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Abstract

Diethyl phthalate (DEP) is a compound which is used in many industrial fields, especially in cosmetic sector and causes
contamination in air, water, and soil due to its widespread usage. In this study, the potential toxic effects of DEP were investigated
by using physiological, anatomical, biochemical, and cytogenetic parameters in Allium cepa. The micronucleus (MN) test
specifically aimed to elucidate the aneugenic and clastogenic effects of DEP. Physiological effects were determined by germi-
nation percentage, root length, weight gain parameters, and cytogenetic effects were investigated by mitotic index (MI) and
chromosomal abnormality (CA) test. Malondialdehyde (MDA) level, catalase (CAT), and superoxide dismutase (SOD) activities
were investigated as oxidative damage indicators and structural changes were investigated with anatomical cross sections. For
this purpose, Allium cepa bulbs were divided into four groups as control and application groups and the application groups were
germinated with 1.0, 2.2, and 4.4 uM DEP for 72 h. As a result, it was determined that germination percentage, weight gain and
root length decreased, CA frequency, MDA level, SOD, and CAT activities were increased in DEP-treated groups when
compared with the control group. DEP has been found to induce CA in root tip cells such as fragment, chromosome bridge,
c-mitosis, sticky chromosome, and unequal chromatin distribution. When MN formations induced by DEP application were
examined, both large-scale and small-scale MNs were determined. MN formation in both sizes indicates that DEP has both
clastogenic and aneugenic effects. And also, it was found that DEP application caused structural changes and especially anatomic
damages such as necrosis in 4.4 uM DEP application. As a result, it was found that DEP caused various toxic effects depending
on the dose and that A. cepa test material was a useful indicator in determining these effects.
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Introduction

Developing technology in our daily lives and efforts to im-
prove the quality of life has led us to interact directly or indi-
rectly with many chemicals. Increased exposure to chemicals
causes many negative effects on the environment and living
organisms. Plastics are the most exposed chemicals and their
useful properties such as easy forming, electrical and thermal
insulation, flexible structure, and resistance to abrasion extend
the application area of plastics. It is used frequently in the
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main material of kitchen equipment, mobile phones, automo-
bile and computer parts, bicycle helmets, electrical industry,
and many other sectors (Andrady and Neal 2009; Benjamin
et al. 2015). Although the raw materials of plastics are coal,
oil, and natural gas, their properties such as strength and flex-
ibility can be increased with some additives during the pro-
duction stages. Phthalates are also one of these additives and
used to improve the properties of plastic materials and to make
them more flexible. Over time, phthalates have been used in
many different sectors in different fields and are widely used
in cosmetics and perfume production to provide softness and
as solvent or binder. Phthalates are divided into two groups as
high and low molecular weight phthalates according to the
number of carbon atoms in the alcohol chain. Their use largely
depends on molecular weight, and high molecular weight
phthalates such as diethyl phthalate (DEP) are used as a com-
ponent of 67 cosmetic formulations such as bath products, eye
shadows, perfumes, hair sprays, bathing tools, detergents,
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shaving lotions, and skin care products (Anonymous 1985;
Kamrin and Mayor 1991).

DEP (C;,H40,) is a colorless liquid with a slightly aro-
matic smell. DEP reacts chemically with hydroxyl radicals in
the air and has an estimated half-life of 22.2 h. DEP is present
in the form of vapor in the atmosphere, causing contamination
by adsorbing to particles in air and aquatic environments
(Peakall 1975). In the soil, DEP undergoes biodegradation
and the reaction takes place in a series of steps, such as in
the decomposition of phthalates (Cartwright et al. 2000). The
adverse effects caused by the contamination of phthalates to
living things reveal the need to investigate the toxic effects of
phthalates on organisms in detail. The main source of phthalate
exposure in living things is mostly the nutrition with contam-
inated foods. In particular, contaminated fatty foods (e.g., fish
or oils) can cause high levels of phthalate exposure (Meek and
Chan 1994; Wormuth et al. 2006). Another source of contam-
ination is the exposure to phthalate in the structure of blood
transfusion materials and blood storage bags while performing
blood transfusions and dialysis (Mettang et al. 1999;
Nissberger et al. 1987). The widespread use of phthalates
has raised the concern that it may cause toxic effects to
animals and humans as a result of their biological effects.
For this purpose, several tests such as chromosomal
aberration test, micronucleus test, AMES test, and the other
mutation tests performed to evaluate the genotoxic potential of
phthalates. As a result of these tests, while some studies
reported various toxic effects, some studies have proved that
no effect has occurred. In literature, Turner et al. (1974) report-
ed that di-2-ethylhexyl phthalate (2-dEHp) induces single
chromatid damage in human lymphocytes. Anderson et al.
(1999) showed that 2-dEHp and its major metabolites,
mono-2-ethylhexyl phthalate, cause DNA damage in human
leukocytes. Astill et al. (1986) stated that the application of 2-
dEHp did not cause a change in rat hepatocytes in AMES,
micronucleus, and cell transformation tests. Agarwal et al.
(1985) reported a mild positive response in both Salmonella
typhimurium TA 100 and TA 1535 cultures applied to DEP. As
opposed to this, Lee and Lee (2007) observed that phthalic
acid and derivatives does not produce any mutagenic response
in Salmonella typhimurium strains in the absence or presence
of S-9 mixture. These results are an overall summary of the
conflicting results and need further work to eliminate this con-
flict. In this study, the genotoxic effects of DEP were investi-
gated by micronucleus (MN) test, mitotic index (MI), and
chromosomal abnormality (CA) tests. In determining the
aneugenic and clastogenic effects of DEP, MN size was exam-
ined. In addition, changes in physiological parameters induced
by DEP, potential oxidative damage, and anatomical changes
were investigated. In order to determine all these effects, the
Allium test, which is very acceptable and gives the same results
as eukaryotic tests especially performed in rodents, was used
(Rank and Nielsen 1994; Vicentini et al. 2001).
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Materials and methods
Test material and treatment principles

DEP was purchased from Sigma-Aldrich (CAS Number: 84-
66-2, >99%) as chemical agent, and A. cepa (n=12) bulbs,
approximately 3.85 g in weight, were supplied from a com-
mercial market in Giresun Province. Bulbs were divided into
four groups as one control and three treatment groups. The
bulbs in the control group (group I) were germinated in tap
water and the bulbs in group II, group 111, and group IV were
germinated with 1.0, 2.2, and 4.4 uM doses of DEP, respec-
tively, at 24 °C for 72 h.

Physiological parameter measurements

The root lengths were measured on the basis of the radicle
with a millimetric ruler and the weights were measured with
precision scales. The weight gain was calculated by the dif-
ferences between the weights measured before and after DEP
exposure (Yalgmn et al. 2019). Percentage of germination was
determined with the help of Eq. (1).

Germination percentage (%) = number of germinated bulb/
total number of bulb x 100 (1)

Cytogenetic parameter analysis

To determine the MI, MN and CA frequency as cytogenetic
parameters A. cepa root tip preparations were prepared. For
this aim, root tips of the bulbs were cut 1-2 cm in length and
fixed in the Carnoy solution for 2 h at 4 °C. After hydrolyzing
with 1 N HCl for 17 min at 60 °C, samples were stained with
acetocarmine during one night. Root tip preparations were
examined for CA, MI, and MN analysis with a research mi-
croscope (IRMECO IM-450 TI) and photographed at x 500
magnification (Yalgin et al. 2019). MN and CA frequency was
calculated by analyzing 1000 cells from each group. MI was
calculated using the formula given in Eq. (2) and a total of
10,000 cells were counted for each group.

MI = number of cells entering to mitosis/total cell count x
100 (2)

Biochemical analysis
Determination of lipid peroxidation

In MDA level, the indicator of lipid peroxidation was measured
by the method proposed by Unyayar et al. (2006). A 0.5 g of the
root tips was homogenized by adding trichloroacetic acid (TCA,
5%) solution. The homogenates were centrifuged at 12,000g for
24 min at 24 °C. In 20% TCA solution, equal volumes of 0.5%
thiobarbituric acid (TBA) and supernatant were incubated at
96 °C for 30 min. After incubation, the tubes were transferred
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to an ice bath and centrifuged at 10,000g for 5 min. The absor-
bance of the supernatant was measured at 532 nm and the MDA
content was expressed in pM/g FW.

CAT and SOD analysis

For sample extraction, 0.5 g of fresh root material was collected,
washed with distilled water, and homogenized in sodium phos-
phate buffer (5 mL, pH 7.8). The homogenates were then cen-
trifuged at 10,500g for 20 min and stored at 4 °C before analysis.

SOD activity was measured with the method proposed by
Beauchamp and Fridovich (1971). A reaction mixture was
prepared containing sodium phosphate buffer (1.5 mL,
pH 7.8), 0.3 mL methionine, 0.3 mL nitroblue tetrazolium
chloride, 0.3 mL EDTA-Na,, 0.3 mL riboflavin, 0.01 mL ex-
tract, and 0.28 mL deionized water. The reaction was initiated
by placing the tubes under 215 W fluorescent lamps for
10 min. The reaction mixture which was not exposed to light
used as control. The absorbance was recorded at 560 nm and
SOD activity was expressed as U/mg FW.

>CAT activity was analyzed with the method proposed by
Beers and Sizer (1952). A reaction mixture was prepared con-
taining 0.3 mL of 0.1 M H,0,, 1.0 mL of distilled water, and
1.5 mL of 200 mM sodium phosphate buffer (pH 7.8). The
reaction was started by adding 0.2 mL of extract. CAT activity
was measured by measuring the absorbance at 240 nm and
expressed as ODyyg ,, Min/g.

Anatomical damage observations

Root tips were rinsed with dH,O distilled water for removing
the residues on the surface. Then, cross sections were taken

Table 1 The effects of DEP treatment on root elongation
Root lelght
Group I 9.224+0.57*
Group II 6.73£0.67°
Group III 4.26+0.42°
Group IV 1.71+0.53¢

from the root tips and stained with methylene blue.
Anatomical structures of each group were photographed at
the % 500 magnification with the research microscope (Acar
et al. 2015).

Statistical analysis

Statistical analyses were performed using the “IBM SPSS
Statistics 22 SP” package program. Data were shown as mean
+ SD. The statistical significance between the means was de-
termined by one-way ANOVA and Duncan’s test, and p value
< 0.05 was considered statistically significant.

Results and discussion

In this study, the toxic effects and anatomical changes induced
by 1.0, 2.2, and 4.4 uM of DEP treatment in A. cepa were
investigated. The effect of DEP treatment on root length,
which is one of the physiological parameter tested in this
study, is shown in Table 1. At the end of the application peri-
od, maximum root length was measured in the control group
and the minimum root length was determined in group IV,
which received 4.4 uM dose of DEP. There was an average
reduction of 27.0% in root length of the group treated with
1.0 uM DEP compared with the control group. This reduction
was 81.4% in the 4.4 uM DEP-treated group and severe inhi-
bition was observed. These decreases in root length were
found to be statistically significant (p < 0.05) in DEP treat-
ment groups compared to control group.

The effects of DEP exposure on germination rate, weight
gain, and MI ratio are given in Table 2. While 100%

Group I: Control, Group II: 1.0 uM DEP, Group III: 2.2 uM DEP, Group IV: 4.4 uM DEP

(n=10). The averages indicated by different letters

p <0.05

@>¢d in the same column are important at

Group I, control; group II, 1.0 uM DEP; group III, 2.2 uM DEP; group IV, 4.4 uM DEP (n = 10). The levels indicated by different letters in the same

column are important at p <0.05
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Table 2 Alterations in physiological parameters and MI of A. cepa induced by DEP

Germination percentage (%) Final weight (g) Weight gain (g) Divided cell number MI (%)
Group I 100 11.70 + 1.50° +6.56 912.60 + 23.86° 9.12
Group 11 86 9.07 + 1.10° +391 807.00 + 50.10° 8.07
Group III 70 7.56 +1.07° +243 709.30 + 17.15° 7.09
Group IV 50 6.13 + 0.62¢ +0.97 548.50 + 24.54¢ 5.48

Group I, control; group II, 1.0 uM DEP; group 111, 2.2 uM DEP; group 1V, 4.4 uM DEP (n = 10). The levels indicated by different letters in the same

column are important at p <0.05

germination was observed in the control group as expected, it
was determined that this rate decreased with DEP application.
The most significant decrease in germination percentage was
observed in the group treated with 4.4 uM DEP and a 50.0%
decrease was observed compared with the control group.
Abnormalities observed in rooting and germination rates were
reflected in weight gain and it was determined that DEP ap-
plication decreased weight gain of bulbs. In group IV, the
average weight gain decreased by 85.2% compared with the
control group. In group II and group III, there were important
decrease in weight gain as 40.3% and 62.9%, respectively. It
was also found that these decreases were statistically signifi-
cant (p <0.05). Germination starting with root formation
causes weight gain in the plants and these three parameters
directly affect each other. This was confirmed by DEP appli-
cation results and the reduction in root length reduced germi-
nation rate and led to a decrease in weight gain. MI provides
information on the ratio of dividing cells in a tissue and is a
good indicator of proliferation. While the number of dividing
cells in the root tissue of the control group was 912.60 +
23.86, it was determined that the division rate of the cells
decreased with DEP application. After 4.4 uM DEP treatment,
the number of dividing cells decreased to 548.50 + 24.54. This
decrease was also observed in the Ml ratio and the Ml ratio in
group IV decreased from 9.12 to 5.48%. Applications of DEP
have been reported to cause mitodepressive effect and the
effect is associated with blocking of the mitosis in the

interphase by inhibiting the normal development of the cells
(Rijstenbil and Poortvliet 1992; Duan and Wang 1995). In the
literature, it has been reported that di (2-ethylhexyl) phthalate
exposure causes a decrease in mitotic rate and lymphotic mi-
totic inhibition (Turner et al. 1974; Stenchever et al. 1976). In
plant physiology, root growth and germination are essential
for the growth period of the plant. Root growth and elongation
are dependent on mitotic velocity and changes in MI ratio
directly affect growth. In this study, abnormalities observed
in physiological parameters after DEP application can be
explained by suppression of mitotic activity. There is no data
in the literature regarding the effect of DEP on physiological
parameters in plants, but parallel effects of similar chemicals
are reported. Rank and Nielsen (2002) reported that 100 mg/L
di(2-ethylhexyl) phthalate treatment reduced the MI rate from
40.3£6.31t09.01 + 1.2. In another study, Liu et al. (2014) report-
ed that 50 and 100 mg/kg of phthalate ester treatment decreased
the germination percentage in Phaseolus radiatus by 37.5% and
62.5%, respectively compared with the control group.

The frequencies of MN and CA induced by DEP are given
in Table 3. In the control group, low levels of MN were ob-
served at a rate of 0.20 £ 0.42, whereas in DEP-treated groups
I, I1I, and TV, a total of MN frequencies as 7.20£2.5,22.20 =
5.39, and 41.90+3.78 were observed, respectively. It was
determined that the MN frequency increased due to the in-
crease in DEP concentration and the increase was statistically
significant (p <0.05). In addition to the frequency of MN

Table 3 Alterations in cytogenetic parameters induced by DEP
Group I Group II Group III Group IV

MN clastogenic 0.1 + 0.09¢ 3.9+ 1.19° 113 +£234° 29.6 + 3.21°
MN aneugenic 0.1 £ 0.02¢ 3.3 +0.43° 10.9 + 1.89° 12.3 £2.78°
Fragment 0.00 + 0.00¢ 20.10 £ 2.47° 37.90 + 4.31° 59.10 + 5.44°
Sticky chromosome 0.00 + 0.00¢ 16.00 £ 2.67° 34.80 + 3.39° 56.10 £ 4.09°
Chromosome bridge 0.20 + 0.42¢ 13.00 + 3.02° 20.50 + 4.81° 44.80 + 4.49°
Unequal dist. of chromatin 0.30 + 0.48¢ 10.00 + 2.40° 22.80 £ 3.61° 32.20 £ 4.02°
C-mitosis 0.30 + 0.48¢ 5.90 + 1.20° 15.40 £2.91° 25.90 + 4.51°
Spindle abnormality3.70 + 1 0.40 + 0.52¢ 3.70 £ 1.16° 7.50 = 1.90° 14.50 £ 3.06
Reverse polarization 0.00 + 0.00° 0.00 + 0.00° 0.00 + 0.00° 1.80 £ 0.79°

Group I, control; group II, 1.0 uM DEP; group 111, 2.2 uM DEP; group IV, 4.4 uM DEP (n = 10). The levels indicated by different letters in the line are

important at p <0.05
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Fig. 1 Appearance of MN
formations. a Large-scale MN. b
Small-scale MN

a

———

l‘

T —

~
; "y .‘. ‘

Qb.. °,

detected in the study, MN size was evaluated as a separate
parameter. MN size allows the toxic effect to be defined as
either clastogenic or aneugenic. For this purpose, MN forma-
tion in DEP-treated cells was also examined according to their
size and the frequency of MN caused by clastogenic effect
was higher than that of aneugenic effect. Although small-
sized MNs containing acentric chromosomal fragments or
breaks in cells stimulated by clastogen, large-sized MNs con-
taining full chromosomes appear in cells stimulated by
aneugens. Compared with clastogens, aneugens cause more
damage to mitotic spindles, resulting in a complete loss of
chromosomes and large-scale formation of MN (Von
Ledebur and Schmid 1973; Hogstedt and Karlsson 1985). In
this study, it was determined that DEP application caused both
small-scale MN and large-scale MN formation and therefore
showed both clastogenic and aneugenic effects (Fig. 1). While
the fragment is the most common CA formation, the other
observed damages are chromosome bridge, sticky chromo-
some, c-mitosis, unequal distribution of chromatin, reverse
polarization, and spindle thread abnormality. Chromosomal
abnormalities such as reverse polarization, unequal distribu-
tion of chromatin, and spindle abnormality observed in this
study result from aneugenic effect. However, CA types such
as fragments and bridges are mostly formed by clastogenic
effects. The presence of fragments with a high frequency con-
firms the small-scale MN should be high and also in this study,
MN frequency with small scale was found 2.4 times higher
than large-sized MN in group IV. Similarly, Rank & Nielsen
(2002) have found that 2dEHp, which has similar structure
with DEP, causes total CAs formation in Allium cepa at a rate
of 19.19% and fragment formation is higher than other

abnormalities. They also reported that the observed chromo-
somal abnormalities were associated with both clastogenic
and spindle yarn disorders.

The effects of DEP treatment on MDA, SOD, and CAT
activities, the important indicators of oxidative stress, are
shown in Table 4. It was determined that DEP treatment
significantly increased MDA levels compared with the
control group (p < 0.05) and the increase was dose depen-
dent. While the mean MDA level in the control group was
measured as 9.20 pumol/g, after 1.0 uM, 2.2 uM, and
4.4 uM DEP treatment, MDA levels were determined to
be 17.30 umol/g, 22.20 pmol/g, and 28.80 pumol/g, re-
spectively. In group IV treated with 4.4 uM DEP, MDA
increased by 213% compared with the control group.
When SOD levels were examined, mean SOD activity in
the control group was measured as 101.00 U/mg and it
was found that the activity increased continuously with
DEP application. The most significant increase was de-
tected in the 4.4 uM DEP-treated group and the SOD level
increased 115% compared with the control group. Similar
to SOD activity, there was an increase in CAT activity
against DEP application. In groups II, III, and IV treated
with DEP, CAT activity increased 29.2%, 93.8%, and
173.9%, respectively, compared with the control group.
Increased MDA activity against DEP exposure indicates
oxidative damage formation in tissues. DEP administra-
tion may cause lipid peroxidation by causing stress in cells
and increase MDA level. Against oxidative damage in a
cell, cell defense systems are activated and in particular
various antioxidant enzymes are induced. Increased SOD
and CAT activities after DEP administration may be

Table 4 Alterations in oxidative

stress parameters induced by DEP Treatment time (h) Groups MDA (pmol/g) SOD (U/mg) CAT (OD240nm/min/g)
7 Group I 920 + 1.62¢ 101.00 + 10.84¢ 130 £0.11¢
72 Group 11 17.30 + 3.62° 125.00 + 12.13° 1.68 + 0.06°
72 Group 111 2220 +3.61° 166.00 + 10.04° 252 4 0.15°
72 Group IV 28.80 + 3.22% 217.00 + 9.82% 3.55+£027°

Group I, control; group II, 1.0 uM DEP; group III, 2.2 uM DEP; group 1V, 4.4 uM DEP (n = 10). The levels
indicated by different letters in the same column are important at p <0.05
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Fig. 2 CAs types induced by
DEP. a Reverse polarization. b
Chromosome bridge. ¢ Sticky
chromosome. d c-Mitosis. e
Unequal distribution of
chromatin. f Fragment

Fig. 3 Anatomic aberrations and changes induced by DEP. a Unclear vascular bundle. b Cortex cell deformation. ¢ Substance accumulation in
epidermis. d Flattened nuclei. e Epidermis cell deformation. f Necrosis
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associated with the formation of an adaptive response and
increased detoxification capacity (Liu et al. 2014). Stress
conditions such as salinity, excessive temperature, or
chemical exposure in plants can cause oxidative stress
and ROS production. ROS production in plants under nor-
mal conditions is as low as 240 uM/s, while in the pres-
ence of stress ROS production level up to 720 uM/s.
Throughout the evolution of plants, an enzymatic antioxidant
defense system containing SOD, CAT, and APX was devel-
oped. In plants, the superoxide radical can be inactivated by
SOD activity, then hydrogen peroxide and oxygen are re-
leased as a result of this reaction. Hydrogen peroxide damages
proteins and DNA, causes lipid peroxidation, but these nega-
tive effects are eliminated by CAT activity (Bahmani et al.
2015). The increased activities of CAT and SOD observed in
this study were evaluated as the tolerance mechanism
developed against potential oxidative stress induced by DEP
application. Similarly, Liu et al. (2014) reported that phthalate
ester exposure caused changes in SOD and CAT activity in the
model plant and these changes are associated with the
adaptive response. In another study, Yu et al. (1999) reported
significant alterations in SOD activity in Pagrosomus major
exposed to hydrocarbon (Fig. 2).

As a result of the examination of the anatomical cross
sections, it was observed that DEP application caused
some structural changes and anatomical damages. After
DEP application, structural changes such as accumulation
of substance in epidermis cells and flattened cell nucleus
were observed in stem tip cells. However, anatomical
damages such as unclear vascular bundle, necrosis, defor-
mation of cortex, and epidermis cell were observed espe-
cially at high doses of DEP at 4.4 mM. Plants develop
specific structural and physiological modifications to cope
with stress conditions. Epidermis is the first cell layer
exposed to chemical exposure. The accumulation of the
exposed chemical in the epidermal wall prevents the
transport to other tissues and provides the development
of tolerance and resistance (Bahmani et al. 2015).
Therefore, accumulation of substance in epidermis cells
observed after DEP application (Fig. 3c) is an anatomical
adaptation to chemical exposure rather than damage.
Necrosis which is observed more predominant in high
DEP administration (Fig. 3f) is irreversible. Plants or
plant cell cultures, when exposed to stress, initiate rapid
cell death by necrotic morphology. Necrotic areas appear
as brown spots. From these data, it was concluded that
more anatomical changes were observed in low DEP
applications and serious anatomic damages occurred in
high DEP treatment. In the literature, Liu et al. (2004)
examined the effects of toxic substance exposure on plant
tissue and reported that anatomical changes such as cell
wall thickening occur and this change is related to adap-
tation mechanism.

Conclusion

In this study, it was determined that DEP has a dose-
dependent toxic effect on A. cepa test material. The highest
toxic effect was obtained at a concentration of 4.4 mm, but it
was observed that the toxicity increased with the dose; how-
ever, there was no direct proportional increase. In particular,
anatomical changes such as deposition of substances in the
epidermis and the induction of antioxidant enzymes prevent
a proportional increase in toxicity. The plant continued to
survive in the presence of DEP through these defense and
tolerance mechanisms. As a result, diethyl phthalate, which
is present in the structure of many products we use continu-
ously in our daily lives, has been found to cause toxic effects
in a eukaryotic model system at all tested doses. In such stud-
ies, it is especially important to clarify the mechanism of toxic
effect. In this study, the toxic effect mechanism of DEP was
investigated especially using MN size and both clastogenic
and aneugenic effects were determined. This result shows that
DEP damages mitotic spindle in cells and causes fragments.
Considering the role of mitotic spindle damages in eukaryotic
systems involving animals and humans, it can be said that
DEP can cause mitotic abnormalities in eukaryotes.
Therefore, the use of DEP should be limited, and when it is
essential, dose levels that do not cause toxic effects in living
things should be preferred.
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