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Triclosan (TCS) is a phenolic compound with broad-spectrum antimicrobial action that
has been incorporated into a variety of personal care products and other industry
segments such as toys, textiles, and plastics. Due to its widespread use, TCS and its
derivatives have been detected in several environmental compartments, with potential
bioaccumulation and persistence. Indeed, some studies have demonstrated that TCS
may act as a potential endocrine disruptor for the reproductive system. In the current
study, we are reporting on the results obtained for male rats after a two-generation
reproduction toxicity study conducted with TCS. Female and male Wistar rats were
treated daily by gavage with TCS at doses of 0.8, 2.4, and 8.0 mg/kg/day or corn il
(control group) over 10 weeks (FO) and over 14 weeks (F1) before mating and then
throughout mating, until weaning F2 generations, respectively. TCS exposure decreased
sperm viability and motility of F1 rats at the dose of 2.4 mg/kg. The effects of TCS on
sperm quality may be related to the exposure window, which includes the programming of
reproductive cells that occurs during fetal/neonatal development.

Keywords: endocrine disruptors, reproduction, behavior, fertility, sperm

1 INTRODUCTION

Endocrine disruptors are referred to as environmental contaminants, described as an exogenous
substance or mixture that alters function(s) of the endocrine system with adverse health effects in an
intact organism, its progeny, or (sub)populations (1, 2). Several studies have shown a connection
between phenolic environmental pollutants and endocrine-disrupting effects on the reproductive
system (3-5).

Triclosan (TCS) is a trichlorinated phenoxyphenol with broad-spectrum antimicrobial action
that has been incorporated into a variety of consumer products including soaps, hand sanitizers,
toothpaste, mouthwash, and lotions, as well as being used in other consumer products such as toys,
the textile industry, and plastics (6-8). The structural similarity of TCS to thyroid hormones and
other organic environmental pollutants, such as polychlorinated-biphenyls, polybrominated
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diphenyl ethers, and bisphenol-A, may predict possible
endocrine disrupting effects of TCS on reproductive and
thyroid endpoints (9-12).

The worldwide annual consumption of TCS in 2015 was
approximately 4,600 tons (13). Because of its widespread use,
TCS and its derivatives have been detected in the effluent of
wastewater treatment plants across the globe, representing one of
the most commonly detected contaminants in solid and water
environmental compartments (14, 15). Indeed, the aromatic
nature of TCS and its high chlorine content make it resistant
to degradation and persistent in the environment (16). In
humans, TCS has been detected in urine samples from
pregnant women (17) and in maternal plasma and breastmilk
(18). It is also known that TCS crosses the placenta (19).

The continuous detection of TCS including its degradation
products in the environment (20-22) raises concerns about the
safety, effectiveness, and regulation of TCS usage. According to a
review by Giuliano and Rybak (2015) (23), data from laboratory-
based studies were unable to demonstrate considerable efficacy of
TCS soap over non-antimicrobial soap. In 2016, Food and Drug
Administration (FDA) established a ban on TCS and other
antibacterial compounds used in consumer soaps and other
washing products in the United States (U. S.) (24).

Some experimental evidence has demonstrated that TCS may
act as a potential endocrine disruptor for the reproductive
system. In vitro, TCS exposure suppressed testosterone
production in two Leydig cell-based assays (25, 26). In
humans, there is evidence that exposure to TCS is associated
with reduced sperm concentration, sperm count, the number of
forward-moving sperm, and an increased percentage of sperm
with abnormal morphology (3, 27). In immature Wistar rats (23
days old), oral treatment (200 mg/kg) for 31 days decreased
serum testosterone (28), while in adult Wistar rats (10 weeks
old), decreased serum levels of androgens followed by reduced
daily sperm production were observed after 60 days of oral
treatment with TCS (20 mg/kg) (26). In Holtzman rats, maternal
exposure to TCS, by subcutaneous injections from day 6 of
gestation until day 21 of lactation, induced dose-dependent
effects in male pups, decreasing plasma testosterone levels;
sperm motility, and count in cauda of the epididymis at the
doses 4, 40, and 150 mg/kg. The highest dose also induced a
significant decrease in the number of seminiferous tubules, and
weight of testis and seminal vesicle of the F1 male offspring (29).
Moreover, evidence shows that TCS exposure decreased rodent
and human fetal body weight and viability by inhibition of
plasma estrogen sulfotransferase, which modulates estrogen
activity (30). Regarding the neurodevelopmental hazard
potential of TCS, there is one study conducted on zebrafish
embryos, showing TCS exposure at concentrations between 2 to
2.8 uM delayed development of secondary motor neurons (31).

In this sense, considering (1) the widespread use of TCS and
the risks involving its environmental exposure over the decades;
(2) the potential TCS toxicity to the reproductive system and
organism development; and (3) that the exposure to endocrine
disruptors during early development may cause a growing set of
diseases (32, 33), which is correlated with the concept of the

Developmental Origins of Health and Disease (DOHaD), the
present study aimed to evaluate the potential effects of TCS
applying a two-generation reproduction toxicity study (34),
which is designed to provide general information concerning
the effects of a test substance on the integrity and performance of
reproductive systems, including gonadal function, mating
behavior, conception, gestation, parturition, lactation, and
weaning, and the growth and development of the offspring.
This work reports the outcome of F1 and F2 generations of
male Wistar rats exposed to TCS.

2 MATERIAL AND METHODS
2.1 Study Design

The two-generation reproduction toxicity study was based on the
OECD Guideline for Testing of Chemicals 416 (34), and the
developmental neurotoxicity study (F1 and F2 generations) was
based on the OECD guideline 426 (35).

2.2 Drug and Dosage

TCS was obtained from Vivimed Labs Limited (Habsiguda
Hyderabad, India) (CAS no. 3380-34-5, 99.38% pure) and
dissolved in corn oil (vehicle), before being administered
orally, by gavage, in a volume of 2.5 ml/kg.

The description of the dose obtention was published
previously in Pernoncini et al. (36). According to the U. S.
Environmental Protection Agency (8), the acceptable daily intake
of TCS is up to 0.3 mg/kg, for humans. The allocation factor
adopted for TCS exposure in drinking water is 0.2 (37, 38), which
corresponds to 20% of the acceptable daily intake value. In this
sense, starting from the acceptable daily intake for humans,
excluding the allocation factor, the BW3/4 dosimetric
adjustment was applied considering the rodent metabolism
(39). The weight of a human of 70 kg was considered and a
rodent of 250 g to obtain the value of 0.8 mg/kg as the
correspondent acceptable daily intake value for rats. The doses
of 2.4 mg/kg and 8.0 mg/kg were derived with the application of
security factors of 3 and 10, respectively, assuming the
intraspecies variations.

2.3 Animals

Seventy-five-day-old male and female Wistar rats from the
colony of the State University of Londrina were maintained in
the animal facilities of the Department of Physiological Sciences
in a controlled environment at a temperature of 21 + 2°C, 12 h
light/dark cycle (lights on at 6:00 a.m.), with free access to regular
lab chow (NuvilabTM, Quimtia SA, Brazil) and water. Animals
were housed in collective polypropylene cages (29 x 18 x 13 cm)
with wood shavings as bedding and were mated after 1 week of
acclimatization. Two females were mated with one male to
obtain the FO generation. The day of birth was considered
postnatal day (PND) 0. All animal procedures were approved
by the State University of Londrina Ethics Committee for Animal
Research (CEUA/UEL: 283.2015.27).
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2.4 Two-Generation Reproduction

Toxicity Study

Male and female Wistar rats were used as the FO generation (15-
17 rats/sex/group). On PND 49, animals (both sexes) were
randomly allocated, stratified by weight, to one out of three
treatment groups to receive oral TCS doses of 0.8, 2.4, and 8.0
mg/kg, in addition to the control (CTR) group, treated with
vehicle alone. Animals were treated once a day (11:00 a.m.-1:00
p.m.) for 70 days in order to cover at least one complete
spermatogenic cycle and several complete cycles of oogenesis.
At PND 120, animals were mated (as described below).
Treatment continued throughout mating as well as pregnancy
and lactation for the FO females (i.e., until weaning of F1 pups),
while in FO males it continued for 20 days after mating in order
to replace the spermatic stock.

For mating, FO animals were cohabitated overnight daily (one
male and one not sibling same-dose female per cage) until a
positive pregnancy diagnosis. Females with sperm observed in
the vaginal smear were considered as day 0 of the presumed
gestational day (GD) and housed individually. Pregnant females
were allowed to deliver their pups naturally. The day on which
parturition was completed until 1:00 p.m. was designated as
lactation day (LD) 0 for dams and PND 0 for pups. All live pups
(F1 generation) were identified by skin tattoo on PND 1. Litters
were culled on PND 4 to 8 pups, keeping four males and four
females whenever possible and identified by ear marking at
weaning (PND 21). Three male pups were used for the F1
analysis: one to evaluate the sexual development, physical
development, and neuromotor development; other for motor
activity; and another one for mating and sexual parameters.

The third male and one female (not sibling) were selected to
parent the F2 generation. They were gavaged, following the same
treatment protocol already described, from PND 22 (24 h after
weaning) up to weaning of the F2 offspring, in this way, covering
the mating period, which occurred around PND120, gestation
and lactation. The F2 pups were exposed to TCS through FO and
F1 generation, placenta, and lactation and were evaluated only
until weaning. The animal health status and clinical signs (e.g.,
lacrimation, piloerection, unusual respiratory pattern, and
tremors) were checked daily.

The females from FO, F1 and F2 were used in another study to
determine the reproductive toxicity to TCS exposure, and the
results have already been published in Montagnini et al. (40). The
data from FO males are described in Pernoncini et al. (36). This
study is reporting on the F1 and F2 male results. The diagram of
the experimental protocol is shown in Figure 1.

2.4.1 Body Weight and Food Consumption During
the Pre-Mating Period

Body weight was measured every 3 days, from the beginning
of the dosing period (FO = PND 49; F1 = PND 22) to the day
before mating (PND 120), considered as the pre-mating period
(CTRn =17; TCS 0.8 n = 15; TCS 2.4 n = 15; TCS 8.0 n = 15).
Food consumption was obtained weekly during this period.

2.4.2 Sexual Behavior Evaluation

All behavioral assessments were performed in adult rats
(beginning on PND 120) (CTR n = 10; TCS 0.8 n = 8; TCS 2.4
n = 8; TCS 8.0 n = 8) during the dark phase of a reversed light/
dark cycle, under dim red light. The animals were allowed 15

3
Q =
A l Gestation (GD 0-21) | Lactation (LD 0-21) l
FO0 generation: ESD. PND 120: LD 21:
49 mating weaning
v
. PND PND 1-21: sexual, physical and PND 21: collection
F1 generation: > ) _ z
21 neuromotor development of tissue and organs
d,“ v
Q :
+ 4 Gestation (GD 0-21) | Lactation (LD 0-21) l
PND 120: sexual behavior PND 140: collection LD 21:
evaluation and mating of tissue and organs weaning
v
. PND PND 1-21: sexual, physical and PND 21: collection
F2 generation: > :
21 neuromotor development of tissue and organs

FIGURE 1 | Diagram of the experimental design. GD, gestational day; LD, lactational day; PND, postnatal day.
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days of adaptation to the reversed light/dark cycle before the
beginning of evaluation. The observations always started 2/3 h
after the onset of darkness and were recorded by a video camera,
linked to a monitor in an adjacent room.

2.4.2.1 Copulatory Behavior

For the evaluation of copulatory behavior, each male was placed
into a Plexiglass cage with dimensions 20 x 40 x 50 cm (height x
width x length), and after 5 min, a non-treated female in natural
estrous was introduced into the cage. For 30 min, the latencies
and number of intromissions and ejaculations were observed as
described previously in Gerardin et al. (41). If a male did not
mount within 10 min, the evaluation was interrupted and
repeated another day with another female. If the male failed
again in the second evaluation, it was considered sexually
inactive (42).

2.4.2.2 Sexual Incentive Motivation

The same animals evaluated for copulatory behavior were
submitted to the sexual incentive motivation test. In this test, a
rectangular arena with dimensions 50 x 50 x 100 cm (height x
width x length) was used, with two openings that lead to two
small arenas of 25 cm®. The small arenas are diagonally opposed
to each other, and the communication with the main arena is
closed with a wire mesh. For the test, an estrous female (female
zone) was placed in one of the small arenas and a sexually active
male (male zone) was placed in the other arena. The floor of the
main arena had two 25 cm? divisions (zones) in front of each
small arena opening, named female and male incentive zones,
respectively. The experimental male was placed in the center of
the main arena and observed for 20 min. The number of visits
and the total time spent visiting each zone were quantified, and a
preference score was calculated as (time spent in the female zone/
total time spent in both incentive zones) x 100 (43).

2.4.3 Collection of Organs

The F1 males used for sexual behavior evaluation were
euthanized by decapitation 20 days after mating (CTR n = 10;
TCS0.8n=8; TCS2.4n=8; TCS 8.0 n =8). Blood was collected
for testosterone quantification. The testis (pair), vas deferens,
epididymis (left), ventral prostate, liver, kidneys (pair), adrenal
glands, and seminal vesicle (pair) (without the coagulating gland
and full of secretion) were removed and their weights
determined. The right testis and epididymis were frozen at
—-80°C for sperm counting, and the left testis was collected for
histomorphometric analysis. The right vas deferens was used for
the analysis of motility, viability, and sperm count and the left
for sperm morphology.

2.4.4 Plasma Testosterone Quantification

Blood samples were collected from the abdominal aorta into
syringes containing heparin, then centrifuged (2,500 rpm for 20
min at 4°C), and the plasma frozen until assayed. Plasma
testosterone quantification was measured by chemiluminescence
microparticle immunoassay (ARCHITECT", 2nd Generation
Testosterone, Abbott Laboratories, IL, USA) according to the
manufacturer’s instructions, with an intra-assay coefficient of

variation and minimum sensitivity of the assay of 4.6% and 0.15
nmol/L, respectively.

2.4.5 Sperm Parameters

2.4.5.1 Sperm Motility, Viability, Sperm Count in the Vas
Deferens, and Morphology

Sperm motility analysis was performed according to Perobelli
et al. (44) and Favareto et al. (45). Sperm was obtained from the
right vas deferens and diluted in 1 ml of GV HEPES medium
(Ingamed, Maringa, Brazil) prewarmed at 34°C. A 10 ul aliquot
was placed in a Makler chamber (Sefi-Medical, Haifa, Israel) and
analyzed under a phase-contrast microscope at 100x
magnification. One hundred sperms were evaluated per animal
(CTRn=10; TCS0.8n=8; TCS24n=8; TCS 8.0n =38) and
were classified as motile or immotile.

For sperm viability, the one-step eosin-nigrosin staining
technique was used (46). A total of 50 ul of sperm in GV
HEPES medium (Ingamed, Maringa, Brazil) was mixed with
eosin-nigrosin and directly examined, and 100 sperms per
animal were evaluated and classified as viable or non-viable.

Sperm count in the vas deferens (10°/ml) was performed in a
Makler chamber (Sefi-Medical, Haifa, Israel). Sperm was counted
in 10 different squares chosen at random, in four different fields,
and the average was obtained (47).

The evaluation of sperm morphology was performed
according to Fernandes et al. (48). Sperm was recovered from
the left vas deferens by flushing with 1 ml of formol-saline (10%),
and smears were prepared on histological slides that were left to
dry for 90 min. In total, 200 sperms were analyzed per animal in
a phase-contrast microscope (400x magnification) (49).
Morphological abnormalities were classified into two general
categories: head morphology (without characteristic curvature or
isolated form, i.e., no tail attached) and tail morphology (broken
or isolated i.e., no head attached) (50).

2.4.5.2 Daily Sperm Production Per Testis, Sperm Number,
and Transit Time in the Epididymis

The left testis was decapsulated, and the caput/corpus and cauda
segments from the epididymis were separated. Homogenization-
resistant testicular spermatids (stage 19 of spermiogenesis) and
sperm in the caput/corpus epididymis and cauda epididymis were
assessed as previously described by Robb et al. (51) with adaptations
of Fernandes et al. (48). Mature spermatids were counted in a
Neubauer chamber. To calculate daily sperm production (DSP), the
number of spermatids at stage 19 was divided by 6.1, which is the
number of days in one seminiferous cycle when these spermatids
are present in the seminiferous epithelium. Sperm transit time
through the epididymis was determined by dividing the number
of sperm in each segment by the DSP (CTR n = 10; TCS 0.8 n = §;
TCS 24 n=_8; TCS 8.0 n = 8).

2.4.6 Testicular Histomorphometry

The right testis (CTR n = 10; TCS 0.8 n = 8; TCS 2.4 n = 8; TCS
8.0 n = 8) was promptly dissected, weighed, and fixed by
immersion in Bouin’s solution for 24 h before being stored in
ethanol at 70°. The testis was cut into tissue fragments and
routinely processed for embedding in Paraplast' " blocks. Six
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semi-serials sections of 7 um separated by a distance of 50 pm
per section were obtained from each animal and stained with
hematoxylin-eosin. The diameter of the seminiferous tubules was
measured at 100x magnification using an ocular micrometer.
Fifteen cross-sections of tubule profiles that were either round or
nearly round were chosen randomly and measured for each
animal. The volume densities of testicular tissue components
were determined by light microscopy using a 100-intersection
grid placed in the ocular of the light microscope. A total of 10
(1,000 points) randomly chosen fields were scored for each
animal at 400x magnification. The volume of each component
of the testis was determined as the product of the volume density
and testis volume. For subsequent stereological calculations, the
specific gravity of testis tissue was 1.0 (52). To obtain a more
precise measure of testis volume, the testis capsule (~6.5%) was
excluded from the testis weight. The total length (in meters) of
seminiferous tubules (LST) was estimated by the tubule
seminiferous volume (TSV) in the testis and the average area
of tubules obtained from each animal (mR% R = tubular
diameter/2, according to the formula: LST = TSV/nR?) (53, 54).

2.5 Offspring Evaluation (F1 and F2 Males)
All offspring of F1 (CTRn =17; TCS 0.8 n = 14; TCS 2.4 n = 14;
TCS8.0n=15)and F2 (CTRn=14;TCS0.8n=12;TCS2.4n =
12; TCS 8.0 n = 11) generations were examined as soon as
possible on the day of birth (PND 0) to determine the number of
liveborn and stillborn per litter; the pups were sexed based on the
anus to genital tubercle distance. Pups were weighed on PNDs 1,
4,7, 14, and 21. Pup health status and clinical signs were checked
at least once daily throughout lactation.

2.5.1 Sexual Development
Sexual development data were obtained from one randomly
selected male of each litter from F1 (CTR n = 17; TCS 0.8 n =
14; TCS2.4n=14;TCS 8.0 n=15) and F2 (CTR n = 14; TCS 0.8
n = 12; TCS 24 n = 12; TCS 8.0 n = 11) generations. The
anogenital distance (AGD, distance from the anus to the genital
tubercle) was obtained through a Vernier caliper on PNDs 1, 4,
and 21. Relative AGD was normalized through its division by the
cube root of body weight (55). Moreover, the male pups were
examined for the presence of nipples/areolas on PND 12.

The age at complete preputial separation was recorded to
investigate puberty onset and was recorded only from F1 males
selected for mating.

2.5.2 Physical Development

The following physical developmental parameters were observed:
pinna detachment (unfolding of external ear) (from PND 2),
incisor teeth eruption (from PND 6), and eye opening (from
PND 10) (F1 generation: CTR n = 17; TCS 0.8 n = 14; TCS 2.4
n = 14; TCS 8.0 n = 15; F2 generation: CTR n = 14; TCS 0.8 n =
12; TCS 2.4 n = 12; TCS 8.0 n = 11). Age at eye opening and ear
detachment was recorded when both eyes and ears were
completely opened. The incisor eruption was examined daily to
determine the first day of the bilateral appearance of the
upper incisors.

The same pup selected for sexual and physical development
evaluations was used for all neuromotor behavior assessments
(F1 generation: CTRn =17; TCS 0.8 n = 14; TCS 2.4 n = 14; TCS
8.0 n = 15; F2 generation: CTR n = 14; TCS 0.8 n = 12; TCS 2.4
n = 12; TCS 8.0 n = 11). The dependent variable analyzed for
each test was the day of first achieving either maturity of the
reflex or the conditions listed below.

2.5.3 Neurobehavioral Tests

The neurobehavioral assessments were evaluated following the
OECD/OCDE Guideline 426 for Developmental Neurotoxicity
Study (35) by a trained observer masked to experimental groups.
The protocol of these developmental tests is used to assess the
impact of early prenatal and/or postnatal insults such as
xenobiotic exposure (56).

Righting reflex: Starting on PND 5, the pup was placed on its
back on a flat surface and allowed to right itself. Time to regain
normal position was recorded. This reflex was completed if the
pup performed this response within 10 s.

Negative geotaxis: Starting on PND 5, each rat was placed on
an inclined wire mesh ramp (angle of inclination from the base:
45°) with the head facing down. The reflex was acquired when
pups performed a 180° body rotation and when they could climb
up within 30 s.

The righting reflex is a test used to investigate the reflection of
sensorimotor coordination, while the negative geotaxis reflex
evaluates the cerebellar integration. In rodents, these reflexes
arise on average at PND 5 and at PND 7, respectively (56).

Motor activity: Motor activity behavior of offspring on PNDs
13, 17, and 21 was evaluated in an open-field arena in F1
(CTR n = 17; TCS 0.8 n = 14; TCS 2.4 n = 14; TCS 8.0
n = 15) and F2 pups (CTR n = 14; TCS 0.8 n = 12; TCS 24
n = 12; TCS 8.0 n = 11). The apparatus consists of a circular
wooden surface with a diameter of 39 cm, surrounded by a
wooden wall 28 cm in height. The surface is painted white and
divided into 19 similar parts by concentric circles and straight
segments. Each animal was placed in the center of the arena and
its locomotion evaluated (number of spaces invaded by the
animal with all four legs) during a 10-min session (57). After
the removal of each animal, the floor was carefully cleaned with a
cloth embedded with a 5% ethanol solution. The test was carried
out between 09:00 a.m. and 03:00 p.m. in a quiet room.

2.6 Statistical Analysis

An exploratory analysis was conducted to evaluate the normal
distribution (Shapiro-Wilk test) and homogeneity of variance
(Levene’s test) of each variable. In the absence of normal
distribution and/or homogeneity of variance, variables were
transformed in order to achieve the criteria for parametric
analysis. Variables that presented normal distribution and
homogeneity of variance were analyzed by ANOVA
complemented with the Bonferroni post-hoc test, with data
being presented as mean * standard error of the mean (SEM).
Conversely, for other variables the Kruskal-Wallis
complemented with Dunn’s test was performed with the
presentation of data as median (1st and 3rd quartiles). Analysis
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of covariance (ANCOVA) was used to detect the effect of the
treatment on organ weight using the final body weight as the
covariate. However, since the ANCOVA and ANOVA provided
similar results, the ANOVA results are reported. For pup body
weight, relative AGD, and motor activity, a repeated measures
ANOVA (RMANOVA) was applied with day as the within-
subject factor and treatment as the between-subject factors. The
Chi-Square test was used to examine differences in categorical
variables (nipple retention, frequency of ejaculations, and
animals that displayed copulatory behavior). Differences were
considered significant if p < 0.05. All statistical analyses were
performed using SPSS (IBM, SPSS Statistics v19).

3 RESULTS

3.1 Parameters Analyzed in Adult Rats
(F1 Generation)
3.1.1 Clinical Observations, Body Weight, and Food
Consumption (Premating Period)
No mortality, morbidity, or general signs of toxicity such as changes
in behavior (agitation, lethargy, and hyperactivity), neurological
changes (convulsions, tremors, muscle rigidity, and hyperreflexia),
or autonomic signs (lacrimation, piloerection, and unusual
respiratory patterns) were observed during the treatment period.
Body weight gain was calculated from the beginning of the
dosing period (PND 22) to the day before mating (PND 120). As
described by ANOVA, the chronic administration of TCS did not
affect body weight gain (g) during the pre-mating period of F1 rats
(CTR group: 403.63 + 13.07, n = 17; TCS 0.8 group: 418.63 + 13.63,
n = 15; TCS 2.4 group: 417.42 = 17.77, n = 15; TCS 8.0 group:
415.66 + 13.58, n = 15) [Fz61) = 0.239, p = 0.869]. No treatment
effect of TCS was observed in the mean feed consumption of FO
and F1 generation groups during these periods (data not shown).

3.1.2 Sexual Behavior Evaluation

The results of sexual behavior (copulatory behavior and sexual
incentive motivation) of male rats of the F1 generation at PND 120
are shown in Table 1. No statistical differences were detected in the
parameters of copulatory or sexual incentive motivation parameters
(p > 0.05). There were no significant differences between the
percentage of animals that displayed copulatory behavior and the
frequencies of ejaculations of the TCS-treated groups compared to
the CTR group (Chi-Square test, p > 0.05) (data not shown).

3.1.3 Body Weight, AGD, Organ Weight, and
Plasmatic Testosterone Quantification

The final body weight (g) at PND 140, AGD, organ weights, and
plasma testosterone quantification of adult males of the F1
generation are presented in Table 2. No significant differences
as a result of the TCS treatment were found in final body weight
(Fs.33 = 0.183, p = 0.907], AGD, [F(333 = 0.488, p = 0.693],
organ weights (ANOVA, p > 0.05), or plasma testosterone
quantification (ng/dl) [F 33y = 1.906, p = 0.150].

3.1.4 Sperm Motility, Viability, Morphology, and
Sperm Count

TCS exposure in F1 males affected the sperm viability, reducing
the percentage of live sperm [F(3 33y = 5.935, p = 0.003] and the
percentage of mobile sperm [F 333y = 4.666, p = 0.009] in males
of the TCS 2.4 group, compared to the control animals (Table 3).
No statistical differences were observed in the sperm count
parameters, as shown in Table 4 (p > 0.05).

3.1.5 Testicular Histomorphometry

The testicular histomorphometry results of the F1 generation are
given in Table 5. No changes in testicular volume [F 3 33) = 0.979,
p = 0.416], interstitial content volume [F; 33, = 1.409, p = 0.259],
seminiferous tubules volume [F; 33y = 0.513, p = 0.676], diameter
of seminiferous tubules [F;33 = 0.721, p = 0.547], and total

TABLE 1 | Sexual behavior of male rats of F1 generation at PND 120.

Copulatory behavior CTR

TCS 0.8 TCS 24 TCS 8.0

Latency to the first intromission (s) 129.00 (89.75-246.50) [8/
8]

Number of intromissions until the first 18.50 (13.00-24.25) [8/8]

ejaculation

Latency to the first ejaculation (s) 739.00 (619.50-944.50)
[8/8]

Latency of the first post-ejaculatory 335.50 (310.25-356.25)

intromission (s) [8/8]

Number of 19.50 (14.00-26.00) [8/8]

post-ejaculatory intromissions

Number of ejaculations 2.00 (0.00-2.00) [8/8]

CTR[10]
278.97 + 43.92
618.03 + 49.63

Sexual incentive motivation
Time spent in male zone (s)
Time spent in female zone (s)

Number of visits in male zone 17.40 £ 1.72
Number of visits in female zone 20.60 + 2.40
Preference Score 68.69 + 4.92

89.00 (64.00-222.00) [6/8]
15.00 (13.75-18.00) [5/6]

616.00 (528.00-689.25)

20.00 (16.00-27.75) [5/6]

1.50 (1.00-1.50) [5/6]

TCS 0.8 [8]
232.16 + 23.92
591.74 + 51.00

209.00 (119.00-316.00) [5/8]  166.00 (74.50-325.00) [8/8]

21.50 (21.00-24.00) [4/5]  16.00 (13.50-17.00) [8/8]

1157.00 (992.25-1284.75) 911.00 (722.50-1231.50)

15/6] [4/5] [8/8]
311.10 (275.25-325.25)  319.50 (270.00-361.50) [4/5] 280.00 (270.00-324.50) [8/
15/6] 8]

13.00 (11.75-15.50) [4/5] 13.00 (7.00-22.00) [8/8]

2.00 (1.00-2.50) [4/5]

TCS 2.4 [8]
304.56 = 91.56
583.35 + 94.38

1.50 (1.00-2.00) [8/8]

TCS 8.0 [8]
298.24 + 39.67
550.91 + 47.76

16.75 + 0.53 13.88 = 1.62 17.50 + 1.36
19.60 + 1.31 17.00 + 2.56 20.63 + 1.86
71.22 + 3.26 65.76 + 9.54 64.64 + 4.88

All parameters of copulatory behavior are presented as median (1st and 3rd quartile) and were analyzed by the non-parametric test of Kruskal-Wallis, p > 0.05. Data on sexual incentive
motivation are means + SEM and were analyzed by ANOVA, p > 0.05. Numbers in brackets represent the number of animals per group that displayed the behavior. PND, postnatal day;
CTR, corn oil; TCS 0.8, triclosan 0.8 mg/kg; TCS 2.4, triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.
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TABLE 2 | Body weight, AGD, organ weights, and plasma testosterone quantification of male rats of F1 generation at PND 140.

Final body weight (g)

CTR[10]

438.05 + 17.43

TCS 0.8 [8]

451.81 = 18.87

TCS 2.4 [8]

440.15 + 24.54

TCS 8.0 [8]

432.43 + 10.89

AGD (mm/g'”?) 5.09 £ 0.13 5.14 £ 0.06 497 +0.12 5.12 + 0.09
Tests (g) 3.33+£0.10 3.25 +0.10 3.06 + 0.11 3.38+£0.14
Vas deferens (left) (mg) 105.41 + 4.28 113.31 + 4.60 109.74 + 417 114.86 + 3.55
Epididymis (left) (mg) 613.01 £ 13.71 627.58 £ 17.32 581.20 + 28.38 627.33 £ 17.63
Ventral prostate (g) 0.43 £ 0.04 0.49 £ 0.04 0.39 £ 0.04 0.39 £ 0.02
Liver (g) 14.42 + 0.82 14.69 £ 0.75 14.58 + 0.68 14.32 + 0.57
Kidneys (9) 2.62 £0.11 2.65 £0.10 2.66 +0.10 2.69 + 0.08
Adrenal glands (mg) 51.97 +2.92 53.08 + 1.62 47.80 + 2.36 51.561 +1.69
Seminal vesicle (g) 1.64 +0.08 1.62 + 0.04 1.65 +0.12 1.58 + 0.08

Testosterone (ng/dl)

192.12 + 32.52

311.23 + 38.81 234.99 + 35.39

279.61 £ 48.12

Data are means + SEM. Final body weight was compared using ANOVA (p > 0.05). Organ weight was considered through analysis of covariance (ANCOVA) on final body weight (p > 0.05).
Numbers in brackets represent the number of animals per group. AGD, Anogenital distance; PND, postnatal day; CTR, corn oil; TCS 0.8, triclosan 0.8 mg/kg; TCS 2.4, triclosan 2.4 mg/kg;

TCS 8.0, triclosan 8.0 mg/kg.

length of seminiferous tubules [F(33) = 0.276, p = 0.842] were
detected by ANOVA complemented with Bonferroni. The testis
parenchyma structure of rats on PND 140 of the F1 generation is
shown in Figure 2.

3.2 Parameters Analyzed During
Development (F1 and F2 Generations)

3.2.1 Body Weight

Pup body weights (litter mean) of F1 and F2 generations during
the first 3 weeks of life are illustrated in Figure 3. As expected,
RMANOVA showed a significant (p < 0.05) effect of the age
reflecting the weight gain of F1 and F2 pups throughout
development; however, there was no interaction between age

and treatment (p > 0.05), demonstrating a similar body weight
gain among experimental groups.

3.2.2 Sexual Development

The number of pups and sex ratio (M:F) were not affected by
TCS treatment (data not shown). Relative AGD (mm/gl/3) of F1
and F2 male pups at PNDs 1, 4, and 21 were not influenced by
TCS (p > 0.05) as indicated by RMANOVA. Nipple retention (%
of males) on PND 12 was 100% in all experimental groups of
both F1 and F2 generations (Chi-Square test, p > 0.05). ANOVA
was performed to compare the age (day) in which preputial
separation occurred in F1 males, and no difference was observed
among the groups (p > 0.05) (data not shown).

TABLE 3 | Sperm motility, viability, sperm count in the vas deferens, and morphology of male rats of F1 generation at PND 140.

CTR [10] TCS 0.8 [8] TCS 2.4 [8] TCS 8.0 [8]
Mobile sperm (%) 80.00 + 2.34 80.63 + 1.57 69.25 + 2.72* 81.00 + 3.34
Immobile sperm (%) 20.00 + 2.34 19.38 £ 1.57 30.75 + 2.72* 19.00 + 3.34
Viable sperm (%) 81.50 + 2.05 82.63 + 1.24 70.88 + 3.10" 83.63 + 2.76
Non-viable sperm (%) 18.50 £ 2.05 17.38 £1.24 29.13 + 3.10* 16.38 £ 2.76
Sperm count in the vas deferens (108/ml) 55.85 + 7.89 42.34 + 4.02 39.59 + 9.32 61.22 + 13.75
Abnormal head morphology sperm (%) 18.96 + 2.97 14.14 £ 2.96 16.69 + 2.82 16.87 + 2.21
Abnormal tail morphology sperm (%) 4.44 +0.79 217 £ 0.53 3.61 +0.74 2.55+0.48

Data are means + SEM. “p < 0.05 (ANOVA complemented with Bonferroni). Numbers in brackets represent the number of animals per group. PND, postnatal day; CTR, corn oil; TCS 0.8,
triclosan 0.8 mg/kg; TCS 2.4, triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.

TABLE 4 | Sperm count in the testis and epididymis of male rats of F1 generation at PND 140.

CTR [10] TCS 0.8 [8] TCS 2.4 [8] TCS 8.0 [8]
N° of spermatids (10%/testis) 87.63 + 18.82 72.01 + 11.66 84.90 + 15.95 85.27 + 11.57
N° of spermatids (10%/g/testis) 60.31 + 11.62 52.01 +£8.20 59.04 + 10.95 57.58 + 8.02
DSP (10 14.37 + 3.09 11.80 + 1.91 13.92 + 2.61 13.98 + 1.90
N° of sperm x 10%/caput + corpus of epididymis 91.14 +7.34 88.47 + 3.50 102.48 + 12.58 93.39 + 8.61

N° of sperm x 108/g/caput + corpus of epididymis
N° of sperm x 108/cauda of epididymis
N° of sperm x 108/g/cauda of epididymis

Sperm transit time through caput/corpus of epididymis (days)

Sperm transit time through cauda of epididymis (days)

298.57 + 19.27

172.58 + 13.69

654.89 + 42.29
8.563 + 1.37
16.64 + 2.68

291.63 + 16.86
168.54 + 17.01

642.47 = 51.75
9.60 + 2.23
18.48 + 4.54

350.44 + 31.46

143.91 + 25.36

579.16 + 76.39
11.99 + 5.11
14.37 + 3.66

301.09 + 27.10

192.93 + 13.13

713.72 + 45.96
7.61+1.16
16.29 + 3.01

Data are means + SEM. ANOVA, p > 0.05. Numbers in brackets represent the number of animals per group. PND, postnatal day; DSP, daily sperm production; CTR, corn oil; TCS 0.8,
triclosan 0.8 mg/kg; TCS 2.4, triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.
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TABLE 5 | Volumetric composition (ml) and biometric evaluation of testicular parenchyma of male rats of F1 generation at PND 140.

CTR [10] TCS 0.8 [8] TCS 2.4 [8] TCS 8.0 [8]
Testicular volume (ml) 1.66 + 0.05 1.562 + 0.04 1.47 + 0.05 1.59 + 0.06
Volume of interstitial content (mi) 0.48 + 0.03 0.48 + 0.02 0.40 + 0.03 0.47 £ 0.05
Volume of seminiferous tubules (ml) 1.08 = 0.04 1.05 £ 0.04 1.07 £ 0.04 1.12 £ 0.03
Diameter of seminiferous tubules (um) 285.87 £ 5.19 273.73 £ 9.85 278.57 + 6.66 286.26 + 6.63
Total length of seminiferous tubules (m) 16.97 + 0.85 18.16 + 1.35 17.64 + 0.66 17.54 £ 0.83

Data are means + SEM. ANOVA, p > 0.05. Numbers in brackets represent the number of animals per group. PND, postnatal day; CTR, corn oil; TCS 0.8, triclosan 0.8 mg/kg; TCS 2.4,

triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.

3.2.3 Physical and Neuromotor Development

Data from physical and neuromotor parameters of F1 and F2
pups are presented in Table 6. As indicated by the Kruskal-
Wallis test, there were no significant differences in the days in
which physical landmarks (incisor teeth eruption, ear opening,
and eye opening) or ontogenic reflexes (surface righting reflex
and negative geotaxis) occurred among experimental groups
(p > 0.05).

3.2.4 Motor Activity (Open Field)

Data from the behavioral evaluation of males from F1 and F2
generations in the open-field (locomotion and time spent in the
central and peripheral areas) on PNDs 13, 17, and 21 are given in
Table 7. RMANOVA showed a significant effect of age (p <

0.001) in the locomotor activity in both F1 and F2 groups, but
without an age x treatment interaction (p > 0.05), indicating a
similar increase in this behavior with aging for all the
experimental groups. The total time spent in the central and
peripheral areas were not statistically significant (p > 0.05).

4 DISCUSSION

Rodent and human exposure to TCS is frequently associated with
decreased thyroxine levels with consequent impairments to
reproductive and developmental health (58, 59). The purpose
of this study was to investigate the reproductive and
developmental effects of TCS in two generations of male rats

FIGURE 2 | Photomicrography of sections of seminiferous tubules (ST) of adult rats (PND 140) of the F1 generation. Scale = 100 um, hematoxylin-eosin stain.
(A) CTR group, treated with corn oil; (B) TCS 0.8 group, treated with triclosan at a dose of 0.8 mg/kg; (C) TCS 2.4 group, treated with triclosan at a dose of 2.4 mg/
kg; and (D) TCS 8.0 group, treated with triclosan at a dose of 8.0 mg/kg. ST, seminiferous tubule; |, Interstice.
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FIGURE 3 | Pup’s body weight gain of male rats during lactational period [from postnatal day (PND) 1 until PND 21]. (A, B) represent data of F1 and F2 males,
respectively. Data were reported as means + SEM, n =12-17/group, p>0.05 (RMANOVA). CTR group, treated with corn oil; TCS 0.8 group, treated with triclosan at
a dose of 0.8 mg/kg; TCS 2.4 group, treated with triclosan at a dose of 2.4 mg/kg; and TCS 8.0 group, treated with triclosan at a dose of 8.0 mg/kg.

throughout repeated oral treatment, germ cell, placenta, and
lactation exposure. The doses used in this study were selected to
determine the possible effects of low doses for risk assessment to
the male reproductive system and were based on the acceptable
daily intake of TCS allowed by the U. S. EPA (8), in addition to 3-
and 10-fold higher doses.

In this study, male rats exposed to TCS throughout the
intrauterine development and lactation until adulthood did not
present alterations in body weight gain. This result is consistent with
those observed in Wistar rats treated with TCS at doses ranging
from 3 to 300 mg/kg (26, 28). Moreover, no signs of toxicity, such as
abnormal respiratory pattern, lacrimation, piloerection, and
tremors, were observed in either F1 or F2 males, suggesting that
TCS treatment at the dose used does not cause general toxicity.

Regarding sexual behavior analysis of F1 male rats, no
significant changes were observed in copulatory behavior or in
sexual incentive motivation. These sexual behaviors are regulated
by neurotransmitters and gonadal hormones, among them
testosterone (60, 61). Some in vitro data indicate that TCS may
exert adverse effects on reproductive functions. In rat testicular
tissue the TCS exposure reduced the activity of steroidogenic
enzymes: 3f- hydroxysteroid dehydrogenase and 170-

hydroxysteroid dehydrogenase (26), while in human
embryonic kidney 293 cell, TCS inhibited transcriptional
activity induced by testosterone (62), suggesting an
antiandrogenic effect. In the present study, plasma testosterone
levels and the weight of hormone-dependent organs at PND 140
have not been affected by low doses TCS exposure during
intrauterine development, lactation, and subsequently,
throughout development. Reduced plasma testosterone has
been reported in 75-day-old F1 male offspring of Holtzman
rats exposed to 0.1, 4, 40, and 150 mg/kg sc from GD 6 until LD
21 (29), as well as in pubertal (53 days old) Wistar rats gavaged
with 200 mg/kg TCS for 31 days (28) and adult (130 days old)
with 20 mg/kg TCS for 60 days (26). These latter studies also
reported decreased weights of hormone-dependent organs,
sperm production (26, 29), and motility (29).

A reduction in sperm production in male rats treated with
TCS could be related to impairment involving hypothalamo-
pituitary-gonadal axis by a decreased synthesis of LH and FSH
(26). In Priyanka et al. (29), the TCS subcutaneous injections
(0.1, 4, 40, and 150 mg/kg/day) from GD 6 to weaning (PND21)
decreased expression of steroid hormone receptors (AR, ERa and
ERb), StAR, and aromatase in F1 male rats, resulting in a dose-

TABLE 6 | Physical and neuromotor development of male pups of F1 and F2 generations.

F1 generation CTR[17] TCS 0.8 [14] TCS 2.4 [14] TCS 8.0 [15]

Pinna detachment (day) 3.00 (3.00-3.00) 3.00 (3.00-3.00) 4.00 (3.00-4.00) 3.00 (3.00-4.00)

Surface righting reflex (day) 5.00 (6.00-5.00) 5.00 (5.00-5.00) 5.00 (5.00-5.00) 5.00 (5.00-5.00)

Incisor teeth eruption (day) 10.00 (9.00-11.00) 9.00 (9.00-9.75) 9.50 (9.00-10.00) 10.00 (9.00-10.00)
(

Negative geotaxis (day)
Eye opening (day)

10.00 (9.00-10.00)
14.00 (14.00-15.00)

10.00 (9.00-11.00)
14.00 (13.00-14.00)

10.00 (9.25-10.75)
14.00 (13.25-14.00)

10.00 (9.00-10.50)
14.00 (13.50-14.0)

F2 generation CTR [14] TCS 0.8 [12] TCS 2.4 [12] TCS 8.0 [11]
Pinna detachment (day) 3.00 (3.00-3.00) 3.00 (3.00-4.00) 3.00 (3.00-3.00) 3.00 (3.00-3.50)
Surface righting reflex (day) 5.00 (5.00-5.00) 5.00 (5.00-5.00) 5.00 (5.00-5.00) 5.00 (5.00-5.00)
Incisor teeth eruption (day) 9.00 (8.00-10.00) 9.00 (8.00-9.50) 9.00 (8.00-9.00) 9.00 (8.50-9.50)
Negative geotaxis (day) 9.00 (9.00-10.75) 10.00 (9.00-10.00) 9.00 (9.00-9.50) 10.00 (9.00-10.50)

Eye opening (day) 14.00 (14.00-14.00)

14.00 (14.00-15.00)

14.00 (14.00-15.00) 14.00 (13.50-14.00)

Data are medians (1st and 3rd quartiles). Numbers in brackets represent the number of animals per group. Kruskal-Wallis, p > 0.05. CTR, corn oil; TCS 0.8, triclosan 0.8 mg/kg; TCS 2.4,

triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.
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TABLE 7 | Locomotor behavior of male rats from F1 and F2 generations in the open-field test.

F1 generation CTR[17]
PND 13

Locomotion (n) 17.71 £ 3.32
Time spent in central area (s) 88.96 + 29.94

Time spent in peripheral area (s) 511.04 £ 29.94
PND 17

LLocomotion (n)

Time spent in central area (s)
Time spent in peripheral area (s)
PND 21

LLocomotion (n)

Time spent in central area (s)
Time spent in peripheral area (s)

105.24 + 19.25
95.26 + 19.82
504.74 + 19.82

132.88 + 8.52
166.73 + 14.13
434.27 £ 1413

F2 generation CTR [14]
PND 13

Locomotion (n) 34.21 £10.23
Time spent in central area (s) 99.79 + 27.87

Time spent in peripheral area (s) 500.21 + 27.87
PND 17

LLocomotion (n)

Time spent in central area (s)
Time spent in peripheral area (s)
PND 21

LLocomotion (n)

Time spent in central area (s)
Time spent in peripheral area (s)

154.00 + 24.28
72.25 +15.15
527.75 £ 15,15

164.36 + 11.62
123.65 + 12.33
476.35 + 12.33

TCS 0.8 [14] TCS 2.4 [14] TCS 8.0 [15]
22.21 + 4.40 11.57 + 3.23 27.87 +9.00
116.14 + 24.30 148.03 + 51.80 88.75 + 21.70

483.86 + 24.30 451.97 + 51.80 511.256 £ 21.70
111.14 + 20.40
61.49 + 11.71

538.51 + 11.71

85.71 +15.17
91.31 + 27.20
508.69 + 27.20

113.27 +19.72
63.00 + 14.28
537.00 + 14.28

149.14 = 11.50
136.04 + 17.76
463.96 + 17.76

TCS 0.8 [12]

1562.43 + 13.26
146.16 + 18.31
453.84 + 18.31

TCS 2.4 [12)

162.67 + 13.42
135.57 + 13.57
464.43 £ 13.57

TCS 8.0 [11]

19.68 + 3.05
107.50 = 27.87
492.50 + 27.87

23.17 + 5.89
103.51 + 17.88
496.49 + 17.88

1791 £7.30
105.54 + 36.13
494.46 + 36.13

145.25 + 25.95
67.63 + 15.06
532.37 + 15.06

150.50 + 31.30
50.79 + 11.52
549.21 + 11.52

119.64 + 19.38
46.56 + 10.65
553.44 + 10.65

134.75 + 9.55
89.59 + 16.41
510.41 + 16.41

135.50 + 13.03
856.55 +11.74
514.45 £ 11.74

134.64 + 12.50
87.65 + 15.33
512.35 + 15.33

Data are means + SEM. RMANOVA, p > 0.05. Numbers in brackets represent the number of animals per group. PND, postnatal day; CTR, corn oil; TCS 0.8, triclosan 0.8 mg/kg; TCS 2.4,

triclosan 2.4 mg/kg; TCS 8.0, triclosan 8.0 mg/kg.

dependent decrease in testosterone level, sperm count, and
motility. Even though testosterone and sperm production have
not been affected in this study, we did observe reduced sperm
motility and viability in the F1 generation exposed to 2.4 mg/kg
at PND 140. Interestingly, the same low doses of TCS (0.8, 2.4,
and 8.0 mg/kg, gavage) administered from PND 49 to PND 140
to Wistar rats did not affect the sperm parameters (36),
indicating that TCS may be impacting the gametogenesis
during fetal period. The reduction in sperm quality is
commonly related to the toxic effects of a drug in the
spermatogenesis process (63, 64) which is dependent on the
action of testosterone (65). It is known that during fetal
development, the gametogenesis is established, and any insult
may affect the quality of gametes produced during this period
(66). These results suggest that the effects of TCS on sperm
quality may be influenced by the exposure window, since animals
of the F1 generation were exposed to this compound throughout
intrauterine development, lactation, and puberty, until
adulthood. Evidence in mammals suggests that much of the
programming of endocrine systems is consolidated during fetal/
neonatal development (67) and that exposure to xenobiotics in
these periods can permanently compromise the proper
functioning of these systems (68, 69). Regarding the absence of
effects at the lowest and highest doses (i.e., 0.8 and 8.0 mg/kg/
day), it is known that the dose-response relationship for some
EDs, including TCS, may depart from linearity at low oral doses.
The occurrence of effects on sperm quality at the intermediate
dose (2.4 mg/kg/day) suggests a non-monotonic dose-response
effect for TCS (70, 71).

Despite the changes observed in the sperm parameters, in the
current study, there was no effect of the chronic treatment with
TCS on the volumetric composition, or on any of the biometric
parameters (diameter of the seminiferous tubules and total
length of the seminiferous tubules) of the testicular
parenchyma of adult rats of the F1 generation. In Priyanka
et al. (29), maternal exposure to TCS at 150 mg/kg sc from
GD 6 to LD 21 induced a significant decrease in the number of
stage VII-VIII seminiferous tubules in the testis of male rats of
F1 offspring compared to the vehicle group and to the lowest
dose 0.1 mg/kg group. The absence of changes in testicular
biometry allows us to infer that the effects of TCS on the
observed sperm parameters may be related to the direct action
of the antibacterial on the epididymis. It is important to clarify
that we did not perform the histopathological evaluation of the
epididymis, once only the left epididymis was preserved for
analysis of sperm count. The epididymis has a fundamental
role in the functional transformation of sperm and its storage in a
viable and ready for ejaculation state (72). In Sprague-Dawley
rats (PND 42), after the administration of a single dose of TCS
(50 mg/kg, via gavage), it was observed that, in the epididymis,
the TCS has a longer retention time and a longer elimination
half-life compared to testis and prostate plasma, showing a
tendency for the accumulation of this compound in the
epididymis and consequent histopathological damage (73).
Furthermore, as described above, maternal exposure to TCS
from GD 6 to LD 21 at 4, 40, and 150 mg/kg sc induced a
significant decrease in sperm count per cauda of the epididymis
in rats of F1 male offspring (29), reinforcing this hypothesis.
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Indeed, the absence of histopathological analysis of the
epididymis restricts the discussion regarding the potential TCS
effects on spermatic process. This lack of information in the
literature reinforces the importance of future studies to provide a
better understanding of the TCS effects on this target organ.

Regarding sexual development, exposure to TCS during
intrauterine development, lactation, and, subsequently, throughout
development did not alter the AGD of F1 and F2 males, which is a
marker of fetal androgen action (74), and also did not affect the day
of preputial separation (an indicator of puberty onset) of F1 males.
These data reinforce the lack of effect of the exposure regimen
adopted in this study on testosterone levels at these development
windows, since both parameters are androgen-dependent (75).

In this study, TCS exposure did not induce significant
alterations in physical, neuromotor, and motor activity
development, in both F1 and F2 generations. Neuromotor
evaluation (open field) during the lactation period allows
identification of possible neurobehavioral alterations in the
early life of these animals. These evaluations are important
because the development of the offspring’s nervous system
might be indirectly affected, since environmental toxicants are
capable of inducing non-specific effects that include alterations
in hormone release and/or the nutritional status of dams (76).
These data show that TCS at the doses used did not influence the
development of the nervous system of the male rats.

In summary, the treatment and maternal (placenta and
lactation) exposure to TCS compromised sperm parameters in
rats of the F1 generation, observed by a decrease in motility and
viability of sperm at 2.4 mg/kg. This is the first study to examine
the long-time effects of exposure to TCS through germ cells,
placenta, lactation, and oral treatment on reproductive potential,
including sexual behavior, and physical and neuromotor
development in male Wistar rats. These results emphasize the
importance of studying the safety of exposure to TCS on
reproductive function for the population. Although the TCS
toxic effects on sperm quality only occurred at the intermediate
dose (2.4 mg/kg), it is important to clarify that the doses used in
this study were based on the maximum limits of exposure to TCS
in the diet recommended by regulatory agencies. As previously
stated, the TCS 2.4 group received a higher dose (compared to
TCS 0.8 group) to compensate for potential intraspecies
variations, and these animals were susceptible to TCS sperm
toxicity. A further epigenetic investigation is needed to clarify
how exposure to TCS during important development windows
affects the sperm quality of rats.
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