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Background:Considerable attention has been paid to perflukypbabmpounds (PFCs)
because of their worldwide presence in humans livé)dand environment. A wide variety of
toxicological effects is well supported in animaigluding testicular toxicity and male
infertility. For these reasons, the understandingpademiological associations and of the
molecular mechanisms involved in the endocrineughsng properties of PFCs on human
reproductive health is a major concern.

Objective:To investigate the relationship between PFCs exposiod male reproductive
health.

Design: This study was performed within a screening protteevaluate male reproductive
health in high schools.

Patients:this is a cross-sectional study on 212 exposedsrfadbm the Veneto region, one of
the four areas worldwide heavily polluted with PF&sd 171 non-exposed controls.

Main outcome measure&nthropometrics, seminal parameters and sex horsnaeee
measured in young males from exposed areas, cothpatteage-matched controls. We also
performed biochemical studies in established erpamial models.

ResultsWe found that increased levels of PFCs in plasndeseminal fluid positively
correlate with circulating T and with a reductidnrsemen quality, testicular volume, penile
length and AGD. Experimental evidence points towand antagonistic action of PFOA on
the binding of T to AR in gene reporter assay, cetitipn assay on AR-coated SPR chip and
AR nuclear translocation assay.

Discussion:This study documents that PFCs have a substamigglagt on human health as
they interfere with hormonal pathways, potentiédigding to male infertility.

PFCs exposure leads to an impairment of male reproductive system, which is supported by

experimental evidence showing an interference of these chemicals on the binding of testosterone to
its receptor.
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Introduction

Perfluoroalkyl compounds (PFCs) are a class ofrocgaolecules that are used in many
everyday products such as oil and water repelleoegings for cookware, carpets, and
textiles. Their attractive physio-chemical charaste&s (i.e., colourless, odourless, high
thermal stability, low chemical reactivity and dhitay), high availability and low cost
ensure widespread use in the industry but als@ grarsistent accumulation into the
environment, making them a potential biohazarchfonan health(1,2). Indeed, PFCs have
been found in human fluids and tissues includirglifain, placenta, and testis, which are
protected by strong selective barriers(3—7). Irstigmgly, and for unknown reasons, there
seems to be a sex-dependent pharmacodynamic peifieadult males having a much
higher tendency to PFCs accumulation and loweratez(8—11).

Exposure pathways and toxicity mechanisms for P&€sot well characterized, at least
in humans (reviewed in (12)). An attractive hypaiseemerges from recent
phenomenological studies correlating the dysfumctibthe male reproductive system with
the environmental levels of PFCs(13). PFCs mayhserded by the intestine or inhaled and,
once in the circulation, they may act as endoadiseuptors (ED) ultimately leading to
genital disorders, such as impaired spermatogeagadiseproductive defects, and
antiandrogenic-driven conditions, such as testralyagenesis syndrome (13), which is an
established risk factor for testis cancer(14,15C®could exert their toxicity on the foetus,
new-born, as well as during development, espedcialtgenagers due to alterations in sex
hormones biosynthesis. Recent data suggest thiétiia exposure to PFCs is associated to
lower sperm quality and higher levels of LH and F&Hdulthood(16). Furthermore, by
apparently acting as both anti-androgenic andesttsgenic molecules, PFCs might also
affect the downstream signalling pathways of sexfomes (17,18), down-regulate the
hypothalamic-pituitary axis activity and increassticular toxicity during development(19—
21).

The crucial emerging role PFCs as pollutants oewaoil, and air, and their persistent
level in males warrant for more investigation oa thechanisms of PFCs toxicity in humans.
In this comprehensive study, we tested the hypdatlibat human exposure to PFCs drives
androgenic dysfunction and deterioration of theemaproductive system by altering the
testosterone (T) interaction with its specific ag#n receptor (AR). To investigate the
relationship between PFCs exposure and clinicatatibns, we studied a cohort of 212
exposed young men from the Veneto region, in thetNBast of Italy. With Mid-Ohio valley
in the USA, Dordrecht area in the Netherlands, @indndong district in China, the Veneto
region is one of the four areas worldwide heavijtyied with PFCs. To fully characterize
the antiandrogenic action of PFCs, and the stratamd functional interaction between
PFCs, AR, and T, we performed biochemical studiesstablished experimental models.

Methods

Subjects

This study was performed within the annual scregpiotocol to evaluate male reproductive
health in the high schools of Padova and surrogsdfi'eneto Region, North-East of Italy).
The aim of this screening is to early diagnose iptessisk factors and diseases of the male
reproductive system. Here, we report the finding383 subjects who voluntarily agreed to
complete the cross-sectional study between Juné @&0d May 2018. Included subjects
underwent an accurate medical visit, measure dfrapbometric parameters, ultrasound
examination of the testes and semen analysis ahedical center. Written informed consent
was obtained from all subjects, and the study wasaved by the Research Ethics
Committee of the University Hospital of Padova B208P). The investigation was
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performed according to the principles of the Deatian of Helsinki. Participants did not
receive any reimbursement. Based on geographisildition of PFCs pollution (22)
subjects were then grouped on the basis of theideace. Regional authorities (23) have
defined two different zones within the exposed abaaed on the degree of pollution: the red
area, which is the one with the highest PFCs lewagld the yellow zone, with slightly lower
levels, but at risk for the close proximity witretbontamination plume and surroundings
(22). Among the 383 subjects included in the st@&3ywere resident in the yellow zone, 129
in the red zone, and 171 outside the exposed grear( zone). Specific geographical origin
is reported in Supplementary figure 1(22). In ordeincrease the sample size for subsequent
statistical analyses, subjects from red and yelome were pooled together as a single
exposed group, since no difference has emergecbatthe two areas for the clinical
parameters considered (data not shown), excepoioiprogressive sperm motility and
immotile sperm that where mutually different betwegoups. Subjects from green zone
(non-exposed) were considered as control group.

Anthropometric measurements

Anthropometric and penile measurements includeigihheweight, body mass index (BMI),
waist circumference, arm span, crown-to-pubis lengénile length and circumference.
These parameters are commonly used to suggesedevars of congenital or pre-pubertal
hypogonadism, such as patients with Klinefelter kaimann syndrome(24). Every measure
was taken three times to the nearest millimeteighievas accurately taken from the floor to
the crown of the head as described in previousest(#5,26). BMI was calculated using the
formula weight (kg)/height (M) Waist circumference was measured at the midjbitween
the superior border of the iliac crest and the &wid(27). The arm span was measured as
the distance between the tips of the middle fingetis the arms fully extended (28). The
pubis-to-floor distance was measured from the updge of pubic symphysis to the floor.
The crown-to-pubis length was consequently deragthe difference between height and
pubis-to-floor distance (29). The penile length wasasured as the linear distance along the
dorsal side of the penis extending from the lowdgreeof the pubic bone to the tip of the
glans in the flaccid state. The penis circumferemas measured at the middle of the shaft
(30). All subjects were evaluated by the same thivictans. The intra-operator variations
were in all cases <5%. Testicular volumes wereuatall by ultrasound, using the standard
ellipsoid formula (width x height x length7t6, CV<10%).

Anogenital distance (AGD)

The AGD was measured as previously described eks@{3i), from the posterior base of
the scrotum to the center of the anus. The paaitigvas placed in a supine, frog-legged
position with his thighs at a 45° angle to the exation table. In a subset of 50 randomly
chosen patients, AGD measures were repeated twitteelsame technician, and then blindly
by the second examiner. Interclass correlationfiments (ICC) were calculated for
repeatability estimation within and between examgnRepeatability was very high within
individual (ICC=0.979, 95% CI= 0.960 - 0.989) asilightly lower across examiners (ICC=
0.932, 95% Cl= 0.873 — 0.964).

Semen collection and analysis

Human semen samples were obtained by masturbdten?a7 days of sexual abstinence
and stored in sterile containers. Samples wergvatico liquefy for 30 min at 37°C and were
examined for seminal parameters according to WHter&(32). Briefly: semen volume was
measured by weighing, assuming a semen densitaf/tnl; sperm concentration was
evaluated by hemocytometer (Burker-Turk; Paul Mgl GmbH&Co. KG, Lauda-
Konigshofen, Germany); sperm morphology was idesttifrom semen smears prepared with
10 pl of well-mixed semen, stained with Papanicolaod assessed using the Tygerberg
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strict criteria. Sperm motility was graded intoalafprogressive + non-progressive motility)
and progressive motility. Total sperm count (volumgperm concentration) was also
calculated.

Seminal parameters were available for 211 exposeg&s and 170 controls, since one
subject in each group failed to collect semen.

Sex hormones quantification

Blood was collected in the fasting state betweef®and 10:00 AM. Serum total T, FSH
and LH were evaluated by commercial electrochemitestence immunoassay methods
(Elecsys 2010; Roche Diagnostics, Mannheim, Gerpndoy all parameters, the intra- and
interassay coefficient of variation were <8% an@%l respectively. All determinations were
performed in duplicate.

PFCs quantification in serum and semen by mass-sgeametry

In a subset of patients (50 controls and 50 expsabjects), PFCs were evaluated in serum
and seminal fluid. For serum analyses, cells ar@wed from plasma by centrifugation for
10 minutes at 2000 x g. Following centrifugatidre tiquid component (plasma) was
transferred into a clean polypropylene tube. Thengjtication of PFOA and PFOS was
processed on reversed-phase (RP) liquid chromatbgreoupled with high-resolution mass
spectrometry (LC-MS) Agilent Varian 320 (Agilentdfeologies, Santa Clara, CA, USA).
Briefly, each sample was dissolved in acetonitrite fixed amounts of the stable isotope-
labeled internal standard were added (MPFOA, MPR@&lington Laboratories, Ontario,
Canada). To test the analytical response and tmizgt calibration curve standard mixture
was used at increasing concentrations (PFAC-MXBellMgton Laboratories) together with
isotope-labeled internal standards (MPFOA, MPFQ®&ixad concentrations. This solution
was analysed by LC-MS. The different perfluoroakkgkcies were identified by comparing
the retention time and mass spectra (i.e. m/z \ahaeisotopic pattern). Quantification of
each species was calculated using the correspondlitgation curve.

AR gene reporter assay

All the transfections were performed in HelLa celdistained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) asviwesly described(33). Briefly, cells
were cultivated in Dulbecco's modified Eagle med{IMEM) (Thermofisher, Waltham,

MA, USA), supplemented with 5% fetal bovine serigma Aldrich, St. Louis, MO, USA),
antibiotics, and antimycotics in a humidified inemtr at 37°C with 5% CO2. Transient gene
expression assay was performed in 96-well plateg uspofectamine 2000 reagent
(Thermofisher, Waltham, MA, USA) and a Dual-Lucdee reporter assay system (Promega
Corp, Madison, WI, USA). HeLa cells were grown Br®ell plates and cotransfected at
70% confluence with 100 ng/well of the expressientor for the full-length human AR
(pSV-ARDO0), 100 ng/well of mouse mammary tumor vi(NBVITV)-luciferase reporter
plasmid and 10 ng/well of pGL4. Renilla luciferasgPromega Corp.) (internal control for
transfection efficiency). pSV-ARO and MMTV-Luc pfagls were a kind gift from Prof.
Claessens (University of Leuven, Belgium). Twerdwfhours after transfection, media was
replaced with fresh DMEM and test chemicals (PF@A BFOS 1 uM, Wellington
Laboratories, Ontario, Canada) in the absenceesepice of 10 nM T (positive control,
Sigma Aldrich) were added to each well. FlutamitlaNl, Sigma Aldrich) served as
negative control. Treated cells were harvested [2deln and lysed with lysis buffer of Dual-
Luciferase reporter assay (Promega Corp.). Lugtetivity was measured with a
multilabel plate reader (Wallac Victor, Perkin-Eim@/altham, MA, USA) and all data were
standardized for luciferase activity. Results dr@wm as the mean + SD of three independent
experiments, each performed in duplicate.

Surface Plasmon resonance analyses
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Surface Plasmon Resonance (SPR) experiments weéoerped on a BIAcore-S200
instrument (GE-Healthcare, Chicago IL USA) to monihe interaction between T or PFOA
and the AR. The binding domain AF2 of the AR (65®9Abcam, Cambridge, MA, USA)
was covalently immobilized on a CM5 sensor chimgsin amine-coupling chemistry.
Binding experiments were carried out by injectingreasing concentrations of T (0-1mM,;
Sigma Aldrich) and PFOA (0:4M; Wellington Laboratories) at a flow rate of @0min,

using 10mM Hepes pH7.4, 0.15M NaCl containing 3%We(V/V) as running buffer. Each
cycle consists of 60-sec contact time, followedLBQ-sec dissociation and 30-sec pulse with
100mM Hepes pH7.4, as regeneration step. The resparits (RU) at the steady state were
plotted as a function of [analyte] and the disstimmconstant (i) was obtained as a fitting
parameter of a binding isotherm. Competition experits were performed in order to
investigate the effect of PFOA on T-AR interacti@wolutions of T (250 M) were incubated
with different concentrations of PFOA (0-4 uM) fod minutes, and then injected over the
AR-coated sensor chip. All experiments were pertainm triplicate at 25°C.

AR nuclear translocation assay

The clonal strain of mouse MA-10 Leydig cell linged for AR nuclear translocation assay
was purchased from ATCC® (CRL-3050™, ATCC, ManasSaginia, USA). Cells were
used at the second cell passage from original tiggvim order to maintain the phenotype as
close as possible to the one claimed by the matwrea¢ and handled as previously
described(34). Briefly, cells were seeded on 0.glatine-coated plasticware and
maintained in DMEM/F12 medium, pH 7.7 (GIBCO-Inaigen, Milano, Italy),
supplemented with 20 mM Hepes, 15% horse serum5@npd/ml gentamicin. Starved MA-
10 cells seeded onto glass slides (BD BioscierM#ano, Italy) and cultured at different
concentrations of T (1 to 100 nM, Sigma AldrichpdFOA (0.1 to 1 uM, Wellington
Laboratories), alone or in combination. After 24itg) cells were fixed with 4 %
paraformaldehyde/PBS solution for 15 min at roomgerature and were permeabilized with
1 % Triton X-100/PBS solution for 10 min at roonmigerature. Furthermore, samples were
saturated with 5 % BSA/5 % normal donkey serumBi$s FPor 30 min and then incubated
overnight at 4 °C with Rabbit polyclonal Anti-Andyen receptor antibody (ab74272, Abcam,
Cambridge, UK) for further assessment of AR nuctearslocation by the means of relative
guantification of fluorescence density. In the rizgacontrol, primary antibodies were
omitted. The following day, primary immunoreactiwas detected by incubation with 19gG-
FITC goat anti-Rabbit secondary antibody (K171:t8&Cruz Biotechnology, Dallas, TX,
USA). Finally, cells were counterstained with DARIpunted with antifade buffer, and
analyzed with videoconfocal (VICO) fluorescence mgcope (Nikon, Firenze, Italy). The
nuclear translocation of AR (the intensity of ARrsal within the nucleus relative to the total
intensity) was quantified in 20-40 cells using soétware ImageJ
(http://rsbweb.nih.gov/ij/download.html).

Statistical analyses

All statistics were calculated using SPSS (Verd8nSPSS Inc., Chicago, IL, USA).

values <0.05 were considered as statistically Scgmit. The results were expressed as means
*+ SD or as medians + interquartile ranges. The i&agilk W test for normality was used

to check the distributions of the variables; asastmone of parameters was normally
distributed (except height, crown-to-pubis, puloigtbor and sperm progressive motility),
and almost all of log-transformed distributions dat satisfy normality, non-parametric
statistics was applied. Mann-Whitney test was useabsess differences between groups in
the anthropometric, seminal and hormonal paramateisn in the concentrations of serum e
seminal contaminants. Both raw and adjusted p sawe reported; adjustment for multiple
comparisons was calculated with the Bonferroni-Holethod. Spearman's rank correlation
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coefficients were calculated to evaluate the cati@hs between the concentrations of each
contaminant and the variables of interest.

In the gene reporter assay, to examine differebeegseen treatment groups and positive
control (T 10 nM), one-way analysis of variance @WA) was performed with a Dunnett’s
post hodest, given the normal distribution of data. Duediatively few data points per
concentration and non-normality of the data, norajpeetric statistics were used to analyse
AR nuclear translocation assay. The Kruskal-Wadg was used to compare differences
between concentrations and the Jonckheere-Tetpstréwo-tailed) was used to analyze for
a linear trend between concentration and respdingee or both tests showed a significant
difference (p <0.05), the Mann—Whitney test withnBaroni correction was used to compare
each concentration with the control. The same phaeewas applied to comparisons
between different stimuli (PFOA 0.1, 1 and 10 pM #ntamide 1 pM) and T, within each T
concentration.

Results

Anthropometrics and seminal measures of the twagg@re reported on Table 1. In
particular, subjects from the exposed group shasigmificantly lower mean testicular
volume and shorter penile length and AGD, afteustiijent for multiple comparisons. Prior
to adjustments, also crown-to-pubis and pubisdo+fdistances, and the respective ratio,
differed between groups. No significant differemes observed for age and other
anthropometric parameters.

For what concerns seminal parameters, exposedcssilsigpowed significantly lower
sperm progressive motility and normal sperm morpgl together with higher semen pH
and immotile sperm (Table 1). In addition to théugtion in semen quality, also lower sperm
count was observed in exposed males, in termsasfrsponcentration and total count,
although not statistically significant after cotiea for multiple comparisons (Table 1). The
overview of seminal and genital alterations is ®gfiye of an impairment of androgenic
signalling in these subjects.

To confirm this hypothesis, we evaluated gonadai{giry axis in a subset of 100
randomly-chosen subjects (50 from the control graxg 50 from the exposed group) that
underwent also LC-MS quantification of PFOA and BH@® serum and seminal plasma, in
order to confirm the geographic selection critbaaed on exposure patterns. In the subgroup
from the exposed area, increased semen pH wasoeuafi together with a lower percentage
of sperm with normal morphology, reduced penilegtarand circumference and smaller
testicular volume, but not AGD, although only afeljustment for multiple comparisons
(Table 2). No significant difference has emergetemims of other seminal or anthropometric
parameters. PFOA was detected in serum from 98%¢astand in 96% of the respective
seminal plasma, whereas PFOS was detected in 98&afnd 86% of seminal plasma.
PFCs quantification has confirmed higher serumltegtboth PFOA and PFOS in exposed
subjects (Table 2), with the former being the proeni species in blood, with a mean of
14.99 ng/mL in the exposed group and 4.71 ng/mtomirol subjects. In addition, the
concentration of PFOA, but not PFOS, was highéhénin seminal plasma from exposed
subjects, although lower than serum levels (Tapl&l@rmonal analyses showed higher
levels of total T and LH in the exposed group, camegd with control counterparts (Table 2).
In the correlation analyses, serum and seminaiadsvels of PFOS and PFOA were highly
correlated with each other (Spearmgn=0.216, p =0.034 ana=0.294, p =0.003,
respectively), as were PFOA plasma and semen ctratiens p =0.449, p <0.001), but not
PFOS plasma and semen level9(163, p =0.111). Serum PFOA levels were positivel
correlated with total Tp(=0.305, p =0.002; Figure 1) and Lpi£0.224, p =0.046), as were
seminal PFOA{ =0.346, p <0.001 ana=0.259, p =0.021) and with the proportion of sperm
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with normal morphologyp(=-0.303, p =0.002 ang=-0.225, p =0.025 respectively). Again,
seminal PFOA showed a positive correlation alstwhl (o =0.203, p=0.042). Both serum
and semen PFOA, but not PFOS, were associatededtited testicular volume €0.211,
p=0.037 angh =-0.277, p= 0.006, respectively).

Within this framework of clinical signs suggestiwkean endocrine disruption of androgen
action by PFCs, we aimed to experimentally teshifpothesis of an interference of these
chemicals on the AR, the mediator of androgen $liggaTo this end, an AR gene reporter
assay on Hela cells transiently co-transfected aittMMTV-LUC reporter vector and an
AR expression plasmid pSV-ARO. PFOS and PFOA areentration of 1 uM acted as mild
agonists of AR (10.5% and 11.6%, Figure 2). Upoimncoibation with T 10 nM, both PFOS
and PFOA elicited a significant (p <0.001) antagbaieffect on T-induced activation of AR
at concentrations comparable with those reportdughly exposed populations. These
compounds antagonized the T-induced responsen(4€0t%) down to 73.5 and 64.2 %,
respectively (Figure 2), with PFOA being the mastiemt AR inhibitor. The relative
potencies of the tested compounds were approxiynatete lower than the inhibitor control
flutamide (Figure 2).

Given the highest occurrence of PFOA in the sertiexposed Italian populations and its
higher potency compared to PFOS in the gene rapastay, we focused on PFOA to
elucidate the anti-androgenic mechanism of PFCR. i8Basurements were performed to
monitor the real-time interaction between T and RR@th the AR. In this experiment, the
AF2 binding domain of AR was immobilized on a CM#nsor chip and solutions of T (0 to 1
mM) and PFOA (0 to 4 uM) were injected separatelgifferent concentrations. Despite the
low molecular weight of T (288 Da), SPR resolveel ititeraction and provided a
dissociation constant4&174+32 uM (Figure 3A-B). In contrast, no interactibetween
PFOA (up to 4 uM) and AR was detected under theesaxperimental conditions (Figure
3C-D). Higher concentrations of PFOA were not té&tecause of the limited solubility in
the running buffer. Next, we performed competit@xperiment to assess whether the
presence of PFOA would reduce the binding of T R ¥e incubated a solution of T with
different concentrations of PFOA and the resultimgture was flowed over the same AR-
coated sensor chip. At the highest concentratistete we observed a small but significant
(35%) decrease of T binding suggesting that thegoree of PFOA reduces the binding of T
to its receptor (Figure 3E).

In a final set of experiments, we aimed to tastitro the putative inhibitory effect of
PFOA on AR. To this end, nuclear translocation asgas performed on murine Leydig MA-
10 cells, cultured at different concentrations dfifo 100 nM) and PFOA (0.1 to 1 uM),
alone or in combination. Flutamide 1 uM servedegative control. In the positive control,
T elicited a significant (all p <0.001 vs unstingid cells) and consistent AR nuclear
internalization, with approximately 90% of positisignal within the nucleus, even at the
lowest concentration (Figure 4, 5). By additioraofirogen inhibitor flutamide, AR nuclear
signal decreased down to 17.9%, 20.9% and 36.4P€ancentrations of 1, 10 and 100 nM
respectively. A very low signal was detected inscgicubated with PFOA 0.1, 1 or 10 uM
(2.4, 3.4, 7.1%; Figure 4), which however was corapke with that of the negative
unstimulated control (4.1%). When Leydig cells weoeincubated with both PFOA and T, a
dose-dependent inhibition of AR nuclear translaratvas observed for increasing
concentrations of PFOA, which was inversely cotegldo T concentration (Figure 4, 5): at
the highest T concentration (100 nM), PFOA didaftect AR internalization at any
concentration, but at physiologically relevant ¥eks (10 nM), AR nuclear signal
significantly decreased at highest PFOA concewinatlO tM). On the other hand, at lower
levels of T (1 nM), PFOA induced a significant redan of AR internalization at any tested
concentration (Figure 5). A Jonckheere-Terpstrafterdered alternatives showed that
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there was a statistically significant trend of l@giAR nuclear translocation scores with
increasing concentration of T, alone (z =2.4160®%6) or in combination with flutamide (z
=3.695, p<0.001) and PFOA, at any tested concamtréall p <0.001).

Discussion

This study documents that PFCs have a substamjiat on human male health as they
directly interfere with hormonal pathways potenyiddading to male infertility. We found
that increased levels of PFCs in plasma and serfundlpositively correlate with circulating
T and with a reduction of semen quality, testicwi@ume, penile length and AGD.
Experimental evidence supports our observatiorsllt® and points towards an antagonistic
action of PFOA on the binding of T to its naturd& A

The investigation covered an area of around 15ikrthe provinces of Vicenza and
Padua and to some extent Verona, with 350,000-800)8ople potentially exposed(35,36).
These areas are heavily polluted with concentrat@PFCs up to 6872 ng/L for all PFCs
and up to 3733 ng/L for PFOA alone in surface vsagard up to 3138 ng/l for all PFCs and
up to 1886 ng/l for PFOA in drinking water, thati$000 fold higher than control values (0.5
to 8 ng/L)(37). Compared to median concentratidiBFDA and PFOS in blood serum of
the general population in Italy, we found levelP81OA more than 5 times higher in plasma
and semen compared to control. Although slightfgrior to the PFCs levels calculated on
13856 subjects aged 14-40, during a surveillanogramme promoted by the Veneto from
the most polluted “red zone”(38), our results ayesistent with previous findings(35), and
our sensitive LC-MS method is able to differentiagtween exposed population and
controls.

Interestingly, the majority of the exposed maleyapon showed a reduction in
testicular volume, penile length, and AGD, but athropometrics in males aged 18-19.
These findings could be explained considering #@&D and anthropometric measures are
differentially determined during fetal and pre-pribkbdevelopment, respectively(24).
Accordingly, genital development is concomitantwitGD determination(39). Therefore we
could speculate an hypothetic involvement of PF@-+atero rather than late ED exposure.
Prenatal exposure to androgens during the “maseation programming window”, a critical
window during testicular development, is positivasociated with AGD in mammals(39).
On these bases, AGD has been suggested as a @umatiker of prenatal exposure to
chemicals with known anti-androgenic effect, or iBeneral. For example, exposure to
phthalates(40), dioxins(41) and bisphenol A(42) leesn associated with a reduction in
AGD. As the first report on water contaminationR¥Cs goes back to 1977(43), the
magnitude of the problem is alarming as it affectentire generation of young individuals,
from 1978 onwards.

PFCs toxicity also concerns adult life independefidm in-utero exposure. This implies
that healthy individuals living in territories caminated with PFCs could present signs of
toxicity. In vitro and animal studies on PFCs taitiave shown a detrimental effect of
PFCs on testicular function due to the alteratibsteroidogenic machinery and subsequent
defect of spermatogenesis(44—-48). Two cross-sedtgindies reported negative associations
of PFOS, or high PFOA and PFOS combined, with tie@grtion of morphologically normal
spermatozoa in adult men(49,50). This is in agregméh our findings in which we observe
a significant reduction in progressive sperm mwgtilh exposed subjects. The exact
mechanism, however, is not clear, and possiblylvagan impairment of mitochondrial
activity, as observed in the endocrine disruptepbenol A(51).

Another important finding is the association betw&&OA and seminal plasma pH,
indicative of an interference of PFCs at a prostatiel. The presence of PFCs in seminal
plasma reported by previous groups (52) and byiggests either a prostatic or testicular
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origin of PFCs, that could explain a weak assammatif plasma PFOS concentration with
incident prostate cancer (53). This aspect, howeeguires further investigations.

Overall, the inefficient recognition between T atsdreceptor in the presence of PFCs
could explain the clinical symptoms in the exposetividuals. It would also explain why
higher levels of T are found in exposed subjecticivis a compensatory mechanism, as
supported by increased LH. Interestingly, in thiy atudy that evaluated young males from
an exposed pregnancy cohort, prenatal exposure@®Rvas associated later in adult life
with lower sperm concentration and total sperm td#). The same study also reported an
alteration of the hypothalamic-pituitary axis, witlgher levels of LH and FSH, but not T.

Several experiments provide direct evidence th@Ahibits the binding of T to AR.
First, PFOS and PFOA elicit a significant antagbnisffect (~25%) on testosterone-induced
activation of AR in Hela cells. This result is igraement with the study by Kjeldsen and
colleagues(18), but in contrast with Behr(54) angd3), who have used different cell lines,
reporter plasmids and co-treatment conditions. S&cBFOA diminishes the binding of T to
the purified receptor. Third, PFOA significantlydtees the translocation of AR to the
nucleus in murine Leydig cells. Remarkably, co-imation of physiological concentrations of
T in adults (10 nM) and PFOA led to~&0% reduction of AR nuclear signal, at
concentrations reported in regions with point sewtanking water contamination (1
HM)(35,36,56) and in occupationally-exposed flutvemical workers (10 pM)(57).

Despite the convincing biological effect, the medkan of inhibition remains elusive and
requires more biochemical investigations to be uedeMoreover, quantification of
circulating androgens with more precise methods$dconveil further associations with sex
steroids, and given the cross-sectional desigheobtudy, further confounding factors could
be included, such as socioeconomic status. Beaduke partial antagonist effect in our
assays, PFOA may act as an allosteric or non-catimpanhibitor thereby blocking
dimerization of the receptor and its translocatmthe nucleus. This would explain as to why
SPR experiments failed to monitor the interactietween PFOA and covalently
immobilized monomeric AR. Alternatively, PFOA coultderact with T thereby diminishing
the concentration of the bioactive hormone in tiheutation. Furthermore, it remains to be
established how PFCs penetrate cells and barmersvhat are the mechanisms of clearance.

In conclusion, we present both clinical and expental evidence supporting the
endocrine disrupting activity of PFCs on androgéaitction, which is mediated by the AR.
The interference of PFCs on the binding and adtmatf T on the AR, could explain the
resulting alterations of seminal parameters andetaction in testicular volume and penile
length, together with shorter AGD, observed in ypumles from an exposure area. At the
hormonal level, the reduced activation of T resmtmcreased serum T levels, possibly due
to the positive feedback on the hypothalamic-ptyitaxis, as reflected by increased LH.
Importantly, the antagonistic activity on T by PR&sild also extend to other steroids, such
as DHT, progesterone or estradiol thereby affectgudy and late development of male
genital tract to the different extents.
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Figure 1. Total testosterone levels are positivelyorrelated with serum PFOA.
Correlation between serum log-transformed PFOAIl$e&rd total Testosterone in the
exposed group (full circles, straight line, n =&@H in control group (empty circles, dotted
line, n =50).

Figure 2. PFOA and PFOS inhibit androgen receptoransactivation in HeLa
transfected cells AR gene reporter assay on Hela cells transfectéulwic-AR and
stimulated with T 10 nM and PFOA 1 uM or PFOS 1 @lbne or in combination with T.
Flutamide (Flut 1uM) served as internal negativetia of inhibitory activity on AR. AR
activity is reported as relative (%) to positiventrol (T 10 nM, set to 100%). Data are
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reported as mean+SD of three independent expersmgnk0.001 calculated with one-way
ANOVA with a Dunnett’gpost hodest with T 10 nM as reference category.

Figure 3. Binding of testosterone to immobilized agrogen receptor is reduced by

PFOA. Solutions of testosterone (288.42 DA) éand PFOA (414.07 DaX{ were injected

at a flow rate of 3@I/min at 25°C, using 10mM Hepes pH7.4, 0.15M Na@itaining 3%
MeOH (V/V) as running buffer. Each SPR trace wdstrisicted for unspecific binding (<2%
of RUnay. The response units (RU) at the steady state pletid as a function of [analyte]
and fitted to the Langmuir equation to yield thesdiciation constantd{B, D). No

interaction between PFOA (up to 4mM) and AR wagded under the same experimental
conditions. E) Next, we performed competition experiment to assehether the presence of
PFOA would reduce the binding of testosterone to AMR250 mM solution of testosterone
was incubated with different concentrations of PHOA! uM) for at least 10 minutes before
injection over the same AR-coated sensor chip. Weewed a-35% reduction of
testosterone binding to AR at 4 uM PFOA. Resulisshown as the maximal association
response units (RU, expressed as the percentageedb the response measured without
PFOA) achieved at increasing concentrations of PHBARaw data showing the inhibitory
effect of PFOA at 1 uM (red) and the reproducipibf testosterone binding before and after
the competition experiment (black and blue).

Figure 4. Expression of androgen receptor in murindeydig MA-10 cells under

different conditions. Immunofluorescence of AR (FITC, green) nuclearstacation in

Leydig Ma-10 cells stimulated with T and PFOA dtetient concentrations as reported in the
figure. Flutamide (1 uM) served as internal conthclei are stained with DAPI (blue).

Cells were visualized by scanning confocal lasarasicopy (60x magnifcation).

Figure 5. Androgen receptor nuclear translocationmduced by testosterone is reduced
by PFOA in murine MA-10 Leydig cells.Relative quantification (%) of nuclear
fluorescence intensity with respect to total flisme intensity in MA-10 Leydig cells
stimulated with T and PFOA at different concentiasi. Results are the mean + SE. The
Kruskal-Wallis test was used to compare differerimgveen concentrations. The Mann—
Whitney test with Bonferroni correction was useaddmpare each concentration with the
control. The same procedure was applied to compasibetween different stimuli (PFOA
0.1, 1 and 10 pM and flutamide 1 uM) and T, witkacth T concentratioti= p<0.05 vs T;
**= p<0.001 vs T; #=p<0.05vs T 0, 10 and 100 nM; = p<0.05vs T 0, I and 100 nM; §=p
<0.05vs T O, 1 and 10 nM; ¥=p<0.05vs T 0 nM;g<0.05 vs 0 and 1 nM

Table 1. Anthropometric and seminal parameters in 171 césarnd 212 exposed subjects.

Controls (N=171)* Exposed (N=212)
Parameters Mes +|SD | min-max Memﬁ (IQR) Mes +|SD min-max Memﬁ (IQR) gfw ﬁbdj
Age (yrs.) 18.4+]1.0 18.0-24.0 18.0(18.0-19.0) 18.%+(0.8 18.0-22.0 18.p(18.0-19.0) 0.08] 0.567
) 162.0- (175.0- 160.0- (175.0-
Height (cm) | 179.2+]6.2 192.0 180.0 184.0) 178.8/£|6.9 203.0 179.0 183.0) 0.575] 1.0

Weight (kg) | 73.4+[85 [ 54.0-96.0 73.0(67.0-78.0) | 73.9+[11.9] 47.0-120.) 73.0](65.0-80.0) | 0.89f 1.0
BMI (kg/m?) | 22.8]+]2.3 18.2-31.0 22.p(21.1-24.0) 23.1+(3.1 16.6-35.8 22.p(21.0-24.5) 0.492 1.0
WC (cm) 81.4+|7.1 | 64.0-103.0 81.0|(77.0-85.6) 84.0+[10.5 | 63.5-140. 82.0] (77.0-88.0) 0.174 0.87
Arm span . (178.0- 160.0- (176.5-

(cm) 182.1|£|10.2 | 87.0-200.¢ 182.0, 187.6) 182.0] (8.2 204.0 181.5] 187.0) 0.276 1.0
Crown-to-

S;Js?;ce 81.8|+|4.9 70.0-94.0 82.p(78.0-85.2) | 82.9+|55 | 68.0-98.0 83.p(79.0-86.0) | 0.041] 0.328
(cm)

Pubis-to-

97.4|£]5.3 | 84.5-110.q 97.8[(93.0-101.2)] 95.9]+|5.7 | 79.0-117.0  96.0|(93.0-100.0)f 0.009] 0.09

floor

14

8102 18qWIBAON /( UO J8sn 1]e100s azuaios Ip ojod [ap eosjosewd Aq | 1.28S515/SS810-810Z2/01LZ1 01 /10p/10BSqe-a|01ie-a0uBAp./Wadl/woo dnoolwepese//:sdiy Wol) papeojumod



The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-01855

distance
(cm)
Crown-to-
pubis/pubis-| 0.8[+|0.1 | 0.68-1.01 0.8(0.8-0.9) 0od+lo1 | o612 0.9(0.8-0.9) 0.014 0.126
to-floor ratio
Testicular I
Volume (miy| 161[*[32 | 7.6-265 16.p(14.1-18.0) | 14.7%|32 | 6.8-245 14.5(12.5-16.5) | <0.001| <0.001]
Fcer;‘)'s length| g 7]+]16 | 6.0-135 10.p(8.5-11.0) 8417 | 20135 9.0(8.0-10.0) | <0.001] <0.001
Penis
circumferend 10.0{+[1.0 | 5.0-13.0 10.0(9.5-10.5) 99+[11 | 7.0-130 10.p(9.0-10.5) 0.134 0.804
e (cm)
AGD (cm) 45:[08 | 2572 4.5(4.0-5.0) 41=|09 | 2.07.0 4.0(3.545) | <0.001[<0.00
Semen 27|t|14 | 0375 2.5(1.5-3.5) 2d+[13 | 0270 2.5(1.5-3.3) 0.512 0.568
volume (mL)
pH 75[[02 | 7.08.0 7.5(7.4-7.6) 74+[02 | 7.085 71(75-7.7) | <0.001|<0.00!
Sperm
concentratio| 89.2]+[97.9| 0-800.0 65.0(33.2-115.6)] 66.2|+|53.2| 0-327.0 57.p(25.3-99.0) | 0.045 0.180
n (10°/mL)
Total sperm | 5, f 12921 59940 | 135.9(66.0-281.1) 166.8| | 2% | 08175 | 123.0(43.4-258.0) 0032 0.160
count (16) 6 5
= Progressive
g motiity (o) | 51:8|%|155 | 0910 53.0(42.0-62.0) | 44.1+|17.1| o0-85.0 44.0(32.0-57.0) | <0.001] <0.001]
j(g Non
Ok progressive | 7.5/+|6.5 0-32.0 6.0(3.0-10.0) 81+|76 0-63.0 6.0(4.0-10.0) 0.284 0.568
3 = motility (%)
w > Immotile
o8 sperm () | 402|*[142| o910 38.0(30.0-50.3) | 46.8+|17.0| 0-90.0 47.(35.0-57.0) | <0.001] <0.001]
§CZ> Normal
gg morphology |  7.9|+|5.8 0-30.0 6.0(4.0-12.0) 6.1+[43 0-20.0 6.0(2.0-8.0) 0.006| 0.036
0 (%)
E% Viability (%) | 82.4|£|10.0| 0-98.0 85.0(78.0-90.0) | 81.1%]9.7 0-95.0 83.0(78.0-88.0) | 0.05f 0.180)

IQR: interquartile range I5— 75" percentiles. Significant p values are in bold. the seminal parameters
analyses, 1 subject within each group failed ttecosemen and was therefore omitfddann-Whitney test
was used to assess differences between groigisistment for multiple comparisons was calculateith the
Bonferroni-Holm method.

=
L
O
ﬁ

Table 2.Sex hormones, PFOA and PFOS levels in serum anerséom 50 controls and 50
exposed subjects, with respective anthropometridssaminal parameters.

LIJ Controls (N =50) Exposed (N =50)
—I Mea min- Medi Mea min- Medi Raw| Adj.
O Parameter n|+|SD max an| (IQR) n|+|SD max an| (IQR) p? p®
14.9] ,|25.0 2.3- <0.0(] <0.0C
e Serum PFOA (ng/ml) 4.71|+[2.08 | 1.2-8.0| 4.70(3.5-6.6) ol*ls 1es7 | 7-35|(4.7-14.9) 1 1
I— Serum PFOS (ng/ml) 0.4%]0.7 0.6-1.8 0.82(0.4-1.3) 1.13+|0.3 0.0-4.0 1.11(0.8-1.3) | 0.017] 0.04¢
- (0.08- 0.90 i (0.11- <0.0(| <0.0¢
m Semen PFOA (ng/mi) 0.1[#|0.01| 0.0-0.1 0. 0.11) 0.67| (g 0.0-53 | 0.2 0.99) 1 1
i (0.08-0- i (0.01-
< Semen PFOS (ng/ml) 0.111£]0.03 | 0.1-0.2 0.1 L13) 0.12)£|0.06 | 0.0-1.1 0'“0.14) 0.916) 0.916
154 12.9- 19.3 (16.3- <0.00] <0.00
LIJ Testosterone (nmol/L) 2[*]#06 | 6:8-294 18'935.7.9) 4|%[527] 93350 18'9821.8) 1 1
O FSH (U/L) 3.03+[1.26 | 1.2-6.6] 2.89(2.0-3.8) | 3.44+[1.53 | 1.5-7.3] 2.9H(2.2-7.0) | 0.2240.576
LH(U/L) 4.24]1%+]11.63 | 1.4-8.3 4.18(2.9-6.8) 5471+[1.79 | 2.0-8.4 5.3f(4.3-7.0) | 0.00%| 0.01¢
23.0 18.2- (21.1- 229 16.6- (20.4-
2'
Z BMI (kg/m?) > +12.86 33.6 22.19 24.7) 0 +|3.24 305 22.40 25.5) 0.847| 1.000
< 824 64.0- (77.0- 83.1] ,|115 65.0- (76.5-
> WC (cm) 8 +|8.42 114.0 80.75] 86.0) 3 + 5 140.0 81.50| 85.4) 0.757] 1.000
182. 165.0- | 182.7| (178.0- 180. 160.0- | 179.0| (174.2-
D Arm span (cm) 19 +16.61 200.0 5[185.8) a5 +|7.47 108.0 0|187.0) 0.246| 0.738
Crown-to-pubis distance | 81.5 71.0- (79.0- 82.1 74.0- (79.0-
< (cm) 3 +|4.17 88.5 82.0 85.0) 4 +14.92 96.0 82.0 84.0) 0.592] 1.000
Pubis-to-floor distance 96.8 87.0- (93.0- 94.5 84.0- (90.3-
(cm) 0 +|5.20 106.0 97.0 101.1) 9 +|5.27 102.0 95.0 99.0) 0.064] 0.320,
i-i ﬁgg‘r"’r”a'tti%'p“b'yp“b's'to' 0.84|t|0.06 | 0.7-1.0] 0.850.809) | 0.87+|0.08 (1'713;1' 0.86/(0.8-0.9) | 0.1140.440
. 16.8 (14.8- 14.6 (12.6- <0.00| <0.00
L - -
ZE Testicular Volume (ml) 6 +|3.61 | 9.7-26.5 16.1319.0) 7 +|3.32 | 9.5-24.5 14'0316.0) 1 1
XY=
08 Penis length (cm) 10ja:|1.87 | 6.0-13.0 10.p(9.0-11.0)| 8.7§+|1.82 | 4.0-12.00  9.0p(8.0-10.0) <°'°§ <0'°§
Qo
Z
L
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Penis circumference (cm) 10'f +/0.90 | 9.0-13.00 10.1[(9.9-11.0)| 9.6%+|0.90 | 7.8-12.00 9.5p(9.0-10.0) <O'O](_ <0'OJC_
AGD (cm) 45/+[0.9 | 2.7-72] 450(4.05.2) 43+[0.8 | 2557 4.00(3.5-5.0) [0.01¢]0.114
Semen volume (mL) 3.0%|1.91| 0.5-9.0 2.5p(1.5-3.9) 2.76+[1.37 | 0.3-6.0 3.0P(1.6-3.4) | 0.3731.000
pH 7.55[+]0.21 ]| 7.0-7.9 7.60(7.5-7.7) 7.63+[0.23 | 7.0-8.0 7.7D(7.6-7.7) | 0.00t| 0.04:
Sperm concentration 92.4| ,1133. 6.0- (27.4- 89.7| ,]59.3 6.0- (34.4-
(10°/mL) o|*|s7 | 800.0 | 4999043 6|%[5 2640 | °*%0|9p5) | 0.771] 1.000
241.1 | 347. } 146.2| (70.0- 226.] , | 264. ] 171.5| (77.2-
Total sperm count (£ 78 + 40 6.1-2240) 5[270.3) 93 * 28 15.8-680 5[301.7) 0.596| 1.000
. - 54.71 113.3 30.0- (45.0- 55.3],]16.4 15.0- (43.0-
0,
Progressive motility (%) 3 + 9 85.0 54.50 64.8) 1 + 1 88.0 57.0 68.0) 0.992| 1.000
[\j/‘z)” progressive motility | ¢ o541 38 | 0.0-27.0 45p3.09.8) | 504335 1.021.0 403.06.0) | 0.1040.636
. 39.01,]12.3 15.0- (30.2- 39.6],]16.4 (25.5-
0, -
Immotile sperm (%) 8 + 4 68.0 38.0 46.5) 3 + 9 7.0-79.0] 40.5 53.5) 0.624] 1.000
Normal morphology (%) 8.7p+|5.51 | 2.0-20.0 7.0(4.0-12.0)| 4.55+|2.31 | 2.0-10.0 4.0(2.0-6.0) <°'°§ <°'°§
82. 4 53.0- (80.0- 79.6 60.0- (75.0-
0,
Viability (%) +|7.81 92.0 82.50] 89.5) 9 +|7.67 91.0 82.0 85.0) 0.048] 0.336

IQR: interquartile range fS— 75" percentiles. Significant p values are in b8Mann-Whitney test was used to
assess differences between grofipgjustment for multiple comparisons was calculatéth the Bonferroni-
Holm method.
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