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Mechanisms of diethyl phthalate (DEF) influence on free radical processes in liver cells, in which it
is not only metabolized but can also have a prooxidant effect, remain poorly studied. The aim of our research
was to determine ROS formation, the intensity of oxidative modification of proteins (OMP) and proteolytic
activity in the mitochondrial fraction of liver tissue of rats exposed to diethyl phthalate. The experimental
white outbred rats were divided into three groups: I — intact animals (control), Il and III — rats administered
DEF orally for three weeks at doses 2.5 and 5.4 mg/kg b.w. respectively. The animals were euthanized on the
14" and 21 day after xenobiotic administration. The mitochondrial fraction from the rat liver was isolated
and the level of superoxide and hydroxyl radicals, protein carbonyl derivatives, SH-groups and Schiff bases
was determined. Proteolytic activity was assessed in the test of hemoglobin cleavage. It was shown that ad-
ministration of DEF in a dose of 2.5 mg/kg initiated ROS generation and OMP intensification in the rat liver
mitochondria only with prolonged administration for 21 days, whereas its administration in a dose of 5.4 mg/
kg led to intensification of these processes already on day 14" followed by further amplification on day 2I*.
The activity of proteolytic enzymes in the mitochondrial fraction was found to be dependent on the degree of
DEF—induced OMP and was increased with the minor OMP intensification but decreased with the significant
intensification of protein free radical oxidation.
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lytic enzymes.

can contribute to mitochondrial dysfunction,

cells’ main generator of reactive oxygen species
(ROS) [1]. Mitochondrial dysfunctions are accom-
panied by several changes resulting in metabolic
disorders and the subsequent development of various
pathological conditions in the body [2]. Mitochon-
drial dysfunction may be facilitated by the intake
of exogenous xenobiotics, widely used in various
industries today. Phthalates are synthetic chemicals
that are present in the environment due to their wide-
spread use as plasticizers and additives in personal
care and pharmaceutical products [3].

Among phthalates, the most widely used is
diethyl phthalate (DEP), which, after entering the
body through inhalation, ingestion, and skin contact,
is metabolized to the corresponding monoesters —
monoethyl phthalate (MEP), which is also likely to
have a toxic effect on the functioning of cellular or-
ganelles [4]. There is evidence of high doses of MEP
in human urine samples, indicating a greater impact

I ntensifying free radical processes in the body

of DEF on the body than other phthalates [5]. The
US Environmental Protection Agency and the Inter-
national Programs on Chemical Safety suggest an
acceptable daily intake of DEF at 800 pg per kg of
body weight per day. However, due to the constant
impact of phthalates on the body, there is continuous
low-dose exposure over a long period, which con-
tributes to the intake of much higher doses of DEF
into the human body [5].

To date, studies of the effect of this xenobiotic
on the intensity of free radical processes in liver
cells, in which DEF is not only metabolized but can
also have a prooxidant effect, remain limited [6]. In
this case, the work of the main energy producers in
cells — mitochondria — may be disrupted due to the
generation of ROS and the accumulation of oxidative
modification of proteins (OMP) [7]. Since numerous
metabolic pathways occur in the organelle, which are
closely interrelated, free radical oxidation of mito-
chondrial proteins can often have very heterogene-
ous biochemical consequences [8]. At the same time,
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the mechanisms and direction of DEF action on free
radical processes in mitochondria remain unex-
plored, and their understanding will help prevent the
development of pathological processes in the future.

Since mitochondria contain more than 1000
different proteins that are closely related to cell de-
velopment, and OMP disrupts mitochondrial func-
tion and contributes to the development of various
pathologies, mitochondrial proteases are critically
important for maintaining the stability of mitochon-
drial proteins [9].

Hence, taking into account the above, the study
aimed to assess the rate of ROS formation and the
intensity of ROS in the mitochondrial fraction of rat
liver under the action of DEF.

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 following
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 “General Ethi-
cal Principles for Animal Experiment” (Kyiv, 2019)
[10] (the Minutes of the meeting of bioethics com-
mission of ES Institute of Biology, Chemistry and
Bioresources, Yuriy Fedkovich Chernivtsi National
University No 2 dated September 29, 2023).

The experimental animals were divided into
three groups: Group | — intact animals (control)
(n=12), Group Il —rats administered DEF at a dose
of 2.5 mg/kg body weight (n = 18), and Group 11l -
rats administered DEF at a dose of 5.4 mg/kg body
weight (n = 18). DEF was administered orally for
three weeks in doses that reflect the dose levels re-
ceived by humans [11].

The animals were euthanized under light ether
anesthesia on the 14" and 21 day after the start of
the xenobiotic administration.

Differential centrifugation isolated the mito-
chondrial fraction from rat liver [12]. The rate of
ROS formation, namely the formation of superoxi-
de radical (O,) [13] and hydroxyl radical (OH)
[14, 15], was determined in the mitochondrial sus-
pension. The rate of O, formation was recorded in
the nitroblue tetrazolium test [13] and expressed as
nmol/min per mg of protein. The OH-radical was
determined using the classical method of measuring
the amount of reactive thiobarbituric acid products
formed during HO -mediated degradation of deoxy-
ribose [15]. The incubation medium for determining

74

hydroxyl radical formation contained 20 mM
sodium phosphate buffer (pH 7.4), 20 mM deoxyri-
bose, 1 mM H,O,, and mitochondrial fraction. After
incubation for 30 min at 37°C, 0.5 ml of 1% thiobar-
bituric acid solution in 50 mM NaOH and 0.5 ml of
2.8% trichloroacetic acid solution were added to the
mixture, incubated again for 20 min in a boiling wa-
ter bath, cooled, and the absorbance was measured
at L = 532 nm. "OH generation was judged by the rate
of TBC-active products formation (nmol) per minute
per mg of protein [14, 15].

OMP was evaluated by determining the level of
carbonyl derivatives [16], SH-groups [17], and Schiff
bases [18]. The proteolytic activity in the mitochon-
drial fraction was determined by the modified Anson
method [19], the principle of which is the cleavage of
hemoglobin (casein) by mitochondrial proteases to
products that are not precipitated by trichloroacetic
acid. The proteolytic activity was expressed in mi-
cromoles of tyrosine formed in 1 min per mg of pro-
tein at 37°C. The protein content was determined by
the Lowry method [20].

The results were statistically analyzed using
analysis of variance (ANOVA). Differences between
groups were considered significant at P < 0.05%.

Results and Discussion

Phthalates in elevated concentrations and pro-
longed exposure to the body can cause severe cel-
lular damage to the liver through the metabolic ac-
tivation of highly reactive substances such as free
radicals. The mechanisms of DEF damage may be
based on the generation of ROS and subsequent
initiation of free radical oxidation of mitochondrial
proteins.

The results of the studies showed that under
the influence of DEF at a dose of 2.5 mg/kg body
weight for 14 days, there were no changes in the rate
of O, formation in the mitochondrial fraction of the
rat liver since the studied indicator was at the level of
intact animals (Fig. 1). In animals treated with DEF
at a dose of 5.4 mg/kg body weight for 14 days, an
increase in the generation of O, in the mitochon-
drial fraction of the rat liver was observed by 1.7
times compared with that of intact animals (Fig. 1).

When DEF was administered during the 21%
day, an increase in O, generation was detected
in the mitochondrial fraction of the rat liver both
under conditions of administration of the studied
xenobiotic at a dose of 2,5 mg/kg animal weight
and at a dose of 5,4 mg/kg animal weight, since the
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studied index was 1,3 times and 2,6 times higher
than the control index, respectively (Fig. 1). The in-
creased generation of O, may be associated with a
violation of the metabolic mechanisms of regulation
of oxygen homeostasis in cells under the influence
of DEF, which disrupts electron transport in the mi-
tochondrial respiratory chain with the generation of
O, [21]. The generated O, can be a source of the
formation of more reactive "OH [22].

The analysis of the results showed that a four-
teen-day exposure to DEF at a dose of 2.5 mg/kg
body weight leads to a slight increase in the rate of
TBA-active products formation from deoxyribose
(1.2 times) compared to the control (Fig. 2). At the
same time, in rats administered DEF for 14 days at
a dose of 5.4 mg/kg body weight, the rate of TBA-
active products formation increased by 1.8 times
compared to the control (Fig. 2).

As follows from the results, the rate of TBA-ac-
tive products formation from deoxyribose can indi-
cate the formation "OH that is expressed to a greater
extent than the rate of formation of O,". Presumab-
ly, *OH is formed from O, and H,O, in the Haber-
Weiss reaction, which will cause oxidative stress
in the mitochondria. Since "OH is a highly reactive
radical, its formation locally will lead to mitochon-
drial OMP [23].

The administration of DEF during the 21% day
contributed to a more significant increase in the rate
of TBA-active products formation from deoxyribose.
Thus, in animals treated with a dose of 2.5 mg/kg,
the rate of TBA-active products formation was 1.6
times higher than in intact animals, whereas DEF
administration at a dose of 5.4 mg/kg increased the
formation of TBA-active products by 3.1 times com-
pared to the control (Fig. 2).

The revealed results point out an increase in
the intensity of "‘OH formation that can lead to mi-
tochondrial damage with subsequent cell damage.
With severe or prolonged stress, the concentration
of ROS in the cell may increase, and, from a certain
threshold level, the cell defense systems weaken,
leading to liver cell death [23].

Mitoptosis can result from increased ROS pro-
duction, depletion of the bioantioxidant pool, and in-
creased local reactions [24]. These disorders may be
the result of oxidative modification of mitochondrial
proteins. To test this assumption, we determined the
level of carbonyl derivatives as one of the markers
of OMP.
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Fig. 1. The rate of superoxide radical formation in
the mitochondrial fraction of rat liver under the in-
Sfluence of diethyl phthalate: C — intact animals (con-
trol); Group Il — rats administered diethyl phthalate
at a dose of 2.5 mg/kg, Group Ill — rats administered
diethyl phthalate at a dose of 5.4 mg/kg, *statisti-
cally significant difference compared to the control
group, P < 0.05
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Fig. 2. The rate of TBA-active products formation
from deoxyribose in the mitochondrial fraction
of rat liver under the influence of diethyl phtha-
late: C — intact animals (control); Group Il — rats
administered diethyl phthalate at a dose of 2.5 mg/
kg; Group Il — rats administered diethyl phthalate
at a dose of 5.4 mg/kg; *statistically significant dif-
ference compared to the control group, P < 0.05

The results of the studies showed that in the
liver mitochondria of rats under the conditions of
fourteen-day exposure to DEF at a dose of 2.5 mg/
kg of animal body weight, no increase in the level
of carbonyl derivatives was observed compared to
intact animals (Fig. 3). At the same time, DEF ad-
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ministration at a dose of 5.4 mg/kg body weight was
accompanied by a 2-fold increase in the content of
carbonyl derivatives in the mitochondrial fraction of
the rat liver compared to the control values (Fig. 3).

The administration of DEF during the 21%
day showed that in animals administered a dose
of 2.4 mg/kg, the level of carbonyl derivatives in-
creased 1.4 times, and at a dose of 5.4 mg/kg — 3.2
times compared to the control (Fig. 3).

Since not only free amino groups but sulfhy-
dryl groups are subjected to oxidative modification
in protein molecules, we also determined the content
of SH-groups as a marker of OMP.

The analysis of the results of the studies
showed a decrease in the level of protein SH-groups
in the mitochondrial fraction of the rat liver, which
increased with an increase in the dose and duration
of DEF administration, which confirms the intensi-
fication of the OMP under the action of this xeno-
biotic. Thus, under the conditions of administration
of medium doses of DEF (2.5 mg/kg) for 14 days,
the level of SH-groups in the mitochondrial fraction
of the rat liver did not differ from the control value
(Fig. 4). In rats administered the maximum dose of
DEF, a 1,6-fold decrease in the content of SH-groups
was observed compared to the control (Fig. 4).

At the same time, the effect of DEF on day 21
showed that the level of SH-groups in the mitochon-
drial fraction of the rat liver decreased by 1.7 times
compared to the control in animals receiving a dose
of 2.5 mg/kg and by two times in animals receiving
a dose of 5.4 mg/kg (Fig. 4).

Presumably, the generation of O, and ‘OH
leads to OMP, as indicated by the oxidation markers
of protein amino and sulfhydryl groups. Since one
of the functions of the SH group is to reduce the cy-
totoxic and destructive effects of ROS, a decrease
in their content may indicate changes in the redox
potential of the body’s cells. SH-groups located on
the surface of a protein molecule can inactivate ROS
by oxidizing to disulfides, thus protecting the inter-
nal parts of proteins from damage [25]. The decrease
in the content of this indicator may be due to both
the increased intensification of free radical processes
and the increased use of these compounds.

Thus, an increase in the content of carbonyl de-
rivatives and a decrease in the content of SH groups
of proteins indicates an increase in the intensity
of OMP in mitochondria, which results from ROS
generation in response to the intake of DEF. Oxi-
dized proteins can interact with aldehydes and form
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Fig. 3. The content of carbonyl derivatives in the mi-
tochondrial fraction of rat liver under the influence
of diethyl phthalate: C — intact animals (control);
Group Il — rats administered diethyl phthalate at
a dose of 2.5 mg/kg, Group Il — rats administered
diethyl phthalate at a dose of 5.4 mg/kg, *statisti-
cally significant difference compared to the control
group, P < 0.05
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Fig. 4. The content of sulfhydryl groups in the mi-
tochondrial fraction of rat liver under the influence
of diethyl phthalate: C — intact animals (control);
Group Il — rats administered diethyl phthalate at
a dose of 2.5 mg/kg, Group Il — rats administered
diethyl phthalate at a dose of 5.4 mg/kg, *statisti-
cally significant difference compared to the control
group, P < 0.05

Schiff bases, the final products of biomolecular oxi-
dation in the cell.

The analysis of the results showed that DEF
administration for 14 days led to an increase in the
level of Schiff bases in the mitochondrial fraction
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of the liver only in the group of animals receiving a
high dose of xenobiotic (5.4 mg/kg) since the studied
index was 2.8 times higher than that of intact ani-
mals (Fig. 5). In animals treated with DEF during
the 21% day, the level of Schiff bases increased by
3.7 times — at a dose of 2.5 mg/kg and by 4.6 times —
at a dose of 5.4 mg/kg compared to intact animals
(Fig. 5).

The accumulation of Schiff bases may indicate
destabilization of the structural and functional state
of mitochondrial membranes since this indicator is
also the end product of the peroxidation of lipids that
form membranes.

Changes in mitochondrial OMP may be re-
flected in changes in the activity of mitochondrial
proteases since, on the one hand, they may be ac-
tivated to hydrolyze oxidized proteins, and on the
other hand, they may be inactivated due to oxida-
tion. These changes will affect mitochondrial func-
tion since mitochondrial proteases form a complex
system that performs limited and final proteolysis to
form the mitochondrial proteome.

The results of our studies showed that af-
ter fourteen days of exposure to DEF at a dose of
2.5 mg/kg, no changes in proteolytic activity were
observed compared to the control, while further ad-
ministration of DEF revealed a 1.6-fold increase in
the studied index compared to the control (Fig. 6).
The activation of mitochondrial proteases is likely to
occur in response to the formation of oxidized pro-
teins that need to be utilized from the cell.

When DEF was administered at a dose of
5.4 mg/kg, the level of proteolytic activity increased
1.8-fold compared to the control after fourteen days
of xenobiotic administration, presumably for the
degradation of oxidized proteins (Fig. 6). On day
21 of the experiment, a decrease in protease activity
was detected in this group of animals compared to
the control, which is obviously due to their oxidation
(Fig. 6).

The results obtained indicate that there is a cor-
relation between the intensity of OMP and increased
proteolytic activity. Thus, the enhancement of prote-
olysis by DEF administration may be due to both the
activation of proteolytic enzymes and the modifica-
tion of substrate proteins, increasing their sensitiv-
ity to these enzymes’ action. Due to the increase in
carbonyl derivatives, insoluble aggregates can form
in the mitochondria that proteases, damaging cells
and tissues, cannot neutralize. The high intensity of
OMP leads to a decrease in the activity of proteases,
presumably due to their oxidation [26].
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Fig. 5. The content of Schiff bases in the mito-
chondrial fraction of rat liver under the influence
of diethyl phthalate: C — intact animals (control);
Group Il — rats administered diethyl phthalate at
a dose of 2.5 mg/kg, Group Il — rats administered
diethyl phthalate at a dose of 5.4 mg/kg, *statisti-
cally significant difference compared to the control
group, P < 0.05
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Fig. 6. Proteolytic activity in the mitochondrial frac-
tion of rat liver under the influence of diethyl phtha-
late: C — intact animals (control); Group II — rats
administered diethyl phthalate at a dose of 2.5 mg/
kg, Group IlI — rats administered diethyl phthalate
at a dose of 5.4 mg/kg,; *statistically significant dif-
ference compared to the control group, P < 0.05

Thus, the administration of DEF causes the de-
velopment of mitochondrial dysfunction, which can
serve as an effector of the final pathology due to im-
paired energy and redox homeostasis. Administra-
tion of the xenobiotic at a dose of 5.4 mg/kg leads to
the generation of ROS and intensification of OMP
in the mitochondrial fraction of the rat liver on day
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14 of its administration, followed by an increase in
free radical processes on day 21. The use of medium
doses of DEF (2.5 mg/kg) initiates the generation of
ROS only with prolonged administration of the xe-
nobiotic, as indicated by an increase in the rate of
O, and *OH formation and the intensity of OMP af-
ter three weeks of DEF administration. The activity
of proteolytic enzymes in the mitochondrial fraction
directly depends on the degree of OMP, increasing
with minor changes in OMP markers and then in-
activating with a significant intensification of free
radical oxidation of proteins.
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BIJIBHOPA JUKAJIBHI ITPOIECHU
B MITOXOHAPIAX NEYIHKHA

I YPIB, SIKI 3A3HAJIA BIIJIUBY
JIETUJIOTAJATY
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UepHiBenbKIi HAlIOHATEHUN YHIBEPCUTET iMEHI1
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Ha choroHimiHii A€Hb 3aUIIAIOTHCS HE 3PO-
3yMIJTAMH MEXaHi3MHU BIUIMBY KCEHOOIOTHKA JIie-
tundranary (JAED) Ha BiTbHOpaAMKAIBHI MPOLIECH
B KJIITHHAX MEYIHKH, B IKMX BiH HE TiJIbKH MeTa00-
J3Y€EThCS, ajie 1 MOXKe TPOSIBIISITH MIPOOKCHIAHTHY
Jit0. MeTOr0 HalluX JIOCIIJIKEHb OyJI0 BU3SHAYCHHS
YTBOpEHHsI akTHBHHUX (opM kucHIO (ADK), iHTeH-
CHBHOCTI okMcHOI Mojudikaiii nporeinis (OMII)
Ta MPOTEOJITUYHOT aKTUBHOCTI Y MITOXOHApiaih-
Hifl ¢pakiii MeYiHKW MIypiB 3a BIUIMBY iCTHII-
(ranmary. binux 6e3n0pOAHUX NIy PiB PO3MITUIN HA
Tpu Tpynu: | — inTakTHI TBapuHU (KOHTpOIB), 11 Ta
IIT — mypu, sskum BBoguIU JJE® nepopaibHO mpo-
TSATOM TPHOX THXKHIB y J103ax 2,5 i 5,4 MI/Kr Macu
Tijga, BignosigaHo. Ha 14 1 21 100y micist moyaTky
BBEJICHHS KCEHOOIOTHKIB TBapWH €BTaHA3yBaIH. 3
TIEYIHKH [Ty PiB BUAUISIN MITOXOHApIAbHY (pak-
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[il0 Ta BU3HAYaJIHM PiBHI CYNEPOKCHIHOTO Ta Tii-
POKCHIIBHOTO paguKaiB, KapOOHITBHUX MOX1THUX
npoteiniB, SH-rpym i ocHoB Ludda. [TporeomiTny-
HY aKTUBHICTb OI[IHIOBAJIM B TECT1 HA PO3ILEIICHHS
remorno0iny. Beenenns JIED mypam y 103i 2,5 mr/
KT iHinitoBano yrBopeHHst ADK ta iHTeHcudikaio
OMII y MITOXOHAPISX MEYIHKH JTUIIE IPU BBEACHHI
npoTsirom 21 s, Toxi sk 3a BBeneHHs JJED B mo3i
5,4 MI/KT criocTepiraiu iHTeHCH(]IKaIiIo ITUX MMpo-
1ieciB Bke Ha 14-if eHb 3 HACTYITHUM TTOCHIJICHHSIM
Ha 21-i1 neHb. BcTaHOBIEHO, 110 aKTUBHICTH MPO-
TEOJITHYHUX CH3UMIB y MITOXOHIpianbHil (pakiii
3anexuth Bif crynens JED-ingykoBanoi OMII, a
caMe MiJABUIIYETHCS 3a HE3HAYHOI 1HTeHCH(IKAIlil
OMII Ta 3HMKYeThCA Y pa3i 3HaYHOI iHTeHCH]iKa-
1[ii BUTbHOPAAMKAIEHOTO OKHUCICHHS MPOTETHIB.

KnouoBi cmoBa: gietwndranar, medin-
Ka mypiB, MiToxoHApiaspHa (pakimis, ADPK, SH-
rpynu, KapOOHIbHI TIOX1/THI, TPOTEONITUYHI €H3H-
MU.
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