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1 Introduction

Genotoxic, histologic, immunohistochemical,
morphometric and hormonal effects of di-(2-
ethylhexyl)-phthalate (DEHP) on reproductive
systems in pre-pubertal male rats

Gozde Karabulut® and Nurhayat Barlas (2 *°

Di-(2-ethylhexyl) phthalate (DEHP) is widely used as a plasticizer and people are exposed to various
amounts on a daily basis. This study was designed to evaluate the genotoxic, histologic, immunohisto-
chemical, morphometric and hormonal effects of DEHP (100, 200 and 400 mg kg™~* per day DEHP) admi-
nistered daily to rats by oral gavage for 28 days. The rats were divided into five groups including oil
control, positive control (MMS) and treatment groups (100, 200 and 400 mg kg™ per day DEHP). They
were euthanized at the end of the experiment, organ and body weights were recorded and serum was
collected for biochemical and hormone analysis. The genotoxic effect was measured in blood and sperm
using the Comet assay. The testes, epididymis, prostate gland and seminal vesicle were collected and
stained with hematoxylin and eosin for histopathologic analysis. Epithelial height, luminal and tubular dia-
meters (uM) in seminiferous tubules were also measured. Moreover, the study revealed an increase in the
DNA damage level in both blood lymphocytes and sperm. At the end of the experiment, the tail intensity
showed a significant increase in the 100 mg kg™ per day (p = 0.032), 200 mg kg™ per day (p = 0.019)
and 400 mg kg™* per day (p = 0.012) dose groups compared to the control group in blood. Furthermore,
testosterone was decreased in all treatment groups compared to the control group. Besides, DEHP
caused a significant decrease in the leukocyte levels (p = 0.017) and hemoglobin content, as well as an
increased mean cell volume (MCV) count (p = 0.029) in the 400 mg kg™ per day group when compared
to the control values. It is important to indicate that there were apoptotic cells seen in the lumen of testes
in the 200 and 400 mg kg™ per day dose groups using the Tunel method. Therefore, with this study, it
has been illustrated that DEHP caused DNA damage in blood and sperm and concrete negative effects on
the reproductive system in rats from the pre-pubertal period to the pubertal period. This is a unique study
since there has not been any other study that presents the indicated level of DNA damage while consider-
ing the genotoxic, histologic, immunohistochemical, morphometric and hormonal effects of DEHP.

human body fluids such as plasma, urine, amniotic fluid and
breast milk, thus reflecting substantial and constant

Phthalate esters (PAEs) are a class of synthetic chemicals that
are used for numerous industrial applications (e.g. polyvinyl
chloride plasticizers for food contact or medical devices, per-
sonal care products, residential construction and automotive
industries). Di-(2-ethylhexyl)-phthalate (DEHP) is the most
widely used congener. Humans are exposed to these chemicals
through transcutaneous absorption, inhalation, medical trans-
fusions and ingestion. Despite their rather rapid turnover,
phthalates and their metabolites are consistently detected in
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exposure.'

The potential public health risks associated with phthalate
exposure not only include carcinogenesis® but also metabolic
and endocrine disruption. Adverse effects of PAEs on humans
depend upon their potential toxicity as well as the levels and
exposure period. DEHP is the most commonly used phthalate
plasticizer in the production of polyvinyl chloride (PVC). It is
suspected to be an endocrine disrupting chemical that exhibits
carcinogenic action.””® Animal studies provide consistent evi-
dence that certain phthalates target the developing male repro-
ductive system. These effects in animal studies have been
termed Phthalate Syndrome (PS), and the effects mirror a set
of reproductive symptoms seen in human males, termed
Testicular Dysgenesis Syndrome (TDS). TDS and PS include
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symptoms that arise from insufficient testosterone production
during the in utero development, including undescended
testes, malformations of the penis, reduced anogenital dis-
tance (AGD), decreased sperm motility and mobility, infertility,
and testicular cancer.’ Phthalates are thought to cause their
toxic effects on male reproductive development by interrupting
testosterone and insl3 production in the testes during the sen-
sitive in utero masculinization programing window. The
Carcinogen Assessment Group classified DEHP as a probable
human carcinogen (group B2).'° The daily exposure level of
DEHP in women was estimated to be 41.7 pg kg™ body tox-
icity. The value obtained in the present study for DEHP in
women was higher than obtained in other studies. Based on
these data, hazard indices (HIs) were calculated to be 1.12
(41.7/37 TDI) for women and 0.33 (12.4/37 TDI) for children.
DEHP and MEHP levels were higher in women than in chil-
dren. A higher DEHP exposure level for women may be due to
higher food consumption, more air inhaled, or the use of
phthalate-containing consumer products. The data suggest
that women are exposed to significant levels of DEHP, and
indicate that these should be reduced to as low levels as are
technologically feasible."***

Phthalate levels are generally higher in fatty foods, includ-
ing dairy products, meats, and vegetable oils. Recent testing of
72 foods purchased from a U.S. supermarket demonstrated
that various phthalates were detectable in all classes of food
with DEHP being the highest of the phthalates tested in most
food categories, particularly in pork, dairy products, vegetable
oils and grains, although the sample sizes were limited."® This
is largely consistent with concentrations found in European
foods, reviewed in a scenario-based model that found that diet
had a major influence on DEHP exposure.'® The sporadic con-
tamination of food was seen in the three U.S. cooking oil
samples, which had concentrations of benzyl butyl phthalate
(BBzP) of 459, 2.20 and 0.35 nanograms per gram (ng g~ %),
with the highest value detected in virgin olive oil from a glass
container, although the source of phthalates found in that
sample was unknown.'” Exposure to phthalates other than
DEHP and its substitutes are primarily from non-dietary
sources, possibly from consumer goods in the indoor environ-
ment and personal care products. A study that paired indoor
and outdoor air measurements found that phthalates were the
most abundant chemicals in indoor air and house dust, with
maximum levels of dibutyl phthalate (DBP) in air of 1.1 micro-
gram per cubic meter (1 ug m~) and levels in house dust
approaching 1 mg g~"."”'® A Danish study of children aged
3-6 estimated that the dermal absorption of diethyl phthalate
(DEP), di-n-butyl phthalate (DnBP) and diisobutyl phthalate
(DiBP) was the dominant exposure pathway of these phthalates
in the indoor environment. More research on the dermal
exposure pathway from ambient indoor air is forthcoming."
Although there are now some restrictions on phthalates in
children’s toys in the EU and U.S., high levels have been
reported in PVC-based toys, some containing up to 40% DINP
or DEHP.>>*! The use of phthalate-containing medical devices
can also affect potential exposure. For instance, infants in a
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neonatal intensive care unit showed elevated urinary levels of
DEHP, DBP, and BBzP metabolites, with the highest levels
observed in conjunction with the most intensive use of
medical devices that contained or came in contact with PVC.*?

The typical human exposure to DEHP ranges from 3 to
30 pg kg~ per day but it can be exceeded in specific medical
conditions, reaching 1.5 mg kg™ per day exposure in hemo-
dialysis patients, or as high as 10-20 mg kg™ per day during
neonatal transfusion or parenteral nutrition.>***> The mecha-
nisms by which phthalates and specifically DEHP exert their
toxic effects in the reproductive system are not yet fully eluci-
dated. Some of the effects of phthalates are related to their
anti-androgenic potential.>***” Sertoli cells and Leydig cells
were thought to be the primary targets of phthalate exposure
in testes.>®*® Also, DEHP and its metabolites were reported to
produce oxidative DNA damage, thereby inducing apoptosis in
testicular cells.?°

Increased germ cell apoptosis is associated with abnormal
spermatogenesis in men.*" In rodents, heat and irradiation as
well as xenohormones and testis toxicants like DEHP, 25-hexa-
nedione, nitrobenzene, deltamethrin, and hydroxyurea are
known inducers of germ cell apoptosis.**°

DEHP is a well-known peroxisome proliferator, and is
regarded as a non-classic type endocrine disruptor, i.e., in con-
trast to the classical endocrine disrupters that interfere with
the endocrine process at the receptor level, altering the repro-
ductive function by affecting hormone synthesis.***” Recent
data have also shown that phthalates were able to produce free
radicals by several pathways in germ cells including the acti-
vation of peroxisome proliferator-activated receptor alpha
(PPAR«), suggesting the possibility that oxidative stress and
mitochondrial dysfunction in germ cells may contribute to the
phthalate-induced disruption of spermatogenesis.

Genotoxicity includes molecular changes in deoxyribo-
nucleic acid (DNA), such as adduct formation or oxidative
damage and biological responses that can be attributed to
molecular changes in DNA. Reactive oxygen species (ROS) pro-
duction and related DNA damage can result in apoptosis.*®
The reduction of oxygen by one electron at a time produces
relatively stable intermediates. The superoxide anion (O,7), the
product of a one-electron reduction of oxygen, is the precursor
of most ROS and a mediator in oxidative chain reactions.
Dismutation of O, (either spontaneously or through a reac-
tion catalysed by superoxide dismutases) produces hydrogen
peroxide (H,0,), which in turn may be fully reduced to water
or partially reduced to the hydroxyl radical ("OH), one of the
strongest oxidants in nature. The formation of "OH is catalysed
by reduced transition metals, which in turn may be re-reduced
by O,~, propagating this process.’® The mitochondrial electron
transport chain contains several redox centres that may leak
electrons to oxygen, constituting the primary source of O,~ in
most tissues. In addition, O, may react with other radicals
including nitric oxide (NO) in a reaction controlled by the rate
of diffusion of both radicals. The balance of internal signals to
protect against apoptosis and those inducing apoptosis are
altered with internal damage to the cell. Several forms of
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sperm DNA damage are caused by ROS (chromatin cross-
linking, chromosome deletion, DNA strand breaks and base
oxidation) with seminal oxidative stress, sperm DNA damage,
and apoptosis interlinked.*® One role of ROS in DEHP treat-
ment was reported to provoke oxidative stress, as measured by
increases in ROS in subsequently isolated rat spermatocytes.”!
ROS are shown to contribute to cellular damage, apoptosis
and cell death, but are also involved in the regulation of gene
expression by controlling signal transduction through direct
participation in cell signaling, and/or the modulation of cell
redox states.*’ ROS have also been suspected of being involved
in the formation of testicular atrophy in phthalate-exposed
rats.*” In vivo exposure to a single gavage dose of DEHP
(2000 mg kg™ per day) increased apoptosis in Sprague-Dawley
rat testis as indicated by the TUNEL assay, but not by histo-
pathological alteration.*® According to Garaj-Vrhovac and
Zeljezic,"* DNA damage, revealed by the Comet assay, could
originate from DNA single-strand breaks, the repair of DNA
double-strand breaks, DNA adducts, DNA-DNA and DNA-
protein cross-links. This assay, also called the single-cell gel
electrophoresis assay, is a rapid and sensitive method for the
detection of DNA damage in individual cells, induced by a
variety of genotoxic agents. A wide range of methods can be
used to assess if low-level environmental exposure to (poten-
tial) human carcinogens is able to induce the loss of DNA
integrity or DNA damage. These include well-established bio-
markers such as the alkaline Comet assay on peripheral blood
cells or urinary concentrations of 8-hydroxydeoxyguanosine
(8-OHdG), both reflecting short-term (days) DNA damage, and
the micronucleus test in peripheral blood lymphocytes as a
measure of long-term damage.*>*® DEHP-induced develop-
mental toxicity, endocrine disruption, and testicular targets
have led to several studies that have implications for cancer.
The epigenome is particularly susceptible to deregulation
during gestation, neonatal development, puberty, and old age.
It is most vulnerable to environmental factors during embryo-
genesis because the DNA synthetic rate is high, and the elabor-
ate DNA methylation pattern and chromatin structure required
for normal tissue development is established during early
development.”” Similarly, there is mounting evidence that
“mutagenic” as well as “non-mutagenic” carcinogens have
greater potency from early life exposures compared to exposure
in the mature organism,*® and there is an increasing appreci-
ation that carcinogens may act by multiple mechanisms,
including non-mutagenic ones.*?>°

The main purposes of the present study are to evaluate the
DEHP influence on the following: weight, relative and absolute
organ weight, and the food and water intake of rats; its influ-
ence on blood parameters; determine the morphometric para-
meters in testes and its effects on the genotoxic potential in
blood and sperm (with the Comet assay) from the pre-pubertal
period to the pubertal period in male rats. Also, this study
aims to evaluate apoptosis with DEHP treatments at different
concentrations using the terminal deoxynucleotidyl transferase
(Tdt) deoxyuridine triphosphate nick end-labeling (TUNEL) in
testes tissues of male rats.

This journal is © The Royal Society of Chemistry 2018
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There have been many studies on DEHP but there are not
enough comprehensive, short-term in vivo animal experiments
on this phthalate. Children are more sensitive to the toxicants
compared to adults and among the published papers about
DEHP, there are no studies in the literature related to the
impact of DEHP from the prepubertal to the pubertal stage.
This study was designed for the pre-pubertal period to the
pubertal period and the results reflect the adverse effects in
this period.

2 Materials and methods
2.1 Chemicals

Di-(2-ethylhexyl) phthalate (DEHP), CAS No. 117-81-7 EC No
204-211-0, purity 99.7%, was purchased from Sigma-Aldrich.
MMS and NaCl were purchased from Sigma-Aldrich. DMSO
(CAS 67-68-5), NaOH (CAS 1310-73-2), Tris (CAS 77-86-1), EDTA
(CAS 6381-92-6), Triton X-100 (CAS 9002-93-1), low melting
agarose (CAS 9012-36-6), normal melting agarose (CAS 9012-
36-6), EtBr (CAS 1239-45-8) were obtained from Applichem.
PBS (CAS L1825) and Biocoll (CAS L6115) were obtained from
Biochrom AG. The ApopTag PlusPeroxidase In Situ Apoptosis
Detection Kit was purchased from Chemicon International,
Inc., Temecula, California, USA. The testosterone hormone kit
was purchased from Cayman Chemical (Cayman Chemical,
Ann Arbor, MI, USA). The water used to prepare aqueous
buffers was deionized and purified using a Milli-Q water puri-
fication system (Millipore, Molsheim, France). All other chemi-
cals were of analytical grade and obtained from Sigma-Aldrich,
USA.

2.2 Animals and housing

Thirty healthy pre-pubertal male Wistar albino rats (Rattus nor-
vecigus), [6 weeks of age and average body weight of 200-220 g]
were used in this study. The rats were obtained from the
Experimental Animal Center, University of Hacettepe, Turkey.
All experimental procedures and animal use were approved by
the Approval of Ethics Committee of Hacettepe University
(2013/55-03). They were maintained in a 12 h dark/light cycle
in a controlled atmosphere of 22 + 2 °C and 50-70% humidity.
Rats were housed in polycarbonate cages and fed with the
standard rat diet and tap water ad libitum. The animals were
allowed to acclimate for 7 days before treatment.

2.3 Doses and administration of chemicals

The rats were randomly divided into 5 groups, each consisting
of 6 male rats. These groups were oil control, MMS (ethyl
methanesulphonate) control, 100, 200 and 400 mg kg™' per
day DEHP treatment groups. The age of the animals and the
duration of exposure were used according to the recommen-
dations of the U.S. EPA Endocrine Disrupter Screening and
Testing Advisory Committee. The low-dose level was chosen
according to the no observed adverse effect level and the high-
dose level was also chosen according to the lowest-observed-
adverse-effect level for androgen inhibition in pubertal rats
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and would induce adverse effects on rats without causing sys-
temic toxicity.”"®> The MMS group was a positive control for
genotoxicity and it was administered intraperitoneally (60
mg kg~' per day) to the rats and after 24 hours of adminis-
tration, the rats in this group were sacrificed and the Comet
assay was performed on their lymphocyte and sperm. After
acclimatization for 1 week, the rats were orally exposed to
DEHP or to the vehicle control at 8:30 AM each day for 28 con-
secutive days. DEHP was dissolved in corn oil and was intro-
duced into the back of the mouth using a gavage needle. In
the oil control group, corn oil (1 mL) was administered to the
rats. The dosing solution was prepared by mixing the com-
pound with corn oil to the desired concentration of 100, 200
and 400 mg kg ™" per day of DEHP.

2.4 Food and water intake, body and organ weights

Every day, before the treatment, the food and water consump-
tion of the rats were measured and recorded. Also, their body
weights were recorded daily and the dose administered each
day was adjusted for body weight. At the end of the experi-
ment, the final body weights and weight gain (%) for all
animals were calculated and recorded. The comparison of the
organ weights of treated animals with untreated animals is
often complicated by differences in body weights between
groups; therefore, another parameter that is commonly used
for the analysis of organ weight is the ratio of the organ weight
to body weight. The testes, epididymis, seminal vesicle and
prostate gland were dissected and weighed in order to calcu-
late the organ/body weight ratio for each animal. For each
treatment group, the ratio of organ weight (Y) to body weight
(X) is p:
Y/X=u

Also, the absolute and relative weights of the right and left
testes, right and left epididymis, prostate gland and seminal
vesicle were measured and recorded for all animals. The rela-
tive organ weight of each animal was then calculated as
follows:

Absolute organ weight(g)
Body weight of rat on sacrifice day(g)

x 100

Relative organ weight =

2.5 Comet assay

At the end of every week, blood was taken from the tails of the
rats and the Comet assay was performed with blood lympho-
cytes. This study took 28 days and the measurements were cal-
culated at the end of days 7, 14, 21 and 28.

The alkaline version of the Comet assay was performed.>*>*
Lymphocytes were isolated using Biocoll separating solution.
Isolated lymphocytes (10 pL) were immediately added to
120 pL of 0.5% low-melting-point agarose at 37 °C and layered
on pre-coated slides with 1.5% normal-melting-point agarose
in duplicate. The slides were immersed in 1% lysing solution
for 1 h. After electrophoresis, the slides were fixed in absolute
alcohol and stored until the moment of analysis. The slides
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were stained with 100 pL of ethidium bromide and analyzed
using a fluorescence microscope connected to a camera with
an image-analysis system (Comet Assay II, Perceptive
Instruments, Suffolk, Haverhill, UK). A total number of 100
cells (Comets) per slide were analyzed.>® Three parameters
were taken into account in order to estimate DNA damage: tail
moment (DNA product contained by the tail), the intensity of
the Comet tail (% of migrated DNA) and tail length (um).

The sperm cells were taken from seminal vesicles and
washed in saline, then were centrifuged and after discarding
900 pL of the supernatant, the sperm cells were suspended in
2% low melting point agarose, spread on slides and allowed to
gel and topped up with a layer of 1.5% low melting point
agarose. The slides were immersed in cold lysis solution con-
sisting of 2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base,
10% DMSO and 1% Triton X-100. Lysis of sperm was per-
formed in two steps. In the first step, 10 mM dithiothreitol
(DTT), in a lysing solution consisting of 2.5 M NaCl 100 mM
EDTA, 10 mM Trizma base, 0.225 M NaOH and 1% Triton®
X-100 was used and in the second step, instead of 10 mM DTT,
0.125 mg mL ™" proteinase K was used with the same lysing
solution. The total incubation period was 2 h. After lysis, the
unwinding of DNA was allowed in the electrophoresis buffer
and 1 mM Na, EDTA (pH 13.5) for a period of 30 min and elec-
trophoresis was performed at a constant voltage of 25 V at
4 °C. Sperm DNA unwinding was carried out for 20 min. The
slides were then neutralized with three washes of cold Tris
buffer (pH 7.5) and stained with 20 g mL™" ethidium bromide.
After this treatment, the slides were analyzed with the same
system and the same parameters as used for blood above. The
results for sperm were measured and recorded.

2.6 Histopathological analysis

After weighing all the tissue samples, they were fixed for 8 h
with Bouin solutions. Samples were then dehydrated using
increasing concentrations of ethanol, cleared in xylene and
embedded in paraffin and serially sectioned at 5 pm. The
tissues were stained with Harris hematoxylin and eosin (H&E)
for microscopic observation. Pathologic abnormalities and
potential treatment-related effects and abnormalities/lesions
were noted. All slides were examined using an Olympus BX51
light microscope. The photographs were captured using
Bs200prop software and all histopathologic changes were
recorded for each animal.

2.7 Measurement of seminiferous tubules

Seminiferous round tubules were evaluated for tubule dia-
meter, lumen diameter, and height of tubule epithelium with
an Olympus BX51 light microscope equipped with a Pixera Pro
150ES camera and Bab Bs200prop software. For seminiferous
tubule measurement, tubules at stages VII and VIII were
selected. The values obtained for the 10 tubules for each
animal were averaged and used for calculating means and per-
forming statistics.

This journal is © The Royal Society of Chemistry 2018
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2.8 Blood sampling and serum hormone measurement

At the end of the study, blood samples were collected from the
animals by cardiac puncture for serum preparation for each
group and after the completion of the treatments, on the same
day and at the same time, from 9 to 10 a.m. The serum was
separated after centrifugation at 3000g for 30 minutes, then
the serum was pipetted into silicon microcentrifuge tubes and
stored at —20 °C until hormone analysis. Testosterone (the sen-
sitivity of the assay was 20 pg mL™') was measured by using
commercially available ELISA kits for rats according to the
manufacturer’s instructions. All samples were measured in
duplicate in the same assay, the intra- and inter-assay coeffi-
cients of variation were less than 9.1%.

2.9 TUNEL method

Preparations on APS-coated glass slides were dehydrated in
xylene and 100%, 95%, 80%, 70% ethanol and rinsed with
phosphate buffer (PBS). Then, they were incubated with 20
mg mL™" proteinase K solution in 10 mM Tris/HCI, pH 7.4-8
(Roche) in a humidified chamber for 10 min at 37 °C and
rinsed in PBS, incubated with a blocking solution (3% H,0,
solution in methanol). The sections were rinsed twice with
PBS, the areas around the selected sections were dried and
loaded with TdT-terminal deoxynucleotidyl transferase, 50 mL
per section. Slides were rinsed twice in PBS and dried. Then,
50 mL of horseradish peroxidase was added per sample and
the sections were incubated in a humidified chamber for
30 min at 37 °C. Samples were rinsed in PBS three times and
50 mL of diaminobenzidine (0.05% DAB) per section was
added. Preparations were incubated for 10 min at room temp-
erature, rinsed with PBS, dehydrated with alcohol and xylene
and closed with DePeX. The number of tubules, in which >10
degenerated cells were observed per the number of tubules
visible in the cross-section, was determined. The apoptotic
cells of testicular sections were counted by randomly selecting
five areas for each slide.

2.10 Haematologic analysis

For the haematological examination, blood samples were col-
lected and transferred to EDTA tubes. Haematological para-
meters, namely leukocytes (mm?), lymphocytes (%), monocytes
(%), neutrophil granulocytes (N-granulocyte;%), erythrocytes
(mm?®), mean cell volume (MCV), hematocrit (%), mean cell
hemoglobin (MCH), MCH concentration (MCHC) were
measured with an auto cell counter for veterinary purposes,
specific for rat (MS9-5 of Melet Schloesing Lab, France). For
analysis, each group had six samples of collected blood.

2.11 Statistical analysis

All data were presented as the mean + S.D. initial and final
body weights, absolute and relative organ weights at necropsy,
and serum hormones were analyzed by Analysis of Variance
(ANOVA). All statistical analyses were performed using the
SPSS for Windows 11.5 package program. Multiple compari-
sons were performed by the Tukey test. For histologic analysis,

This journal is © The Royal Society of Chemistry 2018
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the animals were sacrificed and the samples were obtained.
Also, Fisher’s exact test was used to compare the frequencies
of histopathological lesions in tissues. P < 0.05 was considered
evidence of significance.>®*’

3 Results

3.1 Food and water intake, body and organ weight results

The food and water consumption of rats in the control and
treatment groups are given in Table 1. There were no signifi-
cant effects of DEHP on the food and water intake at the end
of the experiment. The body and absolute and relative organ
weights of male rats in the control and treatment groups are
given in Table 2. There was no significant difference between
the control and treatment groups with respect to the percen-
tage change in body weight from the baseline. Absolute right
testis weight was decreased in the 200 and 400 mg kg™ per
day DEHP treatment group, as compared to the control and
100 mg kg~' per day DEHP group. Otherwise, the relative
weights of the right testes were increased in the 200 and
400 mg kg™ per day DEHP treatment group compared to the
control. Also, absolute left testis weight was decreased in all
treatment groups, which was statistically significant compared
to the control group. However, the relative weights of the left
testes in male rats given 100 and 400 mg kg™" per day of DEHP
showed significant (P < 0.05) increase compared to that in the
control group. For the absolute and relative weights of the left
and right epididymis, there were no significant differences
among the groups. The absolute and relative prostate gland
weights decreased significantly in the 400 mg kg™ per day of
DEHP dose group when compared with the control group.
Otherwise, in all DEHP given dose groups, the absolute
seminal vesicle weight was decreased compared to the control,
but in the relative weight of the seminal vesicle, a statistically
significant decrease was observed only in the 400 mg kg™ per
day of DEHP treatment group.

3.2 Comet analysis results

Comet parameters in groups before the application are pre-
sented in Table 3. There was a significant difference between
the positive control (MMS) and other groups. Weekly measure-
ments of the tail lengths of the control and treatment groups
are presented in Fig. 1. At the end of the 7™, 14™ and 21

Table 1 Food and water consumption of rats in the control and treat-
ment groups

DEHP
oil 100 mg 200 mg kg™' 400 mg kg ™"
control kg ' perday per day per day
Food (g) 11.70 +£3.60 12.43 +4.37 14.06 £6.51 15.05+5.72
Water (mL) 11.82 £2.76 12.75+2.95 12.12+2.39 13.34+3.71

(n= 6) (+SEM).
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Table 2 Body weight, absolute and relative organ weights of rats in the control and treatment groups

DEHP

0il control

100 mg kg™ per day

200 mg kg™ per day 400 mg kg™ per day

Initial body weight (g) 220.8 +1.0 222.3+0.9
Final body weight (g) 3109+ 1.2 333.2+0.7
Weight gain (%) 50.02 + 0.2 51.09 + 0.8
Right testes

Absolute (g) 1.784 £ 0.1 1.780 + 0.9
Relative (mg g™") 4.761 +0.2 4.882 + 0.7
Left testes

Absolute (g) 1.932 + 0.7 1.520 + 0.1
Relative (mg g~ ") 5.222 + 0.1 5.990 + 0.2°
Left epididiymis

Absolute (g) 0.546 + 0.03 0.544 + 0.03
Relative (mg g™") 1.651 + 0.01 1.622 + 0.02
Right epididiymis

Absolute (g) 0.571 + 0.01 0.582 + 0.02
Relative (mg g™") 1.671 + 0.07 1.698 + 0.03
Prostate gland

Absolute (g) 0.667 % 0.02 0.660 + 0.09
Relative mg (g7) 1.691 + 0.04 1.640 + 0.02
Seminal vesicle

Absolute (g) 0.702 + 0.01 0.650 = 0.01¢
Relative mg (g7") 1.704 + 0.04 1.752 + 0.01

217.8 + 0.1 218.9 + 0.1
340.5 + 0.4 348.7 + 1.1
55.01 + 0.3 54.06 + 0.4

a,b a,b
1.662 + 0.2 1.540 + 0.3
5.031 + 0.4° 5.040 + 0.2°
1.401 + 0.1° 1.532 + 0.4%
4.101 £ 0.1*P 5.780 + 0.2%P
0.602 + 0.04 0.578 + 0.06
1.643 + 0.02 1.623 + 0.03
0.580 + 0.02 0.576 + 0.04
1.572 + 0.03 1.613 + 0.02
0.578 + 0.01 0.522 + 0.04>P
1.706 + 0.01 1.569 + 0.02%¢
0.618 + 0.05° 0.549 + 0.04*P
1.677 £ 0.03 1.578 + 0.03%P

(n = 6). P <0.05 significantly different from the control group. P<0.05 significantly different from the 100 mg kg™" per day DEHP group. “P<0.05
significantly different from the 200 mg kg™" per day DEHP group. 4p<0.05 significantly different from the 400 mg kg™' per day DEHP group

(+SEM).

Table 3 Comet parameters for the control and treatment groups of the male rats before the application

Groups Dose Tail length (um) Intensity of tail (%) Tail moment (um)
0il control 1mL 38.02 +7.17° 0.68 + 6.32" 0.10 + 1.61°
Positive control (MMS) 60 mg kg™" 72.23 + 9.87%4e 9.07 + 1.22%%¢ 1.49 + 1.02%%%°
DEHP 100 mg kg™ per day 38.55 £ 5.6" 0.71+0.7° 0.12 +0.9°

DEHP 200 mg kg™ per day 38.87 +5.63" 0.75 + 0.4° 0.11 +0.1°

DEHP 400 mg kg™* per day 38.13 £ 0.1° 0.77 + 5.5° 0.13 +2.63°

(n = 6). *Different from the oil control group (p = 0.01). PDifferent from the positive control group (MMS) (p = 0.021). 100 mg kg~" per day DEHP
dose group (p = 0.032). “Different from the 200 mg kg™ per day DEHP dose group (p = 0.045). °Different from the 400 mg kg™ per day DEHP

dose group (p = 0.019) (p < 0.05) (+SEM).

Tail lengths (um)

Oil Control MMS DEHP 100 DEHP 200 DEHP 400
Doses (mg kg'! day)
B Week 1 u Week 2 " Week 3 Week 4

Fig.1 Weekly measurements of the tail lengths of the control and
treatment groups of the male rats. Data are mean + S.E. *P < 0.05 is sig-
nificantly different from the control group.
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days, tail length was increased in a dose-dependent manner in
the 100, 200 and 400 mg kg™ per day DEHP dose groups,
respectively, and it was statistically significant compared with
the oil control group. At the end of the experiment (28 days),
the tail length showed a statistically significant increase in the
100, 200 and 400 mg kg™' per day DEHP groups, compared
with the oil control.

Weekly measurements of the intensity of the Comet tails of
the control and treatment groups of the male rats are pre-
sented in Fig. 2. The intensity of the Comet tail was increased
in all DEHP dosed groups statistically according to the oil
control. However, at the end of the 21% day, this increase was
much higher than the oil control and other dose groups.
Weekly measurements of the moments of the Comet tails of
the control and treatment groups in blood samples of the
male rats are given in Fig. 3. The tail moment was statistically
increased in all DEHP measurements except for the 7" and
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Fig. 2 Weekly measurements of the intensity of the Comet tails of the
control and treatment groups of the male rats. Data are mean + S.E. *P <
0.05 is significantly different from the control group.

I8

—in
I

Tail moment (um)

Oil Control MMS DEHP 100 DEHP 200 DEHP 400
Doses (mg kg™ day)
= Week 1 = Week 2 = Week 3 Week 4

Fig. 3 Weekly measurements of the moment of the Comet tails of the
control and treatment groups of the male rats. Data are mean + S.E. *P <
0.05 is significantly different from the control group.

14™ days of the experiment in the 100 mg kg™* per day DEHP
groups, compared to the oil control. The 200 and 400 mg kg ™"
per day of DEHP dose groups showed an increase in the tail
moment for the weekly measurements, compared with other
groups.

Comet parameters of sperm of the control and treatment
groups of the male rats at the end of the experiment are given
in Fig. 4. For sperm samples, the tail length was increased in
the 100, 200 and 400 mg kg™ per day of DEHP dose groups

Comet parameters of sperm

10 x

0il Control DEHP 100 DEHP 200 DEHP 400

Doses (mg kg day)

uTail length (um) W Intensity of tail (%) Tail moment (jum)

Fig. 4 Comet parameters for the sperm of the control and treatment
groups of the male rats at the end of the experiment (n = 6). Data are
mean + S.E. *P < 0.05 is significantly different from the control group.
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compared with the oil control. Also, the intensity of the tail
and tail moment values were increased statistically in the 200
and 400 mg kg ' per day of DEHP, compared to the 100
mg kg~ per day of the DEHP and oil control.

3.3 Histopathologic analysis

The incidence of exposure-related histopathologic lesions of
male rats in the control and treatment groups is given in
Table 4. Combined and atrophic tubules were increased in the
400 mg kg~' per day DEHP dose group in the testes, which was
statistically significant compared to other groups. The pycnotic
nucleus was shown in the 200 and 400 mg kg™ per day DEHP
dose groups and the congestion and degeneration of the
tubules were increased in all DEHP dose groups compared to
the control group in the testes. With the vacuolization of
Sertoli cells, the cells in the lumen, tubules without sperm
were increased in the 200 and 400 mg kg™ ' per day DEHP
groups, and were statistically significant compared to the
100 mg kg~ per day DEHP and control groups in the testes
(Fig. 5). In the epididymis, the tight lumens of the tubules and
the sperm in the tubule increased, and these were statistically
significant in all treatment groups. Atrophic tubules and sper-
matogenic cells are shown in groups but were not statistically
significant (Fig. 6). In the prostate, atrophic tubules and pro-
static intraepithelial neoplasia shown in the 200 and 400
mg kg~ per day of DEHP group were increased compared to
other groups (Fig. 7). In the seminal vesicle, the decrement of
secretion was increased in all treatment groups but cells in the
lumen were not statistically significant in the 400 mg kg™ per
day DEHP group (Fig. 8).

3.4 Measurement of seminiferous tubules

Epithelial height, luminal and tubular diameters (uM) in the
seminiferous tubules of male rats in the control and treatment
groups are given in Fig. 9. The epithelial height was signifi-
cantly increased in the 400 mg kg™ per day DEHP treatment
groups compared with the control group. The luminal diameter
was increased in 100 mg kg™, 200 mg kg' and 400 mg kg™*
DEHP dose groups compared to the oil control group. Also, the
tubular diameter had a significant increase in the 100 mg kg™
per day DEHP treatment group compared with all the other
groups, and it was 371.7 + 1.1 um; however, in the 400 mg kg™
per day DEHP group, it was slightly decreased.

3.5 Hormone analysis

In Fig. 10, the testosterone hormone levels are shown in the
control and treatment groups. The 100, 200 and 400 mg kg
dose groups showed an important decrease compared to the
control group but in the 200 mg kg™ per day DEHP group, the
lowest level was shown compared to the others.

3.6 TUNEL method results

Histologic photomicrographs of testes tissues that were
stained using the TUNEL method are shown in Fig. 5. In the
oil control group (Fig. 5A), testes tissue cells showed normal
morphology and complete arrangement. However, in the 100,
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Table 4 Incidence of exposure-related histopathologic lesions in male rats in the control and treatment groups

DEHP
Tissue and lesion Control 100 mg kg™ per day 200 mg kg~" per day 400 mg kg ™" per day
Testes
Combined tubules 0/6 1/6 1/6 5/6%
Atrophic tubules 0/6 2/6 3/6 5/6°
Pycnotic nucleus 0/6 1/6 5/6% 6/6%
Congestion 0/6 6/6" 6/6" 6/6"
Vacuolization of Sertoli cell 0/6 3/6 6/6* 6/6"
Cells in the lumen 0/6 2/6 5/6% 6/6"
Tubules without sperm 0/6 3/6 6/6% 5/6%
Degeneration of tubules 0/6 6/6" 6/6" 6/6"
Epididymis
Atrophic tubules 0/6 2/6 1/6 2/6
Spermatogenic cell 0/6 0/6 0/6 1/6
Tight lumens of tubules 0/6 6/6" 6/6" 5/6%
Tubules without sperm 0/6 2/6 6/6* 6/6"
Less sperm in the lumen 0/6 6/6" 6/6% 6/6°
Prostate gland
Mononuclear cell infiltration 0/6 3/6 2/6 6/6%
Atrophic tubules 0/6 6/6% 6/6* 6/6"
Prostatic intraepithelial neoplasia 0/6 5/6° 6/6° 6/6°
Seminal vesicle
Decrement of secretion 0/6 6/6" 6/6" 6/6"
Cells in the lumen 0/6 5/6% 5/6% 3/6

Number of rats with the lesion/number of rats examined. *Significantly different from the control group. P < 0.05 (Fisher’s exact test).

Fig. 5 Photomicrographs showing testis tissues of control and treat-
ment groups. (A) is from the control group. (B) is from the 100 mg kg™
per day DEHP treatment group and it shows congestion (black arrow)
and pycnotic nucleus (asterisk). (C) is from the 200 mg kg™ per day
DEHP treatment group and it shows congestion (black arrow) and cells
in the lumen (asterisk). (D) is from the 400 mg kg™ per day DEHP and it
shows pycnotic nucleus (asterisk) and congestion (black arrow) (all were
stained with contrast by H&GE, x200). In TUNEL staining, (A) is from the
control group. (B) is the 100 mg kg™ per day of DEHP, (C) is the 200 mg
kg~ per day of DEHP and (D) is the 400 mg kg™ per day of DEHP. Black
arrows show apoptotic cells in testes (x400).

200 and 400 mg kg™ per day DEHP dose groups, the apoptotic
cells were observed.

3.7 Haematologic analysis

The results of the haematologic analysis parameters of the
control and treatment groups of the pre-pubertal male rats are
presented in Table 5. Leukocyte, haemoglobin and monocyte
levels were decreased in the 400 mg kg™' per day DEHP dose
group but MCV levels were increased in the same group com-
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pared with other groups. There was no statistically significant
difference between for the other haematological parameters in
any of the treatment groups compared to the control.

4 Discussion

This study was conducted in order to investigate the genotoxic,
hematological, histopathological, immunohistochemical, mor-
phometric and hormonal effects of DEHP on the reproductive
systems of the growing male rats exposed to this estrogenic
compound. A lot of synthetic substances have been produced
to facilitate our lives but their dangerous and biological effects
are not fully known. It is necessary and important to deter-
mine the effects of these chemicals on environmental and
human health. For years, phthalates were classified as epige-
netic carcinogens, but recent evidence suggests that these
chemicals also possess genotoxic properties.’®>® For this
purpose, in vivo and in vitro experiments were performed and
toxic and adverse effects of DEHP were determined.

In the current study, DEHP was applied to pre-pubertal
male rats via oral gavage for 28 days, and the Comet assay was
applied in blood lymphocytes and sperm samples to evaluate
possible genotoxic effects. We noted an increase in body
weight in all the treatment groups, but none of the increments
reached statistical significance. However, in many studies with
the application of 1000 mg kg™ per day of DEHP to rodents
for five days or more, weight loss was observed, but in these
studies there was no food consumption during the experiment
so it was not determined whether this loss was caused by the
decrease in food intake or the increase in metabolic rate.®’

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Photomicrographs showing the epididymis tissues of the control
and treatment groups. (A) is from the control group. (B) is from the
100 mg kg™ per day DEHP treatment group and it shows tubules
without sperm (black arrow). (C) is from the 200 mg kg~* per day DEHP
treatment group and it shows tight lumens of tubules (black arrow). (D)
is from the 200 mg kg™* per day DEHP treatment group and it shows
atrophic tubules (black arrow) and less sperm in the lumen (asterisk). (E)
is from the 400 mg kg™ per day DEHP treatment group and it shows
tight lumen of tubules (black arrow) and less sperm in the tubule (aster-
isk). (F) is from the 400 mg kg™ per day DEHP treatment group and it
shows atrophic tubules (black arrow) and less sperm in the tubule (aster-
isk) and there is a decrease in the tubule epithelial length (all were
stained with contrast by H&E, x200).

Kurahashi and colleagues®' reported that there was no signifi-
cant increase in the body weight of rats given 50 and 100
mg kg™ per day of DEHP. Rusyn et al.®® applied 1000 mg kg ™"
DEHP per day for 6 weeks to male rats and at the end of the
study, an increase in the body weight was observed like in
other studies and it was connected to the increase in cell pro-
liferation. Our findings are in accordance with the findings of
Kurahashi et al.®' and Rusyn et al.®

Testosterone plays a dominant role in the growth of these
organs; several other hormones and growth factors can influ-
ence sex organ weights.®® Cardoso et al.®* reported that the
adverse effects of DEHP in male rats exposed during the pre-
and early postnatal periods showed that the testosterone levels
were significantly decreased. In the current study, the serum
testosterone concentration of adult males exposed to DEHP
showed a significant decrease. The reported effects of DEHP
and MEHP exposure on CYP19 enzyme activity in human
tumor cell lines are relevant to cancer risk as well. DEHP
exposure is associated with Leydig cell tumor induction in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Photomicrographs showing prostate tissues of the control and
treatment groups. (A) is from the control group. (B) is from the 100 mg
kg~ per day DEHP treatment group and it shows atrophic tubules (black
arrow) and mononuclear cell infiltration (asterisks). (C) is from the
200 mg kg™* per day DEHP treatment group and it shows congestion
(black arrow) and prostatic intraepithelial neoplasia (asterisk). (D) is from
the 200 mg kg™ per day DEHP treatment group and it shows atrophic
tubules (black arrow) and a decrement of secretion (asterisk). (E) is from
the 400 mg kg™ per day DEHP treatment group and it shows conges-
tion (black arrow) and atrophic tubules (asterisk). (F) is from the 400 mg
kg™ per day DEHP treatment group and it shows atrophic tubules
(asterisks) (all were stained with contrast by H&E, x200).

rat.”> The Leydig cell’s primary function is the production of
testosterone, and that production is stimulated by luteinizing
hormone (LH). Agents that increase LH levels or Leydig cell
responsiveness to LH will also induce hyperplasia and Leydig
cell tumors in the rat. Estradiol is synthesized via CYP19 from
testosterone and provides negative feedback on the production
of LH, as does testosterone. Hence, decreased levels of testos-
terone or estrogen can stimulate LH production and stimulate
Leydig cell tumor induction. Testosterone, estradiol, and LH
are regulated through the hypothalamic-pituitary-testis (HPT)
axis in both rats and humans, and agents that induce Leydig
cell tumors in rats by disruption of that axis are thought to
pose a hazard to humans.®®

Also, in this study, the right and left absolute testes weights
were decreased, especially with medium and high treatment
doses. Absolute prostate weights were decreased only for high
treatment doses, but absolute seminal vesicle weights were
decreased for all DEHP dosed groups compared to the control;
therefore, the weights of these organs were affected by the
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Fig. 8 Photomicrographs showing seminal vesicle tissues of the
control and treatment groups. (A) is from the oil control group. (B) is
from the 100 mg kg™ per day DEHP treatment group and it shows
increasing connective tissue (black arrow) and the decrement of
secretion (asterisk). (C) is from the 200 mg kg™ per day DEHP treatment
group and it shows the decrement of secretion (asterisk). (D) is from the
200 mg kg™* per day DEHP treatment group and it shows cells in the
lumen (black arrow) and the decrement of secretion (asterisk). (E) is
from the 400 mg kg™ per day DEHP treatment group and it shows the
decrement of secretion (black arrow) and cells in the lumen (asterisk). (F)
is from the 400 mg kg~* per day DEHP treatment group and it shows the
decrement of secretion (black arrow) (all were stained with contrast by
H&E, x200).
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Fig. 9 Epithelial height, luminal diameter and tubular diameter (uM) in
the seminiferous tubule of male rats in the control and treatment
groups. Data are mean + S.E. *P < 0.05 is significantly different from the
control group.
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Fig. 10 Testosterone (pg mL™) hormone levels of male rats in control
and treatment groups. Data are mean + S.E. *P < 0.05 is significantly
different from the control group.

decrease in testosterone hormone levels. Several studies have
reported the adverse effects of DEHP on the development of
the male reproductive tract when animals were perinatally
exposed to DEHP.°”°® These effects include reduced testes
size, decreased sperm production, -cryptorchidism, and
reduced reproductive organ weights. In one study,®® adult
male Fischer rats were exposed subcutaneously for 1 or
2 months to DEHP. The study revealed statistically significant
reductions in the absolute and relative weights of the testes
and epididymis. Some studies used multiple dose levels,
giving the opportunity to define dose-response relationships.
The investigations were single-dose-level studies focusing on
modes of action for developmental reproductive toxicity. In
one study, Sprague-Dawley rats were orally dosed with DEHP
at 0, 375, 750, or 1500 mg kg™' per day from gestation day
(GD) 3 to postnatal day (PND) 21, and endpoints related to
sexual development were studied through puberty and adult-
hood in male and female offspring. In the two highest dose
groups, developmental effects were observed and these effects
persisted until adulthood.”® Oral exposure to DEHP from GD 7
to 18 resulted in increased levels of multinucleated germ cells
(125 mg kg™' per day) and interstitial hyperplasia at 250 or
500 mg kg~" per day in rat offspring.”*

For the measurements with the Comet assay in blood lympho-
cytes, the tail length and tail intensity increased in a dose-
dependent manner for the 100, 200 and 400 mg kg™ per day
DEHP treatment groups compared to the oil control groups. In
the same way, the tail moment increased in the 200 and
400 mg kg™ per day DEHP treatment groups, compared with
the oil control group. These measurements are very important
for the strong effects between genotoxicity and carcinogenicity,
but previous results showed inconsistencies. In the current
study, for the tail length in sperm, there was an increase in the
damage to DNA in all treatment doses. However, the intensi-
ties of tail and tail moment were increased for medium and
high doses (200 and 400 mg kg™ per day) of DEHP compared
to the 100 mg kg™ per day and oil control. Few published
human studies have examined the effect of environmental
chemicals, such as phthalates, on DNA integrity in sperm as

This journal is © The Royal Society of Chemistry 2018
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Table 5 Effects of di-(2-ethylhexyl) phthalate on the hematological parameters of the control and treatment groups of the pubertal male rats

DEHP (100 mg kg™ per day)

DEHP (200 mg kg™' per day) ~ DEHP (400 mg kg™ per day)

Parameters Oil control (1 mL)

Leukocyte (mm®) 2.35 +1.54 2.98 +2.34
Lymphocyte (%) 69.60 + 16.17 70.83 + 21.34
Monocyte (%) 11.17 + 5.40 11.40 +9.41
Neutrophil/granulocyte (%)  19.27 + 11.06 17.73 +14.22
Erythrocyte (mm?®) 13.22 + 3.53 11.6 + 2.68
MCV (fL) 27.8+5.34 29.42 +2.13
Hematocrit (%) 35.27 +8.18 33.6 +6.06
MCH (pg) 7.87 £ 4.52 8.93 +3.39
MCHC (g dL™) 26.75 + 8.78 29.8+9.16
Hemoglobin (g dL™) 8.92 + 1.26 9.5+ 1.16

3.13 +1.11 1.19 + 0.39%Pd
65.42 + 8.39 78.41 + 16.90
10.30 + 1.97 2.40 + 0.10%>4
24.28 + 6.89 17.48 + 12.79
13.3 £1.76 8.26 £ 0.68

25.78 + 3.89 53.12 + 2.89%Pd
27.1+6.29 39.27 £ 3.65

11.6 +11.24 14.9 +1.24

23.05 + 6.05 28.07 £ 1.06

9.02 + 1.6 6.33 + 0933P

Data are presented as mean + SD (1 = 6 animals). (1 = 6). *Different from the control group. Different from the 100 mg kg™ per day DEHP dose
group. “Different from the 200 mg kg™ per day DEHP dose group. “Different from the 400 mg kg™ per day DEHP dose group (p < 0.05). MCV:
mean cell volume, MCH: mean cell hemoglobin, MCHC: mean cell hemoglobin concentration.

measured by the Comet assay.”>””> These results showed that
exposure to DEHP at high doses caused adverse effects on
sperm and blood samples. Ahbab et al. showed DNA damage
of DCHP and DHP on testicular cells in male rats.”® DEHP
caused increases in Comet assay parameters (tail intensity, tail
moment), cytotoxicity and oxidant/antioxidant status in LnCAP
(human prostatic cell line) and MA-10 Leydig cells.””

In this study, the TUNEL assay was performed to ascertain
the mode of cell death. It was based upon the principle that
TdT binds to the exposed 3-OH ends of the DNA fragments
generated in response to apoptotic signals and catalyzes the
addition of labeled deoxynucleotides. This assay can detect
early-stage apoptosis in systems where chromatin conden-
sation has begun and DNA strand breaks are fewer, even
before the nucleus undergoes major morphological changes.”®
An advantage of the TUNEL staining is that it identifies cell
apoptosis in situ. DEHP was also correlated with increased
DNA damage in a group of men exposed to doses comparable
to those reported for the U.S. general population.”® It was
reported that male rats were orally administered DEHP
(200 mg kg™ per day) for 30 or 60 days and it was found that
there was adversely influenced sperm morphology as well as
weights and the histological structure of the testes and
seminal vesicles. In testes tissues, apoptosis increased and tes-
tosterone levels were decreased.’® The current study showed
the same results. Serum analyses showed a significant
decrease in testosterone, indicating the presence of Leydig cell
dysfunction. In the 400 mg kg™ per day DEHP treatment
group, the apoptotic cells were increased compared to the
control group, showing a dose-dependent increase. Recent
data have also shown that phthalates were able to produce free
radicals by several pathways in germ cells including activation
of PPARq, suggesting the possibility that oxidative stress and
mitochondrial dysfunction in germ cells may contribute to
phthalate-induced disruption of spermatogenesis.®' One of the
mechanisms underlying the reproductive toxicity of DEHP
might be the induction of intracellular ROS and/or alterations
of intracellular enzymatic and non-enzymatic antioxidants,
thereby producing oxidative stress. Phthalates have the
capacity to induce change in the mitochondrial membrane

This journal is © The Royal Society of Chemistry 2018

potential and generate ROS, and lysosomal destabilization has
been recognized as a feature of oxidative stress-induced cell
damage. GSH is the most important intracellular anti-oxidative
defense against oxidative stress.®” The depletion of GSH indi-
cates that oxidative stress has occurred,®® and it is also related
to the augmentation of a pro-inflammatory signal by upregu-
lating ROS.®* DEHP also significantly decreased SOD activity
and increased MDA content in rats.*> The literature reports
that part of the mechanism of MEHP-induced germ cells apop-
tosis is mediated through the Fas-signaling system®” Data on
the time duration between Fas-stimulation and caspase-3 acti-
vation are sparse, but one study reports that an agonistic Fas
antibody can induce caspase-3 activation 2.5 h after exposure
in vitro, indicating a short interval. Numerous studies have
confirmed that DEHP induces reproductive toxicity mainly by
inducing ROS and MDA production and by disrupting the
activity of antioxidant enzymes (SOD, CAT).**"%8

In the testes, atrophic and pycnotic cells, congestion, and
the disorder of the tubule cells increased in the 400 mg kg™
per day DEHP group compared to the oil control. The arrange-
ments of spermatogenic cells were irregular and disordered in
the treatment groups. The germinal cell debris and atrophic
tubules were observed in DEHP treatment groups, which may
be due to the apoptotic effects, depending on the antiandro-
genic effects of DEHP. Apoptosis plays an important role in the
regulation of the production of sperm. In the epididymis, there
were confined lumens of tubules and less sperm in the tubules,
which increased statistically in all the treatment groups. It was
concluded that DEHP, at a dose of 400 mg kg™' per day, could
reduce the size and function of the entire male gametogenic
and accessory reproductive organs in an estrogenic manner.

The tubular diameter and the epithelium height can indi-
cate spermatogenesis activity in the experimental and toxico-
logical analysis.?® In the morphometric evaluation of semini-
ferous tubules, epithelial heights were significantly increased
in the 400 mg ke™' per day DEHP treatment groups compared
with the control and 100, 200 mg kg™" per day group. However,
luminal diameters were significantly increased in all treatment
groups compared to the control. Soleimani-Mehranjani et al.*°
reported that reduction in the diameter and epithelium height
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of seminiferous tubules may be because of a decrease in the
number of type A spermatogonia, spermatocyte, spermatid
and Sertoli cells. Also, this increment may result from the
reduced serum testosterone levels of rats in these groups. In
our previous study,”” we found that in dose groups given 125
and 250 mg kg™ per day of bisphenol A and 125 and 250 mg
kg™" per day of octylphenol, the testosterone levels were
decreased and epithelial heights and tubule diameters were
increased significantly compared to the control group. DEHP
is also an endocrine disrupter like OP and BPA, so the effect
may be similar.

The obtained data show that treatment with DEHP caused a
significant decrease in the leukocyte levels, especially
monocyte% and Hb content, as well as an increased MCV count
in the 400 mg kg™' per day group, when compared to the
control values. These parameters might be a result of an
increase in the rate of erythrocyte destruction and inhibition of
erythropoiesis, given the impairment in haematopoietic organ
function. Also, lymphocytes are important cells of the immune
system so exposure of the DEHP caused a negative impact on
blood-forming organs. Usually, the MCV value is increased in
vitamin B12 deficiency. Moreover, an increase in the MCV count
may indicate activation of the immune response.

5 Conclusion

In DEHP dose groups DNA damage was observed as statisti-
cally significant when compared to the oil control and positive
control. According to the doses in previous studies, we chose 3
doses, namely, 100, 200 and 400 mg kg™ " per day of DEHP.
These doses were high compared to the other studies because
we studied an earlier period for the rats and we wanted to see
how that could have different effects. So far, there has not
been any other study with male rats that was started in the pre-
pubertal period and ended at the pubertal period. Also, this
study is the only one to demonstrate direct DNA damage to
sperm cells in pubertal male rats. It therefore, sheds light on
this period in the lives of rodents, and these findings will
reveal the possibilities for humans in cases of exposure.

In recent years, there have been many studies showing
increasing interest in phthalates, but none have investigated
the genotoxic, histopathologic, morphometric and haemato-
logical effects of DEHP from the pre-pubertal period into
puberty. This study is therefore important for showing the
DNA damage in blood and sperm caused by the often-used
DEHP. These results will be used for the regulation of the
usage levels in the environment and human health and it will
lead to other studies on DEHP.
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