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ABSTRACT

Phthalates are chemical compounds used as plasticizers in plastic products, for guaranteeing their flexibility. These
compounds damage the epididymal morphophysiology. This study aimed to verify the changes in the epididymis of
neonatal and adult rats over two generations. Pregnant Sprague-Dawley females were divided into four groups and
gavaged daily from GD10 to PND21 with corn oil (Control:C) or the phthalate mixture at three doses (20, 200, and
200 mg/Kg). F1 animals were euthanized at 22PND and 120PND; unexposed females were mated with 90PND males to
obtain the F2 generation. Male rats were euthanized at 22PND. Tissue remodeling of the compartments was observed at all
doses in the 22PND animals of both generations. Treatment at 200 mg/Kg resulted in alterations, a decrease in the
epithelium and a consequent increase in the lumen in the cauda in F1 PND22. The lumen in the caput and cauda
increased, with a reduction in the interstitium at 200 mg/Kg in F2 PND22. The lumen diameter was reduced in the caput
and increased in the interstitium at the two highest doses in adult animals. The expression of GPR30, GPX3, GSR, IL10, and
TNFa was reduced in adult animals at the highest dose. GPR30 expression increased at 200 mg/Kg dose in PND22. TNFa
expression was reduced at all doses in F1 PND22 animals and significantly increased in F2 PND22 animals at 200 pug/Kg
and 200 mg/Kg doses. In conclusion, phthalates modify the epididymal structure and impair gene expression, mainly in the
late phase.

1 | Introduction disease risk [1]. During the developmental phase, organisms

exhibit heightened plasticity, making gene expression and

The Developmental Origins of Health and Disease (DOHaD)
hypothesis posits that environmental factors during early life
can predispose individuals to diseases later in life. A mis-
match between predicted and actual developmental en-
vironments may negatively impact health and increase

cellular signaling pathways more vulnerable to external
influences, including environmental contaminants [2].

Phthalate esters, commonly used as plasticizers, enhance the
flexibility and durability of various products, including
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children's toys, automotive parts, and household items [3].
However, during heating and cooling, plastic containers can
leach phthalates, contaminating food and beverages [4].

Exposure to phthalates can lead to adverse effects on male
reproductive function at any age, manifesting immediately,
later in life, and even across generations [3, 4]. Phthalates are
detectable in the blood and urine of pregnant and lactating
women, raising concerns about potential physiological changes
in newborns, which suggest transgenerational effects [5].
Research by Parks et al. [6] demonstrated that male rats ex-
posed to phthalate esters during gestation and lactation ex-
perienced Leydig cell hyperplasia and dysfunction in sexual
differentiation, along with reduced testosterone synthesis.
Furthermore, exposure to varying doses of phthalates during
pregnancy has been associated with increased levels of leuke-
mia inhibitory factor mRNA (LIF) and altered testicular tes-
tosterone and steroidogenic capacity [7]. These changes
correlate with a rise in abnormal seminiferous tubules and a
higher incidence of male genital tract malformations [8].

In vitro studies with MEHP phthalate showed no alterations in
testosterone levels within seminiferous tubules, but significant
changes were noted in germ cells [9]. This contrasts with
human studies that indicate testosterone inhibition without
changes in Leydig cell numbers, along with increased apoptosis
in Sertoli cells and imbalances in germ cell proportions during
spermatogenesis [10].

In experiments involving adult male rats exposed to different
doses of DBP, researchers observed dose-dependent epididymal
toxicity characterized by decreased glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD) activity, alongside
elevated malondialdehyde (MDA) levels. Additionally, there
were reports of epididymal tubule atrophy and vascular
hyperemia [11], indicating significant damage to the male
reproductive system [12].

Estrogen is transported into main and interstitial cells of the
epididymis via the GPR30-encoded G-protein coupled receptor,
leading to inflammation influenced by phthalates, which dis-
rupt ionic balance in cells [13]. Antioxidant actions are medi-
ated by GPX3 and GSR via glutathione, while pro-inflammatory
proteins are encoded by IL10 and TNF-a [14].

Overall, phthalate exposure at any life stage—whether direct or
indirect—shows a positive correlation with reproductive dam-
age during spermatogenesis and sperm capacitation, producing
immediate and transgenerational effects on development. This
study aims to assess epididymal parameters in rats exposed to a
mixture of phthalate esters during gestation and lactation across
two generations (F1 and F2).

2 | Materials and Methods
2.1 | Animals
Adult males (n=15; 90 days postnatal—PND) and adult

females (n = 50; PND120) of the Sprangue-Dawley strain from
the Multidisciplinary Center for Biological Research in

Laboratory Animal Science (CEMIB/UNICAMP) were kept in
the Small Mammalian Animal Facility of the Morphology
Department of IBB/UNESP under controlled light conditions
(12 L, 12D photoperiod, lights switched off at 6:00 p. m.) and
temperature (23°C + 2°C) with water and feed ad libitum. All
experimental procedures and protocols complied with the
Ethical Principles of Animal Research, adopted by the Brazilian
College of Animal Experimentation, and were approved by the
Ethics Committee on the Use of Animals (CEUA) of the Bios-
ciences Institute of UNESP de Botucatu (Protocol 1040/CEUA).

2.2 | Experimental Design

Pregnant female rats were randomly divided into 4 experimental
groups (n=10/group), all treated by gavage: Group 1: control
(vehicle: corn oil); Group 2: 20 ug/Kg/day of the mixture of
phthalates diluted in corn oil; Group 3: 200 pug/Kg/day of the
mixture of phthalates diluted in corn oil; Group 4: 200 mg/Kg/day
of the mixture of phthalates diluted in corn oil. The mixture of
phthalates was in the following ratio: 19% DEHP (Bis(2-
ethylhexyl) phthalate), 36% DEP (Diethylphthalate), 15% DBP
(Di-n-butylphthalate), 10% DiBP (DiisobutylPhthalate), 8% BBzP
(Butylbenzylphthalate), and 10% DiNP (Diisononylphthalate);
based on the composition of phthalates detected in urine samples
from pregnant women in Illinois, USA [15]. Treatment in preg-
nant rats occurred from gestational Day 10 (GD10) to
postnatal Day 21 (PND21), a critical period for the development of
the urogenital apparatus [16, 17]. The female rats were kept in
individual cages, being weighed on alternate days for the calcu-
lation of the volume of the phthalate mixture to be administered
and the investigation of clinical signs of toxicity [18].

F1 generation: After birth, the number of pups was reduced to
eight pups per rat, in a 1:1 ratio between females and males,
determined by the year-genital distance (AGD) [19]. At PND22
five male rats from each group were anesthetized and eu-
thanized, while the remaining animals remained until adult-
hood (PND 120) to obtain the F2.

F2 generation: At PND90, five male rats from each group
(n=20) of the F1 generation obtained were mated with
untreated virgin female rats of the Sprangue-Dawley strain
(PND 120) with the same protocol as above. The F1 generation
males were kept until PND 120, then they were anesthetized
and euthanized. F2 offspring were kept until weaning (PND22)
and then anesthetized and euthanized.

The epididymis of the animals were collected to obtain their
weight. The left epididymis of all animals was used for histo-
logical analyses of stereology. The right epididymis was used for
evaluation of mRNA targets by RT1-PCR, in which it was
possible to verify molecular alterations. The experimental
design is summarized in Figure 1.

2.3 | Histological Process

The left epididymis (5/group) were removed and fixed in Me-
thacarn (60% Methanol, 30% Chloroform and 10% Glacial
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FIGURE 1 | Experimental design of the study. GD, gestational day; PND, postnatal day.

Acetic Acid). This material was then immersed in a few baths
(20 min each) of alcohol (95% and absolute), xylene (40 min)
and Paraplast. The last xylene and Paraplast baths were per-
formed in an oven at 65°C, after which the material was sec-
tioned into 5 um semi-serial slices per animal and stained with
hematoxylin and eosin (HE) [20].

2.3.1 | Epididymal Stereology

Ten random epididymal cross-sections from the initial segment
2A and 5A/B regions were obtained per adult animal. The
epididymis of neonates were analyzed without division into
regions. This analysis was performed using Weibel's multi-
purpose graticulate, with 168 points, to compare the relative
proportion among the epididymal components (epithelium,
stroma, and lumen) in the experimental groups [20].

2.4 | Evaluation of Gene Expression by Real-Time
Polymerase Chain Reaction After Reverse
Transcription (Rt-qPCR): GPR30, GPX3, GSR, IL10
and TNF

Gene expression in epididymis cells was evaluated by RT-qPCR
related to testosterone conversion (GPR30 gene), inflammation
(IL10 and TNF genes), and oxidative stress of glutathione (GPX3
and GSR genes). RNA extraction was performed with the Trizol
kit (Ambion, USA) according to the manufacturer's instruc-
tions. RNA was quantified by spectrophotometry using the
NanoVue equipment (GE Healthcare Life Sciences, USA). The
analysis of RNA quality was obtained by the RNA integrity
number (RNA Integrity Number, RIN), from the analysis of
ribosomal RNAs based on microfluids, using the 2100 Bioana-
lyzer system (Agilent, USA) [21, 22]. The mRNA Reverse
Transcription Reaction was performed using the High-Capacity
RNA-to-cDNA Master Mix kit (Life Technologies, USA), fol-
lowing the manufacturer's guidelines. For the reaction, 4 uL of
Master Mix for reverse transcription was used, to which 1 ug of
RNA was added and the volume made up to 20uL with

nuclease-free water. The mixture was incubated under the fol-
lowing conditions: 25°C for 5min., 42°C for 30 min. followed by
reverse transcriptase inactivation at 85°C for 5 min. For each RT-
gPCR reaction for mRNAs, 10 uL. of GoTaq qPCR Master Mix,
based on SYBR Green chemistry (Promega, USA), 5 uL of the RT
reaction and 1 pL of “sense” and “antisense” primers were used at
10 uM and the volume was made up to 20 uL with nuclease-free
water. Primers for the genes were designed using the Primer-Blast
program (http://www.ncbi.nlm.nih.gov/tools/primer-blast/), pres-
ent in Table 1. Thermocycling was performed in the QuantStudio
equipment (Life Technologies, USA), under the following condi-
tions: GoTag Hot Start Polymerase activation 2 min. at 95°C fol-
lowed by 40 cycles of 15s. at 95°C and 1 min. at 60°C, finally, a
dissociation curve in the range of 60°C-95°C. An amplification
graph was plotted for each sample showing an increase in fluo-
rescent reporter dye (ARn) in each PCR cycle. From this graph,
the cycle where the reaction crosses the detection threshold (cycle
threshold—CT) was determined. The relative quantification of
each gene was performed using the 2-AA CT method according to
Livak and Schmittgen [23]. The values obtained for all samples
were normalized by the ratio obtained between the target genes
and the endogenous GAPDH gene.

2.5 | Statistical Analysis

One-way analysis of variance (ANOVA) with post hoc Dun-
nett's test, mean + SD, or the non-parametric Kruskal-Wallis
test with post hoc Dunn's test was used, median (Q1-Q3),
depending on the data distribution, to compare the results
between the phthalate-treated groups and the control group.
The variance among the experimental groups was compared
using Bartlett's test. The Shapiro-Wilk test was performed to
evaluate the normal distribution. When required, the data were
normalized via box-cox transformation. Differences were con-
sidered significant when p < 0.05. The statistical analyses and
graph design for the results were performed using GraphPad
Prism for Windows (version 7.01—GraphPad Software, La Jolla,
California, USA) and Instat (version 3.01—GraphPad Soft-
ware, La Jolla, California, USA) programs.
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TABLE 1 | The target epididymal genes and the GAPDH endogenous gene, forward and reverse gene sequence, and the ID number for all genes.
Gene ID number Foward sequence Reverse sequence
GPX3 NM_022525.4 CTTCTCACCCCAGTTGCGAT AGTCTATGGGCGAGTTTCCG
GSR NM_053906.2 CGGAAACTCGCCCATAGACTT ATGGACGGCTTCATCTTCAGT
IL-10 NM_012854.2 TGCGACGCTGTCATCGATTT TGGCCTTGTAGACACCTTTGT
TNF L19123.1 GGTCTCATCTCCGCCTTTGT CCCAAAATCCTGCCCTGTCA
GPR30 NM_133573.2 CCTGCCGACTTCGCAAGT CCACACCGTTCTCTCCTGGAT
Gapdh NM_017008.4 GCTCTCTGCTCCTCCCTGTTC GAGGCTGGCACTGCACAA

TABLE 2 | Body and epididymis weight.

Control (n =5)

20 ug/Kg (n=5)

200 pg/Kg (n=5) 200 mg/Kg (n=>5)

F1 22DPN
Body weight (g) 48.760 + 3.322 48.360 + 4.525 47.830 + 3.426 46.460 + 8.473
Epididymis weight (g) 0.015 + 0.003 0.016 + 0.003 0.015 + 0.001 0.014 + 0.004
F1 120DPN

Body weight (g) 469.7 +13.10 432.7 + 57.86 428.1 + 24.40 481.3 +65.51
Epididymis weight (g) 0.567 + 0.044 0.534 +0.115 0.601 + 0.028 0.599 + 0.034
F2 22DPN

Body weight (g) 42.18 +4.57 41.71 +5.33 44.56 + 6.34 35.56 +3.13
Epididymis weight (g) 0.013 + 0.003 0.011 +0.003 0.014 + 0.001 0.011 + 0.002

Note: Mean + Standard Deviation; ANOVA post test Dunnett.

3 | Results
3.1 | Body and Reproductive Organ Weight

The body and absolute epididymal weights were similar among
all groups and animals (Table 2).

3.2 | Epididymal Stereology

The luminal compartment in the caput region was increased
in the F1 PND22 animals at doses of 20 and 200 ug/Kg, while
in the cauda region there was a decrease in the epithelium
and consequent increase in the lumen at the dose of
200 mg/Kg. In addition, there was an isolated increase in the
luminal compartment at a dose of 20 ug/Kg. In adult animals
of the F1 generation, an increase in the interstitium was
observed in the caput region with a consequent decrease in
the lumen at 200 ug/Kg and 200 mg/Kg; in the cauda, there
was an isolated decrease in the epithelium at the dose of
200 ug/Kg (Table 3).

In the F2 generation pups, there was an increase in the lumen
in the caput at all doses of the phthalate mixture, whereas in the
cauda, there was an increase in the lumen at doses of 200 pug/Kg
and 200 mg/Kg, and a consequent decrease in the interstitial
compartment only at a dose of 200 mg/Kg (Table 3). Epididymal
histology of the experimental groups is demonstrated in
Figure 2.

3.3 | Gene Expression Analysis Using RT-qPCR

GPR30 expression was increased in pups of both generations
(Figure 3A,C), whereas it was reduced in adult animals at the
same dose of 200 mg/Kg (Figure 3B).

GPX3 gene expression decreased significantly only in adult
animals at doses of 200 ug/Kg and 200 mg/Kg (Figure 3E);
however, in infants, it was similar to that in the controls
(Figure 3D,F). The expression of glutathione receptor (GSR)
decreased in F1 animals at doses of 20 and 200 pug/Kg in pups
(Figure 3G) and only at a dose of 200mg/Kg in adults
(Figure 3H); the expression was similar between groups in the
F2 generation (Figure 31).

The expression of inflammatory mediators such as IL10
decreased in adult animals at a dose of 200 mg/Kg (Figure 3K),
while no significant changes were observed in the infants
(Figures 3J and 2L). The expression of TNF-a decreased at all
doses in F1 PND22 animals (Figure 3M); however, it was
reduced only at the dose of 200 mg/Kg in F1 PND120 animals
(Figure 3N); it was significantly increased at doses of 200 pug/Kg
and 200 mg/Kg in F2 PND22 animals (Figure 30).

4 | Discussion

A mixture of phthalate esters adversely affected epididymal
tissue, with each dosage impacting various tissue proportions
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TABLE 3 | Epididymal stereology.

Control (n=>5)

20 ug/Kg (n=5)

200 pg/Kg (n=5)

200 mg/Kg (n=>5)

F1 22DPN Caput
Epithelium 33.93 (24.11-38.69)
Interstitium 60.12 (54.17-68.01)
Lumen 6.84 (4.76-9.97)
Cauda
Epithelium 27.68 (21.73-34.52)
Interstitium 62.20 (55.06-70.39)
Lumen 7.73 (5.80-10.71)
F1 120DPN Caput
Epithelium 20.83 (18.45-23.81)
Interstitium 13.69 (9.67-19.49)
Lumen 65.18 (57.29-70.98)
Cauda
Epithelium 16.07 (11.01-19.79)
Interstitium 18.15 (10.71-22.17)
Lumen 67.56 (60.57-76.34)
F1 22DPN Caput
Epithelium 32.44 (24.70-36.90)
Interstitium 58.33 (54.17-65.48)
Lumen 8.92 (5.95-10.71)
Cauda
Epithelium 32.44 (24.70-36.90)
Interstitium 64.58 (58.18-69.64)
Lumen 8.33 (6.54-10.12)

30.95 (24.70-36.31)
58.93 (51.49-60.71)
10.71 (7.14-15.92)*

28.57 (23.21-34.52)
58.93 (52.98-63.10)
11.61 (7.58-16.52)*

21.73 (19.05-23.81)
14.29 (11.31-21.13)
62.20 (54.02-68.30)

12.50 (8.78-16.22)
19.35 (15.33-26.19)
66.37 (61.16-75.00)

30.36 (25.60-35.42)
58.63 (52.83-60.71)
10.71 (7.14-15.03)*

30.36 (25.60-35.42)
62.20 (55.06-70.39)
7.73 (5.80-10.71)

31.55 (19.64-36.76)
57.14 (49.55-65.03)
11.90 (8.92-14.73)*

27.38 (18.75-33.78)
63.10 (56.40-71.43)
8.33 (5.95-10.57)

20.83 (18.15-25.60)
25.60 (16.07-32.14)*
55.36 (38.39-65.48)*

6.54 (3.27-12.20)*
17.26 (9.82-25.00)
72.62 (64.58-84.52)

31.55 (20.68-36.31)
58.04 (51.19-63.24)
11.90 (9.37-14.29)*

31.55 (20.68-36.31)
64.88 (59.67-66.96)
15.77 (12.50-19.64)*

27.38 (22.62-34.52)
59.23 (54.32-66.07)
11.31 (7.14-14.88)*

19.35 (15.48-24.26)*
64.88 (59.67-66.96)
15.77 (12.50-19.64)*

20.83 (18.75-24.70)
19.05 (14.88-26.49)*
60.71 (50.60-64.29)*

14.88 (9.52-19.49)
20.54 (14.43-25.45)
65.18 (58.04-72.47)

27.98 (22.62-32.59)
59.52 (55.36-65.03)
11.31 (8.63-14.43)*

27.98 (22.62-32.59)
58.93 (52.98-63.10)*
11.61 (7.58-16.52)*

Note: Median (Q1-Q3), Kruskall-Wallis post test Dunn.

*Indicates groups that differ from the control. It is considered a statistical difference when p < 0.05.

and causing remodeling alongside immediate, delayed, and
transgenerational effects. Changes in gene expression were
observed specifically in GPR30, GSR, and TNF-a, highlighting
the influence of phthalates on the oxidative and inflammatory
characteristics of the epididymis in postnatal day 22 (PND22)
animals. Notably, GPR30 expression increased, GSR expression
decreased, and TNF-a expression varied—decreasing in the F1
generation and increasing in the F2 generation. In contrast, in
adult animals, only the 200 pug dose led to significant remodel-
ing of the epididymal tissue, characterized by an enlarged
interstitial lumen and reduced caput region lumen. The cauda
of these animals exhibited greater resilience to phthalate ex-
posure. This study confirmed that phthalates have transge-
nerational effects and that the blood-epididymal barrier fails to
prevent phthalate-induced damage.

The male reproductive system comprises numerous receptors
that respond to hormonal and metabolic fluctuations. One of
the most crucial is the G protein-coupled receptor 30 (GPR30)
[4]. This transmembrane protein facilitates the uptake of es-
trogen via a nonclassical pathway. Although its role in epidi-
dymal tissue remains poorly understood, diminished regulation
of GPR30 can compromise duct structure [24]. The highest

dosage of the phthalate mixture significantly increased GPR30
expression in PND22 animals while decreasing it in adults. This
finding elucidates the receptor's role in tissue remodeling
throughout the spermatogenesis cycle and the overall func-
tionality of the epididymis.

The prenatal development phase is critical for the formation of
various structures and organs, with final maturation occurring
postnatally when all proteins and receptors are expressed. Any
disruption during this period can lead to immediate dysfunctions
or even transgenerational defects [25-27]. Reduced expression of
genes associated with development, differentiation, and onco-
genesis has been linked to lower serum testosterone levels at the
lowest dose of the phthalate mixture in neonatal rats [18]. Con-
sequently, epididymal tissues are particularly sensitive to
phthalate mixtures, which induce tissue remodeling.

Research on urine samples from pregnant women indicates
varying doses of phthalates acquired through environmental
and daily exposure to phthalate-containing products. These
phthalates have been shown to increase the expression of
inflammatory and oxidative stress biomarkers, demonstrating
their toxicity and linking their presence to heightened
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FIGURE 2 | Histological photomicrographs of the epididymal tissue. A, B, C, G, H, I: control group; D, E, F, J, K, L: phthalate groups; A, D, G, J:
F1 22PND animals; B, E, H, K: F1 120PND animals; C, F, I, L: F2 22PND animals.

inflammation [28]. While GPX3 expression did not immediately
affect F1 PND22 animals, it reduced the late glutathione
response in F1 PND120 animals exposed to both 200 ug and
200 mg doses. Conversely, GSR expression in F1 PND22 ani-
mals decreased immediately at the lowest dose, dropped further
at the highest dose in adult animals, and remained unchanged
across generations. This suggests that oxidative stress directly
affects the generation exposed to phthalates, as subsequent
generations are exposed through mothers during pregnancy and
lactation.

Toxicological studies have shown that lower doses can result in
more significant tissue damage because the body accumulates
small amounts of toxicants over time, while higher doses are
often metabolized and excreted more efficiently [18, 29, 30]. The
epididymis has a blood-epididymal barrier that ensures a spe-
cialized luminal microenvironment for sperm maintenance,
restricting the passage of ions and macromolecules during
prenatal development and puberty remodeling [31, 32]. How-
ever, this barrier is still maturing in prepubertal animals,
allowing all phthalate doses to potentially alter the proportions
of epididymal compartments. In adult animals, where sper-
matogenesis is complete, higher doses of phthalate mixtures can
disrupt tissue organization.

An increase in inflammatory mediators signals the body's
response to foreign substances, indicating an acute inflamma-
tory process that involves pro-inflammatory cytokine produc-
tion [33]. In vitro studies and research involving mice
demonstrate that exposure to various phthalates elevates the
production of pro-inflammatory cytokines like IL-18 [34] and
IL-6 [35], leading to reduced testosterone production and
increased macrophage recruitment [36]. Interleukin-10, an anti-
inflammatory cytokine, plays a vital role in preventing inflam-
matory and autoimmune diseases; however, under certain
conditions, it can exacerbate local inflammation and related
symptoms. Elevated IL-10 levels can impair host responses to
microbial threats and hinder recovery from associated tissue
damage and hemodynamic disturbances [37].

Epidemiological studies support a link between phthalates and
inflammation. Higher urinary concentrations of phthalate
metabolites in allergic conditions have been associated with
increased immune responses in both experimental and clinical
contexts [38]. Trim et al. [39] noted that inflammation did not
correlate with phthalate exposure, as no inflammatory cyto-
kines were positively identified in urinary samples from ex-
posed patients. This study revealed that phthalates can reduce
the expression of pro-inflammatory cytokines; TNF-a
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expression showed immediate alterations but remained reduced
only at the highest phthalate dose in adult animals. The
observed increase in expression at higher phthalate doses sug-
gests a strong relationship between phthalate presence and
inflammation in F2 animals.

5 | Conclusion

The postnatal period is an important developmental window, and
any disturbance to the internal maternal environment causes
harmful effects on the offspring. The prepubertal animals of the F1
and F2 generations were more sensitive to the action of phthalates
than adult animals that had already achieved immunity matura-
tion. In addition, we observed the transgenerational effects of
phthalates; the alterations in gene expression were observed in the
next generation of animals derived from those previously exposed
to environmental toxicants.

Author Contributions

Ana Paula Franco Punhagui-Umbelino: conceptualization, investi-
gation, writing - original draft, methodology, validation, visualization,
writing - review and editing, software, formal analysis, data curation.
Giovanna Fachetti Frigoli: conceptualization, investigation, meth-
odology, writing - review and editing. Ariana Musa de Aquino:
conceptualization, investigation, formal analysis, data curation, meth-
odology, validation. Barbara Campos Jorge: conceptualization,
investigation, methodology. Luiz Guilherme Alonso-Costa: concep-
tualization, investigation, methodology. Rafaela Pires Erthal-
Michelato: conceptualization, investigation, methodology, data cura-
tion, formal analysis. Arielle Cristina Arena: conceptualization,
investigation, funding acquisition, writing - review and editing,
resources. Wellerson Rodrigo Scarano: conceptualization, investiga-
tion, funding acquisition, writing - review and editing, resources,
project administration. Glaura Scantamburlo Alves Fernandes:
conceptualization, investigation, funding acquisition, writing - review
and editing, project administration, supervision, resources.

Acknowledgments

The authors are grateful to CAPES (Coordination for the Improvement
of Higher Education Personnel) for granting a doctoral scholarship to A.
P. F. Puhagui-Umbelino and for partial funding (Financial code 001).
Also, to CNPq (National Council for Scientific and Technological
Development) process 313704/2021-0. This study was partially sup-
ported by the Sdao Paulo State Foundation for Research Support
(FAPESP), process number: 2018/09510-5.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All data supporting the findings of this study are available within the
paper.

References

1. M. A. Hanson and P. D. Gluckman, “Early Developmental Con-
ditioning of Later Health and Disease: Physiology or Pathophysiology?,”
Physiological Reviews 94 (2014): 1027-1076.

2.P. D. Gluckman, M. A. Hanson, and C. Pinal, “The Developmental
Origins of Adult Disease,” Maternal & Child Nutrition 1 (2005): 130-141.

3.J. Bosnir, D. Puntari¢, I. Skes, M. Klari¢, S. Simi¢, and 1. Zori¢,
“Migration of Phthalates From Plastic Products to Model Solutions,”
Collegium Antropologicum 27 Suppl 1 (2003): 23-30.

4.]. S. Fisher, “Environmental Anti-Androgens and Male Reproductive
Health: Focus on Phthalates and Testicular Dysgenesis Syndrome,”
Reproduction 127 (2004): 305-315.

5.S. H. Swan, “Environmental Phthalate Exposure in Relation to
Reproductive Outcomes and Other Health Endpoints in Humans,”
Environmental Research 108 (2008): 177-184.

6. L. G. Parks, “The Plasticizer Diethylhexyl Phthalate Induces Mal-
formations by Decreasing Fetal Testosterone Synthesis During Sexual
Differentiation in the Male Rat,” Toxicological Sciences 58 (2000):
339-349.

7. H. Lin, R. S. Ge, G. R. Chen, et al., “Involvement of Testicular Growth
Factors in Fetal Leydig Cell Aggregation After Exposure to Phthalate in
Utero,” Proceedings of the National Academy of Sciences 105 (2008):
7218-7222.

8. N. J. Barlow, B. S. MclIntyre, and P. M. D. Foster, “Male Reproductive
Tract Lesions at 6, 12, and 18 Months of Age Following in Utero Ex-
posure to Di(N-Butyl) Phthalate,” Toxicologic Pathology 32 (2004):
79-90.

9. R. Lambrot, V. Muczynski, C. Lécureuil, et al., “Phthalates Impair
Germ Cell Development in the Human Fetal Testis In Vitro Without
Change in Testosterone Production,” Environmental Health Perspectives
117 (2009): 32-37.

10. C. Desdoits-Lethimonier, O. Albert, B. Le Bizec, et al., “Human
Testis Steroidogenesis Is Inhibited by Phthalates,” Human Reproduction
27 (2012): 1451-1459.

11. D. Zhou, H. Wang, and J. Zhang, “Di-N-Butyl Phthalate (DBP) Ex-
posure Induces Oxidative Stress in Epididymis of Adult Rats,”
Toxicology and Industrial Health 27 (2011): 65-71.

12. B. Yurdakok-Dikmen, C. Stelletta, K. Tekin, O. Kuzukiran,
A. Daskin, and A. Filazi, “Effects of Phthalates on Bovine Primary
Testicular Culture and Spermatozoa,” Cytotechnology 71 (2019):
935-947.

13. G. B. Martinez-Traverso and C. A. Pearl, “Immunolocalization of G
Protein-Coupled Estrogen Receptor in the Rat Epididymis,”
Reproductive Biology and Endocrinology 13 (2015): 48.

14. N. A. Shah and M. R. Khan, “Increase of Glutathione, Testosterone
and Antioxidant Effects of Jurenia Dolomiaea on CCl4 Induced Tes-
ticular Toxicity in Rat,” BMC Complementary and Alternative Medicine
17 (2017): 206, https://doi.org/10.1186/S12906-017-1718-Z.

15. C. Zhou, L. Gao, and J. A. Flaws, “Prenatal Exposure to an En-
vironmentally Relevant Phthalate Mixture Disrupts Reproduction in F1
Female Mice,” Toxicology and Applied Pharmacology 318 (2017): 49-57.

16. G. S. Prins and O. Putz, “Molecular Signaling Pathways That Reg-
ulate Prostate Gland Development,” Differentiation 76 (2008): 641-659.

17. P. S. L. Vilamaior, S. R. Taboga, and H. F. Carvalho, “Postnatal
Growth of the Ventral Prostate in Wistar Rats: A Stereological and
Morphometrical Study,” Anatomical Record Part A: Discoveries in
Molecular, Cellular, and Evolutionary Biology 288A (2006): 885-892.

18. W. R. Scarano, A. Bedrat, L. G. Alonso-Costa, et al., “Exposure to an
Environmentally Relevant Phthalate Mixture During Prostate Devel-
opment Induces MicroRNA Upregulation and Transcriptome Modula-
tion in Rats,” Toxicological Sciences 171 (2019): 84-97.

19. M. Welsh, P. T. K. Saunders, M. Fisken, et al., “Identification in Rats
of a Programming Window for Reproductive Tract Masculinization,
Disruption of Which Leads to Hypospadias and Cryptorchidism,”
Journal of Clinical Investigation 118 (2008): 1479-1490.

20. A. Paula Franco Punhagui, H. Rodrigues Vieira, G. Eloisa Munhoz
De Lion Siervo, R. da Rosa, and G. Scantamburlo Alves Fernandes,

8 of 9

Journal of Biochemical and Molecular Toxicology, 2025

85U8017 SUOWIWOD aAIEaID 8|aedljdde ay) Aq peusenob ale soiie VO ‘SN JO SajnJ Joj AkeiqiauluQ /8|1 UO (SUONIPUOD-pUe-SWLB)L0 A3 | I Ale g jeul|uo//Sdny) SUoNIpUOD pue swie 1 8y 8es *[9202/80/€0] Uo Ariqiauliu Ae|iM ‘saded Aq 6/£02101/200T 0T/I0p/w0d As | Aselg i pul|uo//:sdny woi) papeojumod ‘2 ‘SZ0Z ‘TIV0660T


https://doi.org/10.1186/S12906-017-1718-Z

“Ethanol Exposure During Peripubertal Period Increases the Mast Cell
Number and Impairs Meiotic and Spermatic Parameters in Adult Male
Rats,” Microscopy Research and Technique 79 (2016): 541-549.

21. C. Becker, A. Hammerle-Fickinger, I. Riedmaier, and M. W. Pfaffl,
“mRNA and microRNA Quality Control for RT-qPCR Analysis,”
Methods 50, no. 4 (2010): 237-243, https://doi.org/10.1016/j.ymeth.2010.
01.010.

22.8S. Fleige and M. W. Pfaffl, “RNA Integrity and the Effect on the
Real-Time qRT-PCR Performance,” Molecular Aspects of Medicine 27,
no. 2-3 (2006): 126-139, https://doi.org/10.1016/j.mam.2005.12.003.

23.K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene Ex-
pression Data Using Real-Time Quantitative PCR and the 2-AACT
Method,” Methods 25, no. 4 (2001): 402-408, https://doi.org/10.1006/
meth.2001.1262.

24. A. Joseph, B. D. Shur, and R. A. Hess, “Estrogen, Efferent Ductules,
and the Epididymis,” Biology of Reproduction 84 (2010): 207-217.

25. A. P. Feinberg, “Phenotypic Plasticity and the Epigenetics of Human
Disease,” Nature 447 (2007): 433-440.

26. S.-M. Ho, A. Cheong, M. A. Adgent, et al., “Environmental Factors,
Epigenetics, and Developmental Origin of Reproductive Disorders,”
Reproductive Toxicology 68 (2017): 85-104.

27. C. S. Rosenfeld, “Bisphenol A and Phthalate Endocrine Disruption
of Parental and Social Behaviors,” Frontiers in Neuroscience 9 (2015),
https://doi.org/10.3389/fnins.2015.00057.

28.T. J. van 't Erve, E. M. Rosen, E. S. Barrett, et al., “Phthalates and
Phthalate Alternatives Have Diverse Associations With Oxidative Stress
and Inflammation in Pregnant Women,” Environmental Science &
Technology 53 (2019): 3258-3267.

29. R. P. Erthal, L. Staurengo-Ferrari, V. Fattori, et al., “Exposure to
Low Doses of Malathion During Juvenile and Peripubertal Periods
Impairs Testicular and Sperm Parameters in Rats: Role of Oxidative
Stress and Testosterone,” Reproductive Toxicology 96 (2020): 17-26.

30. F. M. Ogo, G. E. M. L. Siervo, G. D. Gongalves, et al., “Low Doses of
Bisphenol A Can Impair Postnatal Testicular Development Directly,
Without Affecting Hormonal or Oxidative Stress Levels,” Reproduction,
Fertility, and Development 29 (2017): 2245.

31. P. Mita, B. T. Hinton, and J. M. Dufour, “The Blood-Testis and
Blood-Epididymis Barriers Are More Than Just Their Tight Junctions,”
Biology of Reproduction 84 (2011): 851-858.

32. B. Robaire and B. T. Hinton, “The Epididymis,” in Knobil and Niell's
Physiology of Reproduction eds., eds. A. J. Zeleznik and T. M. Plant.
(Elsevier Inc, 2015), 691-771.

33. A. M. Minihane, S. Vinoy, W. R. Russell, et al., “Low-Grade
Inflammation, Diet Composition and Health: Current Research Evi-
dence and Its Translation,” British Journal of Nutrition 114 (2015):
999-1012.

34.S. Zheng, H. Tian, J. Cao, and Y. Gao, “Exposure to Di(N-Butyl)
Phthalate and Benzo(A)Pyrene Alters IL-1f Secretion and Subset Ex-
pression of Testicular Macrophages, Resulting in Decreased Testoster-
one Production in Rats,” Toxicology and Applied Pharmacology 248
(2010): 28-37.

35.L. Zhou, H. Chen, Q. Xu, et al., “The Effect of di-2-ethylhexyl
Phthalate on Inflammation and Lipid Metabolic Disorder in Rats,”
Ecotoxicology and Environmental Safety 170 (2019): 391-398.

36.J. Nishioka, C. Iwahara, M. Kawasaki, et al., “Di-(2-ethylhexyl)
Phthalate Induces Production of Inflammatory Molecules in Human
Macrophages,” Inflammation Research 61 (2012): 69-78.

37.S. S. Iyer and G. Cheng, “Role of Interleukin 10 Transcriptional
Regulation in Inflammation and Autoimmune Disease,” Critical
Reviews™ in Immunology 32 (2012): 23-63.

38. A. K. Bolling, K. Sripada, R. Becher, and G. Bekd, “Phthalate Ex-
posure and Allergic Diseases: Review of Epidemiological and Experi-
mental Evidence,” Environment International 139 (2020): 105706,
https://doi.org/10.1016/J.ENVINT.2020.105706.

39. A. Trim, S. E. Hankinson, S. Liu, et al., “Biomarkers of Phthalates
and Inflammation: Findings From a Subgroup of Women's Health
Initiative Participants,” International Journal of Hygiene and
Environmental Health 234 (2021): 113743.

9 of 9

85U8017 SUOWIWOD aAIEaID 8|aedljdde ay) Aq peusenob ale soiie VO ‘SN JO SajnJ Joj AkeiqiauluQ /8|1 UO (SUONIPUOD-pUe-SWLB)L0 A3 | I Ale g jeul|uo//Sdny) SUoNIpUOD pue swie 1 8y 8es *[9202/80/€0] Uo Ariqiauliu Ae|iM ‘saded Aq 6/£02101/200T 0T/I0p/w0d As | Aselg i pul|uo//:sdny woi) papeojumod ‘2 ‘SZ0Z ‘TIV0660T


https://doi.org/10.1016/j.ymeth.2010.01.010
https://doi.org/10.1016/j.ymeth.2010.01.010
https://doi.org/10.1016/j.mam.2005.12.003
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fnins.2015.00057
https://doi.org/10.1016/J.ENVINT.2020.105706

	Phthalate Exposure During Pregnancy and Lactation Transgenerationally Impairs the Epididymis in the Offspring of Rats
	1 Introduction
	2 Materials and Methods
	2.1 Animals
	2.2 Experimental Design
	2.3 Histological Process
	2.3.1 Epididymal Stereology

	2.4 Evaluation of Gene Expression by Real-Time Polymerase Chain Reaction After Reverse Transcription (Rt-qPCR): GPR30, GPX3, GSR, IL10 and TNF
	2.5 Statistical Analysis

	3 Results
	3.1 Body and Reproductive Organ Weight
	3.2 Epididymal Stereology
	3.3 Gene Expression Analysis Using RT-qPCR

	4 Discussion
	5 Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References




