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Abstract

Clotrimazole is an azole fungicide used as a human pharmaceutical thawis tnahibit cytochrome P450
(CYP) enzymatic activities, including several steroidogenic CYP. In a prerépast, we showed that a 7 days
exposure to clotrimazole induced the expression of genes related tidagleresis in the testes as a
compensatory response, involving the activation of the Fsh/Fshrgathwthis context, the aim of the present
study was to assess the effect ofimmivo 21-d chronic exposure to clotrimazole (3097 pg/L) on zebrafish
testis function, i.e. spermatogenesis and androgen release. The expedemgtatombined (i) gene transcript
levels measurements along the brain-pituitary-gonad axikl¢kptotestosterone quantification in blood and (iii
histology of the testes, including morphometric analysis. The chroqposeare led to an induction of
steroidogenesis-related genes #siul in the testes as well dshg in the pituitary. Moreover, increases of the
gonado-somatic index and of the volume proportion of interstitial igegells were observed in clotrimazole-
exposed fish. In accordance with these histological observationsjrtiuating concentration of 11-KT had
increasedMorphometric analysis of the testes did not show an effect of clotrimanateeiotic (spermatocytes)
or postmeiotic (spermatids and spermatozoa) stages, but we obseriredtease in the number of type A
spermatogonia, in agreement with an increase in mRNA levgisvif, a specific molecular marker of type A
spermatogonia. Our study demonstrated that clotrimazole is abledtt tafticular physiology and raised further

concern about the impact of clotrimazole on reproduction.

Keywords: clotrimazole, endocrine disruption, spermatogenesis, steroidogenesis, idPZ&brafish
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1. Introduction

Spermatogenesis is a cyclic and tightly regulated developmental process dhiatgavsmall number of
spermatogonial stem cells proliferate and differentiate to form a large nwhbpermatozoa (Nobrega et al.
2009; Schulz et al. 2010%erm cells can only survive and develop in close and continuous reldgionith
Sertoli cells (Matta et al. 2002). Spermatogenesis is supported by testiculaogienesis, a multi-step process
involving a cascade of enzymatic reactions and producing steroid hesnililler 1988; Parker and Schimmer
1995) that control various physiological functions (Miller 1988). Spermatxge and steroidogenesis are under
control of the hypothalaos-pituitary-gonad (HPG) axis: hypothalamic gonadotropin-releasing hormoneH)GnR
stimulates the release of pituitary gonadotropins, luteinizing hormomeand follicle-stimulating hormone
(Fsh), that interact with their gonadal G protein-coupled receptatsrdeeptor (Fshr) and Lh receptor (igh).
Androgenic sex steroids synthesized in Leydig cells in responsentgtropic stimulation interact with the
androgen receptor (Mexpressed by Sertoli or interstitial somatic cells in the testis (Bumhsviatzuk 2002;
Kumar 2005; Petersen and Soder 2006; Pierce and Parsons 198ibh, ltesticular expression sites of
gonadotropin receptors overlap in Sertoli and Leydig cells (Garcia-Letpaiz 2009; Ohta et al. 2007) and Fsh
is a potent steroidogenic hormone (Kazeto et al. 2008; Planas et al. 1993). Rotliglating hormone activates
the Fshr a Leydig and Sertoli cells to control steroidogenesis and spermatogenesis, repéGtivcia-Lopez

et al. 2009; Garcia-Lopez et al. 2010; Ohta et al. 2007; Schulz et al. BOh@jle fish, Leydig cells producell-
oxygenated androgens, such as 1l1l-ketotestosterone (11-KT), uihicitates spermatogenesis (Miveaal.
1991). Sertoli cells but not germ cells expressed functional receptorstifioatdrogens and Fsh, so these cells

act as regulatory interface between the endocrine system and the gerfRetelisen and Soder 2006).

Azole fungicides inhibit cytochrome P450 (CYP) 51, 14a-lanosterol demethylase, disrupting ergosterol synthesis
and increasing cell permeability in fungi (Georgopapadakou 1998; HewrySester 1984). Several azole
fungicides such as ketoconazole or prochloraz also inhibit other CYP enzynigeacivd have the capacity to
alter gonadal steroidogenesis and reproductive function in fish (Ankley 20@{,; Villeneuve et al. 20073;
Zhang et al. 2008a)For example, several azole compounds inhibit steroidogenic cytochrome P450 17a-
hydroxylase/17,20-lyase {@17) and aromatase ¥P19) in mammals and fish (Ayub and Levell 1987,
Heneweer et al. 2004; Hinfray et al. 2006b; Monod et al. 1993; Vinggaard2&08l).Data on the occurrence
and fate of azole fungicides in the aquatic environment are scarce althowgim¢katrations of several azoles

such as clotrimazole, propiconazole, fluconazole and tebuconazole havepeead at concentrations ranging
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from the low ng/L to the low pg/L range (Berenzen et al., 2005; Kahle, &0a18; Kreuger, 1998; Peschka et
al., 2007; Roberts and Thomas, 2006; Thomas and Hilton, 2D@4pite their occurrence in aquatic habitat,
there exist very few studies on thiirvivo endocrine-disrupting potencies in fish (Brown et al., 2011; Hinfray et

al., 2011).

In a previous short-term experiment of 7 days, we investigatedfflct of clotrimazole on the pituitary-gonad
axis at the molecular level in adult male zebrafish. Our data showed that ahuti@minduced a biological
compensation as revealed by increased expression of steroidogenesis-eglateangl proteide novo synthesis

in Leydig cellswhile the 11-KT plasma concentration was not affect@otrimazole exposure also induced
over-expression of pituitargghp and its testicular receptéshr. These results suggested that Fsh/Fshr signalling
is involved in the clotrimazole-induced steroidogenesis (Baudiffier @04R; Hinfray et al. 2011 Moreover,

this raised the question if also spermatogenesis, a process regulaedrbgens and Fsh (McLachlan et al.

2002; Plant and Marshall 2001; Schulz et al. 2010), would be affected bynelptte.

Therefore, the present study aimed at assessing the effect dbragedin vivo exposure of fish to clotrimazole
on steroidogenesis and spermatogenesis, addressing the followingrgudgtidoes biological compensation in
response to inhibiting enzymatic activities still occur after a prolonged 8%pdsure of male fish to
clotrimazole at similar concentrations as those previously used for the pedues experiment? (i) Does

prolonged exposure have a significant effect on spermatogenesis?
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2. Methods

The experimental design and most of the biological analyses have bedbeadksca previous study (Baudiffier

etal. 2012).

2.1. Animals and treatments

All experiments were approved by the ethical committee of the National Instfitltdustrial Environment and
Risks (INERIS). Wild type adult male zebrafidbahio rerio, AB strain) were obtained from our breeding units
(INERIS, VerneuilenHalatte, France). Fish were raised on a 14:10 light:dark cycle in a recirculated
system (Tecniplast, France) at 25.1 + 1 °C. Clotrimazole (Gluf@ity > 98%) was purchased from Sigma-

Aldrich (France) and all the stock solutions were prepared in dimetfodilé (DMSO; Sigma-Aldrich).

Zebrafish were exposed to three concentrations of clotrimazole {3ndb197 ug/L) or solvent alone (DMSO,
0.004 % v: v) for 21 days under semi-static conditions with a tetelwal of the contaminated water every days
(temperature: 25 + 0.7 °C; pH: 8.01 + 0.37; conductivity: 374576 uS/cm; dissolved oxygen: 5.8 + 0.8
mg/L). Each condition contained 21 fish equally distributed in threlicaggs 4L-glass tanks. Water samples
were collected from each condition at day 11 and day 18 at the time of eaevat (t= Oh) and 24h later (t=

24h).

2.2. Fish sampling

At the end of the exposure, fish were sacrificed in ice cold watebkod (2.5 or 5uL) was collected. Liver,
pituitary and brain were removed and preserved in RNA'Mt8igma-Aldrich, France) until quantification of
gene expression. Testes were removed, weighted and preserved in RNA(Bigma-Aldrich, France) or fixed
in Bouin’s fluid for histological and immunohistochemistry experiments. Testis mass was determined to

calculate the gonado somatic index (GSI, gonad wet mass/total body wet ma3s x 10

2.3. Measurement of actual clotrimazole concentrations
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The protocol was adapted from (Peschka et al. 2007) as described in (Bawtiffal. 2012). Briefly,
clotrimazole concentrations in control and exposure tanks were determingdsakd phase extraction (SPE)
followed by high-pressure liquid chromatography (HPLC) coupldd\teVis detection. An external calibration
was used. The limit of detection (LOD) was 0.3 pg/L, the limitudrgification was 1.1 pg/L and the recovery
of clotrimazole was higher than 90 % in all the experiments. Theideetf of variation, calculated from two

replicates per condition, range from 0.4 to 18%.

2.4. Gene expression analysis

Transcript levels of genes along the brain-pituitary-gonad axis wersunegla using a combination of genes
involved in steroidogenesis and spermatogendaldg S1). In testis tissue, expression of steroidogenic acute
regulatory protein gar); hydroxyl-A-5-steroid dehydrogenase, 3 B- and steroid A-isomerase 1 hsd3bl);
cytochrome P450, family 17, subfamily A polypeptidec§pl7al); cytochrome P450, family 11, subfamily C,
polypeptide 1 ¢ypllcl; previously referred to asypllb2); hydroxysteroid (113) dehydrogenase 3a
(hsd11b3a); cytochrome P450, family 19, subfamily A, polypeptide &4gp19ala); cytochrome P450, family 19,
subfamily B, polypeptide lacypl9alb); luteinizing hormone / choriogonadotropin receptincgr); follicle
stimulating hormone receptadisir); were measured. The Sertoli cell markers insulin-like growth facfmf3®,
anti-mullerian hormoneafnh) as well as the androgen receptan) @nd the spermatogonial cell marker piwi-like
1 (piwill) were also quantified. In pituitary tissue, expression of beta subefiriiiteinizing hormone /
choriogonadotropin/gg) and follicle stimulating hormongis@) were measured. In brain tissue, expression of
gonadotropin-releasing hormones @rh3) and steroidogenesis-related genes were also assessed. Indeed, in
view of the impact of clotrimazole on testicular steroidogenesis, exammratibrain steroidogenesis appears
interesting to consider. In addition, the expression of drug metaboliziygnend®ME) genes, such as phase |
erzymes, i.e. cytochrome P450, family 1, subfamily A polypeplid@yplal), cytochrome P450, family 3,
subfamily A polypeptide 65c¢p3a65) or phase Il conjugating enzymes, i.e. glutathione S-transferase li&pha-
(gstal) and glutathione S-transferapel (gstpl) was quantified in the livertgble S1). DMEs, known to be
involved in xenobiotic and drug metabolism, are also key enzgfmetabolism for steroid hormones (Leteal.

2003).

To measure genes expression levels, total RNA was extracted frasn Itest, brain or pituitary using Trizol
Reagent (Life Technologies IndJK) following the manufacturer’s instructions and complementary DNA for

the real-time PCR reactions was generated using a Moloney Murinerhiaukérus reverse transcriptagie -
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MLV RT, Promega, France). Gene expression was analyzed using an &peatplex 4 Master cycler ep
gradient S (Eppendorf, France) as previously described by Baudiffier 2042)( Normalization to total RNA

in association with calibration to a gene-specific mMRNA standard curve walsyem in organs. For RNA
normalization, total RNA was previously adjusted at the same concentraifiog aisNanodrop ND-8000
spectrophotometer (Nanodrop Technologies, Wilmington, DE) for all Issmpefore reverse transcription.
Standard curves were generated for each gene, using specific mdesamples amplified by classic PCR. The
concentration of these standards was measured using a NanodrdiORBBp@ctrophotometer and adjusted to a
concentration ofl0* pg/ul of cDNA and then serlgldiluted from 10* ug/pl to 10" pg/pul They were run in
parallel to the samples to analyse in the rt-PCR to obtain the concentratigiuil for each sample from the
corresponding Cycle Treshold (Ct) value. This method, excludingetkeeping genes, was described in the
literature. Then, a fold change in MRNA was obtained for each generirhalzole-treated fish relatively to the

mean value of the control group for the corresponding gene (Hugget2@04|.Villeneuve et al. 2007a).

2.5. Measurement of 11-KT concentrations

11-Ketotestosterone was quantified in blood samples by means of a comepéitiA, following the
manufacturer’s instructions (11-KT EIA Kit, Cayman Chemical Company, U.S.A.). The mean EC5tndard
deviation was 8.6 + 0.7 pg/ml (n = 6 independent experiments)calculated coefficient of variation between

assays was 8 %, and the detection limit was 2.8 pg/ml + 0.3 pg/ml.
2.6. Fluorescent immunohistochemistry and histology

After fixation in Bouin’s fluid, testis were dehydrated in ethanol, cleared in toluene and embedded in paraffin,
according to conventional procedures. Samples were sectioned at 5 pitudioag sections). Sections were
stained with Haematoxylin-Eosin for histology or mounted on gelatintedoslides and processed for

immunohistochemistry.

Fluorescent immunohistochemistry of Cypl7al and Cyplicl proterebiafish testes has been performed as
previously described (Baudiffier et al. 2012; Hinfray et al. 2011). Briefections were dewaxed and
rehydrated, and antigens were unmasked. Tissue sections were thestedcfor 1 h in a saturation PBS
solution containing 0.2% Triton X-100 and 1% milk powder. Incubatidth the primary antibody was

performed overnight (1:300 with 0.5% milk powder in PBS) at réemperature. After rinsing, sections were
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incubated for 1h30 with a goat anti-rabbit antibody coupled to Alexa 58ér(1:200 with 0.5% milk powder in

PBS).

For morphometric analysis, the protocol was adapted from (Feitsma &0d). Zhe mass of germ cells and
other components (i.e. , somatic cells including Leydig cells, bloddyamphatic vessels, connective tissue and
empty spaces) were determined by light microscopy using a 352-itiensgdd. Eight fields chosen randomly
(3016 points or 8 fields of 352-intersection grid) were scooedeich animal. Intersection points over tissue
components were classified as being over one of the following cell: tjyy@s A spermatogonia, type B
spermatogonia, spermatocytes, spermatids, spermatozaghes’,as defined above (i.e. Leydig cells, blood
vessels etc.)A detailed morphological description allowing the identification of the different gethtypes in
zebrafish has been given previously (Leal et al., 2009); cell typéfidation is mainly based on the changes in
the size of the nuclei, the amount of heterochromatin, visibility of nucleod, number of cells within a
spermatogenic cyst. The scores were first expressed as the volume fractiestip tissue component. The mass
(mg) of each testis component was then determined as the prodhettetis mass (mg) x volume fraction of
spermatogenic parenchyma (~0.8) x volume fraction of specific tissue nemtpdrhe volume fraction of
spermatogenic parenchyma was used as a correction factor in order tiedkelumass of the testes capsule, the

efferent ducts, and connective tissue associated with testes.

The Leydig cell volume fraction was determined by light microscopygusiil3-intersection grid. Eight fields
chosen randomly (5704 points or 8 fields of 713-intersectia) gvere scored for each animal. Analysis was
performed for 5 fish of each condition. Intersection points weresifiled as being over Leydig cells or not.
Results were expressed in percentage of Leydig cells compared to theutoksdr of cells. The mass (mg) of
Leydig cells was then determined as the product of the testis mass rol)me fraction of spermatogenic
parenchyma (~0.8) x volume fraction of Leydig cells component. idleme fraction of spermatogenic
parenchyma was used as a correction factor in order to exclude the riestesfes capsule, the efferent ducts,

and connective tissue associated with testes.

2.7. Data analysis
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One way analysis of variance (ANOVA) was performed to test fiferdnces between treatments. Then,
differences among treatments were determined using a post ho€uksy Honestly Significant Difference).
Normality of the data was previously assessed using a Shapiro test andeheity of variance was also
verified using the Bartlett test. Non-normally distributed data were log-trameaéb prior to analysis and a
nonparametric Kruskal Wallis test, followed by a Multiple Comparison test, vemswisen data did not meet
parametric assumptions. For gene expression analysis in the pituitary, a Manhigmey U-test was employed

to compare gene expression levels between the highest clotrimazole-exglosed fthe control fish only.

Levels of gene expressions were expressed as fold changes relative to the ealeraof the control. Statistical
analyses, including principal component analysis (PCA), were condusted B" (R 2.13.1, software, R
development Core Team). All data are presented as mean = SEM. Significancé)ewek fixed at 0.05

(p<0.05 *; p<0.01 **; p<0.001 ***).
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3. Results

3.1. Water chemistry

Concentrations of clotrimazole measured in water just after addingn@awole (t= Oh) were 30, 67 and 197
pg/L for the low, medium, and high contaminations, respectivelyl¢ 1). Concentrations declined (82, 17

and22%, respectively, after 24 h (t= 24h). For each condition, two measuremerg performed (at day 11 and
day 18). The results showed that the concentrations were stable over timenaedtrations of exposure.

Control water samples were all below the limit of detegti@n 0.3 pg/L.

3.2. Biometric parameters

No mortality or any abnormal behavior was recorded in control and chaoierexposed groups during the
study. Furthermore, no significant differences were measured agnongs for body mass or lengttalgle 2).
In fish exposed to the highest concentration of clotrimazole, ags{Bi¥0) and significant increase of the GSI

was measured as compared to control fiahlé 2).

3.3. Expression of genes involved in testicular steroidogenesis

The mRNA levels of steroidogenesis-related genes in testes, i.s. gopadoé&ceptorsstar and several genes
coding for steroidogenic enzymeswere analysed in control and clotteregoosed fishKig.1). Among nine
genes assayed by Q-PCR, an increase in transcript levels was obeeffiss denes after 21 days of exposure

to the highest concentration of clotrimazole.

The expression dkhr but not oflhcgr was significary 1.69fold up regulagd at the highest concentration of
clotrimazole (p = 0.0013). The levels sihr mMRNA increasedl.77-fold relative to the controls (p = 0.0094).
Still at the highest concentration, the transcript levelsypfi7al, cypllcl and hsd11b3a were up-regulated
2.18-, 2.13- and 1.41 fold, respectively (p = 0.00001, p091®, p = 0.0013). The expressionfdfr was
significantly correlated with these steroidogenic-related geters(Spearman ‘s rank correlation coefficient r =
0.59; p < 0.001)¢ypl7al (r = 0.43; p < 0.001)ypllcl (r = 0.53; p < 0.01) antbsd11b3a (r=0.63, p<0.001).

Besides, these steroidogenic-related genes were significantly correlated wittotbac (data not shown)
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suggesting that Fsh coordinates the stimulatory effects of these g@pesstingly,cypl9ala gene expression
was down-regulated at 30 and 67 ug/L, and statistical significance wdmdeim the 67 pg/L clotrimazole-

exposed group. However, no effect was observed at the highest concentration.

3.4. Gene expression in brain and pituitary

In brain tissue, transcript levels of genes encoding brain steroidogenimes)zoestrogen and androgen
receptors as well agrh3 were compared between control and clotrimazole-exposed gratps J). Clear and
statistically significant changes in transcript levels were not fédandny of the genes at all concentrations of
clotrimazole While a two-fold induction otypl9ala expression was measured in fish exposed to 30 and 197
pg/L of clotrimazole, the high variability observed between individuaksy contribute to the lack of statistical

significance.

In the pituitary, transcript levels @4 and/if were assessed for the 197 pg/L clotrimazole-exposed group and
compared to untreated fish. We only assessed gonadotropin gene erpaetstohighest concentration because
we observed a strong and significant induction of the GSI, of sesteraidogeass-related genes, araf fshr
transcript levels in this group. The results showed fiigtwas increased by 3.6-fold, but expressiofgfwas

unchangedKig.2).

3.5. Cypl7al and Cypllcl immunostaining in the testes

Using specific polyclonal antibodies, fluorescent immunohistochemistry was'med in testis sections after 21
days of exposure to assess the effect of clotrimazole on Cypl7&lypdcl protein occurrencé&ig.3). The
two proteins were localized in interstitial Leydig cells and increased imrtainiogy was observed for both
proteins from 67 pg/L of clotrimazole. This increase became varked at the highest level of clotrimazole
treatment (197 pg/L) especially for the Cypl1cl protEig.8A and .3B). These results are in accordance with

the dateon cypl7al andcypllcl genes expression.

3.6. 11-ketotestosterone concentrations in blood
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Clotrimazole significantly affeedd blood 11-KT concentrations as compared to the control grdtip.4). A
concentration-dependent increase was measured with a significant effect kighikst concentration of
clotrimazole Moreover, we noticed a higher inter-individual variation in clotrimazole-esghgsoups compared

to the solvent control group.

3.7. Expression of spermatogenesis-related genes

Transcription of genes involved in spermatogenesis was assessed in testeésobfind clotrimazole-exposed

fish after 21 days of exposurgi.5).

The androgen receptar that is expressed in Sertoli and interstitial cells but not in germ cedlsigaificantly
up-regulated for all clotrimazole treatments with a similar fold induction weatéhe exposure concentration.
Transcriptional levels of the two Sertoli cells markarsh and igf3 were also examined. Anti-mullerian
hormoneamh expression was unchanged wherag8 expression was induced in the 67 pg/L clotrimazole-
exposed group (p= 0.02) but not at the highest clotrimazole concentr&tiatly, transcript level of the
spermatogonial markgiwil1 was significantlyup-regulated at the highest clotrimazole concentratiadg(fold

for 197 pg/L).

3.8. Expression of genes involved in the catabolism of steroid hormones

Transcript levels of different genes encoding for drug metabolizingnees (DMES) were assessed after 21
days of exposure in testis and in liv&id.S1, Fig.S2). In the liver, transcriptional levels of phase | DMEs, i.e.
cypla and cyp3a65, and of phase Il conjugating enzymes, igetal and gstpl, remained unchanged in
clotrimazole-exposed groups compared to the control grBigpSl). However, in testisgcyp3a65 expression

was significantly up-regulatedrig.S2).

3.9. Principal Component analysis (PCA)

A PCA was performed in order to have an overview of correlationseeetithe different endpoints measured in

the testis and in the bloodri@.6). The factor 1 explained 34.02% of the data variability whereas the factor
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explained 16 % of the data variability. A plot with respect to this two prin@paiponents revealed that
expression of all endpoints influenced variation in the negative diredtog &actor 1.Along factor 2, a strong
association between several steroidogenesis-related genes involved in angmigesiss§tar, cypl7al and
cyplicl) was observed. This group of genes was closely associatef8ith Sertoli cell marker angiwill, a
spermatogonia type A markefi¢.6A). A close association between 11-KT and GSI was also found. These two
parameters were significantly affected in the highest clotrimazole-exposep gnd increase GSI might be a
consequence of elevated 11-KT production Interestingly, genes related gepsthiosynthesis (i.ecypl9ala
andcypl9alb) andER-signalling pathway (i.eesrl, esr2a, esr 2a) were closely associated and located at the
opposite side of those related to androgen biosynthesis. The geok®d in the metabolism of xenobiotic and
endogenous hormonesypla and cyp3a65) were closely associated and localized at the opposite from the
biological parameters related to androgen synthesis. Although clotrimaffeterdly affected the expression of
genes encoding for gonadotropin recepttiiey were closely associated together with androgen receptor and
amh, another Sertoli cell marker. A second plot, representing conditexpo$ures, showed a strong difference
between the 197 pg/L clotrimazole-exposed group that influenced vamddiog factor 1 compared to the other
groups including control and the two other clotrimazole-exposedogrig.6B) showing that all the selected

genes allowed to discriminate the different treatments to clotrimazole.

3.10. Histology and morphometric analysis of the testes

Histological analysis showed an enlargement of the interstitial space axfisBed to clotrimazole, as indicated
by white arrowsKig.7A, control; Fig.7B, 197 pg/L clotrimazole). Interestingly, morphometric analysis revealed
a significant 2-fold increase of Leydig cell mag$g(7C). Finally, quantitative morphometric analysis of testis
tissue components was realized in the group exposed to 197 ug/L cloteraadothe control group (seven
males for each group). We focused on the highest clotrimazole concensiatienit evoked the most clear
effects regarding Leydig cells, target gene expression and GSI. loldadividuals, the mass of germ cells, i.e.
spermatogonia, spermatocytes, spermatids and spermatozoa, agreeswiouslyr reported data in adult male
zebrafish (de Waal et al. 20090 exposed-fish, a significant 2-fold increase of type A sp#wgonia (but not

type B) was quantifiedHig.7D).
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328 4. Discussion

329

330 The present work investigated the chronic effects of clotrimazole on elaied process, testicular
331 steroidogenesis and spermatogenesis, after 21 days of expogetwraifsh. A biological compensation of the
332 steroidogenic enzymes inhibition by clotrimazole was revealed, withpamegulation of genes coding for
333 steroidogenic enzymes, pituitafyis, and its testicular receptdshr. This underlines the critical role of the
334 Fsh/Fshr signalling pathway in mediating the effects of clotrimazotesiitular steroidogenesis. In accordance
335  with inducing Leydig cell steroidogenesis and stimuigithe Fsh/Fshr pathway, transcript levels of the Sertoli
336 cell genesigf3 and ar were increased, as well as th#&KT circulating levels Furthermore, morphometric
337 analysis of the testes demonstrates that spermatogenesis was impadtédrbazole as shown by the increase
338 of the mass of type A spermatogonia in clotrimazole-exposed fisicdordance with the up-regulation of a

339  marker gene for this germ cell tyga@wil 1.

340

341 4.1. Chronic exposure to clotrimazole led to activation of Fsh/Fshr signalling and over- compensation of the

342 steroidogenic parameters

343 In the present study, we investigated the effects of clotrimazole onaimedituitary-gonadal axis, in particular
344  the impact on testicular steroidogenesis after 21 days of exposushdiWed that clotrimazole up-regulated the
345 expression of steroidogenesis-related germsts, (cypl7al, cypllcl). Principal Component Analysis (PCA)
346 revealed that these endpoints were correlated. Cypl7al and Cypllcl protegsier was also increased in
347 Leydig cells and.1-KT blood levels were elevated. Induction of steroidogenesis-related geneswigiaesent
348  work on adult male fathead minnow or medaka exposed 21 days l&s,aze. ketoconazole or prochloraz
349 (Ankley et al. 2007; Villeneuve et al. 2007a). Clotrimazole is known tibitnkeveral CYP enzyme activities in
350 fish and mammals; includingyp19 and @pl7 (Ayub and Levell 1987; Hinfray et al. 2006b; Monod et al.
351 1993; Schuster 19857 his inhibition of enzymatic activities in testis tissue can lead to redlt&d release,
352 as noticed in arin vitro zebrafish testicular explant culture system (Hinfray et al. 2011). Fdrréason,
353 stimulation of the steroidogenic systémyvivo was interpreted as a biological compensation in response to
354 enzyme inhibition (Ankley et al. 2007; Baudiffier et al. 2012; Hinfray e@06b; Villeneuve et al. 2007b;
355 Zhang et al. 2008ajHowever, in the present study, we observed an increase of circulatkig concentrations

356  surmounting control levels, suggesting that an exposure to clotienaz®1 days led to an over-compensation.
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We postulate that clotrimazole initially depressed plasma androgen levels, proaakimgpensatory response
via Fsh including an increasede novo synthesis of steroidogenic enzymes, such 14T blood levels were
normal after 7 days of exposure (Baudiffier et al. 2012), beteded normal levels after 21 days of exposure
(present study). In recent works on adult male fathead minnopssed for 21 days to ketoconazole or
fadrozole, plasma concentration of 11-KT was not affected (Ankley et al) 20@¥duced (Ankley et al. 2002)
respectively. In mammals, plasma and intra-testicular concentrationstadtézone were increased following
long-term exposure to azoleslfle 4). Taken together, these studies and our study suggest that the relationship
between azole exposures and final androgen plasma concentrations eapreditted easily. This is probably
due to the balance between a direct inhibition of enzyme activitiea emthpensatory response that stimegat
testicular steroidogenic gene expression by gonadotropin. The impact ofcazplasma 11-KT may also
depend on the biological model, the tested azole, or the exposure canddtmtentration and duration).
Furthermore, thd1-KT concentration is result of its production, degradation, and excretion. So, an important
point to consider is steroid hormone degradation (Lou et al. 200@Mty, expressed in the liver but also in the
gonads. For example, in the present study, we observed an inddctipBat5 mMRNA transcript level in testes

of the group exposed to the highest clotrimazole concentration. Thissaedrgane expression could lead to
Cyp3a65 enzyme production and influence circuldtingT concentrations. In addition, we noticed an
inhibition of cyp19al aromatase in the testes following clotrimazole contamination whereas éxprafssther
enzymes involved in androgen productioasinduced, such ag/pl7al andcypllcl. Reduced aromatisation of

androgens could contribute to increasing substrate availabiliylf&T synthesis.

The increase in testiculaishr and pituitary fsh expression is consistent with a compensatory response
supporting the role of Fsh/Fshr-signalling in the clotrimazole-indwtexidogenesis, as demonstrated in our
previous 7-days experiment (Baudiffier et al. 2012), if the rassuinitial decrease of plasma 11-KT
concentration would stimulate pituitary Fsh synthesis and release. Howesleange irgnrh3 expressionan
important regulator of gonadotropin release in teleost species possessi@griweariants (Kobayashi et al.

1997; Steven et al. 2003), was not demonstrated in our study.

As clotrimazole can directly inhibit CYP activities in testes (Ayub and Levell 18@fray et al. 2006a; Monod
et al. 1993), it was also interesting to investigate the effects of clotienam brain steroidogenesis. Indeed, in
teleost fish, the brain possesses high aromatase activity (Pasmanik and C@8&) due to the strong
expression of theyp19alb gene coding for aromatase B protein in radial glial cells (Forlano et al. 200LeMe

et al. 2005). Furthermore, a recent study suggested that radial glial cetessexhe whole set of key
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387  steroidogenic enzymes necessary to produce active steroids fromtertwbl¢Biotel et al. 2011). Our data
388 showed that clotrimazole had no effect on expression of steroidogeslaséstrgenes in brain tissue. However,
389 considering that these genes are expressed in specific area of thevbraannot exclude a dilution effect has
390 masked possible, more subtle changes, since mRNA levels were meastiredvhole brain. This reasoning
391  also applies to Gnrh-producing neurones, so that mRNA quantificatipedifis areas of the brain may provide

392 more relevant data in future experiments.

393

394  4.2.Biological relevance of Fsh-drived clotrimazole-disrupted steroidogenesis on spermatogenesis

395 In the present study, we assessed the effect of clotrimazole omltgspbysiology, i.e. steroidogenesis and
396  spermatogenic function at the histological and molecular level. Morphomatigsé of germ cells shed a
397  significant effect in the number of type A spermatogonia in the 197 glgftimazoletreaed fish compared to
398  control fish. This result is in agreement with the inductiotthefgerm cell markepiwil1l expression (formerly
399 known asziwi), which is a component of a germline-specifying structure calledenaad expressed strongly
400 and exclusively in type A spermatogonia of zebrafish (Chen SA. eh revision). This increase of type A
401 spermatgonia could be related to molecular changes in Sertoli cells, which are in close catitaggrm cells
402 and provide physical, nutritional and regulatory support to the developimg ¢ells (Griswold 1995; Petersen
403  and Soder 2006). It is also of interest to notice that Sertoli cells that expregghtbs kevel ofar mMRNA, are in
404 contact with early spermatogonia (de Waal et al. 2008). This is consistierthenotion that these Sertoli cells
405 respond to 11-KT, resulting in a stimulation of spermatogonial proliferatchdifferentiation (de Waal et al.
406 2008; Miura et al. 2001a; Miura et al. 199FEurthermore, it has been demonstrated in eel testedstinats
407 expressed in Leydig cells and high Fshr immunoreactivity wasdfiu Sertoli cells surrounding type A and B
408  spermatogonia (Ohta et al. 2007). In the present study, the observed einorett®e mass of type A

409  spermatogonia in adult male zebrafish is in agreement with an inductiomasfandfshr mRNA.

410 In accordance with an Fsh/Fshr signalling activation, we alseradd an induction afgf3, which is under the
411 control of Fsh and androgens in Sertoli cdlig3 has been recently discovered in zebrafish, medaka and Nile
412 tilapia and is specifically expressed in gonadal tissue (Wang et al. 20f3pelgngs to insulin growth factor
413 (IGF) family, whichis known to stimulate spermatogenesis in vertebrates (Le Roy et al. 1998dlirig fish

414  (Loir 1999).
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An important result of our studyasthat morphometric analysis clearly demonstrated an increase in thefmass
Leydig cells in clotrimazole-exposed fish. This is in accordawith an increase in circulating1-KT
concentrations and illustrates the stimulation of the steroidogenic systemettidgnethe Fsh/Fshr pathway. At
present, it is not known why elevated Fsh-signalling and androgen tedelst result in an increase in the mass
of spermatogonia B, spermatids and spermatozoids. As shaal@y, an increased mass of interstitial Leydig
cell has also been observed in fish exposed to clotrimazole and ketoconazole @rédle2007; Brown et al.
2011), but the precise mechanism of action has not been described. ¢t memonable to assume that an
increase in Leydig cell volume can partially explain the elevation oflating 11-KT concentrations, as these

cells are responsible for androgen production.

In conclusion, this study showed that expression of steroidogeeéstisd genes in testicular tissue remained
induced after 21 days of exposure. Inductiorishf, fshr andigf3 is consistent with and activation of Fsh/Fsh
signalling in stimulating Leydig cells steroidogenesis. In comparigotih 7 days-exposure period to
clotrimazole, we observed in the present study an induction of blod€l 1doncentrations after 21 days of
exposure. In parallel, an increase of GSI and a duplication of theofbasgdig cells were observed. This over-
compensation was not followed by a drastic adjustment of spermatogesnésésproportion of most germ cells
remained largely unchanged, except for an increase in the early aspgomial generations. This study
highlights the relevance of studying a network of functional gatmyy the brain-gonad axis in parallel with
histological analysis at the testicular level to study the effect of clotrimazola asdmcrine disruptor. The
present study contributes to progress in our understanding afdleEular mechanisms of clotrimazole and its

impact on testis physiology.
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Figure caption

Fig.1: Expression of gonadotropin receptors and of genes involved in testis steroidogenesis of adult male
zebrafish following a 21 days exposure to clotrimazole. Data are presented as the fold change in gene expression
relative to the control (mean + SEM; n = 9 - 15 fish for each condition). An asterisk indicates a significant

difference compared to control group (* p < 0.05, ** p <0.01, *** p <0.001).
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Fig.2: Expression of gonadotropins beta sub-unit genes (fs#f and /hf) in pituitary of adult male zebrafish
following a 21 days exposure to clotrimazole (197 pg/L). Data are presented as the fold change in gene
expression relative to the control (mean £ SEM; n = 14 - 18 fish for each condition). An asterisk indicates a

significant difference compared to control group (* p < 0.05, ** p <0.01).
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Fig.3: Change in (A) Cypl7al and (B) Cypllcl protein labelling in zebrafish testes by fluorescent
immunohistochemistry after a 21 days exposure to clotrimazole. Immunoreactivity was localized in Leydig cells
and observed in all groups. Red: Cypl7al or Cypllcl immunostaining, blue: Hoechst staining. N = 6 fish
/condition. Pictures are representatives of the 6 individuals analyzed as regards the staining patterns. Scale Bars

= 50 pm (white).
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Fig.4: Plasma concentrations of 11-KT in adult male zebrafish following a 21 days exposure to clotrimazole.

Data are expressed in pg/ml (mean + SEM; N = 15 - 21 fish /condition). 11-KT= 11 ketotestosterone (* p <

0.05).
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Fig. 5: Expression of Sertoli and germ cells localized-genes in testes of adult male zebrafish following a 21 days
exposure to clotrimazole. Data are presented as the fold change in gene expression relative to the control (mean
+ SEM, n = 11 - 15 fish for each condition). An asterisk indicates a significant difference compared to control

group (* p<0.05, **p<0.01).
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Fig.6: Principal Component Analysis (PCA) of testicular gene expressions data as well as GSI and plasma
concentration of 11-KT in adult male zebrafish for control fish and clotrimazole-exposed fish: figure 6A is a plot
of the two dimensional PCA and figure 6B is a trajectory plot representing each treatment groups. The 95%

confidence ellipses were drawn around each group (green: solvent control, yellow: clotrimazole 28 pg/L, brown:

clotrimazole 67 ng/L, red: clotrimazole 197 pg/L).
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Fig.7: Zebrafish testicular structure following a 21 days exposure to 197 pg/L clotrimazole: zebrafish testis
sections from control fish (A), or from clotrimazole-exposed fish (B). % of Leydig cells in testicular tissue from
control fish or clotrimazole-exposed fish (n=3-5) (C). Morphometric analysis (D) of zebrafish testis sections
from control group (empty white circle, n = 5) or from the 197 pg/L clotrimazole-exposed group (full dark
circle, n = 6) following a 21 days exposure. Data are represented as mass (mg) of testicular cell types: SPGA:

spermatogonia A, SPGB: spermatogonia B, SPC: spermatocytes, SPT: spermatids, SPZ: spermatozoa and others.
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Fig.S1: Expression of phase I drug metabolizing enzymes (DMEs) and phase II conjugating enzymes genes as
well as steroid receptors in the liver of adult male zebrafish following a 21 days exposure to clotrimazole. Data
are presented as the fold change in gene expression relative to the control (mean £ SEM; n = 3 - 9 fish for each

condition). An asterisk indicates a significant difference compared to control group.

gstat gsipi

fold change In RNA
! control

il Innm

cyptaft cyplacs

o PR T

fold change In RNA
{ control

fold change In RNA
! control

e el

clotrimazole (ug/L) clotrimazole (ug/L)




Fig.S2: Expression of drug metabolizing enzymes (DMEs) genes in testes of adult male zebrafish following a 21
days exposure to clotrimazole. Data are represented as the fold change in gene expression relative to the control

(mean £ SEM; n = 9 - 10 fish for each condition). An asterisk indicates a significant difference compared to

control group (* p < 0.05).
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Table 1: Clotrimazole concentrations (png/L) measured in water just after contamination (t= Oh) and 24h later (t=
24h)

Solvent contamination
control
low medium high
tOh <LOD 30.2+1.6 66.8+0.3 197.3+6.4
t24h <LOD 20.5+0.8 555+71 153.6 + 3.0

LOD = Limit of detection



Table 2: Biometric parameters of fish after 21 days of chronic treatment with various concentrations of

clotrimazole
Group N body weight (mg)  gonad weight (mg) body lenght (cm) GSI (%)
control solvent 21 486 + 103 8.31+4.1 3.70+£0.27 1.6+0.5
clotrimazole  low (29 ug/L)’ 20 513+ 133 8.9+4.0 3.82+0.27 1.7+0.6
medium (67 ug/L)’ 21 454 + 133 8.0+4.7 3.71+0.27 1.6+0.8
high (197 ug/L)’ 21 523 + 119 10.3+3.9 3.83+0.24 2.0+0.9*

"Measured concentrations just after adding clotrimazole in water
* significant difference compared to control group (ANOVA paramétrique p < 0.05)

GSI = Gonado somatic index; N = number of fish



Table 3: Effect of a 21 days exposure to clotrimazole on brain gene expression. Results are presented as ratio of clotrimazole-treated to control fish

Experimental groups

genes

star hsd3b1 cyp17at cyp1ict

hsd11b3a cypi19ala cyp19a1b

gnrh3 ar esr esr2b esr2a

Solvent control 1+0.20 1+£0.25 1+0.20 1+0.28

Clotrimazole 30 ug/L  0.99+0.17 0.83+0.16 0.71+0.06 0.80 +0.06

Clotrimazole 67 pg/L  1.05+0.31 0.72+0.19 0.64+0.10 0.58 +0.15

Clotrimazole 197 pyg/L 1.28 +0.06 1.20+0.27 1.05+0.08 0.84 +0.06

1+0.23 1+£0.29 1+£0.22

1.32+0.23 2.34+0.28 1.42+0.41

1.02+0.32 1.26+0.33 0.86 +0.40

1.07+0.17 1.97+047 0.73+0.21

1+0.27 1+0.10 1+0.11 1+£0.14 1+0.11

0.72+0.15 0.84+0.06 1.35+0.07 0.92+0.08 0.85+0.06

0.38+0.11 0.86+0.13 0.91+0.13 0.84+0.12 0.74+0.11

0.58+0.13 0.99+0.06 1.18+0.21 1.02+0.14 1.17+0.15




Table 4 : Morphometric analysis of the testes following several azole or triazole exposures and impact on GSI

concentration /

reference species azole time of exposure duration steroidogenesis T /11-KT GSI| and morphometric analysis of the gonads
Brown - 2011 zebrafish clotrimazole juvenile to adult 2.9 and 43.7 pg/L hsd17b3, cyp19aia (-) 11-KT reduced - increase in the GSI
(Danio rerio) (CYPs inhibitor) (37 - 133 dph) (96 days) - increase in the proliferation of Leydig cells
- germ cell development was significantly more
advanced based on the proportions
of spermatids and spermatozoa compared with
spermatocytes and spermatogonia
Hinfray - 2011 zebrafish clotrimazole adult 50 - 500 pg/L cypi7at (++) 11-KT unchanged - spermatogonia type A were observed more frequently
(Danio rerio) (CYPs inhibitor) (7 days)
star, cypi17ai, cyp1ict
Baudiffier - 2012 zebrafish clotrimazole adult 71 - 258 pg/L (++) 11-KT unchanged
(Danio rerio) (CYPs inhibitor) (7 days)
cyp1ia and cypi7at
Ankley - 2007 fathead minnow ketoconazole adult 6 - 400 pg/L (++) T unchanged - increase in the GSI
(Pimephales
promelas) (CYPs inhibitor) (21 days) - marked proliferation of interstitial (Leydig) cells
- intesticial cells have more rounded nuclei and more
cytoplasm
Ankley - 2002 fathead minnow fadrozole adult 2 - 50 pg/L not measured T/ 11-KT induced - increase in the GSI
(Pimephales (aromatase - enlarged seminiferous tubule, accumulation of sperm
promelas) inhibitor) (21 days) in the testes
- lack of germinal epithelium
Panter - 2004 fathead minnow fadrozole adult 51.7 - 95.5 pg/L not measured not measured - increase in the GSI
(Pimephales (aromatase
promelas) inhibitor) (21 days)
Navarro-Martin - sexually
2009 sea bass fadrozole undifferentiated 100 mg.kg'1 food not measured not measured - increase in the GSI
(Dicentrarchus (aromatase
labrax) inhibitor) (90-150 dph) twice a day (60 days)
126 mg/kg body
Goetz - 2009 rat triadimefon adult weight/day not measured T induced - no change in the gonad weight
(plasma and intra-
(CYPs inhibitor) (30 days) testicular)
Turner - 2000 rat anastrozole adult 200 mg/L not measured T induced - increase in the GSI



(aromatase (plasma and intra-
inhibitor) (63 days) testicular) - spermatogenesis was grossly normal
- 10% of rats had testes that appeared to contain only
Sertoli cells

GSI: Gonado Somatic Index; dph: days post hatch



Table S1: primer sequences of target genes

Name forward primer sequence (5' --> 3') reverse primer sequence (5' --> 3') accession number
star ACCTGTTTTCTGGCTGGGATG GGGTCCATTCTCAGCCCTTAC NM 131663
hsd3b1 GCAACTCTGGTTTTCCACACTG CAGCAGGAGCCGTGTAGCTT NM_212797.1
cyp17at GGGAGGCCACGGACTGTTA CCATGTGGAACTGTAGTCAGCAA NM_212806.3
cypiict GCTCATGCACATTCTGAGGA TGTGCTGAAGGTGATTCTCG DQ650710.1
hsd11b3a TGGTGAAGTATGCCATCGAA AGTAGCCATCGTGTGTGCTG AY578180
cypi19aita CTGAAAGGGCTCAGGACAA TGGTCGATGGTGTCTGATG AF 226620
cyp19atb ACTAAGCAAGTCCTCCGCTGTGTACC TTTAAACATACCTATGCATTGCAGACC NM_131642.1
1hB GCAGAGACACTTACAACAGCC AAAACCAAGCTCTGAGCAGCC NM_205622.2
fshB CAGATGAGGATGCGTGTGC ACCCCTGCAGGACAGCC NM_205624.1
lhegr ATCACTCACGCTCTCCGACT GCTGCTGACGCCTATTAAGG NM_205625.1
fshr GAGGATTCCCAGTAATGCTTTCCT TCTATCTCACGAATCCCGTTCTTC NM_001001812.1
ar ACGTGCCTGGCGTGAAAA CAAACCTGCCATCCGTGAAC NM_001083123.1
esr1 GGAGATGCTGGACGCTCA GCTGCAGCTCCTCCTCTTGG NM_152959.1
esrzb TGATCCTGCTCAACTCTAATAAC TCCAGCAGATTCAGCACCTTCCC NM_174862.3
esr2a TGATCCTCCTGAACTCCAACA TCCAGCAGACACAGCAGCTTGGA NM_180966.2
amh CTCTGACCTTGATGAGCCTCATTT GGATGTCCCTTAAGAACTTTTGCA NM_001007779.1
igf3 GTGCTGCGTTCTCATCCT TGTTGAGGAGGTTTGGGT NM_001115050
piwil1 CAAAATGGGAGGAGAGCTGTG CAAAGAATCGGGAGCTGATGC NM_183338.1
cyplat GACAGGCGCTCCTAAAACAG CTGAACGCCAGACTCTTTCC NM_131879.1
cyp3ab5 CGGTGCGTACAGTATGGATG AGAGAGGGTTCAGCAGGTCA NM_001037438.1
gstal CGCAGGAAAATACAACCTCTATG AGCTTCCAGAAGATGAACATCAG NM_213394.1
gstp1 CAGTTGCCTAAATTTGAAGATGG AGCTTCCAGAAGATGAACATCAG NM_131734.3
gnrh3 AAATGGAGGCAACATTCAGG CCTTCAGCATCCACCTCATT NM_182887.2



http://www.ncbi.nlm.nih.gov/nucleotide/18858514?report=genbank&log$=nucltop&blast_rank=1&RID=HDZH141901P
http://www.ncbi.nlm.nih.gov/nucleotide/23308674?report=genbank&log$=nucltop&blast_rank=2&RID=HDZT23R401R
http://www.ncbi.nlm.nih.gov/nucleotide/56711295?report=genbank&log$=nucltop&blast_rank=1&RID=HDZYSEPP01P
http://www.ncbi.nlm.nih.gov/nucleotide/31340676?report=genbank&log$=nucltop&blast_rank=1&RID=HFP22WPP014
http://www.ncbi.nlm.nih.gov/nucleotide/56090639?report=genbank&log$=nucltop&blast_rank=1&RID=F0S6715601S
http://www.ncbi.nlm.nih.gov/nucleotide/34330157?report=genbank&log$=nucltop&blast_rank=1&RID=F0NKB4PH01N
http://www.ncbi.nlm.nih.gov/nucleotide/40538769?report=genbank&log$=nucltop&blast_rank=1&RID=HFPZT7DJ011
http://www.ncbi.nlm.nih.gov/nucleotide/82658311?report=genbank&log$=nucltop&blast_rank=1&RID=HFR4TT7S014
http://www.ncbi.nlm.nih.gov/nucleotide/54261780?report=genbank&log$=nucltop&blast_rank=3&RID=HFS4UPRF01P
http://www.ncbi.nlm.nih.gov/nucleotide/124248588?report=genbank&log$=nucltop&blast_rank=1&RID=HFSA5GBM01R
http://www.ncbi.nlm.nih.gov/nucleotide/256418969?report=genbank&log$=nucltop&blast_rank=1&RID=HFRB0DJS015

