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Trans-epithelial electrical resistance: TEER; lijftcbbenzene (DNB); checkpoint kinase 2: CHK2;
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TP1; TransitionProtein 2: TP2; Protamine-3: PRM3; Androgen receA®; Estrogen receptor alpha: ER
Tight junction protein-IfJP1; Ribosomal protein S16: 168ie glial cell-derived neurotrophic factor

(GDNF); Stem Cell Factor (SCF).
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Abstract

Many toxicants are present in water as a mixturaleMnfertility is one of the environmental impadts
developed countries. Using our rat seminiferousiteitculture model, we evaluated the effects of veatd
different origins, on several parameters of the isgenous epithelium. Concentrated culture mediumasw
diluted with the waters to be tested (final concatidns of the tested waters were between 8 and).8Uke
integrity of the blood-testis barrier was assedsethe trans-epithelial electric resistance (TEERje levels of
mMRNAs specific of Sertoli cells, of cellular junatis, of each population of germ cells, of androgeeptor, of
estrogen receptar and of aromatase were also studied. We reporg, lilee results obtained with ten waters,
some of them possessing a negative effect on spegeresis. The results showed that according tdetsted
waters, their effects on the parameters studiedhinig quite different indicating many different rhaaisms of
toxicity, including some endocrine disrupting etfeclt has been reported that men with impaired esem
parameters have an increased mortality rate suggestmen quality may provide a fundamental biomadé
overall male health. Hence, we have developed evaatin vitro bioassay allowing to evaluate the potential
toxicity of different types of waters on male fétyi and to assess some aspects of their mechasfisction. In
addition to the TEER measure, the number and/oiddetity of the studied mRNAs can be largely irsed

and/or modified, thus enhancing the possibilityisihg this model as a “warning system”.

Keywords
Water quality,in vitro bioassay, methods, spermatogenesis, blood-testigebintegrity, endocrine disrupting

effects,global toxicity
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1. Introduction

A large number of environmental factors calype air, water and food and may potentiate eablerowhen
present as a mixture (Cotton et al. 2016; Durarad. 28017, 2020). Numerous studies suggest a @elisemen
quality in some parts of the world (Carlsen et1892; Auger et al. 1995; Adamopoulos et al. 1996nV
Waeleghem et al. 1996; Lackner et al. 2005; Sripgda. 2007; Shine et al. 2008; Mukhopadhyay e2@10;
Geoffroy-Siraudin et al. 2012). This might occurr@sponse to adverse environmental factors (Gabriehnd
Tanrikut 2016).

Using our rat seminiferous tubule culture md@o-AlteR®), which has been carefully validated looth a
physiological and a “physio-toxicological” point sfew (Geoffroy-Siraudin et al. 2010; Goldsteina¢t2016),
we have developed a method to assess the potengatt of waters on spermatogenesis and to exlonge
aspects of their mechanism of action. For this psepthe integrity of the blood-testis barrier \wagermined by
measuring the trans-epithelial electric resista(EER). Indeed, we, and others, have shown thag¢raév
toxicants which may be present in the environment ater the blood-testis barrier (Carette et @l5 Gao et
al. 2015; Goldstein et al. 2016). Also, the expms®f genes specific of Sertoli cells, of cellujanctions, and
of each population of germ cells was studied byerse transcriptiomuantitative polymerase chain reaction
(RT-gPCR). Similarly, the expressions of Androgeaeptor (AR), of Estrogen receptor alpha ¢eRnd of
aromatase were investigated. Hence, in order tinlatal thisin vitro bioassay, in the present manuscript we

report the results obtained with ten waters froffedént origins.

2. Materials and Methods

2-1 Animals

Experiments were performed with 20-22-day+olle Sprague-Dawley rats having undergone no tesatm
Testes from six to ten rats were pooled. The erpmmtal protocol was designed in compliance with
recommendations of the European Economic CommyBEBLC) (86/609/EEC) for the care and use of laboyato

animals.
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2-2 Preparation and culture of seminiferous tubule segents

Small seminiferous tubule segments were seeateal high density, in bicameral chambers andudt in a
serum-free culture medium as previously descriligebffroy-Siraudin et al. 2010; Carette et al. 20&b|dstein
et al. 2016). Incubations were carried out at 3iB°& water-saturated atmosphere of 95% air and &%. Each
culture was carried out in four to seven replicdbeslO to 21 days, either in the absence or peeEsehthe water
sample to be tested. The complete culture mediumMaM Hepes-buffered F12 / DMEM supplemented with
10ug / ml gentamycin, 30U / ml nystatin, 1Qg / ml insulin, Qg / ml human transferrin, I vitamin C,
10ug / ml vitamin E, 10 M testosterone, 3.3 1M retinoic acid, 3.3 10M retinol, 10° M pyruvate (Sigma)

and 1ng / ml FSH (NIH, Bethesda, MD).

2-3 Preparation of the culture medium

Complete 5X culture medium was made by diggmiwf DMEM / F12, 15mM Hepes-buffered, in powdier
Versol water. The pH of this 5X medium was adjusteda physiological pH: 7.1+ 0.2 in order to avoid
characterizing the effects of a difference in pthei, the medium was filtered through a Qua filter.
Concentrated culture medium was diluted five-foldhveither Versol water (control) or the water te tested
giving a final concentration of the tested water 8% (v/v). For those waters to be tested at lower
concentrations, they were first diluted with Versalter before being added to the concentratedreuthedium
(final pH between 6.9 and 7.3). The waters to stetbwere present from day 2 of culture and onthébasal
compartment of the bicameral chamber. Only thelbasdia [prepared without (control) or with the emato be
tested] were renewed every 2-3 days. To test tleetedf 1,3dinitrobenzene (DNB), a stock solutiari@ mg /
ml was prepared in 100% ethanol. The final coneiatn tested in the culture medium wasi)/ ml (0.1%

ethanol).

2-4 Trans-epithelial electrical resistance

TEER measurement was performed as previo@yette et al. 2015; Durand et al. 2017) with arOBA2
(World Precision Instruments, Florida, USA). Thdtare was equilibrated at room temperature befoecaissay.
The TEER was calculated according to the followeggation: TEER = (R total-R control).R(cm2), where R
total is the resistance measured, R control isréisestance of the control insert (insert alone wiité culture

medium), and A is the surface area of the insert.
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TEER was measured for 4 to 7 replicate wells. Ong-wANOVA was performed

(https://biostatgv.sentiweb.fr/?module=tests/afova

2-5 RT-gPCR

Four to seven wells were pooled and total Ri#S extracted from cultured seminiferous tubulesha end
of the culture (between day 10 and day 20), usiRirREAGENT (Euromedex, Souffelweyersheim, France)
according to the manufacturer’s protocol. All saaspiere treated by DNase | before the reversedriation;
first-strand cDNA was synthesized from 1 pg RNAhaBuper Script Ill in the presence of oligodT arah&om
Primer (all from Thermo Fisher Scientific, Villeb@ur Yvette, France). Real-time PCR was perfornmed i

StepOnePlus instrument (Applied Biosystems) byaiSIMBR-Green (Qiagen, Courtaboeuf, France).

Primer sequences are presented in Table lribtsomal protein S16 (16S) was used as a hougilgegene
control. The results are expressed in % expredsio@ach gene studied: absolute value of the cimmditeated /
absolute value of the control (Carette et al. 2015)

The absolute value: 2 [-moyCT] was calculated fachegene studied as well as for the housekeeping ge
(16S). The value obtained for each gene studieddivided by the value obtained for the 16S mRNA.

Pooling of wells did not permit an estimate of mgament error in the RT-qPCR data, thus, statistinalysis
was not performed. Based on our experience, weidemthat a condition cause &n increase in the level of
expression when the value of the measure is grézer130% of the value of the contral) @ decrease of the

level of expression when the value of the measutewer than 70% of the value of the control.
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Table 1: Sequences of the primers used for RTQPCR

fwd-5 rev-3 Reference
Sequence

CHK?2 TGCTGGAGCCTAGGAGTCAT TCATGTGCTCATCCTGAAGC NM 53677.1
VASA GATGCACCACCGGCAATTTT TTCCCAGACCCTGTTTGAGC NM @077647.1
Integrina6 TCGGTCTCTGGAGTCGCTAA GCCGTGCCGAGGTTTTTAAG NM_0535.1
TH2B GATGCCGCGAAGAGAGTTAC | GGTCGAGCGCTTGTTGTAAT NM 22643.1
Stathmin AAGGATCTTTCCCTGGAGGA TTCTCCTCTGCCATTTTGCT | NM_017166.1
TP1 CGACCAGCCGCAAACTAAAG | ATCATCGCCCCGTTTCCTAC NM_(@056.2
TP2 GGCCTCAAAGTCACACCAAT CTTGCTCACTTTCCCTTCCA NM_(@057.2
PRM3 GTGGCCTGTGTGAGTCAAGA CCTCAGCACCATCTTGCTTT NM0@002855.2
AR GTGTCGTCTCCGGAAATGTT GGAATCAGGCTGGTTGTTGT NM_05P2.1
ERa CATCGATAAGAACCGGAGGA | AAGGTTGGCAGCTCTCATGT NM_ 012681
Aromatase TCTCCAGATTCGGCAGCAAG ATAAGAACAGGGCCCGTCAG NM_017085.2
TIP1 TGCTCCAGCAGGTCCTAAGT TGGTAGCTGAGGGCAGAACT NMO00106266.1
Claudin-11 CTGGTGGACATCCTCATCCT GCGCATACAGGAAACCAGA | NM_053457.2
Occludin GAGGGTACACAGACCCCAGA| CAGGATTGCGCTGACTATGA | NM _031329.2
Connexin 43 | TCCTTGGTGTCTCTCGCTTT GAGCAGCCATTGAAGTAE | NM_012567.2
Clusterin TTCATTCCCTCCAGTCCAAG CACGAGAGGGGACTTCTGAG NM_053021.2
Vimentin AGATCGATGTGGACGTTTCC CACCTGTCTCCGGTATTCGT | NM_031140.1
16S AGTCTTCGGACGCAAGAAAA | AGCCACCAGAGCTTTTGAGA NM_00169146.1
3. Results

3-1 Effect of different dilutions of effluent waters on the TEER and the levels of TP1 mRNA

In a first set of experiments serial dilutiasfshree hospital effluent waters (Poitou Chargetgon, France)
were tested. Water A: a general effluent (whichsdoet contain only hospital effluents); Water B:effluent
from the main building of the hospital (standardspitalizations from general medicine: 24% of tdtaiv);

Water C: an effluent from the regional cancer ee(t4% of total flow).

Measurements of the TEER showed clear dosg-tiere- dependent effects on the integrity of thmob-
testicular barrier (Figla). For every water, atltheer concentration tested (8%), a TEER greatan that of the
control was observed on days 8 and 10 (all(p001). By contrast, for the higher concentra{@®d%) of waters
B and C, the TEER was lower than the control fraay d to day 10 (% 0.001). These effects were associated to
rather dose-dependent changes in the expressiarPbf mRNA, which is specifically expressed by round
spermatids (Fig. 1b). However, for both Water B &vidter C, no mRNA of TP1 could be measured, whew th

were tested at 80%, indicating a dramatic effe¢che$e waters on round spermatids.
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3-2 Effect of 3 different hospital tap waters fromthe Ille de France region (tested at the concentrain of
80%) on the TEER and the levels of TP1, TP2 and PRBIMRNAS

In this series of experiments, DNB was inchlids a positive control in order to validate thgpmnsiveness
and the sensitivity of the culture (Fig. 2a). IndePNB is a powerful testicular toxicant. In theoBAlteR® rat
model, we have shown that DNB exerts a ditegic effect on Sertoli cells and germ cells aneral the TEER
(Goldstein et al. 2016). In the present experimBiNB at 10ug / ml reduced the TEER from day 9 to dE§/
(between 68 and 73% of the controk p.05 to i 0.001), and reduced dramatically the expressiothef
mRNAs of TP1, TP2 and PRM3 (all less than 1% ofdbetrol values, data not shown). For hospitaivtagers
I, I, and Il no change of the TEER was ever oledr(Fig. 2a). Nevertheless, hospital tap wateasd Il
increased the amounts of TP1, TP2 and PRM3 mRN&svien 137 and 166% of the control). By contrés, t
amounts ofmRNAs of TP1, TP2 and PRM3 were decreased (61%, &&%67% of the control respectively) by

hospital tap water Il (Fig. 2b).

3-3 Effect of four drinking waters on the TEER andon the levels of some “specific” mMRNAs

In order to refine the above results, in t& ket of experiments presented here, we incréhsatimber of
mMRNAs investigated. For this purpose, we evaluéttedeffects on spermatogenesis of two tap wateen12)
from different sources of the area of Lyon (Frarena) of two plastic bottled mineral waters (3 ahdAl these

waters were tested at the concentration of 80%.

3-3-1 Effect on the TEER

As shown in Fig. 3a, the TEER of tap waterdswigher than the control on days 8 and 10 (123127%
respectively, g 0.01), but lower at the end of the culture (58286 from day 15 to day 20<.01 to
p< 0.001). By contrast, the TEER of tap water 2 ranigetween 90% and 98% of the value of the contedbw
until day 13, but was slightly lower from day 1%tiuday 20 (between 75 and 78% of contrsl(a05 to
p< 0.01). For plastic bottled mineral waters (Fig),3ihe TEER of water 3 was never less than 85%hef t

control, whereas for water 4 it was lower only frday 13 to day 17 (71 to 81% of contrel .01 to p< 0.001).



186  3-3-2 Effect on the relative levels of some “speif mMRNAs

187 For tap water 1 the clear biphasic modifiasiamf the TEER were associated, on day 20 of ajltto
188 changes in the expression, of some genes spetiiight (claudin-11 and occludin: 52% and 40% ofiol) or
189 gap junctions (71% for connexin 43) (fig. 4). Sraalthanges were observed for tap water 2 and &t
190 mineral waters 3 and 4 (61% for TIP1 for water(23; and 68%, for claudin-11 for waters 3 and 4 eesipely)
191 and 144% for connexin 43 for water 4).

192 The mRNAs of clusterin and of vimentin, spiecdf the Sertoli cells, were not modified by angter, but a
193 slight increase (133% of the control for vimentiaj mineral water 4 (Fig. 5). Conversely, more desiwere
194  observed at the level of germ cells specific mRNKsspermatogonia, CHK2 mRNA was decreased by tap
195  water 2 and mineral water 3 (55 and 54% of therobnéspectively), and VASA mRNA (between 54 and®1
196  of the control for tap waters 1, 2 and mineral wafe No change was ever observed for integrmRNA. In
197 spermatocytes, stathmin mRNA was decreased ontgfpwater 1 (50% of the control), and TH2B mRNA by
198 tap water 2 (65% of the control). TP1, TP2 and PRM@BNAS, specific of round spermatids (Marret et1&i98;
199 Grzmil et al. 2008) were all greatly decreasedapy/water 1 (between 29 and 41% of control). TP1 MRS
200 also decreased by tap water 2 and the two mineat#re/ (between 56 and 69% of control), and PRM3 /RN
201 by the mineral waters 3 and 4 (70 and 63% of thntrobrespectively).

202 As shown in Fig. 6, only mineral water 3 desmd the mRNA of AR (59% of the control). No chamges
203 ever observed at the level Bfo mMRNA, whereas aromatase mRNA was decreased hihaflested waters
204 (between 55 and 68% of control).

205

206

207  4.Discussion

208 Methods for assessing the total impact, onewgtality, of all the chemicals present are cleaxteded
209 (Murk et al. 2002; Bain et al. 2014; Escher et2@l14; Di Paolo et al. 2016; Valitalo et al. 2016.12; van der
210 Oost et al. 2017a, b). The present bioassay, wikitfased on primary mammalian cultured cells, aatexa
211  functional approach (TEER), with a quantificatiohsome mRNAs which are specific of the differentag of
212 cells.

213 Indeed, in this model, the assessment of BIERis performed in cultures associating both treatic cells
214  and the germ cells of the seminiferous epitheliltrhas been shown that disruption of Connexin 4Riges an

215 increase of the transcription of some tight juntfwoteins which results in an increase of the TEERrette et
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al. 2010, 2015) whereas an alteration of tight fioms leads to a decrease of the TEER (Janecki #982; Hu

et al. 2014). This would suggest that at the loea@rcentrations tested, waters A, B and C disruptadly
Connexin- based gap junctions, whereas at the higgrecentrations they disrupted both gap junctiemd tight
junctions. Of importance, in this study, we showtteome waters may have an impact on some parameter
involved in the process and/ or regulation of sp#ogenesis, directly at the level of the seminifsro
epithelium, including some endpoints related tosfile endocrine disrupting effects.

It is clear that according to the tested wsténeir effects on the parameters studied mayuite gifferent
indicating many different mechanisms of toxicitydiéng to decrease or increase in the mRNA levelSRi,
TP2 or PRM3. Moreover, whereas for the hospitduefit waters A, B and C there was a rather goorklaiion
between the TEER and the amounts of TP1 mRNA wilis clearly not the case for the hospital tap veaten
and lll. The absence of an effect on the TEER ssiggeither no effect on the blood—testis barrietther
occurrence of an equilibrium resulting from a diiron of Connexin 43 associated with some alteratif the
tight junctions. The important impact on the TEER tap water 1 was associated to rather important
modifications of the expression of the mRNAs speaf some cellular junction proteins including @ccease in
Connexin 43 mRNA. At the level of the blood tediarrier, Connexin 43, a constitutive protein of gapctions,
is highly intermingled with proteins of tight (Ocelin, Claudin, Zonula occludens-1...) and adherenstjans
(N-cadherin) (Pointis and Segretain 2005). Occludind Claudin-11-based tight junctions are the majo
components of the blood-testis barrier (Morrowle2@10). Recent studies have revealed that thgugagtion
protein Connexin 43 is crucial for spermatogené3dntis et al. 2005; Brehm et al. 2007; Sridhaztal. 2007;
Vinken et al. 2010). In addition, it has been répadrthat chemicals could alter Sertoli/germ ceféliaction,
through disruption of Connexin 43-based gap jumgtjoand affect the other junction types leadingdme
destabilization of the blood-testis barrier (Lig¢t2009, 2010; Carette et al. 2010).

Therefore, the measurement of TEER in thegmteshodel of culture appears as a first, simple sanitive,
but not sufficient, mean to evaluate the incideat@a water sample on the spermatogenic process.giided
modifications of the values of the TEER inducedthy water 1 were clearly associated to change&en t
expression of genes specifically expressed by meispermatocytes) and post meiotic (round spedsaatells
which are able to differentiate only in the presen€ a functional blood-testis barrigviruk and Cheng 2015).
Despite lower modifications of the TEER values, wagier 2 and mineral waters 3 and 4 also inducedgés in
the amounts of mMRNAs of several junctional proteifisese changes were associated to decreased tdévels

some mMRNAs specific of post-meiotic cells indicgtadteration of the meiotic step. The amounts eftiRNAs



246 of CHK2 and of VASA, specific of the mitotic phaeé spermatogenesis, were also decreased by sothe of
247 drinking waters 1 to 4. However, it is importantuioderline that no change was ever observed faethtRNAs
248 of integrina6 suggesting no alteration of the population ofshermatogonial stem cells (Shinohara et al. 1999).
249 Only very few, if any, changes at the level of thRNAs of vimentin or clusterin, specific of the &®dircells,
250  were induced by either drinking water 1 to 4.

251 Rather surprising was the decrease in mRNA&@matase induced by drinking waters 1 to 4. $heoli
252 cells are the main source of estrogens in immatat® whereas in adults, estrogens are synthebiydtie
253 Leydig and the germ cells (Carreau et al. 2009)s Hecrease of the aromatase expression in thé @dubli
254  cells has been suggested to result from a negedintrol of Sertoli cell aromatase expression byrgeells via
255 paracrine regulatory factors (Boitani et al. 198illandre et al. 2007; Bouraima-Lelong et al. 20H®nce it is
256  tempting to suggest some endocrine disrupting iagtdf these 4 drinking waters. Similarly, the degse in AR
257 mMRNAs induced by mineral water 3 might indicate ani-androgenic effect of this plastic bottled rmale
258  water, and/or of the plastic of the bottle itself.

259 In this work we have developed a global reftand sensitive biological approach to evaluatepbtential
260  global toxicity of waters on male fertility and &ssess some aspects of their mechanism of actiothef, it
261 should be underlined that most of the growth fatoytokines, neurotrophins and steroid hormonedymred
262  within the testis, and necessary for spermatogenast widely expressed in the organism and/orssecg for
263  the regulation of other vital functions. For instan() the glial cell-derived neurotrophic factodBDNF) has
264 been observed in the central nervous system (DWaagfus 2002) and peripheral organs includingkid@eys,
265 lungs, blood, and testes (Suter-Crazzolara andckeisil994; Trupp et al. 1995; Suvanto et al. 1996);the
266 receptor tyrosine kinase c-Kit and its ligand St&ell Factor (SCF) are involved in haemopoiesis,
267 melanogenesis and spermatogenesis (Ashman 1998i; &@d. 2000). In this line, it has been repoitet men
268  with impaired semen parameters have an increasethlity rate suggesting semen quality may provide a
269  fundamental biomarker of overall male health (Jareteal. 2009; Eisenberg et al. 2014). Taken tagethese

270  features suggest the possibility of using thisitro bioassay as a “warning system”.
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Figure 1: Effects of three hospital effluent waters on (paajethe TEER of rat seminiferous tubules in culture
and on (panel b) the mRNA-related gPCR productl$ée(f of control) of TP1 (specific of round sperida)
after 10 days of culture.

Seminiferous tubule segments were cultured in cbntedium or in the presence of media made witB Ay C
waters at 8%, 24% or 80%.

(panel a): results are means =+ SEM of 4 wells jpgrfdr each condition.

Error bars reflect the standard error of the mean4h **p< 0.01, ***p< 0.001 by one-way ANOVA.

(panel b): results are means of 4 pooled wells.
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Figure 2: Effects of three hospital tap waters on (paneha)TEERof rat seminiferous tubules in culture and on
(panel b) the mRNA-related qPCR product levels ®geantrol) of TP1, TP2 and PRM3 (specific of round
spermatids) after 19 days of culture.

Seminiferougubule segments were cultured in control mediurmdhe presence of media made with hospital
tap waters I, 1l or lll. The effect of DNB at 10pg/was studied in parallel (in this case the cdntamtained
ethanol at 0.1%).

(panel a): results are means + SEM of 7 wells pgrfdr each condition.

Error bars reflect the standard error of the mean{h **p< 0.01, ***p< 0.001 by one-way ANOVA.

(panel b): results are means of 7 pooled wells.
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Figure 3: Effect of the four drinking waters on the TEBRrat seminiferous tubules in culture.
Seminiferougubule segments were cultured in control medarnm the presence of media made with the tested
waters.

(panel a): Tap water 1, Tap water 2

(panel b): mineral water 3, mineral water 4

Results are means + SEM of 4 wells per day for eacidition.

Error bars reflect the standard error of the mean4h *p< 0.05, **p< 0.01, ***p< 0.001 by one-way ANOVA.
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Figure 5: mRNA-related qPCR product levels (% of control)chisterin (Clust), vimentin (Vim) (specific of
Sertoli cells), CHK2, VASA, integrim6 (ltgra6) (specific of spermatogonia), STMN1, TH2B (spiecibf
pachytene spermatocytes), TP1, TP2 and PRMS3 (gpetifound spermatids) in seminiferous tubule segis
cultured for 20 days in control mediumn in the presence of media made with Tap watdiap, water 2, mineral

water 3 or mineral water 4. Results are meanspafoled wells for each condition.
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