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and apoptosis in adult rat offspring
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Abstract: Bisphenol A (BPA) is a widely used plasticizer that can leach from packaging, 
leading to contamination of food and beverages. Exposure to endocrine-disrupting 
chemicals during critical windows of development may lead to functional abnormalities 
in adulthood. Disruption of redox homeostasis and impaired activity of key antioxidant 
enzymes contribute to testicular dysfunction and reduced sperm quality. We evaluated 
the effects of perinatal BPA exposure on the testicular enzymatic antioxidant system in 
the adult offspring of dams treated with BPA (0.5 or 5 mg BPA/kg BW/day) from gestational 
day 18 throughout postnatal day (PND) 5. The testes of offspring were collected at 
PND90, and the transcription levels of Sod1 and Gsr were reduced, those of Nfe2l2 and 
Blc2 were increased, and those of Casp3 were not altered, whereas an increased ratio 
of Bcl2/Bax expression was observed in the BPA5 group. An increase in SOD activity was 
observed in the BPA0.5 group, and a decrease in GSR activity was observed in the BPA5 
group. Functional enrichment analysis revealed interactions between antioxidant genes 
and those involved in the hypothalamic‒pituitary‒testicular axis and spermatogenesis. 
These findings suggest that BPA exposure can disrupt the antioxidant defense system in 
male reproductive tissues, potentially leading to adverse reproductive outcomes.

Key words: catalase, glutathione peroxidase, glutathione reductase, superoxide dis-
mutase, infertility

INTRODUCTION
Bisphenol A (BPA) is a synthetic chemical 
employed in the production of polycarbonate 
plastics and epoxy resins and is used in the 
manufacturing of everyday products (Cimmino 
et al. 2020). BPA migrates from food packaging, 
becoming contaminated food and beverages, 
the primary source of human exposure 
(Khalili Sadrabad et al. 2023, Maiolini et al. 2014).

Infertility, defined as the inability to conceive 
after one year of unprotected intercourse (WHO 
2023), affects millions, significantly impacts 
families and communities, and is thus a public 

health concern (Calogero et al. 2023). Male 
factors contribute to half of all infertility cases 
(Agarwal et al. 2015), but approximately 50% of 
cases still remain idiopathic (Calogero et al. 
2023). In this context, exposure to endocrine-
disrupting chemicals (EDCs) may affect fertility 
(Rodprasert et al. 2023).

BPA has been detected in the serum, 
amniotic fluid, and placental tissue of pregnant 
women, as well as in fetal serum (Dickerson et 
al. 2011, Ikezuki et al. 2002, Diamanti-Kandarakis 
et al. 2009). Recently, studies have suggested 
that exposure to BPA leads to cellular damage 
through oxidative stress (Carchia et al. 2015, 
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Auten & Davis 2009, Abdulhameed et al. 2022), 
including DNA alterations through chain breaks 
and base oxidation, lipid peroxidation, and 
protein oxidation (Auten & Davis 2009).

Infertility can also reflect changes that occur 
during fetal life or shortly after birth in a critical 
window of development. The perinatal period is 
crucial for hypothalamic sexual differentiation, 
during which any interference can have an 
impact on fertility in adulthood (Oliveira et al. 
2017, Salian et al. 2011, Shamhari et al. 2021). 
Therefore, exposure to EDCs during pregnancy 
may have implications for adult reproductive 
life (Kortenkamp 2017, Skakkebaek et al. 2015).

Previously, we demonstrated that perinatal 
BPA administration resulted in various effects on 
sperm production, morphology, and functionality; 
alterations in testicular and seminiferous tubule 
architecture; and changes in the expression 
of genes related to spermatogenesis in adult 
offspring (Campos et al. 2019). These findings 
highlight the clear and evident damage that 
BPA causes in male infertility, which may be 
secondary to the consequences of oxidative 
stress (Aitken et al. 2022, Presunto et al. 2023).

Thus, the aim of this study was to assess 
whether perinatal exposure to BPA affects the 
testicular enzymatic antioxidant system in 
adult offspring by evaluating the expression of 
transcripts; the enzymatic activity of catalase, 
superoxide dismutase, glutathione reductase, 
and glutathione peroxidase; the expression of 
transcripts of Nfe2l2 (Nfr2), a gene involved in the 
control of the cell response to oxidative stress; 
and genes involved in apoptotic pathways (Bcl2, 
Bax and Casp3). We also performed enrichment 
analysis of genes related to enzyme antioxidant 
activity (Cat, Sod1, Gsr and Gpx4) and those 
involved in the control of the hypothalamic‒
pituitary‒testicular axis and spermatogenesis 
(Esr1, Esr2, Ar, Gper1, Inhbb, Cyp19a1, Lhcgr, Fshb, 
Lhb, Gnrh1, Gnrhr) via systems biology tools.

MATERIALS AND METHODS
Animals, housing, and ethical standards
The animals were sourced from our breeding 
colony and kept in a temperature-controlled 
room (23 ± 1°C) with a 12:12-hour dark/light 
cycle. The animals were provided standard 
rat chow (Nuvilab CR-1; Nuvital, PR, Brazil) and 
water ad libitum. All procedures adhered to 
the guidelines set by the Conselho Nacional de 
Controle de Experimentação Animal (CONCEA) 
and received approval from the Universidade 
Estadual do Centro-Oeste - Ethical Committee 
for Animal Research (protocol 012/2014).

Experimental design
At the age of 90 days, nineteen female Wistar rats 
(Rattus norvegicus var. albinus) were subjected 
to mating, and the first day of gestation (GD1) 
was confirmed by the presence of sperm in the 
vaginal smear. The pregnant rats were randomly 
divided into three groups, each receiving daily 
doses of BPA (CAS 80--05--7; Sigma‒Aldrich Co., 
St. Louis, USA) at 0 (BPA0), 0.5 (BPA0.5), or 5 (BPA5) 
mg/kg body weight (BW) from GD18 through 
postnatal day (PND) 5. BPA was dissolved in 
corn oil and administered subcutaneously to 
the mothers between 7 and 8 a.m. The control 
group received corn oil alone. To standardize 
litter sizes and minimize litter size-related 
influences, all litters were adjusted to 12 pups 
(6 males and 6 females) on PND4. At PND90, 
the male offspring were euthanized, and their 
tissues were collected as previously described 
(Campos et al. 2019, Oliveira et al. 2017).

Selection of doses
The doses used were selected on the basis of 
our previous study in which reproductive toxicity 
was observed at a dose ten times lower than 
the reproductive no observed adverse effect 
level (NOAEL) (Wisniewski et al. 2015). Therefore, 
the doses used here are ten and one hundred 
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times lower than the NOAEL for BPA in terms 
of reproductive and developmental toxicity (50 
mg/kg BW/day) (Fao & Meeting 2010).

The margin of safety for BPA is estimated 
at 1.1 µg/kg bw/day for infants under 2 years of 
age and 0.5 µg/kg bw/day for the population 
over two years of age, according to the FDA/USA 
(FDA/USA 2014). Recently, the European Food 
Safety Authority reduced the tolerable daily 
intake from 4 μg/kg bw/day to 0.2 ng/kg bw/
day on the basis of its toxicity to the immune 
system (Lambré et al. 2023). In this study, the 
estimated daily intake for humans was 0.5 µg/
kg bw/day and 0.05 µg/kg bw/day, which was 
calculated by dividing the doses of 5 and 0.5 
mg/kg by uncertainty factors of 1,000 (10 for 
human variability, 10 for an animal study, and 10 
for less than chronic exposure) (FDA/USA 2014).

Tissue collection
After euthanasia, the testes were removed, 
immediately frozen in liquid nitrogen and stored 
in an ultrafreezer at -80°C until further analyses 
of relative gene expression and enzymatic 
activity were performed.

Reverse transcription followed by real-time 
quantitative PCR (RT‒qPCR)
The enzymatic antioxidant system was evaluated 
through the expression of the genes encoding 
superoxide dismutase 1 (Sod1), catalase 
(Cat), glutathione-disulfide reductase (Gsr), 
glutathione peroxidase 4 variants 1 (Gpx4var1) 
and 2 (Gpx4var2), NFE2-like bZIP transcription 
factor 2 (Nfe2l2, or Nfr2), BCL2, apoptosis 
regulator (Bcl2), BCL2 associated X, apoptosis 
regulator (Bax), and caspase 3 (Casp3) via real-
time quantitative PCR. Briefly, the testes were 
pulverized in liquid nitrogen, and an aliquot 
of 50 mg was used for total RNA extraction via 
TRIzol reagent (Life Technologies, Carlsbad, USA) 
according to the manufacturer’s instructions. 

The total RNA concentration was estimated with 
a nanospectrophotometer (Kasvi, Brazil), and 
2.5 µg was reverse transcribed via the GoScript 
Reverse Transcription System (Promega, 
Madison, USA) via oligo(dTs) according to the 
manufacturer’s instructions. Gene expression 
was evaluated via reverse transcription (RT–
qPCR) via real-time quantitative PCR via 
Platinum® SYBR® Green qPCR SuperMix-UDG 
(Life Technologies, Carlsbad, USA) and an Applied 
Biosystems StepOnePlus Real-Time PCR System 
(Applied Biosystems, Singapore, Singapore). The 
following cycling conditions were used: 50°C (2 
min), 95°C (2 min), and 40 cycles of 95°C (15 s) 
and 60°C (30 s). At the end of the reaction, a 
melting curve was generated and analyzed to 
confirm the specificity of the amplification. The 
average cycle threshold (Ct) was automatically 
determined via StepOne™ Software v2.3 
(Applied Biosystems), and quantification was 
performed via the 2-ΔΔCt method, as described 
previously (Livak & Schmittgen 2001). The 
ribosomal protein L19 (Rpl19) was used as an 
internal control (housekeeping gene). The 
primer sequences are shown in Table I and were 
previously standardized in our laboratory (Lopes 
et al. 2019, Gomes et al. 2019).

Antioxidant enzyme activity in the testis
Testicular enzymatic antioxidant activity was 
evaluated according to previous publications 
(Lopes et al. 2019, Gomes et al. 2019). Briefly, 
twenty-five milligrams of pulverized testis tissue 
was homogenized in 250 µL of 0.5 mM Tris-HCl 
(pH 7.4) and centrifuged at 590 × g for 10 min 
at 4°C. The total protein content was estimated 
by applying the Bradford method (Bradford 
1976) to the collected supernatant. Additionally, 
the supernatant was subjected to enzymatic 
assays to determine the activities of superoxide 
dismutase (SOD), glutathione peroxidase (GPX), 
glutathione reductase (GSR) and catalase (CAT). 
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These assays were performed using a SpectraMax 
190 Microplate Reader (Molecular Devices, USA).

SOD activity
SOD activity was estimated according to the 
degree of formazan inhibition in the presence 
of xanthine and xanthine oxidase and detected 
via spectrophotometry (Beauchamp & Fridovich 
1971). The analyses were performed following 
the manufacturer’s instructions for the RANSOD 
Kit (Randox Laboratories Limited, Crumlin, 
Northern Ireland), and the absorbance at 505 
nm was measured. The SOD activity data were 

obtained for each sample by the absorbance/
protein concentration ratio.

GPX activity
GPX activity was measured via a RANSEL Kit as 
previously described (Paglia & Valentine 1967) 
(Randox Laboratories Limited, Crumlin, Northern 
Ireland). GPX catalyzes the oxidation of GSH to 
GSSG in the presence of cumene hydroperoxide. 
The reduction in absorbance was measured at 
340 nm. The GPX activity data were obtained 
for each sample by the absorbance/protein 
concentration ratio.

Table I. Primers used for RT‒qPCR analyses.

Gene GenBank Primer sequences (5’- 3’)

Bax
(BCL2 associated X, apoptosis regulator) NM_017059.2 F: CTCAAGGCCCTGTGCACTAA

R: GGAAAGGAGGCCATCCCAG

Bcl-2
(BCL2, apoptosis regulator) NM_ 016993.2 F: CTGGTGGACAACATCGCTCT

R: GCATGCTGGGGCCATATAGT

Casp3
(Caspase 3) NM_ 012922.2 F: GAGCTTGGAACGCGAAGAAA

R: TTGCGAGCTGACATTCCAGT

Cat
(Catalase) NM_012520.2 F: TTCTTGTTCAGCGACCGAGG

R: GATGCCCTGGTCAGTCTTGTA

Gpx4Var1
(Glutathione peroxidase 4, transcript 

variant 1)
NM_017165.2 F: GCCGTCTGAGCCGCTTATT

R: ACGCAACCCCTGTACTTATCCA

Gpx4Var2
(Glutathione peroxidase 4, transcript 

variant 2)
NM_001039849.2 F: ACCTTCCCCAGACCAGCAAC

R: ACGCAACCCCTGTACTTATCCA

Gsr
(Glutathione-disulfide reductase) NM_053906.2 F: ACTTCTCACCCCAGTTGCG

R: CCACGGTAGGGATGTTGTCA

Nfe2l2
(NFE2 like bZIP transcription factor 2) NM_001399173.1 F: CTACAGTCCCAGCAGGACAT

R: GGGAGGAATTCTCCGGTCTC

Rpl19
(Ribossomal protein L19)

NM_031103.1 F: AATGAAACCAACGAAATCG
R: TCAGGCCATCTTTGATCAGCT

Sod1
(Superoxide dismutase 1) NM_017050.1 F: GGGGACAATACACAAGGCTGT

R: CATGCCTCTCTTCATCCGCT

F forward; R reverse.
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GSR activity
GSR activity was measured following the 
manufacturer’s instructions for the GLUTATHIONE 
REDUCTASE Kit (GLUT RED, Randox Laboratories 
Limited, Crumlin, Northern Ireland). GSR 
catalyzes GSSG reduction and NADPH oxidation 
to NADP+ (Kaneko et al. 2002). The absorbance 
was measured at 340 nm. For each sample, the 
absorbance value was divided by the protein 
concentration.

CAT activity
The catalase activity was measured by H2O2 
decay at 30°C via spectrophotometry at 240 nm, 
according to a previously described method 
(Aebi 1984). Briefly, ten microliters of protein 
lysate was added to 500 µl of H2O2 (20 mM, pH 
7.0) at 30°C, and the absorbance was measured 
at 60 seconds in quartz cuvettes via a V-630 Bio 
UV‒Vis Spectrophotometer (JASCO, USA). The 
results are expressed as the delta of absorbance 
(initial minus final) per second per μg of protein 
(Δ Abs × Sec-1 × μg of Ptn-1).

Integration of the biomarker response (IBR)
The IBRv2 (integrate biomarker response) 
method was first described by Beliaeff & Burgeot 
(2002) and later modified by Sanchez et al. (2013). 
This method evaluates and summarizes the 
effects of different doses of BPA on biomarkers, 
providing a global view. The method consists of 
calculating the mean (µ) and standard deviation 
(σ) after performing a log-transformation (Yi) 
of the data grouped by biomarker. Another 
normalization is subsequently performed with 
Yi, applying the equation Zi = (Yi - µ)/σ. The value 
of Ai is calculated with the equation Ai = Zi - Z0. 
Typically, the values of Ai are plotted on a graph 
to evaluate the distance from the base values. 
The IBR index is finally acquired by adding 
the absolute values of Ai for all the markers. 
Positive values of the Ai and IBR indices indicate 

stimulation, and symmetrical, negative values 
indicate inhibition of the biomarker. Notably, 
Ai indicates the impact of the substance on 
each marker separately, whereas the IBR index 
reflects the influence of the substance on the 
set of parameters measured by the biomarkers. 
The higher the index value is, the greater the 
disturbance on the set.

Gene Set Enrichment Analysis
Using a systems biology approach, genes related 
to enzyme antioxidant activity (Cat, Sod1, Gsr and 
Gpx4) were evaluated for possible functional 
interactions with the genes involved in the 
control of the hypothalamic‒pituitary‒testicular 
axis and spermatogenesis (Esr1, Esr2, Ar, Gper1, 
Inhbb, Cyp19a1, Lhcgr, Fshb, Lhb, Gnrh1, Gnrhr), 
which were previously studied for BPA toxicity 
by our group (Campos et al. 2019, Oliveira et al. 
2017). Gene set enrichment was performed via 
systems biology analysis through the formation 
of a functional network via Cytoscape 3.9.1 
software (Shannon et al. 2003) and ClueGO v2.5.9 
+ CluePedia v1.5.9 (Bindea et al. 2009, 2013). The 
enrichment analysis by ClueGo was performed 
using the categories of gene ontology (GO) 
(biological processes, cellular components, 
immune system processes, and molecular 
function), KEGG, INTERPRO and REACTOME 
(reactions and pathways). The enriched networks 
were obtained from the following parameters: (1) 
mode of analysis: functional analysis; (2) list of 
charge markers: Homo sapiens; (3) visual style: 
groups; (4) ClueGO configurations: biological 
process + cellular components + molecular 
function; (5) network specificity: average; and (6) 
kappa score = 0.4 (standard).

Statistical analysis
The dataset was first subjected to Kolmogorov–
Smirnov tests for normality and the Bartlett 
test for homoscedasticity. The parameters were 
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analyzed by ANOVA followed by the post hoc 
Dunnet test. The Pearson correlation coefficient 
(r) was used to measure the linear correlation 
between two variables. The linear correlation 
ranged from -1 to 1 and was classified as strong 
(|r > 0.7|), moderate (|0.5 < r < 0.7|) or weak (|0.3 
< r < 0.5|). When |0 < r < 0.3|, there is no linear 
correlation between the variables. All analyses 
were performed with Statistica 7.0 (StatSoft, Inc., 
Tulsa, OK, USA). P values lower than 0.05 were 
considered to indicate statistical significance. 
The values are expressed as the means and the 
standard error of the mean (± SEM).

RESULTS
Superoxide dismutase (SOD) transcript expres-
sion and activity
The transcript expression levels of Sod1 
were reduced in the testes of the BPA5 group 
(P<0.05) (Fig. 1a). SOD activity increased in the 
BPA0.5 group (P<0.0001) (Fig. 1b). There was no 
correlation between SOD transcript expression 
and activity.

Glutathione peroxidase (GPX) transcript ex-
pression and activity
The transcript levels of Gpx4Var1 (Fig. 2a) and 
Gpx4Var2 (Fig. 2b) and the enzymatic activity 
of GPX (Fig. 2c) were not affected by perinatal 
exposure to BPA. There was no correlation 
between GPX transcript expression and activity.

Catalase (CAT) transcript expression and acti-
vity
The transcript expression levels of Cat (Fig. 3a) 
and the enzymatic activity of CAT (Fig. 3b) were 
not affected by perinatal BPA exposure. There 
was no correlation between CAT transcript 
expression and activity.

Glutathione reductase (GSR) transcript expres-
sion and activity

The transcript expression levels of Gsr (Fig. 4a) 
and the enzymatic activity of GSR (Fig. 4b) were 
reduced in the BPA5 group (P<0.05). There was 
a weak Pearson correlation (r = 0.47) between 
transcript expression and enzymatic activity (Fig. 
4c).

IBR Results
The analyses of the parameters via the IBRv2 
method revealed a great impact of BPA on all 
biomarkers, with high index values of 7.13 for 
the BPA0.5 group and 6.71 for the BPA5 group 
(Fig. 5). This integrated analysis revealed altered 
biomarker parameters for BPA0.5 and BPA5 that 
were not identified by ANOVA. The following 
biomarkers were affected by both BPA0.5 and 
BPA5: increased enzymatic activity of CAT and 
SOD; decreased enzymatic activity of GPX; 
decreased transcript expression of Cat, Gpx4Var1, 
and Gsr; and increased transcript expression 

Figure 1. Relative superoxide dismutase (a) mRNA 
expression and (b) enzyme activity in adult male 
offspring from dams exposed to 0, 0.5 or 5 mg BPA/
kg body weight from GD18 through PND5. The data 
are expressed as the mean ± S.E.M.; ANOVA followed 
by Dunnet’s post hoc test; n = 9/group; *P < 0.05 and 
****P < 0.0001 vs. control (BPA0). Sod1: superoxide 
dismutase 1; SOD: superoxide dismutase; Ptn: protein.
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of Gpx4Var2. GSR activity and Sod1 transcript 
expression decreased only in the BPA5 group.

Interaction network between genes of the 
antioxidant enzymatic system, the control of 
the hypothalamic‒pituitary‒testicular axis and 
spermatogenesis
The functional enrichment analysis revealed an 
interaction between the evaluated genes (Fig. 
6). The antioxidant enzymes (Cat, Gsr, Gpx4 and 
Sod1) and Inhbb were clustered in the “response 
to toxic substances”. At least one gene of this 
cluster interacts with other clusters: response 

to peptide hormone (Cat), response to organic 
cyclic compounds (Cat, Gpx4, Sod1), hormone 
ligand-binding receptors (Sod1), response to 
hormones (Cat), and gonad development (Cat, 
Gpx4, Sod1).

Specifically, Cat is also clustered in response 
to peptide hormones, response to organic cyclic 
compounds, and response to hormone and 
gonad development. Gpx4 in response to organic 
cyclic compounds and gonad development. 
Sod1 in response to organic cyclic compounds, 
hormone ligand-binding receptors, and gonad 
development. The term “regulation of the 
inflammatory response” is shared by Gpx4, Sod1, 
Gper1, Esr1 and Cyp19a1.

Transcript expression of genes involved in 
the cellular response to oxidative stress and 
apoptosis
The transcript expression levels of Nfe2l2 were 
increased in the testes of the BPA0.5 group 
(P<0.05) (Fig. 7a). The transcript expression levels 

Figure 2. Relative expression of glutathione peroxidase 
4 mRNA in (a) transcript variant 1, (b) transcript variant 
2 and (c) enzyme activity in adult male offspring 
from dams exposed to 0, 0.5 or 5 mg of BPA/kg of 
body weight from GD18 through PND5. The data are 
expressed as the mean ± S.E.M.; ANOVA followed 
by Dunnet’s post hoc test; n = 9/group. Gpx4var1: 
glutathione peroxidase 4 transcript variant 1; 
Gpx4var2: glutathione peroxidase 4 transcript variant 
2; GPX: glutathione peroxidase; Ptn: protein.

Figure 3.  Relative catalase (a) mRNA expression and 
(b) enzyme activity in adult male offspring from dams 
exposed to 0, 0.5 or 5 mg BPA/kg body weight from 
GD18 through PND5. The data are expressed as the 
mean ± S.E.M.; ANOVA followed by Dunnet’s post hoc 
test; n = 9/group. Cat: catalase; CAT: catalase; Abs: 
absorbance; Ptn: protein.
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of Blc2 were increased in the testes of the BPA0.5 
and BPA5 groups (P<0.05) (Fig. 7b). Bax and Casp3 
were not altered (Fig. 7c and d). The ratio of the 
expression of the Bcl2 and Bax transcripts was 
increased in the BPA0.5 group (Fig. 7e).

DISCUSSION
Previously, we observed a reduction in the 
integrity of the plasma membrane and 
acrosome, a reduction in mitochondrial activity, 
and an increase in abnormal sperm morphology 

in the BPA5 group, which were not observed in 
the BPA0.5 group (Campos et al. 2019). Here, we 
investigated how the mechanisms underlying 
the response of sperm cells to oxidative stress 
may be involved in this scenario.

The first and most important line of defense 
against oxidative damage occurs through the 
action of SOD, which is responsible for the 
oxidation and reduction of the superoxide 
radical (O●-2) into H2O2 (Fridovich 1997, Zelko 
et al. 2002). BPA exposure is associated with 
increased ROS generation (Ullah et al. 2018, Kaur 
et al. 2018), lipid peroxidation (Zhang et al. 2023, 
Li et al. 2023, Molangiri et al. 2022), and protein 
carbonylation (Melebary et al. 2022, Al-Griw et al. 
2021). In these cases, this seems to be a direct 
effect of the reduction in the activity of the 
antioxidant enzymes SOD and/or CAT (Melebary 
et al. 2022, Ullah et al. 2018, Chen et al. 2012, 
Othman et al. 2016). However, in our study, SOD 
activity was increased in the offspring of mothers 
in the BPA0.5 group, whereas Sod1 transcript 
levels were not altered in this group. After BPA5 
treatment, the expression of the transcripts 
decreased, but the activity did not change. The 
Sod1 transcript is constitutively expressed and 
is considered a housekeeping gene (Miao & St. 
Clair 2009). Perinatal exposure to BPA altered 
the constitutive pattern of the gene in adult 
offspring, suggesting that there was interference 
in specific transcriptional mechanisms in the 
promoter region of this gene (Miao & St. Clair 
2009) and/or epigenetic mechanisms, as 
observed in the brains of offspring exposed 
to low doses of BPA (Kundakovic et al. 2013). 
Sod1 is an enzyme that undergoes intense 
posttranslational modification and has reactive 
effects on several cellular factors (Banks & 
Andersen 2019). It is believed that more than 99% 
of the activity of this enzyme is not related to its 
canonical action as a dismutator of superoxide 
(Banks & Andersen 2019). In this context, the 

Figure 4. Relative expression of glutathione reductase 
(a) mRNA, (b) enzyme activity and (c) correlation 
between mRNA and enzyme activity in adult male 
offspring from dams exposed to 0, 0.5 or 5 mg BPA/
kg body weight from GD18 through PND5. The data 
are expressed as the mean ± S.E.M.; ANOVA followed 
by Dunnet’s post hoc test; n = 9/group; *P < 0.05 
vs. control (BPA0). Pearson correlation coefficient 
(r) = 0.47; P < 0.02. Gsr: glutathione reductase; GSR: 
glutathione reductase; Ptn: protein.
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increased activity of SOD in the BPA0.5 group 
in our study may be related to the lack of 
observation of reduced sperm functionality in 
this group (Campos et al. 2019).

Interestingly, the Nfe2l2 gene (Nrf2) is a 
transcription factor (Li et al. 2004) involved in the 
control of the cell response to oxidative stress 
(Vomund et al. 2017, Nguyen et al. 2009). In the 
testis, Nrf2 activation increases the expression 
of SOD and GPX (Signorini et al. 2024) and is 
considered a target for preventing oxidative 
damage and apoptosis caused by xenobiotics 
(Khan et al. 2024). In this study, we observed an 
increase in its expression in the testis of the 
BPA0.5 group, concomitant with increased SOD 
activity.

Although less reactive than superoxide 
radicals are, excess H2O2 generated by SOD 
activity can contribute to increased oxidative 
stress in the cell. Thus, two other enzymes, CAT 
and GPX, are activated (Drevet 2006). CAT uses 
H2O2 as a substrate when its concentration is 
above physiological levels (Rotruck et al. 1973). 
According to the results of the integrated 

analysis (IBR), we also observed an increase 
in CAT activity, which may have neutralized the 
increase in H2O2 production by SOD1 in the BPA0.5 
group. When BPA is administered to adult rats, it 
causes a reduction in CAT activity (Melebary et 
al. 2022, Chouhan et al. 2015, Ullah et al. 2018), 
suggesting that epigenetic modulation may 
occur (Kundakovic et al. 2013).

Another important testicular antioxidant 
enzyme, GPX, has a protective effect on small 
adjustments in H2O2 concentrations, where it 
metabolizes glutathione (GSH) into oxidized 
glutathione (GSSG) (Rotruck et al. 1973). GPX4 is 
highly expressed in all cell types in the testis 
(Guo et al. 2020). Perinatal BPA did not affect GPX4 
transcript expression or activity, as determined 
by ANOVA. However, integrated analysis (IBR) 
revealed a reduction in the expression of 
Gpx4var1 and in GPX activity in both groups.

The GSSG formed is regenerated to GSH 
in an NADPH-dependent manner through the 
action of the GSR enzyme since most of the 
functions of glutathione require its reduced 
form, thus ensuring the efficiency of the 

Figure 5. Integrated biomarker 
response (IBR) indices for the 
enzymatic activity and expression 
of catalase (CATa, CATe), glutathione 
peroxidase (GPXa, GPXe_v1 and 
v2), superoxide dismutase (SODa, 
SODe), and glutathione reductase 
(GSRa, GSRe) in adult male offspring 
from dams exposed to 0, 0.5 or 
5 mg of BPA/kg of body weight 
from GD18 through PND5. The IBR 
indices (IBRv2) were calculated as 
7.13 and 6.71 for BPA0.5 and BPA5, 
respectively.
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cellular protection system against possible 
oxidative damage (Beutler 1989, Kaneko et al. 
2002). In the testis, GSR is expressed in Sertoli 
cells, spermatogonium, spermatids, and 
spermatocytes (Guo et al. 2020) and protects the 
sulfhydryl groups and unsaturated fatty acids 

of sperm from oxidation during maturation and 
storage processes (Kaneko et al. 2002). In the BPA5 
group, there was a reduction in the expression 
of Gsr transcripts and in the activity of the 
GSR enzyme. The GSR plays an important role 
in detoxifying xenobiotics, therefore providing 

Figure 6. Network of genes related to enzyme antioxidant activity and genes involved in the control of the 
hypothalamic‒pituitary‒testicular axis and spermatogenesis, as determined by functional enrichment analysis 
of ClueGo + CluePedia. The biological terms are differentially represented by color and shape, the sizes vary 
according to significance, and the most significant term is highlighted with the name of each group. The edges 
connect small nodes that represent related genes to the corresponding terms. Ontology used: GO_Biological 
Process; GO_Cellular Component; GO_Immune System Process; GO_Molecular Function (all GO terms are 
represented by circles); REACTOME_Pathways; REACTOME_Reactions (REACTOME terms are represented by 
triangles); KEGG (represented by octagons).



DANIELE DE PAULA et al.	 SYSTEM BIOLOGY AND TESTICULAR OXIDATIVE STRESS

An Acad Bras Cienc (2025) 97(3)  e20241335  11 | 16 

essential protection for the seminiferous 
epithelium (Castellón 1994, Sies 1999, Boer et al. 
1989, Bauche et al. 1994, Gualtieri et al. 2011). In 
this manner, the reduction in the activity of both 
GPX and GSR in the BPA5 group may be related 
to the decreased sperm functionality previously 
observed in these animals (Campos et al. 2019).

Oxidative stress may lead to the activation of 
apoptotic pathways. In this context, we evaluated 
the expression of genes involved in anti- and 
proapoptotic events. Bcl2 is a gene encoding 
an antiapoptotic protein that preserves outer 
mitochondrial membrane integrity, preventing 
the action of proapoptotic proteins, such as Bax 

(Opferman & Kothari 2017). The accumulation of 
Bax in outer membrane mitochondria increases 
the degree of permeabilization, resulting in 
the leakage of cytochrome c and causing cell 
death (Salvador-Gallego et al. 2016). The balance 
between Bcl2 and Bax expression regulates 
the degree of apoptosis in human melanoma 
(Raisova et al. 2001). In this study, we observed 
increased expression of Bcl2 in both BPA-
treated groups, whereas Bax was not affected. 
However, the Bcl2/Bax ratio was increased in 
the BPA0.5 group. The Casp3 gene is a member 
of the apoptosis pathway, and its activation is 
considered the executioner of apoptosis (Elmore 

Figure 7. Relative expression of Nfe2l2 (a), Bcl2 (b), Bax (c), and Casp3 (d) mRNAs and the Bcl2/Bax ratio (e) in adult 
male offspring from dams exposed to 0, 0.5 or 5 mg of BPA/kg of body weight from GD18 through PND5. The data 
are expressed as the mean ± S.E.M.; ANOVA followed by Dunnet’s post hoc test; n = 9/group. Bax: BCL2 associated 
X, apoptosis regulator; Bcl-2: BCL2, apoptosis regulator; Casp3: Caspase 3; Nfe2l2: NFE2 like bZIP transcription 
factor 2.
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2007, Walsh et al. 2008); however, its expression 
was not affected by BPA treatment in this study.

Taken together, these results suggest that, 
in the BPA0.5 group, the increased expression 
of Nrf and Bcl2 and the ratio of Bcl2/BaxI and 
increased activity of SOD protected the sperm 
cells from oxidative stress caused by xenobiotics. 
On the other hand, in the BPA5 group, none of 
the antiapoptotic mechanisms investigated 
here were activated, in addition to a reduction 
in Sod1 and Gsr1 expression and reduced GSR 
activity.

The IBR test was designed to facilitate 
the interpretation of biomarkers, indicating 
an overall measure of stress, by integrating 
contributions from all responses (Iturburu 
et al. 2018). The IBRv2 index summarizes the 
overall response of the selected biomarkers 
to BPA as a possible antioxidant system 
deregulator in terms of both enzyme activity 
and expression (Resende & Pereira 2024). In 
this study, high IBRv2 values at both doses 
suggested a significant effect on oxidative stress 
markers, which was not detected by ANOVA. This 
discrepancy is attributed to the IBRv2 algorithm, 
which compares log-transformed biomarker 
values to a mean reference (Resende & Pereira 
2024). Similar situations may be observed in 
other studies (Bhagat et al. 2016, Hou et al. 2021, 
Serafim et al. 2012, Feng et al. 2022, Iturburu et 
al. 2018).

In this study, we also present a systems 
biology approach involving the antioxidant 
system to include these genes/proteins in 
a more global physiological situation. Sod1 is 
also a key integrator of endocrine function in 
the testis and is involved in the terms gonad 
development, development of primary sexual 
characteristics, sex differentiation, steroid 
biosynthetic process, regulation of reproductive 
process, steroid metabolic process, reproductive 
structure development, reproductive system 

development, regulation of the inflammatory 
response, small molecule biosynthetic process, 
gland development, and response to organic 
cyclic compounds. CAT is also involved in the 
response to estradiol and the steroid metabolic 
process. GPX4 is involved in other testicular 
processes, such as the response to estradiol, 
the regulation of the inflammatory response, 
and small molecule biosynthetic processes. 
Therefore, the participation of these genes/
proteins in the regulation of the spermatogenic 
process involves more pathways than does 
oxidative stress.

In conclusion, maternal exposure to low 
doses of BPA during the period of hypothalamic 
sexual differentiation alters the pattern of 
expression and activity of the key enzymes 
involved in the control of ROS generated in 
the testes of adult offspring. We observed that 
in the BPA0.5 group, the activation of stressor 
response mechanisms culminated with normal 
sperm parameters, whereas in the BPA5 group, 
these mechanisms were disrupted, and many 
sperm alterations were detected. In addition, 
steroidogenic and spermatogenic processes 
may also be affected, as revealed by enrichment 
analysis. These findings suggest that BPA 
exposure can disrupt the antioxidant defense 
system in male reproductive tissues, potentially 
leading to adverse reproductive outcomes in 
adulthood.
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