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Principal ways of generation and function of free oxygen and nitrogen radical metabolites, as well as
the ways of their bio-neutralization in rats treated with potential anticancer drugs have been discussed. Three
isatin-pyrazoline 4-thiazolidinone conjugates — Les-3288, Les-3833 and Les-3882 — were selected as the most
perspective antineoplastic agents. Since the reactive oxygen species (ROS) and reactive nitrogen species are
responsible for negative side effects of many anticancer drugs, we measured the indicators of the oxidative
and nitrosative stress and the activity of enzymes of the nitric oxide metabolism in blood of rats treated with
such compounds. It was found that both Les-3833 and doxorubicin used as a positive control increased the
level of specific indicators of the oxidative and nitrosative stress, while Les-3288 and Les-3882 did not cause a
significant elevation in ROS content. There were no big changes in the activity of either iNO-synthase or NO-
reductase under the action of doxorubicin, while Les-3288 and Les-3882 induced a decrease in the activity
of iNO-synthase, and Les-3288 induced a decrease in the activity of NO-reductase. Thus, the content of low
molecular weight indicators of the oxidative and nitrosative stress in blood of rats is of higher informative
value than the level of activity of enzymes of the nitric oxide metabolism at the action of such toxic agents as
anticancer drugs. These indicators should be used for assessment of toxic damage of tissues and organs by
the anticancer drugs.

Key words: 4-thiazolidinone, doxorubicin, free radical oxidation, reactive oxygen species, reactive nitro-
gen species, enzymes of nitric oxide metabolism.

eneration of the reactive oxygen species
G (ROS) and reactive nitrogen species (RNS)

by cells of tissues and organs is an impor-
tant mechanism in pathogenesis and in defense of
the organism against various pathological agents
[1-3]. Several toxic substances induce the develop-
ment of the oxidative and/or nitrosative stress that
are characterized by a shift of the intracellular re-
dox balance to higher levels of free radical oxida-
tion (FRO) [4, 5]. The mammalian cells produce
free radical metabolites of oxygen and nitrogen that
might be involved in transferring the regulatory sig-
nals in targeted cells [1, 4, 6]. The relevant signaling
molecules affect cellular metabolism and play a key

role in non-specific immune defense against the
pathogenic factors, including those appearing at can-
cer development [5-7].

The oxidative and nitrosative stresses are
caused by an excessive generation of ROS and
RNS or insufficient protection against their action.
ROS and RNS are molecules containing unpaired
electrons, that makes them exceptionally reactive to
DNA, proteins and lipids [1, 4, 7]. The superoxide
radical is formed as a by-product of different
enzymatic reactions, including cellular respiration,
and it is converted into the hydroxyl radical in
Fenton reaction catalyzed by the ions of transition
metals such as copper and iron. Hydroxyl radical
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is primarily responsible for DNA damage and lipid
peroxidation. The RNS arise from the regulated
production of ‘NO from L-arginine by NO-synthase.
In combination with O, "NO forms the highly
toxic peroxynitrite anion (ONOO"), which causes
DNA fragmentation, lipid peroxidation and protein
modification [7, 8].

Studies conducted in the last decades demon-
strated that the nitrogen oxide (‘NO) is a universal
regulator with a wide range of biological effects [4].
It can improve the endothelial functions of the pe-
ripheral vessels, positively influences the activity
of certain protein kinases, can serve as an inhibi-
tor of caspases, and inhibits the induction of apop-
tosis in different types of cells [4]. At the same time,
high concentrations of "NO can lead to a nitrosative
stress caused by the action of the RNS, especially
peroxynitrite and its cleavage product — nitrogen
dioxide [4, 9]. Application of doxorubicin leads to
an increased expression of inducible NO-synthase
in the myocardium [4]. This, in turn, causes hyper-
production of ‘NO that reacts with superoxide anion
radical and peroxynitrite — a powerful pro-oxidant
capable of oxidating and nitrosating proteins, lipids
and nucleic acids [4, 9]. These data demonstrate a
significant role of processes related to "NO metabo-
lism, including its synthesis and use by various types
cells in norm and pathology.

Many chemotherapeutic agents act by raising
cellular level of ROS that blocks growth of tumor
cells and leads to their apoptosis [10-12]. Both the
pro- and anti-apoptotic factors use FRO-modulated
pro- and anti-oxidant mechanisms for killing both
normal and tumor cells [11, 12]. New antineoplas-
tic strategy based on differential induction of FRO-
dependent mechanisms in normal and tumor cells
has been proposed [1, 11, 13]. It should be noted that
the use of most existing therapies in oncology is ac-
companied by the development of harmful effects of
FRO on the cells of normal tissues and organs [1,
5, 6, 11-13]. These negative side effects are mostly
caused by ROS and RNS that significantly limits the
applied dosage of appropriate anticancer drugs [1, 5,
6, 12, 14]. Therefore, the oxidation-reduction balan-
ce in cells is an important biochemical target at the
elimination of tumor cells. For efficient use of anti-
cancer drugs, it is necessary to identify the molecu-
lar targets of FRO in tumor cells and find out which
cellular functions are affected by ROS and RNS.

The aim of our study was to measure the con-
tent of metabolites of the oxidative and nitrosative
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stress, as well as the activity of enzymes of nitric
oxide metabolism in blood serum of laboratory rats
treated with 4-thiazolidinone derivatives that were
previously studied at the National Cancer Institute
(USA) within DPT program [15]. Cytotoxicity of
the above mentioned compounds towards 60 hu-
man tumor cell lines has been evaluated, and three
compounds (Les-3288, Les-3833 and Les-3882)
possessing high cytotoxic action towards tumor cells
were selected for more detailed analysis of the per-
spectives of their use as the antineoplastic agents.
Studies of the biochemical mechanisms of their cy-
totoxic effects in vitro have been started, and their
biocompatibility in vivo has been evaluated [13, 14,
16]. The results of such study will contribute to a
better understanding of the ways of circumventing
negative side effects by the oxidative stress appea-
ring at the action of anticancer drugs with maximum
preserving of their therapeutic efficacy.

Materials and Methods

The heterocyclic 4-thiazolidinones derivatives
(Les-3288, Les-3882 and Les-3833) were synthesized
as described earlier [15, 17]. These compounds were
dissolved in the dimethylsulfoxide (DMSO, Arte-
rium, Ukraine), and then additionally dissolved in
the distilled water before use. The final concentra-
tion of the DMSO in cell culture medium was below
0.1%. Doxorubicin was purchased from Pfizer (Italy)
representative in Ukraine

All experiments with white laboratory
Vistar rats were conducted under the control of
the BioEthics Committee at Danylo Halytsky
Lviv National Medical University (Protocol N4 of
18.04.2016). Matured white laboratory rats with
body mass of 180-220 g were kept on a standard
feed in animal facility with adequate lighting and
temperature conditions. The rats had access to water
24 h a day.

The studied agents were administered to ani-
mals every day in the morning before the first meal.
Such a mode of administration is common for pre-
clinic studies experimental medicines [18]. The ex-
periment lasted for 10 days for animals that received
doxorubicin and for 20 days for animals that re-
ceived the synthetic compounds with the anticancer
potential. Doxorubicin was injected starting from
the dose of 5.5 mg/kg, the compounds Les-3882 and
Les-3833 — starting from the dose of 10.7 mg/kg, and
the compound Les-3288 — starting from the dose of
24.3 mg/kg. The starting dose equaled 10% of maxi-
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mum injected dose in the experiments performed for
LC,, determination [18]. The dose was gradually el-
evated 1.5 times for 4 days to achieve the cumulative
effect. The experimental groups used in the study
were as follows: 1 — control (n = 20); 2 — doxorubicin
injection as positive control (n = 20); 3 — Les-3288
injection (n = 20); 4 — Les-3882 injection (n = 20);
5 — Les-3833 injection (n = 20). On the 10" or 20%"
day of the experiment, the rats were euthanized by
decapitation under the thiopental anesthesia [18].
Blood was taken and used to separate serum.

Measurement of indicators of oxidative and ni-
trosative stress in blood serum of treated rats. The
content of generated O, -was measured by the oxi-
dation of the cytochrom ¢ (Sigma, USA) and defined
as an optical density at 550 nm [19]. The content of
"OH radical was measured in the incubation medium
with 2-deoxy-D-ribose (Sigma, USA) and defined by
an absorption at 532 nm as an elevation in the con-
tent of the malonic dialdehyde [20]. The means of
both indicators are presented as the arbitrary units
of changed extinction per 1 min in 1 ml of blood
serum. H,O, content was measured as described in
[21]. The level of the nitrate anion (NO,") was de-
termined by a spectrophotometric method [22] — a
modified brucine method for determination of ni-
trate. The activity of inducible NO-synthase (iNOS)
was measured by using the colorimetric method for
the newly synthesized nitrite anion [23]. The meas-
urement of NO-reductase activity was carried out by
the detection of its substrate — nitrate anion [24].

Measurement of ROS in treated human glioma
U251 cells. ROS were measured by the activated
fluorescence analysis using FACS cell sorter machine
(BD Biosciences, Mountain View, CA). ROS content
in cells was measured after their staining with fluo-
rescent dye dihydroethidum (DHE, O, -specific dye)
incubating the control (untreated) and drug-treated
(6, 12, 24 h) cells. Glioma U251 cells were pre-incu-
bated three times with the DHE (10 pM) for 30 min
at 37 °C before their measurement at FL2 channel of
the FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA).

Data analysis and statistics. All experiments
were repeated three times with three parallels in
each variant. The Analysis of Variance (ANOVA)
was used as statistics test for comparison of groups.
All data are presented as a mean = SD. The results
were analyzed using GraphPad Prism 6 software.
Statistical analysis was performed using #-test or
two-way ANOVA. To examine differences between

drug treatment responses, Bonferroni post-tests were
conducted. P values below 0.05 were considered
as statistically significant and marked with stars:
* P <0.05; *** P < 0.01.

Results and Discussion

An increase in FRO is caused by the imbalance
between the production of ROS and RNS as well as
the ability of cells to restore the oxidative damage
of the biological system or neutralize free radicals
[1]. The activation of FRO leads to a pathological
process causing the frequent intoxication of the or-
ganism [13, 14]. The results of studying the effect of
experimental compounds (4-thiazolidinone deriva-
tives — Les-3288, Les-3833 and Les-3882) on ROS
and RNS concentration in blood serum of rats are
shown on Fig. 1-4. It is known that superoxide anion
radical (O,) and hydroxyl radical (OH) are the most
powerful triggers of FRO reactions, since they can
interact with nitrogen oxides that leads to forma-
tion of highly toxic peroxynitrite (Fig. 1) [4]. We
have found that the administration of Les-3288 that
leads to the 46% reduction in O, concentration in
blood serum of the treated rats, whereas Les-3833
and doxorubicin did not affect the content of O,
Doxorubicin increased 2.2 times the content of the
hydroxyl radical, while 4-thiazolidinone derivatives
were reduced 2-3 times.

Doxorubicin and Les-3833 increased hydrogen
peroxide twice, and Les-3288 and Les-3882 did not
decrease it significantly (Fig. 2). Besides, doxoru-
bicin increased 2.5 times the pool of the nitrate anion
(indicator of the nitric oxide measured by Griess
method), and Les-3833 increased it by 60%, whereas
Les-3288 and Les-3882 lowered the concentration of
NO, by 30% (Fig. 2).

The activities of the inducible NO-synthase and
NO-reductase were reduced twice under the action of
the Les-3288 and by 35% — under the action of Les-
3882, while doxorubicin and Les-3833 did not affect
the activity of these enzymes significantly (Fig. 3).
The inducible NO-synthase and NO-reductase are
responsible for the production of nitrogen oxide
[4, 9], while NO-synthase provides an endogenous
synthesis of ‘NO that is then oxidized to nitrite and
nitrate anions, the NO-reductase converts the nitrate
ions into the nitrite that is transformed into the *NO
due to a lack of oxygen. This mechanism is known
as the “nitric oxide cycle” [4, 9]. If cells have enough
‘NO and O,, then the peroxynitrite is synthesized.
The relatively non-toxic nitrate anion is the major
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Fig. 1. Concentrations of superoxide radical
and hydroxyl radical in blood serum of rats trea-
ted: 1 — control, 2 — doxorubicin, 3 — Les-3288,
4 — Les-3833, 5 — Les-3882. Here and on Fig. 1-4
*P <0.05; ***P <0.01 (difference compared to con-
trol)

metabolite of the nitric oxide that circulates in the
body. Its oxygen atoms originate from two metabolic
pathways of FRO — both the nitrosative and oxidative
[1, 2]. Thus, an increased content of NO,” might be
an indicator of the oxidative processes, and it sug-
gests the presence of the nitrosative stress in the cir-
culating blood of animals treated with the anticancer
drugs. Doxorubicin and Les-3833 caused an eleva-
tion in the content of the nitrate anion that reacts
with the superoxide radicals forming the peroxyni-
trite. Evidently this was the reason why there was no
increase in the content of O, which could be rapidly
used in the above mentioned reaction.

There are two ways of the peroxynitrite de-
composition: 1) with forming the nitrate anion, and
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Fig. 2. Concentrations of hydrogen peroxide and ni-
trate anion in blood serum of rats treated: 1 — con-
trol, 2 — doxorubicin, 3 — Les-3288, 4 — Les-3833,
5 —Les-3882
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Fig. 3. Activity of NO-syntase and NO-reductase in
blood serum of rats treated: 1 — control, 2 — doxoru-
bicin, 3 — Les-3288, Les-3833, 4 — Les-3882

2) with production of ROS, particularly the hydroxyl
radical. Thus, the nitrate anion can be also conside-
red as a marker of the nitrosative stress [9]. The NO-
reductase restores the nitrite and nitrate anions to
‘NO. However, we did not find a significant increase
in the activity of studied enzymes in blood serum of
rats of the experimental groups, on the contrary, in
some cases (the action of Les-3288 and Les-3882), a
decline in activity was detected. Obviously, an in-
crease in content of the nitrate anion was caused by
its release from a deposition of the *NO. Thus, a for-
mation of excess ‘NO, nitrosothiols, nitrosylation of
glutathione, and appearance of the hydrogen sulfide
involving SH-groups of cysteine could be important
at the action of anticancer agents under study [4, 9].
The “reserves” of "NO release might be activated at
extreme conditions, like the effect of the anticancer
drugs [9].

The less toxic compound Les-3288 was used
in determining the level of ROS in human glioma
U251 cells (Fig. 4). Neither Les-3288, nor temozolo-
mide (TMZ) that is widely used for glioma treatment
affected the ROS level measured by FACS analysis
of the dihydroethidium (DHE) dye in these glioma
cells treated for 6-24 h. This dye is known to be an
O, -specific one. However, doxorubicin induced
relatively rapid (6 h) elevation of ROS concentration
which was then diminished during further (12-24 h)
cell treatment.

Thus, both the doxorubicin and 4-thiazolidi-
none derivative 3833 could realize their cytotoxic ac-
tion via the induction of the nitrosative and oxidative
stresses. The ROS and RNS can serve as important
biomarkers for evaluating the efficacy of the action
of innovative anticancer agents based on their cyto-
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Fig. 4. The results of FACS analysis of ROS level
in human glioma U251 cells treated with the 4-thia-
zolidinone derivative Les-3288, doxorubicin (Dox)
and temozolomide (TMZ)

toxicity. The redox balance in the treated mice and
the effectiveness of the compensatory FRO system
aimed at maintaining the normal level of ROS and
RNS production might protect the organism from the
negative side effects of the anticancer drugs that ap-
pear due to their general toxicity and damaging cells
of normal tissues and organs of cancer patients.

In vitro evaluation of the vitality and survival
(MTT assay and Trypan blue exclusion test) of trea-
ted cells revealed the following ranking of toxicity
of 4-thiazolidinone derivatives towards C6 rat and
U251 human glioma cells: 3882 < 3288 < 3833 =
doxorubicin [14, 25]. In vivo study (rats) of the bio-
chemical indicators of cardio- [26], hepato- [13] and
nephrotoxic [27] actions of the applied drugs showed
the same ranking. In this study, we have found that
the increased level of ROS and RNS in blood serum
of the experimental rats also demonstrated similar
ranking. This suggests that general toxicity of these
drugs is in some way related to their ability to induce
production of ROS and RNS. We suggest that an
optimal balance between the anticancer activity of
traditional and experimental drugs and their effects
on the concentration of ROS and RNS is important.
Proper modulation of the level of anticancer drug-
induced ROS and RNS might be a useful strategy to
decrease negative consequences of toxic effects of
most anticancer drugs in the treated organism.
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Y po6oTi 00roBopeHo OCHOBHI IIISAXHU HOPMY-
BaHHS 1 QyHKIIT BiTbHOPaANKAIEHUX METa0OIITIB
KHUCHIO Ta a30Ty, a TAaKOX CIIOCOOH X OioNOTiaHO1
HelTpasmizamii B KpoBi mypiB 3a il MOTEHITIHHUX
MPOTUIYXJIMHHUX mpenapariB. Tpu mOXigHUX
4-tiazomigmHony — Les-3288, Les-3833 i1 Les-
3882 — Oynu BUOpaHi HAMHU SIK HAHTIEPCIIEKTHBHITIT
MPOTUNYXJWHHI  areHTH. OCKIbKM  aKTHBHI
tdhopmu kucHo (ADK), a Takoxk akTHBHI (GopMHU
HITpOTEHY BIiJIMIOBiTalIbHI 3a HEraTWBHI MOOIYHI
eekTrt  0araThOX MPOTHPAKOBUX JIKAPCHKUX
3aco0iB, OyJ0 BHUMIPSHO ITOKAa3HUKH OKCHJIATHUB-
HOTO 1 HITPO3aTHBHOTO CTpeCy Ta AaKTHBHICTh
€H3MMIiB OOMIHY OKHCY a30Ty B KPOBI IIypiB 3a Iii
JOCHIIKyBaHUX CHONyK. Bcranosneno, mo Les-
3833 1 pokcopyOinwH, SKHH BHKOPHCTOBYBAJIH
SK TO3UTHUBHHM KOHTPOJb, IMiJBHUIIYBalH PiBEHb
IIOKa3HUKIB OKCHJATMBHOTO 1 HITPO3aTHBHOIO
CTpecy, B TOi 4ac, sk croryku Les-3288 i Les-3882
He cnpuunHIOBai M 3poctanHs piBHS ADK. Takox
HE CrocTepiraiau 3HaYHUX 3MiH B aKTUBHOCTI iNO-
cuHTas3u i NO-penykrTasu 3a aii JokcopyOinuHY, B
TOM yac, sik mpenapaTtu Les-3288 i Les-3882 3umxy-
Bany akTUBHICTh INO-cuHTa3w, a Les-3288 3HmKy-
BaB JI0 TOTO X akTuBHICTH NO-penykraszu. Takum
YUHOM, BMICT paJKaJIbHUX IOKa3HUKIB OKCHIaTHB-
HOTO i HITPO3aTHBHOTO CTPECY € iHHOPMaTHBHIIIINM,
HIX piB€Hb aKTUBHOCTi €H3MMiB OOMiHY OKHCY a30-
TY B KPOBI JIOCITI[DKYBAaHUX Iy PiB 32 BILNIUBY TAKUX
TOKCHUYHHUX PEYOBUH SK MPOTHUITYXJIMHHI CHOIYKH.
OneprkaHi MOKa3HUKHA MOXYTh OyTH BHKOPHUCTaHI
JUTSl OLIHKM TOKCHYHOTO IOUIKOMKEHHS! TKAHUH Ta
OpraHiB 3a il MPOTUTTYXJIMHHUX MTpeTnapaTiB.
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3UMH METa00Ji3MY OKCH]Y a30TYy.
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B poGote o0cyx)aeHbl OCHOBHBIE MyTH (hop-
MHPOBaHUsI ¥ (YHKIIMH CBOOOJHOPAIUKAIBHBIX
MEeTabOJTUTOB KHCIOPOa U a30Ta, a TAKIKE CIIOCOObI
X OMOIOTUYECKON HEHTpanmu3anuu B KPOBU KPBIC
MIpU AEWCTBUH TOTEHIIMATIBHBIX MTPOTHUBOOITYXO0JIE-
BBIX IpernaparoB. Tpu MPOU3BOAHBIX 4-THA30JIH-
nuHoHa — Les-3288, Les-3833 u Les-3882 — Oblin
BBIOpaHbI HAMH KaK Hau0O0JIee MePCIeKTUBHBIC TIPO-
THBOOITYXOJIEBbIE areHThL. [lOCKONBbKY aKTHBHEIC
(hopmer kucnopona (APK), a Takke akTUBHBIE QoOp-
MBI a30Ta OTBETCTBEHHBI 32 HETaTHBHBIE TOOOYHBIE
3¢ (}eKTsl MHOTHX TMPOTHBOPAKOBBIX JIEKApCTBEH-
HBIX CPEACTB, Mbl ONPEACIISIIN BIUSHUE UCCIETye-
MBIX COCIMHEHUH Ha MOKA3aTeIN OKCUJIATUBHOTO U
HHUTPO3aTUBHOTO CTpecca W aKTHUBHOCTH JH3MMOB
oOMeHa OKCHJa a30Ta B KPOBH KPBIC. YCTAaHOBIICHO,
gto Les-3833 u mokcopyOHITNH, WCTIOIB30BAHHBII
HaMH{ B KaueCTBE IMOJIOKUTEIHHOTO KOHTPOJIS, TI0-
BBHIIIAJI YPOBEHb IIOKa3aTelied OKCUIATHBHOIO U
HHUTPO3aTUBHOTO CTpecca, B TO BpeMs, KaK COeIu-
nenus Les-3288 u Les-3882 He BHI3BIBAIIN TOBHITIIC-
Hus ypoBHs ADK. Takke He HaOIIOAAIOCH 3HAYH-
TEIbHBIX M3MCHCHUN B aKTHBHOCTH iNO-CHHTa3bI
u NO-penykTasbl 1oj| JeHCTBHEM JIOKCOPYOUIMHA,
B TO BpeMsl, kak mpenaparsl Les-3288 u Les-3882
cumkann akTUBHOCTE INO-cunTa3el, a Les-3288 k
TOMY K€ CHIDKaJ akTUBHOCTh NO-pemnykrassl. Ta-
KUM 00pa3oM, cofiepKaHne CBOOOTHOpATUKATEHBIX
roKa3areneil OKCHJATUBHOTO M HHUTPO3aTHBHOTO
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cTpecca MOKHO CYUTATh 0oJiee HH(POPMATHBHBIMH,
YeM YpOBEHb aKTHBHOCTH SH3MMOB OOMEHa OKCHJa
a30Ta B KPOBU UCCIIEAYEMBIX KPBIC O] JIEHCTBUEM
TaKUX TOKCUYHBIX BEIIECTB KaK IPOTHUBOOIYXOJe-
Bble npenapatsl. 1lonydeHHble MOKa3aTean MOTYT
OBITh HCITOIB30BAHBI JIJI51 OLEHKH TOKCHYECKOTO T10-
BpPEX/JCHUS TKaHEH M OpraHoOB MpU ACUCTBUU IPO-
THBOOITY XOJIEBBIX IIPENAapaTOB.

KnmoueBnie cinoBa: 4-TMa30JIUIUHOHBI,
JOKCOPYOHIIMH, CBOOOTHOPaUKAIBLHOE OKHCIICHHUE,
AKTHUBHBIE (OPMBI KHUCIOPOJAA, aKTHBHBIE (HOPMBI
a30Ta, YH3UMBbI METa00IM3Ma OKCH/Ja a30Ta.
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