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Hiokiecokuui B.A. JlochmiikeHHsS CHONYyK Kamikc[4]apeHOBOro psay  SK
AaHTUTPOMOOTHYHUX Ta MPOAHTIOTeHHUX areHTiB. — KBamidikamiiina HaykoBa mpars Ha
paBax pyKOIHCY.

Jucepramiss Ha 37400yTTSI HAYKOBOTO CTymHeHs JokTopa ¢imocodii 3a
cnemianbHicTIO 091 «bionoris ta 6ioximis». — [HCTHTYT G10XiMmii iM. O.B. [lannanaina

HAH VYxkpainu, Kuis, 2024.

BHyTpimHbOCYAMHHE TPOMOOYTBOPEHHSI € OJJHOIO 3 TOJIOBHUX MPUYUH CMEPTHOCTI
oci0 mpane3naTHOro BIKYy Yy cBiTi. BoHo momsdrae y QopMyBaHHI (PiOpHHOBO-
TPOMOOILIMTAPHOTO TPOMOY, SKUH TNEpPEeKpUBA€ TMPOCBIT CYIUHH, MEPEHIKOHKAIOUU
KPOBOIIOCTAYaHHIO TKAaHWH Ta OPraHiB, Ta BUKJIMKAE TaKl TSXKKI MMATOJOTIiO Sk 1H(MApPKT
Ml1OKap/a, TPOMOOTHUYHHUI 1HCYJIBT TOJIOBHOIO MO3KY, TPOMOOEMOOJIIs JIETeHEBOI apTepii
TOLLIO.

O1xe, MOMYK NUISAXIB €(EKTUBHOTO 3aM00IraHHs YTBOPEHHIO TPOMOY B CYAMHI €
BOKJIMBUM IMUTAHHSIM CY4aCHOI MEIMIIMHM Ta OloxXimii. (s mBUAKOTO Ta KEPOBAHOTO
1HTIOyBaHHSI AaKTUBAIlli CHUCTEMH 3CIJIaHHA KpPOBl 3aCTOCOBYIOTh AHTUTPOMOOTHYHI
npenapaTi. 3a HANpsMKOM iXHBOI JAii PO3PI3HSIOTh AHTHUKOAryJIsIHTH, $K1 1HT10YIOTh
3CiJlaHHSl KPOBI Ha PI3HUX eTanax, Ta (IOPUHOMITUKH, CIPSMOBAHI HAa MPUCKOPEHHS
pYWHYBaHHS (b16prHOBOTO TPOMOY (t-PA, CTpETTOKIHA3A, YpOKiHa3a).
HalinommpeHimyMu cepei aHTUKOAryJsHTIB € Taki, L0 JiI0Thb O€3MOoCepeIHbO Ha
TpoMOiH (mabirarpan), daktop Xa (piBapakcaban), dakropu VIlla ta V (apotpekorin),
OJIOKYIOUM KacKaj 3CiJJaHHs KpOBI Ha eTami akTuBalii (akTtopa X, Ha eTami akTUBallii
npoTpoMOiHy abo Ha erami nepeTBopeHHs (iOpuHOreHy Ha ¢idpuH. OKpeMHUM KiacoM
CTIONYK, SIK1 OJIOKYIOTH (hopMyBaHHS (PiOPHHOBO-TPOMOOITUTAPHOTO TPOMOY, € 1HT10ITOPU
arperaiiii TPOMOOILIMTIB.

Ha cporomui BiACYTHI aHTUTPOMOOTHUYHI Mpenaparty, skl Aisuii O CIpsSMOBaHO Ha
3aKJIIOYHUN eTan TpOMOOYTBOpPEHHS — moJiiMepu3allito ¢iopuny. Ak npsMuil 1HT101TOp

noJyiiMepu3anii GpiOpuHy NPONOHYIOTH BHUKOPUCTOBYBATH HAHOYACTUHKHM cpibia abo kK



nentuau-iariditopu (30kpema GPRP), xon’torosani 3 anpOyminom. XKogen takuii 3aci0
HE TIPOUIIIOB JOKITIHIYHI BUIIPOOYBaHHSI.

VY Bigaum crpykrypu Ta (yHkuii 6inka [Hetutyty Gioximii im. O.B. Tlanmnanina
HAH Vxkpaian Oyio oxapakTepu30BaHO HOBY CIIONYKY Kailikc[4]apeHOBOTO psy,
ctBopeHy B Incturyti opraniunoi ximii HAH Vkpainu, — kamikc[4]apen C-145, mo
Oe3mocepelHbO B3aEMOJIE 3 IIGHTPOM mojimMepusanii (iOpuHy «A» 3aBOSKHA CBOIH
rigpodoOuiit yvami. Tomy kaiikc[4]apen C-145 Oe3nocepenubo iHri0ye (hopmyBaHHS
nporodibpun  Gibpury (IC50 = 2,5x10°), 3amo6irarouM yTBOPEHHIO MONIMEPHOrO
¢10puny. Byo nokazaHo Moro e()eKTUBHICTD SIK i1 Vitro, TaK 1 in vivo.

BinmnoBigHo, npeacTaBieHy AUcepTalliiiHy poooTy OyJio MPUCBAYEHO AOCTIIKEHHIO
CHOJYK KaJliKC[4]apeHOBOro psay siKk aHTUTPOMOOTHYHUX areHTIB, MI00PY YMOB Ui iX
3aCTOCYBaHHS in Vivo, a TAKOX IXHIM JOKJIIHIYHUM JTOCITIJIPKEHHSM.

Jns uporo 3 BukopuctanHsM Tecty AUYTY (akTMBOBaHMII YacCTKOBHIA
TPOMOOITACTUHOBHI 4yac) OyJI0 MPOBEAEHO CKPUHIHT CIIONYK KallKC[4]apeHOBOro psay
in vitro 3 METOIO BHSBJICHHS cepell HUX 1HTiOITOpiB mojiMepu3amii (pidbpuny. Byro
MOKAa3aHo, IO HaTpieBa culb Kajiikc[4]apeH-TeTpa-MeTuieH O0icdocoHOBOI KHUCIOTH
(xamikc[4]apen  C-145) Ta HarpieBa CUlb  KalliKc[Tia-4|apeH-TeTpa-MEeTUIICH
oichochonoBoi kucnoTu (kamikc[4]apen C-145S) epekTHBHO MOAOBXKYIOTh Yac 3CiJIaHHS
IIa3MU KPOBI, II0 MOKE OYTH MOB’SA3aHO 3 1HT10yBaHHAMCAMOCKIaJaHHs (10pUHY.

TypOimnumeTpuuHi  JOCTIDKEHHS OOpaHMX CHOJdyK Tmokazamu, mo C-145S
eeeKTUBHIIIUM 1HT101TOpOM mosiMepu3aitii ¢iopuny mopiBusiHo 3 C-145, skuii paHiiie
OyJ0 3amporoOHOBAaHO MJiI CTBOPEHHS aHTUTpoMOoTWuHOTrOo areHTta. Onnak, C-145S
TaKOX CTUMYJIOBaB Tpomidepaiiro exnoteniinux kmtuH cBuHi (PAE) ta inribyBaB
arperariito TpoMOOIUTIB Ta TiApoii3 ¢GidpuHoBoro 3ryctky. Lli mogaTkoBi edekTH, ki y
Bunaaky C-145 Oynu 3Ha4HO MEHII BUPAXKEH1, MOKHA PO3IIIAJATH K MMOOIUHY [0, sIKa
YCKJIQJHIOE€ 3aCTOCYBAaHHS IIpeNapary in vivo.

Tomy nHamam mu posrysganu came C-145 sk npoToTUN AHTUTPOMOOTHYHOIO
npemnapaty. Hacammiepen, Oyno HeoOxiaHo miniopatu no3yBaHHs C-145 nis BBeneHHS in

vivo. bymo BuzHaueHo HamiBietansHy g03y (LD50), ska ckmamama 1420 wmr/kr.



BinmoBigHO 10 mpoBeAeHUX MociipkeHb, C-145 HaneXHuTh 10 MATOTOKCUYHUX CIOYK
32 YMOBU TMeEpOpadbHOro BBelNeHHS. [l TepaneBTUYHOrO 3acTOCyBaHHS OyIio
BUKOPHUCTAHO J03yBaHHs y 100 pa3iB MeHIlE 3a HamiBIETaJIbHY /103y Ta MOKA3aHO, II0
BBEJICHHS Takoi KibkocTi C-145 (12 mr/kr) npu3BOIMIO 10 1HTIOyBaHHS MOJTIMEpHU3aIlii
G10puHy B 1a00paTOPHUX TBAPHH.

byno nocnmikeHO dYac HAcTaHHS Ta TPHUBAIICTH AHTUTPOMOOTUYHOTO €QEeKTy
Jmikapchkoi  cronykd — Kamikc[4]apeny C-145 micas  BHYTpIIIHBOBEHHOTOo  abo
nepopajibHOro  BBefeHHs 1rypam (12 wr/kr). IlokazaHo, 10 MakcHMallbHa
antutpomOoTruHa it C-145 cnocrepiraerbest oapasy Micias BHYTPIIIHBOBEHHOI'O Ta
gyepe3 4 ToJAWHM TICHS MEpOPaIbHOTO BBEJEHHS CyOCTaHIli. BiTHOBICHHS MMOKa3HUKIB
crioctepiraiu yepe3 24 rovHu micis BBEICHHS.

AHaJOrYHUIA EKCHEpUMEHT OyJi0 MPOBEAEHO Ha JIAOOpAaTOPHUX KpPOJSIX, LIO
JIO3BOJIMJIO OLIIHIOBATH JIMHAMIKY 3MIHH CTaHy CHUCTEMH IeéMOCTa3y OKpPEMHUX TBapHH Y
xoi ekcriepuMeHTy. [lokazaHo 3aranbHy TEHICHIIO A0 JOCATHEHHS MaKCHMAaJIbHOTO
AHTUTPOMOOTHYHOTO e(eKTy 3a 4-6 TOJUH IICIIs BBEICHHS IIpenapary.

[Timi6pani ymoBu miia 3actocyBanHg C-145 sk aHTUTPOMOOTUYHOTO areHry in vivo
JIO3BOJIMITM TIPOBECTU AOCHIKEHHS 32 YMOB €KCIIEPUMEHTAILHOTO MEPEATPOMOOTUIHOTO
ctany. 7 1IbOrO BHUKOPUCTOBYBAJIM CIIOHTAHHO TinepTeH3uBHUX MrypiB JiHii SHR.
TBapuH yTpuUMyBaJId Ha XOJECTEPOJLHIN Ji€Ti (KopM 3 3 % xoyiecTepoily) IpoTArom 2
MicAIiB, moaeHHO BBoasuu 12 mr/kr C-145 per os, ab0 Ha AIETI 3 BUCOKUM BMICTOM
BicuiepasibHOTO XHpY (30 %) mpotarom 6 micsiiB, BBOAs UM moaeHHo 12 mr/kr C-145 per
0s ocTaHH1 JBa Micsui. [Toka3zaHo MmiIBUIEHHS MPOKOArYJISTHTHOIO MOTEHIIANy IUIa3MU
KpOBI1 y IITypiB 000X €KCIIEPUMEHTAIBHHUX TPYII Ta JOCTOBIPHY HOPMAJIi3allito MOKa3HHUKIB
CUCTeMM 3CiJaHHS KpoBl mnpu 3actocyBaHHl C-145. 3oxpema, BBemeHHs C-145
HOpMaJi3yBasio BMICT mporeiny C, ¢iOpuHOreHy Ta uac 3CiAaHHsS IUIa3MU KpOBI B
KOAryJSIiMHNX TecTaX. BiIMIYEeHO TaKOX OCTOBIPHE 3MEHIIEHHS TOBIIUHHU CTIHKA
aoOpTM Ta 3MEHUICHHS BIJCOTKY MEPEpOKEHOT TKAaHMHU B CTIHLI a0pTH Yy

EKCIIEPUMEHTAIILHUX ITyPiB.



VY mrypiB minii SHR, siki oTpuMyBanu aiety 3 BUcokuM BMicToM xkupy (30 %), Oymno
BUSIBJICHO TIaJIIHOBY AUCTpo(diro Ta 3arubenb KapJ1iOMIOIUTIB, MOPYIIEHHS CTPYKTYpH
MIOKapJia, PO3BUTOK HAOpsKy, JiMQouuTapHoi 1HGLIBTpaIlli, BUTOHIIEHHS YU HaOpsK
cyauH. 3actocyBanHsa C-145 103BOJMMIO YHUKHYTH T1aJliHOBOI AUCTpodii Tak camo, sK i
po3lIapyBaHHsl IHTUMHU CyIuH cepiisi. Bussinena nporekropna nis C-145 Ha TKaHUHH
cepIis MOXKe OYTH J10JJATKOBUM BaXJIMBUM €(EKTOM JIIKapChKOi CyOCTaHIIi.

Edexr C-145 nHa TKaHMHY cepleBOro M’si3y JOCHDKyBald 3a yMOB
EKCIIEPUMEHTAJILHOTO  130MPOTPEHOJ-1HAYKOBaHOTO 1H(MapKTy Miokapaa. Jias 1poro
urypam JiiHii Wistar 0JHOpa30BO BBOJUIIN 130MPOTPEHON Y 1031 100 MI/KT Ta BBOAWIU M
C-145 moaeHHO per 0s 10 BUBEJACHHS 3 eKCIepuMeHTy mpotsarom 14 mi6. ITokazano, 1m0
C-145 ne BrumBae Ha oOcsar (iOpPOOIACTHOrO MEPEPOIKEHHS TKAHWHHU CEpLs, OJHAK
YUHUTh CYJUHONPOTEKTOPHY Mit0. 3 BHUKOPUCTAHHSAM TECTy Ha pO34YHMHHI (HIOpHH-
MOHOMEpHI KOMIUIEKCH TOKa3aHO BIJICYTHICTh TE€HEPaJi30BaHOI AaKTHBAIll CHCTEMHU
3CIJJaHHS KPOBI Y IIYPIB.

TakuM 4YMHOM, B pe3yJbTaTl BUKOHAHHS JUCEpTalllfHOI poOoTH OYyJ0 BIEpIie
3alpPOIIOHOBAHO HU3BKOMOJIEKYJISIPHY AaHTUTPOMOOTUYHY CIIOIYKY — HATpieEBY Clib
kainikc[4]apen-terpa-mMeTunen  OicochonoBoi  kucimotn (C-145) sk JKapceKy
CyOCTaHIIIIO /U1 CTBOPEHHSI aHTUTPOMOOTHYHOTO TIperapary 3 0e3mocepeHbOI0 JIE0 Ha
nosimMepu3zanito Giopuny. byno noBeneHo ii eeKTUBHICTh B YMOBAX in Vitro Ta in vivo, a
TaKOX 3/IaTHICTh 3HIDKYBATH MPOKOATYJISTHTHHUM MOTEHITIAM TJIa3MU KPOBI JIA0OPaTOPHUX
TBapUH 3 MEPEATPOMOOTHYHUM cTaHOM. Buspnenuii npotexktopuuii edpexr C-145 Ha
TKaHWHH CEPIIEBOTO M 5132 € BArOMOIO JI0/IaTKOBOIO XapaKTEPUCTUKOO CIIOTYKH.

Po3nouaro noxiniHiuHy (ha3y JociiakeHb Jikapcbkoi cyocraniii C-145 BianoBigHO
no BuMor GLP: B TecTi Ha rocTpy TOKCHYHICTH MoOKazaHo, mo C-145 Hanexuts 10
HU3BKOTOKCUYHMX CHOJNYK; MpoBeaeHo ceHcubumizauiinuii tTect (OECD 406); Ha mramax
Oaxtepiii Salmonella typhimurium TA-98 1 TA-100 B ymoBax 3 MeTabOIIYHOIO
aKTUBaIli€ro 1 0e3 Hel B IIMPOKOMY Jliarma30H1 KoHIeHTpalii (tect Eiitmca) mokazaHo

HU3bKY MyTareHHy akTUBHICTb C-145.



[TpoBenmeH1 AOCTIKEHHST € BarOMAM KPOKOM Ha IIISAXY 0 BIPOBAKEHHS HOBOTO
npenapaty «AnturpomOoTnunuii 3acid Kamikc[4]apen C-145», mo 103BOJUTH NEPEUTH
710 KJIiHIYHOT (pa3u BUIIPOOYBaHb.

Kaw4oBi cioBa: remocras, ¢ibpunoreH, ¢iopun/piOpuHOreH, Koarymnsiisa 1
AHTUKOATYJIAIIS, HAHOKOMILJIEKC, in Vitro, IUIa3MIHOTEH/TUIa3MiH, Kajikc[4]apeHu,

KaJbI[ii, aHTUKOATYJISIHTH MPSIMOT 111, TOKCUYHICTh, II{ypH, TPOMOOIIMTH, TIa3Ma KPOBI.



ANNOTATION

Didkivskyi V.A. The study of calix[4]arene series compounds as antithrombotic and
proangiogenic agents. — Qualification scientific work as a manuscript.

Dissertation for a doctor of philosophy (Ph.D.) scientific degree, in specialty 091
“Biology” — Palladin Institute of Biochemistry of the National Academy of Sciences of
Ukraine, Kyiv, 2024.

Intravascular thrombosis is one of the main causes of mortality in the working-age
population worldwide. It consists in the formation of a fibrin-platelet thrombus which
blocks the lumen of the vessel, preventing blood supply to tissues and organs and
causing severe pathologies such as myocardial infarction, thrombotic brain stroke,
pulmonary embolism, etc.

Therefore, efficient prevention of thrombus formation in the vessel is an important
issue of modern medicine and biochemistry. Antithrombotic drugs are used for rapid
and controlled inhibition of activation of the blood coagulation system. According to the
direction of action, they can be either anticoagulants which inhibit blood clotting at
different stages or fibrinolytics which accelerate the fibrin clot’s destruction (t-PA,
streptokinase, urokinase). The most common anticoagulants act directly on thrombin
(dabigatran), factor Xa (rivaraxaban), factors VIlla and V (drotrekogin), blocking the
blood coagulation cascade at activation of factor X, activation of prothrombin or
conversion of fibrinogen to fibrin. A separate class of compounds that block the
formation of fibrin-platelet thrombus is platelet aggregation inhibitors.

As of today, there are no antithrombotic drugs that act on the final stage of
thrombosis, i.e. on fibrin polymerization. To directly inhibit fibrin polymerization,
silver nanoparticles or inhibitor peptides (such as GPRP) conjugated with albumin have
been proposed. No such agents have passed preclinical trials.

Calix[4]arene C-145, a new compound of the calix[4]arene series, was created in

the Institute of Organic Chemistry of the National Academy of Sciences of Ukraine. It
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directly interacts with the fibrin polymerization site ‘A-knob’ due to its hydrophobic
cup. The compound was characterized in the Department of protein structure and
function of the Palladin Institute of biochemistry of the NAS of Ukraine. Calix[4]arene
C-145 directly inhibits the formation of fibrin protofibrils (IS50 = 2.5x10), preventing
the formation of polymeric fibrin. It was shown to work efficiently in vitro and in vivo.

Therefore, the thesis was devoted to the study of compounds of the calix[4]arene
series as antithrombotic agents, selection of conditions for their use in vivo, and
preclinical studies.

For this purpose, calix[4]arene compounds were screened in vitro using the APTT
(activated partial thromboplastin time) test to identify inhibitors of fibrin
polymerization. The sodium salt of calyx[4]aren-tetramethylene bisphosphonic acid
(calix[4]aren C-145) and the sodium salt of calyx[thia-4]aren-tetramethylene
bisphosphonic acid (calix[4]aren C-145S) effectively prolonged the plasma clotting
time, perhaps in relation to the inhibition of fibrin polymerization.

Turbidimetric studies of the selected compounds showed that C-145S was a more
effective inhibitor of fibrin polymerization compared to C-145 that was previously
proposed as a basis for an antithrombotic agent. However, C-145S also stimulated
porcine aortic endothelial cell (PAE) proliferation, inhibited platelet aggregation and
fibrin clot hydrolysis. These additional effects, much less pronounced in the case of C-
145, can be considered a side effect that complicates in vivo application.

Therefore, we considered C-145 as a prototype for antithrombotic drug. First of all,
it was necessary to select the dosage of C-145 for in vivo administration. The semi-
lethal dose (LD50) was determined to be 1420 mg/kg. According to the research, C-145
belongs to low-toxic compounds under oral administration. For therapeutic use, a
dosage of 100 times less than the semi-lethal dose was used (12 mg/kg); it inhibited
fibrin polymerization in laboratory animals.

The time of onset and duration of the antithrombotic effect of calix[4]arene C-145
under intravenous or oral administration (12 mg/kg) was studied in rats. The maximum

antithrombotic effect of C-145 was observed immediately after intravenous and 4 h after
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oral administration. Recovery of the parameters was observed 24 hours after
administration.

A similar experiment was performed on laboratory rabbits, making it possible to
evaluate the dynamics of hemostasis in individual animals during the experiment. The
maximum antithrombotic effect tended to be observed 4-6 hours after administration.

The C-145 was tested as an antithrombotic agent in vivo under experimental pre-
thrombotic conditions using spontaneously hypertensive SHR rats. Animals were kept
on a cholesterol diet (3% cholesterol) for 2 months with 12 mg/kg C-145 daily, or on a
high visceral fat diet (30%) for 6 months, with 12 mg/kg C-145 fed daily for the last
two months. We found an increase in the procoagglutinating potential of blood plasma
in rats of both experimental groups and reliable normalization of the coagulation system
indices under these conditions. In particular, administration of C-145 normalized the
content of protein C, fibrinogen and plasma clotting time in coagulation tests. There was
also noted a significant reduction in the thickness of the aortic wall and a decrease in the
percentage of congested tissue in the aortic wall.

In spontaneously hypertensive rats fed a high-fat diet (30%), hyaline dystrophy and
cardiomyocyte death, myocardial structure disorders, development of edema,
lymphocytic infiltration, and thinning or edema of vessels were detected. Application of
C-145 allowed to avoid hyaline dystrophy as well as intimal splitting of cardiac vessels.
The protective action of C-145 on cardiac tissue may be an additional important effect.

The effect of C-145 on cardiac muscle tissue was studied in experimental
isoprotrenol-induced myocardial infarction. For this purpose, Wistar rats were injected
once with isoprotrenol at 100 mg/kg and fed C-145 daily until withdrawal from the
experiment for 14 days. C-145 had no effect on the amount of fibroblast remodeling of
cardiac tissue in isoprotrenol-induced myocardial infarction, but it normalized cardiac
vascular function and prevented perivascular edema. The test for soluble fibrin
monomer complexes showed the absence of generalized activation of the blood

coagulation system.
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Thus, a low molecular weight antithrombotic compound (sodium salt of
calix[4]arene-tetramethylene bisphosphonic acid (C-145) was proposed as a drug
substance for creating an antithrombotic drug with a direct effect on fibrin
polymerization. It was proved effective in vitro and in vivo and able to reduce the
procoagulant potential of the plasma of laboratory animals in a pre-thrombotic state.
The protective effect of C-145 on cardiac muscle tissue is a weighty additional
characteristic.

The preclinical phase of research in accordance with GLP requirements was
started: C-145 was shown to be a low-toxic compound in the acute toxicity test;
sensitization test (OECD 406) was conducted; low mutagenic activity of C-145 was
shown on strains of Salmonella typhimurium TA-98 and TA-100 with and without
metabolic activation in a wide concentration range (Ames test).

The studies are a significant step towards introducing the new drug
‘Antithrombotic drug Calix[4]arene C-145" which will allow us to proceed to the
clinical phase of trials.

Keywords: hemostasis, fibrinogen, fibrin/fibrinogen, coagulation and
anticoagulation, nanocomplex, in vitro, plasminogen/plasmin, calix[4]arenes, calcium,

direct-acting anticoagulants, toxicity, rats, platelets, blood plasma.
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