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Diethyl phthalate (DEP) is widely used as a plasticizer and aromatic additive in various consumer
products. Biotransformation of this xenobiotic occurs through the cytochrome P450 (CYP) -hydroxylating
system, the catalytic cycle of which is accompanied by ROS generation in uncoupling reactions. The present
study investigated the effects of DEP administration on the CYP-dependent ROS generation and lipid peroxi-
dation in the rat liver microsomes. The experiment was conducted on three groups of purebred white rats:
control (intact animals); rats orally administered with DEP at a dose of 2.5 or 5.4 mg/kg b.w per day for 21
days. CYP-mediated ROS generation was initiated by adding 0.24 umol/l NADPH to the incubation mixture.
It was found that daily administration of DEP at a dose of 2.5 mg/kg led to an increase in the rate of O, for-
mation, H,0, content, and intensification of lipid peroxidation in the liver microsomes only on the 2I* day
of the experiment. In contrast, administration of DEP at a dose of 5.4 mg/kg resulted in increased content of
primary, secondary and final lipid peroxidation products as early as on the 14" day of xenobiotic exposure,
indicating a dose- and time-dependent effect of DEP on the oxidative stress intensity in liver microsomes.
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he influence of xenobiotics on the body leads

I to an increase in the formation of reactive

oxygen species (ROS), the majority of which

are produced in the endoplasmic reticulum (ER) [1].

Components of the cytochrome P450-hydroxylating

system generate ROS, which can interact with vi-

tal cellular molecules, disrupting the cellular redox

balance and leading to various pathological conse-
quences [2].

In the catalytic cycle of cytochrome P450
(CYP), there are two “shunt” pathways in which
ROS are generated without the completion of sub-
strate oxidation. These are known as uncoupling
reactions [3]. The first release of ROS involves the
formation of the superoxide radical (O,~), which rap-
idly dismutates to form hydrogen peroxide (H,0,). A
second possible release of ROS occurs after protona-
tion of the reduced oxygen complex, resulting direct-
ly in the formation of H,O, rather than water. Many
factors determine the coupling efficiency of a given
CYP reaction, with the substrate playing a signifi-
cant role, as different CYP isoforms exhibit varying
substrate-dependent rates of uncoupling [3, 4].
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One of the most important biomolecules di-
rectly affected by ROS generated in the monooxy-
genase system (MOS) are polyunsaturated fatty
acids (PUFAs), which are integral components of
biomembranes where MOS enzymes are embedded
[5]. PUFA oxidation leads to the formation of toxic
lipid hydroperoxides and lipid aldehydes, which act
as secondary intermediates in the propagation of
oxidative stress signals [6].

Xenobiotics can induce oxidative stress in the
body, which is itself a significant factor in toxici-
ty. One such xenobiotic is diethyl phthalate (DEP),
widely used as a plasticizer and aromatic additive
in various consumer products (e.g., food packaging,
pharmaceuticals, medical devices, and the perfume
industry) [7]. The toxic effects of this compound de-
pend largely on the dose and duration of exposure,
which can influence the progression of free radical
processes in cells and help elucidate the mechanisms
of DEP toxicity.

The biotransformation of DEP occurs through
the action of the cellular xenobiotic detoxification
system. In the first phase of biotransformation,
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DEP is converted into a more toxic intermedia-
te metabolite, monoethyl phthalate (MEP), which
is subsequently conjugated in the second phase to
form a hydrophilic phthalate glucuronide via UDP-
glucuronosyltransferase (UGT) [8]. Since UGT is
a membrane-bound enzyme and its structural and
functional conformation depends on the lipid envi-
ronment of ER membranes, it is relevant to study the
intensity of lipid peroxidation (LPO) in the liver mi-
crosomal fraction, where ROS are produced by MOS
components [9]. Increased LPO markers include var-
ious products generated during this process, par-
ticularly diene conjugates, ketodienes, aldehydes,
and Schiff bases [10]. Their quantification allows us
to assess the direction and intensity of LPO in liver
cells, the primary detoxification site for xenobiotics.

The study aim to evaluate the intensity of reac-
tive oxygen species (ROS) formation and lipid per-
oxidation in rat liver microsomes under the influence
of DEP.

Materials and Methods

This study used two-month-old outbred white
rats (both males and females) weighing 120-160 g.
The animals were maintained on a standard vivarium
diet balanced for all essential nutrients. Housing and
handling of animals were carried out by the Euro-
pean Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scien-
tific Purposes (Strasbourg, 1986) and the guidelines
of the VII National Congress on Bioethics “General
Ethical Principles for Experiments on Animals”
(Kyiv, 2019).

During the experiment, the animals were
divided into three groups: group I — control group
(intact animals) (n = 12), group II — rats orally ad-
ministered DEP at a dose of 2.5 mg/kg (n = 9),
group III — rats orally administered DEP at a dose of
5.4 mg/kg (n=9).

The choice of doses was based on literature
data, which state that the maximum effective dose
of DEP is 5 mg/kg per day [11], and the average dose
is 2.5 mg/kg per day. DEP administration was per-
formed for 21 days. The animals were euthanized
under light ether anesthesia on days 14 and 21 from
the beginning of xenobiotic administration.

The liver microsomes were isolated using dif-
ferential centrifugation [12]. The reaction was ini-
tiated to determine CYP-mediated ROS formation,
by adding 0.24 pmol/l NADPH to the incubation
mixture [13]. The incubation mixture contained

0.55 nmol of CYP, 1 mg of protein, and potassium
phosphate buffer (pH 7.4). CYP content was deter-
mined of using of Omura and Sato methods [14]. The
rate of O, formation in the liver microsomal frac-
tion was determined by the reduction of nitroblue
tetrazolium (NBT) by superoxide, forming a colored
diformazan measured at 540 nm [15].

The H,O, content in microsomes were were
detected using the method with xylenol orange
[16]. The working solution consisted of reagent A
((NH,),Fe(S0O,),-6H,0 B 2.5 M H,SO,) and rea-
gent B (100 mmol/l sorbitol and 125 pmol/l xylenol
orange) in a 1:100 ratio. An aliquot of the sample
was added to test tubes containing 50 mM phosphate
buffer (pH 6.0) to a final volume of 400 pl. The con-
trol sample contained 400 pl of buffer alone. Then,
2.0 ml of the working solution was added to each
sample, mixed, and incubated for 15-20 min at room
temperature. Absorbance was measured relative to
the control at A = 540 nm. Hydrogen peroxide con-
centration was calculated from a calibration curve
and expressed per mg of protein.

Heptane-isopropanol lipid extracts were iso-
lated from the liver microsomes to determine LPO
products. The LPO products were assessed in the
heptane phase, where fatty acid peroxidation me-
tabolites are extracted. The intensity of LPO in mi-
crosomes were evaluated by measuring primary,
secondary, and tertiary products. Primary LPO
products, including diene conjugates (DC) and ke-
todienes plus conjugated trienes (KD + CT), were
measured at 268 and 278 nm in the UV spectrum,
respectively. Secondary products (TBA-active
products) were determined at 532 nm [17]. Tertiary
products (Schiff bases) were measured at 400 nm
[18].

Statistical analysis was performed using Micro-
soft Excel. All data are presented as M + SEM. Two-
way ANOVA was used to assess statistical signifi-
cance, and differences were considered statistically
significant at P < 0.05.

Results and Discussion

The MOS of ER is one of the key cellular sys-
tems responsible for generating free radicals. ROS
formed during cytochrome P450-dependent reac-
tions initiate free radical processes within cells.
Analysis of the results on cytochrome P450-media-
ted ROS formation showed that, after a two-week
administration of DEP at a dose of 2.5 mg/kg, there
was no significant increase in the rate of O, forma-
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tion (Fig. 1, A) or in hydrogen peroxide (H,0,) levels
(Fig. 1, B) in liver microsomes, compared to the con-
trol (intact animals). However, prolonged exposure
to DEP at the same dose (21 days) led to an increase
in the rate of O, generation and H,O, content by
1.3-fold and 1.4-fold, respectively, compared to the
control group (Fig. 1).

A more pronounced pro-oxidant effect of DEP
was observed at a dose of 5.4 mg/kg, as a slight ac-
tivation of ROS production was already evident on
14" day. In particular, the intensity of superoxide
anion radical generation and the level of hydrogen
peroxide exceeded those of the control group by 30
and 40%, respectively (Fig. 1).

On the 21* day of the experiment, high doses of
DEP further intensified the formation of ROS in the
MOS of the rat liver. The formation of ROS may be
associated with changes in the structural and func-
tional conformation of enzymes of the cytochrome
P450-hydroxylating system and disruption of the
monooxygenase cycle of CYP [3]. Such changes in
MOS function largely depend on the lipid environ-
ment. The formed ROS can attack PUFAs in phos-
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pholipid membranes with sufficient energy to form
organic radicals, particularly peroxyl radicals.

Analysis of the content of primary LPO
products showed an increase by 1.3 times in rat liver
microsomes on the 14" day under the influence of
DEP at a dose of 5.4 mg/kg compared to the control
(P <0.05) (Fig. 2).

On the 21* day of the experiment, the content
of primary lipid products exceeded the control value
by 1.5 times when DEP was administered at a dose
of 2.5 mg/kg and by 2.4 times when DEP was ad-
ministered at a dose of 5.4 mg/kg (P < 0.05) (Fig. 2).

The pro-oxidant effect of DEP observed in
our study may be associated with the formation of
a more reactive intermediate metabolite, MEP. The
formation of DC, one of the main lipid peroxidation
products, results from free radical damage to PU-
FAs caused by the xenobiotic. This damage leads to
the formation of a lipid radical (L"), which is subse-
quently oxidized to a lipid peroxyl radical (LOO").
The lipid peroxyl radical removes a hydrogen atom
from another lipid molecule, forming lipid hydroper-
oxide (LOOH), thereby propagating the process and
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Fig. 1. Rate of superoxide radical (A) formation and hydrogen peroxide (B) content in rat liver microsomes
under the influence of diethyl phthalate. C — control group (intact animals); DEP 2.5 mg/kg — rats adminis-
tered diethyl phthalate at a dose of 2.5 mg/kg; DEP 5.4 mg/kg — rats administered diethyl phthalate at a dose
of 5.4 mg/kg; *statistically significant difference compared to the control group (P < 0.05); *statistically sig-
nificant difference compared to rats administered DEP at a dose of 2.5 mg/kg (P < 0.05)

68



O. V. Ketsa, M. M. Marchenko

promoting the accumulation of lipid peroxidation
(LPO) products [18]. Additionally, the induction of
oxidative stress in liver cells may be associated with
a decrease in the activity of antioxidant enzymes un-
der the influence of the studied xenobiotic [19].

Along with primary LPO products, an increase
in secondary LPO products was observed in the mi-
crosomal fraction of the liver as the xenobiotic was
introduced into the body. Thus, the highest levels
of ketodienes and conjugated trienes in rat liver mi-
crosomes were observed on the 21% day of the ex-
periment, when their content was 1.6 and 3.1 times
higher than the control levels in rats administered
DEP at doses of 2.5 and 5.4 mg/kg, respectively
(Fig. 3).

The accumulation of primary LPO products
can result from a decrease in the activity of antioxi-
dant enzymes. DEP is known to inhibit the expres-
sion and activity of superoxide dismutase (SOD),
while its metabolite MEP induces oxidative stress by
inhibiting the expression and activity of glutathione
peroxidase (GPX). It can be assumed that the accu-
mulation of superoxide detected in our study results
from a decrease in SOD activity under the direct ac-
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Fig. 2. Content of diene conjugates as lipid peroxi-
dation products in rat liver microsomes under the
influence of diethyl phthalate. C — control group
(intact animals); DEP 2.5 mg/kg — rats adminis-
tered diethyl phthalate at a dose of 2.5 mg/kg; DEP
5.4 mg/kg — rats administered diethyl phthalate at
a dose of 5.4 mg/kg; *statistically significant dif-
ference compared to the control group (P < 0.05);
*statistically significant difference compared to rats
administered DEP at a dose of 2.5 mg/kg (P < 0.05)

tion of DEP, and the accumulation of hydrogen per-
oxide is associated with a decrease in GPX activi-
ty due to the action of MEP, the main metabolite of
DEP [8, 19].

As a result of the continued progression of the
LPO process after the addition of free radicals, fatty
acid chains break into aldehyde fragments, which
are highly reactive. If the break occurs on both sides
of the chain, a secondary product, malondialdehyde
(MDA), is formed, which constitutes the main part
of TBA-active products [10, 20].

The results of the study showed that under the
administration of DEP at a dose of 2.5 mg/kg, an
increase in rat liver microsomes of TBA-active prod-
ucts by 1.4 times was observed compared to the cor-
responding indicator in intact animals only on the
21% day of the experiment (Fig. 4).

When DEP was administered at a dose of
5.4 mg/kg, the content of TBA-active products
was 1.8 times higher than the control value in rat
liver microsomes on the 14th day of the experiment
(Fig. 4). With prolonged administration of DEP at
a dose of 5.4 mg/kg, there was no further increase
in the content of TBA-active products, as their level
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Fig. 3. Content of ketodienes and conjugated trienes
as lipid peroxidation products in rat liver micro-
somes under the influence of diethyl phthalate.
C — control group (intact animals); DEP 2.5 mg/
kg — rats administered diethyl phthalate at a dose of
2.5 mg/kg; DEP 5.4 mg/kg — rats administered di-
ethyl phthalate at a dose of 5.4 mg/kg, *statistically
significant difference compared to the control group
(P < 0.05); *statistically significant difference com-
pared to rats administered DEP at a dose of 2.5 mg/
kg (P < 0.05)
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in liver microsomes remained consistently high and
was 1.9 times higher than the control value (Fig. 4).

Thus, under the influence of high doses of DEP,
there was no further increase in the level of TBA-ac-
tive products. The detected changes may be related
to the interaction of MDA with amino groups of pro-
teins, resulting in the formation and accumulation of
Schiff bases, which act as markers of LPO [21].

To test this assumption, we investigated the
level of Schiff bases. The results showed an increase
in the final products of lipid peroxidation in rat liver
microsomes exposed to DEP compared to intact ani-
mals, which depended on the dose and duration of
xenobiotic administration. Thus, two weeks of DEP
administration at a dose of 2.5 mg/kg did not lead
to an increase in the level of Schiff bases, but after
three weeks of DEP administration, their level in-
creased by 2.4 times compared to the control (Fig. 5).

Under the conditions of DEP administration at
a dose of 5.4 mg/kg, an increase in the content of
Schiff bases was observed already on the 14" day
of the experiment, when the studied indicator was
2.5 times higher than the control (P < 0.05) (Fig. 5).
Prolonged administration of the xenobiotic (up to the
21% day) led to an increase in the content of Schiff
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Fig. 4. Content of TBA-active products in rat liver
microsomes under the influence of diethyl phthalate.
C — control group (intact animals); DEP 2.5 mg/
kg — rats administered diethyl phthalate at a dose
of 2.5 mg/kg; DEP 5.4 mg/kg — rats administered
diethyl phthalate at a dose of 5.4 mg/kg, *statisti-
cally significant difference compared to the control
group (P < 0.05); *statistically significant difference
compared to rats administered DEP at a dose of
2.5 mg/kg (P < 0.05)
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bases by 3.4 times compared to the control (P < 0.05)
(Fig. 5).

Probably, the absence of a tendency to increase
the content of TBA-active products as the xenobiotic
is introduced is the basis for the increase in the level
of Schiff bases. This fact is indicated by the Schiff
formation index (the ratio of Schiff bases to the con-
tent of TBA-active products), which increases as
DEP is introduced into the body. The consequences
of LPO can be structural damage to membranes and
the formation of oxidized products, some chemical-
ly reactive and covalently modify macromolecules,
which are the main effectors of tissue damage [6].

Therefore, the toxicity of DEP consists in its
ability to trigger free radical oxidation processes in
the body, one of the mechanisms of which is cyto-
chrome P450-mediated generation of ROS, leading
to the initiation of LPO with the formation of pri-
mary, secondary, and final LPO products.

Conclusions. The intensity of free radical pro-
cesses in rat liver microsomes is mediated by the
components of the MOS. As DEP enters the body,
the cytochrome P450-mediated rate of O, genera-
tion and the content of H,O, increase, which is ac-
companied by an intensification of LPO processes.

EC [@ODEP (2.5 mg/kg)

1.6 —
1.4 —
1.2 =
1.0
0.8
0.6

0.4
0.2
0

Fig. 5. Content of Schiff bases in rat liver microsomes
under the influence of diethyl phthalate. C — control
group (intact animals); DEP 2.5 mg/kg — rats ad-
ministered diethyl phthalate at a dose of 2.5 mg/kg;
DEP 5.4 mg/kg — rats administered diethyl phthalate
at a dose of 5.4 mg/kg; *statistically significant dif-
ference compared to the control group (P < 0.05);
#statistically significant difference compared to rats
administered DEP at a dose of 2.5 mg/kg (P < 0.05)
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Oxidative destruction of ER phospholipids, with
the accumulation of primary, secondary, and final
products of LPO, leads to changes in the structural
and functional conformation of the components of
the cytochrome P450-hydroxylating system, which
further enhances free radical processes in the cell.
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OUTOXPOM P450-3AJTEKHI
BIJIBHOPA JTUKAJIBHI ITPOIECHU
B MIKPOCOMAX INEYIHKHA
IYPIB 3A YMOB BBEJEHH A
JIETHJI®OTAJATY

O. B. Keya™, M. M. Mapuenko
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Hietundranar (AED) ITUPOKO
BHKOPHUCTOBYETHCS K IUTACTH(IKaTOp Ta apo-
MaTH4Ha J00aBKa B pI3HUX CHOXHBUMUX TOBa-
pax. biorpancdopmaiiis 1Oro KCceHOOIOTHKA
Bi/I0yBa€THCS IIUTOXPOM P450 (CYP)-
TAPOKCHITIOIOUOI0 CUCTEMOI0, KaTaMITUYHUHN ITHKIT
SIKOI CYNPOBOIKYETHCSI YTBOPCHHSIM aKTUBHUX
¢dopm kuchHo (ADK) y peakuisix po3enHaHHs. Y
OMY JIOCJIIJDKCHHI BHBYCHO BILIMB BBEJCHHS
JE® na CYP-3anexxne yrsopenuss ADK ta nepok-
CHJIHE OKHCIICHHS JIMiZiB y MiKpocoMax Me4iHKH
1ypiB. EKcriepuMeHT NpoBOIMIM HAa TPHOX Ipymax
0inux 0e3MOPOIHUX LIYPiB: KOHTPOJIbHA (1HTaKTHI
TBapWHM); Iy PH, SIKAM TIepopaiibHo BBoauiau JIED
y nmo3i 2,5 abo 5,4 MI/Kr mMacu Tijia HIOAHS TPO-
tarom 21 nus. CYP-omocepenkoBaHe YTBOpPEHHS
A®K iHimiroBadu 0JaBaHHSIM [0 1HKYyOaIiiHOl
cymimi 0,24 mxmons/n NADPH. Beranosneno, mo
moneHHe BBeAcHH JJED y 1031 2,5 MI/KT Ipu3BeIo
710 301IbLIEHHS INBUAKOCTI yTBOpeHHs O,, BMiCTY

H,O, Ta nocuneHHs NEPOKCUIHOIO OKHMCIECHHS
JOiAiB y MiKpocoMax NediHKH Juiie Ha 21-i JeHb
excriepuMeHTy. HatomicTs, BBenennst JJED y nosi
5,4 MI/KT IpU3BENIO 10 301MBLICHHS BMICTY IIEPBHH-
HUX, BTODUHHUX Ta KIHLIEBUX MPOJYKTIB MEPEKHC-
HOTI'0 OKHCIICHHS JIiIi/iB Bxke Ha 14-i JIeHb BILIUBY
KCEHO010THKa, 110 BKa3ye Ha J030- Ta YacO3aJIeKHE
NOCUJICHHSI OKCHJIATUBHOTO CTpecy B MiKpocomax
MEYiHKH.

KnmouoBi cioBa: guetundranar, MiKpo-
COMH TEYIHKH, CYNEPOKCHJIHUN pajuKall, MepoK-
CHUJI BOJIHIO, IIEPOKCUIHE OKUCIICHHS JIiITi TiB.
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