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Conducted experimental studies in human hepatocellular carcinoma cell line
HepG2 showed that highest cytotoxic effect was observed when nanocomplex
(NC) which consisted of Fe,0; nanoparticles (NP) with doxorubicin (DR) was used,
as well as Fe;0, NP or a mixture Fe,0;+Fe;0, with DR after prolonged exposure
tointerferon-alpha (IFN). The number of apoptotic cells increased when NC which
consisted of Fe;0, and/or Fe,0; NP with DR was used after electromagnetic ir-
radiation (El) and prolonged exposure to IFN compared to the experiments when
El was not used. The number of topoisomerase Il alpha-positive cells decreased
when NC with Fe;0, NP and DR was used after El and long-term exposure to IFN

compared with experiments when Fe,O; NP and DR were used.

Significant efforts of researchers in on-
cology is currently focusing on developing
magnetosensitive nanocomplexes (NC)
based on the synthesis of iron oxide nanopar-
ticles (NP) with cytostatic drugs. NC have
additional advantages over traditional drugs
because of its ability to integrate with a va-
riety of substances due to the high specific
surface area [1]. NC synthesized from low
magnetite (Fe;04) or hematite (y-Fe,05)
with antineoplastic antibiotic doxorubicin
(DR) can be used as anticancer agents in ra-
dio frequency hyperthermia [2].

It is known that hematite Fe,O, is the most
stable oxygen compounds of iron, conversely
magnetite Fe;O, (FeO - Fe,0;) ismore easily ox-
idized and it is a good conductor of current and
has a large amount of redox standard electrode
potential [3]. NC iron oxides include ions with
unpaired electrons on the inner membrane (e.g.
34 shell of Fe ions in Fe;0,), which determine
the magnetic properties of magnetite. Fe?" ion
hasalower number of unpaired electrons (four)
than the ion Fe**, for which this value is five [4].
In the process of NC formation which includes
DR, there are conditions for transitions between
internal and partially filled outer orbitals, which
leads to a change in the reactivity of NC [5].

Antitumor activity of NC under the
influence of electromagnetic irradiation (EI)
is associated with an increase in the ability
ofanthracyclines in the presence of iron oxide
cells metabolized with the formation of free
radicals. Quinone part of DR tetracycline ring
becomes a free radical semiquinone involv-
ing mitochondrial, nuclear and microsomal
NADP-oxidoreductases of cells [6]. This
initiates apoptosis and necrosis of tumor cells.

Interferon (IFN) in nowadays is one
of the well known cytokines, which are used
in biotherapy of cancer patients because
it has pluripotential effects on tumor cells,
such as modifier of phenotype and may
increase the sensitivity of tumor cells to an-
ticancer chemotherapy [7, 8]. In experiments
on cell lines of colon cancer SW480, COLO
and WiDr also shown that the antiprolifera-
tive effect of IFN enhanced iron chelate [9].
Based on the above it can be assumed that the
antitumor effect of NC DR at EI and modi-
fication of cell by IFN probably can depend
on the type of compounds of iron and oxygen
in NC and different action on tumor cells.

The aim of the work was compara-
tive study of the features of antitumor
effect of Fe;O, and Fe,O; NP in NC with
DR on cell line HepG2 human hepatocarci-
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nomas at EI under their long-term (30 days)
exposure to IFN-alpha.

Cell culture and exposition with
IFN. Human hepatocellular carcinoma cells
(HepG?2 line) obtained from the Collection
of Cell Lines of R.E. Kavetsky Institute
of Experimental Pathology, Oncology and
Radiobiology (Kyiv, Ukraine) were cultured
in complete DM EM culture medium supple-
mented with 10% embryonal calf serum and
40 pg/ml gentamycine. The cells were cul-
tivated in humidified 5% CO, atmosphere
at 37 °C. Recombinant IFN-alpha-2b («Bio-
Pharma», Ukraine) was used for cells modi-
fication with cytokine. The cells were culti-
vated for 30 days in increasing concentration
of cytokine (from 500 to 10 000 U/ml). The
range of doses was chosen after determination
of IC 50 (50% inhibition concentration).

‘Magnetosensitive NC. As an independent
parts or components of drugs NP of iron oxide
Fe,0;and Fe;0, with diameter <50 nm («Sig-
ma») and DR («Pfizer Italy SRL», Italy) were
used. Mass concentration of DR in NC was
50%. NC received by the technology of mech-
ano-magneto-chemical synthesis [10].

EI The prototype of apparatus «Mag-
niterm» («Radmir», Ukraine) was used for
spatially inhomogeneous EI. EI options:
frequency was 40 MHz, output power was
60 W, applicator was the framework with di-
mensions of 2x2.5 cm and profile in the form
of an arc with curvature radius of 2.3 cm.

Cytotoxicity. To determine the drugs
sensitivity the standard method with vital
dyes was used [11]. To assess the effect
of combination of EI and investigated drugs
cells were grown in Petri dishes (diameter
was 40 mm, 2% 105 cells/dish) under standard
conditions for 24 hours, then added drugs
and were irradiated for 30 min.

The number of living and dead cells
was determined with haemocytometer after
48 hours of irradiation, stained by trypan blue.

Cytofluorimetry. Flow cytometry
was conducted to analyze the influence
of DR and EI on the induction of apoptosis
of tumor cells and the distribution of cell

cycle phases. Flow cytometry was performed
on adevice FACalibur («Bekton Dickinson»,
USA) equipped with two lasers: argon and
helium-neon with wavelengths of 488 and
625 nm, respectively. The analysis was
performed using CellQuest. To measure
the fluorescence of propidium iodide was
used filter with maximum transmission
at 600 nm and a bandwidth of 35 nm. Us-
ing flow cytometry the percentage of cells
that fall hypodiploidic area of DNA index
histogram was assessed.

Statistics. Statistical processing of the
data was performed using the Student #-
test by the Statistica 6.0 (© StatSoft, Inc.)
software with preliminary verification of the
hypothesis of normal distribution on the
Kolmogorov — Smirnov criterion.

Cytotoxicity. Comparison
of direct antitumor effects of Fe,O; and
Fe;04 NP in NC with DR at EI on tumor
cells under long-term exposition with IFN
had been conducted on HepG2 cell line
( ). Analysis of the data shows that
the highest antitumor effect was observed
in NC with DR combination, which in-
cluded Fe,O; without EI and IFN (27%
living cells) and in a case with Fe;0, (26%)
or a compound of Fe,0;+Fe;0, (28%) us-
ing IFN without EI. In all experiments, the
influence of NC with DR on the viability
of HepG?2 cells was statistically significant
differed as compared to control. The NC ef-
fect on cell viability depended on the type
of oxygen-containing compounds.

Cytometry. For a more detailed under-
standing of the sensitivity of tumor cells
to the drug we investigated an influence of EI,
IFN and their combination on the presence
of apoptotic cells and the effects of the division
of the cell cycle phases by flow cytometry.

Analysis of the apoptosis induction level
of HepG2 cells performed by flow cytometry
( ). When we used NC with Fe;O, the
number of apoptotic cells was minimal, but
showed a significant increase in the num-
ber of apoptotic cells after exposure with
IFN. Thus, the number hypodiploid cells
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after exposure to NC with Fe;O,+DR was
only 3.84%, and in IFN-modified subline
increased to 61.62%. During EI and the ac-
tion of NC with Fe;0, the smallest number
of hypodiploid cells (28.4%) was observed,
but after exposure to EI and long-term act-
ing IFN their number increased to 61.49%.
In combination EI with NC, which included
Fe,0; with DR, and after prolonged cells
exposure with IFN the number of apoptotic
cells was significantly increased compared
to the experiments without irradiation.
In control HepG2 cells number of apoptotic
cells did not exceed 10.99%.

Thus, Fe,O; and Fe;0, with EI under
modified IFN initiated significant difference
in the level of apoptotic cells.

Percentage division of HepG?2 cells ac-
cording to the phases of the cell cycle (G0/G1,
S and G2/M) are presented in . Gene-
ralized comparative analysis of all conducted
experiments concerned to the difference
in the action of Fe,O;+DR, Fe;O0,+DR,
and Fe,0;+Fe;0,+DR on cell cycle phases
division is shown in . Analysis
of the data shows that the experiments with
NC which included Fe;0, the average num-
ber of cells in S-phase decreased to 26.3%
and increased to 38.8% in G0/G1 phase,
and to 35% in G2/M phase. In experiments
with NP Fe,O; similar indexes have cor-
responding values of 35.1, 32.3 and 31.9%.
When we used NC Fe,0;+Fe;0, studied
parameters were in intermediate values.

Generalized comparative ana-
lysis from all conducted experi-
ments of differences in the influence
of NP Fe,05+Fe;0,+DR with DR and
Fe,04+Fe;0,+DR to the changes in the
distribution on the phases of the cell
cycle HepG2 cell lines (M,%)

Cell cycle phases

NP G0/GI G2/M S
Fe,0,+DR 323 319 351
Fe,0,+DR 388 350 263
Fe,0:+Fe,0,+DR 341 317 341

So, NC of Fe;0, has decreased percentage
distribution cells in S-phase of the cell cycle
ascompared to Fe,Osthat slowed DNA synthe-
sis. Since the main reactant in the drug is DR,
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The effect of iron oxides NP in combination with DR at El on cell viability under their prolonged exposure with IFN: a — control
(without treatment); b — DR; ¢ — DR+El; d — DR+IFN; e — DR+EI+IFN; 1 — Fe,03; 2 — Fes0,; 3 — Fe,O3tFes0,
*Statistically significant differences compared to Fe,05 (p<0.05).
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Comparative analysis of the effects of Fe;0, and Fe,O; NP in NC with DR during El and exposition with IFN on the induction
of apoptosis in HepG2 cells: a — control (without treatment); b — DR; ¢ — DR+El; d — DR+IFN; e — DR+EI+IFN; 1 — Fe,043; 2 —

Fes;0,4; 3 — Fe,05+Fez0,

*Statistically significant differences compared to Fe,0; (p<0.05).
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Comparative analysis of the effects of Fe;O, and Fe,O3; NP in NC with DR during El and exposition with IFN on the distribu-
tion of HepG2 cells cycle phases: a — control (without treatment); b — DR; ¢ — DR+El; d — DR+IFN; e — DR+EI+IFN; 1 — Fe,0g;

2 — Fe30,4; 3 — Fe,03+Fe;0,

*Statistically significant differences compared to Fe,05 (p<0.05).

based on prior studies [12, 13] it can be sug-
gested an increase in initiation of cyclic redox
reaction of quinones in semyquinones due
to enhanced oxidative stress NC of Fe;O, and
DR. Under the action of EI this led to the
formation of reactive oxygen, such as anion
radical, hydrogen peroxide and hydroxyl radi-
cal. These compounds caused DNA damage
and slowing cell proliferation.

Asto mechanism of prolonged exposure
of cells with IFN such differences are the
most probably related to known features
mediated modulation of iron oxides antip-
roliferative effects of IFN [14, 15].

For more detailed analysis of
NC+EI combinations on tumor cells with
additional IFN modification was investigated
topoisomerase I alpha (Topo II) — isomerase
enzyme that participates in topological transi-
tions of DNA double-stranded breaks by mak-
ing stabilization complex DNA enzyme. Topo
II activity in the cell is known to depend
on the phase of the cell cycle. So, an efficacy
of topoisomerase inhibitors correlates with
the degree of proliferative activity of cells,
particularly the portion of cells in S-phase.
Blocking the cell cycle in G1-phase causes
resistance to drugs Topo Il inhibitors [16]. For
example, Topo II inhibitors — etoposide sta-

bilizes isomerase and prevents repair of DNA
break, which is a signal to start the process
of apoptosis [17]. After that pS3, p2l WAF
proteins activated, cytochrome C released,
occurs activation of caspase 8, 9, 3 and in-
duction of cell cycle blocking. In addition,
there is evidence that the expression of Topo
IIa also associated with expression of Ki-
67 which is a marker of cell proliferation. Topo
11 is involved in proliferation, differentiation
and cell sensitivity to anticancer agents. Topo
11 activity reflects signal changes at molecular
level in tumor cells [18].

We found a significant reduction
of Topo Il-positive cells after prolonged
exposure to IFN and after the action on cells
Elin combination with Fe;0,+ DR compared
to Fe,O;+DR ( ). This is especially
evident in the analysis of cells with the cyto-
plasmic localization of this enzyme (

). In addition, we observed a significant
inhibition of Topo II in the nucleus of cells
in the control subline after Fe,O;+DR influ-
ence, which correlates with the fewest number
of living cells in cytotoxicity test.

These facts are interesting because are
known clinical observations on the acquisition
of cell resistance to anticancer drugs with in-
creasing Topo II expression in the cytoplasm

and the worst prognosis on survival of patients
with an increase expression of Topo II in the
tumor cells nucleus [ 19, 20]. According to our
data decrease in the Topo II expression occurs
after long-term exposition with IFN particu-
larly in the case of specific complexes. This
may reflect the increasing sensitivity of tumor
cells to chemotherapy and therefore inhibit
Topo Il enzyme, and increase the percentage
of apoptotic cells [21].

Thus, summarizing the results we could
confirm that the antitumor effect of NC,
which includes iron oxide + DR with El and
IFN-modification depends on the type
of compounds of iron and oxygen and more
expressive when using compound Fe;0, with
DR. We can assume that the dependence
of the antitumor effect of NC-type com-
pound oxide of DR was conditioned by the
phenomenon of spin-dependent electron
transport between iron oxide and aromatic
rings DR during EI, resulting in the benzene
ring DR activated different levels of magnetic
ring current whose magnitude modulated
level of oxidative stress in malignant tumors.

1. The greatest cytotoxic effect
on HepG2 cell line was found using NC which
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included Fe,O; with DR without EI and in com-
plex of Fe;O, or Fe,O;+Fe;O, with DR after
prolonged exposure of cells with IFN-alpha.

2. During EI of NC, which included
NP Fe;0, and/or Fe,0; with DR, after pro-
longed exposure of cells with [FN-alpha the
number of apoptotic cells HepG?2 is more sig-
nificantly increased compared to experiments
without using electromagnetic radiation.

3. During EI of NC, which included
Fe;04 NP with DR Topo II alpha-positive
cells HepG2 was decreased as compared
to Fe,0; NP after their prolonged exposure
to IFN-alpha.
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nJ'IeIZOTpOI'IHaH PEe3UCTEHTHOCTb OMYXO0JIEBbIX KIIETOK

B.D. Open!, H.A. bezdenexcroix’, H.A. Hukonos', A.B. Pomanos’,
H.H. Xpanoeckas', O.B. Ckaukosa’, FO.H. Kyopseeu?, U.b. llenomun’
"HauunoHanbHbIvi MHCTUTYT paka, Kues
ZMHCTMTyT 3KcnepumeHTaanoﬁ naroJsiornn, oHKosaormn
un pagnobuonorun um. P.E. Kasevukoro HAH YkpauHbi, Knes
Pe3stome. B ipoBeieHHBIX 3KCTIIEpUMEHTATBHBIX UCCIIETOBAHUSX
Ha KJIETOYHOI JTMHUU TenaTOKJIeTOYHON KapIMHOMBI YeJIoBeKa
HepG?2 nokazaHo, 4To HauOOJbIIUN LIUTOTOKCUYECKUI 2 deKT
ObLT 3a(bMKCUPOBAH MPU UCIOJIb30BaHNU HaHOoKoMILIekca (HK),
B cocTaB KoToporo Bxonuin Fe,0; ¢ mokcopyourHom (/1 P), a Tak-
ke mpu npumeHennu Fe;O, unu cmecu Fe,O;+Fe;0, ¢ JIP mocne
JUTMTETBHOM 3KCTTo3uLInK ¢ nHTepdepoHoM-anbda (MDH). [Mocie
3JIeKTpoMarHutTHoro ooaydeHus (D0) u skcrozuuu ¢ UOH npu
ucnonb3oBanun HK, B coctaB kotoporo Bxomwm Fe;O, n/unu
Fe,0; ¢ /1P, yBernunBaioch KOJUYECTBO allONTOTUYECKUX KJIE-
TOK T10 CPaBHEHMIO C 3KCIIEPUMEHTaMU, KOTAa He MCIOJIb30BaIN
90. BeIsgBiieHO yMEeHbBIIIEHUE KOJIMUYECTBa Torion3oMepassbl 11 aibia-
TOJIOXKUTETBHBIX KJIETOK 1pH rcroib3oBannu HK ¢ Fe;O, 1 /1P no-
ciae D0 u mmrenapHoi ux skcrnosuunu ¢ MOH mo cpaBHeHUIO
¢ 3KCIIepUMEHTaMM, Korna ucrnojb3oBaiu Fe,0; ¢ [1P.
KiroueBsie c10Ba: KJIeTKY TeNMaTOKJIETOYHOM KaPIIMHOMBI Y€JI0-
BeKa, MAarHUTOYYBCTBUTEJIbHBI HAHOKOMILJIEKC, TOKCOPYOUIINH,
3JIEKTPOMarHUTHOE 00yYeHue, MHTEP(hEPOH.

B.E. Opena', H.O. Besdenexcnux?, M.O. H{K0ﬂ03’, A.B. Pomanos’,
H.M. Xpanoscoka', O.B. Ckaukosa’, FO.U. Kyopseeuv?, I.b. lllenomin’
'"HavuioHanbHwnii iHcTuTyT paky MO3 Ykpaiuu, Knis
2lHCTUTYT ekcriepuMeHTasIbHOI narToJiorii, oHkosorii i paaioGionorii
im. P.€. KaBeubkoro HAH Ykpaiuu, Knis
Pe3tome. Y npoBeneHUX €KCIIEPUMEHTAIbHUX JTOCIHIiIKEH-
HSIX Ha KJIITUHHIN JTiHil TenaTOKIITUHHOI KapUMHOMU JTIOAUHU
HepG2 nokazaHo, 110 HAWOUTBIINI IIUTOTOKCUYHUMN eheKT 3a-
¢ikcoBaHO npu BUKopucTaHHi HaHoKoMILiekcy (HK), no ckinamy
sikoro Bxonuiu Fe,0; 3 nokcopy6itmHoM ([ P), a Takox rnpu BUKO-
puctanHi Fe;O, ab6o0 cymimri Fe,0;+Fe;0,4 3 /1P micis TpuBaiioi ekc-
nosullii 3 intepdepoHoM-ainbha (IOH). [Ticis enekTpoMarHiTHOro
onpomineHHs (EO) ta excnosuii 3 I®OH npu Bukopucrani HK,
1o ckiany sikoro Bxonuiu Fe;O4ta/a6o Fe,053 J1P, 30inbiryBatacst
KUTBKiCTh alTONTOTUYHUX KJIITUH MTOPIBHSHO 3 eKCTIepUMEHTaMU,
KoJI1 He BuKopuctoByBaiu EO. BusiiieHO 3MeHIIIeHHSI KiUIBKOCTI
TomnoizomMepa3sa Il anbda-nmo3auTUBHUX KITITUH ITPU BUKOPUCTAHHI
HK 3 Fe;0, ta 1P micist EO ta TpuBasoi ix ekcro3uttii 3 IOH 1o-
PiBHSIHO 3 eKCIIepUMEeHTaMU, KOJIM BUKopucToByBanu Fe,0; 3 /1P.
KurouoBi cioBa: KJIiTMHY renaToKJIiTHHHOT KapLUMHOMM JIIOV -
HU, MaTHITOYYTJIMBUII HAHOKOMIUIEKC, TOKCOPYOIllMH, eJIeKTPO-

MarHiTHe OIPOMiHEHHSI, iIHTep(depoH.

KITMHUYECKAS OHKONMOIns, Ne 1 (9), 2013




