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Calixarenes are supramolecular compounds with a unique three-dimensional
structure, the biological activity of which is determined by the chemical groups
on the upper or lower rim. As shown in the previous works, using isolated mi-
tochondria and digitonin-permeabilized myometrium cells, the calix[4]arene
chalcone amides modulated the levels of both mitochondria-membrane polari-
zation and Ca?" concentration in the myometrial mitochondria matrix. As
shown, the incubation of the mitochondria with calix[4]arene chalcone amides
is accompanied by changes of the average hydrodynamic diameter of mito-
chondria. The aims of this study are as follow: to investigate the kinetics of the
mitochondria diameter changes under the effects of calix[4]arenes with two
and four chalcone amide groups; find out whether or not calix[4]arene chalcone
amides penetrate into the cell and whether the polarization of the mitochondria
membranes undergoes alterations at the incubation of the primary myometri-
um-cells’ culture with these compounds. Experiments are conducted on two
biochemical models: isolated myometrial mitochondria and primary myome-
trium-cells’ culture. The hydrodynamic diameter of mitochondria is investi-
gated using the dynamic light-scattering method with the use of a laser corre-
lation spectrometer Malvern Instruments ‘ZetaSizer-3’ (United Kingdom).
Polarization of mitochondria membranes is investigated using confocal laser
scanning microscope LSM 510 META Carl Zeiss. The calix[4]arene chalcone
amide C-1070 fluorescence spectrum is studied using the QuantaMaster™40
spectrofluorimeter (Photon Technology International). As shown: the hydro-
dynamic diameter of the mitochondria depends on the composition of the incu-
bation medium, and in the presence of ATP, it is smaller than in its absence;
the hydrodynamic diameter of the mitochondria increases in time at the incu-
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bation of mitochondria with calix[4]arene chalcone amides; calix[4]arene chal-
cone amides’ effect on the hydrodynamic diameter of the mitochondria in-
creases with an increase in the number of chalcone amide groups in the struc-
ture of calix[4]arenes; calix[4]arene chalcone amides’ effect on the hydrody-
namic diameter of the mitochondria depends on the composition of the incuba-
tion medium, and at the presence of ATP, it is smaller than at its absence. Us-
ing calix[4]arene chalcone amide C-1070 (as fluorescent equivalent of C-1011),
it is proved that these compounds penetrate the myometrial cells. The modula-
tory effects of calix[4]arene chalcone amide with two chalcone amide groups on
the polarization of the mitochondria membranes is shown using primary my-
ometrium-cell culture and potential-sensitive probe JC-1. Medical statistics
indicate that uterine fibroids are widespread pathology. The search for com-
pounds, which can reduce the volume of the tumour, is extremely important.
The results allow suggest that calix[4]arene chalcone amides are promising
compounds in the further study of their effect on the viability of the undesira-
ble cells due to the launch of apoptosis of mitochondrial pathway.

Kanikcapenn — Iie MaKpPOIUKJIIUHI MOJEKYJIN 3 YVHIKAJIbLHOIO TPUBUMIPHOIO
CTPYKTYPOIO, 6iosIoriuHa aKTUBHICTH AKUX BU3HAUYAETHCA X€MiUHUMHU T'pyHa-
MU Ha BEpXHLOMY a00 HM)KHLOMY BiHIIi. ¥ momepenHiX po60oTax 3 BUKOPUCTAH-
HaAM (pakrnii MiToxoHAPiIH i mepdopoBaHUX AUTITOHIHOM KJIITUH MioMmeTpisa
OyJi0o TIOKaszaHo, M0 Kajikc[4]apeHXaJlKOHAMiAM MOAYJIIOIOTH HOJIAPU3AITiI0
MeMOpaH MiTOXOHApPIiN i piBeHs HioHizoBaHoro Ca y MaTpuKci MiTOXOHAPiH Mi-
omeTpis. BecraHoBieHo, mio iHKyOamia miToxouapiit 3 Kamikc[4]apeHXamaKoOH-
aMiJaM¥ CyIIPOBOAKYETHCSA 3MiHAMU CEePeqHBOI0 IiApOAMHAMIYHOrO AigaMeTpa
MiToxouapiii. MeToro mamoi poboTHu €: AOCAiANTH KiHeTUKY 3MiH mAigameTpa Mi-
TOXOH/Pili ImiJ BIIMBOM Kajikc[4]apeHXaJKoHaAMiLiB 3 TBOMa Ta YOTUPMa Xa-
JKOHOBUMHU TIpynamu; 3’ACyBaTH, UM ITPOHMKAIOTHL Kajikc[4]apeHXa KoH-
aMigu y cepeqUHY KJITHHHN Ta YW 3a3HAE 3MiH piBeHb ImoJapusaiii memOpaH
MiTOXOHAPiN 3a iHKyO6amii mepBUHHOI KYJLTYPH KJIITHMH MiomMeTpis 3 IuMu
cnoaykamu. Jlocaigyu IpoBOAATHCA HA NBOX O0ioxeMiuHMX MOAENAX — Ha izo-
JIbOBAHUX MITOXOHIPiAX MioMeTpif Ta MepPBUHHIN KyJbTYpi KJIITMH MioMmeT-
pida. PyHKIiA pos3noAiy MITOXOHADPIN 3a POo3MipoM BU3HAUAETHCA METOHOIO
OUHAMIiYHOTO PO3CiI0OBAaHHA CBiTJIa 3a JOIOMOIOIO JIA3€PHOTO KOPEeJIAIiAHOTO
cuexkrpomerpa Malvern Instruments ‘ZetaSizer-3’ (Benmurobpurauist). Mem-
OpaHHUil IMOTEeHIIiAI MiTOXOHAPIN MOCHIAKYEThCS i3 BUKOPUCTAHHAM KOHOO-
KaJbHOTO JIa3ePHOT0 cKaHyBaJbHOro Mikpockomna LSM 510 META Carl Zeiss.
Cuoextep durroopeciienItii kanikc[4]apeuxankonaminy C-1070 BusHauaeThCA
Ha crekTpodaoopumerpi QuantaMasterTM 40 komnanii Photon Technology
International. Omep:xaHi pesyabTaT BKa3yOTh Ha HACTYIIHE: TigpogmHaMiu-
HUH gisMeTep MiTOXOHIPIiH 3aJeKUTh Bil CKJIaLy cepeqoBUINa iHKyOaIrii, i 3a
HagBHocTu ATP BiH Menmuii, Hixk 3a il BigcyTHoOCTH; rigzpogrHaMiuyHUNA mid-
MeTep MiTOXOHApi# 306imbIIyeThbca y daci 3a imKyOarlii miToxoHApiii 3 Ka-
Jixc[4]apenxanKoHaMitamMu; BIJIUB KaJlikc[4]apeHXaJIKoHaMiZiB Ha rigzpogu-
HaMiuHU# AisMerep MiTOXOHAPi# 30inbIyeThCA 3i 30iMBHIEHHAM KiJIBKOCTU
XaJKOHOBUX BaJIMIIKIB y CTPYKTYpi Kasikc[4]apeny; BonamB kamikc[4]apen-
XaJIKOHAMIZIB Ha TiApoAWMHAMIUHUN IigMeTep MITOXOHIAPIN B3aJIeKUTh Bin
CKJIany cepemoBuina iHKyOairii, i sa Hagsuoctu ATP Bim Menmnmii, HixK 3a il
BimcyTHOCTH. 3 BUKOpPUCTAHHAM Kasikc[4]aperxanxkonamigy C-1070 (droo-
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peciieaTHoro anajgory C-1011) goBemeHo, IO IIi CIIOJYKY IIPOHUKAIOTh Y KJIi-
TuHU MioMerpida. Ha mepBuHHIN KyJbTypi KJIITUH MioMeTpisa Ta 3 BUKODUC-
TaHHAM IIOTEeHITiAI0oUyTINBOTO 30HIa JC-1 MOKa3aH0o MOAYJIIOBAJILHUM BILIUB
Karmikc[4]apeHxalKkoHaMiZy 3 ABOMAa XaJIKOHOBUMHU I'PyIIaMH Ha MOJAPU3AIlii0
MeMOpaH MiToxoHApili. MeamuHa CTATHCTHUKA CBIAUUTH, IO MioMa MATKHU €
IIUPOKO POSIIOBCIOMKEHOI0 ImaTosorieio. IlomyK cnoayK, 3faTHUX 3MEHIIIUTHI
00’eM TyXJWHU, € BKpall BakaumBuM. OmepskaHi HaMH pe3yJbTaTH CBiguaTh
Ipo Te, 1110 Kajikc[4]apeHXaJIKoHaMiu € IepCIeKTUBHUMU CIOJYKaMU Y TIO-
JaJIBITIOMY AOCJiMKeHHI IXHBOT0O BILIMBY Ha KUTTE3AATHICTL HebaKaHUX KJTi-
TUH Yepe3 3aIlyCK alloIITO3Y 3a MiTOXOHAPIHHUM HIJITAXOM.

Key words: calixarenes, mitochondria membrane potential, myometrium.

Karouosi ciioBa: KarikcapeHu, MeMOpaHHUI HOTEHITi A MiTOXOHAPiM, MioMeTpiti.
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1. INTRODUCTION

Calixarenes are supramolecular compounds with a unique three-
dimensional structure, which have a biological activity determined by
the chemical groups on the upper or lower rims. Calixarenes are widely
investigated in bioorganic chemistry and biochemistry [1, 2, 3, 4]. Due
to its hydrophobic features, they are able to dissolve in cell lipids,
which make them an important biologically active compounds carrier.
Besides, it is possible to bind to the calixarenes functionally active
groups in various amounts. One of these groups can be flavonoids,
which have a wide range of biological activities[5, 6, 7, 8, 9].

In the previous works, using mitochondria fraction and myometrium
cells perforated with digitonin, we have shown that calix[4]arene chal-
cone amides are able to influence both the level of membrane polariza-
tion of mitochondria membrane [10] and the level of Ca®" concentration
in the myometrial mitochondria matrix [10]. It was also studied that the
incubation of mitochondria with calix[4]arene chalcone amides for 5
minutes was accompanied with changes of average hydrodynamic diam-
eter of mitochondria. Thus, the aim of this work was to investigate the
kinetics of mitochondria diameter change under the influence of ca-
lix[4]arene chalcone amides with two and four chalcone groups, as well
as to study on a primary cell culture, whether calix[4]arene chalcone am-
ides enter the cell and whether the level of mitochondria membrane po-
larization is being changed after the incubation with these compounds.

2. MATERIALS AND METHODS

Synthesis of calix[4]arene chalcone amides was described in our previ-
ous work [10]. Structural formulas of calix[4]arene chalcone amides C-
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137,C-1012, C-1011 and C-1070 are given in Fig. 1.

Calix[4]arene chalcone amide C-137 has two chalcone groups on a
lower rim, which are distal-placed, and two free phenolic hydroxyls.

Calix[4]arene chalcone amide C-1012 has two chalcone groups,
which are proximal-placed. Two other hydroxyls are replaced be propyl
groups.

Calix[4]arene chalcone amide C-1011 has four chalcone groups.

Calix[4]arene chalcone amide C-1070 has four chalcone groups and
two azophenyl groups on an upper rim.

Investigations were conducted on two biochemical models: isolated
myometrium mitochondria and primary cell culture of myometrium.

Non-pregnant rat myometrium mitochondria were isolated with a
differential centrifugation method [11]. The obtained sample was sus-
pended in a solution with the following composition: 10 mM Hepes (pH
7.4), 250 mM sucrose, 1 mM EGTA, 0.1% bovine serum albumin. The
protein concentration of the mitochondria fraction was determined by

C-1070

Fig. 1. Structural formulas of calix[4]arene chalcone amides C-137, C-1012,
C-1011 and C-1070.
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Bradford assay [12]. Concentration of mitochondria protein in a sam-
ple was 25 ng/ml.

The function of mitochondria differentiation by the size was investi-
gated with the dynamic light scattering method [13] using laser correla-
tion spectrometer Malvern Instruments ‘ZetaSizer-3’ (UK) with a He—
Ne laser LGN-111 (P =25 mW, A =663 nm). Registration of laser emis-
sion, dispersed (RI = 1.33) from mitochondria suspension, was made for
30 sec with a temperature +22°C and a dispersion angle 90°. The data
was calculated using an application software PCS-Size mode v1.61.

Myocyte suspension was isolated from non-pregnant rat myometrium
with collagenase method [14]. Isolated cells were suspended in Hank’s
solution (without salts of Mg and Ca) with a following composition:
136.9 mM NaCl, 5.36 mM KCl, 0.44 mM KH,PO,, 4.5 mM NaHCO,, 0.26
mM Na,HPO,, 5.5 mM glucose, 10 mM Hepes (pH 7.4). Calculation of
cell amount was conducted using haemocytometer. Test on viability of
isolated cells was made using trypan blue dye; over 95% of cells had
green colouring that proves the wholeness of plasmatic membrane.

For experiments with cationic JC-1 dye, an aliquot of cell suspension
with JC-1 dye (5 pg/ml) was put in chambers for confocal microscopy.
For experiments with calix[4]arene chalcone amides C-1070, an aliquot
of cell suspension with calix[4]arene chalcone amide C-1070 (10 M)
was put in chambers for confocal microscopy. After attachment of cells
to the glass, the chambers were washed with Hank’s solution. The time
of cell attachment in chambers was 120 min. During this time, cells
strongly attach to the chamber surface, which can be visualized with a
light microscope.

The membrane potential of mitochondria on the model of intact
uterus myocytes was investigated using the confocal laser-scanning
microscope LSM 510 META Carl Zeiss with modern system of data
storage and image processing, and a principle of spectrum differentia-
tion based on motorized inverted luminescent microscope. Investiga-
tions were conducted in MultiTrack mode with a detector META,
which allows registering the fluorescence on a set range of wavelength.
For fluorescent dye JC-1 excitation (A, =490 nm, A, =527 and 590
nm), the laser line with wavelength 488 nm of argon laser (30 mW) was
used and fluorescence in ranges 518—550 nm and 572—-625 nm was de-
tected. The lens was Plan-Apochromat 63x/1.4 Oil DIC.

Fluorescence of myometrium cells dyed with calix[4]arene chalcone
amide was also investigated using a confocal laser-scanning micro-
scope LSM 510 META Carl Zeiss. Fluorescence of calix[4]arene chal-
cone amide was excited with diode laser (30 mW, A =405 nm). For reg-
istering the fluorescence, an emission filter LP 420 was used.

Absorption spectrum of calix[4]arene chalcone amide C-1070 was
registered on spectrometer CF-2000.

Fluorescence spectrum of calix[4]arene chalcone amide C-1070 was
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registered on spectrofluorimeter QuantaMaster™ 40 by Photon Tech-
nology International.

In the study, the following reagents were used: EGTA, Hepes, D-(+)-
sucrose, ATP (by ‘Sigma’, USA), cationic dye JC-1 (by ‘Invitrogen’,
USA), and other chemicals of domestic production of analytical or rea-
gent grades.

3. RESULTS AND DISCUSSIONS

In the previous work, it was shown that incubation of mitochondria
with calix[4]arene chalcone amides led to a diameter change of mito-
chondria: mitochondria average hydrodynamic diameter was decreas-
ing after incubation with calix[4]arene chalcone amides C-1012, C-
1021, and C-1023, and was increasing after incubation with C-1011
[10]. This time we aimed to investigate the kinetics of the calix[4]arene
chalcone amides with 2 and 4 chalcone groups influence on the diame-
ter of myometrium mitochondria. Studies were made in Mg?*'- and
Mg?", ATP-containing solutions. Earlier, we have shown that general
Ca®" accumulative activity of myometrium mitochondria in Mg?",
ATP-containing solution was higher than in Mg? solution [15].

As it can be seen from the results in Fig. 2, hydrodynamic diameter
of mitochondria (control) was higher after incubation in Mg?*'-

3000 H5 min
m 10 min
2500 + B 15 min
H 20 min
2000 -

1500 -

1000

Hydrodynamiec diametr, nm

control |C-1012 | C-1011 |control | C-1012| C-1011

Mg-medium Mg, ATP-medium

Fig. 2. Kinetics of the calix[4]arene chalcone amide’s C-1012 and C-1011 in-
fluence on hydrodynamic diameter of myometrium mitochondria. M + m,
n=>5.
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containing solutions in comparison with Mg®’, ATP-containing solu-
tion. Although this number almost did not change after incubation in
both solutions for 20 min. Incubation of mitochondria with 10 uM ca-
lix[4]arene chalcone amides C-1012 and C-1011 for 20 min was accom-
panied with an increasing of hydrodynamic diameter of mitochondria
in comparison with control. Calix[4]arene chalcone amide C-1011 (four
chalcone groups) had a bigger impact on size change of mitochondria in
comparison with both control and calix[4]arene C-1012 (two chalcone
groups). It is worth to mention that the influence of studied ca-
lix[4]arenes on mitochondria diameter also depends on the solution of
incubation: in absence of ATP, the hydrodynamic diameter was higher
after both incubations with C-1012 and C-1011.

Thus, mentioned results show that: 1) hydrodynamic diameter of
mitochondria depends on the incubation solution, and in presence of
ATP, it is smaller than in its absence; 2) hydrodynamic diameter of mi-
tochondria lifts with time after mitochondria incubation with ca-
lix[4]arene chalcone amides; 3) an effect of calix[4]arene chalcone am-
ides on hydrodynamic diameter of mitochondria goes up with an in-
crease of chalcone groups amount in the structure of calix[4]arene; 4)
an effect of calix[4]arene chalcone amides on hydrodynamic diameter
of mitochondria depends on the incubation solution, and in presence of
ATP, it is smaller than in its absence.

On the one hand, a change of mitochondria volume can significantly
influence its physiology [16]. On the other hand, an increase of mito-
chondria hydrodynamic diameter can be an indicator of mitochondria
swelling, which happens during depolarization. So, further investiga-
tions were directed to study the kinetics of calix[4]arene chalcone am-
ide’s influence on mitochondria membrane polarization.

In previous works, we have shown that calix[4]arene chalcone am-
ides, after short incubation with permeabilized myometrium cells, are
able to hyperpolarize mitochondria membrane [2, 3]. The experiments
were conducted on flow cytometer using a potential sensitive dye
TMRM. This time effects of calix[4]arenes on mitochondria membrane
polarization were studied with confocal microscopy on intact myome-
trium cells, which were loaded with cationic dye JC-1. Nevertheless,
before investigating this question, we had to be sure that calix[4]arene
chalcone amides are entering cells. That is why calix[4]arene C-1070
was synthesized. It is an analogue of C-1011, so it contains four chal-
cone groups and two azophenyl groups on an upper rim. Chromogenic
azo aromatic compounds are often added to calixarene for getting dyed
and fluorescent compounds [17, 18]. Using spectrophotometer, we
studied the absorption spectrum of synthesized calix[4]arene. As it can
be seen on the results shown in Fig. 3, we have a domed dependency
graph of absorption and wavelength with maximum at 330 nm.

After that, using spectrofluorimeter, we recorded a fluorescence
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Fig. 4. Fluorescence spectrum of calix[4]arene chalcone amide C-1070, A,, = 330 uM.

spectrum of calix[4]chalcone amide C-1070 at excitation wavelength
330 nm. As shown in Fig. 4, an increase of fluorescence intensity can
be registered at wavelength range 350—450 nm.

Thus, calix[4]arene chalcone amide C-1070, which is an analogue of
C-1011, can fluorescent at excitation wavelength of 330 nm.

Further experiments were directed to study whether calix[4]arene
chalcone amides enter cells. Dyed with calix[4]arene chalcone amide C-
1070 myometrium cells were analysed using confocal microscope. As it
can be seen in Fig. 5, control cells have a low level of autofluorescence;



CALIX[4]ARENE CHALCONE AMIDES ASEFFECTORS OF MEMBRANE POLARIZATION 481

Fig. 5. Myometrium cells dyed with calix[4]arene chalcone amide C-1070: a
— control cells; b — cells dyed with calix[4]arene chalcone amide C-1070.
Typical result is presented, n = 5.

fluorescence intensity along the randomly drawn line is not higher
than 1000 relative units. At the same time, the fluorescence intensity
of cells dyed with calix[4]arene chalcone amide C-1070 is couple of
times higher than the one registered for control cells. Thus, ca-
lix[4]arene chalcone amides can enter the myometrium cells.

In previous works, we investigated effects of calix[4]arene chalcone
amides on membrane potential of myometrium permeabilized cells mi-
tochondria using flow cytometer and potential sensitive dye TMRM [2,
3]. Taking into consideration that calix[4]arene chalcone amides enter
cells, we investigated the effects of these compounds on myometrium
primary cell culture using confocal microscopy and cationic dye JC-1.
JC-1 is a cationic dye, which accumulates in mitochondria depending
on mitochondria’s polarization level.

For excitation of JC-1 fluorescence, the laser with the same as for
TMRM wavelength 490 nm is used. However, in comparison with
TMRM, the level of mitochondria membrane polarization influences
the aggregation of dye molecules: at the low polarization level an in-
crease of fluorescence intensity in green region of spectrum (525 nm)
is being registered; at the high polarization level J-aggregates of dye
are being formed and the fluorescence intensity is being increased in
red region of spectrum (590 nm) [19, 20]. Changes in the ratio of red
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a b c

Fig. 6. Intact myometrium cells, loaded with JC-1 dye (section a and b —
fluorescence signal in green and red regions of spectrum; section ¢ — cu-
mulative fluorescence in both green and red regions of spectrum). Typical
result is presented, n =5.

and green fluorescence of JC-1 dye indicate the change of mitochon-
dria-membrane polarization level and do not depend on other factors,
which can influence the signal of dye with one wavelength, like size of
mitochondria, its shape and density [19, 20].

Therefore, we have intact myometrium cells with JC-1 dye. In Fig-
ure 6, myometrium cells with JC-1 dye are presented. Fluorescent sig-
nal is being registered in both the green region of the spectrum (Fig. 6,
a) and the red region (Fig 6, b), which shows the presence of mitochon-
dria in myometrium cells with different membrane polarization level
of these organelles (section ¢ demonstrates cumulative fluorescence in
the green and red regions of the spectrum).

After that, we investigated the effects of calix[4]arene chalcone am-
ide C-137 on mitochondria membrane potential. Loaded with JC-1 dye
myometrium cells were incubated with calix[4]arene chalcone amides
C-137 (10 uM) for 20 min. Mitochondria membrane potential (P) was
analysed by the ratio of fluorescence intensity in the red region of a
spectrum to the one in green region. As it can be seen in Fig. 7, the de-
pendence graph of P and ¢t had linear or domed nature. Earlier, we have
shown that a short incubation of myometrium cells perforated with
digitonin in 10 uM C-137 was accompanied with hyperpolarization of
mitochondria membrane [2]. It should be also mentioned that, in these
experiments, the incubation solution had (2—2.5)-10°/ml myometrium
cells. Nevertheless, a fewer amount of cells are attached to the confocal
chamber glass that results into a different ratio of calix[4]arene chal-
cone amides C-137:cell. In the first case (Fig. 7a), we succeeded in reg-
istering a phase of P increasing, which shows the mitochondria mem-
brane hyperpolarization. The further incubation was accompanied
with decreasing of P, which shows the depolarization. In Figure 7, b,
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Fig. 7. Kinetics of calix[4]arene chalcone amide C-137 influence on myome-
trium mitochondria. Ordinate axis shows the ratio between the fluorescence
intensity in red region of spectrum to the fluorescence intensity in green re-
gion (P); abscissa axis shows the time of incubation in sec ().

hyperpolarization was not registered, just the depolarizing effect of
calix[4]arene chalcone amide C-137 on myometrium mitochondria is
shown (P decreases linearly over time).

Hyperpolarization of mitochondria membrane is known to be a first
stage on the way to depolarization, which leads to cells death [21].
Chalcones belong to the substances, which facilitate the triggering of
apoptosis with the mitochondrial path [22]. On the isolated rat hepato-
cytes, it was shown that cytotoxic effect of hydroxychalcones could be
explained with the collapse of mitochondria membrane potential [23].
Thus, mitochondria, whose main role is providing cells with energy,
can facilitate an apoptosis development in some cases that is to cause a
cell death. Participation of mitochondria in apoptosis is a reason to
search for compounds, which will facilitate death of unwanted cells.
Medical statistics proclaims that uterine fibroids are a widely spread
pathology. Looking for compounds, which would be able to activate
processes of triggering an apoptosis with the participation of mito-
chondria that can lead to a decrease of fibroids size and possible relief
of symptoms [24], is very important.

Therefore, we have shown that mitochondria incubation with ca-
lix[4]arene chalcone amides for 20 min was accompanied with an in-
crease of an average hydrodynamic diameter of mitochondria, which
correlates with depolarizing effect of calix[4]arene chalcone amide C-
137 on myometrium intact cells.
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