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ARTICLE INFO ABSTRACT

Edited by Dr. Yong Liang Mitochondria are energy factories of cells and important targets for methylmercury chloride (MgHgCl). Meth-
ylmercury (MeHg) is a well-known environmental toxicant that bioaccumulates in fish and shellfish. It readily

Keywords: crosses the placental barrier, making it a threat to correct fetal development. Despite being comprehensively

Human induced pluripotent stem cells investigated for years, this compound has not been assessed for its in vitro mitochondrial toxicity under different

Methylmercury chloride
Mitochondria
Oxygen concentration

oxygen conditions. In this study, human induced pluripotent stem cells (hiPSCs) were used to evaluate the
dependence of the expression of genes associated with pluripotency and mitochondria on atmospheric (21% O3)
and low (5% O2) oxygen concentrations upon MeHgCI treatment. We showed that the toxicity of MeHgCIl was
strongly related to an increased mtDNA copy number and downregulation of the expression of an mtDNA
replication and damage repair-associated gene POLGI (Mitochondrial Polymerase Gamma Catalytic Subunit) in
both tested oxygen conditions. In addition, the viability and mitochondrial membrane potential of hiPSCs were
significantly lowered by MeHgCl regardless of the oxygen concentration. However, reactive oxygen species
accumulation significantly increased only under atmospheric oxygen conditions; what was associated with
increased expression of TFAM (Transcription Factor A, Mitochondrial) and NRF1 (Nuclear Respiratory Factor 1) and
downregulation of PARK2 (Parkin RBR E3 Ubiquitin Protein Ligase). Taken together, our results demonstrated that
MeHgCl could induce in vitro toxicity in hiPSCs through altering mitochondria-associated genes in an oxygen
level-dependent manner. Thus, our work suggests that oxygen should be considered a factor was modulating the
in vitro toxicity of environmental pollutants. Typical atmospheric conditions of in vitro culture significantly lower
the predictive value of studies of such toxicity.

1. Introduction has been shown that these cells cannot properly defend themselves
against the toxic influence of high oxygen (Keeley and Mann, 2019).

The atmospheric concentration of oxygen represents a hyperoxic High oxygen concentrations can increase reactive oxygen species (ROS)
non-physiological condition to stem cells compared with their in vivo accumulation, which can damage lipids, proteins, and DNA (Busuttil
niche microenvironment. In the stem cell niche, the oxygen concentra- et al., 2003; Hansen et al., 2007), as well as altering metabolic turnover
tion is at the level of 2% O3 —8% Oo, limiting inherent oxygen toxicity. It and influencing stem cell differentiation via the loss of stemness and

Abbreviations: ATP, adenosine triphosphate; ATG13, Autophagy Related 13; DCF, dichlorofluorescein; DCFH-DA, 2,7’ Dichloro-dihydro-fluorescein diacetate;
ETC, Electron transport chain; hESCs, human embryonic stem cells; hESCs, NPs, human embryonic stem cells derived neuronal precursors; HIF1a, Hypoxia-inducible
factor 1; HIF2a, Hypoxia-inducible factor 2; HIF3a, Hypoxia-inducible factor 3; Hg, mercury; HUCB-NSCs, Human Umbilical Cord Blood Neural Stem Cells; hiPSCs,
human induced Pluripotent Stem Cell; ki67, Marker of proliferation Ki-67; MeHg, Methylmercury; MeHgCl, Methylmercury chloride; NANOG, Nanog Homeobox,
pluripotency marker; ND1, Mitochondrially Encoded NADH: Ubiquinone Oxidoreductase Core Subunit 1; ND5, Mitochondrially Encoded NADH: Ubiquinone
Oxidoreductase Core Subunit 5; NRF1, Nuclear Respiratory Factor 1, mitochondrial biogenesis marker; OCT3/4, Protein encoded by POUSF1 gene, pluripotency
marker; PARK2, Parkin RBR E3 Ubiquitin Protein Ligase, a marker of mitophagy; PINK, PTEN Induced Kinase 1; POLG1, Mitochondrial Polymerase Gamma Catalytic
Subunit, a marker of mtDNA replication and damage repair; POUSF1, POU Class 5 Homeobox 1, pluripotency marker; ROS, Reactive Oxygen Species; SERPINA 1,
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biogenesis marker; TWI, Tolerable Weekly Intake; Aym, Mitochondrial membrane potential.
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reduced proliferation (Mas-Bargues et al., 2019). When cells are
cultured at a low oxygen concentration, the activity of prolyl hydroxy-
lases is inhibited, and hypoxia-inducible factors (HIF’s), which regulate
the activity of many genes involved in different cellular functions, are
activated (Semenza et al., 1991; Wang et al., 1995; Maxwell et al., 1999;
Ivan et al., 2001; Jaakkola et al., 2001; Bell and Chandel, 2007; Pan-
chision, 2009; Silvan et al., 2009; Eliasson and Jonsson, 2010; Mas--
Bargues et al., 2019). One of the important functions of HIF-2q is direct
upstream regulation of Oct-4, Sox2, and Nanog, transcription factors
essential for maintaining pluripotency (Covello et al., 2006; Forristal
et al., 2010). Low oxygen concentration (2% Oy — 6% O») has been
shown to activate signaling pathways in multiple stem cell systems that
appear to regulate two important modulators of stemness: Oct4 and
Notch (Simon and Keith, 2008; Mohyeldin et al., 2010). Moreover, it
caused the downregulation of ROS accumulation and down-regulation
of DNA damage (Mas-Bargues et al., 2019).

Mercury occurs naturally in the earth’s crust. The extraction and
combustion of fossil fuels, mercury, and gold mining have largely
contributed to mercury pollution of the environment (Camacho-dela-
Cruz et al., 2021; Zhang et al., 2021; Dziok et al., 2021; Liu et al., 2021).
Methylmercury (MeHg) easily bioaccumulates in fish and shellfish
(Ursinyova al, 2019; Jinadasa et al., 2021; Médieu et al., 2022;
Blanchfield et al., 2022), but it can also be accumulated in plants (Qian
et al., 2021; Velasquez Ramirez et al., 2021). Mercury-containing pes-
ticides are an important source of plant contamination (Schneider,
2021). In order to reduce high global mercury emissions, the Minamata
Convention was introduced (Minamata Convention on Mercury: A
Contemporary Reminder, 2017). Maximum levels of mercury in food-
stuffs have been regulated (Regulation (EC) No. 1881/2006), and fish
meat followed by fish products are the main source of exposure to
methylmercury (EFSA, 2012). The established TWI (Tolerable Weekly
Intake) is 1.3 pg/kg b.w. expressed as mercury and women in pregnancy
are considered in the group of high and frequent consumers of fish
where TWI could be up till 6-fold (EFSA, 2012). Chronic exposure to
MeHg can induce disturbances of cognitive thinking, memory, attention,
language, and fine motor and visuospatial skills (Rice et al., 2014).
MeHg readily crosses the blood-brain and placental barriers and is
concentrated in umbilical cord blood (Grandjean et al., 2010; Ceccatelli
et al., 2013). Exposure to MeHg early in life is potentially associated
with brain damage at levels much lower than those affecting the mature
brain (Spurgeon, 2006; Stringari et al., 2008). MeHg has neuro-
developmental effects, causing the death of neurons by disrupting
microtubule assembly (Sager et al., 1983; Go et al., 2018; Pan et al.,
2022), as well as inducing oxidative stress, abnormalities in intracellular
calcium level, and interaction with sulfhydryl groups of proteins (Tamm
et al., 2006; Farina et al., 2011b;), which leads to modifications in the
structure and function of proteins (Castoldi et al., 2001). Many studies
have shown that an increase in ROS accumulation upon MeHg treatment
causing oxidative stress and disturbance in the antioxidant defense
system, which enhances the neurotoxicity of ROS (Carvalho et al., 2008;
Stringari et al., 2008; Farina et al., 2011a, 2011b; Antunes dos Santos
et al., 2016; Ferreira et al., 2018;). MeHg can change mitochondrial
membrane potential, perturb the electron transport chain (ETC), and
influence the production of adenosine triphosphate (ATP) by reacting
with proteins in the mitochondrial membrane (Wang et al., 2016a,
2016b). Other effects of the exposure of cells to MeHg are related to
oxidative damage of macromolecules, such as lipids and DNA (Joshi
et al., 2014). Mitochondrial dysfunction caused by MeHg can induce cell
death by apoptosis or necrosis (Farina et al., 2011a; Roos et al., 2012).
MeHg may contribute to alterations in the abundance of mitochondria,
mitochondrial DNA (mtDNA) integrity, and mtDNA copy number (Wang
et al., 2016a, 2016b). In cells exposed to MeHg, upregulation of the
expression of genes controlling mitochondrial biogenesis mediated by
ROS accumulation was observed, which increased the mtDNA copy
number (Wang et al., 2016b, 2016a).

Methylmercury chloride (MeHgCl) is the most commonly used
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source of methylmercury (MeHg) for in vitro culture. A high-throughput
embryonic stem cell test showed strong embryotoxicity of MeHgCl in
vitro (Peters et al., 2008); however, the role of oxygen in this mechanism
was not evaluated. MeHgCl caused abnormalities in the structural
development of the brain and noted the sensitivity of human embryonic
stem cells derived neuronal precursors (hESCs-NPs) to MeHgCl in a
manner dependent on the developmental stage (Stummann et al., 2009).
Similar sensitivity was noted in a human stem-cell-based in vitro model,
human umbilical cord blood neural stem cells (HUCB-NSCs) (Buzanska
etal., 2009; Zychowicz et al., 2014). However, in these previous studies,
attention was not paid to the role of oxygen in the in vitro prediction of
MeHgCl toxicity.

The above findings have suggested that oxygen should be considered
as a factor modifying toxicity when planning in vitro tests on environ-
mental toxicants since the typical atmospheric conditions of in vitro
culture significantly lower the predictive value of these studies. There-
fore, we decided to investigate the effect of oxygen levels on MeHgCl
toxicity in a human induced pluripotent stem cells (hiPSCs) in vitro
model. The main aim of this study was to assess the influence and un-
ravel the mode of action of oxygen levels on the in vitro mitochondrial
toxicity of MeHgCl in hiPSCs.

2. Materials and methods
2.1. hiPSCs culture and treatment with MeHgCl

hiPSCs (Gibco® Human Episomal iPSCs Line, Thermo Fisher Scien-
tific, Waltham, MA, USA) at the undifferentiated stage of development
were cultured in Essential 8 Medium (Thermo Fisher Scientific, Wal-
tham, MA, USA) on a six-well plate covered with rh-Vitronectin (Thermo
Fisher Scientific, Waltham, MA, USA) under two different oxygen con-
ditions: 5% and 21% O, concentrations, 5% CO, and 37 °C for more than
2 weeks before MeHgCl (Sigma-Aldrich(Merck SA), Darmstadt, Ger-
many) exposure. Then, the hiPSCs were seeded on Nunc 6- or 96- well
plates (Thermo Fisher Scientific, Waltham, MA, USA) covered with
Corning Matrigel Matrix (Corning Inc., Corning, NY, USA) in Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Thermo
Fisher Scientific, Waltham, MA, USA) solution at a ratio of 1:30. Next,
the hiPSCs cultured on Corning Matrigel Matrix under the different
oxygen conditions were treated with MeHgCl (Sigma-Aldrich(Merck
SA), Darmstadt, Germany) at a concentration from 0 to 1 pM for 5 days.
Concentrations of MeHgCl higher than 1 uM were cytotoxic to all hiPSCs
populations under both oxygen conditions, so they were not used in the
experiments.

2.2. Immunocytochemical staining

For immunostaining, hiPSCs were seeded in Nunc 24-well plates
contained gloves covered with rh-Vitronectin and cultured under at-
mospheric and low oxygen concentrations for 5 days before staining.
After fixing with 4% PFA for 5 min, hiPSCs were permeabilized with
0.1% Triton X-100 and blocked with 10% goat serum. The primary
antibodies (Table 1, Supplementary Material) were applied for the
overnight incubation at 4 °C. After washing with PBS, the following
secondary antibodies were used for 60 min at room temperature: goat
anti-mouse IgGl for HIFla and anti-mitochondrial goat anti-mouse
IgG2b for Oct-3/4, and goat anti-rabbit IgG (H+L) for HIF2a, HIF3a,
and Ki67. All secondary antibodies were conjugated to either Alexa
Fluor 546 or Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA,
USA) and used at a dilution of 1:1000. Cell nuclei were stained with 5
uM Hoechst 33258 (Sigma-Aldrich (Merck SA), Darmstadt, Germany)
for 15 min. After the final wash, the slides were mounted in Fluorescent
Mounting Medium (Dako) (Agilent, Santa Clara, CA, USA). As a control,
the first antibodies were omitted during immunocytochemical staining.
A confocal laser scanning microscope (LSM 780/Elyra PS.1; Zeiss,
Oberkochen, Germany) was used to obtain detailed images of the cells.
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Following image acquisition, the images were processed using ZEN 2012
SP5 software (Zeiss, Oberkochen, Germany). All microscopy images
were obtained at the Laboratory of Advanced Microscopy Techniques,
Mossakowski Medical Research Institute, Polish Academy of Sciences.

2.3. Alamar Blue cell viability assay

Cell viability was measured for hiPSCs grown under 21% or 5%
oxygen conditions after 5 days of incubation with various concentra-
tions (0-1 pM) of MeHgCl. hiPSCs were cultured in Essential 8 Medium
(Thermo Fisher Scientific, Waltham, MA, USA) on Corning Matrigel
Matrix (Corning Inc., Corning, NY, USA). Cell viability was determined
by the Alamar Blue viability assay (Sigma-Aldrich(Merck SA, Darmstadt,
Germany). Fluorescence was measured at wavelengths of 544-590 nm
(Labsystems, Philadelphia, PA, USA) after 3 h of incubation with Alamar
Blue (0.1 mg/ml;) diluted in culture medium (1:10). The final data are
presented as percentages of the untreated control.

2.4. ROS accumulation assay

The ROS accumulation was measured in hiPSCs grown in 21% O, or
5% O after 5 days of incubation with MeHgCl at various concentrations
(0 -1 pM). hiPSCs were cultured in Essential E8 Medium (Thermo Fisher
Scientific, Waltham, MA, USA) on Corning Matrigel Matrix (Corning
Inc., Corning, NY, USA). The 2',7" dichloro-dihydro-fluorescein diac-
etate (DCFH-DA; Sigma-Aldrich(Merck SA), Darmstadt, Germany) re-
agent at a concentration of 1 pM was added to the hiPSCs for 3 h. After
this period, the fluorescence of 2,7-dichlorofluorescein (DCF) was
measured at wavelengths of 485-538 nm by a plate reader (Labsystems,
Philadelphia, PA, USA). The final data are presented as percentages of
the untreated control.

2.5. Mitochondrial membrane potential assay

Mitochondrial membrane potential (Aym) was measured in hiPSCs
grown under 21% or 5% oxygen conditions after 5 days of incubation
with various concentrations (0-1 pM) of MeHgCl. hiPSCs were cultured
in Essential E8 Medium (Thermo Fisher Scientific, Waltham, MA, USA)
on Corning Matrigel Matrix (Corning Inc., Corning, NY, USA). Specif-
ically, this variable was determined using MitoTracker Red CMXRos
(Thermo Fisher Scientific, Waltham, MA, USA). The fluorescence in-
tensity was detected (544-590 nm) on a plate reader Fluoroskan Ascent
(Labsystems, Philadelphia, PA, USA). The level of Aym represented by
the intensity of red fluorescence was measured 4 h after the adminis-
tration of MitoTracker Red CMXRos (50 nM). The final data are pre-
sented as percentages of the untreated control.

2.6. gPCR

DNA was isolated from hiPSCs grown under 21% or 5% oxygen
conditions after 5 days of exposure to MeHgCl at concentration of 0.5
pM. Following the manufacturer’s protocol, DNA was isolated from
hiPSCs with ZR-Duet™ DNA/RNA Mini-Prep Kit (Zymo Research,
Irvine, CA, USA). The quantity of DNA was determined using a Nano-
Drop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). qPCR was performed with 10 ng of DNA template in a re-
action mixture of 25 pl containing 12.5 pl of iTaq™ Universal SYBR®
Green Supermix (Bio-Rad, Hercules, CA, USA), 0.25 pM each primer,
and LightCycler 96 (Roche Molecular Systems, Inc., Pleasanton, CA,
USA). qPCR reactions were subjected to a hot start at 95 °C for 3 min,
followed by 45 cycles of denaturation at 95 °C for 10 s, annealing at
60 °C for 30 s, and extension at 72 °C for 30 s. The ratio of mtDNA to
nuclear DNA was calculated for two pairs of genes: MT-ND5 with SER-
PINA1 and MT-ND1 with SLCO2B1. mtDNA copy number was calculated
as the average ratios of mtDNA copy numbers: MT-ND5/SERPINA1 and
MT-ND1/SLCO2B1. The sequences of the primers (Table 2,
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Supplementary Material) used for qPCR matched those used in our
earlier studies (Augustyniak et al., 2017a, 2017b, 2019a).

2.7. qRT-PCR

RNA was isolated from hiPSCs grown under conditions with an ox-
ygen concentration of 21% O or 5% O after 5 days of exposure to 0.5
pM MeHgCl. In accordance with the manufacturer’s protocol, total RNA
was isolated from cells using ZR-Duet™ DNA/RNA Mini-Prep Kit (Zymo
Research, Irvine, CA, USA). Clean-Up RNA Concentrator kit (A&A
Biotechnology, Gdynia, Poland) was used to eliminate genomic DNA
from the RNA samples. The concentration of RNA was determined using
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). ¢cDNA for qPCR was obtained by reverse-
transcription polymerase chain reaction (RT-PCR) with High-Capacity
RNA-to-cDNA™ Kit (Thermo Fisher Scientific, Waltham, MA, USA).
For gqRT-PCR, 10 ng of cDNA was loaded with 0.25 pM of forward and
reverse primers, and 12.5 pl of iTaq™ Universal SYBR® Green Supermix
(Bio-Rad, Hercules, CA, USA), LightCycler 96 (Roche Molecular Sys-
tems, Inc., Pleasanton, CA, USA) and the following steps were per-
formed: initial denaturation at 95 °C for 3 min, and then 45 cycles of
denaturation at 95 °C for 10 s and annealing/extension at 58 °C for 1
min. Validation of reference genes was performed in NormFinder soft-
ware (Andersen et al., 2004). EID2 was chosen as a housekeeping gene.
Analysis of relative gene expression results was determined using the
27(85C9 method (Livak and Schmittgen, 2001). The primer sequences
(Table 3, Supplementary Material) used to validate the reference genes
were from a previous study (Augustyniak et al., 2019b). The results were
presented as 1) expression of genes of interest in hiPSCs growth in 5% O,
relative to hiPSCs growth in 21%0, (Fig. 1) and 2) fold change (log2)
expression of genes of interest in hiPSCs treated with MeHgCl, relative to
the gene expression in hiPSC untreated with MeHgCl in 5% and 21% O
(Fig. 3).

2.8. Statistical analysis

The results (n=3) were analyzed with GraphPad Prism 5.0
(GraphPad Software Inc., San Diego, CA; USA) using the following sta-
tistical tests: 1) t-test or Mann-Whitney U test; 2) one-way ANOVA, post
hoc Tukey test, or Kruskal-Wallis test; or 3) two-way ANOVA, with
Bonferroni multiple comparison test. Figures present data as mean with
SD. The significance of the obtained results are presented as *p < 0.05,
**p < 0.01, and ***p < 0.001.

3. Results

3.1. Characterization of hiPSCs population cultured under 21% and 5%
oxygen conditions

hiPSCs cultured under conditions with oxygen concentrations of 21%
and 5% were tested for the expression and cellular localization of the
pluripotency markers OCT3/4, proliferation marker Ki67, hypoxia-
inducible factors (HIFla, HIF2a, and HIF3a), and mitochondrial
marker using confocal microscopy. In hiPSCs grown under both oxygen
conditions, pluripotency marker OCT3/4 was expressed, but it was
expressed more strongly under the low oxygen concentration. POU5F1
gene encodes a transcription factor containing a POU homeodomain
(OCT3/4) that plays a key role in embryonic development and stem cell
pluripotency was stronger expressed at low oxygen conditions. Upre-
gulation of POU5F1 and NANOG gene expression and upregulation of
OCT3/4 proteins was related to upregulation of the proliferation marker
ki67 in 5% of oxygen concentration. The protein encoded by NANOG is a
DNA binding homeobox transcription factor involved in embryonic stem
(ES) cell proliferation, renewal, and pluripotency. POU5F1 and NANOG
gene expression is critical for pluripotency maintenance. We also iden-
tified some differences between the oxygen concentration groups related
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Fig. 1. The effects of oxygen concen-
tration (21% O3, 5% O3) on expression
of genes of interest in hiPSCs growth in
5% O, relative to hiPSCs growth in 21%
O, and protein expression in hiPSCs
cultured in different oxygen conditions.
A. The impact of oxygen concentration
(21% O,, 5% 05) on the expression of
genes associated with pluripotency
(POU5F1, NANOG), mitochondrial
biogenesis (TFAM, NRF1; NRF1 is also
involved in antioxidant defense),
mitophagy (PARK2), and mtDNA repli-
cation and damage repair (POLGI) in
hiPSCs. Results are presented as mean
(+ SD). Brackets show statistically sig-
nificant differences between hiPSCs
cultured in 21% and 5% oxygen con-
centrations as determined by t-test or
Mann-Whitney U test (*p < 0.05,
**p < 0.01, ***p < 0.001). B. Analysis
of the shape of mitochondria in hiPSCs
in 21% and 5% oxygen. Scale bar
=20 um. C. Expression of OCT3/4,
HIFla, HIF2a, HIF3a, and ki67 in
hiPSCs at atmospheric (21%) and low
(5%) oxygen levels. Scale bar = 20 um.
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to the expression and cellular localization of HIF’s, as indicated in
Fig. 1C. At the low oxygen concentration, HIF2a and HIF3o were
expressed in the cytoplasm and at low levels in the nucleus, while under
atmospheric oxygen conditions, in the cytoplasm only. Meanwhile,
HIF1a was not expressed under either condition, which is typical for
cells cultured in low oxygen for more than 48 h. In hiPSCs cultured in
21% or 5% oxygen, numerous mitochondria were detected, but their
shape depended on the oxygen level (Fig. 1B). In the 21% oxygen group,
the mitochondria were elongated, while in the group with low oxygen,
more rounded mitochondria were detected.

The expression of key genes controlling pluripotency (POU5FI,
NANOG), and genes involved in mitochondrial biogenesis (NRFI,
TFAM), antioxidant response (NRFI1), mitophagy (PARK2), mtDNA
replication, and damage repair (POLG1) was tested using qRT-PCR in
hiPSCs cultured in 21% and 5% oxygen (Fig. 1A). In hiPSCs growth in
low oxygen, the pluripotency-related genes POU5F1 and NANOG were
upregulated (3.10 + 1.31 and 2.59 + 0.97 fold changes, respectively)
(both p < 0.01) compared with the levels in hiPSCs cultured in 21%
oxygen. In addition, in hiPSCs in 5% oxygen, the expression of the NRF1
associated with mitochondrial biogenesis and antioxidant defense was
downregulated (0.29 + 0.11 fold changes) (p < 0.001) compared with
that in hiPSCs cultured in 21% oxygen. The second gene related to
mitochondrial biogenesis TFAM exhibited increased expression in low
oxygen (2.87 +1.03 fold changes, p < 0.001). The most significant
upregulation in hiPSCs cultured in 5% oxygen was observed for the gene
POLG]1 involved in mtDNA replication and damage repair (9.55 + 3.79
fold changes, p < 0.001). Moreover, in hiPSCs grown in 5% oxygen, the
important mitophagy gene PARK2 was downregulated (0.71 £ 0.27 fold
changes, p < 0.05). Changes in the expression of the studied genes and
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proteins were accompanied by changes in the shape of the mitochondria
(Fig. 1B).

3.2. Cell viability

Human iPSC viability was tested after 5 days of exposure to MeHgCl
at concentrations of 0-1 pM. At both low oxygen and atmospheric ox-
ygen, we noted significant decreases in hiPSC viability. The strongest
decrease in viability was associated with MeHgCl at 1 pM in both oxygen
environments, compared with the untreated controls. In the atmo-
spheric oxygen environment, 13.55% ( + 4.29) of hiPSCs were viable,
while in 5% oxygen 12.64% ( £ 2.012) of them were. There was a sig-
nificant difference in viability between hiPSCs cultured in 21% and 5%
oxygen at a MeHgCl concentration of 0.5 pM (Fig. 2A).

3.3. Mitochondrial membrane potential

Mitochondrial membrane potential was tested after 5 days of hiPSC
treatment with MeHgCl at doses of 0-1 pM. We noted significant de-
creases of mitochondrial membrane potential for all tested concentra-
tions of MeHgCl in hiPSC culture in 21% oxygen. For hiPSCs cultured in
low oxygen, mitochondrial membrane potential was also decreased, but
the effect was not significant for all concentrations of MeHgCl. The
greatest decrease was observed for 1 pM. In atmospheric oxygen con-
centration, mitochondrial membrane potential for the concentration of
1 pM constituted 35.86% (£ 3.96) of untreated control, while in low
oxygen condition, 43.56% (+ 5.58) of untreated control. The changes in
mitochondrial membrane potential after MeHgCl treatment were inde-
pendent of the oxygen concentration (Fig. 2B).
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Fig. 2. The effect of oxygen concentration (21% O, 5% O) on hiPSCs after 5 days of exposure to MeHgCl (0.5 pM): A. Cell viability. B. Mitochondrial membrane
potential (Aym); C. ROS accumulation. D. The relative mtDNA copy number. Results are presented as mean (& SD). Brackets shows the statistical significance of
differences between treated and untreated hiPSCs (t-test, Mann-Whitney U test); and between hiPSCs treated with MeHgCl under different oxygen conditions (two-
way ANOVA, Bonferroni posttest): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.4. ROS accumulation

After 5 days of growth of hiPSCs under 21% or 5% oxygen and
treatment with MeHgCl, ROS accumulation was measured. In hiPSCs
cultured in a 21% oxygen environment, MeHgCl induced significant
upregulation of ROS accumulation compared with that in the untreated
hiPSC controls, while in 5% O, this increase was not significant. In
hiPSCs cultured in low oxygen, ROS accumulation was observed, but
their growth was not statistically significant. However, significant dif-
ferences in ROS accumulation were found between hiPSCs grown in 21%
and 5% oxygen upon treatment with 0.5 and 1 pyM MeHgCl. The increase
of ROS accumulation in hiPSCs exposed to MeHgCl (0.5 and 1 pM) in
21% oxygen was about 3-fold relative to the level in the untreated hiPSC
control (Fig. 2C).

3.5. Relative mtDNA copy number

Relative mtDNA copy number (Fig. 2D) was calculated as the aver-
ages of the MT-ND1/SLCO2BI1 ratio and MT-ND5/SERPINA1 ratio,
where MT-ND1 and MT-ND5 are encoded by the mitochondrial genome
while SLCO2B1 and SERPINA1 are encoded by the nuclear genome.
MeHgCl (0.5 pM) increased the mtDNA copy number in hiPSCs grown
under atmospheric oxygen conditions from 49.11 (+ 16.32) to 371.3
(£102.1) (p < 0.001), while in hiPSCs grown under low oxygen
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conditions it increased from 97.44 (4 21.31) to 308.3 (4 116.5)
(p < 0.01). We noted a significant difference in this variable between
hiPSCs grown under the two different oxygen concentrations (p < 0.01).

3.6. Expression of genes involved in the regulation of pluripotency,
mitochondrial biogenesis, mitophagy, mtDNA damage, and repair in
hiPSCs exposed to MeHgCI under different oxygen conditions

Fold change (log2) expression of genes controlling pluripotency
(POU5F1, NANOG), and genes involved in mitochondrial biogenesis
(NRF1, TFAM), antioxidant defense (NRF1), mitophagy (PARK2),
mtDNA replication, and damage repair (POLG1) in hiPSCs treated with
MeHgCl, relative to the gene expression in hiPSC untreated with MeHgCl
in 5% and 21% O, was shown in Fig. 3.

MeHgCl exposure resulted in the upregulation of POU5FI gene
expression in hiPSCs growth at 21% O, and 5% O, concentration. After
MeHgCl treatment, the POU5F1 expression was enhanced (2.02 + 0.26
fold changes) in hiPSC growth at 21% oxygen concentration and about
1.30 + 0.72 fold changes in hiPSC at 5% oxygen concentration. There
was also a significant difference in relative POU5F1 gene expression in
hiPSCs under 5% and 21% oxygen concentrations (p < 0.05) after
MeHgCl treatment. Compared with the level in the untreated control,
the level of NANOG expression was decreased (—2.27 + 0.19 fold
changes) in hiPSCs culture in 21% oxygen with exposure to MeHgCI. In
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Fig. 3. Relative gene expression (log2 fold change) of genes of interest in hiPSCs treated with MeHgCl, relative to hiPSC untreated with MeHgCl in 5% and 21% O».
hiPSCs were exposed to MeHgCl (0.5 pM) per 5 days. Results in brackets represent mean (& SD). The figure presents significant differences between: hiPSCs exposed
to MeHgCl (0.5 pM) in 21% and 5% oxygen (*p < 0.05, **p < 0.01, ***p < 0.001), as determined by two-way ANOVA, with Bonferroni multiple comparison test.

Log2 fold change of control= 0.
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hiPSCs cultured in 5% O3, downregulation of NANOG (—2.86 + 0.25
fold changes) was also observed. The significant difference in NANOG
expression in hiPSCs cultured in both compared oxygen environments
after MeHgCl exposure was improved (p < 0.001). NRF1 gene expres-
sion was stronger upregulated (1.15 + 0.49 fold changes) in hiPSCs
growth in 21% oxygen concentration. In addition, TFAM expression was
also upregulated in these oxygen concentrations (1.16 & 0.37 fold
changes). The NRF1 (p<0.01) and TFAM (p <0.001) expression level in
hiPSCs after MeHgCI treatment have differed between 21% and 5%
oxygen conditions. POLG1 expression was downregulated upon MeHgCl
treatment in 21% and 5% oxygen concentration (—2.24 + 1.06 and
—2.10 £ 0.61 fold changes, respectively). The difference in POLGI gene
expression between the compared oxygen environments was not sig-
nificant. Finally, the expression of the PARK2 gene was reduced (—4.90
+ 1.25 fold changes) by MeHgCl (0.5 pM) treatment stronger in hiPSCs
in 21% O, in compared to 5% Oo_ A significant difference in the PARK2
gene expression level was noted between hiPSCs cultured at 21% and
5% oxygen concentration after MeHgCl treatments (p < 0.001).

4. Discussion

In this study, we addressed whether the in vitro toxicity of MeHgCl on
hiPSCs differs between 21% and 5% Os concentrations and to what
extent changes in the expression of the main regulators of pluripotency
and mitochondria are involved in the mechanism of this toxicity. hiPSCs
were used as an ethical alternative to human embryonic stem cells
(hESCs) to test the embryotoxicity.

The presence of HIF’s in nucleus is required for their transcriptional
activity and their ability to regulate the dependent from them expression
of genes. We have demonstrated that, in low oxygen, HIF2a and HIF3a
were mainly localized in the cytoplasm even if their nuclear localization
was also detected. Their levels of expression in low oxygen were higher
than under atmospheric oxygen conditions for both subcellular locali-
zations. At the atmospheric oxygen concentration, HIF2a and HIF3x
were expressed in cytoplasm. Meanwhile, HIFla expression was not
detected in hiPSCs in either oxygen condition. We postulated that the
response to MeHgCl, under different oxygen conditions, may depend on
HIF’s and the results of our research support this hypothesis. Our data
and a theoretical model of HIFs’ influence on pluripotency-related and
mitochondrial genes in the control groups and upon MeHgCl treatment
are presented in Figs. 4 and 5 (Supplementary Material), respectively.

We think that upregulation of POU5F1, NANOG resulted from
upregulation of HIF-2« in cytoplasm and nucleus in low oxygen condi-
tions. HIF-2a is the direct upstream regulator essential for maintaining
pluripotency transcription factors Oct-4, Sox2, and Nanog (Covello
et al., 2006; Forristal et al., 2010). This is also why hypoxia increases
reprogramming efficiency and promotes an undifferentiated cell state in
iPSCs (Forristal et al., 2010). Under low oxygen conditions, we detected
the upregulation of pluripotency markers (POU5F1, NANOG) and the
main regulators of mitochondrial biogenesis (TFAM) and mtDNA repli-
cation/mtDNA repair (POLGI). hiPSCs cultured in 5% O, revealed
significantly lower NRF1 and PARK2 gene expression than those in 21%
O,, which may indicate diminished mitochondrial biogenesis and
mitophagy, respectively. Downregulation of these genes is associated
with a decreased level of ROS accumulation in cells cultured in low
oxygen (Mas-Bargues et al., 2019).

Contrary to the case in cells cultured in low oxygen, under atmo-
spheric conditions, upregulation of TFAM and downregulation of NRF1
can be explained by increased oxidative stress and a switch of meta-
bolism. We also observed changes in mitochondria, as the shape of the
mitochondria in 21% O, was elongated, suggesting a dependence on the
O, concentration of the fission-to-fusion ratio. In contrast, the more
rounded mitochondria in hiPSCs growing in low oxygen suggested
increased mitochondrial fission.

In our studies the ROS accumulation increased significantly in 21%
O, compared with that in 5%_ As widely used in in vitro toxicology tests,
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21% O represents a hyperoxic non-physiological condition, impairing
stem cell behavior by many mechanisms (Mas-Bargues et al., 2019).
Taking into account the important role of low oxygen for stem cells,
typical for their endogenous niche (Panchision, 2009; Silvan et al., 2009;
Eliasson and Jonsson, 2010), we assessed the effect of high oxygen levels
on hiPSC response to MeHgCl, paying particular attention to mito-
chondrial biogenesis, mtDNA repair, and mitophagy.

Since the toxicity of MeHgCl to hiPSCs was related to the increase of
mtDNA copy number in both oxygen conditions, to confirm the oxygen-
independent toxicity of MeHgCl, we focused primarily on examining the
mechanism responsible for the increased mtDNA copy number. Earlier
research performed by Lee and Wei (2005) showed that oxidative stress
increases mitochondrial abundance. In this study, MeHgCl toxicity was
associated with increased ROS accumulation only under 21% O, which
involved significant upregulation of NRFI and TFAM, and down-
regulation of PARK2 (Table 1). This means that the increased mtDNA
copy number in hiPSCs grown in 21% O, involved the production of new
mitochondria generated by mitochondrial biogenesis along with
damaged mitochondria not removed by mitophagy. In addition, in both
oxygen conditions, we identified strong downregulation of POLGI,
involved in mtDNA replication but also mtDNA damage repair after
MeHgCl treatment. The differences in POLGI expression after MeHgCl
exposure between hiPSCs grown under the different oxygen conditions
were insignificant. However, we detected approximately eightfold
higher POLG1 expression (Fig. 1A) in the hiPSCs control (cells untreated
with MeHgCl) population growth in low oxygen than in hiPSCs cultured
under atmospheric conditions. The expression of PARK2 in untreated
hiPSCs in 5% O, was significantly lower than that in hiPSCs grown in
21% Oz. Thus MeHgCl induced toxicity in hiPSCs through altering
mitochondrial function by suppressing POLG1 involved in mtDNA
damage repair and replication in both conditions. For this reason, we
suggest POLG1 as the main primary regulator of MeHgCl toxicity asso-
ciated with mitochondria.

Our research suggests that this may be an effect of significantly
increased ROS accumulation reported only in atmospheric oxygen
conditions. At the same time, there were transparent relationships be-
tween ROS accumulation and NRF1 and TFAM expression, although the
relationship between ROS accumulation and PARK2 gene expression
requires further research. In both oxygen conditions after exposure to
MeHgCl together with a decrease of hiPSC viability, we observed an
increase of mtDNA copy number. However in 21% O, we observed a
higher mtDNA copy number, which can be related to the increased
expression of genes involved in mitochondrial biogenesis such as NRF1
and TFAM and the down-regulation of PARK2. Thus the increased
mtDNA copy number occurring in a manner dependent on oxygen
concentration resulted from the PARK2 downregulation in 21% Os.
hiPSCs grown under 21% oxygen conditions will have “new” mito-
chondria and “old damaged” mitochondria not removed in the process
of mitophagy. In MeHg-treated BeWo cells, a reduction in mitophagy
(PINK and ATG13 genes down-regulation) has also been demonstrated

Table 1
Summary of the changes induced by MeHgCl (0.5 uM) in hiPSCs cultured under
atmospheric and low oxygen concentrations (p < 0.05).

Factors 21% 5% 5% Oz vs. 21%
0, [¢7} Oz
Viability l | 1
Mitochondrial membrane potential | ns ns
ROS accumulation T ns |
mtDNA copy number 1 1 |
Pluripotency-related gene POU5F1 1 1 1
expression NANOG l | |
Mitochondria-associated gene NRF1 T 1 |
expression TFAM 1 ns 1
POLG1 1 1 ns
PARK2 l 1 i

ns-not significant.
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(Ganapathy et al., 2022). An increase in mtDNA copy number was also
associated with a significant decrease of mitochondrial membrane po-
tential in hiPSCs treated with MeHgCl under atmospheric oxygen
conditions.

Meanwhile, in both conditions, the upregulation of POUS5F1
(encoding the OCT3/4 transcription factors) and downregulation of
NANOG was detected (Table 1). These genes are crucial for maintaining
pluripotency, which is responsible for hiPSC self-renewal and differen-
tiation potential. We did not observe disturbance in the morphology of
hiPSCs treated with MeHgCl in both oxygen conditions; however, we
think that strong suppression of one of the pluripotency markers,
NANOG, can have a major influence on the differentiation potency of
hiPSCs. It should be noted that hiPSCs obtain energy by glycolysis and
are not dependent on mitochondria in this regard; therefore, mito-
chondrial disturbance allows undifferentiated hiPSCs to grow. MeHgCl
does not preserve the self-renewal potential of hiPSCs but is likely to
impair their ability to differentiate (downregulation of NANOG).

The results obtained under low oxygen conditions (physiological
oxygen concentration) in the presence of MeHgCl can be a consequence
of the transcriptional activity of HIF2a and HIF3a. The relationship
between HIF2a and the expression of POU5F1 and NANOG is clear, but
other interactions are currently only speculative, so further study of
them should be performed. We noted that POLGI downregulation could
be regulated in an oxygen-independent manner. The mechanism behind
the regulation of POLG1 by MeHgCl may also differ between 21% and
5% O3 conditions. This mechanism can depend on HIF1la and HIF2« at
low oxygen levels, while it can depend on ROS accumulation in atmo-
spheric conditions. A diagram presenting the potential mechanism of
MeHgCl toxicity related to HIF’s activity in hiPSCs culture at a low ox-
ygen concentration is shown in Fig. 5 (Supplementary Material).

Our study showed that MeHgCl exposure led to reductions in
viability and mitochondrial membrane potential while increasing ROS
accumulation in a manner related to mtDNA copy number at a MeHgCl
dose of 0.5 pM. In both tested oxygen conditions, hiPSC viability,
mitochondrial membrane potential, and ROS accumulation were
decreased in a MeHgCl concentration-dependent manner. Mitochondrial
membrane potential was not significantly influenced in hiPSCs treated
with MeHgCl at 21% and 5% oxygen conditions. Differences between
atmospheric and low oxygen levels were noted for viability and ROS
accumulation in hiPSCs treated with MeHgCl, but not at all concentra-
tions. hiPSC viability was significantly lower, and ROS accumulation
was increased in 21% oxygen starting from the dose of 0.5 pM MeHgCl.
Meanwhile, at the low oxygen concentration, the increase in ROS
accumulation was not statistically significant. Moreover, ROS accumu-
lation at the atmospheric oxygen concentration showed a positive cor-
relation with the mtDNA copy number, which was increased in both
tested oxygen conditions (Table 1). Thus our data support the mode of
action of MeHgCl, identified as a toxicant affecting human development,
which is related to mitochondrial toxicity. Recently MeHg exposure was
associated to mitochondrial damage in the spinal cord of chicken em-
bryos disturbance of mitochondrial dynamics, and mitophagy (Ferreira
et al., 2018). In an in vitro model of hESC-derived neural progenitors,
low-dose methylmercury influenced mitochondrial biogenesis via
miR-25, inducing developmental neurotoxicity (Wang et al., 2016b). It
was also shown that MeHgCl induces ROS accumulation, leading to the
upregulation of mitochondrial biogenesis (Wang et al., 2016a). POLG1
regulates mtDNA synthesis, replication, and mtDNA repair (Copeland
and Longley, 2003).

Surprisingly, our results showed that an increase in mtDNA copy
number correlates with the down-regulation of expression of POLG1
gene, which is involved in mtDNA replication under both oxygen con-
ditions. However, Liang and colleagues (Liang et al., 2020) proved that
dysfunction of POLG1 gene in human undifferentiated iPSCs did not
affect mtDNA copy number level. Taking into account these results, we
can hypothesize that in humans undifferentiated iPSCs mtDNA replica-
tion may occur independently of the POLGI gene. Therefore, the
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decrease in POLG1 expression in iPS cells treated with MeHgCl did not
cause the decrease in mtDNA copy number. Another function of POLG1
is the rapid degradation of mtDNA fragments after double-strand breaks
(DSBs) in the mitochondrial DNA (Nissanka et al., 2018). We hypothe-
sized that this function of POLGI may be impaired and lead to the
accumulation of defective mitochondria in our study.

Taken together, our data and discussion above, we think that the
oxygen concentration play important role in response of hiPSCs to
MeHgCl treatment. In addition, the suppression of POLG1 is the main
mechanism behind the toxicity of MeHgCl independent from oxygen
level.

5. Conclusions

In this study, we observed significant differences between hiPSCs
grown in atmospheric and lowered oxygen levels and a significant in-
fluence of the environmental oxygen concentration on the mitochon-
drial toxicity of MeHgCl. We showed that atmospheric oxygen increases
the dose-dependent toxicity of methylmercury chloride by increasing
ROS accumulation and decreasing hiPSC viability. In response to the
increase in exogenous ROS, the expression of genes involved in mito-
chondrial biogenesis (NRF1, TFAM) and antioxidant defense (NRF1) was
upregulated, and the repair of mtDNA damage was strongly inhibited
(POLG1), as was the removal of damaged mitochondria by mitophagy
(PARK2). Under reduced oxygen conditions, the increases in the
expression of TFAM was not statistically significant. The increases in
ROS accumulation and mtDNA copy number in low oxygen conditions
after exposure of hiPSCs to MeHgCl were significantly lower than those
in hiPSCs grown in 21% oxygen. Under both oxygen conditions, MeHgCl
greatly influenced the expression of pluripotency-related genes by
inhibiting the expression of NANOG, in contrast to the findings for
POUS5FI1, which was up-regulated.

In summary, we showed the significant influence of oxygen condi-
tions on the response of hiPSCs to MeHgCl treatment. We can conclude
that oxygen conditions play an important role in the mechanism of
methylmercury chloride toxicity. hiPSCs provide an important and
ethical model for the testing of embryotoxicity in vitro as an alternative
to human embryonic stem cells (hESCs), particularly important in
countries where the use of hESCs is prohibited. However, the use of
hiPSCs in toxicity studies of environmental toxicants, such as MeHgCl
must take place at an oxygen biomimetic concentration that reflects the
embryonic environment. Otherwise, the oxidative stress caused by at-
mospheric oxygen will mask the actual in vitro mechanism of toxicity of
the analyzed environmental toxicants.

Funding

The work was funded by projects from the National Science Center:
PRELUDIUM 9 no. UMO-2015/17/N/NZ7/04096 (AJ) and supported by
Polish/Italy bilateral Canaletto PO16MOO03 project and Statutory Funds
to MMRI.

CRediT authorship contribution statement

J. Augustyniak: Conceptualization, Methodology, Formal analysis,
Investigation, Writing — original draft, Writing — review & editing,
Funding acquisition. G. Lipka: Investigation. H. Kozlowska: Formal
analysis, Investigation, Writing — review & editing. F. Caloni: Formal
analysis, Writing — review & editing. L. Buzanska: Conceptualization,
Formal analysis, Writing — review & editing, Supervision.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



J. Augustyniak et al.
Acknowledgments

Thank you, doctor Jacek Lenart for your help and valuable advice
during experiments.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2022.113737.

References

Andersen, C.L., Jensen, J.L., @rntoft, T.F., 2004. Normalization of real-time quantitative
reverse transcription-PCR data: a model-based variance estimation approach to
identify genes suited for normalization, applied to bladder and colon cancer data
sets. Cancer Res. 64, 5245-5250. https://doi.org/10.1158/0008-5472.CAN-04-
0496.

Antunes dos Santos, A., Appel Hort, M., Culbreth, M., Lopez-Granero, C., Farina, M.,
Rocha, J.B.T., Aschner, M., 2016. Methylmercury and brain development: a review
of recent literature. J. Trace Elem. Med. Biol. 38, 99-107. https://doi.org/10.1016/].
jtemb.2016.03.001.

Augustyniak, J., Lenart, J., Zychowicz, M., Lipka, G., Gaj, P., Kolanowska, M., Stepien, P.
P., Buzanska, L., 2017a. Sensitivity of hiPSC-derived neural stem cells (NSC) to
Pyrroloquinoline quinone depends on their developmental stage. Toxicol. Vitr. 45,
434-444. https://doi.org/10.1016/j.tiv.2017.05.017.

Augustyniak, J., Lenart, J., Zychowicz, M., Stepien, P.P., Buzanska, L., 2017b.
Mitochondrial biogenesis and neural differentiation of human iPSC is modulated by
idebenone in a developmental stage-dependent manner. Biogerontology 18,
665-677. https://doi.org/10.1007/s10522-017-9718-4.

Augustyniak, J., Lenart, J., Gaj, P., Kolanowska, M., Jazdzewski, K., Stepien, P.P.,
Buzanska, L., 2019a. Bezafibrate upregulates mitochondrial biogenesis and influence
neural differentiation of human-induced pluripotent stem cells. Mol. Neurobiol. 56,
4346-4363. https://doi.org/10.1007/512035-018-1368-2.

Augustyniak, J., Lenart, J., Lipka, G., Stepien, P.P., Buzanska, L., 2019b. Reference gene
validation via RT-qPCR for Human iPSC-derived neural stem cells and neural
progenitors. Mol. Neurobiol. 56, 6820-6832. https://doi.org/10.1007/512035-019-
1538-X.

Bell, E.L., Chandel, N.S., 2007. Genetics of mitochondrial electron transport chain in
regulating oxygen sensing. Methods Enzymol. 435, 447-461. https://doi.org/
10.1016/S0076-6879(07)35023-4.

Blanchfield, P.J., Rudd, J.W.M., Hrenchuk, L.E., Amyot, M., Babiarz, C.L., Beaty, K.G.,
Bodaly, R.A.D., Branfireun, B.A., Gilmour, C.C., Graydon, J.A., Hall, B.D., Harris, R.
C., Heyes, A., Hintelmann, H., Hurley, J.P., Kelly, C.A., Krabbenhoft, D.P.,
Lindberg, S.E., Mason, R.P., Paterson, M.J., Podemski, C.L., Sandilands, K.A.,
Southworth, G.R., St Louis, V.L., Tate, L.S., Tate, M.T., 2022. Experimental evidence
for recovery of mercury-contaminated fish populations. Nature 601, 74-78. https://
doi.org/10.1038/541586-021-04222-7.

Busuttil, R.A., Rubio, M., Dollé, M.E.T., Campisi, J., Vijg, J., 2003. Oxygen accelerates
the accumulation of mutations during the senescence and immortalization of murine
cells in culture. Aging Cell 2, 287-294. https://doi.org/10.1046/j.1474-
9728.2003.00066.x.

Buzanska, L., Sypecka, J., Nerini-Molteni, S., Compagnoni, A., Hogberg, H.T., del
Torchio, R., Domanska-Janik, K., Zimmer, J., Coecke, S., 2009. A human stem cell-
based model for identifying adverse effects of organic and inorganic chemicals on
the developing nervous system. Stem Cells 27, 2591-2601. https://doi.org/10.1002/
stem.179.

Camacho-delaCruz, A.A., Espinosa-Reyes, G., Rebolloso-Hernandez, C.A., Carrizales-
Yénez, L., llizaliturri-Hernandez, C.A., Reyes-Arreguin, L.E., Diaz-Barriga, F., 2021.
Holistic health risk assessment in an artisanal mercury mining region in Mexico.
Environ. Monit. Assess. 193, 541. https://doi.org/10.1007/5s10661-021-09312-7.

Carvalho, M.C., Nazari, E.M., Farina, M., Muller, Y.M.R., 2008. Behavioral,
morphological, and biochemical changes after in ovo exposure to methylmercury in
chicks. Toxicol. Sci. 106, 180-185. https://doi.org/10.1093/toxsci/kfn158.

Castoldi, A.F., Coccini, T., Ceccatelli, S., Manzo, L., 2001. Neurotoxicity and molecular
effects of methylmercury. In: Brain Research Bulletin. Elsevier, pp. 197-203. https://
doi.org/10.1016/50361-9230(01)00458-0.

Ceccatelli, S., Bose, R., Edoff, K., Onishchenko, N., Spulber, S., 2013. Long-lasting
neurotoxic effects of exposure to methylmercury during development. J. Intern.
Med. 273, 490-497. https://doi.org/10.1111/joim.12045.

Copeland, W.C., Longley, M.J., 2003. DNA polymerase gamma in mitochondrial DNA
replication and repair. Sci. World J. 3, 34-44. https://doi.org/10.1100/tsw.2003.09.

Covello, K.L., Kehler, J., Yu, H., Gordan, J.D., Arsham, A.M., Hu, C.J., Labosky, P.A.,
Simon, M.C., Keith, B., 2006. HIF-2u regulates Oct-4: effects of hypoxia on stem cell
function, embryonic development, and tumor growth. Genes Dev. 20, 557-570.
https://doi.org/10.1101/gad.1399906.

Dziok, T., Bury, M., Bytnar, K., Burmistrz, P., 2021. Possibility of using alternative fuels
in Polish power plants in the context of mercury emissions. Waste Manag. 126,
578-584. https://doi.org/10.1016/j.wasman.2021.03.053.

European Food Safety Authority; 2013. Annual Report of the EFSA Journal 2012. EFSA
Supporting Publication 2013; 10( 4): EN-418. 9 pp. doi:10.2903/sp.efsa.2013.EN-
418.

Ecotoxicology and Environmental Safety 241 (2022) 113737

Eliasson, P., Jonsson, J.I., 2010. The hematopoietic stem cell niche: low in oxygen but a
nice place to be. J. Cell. Physiol. 222, 17-22. https://doi.org/10.1002/jcp.21908.

Farina, M., Aschner, M., Rocha, J.B.T., 2011a. Oxidative stress in MeHg-induced
neurotoxicity. Toxicol. Appl. Pharmacol. 256, 405-417. https://doi.org/10.1016/j.
taap.2011.05.001.

Farina, M., Rocha, J.B.T., Aschner, M., 2011b. Mechanisms of methylmercury-induced
neurotoxicity: evidence from experimental studies. In: Life Sciences, 89. Elsevier
Inc., pp. 555-563. https://doi.org/10.1016/j.1fs.2011.05.019

Ferreira, F.F., Nazari, E.M., Miiller, Y.M.R., 2018. MeHg causes ultrastructural changes in
mitochondria and autophagy in the spinal cord cells of chicken embryo. J. Toxicol.
2018, 8460490 https://doi.org/10.1155/2018/8460490.

Forristal, C.E., Wright, K.L., Hanley, N.A., Oreffo, R.0.C., Houghton, F.D., 2010. Hypoxia
inducible factors regulate pluripotency and proliferation in human embryonic stem
cells cultured at reduced oxygen tensions. Reproduction 139, 85-97. https://doi.
org/10.1530/REP-09-0300.

Ganapathy, S., Farrell, E.R., Vaghela, S., Joshee, L., Ford 1V, E.G., Uchakina, O.,
McKallip, R.J., Barkin, J.L., Bridges, C.C., 2022. Transport and toxicity of
methylmercury-cysteine in cultured BeWo cells. Int. J. Mol. Sci. 23 (394) https://doi.
org/10.3390/ijms23010394.

Go, S., Kurita, H., Matsumoto, K., Hatano, M., Inden, M., Hozumi, L., 2018.
Methylmercury causes epigenetic suppression of the tyrosine hydroxylase gene in an
in vitro neuronal differentiation model. Biochem. Biophys. Res. Commun. 502,
435-441. https://doi.org/10.1016/j.bbrc.2018.05.162.

Grandjean, P., Satoh, H., Murata, K., Eto, K., 2010. Adverse effects of methylmercury:
environmental health research implications. Environ. Health Perspect. 118,
1137-1145. https://doi.org/10.1289/ehp.0901757.

Hansen, J.M., Klass, M., Harris, C., Csete, M., 2007. A reducing redox environment
promotes C2C12 myogenesis: implications for regeneration in aged muscle. Cell Biol.
Int. 31, 546-553. https://doi.org/10.1016/j.cellbi.2006.11.027.

Ivan, M., Kondo, K., Yang, H., Kim, W., Valiando, J., Ohh, M., Salic, A., Asara, J.M.,
Lane, W.S., Kaelin, J., 2001. HIF« targeted for VHL-mediated destruction by proline
hydroxylation: implications for O2 sensing. Science 292, 464-468. https://doi.org/
10.1126/science.1059817.

Jaakkola, P., Mole, D.R., Tian, Y.M., Wilson, M., Gielbert, J., Gaskell, S.J., Von
Kriegsheim, A., Hebestreit, H.F., Mukherji, M., Schofield, C.J., Maxwell, P.H.,
Pugh, C.W., Ratcliffe, P.J., 2001. Targeting of HIF-a to the von Hippel-Lindau
ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 292,
468-472. https://doi.org/10.1126/science.1059796.

Jinadasa, B.K.K.K., Jayasinghe, G.D.T.M., Pohl, P., Fowler, S.W., 2021. Mitigating the
impact of mercury contaminants in fish and other seafood - a review. Mar. Pollut.
Bull. 171, 112710 https://doi.org/10.1016/j.marpolbul.2021.112710.

Joshi, D., Kumar, M.D., Kumar, S.A., Sangeeta, S., 2014. Reversal of methylmercury-
induced oxidative stress, lipid peroxidation, and DNA damage by the treatment of N-
acetyl cysteine: a protective approach. J. Environ. Pathol. Toxicol. Oncol. 33,
167-182. https://doi.org/10.1615/JEnvironPatholToxicolOncol.2014010291.

Keeley, T.P., Mann, G.E., 2019. Defining physiological normoxia for improved
translation of cell physiology to animal models and humans. Physiol. Rev. 99,
161-243. https://doi.org/10.1152/physrev.00041.2017.

Lee, H.C., Wei, Y.H., 2005. Mitochondrial biogenesis and mitochondrial DNA
maintenance of mammalian cells under oxidative stress. Int. J. Biochem. Cell Biol.
37, 822-834. https://doi.org/10.1016/j.biocel.2004.09.010.

Liang, K.X., Kristiansen, C.K., Mostafavi, S., Vatne, G.H., Zantingh, G.A., Kianian, A.,
Tzoulis, C., Hgyland, L.E., Ziegler, M., Perez, R.M., Furriol, J., Zhang, Z.,

Balafkan, N., Hong, Y., Siller, R., Sullivan, G.J., Bindoff, L.A., 2020. Disease-specific
phenotypes in iPSC-derived neural stem cells with POLG mutations. EMBO Mol.
Med. 12 (10), e12146 https://doi.org/10.15252/emmm.202012146.

Liu, K., Wu, Q., Wang, S., Ouyang, D., Li, Z., Ding, D., Li, G., Tang, Y., Xiang, L., Han, D.,
Wen, M., Liu, T., Duan, L., Tian, H., Hao, J., 2021. Highly resolved inventory of
mercury release to water from anthropogenic sources in China. Environ. Sci.
Technol. 55, 13860-13868. https://doi.org/10.1021/acs.est.1c03759.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2—AACT method. Methods 25, 402-408. https://doi.
org/10.1006/METH.2001.1262.

Mas-Bargues, C., Sanz-Ros, J., Romédn-Dominguez, A., Inglés, M., Gimeno-Mallench, L., El
Alami, M., Vina-Almunia, J., Gambini, J., Vina, J., Borras, C., 2019. Relevance of
oxygen concentration in stem cell culture for regenerative medicine. Int. J. Mol. Sci.
20, 1195. https://doi.org/10.3390/ijms20051195.

Maxwell, P.H., Wlesener, M.S., Chang, G.W., Clifford, S.C., Vaux, E.C., Cockman, M.E.,
Wykoff, C.C., Pugh, C.W., Maher, E.R., Ratcliffe, P.J., 1999. The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis.
Nature 399, 271-275. https://doi.org/10.1038/20459.

Médieu, A., Point, D., Itai, T., Angot, H., Buchanan, P.J., Allain, V., Fuller, L., Griffiths, S.,
Gillikin, D.P., Sonke, J.E., Heimbiirger-Boavida, L.E., Desgranges, M.M., Menkes, C.
E., Madigan, D.J., Brosset, P., Gauthier, O., Tagliabue, A., Bopp, L., Verheyden, A.,
Lorrain, A., 2022. Evidence that Pacific tuna mercury levels are driven by marine
methylmercury production and anthropogenic inputs. Proc. Natl. Acad. Sci. USA 119
(2), e2113032119. https://doi.org/10.1073/pnas.2113032119.

Minamata Convention on Mercury: A Contemporary Reminder, 2017. Lancet, 390
(10097), p. 822. (https://doi.org/10.1016/50140-6736(17)32287-0).

Mohyeldin, A., Garzén-Muvdi, T., Quifiones-Hinojosa, A., 2010. Oxygen in stem cell
biology: a critical component of the stem cell niche. Cell Stem Cell 7, 150-161.
https://doi.org/10.1016/j.stem.2010.07.007.

Nissanka, N., Bacman, S.R., Plastini, M.J., Moraes, C.T., 2018. The mitochondrial DNA
polymerase gamma degrades linear DNA fragments precluding the formation of
deletions. Nat. Commun. 9, 2491. https://doi.org/10.1038/s41467-018-04895-1.


https://doi.org/10.1016/j.ecoenv.2022.113737
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1016/j.jtemb.2016.03.001
https://doi.org/10.1016/j.jtemb.2016.03.001
https://doi.org/10.1016/j.tiv.2017.05.017
https://doi.org/10.1007/s10522-017-9718-4
https://doi.org/10.1007/S12035-018-1368-2
https://doi.org/10.1007/S12035-019-1538-X
https://doi.org/10.1007/S12035-019-1538-X
https://doi.org/10.1016/S0076-6879(07)35023-4
https://doi.org/10.1016/S0076-6879(07)35023-4
https://doi.org/10.1038/s41586-021-04222-7
https://doi.org/10.1038/s41586-021-04222-7
https://doi.org/10.1046/j.1474-9728.2003.00066.x
https://doi.org/10.1046/j.1474-9728.2003.00066.x
https://doi.org/10.1002/stem.179
https://doi.org/10.1002/stem.179
https://doi.org/10.1007/s10661-021-09312-7
https://doi.org/10.1093/toxsci/kfn158
https://doi.org/10.1016/S0361-9230(01)00458-0
https://doi.org/10.1016/S0361-9230(01)00458-0
https://doi.org/10.1111/joim.12045
https://doi.org/10.1100/tsw.2003.09
https://doi.org/10.1101/gad.1399906
https://doi.org/10.1016/j.wasman.2021.03.053
https://doi.org/10.1002/jcp.21908
https://doi.org/10.1016/j.taap.2011.05.001
https://doi.org/10.1016/j.taap.2011.05.001
https://doi.org/10.1016/j.lfs.2011.05.019
https://doi.org/10.1155/2018/8460490
https://doi.org/10.1530/REP-09-0300
https://doi.org/10.1530/REP-09-0300
https://doi.org/10.3390/ijms23010394
https://doi.org/10.3390/ijms23010394
https://doi.org/10.1016/j.bbrc.2018.05.162
https://doi.org/10.1289/ehp.0901757
https://doi.org/10.1016/j.cellbi.2006.11.027
https://doi.org/10.1126/science.1059817
https://doi.org/10.1126/science.1059817
https://doi.org/10.1126/science.1059796
https://doi.org/10.1016/j.marpolbul.2021.112710
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2014010291
https://doi.org/10.1152/physrev.00041.2017
https://doi.org/10.1016/j.biocel.2004.09.010
https://doi.org/10.15252/emmm.202012146
https://doi.org/10.1021/acs.est.1c03759
https://doi.org/10.1006/METH.2001.1262
https://doi.org/10.1006/METH.2001.1262
https://doi.org/10.3390/ijms20051195
https://doi.org/10.1038/20459
https://doi.org/10.1073/pnas.2113032119
https://doi.org/10.1016/S0140-6736(17)32287-0
https://doi.org/10.1016/j.stem.2010.07.007
https://doi.org/10.1038/s41467-018-04895-1

J. Augustyniak et al.

Pan, J., Li, X., Wei, Y., Ni, L., Xu, B., Deng, Y., Yang, T., Liu, W., 2022. Advances on the
influence of methylmercury exposure during neurodevelopment. Chem. Res Toxicol.
35, 43-58. https://doi.org/10.1021/acs.chemrestox.1c00255.

Panchision, D.M., 2009. The role of oxygen in regulating neural stem cells in
development and disease. J. Cell. Physiol. 220, 562-568. https://doi.org/10.1002/
jep.21812.

Peters, A.K., Steemans, M., Hansen, E., Mesens, N., Verheyen, G.R., Vanparys, P., 2008.
Evaluation of the embryotoxic potency of compounds in a newly revised high
throughput embryonic stem cell test. Toxicol. Sci. 105, 342-350. https://doi.org/
10.1093/toxsci/kfn126.

Qian, X., Yang, C., Xu, X., Ao, M., Xu, Z., Wy, Y., Qiu, G., 2021. Extremely elevated total
mercury and methylmercury in forage plants in a large-scale abandoned hg mining
site: a potential risk of exposure to grazing animals. Arch. Environ. Contam. Toxicol.
80, 519-530. https://doi.org/10.1007/s00244-021-00826-2.

Rice, K.M., Walker, E.M., Wu, M., Gillette, C., Blough, E.R., 2014. Environmental
mercury and its toxic effects. J. Prev. Med. Public Health 47, 74-83. https://doi.org/
10.3961/jpmph.2014.47.2.74.

Roos, D., Seeger, R., Puntel, R., Vargas Barbosa, N., 2012. Role of calcium and
mitochondria in MeHg-mediated cytotoxicity. J. Biomed. Biotechnol. 2012, 248764
https://doi.org/10.1155/2012/248764.

Sager, P.R., Doherty, R.A., Olmsted, J.B., 1983. Interaction of methylmercury with
microtubules in cultured cells and in vitro. Exp. Cell Res. 146, 127-137. https://doi.
org/10.1016/0014-4827(83)90331-2.

Schneider, L., 2021. When toxic chemicals refuse to die—an examination of the
prolonged mercury pesticide use in Australia. Elem. Sci. Anthr. 9 (1), 053. https://
doi.org/10.1525/elementa.2021.053.

Semenza, G.L., Nejfelt, M.K., Chi, S.M., Antonarakis, S.E., 1991. Hypoxia-inducible
nuclear factors bind to an enhancer element located 3’ to the human erythropoietin
gene. Proc. Natl. Acad. Sci. USA 88, 5680-5684. https://doi.org/10.1073/
pnas.88.13.5680.

Silvan, U., Diez-Torre, A., Arluzea, J., Andrade, R., Sili6, M., Aréchaga, J., 2009. Hypoxia
and pluripotency in embryonic and embryonal carcinoma stem cell biology.
Differentiation 78, 159-168. https://doi.org/10.1016/j.diff.2009.06.002.

Simon, M.C., Keith, B., 2008. The role of oxygen availability in embryonic development
and stem cell function. Nat. Rev. Mol. Cell Biol. 9, 285-296. https://doi.org/
10.1038/nrm2354.

Spurgeon, A., 2006. Prenatal methylmercury exposure and developmental outcomes:
review of the evidence and discussion of future directions. Environ. Health Perspect.
114, 307-312. https://doi.org/10.1289/ehp.7859.

10

Ecotoxicology and Environmental Safety 241 (2022) 113737

Stringari, J., Nunes, A.K.C., Franco, J.L., Bohrer, D., Garcia, S.C., Dafre, A.L.,
Milatovic, D., Souza, D.O., Rocha, J.B.T., Aschner, M., Farina, M., 2008. Prenatal
methylmercury exposure hampers glutathione antioxidant system ontogenesis and
causes long-lasting oxidative stress in the mouse brain. Toxicol. Appl. Pharmacol.
227, 147-154. https://doi.org/10.1016/j.taap.2007.10.010.

Stummann, T.C., Hareng, L., Bremer, S., 2009. Hazard assessment of methylmercury
toxicity to neuronal induction in embryogenesis using human embryonic stem cells.
Toxicology 257, 117-126. https://doi.org/10.1016/].tox.2008.12.018.

Tamm, C., Duckworth, J., Hermanson, O., Ceccatelli, S., 2006. High susceptibility of
neural stem cells to methylmercury toxicity: effects on cell survival and neuronal
differentiation. J. Neurochem. 97, 69-78. https://doi.org/10.1111/j.1471-
4159.2006.03718.x.

Ursinyova, M., Masanova, V., Uhnakova, I., Murinova, L.P., Patayova, H., Rausova, K.,
Trnovec, T., Stencl, J., Gajdos, M., 2019. Prenatal and early postnatal exposure to
total mercury and methylmercury from low maternal fish consumption. Biol. Trace
Elem. Res. 191, 16-26. https://doi.org/10.1007/512011-018-1585-6.

Velasquez Ramirez, M.G., Vega Ruiz, C.M., Gomringer, R.C., Pillaca, M., Thomas, E.,
Stewart, P.M., Gamarra Miranda, L.A., Danobeytia, F.R., Guerrero Barrantes, J.A.,
Gushiken, M.C., Bardales, J.V., Silman, M., Fernandez, L., Ascorra, C., Torres, D.D.C.,
2021. Mercury in soils impacted by alluvial gold mining in the Peruvian Amazon.
J. Environ. Manag. 288, 112364 https://doi.org/10.1016/j.jenvman.2021.112364.

Wang, G.L., Jiang, B.H., Rue, E.A., Semenza, G.L., 1995. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc. Natl.
Acad. Sci. USA 92, 5510-5514. https://doi.org/10.1073/pnas.92.12.5510.

Wang, X., Yan, M., Zhao, L., Wu, Q., Wu, C., Chang, X., Zhou, Z., 2016a. Low-dose
methylmercury-induced apoptosis and mitochondrial DNA mutation in human
embryonic neural progenitor cells. Oxid. Med. Cell. Longev. 2016, 5137042 https://
doi.org/10.1155/2016/5137042.

Wang, X., Yan, M., Zhao, L., Wu, Q., Wu, C.H., Chang, X., Zhou, Z., 2016b. Low-dose
methylmercury-induced genes regulate mitochondrial biogenesis via miR-25 in
immortalized human embryonic neural progenitor cells. Int. J. Mol. Sci. 17, 2058.
https://doi.org/10.3390/1jms17122058.

Zhang, Y., Song, Z., Huang, S., Zhang, P., Yiming Peng, Y., Wu, P., Gu, J., Dutkiewicz, S.,
Zhang, H., Wu, S., Wang, F., Chen, L., Wang, S., Li, P., 2021. Global health effects of
future atmospheric mercury emissions. Nat. Commun. 12, 3035. https://doi.org/
10.1038/541467-021-23391-7.

Zychowicz, M., Dziedzicka, D., Mehn, D., Kozlowska, H., Kinsner-Ovaskainen, A.,
Stepien, P.P., Rossi, F., Buzanska, L., 2014. Developmental stage dependent neural
stem cells sensitivity to methylmercury chloride on different biofunctional surfaces.
Toxicol. Vitr. 28, 76-87. https://doi.org/10.1016/].tiv.2013.06.023.


https://doi.org/10.1021/acs.chemrestox.1c00255
https://doi.org/10.1002/jcp.21812
https://doi.org/10.1002/jcp.21812
https://doi.org/10.1093/toxsci/kfn126
https://doi.org/10.1093/toxsci/kfn126
https://doi.org/10.1007/s00244-021-00826-2
https://doi.org/10.3961/jpmph.2014.47.2.74
https://doi.org/10.3961/jpmph.2014.47.2.74
https://doi.org/10.1155/2012/248764
https://doi.org/10.1016/0014-4827(83)90331-2
https://doi.org/10.1016/0014-4827(83)90331-2
https://doi.org/10.1525/elementa.2021.053
https://doi.org/10.1525/elementa.2021.053
https://doi.org/10.1073/pnas.88.13.5680
https://doi.org/10.1073/pnas.88.13.5680
https://doi.org/10.1016/j.diff.2009.06.002
https://doi.org/10.1038/nrm2354
https://doi.org/10.1038/nrm2354
https://doi.org/10.1289/ehp.7859
https://doi.org/10.1016/j.taap.2007.10.010
https://doi.org/10.1016/j.tox.2008.12.018
https://doi.org/10.1111/j.1471-4159.2006.03718.x
https://doi.org/10.1111/j.1471-4159.2006.03718.x
https://doi.org/10.1007/s12011-018-1585-6
https://doi.org/10.1016/j.jenvman.2021.112364
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1155/2016/5137042
https://doi.org/10.1155/2016/5137042
https://doi.org/10.3390/ijms17122058
https://doi.org/10.1038/s41467-021-23391-7
https://doi.org/10.1038/s41467-021-23391-7
https://doi.org/10.1016/j.tiv.2013.06.023

	Oxygen as an important factor modulating in vitro MeHgCl toxicity associated with mitochondrial genes in hiPSCs
	1 Introduction
	2 Materials and methods
	2.1 hiPSCs culture and treatment with MeHgCl
	2.2 Immunocytochemical staining
	2.3 Alamar Blue cell viability assay
	2.4 ROS accumulation assay
	2.5 Mitochondrial membrane potential assay
	2.6 qPCR
	2.7 qRT-PCR
	2.8 Statistical analysis

	3 Results
	3.1 Characterization of hiPSCs population cultured under 21% and 5% oxygen conditions
	3.2 Cell viability
	3.3 Mitochondrial membrane potential
	3.4 ROS accumulation
	3.5 Relative mtDNA copy number
	3.6 Expression of genes involved in the regulation of pluripotency, mitochondrial biogenesis, mitophagy, mtDNA damage, and  ...

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


