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Abstract: Routine exposure to chemicals omnipresent in the environment, particularly the so-called
endocrine-disrupting chemicals (EDCs), has been associated with decreased sperm quality and
increased anomalies in testis. The decline in semen quality and testicular abnormalities have been
attributed to the disruption of endocrine signaling as well as oxidative stress. The present study set
out to examine the effect of short-term exposure of two common EDCs widely used in the plastic
industry: Dibutyl Phthalate (DBP) and Bisphenol AF (BPAF). Our research objective was to focus
on the post-testicular compartment of the epididymis, where spermatozoa acquire their functional
capacity and are stored. The data obtained indicated no significant effect for either chemicals on
sperm viability, motility or acrosome integrity. Neither of the EDCs had a noticeable effect on the
structures of the testis and epididymis. However, substantial impact on the integrity of the sperm
nucleus and DNA structure was evidenced by a significant increase in nuclear decondensation and
DNA base oxidation. The damage observed was postulated to arise from the pro-oxidant properties of
the EDCs generating excess of reactive oxygen species (ROS) and triggering a state of oxidative stress.
This hypothesis was confirmed when the observed damage was largely blocked by co-administering
EDCs with an evidenced-based antioxidant formulation.

Keywords: endocrine disruptors; environmental pollutants; oxidative stress; DNA damage; spermatozoa;
male fertility

1. Introduction

Earlier but also large recent meta-analyses of semen parameters point to a 50% fall in
human sperm counts since 1973 [1–6]. Equally alarmingly, a large percentage of men con-
sidering IVF treatment show abnormal levels of sperm DNA damage with roughly 1 in 10
having high levels of DNA fragmentation, potentially exposing the female partner to higher
rates of miscarriage and deleterious genetic changes in offspring [7]. Modern lifestyles and
poor nutrition, as well as a whole variety of environmental factors are the likely causes
for the deterioration of semen quality including sperm DNA integrity. Environmental
chemicals, particularly endocrine-disrupting chemicals (EDCs), are major contributors to
the progressive decline in semen quality and sperm DNA integrity [8,9]. The EDCs are
ubiquitous contaminants in the human body, wildlife, and the environment [10–12]. They
interfere with many aspects of mammalian hormonal homeostasis, leading to unbalanced
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situations which disturb physiology, including reproductive function. The effect of EDCs
on male reproductive function has been analyzed with a logical major focus on how it
affects spermatogenesis. Amongst EDCs, phthalates, and bisphenols, two families of very
common environmental pollutants have been extensively studied [13].

Phthalates, esters of phthalic acid, are a family of common environmental chemicals
present in a wide variety of items including toys, cosmetics, pharmaceuticals and construc-
tion materials. Exposure over time can be toxic to humans either by ingestion, contact and
breathing [14]. Identified as anti-androgenic [15], phthalates are recognized as EDCs due to
their male reprotoxic properties as documented by several studies in animal models [16–19].
The endocrine-disruptive properties of phthalates and their pro-oxidant activity lead to
ROS-mediated testicular apoptosis and autophagy [19]. In more details, in adult rats,
15 days of exposure to high doses (200, 400 or 600 mg/kg/day) of di-butyl phthalate (DBP)
can decrease serum follicle stimulating hormone and testosterone levels, due to the direct
effect of DBP on Sertoli and Leydig cells [17]. High doses (2 g/kg/day) for 14 days of
di-2ethylhexyl phthalate (DEHP) can also trigger spermatocyte apoptosis by significantly
decreasing the expression levels of HSP70 and Bcl-2 and increasing the expression level of
cytochrome c, caspase-3 expression and activity, Bax expression and FasL content in the
testes [18]. In addition, rats exposed to DHEP (at 250 and 500 mg/kg/day for 35 days) ex-
hibit blood-testis barrier (BTB) destruction due to excessive ROS-mediated autophagy [19].
Phthalates are indeed known to generate oxidative stress, as rat exposure to high doses
(200, 400 or 600 mg/kg/day) of DBP for 15 days showed a decrease in the activities of
testicular antioxidant enzymes, including superoxide dismutase, catalase and glutathione
reductase [17].

Bisphenols (BPs) are also widely used in plastic industry to manufacture polycarbon-
ate and epoxy resins that make up most of our food and beverage containers [20]. These
compounds can leach into our food from the protective internal epoxy resin coatings of
canned foods and from consumer products such as polycarbonate tableware, food stor-
age containers, water bottles and baby bottles [21,22]. Bisphenol A, was among the first
in its class to enter widespread use since the 1960s. It is now well-established that BPA
contributes to many pathologies including cardiovascular, obesity, thyroid dysfunction,
cancer and infertility [23]. The evidence for infertility is supported when urine BPA levels
was linked to poor semen quality [24] and perturbation of spermatogenesis both in adult
and young animal models [25,26]. The detrimental BPA effects on mammalian spermatoge-
nesis were shown to be mediated by its endocrine-disrupting action and by its oxidizing
potential [27,28]. More specifically, in rats, BPA was shown to increase serum LH levels and
to decrease serum testosterone levels by inhibiting Leydig and Sertoli cell functions [25].
Long (60 days) exposure to BPA (2 to 200 µg/kg/day) impaired spermatogenesis by dis-
rupting meiotic progression and inducing testicular cell apoptosis [26]. Due to its reprotoxic
concerns, the use of BPA in food industry was limited or even banned in many countries.
However, several cousin analogues or structural mimetics were introduced by industry as
supposedly safer replacements [29]. These include bisphenol S (BPS), bisphenol F (BPF) and
more recently, bisphenol AF (BPAF) a fluorinated analog of BPA [29]. Among these, BPAF is
the least studied congener. Early studies suggest adverse impact to the testis development,
increasing levels of ROS generation, disruption of the blood-testis-barrier (BTB) and a
decrease in sperm motility [30]. Although both phthalates and bisphenol compounds are
associated with reprotoxicity in men, in particular, details concerning their effects on sperm
DNA structural integrity are still lacking. Additionally, almost all studies have focused
on using high doses of these agents over long exposure times, raising questions as to the
validity of the experimental protocols [17–19,25,26,31–34].

While dealing with ingested molecules which end up in the systemic compartment,
from which the testis is rather well preserved, we considered it important to monitor what
was happening in a more blood-permeant male accessory organ, such as the epididymis [35].
In the present study using animal models, we have evaluated the effect of short time
exposures with low doses of DBP or BPAF on epididymal spermatozoa structure and
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function. The epididymis was chosen as tissue of choice as it confers to testis-produced
spermatozoon most of its functional abilities (i.e., motility and ability to fertilize an oocyte).
Our most recent investigations have shown that in contrast to the testis, the epididymis
is highly irrigated [35], thus allowing pollutants to come into contact with transiting
sperm cells in an oxidizing environment. Since redox homeostasis for epididymal sperm
maturation is critical [36,37], we examined the integrity of the epididymis structure and
possible impact to epididymal sperm cells on exposure to both phthalates and BPs as
they can potentially induce a state of oxidative stress. To confirm our hypothesis, we
co-administered a validated antioxidant supplement trademarked Fertilix® [38] to examine
if any damage resulting from exposure to EDCs can be ameliorated or even blocked.

2. Materials & Methods
2.1. Animal Ethics Statement

Wild-type C57bl/6 male mice (bred in an in-house animal facility), aged 8 to 10 months,
were used throughout the study. Animals were housed in polypropylene cages
(1 to 6 animals/cage following French regulatory procedures on animal experimentation)
under a 12/12-h, light/dark cycle, and acclimated in an environmentally controlled room
(room temperature 24 ± 2 ◦C, relative humidity 40–50%, frequent ventilation). Animals were
fed a basal diet (Global-diet, 2016S, Harlan, Gannat, France) ad libitum and had free access to
water (each day water consumption was visually monitored by looking for classic signs of
dehydration in the animals in order to assess treatment intake). This study was approved by
the Comité Régional d’Ethique pour l’Expérimentation Animale (CEMEA-Auvergne) and the
French Ministry of Higher Education and Research (APAFIS #33605-2021101917156568 v4).

2.2. Exposure to Pollutants

Mice were divided into four treatment groups per pollutant (5 to 8 animals/group
randomly assigned), as follows: (1) a control group, (2) a group exposed to the pollutant at
50 mg/kg/day (Bisphenol AF or Dibutyl Phthalate, Sigma-Aldrich, Saint Louis, MO, USA),
(3) a group exposed to an oral antioxidant supplementation (Fertlix®, CellOxess, Ewing, NJ,
USA), and (4) a group co-exposed to the pollutant and oral antioxidant supplementation
simultaneously. The pollutants and antioxidant supplementations were administered
via dilution in drinking water and the mice were exposed for 14 days. At the end of
the exposure, the mice were anesthetized with isoflurane and a cardiac puncture was
performed to collect blood plasma prior to euthanasia via cervical dislocation for tissue
collection. Preliminary studies (not shown) were conducted upstream comparing several
low doses (2, 10 and 50 mg/kg/day) of pollutants. We chose the 50 mg/kg/day dose for
the present study because of the appearance of significant effects, specifically with this
dose, on sperm DNA oxidation. We also tested the effect of both pollutants, under the
same exposure conditions, on CD1 mice. However, as these mice were less sensitive to
sperm DNA oxidation than C57/BL6 mice, we decided to use the more sensitive mice for
the final study.

2.3. Spermatozoa Recovery

Epididymides were removed and the caput and cauda regions divided before transfer-
ring to a glass dish containing 500 µL of M2 medium (Sigma-Merck, Saint-Quentin-Fallavier,
France) for sperm retrieval. To recover the spermatozoa, epididymides tails were squeezed
with forceps and then punctured several times with a 26 G needle. After 10 min of incuba-
tion at 37 ◦C to allow sperm dispersion, these preparations were washed with 500 µL of
M2 medium to obtain 1 mL of final total volume. Sperm count was determined using a
Malassez hemocytometer.

2.4. Tissue Histology

One caput epididymis and one testis per animal were fixed in 4% paraformalde-
hyde (Euromedex, Souffelweyersheim, France) for 24 h and 48 h, respectively. Tissues
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were then dehydrated in an increasing ethanol gradient and placed in Histoclear (HS200;
National Diagnostics, Atlanta, GA, USA) for 2 h before paraffin embedding. Five µm-
thick sections were made using a microtome (HM340E; Thermo Fisher Scientific, Illkirch,
France). Tissue sections were then deparaffinized by passage through Histoclear and
progressively rehydrated in a decreasing ethanol gradient. Masson’s Trichrome staining
was performed using an automated deparaffinization and staining machine (HMS 70, Mi-
crom) and the slides were finally mounted with Cytoseal (Thermo Fisher Scientific, Illkirch,
France). The photomicrographs presented for epididymal histology are focused on the
caput segment 1/segment 2 boundary. This is because this region of the mouse epididymis
caput has notable characteristics (in terms of, among others, tubule size/shape, presence of
stereocilia and spermatozoa in the lumen of the tubules, cell distribution, etc.). Moreover,
segment 1 of the mouse caput is highly irrigated by blood vessels, which makes it the most
exposed segment to any circulating molecule.

2.5. Total Protein Extraction

Epididymal tissues (caput and corpus) were homogenized in 300 µL of lysis buffer
(25 mM Hepes, 0.4 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, NP-40 1%) and kept on ice
for 20 min. The homogenates were centrifuged at 16,000× g for 10 min at 4 ◦C. The
supernatant was retained, and total protein concentration was quantified using the Braford
Protein Assay Kit II (Bio-Rad, Hercules, CA, USA). Absorbance was measured by the
Multiskan Go microplate spectrophotometer (Thermo Fischer Scientific, Waltham, MA,
USA). Differing concentrations of bovine serum albumin (BSA) were used as calibration
standards to determine protein concentrations. The optical densities of the samples were
determined at 595 nm.

2.6. Plasma Total Antioxidant Capacity (TAC)

Following anesthetization, blood samples were collected via cardiac puncture and plasma
was prepared and cryopreserved (−20 ◦C) until processed. Plasma samples (40 µL each)
were subjected to an electrochemical Total Antioxidant Capacity assessment using the e-BQC
labTM device, as recommended by the manufacturer (Bioquochem, Llanera, Spain). The redox
potential measurements obtained are expressed in charge-units micro-Coulombs (µC).

2.7. 4-Hydoxynonenal Analysis (4-HNE)

Slot blots were performed as described in Diniz et al., 2022 [39]. Briefly, each pro-
tein extract was diluted to a concentration of 0.05 µg/µL with phosphate buffer saline
(PBS) and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane
was previously activated for 1 min in methanol, rinsed for 5 min in sterile water, and for
a final 15 min in PBS. The slot blot was performed using a Slot Blot Manifold (Hoefer
Scientific Instruments, San Francisco, CA, USA). Membranes were blocked for 60 min
with 5% skim milk in Tris-buffer containing 0.05% Tween 20 (TBS-T) and then incu-
bated overnight with a goat anti-4-Hydroxynonenal primary antibody (dilution 1:5000;
Merck Millipore, reference AB5605, Darmstadt, Germany). 4-HNE visualization was
achieved via a secondary antibody (rabbit anti-goat IgG-HRP; at 0.1 µg/mL; BI2403) and
revealed with WesternBright™ ECL (Advansta, CA, USA) using the Chemidoc MP imag-
ing system (Bio-Rad, Hercules, CA, USA). The density of each band was obtained with
Image J33 software.

2.8. Standard Sperm Parameters (Mobility, Viability and Acrosome Integrity) Assessment

The Sperm Class Analyser platform (SCA, Microptic, Barcelona, Spain) was used to
evaluate several standard sperm parameters. Sperm motility analyses were performed
on sperm suspensions that were diluted by one-third with M2 medium and placed in a
pre-warmed 20 µm deep slide (IMV, L’Aigle, France). The SCA recording and motility pa-
rameters were as follows: frame rate: 50 frames per second (FPS); particle area: 11–40 µm2;
VLC cutoff values: fast > 25 < medium > 15 < slow > 10; progressivity: >80% of STR;
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connectivity: 30 pixels; and VAP points: 5 pixels. At least 500 spermatozoa were analyzed
per mouse. Sperm viability analysis was performed using the FluoVit kit (Microptic) which
distinguishes viable spermatozoa (blue) from dead spermatozoa stained (red). At least
300 spermatozoa per smear were counted. Acrosome integrity was performed using the
FluoAcro kit (Microptic).

2.9. Sperm Nuclear and DNA Integrity Tests

Sperm nuclear condensation was assessed by Toluidine blue (TB) staining [40], where
a smear of 100,000 sperm per sample was placed on a glass slide and then stained with
1% TB in McIlvain buffer (200 mM Na2HPO4, 100 mM citric acid, pH 3.5) for 17 min at
room temperature. The slides were dehydrated in ethanol and mounted with Cytoseal
60 medium. At least 300 spermatozoa per smear were counted.

Sperm DNA fragmentation was assessed by the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) method via the “in situ cell death detection” kit (Roche
Molecular Biochemicals, Mannheim, Germany) and following modifications published by
Lloyd (2020) [41]. Sperm DNA was counterstained using Hoechst 33342 (at 0.001 mg/mL).
A positive control was performed by incubating sperm with 0.02% H2O2 for one hour
at room temperature in the dark. The percentage of sperm with fragmented DNA was
then determined by flow cytometry using the ATTUNE NxT machine (Life Technologies,
Carlsbad, CA, USA).

The level of oxidation of the sperm nucleus was assessed by measurement of
8-hydroxy-2-deoxyguanosine (8-OHdG) residue content via immunofluorescence as re-
ported previously [42] (antibody clone 15A3 at 0.1 mg/mL, ab183393, Abcam). Sperm DNA
was counterstained with Hoechst 33342 (0.001 mg/mL) for 5 min. The sperm suspension
was then spread on a glass slide, mounted with Mowiol (Euromedex, Souffelweyersheim,
France) and at least 300 sperm per smear were counted using the SCA platform (Microptic,
Barcelona, Spain).

2.10. Statistics

Non-parametric Mann-Whitney tests were performed with GraphPad Prism 5.02
software to determine statistically significant differences between samples. For slot blot
analysis, a one-sample t-test was performed with GraphPad Prism 5.02 software to deter-
mine statistically significant differences between the exposed mice and the control group.
p values ≤ 0.05 were considered significant.

3. Results
3.1. Short-Term, Low-Dose Exposure to DBP or BPAF Did Not Affect the Histological
Characteristics of the Testis or Epididymis

The structures of the testes and epididymides were analysed with Masson’s Trichrome
staining. Exposures to both EDCs had no effect on the macroscopic and microscopic
structures of the testis and epididymis. Seminiferous tubules were well circular, not
vacuolated and had sperm in their lumen (Figure 1A). Exposure of male mice to antioxidant
supplementation, alone or with pollutants, also did not cause any macroscopic testicular
histological modification. The histology of the epididymis caput (segment 1/segment 2
territory taken as a reference, see Figure 1) remained normal under all conditions (Figure 1B).
As expected, and similar to the control sections, the caput epididymal epithelium was
regular and thicker in segment 1 than in segment 2, and spermatozoa were visible in the
lumen of segment 2 in all groups. The interstitium and septa (green in Figure 1B) showed
no sign of fibrosis.
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Figure 1. Short-term, low-dose exposure to DBP or BPAF has no impact on the histology of the testis
and epididymis. Photomicrographs of the testis (A) and epididymis at the caput 1

2 segments junction
(B) after staining with Masson’s trichrome on paraffin sections (5 µm). Selected photomicrographs
are representative of at least 6 animals per group. CTRL represents control sections and AO indicates
sections from antioxidant-supplemented animals.

3.2. Short-Term, Low-Dose Exposure to DBP or BPAF Triggered Oxidative Stress

To determine whether orally administered pollutants, at a low dose and for a short
duration, induced a state of oxidative stress, two parameters were measured. First, the total
antioxidant capacity (TAC) of the plasma of the different animal groups was evaluated to
assess systemic oxidative stress (Figure 2A). Second, the 4-HNE content of caput epididymis
tissue extract was measured (Figure 2B) to assess local oxidative stress. We observed that
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DBP exposure was able to significantly induce a systemic antioxidant response as evidenced
by increased plasma TAC levels (Figure 2A, left). DBP was also able to induce significant
levels of epididymal oxidative stress confirmed by higher levels of 4-HNE adducts in
caput extracts (Figure 2B, left). DBP was more potent than BPAF in this regard, as only
trends toward increased systemic levels of TAC and 4-HNE content in the caput epididymis
were recorded (Figure 2A,B, right panels). Co-administration with Fertilix® significantly
reduced the impact of DBP on plasma TAC and 4-HNE levels in the caput epididymis
(Figure 2A,B, left).
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Figure 2. Short-term, low-dose exposure to DBP but not BPAF triggers systemic and epididymal
oxidative stress. (A) vertical scatter plots showing plasma total antioxidant capacity (TAC) levels of
different groups of animals, assessed by electrochemistry. The TAC redox potential measurements
obtained are expressed in charge-units micro-Coulombs (µC). Mann-Whitney statistical evaluation
was performed and the p values presented are as follows: * p < 0.05; ** p < 0.01 (B) vertical scatter
plots presenting the 4-HNE content in protein extracts of caput epididymis tissue, assessed by
slot-immunoblot and densitometry analysis. Data are expressed as fold change relative to control.
Statistically significant differences (p < 0.05) are indicated by * compared with control. Results are
represented as mean ± SEM. The number of mice per group varied between 5 and 6. DBP, dibutyl
phthalate; BPAF, bisphenol AF; 4-HNE, 4-hydroxynonenal; CTRL, control; AO, antioxidant.

3.3. Short-Term, Low-Dose Exposure to DBP or BPAF Did Not Affect Classical Sperm Parameters

Although long exposure times at high doses of EDCs are well documented as altering
semen parameters and sperm fertilizing competence, we questioned whether low-dose
exposure for a short time had any effect. As reported in Tables 1 and 2, only BPAF exposure
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significantly reduced cauda epididymal sperm count (SC). All the other parameters moni-
tored, including spermatozoa viability (SV), total mobility (SM), progressive motility (SPM)
and acrosome integrity (SA), remained unchanged (Tables 1 and 2). Oral co-administration
of Fertilix® with BPAF did not restore cauda sperm count (Table 2), whereas it signifi-
cantly improved the progressive motility of the DBP-treated animal spermatozoa. The
results suggest that the significant negative impact of BPAF on sperm count is not me-
diated through oxidative stress and other mechanisms are likely involved which will be
discussed thereafter.

Table 1. Conventional spermatozoa parameters of control mice and mice exposed to DBP with or
without antioxidant (AO).

Exposure SC (M/mL) SV SM SPM SA

Control 16.0 ± 2.9 38.6 ± 2.3 21.2 ± 4.1 15.6 ± 3.9 42.3 ± 1.6

DBP 18.6 ± 0.9 38.7 ± 2.4 22.3 ± 2.5 16.8 ± 2.4 51.1 ± 4.4

DBP + AO 18.4 ± 2.0 38.6 ± 2.0 30.5 ± 3.6 26.5 ± 3.8 (a) 57.1 ± 5.2

AO 16.9 ± 1.8 41.7 ± 1.9 22.8 ± 1.8 16.7 ± 1.6 49.4 ± 2.2

Values are presented as mean ± SEM. DBP, Dibutyl phthalate; AO, antioxidant (Fertilix®); SC, Sperm Count;
SV, Sperm Viability; SM, Sperm total Motility; SPM, Sperm Progressive Motility; SA, Sperm acrosome integrity.
(a) p < 0.05 in comparison with DBP exposed group. The number of mice per group varied between 6 and 8.

Table 2. Conventional spermatozoa parameters of control mice and mice exposed to BPAF with or
without antioxidant (AO).

Exposure SC (M/mL) SV SM SPM SA

Control 19.4 ± 2.2 48.6 ± 2.4 31.6 ± 2.8 25.2 ± 1.5 49.6 ± 8.1

BPAF 11.7 ± 1.4 (a) 46.8 ± 1.0 26.4 ± 2.6 21.2 ± 2.4 46.0 ± 4.7

BPAF + AO 12.0 ± 1.1 (a) 46.5 ± 2.6 28.2 ± 4.4 25.3 ± 4.5 40.7 ± 3.0

AO 19.7 ± 1.5 55.0 ± 2.7 34.6 ± 4.2 23.0 ± 5.3 59.6 ± 5.1

Values are presented as mean ± SEM. BPAF bisphenol AF; AO, antioxidant (Fertilix®); SC, Sperm Count; SV,
Sperm Viability; SM, Sperm total Motility; SPM, Sperm Progressive Motility; SA, Sperm acrosome integrity.
(a) p < 0.05 in comparison with the control group, (The number of mice per group varied between 5 and 6.

3.4. Short-Term, Low-Dose Exposure to DBP or BPAF Significantly Altered Sperm DNA Integrity

Since oxidative stress adversely impacts sperm nuclear and DNA integrity, we ex-
amined three distinct but interconnected parameters to assess the quality of the sperm
paternal genetic material. Sperm nuclear condensation (Figure 3A) was significantly af-
fected in the animal groups to which the EDCs were administered: BPAF (p < 0.01) or
DBP (p < 0.01). In both cases, co-administration with Fertilix® supplementation blocked
the damage and maintained sperm nuclear condensation levels observed in the control
groups. Sperm DNA fragmentation was not significantly changed in any of the animal
groups, although BPAF exposure showed a tendency to increase it (Figure 3B). However,
sperm DNA oxidation was significantly increased on exposure to BPAF (p < 0.01) and DBP
(p < 0.001). Co-administration of Fertilix® completely prevented the oxidation of sperm
DNA induced by both EDCs.
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Figure 3. Nuclear/DNA integrity analysis of sperm collected from the caudal epididymis after
exposure to DBP or BPAF. (A) vertical scatter plots showing the percentage of spermatozoa with
a decondensed nucleus, estimated by toluidine blue staining. (B) vertical scatter plots showing
the percentage of spermatozoa with DNA fragmentation via TUNEL assay and flow cytometry.
(C) vertical scatter plots showing the percentage of spermatozoa with DNA base oxidation by 8-
OHdG immunofluorescence. Exposure to DBP is shown on the left graphs, while exposure to BPAF
is shown on the right graphs. Mann-Whitney statistical evaluation was performed and the p values
presented are as follows: ** <0.01; *** <0.001. The number of mice per group varied between 5 and 8.
CTRL indicates unexposed control animal and AO refers to antioxidant supplemented animals.
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4. Discussion

The significant deleterious effects of EDCs on normal spermatogenesis and male
fertility are well documented by numerous studies [17,18,25,43,44]. However, little or no
information is available on their impact on spermatozoa during post-testicular maturation,
particularly during their transit through the epididymal compartment. Moreover, most
of the available data reflect the results of studies with high doses of EDCs [17–19] and
long exposure times [26,30], to cover at least one spermatogenic cycle. To our knowledge,
milder conditions such as low dose exposure of EDCs over a short period of time has
not been investigated. In addition, it is not known if the negative impact of EDCs on
semen parameters [17,30,32,45] is testicular, post-testicular or both. To address these
questions, male mice were fed with low doses of two EDCs (50 mg/kg/day), which
are widely used in the plastic industry (DBP and BPAF, a structural analogue of BPA
recently introduced as a replacement), for two weeks to cover epididymal sperm maturation.
Anticipating the epididymal disruptive action of the EDCs on spermatozoa would be
mediated by their pro-oxidant activity, and an evidence-based commercial antioxidant
formulation (Fertilix®) was co-administered to mitigate possible damage to spermatozoa.
In contrast to previous reports that long-term exposure of mice to high doses of EDCs
caused testicular atrophy [46], no histological defects in either the testis or the epididymis
was noticeable using our experimental conditions. Consistent with previous reports on
the pro-oxidative action of phthalates and BPs [27,31], the exposure conditions in our
experiments (low dose with a short duration) were sufficient to generate a state of oxidative
stress. This was made evident, especially for the DBP exposure, by a rise in the plasma Total
Antioxidant Capacity (TAC), an early cellular response to oxidative stress. In the epididymal
compartment, 4-hydroxynonenal (4-HNE) content, a biomarker of lipid peroxidation, was
significantly elevated in epididymal caput protein extracts [47]. DBP appeared to be a more
powerful oxidant than BPAF in our experiments, inducing higher epididymal caput 4-HNE
levels. Surprisingly BPAF exposure only induced a mild rise of epididymal caput 4-HNE
and plasma TAC levels. This could be due to interindividual differences or because the
C57bl/6 strain is more sensitive to phthalates than to BPs, as it is known that there are
certain specificities related to the genetic background of the mice used [48]. However, in
experimental setups published by another group, BPAF was reported to be a particularly
good inducer of oxidative damage, even at low concentrations [49].

The results from our experiments suggest little or no change to classical sperm pa-
rameters, including motility (total and progressive), viability, morphology and acrosome
integrity of caudal epididymal spermatozoa. The only change observed was a significant
reduction in caudal epididymal sperm counts but this was specific to BPAF exposure. The
mechanism for the reduction in sperm counts could be due to the potent cell cycle arrest
action of BPAF [50]. It has been reported earlier that BPAF exerts strong toxicity (in a
caspase-dependent pro-apoptotic manner) towards spermatogonial cells and pre-adipocyte
stem cells, even at low concentrations and a short duration of exposure [51,52]. Although
sperm structures appeared to be intact, we observed a significant impact on sperm nuclear
condensation and sperm DNA oxidation, two co-dependent parameters [53,54]. Both
exposures caused an increase in the number of spermatozoa with a decondensed nucleus
as well as spermatozoa with DNA base oxidation. These alterations in the sperm nuclear
compartment are typical of post-testicular environment under oxidative stress [36,37,53–55]
at least for DBP exposure. However, the exposures did not result in increased sperm DNA
fragmentation, confirming the presence of a mild systemic and epididymal oxidative stress.
This observation is fully congruent with the phenotype we reported earlier for the mouse
Gpx5−/− transgenic strain, where a mild epididymis oxidative stress led to high levels of
sperm DNA oxidation but not DNA fragmentation [55]. The results are interesting and
noteworthy since without the assessment of sperm DNA oxidation, we would have as-
sumed that the EDCs used in the experiments caused no alteration in sperm nuclear/DNA
integrity at low doses and for short-term exposures. This is almost always the case in As-
sisted Reproductive Techniques (ART) where at best patients are only evaluated for sperm
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DNA fragmentation to determine sperm DNA quality. The measurement of sperm DNA
oxidation is never considered even though it has been linked with abnormal embryonic
development, miscarriages and perinatal mortality in animal models [55]. Sperm DNA
oxidation does not affect fertilization rate [55] but it does increase the burden on the oocyte
DNA base-excision repair pathway to replace oxidized bases on the male nucleus. Incom-
plete removal of DNA-oxidized bases in the male nucleus by the oocyte may promote the
propagation of transversion mutations in the developing embryo [56], potentially leading
to pregnancy loss or the transmission of deleterious mutations to the future generations.
The fact that oral antioxidant supplementation effectively mitigated the nuclear damage
observed in spermatozoa of the exposed mice confirms that the mild epididymal oxida-
tive environment triggered by the environmental pollutants, such as EDCs, was mainly
responsible for the observed effect. The antioxidant protection offered by Fertilix® against
EDCs is in complete agreement with our previous results where Fertilix® supplementation
prevented oxidative alteration observed in the Gpx5−/− sperm nucleus [38].

5. Conclusions

The results from our experiments confirm that even a brief exposure to low doses
of the so-called endocrine-disrupting chemicals such as DBP and BPAF omnipresent in
our environment can impact post-testicular sperm integrity, critically its most important
component, the paternal genetic material. In summary, chemical exposure can result
in significant deterioration of sperm DNA integrity with little or no apparent effect on
standard sperm parameters. It is important to keep in mind that almost always, the standard
WHO-recommended semen parameters, but not sperm DNA integrity, are measured to
assess semen quality in men seeking reproductive assistance. Therefore, it would be
clinically relevant to routinely assess sperm DNA integrity, including DNA fragmentation,
DNA oxidation and nuclear condensation, to better assess the genetic integrity of a given
sperm sample. This could have great diagnostic and prognostic value for the success of
ART, including the quality of life of subsequent generations.

It is however reassuring to confirm here that the oxidative damage sustained by
spermatozoa can be mitigated by a properly formulated antioxidant supplementation. If
the results observed in mice translate to man, evaluation of sperm DNA integrity, both DNA
oxidation and fragmentation, and subsequent preventive treatment by evidenced-based
antioxidants should become part of the standard of care at IVF centres prior to treatment
by ART.

6. Study Limitations

It would have been interesting to have plasma and/or tissue levels of the pollutants
and their metabolites to complete our analysis. In addition, an analysis of the reproductive
performance of males exposed to the pollutants could have told us whether the damage
caused to sperm cells would have had an impact on male fertility.
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