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Abstract

Pesticides are chemical agents used against living things such as insects, rodents, and weeds that cause
toxicity in various tissues, including reproductive organs. In order to increase the effectiveness of
pesticides, active ingredients are mixed with various formulations. The current study tried to determine
the effects of pesticides and their mixtures on testicular tissue in rats. For this purpose, chlormequat
chloride (CCC), pirimiphos methyl (PMM), glyphosate (GLY), tebuconazole (TBZ), chlorpyrifos
methyl (CPM), deltamethrin (DLM), and their mix (acceptable daily intake (ADI) and ADIx10) were
administried to Sprague-Dawley rats for 90 days. As a result of the examinations, the ADIx10 group
showed the most damaging effect by showing a statistical difference in terms of sperm motility and
membrane integrity. The GLY group had a similar effect on membrane integrity as the ADIx10 group,
while it had a moderately detrimental effect on motility. Degenerations of spermatocytes, necrosis, and
edema in intertubular spaces were observed in all pesticide groups. Similarly, 8-hydroxyguanosine (8-
OHdG) expression and Caspase-3 expression were moderate in all pesticide groups. Moreover, 8-OHdG
expression and Caspase-3 expression were higher in the ADI and ADIx10 groups compared to other
groups. As a result, pesticides and their mixtures cause histopathological changes in the testicular
tissue of rats and decrease sperm quality.
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Introduction

One of the chemicals that cause
environmental pollution is pesticides'®. Many
people are exposed to pesticides commonly used
against pests and weeds in modern agriculture®”.
The American Chemical Society’s list introduces
2,500,000 new chemical compounds every
year. It is difficult to distinguish between the
environmental burden of these chemicals and
their toxic effects on human health?. Moreover,
toxicity assessments for a single chemical may not
adequately describe all risks, such as genotoxicity,
endocrine disruptors, and organ toxicity. In
practice, the population is never exposed to a
single chemical®®. When two or more chemicals
come together, besides potentiating or inhibiting
protective mechanisms, their effects can occur in
a synergistic, combined, or competitive way, and
it is a fact that unidentified risks and hazards can

38)

occur when testing single compounds™. There are

particular concerns about toxicities occurring in

different tissues; for example, neurotoxicity™'"*®,

21) 49,65)
9

, cardiotoxicity

27,57

reproductive toxicity

nephrotoxicity®”, hepatotoxicity””*”, genotoxicity””

and endocrine disruptions'"'®**"

Pesticides are chemicals that cause the fertility
rate to decrease in males and females®. Pesticides
cause histopathological changes in testicles, a
deterioration in spermatogenesis, a decrease
in testosterone level, a deterioration in sperm
morphology, and a decrease in sperm motility
in rats®”. In addition, a male with pesticides in
his blood could theoretically infect the female
uterus by releasing pesticide-laden sperm into
the vagina during sexual intercourse'”. Although
pesticides provide great benefits to human life,
they have negative effects on the environment
and human health'’. Pesticides affect the male
reproductive system by causing direct damage to
cell structure, changing the DNA structure, or by
changing gene expression’. Moreover, pesticides
cause oxidative damage to females and damage
to reproductive physiology'®. Although decreased
fertility has been observed among men exposed to
pyrethroids, organophosphates, and carbamates
in greenhouses, no other pesticide has been found

to have such dramatic effects on male fertility’".

Exposure of a pregnant female rat to pesticides
resulted in decreased spermatogenic capacity (cell
number and viability) and increased incidence of
male infertility in the F1 generation. Decreased
sperm concentrations were also found in the male
pups of these male rats, and it was stated that
they could act transgenerationally by an epigenetic
mechanism epigenetic-mediated mechanisms®.
Studies have shown an increase in Caspase-3 and
8-OHdG expression levels with subacute exposure
to pesticides™.

The purpose of this research was to
investigate the impact of subchronic pesticide
exposure and their combinations on the quality of
sperm and histopathological changes in testicular
tissue of rats.

Materials and Methods

Ethical approval: The approval of the Atatirk
University Animal Experimentations Local
Ethics Committee (protocol number: 2021/74) was
obtained for the current study.

Preparation of experimental animals: In
this study, male Sprague Dawley rats, 3 months
old were used. Animals were kept in the Atatiirk
University Medical Experimental Application
and Research Center under standard conditions
(25+2 °C, 45+5% humidity, and 12 hours of
light/dark cycle). The animals adapted to the
environment for a week. The rats were divided into
nine groups: Control group, Chlormequat chloride
(CCC) group, Pirimiphos methyl (PMM) group,
Glifosat (GLY) group, Tebukonazole (TBZ) group,
Klorpirifos -Metyl (CPM) group, Deltametrine
(DLM) group, acceptable daily intake (ADI) group
and ADIx10 group.

Preparation of chemicals: The compounds were
chosen based on a set of criteria that included
the scope of use, existing health problems, and
the potential for toxicokinetic or toxicodynamic
application that could result in synergism or
other interactions, increasing toxicity, or causing
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unexpected toxicological responses. The ADI
for each chemical in the combination was the
recommended dosage. The ADI is the maximum
dose of a drug, expressed as mg/kg body weight,
that can be consumed every day for the rest
of one’s life without posing any health risks.
Common cumulative toxicity can develop when
many chemicals are exposed to similarly low
levels. Exposure of rats was monitored according
to Regulation 440/2008/EC, the OECD GD 452
(OECD, 2009) method for chronic toxicity, the
most complete guideline for testing the chronic
toxicity of chemicals, which will simulate lifetime
exposure for human®”. Selected doses were
adjusted to ADI and ADIx10 (mg/kg), which are

. 2
considered safe doses for humans®.

Application of the experimental model: After
the acclimatization period, the amount of feed per
animal and water consumption were calculated.
From the Oth day (week 1), the mixture prepared
in the doses specified in corn oil was added to the
feeds and the amount of feed consumed every
day was weighed. At the same time, daily water
consumption was monitored. On the 90th day, the
experiment was terminated and the animals were
sacrificed under sevoflurane anesthesia and the
tissue tissues were removed.

Experimental groups: Chlormequat chloride
(CCC): 0.04 mg/kg bw; Pyrimiphos methyl (PMM):
0.004 mg/kg body weight; Glyphosate (GLY): 0.5
mg/kg bw; Tebuconazole (TBZ): 0.03 mg/kg body
weight; Chlorpyrifos methyl (CPM): 0.01 mg/
kg bw; Deltamethrin (DLM): 0.01 mg/kg bw and
the active ingredient mixture group ADI and
ADIx10 were prepared from the active ingredients
containing CCC, PMM, GLY, TBZ, CPM and DLM.
Soluble concentrate (SC) formulation containing
460 g CCC per liter, emulsifiable concentrate
(EC) formulation containing 500 g PMM per liter,
SC formulation containing 441 g GLY per liter,
powder formulation containing 600 g TBZ, EC
formulation containing 227 g CPM per liter, SC
formulation containing 50 g DLM per liter, ADI
and ADIx10 doses were prepared, and formed. The
pesticides were dissolved in corn oil in accordance

with the OECD guidelines and added to the feed.
A separate cage was provided for each animal,
and the feeds were re-prepared every day and the
consumption amounts were measured per animal.

Collection and evaluation of sperm samples:
The testicles of the sacrificed rats were removed,
and the epididymis were separated from the testis.
The cauda epididymis was taken into a petri
dish to be used in semen analysis and kept in 5
mL of physiological water (0.9% sodium chloride
solution). The right cauda epididymis was trimmed
in this solution, and the spermatozoa were allowed
to pass into the liquid. A contrast microwave
with a heating plate (Leica Germany) was used
for sperm evaluation. The slide was placed in a
phase contrast microscope with a heating plate,
the semen sample was left on the slide and
covered with a coverslip, and the percentage of
sperm motility was calculated. Three different
microscope fields were examined for sperm
motility predictions and were determined as the
“motility score””. For sperm membrane integrity,
the semen sample was mixed with the eosin
nigrosine dye (1.67% eosin, 10% nigrosine and 2.9
g sodium citrate) on a slide. Frotting was taken
from the mixture and left to dry. Slides were then
evaluated with a microscope at 20x magnification.
Depending on the staining status of the sperm
heads, they were classified as damaged or not. For
each animal, 300 sperm cells were examined and

the ratio was expressed as a percentage (%)®.

Histopathological examination: Following
standard tissue procedures, samples were
embedded in paraffin blocks and fixed in 10%
formaldehyde solution. Slides for histopathological
examination were stained with hematoxylin and
eosin (HE). Slides were examined with a light
microscope (Olympus BX 51, Japan). Sections
were interpreted as absent (0), mild (1), very
mild (2), moderate (3), very (4), and severe (5) for

histopathological examination®.

Immunohistochemical examination: Sections
taken on adhesive (poly-L-lysine) slides were kept
in 3% H>0; for 10 minutes. Then the slides were



85 Effects of Low-Dose Pesticide Mix on Rat

Table 1. Spermatological and histological parameters of the study groups (x+SEM)

Control cce PMM GLY TBZ CPM DLM ADI ADIx10
M'f)‘;fﬁiy 71,25+6,29° 45,0045,77° 46,25+7,50° 43,75+7,50* 33,75+8,53" 45,00+5,77" 51,25+8,53 26,25+8,53"  8,75+4,78"
Sperm
Membrane 60,00+4.08° 32,50+2,88" 40,50+3,31"% 17,75+6,34" 46,25+4,78" 42,50+2,88" 32,50+2,88"™ 31,25+8,53" 8,25+2,36"

Integrity

a-e; Values indicated by different letters in the same column are significantly different from each other (P < 0.05).

boiled in a 1% antigen retrieval citrate buffer
(sodium citrate dihydrate, 0.0874 M, citric acid,
0.0126 M, pH = 6.1) solution and allowed to cool at
room temperature. Tissues were incubated with
protein block (goat serum, Cat no: ab7481, UK) for
5 minutes. Primary antibodies were then added
to the tissues (8-OHdG Cat No.: sc-66036, 1/100
dilution, USA; Caspase-3 Cat No: sc-56053, 1/100
dilution, USA) and incubated at 37°C for one
hour. 3-3’ Diaminobenzidine (DAB) chromogen
was used on the slides. The stained sections were
interpreted using an light microscope (ZEISS,

Germany)"?.

Statistical analysis: The analysis of the
data obtained from the study was conducted
using the SPSS 26.0 program. In the study,
spermatological data were presented as mean
value SEM. Spermatological parameters were
analyzed using a one-way analysis of variance
test and a post-hoc Tukey test. The comparison
of groups in histopathological examinations was
done with the Duncan test. The nonparametric
Kruskal-Wallis test was used to detect group
interaction, and the Mann-Whitney U test
was used to determine the difference between
groups. Five areas were randomly selected from
the immunohistochemically stained images and
evaluated in the ZEISS Zen Imaging Software
program. For % area, data were statistically
defined as mean and standard deviation
(mean SD). One-way ANOVA followed by
Tukey’s test was performed to compare positive
immunoreactive cells and immunopositive stained
areas with healthy controls. As a result of the test,
a value of P < 0.05 was considered significant and

the data were presented as mean + SD.

Results

Sperm analysis results: Sperm analysis results
were presented in Table 1. The total motility
value decreased significantly (P < 0.05) in the
ADI and ADIx10 groups. In addition a decrease
in total motility was observed in the CCC, PMM,
GLY, TBZ, CPM, and DLM groups compared to
the control group (P < 0.05). While the highest
spermatozoa membrane integrity was seen in the
Control group, a statistically significant difference
was observed between the other groups (P <
0.05). Plasma membrane integrity ratio decreased
significantly in the ADIx10 and GLY groups
compared to other experimental groups (P < 0.05).
There was a significant difference in plasma
membrane integrity rate in the other pesticide
groups compared to the control group (P < 0.05).

Histopathological findings: Histopathological
evaluations are presented in Table 2. When
the testicular tissues in the control group were
examined histopathologically, it was seen that
the tissues had a normal histological structure.
In the CCC group, severe degeneration of the
spermatocytes in the seminiferous tubular walls
of the testis tissue and thinning due to moderate
necrosis, severe edema in the intertubular areas,
and severe congestion in the interstitial vessels
were observed (P < 0.05). In the PMM group, mild
degeneration and thinning as a result of mild
degeneration of spermatocytes in the tubular wall
in the testis tissue, mild edema in the intertubular
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Table 2. Histopathological findings of testicular tissues

86

Degeneration of Necrosis of Edema in the .
spermatocytes spermatocytes intertubular spaces Congestion of vessels
Control 0 0 0 0
ccce +4 +3 +4 +3
PMM +2 +1 2 s
GLY +4 +3 +4 +4
TBZ +4 +3 +4 +4
CPM +3 +3 +3 +3
DLM +3 +2 +3 +3
ADI +4 +4 4 4
ADIx10 +5 +5 +5 +5

In the study, blind pathology method was used in histopathological analysis, evaluations were made by 2 expert pathologists
and the results were recorded. We do not have a quantitative evaluation program that we use in histopathological examinations.
However, quantitative calculations were made in immunohistochemical examinations and the values are presented in the table.

areas, and moderate congestion in the interstitial
vessels were observed. A statistically significant
difference was found between the ADI groups
and the PMM group (P < 0.05). In the GLY group,
severe degeneration of the spermatocytes in
the seminiferous tubule wall and thinning as a
result of moderate necrosis, severe edema in the
intertubular spaces, and severe congestion in the
vessels 1n the interstitial region were observed (P
< 0.05). In the TBZ group, severe degeneration of
spermatocytes in the seminiferous tubule wall and
thinning due to moderate necrosis, severe edema
in the intertubular regions, and severe congestion
in the interstitial vessels were observed (P < 0.05).
In the CPM group, moderate degeneration and
thinning as a result of necrosis in spermatocytes
in the seminiferous tubule wall, moderate
edema in the intertubular regions, and moderate
congestion in the interstitial vessels were
observed (P < 0.05). In the DLM group, moderate
degeneration of the spermatocytes and thinning
as a result of mild necrosis in the seminiferous
tubule wall, moderate edema in the intertubular
regions, and moderate congestion in the
interstitial vessels were observed. A statistically
significant difference (P < 0.05) was detected
when compared with the ADIx10 group. In the
ADI group, severe degeneration and thinning due
to necrosis in spermatocytes in the seminiferous
tubular wall, severe edema in the intertubular

Table 3. Scoring of immunohistochemical findings of
testicular tissues

8 OHAG expression Caspase 3 expression

(Wisr) (Wisr)
Control 17.59+0.12° 20.070.03"
ccc 67.06+2.47° 74.43+2.71°
PMM 43.19+1.39° 29.140.26°
GLY 83.57+2.97° 75.3£1.19°
TBZ 69.84+1.64" 75.48+1.45
CPM 86.44+3.18° 77.59+2"
DLM 66.66+3.33" 42.87+1.57°
ADI 85.19+3.27° 99.56+3.2°
ADIx10 124.48+3.94° 132.44+3.48"

a,b,c,d,e,f; different letters in the same column represent
statistically significant difference (P < 0.05).
Abbrevations; W/sr (unit of luminous intensity)

areas and severe congestion in the interstitial
vessels were observed. In the ADIx10 group,
severe degeneration and thinning due to necrosis
in spermatocytes in the seminiferous tubule wall,
very severe edema in the intertubular spaces, and
very severe congestion in the interstitial vessels
were observed (Fig. 1).

Immunohistochemical findings:
Immunohistochemical findings are presented in
Table 3. Expressions of 8-OHdG and Caspase-3
in testicular tissues in the Control group were

evaluated as negative. Moderate expression of
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Fig. 1. Testicular tissue, histopathological findings (H&E), 8 OHdG and Caspase 3 expressions in
spermatocytes and spermatogonia. IHC-P, Bar: 20 pm.

Abbrevations; CCC: Chlormequat chloride, Pirim: Pirimiphos-methyl, GLF: Glyphosate, TBZ:
Tebucanazole, Chlor: Chlorpyrifos-methyl, Delta: Deltametrin, IHC-P: Immunohistochemical paraffin

protocol.

8-OHdG and Caspase-3 were detected in the
cytoplasm of spermatocytes and spermatogonial
cells in the CCC group. In the PMM group, mild
8-OHdG and very mild Caspase-3 expressions were
observed in the cytoplasm of spermatocytes and
spermatogonial cells, and a statistically significant
difference (P < 0.05) was detected when compared
with the ADIx10 group. In the GLY group, severe
8-OHdG and moderate Caspase-3 expression
were detected in the cytoplasm of spermatocyte
and spermatogonial cells. Moderate expression
of 8-OHdG and Caspase-3 was observed in the

cytoplasm of spermatocyte and spermatogonial
cells in the TBZ group. In the CPM group, strong
levels of 8-OHdG and moderate Caspase-3
expressions were detected in the cytoplasm of
spermatocyte and spermatogonial cells. Moderate
expression of 8-OHdG and Caspase-3 was
detected in the cytoplasm of spermatocyte and
spermatogonial cells in the DLM group, and a
statistically significant difference (P < 0.05) was
detected when compared to the ADIx10 group. In
the ADI groups, severe 8-OHdG and Caspase-3
expressions were observed in the cytoplasm of
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spermatocyte and spermatogonial cells. In the
ADIx10 group, very severe 8-OHdG and Caspase-3
expressions were detected in the cytoplasm of
spermatocyte and spermatogonial cells (Fig. 1).

Discussion

Pesticides are grouped as insecticides,
fungicides, herbicides, rodenticides, molluscicides,

and nematicides®

. Pesticides reduce agricultural
products losses and play an important role in
agricultural development as they can improve
affordable product and food quality”**?. Pesticides
are pollutants of the environment and can be
found in samples from water, air, soil, animal,
and human tissues'?. Studies have reported that
pesticides also have a negative effect on the male
reproductive system®*"*”. This study investigates
germ cell damage caused by pesticides and
pesticide combinations histologically and oxidative
stress by the immunohistochemical method.

The plant protection product contains active
ingredients and excipients. Every pesticide
purchased from the dealer is a formulation.
Pesticide formulations allow the active ingredient
to adhere to the plant surface. In addition to
this situation, it is the excipients that make the
difference between the active substance and the
formulations and it is a necessity to investigate
their possible toxic effects’”. Due to the large
number of pesticide combinations that can be
found in the ecosystem, it is not possible to
physically test the effects of these mixtures on
living things*. We investigated the effects of
pesticide active ingredients and their mixtures
on the male reproductive system with the
experimental groups we created in our study.
This study examines the effects of prolonged
exposure (3 months) to very low doses of ADI and
ADIx10 levels of a cocktail of six chemicals with
which humans are in frequent contact, on various
biological parameters in an animal model.

CCC is a widely applied plant growth
regulator that inhibits unwanted shoots®”. In a
study with pubertal exposure to CCC, also known
as chlorocholine chloride®, it was determined that

CCC did not cause any changes in rat testis tissue,
but in our study, in the CCC group, spermatocytes
on the wall of the seminiferous tubules in the
testis tissue, degeneration, necrosis and edema
were determined. This suggests that acute CCC
administration is more toxic than pubertal CCC.
It may be due to the recovery and restoration
of the effect of CCC in testicular tissues after
pubertal CCC administration. Pubertal CCC
exposure caused a decrease in sperm motility,
and a significant decrease was observed in sperm
motility in our study (P < 0.05). In this respect, the
results are similar. DLM is a widely used broad-
spectrum synthetic type II pyrethroid insecticide
[a-cyano-3-phenoxybenzyl-(1R,S)-cis, trans-3-
(2,2-dibromovinyl) 2,2-dimethylcyclopropane-
carboxylate] and protects vegetables, fruits and
agricultural produce against pests such as mites,
ants, insects and weeds”. Pyrimiphos-methyl is
a broad-spectrum organophosphate insecticide
widely used as a cereal preservative globally.
So far, pyrimifos-methyl has proven to be very
effective against a wide variety of stored product
insect pests™?*”. It was stated in a study that the
combination of DLM and DLM+Ridomil decreased
the sperm count, sperm motility and serum
gonadotropins of rats'”. DLM 1% + Chlorpyriphos
35% EC has been shown to directly or indirectly
inhibit sperm production and motility®®. In
another study, the diameter of the seminiferous
tubule per unit area decreased and a thickening of
the basement membrane was with determined in
the histomorphological examination of testicular
tissue of rats administered deltamethrin®”. In
another study prepared with a mixture of DLM
and dimethoate+DLM in male mice, significant
decreases were found in sperm count, viability and
motility addition, with a significant increase in
spermatozoa with abnormal morphology”. These
results are in agreement with our study. The
herbicide GLY, N-(phosphonomethyl) glycine, is a
biocide with broad spectrum activity introduced in
1974 for weed control in agricultural production
areas™. In a study, it was determined that GLY
caused a decrease in membrane integrity in
sperm motility and caused degeneration in Sertoli
cells®. Similar results were found in our study,



89 Effects of Low-Dose Pesticide Mix on Rat

and membrane integrity in the GLY group was
significantly decreased compared to the other
groups (P < 0.05). Triazole fungicides are one of
the top ten classes of pesticides used today and
have higher consumption compared to other
fungicides available worldwide, with TBZ being
one of the members of this group®. Chlorpyrifos-
methyl (O, O-dimethyl O- (8,5,6 - trichloro - 2 -
pyridinyl) -phosphorothioate), which has a similar
molecular structure but higher water solubility
and vapor pressure than chlorpyrifos, is one of
the most widely used insecticides in the World*”.
In a study conducted with TBZ in rats, it was
reported that chlorpyrifos it caused a decrease
in sperm motility, an increase in sperm count
and sperm abnormalities. Histopathologically it
also caused deterioration in testicular tissue'”.
In one study with TBZ without a statistical
difference, a decrease in sperm count in the testis
was determined. In the same study, a decrease
in epididymal sperm count, testosterone level,
increase in superoxide dismutase (SOD) level
and decrease in testicular total protein level were
found®. In our study, a decrease in motility and
a decrease in sperm membrane integrity were
found in the TBZ group (P < 0.05). In a study of
PMM in male rats, it was reported that pesticides
caused a significant decrease in sperm density and
sperm motility*”. CPM causes decrease in sperm
count, decrease in motility, increase in abnormal
sperm count and histopathological changes
in rats’”. This result is similar to our study.
Histologically, moderate changes were observed
in the cyhorpmrifos methyl group. In rats treated
with PMM, a decrease in sperm count and motility
and an increase in abnormal sperm count were
observed. In addition, histologically, it showed
that there was enlargement of the interstitial
space, inhibition of spermatogenesis, sparseness
of Leydig cells and edema in the testicles in the
experimental groups compared to the control
group””. In our study, histological changes were
less in the PMM group compared to the other
experimental groups. However, sperm quality was
similar to other pesticide groups.

Mixed pesticides cause synergistic toxicity in
animal models®"**™. In a study showing the effects

of pesticide mixtures in male rats, sperm count
and quality decreased, prostate and epididymis
weight decreased, testicular weight increased
and histopathological changes occurred®”. In
another study, while testicular and epididymis
weights, testosterone levels and sperm quality
decreased in rats treated with pesticide mixture,
malondialdehyde (MDA) level increased'”. In
other studies, low-dose pesticide mixtures caused
oxidative damage and testicular dysfunction”*™.
In our study, testicular damage, increased
oxidative stress and consequently decreased
sperm quality occurred in all pesticide groups. Our
findings are compatible with the obtained literary
data.

Endogenously or exogenously produced
reactive oxygen species (ROS) can attack the
lipid membrane, protein profile and nucleic acid

63 . . .
). Oxidized guanosine can become

in living cells
incompatible with adenosine instead of cytosine
and cause a mutation in the gene. Therefore,
8-OHdG can be used as a biomarker of DNA
damage’®. Caspases enter the active (cleaved)
form in cells undergoing apoptosis and play a very
important role in the transduction of apoptotic
signals in dying cells®”. 8-OHdG expression
and Caspase-3 expression were higher in all
experimental groups compared to the control
group. This situation reveals that pesticides
increase DNA damage in testicular tissue and
cause apoptosis. 8-OHdG expression Caspase-3
expression was found to be higher in ADI and
ADIx10 groups compared to other groups.
Similarly, degeneration of spermatocytes, necrosis
of spermatocytes, edema in the intertubular
spaces, congestion of vessels were found mostly
in ADI and ADIx10 groups. In general, the
lowest sperm motility and membrane integrity
were observed in ADIx10 and ADI groups, while
a statistically significant difference was found
between the other groups. This proves that the
mixture of pesticides has more negative effects
on testicular tissue. As a result, pesticides cause
histological deterioration in testicular tissue,
decrease in sperm quality, increase in oxidative
stress and apoptosis in testicular tissue.



Ali Dogan Omiir et al. 90

Acknowledgments

This work was supported by Ataturk
University Scientific Research Projects
Coordination Unit (Project Number: 2021/9079).

References

1) Abdallah FB, Slima AB, Dammak I, Keskes-
Ammar L, Mallek Z. Comparative effects of
dimethoate and deltamethrin on reproductive
system in male mice. Andrologia 42, 182—-186,
2010. doi: 10.1111/.1439-0272.2009.00976.x.

2) Abdel-Daim M, El-Bialy BE, Rahman
HGA, Radi AM, Hefny HA, Hassan AM.
Antagonistic effects of Spirulina platensis
against sub-acute deltamethrin toxicity in
mice: biochemical and histopathological
studies. Biomed Pharmacother 77, 79-85,
2016. doi: 10.1016/j.biopha.2015.12.003.

3) Aksu EH, Kandemir FM, Altun S, Kucukler
S, Comakli S, Omiir AD. Ameliorative effect
of carvacrol on cisplatin-induced reproductive
damage in male rats. J Biochem Mol Toxicol
30, 513-520, 2016. doi: 10.1002/jbt.21816.

4) Aksu EH, Kandemir FM, Ki¢tukler S. The
effects of hesperidin on colistin-induced
reproductive damage, autophagy, and
apoptosis by reducing oxidative stress.
Andrologia 53, €13900, 2021. doi: 10.1111/
and.13900.

5) Aktar MW, Paramasivam M, Sengupta D,
Purkait S, Ganguly M, Banerjee S. Impact
assessment of pesticide residues in fish of
Ganga river around Kolkata in West Bengal.
Environ Monit Assess 157, 97-104, 2009. doi:
10.1007/s10661-008-0518-9.

6) Anway MD, Cupp AS, Uzumcu M, Skinner
MK. Epigenetic transgenerational actions
of endocrine disruptors and male fertility.
Science 308, 1466—-1469, 2005. doi: 10.1126/
science.1108190.

7) Astiz M, Hurtado de Catalfo GE, Garcia MN,
Galletti SM, Errecalde AL, de Alaniz MJT,
Marra CA. Pesticide-induced decrease in rat
testicular steroidogenesis is differentially

8)

9)

10)

11)

12)

13)

14)

prevented by lipoate and tocopherol.
Ecotoxicol Environ Saf 91, 129-138, 2013. doi:
10.1016/j.ecoenv.2013.01.022.

Avdatek F, Tirkmen R, Demirel HH, Birdane
YO. Protective effect of N-acetylcysteine on
testicular oxidative damage, spermatological
parameters and DNA damage in glyphosate-
based herbicide-exposed rats. Kocatepe
Veterinary Journal 11, 292-300, 2018. doi:
10.30607/kvj.435112.

Baltazar MT, Dinis-Oliveira RdJ, de Lourdes
Bastos M, Tsatsakis AM, Duarte JA,
Carvalho F. Pesticides exposure as etiological
factors of Parkinson’s disease and other
neurodegenerative diseases—a mechanistic
approach. Toxicol Lett 230, 85-103, 2014. doi:
10.1016/j.toxlet.2014.01.039.

Ben Saad H, Ben Abdallah F, Bkhairia
I, Boudawara O, Nasri M, Hakim A, Ben
Amara 1. Efficacy of essential trace elements
supplementation on mineral composition,
sperm characteristics, antioxidant status, and
genotoxicity in testis of tebuconazole-treated
rats. Biomed Environ Sci 33, 760-770, 2020.
doi: 10.3967/bes2020.101.

Bergman A, Heindel JJ, Kasten T, Kidd
KA, Jobling S, Neira M, Zoeller RT, Becher
G, Bjerregaard P, Bornman R, Brandt
I, Kortenkamp A, Muir D, Brune Drisse
M-N, Ochieng R, Skakkebaek NE, Byléhn
AS, Iguchi T, Toppari J, Woodruff Td. The
impact of endocrine disruption: a consensus
statement on the state of the science. Environ
Health Perspect 121, A104-A106, 2013. doi:
10.1289/ehp.1205448.

Bernardes MFF, Pazin M, Pereira LC, Dorta
DJ. Impact of pesticides on environmental
and human health. In: Toxic Studies - Cells,
Drugs and Environment, Andreazza AC, Scola
G. eds. Intech, Rijeka. pp. 195-233, 2015.
doi: 10.5772/59710.

Bhardwaj JK, Mittal M, Saraf P, Kumari P.
Pesticides induced oxidative stress and female
infertility: a review. Tox Rev 39, 1-13, 2020.
doi: 10.1080/15569543.2018.1474926.
Bouabdallah N, Mallem L, Abdennour C,
Chouabia A, Tektak M. Toxic impacts of a



91

15)

16)

17)

18)

19)

20)

21)

22)

Effects of Low-Dose Pesticide Mix on Rat

mixture of three pesticides on the reproduction
and oxidative stress in male rats. Journal
of animal behaviour and biometeorology 10,
2204, 2022. doi: 10.31893/jabb.22004.
Bretveld R, Brouwers M, Ebisch I, Roeleveld
N. Influence of pesticides on male fertility.
Scand J Work Environ Health 33, 13-28,
2007. doi: 10.5271/sjweh.1060.

Caglayan C, Taslimi P, Turk C, Kandemir
FM, Demir Y, Gulcin 1. Purification and
characterization of the carbonic anhydrase
enzyme from horse mackerel (Trachurus
trachurus) muscle and the impact of some
metal ions and pesticides on enzyme
activity. Comp Biochem Physiol C Toxicol
Pharmacol 226, 108605, 2019. doi: 10.1016/
j.cbpc.2019.108605.

Dardiotis E, Xiromerisiou G,
Hadjichristodoulou C, Tsatsakis AM, Wilks
MF, Hadjigeorgiou GM. The interplay
between environmental and genetic factors
in Parkinson’s disease susceptibility: the
evidence for pesticides. Toxicology 307, 17—23,
2013. doi: 10.1016/j.tox.2012.12.016.

EFSA Panel on Plant Protection Products and
their Residues (PPR). Scientific Opinion on
the identification of pesticides to be included
in cumulative assessment groups on the basis
of their toxicological profile. EFSA J 11, 3293,
2013. doi: 10.2903/j.efsa.2013.3293.

Ekaluo UB, Ibiang YB, Ikpeme EV, Ekanem
BE, Erem FA. Effect of Deltamethrin
and Ridomil on sperm parameters and
reproductive hormones of male albino rats.
Toxicol Environ Health Sci 5, 9-14, 2013. doi:
10.1007/s13530-013-0149-6.

Fenik J, Tankiewicz M, Biziuk M. Properties
and determination of pesticides in fruits and
vegetables. Trends Analyt Chem 30, 814-826,
2011. doi: 10.1016/j.trac.2011.02.008.

Frazier LM. Reproductive disorders associated
with pesticide exposure. J Agromedicine 12(1),
27-37, 2007. doi: 10.1300/J096v12n01_04.
Fucic A, Duca RC, Galea KS, Maric T, Garcia
K, Bloom MS, Andersen HR, Vena JE.
Reproductive health risks associated with
occupational and environmental exposure to

23)

24)

25)

26)

27)

28)

29)

30)

pesticides. Int J Environ Res Public Health
18, 6576, 2021. doi: 10.3390/ijerph18126576.
Gawish AM. The protective role of alpha lipoic
acid against pesticides induced testicular
toxicity. (Histopathological and histochemical
studies). Life Sci J 7(3), 117-124, 2010. doi:
10.7537/marslsj070310.16.

Gur C, Kandemir FM. Molecular and
biochemical investigation of the protective
effects of rutin against liver and kidney
toxicity caused by malathion administration
in a rat model. Environ Toxicol 38, 555-565,
2023. doi: 10.1002/t0x.23700.

Hassaan MA, El Nemr A. Pesticides
pollution: Classifications, human health
impact, extraction and treatment techniques.
Egyptian journal of aquatic research 46, 207—
220, 2020. doi: 10.1016/j.ejar.2020.08.007.
Hernandez AF, Gil F, Lacasafia M, Rodriguez-
Barranco M, Tsatsakis AM, Requena M,
Parrén T, Alarcén R. Pesticide exposure and
genetic variation in xenobiotic-metabolizing
enzymes interact to induce biochemical liver
damage. Food Chem Toxicol 61, 144-151,
2013. doi: 10.1016/j.fct.2013.05.012.
Hernandez AF, Parron T, Tsatsakis AM,
Requena M, Alarcén R, Lopez-Guarnido
0. Toxic effects of pesticide mixtures at a
molecular level: their relevance to human
health. Toxicology 307, 136-145, 2013. doi:
10.1016/j.t0x.2012.06.009.

Hou X, Huang D, Meng Q, Zhang Q, Jia L,
Wang S, Cheng Z, Wu S, Shang L, Jiang
J, Hao W. Pubertal chlorocholine chloride
exposure inhibits testicular testosterone
synthesis by down-regulating steroidogenic
enzymes in adult rats. Toxicol Lett 288, 17—
24, 2018. doi: 10.1016/j.toxlet.2018.02.015.
Huang D, Wu S, Pan Y, Meng Q, Chu H, Jiang
J, Shang L,, Hao W. The effects of chlormequat
chloride on the development of pubertal male
rats. Environ Toxicol Pharmacol 47, 92—-99,
2016. doi: 10.1016/j.etap.2016.09.002.

Huang F, Subramanyam B. Management
of five stored-product insects in wheat with
pirimiphos-methyl and pirimiphos-methyl
plus synergized pyrethrins. Pest Manag Sci



31)

32)

33)

34)

35)

36)

37)

38)

Ali Dogan Omiir et al.

61, 356-362, 2005. doi: 10.1002/ps.968.

Thde ES, Loh JM, Rosen L. Association
of environmental chemicals & estrogen
metabolites in children. BMC Endocr Disord
15, 83, 2015. doi: 10.1186/s12902-015-0079-1.
Jacobsen PR, Axelstad M, Boberg J, Isling
LK, Christiansen S, Mandrup KR, Berthelsen
LO, Vinggaard AM, Hass U. Persistent
developmental toxicity in rat offspring after
low dose exposure to a mixture of endocrine
disrupting pesticides. Reprod Toxicol 34, 237—
250, 2012. doi: 10.1016/j.reprotox.2012.05.099.
Johansson HKL, Schwartz CL, Nielsen LN,
Boberg J, Vinggaard AM, Bahl MI, Svingen
T. Exposure to a glyphosate-based herbicide
formulation, but not glyphosate alone,
has only minor effects on adult rat testis.
Reprod Toxicol 82, 25-31, 2018. doi: 10.1016/
j.reprotox.2018.09.008.

Kilinger N, Yigit A, Kazak C, Er MK, Kurtulus
A, Uygun N. Biological control of pests
from theory to practice. Turkish journal of
biological control 1, 15-60, 2010. (in Turkish
with English abstract)

Kim J-M, Ghosh SR, Weil ACP, Zirkin
BR. Caspase-3 and caspase-activated
deoxyribonuclease are associated with
testicular germ cell apoptosis resulting
from reduced intratesticular testosterone.
Endocrinology 142, 3809-3816, 2001. doi:
10.1210/end0.142.9.8375.

Kljaji¢ P, Peri¢ 1. Effectiveness of wheat-
applied contact insecticides against Sitophilus
granarius (L.) originating from different
populations. J Stored Prod Res 43, 523-529,
2007. doi: 10.1016/5.jspr.2007.03.001.
Kocaman OH, Gunendi T, Dérterler ME,
Koyuncu I, Celik H, Yumusak N, Boleken
ME. Protective effect of osthole on testicular
ischemia/reperfusion injury in rats. Ulus
Travma Acil Cerrahi Derg 28, 563—569, 2022.
doi: 10.14744/tjtes.2021.43333.

Kortenkamp A. Ten years of mixing cocktails:
a review of combination effects of endocrine-
disrupting chemicals. Environ Health
Perspect 115 Suppl 1, 98-105, 2007. doi:
10.1289/ehp.9357.

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

92

Kiugiikler S, Comakl S, Ozdemir S, Caglayan
C, Kandemir FM. Hesperidin protects against
the chlorpyrifos-induced chronic hepato-renal
toxicity in rats associated with oxidative
stress, inflammation, apoptosis, autophagy,
and up-regulation of PARP-1/VEGF. Environ
Toxicol 36, 1600-1617, 2021. doi: 10.1002/
tox.23156.

Kumar A, Nagar M. Histomorphometric study
of testis in deltamethrin treated albino rats.
Toxicol Rep 1, 401-410, 2014. doi: 10.1016/
j.toxrep.2014.07.005.

Li C, Jin F, Yu H. Reproductive toxicity of
chlormequat chloride to mice. Journal of
environment and health 28, 667—-670, 2011.
Lobatto VL, Argiiello GA, Bujan EI. Photolysis
of chlorpyrifos-methyl, chlorpyrifos-methyl
oxon, and 3,5,6-trichloro-2-pyridinol. J Phys
Org Chem 32, 3957, 2019. doi: 10.1002/
poc.3957.

Lydy M, Belden J, Wheelock C, Hammock B,
Denton D. Challenges in regulating pesticide
mixtures. Ecol Soc 9(6), 1, 2004.

Moreira S, Pereira SC, Seco-Rovira V, Oliveira
PF, Alves MG, Pereira MdL. Pesticides
and male fertility: a dangerous crosstalk.
Metabolites 11, 799, 2021. doi: 10.3390/
metabo11120799.

Mrema EJ, Rubino FM, Brambilla G, Moretto
A, Tsatsakis AM, Colosio C. Persistent
organochlorinated pesticides and mechanisms
of their toxicity. Toxicology 307, 74—88, 2013.
doi: 10.1016/5.t0x.2012.11.015.

Nakae D, Akai H, Kishida H, Kusuoka O,
Tsutsumi M, Konishi Y. Age and organ
dependent spontaneous generation of nuclear
8-hydroxydeoxyguanosine in male Fischer
344 rats. Lab Invest 80, 249-261, 2000. doi:
10.1038/1abinvest.3780028.

Ngoula F, Watcho P, Dongmo M-C, Kenfack
A, Kamtchouing P, Tchoumboué J. Effects
of pirimiphos-methyl (an organophosphate
insecticide) on the fertility of adult male rats.
Afr Health Sci 7, 3-9, 2007. doi: 10.5555/
aths.2007.7.1.3.

Omur AD, Yildirim B, Saglam YS, Comakli
S, Ozkaraca M. Activity of resveratrol on



93

49)

50)

51)

52)

53)

54)

55)

56)

Effects of Low-Dose Pesticide Mix on Rat

the influence of aflatoxin B1 on the testes of
Sprague dawley rats. Pol J Vet Sci 22, 313—
320, 2019. doi: 10.24425/pjvs.2019.129222.
Posnack NG. The adverse cardiac effects of
di(2-ethylhexyl)phthalate and bisphenol A.
Cardiovasc Toxicol 14, 339-357, 2014. doi:
10.1007/s12012-014-9258-y.

Rumbos CI, Dutton AC, Tsiropoulos NG,
Athanassiou CG. Persistence and residual
toxicity of two pirimiphos-methyl formulations
on wheat against three stored-product pests. J
Stored Prod Res 76, 14-21, 2018. doi: 10.1016/
j.jspr.2017.10.011.

Sallmén M, Liesivuori J, Taskinen H,
Lindbohm M-L, Anttila A, Aalto L, Hemminki
K. Time to pregnancy among the wives of
Finnish greenhouse workers. Scand J Work
Environ Health 29, 85-93, 2003. doi: 10.5271/
sjweh.709.

Shivaraj, David M, Ravi KB. Spermatotoxicity
evaluation of Deltamethrin 1% +
Chlorpyriphos 35% EC by oral gavage in
Wistar rats. Int J Pharma Bio Sci 2, 261-263,
2011.

Stivaktakis PD, Kavvalakis MP, Tzatzarakis
MN, Alegakis AK, Panagiotakis MN,
Fragkiadaki P, Vakonaki E, Ozcagli E, Hayes
WA, Rakitskii VN, Tsatsakis AM. Long-
term exposure of rabbits to imidaclorpid as
quantified in blood induces genotoxic effect.
Chemosphere 149, 108-113, 2016. doi:
10.1016/j.chemosphere.2016.01.040.
Strassemeyer J, Daehmlow D, Dominic AR,
Lorenz S, Golla B. SYNOPS-WEB, an online
tool for environmental risk assessment to
evaluate pesticide strategies on field level.
Crop Prot 97, 28-44, 2017. doi: 10.1016/
j.cropro.2016.11.036.

Tsatsakis A, Docea AO, Constantin C, Calina
D, Zlatian O, Nikolouzakis TK, Stivaktakis
PD, Kalogeraki A, Liesivuori J, Tzanakakis
G, Neagu M. Genotoxic, cytotoxic, and
cytopathological effects in rats exposed for 18
months to a mixture of 13 chemicals in doses
below NOAEL levels. Toxicol Lett 316, 154—
170, 2019. doi: 10.1016/j.toxlet.2019.09.004.
Tsatsakis AM, Docea AO, Tsitsimpikou

57)

58)

59)

60)

61)

62)

C. New challenges in risk assessment of
chemicals when simulating real exposure
scenarios; simultaneous multi-chemicals’ low
dose exposure. Food Chem Toxicol 96, 174—
176, 2016. doi: 10.1016/.fct.2016.08.011.
Tsitsimpikou C, Tzatzarakis M, Fragkiadaki
P, Kovatsi L, Stivaktakis P, Kalogeraki A,
Kouretas D, Tsatsakis AM. Histopathological
lesions, oxidative stress and genotoxic effects
in liver and kidneys following long term
exposure of rabbits to diazinon and propoxur.
Toxicology 307, 109-114, 2013. doi: 10.1016/
J.t0x.2012.11.002.

Van Bruggen AHC, He MM, Shin K, Mai
V, Jeong KC, Finckh MR, Morris JG Jr.
Environmental and health effects of the
herbicide glyphosate. Sci Total Environ
616-617, 255—-268, 2018. doi: 10.1016/
j.scitotenv.2017.10.309.

Van Cauwenbergh O, Di Serafino A, Tytgat J,
Soubry A. Transgenerational epigenetic effects
from male exposure to endocrine-disrupting
compounds: a systematic review on research
in mammals. Clin Epigenetics 12, 65, 2020.
doi: 10.1186/s13148-020-00845-1.

Vardavas Al, Stivaktakis PD, Tzatzarakis
MN, Fragkiadaki P, Vasilaki F, Tzardi
M, Datseri G, Tsiaoussis J, Alegakis AK,
Tsitsimpikou C, Rakitskii VN, Carvalho
F, Tsatsakis AM. Long-term exposure to
cypermethrin and piperonyl butoxide cause
liver and kidney inflammation and induce
genotoxicity in New Zealand white male
rabbits. Food Chem Toxicol 94, 250-259, 2016.
doi: 10.1016/;.fct.2016.06.016.

Wang P, Xu M-Y, Liang Y-J, Wang H-P, Sun
Y-J, Long D-X, Wu Y-J. Subchronic toxicity
of low dose propoxur, permethrin, and their
combination on the redox status of rat liver.
Chem Biol Interact 272, 21-27, 2017. doi:
10.1016/5.¢bi.2017.04.023.

Watson M. Toxicological assessment of
agricultural pesticides. In: Pesticide Residues
in Food and Drinking Water: Human Exposure
and Risks, Hamilton D, Crossley S. eds. John
Wiley & Sons, Chichester. pp. 149-166, 2004.
doi: 10.1002/0470091614.ch5.



63)

64)

65)

66)

67)

68)

69)

70)

Ali Dogan Omiir et al.

Wu LL, Chiou C-C, Chang P-Y, Wu JT.
Urinary 8-OHdG: a marker of oxidative
stress to DNA and a risk factor for
cancer, atherosclerosis and diabetics. Clin
Chim Acta 339, 1-9, 2004. doi: 10.1016/
j.ccen.2003.09.010.

Yang J-D, Liu S-H, Liao M-H, Chen R-M,
Liu P-Y, Ueng T-H. Effects of tebuconazole
on cytochrome P450 enzymes, oxidative
stress, and endocrine disruption in male
rats. Environ Toxicol 33, 899-907, 2018. doi:
10.1002/t0x.22575.

Zafiropoulos A, Tsarouhas K, Tsitsimpikou
C, Fragkiadaki P, Germanakis I, Tsardi M,
Maravgakis G, Goutzourelas N, Vasilaki
F, Kouretas D, Hayes AW, Tsatsakis
AM. Cardiotoxicity in rabbits after a low-
level exposure to diazinon, propoxur, and
chlorpyrifos. Hum Exp Toxicol 33, 1241-1252,
2014. doi: 10.1177/0960327114532384.
Zaganas I, Kapetanaki S, Mastorodemos V,
Kanavouras K, Colosio C, Wilks MF, Tsatsakis
AM. Linking pesticide exposure and dementia:
what is the evidence? Toxicology 307, 3-11,
2013. doi: 10.1016/j.tox.2013.02.002.

Zhong M, Zhai Q, Zhang R, Yin H, Li J, Ma
Z, Fang L, Zhang C, L1 Y. Effect of pyrethroid
pesticides on the testis of male rats: A meta-
analysis. Toxicol Ind Health 37, 229-239,
2021. doi: 10.1177/07482337211000979.

Zhou J, Zhang J, Li F, Liu J. Triazole
fungicide tebuconazole disrupts human
placental trophoblast cell functions. J Hazard
Mater 308, 294-302, 2016. doi: 10.1016/
j.jhazmat.2016.01.055.

Zhou S, Duan C, Michelle WHG, Yang F,
Wang X. Individual and combined toxic
effects of cypermethrin and chlorpyrifos on
earthworm. J Environ Sci (China) 23, 676—
680, 2011. doi: 10.1016/S001-0742(10)60462-7.
Zidan NE-HA. Evaluation of the reproductive
toxicity of chlorpyrifos methyl, diazinon
and profenofos pesticides in male rats.
International journal of pharmacology 5,
51-57, 2009. doi: 10.3923/ijp.2009.51.57.

94



