tissue / organ
on a chip) will increase the availability of personalized
treatment strategies.
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The aim of the work was to evaluate the GABA neuroprotective properties and its structural analogues in old animals after
seven months of hyperglycemia.

Materials and methods. Diabetes mellitus was modeled in white outbred male rats (12 months old) by the administration
of a streptozotocin (65 mg/kg) and nicotinamide (230 mg/kg) combination. After 6 months, the animals with a postprandial
glycemia level between 11 and 18 mmol/l were selected for the study. After the groups had been formed, the animals were
administrated with GABA and GABAergic compounds (Compositions MPBA and PPC), respectively, for 1 month, the control
group animals were administrated with saline. After the treatment, an oral glucose tolerance test and a set of behavioral tests
aimed at studying sensory-motor (Open Field, Adhesion test, Rotarod) and cognitive functions (New Object Recognition and
Morris Water Maze), as well as the functional state evaluation of the endothelium were performed. Further on, sampling of
blood and brain tissues for a biochemical and enzyme immunoassay (the level of glucagon-like peptide-1 (GLP-1) and TNF-a
in serum and the level of Klotho protein, BDNF, Nrf2, NF-kB and malondialdehyd (MDA) in brain homogenates), as well as a
morphological analysis of changes in CA1 and CA3 neurons of the hippocampus and somatosensory cortex, was carried out.
Results. GABA and compositions with its derivatives had a pronounced neuroprotective effect in old animals with prolonged
hyperglycemia. The hypoglycemic effect of the studied compositions was accompanied by an increase in the production
of GLP-1. In the animals with DM, after 6 weeks of the test substances administration, higher rates of sensory-motor and
cognitive functions and a less structural damage to the sensory-motor cortex and the brain hippocampus were recorded.
These effects may be due to higher levels of the Klotho proteins, Nrf2 and BDNF, as well as lower levels of NF-kB, which may
underlie the suppression of the oxidative stress, the reduction of MDA and inflammation (TNF-a).

Conclusion. After 6 weeks of the administration, GABA and its compositions in old animals (19 months old) significantly
improved sensory-motor and cognitive functions, reduced negative structural changes in the hippocampus and somatosensory
cerebral cortex.

Keywords: GABA; Klotho protein; diabetes mellitus; streptozotocin; NF-kB; Nrf2; GLP-1; endothelium; hippocampus
Abbreviations: BDNF — Brain-Derived Neurotrophic Factor; eNOS — endothelial nitric oxide synthase; NF-kB — nuclear
factor-kB; Nrf2 — nuclear factor erythroid 2-related factor 2; STZ-NA — the streptozotocin-nicotinamide diabetes model;
TNF o — tumour necrosis factor alpha; vVWF — von Willebrand’s factor; KP — Klotho protein; GABA — gamma-amino-butyric
acid; GLP-1 — glucagon-like peptide-1; DI — Discrimination index (New Object Recognition test); ELISA — enzyme-linked
immunosorbent assay; CBF — cerebral blood flow; OF — Open Field; OGTT — oral glucose tolerance test; NOR — New Object
Recognition; DM — diabetes mellitus; CEC — circulating endothelial cells.
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Lenb. OueHUTb HeMponpoTeKTopHble cBoiicTBa TAMK © €€ CTpyKTYpHbIX aQHa/IoOfOB Ha CTapblX KMBOTHbIX Mocae
NPOAO/IKUTENbHOWN rMneprankemmm (7 mec).

Matepuanbl U metoabl. CaxapHblit AnabeT mogennpoBanu Ha 6enbix ayTbpenHbIX Kpblcax-caMuax B Bo3pacte 12 mec
NocpeACcTBOM BBEAEHMA KOMBWHaUMM cTpenTo3oToumHa (65 mr/kr) u HukoTMHamuga (230 mr/kr). Yepes 6 mec ana
nccienoBaHua 6bliv 0TOBPaHbl MUBOTHbIE C YPOBHEM MOCTNPaHAMANAbHON nKemun mexay 11 u 18 mmonb/n. Mocne
dopmupoBaHua rpynn, B TedeHne 1 mec KMBOTHble COOTBETCTBEHHO nonyvyann TAMK n TAMK-epruyeckme coeamHeHun
(komnosunuma MOBA n ®IIC), KOHTPObHAA rpynna noayyana GU3MoNorMYecknin pacteop. Mocne neyeHns 6bia BbINOAHEH
nepopasibHbIM TECT Ha TO/NIEPAHTHOCTb K [/IFOKO3e M KOMMJIEKC NOBEAEHYECKMX TEeCTOB, HaMpaBAEHHbIX Ha M3yyeHue
CEHCOPHO-MOTOPHbIX (OTKpbIToe none, AaresvBHbIN TecT, PoTapos) M KOTHUTUBHbLIX GYHKUMIA (Pacno3HaBaHMe HOBOroO
obbeKTa M BoaHbl N1abupuHT Moppuca), a TakKe NpoBeseHa OLeHKa GYHKLUMOHANbHOTO COCTOAHMA aHAoTenus. [anee
6b11 Npon3BeaeH 3abop 06pa3LOB KPOBU M TKaHewW rosoBHoro mosra (FV) ana 6MOXMMUYECKOTO U UMMYHOPEPMEHTHOTO
(ypoBeHb rntokaroHonogobHoro nentnaa-1 (FMMN-1) n dpakTopa Hekposa onyxonun anbda (PHO-a) B CbIBOPOTKE M YPOBEHDL
6enka Knoto, BDNF, Nrf2, NF-kB 1 manoHoBoro avanbaernga (MAOA) B romoreHatax M), a Tak:ke gna mopdonormyeckoro
aHanu3a nameHeHu HeipoHos CA1 1 CA3 30H rMnmnokamna U COMaTOCEHCOPHOM Kopbl.

Pesynbtatbl. TAMK ¥ KOMMoO3uuUuMM C €€ NPOM3BOAHBLIMW OKa3a/iM BbIPAKEHHOE HeNpOoNpPOTEKTOPHOE JeincTeue Yy
CTapbIX MBOTHbIX C MPOAO/INKUTENBHOW TUMNEPI/IMKeMUEN. [MNOIIMKEMUYECKOe LENCTBME UCC/IeAYyEMbIX KOMMO3ULUIA
COMpOBOXAanocb nosblweHnem npogykuuun [MM-1. Y xusoTHbix ¢ C[ nocne 6 Hen BBeAEHUA UCCAedyeMbIX BELLEeCTB
perucTpupoBanm 6onee BbICOKME MOKA3ATE/IM CEHCOPHO-MOTOPHbLIX U KOTHUTUBHbLIX QYHKLMIA U MEHbLUME CTPYKTYpHble
NOBPEKAEHUA CEHCOPHO-MOTOPHOM Kopbl M runnokamna M. 3Tu addekTbl MoryT bbiTb 06ycnoBaeHbl 6onee BbICOKUM
ypoBHem 6enka Knoto, Nrf2 u BDNF, a Takke 6onee HU3KMUM ypoBHeM NF-KB, UTO MOMKET /siekaTb B OCHOBE NOAABNEHUS
OKUCUTENbHOrO cTpecca, cCHuxkeHua MAA v BocnaneHus (TNF-a).

3aknoueHune. TAMK 1 eé KoMMNosnumm y cTapbiX XUBOTHbIX (19 mec) nocne 6 Hen BBeAEHUA 3HAYMTENbHO YAy4yllann
CEHCOPHO-MOTOPHbIE U KOTHWUTUBHbIE YHKLMK, YMEHbLIANM HEeraTuBHble CTPYKTYPHble WM3MEHEeHWA B TUMMnoKamne u
COMATOCEHCOPHbIN Kope M.

Kntouesble cnosa: TAMK; 6enok KnoTo; caxapHblii guabeTt; ctpento3oTouunH; NF-kB; Nrf2; FMM-1; sHgoTenui; rmnnokamn
Cnucok cokpaiweHuit: BDNF — HelipoTpodumuyeckuii ¢aktop mosra; eNOS — aHOoTenvanbHas CUMHTasa OKcuaa asoTa;
M — ronosHol mo3r; NF-kB — aaepHbiit dakTop Kanna B; Nrf2 — sgepHbiii GakTop, poACTBEHHbIV 3pUTpOMaHOMY GaKTopy 2;
STZ-NA — mogenb CTpenTo30TOUNH-HUKOTUHaMUAHOTo guabeta; PHO-a — dpakTop Hekposa onyxonu anbda; VWF — dpaktop
Bunnunbparta; BK — 6enok Knoto; TAMK — ramma-ammHomacnaHaa kucnorta; MMN-1 — mtokaroHonoaobHbiv nentua-1; U4, —
UHOEKC ANCKPUMMHALMMK B TecTe Pacno3HaBaHWA HOBOro obbekTa; MDA — uMmyHobepMeHTHbIW aHanus; MK — mo3rosoi
KpoBoTOK; Ol — oTKpbIiToe nose; NTTI — nepopanbHbIii TECT HA TOIEPAHTHOCTb K ItoKo3e; PHO — TecT Pacno3sHaBaHWe HOBOTO
06bekTa; CLl — caxapHbili guabet; LIK — umMpKyanpyroLLme sHA0TENNAbHbBIE KTETKU.

INTRODUCTION

Diabetes mellitus (DM) is the most common
and progressive endocrine pathology. According to
the International Diabetes Federation (IDF), among
the world’s population aged 20-79 years, there are
currently 537 million people with diabetes, and by
2030, the number will reach 643, and by 2045 — 783
million [1]. With an increase in the number of patients
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with diabetes, the prevalence of its complications,
which lead to an early disability and premature death,
is steadily increasing, as well as the cost of their
treatment [2, 3].

Hyperglycemia provokes and exacerbates many
pathological conditions in almost all organs and tissues.
Prolonged hyperglycemia plays a significant role in the
development of encephalopathy affecting psycho-

Volume XI, Issue 3, 2023



Hay4HO-npakTu4eckuin xypHan OPUTMHAJIbHAS CTATbSA
(DAPMAL“/IH n DOI: 10.19163/2307-9266-2023-11-3-211-227
OAPMAKOJIOIMA

emotional, sensory-motor and cognitive functions, MATERIALS AND METHODS

especially in adults and the elderly [4-6]. It has been
established that patients with diabetes are more prone
to cognitive impairment [7-9]. Xue M. et al. (2019),
based on a meta-analysis of 122 studies, showed
that DM increases the risk of developing cognitive
impairment and dementia by 1.25-1.9 times compared
with people without DM [7]. Therefore, important tasks
in the treatment of DM are not only the normalization
of glycemia, but also the prevention and treatment of its
complications.

Prolonged hyperglycemia in DM provokes not only
gluco-and lipotoxicity, butalso enhances an oxidative and
nitrosative stress, inflammation and other pathological
processes, which can lead to accelerated apoptosis and
death of intensively functioning cells in various organs
and tissues, as well as accelerate the aging process.
Among all the organs, the most sensitive and vulnerable
to these pathological factors is the brain, especially such
structures as the hippocampus and cortex [10]. Based on
the above, the authors concluded that it is necessary to
investigate the encephalopathic effects associated with
hyperglycemia, while focusing on the hippocampus and
somatosensory cortex.

In recent years, understanding of the physiological
role of the GABAergic system, which was originally
considered as the main inhibitory system playing a
decisive role in ensuring various brain functions, has
radically changed. Currently, GABA receptors and the
GABA-synthesizing enzyme (glutamate decarboxylase)
are found in the tissues of the cardiovascular and
respiratory systems, in immunocompetent cells, the
gastrointestinal tract, etc. [11, 12]. In pancreatic {3 cells,
the density of GABA receptorsis comparable to thatin the
brain [13]. Numerous publications also reflect the effect
of GABAergic substances on the pancreatic function [11,
12, 14]. GABA derivatives are widely used in the clinic as
drugs with neuro- and psychotropic effects and continue
to be actively studied in experimental pharmacology.
Thus, since DM is associated with a decrease in the
cognitive function and structural changes in the
brain [4-6], it seems promising to search for agents for
the correction of diabetic encephalopathy caused by
long-term hyperglycemia in a number of substances
with a GABAergic effect.

During the preliminary screening, among the
derivatives of linear and cyclic GABA, the substances
with a pancreatic protective effect were isolated (Fig. 1).
The results obtained formed the basis for the selection of
these compositions to study their effect on the function
and structure of the brain in old animals with long-term
hyperglycemia.

THE AIM of the work was to evaluate the GABA
neuroprotective properties and its structural analogues
in old animals after seven months of hyperglycemia.

Tom 11, Beinyck 3, 2023

Model objects

All the experiments were performed in accordance
with the legislation of the Russian Federation and the
technical standards of the Eurasian Economic Union for
good laboratory practice (GOST R 53434-2009, GOST
R 51000.4-2011). The study design and protocol were
approved by the local ethical committee of Volgograd
State Medical University, Protocol No. 2022/116 dated
March 4, 2022 (registration number IRB 00005839 IORG
0004900 [OHRP]).

The experimental study was carried out on 50
outbred laboratory rats obtained from the nursery of
“Stolbovaya” (Moscow region, Russia) at the age of
4-5 months. Animals were kept in the vivarium of the
Scientific Center for Innovative Medicines of Volgograd
State Medical University at the temperature of 20—
22°C, the air humidity of 40-60%, the light regime of
12/12 h and a free access to drinking water and food
(GOST R 51849-2001) (LLC Laboratorkorm, Moscow,
Russia). By the beginning of the experiment, at the time
of the administration of streptozotocin, the animals had
reached the age of 12 months.

Test compounds

Composition MPBA (a composition of a linear
GABA derivative with L-arginine) exhibits pronounced
endothelioprotective properties [15, 16]. This also
indicates the expediency of its study as a means for the
prevention of DM vascular complications CD (Fig. 1).

Composition PPC (a composition of a 2-pyrrolidone
derivative with succinic acid) has a nootropic, neuro-,
cardioprotective effect [17, 18].

The both compositions were selected among various
GABA derivatives in preliminary screening studies to
research their pancreoprotective effect on the alloxan
model of DM in animal survival tests, a preservation
of B-cell mass, an ability to stimulate the production of
glucagon-like peptide-1 (GLP-1) and improve a glucose
utilization.

GABA was chosen as a reference substance for
comparison of pancreatic protective properties, which
are well reflected in the literature [12, 14].

Pathology modeling

DM was modeled by an intraperitoneal (ip)
administration of streptozotocin — 65 mg/kg with
a preliminary (15 min before) administration of
nicotinamide (230 mg/kg, i.p.). Streptozotocin was
diluted in cold citrate buffer (1 mM, pH 4.5); nicotinamide
was diluted in a NaCl solution (0.9%). After 3 days, blood
glucose levels were determined in all animals, and 50
individuals with a postprandial glycemia level of more
than 11 and less than 18 mmol/l were selected for
the experiment. Glucose levels were measured using
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a Contour TS glucometer and appropriate test strips
(Bayer). The blood for measurements was taken by
puncture of the hyoid vein.

Experiment design

Subsequently, 50 selected animals were under
constant observation for 6 months (after modeling DM)
in the vivarium of the Scientific Center for Innovative
Medicines of Volgograd State Medical University. Every
4 weeks, the level of glycemia was measured. During
this observation period, prolonged DM caused the
death of 6 (12%) animals, and 4 (8%) had a significant
increase in postprandial glycemia (>18 mmol/l) and they
were excluded from the study before the distribution
into groups. After 6 months, fasting glycemia (4 h after
food intake) was evaluated in rats and an oral glucose
tolerance test (OGTT) was performed, in which glucose
was administered at the dose of 4 g/kg (per os). Next,
the rats were randomly distributed into 4 equal groups
(n=10) with an average comparable level of glycemia
(from 7.5 to 9.5 mmol/I after 4 h of fasting). After that,
GABA, MPBA, and PPC were administered daily and
continuously at the dose of 1000, 20, and 50 mg/kg
(per os), respectively, for 30 days and then for another
2 weeks, during which the condition of the animals was
evaluated. The negative control group (DM+0.9% NaCl)
was similarly treated with saline (0.9% NaCl) in the
volume of 0.1 ml/100 g (n=10). For the positive control,
the rats without DM (intact) of the same age from the
same animal importation lot (n=10) were used.

After 30 days of the test substances administration,
the following manipulations were performed in turn for
12 days: on the 1% day an OGTT with the determination
of glucose and GLP-1 was carried out: on the 2"-3" days,
a sensory-motor function was assessed in the Open Field
(OP) tests, an Adhesion test, and a motor coordination
in the Rotarod test. On the 4" day, a NOR test was
performed; on the 5-9" days, a Morris water maze
test took place; on the 10-12* day after an endothelial
function testing, euthanasia was performed with blood
and brain sampling for a morphological study and an
enzyme immunoassay of homogenates.

Based on the studied parameters totality, a
comprehensive assessment of the morphofunctional
state of the brain in the old animals with prolonged
hyperglycemia, which had received GABA derivatives for
6 weeks, was made.

The developed study design is shown in Fig. 2.

Assessment of psychoneurological deficit

The motor and exploratory activity of the animals
was assessed in the OF test. The installation “Open
Field”, (Research and manufacturing complex “Open
Science”, Russia). The animal was placed in the center
of the arena and, using a webcam, its behavior was
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observed for 3 min, fixing the number of crossed
squares (the distance traveled) as an indicator of a motor
activity (MA). Herewith, the sum of “racks” acts and the
number of the examined holes — minks — were evaluated
as an exploratory activity (EA) of the animals.

An Adhesion test was used to assess a sensory
function and fine motor skills. As a foreign object,
stickers were placed on the volar surface of the forepaws
of the animal — square pieces of an adhesive tape on a
tissue basis (6x6 mm, Veropharm, Russia), and then
for 3 min., the detection time (a sensory function) and
the removal time of the sticker (a motor function) were
recorded.

Movement coordination was assessed in the Rotarod
test (a device manufactured by Neurobotics LLC, Russia),
in which the total duration of keeping the animal on a
rotating rod (25 rpm) was recorded in 3 attempts.

The New Object Recognition Test (NOR) is based on
the natural need of animals to explore new objects and
does notrequire the presence of external motivation. Itis
used to assess a cognitive function (the ability to identify
and compare the information stored in short-term
memory) and was performed in 2 stages: the 1% stage
was a familiarization in a home cage (545x395x200 mm)
with 2 identical objects (A1 and A2) for 3 min. Then,
60 min after the familiarization, the 2" stage was
performed, when the animal was placed in the same
cage for 3 min, but one of the old (studied) objects (A2)
was replaced with a new one (object B). Based on the
test results, the discrimination index (DI) — the time
spent on the study of a new object (B) minus the time
spent on the study of the old object (A) in the second
landing, was calculated.

After the treatment course, learning and retention
of long-term spatial memory were assessed in the Morris
Water Maze. The installation of “Water maze (Morris
test)” (RMC “Open Science”, Russia). The animals were
trained for 5 days (4 attempts per day) to search for a
flooded platform using landmarks on the wall of the
setup, placing the rat at different starting points relative
to the platform. In this study, the duration of the search
for a flooded platform during the first landing was
recorded for 5 days of the experiment.

Evaluation of functional state of cerebral

vessels endothelium

The functional state of the endothelium was tested
to determine the endothelium-dependent vasodilation
and an antithrombotic function, by the number of
desquamated endotheliocytes, by the level of the von
Willebrand factor (vWF) in blood serum.

An endothelium-dependent vasodilation was
assessed in the anesthetized animals (chloral hydrate
400 mg/kg) by relative changes in the flow level of
the cerebral blood in response to the intravenous
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administration of acetylcholine (0.01 mg/kg, Acros
Organics, USA; eNOS activator). The administration of
acetylcholine caused an increase in the NO production,
the endothelium-dependent vasodilation of blood
vessels and an increase in the cerebral blood flow, which
was determined in the projection of the middle cerebral
artery by Doppler ultrasound Minimax-Doppler_K
(LLC SP MINIMAX, Russia).

An antithrombotic function was assessed by the
time of a complete thrombosis development, i.e. the
blood flow cessation through the carotid artery when
applying an iron (lll) chloride solution to its adventitia.

The number of descaminated (circulating)
endothelial cells (CECs) in the blood was determined
by the method of Hladovec J [19]. An increase in the
number of CECs makes it possible to judge the severity
of an endothelial dysfunction, the degree of damage to
the endothelium and its reparative activity.

The Von Willebrand factor (vWF), which is produced
by the endothelium, was determined in the blood
serum by enzyme-linked immunosorbent assay (ELISA)
as a factor, with an increase in which one can judge
endothelial damage and an endothelial dysfunction. An
elevated vVWF level is observed in DM and is a predictor
of mortality from cardiovascular diseases [20].

The brain samples were homogenized in the lysis
buffer (1 ml lysis buffer per 50 mg tissue sample) in a
glass homogenizer on ice. The resulting suspension
had been sonicated with an ultrasonic disperser until
it became clear, then the solutions were centrifuged
for 5 min at 10000g. The resulting supernatant was
used for an enzyme immunoassay and a biochemical
analysis.

Carrying out biochemical

and enzyme immunoassay

The concentration of malonic dialdehyde (MDA) in
the homogenates was determined using the reaction
with thiobarbituric acid.

An ELISA was performed using ready-made kits
(Cloud-Clone Corp., USA) in accordance with the
manufacturer’s instructions. The supernatant of the
brain homogenates and blood serum were used for
the analysis. The optical density was measured using a
microplate analyzer SPECTROstar Nano (BMGLabtech,
Germany) at the wavelength of 450 nm.

Morphological study

For morphological studies, the brain was fixed for
24 h in 10% neutral buffered formalin (pH 7.4) at 22—
24°C. Then the samples were dehydrated in a battery
of ascending strength alcohols, clarified in chloroform
using a Cytadel 2000 histoprocessor (Shendon, UK), and
embedded in a Histomix paraffin medium (Biovitrum,
Russia). Paraffin blocks were cut on a rotary microtome
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HM340E (MICROM, Germany), the sections 5 um
thick were obtained and mounted on the glass treated
with poly-L-lysine (Menzel, Germany). The staining
was carried out with thionin according to the Nissl
method.

The structural changes in the brain cortex, a specific
number of hyperchromic neurons (a reversible damage)
and hyperchromic shriveled neurons (an irreversible
damage) were evaluated.

Histological sections were photographed with an
AxioCam 305 color digital camera (Carl Zeiss Microscopy
GmbH, Germany) based on an Axiolmager A2 microscope
(Carl Zeiss Microscopy GmbH, Germany).

Statistical processing

Statistical processing of the obtained results was
carried out by methods of descriptive and analytical
statistics using Prism 6 Software (GraphPad Software
Inc., USA). The distribution of quantitative indicators was
assessed using the Shapiro—Wilk test. The intergroup
differences were assessed using the Kruskal-Wallis test
and the Dunn’s post hoc test. The numerical values were
presented as the arithmetic mean and the standard
error of the arithmetic mean (Mtm). To express a
specific quantity of neurons in the pyramidal layer of the
hippocampus, the interquartile range Me (Q1; Q3) was
indicated, where Me is the median, Q1 is a 25 percentile,
Q3 is a 75 percentile. The differences were considered
significant at p <0.05.

RESULTS

Assessment of psychoneurological deficit

It is assumed that hyperglycemia in DM is the main
pathogenetic factor contributing to the deterioration of
cognitive functions, neurodegeneration, the progress of
aging, brain atrophy, and dementia [21]. The test suite
used was chosen to capture abnormalities consistent
with the clinical consequences for the brain as viewed
from long-term uncontrolled hyperglycemia.

In animals aged 19 months with prolonged
hyperglycemia (7 months) in the RD (relative density)
test, a lower motor activity and a significantly reduced
exploratory behavior were recorded in intact animals
of the same age. In all experimental groups receiving
treatment, higher rates of exploratory activity were
recorded. In the group that received the composition of
2-pyrrolidone derivative (PPC), a motor activity was also
significantly higher (Fig. 3A).

In the Adhesion test, in the animals with chronic
hyperglycemia without treatment, a sensory dysfunction
and a pronounced deterioration in fine motor skills were
observed compared with the animals of the intact group.
In the group treated with PPC, the time of detection and
disposal of a foreign object was significantly less than in
the animals of the control group (Fig. 3B).
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Figure 1 — Test compounds

Administration of OGTT?, group Evaluation of treatment
NA-STZ formation effectiveness, 12 days3
* observation . Treatment1month

Age: 12 month 18 month 19 month

Figure 2 — Experiment design

Note: 1 — 3 days after the administration of streptozotocin with nicotinamide (NA-STZ), animals with postprandial glycemia levels >11 and
<18 mmol/I were selected; 2 — after 6 months, an oral glucose tolerance test (OGTT) was performed and 4 groups were formed, comparable in
terms of glycemia; 3 — after the treatment, the following indicators were assessed:

Day 1. Assessment of carbohydrate metabolism (OGTT) and determination of GLP-1.

Day 2. Motor and exploratory activity (Open field), sensory-motor disorders (Adhesion test).

Day 3. Coordination disorders (Rotarod).

Day 4. Assessment of short-term memory (a New Object Recognition).

Day 5-9. Long-term memory assessment (Morris Water Maze).

Day 10-12. Assessment of an endothelium-dependent vasodilation and an antithrombotic function of the endothelium, euthanasia, sampling of
blood and brain for the morphological and enzyme immunoassay (ELISA).
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Figure 3 — Motor and exploratory activities in the Open Field test (A), average time of detection and removal
of the sticker in the Adhesion test (B), retention time on a rotating rod in the Rotarod test (C), Discrimination
index in the New Object Recognition test (D) and the duration of the search for a flooded platform

in the Morris Water Maze test (E)

Note: # — differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — differences are statistically
significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented as Mtm. In
the Open field test: YES — motor activity (left columns), the number of sectors crossed in 3 minutes, RA —research activity (right columns), the sum
of research acts. In the Adhesion test: t, —average time of sticker detection on the palmar surface of the forepaws (left columns), t - average
sticker removal time (right columns); in the Morris Water Maze test, the duration of the search for a flooded platform during the first landing

during 5 days of the experiment is shown.
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Figure 4 — Serum GLP-1 level (A), fasting blood glucose level (B) and area under glucose level-time curve (C)

Note: # — differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — differences are statistically
significant in comparison with the animals of the “DM+salin” group (p <0.05; Kruskal-Wallis and Dunn test); data are presented as M+m.
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Figure 5 — Relative increase in the rate of cerebral blood flow after the administration of acetylcholine (A),
the duration of thrombus formation in the carotid artery with the application of iron (lll) chloride (B),
the number of circulating endothelial cells (CECs) in plasma (C), the serum level
of von Willebrand factor (vWF; D)

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented
as M+m; MDA is malonic dialdehyde.
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Figure 6 — The concentration of Klotho protein (A), BDNF (B), Nrf2 (C), Nf-kB (D), MDA (D) in brain tissues
and TNF-a in blood serum (F) in animals with experimental DM

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are

statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented
as M+m; MDA is malonic dialdehyde.
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Figure 7 — Morphological changes in pyramidal layer CA1 of hippocampus

Note (here and in Fig. 8): A — Intact; B — DM+salin; C — DM+GABA; D — DM+MPBA; E — DM+PPC. Stained with thionine according to the Niss|
method. Magn. x400.

Figure 8 — Morphological changes in pyramidal layer CA3 of hippocampus
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Figure 9 — Histological structure of the primary sensorimotor cortex of the studied animals

Note: A—Intact (the presence of single hyperchromic and hyperchromic shriveled neuronsin all layers); B—DM+salin (pronounced hyperchromatosis
in all layers, the presence of zones of “neurons loss”); C — DM+GABA (hyperchromatosis in the inner pyramidal layer); D — DM+MPBA (mild
hyperchromatosis); E — DM+PPC (presence in the outer granular, outer pyramidal and inner pyramidal layers of a significant number of shriveled
neurons with hyperchromatosis of the cytoplasm). White arrows are hyperchromic shriveled neurons. Black arrows are zones of neurons “loss”.
Stained with thionine according to the Niss| method. Magn.x200.
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Figure 10 — Specific number of hyperchromic, hyperchromic-shriveled neurons
in the primary somatosensory cortex of rats’ brain
Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test). The data are presented
as Mzm.
Table 1 - Specific number of neurons in pyramidal layer of hippocampus with hyperchromatosis
and shriveled neurons with hyperchromatosis

Hyperchromatic neurons Me (Q1-Q3), %

Hippocampus zone  Intact DM+salin DM+GABA DM+MPBA DM+PPC

CA1 0.8 (0-4.7) 11.6 (3.1-16.9) # 0 (0-0)* 0 (0-0)* 0 (0-0)*

CA3 0 (0-0) 17.5(2.8-27.9) # 2.6 (0-18.8) 0(0-5.9) * 0 (0-25.6)
Hyperchromic shriveled neurons Me (Q1-Q3), %

Hippocampus zone  Intact DM DM+GABA DM+PPC DM+MPBA

CA1 1.8 (0-4.4) 3.6 (0-9.2) 3.1(1.9-6.9) 5.5 (0-18.4) 2 (0-10.9)

CA3 4.4 (0-11.5) 2.3 (0-21.9) 0(0-7.8) 2.4 (0-31) 0(0-4.2)

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+ salin” group (p <0.05) (Kruskal-Wallis and Dunn test); GABA — gamma-
aminobutyric acid; DM — diabetes mellitus.
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In the Rotarod test, in the animals of the negative
control group, the retention time was statistically
significantly less than in the intact animals, which
indicated an impaired coordination of movements. The
animals treated with GABA, MPBA, and especially PPC,
stayed longer on the rotating rod (Fig. 3C).

In the New Object Recognition test, a significant
decrease in the DI (impaired short-term memory) was
noted in the group of the animals with DM. A significantly
longer examination time of a new object was recorded
compared to the old object, i.e. the animals were
distinguished by a better ability to identify and compare
the information stored (for 60 min) about a previously
studied subject (Fig. 3E).

In the Morris Water Maze test, the preservation of
long-term spatial memory was assessed by the time it
took to search for a submerged platform for 5 days. In
the group of the animals with chronic hyperglycemia
without treatment, a violation of long-term memory
was noted: every day of the experiment, on the first
landing, they searched for a flooded platform longer
than the intact ones (Fig. 3E). In the groups treated
with GABA, MPBA, and especially PPC from the 3™
day in each first test session, the animals found the
flooded platform faster than in the control group, i.e.
the preservation of long-term spatial memory was
better.

Thus, in the animals with DM, in comparison with
the intact animals, there were especially pronounced
impairments in a cognitive function (New Object
Recognition, the Morris Water Maze, and an EA in the
OF) and fine motor skills (Adhesion test). A decrease in
the motor activity (OF), deterioration in coordination
(Rotarod) and a sensory function of the forelimbs
(Adhesion test) were also observed.

A course administration of GABA, its linear derivative
(MPBA), and especially its cyclic derivative (PPC)
contributed to the improvement of the functional state
of the brain, reducing the severity of cognitive, sensory
and motor impairments in the animals with prolonged
hyperglycemia.

Effect of GABA derivatives

on carbohydrate metabolism

At the time of assessing the functional state of the
brain, in the animals with DM, the level of GLP-1 in the
control group was significantly lower than in the intact
animals of the same age. In the animals treated with the
test substances, the level of GLP-1 in the blood serum
was comparably on average by 50% higher than in the
animals of the control group (Fig. 4A).

During the OGTT, against the background of the
course administration of MPBA and PPC compositions, a
normalization of carbohydrate metabolism was noted in
the animals. It was manifested in a decrease in the level
of glycemia (after a 4-hour fast) and the area under the
glucose level-time curve (Fig. 4B and 4C).
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Effect of test substances

on endothelial dysfunction

DM significantly increases the risk of developing
cardiovascular diseases, and the latter increase the
likelihood of developing vascular dementia [6, 22, 23].
At the same time, an endothelial dysfunction plays a
significant role in pathogenesis.

In the present work, after assessing the neurological
deficit in these animals, a study of the functional state
of the endothelium was carried out. In the animals
with DM without treatment, a pronounced decrease in
endothelium-dependent vasodilation was noted: a slight
increaseinthe level of the cerebral blood flow in response
to the administration of acetylcholine compared with the
animals of the intact group (Fig. 5A). In the animals that
were injected with GABA, PPC, and especially MPBA, a
significantly more pronounced increase in the level of the
cerebral blood flow than in the control group of animals,
was observed in response to the administration of
acetylcholine.

When evaluating the antithrombotic function of the
endothelium, it was found that when iron (lIl) chloride
was applied to the adventitia of the common carotid
artery, the time to stop a blood flow in the animals of the
control group was almost twice shorter than in the intact
ones (Fig. 5B). In the animals treated with MPBA, the
time of a thrombus formation was significantly longer
than in the animals of the control group.

To assess an endothelial dysfunction in the DM
animals, two more indicators were used: the number of
CECs and the von Willebrand factor (vWF). The amount
of CEC in control animals with DM was 4 times higher
than in intact animals, and in animals treated with
GABA derivatives (MPBA and PPC), the amount of CEC
was significantly lower than in the control group of
animals (Fig. 5C).

The level of VWF in the DM animals without
treatment was 68% higher than in the intact
animals (Fig. 5D). In the animals treated with the
composition of MPBA, the content of vWF in the blood
serum was significantly lower than in the animals of the
negative control group.

Thus, against the background of prolonged
hyperglycemia, a pronounced endothelial dysfunction
is formed, which may underlie structural and functional
changes in the brain. The studied GABA derivatives
(MPBA and PPC) improved the vasodilating and
antithrombotic function of the endothelium, which
may play an important role in adaptation and ensuring
an adequate blood flow in intensively functioning
structures.

Assessment of Klotho protein, BDNF, Nrf2, NF-kB,

TNF-a and MDA levels

The literature data [12, 24] indicate that GABA
increases the production of Klotho protein (KP),
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which affects a cognitive function [25, 26]. It has been
established that the main effects of KP are associated
with its influence on the expression of nuclear
transcription factors Nrf2 and NF-kB, which play an
important role in the development of DM and its
complications. In DM, along with a decrease in KP, there
is also a decrease in the expression of a brain-derived
neurotrophic factor (BDNF), which is expressed and
synthesized not only in the brain but also in the pancreas,
intestines, and other tissues, where it plays an important
role in cytoprotection [27, 28].

Compared with the intact animals, the untreated
DM animals had significantly lower levels of KP,
BDNF, and transcription factor Nrf2, higher levels of
transcription factor NF-kB, MDA, and higher serum levels
of TNF-a (Fig. 6). Against the background of a course
administration of GABA, PPC, and especially MPBA,
there was a normalization of the content of the noted
markers observed: KP, BDNF and transcription factors,
as well as the pro-inflammatory cytokine TNF-a and the
main product of lipid peroxidation, MDA.

Morphology of hippocampus

SD leads to the formation of structural and functional
changes in the brain. Some areas of the brain, primarily
the hippocampus, are particularly sensitive to prolonged
hyperglycemia, which is one of the causes of a cognitive
decline [29, 30]. At the same time, a relationship has
been proven between the degree and duration of
hyperglycemia and the risk of developing dementia in
people with DM [4].

In the CA1 zone of the old intact rats’ hippocampus,
most neurons in the pyramidal layer were characterized
by a close to rounded perikaryon with a centrally
located rounded light nucleus and, as a rule, a well-
defined nucleolus. There were sporadic areas of neuron
loss, neurons with focal chromatolysis, and shriveled
hyperchromic cells (Fig. 7A). In CA3, the pyramidal layer
neurons were more dispersed than in CA1, and had a
polygonal shape with a clearly visualized nucleus and
one nucleolus; single hyperchromic neurons, shriveled
neurons with hyperchromia, neurons with focal
chromatolysis, and single areas of neuronal loss were
found (Fig. 8A).

In the group of DM animals without treatment,
in CA1 of the pyramidal layer compared with intact,
some animals showed areas of neuronal loss, and
in the terminal sections of the CA1l pyramidal layer,
neurons with focal chromatolysis, hyperchromic and
hyperchromic shriveled neurons were found, which were
located in a group (Fig. 7B). In CA3 of the pyramidal layer,
neurons were located more loosely than in CA1 (Fig. 8B).
In all the animals there were areas of loss of neurons,
focal chromatolysis. Most animals showed neurons with
hyperchromic cytoplasm and hyperchromic neurons with
shriveled perikaryons. There was a significant increase in
the specific number of hyperchromic neurons by 10.8%
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in CA1 (p <0.05) and by 17.5% in CA3 of the hippocampus
(p <0.05), compared with intact animals (Table 1). At the
same time, there were no significant differences in the
change in the specific number of hyperchromic shriveled
neurons with CA1 and CA3 (p > 0.05) (Table 1).

In old DM rats, with a pharmacological correction
of GABA, PPC, and MPBA, most neurons in the
pyramidal layer were characterized by normochromic
cytoplasm. In some animals, neurons with cytoplasmic
hyperchromatosis and hyperchromic shriveled neurons
were found; these neurons were located in a group in
the terminal CA1 sections, and areas of neurocytes loss
were observed (Fig. 7C-7E; Fig. 8—8E).

During statistical processing of the data in the CA1
zone of the hippocampus with the use of GABA, PPC
and MPBA, a significant decrease in the specific number
of hyperchromic neurons (p <0.05), compared with the
DM group was found (Table 1). The use of MPBA also
demonstrated statistically significant differences in CA3,
a specific number of hyperchromic neurons decreased
by 17.5% (p <0.05) (Table 1).

Morphology of somatosensory cortex

Histological examination of the intact rats’
primary somatosensory cortex (Fig. 9) revealed single
hyperchromic and hyperchromic-shriveled neurons in
all layers. However, in some animals, loci of pronounced
hyperchromatosis were found in layers 2™, 3, and 5%,
where, along with unchanged neurons, there were
the neurons, the perikarya of which had an irregular
shriveled, elongated or twisted shape, the nucleolus
was not visualized. The pathological changes found in
the intact rats’ cortex, are associate with the age of the
studied rats.

In experimental modeling of DM in aging rats (aged
12—-19 months), the most pronounced signs of damage
were found in neurons of layers 2", 3, and 5" of the
primary somatosensory cortex. Herewith, an increase in
the areas of neurons loss perikarya, revealed in layers
4t 5% of the primary somatosensory cortex, indicates
the development of atrophic changes in the cortex
of the rats’ brain, which is confirmed by a decrease in
cognitive functions.

After treatment in aging rats (at the age of
12-19 months), the least pronounced pathological
changes were found in neurons of layers 2", 31, 5t
of the primary somatosensory cortex in the MPBA
correction group; which indicates a protective effect of
the composition on the structure of the cortex of the
rats’ brain.

A morphological study of the somatosensory
cortex of DM rats’ brain without treatment showed a
significantly higher relative number of hyperchromic

shriveled neurons compared to the animals
without DM (Fig. 7).
In the MPBA pharmacocorrection group, a

statistically significant decrease in the specific number of
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hyperchromic-shriveled neurons in the inner pyramidal,
outer pyramidal, and outer granular layers was found
compared to the DM group without treatment.

In DM rats treated with GABA and PPC, a significant
decrease in the specific number of hyperchromic
neurons in the outer granular layer was found compared
to DM without treatment.

DISCUSSION

Under conditions of prolonged hyperglycemia,
Nrf2 is considered as a key factor counteracting an
oxidative stress, which activates the expression of genes
responsible for the expression of antioxidant defense
enzymes [31]. Therefore, the search for ways to activate
the Nrf2 system is considered a potential cytoprotective
strategy for the prevention and treatment of diseases
with the pathogenesis based on an oxidative stress,
including neurological pathologies [32-34].

The Nrf2 system and the NF-kB system are in an
antagonistic relationship. For example, when Nrf2 is
deficient, there is an increased NF-kB activity, and the
Nrf2 activation has anti-inflammatory effects in many
rodent models of inflammation. It has been shown that
Nrf2 suppresses the expression of pro-inflammatory
cytokine genes and has the ability to negatively affect
NF-kB by inducing an antioxidant response [35].

In order to increase the translational potential,
the present study was carried out on old animals with
experimental DM, which already have pronounced
functional and structural disorders in the brain. The vast
majority of studies aimed at studying antidiabetogenic
effects and diabetic complications, are performed
on young animals at the age of 4-6 months, and
the duration of modeled diabetes is limited to
12-16 weeks. Despite this fact, the development of age-
related changes is significantly aggravated by prolonged
hyperglycemia and an associated inflammation, glucose
and lipotoxicity, oxidative and nitrosative stress.

The study was of a complex nature with the
assessment of pathogenetic changes based on the
morphofunctional approach. It showed that in old
animals (19 months) with long-term (7 months)
hyperglycemia, there were pronounced impairments
of sensory and motor functions, coordination of
movements, as well as a pronounced decrease in short-
term, long-term and spatial memory. These cognitive
impairments are of great importance in the clinic, as
they reduce the quality of life of the patient, and in
case of profound impairments, they become a burden
for the family and society. The mitigation of cognitive
impairments in patients with DM remains an unresolved
task, even with the normalization of blood glucose levels.

Functional disorders are basically consistent with
the structural disorders noted at the next stage. In old

Tom 11, Beinyck 3, 2023

DM rats, the most pronounced signs of damage were
found in pyramidal neurons in the CA1 and CA3 zones of
the hippocampus, the areas of neuron loss, a significant
increase in the specific number of neurons with signs of
reversible changes (neurons with hyperchromia of the
perikaryon cytoplasm without shriveling), an increase in
the number of shriveled hyperchromic neurons. These
are consistent with the data on progressive atrophic
changes, ultrastructural damage to neurons and
hippocampal synapses, which are accompanied by an
increased oxidative stress, neuroinflammation, neuronal
apoptosis, as well as cognitive deficits, learning and
memory impairments in DM [21, 36, 37].

In the present article, the use of GABA derivatives,
PPC and especially MFBA for pharmacological
corrections, contributed to a significant decrease in
signs of reversible disorders in pyramidal neurons
CA1 and CA3 in the hippocampus zones, a decrease
in the specific number of hyperchromic neurons
compared to the DM group without treatment.
At the same time, the drugs used did not have a
significant effect on the level of neurons with signs of
irreversible damage (hyperchromic shriveled neurons)
in the pyramidal layer in the CA1 and CA3 zones of the
hippocampus.

A comprehensive analysis of structural changes in
the primary sensorimotor cortex and hippocampus of old
rats with experimental DM showed the predominance
of signs of irreversible and reversible neuronal damage.
These changes were more pronounced in the outer
granular, outer pyramidal and inner pyramidal layers. The
damage to the neurons of the pyramidal layer of the CA1
and CA3 zones of the hippocampus was accompanied by
the appearance of areas of neurons loss and a decrease
in the absolute and relative areas of the perikarya of
neurons in the primary sensorimotor cortex of the brain,
which indicates the progression of atrophic processes.

Impairments of cognitive functions (an exploratory
activity, short-term and long-term spatial memory)
in rats with diabetes compared to intact animals of
the same age (19 months) were accompanied by the
development of morphological signs of neuronal damage
and atrophic changes in the primary sensorimotor
cortex and hippocampus. The use of GABA derivatives
as a pharmacological correction for 1 month contributed
to a decrease in the severity of sensory-motor and
cognitive impairments, a decrease in morphological
signs of neuronal damage and atrophic changes, which
may be based on the normalization of glucose levels,
improvement of the vasodilating and antithrombotic
functions of the endothelium. They are considered
leading pathogenetic factors in the development of
diabetic encephalopathy and angiopathy [21].

Damage to neurons and glia contributes to the

223



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

combined effect of an increased oxidative stress,
neuroinflammation, neurotransmitter abnormalities,
respectively, the use of drugs that normalize the
above processes, promotes neuroprotection, reducing
neurodegenerative changes in the hippocampus and
cerebral cortex during the progression of diabetic
encephalopathy [38]. Therefore, close attention to
GABA, which stimulates the production of PK, is paid. In
this study, it was noted that the level of Klotho protein
in the brain increased under the influence of both GABA
and its derivatives, which had been used in much lower
doses. At the same time, KP is considered a reasonable
therapeutic target due to its ability to increase the
activity of various body defense systems under the
influence of a number of damaging factors: oxidative
and nitrosative stress, inflammation, mitochondrial
dysfunction, apoptosis and cell death, and to prevent
early aging processes [12, 39].

Particularly noteworthy is the fact that the detected
multiple heterogeneous signs of damage in the cerebral
cortex and hippocampus arose with a combination
of the implementation of age-dependent factors in
conditions of hyperglycemia in DM. Accordingly, the use
of drugs that have multimodal neuro-, geroprotective,
hypoglycemic effects is becoming the preferred therapy
strategy. Thus, it has been shown that aging and DM
are accompanied by a decrease in the production of KP,
expressed in the kidneys, brain, pancreatic beta cells
and other tissues [24, 40, 41], and the use of GABA
leads to pancreatic protective effects, increases the
level of circulating Klotho protein. GABA and KP inhibit
the activation of the NF-kB protein, which promotes
the stimulation of inflammatory reactions that trigger
beta-cell apoptosis [12, 39], which makes it possible
to consider GABA derivatives as a promising group
for studying their effects in the treatment of diabetic
encephalopathy in the elderly.

What underlies the neuroprotective action of GABA
and its derivatives (MPBA and PPC)? The answer to this
question is of fundamental importance. All of them
had a unidirectional effect, improving sensory-motor,
cognitive, and endothelial function in DM rats. This may
indicate a similar mechanism of action. Given the analogy
of the action of GABA and KP on pancreatic 3-cells. It has
been shown that the cytoprotective effect of GABA is
associated with an increase in the production and level
of KP [12]. In animals with KP knockout, the pancreatic
protective effect of GABA was significantly reduced.
Therefore, in this work, after a 30-day administration of
GABA, the content of KP in the brain was determined.
In DM animals that did not receive the test substances,
the content of KP in the brain was significantly lower
than in intact animals. In the animals treated with
GABA derivatives, the level of KP was statistically
significantly higher than in the animals of the control
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group. This action of the studied substances deserves
special attention, because its content in the brain, fluid
media, blood serum, urine, etc. can serve as a marker
of diabetic complications, aging, prognosis of dementia
and cardiovascular risks, as well as the assessment of
the severity course of various diseases, when its level
decreases [42]. KP deficiency plays an important role
in the pathogenesis of cognitive impairments [26] and
cardiovascular diseases [43].

At present, a wide spectrum of biological activity
of the anti-aging Klotho protein is presented in the
literature [12, 43, 44]. It has been established that in
many pathologies (cardiovascular diseases, DM, kidney
pathology, aging), its level decreases. Therefore, the
search and development of substances that stimulate
the production of KP is an important task. In relation to
the interpretation of the results obtained, its effect on
the expression of nuclear factors Nrf2 and NF-kB, which
play a key role in the development of complications of
DM, should be noted.

CONCLUSION

In old animals (aged 19 months) with long-term
(7-month) hyperglycemia, disturbances in sensory-motor
functions, coordination of movements, a pronounced
decrease in short-term and long-term memory, and a
significant deterioration in the vasodilating function
of the cerebral vascular endothelium were found.
These functional disorders were accompanied by the
development of morphological signs of neuronal damage
and atrophic changes in the primary sensorimotor
cortex and hippocampus. Compared with intact animals,
untreated DM animals had significantly lower levels of
Klotho protein, BDNF, and transcription factor Nrf2, as
well as higher levels of transcription factor Nf-kB, MDA,
and TNF-a in brain homogenates.

A course GABA administration, its linear and
cyclic derivatives (MPBA and PPC) contributed to an
increase in the GLP-1 production and normalization of
carbohydrate metabolism, a decrease in the severity of
cognitive and sensory-motor disorders, an improvement
in the vasodilating and antithrombotic function of the
endothelium, which was accompanied by a decrease in
morphological signs of neuronal damage.

The neuroprotective properties of GABA and its
derivatives in diabetic encephalopathy in old animals
can be explained by an increase in the levels of the anti-
aging PK, brain-derived neurotrophic factor (BDNF), the
level of the transcription factor Nrf2, which regulates
the activity of antioxidant defense enzymes, as well as a
decrease in the level of nuclear transcription factor NfkB
and TNF-a, which are responsible for the formation and
maintenance of inflammatory processes that underlie
the development of diabetes complications.
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Remdesivir is a drug widely used for the etiotropic treatment of COVID-19. According to a number of studies, the incidence
of adverse reactions during remdesivir therapy reaches 66%, with the most common is an increase in liver function tests.
The aim of the work was to study the influence of clinical, demographic and pharmacogenetic factors on the development of
drug-induced liver damage during remdesivir therapy in COVID-19 patients.

Materials and methods. The study comprised 100 hospitalized patients treated with remdesivir. The patients were divided
into two groups: group 1 (n=32) — remdesivir therapy, developed an increase in the level of liver transaminases; group 2
(control, n=68) — did not develop this adverse reaction. The patients in both groups underwent a pharmacogenetic study, and
a retrospective analysis of medical records was performed. Based on the data obtained, the association of clinical, laboratory,
pharmacological and pharmacogenetic parameters with the development of drug-induced liver damage during remdesivir
therapy was studied.

Results. In the group of patients with the development of drug-induced liver damage, people with a high body mass index
were significantly more likely than in the control group (30.7+4.2 kg/m? in group 1 vs. 27.3+5.5 kg/m? in group 2, p=0.003),
with a history of diabetes mellitus (odds ratio (OR)=2.647, 95% confidence interval (Cl)=1.092-6.414, x*>=4.785, p=0.029), with
higher levels of ferritin in the blood (724.03+432.27 and 553.19+358.48 mg/mol, respectively, p=0.040), receiving therapy
with angiotensin-converting enzyme inhibitors (OR=5.440, 95% Cl=2.160-13.699, x?>=14.027, p=0.000), statins (OR=3.148,
95% Cl=1.307-7.581, x*=6.795, p=0.009), and also being heterozygous for the polymorphic marker rs776746 of the CYP3A5
gene (OR=3.961, 95% CI=1.343-11.686, x*=6.772, p=0.009).

Conclusion. A high body mass index, a history of diabetes mellitus, high levels of ferritin in the blood, concomitant therapy
with angiotensin-converting enzyme inhibitors and statins, as well as a carriage of the AG genotype for the polymorphic
marker rs776746 of the CYP3A5 gene increase the likelihood of developing drug-induced liver damage during remdesivir
therapy. In this regard, it is necessary to consider these factors when prescribing remdesivir therapy, conduct a more careful
monitoring of clinical and laboratory indicators of liver damage, and develop personalized approaches to the treatment of
COVID-19 patients.

Keywords: COVID-19; remdesivir; hepatotoxicity; adverse reactions; predictors of adverse reactions; pharmacogenetic study;
clinical trial

Abbreviations: CES1 — carboxyl esterase 1; ALT — alanine aminotransferase; AST — aspartate aminotransferase; ACEl —
angiotensin-converting-enzyme; angiotensin-converting-enzyme inhibitors — ACE inhibitors; IL-6 — interleukin-6; BMI — body
mass index; DILI —drug-induced liver injury; NSAIDs — non-steroidal anti-inflammatory drugs; ICD — International Classification
of Diseases; AR — adverse reaction; PCR — polymerase chain reaction; GFR — glomerular filtration rate.
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PempaecrBup ABAsSETCA NMpenapatom, LIMPOKO WMCMOAb3yeMbIM AN 3TMOTPONHoi Tepanuu COVID-19. CornacHO AaHHbImM
pAfa UccneaoBaHWUIA, YacToTa PA3BUTUA HEXeNaTebHbIX PeaKLMi Npu Tepanmum pemaecMBMpom AocTuraet 66%, npu sTom
Hanbonee YacToi 13 HUX ABNAETCA NOBbILIEHWE NOKa3aTenel NeYeHoUHbIX NPoob.

Lienb. M3yyeHne BAMAHUA KNUHUKO-geMorpaduryeckmx n GapmakoreHeTUYeCKnX GaKTOpoB Ha Pa3BUTUE JIEKAPCTBEHHOIO
NOpa*KeHUA NeYeHn Npu Tepanmm pemaecmsmpom y naumeHtos ¢ COVID-19.

Martepuanbl U metogbl. B nccnegosaHme 6bi10 BKAOYeHO 100 rocnmMTasM3MpoBaHHbIX MALMEHTOB, NOAYYaBLWKX /le4eHue
npenapaTom peamecusup. MauneHTbl BblAW pasgeneHbl Ha Ase rpynnbl: rpynna 1 (n=32), y KoTopoit Ha ¢oHe Tepanuu
pemMaecuMBMpoM pPasBUIOCL MOBLILEHWE YPOBHA MEYEHOYHbIX TPaHCaMWHA3; rpynna 2 (KOHTposib, N=68), y KOTOpbIX
He 6blN0 BbIABNEHO PaA3BUTUA YMNOMAHYTOW HeXenaTenbHOW peakuuu. MaumeHTam obeux rpynn 6bl10 MpoBeseHO
dapmaKoreHeTMYeCcKoe UCCNefoBaHWe, a TakXKe Obll NpoBegeH PeTPOCMeKTUBHbIM aHanu3 uctopuin 6onesHu. Ha
OCHOBAHWWM MO/MYYEHHbIX [AAHHbIX M3yYeHa accouMaums  KAMHUYECKMUX, 1abopaTopHblX, $apMaKONOTMYECKUX U
dbapmaKoreHeTUYECKMUX NOKa3aTesiei ¢ pa3BUTUEM JIEKAPCTBEHHOTO NOPAXKEHUA NeYeHU NPU Tepanumn pemaecMBMpom.
Pe3synbTatbl. B rpynne mauueHTOB C pa3BUTMEM /IEKAPCTBEHHOIO MOPAXKEHWA MeYeHW AOCTOBEPHO Yalle, Yem B rpynne
KOHTPO/IA, BCTPEYaMChb ML C BbICOKMM MHAEKCOM Macchl Tena (30,7+4,2 kr/m? B rpynne 1 npotus 27,3+5,5 Kr/m? B rpynne 2,
p=0,003), umetlowme caxapHbli puabetr B aHamHe3e (oTHoweHue waHcoB (OLWW)=2,647, 95% pOoOBEpPUTENbHbIN
uHTepsan (AWN)=1,092-6,414, x>=4,785, p=0,029), 60onee BbICOKMIN ypoBeHb deppuTMHA B Kposwu (724,03+432,27 wu
553,19+358,48 mr/mosnb cootBeTcTBeHHO, p=0,040), nonydyasiine Tepanunio MHIMBUTOPaMM aHIMOTEH3UMH-NPEBPALLAIOLLENO
depmerTa (OLLU=5,440, 95% [OMN=2,160-13,699, x°=14,027, p=0,000), ctatuHamu (OLU=3,148, 95% [N=1,307-7,581,
x*=6,795, p=0,009), a TaK:Ke ABAAOLMECH reTepPOo3nroTor no noanmopdHomy mapkepy rs776746 reHa CYP3A5 (OLL=3,961,
95% AWN=1,343-11,686, x>=6,772, p=0,009).

3aKnoueHue. BbICOKMIM MHAEKC Maccbl Tena, caxapHblii AvMabeT B aHamHese, BbICOKUM YpOBeHb GpeppuTUHA B KPOBMU,
COMyTCTBYOWAA Tepanua MHIMBUTOPaMM aHTMOTEH3UH-NpeBpaLLatowero depmeHTa U CTaTUHAMM, a TaKKe HOCUTENbCTBO
reHotuna AG no noanmopdHomy mapkepy rs776746 reHa CYP3A5 noBbIWatOT BEPOATHOCTb Pa3BUTUA JIEKaPCTBEHHOIO
Nopa*keHUA NeYEHN NpU Tepanmum pemaecnuBmMpom. B cBA3mn ¢ sTUM, HEOBXOAMMO YYUTbIBATL 3TU GAKTOPbI NPU Ha3HAYEeHUU
Tepanun pemaecuBuMpom, MNPOBOAMTb 6Gonee TLATENbHbIA MOHUTOPUHT KAMHUYECKUX M NabopaTopHbiX MoKasatenen
NnopakeHuaA nevyeHn u paspabaTbiBaTb NEPCOHANM3NPOBAHHbIE MOAXOAbI K IeYeHunto naumeHTos ¢ COVID-19.

Kniouesble cnosa: COVID-19; pemaecmBup; renaTOTOKCMYHOCTb; HEXKeNaTelbHble peaKkLUn; NPeanuKTopbl HexenaTebHbiX
peakunii; papmakoreHeTUYeCKoe UccnenoBaHue; KAMHUYECKoe uccnesoBaHme

Cnucok cokpaweHmin: CES1 — kapboKkcmactepasa 1; A/IT — anaHMHamuHoTpaHcdepasa; ACT — acnapTaTaMUHOTpaHcdpepasa;
AMN® — aHrMoTeH3nHNpespawaowmii depmeHT; MAMND — MHIMbUTOpLI AND; UN-6 — NHTEPNENKUH-6; UMT — MHAEKC Maccbl
Tena; JIMNM — nekapctBeHHoe nopaxeHue neyeHu; HIBI — HecTepouaHble NMPOTMBOBOCMAAUTENbHbIE MpenapaTbl; HP —
HexenatenoHasa peakuusa;, MKB — MexayHapogHaa knaccudurkauma 6onesHerd; MUP — noanmepasHaa LenHas peakums;
CK® — ckopocCTb KNy60o4yKoBOWN GUALTPALUMN.

INTRODUCTION of a mild to moderate coronavirus infection. Remdesivir
In the context of the COVID-19 pandemic, there  has become widely used in clinical practice, but there are
is a need to search for more effective antiviral drugs. limited data on its safety, pharmacokinetic properties

Remdesiviris an antiviral drug approved for the treatment ~ and drug interactions in the treatment of COVID-19.
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There are studies on the development of adverse
reactions (ARs) during remdesivir therapy. Thus, in a
retrospective observational study conducted using the
data from the FDA’s Adverse Event Reporting System
(FAERS), reports of ARs with the use of remdesivir were
analyzed for the period from 2019 to 2021. As a result,
it was determined that one of the most common ARs
was an increase in the liver function tests, the incidence
of which was 14.28% [1]. Another retrospective study
conducted from September 2020 to February 2021 also
found out that the most common AR was elevated liver
function tests, with an incidence of 12.9% [2].

The widespread prevalence of drug-induced liver
injury (DILI) during remdesivir therapy indicates the need
for a further study of its safety, as well as developing
methods for a personalized approach patients
treatment.

Remdesivir is a prodrug. There is an evidence
that 80% of its metabolism occurs under the action of
carboxylesterase 1 (CES1), which is its main metabolic
enzyme, as well as 10% by cathepsin A and 10% by
CYP3A [3, 4]. In this regard, polymorphism of the genes
encoding these enzymes may affect the pharmacokinetics
of remdesivir.

Cytochrome P450 of family 3 subfamily A (CYP3A)
accounts for about 30% of the total content of CYP450
enzymes in the human liver; CYP3A enzymes are
involved in the metabolism of approximately 50% of
drugs [5, 6]. According to the PharmGKB resource [7],
some drugs are metabolized with the participation of
CES1. These two factors indicate that when treating with
remdesivir, it is necessary to take into account both the
genetic characteristics of patients and concomitant drug
therapy.

THE AIM of the work was to study the influence of
clinical, demographic and pharmacogenetic factors on
the development of drug-induced liver damage during
remdesivir therapy in COVID-19 patients.

MATERIALS AND METHODS

Study design

The study was a prospective observational open
“case-control” type. The study comprised men and
women (n=100) aged 18 years and older, hospitalized
with a confirmed new coronavirus infection (COVID-19)
(U07.1; U07.2 according to the ICD), meeting the
inclusion criteria and not meeting the exclusion criteria.

The study was conducted at the city of Moscow
Municipal Clinical Hospital No. 15 n.a. O.M. Filatov
(Moscow, Russia).
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Inclusion criteria for the study were as follows: the
established diagnosis of a new coronavirus infection
(COVID-19) (U07.1; U07.2 according to the ICD); signed
voluntary informed consent to participate in the
study; the duration of hospitalization >48 h; the use of
remdesivir as etiotropic therapy.

Non-inclusion criteria for the study were as
rate (GFR) less than
30 ml/min/1.73 m?, pregnancy, breastfeeding, increased

follows: glomerular filtration

alanine aminotransferase (ALT) levels above 5 upper
limits of normal ones, a severe liver failure (class C
according to Child-Pugh).

Ethical approval

The study complied with the requirements of the
World Medical Association’s Declaration of Helsinki
and was approved by the local ethics committee of the
Russian Medical Academy of Continuing Professional
Education (RMA CPE) (Protocol No. 15 dated October
16, 2021). A informed consent to participate in this
study was obtained from all patients or their legal
representatives.

Study duration

The study was conducted between November 2021
and February 2022.

The study comprised 100 hospitalized patients. The
age of all patients ranged from 44 to 96 years (the mean
age was 73.0£12.5 years). Of these, 31 (31%) were the
men, whose average age was 72.91+12.62 years, and
69 (69%) were the women, whose average age was
73.0£12.5 years.

Research methodology

Remdesivir was used in the standard dose: 200 mg
IV on the first day, then 100 mg once a day for 5-10 days.
The investigator had no influence on the choice of an
antiviral drug or a therapy duration.

Subsequently, taking into account the aim of the
study, the patients were divided into 2 groups. Group 1
(main group, n=32) — patients who, during remdesivir
therapy, experienced an increase in transaminase levels,
19 (59%) were the women averagely aged 68.6+12.2
years, as well as 13 (41% of the men) whose average
age was 68.5+12.3 years. Group 2 (control group, n=68)
patients who did not develop DILI during remdesivir
therapy, 50 (74%) were the women averagely aged
75.1+12.2 years and 18 (26% of the men) averagely aged
75.0+12.4 years.
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Based on the retrospective analysis of medical
histories, it was established that these groups were
comparable in gender, anamnesis data — the time of
the onset of the disease, the results of the objective
examination, the condition severity, concomitant
diseases, laboratory parameters, such as a general
blood test, a biochemical blood test, including the
determination of the total levels of bilirubin, glucose,
creatinine, lactate dehydrogenase and indicators of the
systemic inflammatory response syndrome: C-reactive
protein (CRP), procalcitonin and interleukin-6. The
study groups were also comparable in terms of the
lung damage degree according to the chest computed
tomography data and the duration of hospitalization.
At the same time, the groups differed in age,
body mass index (BMI), ferritin and D-dimer levels
in the blood.

Molecular and genetic research

10 ml of venous blood was collected from the patients
using a Vacuette® vacuum system (Greiner Bio-One,
Austria) into the tubes with ethylenediaminetetraacetate
(EDTA). The whole blood and extracted DNA were
stored at —80°C and transported at —20°C. Genotyping
was carried out on the basis of the Research Institute
of Molecular and Personalized Medicine, the Russian
Medical Academy of Continuing Professional Education
(Moscow, Russia). The isolation of the genomic DNA
from the whole blood was carried out using a set of
S-Sorb reagents for the DNA isolation on a silicon
sorbent (Syntol LLC, Russia). The concentration of the
extracted DNA was determined using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, USA).
The determination of carriage of the single nucleotide
polymorphism C>T of the CYP3A4*22 gene (rs35599367)
was carried out by allele-specific polymerase chain
reaction (PCR) in real time on a CFX96 Touch Real Time
System device with a CFX Manager software version 3.0
(BioRad, USA) using the commercial “TagMan® SNP”
kit Genotyping Assays” and “TagMan Universal Master
Mix II” (Applied Biosystems, USA). The carriage of
the polymorphic marker A>G of the CYP3A5*3 gene
(rs776746) was determined using a commercial reagent
kit (Synthol LLC, Russia). The determination of single-
nucleotide genetic polymorphisms was carried out
by allele-specific PCR in real time on a CFX96 Touch
Real Time System device with CFX Manager Software
version3.0(BioRad, USA). The carriage of the polymorphic
marker rs2244613 (A>C) of the CES1 gene was detected
by a real-time polymerase chain reaction using
GenTest CES1 reagent kits (Nomotek LLC, Russia) on a
Real-Time CFX96 Touch amplifier (Bio-Rad Laboratories
Inc., USA).
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Statistical processing

When statistically processing the results obtained,
the standard application package StatSoft Statistica 10.0
(StatSoft, USA) was used. To assess the normality of
the quantitative data distribution, graphical (frequency
histogram) and calculation methods of Kolmogorov-
Smirnov and Shapiro-Wilk were used. Considering
the normal distribution of the quantitative data, they
were expressed as the arithmetic mean and standard
deviation (MxSD); the Student’s t-test was used to
analyze intergroup differences in the quantitative
characteristics.

Qualitative indicators are presented as absolute
values (n) and percentages (%). To identify intergroup
differences in the frequencies of qualitative parameters
and assess their statistical significance, the x* test
(Pearson chi-square) was used. For a small number of
observations, Fisher’s exact test was calculated. To
assess the correlation between the studied parameters,
the odds ratio (OR) of the event development with
a 95% confidence interval (Cl) was calculated. A
multivariate regression analysis was also conducted to
identify the predictors associated with the development
of drug-induced liver injury during remdesivir therapy.
The distribution of genotype frequencies of all studied
polymorphic markers corresponded to the Hardy-
Weinberg equilibrium. The significance of the identified
differences and correlations in all types of analysis was
accepted at the level of p <0.05.

RESULTS

Gender and age characteristics

The analysis of the demographic data showed that
the patients’ age of the studied groups was statistically
significantly different (p=0.015). In the group of
patients with DILI, the average age was 68.6+12.2 years
compared to the patients in the control group, whose
average age was 75.1+12.2 years. Moreover, the groups
were comparable by gender (x>=2.038, p=0.153).

Clinical characteristics

When analyzing clinical characteristics, it was
revealed that a high BMI was 30.7+4.2 kg/m? in the
group with DILI vs. 27.3+5.5 kg/m? in the control group,
statistically significantly increases the likelihood of
developing DILI during remdesivir therapy (p=0.003).
The presence of diabetes mellitus in a patient also
increases the likelihood of developing DILI (Table 1).

The analysis of the laboratory data before the start
of remdesivir therapy showed that the groups were
comparable in terms of general and biochemical blood
tests, with a statistically significant difference in ferritin
and D-dimer levels. The level of D-dimer was twice
higher in the control group (Table 2).
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Table 1 — Comparison of clinical characteristics
Number of patients, n
Characteristics Main group Control group p, X2 OR (95% Cl)
(group 1) n=32 (group 2) n=68
Age, years 68.6+£12,2 75.1£12.2 8'015 -
Body mass index, kg/m? 30.7%4,2 27.3%5.5 ?'003 -
. . 0.744 1.178
History of adverse reactions 8 15 0106 (0.440-3.152)
Moderate 22 43
Severity of illness  Major 6 13 0.793* -
Extreme 4 12 -
- 0.742 0.803
Comorbidity 28 61 0108 (0.217-2.96)
. . 0.471 0.661
Cardiovascular diseases 26 59 0519 (0.213-2.049)
L . 0.355 0.663
Cardiac ischemia 11 30 0.854 (0.277-1.588)
. . 0.411* 0.663
Chronic heart failure 4 13 B (0.180-2.026)
. . 0.767 1.207
Arterial hypertension 28 58 0.088 (0.348-4.188)
. . 0.029** 2.647
Diabetes mellitus 15 17 4785 (1.092-6.414)
*
Chronic kidney disease 0 14 9’006 -
Active cancer (diagnosed earlier than 6 0 3 0.043* _
months before study entry) -
0.268 0.618
Encephalopathy 17 44 1227 (0.263-1.452)

Note: OR — odds ratio; Cl — confidence interval; p — significance level; x> — Pearson’s test. *p-value was comparable to Fisher’s exact test.

** Differences are statistically significant.

Table 2 — Laboratory data comparison of main and control groups

Indicators of general and biochemical blood tests

Main group (group 1),

Control group (group 2),

n=32 n=68
Leukocyte count, 1079/I 6.713.8 7.1+3.6 0.652
Absolute neutrophil count, 1079/I 5.2+3.3 6.9+12.0 0.417
Absolute lymphocyte count, 1079/l 1.0+0.5 1.1+0.8 0.686
Alanine transaminase, 1U/| 33.7+20.4 35.7+38.8 0.791
Aspartic transaminase, 1U/I 49.7+22.5 46.1+31.6 0.564
De Ritis coefficient 1.7+0.9 1.8+0.9 0.848
Glucose, mmol/I 7.5%3.8 7.4+£3.3 0.851
Creatinine, umol/I 94.4+16.0 99.3+38.8 0.497
Lactate dehydrogenase, 1U/I 432.0+179.3 402.0+180.3 0.438
Ferritin, mg/mol 724.0+432.2 553.1+358.5 0.040**
Interleukin-6, pg/ml 159.3+329.9 100.6+£208.1 0.282
Procalcitonin, ng/ml 0.2+0.2 1.6+7.0 0.323
C-reactive protein, mg/I 108.4+75.3 100.5£79.3 0.640
D-dimer, ng/ml 1124.9+1109.0 2225.5+2429.5 0.016**

Note: p — significance level. ** Differences are statistically significant.
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Table 3 — Comparison of pathogenetic drug therapy for COVID-19 patients

Number of patients, n

Drugs Main group (group 1),  Control group (group 2), P, X* OR (95% Cl)
n=32 n=68
. . 0.744 1.178
Glucocorticosteroids 8 15 0.106 (0.440-3.152)
. T 0.036** 4.615
Janus kinase inhibitors 30 52 4.402 (0.992-21.467)
L 0.031**
Interleukin inhibitors 32 59 4654 _

Repeated administration of interleukin 15 0.508 1.383
inhibitors 0.439 (0.529-3.613)
. . 0.942 0.938
Enoxaparin sodium 30 64 0.005 (0.163-5.405)

Note: OR — odds ratio; Cl—confidence interval; p—significance level; x>—Pearson’s test. ** Differences are statistically significant.

Table 4 — Comparison of drug therapy for concomitant diseases

Number of patients, n

Drugs Main group (group 1),  Control group (group 2), P, X’ OR (95% Cl)
n=32 n=68
Antibacterial drugs 14 36 832; ?6629917—1 610)
*
Antifungal drugs (azoles) 2 2 81431 (26220;)6—16 369)
. 0.009%** 3,148
Statins 17 18 6.795 (1.307-7.581)
Beta blockers 9 29 2;22 ?(1)522162—1 305)
Calcium channel blockers 7 21 8:‘712 ?66223?4—1 675)
* %k
ACE inhibitors 18 13 22? 8(2)7 (Si4f:o—13 699)
*
Angiotensin Il receptor blockers (sartans) 2 13 81093 8(2)2?)_1 334
. . 0.957 1.025
Diuretics 1 23 0.003 (0.423-2.485)
Nonsteroidal anti-inflammatory drugs 8 23 83;; (()6625524_1 678)
*
Antipsychotics 4 11 ?.631 ?67;106_2 53
*
Prokinetics 3 12 0280 ?(.)418236—1 848)
Proton pump inhibitors 31 67 gggzll ?64:;8—7 642)
. . 0.168* 3.414
Biguanides 3 2 - (0.541-21.532)
*
Salicylates 3 5 0.728 1.303

(0.292-5.827)

Note: ACE — angiotensin-converting enzyme; OR — odds ratio; Cl — confidence interval; p — significance level; x> — Pearson’s test. * p corresponds
to Fisher’s exact test. ** Differences are statistically significant.
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Table 5 — Genetic data
Number of patients, n
Gene Genotype Main group Control group p, x* OR (95% Cl)
(group 1), n=32 (group 2), n=68
0.009** 0.252
AA 22 61 6.772 (0.086—0.745)
* %k
CYP3A5 (rs776746) A>G AG 10 7 0.009 3.961
6.772 (1.343-11.686)
GG 0 0 — —
0.759 1.431
cC 31 65 0.094 (0.143-14.317)
CYP3A4 (rs35599367) C>T T 1 3 0.759* 0.699
- (0.070-6.994)
TT 0 0 — —
0.136 2.076
AA 25 43 2.217 (0.785-5.490)
0.048%* 0.320
CES1 (rs2244613) A>C AC 4 21 _ (0.100-1.027)
0.523* 1.655
cC 3 4 - (0.348-7.876)

Note: OR — odds ratio; Cl — confidence interval; p — significance level; X2 — Pearson’s test. * p corresponds to Fisher’s exact test. ** Differences are
statistically significant.

Table 6 — Risk prediction of drug-induced liver damage during remdesivir therapy

Regression

0,
Parameter coefficient, B+SE 95% ClI OR p
Intercept —7.195+1.782 [-10.688; -3.702] - <0.001
. 1.2
.183+0. . ; 0. <0.
Body mass index 0.183+0.055 [0.075; 0.29] [1.08; 1.34] 0.001
ACE inhibitors 2.215+0.577 [1.083; 3.346] 9-16 <0.001
! [2.95; 28.39]
CYP3A5 AG 1.567+0.662 [0.269; 2.864] 4.79 0.018
! [1.31;17.54]
Note: OR — odds ratio; Cl — confidence interval; ACE — angiotensin-converting enzyme; p — significance level.
ROC Curve
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12
10
038
> 08
=
2
& 04
02
0,0
-02
02 0,0 02 06 03 10 12
1-Specificty

234

Figure 1 — ROC curve of logistic regression model
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Drug therapy developing DILI remdesivir therapy by an average of 20%

When analyzing pathogenetic drug therapy for
COVID-19, it was revealed that the co-prescription
of interleukin
likelihood of DILI. However, in group 1, the number
of patients in whom interleukin inhibitors were used
corresponded to 100%, which requires a further study
of the effect of pathogenetic drug therapy for COVID-19
on development of DILI during remdesivir therapy in a
larger sample. Statistically significant differences in the
studied groups for the joint therapy with Janus kinase
inhibitors were identified; however, the OR (95% Cl) did
not reach the level of statistical significance (Table 3).

An analysis of the drug therapy used to treat
concomitant diseases showed that the combined use
of the drugs from the group of HMG-CoA reductase
inhibitors (statins), as well as the group of angiotensin-
converting enzyme (iACE), significantly
increases the chance of developing DILI during
remdesivir therapy, the probability increases on average
by 3.14 and 5.44 times, respectively (Table 4).

inhibitors significantly increases the

inhibitors

Genetic data

The patients who are heterozygous for the
rs776746 polymorphic marker of the CYP3A5 gene
had a statistically significant likelihood of developing
DILI during remdesivir therapy on average 3.96 times
higher, while the carriers of the “wild” genotype were
significantly less likely to be in the group of patients with
DILI (Table 5).

Clinical outcomes

The average duration of hospitalization in group 1
was 12.5+6.9 bed-days, in group 2 — 13.0£10.9 bed-
days. There was no statistically significant difference
in the duration of hospitalization in the studied groups
(p=0.813).

Multivariate logistic regression analysis

As a result of a multivariate logistic regression
modeling, an ROC curve was obtained for risk predicting
of developing drug-induced damage during
remdesivir therapy (Fig. 1, Table 6). The modeling was
performed with a stepwise elimination based onthe Wald
Chi-square statistics. The resulting model generalizes
38.9% of the variance in the predicted outcome and
allows us to predict the risk of developing DILI in the
patients receiving remdesivir, with an accuracy of 83.2%.
Moreover, the forecast fully corresponds to the actual
data (Hosmer-Lemeshow test, p=0.831).

It was found out that high BMI increases the risk of

liver

Tom 11, Beinyck 3, 2023

per unit of indicator (p <0.001).

A concomitant use of drugs from the group of
ACE inhibitors increases the risk of developing DILI
during remdesivir therapy by an average of 9.16 times
(p <0.001).

Carriage of the AG genotype for the rs776746
polymorphic marker of the CYP3A5 gene increases the
risk of developing DILI during remdesivir therapy by an
average of 4.79 times compared to other genotypes
(p=0.018).

DISCUSSION

According to various studies, the prevalence of ARs
during remdesivir therapy ranges from 12! to 66% [8].
Moreover, one of the most common ARs is an increase in
the activity of ALT and AST, which indicates liver damage.
More serious and potentially fatal side effects, including
bradycardia and renal failure, have been reported in the
literature [9, 10]. Therefore, there is a need to develop
a personalized approach for a timely prediction of the
complications development when using remdesivir to
treat COVID-19 patients. The available scientific works
in this area are few.

According to the clinical guidelines, predisposing
factors to the development of idiosyncratic DILI as age,
gender, pregnancy, malnutrition, obesity and diabetes
mellitus, as well as a DILI history?.

In one of the observational studies, no significant
relationship was found between age and the occurrence
of ARs during COVID-19 therapy [11]. In the present
study, it has been found out that patients who
experienced DILI were on average younger in age
compared to the group in which patients did not develop
this AR. At the same time, no influence of gender on the
increased risk of developing DILI has been identified.

In the present study, an association between the
development of DILI during remdesivir therapy and an
increase in BMI and the presence of diabetes mellitus
has been revealed. At the same time, an increase in BMI
for each unit of the indicator increases the risk of DILI by
an average of 20%.

The course of COVID-19 is associated with actively
occurring inflammatory processes [12]. As is known,
the factors that cause this inflammation, in particular

* US. Food and Drug Administration. Gilead Sciences,
Inc. VEKLURY® (remdesivir) for injection, for intravenous use.
Available from: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2022/2147870rig1s010Lbl.pdf

2 Ministry of Health of the Russian Federation. Clinical
recommendations. Drug-induced liver injury (DILI) in adults, 2022.
Available from: https://cr.minzdrav.gov.ru/schema/747_1?ysclid=Im9
n3chyjg835121911
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IL-6, reduce the activity and expression of enzymes
of the cytochrome P450 system in the liver [13, 14],
which may increase the risk of ARs during COVID-19
pharmacotherapy.

There is an assumption that a key pathogenetic
molecular step in the course of COVID-19 is an
attack on hemoglobin, leading to the dissociation of
porphyrins from iron and the release of iron into the
blood circulation. Thus, hemoglobin loses its ability to
bind with oxygen and prevents its delivery to the main
organs, which is accompanied by a rapid development of
multiple organ failure. In addition, the free iron released
into the bloodstream can lead to the iron overload,
causing oxidative damage to the lungs and other organs.
All this dictates an increased absorption and storage of
the iron in iron-binding proteins. This is supported by
the increased concentration of ferritin in the blood of
COVID-19 patients. A high iron load leads to an increased
blood viscosity with recurrent and diffuse macro- and
microcirculatory thrombosis [15]. Considering this fact,
the higher identified ferritin level in the group with DILI
may indicate a possible connection between the ferritin
level and the risk of developing DILI during remdesivir
therapy. A trend towards higher levels of IL-6 in DILI
patients has also been identified, but it did not reach a
statistically significant difference.

According to the clinical guidelines for DILI in adults,
the drugs with a risk of DILI include the following ones:
antibacterial drugs, systemic antifungals belonging
(azole group), statins, NSAIDs, acetylsalicylic acid,
antihypertensive drugs, iACE and calcium channel
blockers3. No clinical drug interaction studies have been
fixed with remdesivir®.

According to the clinical studies, the most common
adverse event with the use of interleukin inhibitors
was the liver damage, manifested by an increase in
the activity of hepatic transaminases (ALT, AST), with
an incidence of 3.7 to 35.8% [16—23]. The STOP-COVID
study [24] showed that the highest incidence of liver
enzyme elevations was observed in Janus kinase
inhibitor therapy (4.2%).

In this regard, when remdesivir is co-administered
with these drugs, the risk of liver toxicity theoretically
increases. It has been found out that the concomitant
therapy with iACE, statins and interleukin inhibitors
increase the risk of developing DILI. In treatment with
iACE, this risk increases by an average of 9.16 times.
Statistically significant differences in the studied groups
for joint therapy with Janus kinase inhibitors with an

3 lbid.
4 U.S. Food and Drug Administration. Gilead Sciences, Inc. VEKLURY®
(remdesivir) for injection, for intravenous use, 2022
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increase in the likelihood of DILI during joint therapy
with this group of drugs have also been identified, but
the OR (95% Cl) did not reach the statistical significance
level.

Remdesivir is extensively metabolized to GS-443902,
a pharmacologically active nucleoside triphosphate
analogue. Remdesivir is initially hydrolyzed by esterases
to form the intermediate metabolite GS-704277.
Carboxylesterase 1 and cathepsin A are responsible for
80 and 10% of the remdesivir metabolism, respectively,
and CYP3A is responsible for the remaining 10%.
Phosphoramidate cleavage of GS-704277 and a further
phosphorylation of the resulting monophosphate
nucleoside analogue leads to the formation of GS-
443902. Dephosphorylation of all phosphorylated
metabolites can lead to the formation of the nucleoside
analogue GS-441524 [25].

CYP3A5%3, defined by an intronic variant
(NM_000777.5: c.219-237A>G; rs776746), is associated
with poor metabolism (historically also known as a
non-expressor phenotype) [5]. As a result of the study,
it was revealed that carriage of the AG genotype for
the polymorphic marker rs776746 of the CYP3A5 gene
is associated with an increase in the risk of developing
drug-induced liver damage during remdesivir therapy by
an average of 4.79 times relative to other genotypes.

Study limitations

The limitations of the present study were as follows:
a small sample size, so some possible clinically significant
associations between the factors could not be proven by
statistical methods; a limited number of candidate genes
and allelic variants in the analysis, and a limited follow-
up period. The study was a “case-control” design and
has inherent limitations.

CONCLUSION

The analysis results of the relationship between
the development of DILI during remdesivir therapy with
gender and age, clinical, anamnestic and laboratory
parameters and concomitant drug therapy showed
that a high BMI, a history of diabetes mellitus, a high
level of ferritin in the blood, joint therapy with iACE
and statins, and also carriage of the AG genotype for
the rs776746 polymorphic marker of the CYP3A5 gene,
was significantly more common in patients with DILI.
The results obtained indicate that when prescribing
remdesivir therapy, it is necessary to take these factors
into account with more careful monitoring of clinical
and laboratory signs of liver damage in these groups of
patients, and in the future, to develop a personalized
approach to pharmacotherapy of COVID-19 patients.
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The aim of the study was to determine biotransformation products of a new selective carbonic anhydrase Il inhibitor —
4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide.

Materials and methods. The study was conducted on 3 Wistar rats and 3 rabbits of the Soviet Chinchilla breed. The suspension
of the drug was administered intraperitoneally to rats at a dosage of 20 mg/kg, to rabbits - at a dosage of 1.6 mg/kg. The
animal blood samples were collected before the administration and 1, 2, 4, 24 h after. Urine sampling was also performed in
the rats before the administration and in the intervals of 0-4, 4—8, 8—24 h after. The identification of metabolites in blood,
urine and plasma was carried out using HPLC-MS/MS. Poroshell 120 C 18 column (50x3.0 mm, 2.7 um) with a Zorbax Eclipse
Plus C18 pre-column (12.5x2.1 mm, 5.0 um) was used for the chromatographic separation. The assumed metabolites were
synthesized, their structure was confirmed by the NMR spectroscopy method and a high-resolution mass spectrometry. The
obtained substances were compared with the substances identified in biological fluids by retention time, the main MRM-
transitions and mass spectra.

Results. The N-hydroxymetabolite was revealed in the analyses of plasma, blood and urine samples which had been formed
by the addition of an oxygen atom to the drug molecule. Chromatographic peaks of this compound were identified at the
MRM-transitions of 255->159, 2555117, 255->89 m/z at the 7.2nd min of the analysis. The N-oxide of 4-(2-methyl-1,3-
oxazole-5-yl)-benzenesulfonamide and N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide were synthesized;
potentially, they could have been obtained during the biotransformation. During the confirmatory HPLC-MS/MS tests based
on the coincidence of the retention times, the main MRM transitions and mass spectra, the ratio of the peak areas at the
identified metabolite it was established that an N-hydroxy derivative. Chromatographic peaks of the N-oxide detected in the
analysis of the model mixtures of the standard substance at the MRM-transitions of 255->175, 255->133, 255->89 m/z at the
retention time of 5.43 min, were absent in the animal samples.

Conclusion. The studied drug is metabolized to form a single metabolite of N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-
benzenesulfonamide. This compound was found in freshly collected samples of biological fluids of both animal species.
The structure of the metabolite was confirmed by the HPLC-MS/MS-method by comparison with the synthesized standard
substance.

Keywords: biotransformation; metabolite identification; selective carbonic anhydrase Il inhibitor; HPLC-MS/MS;
N-hydroxysulfonamide

Abbreviations: OXSA — 4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide; HPLC-MS/MS - high-performance liquid
chromatography with tandem mass spectrometric detection; ESI — electrospray ionization; MRM — multiple reaction
monitoring mode; MS2 — mode for obtaining the mass spectrum of a molecular ion; t, — retention time; DMSO-D6 —
deuterated dimethyl sulfoxide; DIPEA — diisopropylethylamine.

For citation: A.L. Khokhlov, L.I. Yaichkov, A.A. Shetnev, S.A. Ivanovskiy, M.K. Korsakov, O.A. Gasilina, N.N. Volkhin, S.S. Petukhov. Study
of biotransformation of new selective carbonic anhydrase Il inhibitor 4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide. Pharmacy &
Pharmacology. 2023;11(3):240-254. DOI: 10.19163/2307-9266-2023-11-3-240-254
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Lienb. OnpeaeneHune npoayKToB 6MoTpaHcHOPMALLMM HOBOFO CENIEKTUBHOIO MHIIMBUTOPa KapboaHrngpassl Il — 4-(2-metun-
1,3-oKkca3on-5-un)-6eH3oncynboHammaa.

Martepuanbl U metoabl. ViccnegoBaHve npoBoauAn Ha 3 Kpbicax-camuax nopoapl Wistar n 3 kponvkax nopogbl CoBeTckas
WwuHwuana. CycneHsuio npenapaTa BBOAWAN BHYTPMOPIOWMHHBLIM CNOCOBOM Kpbicam B 403MpoBKe 20 Mr/Kr, KpoNnKam —
B Ao3upoBKe 1,6 mr/Kkr. ObpasLbl KPOBU KUBOTHbIX OTOMPAnU A0 BBeAeHUA U Yyepe3 1, 2, 4 1 24 4 nocne. Y KpbiC TaKKe
BbIMONHAMM 3a60p MOYM 40 BBeAEHUA U B NpomekyTkn 0—4, 4—8 n 8-24 4 nocne. aeHTMdUKaLMo MeTaboIMTOB B KPOBM,
MOYe 1 Naa3me OCYLLECTBAANN C NOMOLLbIO MeToda BIXX-MC/MC. Ans xpomatorpadruyeckoro pasgeneHunsa Ucnosib3oBanu
KOMOHKY Poroshell 120EC-C18 (50x3,0 mm, 2,7 MKM) ¢ npearkonoHkoi Zorbax Eclipse Plus C18 (12,5%2,1 mm, 5,0 MKm).
Mpeanonaraemble MeTaboNUTbl CUHTE3UPOBANW, MOATBEPXKAANN UX CTPYKTYpy MeTogom FAMP-cnekTpocKonuu u macc-
CNEKTPOMETPUM BbICOKOTO paspelleHus. MonyyeHHble BeWeCcTBa CONocTaBaAAM C UAEHTUOULMPOBAHHBIMU B BMOIOrMYECKUX
YKUIAKOCTAX BELLeCTBaMM MO BPEMEHU yaepKMBaHMA, ocHOBHbIM MRM-nepexogam 1 macc-cnektpam.

Pe3ynbratbl. Mpu aHanvse npob nnasmbl, KPOBM M MOYM OBHapyeH N-rugpokcrmetabonut, obpasoBasLiMiicA
nyTém npucoesMHEeHWAa aToMa KMUCIopoAa K MoJsiekyne npenapata. XpomaTtorpaduyeckme MUKW SAHHOTO COeAMHEeHUA
6blIM MaeHTMdMUMpoBaHbl Ha MRM-nepexogax 255->159, 255->117, 25589 m/z Ha 7,2 MUH aHanusa. Bbian
cuHTe3npoBaHbl N-okcug, 4-(2-meTtun-1,3-okcason-5-un)-6eHsoncynbdoHammaa u N-ruapokcu-4-(2-metun-1,3-oKkcason-
5-un)-6eH3oncynbdoHamni, KoTopble MOTeHUManbHO MorauM bbiTb NoAyYeHbl B npouecce 6GuoTpaHchopmaumu. B
xofie noaTBepxAarolmx BIMKX-MC/MC-ucnbiTaHUA MO COBMAAEHUIO BPEMEH YAEPXMBAHMA, COOTHOLUEHMA M/oLaaen
NUKOB Ha OCHOBHbIX MRM-nepexodax M Macc-CMEeKTPOB YCTAHOBAEHO, 4YTO WAEHTUOUUMPOBAHHbLIM MeTabonut —
N-rngpokcmMnponsBogHoe npenapata. Xpomatorpadpuyeckme nuku N-oKcupa, oBHApyKeHHble NMpU aHaan3e MoZLesbHbIX
cmeceit ctaHgaptHoro obpasua Ha MRM-nepexogax 255->175, 255133, 255589 m/z npu BpemeHW yaepuBaHus
5,43 MWH, OTCYTCTBOBa/IM B 06pa3L,ax KMBOTHbIX.

3akntoueHue. M3yyaemblii npenapat metabonusupyetca ¢ obpa3oBaHMEM eAMHCTBEHHOro meTabonuta N-ruapokcu-4-
(2-meTun-1,3-oKkcazon-5-un)-6eH3oncynbdoHammaa. [aHHoe coeamHeHMe O6Hapy:KeHO B CBeXeoTobpaHHbIX npobax
BG1ONOTMYECKUX }KMAKOCTEN 060MX BUAOB KUBOTHbIX. CTPYKTYpa MeTabosiMTa noaTeepxaeHa metogom BIXKX-MC/MC nyTém
CpPaBHEHWA C CUHTE3MPOBAHHbIM CTaHAAPTHLIM 06pa3LLOM.

KnioueBble cnoBa: 6uotpaHchopmaumsa; naeHTMdUKauua MeTabonnToB; CENEKTUBHBIA MHIMBUTOP KapboaHrnapassl II;
B2¥X-MC/MC; N-ruapoKkcucynbdpoHamma,

CnucoK cokpaueHuii: OXSA — 4-(2-metun-1,3-okcazon-5-un)-6eHsoncynbdoHamug; BIKX-MC/MC — BbicokoaddeKTuBHas
KUOKOCTHAA XxpomaTtorpadua ¢ TaHLEMHbIM  MACC-CMEKTPOMETPUYECKMM  AeTekTupoBaHuem; ESI — uMoHM3auma
anekTpopacnbineHnem; MRM — peXMm MOHUTOPUMHIA MHOMECTBEHHbIX peakumt; MS2 — peum nonyvyeHus macc-
CMEKTPa MOJIEKYIAPHOTO WMOHa; t, — Bpems yaepxusaHus; IMCO-D6 — LenTepupoBaHHbIN anmetuncynbdokena; DIPEA —
OUU30NPONUASTUIAMUH.

INTRODUCTION

The selective carbonic anhydrase Il inhibitors are
widely used for the treatment of open-angle glaucoma. A
benzenesulfonamide derivative 4-(2-methyl-1,3-oxazole-
5-yl)-benzenesulfonamide (OXSA) is a new agent of this
pharmacological group (Fig. 1). This compound exceeds
the previously developed dorzolamide, brinzolamide
and acetazolamide in terms of the efficiency of the
intraocular pressure reduction and duration of the

Tom 11, Beinyck 3, 2023

action in experimental models [1-4]. Thus, a further
investigation of OXSA is perspective.

The identification of metabolic products is an
important and mandatory part of the preclinical study
of each drug'. The quantification of these compounds
in biological media is necessary for a complete
pharmacokinetic investigation of a drug including the

* Guidelines for conducting preclinical studies of medicines. Vol. 1.
Moscow: Polygraph — Plus; 2012, 944 p. Russian
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elimination process. Besides, detected metabolites
may have a greater pharmacological activity than the
basic substance [5]. There are two main experimental
methods for the drug metabolites determination. The
first method is an in vitro experiment with the use of
microsomes [6-8], S9 fraction [9] or human or animal
hepatocyte cell cultures [10-13]. The second method
consists in the administration of the studied substance to
the laboratory animals followed with biological sampling
at certain intervals. Rodents often act as experimental
subjects; in this case these are rats [14-17] and
mice [18].

The most universal analytical method for the
identification of metabolites is HPLC-MS/MS. Hybrid
high-resolution mass spectrometric detectors
based on «Orbitrap» [7, 10, 15, 16] or time-of-
flight analyzers [8, 9, 17] and various types of ion
traps [6, 13, 18] are used for these purposes. Triple
quadrupole mass spectrometers are also applied which
is most common for pharmacokinetic studies [11, 9, 20].
The identification of metabolites can be performed in
the MRM-mode using the predicted MRM-transitions in
this case: the m/z value of the predicted modification of
the molecule is added or subtracted to the m/z values of
the molecular ion and product ions of the drug [19, 20].
This method provides a higher sensitivity compared to
the full scan mode [21]. The synthesis of the proposed
metabolites and a confirmatory analysis are carried out
by comparing the retention time of the analytes, their
mass spectra, the ratio of MRM transitions and other
parameters after the preliminary mass spectrometric
determination of the structure.

The OXSA biotransformation process has not been
studied before [1-4]. Widely used selective carbonic
anhydrase Il inhibitors, dorzolamide and brinzolamide,
are metabolized by dealkylation. Thus, dorzolamide is
subjected to N-deethylation [22], and brinzolamide is
subjected to O-demethylation and N-deethylation [23, 24].
The previously developed acetazolamide is not exposed
to a biotransformation [25]. A structurally similar
derivative of aryl sulfonamide, hydrochlorothiazide,
is also eliminated unchanged [26, 27]. The main ways
of metabolism of sulfonamide antibacterial drugs are
N-acetylation and N-hydroxylation of the aromatic
aminogroup, as well as methylation and hydroxylation of
the substituents, the sulfonamide group and the amino
group [28, 29]. The formation of N-oxides by aromatic
nitrogen atoms is also known [21]. Thus, N-oxidation of
the 1,3-oxazole nitrogen atom and hydroxylation of the
methyl group of the 2-methyl-1,3-oxazole residue are
possible during metabolism of 4-(2-methyl-1,3-oxazole-
5-yl)-benzenesulfonamide. There are no examples of
modifications of the sulfonamide group in the published
data.

THE AIM of the study was to determine
biotransformation products of a new selective carbonic
anhydrase |l inhibitor — 4-(2-methyl-1,3-oxazole-5-yl)-
benzenesulfonamide.

242

MATERIALS AND METHODS

Bioanalysis

The identification of biotransformation products
was carried out using an HPLC-MS/MS-system, including
a tandem mass spectrometric detector «AB Sciex
QTRAP5500» (AB Sciex, Singapore) and chromatograph
«Agilent 1260 Infinity» (Agilent Technologies, USA),
consisting of pump G1312B, autosampler G1329B
with thermostat G1330B, column thermostat G1316A
(a control of the device was carried out by Software
«Analyst 1.6.2» (AB Sciex, Singapore), processing
chromatograms — «MultiQuant 3.0.5» (AB Sciex,
Singapore), a prediction of metabolites and creation
of MRM methods for identifying metabolites —
«LightSight 2.3» (AB Sciex, Singapore).

The chromatographic separation of the prepared
samples was performed on Poroshell 120EC-C18
(50x3.0 mm, 2.7 um) chromatographic column with
a Zorbax Eclipse Plus C18 pre-column (12.5x2.1 mm,
5.0 um). A mobile phase (Table 1) based on a
0.1% aqueous solution of formic acid and methanol
was used for a gradient elution. The column thermostat
temperature was 40°C. The parameters of the mass
spectrometric detector are presented in Table 2.

A 200 pl of methanol was added to 50 ul of blood,
plasma or urine for preparing samples. The mixture
was shaken and centrifuged for 5 min at 10000 rpm
(Heraeus Multifuge X3R, Thermo Fisher Scientific, USA).
Then 1 ul of the supraplastic fluid was injected into the
HPLC-MS/MS system.

The signal-to-noise ratio of the OXSA
chromatographic peak at the MRM-transition of
239->159 m/z (the control MRM-transition for the
assessment of the system suitability and controlling the
administration of the drug) at a concentration of 1 ng/ml
in plasma, blood and urine samples was at least 50:1 in
the above conditions.

2.5 pl of metabolites methanol solution at the
concentrations of 10 pg/ml (for the concentration of
500 ng/ml) and 200 pg/ml (for the concentration of
N-hydroxymetabolite in plasma of 10000 ng/ml for the
stability study) were added to 47.5 pul of the biological
fluid to prepare model mixtures.

Design of animal experiment

The study of biotransformation of 4-(2-methyl-1,3-
oxazole-5-yl)-benzenesulfonamide was carried out on
3 Wistar rats and 3 rabbits of the Soviet Chinchilla
breed obtained from the bio-nursery «SMK Stezar»
LLC (Russia). The OXSA suspension was administered
intraperitoneally to the rats at the dose of 20 mg/kg
and to the rabbits at the dose of 1.6 mg/kg. The blood
samples had been taken before the drug administration
and 1, 2, 4 and 24 h after the administration in the
volume of 0.2 ml in tubes containing K.EDTA. The rats
had been pre-catheterized into the right jugular vein. In
the rabbits, the samples had been collected from the ear

Volume XI, Issue 3, 2023
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vein using an insulin syringe (Beijing Fornurse Medical
Equipment Co., Ltd, China).

After sampling, 50 pL of the blood was immediately
sampled and analyzed. The remaining blood in the tube
(=150 pl) was centrifuged for 10 min at 2500 rpm. At the
temperature +4°C to obtain plasma. The urine was also
sampled from the rats (the entire volume of rat urine
over a specified period of time) using a metabolic cage
before the administration (a blank sample) and during
the intervals from the moment of the administration up
to 4, from 4 to 8, from 8 to 24 h. The urine was also
immediately processed and analyzed.

Thus, at the first stage, 5 samples of plasma and
blood were obtained from each animal (4 experimental
and 1 control), and 4 urine samples from the rat
(3 experimental and 1 control). After the synthesis
of the N-hydroxy metabolite, the experiment was
repeated 1 month later to confirm the structure due
to its instability in the biological samples and to check
for the presence of a new possible sulfonic acid-derived
metabolite. As a result, in 2 stages, 30 plasma samples
(including 6 control samples) and 30 blood samples
of both animal species (including 6 control samples),
as well as 24 rat urine samples (including 6 control
samples) were analyzed, which is sufficient for a reliable
identification of all possible biotransformation products.
A quantitative determination of the drug and its
metabolites concentrations, as well as the calculation of
their pharmacokinetic parameters, is not carried out at
this stage of the study. Therefore, the number of animals
of each species was reduced to 3 individuals below the
standard sample size based on humane considerations?.

The study was approved by the Ethics Committee
of Yaroslavl State Medical University n.a. K.D. Ushinsky
(Protocol No. 1 dated 10.06.2023).

Synthesis of OXSA metabolites

N-oxide and N-hydroxymetabolite of 4-(2-methyl-
1,3-oxazole-5-yl)-benzenesulfonamide were synthesized
after determining the possible structure of the
metabolite by changes in the MRM transitions of the
analyte.

For the synthesis of metabolites, organic, inorganic
reagents and solvents were obtained from the following
commercial sources: diisopropylethylamine (>98%,
Sigma-Aldrich, Germany), acetonitrile (chemical pure,
Vecton, Russian Federation), 50% hydrogen peroxide
(technical, Ekros group, Russian Federation), glacial
acetic acid (chemical pure, Vecton, Russian Federation),
hydroxylamine hydrochloride (299%, Vecton, Russian
Federation). These reagents were used without any
additional purification.

The reactions were controlled by a thin-layer
chromatography on SilufolUV aluminum plates (10x20 cm,
Merck Millipore, Germany). 5 pl of a 0.5% solution of
the initial reagent in acetone and the reaction mixture

2 |bid.
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were applied to the start line. The plate was dried and
then placed in a chamber. The separation was carried
out using a mixture of ethyl acetate: petroleum ether as
an eluent in a ratio of 1:1 (v/v). The plate was removed
from the chamber and dried in air when the solvent
front reached a height of 10 cm. The detection was
performed at a wavelength of 254 nm. The reaction had
been carried out until the spot corresponding to the
initial reagent completely disappeared in the reaction
mixture.

NMR spectra were recorded on the “Varian UNITY
Plus — 400” (Varian LLC, USA) device for DMSO-d6
solutions at 25°C. The signals of residual solvent protons
in *H-NMR (6H 2.50 ppm) or C-NMR (6C 39.5 ppm)
were chosen as a reference for counting chemical shifts.
The signal designation forms are: s —singlet, d — doublet,
t — triplet, g — quartet, d.d — doublet of doublets,
d.t. —triplet of doublets, m — multiplet. The melting point
was measured on the device for determining the melting
and boiling points «Buchi M-560» (Bichi Labortechnik
AG, Switzerland). High-resolution mass spectra were
obtained using a Bruker Daltonics MicrOTOF-II» (Bruker
Daltonics GmbH, USA) mass spectrometer by ionization
method (ESI).

Statistical processing

Statistical calculations were performed using
Microsoft Excel 2016 (Microsoft Corporation, USA).
The analytical signal in the animal samples and model
mixtures of the synthesized compound was compared
by retention time (t,), by peak area ratios at the main
MRM-transitions. Herewith, the ratio of the arithmetic
mean of the parameters in the subjects and standard
samples was calculated. The maximum deviation
of t, of the synthesized substance should be within
+1% of the t, metabolite in the animal samples, the
maximum deviation in the ratio of peak areas at the
MRM-transitions should be within +20% of the ratio
in the animal samples. These criteria are established
in accordance with the requirements of the Russian
State Pharmacopoeia of the the XV* edition), which it
used to confirm the identity of the drug by HPLC and
mass spectrometry due to the absence of other special
requirements for biotransformation studies®*. The
standard deviation value (SD) is shown in the tables
as a measure of the dispersion of the obtained data.
The percentage of coincidence of the mass spectra of
the standard sample and the metabolite registered in
the MS2-mode was also calculated (“Analyst 1.6.2”
AB Sciex, USA).

3 Russian State Pharmacopoeia. XV edition. GPhM.1.2.1.2.0001
Chromatography. Available from: https://pharmacopoeia.
regmed.ru/pharmacopoeia/izdanie-15/1/1-2/1-2-1/1-2-1-2-
khromatograficheskie-metody-analiza/khromatografiya/. Russian

4 Russian State Pharmacopoeia. XV edition. GPhM.1.2.1.1.0008
Mass-spectrometry.  Available  from:  https://pharmacopoeia.
regmed.ru/pharmacopoeia/izdanie-15/1/1-2/1-2-1/1-2-1-1-metody-
spektralnogo-analiza/mass-spektrometriya/. Russian
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Table 1 — Parameters of gradient elution method for OXSA metabolites identification

B, %

10

10

90

90

10

Time, min A %
0.00 90
0.50 90
10.00 10
15.00 10
15.10 90
20.00 90

10

Note: A —0.1% aqueous solution of formic acid, B — 0.1% aqueous solution of methanol.

Table 2 — Mass spectrometry detection parameters of OXSA and its metabolites

Parameter

Value

lonization mode

Electrospray ionization (ESI)

ESl voltage +5500 V
Curtain gas 30 psi (Nitrogen)
CAD-Gas (collision-activated dissociation) High (Nitrogen)
lon source temperature 700°C
Gas 1 (heating up gas) 55 psi (Air)
Gas 2 (nebulizer gas) 55 psi (Air)
NH,
| /N
O ‘
| 5
O CH,
Figure 1 — Structure of 4-(2-methyl-1,3-oxazol-5-yl)-benzenesulfonamide
B sns2 (239.00): 48 MCA scans from Sample 1 (TuneSamplelD) of MT20180322002351 wiff (Turbo Spray) Max. 1528 cps.
158.0
1.5e8 | CH3
1.4=8 . /(
MH DTN
1.328- S /Q/ )\/N
To——
1.2e8 O K\\
c: L
11284 = Co &
1.0=8- /
116.0
8.0=7 117.0
g_ 8.0e7
z .
g 7.0e7 = CH:
6.0e7 Ct\ ‘ 106.0
5.0e7 1320
8o.0
4.0=7 l
3.0=7
107.0
2.0e74
104 1971 2381
bl "o L i {E%u 13 “?'0,147.1 1sn.mIB?ID |]
o : . L -Ir..%'n L Jrll‘ﬁ , || JF._I R T , Jl_l . : _ : : : : : .
S0 a0 70 a0 =1} 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 280 300
miz, Da
Figure 2 — Mass-spectrum of OXSA (MS2-mode; positive polarity; CE=40eV)
244 Volume Xi, Issue 3, 2023



Hay4HO-NpaKTUIecKi XypHan OPUTUHA/JIbHAA CTATbA
G)APMAU'VIH n DOI: 10.19163/2307-9266-2023-11-3-240-254
OAPMAKOJTIOIA

Table 3 — MRM-transitions for identification of possible metabolites
. M/z . "
Modification . Predicted MRM-transitions, m/z
difference

Control (OXSA) - 239->159 m/z

Hydroxylation / +16 255->159 m/z; 255->117 m/z; 255> 89 m/z; 255->175 m/z; 255->133 m/z;

N-oxidation (+OH/>0) 2555105 m/z

. 253->159 m/z; 253->117 m/z; 253->89 m/z; 2535173 m/z; 2535131 m/z;

Methylation (+CH,) +14 253-5103 m/z

Hydroxylation +N-oxidation +32 2715159 m/z; 2715117 m/z; 271-> 89 m/z; 2715175 m/z; 271->133 m/z;
(+OH+->0) 2715105 m/z; 2715191 m/z; 271->149 m/z; 2715121 m/z

Glucuronidation* +176 415->159 m/z; 4155117 m/z; 415>89 m/z

Acetylation* +42 281->159 m/z; 281->117 m/z; 281->89 m/z

Sulfonation* +80 3195159 m/z; 319->117 m/z; 319589 m/z

Formation of sulfonic acid +1 240-5159 m/z; 240->117 m/z; 240->89 m/z

-SO,NH,=> -SO_**

Note: * There was no addition of m/z difference to the product ion due to the sulfonamide group elimination in the CAD-fragmentation process.
** Analysis was performed only during confirmatory tests.

Table 4 — The results of identification of hydroxylated / N-oxidated metabolite

samples T"T‘e Retention time of metabolite, min (MeanSD)®
points 2555159 m/z 255117 m/z 255589 m/z 255> 175m/z 255> 133 m/z 255-> 105 m/z

0 N/A N/A N/A N/A N/A N/A
© 1 7.20£0.01 7.21+£0.01 7.20+0.01 N/A N/A N/A
% 2 7.20+0.01 7.21+£0.01 7.20+0.01 N/A N/A N/A
[ 4 7.20+0.01 7.21+0.01 7.21+0.01 N/A N/A N/A
24 7.20+0.02 N/A * N/A* N/A N/A N/A
D 0 N/A N/A N/A N/A N/A N/A
g’ = 7.18+0.01 7.19+0.01 7.19+0.01 N/A N/A N/A
§ § 7.1910.01 7.19+0.01 7.19+0.01 N/A N/A N/A
< ® 4 7.20+£ 0.01 7.19+0.01 7.19+0.01 N/A N/A N/A
24 7.19£0.01 7.19+0.01 7.19+£0.01 N/A N/A N/A
0 N/A N/A N/A N/A N/A N/A
.?_:’ 0-4 7.19£0.01 7.19+0.01 7.19+£0.01 N/A N/A N/A
5 4-8 7.20£0.01 7.19+0.01 7.20+£0.01 N/A N/A N/A
8-24 7.19+0.01 7.19+£0.01 7.19+£0.01 N/A N/A N/A
0 N/A N/A N/A N/A N/A N/A
© 1 7.21+0.02 7.21+0.02 7.20+£0.01 N/A N/A N/A
" % 2 7.19£0.02 7.19+ 0.02 7.20+ 0.01 N/A N/A N/A
%_ = 4 7.20£0.01 7.20+£0.01 7.21+0.01 N/A N/A N/A
g 24 7.20+0.01 N/A * N/A* N/A N/A N/A
s 0 N/A N/A N/A N/A N/A N/A
5 3 7.20+0.01 7.19+0.01 7.19+0.01 N/A N/A N/A
o 2 7.20+0.02 7.20+£0.01 7.19+£0.01 N/A N/A N/A
- 4 7.1910.01 7.19+0.01 7.19+0.01 N/A N/A N/A
24 7.20+£0.01 7.21+0.01 7.20+£0.01 N/A N/A N/A
° Blood N/A N/A 5.43+0.01 5.43+0.01 5.4310.01 N/A
% % Plasma N/A N/A 5.42+0.01 5.424+0.01 5.42+0.01 N/A
= Urine N/A N/A 5.431+0.01 5.4310.01 5.43+0.01 N/A
% Blood 7,20+0,01 7.20+0.01 7.20+0.01 N/A N/A N/A
-§ 5 Plasma 7,20+0,01 7.20+0.01 7.20+0.01 N/A N/A N/A
-Z$ ° Urine 7,2210,01 7.21+0.01 7.21+0.01 N/A N/A N/A

Note:* Analytical signal was absent due to low OXSA-M1 concentration, N/A was not detected.

> The average tR value obtained after analyzing of 3 samples at each time point is shown in each cell of the table.
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Table 5 — MRM- transitions for identification of possible conjugates of hydroxylated metabolite

Modification

M/z difference

Predicted MRM-transitions

Glucur

onidation +176

431—-159 m/z; 431—117 m/z; 431—89 m/z; 431—335 m/z; 431—293 m/z;
431—265 m/z

Acetylation +42 297—159 m/z; 297—117 m/z; 297—89 m/z; 297—201 m/z; 297—131m/z
. 335—159 m/z; 335—117 m/z; 335—89 m/z; 335—239 m/z; 335—197 m/z;
Sulfonation +80
335—169 m/z
. 269—159 m/z; 269—117 m/z; 269—89 m/z; 269—173 m/z; 269—131 m/z;
Methylation +14

269—103 m/z

Table 6 — The results of confirmation of structure of main metabolite of OXSA

Coincidence of MS2

Parameters t,, min Peak area ratios Peak area ratios mass spectra**
(n=3) 2555117 /2555159 m/z  255->89/255->159m/z o> °P
(min—max, %)
Collected les at point 89-95
ollected sampies at points - 5 164001 0.1181+0.0090 0.0231+0.0015
© of1,2,4 h (n=9)
£ 3
S £ Spiked samples (n=3) 7.15+0.01 0.1146+0.0109 0.0220+0.0016
E 3
% of coincidence* 100.08 103.05 105.16
Collected samples at point 7 10,1 01 0 128740.0112 0.0224+0.0016 95-98
< ., 0f1,2,4h(n=9)
o o
o —
] g Spiked samples (n=3) 7.15+0.01 0.1260+0.0082 0.0231+0.0015
53
x -
% of coincidence 100.12 102.14 97.06
91-95
Collected samples at 7.15¢0.01 0.1304+0.0146 0.0229+0.0015
o intervals of 0-4, 4-8 h (n=6)
£ 3
5 2 spiked samples (n=3) 7.16£0.01 0.1244+0.0081 0.0228+0.0015
e85
% of coincidence 99.88 104.81 100.51
i 90-93
o  Collected samplesatpoint 0061 (1232100116 0.0229+0.0015
€ of1,2,4h (n=9)
s 3
2 2 Spiked samples (n=3) 7.16£0.01 0.1250+0.0145 0.0227+0.0017
28
(] —_
L= % of coincidence 100.09 98.53 100.54
i 93-97
., (Collectedsamplesatpoint 7 1c.0 01 0124440.0105 0.0225+0.0012
5] of 1,2, 4 h (n=9)
° 3
23
= £ Spiked samples (n=3) 7.15£0.02 0.1287+0.0119 0.0245+0.0012
2 g
% 9% of coincidence 99.80 96.65 91.75 -
Note: * Ratio of mean values. ** Point 1 h and 0—4 h period after administration (n=3).
Tnz " NH,
0,
o—s / ‘ o0 Hz(?_z .l,
_ —]
ﬂ o ., CHiCOOH [ /k
3 3h 0

Tom 11, Beinyck 3, 2023

A

Figure 4 — Synthesis of 4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide N-oxide (B)
by using 4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide (A)
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Figure 5 — 'H-NMR-spectrum of N-oxide of 4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide in DMSO-D,
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Figure 6 — Example of MRM-chromatogram of N-oxide OXSA in spiked blood sample

in concentration of 500 ng/ml
Note: TIC — chromatograms of all MRM transitions (Table 3).
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NH,OH*HCI NHOH

| N
DIPEA _ _ | J/ |
o CH.CN |

0

s 25°¢, 18 h 0o CH,

o
O:f‘f!—o
AN

A B

Figure 7 — Synthesis of N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide
Note: DIPEA — diisopropylethylamine.
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Figure 8 — 'H-NMR-spectrum of N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide in DMSO-D,
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Figure 9 — MRM-chromatogram examples of plasma sample spiked by metabolite after preparation (A) and
spiked metabolite sample after 48 h of storage at room temperature (B)
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Figure 10 — Mass-spectra examples of N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide
in rat plasma sample (1 h point) (A) and in spiked plasma sample at analyte concentration of 500 ng/ml (B)

RESULTS AND DISCUSSION

The mass spectrum of the molecularion (MS2 mode)
of  4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide
239 m/z was obtained at the initial stage of the study
(Fig. 2). Product ions 89, 117 and 159 m/z were selected
to create the MRM screening method which it had the
highest signal intensity and fully reflected OXSA structure
fragments with a potential addition of functional
groups. Using the LightSight 2.3 Software, a possible
hydroxylation of the methyl radical of a 2-methyl-1,3-
oxazole, N-oxidation fragment of the oxazole nitrogen
atom, as well as methylation, acetylation and sulfonation
of the sulfonamide group, were established during the
prediction of possible metabolites. An increase of m/z in
the case of each modification was added to the m/z of
the molecular ion and the selected values of m/z of OXSA
product ions (Table 3). MRM-transitions with unchanged
values of 89, 117 and 159 m/z were also created.

After analyzing the chromatograms of plasma,
blood and urine samples, chromatographic peaks
were detected on the MRM-transitions of 255->159,
255->117, 255->89 m/z with t,=7.20 min (Table 4) which
were absented on the chromatograms of the blank
samples of these objects. These signals with Am/z=16
indicate the addition of an oxygen atom to the molecule
and possible hydroxylation or formation of N-oxide.
Chromatographic peaks at the MRM-transitions of other
modifications have not been identified (Fig. 3).

An increase of m/z of 159, 117, 89 product ions

250

by 16 m/z was not observed. Most likely, the detected
metabolite can be obtained as a result of N-oxidation of
the 1,3-oxazole nitrogen atom, and there is no growth
of the m/z due to the destruction of the weak bond
as a result of CAD-fragmentation [19]. The process of
hydroxylation of the sulfonamide group is also possible
because it is eliminated at the selected MRM-transitions.

Due to the possible hydroxylation of the OXSA
molecule, an additional MRM method that takes into
account the possible conjugation of this metabolite
was created (Table 5). The prepared samples were
reanalyzed. However, the chromatographic peaks of
metabolites in comparison with the blank samples were
not observed on the obtained chromatograms.

The synthesis of possible OXSA metabolites was
performed in the course of the study. N-oxide of OXSA
was obtained the first because the N-hydroxylation
examples of the sulfonamide group of drugs during
biotransformation had not been previously published.

The substance of 4-(2-Methyl-1,3-oxazole-5-yl)-
benzenesulfonamide (Fig. 4-A) (0.20 g, 0.84 mmol,
1 eq) obtained by the method [1] was suspended in
5 ml of glacial acetic acid. A 50% aqueous solution of
hydrogen peroxide (0.170 g, 2.25 mmol, 3 eq) was added
to the mixture and stirred for 3 h at the temperature
of 50°C. The reaction mixture was cooled to the room
temperature, the precipitate was filtered and washed
with 1 ml of glacial acetic acid. The 0.1 g (50%) of OXSA
N-oxide isolated during the experiment as a white solid

Volume XI, Issue 3, 2023
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was obtained. The melting point of this substance was
227-228°C. The structure confirmation results were:

'H-NMR-spectroscopy (400 MHz, DMSO-D,) §,
ppm: 7.87 (q, J=8,0 Hz, 4H, Ar), 7.70 (s, 1H, Het), 7.42
(s, 2H, NH,), 2,52 (s, 3H, CH,) (Fig. 5).

BC-NMR - spectroscopy (100 MHz, DMSO-D,) §,
ppm: 168.31, 143.82, 133.51, 128.56, 128.19, 127.91,
123.42, 10.63.

Mass-spectrometry: the m/z value of the molecular
ion [M+H]*: 255,0431 m/z; Am/z=-1,18 ppm (calculated
for the theoretical value C,,H,,N,0,5+:255.0434 m/z).

Model mixtures in plasma, blood and urine at the
concentration of 500 ng/ml were prepared and analyzed
to verify the compliance of the prepared N-oxide of
4-(2-methyl-1,3-oxazole-5-yl)-benzenesulfonamide  to
the structure of the OXSA metabolite. The retention
time, as well as the main MRM-transitions of the
obtained substance differed from the characteristics of
the compound detected in the biological fluids (Table 4,
Fig. 6). Its t, was 5.43 min, which was 1.8 min smaller
than the OXSA metabolite. The m/z value of the OXSA
N-oxide product ions 175 and 133 m/z containing an
oxazole nitrogen atom is 16 Da higher than the values of
the product ions of the drug 159 and 117 m/z. Thus, the
studied metabolite was not N-oxide.

Next, N-hydroxy-4-(2-methyl-1,3-oxazole-5-yl)-
benzenesulfonamide was synthesized by the nucleophilic
substitution reaction of hydroxylamine and 4-(2-methyl-
1,3-oxazole-5-yl)-benzenesulfonyl chloride (Fig.7).

The initial 4-(2-methyl-1,3-oxazole-5-yl)-
benzenesulfonyl chloride (Fig. 7) was obtained by a
well-known method [1]. Diisopropylethylamine (DIPEA)
(0.75 g, 5.82 mmol, 3 eq.) was added to the cooled
aqueous solution of hydroxylamine hydrochloride
(0.2 g in terms of a pure substance, 2.9 mmol,
1.5 eq.). Then, a solution of 4-(2-methyl-1,3-oxazole-
5-yl)-benzenesulfonyl chloride in 2 ml of acetonitrile
(0.5 g, 1.64 mmol, 1 eq.) was slowly to the mixture
during cooling and it was stirred for 18 h at room
temperature. The reaction mixture was diluted with cold
purified water. The precipitate was filtered and washed
with purified water. 0.29 g of N-hydroxy-4-(2-methyl-
1,3-oxazole-5-yl)-benzenesulfonamide was obtained in
the form of a white precipitate with an output of 60%.
The decomposition temperature of this substance was
300°C. The structure confirmation results were:

'H-NMR-spectroscopy (400 MHz, DMSO-D,) 6, ppm
was: 11.61 (d, J/=23.5 Hz, 2H, OH, NH), 7.68 (d, J=8.1 Hz,
2H, Ar), 7.63 (d, J=8,2 T, 2H, Ar), 7,57 (s, 1H, Het), 2.49
(s, 3H, CH,) (Fig. 8).

BC-NMR-spectroscopy (100 MHz, DMSO-D,) &, ppm
was: 161.95, 150.74, 148.39, 128.18, 126.97, 123.80,
122.91, 14.31.

Mass-spectrometry was: the m/z value of the
molecular ion [M+H]* was 255,0433 m/z; Am/z=0,39
ppm (calculated for the theoretical value C H, N,O,S":
255.0434 m/z).
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Next, plasma, blood and urine model mixtures were
prepared at the concentration of 500 ng/ml with an
addition of the N-hydroxy derivative OXSA. The analysis
of these samples showed that the retention times and the
main MRM transitions of the synthesized and detected
substances coincide (Table 4, Fig. 3C). Chromatographic
peaks of the metabolite were not detected during the
confirmatory testing by a repeated analysis of previously
collected samples of animal biological fluids, which
indicated its decomposition. The chromatographic
peaks were detected at MRM-transitions of 240->159,
240->117, 240->89 m/z with increased m/z of the
molecular ion on 1 Da and the retention time of
4.7 min (Fig. 9). These signals were also identified in the
old animal samples after a subsequent optimizing the
parameters of the mass spectrometric detector. This
suggests that the obtained compound decomposes to
form sulfonic acid.

The drug was re-administered to the animals
1 month later in the dosages described above to
confirm the structure of the OXSA metabolite and to
check the presence in fresh samples of the second
possible metabolite — 4-(2-methyl-1,3-oxazole-5-yl)-
benzenesulfonic acid. The samples were taken at
the same time intervals. Herewith, the ratios of the
chromatographic peak areas of the MRM-transitions
of 2555117 m/z to 2555159 m/z and 255->89 m/z to
255->159 m/z were estimated. The late time points of
24 h for plasma and blood as well as the time range
of 8-24 h for urine were not used for the comparison
with the synthesized standard sample due to low
concentrations of the metabolite.

Chromatographic peaks at the MRM-transitions
of 240->159, 240->117, 240->89 m/z during the
retention time of 4.7 min were not detected on the
obtained chromatograms of freshly collected samples.
Consequently, either the OXSA-sulfonic acid content
in the samples was below the detection limit of the
method or this compound is not formed in the body
during metabolism. Therefore, 4-(2-methyl-1,3-oxazole-
5-yl)-benzenesulfonic acid was not synthesized and its
structure was not confirmed when compared with the
standard substance.

The results of the retention time comparison, the
ratio of chromatographic peak areas at MRM-transitions
of OXSA N-hydroxymetabolite are presented in Table 6.
The ratio of the average t, values between the test
samples and the model mixtures of the metabolite for
blood, plasma, urine fell within the permissible range of
99.0-101.0%, and the ratio of peak areas — in the range
of 80.0-120.0%.

The coincidence percentage of the mass spectra
of the 255 m/z molecular ion obtained in the MS2
mode was estimated additionally. The comparison of
the obtained data was performed using the software
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Analyst 1.6.2 at the point of 1 h for blood and plasma
and in the period of 0-4 h for urine. The mass spectra
in biological samples coincided with the mass spectra in
standard model mixtures by at least 89%, which confirms
the metabolite structure. The examples of MS2-mass
spectra of the analyte in the prepared plasma samples
are shown in Figure 10.

Thus, the identified metabolite is an N-hydroxy
derivative of OXSA by the sulfonamide group. Previously,
similar biotransformation examples of drugs containing
this functional group have not been founded in scientific
publications [25-29]. It may be due to the chemical
decomposition of these compounds in biological fluids
during the storage to sulfonic acids.

During pharmacokinetic studies, for an accurate
quantification of the OXSA metabolite, it will be

necessary in future to add stabilizers to the samples
immediately after sampling to prevent their degradation.

CONCLUSION

It was found that the studied drug is metabolized by
formation the main metabolite N-hydroxy-4-(2-methyl-
1,3-oxazole-5-yl)-benzenesulfonamide. This compound
has been identified in plasma, blood and urine of
laboratory animals. The structure of the metabolite was
confirmed by comparing the retention time, the ratio of
the areas of chromatographic peaks at the main MRM-
transitions, as well as mass spectra with its synthesized
standard. The complete pharmacokinetic study of the
drug will be conducted using the synthesized substance
of the identified compound, and its pharmacological
activity will also be studied in the future.
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in endocrinology: comparative analysis of bioequivalence,
safety and tolerability of the first domestic liraglutide

A.S. AmetoV?, I.E. Shokhin?, E.A. Rogozhina3, T.G. Bodrova*, M.E. Nevretdinova®,
P.A. Bely?, K.Ya. Zaslavskaya®, D.V. Kurkin*, K.N. Koryanova’, E.S. Mishchenko’, S.M. Noskov®*®

1 Russian Medical Academy of Continuing Professional Education,
Bld. 1, 2/1, Barrikadnaya Str., Moscow, Russia, 125993

2 Limited Liability Company “Center for Pharmaceutical Analytics”,
8, Simferopolsky Blvd, Moscow, Russia, 117638

3 MIREA — Russian Technological University,

78, Vernadsky Ave., Moscow, Russia, 119454

* Yevdokimov Moscow State Medical and Dental University,

4, Dolgorukovskaya Str., Moscow, Russia, 127006

>Limited Liability Company “Health Practice”,

1, Skobelevskaya Str., Moscow, Russia, 117624

¢ National Research Ogarev Mordovia State University,

68, Bolshevistskaya Str., Saransk, Russia, 430005

7 Pyatigorsk Medical and Pharmaceutical Institute — branch of Volgograd State Medical University,
11, Kalinin Ave., Pyatigorsk, Russia, 357532

8 Yaroslavl State Medical University,

5, Revolutionary Str., Yaroslavl, Russia, 150000

9 Clinical Hospital No. 3,

61, Mayakovskogo Str., Yaroslavl, Russia, 150007

E-mail: kiryonok@yandex.ru

Received 15 July 2023 After peer review 20 Aug 2023 Accepted 25 Aug 2023

Liraglutide is one of the analogues of the incretin hormone human glucagon-like peptide-1 (GLP-1) and is currently a priority
treatment for diseases such as type 2 diabetes mellitus (mono- and combination therapy), obesity and overweight in the
presence of at least one concomitant disease.

The aim of the work was to assess the bioequivalence and comparability of the safety and tolerability profile of the drug
Enligria® (liraglutide 6 mg/ml, Promomed RUS LLC, Russia) and the drug Saxenda® (liraglutide 6 mg/ml, Novo Nordisk AS,
Denmark) after a single dose in healthy volunteers.

Materials and methods. This study was an open-label, randomized, crossover comparative study to evaluate pharmacokinetic
parameters, safety, tolerability and immunogenicity. The study comprised 26 healthy volunteers, 26 of whom were included
in the bioequivalence assessment population. The study consisted of 2 periods, in each of which the volunteers received
either the test drug (liraglutide at a single dose of 0.6 mg) or the reference drug (liraglutide at a single dose of 0.6 mg) once.
The washout period between each dose was 7 days. Blood plasma samples were taken to determine the concentration of
liraglutide in the range from 0 to 72 hours in each study period. Liraglutide concentrations were determined using a previously
validated enzyme-linked immunosorbent assay (ELISA) method. A quantitative determination of antibodies to liraglutide in
the blood serum samples was carried out using a microplate photometer and ready-made ELISA kits pre-validated by the
manufacturer. The conclusion about the equivalence of the compared drugs was made based on the ratio of the parameters
C..o AUC .. and AUC_,, of the studied drug in relation to the reference one.

Results. The pharmacokinetic parameters of the drugs were comparable to each other. The resulting 90% confidence intervals
for the ratio of the values of C__, AUC, and AUC, _ of the Russian test and reference drug were 87.18-110.46, 84.40-104.11
and 86.69-103.22% respectively, which satisfied the criteria for assessing bioequivalence. The tolerability of the drugs in
the volunteers was notified as good. The incidence of adverse events was comparable for the test and reference drugs. No
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serious adverse events were reported throughout the study. According to the results of the immunogenicity analysis, no
antibodies to russian produced liraglutide were detected in the blood serum of the volunteers, which indicated the lack of
the drug immunogenicity.

Conclusion. During the study, the pharmacokinetic equivalence of the test and reference drugs was confirmed. The Russian
drug Enligria® (liraglutide 6 mg/ml, Promomed RUS LLC, Russia) in comparison with a foreign drug Saxenda® (liraglutide
6 mg/ml, Novo Nordisk AS, Denmark)

Keywords: glucagon-like peptide-1; bioequivalence; pharmacokinetics; liraglutide, obesity, type 2 diabetes mellitus, Enligria
Abbreviations: T2DM — type 2 diabetes mellitus; GLP-1 — glucagon-like peptide-1; GIP — glucose-dependent insulinotropic
polypeptide; CVDs —cardiovascular diseases; ASCVDs —atherosclerotic cardiovascular diseases; HbAlc —glycated hemoglobin;
ELISA — enzyme-linked immunosorbent assay; BMI — body mass index; DPP-4 — dipeptidyl peptidase-4; APl — active
pharmaceutical substance; DNA — deoxyribonucleic acid; RNA — ribonucleic acid; Gl tract — gastrointestinal tract; ARVI —
acute respiratory viral infection; PCR — polymerase chain reaction; BAS — biologically active supplement; BP —blood pressure;
HR — heart rate; RR — respiratory rate; ECG — electrocardiography; LDL-C — low-density lipoprotein cholesterol; HDL-C — high-
density lipoprotein cholesterol; AE — adverse event; SAE — serious adverse event; Cl — confidence interval; POMC — pro-
opiomelanocortin, CART — cocaine-amphetamine-regulated transcript; NPY — neuropeptide Y; AgLP — agouti-like protein;
GABA — gamma-aminobutyric acid, CHF — chronic heart failure; CKD — chronic kidney disease.
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JNlvparnytua, ABNAETCA OAHMM W3 aHa/oroB MHKPETMHOBOFO FOPMOHA Ye/I0BEYECKOro FoKaroHonogobHoro nentuga-1
(FMMN-1) 1 B HacTosALLEE BpEMA ABNSETCA NPUOPUTETHLIM CPEACTBOM AJ19 IeYEeHUs TaKuUX 3ab01eBaHU, Kak caxapHblii AnabeT
2-ro TMna (B MOHO- Y KOMBUHWPOBAHHOM Tepanuu), OXKUPEeHWEe U U3BbITOYHAsA Macca Tesla NPU HaAUYKUK XoTa bbl O4HOTO
COnyTCTBYtOLWEro 3abonesaHus.

Lienb. OueHUTb BMO3KBMBANEHTHOCTb M COMOCTAaBMMOCTb Mpoduaa 6e30MacHOCTU M MepPeHOCUMOCTU SIeKapCTBEHHOIO
npenapata dHAnrpua® (nuparnytmua 6 mr/ma, 000 «MPOMOMEL PYC», Poccua) u nekapcteeHHoro npenapata CakceHaa®
(nuparnytug, 6 mr/mn, Hoso Hopauck A/C, JaHuA) Npy O4HOKPATHOM NPUMEHEHWUW 340P0BbIMU A06POBO/bLAMMU.
Matepuanbl 1 metoabl. [laHHOe UcCnefoBaHWE MPeACTaBAANO0 COOOW OTKPbITOE PaHAOMMU3MPOBAHHOE MepeKkpecTHoe
CPaBHWUTENbHOE UCCNeOBAaHME MO OLEHKe GapMaKOKMHETUYECKMX MapameTpoB, 6e30MacHOCTM, MepPeHOCMMOCTU U
UMMYHOreHHOCTU. B nccnesoBaHue 6bliv BKAOYEHbI 26 340POBbIX AOBPOBONBLLEB, M3 HUX B MOMYAAUUIO AN OLEHKM
6M03KBMBANEHTHOCTMU BOLLN BCE 26 Y4aCTHUKOB. OHO BK/IHOYAIO0 2 NepMOAa, B KaXKAOM U3 KOTOPbIX 0OPOBO/IbLbI NOAYYANN
nmbo uccneayembii npenapat (Anparnytng 8 gose 0,6 mr), 1Mbo pedepeHTHbIM npenapat (Avparnytua B gose 0,6 mr)
OAHOKPATHO. OTMbIBOYHbIN NEPUOA, MEXAY KaXKAbIM U3 NpuemMoB cocTasnan 7 cyt. Otbop obpa3Los naasmbl KpoBu Ana
onpeaeneHna KOHLEeHTPaLUn AMparnyTmaa nponssognan B ananasoHe ot 0 40 72 4 B KaXXA0M U3 NEPUOAOB UCC/Ief0BAHMA.
KoHueHTpauuo anparnytmaa onpeaenanm ¢ NOMOLLbIO NpeaBapuTeNbHO BaMANPOBAHHOIO MeToAa UMMYHOGEPMEHTHOTO
aHanmsa (MDA). KonnyectseHHoOe onpeaeneHne aHTUTeN K IMparayTuay B 06pasu,ax CbiIBOPOTKM KPOBM NPOBOAMN C NMOMOLLbIO
dboTomeTpa ANA MUKPOMIAHLLIETOB C MCMNONb30BaHWMEM FOTOBbIX NPeABapUTENIbHO BaNANPOBAaHHbIX Npoussoautenem UPA-
Habopos. BbiBOg, 06 3KBMBANEHTHOCTM CPaBHMBAeMbIX MPEnapaTos Aenanu no otHoweHwto napametpos C ., AUC , u
AUC, ,_, viccnefiyemoro ekapCTBEHHOrO npenapara no OTHOLWEHMIO K pegepeHTHOMY.

Pe3synbratbl. PapmMaKkoOKMHETUYECKME MapaMeTpbl NpenapaTos bbliv conoctaBuMbl mexay coboi. MonyyeHHble 90%-Hble
£0BepuTe/IbHblE MHTEPBAsIbI AN1S OTHOLWeHWA 3HavyeHun C, AUC 1 AUC _ nccieflyemoro poccuivckoro u pedepeHTHoro
npenapata cocrasuan 87,18-110,46, 84,40-104,11 n 86,69-103,22% COOTBETCTBEHHO, YTO YAOBNETBOPAIIO KpUTEpUAM
OLEHKU BMO3KBMBANEHTHOCTU. MepeHOCMMOCTb NpenapaToB y A0O6POBOAbLEB Oblla OTMeYeHa Kak xopolwas. YactoTa
HeXXenatenbHbIX ABAEHWI Oblia comocTaBUma Ans ucciaegyemoro n pedepeHTHOro npenapatoB. B TeyeHwe Bcero
nccnefoBaHUA He Bbl10 3aperncTpMpoBaHO HU OLAHOTO CepPbE3HOr0 HeKesnaTesIbHOro ABeHUsA. Mo pe3ynbraTam aHaAu3a
UMMYHOFeHHOCTN Y A0OPOBO/bLIEB HE OblNN BbIABNEHbI aHTUTENA K IMPArnyTuay POCCUMIMCKOTO NPOU3BOACTBA B CbIBOPOTKE
KPOBM, YTO CBMAETENBCTBOBA/NO 06 OTCYTCTBUM MMMYHOTEHHOCTU Npenaparta.

3aKnoueHune. B xode npoBeAeHHOro wmccnenoBaHus 6blna noaTBepXAeHa (GapMaKOKMHETMYECKas 3SKBUBANIEHTHOCTb
nccnegyemoro U pedepeHTHoOro npenapaTtos. Bbll NPOAEMOHCTPUPOBAH BbICOKUI Npoduab 6e30nacHOCTM U OTCyTCTBUE
UMMYHOFeHHOCTM Y POCCUICKOro mpenaparta dHAurpua® (aunparnytug 6 mr/ma, OO0 «MPOMOME/L PYC», Poccusa) B
CpaBHeHwuM ¢ 3apybexkHbIM Npenapatom CakceHga® (nnparnytug 6 mr/mn, Hoso Hopauck A/C, aHus).

KntoueBble cnoBa: rmoKaroHonogobHbI nentua-1; 6GMoaKBMBANEHTHOCTb; GAaPMAKOKUHETUKA; NNPArIYTUL,; OXUPEHWUE;
caxapHblii AnabeT 2 Tuna; HAUTpUA

Cnucok cokpaweHumit: C[J, 2 — caxapHblii gnabet 2 Tuna; MM-1 — rtokaroHonoaobHbI nentna-1; TN — rtoKo303aBUCMMBbIN
WUHCYIMHOTPONHbIM nonaunentna; CC3 — cepaeyHo-cocyamcTble 3abonesaHus; ACC3 — aTepoCKIepoTUYecKue cepaedHo-
cocyamcTble 3abonesaHus; HbAlc — mMknpoBaHHbIN remornobuH; UOA — ummyHobepmeHTHbIN aHanus; UMT — nHAeKc maccbl
Tena; AMNMN-4— aunentnannnentuaasa-4; AGC —aktnsHan papmaueBTmyeckasn cybcraHums; JHK — nesokcmprboHyKknenHoBas
Kucnota; PHK — puboHyknenHosas kucnota; KT — kenynouHo-kuweyHbi Tpakt; OPBU — ocTpas pecnupaTopHas BUpYCHasA
UHoeKkums; MNUP — nonumepasHaa uenHaa peakums; BAL — 6uonornyeckn aktuBHaa fAobaska; AL, — apTepuanbHoe
nasneHune; YCC —yacToTa cepaeyHblx CoKpaleHnin; Y40 — vacTtoTa ApixaTeNbHbIX ABUKeHUIN; IKT — anekTpokapamnorpadus;
XC JIMHMN — xonectepuvH NUNOMNPOTEMAOB HW3KOW nioTHocTH; JIMBM XC — XonectepuH AMNONPOTEMA0B BbICOKOM
nnaotHoctu; HA — HexenaTtenbHoe sBneHune; CHA — cepbé3Hoe HexenatenbHoe ABneHue; U — noBepUTENbHbIN MHTEPBAN;
MOMK — npoonvomenaHokopTuH, KAPT — KoKauH-amdpeTaMWuH-perynvpyemblit TpaHckpunt; HMY — HenponenTtug Y;
AMNB — arytunoaobHbiit 6enok; TAMK — ramma-ammHomacnsaHas Kucnota., XCH — xpoHuyeckas cepaeyHas Hef0CTaTOYHOCTb;
XBIM — xpoHuyeckan 601e3Hb NMoYekK.

INTRODUCTION

An increased body weight is associated with
metabolic disorders and is a pressing problem in modern
medicine, as it leads To the development of a number
of chronic diseases, including cardiovascular diseases
(CVDs), type 2 diabetes mellitus (T2DM) and also has a
serious impact on mental health?. T2DM is a disorder

1 WHO European Regional Obesity Report 2022. Copenhagen: WHO
Regional Office for Europe; 2022. Available from: https://www.who.
int/europe/publications/i/item/9789289057738#:~:text=Overweig
ht%20and%200besity%20affect%20almost,in%20the%20WHO0%20
European%20Region.

2 Clinical guidelines of the Ministry of Health of the Russian Federation
“Obesity”, 2020. Available from: https://cr.minzdrav.gov.ru/
schema/28_2. Russian
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of carbohydrate metabolism caused primarily by insulin
resistance and relative insulin deficiency or directly by
an impaired insulin secretion®.

The analysis of clinical practice data shows that
patients often have two diseases at once: obesity and
T2DM [1]. Moreover, people with T2DM have more
difficulty losing weight than people without the disease.
This is due to the fact that in an insulin-resistant state,
skeletal muscles and the liver are the main organs
responsible for glucose utilization. Hyperinsulinemia

3 Clinical guidelines Type 2 diabetes mellitus in adults, 2022. Available
from: https://cr.minzdrav.gov.ru/schema/290_2. Russian
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promotes the synthesis and accumulation of
triglycerides, while inhibiting lipolysis in adipocytes;
all these lead to an increase in the volume of adipose
tissue [1, 2]. The result of a compensatory response
to metabolic and hormonal changes that accompany
an initial weight loss is an increase in the synthesis
of orexigenic hormones responsible for stimulating
appetite [1]. Hypoglycemic drugs, such as sulfonylureas,
thiazolidinediones, and insulin, used in the treatment of
patients with T2DM have a number of side effects, such
as hypoglycemia, weight gain, a congestive heart failure,
and osteoporosis, which prevent many patients from
achieving key therapeutic goals*.

In recent decades, the role of incretin hormones in
the regulation of carbohydrate metabolism in the human
body and their effect on B-cells have been actively
studied. Glucagon-like peptide-1 (GLP-1) is one of the
most important incretins, responsible for the production
of insulin after meals, stimulating glucose-dependent
insulin secretion. In addition, GLP-1 suppresses an
excessively increased secretion of glucagon, slows
down gastric emptying, reduces an appetite and
energy consumption, and as a result, it reduces a body
weight [3, 4]>°. The therapeutic potential of native
GLP-1 is limited due to its rapid degradation by the
enzyme dipeptidyl peptidase-4 (DPP-4) and short half-
life (1-2 min). In this regard, liraglutide was developed —
the first analogue of human GLP-1, demonstrating a
persistent improvement in glycated hemoglobin (HbAlc)
levels and normalization of a B-cell function in patients
with T2DM, as well as reducing the body weight of
overweight or obese patients regardless of the presence
or absence of T2DM [3, 5]. Due to the unique structure of
liraglutide, the drug half-life from plasma increases to 13
h compared to 2 min for native GLP-1. A prolonged action
is ensured by three mechanisms: 1) oligomerization into
heptamersthroughthe interaction between hydrophobic
palmitate residues on each liraglutide molecule - the
replacement of one amino acid residue (arginine with
lysine) at position 34 and an addition at position 26 to
lysine of the side chain of C _ palmitic acid, as a result of
which a slow absorption of the drug occurs; 2) binding to
serum albumin in subcutaneous tissue, leading to a longer

4 1bid.

° Register of Drugs of Russia. Instructions for medical use of the drug
Enligria. Available from: https://www.rlsnet.ru/drugs/enligriya-89718.
Russian

5 Assessment report EMA/143005/2015. Saxenda, 2015. Committee
for Medicinal Products for Human Use (CHMP). Russianhttps://www.
ema.europa.eu/en/documents/assessment-report/saxenda-epar-
public-assessment-report_en.pdf
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half-life after a subcutaneous administration (13 h).
Taking into account the maximum concentration of the
drug in the blood, which is observed after 10-14 h, the
duration of the liraglutide action is 24 h” [3-5].

The GLP-1 receptor agonist liraglutide, like native
GLP-1, has beneficial metabolic effects that include a
glucose-dependent stimulation of an insulin secretion,
decreased gastric emptying due to a direct effect on
the hypothalamus, inhibition of food intake leading
to a weight loss, increased natriuresis and diuresis,
lowering total cholesterol and systolic / diastolic blood
pressure®® [3].

The original drug liraglutide was approved for a
medical use in 2009 and is used in clinical practice under
the trade names of Victoza® (Novo Nordisk AS, Denmark)
and Saxenda® (Novo Nordisk AS, Denmark). In addition,
the drugs based on liraglutide are currently registered
in the USA, Japan and some European countries,
including Russia. Phase Il studies on the determination
of the optimal dose have demonstrated that liraglutide
has all the expected properties of GLP-1 in humans: its
administration provides a glucose control throughout
the day, a low incidence of hypoglycemia, and a weight
loss in most patients?®,

At the doses of 1.2 and 1.8 mg/day, liraglutide
has been successfully used in clinical practice for the
treatment of patients with T2DM since 2010. The results
of ameta-analysis of the 6-th phase of II| LEAD (Liraglutide
Effect and Action in Diabetes) studies demonstrated that
liraglutide compared with other glucose-lowering drugs,
ensures a more effective achievement of therapeutic
parameters of a metabolic control HbA1c™ [6].
in the secondary
The LEADER
(Liraglutide Effect and Action in Diabetes: Evaluation

Liraglutide showed benefit
prevention of atherosclerotic CVDs.

of Cardiovascular Outcome Results) study investigated
long-term cardiovascular outcomes during a long-
term liraglutide use (the median of 3.5 years) in
patients with T2DM and high cardiovascular risks. The
study demonstrated the reduction in the likelihood of
developing serious adverse events (SAEs) when using
the drug at a dose of 1.8 mg compared to placebo [7].

7 Register of Drugs of Russia. Instructions for medical use of the drug
Enligria. Russian

8 Ibid.

° Assessment report EMA/143005/2015. Saxenda, 2015.

1 Questions and answers on generic medicines. EMEA document.
EMEA/393905/2006. London, UK: European Medicines Agency,

2007. Available from: www.emea.europa.eu/pdfs/human/
pcwp/39390506en.pdf
1 |bid.
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For the treatment of obesity, liraglutide 3 mg
(Saxenda®, Novo Nordisk AS, Denmark) was registered in
2014. The significant superiority of liraglutide (3 mg) over
placebo in its effect on the body weight was confirmed in
a series of randomized, double-blind, placebo-controlled
studies that were part of the SCALE program (Satiety and
Clinical Adiposity — Liraglutide Evidence in nondiabetic
and diabetic individuals)*? [8-12].

Other
liraglutide has a unique therapeutic potential due to

clinical studies have also shown that
its combined effects on both body weight and glycemic
control [13-15]. Liraglutide is one of the hypoglycemic
drugs that are successfully used in patients with T2DM,
including patients with cardiovascular pathology. In the
SCALE Diabetes study, the proportion of patients who
achieved an level of HbAlc <7% during the treatment
with liraglutide (3 mg) was 69.2 vs. 27.2% (placebo).
In the SCALE Obesity and Prediabetes study, the
prevalence of prediabetes among patients diagnosed
at screening after 56 weeks decreased to 30.8%, while
in the placebo group in the same category of patients it
decreased to 67.3% [10, 11]. During the SCALE research
program, it was noted that therapy with liraglutide
(3 mg) is accompanied by a decrease in the systolic
blood pressure, waist circumference, total cholesterol
and low-density lipoprotein cholesterol (LDL-C), and an
increase in high-density lipoprotein cholesterol (HDL-C),
which also proves that liraglutide therapy helps reduce a
cardiometabolic risk even in patients with CVD [16, 17].

A study examining the effect of liraglutide therapy on
the body weight in adolescents 12 years of age and older
demonstrated that liraglutide was superior to placebo in
reducing the standard deviation of BMI (95% confidence
interval [CI] -0.37 to -0.08; p=0.002), no additional risks
were identified regarding the safety of the drug [18].

At the present stage, liraglutide is included in
Russian clinical guidelines for the treatment of T2DM in
adults, the treatment of obesity in adults and children,
the treatment of chronic kidney disease (CKD) to reduce
the risk of progression in patients with CKD and T2DM,
the treatment of lipid metabolism disorders in patients
with T2DM and CVD, having a very high and high
cardiovascular possibility to reduce the risk of both new
cardiovascular complications (CVD) and the death?®? [5],
which determines its demand in the Russian Federation.

12 Register of Drugs of Russia. Instructions for medical use of
the drug Saxenda. Available from: https://www.rlsnet.ru/drugs/
saksenda-75258

3 Clinical guidelines Type 2 diabetes mellitus in adults, 2022.
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Accordingly, the import substitution of foreign drugs
with Russian analogues and the localization of the full
production cycle from the substance to the finished
dosage form for liraglutide drugs is of particular
relevance and importance from the point of view of
ensuring the country’s medicinal independence.

Liraglutide was presented on the pharmaceutical
market only as a biotechnologically produced
compound. However, taking into account the amino
acid structure of this peptide, its lack of tertiary
structure?®*®, and a number of limitations known for
recombinant drugs, it is advisable to produce the active
pharmaceutical substance (API) liraglutide through
chemical synthesis [19]. Moreover, the production
possibilities of biotechnological drugs are limited by
a low productivity of the strains used, which may
prevent the production of the required amount of the
substance, that can be critical given the demand for
this group of drugs in patients. This factor also indicates
the feasibility of obtaining such drugs by chemical
synthesis.

Thus, it is of interest to develop, analyze and
produce synthetic liraglutide, as well as compare its
physicochemical and biological properties relative to
a biotechnologically produced molecule. Chemical
synthesis is a high-throughput, scalable, commercially
viable process [20-22]. The production of liraglutide
by this method makes it possible to eliminate the
in the

final product characteristic of the vital activity of

spontaneous replacement of amino acids
microorganisms, and to obtain a product of high purity,
with @ minimum amount of predictably identified
impurities, and a high yield [23-25]. Moreover, such
a product is unchanged, homogeneous and does not
contain residual impurities of producer cells, such as
proteins, enzymes, DNA and RNA fragments, which
improves the safety profile and reduces the risk of
immunogenicity, and, consequently, the risk of a
treatment failure [25].

There is a certain pool of studies to prove the
effectiveness and safety of the drug. According to
the FDA guidelines, alpha-amino acid polymers,

* Liraglutide (Compound). Available from: https://pubchem.ncbi.nim.
nih.gov/compound/Liraglutide#section=3D-Status

> |bid.

6 U.S. Food and Drug Administration. ANDAs for Certain Highly Purified
Synthetic Peptide Drug Products That Refer to Listed Drugs of rDNA
Origin Guidance for Industry, 2021. Available from: https://www.fda.
gov/regulatory-information/search-fda-guidance-documents/andas-
certain-highly-purified-synthetic-peptide-drug-products-refer-listed-
drugs-rdna-origin
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such as glucagon, liraglutide, etc., containing up to
40 amino acid residues, are considered not protein
molecules, but peptides!’. According to the FDA, to
confirm the equivalence of a synthetic peptide and
the biotechnologically derived liraglutide contained in
the precursor drug, it is sufficient to demonstrate the
structural identity of the API*® using modern analytical
methods. The Promomed RUS LLC company has
developed its own technology for the production of API
using methods of chemical synthesis and isolation of
liraglutide and a finished dosage form for the treatment
of both obesity and T2DM. For an additional assessment
of the quality and safety of the developed drugs,
its registration in our country in accordance with
the Russian regulatory requirements, in addition to
physicochemical methods of analysis and preclinical
studies, a study of the pharmacokinetics, safety and
immunogenicity of the drug Enligria® (liraglutide
6 mg/ml) was conducted in comparison with a foreign
predecessor drug.

THE AIM of the work was to assess the bioequivalence
and comparability of the safety and tolerability profile
of the drug Enligria® (liraglutide 6 mg/ml, Promomed
RUS LLC, Russia) and the drug Saxenda® (liraglutide
6 mg/ml, Novo Nordisk AS, Denmark) after a single dose
in healthy volunteers.

MATERIALS AND METHODS

Study drugs

of the
identical, the composition of the domestically produced
liraglutide Enligria® (Promomed RUS LLC, Russia), the
solution for the subcutaneous administration, 6 mg/ml

The compositions study drugs were

(hereinafter referred to as Russian liraglutide, test drug)
corresponded to the composition of the reference drug
liraglutide Saxenda® (Novo Nordisk AS, Denmark), and
the solution for the subcutaneous administration of
6 mg/ml (hereinafter referred to as foreign liraglutide,
reference drug).

Physical and chemical research

Spectrophotomery in the ultraviolet region (200—
400 nm). When comparing the absorption spectra in
the ultraviolet region of the Russian and foreign drugs
of liraglutide, Russia, the test solutions of each drug was
diluted with water for injection to the concentration

7 lbid.
8 |bid.
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of liraglutide in the solution of 0.03 mg/ml. The
analysis was carried out on a Shimadzu UV-1800
Spectrophotometer (Shimadzu, Japan), with a spectral
wave range of 190-1100 nm.

Size

exclusion-high-performance liquid

chromatography. Size exclusion chromatography
method was used to determine the quantitative content
of high molecular compounds in the original foreign
drug and a synthetic Russian analogue of liraglutide.
The analysis was carried out on a liquid chromatograph
with a UV detection Agilent 1260 Infinity LC (Agilent
Technologies, USA) using a Tosoh TSK-gel G 2000 SWXL,
7.8x300 mm, 5 um column. The study was carried out at
a wavelength of 276 nm.
Reversed-phase

high-performance liquid

chromatography. A reverse-phase chromatography
method was used to determine the quantitative
content of liraglutide, its impurities and phenol in the
foreign drug and a synthetic Russian analogue, as well
as a confirmation of the authenticity of the active
substance (liraglutide) and preservative (phenol). The
analysis was carried out using a liquid chromatograph
with a UV detection Prominence (Shimadzu, Japan), at
a wavelength of 215 nm. For the analysis, Jupiter 4 um
Protea 90A (Phenomenex, 250x4.6 mm, 4 um, 90 A) and

Luna RP C8 (2) (Phenomenex, 4.6x50 mm, 5 um) columns

were used.

Verification of amino acid sequence
and determination of intact mass using gas
chromatography-mass spectrometry (LC-MS).

The confirmation of the authenticity of the target
component in the original foreign drug and the Russian
analogue of liraglutide was carried out using the
tandem mass method — high-resolution spectrometry
on a quadrupole-time-of-flight mass spectrometer
maXis 4G ETD (Bruker, USA). The Amino acid sequence
verification was carried out by a peptide mapping
with a peptide identification by HPLC/MS/MS with an
electrospray ionization (ESI) and a secondary collision-
initiated ionization (CID). The peptide identification was
performed by precise monoisotopic mass using high-
performance liquid chromatography-high-resolution
mass spectrometry (HPLC/MS) with an electrospray

ionization (ESI).

Study of biological activity in vitro
The biological activity of the studied drugs was
assessed in vitro on the CHO-K1/GLP-1R cell culture
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(GenScript, USA). This cell line has receptors for GLP-1,
to which the active ingredient of the drugs, liraglutide,
binds.

The cultivation of the cell line was carried out
using the RPMI culture medium (PanEco, Russia) with
the addition of a penicillin / streptomycin solution
(1%) and fetal bovine serum (10%), under standard
conditions (temperature — 37+1°C, CO, content — 5£1%),
for 2 days. The resulting suspension was diluted to the
concentration of 2.5x105 cells/ml, transferred into 96-
well plates (5x103 cells/well), and incubated.

Upon the incubation completion, the medium was
removed from the plates and 7.5 pl of the test samples
were added, after which the plates were mixed for
30 sec and incubated at room temperature for 20 min.
Then, 7.5 pl of the lysis buffer was added to the plates
and incubated at room temperature for 15 min with
continuous stirring.

The results were assessed using the cAMP-GloTM
Assay kit (Promega, USA) in accordance with the
instructions for the kit.

Assessment of bioequivalence, safety profile,

tolerability and immunogenicity

This phase | clinical trial No. LIR-062022 was
an open-label, randomized, crossover, two-period
comparative study in healthy volunteers. The study

design is presented in Figure 1.

Study conditions and duration

The study was conducted from January 23 to April
25, 2023 at the research center of the Yaroslavl Region
Clinical Hospital No. 3 (Yaroslavl, Russia).

Ethical approval

The study complied with the ethical principles set
forth in the Declaration of Helsinki, as recently revised,
the rules of Good Clinical Practice of the Eurasian
Economic Union, the Rules of Good Clinical Practice of the
International Council for Harmonization (ICH E6 GCP R2),
as well as other legislation applicable to this study. The
clinical trial protocol was approved by the Ministry of
Health of Russia (Permission No. 725 dated December
26, 2022) and the Ethics Council of the Ministry of Health
(extract from Protocol No. 335 of the meeting dated
May 30, 2023), as well as the local ethics committee at
the research center of the state budgetary healthcare
institution of the Yaroslavl region “Clinical Hospital
No. 3” (extract from Protocol No. 165 of the meeting
dated September 30, 2022).
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Study objects

and eligibility criteria

A total of 26 healthy volunteers, men aged 18 to
45 years (32.42+7.78 years), were included in the study.
All participants signed an informed consent form and
expressed their ability and willingness to comply with
all requirements of the study Protocol. In addition,
the main inclusion criteria were: body weight >50 kg;
BMI 18.5-26 kg/m? inclusive; a verified diagnosis
“healthy” according to standard clinical, laboratory and
instrumental examination methods; negative results of
tests for the use of alcohol, psychotropic and narcotic
substances and willingness to stop drinking alcohol
during the participation in the study. The participants
were warned to use reliable methods of contraception
and to abstain from sperm donation throughout the
study and for 3 months after the end of the study.

The main non-inclusion criteria were: the presence
of chronic diseases of various organ systems; mental
illness; hypersensitivity to study drugs; administration of
liraglutide or other analogues of human GLP-1 in past
history, taking medications that have a pronounced
effect on hemodynamics and/or a liver function for less
than 2 months before screening; taking illicit drugs less
than 4 weeks before screening; inability to perform
subcutaneous injections; any history of difficulty with
blood collection or any vasovagal seizures during
blood collections; history of surgical interventions on
the gastrointestinal tract (except appendectomy). The
volunteers were not allowed to take part in the study if
you had the following diseases and conditions: a history
of medullary thyroid cancer, including a family history;
a history of multiple endocrine neoplasia type 2; severe
depression; suicidal thoughts or behavior, including a
history; acute infectious diseases or ARVI symptoms
for less than 4 weeks before screening; presence of a
positive PCR test for SARS-CoV-2. The volunteers were
excluded from the study if they refused to participate in
the clinical trial, if they were taking drugs for prohibited
therapy and if they were tested positive for the use of
alcohol, psychotropic and/or narcotic substances, if
there were gross violations of the requirements and
procedures of the Protocol, if adverse events occurred,
or if a volunteer had any diseases or conditions that
made his further participation in the study impossible
during the study. The study physician had a right to
arrive at the decision to exclude a volunteer in the best
interests of the volunteer.
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Figure 1 — Study design
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Figure 2 — Absorption spectrum of liraglutide
Note (here and in Fig. 3—6): 1 — synthesized Russian liraglutide; 2 — foreign liraglutide, an original drug.
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Figure 3 — Chromatograms for determining the content of high-molecular compounds in the drugs
of liraglutide, a solution for subcutaneous administration of 6 mg/ml

Table 1 — Chromatographic analyses results of liraglutide drugs

Saxenda®, solution for subcutaneous Enligria®, solution for subcutaneous

Index administration 6 mg/ml, Novo Nordisk administration 6 mg/ml, Promomed
AS, Denmark RUS LLC, Russia

uantitative determination of

I?raglutide, mg/ml 64 63

Amount of impurities, % 2.367 0.904

Hydrophilic impurities, % 0.164 0.072

Impurity A, % 0.614 0.515

Impurity B, % 0.877 0.241

Impurity C, % 0.346 0.076

Hydrophobic impurities,% 0.366 None

Phenol, mg/ml 5.51 5.4

Table 2 — Average values of pharmacokinetic parameters after administration of the study / reference drug

Results, MeantSD
Saxenda®, solution for subcutaneous Enligria®, solution for subcutaneous

Parameter administration 6 mg/ml, Novo Nordisk administration 6 mg/ml, Promomed
AS, Denmark RUS LLC, Russia

C_ (ng/ml) 53.68+21.65 54.70£21.91

T..(h) 11.93+4.60 13.60+4.94

AUC, . (ng*h/ml) 2313.96+671.11 2468.50+904.96

AUCHN(ng*h/mI) 2695.30+£677.48 2849.24+905.32

AUCU%/AUCU_M (%) 85.84+4.57 86.6315.00

K, (h™) 0.04+0.007 0.042+0.011

T,,(h) 17.45$3.19 16.54+3.35

2 0] 5.60+2.21 5.03+2.51

AUC,. (%) 13.35+4.56 12.23+5.00

(t-o0)

Note: C_ —maximum plasma concentration; T _ —time to reach C__; AUC . —is the area under the plasma concentration-time curve from the
administration moment to the last determined concentration at time point t; AUC ,  —area under the plasma concentration-time curve from the
moment of taking the drug to infinity; K, — terminal elimination rate constant; V, — apparent volume of distribution.
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Table 3 — Values of calculated 90% confidence intervals for indicators of relative liraglutide bioavailability
after Russian and foreign drugs administration

Indicator Ratio of geometric means Calculated values 90% ClI CV, .. %
f 98,13+34,24 87,18-110,46 25,33
C(T/C ., (R)

! 93,74+26,73 84,40-104,11 22,38
AUC,, (T)/ AUC,, (R)

f 94,60+21,78 86,69-103,22 18,55
AUC,.,_ (T)/ AUC,._ (R)

Note: C__ —maximum plasma concentration; AUC_, — area under the “plasma concentration —time” curve from the moment of administration to

0>t

the last determined concentration at time point t; AUC ,_ is the area under the “plasma concentration —time” curve from the moment of taking
the drug to infinity ; T — test drug; R — reference drug.
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Figure 4 — Verification results of the amino acid sequence of liraglutide drugs samples,
solution for subcutaneous administration 6 mg/ml
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Figure 5 — Identification results of protein masses in samples of liraglutide, solution for subcutaneous
administration 6 mg/ml (after deconvolution)
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Figure 6 — Dependence graphs of RLU vs protein concentration, obtained as a study part
of the connection with GLP-1 receptors of the active substance of liraglutide samples
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Figure 7 — Mean values (Geom Mean) of drug concentrations in linear transformation
without standard deviations

The exclusion criteria were: a refusal of the volunteer
to participate in the clinical trial; the research physician
decided that the volunteer should be excluded in the
interests of the volunteer himself; an erroneous inclusion
of a volunteer who does not meet the inclusion criteria
and/or meets the non-inclusion criteria; a positive test
for the use of alcohol, psychotropic and/or narcotic
substances; being late to the clinic for hospitalization
by more than 1 h; skipping 2 or more blood samples to
determine pharmacokinetic parameters in a row during
one study period or three blood samples to determine
pharmacokinetic parameters during one study period; a
volunteer’s administration of vitamins, BAS, medications,
including herbal and/or homeopathic, with the exception
of the test / reference drug; if a volunteer develops any
diseases or conditions that make it impossible for him to
further participate in the study; if a volunteer refuses to
cooperate, is not disciplined, and does not comply with
the rules of participation in the study.

Concomitant medications and exclusion criteria
were assessed throughout the volunteer’s participation
in the study. The total duration of the study for each
volunteer was not more than 25 days.

Randomization procedure

Each volunteer who met all the inclusion criteria
and did not meet any of the non-inclusion criteria
was assigned a randomization number in accordance
with the randomization plan prepared for this study in
the WinPepi 11.65 program (ETCETERA 3.26 module)
using the random number generation method. The
randomization number of the volunteer was entered by
the study physician into the Screening / Randomization
of Study Subjects Log. If a volunteer left the study
prematurely, their randomization number was not
reused and the volunteer could not subsequently return
to the study.

266

Drugs administration

The test drug was Enligria® (liraglutide, a solution
for the subcutaneous administration, 6 mg/ml,
Promomed RUS LLC, Russia. The reference drug was
Saxenda® (liraglutide, a solution for the subcutaneous
administration, 6 mg/ml, Novo Nordisk AS, Denmark).
The volunteers who had met the inclusion criteria and
those who had not met the non-inclusion criteria, were
randomized into 2 groups in a 1:1 ratio. Group | (n=13)
received Russian liraglutide in the first period of the
study, and a reference drug, foreign liraglutide, in the
second period of the study. Group Il (n=13) received
the reference drug in the first period of the study, and
the test drug in the second period. The reference / test
drug was administered at a single dose of 0.6 mg
subcutaneously in the abdominal area. The choice
of a dose is based on the Russian and international
regulatory requirements for the ethics and safety of the
drugs administration in healthy volunteers?®,?, as well
as taking into account the requirements of Good Clinical
Practice, within the framework of which, before the start
of the study, an assessment of the ratio of foreseeable
(predictable) risks and inconvenience (in in this case, the
effect of the active substance on the glycemic profile
and insulin production) with the expected benefit for
the study subject and society, in healthy volunteers. It
should be also noted that for the selected dose there is
the experience in the clinical administration of the drugs
biosimilar to liraglutide in healthy volunteers®? [4].

¥ WMA declaration of Helsinki — Ethical principles for medical research
involving human subjects. Edinburgh, Oct. 2000, 50 p.

20 Decision of the Council of the Eurasian Economic Commission
dated November 3, 2016 No. 85 (as amended on February 15, 2023)
“On approval of the Rules for conducting bioequivalence studies of
medicinal products within the framework of the Eurasian Economic
Union”. Available from: https://www.consultant.ru/document/cons_
doc_LAW_207405/. Russian

21 Register of Medicines of Russia. Instructions for medical use of the
drug Enligria.

2 Assessment report EMA/143005/2015. Saxenda, 2015.
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It is worth noting that the research results show linearity
and proportionality of the kinetics with increasing
doses according to the dosage regimen of liraglutide
in accordance with the instructions for a medical
administration, which also confirms the validity of the
chosen dose in healthy volunteers and confirms the
consistency of the results of pharmacokinetic parameters
and safety parameters comparison regardless of the
dose increase [4, 26, 27]. The washout period was 7 days
and began immediately after the test / reference drug
had been administered to the volunteer during period I.
According to the literature, the half-life of liraglutide is
about 13 h [4]. Thus, to minimize the risks of the first
dose influence of drugs, the washout period should be
at least 5 half-lives, i.e. at least 65 h.

To administer the test / reference drug, the
volunteers were admitted to the hospital the evening
before and at least 10 h before the drug administration.
During the period of their stay in the hospital, the
volunteers complied with the rules of their stay. The
duration of hospitalization was no more than 4 days.
During the study, the administration of vitamins, dietary
supplements and/or medications, including herbal and
homeopathic drugs, was prohibited, except as provided
for in this Protocol. During the entire study, from the
start of the screening examination until the completion
of the final examination, the volunteers abstained from
foods and drinks that may affect a circulatory function, a
gastrointestinal function, a liver or kidney function, and
an alcohol intake.

Preparation and sampling

After the randomization and before the
administration of the test / reference drug, the volunteers
were placed in a cubital heparinized catheter for no more
than 16.5 h. After the removal of the catheter, the blood
was collected from the volunteers by venipuncture. The
blood samples were taken to determine pharmacokinetic
parameters at the following time points: 10-15 min
before the administration of the test / reference drug
(the initial (0) sample) and then after 1, 3,5, 7, 8, 9, 10,
11,12, 13, 14, 15, 16, 24, 36, 48, 60 and 72 h after the
liraglutide administration. The original (0) sample was
also used to assess immunogenicity. Thus, in all periods
of the study, 19 blood samples were taken for each
volunteer (6 ml each) for pharmacokinetic studies.

Blood samples were collected to assess the
immunogenicity of the test / reference drug 10-15 min
before the administration of the test / reference drug in
periods | and Il of the study. During screening, a blood
volume of no more than 18 ml was taken for clinical,
biochemical, serological tests and the determination of
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blood glucose levels using a glucometer. At the end of
the Il period of the study, the blood was also collected
for clinical, biochemical tests and the determination of
blood glucose levels using a glucometer (12 ml). Blood
samples were collected in test tubes to obtain serum
with a coagulation activator. After a clot formation, the
tubes were centrifuged, and the resulting serum was
carefully transferred into pre-labeled cryovials, dividing
the serum into two aliquots: one for analysis (aliquot A),
the other for repeat tests (aliquot B). The serum samples
were frozen immediately after the receipt, transferred
to cryovials and stored at the temperature not
exceeding -70°C.

Analytical method

Pharmacokinetics was assessed by the concentration
of liraglutide in the blood plasma and antibodies
to it in the blood serum of each volunteer after the
subcutaneous administration of the test / reference
drug. A quantitative determination of liraglutide in
serum samples was carried out using a HiPo MPP-96
microplate photometer (Biosan, Latvia). The calculation
of liraglutide concentrations was carried out using the
Quant Assay v0.8.2.6 Software, and the concentrations
of antibodies to liraglutide — using GraphPad Prism
8.4.3. The determination of liraglutide in blood
serum samples was carried out using a previously
validated enzyme-linked immunosorbent assay (ELISA)
method using a commercially available Enzyme-linked
Immunosorbent Assay Kit For Liraglutide (LRT) Organism
Species: Pan-species (General) (CEV769Ge 96 Tests)”;
antibodies to liraglutide — using the KRIBIOLISATM Anti-
Liraglutide ELISA kit. The sensitivity of the method was
4.64 ng/ml, the detection range was 12.35-1000.00 ng/ml.
The preparation of calibration samples from the kit
was carried out by diluting the standard sample. The
analytical range was selected in accordance with the
instructions for the kit.

Safety and tolerability assessment

During the study, a clinical observation of
volunteers was carried out with the assessment of
physical examination data, including a survey about the
volunteer’s complaints, basic vital signs (BP, HR, RR, body
temperature), 12-lead ECG, laboratory parameters of
clinical, biochemical blood tests, general urine analyses,
determining blood glucose levels using a glucometer.
Safety assessment criteria included the frequency and
severity of AEs recorded based on abnormal laboratory
test results, physical examinations, vital signs, and ECG;
a number of cases of early participations’ termination in
the study due to the development of adverse events (AEs)
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and/or serious adverse events (SAEs), including those
related to the test / reference drug; the frequency
of volunteers with detected antibodies to liraglutide;
the assessment of the overall tolerability of the
test / reference drug on a Likert Scale. The safety and
tolerability of liraglutide were assessed for all volunteers.
The identification of AEs occurred from the moment of
the administration of the study drugs until the end of the
volunteer’s participation in the study.

Pharmacokinetic parameters: a
concentration of the substance in the blood serum
(C,.); the time to reach C__ (T__); the area under the
concentration-time curve from the moment of the drug
administration to the last determined concentration
at the time point t (AUC . ); the area under the
pharmacokinetic curve, starting from the zero time
value to infinity (AUC_, _); the ratio of AUC . values to
AUC_,_ (AUC , /AUC . ); a terminal elimination rate
constant (Ke ); half-life (Tm); volume of distribution (V);
residual (extrapolated) area under the curve, determined
by the formula AUC ,_-AUC . /AUC . (AUC__%); the
indicators of relative bioavailability and a relative degree
of absorption (f=AUC ,_ (T)/AUC (R); f=AUC_, (T)/
AUC, (R); f'=C__(T)/C__ (R)).

maximum

0500

max max

Statistical analysis

To calculate the number of participants, the data
on the coefficients of intra-individual variability (CV, )
of the C__, AUC_ and AUC__ parameters of liraglutide
were used. According to the literature sources, the
intraindividual coefficient of variation for C__, AUC .
u AUC,_ of liraglutide does not exceed 21% [7]. In a
crossover design, taking into account that the 90% Cl was
80.00-125.00%, CV,_ _=21%, a=0.05, a study power —
80%, a geometric mean ratio — 0.95, it was necessary
to include at least 21 healthy volunteers (22 volunteers,
taking into account an equal distribution in the study
groups), who had completed the study and were
included in the statistical analysis. Taking into account
dropouts, the study planned to randomize 26 healthy
volunteers.

For pharmacokinetic calculations, the
time of blood sampling was used. The calculation of
pharmacokinetic parameters, a statistical analysis of
safety indicators and the presentation of results were
carried out using statistical packages StatSoft Statistica
version 10.0/13.3, IBM SPSS Statistics 22 and using the
R Project program (version 3.5.1, GPL-2/GPL-3 license)
with the extension bear, version 2.8.3-2. The indicators
used to evaluate the pharmacokinetics of liraglutide are

presented in Table 1.

actual

268

For all pharmacokinetic parameters, the following
statistical parameters were calculated: an arithmetic
mean, a geometric mean, a standard deviation of the
mean, a variation coefficient, median, minimum and
maximum values, scatter.

A statistical analysis was carried out based on the
assumption of a log-normal distribution of AUC_,
AUC distribution of other
pharmacokinetic parameters with the exception of T _ .
After a logarithmic transformation, these parameters
were analyzed using the analysis of variance (ANOVA),
with a standard significance level of o=0.05. The
analysis of variance was used to test hypotheses about
the statistical significance of the contribution to the
observed variability of the following factors: differences
between drugs, differences between healthy volunteers,
sequence drug administration, study periods.

C and a normal

0-c0” max

The conclusion about the equivalence of the
compared drugs was made using an approach based on
the assessment of 90% Cl for the ratios of the geometric
mean values of the C AUC,,, AUC, _ liraglutide
parameters.

For all the safety and tolerability indicators collected

max’ 0-t/

during the study, the descriptive statistics data are
presented. For the analysis of frequencies, proportions,
a two-sided version of Fisher’s exact test or the ¥? test
was carried out. To compare quantitative continuous
indicators, the Student’s t-test (in the case of a normal
distribution) or the Mann-Whitney test (in the case of
a non-normal distribution) were used. The differences
were considered statistically significant at p <0.05.

RESULTS
Physical and chemical research

Spectrophotomery in ultraviolet spectrum

The results obtained (Fig. 2) demonstrated the
similarity of the absorption spectra in the UV of foreign
liraglutide (min=242.4 nm; max=269.6 nm) and domestic
liraglutide (min=242.2 nm; max=269, 4 nm).

Size exclusion-high-performance

liquid chromatography

Typical chromatograms obtained during the
determination of high-molecular compounds are shown
in Figure 3.

The results obtained demonstrate the comparability
of the retention time of high-molecular compounds
and liraglutide, as well as the comparability of the
guantitative content of impurities of high-molecular
compounds in the preparation of foreign (0.131%) and
Russian (0.052%) liraglutide.
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Reversed-phase high-performance

liquid chromatography

Based on the results obtained (Table 1), it is shown
that the retention time of the chromatographic peaks
of liraglutide in the reference drug and in the test drug
was about 14.7 min, the chromatogram peak profiles
for liraglutide and impurities were similar. Moreover,
at the time of the analysis, the content of impurities
in Russian liraglutide was 3.5 times lower than in
a foreign-made drug, which may be due to the
technology for its production.

Moreover, the Russian liraglutide, which contains
a synthetic molecule, did not contain hydrophobic
impurities.

The retention time of the chromatographic peaks
of phenol in the drugs was about 1.3 min, which
corresponded to the retention time of phenol in the
reference solution. The data obtained indicate that
the phenol content in the drugs of foreign and Russian
liraglutides is almost equivalent.

Verification of the amino acid sequence

and determination of intact mass using

gas chromatography-mass spectrometry (LC-MS)

The results of verification of the amino acid
sequence of a domestically produced liraglutide sample
with a chemically synthesized active substance and
foreign liraglutide are presented in Figure 4.

The results of the protein masses identification
taking into account possible isoforms of the sample with
chemically synthesized Russian and foreign liraglutides
are presented in Figure 5.

As a result of the amino acid sequence verification,
a 100% coverage was obtained for all samples. The
amino acid sequence of the samples fully corresponded
to the declared one. As a result of the identification
based on the exact mass of the protein, taking into
account possible isoforms, it was found that the exact
monoisotopic mass of all samples corresponded to the
declared structural formula.

Biological activity in vitro

Dependence graph of RLU vs protein concentration
are presented in Figure 6.

The results obtained demonstrate the comparability
of the Russian drug (EC, =1.545) biological activity with a
chemically synthesized active substance and the original
foreign liraglutide (EC,=1.551). The range of activity
of both study drugs is from 80 to 120% relative to the
standard sample.
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Bioequivalence and comparability of safety
and tolerability profile

Population

A total of 26 male volunteers were included in
the study. All the volunteers were included in the
population for the safety assessment, pharmacokinetic
analysis and bioequivalence assessment. The
average age of the volunteers in the population was
32.42+7.78 vyears, the average body weight was
78.61+5.27 kg, the average height was 178.62+4.99 cm,
theaveragebody massindex (BMI)was24.62+0.94kg/m?.
Demographic and baseline characteristics (gender, age,
race, weight, height) of the volunteers did not differ
between the groups.

Pharmacokinetics and bioequivalence

The average values of the main and additional
pharmacokinetic parameters after administration of the
test and reference drugs are presented in Table 2.

A graph of the dynamics of average liraglutide
concentrations during the administration of the test /
reference drug is shown in Figure 7.

As it follows from the presented data, the mean
values of both main and additional pharmacokinetic
parameters obtained after the use of the test and
reference drugs were comparable to each other.

According to the results of the statistical analysis,
the obtained 90% CI for the ratio of the values of
C... AUC  and AUC _ of the studied Russian and
foreign drugs were 87.18-110.46, 84.40-104.11 and
86.69-103.22%, respectively. The intra-individual
coefficients of variation calculated based on the ANOVA
analysis were 25.33% for the C.o value, 22.38% for the
AUC,, value and 18.55% for the AUC, _ value.

Thus, the intervals obtained during the study fully
complied with the equivalence limit of 80.00—-125.00%
for C.. AUC, and AUC, _, clearly demonstrating
the bioequivalence of the study and the reference
drugs (Table 3).

The results of the ANOVA showed that the
differences in the mean values of the main
pharmacokinetic parameters were not statistically
significant and had not been caused by the differences
between the compared drugs for the factors “Sequence
of the administration”, “Period” and “Drug” for the
pharmacokinetic parameters of C__, AUC  and AUC .

Safety

All volunteers completed the study entirely in
accordance with the approved study protocol. During
the study, no AEs were recorded in the volunteers. In
100% (26) cases, the tolerability among the volunteers
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was rated as “good.” No SAEs were identified in the
volunteers during the study or after its completion. No
deaths were observed. There were no cases of pregnancy
of the sexual partner of a study participant during
the study or after its completion. No abnormalities
were found in the results of clinical and biochemical
blood tests, the determination of blood glucose levels,
general urinalyses, vital signs, physical examinations
and ECGs.

Immunogenicity assessment

According to the results of the immunogenicity
parameters analysis, no antibodies to liraglutide were
detected in the blood serum of the volunteers, which
indicated the absence of immunogenicity of the drug.
No unexpected results were noted during the study.

Thus, the test drug Enligria® and the reference drug
Saxenda® had a similar safety profile. At the same time,
no cases of immunogenicity were observed for the
domestic drug, which confirms a high safety profile and
reduces the risk of ineffective therapy.

DISCUSSION

A wide range of liraglutide benefits makes it a
strategically advantageous and attractive product for
manufacturing. Based on this, the authors searched
for ways to obtain this compound and analyzed the
advantages and disadvantages of each method in order
to fully form the evidence base in favor of this compound.

Biotechnological method for the production

of liraglutide

Liraglutide, developed by Novo Nordisk
(US7572884B2 [28], US7273921B2 [29]), was first
introduced to the Russian market in 2010 as a
hypoglycemic agent called Victoza®, a solution for the
subcutaneous administration, 6 mg/ml [30]. The peptide
precursor of liraglutide was obtained by the genetic
recombination technology [31] using Saccharomyces
cerevisice to express the Arg34GLP-1 molecule
(7-37), the structure of which was designed to be 97%
homologous to native human GLP-1 by amino acid
substitution arginine to lysine at position 34 [32, 33].
After that, liraglutide itself was obtained by adding C
palmitic acid through a glutamine spacer to the e-amino
group of lysine located at position 26 [32].

Saccharomyces cerevisiae is a biologically safe strain
with simple geneticmanipulationsanda clear mechanism
for regulating gene expression [34]. Compared with the
complete chemical synthesis of liraglutide, semichemical
synthesis, including expression of the precursor peptide
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in a genetically engineered protein expression system
and a further chemical modification of them, is more
economical and environmentally friendly [33].

However, such eukaryotic systems have a number
of disadvantages. It is known that the expression level
of heterolytic proteins in Saccharomyces cerevisiae,
especially GLP-1 polypeptides, is highly dependent on the
protease during fermentation. That is why researchers
attempted to knock out various protease and glycosylase
genes in S. cerevisiae to create a protease-deficient
strain in order to increase the expression and reduce the
degradation of the target product [34].

Currently, the expression of foreign genes can be
carried out using not only eukaryotic systems, but also
prokaryotic ones [35]. Escherichia coli (E. coli) is one of
the preferred expression systems (US10851146B2 [31],
CN114807205A [36], US2020024321A1 [37]), since its
genetic background and regulatory mechanism are well
studied [35], it is able of reproduction and does not
require expensive equipment [35, 38, 39].

Despite all the advantages of using eukaryotic and
prokaryotic expression systems to produce the liraglutide
precursor peptide, a biotechnological production has a
number of significant disadvantages. The main challenge
is to ensure a genetic stability and an adequate product
yield, since the expression systems used may produce
proteins with imperfect structures. When producing
liraglutide using recombinant technology, it is also
necessary to prove that the product is not contaminated
with microorganisms and does not contain their
metabolic products [40]. Based on this, there is a need
to study and develop methods for obtaining liraglutide
via an alternative route.

Chemical synthesis

There are two standard approaches to the
chemical synthesis of GLP-1 agonists, i.e., liquid-
phase peptide synthesis and solid-phase peptide
synthesis. In addition, hybrid approaches can be
used, as described in patents WO 2019069274 [40]
and CN104650219 [41], in which the fragments are
first synthesized by one of the above-mentioned
methods and then are condensed together [42].
The main disadvantage of this synthesis is that the
condensation reaction requires an excessive amount of
peptide fragments, which in turn leads to serious losses,
the formation of a large number of impurities, and as
a result, complicates the purification of liraglutide,
thereby preventing the obtaining of a pure target
product [43]. It is possible to increase the yield of the
peptide and obtain a product of a greater purity using
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a hybrid approach through the process of ultrasonic
radiation and binding of fractionated peptides using an
ionic liquid and a eutectic solvent [44].

The main challenge in the synthesis of a compound
such as liraglutide is the introduction of a lipophilic
group into the Lys® lysine side chain. The creation of
this branched structure can be achieved by directly
introducing a lipidated dipeptide intermediate into
the growing peptide chain or by using an orthogonally
protected lysine. In the first case, to obtain a lipidated
building block, orthogonally protected lysine is chosen
as the starting material in order to selectively form a
peptide bond between the e-amino group of lysine and
the Y-carboxylic group of glutamic acid [24]. For example,
patents US11066439B2 [22] and W02013/037266 [45]
describe the solid-phase synthesis of liraglutide using
lysine containing in its structure an allyloxycarbonyl
protecting group (Alloc), the removal of which requires
a metal catalyst - tetrakis(triphenylphosphine) palladium
Pd(PPh.), [22, 43]. However, this method cannot be
used for a large-scale production due to technological
difficulties and high costs. In addition, the proposed
Pd(PPh,), catalyst is sensitive to moisture, therefore, the
reaction must be carried out under strictly controlled
conditions, and when obtaining the final product,
the content of heavy metals must be taken into
account [22].

The use of copper (Il) lysinate can greatly simplify
the preparation of the palmitoylated intermediate, since
copper complexes of trifunctional amino acids such as
Lys, Asp or Glu can provide a temporary protection to
selectively introduce protecting groups into the side
chain. This method is commercially viable as it is widely
used in the production of protected amino acids as raw
materials for industrial peptide synthesis. Moreover,
the procedures for storing and disposing of copper-
containing waste are well known and do not pose any
particular problems due to the low toxicity of copper
salts [24].

In the drug Enligria®, the active substance liraglutide
is obtained as a result of chemical synthesis. This
method has a number of advantages in the production
of peptides, ensuring the stable production of a
clearly defined peptide structure, which is associated
with a predictable and controllable effect and the
exclusion of foreign impurities of producers (proteins
and biomolecules) from entering the finished form,
which ensures a high degree of purity and eliminates
the risks of changes in the properties of the resulting
substance; it also reduces the risk of AEs and
immunogenicity [22, 44, 46, 47].
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Key benefits of liraglutide

As stated earlier, liraglutide is a human GLP-1
analogue that stimulates glucose-dependent insulin
secretion. However, the mechanism of a liraglutide
action has a number of differences from the effects of
native GLP-1. As a result of the experimental work on the
animals, it was found that the drug has a predominantly
central effect, exerting an effect in the arcuate nuclei
of the hypothalamus. When administered peripherally,
liraglutide, by binding to GLP-1 receptors, activates a
pool of anorexigenic pro-opiomelanocortini and cocaine-
amphetamine-regulated transcript, or otherwise
POMC/CART-producing neurons. At the same time, a
decrease in the orexigenic neurons activity producing
neuropeptide Y (NPY) and agouti-like protein (AgLP)
occurs indirectly, by inhibiting the GABA production [48,
49]. According to the studies conducted in humans, the
administration of liraglutide statistically significantly
increasedthefeelingoffullnessaftereating,anddecreased
the severity of hunger compared to placebo. At the same
time, a slowdown in gastric emptying was observed
only during the first hour after the drug administration;
after 5 h, the difference compared to placebo, was not
traced [50].

The studies have shown that liraglutide (1.8 mg),
without taking into consideration other GLP-1 analogues,
is one of the priority drugs in patients with T2DM and
with indications of a high risk of CVD or existing CVD, CHF,
CKD. Liraglutide (3 mg) was the only drug from the GLP-1
group with the indication (in Russia) of “the correction
of body weight in adults and adolescents with obesity or
overweight in the presence of concomitant diseases”?.
In the Russian Federation, foreign-made liraglutide
drugs have recently become commercially unavailable
due to supply restrictions from the manufacturing
company.

In 2023, liraglutide was included in the list of
drugs that are in defect or for which there is a risk of
its occurrence?®. The company Promomed RUS LLC has
developed the drug Enligria® based on liraglutide. The
phase | comparative clinical study was conducted in
accordance with the current legislation of the Russian
Federation and the EAEU.

On September 14, 2023, the state registration of the
first domestic liraglutide drug Enligria® (LP 008822) was

2 Clinical guidelines of the Ministry of Health of the Russian Federation
“Obesity”, 2020.

24 State register of drugs of the Russian Federation. Liraglutide.
Available from: https://grls.rosminzdrav.ru/grls.aspx?s=%D0%
BB%D0%B8%D1%80%D0%B0%D0%B3%D0%BB%D1%83%D1
%82%D0%B8%D0%B4&m=INN
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carried out, which returns the opportunity to personalize
therapy for patients with obesity and overweight.

Despite some limitations of the study, in particular,
the participation of only healthy male volunteers, the
study was conducted in accordance with GCP standards
and Russian and international recommendations
developed for this group of drugs.

During the administration of the drug Enligria®,
no AEs were identified in the study participants, and a
good tolerability was noted. There were also no SAEs
identified. Separately, it is worth noting that none of the
participants had antibodies to liraglutide (Enligria®). In
obese or overweight patients with at least one comorbid
condition receiving the reference drug liraglutide 3.0
mg, the most commonly reported side effects were
mild to moderate gastrointestinal disturbances. In
this group, 2.5% of patients developed antibodies
to liraglutide, which did not lead to a decrease in the
effectiveness of the drug?® [8, 9—12]. The main factors
influencing the likelihood of an immune response?
include the manufacturing process, formulation, and
stability characteristics of the drug? [51]. The reference
drug of liraglutide uses a biotechnological method of
recombinant DNA in Saccharomyces cerevisiae®. With
this production method, there is a potential danger
of inducing an immune reaction due to the structural
transformation of the active substance protein and
the presence of impurities, for example, fragments of
producer cells or reaction products with excipients.
Adverse reactions can range from clinically insignificant,
for example, the development of antibodies that
do not affect the effectiveness of therapy and the
severity of side effects, to serious adverse reactions
when antibodies neutralize the protein of the active
substance up to a complete loss of a biological
[51, 52]. The chemical

activity?® synthesis-based

% Register of Medicines of Russia. Instructions for medical use of the
drug Saxenda.

% EMEA/CHMP/BMWP/14327/2006. Guideline on immunogenicity
assessment of biotechnology-derived therapeutic proteins. EMEA,
2007. Available from: https://www.ema.europa.eu/en/documents/
scientific-guideline/guideline-immunogenicity-assessment-
biotechnology-derived-therapeutic-proteins-first-version_en.pdf

27 U.S. Food and Drug Administration. Immunogenicity Testing of
Therapeutic Protein Products — Developing and Validating Assays for
Anti-Drug Antibody Detection, 2019. Available from: https://www.
fda.gov/regulatory-information/search-fda-guidance-documents/
immunogenicity-testing-therapeutic-protein-products-developing-
and-validating-assays-anti-drug

28 Register of Medicines of Russia. Instructions for medical use of the
drug Saxenda.

2 U.S. Food and Drug Administration. Immunogenicity Testing of
Therapeutic Protein Products — Developing and Validating Assays for
Anti-Drug Antibody Detection, 2019.
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technology used for the production of Russiam liraglutide
eliminates the presence of impurities from the producer
cells and, therefore, provides a high safety profile and
a reduction in the above-described risks of developing
immunogenicity*>3* [51-53].

CONCLUSION

As a result of the studies, a sufficient amount of
data was collected confirming the similarity of the
physicochemicalandbiological propertiesofthedrugwith
the chemically synthesized active substance liraglutide
Enligria® (solution for the subcutaneous administration,
6 mg/ml, Promomed RUS LLC, Russia) with the
reference drug Saxenda® (solution for the subcutaneous
administration6 6 mg/ml, Novo Nordisk AS, Denmark).
Based on this, it can be concluded that the quality,
safety and effectiveness of the drug with a synthetic
analogue of the active substance are similar to the
reference drug, and in a number of parameters they
even surpass them.

The reduction of medical and social damage
caused by the increasing prevalence of obesity is
one of the priority areas for the development of the
Russian healthcare system. The inclusion of modern,
high-quality, effective and safe drugs in treatment
regimens for this disease is of particular importance.
The entry of Russian GLP-1 receptor agonist drugs onto
the market will allow patients to receive therapy that
meets modern requirements. In an open, randomized,
crossover comparative study assessing pharmacokinetic
parameters, safety and tolerability in healthy volunteers,
the equivalence of the study drug Enligria® and the
reference drug Saxenda® was confirmed, and a high
safety profile, tolerability of the study drug and lack
of immunogenicity were demonstrated. Based on the
data obtained, the drug Enligria® was registered in the
Russian Federation.

The use of a chemical synthesis method in the
production of the drug determines the identity of the
active substance to the original product and a low risk
of adverse immune reactions. It is advisable to conduct
further clinical studies to assess the effectiveness and
safety of therapy in patients with obesity and overweight,
as well as to identify potential new possibilities for
therapy with GLP-1 agonists, including the Russian
analogue of liraglutide.

30 Register of Medicines of Russia. Instructions for medical use of the
drug Saxenda.

31U.S. Food and Drug Administration. ANDAs for Certain Highly Purified
Synthetic Peptide Drug Products That Refer to Listed Drugs of rDNA
Origin Guidance for Industry, 2021.
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