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Abstract

Methylmercury, a potent neurotoxin, is able to pass through the placenta, but its effects on the 

placenta itself have not been elucidated. Using an immortalized human trophoblast cell line, 

HTR8/SV-neo, we assessed the in vitro toxicity of methylmercury. We found that 1 μg/mL 

methylmercury decreased viability, proliferation, and migration; and it had effects on antioxidant 

genes similar to those seen in neural cells. However, methylmercury led to decreased expression of 

superoxide dismutase 1 and increased expression of surfactant protein D. HTR cells treated 0.01 or 

0.1 μg/mL methylmercury had increased migration rates along with decreased expression of an 

adhesion gene, cadherin 3, suggesting that low doses of methylmercury promote migration in HTR 

cells. Our results indicate that trophoblast cells react differently to methylmercury relative to 

neural cell lines, and thus investigation of methylmercury toxicity in placental cells is needed to 

understand the effects of this heavy metal on the placenta.
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1. Introduction

Methylmercury (MeHg) is an organometallic compound that enters the environment through 

a number of sources, both natural (i.e. volcanic eruption) and anthropogenic (i.e. combustion 

of fossil fuels). Human exposure generally comes from consumption of high trophic level 

seafood that has accumulated high levels of MeHg [1]. In the gastrointestinal tract, 95% of 

MeHg is absorbed and distributed throughout the body by the blood [2]. The brain and the 

kidney are the primary target organs of MeHg [3], and much of the published literature is 

devoted to the effects of MeHg on the central nervous system (CNS). The ability of MeHg to 

form a complex with L-cysteine allows it to utilize neutral amino acid carriers to cross the 

blood-brain barrier as well as the placenta [4–8]. It has been well established that MeHg is 
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especially toxic to the developing fetus, resulting in complications such as spontaneous 

abortions, stillbirths, physical malformations, motor impairment, cognitive delay, and 

behavioral abnormalities [9–14]. Thus, women that consume higher levels of MeHg may be 

at risk for pregnancy complications due to fetal toxicity. A study using data from the 

National Health and Nutritional Examination Survey (NHANES) from 2011–2012 showed 

that Asian women of reproductive age and women that consume 2 or more fish meals per 

week tend to have higher blood concentrations of MeHg than other subpopulations [15]. 3.4 

μg/L is presumed to be the lower limit of maternal blood MeHg that is associated with 

accumulation in the fetus [16], and 23% of Asian-American women of reproductive age had 

MeHg levels higher than 3.5 μg/L according to the NHANES study [15]. Reference doses 

(RfD) using developmental neurotoxicity as an endpoint for MeHg exposure vary from 0.1 

μg/kg/d to 0.2 μg/kg/d, while RfD based on adult exposures are around 0.5 μg/kg/d [17]. 

These RfD were determined using epidemiological studies from widespread poisoning 

events in Japan [18] and Iraq [19], as well as long-term studies in Pacific Island populations 

(Seychelles: [20], Faroe Islands: [21], New Zealand: [22,23]). While much work has been 

done to examine the effects of MeHg on the fetus and on the CNS, very little work has 

examined the direct action of MeHg on the placenta. MeHg has been directly measured in 

human placental tissue [24–26], and in vitro studies have shown that trophoblast cells take 

up MeHg through neutral amino acid carriers [5,7,8]. MeHg is a potent cytotoxin that could 

potentially interfere with placental integrity and function in addition to causing damage to 

the developing fetus. Therefore, understanding how MeHg affects the placenta itself is an 

important factor in predicting how MeHg exposure may affect pregnancy. Using an in vitro 
model, we assessed how MeHg affects an immortalized first trimester human trophoblast 

cell line, the HTR8/SV-neo cells. This cell line was chosen because it contains normal 

trophoblast cells rather than placental choriocarcinoma cells. We predicted this cell 

population would show significant sensitivity to MeHg, and we measured this sensitivity 

using assays for viability, proliferation, migration, and mRNA and protein expression.

2. Materials and Methods

2.1 Cell culture and MeHg treatment

HTR8/SV-neo cells were obtained from Dr. Richard Leach [27] and underwent short tandem 

repeat (STR) profiling at ATCC to authenticate their identity as trophoblast cells. While a 

recent publication [28] reported that HTR8/SV-neo cells are a mixed population of cells 

consisting of primarily stromal cells and some trophoblast cells, this group did not perform 

any type of DNA fingerprinting to verify the identity of their line. The HTR cells were 

cultured in RPMI 1640 (University of Illinois Cell Media Facility) containing 5% Fetal 

Bovine Serum (S11150, Atlanta Biologicals, Atlanta, GA), 1% Penicillin/Streptomycin 

(30-002-CL, Corning Inc., Corning, NY) at 37°C, 5% CO2. Cells were removed from 

culture dishes when necessary by incubation with 0.05% Trypsin (25-025-CL, Corning Inc., 

Corning, NY) at 37°C for 7 minutes, neutralization with RPMI 1640, and centrifugation at 

63 x g for 5 minutes. Methylmercury chloride in water (33553, Alfa Aesar, Haverhill, MA) 

was diluted from a stock concentration of 1000 μg/mL to desired concentrations in RPMI 

1640 using serial dilutions of 1:10. The final experimental concentrations were 0.01, 0.1, 

and 1 μg/mL MeHg. MeHg-treated medium was added directly to the HTR cells, and cells 
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receiving 0 μg/mL MeHg (i.e., only culture medium) were used as the control treatment for 

all experiments. All assays were repeated in three biological replicates (i.e., independently 

thawed cell populations assayed on separate days, hereafter referred to as ‘replicates’) with 

two technical replicates (i.e., two wells per treatment, hereafter referred to as ‘duplicates’) 

each unless otherwise specified [29].

2.2 Median lethal dose (LC50)

HTR cells were treated in 12-well culture plates (TP92012, MidSci, St. Louis, MO) with 

serial dilutions of MeHg between 0 and 5 μg/mL for 24 hours. Cells were stained with 

Trypan blue (0.4%, T8154-100ML, Sigma Aldrich, St. Louis, MO), which preferentially 

stains dead cells [30]. A hemocytometer was used to count the total number of cells as well 

as the number of dead cells.

2.3 Proliferation assay

HTR cells in 6-well culture plates (TP92006, MidSci, St. Louis, MO) were treated with 0, 

0.01, 0.1 and 1 μg/mL MeHg. The cells were harvested by trypsinization and centrifugation 

as described above prior to counting with a hemocytometer at 0, 24, 48, and 72 hours.

2.4 Migration assays

Short-term migratory ability was assessed using a gap closure migration assay kit 

(CBA-125, Cell Biolabs, Inc., San Diego, CA). HTR cells were grown to confluency in a 6-

well culture plate that had been pretreated with a hydrogel circle in the middle of each well. 

This hydrogel prevented cells from growing in the center of the wells. The hydrogel was 

then removed, allowing cells to migrate into the remaining open area of the circle. Cells 

were then immediately treated with 0, 0.01, 0.1, and 1 μg/mL MeHg, and images of the 

circle were taken at 0, 1, 3, 6, 9, and 12 hours. The area of the circle was measured using 

ImageJ (Version 1.5, National Institutes of Health, Bethesda, MD) [31].

Long-term migratory ability was assessed using the scratch migration assay. HTR cells in 6-

well culture plates were grown to confluency and a pipette tip was used to make a scratch 

through the middle of the culture well. The scratched area was gently washed with RPMI 

1640 before the cells were treated with 0, 0.01, 0.1, and 1 μg/mL MeHg. This experiment 

was repeated with a total of 4 replicates with 2 duplicates each. Images of the scratched area 

were taken every 12 hours for 48 hours and the area of the scratch was measured using 

ImageJ.

2.5 RNA isolation, cDNA synthesis, and RT-PCR

To determine oxidative stress-related genes that were most likely to be affected by MeHg, 

we assessed gene expression using the TaqMan Human Antioxidant Mechanisms Array 

Plate (4414119, ThermoFisher Scientific, Waltham, MA). HTR cells in 75 cm2 vented flasks 

(TP90075, MidSci, St. Louis, MO) were treated with either 0 or 1 μg/mL MeHg for 24 hours 

and RNA was isolated using TRIzol (15596062, Invitrogen, Carlsbad, CA) [32]. The 

resulting RNA was reverse-transcribed into cDNA using the Maxima First-Strand cDNA 

Synthesis Kit (K1671, ThermoFisher Scientific, Waltham, MA). TaqMan Universal Master 

Mix (4304437, ThermoFisher Scientific, Waltham, MA) and cDNA were added to the array 
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plate, which contained the necessary primers and probes at the bottom of the wells. Standard 

conditions [33] were used for RT-PCR (Quant Studio 7 Flex Real-Time PCR System, 

Applied Biosystems, Foster City, CA). 12 housekeeping genes were included on the plate, 

and hmbs, pgk1, and ppia were chosen to calculate relative gene expression as described in 

Gong et al. [34]. Three replicates were completed without duplicates for this assay because 

the array plate was designed by the manufacturer to contain only one well/gene.

Further RT-PCR analysis was carried out to assess changes in two genes associated with cell 

migration and adhesion: catenin beta 1 (ctnnb1, primer/probe: Hs00355045_m1, 

ThermoFisher Scientific, Waltham, MA) and cadherin 3 (cdh3, primer/probe: 

Hs00999915_m1, ThermoFisher Scientific, Waltham, MA). Expression of superoxide 

dismutase 1 (sod1, primer/probe: Hs00533490_m1, ThermoFisher Scientific) and surfactant 

protein D (sftpd, primer/probe: Hs01108490_m1, ThermoFisher Scientific, Waltham, MA) 

at all three experimental doses was also assessed. 18s ribosomal RNA (18s, 4333760T, 

ThermoFisher Scientific, Waltham, MA) and glyceraldehyde 3-phosphatase dehydrogenase 

(gapdh, 4333764T, ThermoFisher Scientific, Waltham, MA) were used as housekeeping 

genes. For these assays, HTR cells in 25 cm2 vented flasks (TP90025, MidSci, St. Louis, 

MO) were treated with 0, 0.01, 0.1, or 1 μg/mL MeHg for 24 hours. RNA isolation, cDNA 

synthesis, and RT-PCR was carried out as described above.

2.6 Protein isolation and western blotting

Levels of superoxide dismutase 1 (SOD1) protein and surfactant protein D (SFTPD) in 

MeHg-treated cells were quantified through Western blot. HTR cells that had been treated 

with 0, 0.01, 0.1, and 1 μg/mL MeHg were washed with cold 1X PBS (21-040-CV, 

Mediatech Inc., Manassas, VA) and lysed with ice-cold NP-40 lysis buffer containing a 

protease inhibitor cocktail (04693159001, Roche, Basel, Switzerland) through repeated 

pipetting. The cell lysate was agitated at 4°C for 30 minutes and then centrifuged at 12,000 x 
g for 20 minutes. The protein concentration of the resulting supernatant was determined 

using a commercially available BCA assay kit (23225, ThermoFisher Scientific, Waltham, 

MA).

Proteins were resolved on a 10% polyacrylamide gel (4561036, BioRad, Hercules, CA) and 

transferred to a polyvinylidene difluoride (PVDF) membrane. Transfer was confirmed with 

Ponceau S (P7170-1L, Sigma-Aldrich, St. Louis, MO). Membranes were blocked in 5% 

bovine serum albumin (BSA) in PBS overnight at 4°C prior to incubation with primary 

antibody at a concentration of 1:1000 (SOD1: PA5-27240, ThermoFisher Scientific, 

Waltham, MA; SFTPD: ab97849, Abcam, Cambridge, UK; Beta-Actin [loading control]: 

A5060, Sigma-Aldrich, St. Louis, MO) overnight at 4°C. The membranes were washed with 

PBS before incubation with secondary antibody (Anti-rabbit IgG, HRP-linked, #7074, Cell 

Signaling Technology, Danvers, MA) at a concentration of 1:5000 for one hour at room 

temperature. Detection of protein bands was accomplished using the SuperSignal West Pico 

PLUS Chemiluminescent Substrate (34580, ThermoFisher Scientific, Waltham, MA) and 

membranes were digitized on an ImageQuant 4000 (GE Healthcare Life Sciences, 

Marlborough, MA) using the automatic exposure setting. The background for each lane was 

corrected individually using the baseline subtraction method [35], and the relative densities 
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of loading controls and protein of interest (POI) bands were calculated using ImageJ. The 

relative densities of POI bands were adjusted by the relative density of the loading control 

band from the same lane.

2.7 Statistical analyses

Nested ANOVA was used to verify that there were no significant differences between 

biological replicates for each assay. To determine the LC50, the number of live cells was 

divided by the number of total cells to yield a percent viability at each dose. The median 

lethal dose was interpolated using a linear regression model. For both the proliferation assay 

(total cell number) and the migration assay (percent circle or scratch coverage), values from 

the MeHg groups were compared directly to the control group using ANOVA and Tukey-

Kramer’s post-hoc test. RT-PCR results for both the oxidative stress gene array and the 

additional RT-PCR assays were analyzed using the ΔΔCt method [33], followed by one-way 

ANOVA and Tukey’s post-hoc test. Western blot results were analyzed by one-way ANOVA 

and Tukey’s post-hoc test. All results are presented as the mean ± the standard error of the 

mean (S.E.M.) unless otherwise specified.

3. Results

The median lethal dose at 24 hours was calculated to be 1.69 ± 0.12 μg/mL (Figure 1). 

Survival was not affected by doses of MeHg lower than 0.43 μg/mL at 24 hours. Doses 

higher than 3 μg/mL resulted in complete mortality.

For the proliferation assay, the number of cells was significantly decreased in the 1 μg/mL 

group when compared to the 0 μg/mL group at 24, 48, and 72 hours (p<0.001 at 24 and 48 

hours, p<0.01 at 72 hours, Figure 2). Proliferation in the 0.01 and 0.1 μg/mL groups was not 

significantly affected.

For both the short-term and long-term migration assays, 0.01 and 0.1 μg/mL MeHg showed 

stimulatory effects on migration while the 1 μg/mL dose was inhibitory when compared to 

the control group (Figure 3). The 1 μg/mL dose had more prominent effects on migration 

over a longer period, as the scratch coverage at this dose differed significantly from all other 

doses (p<0.001, Figure 3B). On the shorter time scale, only 1 μg/mL and 0.01 μg/mL were 

significantly different from each other (Figure 3A). For both assays, the interaction effect 

between time and dose was not significant (p=0.36 and p=0.85 for the short- and long-term 

assays, respectively). Coverage of the circle or the scratch within a dose were significantly 

different between each time-point in the long-term assay (p<0.01 between 36 and 48 hours, 

p<0.0001 for all other time-points), and only between hours 1–3 and 6–9 for the short-term 

assay (p<0.05 for both time-points).

Out of the 85 genes tested in the antioxidant mechanisms array, 59 oxidative stress-related 

genes were consistently expressed in HTR cells (Table 1). 10 genes were significantly down-

regulated (Superoxide dismutase 1 [sod1] and serine/threonine kinase 25 [stk25] p<0.0001; 

thioredoxin reductase 1 [txnrd1], superoxide dismutase 2 [sod2], thioredoxin reductase 2 

[txnrd2], and sirtuin 2 [sirt2] p<0.001; selenoprotin P [sepp1], serine/threonine kinase 2 

[sgk2], and sulfiredoxin 1 [srxn1] p<0.01; glutathione peroxidase 1 [gpx1] p<0.05, Figure 
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4). 9 genes were significantly up-regulated (peroxiredoxin 3 [prdx3], chemokine ligand 5 

[ccl5], scavenger receptor class A 3 [scara3], alternative oxidase 1 [aox1], epoxide hydrolase 

2 [ephx2], cytochrome b-245 alpha chain [cyba], selenoprotein S [sels], peroxiredoxin 4 

[prdx4], and surfactant protein D [sftpd] p<0.05, Figure 4).

Superoxide dismutase 1 (SOD1) expression was also examined at lower doses of MeHg. 

mRNA expression of sod1 decreased upon treatment with all three doses of MeHg, but the 

decrease relative to the control group was not significant (Figure 5A). Protein levels of 

SOD1 also decreased in a dose-dependent manner with MeHg treatment (Figure 5B and 

5C). The highest dose of 1 μg/mL MeHg caused a significant decrease in SOD1 protein 

levels (p<0.05).

Expression of surfactant protein D (sftpd) mRNA decreased slightly when cells were treated 

with 0.01 μg/mL MeHg (p<0.05, Figure 6). 1 μg/mL MeHg induced a dramatic increase in 

sftpd relative to the control group (p<0.0001). Intracellular protein levels of SFTPD were 

undetectable by western blot, most likely because it is a secreted protein.

Cadherin 3 (cdh3) mRNA expression decreased when cells were exposed to 0.01 and 0.1 

μg/mL MeHg, though only the cells treated with 0.01 μg/mL showed a statistically 

significant difference relative to the control (p<0.0001, Figure 7). Beta-catenin (ctnnb1) 

decreased in a dose-dependent manner, with 0.1 and 1 μg/mL MeHg causing significant 

decreases in expression (p<0.05, Figure 7).

4. Discussion

MeHg has variable effects on HTR8/SV-neo cells depending on the dose of MeHg used. We 

found that the LC50 of MeHg in trophoblast cells at 24 hours was 1.69 ± 0.12 μg/mL, and a 

dose of 1 μg/mL MeHg inhibits both proliferation and migration while also exhibiting a 

range of effects on oxidative stress genes, including significant decreases in expression of 

SOD1 at the mRNA and protein levels. High doses of MeHg also dramatically increased 

sftpd expression. We also found that lower doses of 0.01 and 0.1 μg/mL MeHg had 

stimulatory effects on HTR cell migration, evidenced by increased wound healing rates and 

altered expression of two migration related genes, cdh3 and ctnnb1.

Though we were not able to measure the concentrations of MeHg taken up by HTR cells 

from the cell culture medium, our experimental concentrations of 0, 0.01, and 1 μg/mL 

MeHg correspond to roughly 2.9, 29, and 290 times the lower limit of MeHg in maternal 

blood that is associated with accumulation in the fetus (3.5 μg/mL) according to the 

NHANES study [15]. A study by Straka et al. [7] determined the physiological amount of 

MeHg in human trophoblast cells isolated from placentae of healthy pregnancies to be 

between 3–4 ng Hg/μg of protein, and this amount also corresponded with in vitro exposure 

of about 6 μg/L MeHg in cell culture medium. Our experimental doses correspond to 1.7, 

17, and 170 times this concentration, suggesting that our doses likely represent elevated 

MeHg levels for placental cells. In BeWo cells, MeHg uptake occurred in a dose-dependent 

manner via large neutral amino acid transporters (LAT1 and LAT2) when MeHg was bound 

with L-cysteine, and MeHg transport reached a steady state far later than endogenous amino 
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acid transport [7,8]. Further study of the kinetics of MeHg into HTR cells could improve our 

understanding of how relevant MeHg concentrations affect this cell line in comparison to 

other cell lines, such as BeWo.

Our results indicate that HTR cells are able to tolerate MeHg exposure at very low 

concentrations. We observe a lowest observable mortality dose (LOMD) of 0.43 μg/mL at 24 

hours, which corresponds to roughly 71 times the physiological level of MeHg in human 

trophoblast cells [7]. Using rat cerebellar granular cells, Castoldi et al. [36] found that the 

LOMD after 24 hours was about 0.22 μg/mL MeHg and significant cell death occurred at 

concentrations higher than 1.08 μg/mL. Microglia cells had a viability of 78% when treated 

with 1 μg/mL MeHg for 24 hours and survival dropped off sharply at concentrations above 3 

μg/mL [37]. Based on our results, the viability of HTR cells exposed to MeHg appears to be 

intermediate between the two neural cell lines. BeWo cells showed a 30% reduction in cell 

number when treated with 0.65 μg/mL MeHg for 24 hours [7], but we did not see similar 

effects until concentrations reached 1 μg/mL MeHg. The HTR cell line could potentially be 

more robust to MeHg than the BeWo cell line, though further study would be needed to 

confirm this hypothesis. Since we wanted to observe the cytotoxic effects of MeHg on HTR 

cells at a subapoptotic dose, we chose our experimental doses of 0.01, 0.1, and 1 μg/mL 

based on this goal and the results of our LC50 assay. We expected that our highest dose of 1 

μg/mL MeHg would cause about 30% cell death after 24 hours, leaving approximately 70% 

of the total cells for cytotoxicity analysis. The inhibition of proliferation and migration that 

we observed at 1 μg/mL MeHg was likely enhanced by increased cell death at this dose, and 

this is supported by upregulation of bnip3, a pro-apoptotic gene, in our oxidative stress gene 

array. However, continued proliferation and migration of HTR cells treated with 1 μg/mL 

beyond 24 hours confirms that the rate of cell death was not enough to completely halt these 

processes.

The inhibition of proliferation after treatment with 1 μg/mL MeHg is consistent with 

literature from in vitro neural assays. Work with neural cells has shown that MeHg disrupts 

microtubule formation, leading to cell cycle arrest and accumulation in the G2/M phase at 

0.75 μg/mL MeHg [38]. Furthermore, doses of MeHg higher than 0.75 μg/mL directly 

suppress the activity of Cyclin E, an important regulator of cell division, in granule cells 

[39]. Results from our oxidative stress gene array also showed decreased expression of a cell 

cycle regulation gene, gft2i, after treatment with 1 μg/mL MeHg, supporting the notion that 

MeHg promotes cell cycle arrest.

MeHg had different effects on migration depending on the dose, though the dose-dependent 

effects differed from those of MeHg on neuronal migration. In cerebellar granule cells 

(CGCs), migration is inhibited by MeHg at concentrations higher than 0.2 μg/mL over the 

course of 3 days and concentrations higher than 0.1 μg/mL over the course of 7 days [40]. 

Neonatal cerebellar cells showed inhibition of migration over the course of 48–58 hours by a 

low concentration of 0.02 μg/mL MeHg [41]. Cytotoxicity of MeHg in neuronal cells is 

often attributed to calcium (Ca2+) dysregulation [42], and a decreased number of calcium 

spikes in CGCs has been associated with inhibited cell migration [43]. Furthermore, 

inhibition of migration by MeHg on CGCs can be reversed by compounds which increase 

internal Ca2+, such as caffeine, NMDA, Rp-CAMPS, 9CP-Ade, and IGF1 [43]. 
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Interestingly, our lower doses of MeHg (0.01 and 0.1 μg/mL) increased migration in HTR 

cells, with more drastic increases seen at longer time points (>12 hours). The migration 

assay results were supported by RT-PCR results. Cadherin 3 (cdh3) is a cell-adhesion gene, 

and it is down-regulated during cell migration and invasion [44]. We saw significant 

decreases in cdh3 expression at our lowest dose of MeHg, which was also the dose that 

promoted the highest rate of migration. Beta-catenin (ctnnb1) is a critical component of the 

Wnt signaling pathway, and is known to be a potent instigator of migration, especially in 

cancerous cells [45–47]. Overall, we saw decreases in this gene relative to control 

expression, though we saw more significant decreases in ctnnb1 expression at our two 

highest doses of MeHg, which had lower rates of migration. It is likely that other migration-

related genes are also important in allowing MeHg-treated HTR cells to migrate faster than 

control HTR cells. Placental cells must display a certain degree of plasticity to adapt to the 

maternal environment during pregnancy, especially in response to changes in pO2 which 

regulate trophoblast function and differentiation [48]. Early pregnancy presents a hypoxic 

environment, which often induces oxidative stress in the placenta [49]. It is possible that 

relative to neuronal cells, trophoblast cells are capable of a more robust response to 

intracellular ion changes as a result of oxidative stress due to the highly variable 

environmental conditions to which trophoblast cells must respond. Trophoblast cells could 

potentially respond to gradients in oxidative stress and intracellular ions to promote different 

phenotypes, such that a low level of oxidative stress might promote migration (i.e., in HTR 

cells treated with 0.01 and 0.1 μg/mL MeHg) while a higher level of oxidative stress induces 

cytotoxicity (i.e., HTR cells treated with 1 μg/mL MeHg). However, both increased and 

decreased migration of trophoblast cells could cause problems in pregnancy. Inhibited 

migration, as seen in HTR cells treated with 1 μg/mL MeHg, could interfere with 

trophoblast invasion or angiogenesis. Overexpression of a migratory phenotype could 

prevent trophoblast cells from fusing and differentiating.

It is unlikely that the differences in migration at our longer time points are due to differences 

in proliferation. A dose of 1 μg/mL MeHg clearly inhibits both proliferation and migration, 

and these effects occur quickly. While our lower doses of 0.01 and 0.1 μg/mL MeHg showed 

significant increases in migration after 12 hours, these doses did not promote significant 

increases in proliferation across the same amount of time. Thus, the effect of our low doses 

on migration is likely due primarily to actual effects on migration.

The oxidative stress gene array was conducted with our highest dose, 1 μg/mL MeHg, to 

detect patterns in oxidative stress-related gene expression as a result of MeHg treatment and 

to select those genes which were most affected by MeHg for further analysis. Oxidative 

stress is defined as an unbalance of reactive oxygen species (ROS) and antioxidant capacity, 

and it can arise from either an overabundance of ROS or an inhibition of antioxidant 

capacity. MeHg has the ability to both increase ROS and inhibit antioxidant mechanisms, 

making it a particularly potent toxin [50]. MeHg is a reactive electrophilic compound which 

often interacts with neutrophilic compounds, specifically those containing sulfhydryl groups 

and selenohydryl groups [50]. Cysteine and glutathione (GSH) are two important biological 

non-protein thiols that commonly form complexes with MeHg. This interaction is thought to 

be a primary driver of cellular damage, as both cysteine-MeHg complexes are able to mimic 

methionine for entry into the cell as well as into the mitochondria, and GSH bound to MeHg 
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is no longer available for use by the glutathione pathway to detoxify ROS in the cell [50]. 

Many antioxidant enzymes also contain residues that bind with MeHg, preventing them from 

engaging in antioxidant activity. This includes selenoproteins such as glutathione 

peroxidases (GPX) and selenoprotein S (SELS), and enzymes with cysteine residues such as 

the peroxiredoxins (PRDX) [51]. These enzymes are often upregulated in response to ROS 

in the cell, and inhibition of these enzymes by MeHg concurrently inhibits the reduction of 

ROS, which promotes further mRNA expression. While inhibiting antioxidant enzymes, 

MeHg also increases the levels of ROS in the cell by causing an increase in cytosolic and 

mitochondrial Ca2+, which in turn disrupts the mitochondrial electron transport chain 

(METC) and promotes the production of ROS through upregulation of nitric oxide synthase 

(NOS) [48].

The gene from the oxidative stress gene array that was most downregulated by 1 μg/mL 

MeHg were superoxide dismutase 1 (sod1). To assess the effect of lower doses of MeHg on 

expression of sod1, we conducted further RT-PCR assays and Western blots. The results 

from these assays supported the data from the oxidative stress gene array, as expression of 

sod1 mRNA as well as SOD1 protein decreased with MeHg treatment. SOD1 is a very 

important antioxidant enzyme, but its specific interactions with MeHg are not well 

understood. Some studies have shown that SOD proteins can be inhibited by hydrogen 

peroxide [52], so it is possible that an increase in intracellular hydrogen peroxide caused 

indirectly by MeHg may inhibit generation of SOD. It should be noted that mRNA levels of 

sod2 also decreased, though we did not conduct further analysis on this gene. Further 

investigation of the interactions between MeHg and SOD proteins is needed to elucidate the 

inhibition of this protein by MeHg. It is also possible that MeHg directly interacts with the 

active site of SOD1, but with this type of interaction it would also be expected that mRNA 

expression would increase to counteract disruption of SOD1 proteins [53].

The dramatic upregulation of sftpd in our oxidative stress array was a surprising result, and 

we carried out further RT-PCR and Western blot experiments to assess the effect of lower 

doses of MeHg on this protein. SFTPD is a C-type lectin that is highly expressed in the lung 

as well as in other epithelial tissues [54]. The placenta was identified as a site of minor 

SFTPD synthesis in humans [55], and Leth-Larson et al. [56] showed that SFTPD is 

expressed throughout the female reproductive tract as well as within the villous and 

extravillous trophoblast cells of the placenta. SFTPD is considered to be an important 

antimicrobial protein as it is able to recognize pathogens and promote an immune response 

[57]. It functions as an immunomodulator during pregnancy [58]. Most studies investigating 

SFTPD have focused on its role as an antimicrobial peptide, but our results suggest that it 

also responds to MeHg-induced injury. Treatment with 1 μg/mL MeHg caused significant 

increases in sftpd in both our oxidative stress gene array as well as our additional RT-PCR 

experiments. We were unable to detect SFTPD by Western blots of cell lysate, and this is 

potentially due to rapid secretion of the protein after synthesis in the cell. In the lung, 

SFTPD is secreted into the pulmonary airspace after synthesis in alveolar cells [59], so 

localization of SFTPD is also potentially extracellular in the placenta. To our knowledge, we 

provide the first evidence of SFTPD as a potential actor in responding to MeHg toxicity in 

the placenta. The role of this protein in relation to heavy metal toxicity in the placenta, as 

well as in other tissues, necessitates further investigation.
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The health of the placenta is critical to the health of the developing fetus. Much study of 

MeHg in the placenta has been related to trans-placental transport between the mother and 

the fetus [17]. Our results indicate that MeHg also has detrimental effects on the placenta 

itself. Oxidative stress and disruption of the cell cycle can interfere with normal function of 

the placenta, especially during the first trimester when it is growing and differentiating [60]. 

Further studies should continue to investigate how MeHg at a variety of doses interacts with 

the placenta at the tissue level, as well as how maternal characteristics affect placental 

toxicity.

5. Conclusions

The roles of MeHg as a neurotoxin and a developmental toxin have been well-characterized 

in the literature. It is known that MeHg is able to cross the placenta, but very little work has 

been done to examine how MeHg affects the placenta itself. Through our in vitro model, we 

demonstrate that first trimester human trophoblast cells exposed to 1 μg/mL MeHg are 

vulnerable to cell cycle disruption and oxidative stress similar to that seen in neural cell 

lines, and lower doses were able to increase migration. We also provide evidence that MeHg 

inhibits SOD1 in trophoblast cells, and that SFTPD is synthesized in these cells in response 

to MeHg. Based on our results, it is evident that the placenta is at risk to MeHg-induced 

injury.
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HIGHLIGHTS

• The effects of methylmercury on first trimester trophoblast cells are examined

• 1 μg/mL methylmercury inhibits proliferation and migration, and has many 

effects on antioxidant genes

• 0.01 μg/mL and 0.1 μg/mL promote proliferation and decrease expression of a 

cell adhesion gene

• Trophoblast cells display unique responses to methylmercury in relation to 

neural cell lines
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Figure 1. 
Results from LC50 assay. HTR8/SV-neo cells were treated with serial dilutions between 0 

μg/mL and 5 μg/mL for 24 hours (N=3 replicates x 2 duplicates). The percent of live cells 

are displayed relative to the dose of MeHg. The median lethal dose (LC50) was calculated to 

be 1.65±0.12 μg/mL MeHg. Viability was not affected at doses below 0.43 μg/mL MeHg, 

and at concentrations above 3 μg/mL, viability was 0%.
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Figure 2. 
Effect of MeHg on proliferation. HTR8/SV-neo cells were treated with 0, 0.01, 0.1, and 1 

μg/mL MeHg and the total number of cells was counted at 0, 24, 48, and 72 hours (N=3 

replicates x 2 duplicates). At 24, 48, and 72 hours, the number of cells in the 1 μg/mL MeHg 

treatment group was significantly less than the number of cells in the 0 μg/mL group (*** 

denotes p<0.001). Cell number was not affected by 0.01 or 0.1 μg/mL MeHg at any time 

point.
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Figure 3. 
Effect of MeHg on migration. For the short-term migration assay (A–B), the rate of circle 

closure after treatment with 0, 0.01, 0.1, or 1 μg/mL MeHg was measured at 0, 1, 3, 6, 9, and 

12 hours (N=3 replicates x 2 duplicates). Data is presented as the percent of the circular area 

covered at each time point (A). Migration of cells treated with 0.01 μg/mL and 1 μg/mL 

were significantly different (** p<0.01). Representative images of each treatment group at 0 

hours and 12 hours are provided in (B). For the long-term migration assay (C–D), the area of 

a scratch after treatment with 0, 0.01, 0.1, or 1 μg/mL MeHg was measured at 0, 12, 23, 36, 

and 48 hours (N=4 replicates x 2 duplicates). Scratch coverage over time (F) was 

significantly reduced for the 1 μg/mL MeHg group compared to all other treatments (*** 

denotes p<0.001), as shown in representative images of all treatment groups at 0 hours and 

24 hours (D).
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Figure 4. 
Effect of 1 μg/mL MeHg on selected oxidative stress genes. HTR8/SV-neo cells treated with 

0 or 1 μg/mL MeHg for 24 hours (N=3 replicates) before RT-PCR. Only genes showing 

significant (p<0.05) or almost significant (0.05<p<0.07) fold-changes in expression are 

shown. The complete data are presented in Table 1. Expression levels are shown for each 

gene relative to control expression, which is shown as a horizontal line at 2−ΔΔCt=1. 

Expression levels below the horizontal line indicate decreased expression upon treatment 

with 1 μg/mL MeHg while levels above the horizontal line indicate increased expression. 

Asterisks denote significance: * p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.
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Figure 5. 
Effect of MeHg on SOD1 expression. HTR8/SV-neo cells were treated with 0, 0.01, 0.1, or 1 

μg/mL MeHg for 24 hours (N=3 replicates x 2 duplicates). Expression of sod1 mRNA was 

quantified by RT-PCR (A). All three doses led to a decrease in sod1 expression relative to 

control expression (horizontal line), though none of the decreases were statistically 

significant. Western blot images for SOD1 and the loading control are shown in (B), and the 

associated quantification (C) revealed an overall dose-dependent decrease in SOD1 protein 

levels. 1 μg/mL MeHg treatment caused a significant decrease in SOD1 levels relative to 0 

μg/mL MeHg (* denotes p<0.05).
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Figure 6. 
Effect of MeHg on sftpd expression. HTR8/SV-neo cells were treated with 0, 0.01, 0.1, or 1 

μg/mL MeHg for 24 hours (N=3 replicates x 2 duplicates). Quantification of sftpd mRNA 

was carried out by RT-PCR. Relative to control expression (horizontal line), 0.01 μg/mL 

MeHg caused a slight decrease in sftpd expression (* denotes p<0.05) while 1 μg/mL MeHg 

caused a dramatic increase (**** denotes p<0.0001). Expression increased slightly with 0.1 

μg/mL MeHg, but it was not statistically significant.

Tucker and Nowak Page 21

Reprod Toxicol. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Effect of MeHg on migration-related genes. HTR8/SV-neo cells were treated with 0, 0.01, 

0.1, or 1 μg/mL MeHg for 24 hours (N=3 replicates x 2 duplicates). Quantification of cdh3 

and ctnnb1 by RT-PCR revealed decreased expression relative to control treatment 

(horizontal line). cdh3 was downregulated more by lower doses of MeHg, specifically 0.01 

μg/mL (**** denotes p<0.0001). MeHg decreased expression of ctnnb1 in a dose-dependent 

manner, with the decreases caused by 0.1 and 1 μg/mL being significant (* denotes p<0.05).
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