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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash Polycystic ovarian syndrome (PCOS), frequently associated to obesity, is the main reproductive disorder in
women in age to procreate. Some evidence suggests that pesticides can result in alterations of the female

Keywords: reproductive system, including polycystic ovary syndrome (PCOS). Here, we detected two fungicides, Tebuco-

PCOS

nazole (Tb) and Epoxiconazole (Epox) in the soils and waters of French area. Our hypothesis is that these two

EEbu,conamlle triazoles could be associated to the etiology of PCOS. We used the human KGN cell line and primary human
v[:];ll(i::);azo € granulosa cells (hGCs) from different group of patients: normal weight non PCOS (NW), normal weight PCOS
Proliferation (PCOS NW), obese (obese) and obese PCOS (PCOS obese). We exposed in vitro these cells to Tb and Epox from
Steroidogenesis 0 up to 10 mM for 24 and 48 h and analysed cell viability and steroidogenesis. In hGCs NW, cell viability was
Obesity reduced from 12.5 uM for Tb and 75 uM for Epox. In hGCs NW, Epox decreased progesterone (Pg) and estradiol
AHR (E2) secretions and inhibited STAR, HSD3B and CYP19A1 mRNA expressions from 25 uM and increased AHR

mRNA expression from 75 uM. Tb exposure also reduced steroid secretion and STAR and CYP19A1 mRNA ex-
pressions and increased AHR mRNA expression but at cytotoxic concentrations. Silencing of AHR in KGN cells
reduced inhibitory effects of Tb and Epox on steroid secretion. Tb and Epox exposure decreased more steroid
secretion in hGCs from obese, PCOS NW and PCOS obese groups than in NW group. Moreover, we found a higher
gene expression of AHR within these three groups. Taken together, both Epox and Tb reduced steroidogenesis in
hGCs through partly AHR and Tb was more cytotoxic than Epox. These triazoles alter more strongly PCOS and/or
obese hGCs suggesting that human with reproductive disorders are more sensitive to triazoles exposure.

Abbreviations: AHR, aryl Hydrocarbon Receptor; AMH, anti-Mullerian hormone; BMI, body mass index; BPA, bisphenol A; BSA, bovine serum albumin; CYP19A1,
cytochrome P450 family 19 subfamily A member 1; CYP51, sterol 14-demethylase; DAPI, 4',6-diamidino-2-phenylindole; Epox, epoxiconazole; E2, oestradiol; EDCs,
endocrine disrupting chemicals; EFSA, european food safety authority; FBS, fetal bovine serum; FF, follicular fluid; FF-MAS, follicular fluid meiosis-activating-sterols;
FSH, follicular stimulating hormone; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; hGCs, human granulosa cells; HSD3B, 3p-Hydroxysteroid dehydrogenase;
IVF, in vitro fertilization; JEG3 cells, human placental cells line; LC QTOF MS, Liquid Chromotography Quadrupole Time-Of-Flight Mass Spectrometry; LH, lutei-
nizing hormone; LOQ, limit of quantification; MCF-7 BUS, human breast cancer cells line; Mg/kw bw/d, mg/kg dody weight/ day; MRL, maximal residues limit;
NOAEL, non-observable adverse effects level; NW, normal-weight; PCOS, polycystic ovarian syndrome; PO, patient with polycystic ovarian syndrome and obesity;
PNW, patient with polycystic ovarian syndrome and normal weight; Pg, progesterone; RT, reverse transcriptase; RT, room temperature; SEM, standard error of the
mean; STAR, Steroidogenic Acute Regulatory; T, testosterone; Tb, tebuconazole; qPCR, real-Time quantitative Polymerase Chain Reaction; UW, underground water.
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L. Serra et al.
1. Introduction

Epoxiconazole (Epox) and tebuconazole (Tb) are azole molecules
used as fungicides in the conventional agriculture [70]. They effectively
combat fungal diseases by inhibiting sterol demethylation [70]. Around
76 Epox-base fungicides representing about 200 tonnes per year were
used in France last decades (French National Agency for Food, Envi-
ronmental and Occupational Health and Safety, 2019). Furthermore, Tb,
applied on more 3 million of hectares, is the one of the most used
pesticide in France [56]. In some countries and regions, they have been
found in soils (from 0.16 to 0.31 mg/kg for both pesticides) [53],
wastewater (from 1 to 30 ng/L for Tb) [32] and surface waters
(maximum value of 17 mg/L for Epox) [58] but also in vegetables [16].
With half-life above 198 days or 68 days in water and 91 days or 59 days
in soils for Tb and Epox, respectively [22,24], these triazoles are
considered as persistent pollutants [25]. Epoxiconazole and Tb have a
similar structure consisting of a five-membered conjugated ring with
three nitrogens [13]. Their main activity is to inhibit sterol 14-demethy-
lase (CYP51), a member of the P450 enzymes family important for the
metabolism of endogenous and xenobiotics substances [23]. CYP51
leads to the conversion of lanosterol into ergosterol, an essential
component of the cell membrane of fungi and yeast and the inhibition of
CYP51 by triazoles leads to membrane permeability and cell death [70].
In mammals, CYP51 converts lanosterol into follicular fluid
meiosis-activating-sterols (FF-MAS), a precursor of cholesterol, essential
for the biosynthesis of sexual steroid like estradiol (E2), testosterone (T)
and progesterone (Pg) by the ovarian granulosa cells in females ( [70]).
Residues of Epox (minimum value of 10.38 ug/L of urine) [39] and Tb
(2.22 pg/kg of hair’s workers in agriculture field) [51] were found in
Human. It has been shown that 98% of Tb are absorbed within 48 h in
mammals and are distributed into liver and kidneys tissues without
potential of accumulation [24,27]. Regarding Epox, 50% are absorbed
within 2 h and they are distributed into blood, liver, kidneys, spleen,
lungs and adrenal glands without accumulation [22]. Moreover, Tb and
Epox can act on other enzymes from the P450 enzyme family such as
cytochrome P450 family 19 subfamily A member 1 (CYP19A1), enabling
the conversion of T into E2 [13,36]. It has been already shown that an
exposure to Epox and Tb increased the risk of infertility. Indeed, pre-
natal exposure to Epox or Tb (50 mg/kg body weight/day (mg/kg
bw/d)) in rats resulted in a higher rate of post implantation loss [55,60]
and a decrease in maternal serum cholesterol [55]. Epox, also, decreased
E2 secretions and increased Pg and T secretions which can led to pre-
cocious puberty onset in rodent [20,60,59]. This was also observed after
Tb exposure in rats [15,38]. In previous study of our lab, we have
demonstrated that, other triazoles, metconazole (from 100 uM), dife-
noconazole (from 1 uM), tetraconazole (from 10 uM) and cyproconazole
(from 10 uM) reduced Pg and E2 secretions in human granulosa cells
after 48 h (Serra, 2023). Thus, Epox and Tb could also contribute to
some ovarian disorders. However, the effects of these conazoles on the
human ovarian cells and their mechanisms used to alter fertility are still
unknown. One potential candidate to explain triazoles effect could be
the involvement of the aryl hydrocarbon receptor (AHR). It is originally
a sensor of xenobiotic chemicals and it is constitutively expressed in
granulosa cells [4]. It is activated by binding to triazoles such as Tb in
human [35] or Epox in rat [28] hepatocytes. Furthermore, in a previous
study conducted in our lab on triazoles exposure for 48 h, tetraconazole
(10 pM), metconazole (100 pM) and prothioconazole (1000 nM)
increased AHR mRNA expression in primary human granulosa cells
[52]. AHR also regulates the production of E2 in mouse ovarian cells as
well as the estrus cycle through the inhibition of CYP19A1 expression
[7]. Indeed, AHR has a xenobiotic region element in the promoter of
CYP19A1 where it binds and modulates its expression [4] Moreover
AHR regulates the formation of primordial and antral follicles in mice
[7] and it can be activated by the follicle-stimulating hormone (FSH)
and the luteinizing hormone (LH) and be inhibited by phosphokinase A
[4,40]. We hypothesize that Epox and Tb use AHR signalling to impair
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granulosa cells steroidogenesis.

The polycystic ovarian syndrome (PCOS) and obesity are among the
main women sub or infertility causes in worldwide [44,61,71]. PCOS
affects approximately one in ten women in age to procreate in France
[61]. Three criteria have been retained and two of these are sufficient to
diagnose PCOS: i) hyperandrogenism, ii) oligo or anovulation, iii) and
polycystic ovaries [61]. Dysregulations of hormones from the repro-
ductive axis are observed with an increase of luteinizing hormone (LH)
and T secretions, an abnormal secretion of E2 and a low or normal
secretion of follicular stimulating hormone (FSH) [21,62,71,76].
Although the knowledge about this syndrome is increasing, the origins
remain unknown and can be multiple. In recent years, endocrine dis-
ruptors (EDCs) disturbing the reproductive axis have been shown as a
potential cause of PCOS [18,47]. For example, neonatal exposure of
female rats to bisphenol A (BPA) led to a PCOS-like phenotype in adults
associated with increased T and E2 serum levels and an increase number
of ovarian cysts [26]. Obesity is another factor of subfertility [44],
around 15% of women in childbearing age had a body mass index (BMI)
above 30 in the world in 2016 [63]. Often associated with PCOS with
50% of obese women presenting a PCOS phenotype [45] this physio-
logical status leads to low-grade chronic inflammation [54]. Therefore,
it reduces the chances to get a correct number of retrieved oocytes and,
at least, decreases the quality of embryos obtained during an in vitro
fertilization (IVF) program [66,76]. In addition, obesity influences
androgen levels [21,54,76]. Pollutants such as phthalates have been
already shown to be positively correlated with BMI, leptin concentration
in blood, lipids concentration and visceral adipose index in women [41]
Our hypothesis is that ovarian cells from PCOS women with or without
obesity could be more sensitive to Epox and Tb than those from
normal-weight women and could contribute to explain some ovarian
disorders.

In the present study, we evaluated the exposure levels of Epox and Tb
in the soil, surface water and groundwater in the French Centre-Val de
Loire area, which were found at maximal values of 50 ug/kg and 30 pg/
kg; 0.3 and 9 pg/L; 0.45 and 6 pg/L respectively. We then investigated
the Epox and Tb effects on cell viability and steroidogenesis (Pg and E2
release) in the human tumor granulosa cell line, KGN and in primary
granulosa cells (hGCs) from four different groups of patients: normo-
weight and non PCOS (NW), normo-weight and PCOS (PNW), obese
non PCOS (O) and obese with PCOS (PO). Finally, we analysed the
molecular mechanism of the triazoles effects by developing a CRISP-R/
Cas9 mediated deletion of Aryl hydrocarbon Receptor (AHR) in KGN
cells.

2. Materials and Methods
2.1. Epoxiconazole and Tebuconazole analyses in French soils and waters

The characterization of agricultural soils close to the patient-
s’residence in French “Région Centre Val de Loire” area was carried out
at the INRAE soil analysis laboratory in Arras (France), accredited by the
French committee of accreditation (COFRAC). The analysis of soils
sieved at 2 mm was performed by LC QTOF MS (Liquid Chromatography
Quadrupole Time-Of-Flight Mass Spectrometry). The quantification
limit (LOQ) determined for each triazole in soil were 10 pg/kg. A total of
76 sites was analysed in duplicates. The results were expressed in ug/kg
of soil dried at 105 °C. A precise description of the triazole analyses in
French soils is explained below:

2.1.1. Chemicals and standards

Organic solvents, acids, bases and salts used were methanol, iso-
propanol, ammonium formate (Biosolve Chimie, France), acetone, for-
mic acid, acetic acid, sodium hydroxide (Carlo Erba, France) and
ultrapure water. Acetone and methanol were used respectively to rinse
glass flasks and to prepare standard solutions and for PLE (pressurized
liquid extraction or accelerated solvent extraction) extraction. Celite
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545 (diatomea earth) and pure Fontainebleau sand (VWR Chemicals,
France) were added at each soil in the metallic extraction cell. These
reagents were of analytical quality for mass spectrometry analysis. The
extractor was a BUCHI Speedextractor E-916 with 6 ports of ectraction.
Evaporators were rotoevaporators BUCHI R-134and Zymark Turbovap
II. Soil extracts were filtered using PTFE filters at 0.20 pm (Pall corpo-
ration)and stored in 2 ml amber glass vial (Agilent technonologies). The
individual triazoles standard solutions at 10 mg/L in methanol were
purchased from Cluzeau Info Labo company (France). The targeted
compounds were epoxiconazole, and tebuconazole.

2.1.2. Preparation of solutions

The calibrant solution, injected at the beginning of each analysis for
calibration of mass spectrometrer, was prepared with 25 ml of ultrapure
water (50%), 25 ml of isopropanol (50%), 0.5 ml of NaOH 1 M (1%), 75
uL of acetic acid (0.15%) and 25 uL of formic acid (0.05%) in mixture.
Two mobile phases were used for liquid chromatography in concentra-
tion gradient mode. The mobile phase A was prepared with 900 ml of
ultrapure water (90%), 100 ml of methanol (10%), 100 pL of formic acid
(0.01%) and 315 mg of ammonium formate (5 mM) in mixture. The
mobile phase B was prepared with 500 ml of methanol (100%), 50 pL of
formic acid (0.01%) and 157.5 mg of ammonium formate (5 mM) in
mixture.

Triazoles individual solutions and an internal standard solution of
difenoconazole-d6 were used at 10 mg/L in methanol. Triazoles solu-
tions in mixture and individual internal standard solution were prepared
at 2 mg/L in methanol in order to prepare standard solutions for internal
calibration and spiked soils for the recovery study.

2.1.3. LC QTOF MS analysis

2.1.3.1. Chromatographic and spectrometric conditions. The LC QTOF MS
was a HPLC Thermofisher Ultimate 3000 coupled with a high resolution
and time-of-flight mass spectrometer BRUKER Impact II with an elec-
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management of analytical system and Tasq for the treatment of data.
-Internal calibration.

Calibration solutions from 0.010 ug/L to 500 pg/L were prepared
with an internal standard, difenoconazole-d6, at the concentration of 40
pg/L. The internal calibration curves of triazoles were built from 0.025
pg/L to 500 ug/L with determination coefficient up to 0.99.

2.1.4. Soils analysis

2.1.4.1. preparation. After site sampling, the fresh agricultural soils
were freezed at — 20 °C. Before analysis, the soils were stored at ambient
temperature. The soils were sieved at 5 mm mesh for homogeneous
samples.-Humidity at 105 °C: An aliquot of 30 g of each fresh soil was
put in aluminium cup for drying at 105 °C in oven during a night. - Soil
characterization: Fresh soils were put in a shelf in a room at 35 °C
during 5 days for drying. Dried soils were sieved at 2 mm mesh with
titanium sieve. Each dried and sieved soils were stored at 2 mm mesh in
glass flasks for the characterization of soils. A sub-sample of 50 g of dried
soil sieved at 2 mm mesh was sampled and grinded at 250 um of particle
size using grinder with zirconium bowl and balls. Grinded soils were
stored in glass flasks before certain soil characterization analysis. The
agronomic characterization of agricultural soils was carried out at the
INRAE soil analysis laboratory in Arras (France), accredited by the
French committee of accreditation (COFRAC). The analysis of soils
sieved at 2 mm was performed according to standard NF ISO 11464
method. The water pH and particle size were determined according to
standard NF ISO 10390 and NF X31-107 methods respectively. The total
nitrogen, total organic carbon (TOC) and the carbonate content in
grinded soils at 250 pm were determined according to standard NF ISO
13878, ISO 10694 and NF EN ISO 10693 methods respectively. The
results are presented below:
Characteristics of the 5 agricultural soils for the recovery study:

Agricultural soils from the North of France Clay Fine silt  Coarse silt ~ Finesand  Coarse sand  Organic Carbon  Total Nitrogen CaCO3  pH water
Origin site Nature g/’kg  g/kg g/kg g/kg g/kg g/kg g/kg g/kg
Liévin Loess silt 205 255 457 74 9 22.31 1.53 1 6.6
Airon-Saint-Vaast Reconstituted sands 111 109 200 341 239 11.71 1.17 16 8

on glaze
Dompierre-sur-Helpe Silty alluvium 380 321 268 22 9 37.9 4.03 <1 5.5
Steenwerck Alluvions from Lys plain 312 260 293 102 33 12.49 1.36 <1 7.5
Marcq-en-Ostrevent Loess 194 236 446 112 12 12.4 1.22 3 7.9

trospray ionization source. The QTOF-MS was programmed to work
with a mass range from 20 to 40,000 m/z in MS mode and a selection of
parent ions with mass less than 3000 m/z in MS/MS mode. A resolution
was around 50,000 FWHM (full width at half maximum) for ions of mass
greater than 800 m/z obtained in V mode, single return trip in the
reflectron, electrospray ionization in positive or negative mode, bbCID
and MS fragmentation and optimal primary and secondary vacuum
conditions. The chromatographic column was an Acclaim C18 column of
dimension 100 mm length, 2.1 mm internal diameter and 2.2 pm of
particle size. The HPLC system was equipped with an automatic sampler
thermostated at 4 °C for extracts storage and stability. The column
furnace was at 30 °C for the repeatability and reproducibility of the
retention time of each triazoles. The injection volume of standard so-
lutions and soil extracts was 5 pL. The calibrant solution was delivered at
the beginning of each analysis at 0.005 uL/min flow during 2 min for the
calibration of mass spectrometer. Triazoles chromatographic separation
was achieved in 20 min at 250 pL/min flow in concentration gradient
mode of the mobile phase A from 90% at the beginning of analysis to 0%
at the end of the run. The softwares were Hystar and Otof for the
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2.1.5. PLE extraction

Fresh soils sieved at 5 mm mesh, an aliquot of 10 g of soil was mixed
at 5 g of celite in the bowl. The mixture of solid matrix was put in a 40 ml
extraction metallic cell and spiked with 20 pL of internal standard so-
lution of difenoconazole-d6 at 40 pg/L. The cell was completed with
pure Fontainebleau sand and overcome with a glass fiber filter. The
extraction metallic cell was put in the extractor furnace and extracted by
PLE mode using pure methanol, a temperature of 80 °C, a pressure of
150 Bars and 2 static extraction cycles of 5 min. The methanolic extracts
received 20 pL of a keeper, n-docécane, before a partial rotative evap-
oration at 60 °C and 300 mBars of pressure. The residual liquid extract
was evaporated to dryness under a gentle nitrogen flow. The dried re-
sidual extract was dissolved in 2 ml of pure methanol. After a contact
time of 45 min for dissolution, the extract was filtered by a 0.20 um PTFE
filter and stored in a 2 ml amber glass vial.

2.1.6. LC QTOF MS analysis
The LC ESI+ QTOF MS analysis sequence was made of the internal
calibration solutions followed by soil extracts with quality control
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standard solutions each ten samples. Triazoles were analyzed by positive
ionization and the data were treated Tasq soft. The identification of
triazoles was obtained by the retention time and the exact mass.

2.1.7. Recovery study and method validation

Five agricultural soils were used for recovery study and method
validation. The 5 soils were of different sites from the North of France
and had different characteristics (see § 2.3). Each soil was analyzed
before without spiking in order to measure the eventual residual con-
centration of triazoles in the 5 agricultural soils. Each soil was spiked at
two different levels, 20% and 80% of the application domain, and
analyzed two times at 6 different dates. Mean recoveries calculated for
each soil were expressed for the two different levels. Mean recoveries
were obtained after substraction of triazoles residual concentration in
the soils without spiking. Triazoles mean recoveries were from 74.3% to
94.4% at the 80% level of application domain with determination co-
efficient from 4.4% to 8.8%. Triazoles mean recoveries were from 91.5%
to 119.3% at the 20% level of application domain with determination
coefficient from 2.5% to 6.5%. The quantification limits determined for
each triazole in soil were 10 pg/kg for epoxiconazole and tebuconazole.

Concerning surface and underground waters, triazole concentrations
were obtained for the different cities in the Centre Val de Loire region
near the patients’ residence from the ADES (Acces aux Données sur les
Eaux Souterraines, www.ades.eaufrance.fr; [64]) and NAIADES (https:
//www.brgm.fr/en/website/naiades-data-surface-water-quality) data-
bases. For analysis of surface waters, 721 stations were used related to
448 cities and 26 measurements or each triazole were assessed per cities.
For underground waters, 18,006 records for 641 cities for each triazole
were made. The results were expressed in ug/L of water.

2.2. Ethical issues

The study was carried out in accordance with the Declaration of
Helsinki principles and free informed consent was obtained from all
participants. The biological samples and identity of patients remained
anonymous. Study protocol was previously approved by the Ethics
Committee of the University Hospital of Tours as part of the “HAPO-
FERTI” and PESTIFERTI projects (authorisation number 2016_075). No
conflict of interest is declared and researchers bought fungicides inde-
pendently of user’s companies.

2.3. Study population

The study was carried out in accordance with the Declaration of
Helsinki [65]. One hundred and sixty women undergoing an IVF (In
vitro Fertilization) procedure between 2019 and 2022 at the reproduc-
tive medicine center of Tours Hospital were included in this study. For
each triazole studied, four groups of patients were constituted as follow.
Forty women normal weight (BMI 18-25 kg/m?) without PCOS
consulting for men infertility and considered as a control group (NW).
Forty women suffering from PCOS with normal weight (BMI 18-25
kg/m?% PNW group). Forty obese women ((BMI > 30 kg/m? O group)
and 40 obese women suffering from PCOS (PO group). Diagnosis of
PCOS followed 2003 Rotterdam Consensus Conference Criteria [1]. All
women with PCOS presented an oligo/anovulation and the number of
follicles per ovary > 12.

2.4. Collection and isolation of human granulosa cells and culture of KGN
cells

Follicular fluid was recovered after isolation of luteinized cumu-
lus-oocyte complexes, and centrifuged at 1800 rpm for 15 min to pellet
cell remnants. Human primary granulosa cells (hGCs) from this pellet
were then isolated, percoll purified, and cultured as previously
described [17] for 24 h before in vitro treatments. For each biological
replicates, a pool of cells from about 3 patients was made. Granulosa
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cells present FSH and LH receptors and secrete mediators such as growth
factors and steroids to exchange with oocyte for maturation [10]. KGN
derived from luteinized granulosa tumoral cells collected from a 63
years-old woman in 1994 was provided by Nishi and collaborators [67].
They express FSH and E2 receptors and have steroidogenic capacity
[67]. Cells were cultivated with Dulbecco’s Modified Eagle’s Medium
(DMEM; PAA, Thermo Fisher, Waltham, USA) with 10% fetal bovine
serum (FBS) (Sigma-Aldrich; Saint-Louis, USA) and 1% of penicillin
10.000 UI/ml / streptomycin 10.000 pg/ml (Eurobio, Les Ulis, France).

2.5. CRISPR/Cas9 methodology

KGN AHR-/- were obtained by developing a CRISP-R/Cas9 mediated
deletion of Aryl hydrocarbon Receptor gene. A KGN-Cas9 line was
established after infection with Cas9-RFP lentiviral particles (Sigma
Aldrich) at a multiplicity of infection of 2. Then, single-cell (RFP positive
cell) cloned this cell line by cytometry (MoFlo AstriosEQ, Beckman
Coulter, USA). After, KGN-Cas9 RFP cells were transfected with a small
guide RNA targeting human AHR gene (NM_001621) (AhR sqRNA Crisp-
GFP vector, target 1, ABM, Euromedex, France) or with a non —targeted
guide (GTAGGCGCGCCGCTCTCTAC) creating the control cells, called
Scr-KGN cells. After 3 days, GFP cells were sorted by Fluorescent Acti-
vated Cell Sorter and cell line cloned from a single-cell was performed.
After two weeks, clones (Scr KGN and KGN AHR-/-) were tested by qPCR
and western-blotting for AHR expression.

2.6. Cells treatments

Tebuconazole and Epoxiconazole were purchased from Sigma-
Aldrich and diluted with methanol 100%. Different concentrations of
Tb and Epox were prepared from 0 uM to 10 mM, so 1400 times higher
than the reproductive and offspring non-observable adverse effect level
(NOAEL) in rats at 2.3 mg/kg body weight/day (mg/kg bw/d; around 7
uM®) for Epox [22] and 143 times higher than the parental and offspring
NOAEL for Tb at 21.6 mg/kg bw/d (around 70 uM [24]). First, we used a
large range of triazoles concentrations on KGN cells (until 10 mM) and
according to results, we focused on concentrations below 100 uM for
hGCs. This last concentration corresponding to 3333 times the Epox
urinary concentration [39] and 14 285 times the Tb hair concentration
[51] found in farm workers using these fungicides. The dilutions were
prepared with Mc Coy medium containing FBS (10%) for hGCs or DMEM
containing FBS (10%) for KGN.

2.7. Cell viability

Cells were treated in 96 wells plate with Tb or Epox from 0 to 10 mM
(KGN) or from 0 to 100 uM (hGCs) for 24 h and at 100 uM for 48 h. Cell
counting-kit 8 (CCK-8; Sigma-Aldrich, Saint-Louis, USA) was used for
the cell viability assay.

2.8. RNA isolation and real-time quantitative PCR (qPCR)

Cells were treated for 48 h with Tb or Epox (from 0 to 100 uM) and
then stored at — 20 °C until RNA isolation. Total RNA from granulosa cells
was extracted with QIAzol® Lysis Reagent (Qiagen Sciences, Maryland,
USA) following the manufacturing recommendations. The cDNA was ob-
tained by reverse transcription (RT) from total RNA (2 pg). Briefly, a mix of
RT buffer (2 M), deoxyribonucleotide triphosphate (dATP, dCTP, dGTP
and dTTP; 0.5 mM each), 15 pg/uL of oligodT, 0.125 U of ribonuclease
inhibitor and 0.05 U of Moloney murine leukemia virus reverse tran-
scriptase (MMLV) was prepared and mixed with samples before an incu-
bation for 1 h at 37 °C. The efficiency of primers was tested before the
qPCR as explained in Bongrani et al. (Bongrani et al., 2019). The couple

@ We assumed that 1 kg = 1 L so (2.3 *10 g/L /329.76 g/mol = 7 uM)
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primers used are for reference genes: human p-actin (F: 5-AAGA-
GAGGCATCCTCACCCT-3’; R: 5’-TACATGGCTGGGGTCTTGAA-3’) which
encodes actin, an highly conserved protein playing a role in networks in
the cytoplasm of cells (https://www.proteinatlas.org/ENSG000000
75624-ACTB/tissue#rna_expression), human Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (F: 5’-ATGGAAATCCCATCACCATCTT-3’; R: 5’-
CGCCCCACTTGATTTTGG-3’) which encodes a protein playing a role in
glycolysis  (https://www.proteinatlas.org/ENSG00000111640-GAPDH/
tissue#rna_expression), human peptidylprolyl isomerase A (PPIA) (F: 5’-
CGCGTCTCCTTTGAGCTGTT-3’; R: 5’-ATTTTCTGCTGTCTTTGGGACC-3’)
which encodes protein catalyzing the cis-trans isomerization of proline
imidic peptide bonds in oligopeptides and improving the folding of pro-
teins (https://www.proteinatlas.org/ENSG00000196262-PPIA /tissue
#rna_expression). These three reference genes are constantly expressed
in human ovarian cells. For tested genes we used: human Steroidogenic
acute regulatory (STAR) (F: 5-AAACTTACGTGGCTACTCAGCATC-3’; R:
5’-GACCTGGTTGATGCTCTTG-3’), CYP11A1 (F: 5’-CAGGAGGGGTGGA-
CACGAC-3’; R: 5-AGGTTGCGTGCCATCTCATAC-3’), human 3 beta-
hydroxysteroid —dehydrogenase (HSD3B) (F: 5’-GCCTTCCAGACCA-
GAATTGAGAGA-3’; R: 5°’-TCCTTCAAGTACAGTCAGCTTGGT-3’), human
Cytochrome P450 Family 19 subfamily A member 1 (CYP19A1) (F: 5'-
CCATAAAGACCCGATTCCACCA-3’; R: 5’-GCTGAGGCATAAATCGACA-
GAC-3’), human aryl hydrocarbon receptor (AHR) (F: 5’AGAGTTG-
GACCGTTTGGCTA-3’; R: 5’-AGTTATCCTGGCCTCCGTT-3’) and human
Anti-Miillerian hormone (AMH) (F: 5-GCATGTTGACACATCAGGC-3’; R:
5-GAGTGGCCTTCTCAAAGAGC —3’). A new mixture of the cDNA of
samples (3 pL) diluted 10 times with SYBR Green Supermix 1X reagent
(Bio-rad, Marnes la Coquette, France), 250 nM of specific human primers
and distilled water was prepared before performed the PCR procedure.
After incubation for 2 min at 50 °C and a denaturation step of 10 min at
95 °C, the samples were subjected to 40 cycles (30 s at 95 °C, 30 s at 60 °C,
30 s at 72 °C) followed by the acquisition of the melting curve. The effi-
ciency (E) of the primers was determined from a serial dilution of cDNA
and was calculated as E = 10 — 1/slope value, and was between 1.9 and 2.
For each gene, relative abundance was calculated according to primer
efficiency (E) and quantification cycle (Cq), where expression = E — Cq.
Melting curve analysis were performed to verify the presence of a single
amplicon. The expression of the target gene was expressed relative to the
geometric mean of three specific reference genes (Beta Actin, PPIA and
GAPDH). The geometric mean of housekeeping genes has been reported as
an accurate normalization factor [31].

2.9. Progesterone, estradiol and testosterone assays

Progesterone and estradiol concentrations in GC culture medium
were measured employing a previously described ELISA [9] and ELISA
kits provided by Cayman Chemicals, respectively, and normalized to the
protein concentration of each well. For all tests, intra- and inter-assay
coefficients of variation averaged < 10%.

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism 6®
(San Diego, California USA). Data are presented as mean + standard
error of the mean (SEM). The means of independent and random repli-
cates were used. Bartlett’s test was run to test the homogeneity of
variance, and distribution was verified by the Shapiro-Wilk test. For
parametric values, test of Student (comparison between Scr-KGN and
KGN AHR -/-), one-way ANOVA test followed by a Tukey multiple
comparison test (comparison between all concentrations for cell
viability, Pg and E2 secretions, genes expressions in primary or KGN
cells without O, PO and PN), or a two-way ANOVA test followed by a
Tukey multiple comparison test (comparison between all concentrations
and all status (PCOS, obese...) for cell viability, Pg and E2 secretions,
genes expressions in primary), were applied as appropriate. Means were
considered different at p < 0.05, 95% confidence interval. For each

Toxicology Reports 12 (2024) 65-81

analysis, N means the number of experimental replicates and n means
the number of samples for each condition used for each experiment.

3. Results

3.1. Detected fungicides substances in soils and surface and underground
water in the French Centre Val de Loire area

The analysis performed on the samples from the soil of the Centre Val
de Loire area showed that Tb residues were accumulated in the soils of
two areas: Orléans (from 20 to 25 ug/kg, around 65 nMP) and Loches
area (from 25 to 30 ug/kg, around 81 nM®)(Fig. 1A). Epoxiconazole
residues were also found in Orléans area (from 20 to 30 ug/kg, around
61 nM?) and at higher level in Chéteauroux area (from 40 to 50 ug/kg,
around 121 nM®) (Fig. 1B). For the surface and the underground water,
the highest concentrations of Tb residues were found in Montargis area
between 8 and 9 pg/L (around 30 nM') and in Tours area (4-5 ug/L,
around 16 nM?), respectively (Figs. 1C and 1E). Epoxiconazole residues
were found at many places (Orléans, Bourges, Tours, Chinon and
Chateau-La-Verriere) at concentrations between 0.18 and 0.27 ug/L
(around 0.8 th) in the surface water and in Pithiviers area (0.4-0.45
pg/L, around 1.4 nM') in the underground water (Fig. 1D and F).

3.2. Effect of tebuconazole (Tb) and epoxiconazole (Epox) exposure on
cell viability, and steroidogenesis in KGN cells

Tebuconazole, after 24 h or 48 h of exposure, decreased the viability
of KGN cells from 500 pM (p < 0.001, 99.9% confidence interval) (Supp
1A-B). A tendency for decrease and a significative decrease in cell
viability were observed after 10 mM of Epox exposure for 24 h and 48 h,
respectively (p = 0.0645; p < 0.05, 95% confidence interval) (Supp
1 C-D). The secretions of Pg and E2 in the culture medium of KGN were
significantly reduced from 75 uM of Tb (p < 0.0001, 99.99% confidence
interval; Supp 1E and 1 F) and 25 uM of Epox (p < 0.0001, 99.99%
confidence interval) (Supp 1 G and 1 H) after 48 h. Secretion of Pg is
possible thanks to the transport of cholesterol from the outer to the inner
mitochondrial membrane by STAR, then CYP11A1 converts cholesterol
into pregnenolone. After passing into the smooth endoplasmic reticu-
lum, pregnenolone is converted by HSD3B to Pg [68]. Moreover, the
binding of FSH to its receptor, FSHR activates FSHR/cAMP signaling
which is necessary for increased expression of gene encoding steroido-
genic enzymes (STAR, CYP11A1, HSD3B, CYP19A1) [69]. FSH signaling
also enables aromatase activity (CYP19A1) converting testosterone into
estradiol [69].

As shown in Supplemental data 2A to D, Tb decreased the mRNA
expression of STAR, HSD3B, CYP19A1 of KGN from 75 pM (p < 0.0001,
99.99% confidence interval) whereas CYP11A1 mRNA expression
remained unchanged. Epoxiconazole inhibited the mRNA expression of
STAR, HSD3B and CYP19A1 from 75 uM (p < 0.01, 99% confidence
interval) and the expression of CYP11A1 from 100 uM (p < 0.05, 95%
confidence interval) (Supp 2E to H).

3.3. Clinical and hormonal parameters of different group of patients
recruited in the study

For each cohort of patients (Tb and Epox), women included into NW

> We assumed that 1 kg = 1 L so (0.02 g/kg *10°3/307.82 g/mol)= 65 uM

¢ We assumed that 1 kg = 1 L so (0.025 g/kg *10°3/307.82 g/mol)= 81 uM
4 We assumed that 1 kg = 1 L so (0.02 g/kg *103/329.76 g/mol)= 61 uM
¢ We assumed that 1 kg = 1 L so (0.04 g/kg *10°/329.76 g/mol)= 121 uM
f (9 %10 g/L / 307.82 g/mol)= 30 nM

& (5 *10° g/L / 307.82 g/mol)= 16 nM

" (0.27 *10°° g/L / 329.76 g/mol)= 0.8 nM

1 (0.45 *10°° g/L / 329.76 g/mol)= 1.4 nM


https://www.proteinatlas.org/ENSG00000075624-ACTB/tissue#rna_expression
https://www.proteinatlas.org/ENSG00000075624-ACTB/tissue#rna_expression
https://www.proteinatlas.org/ENSG00000111640-GAPDH/tissue#rna_expression
https://www.proteinatlas.org/ENSG00000111640-GAPDH/tissue#rna_expression
https://www.proteinatlas.org/ENSG00000196262-PPIA/tissue#rna_expression
https://www.proteinatlas.org/ENSG00000196262-PPIA/tissue#rna_expression
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Fig. 1. Map of the French Region Centre-Val de Loire and location of exposed sites to Tb and Epox in soils and waters. A-C-E) Exposed sites to Tb in soils, surface
water and underground water. The concentrations were in range of pug/kg and ug/L respectively. B-D-F) Exposed sites to Epox in soils, surface water and underground
water. Each point represents the mean value of the triazoles concentration measured on 26 samples for surface waters, 28 samples for underground waters and 2
samples for soils.
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groups consulted for male infertility, had normal BMI (18-25 kg/m?)
and no sign of PCOS (number of follicles per ovary retrieved <12, no
oligo or anovulation and normal concentration of testosterone < 0.5 ng/
ml). The PNW women had two of three criteria of Rotterdam [1]:
number of follicles per ovary retrieved > 12, no oligo or anovulation and
concentration of testosterone > 0.5 ng/ml, but presented BMI between
18 and 25 kg/m2 Obese women included in O group presented BMI
above 30 but no PCOS phenotype. Finally, PO women presented both
PCOS phenotype and BMI above 30.

Granulosa cells from eighty patients were selected for the study of
each triazole (Tb and E, Table 1). In the cohort for Tb, women from PNW
group were younger than women from O group (p = 0.0188, Table 1).
As expected, the BMI of O and PO women were significantly higher than
the other groups (p < 0.0001, 99.99% confidence interval). The number
of follicles was similar in NW and O group but it was increased in PO
group and higher in PNW group (p < 0.0001, 99.99% confidence in-
terval). Additionally, the number of days per cycle were higher in PCOS
groups (p < 0.0001, 99.99% confidence interval). The plasma T was
higher for both PCOS groups when compared to the other groups
(p < 0.0001, 99.99% confidence interval). The highest plasma concen-
tration of AMH within the blood was found in both PCOS groups
(p = 0.0007) as well as the highest secretion of LH (p = 0.0011) and
ratio LH/FSH (p < 0.0001, 99.99% confidence interval). No difference
was found for the plasma E2 secretion and the number of mature oocytes
between the four groups. However higher number of embryos was found
in PNW group compared to the obese groups (p = 0.0165). The results
are reported in the Table 1.A.

Focusing on the cohort for E, the O group was significantly older than
the other groups (p < 0.05, 95% confidence interval). BMI was, as ex-
pected, higher in O group and PO group when compared to the other
groups (p < 0.0001, 99.99% confidence interval). The number of folli-
cles was higher in PNW group compared to the three other groups
(p < 0.01, 99% confidence interval), and higher in PO group compared
to the NW and the O group (p < 0.01, 99% confidence interval). Higher
number of days per cycle was found in both PCOS groups (p < 0.0001,
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99.99% confidence interval). The plasma concentrations for T
(p < 0.0001, 99.99% confidence interval), AMH (p < 0.05, 95% confi-
dence interval), LH (p < 0.05, 95% confidence interval) and the ratio of
LH/FSH (p < 0.001, 99.9% confidence interval) were increased by
obesity and PCOS statues. No variation of the concentration of FSH and
E2 were noticed. The number of mature oocytes were higher in the PNW
and PO group compared to the O group (p < 0.01, 99% confidence in-
terval) and the number of embryos conceived by IVF was higher in PNW
compared to PO (p < 0.05, 95% confidence interval). The results are
reported in the Table 1.B.

3.4. Effect of Tb and Epox exposure on the viability of hGCs from Normal
weight or Obese women with or without PCOS

The viability of hGCs from each group of patients (NW, O, PNW and
PO) was firstly measured without comparison between groups (Supp 3).
The cell viability began to decrease from 12.5 of Tb for NW group (Supp
3 A, p<0.0001, 99.99% confidence interval) whereas, this decrease
was observed from 75 uM of Tb for O, PNW and PO groups (Supp 3 C, E
and G, p < 0.0001, 99.99% confidence interval). At 75 uM, Epox began
to decrease cell viability of hGCs for NW group (Supp 3B, p < 0.0001,
99.99% confidence interval). However, 25 uM of Epox reduced the cell
viability of hGCs from O and PNW groups (Supp 3D and F, p < 0.0001,
99.99% confidence interval) whereas the cells from PO group showed
the same pattern as NW group (Supp 3 H, p < 0.0001, 99.99% confi-
dence interval).

Then, the viability of hGCs from each group of patients (NW, O, PNW
and PO) was measured without exposure to any triazole for comparison
between groups (Supp 4 A). At the basal condition, the viability of the
hGCs from Obese, PNW and PO groups was lower than those from the
NW group (p < 0.0001, 99.99% confidence interval), with a decrease of
19 + 1.58%; 22.25 + 1.89% and 22.5 + 2.63% respectively when
compared to the NW group (p < 0.01, 99% confidence interval) (Supp
4 A). Then, hGCs from each group were exposed to Tb and Epox and cell
viability compared between groups. For Tb, we found a significant

Table 1
Clinical and hormonal parameters of different groups of patients.
Tebuconazole NW (n = 10) Obese (n = 10) PCOS NW (n = 10) PCOS obese (n = 10) P-value
Age 31.1 +£1.1ab 34+1.1a 29.5 + 0.9b 30.4 £+ 0.9ab 0.0188 *
BMI (kg/mz) 21.8 £ 0.6a 33+ 0.4b 20.7 £+ 0.5a 33.3+0.5b < 0.0001 * ** *
Number of follicles 17.4 £ 1.4a 9.7 £ 1.2a 44 + 4.1b 31.2+1.3c < 0.0001 * ** *
Cycles 28.5 + 0.6a 29.2+0.7a 98.5 + 19.5b 93.9 +17.8b 0.0001 * *
Testosterone (ug/1) 0.2+ 0.1a 0.2+ 0.1a 0.8 +0.1b 0.8 £0.1b < 0.0007 * ***
AMH (ng/ml) 3 +0.5a 4.6 £+ 0.8ac 17.1 + 4.9bc 10.8 + 1.6¢ 0.0007 * **
FSH (UI/L) 6.8+ 0.9 7+11 5.3+03 4.6 + 0.4 0.0333 *
LH (UI/L) 4.1+0.3a 3.7+ 0.4a 81+1.2b 6.1 + 0.9ab 0.0011 * *
Ratio LH/FSH 0.7 £ 0.1a 0.6 £0.1a 1.6 + 0.2b 1.4 £ 0.2b < 0.0001 * ** *
Estradiol (ng/1) 43.3 + 4.3 41.5+5.3 41.5+ 4.2 36.8 £2.2 0.7028
Number of mature ovocytes 5.8+0.7 3.9+0.8 7.6+12 7.3+1.1 0.0467 *
Number of embryos 3.4 + 0.6ab 2+0.6a 5.3+ 0.8b 4.2 + 0.7ab 0.0165 *
A. Epoxiconazole
NW (n =10) Obese (n = 10) PCOS NW PCOS obese (n = 10) P-value
(n=10)
Age 30.92 + 0.9ab 33.67 &+ 0.6b 29.62 + 0.8a 30.42 + 0.9a 0.0054 * *
BMI (kg/mz) 21.58 + 0.4a 32.08 + 0.4b 20.85 + 0.3a 33.08 + 0.4b < 0.0001 * ** *
Number of follicles 17.42 £ 1.2a 9.5 + 0.9a 43.23 + 3.8b 30.92 +1.0c < 0.0007 * ** *
Cycles 27.17 £ 1.0a 29.21 £ 0.7a 103.08 + 18.5b 94.92 + 16.8b < 0.0001 * ** *
Testosterone (ug/1) 0.13 £+ 0.02a 0.19 + 0.02a 0.8 +£0.1b 0.77 £ 0.1b
AMH (ng/ml) 3.03 £ 0.4a 4.59 + 0.6a 17.53 + 4.3b 10.06 + 1.4b
FSH (UI/L) 6.63 £ 0.8 6.96 + 0.7 5.71 £0.3 4.81 £ 0.4
LH (UI/L) 3.96 + 0.2a 3.63 £0.3a 8.7 £ 1.1b 6.78 + 0.5b
Ratio LH/FSH 0.66 = 0.1a 0.57 £0.1a 1.57 £ 0.1b 1.48 + 0.1b
Estradiol (ng/1) 44.75 + 4.3 41.18 £ 4.0 42.58 + 4.3 40.24 +1.7
Number of mature ovocytes 5.83 + 0.6ab 3.92 £ 0.5a 7.62 + 1.0b 7.5+ 0.8b
Number of embryos 3.67 + 0.4ab 2.08 £ 0.6a 4.54 + 0.6b 4.17 £+ 0.6ab

A) Characteristics of patients for the tebuconazole exposure. B) Characteristics of patients for the epoxiconazole exposure. BMI: body mass index; AMH: anti-Mullerian

hormone; FSH: follicular stimulating hormone; LH: luteinizing hormone. Data are mean + SEM.* p < 0.05, 95% confidence interval; * * p < 0.01, 99% confidence
interval; * ** p < 0.001, 99.9% confidence interval; * ** *p < 0.0001, 99.99% confidence interval

71



L. Serra et al.

interaction between the patient status and the effect of Tb (p < 0.0001,
99.99% confidence interval) (Supp 4B). The lowest number of alive
hGCs was found at 100 uM of Tb and Epox with a decrease of 49.25
+ 1.11% and 47 + 3.63% for NW, 53 4 1.29% and 66 =+ 2.92% for O,
52.25 + 1.25% and 71.25 + 0.48% for PNW and 57.25 + 1.11% and 74
+ 2.35% for PO, respectively (Supp 4B and C). At 25 uM of Tb, the
percentage of alive hGCs was significantly higher in O, PNW and PO
group as compared to the NW group (p < 0.0001, 99.99% confidence
interval) (Supp 4B). p < 0.0001, 99.99% confidence intervalp< 0.0001,
99.99% confidence intervalln addition, at 100 uM of Tb, PNW group had
higher viability than the control NW group (p < 0.0001, 99.99% con-
fidence interval) (Supp 4B). No significant difference between patient
groups was observed concerning hGCs viability after Epox exposure
whatever the concentration used (Supp 4 C). p < 0.0001, 99.99% con-
fidence intervalp< 0.0001, 99.99% confidence interval.

3.5. Effect of Tb and Epox exposure on steroid production in human
primary granulosa cells (hGCs) from Normal weight or Obese women with
or without PCOS

Then, the impact of Tb and Epox on steroidogenesis was evaluated on
hGCs after 48 h of exposition. As shown in Fig. 2A and B, we observed a
reduced level of Pg secretion in conditioned media from 75 uM of Tb
(cytotoxic dose) and 25 uM of Epox (p < 0.0001, 99.99% confidence
interval). In addition, E2 levels were decreased from 25 uM of Tb
(cytotoxic dose) and Epox (p < 0.0001, 99.99% confidence interval)
(Fig. 2C and D). These decreases of Pg and E2 secretions can affect
ovarian cycle, oocyte maturation, ovulation and the retro-control on
hypothalamo-pituitary axis leading to the alteration of fertility [12,33,
73]. Moreover, Pg concentration is also correlated with top quality
embryos during in vitro fertilization [30].

The supplemental data 5A and B illustrates the secretion of testos-
terone in conditioned media after Tb or Epox exposure, respectively, on
hGCs from NW group. The secretion of testosterone was decreased by
25 uM of Tb (cytotoxic dose) (p < 0.0001, 99.99% confidence interval)
and 12.5uM of Epox (p < 0.0001, 99.99% confidence interval). The
reduction of testosterone concentration could lead to the decrease of E2
secretion observed earlier.

In the absence of Tb and Epox exposure, hGCs from O, PNW and PO
groups had a reduced secretion of Pg, E2 and testosteronewhen
compared to the NW group (p < 0.0001, 99.99% confidence interval)
(Supp 5 C, D and E). As shown in Fig. 2E and F, the Pg secretion was
significantly decreased in a dose dependent from 25 puM of Tb (cytotoxic
dose) and 12.5 uM of Epox (p < 0.0001, 99.99% confidence interval).
Similar effect was found for E2 secretion for both triazoles (p < 0.0001,
99.99% confidence interval, Fig. 2G and H). We observed a significant
interaction between the patient status and the effect of Tb for E2
secretion (p = 0.0019, Fig. 2G). We showed that at 25 uM of Epox, a
non-cytotoxic dose for PO cells, the secretion of Pg was decreased in this
group as compared to NW patients (p < 0.0001, 99.99% confidence
interval) (Fig. 2F). Estradiol secretion was reduced in O, PNW and PO
groups at 12.5 uM (non-cytotoxic dose) of Epox as compared to NW
group (p < 0.0001, 99.99% confidence interval) (Fig. 2H). A fall of 50%
of Pg and E2 secretion was observed at 100 uM of Epox whereas for Tb,
the decrease was less important. The secretion of testosterone was
decreased in O, PNW and PO from the cytotoxic dose 75 uM of Tb
compared to NW group (p < 0.0001, 99.99% confidence interval)
(Supplemental data 5F). Regarding Epox exposure, the testosterone
level was reduced in O group compared to NW and PO at the non-
cytotoxic dose 12.5uM (p < 0.0001, 99.99% confidence interval)
(Supplemental data 5E).
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3.6. Effect of Tb or epox exposure on STAR, CYP11A1, HSD3B,
CYP19A1, AMH and AHR mRNA expression in hGCs from obese or
normal weight women with or without PCOS

At the molecular level, we have also shown an inhibition of some
components involved in the steroidogenesis process: STAR and
CYP19A1 mRNA expression from 12.5uM of Tb (cytotoxic dose)
(p < 0.001, 99.9% confidence interval) (Fig. 3A, C, E and G) and an
inhibition of STAR, HSD3B and CYP19A1 from 12.5uM of Epox
(p < 0.001, 99.9% confidence interval) (Fig. 3B, D, F and H) whereas
no effect of Tb and Epox was observed on the CYP1IAI mRNA expres-
sion in hGCs (Figs. 3C and 3D). The expression of STAR and HSD3B
mRNA expression could lead to the reduction of proteins involved at the
beginning of the steroidogenesis process and explain the reduced level of
Pg content. Aromatase protein is coded by CYP19A1, and its inhibition
after triazole exposure could explain the decreased level of E2 secretion
observed. However, these observations need to be confirmed with pro-
tein concentration analysis (STAR, 3 bHSD, Aromatase).

We next determined the effect of the triazoles exposure and the
metabolic and PCOS status of the patients on the mRNA expression of
STAR, CYP11A1, HSD3B, CYP19A1, a diagnostic marker for PCOS
(AMH) and AHR. As shown in Supplemental data 6, without any triazole
exposure, STAR (Supp 6 A), HSD3B (Supp 6 C) and CYP19A1 (Supp
6D) mRNA expressions were lower in hGCs from O, PNW and PO groups
as compared to those from NW patients (p < 0.0001, 99.99% confidence
interval). No variation of CYP11A1 mRNA expression was observed
between the four groups (Supp 6B). Concerning AMH mRNA, as ex-
pected, higher mRNA expressions were found in hGCs from PCOS groups
as compared to the other groups in the absence of Tb or Epox exposure
(Supp 6E). AHR mRNA expression was similar in hGCs from all studied
groups in absence of Tb or Epox exposure (Supp 6 F).

A significant interaction of the patient status and the Tb effect was
observed for STAR and CYP19A1 genes (p =0.0004, Fig. 4A and
p = 0.0148, Fig. 4D, respectively). A dose dependent decrease in AMH
mRNA expression was observed from 75 uM of Tb (cytotoxic dose) with
the largest effect in hGCs from PCOS groups (p < 0.0001, 99.99% con-
fidence interval) (Fig. 4E). In the presence of Tb, a dose dependent in-
crease in AHR mRNA expression was observed in hGCs from 75 uM
whatever the patient group. At 100 uM of Tb (cytotoxic dose), O and
both PCOS groups had an higher expression of AHR mRNA in hGCs
compared to the control NW group (p < 0.0001, 99.99% confidence
interval) (Fig. 4F).

Epoxiconazole exposure did not affect CYP11A1 mRNA expression in
hGCs whereas it inhibited STAR, HSD3B and CYP19A1 mRNA expres-
sion from 12.5 uM concentration without differences between groups
(p < 0.0001, 99.99% confidence interval, Fig. 5A to D). A dose depen-
dent decrease in AMH mRNA expression was observed from 75 uM of
Epox (cytotoxic dose) with the largest effect in hGCs from PCOS groups
(p < 0.0001, 99.99% confidence interval) (Fig. S5E). Regarding AHR
mRNA expression, the same pattern as Tb exposure was observed
(Fig. 5F).

3.7. Aryl hydrocarbon receptor (AHR) gene expression in KGN and hGCs
in response to Tb and Epox exposures, deletion of AHR gene in KGN cells
and consequences on steroidogenesis

The effect of Tb and Epox exposures for 48 h on AHR mRNA
expression was assessed in KGN (Fig. 6A and B) and in NW hGCs (Supp
7 A and B). For both triazoles and cell types, an increase of the
expression of AHR was observed from 75 uM to 100 uM (p < 0.0001,
99.99% confidence interval). To assess the role of AHR in the Tb and
Epox effects on the hGCs, we silenced AHR gene in KGN cells by using
the sgRNA system. As shown in Supplemental data 7C, and D, AHR
mRNA and protein expression were significantly reduced in KGN AHR-/-
cell line as compared to parental KGN cells as determined by qPCR,
Western-blot (p < 0.001, 99.9% confidence interval), respectively.
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Fig. 2. Effects of Tb and Epox on steroids production of human primary granulosa cells (hGCs) from normal weight (NW), obese (0), PCOS normal weight (PNW) and
PCOS obese (PO) groups. A-D. Progesterone (A-B) and Estradiol (C-D) secreted in the culture medium by hGCs (pg/ml) after the exposure to Tb (A-C) or Epox (B-D)
for 48 h. Lowercase letters (i.e a, b) correspond to the ordinary one-way ANOVA significance followed by the multiple comparison test of Tukey between all
concentrations (p < 0.05, 95% confidence interval). Data are presented as mean + SEM of N = 4 and n = 3. E-F. Percentage of Pg (E-F) and E2 (G-H) secreted in the
culture medium by hGCs compared to the basal condition in NW, O, PNW and PO groups after the exposure to Tb (E-G) or Epox (F-H) for 48 h. For each group and
concentration, the values were normalized with the control condition* 100. Lowercase letters (i.e a, b) correspond to the 2-way ANOVA significance followed by the
multiple comparison test of Tukey between all groups under one concentration (p < 0.05, 95% confidence interval). Uppercase letters (i.e A, B) correspond to the 2-
way ANOVA significance followed by the multiple comparison test of Tukey (p < 0.05, 95% confidence interval) between all concentrations regardless of the group.
Data are presented as mean + SEM of N = 4 and n = 3. For each analysis, N means the number of experimental replicates and n means the number of samples used

for each experiment.
<

<

These two types of cells were exposed for 48 h with Tb or Epox
(0-100 pM, non-cytotoxic doses). From 75 uM of Tb (p < 0.001, 99.9%
confidence interval) and 25 uM of Epox (p < 0.05, 95% confidence in-
terval), Pg and E2 concentrations were significantly more decreased in
parental KGN cells than in KGN AHR-/- in response to triazoles exposure
suggesting that AHR could partly contribute to explain the negative
effect of two triazoles in the hGCs steroidogenesis (Fig. 6C-F).

4. Discussion

In the present study we showed for the first time that Epox and Tb are
able to alter hGCs viability and steroidogenesis. These effects were
observed at largely higher concentration than those detected in the soils
or in the surface or underground water however for Tb, the cytotoxic
concentration (12.5 uM, 24 h for hGCs) was 5.6 times lower than the
reproductive NOAEL [24]. Therefore, the reproductive NOAEL for Tb
should be reevaluated. Concerning the steroidogenesis process, we
demonstrated that the decrease in Pg and E2 production induced by
Epox and Tb in hGCs was associated to a reduction in the mRNA
expression of several steroidogenesis components and an increase in
AHR mRNA expression. However, data for Tb exposure in hGCs cells
were obtained after the cytotoxic threshold (12.5 uM). In addition, we
showed that the silencing of AHR in KGNs led to a decrease in the
negative effects of Epox and Tb in the steroid production by hGCs sug-
gesting that AHR could be partly involved in the negative effect of both
triazoles in granulosa cell steroidogenesis. Interestingly, we showed that
cells from O, PNW and PO were less sensitive than NW groups for
viability (12.5 uM versus 75 pM, 24 h) after Tb exposure whereas after
Epox exposure, cells from O and PNW (25 uM, 24 h) were more affected
than NW group (75 pM, 24 h). Moreover, we demonstrated that for the
Epox (12.5 pM, 48 h) exposure,estradiol secretion by hGCs was higher
decreased in Obese, and PCOS NW or Obese patient than in NW patients
and the higher decrease of testosterone secretion was found in obese
group. At 25 uM of Epox for 48 h, the progesterone secretion by the cells
from PO group was the most altered. Surprisingly, in these conditions,
AHR mRNA expression was increased. Taken together, all these data
suggest that in term of steroid production by hGCs, the alterations of Tb
and Epox exposure could be more important in patients with metabolic
disorders or PCOS.

Our investigations showed that KGN and hGCs viability determined
after 24 h of exposure was reduced from 500 uM and 12.5 uM of Tb,
respectively. This last concentration corresponds to 125 times the
maximal concentration found within the soil for Tb, and it is 780 times
and 431 times higher than those found within the under and surface
waters, respectively. Compared to the literature, this concentration is 37
times lower than the concentration found in hair workers in farmland
[48] and 7.4 higher than the concentration found in bird’s blood living
in vineyard in France [2]. Epox decreased the cell viability of hGCs at
75 uM after 24 h of exposure, however, no effect was found in KGN.
Thus, at the concentrations found in soil and water in the French area, no
impact was demonstrated on this parameter. Our data are in good
agreement with the results found in Cao et al.’s study where Tb did not
impact human choriocarcinoma JEG3 cells line (JEG3 cells) viability
below 100 uM [11], but also in Rieke et al.’s study where 10 uM of Epox
did not alter JEG3 cell viability too [49]. However, 20 uM of Tb reduced
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human colon HCT116 cells line’ viability [43]. Epoxiconazole exposure
(from 0.1 to 100 pg/L for 48 h) in the germ cells of C. elegans led to the
arrest of cell proliferation [37] whereas higher doses (6.25 and 75 uM of
E) stimulated the proliferation of MCF-7 BUS, a human breast cancer
cells line [34]. Thus, the effects of these triazoles are dependent on the
type of cells. If we compare Tb and Epox effects on KGN cells’ viability,
Tb induced higher cytotoxic effects than Epox. Moreover, we found
higher toxicity of triazoles on hGCs compared to KGN which could be
related with the fact that KGN are derived from tumoral granulosa cells
and they can survive in culture for extended cell generation. However,
despite their nature, it has been shown that KGN cells keep the same
physiological regulation of apoptosis as hGCs [67].

Interestingly, the opposite effect between Tb and Epox was observed
in terms of steroidogenesis after 48 h of exposure. In this study, the
mRNA expression of 4 genes coding for the steroidogenesis were
assessed regarding their important role in the transport of cholesterol
(STAR), the conversion of cholesterol into pregnenolone (CYP11A1), the
conversion of pregnenolone into Pg (HSD3B) and the conversion of
testosterone into E2 (CYP19A1). Here, Tb reduced Pg and E2 secretions
of KGN from 75 pM, a non-cytotoxic dose, as well as the expression of
mRNAs of STAR, HSD3B and CYP19A1. Regarding hGCs, Tb from 75 uM
reduced Pg level, STAR and CYP19A1 mRNA expression whereas E2
level was decreased from 25 uM. These concentrations are at cytotoxic
level. While Pg and E2 secretions decreased from 25 uM of Epox and the
expression of STAR, HSD3B and CYP19A1 were inhibited from 12.5 uM
of Epox, a non-cytotoxic dose for both cell types. This concentration is
83 times higher than the maximal concentration found within the soil,
8929 times and 15625 times higher than those found in the under and
surface water, respectively. Compared to the literature, it is 208 times
higher than the concentration found in worker’s hair [51] and 31.25
times higher than the maximal concentration found in human urine in
the literature [39]. However, this concentration is only 1.79 times
higher than the reproductive NOAEL in Europe [22] and 20.83 times
higher than maximal residue limits (MRL) for wheat in Europe. Thus, the
most deleterious impact of both triazoles was observed on steroido-
genesis at doses higher than the environmental concentrations. This
result was also observed within the literature where Pg secretion of JEG3
cells was reduced at 10 uM of Epox and 15 uM of Tb [49]. The decrease
of E2 secretion was also shown after exposure to Epox (up to
90 mg/kg/bw/d) during the gestational period of guinea pig [50]. An
interesting study [36] focused on a computational approach to predict
which human proteins could be impacted by Epox exposure and the
authors observed that CYP19A1 was one of the targets of the triazole.
This prediction was confirmed by our study and also by several col-
leagues [11,13,49].

Interestingly, we showed for the first time that high concentrations of
Epox and Tb induced mRNA expression of the aryl hydrocarbon receptor
(AHR) gene in human granulosa cells. As we observed a similar pattern
in AHR mRNA expression and steroids production in both cell types after
triazoles exposure we decided to focus on KGN cells to understand how
Tb and Epox could alter the functions of granulosa cells. We developed
KGN cell line knock-out for the AHR, which was a good candidate ac-
cording to the literature [4,49,7]. We obtained KGN AHR-/- with
reduced level of mRNA and protein expression. We showed that KGN
AHR-/- cells had a higher secretion of E2 and Pg than control KGN in
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Fig. 3. Expression levels of STAR, CYP11A1, HSD3B, CYP19A1 in human primary granulosa cells (hGCs) after Tb and Epox exposure. A-B) Expression of the gene
STAR in hGCs after exposure to Tb (A) or Epox (B) for 48 h. C-D) Expression of the gene CYP11AI in hGCs after exposure to Tb (C) or Epox (D) for 48 h. E-F)
Expression of the gene HSD3B in hGCs after exposure to Tb (E) or Epox (F) for 48 h. G-H) Expression of the gene CYP19A1 in hGCs after exposure to Tb (G) or Epox
(H) for 48 h. Data are presented as mean + SEM of N = 3 and n = 3. For each analysis, N means the number of experimental replicates and n means the number of
samples used for each experiment. Lowercase letters (i.e a, b) correspond to the ordinary one-way ANOVA significance followed by the multiple comparison test of
Tukey between all concentrations (p < 0.05, 95% confidence interval).
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Fig. 4. Expression levels of STAR, CYP11A1, HSD3B, CYP19A1, AMH and AHR mRNA in granulosa cells from normal weight (NW), obese (0), PCOS normal weight
(PNW) and PCOS obese (PO) groups in response to Tb exposure. Expression of the STAR (A), CYP11A1 (B), HSD3B (C), CYP19A1 (D), AMH (E) and AHR (F) gene
expressions in hGCs from NW, O, PNW and PO groups after exposure to Tb for 48 h as compared to control (without Tb exposure). Data are presented as mean + SEM
of N = 3 and n = 3. For each analysis, N means the number of experimental replicates and n means the number of samples used for each experiment. For each group
and concentration, the values were normalized with the control condition* 100. Lowercase letters (i.e a, b) correspond to the 2-way ANOVA significance followed by
the multiple comparison test of Tukey between all groups under one concentration (p < 0.05, 95% confidence interval). Uppercase letters (i.e A, B) correspond to the
2-way ANOVA significance followed by the multiple comparison test of Tukey (p < 0.05, 95% confidence interval) between all concentrations regardless of

the group.

response to Tb or Epox exposure suggesting that the AHR signaling
pathway could partly be involved in the alteration of triazole in the
human granulosa steroidogenesis. However, in in vivo studies of AHR in
mice, reduced number of antral follicle and corpus luteum, slower
ovarian follicle growth, reduce ability to ovulate, to produce E2, and
LH/FSH-response of antral follicles with decrease in FSHR and LHR
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expression were demonstrated when AHR was invalidated [4,6,5,7,8].
Therefore, in our study, AHR invalidation would be more related with its
xenobiotic sensor role than its folliculogenesis regulator role. In the
literature, it exists controversial results about the activation of AHR in
response to Epox or Tb exposure. In JEG3 cells, Tb and Epox were not
able to activate AHR-dependent pathway [49] whereas in the liver, Tb
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Fig. 5. Expression levels of STAR, CYP11A1, HSD3B, CYP19A1, AMH and AHR mRNA in granulosa cells from normal weight (NW), obese (O), PCOS normal weight
(PNW) and PCOS obese (PO) groups in response to Epox exposure. Expression of the STAR (A), CYP11A1 (B), HSD3B (C), CYP19A1 (D), AMH (E) and AHR (F) gene
expressions in hGCs from NW, O, PNW and PO groups after exposure to Epox for 48 h as compared to control (without Epox exposure). Data are presented as mean
+ SEM of N = 3 and n = 3. For each analysis, N means the number of experimental replicates and n means the number of samples used for each experiment. For each
group and concentration, the values were normalized with the control condition* 100. Lowercase letters (i.e a, b) correspond to the 2-way ANOVA significance
followed by the multiple comparison test of Tukey between all groups under one concentration (p < 0.05, 95% confidence interval). Uppercase letters (i.e A, B)
correspond to the 2-way ANOVA significance followed by the multiple comparison test of Tukey (p < 0.05, 95% confidence interval) between all concentrations

regardless of the group.

activated CYP1al and CYP1a2 (two enzymes of detoxification) through
AHR [35]. Moreover, studies have shown that AHR expression can be
negatively regulated by phosphokinase A and positively regulated by
FSH in granulosa cells, therefore investigated FSHR/cAMP/PKA
pathway by western blot analyses after triazole exposure could be
interesting [4,40]. Further investigations are needed to determine if Tb
and Epox are able to activate the AHR-dependent pathway in human
granulosa cells.
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Several reviews reported a potential involvement of endocrine dis-
ruptors in PCOS [18,47] and metabolic disorders [19]. However, it ex-
ists few data about the comparison of endocrine disruptors’s effects
between ovarian cells from normal and PCOS or obese patients. In the
present study, we studied the triazoles effects on hGCs from Obese (O),
PCOS Obese (PO) or not Obese patients (PNW). In our study, we
observed that triazoles exposure differently alter hGCs functions in
women with a disturbed physiological status and NW patients. Indeed,
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Fig. 6. Evolution of AHR and steroids production after exposure to Tb or Epox in Scr-KGN and KGN AHR-/-. A-B) Relative mRNA expression of AHR in KGN cells
exposed to Tb (A) or Epox (B) for 48 h of culture. Data are presented as mean + SEM of N = 3 and n = 1. For each analysis, N means the number of experimental
replicates and n means the number of samples used for each experiment. C-D) Progesterone secreted in the culture medium by KGN cells or KGN AHR-/- (pg/ml) after
48 h of culture with Tb (C) or Epox (D). Data are presented as mean + SEM of N = 6 and n = 1. E-F) Estradiol secreted in the culture medium by KGN cells or KGN
AHR-/- (pg/ml) after 48 h of culture with Tb (E) or Epox (F) Data are presented as mean + SEM of N = 6 and n = 1. For each analysis, N means the number of
experimental replicates and n means the number of samples used for each experiment. Lowercase letters (i.e a, b) correspond to the ordinary one-way ANOVA
significance followed by the multiple comparison test of Tukey between all concentrations (p < 0.05, 95% confidence interval). Stars correspond to the comparison
test of Student between Scr-KGN and KGN AHR-/- (* p < 0.05, 95% confidence interval, ** p < 0.01, 99% confidence interval, *** p < 0.001, 99.9% confidence

interval, **** p < 0.0001, 99.99% confidence interval).

at 25 uM of Tb, the decrease of the cell viability after 24 h of exposure
was higher in the NW group than the other groups, as well as at 100 pM,
where NW group had lower viability than PNW group. No difference was
found between groups for the viability after Epox exposure. This means
that Epox and Tb did not affect cells in the same way. Concerning the
steroid secretion, Epox exposure for 48 h altered much more Pg pro-
duction in O, PNW, PO hGCs as compared to NW hGCs but it can be
explained by a lower cell viability in O and PNW groups at this con-
centration. For the E2 secretion, O, PNW and PO groups were affected at
non-cytotoxic concentrations by Epox exposure but not by Tb exposure.
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Finally, testosterone level was lower in O group after non cytotoxic
concentration of Epox (12.5 uM). This is in accordance with the litera-
ture. Indeed, obesity impacts the steroidogenesis including the levels of
androgens. Moreover, both PNW and PO have more visceral adipose
tissue than control women, which was positively correlated with
androgen levels. This is illustrated in Zeng et al.’s study where they
found that obese PCOS women had higher level of T than normal-weight
PCOS [71]. However, in the present study, we observed an age effect in
our four groups of patients. Indeed, O patients were older than the other
groups suggesting that the demographics of the patient population could
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also contribute to explain some different sensitivity to the triazoles
exposure.

Considering the difference between groups at the basal condition and
after the exposure to Epox and Tb in term of E2, Pg and testosterone
secretion, we decided to analyze if there was a difference of the AMH
expression. Indeed, the AMH secreted by granulosa cells plays a crucial
role in secondary, preantral and small antral follicle [3]. In good
agreement with the literature, we showed that serum AMH and AMH
mRNA were higher in PCOS groups [57]. Interestingly when exposed to
100 uM of Tb or Epox (cytotoxic concentration), hGCs from PCOS
groups had the biggest inhibition of AMH mRNA compared to the other
groups. Two hypotheses can be raised: i) Epox and Tb changed the na-
ture of granulosa cells from PCOS antral follicles to PCOS mature follicle
expressing less AMH. Zhang et al.” study showed that the stem cell factor
important for the recruitment and the development of primordial follicle
was negatively regulated with the concentration of AMH [74]. ii) PCOS
groups were more sensitive to Tb and Epox and the expression was more
dysregulated by the exposure to the fungicide than in the other groups.
This last hypothesis is more convincing since steroids levels in the me-
dium were decreased. Finally, we analyzed the expression of AHR mRNA
in granulosa cells and under basal condition, as expected, no differences
were found between groups. Interestingly, for 100 uM of Epox and Tb,
an higher upregulation of AHR mRNA was observed for O, PN and PO
groups. This can be related to the fact that these groups were also more
impacted than the control group in steroidogenesis and confirmed that
AHR has definitively a role in the Tb and Epox effects on granulosa cells.

The present study has some limitations. Firstly, it will be very
interesting to measure the triazole concentration in the human follicular
fluid (FF) as some chemicals has been already detected in [18,46].
Studies about in vivo exposure routes of Tb and Epox have shown that
after oral administration, these triazoles are distributed within meta-
bolic organs such as liver and kidneys [22,24]. In liver, for example,
Epox is metabolized in 47 different metabolites through oxidation, hy-
droxylation and conjugation [75]. Therefore, the analysis of triazoles
and their main metabolites in FF could give us better indications about
the degree of ovarian cells exposure. Secondly, detoxification enzymes
such as CYP1A1l and CYP1B1, targeted by the xenobiotic-AHR couple,
are present in granulosa cells [14,29] therefore, their implication in
triazole exposure effect needs to be investigated, for example by an
enzymatic activity study. Thirdly, to investigate if these triazoles or
metabolites concentrations interferes with obesity and PCOS, it will be
important to determine if it exists an association between FF triazole
concentration and plasma glucose and lipid. Indeed, it has been recently
shown that total phthalate metabolites urine concentrations were posi-
tively associated with BMI, lipid accumulation product and significantly
linked with fasting plasma glucose [41]. In a case-control study, Zhan
et al. showed that environmental exposure to bisphenol analogs was
associated with increased odds of PCOS and this association was stron-
ger among obese and overweight women [72]. Moreover, in this study,
we only analysed individual pesticide effect which is not relevant
regarding realistic exposure scenarios. For example, Choubbane et al.
have found several residues of pesticides in vegetables and fruits eaten
by humans [16] and it has been shown that pesticides can get synergic
effects on ovaries [42]. As mentioned above, the pesticide concentra-
tions used here are well above those found in the environment. We have
only studied the acute effect over a short period of time, more related to
a state of intoxication, compared to low doses used over a long period
which would be more related to chronic exposure to pesticides. To
investigate lower concentrations of pesticides mixtures found in the
Centre-Val de Loire region on granulosa cells function will complete risk
assessment for fertility in women. A last limitation is the size and also a
better understanding of our population. For example a questionnaire
about the sector of their profession, the environment of the place of
residence (town or country), the diet (organic or not), and finally
whether they smoke or not could be asked for each patient. Finally, to
increase the clinical relevance of our study, a larger and more diverse
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patient cohorts are needed for generalizability to broader populations.
5. Conclusion and perspectives

To our knowledge, our study is the first to show that 1. Tb and Epox
are able to reduce steroid production by human granulosa cells through
partly an increase in AHR mRNA expression. This reduction in steroid
production could be associated with a lower fertility and/or some
reproductive disorders. However, effects at environmentally relevant
concentrations need more analysis for potential sublethal effects.
Furthermore, a deeper exploration of the specific pathways through
which fungicides exert effects remains to be investigated. 2. Granulosa
cells from women with metabolic and PCOS disorders (obese, PCOS or
both) have a greater alteration in steroid secretion in response to Tb and
Epox exposure than cells from normal weight women without PCOS.
Even if the Tb and Epox exposure levels used in vitro on granulosa cells
are largely higher than those observed in soil and waters where the
patients are located. Future studies will be conducted in order to
investigate the levels of Tb and Epox in follicular fluid from control and
PCOS and/or obese patients living in the area of Centre-Val de Loire.
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