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ABSTRACT

The fungicide Mancozeb is an endocrine disrupting chemical that targets mammalian
reproductive functions. Whether Mancozeb affects embryo implantation and stromal cell
decidualization in mice is largely unknown. Mancozeb (1 and 3 pg/mL) significantly
reduced Jeg-3 trophoblastic spheroid (embryo surrogate) attachment to human
endometrial epithelial Ishikawa cells. In pregnant mice, Mancozeb treatment from
gestation day (GD) 1 to GD8 or from GD4 to GDS significantly lowered the number of
implantation sites on GD9, resulting in a higher incidence of morphological
abnormalities in the reproductive tissues when compared to the controls. However, these
results were not seen in the treatment from GD1 to GD4. Mancozeb at 30 mg/kg BW/d
did not alter the expressions of p53, COX-2, or PGFS transcript in the uterus, but did
downregulate PGES transcript and protein expressions. In vitro Mancozeb treatment in
human primary endometrial stromal cells did not alter the decidualization response, but
did affect the morphological transformation of the endometrial stromal cells. Taken
together, exposure to a high concentration of Mancozeb in GD1 to GD8 or GD4 to GD8
affected embryo implantation probably through the modulation of stromal cell
decidualization in vitro. However, the effects of lower/physiological doses of Mancozeb

and the effects on subsequent generations need further investigation.

Keywords: Mancozeb, Endocrine disruptor, Embryo implantation, Decidualization,

Gene expression.
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1. Introduction

In recent decades, the ever growing use endocrine-disrupting compounds (EDCs)
found in a wide variety of anthropogenic, industrial, agricultural, and domestic sources
has meant that humans are increasingly exposed to these chemicals in the environment
[1]. Exposure to EDCs from food, water, and/or inhalation can lead to disruption of the
production, release, transport, metabolism, binding, action, and elimination of natural
hormones that are responsible for maintaining homeostasis and regulating developmental
processes [2, 3]. These EDCs are linked to adverse effects on development, reproduction,
immunity, and other biological processes in humans and animal species [3, 4].

Many pesticides including Mancozeb have been identified as EDCs [5]. Mancozeb
is commonly used to protect fruits, nuts, vegetables, grains, turf, flowers, and stored seeds
from fungal diseases such as blight, root rot, and leaf spot [6, 7, 8]. Mancozeb is an
organometallic and polymeric complex with the [UPAC name manganese ethylenebis
(dithiocarbamate) (polymeric) complexed with zinc salt. Although it has low mammalian
toxicity, high or repeated exposure to Mancozeb may interfere with the reproductive
system in both males and females [6, 9]. Mancozeb and its metabolite Ethylene thiourea
(ETU) have been shown to have disruptive effects on various cell types including female
germ cells [11]. Furthermore, Mancozeb at a dose of 500 mg/kg of body weight (BW)
impaired ovulation and significantly reduced fertilization in mice [12], and affected
pregnancy [13] and induced gonadal toxicity in female rats [14]. More importantly,
Mancozeb affected embryo development by increasing apoptosis in embryos [13], as
well as reduced the mean cell number in embryos [13]. Low concentrations of Mancozeb
(<1 pg/mL) impaired oocyte maturation in vitro by altering meiotic spindle formation
leading to low fertilization rates [11]. Mice treated with Mancozeb (36 mg/kg BW/day)

orally for 5 days showed 100% embryo loss [9]. In addition, Mancozeb decreased the
4



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

number of healthy follicles, disrupted hormone balance, and increased the number of
atretic follicles in buffalo oocytes in vitro [15]. Moreover, a recent study reported that
Mancozeb caused morphological changes and affected p53 expression in human
granulosa cells [16]. Treatment with Mancozeb at a concentration of 40 mg/kg BW/day
in male Wister rats for 18 consecutive days was found to be genotoxic by affecting the
DNA integrity of cells [17]. Furthermore, Mancozeb at low doses affected thyroid
homeostasis and reproduction in wild birds [18].

In the past few decades, human fertility has shown an overall decreasing trend [19].
The global mean prevalence of various fertility problems is 9%, which is believed to be
linked with many factors including EDCs [19]. Endometrial receptivity, embryo
implantation and related complications are believed to be among the main contributors
of female infertility [20]. Endometrial receptivity and embryo-maternal communication
play important roles in pregnancy success. Any substances that alter the endocrine system
will affect the menstrual cycle and in turn the endometrial receptivity for embryo
implantation. Previous studies have shown that excessive or high serum E2 and/or
progesterone hormone levels are detrimental to endometrial receptivity resulting in
implantation failure [21, 22]. Furthermore, decidualization failure of endometrial stromal
cells is also associated with implantation failure [21, 22]. Some molecules that play vital
roles in mammalian decidualization and implantation include steroid hormones, p53
(Protein 53 (Trp53)) [25], COX-2 (Cyclo-oxygenase 2) [26], PGES (Prostaglandin E
synthase) [27], and PGFS (Prostaglandin F2-alpha synthase) [27].

Mancozeb is commonly used in many agricultural and horticultural industries. Many
studies suggest that Mancozeb and its metabolites can accumulate in our food chain,
water supply, and air [10, 28, 29, 30]. Women of reproductive age are at particularly high
risk from exposure to Mancozeb [31]. Various studies have already been conducted to

investigate the effects of several endocrine disruptors on endometrial receptivity and
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embryo implantation [32, 33,34], but there is limited data on the effects of Mancozeb in
humans or in animals [6]. Although the mechanism(s) by which Mancozeb affects female
reproductive organs is largely unknown, data from in vivo animals studies has
demonstrated that it can induce dysregulation of the estrous cycle [11]. A few studies
have shown that Mancozeb has anti-implantation effects in murine models and can
potentially mimic estrogen activity [16]. However, the exact modes of action of
Mancozeb on endometrial receptivity, embryo implantation, or on general fertility are
not fully understood. In the present study, we hypothesized that exposure to Mancozeb
affects endometrial receptivity and embryo implantation. We used an in vitro spheroid-
endometrial cell co-culture model, in vivo mouse implantation model, and in vitro
primary endometrial stromal cell culture model to study the effects of Mancozeb on
embryo implantation, especially during the decidualization period, to reveal the

underlying mechanism of its effects on female reproductive processes.
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2. Materials and Methods

2.1. Ethics statement

The study protocol was approved by the Animal Ethical Review Committee of the
University of Peradeniya, Peradeniya Sri Lanka (VER14-004). The collection of human
endometrial biopsies for this study was approved by the ethics committee of the
Institutional Review Board of Hospital Authority Hong Kong West Cluster and the

University of Hong Kong (UW16-204), Hong Kong.

2.2. Chemicals and Mancozeb preparation

All the chemicals were purchased from Sigma-Aldrich Co., St Louis, USA unless
otherwise specified. Analytical grade Mancozeb was dissolved in dimethyl sulfoxide
(DMSO) at a range of concentrations (0.3, 1, 3, 16, 30 and 32 mg/kg BW/day) for use in

the in vivo experiments.

2.3. Experimental model

Three separate studies were conducted to evaluate the effects of Mancozeb exposure
on embryo implantation, endometrial receptivity, and mice fecundity using a minimum
of five animals per group. Animals were allocated to the experimental groups randomly
and all experiments were repeated at least twice. All animals in each group were healthy

prior to the treatments and at sacrificing, and all data were included in the analyses.

2.4. In vitro embryo attachment in the trophoblastic spheroid-endometrial cells co-
culture assay
Human endometrial epithelial Ishikawa cells (ECACC 99040201) and human

trophoblastic Jeg-3 cells (ATCC, HTB-36) were used in the co-culture model as
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described previously [35]. Receptive human endometrial epithelial Ishikawa cells and
human trophoblastic Jeg-3 cells were plated in 6-well plates at a density of 2.5x10%/well
and 2.0x10%/well, respectively. All cells were cultured in phenol red-free medium
containing 10% charcoal-stripped FBS (csFBS) for 24 h followed by Mancozeb or
DMSO treatment for a further 24 h. Trophoblastic spheroids were prepared by incubating
trypsinized Jeg-3 cells overnight at 37°C on an orbital shaker rotating at 88 rpm. A fixed
number of spheroids with approximate diameters between 60 and 200 pm with or without
Mancozeb treatment were transferred onto the confluent monolayer of Mancozeb- (0.01,
0.1, 1, or 3 pg/mL) or DMSO-treated Ishikawa cells in culture media containing
DMEM/F12 in 10% csFBS and incubated at 37°C for 1 h. After co-culture, the plates
were shaken on a rotary shaker at 145 rpm for 10 min. The media was removed and new
media was added. Spheroids attached onto the Ishikawa monolayer were counted with
an inverted microscope (Nikon, Japan). The attachment rate was expressed as the

percentage of attached spheroids out of the total spheroids added.

2.5. Effect of Mancozeb exposure on embryo implantation in mice in vivo

Female and male ICR mice (25-35 g) at 10-12 weeks of age were obtained from the
Medical Research Institute, Colombo, Sri Lanka. The mice were reared in the animal
holding facility at the Faculty of Medicine, University of Peradeniya, Sri Lanka. Male
and female mice were kept separately in bedded cages under controlled conditions (12h
light: 12h dark cycle) with access to standard feed and water ad libitum. Mice were
acclimatized to the above conditions for 2 weeks.

The stage of the estrous cycle was determined by vaginal swab following the protocol
of Parimala and Kaliwal [36]. Female mice (n=5) at proestrus phase were caged with
mature fertile adult males in the afternoon. Mating was confirmed by the presence of a

vaginal plug after examination on the next morning. The day of the confirmed mating
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was marked as the first day of pregnancy, designated as gestation day 1 (GD1). Different
doses of Mancozeb (1, 16 and 32 mg/kg BW/day) were administered by oral gavage from
GDI1 to GDS. These doses were below the acute LDso level based on previous studies
[9]. Mice in the control group were administered DMSO dissolved in olive oil. On GD9,
mice were sacrificed and the uterus, oviduct, and ovary were dissected and freed from
fat and connective tissues under a dissection microscope. The number of implantation
sites in each mouse was then counted. The uterus, oviduct and one ovary were fixed in

Bouin’s solution for the histological examination.

2.6. Effect of Mancozeb on the morphology of the reproductive tissues in mice
Histological examination of tissues was performed as described previously [37, 38].
Briefly, paraffin-embedded ovaries, oviducts and uteri were sectioned (5 pm thick) and
mounted on treated glass slides, and then stained with hematoxylin and eosin (HE). A
total of five sections from each uterus, oviduct, and ovary were analyzed. For the
morphometric measurements, micrographs were taken using an image capturing system
(Infinity 2, Lumenera, Ottawa, Canada) mounted on an upright microscope (Meiji
Techno, Japan). Morphometric parameters including epithelial thickness were measured
using Image-J software (version 1.46r). Two independent investigators examined the
micrographs under a microscopic to rank the tissues according to their appearance and

structural abnormalities: disrupted, slightly disrupted, and normal.

2.7. Effect of Mancozeb on the expression of stromal cell decidualization markers
Female ICR mice (n=5) at 12-15 weeks of age were randomly divided into four

groups and mated with mature fertile adult males as described above. After confirmation

of mating, female mice were administered Mancozeb (0.3, 3 and 30 mg/kg BW/day)

orally from GD4 to GDS, coinciding with the period of decidualization. Mice in the
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control group were administered DMSO in olive oil. At the end of the treatment period,
mice were sacrificed and their reproductive tissues were collected, and the number of
implantation sites was counted.

Total RNA from the uterine tissue was extracted with TRIZOL reagent (Life
Technologies, USA) following the manufacturer’s protocol. The concentration and
purity of the total RNA were determined by measuring the optical density at 260 and 280
nm using a spectrophotometer (OPTIZEN POP, Mecasys Co., Ltd, Korea). Total RNA
(1 pg) was reverse-transcribed using Improm-11 Reverse Transcription System
(Promega, Madison, Wisconsin, USA) according to the manufacturer’s protocol. Next,
PCR was performed to detect the expressions of p53, COX-2, PGES, and PGFS
transcripts. The PCR reaction mix contained 10 pL Gotaq® 2x PCR master mix, 1 uL of
10 uM forward and reverse primers, 1 uL cDNA template, and nuclease-free water in a
total volume of 20 pL. The primers used for each target are listed in supplementary Table
1. The PCR conditions were as follows: initial denaturation at 95°C for 2 min; 35 cycles
of denaturation at 95°C for 40 s; annealing for 35 s at 55.4°C for p53, 52.6°C for COX-
2, 54°C for PGES, 56.7°C for PGFS, or 59.2°C for GAPDH; and extension at 72°C for
45 s; and a final extension at 72°C for 10 min. Normalization was performed using
GAPDH as the housekeeping gene. The PCR products were resolved by gel
electrophoresis on a 2% agarose gel containing ethidium bromide. The gels were
visualized and documented using a gel documentation system (FUSION SL, Vilber
Lourmat, France) and semi-quantification of mRNA expression was performed using

Imagel® software (version 1.46r).

2.8. Mancozeb downregulates PGES expression in the uterus of treated mice
The expression and localization of COX-2, p53, and PGES proteins were performed

by immunohistochemical staining [39]. Briefly, tissue sections were de-paraffinized,
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rehydrated, and then subjected to antigen retrieval using the Target Retrieval Solution
(Dako Cytomation, Carpinteria, CA, USA) as described previously [40]. The sections
were incubated overnight with anti-COX-2 (1:500; ab15191, Abcam), anti-p53 (1:50;
ab31333, Abcam), or anti-PGES (1:1000, Ab62050, Abcam) antibodies at 4°C. The
sections were incubated in 3,3’-diaminobenzidine (DAB substrate chromogen, Dako
Cytomation) and the nuclei were counterstained with Hematoxylin. Images were
captured under a light microscope with a digital camera (Axioscope, Zeiss, Gottingen,
Germany). Micrographs (magnification x200) were captured for the histological scoring
using Image]® software (version 1.46r). Digital histological scoring method (D-
HSCORE) was employed to quantify the differential expression of proteins in the

treatment and control groups as described previously [39].

2.9. Effect of preimplantation Mancozeb exposure on fecundity in F1 mice

After confirmation of mating, mice were administered Mancozeb (0.3, 3 and 30
mg/kg BW/day) through oral gavage from GD1 to GD4. DMSO dissolved in olive oil
was administered to mice in the control group. The lengths of the gestation period and
litter sizes were determined. Pups from all litters within the treatment group were pooled
and separated by sex before sexual maturation. At 12 weeks after birth, a group of female
mice (F1) was sacrificed and their reproductive tracts were weighed. Another group of Fi
female mice were allowed to sexually mature before mating with mature fertile adult
males (avoiding siblings), and the lengths of the gestation period and litter sizes were

recorded.

2.10. Isolation and identification of human primary endometrial stromal cells
Human endometrial biopsies were obtained from patients receiving IVF treatment at

Queen Mary Hospital, Pokfulam, Hong Kong SAR. This study protocol was approved
11
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by the ethics committee of the Institutional Review Board of Hospital Authority Hong
Kong West Cluster and The University of Hong Kong, Hong Kong (UW16-204). The
biopsies were taken 2 days after the luteinizing hormone surge (LH+2) and endometrial
stromal cells (ESCs) were isolated using a method reported previously with
modifications [41, 42]. The purity of the stromal cells was checked by vimentin and
cytokeratin immunofluorescence staining. Primary endometrial stromal cells were
cultured in a 48-well plate until confluency. Cells were washed with phosphate buffered
saline (PBS), fixed with 4% cold paraformaldehyde in PBS (pH 7.4) on ice for 20 min,
permeabilized with 0.1% Triton X-100 for 15 min, blocked with 10% donkey serum
(D9663, Sigma) for 1 hr at room temperature (RT), and then incubated overnight with
the primary antibodies at 4°C. Primary anti-human cytokeratin (1:100, M0821, Dako,
Cambridge, UK) and anti-human vimentin (1:100, M0725, Dako) antibodies were used.
The cells were washed and incubated with secondary antibody, Alexa Fluor 488 donkey
anti-mouse IgG (1:200, A21202, Invitrogen) for 1 hr at RT. The nuclei of cells were
counterstained with 5 pg/mL 4',6-diamidino-2-phenylindole (DAPI, D1306, Invitrogen)
in PBS for 15 min. Images were captured under a fluorescence microscope (Nikon

Eclipse Ti-S, Japan).

2.11. In vitro decidualization and Mancozeb treatment of human primary
endometrial stromal cells
Isolated human endometrial stromal cells were seeded on a 24-well plate at a density
of 1x10° cells per well and cultured in phenol-free DMEM/F12 supplemented with 10%
csFBS until confluency. The cells were induced to decidualize with 0.5 mM cAMP
(Sigma), 10 nM 17B-estradiol (Sigma), and 1uM progesterone (Sigma). The stromal cells
were then co-treated with either 0.1% DMSO (vehicle control) or Mancozeb (3 pg/mL).

The medium was collected every 3 days and changed with fresh medium on days 3, 6,

12
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and 9 after decidualization. Images were captured with a phase-contrast microscope
(Nikon Eclipse Ti-S, Japan) and morphological changes were evaluated. The expressions
of decidualization markers including insulin-like growth factor binding protein 1
(IGFBP-1) and prolactin (PRL) were determined by qPCR. Briefly, total RNA extracted
from cells was reverse transcribed and qPCR was performed using TagMan 2x Universal
PCR Master Mix (Life Technologies, USA) using an Applied Biosystems 7500 Detection
System (Applied Biosystems, USA). The expression of 18S RNA was used as the internal
control for RNA normalization. The TagMan probes for human IGFBP1 (Hs
00236877 ml), PRL (Hs00168730 ml), and 18S (4318839) were purchased from
Applied Biosystems, USA. The cycle conditions for the PCR were 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The formula of

2-2ACt was applied to quantify the relative expressions of mRNA.

2.12. Statistical analysis

The in vitro embryo attachment data were analyzed using one-way analysis of
variance (ANOVA) followed by mean separation using Turkey’s multiple comparison
test. The results were expressed as mean £ SEM. The in vivo data were subjected to
ANOVA followed by a comparison of means using Dunnett’s test (Minitab 17) to
establish the validity of the results. The values were expressed as mean = SD. The in
vitro decidualization data were analyzed using nonparametric analysis by Kruskal-Wallis

test. The results were expressed as mean = SEM. (*p<0.05, **p<0.01, ***p<0.001).
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3. Results

3.1. Effects of Mancozeb on spheroid (blastocyst surrogate) attachment onto

endometrial epithelial Ishikawa cells

In the co-culture model, Human endometrial epithelial Ishikawa cells were used as
the receptive endometrium for trophoblastic Jeg-3 spheroid attachment (Fig. 1A). The
co-culture experiments were performed with cells individually or both treated with
Mancozeb. When only Ishikawa cells were treated with 3 pg/mL Mancozeb for 24 h, the
spheroid attachment rate was significantly reduced (p<0.05) compared with the DMSO
control; whereas none of the other concentrations showed significant effects.
Interestingly, when both Jeg-3 and Ishikawa cells were co-treated with 1 and 3 pg/mL
Mancozeb for 24 h, the attachment rate was significantly reduced (p<0.05) (Fig. 1B).
Methotrexate (MTX) was included in the study as a positive control for the spheroid

attachment assay.

3.2. Effects of periimplantation Mancozeb exposure on embryo implantation in

mice

Female pregnant mice were treated with Mancozeb (1, 16 or 32 mg/kg BW/d) or
DMSO control from GD1 to GD8, and the number of implantation sites was determined
on GDY (Fig. 2A). Mancozeb at 1 and 16 mg/kg BW/day had no significant effects on
the number of implantation sites compared to the control group (Table 1). However, 32
mg/kg BW/day Mancozeb significantly reduced (p<0.05) the number of implantation
sites compared to the controls.

Mancozeb at 1 and 16 mg/kg BW/day did not significantly change the morphology
(data not shown) compared to the control group; whereas treatment with 32 mg/kg

BW/day Mancozeb significantly altered the morphology of the ovaries, oviducts, and
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uteri of mice (Supplementary table 2). There was a significant (p<0.05) reduction in the
number of follicles in the ovaries and a significant (p<0.05) reduction in the number of
folds in ampulla regions of the oviducts. In the Mancozeb-treated animals, the epithelial
lining of the endometrium in the uterus showed marked abnormal histological changes,

suggesting altered endometrial growth and development (Fig. 2B).

3.3. Effects of postimplantation Mancozeb exposure on stromal cell decidualization
in mice

To investigate the effect of Mancozeb on endometrial stromal cell decidualization
during embryo implantation, mice were treated with Mancozeb from GD4 to GDS of the
pregnancy and uterus tissues were collected on GD9. Mancozeb at 0.3 and 3 mg/kg
BW/day did not significantly change the number of implantation sites (Table 2).
However, Mancozeb at 30 mg/kg BW/day resulted in a complete loss (p<0.05) of
implantation sites in treated mice compared with the DMSO controls. Furthermore,
analysis of the expressions of genes related to uterine decidualization revealed that
Mancozeb significantly (p<0.05) suppressed PGES mRNA expression in a dose-
dependent manner, but not COX-2, PGFS, and p53 mRNA expressions in the uterus of
treated mice (Fig. 3). It should be noted that the expression of PGFS transcripts was
relatively low after PCR amplification.

Immunohistochemical staining and DHSCORE were used to evaluate the expression
and level of COX-2, p53 and PGES proteins in the uterus. Interestingly, the expressions
of these proteins were mainly localized in the epithelial cells of the mouse uterus with
higher expression in glandular epithelium compared to surface epithelium (Fig. 4A). The
expression of COX-2 was high in all Mancozeb treated groups, but a significantly
(p<0.05) higher expression was found with 3 mg/kg BW/day Mancozeb compared to the

control group (Fig. 4B). The p53 protein expression did not significantly change in any
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of the Mancozeb treated animals compared to the controls. Interestingly, the expression
of PGES protein was mainly localized at the apical region of the luminal epithelium and
decreased significantly (p<0.05) with 30 mg/kg BW/day Mancozeb compared to the

control group (Fig. 4B).

3.4. Effect of prenatal Mancozeb exposure versus non-exposure on the subsequent

generation of offspring

To investigate the effect of prenatal Mancozeb exposure on the development of
reproductive tissues in offspring, adult mice were treated with Mancozeb (0.3, 3 and 30
mg/kg BW/day) from GD1 to GD4. The whole reproductive tract including ovary,
oviduct, and uterus of the offspring (F1) was collected on week 12. Mancozeb treatments
(0.3, 3 and 30 mg/kg BW/day) did not affect the number of pups produced per litter or
length of gestation period in both the Fo and F1 generations compared to the controls.
Furthermore, Mancozeb treatments did not alter the weight of the female reproductive
tract including ovary, oviduct, and uterus of F1 mice compared with the controls (Table

3).

3.5. Effects of Mancozeb on the in vitro decidualization of human endometrial

stromal cells

Stromal cells were isolated from human endometrial aspirate for the decidualization
experiment. Immunofluorescent staining of stromal cells were positive for vimentin and
negative for cytokeratin indicating pure stromal cells in the culture. More than 90% of
cells were positive for vimentin (Fig. 5A), suggesting enrichment of stromal cells in the
preparations. Decidualization was induced by adding a decidualization cocktail
(containing cAMP, estrogen, and progesterone) into the culture media for 9 days. The

morphology of the stromal cells changed from an elongated fibroblast to a round shape
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4. Discussion

The present study using in vivo mice models and two in vitro cell culture models
investigated the effects of Mancozeb on embryo implantation, spheroid attachment of
blastocyst surrogates, and stromal cells decidualization.

The spheroid-endometrial cells co-culture model using Ishikawa cells and
trophoblastic Jeg-3 spheroids mimics the early attachment of embryos onto the
endometrial epithelium. This in vitro model showed that Mancozeb could affect early
embryo attachment during implantation. Results from the in vivo study suggest that
Mancozeb exposure, particularly during the decidualization period, disrupts embryo
implantation and suppresses the morphological transformation of endometrial stromal
cells, although the expressions of decidualization markers were not altered.

Environmental concerns over the use of pesticides on human/animal reproductive
health have been raised in many countries [43]. In particular, overuse of pesticides
beyond recommended levels or concentrations is very common in agriculture-based
developing countries. Embryo implantation and endometrial stromal cell decidualization
are critical processes in the establishment of pregnancy in eutherian mammals.
Pregnancy involves fine regulation of the uterine microenvironment via the coordinated
efforts of the hypothalamic-pituitary-ovarian axis [44]. However, most of the EDCs in
use nowadays have been found to interfere with the reproductive process by disrupting
embryo implantation and endometrial cell decidualization [45].

Several studies found levels of Mancozeb in fruits and vegetables that exceeded the
maximum residue limits [46, 47, 28]. Furthermore, studies have shown that females are
exposed to high doses of Mancozeb through elevated levels found in the environment
[31, 10]. Therefore, we selected doses of Mancozeb below the acute LDso level based on

these previous findings [9].
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Implantation of the embryo is tightly controlled by steroid hormones that modulate
endometrial receptivity and stromal cell decidualization [48]. Results from our in vitro
embryo attachment study suggests that Mancozeb at 3 ug/mL suppresses the receptivity
of endometrial cells. However, no such suppressive effects were observed when only
Jeg-3 cells were treated with Mancozeb. Interestingly, when both cell types were treated
with a lower dose of Mancozeb (1 pg/mL), the in vitro attachment rate of Jeg-3 spheroid
was suppressed suggesting a synergistic effect of Mancozeb on both cells in suppressing
the implantation process.

In mice, exposure to Mancozeb from GD1 to GDS resulted in morphological changes
in the uterus, ovary, and oviduct, as well as significantly reducing the number of
implantation sites. However, Mancozeb exposure from GDI to GD4 did not affect
embryo implantation, the number of pups produced per litter, or the reproductive function
of offspring, indicating that GD4 to GDS is the critical period for Mancozeb exposure to
have a detrimental effect on embryo implantation and subsequent pregnancy outcome.
In line with this, direct exposure to Mancozeb leads to ovarian hypertrophy and
disruption of the estrous cycle in hemi-ovariectomized albino rat, which was attributed
to the direct effect of Mancozeb on the ovary or the hypothalamic-hypophysial-ovarian
axis [44]. In the present study, acute high dose of Mancozeb (32 mg/kg BW/day)
administered from GDI1 to GDS8 induced structural abnormalities in the uterus, oviduct,
and ovarian tissues. The data suggests that Mancozeb induces pregnancy loss possibly
through the direct disruption of endometrial receptivity, and indirect impairment of
ovarian function. However, further investigations are needed to verify these findings. A
recent study reported that bisphenol A affected reproduction through disruption of
uterine decidualization and embryo implantation in mice [45].

Mancozeb treatment (32 mg/kg BW/day) from GDI1 to GD8 could affect various

biological processes during this critical period including embryonic development,
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window of implantation, and embryo attachment to the uterine wall following the
decidualization responses [48]. In mice, implantation occurs on GD 4.5 [49] and the
attachment of the blastocyst to the uterine epithelium then triggers the process of
decidualization, which initiates differentiation of the stromal cells into decidual cells.

Therefore, to delineate whether the effect of Mancozeb depends on the
preimplantation or postimplantation period, mice were treated only from GD4 to GDS,
which is the period of decidualization in the endometrium during implantation [48]. Our
results indicated that Mancozeb treatment (30 mg/kg BW/day) from GD4 to GDS8
impaired implantation, partly through modulating the decidualization process in vivo.
There was a significant downregulation of PGES transcript and protein expression in the
treated mice. It was reported that Mancozeb at 36 mg/kg BW/day from GD1 to GD3 or
from GD1 to GDS also induced significant implantation loss in mice [9]. The differences
observed in the present study compared to these two studies may be due to the lower
treatment doses used (30 mg/kg BW/day in our study) as well as the Mancozeb treatment
period (GD1 to GD4 in our study). Interestingly, Mancozeb at other concentrations (24,
30 and 36 mg/kg BW/day) also caused significant embryo loss [9], but such effects were
not observed in the present study.

Prostaglandins (PGs), especially PGF2. and PGE: play a very important role in
implantation as they are directly involved in decidualization [27]. Cyclo-oxygenase
(COX) is the rate-limiting enzyme that converts arachidonic acid to PGs [50]. Uterine
COX-2 is not directly regulated by progesterone and/or estrogen [50], instead, it is
induced by the activated blastocyst at the time of attachment producing PGs needed for
implantation and decidualization [26]. Furthermore, COX-2 is expressed in the luminal
epithelium and sub-epithelial stromal cells at the anti-mesometrial pole surrounding the
blastocyst at the time of attachment on GD4 and persists through the morning of GD5

[50]. Therefore, the proper expression and regulation of COX-2 in the uterine gland is
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essential for embryo implantation and the establishment of endometrial receptivity [50].
Our data revealed that the expression of COX-2 mRNA was not affected by the
Mancozeb treatment (3 mg/kg BW/day) in the endometrium. However, COX-2 protein
was significantly increased and localized in the endometrial surface epithelium and
glandular epithelium as well as in stromal cells. Similar observations of a significant
increase in COX-2 protein expression and activation of the ERK1/2 pathway were found
when human skin HaCaT cells were exposed to Mancozeb at 0.015-30 mg/mL for 24 h
[51].

Among the key enzymes involved in PG synthesis, PGES converts PGH2 to PGE2,
whereas PGFS generates PGF2q [26]. Both PGE: and PGF2« are important for
implantation and decidualization in rodent uterus [27]. In mice, PGE2 exerts multiple
effects during the preimplantation period [52] and is involved in uterine angiogenesis
from GD6 to GDS, which is required for the establishment of the placenta [52]. Our data
showed that the expression of PGFS mRNA did not change in the uterus in mice treated
with Mancozeb (0.3, 3 and 30 mg/kg BW/day) from GD4 to GDS. However, PGES
transcript was significantly downregulated at the end of the treatment period. This was
in agreement with the significantly lower protein expression in the uterus of mice treated
with Mancozeb (30 mg/kg BW/day) as observed in the immunohistochemical analysis
using PGES antibody. In line with this, higher expression of PGES in the luminal
epithelium surrounding the implanting blastocyst was observed at the implantation site
in rat uterus [53]. The present data suggest that the downregulation of PGES has more of
a local effect on embryo implantation than an indirect effect through ovarian steroid
action. Furthermore, the observed morphological changes in the uterine epithelium of
treated mice could also lead to a reduction in PGES expression.

Our in vitro decidualization model using human primary endometrial stromal cells

revealed that Mancozeb suppressed the morphological changes of stromal cells induced
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by decidualization. Interestingly, the mRNA expression of key markers related to
decidualization were not altered by any of the doses of Mancozeb. It would be
worthwhile to check the protein expression levels of these markers to confirm this
finding, as posttranscriptional modifications of mRNA can contribute to a reduction of
translation inside cells.

Transformation-related protein 53 (Trp53) gene, is a tumor suppressor gene whose
mutations are strongly associated with cancer [54]. This protein also plays important
roles in reproduction, especially in embryo implantation and pregnancy [25]. It has been
suggested that upregulation of p53 improves implantation in mice [42]. A study by Paro
et al [16] on human and mouse granulosa cells treated with Mancozeb (0.3, 3and 30
mg/kg BW/day) from GD4 to GD8 found that p53 expression was downregulated, but
uterine p53 expression level was not affected. A very recent study on murine granulosa
cells confirmed the downregulation of p53 together with ultrastructural changes even at
a very low concentration of Mancozeb [55]. Our data showed no significant changes in
p53 protein expression, and p53 was mainly expressed in endometrial surface epithelium,
glandular epithelium, and stromal cells of mice uteri at GD8 irrespective of the treatment,
which suggests Mancozeb exposure may cause possible differential expressions of p53
in different reproductive tract tissues.

The F1 offspring of the treated mice were evaluated to study any generational imprint
effects of Mancozeb exposure during the preimplantation period (GD1 to GD4). Our data
suggested no such imprinting effect was present, as the litter size, length of the gestation
period, and weight of female reproductive organs in F; female mice were not altered
compared with the controls. Similar findings have been reported elsewhere, which
showed Mancozeb (18, 24, 30 and 36 mg/kg BW/day) did not affect the length of the
gestation period, litter size, or weight of female reproductive organs in F1 generation rats

[9].
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In vitro studies reported that the endocrine-disrupting potential of Mancozeb could
be mediated via androgen receptor activities [S6]. However, we did not evaluate
androgen receptor expression in the present study, which would be worthwhile to test in
future studies. Interestingly, a recent report indicated that Mancozeb could decrease
androgen production in rats by reducing the expression of a key enzyme responsible for
steroidogenesis [57].

In humans, Mancozeb is metabolized in the mucus membranes or respiratory and
gastrointestinal tract to ethylenethiourea (ETU) [58]. Elevated concentrations of urinary
ETU were detected in pregnant women after exposure to aerial spraying of Mancozeb
[31]. Several studies have reported that Mancozeb and its known metabolite ETU can
cause thyrotoxic effects in rats and mice [51, 52], and Mancozeb was shown to produce
marked structural and functional changes in the thyroid of rats [61], indicating that
thyroid toxicity is one possible mechanism of Mancozeb effects. Therefore, Mancozeb
and its metabolite ETU could be responsible for the observed effects in the present study,
which opens up a window for further investigations.

In summary, our in vitro and in vivo studies provide evidence that high dose
Mancozeb can affect embryo implantation. The suppressive effects of Mancozeb
exposure was more prominent from GD4 to GDS, but not from GD1 to GD4, which could
be due to the direct suppression of PGES expression in the uterine microenvironment
during the decidualization process. Whether these changes are associated with alterations
in steroid receptor expression and responses, and/or induction of other signaling

pathways remain to be investigated.
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Figure legends

Fig. 1. Effect of Mancozeb on the spheroid attachment rate on human
endometrial epithelial cells. (A) The morphology of Ishikawa cells, Jeg-3 spheroids and
co-culture conditions (left to right) (n=6). Magnification x100. (B) The effect of
Mancozeb on the attachment rate in treated Ishikawa and Jeg-3 cells. The number of
attached spheroids was expressed as a percentage of the total number of spheroids added.
There was a significant reduction in the attachment rate when both cells were treated
with 1 and 3 pg/mL Mancozeb. Methotrexate (MTX) was used as a positive control for

the co-culture assay.

Fig. 2. Effect of Mancozeb on the morphology of reproductive tissues in mice.
(A) Morphology of mouse uterus on day 9 of pregnancy. Mice were fed with 1, 16 or 32
mg/kg BW/day Mancozeb for 8 days during the gestation period. The implantation sites
were clearly observable in the control and Mancozeb (1 and 16 mg/kg BW/d) groups.
Control mice (n=5) were fed with DMSO in olive oil. (B) Micrographs of reproductive
tract tissue sections including ovary, oviduct, and uterus from control and Mancozeb (32
mg/kg BW/d) groups. Insert photos show higher magnifications of the sections.
Arrowheads indicate morphological changes in the treated samples. Magnification x100

and x200, respectively.

Fig. 3. Semi-quantitative RT-PCR of the expression of uterine COX-2, p53,
PGES, and PGFS in mice treated with Mancozeb from GD4 to GD8. GAPDH mRNA
levels in uterine tissues of mice (n=6) were used as loading controls. The expression of
PGES was significantly reduced for all concentrations of Mancozeb tested. *p<0.05

compared with the control (one-way ANOVA, Dunnett’s test).
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Fig. 4. Expression of uterine COX-2, p53, and PGES proteins in mice treated
with Mancozeb. (A) The expression of uterine COX-2, p53, and PGES proteins were
determined by immunohistochemical staining in the uterus of mice (n=5) on day 9 of
pregnancy. Insert photos show higher magnifications of the sections. Magnification x100
and x400. (B) The relative expression levels of COX-2, p53, and PGES proteins in the
uterus of the female mice expressed as Mean+SD. *p<0.05 compared with the control

(one-way ANOVA, Dunnett’s test).

Fig. 5. The expression of decidualization transcripts in human primary
endometrial stromal cells (ESCs) with or without decidualization and Mancozeb co-
treatment. ESCs isolated from the endometrial aspirate were cultured. Non-decidualized
or decidualized cells were treated with Mancozeb. (A) The cells were stained with
stromal marker vimentin (top) or epithelial marker cytokeratin (bottom) to evaluate the
purity of the stromal cell population. DAPI (blue) was used for nuclei staining. The
merged images are shown on the right. Magnification x200. (B) The morphology of ESCs
with or without 9 days of decidualization (cAMP, progesterone and estrogen treatment)
and 3 pg/mL Mancozeb co-treatment were evaluated under a light microscope. MZ,
Mancozeb. Magnification x100. (C) PRL and (D) IGFBP1 transcript expressions in
ESCs cells on day 3, 6, and 9 (left, middle, and right, respectively) were analyzed by
gPCR. All the results were expressed as mean = SEM. Nonparametric analysis by
Kruskal-Wallis test was used to analyze the difference. (n=4, *p<0.05, **p<0.01,

##%5p<0.001).
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851 Table 1. Effect of Mancozeb exposure from GD1 to GD8 on embryo
852  implantation.

Mancozeb
Number of mice Number of implantation sites
(mg/kg BW/day)
Mated Pregnant Total Mean+ SD (n=5)

Control 5 5 56 11.2+£2.6

1 5 5 61 122+£2.2

16 5 5 51 10.2+ 1.1
32 5 3 6 1.2+ 1.1%

853  *p<0.05 compared with the control (one-way ANOVA, Dunnett’s test).

854
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855  Table 2. Effect of Mancozeb exposure from GD4 to GD8 on embryo

856  implantation.

Mancozeb
Number of mice Number of implantation sites
(mg/kg BW/day)
Mated Pregnant Total Mean £+ SD (n=5)

Control 5 5 55 11.0+£1.7
0.3 5 5 57 114+23
3 5 5 55 11.0+£1.9

30 5 0 0 0*

857  *p<0.05 compared with the control (one-way ANOVA, Dunnett’s test )

858

859
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860 Table 3.

861  generations.

Effect Mancozeb exposure from GD1 to GD4 on litter size, gestation period, and female reproductive organ weights of Fo and F1 mice

Mancozeb (mg/kg BW/day)

Number of
mice Control 0.3 3 30
No. of pups per litter (F) 5 8622 84+25 8.8+£0.8 84+09
Gestation period (days) (F,) 5 18.6 +£0.9 18.4+0.5 19+0.7 18.8 +£0.8
Weight of reproductive (F1) tract (mg) 5 134.5 +24.8 135.8 +24.1 132.7+32.1 138.6 £ 9.1
No. of pups per litter (F,) 5 8.3+0.6 8.7+0.6 8.7+1.2 8.7+0.6
Gestation period (days) (F,) 5 18.7+ 0.6 18.7+1.2 19+1.0 18.3+ 0.6

862  Data are presented as means = SD.
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