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ARTICLE INFO ABSTRACT

Keywords: Infertility is recognized as a multifaceted condition affecting approximately 15% of couples globally, influenced
Endocrine d_isruptors by various factors including genetic predisposition and environmental exposures. Among these environmental
Semen quality factors, bisphenol A (BPA) emerges as a prominent Endocrine-disrupting chemical (EDCs) widely distributed,

Infertility
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Chemical analogues

leading to chronic human exposure in daily life. As regulations on BPA became more stringent, alternative
substances such as bisphenol S (BPS) and bisphenol F (BPF) have emerged. Animal studies have demonstrated a
dose-dependent decline in fertility and embryotoxicity following chronic exposure to BPA. However, literature
data on human studies are limited and heterogeneous. Additionally, even less is known about the relationship
between exposure to the BPA analogues (BPS and BPF) and sperm quality. Therefore, the present study aimed to
examine the association between urinary concentrations of BPA, BPF, and BPS and semen quality parameters
among 195 adult Spanish men from the Led-Fertyl study cohort using multiple linear regression models adjusted
by potential confounding variables. Our results revealed an inverse association between log-transformed
creatinine-adjusted concentration (ng/mg) of BPA and BPF levels and the percentage of sperm vitality (f:
3.56 %; 95%CI: 6.48 to —0.63 and f: 4.14 %; 95%CI: 6.97 to —1.31; respectively). Furthermore, participants in
the highest quartile of BPA and BPF urinary concentration exhibited lower sperm vitality compared to those in
the lowest quartile (f: 6.90 %; 95%CI: 11.60 to —2.15 and : 9.68 %; 95%CI: 14.43 to —4.94; respectively). These
results supply epidemiological evidence establishing a relationship between bisphenols urine exposure and
sperm quality, suggesting that a re-evaluation of the overall safety of BPA alternatives is warranted.
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1. Introduction

Infertility rates have notably increased in recent years, affecting
approximately 15% of the global population, with male factors
contributing to nearly half of these cases (Agarwal et al., 2021). Infer-
tility is widely recognized as a multifactorial condition, influenced by
various factors including genetic predisposition and environmental ex-
posures (Diamanti-Kandarakis et al., 2009; Salas-Huetos et al., 2017).
These environmental exposures encompass a spectrum of elements
encountered in daily life, collectively known as chemical exposome,
with the prevalence of exposure to Endocrine-disrupting chemicals
(EDCs) being notable (Diamanti-Kandarakis et al., 2009; Thomas Zoeller
et al., 2012). The presence of EDCs in our environment has raised con-
cerns due to their potential impact on reproductive health, with studies
linking them to a decline in human sperm concentration over the past 40
years (Agarwal et al., 2021; Levine et al., 2023; Vander Borght and
Wyns, 2018).

Among more than 800 recognized EDCs, bisphenol A (BPA) stands
out as a well-known synthetic compound extensively distributed and
mainly present in polycarbonate plastic products and epoxy resins,
which have been in use since the mid-20th century (Gimeno et al., 2015;
Matuszczak et al., 2019; Ni et al., 2024). The widespread presence of
BPA has raised significant concerns regarding its potential impact on
human health. Exposure to BPA in humans, primarily occurs through
food ingestion, although dermal contact and inhalation routes are also
plausible (Gimeno et al., 2015; Martinez et al., 2018; Ribeiro et al.,
2017). As an endocrine disruptor, BPA has the capability to disrupt
hormonal homeostasis and detrimentally affect developmental, immu-
nological, neurological, and reproductive functions, especially during
the vulnerable foetal development stage (Ma et al., 2019; Martinez et al.,
2021; Ni et al., 2022; Ribeiro et al., 2017; Sabuz Vidal et al., 2021).

BPA is primarily excreted through urine, with an elimination rate
typically occurring within hours (Volkel et al., 2002). Biomonitoring
studies have consistently demonstrated the widespread prevalence of
BPA exposure among the general population (Calafat et al., 2008; Koch
et al., 2012; Martinez et al., 2021).

Regulatory agencies worldwide have implemented stringent mea-
sures to mitigate BPA exposure, such as prohibiting certain products,
particularly those involving plastic baby items, and establishing
migration limits in food packaging materials. The gradual reduction of
the tolerable daily intake (TDI) of BPA from 50 ug/kg body weight/day
in 2006, 4 pg/kg body weight/day in 2015 to 0.2 ng/kg body weight/
day in 2023 highlights the high importance of comprehending its health
impacts on the human population (EFSA, 2004, 2015, 2023). In response
to restrictions on BPA, alternative substances such as bisphenol S (BPS)
and bisphenol F (BPF) have emerged. It appears that these emerging
analogues may exhibit endocrine-disrupting properties similar to or
even greater than those of BPA itself in vitro, however, they are currently
being widely used (Martinez et al., 2020; Ullah et al., 2019b).

Animal studies have demonstrated a dose-dependent decline in
fertility and embryo toxicity following chronic exposure to BPA. Male
rodents exposed to oral BPA exhibit impaired reproductive function,
characterized by reduced testosterone levels (Jin et al., 2013),
compromised Sertoli cell function (Jin et al., 2013; Li et al., 2011), and
disrupted sperm quality and production (Li et al., 2011; Srivastava and
Gupta, 2018). Regarding BPA analogues, male rodent studies suggest
that BPS and BPF exposure can negatively affect fertility (Kim et al.,
2024). BPS has been associated with reduced sperm quality in males
(Ullah et al., 2021), and BPF has been shown to impair spermatogenesis,
leading to reduced sperm count and motility, which are crucial for male
fertility (Fatai and Aribidesi, 2022). However, literature data on human
studies are scarce. In a recent systematic review and meta-analysis
(Martinez et al., 2023), comprising 32 selected articles, the relation-
ship between various EDCs, including bisphenols measured in urine and
sperm quality parameters was assessed. The overall findings revealed
significant heterogeneity between studies. Additionally, even less is
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known about the relationship between urinary exposure to the main
analogues of BPA, BPF and BPS, and their potential association with
sperm quality (Benson et al., 2021; Chen et al., 2022; Ghayda et al.,
2019; Siracusa et al., 2018).

Therefore, the present study aimed to examine the relationship be-
tween urinary concentrations of BPA, BPF, and BPS and semen quality
parameters among adult Spanish men from the Led-Fertyl study cohort,
with the goal of providing novel insights into the potential effects of
these commonly encountered chemicals on male reproductive health.

2. Materials and methods
2.1. Study population

This cross-sectional study is based on the Led-Fertyl “Lifestyle and
Environmental Determinants of Seminogram and other Male Fertility-related
Parameters” cohort which enrols wellbeing men. Eligibility criteria,
exclusion criteria and recruitment details were described in more details
elsewhere (Valle-Hita et al., 2024). Briefly, the exclusion criteria
encompassed severe chronic illnesses, reproductive disorders, major
organ transplants, cardiovascular disease, HIV or hepatitis B/C, active or
recent cancer, severe psychiatric or endocrine disorders, liver failure,
use of certain medications (like antidepressants, corticosteroids, or im-
munosuppressants), significant recent weight loss, and any condition
that might hinder adherence to the study protocol. The study included
200 participants, but five participants were excluded for various rea-
sons: i) two had missing values for the main outcomes; ii) two had zero
sperm units and their sperm concentration was also zero, and one
participant had a sperm vitality equal to zero. Given the undiagnosed
pathological nature of these three participants conditions, it was deemed
inappropriate to include them in our analysis. Therefore, a total of 195
participants were included in our analysis (Fig. 1). Briefly, the study
encompasses wellbeing men aged between 18 and 40 years, drawn from
the general population. Participants were recruited between February
2021 and April 2023 using various methods, including video ads on
online platforms, flyers and posters in hospitals and healthcare centers,
and outreach at the university and public events. Interested individuals
were invited to contact the study team, and all participants provided
informed consent both online and in writing. Lifestyle, sociodemo-
graphic characteristics, and medical data were collected by online
questionnaires. Biological samples (urine and semen) were collected
during an in-person visit at the Hospital Universitari Sant Joan de Reus
(Reus, Tarragona, Spain). All participants provided both online and
written informed consent, and the project protocol received approval
from the Ethics Committee of the Institut d’Investigacions Sanitaries

Assessed for eligibility
(n=320)

Excluded (n=96):
* Decline to participate (n=84)
* Tomeet exclusion criteria (n=12)

Selected participants
(n=224)

Drop out (n=24)

Excluded participants (n=>5):

* Missing values for the main outcomes (n=2)
» Pathological nature (n=3)

v

Included for the analysis
(n=195)

Fig. 1. Flow chart.
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Pere i Virgili (Ref. CEIM: 181/2019).
2.2. Biological samples collection

2.2.1. Urine samples

Fasting spot urine samples were aliquoted in polypropylene tubs and
were kept at —80 °C until the laboratory analysis. Urinary concentra-
tions of BPA, BPF and BPS were quantified following the methodology
previously described by Gonzalez et al. (2019). In brief, 500 pL of urine
sample was added into a glass cryotube. Each sample was first spiked
with a mix of internal standards containing Bisphenol A D;¢, Bisphenol
S'3C15, and Bisphenol F3Cg at 5 ng/mL. Then, 50 pL of enzyme solution
(p-glucuronidase/sulfatase) was added to the sample. After that, the
mixture was incubated at 37 °C for 24 h, before stopping the hydrolysis
reaction at 4 °C. Next, 1.5 mL of acetonitrile was added and allowed to
stand at room temperature for 10 min, followed by centrifugation at
3500 rpm for 4 min. Subsequently, 1 mL of the sample was transferred to
a clean vial, to which 85 pL of tetrachloroethylene (Sigma-Aldrich
(Missouri, USA)) and 100 pL of acetic anhydride (Sigma-Aldrich (Mis-
souri, USA)) were added. In a separate glass tube, 3 mL of deionized
water (Milli-Q system from Millipore (Burlington, MA, USA)) and 300 pL
of K5COs3 (Sigma-Aldrich (Missouri, USA)) were added. Rapidly, the
sample was transferred to the glass tube and vortexed. Following
centrifugation at 2100 rpm for 4 min, 70 pL of the lower phase was
transferred into a 100 pL insert, and 2 pL was eventually injected into the
GC-MS system (the analysis was performed using an 8890A GC coupled
to a MS/QqQ 7010B from Agilent Technologies, Santa Clara, CA, USA).
In addition, it was implemented a comprehensive set of Quality Assur-
ance (QA) and Quality Control (QC) procedures. QA mechanisms
included strict adherence to Standard Operating Procedures and the
involvement of trained analytical chemistry staff using traceable stan-
dards. QC measures involved analyzing blanks with every set of samples,
assessing repeatability by analyzing QC samples in triplicate, and veri-
fying accuracy through sample fortifications or spikes.

The targets for analysis, including BPA, BPF and BPS, were separated
on an Agilent J&W HP-5MS column (30 m x 0.250 mm x 0.25 pm, J&W
Scientific, Folsom, CA, USA) with electron impact ionization (70 eV) in
multiple reaction mode. Quality controls including pooled urine samples
spiked with the targets and a procedural blank were conducted along
with each analysis. The limits of detection (LODs) of BPA, BPF and BPS
were 0.13, 0.0093 and 0.0350 ng/mlL, respectively. The measured
values below the LODs were calculated as /2 LOD (Gonzalez et al., 2019).
The detection rates were 79.5%; 95.0% and 98.5% respectively for BPA,
BPS and BPF. The coefficient of variance intra-assay and inter-assay of
the quality control sample included in the analysis were measured at
8.64 % and 22.30 % for BPA, at 17.37 % and 18.75 % for BPF, and 8.18
% and 0.52 % for BPS, respectively. The recoveries for BPA, BPS and BPF
were 83.7%, 95.3% and 80.7% respectively. Urinary creatinine was
measured to adjust for urine dilution based on the Jaffé method (Cobas
Pro ¢503 module (Roche Diagnostics)). Urinary bisphenol concentra-
tions were adjusted for creatinine levels in urine samples to ensure
consistent comparisons and streamline the identification of significant
impacts.

2.2.2. Semen samples

Semen samples were collected following a minimum of 3 days of
sexual abstinence, with the P25-P75 range being 3-5 days. Samples were
obtained through masturbation and deposited into sterile, standard
polypropylene containers. After a 20-min liquefaction period at 37 °C,
semen quality parameters were analysed. Macroscopic parameters,
including semen volume and pH, were assessed. Microscopic examina-
tion involved the use of a phase-contrast microscope and a computer-
assisted sperm analysis (CASA) system SCA®, Microptic, version
6.5.0.67 (Microptic, Barcelona, Spain). This comprehensive analysis
covered conventional factors such as sperm count and concentration,
sperm motility, sperm vitality, and sperm morphology. Collection and
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examination procedures adhered to the World Health Organization
standards (WHO, 2021). Briefly, sperm count, and concentration were
measured with the 10x phase contrast objective and expressed as mil-
lions of spermatozoa per ejaculate or millions of sperm cells per mL,
respectively. Sperm motility was evaluated in 200 spermatozoa by
analysing various real-time images captured by the CASA system, with
each sperm cell categorized as progressive motile, non-progressive
motile, or immotile. Motility was further quantified as a percentage of
the total motility observed, encompassing both progressive and
non-progressive motility. Sperm vitality was assessed using the hypo-
osmotic swelling test (HOS test) at 60 x magnification and analysing 200
sperm cells. Additionally, sperm morphology was examined utilizing the
Hemacolor (Millipore, Sigma-Aldrich, Darmstadt, Germany) staining
protocol, observing 200 sperm cells under 60x brightfield optics.
Morphology assessment involved quantifying the percentage of normal
forms or abnormalities in the head, midpiece, terminal piece or com-
bined abnormalities.

2.3. Assessment of dietary bisphenol intake

The dietary intake of the three bisphenols (BPA, BPS and BPF) was
estimated using the methodology previously detailed by Lassen et al.
(2013). In summary, we multiplied the urine concentration levels for
each bisphenol (measured in ng/mL) by the estimated total 24-h urine
volume (mL/day) followed by division by the body weight of our par-
ticipants (kg).

The European Food Safety Authority (EFSA) has set a TDI specifically
for BPA, as previously mentioned. However, specific TDIs for BPA an-
alogues such as BPS and BPF have not been specified (EFSA, 2023). Since
all participants exceeded the recently established TDI by the EFSA, the
analysis was conducted considering two categories: participants above
and below 100 times the TDI (20 ng/kg body weight/day), and their
association with sperm quality parameters.

2.4. Statistical analyses

The most updated Led-Fertyl database (from May 2023) was
employed for the statistical analysis. The Kolmogorov-Smirnov test was
utilized to assess normal distribution. Semen volume, total sperm count,
sperm concentration and normal sperm morphology were transformed
by square root to approach normality of the residuals. Led-Fertyl study
demographic participant characteristics are reported as means + stan-
dard deviations (SD) or median (Pc25-Pc75) for continuous variables
and number (%) for categorical variables. Multiple linear regression
models were fitted to estimate the associations between urine bisphenols
levels and semen quality parameters (semen volume, total sperm count,
sperm concentration, sperm vitality, total motility, progressive motility,
and normal sperm forms). Bisphenols (BPA, BPS, and BPF) urinary
concentrations (in ng/mL) were first standardized by creatinine and
then log-transformed. These log-transformed concentrations were sub-
sequently categorized into quartiles, with the lowest quartile serving as
the reference category, or analysed as a continuous variable. Results
were reported as f-coefficients and their 95% confidence intervals (CI).
Models were adjusted for several a priori selected potential confounders
(Benson et al., 2021; Ribeiro et al., 2017; Salas-Huetos et al., 2017)
including age (years), sexual abstinence (days before delivery of the
semen sample), education level (high school or less, college or high
education), body mass index (kg/mz), smoking status (never, current,
former), physical activity (MET min/week), adherence to Mediterra-
nean diet score using the MEDAS questionnaire (Schroder et al., 2011)
(0-14 points) and season (winter vs summer, spring, or fall).

Logistic regression analyses were conducted to assess the association
between log-transformed of creatinine-adjusted concentrations (in ng/
mg of creatinine) bisphenols exposure and the likelihood of having
semen parameters below the WHO reference values (WHO, 2010). Re-
sults were reported as odds ratios (OR) and their 95% confidence
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intervals (CIs).

Furthermore, sensitivity analyses were conducted by categorizing
the estimated exposure to BPA, BPS and BPF (in ng/kg body weight/day)
based on a threshold of 100 times the EFSA’s recommended TDI for total
BPA dietary intake (lower to this threshold or equal/higher to this
threshold). The analysis assessed how exposure levels relative to this
threshold were associated with semen quality parameters.

The statistical analysis was carried out using Stata 16 (StataCorp)
software, and a significance level of 0.05 was used to evaluate the
results.

3. Results

A total of 195 men (mean age + SD: 28.4 + 5.53 years) were
included, in the current analysis. The Led-Fertyl characteristics of the
included participants are depicted in Table 1. Most of the participants
studied had a MEDAS score higher than 7 out of 14 (80%), were non-
smokers (75%) and had normal weight (59%). Only 6% of the popula-
tion had obesity (it is defined as having a body mass index (BMI) of 30 or
higher, which is a measure of body fat based on height and weight),
while 12% were identified as current smokers. The median [P25; P75]
concentration levels for BPA, BPF and BPS were 0.417 [0.124-0.864]
ng/mg of creatinine; 0.119 [0.063-0.240] ng/mg of creatinine and
0.477 [0.265-1.010] ng/mg of creatinine, respectively.

Table 2 shows the multiple-adjusted p-coefficients and their

Table 1
Led-Fertyl study participant characteristics.

Total population n =

195

Demographic characteristics
Age (years) 28.4 + 5.57
Educational level

High school or less 70 (35.9)

College or high education 125 (64.1)
Smoking status

Never 146 (74.9)

Current 24 (12.3)

Former 25 (12.8)

3595 [1794-5314]
81.8 [77.1-87.6]

Physical activity (MET min/week)
Waist circumference (cm)

BMI (kg/m?) 24.4 + 3.19
Mediterranean Diet Adherence Screener —-(MEDAS)-score 8 [7-9]
(0-14 points)
Semen parameters
Abstinence time (days) 4 [3-5]
Semen volume (ml) 3.5 [2.5-4.5]
Semen volume <1.5 mL 6 (3.1)
Total sperm count ( x 10° spz) 168.4 [98.8-283.8]
Total sperm count <39 x 10° spz 15(7.7)
Sperm concentration ( x 10° spz/ml) 48.6 [29-84.5]
Sperm concentration <15 x 10° spz/ml 18 (9.2)
Sperm vitality (%) 80.2 +£11.5
Vitality <58% 9 (4.62)
Total motility (%) 599 + 16.4
Total motility <40% motile 22 (11.3)
Progressive motility (%) 43.68 + 16.7
Progressive motility <32% motile 53 (27.2)
Normal sperm morphology (%) 9.5 [5-15]
Sperm morphology <4% normal 26 (13.3)
Semen season collection
Winter 41 (21.0)
Summer 36 (18.5)
Spring 72 (36.9)
Fall 46 (23.6)

Bisphenol urinary concentrations
Bisphenol A (ng/mg of creatinine)
Bisphenol S (ng/mg of creatinine)
Bisphenol F (ng/mg of creatinine)

0.417 [0.124-0.864]
0.477 [0.265-1.010]
0.119 [0.063-0.240]

Abbreviations: METS: metabolic equivalent of task; BMI: body mass index.
Values are reported as means =+ standard deviations (SD) or median
[Pc25-Pc75] for continuous variables and number (%) for categorical variables.
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corresponding 95% CIs for seminogram parameters in continuous and
across quartiles of urinary log-transformed creatinine-adjusted BPA, BPS
and BPF concentrations. Compared with participants in the lowest
quartile of urinary BPA and BPF concentrations, those in the highest
quartile had a lower percentage of sperm vitality (5: 6.90 %; CI: 11.60 to
—2.15 and f: 9.68 %; CI: 14.43 to —4.94; respectively). In addition,
when urinary bisphenols concentrations were analysed as a continuous
variable, log-transformed of creatinine-adjusted BPA and BPF concen-
trations (in ng/mg of creatinine) were inversely associated with the
percentage of sperm vitality (5: 3.56 %; CI: 6.48 to —0.63 and : 4.14 %j;
CI: 6.97 to —1.31; respectively). No other significant associations were
found for the other sperm quality parameters.

In addition, the log-transformed concentrations of creatinine-
adjusted BPF (in ng/mg of creatinine) were significantly associated
with a reduction in the odds of abnormal sperm vitality ((odds ratios
(OR) and their 95% confidence intervals (CIs): 0.360, 95% CI: 0.130 to
0.980)). However, for the other sperm parameters (sperm concentration,
total sperm count, total motility, progressive motility, and morphology),
neither BPF, BPS, nor BPA showed any statistically significant rela-
tionship (Figs. 15-3S, Supplementary Material).

In the current study, all participants largely exceeded (45.45 ng/kg
body weight/day) the current EFSA TDI (0.2 ng/kg body weight/day)
(EFSA, 2023). Although exposures to the analogues BPS and BPF were
below the estimated BPA levels (26.57 and 25.12 ng/kg body weight/-
day, respectively), they still exceeded the EFSA’s TDI. Participants with
BPF exposure greater than 100 times the EFSA recommended TDI had a
lower percentage of sperm vitality (f: 7.98%; CL: 13.76 to —2.20)
compared with those below this threshold (Table 1S, Supplementary
Material).

4. Discussion

In wellbeing men of reproductive age, we have demonstrated, for the
first time, a negative association between urinary concentrations of
certain bisphenol chemicals, specifically BPA and BPF, and sperm
vitality.

Previous human studies have explored the association between uri-
nary BPA and sperm quality parameters in the general population
(Adoamnei et al., 2018; Goldstone et al., 2015; Kim et al., 2024; Meeker
et al., 2010; Omran et al., 2018; Pollard et al., 2019). However, the
current body of data is both limited and heterogeneous, making it
difficult to draw conclusive findings. This highlights a clear gap in
high-quality studies analysing the relationship between these chemicals,
sperm quality and male fertility (Martinez et al., 2023).

The median urinary concentration of BPA (0.42 ng/mL) reported in
the current article was slightly lower than the other previous studies
conducted in Spain, the USA, Denmark or China (Adoamnei et al., 2018;
Chen et al., 2022; Meeker et al., 2010; Pollard et al., 2019), with a
median between 2.8 and 1.3 ng/mL). However, it was quite similar to
the concentration reported (0.55 ng/mL) in another study conducted in
the USA (Goldstone et al., 2015). So far, only two studies have previ-
ously investigated the association between BPA and its analogues, BPS
and BPF, in urine, and human sperm quality. One of them involved 556
participants (age range 18-20 years), where no association was reported
between urinary bisphenols concentration and sperm quality parame-
ters (Benson et al., 2021). In contrast, in a cohort of the Chinese men
from an infertility clinic including 984 participants (Chen et al., 2022),
higher urinary BPA concentrations were associated with increased odds
ratios (ORs) of having below normality reference sperm concentration,
total sperm count, progressive motility, and total motility. In addition, in
the aforementioned study, BPS exposure was associated with increased
ORs for having below reference progressive motility and total motility.
These discrepancies between studies may be explained by the type of
participants, general vs clinical population, included in the analysis of
Benson et al. (2021); Chen et al. (2022), respectively; but also, by the
level of exposure to these chemicals between populations. Specifically,
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Table 2
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Multiple-adjusted p-coefficients and its 95% CI for seminogram parameters across urinary log-transformed creatinine-adjusted BPA, BPS and BPF concentrations.

n =195

BPA

BPS

BPF

Quartiles (Log-transformed

p-coefficients

Quartiles (Log-transformed

p-coefficients

Quartiles (Log-transformed

p-coefficients

creatinine-adjusted (95%CI) creatinine-adjusted (95%CI) creatinine-adjusted (95%CI)
concentration (ng/mg)) concentration (ng/mg)) concentration (ng/mg))

Semen volume Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference
(mL) * Q2 (0.124-0.417) 0.06 (—0.09 to Q2 (0.265-0.477) —0.78 (—0.23 to Q2 (0.063-0.119) 0.06 (—0.10 to

0.21) 0.76) 0.21)

Q3 (0.417-0.864) 0.03 (—0.12 to Q3 (0.477-1.010) —0.20 (-0.35 to Q3 (0.119-0.240) —0.11 (—0.26 to
0.19) -0.49) 0.05)

Q4 (>0.864) —0.07 (—0.23 to Q4 (>1.010) —0.09 (-0.25 to Q4 (>0.240) —0.07 (—0.26 to
0.08) 0.58) 0.54)

Continuous (1.73 + 14.0) —0.59 (—0.15 to Continuous (0.99 + 2.03) —0.08 (—0.18 to Continuous (0.97 + 2.03) —0.07 (—0.17 to
0.38) 0.02) 0.18)

Total sperm count Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference

(x10%* Q2 (0.124-0.417) 0.26 (—1.98 to Q2 (0.265-0.477) 0.25 (—1.93 to Q2 (0.063-0.119) 0.53 (—1.70 to
2.51) 2.46) 2.77)
Q3 (0.417-0.864) —0.01 (—2.25 to Q3 (0.477-1.010) -1.17 (-3.39 to Q3 (0.119-0.240) 0.52 (—1.77 to
2.54) 1.03) 2.81)
Q4 (>0.864) 1.2 (-1.08 to Q4 (>1.010) 0.77 (—1.45 to Q4 (>0.240) 0.96 (—1.35 to
3.48) 2.99) 3.29)
Continuous (1.73 + 14.0) 0.64 (—0.76 to Continuous (0.99 + 2.03) 0.07 (—1.44 to Continuous (0.97 + 2.03) 0.07 (—1.28 to
2.01) 1.59) 1.42)

Sperm Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference
concentration ( Q2 (0.124-0.417) —0.25 (—1.26 to Q2 (0.265-0.477) 0.60 (—0.61 to Q2 (0.063-0.119) 0.01 (—1.22 to
x 10%/mL) * 1.21) 1.82) 1.24)

Q3 (0.417-0.864) 0.15 (—1.08 to Q3 (0.477-1.010) 0.07 (-1.14 to Q3 (0.119-0.240) 0.45 (—0.80 to
1.39) 1.29) 1.72)

Q4 (>0.864) 0.86 (—0.39 to Q4 (>1.010) 1.01 (-0.21 to Q4 (>0.240) 0.48 (—0.79 to
2.11) 2.23) 1.76)

Continuous (1.73 + 14.0) 0.63 (—-0.12 to Continuous (0.99 + 2.03) 0.39 (-0.43 to Continuous (0.97 + 2.03) 0.23 (—0.54 to
1.40) 1.23) 0.95)

Sperm vitality (%) Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference

Q2 (0.124-0.417) —5.85 (-10.53 Q2 (0.265-0.477) 2.13 (—2.41 to Q2 (0.063-0.119) —5.53(-10.11 to
to -1.18) 7.05) -0.96)

Q3 (0.417-0.864) —7.01 (-11.69 Q3 (0.477-1.010) —3.74 (-3.22 to Q3 (0.119-0.240) —4.00 (—8.61 to
to -2.34) 5.71) 0.76)

Q4 (>0.864) —6.90 (-11.60 Q4 (>1.010) 3.51 (-1.23 to Q4 (>0.240) —9.68 (-14.43 to
to -2.15) 8.27) -4.94)

Continuous (1.73 + 14.0) —3.56 (-6.48 to Continuous (0.99 + 2.03) 1.67 (—1.55 to Continuous (0.97 + 2.03) —4.14 (-6.97 to
-0.63) 4.91) -1.31)

Total motility (%) Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference

Q2 (0.124-0.417) 1.78 (—5.00 to Q2 (0.265-0.477) 1.93 (—4.74 to Q2 (0.063-0.119) —1.29 (—7.96 to
8.56) 8.60) 5.38)

Q3 (0.417-0.864) 1.32 (—5.46 to Q3 (0.477-1.010) —3.33(-10.0 to Q3 (0.119-0.240) 4.89 (—1.95 to
8.11) 3.32) 11.7)

Q4 (>0.864) 1.53 (—5.30 to Q4 (>1.010) —0.50 (—7.19 to Q4 (>0.240) 2.04 (—4.87 to
8.36) 621) 8.97)

Continuous (1.73 + 14.0) 1.64 (—2.53 to Continuous (0.99 + 2.03) —1.66 (—6.24 to Continuous (0.97 + 2.03) 1.34 (—-2.72 to
5.58) 2.87) 5.41)

Progressive Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference

motility (%) Q2 (0.124-0.417) 4.00 (—2.95 to Q2 (0.265-0.477) 0.44 (—6.45 to Q2 (0.063-0.119) —0.56 (—6.62 to

10.96) 7.34) 7.34)

Q3 (0.417-0.864) 3.56 (—3.44 to Q3 (0.477-1.010) —2.66 (—9.55 to Q3 (0.119-0.240) 0.63 (—0.89 to
10.51) 4.23) 7.70)

Q4 (>0.864) 3.67 (—3.39 to Q4 (>1.010) 0.15 (—6.78 to Q4 (>0.240) 0.58 (—6.53 to
10.73) 7.08) 7.70)

Continuous (1.73 + 14.0) 293 (-1.36to Continuous (0.99 + 2.03) —0.18 (—4.89 to Continuous (0.97 + 2.03) 0.40 (—3.79 to
7.22) 4.51) 4.60)

Normal sperm Q1 (<0.124) Reference Q1 (<0.265) Reference Q1 (<0.063) Reference

morphology (%)" Q2 (0.124-0.417) —0.02 (—0.47 to Q2 (0.265-0.477) —0.09 (—0.56 to Q2 (0.063-0.119) 0.18 (—0.28 to
0.47) 0.37) 0.61)
Q3 (0.417-0.864) 0.02 (—0.44 to Q3 (0.477-1.010) 0.92 (—0.37 to Q3 (0.119-0.240) 0.23 (—0.24 to
0.50) 0.56) 0.71)
Q4 (>0.864) —0.30 (—0.78 to Q4 (>1.010) 0.22 (—0.24 to Q4 (>0.240) —0.09 (—0.58 to
0.17) 0.69) 0.39)
Continuous (1.73 + 14.0) —0.08 (—0.37 to Continuous (0.99 + 2.03) 0.13 (-0.18 to Continuous (0.97 + 2.03) —0.06 (—0.34 to
0.21) 0.45) 0.22)

Estimates marked in bold indicate p < 0.05.

Abbreviations: BPA: Bisphenol A; BPF: Bisphenol F and BPS: Bisphenol S.

Multiple linear regression (MLR) models were fitted to assess the p-coefficients, and its 95% CI for sperm parameters across urinary log-transformed creatinine-adjusted
BPA, BPS and BPF concentrations. MLR models were adjusted by age (years), sexual abstinence (days before delivery of the semen sample), education level (High
school or less, College or high education), body mass index (kg/m?), smoking status (never, current, former), physical activity (MET min/week), adherence to
Mediterranean diet MEDAS score (0-14 points) and season (winter vs spring, summer, or fall).

Q1-Q4 = Quartiles of Creatinine-Adjusted Urinary Bisphenol A, S, and F concentrations among Led-Fertyl participants (in ng/mg of creatinine). Values are reported as
means + standard deviations for the continuous form (in ng/mg of creatinine).
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# Semen volume, total sperm count, sperm concentration and normal sperm morphology were transformed by square root to approach normality of the residuals.

Benson et al., 2021 reported 1.3 ng/mL for BPA, 0.06 ng/mL for BPS and
0.14 ng/mL for BPF, whereas Chen et al. (2022) reported concentrations
of 2.24 ng/mL for BPA, 0.35 ng/mL for BPS and 0.77 ng/mL for BPF.
Moreover, the median urinary concentration of BPA in our participants
(0.417 ng/mL) was similar to that reported by Benson et al. (2021). For
BPS and BPF analogues, our study medians (0.60 ng/mL and 0.14
ng/mL, respectively) were consistent with those reported by Chen et al.
(2022).

Studies in male rats exposed to BPA have shown that they exhibit
impaired reproductive function, characterized by reduced testosterone
levels, impaired Sertoli cell function, and disrupted sperm quality and
production (Chen et al., 2022; Jin et al., 2013; Li et al., 2011; Srivastava
and Gupta, 2018); these findings establish BPA as a genuine reproduc-
tive toxic. Although there is less scientific evidence is available
regarding BPS and BPF analogues in animals, recent articles suggest that
these chemicals may act very similarly to BPA, or may even have greater
endocrine-disrupting potential (Ullah et al., 2019a, 2019b). Regarding
in vitro studies, some authors have shown that the BPS and BPF ana-
logues may have higher endocrine-disrupting activity than BPA, sug-
gesting that replacing BPA with these analogues may not be safe
(Martinez et al., 2020; Ullah et al., 2019b).

Bisphenols are well-known EDCs, that can interfere with the hor-
monal system, including the regulation of hormones involved in sperm
production. In addition, they can induce oxidative stress in germinal
cells leading to DNA damage or altering the spermatogenesis cycle
(Meeker et al., 2010; Omran et al., 2018; Ullah et al., 2019b; Wu et al.,
2017). These mechanisms may ultimately contribute to the disturbance
of certain sperm parameters, such as sperm vitality. In addition, there is
growing evidence that exposure to certain EDCs, such as the bisphenol
family, particularly during critical periods like early development and
reproductive age, is a major concern. These harmful effects not only
impact the individual but may also be transmitted to the next generation
(Li et al., 2014). Therefore, it is crucial to identify and address all po-
tential contributing factors (Barratt et al., 2018; Diamanti-Kandarakis
et al., 2009; Lokeshwar et al., 2021).

Currently, the EFSA has set the TDI for BPA at 0.2 ng/kg body
weight/day (EFSA, 2023). This is a reduction of 20,000 times compared
to the previous TDI of 4 pg/kg body weight/day from 2015 (EFSA,
2015). This enormous reduction underscores the imperative to continue
generating scientific evidence about these chemicals. Our results
revealed that all participants were above the new TDI limits established
by the EFSA. Furthermore, the estimated exposure to analogues (BPS
and BPF) exceeded this threshold. However, as previously mentioned,
there is no specific TDI established for these compounds (EFSA, 2023).
Therefore, it is essential to incorporate BPS and BPF into research studies
to ascertain whether they serve as safe alternatives or not.

The current study presents some limitations and strengths, which
deserve to be mentioned. Firstly, owing to the inherent nature of
observational studies, cause-effect relationships cannot be driven by
observational studies, as they are primarily designed to identify asso-
ciations and patterns rather than causal links. Secondly, due to the cross-
sectional design, we were limited to obtaining only a single urine and
semen sample per participant. While fasting urine samples may not fully
capture dietary exposure throughout the day, they offer a useful alter-
native and less invasive measure in large-scale epidemiologic studies
where 24-h urine collection is difficult and not feasible. Considering the
spermatogenic cycle’s duration of approximately 90 days, the measured
urine levels of bisphenols might have been captured outside critical time
frames. However, these urine and semen samples were collected on the
same day, representing an ordinary day within the participant’s regular
routine. Nevertheless, there is currently insufficient information
regarding the specific number of urine samples necessary to obtain a
reliable estimate of BPA biomarkers for adults over a day or longer

(Morgan et al., 2018). Moreover, it should be noted that evaluating the
dietary intake of bisphenols based on concentration levels derived from
fasting spot urine may pose a limitation. However, it is noteworthy that
our estimated daily exposures align in magnitude with those reported in
studies conducted on male populations in Denmark (Lassen et al., 2013)
and the USA (Lakind and Naiman, 2011; LaKind and Naiman, 2008).
Thirdly, while we have accounted for numerous potential confounders
in our models, it is important to acknowledge that residual confounding
may still exist. As a strength, it is noteworthy that the current study
collected data from a wellbeing general population, with participants
not sourced from an infertility clinic. Although, we cannot ensure that
they are fertile. It’s important to highlight that the detection limits for
each bisphenol were notably consistent and slightly lower compared to
recent studies (Benson et al., 2021; Chen et al., 2022) mitigating the risk
of overestimating the results. Additionally, the high level of standardi-
zation in the study’s exposure and outcome measurements, processed
through the CASA SCA® system, minimized potential subjectivity.
Nonetheless, we acknowledge that with a relatively small sample size,
there is always some degree of uncertainty and have taken care to
interpret the results with appropriate caution.

These findings support the growing body of evidence linking the
potential effect that bisphenols exposure may have on male fertility as
observed in animal models and some human studies. Our findings could
be used as a basis for generating new hypotheses and designing subse-
quent studies. This includes addressing unanswered questions about the
mechanisms underlying the observed associations and considering the
role of various factors that might influence bisphenol exposure and its
effects on reproductive health. We will emphasize the need for longi-
tudinal studies to better understand the long-term effects of BPA and its
substitutes. Additionally, we will suggest the importance of considering
both urinary and dietary exposure assessments when evaluating semen
quality. This could involve conducting studies that use total dietary
assessments and 24-h urine collections to obtain results that more
closely reflect real-world scenarios.

5. Conclusions

In conclusion, in male well-being participants, we demonstrate an
inverse association between urine levels of BPF and BPA and sperm vi-
tality. In addition, exposure estimations of BPF further reinforce the
main association previously mentioned. Given the significant implica-
tions that these functional abnormalities could entail, additional studies
replicating these results and assessing potential associations between
these EDCs and sperm quality and male infertility are crucial.
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