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Abbreviations 24 

Bisphenol A, (BPA; 4,4'-(propane-2,2-diyl)diphenol); OP, 4-tert-octylphenol;  E2, 17β-Estradiol, 25 

P4, progesterone; Endocrine disrupting chemicals, (EDs); TRPV5 and TRPV6, Transient receptor 26 

potential cation channel subfamily V (TRPV) member 5 and 6; PMCA1, Plasma membrane Ca2+-27 

ATPase 1; NCX1, Na+/Ca2+ exchanger 1; LIF, Leukemia inhibitory factor; HOXA-10, homebox 28 

gene member 10; MUC1, mucin 1; ERα and ERβ, estrogen receptor alpha and beta, PR- and PR-29 

B; progesterone receptor and progesterone receptor B.  30 
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Abstract: Miscarriage due to blastocyst implantation failure occurs in up to two-thirds of all 31 

miscarriage cases in human. The calcium ion has been shown to be involved in many cellular 32 

signal transduction pathways as well as in the regulation of cell adhesion, which is necessary for 33 

the embryo implantation process. Exposure to endocrine-disrupting chemicals (EDs) during early 34 

gestation results in disruption of intrauterine implantation and uterine reception, leading to 35 

implantation failure. In this study, ovarian estrogen (E2), bisphenol A (BPA), or 4-tert-octylphenol 36 

(OP), with or without ICI 182,780 (ICI) were injected subcutaneously from gestation day 1 to 37 

gestation day 3 post-coitus. The expression levels of the calcium transport genes were assessed in 38 

maternal uteri and implantation sites. The number of implantation sites was significantly low in 39 

the OP group, and implantation sites were absent in the E2 and EDs+ICI groups. There were 40 

different calcium transient transport channel expression levels in uterus and implantation site 41 

samples. The levels of TRPV5 and TRPV6 gene expression were significantly increased by EDs 42 

with/without ICI treatment in uterus. Whereas, TRPV5 and TRPV6 gene expression were 43 

significantly lower in implantation sites samples. NCX1 and PMCA1 mRNA levels were 44 

significantly decreased by OP and BPA in the implantation site samples. Compared to vehicle 45 

treatment in uterus, both the MUC1 mRNA and protein levels were markedly high in all but the 46 

BPA group. Taken together, these results suggest that both BPA and OP can impair embryo 47 

implantation through alteration of calcium transport gene expressions and by affecting uterine 48 

receptivity.  49 
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1. Introduction 50 

 51 

The implantation of a blastocyst into a receptive uterus is part of a multifaceted process 52 

that includes embryo implantation, decidualization, and vascular modification [1, 2], which are 53 

key events in the establishment of a successful pregnancy, and the success of each event is a 54 

prerequisite for advancement to the next stage. Blastocyst implantation occurs within a limited 55 

period when blastocyst competency is coordinated with the receptivity of the uterus. Any 56 

disturbance of this coordination can induce unsuccessful or flawed implantation. In human, around 57 

75% of pregnancy losses are due to implantation failure [3]. 58 

Progesterone and estrogen are the principal hormones that directly affect uterine receptivity, 59 

acting through nuclear estrogen (ERα) and progesterone receptor (PR) [1]. Both E2 and PR can 60 

regulate the production of cytokines, growth factors, homeobox transcription factors, and 61 

cyclooxygenase-derived prostaglandins. These factors are crucial during uterine preparation for 62 

implantation and post-implantation decidualization and include leukemia inhibitory factor (LIF) 63 

[4], HOXA10 (a member of developmentally regulated AbdB subclass of the homeobox gene), 64 

and the adhesion molecule mucin 1 (MUC1) [5-9]. Such factors are molecules that have important 65 

roles in implantation and during pregnancy [2]. Thus, the disruption of the genes associated with 66 

these factors may lead to infertility and implantation failure in various species including human. 67 

Both HOXA10 and LIF are essential for the endometrium development during implantation [10, 68 

11]. LIF and its receptor have been shown to be reduced in the endometrium of infertile women 69 

[11-13]. Moreover, LIF deficiency results in the loss of embryos during early pregnancy in murine 70 

[12-14]. A low expression of HOXA10 mRNA results in a decreased implantation rate [15]; 71 

whereas, downregulation of MUC1 mRNA and its protein prior to implantation allows the embryo 72 

attach to the maternal uterus [5, 16, 17]. Furthermore, LIF and MUC1 were shown to enhance the 73 

calcium ion level in an in vitro experiment [18, 19]. 74 

The calcium ion has important roles in many aspects of a living organism. However, the 75 

role of the calcium ion in female reproductive organs is not fully described. During pregnancy, the 76 

calcium ion is involved in a variety of crucial process including fertilization, decidualization, and 77 

implantation [20-22]. The transient receptor potential cation channel, subfamily V (TRPV) 78 

member 5, as well as TRPV6, the Na+/Ca2+ exchanger 1 (NCX1), and the plasma membrane Ca2+-79 

ATPase (PMCA1) appear to have critical roles in calcium ion absorption [23]. These proteins are 80 
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found in the apical membranes of intestinal and renal epithelial cells and have been proposed as 81 

mediators of calcium ion uptake during transcellular transport [24]. Recently, we reported that the 82 

calcium ion influx genes TRPV5 and TRPV6 are expressed in the uterine endometrial region, while 83 

the calcium ion efflux genes NCX1 and PMCA1 were detected in the basolateral membranes of the 84 

uterus [25]. These observations suggest that these calcium ion transport genes not only have a 85 

critical role in calcium ion transport in the duodenum and kidney but also in the uterus. In addition, 86 

TRPV6 has been reported to be a key element in controlling calcium transport between the embryo 87 

and placenta in uterus during pregnancy [26, 27]. Furthermore, TRPV6 and PMCA1 are involved 88 

in specific uterine functions, including fetal implantation in human [28]. However, the roles of the 89 

calcium channel during the implantation stage have not been elucidated. 90 

During the last few decades, there has been a growing concern about the effect of exposure 91 

to environmental endocrine-disrupting chemicals (EDs) on the reproductive system. Recent 92 

studies have shown that EDs are associated with adverse reproductive health outcomes in human, 93 

including infertility, implantation failure, and pregnancy loss [29, 30]. Bisphenol A (BPA; 4,4'-94 

(propane-2,2-diyl)diphenol) and 4-tert-octylphenol (OP; 4-(1,1,3,3-tetramethylbutyl)phenol) are 95 

common EDs and are reported to have weak estrogenic activities. Exposure to BPA and OP during 96 

early pregnancy has resulted in implantation failure [31-33]. Moreover, our recent study showed 97 

that both BPA and OP could modulate the calcium channel during pregnancy [34, 35]. In addition, 98 

BPA exposure had increased the expression of MUC1 [36] and decreased the expression of 99 

HOXA10, both at the mRNA and protein levels [37], during early pregnancy. Thus, we 100 

hypothesize that BPA and OP, through their estrogenic activity, can affect the calcium channel 101 

and disrupt the expression of pregnancy-related genes such as HOXA10, LIF, and MUC1 during 102 

the implantation stage. In addition, previous studies have indicated that these genes are expressed 103 

in endometrium or are regulated for endometrial receptivity in the uterus. Regardless, successful 104 

implantation requires the synchronized development of both the embryo and the endometrium. In 105 

the present study, we investigate the effects of EDs on both the uterus and the blastocyst 106 

implantation site. 107 

108 
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2. Materials and methods 109 

2.1. Chemical  110 

The BPA and 17β-Estradiol were purchased from Sigma Chemical Co. (St. Louis, MO, 111 

USA), while the ICI 182,780 (ICI) was obtained from Tocris Bioscience (Bristol, UK). The OP 112 

was obtained from Fluka Chemie (Seoul, Republic of Korea). Stock solutions were diluted with 113 

corn oil (Sigma-Aldrich, St. Louis, MO, USA). Chicago Skye Blue 6B were bought from Sigma 114 

Chemical (St. Louis, MO, USA). 115 

 116 

2.2. Animals and treatments 117 

Female ICR mice (9-weeks-old, 25–30g) were purchased from Samtaco (Osan, Gyeonggi, 118 

Republic of Korea). Mice were housed in polycarbonate cages under controlled environment 119 

conditions with a 12 h light/dark cycle, a constant temperature of 23°C ± 1°C, and a relative 120 

humidity of 50% ± 10%. The mice were fed a diet of AIN-76A and tap water. After a 1-week 121 

adaption period, female mice were mated with adult ICR male mice overnight, and the presence 122 

of a vaginal plug was checked the following morning. The day a vaginal plug was observed was 123 

set as gestation day (GD) 0.5. 124 

From GD 0.5 to GD 3.5, the pregnant mice were randomly divided into seven groups (n = 125 

8 mouse/group). Mice were given subcutaneous (s.c.) injection of corn oil (vehicle [VE] group), 126 

or ovarian estrogen (E2; 40 µg/kg/day; positive control group), or BPA (100 mg/kg/day), or OP 127 

(100 mg/kg/day) dissolved in corn oil (Sigma-Aldrich). Mice in three additional groups (E2+ICI, 128 

BPA+ICI, and OP+ICI) received s.c injection of ICI. (4 mg/kg) 30 mins before treatment with E2, 129 

BPA, or OP. The BPA dose was selected based on a study of pregnant s.c. BPA-exposed mice in 130 

which 100 mg/kg BPA did not produce an effect on the reproductive organs [38]. A similar OP 131 

dose was selected to allow comparison with the BPA results. Five mice of each group were 132 

sacrificed 24 h after final treatment (GD 4.5) and uterus tissue was collected. The remaining three 133 

mice were sacrificed 3–5 min after Chicago Blue dye injection on GD 5.5. In all groups, the 134 

implantations were counted, and implantation tissue samples were collected. All animal 135 

experimental procedures were approved by Chungbuk National University Institutional Animal 136 

Care and Use Committee (IACUC) (project identification code: CBNUA-1108-17-01, approval 137 

date 1st July 2017) 138 

 139 
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2.3. Total RNA extraction and quantitative real-time PCR 140 

Total RNA was extracted from uterus and implantation site samples by using Trizol reagent 141 

(Ambion, Austin, TX, USA) and the concentration of total mRNA was determined by measuring 142 

the absorbance at 260 nm. First-strand complementary DNA (cDNA) was produced from 1 µg of 143 

total mRNA by reverse transcription (RT) using Moloney murine leukemia virus reverse 144 

transcriptase (iNtRON Bio, Gyeonggi-do, Korea) and random primers (9-mers; TaKaRa Bio., 145 

Shiga, Japan). The cDNA template (1 µL) was assayed by applying SYBR-ROX (TaKaRa Bio) 146 

real-time PCR according to the manufacturer’s protocols. Primer sequences were presented in 147 

Table 1. The qRT-PCR was carried out for 40 cycles using the following schedule: denaturation 148 

at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s. Fluorescence intensity 149 

was measured at the end of the extension phase of each cycle. The threshold value for the 150 

fluorescence intensity of all samples was set manually. During the exponential phase of PCR 151 

amplification, the reaction cycle at which PCR products exceeded the fluorescence intensity was 152 

the threshold cycle (CT). The CT value was determined automatically from the exponential phase 153 

of the delta (Δ) CT fluorescence detection graph. The expression of a target gene was quantified 154 

relative to that of the internal vehicle gene (18S ribosomal RNA) based on a comparison of CTs 155 

at a constant fluorescence intensity. Expression of 18s was not significantly altered under all 156 

experimental conditions. The amount of transcript present was inversely related to the observed 157 

CT, and the CT was expected to increase by one for every 2-fold dilution in the amount of 158 

transcript. Relative expression (R) was calculated using the equation R = 2−(ΔCTsample − ΔCTcontrol). To 159 

determine a normalized arbitrary value for each gene, every data point was normalized to the 160 

control gene, as well as to the respective controls.  161 

 162 

2.4. Western-blot analysis 163 

Proteins were extracted from mouse uterus and implantation site samples by using Pro-164 

prep solution (InTron, Seoul, Korea) according to the manufacturer’s protocol. A 20 µg cytosolic 165 

protein sample was separated by using 10% sodium dodecyl sulfate-polyacrylamide gel 166 

electrophoresis (SDS-PAGE) and the product transferred to a polyvinylidene fluoride (PVDF) 167 

membrane (Merck Millipore, Taunton, MA, USA). The membrane was then blocked in TBS-T 168 

containing 5% skim milk for 60 min, then incubated overnight in primary antibodies for: TRPV5 169 

(Santacruz Biotechnology, dilute 1:3000), TRPV6 (Alomone labs, catalog: ACC-036, diluted 170 

1:3000), PMCA1 (Swant, dilute 1:3000), NCX1 (Abcam, dilute 1:3000), MUC1 (Abcam, dilute 171 
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1:3000), or β-actin (Cell Signaling Technology, diluted 1:3000). After washing with TBS-T buffer, 172 

the membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary 173 

antibodies (anti-rabbit, Cell Signaling Technology 1:3000; anti-mouse, Cell Signaling Technology 174 

1:3000; anti-hamster, Jackson Human Research, 1:300) for 1 h at room temperature. The 175 

membrane was then washed four times for 10 min each with TBS-T. Enhanced chemiluminescence 176 

(ECL) reagent (Santa Cruz Biotechnology) with a charge-coupled device was used to detect 177 

antibody binding. Using the Chemi Doc equipment, GenGnome 5 (Syngene, Cambridge, UK. The 178 

optical density of the target band was analyzed by using Image J software (NIH, Bethesda, MD, 179 

USA). 180 

 181 

2.5. Statistical analysis  182 

All statistical analyses were performed by applying one-way ANOVA followed by 183 

Bonferroni’s post hoc test for multiple comparisons. Data were analyzed using GraphPad Prism 184 

software. The results are presented as means ± SEM. A p < 0.05 was considered statistically 185 

significant. All combination treatment group results were compared to the VE group and the 186 

individual treatment group results. 187 

 188 

  189 
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3. Results 190 

 191 

3.1. Effect of EDs on blastocyst implantation 192 

Initially, we examined the effect of BPA and OP on embryo implantation. Statistical 193 

analysis performed on the combined data from GD 5.5 showed that the number of implantation 194 

sites in pregnant mice treated with OP (100 mg/kg) from GD 0.5 to GD 3.5 was significantly lower 195 

than that in VE-treated mice. There was no significant difference between the numbers of 196 

implantation sites in the BPA (100mg/kg) and VE groups (Figure 1), but the implantation sites had 197 

different appearances in the two groups. Both BPA and OP substantially reduced implantation site 198 

growth and size (Supplementary Figure 1). There were no implantation sites observed when mice 199 

were treated with E2, E2+ICI, BPA+ICI, or OP+ICI. These results suggest that both BPA and OP 200 

affected blastocyst implantation. 201 

 202 

3.2. Effects of BPA and OP on TRPV5, TRPV6, PMCA1, and NCX1 expressions in maternal 203 
uterus and implantation sites 204 

To determine the effects of BPA and OP on the regulation of calcium ion transport during 205 

implantation in the uterus and at implantation sites, TRPV5, TRPV6, PMCA1 and NCX1 206 

expression levels were quantified by both real-time-PCR and western-blot assays. In uterus 207 

samples, there were marked increases in mRNA levels of TRPV5 in the E2, E2+ICI, BPA+ICI, 208 

OP, and OP+ICI groups (around 2279%, 210%, 165%, 203%, and 187%, respectively) over that 209 

in the VE group (Figure 2a). The TRPV6 mRNA levels were also higher in the E2, E2+ICI, 210 

BPA+ICI, and OP+ICI groups (by 2800%, 2414%, 160%, and 274%, respectively) than in the VE 211 

group (Figure 2b). Furthermore, TRPV5 and TRPV6 protein levels were markedly higher in all 212 

groups than that in the VE group (Supplementary Figure 2a,b). The expressions of TRPV5 and 213 

TRPV6 mRNA in uteri were higher in BPA+ICI group than in the BPA group. The expressions of 214 

PMCA1 mRNA were significantly lower in the E2, E2+ICI, and OP+ICI groups (around 30% 215 

lower) than in the VE group (Figure 2c). The expression of PMCA1 mRNA in uteri were lower in 216 

the OP+ICI group than in the OP group. mRNA levels of NCX1 were significantly lower in the E2 217 

and E2+ICI groups than in the VE group, but it was higher in the OP group than in the VE group 218 

(Figure 2d). In contrast, NCX1 protein levels were significantly high in the E2 and OP+ICI group 219 

(Supplementary Figure 2d).  220 
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The mRNA expression levels of TRPV5, TRPV6, PMCA1, and NCX1 were markedly low 221 

in the BPA- and OP-treated implantation sites (Figure 2e-h). Moreover, the protein levels of 222 

TRPV5 and TRPV6 were significantly low in the OP group (Supplementary Figure 2e,f). 223 

Treatment with BPA also decreased the TRPV5 and TRPV6 protein levels but not significantly 224 

(Supplementary Figure 2e,f). Protein levels of PMCA1 and NCX1 were also not significantly 225 

decreased by BPA or OP treatment (Supplementary Figure 2g,h). These results suggest that BPA 226 

and OP treatments lead to abnormal expressions of calcium channel genes in both uterus and 227 

implantation sites. 228 

 229 

3.3. Effect of BPA and OP on MUC1 expression in maternal uterus and implantation sites 230 

To determine the effects of BPA and OP on embryo attachment, MUC1 expression was 231 

measured by using both real-time PCR and western-blot assays. As a barrier to implantation, 232 

MUC1 expression has an important role in embryo attachment with downregulation of MUC1 233 

expression being necessary for successful implantation [17]. Both MUC1 mRNA and MUC1 234 

protein levels were markedly higher in the E2, E2+ICI, BPA+ICI, OP, and OP+ICI groups 235 

(approximate 3230%, 1314%, 283%, 175%, and 270%, respectively) than in the VE group (Figure 236 

3a,b). The BPA+ICI and OP+ICI combination treatments produced higher both MUC1 mRNA 237 

and protein expression in uteri than that in the BPA- and OP-alone group. These results suggest 238 

that OP could impair implantation through the abnormal expression of MUC1 in uterus. Following 239 

implantation success, MUC1 expression was either downregulated or was completely absent 240 

(Figure 3c,d). These results suggest that BPA or OP exposure can result in disruption of uterine 241 

receptivity. Combined exposure to ICI and BPA or OP can lead to a substantial reduction in 242 

embryo attachment. 243 

 244 

3.4. Effects of BPA and OP on HOXA-10 and LIF expression in maternal uterus and 245 
implantation sites 246 

To confirm the effects of BPA and OP on both the maternal uterus and the implantation 247 

site, the expressions of the HOXA10 development factor gene and the LIF growth factor gene were 248 

measured. The expression of HOXA10 mRNA was significantly decreased in uteri of the E2, 249 

E2+ICI, BPA+ICI, and OP+ICI groups than in the uteri of the VE group (Figure 4a). The BPA+ICI 250 

and OP+ICI combination treatments reduced lower HOXA10 mRNA expression in uteri than that 251 

in the BPA- and OP-alone group. Moreover, it was markedly lower in the implantation sites of the 252 
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OP group than in those of the VE group (Figure 4c). There was no significant difference in 253 

HOXA10 expression levels in the implantation sites of the BPA and VE groups.  254 

The expressions of LIF mRNA in uterus were markedly lower in the E2+ICI group (93% 255 

lower), BPA+ICI and OP+ICI groups (both 97% lower), E2 group (84% lower), and OP group 256 

(39% lower) than in the VE group. There was no significant difference in LIF mRNA levels 257 

between the BPA and VE groups (Figure 4b). The expression of LIF mRNA in uteri was 258 

significantly lower in the BPA+ICI and OP+ICI combination treatments than that in the BPA- and 259 

OP-alone group. Moreover, LIF mRNA levels at implantation sites were significantly lower in the 260 

BPA (70% lower) and OP (85% lower) groups than in the VE group (Figure 4d). These results 261 

suggest that both BPA and OP affect development and growth factor expression in both the 262 

maternal uterus and implantation sites. 263 

 264 

3.5. Effects of BPA and OP on estrogen and progesterone receptor in maternal uterus and 265 
implantation sites 266 

Real-time PCR results showed that the expressions of ERα mRNA in uterus samples were 267 

significantly lower in the E2 and E2+ICI groups than in the VE group (Figure 5a). Treatment of 268 

BPA and OP with/without ICI did not change the expression of ERα mRNA. The expression of 269 

ERα mRNA were significantly lower in the E2+ICI combination treatments than in the E2-alone, 270 

but it was higher in the OP+ICI combination treatments than in the OP group. Moreover, mRNA 271 

level of PR in uteri of the E2, E2+ICI, BPA+ICI, and OP+ICI groups were markedly lower than 272 

that in uteri of the VE group (lower by 45%, 65%, 35%, and 50%, respectively) (Figure 5b). The 273 

expression of PR-B mRNA was significantly lower in uteri of the E2, E2+ICI, BPA+ICI, OP, and 274 

OP+ICI groups (lower by 35%, 64%, 35%, 45%, and 47%, respectively) than in the VE group. 275 

However, there was no significant difference between the BPA and VE groups (Figure 5c). The 276 

E2+ICI, BPA+ICI and OP+ICI combination treatments markedly reduced PR and PR-B mRNA 277 

expression in uteri than that in the E2-, BPA- and OP-alone group. 278 

At the implantation sites, there were no significant differences in the mRNA levels of PR 279 

or PR-B between the BPA- or OP-treated groups and the VE group (Figure 5d-f). mRNA level of 280 

ERα of the OP group was significantly lower than that in VE group. These results suggest that 281 

BPA and OP can affect blastocyst implantation through modulation of PR in the maternal uterus.  282 
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4. Discussion 283 

The timing window for blastocyst implantation is a crucial period in the establishment of 284 

a successful pregnancy. Abnormal events before, during, or immediately after implantation can 285 

result in poor pregnancy rates in many species, including human. In the present study, we 286 

investigated the effect of EDs during the initial pregnancy process. We also investigated the 287 

expressions of calcium-related genes and the relationships of their expression to the development 288 

of a successful implantation. Indeed, the calcium ion is a crucial element in living organisms from 289 

fertilization onward. Additionally, the regulation of calcium ion homeostasis clearly has important 290 

roles in the process of implantation. In recent decades, many researchers have reported on the role 291 

of the calcium ion during life, particularly during pregnancy. However, the roles of the calcium 292 

ion in early pregnancy have not been fully described. 293 

By exerting estrogenic activity, EDs can interfere with the normal endocrine process, 294 

causing adverse pregnancy outcomes [39]. BPA and OP are among the most disruptive EDs and 295 

are widely used as plasticizers in consumer products. Several studies showed that high-dose BPA 296 

or OP treatment can result in a lowering of implantation rates in murine [33, 40, 41]. Moreover, 297 

high exposure to BPA has been associated with miscarriage in human [42]. In this study, exposure 298 

to EDs resulted in a reduction or loss of implantation success and an abnormal appearance of the 299 

implantation site. Notably, direct exposure to ICI has been shown to lead to a complete loss of 300 

implantation [43]. Thus, the complete absence of implantation sites in all groups treated with ICI. 301 

The calcium ion is a crucial element in the development and physiology of living organisms 302 

and is involved in a variety of important pregnancy-related events, including fertilization, 303 

decidualization, and implantation [20]. The calcium ion acts as an intracellular messenger to 304 

regulate a diverse range of biological processes related to cellular function, such as gene 305 

transcription, proliferation, differentiation, necrosis, and apoptosis [44-46]. Thus, maintenance of 306 

calcium ion activity in the uterus and at the implantation site is necessary for successful 307 

implantation. Calcium ion entry via the calcium channels contributes to calcium ion mobilization, 308 

and four cell membrane calcium channel factors, TRPV5, TRPV6, PMCA1, and NCX1 are 309 

reported to have critical roles in the major steps of calcium ion transport. TRPV5 and TRPV6 are 310 

members of the transient receptor potential cation channel subfamily V gene family and are 311 

responsible for the influx of calcium ion into cells during transcellular absorption [47, 48]. Plasma 312 

membrane Ca2+-ATPase 1 (PMCA1) and Na+/Ca2+ exchanger 1 (NCX1) have important roles in 313 

the outflow of cytosolic calcium ions from cells [49, 50] and the maintenance of calcium ion level 314 
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in the cytoplasm [51, 52]. Additionally, TRPV5, TRPV6, PMCA1, and NCX1 are not only 315 

observed in duodenum and kidney but also in uterus [25, 28, 53]. Moreover, they have been 316 

reported to have important roles in placental calcium ion transport and regulation [54]. These 317 

observations suggest that an abnormal expression of a calcium transport gene may induce 318 

abnormal maternal–fetal calcium ion transport. For example, exposure to BPA or OP from GD 319 

11.5 to GD 16.5 has induced a decrease in TRPV6 and PMCA1 expression in mouse placenta [35]. 320 

Also, BPA and OP can disrupt the expression of calcium transport genes in kidney and duodenum 321 

of pregnant mice [34]. In this study, BPA, OP, and E2 exposure at the initial stage of pregnancy 322 

resulted in upregulation of TRPV5 and TRPV6 expressions in uterus. Cotreatment with ICI strictly 323 

increased the mRNA expressions of TRPV5 and TRPV6. Interestingly, the expression of TRPV5, 324 

TRPV6, PMCA1, and NCX1 were significantly decreased in the implantation sites of the BPA- and 325 

OP-treated groups. These results suggest that exposure to EDs-alone or -combine to ICI during 326 

early pregnancy can result in an increase in the intracellular calcium ion level and affect the 327 

blastocyst implantation site. Moreover, intracellular calcium ion overload can result in necrotic or 328 

apoptotic cell death [55]. 329 

The implantation stage is initiated after embryo attachment to the maternal uterus. During 330 

attachment, adhesion is the initial step and involves apposition and adhesion of the hatched 331 

blastocyst to the uterine luminal epithelium. MUC1 is a transmembrane glycoprotein belonging 332 

the mucin family and is expressed at the apical surface of uterine epithelia and various organs. As 333 

MUC1 is a barrier to embryo implantation, MUC1 downregulation or absence prior to implantation 334 

is a prerequisite for uterine receptivity in many species [5, 16, 17, 56] with downregulation 335 

allowing embryo attachment and leading to successful implantation. EDs have been reported to 336 

induce the expression of MUC1 and chronic exposure to BPA has resulted in the upregulation of 337 

MUC1 during early pregnancy [36]. In the present study, the expression of MUC1 in uterus was 338 

markedly increased by the EDs tested. These results indicate that EDs can affect uterine receptivity 339 

and result in failure of blastocyst attachment and implantation. Recently, MUC1 has been shown 340 

to increase the expression of TRPV5 in kidney [57]. These results suggest that the expression of 341 

TRPV5 and TRPV6 may involve the expression of MUC1 in uterus during pregnancy. 342 

Implantation success requires the synchronized development of both the embryo and the 343 

endometrium. Homeobox gene transcription factors are reported to be crucial for endometrial 344 

development and embryo implantation in both mouse and human [10]. HOXA10, a member of 345 

developmentally regulated AbdB subclass of the homeobox gene, is essential for embryo survival 346 
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and implantation [58]. Peak HOXA10 and HOXA11 expressions are first observed during the 347 

window of endometrial receptivity. Decreased HOXA10 expression leads to a decreased 348 

implantation rate; furthermore, HOXA10 expression is significantly low in cases of recurrent 349 

miscarriage and recurrent implantation failure [15]. Recently, it was reported that BPA exposure 350 

results in downregulation of HOXA10 [37]. In this study, the expression of HOXA10 mRNA in 351 

uterus was markedly low in E2 and EDs+ICI groups. HOXA10 mRNA expression in the 352 

implantation site was significantly lower in the OP groups. 353 

Among the cytokines, LIF (an interleukin-6 (IL-6) cytokine) is reported to be important for 354 

implantation in mouse [4, 59]. LIF is expressed in both the embryo and the endometrium and is 355 

involved in various processes during the implantation period such as blastocyst development, 356 

endometrial differentiation, blastocyst attachment, and invasion of the endometrium [4, 11]. LIF 357 

deficiency can significantly decrease the survivability of embryos during the cell and morula stages 358 

and can affect blastocyst development [14]. Furthermore, several studies have suggested that LIF 359 

and LIF receptor expressions are significantly low in the endometrium of infertile women [12, 13, 360 

60]. In this study, LIF mRNA levels were significantly low in the E2, E2+ICI, BPA+ICI, OP, and 361 

OP+ICI groups. Those results support the observed lack of implantation in those groups. Moreover, 362 

downregulation of HOXA10 and LIF may be associated with the different appearances of the 363 

implantation sites visualized in this study. These results suggest that treatment with EDs can induce 364 

the loss of embryo survival via inhibition of the development and growth of the implantation site 365 

and through inhibition of uterine preparation. 366 

Both ovarian estrogen (E2) and progesterone (P4) are principal hormones involved in the 367 

preparation of the uterus for embryo implantation and in the maintenance of pregnancy [1, 61]. 368 

Their synchronized production enables the blastocyst to attach and initiate the implantation process 369 

through their effects on uterine structure and function. Embryonic estrogen is considered important 370 

for embryo implantation in pigs, guinea pig, rabbits and hamster [1]. E2 and P4 affect the uterus 371 

primarily through their nuclear receptors, E2 receptor alpha (ERα) and beta (ERβ), and via P4 and 372 

P4 receptor B (PR-B), respectively. In mouse, ERα is important for uterine receptivity and embryo 373 

implantation [62]. In addition, the lack of both PR and PR-B results in infertility by affecting the 374 

function of ovary and uterus. EDs are described as synthetic compounds that mimic natural 375 

estrogens, and they can bind to nuclear ERα. In addition, MUC1 and LIF expression are regulated 376 

by P4 [6], while HOXA10 and HOXA11 are upregulated by E2 and P4 [7]. These results suggest 377 
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that EDs primarily affect embryo implantation, attachment, and survival through the modulation 378 

of PR, and PR-B.  379 

Throughout experiment, ICI treatments showed the combined effect to BPA and OP. The 380 

BPA+ICI and OP+ICI combination strictly increase the expression of TRPV5, TRPV6 and MUC1 381 

genes. In addition, they also markedly decrease the mRNA expression of HOXA10, LIF, PR and 382 

PR-B than that in the BPA- and OP-alone. However, the effects of ICI-exposure during 383 

implantation period is not fully understood; therefore, we will focus on assessing ICI-exposure 384 

alone in future studies. 385 

  386 
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5. Conclusions 387 

These results show that BPA and OP regulate the expression of TRPV5, TRPV6, PMCA1, 388 

and NCX1 in both maternal uterus and embryo implantation sites during the implantation stage in 389 

mouse. Additionally, they disrupt orchestration of embryo–uterine cross-talk by modulating the 390 

expression of MUC1, LIF, and HOXA10 genes. Moreover, there are several reports showing that 391 

LIF and MUC1 can regulate the calcium transient transport channel [18, 19]. Thus, 392 

overexpressions of TRPV5 and TRPV6 appear to be involved in the downregulation of LIF and 393 

upregulation of MUC1 in uterus. As a consequence, BPA and OP can reduce the implantation rate. 394 

In conclusion, BPA, OP, and E2 can have negative effects on the embryo implantation and survival 395 

by disrupting the calcium transient transport channel and by affecting growth and development 396 

factors through the progesterone receptor. 397 

398 
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 592 

Figure 1. E2, BPA, and OP result in loss of implantation sites  593 

Pregnant mice at gestation day 5.5 (GD 5.5) were sacrificed 48 h after final injection. Implantation 594 

sites in uteri were detected by application of Chicago Sky Blue 5 min before sacrifice. All 595 

implantation sites in the control group were detected as distinct blue bands. The number of 596 

implantation sites was significantly low in the OP group and there were no sites in the E2 group. 597 

N = 3 mice per group. Statistical significance was determined by one-way ANOVA with the 598 

Bonferroni correction test. *p < 0.05 and **p < 0.01 vs. control group.  599 
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Figure 2. E2, BPA, and OP change the expressions of TRPV6, TRPV5, PMCA1, and NCX1 in 601 

maternal uterus and implantation sites 602 

Mice were sacrificed at GD 4.5 (24 h after final injection) to collect uterus tissues and at GD 5.5 603 

(after 48 h after final injection) to collect implantation sites. The mRNA expressions of calcium 604 

transporter channel genes in uterus and implantation sites were assessed. The mRNA levels of 605 

TRPV6, TRPV5, PMCA1, and NCX1 genes were measured by using real-time PCR and were 606 

normalized to that of 18S ribosomal RNA (RN18S). In uterus, (a) the expressions of TRPV5 607 

mRNA were significantly high in the E2, E2+ICI, BPA+ICI, OP, and OP+ICI groups. (b) TRPV6 608 

mRNA level changes were similar to those for TRPV5 expression but there was no significant 609 

change in the OP group. mRNA expression of TRPV5 and TRPV6 in uteri were higher in BPA+ICI 610 

group than in the BPA group. (c and d) mRNA level of PMCA1 and NCX1 were significantly 611 

decreased by E2 and E2+ICI. In implantation sites, (e, f, g, and h) the mRNA levels of TRPV6, 612 

TRPV5, PMCA1, and NCX1, respectively, were markedly low in all groups. N = 5 mice per group 613 

for uterus, N = 3 mice per group for implantation sites. Statistical significance was determined by 614 

one-way ANOVA with the Bonferroni correction test. *p < 0.05 vs. VE, #p < 0.05 vs. EDs. 615 

Treatments: E2; 40 µg/kg/day, BPA; 100 mg/kg, OP; 100 mg/kg, ICI; 4 mg/kg.  616 
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Figure 3. BPA, OP, and E2 increased the expression of MUC1 in maternal uterus and 618 

implantation sites 619 

The expression of MUC1 was measured by real-time PCR and was normalized to that of 18S 620 

ribosomal RNA (RN18S). Expression of MUC1 protein was investigated by western blotting and 621 

was normalized by β-actin. Histograms show quantification of western blots. In uterus, (a) the 622 

expressions of MUC1 mRNA in maternal uterus were markedly high in the E2, OP, and EDs+ICI 623 

groups. (b) Protein levels of MUC1 were significantly high after E2, and EDs+ICI administration. 624 

Both mRNA and protein levels of MUC1 were significantly higher in the combination BPA+ICI 625 

and OP+ICI than that in BPA- and OP-alone. In implantation sites, (c) there were no differences 626 

in the expression of MUC1 mRNA. (d) Protein level of MUC1 was significantly decreased by 627 

BPA treatment. N = 5 mice per group for uterus, N = 3 mice per group for implantation sites. 628 

Statistical significance was determined by one-way ANOVA with the Bonferroni correction test. 629 

*p < 0.05 vs. VE, #p < 0.05 vs. EDs.  630 
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 631 

Figure 4. E2, BPA, and OP decreased the expression of HOXA10 and LIF in maternal uterus 632 

and implantation sites 633 

The expressions of HOXA10 and LIF genes were measured by real-time PCR and were normalized 634 

to that of 18S ribosomal RNA (RN18S). In uterus, (a) mRNA levels of HOXA10 were significantly 635 

different after E2 and EDs+ICI treatment. (b) mRNA levels of LIF were significantly low in the 636 

E2, OP, and EDs+ICI groups. Both mRNA levels of HOXA10 and LIF were significantly low in 637 

the combination BPA+ICI and OP+ICI than that in BPA- and OP-alone. In implantation sites, (c) 638 

the mRNA level of HOXA10 was significantly decreased by OP treatment. (d) mRNA levels of 639 

LIF were markedly lowered by BPA or OP treatment. N = 5 mice per group for uterus collection, 640 

N = 3 mice per group for implantation sites. Statistical significance was determined by one-way 641 

ANOVA with the Bonferroni correction test. *p < 0.05 vs. VE, #p < 0.05 vs. EDs. 642 
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Figure 5. E2, BPA, and OP effects and estrogen and progesterone receptor expressions in 645 

maternal uterus and implantation sites 646 

The expression levels of ERα, PRα, and PRβ genes were measured by real-time PCR and 647 

normalized to that of 18S ribosomal RNA (RN18S). In uterus, (a) mRNA levels of ER were not 648 

changed by BPA or OP with/without ICI. (b) mRNA levels of PR were significantly low in the E2 649 

and EDs+ICI groups. (c) mRNA levels of PR-B were markedly low in all groups, except the BPA 650 

group. In implantation sites, (d, e, and f) the expressions of ERα mRNA were significantly 651 

decreased by OP. N = 5 mice per group for uterus, N = 3 mice per group for implantation sites. 652 

Statistical significance was determined by one-way ANOVA with the Bonferroni correction test. 653 

*p < 0.05 vs. VE, #p < 0.05 vs. EDs.  654 
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 655 

Supplementary Figure 1. Pregnant mice at gestation day (GD) 5.5 were sacrificed 48 h after 656 

injection. Implantation sites in uteri were detected by administration of Chicago Sky Blue 5 min 657 

before sacrifice. All implantation sites in the control group were detected as distinct blue bands. 658 

Images are representative of implanted blastocysts in uteri. The implantation sites in the uterus are 659 

indicated by the arrow. N = 3 mice per group.   660 
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Supplementary Figure 2. Mice were sacrificed at GD 4.5 (24 h after final injection) to collect 662 

uterus tissues and at GD 5.5 (48 h after final injection) to collect implantation sites. Protein 663 

expression of calcium transporter channel genes in uterus and implantation sites were assessed. 664 

Expressions of TRPV5, TRPV6, PMCA1, and NCX1 proteins were investigated by western 665 

blotting and results were normalized to ß-actin. Histograms show quantification of blots. In uterus, 666 

(a and b) protein levels of TRPV5 and TRPV6 were markedly high in all groups. (c) There were 667 

no changes in PMCA1 expression. (d) Protein levels of NCX1 were significantly increased by E2 668 

and OP+ICI treatment. In implantation sites, (e and f) TRPV5 and TRPV6 protein levels were 669 

significantly decreased by OP treatment. (g and h) PMCA1 and NCX1 protein levels were 670 

decreased but not significantly. N = 5 mice per group for uterus, N = 3 mice per group for 671 

implantation sites. Statistical significance was determined by one-way ANOVA with the 672 

Bonferroni correction test. *p < 0.05 vs. VE, #p < 0.05 vs. EDs. 673 
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