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The aim. To describe the key characteristics of medical products approved by the Food and Drug Administration (FDA) and
released by pharmaceutical companies from 2012 to 2024.

Materials and methods. The analysis is based on data from FDA publications related to the approval of medical products
from 2012 to 2024. The products were systematized by year, pathway and reason for approval, nature of the active
substance (synthetic, semi-synthetic, natural or biological) and target disease (indication for use) in accordance with the
codes of the Anatomical Therapeutic Chemical (ATC) classification.

Results. During the analyzed period, the FDA approved a significant number of medicines, while maintaining a stable
proportion of small molecules with a significant upward trend in the number of approved biologicals (monoclonal
antibodies, CAR-T, siRNA, gene therapy, etc.). The largest proportion was accounted for by antitumor drugs and
immunomodulators (group L according to ATC), demonstrating steady growth with projected growth in the future. Interest
in drugs for the treatment of metabolic disorders and diseases of the nervous system remained steadily high, with the
emergence of innovative therapeutic approaches. A gradual increase in the number of repositionings and extensions of
indications was noted. The COVID-19 pandemic did not have a significant impact on the overall structure of approvals,
and only two specific medicines for the treatment of COVID-19 were approved. There has been an increase in approvals
for orphan diseases and the emergence of innovative therapeutic approaches: gene therapy, RNA interference, cell
technologies, and bispecific antibodies.

Conclusion. In the period from 2012 to 2024, the pharmaceutical industry has seen a fundamental shift towards
biotechnological development methods, personalized medicine, and targeted therapy. During the period under review, the

For citation: D.V. Kurkin, N.A. Osadchenko, D.A. Bakulin, E.l. Morkovin, S.A. Voskresenskiy, D.V. Maltsev, M.O. Maltseva, Yu.V. Gorbunova,
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proportion of small molecule approvals remained fairly stable, but a steady (compared to previous periods) increase in
the number of biotechnology product approvals (monoclonal antibodies, gene and RNA therapy) can be noted. The largest
increase was noted in class L (antitumor drugs and immunomodulators), which reflects the focus of global pharmaceutical
companies on the fundamental study and discovery of pharmacotherapy opportunities in the oncology and immunity. It is
necessary to note the trend towards the development of drugs for the treatment of rare (orphan) diseases. In the field of
therapy for metabolic disorders, during the specified period, drugs were approved that revolutionized understanding of an
entire cluster of diseases and approaches to therapy, and a new standard of therapy was formed due to SGLT2 inhibitors
and agonists of the incretin system receptors, including molecules with a multi-targeted effect. The COVID-19 pandemic led
to a limited number of drug approvals for the treatment of this infection but thanks to it, the “door” to the development
of new generation vaccines has been opened, which are largely fundamentally different from those currently existing. The
discovery of new means to combat infectious agents of various nature (bacteria, protozoa, viruses, fungi, and parasites) is
also one of the priority goals of pharmaceutical companies, as evidenced by a significant proportion of approvals of drugs
with a similar effect. In terms of “reasons for registration,” the main share fell on original drugs; the contribution of new
combinations and dosage forms was at its peak in the middle of the period and then decreased. Due to the expiration of
patent protection for many drugs and the accumulation of data on their effects in the post-marketing period, a gradual
increase in the number of repositionings and extensions of indications can be logically noted.

Keywords: FDA; ATC; targeted therapy; trends in drug design; approved medicines; new medicines

Abbreviations: HSC — hematopoietic stem cells; GIT — gastrointestinal tract; iDPP4 — dipeptidyl peptidase 4 inhibitor;
iSGLT2 — sodium-glucose cotransporter 2 inhibitor; LH — luteinizing hormone; mRNA — messenger ribonucleic acid;
NSCLC — non-small cell lung cancer; DM — diabetes mellitus; DM1 — type 1 diabetes mellitus; DM2 — type 2 diabetes
mellitus; SMA — spinal muscular atrophy; FSH — follicle-stimulating hormone; COPD — chronic obstructive pulmonary
disease; CMV — cytomegalovirus; CNS — central nervous system; CD — cluster of differentiation; CGRP — calcitonin gene-
related peptide; FDA — Food and Drug Administration; IFN — interferon; IL — Interleukin; mAb — monoclonal antibody;
siRNA — small interfering ribonucleic acid; VEGF — vascular endothelial growth factor.
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2depepanbHoe rocyaapcTeeHHoe 6roaxkeTHoe obpasoBaTenbHOe yupexaeHue Bbiclero obpasoaHus
«Bonrorpaackunii rocy,apcTBeHHbIN MeULIMHCKUI YHUBEPCUTET»

MuHucTepcTBa 34paBooxpaHeHua Poccuinickon depepaumm,

Poccua, 400131, r. Bonrorpag, na. MNaswux bopuos, 4. 1

3MNAaTUropcKknin meanKko-papmaLeBTUHECKUA MHCTUTYT —

dunmnan depepanbHOro rocysapcTBEHHOIO 6HOAKETHOTO 06Pa30BaTENIbHOIO YUpeEKAEHMUSA

BbICLIero ob6pasoBaHus «Bonrorpafckuii rocyaapcTBeHHbIM MEANUNHCKUIA YHUBEPCUTET»
MuHucTepcTBa 34paBooxpaHeHua Poccuinickon depepavmm,

Poccma, 357500, r. MaTturopck, np-kT KaanHuHa, 4. 11

4 depnepanbHoe rocysapcTBeHHoe broarKeTHoe 06pasoBaTeNnbHOE yuperKaeHne

AOMNONHUTENBHOTO NPOdECcCMOHaNbHOTo 06pa3oBaHmUsA

«Poccuiickan meauLMHCKan akagemmns HenpepbiBHOrO NpodeccMoHanbHOro 06pasoBaHUsa»
MuHucTepcTBa 34paBooxpaHeHua Poccuinickon depepaumm,

Poccua, 125993, r. MockBa, yn. bappukagHas, a. 2/1, ctp. 1

>3aKpbIToe aKLUMOHEepHOe 0bLwecTBO «Dapm-XonauHr»,

Poccus, 198515, r. CaHKT-[eTepbypr, noc. CTpenbHa, yn. Ceasu, a. 34-A

E-mail: strannik986@mail.ru
MonyyeHa 15.03.2025 MNocne peueHsmpoBaHus 18.08.2025 MpuHATa K Nneyatn 20.10.2025
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Lienb. OnucaTtb KAloYeBble XapaKTEPUCTUKM JIEKApPCTBEHHbIX MpenapaTtos, O0f0bpeHHbIX YnpaBieHMem Nno caHWTapHOMY
HaA30py 33 KayecTBOM MULLEBbLIX MPOAYKTOB M MeaukameHToB (Food and Drug Administration, FDA), BbinyLEHHbIX
dapmaueBTMYECKMMM KOMMNaHMAMM 3a nepuog 2012—-2024 rr.

Matepuanbl U metogbl. AHanM3 npousBeseH Mo JaHHbIM M3 nybaukaumi FDA, oTHOcAWMXCA K opobpeHuto
NleKapCTBEHHbIX NpenapaTtosB 3a nepuog ¢ 2012 no 2024 ropg,. MNpenapaTbl CMCTEMATM3UPOBAAN NO rogy, NyTM U NOBOAY
0406peHNs, XxapaKTepy AEeNCTBYIOLLEro BELECTBA (CUHTETUYECKUIN, NONYCUHTETUUYECKUIA, MPUPOLHbIA UAN BUONOTUYECKUIA)
1 LeneBomy 3abonesaHuto (NoKasaHWe K MPMMEHEHUIO) B COOTBETCTBMM C KOAAMWU aHAaTOMO-TeparneBTUYeCKO-XMMNYECKOM
Knaccuoukaumm (ATX).

Pe3synbratbl. 32 aHanu3upyemblii nepuos FDA opo6puno 3HauMTeNlbHOE KOMMYECTBO JIEKApCTBEHHbIX MPenapaTos, Mpu
3TOM COXPaHANACb CTabUbHAA J0A MasblX MOJIEKYN MPU 3HAYMMOM TPEHAE POCTa YMcia 0f06peHHbIX BMONOrMYecKmx
npenapaToB (MOHOKNOHanbHble aHTuTena, CAR-T, siRNA, reHHaa Tepanus wu ap.). Havbonbluylo gonto coctaBuau
NpOTUBOONYXONEBblE Mpenapatbl WM WMMMyHOMOAZynaTopbl (rpynna L no ATX), AeMOHCTpUpytowme YCTOMYMBBIN
poCT C MpOrHo3upyembiMm pocToM B byayuwiem. CTabuabHO BbICOKMM OCTalCcA WMHTEpec K npenapatam Ans JevyeHus
MeTaboNnYecKMx HapylweHu U 3aboneBaHUM HEPBHOM CUCTEMbI C MOABMEHWEM WHHOBALMOHHbIX TEpPaneBTUYECKUX
noaxoaoB. OTMeYeH NMOCTEMEHHbIN POCT YNCNA PEMO3ULMOHMPOBAHUI M pacCLUMPEHUn nokasaHui. MNaHaemmnsa COVID-19
He OKasana CyLLeCTBEHHOro B/MAHMA HA O6LLYIO CTPYKTYpy oAobpeHuli u 6bi10 oaobpeHo Aulb ABa cneuuduyeckux
npenapata aaa nedeHna COVID-19. OtmeueH pocT oaobpeHuii gns opdaHHbIX 3a60N1eBaHUI 1 NOABNEHUE MHHOBALMOHHbIX
TepaneBTUYECKMUX MOAXOL0B: reHHon Tepanuu, PHK-uHTepdepeHuMM, KAETOUHbIX TexXHOMoruMi u bucneunduyeckmnx
aHTuTeN.

3akntoueHue. B neprog c 2012 no 2024 rog B dapmaLleBTUYECKOW MHAOYCTPUM OTmevaeTcs GyHAAMEHTaNbHbIN COBUT B
CTOPOHY BMOTEXHONOTMYECKMX METOA0B Pa3paboTKu, NEPCOHANM3UPOBAHHOM MeaUUMUHBI U TapreTHOM Tepanuun. B TeyeHne
paccmaTpuBaemMoro nepuoaa 048 og06peHna Mmanbix MONeKy/l OCTaBaNacb AOCTaTOYHO CTabUNbHOMN, HO MOXHO OTMETUTb
YCTOMYMBBIM (MO CPaBHEHWUIO C NpeablayumMy nepuogamm) pocT Ymcaa ogobpeHnit BMOTEXHOOTMYECKMX MPOAYKTOB
(MOHOKNOHaNbHble aHTUTeNa, reHHaa u PHK-Tepanua). Hanbonbwuii npupoctT otmeyeH B Knacce L (mpotmBoonyxonesble
npenapaTtbl 1 MMMYHOMOAYNATOPbI), YTO OTpaxKaeT (GOKyC BHUMAHWUA [06asbHbIX GAPMALEBTUYECKMX KOMMAHMI K
dYHAAMEHTAIbHOMY M3YYEHWUIO M OTKPbITUIO BO3MOXKHOCTEW dapmakoTepanuu B 06AacCTU OHKOMOTUM U UMMYHUTETA.
HeobxoauMmo OTMETUTb TPEHZ, Ha Pa3paboTKy NIEKAPCTBEHHbIX CPEACTB A4 IeYeHMA peakux (opdaHHbix) 3aboneBaHuin. B
obnactn Tepanumn metabonnyeckuii PaccTPOCTB, 3@ YKa3aHHbIN nepuog, onobpeHbl Npenapatbl, KOTOPble NepeBepHyan
NOHMMaHWe Uenoro Knactepa 6onesHelt M MNOAXOAOB K Tepanuu, cHOPMMPOBANCA HOBbIM CTaHAAPT Tepanuu 3a
CYET MHrMbUTOpoB SGLT2 M aroHUCTOB pPeLenTopoB WHKPETMHOBOM CUCTEMBI, BK/IOYAA MOJEKY/Ibl OKasblBalolee
MynbTUTapretHoe BaAuAHMe. [MaHgemusa COVID-19 npuBena K OrpaHUYEHHOMY YUCYy O[0OPEHMI NIeKapCTBEHHbIX
npenapaToB AnA nevyeHna nHobekuuu, bnarogapa el NPUOTKPbITa «ABepua» K pa3paboTke BaKLMH HOBOIO MOKOMEHUS,
BO MHOIOM MPWHLUUMNNANBHO OT/IMYAIOLMXCA OT CyLUEeCTBYIOLWMX B HacToAwee BpemA. OTKpbITME HOBbIX CPeAcTB ANA
60pbbbl C MHPEKUMOHHBIMW areHTaMu pas/iMyHOW npupoabl (6akTepun, MpocTeirline, BUPYCbl, TPUOKM U NapasuTbl)
TaKXe ABNAKTCA OAHOM U3 NMPUOPUTETHBIX Lener GapmaLeBTUYECKUX KOMMAHWUIA, O YeM CBUAETENbCTBYET 3HaUUTeIbHas
pona opobpeHusa npenapaToB ¢ NogobHbiM aelictBuem. o «noBoAam pPervcTpauum» OCHOBHaA A0NA MpUXoaunach
Ha OpWUrMHaNbHble MpenapaTbl; BKAAZ HOBbIX KOMOMHALMIA M NeKapcTBEHHbIX GOPM Obl1 MAKCMMa/bHbIM B cepeauHe
nepuoaa 1 3aTem CHUXKancA. B cBA3M ¢ NnpekpalleHMem AeNCTBUA NAaTEHTHOM 3aLWMTbl HA MHOTME NpenapaTbl U HAaKoNAeHWI
OaHHbIX 06 MXx 3ddeKTax B MOCTMAPKETUHIOBOM MEpPUOLEe MOXKHO 3aKOHOMEPHO OTMETUTb MOCTENEHHbI POCT yYucna
PENo3MLMOHNPOBAHUI U PACLUMPEHUIA NMOKa3aHUN.

KnioueBble cnoBa: FDA; ATX; TapreTHas Tepanus; TEHAEHLMU /IEKAPCTBEHHOIO AM3aliHa; 0406peHHble IeKapCTBEHHbIE
npenapaTbl; HOBble IeKapCTBEHHbIE Npenapartbl

Cnucok coKpauweHmii: T[CK — remonosTMyeckue CTBOMOBble KNETKWU; KT — KenyAouyHO-KMLWeYyHbl TpakT; nArng —
MHIMbUTOp aunentuaunnentnaasbl 4 tuna; MHIT2 — UHIMOUTOP HATPUMN-T/IIOKO3HOIO KOHTPaHcnopTépa 2 tuna; /Il —
NOTEUHU3MPYOLWNUI TOPMOH; MPHK — maTtpuuHaa pnboHyknemHoBas Kucnota; HMPJ/1 — HeMeNKOK/IeTOYHbIN paK NErkoro;
COL — caxapHbii anabet; CO1 — caxapHbli anabet nepsoro Tmna; CA2 — caxapHbli anabet BToporo Tuna; CMA —
CMuHaNbHasA MblweyHas atpodus; PCI — PoNnMKynocTUMYAUpyOWmMn ropmoH; XOBJ/1 — XpoHWYecKkas obCTpyKTMBHaA
6onesHb Nérkmx; LUMB — umntomeranosupyc; LUHC — ueHTpasnbHaa HepBHaa cuctema; CD — knactep anddepeHuMpoBKu
(Cluster of differentiation); CGRP — nenTtua, cBA3aHHbIN C reHOM KanbLUTOHMHA; FDA — ynpaBneHue No caHWUTapHoOMY
HaA30py 32 Ka4ecTBOM MULLEBbLIX MPOAYKTOB U MeankameHToB (Food and drug administration); IFN — unHTepdepoH; IL —
nHTepnelikmH (Interleukin); mAb — MoHOK/NOHanbHOe aHTUTENO; SIRNA — manasa nHTepdepupyowwas puboHyKaenHoBas
kucnota; VEGF — dakTop pocTa sHA0TENUA COCYA0B.

INTRODUCTION

Modern pharmacotherapy for most diseases differs
significantly from the one existed several decades
ago. Knowledge and understanding of the disease,
achievements of fundamental sciences more and
more precisely determine the target for therapeutic

intervention, allowing the treatment process to be
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carried out not only effectively, but also at a level that
is as comfortable for the patient. The development
of original medicines meets the needs of society, the
doctor and the patient, offering a new means for
treating the disease, while the development of a new
dosage form of the original drug, the creation of a
generic drug or the inclusion of the active substance
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in the composition of a combined drug is aimed more
at increasing the convenience and satisfaction of the
patient [1, 2]. The expansion of scientific knowledge
and technical capabilities of humans determines the
evolution of pharmacotherapy for almost every known
disease. The processes that make up the life cycle
of a medicinal product are extremely diverse, but
they are united by characteristics such as innovation,
high quality standards, cost and complex formal
regulation [3-5].

Strategies for creating new drugs have not changed
significantly over the past few decades. Pharmaceutical
developments are still represented by both original
drugs and their copies, various combinations, as
well as new dosage forms of already known active
substances, including those in relation to which
the so-called repositioning occurred, as a result of
which the prospect of use in diseases different from
the original goals of molecule development was
established. It should be noted that the qualitative level
of the developed products has changed significantly,
since there is a noticeable trend of pharmaceutical
companies investing in the search for and satisfaction
of patients’ needs in terms of the convenience of drug
therapy [6-8].

The development of medicinal products is a risky,
lengthy and costly process at all stages of the life
cycle, since investments in the creating product do
not stop almost until it is completely withdrawn from
the market, which happens quite rarely [9, 10]. If we
focus directly on the process of developing an original
medicinal product, then, with some assumptions, it
can be divided into the search for and justification of
a target for therapeutic intervention, the selection
of the best compound from a number of compounds
in terms of its ability to affect the therapeutic target,
optimization of the characteristics of the selected
compound and the study of its pharmacodynamic,
pharmacokinetic and toxicokinetic properties, the
implementation of registration studies, registration
and obtaining post-registration data [9, 11, 12]. It is
important to note that the time, labor and financial
costs are most significant up to the registration of the
medicinal product, however, the information obtained
at the post-registration stage, that is, during the sales
period, is fundamental for future developments or
modernization of existing ones. It is the analysis of
various aspects of drug circulation that allows us to

Tom 13, Beinyck 6, 2025

identify patient needs and societal demands, which
determines the prospect, indicates the direction of the
market and the beacons of successful implementation
of new products for developers [5, 13]. Considering
that the development of an original medical product
requires an ever-increasing amount of resources every
year and, as a rule, the original medicinal product to a
greater extent meets the criteria of the needs of the
doctor and society, the creation of generic drugs, new
dosage forms, combinations, delivery systems, etc.,
requires significantly fewer resources, since these areas
are more focused on the patient’s needs [7, 8, 14].

The pharmaceutical industry is certainly an
important component of the state’s economy and the
most attractive in terms of investment. Acting as the
main beneficiary of the results of fundamental sciences
and the main driver of their applied function, pharmacy
demonstrates significant progress in the treatment of
diseases that were previously considered incurable.
It is important to note that modern pharmacy is
increasingly using a patient-centric paradigm in
drug development, presenting patients with drugs
in new dosage forms, combinations, doses and
methods of delivery. The proportion of drugs created
by biotechnological means continues to increase.
The segment of orphan medicines is also gradually
increasing [15-17].

The presented data are of interest, indicating
trends in drug development and demonstrating the
ability of modern pharmaceutical companies to offer
solutions to previously

sometimes “revolutionary”

unsolvable problems of medical and preventive
services [18-20].
Global

pharmaceutical market allow us to determine the

analytics and monitoring of the
current situation and vectors of development, as
well as problems with current developments or
products, which is a source of valuable information for
healthcare, pharmaceutical marketing and industry
purposes.

The presented work reflects the history of
approvals by the Food and Drug Administration (FDA)
of medicinal products manufactured by foreign
pharmaceutical companies, including leaders in the
pharmaceutical market.

THE AIM. To
characteristics of medicinal products approved

by the Food and Drug Administration (FDA) and

identify and describe the key
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released by foreign pharmaceutical companies for the
period 2012-2024.

MATERIALS AND METHODS

Data for the analysis were collected from official
sources, taking into account all medicinal products
approved by the FDA for the period from 2012 to
2024. The drugs were systematized by year, route and
reason for approval, the nature of the active substance
(synthetic, semi-synthetic, natural or biological) and
the target disease (indication for use) in accordance
with the codes of the anatomical-therapeutic-chemical
classification (ATC). The following approval routes
are highlighted: original medicinal product, generic
medicinal product (generic), new dosage form,
new combination, new use, new manufacturer, re-
registration.

The

(biosimilar, biosimilar medicinal product, biosimilar)

term  “Biosimilar  medicinal  product”
meant a biological medicinal product that contains
a version of the active substance of the registered
biological original (reference) product and for which
similarity (similarity) has been demonstrated on the
basis of comparative studies with the reference product
in terms of quality, biological activity, efficacy and
safety.

The term “Generic medicinal product” (generic)
meant a medicinal product that has the same
guantitative and qualitative composition of active
substances and the same dosage form as the original
product, and whose bioequivalence to the original
medicinal product is confirmed by appropriate
bioavailability studies. Different salts, esters, isomers,
mixtures of isomers, complexes or derivatives of
the active substance are recognized as the same
active substance if their safety and efficacy do not
differ significantly. Different oral dosage forms with
immediate release are recognized as the same dosage
form within the framework of bioavailability studies.

Also, the category “Generic drug” (exclusively
within the framework of this article, for ease of
perception of information) conditionally included
a hybrid medicinal product — a medicinal product
that does not fall under the definition of a generic
medicinal product when it is impossible to confirm its
bioequivalence using bioavailability studies, as well as
if changes have occurred in this drug active substance

(substances), indications for use, dosage, dosage form
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or route of administration compared to the original
drug.
The drugs were divided by areas of application
in accordance with the codes of the anatomical-
therapeutic-chemical classification (ATC):
e Code A: Alimentary tract and metabolism;
e Code B: Blood and Blood Forming Organs;
e Code C: Cardiovascular System;
e Code D: Dermatologicals;
e Code G: Genito Urinary System and Sex
Hormones;

e Code H: Systemic Hormonal Preparations, excl.
Sex Hormones and Insulins;

e Code J: Antiinfectives for Systemic Use;

e Code L: Antineoplastic and Immunomodulating
Agents;

e Code M: Musculo-Skeletal System;

e Code N: Nervous System;

e Code P: Antiparasitic Products, Insecticides and

Repellents;

e Code R: Respiratory System;

e Code S: Sensory Organs;

e Code V: Various.

Data on the indications of medicinal products,
as well as information on the mechanism of action,
were taken from the published summary of product
(SmPC)
com website. Drugs.com reports were also used to

characteristics published on the Drugs.
describe previously registered medicinal products for
which a new indication is presented. The search for
literature data on fundamental studies concerning
the mechanisms of action of the presented medicinal
products was carried out in the PubMed, ResearchGate,
Google Scholar and elibrary.ru databases.

For systematization, calculation of proportions
and trends, as well as visualization of the obtained
results, the R software package was used: R version
4.5.1 (2025-06-13 ucrt), ggplot2 version 3.5.2, RStudio

2025.05.1 Build 513.

RESULTS

When analyzing the approval history, the total
number of approvals, approvals of new molecules,
combinations, dosage forms and/or indications for
use, as well as reproduced drugs were taken into
account; changes in the manufacturer or re-registration
were taken into account in the “other” category (not
presented in the text description).
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2012 procedure helps in assessing the presence of dense

In 2012, 65 drugs were approved. Among them
there were 27 new original molecules. As previously,
except for 2016, the largest share was accounted for by
antitumor drugs and immunomodulators (class L). For
14 drugs, the approval was associated with a change of
manufacturer and for 5, re-registration was carried out.
11 new combinations and 9 new dosage forms were
registered. A new indication was added for 6 drugs.
The distribution by ATC classes and chemical type is
presented in Figure 1.

Vismodegib (Erivedge®) is
treatment of metastatic basal cell carcinoma or this
disease in the late stages. It acts through the Hedgehog
signaling pathway: selectively inhibits the Smoothened

approved for the

protein, which suppresses the pathological activation of

the Hedgehog signal, characteristic of some basal cell

carcinomas’
Glucarpidase  (Voraxaze®) is an

(carboxypeptidase) that converts methotrexate into

enzyme

inactive metabolites, reducing its plasma concentration.
It is used as a means to treat methotrexate overdose,
leading to renal failure and subsequent reduction of its
clearance?.

A strong opioid agonist — fentanyl (Subsys) — in
the form of a spray for sublingual administration for
accelerated absorption has been approved. It is used
to relieve episodes of intractable pain in patients with
tumors receiving opioid treatment and resistant to
them?.

Taliglucerase alfa (Elelyso®) is recombinant
human glucocerebrosidase for enzyme replacement
therapy for Gaucher disease has been approved.
The enzyme complements the insufficient lysosomal
activity, promoting the breakdown of accumulated
glucosylceramide. Elelyso® (finished product of
taliglucerase alfa) is produced using plant cell culture
(expression system in carrot cells) - this is the first FDA-
approved drug produced using the plant ProCellEx®
platform#*.

A radiopharmaceutical drug containing florbetapir
F-18 (Amyvid®) as an active substance has been
approved. It is used in positron emission tomography
to visualize B-amyloid in the brain. The diagnostic

* Drugs.com. Erivedge. Avavilable from: https://www.drugs.com/
erivedge.html

2 Drugs.com. Voraxaze. Avavilable from: https://www.drugs.com/
voraxaze.html

3 Drugs.com. Subsys. Avavilable from: https://www.drugs.com/subsys.
html

4 Drugs.com.
elelyso.html

Elelyso. Avavilable from: https://www.drugs.com/
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amyloid plaques associated with Alzheimer’s disease®.
A gel for topical use based on ingenol mebutate
(Picato®) has been created. The active substance
cytolytic affected
keratinocytes and promotes an inflammatory response
at the site of the lesion, which is used to treat actinic

combines a direct effect on

keratoses®.

In 2012, a pegylated peptide peginesatide
(Omontys®) was developed, which is an agonist of
the erythropoietin receptor. The drug based on it was
planned to be used to stimulate erythropoiesis in
patients with anemia caused by dialysis for chronic
kidney disease. It is noteworthy that despite the
approval, in 2013 this drug was discontinued and a
recall of all released series was announced, since the
PEARL study revealed that the drug was inferior to the
reference drugs (darbepoetin alfa) in terms of safety in
relation to the cardiovascular system.

2013

In 2013, the FDA approved 73 drugs, 28 of which
were represented by
10 molecules of biological origin),
combinations of drugs; in 15 drugs had a new dosage
form or a new indication for use. The distribution by
ATC classes and chemical type is presented in Figure 2.

Examples of drugs that have been approved:
ceritinib (Zykadia®;, a drug for the treatment of
inoperable or metastatic non-small cell lung cancer
[NSCLC] with a specific mutation)’ tisagenlecleucel
(Kymriah®;
the treatment of acute lymphoblastic leukemia in
children and young people)?, nivolumab (Opdivo®;
a drug for the treatment of various types of
cancer, including melanoma lung cancer),
durvalumab (Imfinzi®; approved for the treatment
of lung cancer,
locally advanced disease not amenable to surgical
intervention)®, (sacubitril
combined drug for the treatment of chronic heart

new molecules (including

11 were new

the first gene therapy approved for

and
in particular, for patients with

Entresto® + valsartan; a

failure)™.
5 Drugs.com. Amyvid. Avavilable from: https://www.drugs.com/
amyvid.html
5 Drugs.com. Picato Gel. Avavilable from: https://www.drugs.com/
picato.html
7 Drugs.com. Zykadia. Avavilable from: https://www.drugs.com/
zykadia.html
8 Drugs.com. Kymriah. Avavilable from: https://www.drugs.com/
kymriah.html
° Drugs.com. Imfinzi. Avavilable from: https://www.drugs.com/
imfinzi.html

1 Drugs.com. Entresto. Avavilable from: https://www.drugs.com/

entresto.html
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The
as a new antitumor agent!!. This is a derivative of

pomalidomide (Pomalyst®) is approved
thalidomide®? is a representative of the next generation

of immunomodulators after lenalidomide, its
peculiarity lies in the ability to inhibit both tumor cells
and vascular compartments of myeloma cancer [21].

The approval of canagliflozin (Invokana®), the
second, but far from the last, approved gliflozin not
only for the treatment of T2DM, but also for the
prevention of its cardiovascular complications, deserves
special attention®®.

Riociguat (Adempas®) is the first-in-class soluble
guanylate cyclase stimulator for the treatment of
chronic thromboembolic pulmonary hypertension
and pulmonary arterial hypertension!*. The second
(Opsumit®) for the

treatment of the same disease is an antagonist of

approved drug macitentan

two subtypes of endothelin receptors A and B*. The
third drug for the treatment of arterial hypertension
is treprostinil (Orenitram®) — an artificial prostacyclin
that causes vasodilation in the lungs?®.

The NS3/4A protease inhibitor simeprevir
(Olysio™)” and the hepatitis C virus NS5B protein
inhibitor sofosbuvir (Sovaldi)® are the first two drugs in
the class for the treatment of hepatitis C.

For the
hypercholesterolemia, the second-generation antisense

treatment of homozygous familial
oligonucleotide mipomersen (Kynamro™)* has been
approved, which binds to messenger RNA encoding
apolipoprotein B-100, its formula is resistant to
nucleases and therefore it can be administered to the

patient weekly [22].

2014
In 2014, 92 drugs received FDA approval, 46
of which were original molecules (including 15 of

1 Drugs.com. Pomalyst. Avavilable from: https://www.drugs.com/
pomalyst.html

2 DrugBank.com. Thalidomide. Avavilable from: https://go.drugbank.
com/drugs/DB01041

3 Drugs.com. Invokana. Avavilable from: https://www.drugs.com/
invokana.html

1 Drugs.com. Adempas. Avavilable from: https://www.drugs.com/
adempas.html

5 Drugs.com. Opsumit. Avavilable from: https://www.drugs.com/
opsumit.html

% Drugs.com. Orenitram. Avavilable from: https://www.drugs.com/
orenitram.html

7 Drugs.com. Olysio. Avavilable from: https://www.drugs.com/olysio.
html

% Drugs.com. Sovaldi. Avavilable from: https://www.drugs.com/
sovaldi.html

9 Drugs.com. Kynamro. Avavilable from: https://www.drugs.com/
kynamro.html
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biological origin), and 15 were new combinations;
15 drugs had a new dosage form or a new indication for

use (Fig. 3).
The trametinib (Mekinist®) and dabrafenib
(Tafinlar®)  received  accelerated approval for

combination therapy of melanoma®*. Examples of
approved drugs were glatiramer acetate (Copaxone®;
approval of a three-times-a-week dosing regimen of
40 mg/mL for the treatment of multiple sclerosis)?,
ecallantide (Kalbitor®; approval of expanded use for the
treatment of hereditary angioedema in patients aged
12 years and older)??, dabigatran etexilate mesylate
(Pradaxa®; approval for the treatment of deep vein
thrombosis and pulmonary embolism)?, panitumumab
(Vectibix®; approval of first-line use in combination with
FOLFOX for patients with metastatic colorectal cancer
of the wild type KRAS)* human immunoglobulin
(Octagam® 10%; approval for the treatment of chronic
immune thrombocytopenic purpura)®®, tiotropium
bromide (Spiriva® Respimat®; approval for maintenance
treatment of COPD)?, adalimumab (Humira®; approval
for the treatment of Crohn’s disease in pediatric
patients)?’, ramucirumab (Cyramza®; approval in
combination with paclitaxel for the treatment of
adenocarcinoma after

late-stage gastric previous

20 Drugs.com. GSK Gains Accelerated FDA Approval for Combination
Use of Mekinist (trametinib) and Tafinlar (dabrafenib). Avavilable
from: https://www.drugs.com/ newdrugs/gsk-gains-accelerated-fda-
approval-combination-mekinist-trametinib-tafinlar-dabrafenib-4003.
html

21 Drugs.com. Copaxone. Avavilable from: https://www.drugs.com/
copaxone.html

2 Drugs.com. FDA Approves Expanded Use of Kalbitor for the
Treatment of HAE to Patients 12 Years of Age and Older. Avavilable
from: https://www.drugs.com/ newdrugs/fda-approves-expanded-
kalbitor-hae-patients-12-years-age-older-4029.html

2 Drugs.com. FDA Approves Pradaxa for Deep Venous Thrombosis
and Pulmonary Embolism. Avavilable from: https://www.drugs.
com/newdrugs/fda-approves-pradaxa-deep-venous-thrombosis-
pulmonary-embolism-4030.html

24 Drugs.com. FDA Approves First-Line Use of Vectibix (panitumumab)
Plus FOLFOX for Patients with Wild-Type KRAS Metastatic Colorectal
Cancer. Avavilable from: https://www. drugs.com/newdrugs/fda-
approves-first-line-vectibix-panitumumab-plus-folfox-patients-wild-
type-kras-metastatic-4558.html

%5 Drugs.com. Octapharma USA Announces FDA Approval of Octagam
10% for the treatment of Chronic Immune Thrombocytopenic
Purpura (ITP). Avavilable from: https:// www.drugs.com/newdrugs/
octapharma-usa-announces-fda-approval-octagam-10-chronic-
immune-thrombocytopenic-purpura-itp-5601.html

% Drugs.com. FDA Approves Spiriva Respimat. Avavilable from:
https://www.drugs.com/newdrugs/fda-approves-spiriva-respimat-
tiotropium-maintenance-copd-4088.html

27 Drugs.com. FDA Approves Humira (adalimumab) for the Treatment
of Pediatric Patients with Crohn’s Disease. Avavilable from: https://
www.drugs.com/newdrugs/fda-approves-humira-adalimumab-
pediatric-patients-crohn-s-4091.html
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chemotherapy)®, simeprevir (Olysio™; approval in and daridorexant, Quviviq®; approved in 2022)® —

combination with sofosbuvir for the treatment of
chronic hepatitis C genotype 1)%.

Gliflozins —  dapagliflozin ~ (Farxiga®)®*® and
empagliflozin (Jardiance®)®!, — as well as GLP-1
agonists albiglutide (Tanzeum™)3? and dulaglutide

(Trulicity®)®® are approved for the treatment of T2DM
and concomitant pathologies (heart failure, CKD or
reduction of the risk of CVDs).
L-threo-dihydroxyphenylserine (L-DOPS,
Droxidopa) was first described in 1971 [23], but
approved for the treatment of hypotension only
in 2014 (Northera®). L-DOPS is a synthetic amino
acid precursor that acts as a prodrug to the

neurotransmitter  norepinephrine  (noradrenaline),
acts as a non-selective a- and B-adrenergic receptor
the

peripheral nervous system3%. For the treatment of

agonist, increases norepinephrine levels in
lipodystrophy in 2014, a synthetic leptin analogue —
metreleptin (Myalept®) was approved, the use of which
reduces blood glucose and body weight*. Dantrolene
sodium (Ryanodex®) is a postsynaptic muscle relaxant
(inhibits the release of Ca? ions from sarcoplasmic
reticulum stores by antagonizing ryanodine receptors),
a hydantoin derivative, but unlike phenytoin, it does
not exhibit antiepileptic activity, it is approved for
the treatment of malignant hyperthermia®*. For
the treatment of insomnia, the first orexin receptor

antagonist (lemborexant, Dayvigo®; approved in 2019)*’

28 Drugs.com. FDA Approves Cyramza (ramucirumab) in Combination
with Paclitaxel for Advanced Gastric Cancer after Prior Chemotherapy.
Avavilable from: https://www.drugs. com/newdrugs/fda-approves-
cyramza-ramucirumab-combination-paclitaxel-advanced-gastric-
cancer-after-prior-4106.html

2 Drugs.com. FDA Approves Olysio (simeprevir) in Combination with
Sofosbuvir for Genotype 1 Chronic Hepatitis C Infection. Avavilable
from: https://www.drugs.com/  newdrugs/fda-approves-olysio-
simeprevir-combination-sofosbuvir-genotype-1-chronic-hepatitis-c-
infection-4107.html

30 Drugs.com. Farxiga. Avavilable from: https://www.drugs.com/
farxiga.html

31 Drugs.com. Jardiance. Avavilable from: https://www.drugs.com/
jardiance.html

32 Drugs.com. Tanzeum. Avavilable from:
tanzeum.html

3 Drugs.com. Trulicity. Avavilable from:
trulicity.html

34 Drugs.com. Northera. Avavilable from: https://www.drugs.com/
northera.html

35 Drugs.com. Myalept. Avavilable from:
myalept.html

3 Drugs.com. FDA Approves Ryanodex. Avavilable from: https://
www.drugs.com/newdrugs/fda-approves-ryanodex-malignant-
hyperthermia-4058.html

37 Drugs.com. Dayvigo. Avavilable from: https://www.drugs.com/
dayvigo.html

https://www.drugs.com/
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suvorexant (Belsomra®)®* — acts as a selective dual
antagonist of orexin receptors 1 and 2.

For the treatment of opioid-induced constipation,
a polyethylene glycol-modified a-naloxol derivative —
naloxegol (Movantik®)* has been approved, which
inhibits the binding of opioids to p-opioid receptors
in the gastrointestinal tract (GIT), thereby preventing
slowing of passage, hypertonus and increased fluid
reabsorption in the GIT [24].

The first-in-class drug for the treatment of
idiopathic pulmonary fibrosis is pirfenidone (Esbriet®)
has been approved, which acts by reducing the
production of growth factors and procollagens | and I1*%.

For the treatment of acromegaly (previously,
in 2012, approved for the treatment of Cushing’s
disease), pasireotide (Signifor®)*? has been approved —
this is a somatostatin analogue, which has a 40-fold
higher affinity for somatostatin receptor 5. lvermectin
in 1975 [25], for its
discovery Satoshi Omura (Kitasato University) and
William Campbell (Merck) received half of the Nobel
Prize in 2015. This substance is widely used as an

(Soolantra®) was described

antiparasitic agent, and in 2014 it was approved for
the treatment of rosacea. The drug binds to glutamate-
gated chloride channels, opening them increases the
flow of chloride ions, which leads to hyperpolarization
of the cell membranes of parasites, including Demodex
folliculorum mites*. Avermectin group drugs stimulate
the release of y-aminobutyric acid (GABA) from nerve
endings and increase the affinity of GABA to receptor
sites on the postsynaptic membrane of muscle cells,
which blocks the transmission of nerve impulses [26].
Liraglutide (Saxenda®) (approved in 2010) was
approved in 2014 for use in obesity*, which on the one
hand is another successful example of adapting the
undesirable effects of a drug for medical purposes, and
on the other hand opens up the potential for a multiple
expansion of prescriptions for drugs with similar effects.

3 Drugs.com. Quvivig. Avavilable from: https://www.drugs.com/
quvivig.html

3 Drugs.com. Belsomra. Avavilable from:
belsomra.html

% Drugs.com. Movantik. Avavilable from:
movantik.html

“ Drugs.com. Esbriet. Avavilable from:
esbriet.html

42 Drugs.com. Signifor. Avavilable from:
signifor.html

4 Drugs.com. Soolantra. Avavilable from:
soolantra.html

4 Drugs.com. Saxenda. Avavilable from:
saxenda.html
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2015

In 2015, 99 drugs were registered in the USA,
including 41 original drugs (including 21 biologicals),
20 new combinations, only 1 generic drug glatiramer
acetate (Copaxone®)* and 1 drug with a new indication
for use. In particular, deferasirox (Jadenu®; a new form
of iron chelating drug that simplifies the treatment of
patients with chronic iron overload)*, esomeprazole
24HR;
version of the drug for the treatment of acid reflux)®,

magnesium (Nexium® an over-the-counter
levetiracetam (Spritam®; the first 3D-printed drug
for the treatment of epilepsy)*, lobelia and ivacaftor
(Orkambi®; a combination drug for the treatment of
cystic fibrosis)*, palbociclib (Ibrance®; a drug for the
ceritinib (Zykadia®;
for the treatment of metastatic NSCLC)®!, venetoclax

treatment of breast cancer)®,

(Venclexta®; for the treatment of chronic lymphocytic
leukemia)®?, eliglustat (Cerdelga®; for the treatment
of Gaucher’s disease)®, cariprazine (Vraylar®; for the
treatment of schizophrenia and bipolar disorder)>,
lenvatinib (Lenvima®; for the treatment of thyroid
cancer)* were approved (Fig. 4).

The approval history began with the new drug
edoxaban (Savaysa®; an anticoagulant, a direct factor
Xa inhibitor) for the prevention of stroke and systemic
embolism®®. Solution for renal replacement therapy
(Phoxillum®) approved as a means for dialysis®’.

The synthesis of eluxadoline (u- and «k-opioid
receptor agonist and &-opioid receptor antagonist
in the enteric nervous system) was first described

% Drugs.com. Glatopa (injection). Avavilable from: https://www.
drugs.com/mtm/glatopa-injection.html

% Drugs.com. Jadenu. Avavilable from: https://www.drugs.com/
jadenu.html

47 Drugs.com.
nexium.html

% Drugs.com.
spritam.html
4 Drugs.com.
orkambi.html
%0 Drugs.com.
ibrance.html

1 Drugs.com.
zykadia.html

2 Drugs.com. Venclexta. Avavilable from:
venclexta.html

%3 Drugs.com. Cerdelga. Avavilable from:
cerdelga.html

5 Drugs.com. Vraylar. Avavilable from:
vraylar.html

%5 Drugs.com. Lenvima. Avavilable from:
lenvima.html

% Drugs.com. Savaysa. Available from: https://www.drugs.com/
savaysa.html

7 Drugs.com. Phoxillum. Available from: https://www.drugs.com/pro/
phoxillum.html

Nexium. Avavilable from: https://www.drugs.com/

Spritam. Avavilable from: https://www.drugs.com/
Orkambi. Avavilable from: https://www.drugs.com/
Ibrance. Avavilable from: https://www.drugs.com/
Zykadia. Avavilable from: https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/

https://www.drugs.com/

440

in 2006, but it was approved only 9 years later for
clinical use in the treatment of diarrhea and abdominal
pain in people with irritable bowel syndrome with
a predominance of diarrhea (Viberzi®)®. The first in
the class of NS5A inhibitors daclatasvir (Daklinza®)>®
was approved in 2015, developed by scientists from
Bristol Myers Squibb and indicated for the treatment
of hepatitis C also for the treatment of this disease
the drug Technivie™ was approved, consisting of
three active components: ombitasvir (NS5A inhibitor),
inhibitor of NS3-4A
serine protease), ritonavir (enhances the effects of

paritaprevir (acylsulfonamide
other protease inhibitors)®®. Of particular note is the

approval of dichlorphenamide (Keveyis®) for the
treatment of primary hypokalemic and hyperkalemic
periodic paralysis®’; the effectiveness of the drug
against glaucoma has been known since 1958 [27],
and epilepsy since 1978 [28]. Flibanserin (Addyi®)
was originally developed as an antidepressant
5-HT1A

increases

(predominantly  activates receptors in

the prefrontal cortex, dopamine and
norepinephrine levels, and reduces serotonin levels),
but was approved as a drug for the treatment of

women in premenopause with hypolibidemia®2.

As an antiemetic (during chemotherapy), a
selective  neurokinin-1 receptor (NK1 receptor)
antagonist, rolapitant (Varubi™), was approved,

originally developed by Schering-Plough®, information
about the effects is available since 2006°.

Cariprazine (Vraylar®)® is an atypical neuroleptic
from Gedeon Richter® Company, which acts as a
partial agonist of D3R (highly selective), D2R dopamine
receptors and 5-HT1A serotonin receptors, and as
an antagonist of 5-HT2B and 5-HT2A
In 2022, the drug was approved as an adjunct for

receptors.
major depressive disorder. Brexpiprazole (Rexulti®)
is approved for the treatment of Schizophrenia
and major depressive disorder, is a derivative of

8 Drugs.com. Viberzi. Available from: https://www.drugs.com/viberzi.
html

% Drugs.com. Daklinza. Available from: https://www.drugs.com/
daklinza.html

% Drugs.com. Technivie. Available from: https://www.drugs.com/
technivie.html

1 Drugs.com. Keveyis. Available from: https://www.drugs.com/mtm/
keveyis.html

52 Drugs.com. Addyi. Available from: https://www.drugs.com/addyi.
html

% Drugs.com. Varubi. Available from: https://www.drugs.com/varubi.
html

54 Drugs.com. Vraylar. Available from: https://www.drugs.com/vraylar.
html
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aripiprazole (aripiprazole lauroxil is an N-acyloxymethyl
which is administered
intramuscularly once every 4-8 weeks for the

treatment of Schizophrenia; approved in 2015), like

prodrug of aripiprazole,

the previous drug, it is a partial agonist of serotonin
5-HT1A and dopamine D2R and D3R
The generic was approved in 2022 and since 2023

receptors.

it can be used to relieve agitation in Alzheimer’s
disease®.

Olopatadine (Pazeo®)®® is a selective histamine
H1 receptor antagonist, patented in 1986, its use
in the clinic began in 1997, in 2015 it was approved
as an ophthalmic solution for allergic conjunctivitis,
since 2020
in the USA.

Asfotase alfa (Strensiq®) is a drug for enzyme

it has been available over-the-counter

replacement therapy, a recombinant glycoprotein
with the catalytic domain of tissue-specific alkaline
a genetic defect in which causes
Another

replacement therapy in the form of a solution for

phosphatase,

hypophosphatasia®’. drug for enzyme
intravenous infusions is sebelipase alfa (Kanuma™) —
recombinant lysosomal acid lipase®.

The antidote sugammadex (Bridion®) is the first
in class substance that selectively binds relaxant to
reverse neuromuscular blockade caused by rocuronium
and vecuronium during general anesthesia and,
compared to other reversal agents, potentially has
fewer side effects®.

Lesinurad (Zurampic®) inhibits URAT1 (a protein
that is responsible for the reabsorption of uric acid
in the kidneys) and OAT4 (associated with diuretic-
induced hyperuricemia)’.

Selexipag (Uptravi®) and its active metabolite
ACT-333679 act on the prostacyclin
the lungs, which leads to vasodilation of arteries,

receptor in

reduced cell proliferation and inhibition of platelet
aggregation; approved for the treatment of pulmonary
hypertension’.

% Drugs.com. Rexulti. Available from: https://www.drugs.com/rexulti.
html

% Drugs.com. Pazeo. Available from: https://www.drugs.com/mtm/
pazeo.html

7 Drugs.com. Strensiq. Available from: https://www.drugs.com/
strensiq.html

% Drugs.com. Kanuma. Available from: https://www.drugs.com/mtm/
kanuma.html

% Drugs.com. Bridion. Available from: https://www.drugs.com/mtm/
bridion.html

7% Drugs.com. Zurampic. Available from: https://www.drugs.com/
zurampic.html

7 Drugs.com. Uptravi. Available from: https://www.drugs.com/
uptravi.html
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For the treatment of HIV
were

in 2015, 4 new

combination drugs approved — Evotaz®
(atazanavir [HIV protease inhibitor] and cobicistat
inhibitor])”?,
(cobicistat and darunavir [HIV protease inhibitor])?,
Dutrebis® [HIV
transcriptase inhibitor] and raltegravir [approved since
2007; HIV integrase inhibitor])”*, Stribild® (cobicistat,
since 2014; HIV

[approved

[cytochrome P450 enzyme Prezcobix®

(lamivudine nucleoside reverse

elvitegravir integrase
inhibitor], 2003;
synthetic nucleoside analog of cytidine, HIV nucleoside
inhibitor]
alafenamide [tenofovir prodrug, nucleotide reverse

[approved
emtricitabine since

reverse transcriptase and  tenofovir

transcriptase inhibitor])”.
In the field of diabetes
combination drugs

treatment, three
2015 —
Glyxambi® and linagliptin
[DPP4i])7s, [SGLT2i]
metformin)”’, Ryzodeg® 70/30 (insulin degludec [long-

were approved in
[SGLT2i]
(empagliflozin

(empagliflozin
Synjardy® and
acting] and insulin aspart [rapid-acting]); two drugs
containing insulin glargine were approved in a new
dosage form (more concentrated solution)’®; Tresiba®
(insulin degludec) — basal insulin with ultra-long action
(over 24 hours)™.

2016

In 2016, only 69 drugs were approved, of which
24 were original (including 13 biologicals), 13 were
new combinations, 2 were generic drugs, and 18 had
a new dosage form or a new indication for use. 2016
is the only year in the studied period in which class L
drugs were not the predominant group: that year, 13
antimicrobial drugs for systemic action (class J) were
also registered (Fig. 5).

In  particular,

nusinersen (Spinraza®; for the

treatment of spinal muscular atrophy in children and

72 Drugs.com. Evotaz. Available from: https://www.drugs.com/evotaz.
html

73 Drugs.com. Prezcobix. Available from: https://www.drugs.com/
prezcobix.html

74 Drugs.com. Dutrebis. Available from:
history/dutrebis.html

75 Drugs.com. Stribild. Available from:
stribild.html

76 Drugs.com. Glyxambi. Available from:
glyxambi.html

77" Drugs.com. Synjardy Available from:
synjardy.html

8 Drugs.com. Ryzodeg FlexTouch Pen. Available from: https://www.
drugs.com/ryzodeg-70-30.html

7 Drugs.com. Tresiba. Available from: https://www.drugs.com/
tresiba.html
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adults)®, rucaparib (Rubraca®; for the treatment of a
certain type of ovarian cancer in women?®!, crisaborole
(Eucrisa®; for the treatment of mild to moderate
eczema [atopic dermatitis] in patients over 2 years
of age)®, bezlotoxumab (Zinplava®; to reduce the
risk of recurrence of infection caused by Clostridium
difficile in patients over 18 years of age)®, olaratumab
(Lartruvo®; for the treatment of adults with certain
types of soft tissue sarcoma)?*, Exondys 51® (eteplirsen;
for the treatment of patients with Duchenne muscular
dystrophy)®, Adlyxin® (lixisenatide; to improve glycemic
control)®, Xiidra® (lifitegrast; for the treatment of
signs and symptoms of dry eye syndrome)?®, Epclusa®
(sofosbuvir+velpatasvir; for the treatment of all six
major forms of the hepatitis C virus)® were approved.
Pimavanserin (Nuplazid™) is a selective inverse
5-HT2A receptor
active against 5-HT2C;
breakthrough antipsychotic therapy status in 2014, was

agonist of the serotonin and

significantly less received
approved in 2016 for the treatment of hallucinations
and delusions in Parkinson’s disease, and in 2018 it
became available in new dosage forms®.

Brivaracetam (Briviact®) is chemically similar to
levetiracetam, which has anticonvulsant (antiepileptic)
properties by binding to synaptic vesicle glycoprotein
2A, approved for the relief of epileptic seizures®.

Defibrotide (Defitelio®) is a mixture of single-
stranded oligonucleotides purified from the intestinal
mucosa of pigs; polydeoxyribonucleotide sodium salt;
approved for the treatment of hepatic veno-occlusive
disease in people who have undergone bone marrow
acts as an endothelial

transplantation, protector,

enhances the function of tissue-type plasminogen

8 Drugs.com.
spinraza.html
8 Drugs.com.
rubraca.html

Spinraza. Available from: https://www.drugs.com/

Rubraca. Available from: https://www.drugs.com/

8 Drugs.com. Eucrisa. Available from: https://www.drugs.com/
eucrisa.html
8 Drugs.com. Zinplava. Available from: https://www.drugs.com/
zinplava.html

8% Drugs.com. Lartruvo: Package Insert / Prescribing Info. Available
from: https://www.drugs.com/ pro/lartruvo.html

8 Drugs.com. Exondys 51. Available from: https://www.drugs.com/
exondys-51.html

8 Drugs.com. Adlyxin. Available from: https://www.drugs.com/
adlyxin.htm

87 Drugs.com. Xiidra. Available from: https://www.drugs.com/xiidra.
html

8 Drugs.com. Epclusa. Available from: https://www.drugs.com/
epclusa.html

8 Drugs.com. Nuplazid. Available from: https://www.drugs.com/
nuplazid.html

% Drugs.com. Briviact. Available from: https://www.drugs.com/
briviact.html
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activator (tPA) and promotes plasminogen activation-1
(PAI-1)%,

Obeticholic acid (Ocaliva®)® is a semi-synthetic bile
acid analogue, chemically 6a-ethyl-chenodeoxycholic
acid, a farnesoid X receptor agonist, approved for the
treatment of primary biliary cholangitis. The prototype
of this compound,
identified in 1999.

Lifitegrast (Xiidra®) inhibits integrin, lymphocyte

chenodeoxycholic acid, was

function-associated antigen 1 (LFA-1), from binding
to intercellular adhesion molecule 1 (ICAM-1). This
mechanism suppresses T-lymphocyte-mediated
inflammation. It is used to treat dry eye symptoms®.
Phentermine hydrochloride (phenyl-tertiarybutyl
TAAR1 (like

amphetamine, which was approved in early 2016

amine) (Qsymia®) is a agonist
for the treatment of attention deficit hyperactivity
disorder), enhances the release of norepinephrine
(to a greater extent), dopamine and serotonin (to a
lesser extent) in neurons, blunts hunger, enhances
fat catabolism (by stimulating peripheral secretion of
norepinephrine and epinephrine)®. It was first used to
suppress appetite in 1959.

Eteplirsen (Exondys 51°®) is a morpholino antisense
oligomer that triggers exon 51 skipping during pre-
mMRNA splicing of the dystrophin RNA transcript, which
alters the downstream reading frame of dystrophin;
eteplirsen administration to patients with specific
nonsense mutations causing Duchenne muscular
dystrophy®. Eteplirsen restores the reading frame
of dystrophin mRNA and leads to the production of
functional (albeit modified due to the presence of
an internal deletion consisting of both the patient’s
defect and the

dystrophin protein) dystrophin protein [29]. The second

original therapeutically altered
antisense oligonucleotide nusinersen (Spinraza®) is
the first approved drug for the treatment of spinal
muscular atrophy, which is caused by mutations in the
SMN1 gene, which encodes the survival motor neuron
protein. Nusinersen modulates alternative splicing

of the SMIN2 gene, functionally converting it into

1 Drugs.com. Defitelio. Available from: https://www.drugs.com/mtm/
defitelio.html

2 Drugs.com. Ocaliva. Available from: https://www.drugs.com/
ocaliva.html

% Drugs.com. Xiidra. Available from: https://www.drugs.com/xiidra.
html

% Drugs.com. Qsymia. Available from: https://www.drugs.com/
gsymia.html

% Drugs.com. Exondys 51. Available from: https://www.drugs.com/
exondys-51.html
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the SMN1 gene, thereby increasing the level of SMN
protein in the central nervous system (CNS) [30].

Crisaborole (Eucrisa®) is a non-steroidal anti-
inflammatory drug for topical use in mild to moderate
atopic dermatitis (eczema) in adults and children, which
acts as an inhibitor of phosphodiesterase 4B (PDE-4B),
suppressing the release of tumor necrosis factor a
(TNFa), interleukin (IL) 12, IL-23 and other cytokines,
proteins that are believed to be involved in the immune
response and inflammation®. Interestingly, in 2014, a
drug containing tavaborole (Kerydin™) was approved,
which is structurally similar to crisaborole, but acts
as an inhibitor of fungal cell leucyl-tRNA synthetase,
blocking protein synthesis and, accordingly, slowing
growth; it is used to treat onychomycosis®.

Oxymetazoline hydrochloride (Kovanaze™) (an
imidazoline derivative, a mixed al / a2 adrenergic
receptor agonist) and tetracaine hydrochloride (a
local anesthetic, blocks Na* ion channels necessary
for the initiation and conduction of neural impulses)
are approved in spray form for local anesthesia during
dental treatment, which is an alternative to injections®.

Three drugs were approved for the treatment of
diabetes mellitus in 2016: a new form of lixisenatide
(Adlyxin™) (aGLP-1)*°, a combination of lixisenatide
with insulin glargine (a basal insulin analogue) (Soliqua
100/33)1°, and a combination of insulin degludec (an
ultra-long-acting basal insulin analogue) and liraglutide
(aGLP-1) (Xultophy®)01,

Three new combination drugs have been approved
for the treatment of chronic hepatitis: Zepatier®
(elbasvir [hepatitis C virus NS5A protein inhibitor] and
grazoprevir [NS3/4A inhibitor])?, Epclusa® (sofosbuvir
[NS5B polymerase inhibitor] and velpatasvir [NS5A
polymerase inhibitor])!®, Viekira® (dasabuvir [NS5B
polymerase inhibitor], ombitasvir [NS5A polymerase
inhibitor], [NS3-4A  serine

paritaprevir protease

% Drugs.com. Eucrisa. Available from: https://www.drugs.com/
eucrisa.html

7 Drugs.com. Kerydin. Available from: https://www.drugs.com/
kerydin.html

%8 Drugs.com. Kovanaze. Available from: https://www.drugs.com/pro/
kovanaze.html
% Drugs.com.
adlyxin.html
10 Drugs.com.
soliqua.html
01 Drugs.com.
xultophy.html
2 Drugs.com.
zepatier.html
103 Drugs.com.
epclusa.html

Adlyxin Available from: https://www.drugs.com/
Soliqua. Available from: https://www.drugs.com/
Xultophy. Available from: https://www.drugs.com/
Zepatier. Available from: https://www.drugs.com/

Epclusa. Available from: https://www.drugs.com/
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inhibitor] and ritonavir [originally developed as an HIV
protease inhibitor])!** and one new drug: tenofovir
(Vemlidy®) — a
transcriptase inhibitor and a prodrug of tenofovir

alafenamide nucleotide reverse
(previously approved for the treatment of HIV)%,
For the

containing dronabinol

treatment of drug
delta-9-

tetrahydrocannabinol, which, in addition to stimulating

anorexia, a
(Syndros™) is a

appetite, has an analgesic effect and is effective for
nocturnal apnea, has been approved?®.

In the field of treatment of cardiovascular
diseases, the following were approved: ephedrine
sulfate (Akovaz®) (treatment of hypotension; new

manufacturer)®’, Byvalson™ (a combination of
nebivolol [a cardioselective third-generation B-blocker]
and valsartan [an angiotensin Il receptor blocker]),
nitroglycerin in a new dosage form for the prevention
of angina pectoris (GoNitro™)%, lisinopril in a new
dosage form (Qbrelis®) approved for the treatment of
hypertension!'®, and aspirin with omeprazole in the
form of a new combination (Yosprala®) approved for

the prevention of ischemic stroke***.

2017

In 2017 were approved 103 drugs, including 42
original drugs (from them 27 biologicals), 12 new
combinations, 2 reproduced drugs, as well as 27 drugs
in a new dosage form or with new indications for use.
Examples of approved drugs in 2017 are Zolgensma®
(onasemnogene abeparvovec; gene therapy for
the treatment of spinal muscular atrophy [SMA]),
Kymriah® (tisagenlecleucel; the first CAR-T therapy for
the treatment of relapsed acute myeloid leukemia in
children and young people), Takhzyro® (lanadelumab;
for the prevention of angioedema attacks) (Fig. 4).

Plecanatide (Trulance®) is a 16-amino acid peptide

with an amino acid sequence similar to uroguanylin. It

% Drugs.com. Viekira. Available from: https://www.drugs.com/
viekira.html

5 Drugs.com. Vemlidy. Available from: https://www.drugs.com/
vemlidy.html

% Drugs.com. Syndros Available from: https://www.drugs.com/mtm/
syndros.html

97 Drugs.com. Ephedrine (Monograph). Available from: https://www.
drugs.com/monograph/ephedrine.html

18 Drugs.com. Byvalson. Available from: https://www.drugs.com/
byvalson.html

99 Drugs.com. Nitroglycerin (oral/sublingual). Available from: https://
www.drugs.com/mtm/ nitroglycerin-oral-sublingual.html

10 Drugs.com. Qbrelis. Available from: https://www.drugs.com/mtm/
gbrelis.html

11 Drugs.com. Yosprala. Available from: https://www.drugs.com/
yosprala.html
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activates guanylate cyclase-C on endothelial cells of the
gastrointestinal tract, which leads to phosphorylation
mediated by protein kinase A and protein kinase G
Il of the cystic fibrosis transmembrane conductance
regulator protein, upon activation of which negatively
charged ions (CI~ and HCO,") are released into the
lumen of the gastrointestinal tract. This ensures the
entry of Na* and water ions, providing a laxative effect.
It is indicated for the treatment of chronic idiopathic
constipation and irritable bowel syndrome with
constipation®??,

Etelcalcetide (Parsabiv®) is a new drug for the
treatment of secondary hyperparathyroidism in people
undergoing hemodialysis, acts through activation
of the calcium-sensing receptor in the parathyroid
gland, which leads to a decrease and suppression
of parathyroid hormone secretion. Interestingly, by
nature it is a peptide consisting mainly of D-amino acids
instead of the usual L-amino acids.

Abaloparatide (Tymlos®) is a synthetic analogue
of parathyroid hormone, consisting of 34 amino acids,
acts as an anabolic agent on bone tissue through
selective activation of parathyroid hormone receptor 1,
expressed in osteoblasts and osteocytes. Approved for
the treatment of postmenopausal osteoporosis!“.

The first tryptophan hydroxylase inhibitor (involved
in serotonin biosynthesis) is a telotristat (Xermelo®)
approved for the treatment of adults with diarrhea
associated with carcinoid syndrome®®.

Safinamide (Xadago®) (synthesized in 1993) is
approved for the treatment of Parkinson’s disease!'.
Like selegiline and rasagiline, it is a selective inhibitor of
monoamine oxidase B, but unlike them, it is reversible.
Safinamide also affects the metabolism of glutamate,
dopamine and serotonin, interacts with sigma
receptors, blocks Ca?*- and Na*-channels.

Valbenazine (Ingrezza®) is a prodrug, an ester
of [+]-a-dihydrotetrabenazine with the amino acid
L-valine, the first drug approved for the treatment of

drug-induced dyskinesia. It acts as an inhibitor of the

12 Drugs.com. Trulance. Available from:
trulance.html

13 Drugs.com. Parsabiv. Available from:
mtm/parsabiv.html

14 Drugs.com. Tymlos. Available from:
tymlos.html

15 Drugs.com. Xermelo. Available from:
xermelo.html

16 Drugs.com. Xadago. Available from:
xadago.html

https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/

https://www.drugs.com/
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presynaptic vesicular monoamine transporter type 2 in
humans, reducing dopamine secretion'?’,

Cerliponase a (Brineura®) is the first drug for the
treatment of Batten disease (juvenile form of a group
of diseases called neuronal ceroid lipofuscinoses),
which occurs as a result of a genetic mutation in
battenin — a protein encoded by the CLN3 gene and
causing a deficiency of tripeptidylpeptidase-1. The drug
is an enzyme replacement agent (functions as a serine
protease, a recombinant form of TPP1)8,

Another anticoagulant drug has been approved —
inhibitor of
activated coagulation factor X, for the prevention of

betrixaban (Bevyxxa®) — a direct
venous thrombosis, is practically not metabolized by
cytochrome CYP3A4 and does not have significant renal
excretion, which distinguishes it from drugs with a
similar mechanism of action*®.

For the treatment of precocious puberty, triptorelin
(Triptodur®) has been approved (patented in 1975 and
approved for medical use in 1986) — a decapeptide
and agonist of gonadotropin-releasing hormone,
suppresses the expression of luteinizing hormone (LH)
and follicle-stimulating hormone, reduces the secretion
of androgens and estrogens??.

Secnidazole  (Solosec®) (a  5-nitroimidazole
derivative, structurally similar to metronidazole) is
approved as an antimicrobial and antiprotozoal agent.
It has a bactericidal effect against most anaerobic
bacteria and many protozoa, including trichomonads.
The mechanism of action is based on the ability to
disrupt the coiling of DNA of microbial cells, cause a
break in its strands; suppress the synthesis of nucleic
acids; inhibit reduction processes characteristic of
anaerobes®.

Exenatide (Bydureon BCise) is approved as a new
antidiabetic drug (GLP-1 receptor agonist), which,
unlike its predecessor, is administered once a week
instead of 2 injections per day!?2. A drug containing
another synthetic GLP-1

analogue, semaglutide

17 Drugs.com. Ingrezza. Available from: https://www.drugs.com/
ingrezza.html

18 Drugs.com. Brineura. Available from:
brineura.html

19 Drugs.com. Bevyxxa. Available from:
bevyxxa.html

120 Drugs.com. Triptodur. Available from:
mtm/triptodur.html

21 Drugs.com. Solosec. Available from:
solosec.html

22 Drugs.com. Bydureon. Available from:
bydureon.html

https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/

https://www.drugs.com/
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(Ozempic®), has also been approved for the treatment
of T2DM and to reduce the risk of its cardiovascular
(Steglatro®), a

inhibitor,
metformin

complications', Ertugliflozin
sodium / glucose

its  combinations

cotransporter 2 and
with

(Segluromet®)* or sitagliptin (DPP-4i; Steglujan®)'®

(biguanide)

have also been approved as antihyperglycemic agents.

Voretigene neparvovec (Luxturna®) — AAV2 vector
containing human cDNA RPE65 with a modified Kozak
sequence, is indicated for the treatment of people
with vision loss due to inherited retinal dystrophy with
confirmed biallelic RPE65 mutations, and who have a
sufficient number of viable retinal cells (the first gene
therapy drug for the treatment of congenital Leber’s
amaurosis, the first approved gene therapy)*?.

For the diagnosis of growth hormone deficiency,
macimorelin (Macrilen®) (D-tryptophanamide,
2-methylalanyl-N-[(1R)-1-(formylamino)-2-(1H-indol-
3-yl) ethyl] acetate; ghrelin receptor agonist, causing
the release of growth hormone from the pituitary
gland) has been approved. Traditionally, growth
hormone deficiency was diagnosed using an insulin
tolerance test or a glucagon stimulation test [31]. These
two agents are administered parenterally, whereas the
approved macimorelin is administered orally'?.
first
used in 1961 to treat peptic ulcer disease. Since
1975,
before surgery to reduce salivary, tracheobronchial,

Glycopyrrolate (Lonhala Magnair®) was

intravenous glycopyrronium has been used

and pharyngeal secretions — a muscarinic receptor
antagonist, inhibits cholinergic transmission and is
approved for the treatment of COPD [32]. In 2021, it
was approved for therapy in peptic ulcer due to its
ability to reduce hydrochloric acid secretion??,

The first-in-class drug letermovir (Prevymis®) is
approved for the prevention of cytomegalovirus (CMV)
infection and other diseases in allogeneic stem cell
transplant recipients. It acts as a specific inhibitor of the
CMV-terminase complex, which is encoded by the CMV

123 Drugs.com. Ozempic. Available from: https://www.drugs.com/
ozempic.html

24 Drugs.com. Segluromet. Available from: https://www.drugs.com/
segluromet.html

125 Drugs.com. Steglujan. Available from: https://www.drugs.com/
steglujan.html

126 Drugs.com. FDA Approves Luxturna. Available from: https://www.
drugs.com/newdrugs/fda-approves-luxturna-voretigene-neparvovec-
rzyl-gene-therapy-patients-rare-inherited-vision-loss-4662.htmil

27 Drugs.com. Macrilen. Available from: https://www.drugs.com/
mtm/macrilen.html

128 Drugs.com. Lonhala Magnair Starter Kit (inhalation). Available
from: https://www.drugs.com/ mtm/lonhala-magnair-starter-kit-
inhalation.html
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genes UL56, UL51, and UL89. This inhibition prevents
the cleavage of CMV DNA concatamers, resulting
in long, unprocessed DNA and non-infectious viral
particles. Letermovir is active only against CMV and
does not affect other herpes viruses*®.

Vestronidase a (Mepsevii®) deserves attention
as the only drug for the treatment of Sly syndrome
(mucopolysaccharidosis type VII) and is a recombinant
form of the human enzyme B-glucuronidase®®°.
Macimorelin (Macrilen®) is an agonist of receptors that
enhance the secretion of growth hormone (ghrelin
receptors) from the pituitary gland and is used for
diagnostic purposes in adults®3.,

2018

In 2018, the FDA approved 110 drugs, 57 of which
were new molecular entities (including 37 biologicals),
13 were new drug combinations, 2 were reproduced
drugs; 28 drugs had a new dosage form or a new
indication for use. It should also be noted that 19
drugs were first-in-class, 34 drugs were intended for
the treatment of rare diseases, and seven biosimilars
were approved. Examples of registered drugs were
cannabidiol**?

(Epidiolex®; the first drug derived

from marijuana approved for the treatment of
epilepsy associated with Lennox-Gastaut and Dravet
(Diacomit®; the

drug approved for the treatment of Dravet syndrome

syndromes)®®3, stiripentol second
[severe myoclonic epilepsy of infancy])***, migalastat
(Galafold®; the first oral drug for the treatment of
Fabry disease [an extremely rare lysosomal storage
the first drug

for the treatment of X-linked hypophosphatemic

disease])®®>, burosumab (Crysvita®;
rickets)'*®, pegvaliaza (Palynziq®; the first approved
drug for the treatment of phenylketonuria)'’, as well

as three new drugs for the prevention of migraine —

129 Drugs.com. Prevymis. Available from: https://www.drugs.com/
prevymis.html

130 Drugs.com. Mepsevii.
mtm/mepsevii.html

31 Drugs.com. Macrilen.
mtm/macrilen.html

32 Starting in 2018, cannabidiol (i.e. CBD oil) is no longer prohibited
under the S8 Cannabinoids category.

133 Drugs.com. Epidiolex Available from: https://www.drugs.com/
epidiolex.html
3% Drugs.com.
diacomit.html
135 Drugs.com.
galafold.html

36 Drugs.com. Crysvita. Available from: https://www.drugs.com/mtm/
crysvita.html

137 Drugs.com. Palynzig. Available from: https://www.drugs.com/
palynzig.html

Available from: https://www.drugs.com/

Available from: https://www.drugs.com/

Diacomit. Available from: https://www.drugs.com/

Galafold. Available from: https://www.drugs.com/
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erenumab (Aimovig®)*38, fremanezumab (Ajovy®)*° and
galcanezumab (Emgality®)*° (Fig. 7).

In 2018, tolvaptan (Jynarque®) was approved for
the treatment of adults at risk of rapidly progressing
autosomal dominant polycystic kidney disease,
which was previously used to treat hypervolemic and
euvolemic hyponatremia, and which acts as a selective
competitive vasopressin receptor 2 antagonists.
Lofexidine hydrochloride (Lucemyra®) is the first non-
opioid drug for the treatment of opioid withdrawal
syndrome, acting as an a2-adrenergic receptor agonist
and is structurally similar to clonidine, but unlike the
latter, it reduces blood pressure to a lesser extent2.
Widely known in veterinary practice moxidectin, a
macrocyclic lactone of the milbemycin class, widely
known in veterinary practice (macrolides, first isolated
in 1972 from Streptomyces hygroscopicus), the
mechanism of action associated with the opening
of glutamate-sensitive chlorine channels in neurons
which

hyperpolarization and blocking of signal transmission

and myocytes of invertebrates, leads to
[33], is approved for use in onchocerciasis'*.
The antibiotic (Zemdri®)  (first

submitted for review in 2012, derived from sisomicin,

plazomicin

which is structurally closest to gentamicin) acts as
an aminoglycoside antibiotic and is approved for the
treatment of complicated urinary tract infections'*.

(Qbrexza®) (blocks
receptors and suppresses cholinergic transmission;

Glycopyrronium muscarinic
does not penetrate the blood-brain barrier) was first
used in 1961 to treat peptic ulcer disease, and since
1975
before surgery to reduce salivary, tracheobronchial, and

its intravenous administration has been used

pharyngeal secretions [32], and in 2018 it was approved
for the treatment of hyperhidrosis®.
Tecovirimat (TPOXX®) is an antiviral drug active

138 Drugs.com. Aimovig. Available from: https://www.drugs.com/
aimovig.html

139 Drugs.com. Ajovy. Available from: https://www.drugs.com/ajovy.
html

10 Drugs.com. Emgality. Available from: https://www.drugs.com/
emgality.html

1 Drugs.com. Jynarque. Available from: https://www.drugs.com/
mtm/jynarque.html

12 Drugs.com. Lucemyra. Available from: https://www.drugs.com/
lucemyra.html

143 Drugs.com. FDA Approves Moxidectin. Available from: https://
www.drugs.com/newdrugs/fda-approves-moxidectin-river-
blindness-4766.html

144 Drugs.com. FDA Approves Zemdri. Available from: https://www.
drugs.com/newdrugs/zemdri-plazomicin-approved-fda-adults-
complicated-urinary-tract-infections-cuti-4770.html

145 Drugs.com. Qbrexza (glycopyrronium cloth). Available from:
https://www.drugs.com/mtm/qgbrexza-glycopyrronium-cloth.html
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against orthopoxviruses, such as smallpox and
monkeypox (mpox), the first in its class (synthesis
published in 2004), suppresses the function of the
the main

orthopoxvirus envelope protein VP37,

envelope protein required for the production of
extracellular virus, prevents the virus from leaving the
infected cell, preventing the spread of the virus in the
body*.

For the prevention and treatment of malaria,
tafenoquine (Krintafel® and Arakoda®)#”:248 (structurally
1946],

chloroquine [was discovered in 1934] and mefloquine

similar to primaquine [first produced in
[developed in the 1970s]) has been approved, which
belongs to the family of 8-aminoquinoline drugs, the
mechanism of antimalarial action is poorly understood.

Elagolix (Orilissa®) was first described in 2008 [34],
but was approved for medical use only in July 2018, as
a potent and selective competitive antagonist of the
gonadotropin-releasing hormone (GnRH) receptor of
the “second generation” due to its non-peptide, low
molecular weight nature, which allows it to be used
orally. The drug is used to treat moderate to severe
pain caused by endometriosis'®. The drug is the first
in its class, after it relugolix was created (approved in
2022 for the treatment of prostate cancer).

Eravacycline (Xerava®) is a new synthetic
halogenated antibiotic of the tetracycline class'*, also
from this group (tetracyclines) sarecycline (Seysara®)
(a narrow-spectrum antibiotic) was approved for the
treatment of acne®’. Unlike other antibiotics in this
group, the drug has a long C7 fragment, thanks to
which it directly interacts with bacterial mRNA. This
compound was obtained during chemical experiments
with tetracycline cascades, which also resulted in the
development of another third-generation tetracycline
antibiotic — omadacycline (Nuzyra®) for the treatment
of community-acquired bacterial pneumonia and acute

skin infections®*2.

16 Drugs.com. TPOXX. Available from: https://www.drugs.com/tpoxx.
html

147 Drugs.com. Krintafel. Available from: https://www.drugs.com/
mtm/krintafel.html

148 Drugs.com. Arakoda. Available from: https://www.drugs.com/
arakoda.html

149 Drugs.com. Orilissa Play pronunciation. Available from: https://
www.drugs.com/orilissa.html

10 Drugs.com. Xerava. Available from: https://www.drugs.com/mtm/
xerava.html

1 Drugs.com. Seysara. Available from: https://www.drugs.com/
seysara.html

2 Drugs.com. Nuzyra (oral/injection). Available from: https://www.
drugs.com/mtm/nuzyra-oral-injection.htmi
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Baloxavir marboxil (Xofluza®) is a prodrug, an
inhibitor of the enzyme that synthesizes viral mRNA. It
is used as an antiviral agent, including for the treatment
of acute uncomplicated influenza in people aged
twelve years and older who are at risk of influenza
complications (since 2019)3,

Latanoprost (Xelpros®) is a prostaglandin analogue
(prostaglandin F2a) in the form of eye drops for the
treatment of glaucoma and high intraocular pressure,
by stimulating the outflow of aqueous humor through
the uveoscleral pathway; prodrug — inactive until
hydrolyzed in the cornea from ether to biologically
active acids®*.

For the treatment of COPD, an inhalation solution
containing revefenacin (Yupelri®) has been approved —
a bronchodilator, a long-acting muscarinic receptor
antagonist®®.

Prucalopride (Motegrity®) acts as a selective, high-
affinity 5-HT4 receptor agonist for the treatment of
chronic intestinal pseudo-obstruction®s®.

2019

In 2019, the FDA approved 100 drugs, and 57
drugs registration was made for original molecules
(including 31 of biologicals), in 14 — for
combinations, in 2 — for reproduced drugs; 16 drugs

new

had a new dosage form or a new indication for use.
Notable examples of approved drugs are tafamidis
(Vyndagel®; for the treatment of transthyretin familial
fedratinib
for the treatment of myelofibrosis)®®, luspatercept

amyloid  polyneuropathy)*?, (Inrebic®;
(Reblozyl®; for the treatment of anemia associated
with B-thalassemia)®®, romosozumab (Evenity®; for
the treatment of osteoporosis in postmenopausal
women)®, upadacitinib (Rinvog®; for the treatment of

rheumatoid arthritis)*® (Fig. 8).

13 Drugs.com. Xofluza. Available from: https://www.drugs.com/
xofluza.html

5 Drugs.com. Xelpros. Available from: https://www.drugs.com/mtm/
xelpros.html

155 Drugs.com. Yupelri Inhalation. Available from: https://www.drugs.
com/yupelri.html

16 Drugs.com. Motegrity. Available from: https://www.drugs.com/
motegrity.html
57 Drugs.com.
vyndagel.html

Vyndagel. Available from: https://www.drugs.com/

18 Drugs.com. Inrebic. Available from: https://www.drugs.com/
inrebic.html
159 Drugs.com. Reblozyl. Available from: https://www.drugs.com/
reblozyl.html
%0 Drugs.com. Evenity. Available from: https://www.drugs.com/
evenity.html
1 Drugs.com. Rinvoq. Available from: https://www.drugs.com/
rinvog.html
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Triclabendazole (Egaten®) is approved for the
treatment of fascioliasis'®? (previously used to combat
paragonimiasis), unlike classic benzimidazoles, does
not have a carbamate group, but the structure contains
a chlorinated benzene ring; all drugs in this class
bind to PB-tubulin, thereby preventing microtubule
polymerization [35]. It has had non-proprietary drug
status since 1990.
Allopregnanolone
3a,5a-THP;
allopregnanedione (synthesized from progesterone;

(3-a,5-a-tetrahydroprogesterone,
Zulresso®) is a  metabolite  of
a progesterone receptor agonist, a positive allosteric
modulator of the GABAA receptor, and a negative
allosteric modulator of the GABAA-rho receptor),
synthesized both by the adrenal cortex and directly
in the brain with the participation of 5-a-reductase
and 3-a-hydroxysteroid oxidoreductase. It plays a
multifaceted role in the development of the central
nervous system, binding to a special structural site on
its surface and modulating the activity of the GABA-A
receptor [36]. Zulresso® is approved for the treatment
of postpartum depression*®,

which has a

Esketamine high

antagonism to NMDA receptors, deserves attention.

(Spravato®),

Approved as a nasal spray for the treatment of resistant

depression and major depressive disorder with
concomitant suicidal thoughts or behavior®.
the treatment of

Duobrii® is approved for

psoriasis — the first combination of halobetasol
immunosuppressive,
effects)
(third-generation retinoid, agonist
receptors (RAP-a, RAP-B, RAP-y;

normalizes the differentiation of keranocytes, inhibits

(topical  corticosteroid;  has

anti-inflammatory, and antiproliferative
and tazarotene

of retinoic acid

their proliferation, and reduces the expression of
inflammatory markers; approved in the same year as
a single drug for the treatment of acne). The effects
of these substances organically complement each
other, reducing the irritating effect (of tazarotene) or
prolonging the action (of halobetasol)*®.

Qternmet XR® is approved for the treatment

%2 Drugs.com. Triclabendazole (Monograph). Available from: https://
www.drugs.com/monograph/ triclabendazole.html

63 Drugs.com. Zulresso. Available from: https://www.drugs.com/
zulresso.html

%4 Drugs.com. Spravato. Available from: https://www.drugs.com/
spravato.html

%5 Drugs.com. Duobrii. Available from: https://www.drugs.com/
duobrii.html
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of T2DM — the first combination of dapagliflozin,
metformin hydrochloride, and saxagliptinte®.

Tafamidis meglumine  (Vyndagel®; selective
transthyretin stabilizer; binds to two thyroxine-binding
sites of transthyretin in its native [tetrameric] form,
which prevents dissociation of the complex into
monomers and slows amyloidogenesis) is approved for
the treatment of cardiomyopathy and amyloidosis*®.

Onasemnogene abeparvovec (Zolgensma®) s
approved — the first drug for gene therapy for spinal
muscular atrophy, for use in children under 2 years
old?®8,

Budesonide (Ortikos®) is

treatment of Crohn’s disease®®.

approved for the

Bremelanotide (Vyleesi®)*is used for low sexual
desire that occurs before menopause. Bremelanotide
is a non-selective agonist of melanocortin receptors
MC1-MC5 (except MC2 — the ACTH
but acts primarily as an agonist of MC3 and MC4

receptor),

receptors. It is a cyclic heptapeptide lactam analog of
amelanocyte-stimulating hormone (a-MSH), an active
metabolite of melanotan I, which lacks the Cterminal
amide group [37]. In addition to melanotan Il and
endogenous melanocyte-stimulating hormones, such
as a-MSH, other peptide analogs of the same family as
bremelanotide include afamelanotide (NDP-a-MSH),
modimelanotide, and setmelanotide [38].

Amlodipine besylate (Katerzia™) in a new dosage
form is approved for the treatment of hypertension and
coronary artery disease'’’.

Recarbrio™ is

approved for the treatment

of genitourinary infections — a combination of
imipenem (synthetic B-lactam antibiotic), cilastatin
(human dehydropeptidase inhibitor

the degradation of imipenem),

that prevents
and relabactam
(B-lactamase inhibitor).

A new anti-tuberculosis drug has been approved.

Pretomanid (Dovprela®)”? is activated in mycobacteria

%6 Drugs.com. Qternmet XR. Available from: https://www.drugs.com/
gternmet-xr.html

67 Drugs.com. Vyndagel Play pronunciation. Available from: https://
www.drugs.com/vyndagel.html

%8 Drugs.com. Zolgensma. Available from: https://www.drugs.com/
zolgensma.html

%9 Drugs.com. Ortikos. Available from: https://www.drugs.com/mtm/
ortikos.html

170 Drugs.com. Vyleesi. Available from: https://www.drugs.com/
vyleesi.html

71 Drugs.com. Katerzia. Available from: https://www.drugs.com/
mtm/katerzia.html

72 Drugs.com. FDA Approves Pretomanid. Available from: https://
www.drugs.com/newdrugs/fda-approves-pretomanid-highly-
resistant-forms-tuberculosis-5029.html
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by deazaflavin-dependent nitroreductase (Ddn)
and converted into a highly active metabolite. This
metabolite attacks the DprE2

which is necessary for the synthesis of the cell wall

synthesis enzyme,
arabinogalactan, to which mycolic acid will be attached;
this mechanism is common with delamanid [39].

Tenapanor (lbsrela®) is an inhibitor of the Na*/H*
exchanger (NHE3), the antiport protein is located in the
kidneys and intestines, regulating the levels of sodium
absorbed and excreted by the body), selectively inhibits
sodium absorption in the intestine, limiting the amount
absorbed from food, and thereby reduces the level of
sodium in the body, which may be potentially useful
in kidney disease and/or hypertension [40]. In October
2023, tenapanor was approved by the FDA for the
treatment of hyperphosphatemia’’.

Semaglutide (Rybelsus®) (aGLP-1) is approved in
tablet form for oral administration®’*,

Trifarotene (Aklief®) is approved as a drug for the
topical treatment of acne. It is a retinoid — a selective
agonist of the fourth-generation retinoic acid receptor
RAR-y'7s.

Lasmiditan (Reyvow®) — a selective agonist of
5-HT1F serotonin receptors selectively binds to this
subtype of receptors, and the lack of affinity for 5-HT1B
and 5-HT1D increases its safety'’®.

Minocycline (Amzeeq®) (binds to the 30S ribosomal
subunit of bacteria and thereby inhibits protein
synthesis), which was patented in 1961, has been
approved as a drug for the topical treatment of acne
(foam)”,

For the first time, a triple combination for the
treatment of cystic fibrosis has been approved —
(Trikafta®).
cystic

elexacaftor, tezacaftor, and ivacaftor

All  substances are classified as fibrosis
transmembrane regulators (CFTR) in cystic fibrosis'’.
(antibioftic,

aminopenicillins of the penicillin family; inhibits cross-

A new combination of amoxicillin

links between linear polymer chains of peptidoglycan,
which is the main component of the bacterial cell

73 Drugs.com.
ibsrela.html
74 Drugs.com. Rybelsus. Available from: https://www.drugs.com/
rybelsus.html

75 Drugs.com. Aklief. Available from: https://www.drugs.com/aklief.
html

76 Drugs.com. Reyvow. Available from: https://www.drugs.com/
reyvow.htmil

7 Drugs.com. Amzeeq. Available from: https://www.drugs.com/
mtm/amzeeq.html

78 Drugs.com. Trikafta. Available from: https://www.drugs.com/
trikafta.html

Ibsrela. Available from: https://www.drugs.com/
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wall; developed in the 1960s), omeprazole (proton
pump inhibitor, in 1978), and rifabutin
(antibiotic, blocks DNA-dependent RNA polymerase,

patented

discovered in 1975) — the drug Talicia® has been
approved for the treatment of Helicobacter pylori
infection”.

A new antibiotic, cefiderocol (Fetroja®), has been
approved, which is structurally similar to cefepime and
ceftazidime, but the chlorocatechol group at the end
of the C-3 side chain further increases its stability to
B-lactamase and makes it a siderophore (small, high-
affinity iron-chelating compounds, one of the strongest
known Fe* chelators)®,

Cenobamate (Xcopri®) is a blocker of potential-
dependent Na* channels, predominantly inhibiting the
constant sodium current, additionally enhances the
presynaptic release of y-aminobutyric acid, increasing
inhibitory GABAergic
approved for use in epilepsy®..

neurotransmission, and is

Golodirsen (Vyondys 53®) is approved for the
treatment of Duchenne muscular dystrophy, causing
exon skipping in the dystrophin gene and thereby
increasing the amount of dystrophin protein available
to muscle fibers*®,

Levamlodipine (Conjupri®) — the
pharmacologically active enantiomer of amlodipine
— a dihydropyridine calcium channel blocker used as
an antihypertensive and antianginal agent, the key
advantage of which (like all enantiomers) is a 2-fold
reduction in the effective dose compared to traditional
amlodipine drugs (patented in 1982)#3,

Lumateperone (Caplyta®) is approved for the
treatment of Schizophrenia and the depressive phase
of bipolar disorder, both as monotherapy and as
adjunctive therapy (with lithium or valproate), acts
as a 5-HT2A receptor antagonist and an antagonist of
several dopamine receptor subtypes (D1R, D2R, and
D4R), but with lower affinity. It moderately inhibits
serotonin transporter reuptake and has additional
off-target antagonism against a-1 receptors, without
antimuscarinic  or

noticeable antihistaminergic

79 Drugs.com. Talicia. Available from: https://www.drugs.com/mtm/
talicia.html

8 Drugs.com. Fetroja. Available from: https://www.drugs.com/mtm/
fetroja.html

81 Drugs.com. Xcopri. Available from: https://www.drugs.com/xcopri.
html

82 Drugs.com. Vyondys 53. Available from: https://www.drugs.com/
vyondys-53.html

8 Drugs.com. Conjupri. Available from: https://www.drugs.com/
mtm/conjupri.html
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properties, limiting the side effects associated with
other atypical antipsychotics®.

Lemborexant (Dayvigo®) is a dual orexin antagonist
(orexin receptor antagonist OX1 and OX2) that is
used to treat insomnia and, unlike suvorexant, has a
short duration of action®>. Ubrogepant (Ubrelvy®) is
approved for the treatment of migraine and acts as
an antagonist of the calcitonin gene-related peptide

receptor'e®,

2020

In 2020, against the backdrop of the COVID-19
pandemic, 104 drugs were registered, including

50 original ones (including 30 biologicals), 14 new
combinations, 3 reproduced drugs, and 21 drugs in a
new dosage form or with a new indication for use. A
high proportion of biologicals, including antibodies and
therapeutic vaccines, as well as drugs intended for the
treatment of orphan diseases, also persisted, which
underscores the importance of developing therapies
for small groups of patients. Among the approved
drugs, remdesivir (Veklury®; antiviral agent for the
treatment of COVID-19)*®’, formoterol bromide and
glycopyrronium bromide (Breztri Aerosphere®; for the
treatment of chronic obstructive pulmonary disease
[COPD])*8, carfilzomib (Kyprolis®; for the treatment
of relapsed or refractory multiple myeloma),

loncastuzumab (Zynlonta®; for the treatment of
relapsed or refractory non-Hodgkin’s lymphoma)**°, and
teplizumab (Tzield®; to slow the progression of type 1
diabetes)® can be distinguished (Fig. 9).

A new dosage form (nasal spray) for diazepam?®?
(Valtoco®) (a benzodiazepine, a positive allosteric

modulator of GABA type A receptors, a derivative of

8 Drugs.com.
caplyta.html
8 Drugs.com.
dayvigo.html
8 Drugs.com.
ubrelvy.html
87 Drugs.com.
veklury.html
8 Drugs.com. Breztri. Available from:
breztri-aerosphere.html

8 Drugs.com. Kyprolis. Available from:
kyprolis.html

1 Drugs.com. Zynlonta. Available from:
zynlonta.html

1 Drugs.com. Tzield. Available from: https://www.drugs.com/tzield.
html

192 Decree of the Government of the Russian Federation of June 30,
1998 No. 681 “On Approval of the List of Narcotic Drugs, Psychotropic
Substances and their Precursors Subject to Control in the Russian
Federation” (with Amendments and additions). Available from:
https://base.garant.ru/12112176/. Russian

Caplyta. Available from: https://www.drugs.com/
Dayvigo. Available from: https://www.drugs.com/
Ubrelvy. Available from: https://www.drugs.com/
Veklury. Available from: https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/
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chlordiazepoxide [approved in 1960] has been available
for clinical use since 1963) [41] has been approved for
the relief of epileptic seizures, including in children®®.

A triple combination of hypoglycemic drugs —
Trijardy XR® (empagliflozin [SGLT2i], linagliptin [DPP-4i],
and metformin hydrochloride [biguanide]) has been
approved for the treatment of T2DM*4,

Pizensy®, a drug containing lactitol (a disaccharide
sugar alcohol, a derivative of lactose), which was
previously widely used as an excipient, has been
approved for the treatment of chronic idiopathic
constipation®®,

Bempedoic acid (Nexletol®) has been app
roved as the first in-class drug for the treatment
of hypercholesterolemia®®. It is a prodrug that is
transformed into a thioether with the participation
of coenzyme A and the enzyme acyl-CoA synthetase
with a very long chain SLC27A2 in the liver, after
which it inhibits ATP-citrate lyase, which is involved
in cholesterol biosynthesis in the liver above
HMG-CoA reductase, an enzyme that is blocked by
statins. Almost immediately after this registration,
a drug containing bempedoic acid and ezetimibe
(Nexlizet®), which inhibits the absorption of cholesterol
from the small intestine and reduces the bioavailability
of cholesterol, was approved. Ezetimibe blocks a critical
mediator of cholesterol absorption, Niemann-Pick
C1-Like 1 protein (NPC1L1) on gastrointestinal epithelial
cells, and in hepatocytes it blocks aminopeptidase
N and disrupts the caveolin 1 — annexin A2 complex
involved in cholesterol transport [42] The drug is also
approved for the treatment of heterozygous familial
hypercholesterolemia’®’.

Rimegepant (Nurtec® ODT) is a small molecule
antagonist of the calcitonin gene-related peptide
receptor (for oral administration) approved for the
treatment and prevention (in 2021) of migraine®®®,
Eptinezumab (Vyepti®; intravenous injections), a fully

human monoclonal antibody that blocks the binding of

93 prugs.com. Valtoco. Available from: https://www.drugs.com/
valtoco.html

9% Drugs.com. Trijardy XR. Available from: https://www.drugs.com/
trijardy-xr.html

95 Drugs.com. Pizensy. Available from: https://www.drugs.com/pro/
pizensy.html

1% Drugs.com. Nexletol. Available from: https://www.drugs.com/
nexletol.html

7 Drugs.com. Nexlizet. Available from: https://www.drugs.com/
nexlizet.html

198 Drugs.com. Nurtec ODT. Available from: https://www.drugs.com/
nurtec-odt.html
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calcitonin gene-related peptide to its receptor, has been
approved for the same indication®®.

Osilodrostat inhibitor  of
steroidogenesis enzymes) — steroid 11B-hydroxylase
and aldosterone synthase for the treatment of adults
with Cushing’s disease?®.

(Isturisa®)  (an

Ozanimod (Zeposia®) is approved for the treatment
of relapsing multiple sclerosis and ulcerative colitis,
acting as an agonist of the sphingosine-1-phosphate
receptor (S1PR), which causes its internalization and
degradation via the ubiquitin-proteasome pathway,
leading to the isolation of lymphocytes in peripheral
lymphoid organs and away from sites of chronic
inflammation?®’. This compound is more selective than
siponimod, fingolimod, and mocravimod.

Selumetinib (Koselugo®) is approved as a drug for
the treatment of children aged two years and older
with neurofibromatosis type | (NF-1), a genetic disorder
of the nervous system that causes tumors to grow on
nerve tissue; it is a kinase inhibitor (selective inhibitor
of the enzyme mitogen-activated protein kinase kinase
[MAPK kinase] subtypes 1 and 2), which is part of the
MAPK/ERK pathway that regulates cell proliferation and
is overactive in many types of cancer®.

Mitomycin (Jelmyto®) (discovered in 1955 by
Japanese scientists in cultures of the microorganism
Streptomyces caespitosus; structurally similar to
rifamycin and ansamycin), is a potent DNA crosslinker,
which is effective for killing bacteria. As an alkylating
agent, it inhibits the transcription of DNA into RNA,
stopping protein synthesis and depriving cancer cells of
the ability to multiply?®.

Opicapone (Ongentys®) is approved for the
treatment of Parkinson’s disease, effectively blocking
the enzyme catechol-O-methyltransferase (>90% at
therapeutic doses), which breaks down levodopa, sele
ctively and reversibly, and only outside the central
nervous system, which ensures greater penetration into
the CNS and increased efficacy?®.

Monomethyl fumarate (Bafiertam®) is approved

99 Drugs.com. Vyepti. Available from: https://www.drugs.com/vyepti.
html

200 Drugs.com. Isturisa. Available from: https://www.drugs.com/
isturisa.html

201 Drugs.com. Zeposia. Available from: https://www.drugs.com/
zeposia.html

202 Drugs.com. Koselugo. Available from: https://www.drugs.com/
koselugo.html

203 Drugs.com. Jelmyto (gel). Available from: https://www.drugs.com/
mtm/jelmyto-gel.html

204 Drugs.com. Ongentys. Available from: https://www.drugs.com/
ongentys.html
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for the treatment of multiple sclerosis®®, acting by
altering the nuclear transcription factor associated with
erythroid factor 2 (nuclear factor erythroid 2-related
factor 2, NFE2L2) — a basic leucine zipper protein —
which regulates the expression of antioxidant proteins
that protect against oxidative damage caused by
trauma and inflammation [43]. Several drugs that
stimulate the NFE2L2 pathway are being studied for the
treatment of diseases caused by oxidative stress.

fumarate (in 2013)
and diroximel fumarate (in 2019), were previously

Two precursors, dimethyl
approved. The first medical use of fumaric acid for the
treatment of psoriasis was described in 1959 (local
form), and the oral form appeared in 1994 [44].
Leuprorelin (Camcevi®) (was patented in 1973
and approved for medical use in 1985) is an analogue
of GnRH, acting as an agonist of pituitary GnRH
receptors, increases the secretion of LH and FSH

by the anterior pituitary gland, increases serum
estradiol and testosterone levels via the hypothalamic-
pituitary-gonadal axis (HPG axis) [45]. Approved for
the treatment of precocious puberty*®®. A combination
containing leuprorelin / norethisterone acetate was
previously approved (2012) for the treatment of
endometriosis.

hemisuccinate  of

Artesunate  (water-soluble

dihydroartemisinin, a derivative of artemisinin;

developed, like lumefantrine, piperaquine, and

pyronaridine) is approved for the treatment
of malaria. The first
1979. It is used both

combinations (artesunate / pyronaridine, arterolan/

publications appeared in

in  monotherapy and in
piperaquine, artemisinin base / piperaquine, and
artemisinin / naphthoquine)?”’.

Trigheptanoin (Dojolvi®) is approved as a drug for
the treatment of children and adults with molecularly
confirmed long-chain fatty acid oxidation disorders?®,

Remimazolam (Byfavo®)?® — a benzodiazepine,

205 Drugs.com. Bafiertam. Available from: https://www.drugs.com/
mtm/bafiertam.html

206 Drugs.com. Camcevi. Available from: https://www.drugs.com/pro/
camcevi.html

207 Drugs.com. FDA Approves Artesunate. Available from: https://
www.drugs.com/newdrugs/fda-approves-artesunate-severe-
malaria-5244.html

208 Drugs.com. Dojolvi. Available from: https://www.drugs.com/
dojolvi.html

209 ConsultantPlus. List of psychotropic substances whose turnover
in the Russian Federation is limited and for which certain control
measures may be excluded in accordance with the legislation of the
Russian Federation and international treaties of the Russian Federation
(List 11). Available from: https://www.consultant.ru/document/cons_
doc_LAW_136206/99b9c00551ec8df9db44dea714007a 82d2595d3d/.
Russia
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enhances the action of the endogenous
neurotransmitter GABA on GABAA receptors (increasing
the frequency of ClI~ channel opening) — a drug that
was synthesized in the late 1990s [46], approved as an
alternative to midazolam (patented in 1974) for the
induction and maintenance of procedural sedation in
adults during invasive diagnostic or surgical procedures
lasting 30 minutes or less?%°,

Nifurtimox (Lampit®) began to be used in medicine
in 1965, and received FDA approval for the treatment
of Chagas disease only in 2020. Its mechanism of action
is similar to metronidazole (1950s, nitroimidazole)
(forms a nitro-anion-radical metabolite that reacts with
the nucleic acids of the parasite, causing significant
DNA breakage)®*.

The first oral drug for the treatment of spinal
muscular atrophy, risdiplam (Evrysdi®)*'? (a pyridazine
derivative), has been approved — an RNA splicing
modifier aimed at the survival of motor neuron 2
(reduces the decrease in survival motor neuron
protein; the first drug with a similar mechanism of
action was nusinersen [approved in 2016; see above]).
Viltolarsen (Viltepso®)?** has been approved for the
treatment of Duchenne muscular dystrophy, which,
like eteplirsen (approved in 2016) and golodirsen
(approved in 2019), is a phosphorodiamidate antisense
morpholino oligonucleotide, a structural analogue of
DNA that binds to exon 53 of dystrophin pre-mRNA,
implementing its alternative splicing by skipping during
mMRNA processing and thereby (by restoring the reading
frame) ensuring the synthesis of an internally truncated
but functional dystrophin. The production of the latter
compensates for the critical deficiency of this protein in
Duchenne muscular dystrophy [47].

(Winlevi®)
is approved as the first

Clascoterone (cortexolone

17a-propionate) in-class
drug for the treatment of hidradenitis suppurativa
(inverse acne — an androgen-dependent skin disease),
which acts as an antiandrogen or androgen receptor
antagonist, the biological target of androgens such as

testosterone and dihydrotestosterone?!*.

210 Drugs.com. Byfavo. Available from: https://www.drugs.com/mtm/
byfavo.html

21 Drugs.com.
lampit.html

22 Drugs.com.
evrysdi.html
23 Drugs.com.
viltepso.html
214 Drugs.com.
winlevi.html

Lampit. Available from: https://www.drugs.com/

Evrysdi. Available from: https://www.drugs.com/
Viltepso. Available from: https://www.drugs.com/

Winlevi. Available from: https://www.drugs.com/
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Somapacitan (Sogroya®) is approved as the first
human growth hormone therapy for adults with its
deficiency, binding to serum albumin, which slows its
elimination?.

Atoltivimab / maftivimab / odesivimab (Inmazeb®)
is the first drug containing a fixed combination of
three monoclonal antibodies directed against the
glycoprotein of the Ebola virus?'®. Remdesivir (Veklury®)
is approved for the treatment of COVID-19, which acts
as an inhibitor of RNA-dependent RNA polymerase
(a direct-acting antiviral agent), an enzyme necessary
for the replication of a number of RNA viruses
(ebolaviruses and coronaviruses)?’’. For the treatment
of infection caused by the Ebola virus, a drug containing
ansuvimab (Ebanga®) (a neutralizing antibody, was
isolated from the blood of a person who survived an
outbreak of the disease caused by the Ebola virus in
1995)%'8 has also been approved.
(Zokinvy®) (a
halogenated carboxamide with potential antineoplastic

Lonafarnib synthetic  tricyclic
properties), a farnesyltransferase inhibitor, is approved
as an oral medication to help prevent the accumulation
of defective progerin or progerin-like protein in
Hutchinson-Gilford progeria syndrome?*°,

Lumasiran (Oxlumo®) (a double-stranded small
interfering ribonucleic acid [siRNA]), is approved to
reduce the level of the enzyme glycolate oxidase by
targeting the messenger mRNA HAO1 in hepatocytes
via RNA interference, resulting in a reduction in the
amount of glyoxylate available, a substrate for oxalate
formation?®,

Setmelanotide (Imcivree®) is approved for the
treatment of a rare form of obesity. The compound
binds to and activates MC 4 receptors

paraventricular nucleus of the hypothalamus and

in the

in the lateral hypothalamic area—areas involved in
appetite regulation. This action is believed to underlie
its appetite-suppressing effects. In addition to reducing
setmelanotide increases

appetite, resting energy

expenditure in both obese animals and humans [48-

215 Drugs.com. Sogroya. Available from: https://www.drugs.com/
sogroya.html
216 Drugs.com. Inmazeb. Available from: https://www.drugs.com/pro/
inmazeb.html
27 Drugs.com. Veklury. Available from: https://www.drugs.com/

veklury.html
218 Drugs.com. Ebanga. Available from: https://www.drugs.com/pro/
ebanga.html
219 Drugs.com. Zokinvy. Available from: https://www.drugs.com/
zokinvy.html

220 Drugs.com. Oxlumo. Available from: https://www.drugs.com/mtm/
oxlumo.html
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50]. Importantly, unlike some other MC 4 receptor
agonists, setmelanotide does not cause an increase in
heart rate or blood pressure??..
(Orladeyo®)
prevention of hereditary angioedema, acts as an

Berotralstat is approved for the
inhibitor of plasma kallikrein, which leads to the
blockade of bradykinin release — a key biological
peptide that contributes to swelling and pain?.

Vibegron (Gemtesa®) is approved as a drug for
the treatment of overactive bladder, acts as a selective
B3-adrenergic receptor agonist (discovered in 1980;
initially considered as a potential target for the
treatment of obesity and diabetes [51]) located in the
kidneys, urinary tract, and bladder??,

2021

In 2021, a total of 94 drugs were approved, of
which 65 were original (including 44 biologicals), 10
were new combinations, 1 was a generic drug, and
11 had a new dosage form or a new indication for
use. The main categories of approved drugs were for
the treatment of oncological and orphan diseases
(26 drugs). In particular, ribociclib (Kisqali®; for the
treatment of breast cancer)??, tirzepatide (Mounjaro®;
for the treatment of type 2 diabetes)?, tebentafusp
(Kimmtrak®; for the
or metastatic
(Rezlidhia®;
myeloid leukemia with IDH1 mutation)?”, anifrolumab

treatment of unresectable

uveal melanoma)®®, olutasidenib

for the treatment of relapsed acute

(Saphnelo®; for the treatment of systemic lupus
erythematosus)??®, aducanumab (Aduhelm®; the first
anti-amyloid antibody for the treatment of Alzheimer’s
disease)?® were approved (Fig. 10).

Vericiguat (Verquvo®) is approved as the first-in-
class drug to reduce cardiovascular risks in patients

with heart failure, acting as a direct stimulator

221 Drugs.com. Imcivree. Available from: https://www.drugs.com/
imcivree.html

222 Drugs.com. Orladeyo. Available from: https://www.drugs.com/
orladeyo.html

223 Drugs.com. Gemtesa. Available from: https://www.drugs.com/
gemtesa.html

224 Drugs.com. Kisgali. Available from: https://www.drugs.com/kisqali.
html

225 Drugs.com. Mounjaro. Available from: https://www.drugs.com/
mounjaro.html

226 Drugs.com. Kimmtrak. Available from:
kimmtrak.html

227 Drugs.com. Rezlidhia. Available from:
rezlidhia.html

228 Drugs.com. Saphnelo. Available from:
saphnelo.html

229 Drugs.com. Aduhelm. Available from:
aduhelm.html
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of soluble guanylate cyclase, interacting with the
B-subunit of its regulatory site?°.

Paliperidone palmitate (Invega Hafyera®) is
approved for the treatment of Schizophrenia under
a new brand name. This drug was originally approved
in 2006 under the brand name Invega, in 2009 the
indications were expanded (schizoaffective disorder)
and an injectable form was approved, and in 2014 it
became available for use by adolescents; in 2021, this
drug was approved under a new formulation (Invega
Hafyera®, extended-release suspension)?.,

Voclosporin (Lupkynis®) is approved as the first-in-
class calcineurin inhibitor for the treatment of lupus
nephritis, acting as an immunosuppressant and exerting

an immunomodulatory effect on T-cells, stabilizing

podocytes??.
Evinacumab (Evkeeza®) is approved
for the treatment of homozygous familial

hypercholesterolemia?®. This is the first-in-class drug,
the mechanism of action of which is associated with
the effect on angiopoietin-like protein 3, which slows
down the work of enzymes involved in the breakdown
of fats in the body [52].

(Amondys 45™) is
the treatment of Duchenne muscular dystrophy?*,

Casimersen approved for

is an antisense phosphorodiamidate morpholino
oligonucleotide for binding to exon 45 of the pre-
MRNA of the Duchenne muscular dystrophy (DMD)
gene, which prevents its exclusion into mature RNA
before translation, which causes the production of an
internally shortened dystrophin protein [53].

Fosdenopterin (Nulibry®) is approved to reduce
the risk of death due to a rare genetic disorder known
as molybdenum cofactor deficiency type A. It is a
replacement drug for intravenous administration, a
metabolic precursor of molybdopterin necessary for
the enzymatic activity of sulfite oxidase, xanthine
dehydrogenase/oxidase, and aldehyde oxidase?**.

The

(a prodrug of

combination  of
dexmethylphenidate)

serdexmethylphenidate
and

20 Drugs.com. Verquvo. Available from: https://www.drugs.com/
verquvo.html

21 Drugs.com. Invega Hafyera. Available from: https://www.drugs.
com/invega-hafyera.html

232 Drugs.com. Lupkynis. Available from: https://www.drugs.com/
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dexmethylphenidate (Azstarys®) is approved for the
treatment of attention deficit hyperactivity disorder
in patients over 6 years of age?**. Another drug for
the treatment of this mental disorder is viloxazine
(Qelbree®; extended-release form)?’, which also acts
as a selective norepinephrine reuptake inhibitor and
has been used as an antidepressant for more than 30
years (in immediate-release form). This is a racemic
compound with two stereoisomers — the (S)-(=)-isomer
is five times more pharmacologically active than the
(R)-(+)-isomer — first used in 1974 [54].

Dasiglucagon (Zegalogue®) is the first glucagon
product (approved for medical use in 1960) that
Like
endogenous glucagon, dasiglucagon consists of 29

comes in a ready-to-use aqueous formula.
amino acids, but with 7 amino acid substitutions,
which ensures its physical and chemical stability in an
aqueous environment. It is intended for the relief of
hypoglycemia; previously, drugs containing glucagon
in the form for subcutaneous injections (in dimethyl
sulfoxide) or powder for intranasal administration
(approved in 2019) were approved for use for this
indication?3,

The first-in-class antifungal drug — ibrexafungerp
(triterpenoid) (Brexafemme®) —an inhibitor of glucan
synthase and a blocker of the synthesis of 1,3-B-D-
glucan of Candida fungi that cause vaginal candidiasis
(potentially active against many pathogens of life-
threatening fungal lesions) has been approved?®*.

A new antiviral drug for the treatment of smallpox
is brincidofovir (Tembexa®)*°, which is a prodrug
of cidofovir (conjugated to a lipid molecule that
facilitates penetration into the cell, in which cidofovir
is phosphorylated, turning into an active diphosphate,
acting as an acyclic nucleotide [incorporated into the
viral DNA chain and stops the synthesis of viral DNA]).
Currently, the drug is being investigated for activity
against other dangerous viruses [55].

Semaglutide (Wegovy®) — a GLP-1RA in the form of
injections is approved for weight loss?*.
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Finerenone (Kerendia®) is approved as the first- a (Nexviazyme®)*¢ has been approved — consists

in-class drug for the treatment of kidney diseases
associated with T2DM, which is
steroidal

an oral non-

antagonist of mineralocorticoid receptors
containing the S810L mutation. Unlike eplerenone and
spironolactone, it has less affinity for other steroid
hormone receptors®.

Another representative of the “first-in-class” drugs
is approved for the treatment of chronic graft-versus-
host disease — belumosudil (Rezurock®) — an inhibitor
of serine / threonine kinase (Rho-associated coiled-
coil containing protein kinase 2, ROCK2), also affects
oxidative phosphorylation and angiogenesis®*3.

Fexinidazole is a drug that continues the trend of
forming new indications for known drugs (fexinidazole
was first described in 1978). The drug has been
approved for the treatment of African trypanosomiasis
(sleeping sickness; the active metabolites in vivo
are sulfoxide and sulfone) caused by Trypanosoma
brucei gambiense®*. Fexinidazole is less effective than
nifurtimox in combination with eflornithine in severe
cases of the disease, but it has the advantage that it can
be taken orally (acoziborole is in clinical trials). This is
the first drug in 30 years intended for the treatment of
late-stage sleeping sickness.

Odevixibat (Bylvay®) is the first-in-class drug — a
reversible,
of the
responsible for the reabsorption of most bile acids

selective, low-molecular-weight inhibitor

ileal sodium/bile cotransporter, which is
in the distal ileum, which leads to a decrease in
FXR receptor)

the inhibition of bile acid synthesis [56]. Bylvay® is

(farnesoid X stimulation, reducing
indicated for the treatment of pruritus in people aged 3
months and older with progressive familial intrahepatic
cholestasis?*®.

A new combination (Twyneo®) containing a fixed
dose of tretinoin (vitamin A derivative) / benzoyl
peroxide (oxidizing agent) for the treatment of acne has
been approved.

In the continuation of new drugs developed
for enzyme

replacement therapy, avalglucosidase

242 Drugs.com.
kerendia.html
243 Drugs.com.
rezurock.html
24 Drugs.com. Fexinidazole. Available from: https://www.drugs.com/
pro/fexinidazole.html
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of the human enzyme a-acid glucosidase, which is
conjugated with a pair of tetramannose glycans bis-
mannose-6-phosphate. The substance binds to the
cation-independent mannose-6-phosphate receptor
located on skeletal muscles and enters the cell, where,
penetrating into lysosomes, it undergoes proteolytic
cleavage, subsequently acting as an enzyme for the
treatment of glycogen storage disease type Il (Pompe
disease) [57].

The first-in-class inhibitor of hypoxia-inducible
factor-2a (HIF2; binds to HIF-2a and, under hypoxia or
impaired VHL protein function, blocks the formation
of the HIF-2a-HIF-1B transcription complex, reduces
transcription and expression of HIF-2a target genes)
belzutifan (Welireg®) is approved for the treatment
of renal cell carcinoma associated with von Hippel-
Lindau disease?” (extensive studies have indicated its
effectiveness against Pachak-Zhuang syndrome with
polycythemia and paragangliomas in adolescents [58]).

Also approved was the first-in-class selective
k-opioid receptor agonist difelikefalin (Korsuva®)#,
which acts as an analgesic (unlike pentazocine and
phenazocine, it has no side effects associated with CNS
effects [59]), activating these receptors on peripheral
nerve endings (reduces the intensity of pain signal
transmission) and immune system cells (reduces
the release of pro-inflammatory nerve-sensitizing
mediators, such as prostaglandins) [60, 61]. Indicated
for the treatment of pruritus associated with chronic
kidney disease.

Lonapegsomatropin  (Skytrofa®), which is a
somatotropin prodrug, has been approved for hormone
replacement therapy in growth hormone deficiency?®.

Atogepant (Qulipta®) is approved for migraine
prevention. It is a low molecular weight oral antagonist
of the calcitonin gene-related peptide receptor (CGRP;
blocks the binding of CGRP to the receptor, preventing
its activation). Unlike 5-HT1 receptor agonists (triptans),
its use does not cause vasoconstrictor effects?°.

Maralixibat chloride (Livmarli®) for the treatment

246 Drugs.com. Nexviazyme. Available from: https://www.drugs.com/
mtm/nexviazyme.html

247 Drugs.com. Welireg. Available from:
welireg.html
248 Drugs.com.
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249 Drugs.com.
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of cholestatic pruritus in people with Alagille syndrome,
acts as a reversible inhibitor of the apical sodium-
dependent bile acid transporter (ASBT),
the reabsorption of bile acids (mainly salts) from the

reducing

terminal ileum, which is accompanied by a decrease in
itching?.

Another “first-in-class” drug, avacopan (Tavneos®),
is approved for the treatment of vasculitis associated
with
including  granulomatosis

cytoplasmic autoantibodies,
with

microscopic polyangiitis®2. It acts as a C5a complement

anti-neutrophil
polyangiitis  and
receptor blocker for oral administration, and also
suppresses neutrophil migration and activation [62].
The allogeneic processed thymus tissue product
(Rethymic®)*3 has
immunity in patients with athymia (an extremely rare

been approved for restoring
disease in which children are born without a thymus,

leading to profound immunodeficiency). Recipient
T-cell precursors from the bone marrow migrate to the
implanted allogeneic thymus tissue sites, where they
develop into native immunocompetent T-cells [63].

Varenicline (Tyrvaya®) was originally developed
as a cytisine analogue and used to facilitate smoking
cessation, as both compounds are full or partial
agonists of various subtypes of nicotinic acetylcholine
receptors (varenicline exhibits full agonism at a7
nicotinic acetylcholine receptors and is a partial agonist
of a4B2, a3p4 and a6B2 subtypes)®*. Their use, unlike
nicotine, causes a smaller dopamine release effect
and at the same time prevents the effects of nicotine
on these receptors, provoking and stimulating the
mesolimbic dopamine system [64]. This is similar to
the action of buprenorphine in the treatment of opioid
addiction. The implementation of varenicline as a drug
for the treatment of nicotine addiction ceased in 2006,
and in 2021 it was approved in the form of a nasal spray
for the treatment of dry eye syndrome, the mechanism
of action is associated with a specific irritating effect
of the compound on the endings of the vagus nerve
on the mucous membrane of the nasal sinuses, which
causes intense lacrimation.

Ropeginterferon a-2b (Besremi®) is approved as a

251 Drugs.com. Livmarli. Available from: https://www.drugs.com/
livmarli.html

252 Drugs.com. Tavneos. Available from: https://www.drugs.com/
tavneos.html

253 Drugs.com. Rethymic. Available from: https://www.drugs.com/
pro/rethymic.html

254 Drugs.com. Tyrvaya. Available from: https://www.drugs.com/
tyrvaya.html
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“first-in-class” drug for the treatment of polycythemia
vera?®®, It is an interferon (IFN) a-2b (recombinant)
covalently linked to monomethoxypolyethylene glycol
(mPEG), and exerts cellular effects in the bone marrow
as a result of binding to the transmembrane IFNa
receptor, triggering a cascade of downstream signals
through kinase activation, affecting the expression of
individual genes [65].

Another first-in-class drug of 2021 was vosoritide
(Voxzogo®) for the treatment of achondroplasia (a
congenital disease resulting from a missense mutation
in the fibroblast growth factor receptor 3 gene
[FGFR3], leading to increased function that negatively
regulates endochondral bone growth)®®. Under normal
conditions, FGFR3 is expressed both during embryonic
(promotes proliferation) and postnatal (suppresses
growth during puberty) development. Vosoritide is an
analogue (with a longer duration of action) of C-type
natriuretic peptide (CNP) — a signaling molecule that
is primarily responsible for stimulating chondrocytes
and long bone growth. Binding of CNP (or vosoritide)
to its corresponding natriuretic peptide B receptor
(NPR-B) leads to inhibition of the MAPK / ERK pathway
by blocking RAF-1, which promotes chondrocyte
proliferation and differentiation. This activity serves to
counteract the downstream signal resulting from FGFR3
and its resulting effect on bone growth [66].

Initially, rapamycin was developed as an antifungal
agent, but after the discovery of its immunosuppressive
and antiproliferative effects (1994), its use was directed
towards

influencing immunity (immunosuppression

in transplantation) and cancer (suppression of
proliferation) [67]. In 2021, sirolimus (Fyarro®) was
approved for the treatment of malignant perivascular
epithelioid cell tumor (in 2022 it was approved for the
treatment of angiofibromas)®’.

(antibody fragment)

Efgartigimod-a  (Vyvgart®)

is the first-in-class neonatal Fc receptor blocker,
preventing the recirculation of immunoglobulin G
back into the blood, reducing its total amount and
preventing the degradation of acetylcholine receptors

by autoantibodies that cause myasthenia gravis®*®.

255 Drugs.com. Besremi. Available from: https://www.drugs.com/
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Cabotegravir (Apretude®) is approved for the
treatment of HIV / AIDS as a drug with antiretroviral
activity?®, is an integrase strand transfer inhibitor, i.e.
blocks the HIV integrase enzyme, thereby preventing
the integration of its genome into human cell DNA;
structurally similar to dolutegravir, which was approved
in 2013.

Inclisiran (Leqvio®)*° is an siRNA that acts as a
proprotein convertase inhibitor, specifically inhibiting
the translation of the PCSK9 protein (a serine protease
produced and secreted by the liver, the binding and
action of which on low-density lipoprotein receptors
[LDL] leads to their increased lysosomal degradation in
hepatocytes, resulting in an increase in circulating LDL
cholesterol levels, and inhibition of this process leads
to a decrease in LDL) [68] — the first-in-class drug for
the treatment of high LDL cholesterol in people with
atherosclerotic cardiovascular disease, as well as with
heterozygous familial hypercholesterolemia.

Levoketoconazole (Recorlev®)?! is the levorotatory
enantiomer of ketoconazole (an antifungal agent, an
imidazole derivative, first synthesized in 1977), an
inhibitor of the enzymes CYP11B1 (11B-hydroxylase),
CYP17A1 (17a-hydroxylase/17,20-lyase) and
CYP21A2 (21-hydroxylase), CYP11Al1l (cholesterol
side-chain cleavage enzyme), CYP51A1 (lanosterol-
l4a-demethylase); inhibits the biosynthesis of
glucocorticoids, reducing their level, which determines
its use in Cushing’s syndrome [69].

2022

In 2022, approval was received for 80 drugs,
including 37 original drugs (27 of them is biologicals),
4 new combinations, 4 reproduced drugs, as well as
20 drugs in a new dosage form or with new indications
for use. These drugs cover a wide range of medical
conditions, including cancer, dermatological diseases,
rare diseases, and autoimmune disorders. Notably,
31% of the drugs approved in 2022 are intended for
the treatment of various types of cancer, including non-
Hodgkin’s lymphoma, NSCLC, and relapsed myeloid
leukemia. 14% of approved drugs were intended for
the treatment of neurological diseases (including

amyotrophic lateral sclerosis and transthyretin

amyloid polyneuropathy). In particular, tebentafusp

259 Drugs.com. Apretude. Available from: https://www.drugs.com/
apretude.html

260 Drugs.com. Leqvio. Available from: https://www.drugs.com/leqvio.
html

21 Drugs.com. Recorlev. Available from: https://www.drugs.com/
recorlev.html
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(Kimmtrak®; for the of unresectable

or metastatic uveal

treatment
melanoma)®*?, mosunetumab
(Lunsumio®; for the treatment of relapsed or refractory
follicular lymphoma)?®3, olutasidenib (Rezlidhia®; for
the treatment of relapsed acute myeloid leukemia
with IDH1 mutation)4,
injectable drug for the treatment of type 2 diabetes)®,
(Sotyktu®; for the

psoriasis)?**® were approved (Fig. 11).

tirzepatide (Mounjaro®;

deucravacitinib treatment of
Tebentafusp (Kimmtrak®) is an anticancer drug
(therapy for inoperable or metastatic uveal melanoma),
the first-in-class bispecific gp100-peptide-HLA-directed
activator of cluster of differentiation (CD) 3+ T-cells for
intravenous infusions?®’.
Faricimab

(Vabysmo®) is approved for the

treatment of neovascular age-related macular
degeneration and diabetic macular edema®®, and is
the first bispecific monoclonal antibody to vascular
endothelial growth factor and angiopoietin 2. By
blocking the action of these two growth factors,
faricimab reduces the migration and replication of
endothelial cells, inhibiting angiogenesis [70].
Sutimlimab  (Enjaymo®) is the first-in-class
monoclonal antibody for the treatment of adults with
cold agglutinin disease, which, by acting on the Cls
enzyme and inhibiting its enzymatic spread along the
classical complement pathway, prevents the formation
of the C3-convertase enzyme and complement-
enhanced activation of autoimmune B cells?®,
Mitapivat (Pyrukynd®) is approved as the first-in-
class drug for the treatment of hemolytic anemia?”,
acting as a pyruvate kinase activator, binding to it and,
by activating it, enhances the activity of the glycolytic
pathway, increasing the level of adenosine triphosphate
(ATP) and reducing the level of 2,3-diphosphoglycerate

(2,3-DPG). Mutations in pyruvate kinase cause pyruvate

262 Drugs.com. Kimmtrak. Available from: https://www.drugs.com/
kimmtrak.html

263 Drugs.com. Lunsumio. Available from:
lunsumio.html

264 Drugs.com. Rezlidhia. Available from:
rezlidhia.html

265 Drugs.com. Mounjaro. Available from:
mounjaro.html
266 Drugs.com.
sotyktu.html
27 Drugs.com. Kimmtrak. Available from:
kimmtrak.html

28 Drugs.com. Vabysmo. Available from:
vabysmo.html

29 Drugs.com. Enjaymo. Available from:
enjaymo.html

270 Drugs.com. Pyrukynd. Available from:
pyrukynd.html

https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/
Sotyktu. Available from: https://www.drugs.com/
https://www.drugs.com/
https://www.drugs.com/

https://www.drugs.com/

https://www.drugs.com/

Volume XIlII, Issue 6, 2025



Hay4Ho-npakTunyeckuin XxypHan

OAPMALIA N
OAPMAKONIOTUA

(PHARMACY & PHARMACOLOGY)

Ob30P
DOI: 10.19163/2307-9266-2025-13-6-432-486

kinase deficiency, which prevents adequate glycolysis of
red blood cells (RBCs), leading to the accumulation of
the glycolysis intermediate 2,3-DPG and a deficiency of
the pyruvate kinase product ATP [71].

Dexmedetomidine (lgalmi®) is approved for
sedation (approved in veterinary practice since 2006)
in acute agitation associated with schizophrenia or
bipolar disorder, available as a solution for injection or
intravenous administration, as well as in the form of a
buccal or sublingual film?’%, It acts similarly to clonidine
(8 times more selective), as an a2-adrenergic receptor
agonist in certain parts of the brain, without having
a depressant effect on respiration and more closely
mimicking natural sleep, and to a lesser extent causing
amnesia [72].

Mavacamten (Camzyos®) is approved as the first-in-
class drug for the treatment of obstructive hypertrophic
cardiomyopathy, affecting sarcomere hypercontractility,
which is one of the characteristics of hypertrophic
cardiomyopathy, and also inhibits excessive formation
shifting the
overall myosin population towards an energy-saving,

of myosin and actin cross-bridges,

recruitable, super-relaxed state?’2.

Tirzepatide (Mounjaro®) is the first-in-class
dual agonist of incretin system receptors (glucose-
dependent insulinotropic polypeptide and glucagon-like
peptide-1) — a drug used to treat T2DM and for weight
loss (since 2023) and moderate to severe obstructive
sleep apnea (since 2024)”.

A new triple combination (Voquezna Triple Pak®)
has been approved for the treatment of Helicobacter
pylori infection, consisting of a potassium-competitive
acid transporter blocker vonoprazan, amoxicillin
(B-lactam antibiotic) and clarithromycin (macrolide
antibiotic)?4.

Vutrisiran (Amvuttra®) is approved as an orphan
drug for the treatment of polyneuropathy of hereditary
transthyretin-mediated amyloidosis (hATTR) in adults.
It is a double-stranded small interfering RNA that
prevents the expression of the transthyretin gene
(TTR; a serum protein produced in the liver, the
main function of which is to transport vitamin A and

thyroxine). Rare mutations in the transthyretin gene
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lead to the accumulation of large amyloid deposits of
misfolded transthyretin molecules, most noticeably
in the peripheral nerves and heart, which provokes
the development of polyneuropathy, progressing to
cardiomyopathy?”>.

Betibeglogene autotemcel (Zynteglo®) is approved
for gene therapy for B-thalassemia in people who
do not have the BO/BO genotype and who are
suitable for hematopoietic stem cell transplantation
(HSCT) but lack a related HLA-matched HSCT donor.
Betibeglogene autotemcel is produced individually
for each recipient from stem cells collected from their
blood, administered as an autologous intravenous
infusion, the dose depends on the recipient’s body
weight; before administration, the recipient undergoes
preliminary chemotherapy to cleanse the bone marrow
of cells?’®,

Olipudase-a (Xenpozyme®) is approved as the first-
in-class enzyme replacement therapy for the treatment
of acid sphingomyelinase deficiency type A/B or type B
(Niemann-Pick disease) not associated with the CNS?”.

Spesolimab (Spevigo®) is approved as the first-in-
class drug for the treatment of generalized pustular
psoriasis, is a monoclonal antibody that acts as an IL-36
receptor antagonist?’2,

Daxxibotulinumtoxin A (Daxxify®) is approved for
the temporary improvement in the appearance of
moderate to severe glabellar lines (wrinkles between
the eyebrows)?®, later (in 2024) letibotulinumtoxin
A was approved for use for the same purpose, and
earlier (in 2010) botulinum toxin was approved for
the prevention of chronic migraine (intramuscular
injections) and, in 2016 (abobotulinumtoxin A), for
the treatment of spasticity of the lower extremities
in children aged two years and older. Botulinum toxin
exerts its effect by cleaving key proteins required for
nerve activation. After binding to the nerve ending,
the toxin enters the vesicle via receptor-mediated
endocytosis, from which it is released into the
cytoplasm, where the toxin cleaves SNARE proteins
(proteins that mediate the fusion of vesicles with

their target membrane-bound compartments) and
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acetylcholine vesicles cannot bind to the intracellular
cell membrane, preventing the cell from releasing
neurotransmitter vesicles. This stops nerve signaling,
resulting in flaccid paralysis. This blockade is slowly
removed as the toxin loses activity and SNARE proteins
are slowly regenerated by the affected cell. The first
use of botulinum toxin A dates back to 1977, it was
administered to patients with strabismus, and the first
FDA approval was obtained in 1989 for the treatment of
strabismus and blepharospasm in adults.

Deucravacitinib (Sotyktu®), a first-in-class drug,
a highly selective allosteric inhibitor of non-receptor
tyrosine-protein kinase 2 (TYK2) approved for the
treatment of moderate to severe plaque psoriasis?®°, It
is noteworthy that the molecule of the active substance
contains methylamide, in which all three hydrogen
atoms are replaced by deuterium, which is a promising
trend in modern medicinal chemistry [73].

Elivaldogene autotemcel

(Skysona®) is a gene

therapy (single; autologous hematopoietic stem
cell therapy in which stem cells are mobilized and
collected from the patient and genetically modified
to transfer a functional copy of the ABCDI1 gene
using a lentiviral vector) for the treatment of cerebral
adrenoleukodystrophy (cerebral adrenoleukodystrophy
is caused by a mutation in the ABCD1 gene on the X
chromosome, which encodes the ALD protein, which
helps transport very long chain fatty acids (VLCFA) into
peroxisomes for degradation, when the ABCD1 gene is
dysfunctional, they degrade incorrectly and accumulate
abnormally in the blood and CNS, penetrate the BBB
and are incorporated into white matter, damaging
myelin)?,

isopropyl

Omidenepag (Omlonti®)

for the treatment of glaucoma and high intraocular

is approved

pressure, is a prodrug that, upon hydrolysis, is
converted to the active metabolite omidenepag, a
selective prostaglandin E2 receptor agonist?2,
Teplizumab (Tzield®) is a first-in-class drug that is a
humanized monoclonal antibody (mAb) targeting the
CD3+ antigen co-expressed with the T-cell receptor
on the surface of T lymphocytes, which is the first
approved treatment shown to delay the onset of

stage 3 type 1 diabetes in people with stage 2 type 1
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diabetes?®®. The Fc region of the mAb was designed not
to interact with the Fc receptor to avoid side effects
(e.g., cytokine release) associated with an intact Fc.
The mechanisms of action of teplizumab appear to
include weak agonistic activity in signaling through
the CD3+ T-cell receptor complex associated with the
development of anergy, unresponsiveness, and/or
apoptosis, especially of unwanted activated effector
T lymphocytes. The mechanism may involve partial
agonistic signaling and deactivation of autoreactive
T lymphocytes of pancreatic B-cells, leading to an
increase in the proportion of regulatory T-cells and
exhausted CD8+ T-cells in the peripheral blood [74]. It
is important to note that this is the only drug for use as
a prophylactic rather than a therapeutic agent in people
at high risk of diabetic ketoacidosis.

Etranacogene dezaparvovec (Hemgenix®) is
another gene therapy (also has breakthrough status)
for the treatment of hemophilia B (absence or
insufficient levels of blood clotting factor IX). It is a
vector gene therapy based on an adeno-associated
virus carrying the blood clotting factor IX gene. In 2022,
this therapy was the most expensive in the world?,

Another gene therapy based on an adenovirus
vector is approved for the treatment of non-muscle-
invasive bladder

cancer unresponsive to Bacillus

Calmette-Guerin with carcinoma in situ with or
without papillary tumors — nadofaragene firadenovec
(Adstiladrin®); created using an excipient (Syn-3) that
facilitates gene transfer through the urothelium and
promotes transduction of the human IFNa2b gene
(induces apoptosis in human bladder cancer cells
unresponsive to BCG by inducing the production of
autocrine TNFa associated with apoptosis-inducing
ligand). Localized expression of this gene causes
antitumor effects?®.

The herbal

(NexoBrid®) has been approved for the

preparation anacaulase-bcdb
removal
of eschar in adults with deep partial and/or full
thickness thermal burns®¢. The drug is a mixture of
proteolytic enzymes extracted from the stems of
pineapple plants (Ananas comosus [L.] Merr.). It mainly

consists (80-95% by weight) of proteins such as stem

283 Drugs.com. Tzield. Available from: https://www.drugs.com/tzield.
html

284 Drugs.com. Hemgenix. Available from: https://www.drugs.com/
hemgenix.html

285 Drugs.com. Adstiladrin. Available from: https://www.drugs.com/
adstiladrin.html

286 Drugs.com. Nexobrid. Available from: https://www.drugs.com/pro/
nexobrid.html
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bromelain, ananain, jacalin-like lectin, bromelain  be emphasized due to their impact on the creation and
inhibitors and phytocystatin inhibitor, as well as approval process.

saccharides, both free monosaccharides and N-linked
glycan of stem bromelain and low molecular weight
metabolites [75].

A new form of vigabatrin (Vigpoder®; developed in
the 1980s, first approved for medical use since 2009) —
a solution for oral administration?®” (in 2024, the ready-
made solution is approved for use in children from 1
month) is approved for the treatment of patients with
infantile spasms. Vigabatrin is an inhibitor of GABA-
AT aminotransferase: its administration leads to an
increase in GABA levels in the brain.

2023
In 2023, the FDA approved 111 drugs, 55 of which
were new, which corresponds to the average for the
last 5 years. The share of biologicals exceeded the 40%
threshold in 2023 — to date, this is a record value for
this group of drugs. The main categories of approved
drugs included the following:
e monoclonal antibodies: 12 approved drugs,
which is a record for this category;
e peptides and oligonucleotides: 9 approved drugs,
including 5 peptides and 4 oligonucleotides;
e biologicals: 17 which

new  biologicals,

corresponds to the average for recent
years.

The drugs registered in 2023 were intended for
the treatment of a wide range of diseases, including
orphan diseases, as well as neurological disorders and
oncological diseases. In the period under study, the
largest number of registrations for the treatment of
oncological diseases occurred in 2023 (Fig. 12).

In particular, the following drugs were approved:
lecanemab (Leqembi®; for the treatment of Alzheimer’s
disease)?®, pirtobrutinib (Jaypirca®; for the treatment
of relapsed or refractory mantle cell lymphoma)®s,
elacestrant (Orserdu®; for the treatment of estrogen
receptor-positive breast cancer)®®®, peguigalsidase
o (Elfabrio®; for the treatment of Fabry disease)®.

During 2023, several drugs were approved that should

27 Drugs.com.
vigpoder.html
28 Drugs.com.
legembi.html
29 Drugs.com.
jaypirca.html
290 Drugs.com.
orserdu.html
291 Drugs.com.
elfabrio.html

Vigpoder. Available from: https://www.drugs.com/
Legembi. Available from: https://www.drugs.com/
Jaypirca. Available from: https://www.drugs.com/
Orserdu. Available from: https://www.drugs.com/

Elfabrio. Available from: https://www.drugs.com/
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Lovotibeglogene autotemcel (Lyfgenia®), a gene
therapy drug for sickle cell anemia, is surprising not
only for its approach to gene modification of the
patient’s own cells with their subsequent return to the
body, but also for its agreed cost?*2.

The approval of tirzepatide (Mounjaro® in 2022
and Zepbound® in 2023)** 2°* caused excitement
throughout the GLP-1 market, while the first dual
agonist of key incretin receptors may significantly
affect the effectiveness of therapy for many patients.
Cantharidin, being a well-known chemical substance,
the use of which has historically been reckless (as an
aphrodisiac) due to its high toxicity, has been approved
as a remedy for molluscum contagiosum (Ycanth®)>s.
Lotilaner 0.25% ophthalmic solution (Xdemvy®) for the
treatment of demodecosis blepharitis is widespread in
veterinary medicine?®.

A drug containing sildenafil citrate (Ligrev®) is
registered as a drug for the treatment of pulmonary
hypertension, which is symbolic, given the history of its
creation and use?”.

The combination of hyaluronic acid and lidocaine
(Skinvive by Juvéderm®) is approved for reducing
the severity of wrinkles on the face?®, which
can be considered a step towards expanding the
pharmaceutical market or accelerating its expansion
into the field of aesthetic medicine.

New gliflozins have been approved for the
treatment of T2DM (bexagliflozin; Brenzavvy®)*° and
heart failure (sotagliflozin; Inpefa®)3®. The first drug
(donaisel; Lantidra®) for cell therapy of type 1 diabetes
has appeared on the pharmaceutical market3®, which
is an allogeneic (donor) cell therapy of pancreatic islets

292 Drugs.com. Lyfgenia. Available from: https://www.drugs.com/
lyfgenia.html

2% Drugs.com. Mounjaro. Available from: https://www.drugs.com/
mounjaro.html

2% Drugs.com. Zepbound. Available from: https://www.drugs.com/
zepbound.html

2% Drugs.com. Ycanth. Available from: https://www.drugs.com/
ycanth.html

2% Drugs.com. Xdemvy. Available from: https://www.drugs.com/
xdemvy.html

297 Drugs.com. Ligrev. Available from: https://www.drugs.com/ligrev.
html

2% Drugs.com. Skinvive. Available from: https://www.drugs.com/
skinvive.html

2% Drugs.com. Brenzavvy. Available from: https://www.drugs.com/
brenzavvy.html

300 Drugs.com. Inpefa. Available from: https://www.drugs.com/inpefa.
html

301 Drugs.com. Lantidra. Available from: https://www.drugs.com/
lantidra.html
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obtained from a donor, and which is administered once
into the portal vein of the liver against the background
of preliminary immunosuppression.

Nodosiran (Rivfloza®) is another product (patisiran,
govosiran, lumasiran, previously
approved) created on the basis of siRNA (selective
“silencing” of genes necessary for the synthesis of
unnecessary / defective proteins; for the description of
this mechanism, scientists Andrew Fire and Craig Mello
received the Nobel Prize in 2006) for the treatment of
primary hyperoxaluria type 13,

A drug containing eflornithine (Iwilfin®; ornithine
decarboxylase inhibitor) has been
the treatment of neuroblastoma®®.

inclisiran  were

approved for
It has been
developed as an antitumor agent since the 1970s,
but until 2023 it was used for hirsutism and African
trypanosomiasis [77].

Cyclosporine (Vevye®) has been approved for the
treatment of dry eye syndrome. This compound has
been used for medical purposes for more than 40 years
(since 1983), mainly for the treatment and prevention
of graft-versus-host disease, treatment of rheumatoid
arthritis, psoriasis, nummular keratitis after adenovirus
keratoconjunctivitis, acute severe ulcerative colitis®®.

Colchicine (Lodoco®) has been approved to reduce
cardiovascular risk in people with atherosclerosis or
recent myocardial infarction; previously (since 1961),
its medical use was limited to anti-gout properties.
Colchicine was most effective in combination therapy
with lipid-lowering and anti-inflammatory drugs®®. The
mechanism of this effect of colchicine is unknown.

Delandistrogene moxeparvovec (Elevidys®) is a
gene therapy for children with Duchenne muscular
dystrophy, which works by delivering a gene that is
necessary for the production of microdystrophin,
a shortened protein (138 kDa compared to the
dystrophin protein of normal muscle cells weighing
427 kDa), which contains selected domains of the
dystrophin protein present in normal muscle cells3°%.

Somatrogon (Ngenla®) is approved for the
treatment of children with growth retardation due
to endogenous growth hormone deficiency,
glycosylated protein created from human growth

is a

302 Drugs.com. Rivfloza. Available from: https://www.drugs.com/
rivfloza.html

303 Drugs.com. lwilfin. Available from: https://www.drugs.com/iwilfin.
html

304 Drugs.com. Vevye. Available from: https://www.drugs.com/vevye.
html

305 Drugs.com. Lodoco. Available from: https://www.drugs.com/
lodoco.html

306 Drugs.com. Eevidys. Available from: https://www.drugs.com/
elevidys.html
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hormone and a small part of human chorionic
gonadotropin®’,

Valoctocogene roxaparvovec (Roctavian®) s
approved as a gene therapy that uses adeno-associated
virus 5, which carries the human coagulation factor VIII
(antihemophilic globulin) gene, along with a human
liver-specific promoter that stimulates translation in
hepatocytes, rather than in endothelial and sinusoidal
liver cells, where coagulation factor VIII is normally
synthesized®®,

Lotilaner ectoparasiticidal  (Xdemvy®) is an
antiparasitic drug, the first in its class for the treatment
of blepharitis (inflammation of the eyelid) caused
by Demodex (Demodex mite) infection. It is used in
the form of eye drops, acts as an inhibitor of chloride
channels activated by GABA in ticks3®.

Zuranolone (Zurzuvae®) is approved for the
treatment of postpartum depression, inhibits a
pregnane neurosteroid, a positive allosteric modulator
of the GABAA receptor3®,

Avacincaptad pegol (Izervay®) is approved for the
treatment of age-related macular degeneration —
an RNA aptamer covalently linked to a branched
polyethylene glycol molecule, an inhibitor of
complement C5 (cleaved into C5a and C5b, and this
is the last stage of the complement cascade, where a
membrane-attacking complex (MAC) is formed, causing
cell death) based on oligonucleotides®!!. By inhibiting
the cleavage of complement C5, avacincaptad pegol can
weaken inflammatory processes, thereby slowing down
damage and degeneration of retinal cells [78].

(Veopoz®) (first in class) is a
human 1gG4 monoclonal antibody
(directed against the terminal complement protein
C5, inhibits terminal complement activation by
blocking the cleavage of C5 into C5a (anaphylatoxin)

and C5b, thereby suppressing the formation of the

Poselimab
recombinant

MAC C5b-C9, which mediates cell lysis.), approved for
the treatment of protein-losing enteropathy caused
by CD55 deficiency (CHAPLE disease; complement
hyperactivation), a complement inhibitor3?,

307 Drugs.com. Ngenla. Available from: https://www.drugs.com/
ngenla.html

308 Drugs.com. Roctavian. Available from:
roctavian.html
309 Drugs.com.
xdemvy.html
310 Drugs.com.
zurzuvae.html
311 Drugs.com.
izervay.html
32 Drugs.com.
veopoz.html

https://www.drugs.com/
Xdemvy. Available from: https://www.drugs.com/
Zurzuvae. Available from: https://www.drugs.com/
Izervay. Available from: https://www.drugs.com/

Veopoz. Available from: https://www.drugs.com/
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Pancrelipase Pertuzumab
Taliglucerase Alfa Ziv-Aflibercept
Teduglutide Filgrastim

Peginesatide
B Fibrin Sealant

C
D
Testosterone
G
Prednisolone
H Invermectin
Meningococcal C and Y, Haemophilus influenzae B, L"’Ci"aCt?"t
Tetanus Toxoid Conjugate Vaccine Ciclesonide ) )
Influenza Virus Vaccine Inactivated Beclomethasone Dipropionate
Raxibacumab
J Varicella Zoster Immune Globulin
Intravenous Immunoglobulin
Drug Type
Biological
. Synthetic
Semi-synthetic
Natural

Data source: Drugs.com

Figure 1 — FDA Approvals of Original Drugs in 2012.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Tacrolimus
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Prothrombin Complex Concentrate, Human
Coagulation Factor IX, Recombinant
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Influenza Virus Vaccine, Inactivated
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Data source: Drugs.com

Figure 2 — FDA Approvals of Original Drugs in 2013.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Metreleptin
Albiglutide
Human Insulin
Dulaglutide
Liraglutide

Coagulation Factor IX, Recombinant
Antihemophilic Factor, Recombinant
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Recombinant Antihemophilic Factor

Testosterone Undecanoate
G Testosterone
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Meningococcal Group B Vaccine
Tobramycin
9-Valent Human Papillomavirus Vaccine,
Recombinant
Immunoglobulin and Hyaluronidase
J
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Semi-synthetic
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Ramucirumab
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Vedolizumab
Peginterferon Beta-1a
Pembrolizumab
Alemtuzumab
Blinatumomab
Nivolumab

Sodium Hyaluronate

Ivermectin

Data source: Drugs.com

Figure 3 — FDA Approvals of Original Drugs in 2014.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Bile acid Filgrastim-sndz
Deoxycholic acid Dinutuximab
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Insulin degludec Melolizumab

Asfotase alfa Daratumumab
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Insulin glargine Elotuzumab

Docetaxel

Coagulation factor IX (recombinant)
Fibrin sealant

Antihemophilic factor (recombinant)
Coagulation factor X (human)
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Meningococcal vaccine serogroup B
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pertussis and inactivated poliovirus vaccine,
DTaP-IPV Vaccine

Influenza vaccine, adjuvanted

Idarucizumab

Drug Type
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Semi-synthetic

Natural

Data source: Drugs.com

Figure 4 — FDA approvals of original drugs for 2015.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or of natural origin.
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Human immunoglobulin
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Drug Type
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Natural

Eteplirsen
Nusinersen
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Data source: Drugs.com

Figure 5 — FDA approvals of original drugs for 2016.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or of natural origin.
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Data source: Drugs.com

Figure 6 — FDA approvals of original drugs for 2017.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or of natural origin.
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Data source: Drugs.com

Figure 7 — FDA approvals of original drugs in 2018.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or natural origin.
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Data source: Drugs.com

Onasemnogene Abeparvovec
Golodirsen

Budesonide

Brolucizumab

Figure 8 — FDA approvals of original drugs in 2019.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or natural origin.
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Data source: Drugs.com

Figure 9 — FDA approvals of original drugs in 2020.
Note: the outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic or natural origin.
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Data source: Drugs.com

Figure 10 — 2021 FDA Original Drug Approvals.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Figure 11 — 2022 FDA Original Drug Approvals.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Chikungunya vaccine, live
Immunoglobulin for intravenous
administration, human

Sulbactam and durlobactam

Drug Type
Biological

. Synthetic
Semi-synthetic
Natural

Data source: Drugs.com

Lecanemab-irmb
Pegcetacoplan
Retifanlimab-dlwr

Tofersen
Epcoritamab-bysp
Afanumymab-aatbl
Glofitamab-gxbm

Rozanolixizumab-noli
Somatropin-glta
Donislecel-jujn

Nirsevimab-alip
Talquetamab-tgvs
Elranatamab-bcmm
Poselimab-bbfg
Aflibercept
Natalizumab-sztn
Tocilizumab-bavi
Nedosiran
Zilucoplan
Bimekizumab-bkzx
Infliximab-dyyb
Mirikizumab-mrkz
Toripalimab-tpzi
Ustekinumab-aubu

Bevacizumab-tvyn

Eplontersen
Cyclosporine

Omidenepag isopropyl

Efgartigimod alfa and hyaluronidase-qvfc

Valoctocogene roxaparvovec-rvox

Efbemalenograstim alfa-bvksv

Exagamglogene autotemcel
Lovotibeglogene autotemcel

Adalimumab-aaty

Figure 12 — 2023 FDA Original Drug Approvals.

Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring

correspond to the proportion of drug types — biological, synthetic, semi-synthetic, or of natural origin.
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Cosibelimab-ipd|
Zenocutuzumab-zbko
Zanidatamab-zfri

Concizumab-mtci Zolbetuximab-clzb
Marstacimab-hncq Axatilimab-csfr
Crovalimab-akkz

Tarlatamab-dlle

Olezmisan Nogapendekin alfa inbakicept-pmin
Tislelizumab-jsgr
Sotatercept-CSRK

Lebrikizumab-Ibkz

Nemolizumab-ilto

LetibotulinumtoxinA-wlbg

Lecanemab-irmb
Donanemab-aduc

Palopegteriparatide

Drug Type

Biological
. Synthetic

Data source: Drugs.com

Figure 13 — 2024 FDA Original Drug Approvals.
Note: The outer ring corresponds to the proportions of drugs according to the first letter of their ATC class; the segments of the inner ring
correspond to the proportion of drug types — biological or synthetic.
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Distribution of drugs by ATC classification with accumulation

Proportions of various ATC Level 1 categories in the total volume of registration by year (2012-2024)
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L)\

Drugs proportion (%)

Trend parameters
for the L category:
y =0.0174x +-34.816
R?=0.673, p =< 0.001

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

Data source: FDA. ATC

Figure 14 — Drugs approved by the FDA according to the anatomical and therapeutic classification
in the period from 2013 to 2024.

Distribution of drugs by type with accumulation
Proportions of drugs in the total volume of registrations by year (2012-2024)
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y=0.0086x +-17.087
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Drug Type
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Data source: FDA

Figure 15 — Distribution of various types of production of original drugs
during 2012-2024.
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Reasons for registration by year
100
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Type of registration
. Original
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%a . New dosage form
2z B New manufacturer
< Generic
z 50 I New drug combination
& New indication
£
E
25
||
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Year
Data source: Drug.com
Figure 16 — Cumulative chart of the number of reasons for registration by year.
Note: the data is presented as the number of drugs registered in the specified year.
Representation of registration reasons for 12 years
Percentage in the total value, %
Original ]
] 35 70
Percentage in the total value, %
Re-registration
] 35 70
Percentage in the total value, %
New dosage form - .
0 35 70
Percentage in the total value, %
New manufacturer 12.8% 10.8% 13.2%  3.8% 1% 10% 11.5% 6.4%  82% 11.6% 14.9%
[ 35 70
Percentage in the total value, %
Generic | 0% 0% 11%  29%  1.9% 1.9%  11%  31% 13% 47%  3.2% 4% o
0 35 70
Percentage in the total value, %
New drug combination | 15.3%  17.4% 19.4% 17.6% 11.3% 12.5% 14.4% 14.6% 14.1% 4.7% 2.1% 3%
) 35 70
Percentage in the total value, %
New indication | 8.3%  81%  11% 15% 09% 1.9% 11% 1% 1.3%  3.5% 84%  9.9% e ]
0 35 70
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year
Data source: Drug.com
Figure 17 — Representation of drugs registered for various reasons in the registration structure
of the designated year (registration shares by year).
Note: Please note that the gradient temperature is limited to 70%, as none of the registration reasons exceeded this threshold.
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Aflibercept (Eylea HD®)*1 is a recombinant hybrid
protein consisting of the extracellular domains of
growth factor (VEGF)
receptors 1 and 2, linked to the Fc fragment of human

human vascular endothelial

IgG1l. Eylea HD® is approved for the treatment of wet
macular degeneration (2011), diabetic macular edema
(since 2014), diabetic retinopathy at all stages (since
2019) and retinopathy of prematurity since 2023. In
wet macular degeneration, abnormal blood vessels
grow in the choriocapillaries — a layer of capillaries
under the retina, which leads to leakage of blood
and protein under the macula. Aflibercept binds to
circulating VEGF and acts as its trap and inhibits the
activity of its subtypes (VEGF-A and VEGF-B), as well
as placental growth factor, suppressing the growth of
new blood vessels in the choriocapillaries or tumor,
respectively (tumor depletion) [79].

2024

In 2024, 106 drugs were approved. 50 original
molecules were approved, including 15 new original
anticancer drugs. In 2024, a record number (10)
of drugs of known medicines approved for a new
indication was identified. 15 drugs that changed
manufacturers, 4 generics, and 3 new combinations
were approved. It is important to note that 2024 is the
only year when no semi-synthetic or natural molecules
were registered among the original molecules (Fig. 13).
Among the 50 original molecules, almost half were
“first-in-class” drugs. Most of the new products were
small molecules (about 60%), but the proportion of
biologics increased significantly (about 34%), mainly

monoclonal antibodies with antitumor and anti-
inflammatory effects.

Among the registered drugs are bispecific
antibodies, new tyrosine kinase inhibitors, and

innovative oligonucleotide drugs for rare (orphan)
diseases. For example, zenocutuzumab (Bizengri®) is a
bispecific antibody to HER2 / HER3 for the treatment of
non-small cell lung cancer®!, and olezarsen (Tryngolza®)
is an oligonucleotide for the treatment of familial
chylomicronemia3®.

Significant attention is paid to the treatment of
malignant tumors: new antibodies have appeared,

313 Drugs.com. Eylea HD. Available from: https://www.drugs.com/
eylea-hd.html
314 Drugs.com. Bizengri. Available from: https://www.drugs.com/
bizengri.html
315 Drugs.com. Tryngolza. Available from: https://www.drugs.com/
tryngolza.html
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such as cosibelimab (Unloxcyt®) for the treatment of
squamous cell skin cancer when surgery or radiation
therapy is not possible. Among the drugs for orphan
diseases, protein stabilizers for amyloid cardiomyopathy
and drugs for the correction of rare lipid metabolism
disorders have been registered.

Zenocutuzumab (Bizengri®) provides simultaneous
blockade of two tumor growth signaling pathways. This
combination reduces the likelihood of drug resistance
and enhances the antitumor effect. Zenocutuzumab
is especially valuable for patients with mutations that
respond poorly to existing HER2-targeted agents3?®.

Cosibelimab (Unloxcyt®) blocks the interaction
of PD-L1 with PD-1, inhibition of
antitumor immunity. It is intended for patients who

removing the

do not respond to standard treatments and is an
immunotherapy option with a high potential for life
extension3',
Ensartinib (Ensacove®) is a new generation
drug capable of overcoming resistance to previously
approved ALK inhibitors. It is effective against tumors
with mutations that reduce sensitivity to crizotinib and
other analogs®®.
Olezarsen (Tryngolza®) reduces the Ilevel of
apolipoprotein C-Ill, which leads to a marked decrease
in triglycerides. This is the first drug of its kind with a
proven ability to control a pathology for which there
were previously almost no effective means®®°.
(Ziihera®)  has

the ability to block pathological

Zanidatamab demonstrated
HER2 signals in
non-oncological tissues, slowing organ damage
and improving their function. This is one of the
first examples of the transfer of antitumor mAb
technologies for the treatment of non-cancerous
diseases®®.

Therapy based on mAbs interacting with receptors,
as well as immunotherapy based on newly discovered
mechanisms of antitumor immunity, occupies a
separate part in the structure of registered original
drugs. The search for new rational combinations of

antibiotics remains relevant.

316 Drugs.com.
bizengri.html

317 Drugs.com.
unloxcyt.html
318 Drugs.com.
ensacove.html
319 Drugs.com.
tryngolza.html
320 Drugs.com.
ziihera.html

Bizengri. Available from: https://www.drugs.com/

Unloxcyt. Available from: https://www.drugs.com/
Ensacove. Available from: https://www.drugs.com/
Tryngolza. Available from: https://www.drugs.com/

Ziihera. Available from: https://www.drugs.com/
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DISCUSSION approved for the treatment of soft tissue sarcoma3%;

Structure according to the anatomical
therapeutic chemical classification

Analyzing the presented data, several main and
significant trends in FDA approvals can be noted.
First of all, the proportion of original molecules and
new combinations has remained stable over the
past decades, but the proportion of biotechnological
products has gradually increased, including due to the
focus on small groups of patients with rare and orphan
diseases [9]. It should also be noted that biotechnology
startups are of greater interest to investors than those
focused on synthetic chemistry methods due to certain
specifics that determine the development strategy and
advantages of such drugs [80, 81]. At the same time,
the number of approved generic drugs in the United
States seems minimal, while drugs in new dosage
forms are more often approved, which, apparently,
are designed to meet the needs of individual groups of

patients.
The most extensive group of drugs in the
ATC classification was anticancer drugs and

immunomodulators, which is due to both progress
in the treatment of oncological diseases and the
belonging to this group of many drugs based on
monoclonal antibodies intended for the treatment
of an extensive list of pathologies, including systemic
inflammatory and neurodegenerative diseases [82—-84].
Examples of such drugs approved for the period 2012—-
2024 include ponatinib (Iclusig®) — a tyrosine kinase
inhibitor intended for the treatment of chronic myeloid
leukemia (CML) and acute leukemias with certain
mutations®??; daclizumab (Zinbryta®) — a monoclonal
antibody to IL-2, intended for the treatment of multiple
sclerosis, but also used in oncology*?%; elotuzumab
(Empliciti®) — a monoclonal antibody for the treatment
of multiple myeloma3?®; cobimetinib (Cotellic®) —
a MEK inhibitor that is used

vemurafenib to increase the effectiveness of melanoma

in combination with

treatment®?*; avelumab (Bavencio®) — a PD-L1 inhibitor
approved for the treatment of bladder and kidney
cancer®®; tazemetostat (Tazverik®) — an EZH2 inhibitor

321 Drugs.com. Iclusig. Available from: https://www.drugs.com/iclusig.
html

322 Drugs.com. Zinbryta. Available from: https://www.drugs.com/
zinbryta.html

323 Drugs.com. Empliciti. Available from: http://drugs.com/empliciti.
html

324 Drugs.com.
cotellic.html
325 Drugs.com. Bavencio. Available from: https://www.drugs.com/
bavencio.html

Cotellic. Available from: https://www.drugs.com/
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venetoclax (Venclexta®) — an inhibitor of the BCL-2
protein, which activates apoptosis of cancer cells,
which is used to treat chronic lymphocytic leukemia3?’;
tralokinumab (Adbry®) — a monoclonal antibody
that blocks IL-13, used to treat atopic dermatitis®?;
dostarlimab (Jemperli®) — a PD-1 inhibitor approved
for the treatment of endometrial cancer®?; teplizumab
(Tzield®) — a monoclonal antibody used to slow the
progression of type 1 diabetes®*®; a combination of
three monoclonal antibodies that neutralizes the
Ebola virus: atoltivimab, maftivimab, and odesivimab
(Inmazeb®)** [20, 85, 86].

Interest in the development of drugs affecting
the digestive tract and metabolism, and drugs for the
treatment of diseases of the nervous system remains
steadily high: many drugs that are the first in their
class, that is, having a fundamentally new mechanism
of action, have appeared in these areas. Among the
drugs from this category that received FDA approval
for the treatment of diabetes mellitus and obesity in
2012-2024, the following drugs should be highlighted:
canagliflozin (Invokana®) — the first drug in the class
of SGLT2 inhibitors®?, intended for the treatment
of type 2 diabetes, and dapagliflozin (Farxiga®, also
an SGLT2 inhibitor)®*, dulaglutide (Trulicity®)®* and
GLP-1 analog drugs
intended for the treatment of type 2 diabetes, which

semaglutide (Ozempic®)®> —

help control blood glucose levels and promote weight
loss. A number of combinations of representatives of
this class with other hypoglycemic agents: liraglutide
and insulin degludec (Xultophy®)*®, as well as the
dual incretin tirzepatide — an agonist of glucose-

326 Drugs.com. Tazverik. Available from: https://www.drugs.com/
tazverik.html

327 Drugs.com. Venclexta. Available from: https://www.drugs.com/
venclexta.html

328 Drugs.com. Adbry. Available from: https://www.drugs.com/adbry.
html

329 Drugs.com. Jemperli. Available from: https://www.drugs.com/
jemperli.html

330 Drugs.com. Tzield. Available from: https://www.drugs.com/tzield.
html

31 Drugs.com. Inmazeb.
cons/inmazeb.html

Available from: https://www.drugs.com/

332 Drugs.com. Invokana. Available from: https://www.drugs.com/
invokana.html

33 Drugs.com. Farxiga. Available from: https://www.drugs.com/
farxiga.html

334 Drugs.com. Trulicity. Available from: https://www.drugs.com/
trulicity.html

35 Drugs.com. Ozempic. Available from: https://www.drugs.com/
ozempic.html

336 Drugs.com. Xultophy. Available from: https://www.drugs.com/

xultophy.html
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and GLP-1
receptors (Mounjaro® and Zepbound®)3*” 3%, intended

dependent insulinotropic polypeptide
for the treatment of diabetes mellitus and obesity,
respectively. For the treatment of neuropsychiatric
among other

(Nuedexta®)
was approved for the treatment of pseudobulbar

affect,

disorders during the same period,
drugs, dextromethorphan + quinidine

which helps control sudden episodes of

laughter or crying®®, brexpiprazole (Rexulti®) — an
atypical antipsychotic that affects dopamine and
serotonin receptors, approved for the treatment

of schizophrenia and as an adjunct therapy for the
treatment of depression®?; cariprazine (Vraylar®) —
an atypical antipsychotic that affects dopamine and
serotonin receptors, approved for the treatment of
schizophrenia and bipolar disorder®*; erenumab
(Aimovig®) — a monoclonal antibody for the prevention
of migraine in adults, which blocks CGRP, reducing the
frequency of migraine®*?; aducanumab (Aduhelm®)3%,
lecanemab (Lecanemab®)3* and donanemab
(Donanemab®)** — monoclonal antibodies that target
B-amyloid plaques in the brain and are intended for
the treatment of Alzheimer’s disease; cerliponase alfa
(Brineura®) — a gene therapy drug for the treatment
of a neurodegenerative disease associated with Batten
disease®*; imiglucerase (Cerezyme®) — an enzyme
replacement therapy drug approved for the treatment
of Gaucher disease®¥.

Progress also continued in the field of antimicrobial
drugs for systemic use, which include both antibacterial
and antiviral drugs. It is important to note that
the COVID-19 pandemic did not have a noticeable

impact on the history of drug approval by the FDA:

337 Drugs.com. Mounjaro. Available from: https://www.drugs.com/
mounjaro.html

338 Drugs.com. Zepbound. Available from:
zepbound.html

339 Drugs.com. Nuedexta. Available from:
nuedexta.html
340 Drugs.com.
rexulti.html

341 Drugs.com.
vraylar.html

342 Drugs.com.
aimovig.html
343 Drugs.com.
aduhelm.html
344 Drugs.com. Lecanemab. Available from: https://www.drugs.com/
lecanemab.html

345 Drugs.com. Donanemab. Available from: https://www.drugs.com/
donanemab.html

346 Drugs.com. Brineura. Available from: https://www.drugs.com/
brineura.html

347 Drugs.com. Cerezyme. Available from:
cerezyme.html

https://www.drugs.com/
https://www.drugs.com/
Rexulti. Available from: https://www.drugs.com/
Vraylar. Available from: https://www.drugs.com/

Aimovig. Available from: https://www.drugs.com/

Aduhelm. Available from: https://www.drugs.com/

https://www.drugs.com/
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in particular, there were no peaks in approvals of
antimicrobial and antiviral drugs or drugs for the
Between 2019
and 2023, the FDA approved only a few drugs for
the treatment of COVID-19:
(Veklury®; an antiviral drug for the treatment of COVID-

treatment of respiratory diseases.

in 2020 — remdesivir

19)3#%, in 2021 — nirmatrelvir+ritonavir (Paxlovid®; an
antiviral drug for the treatment of COVID-19, previously
approved under the emergency use program, received
full approval)®®. The FDA has not approved any other
drugs specifically for the treatment of COVID-19. The
main focus in these years was on the development and
approval of vaccines against COVID-19, which are not
within the purview of the Center for Drug Evaluation
and Research (CDER) of the FDA, but are approved
by the Center for Biologics Evaluation and Research
(CBER). Thus, to date, the FDA has approved only two
drugs for the treatment of COVID-19 — remdesivir®°
and the combination nirmatrelvir + ritonavir®*l. Both
are antiviral agents aimed at suppressing the replication
of the SARS-CoV-2 virus.

Trends

An analysis of FDA-approved drugs from 2012
to 2024 significant  trends
innovations that are shaping the future of drug
development [18-20]:

Shift towards biotechnology. There is a noticeable
increase in the number of approved biotechnology

reveals several and

drugs (including monoclonal antibodies and gene
therapy methods). This trend reflects a growing focus
on personalized medicine and the treatment of rare
diseases.

Continued priority for oncology
Anti-cancer drugs have consistently represented a

research.

significant portion of approvals. The emergence of
innovative approaches, such as CAR-T therapy (e.g.,
tisagenlecleucel)®? and targeted therapy (e.g., ceritinib,
nivolumab)3** 354 demonstrates the rapid development
of this field.

348 Drugs.com.
veklury.html

349 Drugs.com.
paxlovid.html
30 Drugs.com.
veklury.html

31 Drugs.com.
paxlovid.html
352 Drugs.com.
kymriah.html
355 Drugs.com.
zykadia.html

354 Drugs.com.
opdivo.html

Veklury. Available from: https://www.drugs.com/

Paxlovid. Available from: https://www.drugs.com/
Veklury. Available from: https://www.drugs.com/
Paxlovid. Available from: https://www.drugs.com/
Kymriah. Availalble from: https://www.drugs.com/
Zykadia. Availalble from: https://www.drugs.com/

Opdivo. Availalble from: https://www.drugs.com/
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Focus on rare diseases. A significant portion
of approvals has been directed towards rare, or
orphan diseases, indicating a strategic shift towards
addressing unmet needs of small patient groups. This
trend is consistent with growing investor interest
and the possibility of accelerated approval. There is
significantly less competition in this area. Thus, startups
or young pharmaceutical or research companies have a
chance to attract investment and create an innovative
product.

New therapeutic approaches. Several innovative
treatments have emerged and developed during this
period:

— RNA

nedosiran)®*;

interference  (siRNA) (e.g.,

therapy
— gene therapy (e.g., onasemnogene abeparvovec,
lovotibeglogene autotemcel)?® %7;
— cell therapy (e.g., donaisel for type 1 diabetes)**s;
— bispecific  antibodies and  antibody-drug
conjugates;

— the emergence of promising areas in the fight

against infectious diseases.

Progress in the treatment of neurodegenerative
diseases. The approval of drugs aimed at treating
Alzheimer’s disease (e.g., the combination of
aducanumab, lecanemab)®**% 3% represents a significant
milestone, despite ongoing debates about their
effectiveness and economic feasibility.

Innovations in the field of metabolic disorders.
New approaches in the treatment of diabetes and
obesity (e.g., SGLT2 inhibitors, GLP-1 receptor agonists,
dual incretin receptor agonists) have led to significant
progress in the treatment of these pathologies.

Rapid The rapid
development and approval of drugs for the treatment
of COVID-19 (e.g.,

of nirmatrelvir +

response to new threats.
remdesivir, the combination

ritonavir)®® 362 demonstrated

355 Drugs.com. Rivfloza. Availalble from:
rivfloza.html

3% Drugs.com. Zolgensma. Availalble from: https://www.drugs.com/
zolgensma.html

357 Drugs.com. Lyfgenia. Availalble from:
lyfgenia.html
3% Drugs.com.
lantidra.html
3%9 Drugs.com.
aduhelm.html
360 Drugs.com.
legembi.html
361 Drugs.com.
veklury.html
362 Drugs.com.
paxlovid.html

https://www.drugs.com/

https://www.drugs.com/
Lantidra. Availalble from: https://www.drugs.com/
Aduhelm. Availalble from: https://www.drugs.com/
Legembi. Availalble from: https://www.drugs.com/
Veklury. Availalble from: https://www.drugs.com/

Paxlovid Availalble from: https://www.drugs.com/
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the industry’s ability to respond quickly to global
challenges.

Repurposing of known drugs. The approval of
drugs such as sildenafil for the treatment of pulmonary
hypertension®3® and cantharidin for molluscum
contagiosum?*®* highlights the possibility of repurposing
known drugs.

Achievements in personalized medicine. There
has been an increase in the number of approvals
for targeted therapies based on specific genetic or
molecular profiles, which not only contributes to the
development of the personalized medicine paradigm,
but is in fact its debut.

Innovative drug delivery systems. The approval
of new dosage forms and delivery systems (e.g.,
levetiracetam®®; the first 3D-printed drug for the
treatment of epilepsy) indicates ongoing efforts to
improve patient adherence to treatment and increase
the effectiveness of therapy.

These trends point to several promising directions
for future drug development:

— further research into gene and cell therapy for a
wider range of diseases;

— continued development of targeted therapy in
oncology;

— expanding the use of siRNA and other nucleic
acid-based therapeutics;

— increased attention to neurodegenerative
diseases using knowledge gained from recent
breakthroughs;

— development of combination therapy and multi-
targeted drugs;

— studying the microbiome and its therapeutic
potential;

— complexification of drug delivery systems and
dosage forms.

Figure 14 shows the distribution of the proportions
of drugs of various ATC classes during the study period.
The proportion of drugs in category L — antineoplastic
and immunomodulatory agents — remains the most
numerous among all registrations. A trend line with
an R? value of 0.673 and a high trend significance
(p < 0.001) has been added to the figure. Thus, the
contribution of time to the increase in the proportion

363 Drugs.com. Ligrev. Availalble from: https://www.drugs.com/ligrev.
html

364 Drugs.com. Ycanth. Availalble from: https://www.drugs.com/
ycanth.html

35 Drugs.com. Spritam. Availalble from: https://www.drugs.com/
spritam.html

479



REVIEW
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

of drugs in class L is 67.3%, which is a fairly high figure.
The resulting linear equation with a slope of 0.0174
suggests that the increase in the proportion of drugs
in this class will be 1.74% per year. Thus, despite
the fact that this scenario is difficult to consider
realistic; in 10 years it is possible to increase the share
of drugs in class L on the pharmaceutical market
by 17.4%.

Since most anti-cancer drugs are monoclonal
antibodies in terms of production method, there
is a clear trend of increasing drugs of biological
origin. The trend line obtained and shown in Figure
15 indicates this dynamics. The linear model with a
coefficient of R? = 0.55 with a high trend significance
(p < 0.01) indicates that the contribution of time to the
variation of the data is 55%, that is, the trend can be
considered stable. The resulting trend line equation
y = 0.0138x + (-27.596) has a slope of 0.0138, which
implies that the number of biological drugs is increasing
by 1.38% per year. Thus, in just 10 years, an increase
in the share of biological drugs by approximately 13%
can be expected. The results reflect the transition of
the pharmaceutical industry to the complexification
of both the drugs themselves and the methods of
treatment: from small molecules to antibodies, enzyme

preparations and gene therapy.

Reasons for registering developments

Figure 16 shows a diagram of the accumulation of
registrations from 2013 to 2024. The largest number
of registrations for the specified period occurred in
2017. It can be noted that the increase in registrations
is justified by a large number of re-registrations, and
the number of original drugs is no more than in 2018
and 2019. The largest number of original drugs was
registered in 2021, although the absolute number of
registrations in this year is quite small.

As can be seen from the presented data and in
Figure 17, the registration of an original drug (the
US market is traditionally focused on original drugs)
is the main reason for FDA approvals [28]. In 2015,
the share of new combinations in the registration
structure reached its peak in the covered period and
amounted to 19.4% and has been declining since then.
The registration of new dosage forms accounted for a
quarter of all new registrations in the period from 2016
to 2018, after which this value gradually decreased,
and in 2024 the share of new combinations in the
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structure of drug registration is 13.9%. It is important
to note the albeit small, but clearly growing in recent
years share of known drugs that have received a new
indication. Repurposing drugs for new indications, as
has been repeatedly noted, remains a promising tactic
for pharmaceutical development [87-90].

Limitations of the study

The study has several important limitations that
may affect the interpretation and generalization of the
results.

Limited by FDA data. The study is based on FDA
data covering drug approvals issued primarily for the US
market. This means that the study does not take into
account approvals by other regulatory authorities (e.g.,
EMA in Europe, PMDA in Japan, and TGA in Australia).

Difficulties in classifying drugs. Systematization
of approvals by categories, for example, by novelty
or method of

production (biological,

drugs), is sometimes difficult due to the overlap

synthetic

of categories, such as biosimilars, generics and
hybrid drugs with partially unique properties. These
classification difficulties can lead to errors in statistics
and reduce the accuracy of the analysis of individual
categories.

Changing regulatory conditions. During the
period under review, FDA policies and approval criteria
changed, including accelerated approval programs
for orphan drugs, cancer drugs, and drugs for serious
diseases with high unmet demand. Such changes could
affect the dynamics of approvals and create difficulties
in assessing long-term trends without taking into
account changes in regulation.

Impact of the COVID-19 pandemic. The COVID-19
pandemic in 2020-2022 influenced the priorities of
drug development and the process of their approval,
including the creation of accelerated procedures for
antiviral drugs and vaccines, which could potentially
slow down or postpone the approval of other
therapeutic agents that were not related to the
pandemic, making this time period less representative
when analyzing the entire observation period (from
2013 to 2024).

Observation period. Despite the fact that the ten-
year period covers a significant number of approvals,
for some innovative therapies, such as gene and
cell technologies. This time may not be sufficient

for a complete analysis of their potential and long-
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term effects. Such new approaches require longer
observations to accurately assess their impact on
clinical practice and public health.

Lack of data on failed drugs. The study focuses on
approved drugs and does not take into account drugs
that have not passed clinical trials or have not been
approved. This “survivorship bias” can distort the
perception of successful drug development strategies.

Limited availability of post-registration data. The
work does not assess the safety profile of new drugs,
including side effects and risks. The study does not
consider post-marketing studies or long-term safety
profiles of approved drugs, including information on
rare side effects, effectiveness in different populations
and the duration of the clinical effect.

CONCLUSION

The analysis of FDA drug approvals from 2013 to
2024 revealed consistent trends and key directions
in modern drug development. During this period,
there has been a steady approval of small molecule
drugs and an increase in the proportion of innovative
approaches aimed at addressing complex therapeutic
challenges or treating previously incurable pathologies,
orphan, and

including oncological, neurological,

metabolic diseases. Progress in the development
methods, such as monoclonal
and RNA interference
shift

personalized and targeted approaches aimed not

of biotechnological
gene therapy,
indicates a

antibodies,

therapy, significant towards
only at eliminating symptoms but also at altering the
pathogenesis of the disease.

Thus, the use of monoclonal antibodies for the
treatment of cancer and inflammatory diseases
demonstrates their high therapeutic value, contributing
to improved survival and quality of life for patients.
For example, drugs aimed at blocking immune
checkpoints (PD-1, PD-L1 inhibitors) have become the

basis of therapy for patients with aggressive forms of

oncological diseases, which indicates the continued
relevance of these areas in research.

There is a persistent interest in drugs for the
treatment of oncological, metabolic, and inflammatory
diseases, i.e., those diseases whose prevalence is
comparable to the scale of epidemics.

Notably, despite the COVID-19 pandemic, which
significantly stimulated rapid vaccine development,
the FDA approved a limited number of antiviral drugs
specifically designed for COVID-19.

The analysis also highlights a relatively stable level
of generic approvals, while the improvement of dosage
forms and combinations of existing molecules were a
priority for meeting the specific needs of patients.

In addition, the growing influence of biotechnology
startups on the drug development process, along with
large investments from venture capital, suggests a
paradigm shift in drug development from traditional
synthetic compounds to more advanced (in certain
respects; selectivity and safety) biological solutions.
Synthetic drugs for the treatment of infections of all
kinds also demonstrate a trend towards increased
research, development, and implementation.

Thus, the conclusion on the trends and results of
FDA approvals over more than a decade emphasizes a
high orientation towards biotechnological methods,
personalized medicine, treatment of oncological and
orphan diseases, which is confirmed not only by the
stability of approvals in these categories but also by
constant improvements in their effectiveness and
specificity. These trends define promising directions for
future research and development, making it possible
to further expand the capabilities of modern medicine
in addressing complex, severe, and rare diseases that
until recently were considered difficult to treat or
incurable. At the same time, the high cost of many new
treatments remains a major problem, as well as the
lack of data on their effectiveness and safety with long-
term use.
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Despite the proven efficacy of silodosin for lower urinary tract symptoms (LUTSs), significant interindividual variability in
response to pharmacotherapy and the development of adverse events persists. Potential factors for this variability include
pharmacogenetic and epigenetic mechanisms regulating drug metabolism.

The aim. To investigate the impact of CYP3A4*22 polymorphism and circulating microRNA miR-27b level on the
pharmacokinetics, efficacy, and safety of silodosin in patients with benign prostatic hyperplasia (BPH).

Materials and methods. The study included 98 patients with LUTS due to BPH who were prescribed silodosin 8 mg/day
for 8 weeks. IPSS and QoL dynamics, and the frequency of adverse events were assessed. The steady-state minimum
concentration of silodosin (Css) was determined by HPLC-MS/MS. Genotyping for CYP3A4*22 was performed by real-time
PCR. The expression level of plasma miR-27b was determined using RT-qPCR.

Results. Patients with the CT genotype (12.2%) had significantly higher Css values compared to carriers of the CC genotype
(13.44 [6.35; 16.6] vs 6.15 [3.10; 11.31] ng/mL; p = 0.005717). Despite this, the reduction in symptom severity according to
IPSS and improvement in QoL were comparable in both groups (p >0.05). No correlation was found between Css and IPSS
dynamics (rs =-0.115554, p = 0.257195). MiR-27b levels did not differ between genotypes and did not correlate with either
Css or clinical outcomes. The structure of adverse events corresponded to the established safety profile of silodosin; no
statistically significant differences were found between genotypic groups.

Conclusion. Carrying the CYP3A4*22 polymorphism is associated with increased silodosin exposure, but the clinical efficacy
of therapy remains independent of this genetic marker. Data on the role of miR-27b in regulating pharmacokinetics and
clinical outcomes in this population were not confirmed.

Keywords: silodosin; CYP3A4*22; pharmacogenetics; microRNA; miR-27b; benign prostatic hyperplasia

Abbreviations: BPH — benign prostatic hyperplasia; LUTSs — lower urinary tract symptoms; HPLC-MS/MS — high-
performance liquid chromatography with tandem mass spectrometry; PCR — polymerase chain reaction; PVR — post-void
residual volume; PV — prostate volume; US — ultrasound; AEs — adverse events; ICF — informed consent form; Css —
minimum steady-state drug concentration in blood plasma; CYP3A4 — cytochrome P450 3A4; IPSS — International Prostate
Symptom Score; QoL — Quality of Life Scale; Qmax — maximum urinary flow rate; RT-gPCR — Reverse Transcription
Quantitative PCR; ADME — Absorption, Distribution, Metabolism, Excretion; P-gp (ABCB1) — P-glycoprotein.
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Impact of CYP3A4*22 Genetic Variant and Plasma microRNA miR-27b Expression Level on Silodosin Steady-State Concentration and Therapy
Outcomes in Patients with Benign Prostatic Hyperplasia: A Prospective Observational Trial. Pharmacy & Pharmacology. 2025;13(6):487-499.
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HecmoTps Ha AOKa3aHHY 3GPEKTUBHOCTb CMAOA03MHA MPU CUMMTOMAX HUMKHUX MouveBblx nyTten (CHMI), coxpaHseTca
3HauMTe/IbHaA MEXUHAMBUAYANbHAA BapnabenbHOCTb OTBETA Ha GapMaKoTEPANUIO U Pa3BUTUE HEXENATENbHbIX ABNEHWNA.
MoTeHuManbHbIMM PakTOpaMuK TaKoM BapnabenbHOCTU ABNAIOTCA GapMaKoreHeTUYeCKne U ANMUreHeTUYeCKne MexaHU3Mbl
perynaumv metaboimMama npenapara.

Lenb. OueHuTb BausHWe noaumopoduama CYP3A4*22 un  ypoBHA uuMpKyaupyoweir MUKPoPHK miR-27b  Ha
bapMaKoKMHETUKY, 3PEKTUBHOCTL M 6Ee30MacHOCTb CUAOAO03MHA Y MAUMEHTOB C A06POKAYeCTBEHHOWM runepniasuneit
npeacratenbHon xenesbl (AMHK).

Matepuanbl u metogbl. B nccnegosanue srkatodeHo 98 naumnentos ¢ CHMI npm AT, KOTOpbIM Ha3Havyanca cMNof03nH
8 mr/cyT B TeyeHue 8 Hegenb. OueHMBanUCL AMHaMMKa IPSS M QoL, yacToTa HexenaTenbHbIX fBAEHWIA. PaBHOBecHas
MWHUMaNbHan KOHUEHTpauus cunoaosnHa (Css) onpegensnacs metogom BIXKX-MC/MC. leHoTunuposaHue no CYP3A4*22
nposogaunn metogom MLP B peasibHOM BpeMeHW. YpOoBeHb 3KCnpeccun nnasmeHHolr miR-27b onpeaensann ¢ nomolbio
RT-qPCR.

Pe3synbratbl. MauueHTbl ¢ reHotunom CT (12,2%) umenn poctoBepHO 6onee BbICOKME 3HauveHuA CSS MO CPaBHEHMUIO C
Hocutenamu reHotuna CC (13,44 [6,35; 16,6] npotms 6,15 [3,10; 11,31] Hr/mn; p=0,005717). HecmoTps Ha 3TO, CHUMKeHWe
BbIPa*KEHHOCTU cMMNTOMOB No IPSS m ynydweHne Qol 6bian conoctaBumMbiMu B obenx rpynnax (p >0,05). Koppensauuu
mexay Css u amHammkon IPSS BbiABneHo He 6bino (rs=-0,115554, p=0,257195). YpoBHM mMiR-27b He pasnuyanucb
MeXay reHoTMNaMm 1 He KOppPenmpoBann HU ¢ Css, HU C KAMHUYECKUMM Ucxogamn. CTPYKTypa HexenaTeNbHbIX ABAEHUN
COOTBETCTBOBaNA YCTAHOBAEHHOMY MpoduIto 6e30MacHOCTU CUNOAO03UHA; CTAaTUCTUYECKM 3HAUMMBbIX Pas3MuUi Mexay
reHOTUMNYECKMMM TPYNMaMu He YCTaHOBEHO.

3aknoueHune. Hocutenbcteo nonnmopomsma CYP3A4*22 accoummpyetcs C MOBbILWEHHOM 3KCMO3MLMEN CUA0[03MHA,
OfHAKO KAMHMYecKan 3GPpeKTUBHOCTb Tepanmnmn OCTAETCA HE3aBUCMMOM OT YKAa3aHHOMO reHeTMYecKoro mapképa. [aHHble o
ponn miR-27b B perynaunv GpapMakoKUHETUKN U KIUHUYECKUX UCXOA0B B AaHHOM NONYAALMM He NOATBEPAUINCH.
KnioueBble cnoBa: cnnoaosunH; CYP3A4*22; dapmakoreHeTKa; MUKPoPHK; miR-27b; aobpokayecTBeHHasa runepnaasus
npeacTaTeNbHOM XKenesbl
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cornacue; Css min — MWHMMaNbHAsA PaBHOBECHAs KOHLEHTpauua npenapaTta B nsiasme Kposu; CYP3A4 — umtoxpom
P450 3A4; IPSS — MexayHapoaHasa LKaia OLLEHKN MPOCTaTUYECKUX CMMNTOMOB; QOL — LIKa/a OLLEHKM KayecTBa XKU3HW;
Qmax — MaKCcMMmanbHasA CKOPOCTb NOTOoKa mouu; RT-gPCR — nonammepasHaa LenHaa peakuusa B peasbHOM BpemMeHu
c obpaTtHoM TpaHckpunuueli; ADME — BcacbiBaHWe, pacnpegeneHue, metabonusm u BbiBeaeHue; P-gp (ABCB1l) —

P-rnvkonpoteunH.

INTRODUCTION

Benign prostatic hyperplasia (BPH) refers to the
benign growth or hyperplasia of prostate tissue and
is histologically defined by an increase in glandular
epithelial tissue, smooth muscle, and connective tissue
in the transition zone of the prostate [1, 2]. A meta-
analysis including data from 25 countries showed
that the lifetime prevalence of BPH is 26.2% (95%
confidence interval [Cl]: 22.8-29.6%) [3]. Forecasts
in the
prevalence of BPH from approximately 962 and 7879

indicate a global increase incidence and
cases per 100,000 people in 2022 to approximately
999 and 8621 cases by 2035 [4]. According to data
from the US Medicare program for 2019, annual global
healthcare costs associated with BPH are estimated at
approximately USS73.8 billion per year, based on US
spending trends [5].

Modern
several

BPH
S5a-reductase

pharmacotherapy for includes

classes of drugs: inhibitors,
which affect prostate volume, and al-blockers, which
rapidly improve urodynamics by relaxing the smooth
muscles of the prostate, bladder neck, and prostatic
urethra. Among al-blockers, silodosin occupies a
special place as a highly selective alA-adrenoceptor
antagonist, providing a marked reduction in obstructive
and irritative symptoms with minimal effect on
systemic blood pressure. Although al-blockers are
included in clinical guidelines for the treatment of
patients with lower urinary tract symptoms (LUTS),

the number of patients with therapy-resistant disease

and patients with adverse side effects remains
high [6, 7].
CYP3A group isozymes, characterized by

exceptionally broad substrate specificity, catalyze the
metabolism of more than half of the drugs used in
clinical practice.

Among them, CYP3A4 is the main hepatic isoform,
characterized by high expression and broad substrate
specificity [8, 9]. This enzyme catalyzes the oxidation
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of a large number of drugs, including those used in
urological practice for the treatment of LUTS. The
CYP3A4 gene exhibits marked polymorphism, and
some of its variants, such as CYP3A4*22 (rs35599367),
are associated with reduced enzyme expression and
activity, which can lead to slowed drug metabolism
and an increased risk of dose-dependent adverse
reactions [10, 11]. Thus, changes in the efficacy
and safety profiles of silodosin may also depend on
variations in the CYP3A4 gene, which determines the
(PD) (PK)
parameters of the drug.

CYP3A4 catalyzes the oxidation of silodosin.
Drugs that are inhibitors of CYP3A4 activity (e.g.,
ketoconazole) can affect the PK and PD of silodosin,

pharmacodynamic and pharmacokinetic

increasing its plasma concentration®.

Considering the key role of cytochrome P450
isozymes in the metabolism of al-blockers, one
cannot ignore modern concepts of the multilevel
regulation of their activity. In addition to well-

studied genetic polymorphisms, researchers are
paying increasing attention to epigenetic regulation,
in particular, the involvement of microRNAs in
the control of the expression of cytochrome P450
system enzymes. Previous studies have assessed the
correlation between miR-27b levels and CYP3A activity,
measured by N-demethylation of dextromethorphan
and 6B-hydroxylation of testosterone, as well as the
expression of CYP3A4, VDR, and PPAR-a genes in
20 human liver samples. A significant relationship
was found between circulating miR-27b levels and
the 4B-hydroxycholesterol ratio (p = 0.04), as well
as between liver miR-27b levels and CYP3A activity,
measured by N-demethylation of dextromethorphan
(p = 0.04) [12]. in CYP3A4

activity, due to genetic or epigenetic factors, may play

Individual differences

a significant role in interindividual variability in the

* U.S. Food and Drug Administration. Rapaflo (Silodosin) label; 2013.
Available from: https://www.accessdata. fda.gov/drugsatfda_docs/
label/2013/022206s012Ibl.pdf
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pharmacokinetics, efficacy, and safety of therapy with
silodosin.

THE AIM. To study the effect of the CYP3A4*22
(rs35599367, 15389 C>T) genetic polymorphism on
the concentration, as well as on the efficacy and safety
of silodosin. Data on the expression level of plasma
miR-27b, hypothetically characterizing the expression
of the CYP3A4 metabolizing enzyme, were used.

MATERIALS AND METHODS

Study design

A prospective observational trial was conducted
from December 11, 2023 to May 30, 2025. The study
involved patients receiving outpatient treatment
at the Department of Endoscopic Urology of the
Russian Medical Academy of Continuous Professional
Education. Before inclusion in the study, each patient
signed an informed voluntary consent form (ICF).

The with
complaints of LUTS and a diagnosis of BPH. Patients

study involved 98 male patients
were prescribed silodosin at a dose of 8 mg/day

according to indications. Silodosin therapy was
started from the time of the patient’s visit, and
observation continued for at least 8 weeks. Treatment
was prescribed in accordance with the National
Clinical Guidelines for the treatment of patients

with BPH2.

Eligibility criteria
Inclusion criteria: male gender; age over 18
years; signed ICF form; diagnosis of benign prostatic
hyperplasia” (N40 according to ICD-10); complaints of
moderately or severely expressed LUTS, assessed by the
IPSS scale >7 points.

Exclusion criteria: complicated BPH; any other
causes other than BPH that may, in the opinion
of the researchers, lead to dysuria or changes in
urinary flow rate (e.g., neurogenic bladder, bladder
neck stricture, urethral stricture, acute or chronic
prostatitis, acute or chronic urinary tract infections);
concomitant oncological diseases; concomitant severe
cardiovascular (e.g., unstable angina, recent myocardial
infarction, or poorly controlled arterial hypertension)
and cerebrovascular (recent stroke or spinal cord

injuries) diseases; renal and hepatic insufficiency.

2 Clinical Guidelines. Benign prostatic hyperplasia. Ministry of Health
of the Russian Federation; 2024. Available from: https://cr.minzdrav.
gov.ru/preview-cr/6_2. Russian
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Assessment of the efficacy and safety of therapy
The efficacy of silodosin therapy was assessed
using a complex of clinical (assessment of LUTS

manifestation using the IPSS questionnaire) and
instrumental (determination of maximum urinary flow
rate (Qmax), determination of residual urine (PVR), and
prostate volume (PV) according to US data) methods.
IPSS assessment was performed on days 1, 14, 28,
and 56 of treatment and observation. Instrumental
assessment of the efficacy of therapy was performed
on days 1 and 56 of silodosin treatment. The safety of
therapy was assessed by recording the development of
adverse events (AEs) during the entire period of patient

observation.

Genotyping

On the day of inclusion in the study, each patient
had 4 mL of blood drawn into disposable sterile
vacuum tubes with EDTA for subsequent genotyping.
The collection of biomaterial, which was carried out
simultaneously with routine tests, did not require
additional venipunctures. The biomaterial was frozen at
-20°C, transported to the laboratory, and subsequently
stored at -70°C.

Genotyping for
rs35599367)
TagMan®
Universal Master Mix Il, without UNG (Applied Bio-
systems, Foster City, USA) reagent kits according to the

the CYP3A4%*22 (15389 C>T,
allelic variant was performed using

SNP Genotyping Assays and TagMan

manufacturer’s instructions.
The
determined by

carriage of polymorphic markers was

real-time  polymerase  chain
reaction (PCR) on a Real-Time CFX96 Touch instrument

(Bio-Rad Laboratories, Inc., USA).

Determination of silodosin plasma concentration

To determine the minimum steady-state residual
concentration values of silodosin in blood plasma (Css),
venous blood samples were collected 5 days after the
start of silodosin administration. The concentration
of the drug in plasma was determined by a combined
HPLC-MS/MS method on an Agilent 1200 Liquid
Chromatograph (Agilent Technologies Inc., USA, 2008)
using a triple quadrupole mass spectrometric detector
AgilentTripleQuad LC/MS 6410. An Agilent Polaris 3
C18-A column (50 mm x 3.0 mm, 3.0 um) was used.
Separation was performed at a column temperature of
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40°C in gradient elution mode by mixing mobile phase
components: solution “A” (1 ml of concentrated formic
acid was diluted with deionized water to a total volume
of 1 L) and solution “B” (1 mL of concentrated formic
acid was diluted with acetonitrile to a total volume
of 11).

Sample preparation was performed by plasma
protein precipitation. Plasma samples were thawed
at room temperature. Then, 100 pL of plasma was
transferred to Eppendorf plastic tubes, 250 pL of a
mixture of methanol with 0.1% hydrochloric acid (in
a ratio of 9:1) was added, mixed on a Vortex shaker
(Elmi Ltd., Latvia) and left for 10 min. Then the samples
were mixed again. The resulting samples were then
centrifuged (CM-6MT, ELMI, Latvia) at 10,000 rpm
for 10 min. The supernatant was transferred to
chromatographic vials and placed on a chromatograph
autosampler for subsequent analysis.

Silodosin  spectra recorded on an
AgilentTripleQuad LC/MS 6410 mass spectrometric
detector

were
with positive electrospray ionization in

multiple molecular reaction mode. Nebulizer gas
pressure was 35 psi. The drying gas flow rate was
10 L/min, the ion source temperature was 350°C. The
fragmentation voltage was 135 V, the collision cell
voltage was 30 V. Under these conditions, the limit of
quantification of silodosin was 1 ng/mL.

Data processing was performed using Agilient

MassHunter Workstation Software LC/MS Data
Acquisition for 6400 Series Triple Quadrupole
(Version B.08.02).

Determination of plasma microRNA levels

Isolation of total RNA from blood plasma

To determine  plasma  microRNA levels,
venous blood samples were collected in sterile

tubes containing EDTA on day 5 of therapy.
The tube
times to mix the blood with the anticoagulant.
To obtain plasma, the tube was centrifuged
(CM-6MT, ELMI, 10 min at 2000 g,

after which the supernatant was transferred to

closed blood was inverted several

Latvia) for

sterile tubes with a volume of 2 or 1.5 mL and stored
at -80°C until further use.

Then, 300 pL of plasma was lysed in 1 mL of
Qiazol reagent, followed by the addition of 250 uL of
chloroform. The solution was mixed thoroughly for
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30 s, then incubated for 2—3 min at room temperature.
After centrifugation at 12000 g for 15 min at 4°C, the
upper aqueous phase was carefully removed and
transferred to a tube with 0.5 mL of 100% isopropanol.
The solution was mixed thoroughly by inverting the
tube and frozen at -20°C for at least 1 h. After that, the
tube was centrifuged at 12000 g for 10 min at 4°C. The
precipitate remaining at the bottom of the tube after
removal of the supernatant was washed with 1 ml of
75% ethanol, followed by centrifugation at 12000 g for
5 min at 4°C. The resulting precipitate was dissolved
in 20 pL of RNase-free water, preheated to 60°C, and
incubated for 5-10 min at 60°C. The concentration
and purity of the obtained RNA were evaluated on
a NanoDrop 2000 microvolume spectrophotometer
(Thermo Fisher Scientific, New York, USA). The isolation
process was repeated for each sample until sufficient
RNA was obtained for the next steps. After mixing and
precipitation, the samples were frozen at -20°C for
short-term storage and at -80°C for long-term storage.

Quantitative assessment of microRNA
expression levels by real-time PCR

Reverse transcription performed using
miRCURY LNA RT kit (Qiagen, Germany) and miRCURY

LNA RNA Spike-in kit (Qiagen, Germany) according

was

to the recommended protocol with modifications. To
obtain DNA, 150 ng of total RNA isolated from each
sample was used, which was added to the reaction
mixture (4 puL 5x miRCURY RT Reaction Buffer, 1 pl
10x miRCURY RT Enzyme Mix, 2 upL of matrix for
exogenous cel-miR-39-3p and RNase-free
water to 20 pl) and incubated for 60 min at 42°C,
followed by increasing the temperature to 95°C for

control

5 min to inactivate the transcriptase. Real-time PCR
was performed in 3 replicates for each analyzed
microRNA, as well as exogenous control cel-miR-39-
3p, using MiRCURY LNA SYBR Green PCR kit (Qiagen),
presynthesized primer miRCURY LNA miRNA Probe PCR
Assay (Qiagen) for control and primers selected in the
laboratory for the analyzed microRNAs (sequences are
listed in Table 1) in a reaction mixture volume of 13 ul
(3 ul of the obtained cDNA, 5 puL 2x miRCURY SYBR
Green Master Mix, 1 pL 10x miRCURY LNA miRNA
Probe PCR Assay to the studied microRNAs and RNase-
free water to 13 plL). Real-time PCR was performed
on a CFX96 Real-Time PCR Detection System (Bio-
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Rad, Hercules, USA) according to the manufacturer’s
recommended program (2 min at 95°C and 40 two-
step cycles [95°C — 10 s, 56°C — 60 s]). MicroRNA
expression was normalized to the exogenous control
cel-miR-39-3p and calculated using the 2-AACt method.
For miR-27b-3p, the following primer sequence was
used — 5’-TTCACAGTGGCTAAGTTCTGCA-3'.

Ethics approval

The study was approved by the meeting of
the Local Ethics Committee of the Russian Medical
Professional Education

Academy of Continuous

(Protocol No. 16 dated December 04, 2023).

Statistical analysis

Statistical analysis was performed using Statsoft
Statistica 12.0 (Dell Statistica, Tulsa, OK, USA).
Results of the study were performed using non-
parametric statistics due to the absence of normal data
distribution, which was checked using the Shapiro-Wilk
W-test.

The Mann-Whitney U-test was used to compare
two samples of continuous independent data, and the
Wilcoxon test was used to compare two dependent
samples. In the case of multiple comparisons, we
calculated adjusted p-values using the Benjamini-
Hochberg procedure. The study data are presented as
median and interquartile range (Me [Q1; Q3]).

Pearson’s Chi2 test was used to analyze the
distribution of alleles in the sample (assessment of
Hardy-Weinberg equilibrium). Correlation analysis was
performed using the non-parametric Spearman test,
taking into account the non-normal of the sample
distribution.

The significance of the identified differences and
correlations in all types of analysis was considered at
the level of p < 0.05.

RESULTS

Baseline characteristics of patients

The study included 98 male patients with BPH and
LUTS (median age — 70 [64.74; 75.50], BMI — 26.79
[25.18; 29.38] kg/m?). Most patients had cardiovascular
pathology: hypertension — 60 (61.2%), coronary heart
disease — 20 (20.4%), type 2 diabetes mellitus — 3
(3.1%) and urological diseases (23.8%). More detailed
clinical and demographic data are presented in Table 1.
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Patients were pro-genotyped for the CYP3A4*22
allelic variant (c.522-191C>T, rs35599367): the number
of patients with the CC genotype was 86 (87.75 %);
with the CT genotype — 12 (12.25%); with the TT
genotype — not established.

The distribution of genotypes corresponded to the
Hardy-Weinberg equilibrium (x>=0.417, p = 0.812).

Main study results

The results of the analysis of data obtained in
assessing the effectiveness of LUTS therapy in BPH
according to IPSS and assessing the quality of life
according to the Qol scale at 1, 2, 4 and 8 weeks of
follow-up in patients receiving silodosin are presented
in Table 2.

The dynamics of changes in IPSS scores in patients
with different genotypes is shown in Figure 1. At
visit 1, statistically significant differences were revealed
in the groups of patients with different genotypes:
for patients with the CC genotype, IPSS was higher
18 [14.0; 25.0] vs 11.0 [9.0; 15.0] for the CT group
(p = 0.000112). By the second and fourth week,
statistically significant differences between the groups
persisted — p < 0.0001. At the last 8th week of the
study, statistically significant differences also persisted:
genotype CC — 13.5 [10.0; 17.0], CT —5.0 [3.0; 7.0]
(p = 0.000035). The QoL quality of life assessment scale
showed the same dynamics of changes in scores as the
IPSS scale (Figs. 1A and 1B).

It is worth noting that the overall dynamics
of changes in IPSS (d IPSS1-4) and QoL (d Qol1-4)
between the groups throughout the 8-week
observation period did not differ: for CC — -6.0 [-8.0;
-5.0] vs -7.0 [-9.5; -2.5] for CT (p = 0.952101) for IPSS;
for CC — -2.0 [-3.0; -1.0] vs -2.0 [-2.5; -1.0] for CT
(p =0.425932; Figs. 1C and 1D).

Table 3 summarizes the data on the results of
determining Css silodosin. A statistically significant
difference was found in patients with different
genotypes: Css was higher in patients with CT —
13.44 [6.35; 16.6] vs 6.15 [3.10; 11.31] ng/mL with CC
(p = 0.005717; Fig. 2A). Spearman correlation analysis
did not reveal a statistically significant correlation
between the Css silodosin index and the magnitude of
the overall change in IPSS between the first and last
visit (d IPSS1-4) — rs =-0.115554, p = 0.257195 (Fig. 2B,
Table 3).
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Table 1 — Clinical and demographic characteristics of patients

Indicators

Total patient cohort (n=98)

Age, Me [Q1; Q3], years

70 [64,74; 75,50]

BMI, Me [Q1; Q3], kg/m?

26,79 [25,18; 29,38]

Smoking, n

23

Alcohol, n

16

Laboratory parameters at the time of inclusion in the study

Creatinine, Me [Q1; Q3], mmol/L

Urea, Me [Q1; Q3], mmol/L

Relative density, Me [Q1; Q3], g/L

pH, Me [Q1; Q3],

Hemoglobin, Me [Q1; Q3], g/L

Erythrocytes, Me [Q1; Q3], 1079/L

Leukocytes, Me [Q1; Q3], 1079/L

Platelets, Me [Q1; Q3], 1079/L

Erythrocyte sedimentation rate, Me [Q1; Q3], mm/hour
Prostate-specific antigen, Me [Q1; Q3], ng/mL

91.0 [81.5; 102.0]

5.5 [4.6; 6.5]

1019.5 [1015.0; 1025.75]
6.0 [5.5; 6.0]

148.5 [145.0; 158.0]
4.83 [4.71; 5.01]

6.30 [5.77; 7.25]

235.0 [190.0; 269.75]
6.0 [4.0; 7.75]

1.94 [0.89; 3.34]

Concomitant diseases, n (%)

Cardiovascular:
hypertension

60 (61.2%)

ischemic heart disease 20 (20.4%)
dyslipidemia 18 (18.4%)
others 3 (3.1%)
Endocrine:
type 2 diabetes mellitus 3 (3.1%)
Gastroenterological:
pancreatitis 3 (3.1%)
Urological:
urolithiasis 3 (3.1%)

Table 2 — Results of patient assessment on the IPSS and QoL scales at 1, 2, 4, and 8 weeks of follow-up

Indicator Total cohort (n=98) CC (n=86) CT (n=12) p-value
Visit 1 (at the time of inclusion)
IPSS 11.5[10.0; 15.0] 18 [14.0; 25.0] 11.0[9.0; 15.0] 0.000112*
QoL 4[4.0; 4.0] 4[4.0; 4.0] 5.0 [4.0; 6.0] 0.003899*
Visit 2 (2 weeks)
IPSS 9.0 [6.0; 11.0] 13.0[10.5; 17.5] 8.5 [6.0; 10.0] 0.000215*
QoL 3.0 [3.0; 4.0] 3.0 [3.0; 3.0] 4.5 [3.0; 5.5] 0.001576*
Visit 3 (4 weeks)
IPSS 7.0 [4.0; 13.0] 15.0[10.5; 17.5] 6.0 [4.0; 10.0] 0.000046*
QoL 2.0[2.0; 3.0] 2.0 [2.0; 3.0] 4.0 [2.5; 4.5] 0.002806*
Visit 4 (8 weeks)
IPSS 6.0 [3.0; 12.00] 13.5[10.0; 17.0] 5.0 [3.0; 7.0] 0.000035*
QoL 2.0[1.0; 3.0] 2.0[1.0; 3.0] 2.5[2.0; 4.5] 0.016612*
Difference between Visits 1 and 4
d IPSS , -6.0 [-9.0; -5.0] -6.0 [-8.0; -5.0] -7.0 [-9.5; -2.5] 0.952101
dQol,, -2 [-3.0; -1;0] -2.0[-3.0; -1.0] -2.0[-2.5;-1.0] 0.425932

Note: d IPSS1-4 — change in IPSS scores from baseline to day 56 of observation; d QoL1-4 — change in QoL quality of life scale scores from
baseline to day 56 of observation; * — differences are statistically significant.

Table 3 — Steady-state concentration values of silodosin and assessment of plasma miR-27b expression levels
in patients with different genotypes for the CYP3A4*22 polymorphic marker

Parameter Total cohort (n=98) CC (n=86) CT (n=12) p-value
Css, ng/mL 7.30[3.20; 11.50] 6.15 [3.10; 11.31] 13.44 [6.35; 16.6] 0.005717*
AACt miR-27b 0.44[0.12; 1.23] 0.47 [0.13; 1.23] 0.35[0.087; 1.29] 0.815755

Note: * — differences are statistically significant.
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Figure 1 — Dynamics of changes in IPSS scores and QoL quality of life assessment in patients with different

genotypes for the CYP3A4*22 polymorphic marker (rs35599367)
Note: A, B — data are presented as median and interquartile range — lines connect medians in different weeks of observation;
C, D — differences in IPSS and QoL scores between the first and last day of observation.
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Figure 2 — Differences in Css silodosin values in patients with different genotypes for the CYP3A4*22

polymorphic marker.
Note: A — data are presented as median and interquartile range; B — relationship between Css silodosin value and d IPSS1-4 value

in patients with lower urinary tract symptoms
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Figure 4 — Relationship between Css silodosin value and AACt miR-27b value in patients with lower
urinary tract symptoms.

Table 4 — Frequency of adverse events in the study group, n (%)

Adverse events Total cohort (n=98) CC (n=86) CT (n=12)
Retrograde ejaculation 6 (14.63) 6(17.14) 0
Orthostatic hypotension 8(19.51) 5(14.29) 3 (50)
Hypertension 3(7.32) 3(8.57) 0
Dizziness 6 (14.63) 6(17.14) 0
Headaches 3(7.32) 0(0) 3(50)
Rhinitis 12 (29.27) 12 (34.29) 0

Back pain 3(7.32) 3(8.57) 0

Total 41 (100) 35 (100) 6 (100)
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Analysis of the results of the
pharmacotranscriptomics did not reveal a statistically
significant difference in miR-27b
plasma in patients with different genotypes (Fig. 3A):
CC — 0.47 [0.13; 1.23] vs CT — 0.35 [0.087; 1.29]
(p = 0.815755). Correlation analysis revealed no
associations between miR-27b concentration and
the magnitude of the total change in d IPSS1-4 —
rs = 0.055974, p = 0.584080 (Fig. 3B, Table 3).

The study found no correlation between microRNA

levels in blood

concentration and the equilibrium concentration of
silodosin — rs = 0.119251, p = 0.242178.

Safety assessment

During the study, 41 cases of adverse events (AEs)
were noted in patients (Table 4). The most common
were rhinitis — 12 (29.27%), orthostatic hypotension —
8 (19.51%), retrograde ejaculation — 6 (14.63%), and
dizziness — 6 (14.63%). Less commonly, headaches
were noted — 3 (7.32%), back pain — 3 (7.32%), and
hypertension — 3 (7.32%). Due to the small number
of events in the subgroups, no statistically significant
differences were obtained, and the calculation of
relative risks was not performed.

DISCUSSION
The results of the study revealed a statistically
significant  difference  between the equilibrium

concentration values of silodosin in patients with
different CYP3A4*22 genotypes — in patients with
the C allele, the equilibrium concentration of the
drug was lower than in patients with the T allele
(p = 0.005717). Apparently, this is due to the reduced
rate of biotransformation and elimination of silodosin
in patients with the T allele, which, in turn, leads to the
accumulation of the drug in the blood plasma. This may
lead to an increased risk of adverse reactions.

Statistical analysis of data on the clinical efficacy
profile of silodosin in patients with different CYP3A4*22
genotypes revealed that already at visit 1, patients with
the CC genotype had more pronounced symptoms
compared to CT carriers (IPSS: 18 vs 11 points;
p < 0.001). This difference persisted at 2, 4, and 8
weeks of follow-up. At the same time, the decrease in
symptoms in both groups was comparable (delta IPSS:
-6.0 vs -7.0 points; p = 0.952101), which indicates the
same relative effectiveness of therapy regardless of
genotype. This result may indicate that the clinical
effect of silodosin is found out in a wide therapeutic
range of concentrations and does not directly depend
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on carrying the CYP3A4*22 polymorphism.

Analyzing the relationship between the efficacy
profile (dynamics of changes in dIPSS1-4 indicators)
and the equilibrium minimum concentration of
silodosin (Css), we did not reveal a statistically
significant correlation (rs = -0.115554, p = 0.257195).
This indicates that the clinical efficacy of the drug
does not directly depend on its plasma levels. At
the same time, the result is consistent with the data
obtained for other al-adrenoblockers, such as, for
example, tamsulosin and doxazosin, for which it was
also shown that the severity of the clinical response
is determined by the characteristics of interaction
with alA-adrenoreceptors, the characteristics of
distribution/binding in the prostate tissue,
the individual sensitivity of the patient’s receptor

and

apparatus [13-15]. This lack of a direct “concentration-
effect” relationship can be explained by the onset of a
therapeutic “plateau” — when the therapeutic effect of
the drug is achieved even with a relatively low exposure
in some patients, and a further increase in exposure is
not accompanied by an increase in the symptomatic
effect, but may increase the risk of adverse events [7,
13]. In addition, in the pathogenesis of lower urinary
tract symptoms in BPH, not only functional disorders
associated with smooth muscle tone play a significant
role, but also structural changes in the prostate and
bladder [16, 17], which also reduces the significance of
using only PK indicators.

In our cohort, circulating levels of miR-27b did not
differ between CYP3A4*22 genotypic groups (CC vs
CT) and did not correlate with either clinical dynamics
on IPSS (dIPSS1-4) or silodosin exposure (Css). This
negative result may reflect several factors at once.
Firstly, the association of miR-27b with CYP3A4 activity/
expression, demonstrated earlier (association with
4B-hydroxycholesterol in vivo and with hepatic CYP3A
activity in biopsy samples), has a moderate effect size
and manifests itself under direct assessment of hepatic
expression (tissue specificity, through concomitant
regulatory axes — VDR / PPARa) [12]. Whereas the
circulating level of miR-27b may reflect the combined
effect of many biological processes not always directly
related to the activity of the enzyme in the liver,
therefore it is not necessarily reproduced at the level
of circulating microRNA in clinical samples with a
different profile of concomitant factors. It should be
noted that for miR-27b there are studies confirming
the existence of a relationship between CYP3A4 activity
(calculated through the ratio of 6-beta-hydroxycortisol
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to cortisol in urine) and the concentration of the drug
(rs = -0.27, p = 0.006), metabolized through CYP3A4
(rs = 0.28, p = 0.003) [18]. Such data are presented
inconsistently, and the results depend on the study
design/cohort size [19]. Secondly, circulating microRNAs
are biomarkers with high sensitivity to preanalytical
and analytical variations (type of biomaterial and its
processing, the effect of hemolysis, normalization
strategy), which may reduce the identification of weak
associations. The need for strict control and combined
(for example, spike-in cel-miR-39
together with endogenous references) is emphasized

normalization

in modern methodological reviews [20, 21]. Thirdly, the
PK of silodosin is determined not only by CYP3A4: the
CYP3A4 enzyme plays a leading role in the oxidative
metabolism of silodosin, but in addition to it, CYP3A5,
UGT2B7 conjugation, as well as ABCB1/P-gp transport
and redox pathways through ALDH / ADH3? [22] are
involved in the ADME process. All these features can
“blur” the expected contribution of CYP3A4 and the
relationship between a single regulator (miR-27b) and
the exposure / clinical effect of the drug.

The structure of the identified AEs corresponded
to the known safety profile of silodosin: the largest
proportion was accounted for by symptoms from
the sexual function (retrograde ejaculation) and
ENT complaints (rhinitis), while hemodynamic AEs
(orthostatic hypotension, dizziness) were less common.
These observations reproduce the data of randomized
studies, where silodosin consistently shows a high
frequency of ejaculation disorders with a relatively
low frequency of clinically significant hypotension,
which is associated with high selectivity for alA-
adrenoreceptors [23-25]. At the level of subgroups
by CYP3A4*22, our work noted heterogeneity in
the distribution of individual AEs (a large proportion
of orthostatic hypotension and headache in the CT

3 DrugBank. Silodosin (DB06207); 2025. Available from: https://
go.drugbank.com/drugs/DB06207

subgroup), which may indirectly indicate the identified
increased exposure to silodosin in carriers of the
T allele. At the same time, the small number of events
in the CT subgroup (n = 12) does not allow us to draw
conclusions about the genetically determined risk
of AEs.

Study limitations

limitations. Firstly, the
sample size was limited, which, given the prevalence
of CYP3A4*22 in the European population at the level
of up to 5%, reduces the power and complicates the
analysis of associations with the frequency of individual
AEs. Secondly, the observational design and relatively

short period of therapy (8 weeks) do not allow us to

This study has several

assess long-term outcomes and the long-term safety
profile of silodosin. Thirdly, the assessment of miR-
27b expression was carried out only in blood plasma.
Finally, the influence of concomitant therapy and other
clinical factors potentially modulating the exposure
and effect of silodosin were not evaluated in this
study.

CONCLUSION

Thus, this study demonstrated the effect of genetic
polymorphism of the CYP3A4*22 gene on increasing
the exposure of silodosin in patients with BPH, while
the clinical efficacy of therapy in terms of IPSS and
QoL dynamics remained comparable regardless of
marker carriage. Circulating miR-27b levels did not
demonstrate a relationship with either PK or clinical
response, indicating the limited value of this biomarker
in the population under consideration. Adverse
events corresponded to the known safety profile
of silodosin and did not depend on the CYP3A4%*22
genotype. Further studies with expanded cohorts
are needed to clarify the contribution of both genetic
and epigenetic factors to the variability of response

to therapy.
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The aim. Within a series of 3a,6-epoxyisoindole-2(3H)-(carbox/thio/seleno)amides, we sought to identify a multimodal
scaffold suitable for the further development of agents to prevent and treat fibrotic diseases by assessing of compound’s
ability to mitigate glycation and oxidative stress, key triggers of fibrogenesis; to select a non-cytotoxic lead with a balanced
combination of these two activities, and to preliminarily evaluate its anti-inflammatory potential.

Materials and methods. Target 3a,6-epoxyisoindole-2(3H)-(carbox/thio/seleno)amides were synthesised using the IMDAF
approach. Antiglycation activity was evaluated in a bovine serum albumin-glucose model by registering advanced glycation
end-product (AGE) fluorescence. Antioxidant properties were determined using the ABTS assay. Cytotoxicity and anti-
inflammatory effects were studied in peritoneal macrophages from adult wild-type white mice (n = 4; body mass 30-35 g).
Cytotoxicity was assessed by the MTT assay and lactate dehydrogenase (LDH) release, while anti-inflammatory effects were
evaluated in a model of LPS-induced nitric oxide (NO) production.

Results. The study delineates promising directions for modifying the epoxyisoindole scaffold for drug discovery and
proposes a screening framework for agents targeting pathologies dependent on non-enzymatic damaging mechanisms
(glycation, oxidation), including fibrotic diseases. Active molecules were identified among derivatives of hydrogenated
3a,6-epoxyisoindole. Compound 2.10 — 7a-chloro-N-(4-chlorophenyl)-1,6,7,7a-tetrahydro-3a,6-epoxyisoindole-2(3H)-
carbothioamide — exhibited an optimal balance of antiglycation (at 100 uM, inhibition of glycation 40.1 + 1.7%) and
antioxidant activity (at 111 pM, reduction in ABTSe+ colour intensity 57.1 + 1.1%) with low cytotoxicity (apparent
from > 250 uM). By contrast, compounds 2.16-2.19 (bearing an aroyl fragment) showed exceptionally high antioxidant
activity (95.0-96.5% reduction in ABTSe+ colour intensity) without concordant antiglycation effects (inhibition not
exceeding 15%). In the model used, anti-inflammatory activity of 2.10 was not detected.

Conclusion. Compound 2.10 is a promising starting point for further structural optimisation toward agents acting on
early pathogenetic events driven by non-enzymatic damaging triggers, including the prevention and treatment of fibrotic
remodelling.

Keywords: epoxyisoindole; antiglycation; antioxidant activity; inflammation; fibrosis; macrophages

Abbreviations: ABTS — 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DMEM — Dulbecco’s Modified Eagle
Medium; IMDAF — IntraMolecular Diels-Alder Furan reaction; BSA — bovine serum albumin; DMSO — dimethyl sulfoxide;
AGE — advanced glycation end products; LDH — lactate dehydrogenase; LPS — lipopolysaccharide; NAD+ — nicotinamide
adenine dinucleotide (oxidized form of the molecule); NADH — nicotinamide adenine dinucleotide (reduced form of the
molecule); PMs — peritoneal macrophages; TLC — thin-layer chromatography; NMR — nuclear magnetic resonance.

For citation: U.M. Ibragimova, N.V. Valuysky, V.R. Rayberg, S.A. Sorokina, K.I. Zhukova, D.K. Deryagin, I.S. Ukhorenko, A.A. Grigoryeva,
D.M. Shchevnikov, V.P. Zaytsev, R.A. Litvinov. Synthesis and multimodal activity of 3a,6-epoxyisoindole-2(3H)-(carbox/thio/seleno)amides in models
of glycation, oxidative stress, and inflammation: Toward the development of agents targeting the triggering mechanisms of fibrogenesis. Pharmacy
& Pharmacology. 2025;13(6):500-514. DOI: 10.19163/2307-9266-2025-13-6-500-514

® Y.M. Ubpazumoea, H.B. Banylickuii, B.P. Palibepez, C.A. CopokuHa, K.U. ykoea, 1.K. flepazuH, U.C. YxopeHKo,
A.A. puzopsesa, .M. LLlesHuKos, B.M. 3aiiyes, P.A. JlumeuHos, 2025

Ans uutuposanua: Y.M. U6parumosa, H.B. Banylickuit, B.P. Paiibepr, C.A. CopokuHa, K.W. Xykosa, [.K. OepsaruH, U.C. YxopeHko, A.A. Tpuropbesa,
O.M. WesHuros, B.M. 3aiiues, P.A. /IuTBUHOB. CUHTE3 M MY/ILTUMOAANbHAA aKTUBHOCTb 3a,6-3MoKcMmn3onHaono-2(3H)-(kapbokce/Tno/cener)
aMUA0B B MOAENAX PeaKLMU IMKMPOBAHMUA, OKUCIUTENIbHOIO CTpecca M BOCMasieHus, OpUeHTaumsa Ha pa3paboTKy CpescTs, BO3AEMCTBYIOWMX Ha
TpUrrepHble MexaHu3mbl drbposuposanus. @apmayus u hapmakosnoeus. 2025;13(6):500-514. DOI: 10.19163/2307-9266-2025-13-6-500-514

500 Volume XIll, Issue 6, 2025


https://crossmark.crossref.org/dialog/?doi=10.19163/2307-9266-2025-13-6-500-514&domain=pdf&date_stamp=2025-01-12 

Hay4Ho-npakTunyeckuin XxypHan OPMI’MHAﬂbHAﬂ CTATbﬂ

gﬁgmxﬁgﬁomrmﬂ DOI: 10.19163/2307-9266-2025-13-6-500-514

(PHARMACY & PHARMACOLOGY)

CuHTEe3 n MmynsTUMoganbHasa akTUBHOCTb
3a,6-anokcunsounHpono-2(3H)-(kap6okc/Tuo/ceneH)ammaon

B MoAensiX peakumm rmMKMnpoBaHnUA, OKUCIIUTENbHOIo

cTpecca v BocnaneHusi, opMeHTaums Ha pa3paboTKy cpeacTs,
BO34EeNCTBYHOLMNX HA TPUITEPHble MeXaHN3Mbl ubpo3npoBaHUus
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MonyyeHa 30.07.2025 MNocne peueHsmpoBaHua 30.10.2025 MpuHATa K neyatn 15.11.2025

Lenb. B pagy 3a,6-anokcumsonHaon-2(3H)-(kapboKc/Tmo/ceneH)aMmaos BbisiBUTb  MYAbTMUMOAA/bHbIA  cKaddona,
NPUTOAHbIA B KAYecTBE OCHOBbl A/1A JafbHelwel pa3paboTku cpencts NpodUAaKTUKM U Tepanuu GUOPO3HbIX
3a60/1€BaHMI; OUEHUTb AHTUIIMKUPYIOLWLYD U QHTUMOKCUMAAHTHYD aKTMBHOCTb pAja CcoefuHeHulr, oTobpatb
HELMTOTOKCUYHOE coeauHeHne-nngep co cbanaHCMpOBaHHbIM COYeTaHWeM ABYX aKTUBHOCTEW M MpeaBapuTenbHO
NpOBEPUTL ero NPOTUBOBOCNAINTENIbHOE AeNcTBUE.

Matepuanbl u metogbl. Llenesble 3a,6-anokcunsonHaon-2(3H)-(kapbokc/Tmo/ceneH)ammabl  CUHTE3UPOBaHbI  C
ucnonb3oBaHvem |IMDAF-peakumm. AHTUIIUKUPYIOLLYIO AKTUMBHOCTb OLIEHWMBAZW B MOLEAWN [IMKUPOBAHWUA anbbymuHa
T/IIOKO301, perncTpupys GbnyopecLeHUM0 KOHEYHbIX MPOAYKTOB MUKUpoBaHuA (KIMT). AHTMOKCUMAAHTHblE CBOWMCTBA
onpegenanu ¢ npumeHeHvem ABTS. LIMToToKcMYecKkoe 1 NPOTMBOBOCNANNTENBHOE AEWUCTBUE M3YYaiM HA MEePUTOHEAbHbIX
makpodarax 6enblx NoNOBO3penbiXx Mbiwen aukoro Tmna (n=4, macca 30-35 r). LIUTOTOKCMYHOCTb OLEHMBAAU C
ucnonb3oBaHvem MTT-TecTa U Mo BbICBOBOXKAEHUIO NaKTaTaernaporeHassl (J146), npotnBoBocnannTenbHbii apdeKkT — B
mogenu NINMC-MHAYLMPOBaHHOM NPOAYKUMKN oKkecraa asoTa (NO).

Pe3synbtatbl. B pe3ynbTate paboTbl MNOKasaHbl NEPCNEeKTMBHblE HanpaBAeHUs MoAMUKALMU 3MOKCUU3OMHAO/IBHOIO
ckaddonpa AnA paspaboTKM HOBbIX NEKAPCTBEHHbIX MPEMapaToB; MPeA/ioKeHa CcucTemMa MOoMCKa CcpeacTs AnA
NPOOUNAKTUKM WU NIeYeHUA NaATONOTMIA, 33aBUCUMBbIX OT MYCKOBbIX MEXaHW3MOB MOBPEXAEHWUA [NIMKMPOBAHMEM W
OKUC/NIUTENIbHBIM CTPECCOM, B TOM Yncine GpnubposHbix bonesHen. MaeHTMGULMPOBAHbI aKTUBHbIE MOJIEKY/bI (TPOU3BOAHbIE
rTMApPUPOBaHHOro 3a,6-anokunsonHaona). CoeamHerve 2.10, a MmeHHo 7a-xnop-N-(4-xnopdeHun)-1,6,7,7a-Tetparnapo-
3a,6-anoKkmmsonHaon-2(3H)-kapbotnoamms, nNpPOAEMOHCTPUPOBANIO ONTMMA/IbHOE COYeTaHWe aHTUIUKMpytoweln (B
KOHUeHTpauun 100 MKM MHrMbupoBaHue peakumu rmunknpoBaHua Ha 40,1+1,7%) M aHTMOKCMAQHTHOW aKTUBHOCTU (B
KOHUeHTpauun 111 MKM CHUXEeHME WMHTEHCUBHOCTM OKpackum ABTSe+ Ha 57,1+1,1%) npu HWU3KON LUTOTOKCUYHOCTU
(nposABnseTca B KoHUeHTpaumsax 2250 mMkM), Torga Kak 2.16-2.19 (copeprKaT CTPYKTYpHbIA N-apounbHbIN GparmeHT)
OT/INYANIUCL WUCKIHOYUTENbHO BbICOKOW AHTUOKCUAAHTHOM aKTUBHOCTBbIO (CHMMEHME MHTEHCMBHOCTM OKpacku ABTSe+
Ha 95,0-96,5%) 6e3 cornacoBaHWA TaKOBOM C aHTUIIMKMPYIOWMM AeicTBMEM (414 NyYWero coeguHeHUs He AoCTUraeT
15% WHrMBbMPOBaHUA peakunu FUKMPOBAHUA). MPOTMBOBOCMANUTENIbHAA aKTUBHOCTb 2.10 B MCMNO/Ib30BAHHON Moaenwu
BblfiB/IEHa He bbina.

3akntoueHue. CoeamHeHve 2.10 — nepcrneKkTMBHAA OCHOBA A/1A AasibHelle ONTUMMU3ALLMM CTPYKTYPbl B HanpaBaeHUU
CO3[aHNA CPeacTB, OPUEHTUPOBAHHbIX Ha pPaHHME 3BeHbs MaToreHesa 3ab0NeBaHW, 3aBUCMMbIX OT MeXaHU3MOB
NOBPEKAEHUA [MUKUPOBAHMEM U OKMCAUTENbHbIM CTPECCOM, B TOM Yucine gasa NpPodUNakTUKM M nedeHuns GubposHoro
pemogenpoBaHuma.

KnioueBble cnoBa: 3MOKCMU3OUHAO/M; AHTUIIMKMPOBAHME; QAHTUMOKCUMAAHTHAA aKTUBHOCTb; BOCMasneHwe; ¢ubpos;
makpodaru

CnucoK  cokpalweHmnini: ABTS —  2,2'-a3nH0-6Uc(3-3TMN6eH30TMA30AMH-6-cynbdoHOBas  kucnota); DMEM  —
moguouumpoBaHHaa Aynbbekko cpesa Wrna; IMDAF — BHyTpMMOANEKynspHas peakums [dunbca-Anbgepa C ydyacTMem
¢dypaHa; BCA — 6bl4MI CbIBOPOTOYHbLIM anbbymuH; AMCO — aumetuncynbdokena; KME — KOHEYHble NPOAYKTbI
rnkmpoBanusa; JIAI — naktatgerngporeHasa; JINMC — aunononucaxapug; HAO+ — HUKOTUMHAMUAALEHUHOUHYKNEOTUA,
(okncneHHas dopma monekrynbl); HAOH — HUKOTMHaMUZAAEHUHOMHYKNAeoTUs, (BoccTaHoBNEHHAsa Gopma MONeKy/bl);
MM — neputoHeanbHble Makpodarm; TCX — ToHKocNoMHan xpomaTtorpadus; AMP — agepHbIi MarHUTHbIA pe3oHaHC.
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INTRODUCTION

At the heart of many difficult-to-treat, debilitating
diseases lie the processes of pathological fibrotic
remodeling of tissues [1]. One of the leading roles
in the development of fibrosis is assigned to the
persistent transition of fibroblasts into myofibroblasts
[2], inflammation [3], changes in the expression
of signaling molecules (for example, FGF23 in the
heart, interleukins IL-6 and IL-11) [4-6], as well as
an imbalance in the degradation and synthesis of
extracellular matrix components [7]. At the same time,
the above conditions, despite their high pathogenetic
significance, are reactive, that is, capable of developing
in response to the action of a triggering damaging
mechanism [8—10]. Such triggering mechanisms include
damage to molecules by factors such as glycation and
oxidative stress [9, 10].

Focusing on fibrosis as a pathology that is difficult
to treat, as well as the secondary nature of many
significant pathogenetic mechanisms of fibrotic
remodeling, it can be concluded that targeting the
earliest triggering links in pathogenesis is a promising
strategy in the prevention and treatment of the
disease [11]. Moreover, acting on several mechanisms
at once may have even greater success [12]. In
general terms, an approach to the search for new
antifibrotic compounds, based on assessing the effect
of such compounds on both early, triggering, and
later, secondary mechanisms of fibrotic remodeling,
can serve as an effective strategy for finding new
antifibrotic drugs.

THE AIM. To analyze and identify in the series of
3a,6-epoxyisoindole-2(3H)-(carbox/thio/seleno)amides
a multimodal scaffold suitable as a basis for further
development of means for the prevention and therapy
of fibrotic diseases; to evaluate the antiglycation and
antioxidant activity of a number of compounds, to
select a non-cytotoxic lead compound with a balanced
combination of two activities and to preliminarily test
its anti-inflammatory potential.

MATERIALS AND METHODS

Synthesis of compounds

Series of compounds 1.1-1.12 and 2.1-2.19
for biological tests were synthesized using thermal
intramolecular Diels-Alder reaction in the furan
derivatives (IMDAF reaction), which is often used
both for the directed production of alkaloids [13-16]
and for studying the fundamental laws of organic
reactions [17-19].

At  the first
N-allylfurfurylamines

stage, the corresponding
were obtained by reductive
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amination using one of two methods (Fig. 1),
depending on the loading, as described in [20-23].

Method A (mass of the initial furfural is less
than 5 g). An equimolar amount of allylamine (all
commercially available reagents were provided by
Thermo Scientific Chemicals) was added to a solution
of furfural in dichloromethane, after which the reaction
mixtures were stirred at room temperature in the
presence of MS 3A molecular sieves for 24 hours (TLC
control). After removing the solvent, the resulting
oils were dissolved without further purification in
methanol (with the addition of tetrahydrofuran in case
of incomplete dissolution), and a two-fold molar excess
of sodium borohydride was added at room temperature
with constant stirring. After incubation for 24 hours
and standard workup, the secondary amines were
isolated as pale yellow oils by column chromatography
(SiO,, eluent: hexane-ethyl acetate) with a yield
of 40-50%.

Method B (mass of the initial furfural is more
than 5 g). An equimolar amount of allylamine was
added to a solution of furfural in benzene, after
which the mixture was boiled with a Dean-Stark trap
until the theoretical amount of water was separated.
After evaporation of benzene, the resulting oils were
dissolved without further purification in ethanol and
reacted with sodium borohydride (2 eq) at boiling.
After standard workup, the resulting oils were purified
by fractionation under reduced pressure. The target
amines were obtained as colorless or light yellow oils
with yields of 45-50%.

The synthesis of epoxyisoindolecarbo(thio,
seleno)amides 1.1-1.12 and 2.1-2.19 was carried out
in benzene or toluene, as described in [24, 25] (Fig. 2
and Fig. 3). The corresponding iso(thio,seleno)cyanate
(R3NCO or R3NCX) was added to a solution of the
furfurylallylamines obtained above, and the reaction
mixture was boiled for 6-8 hours (TLC control, Sorbfil,
hexane : ethyl acetate 80 / 20). After cooling, the
resulting crystals were filtered off, washed with ether,
to obtain the target products as colorless crystals with
yields of 28-93%.

The significant difference in the yields of the target
3a,6-epoxyisoindoles is due to the different steric load
of the diene and dienophile in the transition state
of the intramolecular [4+2] cycloaddition, as well as
the different basicity of the secondary nitrogen atom
in the initial N-allylfurfurylamines (which affects
the rate of nucleophilic addition of isocyanate). It
has been shown that bulky aliphatic substituents at
the nitrogen atom of N-allylfurufuryl(thio,seleno)
ureas reduce the yields of Diels-Alder adducts. The
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moderate yield of selenoureas 2.12-2.15 (Fig. 3) is
explained by the fact that prolonged heating of the
reaction mixtures in benzene leads to the destruction
of products with the formation of a red selenium
precipitate.

The structure of the obtained products and
their purity were confirmed by 'H, *C NMR, mass
spectrometry and elemental analysis. The obtained
spectral data correlate with those described previously
in [24, 25].

Antiglycation activity in vitro

The glycation reaction was carried out in a 0.05M
phosphate buffer solution, pH 7.4. Composition of the
reaction medium: glucose 0.36 M (Agat-Med, Russia),
BSA (fraction V) 1 mg/mL (Sigma, USA). The test
compounds were dissolved in 99% DMSO (Kemerovo
FF, Russia) (final concentration of the solvent in the
reaction medium ~3%). The activity of the compounds
was studied at a concentration of 100 uM. Control
samples contained an equivalent volume of solvent.
The samples were incubated for 24 hours at 60°C.
Data were recorded by a spectrofluorimetric method,
determining advanced glycation end products (AGEs)
by their specific fluorescence at excitation/emission
wavelengths of 440 / 520 nm (Infinite M200 PRO
microplate reader, Tecan, Austria).

In order to exclude false-positive
compounds that suppress AGE fluorescence due to
interference, logarithmic normalization of the obtained
data was performed using formula 1:

Flu(lg) = 10'e(exe)~lg(Blank) _ 7

is the normalized fluorescence

results for

where Flu(lg)
intensity of AGEs; Ig(exp) and Ig(blank) are the decimal
logarithms of the actual fluorescence levels of glycated
and corresponding non-glycated samples (both
containing the test compound and control).

The activity of other compounds (both non-
fluorescent and fluorescent at the wavelengths used)
was expressed by formula 2:

Flu(lin) = Exp — Blank,

where Flu(lin) is the fluorescence intensity of AGEs;
Exp and Blank are the actual fluorescence levels of
glycated and corresponding non-glycated samples (both
containing the test compound and control).

The determination of activity, expressed as %
suppression of AGE fluorescence, was performed using
formula 3:

% :100—(Flu(exp)*$}
Flu(Contr)

Tom 13, Beinyck 6, 2025

where Flu(Exp) and Flu(Contr) are the fluorescence
intensity of AGEs in experimental and control samples,
respectively (log-normalized or non-log-normalized).

In vitro antioxidant properties

ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid); «Sigma», Canada) is a chromogenic
substrate used for the quantification of antioxidant
activity. In the process of oxidation of this substrate,
a stable ABTSe+ radical is formed, characterized by
an intense blue-green color. Antioxidants are able to
reduce this radical, which leads to a decrease in color
intensity, thereby allowing the antioxidant capacity
of the compounds under study to be assessed. The
radical is generated by adding a hydrogen peroxide-
hemoglobin system to the reaction medium.
Hemoglobin («Serva», Germany) was dissolved in
0.1M phosphate buffer solution (pH=6.8) to a final
concentration of 1 mg/mL. ABTS was prepared at
a concentration of 0.4 mg/ml by diluting 2 mg in
1 mL of PBS. Hydrogen peroxide was prepared by
mixing 197 uL of 3% H,O, («lvanovo Pharmaceutical
Factory», Russia) with 9833 uL of distilled water,
reaching a concentration of 0.05%. Spectrophotometric
determination of the optical density of the medium was
carried out at a wavelength of 734 nm using a Tecan
Infinite M200 PRO multifunctional microplate reader
(Tecan, Austria).

Ethics approval

The manipulations were carried out in accordance
with the requirements of ARRIVE 2.0. Ethical approval
was obtained on 10/23/2024 from the Local Ethics
Committee of the Volgograd State Medical University
(registration number IRB 00005839, IORG 0004900
[OHRP]).

Assessment of the cytotoxicity of the lead

compound, as well as its anti-inflammatory

properties upon induction of inflammation

by bacterial lipopolysaccharide

Primary mouse peritoneal macrophages (PMs)
were used as target cells. PMs were isolated from
peritoneal exudate of wild-type white sexually mature
mice (n = 4, weight 30-35 g). The animals were
obtained from the bio-nursery of LLC “SMK STEZAR”
(Vladimir) and underwent a 2-week quarantine in the
vivarium of the Volgograd State Medical University.
The maintenance of animals and the conduct
of experiments complied with the “Principles of
Good Laboratory Practice” (GOST R-53434-2009)
and the recommendations of the “Guidelines for
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Preclinical Studies of Medicines”. To stimulate the
accumulation and activation of PMs, mice were
injected intraperitoneally with 1 mL of 3% peptone
solution. After 3 days, the animals were humanely
euthanized by cervical dislocation. Peritoneal cells
were collected by aseptic washing of the abdominal
cavity with 5 ml of sterile Hanks” solution (PanEco,
Russia) (without calcium and magnesium ions) at
a temperature of 4-6°C. The resulting lavage was
centrifuged at 250 g for 10 min (SIGMA 2-16KL
centrifuge, Germany), the supernatant was removed,
and the pellet was resuspended to obtain a cell
suspension, followed by centrifugation (5 min) and
resuspension. The total number of cells was counted
and their viability was assessed in a Goryaev counting
chamber (Russia) with staining with 0.4% trypan blue
(«Sigma-Aldrich», USA). The cell concentration was
adjusted to 2.0x106 cells/mL in complete DMEM
nutrient medium (Gibco) supplemented with 2 mM
L-glutamine (Gibco), 10% heat-inactivated fetal bovine
serum («BioClot», Germany) with the addition of
100 U/mL penicillin and 100 mg/mL streptomycin
(Gibco). The cells were seeded into 96-well plates
at 200 pL per well and incubated for 2 h at 37°C in a
humidified atmosphere (95% humidity) with 5% CO2,
after which the wells were washed with Hanks’ solution
(without calcium and magnesium ions) to remove
unattached cells. After 24 h of incubation, 40 pL of
supernatant was taken from each well, and 20 pL of
solutions of the tested substances were added in the
concentration range of 10-10000 uM, which provided
a final concentration of 1-1000 uM in the well. The
range of selected concentrations is acceptable and
is found in the literature in various combinations of
specific studied concentrations [26-28]. Incubated
for 30 min in a CO, incubator. After 30 min, 20 pL of
lipopolysaccharide (LPS) E. coli 026:B6 (in DMEM
medium) («Sigma-Aldrich», USA) (C = 100 ng/well) was
added and incubated for 24 hours. After co-incubation
of PMs with the test and control substances, 20 pL
of cell supernatant was taken for the LDH test and
50 pL of cell supernatant was taken to determine NO
production. The remaining culture plate with PMs was
used for further MTT testing.

Performing the MTT assay

A colorimetric MTT assay was used to assess cell
viability. After 24 hours of exposure to the compounds
and aspiration of 70 pL of cell suspension, the cells
were treated with MTT solution (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium  bromide)  («Sigma»,
China) at a concentration of 5 mg/mL in PBS in a ratio
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of 1:10 and incubated for another 2.5 h. At the end of
the incubation, the MTT solution was removed, 150 pL
of DMSO («Kemerovo Pharmaceutical Factory», Russia)
was added to dissolve the formazan crystals, and the
plates were shaken for 5 min. The optical density was
measured at a wavelength of 565 nm using a Tecan
Infinite M200 PRO multifunctional microplate reader
(Tecan, Austria). The selected wavelength corresponds
to the absorption maximum and provides optimal
sensitivity; similar parameters have been described
previously [29].

Performing the LDH assay

An increase in the level of the enzyme lactate
dehydrogenase (LDH) in the culture medium indicates a
violation of the integrity of the cell membrane and cell
death. To measure the LDH content in supernatants,
a method was used based on spectrophotometric
monitoring of the decrease in NADH concentration in
the presence of pyruvate. 20 pL of supernatants taken
24 hours after incubation of PMs with the test and
control compounds (final concentration 1-1000 uM)
were mixed with 250 pL of NADH solution (PanEco,
Russia) at a concentration of 0.194 mM/I, dissolved
in 54 mM phosphate buffer, pH=7.5. Then, 25 uL of
pyruvate solution (PanEco, Russia) at a concentration of
6.48 mM was added to the mixture.

The change in optical density was recorded at a
wavelength of 340 nm for 20 min using a Tecan Infinite
M200 PRO multifunctional microplate reader (Tecan,
Austria). The selected wavelength corresponds to the
peak absorption of NADH, providing optimal sensitivity
for its quantification [30]. This time is necessary for
the enzymatic reaction of pyruvate conversion to
lactate and NADH oxidation to NAD+, which underlies
this test system [31]. To determine cell viability, a
standard curve was used, where the viability of whole
cells was taken as 100%, and those treated with
Triton X-100 as 0%.

Determination of NO production

by peritoneal macrophages

The expression of iINOS by cells was induced by
adding a sterile solution of LPS in a volume of 20 pL, the
final concentration was 100 ng/well. Dexamethasone
at a concentration of 100 pM was used as a reference
drug. Incubated for 24 h under standard CO, incubator
conditions.

The accumulation of nitrite (a stable end product of
NO) in supernatants was determined using a standard
Griess reagent. The Griess method is based on the
diazotization of the nitrite ion in an acidic medium
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with sulfanilamide and the interaction of the diazo
compound with N-(1-naphthyl)ethylenediamine to form
a colored derivative. After 24 hours of incubation, 50 pL
of supernatant was taken from the wells of the plate,
100 pL of reagent was added (1% sulfanilamide in 5%
orthophosphoric acid and 0.1% aqueous solution of
N-(1-naphthyl)ethylenediamine in equal proportions).
The optical density was determined in a microplate
reader at 550 nm using a Tecan Infinite M200 PRO
multifunctional microplate reader (Tecan, Austria). The
selected procedure corresponds to [32].

Statistical analysis

Statistical data processing was performed using
GraphPad Prism 9.0, using the ANOVA criterion
(Dunnett’s post-test). The calculation of statistical
parameters was carried out for linearly normalized
data (normalization was carried out by subtracting the
values obtained for blank samples from the results
obtained for the corresponding experimental samples).
Correlation analysis was performed using Pearson’s
correlation coefficient at a significance level of p < 0.05.

RESULTS

In vitro antiglycation activity

The results of the study of the antiglycation
properties of the compounds are presented in Table 1.

The study identified several of the most active
compounds, namely 2.5, 2.8, 2.10, 2.11, 2.12, 2.13,
2.14 and 2.15. Despite a significant superiority in the
level of activity over alagebrium (the latter shows
activity under these experimental conditions only at a
concentration of 1000 uM), the activity of the noted
compounds still seems moderate, but sufficient for
conducting further modifications of the structure.
The negative activity value of compound 1.9 can
probably be considered as a result of interference or
measurement error.

In vitro antioxidant properties
The results of the study of the antioxidant
properties of the compounds are presented in Table 2.

R2

ZT

R )\/ R
) NaBH, NH.
/0 R " 7
_ v& MeOH, rt, 24 h  MS 3A, CH,Cl,, J__o
1, 24 h

The study identified several of the most active
compounds: 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10,
2.11, 2.12, 2.13, as well as 2.16, 2.17, 2.18, 2.19 (the
activity of the last 4 compounds turned out to be the
highest in the series).

According to a mechanistic view of the glycation
reaction, the course of the reaction largely depends
on oxidation processes [33], due to which antioxidant
compounds may be promising antiglycators [34]. In
one of our earlier works, we demonstrated a similar
correlation between antiglycation activity and the
ability of compounds to prevent copper-dependent
ascorbate autooxidation [35]. It is noteworthy that in
the case of the studied series of compounds, there is
no statistically significant correlation between the two
activities (Pearson’s criterion, R = 0.239, p = 0.196).
At the same time, the exclusion of compounds 2.16,
2.17, 2.18, 2.19, which showed the highest antioxidant
properties, led to the emergence of a statistically
significant correlation (Pearson’s criterion, R = 0.607,
p = 0.001). This correlation is graphically presented in
Figure 4.

Such discrepancy in the values of the two
estimated activities for these four compounds may be
a consequence of interference in one of the two tests,
and therefore requires further investigation. At the
same time, we note that these compounds contain
a structural N-aroyl fragment, possibly significant
for the manifestation of only one activity, but not
the second, even despite the connection between
them. It is also possible that this antioxidant activity,
due to undetermined features, is able to manifest
itself only under the conditions of the ABTS test
and is not significant for the course of the glycation
reaction, which limits its potential usefulness. Thus,
despite the presence of dramatically high antioxidant
activity, comparable to the highly active compound
quercetin, and considering the insufficient reliability
and explainability of the results, compounds 2.16, 2.17,
2.18, and 2.19 were not considered when selecting
the lead. Studies of the antioxidant properties of these
compounds will be continued and deepened in the
future.

Method B
R2
R1
)‘v NH, NaBH,

EtOH, A, 4 h

PhH, A

[R' = H, Me, Et, CI, Br, |, CO,Et; R?= H, CI, Br}

Figure 1 — Obtaining the initial N-allylfurfurylamines.
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1,6,7,7a-tetrahydro-3a,6-epoxyisoindole-2(3H)- carboxamides

o) o) o) 0
Te) L e =Tl =Tl
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Ph—NH
Br
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Bn—NH Me  4-CICeHs—NH 4-CICeH,—NH Br 3-CICgH,—NH
H Br H Br
1.6, 68% 1.7, 72% 1.8,73%

1.5, 29%
O, O,
o) (e
o) 0 NH NH Me
SRS SRR SeO] “ H
Pr’—=NH Hex"-NH L Me
112, 41%
OMe

H
1.9, 42% 1.10, 28% 1.11,45%
OMe

Figure 2 — Scheme of obtaining and structural formulas
of hydrogenated 3a,6-epoxyisoindolo-2(3H)-carboxamides.

R! X
o - RINCX > N @
4 H PhH, A, 6h  R3-NH R
= N\/§ R2

X=8§, Se
2.1-2.19

1,6,7,7a-tetrahydro-3a,6-epoxyisoindolo-2(3H)-carbothio(seleno)amides

4-FCgH,—NH
e
2.1,85% 2.2,69% 2.3,85% 2.4,57%
RSO SIS T
4-CICgH,—NH ¢l Ph—NH Ph—NH 4-FCgH,—NH
C Br C
2.5,93% 2.6, 46% 2.7,63% 2.8,67%
T en T e )
4-FCgH,—NH 4-CICgH, —NH 4-CICgH,—NH
Br C Br
2.9, 75% 2.10, 57% 2.11, 68%

Se Se Se Se
RSO N6 S I =6 S I = O
4-BrCgH,—NH 4-ICgH,—NH 2,6-CloCgHy—NH 2,6-ClaCgH;—NH Me

H
2.12, 44% 2.13, 59% 2.14,57% 2.15,47%
wrOD e s rGel., srGe
H H H CO,Et H Et
P H 4-CICgH, H P 4-MeCH,
2.16, 87% 217, 87% 2.18, 69% 2.19, 82%

Figure 3 — Scheme of obtaining and structural formulas of hydrogenated 3a,6-epoxyisoindolo-2(3H)-
carbothio(seleno)amides.
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Figure 4 — Graphical representation of the correlation between the values of antiglycating
and antioxidant activities of compounds, excluding 2.16, 2.17, 2.18, 2.19 and references.
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Figure 5 — Results of assessing the cytotoxic and anti-inflammatory properties of compound 2.10.

Note: A — cytotoxic effect of compound 2.10 in the MTT test on peritoneal macrophages; B — cytotoxic effect of compound 2.10 in the test
with the determination of released lactate dehydrogenase; C — inhibitory effect of compound 2.10 on NO production caused by the action of
lipopolysaccharide compared to dexamethasone. * — statistically significant differences compared to the control group results,
ANOVA (Dunnett’s post-test: * — p < 0.05; ** — p < 0.01; *** p < 0.001, **** — p <0.0001).
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Table 1 — Antiglycating activity of 3a,6-epoxyisoindole
derivatives in vitro at a concentration of 100 uM

Table 2 — Antioxidant activity of 3a,6-epoxyisoindole
derivatives in vitro at a concentration of 111 uM

Compound Activity, % (M + SEM) Compound Activity, % (M = SEM)
1.1 -3.1+1.2 1.1 2.1+06
1.2 9.2+45 1.2 27407
1.3 3.7+2.7 13 0.7+0.4
1.4 -0.1+£3.6 1.4 5.0+0.2"
1.5 3.0+2.7 1.5 5.1+04™
1.6 20.2+2.4" 1.6 -3.1+0.7
1.7 55+85 1.7 2.8+0.7
1.8 1.1+3.1 1.8 37404
1.9 -16.6 £2.2™ 1.9 5.6+0.6™
1.10 20.3+2.2" 1.10 45%0.6
1.11 1.4+35 1.11 -1.9+0.5
1.12 3.1+43 1.12 07+1.4
2.1 52422 2.1 11.4+0.6™""
2.2 25.1+43" 2.2 59.2 0.9
2.3 19.9+3.3 2.3 43707
24 054138 2.4 37.1+1.17"
2.5 30.1+5.2" 2.5 55.5+0.97"
2.6 154+1.6™" 26 353+0.7°"
2.7 52+1.6 57 395105
2.8 34.7+£3.1° 28 5103
2.9 57435 29 507208
a Sl
212 379£23™ 2.11 52.0 +1.3""
213 28011 2.12 31.5+0.5""
212 589227 2.13 30.2 1.0
2.15 31.0£09"" 2.14 14141277
2.16 8.8+2.7" 2.15 220+1.17"
2.17 14.7 +1.0” 2.16 95.3+0.1""
2.18 1.0+4.1 2.17 96.5+0.2""
2.19 -1.0+3.2 2.18 95.0 £+ 0.5
Alagebrium -12.0+1.2 2.19 96.1+0.1""
Alagebrium (1000 puM) 15.9+1.5"" Quercetin 92.8+1.8""

Note: * — statistically significant differences compared to the control
group results, ANOVA (Dunnett’s post-test: * — p < 0.05; ** —
p <0.01; *** — p<0.001, **** — p <0.0001).

Based on the combination of two activities,
antiglycation and antioxidant, the best compound
was selected from the remaining compounds, which
exhibited both desired types of action to the greatest
extent simultaneously, namely compound 2.10, while
combining them in a balanced manner. Further studies
were conducted with the selected lead.

Evaluation of the cytotoxicity of the lead

compound, as well as its anti-inflammatory

properties upon induction of inflammation

by bacterial lipopolysaccharide

The results of the study of the properties of
compound 2.10 in cell models are presented in Figure

508

Note: * — statistically significant differences compared to the control
group results, ANOVA (Dunnett’s post-test: * — p < 0.05; ** —
p<0.01; ¥*** — p <0.001, **** — p <0.0001).

5. According to two tests (MTT test and determination
of released LDH), the cytotoxic effect of compound 2.10
was detected only at concentrations 2250 uM (Figures
5A and 5B). This suggests that significant cytotoxicity
is absent at lower concentrations of the compound.
At the same time, according to the results of the
MTT test, a slight cytovitalizing effect is observed at a
concentration of 50 uM (Figure 5A).

At the final stage of the study, on a model of
LPS-induced NO production, the ability of compound
2.10 to exhibit
evaluated. As a result of this study, it was possible

anti-inflammatory action was

to show the presence of signs of apparent anti-
inflammatory activity in the studied compound at
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concentrations 2250 uM (Figure 5C). Such an effect,
if reliably confirmed, could be of interest, since
suppressing low-level chronic inflammation caused by
primary damaging factors is an attractive strategy for
preventing fibrosis [36]. Based on the data obtained,
compound 2.10, if it had significantly less activity
compared to dexamethasone, but real activity, could
be classified as substances with a moderate modulating
effect on inflammatory processes. However, comparing
the results of the cytotoxicity assessment with the data
on the anti-inflammatory activity of 2.10 significantly
reduces the likelihood of this type of action in the
compound, allowing us to consider the observed effect
as false positive, due to cytotoxic properties.

At the same time, this result does not disprove the
very connection between primary molecular damage
by glycation and oxidative stress with the induction
of a secondary cellular response by this exposure,
since these triggering factors were absent in the cell
model, and instead of glycation or oxidation products,
the cells were exposed to bacterial LPS. Thus, further
search for compounds combining a complex etiotropic
and pathogenetic action, aimed at preventing the
development of disabling consequences of difficult-
to-treat remodeling fibrotic diseases, as well as their
prevention and treatment, should be continued.
Compound 2.10 can be considered as a successful
intermediate step towards the creation of these
compounds.

DISCUSSION

Glycation of proteins and oxidative stress are
associated with a whole range of diverse disorders,
including pathologies of the cardiovascular system,
[37, 38],
conditions associated with tissue fibrosis [10, 39,
40]. Thus,
matrix proteins, and increasing its rigidity support

neurodegenerative diseases as well as

glycation, cross-linking of extracellular
fibrogenesis [41-44], and excessive production of
reactive oxygen species activates profibrotic signaling
pathways, including those associated with TGF-B
[45].
stress provoke inflammatory reactions significant
for the course of fibrosis [46, 47]. Based on this,

controlling glycation and oxidative stress can effectively

In addition to this, glycation and oxidative

complement the range of therapeutic strategies used

in the treatment and prevention of fibrosis, thereby

increasing the frequency of favorable outcomes.
Antiglycation and antioxidant compounds were

Tom 13, Beinyck 6, 2025

searched for among various classes of molecules, both
synthetic and natural [48, 49]. The combination of the
two indicated activities within one agent is known and
has already been considered successful [50, 51]. At the
same time, despite the known connection between
antiglycation and the manifestation of antioxidant
properties [52], these two types of action may not be
fully identical, and there are examples (resveratrol
and its derivative — triether with trolox) when, upon
modification of the compound’s structure, a decrease
in one activity was accompanied by an increase in
the other [53]. At the same time, there are examples
(carnosine, hydroxytyrosol) when the combination of
these types of action was supplemented with anti-
inflammatory properties [54, 55].

The general conclusion from the above is that
obtaining new multimodal scaffolds, which in a
balanced way combine antiglycation action with
antioxidant properties, optionally supplemented with
mechanistically related or unrelated anti-inflammatory
activity, is a promising strategy in the development
of new antifibrotic compounds. In our work, we
focused on the construction of bidirectionally active
compounds that combine the ability to antiglycation
with antioxidant activity — based on an epoxyisoindole
scaffold, namely in the series of 3a,6-epoxyisoindole-
2(3H)-(carbox/thio/seleno)amides.  This

basis can be considered privileged due to the fact

molecular

that it is (i) available through stereoselective IMDAF
sequences, allowing for a wide variation of introduced
(chalcogen)carbamoyl fragments, and (ii) has already
demonstrated biological prospects in related tasks.
Thus, it has been shown that the IMDAF approach
allows obtaining a 3a,6-epoxyisoindole core in a
small number of synthetic steps, which facilitates the
generation of a voluminous library of compounds for
subsequent analysis of the dependence of activity on
structure. Structurally similar isoindole derivatives have
previously demonstrated antiglycation properties [56],
which indirectly supports the hypothesis about the
prospects of the epoxyisoindole core as a matrix for
constructing compounds that combine antiglycation
and antioxidant activity. Additional privilege to the
epoxyisoindole base is added by its wide distribution
in natural and drug-like compounds with various
biological effects [57].

The study showed that the most balanced
combination of antiglycation and antioxidant activities
in the series of studied compounds is possessed by
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(3aRS,6SR,7aRS)-7a-chloro-N-(4-chlorophenyl)-1,6,7,7a-
tetrahydro-3a,6-epoxyisoindole-2(3H)-carbothioamide
(compound 2.10). Combining both activities, expressed
at a sufficient level for their further optimization, the
compound does not demonstrate the prevalence of
one of them. The molecule contains fragments of
thiourea, hydrogenated isoindole, and halogenarene
in its structure. It is interesting that separately or in
other combinations, these fragments are present in
other compounds of the series, for example, thiourea in
2.1-2.9 and 2.11, and a para-chlorophenyl substituent
in structures 2.11 and 2.17. But it is the combination
of all available structural fragments that makes 2.10
an outstanding representative of the series. This is
important, since the desired scaffold must bear signs
of integrity, and its further modifications may be
aimed primarily at including substituents in points
of its structure that are insignificant for the final
pharmacological activity.

A fundamental feature of compound 2.10 and the
entire studied series is the absence of phenolic hydroxyl
groups in their structures, traditionally associated
with antioxidant and antiglycation activity. Apparently,
this limits the potential magnitude of the observed
effects in the models used. But this is also justified
by the fact that the compounds under consideration
are positioned primarily as starting frameworks for
subsequent structure optimization — at the current
stage, the goal of the work was to find a new scaffold
of a higher level (more complexly organized than the
original epoxyisoindole), suitable for further enhancing
its antiglycation and antioxidant properties, and not in
achieving maximum activity values.

At the same time, one cannot speak about the
balance of the combination of the two desired types
of action when discussing the established properties
of 2.16, 2.17, 2.18, and 2.19. Unlike all
representatives of the studied series, these compounds

other

contain an N-aroyl fragment in their structure,
which, obviously, contributes to the manifestation
of pronounced antioxidant properties. At the same
time, due to the discrepancy between antioxidant
and antiglycation actions, the phenomenon of high
antioxidant activity of these compounds has a low final
significance. At the same time, the properties of the
four indicated compounds may be of interest for future
research.

The final stage of the discussion concerns the

anti-inflammatory activity and overall safety of the

510

lead compound 2.10. In the LPS-induced inflammation
PMs,
activity of 2.10 was not confirmed; the reduction in

model used on specific anti-inflammatory
NO production observed in the study was primarily
seen at concentrations where cytotoxic effects were
observed (2250 puM), while no significant effect was
found in the subtoxic concentration range. At the very
least, the observed result indicates that compound 2.10
is not characterized by the inhibition of intracellular
inflammatory cascades. The latter could be valuable
for the suppression of fibrogenesis. At the same
time, we note that due to the absence in the model
of a component associated with the induction of an
inflammatory reaction by certain damaged molecular
patterns (e.g., glycated protein) capable of acting as
triggers for NO production (LPS was used instead),
further clarifying studies are needed. Regarding
safety, the combined result of the two cytotoxicity
assessment methods indicates a likely acceptable
tolerability of 2.10, although the translation of the
results of cellular toxicity studies is complex and will
require more complexly organized biological models
in the future.
Thus,

scaffold as a promising basis for creating compounds

this work defines the epoxyisoindole

with a combination of antiglycating and antioxidant

properties, presents promising directions for

modifying the original epoxyisoindole scaffold for
the development of new drugs, and identifies the
found higher-order Scaffold — compound 2.10 — as
a balanced starting candidate for further structure
In  methodological the work

optimization. terms,

describes a strategy for finding means for the
prevention and treatment of pathologies dependent
on the trigger mechanisms of damage by glycation and

oxidative stress, including fibrotic diseases.

Study limitations
Despite all the advantages, this study has several
limitations:
1. The study is exploratory and pilot in nature.
2. Despite the
relationship between changes in the extracellular

sufficient justification for the
matrix under the influence of glycation, as well
as oxidative stress and inflammation, with the
mechanisms of fibrogenesis, the work lacks
direct endpoints reflecting the dynamics of
fibrotic changes, including models of tissue/
organ fibrosis. Consequently, conclusions about
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antifibrotic potential are logically justified but CONCLUSION

inferential in nature. According to the results of the study, compound

3. All experimental models used in the study are in  2.10  ((3aRS,6SR,7aRS)-7a-chloro-N-(4-chlorophenyl)-
vitro and in cellulo. When assessing antiglycating 1,6,7,7a-tetrahydro-3a,6-epoxyisoindole-2(3H)-
properties, the study is limited to one model carbothioamide) combines antiglycating and
protein (BSA), and cellular studies are limited to  antioxidant activity in the absence of significant
one type of cell (primary mouse PMs). cytotoxicity. However, no anti-inflammatory activity

4. Despite the measures taken to reduce was found in compound 2.10. Despite this, the
methodological interference in test systems, it established activity profile indicates the potential
is impossible to completely exclude it. The anti- of the compound as a higher-order molecular basis
inflammatory effect of the lead compound has (than the original epoxyisoindole), suitable for the
not been confirmed, and the observed effect is  directed design of new means for the prevention and
associated with cytotoxicity. treatment of conditions associated with the damaging

5. The stability of the studied compounds under effects of glycation and oxidative stress, especially
the conditions of the test systems used was not means for the prevention and treatment of fibrotic
checked and was not the subject of the study. diseases.
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The aim. To study the main characteristics of consumers of hypoglycemic drugs (HGD) within the framework of preferential
drug provision (PDP) in the Stavropol Territory (ST).

Materials and methods. The study was based on depersonalized information about patients with diabetes
mellitus (DM) from the database of clinical and epidemiological monitoring of DM and data from the Regional
Endocrinological Dispensary. Methods of comparative, retrospective, graphical analyses, grouping, and determination
of average values were used.

Results. Among the beneficiaries with DM in the ST, individuals with type Il DM prevail. In the type | DM group, men
predominate (over 55.0%), while among patients with type Il DM, women predominate (65.0%). The largest proportion
among beneficiaries with type | DM is occupied by individuals from 30 to 60 years old, with type Il DM, individuals aged
60 to 80 years predominate (70.44% — 2025). The increase in the number of beneficiaries with a disease duration of
up to 5 years and over 10 years was noted. The life expectancy of beneficiaries with type | DM tends to increase slightly
but steadily, while for patients with type Il DM, it remains practically unchanged. A positive trend was noted in achieving
the norm of glycated hemoglobin (HbA, ) in beneficiaries with type | DM, and for every third patient with type Il DM. For
every third beneficiary with type | DM and for 70.0% with type Il DM, body mass index (BMI) values are above normal. The
structure of HGD consumption was determined, and changes in the ratio of the use of groups of oral HGD and individual
trade names of drugs were revealed.

Conclusion. The general characteristics of beneficiaries with DM were identified, depending on its type, age and sex
composition, duration of the disease, life expectancy, achievement of glycated hemoglobin levels, BMI, and the use of
drugs in therapy.

Keywords: diabetes mellitus; beneficiaries; hypoglycemic agents; consumer portrait; Stavropol Territory

Abbreviations: HGD — hypoglycemic drugs; IDF — International Diabetes Federation; DM — diabetes mellitus; SSD —
socially significant diseases; PDP — preferential drug provision; DP — drugs; HbA, — glycated hemoglobin; BMI — body

mass index; TN — trade name.

For citation: R.l. Yagudina, O.L. Listova. Characteristics of consumers of hypoglycemic drugs within the framework of preferential drug
provision, using the example of the Stavropol Territory. Pharmacy & Pharmacology. 2025;13(6):515-528. DOI: 10.19163/2307-9266-2025-13-
6-515-528
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Lienb. M3yuntb OCHOBHble XapaKTepUCTUKM NoTpebuTener caxapocHukatowmx npenapatos (CCIM) B pamKax AbroTHOro
NeKapcTBeHHoro obecneyeHusa (/1/10) B CtaBponosibckom Kpae (CK).

Matepuanbl U metoabl. OCHOBY MCCNefOBaHWA COCTaBUa AenepCoHUdULMPOBAHHAA MHPOpPMaLMA O NaLMeHTax C
caxapHbim anabetom (CA) 6a3bl AaHHbIX KAMHUKO-3MUAEMMUONOTMYECKOrO MOHMTOpuHra CA n aaHHbIX FBY3 CK «Kpaesoit
SHAOKPUHONOTMYECKUIA  AucnaHcep». Mcnonb3oBaHbl  MeToAbI rpaduyeckoro
aHaNn30B, rPYNMNMPOBKK, ONpeaeneHnsa CpefHUX BENNYMH.

Pe3ynbtatbl. Cpean nbrotononyyatenen ¢ C4 8 CK npesanupytot nvua ¢ C4 Il Tuna. B rpynne CA4 | Tuna npeobnagator
MY}KUMHbI (cBblwe 55,0%), cpean nauyueHtoB ¢ CA Il TMna — »KeHwuHbl (65,0%). Hanbonblumii yaenbHbi Bec cpeam
nbrotonony4yatenen ¢ C4 | Tuna 3aHumatot anua ot 30 ao 60 net, ¢ CA4 Il TMna npeobnagatoT Anua B Bo3pacTte oT 60 4o
80 nert, (70,44% — 2025 r.). OTMEYEHO YBE/NIMYEHME UYMC/IEHHOCTM /bFOTOMOAYyYaTENEN C OJ/IMTE/IbHOCTBIO TeYeHUA
3aboneBaHusa oo 5 net u cebiwe 10 net. NPoAONKUTENBHOCTD XU3HM NibroTononyyatene ¢ CA | Tuna umeet TeHAEHLMIO

CPaBHUTE/IbHOIO, PETPOCNEKTUBHOIO,

HE3HaYnUTeNbHOro, HO CTabunbHOro MnosbllweHusA, Ana naumeHToB ¢ CA Il TMNA — ocTaeTca NPaKTUYECKU HEU3MEHHOMN.
OTmeYeHa NONOMKUTENbHASA TEHAEHUMA B JOCTUXKEHMM HOPMbI IIMKMPOBaHHOTO remornobuHa (HbA, ) y abrotononyyatenei
c CA4 | Tmna, u gna Kaxkporo Tpetbero naumenta ¢ CA4 Il Tmna. Ana Kaxaoro Tpetbero nbrotononyyarena ¢ C4 | Tuna n ana
70,0% c CA Il TMna 3HayeHMA MHAEKca maccbl Tena (MMT) Bbiwe Hopmbl. OnpeaeneHa CTpyKTypa notpebnexHua CCIMN u
BbIAAB/IEHbI MI3MEHEHMA B COOTHOLIEHUWN UCMO/b30BaHMA rpynn nepopasnbHbix CCIM 1 oTAeNbHbIX TOProBbIX HAUMEHOBAHMM
JNIeKapCTBEHHbIX MpenapaTos.

3aKntoueHue. BblgeneHbl 06LLMe XapaKTePUCTMKIU broTononyyatenen ¢ C[, B 3aBUCMMOCTM OT €ro TUrna, Nos0BO3pPacTHOro
COCTaBa, A4/IUTeNIbHOCTU 3a601eBaHUA, NPOAOMNKUTENIBHOCTU KU3HW, AOCTUNKEHUIO YPOBHSA MIMKMPOBAHHOIO reMoriobunHa,
MMT, ncnonososanuto /111 B Tepanuu.

Kniouesble cnosa: nopTpet noTtpebutens;
CTaBpONONbCKUIA Kpal

Cnucok coKkpauweHui: CCI1 — caxapocHuxkawowme npenapatbl; IDF — MexayHapogHoi depepauum guaberta; CO —
caxapHblii auabet; C33 — coumanbHO 3HauuMmble 3aboneBaHus; JI/IO — NbroTHOE /NeKAapCTBEHHOE obecrneyeHue;

caxapHblii guabeT; NbroTono/yyaTenu; CaxapoCHMMKaloWMe CPeacTsa;

JIMl — neKapcTBeHHble npenaparbl; HbA1C — [JIMKNPOBaHHbIN remornobuH; UMT — mHaeKc maccol Tena; TH — Toprosoe
HavMeHOBaHWMe.

INTRODUCTION

The characteristics of groups of beneficiaries
with various forms of diseases can be considered as a
complex of common and stable features, demographic
and social indicators, gender differences, allowing to
analyze the state of health, identify problematic issues
in the organization of medical care and drug provision,
develop a generalized approach to the needs of the
patient, determine the level of his satisfaction and form
target groups for a qualitative assessment of morbidity

516

and the effectiveness of measures to improve medical
care and drug provision [1-3].

The study of the medical and social status of
patients is of interest to many researchers and is
carried out at various stages of medical care: at the
inpatient stage, the contingent of patients by the
underlying disease and the presence of concomitant
diseases, taking into account the results of treatment
and the costs of the health care system [4, 5]; at the
outpatient stage — combining the obtained results of
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the patient’s social portrait, the realization of his needs,
the degree of satisfaction with adherence to treatment,
assessments of medical care and provision of drugs [6,
7]. The results of the formation of a clinical and social
portrait of patients with various diseases, carried out
at different times and in various subjects of the Russian
Federation [8-10]. The results allow us to obtain not
only the general idea of the structure of diseases in
this territory, to study the prevalence of individual
diseases, to establish the variability of indicators and
to obtain characteristics of patients that can be used
in the formation of groups for clinical trials [11], in
the development and implementation of regionally
adapted programs of medical care, prevention and
rehabilitation of patients, but also to assess the level of
organization of drug supply [12].

The high prevalence of diabetes mellitus
(DM), the high risk of disability of the working-age
population [13-15], the provision of these patients
with medicines at the expense of budgets of all
levels, contributes to the expansion of the direction
of scientific research related to the prevalence of
diseases based on statistical data [16], the formation
of a social portrait of the main contingent of patients
with DM in the Russian Federation [17], the study
of social characteristics of patients with DM, taking
into account the complications of the course of the
disease [19-21]. All of the above contributes to the
study and forecasting of the hypoglycemic drugs
(HGDs) market, the adoption of informed management
decisions on planning the volume and use of health
care resources, as well as the identification of variability
in the subjects of the Russian Federation when using
drugs in the treatment of patients with DM who
are entitled to preferential drug provision (PDP),
contributes to the assessment of hypoglycemic therapy
and changes in the tactics of using drugs.

The database of clinical and epidemiological
monitoring of DM in the Russian Federation
(https://diaregistry.ru/) serves as a source of the
number of patients with DM. According to the data
as of July 01, 2025, the number of patients with
type | DM was 304,587 people, type Il DM —
5,227,108 people. In accordance with the ranking
of regions published on this website, the Stavropol
Territory as of 01.07.2025 ranked 44th in the ranking, in
2024 — 36th place, which indicates the increase in the
incidence?, in addition, it is important to note that DM
is classified as a socially significant disease?.

* SD monitoring. Database of clinical and epidemiological monitoring
of diabetes mellitus in the Russian Federation. Available from:
https://sd.diaregistry.ru/content/o-proekte.html#content

2 Decree of the Government of the Russian Federation No. 715 dated
Dec 01, 2004 “On Approval of the List of socially significant diseases
and the list of diseases that pose a danger to others” (revision dated
Jan 31, 2020; effective from Feb 11, 2020). Available from: https://
normativ.kontur.ru/document?moduleld=1&documentid=356130.
Russian
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THE AIM. To study the main characteristics
of consumers of hypoglycemic drugs within the
framework of preferential drug provision in the
Stavropol Territory.

The following tasks were solved:

— the gender and age characteristics of
beneficiaries with type | and Il DM were
studied;

— the distribution and structuring of beneficiaries
with DM depending on the duration of the
disease was carried out;

— the average life expectancy of beneficiaries
with DM was determined;

— the dynamics of changes in the indicator of
glycated hemoglobin (HbAlc) and body mass
index (BMI) of HGD consumers were studied;

— groups of HGD used in the treatment of DM
were identified.

MATERIALS AND METHODS

Methodology

Using the database of clinical and epidemiological
monitoring of the number of patients with DM in
the Stavropol Territory® in the period from 2020 to
2025 as of July 01, 2025 and data from the Regional
Endocrinological Dispensary, a copy of depersonalized
information about patients with type | and Il DM was
made. The selected information was systematized
depending on the type of DM, gender, age, duration
of the disease, anthropometric characteristics (height,
weight of the patient), the value of the results of
laboratory studies of glycated hemoglobin (HbA, ), the
therapy, which allowed to obtain the gender and age
characteristics of beneficiaries, to conduct an analysis
of the duration of the disease, the value of the body
mass index (BMI), the achievement of target indicators
for life expectancy and glycated hemoglobin. Grouping
of beneficiaries by the use of insulin therapy and oral
HGD allowed to determine the proportion of drugs
used in the treatment of DM.

The methods of comparative, retrospective
analysis, grouping of indicators were used. To work with
digital data, MS Excel 2021 spreadsheets (Microsoft
Corp., USA) were used, containing a set of standard
formulas and functions for performing mathematical
operations. The specific weight of each group of
patients by age, duration of the disease, BMI values,
the use of PSP was determined as the ratio of the
grouped number of patients to the total number of
patients, the result was expressed as a percentage.

3 DM monitoring. Database of clinical and epidemiological monitoring
of diabetes mellitus in the Russian Federation
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The average life expectancy with DM [22, 23] was
calculated as the ratio of the total number of years
lived by all patients with DM to the total number of
patients with DM in the analyzed period (year):

where ALE — average life expectancy, n years;
YL — total number of years lived, person/years (defined
as the total sum of years lived by all patients with
DM); N — total number of patients with DM, n — the
number of patients who died in the analyzed period,
year.

To determine the proportion of patients by the
level of the laboratory indicator of HbA , the approved
boundaries of the indicator were used — less than 7%,
from 7.0 to 7.9%, from 8.0 to 8.9%, — indicated in the
approved recommendations “Algorithms of specialized
medical care for patients with diabetes mellitus”* [24]
and clinical guidelines> . The proportion of patients
with the achieved level of the indicator was calculated
using the formula:

D= nx100% '
N

where D — proportion of patients with the
achieved level of HbA , %; n — number of patients
with the selected level of HbA , number of people;
N — total number of patients with the specified level of
HbA_, number of people.

To determine the BMI, the Quetelet method
was used, as the ratio of body weight in kilograms
and the patient’s height value, expressed in meters,
squared [25]:

BMI = body weight, kg

height, m

To interpret the obtained results of the BMI data,
the WHO recommendations were used [26]: BMI values
up to 18.49 — underweight; from 18.5 to 24.99 —
normal body weight; from 25.0 to 29.99 — overweight
(pre-obesity); and over 30.0 — obesity.

Ethics approval
The authors did not obtain approval from any
Ethics Committee for this study. The study was

4 Algorithms of specialized medical care for patients with diabetes
mellitus; Dedov Il, Shestakova MV, Sukhareva OYu, editors; 12th
issue. Moscow; 2025. Available from: https://www.rosinsulin.ru/wp-
content/uploads/2025/06/2025_algoritmy_12.pdf. Russian
5 Clinical Guidelines. Type 2 diabetes mellitus in adults. Available
from: https://cr.minzdrav.gov.ru/preview-cr/290_2. Russian
6 Clinical Guidelines. Type 1 diabetes mellitus in adults. Available
from: https://cr.minzdrav.gov.ru/preview-cr/286_2. Russian
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conducted without the involvement of patients as
study participants or as objects of study; does not
contain information about treatment protocols; clinical
testing of treatment methods and the results of the
use of drugs; is not associated with a potential risk
for patients, since the study did not resort to any type
of medical intervention that would require written
consent of the patient and approval of any Ethics
Committee.

The obtained by extracting
information from the database of clinical

information was
and
epidemiological monitoring of the number of patients
with DM in the Stavropol Territory and data from
the Regional Endocrinological Dispensary, which did
not contain personalized information about specific
patients.

Statistical analysis

To work with digital data, MS Excel 2021
spreadsheets (Microsoft Corp., USA) were used,
containing a set of standard formulas and functions
for performing mathematical operations. The
above describes the methods used for calculating
indicators with an indication of formulas, as well
as the boundaries of indicator values used for
interpreting the results with reference to literature
sources.

RESULTS

De-identified information on beneficiaries with DM
in the Stavropol Territory, grouped by year, depending
on gender and type of DM, is presented in Table 1.

In the general population of beneficiaries with
DM in the Stavropol Territory, patients with type
2 DM predominate, accounting for up to 95.0%
(73,577 beneficiaries in 2025). The results obtained are
consistent with data on the prevalence of DM in other
regions of the Russian Federation [27]. It is important
to note an increase in the proportion of patients with
type 2 DM from 94.70% (68,965 patients) in 2020 to
95.44% (73,577 patients) in 2025 in the total patient
population. Among patients with type 1 DM, men
predominate, their proportion being slightly more
than 55.0% (1940 patients in 2025). At the same
time, women prevail among patients with type 2 DM,
their proportion being over 65.0% (48,492 patients
in 2025).

The of the age
beneficiaries with type 1 DM are presented in Figure 1.

characteristics structure of

The data on the age structure of patients with
type 1 DM indicate a predominance of individuals aged
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30 to 60 years. The proportion of patients in this age
group tends to increase from 57.55 to 64.58%, with an
average value of 55.61%, i.e., practically every second
beneficiary is in this age category. The proportion of
beneficiaries with type 1 DM under the age of 30 tends
to decrease from 30.26% in 2020 (1169 people) to
25.86% in 2025 (909 people), the average proportion
of this group is 34.74%. Thus, every third patient is
under 30 years of age. Beneficiaries aged 60 to 80
years account for slightly more than 9.0%, the average
value of the proportion of this group is 9.38%; the
proportion of patients over 80 years is insignificant —
up to 1.0%.

The results of studying the age structure of
beneficiaries with type 2 DM are presented in Figure 2.

Among patients with type 2 DM, individuals aged
60 to 80 years predominate: the proportion of this
group tends to increase from 66.78% in 2020 (46,055
people) to 70.44% in 2025 (51,824 people), with an
average proportion of this group of 69.0%. In the
analyzed period, the proportion of beneficiaries aged
30 to 60 years increased from 13.15% (9072 people)
in 2020 to 21.85% (16,079 people) in 2025, with an
average value of 17.98%, patients over 80 years of age
account for an average of 12.93%.

Based on the fact that DM is a chronic disease, we
grouped the number of beneficiaries depending on the
duration of the disease. For the analysis, the following
duration boundaries were identified: up to 5 years,
from 5 to 10 years, and over 10 years. The results of the
analysis are presented in Figure 3.

The data presented indicate an increase in the
proportion of beneficiaries with type 1 DM with a
disease duration of up to 5 years, the proportion of
such patients increased from 4.22% (163 people) in
2020 to 23.94% (1067 people) in 2024, and, although
in 2025 there is a decrease in the proportion to 15.11%
(531 people), the average value of 14.70% still exceeds
the value of 2020. The increase in the number of
people with a short duration of the disease indicates
the well-coordinated work of the diagnostic service of
the region in identifying forms of DM in patients. The
duration of the disease of every fifth patient is from
5 to 10 years (the average proportion of this group
is 22.92%). The largest proportion is occupied by the
group of patients with a disease duration of more
than 10 years, while in the analyzed period there is
some reduction in the proportion of this category of
patients from 70.52% (2724 people) to 66.6% (2341
people), with an average value of 62.39%, which is a
positive factor and indicates a positive organization of

Tom 13, Beinyck 6, 2025

both medical care and drug provision for patients with
type 1 DM.

Figure 4 shows the structure of beneficiaries with
type 2 DM by duration of the disease.

The data demonstrates a tendency to increase
the proportion of beneficiaries with a disease
duration of up to 5 years, in the analyzed period
their share increased sevenfold, from 5.78% (3988
people) in 2020 to 38.39% (28,247 people) in 2025,
with an average value of 23.13%. In our opinion, the
increase in the proportion of beneficiaries in this age
group is associated with the skillful organization of
DM diagnosis. The proportion of beneficiaries with
a disease duration of 5 to 10 years (average value
29.94%) tends to decrease, the dynamics of change
from 33.31% (22,969 people) in 2020 to 26.05% (19,167
people) in 2025, which is a negative point and indicates
the need for a more detailed study of the reasons for
the decrease in the number of patients in this age
category. A positive fact is the predominance in the
analyzed group of people with disease duration of more
than 10 years, practically every third (average value
46.94%) beneficiary with disease duration of more than
10 years. The tendency to decrease in the analyzed
period the proportion of this group from 60.91%
(42,008 people) in 2020 to 35.56% (26,163 people) in
2025 may be an independent area of scientific research
to study the reasons for the reduction in the number of
patients.

The study of the structure of the duration of the
disease of beneficiaries with DM, both type | and type
Il, showed a tendency to the predominance of people
with a disease duration of more than 10 years, which
indicates the availability of medical care and drug
provision for patients with DM, allowing to increase
their life expectancy.

The results of a comparative analysis of the average
life expectancy of beneficiaries with DM are presented
in Figure 5.

The results of the study indicate a slight but steady
increase in life expectancy in beneficiaries with type
1 DM, which in the analyzed period increased from
49.79 years in 2020 to 57.36 years in 2025. The life
expectancy of beneficiaries with type 2 DM remains
practically stable — about 73 years. It is necessary
to indicate the predominance of the life expectancy
indicator of beneficiaries with type 2 DM, which
in 2025 was 72.38 years, over that of beneficiaries
with type 1 DM — 57.36 years (2025), which is a
significant achievement of the organization of medical
care and drug provision for patients in the Stavropol
Territory.
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Figure 1 — Age composition of beneficiaries with type 1 diabetes mellitus in the Stavropol Territory, %
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Figure 2 — Age composition of beneficiaries with type 2 diabetes mellitus in the Stavropol Territory, %
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Figure 3 — Structure of beneficiaries with type 1 diabetes mellitus by duration of the disease, %
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Figure 5 — Life expectancy of patients with diabetes mellitus, number of years

Table 1 — Depersonalized characteristics of the beneficiary population with diabetes mellitus
in the Stavropol Territory

Years
Indicator
2020 2021 2022 2023 2024 2025
Total number of people, including 72828 73249 75131 77504 73648 77092
Diabetes mellitus type |
Total number, people 3863 4026 4203 4391 4457 3515
Weight, % 5.30 5.50 5.59 5.67 6.05 4.56
men. % 2144 2230 2312 2390 2408 1940
7 (55.50) (55.39) (55.01) (54.43) (54.03) (55.19)
women. % 1719 1796 1891 2001 2049 1575
* ™ (44.50) (44.61) (44.99) (45.57) (45.97) (44.81)
Diabetes mellitus type Il
Total number, people 68965 69223 70928 73113 69191 73577
Weight, % 94.70 94.50 94.41 94.33 93.95 95.44
men. % 22379 22724 23577 24665 23331 25085
* 7 (32.45) (32.83) (33.24) (33.74) (33.72) (34.09)
o, 46586 46499 47351 48448 45860 48492
women, %
(67.55) (67.17) (66.76) (66.26) (66.28) (65.91)
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Table 2 — Monitoring the distribution of beneficiaries with diabetes mellitus by glycated hemoglobin (HbA, )

Total Laboratory data HbA, , %
Year number of <7,0 from 7.0t0 7.9 from 8.0 to 8.9 29,0
people people % people % people % people %
Type | DM
2020 1937 409 21.12 660 34.07 411 21.22 457 23.59
2021 2031 530 26.10 643 31.66 407 20.04 451 22.21
2022 2175 575 26.44 726 33.38 446 20.51 428 19.68
2023 2857 798 27.93 1246 43.61 415 14.53 398 13.93
2024 3958 1040 26.28 1402 35.42 665 16.80 851 21.50
2025 1986 475 23.92 716 36.05 340 17.12 455 22.91
Type Il DM
2020 24794 7914 31.92 9529 38.43 4490 18.11 2861 11.54
2021 28388 9742 34.32 10575 37.25 5235 18.44 2836 9.99
2022 27446 11248 40.98 9898 36.06 3820 13.92 2480 9.04
2023 43038 17096 39.72 18037 41.91 4540 10.55 3365 7.82
2024 59707 21933 36.73 24625 41.24 6996 11.72 6153 10.31
2025 33445 12013 35.92 13531 40.46 3849 11.51 4052 12.12

Note: DM — diabetes mellitus.

Table 3 — Monitoring the distribution of patients with diabetes mellitus by body mass index, %

Total Level of patients (%) with BMI value
Year number of <18,49 from 18.50 to 24.99 from 25.0 to 29.99 >30,0
people people % people % people % people %
Type | DM
2020 3031 293 9.67 1825 60.21 662 21.84 251 8.28
2021 3157 290 9.19 1892 59.93 697 22.08 278 8.80
2022 3475 443 12.75 2027 58.33 731 21.04 274 7.88
2023 3712 471 12.69 2136 57.54 795 21.42 310 8.35
2024 5088 585 11.50 3024 59.43 1112 21.86 367 7.21
2025 2821 85 3.01 1802 63.88 686 24.32 248 7.79
Average BMI - _ — 980  — 59.89 — 22.09 — 8.22
values, %
Type Il DM

2020 46703 36 0.07 14638 31.34 11827 25.33 20202 43.26
2021 52868 46 0.09 16812 31.80 13695 25.90 22315 42.21
2022 54203 46 0.08 16518 30.47 13481  24.88 24158 44.57
2023 59559 59 0.09 18121 30.43 14747  24.76 26632 44.72
2024 80449 83 0.10 25117 31.23 20501 25.48 34748 43.19
2025 47574 59 0.12 14597 30.68 11763 24.73 21155 44.47
Average BMI - _ — 009  — 30.99 - 25.18 - 43.74
values, %

Note: DM — diabetes mellitus; BMI — body mass index.

Table 4 — Groups of drugs used in the therapy of beneficiaries with type 2 diabetes mellitus, %

Sulfonylurea

Insulins, A10AB,

DPP-4 inhibitors,

SGLT2 inhibitors,

Years derivatives, A10BB A10AC, A10AD, A10BH A10BK GLP-1 RA, A10BJ
A10AE

2021 54.0 20.4 3.9 2.3 0.7

2022 53.3 20.4 5.6 4.2 0.8

2023 52.0 19.9 8.4 7.3 0.8

2024 51.6 20.4 13.2 12.6 1.3

2025 50.4 20.2 17.1 17.3 1.9

Note: DPP-4 — dipeptidyl peptidase-4; SGLT-2 — sodium-glucose cotransporter-2 inhibitors; GLP-1 RA — glucagon-like peptide-1 receptor

agonists.
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At the same time, the calculated life expectancy
indicators of patients with DM are lower than the
established target values specified in the regional
program “Combating DM in the Stavropol Territory”’
(74.86 years) and Decree of the President of the
Russian Federation No. 309 of May 7, 2024 (78 years)®.

The criterion for a retrospective assessment of
the effectiveness of the use of hypoglycemic drugs or
timely changes in therapy for beneficiaries with DM is
the glycated hemoglobin indicator, which within the
framework of the Federal Project “Combating DM”
since 2023 has been a target indicator of the program®.
The regional program “Combating DM in the Stavropol
Territory”% plans to increase the proportion of patients
with DM who have reached a glycated hemoglobin level
less than or equal to 7.0 by the end of 2022 to 40.70%.

Table 2 presents the results of retrospective
monitoring of the distribution of beneficiaries by HbA
level for the period from 2020 to 2025.

The data presented clearly demonstrate an
increase in the proportion of beneficiaries with type 1
DM with an HbA_ _level of up to 7.0% (normal according
to clinical guidelines <7.0% or less than 42 mmol/
mol)'*12, The proportion of beneficiaries with the
achievement of the target HbA _level up to 7.0% in the
analyzed period increased from 21.12% (409 people)
in 2020 to 26.28% (3958 people) in 2024. Despite the
fact that there was a slight decrease in the proportion
in 2025 (23.92%, 475 people), this indicator exceeded
the data for 2020. A positive fact is the decrease in the
proportion of beneficiaries with a high HbA level —
from 8.0 to 8.9% — the proportion of such patients was
21.22% (411 people) in 2020, and in 2025 decreased
to 17.12% (340 people), as well as a decrease in the
proportion of beneficiaries with an HbA, value of more
than 9.0% — from 23.59% (457 people) to 22.91%
(455 people). The results of reducing the proportion

7 Resolution of the Government of the Stavropol Territory dated Apr
26, 2024 No. 230-p “On approval of the regional program “Combating
diabetes in the Stavropol Territory”. Available from: http://
publication.pravo.gov.ru/document/2600202404270002?index=76.
Russian

8 Decree of the President of the Russian Federation dated
May 07/2024 No. 309 “On the National Development Goals of
the Russian Federation for the period up to 2030 and for the
future up to 2036”. Available from: https://normativ.kontur.ru/
document?moduleld=1&docum entld=470566. Russian

° Passport of the Federal Project “Fighting diabetes mellitus”.
Available from: https://diabetrda.ru/aokymentsi/borba-s-saharnym-
diabetom/. Russian

0 Resolution of the Government of the Stavropol Territory dated Apr
26, 2024 No. 230-p “On approval of the regional program “Combating
diabetes in the Stavropol Territory”.

1 Clinical Guidelines. Type 1 diabetes mellitus in adults.

2 Clinical Guidelines. Type 2 diabetes mellitus in adults.
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of patients with a high HbA, _indicator indicate positive
results in the organization of PDP for patients and
correct hypoglycemic therapy.

At the same time, the use of hypoglycemic drugs
provides a positive trend in achieving the norm of
HbA, up to 7.0% for every third beneficiary with type
2 DM, the proportion of which increased from 31.92%
(7914 people) in 2020 to 35.92% (12,013 people) in
2025. A significant achievement is the tendency to
reduce the proportion of beneficiaries with higher
HbA, values from 8.0 to 8.9, the proportion of such
patients decreased from 18.11% (4490 people) in 2020
to 11.51% (3849 people) in 2025, but at the same time
the proportion of patients with HbA, _values from 7.0 to
7.9% and an indicator of more than 9.0% increases.

However, the proportion of beneficiaries with the
achievement of the HbA, _level up to 7.0% depends on
the type of DM. Thus, the proportion of patients with
type 2 DM (35.92% in 2025) exceeds the proportion
of patients with type 1 DM (23.92% in 2025), but
these results are still lower than the target indicators
of the Federal Project “Combating DM” in which it is
indicated that the proportion of patients in whom the
glycated hemoglobin level will be less than or equal
to 7.0% in 2025 should be more than 42% of the
number of patients®. The results obtained indicate an
autonomous scientific study of the use of hypoglycemic
drugs.

The results of the distribution of beneficiaries by
BMI are presented in Table 3.

BMI allows determining the proportion of patients
with excess or insufficient weight, which can be used
as a basis for adjusting hypoglycemic therapy for
beneficiaries. The presented indicate that
the level of underweight is characteristic of 9.80% of
patients with type 1 DM and is practically absent for
beneficiaries with type 2 DM. The BMI for more than
half of the beneficiaries (59.89%) with type 1 DM
corresponds to the norm, and every third patient is
obese. At the same time, only every third (30.99%)
beneficiary with type 2 DM has a normal BMI value,
and about 70.0% of beneficiaries are overweight.

Published results of studies [28, 29] indicate a
relationship between increased BMI and obesity with
negative consequences for organs and systems of the

results

body and complications in DM.
Also, as a result of a previous study [30], the
structure of consumption of hypoglycemic drugs

3 Ppassport of the Federal Project “Fighting diabetes mellitus”.
Available from: https://diabetrda.ru/aokymentsi/borba-s-saharnym-
diabetom/. Russian
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depending on the type of DM was established: therapy
for beneficiaries with type 1 DM is based only on
insulin therapy, therapy for patients with type 2 DM
includes the use of insulins and oral hypoglycemic
agents. Further study of these drug prescriptions for
beneficiaries allowed us to identify groups of drugs by
ATC used for PDP for people with type 2 DM; data on
the number of drugs for 9 months of each year were
used for comparative analysis, table 4.

The presented data indicate changes in the ratio of
oral hypoglycemic agents in the structure of diabetes
therapy and an increase in the use of dipeptidyl
peptidase-4 (DPP-4)
cotransporter type 2 (SGLT-2) inhibitors. At the same

inhibitors and sodium-glucose

time, the ratio of the level of prescriptions of oral
hypoglycemic agents from the iDPP-4 group increased
from 3.9% in 2021 to 17.1% in 2025, including 29.5%
in the last year. At the same time, the growth rate of
prescribed drugs of the iSGLT-2 group increased - from
2.3%in 2020 to 17.3% in 2025, by 652.1% and by 37.3%
for 2025. The increase in the proportion of these drug
groups indicates the effectiveness and safety of drugs
both in monotherapy and in combination therapy for
DM [31, 32].

It should be noted that in the analyzed period there
is a slight decrease in the prescription of sulfonylurea
by 6.6%, the
prescription remained practically unchanged. The group
of glucagon-like peptide receptor agonists (GLP-1 RA)

drugs — level of insulin therapy

in the prescription structure also increased by 171%
over the past 5 years — from 0.7% in 2020 to 1.9% in
2025, of which the growth for the period 2024-2025
amounted to 46.1%.

Thus, the retrospective comparative analysis
allowed us to obtain the main characteristics of
beneficiaries with DM in the Stavropol Territory, the
ratio of changes in the structure of drug use, which
should be combined with regional characteristics when
organizing drug provision for patients in this group.

DISCUSSION

The high prevalence of severe non-communicable
diseases is one of the main health problems in the
modern world. One of these diseases is DM (DM). At
the congress of the American Diabetes Association
(ADA), which traditionally presents the latest advances
in the diagnosis and treatment of DM in the world,
new results on the prevalence of this disease were
announced. According to the data of the International
Diabetes (IDF, Diabetes

Federation International
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Federation) Atlas, in 2021 there were 237 million
people with DM. Currently, the number of such
patients has increased 2.5 times and reached 588
million people aged 20 to 79 years — this is almost
every tenth inhabitant of the planet. According to
IDF forecasts, by 2050 the number of patients is
expected to increase to 853.0 million — every 8th
inhabitant. According to other forecasts, the number
will reach 1.3 billion; many researchers associate
such results with the consequences of urbanization,
increased life expectancy, and global aging of the
population#1%16,

Among the patients with DM in the Stavropol
Territory, people with type Il DM predominate,
accounting for slightly more than 95.0%. The results
of the age structure indicate the predominance of
beneficiaries of people of the most working age, which
increases the importance of organizing drug provision
for this category of patients.

A comparative analysis of the age and gender
structure showed a predominance of men among
beneficiaries with type | DM, and a predominance
of women among patients with type Il DM, whose
proportion is over 65.0%. Among patients with type
| DM, people aged 30 to 60 years predominate.
Patients with type Il DM, people aged 60 to 80 years
predominate, while the proportion of this group
tends to increase, and the proportion of beneficiaries
aged 30 to 60 years also increases. Thus, in a study by
J.M. Clements et al. (2012), conducted in one of the
states of the USA, it was noted that women receiving
treatment are more likely than men to suffer from type
Il DM — 197,571 (44.1%) men versus 250,836 (55.9%)
women [33].

Grouping the beneficiaries by duration of the
disease indicates the predominance of people with
a disease duration of over 10 years; there is a slight
but stable increase in life expectancy in patients
with type | DM; the life expectancy of patients with
type II DM
the target values indicated in the regional program
“Combating DM in the Stavropol Territory.” One of the

remains practically stable, but below

large-scale studies on life expectancy is the work of

1 Diabetes mellitus: new epidemiological data and mechanisms
of progression in the focus of ADA 2025. Available from: https://
medvestnik.ru/content/medarticles/Saharnyi-diabet-novye-
epidemiologicheskie-dannye-i-mehanizmy-progressirovaniya-v-
fokuse-ADA-2025.html. Russian

> Diabetes global report 2000-2050. Available from: https://
diabetesatlas.org/data-by-location/global/

¥ Diabetes Rates by Country; 2025. Available from: https://
worldpopulationreview.com/ country-rankings/diabetes-rates-by-
country
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S. Kaptoge et al. (2023) [34]. When DM was diagnosed
at the age of 30-39 years, the hazard ratio (HR) [95%
Cl] was 2.69 (95% Cl 2.43-2.97); 2.26 (2.08-2.45) at
the age of 40-49 years; 1.84 (1.72-1.97) at the age
of 50-59 vyears, 1.57 (1.47-1.67) at the age
of 60-69 years, and 1.39 (1.29-1.51) at the age
of 70 years and older. Using mortality rates in the
United States, a 50-year-old with DM died on average
14 years earlier when diagnosed at age 30, 10 years
earlier when diagnosed at age 40, or 6 years earlier
when diagnosed at age 50 than a person without DM.
Using mortality rates in the EU, the corresponding
estimates were made 13, 9, or 5 years earlier.

The distribution of beneficiaries by HbA level,
as an indicator of the effectiveness of hypoglycemic
therapy, confirms the dependence on the type of
DM and indicates an increase in the proportion of
patients with a glycated hemoglobin level of up to
7.0%, and the failure to achieve the accepted target
indicators.

An increase in the proportion of beneficiaries
with high BMI values indicates possible negative
consequences associated with complications in DM,
which may constitute an independent scientific
direction for studying complications in DM,
which must be taken into account when adjusting
hypoglycemic therapy.

It has been established that BMI is closely related
to the development of type Il DM, and HbA " is an
objective indicator of glycemic control [35]. A cross-
sectional study involving 200 patients with type Il DM
was conducted. BMI and HbA_ levels were recorded.

and

Patients were divided into groups with normal weight
(BMI < 25 kg/m?), overweight (25 < BMI <30 kg/m?),
and obese (BMI > 30 kg/m?). There was a significant
positive correlation between BMI and HbA  level
(r=10.45, p < 0.001). In obese patients, the HbA _level
was significantly higher (8.5 [7.8-9.0] %) compared
to overweight patients (7.7 [7.2-8.1] %, p < 0.01) and
normal weight patients (6.9 [6.4-7.5] %, p < 0.001). A
graded relationship indicated deterioration in glycemic
control with increasing BMI [36].

Type | and Il DM is a serious disease that lasts a
lifetime. Over the years, the prevalence of DM has
increased worldwide, and it is classified as one of the
leading causes of high mortality and morbidity. In

7 Use of Glycated Haemoglobin (HbA1lc) in the Diagnosis of Diabetes
Mellitus: Abbreviated Report of a WHO Consultation. Geneva: World
Health Organization; 2011. 2, Glycated haemoglobin (HbA ) for the
diagnosis of diabetes. Available from: https://www.ncbi.nlrrlf.nih.gov/
books/NBK304271/
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addition, DM creates a huge economic burden due
to the costs of its treatment, and its complications
from the disease are growing rapidly [37]. Traditional
the treatment of DM,
insulin secretion and increasing insulin sensitivity
(SGLT-2 inhibitors and GLP-1 RA), cause undesirable
side effects in patients and lead to non-compliance

medicines for aimed at

with the doctor’s requirements, and, as a result, to
the ineffectiveness of the treatment. In drug therapy
with hypoglycemic drugs, it is important to reduce
hypoglycemia, use SGLT-2 inhibitors and GLP-1 RA [38].

The identified changes in the ratio of prescriptions
of groups and trade names of drugs in the structure of
DM therapy necessitate a more detailed study of the
use of oral hypoglycemic agents in DM therapy.

The obtained results of the characteristics of
beneficiaries with DM can be used to improve the
organization of preferential drug provision for patients
with DM in combination with regional features of
providing patients in this group.

Study limitations

The study used a significant proportion of the
number of patients with DM, and the results obtained
are reliable in the quantitative characterization
of patients with DM. However, this study did not
consider the entire system of drug provision for
patients with DM in the Stavropol Territory and did
not assess the quantitative and qualitative indicators
of its implementation. The main complications of DM
associated with increased BMI and duration of the
disease were also not studied, and the nomenclature
of oral hypoglycemic agents used in the therapy
of beneficiaries with high HbAlc values was not
considered. The work includes data on the medical and
social characteristics of beneficiaries, which in this case
is an important aspect of understanding all aspects of
drug provision for patients with type | and Il DM in the
Stavropol Territory.

CONCLUSION
A retrospective
population based on the duration of the disease

analysis of the beneficiary
showed an increase in the proportion of patients with
type 1 and type 2 DM with a disease duration of up to
5 years, which may be due to the timely organization
of DM diagnosis. An increase in the number of patients
with disease duration of more than 10 years indicates
the availability of medical care and drug provision for
patients with DM.
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In the analyzed period, there was a slight but
stable increase in the life expectancy of beneficiaries
with type 1 DM, while for patients with type 2 DM,
it remains practically stable — about 73 vyears,
which is higher than the life expectancy for type 1
DM. The results obtained are a positive factor and
indicate a positive organization of medical care
for patients.

A positive trend was noted in achieving a HbA
level of up to 7.0% for both beneficiaries with type 1
DM (the proportion of patients increased from 21.12%
in 2020 to 23.92% in 2025) and for every third patient
with type 2 DM, but at the same time, the results
achieved are still below the target indicators of the

regional program “Fighting Diabetes Mellitus” and the
Federal project “Fighting Diabetes Mellitus”.

A significant achievement is the trend of
decreasing the proportion of patients with higher HbA _
values — from 8.0 to 8.9 — for both patients with
type 1 and type 2 DM. The results of studying the BMI
level indicate the presence of obesity for every third
beneficiary with type 1 DM and for almost 70.0% of
beneficiaries with type 2 DM, which may negatively
affect the functioning of organs and systems of
the body, contributing to the development of DM
complications. Changes were identified in the ratio of
prescriptions of groups and trade names of drugs in the
structure of DM therapy.
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Currently, there is a steady increase in the prevalence of metabolic disorders among the population of developed countries.
Among them, obesity and type 2 diabetes mellitus are the most important health problems. Tirzepatide is an innovative drug
that is a dual agonist of glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) receptors.
The medcine is effective for the treatment of type 2 diabetes mellitus and obesity. The first drug with the active substance
tirzepatide in Russia was Tirzetta® (manufacturer LLC «<PROMOMED RUS»), which is the first in Russia, but not in the world.
The reference drug for it is Munjaro® (INN: tirzepatide, Eli Lilly and Company, USA). To date, the question of the equivalence
of these drugs has not been fully studied.

The aim. To conduct a comprehensive comparative evaluation of the reproduced drug Tirzetta® (INN: tirzepatide,
manufacturer LLC “PROMOMED RUS”) and the reference drug Munjaro® (INN: tirzepatide, manufacturer Eli Lilly and
Company, USA).

Materials and methods. The authenticity and quality of drugs were assessed by physicochemical methods according to the
current pharmacopoeia of the EAEU. Spectrophotometry in the UV region, HPLC-MS/OF, and gel filtration chromatography
were performed. The analysis of agonism to GIP and GLP-1 receptors was performed in vitro using reporter cell lines.
The studies were performed in accordance with EMA, FDA, EAEU guidelines and in accordance with the current EAEU
pharmacopoeia.

Results. As a result of the evaluation of the physicochemical properties of the studied series of Tirzetta® and the reference
drug Munjaro®, it was found out that the absorption spectra in the ultraviolet region, the profile of related impurities and
their quantitative content, the profile of high-molecular-weight compounds and their quantitative content, as well as mass
spectra in all the studied series were similar. During the evaluation of the biological activity of the Tirzetta® and Munjaro®
series, results were obtained that demonstrated the absence of statistically significant differences in the ability to activate
GLP-1 and GIP receptors (p <0.0001).

For citation: P.I. Makarevich, N.A. Alexandrushkina, P.A. Podlesnaya, Yu.G. Kazaishvili, P.A. Belyy, K.Ya. Zaslavskaya, A.V. Taganov, I.N. Dyakova,
L.I. Shcherbakova, K.N. Koryanova, E.S. Mishchenko, V.S. Shcherbakova. Evaluation of Physicochemical Properties and Biological Activity of
Tirzepatide-Based Drugs. Pharmacy & Pharmacology. 2025;13(6):529-546. DOI: 10.19163/2307-9266-2025-13-6-529-546
® [1.1. Makapeeu, H.A. AnekcaHOpywkKuHa, l1.A. [ModnecHas, K0.I. Kazauweunu, I1.A. benvili, K.fl. 3acnasckas, A.B. TazaHos,

W.H. fbsakosa, /1.U. LLlepbakoea, K.H. KopaHoea, E.C. MuweHko, B.C. LLlepbakosa, 2025

Ana yutuposaHusa: M.1. Makapeswny, H.A. AnekcaHapywKkuHa, MN.A. MognecHas, KO.I. Kasanwswunu, N.A. benoii, K.fl. 3acnasckan, A.B. TaraHos,
W.H. Opskosa, /1.W. Wepbakosa, K.H. KopsaHoea, E.C. MuweHko, B.C. Lep6akoBa. OueHKa GU3NKO-XMMUYECKUX CBOWCTB M BUONOrMYecKom
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9266-2025-13-6-529-546
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Conclusion. During the studies, the equivalence of the physicochemical properties and biological activity of the Russian
drug Tirzetta® to the comparator drug Munjaro® was confirmed.

Keywords: tirzepatide; peptide; synthetic peptide; glucagon-like peptide-1; glucose-dependent insulinotropic polypeptide;
biological activity; safety; physicochemical properties; metabolic syndrome; type 2 diabetes mellitus

Abbreviations: DM — diabetes mellitus; MS — metabolic syndrome; ND — normative documentation; RRT — relative
retention time; BMI — body mass index; GLP-1 — glucagon-like peptide type 1; GLP-1-R — glucagon-like peptide type 1
receptor; GLP-1la — glucagon-like peptide type 1 receptor agonist; GIP — glucose-dependent insulinotropic polypeptide;
GIP-R — glucose-dependent insulinotropic polypeptide receptor; EMA — European Medicines Agency; LP — medicinal
product; INN — international nonproprietary name; EAEU — Eurasian Economic Union; HPLC-MS/OF — high-performance
liquid chromatography with mass spectrometry/reversed-phase; HRMS — high-resolution mass spectra; ESI — electrospray
ionization; GFC — gel filtration chromatography; cAMP — cyclic adenosine monophosphate.
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B HacTosliee Bpemsa Cpeau HaceneHus pPasBUTbIX CTpaH HabalogaeTcs YCTOWYMBBLIM POCT PacMpOCTPaHEHHOCTU
MeTaboNNYeCKMX HapyweHWU. U3 HUX OXMPEHUEe WM caxapHblit guaber 2 Tvna MpeacTaBAAloT Havbonee akTyasbHYHO
npobnemy AnA  34paBooxpaHeHusa.  Tup3enatug, ABASAETCA  MHHOBALUMOHHBLIM  JIEKAPCTBEHHbIM  MPenapaTom,
NPeaCcTaBAAlOWMM Cco60M ABOWHOW aroHUCT PEeLenTopoB  [H0KO303aBMCMMOTO  WMHCYIMHOTPOMHOIO Mo/aunentuaa
(TM) wu rnokaroHnogobHoro nentuga tvna 1 (MMM-1). MpenapaT 3pdeKTMBEH ANA JieYeHUs caxapHoro auabeta
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2 TMNa u oxupeHwuA. [epBbiM /NeKapCTBEHHbIM NpenapaTtoM C AEeNCTBYHOWMM BeLLecTBOM Tup3enatng B Poccum
ctan Tupsetta® (npomssogutens OO0 «MPOMOME/Z, PYC»), KoTopblii fBnsetca nepsbiM B Poccun. PedepeHTHbIm
NIEKAPCTBEHHbIM NpenapaTtom Ans Hero BbicTynaeT MyHakapo® (MHH: Tupsenatua, Eli Lilly and Company, CLUA).
Bonpoc 06 3KBMBA/IEHTHOCTU 3TUX JIEKAPCTBEHHbIX MPEMnapaToB ABAAETCA BaXHbIM M aKTyaslbHbIM 415 YBEPEHHOCTU
MeAMLMHCKOro coobLLECTBA B BbICOKOM KauecTBe MPOBOAUMOW TEpanuu.

Llenb. MpoBecTM KOMMIEKCHYI CPaBHUTENbHYIO OLEHKY BOCMNPOM3BEAEHHOTO /IEKAPCTBEHHOrO npenaparta Tup3etTa®
(MHH: TupsenaTtug, npoussogutens OO0 «MPOMOMEL PYC») u pedbepeHTHoro npenapata MyHaxapo® (MHH:
Tup3enatua, npoussogutens Eli Lilly and Company, CLLA).

Matepuanbl u metogbl. OueHKa MNOAJIMHHOCTM WM KayecTBa JIEKAPCTBEHHbIX MPEnapaToB OCYLLeCTBAANACh (GU3MKO-
XMMUYECKMMM METOAAMMU COMMAcHO Aelctaytowei dpapmarkonen EAIC. Mposoauau cnektpodotometputo B YO obnacty,
BIMX-MC/O®, renb-bunbTpaumoHHyto xpomaTtorpaduio. AHanm3 aroHusma K peuentopam UM w [MM-1 nposoguau
in vitro Npyv NOMOLUX PENOPTEPHbIX KAETOYHbIX NUHWIA. poBeaEHHbIe MUCCNefOoBaHWUA BbIMOJHEHbI B COOTBETCTBUM C
pykosoactsamu EMA, FDA, EA3C 1 cornacHo geicteytolenn dapmakonee EAIC.

Pe3ynbratbl. B pesynbtate OUEHKM OGU3UMKO-XMMUYECKMX CBOMCTB MCCIEdyeMbIX Cepuid npemapata Tup3etta® w
pedepeHckoro npenapata MyHAXapo® yCTaHOB/IEHO, YTO CMEKTPbI NOOLWEeHUA B yabTpaduonetosoi obnactu, npodunb
POACTBEHHbIX NPUMECER W KX KOJAUYECTBEHHOE CcofepKaHue, Mpoduib BbICOKOMONEKYNAPHbBIX COEAUMHEHUN U UX
KO/IMYECTBEHHOE COAEPMKAHUE, @ TaKKe MacC-CMeKTPbl BO BCEX UCCIEAYEMbIX CepUAX BbINM aHANOTUYHbI. B xo4e oueHKM
H6MONOTMYECKOM aKTMBHOCTU cepuii npenapata Tup3etta® nu MyHaKapo® 6b1an NosyYeHbl pes3ynbTaTbl, AEMOHCTPUpPYOLLME
COMOCTaBMMOCTb GMONOrMYECKON aKTUBHOCTU BbllEYKa3aHHbIX NMPENapaToB W BbICOKYH 3GGEKTUBHOCTb MUCCAEyeMOoro
npenapaTa B OTHOLUEHMM aKTUBaLMK peuenTopos IMM-1 v TN (p <0,0001).

3akntoueHue. B xoze npoBeAEHHbIX UCCNeA0BaHMI bblaa NOATBEPXKAEHA SIKBUBANIEHTHOCTb GU3NKO-XMMMUYECKMUX CBOMCTB U
61O0rMYECKON aKTUBHOCTM POCCUIMCKOTO JIEKAPCTBEHHOTO NpernapaTa Tup3etTta® npenapaty cpaBHeHUAa MyHAKapo®.
KnioueBble cnoBa: TMp3enaTua,; Nentua; CUHTETUYECKUW NEnTUA; MIKaroHonoAobHbIM nenTua-1; roKo303aBUCUMBIN
WMHCY/IMHOTPOMHbIM  monunentua; 6uonorMyeckas aKTUMBHOCTb; 6e30MacHOCTb;  PU3MKO-XMMUYECKME  CBOMCTBA;
MeTaboNNYEeCKMIN CUHAPOM; CaxapHblii AnabeT 2 Tuna

Cnucok coKpaueHuii: C[I — caxapHbit anabet; MC — metabonuyeckuin cuHapom; H, — HOpmaTUBHAsA AOKYMeHTaums;
OBY — oTtHocuTenbHOe Bpemsa yaepskuBanua; UMT — wuHaekc maccbl Tena; [MM-1 — rioKaroHNogobHbIM nentug,
™mna 1; MMM-1-P — peuenTop ratoKaroHnogobHoro nentuga tvna 1; MMM-1a — aroHMCT peuenTopa rKaroHnogobHoro
nentmaa tuna 1; TUM — rOKO303aBUCUMbIN MHCYIMHOTPOMHbIN noavnentua; MMN-P — peuentop rMOKO303aBUCMMOTO
WHCYIMHOTPONHOro nonunentuaa; EMA — EBponeiickoe areHTCTBO JieKapcTBeHHbl cpeacTs; JIM — neKkapCTBEHHbIN
npenapat; MHH — meayHapoaHoe HenaTteHTOBaHHOE HaumeHoBaHWe; EA3C — EBpPA3MACKUA 3KOHOMMUYECKUM
coto3; BIMKX-MC/O® — BbicOKOIDDEKTUBHAA MMAKOCTHAA Xpomatorpadus c macc-cneKktpomerpuein/obpalleHHo-
¢dasoBana; HRMS — macc-cneKktpbl BbICOKOro paspelweHus; ESI — noHu3auMoHHOe anekTpopacnbiieHue; [OX — renb-

dunbTpaumnoHHaa xpomatorpadpuma; LAM® — LmMKanMyecknii ageHo3nHMmoHodocdar.

INTRODUCTION

Metabolic diseases, including type 2 diabetes
mellitus (DM) and obesity, are among the most
accute problems in modern healthcare. According
to the Russian register as of January 01, 2023,
4,962,762 people (3.31% of the Russian Federation
population) are registered for dispensary observation,
of which 92.33% (4.58 million) have type 2 DM. The
incidence of type 2 DM among the adult population is
191.4 per 100,000 population [1].

Metabolic syndrome (MS), the main components
hypertension  (33.5%),
hypercholesterolemia (29.0%) and obesity, is becoming
an epidemic in economically developed countries.
Up to 16-30% of residents of these countries suffer
from various forms of MS, which is associated with a

of which are arterial

multiple increase in the risk of cardiovascular diseases
and an increase in mortality [2]. According to the
World Obesity Atlas, it is expected that by 2035 more
than 1.77 billion people will be overweight (body mass
index [BMI] = 25-29.9 kg/m?), and 1.53 billion will
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suffer from obesity (BMI > 30 kg/m?) [3]. Forecasts
are disappointing and show a steady increase in these
indicators up to 2050 [4].

Methods for preventing and treating various
forms of MS are based on a multimodal approach,
including lifestyle changes, drug and surgical methods,
personalized monitoring technologies, and psychosocial
support [5, 6]. The use of new classes of drugs and
evidence-based prevention strategies helps to improve
metabolic control and reduce the development of
complications.

Over the past decade, new effective drug
treatments for type 2 DM and obesity have been
developed. Thus, glucagon-like peptide 1 receptor
agonists (GLP-1a) — semaglutide and liraglutide —
have shown high efficacy in achieving weight loss and
improving glycemic control [7, 8]. The evolution of
the pharmacological approach based on agonism of
GLP-1 receptors has manifested in the emergence
of multiagonists of the “incretin axis” components,
which contributes to a significant increase in glycemic
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control and comprehensive correction of metabolic

disorders [9]. The results of preclinical and
clinical studies have demonstrated the high
therapeutic potential of these drugs [9]. To

date, the only registered drug (LP) of this class is
tirzepatide, a dual agonist of GLP-1 and glucose-
dependent polypeptide (GIP)
receptors [10]. Tirzepatide was first registered in
2021 in the USA (trade name [TN] — Mounjaro®,
manufacturer Eli Lilly and Company) [11]. Tirzepatide
preparations have not been registered in the Russian
Federation, and therefore, for a long time, the
population of the Russian Federation did not have
access to the drugs based on this compound. The high
efficacy of tirzepatide in reducing weight, treating the

insulinotropic

main components of obesity and metabolic syndrome,
and preventing the risks of associated complications
has been demonstrated in clinical studies, which has
increased the need to develop domestic LPs to expand
the geography of its use [12].

In January 2025, tirzepatide first appeared on
the Russian market under the trade name Tirzetta®,
manufactured by PROMED RUS LLC. The chemical
synthesis method, which was used in the production
of peptide molecules of the drug, has a number of
potential advantages: a more controlled production
process, a reduced risk of contamination with biological
impurities, and the possibility of precise control of
the structure of the final product [13]. However,
for complex peptides such as tirzepatide, chemical
synthesis requires careful optimization of reaction
conditions and purification methods. In this regard, the
own production technology of the substance used for
the domestic drug Tirzetta® is of particular importance.

It is worth noting that proving the bioequivalence
of reproduced drugs is becoming an integral part of
the process of their registration, which is confirmed
by the requirements of both
regulators and international agencies, such as the
European Medicines Agency (EMA). In April 2024, the
discussion of the EMA guideline “Guideline on the
Development and Manufacture of Synthetic Peptides”

current national

was completed, which defines the main requirements
for methods of characterization, quality control and
production processes of drugs based on synthetic
peptides! [14]. This guideline serves as the foundation
for ensuring that reproduced drugs meet established

! EMA. Development and manufacture of synthetic peptides —
Scientific guideline. Available from: https://www.ema.europa.eu/en/
development-and-manufacturesynthetic-
peptides-scientific-guideline
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criteria for quality, safety and efficacy. According
to the provisions of the guideline, to confirm the
equivalence of two peptides in the composition of
the drug, it is sufficient, and in many cases even more
representative, to present evidence of compliance of
their physicochemical properties and biological activity
with accurate modern research methods.

THE AIM. To conduct a comprehensive comparative
study of the physicochemical properties and biological
activity of Tirzetta® (INN: tirzepatide) and the reference
drug Mounjaro® (INN: tirzepatide).

MATERIALS AND METHODS

Samples

In order to form a representative quality profile
and obtain reliable data on the comparability of
the active substance tirzepatide in two equivalent
preparations, three series of the reproduced drug were
used. Information about the studied series is presented
in Table 1.

Comparative studies

of the physicochemical properties of drugs

To analyze the spectral characteristics of the
drugs, spectrophotometry was performed in the
ultraviolet region (200—400 nm) in accordance with the
recommendations of the current pharmacopoeia of the
EAEU, Article 2.1.2.532. When comparing absorption
spectra in the UV region, the solutions of each series
of each drug were diluted with water for injection to a
tirzepatide concentration in the solution of 0.5 mg/mL.
The initial solutions of each series were obtained by
mixing the contents of 7 cartridges of syringe pens
and taking an averaged sample. The analysis was
performed on a Shimadzu UV-1800 spectrophotometer
(Shimadzu, Japan).

High-resolution mass spectra (HRMS) were
recorded on an LCMS-9030 instrument (Shimadzu,
Japan) using electrospray (ESI).
Measurements were performed in positive ion
mode. Samples were dissolved in deionized water to
a concentration of 1.25 mg/mL and introduced in a
volume of 0.1 L into the mass spectrometer dispenser
without separation. The following parameters were
used: capillary voltage — 4.5 kV; mass scanning
range — 100-5000 m/z; external calibration — with
a solution of Nal in MeOH/H,0; drying and heating

ionization

2 2.1.2.53. Raman spectrophotometry. Pharmacopoeia of the
Eurasian Economic Union. Available from: https://eec.eaeunion.org/
upload/medialibrary/9de/2-chast-1-toma-Farmakopei-Soyuza-s-
vozmozhnostyu-poiska_.pdf
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gases (nitrogen) — 10 I/min each; spraying gas tirzepatide peak on the chromatogram of the

(nitrogen) — 3 |/min; interface temperature — 300°C;
acetonitrile / water (5 / 95) flow rate — 0.4 ml/min.
Data were processed using LabSolutions v.5.114.

Confirmation of authenticity and determination of
the quantitative content of tirzepatide were performed
by high-performance liquid chromatography (HPLC).
The determination was carried out in accordance
with the requirements of the EAEU pharmacopoeia
(Article 2.1.2.28).

The analysis was performed using a high-pressure
liguid chromatograph with a UV detector on a diode
matrix on a Kinetex C18, 100 A column, (4.6 x 150 mm,
particle size 2.6 um), filled with L1 type sorbent
(manufacturer Phenomenex, cat. No. 00F-4462-EQ).
Tirzepatide was identified at a wavelength of
210 nm (optimal for peptide bond). The column
temperature was 30°C, the mobile phase flow rate was
0.7 ml/min, the autosampler temperature was 5°C,
and the chromatography time was 30 min. Elution
was performed at a mobile phase ratio (A/B) of 45:55.
Under these conditions, the approximate retention
time of the tirzepatide peak was from 14 to 20 min.

Next, a sample (SS) of a given
concentration was prepared. For this: about 15.0 mg
(exact weight) of tirzepatide SS was placed in a 10 mL

standard

volumetric flask, 8 mL of solvent was added, mixed until
the substance was completely dissolved, the volume
of the solution was brought to the mark with the
solvent and mixed again (tirzepatide concentration —
1.5 mg/mL).

Authenticity was confirmed by comparing the
retention time and UV spectrum of the test peak with
the tirzepatide standard. The quantity of the substance
was calculated by comparing the peak areas of the
analyzed samples and the standard.

Before starting the measurements, the suitability of
the chromatographic system was checked according to
section 2.1.2.36.

Chromatographic System Suitability Test (SST):

The chromatographic system is suitable if:

e The relative standard deviation of the peak
area values of tirzepatide for five consecutive
chromatograms of the standard solution is not
more than 2.0%;

e The relative standard deviation of the retention
time of tirzepatide peaks for five consecutive
chromatograms of the standard solution is not
more than 2.0%;

e The

symmetry factor calculated for the

Tom 13, Beinyck 6, 2025

standard solution is 0.8-2.0;

e The number of theoretical plates calculated for
the tirzepatide peak on the chromatogram of
the standard solution is not less than 1000.

The quantitative determination of impurities was
also performed by reversed-phase HPLC (RP-HPLC)
according to section 2.1.2.28 of the Eurasian Economic
Union Pharmacopoeia using a gradient elution mode.

To analyze impurities, a standard solution was
prepared: approximately 15.0 mg (exact weight) of the
tirzepatide standard was placed in a 10 mL volumetric
flask, 8 mL of solvent was added, stirred until the
substance was completely dissolved, the volume of the
solution was brought to the mark with the solvent, and
stirred again. Then, 1 mL of the resulting solution was
placed in a 100 mL volumetric flask, the volume of the
solution was brought to the mark with the solvent, and
mixed (tirzepatide concentration — 0.015 mg/mL).

A 100 mM phosphate buffer solution pH 7.5 was
used as a solvent. Mobile phase A was prepared:
9.2 g of ammonium dihydrogen phosphate R was
placed in a 1000 mL beaker, dissolved in 800 mL of
water for chromatography R, the pH of the resulting
solution was adjusted to 3.7 + 0.1 potentiometrically
using phosphoric acid R, 100 mL of acetonitrile
for chromatography R was added,
Quantitatively transferred to a 1000 mL volumetric
flask, the volume of the solution was brought to the
mark with water for chromatography R and stirred. The
mobile phase was filtered through a nylon membrane
filter with a pore size of 0.45 um (Water Laboratory LLC,

and stirred.

cat. No. NY045050L or equivalent quality), discarding
the first 100 mL of filtrate and degassing under vacuum.

Mobile phase B:
chromatography R,
chromatography R, and 200 mL of 2-propanol R were
mixed. Stir and sonicate for about 15 min, cool to room

200 mL of water for
600 mL of acetonitrile for

temperature.

For dosing the test solution, 2.5 mg, the contents
of 7 syringes / cartridges were mixed and an average
sample was taken. Then, 1.5 mL of the drug was placed
in a 5 mL volumetric flask, the volume of the solution
was brought to the mark with the solvent and mixed
(tirzepatide concentration — 1.5 mg/mL). 2 solutions
were prepared. For a dosage of 5 mg, the contents
of 4 syringes/cartridges were mixed and an average
sample was taken. Then, 0.75 mL of the drug was
placed in a 5 mL volumetric flask, the volume of the
solution was brought to the mark with the solvent
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and mixed (tirzepatide concentration — 1.5 mg/mL).
2 solutions were prepared.

Placebo solution: 3.0 mL (for a dosage of 2.5 mg),
1.5 mL (for a dosage of 5 mg), 1.0 mL (for a dosage of
7.5 mg), 0.75 mL (for a dosage of 10 mg), 0.6 mL (for a
dosage of 12.5 mg), 0.5 mL (for a dosage of 15 mg) of a
mixture of excipients included in the drug were placed
in a 10 mL volumetric flask, the volume of the solution
was brought to the mark with the solvent and mixed.

Chromatographic System Suitability Test (SST):

The chromatographic system is suitable if:

e The signal-to-noise ratio for the tirzepatide
peak on the chromatogram of the solution for
checking sensitivity is not less than 10;

e The relative standard deviation of the peak
area values of tirzepatide on five consecutive
chromatograms of the standard solution is not
more than 5.0%;

e The symmetry factor of the tirzepatide peak on
the chromatograms of the standard solution
is 0.8-2.0;

e The number of theoretical plates calculated for
the tirzepatide peak on the chromatogram of
the standard solution is not less than 1000;

e The (p/V)
the tirzepatide peak and the peak with a

peak-to-valley ratio between
relative retention time of about 1.11 on the
chromatogram of the solution for checking
resolution is not less than 1.2.

Table 2

parameters.

shows the gradient programming
Under the conditions described, the approximate
retention time of tirzepatide tirzepatide was from 23 to
27 minutes.
The quantitative determination of high molecular
weight compounds was performed by gel filtration
(GFC) in with the

requirements of the Economic

chromatography accordance

Eurasian Union
Pharmacopoeia 2.1.2.28. The study was performed
on a high-pressure liquid chromatograph with a UV
detector on a column filled with a sorbent (silica gel
with chemically modified dihydroxypropane groups
(L20) Waters Insulin HMWP, 7.8 mm x 300 mm, particle
size 10 um, (manufacturer Waters)). The detection
wavelength was 280 nm, the mobile phase flow rate
was 0.5 mL/min, the column thermostat temperature
was 50°C, the autosampler temperature was 5°C, the
injected sample volume was 40 pL; the chromatography
time was 30 min with an isocratic elution mode.

According to the validation results, the retention
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time of the monomer peak was about 16 min. The
approximate retention time of high molecular weight
compound peaks is about 15 min (immediately before
the monomer peak). All studies were performed in
three independent replicates.

The solution prepared according to the following
procedure was used as the mobile phase: 29.2 g of
sodium chloride R and 1.56 g of sodium dihydrogen
phosphate R were placed in a 1000 mL volumetric
flask, dissolved in 400 mL of water for chromatography
R, 0.34 mL of phosphoric acid R and 500 mL of
2-propanol R were added, and stirred. The volume of
the solution was brought to the mark with water for
chromatography R and stirred. Filtered under vacuum
through a nylon membrane filter with a pore diameter
of 0.45 um (Water Laboratory LLC, cat. No. NY0O45050L
or equivalent quality), discarding the first portions of
the filtrate.

For a dosage of 2.5 mg, 1.5 mL of the aged solution
was placed in a 5 mL volumetric flask, the volume of
the solution was brought to the mark with the solvent,
mixed and filtered through a regenerated cellulose (RC)
membrane filter with a pore size of 0.45 um (Water
Laboratory LLC, cat. No. SFRCL04525 or equivalent
quality) (tirzepatide concentration — 1.5 mg/mL).

For a dosage of 5 mg, 0.75 mL of the aged solution
was placed in a 5 mL volumetric flask, the volume of
the solution was brought to the mark with the solvent,
mixed and filtered through a regenerated cellulose (RC)
membrane filter with a pore size of 0.45 um (Water
Laboratory LLC, cat. No. SFRCL0O4525 or equivalent
quality) (tirzepatide concentration — 1.5 mg/mL).

The standard solution was prepared similarly
to the above method “Confirmation of authenticity
and determination of the quantitative content of
tirzepatide”. The test solution was prepared according
to the method for quantitative determination of
impurities.

Chromatographic System Suitability Test (SST):

The chromatographic system is suitable if:

e The relative standard deviation, calculated from
the areas of the tirzepatide monomer peaks on
the chromatograms of the standard solution
with repeated injections, is not more than 5.0%;

e The symmetry factor for the tirzepatide
monomer peak on the chromatogram of the
standard solution is 0.8-2.0;

e The number of theoretical plates calculated
for the tirzepatide monomer peak on the
chromatogram of the standard solution is not
less than 1000;
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e The signal-to-noise ratio for the tirzepatide
monomer peak on the chromatogram of the
solution for checking sensitivity is not less
than 10.

In vitro biological activity study

A comparative in vitro study of the biological
activity of the investigated drugs was performed on
two model systems, which are cell lines expressing
the human GLP-1 receptor (GLP1R/CRE-Luc/HEK293,
Cobioer, cat. No. CBP71117, China) or GIP (GIPR/CRE-
Luc/HEK293 Cobioer, cat. No. CBP71346, China) with a
reporter construct stably integrated into the genome
under the control of a Cre-dependent promoter.
Treatment of cells of this model system with agonists
of the GGP-1 or GIP receptor activates the signaling
pathway, which causes the expression of the luciferase
gene. In the absence of agonists, the receptor is not
activated, and the luminescence signal is low. In the
presence of an agonist, luminescence activated by
GLP-1R or GIPR (depending on the cell line) can be
detected in a dose-dependent manner by detecting
bioluminescence [14].

GIPR/CRE-Luc/HEK293 and GLP1R/CRE-Luc/HEK293
cell lines were cultured according to the manufacturer’s
instructions. To study agonism, cells were seeded into
the wells of a 96-well plate at a rate of 40 thousand
cells/well in a volume of 100 pL per well. After
24 hours, the comparator drug Mounjaro® or samples
of the drug Tirzetta® (INN: Tirzepatide) were added
to the cells in a volume of 10 uL per well so that the
required drug concentration was achieved upon
addition. The range of investigated concentrations was
selected according to the manufacturer’s instructions
and ranged from 10?? to 10° M. Testing was carried
out in a concentration range covering both the
minimum and maximum effective doses (according
to the manufacturer’s instructions). Growth medium,
which was added in the same volume, was used as a
negative control. After adding the samples, the cells
were incubated at 37°C in a CO, incubator for the
required incubation time (5 hours according to the
manufacturer’s instructions). Then, the cells were
lysed using a buffer containing the luciferase substrate
(D-luciferin) using a commercial kit for analyzing
firefly luciferase activity, ONE-Step™ Luciferase Assay
System (BPS Biosciences, China) in accordance with
the manufacturer’s protocol. 100 pL of the working
substrate solution was added to each well of the plate,
and the luminescence signal intensity was determined
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using the luminometric module of the Perkin-Elmer
EnVis system (Perkin Elmer, USA) after 15-20 minutes
of incubation after application. The specific activity of
the investigated drugs (ED, ) was calculated as the dose
at which 50% of the maximum effect is achieved, based
on the activity values obtained from three independent
tests.

Statistical analysis

Molecular ions in the spectra were analyzed in
LabSolutions v.5.114. The statistical processing of the
results was performed using GraphPad Prizm 10.4.2
software (GraphPad Software, USA). The acceptance
criteria for the results were selected according to the
requirements of the current pharmacopoeia of the
EAEU FS 2.3.12.0, Decision of the EEC No. 85, as well
as according to the Guidelines for Preclinical Studies
of Medicines edited by Mironov A.N. (2013)**. An
assessment of the parameters of the initial data was
carried out (the presence of outliers, data distribution,
assessment of the homogeneity of variances) to
determine further statistical methods according to
the FEAES. The statistical significance of the model
was verified using Fisher’s F-test at p < 0.05 and a
coefficient of determination R2 from 0.7 to 1. The
choice of using R2 and the F-test together is due to
the need to obtain the most objective assessment of
the quality of the model. Only when this indicator is
achieved is the model considered statistically reliable
and suitable for further use®®.

Preliminary processing of biological activity data
included normalization of the initial luminescence
intensity values.

The presence of outliers in the sample was
determined using the ROUT method. The final
processing included constructing a dose-response curve
based on normalized data using a non-linear regression
method. The dose-response analysis and comparison of
the test samples were carried out taking into account

3 Guidance for preclinical studies of medicines; Scientific Center for
Expertise of Medical Products of the Ministry of Health and Social
Development of Russia; Volume 1. Moscow: Grif and K; 2012. 944 p.
EDN: SDEWMP. Russian

4 Decision of Council of the Eurasian Economic Commission of
November 3, 2016 No. 85 «About approval of Rules of carrying out
researches of bioequivalence of medicines within the Eurasian
Economic Union». Available from: https://www.alta.ru/tamd oc/16sr
0085/?ysclid=mfpibknu6g985461506

 Guidance for preclinical studies of medicines; Scientific Center for
Expertise of Medical Products of the Ministry of Health and Social
Development of Russia; Volume 1. Moscow: Grif and K; 2012. 944 p.
EDN: SDEWMP. Russian

& Yunkerov VI, Grigoriev SG. Mathematical and statistical processing
of medical research data; Saint Petersburg: Kirov Military Medical
Academy; 2002. 266 p. EDN: XYHSQB. Russian
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the application of a mathematical model according to
the following parameters: the value of the upper and
lower asymptotes, the value of the slope (B); the value
of the relative specific activity of the sample.

A 4-parameter logistic model was chosen for
statistical analysis — an extended form of the classical
logistic function, which includes four parameters for a
more accurate description of the dose-effect curve:
minimum effect (lower asymptote), maximum effect
(upper asymptote), EC, (dose causing 50% effect),
B — slope.

The primary data obtained in the study were
presented as mean (M) and standard deviation (SD).

RESULTS

UV spectroscopy

To date, the current pharmacopoeias do not
contain established optical density values for

tirzepatide. The results of our study showed that
the UV absorption spectra of the reproduced drug
Tirzetta® and the reference Mounjaro® are similar
(Fig. 1, Table 3).

Thus, the absorption spectra in the ultraviolet
region of Tirzetta® and Mounjaro® are similar, which
indicates the identity of the molecule’s structure.

High-performance liquid chromatography coupled
with  mass spectrometry provides high-precision
determination of molecular weight by ion peaks in the
MS spectrum. Figure 2 shows the mass spectra of the
medicinal product Mounjaro® and Tirzetta®.

Thus, the mass spectra in all the studied series
of Tirzetta® and Mounjaro® are comparable and
correspond to the calculated mass of tirzepatide.

Determination of authenticity and quantitation

of tirzepatide by reversed-phase

high-performance liquid chromatography

In the chromatograms of all test solutions, there
was a peak corresponding to the retention time of
the tirzepatide peak under the specified conditions.
The chromatograms of the test and standard samples
comparable (permissible deviation +15%
from the retention time of the standard sample)
(GPhM.1.2.1.2.0001 Chromatography)’. The content
of tirzepatide in all samples corresponded to the
norms (Fig. 3).

were

7 GPhM.1.2.1.2.0001 Chromatography. The State Pharmacopoeia
of the Russian Federation XV edition. Available from: https://
pharmacopoeia.regmed.ru/pharmacopoeia/  izdanie-15/1/1-2/1-2-
1/1-2-1-2-khromatograficheskie-metody-analiza/khromatografiya/.
Russian
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Determination of impurities

The results of the quantitative determination of
impurities are presented in Table 4.

The profile of related and their
guantitative content in the samples of the Mounjaro®
and Tirzetta® corresponds to the regulatory
documentation for the drugs. However, our own
technology for the synthesis and purification of the
active pharmaceutical substance made it possible to
significantly reduce the number of hydrophilic and
hydrophobic impurities.

The quantitative assessment of high-molecular-
weight compounds in the composition was performed
by gel-filtration HPLC. The evaluation was performed
at a wavelength of 280 nm. The retention time of
tirzepatide for all drugs ranged from 15 to 18 minutes.
The peaks of high-molecular-weight compounds were
located directly in front of the tirzepatide peak. The
retention time was about 15 minutes (Fig. 4).

The results of the quantitative determination of
high-molecular-weight compounds in samples are
presented in Table 5.

Thus, the profile of high-molecular-weight
compounds and their quantitative content in the
Mounjaro® and Tirzetta® are similar.

impurities

Comparative in vitro bioactivity study

The bioactivity study of drugs was conducted by
assessing the sensitivity upon activation of GIP and
GLP-1 receptors in cell culture. A comparative in
vitro study of the bioactivity of the reproduced
drug Tirzetta® and the reference drug Mounjaro®
on the GLP1R/CRE-Luc/HEK293 and GIPR/CRE-Luc/
HEK293 reporter cell line model was performed in
three independent biological replicates. The obtained
primary data and calculated results met the system
suitability requirements and acceptance criteria.

The results of the primary data evaluation on the
GLP1R/CRE-Luc/HEK293 model (Table 6) showed that
the coefficients of variation do not exceed 30% in each
experimental point, and the data spread (i.e., variance)
is homogeneous.

The each drug
concentration value, as well as the results of the
assessment of the homogeneity of the sample variance,
are presented. In Figure 5, samples of Tirzetta® and
the reference drug Mounjaro® demonstrates a positive
dose-response relationship in the experimental model.

The results of the statistical analysis of the curves
are presented in Table 7 as M t SD with the given
values of the coefficients of covariance CV (%).

coefficients of variation for
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The results of the primary data assessment on the
GIPR/CRE-Luc/HEK293 model (Table 8) showed that the
CV do not exceed 30% in each experimental point, and
the data spread (i.e., variance) is homogeneous.

In the presented graph (Fig. 6), samples of
Tirzetta® and Mounjaro® demonstrate a positive dose-

response relationship in the experimental model
GIPR/CRE Luciferase Reporter HEK293.
A 4-parameter logistic model was used for

statistical analysis. The are presented in Table 9 as
M % SD with the values of the CV (%).

Thus, during the assessment of the biological
activity of Tirzetta® and Mounjaro®, results were
obtained that demonstrate the absence of statistically
significant differences in the ability to activate GLP-1
and GIP receptors (p < 0.0001).

The obtained data allow us to characterize the
developed method, as well as the selected test systems,
as having high discriminative ability. This is confirmed
by the low values of the variance of the average
luminescence indicators, which, in turn, ensures high
power of the analysis of variance. The low level of
within-group variability contributes to increasing the
sensitivity of statistical tests to detect even minimal
intergroup differences.

Thus, the conformity of the biological activity
profile of the reproduced drug Tirzetta® (INN:
tirzepatide; solution for subcutaneous administration,
2.5 mg, manufacturer JSC “Biochemist”, Russia) to the
reference drug Mounjaro® (INN: tirzepatide, solution
for injection, 5 mg, Eli Lilly and Company, USA) was
confirmed within the framework of work using a
reproducible and accurate method.

DISCUSSION

In recent years, the concept of multi-agonism
in endocrinology has developed significantly. Multi-
agonists of the “incretin axis” are a promising tool for
controlling metabolic disorders. The evolution of the
pharmacological approach based on GLP-1 receptor
agonism includes the study of various dual and triple
multi-agonists capable of simultaneously activating
GLP-1, GIP, and glucagon receptors.

Simultaneous activation of GLP-1 and GIP receptors
overcomes the limitations of GLP-1 receptor agonist
monotherapy [9]. GLP-1 and GIP are incretin hormones
that are released in the intestine in response to
nutrient intake and stimulate the activity of B-cells of
the pancreas with subsequent insulin secretion. The
key insulinotropic effect of GLP-1 is carried out through
a receptor associated with the class B G-protein and is
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manifested through the formation of cyclic adenosine
monophosphate (cAMP) [12]. GIP, consisting of
42 amino acid residues and secreted by
neuroendocrine k-cells of the duodenum and jejunum
in response to nutrient intake, stimulates insulin
secretion to a greater extent compared to GLP-1 [9].
The most important feature of GIP is their location
directly in adipocytes, which leads to weight loss
precisely due to fat, and not muscle tissue, ensuring
the formation of a silhouette and, most importantly,
metabolically healthy weight loss. It is also worth noting
that the activation of GIP neutralizes some undesirable
reactions that may occur against the background of
the use of GLP-1 agonists in some cases. Thus, GIP
activation leads to a decrease in the frequency of
nausea and other reactions from the gastrointestinal
tract [10].

The development of chemically
synthesized tirzepatide can stimulate further research
in the field of chemical synthesis of other incretin
drugs, including GLP-1 receptor agonists and future
multi-agonists, which may lead to the creation of new,
more effective therapeutic options [9].

The specifics of determining the specific activity
of drugs based on complex protein and peptide
molecules require an integrated approach, including
both physicochemical and biological methods of
analysis [15].

successful

Assessment of physicochemical properties

Assessment of protein absorption of UV radiation
is a reliable and sensitive method for determining
the structure of proteins, which affects their folding
and functionality [16]. Spectrophotometry showed
identical absorption curves in the UV region: maximum
absorption in the region below 230 nm, a shoulder in
the range of 225-230 nm and a pronounced peak at
291 nm. The coincidence of the spectra indicates the
conformational equivalence of both drugs [17].

Of particular importance is the absence of
differences in the profile of related impurities and
degradation products, since these factors can affect
the safety and efficacy of the drug. Such impurities in
a drug containing a peptide can be formed as a result
of the destruction of the active substance during
production or storage and affect the efficacy and safety
of the final product [18]. Such impurities also include
peptides with an incorrectly structured structure
resulting from errors in the amino acid sequence,
removal of individual amino acid residues, as well as
oxidation or racemization of amino acids [19].
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Table 1 — Study objects

Drug Name Manufacturer

Series Expiration Date

Tirzetta®, solution for subcutaneous administration, 2.5 mg (Tirzetta®-1) JSC “Biochimik”, Russia

010124  01/2026

Tirzetta®, solution for subcutaneous administration, 2.5 mg (Tirzetta®-2) JSC “Biochimik”, Russia

020124  01/2026

Tirzetta®, solution for subcutaneous administration, 2.5 mg (Tirzetta®-3) JSC “Biochimik”, Russia

030124  01/2026

Mounjaro®, solution for injection, 5 mg Eli Lilly and Company, USA D665365A 04/2025

Table 2 — Gradient elution program for the assessment of impurities in tirzepatide drugs

Time, Mobile Mobile Note

min phase A, % phase B, %

0->7 54->(45 + 4) 46->(55 + 4) 1 linear gradient.

7->37 (45 £ 4) (55+4) 1 stage of isocratic elution.

37->49 (45+4)->10 (55 +4)->90 2 linear gradient.

49->52 10 90 2 stage of isocratic elution.

52->53 10->54 90->46 3 linear gradient, transition to equilibrium.

53560 54 46 3 stage of isocratic elution, transition to equilibrium.

Table 3 — Results of spectrophotometry of tirzepatide drugs

Drug Name Manufacturer Series A, M A, M

Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 010124 281.0+0.7 249.4+1.2
Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 020124 281.2+1.1 249.1+0.6
Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 030124 281.2+0.4 249.3+0.8
Mounjaro®, solution for injection, 5 mg Eli Lilly and Company, USA D665365A 281.2+0.5 2489+0.9

Table 4 — Results of quantitative determination of impurities in samples of the studied drugs

Parameter (norm)

Tirzetta® Tirzetta® Tirzetta® Mounjaro®
010124 020124 030124 D665365A

Hydrophilic impurities, %

RRT 0.81 (not more than 1.5%) 0.05+0.01 0.06 + 0.05 0.20+0.08 0.34+0.03
RRT 0.90 (not more than 4.0%) - - 0.06 £ 0.01 0.28 +0.04
RRT 0.94 (not more than 1.5%) 0.07 £ 0.04 0.07 £0.02 0.13 +0.07 -

Sum of hydrophilic impurities (not more than 7.0%) 0.12 £0.041 0.13+0.054 0.39+0.107 0.62 £ 0.05

Hydrophobic impurities 1, %

RRT 1.11 (not more than 3.0%) 0.05+£0.02 - - 0.49+0.13
RRT 1.18 (not more than 2.0%) 0.11 +£0.08 0.21 £0.06 0.48 £0.11 0.96+0.14
Sum of hydrophobic impurities 1 (not more than 5.0%. 0.16 + 0.082 0.21+0.06 0.48+0.11 1.45+0.191
Hydrophobic impurities 2 (not more than 2.0%) - - - -

Single unidentified impurity (not more than 1.0%) - - - -

Sum of all impurities (not more than 10.0%) 0.28 £ 0.092 0.34+0.081 0.87 +0.153 2.075+0.197

Note: RRT — relative retention time.

Table 5 —Results of quantitative determination of high molecular weight compounds (HMW(C)

in the studied drugs

Drug Name Manufacturer Series HMWC, %
Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 010124 0.32%
Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 020124 0.23%
Tirzetta®, solution for subcutaneous administration, 2.5 mg JSC “Biochimik”, Russia 030124 0.20%
Mounjaro®, solution for injection, 5 mg Eli Lilly and Company, USA D665365A 0.68%
538 Volume XIlII, Issue 6, 2025



Hay4Ho-npakTunyeckuin XxypHan OPMI’MHAﬂbHAﬂ CTATbﬂ

OAPMALIVA N
DAPMAKOOMMS DOI: 10.19163/2307-9266-2025-13-6-529-546
(PHARMACY & PHARMACOLOGY)
Table 6 — Assessment of primary data GLP1R/CRE-Luc/HEK293
log[CJ, M The coefficient of variation, % value
B Tirzetta®-1 Tirzetta®-2 Tirzetta®-3 Mounjaro® a
-5 7.0 5.6 3.2 7.5 0.5931
-6 53 7.7 3.4 4.8 0.5761
-7 6.8 5.9 3.8 10.6 0.0800
-8 4.0 7.1 9.1 9.3 0.0750
-9 9.9 8.3 8.2 15.2 0.0280
-10 11.6 15.9 26.0 25.9 0.4119
-11 25.8 23.6 17.9 11.3 0.1467
-12 28.0 7.6 18.7 9.3 0.0682
Note: * — estimating the spread of data; p > 0.05 — the homogeneity of the variances is confirmed.
Table 7 — Results of the analysis of logistic curves GLP1R/CRE-Luc/HEK293
- Ratio of the angle
Drug (e ST Fischer’s F-test Log EC,, of inclination B

determination, R?
to the referent

Tirzetta®-1 0.9983 (Fp=<63%%0 1 'cf}lloi_zo 014 0.98
Tirzetta®-2 0.9977 (FF:ZE)O N '&6:70"'.20 016 0.93
Tirzetta®-3 0.9985 (Fp=<6(}.g)o 1 '&7:101'.20 014 0.93
Mounjaro® 0.9948 ::p=<2:.?)%01) &%830%20'020 -

Table 8 — Assessment of primary data GIPR/CRE-Luc/HEK293

The coefficient of variation, % Homogeneity
log[C], M - - - - : )
Tirzetta®-1 Tirzetta®-2 Tirzetta®-3 Mounjaro® of dispersions*
-8 14.6 14.6 13.1 7.4 0.5189
-9 12.5 10.3 22.6 7.3 0.2959
-10 16.6 11.8 29.1 23.2 0.4751
-11 11.7 12.5 23.0 12.6 0.0908
-12 19.6 13.9 16.7 24.5 0.7829
-13 20.2 23.6 13.5 19.0 0.4650
-14 6.3 12.8 5.1 28.6 0.6686
-15 15.0 18.4 25.9 14.2 0.7094

Note: * —homogeneity of the variances was determined by evaluating the spread of data, the column shows the values of the p-value Brown-
Forsythe test.

Table 9 — The results of the analysis of logistic curves GIPR/CRE Luciferase Reporter HEK293

Coefficient of Ratio of the angle

Drug determination. R2 Fischer’s F-test Log EC50 of inclination
’ to the referent

Tirzetta®-3 0.8613 (Fp=<5§'~3001) _clvz;liot, 81.310 1
Mounjaro® 0.9697 (Fp=<301§§0 y 2020385 -
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Figure 1 — Absorption spectrum of tirzepatide drug.
Note: A — Mounjaro® (D665365A); B — Tirzetta® (010124); C — Tirzetta® (020124); D — Tirzetta® (030124).
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Figure 2 — Mass spectra of solutions of tirzepatide drugs.
Note: A — Mounjaro® (D665365A); B — Tirzetta® (010124); C — Tirzetta®(020124); D — Tirzetta® (030124).
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Figure 4 — Chromatograms of tirzepatide drugs and impurities.
Note: A — Mounjaro® (D665365A); B — Tirzetta® (010124); C — Tirzetta®(020124); D — Tirzetta® (030124).

Dose-response relationship GLP1R-HEK-LUC Tirzepatide

1004

80+

60

40-

20+

-
-
—A
=

0- T
-14 -10 -8

log[Agonist], M

-12

Tirzetta®-1
Tirzetta®-2
Tirzetta®-3
Mounjaro®

Figure 5 — Dependence of the luminescent signal value on the concentration of the agonist GLP-1R (n = 3).
Note: The data is presented in M + SD, as well as with logistic curves
(based on the results of nonlinear regression).
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Dose-response relationship GIPR-HEK-LUC Tirzepatide
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Figure 6 — Dependence of the luminescent signal value on the concentration of the agonist GIPR (n = 3).
Note: The data is presented in M % SD, as well as with logistic
curves (based on the results of nonlinear regression).

Chromatographic methods are the “gold standard”
for characterizing peptide drugs and allow detecting
even minor differences in the structure of molecules.
The identity of the chromatographic profiles of the
active substance (tirzepatide) in the composition of
Tirzetta® and Mounjaro® confirms their structural
equivalence [15].

Modern trends in pharmaceutical design determine
the need for an integrated approach, in which not
only the active pharmaceutical substance is optimized,
but also the composition of excipients, in particular,
preservatives in parenteral dosage The
abandonment of the use of phenol and benzyl alcohol
in favor of innovative delivery systems makes it possible
to exclude these components from the formulation.
This approach is aimed to minimize the risks of
developing hypersensitivity reactions and increasing
the overall safety profile of pharmacotherapy, as well as
toxicity [20].

The drug Tirzett®® contains 4.2 times fewer
impurities than the reference drug Mounjaro®, which
suggests that the former is safer for patients. It should
be taken into account that therapy for type 2 diabetes
and obesity is lengthy and may subsequently turn
into lifelong medication. Impurities such as phenol
and benzyl alcohol can accumulate in the body with
prolonged use and cause toxic effects. The elimination
of impurities from the composition of Tirzetta®
provides a number of pharmacotechnological and
advantages, which reducing
toxicity and irritation at the injection site, which
improves the tolerability of therapy, especially in
sensitized patients, as well as with prolonged use. In
addition, the possibility of systemic toxic effects and

forms.

clinical include local
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undesirable interactions with other drugs due to the
properties of preservatives is excluded. Therefore,
the development of preservative-free forms meets
modern regulatory requirements and helps to increase
adherence to treatment due to an improved safety and
biocompatibility profile.

Thus, the study confirms that today in Russia it
has been possible to develop an effective method for
producing peptide drugs, which reduces the formation
of racemic impurities, simplifies the purification of
the target product, increases its purity and yield, and
reduces the cost. It is also worth noting that chemical
synthesis can provide a number
compared to biotechnological production, including
greater reproducibility of the process, a reduced risk
of microbiological contamination, and a potentially
lower production cost. These factors are especially
important for ensuring the availability of innovative
drugs for the general population [21]. Given the
increasing prevalence of type 2 diabetes and obesity,
the availability of effective drugs is becoming critical for
public health [1].

of advantages

In vitro biological activity assessment

The use of reporter cell lines is one of the most
effective screening approaches for assessing the
biological activity of drugs in vitro [22]. This model is
genetically modified cells into which reporter genes
have been introduced under the control of promoters
that are activated when a ligand binds to a receptor
and subsequent activation of the signaling pathway.
Such lines allow quantifying the activity of receptor
interactions by measuring the expression of the
reporter — usually a fluorescent protein. The level of
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bioluminescence is directly proportional to the amount
of enzyme and the binding activity of a particular
transcription factor [23].

The comparability of the results of GIP and GLP-1
receptor activation between the studied drugs indicates
the preservation of the key structural and functional
characteristics of the tirzepatide molecule, which
determine the properties and biological activity of the
peptide. This is critical because it is the dual activity
against the two incretin receptors that determines the
unique therapeutic profile of tirzepatide [9].

The totality of the results fully confirms the initial
hypothesis about the bioequivalence of the reproduced
drug Tirzetta® and the reference drug Mounjaro®.
This fact indicates that the synthesis and purification
conditions are optimized in the production of the
drug Tirzetta® in order to minimize the formation of
structural variants and impurities [24]

Confirmation of bioequivalence
extrapolation of previously obtained safety and efficacy
data of the reference drug to reproduced drugs without
studying the latter in large-scale clinical trials [25].

allows

Clinical efficacy

To date, two main registered tirzepatide drugs are
known in global practice — Mounjaro® and Zepbound®
(Eli Lilly and Company, USA). Despite the fact that
both drugs contain the same active substance —
tirzepatide — they have different indications. Thus,
Mounjaro® is registered for the treatment of type 2
diabetes mellitus, while Zepbound® is used for the
treatment of obesity and related conditions. Tirzetta® is
registered for both indications [26].

In addition to tirzepatide, other dual agonist
molecules have been studied. Thus, NNC0090-2746
passed two phases of clinical trials (Phase 1 and
Phase 2a) in patients with type 2 diabetes mellitus [27].
Studies have shown that the drug has a hypoglycemic
effect and reduces body weight, however, its
development did not progress beyond Phase 2a —
it did not reach Phase 3 clinical trials and was not
registered for medical use. In the second phase study,
NN00090-2746, characterized by balanced activity
against GLP-1 and GIP receptors, was administered
daily subcutaneously at a dose of 1.8 mg for 12 weeks.
Against the background of NNO0090-2746 therapy,
compared with placebo, there was a decrease in HbAlc
level by 0.96% (p < 0.001) and body weight by 1.67%
(p =0.06).

Tirzepatide, the activity of which s
pronounced against GIP receptors, was administered
weekly subcutaneously in various doses (1, 5, 10 and

more
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15 mg) for 26 weeks. The degree of reduction in HbAlc
level was dose-dependent (1.73, 1.89 and 2.07%), while
45-90% of patients on tirzepatide therapy reached the
target HbA1c level.

Analyzing the data from these studies, it can be
concluded that tirzepatide is more effective than
NNC0090-2746 in reducing HbAlc levels and body
weight, which was observed after 12 weeks of therapy.
This may be due to differences in the chemical
structure, affinity and balance of activity of the drugs
against GLP-1 and GIP receptors [9].

The results of the Phase Il study served as the
basis for the start of Phase Il clinical programs with
tirzepatide in patients with type 2 DM (SURPASS) and
in patients with obesity (SURMOUNT) [27]. Clinical
studies have demonstrated unprecedented efficacy
of tirzepatide. The drug achieve the significant and
sustained weight loss, as well as a marked improvement
in cardiometabolic parameters in patients with obesity
and/or type 2 DM [28-31]. In general, treatment
with tirzepatide led to a weight loss of approximately
8-15% of the initial body weight in patients with type
2 diabetes and from 15 to 23% in patients with obesity
and overweight, which is comparable in efficacy to
some surgical interventions. There is a decrease in
waist circumference, on average, by 15 cm, which
indicates a decrease in the severity of visceral obesity.
A significant proportion of patients achieve weight
loss > 5%, and a significant proportion — weight loss
of 2 15-20%, which significantly exceeds the results of
previous drugs and corresponds to or exceeds the best
modern analogues. In addition to changes in weight,
there was a decrease in systolic blood pressure by
4.9-6.4 mm Hg, improvement in glycemic control
(decrease in HbAlc by 1.8-2.4%), as well as positive
dynamics of the lipid profile: total cholesterol
decreased by 0.25-0.37 mmol/Ll, LDL — by
0.31-0.43 mmol/L, HDL increased by 0.05—0.08 mmol/L.
The main advantage of tirzepatide in the treatment
of patients with obesity is a 94% reduction in the risk
of diabetes mellitus. The introduction of this drug
into practice is a transition from managing existing
diabetes to active prevention of this disease. This is
the most effective way to reduce the global burden of
type 2 diabetes mellitus for society as a whole. Side
effects are mainly associated with the gastrointestinal
tract, but are usually mild and reversible. No serious
complications or increased risk of hypoglycemia have
been identified. Thus, tirzepatide provides effective,
versatile and well-tolerated treatment for long-term
weight and metabolic health management.
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Study limitations

Despite the fact that the use of multiple
methodological approaches ensures a high degree of
reliability of the study results, it is necessary to note
a number of limitations that should be taken into
account when interpreting the results. Thus, reporter
cell lines used to assess in vitro activity are simplified
models of receptor interaction. The real physiological
environment is characterized by a much greater
complexity of intercellular interactions and regulatory
mechanisms [32].

CONCLUSION
The results of a comparative study of the
physicochemical characteristics and biological activity

of Tirzetta® (manufacturer PROMED RUS LLC) and
Mounjaro® (Eli Lilly and Company, USA) convincingly
demonstrated the equivalence of these two drugs.

The totality of the data obtained indicates
that Tirzetta® is a high-quality drug that provides
comparable therapeutic efficacy with the reference
drug, with better safety indicators. From a scientific
point of view, the data obtained contribute to the
understanding of structure-functional relationships in
the tirzepatide molecule and confirm the stability of key
pharmacophore groups.

The results of the study create a scientific basis for
further development of peptide multiagonists, opening
up prospects for expanding the availability of innovative
drugs.
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