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The aim of the work is to generalize the literature data on indolocarbazole derivatives with an antitumor activity.

Materials and methods. The objects of the study were the preparations based on indolocarbazole derivatives with the
antitumor activity. To search for materials on the problem under study, the following search and information as well as
library databases were used: Ebibrary, PubMed, CyberLeninka, ResearchGate, the State Register of Medicines, clinical trials
registries clinline.ru and clinicaltrials.gov. The search for the following words / phrases was performed: indolocarbazoles, in-
dolocarbazole derivatives, staurosporine, rebeccamycin, staurosporine derivatives. The search was conducted from January
11 until March 1, 2021. The compounds with a biological activity which were undergoing or had undergone preclinical and
clinical trials, were taken into account. All the materials from 1977 to January 1, 2021, were taken into account.

Results. The materials obtained indicate that indolocarbazole derivatives are promising compounds for the creation of an-
ticancer medicinal preparations due to their properties and peculiarities of the action mechanism. These drugs have a se-
lective action due to the targeted interaction with specific molecular targets: kinases (especially protein kinase C and its iso-
zymes), DNA and DNA topoisomerase. To date, many compounds from the class of indolocarbazoles have been synthesized
and investigated. They have shown a high antitumor activity in the treatment of systemic and solid tumors. However, despite
this, only one MP based on a staurosporine derivative, registered by the TN of Rydapt® (in the USA and EU countries) and
Miticaid® (in the Russian Federation), is approved for use in the clinical practice.

Conclusion. Thus, the basic data from scientific publications on promising anticancer medicinal preparations based on com-
pounds from the class of indolocarbazoles, have been summarized. The information is provided, in particular, on their mo-
lecular structure, the origin, classification, the main representatives of the class, which are at various stages of the research
and are approved for use in the clinic.

Keywords: indolocarbazoles; indolocarbazole derivatives; antitumor agents; staurosporin derivatives; rebeccamycin deriva-
tives

Abbreviations: P — pharmaceutical; MP — medicinal preparation; DF — dosage form; PKC — protein kinase C; DNA — deoxyri-
bonucleic acid; TN — trade name

NMPOTUBOOIMYXOJIEBbIE NMPEMNAPATbI
HA OCHOBE NMPOU3BOAHbIX UHOOJIOKAPBAS3OIJA
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Lienb. O606LeHMe AnTEPATYPHbIX AAHHbBIX O NPOM3BOAHbIX MHAONOKapHa3ona, 0b6najatoWwmx NPOTUBOONYXONEBOM AKTUB-
HOCTbIO.

Matepuanbl u metoabl. O6bEKTOM M3yYeHUA ABAAAUCL MPenapaTbl HA OCHOBE MPOM3BOAHbLIX MHAONOKapbHasona ¢ npo-
TUBOOMYXONEBOM aKTUBHOCTbIO. [N MOUCKA MaTepuanos No uccaeayemol Npobseme MUCNONb30BAAWU Cleaytolime nowuc-
KOBO-MHpOPMaLMOHHbIE U BubanoTeyHble 6asbl AaHHbIX: Ebibrary, PubMed, CyberLeninka, ResearchGate, a Takxe locy-
[APCTBEHHbIV PEeecTp NEeKaPCTBEHHbIX CPEACTB, PeecTpbl KAMHUYECKUX uccnegosanuii clinline.ru m clinicaltrials.gov. Mowck
npoBoOAM/CA NO CAeAyloLWMM CloBam/cioBocodeTaHnAM: uHaonokap6asonbl (indolocarbazoles), nponssogHble MHAOMO-
Kapbasonos (indolocarbazole derivatives), ctaypocnopuH (staurosporine), pebekkammnunH (rebeccamycin), npomsBogHble
cTaypocnopwHa (staurosporine derivatives), nponssogHble pebekkamuumHa (rebeccamycin derivatives). Mouck nposogusca
c 11 aHBapA no 1 mapTa 2021 roaa; y4uTbiBaIUCh COEAMHEHUA C BUONOrMYECKON aKTUBHOCTbIO, MPOXOAALLME UK NpoLles-
e AOKANHUYECKUE U KTNHUYECKME UCMIbITAaHUA. YUNTbIBANUCL BCe MmaTepuansl ¢ 1977 roaa no 1 aHBapsa 2021.
Pe3ynbratbl. MosyYeHHble MaTepuanbl CBUAETENLCTBYIOT O TOM, YTO NPOU3BOAHbIE MHAONOKAP6a30aa ABNAKOTCA NepcrnekK-
TUBHBLIMW COEAUHEHUAMM AR CO34aHMA NPOTUBOOMNYXONEBbIX NEKAPCTBEHHbIX NpenapaToB 6narogaps UX CBOMCTBAM U
0COBEeHHOCTAM MexaHn3Mma AencTBuA. [laHHble npenapaTbl 061a43a0T U36UPATENbHOCTbIO AENCTBMSA, YTO 06YCN0BNEHO Ha-
NPaBNEHHbIM B3aVMOLENCTBUEM C KOHKPETHbIMU MOIEKYNIAPHBIMU MULLEHAMM: KMHA3bl (0CO6EHHO NpoTeMHKMHA3a C 1 eé
nsodepmeHTbl), AHK 1 JHK-Tonomnsomepasbl. K HacToAwEeMY BPeMEHU CUHTE3NMPOBAHO M UCCAEA0BAHO MHOMECTBO COeau-
HEHWI M3 Kaacca MHAO0N0KAaP6a30/108, NOKA3ABLUMX BbICOKYHO NMPOTMBOOMNYXONEBYH aKTUBHOCTb NMPU TEPANMM CUCTEMHbIX U
COMMAHbIX onyxoneil. OA4HAKO HECMOTPSA Ha 3TO, TONIbKO OAMH NIEKAPCTBEHHbIM NpenapaTt Ha OCHOBE NPOM3BOAHOrO CTaypo-
CnopuHa, 3apernctpmpoBaHHbin nog TH Rydapt® (B CLUA u cTpaHax EBpocotosa) u Mutmkang® (B Poccuiickoit ®eaepaumnm),
paspeLleH anA NPUMEHEHUA B KMHUKe.

3aknoueHue. Takum obpasom nposeseHO 0600LeHMEe OCHOBHbIX AaHHbIX M3 Hay4YHbIX MyOAMKaLM, NOCBALLEHHbIM
nepcnekTMBHbIM MPOTUBOOMYXOEBbIM NPenapaTaMm Ha OCHOBE COEAMHEHWUI U3 Klacca MHAO/M0Kap6ba3onoB. B yacTHocTK,
npuBeaeHbl cBegeHnA 06 X MONEKYNIAPHOM CTPOEHUM, MPOUCXOKAEHUN, KNaccudUKaLLMm, OCHOBHbIX MPEACTaBUTENAX Kac-
Ca, HAaXOAALLMXCA HA PA3/INYHBIX CTAAUAX UCCAEL0BAHMI U Pa3peLlleHHbIX K MPUMEHEHUIO B KIMHUYECKOMN NpaKTUKe.
KnioueBble cnoBa: MHA0N0Kap6a30/bl; NPOM3BOAHbIE MHAO0N0KAapPHA30/10B; MPOTUBOOMYXO/EBLIE AreHTbl; NPOWU3BOAHbIE
CTaypOCnopuHa; NPON3BOAHbIE pebekKaMULIMHA

Cnucok cokpaweHui: JIC — nekapcTeeHHoe cpeacTtso; /1M — nekapcTBeHHbI npenapart; /1O — nekapcTeeHHas popma; PKC —

npoTtenHknHasa C; AHK — ge3okcmpuboHyknenHosan Kucnota; TH — ToproBoe HaumeHoBaHWe

INTRODUCTION

Cancer is often referred to as “the pathology of the
century” in the context of an endemic disease spread-
ing throughout the world. Cancer has also been iden-
tified as “a true disease of modernity” (Roy Porter) or
even “an important product of modernity” (Siddhartha
Mukherjee). These two definitions are generally ac-
cepted and justified by a sharp increase in morbidity
and mortality, which has been observed since the end
of the 18™ century [1]. In 2020, cancer continued to be
one of the leading causes of death and an important
obstacle to increasing life expectancy in all countries
of the world. In 2019, The World Health Organization
estimates cancer as the first or second leading cause of
people’s deaths under 70 in 112 out of 183 countries,
and is ranked as the third or fourth in 23 more coun-
tries [2].

Over the past two decades, cancer treatment with
the use of pharmacological approaches has changed
dramatically. Long years of fundamental and clinical re-
search have led to the transition from classical antican-
cer therapy, characterized by a low selectivity of a drug
action and accompanied by severe intoxication of the
body, to more targeted antitumor “snipers” that effec-
tively destroy populations of tumor cells with fewer side
effects [3].

Among a wide range of anticancer drugs, com-
pounds from the group of indolocarbazole derivatives
are of particular interest. Indolocarbazoles are a unique
class of indole alkaloids of a natural or synthetic kinds of
origin, which have a number of therapeutic properties
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— antitumor, antibacterial, antiparasitic, antiviral, and an
immunomodaulatory activity [4-7].

The most significant biological profile of compounds
from the group of indolocarbazole derivatives is their po-
tential antitumor effect [8]. A distinctive feature of the
action mechanism of these drugs is their ability to in-
teract with several targets and induce various pathways
of tumor cell death [9]. For them, such targets are DNA,
topoisomerase and protein kinase C enzymes, which are
responsible for regulating the main aspects of cell metab-
olism, including the progression of the cell cycle [10, 11].

Protein kinases C are a family of protein kinases, en-
zymes that phosphorylate proteins and thus participate
in cell signaling cascades. The term “protein kinase C”
refers to all described isoenzymes [12]. PKC inhibitors
can reduce the expression of P-glycoprotein in tumor
cells and thereby increase their sensitivity to chemo-
therapy [13]. PKC activation is also required for tumor
angiogenesis [14].

Topoisomerases affect the topology of DNA and are
able to relax their supercoiled molecules by introducing
single- or double-stranded breaks followed by their DSB
repair, as well as negative supercoils, or catenans. Inhib-
itors of these enzymes are widely used to suppress the
activity of type | and / or type Il tumor topoisomerases,
blocking cells in the G2 phase and delaying their entry
into mitosis [15].

Inhibitors of topoisomerases are ones of the most ef-
fective inducers of apoptosis, i. e., a programmed death
of tumor cells [10]. In addition, a number of indolocar-
bazole derivatives with antiangiogenic activity have been
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synthesized. They are able to block vasculogenic mimicry
in a tumor and restore the sensitivity of resistant cells to
chemotherapeutic drugs [16, 17]. These features of the
action mechanism determine a wide range of cytotoxic
and antitumor activities of indolocarbazole derivatives.

THE AIM of the work is to generalize the literature
data on indolocarbazole derivatives with an antitumor
activity.

MATERIALS AND METHODS

The objects of the study were the preparations
based on indolocarbazole derivatives with the antitu-
mor activity. To search for materials on the problem un-
der study, the following search and information as well
as library databases were used: Ebibrary, PubMed, Cy-
berLeninka, ResearchGate, the State Register of Medi-
cines, clinical trials registries clinline.ru and clinicaltri-
als.gov. The search for the following words / phrases
was performed: indolocarbazoles, indolocarbazole de-
rivatives, staurosporine, rebeccamycin, staurosporine
derivatives. The search was conducted from January 11
until March 1, 2021. The compounds with a biological
activity that were undergoing or had undergone pre-
clinical and clinical trials were taken into account. All
the materials from 1977 until January 1, 2021, were
taken into account.

The article is a review of the publications devoted
to indolocarbazole derivatives, i.e., to the information
on their structure, origin, classification, the main rep-
resentatives of the class, which are at various stages of
research and are approved for use in the clinic.

RESULTS AND DISCUSSION

General characteristics of indolocarbazole

group compounds

The first indolocarbazoles were found out in strep-
tomycetes and subsequently isolated from numerous
representatives of flora and fauna. To date, this class of
compounds has also been supplemented by a wide vari-
ety of synthetic compounds [18]".

Indolocarbazoles are a class of heterocyclic com-
pounds that include a planar ring consisting of indole
and carbazole elements (Fig. 1, 2) [18]. Indole, carba-
zole and their derivatives are colorless solid crystalline
substances that do not dissolve in water. Under stan-
dard conditions, the melting point of indole is 52°C, of
carbazole, it is 247-248°C, and their boiling points are
253°C and 354-355°C, respectively>®. The carbazole

* A few examples of indolocarbazoles found in the ClassyFire database.
The Metabolomics Innovation Centre (TMIC) [Electronic resource].
Available from: http://classyfire.wishartlab.com/tax_nodes/C0001866
2 PubChem Compound Summary for CID 798, Indole. PubChem.
Bethesda (MD): National Library of Medicine (US), National Center
for Biotechnology Information [Electronic resource]. Available from:
https://pubchem.ncbi.nim.nih.gov/compound/6854

3 PubChem Compound Summary for CID 6854, Carbazole. PubChem.
Bethesda (MD): National Library of Medicine (US), National Center
for Biotechnology Information [Electronic resource]. Available from:
https://pubchem.ncbi.nim.nih.gov/compound/6854
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fragment serves as a ligand for many receptors and has
the property of reverse coupling to enzymes, in par-
ticular, to DNA topoisomerase | [19], and the indole
element is responsible for the interaction with DNA
[20, 21].

The class of indolocarbazoles includes 5 subclasses
of compounds differing in the structure of a planar aro-
matic ring. In this case, 5 isomers of the polycyclic sys-
tem —indolo[2,3-a]carbazole (1), indolo[2,3-b]carbazole
(2), indolo[2,3-c]carbazole (3), indolo[3,2-alcarbazole (4)
and indolo[3,2-b]carbazole (5) (Fig. 3) [18] — are meant.

The most extensive, biologically significant and stud-
ied in detail is the subclass of 11,12-dihydroindolo[2,3-a]
carbazole derivatives, including mainly compounds hav-
ing indolo[2,3-a]pyrrolo[3,4-c]carbazole ring, in which 2
indole fragments are linked through a benzene ring with
an amide or imide group. The indole moieties are linked
through 1 or 2 bonds to the carbohydrate moiety. At the
same time, this subclass also includes a small group of
compounds that do not include an additional pyrrole
ring in their composition [18].

Based on the number of glycosidic bonds that bind
the carbohydrate moiety to the isoindole backbone, in-
dolocarbazole derivatives can be divided into 2 subclasses
— compounds of the staurosporin group (a) and rebecca-
mycin (c). In staurosporin and its derivatives, for example,
K252a (b), glycoside is bound to 2 indole groups through
nitrogen atoms, in contrast to the representatives of the
rebeccamycin group, for example, cholyrin A (d), in which
the carbohydrate residue is attached to only one indole.
The staurosporin heterocycle is connected to the lactone
ring, the rebeccamycin heterocycle — to the imide ring
(Fig. 4) [25]. Both monosaccharides [23, 24] and disaccha-
rides [25-28] can be included in the structure of indolo-
carbazoles as carbohydrate residues.

However, the literature also describes indolocarba-
zole derivatives with a different structure, for example,
Go 6976 (Fig. 5) and AEBO71 (sotrastaurin) (Fig. 6) — se-
lective inhibitors of protein kinase C a, 1, §, u and T
isozymes. Unlike staurosporine, Go 6976 is methyl- and
cyanoalkyl-substituted non-glycoside indolocarbazole
[29]; sotrastaurin contains a piperazine ring, in which
the nitrogen atom in the ring carries an aryl group [30].

Various modifications of natural and synthetic de-
rivatives of indolocarbazoles lead to changes in their
physicochemical properties and biological activity. These
factors are important for the development of potential
antitumor agents. It is obvious that the antitumor effect
of the target compound can be influenced by both sub-
stituents in the aglycone and the nature of the glycosidic
residue, changing the pharmacodynamic and pharmaco-
kinetic properties. [31].

Representatives of indolocarbazoles class

Staurosporin, the first of the discovered compounds
of indolocarbazole derivatives, was isolated in 1977 at
the Kitasato Institute (Japan) from the cultures of Strep-
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tomyces staurosporeus and Streptomyces actuosus.
Staurosporin has antifungal and hypotensive effects, in-
hibits platelet aggregation, and is a potent inhibitor of
various protein kinases. These factors lead to its use as
an antitumor drug [32, 33].

In 1983, the parent of the second group of indolo-
carbazole derivatives, rebeccamycin (NSC 655649) (Bris-
tol-Myers Co., USA) [34], which is structurally similar to
staurosporin, but has a weaker inhibitory activity against
protein kinases, was isolated from the strain of actino-
bacteria C-38383 [35]. The mechanism of the antitumor
action of rebeccamycin is associated with the inhibition
of topoisomerase |, which is due to its ability to interact
with DNA [36].

In order to increase the solubility and the biological
activity, the hydrophobic indolocarbazoles staurosporin
and rebeccamycin underwent various modifications: a)
the addition of substituents to the upper heterocycle,
replacement of atoms in the upper heterocycle or re-
moval of a heterocycle, b) modification of flat chromo-
phore, c) modification of replacement or removal of the
carbohydrate moiety [37-39].

Staurosporine derivatives

Midostaurine (CGP 41251, PKC 412, NVP-PKC412)
(Fig. 7) is an N-benzoyl* derivative of staurosporin; it
is a synthetic inhibitor of many kinases, including FLT3
and KIT, with antiangiogenic and antitumor activities
[40]. It is approved by the FDA® and EMA® by the TN
of Rydapt® (Novartis Pharmaceuticals, Switzerland)’,
in Russia this drug is registered by the TN of Miticaid®
(LP-005927)8. This MP is a liquid capsule for the oral
administration, each capsule contains 25 mg of mido-
staurin®.

Enzastaurine (LY-317615, LY317615) (Eli Lilly and
Company, USA) (Fig. 8) is an acyclic bisindolylmaleimide
derived from staurosporin that selectively inhibits pro-
tein kinase-B. The mechanism of the antitumor action of
enzastaurin is due to several effects. First, the drug has
anti-angiogenic properties associated with a decrease in
the level of vascular endothelial growth factor. Second,
enzastaurine directly induces the death of tumor cells
by reducing the phosphorylation of protein kinase [41].
Numerous studies have been carried out in mono- and

4 PubChem. Compound Summary for CID 9829523, Midostaurin.
PubChem. Bethesda (MD): National Library of Medicine (US), National
Center for Biotechnology Information [Electronic resource]. Available
from: https://pubchem.ncbi.nIm.nih.gov/compound/Midostaurin.

5 Highlights of prescribing information. Rydapt. U.S. Food and Drug
Administration [Electronic resource]. Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2017/207997s000Ibl.pdf

¢ Rydapt. European Medicines Agency [Electronic resource]. Available
from: https://www.ema.europa.eu/en/medicines/human/EPAR/rydapt
7RYDAPT® (midostaurin) Capsules. AML & ASM Treatment Novartis AG
[Electronic resource]. Available from: https://www.rydapt.com.

8 Instructions for the use of a medicinal product for medical application
of Mitikaid®. State Registermedicines. Available from: http://grls.
rosminzdrav.ru

° Highlights of prescribing information. Rydapt. U.S. Food and Drug
Administration [Electronic resource]. Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2017/207997s000Ibl.pdf
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combined therapy of oncological diseases of various
nosologies, for example, tumors of the nervous system
[42-44], colon [45], lymphoma [46-49], Waldenstrom’s
myeloma and macroglobulinemia [50], non-small-cell
lung cancer [51], prostate [52], ovaries [53], etc.

Sotrastaurine (AEB071) (Novartis Pharmaceuti-
cals, Switzerland) is a selective inhibitor of PKC B [57],
which prevents the activation of T cells, has a piperazine
ring; therefore, this compound can be attributed to the
class of organic compounds known as n-arylpiperazines
(Fig. 6) [55]. The use of sotrastaurine in the treatment
of diffuse large B-cell lymphoma, stomach cancer [56],
ulveal melanoma [57], psoriasis [58], as well as in kidney
transplantation, has been investigated [59, 60].

Lestaurtinib (A-154475, A-154475.0, CEP-701, KT-
555, KT-5555, KT5555, SP-924, SP924, SPM-924) (Ceph-
alon, Inc., USA) (Fig. 9)*° has been studied in the treat-
ment of infections of the central nervous system caused
by free living amoebae [61], myeloid leukemia [62—64],
polycythemia and essential thrombocythemia [65], my-
elofibrosis [66], prostate cancer [67, 68], neuroblastoma
[69, 70] psoriasis [71].

Among the staurosporin derivatives, the antibiotic
K-252a (Kyowa Hakko Kogyo Co., Ltd., Japan) (Fig. 10)%,
isolated from the culture of Nocardiopsis sp. K-252a,
is a unique in its structure indolocarbazole glycoside,
and exhibits a powerful neuroprotective antitumor ac-
tivity. K-252a consists of K-252c and an extraordinary
dihydrostreptose fragment linked together by two C-N
bonds [72]. Its semi-synthetic derivative KT5720 inhibits
cAMP-dependent protein kinase. The activity of KT5720
has been confirmed on granulosa cells of animal ovaries
[73, 74].

A promising semi-synthetic staurosporine deriva-
tive is stauprimide (The Scripps Research Institute, USA),
which inhibits the transcription of the MYC NME2 onco-
gene and also increases the efficiency of directed differ-
entiation of embryonic stem cells [75, 76].

CEP-11981 (Cephalon, Inc., USA) (Fig. 11) is a target-
ed drug for oral administration, exhibiting a high inhibi-
tory activity against several targets — receptors for vascu-
lar endothelial growth factor 1 and 2, tyrosine kinase 2,
and a fibroblast growth factor-1, protooncogene c-SRC,
and Aurora A. The studies of the pharmacological activ-
ity in animal and human tumor models have shown sus-
tained dose-dependent antiangiogenic and antitumor
effects. In addition, CEP-11981 has shown an excellent
bioavailability, a metabolic stability, and other pharma-
cokinetic properties. Phase I clinical trials to evaluate the
pharmacokinetics and pharmacodynamics of CEP-11981
in patients with advanced, recurrent / refractory solid
tumors, have been completed [77, 78].

0 | estaurtinib. DrugBank. Available from: https://www.drugbank.ca/
drugs/DB06469

1 pubChem. Compound Summary for CID 3035817, Antibiotic K 252a.
PubChem. Bethesda (MD): National Library of Medicine (US), National
Center for Biotechnology Information [9nekTpoHHbIi pecypc]. URL:
https://pubchem.ncbi.nim.nih.gov/compound/Antibiotic-K-252a
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Figure 11 — Structural formula of CEP-11981

Figure 13 - Structural formula of NB-506

Go 6976 (Godecke AG, Germany) (Fig. 5) is an in-
dolocarbazole derivative containing a propane nitrile
radical instead of a glycosidic residue'?. Go 6976 is a
selective inhibitor of PKC a and B, it moderately in-
hibits the activation of protein kinase regulated by
extracellular signals [79]. In addition, this indolocar-
bazole is a potential anticancer drug due to its ability
to stimulate the formation of cellular compounds (the
formation of an increased number of desmosomes

2 PubChem Compound Summary for CID 3501, Go-6976. PubChem.
Bethesda (MD): National Library of Medicine (US), National Center
for Biotechnology Information [Electronic resource]. Available from:
https://pubchem.ncbi.nim.nih.gov/compound/Go-6976
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Figure 12 — Structural formula of becatecarin

OH

Figure 14 - Structural formula of edothecarin

and adhesions), to suppress migration and invasion of
tumor cells [80].

In the literature, there are also data on many other
compounds of staurosporin derivatives: ZHD-0501 [81];
BMY-41950 (RK 1409) [82]; UCN-01 and UCN-02 [83];
CEP-7055 and CEP-5214 [84]; CEP-701; CEP-2563 and
CEP-751 (KT-6587) [85]; KT5926 [86]; Ro 318220 and GF
109203X [87]; CEP-1347%, and others.

Among the domestic compounds of staurosporine
derivatives, the most famous are the N-glycosides of

3 CEP-1347. DrugBank [Electronic resource]. Available from: https://
go.drugbank.com/drugs/DB05403
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indolo [2,3-a] pyrrolo [3,4-c] carbazole-5,7-diones of
indolocarbazoles: LHS-976, LHS-983, LHS-985, LHS-999,
LHS-1006, LHS-1007, LHS-1040, LHS-1054, LHS-1098,
LHS-1208, LHS-1269, etc. [88-93]. Today, compounds
LHS-1208 and LHS-1269 are the most studied among
them as antitumor agents.

An indolocarbazole derivative LHS-1208 exhibits a
strong inhibitory activity against kinases'* — cyclin-de-
pendent kinase, protein kinase C and tyrosine kinase;
the second target is DNA and the DNA topoisomerase
complex. To date, preclinical trials of an injectable dos-
age form LHS-1208 containing dimethyl sulfoxide and a
solubilizer Kollidon 17PF as a co-solvent of the hydro-
phobic active substance, have been completed [94]. For
this compound, a liposome-based DF was also devel-
oped in the form of a lyophilisate for the preparation of
an injection emulsion [95].

LHS-1269 is an indolocarbazole derivative with a
carbohydrate residue xylose, which has cytotoxic and
antiangiogenic effects and has shown a high antitumor
activity against a number of transplanted ascites and
solid tumor models [96, 97]. To date, a composition and
technology for producing an injectable liposomal dosage
form have been developed for LHS-1269 [98].

Rebeccamycin derivatives

On the basis of rebeccamycin, a glycosyl-dichloroin-
dolocarbazole analogue with the improved water solu-
bility denoted as becatecarin (BMS-181176, BMY-27557,
NSC-655649, XL 119, XL-119, XL119) (National Cancer
Institute, USA) (Fig. 12)*> was obtained [99]. Becatecar-
in is an antitumor antibiotic with an inhibitory activity
against topoisomerase | and topoisomerase Il, as well
as the ability to intercalate DNA [100, 104]. It has been
studied in the treatment of lung cancer [101, 104], blood
cancer [102], tumors of the nervous system [99] and sol-
id tumors [103].

NB-506 (Banyu Co., Japan) (Fig. 13) is a glycoside
derivative of rebeccamycin, the antitumor activity of
which is due to its ability to interact with DNA and inhib-
it topoisomerase |. The glucose residue attached to the
planar chromophore of indolocarbazole, plays a signifi-
cant role in the interaction of drugs with nucleic acids;
it promotes the stabilization of covalent complexes of
topoisomerase | — DNA [105]. It has been reported that
NB-506 is in clinical trials [106].

Edothecarin (J-107088,

J-107088, PF-804950,

1 ]soenmers are not specified.

* PubChem Compound Summary for CID 101524, Becatecarin.
PubChem. Bethesda (MD): National Library of Medicine (US), National
Center for Biotechnology Information [9neKTpoHHbIV pecypc] Available
from: https://pubchem.ncbi.nlm.nih.gov/compound/Becatecarin
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PHA-782615) (Banyu Co., Japan) (Fig. 14) is a NB-506
derivative with a broad spectrum of antitumor activity,
it is a topoisomerase | inhibitor that induces cleavage
of single-stranded DNA more effectively than original
indolocarbazole or camptothecin. In contrast to other
inhibitors of topoisomerase |, the antitumor activity
is less dependent on the cell cycle. Despite the fact
that J-107088 has a structure similar to staurosporin,
this drug does not possess the properties of a protein
kinase inhibitor [107]. It has been actively studied in
mono- and combined therapy of oncological diseases
[108-115].

It was also found out that when grown in a specific
medium containing 0.05% potassium bromide, Saccha-
rothrix aerocolonigenes ATCC 39243 produces a rebec-
camycin analog which has been indicated as brombecca-
mycin. It has the same structure as rebeccamycin, except
the replacement of two chlorine atoms with bromine at-
oms in the molecule. The authors of the study suggest
that the compound has an activity against mouse P-388
leukemia [116].

Rebeccamycin-based compounds have also been
obtained. They are: BMS-250749, BMS-210287, BMS-
251873, SA315F, AT2433-Al, AT2433-A2, AT2433-B1,
AT2433-B2, etc. [117].

CONCLUSION

An important issue in medical science is the cre-
ation of new MPs for the treatment of cancer. Indolo-
carbazole derivatives are a promising class of anticancer
drugs characterized by a directed mechanism of the ac-
tion on targets such as kinases (especially PKC and its
isozymes), DNA and DNA topoisomerases | and Il. These
compounds, along with the antitumor effect, have a
wide spectrum of a biological activity, which also makes
it possible to use them in the therapy of other nosolo-
gies, including transplantology.

To date, a fairly large number of compounds that are
at various stages of preclinical and clinical studies, have
been synthesized. They belong to two subclasses — de-
rivatives of staurosporin and rebeccamycin.

However, for clinical practice, only one drug
based on a staurosporine derivative, midostaurine,
registered abroad by the TN of Rydapt® (in the Rus-
sian Federation its TN is Miticaid) has been approved
for use. Therefore, to expand the arsenal of targeted
anticancer drugs, it is necessary to study the known
synthesized indolocarbazole derivatives, as well as to
search for new compounds with improved character-
istics, further.
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Intranasal administration of H,-histamine receptor blockers may be a promising approach to the treatment of allergic rhinitis.
Earlier, an original composition of a nasal spray containing fexofenadine hydrochloride and ammonium glycyrrhizinate and
demonstrating a high level of therapeutic efficacy, was developed.

The aim of the study was to develop and validate a method of the quantitative determination of active pharmaceutical ingre-
dients fexofenadine hydrochloride and ammonium glycyrrhizinate in a spray for intranasal administration.

Materials and methods. During the development and validation of the method of the fexofenadine hydrochloride and am-
monium glycyrrhizinate quantitative determination in a nasal spray, the method of high performance liquid chromatography
was used: a Dionex Ultimate 3000 UV chromatograph with a Luna C18 column (2) containing octadecylsilicagel with a 5 pm
grain size as a sorbent. The analysis and validation procedures were performed in accordance with the requirements of the
State Pharmacopoeia of the Russian Federation, the XIVt" edition.

Results. The study showed that for the simultaneous quantitative determination of fexofenadine hydrochloride and ammo-
nium glycyrrhizinate, the optimal elution regime is a gradient mode with a mobile phase containing 50 mmol/L potassium
dihydrogen phosphate solution with methanol (45:55), which ensured the separation of the components in the 20 minutes
interval. The validation procedures showed that the developed methodology correspond to all the criteria of validity in terms
of the following indicators: correctness, precision, specificity and linearity in the analytical area.

Conclusion. The obtained results indicate the possibility of using the method of high-performance liquid chromatography in a
gradient elution mode with a mobile phase of the composition of a 50 mmol/L solution of potassium dihydrogen phosphate
with methanol (45:55) for the simultaneous quantitative determination of active pharmaceutical ingredients — fexofenadine
hydrochloride and ammonium glycyrrhizinate as parts of a promising nasal spray for the allergic rhinitis treatment.
Keywords: allergic rhinitis; quantification; high performance liquid chromatography; fexofenadine hydrochloride; ammonium
glycyrrhizinate

Abbreviations: AR — allergic rhinitis; APl — active pharmaceutical ingredient; UV — ultraviolet; HPLC — high performance liquid
chromatography; SPRF — State Pharmacopoeia of the Russian Federation

PASPABOTKA U BANTUOAUNA METOOUKA
KONMMYECTBEHHOI'O OMNPEAENEHUA AKTUBHbIX
®APMALEEBTUYECKUX CYECTAHLMN B CNPEE HA3AJIbHOM

M.B. lapckuii, A.E. Mo3gHaKoBa, 3.4. XagxKuesa, [.U. Mo3gHAaKoB

MATUropcknii megnKko-bapmaLeBTUYECKUN MHCTUTYT — dunnan PegepanbHOro rocygapcTBeHHOro
6t04KeTHOro 0b6pasoBaTe/IbHOrO yupeaeHus Boiclero obpasoBaHus «Boarorpaackuii rocysapcTBeHHbIN
MeAULMHCKUIA YHUBEPCUTETY.

357532, Poccus, CTaBpononbCKuiA Kpa, r. Narturopck, np. KaanHuHa, 11

E-mail: pozdniackow.dmitry@yandex.ru

MonyuyeHo 12.04.2021 MpuHAaTa K neyatn 15.08.2021

For citation: M.V. Larskiy, A.E. Pozdnyakova, Z.D. Khadzhieva, D.l. Pozdnyakov. Development and validation of methods for quantitative
determination of active pharmaceutical substances in nasal spray. Pharmacy & Pharmacology. 2021;9(4):266-277. DOI: 10.19163/2307-9266-
2021-9-4-266-277

© M.B. Jlapckuti, A.E. Mo3dHsakoea, 3.4. Xadxuesa, [].U. Mo30HaKos, 2021

Ans uutuposanua: M.B. Jlapckuii, A.E. Mo3aHAkoBa, 3.4. Xagxuesa, .. Mo3gHAKoB. PazpaboTka 1 Baangauma MeToANKU KONNYECTBEHHOTO

onpeaeneHns akTMBHbIX dapmaLeBTUYeCKUX cybcTaHumii B cnpee HasanbHOM. Papmayus u gapmakonoeus. 2021;9(4):266-277. DOI:
10.19163/2307-9266-2021-9-4-266-277

266 Volume IX, Issue 4, 2021



Hay4HO-npakTu4eckuin xypHan

OAPMALIA U
OAPMAKOSIOMS

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2021-9-4-266-277

MepcneKTMBHbIM MOAXOAOM K IeYEHMIO a/IIePrMYECcKOro PUHUTA MOXKET CTaTb MHTPaHasasibHoe BBeAeHWe 6710kaTopos H -ru-
CTaMUWHOBBIX peLLenTopoB. PaHee 6bin pa3paboTaH OpUTMHANbHBIM COCTAB CNpes Ha3a/lbHOro, cogepiKalero dekcodpeHaam-
Ha rTMAPOXI0PUA, U aMMOHUA ULUPPU3UHAT, AEMOHCTPUPYIOLLMIA BbICOKUI YPOBEHb TEPAaNeBTUYECKON 3OPEKTUBHOCTU.
Lienb coctoana B pa3paboTke 1 BaavAauUN METOAMKN KONMYECTBEHHOTO ONnpeaeeHNA akTUBHbIX GpapmaLeBTUYecKux cy6-
CTaHUMI pekcodeHagmHa rMapoxiopnaa u aMmoHUA MMLMPPU3MHATA B CNpee A1 MHTPaHa3aibHOro BBeAEHMA.
Martepuanbl U metogbl. B xone paspaboTkM M BanupaLMuM METOAMKU KOAMYECTBEHHOro onpeaeneHus dexkcodeHagmnHa
rMOPOXA0PUAA U AMMOHUA MNLMPPU3NHATA B CMPEe Ha3aJibHOM MPUMEHANCA METOZ, BbICOKOIGPEKTUBHOM KUAKOCTHOM
xpomatorpacduu: xpomatorpad ¢ YO getektopom DionexUltimate 3000 c KonoHKol Luna C18 (2), copeprKaluent B KayecTse
copbeHTa oKTageLuACUAnKaresb ¢ 3epHeHeM 5 MKM. AHaIn3 M BaMAALMOHHbIe NpoLeaypbl BbINOAHAZIMCL B COOTBETCTBUM
¢ TpeboBaHuAMM focypapcTeeHHON Papmakonen Poccuiickon ®eaepaumm XIV nsaaxums.

Pe3ynbratbl. ViccneposaHme NoKasaso, YTo A4J19 KOJIMYECTBEHHOIO OnpeaeeHus Npy COBMECTHOM MpUcyTcTBuN dekcodeHaamnHa
TMAPOXIOPUAA U AMMOHUA MULMPPU3NHATA ONTUMA/IbHBIM ABAAETCA FPAAMEHTHbIN PEXXMM 3NOMPOBAHUA C COCTABOM MOABUMK-
HoM da3bl 50 MMosb/n pacTeBop Kanusa aurnapodocdata u MeTaHoom (45:55), KoTopblit obecrneunsan pasgeieHne KOMMNOHEHTOB
cmecu B uHTepeane 20 MUHYT. BannaaumMoHHan oueHKa NoKasasa, YTo pa3paboTaHHan METOAMKA OTBEYAET BCEM KPUTEPUAM Ba-
JIMQHOCTM NO NOKa3aTeNAM: NPaBUAbHOCTb, NPELM3UOHHOCTb, CNeLUOUYHOCTb U IMHENHOCTb B aHANIMTUYECKOW 061acTy.
3akntoueHue. lMonyyeHHble pesybTaTbl CBMAETENbCTBYIOT O BO3MOXHOCTM MCMO/b30BAHWUA MeToAa BblCOKOI(EdEKTUBHOM
XWUAKOCTHOM XpomaTorpadun B rpaAMeHTHOM PEXMME SNHOMPOBAHUA C COCTaBOM MOABUMMKHOM dasbl 50 MMob/A pacTBop
Kanua aurnapodocdata c MetaHoNOM (45:55) ANA KONIMYECTBEHHOTO OnpeaeeHNA akTUBHbIX papmaLLeBTUYECKUX cybCcTaH-
unin — pekcodeHagnHa rmapoxaopuaa U aMMOoHUA MLMPPU3MHATA B COCTaBe NEPCNEKTUBHOIO CNpes HasasbHOro ANA ne-
YeHUA aNNepruyeckoro puHUTa.

KntoueBble cnoBa: annepruyeckuii puHUT; KOMYeCTBEHHOE onpeaesieHne; BbIcCoko3IGdEKTUBHAA XKUAKOCTHAA XpoMaTorpa-
duna; dekcopeHagmHa rMapoxIopua; aMMoHUA MULNPPU3UHAT

CnuCcoK cokpalueHuit: AP — annepruyeckuii puHut; AOC — akTMBHan dapmaueBTMyeckan cybctaHuma; YO — ynbtpaduone-
TOBbIN; BIKX — BbICOKOI)PEKTUBHAA HKUAKOCTHAA XxpomaTtorpadus; NP PO — locypgapcTBeHHas dapmakones Poccuiickol

depepaumu; X. Y. — XMMUYECKM YUCTbIN

INTRODUCTION

Allergic rhinitis (AR) is the most common disease
resulting from the organism’s hypersensitivity to various
types of antigens. AR ranks the sixth place among the
most common atopic diseases in the world, leading to
a decrease of the quality of life and a deterioration of
labor productivity, which negatively effects on the eco-
nomic component of a human activity and requires sig-
nificant financial investments, both personal and from
the health care system [1, 2]. At the same time, the num-
ber of people diagnosed with allergic rhinitis is annually
steadily increasing, which makes the development of
effective and safe medicines for the treatment and pre-
vention of AR relevant both for the patients themselves
and for the state as a whole [3].

Currently available pharmacological approaches to
AR therapy involve the elimination of the main symp-
toms of the disease. For this purpose, both intranasal
and systemic medicines are used. Medicines adminis-
tered intranasally are represented by glucocorticoste-
roids, which are first-line drugs. It is also possible to
inject decongestants and anticholinergics into the nasal
cavity. H -histaminolytics, mast cell membrane stabiliz-
ers and leukotriene receptor antagonists are used sys-
temically in the AR treatment [4]. Despite the sufficient
level of effectiveness, in some cases, the use of intrana-
sal glucocorticosteroids does not provide the necessary
pharmacological safety requirements, which limits their
daily use [5]. In this regard, repeated attempts to over-
come the existing disadvantages of glucocorticosteroids,
including the ones by creating rational combinations of
drugs or their complete replacement by the medicines of
an alternative pharmacotherapeutic group, were made.
In the latter case, the intranasal use of H, — histamine re-
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ceptor blockers is relevant, while in order to increase the
therapeutic effect, it is possible to develop synergistic
combinations based on non-sedative histamine blockers
and other antiallergic agents [6]. A promising direction
in the correction of allergic rhinitis can be considered
the use of a combination of the H -histamine blocker of
the latest generation — fexofenadine hydrochloride and
an antiallergic herbal agent —ammonium glycyrrhizinate
— as parts of the nasal spray being developed [7].

Fexofenadine is an active metabolite of terfenadine,
an anti-allergic agent with an antihistamine action. Fex-
ofenadine belongs to the latest generation of long-acting
H,-histamine receptor blockers, devoid of a pronounced
sedative effect. Fexofenadine has a favorable medicine
with the safety profile that is superior to that of the first
generation antihistamines. The absence of the sedative
effect makes it possible to use this medicine by various
groups of the population and including the working
hours, since the attention concentration, motor and cog-
nitive functions are not impaired [8-12].

Ammonium glycyrrhizinate is one of the effective
medicines obtained from the licorice extract. The am-
monium salt of glycyrrhizic acid has proven its anti-in-
flammatory, antinocciptive, antiallergic, antiviral, antiox-
idant, immunostimulating and hepatoprotective activity
[13-17].

In the previous study devoted to the experimental
evaluation of the pharmacological efficacy of the combi-
nation of the active substances fexofenadine hydrochlo-
ride + ammonium glycyrrhizinate (the adjuvants were
benzalkonium chloride, polyethylene oxide — 400, pro-
pylene glycol), the following factors were established.
In the animals with AR, the intranasal administration of
the test composition in terms of the severity of its action
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was comparable to glucocorticosteroids; that implies the
relevance of the further investigation of this combina-
tion from the perspective of the pharmaceutical analysis
[18].

THE AIM of the study was to develop and validate
a method of the quantitative determination of active
pharmaceutical ingredients fexofenadine hydrochloride
and ammonium glycyrrhizinate in a spray for intranasal
administration.

MATERIALS AND METHODS

Test objects and materials for analysis

Based on the current trends in the field of qual-
itative and quantitative analysis of pharmacological-
ly active compounds, as well as on the features of the
pharmaceutical analysis of the compounds similar in
structure (terfenadine and glycyrrhizic acid, respective-
ly) to the target ones (fexofenadine hydrochloride and
ammonium glycyrrhizinate), the method of high perfor-
mance liquid chromatography had been chosen in this
study [19, 20]. The following objects were used in the
work: the substance of ammonium glycyrrhizinate (the
content was 99.4%, fexofenadine CJSC «VIFITECH», Rus-
sia); the substance of hydrochloride (the content was
101.6%, Ind — Swift Laboratories Limited, India); the
standard samples of fexofenadine hydrochloride (Sigma
— Aldrich, USA); the standard samples of ammonium gly-
cyrrhizinate (Sigma — Aldrich, USA); acetonitrile; water
for chromatography; methanol (UHPLC Grade; Panreac,
Spain), potassium dihydrogen phosphate. The methods
was developed using the following equipment: a Dionex
Ultimate 3000 chromatograph (Thermo Scientific, USA)
equipped with a UV detector UVD-3000, a Luna C18
column (2) with a size of 150 x 4.6 mm (octadecylsili-
cagel 5 um granulation) (Phenomenex, USA); OPN cen-
trifuge — 3.02 (Russia); analytical balance Sartogosm, LV
210-a (Russia).

The temperature of the test samples was 20°C, the
temperature of the chromatographic column was 30°C,
and it was maintained by a thermostat. The sample
volume was 20 pl injected by an autosampler. The de-
tection was carried out spectrophotometrically at the
wavelength of 234 nm.

Methods for quantitative analysis

of active pharmaceutical ingredients (APIs)

A quantitative analysis of the APIs of the devel-
oped spray for intranasal administration was carried
out in accordance with the requirements of the State
Pharmacopoeia of the Russian Federation (the XIVth
edition of the GPA.1.2.1.2.0001.15 «Chromatography»,
GPA.1.2.1.2.0005.15 «High performance liquid chroma-
tography» and GPA.1.1.0012.15 «Validation of analytical
methods»?.

! State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
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Preparation of standard sample solutions

The preparation of standard samples solutions was car-
ried out as follows. An accurate weighed amount of a stan-
dard sample (30 mg for fexofenadine hydrochloride and 10
mg for ammonium glycyrrhizinate) was placed in a 10 ml vol-
umetric flask. Then 5 ml of the mixture of methanol and 50
mmol/| potassium dihydrogen phosphate solution (55:45)
was added, dissolved with stirring, and the volume of the
flask was brought to the mark. 2 ml of the resulting solution
was transferred into a 25 ml volumetric flask, and then the
volume was brought to the mark with the same solvent. Be-
fore the injection, the solutions were filtered through a nylon
filter with a pore size of 0.45 um (Phenomenex, USA), dis-
carding the first portions of the filtrate.

Preparation of test solution

Preparation of the test solution has undergone the
following process. 2 ml of the medicines was transferred
into a 25 ml volumetric flask, a mixture of methanol
and 50 mmol/L potassium dihydrogen phosphate solu-
tion (55:45) was added to the mark, stirred and filtered
through a nylon filter with a pore size of 0.45 um (Phe-
nomenex, USA), discarding the first portions of the fil-
trate (the test solution).

The calculation of the fexofenadine hydrochloride
and ammonium glycyrrhizinate content in the spay in
mg/ml was carried out according to the formula:

Sy xay x PxW, xV,
S X Ve x W x W, % 100’ (1)

X

where X is the content of the determined component,
mg/ml; S, is the area of the peak of the determined
component of the test solution, mAU min, on the chro-
matogram; S_ is the area of the peak of the determined
component of the standard solution, mAU min, on the
chromatogram; V is the volume of the medicine aliquot,
ml; a_ is the amount of the standard sample, g; P is a
substance content in the standard sample solution, mg/
ml; W_is the volume of a volumetric flask taken to dilute
the medicine, ml; W_, W_, are the volumes of volumet-
ric flasks taken for dilution of the standard sample, ml.

The calculation of the content of the medicinal prod-
uct components relative to the declared one was carried
out according to the formula:

« = Cxx 100
L (2)

where X is the content of the analyte relative to the de-
clared one, %; C is the content of the analyte, mg/ml;
L is the declared content of the substance in the nasal

spray, mg/ml.

Preparation of solutions

for validation assessment «linearity»

0.0300 g of a standard sample of fexofenadine hy-
drochloride was placed in a 10 ml volumetric flask, dis-
solved with stirring in 6 ml of the mixture of methanol
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and 50 mmol/L potassium dihydrogen phosphate solu-
tion (55:45), after which the volume of the flask was
brought to the mark with the same composition.

The following amounts of the solution (1.2; 1.6; 2.0;
2.4; 2.8 ml, respectively) were transferred into volumet-
ric flasks with a capacity of 25 ml and the volumes were
brought to the mark with the same solvent.

Preparation of solutions for validation

assessment according to the indicators

«correctness» and «analytical area»

The model mixture was prepared with a content
of fexofenadine hydrochloride and ammonium glycyr-
rhizinate in 60% relative to the declared spray (0.18 g
of fexofenadine hydrochloride and 0.06 g of ammonium
glycyrrhizinate per 100 ml of the medicine). Next, the
obtained medicinal product was analyzed in accordance
with the proposed methods.

At the same time, 2 ml of the solution of the ob-
tained model mixture was placed into 25 ml volumet-
ric flasks, then 0.4; 0.8 and 1.2 ml of a 0.3% solution of
the standard sample of fexofenadine hydrochloride and
a 0.1% solution of the standard sample of ammonium
glycyrrhizinate to concentration levels of 80%, 100% and
120%, relative to the nominal, were added. After that,
the volume of the flask was brought to the mark with
the mobile phase in the ratio which was at the beginning
of the analysis. Each dilution was repeated three times.

Statistical analysis

The results were processed by static methods using
the Microsoft Excel v 13.0 software package with ad-
vanced statistical data analysis capabilities.

RESULTS AND DISCUSSION

Development of methods for simultaneous

quantitative determination of fexofenadine

hydrochloride and ammonium glycyrrhizinate

in the nasal spray

The task of the present study was to develop HPLC
— the methods of quantitative determination in the na-
sal spray. In the literature data, there is no HPLC meth-
ods for the simultaneous quantitative determination of
fexofenadine hydrochloride and ammonium and glycyr-
rhizinate, however, methods for their individual deter-
mination have been described [21-24].

Preliminary studies on the development and opti-
mization of the methods for the quantitative determi-
nation of the APIs of the nasal antiallergic spray, made
it possible to establish the optimal aqueous component
of the mobile phase, which additionally suppresses ion-
ization. It is a solution of potassium dihydrogen phos-
phate at the concentration of 0.05—0.1 mol/I with a pH
of 4.5-4.8. There was no pronounced difference when a
0.05 M — 0.1 M potassium dihydrogen phosphate solu-
tion was used. In order to minimize the potentially nega-
tive factors associated with the use of saline buffer solu-
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tions, a 50 mmol/L potassium dihydrogen phosphate
solution was used.

An experimental study of the chromatography of
fexofenadine hydrochloride and ammonium glycyr-
rhizinate in the mixtures of a 50 mmol/I potassium dihy-
drogen phosphate solution with methanol, made it pos-
sible to conclude that methanol and its mixtures with
water easily dissolved the components of the medicine?.

The baseline drift inherent in the gradient elution
mode did not influenced the calculation of separation
results. To shorten the analysis time, improve separation
and decrease the viscosity of the mobile phase, the tem-
perature of the chromatographic column was increased
to 30°C. The optimized conditions for the chromato-
graphic determination are presented in Table 1.

A typical nasal spray chromatogram is shown
in Fig. 1.

At the same time, chromatography of the standard
samples solutions of fexofenadine hydrochloride, am-
monium glycyrrhizinate, as well as the solutions of the
adjuvants in the composition of a nasal spray (benzal-
konium chloride, polyethylene oxide — 400, propylene
glycol) and the mobile phase, was carried out. Under the
proposed conditions of the chromatographic determina-
tion, a reliable separation of the components is carried
out with a certain baseline drift characteristic of the gra-
dient elution mode, within 20 minutes.

To assess the suitability of the chromatographic sys-
tem, the solutions of the nasal spray and standard sam-
ples of fexofenadine hydrochloride and ammonium gly-
cyrrhizinate were sequentially analyzed in six replicates
to determine retention times, asymmetry factors, reso-
lution coefficients, and the efficiency of the chromato-
graphic system.

The main characteristics of the fexofenadine hydro-
chloride and ammonium glycyrrhizinate peaks on the
chromatograms of the nasal spray solution and standard
sample solutions, are presented in Tables 2 and 3.

The presented results indicate that the retention
times of the two main peaks on the chromatogram of
the nasal spray solution match with the retention times
of the peaks on the chromatograms of the standard
samples solutions of fexofenadine hydrochloride and
ammonium glycyrrhizinate.

The areas of the peaks obtained in the analysis of six
consecutive injections of the standard samples solutions
were used to calculate the value of the relative standard
deviation (RSD). The results are shown in Table 4.

As follows from the presented results, the relative
standard deviation of the peak areas of fexofenadine
hydrochloride and ammonium glycyrrhizinate obtained
by repeated administrations of the same standard solu-
tions, does not exceed 2%. That matches the suitability
requirements of the chromatographic system.

2 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. | - IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
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Table 1 — Conditions for chromatographic determination

Elution mode

Time, min Methanol, % 50 mmol/l potassium dihydrogen phosphate solution, %
0 55 45
10 55 45
30 95 5

Table 2 — Characteristics of APIs peaks on nasal spray chromatograms

Characteristics of chromatograms

Component of spray

t, min A, R, N
Fexofenadine hydrochloride 6.210.2 Not more than 1.2 Not less than 1.5 2800
Ammonium glycyrrhizinate 16.4+0.2 Not more than 1.4 Not less than 1.5 30000

Table 3 — Characteristics of peaks of fexofenadine hydrochloride and ammonium glycyrrhizinate
on chromatograms of standard sample solution

Characteristics of chromatograms

Component of spray

tR, min A R, N
Fexofenadine hydrochloride 6.2+0.2 Not more than 1.4  Not less than 1.5 2900
Ammonium glycyrrhizinate 16.4+0.2 Not more than 1.3 Not less than 1.5 31000

Table 4 — Evaluation of reproducibility of-peak areas on chromatograms of standard solutions
of fexofenadine hydrochloride and ammonium glycyrrhizinate

Injection Peak area, 0
Analyte replication, n mAUxmin RSD,%
1 33.12
2 33.26 Xm = 33.16
. . 3 33.08 $? = 0.005667
Fexofenadine hydrochloride 7 33.04 SD = 0.07528
5 33.18 RSD =1.25%
6 33.10
1 8.13
2 8.04 Xm = 8.12
Ammonium glycyrrhizinate 3 8.12 5*=0.002417
glycy 4 8.18 SD =0.04916
5 8.16 RSD =0.82%
6 8.10
Table 5 - Initial data for evaluating of linearity methods
in relation to fexofenadine hydrochloride
No Concentration of fexofenadine Peak area, mAUxmin
- hydrochloride standard solution, % (3 sequential injections mean)
1 0.0144 19.90
2 0.0192 28.10
3 0.0240 33.16
4 0.0288 39.98
5 0.0336 48.26
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Table 6 — Initial data for evaluating of linearity methods in relation to ammonium glycyrrhizinate

Concentration of ammonium Peak area, mAUxmin

Ne glycyrrhizinate standard solution, % (3 sequential injections mean)
1 0,0048 5,01
2 0,0064 6,18
3 0,0080 8,12
4 0,0096 9,04
5 0,0112 10,45

Table 7 — Results of precision assessment of methods for quantitative determination
of fexofenadine hydrochloride and ammonium glycyrrhizinate (replication level)

Peak area, . .
Component mAU x min Found, mg/ml Metrological characteristics
32.91 2.98 X=2.92
31.86 2.88 §?=0.00188
SD =0.04336
32.13 2.91
Fexofenadine hydrochloride RSD =0.72%
31.76 2.87 AX = +0.05
32.27 2.92 £=+1.56%
32.76 2.96 X+ AX =2.92 + 0.05 mg/ml
8.36 1.03 X=1.00
8.02 0.99 $?=0.002657
SD =0.05154
7.44 0.92
Ammonium glycyrrhizinate RSD = 0.86%
7.86 0.97 £=15.40%
8.56 1.05 X + AX =1.00 £ 0.05 mg/ml

Note: The peak area of the solution of the fexofenadine hydrochloride standard sample = 33.16 mAUxsec; the peak area of the solution of the
ammonium glycyrrhizinate standard sample = 8.12 mAUxsec

Table 8 — Results of intra-laboratory precision assessment of methods for quantitative determination
of fexofenadine hydrochloride and ammonium glycyrrhizinate

Fexofenadine hydrochloride

Analyst 1 Analyst 2 Metrological characteristics
Peak area, Found, Peak area, Found,
mAU x min mg/ml mAU x min mg/ml Analyst 1 Analyst 2
3291 2.98 32.64 2.96
31.86 2.88 33.42 3.03 x= 2.92 JX= 2.98
32.13 291 33.04 3.00 5°=0.00188 >=0.001987
SD =0.04336 SD =0.04457
31.76 2.87 32.08 2.91 RSD = 1.48% RSD = 1.49%
32.27 2.92 33.12 3.01 X+AX=2.92+0.05mg/ml  X+AX=2.98 % 0.05 mg/ml
32.76 2.96 32.54 2.95

T =2,04<t(95%; 10); F

calc

=1,06 < F (95%; 5; 5) — the differences between the results obtained are random

calc

Ammonium glycyrrhizinate

Analyst 1 Analyst 2 Analyst 1 Analyst 2
8.36 1.03 8.84 1.08
e = s = s? ! o ;6(;%57 s? ! o ;6(;2107
2151121 Szi :;; 22: SD =0.05154 SD =0.055737
RSD =5.15% RSD =5.45%

7.86 0.97 7.49 0.91 X+ AX=1.00£0.05 mg/ml X +AX=1.02 +0.06 mg/ml
8.56 1.05 7.84 0.95

t..=0,64<t(95%; 10); F_, =1,17 <F (95%; 5; 5) the differences between the results obtained are random

Note: Analyst 1: the peak area of the solution of the standard sample of fexofenadine hydrochloride = 33.16 mAUxsec; the peak area of the
solution of the standard sample of ammonium glycyrrhizinate = 8.12 mAUxsec; Analyst 2: the peak area of the solution of the standard sample of
fexofenadine hydrochloride = 33.04 mAUxsec; the peak area of the solution of the standard sample of ammonium glycyrrhizinate = 8.21 mAUxsec.
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Table 9 — Scheme of preparation of model mixture solutions
with adjuvants of APl standard samples solutions

Added as a Added as a stan- The total calculated content Concentration level
Analyte model mixture, dard sample of the component relative
mg amount, mg after dilution mg/ml to nominal,%
Fexofenadi 3,6 1,2 0,192 80
exotenadine 3,6 2,4 0,240 100
hydrochloride
3,6 3,6 0,288 120
A . 1,2 0,4 0,064 80
mmonium 1,2 038 0,080 100
glycyrrhizinate
1,2 1,2 0,096 120

Table 10 — The results of assessing the correctness of the method for the quantitative determination
of fexofenadine hydrochloride and ammonium glycyrrhizinate

Additive added, mg

Additive found, mg

Detection rate, %

Characteristics calculated on the basis
of the detection rate value

Fexofenadine hydrochloride

1.20 1.26 104.84
1.20 1.15 95.74
1.20 1.18 98.07
2.40 2.29 95.39 X= 100.52%
2.40 2.44 101.69 SD =3.76
2.40 2.52 104.95 RSD =3.74%
3.60 3.69 102.54
3.60 3.53 98.07
3.60 3.72 103.36
Ammonium glycyrrhizinate
0.4 0.36 90.00
0.4 0.34 85.00
0.4 0.36 90.00
0.8 0.82 102.50 X = 95,79%
0,8 0.85 106.25 SD=7.51
0,8 0.78 97.50 RSD =7.84%
1,2 1.14 95.00
1,2 1.09 90.83
1,2 1.26 105.00
- . L Xk
£ Z
1004 g
ety NP i : A " . | .#'\ . "
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Figure 1 — Test solution chromatogram
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Figure 2 — Dependence graph of fexofenadine hydrochloride peak area on its concentration
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Figure 3 — Dependence graph of ammonium glycyrrhizinate peak area on its concentration

Thus, the characteristics of the peaks on the chro-
matograms of both the nasal spray solution and the
standard sample solutions match the suitability param-
eters of the chromatographic system. They are: the effi-
ciency of the chromatographic column, calculated from
the peaks of the analytes, is not less than 2000 theoreti-
cal plates, the asymmetry factors of the peaks are in the
range of 0.8 up to 1.5; the relative standard deviation of
the peaks areas of the determined substances does not
exceed 2%.

Validation of developed methods

The criterion for evaluating the analytical meth-
ods is its validation. The validation of the HPLC analysis
method for the quantitative determination of the com-
ponents of the nasal spray was carried out in accordance
with State Pharmacopoeia of the Russian Federation of
the XIVt" edition; to solve practical issues of implement-

Tom 9, Buinyck 4, 2021

ing validation procedures, we the authors of the article
were guided by the literature data®.

The specificity of the methods for determining fex-
ofenadine hydrochloride and ammonium glycyrrhizinate
in the nasal spray was confirmed by the correspondence
of the retention times of the main peaks on the test
solution chromatogram and the peaks of the standard
samples solutions of fexofenadine hydrochloride and
ammonium glycyrrhizinate. The analysis of the model
mixture consisting of nasal spray excipients confirmed
the absence of irrelevant chromatographic peaks in the
domain of peaks output of fexofenadine hydrochloride
and ammonium glycyrrhizinate®.

3 Validacija analiticheskih metodik dlja proizvoditelej lekarstv
[Validation of analytical methods for drug manufacturers]. Edited by
V.V. Beregovykh. M. Litterra, 2008:132.

4 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
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The linearity relative to fexofenadine hydrochloride
and ammonium glycyrrhizinate, was established using
standard solutions. The concentration range of solutions
included the proposed analytical area of the methods —
from 80 to 120% of each component®.

The solutions were chromatographed three times
under the above-listed conditions; the results are shown
in Table 5.

The obtained data were used to plot the depen-
dence graph of the peak area on the concentration of
fexofenadine hydrochloride (Figure 2).

A linear regression analysis of the results obtained
by the least squares method made it possible to estab-
lish the dependence of the fexofenadine hydrochloride
peak area on its concentration. It is linear and is de-
scribed by the equation y = 1429 (+ 264.2) x — 0.42; the
correlation coefficient is 0.9971, and the free term of the
equation is statistically insignificant, which is important
for confirming the correctness of the method.

The linearity of the methods with respect to ammo-
nium glycyrrhizinate was carried out in a similar manner.
The solutions for chromatography were obtained by di-
luting the initial 0.1% solution of the ammonium glycyr-
rhizinate standard sample. The results of the determina-
tion are presented in Table 6.

The calibration graph based on the obtained data is
shown in Fig. 3.

The analysis of the obtained dependence showed
that it is described by a linear equation in the form of y =
b x x +a, where b =858.75 + 204.59. The free term of the
equation is 0.89, but its statistical significance is missing.
The correlation coefficient is 0.9951, which meets the
requirements (>0.98)°.-

Thus, the obtained results indicate a satisfactory
linearity of the methods for determining fexofenadine
hydrochloride and ammonium glycyrrhizinate.

The precision of the methods was evaluated by ana-
lyzing a sample of the nasal spray in a six-fold repetition
(the replication level). To assess the intra-laboratory pre-
cision, the analysis of the test sample was carried out
by another analyst on other days using the same equip-
ment. The results of the precision assessment are pre-
sented in Tables 7 and 8.

The obtained results indicate the satisfactory preci-
sion of the proposed methods for the quantitative de-
termination of the components of the developed nasal
spray at the levels of replication and intra-laboratory
precision.

It was found out that the average content of fex-
ofenadine hydrochloride in the test sample of the nasal
spray is 2.92 + 0.05 mg/ml (97% of the declared; relative
determination error + 1.56%); ammonium glycyrrhizi-

5 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
6 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
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nate is 1.00 + 0.05 mg/ml (100% of the declared value;
relative determination error + 5.4%).

Given that the nasal spray is multicomponent, the
correctness of the methods was checked using the stan-
dard addition method.’

The scheme for obtaining solutions with adjuvants
is shown in Table 9.

The results of determining the correctness of the
methods are presented in table 10.

As follows from the obtained results, the detection
rate of the added additives of fexofenadine hydrochlo-
ride was in the range from 95 to 105%, of ammonium
glycyrrhizinate — from 85 to 106.25% with an RSD value
of no more than +3.74% and +7.84%, respectively, which
meets the requirements®. Thus, the proposed methods
is characterized by the satisfactory correctness.

The analytical range of the method relative to the
nominal concentration of the analytes in the nasal spray
was from 80% to 120%.

The method of high performance liquid chromatog-
raphy, along with other methods, is known to be increas-
ingly used in both qualitative and quantitative analyses
of active pharmaceutical ingredients. This method ac-
quires particular relevance in the course of the analysis
of pharmacologically active compounds combinations
presented in one dosage form.

According to Ibrahim F. A., et al., 2019 and using
high performance liquid chromatography with an UV de-
tection, it is possible to successfully identify and quantify
the active components in combinations of moxifloxacin
(a synthetic antibacterial agent of the fluoroquinolone
group) with glucocorticosteroids intended for the sys-
temic use — dexamethasone and prednisolone. More-
over, in this study, the authors used an original approach
from the area of «green chemistry» without the use of
toxic organic solvents: as an eluent in the isocratic deter-
mination mode, a mixture of ethanol:water in the ratio
of 90:10 was used [25].

Another study conducted by the authors’ team of
Al-Sanea M. M. et al, 2021, showed that the method
of high performance liquid chromatography makes it
possible to quantitatively determine active substances
in widespread combinations of antihypertensive medi-
cines: hydrochlorothiazide + olmesartan medoxomil and
hydrochlorothiazide + fosinopril-sodium. It should be
noted that in this work, isocratic determination mode
with a mobile phase based on potassium dihydrogen
phosphate + orthophosphoric acid (pH = 3) with the
addition of acetonitrile and methanol, made it possible
not only to qualitatively and quantitatively determine
the target compounds, but also to identify a number of
specific impurities, for example, chlorothiazide, which is

7 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
8 State Pharmacopoeia of the Russian Federation / Ministry of Health of
the Russian Federation. XIV ed. T. I-IV. M., 2018. [Electronic resource].
Access mode: http: // http://femb.ru/femb/ pharmacopea.php
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a product of the dehydrogenation reaction of hydrochlo-
rothiazide [26].

Considering a widespread use of the HPLC meth-
od, as well as its high analytical characteristics, it is not
surprising that HPLC is widespread in the pharmaceu-
tical analysis of anti-allergic medicines and their combi-
nations. So, Shamshad N., et al., 2021 showed that it is
possible to successfully identify and quantify cetirizine in
the presence of chloroquine and pyrimethamine, using an
isocratic elution mode with a mixture of methanol: water
(70:30) and UV detection [27]. Furthermore, Shamshad
& Mirza, 2021 demonstrated the possibility of determin-
ing cetirizine in the presence of diclofenac sodium [28].
Loratadine can be successfully identified in combination
with pseudoephedrine using a methanol: water (90:10)
mixture as an eluent in an isocratic mode [29].

In addition, high performance liquid chromatography
makes it possible to separate the substances with antial-
lergic properties from their metabolites (including those
exhibiting a pharmacological activity), which was shown by
Sebaiy & Ziedan, 2019. In this work, the authors identified
and quantified loratadine and its active metabolite deslo-
ratadine (which is also an antiallergic drug that blocks his-
tamine H, receptors) when eluted with a mixture of meth-
anol + phosphoric acid (85:15) in an isocratic mode and
detection with a UV spectrophotometric unit [30].

The methods for the qualitative and quantitative de-
termination of fexofenadine hydrochloride in one dosage
form with montelukast-sodium and ambroxol hydrochlo-
ride in isocratic elution mode with a mixture of metha-
nol:water (70:30) and UV detection, are known [31].

Thus, based on the literature data, in this study for
the qualitative and quantitative determination of the ac-
tive substances of fexofenadine hydrochloride and am-
monium glycyrrhizinate, the method of high performance
liquid chromatography with UV detection was used. In the
course of the work it was shown that due to the differ-
ent solubility of the target substances, the isocratic elu-
tion mode does not allow achieving optimal separation of
the components with an analysis duration of less than 30
minutes, which determined the use of a gradient mode.
It should be noted that similar conditions of changing the

analysis mode have been described in the literature. So,
by Leistner & Holzgrabe, 2021, when analyzing impurities
to the baclofen substance, a gradient mode was used,
since the existing impurities for this substance are repre-
sented by sparingly soluble zwitter-ions [32] 11 impurities
of the ivabradine substance [33] and a combination of
pharmacologically active compounds of paracetamol and
methionine [34] were investigated by the same approach.
The further course of the study showed that the de-
veloped analysis method is reproducible and matches all
validity requirements, which is especially important in the
analysis of medicines combinations. As Narula & Pal, 2021
indicate the validation assessment of the analytical meth-
ods is a necessary step in the creation of rational methods
for the medicines analysis and occupies one of the leading
places in the course of their development [35]. There are
cases when the optimal analytical methods (diazepam,
metformin) did not meet the requirements of validity
and, accordingly, could not be used in practical application
[36]. In this regard, the developed method of the simulta-
neous determination of fexofenadine hydrochloride and
ammonium glycyrrhizinate in an antiallergic nasal spray
is a suitable analytical tool for a pharmaceutical analysis.

CONCLUSION

For the determination of fexofenadine hydrochlo-
ride and ammonium glycyrrhizinate using HPLC in a gra-
dient elution mode, the selection of optimal conditions
has been carried out and the methods has been devel-
oped. The results of the validation assessment showed
that the developed methods matches the suitability
parameters: it is correct, precise, specific and linear in
the analytical field, which confirms its applicability for
confirming the quantitative determination of fexofen-
adine hydrochloride and ammonium glycyrrhizinate in
a medicine. It has been experimentally found out that
during HPLC analysis, the average content of fexofen-
adine hydrochloride in the developed nasal spray with
antiallergic action is 2.92+0.05 mg/ml (the relative de-
termination error +1.56%), ammonium glycyrrhizinate
is 1.00+0.05 mg/ml (the relative determination error
+5.40%).
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Relevance. Non-steroidal anti-inflammatory drugs are among the top requested ones in the clinic of internal medicine. How-
ever, these drugs are associated with a wide range of adverse reactions involving a number of organs and systems, in partic-
ular the gastrointestinal tract, cardiovascular system and kidneys.

The aim of the study is to characterize the effect of the combined use of cryopreserved placenta extract and diclofenac sodi-
um on the prooxidant-oxidative system, the activity of inflammatory, destructive and cytolytic processes, as well as protein
and lipid metabolism in rats with experimental rheumatoid arthritis.

Results. The administration of diclofenac sodium and cryopreserved placenta extract to rats with adjuvant arthritis nor-
malized the level of active products of thiobarbituric acid and hence was indicative of the neutralization of an arthritis-in-
duced oxidative stress. A statistically significant (p=0.01) increase of in a superoxide dismutase activity (by 30.6% relative
as compared with rats of the control group) has also been established. An increase in the anti-inflammatory properties of
diclofenac sodium in the combined use of diclofenac sodium with a cryopreserved placenta extract has been found out. The
level of C-reactive protein decreased (p<0.001) by 61.1% as compared with the untreated rats, and the level of seromucoid
has been significantly (p<0.01) decreased by 17.1% as compared with the rats of the monotherapy group treated with the
studied NSAIDs. It was shown that alanine aminotransferase and aspartate levels were significantly lower (by 38.9%, p<0.01
and by 37.9%, p<0.01, respectively) as compared with those of the animals that had been administrated with diclofenac
sodium. Their indices were by 16.7% (p=0.02) and 17.2% (p<0.001) lower than the indices of the control group rats with
untreated adjuvant arthritis. The established changes of aminotransferases levels indicate the ability of a cryopreserved
placenta extract to level not only an arthritis-induced cytolytic syndrome, but also a diclofenac-induced one. The combined
use of cryopreserved placenta extract and diclofenac sodium was accompanied by the normalization of the total lipids level
and phospholipids in the blood serum of rats against the background of experimental rheumatoid arthritis. Thus, the content
of phospholipids in the lipid pool statistically significantly (p=0.02) increased by 22.6% as compared with the indices of the
animals with adjuvant arthritis without treatment.

Conclusion. The study showed that the combined use of diclofenac sodium and cryopreserved placenta extract leads to the
restoration of the balance of the prooxidant-antioxidant system that is more pronounced than monotherapy with diclofenac
sodium. A decrease in the activity of inflammatory, destructive and cytolytic processes, as well as the restoration of lipid
metabolism in the rats with experimental rheumatoid arthritis, has also been observed.

Keywords: cryopreserved placenta extract; adjuvant arthritis; anti-inflammatory activity; nonsteroidal anti-inflammatory
drugs; diclofenac sodium

Abbreviations: AIAT — alanine-aminotransferase; AsAT — aspartate aminotransferase; AA — adjuvant arthritis; AOS — antioxi-
dant system; COX — cyclooxygenase; CPE — cryopreserved placenta extract; C-RP — C- reactive protein; DS — diclofenac sodium;
GGTP — gamma glutamyl traspeptidase; Gl tract — gastrointestinal tract; i/g — intragastrically; i/m — intramuscularly; IPC & C
NAS of Ukraine — Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences of Ukraine;
LP — lipid peroxidation; LP-AOS — lipid peroxidation-antioxidant system; NSAIDs — non-steroidal anti-inflammatory drugs; OS
— oxidative stress; RA — rheumatoid arthritis; SOD — superoxide dismutase; TBA-AP — active products of thiobarbituric acid;
95% Cl — 95% Confidence interval
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AKTyanbHOCTb. HecTepouaHble NpOTMBOBOCMA/IUTE/IbHbIE NpenapaTbl ABAAOTCA OAHMMU U3 Haubonee BOCTpebOBAHHbBIX
KNacCOB IEKAPCTBEHHbIX CPEACTB B KAMHUKE BHYTPEHHEN MeauLMHbl. OfAHAKO NPUMEHEeHWE YKa3aHHbIX NPenapaToB acco-
LMMPYETCA C LUIMPOKMM CMEKTPOM HeXKenaTe/IbHbIX PeaKL Ml C BOB/eYEHWEM pALa OPraHOB U CUCTEM, B YaCTHOCTU XKeyaou-
HO-KMLLEYHOrO TPaKTa, CepAEeYHO-COCYANCTON CUCTEMBI U MOYEK.

Lienb. OxapakTepn30BaTb BAUAHME KPUOKOHCEPBUPOBAHHOIO SKCTPAKTA NIALLEHTbI U AMKNOdPEeHaKa HATPUA NPU UX KOMOU-
HUPOBAHHOM MPUMEHEHWUM Ha COCTOAHWE NMPOOKCUAAHTHO-OKCUAAHTHON CUCTEMbI, AaKTUBHOCTb BOCMA/IUTENbHbIX, AECTPYK-
TUBHbIX U LIUTOIMTUYECKUX NPOLLECCOB, @ TaK¥Ke CoCcToAHME HenKoBOro M AMNUAHOro obmeHa no AaHHbIM BUOXMMUYECKUX
NCCNe0BaHMI Y KPbIC C IKCNMEPUMEHTAsIbHbIM PEBMATOUAHBIM aPTPUTOM.

Pe3synbratbl. BBeaeHne guknodeHaka HaTpUA U KPMOKOHCEPBMPOBAHHOMO SKCTPAKTA MJIALLEHTbI KPbICAaM C aAbHOBAHTHbIM
APTPUTOM NPUBENO K HOPMAN3aLLMM YPOBHA aKTUBHbIX NMPOAYKTOB TMO6ApOUTYPOBOIM KMCNOTbI, YTO YKA3blBaeT HA HUBE-
/IMpOBaHME NPU3HAKOB apTPUT-UHAYLIMPOBAHHOTO OKCUMAATUBHOIO CTpecca. TakKe BbIABNEHO CTAaTUCTUYECKM JOCTOBEPHOE
(p=0,01) noBbileHWe aKTUBHOCTU CynepoKcuaamMcmyTasbl Ha 30,6% OTHOCMTENIbHO 3HAYEHWUI Y KPbIC KOHTPO/IbHOM TPynMbl.
YcTaHOB/IEHO YCMIeHWE NPOTUBOBOCNANNTENbHbIX CBOWCTB ANKAODEHAKA HAaTPUA HA POHE KOMOUHUPOBAHHOIO MPUMEHEHUSA
AnknodeHaka HaTpuA C KPMOKOHCEPBMPOBAHHBIM 3KCTPAKTOM MALEHTbI, TaK KakK ypoBeHb C-peakTMBHOro 6enka cHM3uaca
(p<0,001) Ha 61,1% OTHOCUTENBHO HENEYEHbIX KPbIC, @ YPOBEHb CEPOMYKOMAA CTaTUCTUYECKN A0CTOBEPHO (p<0,01) cHU3UA-
cA Ha 17,1% oTHOCUTENIbHO NOKa3aTesiei KpbIC rpynmnbl MOHOTEPANUKU UCCNEAYEeMbIM HECTEPOUAHbBIM NPOTUBOBOCMANUTEb-
HbIM NpenapaTom. [oKasaHo, YTO YPOBEHb aNlaHUH-aMUHOTPaHCdepasbl CTaTUCTUYECKU focTOBEPHO (p<0,01) 6611 HUXKE Ha
38,9%, a acnapTaT-amMHOTPaHchepasbl — HUXKe Ha 37,9% (p<0,01) oTHOCKMTE/IbHO MOKa3aTeiei }UBOTHbIX, KOTOPbIM BBOAN-
M AMKNOdEHAK HAaTPUA, YTO COOTBETCTBEHHO Ha 16,7% (p=0,02) 1 17,2% (p<0,001) 66110 HMXKE NOKa3aTenel KpbiC KOHTPO/Ib-
HOW Trpynmnbl C HENEYEeHbIM aAbIOBAHTHbIM aPTPUTOM. YCTAHOB/IEHHbIE U3MEHEHWA CO CTOPOHbI aMUHOTPaHcdepas yKasbl-
BAOT Ha CMOCOBHOCTb KPMOKOHCEPBUPOBAHHOIO KCTPAKTA MAALEHTbl HUBEIMPOBATb HE TO/IbKO apTPUT-UHAYLMPOBAHHBbIN
LMTONIUTUYECKUIA CUHAPOM, HO U AUKNODEHaK-MHAYLMPOBaHHbIM. KOMOBUHUPOBAHHOE NMPUMEHEHME KPUKOHCEPBOBAHOIO
3KCTPaKTa NIALEHTbl U AMKNOdPEeHaKa HAaTPUA CONPOBOXKAANIOCh HOPMaM3aLMeln YPoBHA 0bWwmux aMnuaos n pochbonmnuaos
B CbIBOPOTKE KPOBM KPbIC Ha GOHE 3KCNEPUMEHTAIbHOTO PEBMATOUAHOrO apTpuTa. Tak cogepkaHve docdhonmnnaos B nyne
NIMNUA0B CTAaTUCTMYECKU AocToBepHO (p=0,02) Bbipocao Ha 22,6% OTHOCUTENIbHO MOKa3aTeNnen KUBOTHbIX C aZblOBAHTHbIM
apTpuTOM 6€3 neveHus.

3akntoueHue. ViccnegoBaHue NoKasano, YTo KOMOMHMPOBAHHOE NPUMEHEHME AUKNOPEHAKA HATPUA U KPUKOHCEPBUPOBAH-
HOTO 3KCTPAKTa NIALEHTbl NPUBOAUT K BOCCTAHOB/IEHUIO PAaBHOBECUA MPOOKCUAAHTHO-aHTUOKCUAAHTHOW cucTembl, bonee
BbIPa*KEHHOMY, YeM NPU MOHOTEPANUN AUKNO0GEHAKOM HATPUA, CHUNKEHWIO aKTUBHOCTU BOCMA/IUTE/IbHbIX, AECTPYKTUBHbIX U
LMTONIUTUYECKUX MPOLLECCOB, @ TaK¥Ke BOCCTaHOB/IEHWUIO IMMUAHOIO 0OMEHA Y KPbIC C IKCNEePUMEHTaIbHbIM PEBMATONAHbIM
apTpUTOM.

KnioueBble €0Ba: KPMOKOHCEPBUPOBAHBIN IKCTPAKT N/IALEHTbI; afblOBAHTHbIA apTPUT; NPOTUBOBOCNANUTEIbHAA AKTUB-
HOCTb; HECTePOUHbIe MPOTUBOBOCMA/IUTE/IbHbIE MPEenapaThl; AUKNObEHAK HAaTPUA

CnUCOK CoKpaLeHuin: AA — aabloBaHTHbIVM apTpuT; ANAT — anaHWH-amuHoTpaHcdepasa; AOC — aHTMOKCUAAHTHAA CUCTEMA;
ACAT — acnapTaT-aMMHOTpaHCcdepPasa, B/ — BHYTPUIKEIYAOUHO, B/M — BHYTpUMbIWeYHO; [T — ramma-rayTamuatpacnenty-
nasa; AH — guknodeHak HaTpua; KT — kenyaouHo-kuweyHbiv TpakT; UMKMK HAH YKkpauHbl — UHCTUTYTa npobaem Kpnob-
MNOJIOTUN U KpMoMeaMLMHbI HaunoHanbHOM akagemMmnm HayK YKpauHbl; K3 — KpMOKOHCEPBUPOBAHHbIW SKCTPAKT MAaLEHTbI;
HMBM — HecTeponaHble NpoTMBOBOCMANUTENbHbIe NpenapaThbl; OC — oKenaaTMBHBIN cTpecc; NMOJ1 — NepuKUCHOE OKUCAeHWe
nnnunzos; NMOJI-AOC — nepeKkMCcHOe OKUC/IeHWNE IMNNA0B-aHTUOKCUAAHTHaA cuctema; CO/L, — cynepokecmaamncmytasa; C-Pb —
C-peakTuBHbIN 6en0K; TBK-PI — akTMBHbIE NPOoAyKTbl TMOBapbuTypoBsoi Kncnotbl; LLOT — umMknookecureHasa; 95% AU — 95%
[0BEPUTENbHbIV UHTEPBAN
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INTRODUCTION

Among the great number of drugs that clinicians
have in their arsenal, non-steroidal anti-inflammatory
drugs (NSAIDs) occupy a special place. This is due to the
presence of nonspecific anti-inflammatory and analgesic
properties in them, that justifies the annual increase in
their sales against the background of the population ag-
ing, since, the frequency of their use is known to increase
with age. NSAIDs play a special role in symptomatic ther-
apy in patients with rheumatic diseases — rheumatoid ar-
thritis (RA), ankylosing spondylitis, gout, etc. [1-5].

However, despite the generally recognized effec-
tiveness of NSAIDs, their use in clinical practice is signifi-
cantly limited by the risk of developing unwanted side
effects on various organs and systems, in particular — the
gastrointestinal tract (Gl tract), cardiovascular system,
liver, kidneys [2-6]. In addition, in 25.0-35.0% of cases,
patients use NSAIDs irrationally and do not take into ac-
count the presence of risk factors for the development
of undesirable effects.

It is known that the maximum risk of cardiovascu-
lar complications occurs when taking drugs with high
selectivity to cyclooxygenase (COX) type 2 (coxibs — ce-
lecoxib, etoricoxib, etc.), while the risk of complications
from GI tract occurs when taking non-selective NSAIDs
(diclofenac, indomethacin, ibuprofen, etc.) [3, 4]. Thus,
in the first 7 days of taking celecoxib, the increased risk
of myocardial infarction is 92.0-99.0% [3, 7]. Adverse
Gl tract effects are the most common pathology caused
by the inhibition of COX-1 and, as a consequence, a de-
crease in the protective potential of the mucous mem-
brane of the digestive tract [8, 9]. Nonselective COX in-
hibitors increase the risk of Gl bleeding by an average of
4 times, and selective inhibitors — by 3 times [4, 5].

The problem of Gl-tolerance of widely used NSAIDs
substantiates the relevance of the search for effective
cytoprotective drugs that can increase the resistance
of the gastrointestinal mucosa [10, 11]. The treatment
of NSAID-induced esophagogastroenterocolonopathy is
classically directed at acid suppressive therapy (proton
pump inhibitors, H2-histamine blockers, etc.), the use
of gastrocytoprotectors (de-nol, sucralfate, etc.) and
the drugs that restore the content of prostaglandins in
the mucous membrane, etc.) [5, 12-14]. However, none
of these groups of drugs sufficiently satisfies clinicians,
since they are mainly aimed at treating NSAID gastrop-
athy, while NSAIDs are able of causing lesions, including
the distal parts of the Gl tract, and have their own side
effects [13-19].

One of the promising areas of therapy for Gl tract
pathologies is the use of drugs of the biological origin,
the advantages of which are their complex pharmaco-
logical action and high tolerability. [20-22].

As a means of correcting the ulcerogenic effect of
NSAIDs, the authors’ attention was drawn to a cryopre-
served human placenta extract (CPE), which has a mul-
tivector spectrum of its biological activity [23—-26].
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For the first time, cryopreserved preparations of hu-
man placental tissue were obtained by scientists from
the Institute for Problems of Cryobiology and Cryomed-
icine (IPC & C) of the National Academy of Sciences of
Ukraine (IPC & C NAS of Ukraine), who developed and
put into practice a unique technique for its long-term
storage in a low-temperature environment. This ensured
the primacy of Ukraine among European countries in
the experience of cryopreservation of biological tissues
[26-31].

In previous studies, it has been shown that CPE is
able to neutralize the ulcerogenic effect of NSAIDs, in
particular, of diclofenac sodium, meloxicam, ibuprofen,
etc. [32—-34]. At the same time, according to the litera-
ture data, CPE has its own anti-inflammatory properties
[35], the mechanism of which is apparently associated
with the action of hormones in it — progesterone, estra-
diol, prolactin, gonadotropin, etc.

In addition, CPE has pronounced antioxidant prop-
erties, and its anti-inflammatory effect is possibly as-
sociated with the elimination of the pro-inflammatory
modulation of the blood system reactions by reactive
oxygen species and products of lipid peroxidation (LP)
as a result of stimulation of the physiological antioxidant
system [35].

All of the forgoing facts justify the need for an in-
depth study of the mechanisms of the therapeutic, in
particular, the anti-inflammatory effect of CPE when
used in combination with NSAIDs.

THE AIM of the study was to characterize the ef-
fect of cryopreserved placenta extract and diclofenac
sodium in their combined use on the state of the proo-
xidant-antioxidant system, the activity of inflammatory,
destructive and cytolytic processes, as well as the state
of protein and lipid metabolism according to biochemi-
cal studies in rats with experimental rheumatoid arthri-
tis.

MATERIALS AND METHODS

The study was conducted at the Department of
Experimental Cryomedicine on the basis of IPC & C
NAS of Ukraine. The work was performed in the
frame of the planned research work “Destructive and
regenerative processes in tissues in vivo after expo-
sure to low temperatures and biologically active sub-
stances” (code 2.2.6.113, state registration number
0117U001049).

The study was carried out on 28 sexually mature
nonlinear male rats obtained from the IPC & C NAS of
Ukraine vivarium, weighing 200-220 g, divided into 4
groups of 7 animals each: | —intact rats (n=7); Il (control)
— rats (n = 7) with experimental RA without treatment;
Il — rats (n=7) with experimental RA administrated with
DS (8 mg/kg [36], intragastrically (i/g)); IV (n=7) — rats
with experimental RA administrated with DS (8 mg/kg,
i/g) and CPE (0.16 mg/kg [37], intramuscularly (i/m)).
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Dose schedule of the investigational agents

AA treatment was carried out from 14 to 28 days.
DS (Pr. JSC Chimfarmzavod Krasnaya Zvezda, ZAO “Zdo-
rovye” Pharmaceutical Company, Ukraine) was ad-
ministered i/g at the dose equal to ED, for the an-
ti-inflammatory activity in the carrageenin-induced
edema model — 8 mg/kg in the form of an emulsion
on polysorbate “Twin-80" [35, 37]. The indicated dose
of DS corresponds to a single human dose of 88 mg
(1.25 mg/kg), which is consistent with the clinical rec-
ommendations for the use of DS in patients at the dose
of 75—-100 mg/day in the long-term use and 1.7 times
lower than its maximum daily dose of 150 mg [8].

According to the instructions, the CPE drug “Cryocell
cryo-extract of the placenta” (State Enterprise “Interde-
partmental Scientific Center of Cryobiology and Cryo-
medicine of the National Academy of Sciences, National
Academy of Medical Sciences and the Ministry of Health
of Ukraine”, Ukraine), is used in patients parenterally in a
single dose of 1.8 ml. Accordingly, a single dose for rats
was (1.8 ml/70 kg) x 6.35 = 0.16 ml/kg of body weight
[37]. Before using the “Cryocell cryo-extract of the placen-
ta” preparation, a single dose (0.16 ml/kg) was extempo-
rally diluted in a 0.9% NaCl solution at the rate of 0.1 ml of
0.9% NaCl solution/100 g of body weight. At the rate of at
0.16 ml / kg of body weight, CPE was injected i/m with an
interval of 2 days (5 injections in total), on days 14, 17, 20,
23 and 26, respectively. That corresponded to the instruc-
tions for its clinical use —i/m by 1,8 ml with an interval of
2-3 days, a course of 1-5 injections.

Chronic immune inflammation model

To reproduce the conditions of NSAIDs administra-
tion to rats corresponding to their clinical application, a
model of experimental rheumatoid arthritis (RA) — ad-
juvant arthritis (AA) in rats was chosen. It had all the
morphofunctional signs of RA and was accompanied by
a typical reaction, the main link of which is T-cell immu-
nity [38—40]. AA was modeled by a subplantar injection
of complete Freund’s adjuvant (PAF, Thermo Fisher Sci-
entific, USA) into the hind right limb at the rate of 0.1 ml
per rat. The day of the administration of the adjuvant
was taken as the “0” day of the experiment [40-42]. The
maximum manifestation of the local inflammatory reac-
tion, which was accompanied by a significant increase in
the volume of the limb, was determined on the 12t—14t
days, and then the activity of the inflammatory process
gradually decreased.!

On the 28" day of the experiment, the animals
were withdrawn from the experiment, and after decap-
itation of the animals, blood samples were taken into
tubes with a pre-introduced anticoagulant (2-substitut-
ed potassium salt of ethylenediaminetetraacetic acid).
Plasma was separated by centrifugation for 15 min at
3000 revol/min. To obtain serum, blood was collected

! Stefanov OV. Preclinical studies of drugs: Guidelines. Kiev.»Avitsena».
2001. 527 p.
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in glass tubes without anticoagulant and kept at room
temperature (20-26°C) until complete separation of se-
rum, which was taken into a test tube and centrifuged
for 15—20 min at 3000 revol/min.

Biochemical methods of blood tests?

1. Content of active products of thiobarbituric acid
(TBA-AP) in blood serum was determined spectro-
photometrically by the method of Asakawa T. et al.
[43] according to the reaction with TBA and was
calculated from the optical density indices deter-
mined from the light absorption at the wavelength
of A=535 nm. The molar extinction coefficient of the
red-colored complex, which is 1.56x105 mol-1/cm-1
and expressed in umol/L, was taken into account.

2. The activity of superoxide dismutase (SOD) in blood
serum was determined spectrophotometrically by
the method of Kostyuk V.A. et al. [44], based on the
suppression of the oxidation reaction of quercetin,
according to the optical density, determined by the
light absorption at the wavelength of A=406 nm. The
SOD activity was expressed as a percentage inhibi-
tion of quercetin oxidation.

3. The content of seromucoid in blood serum was de-
termined spectrophotometrically by the method of
Weimer H.E. and Moshin R.J., which consists in the
precipitation of blood serum proteins with a 1.8 M
solution of perchloric acid (HCIO4), the isolation of
seromucoid from the filtrate using phosphoric tung-
stic acid, and a further quantitative determination by
the difference in light absorption at the wavelength of
A=260 nm and A=280 nm. The content of seromucoid
was determined in units of optical density (optical
density units) and expressed in mmol/L (conversion
factor = 1; 1 optical density unit = 1 mmol/L).

4. The content of C-reactive protein (C-RP) in blood se-
rum was determined by the degree of agglutination
and turbidity according to the instructions for using
the latex diagnostic test for detecting C-reactive pro-
tein in blood serum “C-RP latex test” (NPL Granum
LLC, Ukraine), and expressed in mg/L.

5. The activity of alanine aminotransferase (AIAT) in
blood serum was determined spectrophotomet-
rically by the method of Reitman S. and Frankel S.
and expressed in pmol/(mlixh). The studies were
carried out using kits for biochemical studies “ALT
(Reitman-Frenkel with a calibrator)” (ZAO SPE “Filis-
it-Diagnostics”, Ukraine).

6. The activity of aspartate aminotransferase (AsAT)
in blood serum was determined spectrophotomet-
rically by the method of Reitman S. and Frankel S.
and expressed in umol / (ml x h). The studies were
carried out using kits for biochemical studies “AsAT
(Reitman-Frenkel with a calibrator)” (ZAO SPE “Filis-
it-Diagnostika”, Ukraine).

2 Kamyshnikov VS. Handbook of clinical and biochemical research and
laboratory diagnostics. Moscow. « MEDpress-inform». 2009. 896 p.
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7. The activity of gamma-glutamyl traspeptidase
(GGTP) in blood serum was determined spectropho-
tometrically and expressed in U/L. The studies were
carried out using kits for biochemical studies “GTP”
(ZAO SPE “Filisit-Diagnostics”, Ukraine).

8. The activity of alkaline phosphatase in blood serum
was determined spectrophotometrically and ex-
pressed in umol/hxl. The studies were carried out
using kits for biochemical studies “Alkaline phospha-
tase” (ZAO SPE “Filisit-Diagnostics”, Ukraine).

9. The content of total protein in blood serum was de-
termined spectrophotometrically by biuret reaction
and was expressed in g/l. The studies were carried
out using kits for biochemical studies “General pro-
tein” (ZAO SPE “Filisit-Diagnostics”, Ukraine).

10. The content of total lipids in blood serum was de-
termined spectrophotometrically by the color reac-
tion with the sulfophosphovaniline reagent, which is
based on the fact that the decomposition products
of unsaturated fatty acids formed after acid hydro-
lysis of lipids, interact with the phosphoricaniline
reagent to form colored complexes with a maximum
absorption at the wavelength of A=530 nm. Lipid
extracts were obtained according to the method of
Bligh E.G. and Dyer W.I. [45]. Phospholipids were
fractionated by the method of Svetashev V.I. and
Vaskovsky V.E., by two-dimensional micro-ball chro-
matography [46]. Phospholipids were identified by
the method [47] and their content was expressed by
the level of inorganic phosphorus in g/L.

Bioethical aspects of research

The animals were kept in the conditions of the IP-
C&C NAS of a Ukraine vivarium. For 14 days, the rats
were in quarantine (in accordance with the sanitary
standards of “The structure and content of experimental
biological clinics” (Order No. 755 of 08/12/1997)) on a
water-food ration with free access to food and water (ac-
cording to the Appendix dated 12/04/1977 to Order No.
163 of 03/10/1996 “About daily feeding rates for labora-
tory animals and producers”)). All experimental studies
on laboratory animals were carried out in accordance
with the requirements of good laboratory practice and
in compliance with the main provisions of the Council
of Europe Convention on the Protection of Vertebrate
Animals used for Experimental and Other Scientific Pur-
poses dated 18 March 1986; Directive of the European
Parliament and of the Council of the European Union
2010/ 63 / EC dated 22 September 2010 on the protec-
tion of animals used for scientific purposes; Order of the
Ministry of Health of Ukraine dated December 14, 2009
No. 944 “On approval of the procedure for conducting
preclinical study of drugs and examination of materials
for preclinical study of drugs” and the Law of Ukraine
dated February 21, 2006 No. 3447-1V “On the protection
of animals from cruelty”.

The comprehensive research program was reviewed
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and approved by the Bioethics Committee at IPC&C NAS
of Ukraine (extract from Protocol No. 2 dated March 11,
2020).

Statistical processing

Statistical processing of the obtained results was
carried out using the application program for working
with electronic tables “Microsoft Office Excel 2003;
2013” (Microsoft Corporation, USA) using the “Real
Statistics” extension (http://www.real-statistics.com/).
The character of the values distribution in each group
of the sample was assessed using the Shapiro-Wilk
test. The homogeneity of the dispersions was deter-
mined according to the Levene’s test. To assess the
significance of the revealed differences in the studied
indicators under different experimental conditions, a
statistical analysis was carried out using parametric and
nonparametric criteria. With a normal distribution of in-
dependent values, the differences between the groups
were determined in pairs by Student’s t-test. In the
case of an abnormal distribution of at least one of the
groups of independent values, the differences between
them were determined in pairs using the Mann-Whit-
ney nonparametric U-rank test. The obtained values
were compared with the critical ones at the confidence
level above 95.0% (p<0.05), above 99.0% (p<0.01),
above 99.5% (p<0.005) and above 99.9% (p<0.001);
and a conclusion about the error probability was made.
The numerical data in the case of a normal distribu-
tion of values are given as “M+m” (M+SE), where M is
the arithmetic mean, m(SE) is the standard error of the
arithmetic mean, or M (95%Cl:5%—95%), and 95% Cl is
a 95% confidence interval. In case of an abnormal dis-
tribution of the obtained values, the data are present-
ed in the form of Me [LQ; UQ], where Me is the medi-
an, [LQ; UQ] — the upper border of the lower quartile
(LQ) and the lower border of the upper quartile (UQ).

RESULTS AND DISCUSSION

Biochemical studies of the peripheral blood of rats
with AA (control group) showed a statistically significant
(p<0.001) increase in the TBA-AP content by 53.7% rel-
ative to the indices of intact animals (Fig. 1). That indi-
cates an LP activation, which is probably due to the de-
velopment of a systemic inflammatory process [47, 48].

LP products are known to promote platelet aggre-
gation, decrease the synthesis of prostaglandins with
an anticoagulant effect, form cytolysis syndrome,
release blood coagulation factors, and suppress cell
division and regeneration. TBA-AP acts as an endog-
enous aldehyde, which is a clinical and laboratory
marker of oxidative stress (OS) and is widely used to
control the effectiveness of treatment of a number of
diseases — RA, osteoarthritis, coronary heart disease,
etc. [49-51].

Monotherapy of AA rats with DS, led to a statistically
significant (p<0.01) decrease in the level of TBA-AP by
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19.0% relative to the indicators of animals in the control
group in the same period of the study. The combined
use of DS and CPE was accompanied by a more pro-
nounced decrease in the intensity of LP processes, which
was indicated by a decrease in the content of TBA-AP
in rats with AA by 31.7% relative to the indices of rats
with AA without treatment. That was 1.7 times higher
than similarly directed changes against the background
of using only DS.

It should be noted that in the animals with AA,
which had been injected with DS and CPE, on the 28-th
day of the experiment, the level of TBA-AP was practi-
cally compared with the indices of the intact rats and
it was 4.3 [3.6; 4.5] umol/L (Fig. 1). That indicates the
signs leveling of AA-induced OS and can be regarded as
one of the mechanisms of the therapeutic action of the
studied drugs.

The established LP activation in the rats against the
background of AA development was consistent with the
parallel depletion of the antioxidant system (AOS), which
indicated a statistically significant (p<0.01) decrease in
the SOD level by 27.9% relative to the indices of intact
animals (Fig. 2).

Together with other AOS enzymes (catalase, ceru-
loplasmin, glutathione peroxidase, glutathione reduc-
tase, etc.), SOD is known to be an integral component of
LP-AOS. The assessment of the functional state of AOS,
determines the level of the compensatory and adaptive
response of the organism in conditions of the possible
development of OS [51, 52].

Monotherapy of AA rats with DS, led to a statistically
significant (p=0.03) increase in the SOD activity by 20.4%

relative to the indices of untreated animals (group II),
but this value (59.0% inhibition of quercetin oxidation)
was still 13.2% lower than the indices of the animals
without AA (68.0 [64.0; 76.5]%).

Against the background of the combined use of
DS and CPE, a statistically significant (p=0.01) increase
in the SOD activity by 30.6% relative to the values in
rats of the control group was noted, which was only
5.9% lower than the indices of the intact rats, and in-
dicated the most pronounced restoration of the AOS
activity.

To assess the state of connective tissue structures
in rats against the background of AA development, the
level of seromucoids was studied, since it is this group
of glycoproteins that enters the blood plasma upon de-
struction, degradation or damage of connective tissue.
In addition, seromucoids are usually considered acute
phase markers of inflammation, which can serve indica-
tors of the severity of the inflammatory process, since
their life span is about 5 days [53-56].

It was found out that on the 28th day of the exper-
iment, the rats with AA showed a statistically significant
(p<0.001) increase in the seromucoid level by 2.2 times
relative to the indices of intact rats (Fig. 3).

Monotherapy of AA rats with DS, led to a statistically
significant (p<0.01) decrease in the level of the studied
parameter by 31.4% relative to the level of the untreated
animals. The combined use of DS and CPE, led to a statis-
tically significant (p<0.01) even greater decrease in the
seromucoid content by 17.1% relative to the indicators
of rats in the DS monotherapy group, which amounted
t0 0.18 [0.17; 0.18] mmol/L.
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Figure 1 - Effect of DS and its combination with CPE
on the level of TBA-AP in peripheral blood in rats with AA on the 28" day of the experiment
Note: the distribution of values is abnormal. Boxes include results from the 25th to 75th percentile, vertical lines outside the boxes are the
minimum and maximum values. The horizontal line inside the box is the median (» —the median is 25 (75) percentile), ¢ — the average value;

® — p<0.05 relative to the indices of intact rats, m — p<0.05 relative to the indices of rats with AA without treatment; A — p<0.05 relative to the
indices of AA rats treated with DS
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Figure 2 — Effect of DS and its combination with CPE on the level
of SOD in peripheral blood in rats with AA on the 28" day of the experiment
Note: the distribution of values is abnormal. Boxes include results from the 25th to 75th percentile, vertical lines outside the boxes are the
minimum and maximum values. The horizontal line inside the box is the median (» — the median is 25 (75) percentile), ¢ — the average value;

® — p<0.05 relative to the indices of intact rats, m — p<0.05 relative to the indices of rats with AA without treatment; A — p<0.05 relative to the
indices of AA rats treated with DS
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Figure 3 — Effect of DS and its combination with CPE on the level
of seromucoid in peripheral blood in rats with AA on the 28" day of the experiment

Note: the distribution of values is abnormal. Boxes include results from the 25th to 75th percentile, vertical lines outside the boxes are the
minimum and maximum values. The horizontal line inside the box is the median (» — the median is 25 (75) percentile), ¢ — the average value;
® — p<0.05 relative to the indices of intact rats, m — p<0.05 relative to the indices of rats with AA without treatment; A — p<0.05 relative to the

indices of AA rats treated with DS
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Figure 4 — Effect of DS and its combination with CPE on the level
of C-RP in peripheral blood in rats with AA on the 28" day of the experiment

Note: the distribution of values is abnormal. Boxes include results from the 25th to 75th percentile, vertical lines outside the boxes are the
minimum and maximum values. The horizontal line inside the box is the median (» —the median is 25 (75) percentile), ¢ — the average value;
® — p<0.05 relative to the indices of intact rats, m — p<0.05 relative to the indices of rats with AA without treatment; A — p<0.05 relative to the

indices of AA rats treated with DS
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Figure 5 — Effect of DS and its combination with CPE on the level of alkaline phosphatase
in peripheral blood in rats with AA on the 28" day of the experiment

Note: the distribution of values is abnormal. Boxes include results from the 25th to 75th percentile, vertical lines outside the boxes are the
minimum and maximum values. The horizontal line inside the box is the median (» — the median is 25 (75) percentile), ¢ — the average value;
® — p<0.05 relative to the indices of intact rats, m — p<0.05 relative to the indices of rats with AA without treatment; A — p<0.05 relative to the

indices of AA rats treated with DS
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Table 1 - Effect of DS and its combination with CPE on markers of cytolysis in the peripheral blood
of rats with AA on the 28th day of the experiment (M = m (95% CI) or Me [LQ; UQ]; n = 28)

Experimental conditions

Investigated indicator, Group | Group Il Group Il Group IV
units of measurement -
Intact rats Conttr;);;;’-\r:e\zltt)hout AA + DS AA +DS + CPE
n 7 7 7 7
. 1,5[1.5; 1.6]
Alanine aminotransferase 1.4[1.3; 1.6] 1.8[1.6; 1.9] 2.2 [2<'(1)’021'3] p,,=0.17
(AIAT), umol/mi/h A3 L p,,=0.01 SH=0'01 p,,= 0.02
23 p,,<0.01
. 2.4[2.3;2.5]
Aspartate aminotrans- 2.3[2.1;2.4] 2.9[2.9; 3.5] R [3;36 (2)14] p,,=0.14
fe-times (AsAT), pmol/ml/h T p,,<0.001 p5'3 _ 0 5 p,,<0.001
23 p,,<0.01
23.9+1.10
27.91.30 o
. 22.3+1.81 36.1£0.80 (95% Cl: (95% Cl:
Gammaglutamyl transpepti- (95% Cl: (95% Cl: 25.3-30.4) 21.7-26.0)
dase (GGTP), U/L 18 7_"25 é) 34.6-37.7) 003 p,,=0.5
e p. <0,001 Pis= o p, <0.001
12 p,,<0.001 24
: p,,=0.04

Table 2 - Effect of DS and its combination with CPE on the indices of protein homeostasis in the peripheral
blood of rats with AA on the 28t day of the experiment (M = m (95% Cl) or Me [LQ; UQ]; n = 28)

Experimental conditions

Investigated indicator, Group | Group Il Group Il Group IV
units of measurement

Control (AA without

Intact rats AA + DS AA +DS + CPE
treatment)
n 7 7 7 7
81.0%1.50
74.7+0.92
+ 0, .
78.9+1.45 7:3'56;13.6 (95% Cl: 7??—/;?5)
Total protein, g/ (95% CI: 71 9_077 '2) 72.9-76.5) p. 03
76.0-81.7) i p. .=0.03 e
p1_2=0-05 p13 0.9 pH:O.Ol
2-3
p,,<0.01
37.4+1.90
27.941.30
o 9 0
35.31.69 2(59.51;13.3 RO 32917; /jtgli)
. o . () . o I A .
p,,<0.001 pH: o1 p,,<0.001
2-3 :
p,,<0.01
40.4%0.65
46.7+1.19
+ 9 .
45.7+1.54 49'60‘1'2,9 (95% Cl: 5% &
Slobulns, g/ (95% O1 (95% Cl: 44.4.49.0) 39.2-41.7)
'8 o~ 47.0-52.1) AT p. <0.01
42.7-48.7) o 0,08 P,;=0.6 b, <0.001
12 p2_3=0.1 p2'4<0 001
3-4 7"
0.93+0.045
0.60+0.035
4 0, P
0.78+0.039 O'(5915;/0'858 (95% Cl: o‘gi_ﬁﬂ'z,
Albumin / globulin ratio (95% CI: 0.46-0 57) 0.53-0.67) o =003
0.70-0.85) o p. .<0.01 14
p1_2<0‘001 p1 3=0 07 p2_4<0.001
2-3 °
p,,<0.001

286 Volume IX, Issue 4, 2021



Hay4HO-npakTu4eckuin xypHan

OAPMALIA U
OAPMAKOSIOMS

OPUTNHAJIbHAA CTATbA
DOI: 10.19163/2307-9266-2021-9-4-278-293

Table 3 — Effect of DS and its combination with CPE on lipid homeostasis indices in the peripheral blood
of rats with AA on the 28" day of the experiment (M £ m (95% Cl) or Me [LQ; UQ]; n = 28)

Experimental conditions

Investigated indicator, Group | Group Il Group llI Group IV
units of measurement -
Intact rats Control (AA without AA + DS AA +DS + CPE
treatment)
n 7 7 7 7
5.1 [4.5-5.2] 4.4 [4.2-4.5] 3'1[3'_251'4]
- . .1[4.5-5. = 0.
Total lipids, g/l 3.0[2.7-3.3] b,,<0.001 p1'3<_0600071 b, .<0.001
P2s=0 p,,<0.001
2.1+0.05
2.0+0.05
+ 0, 5
2 12005 s s i
Phospholipids, g/! (95% Cl: o 1.9-2.1) il
2.3-2.7) p.,=0.5
2.0-2.2) <0.001 p,,=0.6 1'4<0 01
p1-2 ° p2_3<0_001 p2-4 N :
p,,=0.2
65.2+2.47
46.9+1.80
+ [ .
. . 70.9+5.35 >3.213.60 (95% Cl: (95% Cl:
Phospholipids relative (95% Cl: 60.3-70.0)
oy (95% Cl: 43.3-50.4)
to total lipids,% 46.2-60.3) p,,=0.4
60.4-81.4) p,,<0.01 4
p,,=0.02 o1 p,,=0.02
P2s™0" p,,<0.001

For a good reason, C-RP is considered the “golden”
marker of inflammation in almost all pathological pro-
cesses, since it tends to increase significantly in tissue
damage, infections of a bacterial or viral nature, inflam-
mation and malignant neoplasms; in tissue necrosis, it
can even increase up to 300 mg/| during the day [47,
57-61].

It has been found out that the development of the
experimental RA in rats led to a statistically significant
(p<0.001) increase in the C-RP level by 4.5 times relative
to the indices of the intact animals (Fig. 4).

On the photo of monotherapy with DS, this indica-
tor decreased (p<0.001) by 33.3%, and against the back-
ground of the combined administration of DS and CPE,
it decreased (p<0.001) by 61.1% relative to the values in
the rats with AA without treatment. The data obtained
indicate pronounced anti-inflammatory properties of
DS, which are potentiated when combined with CPE, but
may also be associated with the intrinsic anti-inflamma-
tory activity of CPE.

The established biochemical signs of an active in-
flammatory process and the resulting imbalance in the
LP-AQS system substantiate the advisability of a detailed
analysis of the activity of cytolysis markers against the
background of treatment of rats with AA — AIAT, AsAT
and GGTP [62, 63].

The study showed that the development of AA in
rats was accompanied by an increase in the content of
AIAT by 28.6% (p=0.01), AsAT — by 26.1% (p<0.001) and
GGTP — by 62.2% (p<0.001) relative to the indicators of
the intact rats (Table 1).

Aminotransferases are complex enzyme proteins

Tom 9, Buinyck 4, 2021

that catalyze transamination processes and ensure the
synthesis of individual amino acids in the body. It has
been proven that under the influence of damaging fac-
tors, the energy metabolism of hepatocytes is disrupt-
ed, which leads to an increase in the permeability of cell
membranes and the appearance of cytoplasmic compo-
nents in the blood serum.

Since the marker of the cellular damage, GGTP, is
found to the greatest extent in the kidneys, liver and
small intestine, it can be assumed that there is an in-
flammatory process in these organs. That is compared
with the literature data on the systemic character of the
inflammatory process in RA, which is analogous to AA in
animals [50].

The use of DS led to an increase in cytolytic process-
es, which was indicated by an even greater increase in
the studied markers in the peripheral blood — so, AIAT
was higher by 22.2% (p<0.01), and AsAT — by 20.7% (p=0,
2) relative to the indices of rats with AA without treat-
ment. That was 57.1% (p<0.01) and 52.2% (p<0.01), re-
spectively, higher than the indices of the intact animals
(Table 1). No mortality in the group treated with a com-
bined use of DS and CPE, had been noted. These changes
in the activity of aminotransferases are consistent with
the data on the hepatotoxic effect of DS [3, 8, 64-66].

It was also found out that against the background of
the use of DS, GGTP statistically significantly (p<0.001)
decreased by 22.9% relative to the indices of the animals
in the control group (Table 1).

Against the background of the combined use of DS
and CPE, the indices of cytolytic processes in the rats
with AA are of particular interest (Table 1). Therefore,
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it was found out that AIAT was statistically significantly
(p<0.01) lower by 38.9%, and AsAT was lower (p<0.01)
by 37.9% relative to the indices of the animals injected
with DS, which, respectively, were by 16.7% (p=0.02)
and 17.2% (p<0.001) lower than the indices of the rats
in the control group with untreated AA. The changes es-
tablished on the part of aminotransferases, indicate the
ability of CPE to level not only AA-induced cytolytic cider,
but also concomitant cytolysis, enhanced by DS. That
indicates the universality of its cytoprotective activity,
probably due to its ability to stabilize cell membranes, as
well as its antioxidant properties.

In addition, it was found out that the combined use
of DS and CPE, was also accompanied by a statistical-
ly significant (p<0.001) decrease in the GGTP level by
28.6% relative to the untreated rats with AA, which was
11.4% lower (p=0.01) than in the rats treated with DS
alone (Table 1).

The assessment of the level of alkaline phospha-
tase in the peripheral blood in the rats with AA showed
that the development of a systemic autoimmune in-
flammation was accompanied by a statistically signifi-
cant (p<0.001) increase in the indicated metalloprotein
by 77.3% relative to the indices of the intact rats, and
amounted to 390 [335; 405] umol/hxL (Fig. 5).

Alkaline phosphatase is a heterogeneous enzyme
consisting of separate isoenzymes, each of which is con-
centrated in a specific organ: liver, bone tissue, intestines,
placenta. Localized on the cell membrane, the enzyme
is connected to the transport of biologically important
compounds, primarily phosphorus. Alkaline phospha-
tase is actively involved in the processes of phospho-
rus-calcium metabolism in the body. An increase in the
activity of alkaline phosphatase indicates the activation
of bone remodeling processes, since its bone fraction is
synthesized by osteoblasts and their precursors, and is
involved in the mineralization of the bone matrix [50,
67—-69]. An increase in the activity of this enzyme may
indicate an increase in an osteoblastic activity and an
increase in destructive changes in the liver or the occur-
rence of cholestasis in the rats with AA [3].

DS monotherapy led to a statistically significant
(p<0.01) decrease in the activity of alkaline phosphatase
by 28.2%, and the combined use of DS and CPE was ac-
companied by a more pronounced decrease in the ac-
tivity of this enzyme by 38.5% (p<0.01) relative to the
indicators of the untreated rats with AA (Fig. 5).

The study of the protein spectrum of the blood of
rats with AA showed that the level of total protein prac-
tically did not differ in the intact rats and the rats with
AA (Table 2).

The content study of the individual protein frac-
tions showed that the development of AA in the rats
was accompanied by a statistically significant (p<0.001)
decrease in the albumin content by 28.7% relative to
the indices of the intact rats. Albumin is the most ho-
mogeneous fraction of proteins, the main function of
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which is to maintain colloidal osmotic pressure, as well
as to transport carbohydrates, lipids, hormones and pig-
ments. A patient’s body with active RA, consumes albu-
min at the site of inflammation, resulting in hypoalbu-
minemia more actively.

In addition, it was noted that in the rats with AA, the
content of globulins slightly increased by 8.4% (p=0.04)
relative to the indices of the intact animals. As it is
known, in a long subacute progressive process, hyperga-
maglobulinemia is primarily observed, which is associ-
ated with an increase in the level of autoantibodies [50,
51, 70, 71].

These changes led to a statistically significant
(p<0.001) decrease in the albumin / globulin ratio of pe-
ripheral blood by 34.2% relative to the indices of intact
animals (Table 3). The change in the ratio of protein frac-
tions, as a rule, corresponds to the severity of RA and
reflects the dynamics of the inflammatory process [50,
51, 70, 72].

DS monotherapy led to a statistically significant
(p=0.04) decrease in the albumin / globulin ratio by
17.5% relative to the AA rats without treatment. The
combined use of DS and CPE was accompanied by a
complete increase (p=0.01) of the studied ratio by 19.5%
higher than in the intact animals. That is due to an in-
crease in the albumin level almost up to the level of the
intact animals, and at the same time it is by 11.6% lower
(p<0.01) than the values in the intact rats, the content of
globulins (Table 3).

Lipids, which act as structural components of
biomembranes, the energy substrate of the cell, partic-
ipating in the reactions of signal transduction, exo- and
endocytosis and the like, play an important role in the
life of the cell. In addition, they participate in the fixa-
tion of proteins of the phospholipid bilayer and ensure
their appropriate orientation in the cell membrane, are
a non-polar medium for fat-soluble substrates and en-
zyme cofactors, cause their folding, and also act as reg-
ulators and modulators of an enzymatic activity [69, 73].

The study showed that against the background of
the AA development, in the rats, there was a statisti-
cally significant (p=0.02) decrease in the proportion
of phospholipids in the total lipid pool by 25.0%. At
the same time, there was an increase in the total lip-
id level (p<0.001) by 1.7 times and a disproportionate
increase in the content of phospholipids (p<0.001) by
1.2 times, which is due to the activation of the cyclooxy-
genase pathway of membrane phospholipid metabolism
(Table 3).

Against the background of DS monotherapy, a de-
crease in the level of total lipids (p=0.07) was noted by
1.3 times and a decrease in the level of phospholipids
(p <0.001) was also noted by 1.3 times relative to the
indicators of the animals with AA without treatment.
That corresponded to the development of even greater
imbalance in the content of phospholipids in the pool of
total lipids - their content decreased by another 6.3%,
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however, these changes did not reach the level of statis-
tical significance (p=0.1).

Against the background of the combined use of DS
and CPE in the rats with AA, a statistically significant
(p=0.02) harmonization of the lipid balance was not-
ed — the content of phospholipids increased by 22.6%
relative to the indicators of the animals with AA without
treatment and amounted to 2.1+0.05, respectively (95%
Cl: 2.0-2.2) g/I. These changes were observed against
the background of a decrease in the level of total lip-
ids in the blood serum (p<0.001) by 35.3% relative to
the indices of the untreated rats, and amounted to 3.3
[3.2-3.4] g/, respectively, which was compared with the
indices of the intact animals 3.0 [2.7-3.3] g/I.

CONCLUSION

The administration of diclofenac sodium and cryo-
preserved placenta extract to rats with adjuvant arthritis
normalized the level of active products of thiobarbituric
acid, which indicates leveling of signs of the arthritis-in-
duced oxidative stress. A statistically significant (p=0.01)
increase in the level of superoxide dismutase (by 30.6%)
as compared with the values in the rats of the control
group, was also revealed.

An increase in the anti-inflammatory properties of
diclofenac sodium was found out in the combined use of
diclofenac sodium with cryopreserved placenta extract.
The level of C-reactive protein decreased (p<0.001) by

61.1% as compared with the untreated rats, and the
level of seromucoid statistically significantly (p<0.01) de-
creased by 17.1% relative to the indices of the rats in the
monotherapy group with the studied NSAIDs.

The level of alanine aminotransferases was signifi-
cantly (p<0.01) lower by 38.9%, and aspartate amino-
transferase was lower by 37.9% (p<0.01) relative to the
parameters of the animals that had been injected with
diclofenac sodium., It was, respectively, 16.7% (p=0.02)
and 17.2% (p<0.001) lower than the indices of the rats in
the control group with untreated adjuvant arthritis. The
established changes on the part of aminotransferases
indicate the ability of a cryopreserved placenta extract
to level not only an arthritis-induced cytolytic cider, but
also a diclofenac-induced one.

A combined use of cryopreserved placenta extract
and diclofenac sodium was accompanied by the normal-
ization of the level of total lipids and phospholipids in
the blood serum of rats against the background of ex-
perimental rheumatoid arthritis. Thus, the content of
phospholipids in the phospholipid pool statistically sig-
nificantly (p=0.02) increased by 22.6% relative to the in-
dicators of the animals with adjuvant arthritis without
treatment.

Prospects for further research. For a correct assess-
ment of the activity of the inflammatory process, it is
advisable to determine the level of matrix metallopro-
teinases and homocysteine.
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The aim of the research was to study antiatherosclerotic and endothelial kinds of a protective activity of peptides mimicking
an erythropoietin a-helix B tertiary structure with laboratory codes EP-11-1 (UEHLERALNSS), EP-11-2. (UEQLERALNCS), EP-
11-3 (UEQLERALNTS).

Materials and methods. The study was conducted on 96 C57BI/6J male double transgenic Polg™¥™/Cdh5-CRE mice. Athero-
sclerosis was induced by a balloon injury accompanied by Western diet. Then, for 27 days, the drugs under study were admin-
istered once per 3 days at the dose of 20 pg/kg. On the 28" day, the animals were euthanized and the area of atherosclerotic
plaques was collected for an assessment. The expression of genes associated with the processes of inflammation, apoptosis,
and angiogenesis was determined in the tissues of the aorta. In addition, the endothelial protective effect of peptides in
isolated segments of the thoracic aorta of wild and transgenic ransgenic Polg™Y™“ mice was studied.

Results. The assessment of the plaque size in the animals with the Polg™¥m™t/Cdh5-CRE genotype against the background
of the peptides under study did not reveal statistically significant differences in comparison to control. However, a quantita-
tive PCR showed a statistically significant decreased expression of pro-apoptotic factors p-53 and Bax, and also increase the
expression of anti-apoptotic factor Bcl-2 against the background of the peptides EP-11-1 and EP-11-2 administration. The
administration of EP-11-1 and the original peptide pHBSP resulted in a statistically significant decrease in the Bax/Bcl-2 ratio.
Compounds EP-11-1, EP-11-2, and EP-11-3 were more effective than the original peptide pHBSP, in reducing the increased
expression of genes for inflammatory markers iNos, intercellular adhesion molecules Icam-1, Vcam-1 and E-selectin. The use
of EP-11-1 led to a more efficient, in comparison with pHBSP, restoration of endothelial-dependent vasodilation of the aortic
segments in mice with endothelial-specific overexpression of the mutant Polg gene.

Conclusion. The study carried out on a murine model of the endothelial-specific expression of mutant gamma polymerase
has shown that derivatives of the pHBSP peptide with laboratory codes EP-11-1, EP-11-2, EP-11-3, obtained by BLAST-search-
ing for groups of pHBSP related peptides, have atheroprotective and endothelial protective kinds of a protective activity,
which is more pronounced in comparison with the original peptide pHBSP.

Keywords: atherosclerosis; erythropoietin derivatives; pHBSP derivatives; atheroprotective effect; endothelial protective ef-
fect

Abbreviations: PCR — polymerase chain reaction; pHBSP — pyroglutamate helix B surface peptide; HBSP — helix B surface
peptide; iNOS — inducible NO synthase; Polg — polymerase gamma; ICAM-1 — Inter-Cellular Adhesion Molecule 1; VCAM-
1 — Vascular cell adhesion molecule-1; EPO — erythropoietin; EpoR — erythropoietin receptor; mRNA — matrix ribonucleic
acid; HUVEC — Human Umbilical Vein Endothelial Cells; AKT1 — RAC-alpha serine/threonine-protein kinase ; eNOS / NOS3 —
endothelial nitric oxide synthase; NO — nitrogen oxide; Ach — acetylcholine; PI3K — phosphoinositide 3-kinase; NP — sodium
nitroprusside
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Lienb. N3yyeHne aHTUATEPOCKNEPOTUUECKOM U SHAOTEIMONPOTEKTUBHOM aKTUBHOCTU MENTUAHbBIX MPOU3BOAHbIX, UMUTUPY-
oLWMX a-cnupasb B apuTponostnHa nog nabopaTtopHbiMu Wwnppamm EP-11-1 (UEHLERALNSS), EP-11-2, (UEQLERALNCS), EP-
11-3 (UEQLERALNTS).

Matepuanbl U metoapbl. MccneposaHne nposefeHo Ha 96 camuax Mbiwei ¢ reHotunom Polg™Y™t/Cdh5-CRE Ha ¢doHe
C57BI/6J. ATepocknepos MogenimpoBasmn nytem 6an0HHOMO MOBPEXAEHMA COCYANCTON CTEHKM Y MUBOTHbIX, HAXOAALLMX-
€A Ha 3anagHoi averte. 3aTem B TedeHue 27 AHEN BBOAM/IM M3ydaemble coeamHeHna 1 pas B 3 aHA B gose 20 mKr/kr. Ha
28-i feHb KMBOTHbIX 3BTAHA3MPOBANN U OLEHMBANM MOLWAAb AaTEPOCKNAEPOTUYECKUX bBasAwweK. TakKe B TKaHAX aopTbl
onpeaensann 3KCNPeccuto reHoB, CBA3aHHbIX C NpoLLeccaMy BOCMANEeHWA, anonTo3a U aHrnoreHesa. Kpome Toro, 66110 13-
YYEHO 3HAOTE/NIMONPOTEKTUBHOE AEWCTBUE NENTUA0B Ha U30/IMPOBAHHbLIX KOAbLAX FPYAHOM a0pTbl AMKUX U TPAHCreHHbIX
MblLel Polgmut/mut,

Pesynbratbl. [1pn oLeHKe pa3mepa BAALIKM Y KMBOTHbIX C reHoTunom Polg™¥™t/Cdh5-CRE Ha ¢oHe npumeHeHMA n3yya-
eMbIX NenTUAoB Mbl He OBHAPYXUAU CTAaTUCTUYECKM 3HAYMMOIO U3MEHEHUA pa3mepa 6aAWKK. Mpu NpoBefeHUN Konuye-
CTBEHHOW NONMMEPA3HOM LIENHOM peaKLmm NokasaHo, Yto nentuabl EP-11-1 1 EP-11-2 cTaTUCTUYECKM 3HAYMMO B CPaBHEHWUM
C KOHTPONIbHOW TPYMMNOW KMBOTHbIX, CHUMKAIOT IKCNPECCUo NpoanonTuieckux GakTopos p53 1 Bax, a TakKe yBenMuuBaoT
3KCMpeccuto aHTManonTuyeckoro ¢aktopa Bcl-2. BeeaeHve coeanHerna EP-11-1 u ucxogHoro nentuga pHBSP npuseno K
CTaTUCTUYECKM 3HAYMMOMY CHUMKEHUIO COOTHOLEeHMA Bax/Bcl-2). CoeanHenns EP-11-1, EP-11-2 n EP-11-3 6onee apdeKTns-
HO, YeM uUcxoaHbI nentua, PHBSP, CHM3MAM NoBbIWEHHYO HA GOoHe 6aNOHHON TPaBMbl SKCMPECCUIO FeHOB BOCMANNTE Nb-
HbIX MapkepoB iNOS, monekyn mexkknetoyHol agresmm ICAM-1, VCAM-1 u E-cenektuHa. MNpumeHeHne EP-11-1 npuseno K
b6onee apdeKkTMBHOMY, B CpaBHeHMM ¢ pHBSP, BOCCTaHOBIEHWNIO SHAOTE/INI3aBUCMMOM BA30AMNATALMMN KONbLL@ Aa0PTbl Mbl-
Wwek ¢ aHaoTeNni cneumdUYecKor rmnepaKenpeccuen MyTaHTHoro reHa Polg.

3aKkntoueHue. B nccnenosaHum, NpoBeseHHOM Ha MbILMHOW MOAENWN SHAOTENNOCNEeUUMPUIYHONM SKCNPEeCcUr MyTaHTHOM No-
NiMmepasbl raMma, HaMU MOKa3aHo, YTo NpousBogHble nentuaa HBSP ¢ nabopatopHbimu wndppamm EP-11-1, EP-11-2, EP-11-
3, MONy4YeHHble MyTeM MOMCKA rPynn POACTBEHHbIX NENTUA0B K moneKkyne pHBSP ¢ nomolubto nporpammsl BLAST, o6nagatot
aTepOoNpPOTEKTUBHOMN M 3HAOTENNONPOTEKTUBHON aKTUBHOCTbIO, 6oNee BbIPa’KeHHOM B CPABHEHUM C UCXOLHBIM MenTUA0OM
pHBSP.

KntoueBble cnoBa: aTepockaepos; Npon3BoAHbIe 3pPUTPOMNO3TUHA; Npoun3BoaHble pHBSP, aTeponpoTekTMBHOE AeNCTBUE; IH-
[0TeNIMONPOTEKTUBHOE AeNCcTBUE

Cnucok cokpaweHumii: MLUP — nonumepasHan uenHasa peakuus; pHBSP — pyroglutamate helix B surface peptide / nuporay-
TaMaTHbI NOBEPXHOCTHbIN nentua, cnmpann B; HBSP — helix B surface peptide / noBepxHoCTHbIM nenTtua cnupanu B; iNOS
—nHaybenbHaa NO-cuHTasa; Polg — polymerase gamma / noanmepasa ramma; ICAM-1 — Inter-Cellular Adhesion Molecule 1/
MEeXKK/IeTouHan mosiekyna agresmmn — 1; VCAM-1 — Vascular cell adhesion molecule 1 / monekyna agre3anm KneToyHoro sHA0-
Tenuna 1; MO0 — apuTponoaTuH; EpoR — peuentop spuTponostnHa; MPHK — matpuyHas puboHyknenHosas kucnorta; HUVEC —
Isolation of Human Umbilical Vein Endothelial Cells / kynbTypa aHA0TENMANBHBIX KNETOK M3 MYMNOYHOMN BeHbl YenoBeka; AKT1
—RAC-alpha serine/threonine-protein kinase / RAC-anbda-cepuH/TpeoHnH-npoTemHknHasa; eNOS/NOS3 — snaoTenmanbHas
cuHTa3a okcuaa asota; NO — okeung, a3oTa; AX — aueTtunxonuH; PI3K — phosphoinositide 3-kinase / ®ocdonHo3nMTMA-3-KMHa-
3bl; HIN — HUTpONnpyccna HaTpuA
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INTRODUCTION

Erythropoietin (EPO) is one of the hormones pro-
duced by the kidneys. It was originally identified as a
critical regulator of the hematopoiesis. Recombinant
erythropoietin is widely used in the treatment of anemia
associated with a chronic kidney disease, heart failure,
and cancer [1]. In the human body, EPO stimulates the
production of about 200 billion red blood cells daily. Af-
ter being produced in the kidneys, EPO is secreted into
the bloodstream and targets erythroid progenitor cells
in the bone marrow [2, 3]. EPO acts by binding to its spe-
cific receptor on the surface of erythrocyte progenitor
cells. The knockout of Epo (Epo-/-) or the EPO receptor
(EpoR-/-) in mice leads to the embryo death caused by
the development of severe anemia [4, 5].

Over the past decade, many non-hematopoietic ef-
fects of erythropoietin including its antiatherosclerotic
action, have been identified [6, 7]. When non-hemato-
poietic effects are realized, locally produced hypogly-
cosylated erythropoietin acts in a paracrine-autocrine
pathway and transmits signals mediated by the interac-
tion with the tissue protective heterodimeric erythro-
poietin receptor EPOR/CD131 [8, 9]. The availability of
recombinant EPO influenced the appearance of works
devoted to the study of the non-hematopoietic activity
of EPO, including its protective effect on endotheliocytes
and neurons. Reports on the presence of EPO receptors
(EpoR), expression of EpoR mRNA and/or EpoR protein
besides the erythropoietic organs suggest the possibility
of a non-hematopoietic receptor effect of EPO [3]. As re-
ported, human umbilical vein endothelial cells became
the first non-hematopoietic cells to express EpoR, bind
erythropoietin and show a proliferative response to the
EPO administration in vitro [8, 10]. It was found out that
EPO protects rat brain microvascular endothelial cell
cultures from the anoxia-induced damage by activating
AKT1, maintaining mitochondrial membrane potential,
and preventing oxidative stress-induced apoptosis [12].
An important function of endothelial cells is the expres-
sion of endothelial nitric oxide synthase (eNOS/NOS3),
catalyzing the synthesis of nitric oxide (NO), the main
regulator of vascular homeostasis. Using a cell culture of
endotheliocytes, it was found out that a combination of
a reduced oxygen content and EPO pretreatment in the
cell culture increases the expression of mRNA and EpoR
protein, increases the expression of eNOS, and thereby
stimulates the production of NO [13]. In experimental
models in transgenic mice with high hematocrit, it was
shown that arterial hypertension does not develop due
to a significant increased level of eNOS and NO in the
vascular tissue and in the bloodstream [14].

Currently, it is clear that the thrombosis-relat-
ed side effects of recombinant EPO prevent its clinical
use in non-anemic patients [15]. To prevent thrombot-
ic complications associated with the EPO therapy, EPO
derivatives lacking a hematopoietic activity but hav-
ing a tissue-protective effect, have been obtained. The
11-amino acid peptide imitating the tertiary structure of
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the erythropoietin B chain (HBSP) is one of EPO deriva-
tives that exhibits a non-hematopoietic activity compa-
rable to recombinant erythropoietin [16—19].

To search for new compounds with atheroprotective
and endothelial protective effects, the HBSP amino acid
sequence was changed by searching for groups of relat-
ed peptides of the original compound, using the BLAST
program. As a result, 3 compounds that mimic the a-he-
lix B of erythropoietin, were obtained: EP-11-1 (UEHLER-
ALNSS), EP-11-2, (UEQLERALNCS), EP-11-3 (UEQLERAL-
NTS).

THE AIM of this research was to study the antiath-
erosclerotic and endothelial kinds of a protective activity
of peptides EP-11-1, EP-11-2, EP-11-3.

MATERIALS AND METHODS

Animals and diet

The study comprised 96 C57BI/6J double transgen-
ic Polg™¥m«t/Cdh5-CRE male mice obtained from the
Institute of Gene Biology, Russian Academy of Scienc-
es. The requirements of the Law of the Russian Fed-
eration “On the Protection of Animals from Cruelty”
dated June 24, 1998, the rules of laboratory practice
during preclinical studies in the Russian Federation
(GOST 3 51000.3-96 and GOST R 53434-2009), Europe-
an Community directives (86/609 EU), the rules of the
International Recommendations of the European Con-
vention for the Protection of Vertebrate Animals used
in experimental research (1997) and the Rules of labo-
ratory practice adopted in the Russian Federation (or-
der of the Ministry of Health of the Russian Federation
No.708 dated 29.08.2010) were followed. The experi-
ments were approved by the local ethics committee of
Belgorod State National Research University, Belgorod,
protocol No.19/23. The Polg™¥mt/Cdh5-CRE genotype
is associated with the endothelial-specific expression of
the mutant Polg gene encoding the polymerase gamma
enzyme with the D257A mutation, leading to the ab-
sence of 3’exonuclease activity and the accumulation
of mutations during the mitochondrial genome replica-
tion. The expression of the mutant protein leads to the
development of a mitochondrial dysfunction with the
formation of disturbances in the processes occurring in
the vascular endothelium. 2 weeks before the start of
the experiment, the animals were placed on a Western
2% cholesterol diet [20].

Modeling of balloon damage to vascular wall

The surgical procedure was performed on a heat-
ed platform under a preparative microscope. Under
anesthesia (zolazepam 2.5 mg/100 g (Virbac, France) +
xylazine 2 mg/100 g (Biogel, Russia) intraperitoneally), a
common femoral artery was isolated through an incision
in the medial femoral region, a balloon injury of endo-
thelium was applied as described before. To alleviate the
postoperative pain syndrome, within 3 days after the op-
eration, the animals received metamizole sodium with
drinking water ad libitum at the concentration of 50 mg
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metamizole sodium (Pharmstandard-Ufavita, Russia) per
100 ml of water [20-22].

Study design and drugs administration

The list of the studied peptides, their laborato-
ry codes and amino acid sequences are presented
in Table 1.

Animals with genotype Polg™/™t/Cdh5-CRE were
divided into 6 equal groups:

1) Intact;

2) Control — the animals with modeling of balloon
damage on a western diet;

3) pHBSP — the animals with modeling of pathology,
administrated with pHBSP peptide (subcutaneously, s/c)
from the 1* day at the dose of 20 ug/kg once per 3 days
for 28 days (the total dose — 180 ug/kg);

4) EP-11-1 — the animals with modeling of patholo-
gy, administrated with EP-11-1 peptide (subcutaneously,
s/c) from the 1% day at the dose of 20 pg/kg once per 3
days for 28 days (the total dose — 180 pg/kg);

5) EP-11-2 — the animals with modeling of patholo-
gy, administrated with EP-11-2 peptide (subcutaneously,
s/c) from the 1% day at the dose of 20 ug/kg once per 3
days for 28 days (the total dose — 180 pg/kg);

6) EP-11-3 — the animals with modeling of patholo-
gy, administrated with EP-11-3 peptide (subcutaneously,
s/c) from the 1% day at the dose of 20 pg/kg once per 3
days for 28 days (the total dose — 180 ug/kg).

The dose and route of administration of the studied
peptides were selected according to previous experi-
mental data obtained in the study of the pharmacologi-
cal activity of several compounds based on pHBSP, with
added tripeptide motifs RGD, KGD, and PGP to the orig-
inal peptide [20].

Measurement of atherosclerotic plaque area

A macroscopic examination of atherosclerotic aor-
tic plaques was performed using the material from
4 animals from each group. For this purpose, on the
28™ day after modeling the balloon injury, the animals
were euthanized by an overdose of anesthesia (zoletil
10 mg/100 g intraperitoneally) and the abdominal aor-
ta was thoroughly removed from the bifurcation to the
area at the level of the diaphragm.

Then the preparations were cut longitudinally, straight-
ened on a foam pad, washed with a 50% ethanol solution,
and immersed in the Oil Red O solution for 15 minutes. Af-
ter that, the preparations were washed with distilled water
and digital photographs were taken. Using the imagelJ pro-
gram, the ratio of the atherosclerotic plaque area (stained
in red) to intact tissue was calculated [20].

Quantitative PCR

After euthanasia, the aortic tissue in the area of bal-
loon injury was sampled from the rest of the animals,
homogenized, and incubated for 10 minutes at 37°C in
the Extract RNA solution. After lysis of the sample in the
reagent, it was subjected to chloroform purification; the
supernatant sample was collected and washed with iso-
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propyl alcohol and 70% ethanol. The concentration of
the obtained RNA, was measured on an IMPLENNano-
Photometer® spectrophotometer and adjusted to the
concentration of 300 ng/ul. A reverse transcription was
performed using the MMLVRTSK021 kit in accordance
with the manufacturer’s protocol (Evrogen, Russia). The
study was carried out in accordance with the previously
described methodology [20]. The list of the primers used
in quantitative PCR, is presented in Table 2.

Study of effect of aortic ring preparations

on vascular endothelium

For the experiment, the following experimental
groups were formed (n=8 animals per group):

1) Wildtype mice;

2) Polg™¥m™t/Cdh5-CRE mice;

3) Polg™¥m™t/Cdh5-CRE mice treated with pHBSP 20
ug/ke;

4) Polg™¥mt/Cdh5-CRE mice treated with EP-11-1
20 pg/kg;

5) Polg™tmt/Cdh5-CRE mice treated with EP-11-2
20 pg/kg;

6) Polg™mt/Cdh5-CRE mice treated with EP-11-3
20 pg/kg.

The compounds under study — innovative peptides
with laboratory codes EP-11-1, EP-11-2, EP-11-3 — were
administered intraperitoneally at the indicated doses for
7 days. On the 8" day from the beginning of the exper-
iment, the experimental animals were anesthetized us-
ing the intraperitoneal injection of chloral hydrate at the
dose of 300 mg/kg. Further on, in anesthetized mice, the
thorax was opened to remove the thoracic aorta. The
thoracic aorta was placed in a modified ice-cold Krebs
Hanseleit solution (118 mM NacCl, 4.7 mM KCl, 1.2 mM
NaPO,, 0.5 mM MgCl,, 1.12 mM CaCl,, 25 mM NaHCO,
0.03 mM EDTA, 11 mM glucose) with pH 7.4. The aor-
ta was carefully removed from the surrounding adipose
and connective tissue and cut into short 2 mm transverse
segments. The aortic rings were suspended in an organ
bath (Biopac Bas System Station, Biopac systems, USA)
containing 10 ml of a K-H solution maintained at 37° C,
and 95% O, and 5% CO, were bubbled between two par-
allel stainless steel hooks. The isometric tension during
the experiments was measured and recorded using the
Biopac Systems USA software and hardware complex.
The data acquisition and processing were performed
using the Biopac Icq 4.2 software. Each aortic segment
had been gradually stretched to an initial tension of 0.8
g and allowed to equilibrate in a standard 10 ml organ
bath for 60 minutes prior to the experiment. After the
scales equilibration, the segments were first contracted
with 60 mM KCl to induce their contractile response and
achieve a reproducible maximum contractile response,
then they were washed with Krebs-Hanseleit solution
three times to restore the tension to the basal level.
The response of the aortic segments contraction to the
submaximal concentration of phenylephrine (1 umol/L)
was induced 30 min after the restoration of the basal
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level. On the plateau of the epinephrine-induced con-
traction, the tests for endothelium-dependent and en-
dothelium-independent vasodilation were performed.
Acetylcholine (10°-10° M) was cumulatively added to
the aortic bath as an agent causing endothelium-depen-
dent vasodilation, and sodium nitroprusside (10°-10°
M) was added as an agent causing endothelium-inde-
pendent vasodilation. Sensitivity was defined as a relax-
ation percentage of the baseline value obtained at the
epinephrine administration plateau.

Statistical processing

Statistical processing was performed using the Sta-
tistics 10.0 software. The obtained data were checked
for the normality of distribution using the Shapiro-Wilk
test and the Spiegelhalter test (the normtest library),
the assessment of the equality of variances — using
the Leuven test (the lawstat library). Depending on the
type of the feature distribution and the equality of vari-
ances, the significance of the results obtained was as-
sessed using a parametric (ANOVA) or nonparametric
(the Kruskal-Wallis test) one-way analysis of variance.
The unpaired Student’s t-test was used as a post-hoc
analysis to identify differences in intergroup compari-
sons, or the Mann-Whitney test, respectively, with the
Benjamini-Hochberg correction for a multiple hypoth-
esis testing. The results were considered significant at
p<0.05.

RESULTS

Macroscopic evaluation of plaque size

In accordance with the experiment design, a macro-
scopic assessment of the balloon injury-induced plaque
in wildtype (intact group) and Polg™m/Cdh5-CRE an-
imals (the control group) was carried out. It was found
out that in the control group of Polg™¥m/Cdh5-CRE an-
imals, lipid deposits serving a marker of atherosclerosis,

were visualized in all preparations stained with Oil Red
O. That resulted in an increase in the size of the plaque
in the control group by more than 11 times. Against the
background of the test peptides, when processing the
data obtained in the assessment of the plaque size in the
animals with the Polg™t/™t/Cdh5-CRE genotype, no sta-
tistically significant change in the plaque size was found
out (Fig. 1).

Quantitative PCR

In addition to the macroscopic plaque assessment,
a molecular biological analysis of atherosclerotic plaque
tissue after the balloon-induced injury was performed
in all experimental groups. Fig. 2 shows that against the
background of balloon injury modeling, in the animals
with the Polg™¥mt/Cdh5-CRE genotype, the expression
of the markers of programmed cell death p53 and Bax is
to a significant degree increased and the expression of
the antiapoptic marker Bcl-2 is decreased. As the heat
map presented in Figure 2A shows, peptides EP-11-1 and
EP-11-2 statistically significantly compared with the con-
trol group of animals (p<0.05), reduce the expression of
pro-apoptotic factors p-53 and Bax, as well as increase
the expression of anti-apoptotic factor Bcl-2 (p <0.05).
The most effective in terms of changing the expression
of apoptosis factors was EP-11-1 — the expression values
of the p53, Bax and Bcl-2 genes did not differ from those
in the control group (Fig. 2A).

Fig. 2B shows the Bax/Bcl-2 ratio characterizing the
integral pro-apoptotic orientation of the cell; the higher
it is the more pronounced the activation of programmed
cell death cascades. The figure shows that in the animals
with the genotype Polg™¥™t/Cdh5-CRE, the Bax/Bcl-2
ratio is significantly increased, and the introduction of
a compound with the laboratory code EP-11-1 and the
initial peptide pHBSP statistically significantly reduce the
Bax/Bcl-2 ratio (Fig. 2B).

Table 1 — Amino acid sequence of test compounds

Laboratory code

Amino acid sequence

pHBSP QEQLERALNSS

EP-11-1 UEHLERALNSS

EP-11-2 UEQLERALNCS

EP-11-3 UEQLERALNTS

Table 2 - Primers used for quantitative PCR
Gene F-primer R-primer Product lenght GenBank

Trp53 (p53) CGACTACAGTTAGGGGGCAC CCATGGCAGTCATCCAGTCT 95 NM_001127233.1
Bcl2 TCACCCCTGGTGGACAACAT TTCCACAAAGGCATCCCAGC 102 NM_009741.5
Bax CCCGAGCTGATCAGAACCAT GAGGCCTTCCCAGCCAC 96 NM_007527.3
Vegfa (VEGF-A) GGGCCTCCGAAACCATGAA TGCAGCCTGGGACCACTTG 95 NM_001025250.3
Flt-1 (VEGFR-1) CCCATCGGCAGACCAATACA CGGTGCAGTTGAGGACAAGA 96 NM_001363135.1
Hif-1a AGAACAACTTGAGCTGGCGT TGGAGGTGAACTAGGCTCTGT 103 NM_001092957.1
Nos2 (iNOS) GCTCTAGTGAAGCAAAGCCCA GGGATTCTGGAACATTCTGTGC 103 NM_001313921.1
Icam-1 CTCCGGACTTTCGATCTTCCA CCTTCCAGGGAGCAAAACAAC 98 NM_010493.3
Vcam-1 TACTGTTTGCAGTCTCTCAAGC CGTAGTGCTGCAAGTGAGGG 101 NM_011693.3
Sele (E-selectin)  GGGAAGAAGACTGTCCTAGCC AGGGGAGCTGGCTTCCTAAG 96 XM_006496715.3
Gapdh GGGTCCCAGCTTAGGTTCATC CCCAATACGGCCAAATCCGT 100 NM_001289726.1
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Figure 1 — Atherosclerotic plaque size in groups of wildtype and Polg™*/™/Cdh5-CRE animals against

the background of studied peptides use
Note: the “+” sign on the graph shows the arithmetic mean for each experimental group
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Figure 2 — Influence of test drugs on relative expression of apoptosis markers (2A) and-Bax/Bcl-2 ratio (2B)
Note: the + sign on the graph shows the arithmetic mean for each experimental group
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Figure 3 — Influence of test-compounds on inflammatory markers relative expression
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Figure 5 — Results of a test with endothelial-dependent vasodilation in response to ACh on the isolated

segments of thoracic aortas of the Polg™™t/Cdh5-CRE mice
Note: # — at p <0.05 in comparison with the untreated group
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Figure 6 — Results of endothelial-independent vasodilation test in response to SN on isolated segments
of thoracic aortas of Polg™'™t/Cdh5-CRE mice

The study of the expression of the inflammatory
markers group showed a significantly increased expres-
sion of iNOS, Icam-1, Vcam-1, and E-selektin in the con-
trol group of the animals with the Polg™¥™/Cdh5-CRE
genotype (Fig. 3). The test compounds with laboratory
codes EP-11-1, EP-11-2, and EP-11-3, reduced the in-
creased expression of the inflammatory genes iNos,
Icam-1, Vcam-1 and E-selectin more effectively than the
initial peptide pHBSP. The most pronounced effect was
obtained in the group with the use of EP-11-1 (Fig. 3).

In addition, the test compounds with laboratory
codes EP-11-1, EP-11-2, EP-11-3 were more effective in
reducing the expression of the factors associated with
angiogenesis than the original peptide pHBSP (Fig. 4). As
in the previous series, EP-11-1 was the most effective in
this test (Fig. 4).

Assessment of vascular endothelium functioning

on preparations of isolated aortic rings

The effect of the compounds on the vascular en-
dothelium functioning, was carried out on isolated
segments of the thoracic aorta of Polg™¥m/Cdh5-CRE
mice, kept on western diet. The endothelial function
was assessed by performing endothelial-dependent
vasodilation in response to ACh. As Fig. 5 shows, ace-
tylcholine-induced endothelial-dependent vasodilation
was significantly reduced in Polg™¥™t/Cdh5-CRE mice.
Notably, the impairment of endothelial-dependent va-
sodilation caused by ACh in Polg™¥™t/Cdh5-CRE mice,
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was restored after the peptide EP-11-1 administration.
The degree of the aortic segments relaxation upon ad-
ministration of ACh at the concentrations of 10°M, 10
°M and 10“M in this group, was significantly higher in
comparison to the control group (Fig. 5). The administra-
tion of the original peptide pHBSP also led to an increase
in vascular relaxation in response to the administration
of ACh at the concentrations of 10°M and 10“*M. The
administration of peptides EP-11-2 and EP-11-3 did not
significantly affect the response degree of the vascular
segment to ACh (Fig. 5).

At the same time, the assessment of endotheli-
um-independent vasodilation in response to SN did not
reveal statistically significant differences between the
experimental groups (Fig. 6).

DISCUSSION

The biological effects of recombinant EPO are wide
and multifaceted, and much attention of researchers
was attracted by its non-hematopoietic effects. In par-
ticular, the authors were interested in atheroprotective
and endothelial protective effects. In vivo studies have
shown that EPO reduces the manifestations of an isch-
emia/reperfusion damage to cardiomyocytes, which
is partially explained by an increase in NO production
and an acute response to an increase in hematocrit.
The same study reported that the EPO-mediated eNOS
activation is associated with PI3K signaling, while the
EPO-associated reduction in cardiomyocyte ischemia
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is not observed in the mice with the eNos -/- genotype
[23]. It is assumed that the erythropoietin-induced NO
production by endotheliocytes is mediated primarily
by the induction and activation of eNOS, especially at a
reduced oxygen content [24, 25]. In addition, the mice
with ectopic transgenic EPO expression showed an in-
creased eNOS activity and increased plasma NO levels,
which prevent cardiovascular diseases such as hyperten-
sion and thrombosis, while the inhibition of NO synthase
leads to cardiovascular diseases and deaths [3].

In terms of the known limitation of the recombinant
EPO use in erythropoietic doses, the problem of finding
new derivatives of tissue protective EPO with lack of he-
matopoietic properties, is relevant in modern medicine
and pharmacology. The peptides that are agonists of the
EPOR/CD131 heteroreceptor, trigger EPO-associated cy-
toprotective cascades, but do not have an erythropoietic
effect. The previous studies have demonstrated that a
peptide imitating the spatial structure of the erythropoi-
etin B chain pHBSP, has a pronounced endothelial pro-
tective effect in modeling L-NAME-induced endothelial
dysfunction in rats [26, 27]. However, in this study, a
prothrombotic effect of pHBSP has also been shown. In
view of the above, the need for further modifications of
this molecule is obvious. In our opinion, the pHBSP mod-
ification to improve its pharmacokinetic and pharmaco-
dynamic parameters may become a further promising
development of pharmacotherapy for cardiovascular
diseases based on short-chain peptides [28].

The search for such compounds can be solved in
several ways, including the attachment of amino acid
motifs with anticoagulant properties to the amino acid
sequence or by searching for groups of related peptides
of the original compound using the BLAST program. At
the first stage of the study, an attempt to enrich the orig-
inal pHBSP molecule by adding tripeptide motifs RGD,
KGD, and PGP, having antiaggregant effect, was made. As
a result, fundamentally new compounds that combine
cytoprotective [29] and antiplatelet effects, were ob-
tained [30]. It has also been shown that the EPO-based
peptides are able to improve the functional state of the
vascular wall against the background of atherosclerotic
lesions and can ameliorate the pathobiological process-
es associated with a mitochondrial dysfunction. In addi-
tion, the studied peptides have a pronounced endothe-
lial protective effect against the background of in vitro
modeling of oxidative stress [20].

In this research, the pharmacological activity of
3 peptides that mimic the spatial structure of the EPO
a-helix (EP-11-1 (UEHLERALNSS), EP-11-2. (UEQLERAL-
NCS), EP-11-3 (UEQLERALNTS)), obtained by searching
for groups of related peptides to the pHBSP molecule
using the BLAST program, has been studied.

For the study, a line of animals with an endotheli-
al-specific expression of the mutant Polg gene, was se-
lected. Polymerase gamma is an enzyme that plays a key
role in mitochondrial DNA replication. The pathology of
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this enzyme leads to the inclusion of “wrong” nucleo-
tides without a subsequent correction, which causes a
mitochondrial dysfunction with a subsequent increase in
the production of active radicals and a cell damage. Ho-
mozygous animals with the systemic Polg mutation do
not survive; therefore, in this work, the endothelial spe-
cific expression of an inducible transgene was used [20].

In the presented model, atherosclerosis is associ-
ated with a traumatic effect on the vessel against the
background of damage to endothelial cells due to the
mitochondrial dysfunction. The study of an athero-
protective activity showed that the studied peptides,
as well as the original peptide pHBSP, did not signifi-
cantly ameliorate the histological structure and size of
the atherosclerotic plaque in the pathology model. The
maximum reduction in the size of the atherosclerotic
plague, was established in the group of the animals
treated with EP-11-1, which, however, was not statis-
tically significant. Perhaps, in the further studies the
effect of drugs on the histological structure and size of
atherosclerotic plaques should be assessed in a model
of atherogenesis that is not associated with a physical
damage to the endothelium.

Using a molecular biological analysis of plaque sam-
ples, it was found out that the studied peptides EP-11-1
and EP-11-2 significantly reduced the expression of the
pro-apoptotic factors p-53 and Bax, and also increased
the expression of the anti-apoptotic factor Bcl-2. When
calculating the ratio of Bax to Bcl-2 expression, it was
found out that in the animals with the Polg™¥™t/Cdh5-
CRE genotype, the Bax/Bcl-2 ratio statistically signifi-
cantly increased by more than 3 times. In addition, the
introduction of a compound with a laboratory code EP-
11-1 and the original peptide pHBSP statistically signifi-
cantly reduced the Bax/Bcl-2 ratio by 57.2 and 56.4%,
respectively. These findings are consistent with other
studies showing that the administration of EPO for 10
weeks considerably decreases the Bax/Bcl-2 protein ra-
tio in the aortic tissue of apolipoprotein E deficient mice
fed a high-fat diet [31]. Along with the anti-apoptotic
effect, the studied compounds with laboratory codes
EP-11-1, EP-11-2, and EP-11-3 were more effective than
the original peptide, pHBSP, in terms of the decrease of
the iNos, Icam-1, Vcam-1 and E-selectin expression. At
the same time, the maximum efficiency was found in the
group of the animals that received the peptide with the
laboratory code EP-11-1. The anti-inflammatory effect of
EPO and its derivatives is widely known and has been
studied [32], and this study confirmed the retention of
this type of activity in derivatives that mimic the eryth-
ropoietin B chain.

The study of the peptides pharmacological effect-of
on isolated segments of the pulmonary aorta in Polg™Y
mut/Cdh5-CRE mice showed that the endothelium-de-
pendent vasodilation induced by Ach, was significantly
reduced (70.78% at the acetycholine concentration 10*
M) compared to intact wild-type mice (49.2% at the
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acetycholine concentration 10* M). The use of peptide
EP-11-1 led to the restoration of endothelium-depen-
dent vasodilation induced by ACh at concentrations
10°M, 10°M u 10*M in mice with endothelial specific
overexpression of the mutant gene Polg. The admin-
istration of the original pHBSP peptide also led to an
increase in the vascular relaxation in response to the
administration of ACh at concentrations 10°M n 10*M.
The introduction of peptides with laboratory codes of
another leader compound EP-11-2 and EP-11-3, did not
statistically significantly affect the degree of response of
the vascular segment to ACh. Noteworthy, no changes
in the response of endothelium to independent vaso-
dilation in any of the experimental groups were found.
This fact confirms that in this study, the tissue protec-
tive effect of the peptides is in the normalization of the
function of the vascular endothelium which determines
the pronounced endothelial protective activity of these
compounds.

CONCLUSION
At the first stage of the search for new EPO deriva-
tives with tissue protective properties without manifest-

ing a hematopoietic activity, the original pHBSP peptide
was enriched by adding tripeptide motifs RGD, KGD, and
PGP. The resulting compounds combined cytoprotective
and antiplatelet effects, had an endothelial protective ac-
tivity, and were able to attenuate atherosclerotic lesions.
In the present study, the second pool of compounds —
derivatives of the pHBSP peptide with laboratory codes
EP-11-1 (UEHLERALNSS), EP-11-2. (UEQLERALNCS), EP-
11-3 (UEQLERALNTS), obtained by BLAST-searching for
groups of related to pHBSP peptides, was tested. In the
study carried out on a mouse model of the endothelio-
specific expression of the mutant Polg gene, it has been
shown that the most active compound with laboratory
code EP-11-1 has a more pronounced atheroprotective
and endothelial protective activity than the original pep-
tide pHBSP.

The results of this study, in combination with the
previously obtained data characterizing the pharma-
cological activity of pHBSP derivatives containing RGD,
KGD, and PGP, prove the effectiveness of this approach
and reveal the prospects for further search for new
EPO-derived nonhematopoietic peptides with tissue
protective properties
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The aim of the research is to investigate the influence of the factor of the glycation behavior of bovine serum albumin (BSA)
by glucose, and the factor of d-metal cations (nickel (Il), cobalt (l1), iron (l1), iron (l1l), copper (l1) or zinc (II)) presence, on the
process of aggregation and the amyloid transformation of BSA and, therefore, to establish the effect of these cations on the
rate of the formation of advanced glycation end products (AGEs), and the intensity of fluorescence of the amino acids tyro-
sine and tryptophan.

Materials and methods. Reagents in the glycation are: glucose (at the final concentration of 0.36 M), BSA (at the final con-
centration of 1 mg/ml), deionized water, one of the d-metal cations, i. e. nickel (I1), cobalt (11), iron (I1), iron (11I), copper (I1) or
zinc (I1) (in the form of chloride, sulfate or nitrate salts, at the final concentration of 40 uM). The conditions for the glycation
reaction are the incubation for 24 hours at the temperature of 60°C. The influence of two factors (the factor of the glycation
reaction and the factor of a d-metal ion presence in the reaction medium) on the concentration of glycation end products
(AGEs) formed during the glycation reaction, on the fluorescence intensity of the amino acids tryptophan and tyrosine, on
the aggregation of BSA, and on the ability of BSA to the amyloid transformation under the described conditions, have been
studied.

Results. It was found out that the studied factors have a statistically significant effect on the considered parameters. The
highest activity was found for the copper ion (Il), which intensifies the formation of the AGEs in the samples where glycation
occurs, reduces the fluorescence intensity of the amino acids’ tryptophan and tyrosine (independently and increasing the
effect against the background of glycation). Besides, it independently causes the aggregation of BSA hereby intensifying the
effect against the background of glycation, it independently causes the amyloid transformation of BSA enhancing the effect
against the background of glycation. The above-listed effects were the least pronounced in the reaction media with the ad-
dition of nickel (1) or cobalt (I1). These cations reduce the rate of the AGEs formation, do not cause the formation of protein
aggregates. In the presence of glucose, nickel (II) weakly suppresses the fluorescence intensity of tryptophan and tyrosine,
and slightly enhances the amyloid transformation of BSA. Cobalt (II) slightly inhibits the amyloid transformation of BSA. In
terms of the severity and nature of the effects, the iron (ll), iron (lll) and zinc (ll) cations occupy an intermediate position
between copper (Il), on the one hand, and nickel (Il) and cobalt (Il), on the other hand, combining the influence on the AGEs
formation, the intensity of fluorescence of tryptophan and tyrosine, the aggregation and amyloid transformation of BSA. In
the absence of glucose, the ability of zinc (Il) to induce the formation of protein aggregates turned out to be the highest, and
its ability to stimulate the amyloid transformation of BSA corresponded to that of copper (Il).

Conclusion. The presence of d-metal cations affects the rate of the AGEs formation in the glycation reaction, affects the rate
of the BSA amyloid transformation and the protein aggregates formation. Among such ions as nickel (Il), cobalt (11), iron (11),
iron (Il1), copper (1) and zinc (1), copper (II) ions turned out to be the most active in their ability to accelerate the AGEs for-
mation, suppress the fluorescence of tryptophan and tyrosine, enhance the aggregation and amyloid transformation of BSA
in the glycation reaction. The least manifestation of these properties is observed for nickel (1) and cobalt (II) ions.
Keywords: advanced glycation end products; glycation; protein aggregation; amyloid transformation, d-metal
Abbreviations: AGEs — advanced glycation end products; BSA — bovine serum albumin; RAGEs — Receptor for advanced gly-
cation end products; ThT — thioflavine T
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Lienb. VccnenoBaHune BaMAHUA GaKTopa NPOTEKaHUA peaKkLun MUKUPOBAHMA Gblubero CbiIBOPOTOUYHOro anbbymuHa (BCA)
T/IIOKO301 U haKTopa NMPUCYTCTBUA B CPeAe Peakumm MUKMpoBaHna KatnoHos d-metannos (Hukens (11), kobanbT (l1), eneso
(1), >keneso (lll), megp (I1) nam umnHk (1)) Ha Nnpouecc arperaumMm 1 ammnonaHomn TpaHchopmauumn 6CA. YcTaHoBNEHME BAUSA-
HWA YKa3aHHbIX KATMOHOB Ha UHTEHCMBHOCTb 06PA30BaHUA KOHEYHbIX MPOAYKTOB peaKkLuu rnkuposaHusa (KMr) n nHTeHcus-
HOCTb G/1lyopecLEeHLUN aMUHOKUCIOT TUPO3UH U TpUNTodaH.

Matepuanbl U meToapbl. PeareHTbl B peakumn MUKUPOBAHMA: IHOKO3a (B KOHEYHOM KoHueHTpaumu 0,36 M), BCA (B KoHeuy-
HOW KOHUEHTpauumn 1 mr/mn), AeMoHU3npoBaHHas BoAa, OAWH U3 KaTMOHOB d-meTannoB, a UMeHHO HuKenb (11), kobanbT (11),
weneso (I1), »keneso (l11), meab (1) nav umnk (I1) (B BUAE conu xnopuaa, cynbdarta UAM HATPATa, B KOHEYHOM KOHLLEeHTpauun 40
MKM). YcnoBuA NpoTeKaHMs peakumm MUKMpoBaHua: nHKybauma 24 4 npu temnepatype 60°C. MccnefoBaHo BAUAHUE ABYX
dakTopOoB (PpaKTop NPOTEKAHUA IMUKMPOBAHUA U GaKTOP NPUCYTCTBUA MOHA d-MeTanna B peakLMOHHOM cpese) Ha KOHLEH-
Tpaumto KNI, o6pasyembix B XoZ4e PEAKLUUN MTMKMPOBAHUA, HA UHTEHCUBHOCTb GpyopecLEeHLLMM aMUHOKUCAOT TpUnTodaH 1
TUPO3UH, Ha arperaumnio BCA 1 Ha cnocobHocTb BCA K ammnonaHol TpaHchopMaLMm B ONMUCAHHbIX YCIOBUAX.

Pe3ynbratbl. YCTaHOB/IEHO, YTO UCCaeayeMble GaKTOPbl CTaTUCTUYECKM 3HAYMMO BAMAIOT HA pacCMaTpMBaemMble NapameTpbl.
HauBbicLLaa aKTUBHOCTb YCTaHOBAEHA A4 MoHa meau (11), KoTopbln MHTEHCUdULUMpPYET obpa3osaHme KIMT B npobax, rae npo-
TEKAeT [IMKUPOBAHME, CHUMKAET MHTEHCUBHOCTb GyOpEeCcLEHLMM aMUHOKUCAOT TPUNTOdAH M TUPO3UH (CAMOCTOATENIbHO U
ycunmas adpdeKT Ha GoHe MMKMpPoBaHMA), Bbi3biBaeT arperayuto 6CA (camocToaTenbHO U ycunmnsas addekT Ha GoHe rn-
KMPOBAaHUA), BbI3bIBAET aMUNOUAHYIO TpaHchopmaLmio BCA (camocToaTenbHO U ycunmsasn adpdeKT Ha GoHe MUKMPOBaHUS).
HanmeHee BbipakeHbl nepeyncneHHble 3bdeKTbl 6bin B peakUMOHHbIX cpeaax ¢ gobasneHmem Hukena (I1) nam kobanbra
(I1). JaHHbIE KAaTMOHbI CHUMKAKOT MHTEHCMBHOCTL 06pa3oBaHmA KII, He Bbi3biBalOT 06pa3oBaHUA 6e1KOBbIX arperaTos. B npu-
CYTCTBUM IHOKO3bl HUKeNb (Il) cnabo nosaBnseT MHTEHCMBHOCTL diyopecLeHLUn TpunTopaHa U TUPO3UHA, HE3HAYUTE b-
HO ycUAMBaEeT amunonaHyto TpaHchopmaumio BCA. Kobans (1) He3HaUUTENbHO NOAABAAET aMUIOUAHYIO TpaHChopMaLuto
BCA. KaTtnoHbl kenesa (I1), skenesa (lll) u umHKa (I1) o BbiparkeHHOCTU 1 XxapaKTepy 3GHEKTOB 3aHUMAIOT MPOMEKYTOYHOE MNo-
NoKeHne mexay megabto (1) c ogHoM cTopoHbl, M HUKenem (1) n kobanstom (1) ¢ A4pyrolt CTOPOHbI, B pa3HOM CTENEHU coYeTas
BAUAHUE HA 06pa3oBaHue KNI, MHTEHCUBHOCTL GpayopecLeHuMn TpunTodaHa U TUPO3UNHA, arperaumio  aMMIoOUAHYHO TPaHC-
dopmaumio BCA. B oTCyTCTBMM N1tOKO3bl CNOCOBHOCTL LMHKa (I1) BbI3biBaTb 06pa3oBaHMe GesKoBbIX arperatoB OKasanacb
HauMBbICLLIEN, a ero cnocobHOCTb CTUMYIMPOBATb aMUIONAHYO TpaHchopmauuio ECA cooTBeTcTBOBaa TakoBoi y meaum (I1).
3aKkntoueHue. MpucyTcTBME KAaTMOHOB d-MeTanNoB BAUAET HA MHTEHCMBHOCTb 06pa3oBaHuaA KNI B peakumm MUKMpoBaHus,
B/IMAET HAa MHTEHCUBHOCTb aMUIOUAHOMN TpaHchopmaummn BCA 1 Ha obpa3oBaHue arperatos 6eska. B pagy TaknMx MOHOB, KaK
Hukenb (11), kobaner (1), »keneso (I1), skeneso (1), meab (I1) u LmHK (I1), voHbI Meam (Il) okazanucb Hanbonee aKTUBHLIMU MO
CNoCcobHOCTM ycKopaTb obpasosaHue KIT, nogasnaTh ¢payopecueHumio TpuntodpaHa U TMPO3MHA, YCUIMBATL arperaumio u
amunonaHyto TpaHchopmaumio BCA B peakuum MUKMpoBaHna. HaumeHbLUas BbipaXKeHHOCTb YKa3aHHbIX CBOWCTB OTMeYaeT-
¢ aNA noHoB Hukens (1) n kobansrta (I1).

KntoueBble cnoBa: KOHeYHble MPOAYKTbl IMMKUPOBAHUA; MUKMPOBaHUe; arperauusa 6enka; ammaongHaa TpaHchopmaums;
d-meTtann

Cnucok cokpateHui: KM — KoHeYHble NPoayKTbl MKMpoBaHUsA; BCA — 6blunii cbiBOPOTOUHbIV anbbymuH; PKIMT —peuenTtop
K KOHEYHbIM NPOoAYKTam MuKupoBaHua; ThT — TnopnasuH T

INTRODUCTION

Non-enzymatic glycation is the source of toxic
advanced glycation end products (AGEs). AGEs are
a group of more than 20 molecules [1, 2], differing
in their properties, including the ability to autofluo-
rescence and the crosslinks formation. AGEs are im-
portant pathogenetic factors in the development of
cognitive impairments (diabetic encephalopathy, con-
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formational brain diseases) [3—6]. The structures of
some AGEs are shown in Fig. 1.

AGEs are involved in the pathogenesis of cognitive im-
pairment through various mechanisms. In the culture of
hippocampal neurons, AGEs induced apoptosis, increased
the production of pro-apoptotic Bax protein and acetylcho-
linesterase, decreased the level of antiapoptotic protein
Bcl-2, glutathione peroxidase, superoxide dismutase and
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choline acetyltransferase, increased the concentration of
malondialdehyde, etc. [7] AGEs are able of activating the
AGEs receptor (RAGEs). It is assumed that the RAGEs links
the pathogenesis of diabetes mellitus and Alzheimer’s dis-
ease [8]. The RAGEs can be activated by AB protein [9] and
is involved in its intraneuronal transport from the blood
[10]. The RAGEs activation can lead to the development of
the neuronal oxidative stress [11]. Under these conditions,
if amyloid peptides are glycated, their RAGEs-mediated ac-
tion can be enhanced [12]. For these reasons, it is advisable
to consider the amyloid transformation and protein glyca-
tion as pathogenetically related processes.

In addition to the receptor-mediated relationship, AGEs
are able to directly influence the amyloid transformation of
proteins. By modifying the lateral chains of amino acids and
the N-terminal residue of some proteins, AGEs can cause a
change in the surface charge of the protein, a change in its
hydrophobic properties and, as a consequence, lead to the
amyloid transformation [13]. It is assumed that glycation
contributes to the stabilization of protofibrillar structures,
and the ability of AGEs to cross-link proteins to make the
formation of larger conglomerates from amyloid aggre-
gates possible [13, 14]. Under certain conditions, glycation
slows down the formation of mature amyloid fibrils; how-
ever, this is associated with an extension of the life span
of cytotoxic oligomeric forms [15, 16]. Amyloid oligomeric
forms are able of destroying cell membranes, leading to a
calcium imbalance, causing a mitochondrial dysfunction,
and directly interacting with membrane proteins, leading
to a change in their native state [14]. Thus, against the back-
ground of glycation, both acceleration and deceleration of
the amyloid transformation have negative consequences,
which makes the task of studying the effect of glycation on
this process urgent.

The glycation reaction depends on many factors, in
particular, on the presence of d-metal ions in trace con-
centrations (including transition metals and those close
to them in properties), the presence of reactive oxygen
intermediates, etc. [17, 18]. Transition metals include
chemical elements the atoms of which have a partially
filled d-sublevel or are able of forming cations with an in-
completely filled d-sublevel (IUPAC'). The zinc subgroup
and zinc itself belong to the metals close in properties to
the transitional ones (some of them are called post-tran-
sition at times). Many properties of zinc are identical to
those of transition metals, but its d-orbitals are filled?.
To a great extent, a biological role of transition metals
is due to the presence of an incomplete d-sublevel and
how this sublevel is filled with electrons, since this, in
turn, determines the tendency of a particular transition
metal to form certain chemical bonds and their stability.
In addition, the electronic configuration of the d-sublev-
el determines the presence of specific stable oxidation
states and, as a consequence, the redox properties of

* JUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold
Book"). Compiled by A.D. McNaught and A. Wilkinson. Blackwell
Scientific Publications, Oxford (1997). Online version (2019-) created
by S. J. Chalk. ISBN 0-9678550-9-8. DOI: 10.1351/goldbook.

2 General Properties of Transition Metals. (2020, December 7).
Retrieved: June 28, 2021. Available from: https://chem.libretexts.
org/@go/page/24341.
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the metal itself and its ions [19]. It was found out that
the ability to change the oxidation state is an important
property due to which some transition metals are able
to stimulate glycation [20, 21]. Thus, in glycation reac-
tions, copper (l1) is reduced to copper (I), and oxygen is
converted into superoxide anion with the participation
of hydrogen peroxide, the source of which is some stag-
es of glycation. After that, copper (l) ions are oxidized
to copper (ll), catalyzing the decomposition of hydrogen
peroxide to a hydroxyl radical [20]. It should be noted
that d-metals (zinc, iron, copper, etc.) are involved in
the pathogenesis of cerebral conformational diseases
by the mechanisms independent of glycation, associat-
ed with both the direct action of the ion on the protein
(cross-linking of tyrosine residues, etc.) and indirectly,
through the influence on the activity of enzymes (secre-
tase, etc.) [22-25, 10]. Thus, the glycation reaction, the
amyloid transformation of proteins, and the activity of
d-metal ions, which can influence both of these process-
es, are pathogenetically related.

The amyloid protein transformation can be modeled
using bovine serum albumin (BSA) [26, 27]. BSA is prone
to the enhanced formation of 3-sheets and the amyloid
transformation under the physicochemical action (eg,
heating), which causes its frequent use as a model protein
in the study of amyloid transformation processes [28]. At
the temperature that is borderline for the initiation of BSA
amyloid aggregation, it becomes possible to assess the
ability of the studied factor to accelerate or slow down
the course of aggregation and amyloid transformation.

A comparative study of the d-metal ions ability to
influence the rate of the AGEs formation in the glycation
reaction, as well as their ability to stimulate or suppress
the formation of amyloid and non-amyloid protein ag-
gregates against the background of the glycation reac-
tion and independently of it, are of interest.

THE AIM of the research is to evaluate the com-
bined and independent influence of the factor of the
BSA glycation reaction and the factor of the presence
of d-metal cations (nickel (I1), cobalt (ll), iron (ll), iron
(1), copper (1) or zinc (I1)) in the reaction medium, on
the process of the BSA transformation into aggregates
of the amyloid and non-amyloid nature. Besides, the
influence of these factors on the fluorescence intensity
of the amino acids’ tryptophan and tyrosine and the
ability of the indicated cations of d-metals to influence
the intensity of the AGEs formation in the glycation re-
action, are to be assessed.

MATERIALS AND METHODS

Modeling of glycation reaction

Glycation substrate is BSA (fraction V, 1 mg/ml,
Himmed, Russia); glycating agent — glucose (0.36 M, Vek-
ton, Russia); the reaction medium was deionized water
(pH 6.2, deionizer Milli-Q, Germany) with the addition of
one of the transition metal cations, i.e. nickel (Il), cobalt
(1), iron (I1), iron (Il1), copper (Il) or zinc (Il) at the final
concentration of 40 uM in the form of salts NiSO,*7H,0,
Co(NO,),*6H,0, FeSO,, FeCl.e6H,0, CuSO,*5H,0 or Zn-
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SO,*7H,0, respectively (or without them). The studied
concentration of metal salts was selected on the basis of
the previously adjusted model of BSA glyoxidation by glu-
cose in the presence of CuSO,*5H,0, with modifications
[29, 30]. The interest in a comparative study of the activ-
ities of d-metals, determines the need to research them
in equal concentrations. In the body, the concentrations
of the studied metals are variable. Thus, the physiological
concentrations of copper and zinc in the serum of healthy
people are ~1 mg/L (~15.7 uM and ~15.3 uM, respective-
ly) [31, 32]. At the same time, in Alzheimer’s disease, a
significantly higher concentration of copper in amyloid
plaques (~400 uM) has been reported [10, 25]. During
the neuronal activity, zinc is released into the synaptic
cleft and can reach the concentration of 300 uM [25]. For
these reasons, the selected concentration (40 uM) is a
compromise with respect to a wide range of d-metal con-
centrations in the body under normal and pathological
conditions, and is more related to the previously estab-
lished activity of the copper (ll) cation.

The reaction conditions are: the temperature is 60°C,
the incubation duration is 24 hours. These conditions
were selected on the basis of the literature data [33], indi-
cating that the effect of the selected temperature on BSA
(the author used a Tris buffer containing NaCl) is favorable
for the transformation of protein a-helices into B-sheets
(which may not occur at lower temperatures), while the
transformation process is intensified at higher tempera-
tures. In another study it was shown that the BSA aggre-
gation does not occur when exposed to the given tem-
perature (for BSA in a Na-phosphate buffer solution) [34].

Determination of glycation end products

and fluorescence intensity of amino acids

tryptophan and tyrosine

After the incubation, the aliquots of the samples
(200 pL) were added to a 96-well flat-bottom black
plate, the fluorescence intensity samples was deter-
mined at the excitation/emission wavelengths specif-
ic for the following AGEs: pentosidine (335/385 nm),
vesperlysine C (345/405 nm), vesperlysines A and B
(366/442 nm), crossline (379/463 nm) [35]. The fluores-
cence intensity at the excitation wavelengths exceeding
400 nm (440/520 nm), was also measured [36]. There
is evidence that the product (or products) fluorescent
at the excitation/emission wavelengths of 440/520 nm,
belongs to the AGEs and is/are able of forming protein
cross-links [37]. In addition to AGEs, the fluorescence in-
tensity of the amino acids tryptophan and tyrosine was
determined at the excitation/emission wavelengths of
295/335 nm. These wavelenghts are more specific for
tryptophan, and 270/330 nm are characteristic of both
amino acids (Infinite M200 Pro spectrofluorimeter, TE-
CAN, Austria) [38-40]. The evaluation of the glycation
effect and the d-metal ions action on the fluorescence
of these amino acids is informative in view of the sen-
sitivity of their fluorescence intensity to changes in the
protein conformation and glycation of their amino acid
environment [41, 42]. In addition, copper (IlI) cations
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promote the formation of dityrosine crosslinks, which
is important for the pathogenesis of Alzheimer’s dis-
ease [43], and, as a result, the fluorescent character-
istics of tyrosine change. The possibility of a change in
fluorescence upon oxidation of tryptophan and/or ty-
rosine, as well as an activation of tyrosine and its direct
interaction with the reaction products upon glycation
of its environment, cannot be ruled out [44, 42]. This
makes the determination of the fluorescence of these
amino acids relevant for the present study, and makes
it possible to indirectly note changes in the course of
both glycation and protein aggregation.

Investigation of aggregation and amyloid

transformation of proteins

In the study using spectrophotometry, the intensity
of the protein aggregates formation was assessed, and
the spectrofluorimetric determination of their amyloid
affiliation in the reaction with thioflavin T (ThT) was
carried out. A spectrophotometric detection of BSA ag-
gregates was carried out by the increase in the optical
density at the wavelength of 405 nm [45] in aliquots of
200 pL in a 96-well flat-bottom transparent plate (In-
finite M200 Pro spectrofluorimeter, TECAN, Austria). The
study [45] showed that the optical density at the given
wavelength is directly proportional to the aggregation
degree. The confirmation of the amyloid belonging of
the aggregates, was carried out in the reaction with ThT
(Sigma Aldrich, USA), at the final ThT concentration of
20 uM [46], by determining the fluorescence intensity
of the samples at the excitation/emission wavelength'’s
of 450/482 nm (Infinite M200 Pro spectrofluorimeter,
TECAN, Austria).

Statistical data analysis

In order to determine the contribution of each fac-
tor (both the factor of the glycation reaction and the fac-
tor of a metal ion presence), statistical data processing
was carried out using a two-way analysis of variance, fol-
lowed by a multiple comparison of data groups “all with
all” according to Tukey test, at the significance level of
p<0,05 (GraphPad Prism 9). The correlation analysis was
carried out using the Spearman rank correlation method
(GraphPad Prism 9). The results are presented as mean
with a standard error (M + SEM).

RESULTS

Analysis of fluorescence intensity

of tryptophan and tyrosine

As a result of the influence analysis of the investi-
gated factors on the intensity of tryptophan and tyro-
sine fluorescence, it was found out that metal cations
make a more significant contribution to the change in
this parameter. For the cations of copper (ll), iron (l1),
iron (Ill) and zinc (ll), the ability to exert an effect was
noted regardless of the glucose presence (a decrease
in the fluorescence intensity of the amino acids trypto-
phan and tyrosine was noted not only in glycated, but
also in glucose-free samples) (Table 1). At the same time,
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no differences were revealed when comparing the flu-
orescence intensity of tryptophan and tyrosine in the
glycated samples that do not contain metals with the
fluorescence intensity of the corresponding non-glyca-
ted samples (in which only BSA is present). Despite the
absence of an intrinsic effect of the glycation reaction
on the fluorescence intensity of amino acids, for some
metals it was found out that they enhance their ability
to suppress the fluorescence of amino acids in the pres-
ence of glucose, which indicates the importance of the
glycation factor. Thus, a statistically significant decrease
in the fluorescence intensity of tryptophan and tyrosine
in glucose-containing samples (in comparison with the
corresponding samples without glucose) was observed
for the cases of glycation in the presence of copper
() cations (at the excitation/emission wavelengths
of 270/330 nm and 295/335 nm), iron (ll) (at the exci-
tation/emission wavelengths of 270/330 nm) and zinc
(1) (at the excitation/emission wavelengths of 270/330
nm). Thus, these cations were able to enhance their ac-
tion in the presence of glucose. With respect to cobalt
(1), the effect of reducing the fluorescence of tyrosine
and tryptophan in the presence of glucose was not ob-
served when compared with the glucose-free samples.
In the presence of nickel (Il), this effect was weak (there
were differences in the fluorescence intensity of the
glycated samples containing nickel (II) and the glycated
samples without metals, but there were no statistically
significant differences in signals from the glycated and
glucose-free samples containing nickel (11)).

Lys

Influence of d-metals on the rate of AGEs

formation in glycation reactions

The intensity of fluorescence at the wavelength’s
characteristic of various AGEs, reflects the intensity of the
glycation reaction. As expected, in all cases, glucose-con-
taining samples showed an increase in the intensity of
AGEs fluorescence in comparison with the corresponding
glucose-free samples (Table 1). However, the attention
is drawn to the differences in the nature and degree of
d-metal cations influence on the glycation reaction. When
comparing the AGEs fluorescence intensities of the met-
al-containing samples in which glycation occurred, with the
indices of the corresponding samples without metals, the
following was found out. Only copper (ll) cations (at all the
excitation/emission wavelengths except 335/385 nm) and
zinc (Il) (the excitation/emission wavelengths of 440/520
nm) had the ability to enhance the formation of AGEs.
The rest of the metals, on the contrary, or with statistical
significance, prevented an increase in fluorescence at the
wavelength’s characteristic of AGEs, or did not change the
values of the indicator. At the wavelengths characteristic of
pentosidine (335/385 nm), no metal was able to intensi-
fy the formation of AGEs in comparison with the samples
without metals. At the same time, nickel (I1), cobalt (l1), iron
(1), and iron (l1l) were able to reduce the intensity of the sig-
nal detected at these wavelengths. The established activity
makes it possible to isolate copper (l) and zinc (Il) into the
category of d-metals capable of accelerating the glycation
under the described conditions. The cumulative results are
shown in Table 1.

Lys Lys
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Figure 1 — Structures of various advanced glycation end products
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Table 2 - Influence of investigated factors on formation of BSA aggregates, optical density of samples
at wavelength of 405 nm; absolute values (M + SEM)

Metal cation factor

Glucose
factor None Nickel (I1) Cobalt (I1) Iron (I1) Copper (I1) Iron (111) Zinc (I1)
+ + + +
Glucose 0.06:0.0004 0.06£0.0006 0.06:0.0020 °-19¥0.0021  1.0820.0122 03700188  0.65:0.0236
- + + +
eru;ose 0.05:0.0004 0.06£0.0007 0.05£0.0007 0.06:0.0007 O 8%0:0036  0.4£0.0050  1.02:0.0180

Note: significance level p when compared with corresponding metal-free samples (**** corresponds to p<0.0001; *** corresponds to p<0.001; **
corresponds to p<0.01; * corresponds to p<0.05). Significance level p when compared with corresponding glucose-free samples: #### corresponds
to p<0.0001; ### matches p<0.001; ## matches p<0.01; # corresponds to p<0.05 (two-way ANOVA, Tukey’s post-test

Table 3 - Influence of the studied factors on amyloid BSA transformation, intensity
of fluorescent ThT emission at excitation/emission wavelengths of 450/482 nm; absolute values (M + SEM)

Glucose Metal cation factor
factor None Nickel (11) Cobalt (I1) Iron (I1) Copper (I1) Iron (II1) Zinc (1)
6051.0+£320.2 7954.2+391.5 5740.8+283.3 6083.4+241.7 18277.3+792.1 2704.8+190.4 13415.2+238.7
G I ucose Hit# *HH Hit HitHH LAALE) X FRRX
- + + + + +
frleuecose 11693.84280.2 13841.2-109.3 9695.1.132.0 10887.6+157.8 16304;§:335.2 7266.2:257.3 17900*.*0”_672.5

Note: significance level p when compared with the corresponding metal-free samples (**** corresponds to p<0.0001; *** corresponds to
p<0.001; ** corresponds to p<0.01; * corresponds to p<0.05). Significance level p when compared with corresponding glucose-free samples (####
corresponds to p<0.0001; ### corresponds to p<0.001; ## corresponds to p<0.01; # corresponds to p<0.05 (two-way ANOVA, Tukey’s post-test)

In the absence of glucose, a slight increase in fluo-
rescence was observed under the action of copper (Il)
cations (at all the excitation/emission wavelengths of
379/463 nm) and zinc (I1) (at all the excitation/emission
wavelengths of 345/405 nm, 366/442 nm, 379/463
nm and 440/520 nm, respectively). A partially similar
effect, as well as the ability of iron (lll) to reduce the
fluorescence intensity at the excitation/emission wave-
length’s characteristic of AGEs, can be associated with
the effect on residual amounts of glucose, the presence
of which is probably explained by the technology of
albumin production. At the same time, it was shown
that, in the identical test system, the presence of zinc
cations also leads to the appearance of fluorescence
at the wavelengths of 320/438 nm, due to the coor-
dination (or complexation) of zinc cations with amino
acid residues at different sites of albumin [47]. In this
case it can suggest the formation of coordination struc-
tures similar to those previously described by Wu F.-Y.
et al. [47]. In the case of copper, the possibility of its
interaction with the lysine residue resulting in the for-
mation of a product, fluorescent at the wavelengths of
370/440 nm, was considered in the work by Zhang M.
et al. [48]. The above-mentioned information does not
exclude the possibility of the formation of other prod-
ucts associated with the specific effect of the metal ion
on the protein, and significant for the pathogenesis an-
alized in the article.

Effect of d-metals on BSA aggregation

and amyloid transformation

It is known from the literature data that cations of
transition metals (copper (I1), iron (Ill)) are able to stim-
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ulate the amyloid transformation of proteins [10, 49].
The research of the glycation reaction influence on this
metal’s property is of great interest. Studying the opti-
cal density of the reaction medium at the wavelength
of 405 nm is used to assess the kinetics of the protein
aggregates formation in the process of the amyloid
transformation [45]. The result obtained in the course
of this study (during the glycation reaction and/or inde-
pendently), confirms the ability of some of the studied
d-metals to stimulate the BSA aggregation. The results
are shown in Table 2.

Considering the intrinsic (independent of glycation)
ability of the studied d-metals to cause the BSA aggre-
gation, it should be noted that the activity of metals can
be arranged in the ascending order: nickel (ll) (inactive)
= cobalt (Il) (inactive) = iron (II) (inactive) < copper (II) <
iron (Ill) < zinc (11) (Table 2).

The glycation reaction in a metals-free medium did
not lead to any statistically significant aggregation of
BSA. In this case, glycation affected the ability of some
cations to induce the BSA aggregation. Nickel (II) and co-
balt (I1) cations did not cause any BSA aggregation either
independently or in the presence of glucose.

The ability to enhance the BSA aggregation only in
the presence of glucose and not without it, has been es-
tablished for iron (Il) cations. For copper (II), iron (lll),
and zinc (l1), the BSA aggregation was observed both in
the absence of glucose (due to its own activity) and un-
der the action of cations against the background of the
glycation reaction. In case of copper (ll), the intensity of
the aggregation was higher in the samples with glucose,
foriron (lll), the result is the same for glucose-containing
and glucose-free samples, and in case of zinc (ll), the in-
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tensity of the aggregation was higher in the glucose-free
samples.

For the studied metal cations, there is a mismatch
between the ability to influence the formation of AGEs
in the glycation reaction and the ability to stimulate the
BSA aggregation. Thus, in the presence of glucose, iron
(1) and iron (ll1), causing the aggregation (Table 2), do
not stimulate the AGEs formation (Table 1). The ability
of these cations to aggregate BSA does not depend on
the AGEs formation, and in case of iron (ll), it does not
depend on the AGEs formation, but is obviously asso-
ciated with the presence of glucose. At the same time,
when conducting a correlation analysis according to
Spearman, a statistically significant inverse correlation
between the ability of metal ions to aggregate BSA in the
glycated samples and the fluorescence intensity of the
amino acids tyrosine and tryptophan at the wavelengths
of 270/330 nm specific for both amino acids (r = -0, 85,
p =0.03), and 295/335 nm, more specific for tryptophan
(r=-0.93, p=0.01), has been established.

Alongside with the study of the BSA aggregation,
the samples were examined for the amyloid belonging
of the aggregates in the reaction with thioflavin T (ThT),
an amyloid-specific agent. A more pronounced amyloid
BSA transformation in the glucose-free samples com-
pared with the glucose-containing samples in all cases,
except for the reaction in the presence of copper (ll), is
noteworthy.

In the presence of glucose, copper (Il) stimulates the
amyloid BSA transformation more intensively than with-
out it (Table 3). Regarding the other metals and the reac-
tion medium without the ones, the equally increased in-
tensity of ThT fluorescence in the glucose-free samples
in comparison with the corresponding glucose-contain-
ing samples, indicates that under the described experi-
mental conditions, glycation prevents the amyloid BSA
transformation. At the same time, in the samples glycat-
ed in the presence of copper (Il) cations, a statistically
significant higher intensity of ThT fluorescence indicates
a mutual reinforcing effect of glucose and copper factors
on the intensity of the amyloid transformation (Table
3). It follows from the result that copper showed both
the ability to stimulate the amyloid BSA transformation,
independent of glycation, and leveled the ability of the
ongoing glycation reaction to slow it down.

When assessing the influence of the factor of each
cation presence on the amyloid BSA transformation, it
was found out that in both glucose and glucose-free
samples, this process is enhanced by the cations of cop-
per (l1) and zinc (Il) (to the maximum extent) as well as
nickel (11) (least of all). Cobalt () cations slightly suppress
the reaction (statistically significant only in the absence
of glucose), while iron (ll) cations were found to be inac-
tive. Iron (l11) was found out to be able to reduce ThT flu-
orescence in both glucose-containing and glucose-free
samples. The ability of copper and zinc to transform
proteins into the amyloid form has been previously de-
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scribed more than once. The authors’ unexpected re-
sults regarding a weak activity of nickel, are consistent
with the recently established role of nickel in the forma-
tion of human B-amyloid [24].

DISCUSSION

As a result of the study, it was found out that in the
absence of metals, the glycation reaction does not affect
the fluorescence intensity of tyrosine and tryptophan
(the fluorescence intensity of glycated and non-glycated
samples is the same). However, glycation can enhance
the ability of metals to suppress the fluorescence of
these amino acids. In the case of tyrosine, a possible
mechanism for decreasing its fluorescence has been de-
scribed for the reaction of collagen with ribose-5-phos-
phate [41]. It may be associated with such events as gly-
cation of amino acids located in the spatial proximity to
tyrosine (which leads to quenching of its fluorescence);
a change in the spatial organization of the protein (which
leads to quenching of the fluorescence of tyrosine), the
reaction of tyrosine itself. Herewith tyrosine is not ex-
pected to directly interact with the glycating agent, but
the participation of nearby lysine or arginine residues in
the reaction can lead to the activation of tyrosine and its
subsequent glycation, or oxidation.

At the same time, as for tryptophan, its residue can
be oxidized during glycation [44], and this process can
be enhanced in the presence of copper (Il) [42]. Thus,
a decrease in the intensity of tryptophan fluorescence
during the glycation reaction in the presence of copper
(1) is due to both the oxidation of the amino acid residue
and a change in the protein conformation [42]. Summing
up what has been said, it can be assumed that d-metals,
which are able of suppressing the fluorescence of tyro-
sine and/or tryptophan during glycation more intensely,
are active, influencing these mechanisms.

It is known that the ability of some d-metals to ac-
celerate the AGEs formation in the glycation reaction is
associated with their stimulation of oxidative reactions.
This property is characteristic of metals such as copper,
and the reaction that occurs with their participation is
called the glyoxidation reaction [20]. Thus, the role of
copper (Il) in the course of glyoxidation is presumably
in the catalysis of the electron transfer from enediols
formed from reduced monosaccharides or during the
fragmentation of Schiff bases and Amadori products.
That leads to the formation of reactive oxygen species
and dicarbonyl compounds. In these reactions, copper
(1) is probably reduced to copper (l), and oxygen is con-
verted to superoxide anion with the participation of
hydrogen peroxide. Its source of some glycation stages.
Then copper (1) ions are oxidized to copper (ll), catalyz-
ing the decomposition of hydrogen peroxide to a hydrox-
yl radical. Considering this, it can be concluded that the
intensification of the glycation reaction in the presence
of some transition metals under study can occur accord-
ing to the described mechanism of glyoxidation.
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The analysis of the zinc activity as a non-transition
but d-metal, is of particular interest. According to the
concept of the glyoxidation mechanism with the partic-
ipation of copper (), for the reaction to proceed, it is
necessary for the metal ion to be able of changing the
oxidation degree. A zinc ion has a constant oxidation de-
gree, but it was able to slightly increase the fluorescence
intensity at some excitation/emission wavelengths char-
acteristic of AGEs. According to the literature data [50],
zinc can exhibit antiglycating, antioxidant, and antia-
poptotic properties, and its deficiency can contribute to
the accelerated AGEs formation. However, according to
the studies conducted by Zhuang X. et al. [51], in the in
vitro glycation reaction, zinc (ll) is able to enhance the
formation of fluorescent AGEs, which is consistent with
the results of the research. According to the same study
[51], the transition metal manganese exhibits the ability
to suppress the AGEs formation in the manner similar to
that described for nickel, cobalt and iron, which are also
transition metals. All these data indicate that belonging
of the metal to transitional ones and the ability of its ion
to change the oxidation degree is probably not a neces-
sary and sufficient condition for accelerating a glycation
reaction. This also indicates the uniqueness of the zinc
properties among the studied metals.

Summarizing the investigation results of the d-met-
als effect on the fluorescence of the amino acids tyro-
sine and tryptophan, and the effect of the d-metals on
the glycation reaction, it can be assumed that the mech-
anisms of the metals influence on both processes differ
(at least, there are activity components associated with
the effect on only one process). The results make it possi-
ble to assume the following: there is an additional mech-
anism of damage to tyrosine and/or tryptophan caused
by the glycation factor (not limited by the intrinsic ac-
tion of the metal ion), which manifests itself during the
course of the reaction in the presence of copper (ll), iron
(1), zinc (1) cations, and, possibly nickel (I1). Herewith, an
increase in the fluorescence intensity at the wavelengths
characteristic of AGEs, regarded as an intensification of
the glycation reaction, was noted only when glycation
proceeded in the presence of copper (ll) cations (to a
greater extent) and zinc (Il) (to a lesser extent).

As for the results of albumin aggregation studies, it
should be noted that, according to the literature data
[43], one of the factors of the pathogenetic action of cop-
per (Il) cations in Alzheimer’s disease, is its participation
in the formation of amyloid dimers linked by dityrosine
cross-links. This is consistent with the intense suppres-
sion of amino acid fluorescence observed in this study
in the presence of copper, as well as with the presence
of a statistically significant inverse correlation between
the fluorescence intensity of these amino acids and the
degree of BSA aggregation for the studied cations. Thus,
a decrease in the fluorescence intensity of the amino ac-
ids tryptophan and tyrosine in the presence of d-metal
ions, obviously accompanies the BSA aggregation pro-
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cess. The most intense aggregation of BSA proceeded in
the presence of ions that showed the ability to enhance
the formation of AGEs (copper, zinc).

As mentioned above, the amyloid transformation
of a protein during glycation, depends on many factors,
and in particular on the type of protein. Thus, according
to the literature data, an increase in the amyloid trans-
formation is observed in the process of albumin glyca-
tion (bovine and human), AB-protein, 32 microglobulin,
etc. In contrast, the ability of a-synuclein to form amy-
loid fibrils after the glycation by methylglyoxal was re-
duced, and the resulting aggregates had the character
of a molten glo

bule [52]. According to the results obtained, glycation
under the described experimental conditions prevents
the formation of ThT-sensitive amyloid forms. A similar re-
sult is observed when glycation occurs in the presence of
nickel (11), cobalt (11), iron (11), iron (111), and zinc (I1), but not
copper (Il), which has shown the ability to enhance the
amyloid transformation and the BSA aggregation. Baner-
jee S. describes a decrease in the intensity of the amyloid
transformation of chicken lysozyme after the exposure to
the protein with methylglyoxal. Based on this result, the
author puts forward a controversial assumption that car-
bonyl compounds can be used for pharmacological pur-
poses [53]. Despite the doubtfulness of the therapeutic
use of carbonyl compounds, this study and the similar
ones confirm the fact that glycation can not only poten-
tiate the amyloid transformation [13], but also prevent it
[13, 53]. At the same time, it is known that the retardation
of the amyloid transformation under the glycation action
can be associated with the prolongation of the amyloid
residence time in the oligomeric form — the form with
the highest cytotoxicity. The latter negates the potential
utility of glycation-induced slowing down of the amyloid
transformation. According to the literature data [54, 55],
ThT, in contrast to other forms (monomers, fibrils), may
not detect the formation of amyloid oligomeric forms. It
can be suggested that a comparatively lower intensity of
ThT fluorescence in the samples glycated in the presence
of all d-metal ions with the exception of copper (ll), is re-
lated to the possibility of slowing down the reaction at the
stage of the oligomer formation. However, that will be the
subject of a further research. This property has not been
found for the glycation in the presence of copper (lI).

When evaluating the results obtained, one should
obviously take into account all the conditions of the ex-
periment (not only the factors of glycation and the pres-
ence of metal, but also heating, the content and pH of
the reaction medium, etc.). It can be assumed that unac-
counted for factors, can also affect the ability of albumin
to undergo the amyloid transformation during glycation,
and under other conditions, the course of the reaction
can lead to a different result. Thus, for a comprehensive
assessment of the glycation ability to influence the am-
yloid transformation, one should take into account the
ability of a protein to transform into an amyloid form
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under various experimental conditions (different pH val-
ues, temperatures, ionic strength of the buffer solution,
etc.), including conducting studies under the conditions
close to physiological ones.

CONCLUSION

As a result of the research, it was shown that the
course of the glycation reaction affects the amyloid
transformation of BSA, and in the presence of d-metal
ions it affects the ability of some of them to cause ag-
gregation and the amyloid transformation. Under the
described experimental conditions, copper (ll) cations
were the only ones able of enhancing the formation of
AGEs, reducing the fluorescence intensity of the amino
acids tryptophan and tyrosine in the glucose-mediated
and glucose-independent ways, causing aggregation

and the amyloid transformation of BSA. lons of other
metals showed these effects only partially, in various
combinations. This makes it possible to suggest that in
the series of d-metal ions such as nickel (1), cobalt (II),
iron (I1), iron (l11), copper (1) and zinc (Il), only copper
ions (Il) are probably the most significant factors in en-
hancing the amyloid transformation and BSA aggrega-
tion, and are the most active catalysts for the formation
of AGEs in the glycation reaction. Thus, we believe that
this element is a promising target for the development
of methods for a pharmacological control of pathologi-
cal conditions associated with all the processes consid-
ered — glycation, aggregation, and amyloid transforma-
tion of proteins (long term complications of diabetes
mellitus, including diabetic encephalopathy; conforma-
tional brain diseases, etc.).
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Quinazolin-4(3H)-one derivatives exhibiting a wide spectrum of a pharmacological activity, represent a promising class of
substances used to obtain antibacterial agents, which is especially important in the context of the emergence of pathogenic
microorganisms’ resistance to drugs used in medicine. It has been proved that compounds having a naphthyl radical in the
molecule, as well as an amide group bound to the benzene ring as quinazolinone substituents, are characterized by a pro-
nounced antimicrobial activity against Staphylococcus aureus and Streptococcus pneumoniae.

The aim of the research is a primary microbiological screening of the in vitro antimicrobial activity of new quinazolin-4(3H)-
one derivatives against Staphylococcus aureus and Streptococcus pneumoniae, as well as the assessment of the relationship
between the pharmacological effect and the structural transformation of the substance molecule, lipophilicity and the pos-
sibility of forming resistance to them.

Materials and methods. The experimental studies have been carried out using well-known nosocomial pathogens of infec-
tious and inflammatory diseases Staphylococcus aureus and Streptococcus pneumoniae by a serial dilution method.

Results. A compound containing a naphthyl radical in its structure, which contributes to an increase in the hydrophobicity of
the substance and its solubility in the membrane of a bacterial cell, has a bacteriostatic effect against both Staphylococcus
aureus and Streptococcus pneumoniae. A similar pharmacological effect is exhibited by a derivative with an amide group
as a substituent of the quinazolinone nucleus linked to a phenyl radical, which probably contributes to an increase in the
degree of binding to active sites of enzymes involved in the DNA replication, and protein synthesis. Obviously, the increased
lipophilicity, which promotes better binding to the efflux protein, cannot serve as objective characteristics of the emergence
possibility of the pathogen’s resistance to this substance.

Conclusion. Among the synthesized compounds, the leading substances that exhibit an antimicrobial activity against Staph-
ylococcus aureus and Streptococcus pneumonia, have been identified. The assessment of the chemical structure made it
possible to substantiate their pharmacological action and draw conclusions about the possibility of developing resistance to
it in microbial cells.

Keywords: quinazolinone derivatives; antimicrobial activity; lead-compound; electron-donating centers; enzyme active site;
minimum inhibitory concentration; minimum suppressing concentration; bacteriostatic action; bactericidal activity; resis-
tance; ATP-dependent efflux pump; plasmids; transposones; large mobile element

Abbreviations: PBP — penicillin-binding protein; MRSA — methicillin-resistant Staphylococcus aureus; PBP2a — penicil-
lin-binding protein; ATP — adenosine triphosphate, MIC — minimum inhibitory concentration; DMSO — dimethyl sulfoxide;
DMF — dimethylformamide; MIB — meat infusion broth; MIA — meat infusion agar; AC — atypical colonies; TC — typical colo-
nies; NMR — nuclear magnetic resonance; TLC — thin layer chromatography; NA — nucleic acid; FnBPs — fibronectin-binding
proteins
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Mpoun3BoaHble XMHA30/1MH-4(3H)-0Ha, NpoABAAIOLWME LUMPOKUIA CNeKTP GapMaKoNOrnMYecko akTUBHOCTU, NPeACTaBNAOT
NepcrneKkTUBHbIW KNAcC BELLECTB, MCMOb3YeMbIX A1A NMOAYYEHUA aHTUOAKTEPUANbHbIX CPEACTB, YTO OCOBEHHO aKTyaslbHO B
YC/I0BUAX BOSHUKHOBEHWUA PE3UCTEHTHOCTM NMaTOreHHbIX MUKPOOPTraHW3MOB K MCMO/Ib3yeMbIM B MeAULMHE NEKAPCTBEHHbIM
npenapatam. [JokasaHo, YTO coeAUHEHUSA, UMetoLLMe B MONeKyne HAahTUNbHBIVM pagmKas, a TaKKe aMUAHYIO rpynny, CBA3aH-
HYI0 C 6EH30/IbHbIM KO/IbLLOM, B KQYecTBe 3aMeCTUTeNeN XMHA30/IMHOHA, XapaKTePU3YOTCA BbIPaXKeHHOM NpPOTUBOMMKPO6-
HOWM aKTUBHOCTbIO B OTHOLLIEHWUW Staphylococcus aureus v Streptococcus pneumoniae.

Lienb. MepBUYHbIN MUKPOBUONOTUYECKUIA CKPUHUHT aHTUMMKPOOHOW aKTUBHOCTM in Vitro HOBbIX NMPOM3BOAHbIX XMHA30-
NMH-4(3H)-0Ha no oTHowweHwuto K Staphylococcus aureus v Streptococcus pneumoniae, a Tak»Ke OLEeHKa B3aMMOCBA3U MeXay
nposABafsemMbiM GapMaKoIOrMYeCcKUM AENCTBUEM U CTPYKTYPHbIM Npeobpa3zoBaHMeEM MOJIEKY/bl BELLECTBA, MMOPUIbHO-
CTbO U BO3MOXHOCTbIO GOPMMUPOBAHUA YCTOMUMBOCTU K HUM.

Matepuanbl U meToabl. IKCNepUMeEHTaIbHble UCCea0BaHUA Bblv BbIMONHEHb! C UCMO/Ib30BAHMEM OB6LLLEN3BECTHbIX HO-
30KOMMaNbHbIX BO3byauTenen MHPEKUMOHHO-BOCNANUTENbHbIX 3abonesaHuli Staphylococcus aureus w Streptococcus
pneumoniae MeTofOM CEPUNHBIX Pa3BeLEeHUN.

Pe3synbratbl. CoeguHeHWe, cogepiKallee B CTPYKTYpe HadTUAbHbIN paanKan, BHOCALLMIA BKIAA B yBeMYeHue ruapodobHo-
CTM BELLECTBA M ero pacTBOPUMOCTU B MeMbpaHe HaKTepraibHOM KNeTKKN, 0b6nafaeT 6akTepnocTaTUieckum AeNCTBUEM Kak
B OTHOLWEeHum Staphylococcus aureus, Tak u K Streptococcus pneumoniae. CxoaHbl dapmakosiormyeckunii apPeKkT npossaseT
NpoV3BOAHOE C aMUAHOM rPyNmnow B Ka4ecTBe 3aMecTUTeNs XMHA30/IMHOHOBOTO AAPa, CBA3AHHOMN C GeHUNIbHBIM PaZUKANOM,
KOTOpas, BEPOATHO, CNOCOBCTBYET YBE/IMYEHNUIO CTENEHU CBA3bIBAHUA C aKTUBHbIMU caliTaMy GpepMeHTOB, NMPUHMUMAOLLNX
yyacTtue B npoueccax penavkaumm AHK 1 cuHTesa 6enkos. O4eBMAHO, NOBbILEHHAA IMNOPUIBHOCTb, CNOCOBCTBYIOLLLAA NyY-
LWemy CBA3bIBAaHUIO C BEIKOM OTTOKA, HE MOMKET C/YKUTb 0OLEKTUBHOM XapaKTEPUCTUKON BO3MOXKHOCTM BO3HWKHOBEHMA
PE3UCTEHTHOCTM NAaTOreHOB K AaHHOMY BeLLEeCTBY.

3akntoueHue. Cpean CUHTE3UPOBAHHBIX COeAMHEHMI Oblv BbIABMEHbI BELLLECTBA-IMAEPbI, NPOABAAOLLEE aHTUMUKPOBHYIO
AKTUMBHOCTb B OTHOLWeEHWU Staphylococcus aureus v Streptococcus pneumoniae. OLeHKa XMMUYECKOro CTPOEHMA MO3BOAM/IA
obocHOBaTb MX hapmaKkonornyeckoe AencTBue U cAeNaTb BbIBOAbI O BO3MOXHOCTU PA3BUTUA YCTOMUYUBOCTU K HEMY Y MU-
KPOOHBIX KNETOK.

KntoueBble cnoBa: Nnpon3BogHbIE XMHA30/IMHOHA; aHTUMUKPOOHAA aKTUBHOCTb; COeAUHEHUE-TNAEP; SNEKTPOHOAOHOPHbIE
LLEHTPbI; aKTUBHbIW CalUT GepMeHTa; MMHUMaNbHAA NOAABAAIOWAA KOHLUEHTPALMA; MMHUMAAbHAA MHIMOMPYHOLWAA KOHLEH-
Tpauma; 6akTepnocTaTUYeCcKoe AeCTBUE; BaKTEPULIMAHAA AKTUBHOCTb; PE3UCTEHTHOCTb; ATD-3aBMCUMBbIN 3P PHOKCHBIN Ha-
COC; NN13a3MUAbl; TPAHCMO30Hbl; 60/bLLION MOBULHBIN 3N1EMEHT

CnUCOK COKpalleHuit: PBP — neHMUMANNH-cBA3bIBatOWMIA 6enoK; MRSA — MeTULMAWMH — pe3ucTeHTHbIN Staphylococcus
aureus; PBP2a — neHULMANINH-CBA3bIBalOWMI 6enok 2a; AT® — ageHo3mHTpudbocdat, MMK — MUHUManbHaa nNogasnsatoLLan
KOHLeHTpauuma; AMCO — aumetuncynbdokena; AMDA — aumetundopmammng,; MIMB — maconenToHHbIN 6ynboH; MIMA — ms-
CconenToHHbIM arap; AK — aTunmnyHble KoNoHUK; TK — TunuyHble KonoHun; AMP — aaepHbIM MarHUTHbIN pe3oHaHc; TCX — ToH-
KocnoiHan xpomatorpadus; HK — HyknenHosas kucnota; FNBPs — ¢nbpoHeKTUH-cBA3bIBatOLWME BenKku
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INTRODUCTION

Currently, multi-resistance of pathogenic bacteria to
antimicrobial agents used in medical practice, is a seri-
ous public health problem [1-6]. As a rule, the formation
of resistance occurs in the course of antibiotic therapy,
especially in the departments with more intensive use
of this group drugs. Clinical studies have established the
dominance of antibiotic-resistant strains in the structure
of nosocomial infections. Thus, there is a need to search
for new antibacterial substances characterized by high
efficacy, low toxicity and insensitive to the suppressing
action of pathogens [7-9].

It has been proven that Staphylococcus aureus and
Streptococcus pneumonia are the most common and ex-
press various virulence factors. They are pathogens of a
wide range of diseases in humans and animals, have the
greatest resistance to antibiotics among gram-positive
microorganisms [2, 10-14].

The emergence of Staphylococcus aureus resistance
to B-lactam antibiotics, as well as to other antimicrobial
agents, limits its use in medicine due to the following fac-
tors: its mutation and selection, the acquisition of new
genetic material from other resistant organisms during
the processes of transformation, transduction and con-
jugation, implying a change in the adhesive properties of
the cell surface. It is known that functioning of ATP-de-
pendent efflux pumps, which are carrier proteins that
push antimicrobial agents out of the cell, contributes to
the resistance formation of Staphylococcus aureus and
Streptococcus pneumoniae to fluoroquinolones and the
drugs of the tetracycline group [15-18].

Quinazolin-4(3H)-one and its derivatives, which
are condensed heterocyclic nitrogen-containing com-
pounds, are known as a promising class of substances
exhibiting antibacterial, antifungal, anti-tuberculosis,
and antiviral kinds of activity [3]. Its dependence on
the nature and number of quinazolinone nucleus sub-
stituents has been described. It was found out that the
compounds of this group have a pharmacological effect
against Staphylococcus aureus, Streptococcus pneumo-
niae, Proteus mirabilis, Pseudomonas aeruginosa, Kleb-
siella pneumoniae, Escherichia coli [3, 5, 19].

It has been proven that quinoline derivatives, which
are the basis of the quinazolinones structure, inhibit
the DNA synthesis, promoting the cleavage of bacteri-
al DNA gyrase and type IV topoisomerase, resulting in
the death of a bacterial cell [20-24]. The ability of com-
pounds of the quinazolinone series, similar to B-lactam
antibiotics used to prevent pathogenic processes in the
body caused by Staphylococcus aureus and Streptococ-
cus pneumoniae, to participate in the irreversible serine
acylation of the active center of transpeptidase — peni-
cillin-binding protein (PBP), catalyzing the formation of
peptidaregine, an essential component of the bacterial
cell wall, has been described. As a result of the forma-
tion of a stable lactam-acyl-enzyme complex, transpepti-
dase and carboxypeptidase kinds of the enzyme activity
are inhibited, leading to the death of the pathogen.
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A unique ability of quinazolinones, realized in syn-
ergy with piperacillin and tazobactam, to form bonds
with the allosteric site of penicillin-binding protein 2a
(PBP2a) of methicillin-resistant Staphylococcus aureus
(MRSA) and coagulase-negative staphylococci, which
cannot be inhibited by B-lactams, has been established
[15, 25-27]. The possibility of the joint use of quinazo-
line derivatives with chloramphenicol to increase its in-
tracellular concentration in pathogenic strains applying
efflux pumping systems to resist the action of antimicro-
bial drugs, has been proven [28, 29]. Probably, during
their passage, quinazolinone, having a lower polarity,
binds to an efflux pump to a greater extent, undergoes
an outflow more easily and facilitates the penetration of
an antibiotic into a microbial cell with a constant concen-
tration [16-18, 20, 21, 30].

The uniqueness of the structure of quinazolin-4 (3H)-
one new derivatives, the possibility of using it together
with other antimicrobial agents in order to increase their
pharmacological effect and prevent the resistance emer-
gence to them, creates the need for a comprehensive
study of their activity.

THE AIM of the research is to study the antimicro-
bial activity of quinazolin-4 (3H)-one derivatives against
Staphylococcus aureus and Streptococcus pneumoniae
in vitro as well as to assess the effect of their structural
changes on the biological activity of the analyzed sub-
stances, the lipophilicity of their molecules to predict
the ability of inducing their resistance by the mechanism
of the active outflow.

MATERIALS AND METHODS

Research objects

The objects of the study were new derivatives of
quinazolin-4 (3H)-one.

The chemical structure of new quinazolinone com-
pounds can be described by the general formula shown
in Fig. 1. The yield and physicochemical properties of the
new substances are presented in Table 1.

Synthesis of new derivatives

of quinzolin-4(3H)-one

The synthesis of new derivatives was carried out
according to the classical scheme of the nucleic bases
alkylation with alkyl halides in anhydrous dimethyl-
formamide (DMF) in the presence of a potassium car-
bonate excess. NMR*H spectra were recorded on a Bru-
kerAvance 400 spectrometer (400 MHz) in DSMO-d6,
tetramethylsilane as the internal standard. The spectra
were interpreted using the ACD/HNMR PredictorPro 3.0
licensed program from Advanced Chemistry Develop-
ment (Canada). The melting points were measured in
glass capillaries on a Mel-Temp 3.0 instrument (Labora-
tory Devices Inc., USA). The purity and individuality of
the compounds were monitored by the TLC method.

N-[4-(Dimethylamino)phenyl]-2-[4-0x0-3(4H)-
quinazolinyl] acetamide (Laboratory code: VMA-10-10).
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A mixture of 2.0 g (13.7 mmol) of quinazolin-
4(3H)-one, 4.0 g (28.9 mmol) of anhydrous potassium
carbonate and 50 ml of DMF is stirred at the tempera-
ture of 100-105°C for 30 min., then 3.2 g (15.1 mmol)
of 2-Chloro-N-[4-(dimethylamino)phenyl]acetamide is
added and stirred at the same temperature for 1 hour.
After that, the mixture is cooled down to room tempera-
ture and filtered.

The filtrate is kept at the temperature of 0-5°C
within 24 hours. The separated precipitate is filtered
off, washed with cold DMF, water, and dried in air. It is
recrystallized from DMF to get 2.95 g of the VMA-10-
10compound, the yield is 67%, the mp. is 261-264°C.

The NMRH spectrum, §, ppm, is the following: 2.78
s (6H, CH,). 4.76 s (2H, CH,); 6.63 d (8 Hz, 2H, phenyl);
7.34 d (8 Hz, 2H, phenyl); 7.51 t (7 Hz, 1H, H); 7.66 d (8
Hz, 1H, H8); 7.78 t (7 Hz, 1H, H7); 8.09 d (8 Hz, 1H, H5);
8.29 s (1H, H2); 10.08 s (1H, NH).

The rest of the compounds are obtained in the same
way.

N-(4-Methoxyphenyl)-2-[4-oxo-3(4H)-quinazolinyl]
acetamide (Laboratory code: VMA-10-18). The NMR*H
spectrum, &, ppm is the following: 3.72 s (3H, OCH,);
4.85 s (2H, CH,); 7.51 d (8 Hz, 2H, phenyl); 6.90 d (8 Hz,
2H, phenyl); 7.57 t (7 Hz, 1H, HS); 7.73 d (8 Hz, 1H, H?);
7.86t (7 Hz, 1H, H7); 8.16 d (8 Hz, 1H, H%); 8.37 s (1H, H2);
10.31 s (1H, NH).

3-[2-0Ox0-2-(4-phenylpiperazin-1-yl)ethyl]
quinazolin-4(3H)-one (Laboratory code: VMA-10-21).
The NMR!H spectrum, &, ppm is as follows: 3.14-3.32
m (4H, piperazine); 3.62-3.78 m (4H, piperazine); 5.01
s (2H, CH,); 6.96-7.01 m (2H, phenyl); 7.23-7.29 m (3H,
phenyl); 7.55 t (7.5 Hz, 1H, H%); 7.71 d (8 Hz, 1H, H?); 7.86
t (7.5 Hz, 1H, H7); 8.17 d (8 Hz, 1H, H%); 8.26 s (1H, H?).

N-(2-Naphthyl)-2-[4-ox0-3(4H)-quinazolinyl] acet-
amide (Laboratory code: VMA-13-05). The NMR*H spec-
trum, &, ppm is as follows: 5.81 s (2H, CH2); 7.55-8.89 m
(11H, HS, HS, H7, H8, naphthyl); 8.42 s (1H, H2).

N-Phenyl-2-[4-ox0-3 (4H)-quinazolinyl]acetamide
(Laboratory code: VMA-17-01). The NMR?H spectrum, §,
ppm is as follows: 5.67 s (2H, CH,); 7.54-7.77 m (5H, HS,
HE, phenyl); 7.87 t (1H, 8 Hz, H7); 8.07-8.19 m (3H, H5,
phenyl); 8.39 s (1H, H?).

N-Phenyl-2-[4-ox0-3(4H)-quinazolinyl]propanamide
(Laboratory code: VMA-17-04). The NMR*H spectrum, §,
ppm is as follows: 1.53 d (3H, 7 Hz, CH,) 5.49 q (1H, 7 Hz,
CH); 7.56-7.80 m (5H, H¢, H, phenyl); 7.85 t (1H, 8 Hz, H’);
8.06—8.19 m (3H, H®, phenyl); 8.40 s (1H, H?).

N- [6-Bromoquinazolin-3 (4H) -yl] acetylguanidine
(Laboratory code: VMA-13-17). The NMR?H spectrum, §,
ppm is as follows: 4.37 s (2H, CH2); 7.47 br. s (4H, NH);
7.60d (1H, 8 Hz, H8); 7.90 d (1H, 8 Hz, H); 8.17 s (1H, H2);
8.28 s (1H, H3).

Test cultures
A primary microbiological screening of the antimi-

crobial activity of the synthesized compounds in order
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to identify the lead compound, was carried out using
cultures of Staphylococcus aureus and Streptococcus
pneumoniae isolated from sick patients provided by the
clinical diagnostic laboratory, City Clinical Hospital No. 3
n. a. S.M. Kirov, Astrakhan. The studies were approved
by the Ethics Committee of Astrakhan State Medical Uni-
versity of the Ministry of Health of Russia (protocol No. 6
dated November 27, 2018).

Research methods

The analysis of substances with the assigned
codes — VMA-10-10, VMA-10-18, VMA-10-21, VMA-
13-05, VMA-17-01, VMA-17-04, VMA-13-17 — was
carried out in vitro by the serial dilutions method in
accordance with the requirements of the interna-
tional standard 1SO 20776-1:2006* and the National
Standard GOST R ISO 20776-1-2010?, identical to the
international one.

The determination of the microorganism’s sensi-
tivity to quinazolinone derivatives was carried out by
the macro method (test tube) in the medium of meat
infusion broth (MIB) prepared in accordance with GOST
20729-75.

Preparation process of working solutions

The working solution was prepared by dissolving a
4 mg sample of the test substance in 0.5 ml of dimethyl
sulfoxide (DMSO), followed by adding 4.5 ml of a phys-
iological solution to it. The choice of the solvent was
carried out in accordance with the Methodological Rec-
ommendations “Sensitivity determination of microor-
ganisms to antibacterial drugs”?, as well as taking into
account the solubility of the compounds under study,
with a preliminary assessment of DMSO effect on the
strains of the microorganisms used [33]. It was found
out that the compounds under study are insoluble in
water, slightly soluble in 40 and 90% ethyl alcohol, and
freely soluble in DMSO. A series of solutions with an
exponentially decreasing concentration was obtained
from the resulting initial solution: 128, 64, 32, 16, 8, 4,
2,1,0.5 and 0.25 pg/ml. A solution of ceftriaxone (JSC
Sintez, Kurgan, P NO00750/01) with the concentration
equivalent to the process solution was used as a refer-
ence drug. Process solutions were introduced into 1 ml
test tubes.

 CLSI. Performance Standards for Antimicrobial Susceptibility Testing;
Twenty-Fifth Informational Supplement. CLSI document M100-S25.
Wayne, PA: Clinicaland Laboratory Standards Institute; 2015.

2 National Standard GOST R ISO 20776-1-2010 Clinical laboratory
research and in vitro diagnostic test systems. Investigation of the
sensitivity of infectious agents and assessment of the functional
characteristics of products for the study of sensitivity to antimicrobial
agents. Part 1. Reference method for laboratory study of the activity of
antimicrobial agents against fast-growing aerobic bacteria that cause
infectious diseases. Russian

3 Methodical instructions 4.2.1890-04. Determination of the sensitivity
of microorganisms to antibacterial drugs: Guidelines. M.: Federal
Center for State Sanitary and Epidemiological Supervision of the
Ministry of Health of Russia, 2004: 91 p. Russian
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Inoculum preparation

Inoculum preparation was carried out in accordance
with the requirements for the method of direct suspen-
sion of morphologically similar colonies collected using
a sterile bacteriological loop in a sterile isotonic solution.

Methodology

Suspensions of Staphylococcus aureus and Strepto-
coccus pneumoniae, diluted in a liquid nutrient medium
to 108 cfu/ml, were added 1 ml each into the test tubes
with the solutions of the studied substances.

The inoculations in the tubes closed with sterile
cotton-gauze stoppers, were incubated for 24 hours at
the temperature of + 37°C. At the end of the incubation
period, they were visually assessed in the transmitted
light. In the control tubes, in which a native culture had
been grown without adding a reference drug or test
compounds, complete turbidity of the culture medium
indicating an intensive growth of the culture, was noted.

The determination of the minimum inhibitory con-
centration (MIC) of the test substance assumed the
establishment of the lowest substance concentration
at which there had been no bacterial growth. That was
evidenced by the absence of turbidity of the solution,
which was recorded visually.

Assessment of microorganisms growth

The assessment of the bacteria viability was carried
out according to the value of the lowest concentration
of the test substance that prevents the visible growth
of bacteria, or, in other words, the minimum inhibito-
ry concentration. The inoculation of 0.05 ml of the pre-
cipitate obtained by centrifuging the contents of each
tube of the series at 1500 rpm for 10 min and separating
the supernatant, was carried out on the meat infusion
agar (MIA) placed in Petri dishes. The nutrient medium
was prepared by dissolving the dry agar followed by au-
toclaving. After the inoculation, the Petri dishes were
placed in a thermostat. The analysis of the characteristic
growth was performed 24 hours after the incubation of
the inoculation at the temperature of +37°C [33].

The determination of the antimicrobial activity of
the test substances hypothesized a sixfold reproduction
of the selected analysis method [31-32]. The absence of
the culture growth was taken for the bactericidal effect
manifested by the substance, while the inhibition of the
culture growth, its intermittent growth, and the forma-
tion of single colonies indicated a bacteriostatic effect.

Statistical processing of research results

Statistical processing of the research results was
carried out using the following software packages: Mic-
rosoft Office Excel 2007 (Microsoft, USA), BIOSTAT 2008
Professional 5.1.3.1. (“Analyst-Soft” Inc., USA). When
processing the results obtained, a parametric method
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with the determination of the Student’s t-test with the
Bonferroni correction was used. The differences in the
comparison groups were assessed at the constantly cho-
sen significance level of p < 0.05.

RESULTS AND DISCUSSION

The analysis of the antimicrobial activity of the sub-
stances with codes VMA-10-10, VMA-10-18, VMA-10-
21, VMA-13-05, VMA-17-01, VMA-17-04, VMA-13-17
showed that their manifestation depends on the multi-
plicity of dilution and a type of a pathogenic microor-
ganism.

The experimental data obtained are summarized in
Tables 2-5.

The growth pattern analysis of Staphylococcus au-
reus and Streptococcus pneumoniae in the meat infusion
broth and on the meat infusion agar with DMSO showed
a moderate growth of microorganisms at the concentra-
tion of 128 and 64 pg/ml, as well as an intensive growth
in the concentration range from 32 to 0.25 pg/ml.

During the visual control of Staphylococcus aureus
cultures in the meat infusion broth, the signs of growth
in the test tubes with ceftriaxone were observed at low
drug concentrations —2—0.5 pg/ml. A moderate growth of
the culture was observed in the presence of the VMA-10-
10 compound in the concentration range of 128-4 pg/ml
and in the case of VMA-17-01 — in the concentration
range of 16-8 pg/ml. The intensive development of cells,
accompanied by strong turbidity of the nutrient medium,
the formation of flakes and abundant sediment, were
observed in test tubes at the concentrations of the com-
pound VMA-10-21 in the range of 128-0.25 pg/ml.

A significant culture growth was also recorded in the
test tubes with substances VMA-17-04 with a concentra-
tion of 4-0.25 pg/ml and VMA-13-17 with its content of
2-0.25 pg in 1 ml of the solution.

Table 3 shows the results of inoculating Staphylococ-
cus aureus on a solid nutrient medium — meat infusion
agar.

The Table 3 data indicate that in the presence of
the control, ceftriaxone at the concentrations of 128-64
ug/ml, the growth of the culture is completely suppressed,
while at its content of 32—4 pg in 1 ml of the solution, the
growth of single colonies of the pathogen is observed.

An intensive growth is recorded on the Staphylococ-
cus aureus meat infusion agar when using VMA-10-10 at
the concentrations of 128-0.25 pg/ml and VMA-10-21
at 64—-0.25 pug/ml. No growth of colonies was observed
in the concentration ranges of 128-16 pg/ml of the sub-
stance VMA-17-04, 128-64 ug/ml—VMA 13-05, 128-32
pug/ml — VMA-17-01. The results indicate the ability of
these compounds to inhibit the development of Staph-
ylococcus aureus and, as a consequence, to exhibit a
pronounced antimicrobial activity against the pathogen.

Table 4 shows the results of Streptococcus pneumo-
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niae inoculations on a liquid nutrient medium (meat in-
fusion broth).

During the visual control of Streptococcus pneumo-
nia inoculations on the meat infusion broth, the signs
of growth in the test tubes with ceftriaxone were ob-
served at the concentration of 4-0.25 pg/ml. A moder-
ate growth of the culture was observed in the presence
of the VMA-10-21 compound in the concentration range
of 64—0.25 pg/ml, and of the VMA-10-18 substance — at
its content of 8-0.25 pg in 1 ml. Lower values were set
for the VMA-13-17, VMA-13-05 derivatives — 2-0.25 g/
ml and for VMA-10-10, VMA-17-01 derivatives — 1-0.25
pg/ml.

A complete transparency of the medium was ob-
served in the tubes with quinazolinone derivative VMA-
13-05 at the concentration of 128-32 ug/ml, of com-
pounds VMA-17-01 and VMA-17-04 — in the content of
the active ingredient of 128-64 ug in 1 ml. The results
obtained indicate a pronounced antipneumococcal ac-
tivity of the substances.

Table 5 shows that the culture of Streptococcus
pneumoniae gives a heavy growth on the MIA in the
presence of VMA-10-10, VMA-10-18 compounds at the
concentrations of 4-0.25 pg/ml, in the presence of VMA-
13-05 substances — at 8-0.25 pug/ml and in the presence
of the VMA-17-04 derivative — at the concentrations of
2-0.25 mg/ml. The results obtained indicate the lack of
sensitivity of the pathogen to these substances in the
given dilution.

When the content of VMA-13-05 is at the concentra-
tion of 128-16 pg/ml, the growth of the pathogenic strain
colonies is not observed. This is similar to the effects of
VMA-17-04 and VMA-17-01 in the concentration range of
128-64 pg/ml. Consequently, in this content in the solu-
tion, the substances are characterized by a high antimi-
crobial activity against Streptococcus pneumoniae.

Table 6 shows the average results of assessing
the antibacterial action of the most active substances
against the strains of Staphylococcus aureus and Strep-
tococcus pneumoniae.

The analysis of the average results of the antibacte-
rial action of the most active substances against patho-
genic microorganisms, makes it possible to conclude the
following. The bactericidal activity of the compounds
VMA-13-05, VMA-17-01 and VMA-17-04 is comparable
to the action of ceftriaxone at the concentrations of 128
and 64 pg/ml; their bactericidal activity against Staphy-
lococcus aureus manifests itself at the concentration of
32 pg/ml. When analyzing the antimicrobial action of
the most active quinazoline compounds in subsequent
concentrations, it was found out that the bactericidal
activity of VMA-13-05, VMA-17-01 and VMA-17-04 sta-
tistically significantly decreases in proportion to the de-
crease of the substances concentration in relation to the
reference drug — ceftriaxone.
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The heterocyclic nature of quinazolinone com-
pounds determines their ability to inhibit a PBP2a activi-
ty due to the formation of hydrogen bonds with the ami-
no acids of the allosteric enzyme site: lysine, glutamine
and asparagine. As a result of this interaction, an active
site, where the carbonyl group and the nitrogen atom of
another molecule of the antimicrobial agent are cova-
lently bound to the carboxyl and amino groups of lysine
and arginine, is opened. The enzyme is suppressed and,
therefore, the biosynthesis of the bacterial cell wall is
blocked [37-40]. The analysis of various substituents ef-
fect in the molecule of quinazolinone derivatives made it
possible to identify the functional groups and structural
fragments that take part in the formation of a chemical
bond with the amino acid residues of the enzyme, due
to which the pharmacological effect of the substances
is probably realized. The studies of the relationship be-
tween the structure and activity of quinazolinone deriv-
atives have shown that the presence of a substituted ar-
omatic ring at position 3 and a methyl group is essential
for the compound to exhibit the antimicrobial activity
[34]. In this case, the quinazolinone compounds contain-
ing a phenyl radical are characterized by a higher binding
affinity than the substances with a methyl group, which
can be explained by an increase in the number of hydro-
phobic bonds with amino acids of the active site [35]. It
has been shown that the substituent in the phenyl ring
also has a significant effect on the antibacterial activity.
Methoxy, methyl, hydroxy groups, as well as bromine
and chlorine atoms, increase the antimicrobial effect
[24]. It has been proven that the combination of two or
more biologically active fragments in one molecule also
contributes to an increase in the antibacterial effect due
to a change in the degree of polarity of the drug mole-
cule [1].

The mechanism of the substances interaction with
DNA gyrase has been described. It also depends on the
substituents nature determining the polarity of the
molecule, its ability to form various chemical bonds
with the enzyme. In this case, the death of a bacterial
cell is known to be mediated by a violation of the DNA
synthesis during the DNA gyrase inhibition involved in
the reduction (negative supercoiling) of a nucleic acid
(NA) molecule, with a quinazolinone derivative [37]. It
has been established that its effect can be explained
by the formation of an intermediate complex “DNA-to-
poisomerase-quinazolinone” due to the donor-accep-
tor interaction of the carbonyl group oxygen atom of
the antimicrobial agent and the phosphate group of
DNA, nitrogen with guanine and NA asparagine, and
the substituents of the quinazolinone molecule with
its non-polar groups. Binding to the active site of the
enzyme occurs due to the hydrogen bonds of the
quinazolinone derivative with the amino acid residues
of serine and arginine [37].
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Figure 1 — General formula of quinazolin-4 (3H)-one derivatives

Table 1 — Chemical structure of new quinzolin-4 (3H)-one derivatives

Compound R? R? R3 Yield, % Mp., °C
VMA-10-10 H H 4-dimethylaminophenyl 67 261-264
VMA-10-18 H H 4-methoxyphenyl 61 228-229
VMA-10-21 H H 4-phenylpiperazin-1-yl 73 222-224
VMA-13-05 H H B-naphthyl 56 199-201
VMA-17-01 H H phenylamino 83 156-158
VMA-17-04 H CH, phenylamino 72 222-224
VMA-13-17 Br H NHC(NH)NH, 89 242-244
Table 2 - Indicators of visual assessment of compounds activity against growth
of Staphylococcus aureus (MIB medium)
. Concentration, ug/ml
Series (compounds, drugs)
128 64 32 16 8 4 2 1 0.5 0.25
DMSO ++ ++ +++ +++ +++ +++ +++ +++ +++ +++
Ceftriaxone - - - - - + ++ +++ +++ +++
VMA-10-10 ++ ++ ++ ++ ++ ++ +++ +++ +++ +++
VMA-10-18 + + + + +++ +++ +++ +++ ++++ ++++
VMA-10-21 +++ +++ +++ +H+ +++ +++ +++ +++ +++
VMA-13-05 - - - ++ ++ ++ +++ +++ +++ +4++
VMA-17-01 - - - ++ ++ +++ +++ +++ +++ +++
VMA-17-04 - - - - ++ ++ ++++ ++++ ++++ ++++
VMA-13-17 + + ++ ++ ++ ++ +++ +++ +++ +++
Note: “~” — full medium transparency; “+ =" — incomplete medium transparency; “+” — weak growth; ++ — moderate growth; +++ — intensive
growth
Table 3 - Indicators of visual assessment of compounds activity against growth
of Staphylococcus aureus (MIA medium)
Series Concentration, pg/ml
(compounds, n
drugs) 128 64 32 16 8 4 2 1 0.5 0.25
DMSO 6 ++ ++ +++ +++ +++ +++ +++ +++ +++ +++
Ceftriaxone 6 - - +AC +AC +AC +AC +++AC  +++AC  +++AC  +++AC
VMA-10-10 6  +++AC +++AC +++AC +++AC +++AC  ++++AC  ++++AC  ++++AC  ++++AC  ++++AC
VMA-10-18 6 +AC +AC +AC +AC +++AC +++TC +++TC +++TC  ++++TC  ++++TC
VMA-10-21 6 ++AC +++TC +++TC ++4+4TC  +4+++TC  ++++TC  ++++TC  ++++TC  ++++TC  ++++TC
VMA-13-05 6 - - +AC +++AC  ++++AC ++++AC  ++++AC ++++AC ++++AC  ++++AC
VMA-17-01 6 = = = ++ AC ++ AC +++TC  +++TC +++TC  +++TC  +++TC
VMA-17-04 6 - - - - ++AC ++AC  ++++ AC  ++++ AC ++++ AC ++++AC
VMA-13-17 6 +AC +AC ++ AC ++AC ++AC ++AC +++TC  +++TC  +++TC  +++TC
Note: “~” — no colonies; “+” — single colonies; “++” — < 50%, “+++” — < 75%; “++++” — < 100% of colonizating the Petri dish area; AC — atypical

colonies; TC — typical colonies
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Table 4 — Indicators of visual assessment of compounds activity against growth
of Streptococcus pneumoniae (MIB medium)

Series Concentration, pg/ml
(compounds,
drugs) 128 64 32 16 8 4 2 1 0.5 0.25
DMSO ++ ++ +++ +++ +++ +++ +++ +++ +++ +++
Ceftriaxone - - - - - + + + + +
VMA-10-10 +— +— +— + + ++ ++ +++ +++ +++
VMA-10-18 + + + + +++ +++ +++ +++ ++++
VMA-10-21 + +++ +++ +++ +++ +++ +++ +++ +++ +++
VMA-13-05 - - - + +— ++ +++ +++ +++ +++
VMA-17-01 - - +— +— + ++ ++ +++ +++ +++
VMA-17-04 - - + + + + ++ ++ +++ +++
VMA-13-17 + + + + + + +++ +++ +++ +++
Note: “~” — full medium transparency; “+ =" — incomplete medium transparency; “+” — weak growth; ++ — moderate growth; +++ — intensive
growth

Table 5 — Indicators of visual assessment of compounds activity against growth
of Streptococcus pneumoniae (MIA medium)

Series Concentration, pug/ml
(compounds, n

drugs) 128 64 32 16 8 4 2 1 0.5 0.25

DMSO 6 ++ ++ +++ +++ +++ +++ +++ +++ +++ +++
Ceftriaxone 6 - - - +AC +AC +AC ++AC ++AC ++AC ++AC
VMA-10-10 6 ++AC ++AC ++AC ++AC ++AC ++++AC  ++++AC ++++AC ++++AC ++++AC
VMA-10-18 6 ++AC ++AC ++AC ++AC +++AC  +++TC +++TC +++TC  ++++TC  ++++TC
VMA-10-21 6 +AC +TC ++TC ++TC +++TC +++TC +++TC +++TC  ++++TC  ++++TC
VMA-13-05 6 - - - - ++++AC  ++++AC  ++++AC  ++++AC  ++++AC  ++++AC
VMA-13-17 6 +AC +AC ++ AC ++ AC ++ AC ++AC  +++TC +++TC +++TC +++TC
VMA-17-04 6 - - +AC +AC ++ AC ++AC  ++++TC ++++TC ++++TC ++++TC
VMA-17-01 6 = = +AC ++AC ++AC  +++TC +++TC +++TC +++TC +++TC

Note: “~” — no colonies; “+” — single colonies; “++” — < 50%, “+++” — < 75%; “++++” — < 100% of colonizating the Petri dish area; AC — atypical

colonies; TC — typical colonies

Table 6 — Average results of antibacterial action of the most active substances against
Staphylococcus aureus and Streptococcus pneumoniae strains

Series Concentration, pug/ml
(compounds,
128 64 32 16 8 4 2 1 0.5 0.25
drugs)
Ceftriaxone 0 0 0 0 0 18.1+42.3 18.842.2 19.3+2.2 22.5%#3.6 22.7+3.2

Against Staphylococcus aureus strains
29.5+2.4 32.1+3.1 38.4+3.8 59.4+4.7 65.3t4.2 65.8%5.6 68.31+5.4

VMA-13-05 0 0 0 ok k *ok ok * % *ok ok ok ok *ok ok *ok ok
28.3+2.1 33.8+43.7 39.944.2 64.4+t4.3 65.7t4.1 65.616.6 69.3+6.1

VMA-17-01 0 0 0 * Kk *okk * % *ok ok KKk * Kk *kk
27.3+3.1 28.1+2.8 78.4+¢59 81.3+7.1 83.6%t7.3 85.2+6.5

VMA-17-04 0 0 0 0 * %k * * %k %k k% K k% k

Against Streptococcus pneumoniae strains
14.3+1.8 16.4+2.1 26.3t1.8 61.3+4.8 63.845.6 66.4+5.2 71.616.9

VMA-13-05 0 0 0 ok ok *ok ok * *ok ok ok ok *ok ok *ok ok
12.3+1.8 14.9+2.0 15.7#1.9 25.9+1.8 27.3+2.0 56.414.6 62.334.9 68.316.0

VMA-17-01 0 0 Kk ok *kk *kk * * Kk ok *kk Kok ok
10.2+1.3 12.7+1.8 12.8¥1.4 13.2+1.9 26.2+1.9 28.6+2.2 53.845.2 55.715.2

VMA-17-04 0 0 *k ok ok k *k ok * * % Kk *k ok

Note: * — p <0.05; ** — p <0.01; *** — p <0.001 — by reference to the indicators of the antibacterial ceftriaxone action
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The possibility of the quinazolinone derivatives inter-
action with peptidoglycan precursors cannot excluded.
That leads to the inhibition of its polymerization (trans-
glycosylation) and the subsequent stage of cross-linking
(transpeptidation). The bactericidal effect of the drug is
realized during the formation of an intermediate complex
“quinazolinone — peptidoglycan derivative”, as a result of
which depolarization of the membrane occurs, its perme-
ability increases, leakage of potassium ions and cytoplas-
mic ATP occurs resulting in the cell death [41, 42].

The idea of the efflux pumps functioning increases
a number of requirements for the investigated antimi-
crobial substances, in the form of a combination of high
efficacy with resistance to outflow. One of the options
for achieving it can be the dissipation of the membrane
potential [29, 34]. It has been proven that the presence
of a keto group, a benzyl radical and nitrogen atom in
the quinazolinone structure, contributes to a decrease in
lipophilicity; covalently bound bromine in the quinazo-
line core; methoxyphenyl and methyl substituents, on
the contrary, increase hydrophobicity [35, 36]. The sat-
uration of the quinazolinone derivatives molecules by
the centers that reduce hydrophobicity, suggests an in-
significant degree of binding to efflux proteins and, as
a consequence, a low probability of resistance to these
substances from the point of view of the efflux theory
[5,7,28].

The analysis of the results obtained shows that
the compound VMA-17-04, and, to a lesser extent,
VMA-13-05, are active against Staphylococcus aureus
and have a bacteriostatic effect. The structure of the
substance VMA-13-05 contains a naphthyl substituent,
which makes the molecule more lipophilic and, as a re-
sult, increases its penetration into the cell membrane
of the pathogenic culture. The polarity of VMA-17-04,
due to the amide group associated with the quinazoli-
none moiety and the benzene ring, causes an increase
in the interaction degree of the electron donor center
in the form of a nitrogen atom with the active sites of
enzymes that catalyze the DNA replication and protein
synthesis.

The assessment of the test compounds antimicrobi-
al activity against Streptococcus pneumoniae shows the
manifestation of the bacteriostatic effect of the VMA-
13-05 derivatives. The VMA-17-04 and VMA-17-01 com-
pounds are characterized by a weakly expressed antimi-
crobial effect.

The VMA-10-10 substance has practically no effect
on Staphylococcus aureus and Streptococcus pneumoni-
ae.

Probably, the difference of the membrane compo-
nents of gram-positive bacteria in the chemical compo-
sition can be the reason for the unequal manifestation
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of the pharmacological activity of the VMA-17-04 and
VMA-13-05 substances in relation to the pathogens. The
presence of the quinazolinone derivatives in the mole-
cules differing from their substituents in the structure,
determines the difference in the mechanism of their
binding to the substances of the pathogens cell mem-
brane acting as adhesives, which are one of the viru-
lence factors of these microorganisms. It has been es-
tablished that the main role in the adhesion process of
Streptococcus pneumonia, is played by collagen-binding
and fibronectin-binding proteins, lipoteichoic acid, as
well as surface phosphoryl-choline, which is a part of te-
ichoic acid with choline-binding proteins attached to it.
The adhesive activity of Staphylococcus aureus is carried
out due to fibrinogen-binding protein, the molecules of
which are bound to the peptidoglycan of the cell wall,
collagen adhesin, extracellular protein, fibronectin-bind-
ing proteins, teichoic acid, as well as staphylococcal hap-
toglobin receptor residues, consisting of 145 amino acid
residues [43].

The nature of the substituents in the molecule
determines the varying degrees of lipophilicity of the
compounds, which, according to Gibbonson, is an im-
portant property of the substance that characterizes its
solubility in the bacterial membrane, and the degree
of binding to efflux proteins or pump substrates. The
hydrophobicity of derivatives serves as a factor that
reduces the recognition and transport of antimicrobial
agents by a suction pump, which is especially import-
ant in the search for the inhibitors of their outflow
[29]. Although the lipophilicity of the VMA-13-05 struc-
ture suggests better binding to the efflux pump pro-
tein, which can lead to the emergence of resistance in
Staphylococcus aureus and Streptococcus pneumoniae
due to a decrease in the concentration of the antimi-
crobial agent, it cannot serve as an objective character-
istic of this process without additional data obtained by
an alternative methods analysis.

CONCLUSION

Thus, among the synthesized derivatives of
quinazolin-4(3H)-one, the substances that exhibit a pro-
nounced antimicrobial activity against Staphylococcus
aureus (VMA-17-04) and Streptococcus pneumoniae
(VMA-13-05), have been identified. This is apparently
due to the effect of the lipophilic site of their molecules
on the manifestation of the antimicrobial action. The
results obtained in the course of this study, determine
the prospects for further research of the antimicrobial
properties of new quinazoline-4(3H)-one compounds in
order to increase their pharmacological effect and pre-
vent the development of pathogenic microorganisms’
resistance.
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MaTturopckuii Meanko-thapmaueBTUMECKUA UHCTUTYT —

thunuan theaepanbHOro rocyfapcTBeHHOro 6HOAXXETHOro 06pa30BaTENIbHOr0 Y4peXAeHUs
BbICLIEro 06pa3oBanunsa «Bonrorpaackuii rocyaapcTBeHHbI MEAULMHCKUI YHUBEPCUTET>
Munuctepcrea 3apasooxpanenus Poccuiickoii ®eaepauun

fMiposoaut o6y4yenue no cneayroumM cneyuanbHOCTAM:

Kon
——— HaumeHoBaHue cneynanbHOCTH Ksanudmkauus Cpok o6yueHus
33.02.01 masrﬂaouuﬂ GAPMALEBT 2 ropa 10 mecsues
31.02.05 c"’Mam"""’;::’;""e"""“"a" 3YBHOI TEXHUK 2 ropa 10 Mecsues
MeneaXmeHT
38.03.02 0HHO-320:H0, 3204HO BAKAJIABP 5 ner
Cromatonorus BPAY-CTOMATOJIOr
31.05.03 04HO OBLEN NPAKTHKY 5 ner
33.05.01 ®dapmauus nPOBU30P 5 ner
30.05.01 Me"““""co"qa:oﬁ“““““" BPAY-EHOXUMUK 6 ner
06wecTBeHHOE
32.04.01 3apaBooxpaHeHue MATUCTP 2ropa
0YHO0-3A04HO
Knuuunyeckas MeauluHa MGCHEHOBATEJIB.
31.06.01 04HO/3204HO MPENO/ABATENb-HCCMEAOBATENb 3 ropa/é ropa
®dapmauus UCCNEOBATEND.
33.06.01 04H0/3304HO NPENOMIABATENb-MCCEAOBATENb 3 rona/4 rona
mvﬂnameHTaanan MeAulUVHA MGGHEHOBATEHI:.
30.06.01 04H0/3204H0 NPENO[IABATENb-UCCNEOBATEND 3 rona/d rona
®dapmaueBTuyecKas TeXHONorus WCCNEQOBATEND.
33.08.01 04HO NPENOJABATENb-UCCNEROBATEND 2ropa
VYnpaenenue u 3KOHOMUKA
UCCNEQOBATEND.
33.08.02 tbagr:;luu NPENOMABATENb-UCCNEAOBATEND 2ropa
mapmauesmqecxaﬂ Xumua
WCCNEOBATENb.
33.08.02 " q’ap’:fl';zr“““" NPENOMABATENb-UCCNEAOBATEND 2ropa
Cromaronorus TepanesTnyeckas MGCHEHOBATEJIB.
81.08.73 04HO NPENO/ABATENb-UCCNEQOBATEND 2 ropa
Gromaronorus opronegunyeckKas MGGHEAOBATEHI:.
31.08.75 OMHO NPENOJABATENb-HCCENOBATENb 2ropa

Appec: 357532, Poccuiickas ®@epepauus, CraBpononbeKuii Kpaii, r. Miaturopek, np-t Kanuuuna, 11.
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