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The aim. To develop a method for in vitro cultivation of Corti’s organ explants using polyethyleneimine (PEI) as an adhesive
substrate. The study evaluated the potential of PEI as an effective alternative to existing substrates for in vitro cultivation of
inner ear samples.

Materials and methods. Explants of Corti’s organ from newborn mice (P1-P2) were used. Glass culture surfaces were
treated with a PEI solution followed by treatment with fetal bovine serum. To assess the suitability of the developed
explant model for ototoxicity studies, treatment with gentamicin was performed. Isoliquiritigenin was used as an
otoprotector. Morphological analysis of images obtained by confocal fluorescence microscopy was conducted. The survival
of hair cells after staining with phalloidin labeled with Alexa Fluor 488 was evaluated. The magnitude of stereociliary angles
of outer hair cells was assessed.

Results. PEI- coating provided reliable fixation of Corti’s organ explants (up to 72 h) without signs of detachment from
the culture surface. The samples maintained their attachment strength through two media changes and subsequent 16
washing cycles during fluorescent staining. Morphological analysis of the control group revealed no signs of toxic effects
of PElI on hair cells. The organotypic model using PEIl coating reproduced the classic pattern of gentamicin-induced
ototoxicity with a basal-apical gradient of damage. For the first time, this model demonstrated the otoprotective effect
of isoliquiritigenin (1 pM) against gentamicin-induced ototoxicity (500 pM), most pronounced in the middle turn of the
cochlea for both inner and outer hair cells (p < 0.0001 for both comparisons with the gentamicin group).

Conclusion. The efficacy of PEl as an alternative substrate for cultivating inner ear samples has been demonstrated for the
first time, showing optimal adhesive properties and no inherent toxicity. The developed method represents a promising
approach for ototoxicity research and otoprotector screening.

Keywords: ototoxicity; otoprotection; hair cells; Corti’s organ explant; polyethyleneimine; isoliquiritigenin

Abbreviations: PEI — polyethyleneimine; HBSS — Hank’s balanced salt solution; FBS — fetal bovine serum; ILG —
isoliquiritigenin; OHC — outer hair cells; IHC — inner hair cells.

For citation: EV. Polikarpov, E.A. Smolyarchuk, E.M. Grigorevskikh, E.Yu. Yaroshenko, S.l. Pavlova, D.A. Kudlay, KJV. Savostyanov,
Z.V. Bakaeva. Development of a method for in vitro cultivation of Corti’s organ explants using polyethyleneimine. Pharmacy & Pharmacology.
2026;14(4):326-337. DOI: 10.19163/2307-9266-2026-14-4-326-337
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Lenb. Pa3pabotaTtb MeTOAMKY KYNbTMBMPOBAHMA 3KCMIAHTOB opraHa Koptu in  vitro ¢ uWcnonb3oBaHWEM
nonvatuneHummHa (PEI) B KauyectBe agresmBHoro cybctpata. B uvccnegoBaHMM  oueHMBaAnachb NepcrnekTUBHOCTb
npumeHeHua PEl B KauecTtBe apHEKTMBHON anbTepHaTUBLI CyLLECTBYOWMM cybcTpaTam Ans Ky/NbTUBUPOBAHMA 06pasLoB
BHYTPEHHEro yxa in vitro.

Martepuanbl u metoabl. B pabote Mcnonb3oBann 3KCNAAHTbl opraHa KopTu, MonyyYeHHble OT HOBOPOXAEHHbLIX Mbilen (P1—
P2). CteknsaHHble Ky/bTypasibHble MOBEPXHOCTU 06pabaTbiBanv pactBopom PEl ¢ nocneaytoleii 06paboTtkol deTanbHom
6blYbelt CbIBOPOTKOM. [NA OLEHKM MNPUrOAHOCTM WMCMNO/b30BaHMA pPa3paboTaHHOMW MOLEAN 3SKCMIAHTOB B M3y4YeHUU
OTOTOKCMYHOCTM MPOBOAMIM 06PabOTKY reHTaMULMHOM. B KayecTBe OTOMPOTEKTOPA MCMNONb30BaAN U30UKBUPUTUIEHMH.
B uccnepoBaHuMu nposoauaca MopdonorMyecknii aHanms M306paxkeHUi, MOMYyYeHHbIX C MOMOLLbI0 KOHMOKaNbHOWM
bnyopecueHTHOM MUKpPOCKOoNMU. B pesynbTaTe OLEeHeHa BbIXKMBAEMOCTb BOJIOCKOBbIX K/ETOK MNOCAEe OKpaLlMBaHWA
dannonamHom, meyeHHbim Alexa Fluor 488. [lpoBegeHa OUEHKA BeWMYMHbI CTEPEOLMNNAPHbBIX YIZIOB HAPYXKHbIX
BOJIOCKOBbIX KNETOK.

Pe3synbtatbl. PEI-NoKpbiTMe obecneunno HagexkHyr dUKcauuio 3KcnaaHToB opraHa KopTtu (o 72 4) 6e3 npusHakos
OTKpPEnAEeHUs OT Ky/NbTypaNbHOM noBepxHOCTU. OBpasLbl COXPaHAAM MNPOYHOCTb MPUKPEneHUs Yepe3 [ABa 3Tana
CMeHbl KynbTypa/ibHOM cpefbl M nocneayowme 16 LMKNOB MPOMbIBKM B npouecce GpNyopecLeHTHOro OKpaliMBaHUA.
Mopdonornyecknin aHann3 KOHTPOIbHOW rPYMnbl HE BbIABMA MPU3HAKOB TOKCMYecKoro Bo3gencteua PEl Ha BonocKoBble
KneTkn. OpraHoTMNuyeckaas MmoAenb C ucnonb3oBaHvem PEI-NoKpbiTMA no3BOAMIA BOCNPOM3BECTM  KNACCUYECKYHO
KapTUHY TeHTaMUUUH-UHAYUMPOBAHHOMW OTOTOKCMYHOCTU C 6a3anbHO-anuKaAbHbIM FPaLUEHTOM MoOBpeXKAeHUA. Bnepsble
C NOMOLbIO AAHHOM MOAENU NPOAEMOHCTPMPOBAH OTOMPOTEKTOPHbLIN 3ddeKT mn3onmkeuputureHmHa (1 mkM) npotus
reHTaMUUMH-UHAYUMPOBAHHOM OTOTOKCMYHOCTU (500 MKM), Hanbosee BbIparKEHHbIW B CPegHEM OTaene YAUTKU Kak ana
BHYTPEHHMX, TaK U 1A HAPYKHbIX BOSIOCKOBbIX KNETOK (p <0,0001 gaa 060MX CpaBHEHWUI C Fpynnoi reHTaMULLMHA).
3aknoueHune. Bnepsble nokasaHa addekTMBHOCTb PEI Kak anbTepHaTMBHOrO cybcTpata ANs KyAbTMBUMPOBaHWA 0b6pasLos
BHYTPEHHEro yxa, NPOAEMOHCTPMPOBABLUEro OMNTMMAJibHble afre3vBHble CBOMCTBA M C OTCYTCTBMEM COOCTBEHHOWM
TOKCMYHOCTK. Pa3paboTaHHAA HAMW METOAMKA NPeACTaBAAET NepCcneKTUBHbIM NOAX0A ANA UCCeA0BaHUN OTOTOKCUYHOCTM
1N CKPUHWHIa OTOMPOTEKTOPOB.

KnioueBble cn0Ba: OTOTOKCMYHOCTb; OTOMPOTEKLMA; BONOCKOBbIE KNETKW; IKCMJIAHT opraHa KopTu; noanatuneHumuH;
N30JIMKBUPUTUTEHWUH

Cnucok cokpauweHuit: PEl — nonnstuneHnmumH; HBSS — cbanaHcMpoBaHHbIN coneBoit pactBop XaHkca; FBS — pactBop
deTanbHOM bblubeli cbiBOpoTkM; VT — n3onnksmputureHnH; HBK — Hapy»Hble BoOCKOBble KNeTKu; BBK — BHyTpeHHMe
BOJIOCKOBbIE K/IETKW.
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INTRODUCTION

According to the World Health Organization
(WHO), hearing impairments affect over 5% of the
world’s population, totaling approximately 466 million
people [1]. The most common form of this pathology
is sensorineural hearing loss [2]. Various factors can
contribute to its development, such as prolonged
exposure to intense noise, age-related changes,
infectious and genetic diseases [3]. Additionally, drug-
induced ototoxicity remains a frequent cause. Over
600 medications possess ototoxic effects to varying
degrees [4]. Among the most ototoxic agents widely
used in medicine are aminoglycoside antibiotics,
platinum-based chemotherapy drugs, loop diuretics,
macrolide antibiotics, and antimalarial agents [5, 6].
Despite the well-proven efficacy of the aforementioned
agents in combating infections and malignant
neoplasms, the use of these drugs is associated with
a high risk of developing auditory and vestibular
disorders. Nevertheless, in some cases, the benefits of
their use outweigh the potential risks.

The risk of ototoxicity exists for all age groups.
Although the main ototoxic drugs are well-known,
the prevalence of this adverse reaction remains
unexplored. The main diagnostic challenge is the late
detection of ototoxicity, which typically occurs when
severe hearing loss affecting speech frequencies has
already developed. One of the reasons is the lack of
vigilance regarding otological symptoms, as they do not
pose a direct threat to the patient’s life [7]. However,
the consequences of such therapy can significantly
reduce the patient’s quality of life in the long term. In
pediatric practice, ototoxicity is a very serious problem,
as even moderate hearing loss can significantly impact
speech and cognitive skill development, leading to
difficulties in learning and social adaptation for affected
children [8].

There are no approved otoprotectors to prevent
hearing loss caused by aminoglycoside antibiotics.
These drugs remain indispensable in the treatment
of many dangerous diseases, such as tuberculosis,
sepsis, cystic fibrosis, and neonatal infections. The
incidence of ototoxicity after aminoglycoside therapy
varies depending on dosage, route of administration,
sensitivity of audiological tests, and other factors,
averaging from 7% to 90%. Among aminoglycosides,
the level of ototoxicity differs. For example, kanamycin
cochleotoxic effect

exhibits a more pronounced

compared to streptomycin. Streptomycin has a
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predominant vestibulotoxic effect with minimal impact
on hearing [9].

Adequate experimental models are necessary
to evaluate the efficacy of potential otoprotectors.
To date, the use of organ of Corti explants is an
indispensable approach in studying the ototoxic and
otoprotective effects of substances. When working with
explants, it is possible to a certain extent to model the
real conditions of their existence. However, despite
this, in a culture medium, an inevitable change in the
phenotype of cultured tissue cells occurs. In this regard,
cellular reactions may not fully correspond to the
processes observed in vivo. This is the main limitation
faced by researchers when using the organ of Corti
explant culture model. Thus, the parameters of cell
isolation and cultivation protocols can significantly
influence experimental results [10].

One of the factors for successful in vitro cultivation
is the nature of the adhesive substrate coating the
surface of the culture vessel. Acting as an analog of
the extracellular matrix, such a substrate must be
biocompatible and ensure reliable sample fixation [11].
It is necessary for the samples to remain attached to
the culture vessel, withstanding repeated washing
steps that generate shear forces. The problem of
detachment and “floating” during cultivation remains
an important methodological challenge when working
with
polymers such as poly-L/D-lysine, poly-L-ornithine, as

inner ear explants [12]. Positively charged
well as purified molecules like collagen and laminin, are
most commonly used for coating [12, 13]. Commercially
available cell adhesives are also widely used [14].
Nevertheless, the search for more effective solutions
to improve explant attachment and preserve their
integrity during cultivation continues.

This work is based on the development of a
method for in vitro cultivation of organ of Corti explants
using polyethyleneimine (PEl) as an adhesive substrate.
PEl has shown suitability and high adhesive activity in
other in vitro systems [15, 16].

THE AIM of the study was to evaluate the prospect
of using PEl as an effective alternative to existing
substrates for working with inner ear specimens.

MATERIALS AND METHODS

Animals

Newborn C57BL/6 mice (P1-P2) were obtained and
housed in the vivarium of the Institute of Gene Biology,
Russian Academy of Sciences with constant access
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to food and water. Air temperature was maintained
at 22-24°C, and the light cycle (day / night) was
14 / 10 hours. Twelve male mice on days 1-2 after birth
(P1-P2) were used in the experiments. Until the start of
the experiment, the pups were kept with their mother
and naturally nursed.

Animal experiments were conducted in accordance
with ethical principles and regulatory documents
recommended by the European Convention for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes, as well as the Rules
of Good Laboratory Practice, approved by Order
of the Ministry of Health of the Russian Federation
No. 199n dated January 4, 2016. The study protocol
was approved by the Local Ethics Committee of the
National Medical Research Center for Children’s Health,

protocol No. 05 dated May 15, 2025.

Surgical Instruments and Laboratory Glassware

Sterilization of microsurgical instruments intended
for dissecting bone structures of the skull and opening
the cochlear capsule, as well as coverslips (14 mm),
was carried out by autoclaving. Aseptic treatment
of auxiliary instruments and work surfaces was
performed using a 70% aqueous solution of ethanol.
Microdissection of the cochlear surface was performed
using a microdissection knife (Fine Science Tools,
No0.10056-12) and Dumont #4 microforceps (Fine
Science Tools, No.11241-30), Dumont No. 55 (Fine
Science Tools, N0.11295-51). For isolation of the entire
cochlea and the organ of Corti from the temporal
bone, preliminary preparation of sterile Petri dishes
(Greiner Bio-One, No. 627160) was performed, into
which chilled Hank’s Balanced Salt Solution (HBSS)
without calcium and magnesium ions (pH = 7.4; Gibco,
Thermo Fisher Scientific, No.14185-052) was poured.
To increase tissue viability during prolonged dissection,
dishes with samples were stored on a cooled surface
using a refrigerant throughout the procedure. To ensure
reliable fixation of organ of Corti explants, coverslips
(Ted Pella, No. 26023) were treated with PEI (Sigma-
Aldrich, No. P3143). Coverslips were pre-placed in the
wells of confocal dishes. In the first step, 200 pL of
a 1 mg/mL PEI solution was applied to the coverslips,
after which they were incubated for 1 hour at room
temperature to create a layer that promotes explant
adhesion. After this time, the coverslips were washed
twice with deionized water to completely remove
unbound polymer. In the final stage of substrate
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preparation, for direct improvement of adhesive
properties and enhancement of biocompatibility, each
coverslip was coated with 200 uL of a 10% fetal bovine
serum (FBS) solution in HBSS containing calcium and

magnesium, followed by incubation for 2 hours.

Cochlea Isolation Procedure

For cochlea isolation, decapitation of the animals
was performed, followed by placing the head in a
sterile Petri dish. To prevent sample contamination,
the external surface of the head was treated with a
70% aqueous solution of ethanol. After this, the head
was transferred to a dissection dish containing 3 ml of
chilled HBSS, where all subsequent manipulations were
performed. In the next step, the skin and soft tissues
covering the skull vault were removed using a surgical
blade or spring scissors. Then, using the same surgical
blade, the cranial cavity was carefully opened along
the sagittal suture. After gaining access to the cranial
cavity, a microsurgical spatula was used to carefully
separate the brain from the bony structures of the
skull and visualize the cochleae. Using a stereoscopic
microscope (Olympus SZX7, Olympus Corporation,
Japan, magnification 8x and 16x), the location of
the otic capsules was determined. Using Dumont #4
microforceps and a microsurgical knife, synchondroses
and sutures of the skull were dissected to isolate the
cochleae [17].

Cochlea Surface Dissection

Throughout the cochlea surface dissection stage,
Dumont #55 microforceps were used. The cartilaginous
wall of the cochlear labyrinth was removed. Next, the
organ of Corti with the stria vascularis was separated
from the modiolus. The stria vascularis was carefully
removed from the organ of Corti, and then the tectorial
and Reissner’s membranes were carefully removed.
The isolated organ of Corti was divided into three
equal parts using a microsurgical knife, corresponding
to the basal, middle, and apical turns. The samples
were transferred using a pipette and a 200 L tip to a
coverslip in a confocal dish with culture medium.

Organ of Corti Explant Culture

Explants were cultured in DMEM/F12 medium
(Gibco, Scientific, No0.11320033)
supplemented with 10% fetal bovine serum (FBS)

Thermo  Fisher

(Gibco, Thermo Fisher Scientific, No. A5256701),
1x GlutaMAX (Gibco, Thermo Fisher Scientific,
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No0.35050061), and 134 pM ampicillin (Invitrogen,
Scientific, No0.11593-027).
placed on coverslips

Thermo Fisher Samples

were pre-coated with a
polyethyleneimine (PEl, 1 mg/mL) aqueous solution
(Sigma-Aldrich, No.P3143). The position of the explants
was monitored under a stereomicroscope (Olympus
SZX7, Olympus Corporation, Japan) to achieve clear
visualization of three rows of outer hair cells and
one row of inner hair cells (at 56x magnification).
To improve explant adhesion to the coating, a brief
medium removal method was employed: the culture
medium was completely removed from the culture dish
(Mattek, No.P35G-1.5-14-C). This step facilitated close
apposition of the explant to the surface, after which
the medium was immediately returned. Dishes with
secured explants were incubated in a CO, incubator
(37°C, 5% CO,) for 24 h before the initiation of
treatment with the test substances (Fig. 1).

Treatment of Explants with Test Substances

To prepare stock solutions, gentamicin (PanEco,
No.A011) was dissolved
isoliquiritigenin (ILG) (98% purity, Xi’An YiyangBio-Tech
Co., China) was dissolved in DMSO. Stock solutions
were sterilized by filtration through a 0.22 um pore

in deionized water, and

size membrane filter and diluted in culture medium
to the desired concentration. For single treatment
of explants with the test substances, the culture
medium was carefully removed from the culture dish
containing the samples on the coverslip. Then, 2 mL
of culture medium containing the test substances—
gentamicin (500 uM) or gentamicin (500 uM) with
ILG (1 uM)—was gently added to the dish, taking care
to avoid detachment of the explants from the glass
surface. Explants in the control group underwent a
similar procedure but without treatment with the test
substances. Explants from the control and experimental
groups were incubated in a CO, incubator (37°C,
5% CO,) for 24 h. The concentration of gentamicin
(500 uM) causing loss of inner (IHC) or outer hair cells
(OHC) was determined in previous studies [18]. It was
also hypothesized that the concentration of ILG (1 uM)
would induce an otoprotective effect, analogous to the
neuroprotection we previously determined [19].

Phalloidin Staining of Explants

and Hair Cell Visualization

About 24 hours after the treatment of Organ of
Corti explants with the test substances, they were
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stained with phalloidin (Invitrogen, Thermo Fisher
Scientific, No. A12379) to visualize actin filaments in
the stereocilia of inner and outer hair cells. Explants
were fixed in 10% formaldehyde solution for 30 min,
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
No.X100) in PBS (Sigma-Aldrich, No.P4417-100TAB)
for 15 min, and blocked with 1% BSA (Sigma-Aldrich,
No. A7906-10G) in PBS for 20 min at
Phalloidin staining of explants was
performed by

room
temperature.
incubating the explants in the
dye solution for 30 min at
Afterward,

Confocal

room temperature.

the samples were washed with PBS.
microscopy was performed on a Nikon
Eclipse Ti2 microscope using a Nikon S Plan Fluor
ELWD 20x/0.45 objective (Nikon Instruments Inc.,
Japan). Imaging was conducted using NIS-Elements
software.

Counting of Hair Cells and Measurement

of Stereociliary Angles

The number of inner and outer hair cells was
counted in 100 um segments of the basilar membrane.
For each explant, analysis was performed in three
randomly selected areas, after which the mean value
per explant was calculated. Eight explants were used
for each experimental group. No dead hair cells were
observed in the rows of either inner or outer hair cells.
To assess the ultrastructure of hair cells, stereociliary
angles of outer hair cells were measured using
Image) 1.54p Software. The angles of the V-shaped
stereocilia bundles were measured by drawing two
lines along the medial side of the bundles.

Statistical Analysis

One-way analysis of variance (ANOVA) was used to
compare data between groups. If statistically significant
differences were found, pairwise comparisons of
groups were performed using Tukey’s post-hoc
test. Data are presented as mean (M) % standard
deviation (SD). Results were considered statistically

significant at p < 0.05.

RESULTS

Evaluation of PElI Coating Adhesive Properties

Explants were cultured for 72 h in DMEM/F12
10% FBS, (1x),
and 134 uM ampicillin. The use of PEl as a coating

medium  containing Glutamax

addressed a key methodological challenge—reliable
fixation of explants to the surface of culture vessels.
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Due to the formation of a strong bond, the samples

remained stably secured during incubation and
multiple washes in the stages of medium exchange and
fluorescent staining. In our work, phalloidin staining
was demonstrated, which required approximately 16
washing cycles for one confocal dish. Explants remained
stably secured throughout the entire -cultivation
period (up to 3 days). During the experiments, no
displacement or floating of explants was observed,
which not only prevented the loss of biological material
but also minimized mechanical damage, ensuring the

preservation of hair cells.

Effect of PEI Coating on Hair Cell Viability
and Ultrastructural Organization

Hair cell viability and structural integrity
were confirmed by the preservation of well-
organized rows of both IHCs and OHCs, stained

with phalloidin and AlexaFluor 488. A critically
important finding was the absence of any signs of
toxic effects of PEl on sensory hair cells. The vast
majority of analyzed hair cells in the control group

showed no signs of degeneration. Morphological

analysis revealed wunchanged cell ultrastructure.
The characteristic V-shape of the cuticular plate
remained intact, and the stereocilia retained

their normal structure and orientation (Fig. 2A).
This corresponds to the morphological norm, indicating
the adequacy of the proposed -cultivation model.
To assess the spatial organization of stereocilia, the
angles of their V-shaped bundles were measured in
three anatomical turns of the cochlea (apical, middle,
basal), each containing three rows of OHCs. Statistical
analysis involved two stages. In the first stage, one-
way ANOVA was used to establish the absence of
significant differences between OHC rows (1, 2, 3)
within each turn (p > 0.05 for all turns), indicating no
difference in the angle values formed by the V-shaped
stereocilia bundle within the turns (see Fig. 2A). In the
second stage, after pooling data across rows, mean
angle values between turns were compared. One-way
ANOVA revealed statistically significant differences
(p <0.0001). Subsequent post-hoc using
Tukey’s test confirmed the presence of statistically

analysis

significant differences between all three turns
(p <0.001 for one and p <0.0001 for the other two
pairwise comparisons). Thus, we established a clear
basal-apical gradient: the angle of the V-shaped
stereocilia bundle systematically increased from the
apical turn to the basal turn (Fig. 2B).
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Gentamicin-induced Ototoxicity

and the Otoprotective Effect of Isoliquiritigenin

Exposure to 500 pM gentamicin for 24 hours
caused pronounced degenerative changes in organ of
Corti explants compared to the control group (Fig. 3A,
3D, 3G). Gentamicin-induced toxicity manifested as
massive loss of both IHC and OHC (Fig. 3B, 3E, 3H).
In response to gentamicin, IHC loss occurred along a
gradient from the basal to the apical cochlear turn,
with IHCs of the basal turn being the most sensitive
(see Fig. 3H) and IHCs of the apical turn being the
least sensitive (see Fig. 3B). Confocal microscopy
revealed significant disruption of hair cell morphology,
with destruction of stereocilia and disintegration
of V-shaped bundles noted. Quantitative analysis,
performed by manual counting, confirmed a significant
decrease in the number of hair cells upon gentamicin
treatment compared to the control group cultured
in a gentamicin-free medium. Combined application
of 1 uM ILG and 500 uM gentamicin demonstrated
a pronounced otoprotective effect. In the combined
treatment group, the morphology of the sensory
epithelium was substantially preserved compared to
the group receiving only gentamicin in all cochlear
turns. Preservation of the integrity of hair cell rows
was observed (Fig. 3C, 3F, 3l). However, stereociliary
bundles in the gentamicin and ILG group did not retain
their characteristic V-shaped organization.

Quantitative assessment of hair cell survival
showed that ILG increased the number of preserved
cells, reducing the level
cell death. Figure 4 shows quantitative data for
OHCs (Fig. 4A) and IHCs (Fig. 4B) for the apical, middle,
and basal regions of the cochlea.

of gentamicin-induced

In the apical region, the number of OHCs in the
control group was 13.0 + 0.8. Gentamicin treatment did
not lead to significant OHC loss: in the “Gentamicin”
group, in the
“Gentamicin + ILG” group, it was 13.6 £1.1. At the
same time, gentamicin caused a significant loss of
IHCs down to 31.1+1.7 (p<0.0001 compared to
control), however, in the ILG group, almost complete
IHCs (43.412.38;
p < 0.0001 compared to gentamicin).

their number was 11.1+1.2, and

preservation of was observed

In the middle region, the number of OHCs in the
control group was 12.9 + 2.0. Gentamicin application
caused rapid OHC death, reducing their number to
2.0 £ 1.3 (p < 0.0001). The protective effect of ILG was

pronounced: in the “Gentamicin + ILG” group, the
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Figure 1 — Experimental timeline, showing the sequence and duration of various interventions

in organ of Corti explant culture.
Note: The explant culture medium consists of DMEM/F12 nutrient medium and additives: 10% fetal bovine serum (FBS), GlutaMax, ampicillin.
Every 24 hours, the samples were subjected to mechanical stress associated with changing the culture medium. The final fixation and staining
step included 16 washing cycles of the samples. The total number of cycles was 18.
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Figure 2 — Quantitative analysis of the stereociliary angle of outer hair cells.
Note: A, angle values within each compartment; B, comparison of mean values between compartments; *** p < 0.001; **** p < 0.0001;
OHC, outer hair cells; OHC 1-3, rows of outer hair cells. Scale bar 5 um.

number of OHCs was significantly higher, at 10.8 + 1.0
(p < 0.0001 to gentamicin). A
trend was observed for IHCs: control—39.8 +7.1,
(p < 0.0001
gentamicin+ILG—30.0 £ 1.3
compared to gentamicin).

compared similar

compared to
(p < 0.0001

gentamicin—16.5+ 1.6
control),

The most pronounced damage was observed in the
basal region. The number of OHCs in the control was
13.2 £ 0.7. In the “Gentamicin” group, complete OHC
loss was observed (p < 0.0001 compared to control),
whereas with ILG application, cell survival was partially
preserved (5.8 + 1.6) (p < 0.0001 compared to the
gentamicin group). The number of IHCs in the control
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was 42.6 +3.1. Gentamicin led to their complete
death (p < 0.0001 compared to control), while in the
“Gentamicin+ILG” group, 3.5 + 1.3 IHCs were preserved
(p < 0.01 compared to gentamicin).

Thus, the obtained data indicate that ILG at a
concentration of 1 uM has the ability to protect the hair
cells of the organ of Corti from the ototoxic effects of
500 uM gentamicin in vitro.

DISCUSSION

Hearing loss caused by ototoxic drugs can be both
reversible and irreversible. Irreversible hearing loss
develops in cases of hair cell and spiral ganglion neuron
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Control

Apical
region

Middle
region

Basal
region

Gentamicin Gentamicin + ILG

Figure 3 — Microscopic images of organ of Corti explants stained with phalloidin.
Note: Apical (A—C), middle (D—F), and basal (G—I) regions are shown. Gentamicin treatment (500 uM) causes massive loss
of inner and outer hair cells compared to the control. Combined application of gentamicin and isoliquiritigenin provides statistically
significant preservation of hair cells. Scale bar 100 pm.

death, which are incapable of regeneration in adult
mammals. This is precisely why hearing impairment
caused by platinum drugs and aminoglycoside
antibiotics is irreversible [7]. The key pathways of inner
ear cell death in the development of ototoxicity are
not fully understood. Therefore, the mechanisms of
ototoxicity are actively studied, and compounds with
otoprotective properties are being sought [20, 21].
To date, the drug sodium thiosulfate remains the only
clinically approved otoprotective agent worldwide
specifically designed to prevent cisplatin-induced
ototoxicity.

Over the past decade, significant progress has
been made in the in vitro cultivation of mammalian

inner ear hair cells, and various cultivation systems

Tom 14, Beinyck 4, 2026

have been published. The culture medium is a
complex multicomponent system that mimics in vivo
conditions for the auditory sensory epithelium. For
this purpose, nutrient media with various additives,
including growth factors, are used [13]. One of the
problems in cultivating inner ear explants is preventing
detachment and floating, which affects their integrity,
response to experimental stimuli, and subsequent cell
analysis [12]. Although natural matrix components
(e.g.,
polyamino

and

(e.g.,
are traditionally used for the

collagen, laminin, fibronectin)  or

acid substrates poly-D/L-lysine,
poly-D/L-ornithine)
adhesion of organ of Corti explants, the search for
new alternatives remains relevant [13, 14]. In the

present study, we show that synthetic PEl can also
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Figure 4 — Quantitative assessment of the protective effect of isoliquiritigenin against

gentamicin-induced ototoxicity.
Note: A, inner hair cells, B, outer hair cells. The bar graph shows the number of hair cells in different experimental groups per 100 um of basilar
membrane. Hair cell density was counted on segments of the basilar membrane 100 um in length. Statistical significance was determined using
one-way ANOVA followed by Tukey’s test; * p < 0.05; ** p <0.01; *** p <0.001; **** p < 0.0001 between corresponding groups.

be successfully used as an adhesive coating for the
cultivation of organ of Corti explants.

PEl is a synthetic cationic polymer with a high
number of positive charges at physiological pH. Unlike
poly-lysine and poly-ornithine, PEI does not contain
peptide bonds, making it extremely resistant to
proteolysis [22]. One of its distinguishing advantages
is its strong adhesive activity, as shown in comparative
[15].

The properties of PEl as a substrate for cell culture

studies with other attachment substrates
adhesion are well-studied, and it is widely used for
this purpose. However, there are no reports to date
on its use for the cultivation of organ of Corti explants.
In our work, PEl successfully ensured the attachment
of explants to the culture surface. It is important to
show that PEl as a component of the culture system

is not an additional damaging factor. In the context of

334

studying ototoxicity and otoprotection, it is important
that the adhesive substrate itself does not affect cell
survival and morphology throughout the cultivation
period. In this case, damage and death of hair cells
can be unequivocally attributed to the action of the
investigated ototoxin. Hair cells in the control group
their
assessed by the preservation of stereociliary bundles

maintained morphological  characteristics,
and the values of the stereociliary angles formed by
them. There was no disorganization or fragmentation
of stereociliary bundles. The morphological feature
of a decrease in the stereociliary angle from the basal
to the apical region corresponded to the norm [23].
This indicates that the PEIl coating had no effect on
the ultrastructural features of morphology or toxicity
towards hair cells.

Our study demonstrates that the organotypic
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culture optimized using PEl coating is applicable for
studying ototoxicity and otoprotection. The behavior
of organ of Corti explant cultures obtained according to
the optimized protocol under conditions of gentamicin-
induced ototoxicity was studied. Gentamicin is a

standard approach for modeling aminoglycoside
ototoxicity in organ of Corti explants in vitro and
is used in studies of the otoprotective activity of
substances [24]. In our experiment, a characteristic
pattern of hair cell damage was observed, manifesting
as a pronounced basal-apical gradient. Thus, the
optimized organotypic experimental model correctly
reproduces the typical characteristics of gentamicin-
induced damage, which is a necessary condition for its
use in pharmacological research.

Having confirmed that the organ of Corti explant
model gentamicin-induced

correctly  reproduces

ototoxicity, we applied it to study the potential
otoprotective properties of ILG. Isoliquiritigenin (ILG)
is a natural flavonoid that has attracted attention
due to its including

broad biological activity,

anti-inflammatory and antioxidant properties. It
exhibits neuroprotective properties, as previously
established [19]. In the study by Y. Chen et al, it
was shown that ILG has otoprotective properties in
a model of cisplatin ototoxicity [25]. In the present
study, it is shown for the first time that ILG also has
a pronounced protective effect on the hair cells of
the organ of Corti under conditions of gentamicin-
induced damage. Aminoglycoside antibiotics increase
ROS production when they enter hair cells through
mechanotransduction channels, ultimately leading
to lipid peroxidation and activation of pro-apoptotic
hair cell death pathways [9]. Accordingly, a potential
mechanism for the otoprotective effect of ILG in this
case may be the reduction of oxidative stress in hair
cells through the activation of the Nrf-2 signaling
pathway [26]. Nrf-2 is responsible for cytoprotection

by regulating the expression of numerous antioxidant

system proteins in the cell. Thus, ILG may represent a
promising approach for preventing aminoglycoside
ototoxicity.

Study Limitations

The present study utilized a relatively short-
term organ of Corti explant culture (up to 72 hours).
Therefore, further research is needed to evaluate the
morphofunctional characteristics of hair cells during
longer-term cultivation with a PEl-based adhesive
coating. The expression level of ion channels and

receptors under these culture conditions remains

unclear, which is of fundamental importance
for the interpretation of electrophysiological
studies.

CONCLUSION

As a result of the conducted research, a method
for in vitro cultivation of organ of Corti explants using
PEl as an adhesive substrate has been developed. It has
been shown for the first time that synthetic PEl is an
effective substrate for reliable fixation of organ of Corti
tissue explants. Its resistance to multiple washes has
been demonstrated, which is critically important during
cultivation and for preparing samples for fluorescent
Thus, the obtained
indicate that PEIl represents a promising and effective

microscopy studies. results
alternative to traditionally used adhesive substrates
for inner ear sample research. The developed method
can be applied to solve current scientific problems,
as confirmed by the model of gentamicin-induced
ototoxicity and the evaluation of the otoprotective
effect of ILG.

The developed model for culturing organ of Corti
explants on a PEl coating creates a basis for solving a
number of promising tasks. Possessing strong adhesive
properties, this substrate can be effectively used in
methods for studying ototoxicity, otoprotection, and
regeneration of inner ear structures.

ACKNOWLEDGEMENTS

The authors would like to thank the Center for Collective Use of the Institute of Gene Biology of the Russian

Academy of Sciences for the animals provided for the study.

FUNDING
The study was carried out with the financial support of the Gennady Komissarov Foundation for the Support
of Young Scientists and the Ministry of Health of the Russian Federation, project No. AAA19-119012590191-3.
The research equipment was purchased as part of a grant from the Ministry of Science and Higher Education
of the Russian Federation under the R&D grant renewals (interim No. 08-07-S6/2021/82930).

Tom 14, Beinyck 4, 2026

335



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

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

10.

11.

12.

336

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

AUTHORS CONTRIBUTION

Eugenue V. Polikarpov — conceptualization, methodology, investigation, validation, writing—original draft;

Elena A. Smolyarchuk — formal analysis, administration; Ekaterina M. Grigorevskikh — validation;
Elena Yu. Yaroshenko — investigation; Svetlana I. Pavlova — formal analysis; Dmitry A. Kudlay — writing—
review & editing; Kirill V. Savostyanov —administration, fundraising; Zanda V. Bakaeva — conceptualization,
methodology, investigation, formal analysis, writing—review & editing, scientific guidance. All the authors confirm
their authorship compliance with the ICMJE international criteria (all the authors made a significant contribution
to the conceptualization, conduct of the study and preparation of the article, read and approved

the final version before publication).

REFERENCES
Chadha S, Kamenov K, Cieza A. The world report 13. Zhang LW, Cang XH, Chen Y, Guan MX. In vitro culture
on hearing, 2021. Bull World Health Organ. of mammalian inner ear hair cells. J Zhejiang Univ Sci B.

2021;99(4):242-242A. DOI: 10.2471/BLT.21.285643
Sheffield AM, Smith RJH. The Epidemiology of Deafness.
Cold Spring Harb Perspect Med. 2019;9(9):a033258.
DOI: 10.1101/cshperspect.a033258

Tripathi P, Deshmukh P. Sudden Sensorineural
Hearing Loss: A Review. Cureus. 2022;14(9):e29458.
DOI: 10.7759/cureus.29458

Ganesan P, Schmiedge J, Manchaiah V, Swapna S,
Dhandayutham S, Kothandaraman PP. Ototoxicity:
A Challenge in Diagnosis and Treatment. J Audiol Otol.
2018;22(2):59-68. DOI: 10.7874/ja0.2017.00360
Ostroumova OD, Chikh EV, Rebrova EV, Ryazanova AYu,

Pereverzev ~ AP. Drug-induced hearing loss as
a manifestation of  drug-induced ototoxicity.
Vestnik Otorinolaringolii. 2019;84(4):72-80.

DOI: otorino20198404172. EDN: FNAVOC

Pasdelou MP, Byelyayeva L, Malmstrom S, Pucheu S,
Peytavy M, Laullier H, Hodges DB lJr, Tzafriri AR,
Naert G. Ototoxicity: A High Risk to Auditory
Function That Needs to Be Monitored in Drug
Development. Front Mol Neurosci. 2024;17:1379743.
DOI: 10.3389/fnmol.2024.1379743

Reynard P, Thai-Van H. Drug-induced hearing
loss: Listening to the Ilatest advances. Therapie.
2024;79(2):283-95. DOI: 10.1016/j.therap.2023.10.011
Phillips OR, Baguley DM, Pearson SE, Akeroyd MA. The
long-term impacts of hearing loss, tinnitus and poor
balance on the quality of life of people living with and
beyond cancer after platinum-based chemotherapy:
a literature review. J Cancer Surviv. 2023;17(1):40-58.
DOI: 10.1007/s11764-022-01314-9

Shubnikova EV, Velts NYu. Ototoxicity of
aminoglycosides: the modern concepts. Antibiotics
and Chemotherapy. 2022;67:11-12:79-90.

DOI: 10.37489/0235-2990-2022-67-11-12-79-90. EDN: FVHSRQ
Frisch SM, Francis H. Disruption of epithelial cell-
matrix interactions induces apoptosis. J Cell Biol.
1994;124(4):619-26. DOI: 10.1083/jcb.124.4.619
Freshney RI. Culture of Animal Cells: A Manual of
Basic Technique and Specialized Applications. 6th ed.;
Hoboken: John Wiley & Sons, Inc.; 2010. 732 p.
DOI: 10.1002/9780470649367

Levano S, Lu Y, Cortada M, Bodmer D. Whole Neonatal
Cochlear Explants as an In vitro Model. J Vis Exp.
2023;(197). DOI: 10.3791/65160

14.

15.

16.

17.

18.

19.

20.

21.

22.

2019;20(2):170-9. DOI: 10.1631/jzus.B1700613
Landegger LD, Dilwali S, Stankovic KM. Neonatal Murine
Cochlear Explant Technique as an In Vitro Screening
Tool in Hearing Research. J Vis Exp. 2017;(124):55704.
DOI: 10.3791/55704

Vancha AR, Govindaraju S, Parsa KV, Jasti M, Gonzélez-
Garcia M, Ballestero RP. Use of polyethyleneimine
polymer in cell culture as attachment factor and
lipofection enhancer. BMC Biotechnol. 2004;4:23.
DOI: 10.1186/1472-6750-4-23

Bledi Y, Domb AJ, Linial M. Culturing neuronal cells on
surfaces coated by a novel polyethyleneimine-based
polymer. Brain Res Brain Res Protoc. 2000;5(3):282-9.
DOI: 10.1016/s1385-299x(00)00024-6

Polikarpov EV, Kozin SV, Smolyarchuk E, Savostyanov K,
Mirontsev AV, Sologova S, Chasovnikova VV, Eremeeva
KV, Fisenko A, Kudlay D, Bakaeva Z. Cochlear isolation
in neonatal mice for in vitro and ex vivo models: an
anatomical landmark-based protocol. Front Pharmacol.
2026;17:1727526. DOI: 10.3389/fphar.2026.1727526
Gao K, Ding D, Sun H, Roth J, Salvi R. Kanamycin
Damages Early Postnatal, but Not Adult Spiral
Ganglion Neurons. Neurotox Res. 2017;32(4):603-13.
DOI: 10.1007/s12640-017-9773-2

Zgodova A, Pavlova S, Nekrasova A, Boyarkin D,
Pinelis 'V, Surin A, Bakaeva Z. Isoliquiritigenin
Protects Neuronal Cells against Glutamate
Excitotoxicity. Membranes (Basel). 2022;12(11):1052.
DOI: 10.3390/membranes12111052

Zhang B, Hu Y, Du H, Han S, Ren L, Cheng H, Wang Y,
Gao X, Zheng S, Cui Q, Tian L, Liu T, Sun J, Chai R.
Tissue engineering strategies for spiral ganglion neuron
protection and regeneration. J Nanobiotechnology.
2024;22(1):458. DOI: 10.1186/s12951-024-02742-8

Qi J, Huang W, Lu Y, Yang X, Zhou Y, Chen T, Wang X,
Yu Y, Sun JQ, Chai R. Stem Cell-Based Hair Cell
Regeneration and Therapy in the Inner Ear. Neurosci Bull.
2024;40(1):113-26. DOI: 10.1007/s12264-023-01130-w
Yang M, You D, Liu G, Lu Y, Yang G, O’Brien T, Henshall DC,
Hardiman O, Cai L, Liu M, Shen S. Polyethyleneimine
facilitates the growth and electrophysiological
characterization of iPSC-derived motor neurons. Sci Rep.
2024;14(1):26106. DOI: 10.1038/s41598-024-77710-1
Son EJ, Wu L, Yoon H, Kim S, Choi JY, Bok J.
Developmental gene expression profiling along the

Volume X1V, Issue 4, 2026



Hay4Ho-npakTuyeckuii xypHan

OAPMALIA N
OAPMAKONIOTUA

(PHARMACY & PHARMACOLOGY)

OPUTMHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2026-14-4-326-337

tonotopic axis of the mouse cochlea. PLoS One.
2012;7(7):e40735. DOI: 10.1371/journal.pone.0040735

24. Draf C, Wyrick T, Chavez E, Pak K, Kurabi A, Leichtle A,
Dazert S, Ryan AF. A Screen of Autophagy Compounds
Implicates the Proteasome in Mammalian
Aminoglycoside-Induced Hair Cell Damage. Front Cell Dev
Biol. 2021;9:762751. DOI: 10.3389/fcell.2021.762751

25. ChenY, Luo X, Deng Y, Zhu G, Chu X, Zhu J, Shao S, Zhang L,
Chen X, Chen Y, Lin C, Ge G, Wu S. Isoliquiritigenin

attenuates cisplatin-induced hearing loss and ototoxicity
by activating the Keapl-Nrf2-ARE pathway. Free
Radic Biol Med. 2025;241:599-616. DOI: 10.1016/j.
freeradbiomed.2025.10.004

26. Qiu M, Ma K, Zhang J, Zhao Z, Wang S, Wang Q,
Xu H. Isoliquiritigenin as a modulator of the
Nrf2  signaling  pathway: potential therapeutic
implications.  Front  Pharmacol. 2024;15:1395735.
DOI: 10.3389/fphar.2024.1395735

AUTHORS

Eugenue V. Polikarpov — assistant of the
Department of Pharmacology at the A.P. Nelyubin
Institute of Pharmacy, Sechenov First Moscow State
Medical University (Sechenov University). ORCID ID: 0000-
0001-7001-1918. E-mail: polikarpovevl12@gmail.com

Elena A. Smolyarchuk — Candidate of
Sciences (Medicine), Assistant Professor, Head
of the Department of Pharmacology of the
A.P. Nelyubin Institute of Pharmacy, Sechenov
First Moscow State Medical University (Sechenov
University). ORCID ID: 0000-0002-2615-7167. E-mail:
smolyarchuk_e_a@staff.sechenov.ru

Ekaterina M. Grigorevskikh — Senior Lecturer
of the Department of Pharmacology of the
A.P. Nelyubin Institute of Pharmacy, Sechenov
First Moscow State Medical University (Sechenov
University). ORCID ID: 0000-0002-4290-4396. E-mail:
grigorevskikh_e_m@staff.sechenov.ru

Elena Yu. Yaroshenko — student of the
A.P. Nelyubin Institute of Pharmacy, Sechenov
First Moscow State Medical University (Sechenov
University). ORCID ID: 0009-0003-4771-4019. E-mail:
elenaa.y.03@gmail.com

Svetlana I. Pavlova — Doctor of Sciences
(Medicine), Professor, Head of the Department of
Pharmacology, Clinical Pharmacology and Biochemistry
of the Chuvash State University. ORCID ID: 0000-0001-
9976-7866. E-mail: flavonoid@yandex.ru

Tom 14, Boinyck 4, 2026

Dmitry A. Kudlay — Doctor of Sciences
(Medicine), Corresponding Member of the Russian
Academy of Sciences, Professor of the Department
of Pharmacology of the A.P. Nelyubin Institute of
Pharmacy, Sechenov First Moscow State Medical
University (Sechenov University); Deputy Dean for
Scientific and Technological Development of the
Faculty of Bioengineering and Bioinformatics, Senior
Researcher at the Faculty of Bioengineering and
Bioinformatics of the Lomonosov Moscow State
University; Leading Researcher at the Laboratory of
Personalized Medicine and Molecular Immunology
No. 71 of the State Research Center Institute of
Immunology. ORCID ID: 0000-0003-1878-4467. E-mail:
kudlay_d_a@staff.sechenov.ru

Kirill V. Savostyanov — Doctor of Sciences
(Biology), Assistant Professor, Head of the Laboratory
of Medical Genomics, Head of the Medical and Genetic
Center of the National Medical Research Center for
Children’s Health. ORCID ID: 0000-0003-4885-4171.
E-mail: 7443333@gmail.com

Zanda V. Bakaeva — Candidate of Sciences
(Biology), Assistant Professor of the Department
of Pharmacology of the A.P. Nelyubin Institute
of Pharmacy, Sechenov First Moscow State
Medical University (Sechenov University).
ORCID ID: 0000-0002-2797-3270. E-mail:
zv.bakaeva@gmail.com

337



RESEARCH ARTICLE Scientific and Practical Journal

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

(®PAPMALMA N PAPMAKO/IOTNA)

Ermfos

Updating approaches to the standardization
of Angelica archangelica L. rhizomes and roots

D.l. Shishkalov?, I.N. Zilfikarov'*3, T.K. Ryazanova*, V.M. Ryzhov*,
M.A. Abdurakhmanova?, T.A. Ibragimov®, V.V. Artemieva'

! Maykop State Technological University,

191 Pervomayskaya Str., Maykop, Russia, 385000

2 All-Russian Scientific Research Institute of Medicinal and Aromatic Plants,
7 Grin Str., Bldg. 1, Moscow, Russia, 117216

3 VIFTECH,

84 SSC PMB, Serpukhov, Obolensk, Moscow Region, Russia, 142279

4 Samara State Medical University,

89 Chapaevskaya Str., Samara, Russia, 443099

> Dagestan State University,

43a Gadzhiev Str., Makhachkala, Russia, 367000

E-mail: hitmanapp@mail.ru

Received 04 Dec 2025 After peer review 30 Apr 2026 Accepted 26 June 2026

The aim. To update approaches to the standardization of Angelica archangelica rhizomes and roots, taking into account
modern requirements, during a comprehensive study.

Materials and Methods. Morphological and anatomical features of Angelica archangelica rhizomes and roots were
studied using light microscopy. Luminescence of tissues and a working standard sample of the coumarins eleutheroside
B1 (7-O-glucoside of isofraxidine) were studied by luminescent microscopy, and vascular structures were studied by
polarization microscopy. The profile of volatile compounds of lipophilic fractions of water-alcohol extract and essential
oil was determined by gas chromatography with mass spectrometric detection (GC-MS). The total coumarins content was
determined by UV spectrophotometry.

Results. Rhizomes and roots of Angelica archangelica of Altai origin were studied for the first time. The most significant
results were obtained at the excitation wavelengths in the range of 330 to 400 nm — light blue luminescence of phloem
cells and secretion of schizogenous cavities was observed, due to substances of a coumarin nature. The expediency of using
a histochemical reaction with Sudan Ill solution, which reveals schizogenous cavities, secretion droplets, and cell walls
of vascular elements, has been substantiated. For the diagnosis of specific conducting elements in Angelica raw material
(powder), the use of polarization microscopy is recommended. Using GC-MS for lipophilic fractions of water-alcohol extract
and essential oil, a chromatographic profile was established, including substances of both terpene and coumarin nature:
prenylated coumarin osthol (up to 49.72 %) and epilobulol (25.61 %). The total coumarin content in the studied raw
material was 1.50 + 0.08 % calculated as coumarin.

Conclusion. A comprehensive approach to the analysis of Angelica archangelica rhizomes and roots, involving the use of
both widely used (macroscopic, microscopic, spectrophotometric) and limited-use (luminescent, polarization microscopy,
and GC-MS) methods, forms the basis for the development of a draft new pharmacopoeial article “Angelica archangelica
Rhizomes and Roots.”

Keywords: Angelica archangelica L.; Angelica archangelica rhizomes and roots; light microscopy; luminescent microscopy;
polarization microscopy; gas chromatography-mass spectrometry; water-alcohol extract; lipophilic fraction; essential oil;
coumarins; terpenes; osthol; epilobulol; standardization

Abbreviations: BASs — biologically active substances; GC-MS — gas chromatography-mass spectrometry; PhM —
pharmacopoeial monograph; MPRM — medicinal plant raw material; SPh RF XV ed. — State Pharmacopoeia of the Russian
Federation XV edition; GPhM — general pharmacopoeial monograph; WSS — working standard sample; SS — standard
sample; UV-light — ultraviolet light.
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Lienb. B xoge KOMMAEKCHOro mMccnefoBaHMA aKTya/lM3MpoBaTb MOAXOAbl K CTaHAAPTM3auUMW AyAHUKA NeKapCTBEHHOro
KOPHEBMULL, U KOPHEN C Y4ETOM COBPeMEHHbIX TpeboBaHUM.

Matepuanbl M metogbl. Mopdonoro-aHaTOMUYECKMEe MPU3HAKM  AyAHWKA NEKAPCTBEHHOrO KOPHEBULL, W KOpHeWn
nuccnefoBanM C MOMOLLBIO CBETOBOW MMKPOCKOMWW. JIIOMUHECLEHLMIO TKaHeW W paboyero craHgapTHOro obpasua
KYMapuvHOBOM Mpupoabl aneyteposuaa Bl (7-O-rntoko3ug usodpakcnamnHa) nusyvyanm NHOMUHECLEHTHOM MUKPOCKOMUEN,
COCYAMUCTbIEe CTPYKTYpPbl MCCNeA0BaNN NONAPU3ALMOHHON MUKpOCKonuen. Mpoduab NeTyuymx coeguHeHui NMnoduabHbIX
dpakuunii BOAHO-CMMPTOBOrO 3SKCTPAKTa M 3MPHOro Macna onpeaensnn MeTo4oM ra3oBOM XpomaTtorpadpum ¢
macc-cnekTpomeTpuyeckor getekumeinn (MX-MC). CopgepraHve CyMMbl KYMapuMHOB oOnpeaensnn metogom Yo-
cnekTpodoTomeTpUmn.

Pe3ynbratbl. Bnepsble M3y4eHbl KOPHEBULLA M KOPHU AyAHWKA SIeKapCTBEHHOIO aNTalcKoro npoucxoxkaeHua. Hanbonee
3HauMMble pe3ynbTaTbl NOMYYeHbl B AMAMNA30He AJIMH BOMH BO36yxaeHuAa 330-400 HM — Habnoganu ceetio-ronybyto
NIIOMUHECLLEHUMIO KNETOK G/I0SMbl M CeKpeTa CXM30TreHHbIX BMECTU/IWLL, OBYC/NOBNAEHHYIO BellecTBaMM KyMapWHOBOM
npupogpl. Ob6ocHOBaHA LEenecoobpasHOCTb MPUMEHEHUA TUCTOXMMUYECKON peakuunm c  pactBopom cyaaHa I,
BbIABNAIOLLEN CXM30reHHble BMECTUANLLA, Kanau CEKPEeTa U K/IETOUYHbIE CTEHKM COCYAMUCTbIX 3/1eMeHTOB. A AMAarHOCTUKM
cneumobnYeckmx NPoBOAALLMX EMEHTOB B Cbipbe AyAHMWKA (MOPOLIOK) PeKOMEHAOBAHO NPUMEHEHME NONAPU3ALMOHHOM
Mukpockonun. Metogom MNX-MC ana amnodunbHbIx GpaKkLmil BOAHO-CNUMPTOBOrO 3KCTPAKTa M 3GUPHOro Macsa yCTaHOB/EH
Xpomatorpaduyeckuii Npoduab, BKAOYAOLLMIA BeL,ecTBa TepPneHOBOW M KYMapUHOBOW NPUPOAbl: MPEeHUIMPOBAHHbIN
KymapuH octon (Ao 49,72%) v anurnobynon (25,61%). CoaepaHne cyMmMbl KYMapuHOB B UCCEAYEMOM Cbipbe COCTaBM/IO
1,50+0,08% B nepecyéTe Ha KyMapuH.

3aknoueHune. KomnneKcHbii Noaxof K aHanu3y AyAHUKA /NIeKapCTBEHHOTO KOPHEBMLL M KOPHEW, 3aK/atovatolmiica B
UCMOMb30BaHUM KaK LUMPOKO PACMPOCTPAHEHHbIX (MAaKPOCKOMUYECKUIA, MUKPOCKOMMUYECKUIA, CNEKTPODOTOMETPUYECKUN),
TaK WU OrpaHUYEHHbIX B MPUMEHEHUMU (NOMUHECLEHTHAA, NONAPU3ALMOHHAA MMKpockonum u TX-MC) mMeTogoB, CAYKUT
OCHOBOW A/1A pa3paboTKM NpoeKTa HOBOW hapMaKonenHom cTaTbm «[lyaHNKA NEKAaPCTBEHHOTO KOPHEBULLA Y KOPHUY.
KnioueBble cnoBa: AyAHUK JIEKAPCTBEHHbIN; AyAHUKA JIEKAPCTBEHHOIO KOPHEBWLLA U KOPHW; CBETOBAas MMKPOCKOMUSA;
NIIOMUHECLLeHTHasA MMKPOCKOMMUA; NONAPU3aLMOHHAA MUKPOCKONUSA; ra3oBas XpomaTorpadpua c macc-CnekTpomeTpruyecKkomn
AeTeKuner; BOAHO-CMMPTOBOM 3KCTPAKT; /MnoduabHble ¢pakumm; 3GMpHOE MaCcNo; KyMapWHbl; TepneHbl; OCTON;
anurnobynon; cTaHAapTU3aLMA

CnuUcoKk cokpauwieHuiti: BAB — 6uonorvyecku aktmBHble BelwectBa; MX-MC — rasoBasa xpomatorpadus ¢ macc-
cnekTpometpuer; JIN — nekapcteeHHbIN npenapat; PC — papmakoneliHana ctatbd; JIPC — nekapcTBEHHOE pacTUTesibHoe
cbipbe; MO PO — locypgapcTBeHHas dapmakones Poccuiickont Pegepaumm XV nsganusa; OOPC — obuwas dapmakoneiiHan
cTatba; PCO — pabounii cTaHaapTHbIM 0bpasel,; CO — cTtaHgapTHbIM obpasew; YO-cBeT — ynbTpadroneTosblii CBET.
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INTRODUCTION

Garden Angelica (Angelica archangelica L
A. archangelica), widely known in folk medicine as
“dyagil”, is a perennial herbaceous plant of the genus
Angelica L. of the Apiaceae Lindl. family. In the Russian
Federation, it is found in the European part, the Urals,
Western Siberia, and the North Caucasus. It grows in
moist places: along rivers, streams, banks of water
bodies, at the edges of sedge bogs, in sparse forests,
and in the forest-tundra. It is widespread in Europe.
The species is listed in the Red Books of the Republic of
Karelia, Tatarstan, and the Rostov and Saratov regions?.

Issues concerning the morphological and
anatomical characteristics of A. archangelica have been
investigated by various groups of scientists: diagnostic
features of leaves [1], fruits [2, 3], and herbs [4]
have been identified. Within the scope of studying
underground organs, the works of E.R. Grigoryan et al. [5]
and F.A. Shakirova et al. [6] describe the external and
microscopic features of whole, chopped, and powdered
rhizomes and roots of A. archangelica. However, it
should be noted that these sources lack descriptions
of the results of luminescent and polarization analyses
of histological features, which prevents the formation
of a complete diagnostic picture of the raw material.
Despite the fact that the work of F.A. Shakirova et al. [6]
studied the Iluminescence of the tissues of
A. archangelica rhizomes and roots. However, the
formulation used, “pronounced fluorescence under
ultraviolet light,” is subjective: the research materials
do not specify the irradiation specifics (wavelength),
the color of the fluorescence, or the tissue types
exhibiting this luminescence. Furthermore, the
researchers did not use reference samples to interpret
the chemical nature of the luminescent agent.

The component composition of the essential
oil and coumarins of the underground part of
A. archangelica is of particular value for medical
practice, as these biologically active compounds
(BACs) exhibit a wide spectrum of pharmacological
activity: antibacterial [7-9], antifungal [10], and anti-
inflammatory [11, 12]. Using gas chromatography-mass
spectrometry (GC-MS), species-specific components
of the essential oil were identified: B-phellandrene,
a-pinene, &-3-carene, limonene [9, 13], and
osthol [14-16]; coumarins identified include:
osthol [7], angelicin, bergapten, imperatorin, oroselone,
and methoxsalen [17-19, 21]. A liquid extract of garden
angelica rhizomes and roots is part of the medicinal
product (MP) “lberogast” (Bayer Consumer Care AG,
Switzerland), which is used to treat gastrointestinal
diseases [20].

! Pimenov MG, Ostroumova TA. Umbelliferae of Russia; Moscow:
Association of Scientific Publications of the KMC; 2012. 477 p. Russia
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Garden angelica rhizomes and roots (Angelicae
archangelicae rhizomata et radices) is an official
medicinal plant raw material (MPRM) included in
the pharmacopoeias of the USA, India, and the
European Union. Specifically, the American Herbal
Pharmacopoeia: Botanical Pharmacognosy—
Microscopic Characterization of Botanical Medicines?
provides descriptions of microscopic features for two
species of angelica—Angelica archangelica L. and
Angelica sinensis (oliv.) Diels. Monograph 01/2013:1857
“Angelica archangelica root” of the European
Pharmacopoeia, 11th edition®, and “CANDA (Root)”
of the Indian Pharmacopoeia, Volume 5% present
requirements that standardize the quality indicators
of the MPRM of the specified plant. In the Russian
Federation, GOST 21569-76 “Rhizomes and roots of
garden angelica” is also in effect, standardizing the
quality of raw materials intended for use in the food
industry, including those supplied for export. Currently,
the State Pharmacopoeia of the Russian Federation,
XV edition (SPh RF XV ed.), lacks a pharmacopoeial
monograph (PhM) for A. archangelica raw material.

The problem of falsification of powdered MPRM
requires a comprehensive approach to control, where
microscopic analysis remains a key tool. The most
effective solution here is a combination of luminescent
microscopy, GC-MS profiling, and spectrophotometry.
The complementarity of morphological-anatomical
and chemical indicators will ensure high identification
accuracy and create significant obstacles to the
potential falsification of the MPRM discussed in the
article.

The data obtained during the study will form the
basis for developing a draft of a new PhM “Angelicae
archangelicae rhizomes and roots”.

THE AIM is to update approaches to the
standardization of garden angelica rhizomes and roots
through comprehensive research and in accordance
with modern requirements.

MATERIALS AND METHODS

Study Object
Samples of A. archangelica rhizomes and roots,
collected in 2024 in the foothills of the Krasnogorsky

2 American Herbal Pharmacopoeia: Botanical Pharmacognosy —
Microscopic Characterization of Botanical Medicines. Angelica
archangelica L. Angelica Root. Radix Angelicae archangelicae. CRC
Press; 2016. P. 234-236.

3 01/2013:1857  «Angelica
pharmacopoeia 11.0.

4 CANDA (Root). The Ayurvedic pharmacopoeia of India Part —
I. Volume V. P. 21-23. Available from: https://www.ayurveda.hu/api/
API-Vol-5.pdf

5 GOST 21569-76 Rhizomes and roots of Angelica officinalis. Available
from: https://docs.cntd.ru/document/1200022507. Russian

archangelica  root»  European
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district of the Altai Territory (garden angelica rhizomes
and roots of Altai origin), were used as the study
object. Primary processing included cleaning the raw
material from soil, washing with cold water, and drying
at a temperature of approximately 45°C (artificial
drying). The finished samples were purchased from the
company IVA (Moscow, Russia) in 2025.

Macroscopic, Microscopic, Microchemical

and Histochemical Studies

For the description and evaluation of the
external characteristics of the raw material, the
provisions presented in the general pharmacopoeial
article (GPhM) GPhM.1.5.1.0006 “Roots, rhizomes,
bulbs, tubers, cormels” were followed®. A Motic
DM-39 stereomicroscope (Motic Xiamen, China) with
magnifications of x20 and x40 and a built-in digital
camera was used in the study.

When preparing samples, the requirements of
GPhM.1.5.3.0003 “Microscopic and microchemical
analysis of medicinal plant raw material and medicinal
products of plant origin”? and GPhM.1.5.3.0003.15
“Technique of microscopic and microchemical
examination of medicinal plant raw material and
medicinal plant preparations”® were adhered to.
Transverse sections of rhizomes and roots were
prepared manually with a razor blade, as well as on
a HM 325 Thermo FS microtome (Thermo Fisher
Scientific, USA).

Identification of microscopic features, as well as
micro- and histochemical studies, were performed
according to GPhM.1.5.1.0006 “Roots, rhizomes,
bulbs, tubers, cormels”, GPhM.1.5.3.0003 “Microscopic
and microchemical analysis of medicinal plant raw
material and medicinal products of plant origin”, and
GPhM.1.5.3.0003.15 “Technique of microscopic and
microchemical examination of medicinal plant raw
material and medicinal plant preparations” using a
Motik DM 1812 light microscope (Motic Xiamen, China)

6 GPhM.1.5.1.0006 «Roots, rhizomes, bulbs, tubers, cormels».
State Pharmacopoeia of the Russian Federation, XV ed. Available
from: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-15/1/1-5/1-5-2/korni-kornevishcha-lukovitsy-klubni-
klubnelukovitsy/?sphrase_id=1215890. Russian

7 GPhM.1.5.3.0003 «Microscopic and microchemical analysis of
medicinal plant raw material and medicinal products of plant
origin». State Pharmacopoeia of the Russian Federation, XV ed.
Available from: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-15/1/1-5/1-5-1/mikroskopicheskiy-i-mikrokhimicheskiy-analiz-
lekarstvennogo-rastitelnogo-syrya-i-lekarstvennykh-sred/. Russian

8 GPhM.1.5.3.0003.15 «Technique of microscopic and microchemical
examination of medicinal plant raw material and medicinal plant
preparations». State Pharmacopoeia of the Russian Federation,
XV  ed. Available from: https://pharmacopoeia.regmed.ru/
pharmacopoeia/izdanie-13/1/1-5/1-5-3/1-5-3-3/tekhnika-
mikroskopicheskogo-i-mikrokhimicheskogo-issledovaniya-
lekarstvennogo-rastitelnogo-syrya-i-l/. Russian
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with magnifications of x40, x100, x400, and a built-
in digital camera. Micro-preparations were stained
with a Sudan Il solution to reveal lipophilic cytological
features. Reagent preparation was carried out
according to the methods described in GPhM.1.3.0001
“Reagents. Indicators”.

Diagnosis of the conductive elements of the raw
material was performed on a PLM-213 polarization
microscope (LOMO, Russia) equipped with a ToupCam
SCMOS03100KPA video eyepiece (ToupTek Photonics,
China); tissue luminescence was studied on an Altami
LUM-2 luminescence microscope (Altami, Russia)
with magnifications of x100 and x400, equipped
with a Canon EOS 1200D camera (Canon Inc., Japan)
and a high-voltage mercury lamp (HBO 100W) as a
light source. Luminescence excitation was carried
out through a filter system covering the following
spectral range: blue excitation filter—420-550 nm,
and ultraviolet filter—330-400 nm. As a reference
sample, a working standard sample of eleutheroside
B1 (7-O-glucoside of isofraxidin), isolated and provided
by the scientific and educational center “Pharmacy”
of Samara State Medical University, was used. Its
luminescence was studied by irradiating air-dried
crystals directly on a microscope slide.

For detailed microscopy of powder elements,
alkaline sample preparation was used according
to GPhM.1.5.3.0003.15 “Technique of microscopic
and microchemical examination of medicinal plant
raw material and medicinal plant preparations”,
method 2.

Extraction of Extract for GC-MS Analysis

Approximately 100 g of raw material, ground to
a particle size passing through a sieve with openings
of 2 mm in diameter, was placed in a 500 mL conical
flask and extracted with a 60% ethanol in a volume
sufficient to obtain a “mirror” using fractional
maceration. The first infusion was carried out for
24 hours, and the subsequent 3 were for 12 hours
with periodic shaking. The extracts were combined,
allowed to settle, and then filtered through “red
ribbon” filter paper (aqueous-alcoholic fraction). When
choosing the extractant, its extraction capacity for the
comprehensive extraction of a wide spectrum of BACs
contained in the underground part of A. archangelica
was considered: its ability to extract both low-polarity
substances (of terpenoid nature) and the phenolic
complex (coumarin derivatives).

Subsequently,  liquid-liquid
n-hexane and chloroform was

with
and

extraction
performed,

° GPhM.1.3.0001 «Reagents. Indicators». State Pharmacopoeia of the
Russian Federation, XV ed. Available from: https://pharmacopoeia.
regmed.ru/pharmacopoeia/izdanie-15/1/1-3/reaktivy-indikatory
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the corresponding fractions of substance sums
were obtained, which were then subjected to
chromatography. When selecting organic solvents,
literature data confirming the optimal extraction
capacity of these solvents for extracting volatile organic
compounds [22-24] were used.

For this purpose, 10.0 mL of the aqueous-alcoholic
fraction was placed in a 50 mL conical separatory
funnel, and 5 mL of “extra pure” grade n-hexane
(EKOS-1, Russia) was added and shaken for 2 min, then
allowed to stand until complete phase separation.
The hexane fraction was filtered through “red ribbon”
filter paper into a 25 mL volumetric flask. Extraction
with n-hexane was repeated 2 more times with 5 mL
portions, each time filtering into the same volumetric
flask. The volume of the solution in the volumetric flask
was brought to the mark with n-hexane and mixed
(hexane fraction). The chloroform fraction was obtained
similarly.

Obtaining Essential Oil

Essential oil was obtained by hydrodistillation in
accordance with GPhM.1.5.3.0010.15 “Determination
of essential oil content in medicinal plant raw material
and medicinal plant preparations”?® (method 2; 50 g of
raw material, ground to a particle size passing through
a sieve with openings of 2 mm in diameter, distillation
time—3 hours).

GC-MS Analysis

The analysis was performed under conditions
described previously [26, 27]. The qualitative
composition of the extract and essential oil was
determined in accordance with GPhM.1.2.1.2.0004
“Gas Chromatography”!* on a “MAESTRO 7820” gas
chromatograph (INTERLAB, Russia) with an Agilent 5975
mass spectrometric detector (Agilent Technologies
Inc., USA).

Chromatographic conditions: HP-5MS capillary
quartz column, 30 mx0.25 mmx0.25 um (stationary
phase: 5% diphenyl, 95% dimethylsiloxane), mobile
phase—helium, flow rate—1 mL/min, column
thermostat temperature—isothermal at 40°C for
5 min, heating to 80°C at a rate of 3°C/min, heating to
180°C at a rate of 4°C/min, heating to 280°C at a rate
of 8°C/min, isothermal at 280°C for 15 min, evaporator

1 GPhM.1.5.3.0010.15 «Determination of essential oil content in
medicinal plant raw material and medicinal plant preparations».
State Pharmacopoeia of the Russian Federation, XV ed. Available
from: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-14/1/1-5/1-5-3/opredelenie-soderzhaniya-efirnogo-masla-v-
lekarstvennom-rastitelnom-syre-i-lekarstvennykh-rastitelny/. Russian
1 GPhM.1.2.1.2.0004 «Gas Chromatography». State Pharmacopoeia
of the Russian Federation, XV ed. Available from: https://
pharmacopoeia.regmed.ru/pharmacopoeia/izdanie-15/1/1-2/1-
2-1/1-2-1-2-khromatograficheskie-metody-analiza/gazovaya-
khromatografiya/?sphrase_id=1215888. Russian

342

temperature—270°C, ion source temperature—
150°C, quadrupole temperature—230°C, transfer
line temperature—280°C, injection without splitting.
Sample introduction method—autosampler, sample
volume—1 pL.

Identification of volatile components was carried
out by comparing linear retention indices and full mass
spectra with data from the NIST 2.4 mass spectral
library and literature data. During identification, only
components with a mass spectral match coefficient
above 90% were considered, which corresponds
to standard scientific practice. The proportion of
each component to the sum of all components was
calculated by the internal normalization method
based on the areas of the corresponding peaks in the
chromatogram constructed by total ion current.

Quantitative Determination

of Total Coumarins

For the quantitative determination of total
coumarins, a spectrophotometric method was
used in accordance with the requirements of
GPhM.1.2.1.1.0003  “Spectrophotometry in  the
ultraviolet and visible regions”*?, Within the scope of
standardizing MPRM containing a complex of phenolic
compounds, spectrophotometric analysis remains
relevant as a normalization method [27, 28] due to its
justification in the context of high precision, speed, and
satisfactory accuracy for establishing standards for the
content of total BAC fractions [29].

The analysis was performed on an SF-56
Spectrophotometer (LOMO, Russia), included in
the State Register of Measuring Instruments of the
Russian Federation (No. 74729-19), using quartz
cuvettes with a path length of 10 mm. Coumarin
(Sigma-Aldrich, Germany, cat. No. C4261, purity > 98%)
was used as a standard sample (SS). Solutions were
prepared using “extra pure” grade solvents (EKOS-1,
Russia). Raw material moisture content was
determined in accordance with the requirements
of GPhM.1.5.3.0007.15 “Determination of moisture
content in medicinal plant raw material and medicinal
plant preparations”** in a 2B-151 drying oven
(Medlabtekhnika, USSR).

2 GPhM.1.2.1.1.0003 «Spectrophotometry in the ultraviolet and
visible regions». State Pharmacopoeia of the Russian Federation,
XV ed. Available from: https://pharmacopoeia.regmed.ru/
pharmacopoeia/izdanie-15/1/1-2/1-2-1/1-2-1-1-metody-
spektralnogo-analiza/spektrofotometriya-v-ultrafioletovoy-i-vidimoy-
oblastyakh/. Russian

¥ GPhM.1.5.3.0007 «Determination of moisture content in
medicinal plant raw material and medicinal plant preparations».
State Pharmacopoeia of the Russian Federation, XV ed. Available
from: https://pharmacopoeia.regmed.ru/pharmacopoeia/
izdanie-15/1/1-5/1-5-1/opredelenie-vlazhnosti-lekarstvennogo-
rastitelnogo-syrya-i-lekarstvennykh-sredstv-rastitelnogo-prois/. Russian
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Standard Solution A of Coumarin SS. where A is the optical density of Test Solution B;

Approximately 0.005 g (exact weight) of coumarin SS
was placed in a 50 mL volumetric flask, dissolved in
96% ethanol, the volume of the solution was brought to
the mark, and mixed.

Solution B of Coumarin SS. 2.0 mL of standard
solution A was placed in a 25 mL volumetric flask,
2.0 mL of 1M sodium hydroxide solution was added,
and the volume was brought to the mark with
70% ethanol and mixed.

Test Solution A. Approximately 1.0 g (exact weight)
of raw material, ground to particles no larger than
1 mm, was placed in a 250 mL flask with a ground-
glass stopper, and 80 mL of 96% alcohol was added.
The flask was attached to a reflux condenser and
heated in a boiling water bath for 30 min. After cooling
to room temperature, the contents of the flask were
guantitatively transferred through a “red ribbon” paper
filter into a 100 mL volumetric flask. The residue in
the flask was washed with the same alcohol, passing
the washings through the same filter, and the volume
of liquid in the flask was brought up to the mark with
96% alcohol. The contents of the flask were thoroughly
mixed. Then, 25.0 mL of the resulting solution was
evaporated to a volume of 2-3 mL, quantitatively
transferred to a separatory funnel using 50 mL of
purified water. The solution was acidified with 1M
hydrochloric acid solution to pH 2-3 and extracted
with ethyl acetate three times: first with 50 mL, then
twice with 30 mL. The combined ethyl acetate extracts
were filtered through 2 g of anhydrous sodium sulfate,
evaporated to dryness on a rotary evaporator at 70°C,
and the dry residue was dissolved in 70% alcohol and
filtered into a 25 mL volumetric flask through a “red
ribbon” filter.

Test Solution B. 1.0 mL of Test Solution A was
placed in a 25 mL volumetric flask, 2.0 mL of 1M
sodium hydroxide solution was added, the volume of
the solution was brought to the mark with 70% alcohol,
and mixed.

Reference Solution. 2.0 mL of 1 M sodium
hydroxide solution was placed in a 25 mL volumetric
flask, the volume of the solution was brought to the
mark with 70% alcohol, and mixed.

After 10 min, the optical density of Test Solution
B and the coumarin reference standard solution B
was measured relative to the reference solution on
a spectrophotometer at a wavelength of 335 nm
in a 10 mm cuvette.

The content of coumarins, calculated as coumarin,
in percent (X) was determined by the formula:

X = Axa;x2x100x25x25xPx100x100 _ Axa, xPx400

A, x50%25xax25x1x100%(100—W) A, xax(100—W)’

Tom 14, Beinyck 4, 2026

A, is the optical density of coumarin reference standard
solution B; a is the weight of the raw material, g; a is
the weight of the coumarin reference standard, g; W is
the moisture content of the raw material, %.

The determination was performed in triplicate
analytical replicates (n = 3). Results are expressed as
the arithmetic mean * standard deviation (SD).

The proposed method was validated in accordance
with the requirements of GPhM.1.1.0012 “Validation of
analytical methods”** for the following characteristics:
specificity, linearity, analytical range, accuracy, precision
(repeatability and intermediate precision).

RESULTS

Macroscopic, Microscopic, Microchemical

and Histochemical Analyses

Medicinal raw material “Angelica archangelica
rhizomes and roots” is a collection of fragments of
rhizomes in transverse and longitudinal sections
with a rough, transversely wrinkled cork on the
surface (Fig. 1F, 1G). The fragments vary in diameter
from 2.5 cm to 5 cm and in height up to 2 cm. In
cross-section, a brown cortical part with cavities
in the parenchyma is visible, likely of rexygenic
origin (Fig. 1D). The central part of the rhizome
fragments (pith parenchyma) is light gray or
light yellow. Upon detailed examination, the pith
parenchyma has a radiate texture extending from the
center (Fig. 1A, 1C). On some fragments, remnants of
young cork and elements of the stem part of the plant
are visible (Fig. 11, 1H).

The raw material also contains large whole
fragments of roots up to 15 cm in length and 1.5 cm in
width. The surface of the roots is dark brown and has
a wavy-wrinkled texture with pronounced attachment
points of lateral roots (Fig. 1B).

Roots of secondary structure, described
previously by other authors [5], have a
pronounced wavy margin in cross-section due to
rexygenic cavities—radial ruptures of the cortical
parenchyma (Fig. 2A). The surface of the roots is
covered with a dark brown (sometimes black) cork
layer. In the cortical parenchyma, at low magnification,
schizogenous cavities containing drops of yellow or
light yellow secretion are visible. The cavities stain
pink with Sudan Il solution (Fig. 2B) and are better
detected in cross-sections, including in powder
fragments (Fig. 2C, 6C, 6E).

The wavy cambium zone also stains with Sudan Il

1 GPhM.1.1.0012 «Validation of analytical methods». State
Pharmacopoeia of the Russian Federation, XV ed. Available
from: https://pharmacopoeia. regmed.ru/pharmacopoeia/
izdanie-15/1/1-1/validatsiya-analiticheskikh-metodik/. Russian
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solution. At high magnification (x400), narrow-lumen
cambial zone cells with brown protoplast contents are
visible (Fig. 2D). The xylem part of the central cylinder
is devoid of schizogenous cavities. It generally prevails
over the secondary cortex. The xylem is represented
by radially arranged groups of vessels, between
which are located wide medullary rays, composed of
uniform oval xylem parenchyma cells up to 10 cells
thick (Fig. 2C). In the phloem parenchyma and
medullary ray parenchyma, starch is present in the form
of small simple grains, almost spherical in shape, up
to 6 umin size.

Vessels in cross-section are of varying sizes with
noticeably thickened cell walls, which stain pink with
Sudan Il solution (Fig. 2E). In longitudinal sections,
three types of vascular elements are diagnosed:
mainly scalariform, reticulate, and, less commonly,
spiral vessels. It should be noted that the best
contrast of vascular elements, including in powder,
is achieved with polarized microscopy with a A-light
filter (Fig. 2F).

The species specificity of the medicinal raw
material is closely related to the chemical composition
of the producing plant. It is known that A. archangelica
rhizomes and roots contain phenolic compounds of
the coumarin group, which allows the luminescence
characteristics to be interpreted as a pronounced
diagnostic feature, additionally used to confirm the
authenticity of the raw material.

During the examination of transverse sections of
A. archangelica rhizomes and roots, the luminescence
characteristics of their tissues were analyzed.
Thus, the phloem parenchyma of the cortex, in the
excitation range of 330-400 nm, exhibits a light blue
luminescence, mainly due to the protoplasts of the
cells (Fig. 3A). The oily secretion drops in the
schizogenous cavities have a characteristic blue
luminescence in this spectral region. It should be
noted that the epithelial cells lining the cavities do not
luminesce and are visually identified as a dark border
against the luminescent elements of the parenchyma
and the secretion filling the cavity lumens (Fig. 3A).
In the excitation range of 420-550 nm, the phloem
parenchyma and resinous secretion luminesce bright
yellow (Fig. 3B).

The xylem part of the cross-section also has a
characteristic bright blue luminescence in the excitation
range of 330-400 nm due to the lignified cell walls of
vessels and medullary ray cells. In the excitation range
of 420-550 nm, the luminescence is weaker and yellow
(Fig. 3C, 3D, 3E). The cork tissue in the visible spectrum
is brown due to the polyphenol suberin.

The cork tissue cells are irregularly, almost
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rectangularly shaped with remnants of protoplasts at
the periphery (Fig. 3F). The light blue luminescence
in the excitation range of 330-400 nm (Fig. 3G)
and the dirty yellow luminescence in the excitation
range of 420-550 nm (Fig. 3H) of the cork tissue
cell walls are characteristic due to the presence of
polyphenols (suberin), including simple phenolic
compounds (Fig. 3D, 3E).

The epithelial cells of the cavities are thin-walled,
rectangular in cross-section (Fig. 4A). The protoplasts
of the epithelial cells are amorphous, light yellow, and
stain pink when treated with Sudan Il solution. The
parenchyma around the cavity is composed of large,
collapsed or wavy cells with noticeably thickened
cellulosic cell walls compared to the thin-walled
cells of the main parenchyma (Fig. 4B). To interpret
the chemical nature of the luminescent agents, we
analyzed the luminescence of the coumarin-based
reference standard of eleutheroside B1 (Fig. 4F,
4G, 4H). It was found that the reference standard
of eleutheroside B1 in the excitation range of 330-
400 nm exhibits bright blue luminescence (Fig. 4G),
similar to that of secretion drops in schizogenous
cavities (Fig. 4C, 4D, 4E).

To test previously known and newly described
characteristics of A. archangelica rhizomes and roots,
model powders with particle sizes passing through
sieves with mesh diameters of 0.5 mm and 0.25 mm
were analyzed. Under a magnifying glass (x20, x40),
the rhizome and root particles appear uniformly
brown (Fig. 5A, 5B). When the dry powder is irradiated
in the excitation range of 330-400 nm, the powder
particles luminesce bright blue (Fig. 6A), characteristic
of A. archangelica tissues described above. In the
excitation range of 420-550 nm, the luminescence
changes color to yellow (Fig. 6B).

Upon examination of a powder sample
prepared according to the requirements of the SPh
RF XV ed., fragments of phloem parenchyma with
recognizable structures of schizogenous cavities are
diagnosed (Fig. 5C). When treated with Sudan IlI

solution, the secretion drops stain orange-
pink.  Additionally, upon irradiation of the
powder in the excitation range of 330-400
nm, the secretion drops Iuminesce bright

blue (Fig. 6C, 6E).

The powder also frequently contains vascular
element fragments of varying sizes, mainly reticulate
and spiral vessels (Fig. 5D). Under UV light in the
excitation range of 330-400 nm, these fragments
luminesce blue (Fig. 6D, 6F). Fragments of transverse
sections of vascular elements are sometimes
encountered. Typically, these are groups of vessels of
different sizes (Fig. 5F).
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It should be noted that the best contrast of
denser powder elements is achieved using a polarizing
microscope with a A-light filter. In this case, vascular
elements of various types are easily diagnosed in the
general mass of weakly stained fragments by the bright
staining of the dense cell walls (Fig. 5G, 5H).

Cork tissue fragments are easily diagnosed by
the specific brown staining of the cell walls (Fig. 5E).
Phloem parenchyma fragments are barely visible under
normal light. In the excitation range of 330-400 nm,
some fragments luminesce due to crystalline inclusions,
presumably of coumarin origin (Fig. 6G, 6H, 6l).

Determination of Essential Oil Content

The essential oil content in A. archangelica
rhizomes and roots was 0.09% calculated on a dry basis
(with a raw material moisture content of 9.2%).

Gas Chromatography-Mass Spectrometry

GC-MS analysis allowed for the determination of
the volatile organic compound profile of the lipophilic
fractions of the aqueous-alcoholic extract and the
essential oil of A. archangelica rhizomes and roots of
Altai origin (Table 1).

The main group of biologically active substances in
the hexane and chloroform fractions of the aqueous-
alcoholic extract is represented by prenylated
coumarins (49.94% and 44.42%, respectively), which
constituted half of all identified components. The
effective extraction of these coumarins with hexane is
due to the prenylation process: an isoprene fragment
(—C,H,) is attached to the coumarin nucleus at the C8 or
C6 position, which increases lipophilicity and enhances
their solubility in nonpolar solvents.

Furanocoumarins are present in the lipophilic
fractions of the extract at 7.14% in hexane and 12.67%
in chloroform. The hexane fraction also contains
twice as much monoterpenoids (5.07% and 2.90%),
sesquiterpenes (12.63% and 4.82%), sesquiterpenoids
(9.58% and 3.49%), and significantly exceeds the
chloroform fraction in monoterpene content (26.03%
and 12.04%), which is reflected in the characteristic
differences in the polarity of the extractants. The
proportion of pyranocoumarins, methoxycoumarins,
aromatic compounds, and fatty acids was minor
(less than 2%) (see Table 1).

Analysis of the essential oil showed the dominant
role of monoterpenes (46.2%), sesquiterpenes (43.5%),
and sesquiterpenoids (35.23%). Monoterpenoids also
constitute a significant portion—13.53%. Prenylated
coumarins (osthol) are present in the essential oil
(1.54%) due to their physicochemical properties. The
absence of furanocoumarins, pyranocoumarins, and
fatty acids is related to their high molecular weight and
limited volatility during hydrodistillation (see Table 1).
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According to the data presented in Table 1, the
dominant component in the lipophilic fractions of the
aqueous-alcoholic extract is the prenylated coumarin
osthol. Its proportion averaged 49.72% in the hexane
and 44.06% in the chloroform fractions of the total
peak area of all compounds. Also among the leading
components in the hexane and chloroform fractions
were substances of terpene nature: a-pinene (7.29%,
4.24%); epiglobulol (5.42%, 2.04%); 3-carene (5.02%,
1.82%); D-limonene (3.82%, 1.46%); B-phellandrene

(2.13%, 0.79%); bornyl acetate (1.99%, 0.78%);
coumarin-based  substances: oroselone (3.76%,
2.60%); angelicin (1.84%, 4.18%); oxypeucedanin
(0.47%, 1.65%); isopinipenellin  (0.38%, 2.48%),

respectively.

In the essential oil, the dominant components were
epiglobulol (25.61%), 3-carene (15.22%), bornyl acetate
(5.89%), a-pinene (4.26%), D-limonene (3.67%), and
osthol (1.54%) (see Table 1).

GC-MS chromatograms of volatile organic
compounds of the lipophilic fractions of the aqueous-
alcoholic extract and the essential oil of A. archangelica
rhizomes and roots of Altai origin are presented
in Figures 7-9.

Quantitative Determination of Total Coumarins

The content of total coumarins in A. archangelica
rhizomes and roots of Altai origin, determined by
spectrophotometric  method, was 1.50 £ 0.08%
calculated as coumarin. The analysis was performed
in triplicate analytical replicates (n=3), and the
relative standard deviation (RSD) did not exceed 1.0%,
indicating high reproducibility of the method.

The linearity range of the method was established
in the concentration interval of coumarin from 2.0
to 20.0 pg/ml. The linear relationship is described by
the equation: y=0.0482x + 0.0031 with a coefficient of
determination r?=0.9994 and a correlation coefficient
r = 0.9997 (n = 10), which confirms a high degree of
linear dependence. The analytical range (application
range) of the method was established in the same
interval of 2.0-20.0 ug/mL, corresponding to 80—-120%
of the expected content of total coumarins in the
test solution (normal concentration approximately
6.0 ug/mL). The accuracy of the method was confirmed
by the “addition method” with an average recovery
value of 98.9% (n = 9) in the range of 98.0-100.2%.
Precision indicators met the requirements: the
relative standard deviation for repeatability was
0.8% (n = 6), and for intermediate precision—1.5%
(n = 3 days). Specificity was confirmed by the absence
of significant absorption by ballast matrix components
at 335 nm (A <0.02).
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Figure 1 — Appearance and morphological features of A. archangelica raw material.
Note: A, collection of raw material fragments; B, wrinkled cork from the root surface; C, rhizome fragments in cross-section; D, cortical part of
the rhizome; E, pith of the rhizome; F, rhizome surface fragment; G, rough transversely wrinkled cork of the rhizome; H, stem remnants; |, brown
fragments of young cork.
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Figure 2 — Conducting tissues of A. archangelica rhizomes and roots.

Note: A, root cross-section, general view with a wavy edge (x40); B, fragment of xylem and phloem conducting elements. Stained with Sudan
11l solution (x40); C, ray parenchyma (x400); D, cambium fragment (x400); E, vascular elements in cross-section. Stained with Sudan Il solution
(x1000); F, fragment of reticulate vessels in polarized light with A-filter (x400).
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Figure 3 — Luminescence features of A. archangelica rhizome and root tissues.

Note: A, phloem in the excitation range of 330-400 nm (x400); B, phloem in the excitation range of A = 420-550 nm (x400); C, xylem in visible
light (x400); D, xylem in the excitation range of A = 330-400 nm (x400); E, xylem in the excitation range of A = 420-550 nm (x400); F, cork in
visible light (x400); G, cork in the excitation range of A = 330-400 nm (x400); H, cork in the excitation range of A = 420-550 nm (x400).
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Figure 4 — Histological features of schizogenous cavities of rhizomes and roots of A. archangelica.

Note: A, staining of the schizogenous cavity with Sudan Ill solution (x100); B, cells of the epithelial layer and fundamental parenchyma around
the cavity. Staining with Sudan Ill solution (x400); C, oily secretion of the cavity (x100); D, luminescence of the secretion in the excitation
range A = 360—-400 nm (x100); E, luminescence of the secretion in the excitation range A = 420-550 nm (x100); F, crystal of a standard sample
(x400); G, luminescence of the standard sample in the excitation range A = 360—-400 nm (x100); H, structural formula of the standard sample of
eleutheroside B1.
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Figure 5 — Main diagnosable elements of the powder of rhizomes and roots of A. archangelica.

Note: A, powder sample with particle size passing through a 0.5 mm sieve (x40); B, powder sample with particle size passing through a 0.25
mm sieve (x40); C, fragment of a cavity with essential oil droplets (x400); D, fragment of a spiral vessel (x400); E, fragment of cork (x400);
F, fragment of a group of vessels in cross-section (x400); G, fragment of reticulate vessels in polarized light A-filter (x100); H, contrast of the cell
wall of a fragment of reticulate vessels in polarized light A-filter (x400).
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Figure 6 — Luminescence of elements of the powder of rhizomes and roots of A. archangelica.

Note: A, dry powder with particle size passing through a 0.25 mm sieve, luminescence in the excitation range A = 330-400 nm (x100); B, dry
powder with particle size passing through a 0.25 mm sieve, luminescence in the excitation range A = 420-550 nm (x100); C, fragment of a
cavity with oil droplets in daylight (x400); D, fragment of reticulate vessels in daylight (x400); E, luminescence of a cavity with oil droplets in
the excitation range A = 330-400 nm (x400); F, luminescence of a fragment of reticulate vessels in the excitation range A = 330—-400 nm (x400);
G, crystalline inclusions in the cells of the fundamental parenchyma (x400); H, luminescence of crystalline inclusions in the excitation range
A =330-400 nm (x400); I, luminescence of crystalline inclusions in the excitation range A = 420-550 nm (x400).
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Figure 7 — GC-MS chromatogram of the hexane fraction of the aqueous-alcoholic extract
from the rhizomes and roots of A. archangelica.
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Figure 8 — GC-MS chromatogram of the chloroform fraction of the aqueous-alcoholic extract
from the rhizomes and roots of A. archangelica.
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Figure 9 — GC-MS chromatogram of the essential oil from the rhizomes and roots of A. archangelica.
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Figure 10 — Electron absorption spectrum of a coumarin standard solution and test solution B
from the rhizomes and roots of A. archangelica.

Note: 1, coumarin standard, 2, test solution B.
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Table 1 — Component composition of volatile organic compounds in hexane and chloroform fractions
of water-alcoholic extract and essential oil from Altai origin Angelica archangelica rhizomes and roots

Retention time,

Detected in fraction from total area

No - Component of all components, % + SD

min =+ SD —

Hexane Chloroform Essential oil
1. 11,73+0,163 a-Thujene, bicyclic monoterpene 0.1+0.02 n.d. 3.43+0.27
2. 12,042 +0,059 a-Pinene, bicyclic monoterpene 7.29+0.58 4.24+0.34 4.26+0.34
3. 12,93+0,049 Camphene, bicyclic monoterpene 0.29+0.06 n.d. 0.19 +0.04
4. 13,184 +0,06 2,4(10)-Thuyadiene, bicyclic monoterpene 0.07+0.01 n.d. 0.34 +£0.07
5. 14,421 +0,04 B-Pinene, bicyclic monoterpene 0.25+0.05 n.d. 0.21+0.04
6. 15,167 +0,03 B-Myrcene, acyclic monoterpene 094+0 0.3+0.06 1.3+0.1
7. 16,056 £ 0,07 3-Carene, bicyclic monoterpene 5.02+0.4 1.82£0.15 15.22 +1.22
8. 16,576 £ 0,026 a-Terpinene, monocyclic monoterpene 0.11+0.02 0.05+0.01 0.32+0.06
9. 17,089 0,023 ortho-Cymene, aromatic compound 1.08+0.09 0.57+0.06 2.14+0.17
10. 17,238 +0,034 D-Limonene, monocyclic monoterpene 3.82+0.31 1.46%0.12 3.67+£0.29
11. 17,33+0,03 B-Phellandrene, monocyclic monoterpene 2.13+0.17 0.79+0.08 1.92+£0.15
12. 17,673 £0,026 B-trans-Ocimene, acyclic monoterpene 0.09+0.02 0.04+0.01 0.12 +0.02
13. 18,211 +0,025 B-cis-Ocimene, acyclic monoterpene 0.39+0.08 0.16+0.03 0.63 £ 0.06
14. 18,799 £0,021 y-Terpinene, monocyclic monoterpene 0.07+0.01 0.04+0.01 0.28 £ 0.06
15. 19,059 + 0,049 Seidenone, monocyclic monoterpenoid ketone 0.15+0.03 0.11+0.02 0.1+0.02
16. 19,912 +0,03 4-Carene, bicyclic monoterpene 0.04+0.01 0.03+£0.01 0.15+0.03
17. 20,12 £0,015 Terpinolene, monocyclic monoterpene 0.21+£0.04 0.17+0.03 1.06 £ 0.08
18. 20,559 £ 0,025 para-Cymene, aromatic compound 0.03+0.01 0.13+0.03 0.45 +£0.09
19. 22,101+ 0,023 trans-para-2-Menthen-1-ol, monocyclic monoterpenoid 034006 0.19+0.04 0.44 +0.09
alcohol

20. 22,196 +0,019 Neo-allo-ocimene, acyclic monoterpene 0.18+0.04 0.07+0.01 0.29 +0.06
21. 22,942 +0,019 Zilij;sfra"\"e“the”'l")" monocyclic monoterpenoid 19,604 017+003  04+0.08
22. 23,092 +0,025 Verbenol, bicyclic monoterpenoid alcohol 0.4 +0.08 0.36 £ 0.07 0.19 +0.04
23. 23,573+0,017 para-Menthanone, monocyclic monoterpenoid 0.03+0.01 0.01+0.01 0.14 £ 0.03
24. 24,238 +0,004 Verbenyl ethyl ether, bicyclic monoterpenoid ether 0.45+0.09 0.24+0.05 n.d.
25. 24,365+ 0,105 glacr;;';’:e”ta'l's'die”'g‘o" monocyclic monoterpenoid 4 5, 456 540,04 0.93+0.11
26. 24,493 +0,022 Menthol, monocyclic monoterpenoid alcohol 0.02+0.01 0.03+0.01 0.21+0.04
27. 24,729+0,019 para-Cymenol-8, monocyclic monoterpenoid alcohol 0.06+0.01 0.1+0.02 0.94+0.12
28. 25,017 £0,036 Krypton, monocyclic monoterpenoid ketone 0.17+0.03 0.17+0.03 0.60+0.07
29. 25,267 +0,048 cis-Piperitol, monocyclic monoterpenoid alcohol 0.2+0.04 0.13+0.03 0.41 +0.08
30. 25,304 +0,011 Myrcenal, bicyclic monoterpenoid aldehyde n.d. n.d. 0.35+0.07
31. 25,578 +0,013 Sabinol, monocyclic monoterpenoid alcohol 0.17+0.03 0.20+0.04 0.26 £ 0.05
32. 25,787 +0,019 Piperitol, monocyclic monoterpenoid alcohol 0.13+0.03 0.11+0.02 0.37+0.07
33. 26,412 +0,021 3-Carene-2-ol, bicyclic monoterpenoid alcohol n.d. n.d. 0.13+0.03
34. 26,514 +0,018 Thymyl methyl ether, aromatic ether n.d. n.d. 0.57 £0.05
35. 27,630+0,012 Piperitone, monocyclic monoterpenoid ketone n.d. n.d. 0.10 £ 0.02
36. 28,407 £0,024 Myrthenyl acetate, bicyclic monoterpenoid ether 0.11+0.02 0.05%0.01 0.39+0.08
37. 28,524 +0,023 Borneol acetate, bicyclic monoterpenoid ether 1.99+0.16 0.78+0.08 5.89+0.47
38. 28,906 +0,011 Eucarvone, monocyclic monoterpenoid 0.27+0.05 0.10+£0.02 1.11 £ 0.09
39. 30,307 £ 0,006 Carvyl acetate, monoterpene ester 0.09+0.02 0.05%0.01 0.41 £0.08
40. 31,405 +0,026 Cyclosativene, bicyclic sesquiterpene 0.07+0.01 0.05%0.01 0.3+0.06
41. 32,11 40,022 B-Elemene, monocyclic sesquiterpene 0.07+0.01 0.16+0.03 n.d.
42. 33,444 +0,011 a-Gurjunene, tricyclic sesquiterpene 0.58+0.06 0.29+0.06 0.47 £0.09
43. 33,695+0,012 Sativene, bicyclic sesquiterpene n.d. n.d. 0.34 +0.07
44. 34,131 +0,023 B-Caryophyllene, bicyclic sesquiterpene 0.26 £+0.05 0.08 £0.02 0.43 £0.09
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L Detected in fraction from total area
Retention time,

No - Component of all components, % + SD

min £ SD —

Hexane Chloroform Essential oil

45. 34,204 £ 0,012 a-Campholenal, monocyclic monoterpenoid aldehyde 0.21+0.04 0.08+0.02 0.48 +£0.10
46. 35,437 +0,019 Dihydroagarofuran, tricyclic sesquiterpenoid 0.48+0.10 0.21+0.04 2.63+0.21
47. 35,724 +£0,019 a-Muurolene, bicyclic sesquiterpene 0.26 £+0.05 0.12+0.02 0.84 +0.09
48. 35,820+ 0,043 a-Farnesene, acyclic sesquiterpenoid 0.11+0.02 0.03+0.01 0.45 +0.09
49. 35,958 + 0,041 B-Bisabolene, acyclic sesquiterpene 0.52+0 0.07 £0.01 1.18 +0.09
50. 36,126 £ 0,023 Cuparene, monocyclic sesquiterpene 0.15+0.03 0.09+0.02 0.59 +0.07
51. 36,745 0,085 Epiglobulol, tricyclic sesquiterpenoid alcohol 5.42+0.43 2.04+0.16 25.61 +2.05
52. 36,877 £0,019 a-Longipinene, tricyclic sesquiterpene 0.07+0.01 0.03+0.01 0.22+0.04
53. 36,944 £ 0,008 Humulene, monocyclic sesquiterpene 0.08+0.02 0.03+0.01 0.38 £ 0.08
54. 37,329+0,013 Elemol, monocyclic sesquiterpene 0.55+0 0.22+0.04 1.31+0.1
55. 38,373+0,013 Caryophyllene oxide, bicyclic sesquiterpenoid 0.32+0.06 0.12+0.02 2.21+0.18
56. 38,504 +0,016 Globulol, tricyclic sesquiterpenoid 0.11+0.02 0.06+0.01 0.32+£0.06
57. 39,431+0,016 Bulnesol, bicyclic sesquiterpenoid alcohol 0.08+0.02 n.d. 1.19+0.10
58. 39,576 £ 0,007 y-Eudesmol, bicyclic sesquiterpenoid alcohol 0.23+0.05 0.08+0.02 0.60 + 0.05
59. 39,859 + 0,009 a-Eudesmol, bicyclic sesquiterpenoid alcohol 0.22+0.04 0.09+0.02 0.73+£0.08
60. 39,960+ 0,010 Agarospirol, bicyclic sesquiterpenoid alcohol 0.18+0.04 0.06+0.01 0.38+0.08
61. 40,289 +0,011 a-Guaiene, bicyclic sesquiterpene 0.48£+0.10 0.20+0.04 0.82 £ 0.09
62. 40,484 +0,016 Guaiol, bicyclic sesquiterpenoid alcohol 0.75+0.08 0.19+0.04 1.57+0.13
63. 40,566 0,015 B-Eudesmol, bicyclic sesquiterpenoid alcohol 0.51+0.06 0.20+0.04 0.93+0
64. 41,384 +0,007 a-Bisabolol, monocyclic sesquiterpenoid alcohol 1.13+0.09 0.40+0.08 n.d.
65. 44,203 +0,069 Angelicin, furanocoumarin 1.84+0.15 4.18+0.33 n.d.
66. 47,858 +0,009 Hexadecanoic acid, ethyl ester, fatty acid ester 0.91+0.08 0.29+0.06 n.d.
67. 48,105 +0,023 Citrophten, methoxycoumarin 0.25+0.05 0.73+0.08 n.d.
68. 48,441 +0,012 Xanthyletin, pyranocoumarin 0.18+0.04 0.15+0.03 n.d.
69. 48,948 + 0,093 Methoxsalen, furanocoumarin 0.59+0.06 0.91+0.10 n.d.
70. 49,306 +0,023 Bergapten, furanocoumarin 0.10+0.02 0.85+0.09 n.d.
71. 49,581+ 0,009 Phellopterin, prenylated coumarin 0.14+0.03 0.17+0.03 n.d.
72. 50,254 +0,160 Osthol, prenylated coumarin 49.72+3.98 44.06+3.52 1.54+0.12
73. 50,570 0,030 Orocelon, furanocoumarin 3.76 £ 0.3 2.60+0.21 n.d.
74. 51,549 + 0,046 Isopimpinellin, furanocoumarin 0.38+0.08 2.48+0.21 n.d.
75. 52,882 +0,025 Imperatorin, prenylated coumarin 0.08+0.02 0.19+0.04 n.d.
76. 54,268 +0,033 Oxypeucedanin, furanocoumarin 0.47+0.09 1.65+0.13 n.d.
77. 55,488 £0,011 Decursin, pyranocoumarin 0.48+0.1 0.49 £0.10 n.d.
78. 56,002 +0,014 Selinidin, pyranocoumarin 0.24+0.05 0.29+0.06 n.d.

Dimethyl-2-ox0-2,8,9,10-tetrahydropyrano(2,3-f)

. 0.69+0.08 0.91+0.11 n.d.
chromene, pyranocoumarin

79. 60,298 +0,04

By component classes: average values, % (number of components in the corresponding group of compounds in parentheses)

Prenylated coumarins 49.94 (3) 44.42 (3) 1.54 (1)
Monoterpenes 26.03 (32) 12.04 (28) 46.2 (34)
Sesquiterpenes 12.63 (23) 4.82 (22) 43.5(22)
Sesquiterpenoids 9.58 (12) 3.49 (11) 35.23 (11)
Monoterpenoids 5.07 (17) 2.90 (17) 13.53 (20)
Furanocoumarins 7.14 (6) 12.67 (6) n.d.
Aromatic compounds 1.11(2) 0.7 (2) 2.59(2)
Pyranocoumarins 1.59 (4) 1.84 (4) n.d.
Methoxycoumarins 0.25(1) 0.73 (1) n.d.

Fatty acids 0.91 (1) 0.29 (1) n.d.

Note: SD, standard deviation; n.d., not detected.
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Table 2 — Validation results of the spectrophotometric method for determining the sum of coumarins
in A. archangelica rhizomes and roots

Validation parameter Conditions / range Acceptance criteria Result
Specificity Analysis of “blank” solution A<0.05 A<0.02
Linearity 2,0-20,0 pg/mL (n=10) r=0.990 r=0.9997

2.0-20.0 pg/mL

Analytical range .
¥ g (calculated as coumarin)

Corresponds to the linearity
range; 80-120% of expected
content in raw material

Range established
and confirmed

Accuracy Method of additions 98-102% 98.9%
Repeatability n==6 RSD < 2.0% RSD = 0.8%
Intermediate precision n =3 days RSD < 2.0% RSD = 1.5%

The obtained validation results (Table 2) powder is a mandatory criterion for the acceptance
demonstrate the compliance of the method of raw materials and quality control of drugs based
with the requirements set forth in regulatory on Angelica archangelica rhizomes and roots. The

documents and are characterized by satisfactory
specificity, linearity, accuracy, and precision, which
confirms the suitability of the proposed method
for the purpose of pharmacopoeial standardization
of A. archangelica medicinal raw material by
total coumarin content. Figure 10 shows the
absorption spectrum of the coumarin reference
standard solution B and Test Solution B (maximum
at 335 nm).

DISCUSSION

For the first time, morphological-anatomical
and gas chromatographic studies of A. archangelica
rhizomes and roots of Altai origin were conducted.

The results of the study of external and microscopic
features are consistent with previously published
data [5, 6]. For the first time, luminescence
characteristics  of  anatomical structures  of
A. archangelica raw material were discovered
in comparison with the reference standard of
eleutheroside B1, which preliminarily allows for
the interpretation of the localization of BACs.
The most diagnostic in this case is the light blue
luminescence of phloem cells and secretion in
schizogenous cavities in the excitation range of
330-400 nm, attributed to coumarin-based substances.
Histological features of the marker characteristic—
schizogenous cavities—have also been clarified, which
will allow for the identification of the object under
study during acceptance control of medicinal raw
material, for example, in comparison with Angelica
sylvestris L. [30, 31]. Methods for diagnosing Angelica
archangelica rhizome and root powder have been
improved, and the expediency of using luminescent
and polarized microscopy in the diagnosis of specific
schizogenous cavities, vascular elements, and
crystalline inclusions has been confirmed. Analysis
of microscopic features of medicinal raw material
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obtained data will allow for the development of the
“Identification. Microscopic Features” section of
the draft of pharmaceutical monograph “Angelica
archangelica rhizomes and roots”.

Previously identified in A. archangelica rhizomes
and roots: prenylated coumarins—osthol [7],
umbelliferone, imperatorin, isoimperatorin, fellopterin;
hydroxycoumarins—umbelliferone; furanocoumarins—
angelicin, bergapten, psoralen, xanthotoxin, oroselone,
methoxsalen, xanthotoxol, archangelicin, pimpinellin,
isopinipenellin [17-19, 21]. In raw material harvested
in the Republic of Bashkortostan, the leading
components were oroselone (71.36%), osthol (5.09%),
bergapten (2.74%), methoxsalen (2.65%), angelicin
(1.69%) [17]. The present study found that the leading
component of the aqueous-alcoholic extract is osthol
(49.72%). Apparently, it is the leading component of
A. archangelica rhizomes and roots of Altai origin.
For the first time, cypten, xanthelatin, decursin, and
selinidin were identified here.

The content of essential oil in the underground
part of A. archangelica varies significantly depending
on the region of plant growth. For example, in the
Republic of Bashkortostan—0.82% [32], near Mount
Ozren, Serbia—0.10% [8], in the Ternopil region,
Ukraine—0.13% [33], in the high-altitude regions
of India in Potiwas (2200 m)—0.28%, Rudraprayag
(3300 m)—0.33%, Uttarkashi (3500 m)—0.35% [34].
The essential oil content in the studied sample was
0.09%, which, according to monograph 01/2013:1857
“Angelica archangelica root” of the European
Pharmacopoeia 11th edition, does not meet the
normative value—not less than 2 mL/kg (0.2%). The
low essential oil content may be due to the place and
time of harvesting, climatic conditions, soil chemical
composition, and other factors, as well as the drying
temperature (45°C), which does not meet the
requirements for essential oil-bearing raw materials
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(40°C)*>*¢, which must be considered when organizing
the harvesting of medicinal raw materials.

In the study by A. Forycka et al., it is indicated
that the essential oil of A. archangelica of Romanian,
Finnish, and Serbian origin contains from 62 to 122
components [13]. In the Kemerovo region, Russian
Federation, 75 components were found [15], and
in Serbia—88 compounds. The largest part of the
component composition of the essential oil is made up
of monoterpenes and monoterpenoids [35, 36]. In the
essential oil of A. archangelica growing in the Republic
of Bashkortostan, sesquiterpenoids predominate,
which are 2.6 times more than monoterpenoids [19].
In the present study, 62 components were identified
in the essential oil of Altai A. archangelica (possible
component volatilization), the basis of which is formed
by monoterpenes (46.2%), sesquiterpenes (43.5%),
and sesquiterpenoids (35.23%). Monoterpenoids were
found in smaller quantities (13.53%).

Essential oil from the northern regions of
Europe was characterized by a high level of a-pinene
(65.3%), a-phellandrene (5.9-15.4%), and 6-3-carene
(15.3%), while in samples from the south, its level
was the lowest (0-0.2%); in the east and northeast,
a-pinene was dominant (from 15.7% to 20.8%); in
the northeast, high concentrations of B-phellandrene
(13.5-16.9%), ©6-3-carene (15.4-16.9%), limonene
(8.0-9.0%), and sabinene (5.0-7.5%) were noted,
whereas the concentration of the latter in the
east was higher (5.9-14.85%); in the southeast,
B-phellandrene (13.8-18.5%), a-pinene (11.4-15.0%),
6-3-carene (10.8-11.9%), a-cymene (6.8-10.6%), and
a-phellandrene (5.9-8.6%) were present [13, 14]. The
dominant components of the Siberian subspecies of
A. archangelica are limonene (30.47%) and a-pinene
(23.6%) [15]. The volatile organic compound profile
of the essential oil of A. archangelica of Altai origin
is most similar to that of flora from Lithuania and
Serbia [14, 16], where the prevailing compounds are:
a-pinene (19.4%, 29.7%), 6-3-carene (16.0%, 14.2%),
B-phellandrene (15.4%), 15-pentadecanolide (14.9%),
limonene (8.8%), and osthol (8.8%).

In the present study, the essential oil consists of
62 components, among which the leading ones are
epiglobulol (25.61%), 3-carene (15.22%), bornyl acetate
(5.89%), a-pinene (4.26%), and D-limonene (3.67%),

> Rules for collecting and drying medicinal plants (collection of
instructions); Ministry of Health of the USSR, Chief Pharmacy
Department, All-Union. information bureau, etc. Moscow: Meditsina
Publ.; 1985. 328 p. Russian

% Kurkin VA. Pharmacognosy: a textbook for students of
pharmaceutical universities (faculties). Kurkin VA; 6th edition, revised
and expanded. Samara: 00O “Polygraphic association “Standard”;
2024. 1268 p. Russian
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B-phellandrene (1.92%), osthol (1.54%). It is evident
that, despite geographical differences, the essential
oil of A. archangelica of Altai origin contains species-
specific components (3-carene, a-pinene, D-limonene,
B-phellandrene, osthol) characteristic of the essential
oil of plants from the represented habitats, but in
different proportions, which allows it to be considered
authentic. Osthol is the only coumarin among
A. archangelica that is present in the essential oil
(1.54%), which is confirmed by literature data [14,
37] and can serve as a marker for confirming the
authenticity of the essential oil from the rhizomes
and roots of A. archangelica. Preliminarily, it can be

stated that ortho-cymene, seudenone, 4-carene,
neo-allo-ocimene, para-menthanone, sabinol,
3-carene-2-ol, thymyl methyl ether, eucarvone,

a-gurjunene, a-campholenal, a-farnesene, epiglobulol,
a-longipinene, globulol, guayol, bulnesol, agarospirol,
and guayol have been identified for the first time in
the essential oil of A. archangelica rhizomes and roots.
The conducted analysis allows us to conclude that
the profile of BACs of A. archangelica of Altai origin
represents a distinct chemotype that requires individual
quality assessment standards. The obtained data on
the leading components of terpene and coumarin
nature will allow for the development of sections on
“Identification. Determination of major groups of
biologically active compounds”.

The  proposed method for  quantitative
determination of the sum of coumarins, calculated
as coumarin, using a spectrophotometric method in
the rhizomes and roots of A. archangelica is based
on the specific chemical properties of coumarin and
its derivatives, which contain a benzo-a-pyrone ring
and intensely absorb light in the ultraviolet region
of the spectrum. During the extraction of the sum of
coumarins from the MPRM, 96% alcohol extraction
was used, followed by liquid-liquid extraction. Ethanol
extraction in this case ensures complete extraction
of both free coumarins and their glycosidic forms.
In the next step, the aqueous-alcoholic solution
of the extract was acidified to pH 2-3, and triple
extraction with ethyl acetate was performed, which
effectively isolates neutral (molecular) and weakly
acidic forms of coumarins from the polar matrix and,
consequently, allows for the assessment of their
guantitative transfer into the ethyl acetate phase.
Ethyl acetate was chosen as the extractant due to its
optimal polarity, ensuring high selectivity towards the
target analytes and minimal co-extraction of ballast
substances such as organic acids, sugars, and pigments.
The obtained organic extract was evaporated to
dryness, and the residue was dissolved in 70% alcohol
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for subsequent spectrophotometric analysis. During
spectrophotometric detection, alkaline hydrolysis of
the lactone ring of coumarins causes ring opening,
forming the corresponding phenolate anion, which is
characterized by a bathochromic shift of the absorption
maximum in the wavelength range of 330-340 nm. In
the present work, the optical density was measured
at a wavelength of 335 nm, which ensures high
sensitivity and specificity for the determination of the
sum of coumarins in an alkaline medium compared
to measurement in a neutral medium. This sample
preparation scheme ensures high reproducibility of
results and minimizes background absorption that may
be caused by accompanying components of the plant
material.

It should be noted that the leading coumarin in
the studied Altai origin raw material is osthol (see
Table 1)—a prenylated coumarin derivative with a
molecular mass different from coumarin (molecular
mass of coumarin is 146.14 g/mol, molecular mass of
osthol is 244.3 g/mol) and molar absorptivity. During
the analysis, coumarin (1,2-benzopyrone) was used as
a reference standard due to the absence of a certified
for osthol, as it represents the basic chromophoric
structure for the entire class of coumarins and
is widely used in the standardization of MPRM
containing coumarins. Consequently, a systematic
error is introduced into the results of quantitative
determination: the true content of osthol may differ
from the obtained value due to differences in spectral
characteristics and molecular masses of the standard
and determined compounds.

The content of the sum of coumarins, determined
by the spectrophotometric method in an alkaline
medium at a wavelength of 335 nm, was 1.50 + 0.08%
calculated as coumarin. The obtained value is within
the range characteristic for the rhizomes and roots of
A. archangelica. According to literature data, the total
coumarin content varies from 0.1% to 3.2% depending
on the region of growth and harvesting conditions
[27, 19, 38]. The result of 1.5% correlates with
GC-MS data: with a water-alcoholic extract yield of
~20% and an osthol content of ~49% and 44% in
the hexane and chloroform fractions, the calculated
coumarin content is 1.5-2.0%, which confirms the
reliability of the method. Nevertheless, in the absence
of a certified RS for osthol, this approach remains
acceptable for  pharmacopoeial standardization
purposes.

Study Limitations
The  presented
determination of the

method  for
sum of

quantitative
coumarins by
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spectrophotometry has a key limitation is a potential
interference  from other UV-active compounds,
particularly phenolic carboxylic acids and flavonoid
aglycones, which, like coumarins, can be extracted
by ethyl acetate from the acidified aqueous phase.
Since the final measurement is performed without
chromatographic separation, the recorded optical
density value at 335 nm may include contributions
not only from coumarins but also from the indicated
co-extracted substances, which can overestimate
the quantitative determination results. Despite this
limitation, the data obtained in the present study are
valuable for the development of a pharmacopoeial
monograph and can be supplemented in subsequent
studies with an expanded sample size and the use of
chromatographic methods for quantitative analysis.

Thus, the proposed method, based on
spectrophotometric determination of the sum of
coumarins, can be recommended for inclusion in the
draft of pharmacopoeial monograph for RHM, provided
that “calculated as coumarin” is clearly indicated and
that results need to be confirmed by chromatographic
methods when determining the content of specific
compounds.

CONCLUSION

The  conducted macroscopic, microscopic,
microchemical, and histochemical examination allowed
for the summarization of the diagnostic results of
A. archangelica rhizomes and roots, as well as the
supplementation of known structural features with
new data on tissue polarization and luminescence.
Morphologically, root surface fragments exhibit a
wavy-wrinkled texture, while rhizome fragments are
covered with a rough, transversely wrinkled cork. The
luminescence of A. archangelica rhizome and root
tissues is due to their complex chemical composition,
mainly phenolic compounds. The most diagnostic is
the light blue luminescence of phloem cells and the
secretion of schizogenous cavities in the excitation
wavelength range of 330-400 nm, attributed to
coumarin-like substances. The expediency of using
polarization microscopy in the diagnosis of specific
conducting elements in powdered angelica raw
material has been proven. The expediency of using the
histochemical reaction with Sudan Il solution, which
diagnoses schizogenous cavities, secretion droplets,
and vascular element cell walls, has been substantiated.

GC-MS analysis of the lipophilic fractions of the
water-alcoholic extract and essential oil revealed a total
of 79 components, including terpenes and coumarins.
It was established that osthol is the leading compound
in the coumarin class in the water-alcoholic extract
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(up to 49.72%), while in the essential oil, epiglobulol
plays a key role (25.61%). This distribution of dominant
compounds from different BAC groups confirms the
need for separate standardization of polar and non-
polar fractions of RHM.

The content of the sum of coumarins determined
by the spectrophotometric method was 1.50 + 0.08%
calculated as coumarin, which corresponds to literature

data and can be proposed as a standard in the draft
pharmacopoeial monograph. Despite the indicated
limitations related to the use of coumarins as an
reference standard, the method demonstrates high
precision and is suitable for analyzing the quality of RHM.
Thus, the present study contributes to the
standardization of A. archangelica RHM and enhances
the quality control of herbal preparations based on it.
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The triple combination of elexacaftor / tezacaftor / ivacaftor is one of the key tools for targeted pharmacotherapy of cystic
fibrosis. In the pediatric population, its use may be accompanied by a variable therapeutic response, which may be due to
age-related pharmacokinetic features, as well as the influence of genetic polymorphism of biotransformation enzymes.

The aim. To analyze the pharmacokinetic parameters of elexacaftor, tezacaftor, ivacaftor, and lumacaftor in patients with
cystic fibrosis, and to study the influence of various polymorphisms of cytochrome P450 genes (CYP2C6*4, CYP2C19*2,
CYP2D6*4) and the UGT1A1 gene on pharmacokinetics.

Materials and Methods. The prospective single-center study included 32 patients with cystic fibrosis aged 6 to
18 years, of whom 29 received the combination of elexacaftor / tezacaftor / ivacaftor, and 3 received the dual
combination of ivacaftor / lumacaftor. Analyte concentrations in plasma were determined by HPLC-MS/MS
at five time points within 12 hours after drug administration. Molecular genetic analysis was performed
on total DNA isolated from whole blood Ileukocytes using the phenol-chloroform extraction method.
Results. Significant inter-individual variability in the pharmacokinetic parameters of all studied CFTR modulators was
revealed. Normalized maximum concentrations of elexacaftor and ivacaftor were significantly higher in patients aged > 12
years (p = 0.027 and p = 0.046, respectively). Carriage of the CYP2C9*4 (GG) genotype, associated with slow metabolism,
led to a statistically significant increase in the systemic exposure of elexacaftor (p = 0.007) and ivacaftor (p = 0.034). For
the CYP2D6*4 (AA) genotype, a significant increase in elexacaftor concentration 3 hours after administration was found
(p = 0.041). Polymorphism of the UGT1A1 gene, including genotypes associated with Gilbert’s syndrome, did not have a
significant effect on the total exposure of the studied drugs, while lower concentrations of tezacaftor and elexacaftor were
noted at individual time points in carriers of the *28 allele.

Conclusion. The pharmacokinetics of CFTR modulators in children are characterized by high variability and depend on age
and the polymorphism of genes encoding CYP2C9 and CYP2D6 isoenzymes. The obtained data justify the need for further
research to optimize dosing, taking into account genetic and demographic factors.

Keywords: CFTR modulators; pharmacokinetics; pharmacogenetics; polymorphism of xenobiotic biotransformation genes
Abbreviations: CV — cystic fibrosis; FEV — forced expiratory volume in 1 second; PK — pharmacokinetics; TDM —
therapeutic drug monitoring.
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TpoitHaa KombuHaumA anekcakapTop/TesakadrTop/mBakadTop ABAAETCA OLHMUM M3 K/OYEBbIX MHCTPYMEHTOB TapreTHoi
dapmakoTepanuu  MykoBMcLMAO3a. B neguatpuueckor nonynAuMM  ee  MpUMEHEeHMEe MOXKEeT COMpPOBOMKAATHCA
BapuabenbHbIM TepaneBTUYECKMM OTBETOM, B OCHOBE Yero MOryT JieXKaTb BO3PACcTHble 0COBEHHOCTU GapMAKOKUHETUKM, a
TaKKe BAUAHUE reHETUYECKOro nonnmopodusma depmeHToB buoTpaHchopmauum.

Lienb. NMpoaHanu3nmposaTb papMaKOKMHETUYECKME MapaMeTpbl 3/1eKkcakadTopa, Te3akadtopa nsakadTopa 1 nymakadropa
Yy NaLMEeHTOB C MYKOBMCLMAO30M, A TaKKe W3yUYUTb BAUAHME PaA3/MYHbIX NOAUMOPPU3IMOB reHOB LUTOXpomoB P450
(CYP2C6*4, CYP2C19%*2, CYP2D6*4) v reHa UGTI1A1 Ha GapMaKOKUHETUKY.

Martepuanbl u metogbl. B npocnekTmBHOe O4HOLEHTPOBOE UCC/eA0BaHWE BKAOYEHO 32 nauMeHTa € MyKOBUCLMA030M
B BO3pacte OoT 6 A0 18 neT, U3 HMX 29 mosyyann KOMBUHALMIO d/eKcakadTop/Tesakadtop/mBakadptop, 3 — ABOVHYIO
KOoMbUHaumio nsakadtop/nymakadrop. KOHLEHTPALMM aHAAUTOB B Mia3me onpeaenanm metogom BIXKX-MC/MC B natu
BPEMEHHbIX TOYKax B TeyeHue 12 4 nocsie npuvéma npenapatoB. MoeKyNspHO-TEHETUYECKMI aHAU3 MPOBOAMAWN Ha
ToTanbHoM AHK, BblAeNeHHOM U3 1eMKOLUTOB LieIbHOW KPOBM C MOMOLLLbIO MeToAa GeHON-X10POPOPMHOM SKCTPAKLUM.
Pe3ynbrathbl. BblABNEHA 3HAUYUTE/IbHAA MEXWUHAMBUAYaANbHAA BapuabenbHOCTb GapMaKOKMHETUYECKUX MAapamMeTpoB BCex
n3yyeHHbix CFTR-moaynaTopoB. HopMMpOBaHHbIE MaKCMMasbHble KOHLLEHTpauuu 3nekcakadtopa v nsakadTopa 6biau
3HAYMTeNIbHO Bblle Yy MauMeHToB B Bo3pacte 212 net (p=0,027 u p=0,046 cooTBeTCTBEHHO). HOCUTENLCTBO rEeHOTUMNA
CYP2C9*4 (GG), accouMMPOBAHHOIO C Mea/IeHHbIM MeTaboaN3MOM, MPUBOANIIO K CTaTUCTUYECKM 3HAYMMOMY MOBbILLIEHWIO
CUCTEMHOM 3KCMO3numMKM 3nekcakadptopa (p=0,007) n uBakadptopa (p=0,034). Ans reHotuna CYP2D6*4 (AA) BbisaBneHO
3HAYMMOE MOBbILEHME KOHLIEHTPALUMKN 3neKkcakadTopa yepes 3 4 nocne npuéma (p=0,041). Nonnmopodusam reHa UGT1AI,
BK/IOYAA TEHOTUMbI, AaCCOLMUPOBAHHbIE C CUHAPOMOM Munbbepa, He OKasblBa/N 3HAYMMOTO BAMAHUA HA CYMMapHYHO
3KCMO3MLMIO U3yYEHHbIX MPENAapaToB, NPU STOM OTMeYeHbl 60ee HU3KME KOHLIEHTPaLUKN TesakadTopa 1 anekcakadpTopa B
OTAENbHbIX TOYKAX Y HocuTenen annens *28.

3aknoueHune. ®dapmakokMHeTMKa CFTR-MoaynATOpoOB Yy JeTeli XapaKTepu3yeTcA BbICOKOM BapuabenbHOCTbIO MU
33aBMCUT OT BO3pacTa U noavmopdusma reHos, Koaupyowmx msodpepmeHtsl CYP2C9 n CYP2D6. MonyyeHHble AaHHble
060CHOBbIBAOT HEOOXOAMMOCTb Aa/NbHENLINX UCCNEA0BAHUI ANA ONTUMM3ALMUN [O3MPOBAHUA C YYETOM FEHETUYECKUX U
nemorpapuyeckux GpakTopos.

KntoueBble cnoBa: CFTR-moaynatopbl; dapmakoKMHETUKA; GapMaKoreHeTUKa; noammopodusm reHos bGuoTtpaHchopmaLmm
KCEHOOUOTUKOB

CnUCOK coKpaweHuii: MB — mykosucumaos; OPB1l — 06bEM PopcMpOBaHHOIO BbILOXa 3a MepByl CekyHay; ®K —
dapmakoknHeTrKa; T/IM — TepaneBTUYECKMIN NEKAPCTBEHHbIA MOHUTOPUHT.
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INTRODUCTION of triple therapy show high variability, and
Cystic fibrosis (CF) is a disease caused by mutations data in populations younger than 12 years

in the gene for the CF transmembrane conductance are still limited [14]. The key reason is inter-
regulator (CFTR). The CFTR protein functions as a individual differences in pharmacokinetics (PKs).

channel for chloride and bicarbonate ions, maintaining
normal epithelial secretion in the respiratory system
and other organs [1]. The most common mutation
leading to CF is the deletion of phenylalanine at
position 508 (F508del)®. In Russia, 275 pathogenic
variants of the CFTR gene have been identified, 26 of
which are not present in international databases [2].

For a long time, CF therapy was limited to
symptomatic approaches: physical airway clearance
techniques, enzyme replacement therapy, and
antibacterial therapy [3]. The effectiveness of these
approaches was low, as evidenced by the high need
for lung transplantation in CF patients [4]. The
identification of the CFTR gene in 1989 facilitated the
development of targeted therapy—CFTR modulators,
small molecules that restore the function of the
defective protein [5].

Ivacaftor, a CFTR potentiator, increases the
probability of channel opening and is effective for
mutations that impair its function (G551D, etc.) [6].
Initially approved for patients > 6 years old with the
G551D mutation, it is now approved for ages = 1 month
with any of 97 sensitive mutations [7]. The key outcome
is a 78% reduction in mortality and an 89% reduction in
lung transplants [8]. The combination of ivacaftor with
lumacaftor, a corrector that enhances CFTR protein
transport to the membrane, is approved for F508del
homozygotes [3, 8]. Monotherapy with lumacaftor
showed minimal efficacy, whereas the combination
with ivacaftor demonstrated significant improvement in
patients aged 2 years and older [9, 10].

The next stage was the introduction of tezacaftor,
a next-generation corrector with a better safety profile
and a lower risk of drug-drug interactions [11, 12]. The
triple combination of elexacaftor / tezacaftor / ivacaftor,
approved in 2019 for patients with at least one F508del
mutation, is recognized as the most effective [3, 13].
A meta-analysis of 6 studies (n = 1127) confirmed a
significant increase in forced expiratory volume in
1 second (FEV1) and a reduction in the frequency of
pulmonary exacerbations with satisfactory safety [14].
In 2023, the combination received approval in the US
and Europe for children aged 2 to 5 years [15].

Despite increased efficacy, the results

! The register of patients with cystic fibrosis in the Russian Federation.
The year 2023; Amelina EL, Kashirskaya NYu, Kondratyeva E.l,
Krasovsky ~SA, Starinova MA, Voronkova AYu, Ginter EK,
editors. Moscow: Publishing House “MEDPRACTICA-M”; 2025.
DOI: 10.61726/1981.2025.26.16.001. Russian
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The study by S.E.M. Vonk et al. (2025) revealed a
significant spread in the area under the curve (AUC)
values of the triple combination components between
and within age groups: the highest exposure was
recorded in children aged 6-11 years with a body
weight of > 30 kg, raising questions about the adequacy
of dosing [16].

All components of the triple combination are
metabolized by CYP3A4/5, have a T .. of 3-6 hours,
> 99% protein binding, and are primarily excreted in
feces [13]. A systematic review of 20 studies on the PK
characteristics of CFTR modulators revealed significant
variability in dose-normalized area under the curve
(AUC_D) values. For elexacaftor, it ranged from 0.71
to 1.63 (ug/mlxh)/mg, with the greatest variability
observed in children younger than 6 years [17]. In
studies of ivacaftor PK in adults, the dose-normalized
trough concentration (C D) ranged from 0.0039 to
0.0063 (pg/mL)/mg, and in the pediatric population,
it ranged from 0.004 to 0.013 (pg/mL)/mg [17].
Tezacaftor showed less variability in AUC in adult
PK studies (ranging from 82.2 to 92.4 pg/mlLxh)
compared to children (ranging from 0.86 to
1.34 (ug/mLxh)/mg) [17]. Studies evaluating the PK
of lumacaftor in children found greater variability in
AUCO0-12 values in patients aged 2 to 5 years with
higher weight (<14 kg and 214 kg) and receiving a
higher dose (100 mg and 150 mg) [18]. Similar trends
were observed in the results of an open-label Phase llI
study involving children younger than 2 years with CF,
homozygous for F508del-CFTR [19].

Such differences in systemic exposure create a
risk of overdose or sub-therapeutic concentrations.
One reason for the variability in exposure parameters
may be the polymorphism of genes encoding
biotransformation enzymes, primarily cytochrome
P450 isoforms. Carriage of UGT1A1 mutations (Gilbert’s
syndrome), associated with an increased risk of
hepatotoxicity during CFTR modulator therapy, may
also contribute [20, 21].

Optimization of CFTR modulator dosing regimens
in the pediatric population remains a pressing issue,
requiring PK studies to be conducted in parallel with
the investigation of the potential role of genetic
polymorphisms as predictors of PK changes.

THE AIM is to analyze the PK parameters of
elexacaftor, tezacaftor, ivacaftor, and lumacaftor
in patients with CF and to assess the influence of
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CYP2C9*3, CYP2C19%*2, CYP2D6*4, and UGT1A1l gene
polymorphisms on them.

MATERIALS AND METHODS

Study Design

A prospective, single-center, observational study
with an interventional PK cohort was conducted. The
study period was from April 1, 2024, to September 23,
2024. A total of 32 patients aged 6 to 18 years were
included in the study.

The study was approved by the Local Ethics
Committee of the Research Centre for Medical Genetics
(Protocol No. 1 dated March 18, 2024). Informed
consent (in writing, including consent for participation
in the study and for the publication of obtained data
without identifying personal information of the study
participant) was obtained from all participants, their
parents, or legal guardians before any study-related
procedures were performed.

Inclusion and Exclusion Criteria

Key inclusion criteria: children under 18
years of age with at least one F508del mutation
or a mutation sensitive to the triple combination
elexacaftor / tezacaftor / ivacaftor and receiving
the combination elexacaftor / tezacaftor / ivacaftor,
or ivacaftor / lumacaftor according to standard
treatment protocols. As a result, 29 patients
received elexacaftor / tezacaftor / ivacaftor. Doses
of 100 / 50 / 75 mg were used in 24 patients,
50/25/37.5mgin 4 patients, and 25 /12.5/ 18.75 mg
in 1 patient. Three patients received the
ivacaftor / lumacaftor combination (2 of them at a dose
of 125 /100 mg and 1 at a dose of 125 / 200 mg).

Key exclusion criteria: concomitant use of drugs
that are inhibitors or inducers of CYP and/or UGT
enzymes within 14 days prior to blood collection, use
of CFTR modulators for less than 6 days (the period
specified by the manufacturer for achieving optimal
effective concentration), and absence of a signed
informed consent.

Concentrations of drugs

Concentrations of elexacaftor, ivacaftor,
lumacaftor, and tezacaftor were determined in plasma
samples at 5 time points (before the next dose of the
drug—0 h, and 3 h, 6 h, 9 h, and 12 h after the start of
administration). For each time point, 5 aliquots of blood
plasma of at least 300 pL were obtained. The maximum
concentration (C__) over a 12-hour period after drug
administration; the time to reach C__ in plasma (T__)
over a 12-hour period after drug administration; the

Tom 14, Beinyck 4, 2026

area under the “concentration-time” curve (AUC_ )
after drug administration until the last measurement
exceeding the limit of quantification, within 12 hours
of observation; and dose-normalized C__ (C__ D) and
AUC (AUC, ,,_D) were evaluated.

Ivacaftor, tezacaftor, lumacaftor, and elexacaftor
were obtained from Selleck Chemicals (14408
Sylvanfield Dr, Houston, TX 77014, USA). Hydrochloric
acid, methanol (methyl alcohol), and acetonitrile were
provided by Thermo Fisher Scientific (168 Third Avenue,
Waltham, Massachusetts, 02451, USA), and formic
acid by Panreac Quimica SLU (Carrer del Garraf, 2,
08211 Castellar del Valles, Barcelona, Spain).

Software used in the work: Agilent Mass Hunter
Workstation  Software  package, versions Data
Acquisition v. B.08.02, Qualitative Navigator v. B.08.00,
Quialitative Workflow v. B.08.00.

Concentrations of tezacaftor, ivacaftor, elexacaftor,
and lumacaftor in plasma samples were determined by
high-performance liquid chromatography (HPLC) with
mass spectrometric (MS) detection in a single plasma
sample. This method was developed by the authors
and validated. Samples were analyzed on an Agilent
1200 liquid chromatograph (including a quaternary
pump, mobile phase degasser, and column oven). An
Agilent Polaris 3 C18-A column (5.0 x 50 mm, 5 um)
was used in the study. Separation was carried out
at a column temperature of 40°C. The mobile phase
consisted of two components: solution «A» (1 mL of
concentrated formic acid diluted with deionized water
to a total volume of 1 L) and solution «B» (1 mL of
concentrated formic acid diluted with acetonitrile to
a total volume of 1 L). Chromatographic separation
was performed in gradient elution mode. The injection
volume was 5 pL. Analysis was performed within
10 minutes. Under these conditions, the retention
times (RT) of the chromatographic peaks of the
analyzed compounds were: RT(tezacaftor) = 1.9 min;
RT(lumacaftor) = 4.4 min; RT(ivacaftor) = 4.4 min;
RT(elexacaftor) = 7.2 min (Fig. 1).

Mass spectra of tezacaftor, ivacaftor, lumacaftor,
and elexacaftor were recorded in multiple reaction
monitoring (MRM) mode on an Agilent TripleQuad
LC/MS 6410 mass spectrometer (triple quadrupole
type) after positive electrospray ionization. Nebulizer
gas pressure was 35 psi. Drying gas flow rate was
10 L/min, ion source temperature was 350 °C.
Fragmentor voltage was 135 V; collision cell voltages
were: for elexacaftor—30 V, for ivacaftor—35 V, for
lumacaftor—40 V, and for tezacaftor—20 V. The
analytical range for the determination of target
compound concentrations was 0.1-50 pg/mL.

max—
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Preparation of blood plasma samples was
carried out by protein precipitation using a mixture
of methanol and 0.1% hydrochloric acid solution.
Plasma samples were thawed at room temperature.
Then, 100 pl of plasma was transferred to Eppendorf-
type plastic tubes, 250 pyL of a mixture of methanol
and 0.1% hydrochloric acid solution (in a 9 : 1 ratio)
was added, mixed on a Vortex shaker, and incubated

for 10 min. The samples were then mixed
again. The resulting samples were centrifuged
at 10,000 rpm for 10 min using an Eppendorf
MiniSpin centrifuge (Germany). The supernatant
was transferred to chromatography vials and
placed in the chromatograph’s autosampler
for analysis.

Validation

The bioanalytical method was validated
in accordance with the Rules for Conducting

Bioequivalence Studies of Medicinal Products within
the Eurasian Economic Union?, the M10 Guideline on
Bioanalytical Method Validation of the International
Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use3, and the Food
and Drug Administration’s Guidance for Industry on
Bioanalytical Method Validation®* (2018).

Validation covered the following parameters:
selectivity, lower limit of quantitation (LLOQ), response
function and analytical range, accuracy, precision,
matrix effect, and stability. Concentrations of tezacaftor,
ivacaftor, lumacaftor, and elexacaftor in plasma were
determined by direct calibration. The method’s limit of
sensitivity was 0.01 pg/mL, LLOQ was 100 ng/mL, and
the analytical range was from 0.1 pug/mL to 50 ug/mL.
To construct the calibration curve within the
analytical cycles of patient plasma sample analysis,
calibration solutions with the following concentrations
were used: 0.1 pg/mL, 0.25 pg/mL, 0.5 pg/mL,
1 pug/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL, 25 pg/mL,
and 50 pg/mL. Calibration solutions and quality control
solutions were prepared as follows: 10 pL of the
corresponding working solutions (diluted 10-fold with
matrix) were added to 90 pL of analyte-free plasma,
followed by vortex mixing.

2 Eurasian Economic Commission. Decision of the Eurasian Economic
Commission Council No. 85. Rules for conducting bioequivalence
studies of medical products within the framework of the Eurasian
Economic Union. November 3, 2016.

3 ICH M10 on bioanalytical method validation — Scientific guideline.
Available from: https://www.ema.europa.eu/en/ich-m10-
bioanalytical-method-validation-scientific-guideline

4 Bioanalytical Method Validation Guidance for Industry. Available

from: https://www.fda.gov/regulatory-information/search-fda-
guidance-documents/ bioanalytical-method-validation-guidance-
industry
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Molecular Genetic Analysis

Molecular genetic analysis was performed on total
DNA extracted from whole blood leukocytes using
the standard phenol-chloroform extraction method
(volume of 100 pL to 200 pL of whole-genome DNA).
For 9 patients, nucleotide sequencing was performed
by direct automated Sanger sequencing on an
Applied Biosystems instrument (USA) according to the
manufacturer’s protocol. Analysis of extended CFTR
gene rearrangements was performed on the same
instrument using quantitative MLPA (multiplex ligation-
dependent probe amplification) [22]. Sequencing
data processing was carried out using the standard
automated algorithm provided by Thermo Fisher
Scientific (Torrent Suite™), as well as Gene-Talk and
NGSData software.

Data Analysis

Based on the obtained data on plasma
concentrations of tezacaftor, ivacaftor, elexacaftor,
and lumacaftor, PK parameters were calculated using
a model-independent method (AUC,_; AUC, . D;
C.. C..D; T ) For each PK parameter, the
minimum (min) and maximum (max) values, mean (M)
and median (Me), 25% and 75% quartiles (Q1 ; Q3),
coefficient of variation (CV), standard deviation (SD),
and standard error of the mean (SE) were calculated.
Statistical analysis, data visualization, and PK parameter
calculation were performed using the R programming
language version 4.4.1 (R Core Team) in the RStudio
integrated development  environment  version
2024.09.0 Build 375 (Posit PBC) with additional use
of the tidyverse package version 2.0.0 [23], ggplot2
version 3.5.1 [24], and PKNCA version 0.11.0 [25].
Analysis of significant differences between the PK
parameters of the studied drugs was performed in
two age groups (< 12 years and > 12 years) using
Welch’s t-test. Differences were considered significant
at p <0.05.

RESULTS

Characteristics of the Study Population

A total of 32 patients were included in the study.
The clinical and demographic characteristics of the
study population are presented in Table 1.

Genetic Study

Genetic analysis was performed in the first stage.
A “mild” genotype was identified in 15.63% (5 out
of 32) of patients, and a “severe” genotype in 84.38%
(27 out of 32). The analysis revealed that 37.5% (12
out of 32) of patients were homozygotes, with the
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Heterozygotes were identified in 62.5%, among whom
the proportion of F508del/non-F508del was 80%
(16 out of 20) (Table 2).

The next stage of the study involved determining
the concentrations of CFTR modulators in plasma
samples obtained from patients (total number of blood
plasma samples analyzed in the study is 154). When
calculating PK parameters, the dose of each drug was
calculated considering the patient’s weight (mg/kg). PK
parameters of tezacaftor, calculated from the analysis
of plasma samples from 29 patients, are presented in
Table 3. The average age of the population, including
29 patients, was 13.13 = 3.0 (min = 6.6; max = 17.9)
years, and the average body weight was 45.55 + 13.45
(min = 19.5; max = 80.0) kg. In the analysis of patient
subgroups <12 years (n = 11) and 212 years (n = 18),
significant differences were found only for the drug
dose (mg/kg), p = 0.012.

Individual PK curves of tezacaftor, constructed
based on plasma concentration data from patients, are
shown in Figure 2.

PK parameters of elexacaftor are presented
in Table 4. Comparison of parameters in patient
populations < 12 years (n = 11) and > 12 years (n = 18)
revealed a significantly higher C__ D value in the
second group (p = 0.027), despite these patients
receiving a lower drug dose (mg/kg) (p = 0.013).

PK parameters of ivacaftor are presented in Table 5.
Data were collected from 32 patients receiving the
elexacaftor / tezacafto / ivacaftor combination and
from 3 patients receiving the ivacaftor/lumacaftor
combination. As with elexacaftor, for ivacaftor, we
found a significantly higher C__ D value (p = 0.046) in
patients > 12 years old, along with a significantly lower
drug dose (mg/kg) (p = 0.041).

Data on PK parameters of
obtained from plasma samples of 3 patients (ages: 14.3,
10.3, and 9.4 years) (Table 6). The small number of
patients limits the analysis of the obtained data.

The next stage of the work is dedicated to assessing
the influence of different genotypes on the PK
parameters of CFTR modulators.

The values of AUC _,, D and T __ for different
genotypes of the CYP2C6*4 polymorphic variant of the
CYP2C6 gene (M + SD) are presented in Table 7. The
results indicated that the GG genotype (associated with
“slow” metabolism) leads to a statistically significant
(p < 0.05) increase in systemic exposure to two of the
three studied drugs (elexacaftor and ivacaftor).

The assessment of the quantitative content of
tezacaftor (ug/mL) in blood plasma samples of CF

lumacaftor were
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polymorphic variant of the CYPC1 gene did not reveal
significant differences (Table 8).

The results of assessing the influence of different
genotypes of the CYP2D6*4 polymorphic variant of the
CYP2D6 gene on the content of elexacaftor (ug/mL)
in blood plasma samples of CF patients are presented
in Table 9. A significantly higher concentration of
elexacaftor was noted at the 3-hour time point in the
group of slow metabolizers (AA genotype).

The assessment of the influence of genotype (in
Gilbert’s syndrome) revealed a number of significant
differences in the quantitative content of CFTR
modulators (Table 10).

Analysis of PK parameters (Table 11) did not reveal
a statistically significant influence of UGT1Al1 gene
polymorphism (including variants causing Gilbert’s
syndrome) on the systemic exposure of the studied
drugs (tezacaftor, elexacaftor, and ivacaftor).

DISCUSSION

The presented results were obtained in
a population of 32 patients with CF aged 6.6
to 17.9 vyears. Genetic analysis confirmed the
prevalence of the “severe” genotype (84.4% of patients
are carriers of the F508del mutation), associated with
the classic phenotype of the disease. The proportion
of homozygotes for the F508del mutation was 34.4%
(n = 11) of the total sample. The F508del/non-F508del
variant was predominant among heterozygotes
(80%). According to international data, the F508del
mutation dominates among others: the frequency
for patients in the USA is 79%, in Europe—59%, in
Brazil—44% [26]. In the study by A. Orenti et al.
(2023), it was demonstrated that for F508del/non-
F508del heterozygotes compared to homozygotes,
the prognosis of CF is less favorable: starting from
childhood, they showed a significantly faster
deterioration of respiratory function, assessed by the
decrease in FEV1, a higher frequency of Pseudomonas
aeruginosa infection, and higher mortality rates [27].
At the same time, it is important to note that over
a 10-year period (from 2011 to 2021), a stable
trend towards improvement in FEV1 indicators was
observed in the general population of European
CF patients: among children, the percentage of
predicted value increased from 85% to 94.2%,
and among adults—from 63.6% to 74.7% [28].
According to the authors, the greatest improvement
was recorded in carriers of the F508del mutation
in 2021, which is associated with the initiation of
active use of the elexacaftor / tezacaftor / ivacaftor
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combination. According to the British CF patient Our comprehensive assessment of the PK

registry, the total proportion of CF patients for
whom this drug combination is not suitable is only
8.6% (852 out of 9887)—these are patients without
the F508del mutation [29]. A systematic review of
studies conducted in various countries using national
CF patient registries (57 included in the analysis)
established that the elexacaftor / tezacaftor / ivacaftor
combination was characterized by the most
pronounced improvement in lung condition, despite
some variability in results [30]. The noted variability
may be a consequence of changes in the PK parameters
of CFTR modulators, which justifies the importance
of conducting PK studies in different patient
populations.

parameters of elexacaftor, tezacaftor, ivacaftor, and
lumacaftor revealed some influence of age in patients
with CF on the PK parameters of the studied drugs. For
elexacaftor and ivacaftor, a unidirectional trend was
observed: patients aged > 12 years had significantly
higher C_ D values (p 0.027 for elexacaftor,
p = 0.046 for ivacaftor), despite adolescents receiving
significantly lower weight-based doses (mg/kg)
of both drugs compared to the < 12 years group
(p = 0.013 and p = 0.041, respectively). The obtained
data indicate significant age-related differences in the
pharmacokinetics of these CFTR modulators, likely due
to changes in metabolic enzyme activity and volume of
distribution during growth.
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Figure 1 — Chromatographic-mass spectrometric profile of a plasma standard sample containing
the analyzed compounds at a concentration of 1 ug/mL.

Table 1 — Clinical and demographic characteristics of the study population

Value
Parameter
M + SD min max n (%)
Age at the time of study participation, years ~ 12.95 + 2.97 6.60 17.90 -
Age at initial CF diagnosis, years 1.33+2.11 0 15.0 -
Sex: - - -
Female 18(56.25)
Male 14 (43.75)
Weight, kg 44.07 £ 13.45 19.5 80.0 -

Note: CF, cystic fibrosis.

368

Volume X1V, Issue 4, 2026



Hay4Ho-npakTunyeckuin XxypHan

OAPMALIA N
OAPMAKONIOTUA

(PHARMACY & PHARMACOLOGY)

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2026-14-4-362-376

Table 2 — Structure of homozygotes and heterozygotes
(F508del/F508del, F508del/non-F508del, non-F508del/non-F508del)

Homozygotes (n = 12)

Heterozygotes, total 20

Type n (%) Type n (%)

F508del/F508del 11 (91.67) F508del/non-F508del: 16 (80.00)

R1066C/R1066C 1 (8.33) F508del/2184insA 1(6.25)
F508del/406-1G->A 1 (6.25)
F508del/3849+10KbC->T 1(6.25)
F508del/CFTRdele2,3 5(31.25)
F508del/L1335P 1(6.25)
F508del/L138ins 1(6.25)
F508del/S466X;R1070Q 2 (12.5)
F508del/p.Tyr84X 1(6.25)
F508del/R553X 1(6.25)
F508del/2143delT 1(6.25)
F508del/S1196X 1(6.25)
non-F508del/ non-F508del 4 (20.00)
3272-16T>A/CFTRdele9 1(25)
CFTRdele2,3/E92K 1(25)
CFTRdele2,3/4015 1(25)
G85E/CFTRdele2,3 1(25)

Table 3 — Pharmacokinetic parameters of tezacaftor in the studied pediatric population (n = 29)

Parameter Value )

M + SD Me (Q1; Q3) [min ; max] Welch’s t-test
AUC, ., hxpg/mL (total population, n = 29) 83,43 +40,69 86.61(54.41;110.83) [17.48;208.11[ n/a
AUC, ., hxug/mL (population < 12 years,n=11) 90,70 £50,25 90.73 (44.29;116.1) [27.9;208.11] t=0.68, df= 15,
AUC, ., hxpg/mL (population > 12 years, n=18) 78,99 + 34,44 81.26 (56.1; 95.9) [17.48; 144.2] P=0.51
AUC, , D, hxpg/mL (total population, n = 29) 80,65 +42,79 81.28 (45.55;104.3) [22.32;227.41] n/a
AUC,_, D, hxug/mL (population < 12 years, n=11) 72,74+ 36,76 74.40 (40.40;112.62) [22.32;129.03] t=0.819,
AUC, ,,_D, hxpg/mL (population > 12 years, n = 18) 85,49 + 46,42 83.38 (49.74;102.62) [22.72;227.41] =25 p=0.42
Coov pg/mL (total population, n = 29) 10,0+ 4,78 10.21 (5.98; 12.56) [1.83; 25.45] n/a
C,. (population < 12 years, n = 11) 11,27 +£5,79 11.38 (6.05; 13.92) [4.78 ; 25.45] t=1.025,
C..., (population > 12 years, n = 18) 923+4,02 10.03(5.90;11.62) [1.83;15.64] df=15p=032
C...D pg/mL (total population, n = 29) 9,64 +5,15 9.44 (5.35;12.13) [2.38; 28.36] n/a
C....D, (population <12 years, n = 11) 8,95+ 4,04 7.56 (5.16; 12.44) [4.06; 15.78] t =0.605,
C.._D, (population 212 years, n = 18) 10,06 +5,79 9.49 (7.14 ; 11.82) [2.38;28.36] 9f=26,p=0.55
L. h (total population, n = 29) 3,62+1,24 3.0(3.0;3.0) [3.0;6.0] n/a
T ... h (population < 12 years, n = 11) 4,09+1,51 3.0(3.0;6.0) [3.0;6.0] t=1.484,
T__, h (population >12 years, n = 18) 3,33£0,97 3.0(3.0;3.0) [3.0;6.0] df=15,p=0.16
Dose, mg/kg (total population, n = 29) 1,09+0,31 1.11(0.83;1.30) [0.41;1.67] n/a
Dose, mg/kg (population < 12 years, n = 11) 1,26 £0,25 1.25(1.03;1.52) [0.93;1.67] t=2.69, df =25,
Dose, mg/kg (population = 12 years, n = 18) 0,98+0,31  0.94(0.76;1.22) [0.41;1.47]  P=0012%

Note: * is significant differences at p < 0.05; n/a, not applicable.
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Table 4 — Pharmacokinetic parameters of elelexaftor in the studied pediatric population (n = 29)

Value
Parameter =
M + SD Me (Q1; Q3) [min ; max] Welch’s t-test
AUC,_,, hxpg/mL (total population, n = 29) 102,01 +47,39 88.70 (68.70; 121.84) [25.86;228.34] n/a
AUC,_,, hxpug/mL (population < 12 years, n=11) 99,93 +50,45 88.70(71.59; 119.91) [25.86;228.34] t=0.178, df = 20,

AUC, ., hxpg/mL (population > 12 years, n = 18) 103,28 + 46,88 89.60 (62.87 ; 121.98) [43.13;198.6] P =0.86
AUC, , D, hxpg/mL (total population, n =29) 48,64 +21,14 41.07 (35.02;63.98) [10.34;100.75] n/a

AUC, ,, D, hxug/mL (population < 12 years,n=11) 39,57+ 16,43 38.54(29.16;49.16) [10.34;70.78] t=2.031, df = 25,
AUC, ., D, hxpg/mL (population > 12 years, n =18) 54,19 +22,17 47.93(39.39;68.12) [25.06 ; 100.75] P =0.053

Cov pg/mL (total population, n = 29) 10,26 + 4,06 8.74(7.20; 12.12) [4.25;21.91] n/a

C..., (population < 12 years, n = 11) 9,9 +4,33 8.74 (6.91; 11.82) [4.34;20.95]  t=0.339, df = 23,
C._, (population > 12 years, n = 18) 10,49 + 4,87  9.29 (7.48 ; 12.76) [4.25;21.91] P=074

C...D pg/mL (total population, n = 29) 4,86+ 1,97 4.22 (3.57; 6.09) [1.73;9.57] n/a

C.__D, (population < 12 years, n = 11) 3,93+1,39 3.73(2.69 ; 4.85) [1.73 ; 6.49] t=2.342, df = 26,
C.._D, (population > 12 years, n = 18) 5,44 + 2,08 4.80 (3.82 ; 6.63) [3.22;9.57] p=0.027*

L. h (total population, n = 29) 6,41 + 3,28 6.0 (4.5;9.0) [0;12] n/a

T... h (population < 12 years, n = 11) 6,55+ 2,25 6.0 (6.0; 6.0) [3.0;12.0] t=0.188, df = 26,
T__, h (population > 12 years, n = 18) 6,33 + 3,83 6.0 (3.0;9.0) [0;12.0] p=0.85

Dose, mg/kg (total population, n = 29) 2,18 +0,63 2.22 (1.67 ; 2.60) [0.82; 3.33] n/a

Dose, mg/kg (population < 12 years, n = 11) 2,52+0,49 2.50(2.06; 3.03) [1.85; 3.33] t=2.672,df =24,
Dose, mg/kg (population > 12 years, n = 18) 1,97 + 0,62 1.88 (1.52 ; 2:44) [0.82;2.94] p=0.013*

Note: * is significant differences at p < 0.05; n/a, not applicable.

Table 5 — Pharmacokinetic parameters of ivacaftor in the studied pediatric population (n = 32)

Parameter Value

M + SD Me (Q1; Q3) [min ; max] Welch’s t-test
AUC, ., hxpg/mL (total population, n = 29) 31,51+23,80 25.31(16.90;36.83) [3.33;124.63] n/a
AUC, , hxug/mL (population < 12 years, n =11) 29,94+30,82 20.27 (14.08;36.32) [3.33;124.63]  t=0.276, df = 17,
AUC, ., hxpg/mL (population > 12 years, n = 18) 32,58 + 18,42 27.24 (22.85;48.37) [5.15; 76.60] p=0.780
AUC_,,_D, hxug/mL (total population, n = 29) 19,55+12,80 19.98 (8.74;26.62) [0.73;51.51] n/a
AUC, . D, hxpg/mL (population < 12 years,n=11) 14,97 +13,56 9.37(5.37;22.33)  [0.73;51.51] t=1.677, df = 23,
AUC,_,, D, hxug/mL (population > 12 years, n =18 22,69 + 11,58 21.73 (13.89;32.35) [1.78;45.96] p=0.107
Coov pg/mL (total population, n = 29) 3,67 12,49 3.25(2.37;4.33) [0.41;12.23] n/a
C._, (population < 12 years, n = 11) 3,37+2,93  2.76(1.63;3.95) [0.41; 12.23] t = 0.533, df = 20,
C. ., (population > 12 years, n = 18) 3,88+2,20 3.44(2.66;5.23) [0.67; 9.25] p=0.600
C...D pg/mL (total population, n = 29) 2,28 £ 1,46 2.12(1.10;3.17) [0.09; 6.35] n/a
C.__D, (population < 12 years, n = 11) 1,67+1,32  1.21(0.85;2.26) [0.09 ; 5.06] t = 2.089, df = 27,
C..._D, (population 2 12 years, n = 18) 2,70+ 1,44  2.55(1.57;3.43) [0.25; 6.35] p =0.046*
L. h (total population, n = 29) 5,34 +2,82 6.0 (3.0;6.0) [0;12.0] n/a
T... h (population < 12 years, n = 11) 4,85+ 1,52 6.0(3.0;6.0) [3.0;6.0] t = 0,926, df = 26,
T__, h (population > 12 years, n = 18) 568+3,45 6.0(3.0;6.0) [0;12.0] p=0,363
Dose, mg/kg (total population, n = 29) 1,89+0,94 1.72(1.29;2.17) [0.61;5.10] n/a
Dose, mg/kg (population < 12 years, n = 11) 2,35+1,16 1.88 (1.63; 2.46) [1.39;5.10] t=2.217, df = 16,
Dose, mg/kg (population > 12 years, n = 18) 1,57+0,62  1.50(1.14; 1.97) [0.61; 3.33] p=0.041%

Note: * is significant differences at p < 0.05; n/a, not applicable.
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Table 6 — Pharmacokinetic parameters of lumacaftor in the studied pediatric population (n = 3)

Patient ID AUC__,., hxpg/mL AUC . D, hxug/mL C__,pg/mL C_ D, pg/mL T.oh Dose, mg/kg
3 393.90 107.54 40.38 11.02 6 3.63
4 499.46 93.65 51.53 9.66 0 5.33
7 194.62 47.68 24.48 6.0 3 4.08
M 362.66 82.95 38.8 8.9 3 4.35
SD 154.8 31.33 13.59 2.6 3 0.88

Table 7 — Area under the pharmacokinetic curve in the 0-12 h interval, normalized to dose (AUC

D)

0-12—

time to maximum concentration (T__ ) for different genotypes of the polymorphic variant CYP2C6*4
of the CYP2C6 gene, M £ SD

Genotype
Parameter AA (1) slow AG (2) GG (3) p-value
1(4.2%) 4 (16.7%) 19 (79.1%)
Tezacaftor
AUC,,, D 102.6 64.2+33.7  87.3%46.2  p, =0.056
T . 3 3.7+13 3.5+15 p,._, = 0.040*
Elexacaftor
AUC,,, D 50.0 41.1+11.2 52.1+24.5 p, , =0.007*
T 3 6.7+2.9 6.5+3.5 p>0.05
Ivacaftor
AUC,,, D 29.3 15.8+11.7 21.1+13.4 p, , =0.034*
T 3 44+2.1 6.0+3.1 p>0.05

Note: * is significant differences at p <0.05.

Table 8 — Assessment of the quantitative content of tezacaftor (ug/mL) in plasma samples of patients with cystic
fibrosis with different genotypes of the polymorphic variant CYP2C19*2 of the CYPC19 gene, M = SD

Genotype
Time, h AA (1) slow AG (2) GG (3) p-value
1(4.2%) 4 (16.7%) 19 (79.1%)
0 2.1 24+12 3.9+2.38 p>0.05
3 5.4 5.4+24 11.3+4.38 p, ,=0.05
6 12.7 48+2.7 9.1+3.7 p>0.05
9 8.5 43%2.6 6.9+3.3 p>0.05
12 5.5 33+1.9 6.0+3.1 p>0.05

Table 9 — Assessment of the quantitative content of elelexaftor (ug/mL) in plasma samples of patients with
cystic fibrosis with different genotypes of the polymorphic variant CYP2D6*4 of the CYP2D6 gene, M £ SD

Genotype
Time, h AA (1) slow AG (2) GG (3) p-value
1(4.2%) 7 (29.2%) 16 (66.6%)
0 9.67 5.2+3.7 84+49 p>0.05
3 11.1 7.6+5.4 9.6+4.7 p, = 0.041*
6 10.5 8.1+4.9 10.7+3.8 p>0.05
9 10.1 7.7+3.9 9.9+4.2 p>0.05
12 8.4 6.8+3.2 9.2+4.0 p>0.05

Note: * is significant differences at p <0.05.
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Table 10 — Quantitative assessment of tezacaftor, elexacaftor, ivacaftor (ug/mL) in plasma samples
of cystic fibrosis patients with different UGT1A1 gene genotypes, M + SD

Genotype

Time, h 1*/28%*, 28*/28* (Gilbert’s p-value
syndrome)—7 (2£§.2%) I = e ()
Tezacaftor
0 2.2+0.7 41+29 p >0.05
3 6.5+2.9 11.5+5.0 p =0.044*
6 6.3+3.5 9.5+3.7 p >0.05
9 44+2.2 81+2.2 p >0.05
12 3.2+1.7 6.5+3.0 p >0.05
Elexacaftor
0 54126 84+5.1 p >0.05
3 6.2+2.3 10.3+5.1 p>0.05
6 7.6+2.6 10.9+4.3 p =0.030*
9 6.4+1.7 10.5+4.2 p >0.05
12 58+1.6 10.2+4.1 p =0.043*
Ivacaftor
0 1.2+09 3.1+2.2 p >0.05
3 44+0.4 4.4+2.7 p >0.05
6 23+1.0 41+2.2 p >0.05
9 1.4+0.6 33120 p>0.05
12 1.0+0.5 3.0£2.1 p=0.032*

Note: * is a significant differences at p < 0.05.

Table 11 — Area under the pharmacokinetic curve in the 0—12 h interval, normalized to dose (AUC

D), and

0-12—

time to maximum concentration (T__ ) for different genotypes of the UGT1A1 polymorphic variant, M + SD

max

Genotype

Tezacaftor
AUC, ,, 76.2+61.7 82.6+32.9 p>0,05
T 3.7+13 3515 p>0,05
Elexacaftor
AUC,_, 45.5+23.2 49.6 +20.7 p>0,05
T 57+3.2 6.8%3.4 p>0,05
Ivacaftor
AUC,_,, D 13.6 +10.8 227129 p>0,05
T 44+16 5.9£3.2 p>0,05

Our study found a high degree of variability in the
PK parameters of CFTR modulators. For tezacaftor,
the CV for AUC,_ , was 48.8%, and for C__, it was
47.8%. Individual AUC_ . values ranged from 17.48
to 208.11 hxpg/mL (a range of over 10-fold), and C_
ranged from 1.83 to 25.45 ug/mL (a range of over
13-fold). Age analysis (< 12 years and > 12 years)
did not reveal differences in tezacaftor exposure
parameters (AUCHZ, C. .o as well as dose-normalized
parameters) (p > 0.05). The only significant difference
was a higher weight-based dose (mg/kg) in the
< 12 years group (1.26 + 0.25 vs. 0.98 + 0.31 mg/kg,

p=0.012). Consequently, high inter-individual
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variability in exposure for tezacaftor was determined,
not directly related to age. The absence of significant
differences for tezacaftor between age groups
is consistent with published data indicating its
predominantly linear PKs within the studied dose
range [15, 16].

The variability in elexacaftor exposure is
comparable to that of tezacaftor: CV% for AUC_, is
46.5%, and for C__, it is 39.6%. The range of AUC__,
values varied from 25.86 hxpg/mL to 228.34 hxug/mL
(an 8.8-fold range). Analysis of PK parameters in
the < 12 and > 12 vyears groups revealed several
differences. For example, C D was significantly

max—
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higher in children > 12 vyears (5.44 + 2.08 pg/mL
vs. 3.93 + 1.39 pg/mL, p = 0.027). For AUC__, D, the
differences were borderline statistically significant
(54.19 + 22.17 hxpg/mL vs. 39.57 = 16.43 hxug/mL,
p = 0.053), confirming the observed trend. Our findings
suggest that patients aged 212 years exhibit higher
elexacaftor exposure per unit dose compared to the
< 12 years group.

In our study, ivacaftor demonstrated the highest
inter-individual variability: CV% for AUC_,, was 75.5%.
The range of AUC__, values varied from 3.33 hxpg/mL
to 124.63 hxpug/mL (a 37-fold range), and C__

ranged from 0.41 pg/mL to 12.23 pg/mL (a 30-fold
range). Such high variability may be due to genetic

polymorphism of the CYP3A4 gene, responsible
for ivacaftor metabolism, as well as differences
in absorption. Similar to elexacaftor, statistically

significant differences in C__ _D were found for ivacaftor
(2.70 £ 1.44 pg/mL in patients > 12 years vs. 1.67 + 1.32
in the < 12 years group, p = 0.046). This difference
was observed despite a significantly lower weight-
based dose in the older age group (1.57 + 0.62 mg/kg
vs. 2.35 + 1.16 mg/kg, p = 0.041). Analysis of
AUC, ,,_D generally supported a trend towards higher
values in the > 12 years group (22.69 + 11.58 hxug/mL
vs. 14.97 + 13.56 hxug/mL), but the differences did not
reach statistical significance (p = 0.107), which may be
due to the high variability of the parameter.

Regarding the PK parameters of lumacaftor, our
study was limited to only 3 patients, which did not
allow for definitive conclusions.

Thus, it can be stated that the PK parameters
of the studied CFTR modulators are characterized
by extremely high inter-individual variability in
exposure, justifying the expediency of therapeutic
drug monitoring (TDM) for individualizing drug
regimens [31]. High inter-individual variability in
PK parameters was demonstrated in a population
PK analysis of elexacaftor, tezacaftor, and ivacaftor
(2025, 96 children aged 2 to 18 years) using one-
compartment models. The authors showed that body
weight significantly influenced apparent clearance
and volume of distribution with allometric scaling. In
children younger than 12 years weighing 30-40 kg, who
received doses corresponding to adults (elaxacaftor
200 mg, tezacaftor 100 mg, ivacaftor 150 mg twice
daily), higher exposure (AUC, C__, C ) was observed
compared to adult patients with CF [15]. Another
population PK study also confirmed that body weight
is the primary covariate explaining the variability
in PK parameters of tezacaftor and ivacaftor in the
pediatric population [32]. According to a systematic
review of 20 PK studies, the use of CFTR modulators in
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children (ivacaftor, lumacaftor, tezacaftor, elexacaftor)
is characterized by high inter-individual and intra-
individual variability, primarily related to body weight
and the maturity of enzymes metabolizing these drugs,
as well as drug interactions and liver function [17].

Our pharmacogenetic analysis revealed a
borderline but clinically significant difference in
tezacaftor concentration at 3 hours post-dose between
carriers of AG and GG genotypes of the CYP2C192
polymorphic variant (p = 0.05). In GG homozygotes
(“normal” metabolizers), the concentration at this
time point (11.3 + 4.8 ug/mL) was more than double
that in AG heterozygotes (5.4 + 2.4 ug/mL). This aligns
with the significant difference in T__ for tezacaftor
(p = 0.040) and suggests that CYP2C19 genotype
predominantly affects the early distribution phases
of tezacaftor. The obtained data are consistent with a
new understanding of the role of CYP2C19 isoenzyme
in tezacaftor metabolism, despite tezacaftor being
primarily considered a CYP3A4 substrate [33]. Analysis
of the influence of CYP2D6 gene polymorphism
revealed several statistically significant differences.
The GG homozygous genotype, associated with
“poor” metabolism, was associated with significantly
higher systemic exposure (AUC_ _,, D) of elexacaftor
(p = 0.007) and ivacaftor (p = 0.034) compared to
AG heterozygotes. Hourly analysis of elexacaftor
concentrations confirmed this trend—at 3 hours, the
concentration in GG homozygotes was significantly
higher than in AG (9.6 + 4.7 ug/mL vs. 7.6 £ 5.4 pug/mL,
p = 0.041). Our findings imply some involvement of
CYP2D6 in the metabolism of elexacaftor and ivacaftor,
while published data from other researchers suggest
no significant role of CYP2D6 in the biotransformation
of ivacaftor, which is mainly metabolized by CYP3A
enzymes (CYP3A4 and CYP3A5) [17, 34]. A similar
pattern is characteristic of elexacaftor, which, according
to published data, is primarily metabolized by
CYP3A4/5 [35].

A previously published study investigating the
influence of various Phase | biotransformation
enzyme genotypes on the efficacy and safety of
CFTR modulators in patients with CF identified some
significant associations [36]. It was found that patients
with the AC genotype of the CYP2C9*3 polymorphic
variant showed improved body weight, height, and
BMI after one year of CFTR modulator treatment
compared to AA genotype carriers. Favorable effects
regarding weight gain in patients with CF were
observed in carriers of the GG genotype of the
CYP2D6*4 polymorphic variant. When examining the
safety profile, the authors found that the GG genotype
of CYP2D6*4 polymorphism and the AA genotype of
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CYP2C19*2 polymorphism were associated with an Study Limitations

increased frequency of adverse events, particularly Several limitations should be considered

elevated serum liver transaminases [36]. when interpreting the results. The small sample

Contrary to expectations based on UGTIAI1’s
involvement in Phase Il xenobiotic metabolism, the
presence of alleles associated with Gilbert’s syndrome
(28*28* and 1*28*) did not lead to a decrease in the
metabolism rate of the studied drugs. On the contrary,
at several time points (3 h for tezacaftor, 6 h and 12 h
for elexacaftor, 12 h for ivacaftor), concentrations in
the “normal” genotype 1*/1* group were paradoxically
higher (p < 0.05). However, analysis of the integrated
AUC, ,_D parameter showed these differences were
nullified (p > 0.05). It can be hypothesized that the
observed point differences are due to the small sample
size and high variability (coefficient of variation in the
Gilbert’s syndrome group for tezacaftor AUC reached
81%), or the influence of unmeasured factors. Our data
lead to the conclusion that UGT1A1 polymorphism is
not a key predictor of changes in the exposure of the
triple combination, which is consistent with published
data indicating the predominant metabolism of these
drugs via the cytochrome P450 system. Despite
published data not revealing a significant role for
UGT1A1 in CFTR modulator metabolism, the presence
of Gilbert’s syndrome is associated with a worse safety
profile for this drug class. The work by E.K. Zhekaite
et al. (2025) established that the incidence of adverse
reactions associated with CFTR modulator use is
significantly higher in patients with CF and Gilbert’s
syndrome (elexacaftor / tezacaftor / ivacaftor—30% vs.
10% in patients without Gilbert’s syndrome; ivacaftor /
lumacaftor—28% vs. 4%, p < 0.05 in both cases) [37].

size in subgroups of rare genotypes (particularly
AA homozygotes for the CYP2D6*4 polymorphic
variant of the CYP2D6 gene), which were excluded
from comparative analysis, limits statistical power
and prevents definitive conclusions for ultra-poor
or ultra-rapid metabolizers. The authors did not
assess the concentrations of the metabolites of the
studied drugs, which might have provided more
insight.

CONCLUSION

The conducted FC study revealed significant inter-
individual variability in CFTR modulator exposure in
children with CF. The lowest variability in parameters
was recorded for ivacaftor, and the highest for
elexacaftor. The high variability of the latter justifies
the clinical significance of conducting TDM to
optimize therapy and minimize the risk of adverse
events or insufficient efficacy. An age-dependent
exposure of elexacaftor and ivacaftor was established,
indicating the need to consider age as a critical
factor in developing personalized dosing regimens
for triple combinations in children and adolescents
with CF. The influence of genetic polymorphism
of biotransformation enzymes on the exposure of
ivacaftor and elexacaftor in the pediatric population
justifies the expediency of further research aimed
at developing algorithms for personalized dosing of
CFTR modulators based on pharmacogenetic testing
results.
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The metabolic characteristics of anticoagulants largely depend on the patient’s genetic profile, determining the
variability of pharmacological response to drugs and the risk of adverse reactions. Among the key genes encoding
enzymes responsible for anticoagulant metabolism are CES1, CYP2C9, and VKORCI1. They significantly influence the
pharmacokinetics and pharmacodynamics of both indirect and direct oral anticoagulants, which dictates the effectiveness
and safety of anticoagulant therapy. In clinical practice, the implementation of pharmacogenetic testing before prescribing
anticoagulants will significantly reduce the risk of complications and improve therapeutic efficacy.

The aim. To assess the frequency of clinically significant polymorphisms of the CYP2C9 (rs1799853), VKORC1 (rs9912121),
and CES1 (rs2244613) genes in patients residing in the Astrakhan region.

Materials and Methods. The study sample consisted of 90 patients residing in the Astrakhan region who received inpatient
treatment for confirmed coronavirus infection COVID-19 and were receiving anticoagulants. Venous blood collected
in EDTA tubes was examined: diagnostic kits “CYP2C9 gene Arg144Cys (rs1799853)” (NPF Sintol LLC, Russia), “VKORC1
gene G1639A (G3673A) (rs9923231)” (NPF Sintol LLC, Russia), and “CESI gene C(-33)A (rs2244613) GenTest” (NMT LLC,
Russia). After DNA isolation and amplification, blood samples were genotyped by PCR. The study was conducted with an
assessment of Hardy—Weinberg equilibrium (p > 0.05).

Results. The results showed that the frequency of VKORCI1 gene polymorphisms occurred in 60 (66.7%) patients (95% Cl:
[56.96-76.44]; p > 0.05), CES1 gene in 55 (61.1%) (95% Cl: [51.03-71.17]; p > 0.05), and CYP2C9 gene in 24 (26.7%) (95% Cl:
[17.56-35.84], p > 0.05).

Conclusion. The obtained results revealed a high frequency of distribution of polymorphic variants of genes
associated with altered pharmacological response to anticoagulant therapy in patients residing in the Astrakhan
region. This highlights the potential for implementing pharmacogenetic testing in the regional healthcare
clinical practice for a personalized approach, optimized dosing, and reduced risks of adverse outcomes.
Keywords: pharmacogenetics; anticoagulants; warfarin; novel direct oral anticoagulants; CES1; CYP2C9; VKORC1
Abbreviations: ACT — anticoagulant therapy; ACDs — anticoagulant drugs; INR — international normalized ratio; NOACs —
new oral anticoagulants.
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OcobeHHOCTM MeTabonM3Ma aHTMKOAry/lAHTOB BO MHOFOM 33aBWUCAT OT TEHETUYECKUX XapaKTepPUCTUK MaumeHTa —
obycnaenueatoT BapuabenbHOCTb GapMaKONOrMYecKoro OTBeTa Ha npenapatbl M PUCK BO3HUKHOBEHMA MOBOYHbIX
peakunini. O4HMMM U3 KIOYEBbIX TEHOB, KOAMPYOLWMX PaboTy GepMeHTOB, OTBEYAIOLLMX 33 METab0IM3M aHTUKOATYNAHTOB,
asnatoTca CES1, CYP2C9 n VKORC1. OHM OKa3blBAOT 3HAYMTE/IbHOE BAUAHME Ha GapMaKOKUHETUKY U GapMaKoANHAMUKY
KaK HenpsmblX, TaK W MNPAMbIX MepopasibHbiX AHTUKOArynAaHTOB, YTO onpegenset 3ddeKTMBHOCTL M He3onacHocTb
AHTUKOAryIAHTHOW Tepanuu. B ycnoBuAX KAMHUYECKOM MPAKTUKU UMNAeMeHTaLMA papmMaKoreHeTUYeCKoro TeCTMpPOBaHMA
nepes HazHa4YeHMemM aHTUKOAry/JIAHTOB 3HAUUTENIbHO CHUMKAET PUCK PAa3BUTUA OC/IOKHEHWUI M NOBbLILIAET TepaneBTUYECKYHo
3¢ deKTUBHOCTb.

Llenb. OueHKa 4acToTbl BCTPEYAEMOCTM KAMHUYECKU 3HAYMMbIX NoaMmopduamos reHos CYP2C9 (rs1799853), VKORC1
(rs9912121) n CES1 (rs2244613) y NnaLMeHTOB, }KuUTenein ACTpaxaHCKOro pernoxa.

Matepuanbl u metogbl. Wccneagyemyto BblGOpKy coctaBuav 90 MaUMEHTOB, KUTenel ACTPaxaHCKOTO PervoHa,
NONYYMBLUMX CTALMOHAPHOE NeYEHWE B CBA3U C MOATBEPKAEHHOW KOpOHaBMpycHoW uHdeKkuuelrr COVID-19, KoTopbim
Ha3HayYaNn aHTUKOArynAaHTbl. MiccnenoBann BEHO3HYHO KPOBb, CO6paHHYto B Npobupku ¢ IOTA: AMarHoCcTUYecKMe Habopbl
«Argl44Cys reHa CYP2C9 (rs1799853)» (OO0 «HM® CuHTOn», Poccua), «G1639A (G3673A) reHa VKORCI (rs9923231)»
(000 «HM® CuHTON», Poccus) n «feHTect CES1 C(-33)A (rs2244613)» (OO0 «HMT», Poccusa). Mocne BbigeneHuns AHK n
amnandurKaumm obpasibl KpoBM reHoTUNMpoBanu nocpeactsom MLP. UccnepoBaHme NpoBeseHO € OLEHKOM cobatofeHns
paBHoBecua Xapan—BaiHbepra (p >0.05).

Pe3ynbTatbl. B pe3ynbtaTe yCTaHOB/EHO, YTO YacToTa nonMmopdunamos reHa VKORCI BcTpeyaetca y 60 (66,7%) naumeHToB
(AN 95%: [56,96-76,44]; p >0,05), reHa CES1 — y 55 (61,1%) (AN 95%: [51,03—71,17]; p >0,05), reHa CYP2C9 — y 24
(26,7%) (OM 95%: [17,56-35,84], p >0,05).

3aKkntoueHue. lNosyyeHHble pes3ynbTaTbl BbIABUAM BbICOKYIO YacTOTy pacnpegeneHus noaumopdHbIX BapMaHTOB rEHOB,
ACCOLMMPOBAHHbIX C M3MEHEHHbIM (apPMAKONIOrMYECKMM OTBETOM Ha aHTUKOAryIAHTHYIO Tepanuio, Y NaLMeHTOB —
Kutenen ACTPaxaHCKOro permoHa. 3TO aKLEeHTUPYeT BHMMaHWE Ha BO3MOMKHOCTU BHEAPEHWUA B KAMHUYECKYIO MPaKTUKY
perMoHasbHOro 34paBOOXPAHEHUsA (GapMaKOreHeTUYeCcKoro TecTUPOBAHMA ANA  MepCOHANU3MPOBAHHOIO NOAX0A3,
ONTUMM3ALMU A03UPOBAHUA U CHUKEHUSA PUCKOB HEHNAronpUATHbBIX MCXOA0B.

KntoueBble cnoBa: GbapMaKoreHeTUKa; aHTUKOAryasaHTbl; BapdapuH; HOBble NpAMble NepopasibHble aHTUKOarynaHTbl; CESI;

CYP2C9; VKORC1

Cnucok coKpaweHui: AKT — aHTUKoarynsaHTHas Tepanua; AKIM — aHTUKoarynsHTHble npenapatbl; MHO —
MeXAyHapoaHOe HOpMain30BaHHoe oTHoweHue; HOAK — HoBble NepopasibHbie aHTUKOAryNAaHTbI.

INTRODUCTION infection was accompanied by increased levels
In recent years, anticoagulant therapy (ACT) of D-dimer, fibrinogen, and vascular thrombosis,

has become central to practical medicine due to
its crucial role in the prevention and treatment of
thromboembolic events. Impaired hemostasis and
thrombosis, such as pulmonary embolism, systemic
fibrillation,

and acute coronary syndrome, ischemic stroke, are

embolisms, venous thrombosis, atrial
among the leading causes of mortality and disability

worldwide, claiming 17.9 million lives annually*2.
Venous thromboembolism affects approximately 10
million people globally, with an incidence of 1-2 cases
per 1000 population per year, while atrial fibrillation
affects around 60 million people, increasing the risk
of ischemic stroke by 4-5 times [1, 2]. The COVID-19
pandemic highlighted a key pathophysiological link
in severe disease progression: the development of
with
increased blood clotting [3-5]. The hypercoagulation

hemocoagulation  complications  associated

syndrome observed in patients with coronavirus

! Healthcare in Russia. 2023: Statistical collection: Rosstat; Moscow,
Z-46 2023. 179 p. Russian

2 World Health Organization (WHO). Cardiovascular diseases.
Available from: https://www.who.int/ru/health-topics/cardiovascular-
diseases#tab=tab_1
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necessitating a re-evaluation of approaches to the
prevention and therapy of thrombotic complications.
Consequently, during the pandemic, anticoagulant
drugs (ACDs) became an integral part of treatment for
both hospitalized and outpatient patients, as reflected
in the temporary methodological recommendations
“Prevention, Diagnosis, and Treatment of New
Coronavirus Infection (COVID-19)” V revision® [6, 7].
ACD therapy plays a central role in clinical practice
aimed at reducing cardiovascular diseases and
improving prognoses in patients at high risk of adverse
thrombotic events. Furthermore, a significant challenge
is the selection of drug dosages, considering comorbid
pathology of eliminating organs and systems, as well as
clinically significant interactions with other medications.

For many decades, warfarin was the “gold
standard” of ACT in the treatment of cardiovascular
diseases. However, high

alongside its efficacy,

3 Prevention, Diagnosis, and Treatment of New Coronavirus Infection
(COVID-19): Interim Guidelines; Kraeva SA, Kostenko NA, Kamkin EG
[et al.]. Version 3; Moscow: Ministry of Health of Russian Federation;
2020. 63 p. EDN: NKZMOV. Russian
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warfarin use is associated with several limitations,
such as a narrow therapeutic index, the need for
constant monitoring of the international normalized
ratio (INR), and multiple clinically significant drug
interactions [8-10]. Under these circumstances, an
individualized approach to warfarin dosing is crucial
for achieving high efficacy and safety in ACT. The
unpredictable pharmacokinetic and pharmacodynamic
response to warfarin is determined, among other
factors, by patients’ genetic characteristics, which forms
the basis for implementing pharmacogenetic strategies
in ACD therapy [11, 12].

Currently, new oral anticoagulants (NOACs) such
as dabigatran, apixaban, rivaroxaban, and edoxaban
are actively used in clinical practice. These drugs have
a more predictable pharmacological profile, do not
require constant laboratory monitoring, are highly
selective, and cause fewer clinically significant drug
interactions [13, 14]. Overall, these advantages give
NOACs benefits in many clinical situations, leading
to their consideration as alternatives to warfarin.
However, despite these advantages, individual
sensitivity to them also affects the efficacy and safety
of therapy, underscoring the need to study patients’
pharmacogenetic, non-modifiable characteristics that
influence the trajectory of pharmacological response.

For warfarin, the clinically significant genes are
CYP2C9 and VKORCI1, polymorphisms of which lead
to changes in the pharmacological response to the
drug. The CYP2C9 gene encodes an isoenzyme of the
cytochrome P450 system involved in the metabolism
of most drugs, including warfarin. The polymorphic
variant of the CYP2C9 gene, CYP2C9*2, rs1799853
(430C>T), is associated with reduced functional activity
of the enzyme, which can lead to drug accumulation,
increased therapeutic concentration, and excessive
[15],
titration downwards.

anticoagulation undoubtedly requiring dose
The VKORC1 gene, in turn, encodes vitamin K

epoxide reductase, a key enzyme in vitamin K
metabolism. It converts the oxidized form of vitamin
to its reduced form, which is necessary for the
y-carboxylation of blood clotting factors. Warfarin
inhibits VKORC1, leading to reduced synthesis of these
factors and hypocoagulation. The mutation rs9923231
(-1639G>A) is associated with the need for a reduced

warfarin dose to achieve the target INR level, due

Tom 14, Beinyck 4, 2026

to slowed enzyme activity and increased sensitivity
to the drug because of reduced levels of activated
vitamin K [16, 17]. This is most significant for drugs with
a narrow therapeutic index, such as warfarin, where
even a slight dosage change can lead to adverse effects.

Among the NOACs, dabigatran is one of the
most used for the and

frequently prevention

treatment of thrombotic complications. Dabigatran
is a prodrug, administered as the inactive compound
etexilate, which is converted to its
the body by

namely carboxylesterase 1

dabigatran
active form in specific esterase
(CES1)
carboxylesterase 2 (CES2). CES1, primarily expressed
in the

intestinal

enzymes, and

liver, performs the main function, while
CES2 partially compensates for reduced
CES1 activity. Figure 1 illustrates the metabolism of
dabigatran etexilate under the action of CES1 and CES2
enzymes [18].

Currently, the study of CES1 gene polymorphisms,
which can alter enzyme activity and thus affect
ACT efficacy and safety, is of particular interest.
dabigatran’s predictable pharmacological
CES1

pharmacokinetic

Despite
profile and its use at therapeutic doses,
polymorphisms can influence its
and pharmacodynamic parameters. Carriage of
the polymorphic allele rs2244613 (1168-33A>C) is
associated with reduced metabolic activity of the
enzyme, leading to slower conversion of dabigatran
etexilate to its active form, dabigatran, which can result
in lower drug concentration in the blood and reduced
anticoagulation [19].

To date,
significant is the automated algorithm for warfarin
adjustment via WarfarinDosing.org, which
considers polymorphic variants of CYP2C9 and VKORC1

genes that slow drug metabolism [20]. When using

the most well-known and clinically

dose

therapeutic dosages, patients have an increased risk
of bleeding, but with genetic information, the dose is
reduced, leading to an effective and safe anticoagulant
effect.
The

testing (PGT) approaches into practice is a promising

implementation of pharmacogenetic
direction in pharmacology and medicine. Identifying
genetic markers that influence a patient’s individual
sensitivity to ACDs can serve as a foundational basis for
developing personalized therapy algorithms aimed at
increasing treatment efficacy and safety.
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THE AIM is to assess the frequency of clinically
significant polymorphisms in the CYP2C9 (rs1799853),
VKORC1 (rs9912121), and CESI1 (rs2244613) genes
in patients with COVID-19 who received inpatient
treatment.

MATERIALS AND METHODS

Study Design

A single-center retrospective cohort study was
conducted.

Ethics Approval

The study was conducted within the framework
of a consortium between the Astrakhan State Medical
University and the Russian Medical Academy of

Continuous Professional Education “Ethnoge netic
and Molecular Biological Basis of Complications After
Post-COVID-19 Infection,” approved by the Local Ethics
Committee of the Astrakhan State Medical University,

Protocol No. 3 dated December 30, 2021.

Study Duration
Patient recruitment was conducted from December
2022 to August 2023.

Study Conditions

The study was carried out at the multifunctional
of Astrakhan—a branch of the
Astrakhan Regional City Clinical Hospital No. 3 named

medical center
after S.M. Kirov, where patients received inpatient
treatment for a confirmed diagnosis of coronavirus
infection COVID-19.

Eligibility Criteria

confirmed
COVID-19,
severe form of the disease, presence of voluntary

Inclusion  criteria: diagnosis  of

coronavirus  infection moderate  or
informed consent, age 18 years and older, permanent
in the Astrakhan

of anticoagulant therapy (ACT) as part of inpatient

residence region, administration
treatment.

Exclusion criteria: patient’s refusal to sign
informed voluntary consent to participate in the
study, presence of absolute contraindications for
ACT prescription, unconfirmed COVID-19 diagnosis,
bleeding at the time of inclusion, age under 18 years;

incomplete set of laboratory parameters used in

380

the analysis (coagulogram, biochemical and clinical
blood test data), repeated entries of the same patient
(duplicate cases) identified during re-analysis of the
database. The sample included patients with and
without concomitant cardiovascular
with the

pathology. In
accordance temporary methodological
recommendations, ACT was prescribed to all patients
with moderate and severe COVID-19 without exception,
due to the presence of COVID-associated coagulopathy
vascular

and etiopathogenetic damage to the

endothelium [21, 22].

Study Methodology

For pharmacogenetic analysis, 3 mL of venous
blood was collected into vacuum tubes with EDTA.
Samples were stored according to regulatory
documentation requirements at a temperature of
-20°C in a vertical position on racks. DNA extraction
was performed using the reagent kit “PROBA-RAPID-
GENETIKA” (OO0  “DNA-Tekhnologiya”,  Russia).
Polymorphic variants of the CYP2C9, VKORC1, and
CES1 genes were identified by PCR using diagnostic
kits “CYP2C9 gene Argl44Cys (rs1799853)” (00O
“NPF  Sintol”, Russia), “VKORC1 gene G1639A
(G3673A) (rs9923231)” (OO0 “NPF Sintol”, Russia),
and “CES1 gene C(-33)A (rs2244613) GenTest” (OO0
“NMT”,

instructions.

Russia) according to the manufacturer’s

Statistical Analysis

Statistical analysis of the results was performed
using the StatTech v. 4.12.5 software (OO0 “Stattech”,
Russia). The conformity of allele and genotype
distributions to Hardy—Weinberg equilibrium was
assessed using the x? (chi-square) test. Normality of
guantitative indicators distribution was checked using
the Shapiro-Wilk test.

presented as n (%) with a 95% confidence interval,

Categorical variables were

and quantitative variables as M % SD. The critical
significance level was set at p > 0.05. Additionally, a
comparison of the obtained polymorphism frequencies
with data from domestic and foreign studies was
conducted.

RESULTS
The study sample included 90 patients with a
laboratory-confirmed diagnosis of coronavirus infection

Volume X1V, Issue 4, 2026
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COVID-19, presenting in moderate and severe forms.
ACT was prescribed to all participants to prevent
thromboembolic complications.

The distribution of
characterized by a predominance of women—49

patients by sex was
individuals (54.4%), while the number of men was
41 (45.6%). Patient age ranged from 24 to 70 years,
with a mean age of 62.81 + 11.19 years (Table 1).

A moderate form of COVID-19 was diagnosed
in 78 (86.7%)
12 (13.3%). The average duration of hospitalization was

patients, and a severe form in
12.06 *+ 4.99 days. The average oxygen saturation level
upon admission was 93.23 + 2.12%.

revealed

Analysis of laboratory parameters

pronounced signs of systemic inflammation and

activation of the coagulation link of hemostasis.
The average D-dimer level was 0.8243.28 ug/mL
(normal < 0.5 pg/mL), C-reactive protein—
74.12 £+ 8.67 mg/L (normal <5.0 mg/L), INR values
limits of normal—1.16 + 0.68,
while the average platelet count was within reference
values—237.43 + 155.10x10%L.

All patients (100%) received ACT at therapeutic
(100%);
additionally, apixaban was prescribed to 13 patients
(14.4%), and rivaroxaban to 7 patients (7.8%). NOAC

therapy was recommended to all patients without

reached the upper

doses. Heparin was used in all cases

exception (100%) after discharge from the hospital for
3 months.

The study of the prevalence of polymorphisms
in the CYP2C9, VKORC1, and CES1 genes showed a
high frequency of their carriage among residents of
the Astrakhan region. The assessment of allele and
genotype distributions showed conformity to expected
values according to Hardy-Weinberg equilibrium
(p > 0.05). The obtained results indicate the genetic
homogeneity of the study sample and confirm the
reliability of the conducted analysis. Data on the
prevalence of polymorphisms in the CYP2C9, VKORC1,
and CES1 genes in patients from the Astrakhan region
are presented in Table 2.

Polymorphic variants of the VKORCI1 gene were
found in 66.7% of patients (95% Cl: [56.96—76.44],
p > 0.05), and the CESI1 gene—in 61.1% (95% Cl:
[51.03-71.17], p > 0.05). CYP2C9 gene polymorphism
occurred less frequently—in 26.7% (95% Cl: [17.56—
35.84], p > 0.05).
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For the CES1 gene (rs2244613),
genotype distribution showed a high prevalence
of CC and AC genotypes (61.1%), associated with a
significant decrease in enzyme metabolic activity, which

analysis of

can lead to failure to achieve therapeutic dabigatran
concentrations in plasma and be accompanied by an
increased risk of thrombotic events [19, 23, 24].
Analysis of genotype distribution for the CYP2C9
gene (rs1799853) revealed that the most common
genotype is CC, characterized by an unchanged rate of
metabolic reactions. However, CT and TT genotypes
were found in 26.7% of patients, which may indicate
ACT inefficiency in every third patient. The presence
of CT and TT genotypes demonstrates a reduced
activity of the CYP2C9 enzyme,
warfarin metabolism. The presence of the T allele is

responsible for

associated with decreased drug clearance, increased
INR at therapeutic doses, and an increased risk
of hemorrhage [25, 26].

For the VKORC1 gene, it was established that
60 (66.7%) patients had AA and GG genotypes,
associated with slowed enzyme expression and high
sensitivity to warfarin, which at standard doses can lead
to major hemorrhages.

Analysis of these clinically significant gene
polymorphisms showed that the study sample has a
high proportion of carriers of genotypes affecting the
pharmacokinetic and pharmacodynamic properties
This distribution

variability in metabolism and sensitivity to this group

of anticoagulants. reflects the
of drugs. Therapeutic doses may be inadequate for
such patients, potentially leading to serious side
effects.

Additionally, an assessment of the frequency of
combinations of polymorphisms of the indicated genes
was performed. The sample included patients with
polymorphisms in one gene, as well as in combinations
of two or all three genes.

Almost every second patient in the observation
group (48.9%) has a combination of polymorphisms,
meaning they have an atypical response to therapy,
making the use of standard doses ineffective and
unsafe. The detected high proportion of patients with
multiple genetic predictors of altered drug metabolism
indicates  the

significance  of pharmacogenetic

testing in  the personalized selection of

anticoagulants.
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Figure 1 — Metabolism of dabigatran etexilate under the influence of CES1 and CES2 enzymes.

Table 1 — Clinical and demographic data of patients

Indicator

Value

Total number of patients, n

90

Women, n (%)

49 (54.4%)

Men, n (%)

41 (45.6%)

Age, M £ SD, years

62.81+11.19

Moderate COVID-19, n (%)

78 (86.7%)

Severe COVID-19, n (%)

12 (13.3%)

Duration of hospitalization, M + SD, days

12.06 +4.99

0, saturation on admission, M + SD, %

93.23+2.12

D-dimer, M £ SD, pug/mL

0.82 +3.28

INR, M + SD

1.16 +0.68

C-reactive protein, M = SD, mg/L

74.12 + 8.67

Platelets, M * SD, x10%L

237.43 £155.10

Anticoagulant prescription, M £ SD, n (%):
heparin

NOAC inpatient

NOAC outpatient after discharge

90 (100%)

90 (100%)

20 (22.2%)

90 (100%)

Lethal outcome, n (%)

6 (6.7%)

Note: INR, International Normalized Ratio; NOAC, Novel Oral Anticoagulants.
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Table 2 — Results of the frequency assessment of carrier status for polymorphic alleles of CES1, CYP2C9
and VKORCI1 genes in patients, calculated by Hardy-Weinberg equilibrium

Genotypes gfug;zzrmsl n (%) Confidence Interval X p
CES1 (rs2244613)
cC 18 (20.0%) [11.74-28.26] 0.97 0.32
AC 37 (41.1%) [30.93-51.27]
AA 35 (38.9%) [28.83-48.97]
CES1 (rs2244613), alleles
C 73 (40.6%)
A 107 (59.4%)
CYP2C9 (rs2244613)
T 1(1.1%) [-1.05-3.25] 0.25 0.61
CT 23 (25.6%) [16.58-34.62]
cC 66 (73.3%) [64.16-82.44]
CYP2C9 (rs1799853), alleles
T 25 (13.9%)
C 155 (86.1%)
VKORC1 (rs9923231)
AA 27 (30.0%) [20.53-39.47] 3.24 0.07
GA 33 (36.7%) [26.74-46.66]
GG 30 (33.3%) [23.56-43.04]
VKORC1 (rs9923231), alleles
A 87 (48.3%)
G 93 (51.7%)

Table 3 — Assessment of the frequency of occurrence of combinations of polymorphisms of CES1, CYP2C9
and VKORCI1 genes in patients, residents of the Astrakhan region

To evaluate the obtained data in the context
of global patterns, a comparative analysis of the
frequency of polymorphisms in the CYP2C9, CES1, and and
VKORC1 genes with data from international studies
was conducted. It was found that the frequencies

Gene Number, % Total, %
Single polymorphism
CES1 18 (20.0%) 40 (44.4%)
CYP2C9 2 (2.2%)
VKORC1 20 (22.2%)

Combinations of polymorphisms of two genes
CES1 + VKORC1 21 (23.4%) 33 (36.7%)
CYP2C9 + VKORC1 8 (8.9%)
CES1 + CYP2C9 4 (4.4%)

Combinations of polymorphisms of three genes

CESI + CYP2C9 + VKORC1 11 (12.2%)

11 (12.2%)

gene
more

Americans—2.2%,
Asians—0.07%,

Europeans, and about 18% in South Asians. CYP2(C9
polymorphism s
heterogeneous

characterized by lower
prevalence:  African
Americans—8.5%,  East
South

Latin
Europeans—12.8%, and

of CES1 polymorphisms vary significantly across
global populations: among African Americans, it is
75.5%; among Latin Americans—77%; among East

Asians—40.4%; among Europeans—81.6%; among
South Asians—59.2%.
The frequency of VKORCI gene variants

also varies depending on the population: 10%
among African Americans, 39%—Latin Americans,
up to 89% in East Asian populations, 38% in

Tom 14, Beinyck 4, 2026

Asians—4.6% [27].

DISCUSSION

The obtained data on the prevalence of
polymorphisms in key anticoagulant (AKP) metabolism
genes—CYP2(C9, CES1, and VKORC1—among patients
residing in the Astrakhan region differ from the results
of genotype frequencies in other population groups of
the Russian Federation.
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In the European part of the Russian Federation, the
prevalence of polymorphic variants of the CYP2C9 gene
is characterized by a relatively uniform distribution. In
the Voronezh region, the frequency of the minor allele
CYP2C9*2 is 10.5%, and the allele CYP2C9*3 reaches
6.7% [28]. Comparable indicators were recorded in
Moscow, where the frequency of the CYP2C9*2 allele
is 9.7%, and CYP2C9*3—5.2%. The highest frequency
of the CYP2C9*2 allele among the studied regions
of the European part of the country was noted in the
Stavropol Krai and reaches 12%, while the prevalence
of the CYP2C9*3 allele is about 6% [29]. Similar values
were found in St. Petersburg — the frequency of the
CYP2C9*2 allele is 11.11%, and CYP2C9*3—6.32% [30].

In the eastern regions of the Russian Federation,
a change in the distribution structure of polymorphic
variants of the CYP2C9 gene is observed. In the
Irkutsk region, the frequency of the CYP2C9*2 allele
decreases to 6.1%, while the frequency of CYP2C9*3,
on the contrary, increases to 9.5%, which is one of the
highest indicators among the studied regions [29]. In
the Republic of Buryatia, the lowest prevalence of both
minor alleles was found: the frequency of CYP2C9*2
is 2.3%, and CYP2C9*3—1.7% [31]. In the Khabarovsk
Krai, the frequency of the CYP2C9*3 allele remains at
5.7% [32].

Analysis of the regional distribution of CYP2C9
gene polymorphisms indicates significant geographical
variability. The results obtained in the Astrakhan
region show the highest frequency of CYP2C9 gene
polymorphisms, with this indicator reaching 26.7%,
which exceeds the corresponding values obtained in
other regions of the Russian Federation. This can likely
be attributed to the multi-ethnic composition of the
Astrakhan region.

The prevalence of the rs2244613 polymorphism
of the CES1 gene in the populations of the Russian
Federation is characterized primarily by ethnic
differences, with relative stability of indicators among
Russian populations in different regions.

Among Russian residents of various territories, the
frequency of the minor allele C of the CES1 gene shows
similar values: in Moscow, it is 28.4%, and in the Irkutsk
region, it is 28.3%, indicating the absence of significant
regional differences within the European part of Russia
and Siberia [33, 34].

Higher values of this indicator are observed in the
populations of the Republic of Dagestan. Among Avars,
the frequency of allele C is 38.3%, among Dargins,
it is 40.0%, while among Laks, it is 29.3%, which is
comparable to the level in Russian populations [34].

For the rs9923231 polymorphism of the VKORC1
gene in the populations of the Russian Federation,
significant regional differences have been identified,

384

with an increase in the frequency of the minor allele A
in the eastern part of Russia.

In the European part of Russia, the indicators
remain relatively stable; for example, in Moscow, the
frequency of allele A is 38.1% [26]. Among Chuvash, the
frequency of allele A of the VKORCI gene (-1639G>A)
was 48.60% [35].

The highest values were recorded among the
indigenous peoples of Eastern and Western Siberia.
In the Republic of Buryatia, the frequency of allele A
is 85.3%, in the Republic of Sakha (Yakutia), it reaches
83.1%, among Selkups, it is 71.8%, and among Nenets,
itis 61.0% [26].

The high frequency of clinically significant
polymorphisms identified in the Astrakhan region,
combined with the results of international studies,
creates prerequisites for discussing the possibility of
developing and implementing a regionally adapted
protocol for conducting FGT before prescribing ACT in
each subject of the Russian Federation.

Study Limitations

This study, despite the representativeness of the
data and the identified trends, has several limitations
that must be considered when interpreting the
obtained results. The study has a relatively small
sample size (n = 90), and patients were not stratified by
ethnicity.

CONCLUSION

The conducted study revealed a high prevalence
of polymorphisms in the VKORC1, CES1, and CYP2C9
genes associated with altered sensitivity to ACT
among patients residing in the Astrakhan region. The
frequencies of the identified allelic variants were
comparable to the data obtained in other subjects of
the Russian Federation. A significant proportion of
patients exhibited not only single but also combined
polymorphisms, including combinations of two and
three genes simultaneously, indicating potentially high
variability in the pharmacokinetic profile of ACP in this
population.

The dominance of combined genetic variants
suggests an increased risk of hemorrhagic
complications when using standard doses of ACP,
especially in patients carrying multiple sensitive
alleles. The totality of the obtained data underscores
the necessity of implementing personalized
approaches to ACT dosage selection and the
use of pharmacogenetic testing before initiating
treatment. Such an approach will enhance the
safety and efficacy of therapy, minimize the risk of
adverse reactions, and improve clinical outcomes
in patients.
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The aim. To conduct a comparative evaluation of the physicochemical properties, biological activity, bioequivalence, and
safety, including tolerability and immunogenicity, of the drug Semaltara® (semaglutide, tablets 3 and 14 mg (Biochemik,
Russia) and the drug Rebelas® (semaglutide, tablets in dosages of 3 and 14 mg (Novo Nordisk A/S, Denmark) when
administered to healthy volunteers.

Materials and Methods. To assess the bioequivalence of the investigational drug Semaltara® (semaglutide, tablets
3 and 14 mg (Biochemik, Russia) with a chemically synthesized active substance to the original (reference) drug Rebelas®
(semaglutide, tablets in dosages of 3 and 14 mg (Novo Nordisk A/S, Denmark), an open-label randomized crossover

For citation: A.S. Ametov, L.A. Balykova, KYa. Zaslavskaya, I.E. Shokhin, T.G. Bodrova, L.A. Zorina, V.S. Shcherbakova, D.V. Kurkin,
K.N. Koryanova, E.S. Mishchenko, M.L. Maksimov, A.V. Matveey, L.I. Shcherbakova, I.N. Dyakova, E.D. Kozlov, D.N. Andreev, Yu.G. Kazaishvili,
S.M. Noskov, P.A. Bely. Comparative analysis of bioequivalence, safety, and tolerability of semaglutide (tablets): results of an open-label
randomized crossover comparative study. Pharmacy & Pharmacology. 2026;14(4):387-409. DOI: 10.19163/2307-9266-2026-14-4-387-409
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comparative study (n = 110) was conducted. Patients were randomized into 4 groups: Group 1 (n = 25) — patients received
the investigational drug Semaltara® and the comparator drug Rebelas® daily once a day at a dose of 3 mg (1 tablet) for
28 days; Group 2 (n = 25) — the comparator drug Rebelas® and the investigational drug Semaltara® daily once a day at
a dose of 3 mg (1 tablet) for 28 days; Group 3 (n = 30) — the investigational drug Semaltara® and the comparator drug
Rebelas® daily once a day at a dose of 14 mg (1 tablet) for 28 days; Group 4 (n = 30) — the comparator drug Rebelas®
and the investigational drug Semaltara® daily once a day at a dose of 14 mg (1 tablet) for 28 days. The concentration of
semaglutide was determined in serum samples using a pre-validated enzyme-linked immunosorbent assay (ELISA) method.
The conclusion on bioequivalence of the compared drugs was made based on the assessment of 90 % confidence intervals
for the ratios of geometric mean values of C__ and AUC,, , parameters of semaglutide in the original units of measurement.
Results. The results of the clinical study demonstrated the bioequivalence of the investigational drug and the comparator
drug. The pharmacokinetic parameters of the drugs were comparable: Based on statistical analysis, the obtained 90 %
confidence intervals for the ratio of C__ ~and AUC, .., values of semaglutide 3 mg were 96.57-120.94 % and 94.37-
120.06 %, respectively. For the 14 mg dosage, the 90 % confidence intervals for the ratio of Chross and AUC(O_r)SS values of
semaglutide were 91.79-109.68 % and 91.47-112.80 %, respectively. The tolerability of the drugs in volunteers was noted
as good. No serious adverse events were registered during the entire study. Thus, the investigational drug Semaltara®,
tablets, and the comparator drug Rebelas®, tablets, have a similar safety profile, including tolerability, at both the 3 mg and
14 mg dosages.

Conclusion. The conducted study demonstrated the bioequivalence and similar safety profile, as well as tolerability of the

X,

Russian drug Semaltara® (semaglutide 3 and 14 mg, tablets, Promomed LLC, Russia) in comparison with the foreign drug
Rebelas® (semaglutide, tablets in dosages of 3 and 14 mg (Novo Nordisk A/S, Denmark).

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

List of Abbreviations: T2DM — type 2 diabetes mellitus; HbAlc — glycated hemoglobin; GLP-1 — glucagon-like peptide-1;
BMI — body mass index; BP — blood pressure; SBP — systolic blood pressure; DBP — diastolic blood pressure; HR — heart
rate; ECG — electrocardiography; AE — adverse event; SAE — serious adverse event; Cl — confidence interval.
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Liensb. MpoBectu cpaBHUTENBHYIO OLEHKY GU3UKO-XMMUYECKUX CBOMCTB, BMONOrMYECKOM aKTUBHOCTU, BUOIKBUBAZIEHTHOCTH
1 6e30MacHOCTK, BK/IOYAA NEPEHOCMMOCTb M MMMYHOTEHHOCTb, JIeKapCTBEHHOro npenapata Cemanbrapa (cemarnytug,
Tabnetkn 3 n 14 mr (AO «Bbrnoxumuk», Poccua) n npenapata Pebencac® (cemarnytua, Tabnetku B go3mpoBkax 3 u 14 mr
(HoBo Hopawck A/C, laHus) npu npMMeHeHUM 340Pp0BbIMM L06POBOAbLAMM.

Martepuanbl U metogbl. [11A OLEHKM OWMOIKBMBANEHTHOCTU uccaegyemoro npenapata Cemanbrapa® (cemarnytug,
Tabnetkn 3 n 14 mr (AO «BUOXMMUK», POCCUA) C XUMUYECKN CUHTE3UPOBAHHBIM aKTUBHbLIM BELLECTBOM OPUTMHANbHOMY
(pedepeHTHOMY) npenapaTy Pebencac® (cemarnytug, Tabnetkm B Aosvposkax 3 u 14 mr (Hoso Hopawuck A/C, [daHus)
NpoOBEAEHO OTKPbITOE PaHAOMM3MPOBAHHOE MepeKpecTHoe CcpaBHWUTeNbHOe ucciefoBaHue (n=110). [MaumeHTbI
nyTém paHAoOMM3aLMKM pacnpegeneHbl Ha 4 rpynnbl: 1 rpynna (n=25) — nauueHTbl NOAyYanu uccaegyemblii npenapat
Cemanbtapa® v npenapat cpaBHeHua Pebencac® exxeaHeBHo 1 pas3 B cyT B fo3e 3 mr (1 TabneTtka) B TeyeHue 28 aHel;
2 rpynna (n=25) — npenapat cpaBHeHua Pebencac® u nccnesyemblii npenapat Cemansrapa® exeaHesHo 1 pas B AeHb
B no3e 3 mr (1 Tabnetka) B TeyeHne 28 pgHelr; 3 rpynna (n=30) —wuccnegyembliit npenapat Cemanbtapa® v npenapat
cpaBHeHuA Pebencac® exxegHeBHo 1 pa3 B cyT B go3e 14 mr (1 TabneTka) B TeueHune 28 gHei; 4 rpynna (n=30) — npenapat
cpaBHeHusa Pebencac u uccnegyemblii npenapat Cemanstapa® exxegHeBHo 1 pa3 B geHb B go3e 14 mr (1 Tabnetka) B
TeyeHune 28 gHell. KoHLEHTpaLMIO cemarnyTnaa onpeaensnu B 06pasLax CbIBOPOTKM KPOBU C MOMOLLbIO NPpesBapuUTenbHO
Ba/MAMPOBAHHOTO MeToAa WMMyHodepMeHTHOro aHanusa (M®PA). BbiBos, O OMOIKBMBANEHTHOCTM CPABHUBAEMBbIX
npenapaTos Aenanun no oueHke 90% AOBEPUTENbHbBIX MHTEPBA/ZIOB ANA OTHOLIEHWUM CPeAHUX FEOMETPUYECKUX 3HAYEHUI
napametpos C__, AUC(H cemarnyTmaa B UCXOAHbIX eAUHULAX U3MEPEHMUA.

Pe3ynbratbl. Pe3ynbTaTbl KAMHWYECKOrO WCCAEL0BAaHUA MPOLEMOHCTPUPOBAAU OUOSKBUBANEHTHOCTb UCC/IEAYEMOro
npenapaTa v npenaparta cpaBHeHUA. PapmaKOKMHETUYECKME NapameTpbl NpernapaToB Bbln COMOCTaBUMbI MeXay coboin:
Mo pesynbTaTam CTAaTUCTUYECKOTO aHanu3a nosydeHHble 90% foBepuTeNbHblE MHTEPBA/bI ANA OTHOLWEHUA 3HauYeHuid C,
SS U AUC(O_I)SS cemarnytuga 3 mr coctasuam 96,57-120,94% v 94,37-120,06%, cooTBeTcTBEHHO. [1n1A B A03MPOBKKU 14 mr
90% poBepuTeNbHbIe MHTEPBAbl AN OTHOLEHUA 3HAYEHUM Cmax, SS U AUC(O_I)SS cemarnytnaa coctasunum 91,79-109,68% u
91,47-112,80%, COOTBETCTBEHHO. [lepeHOCMMOCTb NpenapaToB y 406POBO/bLEB OTMEYEHa KaK xopoluas. B TeyeHue Bcero
MUCCNef0BaHNA He 3aperncTpMpoBaHO HU OAHOMO CEPbE3HOro HeXenaTeNbHoro AsBneHMA. Takum obpasom, ucciesyemblii
npenapat Cemanbtapa®, TabneTkm U npenapat cpaBHeHUs Pebencac®, Tabnetkn, UMeroT cXoaHbIM Nnpoduab 6e3onacHocTy,
BKJ/IOYAA NEePeHOCUMOCTb KaK B 03MPOBKe 3 Mr, Tak U B f03MpoBKe 14 mr.

3akntoueHue. B xone npoBef&HHOrO UCCNeA0BaHMA NMOKasaHa BUO3KBMBAZIEHTHOCTb U CXOAHbIM Npoduab GesonacHocTy,
a TaKXe MepeHOCMMOCTb pPoccuiickoro npenapata Cemanstapa® (cemarnytug 3 u 14 mr, Tabnetkn, OO0 «Mpomomesy,
Poccus) B cpaBHeHMM C 3apybekHbiMm npenapatom Pebencac® (cemarnytua, Tabnetku B Ao3mposBkax 3 u 14 mr (Hoso
Hopauck A/C, JaHus).

KnioueBble cnoBa: r1OKaroHonoAo6HbIN nentua-1; 6MOSKBUBANEHTHOCTb; GaPMaKOKMHETUKA; CEeMAryTUA,; CaxapHbIi
Anabert 2-ro Tmna; GU3MKO-XMMMUYECKME CBOMCTBA; NPoduab 6e30macHOCTH; BUOoOrMYeckas akTUBHOCTb; TabneTku

Cnucok cokpaweHuit: C[ 2 — caxapHbli aumaber 2 Tuna; HbAlc — rAMKMpOBaHHbLIM remornobuH; MNMN-1 —
rNtoKaroHonoAo6bHbIM nentma-1; UMT — uHAekc maccol Tena; AL — apTepuanbHoe fdasneHue; CAL — cucTo/Myeckoe
apTepuanbHoe gasneHune; OA[ — aAuactonnyeckoe aprepuasnbHoe gasneHune; YCC — 4acToTa cepAeyHblX COKpaLLeHui;
OKI' — anektpokapguorpadua; HA — HexenatenbHoe asneHwe; CHA — cepbé3Hoe HexkenatenbHoe fAsneHue; AU —
[0BEpUTENbHBIN UHTEpPBA.
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INTRODUCTION

According to the latest data from the NCD
Risk Factor Collaboration (2022),
people with diabetes mellitus (DM) has reached 828

the number of

million, of whom more than 95% suffer from type 2
DM [1]. Statistics show that the prevalence of DM
will continue to grow, however, this figure is likely
higher due to varying estimates of current diabetes
prevalence [1-3]. Type 2 DM is a complex, multisystem
metabolic disorder characterized by high blood glucose
levels resulting from progressive defects in insulin
secretion or insulin resistance of tissues* [4]. Type 2 DM
is a common and heterogeneous disorder characterized
by varying degrees of beta-cell dysfunction and insulin
resistance.

There
type 2 DM, affecting pathways regulated by the central

is a strong link between obesity and
nervous system. These pathways control food intake
and energy expenditure by integrating signals from
peripheral organs and the environment [5]. It should
also be noted that type 2 DM does not only affect
older people; in recent years, a twofold or threefold
increase in the incidence of type 2 DM in young people
(< 40 years) has been observed [6].

Glucagon-like peptide-1 (GLP-1) receptor agonists
are recently approved drugs for the treatment of
DM and obesity. GLP-1 has physiological effects on
various organs. Like incretin, it enhances glucose-
dependent insulin secretion by pancreatic B-cells,
promotes B-cell neogenesis, inhibits B-cell apoptosis,
and suppresses glucagon secretion by a-cells (shown
in rodent studies). Furthermore, GLP-1 affects other
tissues and organs, including the stomach—slowing
gastric emptying, the heart—exerting cardioprotective
effects, as well as adipose tissue and skeletal muscles—
improving glucose uptake, and also acts centrally on
hypothalamic neurons, inducing satiety [7-9]. GLP-1
receptor agonist therapy suppresses appetite, leading
to weight loss, which in turn has a broad impact on
improving patients’ quality of life and reducing the
risk of cardiovascular and renal complications [10].
Various GLP-1 receptor agonists are approved for
the treatment of type 2 DM, including exenatide,
liraglutide, lixisenatide, dulaglutide, and semaglutide.
These drugs are characterized by subcutaneous
administration, although an oral form of semaglutide
is also available [10]. Scientific studies have shown that

! International Diabetes Federation. IDF Diabetes Atlas 10th Edition;
2021. Available from: https://diabetesatlas.org/
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GLP-1 analogs improve glycemic control in patients with
type 2 DM and additionally contribute to a reduction in
systolic blood pressure (BP). Long-acting preparations
of this class are associated with more effective
glucose reduction and exhibit fewer gastrointestinal
side effects compared to their short-acting
counterparts [11-14].

Scientific developments in recent years have
allowed for a detailed study of the role of incretin
hormones in regulating carbohydrate metabolism in
the human body and their effect on B-cells, as well as
the creation of a new direction in pharmacotherapy.
One of the representatives of incretin mimetics
is semaglutide [15, 16].

Semaglutide reduces total body weight and fat
mass by decreasing energy intake. The mechanism of
action of semaglutide contributes to appetite reduction
by enhancing satiety signals and weakening hunger
signals, as well as improving control over food intake
volume and reducing cravings for it. As a consequence,
insulin resistance decreases due to weight loss.
In addition, semaglutide
for high-fat foods [17, 19].

The “PROMMOMED RUS”

has developed a drug with the active substance

reduces the preference
company LLC
semaglutide, Semaltara®, in tablet form.

For the (tablets), the
product is Rybelsus® (INN: semaglutide), tablets—an

semaglutide reference
original drug from Novo Nordisk A/S, registered in
Denmark, where the level of pharmaceutical market
regulation requirements is not lower than that
established in the EAEU.

In the

active

reference Rybelsus®, the
obtained by a

biotechnological method from recombinant DNA of

product
substance semaglutide is
Saccharomyces cerevisiae, whereas in the investigated
product Semaltara®, the active substance is obtained by
chemical synthesis [17].

international allow the

Current requirements

use of an accelerated registration procedure for

drugs such as semaglutide without conducting

comparative efficacy studies, considering them
redundant [18].

To establish equivalence, it is sufficient for the
applicant to demonstrate using modern analytical
(HPLC-MS, NMR, that the active
in the proposed synthetic peptide is
in the

characteristics,

methods etc.)
ingredient
the same as reference drug—comparable

physicochemical biological activity,
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and an identical impurity profile?2. According to FDA
guidance (ANDAs for Certain Highly Purified Synthetic
Peptide Drug Products That Refer to Listed Drugs of
rDNA Origin, 2021), information on the safety and
efficacy of the original drug, in the case of a similar
dosage form, route of administration, dosage, and
conditions of use, is sufficient to establish equivalence
of the drug?.

Thus, conducting a bioequivalence study is relevant
and applicable for confirming the reproducibility of the
investigated semaglutide drug®.

THE AIM is to conduct a comparative analysis of

the physicochemical properties, biological activity,
bioequivalence, and safety, including tolerability
and immunogenicity, of the medicinal product

Semaltara® (semaglutide, tablets 3 mg and 14 mg
(JSC “Biokhimik”, Russia) and the reference product
Rybelsus® (semaglutide, tablets in dosages of 3 mg and
14 mg (Novo Nordisk A/S, Denmark) used to healthy
volunteers.

MATERIALS AND METHODS

Study Design

A single-center, open-label, randomized, crossover
bioequivalence study with multiple administrations of
the study drug and reference drug was conducted.

The total duration of the study for each volunteer
was no more than 71 days.

The study included the following stages:

1. Screening—no more than 14 days.

2. Randomization.

3. Period
received the study drug Semaltara® (T1 or T2),
volunteers in groups 2 and 4 received the reference
drug Rybelsus® (R1 or R2). The duration of the period
was no more than 28 days (outpatient visits on days 1,

|—volunteers in groups 1 and 3

15, 25, 26, 27; hospitalization in the evening on day 27
at least 10 hours before drug intake for up to 26 hours
after drug intake on day 28, blood sampling within 24
hours after drug intake on day 28).

4. Period in groups 1 and 3
received the reference drug Rybelsus® (R1 or R2),

Il—volunteers

volunteers in groups 2 and 4 received the study drug

2 ANDAs for certain highly purified synthetic peptide drug products
that refer to listed drugs of rDNA origin. Available from: https://
collections.nIm.nih.gov/catalog/nlm:nimuid-9918350982606676-pdf
3 bid.

4 National Center for Biotechnology Information (2023). PubChem
Compound Summary for CID 56843331, Semaglutide. Retrieved
May 15, 2023. Available from: https://pubchem.ncbi.nlm.nih.gov/
compound/Semaglutide
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Semaltara® (T1 or T2). The duration of the period was
no more than 28 days (outpatient visits on days 29, 43,
53, 54, 55; hospitalization in the evening on day 55 at
least 10 hours before drug intake for up to 26 hours
after drug intake on day 56, blood sampling within 24
hours after drug intake on day 56).

5. Completion of study participation.

Considering the variability data of semaglutide
drugs, a crossover design with multiple administrations
of the study drug / reference drug in each period is
provided. Given that steady-state concentration of
semaglutide is achieved after 4-5 weeks of once-daily
administration, each period includes a duration of 28
days of study drug / reference drug intake [6].
that the study
investigation of steady-state concentration of the drug

Considering involved the
with multiple administrations, a washout period is not
provided in the present study.

A graphical scheme of the study design is

presented in Figure 1.

Study subjects and eligibility criteria

The study was conducted with healthy male and
female volunteers aged 18 to 65 years inclusive, who
met all inclusion criteria and none of the exclusion
criteria.

Inclusion criteria: signing the informed consent
form ICF, as well as the ability and willingness to
comply with all Protocol requirements; women of
non-childbearing potential and men aged 18 to 65
years inclusive at the time of signing the ICF; body
mass index (BMI) 25-30 kg/m? inclusive; verified
diagnosis of “healthy” based on standard clinical,
laboratory, and instrumental examination methods;
hemodynamic parameters: systolic blood pressure
(SBP) 100-130 mmHg, diastolic blood pressure (DBP)
60-90 mmHg, heart rate (HR) 60-90 bpm, respiratory
rate (RR) 16-20 breaths/min; negative results for
human immunodeficiency virus (HIV), syphilis, hepatitis
B (HBsAg), and hepatitis C (HCV); negative results for
alcohol, psychotropic, and narcotic substance use;
willingness to abstain from alcohol consumption
during study participation. Women of non-childbearing
potential
oophorectomy, tubal ligation, infertility, absence of

(history  of  hysterectomy, bilateral
menstruation for 12 consecutive months prior to
screening), and men; the absence of treatment upon
diagnosis of “infertility” prior to study enrollment, as

well as planned treatment throughout the study and for
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2 months after its completion (both standard, surgical,

and non-traditional or experimental treatments);
consent of male volunteers to use reliable methods of
contraception (abstinence, barrier method (condom
or occlusive cap (diaphragm or cervical / vault cap))
or dual barrier method of contraception (condom or
occlusive cap (diaphragm or cervical / vault cap) plus
spermicide (foam / gel/ film / cream / suppository))

throughout their participation in the study and
for 2 months after its completion.

Exclusion Criteria: history of allergies, drug
intolerance; hypersensitivity to semaglutide or any of
the excipients of the study drug / reference drug, to
therapeutic proteins; women of childbearing potential;
use of medicinal products: history of semaglutide use;
other analogs of human GLP-1—within less than 6
months prior to screening; medicinal products with
a significant impact on hemodynamics and/or liver
function (barbiturates, omeprazole, cimetidine, etc.)—
within less than 2 months prior to screening; other
medicinal products (including those used for weight
loss), including herbal and homeopathic preparations,
vitamins and/or dietary supplements (DSs)—within
less than 4 weeks prior to screening; inability to insert
a cubital heparinized catheter; difficulty swallowing
tablets; tendency for frequent bowel movements,
diarrhea within less than 2 weeks prior to screening /at
the time of screening / randomization; any difficulties
with blood collection in history or any vasovagal
episodes during blood collection that, in the opinion
of the investigator, could significantly interfere with
blood sampling for the study; donation or loss of
blood (=450 mL of blood or plasma) within less
than 3 months prior to screening; planned donation
of blood / plasma/blood

intervention during study participation; any deviations

components or surgical
from normal values in laboratory and/or instrumental

examination; history of severe cardiovascular,
bronchopulmonary, endocrine, central nervous system,
gastrointestinal diseases, malignant oncological or
hematological diseases; gastrointestinal surgery (except
appendectomy) in history; history of medullary thyroid
carcinoma, including familial; history of multiple
endocrine neoplasia type 2; diabetes mellitus; history
of pancreatitis; severe depression, suicidal thoughts
or behavior, including in history; acute infectious
less than
diet (e.g.,

vegetarian, vegan, low-salt, low-calorie, etc.) within less

diseases or symptoms of ARVI within

4 weeks prior to screening; special
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than 2 months prior to screening procedures; special
lifestyle (night work, extreme physical exertion) within
less than 2 months prior to screening procedures;
alcohol consumption within 72 hours prior to any
screening procedures; history of consuming more
than 10 units of alcohol per week (1 unit of alcohol is
equivalent to 500 mL of beer, 200 mL of wine, or 50 mL
of spirits) or history of alcoholism, drug addiction,
substance abuse; smoking more than 10 cigarettes
per day at the time of screening; undergoing piercing,
than

1 month prior to screening or planning to undergo

tattooing / tattooing procedures within less
them during study participation; inability or incapacity
to comply with necessary contraceptive measures;
pregnancy (positive pregnancy test in women) or
breastfeeding period; mental, physical, and other
reasons that prevented the volunteer from adequately
assessing their behavior and correctly following
the study Protocol; participation in another clinical
study within less than 3 months prior to screening;
other reasons that, in the opinion of the investigator,
prevented the volunteer from participating in this study.

Exclusion Criteria: the principal investigator could
exclude a volunteer from the study for the following
reasons: volunteer’s refusal to participate in the clinical
study; the investigator decided that the volunteer
needed to be excluded in the volunteer’s best interest;
erroneous enrollment of a volunteer who did not
meet the inclusion criteria and/or met the exclusion
criteria; positive test for alcohol, psychotropic and/
or narcotic substances; variability (positive pregnancy
test in women); missed two or more blood draws
for  pharmacokinetic  parameter  determination
consecutively within one study period or three blood
draws for pharmacokinetic parameter determination
within one study period; volunteer’s use of vitamins,
DS, drugs, including herbal and/or homeopathic, except
for the study drug / reference drug; development of
any diseases or conditions during the study that make
further participation impossible; volunteer refuses to
cooperate, is undisciplined, does not comply with the

study participation rules.

Randomization Procedure
Each volunteer who met all inclusion criteria
and did not

assigned a randomization number according to the

meet any exclusion criteria was

randomization plan prepared for this study in the
WinPepi 11.65 program (module ETCETERA 3.26) using

Volume X1V, Issue 4, 2026



Hay4Ho-npakTunyeckuin XxypHan

OAPMALIA N
OAPMAKONIOTUA

(PHARMACY & PHARMACOLOGY)

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2026-14-4-387-409

a random number generation method. The volunteer’s
randomization number was entered by the investigator
into the Clinical Trial Participant Registration Log for
screening / randomization. If a volunteer prematurely
discontinued study participation, their randomization
number was not reused, and the volunteer could not
subsequently return to the study.

Study conditions and duration

The study was conducted from August 9, 2024, to
March 21, 2025, at the Research Center of the Clinical
Hospital No. 3 (Yaroslavl, Russia). The total duration
of the study for each volunteer was no more than
71 days (including the screening period). All
randomized volunteers completed the study fully in
accordance with the approved Study Protocol.

Description of Procedures and Methodology

Drug Administration

A total of 110 volunteers who met the inclusion
criteria and had no exclusion criteria were randomized
into 4 groups:

3 mg Dosage

Group 1 (n = 25) received the study drug
Semaltara® (T1) in Period | of the study and the
reference drug Rybelsus® (R1) in Period Il (T1R1
sequence). The drugs were administered orally once
daily at a dose of 3 mg (1 tablet) for 28 days.

Group 2 (n = 25) received the reference drug
Rybelsus® (R1) in Period | of the study and the study
drug Semaltara® (T1) in Period Il (R1T1 sequence). The
drugs were administered orally once daily at a dose of 3

mg (1 tablet) for 28 days.
14 mg Dosage
Group 3 (n = 30) received the study drug

Semaltara® (T2) in Period | of the study and the
reference drug Rybelsus® (R2) in Period Il (T2R2
sequence). The drugs were administered orally once
daily at a dose of 14 mg (1 tablet) for 28 days.

Group 4 (n = 30) received the reference drug
Rybelsus® (R2) in Period | of the study and the study
drug Semaltara® (T2) in Period Il (R2T2 sequence). The
drugs were administered orally once daily at a dose of
14 mg (1 tablet) for 28 days.

Volunteers took the study drug / reference drug
orally in the morning on an empty stomach, at least
30 minutes before food and additional fluids/drinks.
Tablets should be swallowed whole, without chewing,
dissolving, crushing, or breaking them, with 120 mL of
still water.
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Sample preparation and collection

Blood sampling times for pharmacokinetic
parameter assessment:
Day 1: no more than 15 minutes before

administration of the study drug / reference drug
(corresponds to time 0 h in Tables 59-62; this point is
not included in pharmacokinetic profile construction).

Days 25 and 53: no more than 15 minutes before
administration of the study drug / reference drug
(corresponds to time 576 h in Tables 59—62 and time
-72 h in pharmacokinetic profiles).

Days 26 and 54: no more than 15 minutes before
administration of the study drug / reference drug
(corresponds to time 600 h in Tables 59—62 and time
-48 h in pharmacokinetic profiles).

Days 27 and 55: no more than 15 minutes before
administration of the study drug / reference drug
(corresponds to time 624 h in Tables 59-62 and time
-24 h in pharmacokinetic profiles).

Days 28 and 56: no more than 5 minutes
before administration of the study drug/ reference
drug and then at 10 min, 20 min, 30 min, 40 min,
50 min, 1 h, 1.5 h, 2 h,3 h,4h,6h, 12 h, 24 h
after administration of the study drug / reference
drug on days 28 and 56 (correspond to
times 648 h, 648.17 h, 648.33 h, 6485 h,
648.67 h, 648.83 h, 649 h, 649.5 h, 650 h, 651 h, 652 h,
654 h, 660 h, and 672 h in Tables 59-62 and times
0h,0.17h,0.33h,0.5h,0.67h,0.83h,1h,1.5h,2h,
3 h,4 h 6 h, 12 h, and 24 h in pharmacokinetic
profiles).

Thus, 35 blood samples were collected for each
volunteer (15 mL each) for pharmacokinetic parameter
assessment. A total of 3850 blood samples were
collected for pharmacokinetic parameter assessment
in 110 volunteers, assuming each volunteer completed
the study. 7700 blood samples were transferred to
the analytical center for pharmacokinetic parameter
assessment (aliquots A and B) in 110 volunteers.

During the screening, blood was collected in a
volume of no more than 25 mL for clinical, biochemical,
and serological analyses, determination of glycated
hemoglobin, and blood glucose level determination
using a glucometer.

During the hospital stage, upon discharge from
the inpatient facility (in periods | and Il), blood was
collected for clinical and biochemical analyses,
determination of glycated hemoglobin, and blood
glucose level determination using a glucometer, with a
total volume not exceeding 15 mL in each period.
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Analytical Method
Pharmacokinetic parameters were assessed based
on semaglutide concentration in serum by HPLC using a
triple quadrupole tandem mass spectrometric detector.
For this
variables were calculated: AUC ...

purpose, the following pharmacokinetic
is area under the
“concentration—time” curve during the dosing interval
at steady state (corresponding to AUC_,, on Days 28
and 56); C ooy 55 IS Maximum serum drug concentration at
steady state (corresponding to C__ on Days 28 and 56);
Cmin’ IS minimum serum drug concentration at steady
state (corresponding to C_ on Days 28 and 56); T oo ss
is time to reach maximum serum drug concentration at
steady state.

Additional pharmacokinetic calculations could be

performed if necessary.

Sample Preparation

Sample preparation was performed by protein
precipitation using a methanol-acetonitrile mixture
(70 : 30). To 100 pL of serum sample placed in 2 mL
Eppendorf centrifuge tubes, 10 pL of semaglutide
working standard solution was added, followed by
300 pL of precipitant. The mixture was vortexed for 10
sec and then centrifuged for 15 minutes at 12,300 g.
320 pL of the
transferred to a well of a 96-well plate and placed in the

Subsequently, supernatant was

chromatograph autosampler.

Chromatographic Separation

and Detection Conditions

Chromatographic separation and detection were
performed on a Nexera XR high-performance liquid
chromatograph and an LCMS-8040 triple quadrupole
tandem mass spectrometric detector. Raw data
processing was carried out using LabSolutions Ver. 5.91
software (Shimadzu Corp., Japan). Chromatographic
separation and detection conditions are presented in

Tables 1 and 2.

Method Validation

The developed method was validated according to
the following parameters: selectivity, system suitability,
matrix effect, calibration curve, accuracy, precision,
recovery, lower limit of quantification, sample
transfer, short-term stability (“bench-top” and “post-
preparative”), stability upon three freeze-thaw cycles,

stability of stock and working standard solutions, long-
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term analyte stability in matrix, and absence of sample
dilution effect.

Within 1-3 validation cycles, the method was fully
validated in December 2024. The confirmed analytical
range of the method was 1.00-300.00 ng/mL in serum
for semaglutide.

During the analytical stage of the study according
to protocol No. 13101-SR, version 1.0 dated June 07,
2024, “Open randomized cross-over comparative study
of pharmacokinetic parameters, bioequivalence, safety,
and tolerability of the drug WTBC13101 (PROOMED
RUS LLC, Russia) in healthy volunteers,” a discrepancy
was found between the obtained results and the
expected concentration range, based on which the
analytical range of the method for semaglutide was
selected. In this regard, a decision was made to change
the analytical range of the method for semaglutide
such that the LLOQ does not exceed 5% of the
minimum C__ value.

In December 2024, as part of the 4 validation
cycle, partial validation of the method for quantitative
determination of semaglutide in human serum
was conducted to expand the analytical range for
semaglutide towards reducing the method’s LLOQ
from 1.00 ng/mL to 0.50 ng/mL (Rules for conducting
bioequivalence studies of medicinal products within
the Eurasian Economic Union, approved by Decision
No. 85 of the Council of the Eurasian Economic
Commission dated 03.11.2016, Annex VI, Sections 2
and 3, paragraphs 48 and 50). The following validation
parameters were assessed: selectivity, calibration
curve, accuracy, precision, lower limit of quantification.
The confirmed analytical range of the method was

0.50-300.00 ng/mL in serum for semaglutide.

Bioequivalence Assessment

Bioequivalence of the studied drugs was assessed
based on semaglutide concentration in serum. The
conclusion on the bioequivalence of the compared
drugs was formed using an approach based on the
assessment of 90% confidence intervals (Cls) for the

ratios of the geometric mean values of AUC and

(0-T)ss
C parameters of semaglutide in original units

max, ss
of measurement. The 90% CI limits were rounded
to two decimal places. The drugs were considered
bioequivalent if the limits of the estimated confidence
interval for AUC, ... and C

within 80.00-125.00%.

of semaglutide were
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Screening
\2
Randomization
\’
Group 1 volunteers orally took the Group 2 volunteers
study drug Semaltara® <« - orally took the reference drug
at a dose of 3 mg once daily Period | Rybelsus® at a dose of 3 mg once daily
Group 3 volunteers orally took the (Days 1-28) Group 4 volunteers
study drug Semaltara® at a dose <« - orally took the reference drug
of 14 mg once daily Rybelsus® at a dose of 14 mg once daily
3 \’ \2
Group 1 volunteers orally took the Group 2 volunteers
reference drug Rybelsus® at a dose “«— — | orally took the study drug Semaltara®
of 3 mg once daily Period Il at a dose of 3 mg once daily
Group 3 volunteers orally took (Days 29-56) Group 4 volunteers
the reference drug Rybelsus® <« - orally took the study drug Semaltara®
at a dose of 14 mg once daily at a dose of 14 mg once daily
\2
Study completion
(Day 57)

Figure 1 — Study Design.

N=110
screened
volunteers

N =110
randomized
volunteers

N =110
volunteers who
received the drugs

[

N =50

volunteers received the study drug /
reference drug at a dose of 3 mg

volunteers received the study drug /
reference drug at a dose of 14 mg

N =60

N=25

N=25 N=30

N=30

Group 1: volunteers received
the study drug WTBC13101 (T1)
in the | period and the reference drug
Rybelsus® (R1) in the Il period
(sequence T1R1). The drugs were
administered daily 1 time per day at a

Group 2: volunteers received the
reference drug Rybelsus® (R1)
in the | period and the study drug
WTBC13101 (T1) in the Il period
(sequence R1T1). The drugs were
administered daily 1 time per day at

Group 3: volunteers received
the study drug WTBC13101 (T2) in the
| period and the reference drug Rybelsus®
(R2) in the Il period (sequence T2R2).
The drugs were administered daily
1 time per day at a dose of 14 mg

Group 4: volunteers received the
reference drug Rybelsus® (R2) in
the | period and the study drug
WTBC13101 (T2) in the Il period
(sequence R2T2). The drugs were
administered daily 1 time per day at a

dose of 3 mg (1 tablet) for 28 days. a dose of 3 mg (1 tablet) for 28 days. (1 tablet) for 28 days. dose of 14 mg (1 tablet) for 28 days.
N=25 N=25 N =30 N=30
completed completed completed completed
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Figure 2 — Distribution of Volunteers.
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Table 1 — Chromatographic conditions

Chromatographic conditions

Column Phenomenex Luna C18, 100A, 50x2.00 mm, 5 um
Pre-column Phenomenex C18, 4x3.0 mm
Column thermostat temperature 50°C
. Eluent A 0.3 % formic acid solution in water (by volume)
Mobile phase — - —
Eluent B 0.3 % formic acid, 7% ethyl acetate, 5% methanol in acetonitrile (by volume)
Time, min % content of eluent B Flow rate of t.he mobile
phase, mL/min
0.00 5.0
1.50
0.50 5.0-100.0
1.31 100.0
2.00
1.99 100.0
2.00 100.0
2.05 5.0
Gradient of the mobile phase 250 50 150
2.70 100.0
3.00 100.0
3.01 100.0
2.00
3.99 100.0
4.00 100.0
4.05 5.0 1.50
5.50 5.0
Volume of the injected sample 20 L

Retention time of semaglutide about 1.1 min

about 1.1 min
0.00-5.50 min

Liraglutide retention time

Time of registration of the chromatogram

Table 2 — Mass spectrometric detection conditions

Mass spectrometric detection conditions

Parameters of an electrospray ionization

Needle voltage lonization mode
SEM LIR SEM LIR

400 °C 250°C 5.0kB 5.0kB + +

Sheath gas Auxiliary Gas Heating unit Desolvation line

3 L/min 20 L/min
Semaglutide detection conditions, m/z
1029.10->1302.30 1028.90->1109.65
Liraglutide detection conditions, m/z z
938.35->1128.30

1029.10->1237.60 1029.40->1359.10

938.35->1063.75

Table 3 — Average values of the main pharmacokinetic parameters for the study drug and the reference drug

Dose 3 mg Dose 14 mg
Parametr Semaltara® (T1) Rybelsus® (R1) Semaltara® (T2) Rybelsus® (R2)
Mean + SD Mean + SD Mean + SD Mean + SD
o s ng/mL 51.30 + 48.06 47.36 £52.55 171.10+77.70 171.90 £ 97.43
C_. ., ng/mL 20.81 + 18.70 19.77 £ 23.38 107.57 £57.92 105.42 t 66.01
o 55 0.74+0.23 0.74+0.29 0.79£0.17 0.81+0.12
AUC“HE, ngxh/mL 670.43 £ 649.14 628.67 £ 818.19 3246.81 £ 1593.14 3226.51+1974.19
In(C,__. ) 3.88+0.69 3.80£0.67 5.12 £ 0.46 5.12+0.52
In(AUC(O_()) 6.47 £ 0.73 6.40 £0.74 8.07 £0.54 8.05+ 0.62
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Figure 3 — Pharmacokinetic profiles of semaglutide drugs
by concentration and time.
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Safety and Tolerability Assessment

To assess the safety and tolerability of the
study drug semaglutide, the following criteria were
evaluated:

e Frequency and severity of adverse events

(AEs) recorded based on deviations from
normal laboratory test results, physical
examination, assessment of vital signs,

and ECG.
e Number of cases of premature discontinuation
from the study due to the development of AEs
and/or serious adverse events (SAEs), including
those related to the study drug / reference
drug.
The investigator’s

tolerability of the study drug / reference drug was

assessment of the overall
performed using a Likert scale.

Ethics Approval

The study complied with the ethical principles set
forth in the Declaration of Helsinki as revised, the Good
Clinical Practice rules of the Eurasian Economic Union,
the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use
(ICH E6 GCP R2) Good Clinical Practice guidelines, and
other applicable legislation. The clinical study protocol
was approved by the Ethics Council of the Ministry of
Health of Russia (Extract from the minutes of meeting
No. 363 of the Ethics Council of the Ministry of Health
of the Russian Federation dated July 23, 2024), as
well as by the Local Independent Ethics Committee
at the Research Center of the Clinical Hospital No. 3
(extract from the minutes of meeting No. 213 dated
August 29, 2024).

Statistical Analysis

Sample Size Calculation

The required number of participants was calculated
based on data on intra-individual variability coefficients
(CViea
studies. The Assessment report Rybelsus [1] presents
data indicating that CvV, _for AUC
33%. The sample size calculation was performed
using PASS 11 software (USA). Considering that the
90% Cl was 80.00-125.00%, AUC, . /C_ _ was 33%,

a = 0.05, study power was 80%, and the expected T/ R

) of key pharmacokinetic parameters in similar

does not exceed

max, ss

ratio was 0.95, at least 46 healthy volunteers were
required to fully complete the study and be included
in the statistical analysis. Accounting for potential
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dropouts during the study, 50 healthy volunteers
were randomized into the 3 mg dosage study (25
volunteers per group) and 60 healthy volunteers (30
volunteers per group) into the 14 mg dosage study.
Thus, the total
was 110.

number of randomized volunteers

Statistical Analysis

Pharmacokinetic parameters, statistical analysis of
safety and tolerability indicators, and results reporting
were performed using statistical packages (StatSoft
Statistica version 13.3, and R project (version 4.1.3,
GPL-2/GPL-3 with the
version 2.9.1%). For all pharmacokinetic parameters,

license) “bear” extension,
the following statistical parameters were calculated:
arithmetic mean, geometric mean, standard deviation
of the mean, coefficient of variation, median, minimum
and maximum values, range. Statistical analysis was
distribution for

C... ss and AUC(Hss, and a normal distribution for

conducted assuming a log-normal
other pharmacokinetic parameters. After logarithmic
transformation, these parameters were analyzed using
analysis of variance (ANOVA).

The conclusion on the bioequivalence of the
compared drugs was made using an approach
based on the assessment of 90% Cl for the ratios
and C

ss parameters of semaglutide in original units of

of the geometric mean values of AUC(

0-1)ss max’

measurement. The 90% Cl limits were rounded to

two decimal places. The drugs were considered

bioequivalent if the limits of the estimated confidence
interval for AUC(, : and C
—T)SS max, ss

within 80.00-125.00%.
For all safety and tolerability indicators collected

of semaglutide were

during the study, descriptive statistics are presented
as mean and standard deviation (Mean * SD), 95%
confidence interval for the mean (M [95% Cl]), median
(Me), interquartile range [Q1 ; Q3], minimum (min) and
maximum (max), or as frequencies and percentages (n,
%) depending on the variable type.

For the
proportions were compared using the two-sided

analysis of frequency indicators,
exact Fisher’s test (or the yx? (“chi-squared”) test, if
all expected values in the contingency table cells for
this analysis were 5 or more). For the comparison of
continuous quantitative indicators, the Student’s t-test

(in case of normal distribution) or the Mann-Whitney

° R project. bear (BE/BA for R) v2.9.6. Available from: https://www.
pkpd168.com/bear
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U test was used (in case of distribution different from
normal).

Differences were considered statistically significant
at p < 0.05.

RESULTS

Bioequivalence and comparability of safety
and tolerability profile

Population

The study included 110 male and female volunteers
who received the study drugs / reference drugs at
doses of 3 mg and 14 mg. The mean age of volunteers
in the population was 46.82 + 8.93 years (range 23
years to 64 years), body weight was 83.26 + 8.62 kg
(range 66.50 kg to 97.20 kg), height was 172.91 + 7.18 cm
(range 162 c¢cm to 189 cm), and the mean BMI was
27.78 +1.30 kg/m? (range 25.05 kg/m? to 29.83 kg/m?).

Among the volunteers who received the study
drugs / reference drugs at doses of 3 mg and 14
mg, there were 58 (52.73%) male volunteers and 52
(47.27%) female volunteers.

Pharmacokinetics and bioequivalence
3 mg Dose
Based on the statistical analysis, the obtained

90% Cls for the ratio of C_ _ and AUC, values
of semaglutide were 96.57-120.94% and 94.37-
120.06%, respectively. The obtained confidence

intervals fall within the limits established by regulatory
documentation and the Study Protocol (80.00-125.00%
for C

max,ss,

AUC(M,SS), indicating that the bioequivalence
of the study drugs at a dose of 3 mg in this sample of
subjects is statistically proven (Table 3).

The obtained intra-individual variation coefficients
for the pharmacokinetic parameter C s Were 34.46%,
and for the parameter AUC . o they were 37.03%.

The statistical power of the study for the
pharmacokinetic parameter Craxss Was 80.32%, and for
the pharmacokinetic parameter AUC . ., it was 74.70%

(Table 3).

14 mg Dose
Based on the statistical analysis, the obtained

90% Cls for the ratio of C__  and AUC . values
of semaglutide were 91.79-109.68% and 91.47-
112.80%, respectively. The obtained confidence

intervals fall within the limits established by regulatory
documentation and the Study Protocol (80.00—125.00%
for Cornss, AUC(OT)VSS), indicating that the bioequivalence

of the study drugs at a dose of 14 mg in this sample of
subjects is statistically proven (see Table 3).
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The obtained intra-individual variation coefficients
maxss WeTre 29.74%,
and for the parameter AUC ., o they were 35.28%.

The statistical of the study for the
pharmacokinetic parameter C 93.92%,
for the pharmacokinetic parameter AUC, . it was
85.44%.

Figure 3 presents the averaged pharmacokinetic

for the pharmacokinetic parameter C

power
and

max,ss was

profiles over time (in linear and log-linear
transformations, with and without standard deviations)
after administration of the study drug and the
reference drug at doses of 3 mg and 14 mg. As can be
seen from the compared curves, the concentration-
time relationship for the compared drugs is practically

indistinguishable.

Complete Blood Count

As a result of the comparative analysis of clinical
blood count parameters, no intergroup differences
were found, except for differences in “Leukocytes,
10%L” (p = 0.0073) at the outpatient stage on day
29 between groups 1 and 2, “Hemoglobin, g/Ll”
(p = 0.0270), “Erythrocytes, 10'/l” (p = 0.0114),
“Platelets, 10%L” (p = 0.0032), “Color Index/MCH, pg”
(p = 0.0324) at the outpatient stage on day 29 between
groups 3 and 4, “Hemoglobin, g/l” (p = 0.0313),
“Hematocrit, %” (p = 0.0371), “Erythrocytes, 10'%/L”
(p = 0.0042), and “Platelets, 10%L” (p = 0.0040) at the
inpatient stage on day 57 between groups 3 and 4.
Differences in these parameters were deemed
clinically insignificant because all volunteers had these

parameters within the reference ranges.

Urinalysis

Based on the comparative analysis of urinalysis
parameters, no significant differences were found,
except for differences in “pH, units” (p = 0.0245) at the
outpatient stage between groups 1 and 2, and “pH,
units” (p = 0.0239) at the inpatient stage between
groups 1 and 2. Differences in these parameters were
deemed clinically insignificant because all volunteers
had them within the reference ranges.

Biochemical Blood Analysis

Based on the comparative analysis of biochemical
blood analysis parameters, no intergroup differences
were found, except for differences in “AST, U/L”
(p = 0.0478) at the outpatient stage, “Total Bilirubin,
umol/L” (p = 0.0456), and “AST, U/L” (p = 0.00298)
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at the inpatient stage, between groups 1 and 2.

Differences in these parameters were deemed
clinically insignificant because all volunteers had these
parameters within the reference ranges.

Differences were also found in “Total Cholesterol,
mmol/L” (p = 0.0443) at the inpatient stage between
groups 3 and 4. Differences in these parameters
were deemed clinically insignificant because all
volunteers had these parameters within the reference

ranges.

Blood Glucose Level

Based on the comparative analysis of blood glucose
level parameters, no intergroup differences were found,
except for differences in “Blood Glucose Level, mmol/L”
(p = 0.0126) at the outpatient stage on day 15, “Blood
Glucose Level, mmol/Ll” (p = 0.0132) at the outpatient
stage on day 29 (24 hours after drug administration on
day 28), “Blood Glucose Level, mmol/L” (p = 0.0031)
at the outpatient stage on day 55, and “Blood Glucose
Level, mmol/l” (p = 0.0032) at the inpatient stage
on day 57, between groups 1 and 2. Differences in
these parameters were deemed clinically insignificant
because all volunteers had these parameters within the
reference ranges.

Blood Pressure Parameters

Based on the comparative analysis of vital signs,
no intergroup differences were found between groups
1 and 2, except for differences at the outpatient stage
on day 55 for SBP (p = 0.0340), on day 1 (0 h, before
randomization) for DBP (p = 0.0363), on day 43 for RR
(p = 0.0337), and at the inpatient stage: on day 56 for
DBP (p = 0.0103), and on day 27 for RR (p = 0.0100).
Differences in these parameters were deemed
clinically insignificant because all volunteers had these
parameters within the normal range. No AEs were
recorded for these parameters.

Based on the comparative analysis of vital signs,
no intergroup differences were found between groups
3 and 4, except for differences at the outpatient stage
on day 29 (4 h) for DBP (p = 0.0272), on day 53 for
DBP (p = 0.0276), on day 15 for HR (p = 0.0159), on
day 53 for HR (p = 0.0019), on day 53 for temperature
(p = 0.0292), on day 1 (0 h, before randomization)
for RR (p = 0.0495), on day 1 (4 hours after drug
administration) for RR (p = 0.0183), on day 29 (4 hours
after drug administration) for RR (p = 0.0431), and

at the inpatient stage: on day 27 for HR (p = 0.0252).
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Differences in these parameters were deemed
clinically insignificant because all volunteers had these
parameters within the normal range. No AEs were

recorded for these parameters.

Safety and tolerability

Safety and tolerability were assessed for all 110
volunteers who received a dose of the drug.

In groups 1 and 2 (3 mg dose), no cases of AEs were
recorded. In groups 3 and 4 (14 mg dose), nausea was
reported as an AE in 6 volunteers.

A total of 6 AEs were recorded in 6 volunteers
during the study: 3 AEs were noted in 3 volunteers in
group 3 (T2), and 3 AEs were noted in 3 volunteers in
group 4 (R2).

All AEs recorded during the study were of mild
severity. According to the investigators, the causal
relationship with the use of the study drug / reference
drug was assessed as “probable” in all cases. Analysis
of the frequency of AE outcomes in volunteers showed
that by the end of the study, “recovery without
sequelae” was observed in all cases. In all cases of
volunteers with recorded AEs, no treatment was
administered.

All volunteers completed the study fully in
accordance with the approved study protocol.

The
tolerability of the study drug / reference drug was

investigator’s assessment of the overall
conducted using a Likert scale. Tolerability of the study
drug / reference drug at a dose of 3 mg was assessed
as “good” in 100% of cases. Tolerability of the study
drug / reference drug at a dose of 14 mg was also
assessed as “good” in 90% of cases and “satisfactory” in
10% of cases. Tolerability of the study drug / reference
drug at a dose of 14 mg on day 1 was assessed as
“good” in 90% of cases and “satisfactory” in 10% of
cases. On days 29 (24 hours after drug administration
on day 28 and 4 hours after drug administration) and
day 57, tolerability was assessed as “good” in 100% of
cases.

No SAEs were identified during or after the study.
There were no deaths.

No cases of pregnancy in study participants / sexual
partners of study participants were recorded during or
after the study.

Thus, the study drug Semaltara®, tablets (T), and
the reference drug Rybelsus®, tablets (R), have a similar
safety profile, including tolerability, at both the 3 mg
and 14 mg doses.
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DISCUSSION similar pharmacokinetics to the subcutaneous form,

The structure of semaglutide resembles native
human GLP-1 with three key modifications: 1)
substitution of alanine with alpha-aminoisobutyric
acid at position 8, rendering it resistant to DPP-4
degradation; 2) addition of an 18-carbon chain to
lysine at position 26, enhancing albumin binding
and increasing half-life; 3) substitution of lysine with
arginine at position 34, improving stability [20].
These modifications create a potent, long-acting
GLP-1 analog. Oral

faces

administration of semaglutide

bioavailability challenges due to its size

and susceptibility to enzymatic degradation. Co-
administration with SNAC improves absorption by
buffering gastric pH, reducing pepsin activity, and
increasing the lipophilicity of semaglutide itself. This
allows semaglutide to cross the gastric membrane and
enter the systemic circulation, functioning similarly to
the subcutaneous form [21, 22].

Unlike most oral drugs, semaglutide is absorbed
in the stomach, and its absorption is dependent
on the amount of N-(8-[2-hydroxybenzoyl]amino)
caprylate sodium (SNAC). Studies indicate that 300 mg
of SNAC provides the highest plasma levels of
semaglutide. Semaglutide and SNAC concentrations
are highest near the absorption site in the stomach,
decreasing significantly beyond 3 cm. This supports
the local buffering effect of SNAC and the need for
co-formulation and co-development of the drug
product [21]. Oral semaglutide has lower bioavailability
and higher inter-individual variability compared to
the subcutaneous form, necessitating higher doses to
achieve comparable results [23].

Clinical trial program results showed that oral
doses of semaglutide 7 mg and 14 mg led to more
pronounced improvements in Hb,, levels compared to
sitagliptin, while the 3 mg dose did not show clinically
significant benefit [24]. Food,
semaglutide absorption [21,

rather than water,
significantly reduces
25]. Therefore, patients should fast before taking the
medication and refrain from eating for at least 30 min
after administration [21].

Semaglutide is metabolized via proteolytic cleavage
by DPP-4 and neutral endopeptidases, followed by
beta-oxidation of its fatty acid side chain [26]. The
breakdown products are excreted in urine and feces,
indicating renal and hepatic impairment [26, 27].
that
semaglutide in combination with 300 mg SNAC has

Pharmacokinetic  studies  show oral
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irrespective of the presence of renal or hepatic
insufficiency [23, 28].

Numerous clinical studies, including the SUSTAIN
and PIONEER programs, have been conducted to
evaluate the efficacy and safety of injectable and oral
semaglutide in patients with diabetes. The SUSTAIN
clinical trial program included Phase IlIA randomized
controlled trials (SUSTAIN 1-5) to assess the efficacy
and safety of weekly subcutaneous semaglutide
administration in various groups of patients with type
2 DM, from drug-naive individuals to those on oral
antidiabetic drugs and/or insulin [29-33]. Additionally,
SUSTAIN 7 compared semaglutide with dulaglutide, and
SUSTAIN 6 focused on cardiovascular safety [34, 35].
The primary outcome in SUSTAIN 1-5 was the change
in Hb,,_from baseline to end of treatment. Semaglutide
demonstrated significant and sustained reductions in
Hb,, across all studies, ranging from -1.2% to -1.5% at
a dose of 0.5 mg and -1.5% to -1.8% at a weekly dose of
1 mg. In SUSTAIN 7, semaglutide reduced Hb,, by -1.5%
and -1.8% at doses of 0.5 mg and 1 mg, respectively,
while dulaglutide reduced it by -1.1% and -1.4% at
doses of 0.75 mg and 1.5 mg, respectively.

SUSTAIN 8 compared semaglutide (1.0 mg weekly)
to canagliflozin (300 mg daily) in 788 patients over 52
weeks. Semaglutide resulted in a greater reduction in
Hb,, (-1.5% vs. -1.1%) and more significant weight loss
(-4.7 kg vs. -3.2 kg), demonstrating its superior efficacy
in glycemic control and weight management [36].

SUSTAIN 9 evaluated the efficacy of semaglutide
in 302 patients on insulin over 30 weeks. Hb,, levels
decreased by -0.8% with semaglutide compared to
placebo (+0.1%), and weight decreased by -2.0 kg
compared to +0.2 kg with placebo. This study
confirmed the role of semaglutide as an effective add-
on therapy for patients on insulin [37].

SUSTAIN 10 compared semaglutide (1.0 mg weekly)
to liraglutide (1.2 mg daily) in 577 patients over 30
weeks. Semaglutide provided a greater reduction in
Hb,, (-1.7% vs. -1.0%) and more significant weight loss
(-5.8 kg vs. -1.9 kg), highlighting its superior efficacy
among GLP-1 receptor agonists [38].

Building on the success of injectable semaglutide
trials, various clinical studies have been conducted to
evaluate the efficacy and safety of oral semaglutide,
providing valuable insights into its role as an innovative
treatment option for patients with type 2 DM.

A Phase | study by C. Granhall et al. assessed
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the safety, tolerability, pharmacokinetics, and

pharmacodynamics of multiple doses of oral
semaglutide and the absorption enhancer SNAC in
healthy volunteers and individuals with type 2 DM [39].
In a single-ascending dose study, various combinations
of oral semaglutide (2-20 mg) and SNAC were tested
to optimize absorption. Results showed that oral
semaglutide exposure increased in a dose-dependent
manner, with 300 mg of SNAC being the optimal dose.
AEs, primarily gastrointestinal disorders and headaches,
were mild but more frequent in the semaglutide group
compared to placebo [39]. In a multiple-ascending
dose study, 107 subjects (healthy and with type 2 DM)
were given semaglutide (up to 40 mg) in conjunction
with SNAC. Oral semaglutide exposure was similar
in healthy individuals and patients with type 2 DM,
leading to a significant reduction in Hb,, (1.5%) and
body weight (up to 7.2 kg) after 10 weeks (p < 0.001).
Most adverse events were mild, with gastrointestinal
[39]. Further

pharmacokinetic studies found no consistent pattern

disorders being the most common

of change in semaglutide exposure in patients with
renal impairment, except for those with severe renal
impairment, where exposure was lower [23].

A Phase Il study by M. Davies et al. evaluated the
efficacy of oral semaglutide compared to subcutaneous
semaglutide for glycemic control in 632 patients with
type 2 DM [40]. Participants were randomized into
9 groups, including various doses of oral semaglutide
(25 mg to 40 mg),
semaglutide. The primary endpoint, Hb, reduction,

placebo, and subcutaneous
was achieved: with oral semaglutide 40 mg, the
reduction was 1.8% compared to 0.3% in the placebo
group (p < 0.001). Hb,
across all oral semaglutide groups, ranging from 0.4%

reduction was dose-dependent

to 1.6%. At 26 weeks, more participants achieved
an Hb,, level below 7% with oral semaglutide, with
rates increasing from 44% in the 2.5 mg group to
90% in the 40 mg group (p < 0.001 for all). All groups
receiving oral semaglutide also experienced significant
weight loss compared to placebo, with the 40 mg dose
leading to a reduction of 6.9 kg (p < 0.001). No notable
difference in weight loss was observed between the
oral semaglutide 20 mg and 40 mg groups and the
subcutaneous semaglutide group.

The global Phase Il clinical trial program for oral
semaglutide, PIONEER, comprises 12 clinical trials and
involves 9542 patients with type 2 DM. The PIONEER
program used two criteria for efficacy assessment:
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the treatment policy criterion, which includes patients
regardless of drug discontinuation or rescue medication
use, and the study drug efficacy criterion, which
assumes all patients continued treatment without
rescue medication.

PIONEER 1, completed in February 2020, evaluated
the safety and efficacy of oral semaglutide versus
placebo in patients with type 2 DM treated with diet
and exercise alone [41]. Participants (mean age 55
years, Hb, =7.0-9.5%) were randomized to receive
3 mg, 7 mg, or 14 mg of oral semaglutide or placebo
for 26 weeks. All
reduced Hb, ~compared to placebo (p < 0.001).

semaglutide doses significantly

More participants achieved an Hb, ~value <7%
with semaglutide (55.1%, 68.8%, 76.9%) compared
to placebo (31%) (p < 0.001 for all). Reductions in
fasting plasma glucose and body weight were more
pronounced with semaglutide, particularly at the
14 mg dose, which showed a weight loss difference
of -2.3 kg (p < 0.001). Higher doses also significantly
increased lipase levels and heart rate.

In the PIONEER 2, oral semaglutide (14 mg once
daily) was compared with empagliflozin (25 mg once
daily) for 52 weeks in patients with type 2 DM with
Hb,, levels from 7.0% to 10.5%, all of whom were
taking metformin (= 1500 mg/day). At 26 weeks,
oral semaglutide showed a greater reduction in
Hb,  (-1.3%) compared to empagliflozin (-0.9%,
p < 0.0001), with 47.4% of patients achieving an Hb,
level of < 6.5% vs. 17.2% in the empagliflozin group.
These effects were maintained up to and including 52
weeks. Oral semaglutide also resulted in a significantly
greater reduction in body weight (> 10%) at both 26
weeks (12.5% vs 6.8%) and 52 weeks (15.0% vs 7.8%,
p = 0.0028), confirming its superiority regarding Hb,
and weight reduction [42].

In the 78-week PIONEER 3, oral semaglutide (3 mg,
7 mg and 14 mg) was compared with sitagliptin
(100 mg) in 1864 patients with type 2 DM not
controlled by metformin, with or without sulfonylurea
(mean age 58 years, Hb, 7.0-10.5%). At 26 weeks,
Hb, ~ reduction was
semaglutide 14 mg (-1.3%) compared to sitagliptin
(-0.8%), with 55% of patients in the 14 mg group
achieving an Hb,, level of < 7.0% (p < 0.001). Fasting
plasma glucose also improved with semaglutide 14 mg
(-30.5 mg/dL) compared to sitagliptin (-15.4 mg/dL). By
78 weeks, semaglutide demonstrated a more significant

more significant with oral

reduction in fasting plasma glucose and body weight:
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30% of the 14 mg group achieved > 5% weight loss by
26 weeks (p < 0.001) compared to 10% with sitagliptin,
and 33% versus 12% by 78 weeks [24].

The PIONEER 4 was the first to compare oral
semaglutide with another GLP-1 receptor agonist,
subcutaneous liraglutide, in patients with type 2 DM
treated with metformin, with or without an SGLT-2
inhibitor (mean age 55 years, Hb, 7.0-9.5%). Dose
escalation was performed in both groups. At 52 weeks,
oral semaglutide showed a greater reduction in Hb,
(-1.6%) compared to liraglutide (-1.1%, p = 0.0002)
and placebo (-0.2%, p < 0.0001). Furthermore, 43%
of patients taking oral semaglutide achieved an Hb,
level of < 6.5%, compared to 33% with liraglutide
(p = 0.0084) and 4% with placebo (p < 0.0001). Oral
semaglutide also led to greater weight loss than
liraglutide or placebo, with 14% and 16% of patients
achieving > 10% weight loss at 26 and 52 weeks,
respectively. Semaglutide showed a more significant
reduction in fasting plasma compared
to placebo (p < 0.0001), although no statistically
significant difference was observed compared to
liraglutide [43].

The PIONEER 5 and PIONEER 6 evaluated the
efficacy of oral semaglutide in patients with type 2 DM

glucose

and renal impairment, and assessed its cardiovascular
safety in patients with type 2 DM with established
cardiovascular disease, chronic kidney disease, or high
cardiovascular risk.

The PIONEER 7 compared the safety and efficacy
of flexible-dose oral semaglutide and sitagliptin in
patients with type 2 DM (Hb,, =7.5-9.5%). The study
included 504 participants randomized to receive either
dose-adjusted oral semaglutide (3 mg, 7 mg, or 14 mg)
or sitagliptin 100 mg. At 52 weeks, 58% of patients in
the semaglutide group achieved an Hb, level of <7 %
compared to 25% in the sitagliptin group (p < 0.0001).
A significantly greater weight loss was observed with
semaglutide, averaging -2.9 kg compared to -0.8 kg
with sitagliptin (p = 0.0065). Fewer patients required
additional therapy with semaglutide (3.2%) compared
(15.9%, p<0.0001).
outperformed sitagliptin in both Hb,,

to sitagliptin Semaglutide

. reduction and
weight loss [44].

The PIONEER 8 evaluated the efficacy, safety, and
tolerability of oral semaglutide (3 mg, 7 mg, 14 mg)
compared to placebo in patients with type 2 DM
stable insulin 26 weeks,

receiving therapy. At

semaglutide significantly reduced Hb,, by -0.6%,
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-0.9%, and -1.3% for the 3 mg, 7 mg, and 14 mg doses,
respectively, compared to -0.1% in the placebo group
(p < 0.0001). A greater proportion of patients achieved
an Hb,, level of < 7% with semaglutide (58.4% at the
14 mg dose) compared to the placebo group (6.8%).
Weight loss was dose-dependent, with a maximum
reduction of -3.7 kg at the 14 mg dose (p < 0.0001).
Symptomatic rescue medication use was less frequent
in the semaglutide groups, and fewer patients required
additional glucose-lowering agents compared to the
placebo group. Additionally, semaglutide improved
fasting lipid profiles and led to a slight increase in heart
rate [45].

The PIONEER 9 evaluated the safety and efficacy
of oral semaglutide versus subcutaneous liraglutide in
Japanese patients with type 2 DM. The study included
243 patients randomized to receive oral semaglutide
(3 mg, 7 mg or 14 mg), liraglutide (0.9 mg), or placebo.
At 26 weeks, oral semaglutide resulted in Hb,
reductions of -1.1%, -1.6%, and -1.8% compared to
-1.4% with liraglutide and -0.4% with placebo. At 52
weeks, an Hb,, level of < 7.0% was achieved by 80%
of patients taking semaglutide 14 mg, compared to
49% with liraglutide. Greater weight loss was observed
with semaglutide 14 mg (-2.8 kg) than with liraglutide
(+0.4 kg) or placebo (-1.0 kg). Heart rate slightly
increased in all GLP-1 receptor agonist groups [46].

In the PIONEER 10, an open-label, 52-week trial
in Japan, oral semaglutide (3 mg, 7 mg, 14 mg) was
compared to subcutaneous dulaglutide (0.75 mg) in
patients with type 2 DM whose blood sugar was not
controlled by a single oral antihyperglycemic agent.
After 52 weeks, semaglutide 14 mg led to a greater
reduction in Hb, ~(-1.8%) compared to dulaglutide
(-1.3%). An Hb, level of < 6.5% was achieved by
21%, 43%, and 58% of patients taking semaglutide
at doses of 3 mg, 7 mg, and 14 mg, respectively,
vs. 41% of patients taking dulaglutide. Semaglutide
14 mg also resulted in greater weight loss (-1.9 kg),
while dulaglutide caused weight gain (+1.1 kg) [47].

The PIONEER 11 evaluated the efficacy and
safety of oral semaglutide versus placebo in a
predominantly Chinese population with type 2 DM
inadequately controlled by diet and exercise alone.
The study was conducted across 52 centers, with 521
participants randomized to receive oral semaglutide
(3 mg, 7 mg and 14 mg) or placebo for 26 weeks. The
and the
secondary endpoint was body weight. Semaglutide

primary endpoint was the change in Hb, ,
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significantly reduced Hb, ~ compared to placebo
for all doses, with reductions ranging from -1.0% to
-1.5% (p <0.001). Weight loss was also significant
for the 7 mg and 14 mg doses. Adverse events,
primarily gastrointestinal, were more frequent in the
semaglutide group but were mostly mild to moderate
in severity. Similar results were observed in the Chinese
subpopulation, which comprised 74.9% of the study
participants [48].

The PIONEER 12 compared oral semaglutide
with sitagliptin in Chinese patients with type 2 DM
inadequately controlled by metformin for 26 weeks.
Oral semaglutide (3 mg, 7 mg, and 14 mg) resulted
in significantly greater reductions in Hb, —and body
weight compared to sitagliptin. Hb,  reductions
were -0.2%, -0.7%, and -1.0% for the semaglutide
doses, while body weight reductions were -0.9 kg,
-2.3 kg, and -3.3 kg. Most AEs with semaglutide were
mild to moderate gastrointestinal disorders. Similar
results were noted in the Chinese subpopulation [49].
However, it is likely that oral semaglutide demonstrated
safety and non-inferior efficacy compared to
subcutaneous semaglutide and other GLP-1 agonists in
clinical trials. As the first oral GLP-1 receptor agonist, it
offers an alternative for patients with type 2 DM who
are apprehensive about injectable medications but
struggle to achieve target Hb,, levels with existing oral
agents.

In summary, the listed studies have demonstrated
the efficacy and safety of oral semaglutide across
diverse patient populations, including those with
type 2 DM and various comorbidities, treatment
regimens, and geographic regions. The SUSTAIN and
PIONEER clinical

trial programs provide extensive

The SUSTAIN studies showed
reductions in

injectable or oral.

significant Hb,, ~and weight loss
with notable superiority over references such as
dulaglutide and liraglutide. Semaglutide consistently
outperformed alternative treatments in improving
glycemic control, particularly in patient groups ranging
from those with cardiovascular risk factors to those
on insulin therapy. The PIONEER program further
validated the effectiveness of oral semaglutide,
offering a promising alternative to injectable therapy,
especially for patients unwilling to use injections but
needing to achieve glycemic targets. Both programs
underscore semaglutide’s potential to enhance
treatment adherence, lower Hb, levels, and promote
weight loss across various patient profiles, thereby
solidifying its role as a key advancement in type 2 DM

management.

Study Limitations

The small sample size, due to the single-center
design of the study, significantly increases the
probability of underestimating the real clinical effect
during the statistical interpretation of the results.
Continuation of this clinical study, as well as conducting
additional clinical and observational studies involving a
larger number of patients and an increased observation
period, will enhance the representativeness of the

results of semaglutide use.

CONCLUSION

Thus, the clinical study conducted confirmed
the bioequivalence and demonstrated a similar
safety profile, including tolerability, of the study
drug Semaltara®, tablets, and the reference

evidence of semaglutide’s efficacy and safety, drug Rybelsus®, tablets, at both 3 mg and 14 mg
regardless of its administration route, whether dosages.
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The aim. To evaluate the effect of semaglutide on certain cardiovascular risk factors in patients with obesity.

Materials and methods. The study included 50 individuals: men and women aged 18 to 65 years, patients with overweight
(BMI = 27 and < 30) and obesity (BMI > 30), combined with at least one comorbidity (prediabetes or type 2 diabetes
mellitus), arterial hypertension, dyslipidemia, obstructive sleep apnea syndrome, or cardiovascular disease. Patients
received subcutaneous semaglutide (Velgia®) once a week. Clinical examination was performed, including: interview,
blood pressure measurement, anthropometric data assessment (height, weight, BMI, waist circumference, and hip
circumference), cardiovascular risk assessment using the SCORE scale, biochemical blood analysis (including lipid profile),
and adverse event registration.

Results. A significant decrease in body weight, BMI, waist circumference, and hip circumference was observed after 12
weeks of semaglutide therapy. By 24 weeks, a sustained reduction in these indicators continued. After 6 months of
semaglutide use, positive changes in the lipid profile were identified: a decrease in total cholesterol by 8.27 % due to a
decrease in non-HDL cholesterol, LDL cholesterol by 12.73 %, triglycerides by 13.09 %, and the atherogenic index by 1.83 %.
Velgia® therapy for 6 months led to a reduction in the calculated 10-year cardiovascular risk according to the SCORE2 scale
by 18.6 %. Analysis of anthropometric and biochemical blood data showed a significant decrease in indicators, indicating a
reduced risk of cardiovascular events in patients with obesity.

Conclusion. During semaglutide therapy, no clinically significant changes were observed in liver function parameters
(ALT, AST, ALP, bilirubin), pancreas (amylase), kidneys (creatinine, urea, GFR), and systemic inflammation markers (CRP).
However, a significant decrease in transaminase activity (ALT, AST) and blood uric acid concentration was noted. The
registered adverse events (primarily gastrointestinal: nausea, epigastric discomfort) were temporary and moderate in
nature. No cardiovascular events were observed during the use of semaglutide.

Keywords: semaglutide; diabetes mellitus; obesity; glucagon-like peptide-1 receptor agonist; atherosclerosis; prediabetes
Abbreviations: BMI — body mass index; TC — total cholesterol; HDLs — high-density lipoproteins; LDLs — low-density
lipoproteins; ALT — alanine aminotransferase; AST — aspartate aminotransferase; ALP — alkaline phosphatase; GFR
— glomerular filtration rate; CRP — C-reactive protein; T2DM — type 2 diabetes mellitus; GLP-1 RAs — glucagon-like
peptide-1 receptor agonists; MACE — major adverse cardiovascular events; CVD — cardiovascular disease; SBP — systolic
blood pressure; DBP — diastolic blood pressure; FPG — fasting plasma glucose; MI — myocardial infarction.
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K.Ya. Zaslavskaya, P.A. Bely. Evaluation of the Effect of Semaglutide on Certain Cardiovascular Risk Factors in Overweight or Obese Healthcare
Workers. The “Start with Yourself” Program: A Post-registration, Single-center, Prospective Study of Routine Clinical Practice. Pharmacy &
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Lienb. poBecTM OUEHKY BAMAHMA Mpenapata CemarlyTuh Ha HeKoTopble ¢GaKTopbl CepAeYHO-COCYAMCTOTO PUCKA Y
NaLMEeHTOB C OXKMPEHUEM.

Matepuan u metogbl. B uccnepgoBaHue BKAOYEeHO 50 4enoBeK: MYXKUMHbI WM XKeHLWMUHbl B Bo3pacte oT 18
00 65 neT, mauMeHTbl € M36bITOMHOW Mmaccor Tena (UMT227 m <30) u oxupenumem (MMT=30), B coyeTaHuu c
x0T 6bl OgHMM conyTcTBylOWMM 3aboneBaHuem (npegnabetr wAM caxapHbli guabetr 2 Tuna), apTepuanbHas
rMnepTeH3una,  AUCAUNUAEMWA,  CUHAPOM  OBCTPYKTMBHOTO  amHO3 BO  CHE  WMAM  CepAeYHO-COCYAMUCTble
3aboneBaHua. [lauueHTam BBOAMACA npenapat cemarmyTug, (Benrma®) nogkoxkHo 1 pa3 B Hegento,
NPOBOAMNOCL  KAMHWMYecKoe obcnefoBaHMe,  BK/tOYalOWEee: OMpoc, W3MepeHuMe  apTepuasbHOro  AaB/eHus,
OLEHKY aHTPOMOMETPUYECKUX [AaHHbIX (pocT, Mmacca Tena, WMT, OKPYKHOCTM Ta/uM W  OKPYKHOCTM 6Eéaep),
OLEHKa CepaeyHo-cocyaMcToro pucka no wkane SCORE, npoBedeHWe OGMOXMMMYECKOro aHa/nM3a  KpoBM
(B T.4. AMNMAOTrPAMMbI), PETUCTPALLUA HEXKENATE/bHbIX ABNEHUN.

Pe3synbratbl. OTMEYEHO AOCTOBEPHOE CHUMKEeHWe Maccbl Tena, MMT, oKpyKHOCTM Tanun u begep yepes 12 Hen Tepanuu
npenapatom cemarnytma. K 24 Hen npofonkuaocb YCTOMYMBOE CHWMKEHME AaHHbIX MoKasaTtesnei. Yepes 6 mecaues
NPUMEHEHWUA npenapata CemarnyTug, BbliiBJEeHbl MNO3UTUBHbIE M3MEHEHMS B JIMMUAHOM CMEKTpe: CHUMKeHue obuiero
XonecTepuHa Ha 8,27% 3a CYET CHUKeHUA xonectepuHa He-JIMBM, xonectepuHa JIMHN — Ha 12,73%, TupeornobynvHa —
Ha 13,09%, nHaeKca aTeporeHHOcTM — Ha 1,83%. Tepanua npenapatom Benrna® B TeueHue 6 mec NpuBena K CHUNKEHUIO
pacyétHoro 10-neTHero cepaeyvHo-cocyamcToro pucka no weane SCORE2 Ha 18,6%. MNpu aHann3e AaHHbIX aHTPOMOMETPUN,
BMOXMMMYECKOrO aHa/NM3a KPOBM OTMEYEHO [0CTOBEPHOE CHWUMKEHMEe MOKasaTesiei, YTO CBUAETENbCTBYET O CHUXKEHUU
pUCKa cepaevHO-COCYAMUCTbIX COOLITUI Y NALUEHTOB C OXKUPEHUEM.

3aknoueHune. Ha ¢doHe Tepanuu npenapatom cemarnyTig, He Habnoaanocb KAMHUYECKM 3HAYUMMBbIX M3MEHeHWUM
B MoKasaTtenax ¢pyHKumu nedenu (ANT, ACT, LD, 6unnpyburH), noaskenyaouHol Kenesbl (amMuiasa), novek (KpeaTuHUH,
moyeBuHa, CKD) n mapkepos cuctemHoro BocnaneHus (CPB). Mpu 3Tom OTMEYEHO AOCTOBEPHOE CHUMKEHME aKTUBHOCTU
TpaHcammuHas (AT, ACT) M KOHLEHTpaLuM MOYEBOW KUC/IOTbl B KPOBU. 3aperncTpmMpoBaHHble HexXenatesbHble ABAeHUsA
(npenmyLlectBeHHo co cTopoHbl KKT: TOWHOTA, AUCKOMBOPT B 3MUracTpMmu) HOCUIM BPEMEHHbIN U YMEPEHHbIW XapaKTep.
CepAe4HO-COCYANCTbIX COBBLITUI B MEpUOL NPUMEHEHUA NpenapaTa ceMarnyTna He OTMeYeHo.

KnioueBble cnoBa: cemarnytna; caxapHblii AvabeT; OXMpeHWe; aroHUCT PeLenTopoB MItoKaroHomnogobHoro nentnaa-1;
aTepocknepos; npegmaber

Cnucok cokpaweHuin: UMT — wuHaekc maccbl Tena; OXC — obwmit xonectepuH; XC — xonectepwH; JINBMN —
NIMNONPOTEUHbI BbICOKOW naoTHoctw; JINMHM — nunonpoTtenHbl HU3KOM naoTHocTH;; A/IT — anaHMHaMuHOTpaHchepasa;
ACT — acnaptaTammHoTpaHchepasa; LLd — wenoyHaa docdartaza; CKP — ckopocTb kayboykosoi ¢unstpaumm; CPb —
C-peakTuBHbIN bHenok; CA2 — caxapHbli avabetr 2 Tuna; apllM-1 — aroHWUCTbl PeuenTopoB [1OKAaroHONoZo06HOro
nentnga-1; MACE — puUCK cepbesHbiX CepaeuYHO-CoCYAUCTbIX cobbiTuIA; CC3 — cepaeyHo-cocyaucTble 3abonesaHus; CAL —
CUCTONINYECKOe apTepuanbHoe gasneHue; OAL — puactonuyeckoe apTepuanbHoe aasneHue; IMH — raokos3a naasmbl
HaTowak; OM — ocTpbii MHOAPKT MUOKapaa
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INTRODUCTION

Obesity is a chronic disease characterized by the
excessive accumulation and dysfunction of adipose
tissue [1]. Obesity is a significant risk factor for many
comorbid conditions, primarily type 2 diabetes mellitus
(T2DM), cardiovascular diseases, as well as a range
of oncological, gastrointestinal, and musculoskeletal
diseases, and psychological problems [2]. An increased
risk of cardiovascular disease (CVD) is the most
common cause of mortality in patients with obesity [3].

In the Russian Federation, as of 2016, the
proportion of individuals with overweight was 62.0%,
and with obesity, it was 26.2% [4]. Based on a survey
of a representative sample of the population aged
35-74 years residing in 15 regions of the Russian
Federation within the framework of the “ESSE-RF”
study, 3 phases of prospective studies have been
conducted [5]. The third survey (“ESSE-RF3”) showed
the prevalence of overweight (BMI) at 44.0% and
33.7%, obesity at 30.0% and 39.5%, and abdominal
obesity at 30.9% and 55.1% among men and women,
respectively [6].

In patients with existing obesity, comorbid
pathology progresses: cardiometabolic disorders
(T2DM, hypercholesterolemia, ischemic heart disease,
stroke, hypertensive disease) and non-metabolic
diseases (gastroesophageal reflux disease, non-
alcoholic fatty liver disease, malignant neoplasms,
musculoskeletal ~damage, sleep-wake disorders,
depressive disorders), which significantly leads to a
reduction in average life expectancy [7].

The low efficacy of obesity treatment, despite
financial costs, necessitates a review of existing
approaches and the development of new treatment
methods and medications based on a deeper
understanding of the pathogenetic basis of obesity [8].

Traditional therapeutic approaches demonstrate
limited effectiveness in terms of weight loss and
cardiovascular outcomes in the long term. The
emergence and implementation of incretin-based
drugs in clinical practice have ushered in a new era
in the treatment of metabolic diseases. Glucagon-
like peptide-1 receptor agonists (GLP-1 RAs) and,
subsequently, dual and multi-agonists, exert a complex
effect on key pathophysiological links of T2DM and
obesity [9-11].

Semaglutide is the latest GLP-1 RA, approved
by the U.S. Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) for the long-
term treatment of obesity in 2021. The approval
of semaglutide at a dose of 2.4 mg per week for
weight loss is based on the results of the STEP (1-8)
research program [12]. Furthermore, the STEP 4
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study demonstrated the positive effect of long-term
semaglutide treatment for weight loss [13].

In the treatment of obesity, it is crucial to define
individual goals for each patient, going beyond simple
weight reduction [14]. The SELECT trial proved that
the drug at a dose of 2.4 mg reduces the risk of major
adverse cardiovascular events (MACE) by 20% in
patients with obesity and established cardiovascular
disease, but without diabetes [15]. These results
allowed for the registration of a new indication for
semaglutide is the reduction of cardiovascular event
risk in patients with obesity.

Thus, studying the effect of semaglutide on key
cardiovascular risk factors in patients with obesity is
relevant.

PROMED Group (Russia) has developed the “Start
with Yourself” program to support doctors and care
for their own health and well-being, which is directly
related to patient health. This study was conducted
within the framework of this program.

THE AIM is to evaluate the effect of semaglutide
(Velgia®) on certain cardiovascular risk factors in
patients with obesity.

MATERIALS AND METHODS

Study Design

A post-registration, single-center, prospective study
with minimal intervention in routine clinical practice
was conducted.

Study Conduct and Duration

The study was conducted from May 5, 2025, to
January 31, 2026, at the National Research Ogarev
Mordovia State University and the Republican Clinical
Hospital No. 4 (Saransk, Republic of Mordovia, Russia).
The total duration of the study for each volunteer was
no more than 171 days (including the screening period).
All patients completed the study fully in accordance
with the approved Study Protocol.

Study Subjects and Eligibility Criteria

The study “Efficacy and Safety of the Russian
Analog of Long-Acting Human GLP-1 Drug Velgia®
(Semaglutide) in Routine Clinical Practice in the
Republic of Mordovia: “Republican Program for
Prevention of Risks of Atherosclerosis-Mediated
Cardiovascular Diseases and Diabetes Mellitus in
Healthcare Workers with Overweight (BMI 27-30) or
Obesity (BMI > 30)” included 50 individuals.

Inclusion Criteria: Men and women aged 18 to 65
years, patients with overweight (BMI > 27 and < 30)
and obesity (BMI > 30), combined with at least one
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concomitant disease (prediabetes or T2DM, arterial
hypertension, dyslipidemia, obstructive sleep apnea
syndrome, or cardiovascular diseases), voluntary
informed consent to participate in the study.

Exclusion Criteria: Age younger than 18 vyears
and older than 65 vyears, oncological diseases,
severe decompensated pulmonary, hepatic, or renal
pathology.

Methodology

Investigator physicians screened patients in
accordance with the inclusion / exclusion criteria.
Anthropometry  was  performed (measurement
of height, body weight, waist circumference, hip
circumference), BMI was calculated; complaints

and medical history were collected; a physical
examination was conducted (including measurement
of BP, HR); cardiovascular risk was calculated
(SCORE2-Diabetes / SCORE / SCOREIl index) using
the MDCalc calculator; quality of life was assessed
according to EQ 5D-3L questionnaires; biochemical
blood analysis results were assessed (fasting plasma
glucose, insulin, HOMA-IR index, Hb,, , creatinine with
eGFR calculation, bilirubin, urea, C-reactive protein,
uric acid, ALT, AST, ALP, total cholesterol, LDL, HDL,
triglycerides), performed using an AU480 automated
biochemical analyzer (Beckman Coulter, USA).

Patients received semaglutide (Velgia®)
subcutaneously once a week, regardless of the
time of day, in the abdomen, thigh, or upper arm,
irrespective of food intake. The initial dose was
0.25 mg once a week, and the dose was increased over
16 weeks, starting from 0.25 mg up to a maintenance
therapeutic dose of 2.4 mg once a week. Participation
in the study lasted 24 weeks from Visit 1. In total, there
were 6 visits in the study, including screening, dose
titration, treatment, and follow-up. During each visit,
the investigator completed the patient case report
form and paper-based patient questionnaire forms.
Any adverse events detected during the study were
documented by the investigator in an adverse event
report.

Ethics Approval

The study protocol was approved at a meeting of
the Local Ethics Committee of the Medical Institute,
National Research Ogarev Mordovia State University
(Protocol No. 137 dated February 28, 2025).

Statistical Analysis

Statistical analysis was performed using Jamovi
2.6.44 Software. Normality of distribution was assessed
using the Shapiro-Wilk test. For normal distribution,

Tom 14, Beinyck 4, 2026

means (M) and standard error of the mean (m) were
evaluated. For non-normal distribution, median (Me)
and interquartile range [Q1l; Q3] were evaluated. The
significance of differences was determined by the
paired Student’s t-test for normal distribution, and
by the Wilcoxon test for non-normal distribution.
Comparison of groups for qualitative characteristics was
performed using the chi-square test. The critical level of
statistical significance was taken as p < 0.05.

RESULTS

Population

The study group included 50 patients: 4 men (8%)
and 46 women (92%) aged 22-65 years (mean age
46.06 + 1.42 years) at the time of signing informed
consent, with confirmed overweight and obesity.
The duration of obesity or overweight ranged from 5
to 35 years, with an average of 15.36 + 1.08 years at the
time of inclusion in the study (Table 1).

Only 8 (16%) patients had no concomitant
pathology. 24 (48%) had more than two concomitant
diseases. The structure of concomitant pathology was
as follows: arterial hypertension—23 (46%) patients,
T2DM—8 (16%), prediabetes—8 (16%), musculoskeletal
diseases—6 (12%), hypothyroidism—5 (10%), 2 (4%)
each—iron deficiency anemia, chronic pancreatitis,
varicose veins of the lower extremities, chronic heart
failure, urolithiasis, chronic pyelonephritis—1 (2%) (see
Table 1).

Smoking as an additional cardiovascular risk
factor was noted in 5 patients (10%). At Visit 1,
cardiovascular risk was assessed as low in 11 (22%)
patients, moderate—in 7 (14%), high—in 20 (40%), and
very high—in 12 (24%) subjects. The 10-year CVD risk
(SCORE) was 4.85 [2.00; 9.13]%.

The mean systolic blood pressure (SBP) at the time
of inclusion in the study was 127.74 + 1.82 mmHg, and
diastolic blood pressure (DBP) was 80.34 + 1.28 mmHg.

Fasting plasma glucose (FPG) was 5.80 + 0.22 mmol/L,
and glycated hemoglobin (Hb, ) was 5.30 + 0.18%.

Alanine aminotransferase (ALT) activity was
32.90 * 2.57 U/L, and aspartate aminotransferase (AST)
was 24.09 + 1.35 U/L. In 80% of cases, ALT activity
exceeded reference values, and in 8% of cases, AST
elevation was detected.

In 18% of cases, hyperuricemia was detected, and
in 2% of cases, elevated urea was found (mean levels
were 315.02 + 11.38 mmol/L and 5.53 + 0.17 mmol/L,
respectively). Bilirubin and amylase levels did not
exceed reference values. The mean bilirubin level was
9.95 * 0.44 umol/L, and amylase was 38.57 + 1.79 U/L.

Elevated C-reactive protein (CRP) was noted in
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14% of patients. The median CRP in the study group
was 1.65 [0.20; 3.35].

The mean glomerular filtration rate (GFR),
calculated using the CKD-EPI  formula, was
8239 + 1.91 mL/min/1.73 m% GFR less than

90 mL/min/1.73 m? was observed in 64% of subjects,
and less than 60 mL/min/1.73 m? in 8%.

Lipid profile abnormalities were recorded in the
majority of the examined patients. The most common
deviations were hypercholesterolemia and elevated
low-density lipoprotein cholesterol (LDL-C) levels.

Hypercholesterolemia was detected in 32 (64%)
patients with a mean total cholesterol (TC) level of
5.57 + 0.15 mmol/L. Elevated LDL-C was observed in 34
(68%), with a mean value reaching 3.85 + 0.14 mmol/L.
Hypertriglyceridemia was diagnosed in 16 (32%),
with a mean triglyceride level of 1.91 + 0.17 mmol/L.
Hypo-alpha-lipoproteinemia (decreased HDL-C)
was noted in 17 (34%) patients with a mean value
of 1.19 + 0.03 mmol/L. The atherogenic index was
elevated in more than half of the patients (56%, n = 28)
and averaged 3.82 £ 0.40.

Dynamics of anthropometric parameters

in patients

A significant decrease in body weight, BMI, waist
circumference, and hip circumference was observed
after 12 weeks of semaglutide therapy. By 24 weeks, a
sustained reduction in these parameters continued.

After 12 weeks of therapy, body weight decreased
by an average of 6.65 kg, and after 24 weeks, by
12.0 kg, which corresponded to 6.71% and 11.3%
respectively. BMI decreased by 2.50 kg/m? and
4.33 kg/m? respectively. The average reduction in waist
circumference was 4 cm by 12 weeks and 7.65 cm by
24 weeks, and hip circumference decreased by 4 cm
and 9 cm respectively (Table 2).

As early as 12 weeks of semaglutide therapy, amidst
significant changes in body weight, a redistribution of
patients towards less severe obesity categories was
recorded: the number of patients with overweight
increased to 5 (10.2%), while the number of subjects
with class lll obesity decreased by half compared to
baseline, amounting to 20.4% (n = 10) (Figure 1).

By 24 weeks of semaglutide use, the total
proportion of patients with any degree of obesity was
75% (n = 36). Further improvement in anthropometric
parameters was observed: normalization of body
weight (BMI < 25 kg/m?) was achieved in 2 (4.2%)
patients, and another 9 (18.8%) who initially had
obesity moved into the overweight group. The most
pronounced reduction was noted in the severe obesity
groups: the proportion of patients with class Il obesity
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decreased by 7%, and with class Ill obesity by 23.2%
relative to baseline values (see Figure 1). The obtained
data indicate a dose-dependent and time-dependent
effect of the drug, most pronounced in patients with
severe forms of obesity. The use of semaglutide for
24 weeks allowed for body weight reduction sufficient
to move out of the obesity category in every fourth
patient (n = 12).

Dynamics of blood pressure

Initially and throughout 6 months of semaglutide
therapy, patients maintained stable and well-controlled
blood pressure levels. Systolic blood pressure (SBP)
from the Visit 4 and diastolic blood pressure (DBP)
by the Visit 6showed a significant decrease and
corresponded to target values, including patients with
arterial hypertension (Figure 2).

Dynamics of blood biochemical parameters

Initially, transaminase activity exceeded
reference values but did not exceed a 3-fold
increase from normal: ALT in 10 patients (20.8%)
and AST in 4 (8.3%). After 6 months of semaglutide
use, ALT activity exceeded normal levels in only 2
(4%, p < 0.05), and AST activity was within normal
limits in all patients (p < 0.05). Transaminase levels
significantly decreased: ALT from 32.65 + 2.63 U/L
to 22.09 * 1.36 U/L—a 32.4% reduction, and AST
from 24.10 + 1.39 U/L to 18.40 *+ 0.72 U/L—a 23.7%
reduction (Table 3).

The levels of
bilirubin, amylase, urea,
6 months of semaglutide
from baseline values and remained within their
respective reference ranges. The mean levels
were: alkaline phosphatase 157.68 +6.44 U/L,
bilirubin 10.75 + 0.69 umol/L, amylase 42.60 + 2.98 U/L,
urea 5.07 £+ 0.19 mmol/L (see Table 3).

Initially, elevated CRP was detected in 6 patients,
and by the end of the study, in 5 patients.

Uric acid levels significantly decreased from
314.23 £+11.66 pmol/L to 281.58+11.23 umol/L
(an 11.4% reduction, p < 0.05), and the number of
patients with hyperuricemia decreased from 9 (18.7%)
to 5 (10.4%) (see Table 3).

The mean glomerular filtration rate (GFR),
calculated using the CKD-EPI  formula, did
not change compared to baseline and was
82.87 + 1.73 mlL/min/1.73 m? (99.9% of baseline,
p = 0.9). GFR between 60-89 mL/min/1.73 m? was
observed in 68.8% (baseline 66.6%, p = 0.8), and
less than 60 mL/min/1.73 m? in 2.1% (baseline 8.3%,
p =0.16) (Table 3).

alkaline phosphatase,
and creatinine after
use did not differ
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Figure 1 — Dynamics of obesity by body mass index during treatment with semaglutide.
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Figure 2 — Dynamics of systolic and diastolic blood pressure during treatment with semaglutide.
Note: * is differences are statistically significant at p < 0.05.
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Figure 3 — Cardiovascular risk by SCORE after 6 months of therapy with semaglutide (n = 48).

Note: missing values were excluded pairwise.
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Table 1 — Clinical characteristics of the study group

Characteristic Total (n = 50)
Age, (M £ m), years 46.06 +1.42
Sex

Female, n (%) 46 (92%)

Male, n (%) 4 (8%)

Duration of obesity, (M + m), years 15.36 + 1.08
Body weight, (M £ m), kg 108.59 + 2.99
Body mass index, (M * m), kg/m? 39.06 +0.84
Waist circumference, (M £ m), cm 113.32+1.95
Hip circumference, (M £ m), cm 124.89 +1.63
Overweight, n (%) 1(2%)
Obesity, n (%) 49 (98%)

Grade | 12 (24%)
Grade Il 16 (32%)
Grade lll_21 (42%)

Comorbidities, n (%):

Type 2 Diabetes Mellitus 8 (16%)

Prediabetes 8 (16%)

Arterial Hypertension 23 (46%)
Musculoskeletal disorders 6 (12%)
Hypothyroidism 5 (10%)
Iron deficiency anemia 2 (4%)
Chronic pancreatitis 2 (4%)
Varicose veins of the lower extremities 2 (4%)

Chronic heart failure 2 (4%)

Chronic pyelonephritis "1 (2%)

Urolithiasis 2 (4%)

Table 2 — Dynamics of anthropometric parameters in patients receiving semaglutide
at 12 and 24 weeks of therapy

Characteristic

At 12 weeks (n = 49)

At 24 weeks (n = 48)

Body weight, kg 6.65 [5.15;9.30] 6.71 £ 0.500 12.0 £ 0.729* 11.3+0.702
Body mass index, kg/m? 2.50[1.80; 3.20] 6.71 +£0.500 4.33 +0.268* 11.3+0.702
Waist circumference, cm 4.00[1.00; 7.00] 3.20[0.80; 6.30] 7.65+0.927* 6.92 +0.883

Hip circumference, cm

4.00 [1.00 ; 7.00]

3.30[0.80; 5.90]

9.00 [6.50; 12.0]*

6.70[5.07 ; 9.43]

Note: * is differences are statistically significant at p < 0.05.

Table 3 — Blood parameters after 6 months of semaglutide treatment (n = 48)

Characteristic Visit 1 Visit 6 % of baseline value p (t-test)
ALT, U/L 32.65+2.63 22.09+1.36 67.6 0.0005*
AST, U/L 24.10+1.39 18.40+0.72 76.3 0.0004*
Alkaline phosphatase, U/L 148.6 +6.10 157.68 £ 6.44 106 0.3
Bilirubin, pmol/L 9.88 £ 0.44 10.75+0.69 108.8 0.3
Amylase, U/L 38.18+1.84 42.60 £ 2.98 111.5 0.2
Creatinine, umol/L 78.03+1.61 79.10+1.21 101.3 0.6
Urea, mmol/L 5.48 £0.17 5.07£0.19 95.5 0.12
Uric acid, umol/L 314.23 +£11.66 281.58 £11.23 89.6 0.04*
C-reactive protein, mg/L 1.65[0.20; 3.35] 0.10 [0.057; 0.575] 6 0.002*
GFR, mL/min/1.73 m%: 82.97+191 82.87+1.73 99.9 0.9

GFR290, n (%) 12 (25%) 14 (29.1%) 3.9 0.8

GFR 60-89, n (%) 32 (66.6%) 33 (68.8%) 1.8 0.8
GFR<60,n (%) 4(8.3%) 1(2.1%) 6.2 0.16

Note: missing values were excluded pairwise, * is differences are statistically significant at p < 0.05.
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Cardiovascular Risk Assessment

Initially, cardiovascular risk in the study group
was assessed as low in 11 (22%) patients, moderate in
7 (14%), high in 20 (40%), and very high in 12 (24%).

When using SCORE,
cardiovascular disease risk in the baseline group was
4.85 [2.00; 9.13]%. After 6 months of semaglutide
therapy, it decreased by 20.6% to 3.85 [1.00; 7.45]%
(p <0.001) (Figure 3).

No cardiovascular events were registered during

calculated the 10-year

the study period.

After 6 months of semaglutide use, a number
of positive changes in the lipid profile were noted.
A significant decrease in TC by 8.27% (p < 0.05) was
observed, attributed to a reduction in non-HDL
cholesterol (p <0.05). LDL-C decreased by 12.73%
(p < 0.05), and thyroglobulin by 13.09% (p < 0.05).
Additionally, a decrease in the atherogenic index
by 1.83% was noted. HDL-C data were statistically
insignificant, with no negative trend observed.

Safety Assessment

Adverse events that could be associated with the
use of the investigational drug at a dose of 0.25 mg
of semaglutide were reported by 18 patients (36%).
The majority of patients, 9 (18%), reported nausea,
predominantly when consuming fatty foods. Heartburn,
diarrhea, feeling of fullness, and joint pain were
reported by 4% of patients for each symptom. In 2% of
cases, upper abdominal pain, constipation, diarrhea, leg
weakness, and lower back pain were observed.

No cardiovascular events

(acute myocardial

infarction, unstable angina, acute cerebrovascular
accident, hypertensive crises requiring hospitalization)
were registered among patients who completed the

6-month study.

DISCUSSION

The conducted showed that 6-month
therapy with Velgia® in patients with obesity (mean
BMI 39.06 kg/m?2) and high comorbidity (84% had

concomitant diseases) led to a significant reduction in

study

body weight, improvement in metabolic profile, and
reduction in cardiovascular risk. After 24 weeks, body
weight decreased by 12.0 kg (11.3%), BMI decreased
by 4.33 kg/m?, and waist circumference by 7.65 cm.
The proportion of patients with class Il obesity halved
(from 42% to 19.5%), and 4.2% achieved normal
body weight. These data are consistent with the

Tom 14, Beinyck 4, 2026

STEP 1 study [12], where body weight reduction over
68 weeks was 14.9%, however, our study demonstrates
the achievement of a pronounced effect already in the
medium term.

A significant decrease in TC by 8.27% (p < 0.001),
LDL-C by 12.73% (p <0.001), and triglycerides by
13.09% (p <0.05) was
index decreased by 1.83% with no negative trend in

recorded. The atherogenic

HDL-C. The calculated 10-year cardiovascular risk using
the SCORE2 scale decreased by 18.6% (from 7.01% to
5.9%), and the proportion of patients with very high
risk decreased from 25% to 16.7%. Over 6 months of
observation, not a single cardiovascular event was
registered, which, considering the initially high (42%)
and very high (25%) risk, confirms the cardioprotective
potential of the therapy. These results correlate well
with the data from the SELECT study [15] in patients
with obesity without diabetes.

Semaglutide is widely used for the treatment
of T2DM and is gaining attention due to its
cardioprotective properties [16]. As shown in
the clinical study by M.N. Kosiborod et al. [17],
semaglutide can reduce the risk of cardiovascular
death and worsening of condition in patients with
heart failure. Specific mechanisms may be related
to semaglutide’s ability to attenuate inflammatory
responses, preserve mitochondrial function, reduce
oxidative stress, and inhibit cellular apoptosis [18—
22]. The NOD-like (NLRP3)
inflammasome is associated with cardiac damage, such

receptor protein 3
as myocardial ischemia and fibrosis [23-25]. The study
by W. He et al. [26] demonstrated that semaglutide
can improve

impaired caused by

and suppress

mitophagy

transverse aortic constriction (TAC)

NLRP3 inflammasome activation, thereby reducing
cardiac hypertrophy. This finding reveals a link
between semaglutide and the NLRP3 pathway,

highlighting its pronounced anti-inflammatory effect.
Further verification in a diabetic model showed that
semaglutide treatment attenuates inflammation-
induced cardiac damage by increasing RKIP expression
and suppressing the TBK1 / NF-kB signaling pathway.
These effects are confirmed by improved cardiac
function and reduced biomarkers of myocardial
injury [19], providing a theoretical basis for expanding
the clinical application of semaglutide.

A recent clinical study showed that semaglutide

improves cardiovascular outcomes by enhancing
vascular  endothelial  function and  reducing
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inflammation, independent of weight loss [27]. In a
model of obesity-related cardiac damage, its anti-
inflammatory effect was confirmed. Semaglutide
significantly reduced body weight in obese mice while
suppressing the expression of genes associated with
inflammation and oxidative stress (such as S100AS,
S100A9, and Cxcl2) in neutrophils, thereby reducing
cardiac damage [18, 28]. Clinical studies show that
the anti-inflammatory properties of semaglutide
may prevent atrial fibrosis and alleviate symptoms
of atrial fibrillation in individuals with obesity [29].
When used with antihypertensive and lipid-lowering
drugs, semaglutide reduced high-sensitivity CRP
levels by 37.8% [30]. These data support the potential
application of semaglutide in treating inflammation-
induced heart damage.

demonstrated a

Furthermore, semaglutide has

protective effect against myocardial damage caused
by acute myocardial infarction (AMI), coronary artery
perfusion impairment, and ischemia-reperfusion injury [31,
32]. Key mechanisms include, but are not limited to,
mitigating cellular damage, modulating metabolism
and vascular function, and inhibiting apoptosis. For
models of AMI,

semaglutide not only significantly reduced myocardial

instance, in experimental animal

edema, necrosis, and fibrous tissue hyperplasia
but also effectively lowered residual post-infarction
risks by modulating energy metabolism, reducing
blood glucose, lipids, and body weight [31, 33]. In
Yorkshire pigs with myocardial ischemia, semaglutide
treatment significantly enhanced AMPK, AKT, and
eNOS activation and expression, improved vascular
diastolic function, and increased coronary perfusion in
ischemic areas [41]. Previous studies have confirmed
that the AMPK / AKT / eNOS signaling pathway plays a
critical role in regulating vasodilation and stimulating
angiogenesis [18, 34], which may be one of the
key mechanisms by which semaglutide alleviates
myocardial ischemia. Additionally, semaglutide exerted
cardioprotective effects by inhibiting ferroptosis [32]
PKG/PKCe/ERK1/2

pathway [22], thereby reducing cellular apoptosis

and activating the signaling

and infarct size. Meanwhile, subsequent clinical
studies have further confirmed that the combined
use of GLP-1RAs (such as semaglutide) and SGLT-2
inhibitors after percutaneous coronary intervention
can increase myocardial salvage in the peri-infarct
period, highlighting its potential value for clinical

application. Clinical studies show that semaglutide
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significantly reduces the risk of myocardial infarction
and heart failure compared to tirzepatide and has a
numerical advantage over it in reducing MACE [35].
Another important mechanism by which semaglutide
health is
cardiac metabolic function.

improves cardiovascular by enhancing
Myocardial damage is
primarily associated with mitochondrial dysfunction
and impaired glucose and lipid metabolism, leading to
the accumulation of toxic lipids [36—38]. For example,
semaglutide can improve mitochondrial function
through the PI3K / AKT / CREB5 / NR4AL1 axis, thereby
mitigating myocardial damage caused by TAC [39].
Recent studies suggest that semaglutide can reduce
Slc27a2 expression and decrease cardiac damage
by enhancing lipid metabolism and reducing lipid
accumulation in cardiac cells. Although Slc27a2 levels
are higher in the blood of obese individuals [40],
confirmation in human cardiac tissues is lacking due
to ethical limitations. Despite this, studies strongly
support the cardioprotective effects of semaglutide
in obesity. The work by H. Yan et al. [31] and C. Stone
et al. [41] further demonstrated in models of AMI and
chronic cardiac injury, respectively, that semaglutide
modulates glucose and lipid metabolism to optimize
myocardial energy utilization. Thus, the mitochondrial
and metabolic effects of

protective regulatory

semaglutide underscore its potential therapeutic
value in both acute and chronic cardiac injury, opening
promising prospects for future CVD treatment.

As research progresses, opportunities arise for
developing personalized treatment plans tailored to
individual patient characteristics. Creating algorithms
that consider biomarkers, genetic variations, and
metabolic profiles can help clinicians optimize drug
dosage,

approach aims to enhance treatment efficacy while

selection, and combination therapy. This
minimizing side effects and reducing the financial
burden on patients. Furthermore, dynamic monitoring
of cardiac and renal function, as well as metabolic
changes, will allow for treatment adjustments—such as
altering dosage and combination therapy regimens—
based on the evolving pathophysiological state
throughout the disease course [16]. This strategy is
particularly promising for optimizing the management
of patients with multiple comorbidities.

For the production of the medicine Velgia®,
Promomed Group uses the solid-phase peptide
synthesis (SPPS) method. This allows for process
automation and precise reproduction of the desired
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peptide structure, which negates the risks of changes
in the resulting substance and, consequently, adverse
immune reactions during drug administration.

In 2025, the unique semaglutide in the Russian
Federation, Velgia® Eco, was introduced, which does
not contain preservatives, including phenol and
benzyl alcohol. The drug is supplied in single-use
devices, eliminating the need for protection of the
solution from microbial contamination. A simpler
composition is particularly important for sensitive
patients, as it reduces the additional component load
during multi-month use and lowers the likelihood of
adverse reactions associated with excipients. Such a
composition is of fundamental importance in patients
with concomitant liver and kidney diseases, where the
accumulation of certain preservatives is associated
with additional

single-use autoinjectors. This delivery form does not

risks. Velgia® Eco is available in
require needle attachment, manual dose setting, or
assessment of injection completion. The simplicity of
the procedure reduces the risk of user errors and helps
to more accurately reproduce the prescribed treatment
regimen [42].

Study Limitations

Although semaglutide may have therapeutic effects
in patients with obesity and concomitant cardiovascular
risk, future research should focus on understanding
the mechanisms of semaglutide action depending on
the subtype of cardiovascular disease. A thorough
evaluation of the efficacy and safety of semaglutide
in real-world patient populations with cardiovascular

risk is necessary through multicenter and long-term
studies. In clinical practice, improved monitoring and
personalized risk management are crucial for the
effective use of semaglutide, which will help integrate
semaglutide into precision CVD therapy.

CONCLUSION

A significant reduction in  anthropometric
parameters (body weight, body mass index, waist
and hip circumference) was observed after 24 weeks
of semaglutide therapy. During therapy, no clinically
significant changes were observed in liver function
(ALT, AST, ALP, bilirubin),
function (amylase), renal function (creatinine, urea,
GFR), (CRP).

However, a significant decrease in transaminase activity

parameters pancreatic

and systemic inflammation markers
(ALT, AST) and serum uric acid concentration was noted.

After 6 months of semaglutide use, positive
changes in the lipid profile were identified: a decrease
in total cholesterol by 8.27% due to a reduction in
LDL cholesterol by 12.73%,

triacylglycerols by 13.09%, and the atherogenic index

non-HDL cholesterol,

by 1.83%. During the 6-month follow-up, patients

maintained stable target blood pressure levels.
Semaglutide therapy for 6 months led to a 18.6%
reduction in the calculated 10-year cardiovascular risk
according to the SCORE2 scale. The registered adverse
events, predominantly gastrointestinal, were moderate
and short-term. No cardiovascular events were
recorded during the period of semaglutide use. Thus,
the use of Velgia® is promising in the pharmacotherapy

of obesity.
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The aim. To evaluate the safety profile of cefodizime in comparison with ceftriaxone and amoxicillin/clavulanic acid based
on an analysis of current literature data.

Materials and methods. A literature search was conducted among randomized controlled trials, cohort studies, meta-
analyses, and clinical guidelines for the period from 2021 to 2026 in the PubMed database.

Results. The analysis of publications and one clinical guideline revealed that the safety profile of cefodizime in comorbid
patients is more favorable compared to ceftriaxone and amoxicillin / clavulanic acid. The use of ceftriaxone is associated
with a dose-dependent and duration-dependent risk of developing biliary pseudolithiasis, cholestatic hepatitis,
nephrolithiasis, and crystalluria, especially in patients with risk factors such as decompensated comorbidities, dehydration,
starvation, and polypharmacy. Amoxicillin / clavulanic acid remains one of the leading causes of drug-induced liver injury,
including cholestatic forms, and also demonstrates clinically significant interactions with vitamin K antagonists and direct
oral anticoagulants. No convincing data on hepatotoxicity or nephrotoxicity or clinically significant interactions with oral
anticoagulants were found for cefodizime, including in patients with hepatobiliary and urinary system pathology. However,
the limited volume of clinical studies requires further investigation of its safety in larger cohorts.

Conclusion. Cefodizime, ceftriaxone, and amoxicillin / clavulanic acid are effective in comorbid patients; however, their
safety profiles differ. Cefodizime is characterized by a lack of data on hepatotoxicity and nephrotoxicity and does not
demonstrate clinically significant drug interactions with oral anticoagulants, unlike ceftriaxone and amoxicillin / clavulanic
acid. At the same time, the limited number of clinical studies on cefodizime requires further investigation of its safety
profile in larger cohorts of comorbid patients.

Keywords: cefodizime; antibacterial therapy; comorbidities; comorbidity; drug-induced liver injury; nephrotoxicity; oral
anticoagulants; drug interactions

Abbreviations: ADR — adverse reaction; ESBLs — extended-spectrum beta-lactamases; PBP — penicillin-binding protein;
DILI — drug-induced liver injury; NAFLD — non-alcoholic fatty liver disease; ALD — alcoholic liver disease; HLA — human
leukocyte antigen; OACs — oral anticoagulants; DOAC — direct oral anticoagulants; AF — atrial fibrillation; INR —

international normalized ratio.

For citation: S.K. Zyryanov, E.A. Baibulatova. Cefodizime: safety profile in patients with comorbidities. Pharmacy & Pharmacology.
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Llenb. OueHutb Npoduab bGesonacHocTh LedboaM3nma B CPaBHEHMU C LeGTPUAKCOHOM M aMOKCULMINH/KAaBY1aHOBOWM
KWUC/NIOTOM HAa OCHOBE aHa/IM3a aKTYa/IbHbIX IMTEPaTyPHbIX AAHHbIX.

Martepuanbl U metoabl. MoOUCK UTepaTypbl NPOBOANIN CPeaU PAaHAOMMU3UPOBAHHbLIX KOHTPONIMPYEMbIX UCCAeA0BaAHUM,
KOTOPTHbIX UCCNeA0BaHUM, MEeTaaHaIM30B U KIMHUYECKUX peKoMeHZauui 3a nepuog, ¢ 2021 no 2026 rr. B 6ase AaHHbIX
PubMed.

Pe3ynbtatbl. B pesynbrate aHanusa nybanKaumin M O4HOW KAMHWYECKOW PEKOMEHZALMU BbIABNEHO, 4TO MNpodub
b6esonacHocT LedoansMma y KOMOPOUAHbLIX NauueHToB 6onee 6naronpusaTeH Mo CpaBHEHUIO C LedTPMAKCOHOM M
AMOKCULMINMH/KNABYNAaHOBOW KUCIOTON. MpuMeHeHWe uedTPMaKCOHA COMPSKEHO C 40303aBMCUMMbIM M 33aBUCALLMM
OT ANUTENbHOCTU Tepanuu PUCKOM Pa3BUTUA BUAMApHOro MCeBAOAMTMA3a, XO/SecTaTUYecKoro renatuTta, Heppoamntnasa
N KPUCTanNypuun, oCOBEHHO Yy MaLMeHTOB C TaKMMWU (aKTOpamMM PUCKA, KaK LEKOMMEHCMPOBAHHbIe COMyTCTBYHOLLME
3aboneBaHusn, Aervapartaums, ronogaHve M mnoaunparmasus. AMOKCULMANUH/KNEBYAaHOBAsA KUCAOTa OCTaéTcAa OAHOM
U3 BeAyLMX NPUYUH NeKAPCTBEHHO-UHAYLIMPOBAHHOTO NMOPAMKEHUA MEYEeHM, BK/IOYAsA Xonectatmyeckne Gopmbl, a TaKKe
OEMOHCTPUPYET KAUHUYECKM 3HAYMMble B3aUMOAEMNCTBMA C aHTAaroHUCTamu BUTamMumHa K M NpAmMbIMM nNepopasnbHbIMU
aHTUKoarynaHTamu. Ansa uedoamsmma He ObOHapyKeHO ybeauTenbHbIX AAHHbIX O remaTto- U HedPOTOKCUYHOCTU MU
KAUMHUYECKN 3HAYMMbIX B3aMMOAENCTBUAX C NEPOpPasbHbIMKU aHTUKOAryNAHTaMM1, B TOM YUC/ie Y MALMEHTOB C NaToNormnen
renatobuavapHon M MoYeBblAENUTENIbHOM cucTeM. BmecTe ¢ TeM orpaHUYeHHbI OBBEM KAMHUYECKMX MCCaefoBaHUM
TpebyeT ganbHelLero nsyyeHns ero 6e3onacHOCTM € yyactmem 60bLINX KOTOPT NALLMEHTOB.

3aknoueHune. Ledogmsnm, uedTPMAKCOH M aMOKCULMAIMH/KNaBylaHOBas KUcoTa 3GGEKTUBHLI Y KOMOPBUAHbIX
nauueHToB, OA4HAKoO WX npodunb 6esonacHocTu pasnunyaetca. Lledoamsmm xapakTepusyeTcs OTCYTCTBMEM [AAHHbIX
0 renato- U HedPOTOKCUYHOCTM WU He [AEMOHCTPUPYET KAMHUYECKM 3HAYMMbIX JIeKAapCTBEHHbIX B3aMMOAEWCTBUW C
nepopasibHbIMW aHTUKOAryaaHTamu, B OTAMYMe OT LedTPUaKcoHa M aMOKCUUMAIMH/KNAaByNaHOBOM KUCAOTbl. B TO e
BPEMSA OrpaHUYEHHOEe YWUCIO0 KAMHWUYECKMX UccnepsoBaHui uedoamsmma TpebyeT panbHellero nusyvyeHna ero npoouna
6€30MacHOCTN B PaCLUMPEHHbIX KOTOPTax KOMOPOUAHbIX NALNEHTOB.

KnioueBble cnosa: KOMOPOUAHOCTb;
leKapCcTBEHHbIE

conyTcTBylolwMe 3aboneBaHus;
nepopasibHble

aHTMBaKTepuanbHaa Tepanus;
HedpPOTOKCUYHOCTL;

uedoamsum;

NIeKapCTBEHHOE  MOPaXeHWe  neyeHu; QHTUKOAryNAHTbI;
B3aMMOZENCTBUA

Cnucok cokpaweHuit: HP — HexenatenbHble peakuuun; BJIPC — B-naktamasbl pacwmpeHHoro cnektpa; MNCb —
NeHUUUNNMH-CBA3bIBalOWMe 6enku; JIAMNN  — HAXBN —

HeanNKoronbHasa uposasa 6onesHb nedyeHu; ABIM — ankoronbHaa 6onesHb nedeHn; HLA — rnaBHbI KOMMAEKC

NIEKapCTBEHHO-NHAYLNPOBAaHHOE TMOpaXKeHune nevyeHu;

TMCTOCOBMECTUMOCTM Yenoseka; PN — ubpunnaums npeacepguii; OAK — nepopanbHble aHTUMKoarynsaHTbl; MOAK —
npsiMble nepopasibHble aHTUKoarynAaHTbl; MHO — meXayHapoaHoe HOpMann30BaHHOE OTHOLLIEHME.

INTRODUCTION
The increase in patients with polymorbidity and
polypharmacy correlates with a higher incidence

of adverse drug reactions during antimicrobial

therapy. The most vulnerable are elderly patients
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and those with chronic diseases of the liver, kidneys,

cardiovascular, and respiratory systems, in whom
even standard drug doses can be associated with an
increased risk of adverse reactions (ARs) and drug

interactions [1].
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In this regard, the systematization of data on the
safety profile of widely used B-lactam antibiotics in
comorbid patients is of significant interest for practical
healthcare [2].

Cefodizime and ceftriaxone, belonging to third-
generation cephalosporins, as well as the combination
drug amoxicillin / clavulanic acid, are widely used in
the treatment of infections of various localizations in
patients of therapeutic profile. Despite accumulated
clinical experience, most available studies on the
safety profile of these antibiotics were conducted in
relatively homogeneous groups, without considering
the pronounced comorbidity and polypragmasia
characteristic of real clinical practice. This necessitates
an analysis and comparison of published data on
the frequency and structure of ARs of these drugs in
patients with concomitant diseases [3, 4].

Lower

respiratory tract infections are among

the leading causes of mortality worldwide.
According to the WHO, they rank 7 among the
main causes of mortality in upper-middle-income
countries and first in low-income countries'.
Urinary tract infections are the second most common
pathology among all infectious diseases, affecting over
150 million people worldwide annually [5]. In Russia,
4.1 million medical consultations for urinary tract
infections were registered in 2022 [6].

Community-acquired  pneumonia, caused by
viruses, as well as typical and atypical bacteria, remains
one of the leading causes of mortality in patients of
different age groups: in high-incidence countries,
lethality is 9—17.5% [7]. The presence of concomitant
diseases in patients with infectious and inflammatory
pathology can affect both the course of the primary and
comorbid processes, as well as the efficacy and safety
of drug therapy [8].

Comorbidity is defined as the combination in
one patient of two or more chronic diseases that
are etiopathogenetically linked or coincide in their
onset, regardless of the activity of each [9]. With age,
the frequency of comorbid diseases increases: in
individuals aged 65-74, it reaches 62%, and in patients
aged 85 and older, it is 82% [8].

Patients

appropriately receive several

with  multiple concomitant diseases

medicines (adequate

! World Health Organization (WHO). The top 10 causes of death.
Available  from: https://www.who.int/ru/news-room/fact-sheets/
detail/the-top-10-causes-of-death
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polypharmacy). The burden of taking medicines
increases the risk of side effects, which is a significant
reason for hospitalization and prolonged hospital
stays [9].

Cephalosporins are B-lactam antibiotics.
Depending on the chronology of drug development
and their antimicrobial properties, these antibiotics
are divided into different generations, from first to
fifth.
contain a six-membered dihydrothiazine ring connected
to the B-lactam moiety. Substituents at C3, C4, and

C7 are key factors in their antimicrobial activity.

Structurally, third-generation cephalosporins

Furthermore, the carboxyl group at C4 must remain
unchanged, and the acylamide side chain at C7
(7-aminocephalosporanic acid nucleus) plays a crucial
role in the hydrophilic/hydrophobic properties of these
compounds.

Third-generation cephalosporins are the most
frequently prescribed group of antibiotics [10]. The
first third-generation cephalosporin, cefotaxime, was
developed in the late 1970s. Through improvements
to the “parent” molecule, ceftriaxone and cefodizime
have been created and introduced. These drugs
differ from cefotaxime in that they have a longer
half-life (T,
which in turn improves patient adherence and reduces

), allowing for once or twice daily dosing,

therapy costs [11].

These antimicrobial agents are characterized by
a broad spectrum of activity, covering both Gram-
Their

antibacterial effect is more pronounced against Gram-

positive and Gram-negative microorganisms.

negative flora resistant to first and second-generation
cephalosporins [10].

Currently, this advantage has been somewhat
diminished due to the spread of extended-spectrum
(ESBL)-producing
even in

B-lactamase Enterobacteriaceae

strains, community-acquired infections.
However, Gram-positive microorganisms and a number
of Gram-negative pathogens retain high sensitivity to
this class of antibacterial agents, justifying their use in
modern clinical practice [11].

Cefodizime belongs to the subclass of amino-2-
thiazolyl-methoxyiminocephalosporins  and  shows
significant structural similarity to cefotaxime and
ceftriaxone. Several experimental studies have shown
that, in addition to its antibacterial action, the drug

has a regulatory effect on the inflammatory response
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and stimulates the functional activity of various
components of the immune system, allowing it to be
considered a potential immunomodulator in infectious
diseases [11, 12].

Being used at therapeutic doses, the
pharmacokinetics of cefodizime remain linear. It may
be more convenient to use than some other drugs
in this class, as it can be administered once or twice
daily [13, 14]. Cefodizime has several advantages for
use in comorbid patients. This issue will be explored in
detail in our article.

THE AIM

of cefodizime

is to evaluate the safety profile

compared to ceftriaxone and
amoxicillin / clavulanic acid based on an analysis of

current literature data.

MATERIALS AND METHODS

Full-text publications were conducted
PubMed database. Works
ceftriaxone, and amoxicillin / clavulanic acid in the

in the
studying cefodizime,
treatment of infectious and inflammatory diseases
in polymorbid patients with hepatobiliary system
pathology, urinary system pathology, or those
taking oral anticoagulants from 2021 to 2026 were
analyzed using the following keywords: “cefodizime”,
“ceftriaxone”, “amoxicillin clavulanate”, “drug-induced
liver damage”,

“hepatotoxicity”,  “cholelithiasis”,

n

“nephrolithiasis”,

» u

crystalluria”, “warfarin”, “direct oral
anticoagulants” and their Russian equivalents.

As a result, 3325 sources were found. Works for
which full text was not accessible, as well as those not
directly related to the review topic, were excluded from
the bibliography. Consequently, 58 scientific works

were included in this review.

RESULTS AND DISCUSSION

Mechanism of Action of Cephalosporins
inhibit the

wall,

of the
peptidoglycan.

Cephalosporins synthesis

bacterial cell specifically
Peptidoglycans are the exoskeleton of bacteria,
providing structural integrity and shape to cells and
protecting them from lysis. These structures are cross-
linked in the final stage of bacterial cell wall synthesis,
forming peptidoglycan polymers with the help of
membrane-bound enzymes (i.e., transpeptidases,
carboxypeptidases, and endopeptidases), collectively

known as penicillin-binding proteins (PBPs) [10].
426

Most bacteria possess at least one PBP, and they
are the target for various B-lactam antibiotics such
as cephalosporins, penicillins, carbapenems, and
monobactams. The B-lactam ring structure of third-
generation cephalosporins mimics the “D-Ala-D-Ala”
PBP substrate. Structural

binding of cephalosporin antibiotics to the active site

fragment of the natural

of PBPs in bacterial cell walls leads to the inhibition of
their enzymatic activity and disruption of peptidoglycan
synthesis, resulting in the inability to build a functional
cell wall and subsequent death of bacterial cells due to
osmotic lysis [10].

Spectrum of Activity of Cefodizime
and Indications for Use

broad
against

Cefodizime has a spectrum  of

antibacterial activity Gram-positive and
Gram-negative aerobes. Stable sensitivity is noted
Klebsiella

pneumoniae, Morganella morganii, Proteus mirabilis,

in  Enterobacteriaceae (Escherichia coli,
Proteus vulgaris, Shigella sonnei, Yersinia enterocolitica,
and Salmonella species), whereas activity against
Citrobacter (including Citrobacter freundii) and Serratia
marcescens is noted as weak and variable; against
Enterobacter spp., the drug, like most third-generation
cephalosporins, is ineffective [14].

Cefodizime

inhibited Haemophilus influenzae

(ampicillin-sensitive and resistant), Moraxella

catarrhalis, Neisseria gonorrhoeae (B-lactamase-

producing and non-producing), and Neisseria

meningitidis, but is inactive against Pseudomonas
aeruginosa and Xanthomonas maltophilia. Methicillin-
sensitive strains of Staphylococcus aureus are sensitive
to the drug, whereas Staphylococcus epidermidis
and MRSA remained resistant. In vitro, cefodizime
inhibited
and S. pyogenes,

effectively Streptococcus  agalactiae,

S.  pneumoniae, demonstrating
activity comparable to first and second-generation
cephalosporins [14].

In adult patients, the drug can be used for bacterial
infections caused by susceptible microorganisms.
Its use is of greatest clinical significance in patients
with weakened body condition and/or reduced
immune defense. The spectrum of indications includes
uncomplicated lower urinary tract infections in women,
other urinary tract infections, lower respiratory tract

infections, and gonorrhea.
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Dosage adjustment is necessary only in elderly
patients with impaired renal function.

Side Effects

Cephalosporins are generally well-tolerated, but
individuals with penicillin allergy may have an increased
risk of allergic reactions due to the common B-lactam
ring [15].

Generally, a higher frequency of cross-reactivity is
observed with first-generation cephalosporins [15].
high
is characterized by a more pronounced
injury (DILI),
cholestatic forms and the development of biliary

Ceftriaxone, while maintaining clinical
efficacy,
risk of drug-induced liver including
pseudolithiasis / cholelithiasis, as well as nephrotoxic

complications manifesting as nephrolithiasis and
crystalluria in predisposed patients. Concurrently, rare
but clinically significant cases of severe cutaneous
and systemic reactions (Stevens-Johnson syndrome,
toxic epidermal necrolysis) and ceftriaxone-associated
neurotoxicity in the form of encephalopathy have been
described [10].

Cefodizime, in contrast, demonstrates a more
favorable safety profile: according to available clinical
data,

parenteral administration, with no convincing evidence

the drug is generally well-tolerated upon
of clinically significant hepato- and nephrotoxicity,
which allows it to be considered a preferred option in
patients with an increased risk of hepatobiliary and
renal complications of antibacterial therapy [14].

Comorbid Patients with Impaired Liver

and Pancreatic Function

Pancreatitis, including both acute and chronic
forms, is a primary cause of gastrointestinal morbidity
and hospitalization [16].

Acute pancreatitis is a critical condition with high
mortality, ranging from 20% to 40%, mainly due to
systemic complications such as sepsis and multiple
organ failure [17].

The global standardized incidence rate of
pancreatitis in 2021 was 52.64 (95% Cl: 45.57-60.42)
per 100,000 people. The lowest incidence rate in
individual countries was observed in Zambia (23.76,
95% Cl: 19.15-29.79), and the highest in the Russian
Federation (173.44, 95% Cl: 142.20-204.01) [16].

It is that in 2024,
approximately 240 million people worldwide with

estimated there were

Tom 14, Beinyck 4, 2026

chronic hepatitis B virus infection, corresponding
to 2.9% of the global population, as well as about
68 million people infected with hepatitis C virus?.

According to available data, in 2024, approximately
1.1 million deaths from cirrhosis and liver cancer
associated with hepatitis B virus were registered
worldwide, which is 17% higher than in 2015: 240,000
people died from liver cirrhosis and liver cancer caused
by hepatitis C virus (95% Cl: 160,000—370,000), which is
12% less compared to 20153,

It is estimated that hepatic steatosis affects
1.7 billion people worldwide and is one of the fastest-
growing causes of chronic liver disease globally*.

According to the results of a meta-analysis
conducted in 2023, the global prevalence of non-
alcoholic fatty liver disease (NAFLD) has increased by
50.4% over the past 20 years. In the Russian clinical
epidemiological study DIGER, the authors also note
a significant increase in the frequency of NAFLD
among the Russian population (+38.1% over 7 years of
observation) [18].

Approximately 26% of individuals with alcohol
abuse and up to 55% of patients with alcohol use
disorder develop one of the clinical forms of alcoholic
liver disease (ALD) [19].

About 10-20% of people with ALD develop liver
Thus,

liver cirrhosis is estimated at approximately 0.3% in

cirrhosis. the prevalence of alcohol-related
the general population, but increases to 12.9% in
individuals with alcohol use disorder [20].

In 2023, according to available data, 3.15 million
people suffered from alcoholic liver cirrhosis. 419,429
new cases were registered: despite the overall increase
in disease prevalence, the age-standardized prevalence
was 34.6 per 100,000 people, reflecting demographic
shifts [21].

The epidemiology of chronic cholecystitis largely
coincides with the epidemiology of gallstone disease. It
is estimated that 10% to 20% of the world’s population
develops gallstone disease during their lifetime,
with approximately 80% of cases remaining clinically
asymptomatic [22].

2 World Health Organization (WHO). Global hepatitis report 2026.
Geneva; 2026. Available from: https://whodc.mednet.ru/en/
main-publications/infekczionnye-bolezni-i-borba-s-nimi/virusnyj-
gepatit/4478/visit.html

3 Ibid.

4 Seventy-ninth World Health Assembly — Daily update: 21 May 2026.
World Health Organization; 2026. Available from: https://www.who.
int/news/item/21-05-2026-seventy-ninth-world-health-assembly---
daily-update--21-may-2026 (accessed 21.05.2026).
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Untreated acute cholecystitis is associated with In most cases, it is asymptomatic and

a significant risk of complications and mortality,
especially in the elderly patient group.

Gallbladder perforation, a potential complication of
untreated cholecystitis, has a mortality rate of 30% [23].

Given the high prevalence of liver and biliary tract
pathology in the population, it is crucial to assess
the risk of hepatotoxic ARs when prescribing drug
therapy.

Impact of Comorbidity on the Safety

of B-Lactam Antibiotic Therapy

Numerous observational cohort studies confirm
a direct correlation between the cumulative burden
of chronic diseases and the frequency of ARs during
B-lactam antibiotic therapy. In particular, an analysis
of the North American population demonstrated
a statistically significant association between high
scores on the Charlson Comorbidity Index (CCl) and
the probability of developing both typical (Type A) and
idiosyncratic (Type B) ARs. Notably, the CCl comorbidity
index has become part of the panel of independent
predictors of ARs, alongside polypharmacy, geriatric
status of the patient, and gender. Antibacterial agents
were second only to anticoagulants in the hierarchy of
pharmacological classes most frequently inducing ARs.

The most vulnerable cohort regarding drug-induced
acute kidney injury when prescribing antimicrobial
drugs are individuals of geriatric profile with pre-
existing multimorbidity. Basic risk determinants include
diabetes mellitus, essential arterial hypertension,
systolic myocardial dysfunction, and chronic kidney
This risk

therapy with drugs that modify the renin-angiotensin-

disease. is potentiated by concomitant
aldosterone system (ACE inhibitors, angiotensin I
receptor blockers) and diuretics. Dehydration acts
as an additional trigger, exacerbating the prerenal
vasoconstrictor component of nephrotoxicity [8].

Safety of Cefodizime, Ceftriaxone,

and Amoxicillin / Clavulanic Acid in Patients

with Hepatobiliary System Pathology

Parenteral administration of ceftriaxone causes
biliary sludge (pseudolithiasis) in 3—46% of patients® [24].

5 LiverTox: clinical and research information on drug-induced liver
injury [Internet]. Bethesda (MD): National Institute of Diabetes and
Digestive and Kidney Diseases; 2012-. Ceftriaxone. Updated 20
Dec 2021. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK548258/ (accessed 24.05.2026).
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spontaneously resolves after discontinuation of the
drug, but in rare cases, it leads to severe pancreatitis or
cholecystitis requiring surgical intervention. In children,
the risk is higher with high doses of ceftriaxone,
prolonged therapy, fasting, and dehydration.

The mechanism involves the binding of the drug
to calcium ions, leading to the formation of insoluble
crystals in bile and urine. Interaction with calcium
phosphate forms stable stone aggregates. Very rarely,
idiosyncratic cholestatic hepatitis develops.

Clinical Trial Results

and Patient Management Strategies

In most described cases, recovery was rapid,
within 1-2 weeks, but some patients required
cholecystectomy during the acute illness, and stones
or sediment could persist for several months. The
immunoallergic form of cholestatic hepatitis usually
resolves quickly and is not associated with acute liver
failure or chronic liver damage.

Probability Assessment: B (ceftriaxone is a highly
probable cause of clinically significant liver injury and
can also lead to the formation of bile sediment and
“pseudolithiasis” caused by ceftriaxone crystallization in
bile present in the gallbladder or biliary tract)®.

Bile acids and ceftriaxone may use the same
transport pathway, so ceftriaxone secretion with bile
can inhibit bile acid secretion. While ceftriaxone is
85-95% bound to albumin in blood, 45% is excreted
unchanged in bile; therefore, the concentration of
ceftriaxone in bile is 20—-150 times higher than in serum
[25, 26].

When the concentration of ceftriaxone in the
gallbladder exceeds a threshold value, it is known to
precipitate by binding to calcium ions secreted along
with bile acids. Subsequently, the precipitated drug
forms stones and can ultimately lead to ceftriaxone-
induced biliary pseudolithiasis. The formation of this
calcium-ceftriaxone complex is detected by ultrasound
as a gallstone or bile sediment. Pseudobiliary stones are
considered structurally unstable; therefore, they are
easily excreted with bile [26].
results of a

T. Yassen et al. presented the

prospective study on the incidence and clinical

outcomes of biliary pseudolithiasis associated with

© Ibid.
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ceftriaxone use. The study included 60 patients. In 11
of them, ultrasound revealed cholelithiasis (18.3%)
[26]. In univariate analysis, cholelithiasis developed
more frequently in patients requiring fasting and bed
rest (p < 0.001). In multivariate analysis, the duration
of fasting (OR, 4.44; 95% Cl: 2.04-14.64; p < 0.0001)
and the duration of bed rest (OR, 2.21; 95% Cl:
1.25-4.26; p =0.008) were significantly associated
with pseudolithiasis and independent of each other.
Furthermore, cholelithiasis appeared relatively early
during the period of fasting and bed rest [26].

When studying potential risk factors using the
FAERS database, data on 764 adverse events (AEs)
related to the formation of stones in the hepatobiliary
system during ceftriaxone therapy were analyzed to
assess potential risk factors: age group, sex, dose. Sex
was not identified as a risk factor for the development
of ceftriaxone-induced hepatobiliary stones. However,
male infants (under 1 vyear), boys, girls, male
adolescents, and elderly women were potential risk
factors for the development of ceftriaxone-induced
hepatobiliary stones, based on ROR025>1 and
IC025 > O criteria [26].

In a retrospective study involving 634 adult
patients with common infectious diseases treated with
ceftriaxone in a general hospital in Qatar, it was found
that the use of ceftriaxone in combination with other
drugs metabolized in the liver was associated with a
significantly higher incidence of liver damage (19.7%)
compared to data from other similar studies [27-29].
The inclusion criteria were as follows: a) hospitalized
patients aged =218 vyears from January 2019 to
December 2019 in an inpatient setting; b) patients who
received intravenous ceftriaxone at a dose of > 2 g/day
for > 2 consecutive days.

A retrospective analysis of hospitalized patients
aged >65 years who received ceftriaxone at Innoshima-
Ishikai Hospital between May 2022 and April 2025,
conducted by T. Tagashira et al. [30], revealed that in
patients aged 2 65 years, baseline ALT levels (> 11 U/L)
and CRP levels (= 5.9 mg/dL) were associated with
an increased risk of drug-induced liver injury during
ceftriaxone use. Therefore, careful monitoring of liver
function during and after ceftriaxone administration
was recommended in this patient group. The study
compared two groups: patients with and without

liver dysfunction. Liver dysfunction developed in 19

Tom 14, Beinyck 4, 2026

patients, accounting for 18.1% (19/105). In the liver
dysfunction group, ALT levels significantly increased
The
time to the onset of liver dysfunction was 8 days
([Q1-Q3] = 6.5-9.5 days). Furthermore, liver dysfunction
developed within 8 days in 58% of patients. No

after ceftriaxone  administration. median

significant differences were observed between the
groups in terms of age, sex, duration of ceftriaxone
ceftriaxone dose, or

administration, cumulative

concomitant medication use. The daily dose of
ceftriaxone was 2 g/day in 101 patients (96% of the
cohort). Significant differences were noted in ALT
(p = 0.001), AST (p = 0.046), and CRP (p = 0.009) levels
between the groups, while other laboratory parameters
did not differ significantly [30].

Cephalosporins can cause self-limiting
mixed / cholestatic hepatitis, occurring after a short
course of therapy with a latency period of up to 3
weeks.

From January 1, 2004, to November 2, 2022, a
total of 2347 cases of DILI were included in the DILIN
study, of which 1854 were classified as probable,
definite.

antigen (HLA) sequencing was performed, and its

highly probable, or Human leukocyte
association with the risk of DILI was studied. As a
result, 58 cases (3%) were associated with the use of
various cephalosporins, including cefazolin (n = 40),
cephalexin (n = 4), ceftriaxone (n = 3), cefdinir (n = 3),
cefuroxime (n = 3), and five other individual drugs.
Clinical manifestations included a self-limiting course
with a mixed or cholestatic biochemical pattern
without signs of hypersensitivity, occurring within
1-4 weeks. In the overall cohort, HLA-A*02:01 was
increased risk of
(OR: ~2.5-2.7,

p < 0.0001). The strongest association was observed

significantly associated with an

cephalosporin-induced liver injury
with cefazolin, where the carriage rate was 85%
compared to 38% in individuals with DILI caused by
other drugs [15].
Results of a retrospective case-control study
involving 185 children showed that the occurrence
(PL)

associated with ceftriaxone dosage.

of pseudocholelithiasis was not significantly
Furthermore,
the rate of metabolism and excretion of ceftriaxone
may play a key role in the development of PL. Serum
analysis revealed distinct markers of liver and kidney
function

in the PL group, including lower levels
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of total bile acids (PL(+)=1.8 (0.85-3.79) umol/L
vs. PL(-)=3.9 (2.18-7.00) umol/L, p=0.000),
adenosine deaminase (PL(+) =14 (12-21) U/L
vs. PL(-)=19 (15-27) U/L, p=0.003), and lactate
dehydrogenase (PL(+) = 195 (180.5-268) u/L
vs. PL(-) =256 (207-313) U/L, p = 0.003), as well as
higher creatinine levels (PL(+) = 57 (51.85-66.3) umol/L
vs. PL(-) =50.7 (39-62), p = 0.021) [31].

According to the VigiAccess resource’, ceftriaxone
caused hepatobiliary system disorders, accounting for
1% of all AEs, with 4,596 cases reported, including:
cholelithiasis—953 reports, cholestasis—360 reports,
reports,
hepatitis—160 reports, cholecystitis—146 reports, bile

pseudocholelithiasis—219 cholestatic

duct stones—57 reports, cholestatic liver injury—56

reports, acute cholecystitis—51 reports, biliary
colic—47 reports, cholangitis—39 reports, biliary
obstruction—10 reports.

Amoxicillin, both as monotherapy and in

combination with the B-lactamase inhibitor clavulanic
acid, is the most widely prescribed penicillin in Europe
and many other countries [32, 33].

Amoxicillin is prescribed for infectious processes
caused by microorganisms that do not produce
B-lactamases. In clinical practice, the drug is used to
treat respiratory tract diseases (upper and lower),
urinary tract infections, Helicobacter pylori eradication,
and bacterial infections of the skin and soft tissues.

Amoxicillin and amoxicillin / clavulanic acid are
generally considered well-tolerated medicines with
an established safety profile based on widespread
global clinical use. However, amoxicillin / clavulanic
acid combination should be prescribed with caution
to patients with hepatic dysfunction and
recommended for patients with a history of cholestatic

is not

jaundice / hepatic dysfunction [32].

ARs of the hepatobiliary system are an important
issue in drug safety and pharmacovigilance, as they are
a major cause of acute liver failure. Amoxicillin, both as
monotherapy and in combination with clavulanic acid,
has previously been described as a hepatotoxic agent in
pediatrics [32].

In two previous population studies conducted in
adult patients with DILI, the authors indicated that the
amoxicillin / clavulanic acid combination demonstrates
a higher risk of acute liver injury compared to the use
of amoxicillin alone [34, 35].

7 VigiAccess. WHO global database of individual case safety reports.
Available from: https://www.vigiaccess.org/ (accessed 10.06.2026).
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The odds (OR) for
“Hepatobiliary Disorders” for the combination drug

ratio reports of serious
amoxicillin / clavulanic acid compared to amoxicillin in
the European Economic Area and the United Kingdom
from 2020-2024 was 2.78 (95% Cl 2.41-3.24) [32].

The hepatotoxic effect of amoxicillin is not a direct
pharmacological effect but primarily an immunoallergic
[32]. This
leads to damage that is more often cholestatic or less

one immune-mediated hypersensitivity
commonly hepatocellular.

Polymorphism of HLA class | and Il genes is
considered a risk factor for the development of
amoxicillin / clavulanate-induced liver injury, confirming
the key role of the adaptive immune response in the
pathogenesis of this complication [32].

A retrospective study analyzing AE reports in the
global pharmacovigilance database VigiBase, registered
in Switzerland from 2010 to 2020, showed that the
amoxicillin / clavulanic acid combination was one of the
most frequently suspected drugs in the development of
severe drug-induced liver dysfunction (134—mention
frequency of amoxicillin / clavulanic acid; 3.1%—of
drugs; 6.6%—of individual AE reports). A total of 2042
individual AE reports were analyzed, including 10,646
drugs and 6,436 AEs.

Analysis using EudraVigilance data confirmed
that the combination of amoxicillin and clavulanic
acid is less safe than amoxicillin monotherapy, as
the comparison of warnings about “hepatobiliary
disorders” with the combination showed (OR = 2.78,
95% Cl: 2.41-3.24) a stronger association between liver
diseases and the use of amoxicillin and clavulanic acid-
based drugs [32].

Data

disproportionately

from a retrospective analysis of
FAERS data for the
period January 2010 to December 2023 showed
that exhibited the
most pronounced hepatotoxicity (OR=4.56, 95%
Cl 4.12-5.03). The types of hepatotoxicity varied

depending on the drug: cholestatic hepatitis was most

using

amoxicillin / clavulanic  acid

common with amoxicillin / clavulanic acid [36].
Collectively, the available data suggest that elderly
and senile patients exhibit increased vulnerability to
DILI, largely attributed to age-associated decreases
in hepatic blood flow, as well as changes in enzyme
system activity and the clearance of drugs metabolized
by the liver®. From a clinical-practical standpoint, age

8 Clinical Guidelines. Medicinal liver damage; 2025. Available from:
https://cr.minzdrav.gov.ru/view-cr/747_2. Russian
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is a significant risk factor influencing the likelihood
of developing drug-induced liver injury, as well as its
type and phenotypic manifestation. Elderly patients
predominantly experience cholestatic forms of DILI,
along with a higher frequency of chronic progression
compared to younger and middle-aged individuals.

Publications have described cases of DILI in elderly
patients receiving ceftriaxone therapy [37, 38].

Direct randomized clinical trials specifically
comparing cefodizime and ceftriaxone regarding
the risk of biliary sludge / pseudolithiasis and

hepatotoxicity in the PubMed database were not
found; the available data only allow for indirect
clinical

comparison of safety profiles based on

studies and review articles on cefodizime and
ceftriaxone. Nevertheless, the totality of clinical and
pharmacoepidemiological data indicates a higher risk of
ceftriaxone-associated biliary complications and drug-
induced liver injury compared to cefodizime, for which
the hepato- and biliary safety profile appears more

favorable.

Safety Profile of Cefodizime, Ceftriaxone,

and Amoxicillin / Clavulanic Acid in Patients

with Diseases of the Urinary System

A number of drugs can induce the development
of nephrolithiasis and crystalline nephropathy; drug-
induced stones account for 1% to 2% of all cases of
urolithiasis [39].

Ceftriaxone is a
with  high urinary
crystallization [39, 40].

T. Kimata et al. [41] conducted a case-control study

soluble
which

poorly drug

excretion, promotes

involving 83 children with bacterial pneumonia aged
3 months to 8.9 years. The children were divided into
two groups: 43 children receiving ceftriaxone (Group
A) and 40 children receiving amoxicillin (Group B).
Paired serum and urine samples were collected from
patients in each group before and after treatment. No
significant differences in demographic characteristics
or blood biochemical parameters were found between
the groups. However, the mean urinary calcium to
creatinine ratio (uCa / Cr, mg/mg) was significantly
higher in Group A patients than in Group B patients
(0.19vs. 0.09, p<0.001),
analysis of paired urine samples showed that uCa / Cr

after treatment and

significantly increased after treatment only in Group A

Tom 14, Beinyck 4, 2026

patients (p < 0.001). A weak, statistically insignificant
correlation was found between ceftriaxone dose and
uCa/Cr in Group A (p = 0.10, r = 0.24). The obtained
results demonstrate that ceftriaxone can potentially
significantly increase urinary calcium excretion, which,
in turn, may be associated with ceftriaxone-associated
urolithiasis or precipitate formation [41].

It should also be noted that transient hypercalciuria
and increased excretion of oxalic and uric acids have
been identified [42]; however, studies exist that confirm
crystal formation with normal urinary calcium levels or
other salts [43].

A. Louta et al. conducted a systematic review [39]
that included 33 studies. Of these, 12 were case
reports, 11 were prospective studies, 9 were
retrospective studies, and only 1 was a randomized
controlled trial. The systematic review aimed to analyze
the known effects of ceftriaxone use in hospitalized
pediatric patients, including an assessment of the
likelihood of precipitate and stone formation in the
biliary and urinary tracts, as well as an examination of
the link with maternal history during pregnancy. The
study results were analyzed to understand side effects
and identify any predisposing factors.

According to the obtained results, the formation
of urinary crystals after ceftriaxone administration is
influenced by various risk factors, such as urinary stasis,
family history, metabolic disorders (e.g., hypercalciuria),
changes in urine pH, infection, environmental factors
(e.g., high temperature), low urine output, high drug
dosage, prolonged treatment, high urinary drug
excretion, and concomitant therapy. The most common
manifestation was kidney stone formation [43].

Although litholysis occurred early (by the end of
the first week), cases of stone dissolution were noted to
occur after 7 months [43].

The results of a systematic review and meta-
analysis of 8 clinical studies (n = 760), which provided
a pooled estimate of the incidence of ceftriaxone-
showed that the

urolithiasis

induced urolithiasis in children,
incidence of ceftriaxone-induced
7% (95% ClI 2-12%), with

observed due to study design

was
significant  variability
and diagnostic
approach [25].

According to the VigiAccesse Database®, 2424
ARs related to kidney and urinary tract disorders

° VigiAccess. WHO global database of individual case safety reports.
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have been reported with ceftriaxone use, accounting
for 1% of all reported ARs. The structure of ARs
related to kidney and urinary tract disorders includes:
nephrolithiasis—129 reports, crystalluria—31 reports,
ureterolithiasis—24 reports, urinary stone—18 reports,
bladder stone—13
reports, crystalline nephropathy—4 reports, urinary

reports, ureteral obstruction—6
tract obstruction—4 reports, urethral stone—2 reports,
urethral obstruction—2 reports, bladder obstruction—1
report.

Summary information on patients with urological
pathology who have transurethral or ureteral catheters
is presented in Table 2.

Ceftriaxone therapy can induce precipitation
of the drug’s calcium salts in the urinary tract.
This
the pediatric population when high daily dosages

phenomenon is predominantly observed in
(> 80 mg/kg) or cumulative doses exceeding 10
g are administered, especially in the presence of
dehydration and immobilization. Microlithogenesis can
be subclinical or manifest as ureteral obstruction with
subsequent development of postrenal acute kidney
injury. The phenomenon is fully reversible: crystal
excretion and restoration of urodynamics occur after
discontinuation of the antibiotic?®.

Drug Interactions with Anticoagulants

Warfarin is the most widely used oral anticoagulant
worldwide [44]. It is a vitamin K antagonist with a
narrow therapeutic range, influenced by genetic
polymorphism, drug interactions, and diet. Indications
for the use of vitamin K antagonists include the
[45]: fibrillation,

syndrome, heart failure, prosthetic heart valve, stroke,

following atrial acute coronary
venous thromboembolism (VTE), pulmonary embolism,
antiphospholipid syndrome.

Atrial fibrillation (AF) is the most common type
of arrhythmia in adults, affecting approximately 59.7
million people worldwide as of 2019, an 111% increase
since 1990 [46].

Over the past 20 years, the prevalence of AF has
increased by 33%, and it is projected to increase by
more than 60% by 2050. Age plays a crucial role in the
factors contributing to AF development. Its prevalence
is low (0.1%) in adults younger than 55 years, but
increases to 5.9% in individuals aged 65 years and

° Global hepatitis report 2026. Geneva: World Health Organization;
2026.
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older and to 9.0% in individuals aged 80 years and
older [46].

AF is associated with an increased risk of stroke,
so patients with AF are recommended to take oral
anticoagulants (OACs) to reduce this risk [47].

The global prevalence and use of OACs increased
from 42% in 2010 to 78% in 2018, respectively.
Following the introduction of direct oral anticoagulants
(DOACs), the proportion of OAC users worldwide
nearly doubled [48]. Given the high prevalence of
OAC use, it is important to assess the presence of
clinically significant interactions between OACs and the
antibacterial drugs being studied.

Numerous studies have convincingly confirmed
an increased risk of serious bleeding in patients
concurrently receiving antibiotics and warfarin [44,
49-51].
acid, despite not affecting the cytochrome P450 system,

Cephalosporins and amoxicillin / clavulanic

have shown a positive correlation with increased INR
values.
However, one of the common complications
associated with warfarin therapy is an increased risk
of serious bleeding, especially when used concurrently
with drugs that can affect its metabolism [44].
Specifically,  antibiotics can influence the
anticoagulant effect of warfarin through various
Antibacterial drugs can
inhibit the activity of the CYP2C9 isoenzyme, which is

crucial for warfarin metabolism. Furthermore, some

mechanisms. induce or

antibiotics can disrupt the population of vitamin
K-producing bacteria in the gut, further modulating
As a
these drug interactions can either enhance or weaken

warfarin’s pharmacological response. result,
warfarin’s efficacy, which can have potential clinical
consequences [44].

in the

literature of the simultaneous use of amoxicillin

Numerous cases have been described

or amoxicillin / clavulanic  acid and  warfarin,
demonstrating an increase in the international
normalized ratio (INR) and/or bleeding from

7 days after the start of amoxicillin to 9 days after
discontinuation of amoxicillin therapy [44, 52, 53].

A prospective cross-sectional observational study
conducted by M.l. Abdel-Aziz et al. [49] involving
120 patients investigated the effect of polypharmacy
and high doses of amoxicillin / clavulanate on the
intensity of the anticoagulant effect of warfarin in
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hospitalized patients. Potentially interacting drugs were
classified according to their propensity to increase
INR or bleeding risk. In 87.5% of patients receiving
high doses of amoxicillin / clavulanic acid (10-12 g
per day), INR values reached > 4, compared to 28.9%
of patients receiving standard doses (up to 3.6 g per
day) during hospitalization (p < 0.001). An increase in
the number of potentially interacting drugs known to
increase INR was a significant predictor of INR values
>4 (OR = 2.5; 95% Cl 1.3—4.7), and an increase in the
number of potentially interacting drugs that increase
bleeding risk was a significant predictor of bleeding
episodes (OR = 3.1; 95% Cl 1.3-7.3). This is likely due
to the fact that most penicillins (with the exception of
nafcillin and dicloxacillin) suppress intestinal microflora.
This leads to a decrease in the population of vitamin
K-producing bacteria, a deficiency of the latter, and
consequently, an enhanced anticoagulant effect of
warfarin [54].

of
producing vitamin K likely leads to a decrease in the

A smaller number intestinal  bacteria

amount of vitamin K-dependent plasma clotting

factors, enhancing the anticoagulant effect of
warfarin [44].

Cephalosporins have been found to interact with
warfarin, increasing the risk of hypoprothrombinemia,
inhibiting P-glycoprotein, and altering gastrointestinal
microflora [44].

A clinical case of hemarthrosis in an 85-year-
old female patient with phlegmon during therapy
with cephalosporin (ceftaroline) and warfarin, due
to developed hypoprothrombinemia, has been
described [55].

The mechanism of interaction between ceftriaxone
and warfarin is currently not well understood. However,
it is known that antibiotics can disrupt normal
intestinal flora, which produces a significant amount
of vitamin K. A small study in healthy volunteers
showed that intestinal bacteria produce approximately
1.6 mg of menaquinones (bacterially synthesized

vitamin K) [56].

Table 1 — Frequency of adverse reactions associated
with impaired liver, biliary tract,
and pancreatic function with the use of

amoxicillin / clavulanic acid, ceftriaxone, cefodizime

. Amoxicillin / clavulanic
Adverse Reaction

Ceftriaxone®?

Cefodizime?®

acid*
ALP uncommon common Rare
ALT uncommon common rare
AST uncommon common rare
Hepatitis very rare not identified not identified
Cholestatic jaundice very rare not identified not identified

The use of ceftriaxone is associated with rare episodes
of pancreatitis, the pathogenesis of which may be

due to the phenomenon of biliary pseudolithiasis
obstruction. Although the initial patient cohort was

Pancreatitis Frequency unknown

characterized by high comorbidity and the presence
of pre-existing risk factors for cholestasis (including

not identified

parenteral nutrition), the trigger role of precipitates,
consisting of calcium-ceftriaxone conglomerates, in
the lumen of the bile ducts cannot be completely

excluded.

Note: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

1 Register of OHLP and LV of the EAEU. Amoxicillin+[Clavulanic acid] powder for solution preparation for intravenous administration, 500
mg+100 mg, 1000 mg+200 mg (vials), LP-No.(002949)-(RG-RU) dated Aug 07, 2023. Available from: https://Ik.regmed.ru/Register/EAEU_SmPC

12 Register of OHLP and LV of the EAEU. Ceftriaxone powder for solution preparation for intravenous and intramuscular administration, 1.0 g
(vials) LP-N0.(005496)-(RG-RU) dated May 17, 2024. Available from:: https://lk.regmed.ru/Register/EAEU_SmPC

13 Register of OHLP and LV of the EAEU. Mizida-AG (Cefodizim) powder for solution preparation for intravenous and intramuscular
administration, 2000 mg, LP-No.(010400)-(RG-RU) dated June 02, 2025. Available from: https://lk.regmed.ru/Register/EAEU_SmPC
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Table 2 — Patients with urological pathology having transurethral or ureteral catheters

Pathology Amoxicillin / clavulanic acid Ceftriaxone Cefodizime
Hematuria very rare rare not identified
Glucosuria not identified rare not identified

In individuals with impaired renal excretion, the

Precipitates

. . formation of crystals and the development of
in the urinary

obstructive uropathy are observed extremely

The accumulation of crystalline not identified
conglomerates in the lumen of the urinary

tract can initiate their obturation with

tract . . . subsequent development of postrenal acute
rarely, including acute renal failure. .
renal failure.
Table 3 — Drug interactions of cefodizime, ceftriaxone, and amoxicillin / clavulanic acid
with oral anticoagulants (vitamin K antagonists)

Interaction Amoxicillin / clavulanic acid Ceftriaxone Cefodizime
Leukopenia rare common frequency unknown
Thrombocytopenia rare common frequency unknown

In patients receiving a combination of amoxicillin

with clavulanic acid along with indirect
Coagulopathy uncommon frequency unknown

anticoagulants, an increase in prothrombin time

(increase in INR) has been reported in rare cases.

Rare cases of increased International Normalized
Ratio (INR) have been described in the literature
in patients when acenocoumarol or warfarin was

Interaction with
anticoagulants
(vitamin K
antagonists)

used concurrently with amoxicillin.

parameters is necessary, and a dose adjustment of

anticoagulants may be required.

When indirect (oral) anticoagulants are prescribed
concurrently with a combination of amoxicillin
and clavulanic acid, monitoring of relevant

The risk of bleeding increases

when vitamin K antagonists

are used during ceftriaxone

therapy.

Blood coagulation parameters not described
should be constantly

monitored, and the dose of

vitamin K antagonists should

be adjusted if necessary.

Note: INR, International Normalized Ratio.

Ceftriaxone is excreted in bile by approximately
33-67%, forming relatively high concentrations in the
intestine!®. This pharmacokinetic characteristic allows
ceftriaxone to disrupt normal intestinal flora to a
greater extent than other antibiotics primarily excreted
by the kidneys, thereby causing a greater reduction in
vitamin K synthesis.

L.M.

et al. [56], the increase in INR from baseline was

In a retrospective study by Saum

compared in patients (n = 120) receiving long-term
warfarin therapy and diagnosed with urinary tract
treated with ceftriaxone,

infections, who were

a first-generation  cephalosporin  (cefazolin  or
cephalexin), or a penicillin (ampicillin / sulbactam,
amoxicillin / clavulanic acid, piperacillin/tazobactam). It
was found that the ceftriaxone group (n = 27) showed
a statistically significantly higher peak INR compared

to all other antibiotics studied (ceftriaxone—3.56, first-

14 Register of OHLP and LV of the EAEU. Ceftriaxone powder
for solution preparation for intravenous and intramuscular
administration, 1.0 g (vials) LP-No.(005496)-(RG-RU) dated May 17,
2024.
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generation cephalosporins—2.66, penicillins—2.98,
ciprofloxacin—2.3; p = 0.004), as well as a statistically
significantly greater degree of INR change (+1.19, +0.66,
+0.8, +0.275; p = 0.006), and a statistically significantly
greater percentage change in INR compared to
ciprofloxacin (54.4% vs. 12.7%; p = 0.037) [56].
Ceftriaxone interacts with warfarin, increasing
the

prescribed antibiotics for the treatment of urinary tract

INR in patients more than other commonly

infections.

A summary of drug interactions between
cefodizime, ceftriaxone, and amoxicillin / clavulanic
acid with oral anticoagulants (vitamin K antagonists) is
presented in Table 3.

A study conducted at Tikur Anbessa Hospital [57]
found a moderate drug interaction between ceftriaxone
and heparin (22.6%) and warfarin (6.7%). Bleeding or
elevated INR was observed in 6 patients (1.9%), with
one patient dying from bleeding.
results obtained in another

Similar were

retrospective study conducted in hospitals in Eastern
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Ethiopia [58], which analyzed the medical records
of 271 patients. A total of 71 drugs were prescribed
most commonly

concurrently with ceftriaxone,

metronidazole and tramadol. Ceftriaxone was
most frequently used for postoperative prophylaxis
(n = 80, 27.5%) and for the treatment of pneumonia
(n = 62, 21.3%). Moderate drug interactions between
ceftriaxone and unfractionated heparin (n = 6), warfarin
(n = 5), and enoxaparin (n = 1) were found among

concurrently prescribed drugs.

Review Limitations

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

Limitation of Design and Methodology. The authors
conducted a non-systematic review, which is a major
limitation of this study. Although the database we used
is the most widely used in medicine, it does not fully
cover all available information.

A significant number of studies were
retrospective and had small patient samples. Large
pharmacoepidemiological studies evaluating the long-
term safety of cefodizime are lacking, and we also
did not find studies that directly compared the safety

profiles of the drugs studied.

CONCLUSION
It has that

and amoxicillin / clavulanic acid are

been established cefodizime,
ceftriaxone,
effective antibacterial drugs for the treatment of
with

However, their safety profiles differ and should be

infections in patients comorbid pathology.
considered when choosing therapy in high-risk patients.

Cefodizime demonstrated a favorable
tolerability profile: no signals of hepatotoxicity or
nephrotoxicity were noted in available clinical data,
and no clinically significant drug interactions with oral
identified,
and amoxicillin / clavulanic acid. These features make

anticoagulants were unlike ceftriaxone
cefodizime a potentially preferred option in comorbid
patients receiving anticoagulant therapy and/or having
risk factors for VTE and kidney disease.

However, the volume of available clinical studies
on cefodizime remains limited, which does not allow
for a definitive determination of its place in the
therapy of comorbid patients compared to the more
studied ceftriaxone and amoxicillin / clavulanic acid.
Further prospective randomized and observational
studies, including patients with polymorbidity and
polypharmacy, are needed for a more detailed
assessment of the safety profile and confirmation of

the obtained results.
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