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Background. The antioxidant system is one of the protective cell systems.
Changes in its functioning, after the introduction of xenobiotics into the body, will deter-
mine the further course of the intensity of free radical processes. Among xenobiotics,
a prominent place belongs to phthalates, in particular diethyl phthalate (DEP) — the
most common group of synthetic substances that are widely used as plasticizers in
various industries.

Materials and Methods. For a series of experiments, white outbred rats were
used, and cytosolic and microsomal fractions were isolated from the liver cells. The
activity of such antioxidant enzymes as superoxide dismutase (SOD, EC 1.15.1.1),
catalase (CAT, EC 1.11.1.6), glutathione peroxidase (GSH-Px, EC 1.11.1.9), glutathione
S-transferase (GST, EC 2.5.1.18), and the concentration of reduced glutathione (GSH)
were determined in the cytosolic fraction. GST activity was also studied in the micro-
somal fraction.

Results and Discussion. The administration of different doses of DEP for 14 days
promoted the activation of antioxidant enzymes, regardless of the dose of xenobiotic
administration. The use of DEP for 21 days led to a multidirectional effect of the xeno-
biotic on the enzymes of the antioxidant system in liver cells. The inactivation of the
studied enzymes and depletion of the GSH pool were observed when DEP was admin-
istered at a dose of 5.4 mg/kg of body weight. The activity of antioxidant enzymes in
liver subcellular fractions remained at a high level compared to the control when DEP
was administered at a dose of 2.5 mg/kg of body weight. It was established that the
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same trend of changes in GST enzyme activity was found in both the microsomal and
cytosolic fractions of rat liver. The activity of the enzyme increased under the influence
of both studied doses under the administration of DEP for 14 days. Administration of the
xenobiotic for 21 days led to a decrease in GST activity when a high dose of DEP was
administered.

Conclusion. The activation of antioxidant system enzymes occurs in response to
a short-term intake of DEP. With an increase in the dose and duration of administration
of the studied xenobiotic, inactivation of antioxidant enzymes was detected.

Keywords: antioxidant enzymes, cytosol, microsomal fraction, liver, diethyl phthalate

INTRODUCTION

Components of the enzymatic link of the antioxidant system of cells play an impor-
tantrole in reducing the intensity of free radical processes in the body under the influence
of various exogenous and endogenous factors. Exogenous factors include xenobiotics,
among which phthalates are the most common group of synthetic substances widely
used as plasticisers in various industries (Smolinska-Kempisty et al., 2022; Fiocchetti
et al., 2021). These substances have toxic properties and, therefore, are capable of
disrupting the course of various metabolic pathways in cells with a probable increase in
the development of free radical processes in many body systems, which can ultimately
lead to various diseases (Goh et al., 2022; Diorditsa, 2019).

The most common phthalate used today in cosmetics, pharmaceutical and medi-
cal materials as well as the production of plastic tableware and children’s toys is diethyl
phthalate (DEP). This xenobiotic does not chemically bind to polymeric products in
a stable manner, therefore it easily enters the body, having a negative impact on various
organs (Cheng et al., 2012; Sharma et al., 2020).

One of the defence systems of cells is the antioxidant system, the key compo-
nents of which are the following enzymes: superoxide dismutase (SOD, EC 1.15.1.1),
catalase (CAT, EC 1.11.1.6), glutathione peroxidase (GSH-Px, EC 1.11.1.9), glu-
tathione S-transferase (GST, EC 2.5.1.18), glutathione reductase (GSH-Rd, EC 1.8.1.7)
(Diorditsa, 2019). Changes in the functioning of these components will determine the
further course of the intensity of free radical processes after the intake of DEP into the
body. The questions of the manner of activation or inactivation of antioxidant enzymes
in different subcellular structures after the intake of DEP remain open, which will allow
for prediction and prevention of free radical oxidation of biomolecules in cells (lipids,
proteins, nucleic acids).

The aim of the study was to evaluate the activity of antioxidant enzymes in sub-
cellular fractions of rat liver under the influence of different doses and terms of DEP
administration.

MATERIALS AND METHODS

The study was performed on white outbred rats weighing 120-160 g. The animals
were kept and all manipulations were carried out in accordance with the provisions of
the European Convention for the Protection of Vertebrate Animals Used for Research
and Scientific Purposes (Strasbourg, 1986) and the VII National Congress on Bioethics
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“General Ethical Principles for Animal Experiments” (Kyiv, 2019) (the Minutes of the
meeting of bioethics commission of ES Institute of Biology, Chemistry and Bioresources,
Yuriy Fedkovich Chernivtsi National University No 2 dated September 29, 2023). At the
beginning of the experiment, the animals were divided into three groups of 18 rats in
each: group | — control, which included intact animals; group Il — rats injected with DEP
at a dose of 2.5 mg/kg of body weight; group Ill — rats injected with DEP at a dose of
5.4 mg/kg of body weight. DEP was administered orally for three weeks at doses that
reflect the dose levels received by humans, namely 2.5 and 5.4 mg/kg b.w. (Wang et al.,
2019). Animals were euthanized under light ether anaesthesia on days 14 and 21 after
the start of DEP administration. Under chilled conditions, the liver was removed from
the animals and the cytosolic and microsomal fractions were isolated (Borschovetska
et al., 2016). The glucose-6-phosphatase activity was determined as a marker enzyme
of the liver microsomal fraction.

In the cytosolic fraction, superoxide dismutase activity was determined by the
method (Endréczi, 1990), which is based on the ability of SOD to inhibit adrenaline
autooxidation. The absorbance value was measured at 347 nm every 60 seconds for
three minutes from the moment when epinephrine was added. Superoxide dismutase
activity is expressed in conventional units per 1 minute and mg of protein. Catalase
activity was determined by the method described in (Géth, 1991), which is based on
the ability of hydrogen peroxide (H,0,) to form a stable coloured complex with ammo-
nium molybdate, the intensity of which was assessed spectrophotometrically at 410 nm.
Catalase activity was expressed as pymol of peroxi-molybdenum/min per mg of protein.
Glutathione peroxidase activity was determined by the increase in the amount of oxi-
dised glutathione (GSSG) at 260 nm. The enzyme activity was expressed in pmol of
GSSG/min per mg of protein (Borschovetska et al., 2016).

Glutathione S-transferase activity was determined in both cytosolic and microsomal
fractions. The method is based on the ability of reduced glutathione (GSH) to interact
with the substrate of 1-chloro-2,4-dinitrobenzenes (CDNB). The optical measurement
of the formed GSH-CDNB conjugate was performed at 340 nm every 0.5, 1.5, 2.5 and
3.5 minutes. The enzyme activity was expressed as mmol of GSH-CDNB/min per mg
of protein (Tymoshenko et al., 2012). The concentration of GSH, which interacts with
5,5"-dithiobis-2-nitrobenzoic acid (Elman’s reagent) to form yellow products, was also
determined in the cytosolic fraction. The GSH content was expressed as pmol/mg of
protein (Salyha, 2013). Protein content was measured by Lowry’s method.

Statistical analysis of the results was carried out using Excel software. All data
are presented as mean (M) + standard error (m). Statistical analyses were performed
using two-way ANOVA test. A significance level of P <0.05 was considered indicative of
a statistically significant difference.

RESULTS AND DISCUSSION

The initiation of oxidative stress in liver cells is one of the mechanisms of xenobiotics’
toxic effects, which is based on an imbalance in the antioxidant and prooxidant systems.
It is the normal functioning of the cellular antioxidant defence system that maintains
a safe intracellular concentration of oxidants, which prevents the damaging effects of
reactive oxygen species (ROS) on cellular macromolecules (Borschovetska et al., 2016).
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One of such components of the antioxidant system is the antioxidant enzyme SOD,
which is localised in the cytosol and regulates the first level of protection against oxida-
tive stress by neutralising superoxide anion radical (O,").

The results of the studies showed that in the cytosolic fraction of the rat liver under
the action of DEP at a dose of 2.5 mg/kg of body weight administered for 14 days, the
enzymatic activity of superoxide dismutase increased by 1.6 times compared to that of
intact animals (P <0.01) (Fig. 1). At the same time, in animals that were administered
DEP at a dose of 5.4 mg/kg of body weight for 14 days, SOD activity in the cytosolic
fraction of the rat liver increased 2.4-fold compared with the control (P <0.001) (Fig. 1).

Presumably, SOD activation occurs in response to the generation of O, under the
action of DEP, indicating a shift in the prooxidant-antioxidant balance in liver cells. At the
same time, under the action of SOD, O, is neutralised with the formation of molecular
oxygen (O,) and H,O,, by oxidation and reduction (Trist et al., 2021).

On the other hand, under the influence of ROS, cells can express redox-sensi-
tive genes, in particular SOD genes, which is necessary to protect cells from the toxic
effects of DEP.

The administration of DEP for 21 days showed that in animals that were adminis-
tered a dose of 2.5 mg/kg of body weight, superoxide dismutase activity in the cytosolic
fraction continued to be maintained at a high level and was 1.4 times higher than in the
control group (P <0.05) (Fig. 1).
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Fig. 1. Superoxide dismutase activity in the cytosolic fraction of rat liver under the influence of diethyl phthalate

Note (hereinafter): Control — intact animals (M+m, n=18); Group Il — rats injected with diethyl phtha-
late at a dose of 2.5 mg per kg of body weight (M+m, n=18); Group Ill — rats injected with diethyl
phthalate at a dose of 5.4 mg/kg of body weight (M+m, n=18); * — P <0.05; ** — P <0.01; *** P <0.001 —
compared to the control group; # — statistically significant difference group Ill compared to group II;
& — statistically significant difference compared to 14 days within the same group

When DEP was administered at a dose of 5.4 mg/kg of body weight, a 1.3-fold
decrease in the enzymatic activity of SOD was observed compared to that of intact
animals (P <0.05) (Fig. 1).
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The decrease in the enzymatic activity of SOD is probably due to the accumulation
of a large amount of H,0,, which is released during O, dismutation and is an inhibitor
that leads to the inactivation of this enzyme (Zheng et al., 2013; Serbin et al., 2022).

In the next step, H,0, is utilised by catalases, a family of enzymes that belong to
the class of oxidoreductases and catalyse the reaction of H,O, neutralisation to produce
H,O and molecular oxygen. The analysis of the study results showed that when DEP
was administered for 14 days at a dose of 2.5 mg/kg and 5.4 mg/kg of body weight,
a 1.3-fold (P <0.05) and 1.7-fold (P <0.01) increase in catalase activity in the cytosolic
fraction of the rat liver was observed, compared with that of intact animals (Fig. 2).

From the obtained results it follows that in the initial stages DEP promotes the
activation of CAT, an enzyme that effectively participates in one of the of the stages of
antioxidant defence of the body.
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Fig. 2. Enzymatic activity of catalase in the cytosolic fraction of liver of rats under the influence of diethyl
phthalate

The administration of DEP is likely to increase the generation of H,O, in liver cells,
which actively biotransforms the xenobiotic under study. An increase in the enzymatic
activity of CAT may indicate the activation of antioxidant defence in liver cells in response
to the initiation of oxidative stress under conditions of fourteen-day exposure to different
doses of DEP (Diorditsa, 2019; Cecerska-Hery¢ et al., 2022).

The administration of DEP for 21 days at a dose of 2.5 mg/kg of body weight
resulted in the fact that the enzymatic activity of CAT in the cytosolic fraction of the rat
liver also remained at a high level and was 1.6 times higher than that of intact animals
(P <0.01) (Fig. 2). At the same time, in the cytosolic fraction of the liver of rats that were
administered DEP at a dose of 5.4 mg/kg of body weight, the activity of CAT decreased
by 1.2 times compared with the control (P <0.05) (Fig. 2).

A reduced CAT enzymatic activity is likely to be accompanied by a reduced SOD
activity, as these two enzymes function as synergists in the antioxidant defence of cells
in response to xenobiotics. On the other hand, CAT can be inactivated by free radicals,
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namely O,". In addition, a decrease in the enzymatic activity of CAT may result from
excessive amounts of H,0, in liver cells, which also leads to inactivation of the enzyme
(Samuni et al., 2016).

In addition to SOD and CAT, the enzymes of the glutathione system, among which
GSH-Px and GST should be noted, demonstrate antioxidant properties. GSH-Px is
a family of enzymes that belong to oxidoreductases, and their antioxidant functions are
associated with the protection of the body against oxidative stress, namely, the neu-
tralisation of H,O,, lipid hydroperoxides and organic hydroperoxides to H,O or alcohol.
During its functioning, GSH-Px uses reduced glutathione as a substrate in detoxification
reactions (Zhang et al., 2020).

The analysis of the results showed that under the influence of DEP for 14 days at
a dose of 2.5 mg/kg and 5.4 mg/kg of body weight, glutathione peroxidase activity in
the cytosolic fraction of rat liver increased by 1.3 (P <0.05) and 2.3 (P <0.001) times,
respectively, compared with that of intact animals (Fig. 3).

The increase in glutathione peroxidase activity is probably due to the increased
production of H,O, in liver cells under DEP administration, which is primarily metabo-
lised in this organ. The formed H,O,, in turn, initiates peroxidation processes, which will
lead to the formation of various hydroperoxides. This fact explains the increase in the
enzymatic activity of GSH-Px with the subsequent utilisation of H,0, and lipid hydroper-
oxides (Borschovetska et al., 2016).
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Fig. 3. Enzymatic activity of glutathione peroxidase in the cytosolic fraction of rat liver under the influence of
diethyl phthalate

Longer-term administration of DEP at a dose of 2.5 mg/kg did not reduce the
enzymatic activity of GSH-Px in the cytosolic fraction of the rat liver, since the studied
index was 1.4 times higher than that of the control group on day 21 of the experiment
(P <0.05) (Fig. 3). At the same time, in the cytosolic fraction of the liver of rats that were
administered DEP at a dose of 5.4 mg/kg of body weight, the activity of glutathione per-
oxidase decreased by 1.3 times compared to the control group (P <0.05) (Fig. 3). This
fact is likely to be a cellular response to the introduction of DEP, which can enhance
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lipid peroxidation (LPO) in cells with subsequent imbalance of the redox state in cells.
In addition, the activity of GSH-Px is directly proportional to the GSH content in cells, to
which GSH-Px has a high affinity for GSH (Sekhar et al., 2022). To test this assumption
under the conditions studied, we determined the level of GSH in the cytosolic fraction
of rat liver.

The analysis of the results showed that a fourteen-day administration of DEP at
a dose of 2.5 and 5.4 mg/kg led to an increase in the concentration of GSH in the cyto-
solic fraction of the rat liver by 1.5 (P <0.01) and 1.8 (P <0.01) times compared to of
intact animals, respectively (Fig. 4).

This fact may indicate that GSH synthesis is carried out in the liver, and it acts as
a substrate used for conjugation with the administered xenobiotic, as well as for the
neutralisation of H,O, and various ROS by-products (Salyha, 2013).

After a three-week administration of DEP, the content of GSH was 2.2 times higher
than the control value in the cytosolic fraction of the liver of rats that were administered
DEP at a dose of 2.5 mg/kg (P <0.001) (Fig. 4). At the same time, in the cytosolic frac-
tion of the liver of rats that were administered DEP at a dose of 5.4 mg/kg, the content
of GSH decreased by 1.5 times compared with the control (P <0.01) (Fig. 4). This fact
indicates the depletion of the GSH pool in liver cells during a prolonged intake of DEP.
Another reason for the decrease in intracellular GSH content may be the inactivating
effect of DEP on enzymes involved in the reactions of maintaining GSH content in liver
cells (Salyha, 2013). Thus, a decrease in the concentration of GSH in liver cells may
be associated with its use in conjugation reactions in the second phase of xenobiotic
metabolism under the influence of cytosolic and microsomal GST (Dong et al., 2018).
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Fig. 4. The content of reduced glutathione in the cytosolic fraction of the liver of rats under the influence of
diethyl phthalate

The results of our studies showed that in the microsomal fraction of the rat liver
under the influence of DEP both at a dose of 2.5 mg/kg and 5.4 mg/kg, the enzy-
matic activity of GST increased compared to that of intact animals (Fig. 5A). A similar
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increase was detected in the cytosolic fraction (Fig. 5B). Comparison of changes in
indicators in groups Il and Il showed that a statistically significant difference between
these groups was found only on the 21st day of DEP administration in both studied frac-
tions (P <0.05) (Fig. 5).

The increase in glutathione transferase activity is likely to be a response to the
introduction of a xenobiotic into the body. DEP serves as a substrate for conjugation
with glutathione (Tymoshenko et al., 2012).
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Fig. 5. Enzymatic activity of glutathione S-transferase in microsomal (A) and cytosolic (B) fractions of rat
liver under the influence of diethyl phthalate

After three weeks of DEP administration, a decrease in glutathione transferase
activity in the microsomal (Fig. 5A) and cytosolic (Fig. 5B) fractions was detected only
in those animals that were administered DEP at a dose of 5.4 mg/kg.

Since GST and GSH-Px are among the key enzymes belonging to the glutathione
system, their functioning is directly proportional to the content of GSH in cells which
serves as a substrate for neutralisation of toxic compounds (Averill-Bates, 2023).

Thus, in both microsomal and cytosolic fractions of the rat liver, the same trend of
changes in GST enzyme activity was found: under DEP administration for 14 days, the
enzyme activity increased at both doses of DEP; administration of the xenobiotic for
21 days led to a decrease in GST activity at a high dose of DEP. Such a decrease, on
the one hand, may be due to a decrease in the pool of endogenous conjugant GSH, and
on the other hand, it may be due to free radical oxidation of GST (Tymoshenko et al.,
2012; Averill-Bates, 2023).

CONCLUSION

Thus, the introduction of different doses of DEP for 14 days into the body of ani-
mals leads to the activation of the enzymes of the antioxidant system in liver cells, as
indicated by the increase in the enzyme activities of SOD, CAT, GSH-Px, GST in sub-
cellular fractions of the rat liver. The activation is more pronounced with an increase
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in the xenobiotic dose. The increase in GSH-Px and GST activities occurs against the
background of an increase in intracellular concentration of GSH.

The administration of different doses of xenobiotics for 21 days leads to a multidi-
rectional effect of the latter on the enzymes of the antioxidant system in liver cells. High
doses of DEP, namely 5.4 mg/kg of animal body weight, contribute to the inactivation
of the studied enzymes and depletion of the GSH pool. However, the administration
of DEP at a dose of 2.5 mg/kg of body weight for 21 days was not accompanied by
a decrease in the activity of antioxidant enzymes in the cytosolic and microsomal frac-
tions of the rat liver.
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CTAH KOMMOHEHTIB ®EPMEHTATUBHOI TA HE®GEPMEHTATUBHOI NAHOK
AHTUOKCUOAHTHOIO 3AXUCTY B CYBKINITUHHUX ®PAKLIAX NMEYIHKA
LLYPIB 3A Ol AIETUN®TANATY

OkcaHa Keuya, AHacmacis Lleeub, Muxatisio Map4yeHko

YepHiseybkuli HauioHanbHUU yHieepcumem imeHi KOpis @edbkosuya
8yr. KoyrobuHcbkoeo, 2, HepHrisui 58012, YkpaiHa

BcTyn. AHTUOKCHOAHTHa CUCTEMA — OfHa i3 3aXMCHUX CUCTEM KIITUH, 3MiHN (PYyHK-
LioOHYyBaHHs kol OyayTb BU3Ha4aTu noganblumi nepebir iHTEHCUBHOCTI BinNbHOpaau-
KanbHMX NPOLECIB MiCIsl HAAXOOAXKEHHSI B OpraHiam kceHobioTukiB. Cepeq KCEHOBIOTHMKIB
yinbHe Micue HanexuTb dTanaram, 3okpema, gietundranaty (QEP) — Havnowwmpe-
HiLLiN rpyni CUHTETUYHUX PEYOBWH, KOTPI LUMPOKO 3aCTOCOBYIOTb Y PI3HUX ranyssax sk
nnactudikaTopu.

Matepianu Ta metoaun. [1ns npoBefeHHsA cepii eKcnepMMeHTIB BUKOPUCTOBYBaNu
6invx 6e3nopogHNX LLYPIB, i3 NEYIHKM SKUX BUGINANN LMTO30MIbHY Ta MiKPOCOMHY dopak-
LiT. Y UMTO30MbHIN dopaKkuil BU3HaYanu akTUBHOCTI TakMX aHTUOKCUAAHTHUX EH3UMIB SIK
cynepokcugancmyTasm (SOD, EC 1.15.1.1), katana3su (CAT, EC 1.11.1.6), rnyTaTioH-
nepokcungasun (GSH-Px, EC 1.11.1.9), rmyTtatioH-S-TpaHcdepasmn (GST, EC 2.5.1.18),
a TakoX KOHLeHTpaLito BigHoBreHoro rmyTtaTtioHy (GSH). Y mikpocomHin dpakuii gocni-
OXKyBanu akTuBHicTb GST.

PesynbraTtu. BeegeHHs pisHux o3 OE® npotsrom 14-tu gi6 cnpusano aktueadii
@HTUOKCMOAHTHUX EH3MMIB HE3ANEXHO Bif 0031 BBEAEHHS KCeHObioTMKa. 3acTOCyBaHHS
OE® npotarom 21-i gobu npuaBogurio OO Pi3HOCMPSIMOBAHOI Aii KCeHobioTMka Ha
€H3UMWN aHTUOKCUOAHTHOT CUCTEMM B KIiITUHAX MEYiHKW, OCKiNbKK nicns BBeaeHHs JED
y 0o3i 5,4 Mr/kr macu Tina TBapvH CnocTepirany iHaKTUBaLilo 4OCNigKYBaHWUX EH3UMIB
Ta BUCHaXeHHs nyny GSH, a nicns BBeaeHHs OE® y fosi 2,5 Mr/kr Macu akTUBHICTb
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AHTUOKCUOAHTHUX €H3UMIB Yy CYOKMITUHHMX opaKUisx MeviHKM 3anuiianacsi Ha BUCO-
KOMY pPiBHi, NOPIBHAHO 3 KOHTPONEM. AK Yy MIKDOCOMHIN, TaK i B LIUTO30SbHIA dopaKLisx
MeyviHKN LWypiB BUSIBMEHO OOHAKOBY TEHAEHLi0 3MiHM eH3MMHOI akTuBHOCTi GST:. 3a
ymoBu BBeAeHHA OE® npotsarom 14-tn Oi6 akTMBHICTL eH3MMYy MigBuLLlyBanaca 3a gii
000X gocnigKyBaHMX 003; BBEAEHHS KCeHODIOTMKA NpoTarom 21-i 4obu Nnpu3Boamno Ao
3HWXKEHHSA akTMBHOCTI GST 3a BBeaeHHs1 BUCOKOI Ao3n JED.

BucHoBKMU. AKTMBALiS eH3UMIB aHTUOKCUAAHTHOI cucTemu BiabyBaeTbCsa y Bifg-
noBiab Ha HeTpuBarne Hagxon)XeHHs JE® B opraHiam. 3i 36inblLUeHHSM 003U 1 TEPMIHY
BBEOEHHSA OOCIiOXKyBaHOro KCeHobioTMKa BUABIIEHO iHAKTUBALLit0 aHTUOKCUAAHTHUX
€H3UMIB.

Knro4oei cnoga: aHTUOKCUMAAQHTHI €H3UMW, LMTO30Sb, MIKpOCOMHa dopakuid,
neJiHka, gietundgranar
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