Hay4Ho-npakTnyeckum xxypHan
Scientific and Practical Journal

OAPMALA U
2023 Tom/Volume XI q)APMA KOJ—I O rl/lﬂ

N2 4 PHARMACY & PHARMACOLOGY

ISSN 2307-9266
e-ISSN 2413-2241

O630pbi, Nnekumm

Reviews, Lectures
]

dapmakorHosus, 6oTaHMKa

Pharmacognosy, Botany
]

dapmauieBTUUECKaA TEXHONOIUA
n 6uotexHonorua
Pharmaceutical Technology

and Biotechnology

|

dapmayeBTuuecKan

M TOKCMKOJNOrnyeckasa xumusa
Pharmaceutical and Toxicological
Chemistry

|

dapmakonorma n KnmHnYeckas
dapmakonorua

Pharmacology and Clinical

Pharmacology
|

WHdopmaLMoHHbIe TexHonorum
B papmauum
Information Technologies in Pharmacy

www.pmedpharm.ru s www.pharmpharm.ru

OpraHu3aLuA 1 SKOHOMUKa
dapmaueBTUYECKOro gena
Organization and Economy
of Pharmacy

DKOHOMMKA U MEHEePKMEHT
MeauLUHbI
Economy and Management
of Medicine

dapmaueBTuyeckoe obpasoBaHme
Pharmaceutical Education

Aunckyccum, peLieHsuum, iobuneu,
Hayu4Hbi€e LWKOJIbl, UCTOPUA
dapmaumm n papmakonorum
Discussions, Referee Reports,
Anniversaries, Schools
of Thought, History

of Pharmacy and

(4
Pharmacolo Q/
gy \%’

Y

we
<L



Scientific and Practical Journal Scientific and practical journal
Volume Xl, Issue 4, 2023

P H A R M ACY & The mass media registration certificate:
M Ne ®C77-67428 ot 13.10.2016

PHARMACOLOGY  issn2307-5266 e-tssn 24132201

Editor-in-Chief

Vladimir I. Petrov Academian RAS, Doctor of Sciences (Medicine), Professor, Volgograd, Russia
Deputy Editor-in-Chief

Aleksandr A. Ozerov Doctor of Sciences (Chemistry), Professor, Volgograd, Russia

Maxim V. Chernikov Doctor of Sciences (Medicine), Associate Professor, Pyatigorsk, Russia

Editorial Board
Pharmacognosy, Botany

Vladimir A. Kurkin Doctor of Sciences (Pharmacy), Professor, Samara, Russia
Ifrat N. Zilfikarov Doctor of Sciences (Pharmacy), Professor of RAS, Moscow, Russia
Pharmaceutical Technology and Biotechnology
Elena I. Sakanyan Doctor of Sciences (Pharmacy), Professor, Moscow, Russia
Pharmaceutical and Toxicological Chemistry / Information Technologies in Pharmacy
lwona Wawer PhD, Professor, Warsaw (Poland)
Pharmacology and Clinical Pharmacology
Roman A. Khanfer'yan Doctor of Sciences (Medicine), Professor, Moscow, Russia
Pascal Bousquet MD, PhD, Professor, Strasbourg, France
Campisi Corradino MD, PhD, Professor, Genoa, Italy
Organization and Economy of Pharmacy / Economy and Management of Medicine
Igor A. Narkevich Doctor of Sciences (Pharmacy), Professor, Saint-Petersburg, Russia
Svetlana N. Egorova Doctor of Sciences (Pharmacy), Professor, Kasan, Russia
Somasundaram Subramanian MD, Russia/India

Manuscripts presented in sections Reviews, Lectures / Pharmaceutical Education / Brief Reports / Discussions,
Referee Reports, Anniversaries, School of Thought, History of Pharmacy and Pharmacology
can be considered by any members of the editorial board.

Executive Editor: Koryanova Ksenia N., Candidate of Sciences (Pharmacy), Pyatigorsk, Russia
Proofreader: Mischenko Ekaterina S., Candidate of Sciences (Pharmacy), Pyatigorsk, Russia
Translator: Davydenko Lubov G., Candidate of Sciences (Philology), Associate Professor, Pyatigorsk, Russia
Technical editor: Dotsenko Marina A., Pyatigorsk, Russia

Founder: Volgograd State Medical University. 1, Pavshikh Bortsov Sq., Volgograd, Russia, 400131
Editors office address: 11, Kalinin ave., Pyatigorsk, Russia, 357532
Pyatigorsk Medical and Pharmaceutical Institute — branch of Volgograd State Medical University
Phone number: +7(8793) 32-44-74. E-mail: pharmjournal@mail.ru
www.pharmpharm.ru
Union catalogue. Russian Press / Newspapers an journals. Code 94183
A4 size, 1000 issues circulation. Price free

Journal “Pharmacy & Pharmacology” is recommended International Comittee Of Medical Journal Editors
and included in Higher Attestation Commission, Scopus, Web of Science (ESCI), Russian citation database,
eLibrary, ARISTI (All-Russian Institute of Scientific and Technical Information), RSL (Russian State Library),
CyberLeninka, Socionet, EMBASE, Chemical Abstracts (CAS), Directory of Open Access Journals (DOAJ),
EBSCO Discovery Service, RNMJ, University of CAMBRIDGE, Ulrich’sWeb, Google Scholar,
Biefeld Academic Search Engine (BASE), Directory of Open Access Scholarly Resources (ROAD),
Research Bible, Open Archives Initiative, Academic Keys, JournalTOCs, WorldCat, OpenAIRE,
University of Oxford, The British Library, Universitait Gent, Université de Montréal, University of Saskatchewan.

Printed in the LLC “Buro novostey” in accord with provided materials. 278A, Serova Str., Stavropol, 355000.

© Volgograd State Medical University, 2023

© Pyatigorsk Medical and Pharmaceutical Institute —
branch of Volgograd State Medical University, 2023
©Authors, 2023

277



Hay4Ho-npakTn4eckum xypHan MNeproanyHocTs 6 HOMEPOB B rof,
Tom 11, Bbinyck 4, 2023

q)A P M A Ll I/I H I/I Csupgetenbctso permctpaumy CMUL:

M Ne ®C77-67428 ot 13.10.2016 .

(DA P M A KO” O r I/I H ISSN 2307-9266 e-ISSN 2413-2241

FnaBHbIA pegaKTop

MeTtpos B.W. akagemuk PAH, foKTOop MeguUMHCKMX Hayk, npodeccop, r- Boarorpaga, Poccua
3amecTuTenn rNaBHOro pegaKkropa

Osepos A.A. [OKTOP XMMUYECKUX HayK, npodeccop, r. Boarorpaa, Poccua

YepHukos M.B. LOKTOP MeAMUMHCKUX HAYK, JoueHT, . Naturopck, Poccua

PepakunoHHas Konnerua
¢apMaKOI’H03VIﬂ, 60TaHUKa

KypkuH B.A. [OKTOp dapmaLeBTUYECKMX HAyK, npodeccop, r. Camapa, Poccusa
3undukapos U.H. npodeccop PAH, gokTop dapmaueBTUYECKUX HAYK, I. MocKBa, Poccus
dapmaueBTUUECKas TeXHON0rMA U BuoTexHonorns

CakaHsH E.N. OOKTOp dhapmaLeBTMUECKUX HayK, Nnpodeccop, r. Mocksa, Poccua

dapmaueBTUUYECKAn U TOKCUKONOrMyeckasa xumma / UHpopmaLumoHHble TexHonorum B papmaumm
Basep WU. PhD, npodeccop, r. Bapwasa, Monblua

dapmakonorus u KiMHUYeckaa papmakonorusa

XaHdpepbsH P.A. [OKTOP MeAMUMHCKMX HayK, npodeccop, r. MockBa, Poccus
bycke I1. MD, npodeccop, r. Ctpacbypr, PpaHums
Kamnusu K. MD, PhD, npodeccop, r. leHya, Utanua

OpraHu3aumnsa n 3SKOHOMUKA GpapmaLLeBTUUECKOro Aena / IKOHOMUKA U MEHEAXMEHT MegULMUHbI
Hapkesuu U.A. OOKTOp dhapmaLeBTMYECKUX HayK, Npodeccop, r. CaHKT-MeTepbypr, Poccun
Eroposa C.H. [OKTOp dapmaLeBTUYECKMX HAyK, npodeccop, r. KasaHb, Poccua
ComacyHgapam C. MD, Poccus/UHana

CraTbu, NpeacTaBaeHHble B pasgensl 063opbl, nekunn / dapmauestnueckoe obpasosaHue /
Ounckyccum, peueHsun, 10buneun, HayuHble WKOAbI, UCTOPUA papmauumn u papmakonorum
MOryT 6bITb PACCMOTPEHbI I0BbIMM YNEHAMWN PEAAKLLMOHHOM KONNEermu.

OTBETCTBEHHbIN ceKpeTapb: KopsaHoBa KceHns HUMKonaeBHa, KaHAMAAT GapmaleBTUYeCKUX Hayk, I. MaTuropck, Poccus
KoppekTtop: MuuieHKo EkaTtepuHa CepreeBHa, KaHaMAAT GapmaLeBTMYECKUX HayK, T. NaTturopck, Poccus
MNepeBogumk: [JasblaeHKo /1lo6oBb MpUropbesHa, KaHAUAAT GUNONOTMUYECKMX HAYK, AOLEHT, I. MaTuropck, Poccun
TexHUuyeckui pepakTop: [oueHKko MapuHa AnekcaHapoBHa, r. Maturopck, Poccua

Yupeautennb: egepanbHoe rocyfapcTBeHHoe boaxeTHoe obpasoBaTesibHOe yupexaeHue Bbiclero obpa3oBaHus
«Bonrorpafckmin rocyapcTBEHHbIN MeAULNHCKUI yHUBEpcUTeT» MuH3apasa Poccum.
400131, Poccma, r. Boarorpag, nnowaab MNaswux bopuos, 4. 1
Appec nsgatenncrsa: 357532, r. MATuropck, np-kT KaanHumHa, 11.
MATUrOPCKMI MeanKo-bapMaLeBTUYECKUI MHCTUTYT — duamnan rE0Y BO BonrTMY MuHsgpasa Poccun
TenedoH: +7 (8793) 32-44-74. E-mail: pharmjournal@mail.ru
www.pharmpharm.ru
O6beanHeHHbIN KaTanor. Mpecca Poccuu. MaseTbl 1 xKypHanbl. MHaeKc 94183
dopmat A4, Tnpax 1000 3k3. LleHa cBoboaHas.

XypHan «®apmaums u papmaKkonorua» BKAKOUYEH B NepeUeHb PeLeH3MpyeMbIX HayuHbIX U3L0aHU,
BXOAALLMX B MeXAyHapoaHble pedepaTuBHble 6a3bl AaHHbBIX U CUCTEMbI LLUTUPOBAHUSA, U B COOTBETCTBUM
C NYHKTOM 5 npaBun ¢opmupoBaHUA NepeyHs peLeH3MpyeMblX HayuHbIX U34aHUI, B KOTOPbIX A0/KHbI 6bITb
ony6n1MKoBaHbl OCHOBHbIE Hay4YHble pe3y/bTaTbl AUCCEepPTaLMii Ha COUCKaHUe YYEHOW CTeneHU KaHAUA[ATa Hayk,
Ha COMCKaHUe yuyeHoli cTeneHn AoKTopa HayK (MepeueHb BAK), Scopus, Web of Science (ESCI), PUHL, eLibrary,
BUHUTMU, PIb, KubepneHuHka, Counonet, EMBASE, Chemical Abstracts (CAS),

Directory of Open Access Journals (DOAJ), EBSCO Discovery Service, RNMJ, University of CAMBRIDGE,
Ulrich’sWeb, Google Scholar, Biefeld Academic Search Engine (BASE), Directory of Open Access Scholarly
Resources (ROAD), Research Bible, Open Archives Initiative, Academic Keys, JournalTOCs, WorldCat, OpenAlIRE,
University of Oxford, The British Library, Universitait Gent, Université de Montréal, University of Saskatchewan.

OmneyamaHo 8 coomeemcmauu ¢ rnpedocmasneHHbIMu mamepuanamu 8 000 «bropo Hosocmelin,
355000, 2. Cmasponons, yn. Ceposa, 278A.

© ®re0Y BO «Bonrorpaackuii rocyaapcTBeHHbIN
MeaNLMHCKUIA yHuBepcuteT» MuHagpasa Poccun, 2023
© MATUrOPCKNIN meanKo-PpapMaLLeBTUYECKMUIA UHCTUTYT —
dwunman ®reQy BO BonrfMY MuHsgpasa Poccuu, 2023
© AsTopbl, 2023

278



ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

CONTENS / COOEPXXAHUE

RESEARCH ARTICLE / OPUTUHA/IbHbBIE CTATbU

V.I. Petrov, I.S. Anikeev, T.E. Zayachnikova,

A.V. Strygin, D.V. Kurkin, Yu.S. Kazmina

Optimization of therapeutic drug monitoring

of vancomycin in newborns using

“Dried Blood Spot” method .........ccceevierieniiiniienecnicniee 280

A.H. Al-Humairi, D.L. Speransky,

V.V. Novochadov, S.V. Poroisky,

N.V. Cherdyntseva, V.V. Udut

Antitumor activity of three new azoloazine derivatives

in orthotopic transplantation model

of human breast cancer cells into Mice......cccccevveervereennnen. 291

E.A. Urbanchik, V.A. Kurkin, E.N. Zaitceva, V.M. Ryzhov,

A.V. Dubishchev, A.S. Tsibina, A.l. Altareva,

Yu.D. Sirotkina

Phytochemical and pharmacological study

of biologically active compounds and dry extracts

of Populus rubrinervis Hort. Alb. buds

of Various polarities.......ccevveriiriiinieniececeeee e 301

L.V. Korokina

Studying the possibilities of pharmacological

correction of hypoxia-induced pulmonary hypertension

using a phenolic compound with a laboratory

CYPhEr KUDO75. ..ottt e 312

A.S. Ametov, I.E. Shokhin, E.A. Rogozhina,

T.G. Bodrova, M.E. Nevretdinova, P.A. Bely,

K.Ya. Zaslavskaya, V.S. Scherbakova, D.V. Kurkin,

K.N. Koryanova, E.S. Mishchenko, E.Yu. Kesova,

E.D. Kozlov, E.S. Samoshkina, D.N. Andreev,

Yu.G. Kazaishvili, S.M. Noskov, L.A. Balykova

Comparative analysis of physicochemical properties,
bioequivalence, safety and tolerability

of the first domestic semaglutide.......ccccoeveeiienineniienennn. 324

B.U. lNempos, N.C. AHukees, T.E. 3aa4HUKO8Q,

A.B. CmpebieuH, [.B. KypkuH, KO.C. KazemuHa

OnNTUMM3aLMA TepaneBTUYeCKOro IeKapCTBEHHOMO
MOHUTOPUHIA BAHKOMMLMHA Y HOBOPOMAEHHbIX

C MPUMEHeHNEM MeTOAa «BbICYLLEHHOM Kaniu Kposu».....280

A.X. Xymaupu, A./1. CnepaHckud,
B.B. Hoso4ados, C.B. Mopolickud,
H.B.YepowiHyesa, B.B. Yoym

MpoTuBooNyxoneBas akTUBHOCTb TPEX HOBbIX MPOU3BOAHbIX
230/10a3MHOB Ha MOAE/IM OPTOTONMYECKOMN TPaHCNIaHTaL MK
KJIEeTOK paKka MOJIOYHOM XKefle3bl YeSI0BEKA MblLlaM

E.A. YpbaHuuk, B.A. KypkuH, E.H. 3aliyesa, B.M. Poixos,

A.B. flybuwes, A.C. ubuHa, A.N. Anmapesa,

10.4. CupomKuHa

Putoxumunyeckoe n bapmakonormyeckoe nccnefoBaHne
6MONOrMYECKM AKTUBHbBIX BELLECTB

M CYXMX SKCTPAKTOB MOYEK TOMO/IS KPAaCHOHEPBHOTO

(Populus rubrinervis Hort. Alb.) pazanyHoii nonapHocTtK....301

/1.B. KopoKkuHa

MN3yyeHne BO3MOXKHOCTEN HapMaKoNOrMYecKon KoppeKLunm
IErOYHOM rMNepTeH3nM, MHAYLMPOBAHHOW TMNOKCUEN,

C MCNonb3oBaHNEM coeguHeHUA GeHONbHON NPUPOAbI

c nabopaTopHbIM WKUPPOM KYAOST75 .....ovveiiiciieecieeecieee, 312

A.C. Amemos, U.E. lLloxuH, E.A. Po2oxcuHa,

T.I. bodposa, M.E. HespemduHosa, M1.A. beneoll,

K.A. 3acnasckas, B.C. LLlepbakosa, [.B. KypkuH,

K.H. KopaHosa, E.C. MuweHko, 3.10. Kecosa,

E.[. Koznos, E.C. CamowkKuHa, [.H. AHOpees,

10.I. Kazauwsunu, C.M. Hockos,/1.A. bansikosa
CpaBHUTE/IbHbIV aHaNN3 GUIUKO-XMMUYECKUX CBOWCTB,
6103KBUBANIEHTHOCTM, HE30NAaCHOCTU U NEPEHOCUMOCTH
OTEYECTBEHHOMO CEMATTYTULA ..evvvvvieeiiiiiiiiieeiiiiieeesennanes 324

REVIEW / OB30P

D.V. Kurkin, D.A. Bakulin, E.l. Morkovin, V.I. Petrov,

A.V. Strygin, K.N. Koryanova, Yu.V. Gorbunova,

Yu.A. Kolosov, O.V. lvanova, E.V. Pavlova,

M.A. Dzhavahyan, A.V. Zaborovsky?, V.B. Saparova,

I.E. Makarenko, R.l. Drai, A.N. Chumachenko

Physiology and pharmacology

of glucagon-like peptide-1 receptor......c.ccceevveeviveeeiveennns 347

A.B. KypKkuH, [.A. bakynuH, E.N. MopKosuH, B.U. [Nlempos,
A.B. CmpoizuH, K.H. KopsaHosa, 0.B. lopbyHosa,

H0.A. Konocos, O.B. UsaHosa, E.B. lNasnosa,

M.A. xasaxsH, A.B. 3a6oposckuli, B.b. Canaposa,

W.E. MakapeHko, P.W. [lpati, A.H. YymayeHko

dusmonorua n dpapmakonorus peuentopa
TNOKAaroHONoA06HOr0 NENTUAA-1 ..ccccvvvieeeeeeiieee e, 347

279



RESEARCH ARTICLE Scientific and Practical Journal

PHARMACY &
ISSN 2307-9266 e-ISSN 2413-2241 PHARMACOLOGY

N 1) Check for updates ‘

[(c) ER

Optimization of therapeutic drug monitoring of vancomycin
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Therapeutic drug monitoring (TDM) is used to increase the individualization of pharmacotherapy, especially in patient
groups with a high interindividual variability in pharmacokinetic (PK) parameters. One of these groups of patients is newborn
children, for whom drug therapy, especially drugs with a narrow therapeutic range, causes a few difficulties or cannot be
used in principle.

The aim of the work was to develop and validate quantitative HPLC-MS/MS methods for the determination of vancomycin in
“dried blood spot” samples using new protocols and comparison of the results obtained with the results in plasma samples
using standard sample preparation methods.

Materials and methods. To prepare stock and standard solutions of vancomycin and norvancomycin as an internal standard,
dry portions of the corresponding certified standards of vancomycin (Servier, France) and norvancomycin (Augsburg,
Germany, purity grade >95.0%) were used. A chromatographic separation of the components was carried out on a Poroshell
120 C18 column (4.6x50 mm, 2.7 um). When developing conditions for a mass spectrometric detection of the desired
substances using the multiple reaction monitoring (MRM) method, precursor ions and their corresponding product ions
were determined.

Results. A quantitative HPLC-MS/MS method for the determination of vancomycin in "dried blood spot" samples was
developed and validated. A comparison was made between vancomycin concentrations in "dried blood spot" samples and
plasma samples. Moreover, more than 95% of the calculated average concentrations are within the limits of d-2s and d+2s,
which correspond to the values of —10.2 and 12.2. That confirms the suitability of the developed method for the analysis of
patient samples.

Conclusion. The results obtained make it possible for us to recommend the “dried blood spot” method for therapeutic
monitoring of vancomycin, additional studies of PK in this group of patients with subsequent use of this drug in newborns
and pediatric patients.

Keywords: therapeutic drug monitoring; vancomycin; HPLC/MS; validation; bioanalytics; dried blood spot method
Abbreviations: TDM — Therapeutic Drug Monitoring; PK — pharmacokinetics; PD — pharmacodynamics; HPLC — high
performance liquid chromatography; MS — mass spectrometry; LLOQ — lower limit of quantitation; QC — quality control;
DBS — Dried Blood Spot.

For citation: V.I. Petroy, I.S. Anikeev, T.E. Zayachnikova, A.V. Strygin, D.V. Kurkin, Yu.S. Kazmina. Optimization of therapeutic drug monitoring of
vancomycin in newborns using “Dried Blood Spot” method. Pharmacy & Pharmacology. 2023;11(4):280-290. DOI: 10.19163/2307-9266-2023-
11-4-280-290
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TepaneBTUYECKUI  /IEKAPCTBEHHbIM  MOHUTOpPMHTr  (T/IM)  ucnonb3yetca A4A  MNOBbIWEHUA  MHAMBUAYaAM3aLMm
dapmakoTepanuu, OCOBEHHOrO y Tpynn  MAUMEHTOB C  BbICOKOW  MEXUHAMBMAYANbHOW  BapvabenbHOCTbIO
dapmakokunHeTmyecknx (PK) mapametpos. OgHON M3 TaKMX rpynn MauMEHTOB SABAAIOTCA HOBOPOMKAEHHblE AeTW, ANA
KOTOPbIX JIEKAPCTBEHHAA Tepanusa, 0CObeHHOro mpenapatamu C Y3KMM TepaneBTUYECKMM AMana3oHOM, Bbi3biBaeT PAL
TPYAHOCTEN UM HE MOXKET BbITb NPUMEHEHA B NPUHLMNE.

Lenb. PaspaboTka v BaauaauMsa METOAOB KoaunyecTBeHHoro BIMKX-MC/MC onpeaeneHus BaHKOMMUMHA B 06pasuax
«BbICYLIEHHOW Kanin KPOBU» C UCMOb30BAaHUEM HOBbIX MPOTOKO/I0B M CPAaBHEHME NOJIYYEHHbIX AAHHbIX C pe3yibTaTamu B
o0b6pasuax Naasmbl ¢ UICNONb30BAHWMEM CTAHAAPTHLIX METOAOB NPO6OMNOArOTOBKM.

Martepuanbl u metoapl. 1A NPUroToBAEHNA MATOUYHbIX U CTAaHAAPTHbLIX PACTBOPOB BaHKOMWUMHA U HOPBAaHKOMMUUMHA
KaK BHYTPEHHEro CcTaHZapTa WCMOAb30Ba/iM CyXMe HABECKM COOTBETCTBYIOWMX CEPTUGUUMPOBAHHBIX CTaHAAPTOB
BaHKOMMUMHA (Servier, ®paHuma) n HopBaHKoMuuMHa (Augsburg, fepmaHua, cten. unctotbl >95,0%). XpomaTtorpapuyeckoe
pasgeneHne KOMMOHEHTOB NPOBOAMAN Ha KonoHKe Poroshell 120 C18 (4,6x50 mm, 2,7 mkm). Mpu paspaboTke ycnosuit
MacCC-CNEKTPOMETPUYECKOM AETEKLUN UCKOMbIX BELLECTB METOAOM MOHUTOPUHIA MHOXECTBEHHbIX peakuuin (MRM) 6bian
onpeaeneHbl MOHbI-NPesLLIecTBEHHUKM U COOTBETCTBYHOLLME UM UOHbI-NPOAYKTbI.

Pe3ynbratbl. PaspabotaHa M BaauaMpoBaHa MeToAMKa KosnmuyecTBeHHoro BIXKX-MC/MC onpeneneHus BaHKOMULMHA B
obpasuax «BbICyLWIEHHOM Kanau». MpoBenu cpaBHEHWE MeXAY 3HAaYeHUAMU KOHLEHTpauuii BaHKOMUUMHA B obpasuax
«BbICYLUEHHOM Kanau KpoBu» M o6pasuax nnasmbl. Mpu sTom 6Gonee 95% paccyMTaHHbIX CPESHUX KOHLEHTpaLuit
Haxogunucek B npegenax d-2s u d+2s, KoTopble COOTBETCTBOBANN 3HAYeHMAM —10,2 1 12,2, 4To NOATBEPKAAN0 NPUTOAHOCTb
pa3paboTaHHOro metoAa A41a aHanusa 06pasuoB NaLUEHTOB.

3akntoueHume. MonyyeHHble pesy/bTaTbl NO3BOIAOT PEKOMEHA0BATL METOL, KBbICYLUEHHOW Kanau KPoBM» A5 NPOBEAEHUA
TEPaneBTUYECKOTO MOHWUTOPWMHIA BAaHKOMMULMHA, AOMNOJHUTE/NbHbIX UcciefoBaHuin ®K y aaHHOM rpynnbl MNAUMEHTOB C
nocneayowmm NpUMeHeHnemM A4aHHOrO 1IeKapCTBEHHOrO NpenapaTta y HOBOPOXKAEHHbIX M NMaLMEHTOB AETCKOro Bo3pacTa.
KnioueBble cn0Ba: TepaneBTUYECKNIA IEKAPCTBEHHbIN MOHUTOPUHT; BaHKOMUUMH, BIKX/MC; Baangaums; 6MoaHannTUKa;
METOZ, «BbICYLUEHHOW Kan/M KPOBU»

CnUCOK CcoKpauweHui: T/IM — TepaneBTUYECKUWA JIEKAPCTBEHHbIA MOHUTOPUHT; DK — dapmakokuMHeTuKa; dO —
dapmakoanHamunka; BIKX — BbicOKOahDEKTMBHAA KMUAKOCTHAA xpomaTtorpadusa; MC — macc-cnektpometpusa; HIMKO —
HUXHUI Npegen KonndecTseHHoro onpeaenerns; KK — KoHTponb KadecTtsa; DBS — meToa, «BbICyLUEHHOW Kaniv KpoBu».

INTRODUCTION

Therapeutic drug monitoring (TDM) is used to
increase the individualization of pharmacotherapy,
especially in patient groups with high interindividual
variability in pharmacokinetic (PK) parameters [1]. Such
patients include newborns, for whom drug therapy,
especially drugs with a narrow therapeutic range, is
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associated with a number of difficulties or cannot be
used in principle [2, 3].

Antibiotics are especially frequently prescribed
drugs for newborns. About 2.5% of full-term infants
receive antibiotic therapy in the first three days of life.
However, it should be taken into account that a set of
various physiological and autoimmune characteristics
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in this group of patients affects the PK of drugs and
can lead to ineffective pharmacotherapy and the
development of undesirable consequences; hidden
or obvious characteristics of the body dictate the
need for an individual approach with a tendency to
minimize the effects (a minimum dose, a minimum
number of injections). This particularly complicates
the use of antibiotics, with a narrow range between
minimal therapeutic and toxic concentrations. One of
such drugs is vancomycin, which is prescribed to treat
severe infections caused by gram-positive bacteria,
such as Staphylococcus aureus (especially methicillin-
resistant strains), coagulase-negative Staphylococcus,
and ampicillin-resistant Enterococcus species [2, 4].

Some factors that determine intra- and
interindividual variability, such as age, weight, and renal
condition, affect the PK and, as a consequence, the
pharmacodynamic (PD) parameters of vancomycin. This
necessitates carrying out TDM in this group of patients,
conducting a PK analysis and creating population
PK models that take into account the clinically significant
characteristics of newborns and their impact on the
PKs of vancomycin [1, 4].

The combination of this group of patients’ features
does not make it possible to carry out large-scale and
comprehensive studies of PK and TDM. Since standard
methods for collecting biospecimens are not optimal due
to objective ethical and logistical limitations in newborns
and young children, there is a need to develop and test
new approaches, optimize TDM, build PK models and
methods for collecting biospecimens, including the
ones for TDM. A promising direction in this area can
be considered the “dried blood spot” method, which
is widely used, for example, for screening hereditary
diseases in newborns [1, 5, 6].

A method for a quantitative HPLC-MS/MS
determination of vancomycin in blood plasma samples
has been previously developed and validated [7],
protocols for the collection, analysis and validation of
“dried blood spot” samples [5] have been also prepared.
In this regard, in this study, these methods have been
applied.

THE AIM of the work was to develop and
validate quantitative HPLC-MS/MS methods for the
determination of vancomycin in “dried blood spot”
samples using new protocols and comparison of the
results obtained with the results in plasma samples
using standard sample preparation methods.

MATERIALS AND METHODS

Ethical approval

The design and protocols of the study, samples
of informed consent for approval representatives of
patients were accepted and then reviewed and approved
at a meeting of the Local Ethics Committee, registration
number IRBO0005839 IORG 0004900 (OHRP),
as evidenced by an extract from protocol No. 39
dated June 28, 2022.
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Chemicals and reagents

To prepare stock and standard solutions of
vancomycin and norvancomycin, the following
substances were used as an internal standard: highly
purified water, which had been obtained in the Milli-Q
system, formic acid for HPLC-MS (Scharlab, Spain),
acetonitrile (Scharlab, Spain), as well as dry samples
of appropriate certified vancomycin standards (Servier,
France) and norvancomycin (Augsburg, Germany,
purity >95.0%).

Samples of “dried blood spot”

All 15 samples of the “dried blood spot” were
obtained from newborn patients who were treated with
vancomycin at State Clinical Hospital No. 5 of Volgograd,
the department of neontology (Russia). The samples
were obtained according to standard protocols [5].

Sampling was carried out according to the following
protocols:

1. The informed voluntary consent of the legal
representative was formalized.

2. The card/drops with patient ID and date
was/were signed.

3. The puncture site on the lateral side of the heel
was chosen.

4. The foot with a warm diaper was prepared.

5. The hands were cleaned and sterile gloves were
put on.

6. The heel was placed below the child’s body and
held without sharply bending the ankle.

7. About 5 min before the injection, a 30% glucose
solution was administrated per os with a syringe at the
dose indicated in Figure 1+non-nutritive sucking.

8. The puncture site was treated with an antiseptic
solution.

9. A 30% glucose solution was re-administrated
per os to the patient with a syringe immediately before
the injection.

10. The skin was quickly pricked with a lancet and
the first drop of blood was wiped off with a sterile cotton
ball.

11. Immediately after the injection, a 30% glucose
solution was given per os+nonnutritive sucking.

12. The puncture site was held down, the adjacent
area was being gently pressed on and the blood was
sampled a on filter paper form;

13. The map was held without touching the marked
area.

14. The filter paper card was carefully touched to a
drop of blood and applied to the card. The blood was let
to soak in until the circle was full. The marked area was
not to be touched after applying blood.

15. The blood stain was let to dry in a dark place,
out of direct sunlight, for at least 4 h. The “dried
blood spot” samples were not to be heated or come
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into contact with other surfaces during the drying
process.

16. The card (or parts of the card) was to be sealed
in a gas-tight zip-lock bag. No more than one card per
package should be stored in the refrigerator at 2—8°C
until being sent to the laboratory.

Equipment

The components were separated using an Agilent
1260 HPLC system (Agilent, USA). The analytes were
detected using a Sciex QTRAP 5500 hybrid mass
spectrometry system (AB Sciex Pte. Ltd., Singapore). To
weigh dry substances, semi-microanalytical balances
Ohaus Explorer EX225/AD (Ohaus, USA) and centrifuge
5427 R (Eppendorf, USA) were used. GE Whatman FTA
WB129242 DMPK-B (USA) card was used for archiving
"dried blood spots". While the system was on, the acquired
data was sent to the Analyst Software.

Preparation of stock solution

of substance and internal standard

To prepare standard solutions of vancomycin and an
internal standard with a concentration of 1.00 mg/ml,
dry samples (weighing 25 mg) were weighed and then
placed in a 25-ml volumetric flask and diluted to the
mark with ultrapure water.

Preparation of solution

for extracting “dried blood spot” samples

Separately, an extraction solution was prepared;
that was a mixture of water and methanol in a 1:1 ratio
with 0.1% formic acid.

Preparation of working standards solutions

For each analytical series, fresh working standards
solutions were prepared. The final concentrations of
working solutions were: 10, 20, 50, 100, 200, 500 and
1000 pg/ml.

Preparation of calibration standards and quality

control samples in “dried blood spot” samples

100 pl of the whole blood was transferred into
1.5 ml microtubes, and 10 pl of a working solution of
the appropriate concentration was added to obtain
calibration solutions: 1, 2, 5, 10, 20, 50 and 100 pg/ml
for vancomycin. For quality control (QC) samples 1
(a lower limit of quantitation — LLOQ); 7.5 (low QC);
35 (average QC); 75 (high QC) pg/ml for vancomycin.
Next, 20 ul of working solutions were applied to filter
paper and dried for 3 h.

Analyzed samples preparation
To prepare the samples of “dried blood spot”,
a 6 mm diameter card disk was used, onto which the
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samples were applied using a special device and which
was subsequently analyzed.

Extraction of “dried blood spot” samples

400 pl of the extraction solution was added to the
test tube with a cut out disk. The tube was stirred at
1000 rpm for 30 min at 25°C. After 10 min of
centrifugation at 10 000 g, a 350 pl aliquot of the
supernatant was evaporated at 45°C in a vacuum
centrifuge. The dried extract was collected in 100 ul
of mobile phase A, centrifuged for 10 min at 10 000 g,
and 20 pl of the supernatant was injected into a
high-performance liquid chromatography with a mass
spectrometric detection —an HPLC-MS/MS system.

Chromatographic

and mass spectrometric conditions

Thus, based on the data sources available and
the authors’ research, the authors have developed
and validated a bioanalytical method for vancomycin
in human plasma using an HPLC-MS/MS system that
meets the requirements of the research protocol and
is validated in accordance with the FDA guidance for
enterprises “Bioanalytical Method” Validation” and the
EMEA “Guideline on bioanalytical method validation”.

When developing the conditions for a mass
spectrometric detection of the sought substances,
“precursor ions” (725.3 m/z) and their corresponding
“product” ions (88.1 and 387.9 m/z) were used.

Statistical analyses

Validation of the bioanalytical method was carried
out in accordance with the “Guide for the Evaluation of
Drugs” (Vol. 1), as well as with the guidelines of the FDA
(U.S. Food and Drug Administration) and EMA (European
Medicines Agency) for the following indicators: stability,
selectivity, linearity, accuracy, precision, a lower limit of
guantitation. Experimentally calculated concentrations
of calibration standards should be within £15% of the
nominal values (with the exception of LLOQ, for which
these values may be within +20%) and also according to
specific indicators, such as the effect of a drop volume,
the effect of hematocrit, drop uniformity according to
the already developed protocols [8-10]. The obtained
data were processed using the statistical Software
environment R 3.6.1 in the RStudio 1.2 program, as well
as specialized Software Sciex Analyst 1.6.2.

When validating the homogeneity of the drop,
the results of two concentration levels of QC samples
at three different hematocrit levels, obtained with
2 options for cutting the drop — from the center of the
drop and at its edge, were compared. The analysis was
carried out in 5 replicates. In this case, when comparing
concentrations from the samples obtained from the
central and marginal cutouts, the relative error should
not exceed 15%.
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To assess the influence of the drop volume effect,
it was necessary to analyze 3 different volumes
(10, 40, 70 pl) at an average hematocrit level (0.4),
at 2 concentration levels in 5 replicates. In this case,
the relative error should not exceed 15%.

The effect of hematocrit was also assessed at 3 levels
(0.3; 0.4; 0.5), at 2 concentration levels in 5 replicates.
The relative error of the calculated concentrations
should not exceed 15% of the obtained values at an
average hematocrit level.

The level of agreement between the developed
HPLC-MS/MS method for the “dried blood spot” method
and the traditional HPLC-MS/MS method with a protein
precipitation as a sample preparation was examined by
the Bland-Altman method.

The method makes it possible to compare the results
of measurements performed in two different ways.
Its essence is that for each pair of measurements the
difference and the average are calculated. The average
difference calculated for all pairs of characteristics in
the data set under study characterizes the systematic
discrepancy of indicators, the presence of which indicates
an incomplete correspondence of the results obtained
by different methods, and the standard deviation of the
differences reflects the dispersion degree of the results.

The mean values and standard deviations were
calculated using Microsoft Excel 2010 (Microsoft
Corporation, USA); the statistical processing of the study
results was carried out using GraphPad Prism 6 (USA).

The mean (M) and standard deviation (SD) of the
difference between the two matching readings were
calculated to determine the equivalence of the two
methods. To confirm the suitability of the DBS analytical
method for the analysis of patient samples, however,
more than 95% of the calculated mean concentrations
between the two methods must fall within the d-2s
and d+2s limits.

RESULTS AND DISCUSSION

The development of a quantitative HPLC-MS/MS
method for the determination of vancomycin included
the determination of optimal parameters for a
chromatographic separation, as well as a subsequent
mass spectrometric detection.

Using the previously accumulated experience,
optimal conditions for the chromatographic separation
had been selected. The separation was carried out on
a Poroshell 120 C18 column (4.6x50 mm, 2.7 um). The
mobile phase was an 80/20 acetonitrile and water mix
at a flow rate of 0.3 ml/min. A 0.1% solution of formic
acid was added to both the aqueous and organic
components of the mobile phase. When optimizing the
chromatographic separation conditions, an isocratic
elution mode was chosen [5, 8, 11, 12].

In the isocratic elution mode, the retention time of
vancomycin was 1.63 min (Fig. 1).
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The electrospray ionization (ESI) was used as the
ionization method. The ion detection was carried out in
a positive polarity mode.

When developing the conditions for the mass
spectrometric detection of the sought substances,
“precursor ions” (725.3 m/z) and their corresponding
“product” ions (88.1 and 387.9 m/z) were used.

The developed method confirmed its linearity
in the concentration range from 1 to 100 ug/ml (K1 —
1 pg/ml, K2 -3 pg/ml, K3 -5 pg/ml, K4 — 10 pg/ml, K5 —
25 pg/ml, K6 — 50 pg/ml, K7 — 80 pg/ml, K8 —
100 pg/ml) when a weighted coefficient of 1/x/2, with
R?>0.99 was used. The coefficient of variation (%)
calculated when determining an inter- and intraday
accuracy did not exceed 15% for the main concentration
range.

The lower level of quantification (LLOQ) of the
methods was determined based on the linearity, accuracy
and precision data given in Table 1. The selectivity was
validated by analyzing 6 blank samples and 6 lower level
of quantification (LLOQ) samples. The peak area in the
analyte retention time region did not exceed 20% of the
LLOQ (Table 1).

For the “dried blood spot” method, the influence
of hematocrit, drop volume and drop homogeneity was
also assessed.

The effect of hematocrit was assessed at
3 hematocrit levels (0.3; 0.4; 0.5), for QCL and QCH,
and the resulting concentrations ranged from 94.3
to 105.8% of nominal ones (Table 2).

To validate the volume effect, 3 volumes (10, 40,
70 upl) at an average hematocrit level (0.4), at 2
concentration levels in 5 replicates were analyzed. The
relative error of the calculated concentrations did not
exceed 15% of the obtained values at an average volume.

When validating the drop homogeneity, the results
of QC samples with QCL and QCH, obtained with
2 options for cutting the drop — from the center of the
drop and from the edge, were compared. The analysis
was carried out in 5 replicates. At the same time, in the
comparison of the concentrations from the samples
obtained from the central and marginal cutouts, the
relative error did not exceed 15% of the nominal values.

The thermal stability was assessed by storing
the “dried blood spot” samples for 14 days at 22
and 45°C, as potential temperatures for storing and
transporting samples. To assess the stability, "dried
blood spot" samples were used at the QCL and
QCH levels, herewith, the samples were analyzed
at three time points of 1, 7 and 14 days along with
freshly prepared samples in one analytical batch. The
calculated concentrations of the samples after the
storage were compared with the mean concentrations
of freshly prepared quality control samples. After
14 days of storage, the values were in the range
of 85.4-87.5%.
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Figure 1 — Chromatography-mass spectra of vancomycin in DBS samples
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Figure 2 — Calibration curve of vancomycin in blood plasma

Table 1 - Table of validation parameters for the method using a “dried blood spot” as a sample preparation

Value
Parameter LLOQ Lower QC Mean QC Top QC
(1 pg/ml) (7,5 pg/ml) (35 pg/ml) (75 pg/ml)
. Within a cycle 2.7 2.1 2.7 3.7
Precision (CV%)
Between cycles 7.6 4.7 6.9 7.0
Within a cycle 104.6 94.4 101.6 101.8
Correctness (%)
Between cycles 91.3 95.1 103.2 107.6
Stability (%) - 85.3 - 87.5
Selectivity (%) 2.7 - - -
Correlation coefficient 0.99

Note: QC — quality gontrol.
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Figure 3 — Comparison of two Bland-Altman sample preparation methods for vancomycin
Note: DBS — Dried Blood Spot.

Table 2 - Effect of hematocrit on analysis results

Nominal concentration,

Hematocrit, % QC Accuracy, %

mg/ml
Lac 7.5 94.3
0,3
HQC 75 97.6
LQC 7.5 95.8
0,4 Q
HQC 75 98.1
05 LQC 7.5 95.6
’ HQC 75 105.8
Table 3 — Effect of drop volume on analysis results
g el ol ac Nominal concentration, P
mg/ml
10 LQcC 7.5 105.7
HQC 75 108.9
LQC 7.5 96.4
40 Q
HQC 75 104.5
Lac 7.5 91.5
70 Q
HQC 75 96.4
Table 4 - Influence of cut location on analysis results
Cutout location QcC erilie| CoEiE e, Accuracy, %
mg/ml
Center cutout Lac 7.5 98.3
HQC 75 103.7
Edge cutout LQC 7.5 93.3
HQC 75 96.5
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For a comparative study, the samples of a “dried
blood spot” were used; they had been obtained from
newborns undergoing vancomycin therapy at the
State Healthcare Institution of Clinical Hospital No. 5.
Vancomycin concentrations were compared between
dried blood spot and plasma samples (Fig. 3).

M and SD of the difference between the two
matching readings were calculated to determine the
equivalence of the two methods. The results of the
study showed that more than 95% of the calculated
mean concentrations are within the limits of d-2s and
d+2s, which correspond to the values of —=10.2 and 12.2.
This result confirms the developed method suitability for
the analysis.

DISCUSSION

TDM is an algorithm for measuring the amount of
specific drugs at specific intervals to maintain constant
concentrations in the patient’s bloodstream in order
to optimize and individualize dosing regimens. This
approach is used to monitor drugs with a narrow
therapeutic index, significant PK variability, or those
whose target concentrations are difficult to control. For
drugs with a clear dose-effect relationship, TDM can
significantly increase the effectiveness and safety of
treatment and reduce costs in the social and medical
sphere.

Currently, TDM in newborns is not a routine practice.
Large clinical centers that have the capacity to conduct it
to assess the target exposure, are most often limited to
the determination of Ctrough vancomycin [4].

As defined by Corover the generally accepted
therapeutic aim of vancomycin monitoring is to assess a
systemic exposure as the residual concentration before
the next dose of the drug is administered. According
to the international recommendations, the target
vancomycin C_ should be at a level of 10-20 mg/I
and be above the MIC (minimum inhibitory
concentration) [1]. The recommended Corougn @NGE
makes it possible to achieve the required PD
parameters — AUC24 / MIC [4].

However, the main problem facing physicians
is the need to assess the possibility and accuracy of
the extrapolation of target PK and PD parameters
(Ctmugh=10—20 mg/l and AUC24 / MIC >400) [1].

According to the international recommendations,
the target Cirovgh level is currently 15-20 mg/l and the
AUC24 / MIC ratio is >400. A number of studies in
individual populations indicate a high variability in PK
parameters, with target Coroueh values of 15-20 mg/Il and
the ratio AUC24 / MIC >400 did not reach an average
of 30-33% of the study population [13, 14].

Today, TDM of vancomycin involves, in addition
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to measuring steady-state residual concentrations
(Ctrough), calculating the area under the PK curve over
24 h (AUC24), followed by the assessment of the target
PK/PD ratio, which is expressed as the ratio of AUC24
to the minimum inhibitory concentration (MIC)
AUC24 / MIC >400 [13, 15, 16].

Newborns and pediatric patients are not only
sensitive to certain xenobiotics, but also exposed to
various risks of viral, bacterial or fungal invasions, many
of which significantly alter functioning of the metabolic
and excretory systems. The neonatal age may be a
risk factor for the development of nephrotoxicity, the
significance of which increases in the proportion to
prematurity.

The previous studies with the use of mathematical
modeling and TDM in patients with an impaired renal
function and infectious complications have shown that
their presence significantly affects PK parameters. Thus,
it was demonstrated that with a standard approach
to dosing, in 65% of cases it is not possible to achieve
the target values for Crouen 15720 ug/ml after 48 h from
the start of therapy. This indicates a high variability of
PK vancomycin parameters, especially in the group of
patients with an impaired renal function [17].

In a study by Kim J. et al. it has been shown that
in neonates with an adequate renal function, a dosing
regimen of 9 to 12 mg/kg IV every 8 h is less likely to
achieve the target vancomycin concentrations [18].

To evaluate all these parameters and optimize TDM,
various mathematical models that make possible the
prediction of unknown PK parameters, are available.
There are known both simple one-compartment
models — “medical calculators”, and more complex
ones — “dose calculators”, the use of which allows you

to adjust the dosage regimen to achieve Corough in the
range of 15-20 pg/ml [1, 19].
It is worth highlighting that international

recommendations for vancomycin dosage regimens are
not always optimal. Thus, in premature patients, these
recommendations are insufficient to obtain minimum
serum concentrations of 10 to 20 pg/ml [20].

PK / PD studies for antibiotics already used in
clinical practice are necessary to optimize dosage
regimens, including preventing the development of
resistance. Since the results of studies conducted on
adults are often not applicable to newborns, local TDM
is not only a useful tool for optimizing therapy, but
also a valuable source of the data that can be not only
of the applied importance, but also of a fundamental
nature. Separate issues that need to be addressed are
methods of collecting biospecimens and optimizing their
quantity, which is associated with the age and size of
patients [21].
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Most recommendations are developed for adult
patients [1, 3, 4, 11]. As for newborns, standardization
of the process is hampered by a smaller number of
studies, which means a significantly smaller amount of
data for the analysis, variability of PK parameters, more
complex modeling with the need to take into account
more covariates [4].

Modern development of guidelines, instructions and
protocols requires additional PK studies, construction
of mathematical models and implementation of TDM
algorithms. This is what causes difficulties, since research
and TDM, in addition to financing and going through a
large number of bureaucratic procedures, require solving
many technical problems [6]. For example, the issue of
determining the optimal number of biological samples
has not been resolved; the blood from which plasma
or serum is subsequently obtained is taken from a vein,
but its quantity and technical complexity significantly
complicate the process of developing regulatory
documentation [1]. TDM of antibiotics in newborns and
premature infants is rarely practiced precisely because
of difficulties with blood sampling [1].

The above points to the need to develop efficient
and less invasive methods for obtaining biospecimens
from newborns and pediatric patients. One of them is
the “dried blood spot” method (DBS), which is the most
convenient way to obtain biomaterial compared to
the standard ones [6]. It is based on the use of a small
amount of blood, which is applied to special paper and
dried under certain conditions. The resulting biological
samples are more stable and more convenient to
transport and store [4, 22]. The indicated advantages not
only reveal the feasibility of using the “dried blood spot”
method for TDM in cases with newborns or pediatric
patients, but also determine the need for development
processes in this direction, for example, when using
vancomycin in the treatment of diseases in newborns
and pediatric patients [1].

Obtaining biological samples for a sample
preparation and analysis using the “dried blood spot”
method requires additional optimization. Currently
used bioanalytical method validation protocols, which
are described in manuals for traditional samples, do
not take into account all the necessary aspects of the
new “dried blood spot” technology and complicate the
subsequent application of the method in TDM. Specific
characteristics such as hematocrit, droplet homogeneity,
and droplet size may influence assay results, requiring
the identification of new approaches to the development
and validation of qualitative and quantitative
assays [4, 23].

The information content and predictive value of
TDM when conducting well-founded, from a PKs point
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of view, individualization when selecting a dosage
regimen is determined by the reliability of the analytical
methods used for the quantitative determination of
drugs in biological samples [24]. For these purposes,
it is necessary to use selective and highly sensitive
analytical methods, such as high-performance liquid
chromatography with a mass spectrometric detection
(HPLC-MS/MS) [25, 26].

PK studies and TDM require large numbers of
biospecimens, which is difficult to implement when
working with neonates [27]. As a result, there is a need
to use less invasive methods of a sample preparation
for their subsequent implementation in algorithms for
TDM. One of the promising approaches for carrying
out such monitoring in newborns may be the “dried
blood spot” method. A necessary direction, without
which the introduction of new methods of monitoring
and optimization of pharmacotherapy in newborns will
be difficult, is the development of highly selective and
specific methods for the qualitative and quantitative
determination of vancomycin using the “dried blood
spot” method [28].

CONCLUSION

One of the important results of this study was
the determination of the optimal conditions for a
guantitative analysis method using high-performance
liquid chromatography and mass spectrometric detection
for the determination of vancomycin in “dried blood
spot” samples. As a result of the study, it was possible
to validate the quantitative HPLC-MS/MS method for
the determination of vancomycin in “dried blood spot”
samples. The identity of the results of a quantitative
vancomycin determination with standard and proposed
sample preparation options has been proven.

The above makes it possible to recommend the
“dried blood spot” method for TDM of vancomycin
and additional studies of PKs in this group of patients,
which can optimize and bring the pharmacotherapy of
newborns closer to the ideals of personalized medicine.
The development of such methods makes it possible
to solve an important practical problem in the field of
studying the PKs of newborns, which is important for
clinical pharmacology since conducting clinical studies
in young patients is complicated, among other things,
by these reasons. The development of methods for the
qualitative and quantitative determination of various
substances in the blood using biological samples of
minimal size will significantly expand the possibilities
of conducting clinical studies, which will certainly
contribute to the development of not only general and
clinical pharmacology, but will also significantly enhance
pharmacotherapy.
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Breast cancer (BC) is one of the most common types of malignant tumors, which makes scientific research in this area
extremely relevant. The difficulties of breast cancer chemotherapy stimulate the search for new drugs to treat this nosology.
Derivatives of imidazotriazine and imidazotetrazine, which are analogues of the antitumor drug temozolamide, can be ones
of the promising drugs in this regard.

The aim of the work was to evaluate the antitumor activity of three new azoloazine derivatives in a xenogeneic breast cancer
model in mice in vivo.

Materials and methods. A study was conducted on a xenogeneic model of BC. After the immunosuppression with azathioprine,
48 white BALB/c mice were injected with MCF-7 cells, test derivatives, and the reference drug epirubicin at doses of 1/2 IC,,
and 1/10IC_, into the base of the mammary gland once. The body weight of the mice was monitored; on the 15" day, at the
end of the experiment, the relative volume was assessed.

Results and discussion. Among the three compounds studied, imidazotetrazine 1 showed the most encouraging results:
stopping the loss of body weight in the mice caused by the administration of tumor cells, and reducing the tumor volume
on the 15™ day of the experiment to 50.6% of that in the control when using a dose of 1/10 IC_, up to 39.2% — when using
a dose of 1/2 IC,, which significantly exceeded the values of the reference drug epirubicin and the values in the control
group. In the histological examination, the signs of spread and preservation of tumor cells viability of the MCF-7 line after its
administration were minimal, the value of the histological malignancy index decreased by 9.3% of the control value.
Conclusion. Among the tested azoloazine derivatives, 3-cyclohexyl-4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-8-
N-piperidinylcarboxamide is the undisputed leader, causing inhibition of the tumor growth in a xenogeneic model in vivo.
Keywords: imidazotriazine; imidazotetrazine; breast cancer; MCF-7 cell line; mouse models

Abbreviations: BC — breast cancer; NMR — nuclear magnetic resonance; MCF-7 (Michigan Cancer Foundation-7) — human
breast cancer cell line; BALB/c — genetic line of white laboratory mice; IC,; — concentration of half-maximal inhibition;

G1-G3 — system of morphological criteria for determining the degree of malignancy.

For citation: A.H. Al-Humairii, D.L. Speransky, V.V. Novochadov, S.V. Poroisky, N.V. Cherdyntseva, V.V. Udut. Antitumor activity of three
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Pak monoyHom kenesbl (PMM) oTHocUTCA K Hanbonee pacnpocTpaHeHHbIM BMAAM 3/10KaYeCTBEHHbIX OMYX0/iel, YTo Aenaet
Yype3BblYaHO aKTya/IbHbIMW Hay4YHble UCCeA0BaHMWsA B 3TOW 0b6aacTu. TpyaHOCTU xumuoTepanum PMIK cTUMynnpytoT nounck
HOBbIX MPENapaTos ANA NEYEHUs 3TON HO30/M0rMU. OAHUMM U3 NEPCNEKTUBHbLIX B 3TOM NJIaHE MOTYT ObiTb NPOM3BOAHbIE
MMWNAA30TpMasnHa N UMUAA30TETPa3NHA, KOTOpble ABNAIOTCA aHa0ramu NPoOTUBOOMNYXONEBOrO NpenapaTta Temo3onammnaa.
Lienb. OueHUTb NPOTUBOOMYXO/IEBYIO aKTUBHOCTb TPEX HOBbIX MPOU3BOAHbIX a30/10a3MHOB B KCEHOTEHHOM MOoAeNn paka
MOJIOYHOW esie3bl Ha MbILWax in vivo.

Martepuanbl u meTtogbl. [poBeaeHO UccnefoBaHMeE Ha KceHoreHHOoM moaenv PMMXK. Mocne nmmyHocynpeccum a3aTMonpuHoOM
48 6enbiMm Mbilwam BALB/c BBOAWAM B OCHOBaHME COCKa MO/IOYHOM Xesie3bl KNeTKu InHnun MCF-7, TecTpyemble Npon3BoAaHbIe
W npenapat cpaBHeHWs aNUpybuumH B Ao3ax 1/2 IC,, un 1/10 IC,, oaHOKpaTHO. [MPOBOAMAM MOHUTOPUHT Macchl Tesa
MbILeN, No 3aBepLIeHNM SKCNEPUMEHTA Ha 15-e CyT OLEeHMBAAN OTHOCUTE/IbHbIV 06bEM OMyXOAEBOM TKaHW M MPOBOAUIN
rMCTONOrMYECKoe UccnesoBaHue.

Pe3ynbrathbl U 06cyxkaeHune. Cpeam Tpex UCCedyeMbIX COEAUHEHUI MMUAA30TETPasuH 1 NpoaeMOoHCTpupoBan Hanbonee
0bHajeMBatoLWMe pesynbTaThl: NPEKpaLleHne NoTepy Macchbl TeNa Mblllel, BbiI3BaHHOE BBEAEHMEM OMYXONEBbIX KNETOK, 1
COKpallleHMe 06bema onyxonn Ha 15-e cyT akcnepumeHTa A0 50,6% OT aHaI0rMYHOro B KOHTPO/IE MPU UCMONB30BAHUM A03bl
1/10 IC,,, A0 39,2% — Npwu MCMONL30BaHUK A03bl 1/2 IC,,, 4TO 3HAUMTE/IbHO NPEBbILLIANO 3HAYEHWA NPEnapaTa cPaBHEHUA
aNUpyOULIMHA U 3HAYEHUA B KOHTPONbHOM rpynne. Mpu rMcToNorM4eckoM UCCAe0BaHUU NMPU3HAKM PacnpOCTPaHEHUA U
COXPaHeHWMA ¥KMU3HEeCnocobHOCTM ONyX0eBbIX KNETOK MHUMU MCF-7 noc/e ero BBeAeHUA 6bIAN MUHUMA/IbHBIMU, BEIMYMHA
rMCTONIOrMYECKOTO MHAEKCA 3/T0KAYECTBEHHOCTUN CHUXanacb Ha 9,3% OT 3Ha4YeHMA B KOHTpoOne.

3akntoueHue. Cpegm TecTUpyemblX NPOU3BOAHbLIX a30/10a3UHOB, 3-LMKaorekcun-4-okconmnaaso(s,1-d][1,2,3,5]teTpasmH-
8-N-nunepuanHunkapbokcamma sBaseTcA 6e3ycNOBHbIM ANAEPOM, Bbi3bIBAOWMM TOPMOMKEHME POCTa OMyXO/iu B
KCeHOreHHOM moaenu in vivo.

KnioueBble cnoBa: MMuMAA30TPMa3nH; UMUAA30TETPA3UH; PaK MOJIOYHON enesbl; KNeToyHaa nAuHua MCF-7; mbllunHble
mogenu

CnUCoK coKpaleHuit: PMX — pak monoyHolt xenesbl; AMP — AfepHO-MarHUTHbIW pe3oHaHc; MCF-7 — KneTouyHas vHUA
PM} yenoseka; BALB/c — reHeTuyeckas nvHUsa 6enbix 1abopaTopHbIX Mbillei; IC,, — KOHUEHTPaLWA NONYMaKCUMaNbHOTO
MHrMbUpoBaHua; G1-G3 — cuctema MopdONOrMYECKUX KPUTEPUEB ONPEAENEHNA CTEMEHM 3/10KaYECTBEHHOCTMY.

INTRODUCTION

Malignant neoplasms are currently not only one
of the main causes of death in the world, but they
also cause concern to specialists due to the constant
increase in morbidity, extreme variability, and resistance
to various types of treatment. Among all tumors, breast
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cancer belongs to the most common type of malignant
tumors in women [1-3]. It has been detected in 1/8 of all
newly diagnosed cases of tumors and determines 14%
of cancer mortality in women [4]. According to global
statistics, 2.3 million people were diagnosed with breast
cancer in 2020, and 685 thousand died from it [5]. As a
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result, the genetic and morphological diversity of breast
cancer, the difficulties of its primary diagnosis, and the
high resistance of a several varieties to chemotherapy
cannot satisfy clinical oncologists with a modern arsenal
of chemotherapeutic agents for its treatment. The
results of antitumor therapy for metastatic breast cancer
are particularly pessimistic [6—-9].

All these points determine the urgent need
and make research into the development of new
chemotherapeutic agents that would cope with breast
cancer extremely relevant [10, 11].

Based onthe above provisions, the authors’ attention
has been focused on the study of imidazotetrazine
and imidazotriazine derivatives, which demonstrate
a strong alkylating effect and have been used as
antitumor agents, including breast cancer, for more than
40 years. Temozolomide is the most famous of them;
it has proven clinical effectiveness in the treatment of
lymphomas, brain tumors, and metastatic melanoma.
Unfortunately, at the present stage, many tumors are
resistant to this drug, or the chemoresistance develops
very quickly [12, 13]. To date, more than 30 new
derivatives of imidazotetrazine and imidazotriazine have
been synthesized, promising to be used as antitumor
agents [14-16].

The study hypothesizes a possible antitumor activity
of new azoloazine derivatives in a xenogenic model of
breast cancer in mice.

This in vivo stage is mandatory for all preclinical
studies of potential antitumor compounds, since it
is cancer modeling in laboratory animals that makes
it possible to study the biology of malignant growth
in detail and make suggestions in an evidence-based
format to improve diagnostic and therapeutic strategies.
Among the existing models, the orthotopic mouse
is characterized by transplantation of tumor cells or
fragments into the same anatomical area where the
tumor usually develops. This cancer model is widely
used in practice [17, 18], because it makes possible a
very accurate reproduction of relationships with stromal
and vascular cells, providing a microenvironment that
plays a crucial role in the development of tumor cells.

THE AIM of the work was to evaluate the antitumor
activity of three new azoloazine derivatives in a
xenogeneic breast cancer model in mice in vivo.

MATERIALS AND METHODS

Test compounds

To assess the potential antitumor properties,
three azoloazine derivatives: 3-cyclohexyl-
4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-8-N-
piperidinylcarboxamide (imidazotetrazine 1), diethyl
ether of 4-aminoimidazo[5,1-c][1,2,4]triazine-3,8-
dicarboxylic acid (imidazotriazine 2) and 4-amino-
8-ethoxy-carbonylimidazo[5,1-c][1,2,4]triazine-3-N-
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(p-toluyl)carboxamide (imidazotriazine 3) synthesized at
Ural Federal University named after the first President of
Russia B.N. Yeltsin, have been tested in accordance with
the described methods [19, 20], while NMR analysis
confirmed a high chemical purity of these derivatives.
Epirubicin was used as a reference drug, as a remedy
widely used for the treatment of breast cancer, which
toxicological effects and activities in mouse models are
well known [21]. Compounds 1-3 were selected for the
study from 11 candidates based on the results of an
earlier determination of the minimum half inhibitory
concentration of IC,  in an in vitro cytotoxicity test in
MCF-7 cell culture [22].

Ethical approval

The study was conducted in accordance with
bioethical standards set out in the “The Code of
Practice for Care and Use of Animals for Experimental
Purposes” and Directive 2010/63/EU of the European
Parliament and of the Council of the European Union
on the protection of animals used for scientific
purposes. After the examination, the design of the
experimental study was approved by the Local Ethics
Committee of Volgograd State Medical University
(Protocol No. 2021/049 dated May 27, 2021). All
manipulations with laboratory animals were carried out
exclusively by persons with higher biological or health
education.

Laboratory animals and their maintenance

The work was performed on 48 female BALB/c
mice obtained from the nursery of laboratory animals
of Pushchino Scientific Center for Biological Research
of the Russian Academy of Sciences (Russia). Before
modeling metastatic breast cancer, the animals had
undergone the necessary certification procedures
and introductory quarantine. The animals lived in
standard conditions of the vivarium of the Center
for Innovative Medicines of Volgograd State Medical
University (Russia) with Resolution No. 51 of the Chief
State Sanitary Doctor of the Russian Federation dated
Aug 29, 2014 “On approval of SP 2.2.1.3218-14 “Sanitary
and epidemiological requirements for the device,
equipment and maintenance of experimental biological
clinics (vivariums)”.

The animals were kept in plastic cages for
5 individuals on a litter of sawdust with free access to
water and feed, with the replacement of both daily.
The air temperature in the vivarium was maintained in

*Resolution of the Chief State Sanitary Doctor of the Russian Federation
dated August 29, 2014 No. 51 “On approval of SP 2.2.1.3218-14
“Sanitary and epidemiological requirements for the design, equipment
and maintenance of experimental biological clinics (vivariums)”
(together with “SP 2.2.1.3218-14. Sanitary and epidemiological
rules...”); registered with the Ministry of Justice of Russia on October
31, 2014 No. 34547). Available from: https://www.consultant.ru/
document/cons_doc_LAW_155631/. Russian
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the range of 20-26°C, the relative humidity was in the
range of 30-70%, a 12-hour light cycle was realized
with a combined (natural+fluorescent) type of lighting.
Bactericidal air treatment was carried out continuously
by stationary bactericidal plants.

Experimental study design

The main experimental model of this study is
orthotopic implantation of cancer cells subcutaneously
under the nipple into the fatty pad of the breast, which
simulates metastatic stages and decays breast cancer
in the clinic. The injection site and technique, together
with the specific properties of the selected breast cancer
cell line, largely determine the dynamics of the behavior
of transplanted cells in mouse tissues [18].

To induce temporary immunosuppression, white
BALB/c mice were injected intraperitoneally with
azathioprine at the dose of 1 mg/kg body weight
three times: 3 h before the injection of tumor cells, 24
and 48 h after it. At the main stage, orthotopic tumor
transplantation was performed, for which 48 mice
(6 animals in each group) were injected into the base
of the breast nipple with 106 human breast cancer cells
of the MCF-7 line in 0.2 ml of a sterile saline solution.
To reduce the vaccination dose, Matrigel (Corning, USA)
was used as a carrier [23]. All the animals vaccinated
with MCF-7 cells were divided into 8 groups (Table 1).

Two doses of the substance (1/2 C,, and 1/10 IC_))
were used to study the antitumor activity spectrum. The
choice of doses of the tested derivatives was justified
by the authors’ previous studies of their cytotoxic
activity and genotoxic activity. The substances were
administered once intraperitoneally in 0.2 ml of a saline
solution 72 h after the tumor cells injection, in the
control group, only a sterile saline solution was used.

Every three days, the mice were weighed and the
injection area was visually monitored.

The animals were removed from the experiment
on the 15™ day with an overdose of Tiletamine at a
dose of 200 mg/kg of the intraperitoneal weight. The
euthanasia of mice was carried out in a room where no
other animals were kept, and the disposal of corpses
was carried out by a responsible person.

After euthanasia, the sections of the subcutaneous
tissue of the abdominal wall where tumor cells had
been injected, as well as similar areas on the opposite
side were taken away. When cutting out the material,
the total volume of the papilla and its base (mm?3) was
calculated. The difference between the described value
for intact and injected mammary glands was taken as
the relative volume of the tumor tissue.

The material was placed in a buffered 10% formalin
solution for a subsequent histological examination.
The following histological equipment was used for the
study — Microm STP 420 wiring apparatus
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(Microm, Germany), Leica EG 1160 modular filling system
(Leica, Germany), Leica RM 2255 rotary microtome
(Leica, Germany), Dako coverstainer (Dako, Denmark),
Dako Link 48 immunohistostainer (Dako, Denmark),
microscope Leica DM 6000B with Leica DFC_C digital
camera (Leica, Germany). The possibilities of classical
light and fluorescence microscopy were used for the
visualization and morphometric examination of cells
and tissues. The image analysis was performed using
the ImagelJ program (USA).

To prove the presence of human MCF-7 cells in
mouse tissues, immunohistochemical detection of
marker cytokeratin 8/18, clone EP 17+EP30 using
Dako Cytomation kits (Denmark), was used. Imaging
was performed using an indirect immunoperoxidase
method, using positive antigen controls, a negative
antigen, and antibody controls?.

The dynamics of an animal body weight, the
estimated volume of tumor tissue, and histological
characteristics of the injection site were selected as
indicators determining the antitumor effects of the test
compounds.

For a general conclusion about the tumor condition,
a histological index was calculated based on a breast
cancer gradation from 0 for normal non-tumor tissue
to 10 for an undifferentiated tumor® with a slight
difference — due to a relatively small amount of tumor
tissue, the maximum values of the mitotic index were
reduced to 4 (Table 2).

Statistical analysis

Statistical processing of experimental data
was carried out using the Statistica 10.0 program
(Dell USA). After checking the samples according to
the Shapiro-Wilk criterion for compliance with the
normal distribution and establishing its absence, the
results were presented as the median, the boundaries
of the first and third quartiles — Me [Q1+Q3]. An intra-
group comparative analysis was performed using the
Kraskel-Wallis criterion, and a comparison between
unrelated samples was performed using the Mann-
Whitney criterion. The differences were considered
significant at a confidence level of p <0.05.

RESULTS

Dynamics of body weight and volume

of tumor tissue

The administration of tumor cells to mice was
accompanied by the cessation of their growth and loss
of body weight, which amounted from 6 to 11% of the
initial value in all experimental groups during the period
from the injection of MCF-7 to the administration of an
antitumor drug (Table 3).

2 Frank GA. Mammary cancer. Practical guide for doctors. Ed. GA Frank,
LE Zavalishina and KM Pozharisky. M.: RMAPO, 2014. 197 p. Russian
3 bid.
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Table 1 — Characteristics of experimental animals groups

Group Compound Dose Number of heads
Control Saline solution - 6
1la 1/101C 6
———— Imidazotetrazine 1 / 0

16 1/21c, 6
2a 1/101C 6
—— Imidazotetrazine 2 / 50

26 1/21c,, 6
3a 1/101C 6
——— Imidazotetrazine 3 / 0

36 121c,, 6
Reference Epirubicin 1/21C,, 6

Table 2 - Histological gradation of breast cancer to determine histological index
in experiments on immunodeficient mice

Criteria Score in points

Structure formation

Glandular/tubular structures occupy:

—more than 75% of the tumor area !
— from 10 to 75% of the tumor area 2
— less than 10% of the tumor area 3
Nuclear polymorphism
Monomorphic small nuclei with a clear contour, uniform chromatin, similar to the nuclei of normal epithelium 1
Enlarged moderately polymorphic vesicular nuclei with prominent nucleoli 2
Polymorphic vesicular nuclei, variable in size, with noticeable nucleoli, often of atypical shape 3
Mitoses and invasions
Single mitoses 1
Multiple mitoses 2
Multiple mitoses and invasion G1 2
Multiple mitoses and invasion G2-G3 4

Table 3 — Antitumor effects of azoloazines 1-3 and epirubicin during orthotopic transplantation of MCF-7 cells
to immunodeficient mice

Weight of mice,
STl — Sene r.mce = Tumor volume on day 15, mm?
(all n=6) Initial Final
Control 48.8 [46.9+50.7] 40.7 [37.9+43.1] 24.5[19.9+27.8]

Epirubicin 1/2 IC_

48.3 [46.2+50.0]

43.1 [40.5+46.2]*

18.5[15.6+20.9]*

Imidazotetrazine 1
1/101C,,
1/21c,,

48.1 [46.0+49.6]
48.1 [46.0+49.6]

47.5 [46.1+48.8]*

48.6 [46.5+50.5]*#

12.4[9.9+15.1%#
9.6 [7.7+11.8]*#

Imidazotetrazine 2
1/101C,,
1/2 IC,,

49.0 [47.2+51.0]
49.0 [47.2+51.0]

45.1 [43.4+46.9]*
46.3 [44.5:47.4]*

18.7 [15.1+20.4]*
16.5 [13.3+19.0]*

Imidazotetrazine 3
1/10 IC,,
1/2 IC,,

48.4 [47.1+50.2]
48.4 [47.1+50.2]

45.6 [43.3+48.0]*
46.9 [43.7+48.2]*

17.3 [14.8+20.5]*
15.0 [12.9+18.1]*#

Note: statistically significant differences * — between the use of azoloazine derivative and control; # — between the use of azoloazine derivative

and epirubicin (p <0.05).

Table 4 - Histological index after administration of azoloazines 1-3 and epirubicin in orthotopic transplantation
model of human breast cancer cells MCF-7 to mice

Dose
Test compound

1/101C,, 1/21C,,
Control 8.8 [7.7+9.6]
Epirubicin - 8.5[7.2+9.4]
Imidazotetrazine 1 8.9 [7.7+9.7] 8.2 [7.3+9.1]
Imidazotetrazine 2 8.5[7.4+9.3] 9.1[7.9+9.8]
Imidazotetrazine 3 8.4 [7.5+9.2] 8.8 [7.7+9.6]

Tom 11, Beinyck 4, 2023
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Figure 1 — Transplantation area of MCF-7 cells to mice in xenogenic model of human breast cancer
Note: A — control series without the use of antitumor drugs. Accumulation of immunopositive material in the area of the neurovascular bundle
of the adjacent muscle. B — application of imidazotriazine 2. Accumulation of tumor cells with invasion into the lumen of the duct of the breast.
C — application of epirubicin. Perry and intraductal clusters of tumor cells. D — use of imidazotetrazine 1. Single clusters of tumor cells around the
ducts of the breast and in the adjacent fatty tissue. E — use of imidazotriazine 2. Accumulation of tumor cells with invasion into the lumen of the
duct of the breast. F — use of imidazotriazine 3. The histological picture is similar to the use of imidazotriazine 3. A, B —immunohistochemical
detection of human cytokeratin 8/18. C—F is stained with hematoxylin and eosin. Magnification: x200.

During the same period, the body weight of intact
mice increased by an average of 2%. The administration
of the tested compounds changed the dynamics of
animal body weight to a certain extent, but these
changes were different depending on the compound
and its dose.

The administration of the reference drug epirubicin
was accompanied by a slowdown in the decrease in body
weight in mice, which eventually amounted to 89.2% of
the initial vs. 83.4% in the control. The tumor volume
calculated on the 15 day of the autopsy experiment was
75.5% of the analogous one without the administration
of an antitumor drug.

Imidazotetrazine 1 caused the cessation of the body
weight loss in mice and its increase over 15 days led to
the restoration of this indicator to the initial one (when
using a dose of 1/10 IC,,— 98.8%, when using a dose of
1/2 IC,, — 101.6%). The mass recovery was especially
intense in the first three days after the injection of
derivative 4: during this time, the mass increased by
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more than 10%. The tumor volume calculated on the
15% day of the autopsy experiment was 50.6% of the
same in the control when using a dose of 1/10 IC,,
and 39.2% when using a dose of 1/2 IC_, (p <0.05).
When imidazotriazine 2 was administered to the
experimental mice with transplanted MCF-7 tumor cells,
the body weight dynamics similar to that of epirubicin,
was observed. Stabilization of the mass and its slight
increase by the 15% day of the experiment led to a
final mass when using a dose of 1/10 IC,, in 92.0% of
the initial, when using a dose of 1/2 IC,, — 94.5%. The
tumor volume calculated on the 15" day of the autopsy
experiment was 76.3% of the same in the control when
using a dose of 1/10 IC, , and 67.3% when using a dose
of 1/2 IC,,, which corresponded to the inhibition of
tumor growth by 23.7 and 32.7%, respectively (p <0.05).
The administration of imidazotriazine 3 caused the
cessation of body weight loss and its increase by 11.5% in
the first three days. Subsequently, the dynamics of body
weight stabilized, and by the 15" day of the experiment
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it amounted to 94.2% of the initial when using a dose of
1/1011C,, and 96.9% when using a dose of 1/2 IC_. The
tumor volume calculated on the 15™ day of the autopsy
experiment was 70.6% of the analogous one without the
administration of an antitumor drug when using a dose
of 1/10 IC,, and 61.2% when using a dose of 1/2 IC,
This corresponded to the inhibition of tumor growth by
29.4 and 38.8%, respectively (p <0.05).

Results of histological examination

The histological examination revealed changes in
the transplantation area, as well as in the adjacent fatty
tissue and lymph nodes (Fig. 1).

Staining for human cytokeratin 8/18 revealed
the presence of this protein in mouse tissues, which
indicated the validity of the applied technique. In cases
where MCF-7 cells were lyzed, the marker protein was
detected in the intercellular substance, since it is quite
difficult to proteolysis (Fig. 1A, 1B).

In all experimental groups on the 15% day of the
experiment, the morphological picture at the site of
xenotransplantation of MCF-1 cells was characterized by
the presence of single tumor cells, as well as their clusters
in the form of small clusters or trabeculae. The amount
of stroma between tumor cells in the case of cluster
formation was minimal. In some cases, the formation of
chains and structures like a target or an “owl’s eye” was
observed around medium-sized vessels and ducts of the
mammary gland. A complete obstruction of the lumen
by invasive MCF-7 cells was sometimes detected in the
ducts, but more often such cells were isolated, and a
part of the lumen was filled with a mucus-like secret.
In case of death, the tumor cells lost their nucleus and
were surrounded by lymphohistiocytic infiltrate. A small
number of lymphocytic cells could also be found around
clusters of viable tumor cells (Fig. 1C-1F).

The tumor cells themselves were extremely
variable in structure. The cell nuclei were usually large,
polymorphic, with a predominance of rounded shapes.
They were located, as arule, centrally and contained well-
distinguishable nucleoli. The cytoplasm of the cells was
predominantly extensive and pronounced eosinophilic.
A mitotic activity on the preparations varied from single
mitoses to 10—-15 divisions in the field of vision.

In addition to the local invasion into the lumen of
ducts, lymphatic and (much less often) blood vessels,
tumor cells were able to spread to adjacent tissues and
lymph nodes. In the fibrous-adipose tissue surrounding
the mammary gland, both single MCF-7 cells and
clusters of 7-12 cells were found, often with moderate
lymphobhistiocytic infiltration around them. In adipose
tissue, the tumor clusters were larger; morphologically
they looked like typical micrometastases closely adjacent
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to the feeding vessels. In lymph nodes, MCF-7 cells were
usually located singly, and there was a pronounced
tissue reaction from macrophages and lymphoid tissue
around them.

The determination of the histological index made
it possible to give a semi-quantitative assessment of
histological changes in the zone of xenotransplantation
of human breast cancer cells when testing azoloazine
derivatives and a comparison drug (Table 4).

As can be seen from the presented data, the use of
epirubicin at a dose of 1/2 IC, practically did not change
the histological index of tumors, in comparison with the
value of the indicator in the control group of animals.

The values of the histological index in all groups
practically did not differ from the control (the maximum
decrease with the administration of imidazotetrazine 1
was 9.3%), which once again confirmed the fact that
the cells insensitive to the applied chemotherapy retain
a high ability to malignant progression in the body and
can even increase it.

DISCUSSION

The development of virtual screening, chemical
technologies for the targeted synthesis of organic
compounds with predicted properties, as well as medical
biotechnology for testing potential drugs in in vitro
cultures and modified models on laboratory animals
have become the basis for a new era of development and
implementation of modern chemotherapeutic agents.

The modern paradigm implies that from the moment
these compounds are presented to experimenters, their
chemical structure evidently assumes an antitumor
activity (docking or the closest analogues of available
drugs). According to the results of preclinical tests, the
drugs have clearly marked targets of exposure, proven
their high antitumor activity in vitro and in vivo, have
minimal toxic effects on healthy tissues and do not cause
rapid development resistance [24-26].

With regard to the subject of this study, it should be
emphasized that solving the problem of breast cancer
in prevention cases, early diagnosis, treatment and
rehabilitation of women is classified as a priority task of
world and domestic healthcare [1, 5].

The class of compounds chosen (imidazotriazine
and imidazotetrazine derivatives) is attractive in this
regard due to a sufficient number of well-established
representatives, including mitozolamide and
temozolomide, as well as the emergence of protocols
for the synthesis of new compounds with potentially
promising properties [12, 19]. According to the results
of evidence-based studies, compounds of this class
exhibit antitumor, anti-inflammatory, antioxidant, and
antibacterial activity [27, 28].
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Orthotopic implantation of cancer cells into animal
breast tissue allows very accurate reproduction of the
tumor microenvironment and in many ways resembles
the multiple stages involved in the development of
breast cancer in patients [23, 29].

The study showed that in a xenogenic breast cancer
model obtained by orthotopic injection of MCF-7
cells into mice, all azoloazine derivatives included
in the work showed antitumor activity, which has
signs of dose dependence and decreases in the series
of imidazotetrazine 1 (leader)>imidazotriazine 3>
imidazotriazine 2 >epirubicin. The maximum inhibition
of tumor growth with the introduction of the most
active derivative of temozolomide 1 was 60.8%, which
significantly exceeded the activity of the comparison
drug epirubicin — 24.5%. The drug significantly
suppressed the proliferation and spread of tumor cells
in the model of xenotransplantation of human breast
cancer MCF-7 cells to mice. The administration of the
drug was accompanied by a decrease in the histological
malignancy index for preserved cells by 9.3%.

In all series of the experiments, the histological
picture indicated a decrease and disintegration of a part
of the tumor structures in the tissues of mice, but the
preserved cells showed pronounced atypism, a tendency
to mitosis and invasion, and formed fresh accumulations
in breast tissue, adjacent fatty tissue and lymph nodes.

As can be seen, all the three drugs selected based
on previous cytotoxicity studies on human breast
cancer cells and non-tumor cells in vitro, showed results
exceeding those for the reference drug epirubicin.
The pharmacodynamic properties of epirubicin have
been well studied and are similar to those of other
anthracycline antitumor antibiotics. Epirubicin is most
active in the phases of the cell cycle, accompanied by
the most intensive DNA synthesis. After the intercalation
between DNA base pairs, it stabilizes the topoisomerase
II-DNA complex, which leads to an irreversible rupture
of the DNA strand. Cytotoxicity has been proven for
epirubicin both in vitro and in vivo against breast cancer
and a number of other human tumor cells, and cell
death increases with increasing drug concentration [30].
Nevertheless, the activity of the drug is quite moderate,
as demonstrated by the present study. Therefore,
epirubicin can be considered a classic reference drug for
new preclinical trials, which are designed to find new,
more effective drugs for tumor chemotherapy.

A comparison of the antitumor activity in an in vivo
model of three azoloazine derivatives showed that,
despite the similar structure and physico-chemical
properties, these compounds exhibit an unequal
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activity in relation to breast cancer cells. The known
reasons that cause differences in the antitumor effects
of homologous molecules are, first of all, differences in
the nature of distribution in the body during a parenteral
administration and the ability to penetrate target cells.
The experimental values of tumor cell survival obtained
are consistent with earlier results of studying other
azoloazine derivatives [12, 31, 32].

Implantation of human breast cancer cell lines into
mice is relatively simple and makes the evidence-based
genetic or pharmacological manipulation of implanted
cells possible. However, it is now fairly believed that
xenografts of tumors in immunodeficient mice cannot
fully simulate tumors in humans, including due to a
significant genetic polymorphism and the fact that
human cells are apparently not fully adapted to growth in
mouse tissues [33]. It is no coincidence that recently the
attention of researchers has been increasingly focused
on creating three-dimensional models of cancerous
tumors in vitro. Modeling 3D microenvironments that
maximally simulate the microenvironment of cells in
human breast cancer makes them a valuable tool as an
alternative for replacing tumor models in animals and
for predicting a risk assessment in humans [34].

CONCLUSION

Using a xenogenic model of human breast cancer
(NCF-7 cell culture), all three new azoloazine derivatives
included in the study showed an antitumor activity
exceeding that of the reference drug drug epirudbicin.
Among the tested new azoloazine derivatives,
3-cyclohexyl-4-oxoimidazo(5,1-d][1,2,3,5]tetrazine-8-N-
piperidinylcarboxamide is the undisputed leader causing
the inhibition of tumor growth in the xenogenic model
in vivo.

The high sensitivity of the MCF-7 cell lines to the
tested substances makes it possible to conclude that
further preclinical tests of their effectiveness and safety
are promising. According to the results of the study of
new azoloazine derivatives, it is possible to expect the
inhibition of the growth of transplanted tumors in the
experimental animals in relation to a wider range of
simulated tumors.

The conclusion obtained should be interpreted
as preliminary, since only one approach (xenogenic
transplantation in mice) and one breast cancer cell line,
MCF-7, were used in the work to assess the antitumor
activity. The specific mechanisms of action of azoloazine
derivatives, as well as the comparison of their activity
with the structural features of molecules, require a
separate further study.
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The aim of the work was a phytochemical and pharmacological study of biologically active compounds (BACs) and Populus
rubrinervis Hort. Alb. buds preparations of various polarities.

Materials and methods. The object of the study was dry extracts of P. rubrinervis Hort. Alb. buds the samples of which
were prepared in January—March 2023 in the Botanical Garden of Samara University (Samara, Russia). The separation of the
amount of current substances was carried consecutively by the method of circulating extraction (chloroform), then, by the
method of fractional percolation, a tincture was received on 70% ethyl alcohol (1:5). Pinostrobin was used as the standard
sample (SS). The analysis of the substances was carried out by the TLC method. The electronic spectra registration was carried
out with a spectrophotometer "Specord 40" (Analytik Jena, Germany). The study of the pharmacological (diuretic) activity
of P. rubrinervis Hort. Alb. buds dried extracts was carried out on 60 white outbred rats of both sexes weighing 200-220 g in
the experiments with aqueous diuresis.

Results. P. rubrinervis Hort. Alb. buds dried extracts of various polarities (extract No. 1 (chloroform) and extract No. 2
(70% ethanol) were received. By the method of thin-layer chromatography, it was determined that the dominant complexes
of the lipophilic nature with pinostrobin are isolated in extract No. 1, phenolic substances of the glycoside nature prevail in
extract No. 2. Despite various polarities of the extragents, spectral characteristics of extract No. 2 have significant similarities
with extract No. 1. When studying the diuretic activity, it was established that when SS pinostrobin was injected at a dose of
1 mg/kg, for 4 h of the experiment, an isolated increase in diuresis was noted (from 1.72+0.11 to 1.9740.03 ml, p <0.05); at
the same time, an isolated increase in creatininuresis (from 1.50+0.29 to 2.39+0.15 mg, p <0.05) was observed during 24 h of
the experiment. When extract No. 2 was injected at a dose of 10 mg/kg, there was a moderate significant increase in diuresis
(from 1.82+0.02 to 2.07+0.04 ml and from 2.38+0.39 to 3.02+0.11 ml, p <0.05) and a significant increase in creatininuresis
(from 0.14+0.01 to 0.19+0.03 mg and from 2.31+0.42 to 2.79+0.51 mg, p <0.05) for 4 and 24 h of the experiment, respectively.
Conclusion. The extraction separation of the amount of P. rubrinervis Hort. Alb. buds by the polarity degree was carried out.
Pinostrobin SS at a dose of 1 mg/kg and extract No. 2 at a dose of 10 mg/kg had a diuretic activity, in connection with which
they are promising in terms of the development of effective drugs.

Keywords: Populus rubrinervis Hort. Alb.; dry extract; pinostrobin; UV spectrophotometry; diuretic activity

Abbreviations: HM — herbal medicine; SPh RF — State Pharmacopoeia of the Russian Federation; BAC — biologically active

compounds; SS — standard sample; DSA — diazobenzenesulfonic acid; PhM — pharmacopoeial monograph.
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Putoxnmmyeckoe u papmakosriornyeckoe uccnegoBaHuve
OMONOrMYecKn akTUBHbIX BELECTB U CYXUX IKCTPAKTOB MNo4ek
Tonons KpacHoHepBHoro (Populus rubrinervis Hort. Alb.)

pasrM4HON NOMAPHOCTU

E.A. Yp6aHuuK, B.A. KypkuH, E.H. 3aiiueBa, B.M. Pbixxos, A.B. [ly6buwies,

A.C. Unbuna, A.U. Antapesa, 10.[l. CUpOTKUHA

depepanbHoe rocygapcTeeHHoe blogykeTHoe 06pa3oBaTe/ibHOE yUperkaeHWe Bbiclero obpasoBaHms
«CamapCcKuii rocyaapCcTBEHHbIM MEAULMHCKUIA YHUBEPCUTET»
MuHKUCTepcTBa 34paBooxpaHeHna Poccuiickon Geaepaumm,

443099, Poccus, r. Camapa, yn. Yanaesckas, 4. 89

E-mail: v.a.kurkin@samsmu.ru

MonyyeHa 18.07.2023 MNocne peueHsnposaHma 25.10.2023 MpuHAaTa K nevatn 30.10.2023

Lienb. MposegeHne GuUToXxMMUYecKoro U GapMaKosorMyeckoro UccaeoBaHna BUONOrMYeckM akTUBHBbIX BellecTs (BAB) u
npenapaToB Ha OCHOBE MOYeK ToNoAsA KpacHoHepBHOro (Populus rubrinervis Hort. Alb.) pasanyHoi nonsapHoCTy.
Martepuanbl u metoabl. O6BLEKTOM MCCNEAO0BaHUA CTAaAN CyXMe SKCTPAKTbl MOYEK TOMOAA KPacHOHePBHOro, obpasuibl
KOTOPbIX OblIM 3aroToBaeHbl B AHBape—mapTe 2023 roga Ha Tepputopumn boTaHnyeckoro caga CamapcKoro yHMBepcuteTa
(r. Camapa, Poccus). PasgeneHue cymmbl AeMCTBYHOLWMX BELLECTB NPOBOAW/IM MOCAEA0BATENbHO METOLOM LIMPKYAALMOHHOWM
3KCTPaKLMK (xnopodopm), a 3aTeM MeTOA0M APOOHOIN NEPKONALMM NONYHaANMU HACTOMKY Ha cnupTe sTuaoBom 70% (1:5). B
KayecTBe cTaHAapTHoro obpasua (CO) Mcnonb3oBaan NMMHOCTPOOUH. AHaNIM3 BeLLEeCcTB MPOBOAUIN METOAOM TOHKOC/IOMHOW
xpomatorpaduu. Peructpaumio Y®P-cnekTpoB OCYLLECTBASAN C MOMOLLbo cnekTpodpoTtomeTpa «Specord®40» (Analytik
Jena, TepmaHusa). UccnepgosaHue dbapmaKonormyeckon ([UMypeTryeckoi) aKTUBHOCTU CyxXMX SKCTPAKTOB MOYEK TOMOoAs
KpacHOHepBHOro NPOBOAMAN Ha 60 6enbix ayTbpeaHbIX Kpbicax o6oero nosa maccovt 200—220 r B 3KCNEPUMEHTax C BOAHbLIM
anypesom.

Pe3ynbratbl. [oNyyYeHbl Cyxme SKCTPaKTbl HA OCHOBE NOYEK TOMOJIA KPACHOHEPBHOMO Pa3/IMYHOM NONAPHOCTH (IKCTpaKT Ne 1
(xnopodopm) m skcTpakT Ne 2 (cnupT stmnosblit 70%). MeToaom TOHKOC/IOMHOM XpomaTtorpaduv onpeneneHo, 4To
AOMUHUpPYIOLWME KOMMAEKChl ANMNOGUNBHOM NPUPOAbI € MUHOCTPOBUHOM M30/IMPOBaHbl B 3KCTPakT N2 1, B sKCTpakTe
N2 2 npeBanvpytoT GeHoNbHble BelecTBa MIMKO3MAHOM Mpupoabl. HecmoTpsa Ha pasHyr NOMAAPHOCTb IKCTPAreHToB,
CMeKTPa/ibHble XapaKTePUCTMKM 3KCTpakta Ne 2 umenn 3HauuTeNbHOe CXOACTBO C 3KCTpaktom Ne 1. Mpu un3yyeHuu
[AWNYPETUYECKOMN aKTUBHOCTU onpeaeneHo, 4to npu seegeHnmn CO nuHocTpoburHa B Ao3e 1 mr/Kr3a 4 4 onbiTa 6b110 OTMEYEHO
M30/1MpOBaHHOe MoBbliweHne auypesa (c 1,72+0,11 go 1,97+0,03 mn, p <0,05), B ToXKe Bpems 3a 24 4 onbiTa OTMEYEHO
M30/IMPOBaHHOE MOBbILWEHME KpeaTuHUHype3a (¢ 1,50£0,29 ao 2,39+0,15 mr, p <0,05). Mpu BBeaeHUM sKcTpakTa Ne 2 B
no3e 10 Mr/Kr oTMe4YeHo ymepeHHoe A0CTOBEPHOE MoBbilweHMe aunypesa (¢ 1,82+0,02 go 2,07+0,04 mn u ¢ 2,38+0,39 ao
3,0240,11 mn, p <0,05) 1 3HauMTeNbHOE yBENMYeHUe KpeaTuHWUHypesa (¢ 0,14+0,01 go 0,19+0,03 mr m ¢ 2,31+0,42 po
2,7940,51 mr, p <0,05) 3a 4 1 24 4 onNbiTa COOTBETCTBEHHO.

3akntoyeHue. [poBefeHO IKCTPAKLMOHHOE pasfesieHne CyMMbl BeLecTB Mo4Yek TOMOoAA KPaCHOHEPBHOro Mo CTerneHu
nonapHocTu. CO nnHocTpobuHa B Ao3e 1 mr/Kr v akcTpakT N2 2 B Ao3e 10 Mr/Kr MpoaBASAN AUYPETUYECKYIO aKTUBHOCTb, B
CBA3W C YeM U ABAAIOTCA NEPCNEKTUBHBIMM B N1aHE Pa3paboTKM 3DPEKTUBHbIX JIEKAPCTBEHHbIX CPEACTB.

KnioueBble cnoBa: Tononb KpacHOHepBHbIN; Populus rubrinervis Hort. Alb.; NoO4YKM; CyXoW 3KCTPAKT; MUHOCTPOBUH;
Y®-cnekTpopoTOMETPUA; ANYypPETUHECKAA aKTUBHOCTb

Cnucok coKkpaweHumid: JIPM — nekapCTBEHHbIN pacTUTeNbHbIM NpenapaT; M PP — locyaapcTeeHHas dapmakonen Poccuinckoi
denepaunn; BAB — 61Monornyeckn aktmeHble Belectsa; CO — cTaHAapTHbIM obpasew; ACK — anasobeH3oncynbPpoKkncnoTa;
®C — dapmakonenHasn cTaTbs.

INTRODUCTION

At present, herbal medicines (HMs) are actively used
in medical practice for the treatment and prevention of
various diseases [1-4]. These drugs have a number of
advantages over synthetic ones: they are relatively safe,
less toxic, and have a broader spectrum of action [4, 5].

One of the interesting and perspective sources of
medicines are plants of the Willow family (Salicaceae)
of the Poplar genus (Populus L.), which grow widely
in temperate countries: Western and Eastern Siberia,
Europe, Eastern Kazakhstan, Central Asia, and Western
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China [5-8]. About 20 species of poplar grow in central
Russia, the most common of which (including the Samara
region) are: P. nigra L., P. deltoides Marsh; P. suaveolens
Fisch; P. laurifolia Ledeb; P. balsamifera L.; P. alba L.;
P. tremula L.; P. rubrinervis Hort. Alb. [6, 9, 10]. Now State
Pharmacopoeia of the Russian Federation XV edition
(SP RF XV ed.) includes a pharmacopoeial monograph —
PhM.2.5.0042.15 “Poplar buds”!. The following species

! State Pharmacopoeia of the Russian Federation. XV ed. Vol. 4.
Moscow; 2018. 1832 p. Available from: https://docs.rucml.ru/feml/
pharma/v14/vol4/. Russian
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are pharmacopoeial: P. nigra L., P. balsamifera L.,
P. deltoides Marsh., P. suaveolens Fisch., P. laurifolia
Ledeb.

Drugs based on medicinal plant raw materials
of these genus have anti-inflammatory, antipyretic,
analgesic, wound healing, antimicrobial, anti-ulcer,
antioxidant activities and are widely used in official and
folk medicine [7, 11-13]. In current scientific studies,
there is also a mention of the investigation of Populus
balsamifera L. buds dihydrochalcones as an effective
agent for a topical treatment of psoriasis along with anti-
inflammatory and antioxidant effects [14-17].

A chemical composition of a pharmacopoeial
raw material — Poplar buds — is rich and quite diverse.
The literature sources describe the Populus L. buds
as mainly containing compounds of phenolic nature:
simple phenols (salicin, salicylic alcohol); phenolic
acids, phenylpropanoids; terpenoids (mono- and
sesquiterpenoids); flavanones (pinocembrin,
pinostrobin); flavones (apigenin, chrysin, tectochrysin);
flavonols (galangin, kaempferol, quercetin); chalcones
and dihydrochalcones; caffeic and ferulic acids, as well
as their derivatives [6, 14, 15, 18]. It should be noted
that phenolic compounds (flavonoids, phenylpropanoids
and simple phenols) make a significant contribution to
the manifestation of the pharmacological activity of the
HMs based on poplar raw materials [6, 19-21]. So, the
leading group of BACs of the pharmacopoeial Poplar
species buds are flavonoids, among which flavanones
pinostrobin (5-hydroxy-7-methoxyflavanone)  and
pinocembrin (5,7-dihydroxyflavanone) dominate; this
fact determines the presence of the drugs antimicrobial
activity (Fig. 1) [22-25].

However, this group has other pharmacological
properties as well [19, 26-28]. For example, a recently
described study compared the anti-inflammatory activity
of Populus L. bud extracts and flavanones (pinocembrin
and pinostrobin) against pro-inflammatory human
gingival fibroblasts (HGF-1), which revealed the potential
protective role of both BACs and Populus L. bud extracts
and demonstrated antioxidant properties [29]. The
hepatoprotective and cardiovascular activities of the
alcoholic Populus L. bud extract were also evaluated
along with antioxidant and anti-inflammatory activities.
In this study, the alcoholic extract showed significant
anti-inflammatory, hepatoprotective, and vasodilatory
activities, the latter being endothelium-independent
and believed to be mediated mainly by the ability of the
individual components to exhibit antioxidant properties,
probably, related to the inhibition of Ca?* ion influx [30].

The analysis of literature sources has shown the
presence of a diuretic activity, i.e., an increase in the renal
excretion of water, electrolytes, creatinine preparations
and individual BACs from the raw materials of the genus
Poplar plants: decoction of the aspen bark (Populus
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tremula L.) (100 pl/kg), the infusion of aspen buds
(100 pl/kg), tincture of aspen buds (100 ul/kg), tincture
of the aspen bark (100 pl/kg), tincture of poplar buds
(50 and 100 pl/kg), an increase in the renal excretion of
water, electrolytes, creatinine [5]. Tremuloidin isolated
from the aspen bark at doses of 25 and 50 mg/kg
stimulated diuresis, saluresis, and creatininuresis, and
at a dose of 100 mg/kg, it stimulated only the excretion
of sodium, potassium, and creatinine [5]. The diuretic
effect was also found for the dry extract of P. simonii
Carrier buds [31, 32].

So, the research of the family Salicaceae of the
genus Populus representatives is currently relevant for
the scientists all over the world. The annually updated
and summarized data on the chemical composition
of buds of the genus Poplar plants, as well as on the
pharmacological activity of the active substances and
developed dosage forms based on the buds of the genus
Poplar plants [19, 22—-24]. Currently, it is known that
P. rubrinervis Hort. Alb. is actively used for landscaping
of populated areas [10]. It has its own differences and
advantages over other species: all plants are male
specimens, it does not form fluffy seeds, it is winter-
hardy, gas tolerant, propagates well by unwooded stem
cuttings, and it is distinguished from other species by
the highest growth vigor [9, 10, 33]. The significant
phytomass of the bud allows us to talk about a greater
economic efficiency in the processing of this raw material
relative to the classical species — black poplar [33].
However, there is very little information in the literature
on the chemical composition and pharmacological
activity of preparations and BACs of P. rubrinervis Hort.
Alb. buds, which contributed to the authors’ scientific
interest in this object.

THE AIM of the work was a comparative
phytochemical and pharmacological study of biologically
active compounds (BACs) and Populus rubrinervis Hort.
Alb. buds preparations of various polarities.

MATERIALS AND METHODS

The object of the study was dry extracts of
P. rubrinervis Hort. Alb. buds, harvested in the period
from the end of January to March 2023 before
swelling. The collection plantings of the Botanical
Garden of Samara University were the main base
for collecting raw materials (Samara, Russia). Drying
was carried out naturally without heating. The dried
raw materials were subjected to a classical sample
preparation in accordance with the requirements of
SP RF XV edition of the pharmacopoeial monograph
“Buds” (GPhM.1.5.1.0009.15)%. The SS of pinostrobin
(5-hydroxy-7-methoxy-2-phenylchroman-4-one),

2 GPhM.1.5.1.0009.15 “Buds”. State Pharmacopoeia of the
Russian Federation. XV ed. Moscow, 2023. Available from: https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/1/1-5/1-5-2/
pochki/. Russian
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obtained earlier from P. balsamifera L. buds according to
the requirements of PhM 42-0073-01 “Pinostrobin as a
standard sample” was also analyzed.

Preparation of work solutions for analysis

by thin-layer chromatography

and UV-spectrophotometry methods

In order to separate the amount of current
substances contained in the buds of P. rubrinervis Hort.
Alb., the forextraction of raw materials by the method
of circulating extraction in the Soxhlet apparatus,
was carried out. During the extraction, 30 complete
cycles were counted, the end of the extraction was
determined by the absence of staining of the extractant
in the working Soxhlet flask. Chloroform was used as an
extractant. The resulting lipophilic chloroform extract of
Populus rubrinervis Hort. Alb. buds (extract No. 1) had
been evaporated in a rotary evaporator under vacuum
at 45°C until a dry extract was obtained. After the
forextraction, the defatted raw material was dried under
traction without heating. Then, a tincture on a 70% ethyl
alcohol in the ratio of raw material and extractant is
1:5 was obtained on the basis of this raw material by
the method of a fractional percolation. Then, to obtain
a dry extract of P. rubrinervis Hort. Alb. buds (extract
No. 2), the tincture, similarly to the lipophilic extract,
was evaporated in a rotary evaporator under vacuum
at 65°Ct.

Sample processing for dry extract

of P. rubrinervis Hort. Alb. buds (extract No. 1)

The aliquot of 0.3 g of P. rubrinervis Hort. Alb.
buds dry extract (chloroform) (accurately weighed
quantity) was placed in a 50 ml capacity measuring flask,
dissolved in 25 ml of 96% ethyl alcohol by heating in a
boiling water bath and the volume of the solution was
adjusted by the same solvent (sample solution A,). The
aliquot of 1 ml of the sample solution A, was placed in
a 50 ml capacity measuring flask, 2 ml of 3% ethanolic
solutions of aluminum (IIl) chloride was added, and the
volume of the solution was adjusted by 96% ethanolic
solutions (sample solution B.). The reference solution
was prepared in the following way: 1 ml of the sample
solution A was placed in a 50 ml capacity measuring flask
and the volume of the solution was adjusted by 96 %
ethanolic solutions.

Sample processing for dry extract

of P. rubrinervis Hort. Alb. buds (extract No. 2)

The aliquot of 0.3 g of P. rubrinervis Hort. Alb. buds
dry extract (ethanol) (accurately weighed quantity)
was placed in a 50 ml capacity measuring flask,
dissolved in 25 ml of 96% ethyl alcohol by heating in a
boiling water bath and the volume of the solution was
adjusted by the same solvent (sample solution A,). The
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aliquot of 2 ml of the sample solution A, was placed in
a 25 ml capacity measuring flask, 2 ml of 3% ethanolic
solutions of aluminum (IIl) chloride was added, and the
volume of the solution was adjusted by 96% ethanolic
solutions (sample solution B,). The reference solution
was prepared in the following way: 2 ml of the sample
solution A, was placed in a 25 ml capacity measuring
flask and the volume of the solution was adjusted by
96% ethanolic solutions.

Methods of qualitative analysis of P. rubrinervis
Hort. Alb. buds preparations by thin-layer
chromatography and UV spectrophotometry.

To study dry extracts from P. rubrinervis Hort. Alb.
buds in the phytochemical analysis, the thin-layer
chromatography method was used.

The chromatographic plates used in the study were
types «Sorbfil-PTSH-AF-A-UV» and «Sorbfil-PTSH-P-A-UV».
The plates were placed in a thermostat at 100-105°C
before chromatographic analysis. The solvent system
tested in the study was chloroform —96% ethanol (19:1).

The extraction samples were applied with a capillary
to the start line and then the plate was immersed in a
chromatography chamber pre-saturated with the vapors
of the solvent system for 24 h. Chromatography was
carried out in an ascending technique. The analysis was
considered complete when the solvent front reached
7-8 cm.

After the removal from the system, the plates were
dried and evaluated visually in daylight. Additionally, the
plates were viewed in the UV light at a wavelength of
254 and 366 nm, then treated with an alkaline solution
of diazobenzenesulfonic acid (DSA).

As physical and chemical methods, the method of
direct and differential spectrometry was used.

The analysis was performed on a spectrophotometer
“Specord 40” (Analytik Jena) at wavelengths in the
range of 190-600 nm in cuvettes with a layer thickness
of 10 mm. The results of the spectrophotometric
determination were processed using the program
“WinAspect Excel”.

Methodology of BACs pharmacologic study

and P. rubrinervis Hort. Alb. Buds preparations

The pharmacological study was conducted in
accordance with the plan of research works of Samara
State Medical University (Samara, Russia) on the
theme: “Chemical-pharmaceutical, biotechnological,
pharmacological and organizational and economic
research on the development, analysis and application
of pharmaceutical substances and drugs”, State
Registration No. AAAA-A19-119051490148-7, dated
14.05.2019. The study was approved by the Bioethics
Committee of Samara State Medical University
(Report No. 222 dated 07.04.2021).
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Figure 1 — Structural formulas of dominant buds flavonoids of pharmacopoeia species of Populus genus
Note: 1 — pinostrobin; 2 — pinocembrin.
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Figure 2 — Chromatogram analysis of extracts and meal from P. rubrinervis Hort. Alb. buds in chloroform:
ethanol (19:1) solvent system
Note: A —in daylight; B— UV detection in UV light at a wavelength of 366 nm; C — UV detection in UV light at a wavelength of 254 nm;
D — DSA treatment; 1 — dry extract No. 1 of P. rubrinervis Hort. Alb. buds; 2 — dry extract No. 2 of P. rubrinervis Hort. Alb. buds; 3 — pinostrobin;
4 — meal (ethanol 96%); 5 — meal (ethanol 70%); 6 — meal (ethanol 40%).
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Figure 3 — Electronic spectra of P. rubrinervis Hort. Alb. Figure 4 — Differential spectrum of P. rubrinervis Hort.

buds chloroform extract (extract No. 1) Alb. buds chloroform extract (extract No. 1)
Note (here and for Fig. 5): 1 — electronic spectrum of the extract;
2 — electronic spectrum of the extract in the presence
of aluminum (lll) chloride.
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Figure 5 — Electronic spectra of 70% alcohol extract Figure 6 — Differential spectrum of 70% alcohol extract
of P. rubrinervis Hort. Alb. buds (extract No. 2) of P. rubrinervis Hort. Alb. buds (extract No. 2)

Table 1 - Effect of intragastric injection of SS pinostrobin at a dose of 1 mg/kg and dry extracts
of P. rubrinervis Hort. Alb. buds No. 1 and No. 2 at a dose of 10 mg/kg on excretory function
of intact rats’ kidneys of (Mtm, n=10)

Experiment No. 1:  Experiment No. 2: Experiment No. 3:
Time, h Indicators Control SS of pinostrobin,  Extract No. 1 Extract No. 2
1 mg/kg (chloroform), 10 mg/kg  (70% ethanol), 10 mg/kg
Diuresis, ml 1.72+0.11 1.97+0.03* 1.82+0.02 2.0740.04*
Diuresis, % 100 115 106 120
Reliability - p=0.047 p=0.698 p=0.011
4 Creatinine excretion, mg 0.10+0.02 0.13+0.01 0.14+0.01 0.19+0.03*
Creatinine excretion, % 100 130 140 190
Reliability - p=0.341 p=0.249 p=0.038
Diuresis, ml 2.58+0.10 2.52+0.25 2.38+0.39 3.02+0.11*
Diuresis, % 100 98 92 117
24 Reliability - p=0.844 p=0.629 p=0.011
Creatinine excretion, mg 1.50+0.29 2.39+0.15 * 2.31+0.42 2.79+0.51*
Creatinine excretion, % 100 159 147 186
Reliability - p=0.019 p=0.229 p=0.047

Note: here and further * — p <0.05 — reliability of differences between the data of the experimental group and the control group.

Table 2 - Effect of intragastric injection of comparative drug furosemide at a threshold dose of 1 mg/kg
on intact rats’ renal excretory function of (Mim, n=10)

Time, h Indicators Control T
1 mg/kg

4 Diuresis, ml 1.97+0.13 3.81+0.22*
Diuresis, % 100 193
Reliability - p=0.001
Creatinine excretion, mg 0.07+0.01 0.0940.02
Creatinine excretion, % 100 129
Reliability - p=0.361

24 Diuresis, ml 2.98+0.22 5.42+0.34*
Diuresis, % 100 182
Reliability - p=0.001
Creatinine excretion, mg 1.19+0.11 1.58+0.13
Creatinine excretion, % 100 133
Reliability - p=0.052

Note: here and further * — p <0.05 — reliability of differences between the data of the experimental group and the control group

306 Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2023-11-4-301-311

The diuretic activity was studied on 60 white
outbred rats of both sexes weighing 200-220 g in chronic
experiments with aqueous diuresis. The animals were
obtained from the vivarium at the Research Institute
of Biotechnology “BioTech”, Samara State Medical
University of the Ministry of Health of Russia (Samara,
Russia). The rats were kept in cages of 4 individuals of the
same sex in the vivarium conditions on the standard food
ration and with a free access to water. Four experimental
and two control groups of animals participated in the
experiment. The distribution of animals into groups
was performed by drawing lots. Each group consisted of
ten animals (n=10). Control and experimental animals
received an intragastric 3% water load using a special
probe. The experimental animals were additionally
administered intragastrically with dried extracts of
P. rubrinervis Hort. Alb. buds No. 1 and No. 2 at a dose of
10 mg/kg, SS pinostrobin at a dose of 1 mg/kg. Classical
diuretics — furosemide at a threshold dose of 1 mg/kg
(4 h experiments) and hypothiazide at an effective mean
therapeutic dose of 20 mg/kg (24 h experiments) were
taken as drugs. After all manipulations, the animals were
placed in exchange cages for a urine collection with an
access to food and water. After 4 and 24 h, the obtained
urine portions were collected. Their volume (diuresis)
was determined and creatininuresis was recorded by
a calorimetry method on KFK-3 (Zagorsky Optical and
Mechanical Plant, Russia).

Statistical processing

In accordance with the general recommendations
for the preclinical study of drugs, a comprehensive
statistical processing of the data obtained from the
pharmacological experiments was carried out using
adequate methods of the statistical analysis, the
required volume of statistical samples, in the presence
of reference drugs. The statistical processing of the
results obtained was carried out using the Statistica
10.0 program using the Mann—Whitney test with
Bonferroni and  Kruskal-Wallis  correction. The
nonparametric test was chosen because the sample
was small, and the distribution in the sample was non-
normal (Shapiro-Wilk W test; if p <0.05, the analyzed
distribution was considered to be different from normal).
The significance level was accepted at p <0.05.

RESULTS AND DISCUSSION

The obtained dry extracts based on the buds of
the P. rubrinervis Hort. Alb. were in the form of dry
powder of golden yellow (extract No. 1) and brick red
(extract No. 2) with a specific odor.

The analysis of chromatographic profiles of dry
extracts from P. rubrinervis Hort. Alb. buds compared
with SS of pinostrobin in the solvent system chloroform:
ethanol (19:1) allowed us to reliably determine its
presence in the studied samples and to assume the
presence and dominance of phenolic compounds in
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the studied object. The TLC analysis of the obtained dry
extracts allowed us to arrive at the conclusion about the
separation of the initial amount of substances (Fig. 2).

The dominant phenolic complexes of a lipophilic
nature with pinostrobin were isolated into extract No. 1
obtained on chloroform. In the hydrophilic extract
(extract No. 2), phenolic substances of a glycosidic
nature prevail. Specifically, catechins and a number of
other phenolic compounds not identified at this stage
(Fig. 2B and 2D).

After a double extraction, the chromatographic
profiles of the aqueous-alcohol extractions from the
raw meal on alcohols of different concentrations
(40, 70, 96% ethyl alcohol) showed a maximally
depleted composition (Fig. 2).

Thus, using different types of extraction and
solvents of a different polarity, it was possible to
separate the initial amount of metabolites into lipophilic
and hydrophilic complexes. Two dry extracts based on
the P. rubrinervis Hort. Alb. buds differing in chemical
composition, were received. It should be noted that
the dominant component of pharmacopoeial poplar
buds, pinostrobin, is localized in the first lipophilic
(hydrophobic) extract.

The dry extracts were further studied by
spectrophotometry. Based on the known previously
developed methods for the analysis of pharmacopoeial
poplar species buds [1, 2, 4], the direct spectra
of P. rubrinervis Hort. Alb. buds extracts were analyzed
(Fig. 3 and 4).

The analysis of spectral curves showed that
extract No. 1 is characterized by the presence of one
pronounced maximum in the spectral curve in the
area of 28812 nm and a small “shoulder” in the area
of 32042 nm, which coincides with the absorption
maximum of the extracts from the pharmacopoeia
poplars buds (28942 nm) (Fig. 3). Such coincidence can
be explained by the presence of the main dominant
flavonoids of the buds of pharmacopoeial poplar species,
particularly pinostrobin, the content of which had been
proven by TLC before.

The differential absorption curve has two expressed
analytical maxima: 30812 nm, characteristic for the
phenylpropanoids, and 400+2 nm, characteristic for the
amount of flavonoid substances, indicating the presence
of these groups of substances in the composition
of P. rubrinervis Hort. Alb. buds, as in pharmacopoeial
species (Fig. 4).

Despite the different polarity of the extractants, the
spectral characteristics of hydrophilic extract No. 2 have
significant similarities with extract No. 1 obtained using
chloroform (Fig. 5 and 6).

Based on the data of chromatographic studies
of the extracts (Fig. 2), it can be assumed that the
characteristics of the spectra of the compared extracts
are largely determined by the presence of simple
phenolic compounds that differ in polarity due to
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the presence or absence of glycosidic bonds. For a
more accurate separation in the future, the study and
isolation of biologically active substances from the buds
of P. rubrinervis Hort. Alb. by column chromatography is
planned to be carried out.

The samples of the dry extracts of P. rubrinervis
Hort. Alb. buds No. 1 and No. 2 and SS pinostrobin were
used to study the excretory function of the kidneys in
preclinical studies on white mongrel laboratory rats at a
dose of 10 mg/kg for the extracts and 1 mg/kg for the SS
pinostrobin (Table 1).

When studying the effect of SS pinostrobin on the
excretory function of the kidneys it was revealed that in
a 4-hour chronic experiment with a single intragastric
injection of BAC at a dose of 1 mg/kg against the
background of a 3% water load, there was a significant
isolated increase in diuresis (by 15%). There was also a
significant isolated reliable increase in creatininuresis
(by 59%) during 24 h of the experiment (Table 1).

Consequently, SS pinostrobin at a dose of 1 mg/kg
against the background of a 3% water load caused an
accelerated diuretic response mainly due to an increase
in the tubular reabsorption of water, as evidenced by the
increase in diuresis in the first 4 h of the experiment,
as well as by a delayed increase in glomerular filtration,
which was confirmed by an increase in creatininuresis
over 24 h.

At the same time, when analyzing the effect of dry
extract No. 2 (70% ethanol) of P. rubrinervis Hort. Alb.
buds it was found that in a 4-hour chronic experiment
at a single intragastric injection of the dry extract at
a dose of 10 mg/kg against the background of a 3%
water load in the animals of the experimental group
relative to the indicators of a water control, there was a
significant increase in diuresis (by 20%) and a significant
increase in creatininuresis (by 90%); at the same time,
for 24 hours of the experiment there was a significant
increase in diuresis (by 17%) and a significant increase in
creatininuresis (by 86%).

Thus, dry extract No. 2 of P rubrinervis Hort.
Alb. buds (ethanol) at a dose of 10 mg/kg in the 4-h
and daily experiments induced an accelerated and
prolonged diuretic response, both by increasing a
tubular reabsorption of water (an increase in the renal
excretion of water) and by increasing a tubular filtration
(an increase in the renal excretion of creatinine).

However, when studying the effect of dry extract
No. 1 of P. rubrinervis Hort. Alb. buds (chloroform) on
the excretory function of kidneys in 4 and 24-hour
chronic experiments at a single intragastric injection at
a dose of 10 mg/kg against a background of a 3% water
load in the animals of the experimental group relative
to the indicators of the water control, no significant
differences were found.

Presumably, this is due to the fact that this extractant
contributed to the release of associated lipophilic
compounds from the medicinal plant raw materials,
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which did not have a proper stimulating effect on the
tubular and tubule apparatus of the kidneys.

In its turn, the comparative drug furosemide at
a threshold dose of 1 mg/kg in a 4-hour experiment
against the background of a 3% water load significantly
increased diuresis (by 93%) in the experimental group of
animals relative to the water control (Table 2).

It follows that SS pinostrobin and dry extract
No. 2 moderately stimulated the renal excretion of
water, significantly inferior to the comparative drug
furosemide (causing maximal diuresis). It is noteworthy
that SS pinostrobin and dry extract No. 2 have the
ability to stimulate the tubular filtration, in contrast to
furosemide, which has an exclusively tubular mechanism
of a diuretic action. Based on all of the above, these
drugs are promising in terms of the development of
drugs with nephroprotective properties.

CONCLUSION

The presence of a promising understudied
representative of the genus Poplar (Populus L.) —
P. rubrinervis Hort. Alb., favorably differing from
pharmacopoeial species of poplars by a much larger
phytomass of buds, has been revealed. The literature
review has also made it possible to confirm the existing
significant habitat of this representative in the Samara
region, which indicates the prospect of harvesting this
type of raw materials.

The extraction separation of the amount of
P. rubrinervis Hort. Alb. buds substances by polarity
has been conducted using technological methods — a
circulation extraction and percolation.

The presence of pinostrobin as the main flavonoid
of pharmacopoeial poplar species was proven
chromatographically in the chloroform extract of
P. rubrinervis Hort. Alb. buds and its absence in the
alcoholic extract. The similarity of spectral absorption
curves of lipophilic and hydrophilic amounts of phenolic
compounds of P. rubrinervis Hort. Alb. buds extracts of
various polarities has been revealed, i.e., the presence
of a pronounced absorption maximum at 289 nm2 nm
and a “shoulder” at 320+2 nm.

At a single intragastric injection of the BAC
pinostrobin at a dose of 1 mg/kg against the background
a 3% water load in the animals of the experimental
group against the indicators of the water control, an
isolated increase in diuresis was observed for 4 hours of
the experiment, at the same time, for 24 hours of the
experiment there was an increase in creatininuresis.

Consequently, pinostrobin at a dose of
1 mg/kg caused an accelerated diuretic response,
inferior to the comparative drug furosemide at a
threshold dose of 1 mg/kg. The SS Pinostrobin at the
indicated dose exhibited a delayed -creatininuretic
response, which compares it favorably with comparative
drugs.

At the same time, at a single intragastric injection of
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dried extract of P. rubrinervis Hort. Alb. buds No. 2 on 70%
ethanol at a dose of 10 mg/kg against the background of
a 3% water load in the animals of the experimental group
against the indicators of a water control, a moderate
reliable increase in diuresis and a significant increase
in creatininuresis for 4 and 24 hours of the experiment
was observed due to an increase in glomerular filtration.
The action of the study drug is inferior in the strength of
diuresis to furosemide at a threshold dose of 1 mg/kg
(4 h experience) and hypothiazide at an effective

threshold dose of 20 mg/kg (a 24 h experience), but
superior to comparative drugs in stimulation of the
glomerular filtration, contributing to the increase
in creatininuresis. When studying the effect of
P. rubrinervis Hort. Alb. buds dry extract on chloroform
No. 1 on the excretory function of the kidneys for 4 and
24 h, no differences between the experimental group
and the control have been found, therefore, further
studies of the dose-dependent effect of this preparation
are required.
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The aim of our work was to study a pharmacological activity of a selective arginase-2 and thrombin inhibitor from a phenolic
compounds group with a laboratory cypher KUD975 on a model of arterial pulmonary hypertension induced by hypoxia.
Materials and methods. To simulate pulmonary hypertension (PH), animals were placed in a normobaric hypoxic chamber
and subjected to 5 weeks of hypoxia with an oxygen content of 10% in the air. After 3 weeks of hypoxia, the animals were
administered with the test compound KUD975 (intragastrically, at a dose of 2 mg/kg once a day for 2 weeks). L-norvaline
(intragastrically, 20 mg/kg) was used as a reference drug. To assess the development and correction of PH, measurements
of cardiohemodynamics, analysis of blood gas composition, study of the number of circulating endothelial precursor cells
(EPCs), quantitative PCR assessing the expression of mRNA VEGF-R2, SGF-1 (stromal growth factor-1) and MCP-1 (monocyte
chemoattractant protein-1). Next, a histological examination of the lungs and heart was performed, the degree of pulmonary
edema and the concentration of cardiotrophin-1 and atrial natriuretic peptide were assessed.

Results. The administration of the studied phenolic compound with laboratory cypher KUD975, as well as the reference
drug L-norvaline, led to a decrease in the right ventricular systolic pressure against the background of modeling PH. The
present study shows a more than twice-fold decrease in the number of circulating (EPCs) in the animals group with modeling
a hypoxia-induced circulatory PH (171.3+12.1) in comparison with the group of intact animals (296.1+31.7; p=0.0018). The
recovery of EPCs was noted in the animals group administered with KUD-975 and L-norvaline, up to 247.5+34.2 (p=0.0009
compared with a pulmonary arterial hypertension (PAH) and 235.6+36.4 (p=0.008 compared to PAH), respectively. The
studied compounds had a protective effect by statistically significantly increasing the expression of VEGF-R2 mRNA and
decreasing the expression of SGF-1 mRNA, reducing the lung moisture coefficient and the concentrations of cardiotrophin-1
and atrial natriuretic peptide and preventing vascular remodeling caused by hypoxia.

Conclusion. When studying the pharmacological activity, it was shown that the phenolic compound with the laboratory
cypher KUD975 normalizes hemodynamic parameters, reduces the signs of remodeling of the heart and pulmonary vessels
and has a pronounced endothelial protective effect on the model of hypoxia-induced PH, and is superior to the activity of the
reference drug L-norvaline.

Keywords: pulmonary hypertension; endothelial dysfunction; nitric oxide; heterocyclic acids; endothelium; arginase-2;
thrombin

Abbreviations: PH — pulmonary hypertension; PAH — pulmonary arterial hypertension; CTPH — chronic thromboembolic
pulmonary hypertension; COPD — chronic obstructive pulmonary disease; RVAP — right ventricular average pressure; RVSP —
right ventricular systolic pressure; HR — heart rate; EPCs — endothelial precursor cells; SDF-1 — stroma-derived growth factor;
VEGF — vascular endothelial growth factor; MCP-1 — monocyte chemoattractant protein-1; RV — right ventricle; LV — left
ventricle; PaO, — oxygen partial pressure; PaCO, — carbon dioxide partial pressure; EC — endothelial cell; MP —interventricular
septum; ED — endothelial dysfunction.

For citation: L.V. Korokina. Studying the possibilities of pharmacological correction of hypoxia-induced pulmonary hypertension using a phenolic
compound with a laboratory cypher KUD975. Pharmacy & Pharmacology. 2023;11(4):312-323. DOI: 10.19163/2307-9266-2023-11-4-312-323
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Ana umtnposaHua: J1.B. KopokuHa. U3ydeHne BO3MOXKHOCTEN (apMaKoNOrMYEeCcKoW KOPPEKLMM NEroYHON TMNepTeH3un, MHAYLMPOBAHHOM
TMNOKCMEN, C MUCNONb30BaHWEM coeanHeHUs ¢GeHoNbHOM npupoabl ¢ nabopatopHbim wudpom KYO975. dapmayus u papmakonoaus.
2023;11(4):312-323. DOI: 10.19163/2307-9266-2023-11-4-312-323

312 Volume XI, Issue 4, 2023


https://crossmark.crossref.org/dialog/?doi=10.19163/2307-9266-2023-11-4-312-323&domain=pdf&date_stamp=2023-12-01

Hay4HO-npakTu4eckuin xypHan

OAPMALMA N

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2023-11-4-312-323

OAPMAKOJOTUA

N3yyeHne BO3MOXHOCTEN hapMaKONMoOrm4eckom KoppeKkuum
JNIero4HOM rmnepTeH3nmn, MHAYLUPOBaHHOWU NMIMOKCUEN,

C Ucrnonb3oBaHueMm coeanHeHUA PeHONTbLHOU NpUpoAbI

c nabopartopHbiMm wmndpom KY[975

N1.B. KopoKuHa

depnepanbHoe rocygapcTBeHHOE aBTOHOMHOe 06pa3oBaTe/IbHOE YUpeKAEHWE Bbiclero obpa3oBaHua
«benropoacknin rocyaapcTBEHHbIN HAaLMOHANAbHbIN UCCNea0BaTeNbCKUIA YHUBEPCUTET»
308015, Poccus, r. Benropog, yn. Nobegpl, 4. 85

E-mail: Korokina@mail.ru

MonyuyeHa 30.05.2023 MNocne peueHsnposaHua 15.09.2023 MpuHAaTa K nevatn 30.10.2023

Lenb. M3yyeHne ¢apmaKoNOrMYeCcKOM aKTUBHOCTU CENEKTUBHOIO WMHIMOGUTOpa apruMHasbl-2 M TPOMOWHA M3 rpynnbl
coeanHeHN GpeHOoNbHOM Npupoabl ¢ NabopaTopHbiM Wndppom KYA975 Ha moaenn apTepuasibHOW IErOYHON TMNEPTEH3UM,
VHAYUMPOBAHHOM TMMNOKCUEN.

Martepuanbl U metogbl. [ MOLENMPOBAHUA NIETOYHON runepTeH3un (/1) KMBOTHbIX MOMELLAAN B HOPMODHAPUUYECKYHO
TMMOKCUYECKYID Kamepy M nogsepranvM 5 Hegenam rUNOKCMKM C copepaHuem Kucnopoga B Bosayxe 10%. lMocne
3-X HedeNlb FUMOKCUM MBOTHbIM BBOAWIM MUcCaedyemoe coeauHeHue KYIA975 (BHYTPUMKeNyAo4YHO B Ao3e 2 Mr/Kr
1 pa3 B cyT B TeyeHue 2 Hepgenb). B KayecTBe npenapata CpaBHEHWA UCMO/Mb30BaAM L-HOPBaNAWH (BHYTPUMKENYA0HHO
20 mr/kr). Ons oueHKkM passutva JIT U ee KOPPeKLuUW MPOBOAMAWM M3MEpPEHWe MOoKasaTesiel KapauoreMoAMHAMMUKM,
aHanM3 rasoBOr0 COCTaBa KPOBM, M3y4YeHME KOMMYECTBA ULUPKYAUPYIOWMX MpealecTBEHHUKOB 3HAO0TENNAbHbIX
knetok (M3K), konuuectseHHyto MLP ¢ oueHKkoi akcnpeccun mMPHK VEGF-R2, SDF-1 (ctpomanbHbiit dpakTop pocTta-1) u
MCP-1 (MOHOLMTaPHbI XeMOATTPAKTaHTHbIN 6e10K-1). anee NnpoBOAMAN FTMCTONOTMYECKOE UCCAeA0BaHME NIETKUX U cepaua,
OLEHMBANN CTENEHb OTEKA JIETKUX U KOHLEHTPALMIO KapAMoTpoduHa-1 1 npeacepAHOro HaTpUnypeTMyeckoro nenTuaa.
Pe3ynbratbl. BBeaeHWe uccieayemoro coeguHeHuns ¢eHonbHOM npupogdbl ¢ nabopaTopHbiM Wwndpom KYO975, Kak u
npenapata cpaBHeHWA L-HOpBasnMHa, NPUBENO K YMEHbLUEHWUIO CUCTONIMYECKOTO AABNEHUA B MOAOCTU MPABOro XKenygouKa
cepaLa Ha poHe mogenvpoBaHus /. B HacToALeM UccnefoBaHUM NOKA3aHO CHUMKEHME KOMYECTBA LMpKyanpyowmx N3K
b6onee 4yem B 2 pasa B rpynmne }KMBOTHbIX C MOAENNPOBAHUEM LIUPKYNATOPHOW NIErOYHOM TMNepPTEH3UU, NHAYLMPOBAHHOMN
QT (171,3+12,1), B cpaBHEHWW C TPYMNMNOM MHTAKTHbIX WBOTHbIX (296,1+31,7; p=0,0018). BocctaHoBneHne MIK 6bii10
OTMEYeHO B rpynne KMBOTHbIX, nosayyaswmnx KYA975 u L-HopsanuH, ao 247,5+34,2 (p=0,0009 B CpaBHEHMMU C IETOYHOM
apTepuanbHoli runepteHsunen (JIAT) n 235,6+36,4 (p=0,008 B cpaBHeHuM ¢ JIAT) COOTBETCTBEHHO. ccnesyemble coeanHeHns
OKasblBa/v NPOTEKTUBHOE AENCTBME, CTaTUCTUUYECKM 3HAYMMO NOBbIWas aKcnpeccnio MPHK VEGF-R2 1 cHUKas aKcnpeccuto
MPHK SDF-1, a TakKe CHWUMKana KOIPOULMEHT BNAXKHOCTM NIETKMX U KOHUEHTPaLMU KapauoTpoduHa-1 n npepcepaHoro
HaTypuitypeTuyeckoro nenTuaa U npefoTBpaLlasn CoCyAnCToe PEMOAENNPOBAHNE, BbI3BaHHOE TMMOKCUEN.

3akntoueHue. Npu n3ydyeHUM GapMaKoNOrMYEeCcKoM aKTUBHOCTM MOKa3aHO, YTO coeAnHeHWe ¢(eHONbHOW npupoabl C
nabopaTtopHbiM Wndpom KYA975 HOpmanusyeT moKasaTeNM reMoguHaMUKK, YMEHbLIAeT NPU3HAKM PemoaenmpoBaHus
CepaLa W NIeroYyHbIX CcocynoB M 0671afaeT BblpaKeHHbIM  3HAOTENMOMPOTEKTUBHLIM - AencTBMem Ha mogenu T,
WHAYLUMPOBAHHOM MMMNOKCUEN, U MPEBOCXOAUT aKTUBHOCTb NpenapaTta CpaBHeHUs L-HOpBaAuWH.

KnioueBble cnoBa: sieroyHas rmnepTeHsus; aHAOTeNMANbHAA AUCOYHKUMA; OKCUA, a30Ta; reTepoLUKANYecKMe KUCIOTbI;
SHAOTENNI; aprMHasa-2; TPOM6UH

Cnucok cokpaueHui: JII — neroyHan rmunepteHsus; JIAM — neroyHaa aptepuanbHas runepteHsun; XTI/IT — xpoHuyecKan
Tpomboambonuyeckaa neroyHaa runepteHsmna; XOBJT — XxpoHuWYeckas OBCTPyKTMBHAA 6onesHb nerkux; CAOMK —
CUCTO/INYECKOE [aB/IeHME B MOAOCTU MPaBoro Kenypoudka; CpAMNK — cpepHee AaBneHWe B MOMOCTU MPABOro KENYA0YKa;
OOMNX — gmactonmyeckoe AaBieHWE B MOJIOCTM MPaBOro Kenygouvka; YCC — uyacToTa cephedyHbix CoKpalleHui; MK —
npeawecTBEHHUKN 3HAOTENNANbHbIX KneTok; SDF—1 — cTpomanbHbIii dpakTop pocTta-1; VEGF — daktop pocta aHpoTenus
cocynos; MCP—1 — MOHOUMTAPHbI XeMOaTTPaKTaHTHbIN 6enok—1; MK — npasbili Kenygouek; /XK — neBbli XKenygoyek;
PaO, — napumnanbHoe fasneHune kucnopoaa; PaCO, — napupanbHoe AasieHve yraekucnoro rasa; 3K — aHgoTenvanbHas
Knetka; MIM — mexkenyaoukoBas neperopoaka; 3 — sHgoTenanbHaa AUchHyHKLUA.

INTRODUCTION

Pulmonary hypertension (PH) is a progressive and
often fatal cardiopulmonary disease characterized by an
increased pulmonary artery pressure, structural changes
in the pulmonary circulation, and the development of
vascular complications [1].

Tom 11, Beinyck 4, 2023

PH, in general, consists of a mixed group of
disorders, all of which ultimately lead to an increased
pulmonary arterial pressure (AP). PH is clinically
classified by the 6" World Symposium on Pulmonary
Hypertension (WSPH, 2018) as Group 1 PH depending on
the underlying etiology. Other clinical subgroups include
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Group 2 PH, which develops due to the underlying
heart failure (reduced or preserved ejection fraction), a
valvular heart disease, or congenital heart defects [2].
Group 3 PH occurs due to lung diseases or hypoxia.
Group 4 PH develops due to the pulmonary artery
obstruction, which alsoincludes chronicthromboembolic
PH (CTEPH) [3]. CTEPH is characterized by a chronic
organization of thrombi in the pulmonary arterioles,
followed by fibrosis and vascular stenosis [4].
Group 5 PH is a complex cohort, often due to the
multifactorial etiology [3].

Pulmonary arterial hypertension (PAH) is a
particularly challenging form of PH because it involves a
progressive hyperproliferative process that, if untreated,
leads to the right ventricular failure and death [5, 6].
The pathophysiology of PAH is complex and variable,
with multiple molecular mechanisms and underlying
disorders involved in pathogenesis. However, the most
common pathological features, regardless of the initial
etiological factor, are a dysfunction of pulmonary
artery endothelial cells, proliferation and migration of
pulmonary artery smooth muscle cells, and a fibroblast
activity dysregulation [5, 7].

Hypoxia-induced PH is a potentially severe and
fatal lung disease. It is known that chronic hypoxia
leads to a pulmonary vascular remodeling, PH and the
right ventricular (RV) hypertrophy with a subsequent
risk of developing the right ventricular failure. Chronic
lung diseases such as a chronic obstructive pulmonary
disease (COPD), cystic fibrosis and bronchopulmonary
dysplasia can lead to diffuse chronic alveolar hypoxia [8].
The development of PH is associated with a significant
morbidity and mortality in these patients [9, 10].

Despite this, there are currently a few treatments for
PH, and prevention strategies remain largely unknown.

THE AIM of our work was to study a pharmacological
activity of a selective arginase-2 and thrombin inhibitor
from a phenolic compounds group with a laboratory
cypher KUD975 on a model of arterial pulmonary
hypertension induced by hypoxia.

MATERIALS AND METHODS

Experimental animals

All experimental studies were carried out in
accordance with the Rules of Good Laboratory Practice,
approved by Order No. 708n of the Ministry of Health
of Russia dated August 23, 2010, in strict compliance
with the European Convention for the Protection of
Vertebrate Animals Used for Experiments or Other
Scientific Purposes (Directive 2010/63/EU). Experimental
studies were approved by the Bioethical Commission
of Belgorod State National Research University
(protocol No. 11/9 dated February 12, 2022). The
vivisection was carried out in accordance with the
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ethical principles for the treatment of laboratory
animals as set out in the European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes (CETS No. 123).

C57BIl/6) mice (n=40) obtained from the
Experimental Biological Clinic of Belgorod State National
Research University were used as the main test system.
After completing the 14-day quarantine regime, the
mice were stratified by weight and placed in separate
conventional cages in accordance with their belonging
to the experimental group. Before and during the study,
the animals were kept in rooms with artificial lighting
(12 h day:12 h night) at the temperature of 21-23°C, the
humidity of 38-50% and had a free access to food and
water.

Study design

To simulate PH, the animals were placed in a
normobaric hypoxic chamber (the authors’ development)
with the air gas composition control. The experimental
mice were subjected to 3 weeks of hypoxia with 10%
oxygen in the air. The normobaric hypoxic chamber was
opened for 1 h once every 3 days to replace bedding,
water bottles, and food. Wild-type (C57BL/6) mice of
both sexes (10-12 weeks of age) were used, and the
animals were evenly randomized by sex (females and
males per group in a 50/50 ratio) and weight (weight per
group in the range of 24+2 g). The animals of the control
group were kept in a normobaric hypoxic chamber
under the normoxia conditions. After 3 weeks of keeping
the animals in a hypoxic chamber, they received various
medicinal compounds for another 2 weeks under the
same environmental conditions. Thus, the animals of
the experimental groups were kept in a hypoxic chamber
for 5 weeks [11].

Compounds under study

In this work, the pharmacological activity of a
phenolic compound with laboratory code KUD975
2-((1-hydroxynaphthalene-2-yl)thio)acetyl)-D-proline
methyl ester) was studied. The compound was
synthesized by a group of scientists under the leadership
of Doctor of Sciences (Chemistry) Konstantin V.
Kudryavtsev (Pirogov Russian National Research Medical
University). The structural formula of the compound
under study shown in Figure 1.

The arginase inhibitor L-norvaline
Clearsynth, India) was used as a reference drug.

KUD975 was administered intragastrically at a dose
of 2 mg/kg once a day for 2 weeks. L-norvaline was used
as a reference drug at a dose of 20 mg/kg intragastrically.

Thus, the following experimental groups were
formed:

1. Control (1% starch solution intragastrically);

2. Hypoxia-induced PAH;

(C.H

5 11

NO,,

Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2023-11-4-312-323

3. PAH+KUD975 at a dose of 2 mg/kg for 14 days;

4. PAH+L-norvaline at a dose of 20 mg/kg for
14 days.

The calculation of dosage and dosing regimens of the
studied compounds and reference drugs are based on
their effectiveness in the experimental studies conducted
previously in the field of pharmacological correction
of the endothelium-associated pathology [12-15].

The doses were recalculated using interspecies
coefficients, and the design of the experimental studies
was carried outin accordance with the recommendations
for preclinical studies®2.

Pressure measurement in right ventricle heart

cavity, analysis of blood gas composition

A pressure measurement in the RV heart cavity
and a gas composition of the venous blood were
measured in mice under anesthesia (2—2.5% isoflurane
in 100% oxygen) after 5 weeks from the start of the
experiment. To do this, a small skin incision was made
on the neck of the mice and the right external jugular
vein was isolated, then catheterized with a polyethylene
(PE 10) catheter. Next, the catheter was passed into the
right ventricle (RV) of the heart cavity. In each animal, the
BR in the pancreatic cavity was recorded continuously
with a sampling frequency of 1 kHz for at least 30 sec
using a piezoelectric pressure sensor and an MP-150
polygraph (BIOPAC Systems, Inc. USA). The correct
anatomical position of the catheter tip was monitored by
continuously monitoring the pressure signal waveform.
A systolic pressure in the right ventricular cavity (RVSP),
a mean pressure in the right ventricular cavity (mean RVSP),
a diastolic pressure in the right ventricular cavity (RVDP),
aheartrate (HR), dP/dt max, dP/dt min were determined.
Hemodynamic parameters were determined using the
Biopac MP-150 hardware complex (BIOPAC Systems,
Inc. USA) and the AcgKnowledge 3.8.1 computer
program (USA). After measuring hemodynamic
parameters, the animal was removed from the
experiment by the ethyl ether overdose, and the blood
was drawn to analyze the gas composition (partial
pressure of oxygen and carbon dioxide) [11].

Study of the number of circulating

endothelial progenitor cells

To measure the level of circulating endothelial
progenitor cells (EPCs), the cell culture and staining
method described in the study by Pan Y et al, was

* Guidelines to experimental (preclinical) study of new pharmacological
substances. Khabrieva RU, editor. Scientific Center for Examination
of Medical Products Applications; 2" ed., revised. Moscow: Shiko
Publishing House, 2005. 826 p. Russian

2 Guidelines for conducting preclinical studies of drugs: in 2 parts.
Scientific Center for Examination of Medical Products Applications.
Mironov AN et al, editors. Moscow: “Grif and K”, 2012. Part 1. 940 p.
Russian
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used [16]. Mononuclear cells were isolated from
peripheral blood by centrifugation (Eppendorf 5430R
centrifuge, Germany) in a Histopaque-1083 solution
(solution containing polysucrose and sodium diatrizoate
adjusted to the density of 1.083 g/ml) according to
the manufacturer’s instructions (Sigma Chemical,
USA). The isolated mononuclear cells were seeded in a
triplicate on 96-well plates coated with 1% gelatin in the
endothelial cell basal medium (Thermo Scientific, USA)
supplemented with 2% fetal bovine serum, penicillin
(100 U/ml) and streptomycin (100 pg/ml). After 2 days
of culture, the adherent cells were thoroughly washed
with the medium and co-stained with Dil AcLDL (Thermo
Scientific, USA).

Quantitative PCR

To investigate the studied drugs effect on the
molecular mechanisms of the PH development, a
real-time polymerase chain reaction to determine the
expression of mRNA VEGF-R2, SDF-1 (stromal growth
factor-1) and MCP-1 (monocyte chemoattractant
protein-1) was performed. To carry out a quantitative
real-time PCR, a part of the lung was homogenized and
incubatedfor 10 minat37°Cinthe “Extract RNA” solution.
After lysing the sample in the reagent, it was subjected
to the chloroform purification, the supernatant sample
was collected and washed with isopropyl alcohol and
70% ethyl alcohol. The concentration of the resulting
RNA was measured on an IMPLEN NanoPhotometer®
NP80 Spectrophotometer (IMPLEN, Germany) and
adjusted to the concentration of 300 ng/ul by adding
deionized water (CJSC Evrogen, Russia). A reverse
transcription was performed using the MMLVRTSK021
kit in accordance with the protocol of the manufacturer
(CJSC Evrogen, Russia). The gene expression level was
assessed relative to the values of the reference gene
Gapdh. The expression at a specific point was calculated
using the formula [8]:

Gene Expression=[(Ct(Gapdh)/Ct (Gene of Interest)]

Methods of histological examination

For a histological examination, organs (the heart and
lungs) were removed and fixed in 10% neutral formalin.
Then the material was poured into paraffin in a standard
mode in a carousel-type machine “STP-120” (Microm
International GMbH, Germany). The examination of
histological preparations was performed under an Axio
Scope Al microscope (Carl Zeiss Microimaging GMbH,
Germany); morphometry was performed using the
Image J 1.54d program.

The thickness of the pulmonary artery wall was
determined, the pulmonary vessels near the alveoli
were assessed, and the diameters of 20 vessels were
determined on a slide. Five sections from each animal
were evaluated. At the same time, the number of
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thrombosed vessels in the field of view was assessed
(microscope magnification x400). Approximately 20
peribronchial pulmonary artery vessels were assessed
on each hematoxylin and eosin-stained slide (microscope
magnification x400). The degree of occlusion was
determined as the ratio between the outer and inner
(i.e., luminal) circumferences of each vessel. The degree
of cardiac RV myocardial hypertrophy was determined
using the image analysis Software MCID 7.0 Image
Research. For this purpose, a horizontal section was
made through the mouse heart at the level of the
ventricles, the resulting sections were scanned using a
drawing tool; the left and right ventricles were manually
divided with a thin line in the same way for all sections.
Then, a pixel-by-pixel analysis of the RV and LV areas
with the interventricular septum (IVS) was carried out.
The results are presented as the ratio of RV/(LV+IVS).

Determination of pulmonary edema degree

When removing the animals from the experiment,
the lungs were sampled and divided into separate lobes.
Then the weight of the lung lobe was determined before
and after drying in a thermostat at 70°C for 72 h. The
results were expressed as the ratio of the lungs weight
before and after drying.

Biochemical markers

Cardiotrophin-1  (CT-1) and atrial natriuretic
peptide (ANP) were measured in serum using ELISA kits
(ELM-Cardiotrophin-1/EIA-ANP-1, RayBiotech, Norcross,
USA) according to the manufacturer’s instructions.

Statistical analysis

The data were tested for a normal distribution using
the Shapiro—Wilk test. The normally distributed data
were compared using an ordinary one-way analysis
of variance (ANOVA) with Tukey post hoc test. The
non-normally distributed data were compared with
the Kruskal-Wallis test and Dunn’s post hoc test. The
differences were determined at a significance level of
p <0,05. The experimental data are presented as M+SD
values. The statistical analysis was performed using
GraphPad Prism 9.2.0 Software.

RESULTS

Modeling PH in a hypoxic chamber led to a
statistically significant increase in RVSP by almost twice,
RVDP — by more than twice, a maximum contraction
speed (dP/dt max) and a minimum contraction speed
(dP/dt min) and did not lead to a statistically significant
heart rate change (Table 1). The administration of the
test compound with a laboratory code KUD975, as well
as the reference drug L-norvaline, led to a statistically
significant decrease in all studied parameters, and the
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indicator dP/dt max in the groups of the animals with
the administration of the study drugs was as close
to those values in the group of the intact animals as
possible (Table 1).

To characterize the state of the vascular
endothelium, the number of circulating EPCs which
statistically significantly decreased in the animals with
circulatory PH induced by hypoxia, was assessed (Fig. 1).

This study shows a more than 2-fold decrease in
the number of circulating EPCs in the group of animals
with modeling of circulatory PH induced by hypoxia
(171.3+12.1) in comparison with the group of intact
animals (296.1+31.7; p=0.0018). In the groups of animals
that had been administered the test compounds,
the number of circulating EPCs increased statistically
significantly (Fig. 2).

When analyzing the results of the blood gas
composition study, a similar picture was found — a
statistically significant decrease in the partial oxygen
pressure (Pa0?) against the background of a statistically
significant increase in the partial carbon dioxide pressure
(PaC0?) in the group of animals with PH. The compounds
KUD975 and L-norvaline statistically significantly (in
comparison with the PAH group) and comparable
restored the values of the blood gas composition in the
animals of the experimental groups (Fig. 3).

It was established that the levels of VEGF-R2
mRNA expression in the lungs were statistically
significantly reduced, and the levels of SDF-1 were
statistically significantly increased in PAH. When using
the compound KUD975 and L-norvaline, a statistically
significant increase in the expression of VEGF-R2 mRNA
and a decrease in the expression of SDF-1 mRNA were
established.

Herewith, the degree of increase in the VEGF-R2
mRNA expression in the group of animals receiving
KUD975 was statistically significantly higher than that
in the group of the animals receiving L-norvaline. At the
same time, the studied compounds did not affect the
expression of MCP-1 mRNA when modeling hypoxia-
induced PH (Fig. 4).

The degree of pulmonary edema in the experimental
groups was assessed by the ratio of the weight of fluid
and dry lungs. Simulating pulmonary hypertension with
hypoxia increased the fluid-to-dry lung weight ratio by
33%. The degree of pulmonary edema was statistically
significantly reduced with the use of the compound
KUD975 and L-norvaline. The value of this indicator in
the experimental groups was lower than in the group
of animals with PH. The value of the lungs humidity
coefficient in the group of animals using KUD975 was as
close as possible to the target values set in the group of
intact animals (Fig. 5).

When studying the concentration of cytokines
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CT-1 and ANP in the blood plasma, it was found out
that the level of both factors increased statistically
significantly when PH was modeled using hypoxia. Thus,
in the group of PH animals without treatment (PAH), the
concentrations of CT-1 and ANP increased by more than
5 times (Fig. 6). The use of the compounds KUD975 and
L-norvaline led to a statistically significant decrease in
the concentrations of CT-1 and ANP in the blood plasma.

A histological picture of the lungs in the group
of animals with circulatory PH induced by hypoxia is
presented in Figure 7.

When analyzing the thickness of the pulmonary
artery (PA) wall, it was found out that against the
background of modeling circulatory PH using hypoxia,
the studied indicator increased more than twice from
0.742+0.049 to 1.728+0.24 pm.

The administration of KUD975 and L-norvaline led
to a statistically significant (compared to the PAH group)
decrease in the thickness of the PA wall. There were no
statistically significant differences in the effectiveness
of reducing this indicator between the groups receiving
KUD975 and L-norvaline. When assessing the number
of thrombosed vessels in the field of view, it was found
out that this indicator in the lungs of animals receiving
KUD975 and L-norvaline was statistically significantly
lower than in the group of animals with PH without
treatment (Fig. 7).

When assessing the effectiveness of correcting
the morphological manifestations of PH in the heart, it
was shown that KUD975 and L-norvaline in the studied
doses had a pronounced pharmacological activity,
statistically significantly reducing the cross-sectional
area of cardiomyocytes. The reduction in RV hypertrophy
was also confirmed by a histological examination,
demonstrating a decrease in the hypoxia-induced
increase in the RV/(LV+S) ratio with both KUD975 and
L-norvaline treatment (Fig. 8).

DISCUSSION

It is now clear that the development of new arginase
inhibitors represents a promising strategy for the
treatment of diseases associated with the nitroxidergic
system. Given the different expression of arginase-1 and
arginase-2 in tissues and their different physiological
actions, alarge number of specificand selective inhibitors
of these two isoforms of the enzyme are available today.
For example, endothelial cells express both isoforms of
arginases, butitis not known exactly what the role of each
of these isoforms is in the development of endothelial
dysfunction (ED). A considerable controversy remains
regarding the role of arginase expression in various
conditions such as atherosclerosis and other forms of
vascular inflammation. For example, hyperglycemia
in diabetes causes ED through the activation of p38
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mitogen-activated protein kinase (MAPK). That causes
Argl upregulation in coronary arteries and increased
Arg2 expression in mesenteric arteries [17, 18].

The studies have shown that arginase blockade can
prevent the reduction of angiogenesis by increasing
the NO-induced VEGF expression, initiate a vascular
repair in the experimental ischemic retinopathy (a NOS
function normalization and a reduction of a superoxide
production) [19], promote wound healing in mice, and
prevent morphofunctional changes in the cardiovascular
system against the background of preeclampsia [20].

Thus, there is a substantial evidence for the
therapeutic potential of arginase inhibition against
endothelium-associated pathology interrelated with
a low bioavailability of NO. Therefore, this enzyme is
very attractive from the point of view of research and
development of new compounds — drug candidates for
the treatment of endothelium-associated pathology.
On the other hand, we know the effectiveness of a
multidirectional approach to the pharmacological
correction of ED, when two or more compounds,
different in their mechanism of action and point of
application, are used for therapeutic effects [21, 22].

The combination effect of one compound on 2
different targets, representing two different parts of the
ED pathogenesis, seems promising for the development
of new drug candidates. Thrombin was chosen as a
second target, which, in addition to arginase-2,
is interesting for the inhibition in the conditions
accompanied by ED. The interaction of platelets
with vessel walls plays an important role in acute
cardiovascular diseases [23].

Thrombin is a powerful platelet activator, having
a pronounced effect on the endothelium. Endothelial
cells (ECs) have an antithrombotic activity by releasing
nitric oxide (NO) and prostacyclin, which are potent
vasodilators and inhibitors of the platelet activity. The
blood clotting enzyme thrombin, produced on the
surface of damaged endothelium, induces blood clotting
and has many functional effects on the endothelium
itself. Thrombin acts on ECs by stimulating the synthesis
and release of various agents, such as inflammatory
mediators, vasoactive substances and growth factors.
It causes adhesion of leukocytes to the endothelium,
triggering the expression of adhesion molecules on the
cell surface, and causes a disruption of the endothelial
permeability. It is known that the effect of thrombin on EC
is mediated by its receptor. To date, different responses
of EC to thrombin have been shown. In general, capillary
endothelial cells appear to be particularly sensitive to this
enzyme. Thrombin-induced ED in the microvasculature
can have pathological consequences and contribute to
a target organ damage in the endothelium-associated
pathology [24, 25].

317



RESEARCH ARTICLE Scientific and Practical Journal

PHARMACY &
ISSN 2307-9266 e-ISSN 2413-2241 PHARMACO LOGY
D.-HCOZMG

N
HO s 0

Figure 1 — Structural formula of compound under study with laboratory cypher KUD975 —
2-((1-hydroxynaphthalene-2-yl)thio)acetyl)-D-proline methyl ester
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Figure 2 — Effect of compounds under study on the number of circulating endothelial cell precursors (EPCs)

in animals’ blood in experimental groups with pulmonary hypertension against the background of hypoxia
Note (here and in Fig. 3—6): intact — group of intact animals; PAH — hypoxia-induced pulmonary arterial hypertension; KUD975 — administration
of the compound KUD975 at a dose of 2 mg/kg against the background of PH simulation; L-norvaline — administration of L-norvaline
at a dose of 20 mg/kg against the background of PH modeling; * — p <0.05 compared to intact, ** — p <0.05 compared to PAH.
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Figure 3 — Effect of KUD975 and L-norvaline on partial pressure of oxygen and carbon dioxide

in experimental groups with pulmonary hypertension against the background of hypoxia
Note: PaO? — partial pressure of oxygen; PaCO? — partial pressure of carbon dioxide; PAH — hypoxia-induced pulmonary arterial hypertension.
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Figure 4 — Effect of KUD975 and L-norvaline on the expression of mMRNA molecular targets

for the development of pulmonary hypertension against the background of hypoxia
Note: VEGF-R2 — vascular endothelial growth factor receptor 2; SDF-1 — stromal cell factor 1; MCP-1 — monocyte chemoattractant protein-1.
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Figure 5 — Quantitative assessment of pulmonary edema formation by assessing ratio of humidity
and dried lungs mass in groups of animals receiving KUD975 and L-norvaline against the background

of modeling pulmonary hypertension with hypoxia
Note: * — p <0.05 compared to intact; ** — p <0.05 compared to PAH.

Table 1 - Indicators of cardiohemodynamics in animals’ groups with pulmonary hypertension modeling
and its correction with the help of studied compounds

Indicators Control PAH PAH+KUD975 PAH+L-norvaline
RVSP 28.8+4.84 51.8419.23* 32.547.51** 33.144.9%*
RVDP 2.527+0.32 5.70610.78* 3.918+0.5** 4.019+0.59**
dP/dt max 104.5£17.2 68.8+15.5* 88.4+10.9** 87.6+11.2**
dP/dt min 99.4+11.5 74.949.25* 86+7.53** 82.5+7.81**

HR 365.6+19.4 336.8424.37 344.2+31.6 350.7+26.5

Note: PAH is a group of animals with hypoxia-induced pulmonary hypertension; RVSP — systolic pressure in the cavity of the right ventricle of
the heart; RVDP — diastolic pressure in the cavity of the right ventricle of the heart; HR — heart rate; dP/dt max — maximum rate of increase
in intraventricular pressure; dP/dt min — minimum rate of increase in intraventricular pressure. * — p <0.05 compared with the group of intact
animals; ** — p <0.05 compared with the group of animals with experimental pulmonary arterial hypertension without treatment (PAH group).
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Figure 6 — Effect of KUD975 and L-norvaline on plasma concentrations of cytokines cardiotrophin-1
and atrial natriuretic peptide
Note: CT-1 — cardiotrophin-1; ANP — atrial natriuretic peptide.
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Figure 7 — Effect of KUD975 and L-norvaline on histological lungs structure when modeling circulatory

pulmonary hypertension with hypoxia
Note: PA wall thickness — pulmonary artery wall thickness; A — micrograph of pulmonary artery wall (x400); B — lung microphotograph,
perivascular fibrosis, stained with hematoxylin+eosin (x400); * — p <0.05 compared to intact; ** — p <0.05 compared to PAH.
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Figure 8 — Effect of KUD975 and L-norvaline on histological structure of right ventricle of animals’ hearts
in experimental groups

In this study, the concept of privileged structures
was used to search for the compounds of a phenolic
nature that have an endothelial protective effect. To
conduct a virtual search for targets, several online
services available on a non-commercial basis, were
used. The physicochemical properties of the studied low
molecular weight organic compounds were calculated
using the following computational algorithms:
OpenBabel, Molinspiration online service, online
service of the “virtual laboratory of computational
chemistry” VCCL. The phenolic compound with the
laboratory code KUD975 investigated in this study is an
inhibitor of arginase-2 and thrombin — the participation
of these enzymes in the pathogenesis of the vascular
endothelium dysfunction is currently beyond doubt.
The inhibition of arginase-2, first of all, makes it
possible to switch parts of the L-arginine-eNOS-NO
metabolic pathway to the effective generation of NO
and normalization of endothelium-dependent reactions
in response to acetylcholine and vascular homeostasis in
general [26, 27]. At the same time, the inhibition
of thrombin leads to a slowdown in the release of
thromboxane A2 by platelets, causing a powerful
vasoconstriction, which is prevented by the simultaneous
thrombin-induced release of prostacyclin and NO from
ECs. Therefore, the inhibition of the thrombin production
is an effective therapeutic strategy to correct a thrombin-
induced activation of platelet-vascular wall interactions
in ED [24].

It was previously shown that phenolic compounds
prevent morphological changes in the cardiovascular
system when modeling preeclampsia [28]. In the present
study, it was shown that in a model of circulatory PH
caused by hypoxia, the administration of the lead
compound under study with the laboratory cypher
KUD975, as well as the reference drug L-norvaline,
led to a statistically significant decrease in RVSP and
speed parameters of cardiohemodynamics. Against the
background of PH modeling, the number of circulating
EPCs in the experimental groups were studied. More
and more studies demonstrate that circulating EPCs
are involved in vascular homeostasis [29]. This study

Tom 11, Beinyck 4, 2023

shows a more than 2-fold decrease in the number of
circulating EPCs in the groups of animals with modeling
circulatory PH and a statistically significant increase in
the number of EPCs in the groups of animals that had
been administered with the test compounds, which
indicates the endothelial protective effect of KUD975.

To study the effect of the investigated compounds
on the factors involved in the delivery of circulating
EPCs to the endothelium of the affected vessels, the
MRNA expression of factors necessary for the delivery
of EPCs to the affected vascular walls, were studied:
a vascular endothelial growth factor (VEGF), the first
subtype of its receptors (VEGF-R1) and stromal cell
factor-1 (SDF-1). As inflammatory processes are involved
in the pathophysiology of PAH, the levels of monocyte
chemoattractant protein-1 (MCP-1), a major marker of
inflammation in inflammatory processes associated with
PAH, were also measured [30]. It was found out that the
levels of VEGF-R2 mRNA expression in the lungs were
statistically significantly reduced, and the levels of SDF-1
were statistically significantly increased in PAH. When
using the compounds KUD975 and L-norvaline in the
model of hypoxia-induced PH, a statistically significant
increase in the expression of VEGF-R2 mRNA and a
decrease in the expression of SDF-1 mRNA were found
out. Moreover, the degree of increase in VEGF-R2 mRNA
expression in the group of animals receiving KUD975
was statistically significantly higher than that in the
group of animals receiving L-norvaline.

To further assess the state of the cardiovascular
system against the background of PH modeling,
the content of CT-1 and ANP in the blood plasma
was measured. The first cytokine is associated with
myocardial hypertrophy and cardiovascular pathology,
and the second is a hormone secreted by the atria in
response to a high BP — its effect is to reduce preload
on the heart, thereby lowering BP [31]. The decrease in
the concentrations of CT-1 and ANP under the influence
of the studied compounds indicates a decrease in the
manifestations of vascular remodeling caused by PH and
is consistent with the data obtained from the histological
examination.
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The development of PAH and its correction by the
studied compounds was confirmed by histological
studies. Thus, in the animals with a PH, a progressive
pulmonary vascular remodeling, including a significant
increase in wall thickness, occlusion and muscularization
of intraacinar vessels, as well as an increase in wall
thickness and wall / lumen ratio of preacinar pulmonary
vessels compared with controls was observed. In the
animals’ hearts with PH, RV hypertrophy, including an
increase in the cross-sectional area of cardiomyocytes
and the ratio of the RV and LV areas of the heart was
found out. The administration of KUD975 and L-norvaline
made it possible to reduce signs of pulmonary vascular
remodeling by reducing the thickness of the PA wall
and the occlusion degree of intraacinar pulmonary

vessels compared to the animals with PH induced and
hypoxia.

CONCLUSION

Thus, when studying the pharmacological activity, it
was shown that a compound of the phenolic nature with
the laboratory cypher KUD975 normalizes hemodynamic
parameters, reduces the signs of remodeling of the
heart and pulmonary vessels and has a pronounced
endothelial protective effect on the model of PH
induced by hypoxia, and surpasses the activity of the
reference drug L-norvaline in terms of the effectiveness
of increasing the number of circulating EPCs, increasing
the expression of VEGF-R2 mRNA and reducing the
concentration of CT-1.
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Comparative analysis of physicochemical properties,
bioequivalence, safety and tolerability
of the first domestic semaglutide

A.S. AmetoV?, I.E. Shokhin?, E.A. Rogozhina3, T.G. Bodrova*, M.E. Nevretdinova®, P.A. Bely?,
K.Ya. Zaslavskaya®, V.S. Scherbakova’, D.V. Kurkin?, K.N. Koryanova?, E.S. Mishchenko?, E.Yu. Kesova®,
E.D. Kozlov?, E.S. Samoshkina®, D.N. Andreev?®, Yu.G. Kazaishvili’, S.M. Noskov'?*?, L.A. Balykova®

1Russian 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

4Yevdokimov 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

"Tver State Medical University,

4, Sovetskaya Str., Tver, Russia, 170100

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

9Sechenov First Moscow State Medical University (Sechenov University),
Bldg. 2, 8, Trubetskaya Str., Moscow, Russia, 119991

10 Russian University of Medicine,

3, Rakhmanovsky Ln., Moscow, GSP-4, Russia, 127994

1 Yaroslavl State Medical University,

5, Revolutionary Str., Yaroslavl, Russia, 150000

12Clinical Hospital No. 3,

61, Mayakovskogo Str., Yaroslavl, Russia, 150007

E-mail: kiryonok@yandex.ru

Received 25 Oct 2023 After peer review 23 Nov 2023 Accepted 30 Nov 2023

Semaglutide is a representative of analogues of the incretin hormone human glucagon-like peptide-1 (GLP-1) and is currently
used in Russia for the treatment of type 2 diabetes mellitus (T2DM; in monotherapy and in combination therapy), including
patients with obesity and overweight.

The aim of the work was to conduct a comparative assessment of the physicochemical properties, a biological activity,
bioequivalence and safety, including tolerability and immunogenicity, of the drug Quincent® (semaglutide, 1.34 mg/ml, a
solution for a subcutaneous administration, Promomed Rus LLC, Russia) and the drug Ozempic® (semaglutide, 1.34 mg/ml, a
solution for a subcutaneous administration, Novo Nordisk A/S, Denmark) when administered to healthy volunteers.

For citation: A.S. Ametov, LE. Shokhin, E.A. Rogozhina, T.G. Bodrova, M.E. Nevretdinova, P.A. Bely, KYa. Zaslavskaya,
V.S. Scherbakova, D.V. Kurkin, K.N. Koryanova, E.S. Mishchenko, E.Yu. Kesova, E.D. Kozlov, E.S. Samoshkina, D.N. Andreev, Yu.G. Kazaishvili,
S.M. Noskov, L.A. Balykova. Comparative analysis of physicochemical properties, bioequivalence, safety and tolerability of the first domestic
semaglutide. Pharmacy & Pharmacology. 2023;11(4):324-346. DOI: 10.19163/2307-9266-2023-11-4-324-346
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Materials and methods. To assess the degree of similarity of the study drug Quincenta® (semaglutide, 1.34 mg/ml, a
solution for a subcutaneous administration, Promomed Rus LLC, Russia) with a chemically synthesized active substance
to the original (reference) drug Ozempic® (semaglutide, 1.34 mg/ml, a solution for a subcutaneous administration, Novo
Nordisk A/S, Denmark), a comparative study of physicochemical properties and a biological activity was carried out. To assess
the bioequivalence of the study drug and the reference drug, an open randomized parallel comparative study with the
participation of healthy volunteers (n=54), 54 participants of which had been included in the population, was conducted.
The volunteers were randomized into 2 groups in a 1:1 ratio, and received a single dose subcutaneously either of the study
drug (domestic semaglutide at a dose of 0.5 mg) or the reference drug (foreign semaglutide at a dose of 0.5 mg). The
mode of administration was in the morning on an empty stomach. A semaglutide concentration was determined in serum
samples using a previously validated enzyme-linked immunosorbent assay (ELISA) method. A quantitative determination of
antibodies to semaglutide in the human serum by ELISA was carried out with a microplate photometer using ready-made
kits pre-validated by the manufacturer. The conclusion about the bioequivalence of the compared drugs was made using an
approach based on the assessment of 90% confidence intervals for the ratios of the geometric mean values of the parameters
Crae AUC, of semaglutide in the measurement original units.

Results. The results of the comparative analysis of the study drug and the reference drug demonstrate the comparability of
their physicochemical properties and biological activity. The results of the clinical study demonstrated the bioequivalence of
the test drug and the reference drug. Thus, the pharmacokinetic parameters of the drugs were comparable to each other:
the C__ value for the study drug was 42.088+8.827 ng/ml, for the reference drug Ozempic® it was 42.2556+7.84. Herewith,
the half-life for the study drug and the reference drug was 168.39+39.47 and 157.99+28.57 hours, respectively. The resulting
90% confidence intervals for the ratio of the C__ and AUC_ values of the study drug and the reference drug were 90.89—
109.15 and 91.66-111.27%, respectively. The tolerability of the drugs in the volunteers was notified as good. No adverse
events were recorded during the study. No serious adverse events were reported throughout the study. According to the
results of the immunogenicity analysis, no antibodies to Russian-made semaglutide were detected in the blood serum of
the volunteers, which indicated the lack of Results. The results of a comparative analysis of the study drug and the reference
drug demonstrate the comparability of physicochemical properties and biological activity. The results of the clinical study
demonstrated the bioequivalence of the study drug and the reference drug. Thus, the pharmacokinetic parameters of
the drugs were comparable to each other: the C__ value for the study drug was 42.088+8.827 ng/ml, for the reference
drug Ozempic® this figure was 42.2556+7.84. At the same time, the half-life for the study drug and the reference drug was
168.39+39.47 and 157.99+28.57 hours, respectively. The resulting 90% confidence intervals for the ratio of the C__ and
AUC_, values of the study drug and the reference drug were 90.89-109.15 and 91.66-111.27%, respectively. Tolerability of
the drugs in volunteers was noted as good. No adverse events were recorded during the study. No serious adverse events
were reported throughout the study. According to the results of the immunogenicity analysis, no antibodies to Russian-made
semaglutide were detected in the blood serum of the volunteers, which indicated the lack of the drug immunogenicity.
Conclusion. In the course of the study, the comparability of the physicochemical properties and biological activity of the
studied Russian drug with the chemically synthesized active substance Quincenta® to the reference drug Ozempic® was
confirmed: the activity range of the studied drugs was within 80-120% in relation to the standard sample of semaglutide.
The bioequivalence and a similar safety profile, including the immunogenicity and tolerability of the Russian drug Quincenta®
(semaglutide 1.34 mg/ml, Promomed Rus LLC, Russia) were shown in comparison with the foreign drug Ozempic®
(semaglutide 1.34 mg/ml, Novo Nordisk A/C, Denmark).

Keywords: glucagon-like peptide-1; GLP-1; bioequivalence; pharmacokinetics; semaglutide; type 2 diabetes mellitus;
physicochemical properties; safety profile; biological activity

Abbreviations: T2DM — Type 2 diabetes mellitus; CVDs — cardiovascular diseases; GK — glycemic control; ASCVDs —
atherosclerotic cardiovascular diseases; HbAlc — glycated hemoglobin; GLP-1 — glucagon-like peptide-1; CHF — chronic heart
failure; iINGLT-2 — inhibitors of sodium-glucose cotransporter-2; CKD — chronic kidney disease; BMI — body mass index;
ARVI—acute respiratory viral infection; AP —arterial pressure; HR—heart rate; RR —respiratory rate; ECG —electrocardiography;
AE — adverse event; SAE — serious adverse event; Cl — confidence interval.
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Cemarnytua ABNAETCA NPeACTaBUTENIEeM aHaNoroB MHKPETMHOBOTO FOPMOHA Ye/loBEYECKOro  [1toKaroHonogo6Horo
nentuga-1 (FMMN-1) n B HacToAwee Bpema B Poccum MCnosib3yeTcs Aaa JiedeHus caxapHoro guabeta 2 tuna (CA 2; B
MOHOTEpPanuu 1 B KOMBMHMPOBAHHOW TEpanuu), B TOM YUCNE, Y MALLUEHTOB C OXKMUPEHUEM U M3BLITOYHOM Maccol Tena.
Lienb. MpoBecTv cpaBHUTENbHYIO OLEHKY GUIUKO-XUMMUYECKUX CBOMCTB, BMONOrMYECKON aKTUBHOCTU, BUO3IKBUBANEHTHOCTU
1 6e30MacHOCTH, BK/IOYAA MEepPeHOCMMOCTb MU UMMYHOFeHHOCTb, JIeKapcTBEHHOTO npenapaTta KeBuHceHTa® (cemarnytua,
1,34 mr/mn, pacTBop A4S MogKoxHoro BeeaeHusa, OO0 «Mpomomen», Poccua) u npenapata O3emnuk® (cemarnyTtua,
1,34 mr/mn, pactBop A4/iA MNOAKOXKHOro BeegeHus, Hoso Hopauck A/C, [aHuAa) npu BBEAEHUM 340POBbIMU
[obposonbLAMMU.

Matepuanbl U meToabl. /15 OUEHKM cTeneHn nogobums uccnegyemoro npenaparta KeuHcenTa® (cemarnytma, 1,34 mr/mn,
pacTBop gna nogKoxKHoro BeegeHusa, 000 «Mpomomes», Poccus) ¢ XMMUYECKU CUHTE3MPOBAHHbIM aKTUBHbIM BELLECTBOM
opurMHanbHomy (pedepeHTHomy) npenapaty O3emnuk® (cemarnytva, 1,34 mr/mna, pacTBop A1 NMOAKOXKHOIO BBEAEHMS,
Hoso Hopauck A/C, [laHus) 6b110 NPOBEAEHO CPaBHUTEIbHOE U3ydeHUe GU3NKO-XMMUYECKUX CBOMCTB M BMoNOrMyecKkom
AKTUBHOCTU. 1A OLEHKN BMOIKBMBANEHTHOCTU UCCaeayeMoro U pedepeHTHoro npenapata 6bl10 NPOBEAEHO OTKPbITOE
paHAOMM3NPOBaHHOE Mapasfe/lbHOE CPaBHWUTE/IbHOE WCC/IEefOBaHME C y4acTUeM 3[40pOBbiX Aobposonbues (n=54), u3
HUX B MONYAAUMIO O/NA OLEHKM 6MO3KBMBANEHTHOCTM BowaM 54 y4yacTHMKA. [obpoBonbLbl HblIM pPaHLOMU3NPOBAHDI
B 2 rpynnbl B COOTHOWeHMN 1:1 M nonyvyann OAHOKPATHO MOAKOXMKHO YTPOM HaToWaK, Anbo uccnesyembli npenapat
(oTeuecTBeHHbIN cemarnytua B gose 0,5 mr), nmbo pedepeHTHbIN NpenapaTt (3apybexkHbii cemarnytua B gose 0,5 mr).
KoHueHTpauuto cemarnytuaa onpegensnn B obpasLax CbiIBOPOTKM KPOBM C MOMOLLLbIO MpesBapuTesbHO BaauANPOBAHHOIO
meToga UMMyHobepMeHTHOro aHanusa (MDA). KonnyecTseHHoe onpeaeneHve aHTUTEN K CEMAryTUAY B CbIBOPOTKE KPOBU
yenoseka metogom MDA 6bi10 NPOBEAEHO C MOMOLLLI0 GOTOMETPA AN MUKPOMJIAHLLETOB C UCMNO/b30BAaHUMEM TFOTOBbIX
npesBapuTe/ibHO BaIMAMPOBAHHbIX NPOM3BOAUTENEM HabOPOB. BbIBOA 0 6MO3KBMBANIEHTHOCTM CPAaBHMBAEMbIX MPEMAPATOB
[enanu ¢ Ucnonb3oBaHMEM NOAXOAA, OCHOBAHHOIO Ha oueHKe 90% f0BepUTe/IbHbIX MHTEPBAIOB A1 OTHOLIEHUIN CPeaHUX
reomeTpuyeckmx 3HauyeHui napametrpos C_, AUC  cemarnytmza B UCXOAHbIX eAUHULAX U3MEPEHUA.

max’ (0-t)
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Pe3ynbTatbl. Pe3ynbTaTbl CPaBHUTE/NILHOTO aHanAuW3a uccnegyemoro v pedepeHTHOro npenapata AeMOHCTPUPYHOT
COMOCTaBUMOCTb  GU3UKO-XMMUYECKUX Pe3ynbTatbl  KAMHUYECKOTO
1ccnefoBaHUA NPOAEMOHCTPMPOBAAM GMO3IKBUBANIEHTHOCTb MCC/E4yemMOoro npenapata M npenapata cpaBHeHus. Tak,
papMaKoKMHeTMYecKMe napameTpbl npenapaTos 6blaM cOMOCTaBUMbI Mexay coboii: BennunHa C_ Ana mccaedayemoro

CBOWCTB UM  BMONOTMYECKOW  aKTUBHOCTW.

npenapata coctasuna 42,088+8,827 Hr/mn, Ona npenapata cpaBHeHus 03emnuK® [aHHbIA MOKasaTeNb COCTaBMI
42,2556+7,84. lNpn sToM nepuos MONyBblBEAEHUA ONA UCCNeQyeMOoro npenapata M npenapata CpaBHEHUA COCTaBWA
168,39+£39,47 n 157,99428,57 4, coorBeTcTBEHHO. [onyyeHHble 90%-Hble AOBeEpUTE/IbHbIE MHTEPBa/bl A8 OTHOLIEHWUA
3HaYeHum C... 1 AUC  u1ccnenyemoro npenaparta u pepepeHTHoro npenapara cocrasuav 90,89-109,15 n 91,66-111,27%,
COOTBETCTBEHHO. [MepeHOCMMOCTb npenapaTtoB Yy [06poBosibLeB Oblna oTMeyeHa Kak xopolwas. [pu nposeneHMM
MUCCNefoBaHNA He 6bl1o 3adUKCMPOBAHO HeXenaTesbHbIX fABAEHWW. B TeyeHWe Bcero uccnegoBaHus He 6bino
3aperucTpupoBaHO HW OAHOTO CEPbE3HOr0 HeKenaTesbHoro AsneHuA. o pesynbrTaTtam aHanuM3a MMMYHOreHHOCTU
Yy £06poBO/bLEB HE OblAW BbIABAEHbI aHTUTENIA K CemarnyTuay POCCUMCKOro MpOM3BOACTBA B CbIBOPOTKE KPOBW, YTO
CBUAETENbCTBOBAO 06 OTCYTCTBUM MMMYHOTEHHOCTU NpenapaTa.

3akntoueHue. B xoe npoBeAeHHOro UcCief0BaHUA Bblna NOATBEPKAEHA CONOCTaBUMOCTb GUIUKO-XMMUYECKMUX CBOWMCTB U1
61010rMYECKON aKTUBHOCTU MCCNEAYEMOTO POCCUICKOTO NpenapaTa ¢ XMMUYECKM CUHTE3UPOBAHHbBIM aKTUBHbIM BELLECTBOM
KBuHceHTa® npenapaTy cpaBHeHMA O3eMnMK®: AManasoH akTUBHOCTU UCCeyeMblX NPenapaToB HaxoAu/ca B npeaenax
80-120% nO OTHOLIEHWUIO K CTaHAAPTHOMY 06pasLy cemarnytnaa. MokaszaHa 6GUO3KBUBANEHTHOCTb U CXOAHbIN Npodunb
6e30MacHOCTM, BK/OYAA MMMYHOTEHHOCTb M NepPeHOCUMOCTb POCCUIACKOro Npenaparta KBuHceHTa® (cemarnytug, 1,34 mr/mn,
000 «lMpomomepgy, Poccua) B cpaBHeHUM C 3apybeskHbIM npenapatom O3emnuk® (cemarnytug, 1,34 mr/mn, Hoso Hopaunck
A/C, NaHusa).

KnioueBble cnoBa: rioKaroHonoAo6bHbIM nentua-1; [MM-1; 6MO03KBUBANEHTHOCTb; GapMaKOKMHETUKA; CemarnyTua;
caxapHblli AnabeT 2-ro TMNa, GU3NMKO-XMMUYECKME CBOMCTBA, Npodu/ib besonacHocTH, buonormyeckas akTUBHOCTb

Cnucok cokpaweHumit: C[, 2 — caxapHblit guabet 2 Tuna; CC3 — cepaeyHo-cocyamcTble 3abonesaHus; MK — mmMKemMmnyeckuni
KOHTponb; ACC3 — aTepocK/epoTUYeCKMe cepaeyHo-cocyauctble 3abonesaHus; HbAIC — rIMKMPOBaHHbLIN remMornobuH;
IMN-1 — raoKaroHonogobHbi nentna-1; XCH — XpoHW4eckasa cepaedHas HepgoctaTovyHocTb; MHIT-2 — uMHrMbutopbl
HATPUI-IIOKO3HOro KoTpaHcnopTepa-2; XBIM — xpoHuyeckasa 6onesHb novek; MMT — uHgeke maccol Tena; OPBU — octpasn
pecnupatopHasn BUpycHasa MHbeKuma; ALL—apTepranbHoe aasneHune; YCC —yacToTa cepaeyHbIx cokpalweHmii; Y40, —vactoTa
OblXxaTeNbHbIX ABUXKEeHUI; KT — anekTpokapanorpadus; HA — HexkenaTenbHoe AsneHune; CHA — cepbE3Hoe HexenaTenbHoe

ABneHue; AN — noBepuTenbHbIA UHTEPBA.

INTRODUCTION

Given the increasing prevalence of type 2 diabetes
mellitus (T2DM) and its associated complications?® [1],
the need to develop highly effective treatment strategies
for this serious disease has never been greater. The focus
of treatment for type 2 diabetes has traditionally been a
glycemic control?, but in recent years, the standards of
care have emphasized the importance of a multifactorial
approach that includes the correction of cardiovascular
disease (CVD) risk factors such as hyperglycemia,
as well as overweight/obesity, hypertension, and
dyslipidemia® [1, 2].

T2DM people are known to have a 2- to 4-fold
higher risk of developing CVDs than people without
diabetes, and cardiovascular events are more likely
to occur at an earlier age. CVDs are the main cause
of death in T2DM* patients [3, 4]. It has been proven
that influencing cardiovascular risk factors as a part of
the T2DM treatment can reduce mortality from the

! International Diabetes Federation. IDF Diabetes Atlas (2021).
Available  from: https  https://www.diabetesatlas.org/data/en/
region/3/eur.html

2 Clinical guidelines Type 2 diabetes mellitus in adults, 2022. Available
from: https://cr.minzdrav.gov.ru/schema/290_2

3 lbid.

4 International Diabetes Federation. IDF Diabetes Atlas, 2021.
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disease itself and its complications. Thus, the Steno-2
study [5] showed that a comprehensive control of
diabetes risk factors can reduce the incidence of
cardiovascular events by more than 50%.

But although a harder glycemic control (GC) has
been shown to be effective against microvascular
complications [6] and recent observational studies [7, 8]
have demonstrated that increased HbAlc levels are
associated with a greater risk of cardiovascular events,
the precise role of the GC in reducing CVDs risk remains
to be detected [9].

In the treatment of T2DM patients, it is necessary
to personalize the choice of glucose-lowering therapy,
taking into account the individual characteristics of
the patient (especially indications of a high risk of
atherosclerotic CVDs (ASCVDs) or existing ASCVDs, a
chronic heart failure (CHF), chronic kidney diseases
(CKD), obesity, high-risk hypoglycemia) and a dominant
clinical problem®. Thus, in patients with T2DM and
existing cardiovascular diseases (CVDs), the preference
should be given to glucose-lowering drugs® with a proven
cardiovascular safety’ [1, 2, 4, 10].

® Ibid.
© Ibid.
7 Ibid.

327



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

The key element regulating an insulin production in
the body is glucagon-like peptide-1 (GLP-1). Glucagon-
like peptide-1 receptor (GLP-1) agonists act similarly
to the incretin hormone GLP-1 and mediate their
effects through its receptors, which are expressed
in the pancreas, gastrointestinal tract, heart, lungs,
kidneys and brain. GLP-1 receptors in the pancreas
and brain have been shown to be responsible for the
corresponding improvements in GC and weight loss.
Functional effects in the pancreas include a glucose-
dependent insulin release as well as an up-regulation
of insulin biosynthesis and glucokinase and glucose
transporters. The impact on GLP-1 receptors also causes
a glucose-dependent decrease in the glucagon secretion,
which, in turn, reduces a hepatic glucose output. In the
pancreas, GLP-1 receptors are predominantly localized
to insulin-producing beta cells, with a markedly weaker
expression on the acinar cells of the exocrine pancreas.
Most of GLP-1 is produced in the gastrointestinal
tract. In the brain, GLP-1 is produced in neurons
and is likely a neuropeptide with physiologically and
pharmacologically significant effects on the food intake
and body weight, a potential neuromodulatory role, and
possible effects in a number of other neuropathological
conditions, including neurodegenerative diseases
(e.g., Alzheimer’s disease, Parkinson’s disease), brain
injuries and strokes, as well as depression, anxiety and
addiction [11].

The main advantage of a number of GLP-1 drugs,
including semaglutide, is the ability to reduce the risks
of cardiovascular events and improve renal outcomes in
T2DM patients [12].

The first drug of this kind from the arGLP-1 class
was exenatide, which had been approved for use by the
U.S. Food and Drug Administration (FDA). Since 2005,
it has been successfully used in clinical practice in the
USA, European countries, and since 2007 — in Russia.
Currently, six arGLP-1 drugs, each with a unique drug
delivery strategy, have been approved by the FDA, and
several more are being developed. Considering a rapid
elimination as the main problem for the clinical use of
arGLP-1, researchers have successfully developed and
implemented various strategies to increase the half-life
of these drugs, including a sequential modification and
an increase in the duration of their action [13].

However, in general, arGLP-1, including semaglutide,
is the ability to reduce overall mortality and the
risk of major cardiovascular events (Major Adverse
Cardiovascular Event, MACE), such as non-fatal heart
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attack, non-fatal stroke or death from CVD and improve
renal outcomes in patients with T2DM [14].

Semaglutide is one of the latest drugs from
the arGLP-1 group approved both in Russia® and in
many foreign countries. This drug, semaglutide, was
developed established on a large body of research based
on liraglutide [15].

The semaglutide molecule has a 94% homology
with human GLP-1 and 3 main structural modifications
compared to human GLP-1: 1) a substitution of an amino
acid at position C, (alanine to a-aminoisobutyric acid),
which prevents the peptide destruction by the dipeptidyl
peptidase-4 (DPP-4) enzyme; 2) acylation of lysine in the
main part of the peptide and the attachment of a C,
fatty acid at position C,, to ensure strong and specific
binding to albumin; 3) the substitution of an amino acid
at position C,, (lysine to arginine) — this prevents the
addition of a C .-dibasic fatty acid at the wrong site of
the semaglutide molecule [16].

In preclinical and pharmacokinetic studies in T2DM
adults, it was shown that, compared with liraglutide,
which is administered once a day, semaglutide has an
even longer half-life (from 7 days), which allows its
use once a week [16-19]. The effect of semaglutide
did not change in patients with an impaired renal or
hepatic function, with the exception of a terminal renal
and hepatic failure [20, 21]. Semaglutide is excreted
mainly in urine (approximately 3% unchanged) and also
in feces [22].

At the doses of 0.5 and 1.0 mg, semaglutide was
approved for use in type 2 diabetes in the USA in 2017°
and by the European Medicines Agency in 2018,

Semaglutide is registered in the Russian Federation
and is currently included in the clinical recommendations
of the Ministry of Health of the Russian Federation!!
for the treatment of T2DM patients, as well as in
the Algorithms for a specialized care for T2DM
patients [2]. According to these documents, semaglutide
is recommended for use in T2DM patients with an
indication of a high risk of ASCVDs, as well as with an
already established diagnosis of ASCVDs as priority

8 State register of medicines of the Russian Federation. Quincenta®.
Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=bf3309b5-3cd1-491a-bef6-acldb65daadc

 US Food and Drug Administration. OZEMPIC (semaglutide) injection
prescribing information, 2017. Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2017/209637Ibl.pdf
 Novo Nordisk Company Announcement. Ozempic® (semaglutide)
approved in the EU for the treatment of type 2 diabetes.
February 2, 2018. Available from: https://www.novonordisk.com/bin/
getPDF.2167679.pdf

1 Clinical guidelines Type 2 diabetes mellitus in adults, 2022.
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therapy, as well as in patients with CKD in stages 1-4 for
nephroprotection in the presence of contraindications
or intolerance to sodium-glucose cotransporter
inhibitors-2 (iNGLT-2) in the presence of a concomitant
diagnosis of obesity, which determines its relevance for
Russian patients. Herewith, semaglutide was presented
on the Russian pharmaceutical market only in the form
of a foreign drug, which is currently unavailable. In this
regard, it seems relevant to develop and localize the
production of a full cycle from the substance to the
finished dosage form and the subsequent study of the
bioequivalence of the domestic analogue of semaglutide
to ensure the country’s medicinal independence and
increase an access for our fellow citizens to a modern
high-quality drug.

According to the FDA guidelines?, alpha-amino
acid polymers, such as glucagon, semaglutide, 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 a biotechnologically derived semaglutide contained
in a precursor drug, it is sufficient to prove the structural
identity of the active pharmaceutical substance (APS)
using modern analytical methods.

The Promomed Rus LLC company has developed its
own technology for the production of APl using methods
of chemical synthesis and isolation of semaglutide into
a finished dosage form for the treatment of type 2
diabetes. The Quincenta® (solution for subcutaneous
administration, 0.25/0.5 mg/dose, 1 mg/dose) has
passed the entire cycle of necessary studies and
registered in the Russian Federation (LP-008828 dated
17 October 2023). The full production cycle from the
substance to the finished dosage form on the territory
of the Russian Federation allows, on the one hand, to
ensure maximum control over the quality of the product,
and on the other side to guarantee the uninterrupted
supply of the population with a vital drug.

To further assess the quality and safety of the
developed drugs, their registration in the Russian
Federation in accordance with Russian regulatory
requirements, in addition to physicochemical methods
of analysis and preclinical studies, it is necessary to
conduct a study of the pharmacokinetics, safety and

2U.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

Tom 11, Beinyck 4, 2023

immunogenicity of the drug Quicenta® (semaglutide
1.34 mg/ml, Promomed Rus LLC, Russia) in comparison
with the foreign predecessor drug Ozempic®
(semaglutide 1.34 mg/ml, Novo Nordisk A/S, Denmark).

THE AIM of the work was to conduct a comparative
assessment of the physicochemical properties, a
biological activity, bioequivalence and safety, including
tolerability and immunogenicity, of the drug Quincenta®
(semaglutide, 1.34 mg/ml, a solution for a subcutaneous
administration, Promomed Rus LLC, Russia) and the
drug Ozempic® (semaglutide, 1.34 mg/ml, a solution
for a subcutaneous administration, Novo Nordisk A/S,

Denmark) when administered to healthy volunteers.

MATERIALS AND METHODS

Physicochemical properties

and biological activity

In order to assess the degree of comparability
(similarity) of the test drug with the chemically
synthesized active substance Quicenta® (semaglutide
1.34 mg/ml, Promomed RUS LLC, Russia) to the original
(reference) drug Ozempic® (semaglutide 1.34 mg/ml,
Novo Nordisk A/S, Denmark), a comparative study of
their physicochemical properties and biological activity
was carried out. In order to form a representative
quality profile and obtain reliable data on comparability
in accordance with Decision No. 89 “On approval of the
Rules for conducting research on biological medicinal
products of the Eurasian Economic Union”, three series
(samples) of the original (reference) drug and three
series (samples) of its synthetic analogue (test drug)
were used in the research.

Spectrophotometry in the ultraviolet light

(200-400 nm)

The absorption spectra in the ultraviolet region
for domestic / test and foreign / reference drugs were
obtained using a Shimadzu UV-1800 spectrophotometer
(Shimadzu, Japan) in the spectral wave range of
190-1100 nm. To carry out the analysis, working
solutions of each of the drugs (3 series) were prepared
by diluting with water for the injection to a concentration
of semaglutide in a solution of 0.025 mg/ml.

Mass spectrophotometry (MALDI-TOF MS)

The confirmation of the semaglutide peptide
presence in the domestic drug under study was
carried out using a mass spectrophotometry. The mass
spectra were recorded on an Axima Confidence time-
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of-flight spectrometer (Shimadzu Biotech, Japan) in a
high-resolution reflectron mode with a nitrogen laser
(A=337 nm). M/z scanning was carried out in the range
from 500 to 5000 Da, using 2.5-dihydroxybenzoic acid
(DHB) and sinapic acid (SA) as the matrix.

To prepare the target, the drug was adjusted to the
concentration of 1 mg/ml with deionized water, then
20 pl of the resulting solution was mixed with 20 pl of
the matrix solution (10 mg/ml in 50% acetonitrile/0.1%
aqueous trifluoroacetic acid). The resulting mixtures
were stainless-steel and

applied to a target

dried in air.

Relative molar ratio of amino acids

The relative molecular ratio of amino acids in the
drugs was determined by HPLC. The analysis was carried
out on a high-pressure liquid chromatograph equipped
with an Agilent 1260 Infinity LC UV detector (Agilent
Technologies, USA), using a stainless steel AccQ Tag
Amino Acid Analysis Column (150x3.9 mm, 4 um) at the
wavelength of 254 nm.

Solutions of the drugs were hydrolyzed by adding a
6 M solution of hydrochloric acid containing 0.1% phenol
and 1% thioglycolic acid. The hydrolysis process was
carried out at the temperature of 110°C for 24 h. The
derivatization of hydrolysates of the test solutions and a
solution of standard amino acid samples was carried out
using a derivatizing reagent by heating the solutions to
55°C for 10 min.

Size exclusion-high-performance

liquid chromatography

The size exclusion chromatography method was
used to determine the quantitative content of high
molecular weight impurities in the preparations. The
analysis was carried out on a Tosoh TSK-gel G 2000
SWXL column (7.8x300 mm, 5 um) using an Agilent
1260 Infinity LC liquid chromatograph with UV detection
(Agilent Technologies, USA).

Reversed-phase high-performance

liquid chromatography

The
was used to determine the quantitative content of

reverse phase chromatography method
semaglutide and related impurities in the test and
reference drugs. The analysis was carried out using a
liquid chromatograph with UV detection Prominence
(Shimadzu, Japan), using a Jupiter 4u Proteo 90A column

(4.6x250 mm, 4 um; Phenomenex, USA).
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Comparative studies of drugs biological activity

in vitro

A comparative biological activity of the test and
reference drugs was assessed in vitro on the CHO-K1/
GLP-1R cell culture (GenScript, USA). This cell line
has GLP-1 receptors, to which the active substance,
semaglutide, 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 (the temperature — 37£1°C, the CO,
content — 5+1%), for 2 days. The results were assessed
using the cAMP-GIoTM Assay kit (Promega, USA) in
accordance with the instructions.

Bioequivalence and comparability of safety,

tolerability profile and immunogenicity

An open randomized parallel comparative study
of the domestic drug Quincenta® (semaglutide
1.34 mg/ml, Promomed Rus LLC, Russia), produced on
the basis of synthetic semaglutide (hereinafter referred
to as the test drug), and the foreign drug Ozempic®
(semaglutide 1, 34 mg/ml, Novo Nordisk A/S, Denmark),
which contains a molecule obtained by biotechnological
means (hereinafter referred to as the reference drug),
was conducted. The test and reference drugs were

comparable in composition.

Study design
This
randomized, parallel bioequivalence study of a single

research was a single-center, open-label,
subcutaneous fasting dose of the test / reference drugs
in healthy volunteers.

A flowchart of the study design is presented in Fig. 1.

Objects of study and eligibility criteria
A total
female, aged 18 to 45 years (34.20+6.25 years) were
in the study. All
informed consent form and expressed their ability and

of 54 healthy volunteers, male and

included participants signed an
willingness to comply with all requirements of the Study
Protocol.

The main inclusion criteria were: a 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 had
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been warned to use reliable methods of contraception
and to abstain from a sperm donation throughout the
study and for 2 months after the end of the study.

The main criteria for non-inclusion included were:
the presence of known allergies, drug intolerance,
chronic diseases of various organ systems; mental
illness; hypersensitivity to study drugs; history of
semaglutide or other analogues of human GLP-1
use (for less than 6 months before screening), taking
medications that have a pronounced effect on
hemodynamics and/or a liver function for less than
2 months before screening; taking other medications,
including herbal and homeopathic medications,
vitamins and/or dietary supplements (biologically active
supplements), for less than 4 weeks before screening;
inability to perform subcutaneous injections; any history
of difficulty with blood collection or any vasovagal
seizures during blood collection; history of surgical
interventions on the gastrointestinal tract (except
appendectomy). The participants were not considered
for inclusion in the study if they had the following
diseases and conditions either: a history of medullary
thyroid cancer, including a family history; a history
of type 2 multiple endocrine neoplasia; a severe
depression; suicidal thoughts or behavior, including a
history; acute infectious diseases or ARVI symptoms for
less than 4 weeks before screening.

The volunteers were excluded from the study if they
had refused to participate in the clinical trial, if they
were taking drugs for prohibited therapy and if they had
been tested positive for the use of alcohol, psychotropic
and/or narcotic substances, if there were gross
violations of the requirements and procedures of the
Study Protocol, if adverse events occurred, as well as
if during the study, the volunteer had any diseases or
conditions that made his further participation in the
study impossible. The study physician may have decided
to exclude a volunteer in the best interests of the
volunteer.

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 no more than 35 days (including the
screening period).

Randomization procedure

Each volunteer who had met all the inclusion criteria
and had not met any of the non-inclusion criteria was
assigned a randomization number in accordance with
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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 research physician into the Register of Clinical Study
Participants in Screening/Randomization. If a volunteer
had left the study prematurely, their randomization
number was not reused and the volunteer could not
subsequently return to the study.

Study conditions and duration

The study was conducted from July 10 to October 2,
2023, at the research center of the Yaroslavl Region
Clinical Hospital No. 3 (Yaroslavl, Russia).

Description of manipulations and methodology

Administration of drugs

Thevolunteerswhohad mettheinclusion criteriaand
those who had not met the non-inclusion criteria were
randomized into 2 groups in a 1:1 ratio. Group | (n=27)
received Russian semaglutide (studied drug), group I
(n=27) received reference drug. The reference / test
drug was administered by the medical personnel in the
morning on an empty stomach at a single subcutaneous
dose of 0.5 mg in the abdomen.

The choice of doses for this study was based on
the information provided in the current instructions
for medical use of the reference drug and the articles
devoted to the study of semaglutide preparations. In
contrast to the starting dose of 0.25 mg, the dose of 0.5 mg
was minimally therapeutic. The selection of this dose
was based on the safety of use in healthy volunteers,
since when using semaglutide in a dose of more than
0.5 mg, there was a risk of developing side effects
from the gastrointestinal tract. In addition, there was
experience with the use of semaglutide at a dose of
0.5 mg in healthy volunteers, which showed its good
tolerability®® [23—26]. The mode of administration was
consistent with the method of use of the reference
drug®* and the planned method of use of the test drug in
clinical practice®.

To administer the test/reference drugs, the
admitted to the hospital the

volunteers were

3 NCT02060266 Trial Investigating the Absorption, Metabolism and
Excretion After a Single Subcutaneous Dose of [3H]-Semaglutide in
Healthy Male Subjects. Available from: https://clinicaltrials.gov/study/
NCT02060266

1 State register of medicines of the Russian Federation.
Ozempic®. Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=9859f6af-8ad6-4704-9d20-1bcc87b7dafc

> |bid.
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evening before and at least 10 hours 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 3 days. Throughout the study, from the start of
the screening examination until the completion of
the final examination, the volunteers abstained from
eating for at least 10 h before the administration of the
test / reference drug.

Preparation and sampling

After randomization and before the baseline blood
samples had been collected to assess pharmacokinetic
and immunogenicity parameters, the volunteers were
placed with a heparinized cubital catheter, which was
removed after blood sampling at 12 h (day 1). After
the catheter removal, the blood was collected from
volunteers by venipuncture.

The blood samples were taken to determine
pharmacokinetic parameters at the following time
points: 1, 0.5, 0 h (day 1) before the administration
of the test/reference drug and then after 2, 8, 12
(day 1), 24 (day 2), 36 (day 2), 48 (day 3), 72 (day 4),
96 (day 5), 144 (day 7), 192 (day 9), 240 (day 11), 360
(day 16) and 480 h (day 21) after the administration of
the test / reference drug.

The blood
immunogenicity no more than 15 min before the
administration of the test / reference drug (the initial (0)

samples were taken to study

sample) and 480 h (day 21) after their administration.
The blood samples for the immunogenicity parameters
analysis were collected separately from the blood
samples for the evaluation of pharmacokinetic
parameters.

Therefore, the study collected 16 blood samples
per volunteer (6 ml each) for pharmacokinetic studies
and 2 blood samples per volunteer (6 ml each) for
immunogenicity studies.

At screening, at the stage of hospitalization
(morning before randomization), upon discharge from
the hospital and on Days 11 and 21 of the study, the
blood samples were taken for clinical, biochemical tests
and/or determination of blood glucose levels using a
glucometer, the total volume of which in each specified
per day was no more than 15 ml.

The blood samples were collected in test tubes to
obtain serum with a coagulation activator. After the clot
formation, the tubes were centrifuged, the resulting
serum was carefully transferred into pre-labeled

cryovials, dividing the serum into three 500 pl aliquots:
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two for the main analysis (aliquots A and B), the third
for repeat analyzes (aliquot C). The serum samples
were frozen immediately after the receipt, transferred
into cryovials and stored at the temperature not
exceeding —=70°C.

Analytical method

Pharmacokinetics was assessed by the concentration
of semaglutide in the blood plasma, and antibodies
to it — in the blood serum of each volunteer after a
subcutaneous administration of the test/ reference
drug. In order to comprehensively characterize the
pharmacokinetic properties of the test/ reference
drug, the study included blood sampling to cover
the entire pharmacokinetic profile, including the
elimination phase. The quantitative determination
of semaglutide in the serum samples by ELISA was
HiPo
MPP-96 (Biosan, Latvia). Semaglutide concentrations

carried out using a microplate photometer,

were calculated using GraphPad Prism 8.4.3 software.
The determination of semaglutide in the serum samples
was carried out using a previously validated enzyme-
linked immunosorbent assay (ELISA) method using
“KRIBIOLISA™
(Ozempic™) ELISA kits”; antibodies to semaglutide
using the KRIBIOLISATM Anti-Liraglutide ELISA kit. The
analytical range was 50-4000 pg/ml. The preparation

commercially available Semaglutide

of calibration samples from the kit was carried out by
diluting the standard sample. The analytical range
instructions

was selected in accordance with the

for the kit.

Safety and tolerability assessment

The conclusion about the bioequivalence of the
compared drugs was made using an approach based on
the assessment of 90% confidence intervals (Cl) for the
ratios of the geometric mean values of the parameters
Crae AUC,
measurement. The drugs were considered bioequivalent
if the boundaries of the estimated Cl for C__, AUC, of
semaglutide were within the range of 80.00-125.00%.

In the course of the study, a clinical observation

of semaglutide in the original units of

of volunteers was carried out with the assessment of
physical examination data, including a survey about the
volunteers’ complaints, basic vital signs (blood pressure,
heart rate, respiratory rate, body temperature), 12-lead
ECG, laboratory parameters of clinical, biochemical
blood tests, a general urine analysis, determining
glucose levels using a glucometer.
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The safety and tolerability criteria included the
frequency and severity of adverse events (AEs) as
measured by abnormal laboratory tests, physical
examination, vital signs, and ECG; the number of cases
of early termination of participation in the study due to
the development of AEs and/or serious adverse events
(SAEs), including those related to the test/ reference
drug; the frequency of volunteers with detected
antibodies to semaglutide; 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 the volunteers. The identification of AEs occurred
from the moment of administration of the study drugs
until the end of the volunteers’ participation in the study.

The

follows: a maximum concentration of the substance

pharmacokinetic parameters®® were as

in the blood serum (C_); the time to reach C__ (T

max);
area under the concentration-time curve from the
moment of drug administration to the last detectable

concentration at time point t (AUC,_  ); the area under

(0~
the pharmacokinetic curve from the zero time to infinity
(AUC,,_,,

time curve from the moment of the drug administration

); the ratio of the area under the concentration-

to the last detectable concentration at the time point to
the area under the pharmacokinetic curve, starting from
0 / AUC(O_w)); the
terminal elimination rate constant (K_); half-life (Tl/z); the
volume of distribution (Vd); the residual (extrapolated)

the zero time value to infinity (AUC

area under the curve, determined by the formula:
V=AUC, _,—AUC / AUC_ _ (AUC

) (0-t) (0-e2) (t—w))‘

Ethical approval

The study complied with the ethical principles set
forth in the most recent revision of the Declaration
of Helsinki, 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 (Extract from Protocol
No. 347 dated July 5, 2023) and the Ethics Council of
the Ministry of Health of Russia (Extract from Protocol
No. 337 of the meeting dated June 27, 2023), as well as
the Local Independent Ethics Committee at the research
center of the state budgetary healthcare institution
Yaroslavl region “Clinical Hospital No. 3” (Extract from
Protocol No. 186 dated July 7, 2023).

% If necessary, additional pharmacokinetic calculations could be
performed.
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Statistical analysis
To calculate the number of participants, the data on
the coefficients of intra-individual variability (CV,_ ) of

the parameters C__, AUC_, of semaglutide, presented in

max’
the Assessment Report Ozempic'’, were used. According
to the results of the study, after a single subcutaneous

administration to the healthy volunteers, CV.

inter
semaglutide for the main pharmacokinetic parameters
C.., and AUC did not exceed 24%*. The calculation of
the required number was carried out using the PASS
11.4.12 program.

For the standard two-parallel group design
conditiosn, assuming a 90% Cl of 80.00-125.00%,
CV, ...=24%, a=0.05, the power of 80%, the group ratio
of 0.95, it was necessary to include at least 50 healthy
volunteers who would have completed the study and
would be included in the statistical analysis. Taking
into account the possible dropout during the study, the
randomization of 54 healthy volunteers (27 volunteers in
each study group) was planned.

For pharmacokinetic calculations, the actual
time of blood sampling was used. The calculation of
pharmacokinetic parameters, statistical analysis of
safety indicators and presentation of results were
carried out using statistical packages (StatSoft Statistica

version 13.3 and the R Project program (version 3.5.1,

GPL-2/GPL-3 license) with the bear extension,
version 2.8.3-2. No interim analysis  was
performed.

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

A statistical analysis was carried out based on the
assumption of a log-normal distribution of AUC
AUC C

(0—c2)” max

(0-t)
distribution of other

pharmacokinetic parameters, with the exception of T

and a normal
max”
After the log transformation, these scores were analyzed
using the analysis of variance (ANOVA). The statistical
analysis of the study was carried out at a standard
significance level of a=0.05.

7 Assessment report Ozempic EMA/21773/2022. 11 November 2021.
Committee for Medicinal Products for Human Use (CHMP). Available
from: https://www.ema.europa.eu/en/documents/variation-report/
ozempic-h-c-004174-x-0021-epar-assessment-report-variation_en.pdf
8 Assessment report Ozempic, semaglutide, Procedure No. EMEA/
H/C/004174/0000, 14 December 2017, Committee for Medicinal
Products for Human Use (CHMP). Available from: https://www.ema.
europa.eu/en/documents/assessment-report/ozempic-epar-public-
assessment-report_en.pdf
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For the randomized parallel groups comparative
the ANOVA statistical included the
following factor contributing to the observed variation

study, model
in the data: a drug. The analysis of variance was used
to test a hypothesis about the statistical significance of
the contribution of the specified factor to the observed
variability.

The conclusion about the bioequivalence of the
compared drugs was made using an approach based
on the assessment of 90% confidence intervals for the
ratios of the geometric mean values of the semaglutide
units of

parameters C_, AUC in the original

(0-t)
measurement.

The descriptive statistics is presented for all safety
and tolerability indicators collected during the study. To
analyze frequencies, the proportions were compared
using a two-sided version of the Fisher’s exact test or the
x> test. To compare quantitative continuous indicators,
the Student’s t-test (in the case of a normal distribution)
or the Mann-Whitney U-test (in the case of a non-
normal distribution) were used. The differences were

considered statistically significant at p <0.05.

RESULTS
Physicochemical properties and biological activity.

Spectrophotometry in the ultraviolet area

(200-400 nm)

Theresults of the spectrophotometric determination
of the test / reference drugs are presented in Table 1
and Fig. 1.

Based on the data obtained, it can be concluded
that the absorption spectra of the foreign reference
drug Ozempic® and the domestic test drug Quincenta®
corresponded to each other in terms of the positions
of absorption maxima and minima in the region of
200-400 nm, which, in turn, indicates the identity of the
studied drugs.

Mass spectrophotometry (MALDI-TOF MS)

The results of the MALDI-TOF MS analysis confirm
the presence of kDa'®, in the study domestic peptide
drug with a mass of 4.1, corresponding to the mass of
the reference drug semaglutide (Fig. 3).

Relative molar ratio of amino acids

In the course of the study, comparable molar ratios
of amino acids were obtained in the samples of the
study drugs Ozempic® and Quincenta® (Table 2).

9 Assessment report Ozempic EMA/21773/2022, 2021.
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Size exclusion-high-performance liquid

chromatography

The results obtained in the study demonstrated the
comparable retention time of high molecular weight
protein impurities. Moreover, at the time of the analysis,
the domestic drug of semaglutide contained on average
1.6 times less high-molecular impurities than the foreign
drug.

Typical chromatograms obtained when determining
the content of high-molecular impurities in the test
and reference preparations are presented in Fig. 4
and 5. The content analysis results of the of high-
molecular impurities are presented in Fig. 6.

Reversed-phase high-performance

liquid chromatography

The results of determining the quantitative content
of semaglutide and related impurities in the test and the
reference drugs are presented in Table 3.

The data obtained demonstrate that the quantitative
content of related impurities and the active substance
semaglutide in the samples of the studied drugs are
comparable. It should be also noted that at the time of
the analysis, the content of impurities in the domestic
drug was 2.5 times lower compared to the foreign drug.
At the same time, the foreign drug contained on average
5.6 times more hydrophilic impurities, and almost twice
as many hydrophobic impurities in comparison with the
domestic drug.

Comparative studies of biological activity

The obtained data from a comparative analysis of
the biological activity of the test and reference drugs
in vitro are presented in Table 4.

The results demonstrate the presence of a
comparable biological activity of the study domestic
drug with a chemically synthesized active substance, to
a foreign drug: the range of activity of the studied drugs
was in the range of 80-120% in relation to the standard
sample of semaglutide.

Bioequivalence and comparability of safety
and tolerability profile

Population

All volunteers were included in the population
to assess safety, tolerability and immunogenicity, for
the pharmacokinetic analysis and bioequivalence
assessment. The average age of the volunteers in
the population was 34.20+6.25 years, the average
body weight was 70.41+9.42 kg, the average height
was 172.61+7.38 cm, the average BMI was 23.51+1.
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39kg/m?2. The demographic and baseline anthropometric
characteristics of the volunteers did not differ between
the groups (Tables 5 and 6).

Pharmacokinetics and bioequivalence

After the use of the Russian and reference drugs,
their average values of the main and additional
pharmacokinetic parameters are presented in Table 7.

As follows from the presented data, the average
values of both main and additional pharmacokinetic
parameters obtained after the use of the test and
reference drugs were comparable to each other. It can
be concluded that the pharmacokinetic profiles of the
test and reference drugs are similar.

The results of assessing the ratio of geometric
mean pharmacokinetic parameters AUC,, C__ of
the studied semaglutide drugs and 90% Cls for these
ratios demonstrate the equivalence of the main
pharmacokinetic parameters (AUC_, C_ ) (Table 8).
According to the results of the statistical analysis, the
obtained 90% Cl for the ratio of C..v AUCO_tvalues of the
studied Russian and foreign drugs were 90.89-109.15
and 91.66-111.27%, respectively. The coefficients of the
intra-individual variation, calculated on the basis of the
analysis of variance, were 20.29% for the C__ value and
21.50% for the AUC_, value.

Thus, the intervals obtained during the study were
fully consistent with the equivalence limit of 80.00—
125.00% for C__ and AUC,,, clearly demonstrating the
bioequivalence of the study drug.

Safety

All the volunteers completed the study entirely in
accordance with the approved study protocol. During
the study, no AEs were recorded. In 100% (54) cases,
the volunteers’ tolerability 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, in the determination of blood
glucose levels, general urinalysis, vital signs, physical
examination and ECG.

Immunogenicity assessment

According to the results of the immunogenicity
parameters analysis, no antibodies to semaglutide were
detected in the blood serum of the volunteers, which
indicated the absence of the drug’s immunogenicity. No
unexpected results were notified during the study.
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Thus, the study drug semaglutide and the reference
drug had a similar safety profile. At the same time, no
cases of immunogenicity were observed for the Russian
drug, which confirms a high safety profile and reduced
the risk of ineffective therapy.

DISCUSSION

The efficacy and safety of semaglutide compared
with placebo or active reference drugs (sitagliptin,
exenatide, insulin glargine, dulaglutide, liraglutide) in
adult patients with T2DM were consistently studied in
a series of phase Il clinical trials combined by a large
SUSTAIN research program, which included a total of
more than 10 thousand patients [27-33]. Semaglutide
therapy was significantly better than placebo and
comparator and reduced HbAlc by 1.2-1.5% when
using a dose of 0.5 mg and by 1.5-1.8% when using a
dose of 1.0 mg, compared with baseline values, and
resulted in achieving target values of HbAlc <7.0% in
78.7% of patients, and HbAlc <6.5% in 66.7% of patients
[27-32]. It is worth noting that 74.3% of the subjects
receiving semaglutide achieved the composite endpoint
of HbAlc <7.0% without severe or symptomatic
hypoglycemia or weight gain. In contrast, 65.7% of
patients receiving semaglutide achieved weight loss
of 5% or more, and 26.7% — 10% or more, which was
significantly better compared to the placebo group and
the comparison group [27, 31, 32].

A retrospective observational study also showed
that at a dose of 0.5-1.0 mg after 32 weeks of treatment,
semaglutide reduced HbAlc by an average of 1.38%,
weight by 6.03 kg, and significantly improved BP and
lipid levels, reduced the number of glucose-lowering
and lipid-lowering drugs taken, leading to better a
patient satisfaction with the results of diabetes control
and eating behavior [34].

Additionally,
lixisenatide,

with
and

semaglutide, compared
albiglutide,

dulaglutide, demonstrated the highest rates of BG

exenatide, liraglutide,
improvement and weight loss [35]. A similar benefit
was also shown in two meta-analyses comparing
the results of semaglutide studies with the study
results of sodium-glucose cotransporter-2 inhibitors
(SGLT-2) empagliflozin, canagliflozin and dapagliflozin in
people with inadequate control of type 2 diabetes with
one or two oral antidiabetic agents [36] or metformin
monotherapy [37] found out that semaglutide was
superior to iSGLT in reducing HbAlc levels and weight
loss.
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Figure 3 — MALDI-TOF MS mass spectra obtained from study of three series of test drug Quincenta®
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Table 1 — Spectrophotometric analysis results of test / reference drugs in UV area

No Object of analysis Series Ao A

1 1 269.6 239.4
2 Reference drug 2 269.7 239.2
3 3 269.4 239.5
4 1 269.6 239.7
5 Test drug 2 269.3 239.2
6 3 269.1 239.6

Table 2 — Results of determining relative molar ratio of amino acids in samples of test and reference drugs

Relative molar ratio of amino acids

Amino acid name Ozempic® Quincenta®
Series No. 1 Series No. 2 Series No. 3 Series No. 1 Series No. 2 Series No. 3

Asp 1.1 0.9 1.2 0.9 1.0 1.1
Glu 5.0 5.3 5.4 5.2 5.0 4.9
His 1.1 0.9 1.2 1.0 1.1 0.9
Thr 1,9 2.0 2.3 2.2 1.8 2.1
Aeea 1,9 1.7 1,9 2.0 1.8 19
Tyr 1.0 0.9 1.1 1.1 0.8 1
Lys 1.0 1.1 1.0 1.2 0.9 1.1
Leu 2.1 1.8 2.1 1.9 2.2 2.2
Ser 2.7 2.5 2.9 3.1 2.8 2.6
Gly 4.1 4.4 3.9 4.0 4.2 3.8
Arg 2.0 1.7 2.2 1.8 2.1 19
Ala 3.0 2.7 2.9 2.8 2.9 3.3
Aib 1.0 0.8 1.0 0.9 1.1 1.1
Val 2.0 2.3 1.8 1.9 2.1 2
lle 1.0 1.2 0.9 0.9 1.0 1.2
Phe 2.0 1.7 2.1 2.2 19 2
Trp 1.0 1.0 0.7 1.0 0.8 1.1

Table 3 — Results of quantitative determination of related impurities using reverse-phase high-performance
liquid chromatography in the test and reference drugs

Index Ozempic® Quincenta®

Series 1 2 3 1 2 3
Quantitative determination of semaglutide, mg/ml 1.35 1.34 1.33 1.37 1.39 1.35
Amount of impurities, % 2.683 2.312 2.751 0.944 1.124 1.036
Hydrophilic impurities, % 0.821 0.933 1.06 0.135 0.215 0.148
Hydrophobic impurities 1, % 1.737 1.308 1.62 0.716 0.834 0.825
Hydrophobic impurities 2, % 0.125 0.071 0.049 0.093 0.075 0.063

Table 4 — Comparative study results of biological activity of domestic and foreign drugs

Drug Series No  EC,; Activity % of RS

1 1.379 93.62
Ozempic® 2 1.725 117.11

3 1.232 83.64

1 1.317 89.41
Quincenta® 2 1,731 117.52

3 1.559 105.84
Semaglutide RS — 1473 -

Note: RS — reference standard.

Tom 11, Beinyck 4, 2023 339



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

Table 5 — Descriptive characteristics of volunteers’ demographic and anthropometric data

Quincenta® Ozempic®

Index n p Cl Cl Cl o
Mean value —05.000% 95.000% Mean —05.000% Cl 95.000%
Age, completed years 27 0.085940 35.6667 33.1337 38.1997 32.7404 30.4273 35.0541
Body weight, kg 27 0.119176 72.2222 68.3608 76.0837 68.6037 65.0962 72.1112
Height, cm 27 0.310119 173.7407 170.8119 176.6695 171.4815 168.5841 174.3788
BMI, kg*/m 27 0.161126 23.7952 23.2588 24.3316 23.2274 22.6794 23.7754
Note: CI — confidence interval; BMI —body mass index.
Table 6 — Analysis of gender distribution
Gender Groups comparison Quincenta® Ozempic®
Pearson X test Frequency Percentage Frequency Percentage
Male 0.5859 14 51.85185 12 44.44444
Female 0.5859 13 48.14815 15 55.55556
Table 7 — Value of calculated confidence intervals for calculated pharmacokinetic parameters
. 90% Cl ,
Parameter Average ratio - Valid range, %
Low level High level
AUC,, 1.00 91.66 111.27 80-125
C... 0.99 90.89 109.15 80-125
Another important advantage of semaglutide clinical trial program. Thus, in the STEP 1,3,4, and

is a low risk of hypoglycemia, but the risk increases
when it is combined with
insulin [38].

But perhaps the most valuable feature came
from the SUSTAIN 6 trial, which demonstrated that
subcutaneous semaglutide, compared with placebo, was

sulfonylureas and/or

associated with a significant reduction in the incidence
of CVD-related deaths, nonfatal myocardial infarctions,
or nonfatal cerebrovascular accidents (p <0.001)
(combined RR=0.74; 95% ClI 0.58 to 0.95) and also with
fewer cases of nephropathy [39]. A focused study (FLOW;
NCT03819153) is currently investigating the effect of
subcutaneous semaglutide on renal outcomes in people
with T2DM and CKD.

A retrospective analysis also showed [40] that when
taking semaglutide, there was a reduction in the relative
and absoluterisk of serious adverse cardiovascular events
compared with comparators. Although the absolute risk
reduction was small, there was a trend (p=0.06) for the
greatest relative risk reduction in those with the lowest
cardiovascular risk. This phenomenon may be explained
by the fact that more advanced stages of diabetes may
be more resistant to the beneficial effects of arGLP-1 on
CVD outcomes.

Another pool of studies examined the effectiveness
and safety of semaglutide in weight loss in overweight
and obese patients without diabetes during the STEP
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8 studies, semaglutide at a dose of 2.4 mg once a
week led to an average weight loss of 14.9-17.4%
from baseline by week 68, with 69-79% of participants
achieved >10% weight loss, and 51-64% achieved >15%
weight loss [41-44]. In the STEP 5 study, the mean weight
loss with semaglutide 2.4 mg at week 104 was 15.2%
of baseline compared with 2.6% with placebo [45]. An
improvement in the main cardiometabolic risk factors
was also found: a decrease in waist circumference, a
decrease in blood pressure, normalization of lipid levels
and C-reactive protein, as well as an improvement in
physical functions and quality of life with a good safety
profile of semaglutide [41-43, 45, 46].

Bandyopadhyay S. et al. [47] conducted a systematic
review and meta-analysis to evaluate the effectiveness
and safety of semaglutide therapy in patients with
non-alcoholic fatty liver disease and non-alcoholic
steatohepatitis and found a significant decrease in the
levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), a significant decrease in liver
lipid content, improvement in its elasticity, HbAlc and
lipid profile indicators.

The identification of structurally related peptide
impurities and their characterizationis a critical challenge
in the pharmaceutical development. These impurities
may result from during the production degradation
or storage and may affect the efficacy and safety of
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the finished product [48]. Semaglutide impurities can
include peptides of imperfect structure, resulting from
the insertion of an undesired amino acid or deletion (the
absence of one or more amino acid residues), oxidation
or racemization of amino acids [49].

There are methods for obtaining semaglutide by
solid-phase synthesis that can reduce the formation
of racemic impurities, simplify the purification of the
target product, its purity and yield, and also reduce
costs [50, 51].

The biological activity of peptide molecules directly
correlates with their atomic size arrangement, while a
configuration inversion at a particular peptide chiral
center can cause a local spatial redistribution of critical
functional groups [52]. That is why, when developing
a method for producing semaglutide by chemical
synthesis, a special attention is paid to controlling the
racemization of amino acids.

During the analysis of literature data, it was
revealed that in the foreign drug Ozempic® (Novo
Nordisk  A/S,
of biotechnological origin, the formation of three

Denmark), containing semaglutide
isomers containing in its structure amino acids in the
D-conformation D-His1, D-Ser8, D-Asp9, is possible. As
it is known, the isomerization of even one amino acid
in a certain peptide chain can have a significant impact
on the overall conformation of the peptide molecule
and affect its biological activity [53, 54]. Based on this
fact, when developing technologies for obtaining the
substance semaglutide, the main task for the specialists
of Promomed Rus LLC was to minimize the amount of
potential impurities.

At the study time of domestic and foreign drugs,
it was found that Quincenta® (Promomed Rus LLC,
Russia), which contains semaglutide of a synthetic
origin, contains 2.5 times less impurities compared to
the foreign drug.

Based on the results obtained in the course of
comparative studies, it can be concluded that today it
has been possible to achieve not only the production of
a substance of the appropriate pharmacopoeial quality,
but also to minimize the formation of by-products,
thereby reducing the total amount of impurities in
the finished medicinal product. It is important to note
that peptide preparations obtained by microbiological
synthesis consist of amino acids in the L-conformation,
which corresponds to the life processes of natural
microorganisms, while in the process of chemical
synthesis D-isomers can be formed, which, as stated
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above, can critically change the drug quality and lead
to unexpected pharmacological effects. Thus, control
of spontaneous isomerization processes and obtaining
a product of the required stereochemical purity are
critical to the proper quality of the drug. In this regard,
it is worth noting that at the moment, the Russian
drug Quincenta® is the only domestic drug based on
semaglutide, which uses its own technology for the
production and purification of API, which ensures a high
level of quality control of the resulting substance, the
exclusion of undesirable impurities and isomerization
and, consequently, contributes to achieving high
efficiency and safety of the therapy.

Injection therapy for diabetes is the most effective
treatment method. However, it is known that, despite its
effectiveness, this method of therapy is characterized by
alowlevel ofadherence, and one of the ways to overcome
this problem is the use of simple and convenient syringe
pens [55]. That is why, for Russian drugs based on
arGLP-1, in particular, the drug Quicenta®, a partner
of the Promomed Group of Companies, the Medsintez
Plant LLC, developed a special syringe pen that ensures
a dosing accuracy, the administration ease of the
drug, and also the consumption of the drug without
unnecessary losses at the stage of selecting an individual
dose during a long-term use. This multi-dose syringe pen
has a unique advantage, as it allows a patient to fully use
the active substance without leaving any residue from
the cartridge.

According to the instructions for use of the drug,
if after the injection the dose selector stops before the
zero mark aligns with the pointer, it means that the
patient, due to the characteristics of titration, did not
receive the required dose of the drug. In this situation,
the dose selector indicates the number of units that
must be administered before the full dose of the drug is
delivered from the new multi-dose pen. A similar design
is not provided for in any current arGLP-1 dosage form
registered on the domestic market. It is also worth noting
that the above syringe pen is compatible with needles
from any manufacturer, which is important from the
point of view of a possible reduction in the availability of
foreign-made needles. Thus, we can say that the design
of the developed syringe pen for Russian drugs based on
arGLP-1 from Promomed Rus LLC, in particular, the drug
Quincenta®, not only helpstoincrease patientadherence
to treatment, but also provides pharmacoeconomic
advantages therapy, excluding an irrational disposal of
unused medicine.
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CONCLUSION

As a result of the studies, a sufficient amount of
data was collected confirming the similarity of the
physicochemical and biological properties of the drug with
the chemically synthesized active substance semaglutide
Quincenta® (a solution for a subcutaneous administration
1.34 mg/ml, Promomed Rus LLC, Russia) with the
reference drug Ozempic® (a solution for a subcutaneous
administration 1.34 mg/ml, Novo Nordisk A/S, Denmark).
Based on this, it can be concluded that the quality, safety
and effectiveness of the Russian drug with a synthetic
analogue of the active substance are similar, and in some
respects even exceed the reference drug.

Reducing the socioeconomic burden of diabetes
and obesity is one of the most important tasks of the
Russian healthcare system. Semaglutide may be the
drug of choice for patients with diabetes and obesity,
in particular, in combination with CVD, due to its
high effectiveness in controlling glycemic levels and
weight loss, restoring metabolic health parameters,
and a proven protective effect in reducing the risks of
cardiovascular events. The entry of Russian drugs —

arGLP-1 into the market is a major step towards
providing patients with the necessary therapy, especially
in the face of a shortage of foreign predecessors. An
open-label, randomized cross-over comparative study of
bioequivalence, safety, tolerability and immunogenicity
in healthy volunteers confirmed the equivalence of
the test drug Quincenta® and the reference drug
Ozempic®, and also demonstrated its high safety profile,
tolerability and lack of immunogenicity. Based on the
data obtained, the drug Quincenta® was registered in
the Russian Federation.

The use of our own technology of chemical
synthesis and purification of the resulting substance
in the production of the drug determines the required
stereochemical purity of the product, a reduction in the
level of impurities, predictable properties and a low risk
of adverse immune reactions. It is advisable to conduct
further clinical studies to assess the effectiveness and
safety of therapy for patients with diabetes mellitus and
obesity or overweight, as well as to identify potential
new possibilities for arGLP-1 therapy, including the
Russian analogue of semaglutide.
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Modern approaches to the treatment of type 2 diabetes mellitus (T2DM) are aimed not only at glycemic control, but also at
reducing cardiovascular risks. The increasing prevalence of the disease and the need for effective treatment options highlight
the importance of glucagon-like peptide-1 (GLP-1) receptor agonists in the pharmacotherapy structure.

The aim of the work was to review the literature regarding the physiology of GLP-1 and the therapeutic potential and
development trends of its agonists.

Materials and methods. The search for the review materials was carried out using the abstract databases of PubMed, Google
Scholar and e-Library. The search was carried out for publications from 2000 to 2023, using the following keywords: “GLP-1";
“GLP-1R agonists”; “GIP”; “exenatide”; “liraglutide”; “dulaglutide”; “semaglutide”; “lixisenatide”; “albiglutide”; “taspoglutide”
taking into account various spellings.

Results. The interaction of almost all food components with enteroendocrine cells of the intestine leads to the secretion
of incretins (primarily GLP-1) into the blood, triggering a complex of physiological reactions aimed primarily at the rapid
utilization of incoming glucose (regulation of insulin and glucagon secretion), as well as the central regulation of dietary
behavior (slowing gastric emptying and the formation of a feeling of satiety). A wide distribution of the GLP-1 receptor
in various tissues and organs, its connection with intracellular signaling cascades aimed at launching energy-consuming
remodeling (recovery) processes in endothelial cells, heart, neurons, beta cells, etc., is the basis for a wide range of pleiotropic
effects of GLP-1 unrelated to its hypoglycemic effect. The discovery of synthetic GLP-1 receptor agonists with a long period
of action has made it possible not only to therapeutically influence various parts of carbohydrate metabolism disorders, but
also to increase the functional reserves of the target diabetes organs, reducing the risk of developing complications of the
disease. Incretin-like drugs are well tolerated, with nausea being the most common side effect. The factors limiting a wider
use of the drugs include their high cost and the preferred form of a subcutaneous solution. The current research is focused
on the development of long-acting, oral, dual and triple agonists, fixed-dose combinations, and small molecule drugs.
Conclusion. GLP-1 receptor agonists are a class of effective and safe drugs for the treatment of diabetes and obesity, which
is rapidly developing in the most advanced areas of pharmacy. A further development of this group and the solution of the
identified problems will open up new opportunities for the treatment of diabetes and its complications.

Key words: GLP-1; glucagon-like receptor-1 agonists; diabetes mellitus; incretins

Abbreviations: ECD — extracellular N-terminal domain; FDA — U.S. Food and Drug Administration; FGF21 — fibroblast growth
factor 21; Geg — preproglucagon; GRP — gastrin releasing peptide; NTS — nucleus tractus solitarius; PI3K — phosphatidylinositol
3-kinase; PKA —protein kinase A; PKB — protein kinase B; PVN — paraventricular nucleus of the hypothalamus; PYY — peptide YY;
SGLT1 —-sodium-glucose linked transporter 1; TMD —transmembrane domain; ATP —adenosine triphosphate; AD — Alzheimer’s
Disease; PD — Parkinson’s Disease; GABA — gamma-aminobutyric acid; GIP — glucose-dependent insulinotropic polypeptide;
GM - genetically modified; GLP-1 — glucagon-like peptide-1; GLP-1R — glucagon-like peptide-1 receptor; BBB — blood-brain
barrier; DPP-4 — dipeptidyl peptidase 4; GIT — gastrointestinal tract; T2DM — type 2 diabetes mellitus; FFA — free fatty acids;
cAMP — cyclic adenosine monophosphate; CNS — central nervous system.
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CoBpeMmeHHble NOAXOAbI K IeYEHUI0 caxapHoro aunabeta 2 Tuna (CO2) Hanpas/ieHbl He TONbKO Ha KOHTPO/Ib IMKEMUU, HO
M HA CHUXXEeHWe KapAMOBaCKYNAPHbIX PUCKOB. POCT pacnpocTpaHeHHOCTU 3aboneBaHnA M HeobXoAMMOCTb B 3PEKTUBHBIX
BapWaHTax JiedeHnsa NoA4ePKMBaAOT BaXKHOCTb arOHMUCTOB PELLENTOPOB FItoKaroHonogobHoro nentuaa-1 (FMNM-1) 8 cTpyKkType
dapmakoTepanuu.

Lenb. AHanu3 nuTepatypbl, Kacatowerica éusmonornu IMM-1, a TakkKe TepaneBTUYECKOro MoTeHuuana U TeHOEeHLUMI
pPa3BUTMA €ro aroHUCTOB.

Matepuanbl u metoabl. MoMcK matepuana Ansa HanucaHua o63opa NPOBOAMAN C WUCNONb30BaHMEM pedepaTUBHbIX
6a3 PubMed, Google Scholar u e-Library. Mouck ocywectenanm no nybavkaumsm B nepmog ¢ 2000 no 2023 rogbl, C
MCMONb30BaHNEM criegyowmx Katouesblix cnoB: «[TIM-1»; «aroHuctbl MM-1P»; «TUM»; «3KCceHaTuay»; «avparnytuay;
«OYNArNyTUA»; «CeMarnyTUaAY; «NUKCUCEHATUAY; «anburnytma»; «TacnoriyTua» C y4eTOM PasAnyHbIX BApMAHTOB WX
HanucaHwms.

Pe3synbratbl. B3avmogencTene npakTUUECKU BCEX KOMMOHEHTOB MWLM C SHTEPO3IHAOKPUHHLIMU KNETKAaMU KULLIEYHMKA
NPUBOAMUT K CEKPeLun B KPOBb MHKPETUHOB (npexae Bcero IMM-1), 3anycKarowmx KOMNAEKC GU3NONOTUYECKUX PeaKLmiA,
HanpaBAEHHbIX, B MEPBYIO oYepeb, Ha BbICTPYO YTUAM3ALMIO MOCTYNAOWEN [IOKO3bI (Perynauma cekpeumm MHCYAnHA U
IIOKAroHa), a Tak»Ke LeHTPaIbHYHO Peryisumio NULLEBOTO NoBeAeHUA (3amesn/ieHne OMOPOXKHEHUA XelyaKa U GopmupoBaHue
yyBCTBa HacblweHus). LLnpokoe pacnpoctpaHeHne peuentopa K MMM-1 B pasanyHbIX TKAHAX WM OpraHax, ero CBssdb C
BHYTPUKNETOUYHbIMM CUTHAZIbHbIMM KaCKaaMu, HanpaBaeHHbIMW Ha 3aMyCK SHepro3aTpaTHbIX MPOLLeCCOB PeMOoAeIMpPOoBaHUA
(BOCCTAHOBNEHMA) B KNETKAX IHAOTENUA, CEPALA, HEMPOHAX, beTa-KNeTKax 1 Ap., ABAAETCA OCHOBOW ANA LWMPOKOro CNeKTpa
nnenoTponHbix apdekToB MIM-1, He CBA3AHHBIX C €r0 TMNOIMKEMUYECKUM AecTBUeM. OTKPbITUE CUHTETUYECKUX arOHUCTOB
peuenTopos MM-1 ¢ gANTeNbHBIM NEPUOLOM AENCTBUA Aa/I0 BOSMOMKHOCTb HEe TO/IbKO TepaneBTUYECKM BO3LeNCTBOBATb
Ha Pa3/INYHble 3BEHbA HapYyLEeHUN YyrneBoaHOro obmeHa, HO U yBENNUYUTb GYHKLIMOHA/IbHbIE pe3epBbl OPraHOB-MULLEHEN
C/Al, CHW)KaA PUCK Pa3BUTUA OC/IOMKHEHWUI 3aboneBaHuA. MHKpeTMHoNogo6Hble npenapaTtbl XOPOLO MNepPeHOCATCA, CaMbiM
pacnpocTpaHeHHbIM NO60YHbIM 3P PEeKTOM ABAAETCA TOWHOTA. PaKTOPbI, OrpaHMYMBatoLLME Bonee WMPOKOe UCMO0/Ib30BaHME
npenapaTos, BKNHOYAOT BbICOKYIO CTOMMOCTb U MPENMYLLECTBEHHYIO GOpPMY — PacTBOP A5 NOAKOKHOIO BBeAEHUA. TekyLme
nUccnefoBaHMA CBA3aHbI C pa3paboTKoM NPenapaToB ¢ NPOAOHIMPOBAHHBLIM AEUACTBMEM, NepPopasibHON GOpPMbl, ABONHbLIX U
TPOWHbIX arOHUCTOB, GUKCUPOBAHHbLIX KOMBUHALMI, @ TaKXKe NPenapaToB MasiblX MONEKY/.

3akntoueHune. AroHuctbl peuentopos [MTMN-1 npeactaBnaoT cobon Knacc 3PpPeKTUBHbIX U 6E30MaCHbIX SIeKAPCTBEHHbIX
cpeacts ana Tepanuu CL M OXUPEHWUA, KOTOPbIN CTPEMUTE/NIbHO PA3BMBAETCA MO CaMbiM MePesoBbIM HamnpaB/ieHUsM
dapmaumn. [anbHelwee pasBUTME 3TOW rpynnbl U pelweHMe 0603HAYEHHbIX 3a4ay OTKPOET HOBble BO3MOXHOCTU A/A
neyeHunsa CL, 1 ero 0CA0KHEHUA.

Kntouesble cnoBa: [MIM1-1; aroHUCTbI [/1I0KaroHonogo06Horo peuenTopa-1; caxapHbiii AMabeT; MHKPETUHbI

Cnucok cokpaueHuii: ECD — BHekneTouHbI N-KoHLeBoM gomeH; FDA — YnpaBneHve No CaHUTapHOMY Ha30pY 3a Ka4ecTBOM
NULLLEBbIX NPOAYKTOB M MeguKameHToB CLUA; FGF21 —dakTop pocta dpmbpobnactos 21; Gecg—npenporntokaroH; NPM—ractpuH-
punusunr nentng; NTS — agpo conutapHoro TpakTa; PI3K — dochatnamnnHosuton-3-kmHasa; PKA — npoTenHKMHaza A;
PKB — npoTenHkunHasza B; PVN — napaBeHTpuKynapHoe agpo runotanamyca; PYY — nentug, YY; SGLT1 — HaTpUMN-INOKO3HbIN
KoTpaHcrnopTep 1 Tuna; TMD — TpaHcMeMbpaHHbIN aomeH; ATO — ageHo3uHTpudocoaT; BA — 6onesHb Anbureiimepa; bMN —
6one3Hb MNapknHcoHa; FAMK —ramma-amnHomacaaHas Kucnota; I — r1oKo303aBUCUMbIA MHCYIMHOTPOMHbIM NOAMNENTUA;
M — ronosHo# mos3r; IMM-1 — ratoKaroHonoaobHbI nentug-1; MMN-1P — peuenTop ratoKaroH-nogobHoro nentuaa-1; M6 —
rematosHuedanmyeckuii bapbep; AMM-4 — gunentugmunnentnpasa 4; KT — KenyaouHo-KULWeYHbIn TpakT; C,2 — caxapHbli
amnabet 2-ro Tmna; CHKK — cBobogHbIe KUPHbIe KUCAOTbl; LAM® — upkanyeckunin ageHosnHmoHodocdat; LLHC — ueHTpanbHas
HepBHaA cucTema.
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INTRODUCTION MATERIALS AND METHODS

Type 2 diabetes mellitus (T2DM) is a chronic
and progressive metabolic disorder characterized by
prolonged hyperglycemia, which increases the risk of
developing macro- and microvascular complications.
Between 80 and 90% of patients are overweight or
obese at the time of T2DM diagnosis, so weight loss and
a cardiovascular risk prevention are also key goals of
T2DM treatment. At the same time, insulin and widely
used drugs from the groups of thiazolidinedione and
sulfonylurea derivatives contribute to the weight gain.
Glucagon-like peptide-1 receptor (GLP-1R) agonists
are incretin mimetics; they improve a glycemic control
and are superior to other hypoglycemic drugs in many
respects. GLP-1R agonists are recommended as one
of the 2" and 3" line combination therapy options,
primarily for patients with obesity and T2DM, and some
(semaglutide and liraglutide) — to reduce the risk of
cardiovascular events [1, 2].

Incretin mimetics (GLP-1R agonists and dipeptidyl
peptidase-4 inhibitors — DPP-4) are well tolerated
and do not cause hypoglycemia, but in 2013 the FDA
(U.S. Food and Drug Administration) reported an
increased risk of pancreatitis and precancerous cellular
changes (metaplasia) of the ducts pancreas against
the background of their use. At the same time, recent
meta-analyses have shown that the incidence of acute
pancreatitis increases with DPP-4 inhibitors, but not
GLP-1R agonists. The inhibition of DPP-4 also affects
the elimination of substrates other than glucagon-like
peptide-1 (GLP-1): glucose-dependent insulinotropic
polypeptide (GIP), some cytokines, growth factors
and neuropeptides. DPP-4 (also called CD26) is also
expressed on the surface of T-cells. Thus, DPP-4
inhibitors may have effects on the immune system and
inflammation, which may also be influenced by genetic
factors [3].

GLP-1R agonists are currently the drugs the
effectiveness and safety of which have been confirmed
by many clinical studies. Although they have a number
of advantages over hypoglycemic drugs of other groups,
a number of features limit their widespread use: nature,
a method of production and, obviously, insufficient
awareness of doctors and patients about modern
antidiabetic drugs.

THE AIM of the work was to review the literature
regarding the physiology of GLP-1 and the therapeutic
potential and development trends of its agonists.

Tom 11, Beinyck 4, 2023

The literature search (literature reviews, results of
experimental and clinical studies) was carried out using
the PubMed, Google Scholar and e-Library abstract
databases. The search depth was 23 years — from 2000
to 2023. The list of keywords included (but was not
limited to) various combinations and spellings: GLP-1
(GLP-1); GLP-1R agonists; GIP; exenatide; liraglutide;
albiglutide;
taspoglutide. The exclusion criteria included earlier

dulaglutide; semaglutide; lixisenatide;
publications and articles that did not directly address
the topic of the work. 410 sources were analyzed
and, after the systematization, the articles with
similar information were removed. After screening,
considered suitable for the

120 sources were

inclusion in the review.

RESULTS AND DISCUSSION

Discovery of the preproglucagon family hormones

A timeline of major events related to the GLP-1
study is presented in Fig. 1.

At the beginning of the 20th century, when using
insulin obtained from pancreatic extracts or in the
form of crude preparations, the development of a
hypoglycemic effect was preceded by an increase in
glycemic levels (peak after 20 min), which was initially
associated with a poor purification of the drug. In 1902,
Ernest Bayliss and William Starling identified a substance
produced by duodenal epithelial-cells upon contact
with food components. This component stimulated the
pancreas to secrete pancreatic juice when it entered
the blood and was called secretin. In 1906, Benjamin
Moore discovered that a repeated oral administration
of porcine intestinal mucosal homogenate reduced
glycosuria in diabetic patients, and also suggested that
intestinal cells were able of secreting substances that
stimulate an insulin secretion. In 1929, Edgard Zunz
and Jean Labarre isolated a fraction from the intestinal
extracts that reduced glycemic levels when administered
to animals. It was called incretin, suggesting the ability to
stimulate an insulin secretion. In 1923, Charles Kimball
and John Murlin isolated a fraction of the pancreas
that, when evaporated and reconstituted in water,
had a potent hyperglycemic effect when administered
to rabbits and dogs. The substance included in the
fraction was called “glucose agonist” or “glucagon”. In
1965, Ellis Samols hypothesized that a glucagon-like
intestinal material that stimulates the insulin secretion

349



REVIEW
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

might be related to the effect of incretin. The glucagon-
like material isolated from the intestines consisted of
proteins of several fractions and caused physiological
effects opposite to those exerted by glucagon, which
had been isolated from the pancreas. The concentration
of the glucagon-like material in the blood increased in
response to the entry of glucose into the intestine, but
did not change when it was administered intravenously.
Immunocytochemical studies showed that intestinal-
cells stained with antibodies to glucagon based on
morphological and ultrastructural characteristics
differed from pancreatic a-cells and were called “L-cells.”
Later, it was suggested that there is a large precursor
molecule, proglucagon, which, during the translation, is
split into several fractions differing in size and biological
functions. Later, a 42-amino acid polypeptide that was
capable of inhibiting gastric motility and hydrochloric
acid secretion, was identified. It was named gastric
inhibitory peptide or glucose-dependent insulinotropic
polypeptide (GIP). It also increased the insulin secretion
in a glucose-dependent manner, and its removal
from intestinal extracts reduced the incretin effect by
approximately 50% [4, 5].

An important discovery in the field of GLP-1R
pharmacology was the isolation of exendin-4 (exenatide)
by John Engin 1992. Its clinical use became possible only
in 2005 (AstraZeneca, UK). In 2006, Merck & Co (USA)
received approval for the clinical use of sitagliptin, the
first DPP-4 inhibitor, despite the fact that these enzymes
were discovered back in 1966. Just 1 year later, in 2007,
the same company registered the first combination
drug from the group of incretin mimetics — a drug based
on sitagliptin and metformin. In 2009, the first GLP-1R
agonist with a high degree of homology to the human
protein, liraglutide, appeared on the pharmaceutical
market. In 2011, the first combination of an incretin
mimetic and a non-hypoglycemic drug — a combination
of sitagliptin and simvastatin — was registered. In 2014,
incretin mimetics began to be registered for the first
time for the indications not related to T2DM: liraglutide
was registered as a drug for the treatment of obesity. In
2019, Novo Nordisk brought to the market the first oral
GLP-1R agonist, semaglutide [4-6].

Expression of proglucagon family hormones

Preproglucagon (Gcg) is expressed in a-, B-cells
of the pancreas, in enteroendocrine L-cells and in the
brain [7, 8]. prohormone

Specific enzymes -
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convertases, interacting with cleavage sites in the
Gcg molecule, determine which peptide / hormone
molecules are formed from it: glycentin (AK 1-69), the
associated pancreatic polypeptide (GRPP; AK 1-30);
glucagon (AK 33-61); oxyntomodulin (OXM; AK 33-69);
the main fragment of proglucagon (MPGF; AK 72-158)
and glucagon-like peptides 1 (GLP-1; AK 72-107/108)
and 2 (GLP-2; AK 126-158) [9, 10]. These proglucagon
fragments significantly influence a systemic metabolism,
modulating food intake and satiety (GLP-1, glucagon,
oxyntomodulin), maintaining fluid homeostasis (water
intake and diuresis, GLP-1) [8, 11], thermogenesis
(GLP-1,
motility (glucagon,

(glucagon), metabolism lipids glucagon,
GLP-2), GLP-1,

GLP-2) and gastric emptying (glucagon, GLP-1, GLP-2).

gastrointestinal

Glucagon and GLP-1, formed from the same precursor
(preproglucagon, Geg), are secreted by different cells and
have opposite effects on blood glucose concentrations.
This is achieved by cell-specific processes that determine
a different expression and cleavage of proglucagon into
fragments by enzymes from the group of convertases,
i.e. prohormone convertase 1 (PC1 or PCSK1 or PC1/3)
or 2 (PC2 or PCSK2). PC1 is expressed in brain and
intestinal cells, participating in the formation of GLP-1,
GLP-2, glycentin, oxyntomodulin and the intermediate
peptide IP2. PC2 is expressed in the pancreas and
determines the formation of glucagon,
polypeptide (GRPP), major proglucagon fragment
(MPGF) and intermediate peptide (IP1) [4, 12].

The distribution (expression) of these enzymes

pancreatic

in tissues is quite conservative under physiological
conditions, but can change during hyperglycemia. In
particular, the activity and/or expression of PC1 in
a-cells (or isolated islets) is detected when cultured in
a medium with a high concentration of glucose [13],
which also leads to an increase in GLP-1 levels. An
increased expression of PCSK1 in a cells leads to an
increased production and secretion of GLP-1, an insulin
and islet survival [14]. It has been noted that in the
mice knockout for the glucagon receptor, the level of
GLP-1 in a-cells is higher, therefore such animals are
less sensitive to the toxic effects of streptozotocin [15].
Research findings suggest an important role for a cells
in compensating for a high functional activity of B cells
during the insulin resistance, pregnancy, and a cellular
stress by modulating an intraislet GLP-1 production.
studies note that to maintain

Some adequate

functioning of the islet apparatus, a communication
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of a- and B-cells is important, and glucagon, the main
peptide, proglucagon-derived peptides (PGDP), being
also a GLP-1R agonist, stimulates an insulin secretion,
acting on B-cells [12]. In islets isolated from the mice
with a B-cell-specific deletion of the glucagon receptor
GegR (GegRPe-), a stimulation of the insulin secretion
by glucagon is preserved but attenuated by treatment
with the GLP-1R antagonist exendin (9-39), and in the
islets isolated from GLP-1R knockout mice, a glucagon-
dependent insulin secretion is reduced [4, 16].

GLP-1, GLP-2, GIP,
somatoliberin belong to the group of structurally related

glucagon, secretin  and
peptides capable of binding to structurally similar
receptors of the GPCR class B family. The receptors
of this family are named on the basis of its single and
unique endogenous ligand (GLP-1, GLP-2, Gcg, GIP and
somatoliberin), but under physiological conditions
there is no significant cross-reactivity between peptide
ligands and receptors of this family [17]. However, in the
pancreas, glucagon is known to have a physiologically
relevant cross-reactivity with GLP-1R with an EC_  of
36.420.22 nmol/L, but GLP-1 has no affinity for the
glucagon receptor. It can be assumed that the interaction
of glucagon with GLP-1R plays an important role for the
insulin secretion [4, 18].

Proteins of the GLP-1 family are formed by processing
from proglucagon. They differ in their ability to enhance
the insulin secretion and are divided into GLP-1 (1-37)
(or 1-36 amide), GLP-1 (7-36 amide) (“amidated” GLP-1)
and GLP-1 (7-37) (“glycine-extended GLP-1").

In humans, almost all circulating GLP-1 is one
of the truncated forms, ~80% corresponds to GLP-1
(7-36 amide) and ~20% corresponds to the glycine-
extended GLP-1 (7-37). The relative abundances of
GLP-1 (7-36 amide), GLP-1 (7-37), and GLP-1 (1-37)
vary among species. Longer and shorter forms of
GLP-1 were found in the textracts of rat intestines
and pancreas. GLP-1 (7-36 amide) and GLP-1 (7-37)
equally effectively stimulate the secretion of insulin
and C-peptide, exceeding the activity of GLP-1 (1-37).
GLP-1 (amide 7-36) is rapidly metabolized to GLP-1
(amide 9-36), which is considered a weak partial agonist
of the GLP-1 receptor, but relative to its parent structure,
its plasma concentration may be five to ten times
higher [4, 19, 20].

A cell-type selective Gecg expression is regulated by
more than a dozen transcription factors that selectively
bind to cis-acting elements in Gcg promoter and
enhancer regions to stimulate or inhibit the Gcg

Tom 11, Beinyck 4, 2023

expression. In addition to a number of homeodomain
proteins, the Gcg expression is also stimulated by protein
kinase A (PKA) in response to high levels of cAMP.
Insulin stimulates the Gcg expression in the intestine
and suppresses it in a cells. Some effectors of the Wnt
pathway enhance the Gcg expression in the intestine but
not in the pancreas [4, 21].

Glucagon receptor and GLP-1

Typically, all the effects of endogenous GLP-1 are
realized through GLP-1R, a transmembrane receptor
containing 463 amino acids associated with a G protein
(GPCR). Like other class B GPCRs, GLP-1 receptors
contain an extracellular N-terminal domain (ECD, an
extracellular N-terminal domain or NTD, an N-terminal
domain) of more than 100 amino acid residues, and a
transmembrane domain (TMD), consisting of seven
helices connected by extracellular and intracellular
loops. The extracellular N-terminal domain of family
B GPCRs contains a common fold stabilized by three
disulfide bridges, which is essential for mediating the
binding affinity of the receptor to the ligant peptide.
GLP-1 binds to both the extracellular N-terminal
domain (ECD) and the extracellular half of the TMD.
The structure-activity relationship studies of the GLP-1R
activation have revealed an extensive interaction of the
GLP-1 C terminus with the peptide-binding groove of the
N-terminal extracellular domain (ECD) of the receptor.
Binding of GLP-1 to the ECD brings the N-terminus of the
GLP-1 peptide closer to the TMD, and their interaction
causes a conformational change in the helical bundle,
allowing an interaction of the intracellular half of the
TMD with the G protein. The key insulinotropic effect
of GLP-1 through the G-protein coupled receptor
B is through the formation of cyclic adenosine
monophosphate (cAMP), which, in combination with
elevated Ca* levels, promotes exocytosis of insulin-
containing vesicles [20, 22, 23]. In addition to pancreatic
islet cells, GLP-1R is also expressed in the brain, kidney,
stomach, liver, skeletal muscles, and adipose tissue. In
the pancreas, the maximum level of GLP-1R expression
is observed in B-cells, less in acinar cells and minimum
in ductal-cells. This receptor was also found in the walls
of the kidneys and lungs arteries, the sinus node of
cardiomyocytes (limited to the sinoatrial node), and the
duodenum (in the Brunner’s gland). A low expression of
GLP-1R was noted in parietal and smooth muscle cells of
the stomach and in the intestinal plexus [4, 24, 25].
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Figure 4 — Structures of non-peptide GLP-1R agonists
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Table 1 - Localization and function of receptors GPR40, GPR41, GPR43, GPR119, GPR120 [35, 36]

Receptor Localization Physiological effect upon activation Agonist
GPR40 L- and K-cells of the intestine, beta 1 secretion of incretins and glucose-stimulated medium- and long-chain
(FFAL, cells of the pancreas insulin secretion, improvement of regenerative fatty acids, saturated and
FFAR1) abilities and |, apoptosis of beta cells unsaturated (C10-C22)
GPR41 L-cells, monocytes, neutrophils, N secretion of incretins and leptin, short chain fatty acids
(FFA3, adipocytes, alpha- and beta-cells  physiological effects have not been fully studied (C3=C4=C5>C2=C1)
FFAR3)
GPR43 L- and K-cells, adipocytes, N secretion of incretins and leptin, { intestinal short chain fatty acids
(FFA2, leukocytes, motility, I secretion of GLP-1, |, activation of (C2=C3>C4>C5=C1)
FFAR2) Alpha- and beta-cells leukocytes, | lipolytic activity in adipose tissue

and { plasma levels of free fatty acids;

physiological effects have not been fully studied
GPR119  L- and K-cells, beta-cells /N incretin secretion and glucose-stimulated fatty acid amide

insulin secretion, improved regeneration and derivatives and

apoptosis of beta-cells phospholipids
GPR120  L-cells, adipocytes, N secretion of incretins, medium- and long-chain
(FFA4, macrophages M glucose uptake by adipocytes and saturated (C14-C18) and
FFAR4) acquisition of an anti-inflammatory phenotype by unsaturated (C16—-C22)

tissue macrophages

fatty acids

The studies performed on transgenic animals with a
controlled expression of green fluorescent protein (GFP)
have established the presence of its activity in pancreatic
B- and 6-cells, vascular smooth muscles, atrium, gastric
antrum, intestinal neurons, vagal ganglia and dorsal
roots. [25, 26].

The density of GLP-1R expression in different
organs can vary greatly between humans and animals.
For example, thyroid C cells in rodents express GLP-1R
at very high densities (more than 10 000 times higher
than in humans), and a chronic administration of GLP-
1R agonists to rodents caused a marked proliferation of
thyroid Ccells and hypersecretion of calcitonin. It appears
that in rodents a gastrointestinal stimulus (gastrin,
GLP-1) is required for a normal calcitonin secretion,
whereas in humans, this function has disappeared.
Numerous clinical studies have reported no increase
in the calcitonin secretion or the incidence of C-cell
carcinoma during therapy with GLP-1R agonists [19].
However, the labeling of some drugs, such as tirzepatide
(a GIP and GLP-1 receptor agonist), contains warnings
about the risk of C-cell thyroid tumors in certain
categories of patients.

The activation of GLP-1R through Gs stimulates
the synthesis of cAMP, through the Gg/11 pathway it
increases intracellular Ca** and through the recruitment
of B-arrestin it promotes the activation of the ERK
[27, 28]. A
functional selectivity of GLP-1R leading to the launch of

signaling pathway ligand-dependent

signal transduction pathways specific for various ligands
(relative to the endogenous hormone), causing diverse

358

cellular responses, has been proven. This was revealed
by analyzing a cAMP production, Ca* accumulation,
B-arrestin recruitment and ERK, , phosphorylation.
Exendin-4 (exenatide) and oxyntomodulin, unlike
GLP-1, are biased for B-arrestin signaling, which also
promotes the cell proliferation and survival through
mechanisms involving the ERKl/Z activation [27, 28].
This property of GLP-1R is important because different
ligands, by modulating specific signaling pathways, can

have different pharmacological effects.

GLP-1 secretion

L-cells are distributed with an increasing gradient
along the length of the gastrointestinal tract, occurring
at low frequency in the duodenum (proximal-distal
neuronal and/or humoral signals providing the early
phase of GLP-1 secretion during meals), increasing in the
jejunum, reaching a maximum in the ileum and colon
gut. GLP-1 immunoreactive cells are also located in the
gastric mucosa, although in small numbers [7]. The apical
surface of the L-cell faces the intestinal lumen and, upon
a contact with chyme (with lipids and carbohydrates),
secretes GLP-1 [25, 29]. Distal L-cells may play an
important role in slowing the passage of chyme as it
reaches the ileum and colon through the “ileal brake”
mechanism (a negative feedback mechanism for slowing
an intestinal transit in response to the increased levels of
undigested nutrients in the ileum). This phenomenon is
also reproduced by a proximal ileal transposition or the
use of a-glucosidase inhibitors, where the exposure of
more L-cells to undigested nutrients leads to a greater
GLP-1 secretion [7, 30].

Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

Ob30P
DOI: 10.19163/2307-9266-2023-11-4-347-380

Incretins are broken down quite quickly after the
secretion. Within the intestine, 75% of active GLP-1 is
destroyed, half of the passing GLP-1 is broken down in
the liver, and only 10-15% of active GLP-1 reaches the
pancreas [31]. Fasting plasma levels of GLP-1 are in
the range of 5-10 pmol/L and increase after meals to
15-50 pmol/L (half-life for GLP-1 is 2 min). The level of
GIP in this case varies from 20-30 to 300 pmol/L after a
meal, returning, like GLP-1, to the initial level within 3 h
(half-life for GIP is 5-7 min) [32].

In the portal vein, total GLP-1 concentrations peak
approximately 15 min after an intragastric infusion of a
liqguid meal and return to the baseline levels within 90
to 120 min. There is a controversy as to whether a
glucose-induced GLP-1 secretion is impaired in patients
with T2DM, but a clinical trial showed that GLP-1
response to oral glucose was reduced in patients with
prediabetes or T2DM, but a meta-analysis of 22 clinical
trials did not confirm this [33].

Proteins, fats, and carbohydrates influence the
GLP-1 through different
Accordingly, more GLP-1 is released after the ingestion

secretion mechanisms.

of a mixed meal [26].

Effect of carbohydrates on GLP-1 secretion

The cellular mechanisms of a glucose stimulation
of the GLP-1 secretion by L-cells partially coincide with
the mechanisms underlying the insulin secretion by
pancreaticislets. Glucose and fructose dose-dependently
increase the secretion of GLP-1 by enteroendocrine
cells through a universal mechanism — the closure of
ATP-sensitive K-, , channels, which is accompanied by
a membrane depolarization, the opening of voltage-
dependent Ca?* channels (VDC), an increase in Ca?
influx and the triggering of vesicular exocytosis with the
secretion of GLP-1 into the bloodstream. Sulfonylureas,
by inhibiting the K-,
secretion, but there is no clear evidence that they

activity, increase the insulin

affect the GLP-1 secretion. In addition, glucose (even in
low concentrations) stimulates the electrical activity of
L-cells, promoting the secretion of GLP-1 through the
induction of small inward currents dependent on the
sodium-glucose cotransporter (SGLT1). Sucralose and
other sweeteners did not affect the GLP-1 secretion in
primary L-cell cultures or in humans [26, 30, 34].

Effect of lipids on GLP-1 secretion

L-cells, like other enteroendocrine cells, react

through specific receptors with a decreasing efficiency

Tom 11, Beinyck 4, 2023

(as listed) to the following free fatty acids: a-linolenic
(C18:3), docosahexane (C22:6), palmitoleic (C16:1),
oleic (C18:1), stearic (C18:0) and octanoic (C8:0) acids.
In humans, saturated fatty acids are less effective
than unsaturated fatty ones. The induction of the
GLP-1 secretion by free fatty acids (FFAs) is strongly
dependent on the cytosolic Ca2+ concentration. FFAs
increase the GLP-1 secretion by stimulating the influx
of extracellular Ca2+ through Ca2+ channels on the cell
surface [26, 35, 36].

Inresponse to FFA, the secretion of GLP-1is mediated
by receptors for long-chain FFA — GPR40 (FFAR1) and
GPR120 (FFAR4), short-chain FFA — GPR41 (FFAR3) and
GPR43 (FFAR2), as well as for the derivatives of fatty
acid amides and phospholipids GPR119 [37, 38]. In the
animals knockout for these receptors, the secretory
response of GLP-1 to FFA is significantly reduced, and
the use of agonists to different receptors (with different
secondary messengers) leads to the development of a
synergistic effect on the GLP-1 secretion [26, 27, 30].

Effect of amino acids on GLP-1 secretion

The secretion of GLP-1 can be stimulated by
proteins, tri- and dipeptides and amino acids. This was
observed in the experiments on the cultures of primary
L-cells of the mice colon, in GLUTag cells, the isolated
perfused ileum, as well as in vivo in mice, rats and
humans [26, 39]. Glutamine, asparagine, phenylalanine
and glycine have a stimulating effect on the GLP-1
secretion, with glutamine and glycine being the most
active. In the studies on NCI-H716 cells, the stimulating
effect of leucine, isoleucine, valine, skim milk, casein and
whey on the GLP-1 secretion was proven. The release
of GLP-1 is stimulated by L-arginine (also an insulin
secretagogue), which has been demonstrated in the
experiments in the isolated rat intestines and when
administered orally. These effects were absent in the
GLP-1R knockout mice [26, 30].

In response to proteins or individual amino acids,
the stimulation of the GLP-1 secretion is based on the
activation of Ca?** calmodulin-dependent kinase Il [26],
i.e. the peptide-mediated GLP-1 secretion is a Ca*"
sensitive process and involves L cell signaling through the
Ca*"sensing receptor (CaSR) and peptide transporter 1
(PEPT1). The stimulation of GLP-1 secretion from
purified murine L-cell cultures by glycine-sarcosine
(Gly-Sar) is blocked in the absence of extracellular Ca%
and is inhibited by the treatment of L-type Ca** channels
with nifedipine. The oligopeptide stimulation of GLP-1
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release is reduced in cultured L-cells treated with a CaSR
antagonist and increased in the peptide transporter 1
(PEPT1)-deficient mice [4, 26].

Effect of endocrine stimuli on GLP-1 secretion

The specific distribution of L-cells in the intestine
suggests the existence of a proximal-distal coordination
loop in which neuronal and/or endocrine factors arising
in the upper intestine, influence the secretion of GLP-1
by L-cells in the distal region [7, 29]. However, the
putative shunt (if it exists) is likely important during
the early postprandial phase, when L-cells of the distal
intestine are not yet in direct contact with nutrients in
the intestinal lumen. L-cells are found in close proximity
to both enteric neurons and intestinal microvessels [7],
suggesting a possible role for a neuroendocrine
regulation of the GLP-1 secretion. The presence of the
neuroendocrine regulation of the GLP-1 secretion is
confirmed by the results of studies in rodents, in which a
direct contact of L-cells in this part of the intestine with
nutrients in its lumen is excluded. The introduction of
glucose or fat into the duodenum of such rodents very
quickly causes the secretion of GLP-1 by L-cells at the
level comparable to that observed when they were
introduced into the ileum [7, 40].

Neurotransmitters from vagal and intestinal neurons
(including acetylcholine and gastrin-releasing peptide)
increase the GLP-1 secretion. Acetylcholine receptors,
including the muscarinic receptors M1, M2, and M3,
are expressed in rat L-cells and human NCI-H716-cells.
A nonspecific muscarinic receptor antagonist (atropine)
or a selective M1 antagonist (pirenzipine) suppressed
the lipid-induced GLP-1 secretion in rats, which was
not observed for M2 or M3-selective antagonists [7].
In NCI-H716 cells, the GLP-1 secretion is stimulated
by bethanechol (an M2 agonist), which is blocked by
the pretreatment with pirenzipine or gallamine (an
M2 antagonist) [41]. Together, these data indicate
the involvement of muscarinic receptors M1 and M2
in GLP-1 secretion by L cells [4,7].

In the
GLP-1 secretion is inhibited by the administration of

isolated perfused porcine ileum, the
norepinephrine. This effect is blocked by the co-infusion
of a non-selective a-adrenergic receptor antagonist
(phentolamine) [41]. The GLP-1 secretion is stimulated
by a B-adrenergic agonist (isoprenaline) and this effect is
blocked by the co-infusion of a B-adrenergic antagonist
(propranolol) [41]. These data suggest that the intestinal

GLP-1 secretion is stimulated by cholinergic and
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B-adrenergic receptors signaling but they are inhibited
by an a-adrenergic receptor activation.

Gastrin-releasing peptide (GRP) is produced and
released by GRP-ergic neurons of the intestinal nervous
system and also stimulates the secretion of GLP-1, which
was blocked by the administration of a GRP antagonist
(BW10). The ability of GRP toincrease the GLP-1 secretion
has been demonstrated in rat L-cell cultures and in rat
ileal preparations. Using the isolated perfused canine
pancreas, it was found that GRP also directly stimulates
the insulin secretion and delays gastric emptying. The
GLP-deficient mice had a decreased glucose tolerance,
the first-phase insulin secretion, and GLP-1 in response
to oral glucose [42].

Thus, the secretion of GLP-1 is carried out by the
L-cells located in the proximal small intestine after the
hummus has just left the pylorus. Postprandial glucose
concentrations may exceed the absorptive capacity of
the proximal intestine, resulting in glucose reaching
distant L-cells more quickly. Neuroendocrine reflexes
may be involved in the regulation of the GLP-1 secretion.
The local increase in GIP stimulates the vagal afferent
transmission with a subsequent activation of its efferent
and intestinal neurons, which release acetylcholine
and/or GLP, which stimulate the secretion of GLP-1 from
the distal region [7].

Other factors
include the activation of the olfactory receptor OR51E1

influencing the GLP-1 secretion

by nonanoic acid, which stimulates the secretion of
GLP-1andPYYin L-cells [43]. Ghrelin stimulates the GLP-1
secretionin L-cell cultures. The peripheral administration
of ghrelin enhances the glucose-stimulated GLP-1
secretion, which is not observed in the GLP-1R knockout
mice and is blocked by the administration of a ghrelin
receptor antagonist (GHRP6) [40].

Effects of GLP-1

Insulinotropic effects of GLP-1

Binding of GLP-1 to its receptor in B-cells activates
adenylate cyclase, increasing the concentration of cAMP
and activating PKA (phosphorylates the SUR1 subunit of
K-,,-channels, shifting the balance towards their closure
and depolarization of the cell membrane, which leads
to the opening of voltage-gated Ca?* channels (VDC) and
exocytosisinsulingranules), aswellas enhancing signaling
through metabolic proteins directly activated by cAMP
(Epac) [27, 34, 44]. Up to 50% of GLP-1-induced insulin
secreted depends on signaling through Epac, members
(Epacl and Epac2; expressed in B-cells) which contain an
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evolutionarily conserved cAMP-binding domain, allowing
them to regulate various biological functions in a cAMP-
dependent manner. Epac proteins stimulate the release
of Ca?" from the endoplasmic reticulum, increasing the
insulin secretion by increasing the pool of intracellular
Ca* [27, 44]. During hyperglycemia, the Ca* influx into
B-cells through VDC channels is significantly increased;
Epac2 opens RYR Ca* channels in the endoplasmic
further
concentration and, consequently, insulin exocytosis. A

reticulum, increasing an intracellular Ca®
calcium-induced calcium release (CICR) determines the
dependence of the insulinotropic effect of GLP-1 on the
glucose concentration. Therefore, in isolated perfused
rat pancreas, at the glucose concentrations <2.8 mmol/L,
GLP-1 cannot stimulate an insulin
changes when it increases (>6.6 mmol/L) [21, 34, 45].
GLP-1-stimulated insulin exocytosis is partially inhibited
by a PKA inhibitor (H89) and is completely blocked by
the combination of H89 with anti-Epac2 antiserum
(cAMP-GEFII) [4, 45].

In addition to the distinct effect of GLP-1 on the

insulin secretion, GLP-1R, by activating PKA, stimulates

release, which

insulin synthesis in B-cells, which probably occurs due to
an increase in the expression of Pdx1 (insulin promoter
factor 1) [46].

Effect of GLP-1 on B-cell proliferation

and apoptosis

As the age increases, the rate of B-cell replication
decreases. In the experimental studies, it was noted that
GLP-1R agonists increase the B-cell mass by stimulating
their proliferation and inhibiting apoptosis [6, 47, 48].
GLP-1R agonists, by activating the transcription factor
CREB, stimulate the expression of the insulin receptor
substrate 2 (Irs2, a substrate of insulin-like growth factor
1 and insulin receptor tyrosine kinases), which promotes
the growth and survival of B-cells. In mice deficient in
Irs2 [47], the B-cell destruction and increased apoptosis
were observed. They were accompanied by severe
hyperglycemia, which was not eliminated even with
a long-term administration of exendin-4, which, by
enhancing the CREB phosphorylation, improves the
Irs2 function. Streptozotocin-induced [B-cell apoptosis
was reduced by the administration of GLP-1R agonists,
which reduced the oxidative stress and increased the
B-cell survival by stimulating anti-apoptotic signaling
mechanisms — a PI3-kinase-dependent phosphorylation
of protein kinase B (PKB), leading to the inactivation of
the proapoptotic protein BAD and the suppression of
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FoxO1 [44, 49, 50]. Thus, after the activation of GLP-1R
in the B-cell, multiple signaling pathways are triggered.
They can preserve the mass of B-cells under pathological
conditions (the activation of PKA, PKB, CREB, the
expression of Pdx1 and Irs2, the inactivation of BAD,
etc.). However, according to many authors, the inhibition
of apoptosis has a greater therapeutic potential, since
the B-cell proliferation decreases with the age and is
less pronounced in humans compared to laboratory
animals [4, 44, 48, 51].

Effect of GLP-1 on glucagon secretion

The GLP-1 receptor is present in only 10% of
pancreatic a-cells [25] and most authors are inclined to
believe that GLP-1 inhibits the glucagon secretion not
through GLP-1R, but through endocrine mechanisms.
GLP-1 stimulates the secretion of somatostatin, which,
through paracrine mechanisms, reduces the release
of glucagon. This effect was blocked by a somatostatin
2 receptor antagonist (CYN154806) [21, 25]. The effect
of GLP-1 on the glucagon secretion can be mimicked by
forskolin-induced changes in cAMP. Low concentrations
of forskolin (1-10 nmol/L) suppress the glucagon
secretion by up to 60%, while high concentrations
(0.1-10 umol/L), on the contrary, stimulate it. The PKA
inhibitor (8-Br-Rp-cAMPS) attenuates the glucagon
secretion-inhibitory effect of GLP-1. The blockade of
N-type Ca2+ channels by w-conotoxin, but not L-type
Ca* channels by nifedipine, reduces the stimulation of
the glucagon secretion by glucose and blunts the effects
of GLP-1. Thus, GLP-1 may inhibit the glucagon secretion
from a-cells through the PKA-dependent modulation
of the N-type Ca** channel activity in addition to the
paracrine action of somatostatin [52]. In addition to the
above, GLP-1lindirectly suppressesthe glucagon secretion
due to its insulinotropic effect (increases the secretion
of insulin, amylin, zinc and GABA). Insulin inhibits the
glucagon release by activating phosphatidylinositol
3-kinase (PI3K). In a-cells, insulin further enhances the
translocation of GABA-A receptors, and when released
from B-cells, it enhances the inhibition of the glucagon
secretion by glucose. Insulin co-crystallizes with zZn?*
in the secretory granules of B-cells and is co-secreted
with it during hyperglycemia, and in this case, Zn?* plays
an important role in the suppression of the glucagon
secretion by insulin [4, 51].

Thus, GLP-1 inhibits the glucagon secretion through
several mechanisms involving somatostatin, insulin,
Zn*, GABA and amylin. The significant involvement
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of the GLP-1 receptor on a-cells in this process is not
supported by all authors.

Cardiovascular effects of GLP-1

The expression of GLP-1R has been noted in blood
vessels, as well as in the atria, ventricles, endocardium,
endothelium, and smooth muscle cells of coronary
vessels [25, 32]. Many studies have revealed the
cardioprotective effects of GLP-1R agonists, which are
associated withimprovementsinthe endothelial function
and myocardial metabolism, as well as the cardiomyocyte
survival. In a myocardial ischemia-reperfusion injury,
the cytoprotective effect of GLP-1 is associated with
the activation of a number of RISK-pathway kinases
(Reperfusion Injury Salvage Kinase / RISK / Pathway) —
protein kinase A, phosphoinositol 3-kinase (PI3K),
which contributed to a

1/2’
decrease in the permeability of the mitochondrial

protein kinase B and ERK

membrane, protecting cardiomyocytes from apoptosis
during the reperfusion injury [53]. Some researchers
associate a cardioprotective effect with a GLP-1R-
mediated activation of the transcription factor Nrf2
(GLP-1R / PKA(PKB) / CREB / Nrf2), which regulates the
expression of antioxidant enzyme genes (glutathione-
S-transferase, UDP-glucuronyltransferase, heme
oxygenase-1 and etc.) [49]. There is a hypothesis about
the vasoactive and cardioprotective role of the GLP-1
metabolite, which is not supported by all researchers.

In healthy volunteers, a single administration of
GLP-1, its metabolite or exenatide does not affect
the blood flow in the mesenteric or renal arteries,
but causes vasodilation of the abdominal cavity and
internal organs, which underlies the hypotensive effect
of GLP-1 [54]. A meta-analysis of 60 clinical studies found
that GLP-1R agonists reduced a diastolic blood pressure
by 1.84 to 4.60 mmHg. Art. and increase the heart rate
by 2-3.35 beats/min [55].

The mechanisms underlying the effect of GLP-1 on
the blood pressure, are not fully understood, but may
include vasodilation caused by the nitric oxide secretion,
the ability to stimulate the urine and sodium excretion

through the kidneys [11, 19].

Effect of GLP-1 on food intake and body weight

GLP-1R is expressed at high densities in the frontal
cortex, hypothalamus, thalamus, hippocampus,
amygdala, cerebellum, and substantia nigra. These
regions are key in the central regulation of the energy

homeostasis and autonomic functions [56, 57].
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In the hypothalamus, the receptor is mainly
distributed
arcuate nucleus of the hypothalamus,

in the following nuclei: arcuate (ARC,
associated
with the regulation of appetite), lateral (LHA, lateral
hypothalamic area — a hunger center), paraventricular
(PVN, paraventricular nucleus of the hypothalamus) —
secretes oxytocin, which suppresses appetite entering
the ventromedial nucleus (VMH, ventromedial nucleus
of the hypothalamus — a saturation center), as well
as somatostatin — slows down a gastric motility,
(DMH,
nucleus — regulation of the blood pressure and the

dorsomedial dorsomedial  hypothalamic
heart rate) and suprachiasmatic (SCN, suprachiasmatic
nucleus — circadian rhythms) [8, 57, 58].

The receptor is found in the dorsal complex of the
vagus nerve, in the nucleus of the solitary tract (NTS,
nucleus of the solitary tract) — one of the nuclei of the
medulla oblongata, the processes of its neurons are
part of the facial, glossopharyngeal and vagus nerves.
The NTS is the entry point for sensory nerves from the
internal organs, serves as a switch for vagal reflexes and,
due to its connections with the hypothalamus, is a link in
the formation of appetite. The peripheral administration
of leptin or gastric distension activates GLP-1-producing
neurons in the NTS [21, 58].

GLP-1R is expressed at a lower density in the
periventricular zones: the subfornical organ and area
postrema (AP, “posteriormost field,” “chemoreceptor
zone” of the brain stem, responsible for the gag reflex).
As a neuropeptide, GLP-1 can regulate many autonomic
and neuroendocrine functions. It has been shown
experimentally and clinically that GLP-1, by inhibiting
the activity of the vagus nerve, reduces a gastric motility
and the secretion of gastric glands and pancreatic
juice [7, 57].

The of food
GLP-1 agonists is not limited to GLP-1R signaling in the

central regulation intake by
hypothalamus and hindbrain. GLP-1 also influences
the nutrition by affecting areas of the brain involved in
reward, motivation, and addiction, such as the ventral
tegmental area (VTA), the nucleus accumbens (NAcc,
or Nac, nucleus accumbens, a group of neurons in the
ventral striatum (belongs to the basal ganglia of the
brain), involved in the processes associated with reward,
pleasure, addiction, aggression, fear and the placebo
effect), lateral septum (LS, lateral septum — a brain area
connecting CA3 with the ventral tegmental area for
communication reward signals with the context in which
they arise) [4, 57, 58].
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There are different opinions about the ability of
endogenous GLP-1to cross the blood-brain barrier (BBB).
The studies using radiolabeled GLP-1 have demonstrated
its rapid uptake by brain through the endothelium that
expresses GLP-1R on its surface. Other authors suggest
the passage of GLP-1 into the brain tissue in certain
areas with an incomplete BBB, i. e. in the area of the
periventricular organs of the brain stem, also known for
its high density of GLP-1 receptors. A similar tropism was
observed with synthetic GLP-1R agonists (liraglutide and
semaglutide). Interestingly, at these sites, the agonist
accumulation (required for imaging) is lower in GLP-1R
knockout animals. Thus, these experiments also reveal
the site of the first activation of the agonist receptor.
The large molecule GLP-1R agonists (dulaglutide and
albiglutide) are expected to have a low ability to cross
the BBB, resulting in less central side effects and less
influence on appetite. However, the capillary fenestrae
in the pancreatic islets appear to be wide enough to
provide an access to these large molecules [19, 59].

Mice with global GLP-1R deficiency had a normal
body weight and showed no apparent metabolic
abnormalities when maintained on a standard ad
libitum diet, except mild hyperglycemia during fasting
and glucose loading. With an experimental nonspecific
blockade of GLP-1R, a specific deletion or GLP-1R
inactivation in the central nervous system (including
only in the nucleus of the solitary tract — NTS), as well
as vagotomy, GLP-1 lost its hypophagic effect [7, 58, 60].
In contrast, a direct intraparenchymal administration of
subthreshold doses of GLP-1R agonists into the NTS, the
ventral tegmental area (VTA), a paraventricular nucleus
(PVN), a lateral nucleus (LN), a ventromedial nucleus
(VMN), dorsomedial (DMN), nucleus accumbens (NAcc),
ventral hippocampus and lateral septum reduces the
food intake, which is blocked by the GLP-1R antagonist
exendin (9-39) [58, 61]. The anorexigenic effect of
liraglutide is blunted by the genetic removal of GLP-1R
from glutamatergic neurons, but is completely preserved
when it is removed from GABAergic neurons [62].

The administration of GLP-1R agonists causes the
neuronal activation (measured by the cFos activation)
in the paraventricular nucleus (PVN), amygdala, area
postrema (AP), nucleus tractus solitarius (NTS), and
arcuate nucleus (ARC) [7, 51]. The GLP-1R-induced
neuronal activation is accompanied by an increased
phosphorylation of PKA and MAPK with a corresponding
decrease in the AMPK activity (which increases during
fasting, inhibits glycolysis, and stimulates food intake).
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At the same time, the PKA / MAPK activity inhibition
by the administration of Rp-cAMP or UO126 weakens
the effects of GLP-1R agonists [56, 63].

The activation of GLP-1R inhibits a variety of reward-
related behaviors in rodents, such as the amphetamine-
associated operant behavior, alcohol consumption and
seeking, and place preference (Amp-CPP) test. This is
not observed in mice with a CNS-specific deletion of
GLP-1R [57, 64]. The activation of the nucleus accumbens
(NAcc) by GLP-1R reduces food intake by reducing food
palatability. Fed rats given a choice between a regular or
high-fat diet and given exendin-4 preferred the regular
diet [60]. The injection of exendin (9—39) into the NAcc
increases the amount of the energy-dense food eaten
and increases the frequency of licking during the first
meal, which is an indicator of strong palatability [51,
57, 58, 65]. Thus, GLP-1R agonism reduces homeostatic
and hedonic feeding, and modulates food intake not
only through the hypothalamus and hindbrain, but also
through signaling in the mesolimbic system, in which
the GLP-1R activation influences the behavior related to
reward and taste perception. .

A direct electrical stimulation of the nucleus
tractus solitarius (NTS) induces glutamatergic excitatory
postsynaptic currents (EPSCs) in Geg* positive neurons. Leptin
induces a rapid depolarization of Gcg+ neurons in the
NTS, as detected by voltage and current measurements
in the whole-cell horizontal or coronal sections of the
brainstem, impairing its ability to directly stimulate
the central GLP-1 secretion. Hindbrain Gcg* neurons
do not have GLP-1R and cannot be directly activated
by GLP-1. The administration of PYY, melanotan II,
or ghrelin did not stimulate these neurons in isolated
NTS brain slices, but they responded to the stimulation
by leptin, cholecystokinin, and epinephrine [8, 66].
The leptin receptor expression was detected in GLP-1-
secreting NTS neurons. This may mean that peripheral
endocrine stimuli (e.g., leptin), through this mechanism,
may trigger the central activation of GLP-1-secreting NTS
neurons.

A cholecystokinin-induced activation of NTS Gcg*
neurons is blocked by the glutamate receptor antagonist
(DNQX) or the inhibition of the al-adrenergic signaling
[66], these neurons perceive various peripheral signals
and, in response to them, regulate the energy balance.
A permanent blockade of GLP-1R in the central nervous
system or its viral knockdown is accompanied by an
increase in body weight in rats, while a chemogenetic
stimulation of Gcg* neurons, on the contrary, caused
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a decrease in food consumption [67]. An acute
chemogenetic inhibition of these neurons did not
increase food intake, but did increase it after stress-
induced hypophagia [68]. Thus, glutamatergic GLP-1-
producing neurons in the NTS are activated by a number
of peripheral signals and regulate many aspects of

feeding behavior.

Effect of GLP-1 on energy homeostasis

Non-shivering thermogenesis requires a functional
brown adipose tissue, so it is reasonable to believe
that GLP-1R contributes to the control of the energy
expenditure by regulating the activity of brown
adipose tissue through the receptors in the CNS, since
it is expressed in brain nuclei involved in the control of
brown adipose tissue metabolism. The administration of
GLP-1 into the dorsomedial nucleus of the hypothalamus
(DMH) increased thermogenesis in brown adipose tissue,
and the disruption of local GLP-1R expression on rat
DMH neurons led to an increase in body weight, which
was accompanied by a decrease in the heat production
by brown adipose tissue [58, 69].

Thus, GLP-1Rs of brain are involved in the control
of the energy expenditure, primarily by regulating food
intake and also regulating the energy expenditure.
But the studies of these GLP-1 effects are limited due
to their low penetration ability through the BBB and
their distinct effect on the appetite and gastrointestinal
the physiology of GLP-1R

motility, as well as

in rodents.

Effect of GLP-1 on gastric emptying

The activation of GLP-la leads to a decrease in
gastric motility and the hydrochloric acid secretion,
both when administered peripherally and centrally. The
observed effect was not reproduced in GLP-1R knockout
mice, or after vagotomy in humans, and blocking the
GLP-1 receptor, on the contrary, led to the accelerated
gastric emptying [63]. However, with a long-term
administration, GLP-1R agonists have a reduced effect
on gastric motility due to developing tachyphylaxis [70].

Effect of GLP-1

on hypothalamic-pituitary-adrenal axis

Nucleus tractus solitarius (NTS) neurons are involved
in regulating the hypothalamic-pituitary-adrenal axis
in response to stress, and GLP-1R signaling in the
brain plays an integral role in the acute CNS response
to stress. Preproglucagon-positive NTS neurons have
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dense projections to the PVN area of the hypothalamus,
where they innervate corticoliberin-releasing neurons
[4,51, 57, 58]. GLP-1R is also expressed in PVN neurons,
which are colocalized with corticoliberin [71]. The
administration of GLP-1 into the CNS of rats and mice
activates the hypothalamic-pituitary-adrenal axis and
increases the corticosterone secretion. In rodents and
humans, peripherally administered GLP-1R agonists
transiently stimulate the hypothalamic-pituitary-adrenal
axis and increase concentrations of corticosterone,
aldosterone, and ACTH [59]. Mice with a PVN-selective
deletion of GLP-1R have an impaired stress-induced
activation of the hypothalamic-pituitary-adrenal axis,
which prevents stress-induced weight loss, reduces
cardiovascular responses and anxiety [71]. The combined
administration of dexamethasone and exendin-4 leads
to a greater anorexigenic effect and weight loss than
the GLP-1 agonist alone. By the administration of anti-
dopamine-B-hydroxylase-saporin (DSAP), the ablation of
catecholamines in hindbrain neurons blunts the ability
of exendin-4 to increase the corticosterone secretion
but potentiates the hypophagic effect of exendin-4.

Effects of GLP-1 on learning,

memory and neuroprotective effects

The GLP-1receptor is expressed in the hippocampus,
an area of the brain involved in spatial learning and
memory. The central GLP-1R agonism improves some
aspects of learning and memory in the Morris water
maze and increases latency in the passive avoidance test.
The improvement in learning and memory by the GLP-1
administration is blocked by the pre-administration of
exendin (9—-39) and is absent in GLP-1 receptor-deficient
mice [72].

Central GLP-1R signaling is neuroprotective. GLP-1
and exendin-4 enhance the differentiation and neurite
(PC12)
human neuroblastoma SK-N-SH cells. The effect of

outgrowth in rat pheochromocytoma and
GLP-1R agonists is blocked when PC12 cells are co-
incubated with exendin (9-39). GLP-1 and exendin-4
protect cultured hippocampal neurons from glutamate-
induced apoptosis [56, 73]. The duration and severity of
seizures induced by the systemic administration of the
neurotoxin kainic acid was greater in GLP-1R knockout
mice than in wild-type mice and shorter in the mice
that had undergone the targeted restoration of the
GLP-1R expression in the hippocampus using an adeno-
associated virus (AAV).

The neuroprotective effects of the central GLP-
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1R agonism are mediated by the ability to increase
the formation of cAMP and enhance the activation of
PI3-kinase and ERK. The GLP-1R agonism increases cAMP
levels in cultured hippocampal neurons and PC12 cells.
The pharmacological inhibition of either PI3-kinase or
ERK blocks the stimulatory effect of GLP-1 and exendin-4
on neurite outgrowth in PC12 cells. In PC12 cells, the
stimulation of the axonal growth by GLP-1 is partially
suppressed by the PKA inhibitor (H89), suggesting the
cAMP-mediated activation of PI3K and ERK after the
GLP-1R agonism and is not entirely dependent on PKA
signaling [56].

The impaired insulin sensitivity may be a causative
factor in the neurodegeneration in Huntington’s disease
patients [74]. The overexpression of mutant huntingtin
protein disrupts insulin signaling and stimulates neuronal
apoptosis in human neuronal SK-N-MC cells, and
liraglutide improves the insulin sensitivity and increases
the viability of such cells by mechanisms including:
reducing neuronal glucotoxicity, oxidative stress and
mutant protein aggregation through the stimulation of
AMPK-mediated autophagy [73, 74].

In a neurodegeneration rat model, GLP-1 and
exendin-4 reduced an ibotenic acid-induced depletion
of cholinergic neurons of the basal forebrain, which
was reflected in the greater preservation of the choline
acetyltransferase immunoreactivity of these cells. The
administration of GLP-1R agonists into the hippocampus
prevents learning and memory impairment caused by
the administration of amyloid B [75]. GLP-1R agonists,
when administered to mice, reduce the progression of
Alzheimer’s disease (AD) [76, 77]. In asthma, a glucose
transport across the BBB is reduced, and a 6-month
administration of liraglutide in asthma patients largely
neutralized this process [78]. In another study, a
12-week treatment with liraglutide in the patients at risk
of AD did not affect cognitive processes, as no differences
had been noted between cohorts [79]. Clinical studies
of the neuroprotective effects of GLP-1R agonists in AD
are ongoing [80].

GLP-1 analogues have shown some effectiveness
in the treatment of Parkinson’s disease (PD), which is
characterized by the degeneration of dopaminergic
neurons, which is experimentally achieved by
administering the dopaminergic neurotoxin MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine). In the
mice treated with this toxin, a 7-day infusion of exendin-4
into the lateral ventricle significantly reduced the damage
to the dopaminergic system and the development of
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motor disorders [81]. Similar neuroprotective effects
of GLP-1 agonists have been noted in various models
of PD [82]. In primary cultures of neurons treated with
the dopaminergic toxin 6-hydroxydopamine (6-OHDA),
exendin-4 increased their survival and levels of tyrosine
hydroxylase, a key enzyme in dopamine synthesis [81].
Several clinical studies have confirmed the ability of
GLP-1R agonists to improve clinical symptoms of PD, as
well as motor and cognitive functions [83].

The administration of liraglutide or semaglutide
in @ model of ischemia-reperfusion injury of the brain
led to a dose-dependent reduction in the infarct size
by up to 90% (and, accordingly, a neurological deficit
after 24 hours) after a 90-minute (a moderate severity
of ischemia) occlusion of the middle cerebral artery.
However, a preliminary administration of the GLP-1R
antagonist exendin (9-39) reduced the protective effect
of the drugs, and the neuroprotective effect of GLP-1
agonists was significantly reduced when choosing a
more severe type of ischemia — for 120 or 180 min [84].

Effect of GLP-1 on water intake

and kidney function

In humans, GLP-1R has been identified in proximal
vascular smooth

tubule cells and preglomerular

muscle cells. GLP-1 has a dose-dependent effect
on the renal function by reducing water intake and
stimulating a urine and sodium excretion (stimulation
of proximal tubular natriuresis) for a short time
after its intracerebroventricular or intraperitoneal
administration. Moreover, the effect was centrally
mediated and did not depend on food intake, and was
blocked by exendin (9-39). GLP-1 probably induces
natriuresis and diuresis by inhibiting sodium-hydrogen
exchanger 3 (NHE3), located on the brush border of renal
proximal tubular cells. This effect may partly explain
the hypotensive effect of GLP-1R agonists. Through the
modulation of cAMP/PKA signaling, GLP-1 influences
the inflammation, including the kidney and blood
vessels, likely protecting the kidney from the oxidative
damage [11, 85].

In  clinical GLP-1R

reduced the incidence of albuminuria in the absence

trials, agonists  primarily
of a clear evidence of an effect on severe renal

outcomes [11, 19, 85].

Effect of GLP-1 on bone tissue
In addition to glucose homeostasis, incretins are
involved in the regulation of the energy-consuming
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process of bone remodeling: they inhibit the resorption
and stimulate the bone tissue formation. The existence
of an enteroendocrine-bone axis is indicated by the
accumulated data on the influence of factors such as
long-term parenteral nutrition, bariatric surgery, and
a hereditary dysfunction of the GIP on the incidence
of osteoporosis [30, 86]. In the animals’ knockout
for receptors for two incretins, GIPR”~ and GLP-1R™,
a decrease in the bone strength and a slowdown in
collagen synthesis were observed [87].

The GLP-1 receptor is expressed in some human
(MG-63 and TE-85),
however, has not been observed for the Saos-2 line.

osteoblast cell lines which,
At the same time, GLP-1 increased the viability of
MG-63 and TE-85 cells. GLP-1

mice suffer from osteopenia and have increased

receptor knockout

skeletal fragility. Liraglutide slowed bone loss in the
rats with glucocorticoid-induced osteoporosis and in
ovariectomized diabetic rats. It should be noted that,
unlike in humans, in rodents, the activation of GLP-1R in
thyroid C cells promotes the release of calcitonin, which
inhibits the bone resorption. This somewhat reduces the
translational potential of the studies results of GLP-1R
agonists obtained at the preclinical stage [86]. GLP-2,
which is co-secreted with GLP-1, also plays an essential
role in functioning of the enteroendocrine-bone axis.
The GLP-2R receptor (GLP-2R) is widely expressed in
human osteoclasts and can regulate their activity. In
clinical studies, GLP-2 was shown to reduce markers of
the bone resorption in healthy and postmenopausal
women [10, 86].

Most of the data in the literature are on the GIP
effect on bone tissue remodeling. It dose-dependently
reduced the differentiation and the bone resorptive
activity of murine and human osteoclasts and also
inhibited the parathyroid hormone-induced increase
in the bone resorption. GIP also reduced apoptosis
in the human bone marrow mesenchymal stem cells
and Saos-2 osteoblastic cells. The administration of
GIP to healthy people led to a decrease in the level of
type | collagen C-telopeptide (CTX 1), a marker of the
bone tissue resorption, and an increase in the level of
type 1 procollagen N-terminal propeptide (P1NP), a
marker of the bone matrix formation. Thus, GIP may
have an anabolic effect on the bone in addition to the
inhibiting bone resorption [86].

GIP and GLP-2 are key regulators of postprandial
bone remodeling in humans in the enteroendocrine-
bone axis. Their combined administration to healthy
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people resulted in an additive reduction in the bone
resorption, exceeding the effect of each hormone
separately. Coagonists of the GIP and GLP-2 receptors
being developed are considered a promising approach
for the treatment of osteoporosis [9], but currently
published results are contradictory. Thus, the GIP/GLP-1/
GLP-2 receptors may become promising pharmacological
targets for the prevention of fractures in the patients
with osteoporosis and possibly also other bone diseases,
such as patients with diabetes [88].

Pharmacology of GLP-1

In the structure of the pharmaceutical market of
hypoglycemic agents in the Russian Federation, GLP-
1R agonists in 2016 accounted for 0.09% (27 071) in
packages and 2.3% (229.3 million) in rubles, and in 2019
and 2020, these figures were significantly higher than
0.3% (141 541), 4.41% (189 512) and 8.55% (1.5 billion),
10.56% (2 billion), respectively (Fig. 2 A, B). Moreover,
the cost of such drugs is the highest on the market
(Fig. 2 B). It should be noted that in 2016 there were
only 4 drugs on the market — exenatide (Bayeta®, Astra
Zeneca, UK), lixisenatide (Lixumia®, Sanofi, France),
liraglutide (Victoza® and Saxenda®, Novo Nordisk A/S,
Denmark), and in 2020, dulaglutide (Trulicity®, Eli Lilly
and Company, Switzerland), semaglutide (Ozempic®,
Novo Nordisk A/S, Denmark) and combinations with
insulin analogues (degludec or glargine) were added.
Considering the data presented (Fig. 2), the market
for hypoglycemic drugs containing GLP-1R agonists
can be considered rapidly developing. Currently, the
modification of degradation-resistant GLP-1R agonists is
mainly aimed at improving pharmacokinetic parameters.

GLP-1R agonist drugs

Exenatide is a synthetic peptide of 39 amino acids
(Fig. 3) (first discovered as exendin-4 in the saliva of the
Arizona common snake (Heloderma suspectum), the first
30 of which are 53% homologous to the mammalian
GLP-1. Exenatide has glycine at the second amino acid
position. on the N- end, which protects the peptide from
the DPP-4-mediated degradation and inactivation. They
also differ in a number of amino acids in the central
and C-terminal domains, which include LeulO, Lys12,
GIn13, Met14, Glul6, Glul7, Tyr19, Arg20, Leu21, Glu24,
Lys27, Asn28 and Gly30. The C terminus of exendin-4
is 9 amino acids larger than GLP-1, which maintains
the secondary structure through a tryptophan cage
formation and increases the selectivity for GLP-1R [89—
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91]. The exendin-4 of half-life in rats is 18-41 minutes
after intravenous, 125-174 min after intraperitoneal and
90-216 minutes after the subcutaneous administration,
its bioavailability is higher than that of GLP-1 (7—36 amide)
and GLP-1, plasma clearance is 4—8 ml/min. The mode
of application is twice a day. Amylin Pharmaceuticals
has developed a once-weekly formulation of exenatide
under the brand name Bydureon® (AstraZeneca,
marketed since 2012). In this formulation, exenatide
is formulated in a sustained-release microsphere
containing a 50:50 poly(D,L-lactide-glycolide) polymer
(37.2 mg per dose) along with sucrose (0.8 mg per
dose) [6, 90, 921].

At the time of its introduction, exenatide was a
promising treatment for T2DM, the significant drawback
of which was the requirement for 2 daily injections.
Therefore, Intarcia Therapeutics developed the ITCA 650
device —an osmotic mini-pump the size of a match (4x44
mm), implanted subcutaneously into the abdominal wall
and delivering microdoses of exenatide into the body for
up to 6 months. Four clinical trials showed significant
reductions in HbAlc and body weight, but the FDA
denied its approval in 2017 due to manufacturing issues
[6, 90], and in 2021, the FDA again denied the approval
for this approach due to the increased risk development
of vascular diabetes the use
of ITCA 650.

VRS 859 (exenatide-XTEN, Versartis Inc., USA) is a

combined protein, with a uniform and stable absorption,

complications on

containing exenatide and a hydrophilic end of 864 amino
acids (XTEN technology, Amunix Inc), which increased
the half-life from 2.4 to 139 h in humans and should
theoreticallylead tothelong-lasting glycemic control [90].
The studies of this compound in mice have shown that
after the intraperitoneal administration of the drug at a
dose of 120 nmol/kg, the glucose tolerance persists for
up to 48 hours (after the administration of exenatide, a
similar improvement lasts up to 1 hour). It is suggested
that a single subcutaneous dose of 100 mg of VRS-859
can provide plasma drug levels sufficient to provide a
glycemic control for 1 month [92].

Efpeglenatide (HM11260C, Langlenatide, LAPS-
Exendin, LAPS-Exd4). In this drug, exendin-4 is coupled
to the non-glycosylated Fc fragment of human
immunoglobulin through a non-peptide linker (unlike
dulaglutide, which has only one peptide variant
fused to the Fc carrier) to reduce the immunogenic
potential. Efpeglenatide has a half-life of >150 h and is
in phases Il and Il of clinical trials (a weekly or monthly
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dosage) [90]. In obese nondiabetic patients, in a
20-week study, efpeglenatide (4, 6, 8 mg once every 7 or
14 days) significantly reduced body weight (6.2-7.8 kg
vs placebo -0.8 kg), no serious adverse events were
observed [6, 51].

Albenatide (CJC-1134-PC, ConjuChem, USA) is
exendin-4 linked to the C-terminus of recombinant
human albumin, forming a special conjugate complex
Conjugate-Drug Affinity
PC-DAC) through a linker with a maleimide terminal,

(Preformed Complex,
which is used for a chemical conjugation with a single
cysteine residue in albumin. In humans, the half-life of
CJC-1134-PC is approximately 8 days. The results of
clinical trials have not yet been published [6, 31, 92].

Thus, despite the fact that exenatide was the first
registered drug from the group of GLP-1R agonists and
its relatively small similarity (in terms of the amino acid
sequence) with the human hormone, it continues to be
studied and modified, new dosage forms / combinations
are being developed; they prolong and simplify its
application and increase its efficiency.

Lixisenatide is an analogue of exenatide in which
the proline at position 38 is omitted and six consecutive
lysine residues with pharmacokinetic characteristics
comparable to exenatide, are added to the C-terminus.
Used once a day; increasing the administration frequency
does not increase the effectiveness of a hyperglycemia
control [6, 92]. In Russia, a fixed combination solution
for a subcutaneous administration of lixisenatide
(33 and 50 pg/ml)+insulin glargine (100 U/ml) is
registered.

Liraglutide is designed on the native GLP-1 sequence
(7-37) with a (conservative) substitution of lysine at
position 28 for arginine. At the second position from
the N-terminus, alanine is retained, but the lysine at
position 20 is linked through a gamma-glutamic acid
spacer to palmitic acid (C16:0), which, by binding
to albumin, makes the drug less sensitive to DPP-4
proteolysis. Liraglutide is 97% homologous to GLP-1.
The molecule modification contributed to the increased
bioavailability, and its half-life increased to ~ 12 h. Used
once daily at doses of 0.6—1.8 mg/day, and at a dose of
3 mg/day, liraglutide has been approved for the
treatment of obesity since 2014 [92 ,93].

Semaglutide is an analogue of liraglutide, 94%
homologous to GLP-1. The DPP-4-sensitive alanine at
the second N-terminal position in liraglutide is replaced
by aminoisobuturic acid (Aib), and the palmitic (C16:0)
fatty monoacid in liraglutide is replaced by dicarboxylic
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stearic acid (C18:0). These chemical modifications
extend the half-life of semaglutide to 160 hours. It is
used once a week. High-dose semaglutide is undergoing
clinical trials for efficacy in obesity without T2DM.
Based on semaglutide, the first oral GLP-1R agonist
was created — drug Rebelsas® (Novo Nordisk A/S,
Denmark), the effects of which are comparable to
GLP-1R agonists
facilitate the absorption in the gastrointestinal tract (to

administered subcutaneously. To
increase lipophilicity) and protect the peptide drug from
the enzymatic destruction, the absorption enhancer
N-(8-[2-hydroxybenzoyllamino) sodium caprylate was
used [89, 93].

Dulaglutide consists of two identical disulfide-
fused GLP-1 molecules that are linked by a polypeptide
chain (glycine and serine spacer) to a heavy chain
fragment (Fc) of modified human immunoglobulin
G4 (IgG4) to reduce an immunogenic potential. The
GLP-1 fragments of dulaglutide are 90% homologous
to the native one (some fragments of native GLP-1 are
replaced by parts of exendin-4). Glycine at the second
N-terminal position protects the molecule from DPP-4
inactivation, while glutamic acid at position 16 stabilizes
the secondary structure and improves its potency.
The glycine substitution at position 30, along with the
native glycine at the C terminus of GLP-1 (7-37), serves
as a leading sequence for the spacer that anchors
the Fc fragments of 1gG4. Such modifications improve
the bioavailability, slow down the renal clearance and
reduce the immunogenic potential. It is to be used once
a week [6, 92].

Albiglutide is a head-to-tail tandem of two GLP-1
molecules, in which the C-terminus of the first molecule
is fused to the N-terminus of the second. Each of the
two GLP-1 molecules is replaced by glycine in the DPP-
4-sensitive fragments. The C-terminus of the second
GLP-1 is covalently fused to human albumin, which slows
down renal clearance, increasing the half-life to ~120 h
in humans [92]. It is to be appied once a week.
(R1583/BIM51077;
Roche, Switzerland) is a long-acting analog of human
GLP-1 containing aminoisobutyric acid, 10% (Aib 8-35)
of human GLP-1 (7-36 amides) with 93%. homology
to the native polypeptide. In a phase Il study, it

Taspoglutide Hoffmann-La

effectively reduced HbAlc and body weight when
administered weekly subcutaneously at doses of 10 and
20 mg. However, undesirable reactions such as nausea,
vomiting and allergic manifestations occurred more
often than when taking exenatide at a dose of 10 mcg
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twice a day. The development of taspoglutide was
discontinued in 2010 [89].
Glymera PB1023, PhaseBio

Pharmaceuticals, USA) is a recombinant analogue of

(Glymera,

GLP-1, a polypeptide consisting of 636 amino acids,
genetically fused with a physiologically inert polymeric
elastin-like peptide of E. coli, and is administered
subcutaneously once a week (in phase Il clinical trials).
The efficacy of weekly doses (50, 70 and 100 mg) was
compared with once-daily liraglutide and placebo in a
phase Ilb study (600 patients with T2DM, 20 weeks). The
effectiveness of the glymera administration was inferior
to liraglutide [90].

Common adverse reactions to GLP-1 analogs are
nausea, vomiting, and diarrhea. These effects are
dose-dependent, and in some cases are perceived as
potentially beneficial by reducing meal frequency and
guantity, thereby promoting weight loss. Compared with
short-acting GLP-1 analogues (such as exenatide), long-
acting ones are less likely to cause nausea and vomiting,
but more often cause diarrhea [51].

In the literature, there is also limited information
about the developed peptide GLP-1R agonists
ZYOG1 (Zydus Cadila, India) and ARI-1732TS (Arisaph
Pharmaceuticals, USA), the studies of which are at
phase 1 and the preclinical stage, respectively [90].

According to the information available in the State
Register of Medicines, the following GLP-1R agonists
and their combinations — INN (trade name — name of
the holder or owner of the registration certificate of the
medicinal product) are registered in Russia:

— exenatide (Bayeta®, Astra Zeneca, UK);

— lixisenatide + insulin glargine (Soliqua SoloStar®,
Sanofi Winthrop, France);

— liraglutide (Victoza®/Saxenda®—Novo Nordisk A/S,
Denmark; Quinliro® — Biokhimik JSC, Russia; Enligria® —
Promomed Rus LLC, Russia);

— liraglutide+insulin degludec (Sultophy® — Novo
Nordisk A/S, Denmark);

— dulaglutide (Trulicity® — Swix Healthcare LLC,
Russia);
solution for the subcutaneous
(Ozempic® — Novo Nordisk A/S,
Denmark; Quincenta® — Promomed Rus LLC, Russia;
Semavik® — GEROPHARM LLC, Russia),

— semaglutide tablets (Rebelsas® — Novo Nordisk
A/S, Denmark).

As part of the import substitution of foreign drugs

— semaglutide
administration;

with Russian analogues, GLP-1R agonists are of great
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interest to domestic pharmaceutical companies. A
particular attention is drawn to the most studied drug,
liraglutide, as well as semaglutide, a GLP-1R agonist with
a long period of action [94, 95]. At the same time, as for
liraglutide, takinginto account a relatively small size of the
peptide and its lack of tertiary structure, it is considered
expedient to produce API through chemical synthesis,
which is assessed as a highly productive, scalable and
commercially viable process that can produce a high-
purity product. The results of a comparative study of
liraglutide obtained in this way (Enligria®, a solution for
a subcutaneous administration 6 mg/ml, Promomed
RUS LLC, Russia) showed similar to the original drug
(Saxenda®, a solution for a subcutaneous administration
6 mg/ml, Novo Nordisk A/S, Denmark) physicochemical
and biological properties [94].

Non-peptide GLP-1R agonists

As stated above, the activation of GLP-1R by
endogenous GLP-1 requires an extensive action on the
receptor complex, including the interaction of the C
terminus of GLP-1 with the peptide-binding groove of the
N-terminal extracellular domain (ECD) of the receptor,
followed by the approach and interaction of the N
terminus of the peptide GLP-1 with a transmembrane
domain (TMD). This allows the interaction of the
intracellular half of the TMD with the G protein, a signal
transmission, and ultimately leads to exocytosis of
insulin-containing vesicles. Mimicking the initial multiple
extensive interactions with the ECD and TMD of the
GLP-1 receptor seemed unrealistic for non-peptide small
molecules, for which, in addition, different features
of interactions with the receptor complex had been
proposed [20, 22, 23]. However, several non-peptide
agonists are currently in clinical trials: PF 06882961
(Pfizer, USA), TTP-273 (vTv Therapeutics/Huadong
Medicine, China) and OWL-833 (Chugai/Eli Lilly, USA),
which indicates significant progress in overcoming this
problem [96].

The non-peptide agonists LY3502790, PF-06882961
and CHU-128 (Fig. 4) are characterized by a specific
interaction with the GLP-1 receptor: the activation
of the G-protein signaling activity only in the GLP-1
receptor with Trp33 (ECD). This was an unexpected
finding because primate-specific Trp33 (ECD) served as a
critical point for binding small molecules, but not native
GLP-1. Non-peptide agonists induce changes in the
GLP-1R conformation through van der Waals interactions
and hydrogen bonds of Trp33 (ECD) with extracellular
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loops ECL 1 and ECL2 instead of a direct interaction of
the peptide with ECL2 [96]. TTP-273 has unique kinetic
and signaling properties and has a distinct binding
mode compared to GLP-1 [97].

TTP273 (Transtech Pharmaceuticals (TTP), later
renamed as vTv Therapeutics, USA) is being developed
as an oral GLP-1R agonist with a half-life of about
6 hours. Its 2-week administration caused a pronounced
dose-dependent decrease in glycemic levels, the blood
pressure (systolic by 8 mm Hg, placebo — 2 mm Hg,
diastolic up to 5 mm Hg, placebo — 1 mm Hg), triglyceride
levels (by 2.8 mmol/L compared with placebo
1,7 mmol/L) and body weight: by 2 kg compared to
placebo — 0.6 kg. In a 12-week multicenter study, T2DM
patients receiving metformin additionally received
TTP273 (150 mg once or twice daily) or placebo. While
taking TTP273, the following placebo-adjusted values
were observed: HbAlc —0.86 and —0.71%, respectively
(placebo — HbAlc +0.15%). A weight reduction was
observed by an average of 0.9 and 0.6 kg when taking
TTP273 once and twice daily, respectively. Study 2,
LOGRA (allosteric Oral GLP-1R Agonist), assessed the
safety and efficacy of TTP273 in T2DM patients at a
stable dose of metformin, but the results have not
yet been published. TT-OAD2 is a weaker analogue of
TTP273 from the same developer with slow kinetics,
but a revealed structure. In HEK293 cells (with a high
density of GLP-1R), the compound affects cAMP without
recruiting B-arrestin-1 [20, 90, 97, 98].

Compound RGT1383 is a full GLP-1R agonist,
comparable to GLP-1, increases cAMP with an EC50
value of about 0.2 nmol/L and a partial agonist of the
B-arrestin recruitment at the level of ~ 30%. RGT1383
binds to the orthosteric binding pocket through an
inward movement of the extracellular loop of ECL3 and
the extracellular end of TM7. In addition, the Trp33
extracellular N-terminal domain (ECD) plays a critical
role in binding RGT1383 to the human GLP-1 receptor
[20, 97].

Danuglipron (PF-06882961, Pfizer Inc, USA)
is a member of a series of pyrimidine derivatives
that, in in vitro studies, exhibits a GLP-1R agonism
higher than that of some closely related peptides
(exendin-4, liraglutide and endogenous oxyntomodulin).
PF-06882961 increases cAMP production (EC_=13 nM)
and partially increases Ca?* levels, pERK1/2 recruitment
and B-arrestin. The binding sites for PF-06882961 and
LY3502970 or CHU-128 largely overlap, although each
occupies a different position. This significant overlap
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explains the species specificity of compounds PF-
06882961 and LY3502970 [99]. Orforgliprone LY3502970
(OWL833, Chuai Pharmaceutical, Japan and Eli Lilly, USA)
is a non-peptide partial agonist of GLP-1R for the oral
use. In efficacy studies, the oral administration of this
compound reduced glucose levels in humanized GLP-1R
transgenic mice, as well as insulinotropic and hypophagic
effects in non-human primates, at levels comparable to
exenatide [20, 22]. The analysis of seven randomized
controlled trials of orforgliprone and danuglipron
showed significant reductions in body weight and
HbA1c levels with a low risk of hypoglycemia, but a high
incidence (more than 50%) of gastrointestinal adverse
events (nausea and vomiting) may significantly limit the
prospects of such drugs [100].

Some of the first non-peptide GLP-1R agonists
described are substituted cyclobutane compounds,
exemplified by the compounds Boc5 (a full agonist) and
S4P (a partial agonist). These compounds do not activate
cells without GLP-1 receptors or cells expressing glucagon
receptors (GcgR) or GLP-2 receptors, and their agonism
is blocked by exendin (9-39). Despite a high degree of
mimicking the effects of peptide GLP-1R agonists, the
Boc5 compound and its more active derivative have not
received any further development as oral drugs [20].

Allosteric modulators of GLP-1R are being developed
as drugs that, by binding to various allosteric sites of
the receptor, can enhance the action of endogenous
peptide agonists of the GLP-1 receptor (Fig. 5). The
first compounds exhibiting a similar pharmacological
activity were developed by Novo Nordisk (based on
quinoxalines). The compound synthesized by this
company is a complete and highly selective GLP-1R
agonist (exendin (9-39), the effect is absent in the
animals knockout for the target receptor), increases
the binding affinity of GLP-1 to the receptor, but not its
activity. The designated compound is less active than
GLP-1, exenatide or liraglutide in stimulating the insulin
secretion by BRIN-BD11 cells. Quinoxaline derivatives
require the optimization to improve their chemical
stability and pharmacokinetics. The 2-thio-quinoxaline
analog compound DA-15864 increases a glucose-
stimulated insulin secretion and acts synergistically with
GLP-1, significantly increasing peak plasma insulin levels.
It has also been reported that the combined use of
quinoxaline-based allosteric modulators with exendin-4
has a pronounced neuroprotective effect, which was
mediated by the stimulation of GLP-1R through the
cAMP-PKA-CREB signaling pathway [20].
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The pharmaceutical company Domain Therapeutics
has developed a series of quercetin-like flavonoids
(flavones, isoflavones and catechins), which are
allosteric modulators of GLP-1R [20], but have not been
developed as drugs.

Eli Lilly (USA) has released a number of agonists
and positive allosteric modulators of GLP-1R based on
pyrimidine, which are optimized to increase the affinity
for GLP-1R and the effectiveness of inactive GLP-1
(9-36) — the main metabolite of GLP-1(7-36). The BETP
activity is not blocked by exendin-4 (9-39); in in vivo
studies, the compound stimulates an insulin secretion
in rats and the oxyntomodulin-stimulated insulin
secretion, indicating its ability to initiate biased signaling
through oxyntomodulin-mediated GLP-1R. Competitive
binding studies showed that LSN3160440 cooperatively
modulates the binding affinity and efficiency of GLP-1
(9-36) to activate the GLP-1 receptor. The compound
LSN3160440 in in vitro and in vivo studies enhanced the
activity and effectiveness of GLP-1 (9-36) in activating
its receptor. Co-addition of LSN3160440 and GLP-1(9—
36) to isolated mouse B-cells or the administration to
Wistar rats significantly increased a glucose-dependent
insulin secretion (at the levels comparable to GLP-1).
This compound is the only reported allosteric receptor
modulator that simultaneously interacts with both the
orthosteric ligand and the receptor [20, 101].

Malik F. et al. developed an innovative high-
throughput screening system that identified compounds
VU00056556 and VU0109197 with a
hexahydroquinolone carboxylate core that interacted
with GLP-1R more tightly than native GLP-1. Once the
lead compound was identified, its structure was
optimized, resulting in VU0453379, which exhibits a

biased GLP-1R agonism (a highly selective agonist)

common

and weakly affects a B-arrestin recruitment, with an
acceptable metabolic and pharmacokinetic profile.
This compound is the first to cross the BBB, which may
be important for the development of central GLP-1R
agonists [20].

Compounds HIT-465 and HIT-736 (their structure
has not been disclosed) have a high bioavailability and a
long half-life and are biased modulators of GLP-1R, but
the allosteric binding site is different from that of the
compound developed by Novo Nordisk A/S [20].

Ethanolic extracts from fenugreek seeds (Trigonella
foenum-graecum L.) enhance GLP-1 signaling, and their
fractionation and purification led to the isolation of
compound N55 (N-linoleoyl-2-amino-y-butyrolactone).
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In in vitro studies, this compound promotes a GLP-1-
dependent cAMP accumulation and dose-dependent
endocytosis of GLP-1 receptors. Compound N55 has a
unique mechanism of action — instead of binding to the
allosteric site of GLP-1R, like other known modulators,
N55 directly binds to GLP-1(7-36)NH,. Binding of N55
to GLP-1 may induce conformational changes in GLP-1
(7-36)NH,, thereby inhibiting its degradation and
exposure to trypsin. Therefore, N55 represents a new
class of allosteric modulators of GLP-1R, and similar
effects on GLP-1 may have a potential to control the
activity of this receptor [20, 102].

A group of scientists from Sanofi-Aventis
Deutschland GmbH developed compound N14 based
on 3,4,5,6-tetrahydro-1H-1,5-epiminoazocino([4,5-b]
which

allosteric modulator of GLP-1R, it stimulates an insulin

indole, is the most potent non-covalent
secretion and has acceptable pharmacokinetic and
pharmacodynamic characteristics [20].

All known non-peptide GLP-1R agonists bind to it
predominantly in the helical bundle of the receptor, with
a binding pocket that overlaps with that of GLP-1 in a
manner that is either similar or completely different. The
multiple active conformations of GLP-1R result in varying
efficacy and biased agonism of the substances. Allosteric
binding sites for GLP-1R are located at several locations
throughout its structures — on the GLP-1 peptide itself
and in intra- and extracellular areas — and allosteric
modulators influence the affinity and effectiveness of
orthosteric ligands.

Combination therapy based on GLP-1

Currently, combination forms with insulin degludec
(Sultophy®, Novo Nordisk A/S, Denmark) or glargine
(Soliqua SoloStar®, Sanofi, France) are used. The creation
of such combinations is logical and understandable
from the point of view of increasing the effectiveness
of hypoglycemic therapy (due to the synergy in the
action of insulin and GLP-1R agonists) and marketing
(expanding the product portfolio by combining two
of the company’s drugs into one). Combining GLP-1R
analogues with basal insulin reduces HbA1lc faster and
more significantly compared to monotherapy [103].

Various approaches to combining GLP-1R agonists
include their combination with amylin, glucagon [104],
PYY,
melanocortin-4 receptor (MC4R) agonists [105], various

leptin, salmon calcitonin, cholecystokinin,
insulin analogues [103], adrenomedullin [107] and

B3-adrenergic receptor agonists [108], cannabinoid
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receptor 1 (CB1) agonists/antagonists [109], and bile
acid receptor agonists (farnesoid-x (FXR), NR1H4) [110].

Multitarget molecules based on GLP-1

The creation of multitarget molecules that will
interact with multiple receptors is potentially more
attractive than monotherapy or combinations of
individual drugs for several reasons. First, it is easier
to obtain a marketing authorization for a molecule
than for a combination. Second, each substance in
the combination has unique pharmacokinetic profiles
that are equalized when the molecules are fused,
limiting an interindividual variability in metabolism and
pharmacokinetic interactions of individual structures. At
the same time, the activity of one molecule is constant,
and in combination it can be titrated by changing
the ratio of the components in the mixture, which
is especially important if one of them has a narrow
therapeutic window.

The possibility of using glucagon as part of a
multifunctional molecule with hypoglycemic effects
was not initially considered, but its catabolic properties
(lowering lipid levels) are attractive, especially if its
hyperglycemic effects can be reduced. One possible
candidate that interferes with or compensates for the
counterinsular action of glucagon is GLP-1, while at the
same time providing the full range of effects inherent to
this hormone. Thus, the co-administration of GLP-1 and
glucagon led to a decrease in food intake and an increase
in the energy expenditure. A long-term administration
of selective monoagonists in combination to obese
primates caused a greater reduction in body weight
compared to the use of these drugs alone [111].

The structural similarity of GLP-1 to glucagon
allows their pharmacological effects to be integrated
by combining them into a single molecule. Preclinical
studies of GLP-1/glucagon coagonists confirmed the
feasibility of this approach, which led to the creation
of a large number of similar molecules (based on
glucagon, oxyntomodulin, etc.), which are currently
undergoing clinical trials. The most notable compounds
are SAR425899 (Sanofi-Aventis Deutschland GmbH) and
MEDI0382 (AstraZeneca), which have shown promising
results in their effectiveness in reducing hyperglycemia
and body weight. Compound SAR425899 was also found
to cause dose-dependent severe gastrointestinal side
effects, which may limit its use in relation to compound
MEDIO0382. The research on these two compounds is
ongoing [92, 104, 112].
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Novo Nordisk A/S has developed several long-acting
dual agonists (NN1177, NN1151, NN1359) that differ in
their affinity for the GLP-1 and glucagon receptors. These
compounds have been successfully tested in preclinical
trials, but several systemic problems have been
identified due to the species specificity and a number of
receptors involved, making it difficult to optimally select
the GLP-1 / glucagon activity ratio of these compounds.
The pharmacodynamic effects of coagonists vary among
species and are dependent on the compound exposure
and study duration (a tolerance development), making
the identification of an optimally balanced clinical
candidate difficult [104, 113].

The compound GUB06-046 is a coagonist to the
secretin receptor (SCTR) and GLP-1; its use significantly
reduces body weight, increases glucose utilization and
increases B-cell mass [114].

The GLP-1

GIP agonists is advisable from the point of view of

creation of monomolecular and
enhancing insulinotropic effects. GIP is also involved
in the regulation of a bone tissue remodeling and has
a therapeutic potential for osteoporosis. The question
of the therapeutic value of stimulation or receptors
inhibition for GIP remains open, since in T2DM patients,
the sensitivity of tissues to GIP decreases, which can
be restored against the background of normalization of
glycemia [51, 104, 115].

Tirzepatide (LY3298176) is an experimental GIP
analogue and is a linear polypeptide of 39 amino
acids. The dibasic fatty acid portion (eicosandioic acid)
is linked via glutamic acid to two (2-(2-aminoethoxy)
ethoxy)acetic acid units to the side chain of a lysine
residue. This arrangement provides a much longer half-
life, increasing the time between the doses due to its
high affinity for albumin. The drug is administered
weekly subcutaneously. Phase 3 trials were completed
worldwide in 2021. Tirzepatide has a greater affinity
for GIP receptors than for GLP-1 receptors, resulting
in a greater reduction in hyperglycemia compared to
the selective GLP-1R agonists. Tirzepatide mimics the
actions of natural GIP, in relation to the GLP-1 receptor
it stimulates an increase in cAMP, but not B-arrestin,
and it also increases the levels of adiponectin, an
adipokine involved in the regulation of glucose and lipid
metabolism, with a maximum increase of 26% (10 mg
dose) from the baseline at 26 weeks [93].

In May 2022, the FDA approved of Mounjaro™
injection (tirzepatide, Eli Lilly and Company, USA) for
once-weekly dosing (the six doses are: 2.5, 5, 7.5, 10,
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12.5, and 15 mg) at as an adjunct to diet and exercise
to improve a glycemic control in T2DM adults. It is the
first and the only FDA-approved GIP and GLP-1 receptor
agonist which has been demonstrated to be effective
and safe through the SURPASS program. The effects of
the drug were compared with a semaglutide injection
1 mg, insulin glargine and insulin degludec. The efficacy
of the drug was evaluated at doses of 5 mg, 10 mg and
15 mg, used alone or in combination with metformin,
SGLT2 inhibitors, sulfonylureas and insulin glargine. In a
SURPASS study (SURPASS-4, NCT03730662), compared
with the baseline HbAlc (8.5%), the drug reduced it
by an average of 2.1% (5 mg), 2.3% (10 mg), and 2.4%
(15 mg) compared to 1.4% for insulin glargine. It also
reduced patients’ weight from the baseline of 90.3 kg
by an average of 6.4 (5 mg), 9 (10 mg) and 10.4 kg
(15 mg) compared with an increase of 1.8 kg for insulin
glargine [112, 116].

Based on the encouraging efficacy of the GLP-1/
glucagon and GLP-1/GIP coagonists, it was hypothesized
that a single molecule with a triple agonism at all three
of these receptors could provide a greater efficacy than
the corresponding coagonists. In such a molecule, the
glucagon fragment is responsible for the modulation of
lipid metabolism [104, 106], the GLP-1 and GIP fragments
compensate for the hyperglycemic effect of glucagon,
have an insulinotropic effect and jointly promote weight
loss. The monomeric peptide exhibits a triple agonism
at the GLP-1, GIP, and Gcg receptors, which reduces
body weight more significantly than the corresponding
coagonists and  monoagonists in  preclinical
studies [105]. Clinical studies of such drugs are ongoing.

Retatrutide (LY3437943) is an agonist of GLP-1,
GIP and glucagon receptors. In phase Il clinical trials,
the patients with a body mass index higher than 30,
experienced a 17.5% reduction in body weight after
24 weeks of the treatment and a 24.2% reduction after
48 weeks, indicating a significant potential of triple
agonists in the treatment of excess body weight [117].

An alternative to producing chimeric or hybridized
peptides with scrambled sequences is fusion molecules
or conjugates. As noted above, the sequences similarity
of the proglucagon peptide family and the structures of
their receptors make it possible to construct chimeric
peptides with an agonism at multiple receptors with the
sizes comparable to native peptides. In particular, the
results of the compounds studies obtained by fusion of
the GLP-1 molecule with gastrin, amylin, cholecystokinin,
FGF21 and inhibitory antibodies against PCSK9 have
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already been published. The GLP-1 / gastrin molecule
(also active against the related intestinal hormone
xenin) has the potential to restore B-cells [118]. The
GLP-1/amylin molecule and GLP-1 / cholecystokinin
significantly reduce food intake and blood glucose levels
[104]. The fusion of GLP-1 with FGF21 or GLP-1 with
anti-PCSK9 led to a more pronounced (than after the
use of GLP-1R agonists) normalization of dyslipidemia
and body weight [119]. In a phase | clinical trial, the
treatment of overweight and obese patients with a
GLP-1 / anti-PCSK9 drug reduced LDL cholesterol but did
not improve glucose metabolism [120].

Despite the promising results of preclinical studies of
various GLP-1 conjugates, it is necessary to establish the
cellular mechanisms of their effects, pharmacokinetic
parameters and compatibility / reliability of the data
translation into clinical practice.

Approaches to the development of GLP-1R agonists
and their effects are shown in Fig. 6.

Stimulators of endogenous GLP-1 secretion

In addition to the above-mentioned pharmacological
approaches to influencing the GLP-1 receptor, leading
pharmaceutical companies are trying to realize the
possibility of increasing the secretion of incretins by
enteroendocrine cells of the intestine by stimulating
a special group of receptors localized on them. Under
conditions, their
are FFAs supplied with food or formed as a result of

normal physiological activators
fermentation of dietary fiber under the influence of
intestinal microbiota. These receptors (GPR40, GPR41,
GPR43, GPR119 and GPR120) were discovered during
the implementation of the Human Genome Project,
and subsequently their significant role in the regulation
of incretin biosynthesis and carbohydrate metabolism
was established. The activation of GPR40 receptors, in
addition to incretin-mediated effects, has hepato- and
neuroprotective effects, GPR41 and GPR43 affect the
leptin metabolism, an adipocyte differentiation, the
nervous and immune systems [35, 36]. The metabolic
and pleiotropic effects of GPR119 [35, 37] and GPR120
agonists are being actively studied [26, 27, 30].

CONCLUSION

Thus, the peptide, discovered due its ability to
stimulate the insulin secretion, has evolved into a class
of drugs with a pronounced effectiveness against the
progression of diabetes and overweight / obesity. The
generally accepted description of its role is as follows:
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GLP-1isreleased from the intestine into the bloodstream
after eating to increase the insulin secretion and
suppress the glucagon secretion to effectively utilize
the intestinal glucose and reduce glycemia to normal
values (incretin effect), and GLP-1 also acts on afferent
neurons of the vagus nerve and/or directly to the brain
to suppress appetite and create satiety. In addition, a
wide distribution of the GLP-1 receptor in various tissues
and organs, its connection with intracellular signaling
cascades aimed at

launching energy-consuming

anabolic processes, provides cardio-, endothelial-
and neuroprotective effects of GLP-1, unrelated to its
hypoglycemic effect. The use of more potent synthetic
GLP-1R agonists has revealed the significant therapeutic
potential of these pleiotropic properties of GLP-1, with
a confirmation in clinical studies. GLP-1R agonists are
a class of medications that provide not only areliable
glycemic control and weight loss for patients, but are
also accompanied by a reduction in the risk of developing
cardiovascular complications of diabetes. GLP-1 agonists
stimulate insulin biosynthesis and the B-cell proliferation,
and also inhibit their apoptosis. Incretin-like drugs are
well tolerated, and the most common side effect of
this class is nausea, which is due to the central effect of
GLP-1 on the gastric tone.

In addition to the described examples, the
development of new incretin mimetics continues: GLP-1R
agonists (VRS 859, efpeglenatide, CJC-1134-PC,
taspoglutide, glymera, TTP054, ZYOG1, ARI-1732TS),
including the non-peptide nature (LY3502970,
CHU-128, Boc5, S4P, TT-OAD2, RGT1383, PF06882961),

(DA-15864, BETP,
VU0109197), new
leptin, salmon calcitonin, PYY,

cholecystokinin, insulin analogues, adre nomedullin,

allosteric receptor modulators
LSN3160440, VUO00056556,
combinations (with

agonists B3-adrenergic receptor, cannabinoid receptor 1
(CB1) MC4R
NR1H4 agonists), molecules based on GLP-1R agonists
with a multi-target mechanism of action (SAR425899,
MEDI0382, GUBO06-046, Tirzepatide), including in the
form conjugates with other proteins (gastrin, amylin,
FGF21

agonists / antagonists, agonists and

cholecystokinin, and
against PCSK9).

GLP-1R agonists are consistently increasing their

inhibitory antibodies

presence on the Russian pharmaceutical market. Thus,
from 2016 to 2020, their share increased from 0.09 to
0.41% or from 2.3 to 10.56% of sold hypoglycemic agents
of all groups in physical (packaging) and value (rubles)
terms, respectively. The dominant position is occupied
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by the pharmaceutical company of Denmark, in whose

product portfolio for 2020 there were 5 positions, which

allo

ws this company to occupy more than 50% of the

market in volume terms and almost 70% in value terms.

374

FUNDING

Thus, GLP-1R agonists represent a class of not only

effective and safe drugs for the treatment of T2DM

and obesity, but also rapidly developing in the most

advanced areas of pharmacy.

The work was carried out within the framework of a grant from the Russian Science Foundation
(Project No. 20-75-10013).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHORS’ CONTRIBUTION
Denis V. Kurkin — idea and planning of the structure of the work, design of graphic material, editing and
approval of the final version of the manuscript; Dmitry A. Bakulin, Yuliya V. Gorbunova, Valeria B. Saparova,
Ksenia N. Koryanova, Anastasia N. Chumachenko, Olga V. lvanova, Elizaveta V. Pavlova — collecting materials and
writing a draft manuscript; Evgeniy I. Morkovin, Andrey V. Strygin, Yuriy A. Kolosov — collecting materials and
editing the final version of the manuscript; Marina A. Dzhavakhyan, Andrew V. Zaborovsky;,
Igor E. Makarenko, Roman V. Drai, Vladimir I. Petrov — consultations on highly specialized issues,
approval of the final version of the manuscript.

REFERENCES

Dedov I, Shestakova MV, Mayorov AYu, Mokrysheva NG,
Vikulova OK, Galstyan GR, Kuraeva TL, Peterkova VA,
Smirnova OM, Starostina EG, Surkova EV, Sukhareva OY,
Tokmakova AY, Shamkhalova MS, Jarek-Martynova IR,
Artemova EV, Beshlieva DD, Bondarenko ON,
Volevodz NN, Gomova IS, Grigoryan OR, Dzhemilova ZN,
Esayan RM, Ibragimova LI, Kalashnikov VY, Kononenko 1V,
Laptev DN, Lipatov DV, Melnikova OG, Mikhina MS,
Michurova MS, Motovilin OG, Nikonova TV, Rozhivanov RV,
Sklyanik 1A, Shestakova EA Standards of specialized
diabetes care Edited by Dedov IlI, Shestakova MV,
Mayorov  AYu 10" edition. Diabetes mellitus.
2021;24(1S):1-148. DOI: 10.14341/DM12802. Russian
Blonde L, Umpierrez GE, Reddy SS, McGill JB, Berga SL,
Bush M, Chandrasekaran S, DeFronzo RA, Einhorn D,
Galindo RJ, Gardner TW, Garg R, Garvey WT, Hirsch IB,
Hurley DL, lzuora K, Kosiborod M, Olson D, Patel SB, Pop-
Busui R, Sadhu AR, Samson SL, Stec C, Tamborlane WV Jr,
Tuttle KR, Twining C, Vella A, Vellanki P, Weber SL. American
Association of Clinical Endocrinology Clinical Practice
Guideline: Developing a Diabetes Mellitus Comprehensive
Care Plan-2022 Update. Endocr Pract. 2022;28(10):923-
1049. DOI: 10.1016/j.eprac.2022.08.002

Saisho Y. Incretin-based therapy and pancreatitis:
accumulating evidence and unresolved questions. Ann
TransIMed.2018;6(7):131.D0I: 10.21037/atm.2018.02.24
Midller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ,
Flatt PR, Fritsche A, Gribble F, Grill HJ, Habener JF,
Holst JJ, Langhans W, Meier JJ, Nauck MA, Perez-Tilve D,
Pocai A, Reimann F, Sandoval DA, Schwartz TW, Seeley RJ,
Stemmer K, Tang-Christensen M, Woods SC, DiMarchi RD,
Tschop MH. Glucagon-like peptide 1 (GLP-1). Mol Metab.
2019;30:72-130. DOI: 10.1016/j.molmet.2019.09.010
Holst JJ. From the incretin concept and the discovery
of GLP-1 to today’s diabetes therapy. Front Endocrinol
(Lausanne).2019;10:260.DO0I: 10.3389/fendo.2019.00260
Sharma D, Verma S, Vaidya S, Kalia K, Tiwari V. Recent
updates on GLP-1 agonists: Current advancements &

10.

11.

12.

13.

14.

challenges. Biomed. Pharmacother. 2018;108:952-62.
DOI: 10.1016/j.biopha.2018.08.088

Brierley DI, de Lartigue G. Reappraising the role
of the vagus nerve in GLP-1-mediated regulation
of eating. Br J Pharmacol. 2022;179(4):584-99.
DOI: 10.1111/bph.15603

Singh |, Wang L, Xia B, Liu J, Tahiri A, EIl Ouaamari A,
Wheeler MB, Pang ZP. Activation of arcuate nucleus
glucagon-like peptide-1 receptor-expressing neurons
suppresses food intake. Cell Biosci. 2022;12(1):178. DOI:
10.1186/s13578-022-00914-3

Gabe  MBN, Skov-Jeppesen K, Gasbjerg LS,
Schiellerup SP, Martinussen C, Gadgaard S, Boer GA,
Oeke J, Torz LJ, Veedfald S, Svane MS, Bojsen-Mgller KN,
Madsbad S, Holst JJ, Hartmann B, Rosenkilde MM. GIP
and GLP-2 together improve bone turnover in humans
supporting GIPR-GLP-2R co-agonists as future osteoporosis
treatment. Pharmacol Res. 2022;176:106058.
DOI: 10.1016/j.phrs.2022.106058

Henriksen DB, Alexandersen P, Hartmann B, Adrian CL,
Byrjalsen |, Bone HG, Holst JJ, Christiansen C. Four-
month treatment with GLP-2 significantly increases hip
BMD: a randomized, placebo-controlled, dose-ranging
study in postmenopausal women with low BMD. Bone.
2009;45(5):833-42. DOI: 10.1016/j.bone.2009.07.008
Greco EV, Russo G, Giandalia A, Viazzi F, Pontremoli R,
De Cosmo S. GLP-1 receptor agonists and kidney
protection.  Medicina  (Kaunas).  2019;55(6):233.
DOI: 10.3390/medicina55060233

Zhao X, Wang M, Wen Z, Lu Z, Cui L, Fu C, Xue H, Liuy,
Zhang Y. GLP-1 receptor agonists: beyond their pancreatic
effects. front. Endocrinol. (Lausanne). 2021;12:721135.
DOI: 10.3389/fend0.2021.721135

Whalley NM, Pritchard LE, Smith DM, White A.
Processing of proglucagon to GLP-1 in pancreatic
a-cells: is this a paracrine mechanism enabling GLP-1
to act on B-cells? J Endocrinol. 2011;211(1):99-106.
DOI: 10.1530/JOE-11-0094

Wideman RD, Yu IL, Webber TD, Verchere CB, Johnson JD,

Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

Ob30P
DOI: 10.19163/2307-9266-2023-11-4-347-380

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Cheung AT, Kieffer TJ. Improving function and survival
of pancreatic islets by endogenous production of
glucagon-like peptide 1 (GLP-1). Proc Natl Acad Sci USA.
2006;103(36):13468-73. DOI: 10.1073/pnas.0600655103
Jun LS, Millican RL, Hawkins ED, Konkol DL,
Showalter AD, Christe ME, Michael MD, Sloop KW.
Absence of glucagon and insulin action reveals a role for
the GLP-1 receptor in endogenous glucose production.
Diabetes. 2015;64(3):819-27. DOI: 10.2337/db14-1052
Capozzi ME, Svendsen B, Encisco SE, Lewandowski SL,
Martin MD, Lin H, Jaffe JL, Coch RW, Haldeman JM,
MacDonald PE, Merrins MJ, D’Alessio DA, Campbell JE.
B Cell tone is defined by proglucagon peptides through
cAMP  signaling. JClI Insight. 2019;4(5):e126742.
DOI: 10.1172/jci.insight.126742

Zhao F, Zhou Q, Cong Z, Hang K, Zou X, Zhang C, Chen Y,
Dai A, Liang A, Ming Q, Wang M, Chen LN, Xu P, Chang R,
Feng W, Xia T, Zhang Y, Wu B, Yang D, Zhao L, Xu HE,
Wang MW. Structural insights into multiplexed
pharmacological actions of tirzepatide and peptide 20
at the GIP, GLP-1 or glucagon receptors. Nat Commun.
2022;13(1):1057. DOI: 10.1038/s41467-022-28683-0
Svendsen B, Larsen O, Gabe MBN, Christiansen CB,

Rosenkilde MM, Drucker DJ, Holst JJ. Insulin
Secretion Depends on Intra-islet Glucagon
Signaling. Cell Rep. 2018;25(5):1127-1134.e2.

DOI: 10.1016/j.celrep.2018.10.018

Holst J.J. Glucagon-like peptide-1: Are its roles
as endogenous hormone and therapeutic wizard
congruent? J Intern Med. - 2022;291(5):557-573.
DOI: 10.1111/joim.13433

Malik F, Li Z. Non-peptide agonists and positive
allosteric  modulators of glucagon-like peptide-1
receptors: Alternative approaches for treatment of
Type 2 diabetes. Br J Pharmacol. 2022;179(4):511-25.
DOI: 10.1111/bph.15446

McLean BA, Wong CK, Campbell JE, Hodson DJ, Trapp S,
Drucker DJ. Revisiting the complexity of GLP-1 action
from sites of synthesis to receptor activation. Endocr Rev.
2021;42(2):101-132. DOI: 10.1210/endrev/bnaa032

Choe HJ., Cho YM. Peptidyl and Non-Peptidyl
Oral Glucagon-Like Peptide-1 Receptor Agonists.
Endocrinol. Metab. (Seoul). 2021;36(1):22-9.

DOI: 10.3803/EnM.2021.102

Kawai T, Sun B, Yoshino H, Feng D, Suzuki Y, Fukazawa M,
Nagao S, Wainscott DB, Showalter AD, Droz BA,
Kobilka TS, Coghlan MP, Willard FS, Kawabe Y, Kobilka BK,
Sloop KW. Structural basis for GLP-1 receptor activation
by LY3502970, an orally active nonpeptide agonist.
Proc Natl Acad Sci USA. 2020;117(47):29959-67.
DOI: 10.1073/pnas.2014879117

Pyke C, Heller RS, Kirk RK, @rskov C, Reedtz-Runge S,
Kaastrup P, Hvelplund A, Bardram L, Calatayud D,
Knudsen LB. GLP-1 receptor localization in monkey and
human tissue: novel distribution revealed with extensively
validated monoclonal antibody. Endocrinology.
2014;155(4):1280-90. DOI: 10.1210/en.2013-1934
Richards P, Parker HE, Adriaenssens AE, Hodgson JM,
Cork SC, Trapp S, Gribble FM, Reimann F. Identification and
characterization of GLP-1 receptor-expressing cells using
a new transgenic mouse model. Diabetes. 2014;63(4):
1224-33. DOI: 10.2337/db13-1440

Hjgrne AP, Modvig IM, Holst JJ. The sensory mechanisms

Tom 11, Beinyck 4, 2023

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

of nutrient-induced GLP-1 secretion. Metabolites. —
2022;12(5):420. DOI: 10.3390/metabo12050420
Mayendraraj A, Rosenkilde MM, Gasbjerg LS. GLP-1
and GIP receptor signaling in beta cells — A review of
receptor interactions and co-stimulation. Peptides.
2022;151:170749. DOI: 10.1016/j.peptides.2022.170749
Wootten D, Reynolds CA, Smith KJ, Mobarec JC, Koole C,
Savage EE, Pabreja K, Simms J, Sridhar R, Furness SGB,
Liu M, Thompson PE, Miller LJ, Christopoulos A, Sexton PM.
The extracellular surface of the GLP-1 receptor
is a molecular trigger for biased agonism. Cell.
2016;165(7):1632—-43. DOI: 10.1016/j.cell.2016.05.023
Spreckley E, Murphy KG. The L-cell in nutritional sensing
and the regulation of appetite. Front Nutr. 2015;2:23.
DOI: 10.3389/fnut.2015.00023

Wang X, Liu H, Chen J, Li Y, Qu S. Multiple factors related to
the secretion of glucagon-like peptide-1. Int J Endocrinol.
2015;2015:651757. DOI: 10.1155/2015/651757

Alavi SE, Cabot PJ, Moyle PM. Glucagon-Like Peptide-1
Receptor Agonists and Strategies To Improve
Their Efficiency. Mol Pharm. 2019;16(6):2278-95.
DOI: 10.1021/acs.molpharmaceut.9b00308

Eriksson L, Nystrom T. Antidiabetic agents and endothelial
dysfunction—beyond glucose control. Basic Clin Pharmacol
Toxicol. 2015;117(1):15-25. DOI: 10.1111/bcpt.12402
Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL,
Vilsbgll T, Knop FK. Secretion of glucagon-like peptide-1
in patients with type 2 diabetes mellitus: systematic
review and meta-analyses of clinical studies. Diabetologia.
2013;56(5):965-72. DOI: 10.1007/s00125-013-2841-0
Kuhre RE, Frost CR, Svendsen B, Holst JJ. Molecular
mechanisms of glucose-stimulated GLP-1 secretion
from perfused rat small intestine. Diabetes. 2015;64(2):
370-82. DOI: 10.2337/db14-0807

Tyurenkov IN, Ozerov AA, Kurkin DV, Logvinova EO,
Bakulin DA, Volotova EV, Borodin DD. Structure and
biological activity of endogenous and synthetic agonists of
GPR119. Russian Chemical Reviews. 2018;87(2):151-66.
DOI: 10.1070/rcr4737

Tyurenkov IN, Kurkin DV, Volotova EV, Bakulin DA. The
role of intestinal microflora, food composition, GPR41-
and GPR43-receptors for short chain fatty acids in energy
metabolism of vertebrates. Uspekhi fiziologicheskih nauk.
2017;48(2):100-12. Russian

Tyurenkov IN, Kurkin DV, Bakulin DA, Volotova EV,
Morkovin El, Chafeev MA, Karapetian RN. Chemistry
and Hypoglycemic Activity of GPR119 Agonist ZB-16.
Front Endocrinol (Lausanne). 2018;9:543.
DOI: 10.3389/fend0.2018.00543

Im DS. GPR119 and GPR55 as receptors for fatty
acid ethanolamides, oleoylethanolamide and
palmitoylethanolamide. Int J Mol Sci. 2021;22(3):1034.
DOI: 10.3390/ijms22031034

Higuchi N, Hira T, Yamada N, Hara H. Oral administration of
corn zein hydrolysate stimulates GLP-1 and GIP secretion
and improves glucose tolerance in male normal rats and
Goto-Kakizaki rats. Endocrinology. 2013;154(9):3089-98.
DOI: 10.1210/en.2012-2275

Gagnon J, Baggio LL, Drucker DJ, Brubaker PL. Ghrelin
Is a Novel Regulator of GLP-1 Secretion. Diabetes.
2015;64(5):1513-21. DOI: 10.2337/db14-1176

Hansen L, Lampert S, Mineo H, Holst JJ. Neural
regulation of glucagon-like peptide-1 secretion in pigs.

375



REVIEW
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

376

Am J Physiol Endocrinol Metab. 2004;287(5):E939-947.
DOI: 10.1152/ajpendo0.00197.2004

Persson K, Gingerich RL, Nayak S, Wada K, Wada E,
Ahrén B. Reduced GLP-1 and insulin responses and glucose
intolerance after gastric glucose in GRP receptor-deleted
mice. Am J Physiol Endocrinol. Metab. 2000;279(5):
E956-962. DOI: 10.1152/ajpendo.2000.279.5.E956

Han YE, Kang CW, Oh JH, Park SH, Ku CR, Cho YH,
Lee MK, Lee EJ. Olfactory receptor OR51E1 mediates
GLP-1 secretion in human and rodent enteroendocrine
L cells. J Endocr Soc. 2018;2(11):1251-8.
DOI: 10.1210/js.2018-00165

Tomas A, Jones B, Leech C. New Insights into Beta-
Cell GLP-1 Receptor and cAMP Signaling. J Mol Biol.
2020;432(5):1347-66. DOI: 10.1016/j.jmb.2019.08.009
Gromada J, Brock B, Schmitz O, Rorsman P. Glucagon-
like peptide-1: regulation of insulin secretion and
therapeutic potential. Basic Clin Pharmacol Toxicol. —
2004;95(6):252-262. DOI: 10.1111/j.1742-7843.2004.
t01-1-pt0950502.x

Buteau J. GLP-1 receptor signaling: effects on pancreatic
beta-cell proliferation and survival. Diabetes Metab.
2008;34(Suppl  2):573-77. DOI: 10.1016/51262-
3636(08)73398-6

Park S, Dong X, Fisher TL, Dunn S, Omer AK, Weir G,
White MF. Exendin-4 uses Irs2 signaling to mediate
pancreatic beta cell growth and function. J Biol Chem.
2006;281(2):1159-68. DOI: 10.1074/jbc.M508307200
Peng W, Zhou R, Sun ZF, Long JW, Gong YQ. Novel insights
into the roles and mechanisms of GLP-1 receptor agonists
against aging-related diseases. Aging Dis. 2022;13(2):
468-90. DOI: 10.14336/AD.2021.0928

Oh YS, Jun HS. Effects of glucagon-like peptide-1
on oxidative stress and Nrf2 signaling. Int J Mol Sci.
2017;19(1):26. DOI: 10.3390/ijms19010026

Urusova IA, Farilla L, Hui H, D’Amico E, Perfetti R.
GLP-1 inhibition of pancreatic islet cell apoptosis.
Trends Endocrinol Metab. - 2004;15(1):27-33.
DOI: 10.1016/j.tem.2003.11.006

Drucker DJ. Mechanisms of action and therapeutic
application of glucagon-like peptide-1. Cell Metab.
2018;27(4):740-56. DOI: 10.1016/j.cmet.2018.03.001

De Marinis YZ, Salehi A, Ward CE, Zhang Q, Abdulkader F,
Bengtsson M, Braha O, Braun M, Ramracheya R,
Amisten S, Habib AM, Moritoh Y, Zhang E, Reimann F,
Rosengren A, Shibasaki T, Gribble F, Renstrom E, Seino S,
Eliasson L, Rorsman P. GLP-1 inhibits and adrenaline
stimulates glucagon release by differential
modulation of N- and L-type Ca2+ channel-dependent
exocytosis. Cell Metab. 2010;11(6):543-53.
DOI: 10.1016/j.cmet.2010.04.007

Ravassa S, Zudaire A, Diez J. GLP-1 and cardioprotection:
from bench to bedside. Cardiovasc Res. 2012;94(2):
316-23. DOI: 10.1093/cvr/cvs123

Bremholm L, Andersen U.B, Hornum M, Hilsted L,
Veedfald S, Hartmann B, Holst J.J. Acute effects of
glucagon-like peptide-1, GLP-19-36 amide, and exenatide
on mesenteric blood flow, cardiovascular parameters,
and biomarkers in healthy volunteers. Physiol Rep.
2017;5(4):e13102. DOI: 10.14814/phy2.13102

Sun F, Wu S, Guo S, Yu K, Yang Z, Li L, Zhang Y, Quan X,
Ji L, Zhan S. Impact of GLP-1 receptor agonists on blood
pressure, heart rate and hypertension among patients

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

with type 2 diabetes: A systematic review and network
meta-analysis. Diabetes Res Clin Pract. 2015;110(1):
26-37. DOI: 10.1016/j.diabres.2015.07.015

Erbil D, Eren CY, Demirel C, Kigiker MU, Solaroglu I,
Eser HY. GLP-1's role in neuroprotection: a
systematic review. Brain Inj. 2019;33(6):734-819.
DOI: 10.1080/02699052.2019.1587000

Heppner KM, Kirigiti M, Secher A, Paulsen SJ, Buckingham R,
Pyke C, Knudsen LB, Vrang N, Grove KL. Expression and
distribution of glucagon-like peptide-1 receptor mRNA,
protein and binding in the male nonhuman primate
(Macaca mulatta) brain. Endocrinology. 2015;156(1):
255-67. DOI: 10.1210/en.2014-1675

Kabahizi A, Wallace B, Lieu L, Chau D, Dong Y, Hwang ES,
Williams KW. Glucagon-like peptide-1 (GLP-1) signalling
in the brain: From neural circuits and metabolism to
therapeutics. Br J Pharmacol. 2022;179(4):600-24.
DOI: 10.1111/bph.15682

Trapp S, Brierley DI. Brain GLP-1 and the regulation of
food intake: GLP-1 action in the brain and its implications
for GLP-1 receptor agonists in obesity treatment. Br J
Pharmacol.2022;179(4):557-70.DO0I:10.1111/bph.15638
Alhadeff AL, Mergler BD, Zimmer DJ, Turner CA,
Reiner DJ, Schmidt HD, Grill HJ, Hayes MR. Endogenous
glucagon-like peptide-1 receptor signaling in the
nucleus tractus solitarius is required for food intake
control. Neuropsychopharmacology. 2017;42(7):1471-9.
DOI: 10.1038/npp.2016.246

Ong ZY, Liu JJ, Pang ZP, Grill HJ. Paraventricular thalamic
control of food intake and reward: role of glucagon-like
peptide-1 receptor signaling. Neuropsychopharmacology.
2017;42(12):2387-97. DOI: 10.1038/npp.2017.150
Adams JM, Pei H, Sandoval DA, Seeley RJ, Chang RB,
Liberles SD, Olson DP. Liraglutide modulates appetite
and body weight through glucagon-like peptide 1

receptor-expressing glutamatergic neurons. Diabetes.
2018;67(8):1538-48. DOI: 10.2337/db17-1385
Hayes MR, Leichner TM, Zhao S, Lee GS,

Chowansky A, Zimmer D, De Jonghe BC, Kanoski SE,
Grill HJ, Bence KK. Intracellular signals mediating the
food intake-suppressive effects of hindbrain glucagon-
like peptide-1 receptor activation. Cell Metab.
2011;13(3):320-30. DOI: 10.1016/j.cmet.2011.02.001

Sirohi S, Schurdak JD, Seeley RJ, Benoit SC, Davis JF.

Central &  peripheral glucagon-like  peptide-1
receptor signaling differentially regulate addictive
behaviors. Physiol Behav. 2016;161:140-4.

DOI: 10.1016/j.physbeh.2016.04.013
Dossat AM, Diaz R, Gallo L, Panagos A, Kay K,

Williams DL. Nucleus accumbens GLP-1 receptors
influence meal size and palatability. Am J Physiol
Endocrinol Metab. 2013;304(12):E1314-1320.

DOI: 10.1152/ajpendo.00137.2013

Hisadome K, Reimann F, Gribble FM, Trapp S. CCK
stimulation of GLP-1 neurons involves al-adrenoceptor-
mediated increase in glutamatergic synaptic inputs.
Diabetes. 2011;60(11):2701-9. DOI: 10.2337/db11-0489

Gaykema RP, Newmyer BA, Ottolini M, Raje V,
Warthen DM, Lambeth PS, Niccum M, Yao T, Huang Y,
Schulman IG, Harris TE, Patel MK, Williams KW, Scott MM.
Activation of murine pre-proglucagon-producing neurons
reduces food intake and body weight. J Clin Invest.
2017;127(3):1031-45. DOI: 10.1172/1C181335

Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

Ob30P
DOI: 10.19163/2307-9266-2023-11-4-347-380

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Holt MK, Richards JE, Cook DR, Brierley DI, Williams DL,
Reimann F, Gribble FM, Trapp S. Preproglucagon neurons
in the nucleus of the solitary tract are the main source
of brain GLP-1, mediate stress-induced hypophagia, and
limit unusually large intakes of food. Diabetes. 2019;68(1):
21-33. DOI: 10.2337/db18-0729

Lee SJ, Sanchez-Watts G, Krieger JP, Pignalosa A,
Norell PN, Cortella A, Pettersen KG, Vrdoljak D, Hayes MR,
Kanoski SE, Langhans W, Watts AG. Loss of dorsomedial
hypothalamic GLP-1 signaling reduces BAT thermogenesis
and increases adiposity. Mol Metab. 2018;11:33-46.
DOI: 10.1016/j.molmet.2018.03.008

Maselli DB, Camilleri M. Effects of GLP-1 and Its
Analogs on Gastric Physiology in Diabetes Mellitus
and Obesity. Adv Exp Med Biol. 2021;1307:171-92.
DOI: 10.1007/5584_2020_496

Ghosal S, Packard AEB, Mahbod P, McKlveen M,
Seeley RJ, Myers B, Ulrich-Lai Y, Smith EP, D’Alessio DA,
Herman JP. Disruption of glucagon-like peptide 1 signaling

in siml neurons reduces physiological and
behavioral  reactivity to acute and  chronic
stress. J Neurosci. 2017;37(1):184-93.

DOI: 10.1523/JNEUROSCI.1104-16.2016

Salcedo |, Tweedie D, Li Y, Greig NH. Neuroprotective
and neurotrophic actions of glucagon-like peptide-1: an
emerging opportunity to treat neurodegenerative and
cerebrovascular disorders. Br J Pharmacol. 2012;166(5):
1586-99. DOI: 10.1111/j.1476-5381.2012.01971.x

Monti G, Gomes Moreira D, Richner M,
Mutsaers HAM, Ferreira N, Jan A. GLP-1 receptor
agonists in neurodegeneration: neurovascular
unit in the spotlight. Cells. 2022;11(13):2023.

DOI: 10.3390/cells11132023

Chang CC, Lin TC, Ho HL, Kuo CY, Li HH, Korolenko TA,
Chen WJ, Lai TJ, Ho YJ, Lin CL. GLP-1 analogue liraglutide
attenuates mutant huntingtin-induced neurotoxicity by
restoration of neuronal insulin signaling. Int J Mol Sci.
2018;19(9):2505. DOI: 10.3390/ijms19092505

Qi L, Ke L, Liu X, Liao L, Ke S, Liu X, Wang Y, Lin X, Zhou Y,
Wu L, Chen Z, Liu L. Subcutaneous administration of
liraglutide ameliorates learning and memory impairment
by modulating tau hyperphosphorylation via the glycogen
synthase kinase-3B pathway in an amyloid B protein
induced Alzheimer disease mouse model. EurJ Pharmacol.
2016;783:23-32. DOI: 10.1016/j.ejphar.2016.04.052
Chen S, Sun J, Zhao G, Guo A, Chen Y, Fu R, Deng Y.
Liraglutide improves water maze learning and memory
performance while reduces hyperphosphorylation
of tau and neurofilaments in APP/PS1/Tau triple
transgenic mice. Neurochem Res. 2017;42(8):2326-35.
DOI: 10.1007/s11064-017-2250-8

Hansen HH, Fabricius K, Barkholt P, Niehoff ML, Morley JE,
Jelsing J, Pyke C, Knudsen LB, Farr SA, Vrang N. The
GLP-1 receptor agonist liraglutide improves memory
function and increases hippocampal cal neuronal
numbers in a senescence-accelerated mouse model of
Alzheimer’s disease. J Alzheimers Dis. 2015;46(4):877-88.
DOI: 10.3233/JAD-143090

Gejl M, Brock B, Egefjord L, Vang K, Rungby J, Gjedde A.
Blood-brain glucose transfer in Alzheimer’s disease: effect
of GLP-1 analog treatment. Sci Rep. 2017;7(1):17490. DOI:
10.1038/s41598-017-17718-y

Watson KT, Wroolie TE, Tong G, Foland-Ross LC, Frangou S,

Tom 11, Beinyck 4, 2023

80.

81.

82.

83.

84.

85.

86.

87.

Singh M, Mcintyre RS, Roat-Shumway S, Myoraku A,
Reiss AL, Rasgon NL. Neural correlates of liraglutide
effects in persons at risk for Alzheimer’s
disease. Behav Brain Res. 2019;356:271-8.
DOI: 10.1016/j.bbr.2018.08.006

Femminella GD, Frangou E, Love SB, Busza G, Holmes C,
Ritchie C, Lawrence R, McFarlane B, Tadros G, Ridha BH,
Bannister C, Walker Z, Archer H, Coulthard E,
Underwood BR, Prasanna A, Koranteng P, Karim S, Junaid K,
McGuinness B, Nilforooshan R, Macharouthu A,
Donaldson A, Thacker S, Russell G, Malik N, Mate V,
Knight L, Kshemendran S, Harrison J, Hélscher C,
Brooks DJ, Passmore AP, Ballard C, Edison P. Evaluating
the effects of the novel GLP-1 analogue liraglutide in
Alzheimer’s disease: study protocol for a randomised
controlled trial (ELAD study). Trials. 2019;20(1):191.
DOI: 10.1186/513063-019-3259-x

Li Y, Perry T, Kindy MS, Harvey BK, Tweedie D,
Holloway HW, Powers K, Shen H, Egan JM, Sambamurti K,
Brossi A, Lahiri DK, Mattson MP, Hoffer BJ, Wang Y,
Greig NH. GLP-1 receptor stimulation preserves primary
cortical and dopaminergic neurons in cellular and rodent
models of stroke and Parkinsonism. Proc Natl Acad Sci USA.
2009;106(4):1285-90. DOI: 10.1073/pnas.0806720106
Rampersaud N, Harkavyi A, Giordano G, Lever R,
Whitton J, Whitton PS. Exendin-4 reverses biochemical
and behavioral deficits in a pre-motor rodent model of
Parkinson’s disease with combined noradrenergic and
serotonergic lesions. Neuropeptides. 2012;46(5):183-93.
DOI: 10.1016/j.npep.2012.07.004

Athauda D, Maclagan K, Skene SS, Bajwa-Joseph M,
Letchford D, Chowdhury K, Hibbert S, Budnik N,
Zampedri L, Dickson J, Li Y, Aviles-Olmos |, Warner TT,
Limousin P, Lees AJ, Greig NH, Tebbs S, Foltynie T.
Exenatide once weekly versus placebo in Parkinson’s
disease: a randomised, double-blind, placebo-
controlled trial. Lancet. 2017;390(10103):1664-75.
DOI: 10.1016/S0140-6736(17)31585-4

Basalay MV, Davidson SM, Yellon DM. Neuroprotection
in rats following ischaemia-reperfusion injury by GLP-1
analogues-liraglutide and semaglutide. cardiovasc. Drugs
Ther. 2019;33(6):661-7. DOI: 10.1007/s10557-019-
06915-8

Gerstein HC, Colhoun HM, Dagenais GR, Diaz R,
Lakshmanan M, Pais P, Probstfield J, Botros FT, Riddle MC,
Rydén L, Xavier D, Atisso CM, Dyal L, Hall S, Rao-Melacini P,
Wong G, Avezum A, Basile J, Chung N, Conget |,
Cushman WC, Franek E, Hancu N, Hanefeld M,
Holt S, Jansky P, Keltai M, Lanas F, Leiter LA, Lopez-
Jaramillo P, Cardona Munoz EG, Pirags V, Pogosova N,
Raubenheimer PJ, Shaw JE, Sheu WH, Temelkova-
Kurktschiev T, REWIND Investigators. Dulaglutide and
renal outcomes in type 2 diabetes: an exploratory
analysis of the REWIND randomised, placebo-
controlled  trial.  Lancet. 2019;394(10193):131-8.
DOI: 10.1016/S0140-6736(19)31150-X

Hansen MS, Frost M. Alliances of the gut and bone axis.
Semin Cell Dev Biol. 2022;123):74-81. DOI: 10.1016/j.
semcdb.2021.06.024

Mieczkowska A, Mansur S, Bouvard B, Flatt PR,
Thorens B, Irwin N, Chappard D, Mabilleau G. Double
incretin receptor knock-out (DIRKO) mice present with
alterations of trabecular and cortical micromorphology

377



REVIEW
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

378

and bone strength. Osteoporos Int. 2015;26(1):209-18.
DOI: 10.1007/s00198-014-2845-8

Maagensen H, Helsted MM, Gasbjerg LS, Vilsbgll T,
Knop FK. The Gut-Bone Axis in Diabetes. Curr Osteoporos
Rep. 2022. DOI: 10.1007/s11914-022-00767-2

Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1
receptor agonists in the treatment of type 2 diabetes —
state-of-the-art. Mol Metab. 2021;46:101102.
DOI: 10.1016/j.molmet.2020.101102

Tomlinson B, Hu M, Zhang Y, Chan P, Liu ZM. An overview
of new GLP-1 receptor agonists for type 2 diabetes.
Expert Opin Investig Drugs. 2016;25(2):145-58.
DOI: 10.1517/13543784.2016.1123249

Yang X, Qiang Q, Li N, Feng P, Wei W, Hoélscher C.
Neuroprotective Mechanisms of Glucagon-Like Peptide-
1-Based Therapies in Ischemic Stroke: An Update Based
on Preclinical Research. Front Neurol. 2022;13:844697.
DOI: 10.3389/fneur.2022.844697

Cheang JY, Moyle PM. Glucagon-like peptide-1 (GLP-1)-
based therapeutics: current status and future
opportunities beyond Type 2 Diabetes. Chem Med Chem.
2018;13(7):662-71. DOI: 10.1002/cmdc.201700781

Kalra S, Bhattacharya S, Kapoor N. Contemporary
classification of glucagon-like peptide 1 receptor
Agonists (GLP1RAs). Diabetes Ther. 2021;12(8):2133-47.
DOI: 10.1007/s13300-021-01113-y

Ametov AS, Shokhin IE, Rogozhina EA, Bodrova TG,
Nevretdinova ME, Bely PA, Zaslavskaya KYa,
Kurkin DV, Koryanova KN, Mishchenko ES, Noskov SM.
Russian development for drug independence in
endocrinology: comparative analysis of bioequivalence,
safety and tolerability of the first domestic liraglutide.
Pharmacy &  Pharmacology.  2023;11(3):255-76.
DOI: 10.19163/2307-9266-2023-11-3-255-276

Arefeva AN, Banko VV, Sadovskikh MO, Noskov SM.
Pharmacokinetics of first semaglutid drug in Russian
Federation: results of open-label randomized
clinical  trial. Medical Council. 2023;(16):77-82.
DOI: 10.21518/ms2023-312. Russian

Zhang X, Belousoff MJ, Zhao P, Kooistra AJ, Truong TT,
Ang SY, Underwood CR, Egebjerg T, Senel P, Stewart GD,
Liang YL, Glukhova A, Venugopal H, Christopoulos A,
Furness SGB, Miller LJ, Reedtz-Runge S, Langmead CJ,
Gloriam DE, Danev R, Sexton PM, Wootten D. Differential
GLP-1R binding and activation by peptide and non-
peptide agonists. Mol Cell. 2020;80(3):485-500.e7.
DOI: 10.1016/j.molcel.2020.09.020

Zhao P, Liang YL, Belousoff MJ, Deganutti G,
Fletcher MM, Willard FS, Bell MG, Christe ME,
Sloop KW, Inoue A, Truong TT, Clydesdale L, Furness SGB,
Christopoulos A, Wang MW, Miller LJ, Reynolds CA,
Danev R, Sexton PM, Wootten D. Activation of the
GLP-1 receptor by a non-peptidic agonist. Nature.
2020;577(7790):432—6. DOI: 10.1038/s41586-019-1902-z
Freeman JLR, Dunn IM, Valcarce C. Beyond topline results
for the oral (non-peptide) GLP-1R agonist TTP273 in
type 2 diabetes: how much and when. Diabetol. Conf.
53¢ Annu. Meet. Eur. Assoc. study diabetes, EASD
2017. Port. 2017;60:551-552.

Girdhar K, Thakur S, Gaur P, Choubey A, Dogra S,
Dehury B, Kumar S, Biswas B, Dwivedi DK, Ghosh S,
Mondal P. Design, synthesis, and biological evaluation
of a small molecule oral agonist of the glucagon-like-

peptide-1 receptor. J Biol Chem. 2022;298(5):101889.
DOI: 10.1016/j.jbc.2022.101889

100. Karakasis P, Patoulias D, Pamporis K, Stachteas P,
Bougioukas K.I, Klisic A, Fragakis N, Rizzo M. Safety and
efficacy of the new, oral, small-molecule, GLP-1 receptor
agonists orforglipron and danuglipron for the treatment of
type 2 diabetes and obesity: systematic review and meta-
analysis of randomized controlled trials. Metabolism.
2023;149:155710. DOI: 10.1016/j.metabol.2023.155710

101.Bueno AB, Sun B, Willard FS, Feng D, Ho D,
Wainscott DB, Showalter AD, Vieth M, Chen Q,
Stutsman C, Chau B, Ficorilli J, Agejas FJ, Cumming GR,
Jiménez A, Rojo |, Kobilka TS, Kobilka BK, Sloop KW.
Structural insights into probe-dependent positive
allosterism of the GLP-1 receptor. Nat Chem Biol.
2020;16(10):1105-10. DOI: 10.1038/s41589-020-0589-7

102.King K, Lin NP, Cheng YH, Chen GH, Chein RIJ.
Isolation of Positive Modulator of Glucagon-like
Peptide-1 Signaling from Trigonella foenum-graecum
(Fenugreek) Seed. J Biol Chem. 2015;290(43):26235-48.
DOI: 10.1074/jbc.M115.672097

103. Huthmacher JA, Meier JJ, Nauck MA. Efficacy and safety
of short- and long-acting glucagon-like peptide 1 receptor
agonists onabackground of basalinsulinin type 2 diabetes:
a meta-analysis. Diabetes Care. 2020;43(9):2303-12.
DOI: 10.2337/dc20-0498

104.Baggio LL, Drucker DJ. Glucagon-like peptide-1 receptor
co-agonists for treating metabolic disease. Mol Metab.
2021;46:101090. DOI: 10.1016/j.molmet.2020.101090

105.Finan B, Yang B, Ottaway N, Smiley DL, Ma T,
Clemmensen C, Chabenne J, Zhang L, Habegger KM,
Fischer K, Campbell JE, Sandoval D, Seeley RJ, Bleicher K,
Uhles S, Riboulet W, Funk J, Hertel C, Belli S, Sebokova E,
Conde-Knape K, Konkar A, Drucker DJ, Gelfanov V,
Pfluger PT, Midller TD, Perez-Tilve D, DiMarchi RD,
Tschép MH. A rationally designed monomeric peptide
triagonist corrects obesity and diabetes in rodents. Nat
Med. 2015;21(1):27-36. DOI: 10.1038/nm.3761

106.Finan B, Ma T, Ottaway N, Mdller TD, Habegger KM,
Heppner KM, Kirchner H, Holland J, Hembree J, Raver C,
Lockie SH, Smiley DL, Gelfanov V, Yang B, Hofmann S,
Bruemmer D, Drucker DJ, Pfluger PT, Perez-Tilve D,
Gidda J, Vignati L, Zhang L, Hauptman JB, Lau M,
Brecheisen M, Uhles S, Riboulet W, Hainaut E,
Sebokova E, Conde-Knape K, Konkar A, DiMarchi RD,
Tschép MH. Unimolecular dual incretins maximize
metabolic  benefits in rodents, monkeys, and
humans. Sci. Transl. Med. 2013;5(209):209ra151.
DOI: 10.1126/scitranslmed.3007218

107.Bech EM, Voldum-Clausen K, Pedersen SL, Fabricius K,
Rudkjeer LCB, Hansen HH, Jelsing J. Adrenomedullin and
glucagon-like peptide-1 have additive effects on food
intake in mice. Biomed Pharmacother. 2019;109:167-73.
DOI: 10.1016/j.biopha.2018.10.040

108.Decara J, Rivera P, Arrabal S, Vargas A, Serrano A,
Pavdn FJ, Dieguez C, Nogueiras R, Rodriguez de Fonseca F,
Sudrez J. Cooperative role of the glucagon-like peptide-1
receptor and B3-adrenergic-mediated signalling on fat
mass reduction through the downregulation of PKA/
AKT/AMPK signalling in the adipose tissue and muscle
of rats. Acta Physiol. (Oxf). 2018;222(4):e13008.
DOI: 10.1111/apha.13008

109.Bojanowska E, Radziszewska E. Combined stimulation

Volume XI, Issue 4, 2023



Hay4HO-npakTu4eckuin xypHan

OAPMALMA N
OAPMAKOJOTUA

Ob30P
DOI: 10.19163/2307-9266-2023-11-4-347-380

of glucagon-like peptide-1 receptor and inhibition of
cannabinoid CB1 receptor act synergistically to reduce
food intake and body weightin the rat. J Physiol Pharmacol.
2011;62(4):395-402.

110.Jouihan H, Will S, Guionaud S, Boland ML, Oldham S,
Ravn P, Celeste A, Trevaskis JL. Superior reductions in
hepatic steatosis and fibrosis with co-administration
of a glucagon-like peptide-1 receptor agonist and
obeticholic acid in mice. Mol Metab. 2017;6(11):1360-70.
DOI: 10.1016/j.molmet.2017.09.001

111.Elvert R, Bossart M, Herling AW, Weiss T, Zhang B,
Kannt A, Wagner M, Haack T, Evers A, Dudda A, Keil S,
Lorenz M, Lorenz K, Riz M, Hennerici W, Larsen PJ. Team
players or opponents: coadministration of selective
glucagon and GLP-1 receptor agonists in obese diabetic
monkeys. Endocrinology. 2018;159(8):3105-19.
DOI: 10.1210/en.2018-00399

112.Druzhilov MA, Kuznetsova TYu, Chumakova GA.
Multiagonists of the “incretin axis” as a promising tool
for managing cardiometabolic risk in visceral obesity.
Russian  Journal of Cardiology. 2022;27(4):4755.
DOI: 10.15829/1560-4071-2022-4755. Russian

113.Simonsen L, Lau J, Kruse T, Guo T, McGuire J,
Jeppesen JF, Niss K, Sauerberg P, Raun K, Dornonville
de la Cour C. Preclinical evaluation of a protracted
GLP-1/glucagon receptor co-agonist: Translational
difficulties and pitfalls. PLoS One. 2022;17(3):e0264974.
DOI: 10.1371/journal.pone.0264974

114. van Witteloostuijn SB, Dalbgge LS, Hansen G, Midtgaard SR,
Jensen GV, Jensen KJ, Vrang N, Jelsing J, Pedersen SL.
GUBO06-046, a novel secretin/glucagon-like peptide 1 co-
agonist, decreases food intake, improves glycemic control,
and preserves beta cell mass in diabetic mice. J Pept Sci.
2017;23(12):845-54. DOI: 10.1002/psc.3048

115.Stensen S, Gasbjerg LS, Helsted MM, Hartmann B,
Christensen MB, Knop FK. GIP and the gut-bone
axis — Physiological, pathophysiological and potential

therapeutic implications. Peptides.
DOI: 10.1016/j.peptides.2019.170197

116.Del Prato S, Kahn SE, Pavo |, Weerakkody GJ, Yang Z,
Doupis J, Aizenberg D, Wynne AG, Riesmeyer IS,
Heine RJ, Wiese RJ; SURPASS-4 Investigators.
Tirzepatide versus insulin glargine in type 2 diabetes
and increased cardiovascular risk (SURPASS-4): a
randomised, open-label, parallel-group, multicentre,
phase 3 trial. Lancet. 2021;398(10313):1811-24.
DOI: 10.1016/S0140-6736(21)02188-7

117.)astreboff AM, Kaplan LM, Frias JP, Wu Q, Du Y, Gurbuz S,
Coskun T, Haupt A, Milicevic Z, Hartman ML; Retatrutide
Phase 2 Obesity Trial Investigators. Triple-Hormone-
Receptor Agonist Retatrutide for Obesity — A Phase
2 Trial. N Engl J Med. 2023;389(6):514-26.
DOI: 10.1056/NEJM0a2301972

118.Fosgerau K, Jessen L, Lind Tolborg J, @sterlund T,
Scheeffer Larsen K, Rolsted K, Brorson M, Jelsing J, Skovlund
Ryge Neerup T. The novel GLP-1-gastrin dual agonist,
ZP3022, increases B-cell mass and prevents diabetes in
db/db mice. Diabetes Obes Metab. 2013;15(1):62-71.
DOI: 10.1111/j.1463-1326.2012.01676.x

119.Chodorge M, Celeste AJ, Grimsby J, Konkar A,
Davidsson P, Fairman D, Jenkinson L, Naylor J,
White N, Seaman JC, Dickson K, Kemp B, Spooner J,
Rossy E, Hornigold DC, Trevaskis JL, Bond NJ, London TB,
Buchanan A, Vaughan T, Rondinone CM, Osbourn JK.
Engineering of a GLP-1 analogue peptide/anti-PCSK9
antibody fusion for type 2 diabetes treatment. Sci Rep.
2018;8(1):17545. DOI: 10.1038/s41598-018-35869-4

120.Jain M, Carlson G, Cook W, Morrow L, Petrone M,
White NE, Wang T, Naylor J, Ambery P, Lee C,
Hirshberg B. Randomised, phase 1, dose-finding study of
MEDI4166, a PCSK9 antibody and GLP-1 analogue fusion
molecule, in overweight or obese patients with type 2
diabetes mellitus. Diabetologia. 2019;62(3):373-86.
DOI: 10.1007/s00125-018-4789-6

2020;125:170197.

AUTHORS

Denis V. Kurkin — Doctor of Sciences (Pharmacy),
Asistant Professor, Head of the Scientific and Educational
Institute of Pharmacy named after. K.M. Lakina of Russian
University of Medicine; Professor of the Department of
Clinical Pharmacology and Intensive Care of Volgograde
State Medical University. ORCID ID: 0000-0002-1116-
3425. E-mail: strannik986@mail.ru

Dmitry A. Bakulin — Candidate of Sciences
(Medicine), Head of the Interdepartmental Scientific
and Educational Center of Pharmacy of Scientific and
Educational Institute of Pharmacy named after. K.M.
Lakina of Russian University of Medicine. ORCID ID:
0000-0003-4694-3066. E-mail: mbfdoc@gmail.com

Evgeniy I. Morkovin — Candidate of Sciences
(Medicine), Assistant Professor, Head of the Laboratory
of Neuropsychopharmacology of Volgograd State
Medical University. ORCID ID: 0000-0002-7119-3546.
E-mail: e.i.morkovin@gmail.com

Vladimir I. Petrov — Doctor of Sciences (Medicine),
Professor, Academician of RAS, Head of the Department
of Clinical Pharmacology and Intensive Care of
State Medical University; Chief Freelance Specialist,

Tom 11, Beinyck 4, 2023

Clinical Pharmacologist of the Ministry of Healthcare
of the Russian Federation, Honored Scientist of the
Russian Federation, Honored Doctor of the Russian
Federation. ORCID ID: 0000-0002-0258-4092. E-mail:
brain@sprintnet.ru

Andrey V. Strygin — Candidate of Sciences
(Medicine), Assistant Professor, Deputy Director of
Research Center for Innovative Medicines of Volgograd
State Medical University. ORCID ID: 0000-0002-6997-
1601. E-mail: drumsav@mail.ru

Ksenia N. Koryanova — Candidate of Sciences
(Pharmacy), Associate Professor of the Department of
Pharmacology with a Course of Clinical Pharmacology,
Pyatigorsk Medical and Pharmaceutical Institute -
branch of Volgograd State Medical University. ORCID ID:
0000-0003-1571-9301. E-mail: kskor-16@mail.ru

Yuliya V. Gorbunova — Candidate of Sciences
(Medicine), Head of Laboratory of Scientific and
Educational Institute of Pharmacy named after. K.M.
Lakina of Russian University of Medicine. ORCID ID:
0000-0002-1116-3425. E-mail: yvgorbunova@yandex.ru

Yuriy A. Kolosov — Candidate of Sciences (Medicine),

379


mailto:mbfdoc@gmail.com
mailto:brain@sprintnet.ru

REVIEW
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

Assistant Professor, Deputy Director for Academic
Affairs of the Scientific and Educational Institute of
Pharmacy named after. K.M. Lakina of Russian University
of Medicine. ORCID ID: 0000-0003-1506-2565.
E-mail: tronk79@gmail.com

Olga V. Ivanova — Candidate of Sciences (Pharmacy),
Senior Researcher of the Scientific and Educational
Institute of Pharmacy named after. K.M. Lakina of
Russian University of Medicine. ORCID ID: 0000-0003-
4333-322X. E-mail: ovivanoval34@mail.ru

Elizaveta V. Pavlova — junior researcher of the
Scientific and Educational Institute of Pharmacy
named after. K.M. Lakina of Russian University
of Medicine. ORCID ID: 0000-0003-0651-3205.
E-mail: lizapavloval609@yandex.ru

Marina A. Dzhavakhyan - Doctor of Sciences
(Pharmacy), Assistant Professor, Deputy Director
for Implementation and Development of the
Scientific and Educational Institute of Pharmacy
named after. K.M. Lakina of Russian University of
Medicine. ORCID ID: 0000-0003-2673-6203. E-mail:
akopovamarinal3@mail.ru

380

Andrew V. Zaborovsky — Doctor of Sciences
(Medicine), Assistant Professor, Head of the
Department of Pharmacology of Russian University
of Medicine. ORCID ID: 0000-0002-7923-9916.
E-mail: azabor@mail.ru

Valeria B. Saparova - researcher of the
Scientific and Educational Institute of Pharmacy
named after. K.M. Lakina of Russian University
of Medicine. ORCID ID: 0000-0002-8445-1129.
E-mail: Valeriya.Saparova@geropharm.com

Igor E. Makarenko — Candidate of Sciences
(Medicine), — researcher of the Scientific and Educational
Institute of Pharmacy named after. K.M. Lakina of
Russian University of Medicine; Head of the Medical
Department of Farm-Holding. ORCID ID: 0000-0003-
2308-0608. E-mail: Igor.Makarenko@geropharm.com

Roman V. Drai — Candidate of Sciences (Medicine),
Director of Farm-Holding. ORCID ID: 0000-0003-4594-
6097. E-mail: roman.drai@geropharm.com

Anastasia N. Chumachenko — student-researcher
of Volgograd State Medical University. ORCID ID: 0000-
0002-7756-3827. E-mail: nastyal1386@icloud.com

Volume XI, Issue 4, 2023



P>t

= B
S






