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Abstract

Since the use of bisphenol A (BPA) has been restricted because of its endocrine disruptor
properties, bisphenol S (BPS) has been widely used as a substitute of BPA. However, BPS exerts
similar effects on metabolic health as BPA. The effects of maternal exposure to BPA and BPS on
the metabolic health of offspring have been largely documented during the past decade. However,
the impact of preconception paternal exposure to BPS on progenies remains unexplored. In this
study we investigated the impact of paternal exposure to BPS before conception, on the
metabolic phenotype of offspring. Male Wistar rats were administered BPS through drinking
water at the dose of 4 pug/kg/day (BPS-4 sires) or 40 pg/kg/day (BPS-40 sires) for 2 months

before mating with females. The progenies (F1) were studied at fetal stage and in adulthood. We



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

showed that preconception paternal exposure to BPS for 2 months did not alter the metabolic
status of sires. The female offspring of sires exposed to lower or higher doses of BPS showed no
alteration of their metabolic phenotype compared to females from control sires. In contrast, male
offspring of BPS-4 sires exhibited increased body weight and body fat/lean ratio, decreased
insulin sensitivity and increased glucose-induced insulin secretion at adult age, compared to the
male offspring of control sires. Moreover, male offspring of BPS-4 sires developed glucose
intolerance later in life. None of these effects were apparent in male offspring of BPS-40 sires.
In conclusion, our study provides the first evidence of the non-monotonic and sex-specific effects
of preconception paternal exposure to BPS on the metabolic health of offspring, suggesting that
BPS is not a safe BPA substitute regarding the inter-generational transmission of metabolic

disorders through the paternal lineage.

Key words: Paternal programming, bisphenol S, insulin sensitivity, glucose tolerance, insulin

secretion

Introduction

The endocrine system plays an important role in maintaining body’s homeostasis. The disruption

of the endocrine system adversely affects physiological activities in our body. It is estimated that
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there are about 800 man-made chemicals potentially acting as endocrine disruptors, including

bisphenols (Encarnagdo et al., 2019).

Bisphenol A (BPA) is a compound widely used in plastic products, food packaging, thermal
paper, dental materials, etc (Holtcamp, 2011; Vandenberg et al., 2007). BPA mimics estrogen
action by binding to estrogen receptors and is considered as an endocrine disruptor (Barros et al.,
2006; Livingstone and Collison, 2002). Based on toxicological assessments, in 2015, the
tolerable daily intake (TDI) for BPA has been lowered from 50 pg/kg/day to 4 pg/kg/day by
European Food Safety Authority (EFSA). Further, in 2017, European Chemicals Agency
(ECHA) added BPA to the candidate list of Substances of Very High Concern (SVHC) because
of its endocrine disruptor properties (Beausoleil et al., 2018). In addition, experimental and
epidemiological evidence show that BPA exposure induces metabolic disorders (Azevedo et al.,
2019; Lind and Lind, 2018; Moon et al., 2015). To face the increasing concern regarding BPA,
several substitutes have been used by the industry to replace this bisphenol in various products.
Bisphenol S (4,4’-solfonyldiphenol, abbreviated as BPS), one of the substitutes of BPA, is
ubiquitous in environment and can be readily found in plastic and epoxy resin products labeled
“BPA-free” (Wu et al., 2018). The concentration and frequency of BPS detected in human urine
was almost comparable to that of BPA, as BPS was detectable in 81% of 315 urine samples
collected from different countries (Liao et al., 2012; Zhou et al., 2014). BPS has higher
bioavailability and 3.5 times lower plasma clearance compared to the same exposure level of
BPA, suggesting that BPS may be more hazardous than BPA for human health (Gayrard et al.,
2019). BPS binds to estrogen receptors ERa and ERP with a 1000 to 2000-fold lower affinity

than estradiol, but induces similar or even stronger estrogen-like effects (Acconcia et al., 2015).

The effects of BPS on glucose and energy metabolism have been investigated during the past

decade. It has been shown that BPS has a higher capacity than BPA in promoting body weight
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increase (Azevedo et al., 2019), adipocyte differentiation and lipid accumulation (Martinez et al.,
2020). Further, investigation of generational transmission of metabolic disorders revealed that
maternal exposure to BPA (Alonso-Magdalena et al., 2010; Angle et al., 2013; Bansal et al.,
2017; Garcia-Arevalo et al., 2014; Susiarjo et al., 2015) or BPS (Ivry Del Moral et al., 2016; da
Silva et al., 2019; Ahn et al., 2020; Brulport et al., 2021) increased the predisposition to obesity
and metabolic disorders in the progeny. Importantly, in these studies, the effects of maternal
exposure to BPA or BPS on their descendants are sex-specific, with a higher vulnerability of
male progenies. More recently, the question of the effects of paternal exposure to BPA on the
metabolic health of offspring has been raised (Mao et al., 2015; Rashid et al., 2020), but to date,
the information regarding this question remains scarce and no studies have investigated the
effects of other bisphenols such as BPS on the transmission of metabolic disorders through the

paternal lineage.

In this study, we investigated the consequences of paternal BPS exposure at environmentally
relevant doses, on glucose and energy metabolism of their descendants. We demonstrated for the
first time that the exposure of adult male rats to BPS exerted sex- and dose-specific effects on
insulin sensitivity and glucose tolerance of their descendants at adult age, providing yet
additional evidence for the detrimental effects of paternal exposure to BPS on the metabolic

health of their progeny.

Materials and Methods

Animals and diets

Male and female Wistar rats were obtained from our local colony maintained at Université Paris
Cité animal core facility. Rats were housed in a controlled environment (temperature 20+1°C,

humidity 60%) with 12 h light/dark cycle, and were given ad libitum access to diet and water.
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The diet used in this study was SAFE D113, composed of 45% carbohydrate, 18.9% protein and
4.5% fat (SAFE, Villemoisson-sur-Ogre, France). Experimental protocol was approved by
Université Paris Cité Buffon ethical committee (n°® CEB 09-2018). Animal experiments have

been carried out in accordance with France Directive n® 2013-118 in application of EU Directive

2010/63/EU.

Experimental design

Fourteen weeks old male Wistar rats of equal body weight (approximately 400 g) were randomly
allocated into three groups and given water containing bisphenol S (BPS) diluted in 0.1% v/v
ethanol or water containing 0.1% v/v ethanol (vehicle, Ctrl sires). BPS (SIGMA-ALDRICH, St.
Louis, USA) was used at the dose of 4 ug/kg/day (BPS-4 sires) or 40 pg/kg/day (BPS-40 sires).
Converted to human equivalents (Nair and Jacob, 2016), the above doses are respectively 0.648
ng/kg/day and 6.48 pg/kg/day, after applying the conversion coefficient. Knowing that the TDI
for humans is 4 pg/kg/day, the doses we used in this study are much below the TDI (for the dose
4 ng/kg/day) or similar to human TDI (for the dose 40 pg/kg/day). The concentration of BPS in
drinking water was calculated according to the daily water consumption of rats, determined in a
group of rats of the same age and body weight in the previous two weeks. Thus, throughout the
study, the amount of BPS added to water was calculated every two weeks based on the water
consumption and body weight of the rats. Fresh BPS solution was bottled twice a week. To ensure
the absence of bisphenol in the environment, the cages and drinking bottles were made of

polypropylene and polyphenylsulfone, respectively.

Body weight, blood glucose levels, food and water consumption were monitored weekly. Blood
glucose was tested on samples from the tail vein, by Accu-Check® blood glucose test strips
(Roche Diagnostics, Meylan, France) and Accu-Check® Aviva glucometers (Roche Diagnostics,

Meylan, France). After 2 months of continuous BPS administration, rats (FO: Ctrl sires, BPS-4
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sires and BPS-40 sires) were mated with 2-month-old virgin female Wistar rats fed with regular

BPS-free water. The progenies (F1) were studied at fetal stage and at 3, 6 or 9 months (Fig. 1).

For fetal studies, male and female fetuses from Ctrl, BPS-4 and BPS-40 sires were recovered at
the embryonic day 18 post-conception (E18). Body weight and body nose-to-tail length of
fetuses were measured. Pancreases were collected and weighed, then processed for histological

analyses.

At birth, litters were restricted to 8-9 pups per dam. After weaning, the progenies of sires from
each specific group were randomly mixed to minimize possible litter effect. They were fed with
standard diet (SD) and had regular BPS-free water. For different analyses, the progenies from at
least four different fathers were used for each experimental group (Ctrl, BPS-4, BPS-40) and
were named as Ctrl/F1, BPS-4/F1 and BPS-40/F1, respectively. Male and female progenies were
studied separately. Body weight, blood glucose and food consumption were monitored weekly
from weaning until the day of euthanasia. Liver, soleus muscle and epididymal adipose tissue of
10-month-old male F1 from BPS-4 and Ctrl groups were dissected, then immediately frozen in
liquid nitrogen and stored at -80°C until analysis. Pancreases were dissected and processed for

histological analyses.

Body composition

Body composition of sires and offspring was determined by a positron emission tomographic
scanner (EchoMRI, Houston Texas, USA). Calibration was performed according to the

manufacturer’s guidelines before each measurement.

Insulin tolerance test

After 6 h of fasting with access to water, insulin tolerance tests (ITT) were performed on non-
anaesthetized Wistar rats. Human insulin (Novo Nordisk A/S, Puteaux, France) was injected

7
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intraperitoneally at the dose of 0.5 U/kg body weight. Blood glucose concentrations were
determined using an Accu-Check® Glucometer (Roche Diagnostics, Meylan, France) in blood
samples collected at the tip of the tail at times 0, 15, 30, 60, 90, 120 min after administration of

insulin.

Glucose tolerance test

One week after insulin tolerance test, rats underwent an intraperitoneal glucose tolerance test
(IPGTT). IPGTT (2 g glucose/kg body weight) was performed on non-anaesthetized rats. Blood
was collected at the tail vein before (0 min), and 15, 30, 60, 90 and 120 min after administration
of glucose. Blood glucose concentration was determined using an Accu-Chek® Glucometer
(Roche Diagnostics, Meylan, France). Moreover, plasma samples from blood collected at 0, 15,
30 and 90 minutes were stored at -20°C for insulin determination using an enzyme-linked

immunosorbent assay ELISA (ALPCO/Eurobio, Les Ulis, France).

Pyruvate tolerance test

The rats were fasted overnight prior to pyruvate tolerance test (PTT). Intraperitoneal pyruvate
tolerance test (1 g sodium pyruvate/kg body weight) was performed on non-anaesthetized male
F1 rats at the age of 9 months. Blood was collected at the tail vein before (0 min), and 15, 30,
60, 90, and 120 min after administration of pyruvate. Blood glucose concentrations were

determined using an Accu-Check® Glucometer (Roche Diagnostics, Meylan, France).

Plasma lipid analysis

Plasma samples of male F1 at the age of 3 and 9 months were collected at 9:00 a.m. for the
measurement of cholesterol, high-density lipoprotein (HDL), triglycerides and non-esterified
fatty acids (NEFA). Samples were tested in CRI-Plateforme de Biochimie in UMR 1149

Université Paris Cité.
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Histological studies

Pancreases were fixed in aqueous Bouin solution for 24 h and embedded in paraffin (Labonord,
Templemars, France). Each paraffin block was serially sectioned (5 um) throughout its full-
length. The entire pancreas was homogeneously sampled using a fix-interval sampling method
to avoid bias due to regional variations in islets distribution, as previously described (Movassat
et al., 1997). Sections at a fixed interval were mounted on slides and stored at room temperature
for future immunostaining. Hydrated pancreatic sections were incubated with 10% normal goat
serum in Tris Buffer Saline (TBS) for 1 hour, then probed for insulin using primary mouse anti-
insulin antibody (Santa Cruz Biotechnology/Cliniscience, Nanterre, France,1:200) and glucagon
in the neighboring section using primary rabbit anti-glucagon antibody (eBioscience/
Cliniscience, Nanterre, France, dilution 1:200). Sections were then incubated with an HRP
conjugated anti-mouse (Jackson immunoResearch Laboratories/Interchim, Montlucon, France,
dilution 1:200) or anti-rabbit secondary antibody (Boster Biological Technology/Interchim,
Montlucon, France, dilution1:200). The area of o cells and B cells were determined by
morphometric analysis in pancreatic sections stained for glucagon or insulin respectively, using
an OLYMPUS BX60 microscope, equipped with a computer-assisted image analysis system
software Histolab 10.5.1 (Microvision Instrument, Evry, France). The relative a cell or B cell
area in each stained section was calculated by the ratio of glucagon or insulin positive cells area
over the total pancreatic cells area (Movassat et al., 1997; Figeac et al., 2009). The mass of a and
B cells was calculated by multiplying the a cell or B cell area ratio by the pancreas weight. At

least six homogeneously distributed sections were analyzed for each pancreas.

Histological analysis of the epididymal adipose tissue

To investigate the effect of BPS on adipocyte, histological analysis of epididymal white adipose

tissue (eWAT) was performed in male Ctrl/F1, BPS-4/F1 and BPS-40/F1. The eWAT sections
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were fixed in aqueous Bouin solution for 24 h and embedded in paraffin (Labonord, Templemars,
France). Each paraffin block was serially sectioned (5 um) throughout its length, as previously
described. The sections were deparaffinized and hydrated, then stained with Papanicolaou’s
solution la Harris’ hematoxylin solution. Stained slides were analyzed using Histolab 10.5.1
(Microvision Instrument, Evry, France) to measure the adipocyte diameter. Six rats were

analyzed in each group. Six sections were analyzed for each rat.

Pancreatic insulin content

For the determination of insulin content, pancreases were homogenized in acid/alcohol solution
(75% ethanol, 1.5% 32.5 mol/L HCI and 23.5% distilled water) and centrifuged (1500 g) at 4°C,
then incubated at 4°C overnight. The supernatant fraction was stored at -20°C until insulin was

assayed by ELISA (ALPCO/Eurobio; Les Ulis, France).

Islet isolation

Pancreases from 10-month-old male Ctrl/F1 rats and BPS-4/F1 rats (six rats in each group) were
digested by Liberase TL Research Grade (Roche LifeScience/Sigma-Aldrich, St. Quentin
Fallavier, France) in Hank’s balanced salt solutions (137 mM NaCl, 5.36 mM KCI, 4.17 mM
NaHCOs3, 0.88 mM MgSOy4, 0.44 mM KH;POy4, 0.34 mM NayPO4, 1.27 mM CaClo, 10 mM
Hepes) at 37°C for 13 min. Islets of Langerhans were purified from exocrine tissue by
discontinuous density-gradient centrifugation on Histopaque 1077 (Sigma-Aldrich, St. Quentin
Fallavier, France). Islets were hand-picked under a stereo microscope and divided into different

batches for insulin secretion studies.

Measurement of ex vivo glucose-induced insulin secretion

Islets were isolated from 10-month-old male Ctrl/F1 and BPS-4/F1 rats. Batches of 10 islets

were pre-incubated in KRBH (Krebs-Ringer/bicarbonate/Hepes) containing 0.2% fatty acid free

10
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BSA (Roche LifeScience/Sigma-Aldrich, St. Quentin Fallavier, France) with 2.8 mM glucose

for 1 h, followed by 1 h incubation in KRBH 0.2% fatty acid free BSA with 2.8 or 16.7 mM

glucose to measure glucose-induced insulin secretion (GIIS). Supernatants were then collected
and stored at -20°C until the determination of insulin concentration by ELISA (ALPCO/Eurobio,
Les Ulis, France). Islets were collected and stored at -80°C for DNA content determination (Liu

et al., 2015).

Insulin signaling pathway

Male Ctrl/F1 and BPS-4/F1 rats of 10 months old were fasted overnight. The right-side soleus
muscle and epididymal adipose tissue of F1 rats were collected under anesthesia, followed by
intraperitoneal insulin (Novo Nordisk A/S, Puteaux, France) injection at 10 U/kg body weight.
After 25 minutes, the left-side soleus muscle and epididymal adipose tissue were collected. The

tissues were stored at -80°C for future western blots analysis.

Western blotting

Muscle and adipose tissue lysates were prepared by sonication in RIPA lysis buffer (Cell
Signaling Technology, Saint-Cyr-L’Ecole, France). Fifteen pg protein were resolved on 10%
SDS PAGE gel and then transferred to PVDF membranes. Membranes were blocked for non-
specific binding with 5% BSA in Tris Buffered Saline-Tween (TBST) and incubated with anti-
phospho-Akt (Abcam, Paris, France, dilution 1:2000) antibody overnight at 4°C. After washes
in TBST, membranes were incubated with appropriate horseradish peroxidase-conjugated
secondary antibody (dilution 1:10000). The membrane was incubated in Amersham™ ECL™
Prime solution (GE healthcare, Beaucouzé, France) for 3 min at room temperature, then placed
in a film-cassette with protein side facing up. The chemiluminescence emitted from targeted

protein band was acquired by Amersham imager 600 imaging system (GE healthcare, Beaucouzé,

11
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France) using implement method. The exposed image was visualized every 30 seconds until
reaching an image with the highest signal-to-noise ratio. Membranes were then stripped using
Re-Blot Plus Strong solution (Sigma-Aldrich, St. Quentin Fallavier, France) and then re-probed
with anti-AKT (Abcam, Paris, France, dilution 1:1000) and anti-cyclophilin A (Cell Signaling
Technology, Saint-Cyr-L’Ecole, France, dilution 1:2000) antibody for 1 h at room temperature.
Following incubation with appropriate secondary antibody, protein bands revelation was
performed as described before. The images of blots were quantified using ImageJ software.

Target proteins bands intensity were normalized to cyclophilin A in each lane.

Data and statistical analysis

Results are expressed as means + S.E.M. The statistical significance between means was
assessed by Student’s t test when two groups were compared, or by ordinary one-way ANOVA
followed by Fisher’s LSD test when more than two groups were compared. Two-way ANOVA
followed by Tukey correction was used when comparing two parameters. All analyses were
performed using the GraphPad Prism 9 (GraphPad Software, San Diego, USA). A p value less

than 0.05 (p < 0.05) was considered statistically significant.

Results

Impact of BPS exposure on metabolic characteristics of sires before mating

We exposed 14-week-old male Wistar rats to BPS at the dose of 4 ug/kg/day (BPS-4 sires) or 40

ug/kg/day (BPS-40 sires) for at least 2 months to cover one full cycle of spermatogenesis.

The body weight and body fat/lean mass ratio were similar between BPS-4, BPS-40 and Ctrl
sires (Fig. 2A and B). No significant difference was found between the groups regarding daily

food and water intake (Fig. 2C and D).

12
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The blood glucose levels, monitored between 9:00 and 10:00 a.m., were not altered by the
administration of BPS (Fig. 2E). Furthermore, the glycemic profiles during ITT (Fig. 2F) and
IPGTT (Fig. 2G) were similar between the three groups of sires. Finally, no statistical difference
was found between the 3 groups of animals regarding the in vivo glucose-induced insulin
secretion (GIIS) (Fig. 2H). However, we found a significant decrease in plasma cholesterol levels
and high-density lipoprotein (HDL) levels in BPS-4 (p < 0.01 and p < 0.001, respectively) and
BPS-40 groups (p < 0.05 and p < 0.01, respectively) compared to the Ctrl group (Fig. 2I and J).
Further analysis showed a significantly higher plasma cholesterol/HDL ratio in BPS-4 group
compared to Ctrl (p < 0.0001) and BPS-40 (p < 0.01) groups (Fig. 2K). Increased non-esterified
fatty acids (NEFA) levels were only observed in the BPS-4 group, when compared to Ctrl (p <
0.05) (Fig. 2L). No significant difference was found in plasma triglycerides levels between the

groups (Fig. 2M).

Impact of paternal BPS exposure on offspring during fetal life

After mating BPS-4, BPS-40 and Ctrl male rats with females, we analyzed the anthropometric
and pancreatic parameters of their fetuses at the embryonic day 18 post-conception (E18).
Because the period of gestation and subsequent growth and development of fetuses are closely
dependent on maternal physiology, we took caution to use virgin females that were similar in
terms of age and body weight. Fetuses in each group were derived from at least four sires of the
corresponding group. The number of pups per litter was not significantly different between Ctrl,
BPS-4 and BPS-40 groups. We found 8 to 12 fetuses per dam in the three groups. The sex ratios
in the litters were not significantly different between the three groups: 47% + 5% male and 53%
+ 5% female fetuses in the Ctrl group; 53% + 6% male and 47%=+ 6% female fetuses in the BPS-

4 group; 49% + 4% male and 51%=+ 4% female fetuses in the BPS-40 group.

The body weight and pancreas weight of male and female fetuses were measured separately. No

13
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significant differences were found between the groups of fetuses from Ctrl, BPS-4 and BPS-40
fathers, irrespective of their sex (Fig. 3A and B). Intriguingly, male fetuses from BPS-4 and BPS-
40 fathers had smaller nose-to-tail body length compared to those from Ctrl sires (not shown),
which resulted in higher body mass index (BMI) in male fetuses derived from BPS-4 and BPS-
40 sires (p < 0.05 and p < 0.001, respectively) (Fig. 3C). There were no significant differences

in body length and BMI in female fetuses from different groups (Fig. 3C).

We also measured the pancreatic o and B cell mass by histomorphometry in male fetuses of Ctrl
and BPS-4 group and found no significant differences in these parameters between the two

groups (Fig. 3D).

Impact of paternal BPS exposure on physiological characteristics of male and female

offspring in adulthood

After weaning, the offspring (F1) were fed with standard diet and used BPS-free water. From
week 5 onward, the body weight of male F1 from BPS-4 sires (BPS-4/F1) was higher compared
to male F1 from Ctrl sires (Ctrl/F1) (Fig. 4A). In contrast, in male F1 from BPS-40 group (BPS-
40/F1), there was no significant difference in body weight in comparison to the Ctrl/F1 (Fig. 4A).
Interestingly, the food intake was similar between the three groups of male F1 throughout the
study, indicating that the increased body weight was not related to hyperphagia (Fig. 4B). At the
age of 24 weeks, a significantly higher fat/lean ratio was found in male BPS-4/F1 compared to
BPS-40/F1 (p <0.05) (Fig. 4C). The non-fasting glycemia was similar in male F1of three groups

of rats throughout the study (Fig. 4D).

From week 8 onward, female BPS-4/F1 showed higher body weight than female Ctrl/F1 and
BPS-40/F1(Fig. 4E). The food intake during the period of age 5 to 24 weeks was similar in the
three groups of female F1 (Fig. 4F) and there was no difference in body fat/lean ratio between

these groups (Fig. 4G). Finally, we found similar non-fasting glycemia in age-matched F1

14
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females from Ctrl, BPS-4 and BPS-40 fathers, from the age of 5 to 24 weeks post-natal (Fig.

4H).

Sex-specific effects of paternal BPS exposure on glucose metabolism in offspring

In order to assess the metabolic phenotype of offspring from fathers exposed to BPS, we
measured insulin sensitivity and glucose tolerance through insulin tolerance test (ITT) and

intraperitoneal glucose tolerance test (IPGTT), respectively.

Male and female offspring were studied separately. At 3 months post-natal, male BPS-4/F1
exhibited insulin resistance compared to Ctrl/F1 (p < 0.05), while no significant difference in
insulin sensitivity was observed between male BPS-40/F1 and Ctrl/F1 (Fig. 5A). Regarding
glucose tolerance, although no difference in the area under the curve (AUC) was apparent
between the male offspring of 3 groups of fathers at the age of 3 months, during IPGTT, the
glycemic value was higher at T15 min in BPS-4/F1 and BPS-40/F1 compared to controls (Fig.
5B). Finally, male BPS-4/F1 had higher glucose-induced insulin secretion (GIIS) 15 min after

glucose administration compared to Ctrl/F1 and BPS-40/F1 (Fig. 5C).

At the age of 6 months, the difference in insulin sensitivity of male offspring between the three
groups did not reach statistical significance (Fig. 5D). However, male BPS-4/F1 exhibited
impaired glucose tolerance compared to Ctrl/F1 (p < 0.05), a feature that was not found in BPS-
40/F1 animals (Fig. SE). No significant difference in in vivo GIIS was observed between male
BPS-4/F1 and Ctrl/F1 during IPGTT, but male BPS-40/F1 showed decreased insulin secretion

during IPGTT compared to the other two groups (p < 0.01) (Fig. 5F).

Regarding female F1 at the age of 3 months, we found enhanced insulin sensitivity in BPS-40/F1,
compared to Ctrl/F1 and BPS-4/F1 (p < 0.05), whereas insulin sensitivity was similar between

BPS-4/F1 and Ctrl/F1 females (Fig. 5G). At the age of 6 months, insulin sensitivity was
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comparable between the 3 groups of females F1 (Fig. 5J). There was no significant difference in
glucose tolerance at 3 months or 6 months of age between the female offspring from the three
groups (Fig. SH and K), except for a higher glycemic value at T15 min in the BPS-4/F1 group
at the age of 3 months. Intriguingly, insulin secretion was enhanced in 3-month-old BPS-4/F1
females compared to Ctrl/F1 and BPS-40/F1 (p < 0.05) (Fig. 5I). No such difference was found

at 6 months of age (Fig. SL).

Since impaired glucose tolerance was found only in male BPS-4/F1 group, male offspring were
monitored until 9 months of age only in this group and compared to the Ctrl/F1. First, we
measured the metabolic characteristics of the two groups. Male BPS-4/F1 showed higher body
weight compared to Ctrl/F1 (p < 0.05) (Fig. 6A). A significant difference in body fat/lean ratio
was observed in male BPS-4/F1 compared to Ctrl/F1 (p < 0.05) (Fig. 6B). In order to assess
adipocyte morphologic characteristics, we performed morphometric analysis of the adipose
tissue sections of males F1 from the Ctrl and BPS-4 sires. No difference in the size distribution
of adipocytes was observed between the groups (not shown). Interestingly, male BPS-4/F1
showed increased non-fasting plasma insulin compared to Ctrl/F1 (p < 0.01) (Fig. 6C),

suggesting a state of basal insulin resistance.

At 9 months, during ITTs, a decreased insulin sensitivity was apparent in male BPS-4/F1, when
compared to Ctrl/F1 (Fig. 6D). Male BPS-4/F1 also showed glucose intolerance compared to
Cul/F1 (Fig. 6E), although area under the curve (AUC) values did not reach statistical
significance (p = 0.053), likely due to the limited number of animals. In BPS-4/F1, there was a
significant increase in insulin secretion in response to glucose, compared to male Ctrl/F1 (p <
0.05) (Fig. 6F). To test whether the decreased insulin sensitivity was due to hepatic insulin
resistance (increased gluconeogenesis), we performed pyruvate tolerance test (PTT) in males F1.

Although there was no significant difference in AUC between Ctrl/F1 and BPS-4/F1, it appeared
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clearly that at T15 min post-pyruvate injection, the rise of glycemia in BPS-4/F1 group was
significantly higher than the in Ctrl/F1 group, suggesting an increased gluconeogenic capacity
in the former group (Fig. 6G). Interestingly, we observed higher fasting glycemia (18 hours
fasting) in male BPS-4/F1 when compared to male Ctrl/F1 (93.67 £ 2.99 mg/dL versus 84.50 +

1.82 mg/dL), reflecting further disturbance in glucose metabolism (Fig. 6G).

Further, to determine whether the whole-body insulin resistance observed in the BPS-4/F1 group
was related to impaired muscle and/or adipose tissue insulin sensitivity, we assessed the
activation status (phosphorylation) of AKT, one of the main intermediates of the insulin signaling

pathway.

We found that, as excepted, the administration of insulin significantly increased the p-AKT
(serd73)/AKT ratio in the peri-gonadal adipose tissue of Ctrl/F1 (p < 0.01) (Fig. 6H and I). A
similar pattern of AKT phosphorylation was observed in the adipose tissue of BPS-4/F1 group
in response to insulin (p < 0.01) (Fig. 6H and I). In muscle, the insulin-stimulated AKT
phosphorylation observed in the Ctrl/F1 group, failed to occur in the BPS-4/F1 group (Fig. 6]

and K), suggesting impaired muscle insulin sensitivity in the BPS-4/F1 group.

As the increased in vivo GIIS was observed in male BPS-4/F1, we performed a static incubation
test on isolated pancreatic islets to measure the intrinsic secretory capacity of islets in response
to glucose (16.7 mM) ex vivo. Interestingly, no difference was observed in insulin release
between islets from Ctrl/F1 and BPS-4/F1 males under either 2.8 or 16.7 mM glucose (Fig. 6L),

suggesting that the secretory capacity of the islets was not affected in the BPS-4/F1 group.

Therefore, in order to find an explanation for the increased GIIS in vivo, we performed
histomorphometric analysis of the pancreatic sections from male Ctrl/F1 and BPS-4/F1 (Fig. 6M
and N) to evaluate the B cell mass. A significant increase of the pancreatic 3 cell mass was

observed in male BPS-4/F1 compared to Ctrl/F1 (p < 0.05) (Fig. 60), suggesting an adaptive

17



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

mechanism to face the insulin resistance.

Finally, plasma samples were collected from 3 groups of male F1 at 3 months and in Ctrl/F1 and
BPS-4/F1 at 9 months of age, to evaluate the lipid profiles (Table 1). The total plasma cholesterol
levels were found to be similar in different groups of male F1 at 3 months, however, male BPS-
4/F1 exhibited increased plasma cholesterol level at 9 months of age compared to Ctrl/F1 (p <
0.05). A significant decrease in plasma HDL levels were observed in male BPS-4/F1 and BPS-
40/F1 compared to Ctrl/F1 group (p < 0.001 and p < 0.01, respectively) at 3 months, which were
not shown at 9 months of age. The elevated total cholesterol/HDL ratio in male BPS-4/F1
compared to Ctrl/F1 observed at 3 months persisted at 9 months. We did not observe any
significant difference in plasma non-esterified fatty acids (NEFA) and triglycerides levels

between the groups, either at the age of 3 months or 9 months.

Discussion

Endocrine disruptors (ED) are now admitted to be among environmental risk factors for
metabolic diseases. While most individuals are exposed to ED across the lifespan, specific time
windows are suggested as periods of increased vulnerability (Sargis and Simmons, 2019). A
large body of literature demonstrates that maternal exposure to bisphenols induces changes in
glucose and energy homeostasis in the offspring of first (Alonso-Magdalena et al., 2010; Wei et
al., 2011; Angle et al., 2013; Susiarjo et al., 2015; Bansal et al., 2017), and even second
generation (Susiarjo et al., 2015; Bansal et al., 2017). While the transmission of deleterious
effects of bisphenols through maternal lineage is well documented, the impact of paternal
exposure to these compounds on the metabolic health of their descendants are only beginning to
be addressed. To date, only a limited number of papers addressing the metabolic impact of
paternal exposure to BPA (but not BPS) on offspring have been published with discrepant

results, and in most of them the sires were exposed to BPA during development (Li et al., 2014;
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Rashid et al., 2020). In this study, we evaluated the effect of the direct exposure of adult male

genitors to BPS, a widely used BPA substitute on the metabolic heath of their descendants.

We report for the first time that direct exposure of sires to 4 ug/kg/day of BPS (corresponding
to a dose about 10 times lower that the current TDI for BPA in humans) induces significant

changes in body mass and glucose metabolism, mostly in their male progenies.

The exposure to BPS (either the lower or the higher dose) had no significant effect on the body
weight of sires, in line with other studies in male mice (Moon et al., 2015; Rashid et al., 2020)
and rats (Ding et al., 2014) exposed to dietary BPA at post-pubertal stage. Interestingly, in our
study, paternal exposure to 4 pg/kg/day BPS resulted in a significant increase of body weight in
their offspring compared to the Ctrl group, suggesting a potential BPS-mediated programming

of overweight/obesity through the paternal lineage.

Regarding the metabolic status of offspring, we found that only male F1 from BPS-4 fathers
exhibited decreased insulin sensitivity and impaired glucose tolerance. Our data therefore clearly
point to a dose-specific and sex-dependent effects in offspring of male genitors exposed to BPS
in adulthood. These results are in contrast with the only other recently published report on post-
puberty exposure to BPA in male mice, which showed no impairment of glucose metabolism in
the offspring (Rashid et al., 2020). However, in that study, the offspring were studied at the age
of 4 months. Because most metabolic impairments occur or aggravate with age, it is possible that
in their model, investigation at a more advanced age would have shown metabolic disturbances
in the animals. Another possible explanation is the difference in animal species (rat versus
mouse) and the use of BPS versus BPA in the two studies. Indeed, studies in other disease-related
conditions reported that BPA analogues such as BPS produced stronger effects than BPA

(Ahmed and Atlas, 2016; Martinez et al., 2020; Thoene et al., 2020).
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In the present study, we found that the in vivo insulin secretion in response to glucose was
increased in male BPS-4/F1 compared to age-matched Ctrl/F1 group, probably to meet the
increased insulin demands related to the state of insulin resistance in the former group. We
therefore asked whether this adaptive mechanism was due to increased intrinsic secretory
capacity of islets or the expansion of the 3 cell number. Ex vivo evaluation of the glucose-induced
insulin secretion in isolated islets from BPS-4/F1 rats revealed no difference with islets from
Ctrl/F1 animals. However, the B cell mass were increased in the pancreas of BPS-4/F1 rats
compared to Ctrl/F1, suggesting that the increased insulin secretion during IPGTT is due to the
increased number of [ cells in this group. Moreover, this also suggests that paternal exposure to
BPS at 4 pg/kg/day did not alter the plasticity of pancreatic B cells in response to insulin
resistance. In contrast, Mao et al. have reported that male offspring of sires exposed to BPA
during fetal life have decreased B cell fraction and mass (Mao et al., 2015). The different results
are most likely due to the different timing of exposure in male genitors, since fetal and neonatal
stages are critical windows of susceptibility to BPA (Tuduri et al., 2018), during which defective
pancreatic phenotype could be acquired and transmitted to the next generation. Finally, in order
to gain further insights into the molecular mechanisms involved in insulin resistance observed
in the BPS-4/F1 group, we investigated the insulin signaling pathway in muscle and peri-gonadal
adipose tissue of male offspring from Ctrl and BPS-4 fathers. We showed that the insulin
signaling pathway was impaired in muscle but not in peri-gonadal adipose tissue. Although the
molecular mechanisms of insulin resistance transmitted through the paternal line have not been
previously investigated elsewhere, it has been shown that insulin signaling in skeletal muscle
was impaired in adult rodents directly exposed to BPA, while other peripheral tissues, including
the liver and adipose tissue, were not affected in terms of insulin signaling (Batista et al., 2012;

Moon et al., 2015).

In our study, the impairment of glucose metabolism observed in male offspring did not appear
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in BPS-4/F1 females pointing to a gender specific transmission of metabolic traits through
paternal exposure to BPS. Most studies dealing with fetal programming reveal sex-specific
effects, but the reported changes are not always concordant among the studies. For instance, a
recent study in zebrafish indicates a gender-specific effect of BPAF (a BPA analog) on the
embryonic development of their offspring, depending whether the maternal or the paternal line

was exposed to BPAF (Zhang et al., 2022).

In a study by Rashid et al., BPA exposure of sires during fetal life induced glucose intolerance
in their female offspring (Rashid et al., 2020). It is not surprising that exposure to toxicants
during adult life versus fetal life could cause different outcome in the next generation, since adult
gametes may have different vulnerability to environmental pollutants as compared to primordial

germ cells.

Of importance, in our study, we showed that the metabolic disturbances observed in male
offspring occurred without notable impairment of glucose and energy metabolism in the fathers
at the time of mating. Paternal diet-induced obesity has been shown to impair glucose
metabolism in offspring (Grandjean et al., 2015; Ng et al., 2010; Wei et al., 2014). The sires
exposed to BPS for 2 to 3 months maintained normal glucose and energy metabolism in our
present study. This observation ruled out the contribution of the metabolic disorders of BPS-4
sires to the metabolic phenotype of their offspring, suggesting potential direct effects of BPS on

paternal gametes, which can be transmitted to the next generation.

It is important to note that deleterious effects of early exposure to bisphenols are not limited to
metabolic disorders. Many other negative outcomes, such as neurological defects (Chen et al.,
2018; Zhang et al., 2020; Meng et al., 2021), bone defects (Lind et al., 2017) and hepatic
alterations (Strakovsky et al., 2015) have been reported. Interestingly, in these reports, the effects

in offspring were also sex-specific, with a higher vulnerability of male descendants, similar to
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what we observed in our study.

Because male genitors do not have physical interactions with their offspring, they contribute to
the next generation only through sperm. Epigenetic modifications are the most likely mechanism
for the transmission of altered metabolic phenotype to offspring. We (Gong et al., 2021) and
others (Wei et al., 2014; Grandjean et al., 2015; de Castro Barbosa et al., 2015; Watkins et al.,
2018) have reported that in rodents, changes in macro-nutrients composition of diet consumed
by fathers influence the metabolic phenotype of their progenies through epigenetic modifications
of spermatozoa. These observations were also reported in obese men who underwent bariatric
surgery (Donkin et al., 2016). Mao et al. have shown that early-life exposure to BPA in FI
generation impairs the glucose tolerance and pancreatic islet structure in F2 generation, which
was associated with dysregulated methylation of Igf2/H19 genes. The expression of Igf2 gene
was altered in the sperm of adult F1, suggesting that epigenetic changes in germ cells could
contribute to the multigenerational effects of paternal BPA exposure (Mao et al., 2015).
Therefore, in our study the transmission of dysmetabolic traits to the male offspring of BPS-4
fathers might result from epigenetic modifications such as DNA methylation of the
spermatozoon genome, or most probably, through differential expression of sperm small non-
coding RNAs as reported elsewhere (Rodgers et al., 2015; Chen et al., 2016; Gong et al., 2021;

Raad et al., 2021).

Finally, in this study we showed that the metabolic disorders observed in male offspring of BPS-
exposed fathers occurred only in the progenies of fathers exposed to the lower dose of BPS (4
ug/kg/day), pointing to the non-monotonic effects of BPS. The non-monotonic effects of
endocrine disruptors have been largely documented especially in hormone-sensitive organs (vom
Saal and Vandenberg, 2021). In line with this, Rashid et al. have also reported the negative effects

of paternal exposure to lower but not higher dose of BPA during development on their offspring
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(Rashid et al., 2020). These results together suggest that the lowering of the TDI of BPA by
safety organizations is not necessarily protective against metabolic disorders. In conclusion, our
study provides the first evidence of detrimental effects of post-puberty paternal exposure to BPS,
one of the most widely used BPA analogues, on the metabolic health of offspring. These effects
are sex-specific and appear with a dose of BPS much lower than the TDI of BPA, authorized by
the European Food Safety Authority. While the awareness about dangers of exposure of pregnant
women to environmental pollutants in general, and to endocrine disrupting chemicals in
particular is growing, it is important to build solid knowledge on the risks of these compounds
in transmitting negative metabolic and other disease-related effects through the paternal lineage.
The protection of both women and men of reproductive age from these toxicants could help to
interrupt the vicious circle of non-genetic inter- and trans-generational transmission of metabolic

diseases.
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Figure Legends

Fig. 1. Schematic diagram of the experimental design.

Fig. 2. Physiological characteristics, glycemia and lipid profiles in Ctrl, BPS-4 and BPS-40
sires. Fourteen weeks old male Wistar rats were given water containing BPS at doses of 4
pg/kg/day (BPS-4, n=15) or 40 pg/kg/day (BPS-40, n=9) for up to 11 weeks. Control rats were
given regular water (Ctrl, n=15). (A) Body weight monitored weekly and (B) body fat/lean mass
ratio measured after the period of BPS administration. (C) Food intake, (D) water intake and (E)
non-fasting glycemia were monitored weekly. (F) Insulin tolerance test (insulin, 0.5 U/kg), (G)
intraperitoneal glucose tolerance test (glucose, 2 g/kg) and (H) glucose-induced insulin secretion
in vivo were performed at end of BPS treatment (Ctrl, n=12; BPS-4, n=12; BPS-40, n=6). Plasma
levels of (I) cholesterol, (J) high-density lipoprotein (HDL), (K) cholesterol/HDL ratio, (L) non-
esterified fatty acids (NEFA) and (M) triglycerides were measured (Ctrl, n=9; BPS-4, n=6; BPS-
40, n=6). Area over the curve (AOC, mg-dL"!-120 min) and area under the curve (AUC, mg-dL"
1120 min; insulin, mg-dL'-90 min) are shown in the insert. Results are expressed as means +

S.E M. " Ctrl vs BPS-4 sires; * Ctrl vs BPS-40 sires; * BPS-4 vs BPS-40 sires. *p < 0.05, ™ %%p
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<0.01, **p <0.001, ***p < 0.0001.

Fig. 3. Fetal body and pancreatic parameters of offspring of Ctrl, BPS-4 and BPS-40 sires.
After 2 months of administration of BPS water, Ctrl, BPS-4 and BPS-40 sires were mated with
virgin female Wistar rats. Male and female offspring were studied separately at the embryonic
day 18 post-conception (E18). (A) Body weight (male, n=28-34; female, n=26-33), (B) pancreas
weight (male, n=12-33; female, n=21-31) of male and female F1 fetuses at E18 were measured,
and (C) body mass index (BMI) (male, n=12-33; female, n=15-31) was calculated. (D) Male
fetuses from Ctrl and BPS-4 sires were randomly chosen and analyzed for pancreatic a cell mass
and B cell mass by histomorphometry (n=4-5). Results are expressed as means + S.E.M. " Ctrl

vs BPS-4 fetus. * Ctrl vs BPS-40 fetus. “p < 0.05, #¥p < 0.001.

Fig. 4. Physiological characteristics of progenies of Ctrl, BPS-4 and BPS-40 sires in
adulthood. Male and female offspring were studied separately in adulthood. (A) Body weight
(n=6-8), (B) food intake (n=6-8), (C) body fat/lean mass ratio (n=6) and (D) non-fasting
glycemia (n=6-8) of adult male offspring were monitored. (E) Body weight, (F) food intake, (G)
body fat/lean mass ratio and (H) non-fasting glycemia of adult female F1 (n=6-8) were monitored.
Results are expressed as means + S.E.M. * BPS-4/F1 vs Ctrl/F1; * BPS-4/F1 vs BPS-40/F1. ™ %p

ks

<0.05, ™ %p <0.01, %% < 0.001, “p < 0.0001.

Fig. 5. Parameters of glucose metabolism in 3- and 6-month-old F1 from Ctrl, BPS-4 and
BPS-40 sires. Insulin tolerance test (ITT) (insulin, 0.5 U/kg) in (A) 3 months and (D) 6 months
old male F1, and in (G) 3 months and (J) 6 months old female F1. Intraperitoneal glucose
tolerance test (glucose, 2 g/kg) in (B) 3 months and (E) 6 months old male F1, and in (H) 3
months and (K) 6 months old female F1. Glucose-induced insulin secretion in vivo in (C) 3
months and (F) 6 months old male F1, and in (I) 3 months and (L) 6 months old female F1. (A)

n=17-20; (B, C) n=10-15; (D) n=11-14; (E, F) n=10; (G, H, I) n=7-12; (J, K, L) n=6. Area over
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curve (AOC, mg-dL'-120 min) and area under the curve (AUC, mg-dL'-120 min; insulin,
mg-dL!-90 min) are shown in the insert. Results are expressed as means = S.E.M. * Ctrl/F1 vs

ks
B

BPS-4/F1; # Ctrl/F1 vs BPS-40/F1; ® BPS-4/F1 vs BPS-40/F1. “*%p < 0.05, ™ # %55 < 0.01,

##.555) < 0.001, 73358, < 0.0001.

Fig. 6. Physiological characteristics in male F1 from Ctrl and BPS-4 sires at 9 months of
age. Comparison of (A) body weight, (B) fat/lean mass ratio and (C) non-fasting plasma insulin
in 9-month-old male Ctrl/F1 and BPS-4/F1. (D) Insulin tolerance test (insulin, 0.5 U/kg), (E)
intraperitoneal glucose tolerance test (glucose, 2 g/kg), (F) glucose-induced insulin secretion in
vivo and (G) intraperitoneal pyruvate tolerance test (sodium pyruvate, 1 g/kg) were performed
in male Ctrl/F1 and BPS-4/F1 at 9 months of age. (n=5-8). Area over curve (AOC, mg-dL!-120
min) and area under the curve (AUC, mg-dL'-120 min; insulin, mg-dL"!-90 min) are shown in
the insert. Adipose tissue and soleus muscle were dissected before and after insulin
administration. Protein levels of AKT and p-AKT (ser473) in (H, I) adipose tissue and (J, K)
soleus muscle were determined and quantified. Males F1 were sacrificed at 10 months of age.
(L) Isolated islets of 10-month-old male Ctrl/F1 and BPS-4/F1 were incubated with 2.8 or 16.7
mM glucose to measure the glucose-induced insulin secretion ex vivo. Morphological analysis
of B cells was performed on pancreatic sections of 10-month-old male Ctrl/F1 and BPS-4/F1. 3
cell were identified by immunostaining of pancreatic sections for insulin (brown) in (M) Ctrl/F1
and (N) BPS-4/F1 groups, and (O) pancreatic B cell mass was measured. (n=6). Results are

expressed as means = S.EM. “¥p < 0.05, ™ 4%%p < 0.01.
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Table 1. Plasma lipid profiles in male offspring at 3 and 9 months of age

Lipid profiles (mmol/L) Age Ctrl/F1 BPS-4/F1 BPS-40/F1

3 months old 1.77+£0.14 1.45+0.15 1.55 +0.06
Cholesterol

9 months old 1.67+£0.10 2.01+£0.14" —

3 months old 0.95+0.06 0.58 +0.06™% 0.74 + 0.04*
HDL

9 months old 0.86+0.03 0.88+0.03 —

3 months old 1.85+0.05 2.92+0.30™% 2.11 £0.10
Cholesterol/HDL

9 months old 1.93+0.05 2.28+0.08" —

3 months old 1.04 £0.12 0.92+0.14 0.92+0.13
NEFA

9 months old 0.81 £0.06 0.83+0.07 —

3 months old 1.75+0.12 1.78 £0.27 1.80+0.16
Triglycerides

9 months old 1.57£0.07 1.99+£0.45 —

Data are expressed as means + S.E.M. (n=5-7). * Ctrl/F1 vs BPS-4/F1; # Ctrl/F1 vs BPS-

40/F1; ® BPS-4/F1 vs BPS-40/F1. " %p < 0.05,

ok g

p < 0.01.
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