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The aim of the research was to study a potential antithrombotic sodium salt of calix[4]arene-methy-
lene-bis-phosphonic acid (C-145) — on activation and aggregation of platelets in vivo, as well as on proli-
feration and apoptosis of endothelial cells in the cell culture.

Effects of calix[4]arene C-145 estimated in vitro after addition to the platelet rich plasma, and in vivo
after intravenous injection into rabbit bloodstream in equivalent amounts (46 1M). Aggregation of plate-
lets was induced by adenosine diphosphate and detected using aggregometer Solar AP2110. Platelet shape
and cytoplasmic granularity were monitored on COULTER EPICS XL Flow Cytometer. The level of tissue-
type plasminogen activator — tPA — was estimated using enzyme-linked immunosorbent assay ELISA.
Effects of calix[4]arene C-145 on culture of endotelial cells cells was studied using 3-(4,5-Dimethylthiazol-
2-y1)-2,5-Diphenyltetrazolium Bromide — MTT-test. The population of proliferative pool of cells (Gy/
M+S) was determined using flow cytometry.

Aggregometry and flow cytometry showed that calix[4]arene C-145 did not activate platelets nor
affect their aggregation in vitro. However intravenous injection of calix[4]arene C-145 into the blood-
stream of healthy rabbits leads to strong inhibition of platelet aggregation and changes of shape and
granularity of most of the platelets after 2 hours of administration. Any additional appearance of endo-
thelial cells activation marker tPA in vivo and any inhibition of calix[4]arene C-145 on proliferation of
endothelial cells in cell culture did not observe.

So calix[4]arene C-145 had strong anti-platelet effect in vivo that was not a result of their direct action
on platelets or endothelial cells in vitro. This allowed to assume the possibility of calix[4]arene C-145 use
as an effective antithrombotic agent.
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Calix[4]arene-methylene-bis-phosphonic
acids are synthetic macrocyclic compounds
obtained by cyclocondensation of para-
substituted phenols and formaldehyde.
Aromatic rings of calix[4]arenes form a
lipophilic “cup”, an interface tailored to
handle macromolecules through hydrogen
bonds, hydrophobicity or electrostatic
interactions. Calix[4]arene C-192 and it’s

sodium salt C-145 are inhibitors of blood
coagulation. These calix[4]arenes selectively
and with high affinity inhibit the first stage
of fibrin polymerization — formation of
protofibrils (IC5, = 0,510 and IC5, = 2,5:107°
respectively). It was reported that this
inhibition occurred as a consequence of direct
binding of calix[4]arene with “A”-knob of
fibrin molecule [1].
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In vivo studies demonstrated that C-145,
being injected intravenously into rabbit’s
bloodstream, acts as effective anticoagulant
agent and its effects correspond to those
shown in vitro. We did not find any significant
effects of C-145 on total level of prothrombin,
fibrinogen, activity of protein C and other
main protein compounds of coagulation
and fibrinolysis [2]. The effects of C-145 on
cellular haemostasis that include platelets and
endothelium remained unstudied.

Platelets and endothelium are the most
sensitive compounds of haemostasis that being
activated immediately after stimulation of
coagulation cascade and take part in the formation
of thrombus [3]. Study of platelet or endothelium
responce on the action of any potential
antithrombotic drug is one of the main conditions
of the estimation of its effectiveness[4, 5].

That is why the aim of present work was to
study a potential antithrombotic sodium salt of
calix[4]arene-methylene-bis-phosphonic acid
(C-145) — on activation and aggregation of
platelets in vivo, as well as on proliferation and
apoptosis of endothelial cells in the cell culture.

Materials and Methods

Materials. ADP (Merck, Germany); anti-
tPA (tissue-type plasminogen activator),
clone GMA-043 mouse monoclonal IgG; goat
anti-mouse IgG (H+L) alkaline phosphatase
conjugate, PNPP (para-Nitrophenylphosphate),
DMEM (Dulbecco’s Modified Eagle’s medium),
MTT 3-(4,5-Dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide, dimethyl sulfoxide
were purchased from Sigma (USA. Cell line PAE
(Porcine Aortic Endothelial Cells)) was a kind gift
of Prof. I. T. Goot (University of London).

Methods. Sample of Calix[4]arene C-145 was
dissolved in 0.9% NacCl solution to the final
concentration 15 mg/ml and was injected in
the marginal ear vein of rabbit in the dose of
7.5 mg/kg using Wenflon catheter (Becton
Dickinson, USA), G22 (0.8 mm). This study was
approved by the institution’s Ethics Committee.

Blood samples were collected using Wenflon
catheter (Becton Dickinson, USA), G22 (0.8 mm)
before the injection and after 2, 4 and
24 h after injection. 3.8% Sodium Citrate
added immediately after collection to whole
blood in 1:9 ratio was used as an anticoagulant.

Platelet rich blood plasma (PRP) was
prepared from human citrated blood by
centrifugation at 1 000 rpm during 30 min.
Platelet poor blood plasma as obtained by
spinning-down PRP at 1 500 rpm during
30 min [6].
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Platelet shape and cytoplasmic granularity
were monitored on COULTER EPICS XL Flow
Cytometer [7]. Samples of PRP (1 ml) before
and after the administration of C-145 were
analyzed. Scattered and transmitted light were
monitored to detect any changes of platelet
granularity and shape respectively.

Platelet aggregation measurements were
based on changes in the turbidity of platelet-
rich plasma. Aggregation was registered for
10 min using Aggregometer Solar AP2110
(Belorussia). We estimated the initial rate and
final level of aggregation at 37 °C. In typical
experiment 250 ul of PRP was activated by
ADP (12.5 uM) [8].

The level of tPA was estimated using ELISA
according to [9]. Mixture was contain 2 pul of
blood plasma in 0.2 ml of TBS. Monoclonal
mouse anti-tPA (clone GMA-043) IgG antibody
and Goat anti-mouse IgG conjugated to alkaline
phosphatase were used for the detection.
PNP formed after PNPP cleavage by alkaline
phosphatase was determined at 405 nm using
multiplate reader Multiscan EX.

Cell line of PAE (Porcine Aortic
Endothelial Cells) was incubated in DMEM
medium supplemented with 10% FBS, 2 mM
L-glutamine and 40 mg/ml gentamicin at
standard conditions (at 37 °Cin 5% CO,) during
two days. C-145 in the final concentration
300 uM in TBS was added to the culture
medium. Equivalent volume of TBS was added
to control samples.

Cell viability was measured by MTT-
colorymetric test. The biochemical essence
of this method is based on the fact that
mitochondrial dehydrogenases of living cells are
capable to cleave MTT (3-(4, 5-diethylthiazoly-
2-y1)-2,5-diphenyltetrazolium bromide) rings
with formation of insoluble purple crystals
(formazan). Cells were plated at a density of
PAE cells per well in 96-well plates. The cells
were incubated with 20 pl complete medium
containing 1 mg/ml MTT at 37 °C for 4 h
followed by solubilization with 100 ul dimethyl
sulfoxide. The absorbance at 540 nm was
measured with a microplate reader. The cell
proliferation was expressed as percentage of the
viable cell number of the control (non-treated
cells) and C-145-treated cells. Cell proliferation
rate was calculated as [(1-ODy erimental group)/
ODcontrol group] x100% [10]'

Cell cycle determination was measured
by flow cytometry [11]. For this purpose the
samples were stained with propidium iodide
(PI), which selectively joins with intercalating
places in DNA. Cytometry was carried out on
the FACS Calibur (Becton Dickinson, United
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States). Special mathematical program Mod
Fit LT 2.0 (BDIS, United States) for Macintosh
computers was used for acquisition and data
analysis. Narrowband filter 585/42 nm was
used in order to measure the fluorescence of PI.

Results and Discussion

Effectsof C-145 on platelets. Action of C-145
on platelet branch of haemostatic system was
estimated by the study of ADP-induced platelet
aggregation in PRP. Number of platelets
before the C-145 administration and after 2, 4
and 24.0 h after its injection into the rabbit’s
bloodstream was also calculated. PRP of rabbit
taken before the injection of C-145 was used as
the control probe. It was shown that in 2 hours
after the administration of 46 nM of C-145
platelets lost their ability for aggregation.
After 24 h the rate of platelet aggregation was
not higher then 9 = 5% against 35 = 8% in
PRP of control group (Fig. 1, A).
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Number of platelets after the administration
of C-145 was dramatically decreased from
180+30 thousands per 1 ul. The restoration
of platelets count was observed in 24 h after
injection of C-145 but nor number of platelets,
nor their ability to aggregate did not restored
completely till 48 h (Fig. 1, B).

Flow cytometry study showed that in 2 h
after C-145 injection the pool of intact platelets
in PRP decreased more then in 2 times (Fig. 1,
C). Number of intact platelets in PRP did not
reach control value (80 = 4% ) in 24 and 48 h.

In vitro studies demonstrated that C-145,
being added to the PRP of healthy rabbit at the
final concentration of 46 nuM, did not change
shape or granularity during incubation upto3h
(Fig. 2, B) and also did not decrease the platelet
aggregation (Fig. 2, E). The effects of C-145
injected intravenously in the equivalent amount
are shown on the Fig. 2 (panels C and F).

Presented data allowed us to assume that
C-145 injected into the rabbit’s bloodstream
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Fig. 1. Platelet aggregation rate (A4), number of platelets (B) and value of intact platelets (C) in platelet rich
plasma of rabbits after intravenous administration of 46 nM of C-145:
0 — parameters before the injection (control); 4 — after 4 h; 24 — after 24 h after injection. Data represent
the means = SE, *P < 0.05 as compared to the control
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Fig. 2. Flow cytometry and aggregation study of platelets during C-145 administration in vitro and in vivo:
Flow cytometry of resting platelets of rabbit in platelet rich blood plasma (A), after addition of 46 uM of
C-145 to platelet rich blood plasma (PRP) in vitro (B) and after intravenous administration of equivalent

C-145 in vivo (C). The distribution of platelets according to the correlation between shape and granulation.
LgSS — parameter of platelets granulation: LgFS — parameter of platelets shape. Traces are typical for 3
independent experiments. Aggregation of rabbit platelets in PRP (D), after addition of 46 uM of C-145 to
platelet rich blood plasma (PRP) in vitro (E) and after intravenous administration of equivalent C-145 in vivo
(F). Traces are typical for 3 independent experiments

at the final concentration of 46 1M has strong
anti-platelet action. Using flow cytometry and
aggregometry we did not observed any similar
effects of equivalent concentrations of C-145
in vitro.

Effects of C-145 on endothelial cells. As far
as C-145 demonstrated prominent effects on
platelets, it was very important to investigate
its effects on another compound of cellular
haemostasis — endothelium [12].

For the evaluation of C-145 effects on
endothelial cells in vivo we determined the
level of tPA in blood plasma of rabbits after
intravenous administration of 46 uM of C-145.
Tissue-type plasminogen activator is secreted
into the bloodstream and is common marker of
endothelial cells activation [13].

Asitisshownon Fig. 3, confident difference
between level of tPA before and after the
C-145 administration was not observed. Thus
we can assume that endothelial cells remained
intact and were not activated after C-145
administration.

Direct study of C-145 action on endothelial
cells was carried-out using PAE cell culture
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that was synchronized in G,/G; phase of cell
cycle. For this cells were planted 500 000 ml™*
in 100 ml and cultivated during 2 days. Model
of used cells culture leaded to the formation
of monolayer and transition most of the
endothelial cells in G,/G; phase of cell cycle.
Cells were cultivated in the presence of 300 uM
of C-145 during 48 h. The cell viability after
treatment with C-145 was evaluated by the MTT
assay. It was shown that the level of apoptotic
cells in the presence of C-145 decreased to 19 =
1% against 24 = 2.1 in control. The population
of proliferative pool of cells (G,/M+S) in the
presence of C-145 was increased in 4 times
(Table) compared to control probes.

Thus, any activating action of C-145 on
endothelium in vivo was observed. However
cell culture studies demonstrated antiapoptotic
and proliferation-stimulating effects of C-145
on PAE that could be a new promising feature
of C-145 that has to be studied more precisely.

It is known that some medications injected
intravenously could provoke decrease of
platelet count that is known as drug-induced
thrombocytopenia [14]. In most cases they
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Density of apoptotic cells and distribution of endothelial cells in the presence of C-145 (300 nM)

. Cell cycle stages
Apoptotic cells, %
Gy/M S
Control 24 2.1 85.71+2.3 4.85+0.5 9.71+0.7
C-145 19+1 34.13*+1.4 33.19+1.8 32.68 1.3
125 1
100
*®
5 751
50 4
25 1
0

24

Time after C-145 injection, hour

Fig. 3. The level of tPA in rabbit plasma following intravenous administration of 46 nM of C-145

induce the production of antibodies specific
to surface molecules of platelets which are
active only in the presence of drug [15].
Thrombocytopenia is common for the use of
heparin and low-molecular weight heparin
(HIT, heparin-induced thrombocytopenia
[16]) and antagonists of GPIIbIIla-receptors
[17]. Last ones could induce the appearance of
ligand-induced binding sites on the surface of
platelet receptor GPIIbIIla that are the targets
to auto-antibodies [18].

Another reason of thrombocytopenia
could be the disorder of platelet production
by megakaryocytes [19] or fast degradation
of platelets [20]. Recently demonstrated
anti-platelet effect of C-145 in vivo could
not be explained by the affection of platelet
production as far as it was observed only
after 2 hours of C-145 administration. In the
same time the period of life of platelet in the
bloodstream could last to 100 hours [21].

Fast decrease of platelets count by C-145
could provide additional anticoagulant effect
but on the other hand it made obligatory
the instant control of platelet viability
during treatment with C-145 and, possibly,
concomitant therapy targeted to platelet
restoration.

Some anticoagulant medication can act
on endothelial cells mainly by increasing
or inhibiting their proliferation [22], but

sometimes drug-induced activation of
endothelium leading to bleeding is also
observed [23].

Intravenous administration of C-145
did not affect endothelial cells that was
confirmed by determining the level of tPA
which is the marker of endothelial activation.
However the study of C-145 effects on
endothelial cells culture allowed to conclude
anti-apoptotic and proliferation-stimulating
effects of C-145 that could be promising
during revascularization of tissues after
ischemia.

So we have analyzed the effects of
intravenously administrated calix[4]arene
C-145 (46 nM) on cellular haemostasis in
vivo. Our findings (composed with data
on C-145 effects on protein haemostasis)
allow us to conclude the possibility of its
use in anticoagulant therapy. Anti-platelet
action of C-145 can significantly increase its
anticoagulant action. Instant monitoring of
platelet functionality could minimize risk of
possible by-effects of C-145 administration.

The research was a part of Project “Study of
calix[4]arenes as haemostatic, antifibrinolytic
and antithrombotic agents” according to
the State scientific-technical program
“Fundamental issues of new nanomaterials and
nanotechnologies creation”.
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AL RAJIKC[4]APEHY C-145
HA RJITHUHHY JJAHRY
CHUCTEMHU I'EMOCTAS3Y

B. O.Yepruwenko?, . C. Kopoavosal,
B. Hixonaenko?, B.E. IT ocenko®, I1.0.11 awesin®,
I. Kamvuenko®, C. 0. Yepenor®, H. M. Xparoscvra®,
JI.B.I'apmanuyx™, E. B. JIyemscwmﬁl,
C. B. Komicapenko

T.
B.

IIHCTI/ITYT b0ioximii im. O. B. ITannaxina
HAH Vkpaiunu, Kuis
2IHCTI/ITYT 6iooprauiunoi ximii Ta HadTOXiMil

HAH VYxpainu, Kuis

3IHCTI/ITYT disiomorii im. O. O. BoromouJbIiis
HAH VYxpainu, Kuis

4HHI_I “IactutyT 6iosorii”
KuiBcbkoro HamioHaJIbHOTO YHiBEPCUTETY
imeni Tapaca IlleBuenka
SHarionansruii [ncruryT paky MO3 Vipainu, Kuis

MeTtoto poboTH O6yJI0 BUBUEHHS il ITOTEHITilA-
HOTO aHTUTPOMOOTHUYHOIO areHTa — KaJjikc[4]
apeH-MeTHJIeH-0ic-(pochoHOBOI KHCIOTH — Ka-
aikc[4]apeny C-145 Ha aKTuBaIlil0 Ta arperaiiio
TPOMOOIIUTIB in vVivo, a TAaKOK Ha IIpoJrifpepallizo Ta
aIloIITO3 eHJOTEJIIONUTIB Y TKAHUHHIT KYJIbTYPi.

Edextu ranikc[4]apery C-145 omintoBanu in
vitro micaa momaBaHHA y 30araueHy TpomOOIH-
TaMU ILJIad3My KPOBi, a TAKOXK in vivo micjsd BHY-
TPIiITHHPOBEHHOT'O BBEJIEHHA Y KPOBOTOK KPOJIUKA
B eKBiBaJIeHTHUX KiabKocTax (46 uM). Arperarrito
TpoMmbonuTiB inaykysaau ADP i BcTamoBIroBaIn
3a momomoroio arperomerpa Solar AP2110. ®op-
MYy Ta TPaHyJIAPHICTH ITUTOMIJIA3MU TPOMOOIIUTIB
BusHauaau nporokoBuM muromerpom COULTER
EPICS XL. PiBenb akTuBaTOpa IIJa3sMiHOTEHY
TKaHUHHOTO Tuly — tPA — BumipioBasu meto-
noMm imyHoeH3umHOro aHanizy ELISA. Edpexrtu
Kaisikc[4]apeny C-145 Ha KyJabTypy €HIOTEJIi-
AJbHUX KJITWH BU3HAYAJIU 3 BUKOPUCTAHHIM
3-(4,5-gumernariason-2-in)-2,5-guMeTuaTeTpa-
3outito 6pominy — MTT-Tecty. [lomynsaiito mpoi-
deparusnoro nyiny (Gy/M+S) KIiTHH eHIOTETiI0
BU3HAYAJIY 32 JOIIOMOTOIO0 ITUTOMETpii.

MeTomamu arperatoMeTpil Ta muTomeTpii
BCTAHOBJIEHO, 110 Kajikc[4]aper C-145 He akTHU-
BY€ TPOMOOIIUTHY Ta He BILIUBAE Ha IX arperaiiiio in
vitro. BogHouac B:Ke uepes ABi rOAWHY ITIiCaA BBe-
neuHs Kamikc[4 ]apery C-145 3mopoBum sjabopaTop-
HUM KPOJISAM TPOMOOIIMTH BTPavau 3MaTHICTh J0
arperarttii, a myJ1 iHTaKTHUX TPOMOOITUTiB 3MEHIITY-
BaBcA OibIN HidK yaABiui. BuKugy B mimasmy KpoBi
MapKepa akTusallii egagoresionuriB tPA in vivo, a
TaKOoXK iHTiOyBaHHA IIpoidpepaliii eHgoTe iomuTiB
Y KYJBTYPi KJIITHH He cIiocTepiraim.

Taxkum ynHOM, Kasikc[4]apen C-145 BuaBiisae
3HAUHUUN aHTUTPOMOOIIUTApHUH eheKT in vivo, He
Iirouwm Oes3mocepesHBO HA TPOMOOIMTU Ta €HIO-
resqionutu in vitro. Taki BracTuBocTti Kamikc[4]
apeHy YMOMKJUBJIIOIOTH I0T0 BUKOPUCTAHHA SIK
e(eKTUBHOTO aHTUTPOMOOTHUYHOTO areHTa.

Knwouwosi cnoea: xaimixkc[4]lapenu, remocras,
AHTHUTPOMOOTHYHI mIpemapaTu, IOJiMepu3alisa

Gibpuny.

JENUCTBUE KAJUKC[4]APEHA C-145
HA KJIETOYHOE 3BEHO CUCTEMBI
I'EMOCTA3A

B.A. TIeprLmemcol, . C. Hoponeeal,

T. B. Huxonaenxo®, B. E. pil ocenxo®, LA IT awesun®
B. H. Kanvuenxo®, C.A. Yepenox®, H. H. Xpanoecrkas®,
JI. B. 'apmanuyx™, 3. B. JIyzoecrcole,

C. B. Komucapenrko

"Yeruryr 6Guoxumun um. A. B. [lamiagura
HAH Vkpaunsl, Kues
20HII “UucruryT 6nosorun”
KueBCcKOro HaITMOHAJIBLHOTO YHUBEPCUTETA
umenu Tapaca IlleBuenko
3MucTuryT Qusnomornu um. A. A. Boromousna
HAH Vkpaunsi, Kues
‘YHCTHTYT 6HOOPraHIIECKOil XUMUY 1 He()TeX IMAK
HAH Vkpaunsi, Kues
SHarmonasHbiii MactutyT paka M3 Vipauns:, Kues

ITesnbio paboThHI OBIIO U3YUEHUE MeHCTBUSA IO-
TEHI[UAJIbHOTO AHTUTPOMOOTHYECKOTO areHTa —
HaTPUEBOI coau Kaaukc[4]apeH-MeTueH-OucC-
dochoHOBOI KuCHOTHI — Kanukc[4]apena C-145
Ha aKTUBAIINIO U arperaruio TpoMOOIIUTOB in vivo,
a TaKJsKe Ha IpoJinepaltnio 1 aroiTos 9HJ0TeJIN0-
IIUTOB B TKAHEBOH KYJIBTYPE.

AdbderTrr Kanukc[4]apena C-145 omenmBaIu
in vitro mociyie [obOaBJeHUA B ILIa3My KPOBH, Oora-
TYyI0O TPOMOOIIUTAMU, a TaK:Ke in vivo Tocje BHY-
TPUBEHHOTO BBEJEHUS B KPOBOTOK KPOJIMKA B 9K-
BUBAJICHTHBIX KosmuecTBax (46 pM). Arperaruio
TpoMboruToB MHAyIUpoBasu ADP u ompenensanu
¢ momoIkio arperomerpa Solar AP2110. ®opmy u
TPaHyJIAPHOCTD IIUTOILIA3MBI TPOMOOITUTOB yCTaHAB-
smBau nporouHbiM rutTomerpom COULTER EPICS
XL. YpoBeHb aKkTHBATOpa ILJIA3MUHOTEHA TKaHe-
Boro tuna — tPA — m3MepsAIn MeToIOM MMMYHO-
sa3uMHOro ananmsa ELISA. 9dderTsr kamukc[4]
apera C-145 Ha KyJbTypy 9HIOTEJIUOIINTOB M3yyYa-
Ju ¢ momoInbio 3-(4,5-TuMeTUaATHAa30J-2-1)-2,5-
mumetmiTerpasonus opomuga — MTT-tecra. Ilomy-
snaruio nponudeparuBHoro myaa (Go/M+S) KiieTox
SHJIOTEJIVS OIIPEEIAIY C IPUMEHEHUEM ITUTOMETPUN.

MeTomamMu arperaToMeTpuMM U ITUTOMETPUU
yCcTaHOBJIEHO, UTO KayumKc[4 ]aper C-145 He akTUBU-
PyeT TPOMOOIIUTHI U He BJIUAET Ha UX arperaruio in
vitro. OgHAKO y)Ke uepes [Ba vaca I0oCcJie BBeIeHUA
kanukc[4]apera C-145 3m0poBbIM J1aG0OPATOPHBIM
KPOJIAM TPOMOOITMTHI TEPSAJIU CIIOCOOHOCTH arperu-
pOBaTh, a IIyJI MHTAKTHBIX TPOMOOITUTOB YMEHBITIAJI-
cs B IBa pasa. B To ;ke BpeMs He HaOII0aIM BEIOpOca
B IJIa3My KPOBU MapKepa aK TUBAIlNU SHA0TEJINOIU-
ToB tPA in vivo, a Tak:Ke MHrMOMPOBaHUA TIPoJITde-
paiuu SHI0TEINOIUTOB B KYJIbTYPE KJIETOK.

Taxum obpasom, xKanukc[4]aper C-145 06-
JazaeT 3HAYUTEJIBHBIM aHTUTPOMOOIIUTAPHBIM
a(derToM in vivo, He IEHCTBYS HEIIOCPEICTBEHHO
HaA TPOMOOITUTHI ¥ SHAOTEJIUOIUTEI in vitro. Takue
CBO¥iCTBa KaJIMKCapeHa MO3BOJIAIOT PacCMaTPU-
BATh BO3MOYKHOCTB €ro IPUMEHEeHUsSI B KaueCcTBe
5 (HEeKTUBHOTO0 AaHTUTPOMOOTHUECKOTO areHTa.

Knwuesvie cnosa: ranukc[4]apeHsl, remocras,
AHTUTPOMOOTUYECKUE TperapaThl, IMOJUMepPU3a-
nusa pubpuHa.
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