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Introductory remarks

Introductory remarks to the structure of the dissertation

This semi-cumulative dissertation is mainly based on first- or co-authorship publications
published in or submitted to peer-reviewed journals (chapter 4 — 6) and therefore include
remarks and suggestions of all first- or co-authors involved in manuscript preparation or
reviewer and journal editor comments obtained during the peer-reviewing process.
Furthermore, chapter 3 focuses on unpublished data of method development of the applied cell
culture system. Since the introduction of each publication gives a more detailed overview about
the state of research, chapter 1 and 2 will give general background information about the
entirety of the project, whereas chapter 7 will summarize the project following a general

discussion and outlook.

For reasons of clarity and comprehensibility it was chosen to combine all publications,
unpublished data and applied bibliography. However, the original structure and style of each
publication was altered in order to give a consistent structure, and is rewritten in American
English. Despite the standard of each journal, differences and inconsistency in abbreviations,
nomenclature and structure might be apparent. The reference of each publication is clearly

highlighted at the beginning of each chapter.

The entire thesis contains nomenclature of human genes and proteins. Whereas human genes
are spelled in italicized capital letter (e.g. AC7B for human B-actin) proteins are spelled in non-
italicized capital letters (e.g. FTH for human ferritin heavy chain) and mice genes in italicized

first capital letter (e.g. Dmt1 for mouse divalent metal transporter 1).
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Summary

Trace elements (TE), such as manganese (Mn), iron (Fe), and zinc (Zn) are often considered
regarding their essentiality and their role as important co-factors maintaining regulating
processes involved in macronutrient metabolism, hematopoiesis, anti-inflammatory, and anti-
oxidative defense mechanisms. Although essential, (chronic) overexposure has been shown to
adversely affect human health. Mn, Fe, and Zn accumulation in brain tissue of patients
suffering from neurodegenerative diseases have been associated with the pathogenesis of
Parkinson’s (PD) and Alzheimer’s disease (AD). Furthermore, metal overexposure, leading to
impaired fetal (neuro)development and adverse pregnancy outcomes became also a rising
concern. Whereby one of the main discussed pathways includes the generation of reactive

oxygen species (ROS), resulting as the cause or consequence of disrupted metal homeostasis.

Several institutions like the European Food Safety Authority (EFSA) or the German Nutrition
Society (DGE) have evaluated data on Mn, Fe, and Zn uptake, distribution, and excretion to
assess TE intake recommendations for the general population. As food does contain a mixture
of the TEs in different bioavailable and non-bioavailable forms, the effect of TE mixtures and
TE interactions in metal bioavailability is of central importance. This rather represents the
nutrition scenario of the general population than isolated Mn, Fe, and Zn uptake. However, to
date data on TE interrelations in the general population but also in micronutrient acquisition
for the developing fetus is scarce. Therefore, this thesis aims to elucidate fundamentals in TE
transfer and interactions as well as potential organ- and cell-specific differences in metal
bioavailability. For this, several in vitro models were utilized to unveil a potential reciprocal
impact on three physiological different organs, specifically the placenta, the liver, and the

brain.

To investigate micronutrient transfer across placental barrier-building cells, a Transwell®-
based in vitro system of human villous trophoblasts was established. Human villous
trophoblasts were modeled by using the BeWo b30 cell line, which resembles a trophoblast-
like phenotype regarding polarization, barrier formation, and expression of a variety of
transporters involved in TE homeostasis. Barrier characteristics such as integrity and
permeability were determined by measuring the transepithelial electrical resistance (TEER),
the exclusion of sodium fluorescein, and immunocytochemical staining of the tight junction

proteins y-catenin, zonula occludens-1, and the microtubule protein tubulin. Due to the
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absence of contact inhibition in BeWo b30 cells, the formation of a monolayer had to be

monitored precisely to obtain a reliable, reproducible in vitro system.

Using the established BeWo b30 Transwell® system facilitated the investigation of Mn transfer
across the trophoblasts of the placental barrier due to the simplicity of the monolayer and short
culture times. Since data on placental Mn transfer relies on rodent data and extrapolations
from placenta-independent studies, comparing transfer kinetics with the further clarified
placental Fe transfer was advantageous to reveal similarities and differences between these
two TEs. Mn and Fe transfer, as well as cellular Mn and Fe amounts, were assessed via
inductively coupled plasma-based spectrometry. In a mechanistic approach, gene and protein
expression of TE transport-, storage-, and oxidative stress-associated genes revealed potential
mechanisms of Mn and/or Fe transfer across the trophoblast layer. While Mn transfer has been
shown to be time- but not concentration-dependent (normalized to the applied dose), Fe
transfer showed clear concentration-dependent effects. Concurrent Mn and Fe exposure
revealed increased Fe transfer and decreased Mn transfer combining a 10-fold less Fe
concentration with Mn. Hereby, Mn was highly affecting the protein expression of the Fe

storage proteins ferritin heavy and light chain.

Since the liver is predominantly involved in metal homeostasis by regulating distribution to
other compartments and organs, it is one of the main targets of metal-induced toxicity. While
impaired liver function has been associated with Mn accumulation, due to disturbed
hepatobiliary Mn excretion, Zn is known to serve as a cytoprotective, antioxidative, and anti-
inflammatory micronutrient. However, the role of Zn in liver Mn homeostasis and vice versa
is widely unknown. Utilizing the human hepatoma cell line HepG2 offered the ability to
investigate hepatocyte-specific alterations in Mn and Zn bioavailability and cytotoxicity in
vitro. For this Mn and Zn cytotoxicity and bioavailability were determined after short- and
long-term Zn preincubation in HepG2 cells via inductively coupled plasma-based spectrometry
and cytotoxicity markers such as cell number, metabolic activity as well as apoptosis and
necrosis markers, specifically caspase-3 activation and lactate dehydrogenase (LDH) release.
The underlying study revealed protective effects of Zn on Mn cytotoxicity in terms of enhanced
cell count, decreased caspase-3 activation, and LDH release. This may be attributed to the
decreased Mn bioavailability in HepG2 cells after concurrent exposure with Zn. While
alterations in gene expression do not fully explain decreased Mn bioavailability, they hint at

the potential induction of antioxidative defense mechanisms, since metallothionein (MT)
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expression was upregulated after single Mn treatment. Fluorescence probe-based assessment
of labile “free” Zn as a potential novel Zn biomarker, supported the notion of Mn-induced Zn

binding to MTs.

Due to their high metabolic turnover, neurons are highly susceptible to metal-induced
oxidative stress resulting in neuronal damage and consequently neuronal death, one of the
hallmarks of neurodegenerative diseases. Hereby, in vivo as well as in vitro studies have
revealed enhanced Mn accumulation in the dopamine-rich areas of the brain, making
dopaminergic neurons one of the main targets of Mn-induced neurotoxicity. As exact
neurotoxic pathways and Mn-induced effects on neuronal DNA damage response and neurite
outgrowth are rarely characterized, the last study revealed potential alterations in genome
integrity in differentiated dopaminergic-like Lund human mesencephalic neurons (LUHMES).
Furthermore, including this study in the context of this thesis offered the opportunity to get a

wide overview of organ- or cell-specific alteration in metal bioavailability.

In summary, studies conducted in this thesis emphasized the relevance of cellular TE
interrelations in TE transfer and distribution but also revealed a lack of knowledge regarding
different metal mixtures and underlying mechanisms including the role of metal transporters.
Even if cellular metal homeostasis is tightly regulated, in vitro studies conducted in this thesis
revealed that different TEs do not only adversely affect the uptake of the other but also inherit
protective effects towards TE-induced toxicity. Although TE interactions across the placental
barrier have not been the focus of current research so far, and mechanisms of TE interactions
in other tissues and organs are still unclarified further investigations on interrelated effects are
urgently needed. This may improve the estimation of micronutrient intake recommendations
for the general population but also sensitive populations like the expecting mother and her

developing fetus.
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1.1. Motivation of the Thesis

Essential trace elements (TE) such as manganese (Mn), iron (Fe), and zinc (Zn) are required for
the maintenance of a plethora of physiological processes in human metabolism. Whereas Mn,
Fe, and Zn are mainly serving as co-factors for a variety of enzymes involved in macronutrient
metabolism, antioxidative defense, and immune function. In order to sustain health, TE intake
recommendations or requirements for the general population but also sensitive populations
like pregnant women are proposed by authorities like the European Food Safety Authority
(EFSA) or the German Society of Nutrition (DGE). Data considered for those recommendations
are mainly based on TE bioavailability, gastrointestinal absorption, and excretion. Due to the
ubiquitous occurrence of the TEs in drinking water and nutrition, following a balanced

nutrition lifestyle is sufficient for an adequate nutrient supply [1-4].

Although essential, chronic overexposure of Mn, Fe as well as Zn may also lead to detrimental
health effects leading among others to neurodegeneration or impaired organ function during
development and later in life. Adverse effects of Mn, Fe, and Zn in excess are much better
established for the general population, but the availability of data considering pregnant women
is limited. While lots of studies focused on alterations in fetal development during deficiency,
little is known about the consequences for the developing fetus and the health of pregnant
women in case of overexposure. Furthermore, as recently reviewed by Smith ef a/ pregnant
women are mostly excluded from studies on nutrition status due to the increased risk for
adverse outcomes in fetal development. However, these studies would provide important data,
which need to be considered during the assessment of micronutrient requirements [5-7]. Latest
proposals for micronutrient requirements during pregnancy are mainly based on data
extrapolated on weight gain or based on rodent data due to the limited availability of exact
biomarkers reflecting fetal but also maternal nutrient supply. Nevertheless, data availability on
micronutrient status and biomarkers do only account for single TE and do not consider uptake
interactions of micronutrient mixtures [2-4]. Many studies have shown that transporters
involved in Mn, Fe, and Zn influx or efflux are not specifically transferring one TE but all that
accomplish transporter characteristics such as oxidation state or proton symport. Since all TEs
discussed in this thesis are naturally occurring in mixtures and are involved in similar
metabolic pathways in the human body, regulatory interactions seem likely [8-10]. Their exact
role in nutrient supply but also potential negative outcomes due to an altered TE homeostasis

during development and later in life are rarely characterized until today.
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Therefore, data compiled in this thesis should provide first fundamentals of transfer modes,
and the role of TE interactions in cellular metal homeostasis, as well as mechanistic
investigations on metal-induced adverse effects in the three different physiological organs the
placenta, the liver, and the brain. Potential outcomes on intracellular TE supply should reveal
to which extent pathways in TE homeostasis are positively or negatively affected by other TEs

present in the environment.

1.2. Scope of the thesis

This thesis is based on the following

e Development of an in vitro system of human villous trophoblasts modeling the

placental barrier

e Investigating alterations in Mn and Fe transfer across the trophoblasts layer in regard

to transfer interactions
e The role of Zn in Mn uptake and cytotoxicity in HepG2 cells

e Potential organ- and cell-specific differences in metal bioavailability
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2.1. The essential trace elements

TEs are referred to as “trace” elements since they are occurring in very low quantities. To date,
11 different metals are widely accepted as TEs, namely chromium (Cr), cobalt (Co), copper
(Cu), fluorine (F), Fe, iodine (I), Mn, molybdenum (Mo), selenium (Se), vanadium (V), and Zn.
By definition, all of these TEs are present in concentrations of about 50 mg/ kg body weight or
lower, except for Fe, with 60 mg/kg body weight. TEs inherit important functions in the human
body because they are essential structural components of vitamins, hormones, or co-factors in
metalloenzymes. Due to their essentiality, physiological concentrations are tightly regulated
by absorption, excretion, and distribution mechanisms and disturbance in this underlying
metal homeostasis has been associated with detrimental health issues [11,12]. Therefore, the
following paragraph will focus on the physiology of the three TEs Mn, Fe, and Zn and will

highlight similarities, differences, and interactions between their homeostases.
2.1.1. Manganese

Mn, a transition metal, is one of the most abundant elements in the earth’s crust and is
therefore occurring ubiquitously in the environment in several minerals in the form of oxides,
carbonates, and silicates [13,14]. Furthermore, it is used in different industrial processes such as
the production of dry cell batteries, and steel, but can also be found in fuel oil additives and
antiknock agents [14]. Mn is a component of Maneb and Mancozeb, pesticides used in
agricultural settings, and contrast agents for medical magnetic resonance imaging (MRI) due

to its paramagnetic properties [15].

Mn is also known as an essential TE, involved in a variety of processes in human metabolism,
contributing as a co-factor in the pyruvate carboxylase or arginase, among other transferases,
hydrolases, and oxidoreductases, and in the Mn-dependent, antioxidative enzyme superoxide
dismutase (MnSOD) [16]. In living organisms, Mn is commonly abundant in the divalent or
trivalent oxidation state (Mn(II), Mn(IIl)). In addition, other physiological relevant species are
among the ionic forms, Mn(Il)-citrate and Mn(III)-transferrin but also Mn bound to serum

albumin or a2-macroglobulin [8].

The primary route of Mn uptake for the general population is dietary consumption. Mn-rich
foods include nuts, grains, rice, tea, and drinking water. Mn is added to infant formula and
foods or parenteral nutrition (PN) in considerable concentrations as an essential micronutrient

[3,17]. Additionally, daily supplements with varying Mn levels are one of the many Mn sources.
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However, due to the lack of a no observed effect level NOAEL) from animal studies and limited
data available from human studies, an upper limit (UL) of Mn exposure has not been set so far
[3.8,18]. The EFSA proposed an adequate intake (AI) of 3 mg Mn/ day for the general adult
population [3]. The Al for young infants aged from 7 to 11 months is much lower (0.02 - 0.5 mg/

day) due to their not fully developed excretion metabolism [3,19].

In the gastrointestinal tract, 3 — 5 % Mn is resorbed actively in the small intestine or by passive
diffusion (fig. 1) [18]. Involved in this process are active transport mechanisms including
membrane-bound metal transporters. Initially, the divalent metal transporter 1 (DMT1) was
suggested to be the major contributor to intestinal Mn absorption. However, the lack of DMT1
expression in the intestine of mice did not show altered Mn levels compared to wild-type
animals, which suggests that the role of DMT1 in intestinal Mn transport is rather low [20].
Therefore, transport systems like the transferrin receptor (TfR) or two representatives of the
Zrt-/ Irt-like family proteins ZIP8 and ZIP14 are more important in facilitating intestinal Mn
transport. Nevertheless, those transporters are not exclusively transporting Mn but a variety
of other metals like Zn, Fe, Cu, or calcium (Ca). Mn efflux from the intestine into the blood is
predominantly mediated by proteins of the solute carrier family member 2, namely SLC40A1
(Ferroportin, FPN), expressed on the basolateral surface of the enterocytes, or SLC30A2
(ZnT10) [8,21). Discussed in Mn export is also the cation transporting ATPase 13A2
(ATP13A2/PARKDY) and the secretory pathway Ca?*-ATPase isoform 1 (SPCA1) [8,22]. In blood
plasma, divalent or trivalent Mn is conjugated to transferrin (Tf), citrate, or albumin and
distributed to other tissues like the liver. Organs with the highest Mn levels are among the

liver, the pancreas, bone, kidney, and brain [8].
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Figure 1: Cellular Mn homeostasis (adapted and modified from [22]).

2.1.1.1. Homeostasis, deficiency, and overexposure

In the human body, the liver has been regarded to be serving as the main regulatory organ in
Mn homeostasis since it is able to regulate systemic Mn levels through endogenous gut losses.
Small Mn amounts, which are needed for physiological processes remain in the blood plasma
[8]. Excess Mn is sequestered by hepatocytes and bound to bile. This conjugate can then be
excreted in the feces. In hepatocytes, the membrane transporters like DMT1, TfR, ZIP14, ZIP8,
and the citrate transporter are expressed, strictly regulating Mn homeostasis [23-25]. Exact Mn
transport expression patterns in hepatocytes are discussed in more detail in chapter 2.6.1 -
Trace element transport and storage in liver and brain and chapter 5 — The Impact of Zinc on
Manganese Cytotoxicity and Bioavailability in HepG2 cells. However, alterations in
transporter gene expression are often caused due to inherited mutations in transporter-

associated genes but also interactions with other TEs can disturb Mn homeostasis [26,27].

Maintaining Mn homeostasis is of central importance in preventing deficiency or
overexposure. However, as Mn is ubiquitously occurring in food, Mn deficiency has rarely
been observed in humans [3,28]. Moreover, Mn is entering the environment by anthropogenic
sources such as exhaust gas emission and the inadequate disposal of dry-cell batteries leading
to Mn polluted air and soil. Drinking water with a high Mn burden occurs in rural areas but

also in highly industrialized countries like Australia, Bangladesh, and China, further
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highlighting its ubiquitous appearance [29-31]. Since Mn is increasingly used in the industrial
and agricultural setting, smelters, welders, miners, and agricultural workers are at increased
risk of inhalative Mn overexposure from Mn-rich dusts, fumes, or the application of Mn-
containing pesticides like Maneb and Mancozeb. In this case, Mn is taken up through the lung
epithelium readily entering the blood circulation. After the transport to the olfactory bulb, it
is directly taken up by the brain, bypassing the efficient homeostasis in the liver and the
regulation by the blood-brain barriers (BBB, blood-cerebrospinal fluid barrier (B-CSF-B))
(8,32,33]. People with hepatic dysfunction and neonates are also at increased risk for Mn
overexposure due to the not fully developed or perturbed hepatobiliary Mn excretion system.
This is a present concern in neonates additionally receiving infant formula, and for patients

dependent on PN where Mn is applied in considerable concentrations [8,17,34].

Mn overexposure and Mn accumulation in the brain has been associated with the
symptomatology often referred to as “Manganism” or “Mn-induced Parkinsonism”. Common
symptoms are cognitive deficits and perturbed motor functions also resembling those seen in
idiopathic Parkinson’s disease (PD). Despite the variety of mutual symptoms, PD and Mn-
induced parkinsonism cases differ regarding the manifestation of dystonia, resting tremor, and
motor function, such as balance. Additionally, while PD is associated with the progressive loss
of dopaminergic neurons in the substantia nigra pars compacta, in the initial phase of
manganism neuronal dysfunction is rather located in the globus pallidus [22,35-39]. Many
studies focused on molecular mechanisms underlying Mn-induced neurotoxicity. One of the
proposed mechanisms includes the formation of reactive oxygen and nitrogen species (RONS)
via Fenton or Fenton-like reactions, which are able to target macromolecules like DNA and
proteins. This has been shown to result in oxidative DNA damage leading to neuronal
apoptotic cell death. Other related mechanisms include mitochondrial disturbance,
endoplasmic reticulum stress, neuroinflammation pathways, and interactions in the
neurotransmitter metabolism, which may be the cause or consequence of Mn-induced
oxidative stress [40,41]. Some of those are discussed in further detail in chapter 6 — Mechanistic

studies on the adverse effect of manganese overexposure in differentiated LUHMES cells.

While in healthy individuals the efficient Mn homeostasis protects from Mn deficiency or
overexposure, genetic variants (mutations) in transporter-associated genes can affect whole
body Mn levels and Mn-dependent enzyme activity. It has been shown that patients carrying

amutation in SLC39A8(Z1P8) have lower hepatic ZIP§ expression causing low blood Mn levels.
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Patients additionally developed severe Mn deficiency, neurological as well as skeletal defects,
and increased biomarkers of type II congenital disorders of glycosylation (CDG) [24,42]. A study
by Lin et al revealed that ZIPS, expressed in hepatocytes, is highly modulating whole blood
and tissue Mn levels by reclaiming Mn from bile, preventing deficiency. Furthermore, ZIP8
deletion in mice has been shown to decrease Mn-dependent arginase or [-1,4-

galactosyltransferase activity and impair protein N-glycosylation [24].

On the contrary, mutations in SLC39A14 (ZIP14) and SLC30A10 (ZnT10) showed different
response patterns regarding Mn uptake and distribution. Mutations in SLC39A414 have been
found in patients with childhood-onset parkinsonism and dystonia potentially caused due to
accumulation of systemic and brain Mn [43]. Further investigations in whole-body Zipi14
knockout mice also revealed impaired hepatic Mn uptake and intestinal Mn elimination
compared to wild-type mice [21,44]. While it was initially assumed that this symptomatology
was caused by a defective hepatobiliary Mn excretion, the knock-out of liver-specific Zip74in
mice did not result in systemic Mn accumulation or motor deficits upon a normal diet [45].
However, these mice showed increased Mn levels in the brain and serum upon consuming a

high Mn diet, but not in the liver [45].

According to the symptomatology caused due to mutations in SLC39A14, resemblance can be
found in patients carrying mutations in SLC30A10(ZnT10). While the mutation in Z/P14 does
not directly affect hepatobiliary Mn excretion, Mn accumulation has been observed in liver
tissue in individuals carrying a homozygous loss-of-function mutation in Zn770 [46]. Studies
by Mercadante et al have shown that ZnT10 is essential for Mn excretion, especially since it
contributes to the export of Mn by the liver into bile. Whole-body ZnT770-deficient mice
showed severe Mn in excess due to impaired systemic and biliary Mn excretion, which was not
the case in mice with liver- or intestine-specific knockouts. However, the exact mechanisms
and disease phenotypes are still under investigation but already highlight the importance of

ZIP14 and ZnT10in the liver and whole-body Mn homeostasis [45,47].
2.1.1.2. Biomarkers of Mn status

An indicator, which describes biological or pathogenic processes as well as responses to
exposure is referred to as a biomarker. Hereby, biomarkers can be divided into three different
classes namely biomarkers of exposure, effect, and susceptibility. In the following paragraph
biomarkers of Mn exposure are described [48,49]. Adequate biomarkers for human Mn status

are crucial for monitoring Mn homeostasis, micronutrient requirements, and also Mn risk
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assessment. However, the choice of the best-suited biomarker is challenging, since all of them
can be affected by a variety of factors such as short half-life, high variations, and external
contamination [50]. Discussed biomarkers are Mn levels in serum, plasma, whole blood, urine,
feces, or saliva, which are measured by atomic absorption spectrometry (AAS), inductively
coupled plasma-optical emission spectrometry ICP-OES or ICP-tandem mass spectrometry
(ICP-MS/MS). A study by Smith et al (2007) evaluating the role of blood, plasma, and urine in
Mn status suggests that the correlation of Mn exposure to blood, plasma, and urine Mn is
limited. Since Mn is rapidly eliminated from plasma and only 1 % of absorbed Mn is excreted
via urine, these two biomarkers do not reflect Mn status either in exposed or healthy
individuals. Moreover, fecal Mn levels do include unabsorbed dietary Mn as well as excreted
Mn via bile and are therefore less suitable for the assessment of Mn status. Whole blood
appears to be more suitable after continuous Mn exposure but variation potentially due to
dynamic exposure scenarios, intracellular Mn ion distribution, and probe handling (time of
sampling, latency) limit the significance of a relationship between Mn exposure and measured
Mn levels in blood [3,50-52]. Further Greger ef al attempted to determine inadequate Mn supply
by combining serum Mn levels with MnSOD or blood arginase activity, however to date, there
is no direct evidence of correlation of Mn depletion with the activity of Mn-dependent enzymes
[3,53]. In the case of saliva, Wang et al revealed, that results resemble those of serum, therefore
not providing a more specific and precise biomarker [54]. Biomarkers using biological fluids
also include cord blood as well as maternal blood Mn. Advantages and limitations equal those
of blood Mn measurements, however, in consideration of Mn status during pregnancy, cord
blood Mn levels do only reflect fetal Mn status in the last trimester, whereas maternal blood

levels do not accurately reflect fetal tissue Mn levels as well as general fetal Mn status [55,56].

Other biomarkers like hair Mn, teeth Mn, and toenail Mn levels appear to be more promising.
While all three biological matrices are easy to collect, they represent different exposure
periods. Shed teeth from children are mainly used for investigating Mn exposure during fetal
but also neonatal development. During mineralization, metals accumulate, forming a daily
pattern, which can be compared to growth rings. Therefore, the measured dentin Mn levels
reflect precise exposure information from the second trimester until 1 year of age [57].
However, distinct differences have been shown in healthy teeth and those already afflicted
with caries [56]. One of the most controversial discussed biomarkers is hair Mn levels. Hair,
which is sampled 2 cm close to the scalp reflects an exposure period of 2 — 4 months. While

several studies found an association of hair Mn levels with occupational exposure, their

11
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validity is striking. Hair in particular is susceptible to environmental contaminations, due to
TEs binding to sulthydryl groups, not representing initial Mn exposure. This makes using hair
Mn level as a potential biomarker more difficult because hair samples have to be cleaned from
contaminations strictly following established protocols for reliable assessment of Mn levels.
Hereby, the amount of interior hair Mn, which may also be extracted during the washing
procedures cannot be estimated [56,58]. Likewise, toenails do also cover longer exposure periods
(7 - 12 months), since Mn is incorporated into the sulfur bonds of the keratin filament. It has
been shown that toenail Mn levels in occupationally exposed individuals were distinguishable
from non-exposed with high sensitivity and specificity. However, sample contamination and
high variations have to be considered if using toenail Mn levels as a biomarker [59]. With 40 %
of total body burden and a long half-life of about 8 — 9 years, measuring bone Mn levels has
also been established as a potential long-term biomarker [50]. Hand bone Mn levels can be
quantified using 7in vivo neutron activation analysis (IVNAA). The method is based on the
measurement of gamma radiation, which is emitted during neutron interactions with Mn in
the bone. Since studies have shown differences between exposed and non-exposed individuals
even at low levels, providing a useful biomarker of Mn exposure. However, using irradiation
for the assessment of Mn levels in the bone matrix is disadvantageous because several safety

regulations have to be considered for the measurement [50,60].

While the majority of Mn exposure biomarkers are based on analytically determined metal
content, Mn deposition can be assessed using MRI. MRI is a non-invasive imaging technique,
which utilizes the paramagnetic properties of Mn(Il)-ions. It has been shown that MRI signal
intensities were higher in preferential Mn accumulation sites in the brain like the globus
pallidus, which additionally correlate with Mn blood levels. Furthermore, studies have shown
that Mn accumulation could be detected in Mn-exposed workers who have not exhibited
clinical implications for Manganism. However, as signal intensities are declined after absence
of Mn exposure this method is a useful tool to reveal Mn accumulation in the brain as observed
in neurodegenerative disease or occupational Mn exposure, but not for individuals with long-

term, low-dose Mn exposure [52,61,62].

In summary, the suitability of these biomarkers is controversially discussed in the literature
since measured indicators can be affected by diet consumption, previous intake, or
environmental pollution, independent of the underlying exposure (table 1). Additionally,

biomarkers should not only represent the status of exposed individuals but also alterations in
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the general population. To date, there are no sensitive, reliable, and validated biomarkers that

meet these requirements [3].

Table 1: Overview and characteristics of Mn biomarker matrices (based on [3,50,51,56]).

Biomarker Representative Advantages Limitations
matrices and exposure
methods duration
e Large variations among
individuals (sex-
2 — 4 months
Hair [58] . Non-invasive dependence)
before sampling
e External contamination
o Pigmentation [56]
Non-invasive
Bone [63] 8 — 9 years Correlates well with e Neutron irradiation
exposure
e Short half-life
2h - 40 days
. e Dependent on the time of
dependent on Less susceptible to
Blood [64] sampling
elimination contamination
e Does not correlate well
pathway )
with exposure
e Low specificity
- Includes unabsorbed
Feces [3] Dietary intake -
dietary Mn and excreted Mn
levels in bile
Non-invasive
13 — 16 weeks Precise exposure
e Dependent on condition
after gestation information
Teeth [57] ¢ Difficult to collect
until 1 year of Prenatal and
e Difficult to measure
age postnatal exposure
are distinguishable
e Does not correlate well
with exposure
Saliva and Non-invasive e Large variation

urine [54,65]

Not assessed

Easy to collect

Little Mn excretion via
urine (1 % of absorbed

Mn)
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Continuation table 1

Toenail [59]

7 — 12 months

before sampling

Easy to collect, store
and transport
Correlates well with

exposure

Large variations
Highly dependent on
toenail amount

External contamination

still under

Shows Mn

accumulation sites in

Not suitable for long-

MRI [61] the brain term, low-dose Mn
discussion
Correlates with exposure
blood Mn levels
¢ Cannot be obtained in
Cord blood | Last trimester of e Correlates well with
different stages of
(66] pregnancy dentine Mn
pregnancy
2 h - 40 days
Maternal e Does not represent fetal
(elimination- o Easy sampling
blood [66] tissue Mn
dependent)
2.1.2. Iron

2.1.2.1. Occurrence, uptake, and distribution

Fe is the most abundant element on earth that occurs in the environment in the form of fine-
sized Fe oxide particles. These are released from numerous industrial processes such as Fe ore

mining, steel processing, welding, and pyrite production [67].

Fe is also known as an essential TE, important as a co-factor for oxygen transport by
hemoglobin, in the Fe-S-clusters of the mitochondrial electron transport chain, and enzymes
involved in DNA synthesis [68,69]. In contrast to other TEs, its physiological multifunctionality
results from its ability to transition from the divalent to the trivalent oxidation state a process
which is often referred to as the Fenton reaction. The Fenton reaction is defined as ferrous Fe
(Fe(Il)) reacting with hydrogen peroxide generating hydroxyl radical. Ferric Fe (Fe(Ill))
however, reacts with hydrogen peroxide forming a hydroperoxyl radical. The presence of this
reaction and the ready transition of Fe(Ill) to Fe(Il) highlights the redox potential of Fe [70]. In
addition, Fe is also occurring physiologically bound to Tf, a glycoprotein, which consists of a

polypeptide chain possessing two Fe(IIl) binding sites, heme, and ferritin. In plasma, 30 % of Tt
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is saturated, while the rest is serving as a backup buffering system preventing the accumulation

of redox-active Fe(Il) or non-transferrin-bound-Fe (NTBI) [69,71].

One of the primary Fe exposure routes is dietary consumption. In food, Fe is apparent as heme-
Fe, from meat or other animal-related sources, and non-heme, which includes ferritin Fe.
Especially meat, fish but also cereals, nuts, and dark green vegetables are rich in Fe. While the
Institute of Medicine of the US set a UL of 45 mg Fe/ day, the EFSA has renounced this UL, due
to inadequate data resulting in non-reliable calculations of response curves considering intake,
body burden, homeostatic adaptions, and adverse health effects. Therefore, the EFSA proposes
an average requirement of 6 mg/ day and a Population Reference Intake (PRI) of 11 mg/day for

men and 16 mg/day for premenopausal women [2].

In the gastrointestinal tract, duodenal enterocytes absorb about 1 - 2 mg Fe/ day. To get
transported by DMT1, which is expressed on the apical membrane of the enterocyte, ferric Fe
needs to be reduced to ferrous Fe by the duodenal cytochrome B (DcytB) [68]. Subsequently,
ferrous Fe is transferred from the cytosol into the bloodstream via FPN, expressed on the
basolateral enterocyte membrane [68,72]. According to Mn, it has been shown that ZIP8 and
ZIP14 play also a role in intestinal Fe absorption and are expressed on the apical membrane of
enterocytes [73-76]. For Fe uptake by apo-Tf (unbound Tf) in serum, it has to be oxidized to its
ferric form. This is realized by hephaestin, a membrane-bound ferroxidase, which is coupled
to the Fe exporter FPN. The oxidation can take place in the cytosol by the soluble ferroxidase
ceruloplasmin [68,69]. Another form of transport is Fe bound to ferritin, a cytosolic protein,
which is composed of 24 H- (heavy chain) and L- (light chain) subunits. Furthermore, excess
intracellular Fe can also be stored in these ferritin subunits forming a shell-like structure,
which can incorporate 4500 Fe(III) ions. As Fe is occurring in the divalent state in the cytosol,
it has to be reduced to get stored in the ferritins. This can be done by ferritin itself since it
possesses a ferroxidase activity [69]. However, as many other TEs are actively excreted via bile
or urine, there are no direct excretion mechanisms for Fe. The main processes of Fe excretion
are indirect via exfoliation of the skin, sloughing of the intestinal epithelium, and
menstruation. Only very little is removed via urine or feces [68]. While in many other tissues
and cells Fe transport is mainly mediated by TfR1 and the coupled endocytosis, it does not play
a role in intestinal Fe absorption due to its localization on the basolateral membrane of

enterocytes (fig. 2) [77]. Transporter involvement in Fe homeostasis has been discussed in more
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detail in chapter 4 - Differences and Interactions in Placental Manganese and Iron Transfer

across an /n Vitro Model of Human Villous Trophoblasts.
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Figure 2: Intestinal Fe homeostasis (adapted and modified from [68]).

2.1.2.2. Homeostasis, deficiency, and overexposure

Since Fe cannot be actively excreted, maintaining Fe homeostasis is of central importance in
avoiding Fe overexposure. The majority of Fe is used in the blood circulation for erythropoiesis,
while the rest is distributed to other tissues like the liver. Within hepatocytes, Fe can be stored
in cytosolic ferritins, which are highly variable in releasing if needed. Another compartment
with the ability of rapid turnover are macrophages of the spleen, liver, and bone marrow since

they can recycle Fe from degraded erythrocytes among others [78].

However, systemic Fe homeostasis is tightly regulated by the crosstalk of hepcidin and FPN.
Hepcidin is a hepatic hormone, which is a 25 amino-acid-containing peptide. It is synthesized
in hepatocytes and can be distributed to other tissues by secretion into the blood plasma. The
negative feedback regulation of FPN by hepcidin can take place in two different ways, the
occlusion and the endocytosis mechanisms. The occlusion mechanism means the

conformational change of FPN by hepcidin, which leads to the occlusion of the binding site.
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With decreasing hepcidin concentrations this process is reversible [78,79]. On the contrary, the
endocytosis mechanism leads to the permanent removal of FPN from the cell surface due to
ubiquitination after hepcidin-induced conformation change. The ubiquitylated units can then

be a target for lysosomes and proteasomes initiating FPN degradation [78,80].

Besides regulation by hepcidin FPN, TfR1 and DMT1 can be regulated intracellularly. This is
not only the case in Fe overexposure or deficiency, but also inflammatory stimuli can lead to
alterations in mRNA levels. One of the main regulatory interfaces is the Fe-responsive element-
Fe-responsive protein system (IRE-IRP system), which is involved in the translational processes
of FPN, TfR1, and DMT1. Translation of these importers and the exporter is regulated by the
3’ or 5" untranslated region IRE in the transporter-associated genes, which is targeted by the
IRP1/2, inhibiting translation and therefore limiting Fe export but also import. In case of Fe
deficiency, the hypoxia-inducible factor (HIF) machinery can be activated. HIF2a is able to
positively affect the expression of Fe importers such as DcytB and DMT1 enhancing Fe
absorption in the intestine [78,81,82]. Furthermore, FPN can also be positively regulated by Nrf2
(Nuclear Factor Erythroid 2-related Factor 2), a transcription factor often discussed in the
context of the antioxidative defense [83]. Fe homeostasis has been discussed in further detail in
chapter 4 - Differences and Interactions in Placental Manganese and Iron Transfer across an

In Vitro Model of Human Villous Trophoblasts.

Even if Fe homeostasis is tightly regulated and several backup mechanisms exist, Fe
homeostasis can also be disrupted potentially due to different disease phenotypes or

interactions with other TEs, present in the environment [69].

Fe deficiency is a prevalent burden worldwide. It is most prevalent in young children (younger
than 5 years), premenopausal women, and patients suffering from inflammation. In those cases,
Fe stores are depleted due to inadequate Fe supply. While withholding of Fe from the plasma
in patients with inflammation potentially results in Fe deficient erythropoiesis and anemia, a
functional form of deficiency. Inherited hemoglobin disorders, often referred to as thalassemia
also leads to Fe deficiency due to a defective hemoglobin synthesis [84,85]. Since Fe is important
for many processes already described before, Fe deficiency can lead to detrimental health issues
such as heart failure, ischemic heart disease, or hemodynamic instability and several symptoms
like fatigue or reduced concentration [85]. Therapeutical interventions for Fe deficiency are

oral Fe supplementation or parenteral Fe. However, thalassemia is treated with the
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administration of blood transfusions, which is a common cause of Fe overexposure in these

patients [85,86].

Fe overexposure and especially the accumulation of Fe in the brain has been observed in
neurodegenerative disorders like Alzheimer’s (AD) and PD. Fe accumulation in the brain is
progress occurring during healthy aging. Most evident is this in brain regions already
associated with neurodegenerative diseases such as the substantia nigra, globus pallidus,
caudate nucleus, and cortices. In AD, several studies could show that Fe promotes the
aggregation, oligomerization, and amyloidosis of amyloid B (AP) peptides, mostly due to its
redox activity and the generation of free radicals leading to oxidative stress [87,88].
Additionally, translation of the amyloid precursor protein, involved in the formation of A, is
regulated by Fe by its IRE in the 5’-untranslated region mRNA [89,90]. PD studies have shown
a correlation between Fe concentrations in the substantia nigra of Parkinson’s patients with
disease severity. Furthermore, Fe is involved in the induction of the conversion of a-synuclein
leading to the formation of PD characteristic Lewy bodies, since the gene encoding a-synuclein
possesses an IRE [89,91]. Another rather rare hallmark of brain disorders is the novel
neurodegeneration with brain Fe accumulation. It is characterized by excessive Fe
accumulation in the basal ganglia, globus pallidus, substantia nigra, and cerebellar dentate
nuclei. This neurodegenerative syndrome is associated with mutations in the gene encoding
IRP2 [92]. Mice lacking Ireb2 (Fe-responsive element binding protein 2) had a disrupted Fe
metabolism, which led to the development of an adult-onset progressive neurodegeneration
concomitant with axonal degeneration and neuronal loss. These disease phenotypes were
recapitulated in a reported case of a patient with biallelic loss-of-function variants in /REBZ,

which led to the complete absence of IRP2 [92-94].

Besides neurodegenerative disorders, hepcidin deficiency impairs Fe homeostasis leading to Fe
overload and severe disease phenotypes. These phenotypes, often referred to as hereditary
hemochromatosis have been observed in patients carrying hereditary mutations in genes
involved in hepcidin and FPN metabolism. Discussed hallmarks of hereditary
hemochromatosis are Fe overload because of uncontrolled Fe absorption and subsequent efflux
into the blood, oversaturating of Tf, and increased accumulation of NTBI. Due to its high redox
activity, NTBI can then induce oxidative damage in the liver, pancreas, and heart tissue. On
the other hand, duodenal enterocytes and macrophages become Fe-deficient because of

overexpressed FPN and reduced circulating hepcidin leading to an enhanced Fe efflux [71,95].
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Hereditary hemochromatosis can occur in several forms differing in loss-of-function mutations
in Fe metabolism-associated genes. The most prevalent form is autosomal-recessive HFE
hemochromatosis [96]. Mutations in the HFFE (homeostatic Fe regulator) gene have been shown
to result in a low transduction signal for hepcidin synthesis, while serum ferritin and Tf
saturation are increasing [95,97]. Patients carrying these mutations are often treated by
phlebotomy, decreasing body Fe burden. However, to date, this therapy is not standardized

and recommendations are rather empirical [95].
2.1.2.3. Biomarkers of Fe status

The assessment of Fe status in the human body is of central importance, to identify potential
alterations in Fe uptake and utilization. However, as several biomarkers have been established,
potentially reflecting body Fe status (table 2), the monitoring of Fe intake is not covered. This
has to be realized by measuring the dietary intake [2,98]. Established Fe biomarkers can be
divided into 3 categories, as they represent the utilization of Fe (hemoglobin synthesis),
storage, and transport and supply to other tissues. Two of the widely used whole blood
biomarkers for Fe status are hemoglobin and hematocrit values. The measurements only
require small sample sizes and can be applied from fasted and non-fasted blood samples.
Additionally, intra-individual hemoglobin variances are low. However, both markers have low
specificity and sensitivity, especially for patients with high hemoglobin baseline but also due
to many other phenotypes affecting hemoglobin levels such as dehydration or smoking. Even
if the use of capillary blood is advantageous, inaccurate sampling can lead to highly variable
results [2,99,100]. Measuring reticulocyte hemoglobin content from peripheral blood samples is
often done for the diagnosis of Fe deficiency, but an increased mean corpuscular erythrocyte

volume or thalassemia can lead to false normal values [2,99].

Among the hemoglobin-specific biomarkers, others rather represent nutritional Fe status.
Similar to Mn, Fe levels can also be measured in serum via AAS, ICP-OES, or ICP-MS/MS.
Besides serum Fe levels, Tf-saturation has controversially been discussed in the context of Fe
status. However, both markers are limited by circadian variation and are highly affected by
inflammation and dietary Fe intake [2,99]. Another way to assess Fe status by utilization of TfR
is by measuring the soluble serum TfR (sTfR). Here, sTfR represents cellular Fe status, since it
is dependent on erythrocyte precursors in the bone marrow and the number of TfRs within
the cells. In comparison with TfR saturation, determining sTfR is less affected by inflammation.

Nevertheless, it is a non-standardized method, also lacking specificity for Fe deficiency
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[2,98,101]. Measuring ferritin, the Fe storage protein, as a biomarker has been recommended by
the WHO (World Health Organization) [102]. It has been shown that serum ferritin is directly
proportional to Fe stores of healthy individuals and can be used for the diagnosis of Fe
deficiency anemia [99]. However, it is an acute-phase protein and is therefore not an accurate
estimate of Fe stores, especially in patients suffering from chronic inflammation or infection
[2,101]. Combining sTfR and serum ferritin levels can be used to assess total body Fe since the
logarithmic function of this ratio correlates with the amount of Fe stores in Fe-replete patients
and deficient Fe stores in tissue in Fe deficiency [99]. Additionally, following Fe
supplementation, this biomarker is the most sensitive indicator [2]. Since all advantages and
limitations of single sTfR and serum ferritin do also account for the ratio, it is not a more
sensitive biomarker [99]. During heme synthesis in Fe deficiency, Zn is incorporated into the
protoporphyrin ring. The ratio of Zn protoporphyrin with heme can then be measured from a
drop of blood. It is a sensitive biomarker, especially for the diagnosis of Fe deficiency in adults
but also children. This specificity is limited in the case of lead exposure, anemia, chronic
diseases, and inflammation [99]. Among the non-invasive biomarkers, Fe status can also be
assessed by the semiquantitative measurement of Fe in the stainable bone marrow, since it is
one of the major storage sites of Fe. It has been an established gold standard method for the
diagnosis of Fe deficiency. However, it is only applied in special circumstances, because it is
highly invasive [101]. Recently, the role of hepcidin as a potential biomarker has been discussed.
Since it is known as the master regulator of Fe homeostasis slight alterations result in rapid
hepcidin response. Major advantages are the lack of confounding factors and the immediate
overview of Fe requirement, which change can be indicated over time. To date, it is a non-
standardized method and according to other biomarkers it is also affected by inflammation

[101,103].
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Table 2: Overview and characteristics of Fe biomarkers (based on [2,98,99,101,103]).

Biomarker

Advantages

Limitations

Hemoglobin/

hematocrit [101]

Small sample sizes

Fasted and non-fasted

blood samples

Low specificity/ sensitivity

Interlaboratory differences

Reticulocyte

hemoglobin [101]

Differentiation between
iron deficiency and other

causes of anemia

Affected by thalassemia and
increased mean corpuscular

erythrocyte volume

Serum Fe/ Tf

saturation [99]

Circadian variation
Affected by inflammation and
dietary Fe intake

— to date less applied

Soluble serum TfR
(sTfR) [99]

Less affected by

inflammation

Non-standardized

Less specific for Fe deficiency

Serum ferritin [99]

Correlates with stainable
Fe in the bone marrow

Well standardized

Acute-phase protein

Affected by inflammation, chronic

disease, and infection

Ratio sTfR to

ferritin [99]

Predicts bone marrow Fe
Sensitive indicator after

Fe supplementation

Affected by inflammation, chronic
disease, and infection
No clear advantage compared to

serum ferritin alone

Zinc
e A small sample size e Affected by lead exposure, anemia,
protoporphyrin
needed chronic diseases, and inflammation
(ZPP) [101]
Bone marrow
o  Well established e invasive

biopsy [99]

Hepcidin [103]

indicative over time
alight alterations result

in rapid response

non-standardized

affected by inflammation
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2.1.3. Zinc
2.1.3.1. Occurrence, uptake, and distribution

Zn is the 23" most abundant metal in the earth’s crust and occurs mainly bound in ores as Zn
sulfide. It appears ubiquitously in the environment through natural but also anthropogenic
sources. Mining and galvanization processes are the main anthropogenic Zn entries. In the
industry, Zn is commonly used in alloys protecting iron and steel products. Furthermore, since
Zn possesses fungicide properties, it is often used in dental medicine but also cosmetics

[104,105].

After Fe, Zn is the second most abundant TE. Its essentiality in humans has already been
postulated in the early 1960s. To date, more than 300 enzymes are identified as Zn-dependent,
which are regulated by more than 2000 transcription factors. In general, Zn is among others
serving as a co-factor in mediating the cell cycle, cell proliferation, and differentiation, DNA
replication, and reparation, apoptosis as well as lipid and carbohydrate metabolism [105,106].
Hereby, Zn-finger proteins are primarily involved in the regulation of these processes and
implicated in translational regulation, ubiquitin-associated protein degradation, and signal
transduction [107]. Zn is appearing in the divalent oxidation state and transition to other
oxidation states does not play a role in Zn metabolism. The wide occurrence of Zn as a
structural and signaling component is therefore established due to its redox-neutral
characteristics. Furthermore, different from Mn and Fe, Zn has rather been discussed to be
involved in antioxidant and anti-inflammatory processes and is also considered in the context
of the regulation of redox homeostasis. There Zn(II) is potentially mediating oxidative protein
modification by the interaction of the amino acid residues. As a structural component of the
antioxidative enzyme CuZn superoxide dismutase (CuZnSOD) and its huge role in
metallothionein (MT) synthesis, Nrf2 signaling, and NF-kB (nuclear factor kappa B), its

antioxidative and anti-inflammatory role can further be highlighted.

To maintain homeostasis, adequate Zn supply is essential. This can be reached by dietary
consumption of Zn-rich foods, which include meat, legumes, eggs, fish, grains, and grain-based
products. It is also included in food supplements but also PN as essential TE [4,108]. Zn
requirements for the general population have been assessed by EFSA by a two-factorial
approach. Firstly, physiological requirements were estimated, which were additionally defined
as the minimum amount of absorbed Zn to balance losses of endogenous Zn and also consider

requirements needed for the growth of healthy infants and children, and pregnant and
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lactating women. Secondly, the amount of dietary Zn has to be determined to meet all the
requirements mentioned in part 1. Furthermore, the inhibitory effect on Zn absorption by
phytate was also included. Therefore, EFSA proposed estimates average requirements of
6.2 — 10.2 mg Zn/ day for women and 7.5 - 12.7 mg Zn/ day for men and further derived PRI
of 7.5 - 12.7 mg Zn/ day for women and 9.4 — 16.3 mg Zn/ day for men [4]. These reference
intakes are in accordance with recently revised Zn reference intakes by the Nutrition Societies
of Germany, Austria, and Switzerland (2020) of 7.0 — 10.0 mg Zn/ day for women and 11.0 -
16.0 mg Zn/ day for men [109].

Among other oral, inhalation, or dermal exposure routes, dietary consumption is the most
prevalent one for the general population. Hereby, 16 — 50 % Zn are absorbed in the intestinal
brush border membrane and transferred from the lumen to the epithelial enterocytes. The
kinetics underlying these transport processes are unsaturated or saturated (carrier-mediated
processes) (fig. 3). Carrier involved in Zn transport across the enterocytes include
representatives of the conserved families of ZnT (solute carrier protein family 30 (SLC30))
transporters and ZIP (Zrt,- and Irt-like protein family (SLC39)) transporters [110-112]. While the
10 members of the ZnT family have been shown to play a role in the efflux and sequestration
of Zn into organelles and vesicles, the 14 different transport proteins of the ZIP family rather
mediate the transport of extracellular, organellar, or vesicular Zn into the cytoplasm [111,113].
Especially in intestinal Zn transport apical localized ZIP4 is discussed to import Zn into
enterocytes, while basolateral localized ZnT-1 may serve as an exporter of Zn from the
enterocyte into the portal blood. Moreover, ZIP5 and ZIP14 both localized on the basolateral
membrane of the enterocyte have been shown to import Zn from the blood into the enterocytes
potentially for the excretion into the lumen [111,114,115]. Initially, DMT1 was also discussed in
intestinal Zn transport but shows low sensitivity. Therefore, the exact role of DMT1 in
intestinal Zn transport is still discussed [115-117]. However, Zn is distributed to different organs
and compartments, where skeletal muscle, bone, and liver are the organs with the highest Zn

burden [106].
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Figure 3: Cellular Zn homeostasis (adapted and modified from [106]).

2.1.3.2. Homeostasis, deficiency, and overexposure

Zn homeostasis in the human body is regulated by intestinal absorption. This is the case since
there are no discrete Zn storage sites and endogenous renal or intestinal Zn losses have to be
compensated by adequate dietary uptake [118]. Besides the intestine, the liver and the pancreas
do also play a role in Zn homeostasis [112]. In general, the human body consists of 2 - 3 g Zn
whereby plasma and serum Zn account for less than 1 % with a varying concentration of
12 - 16 UM Zn [119]. Since it is mainly bound to albumin or a-macroglobulin, only small
amounts in the sub-nanomolar range occur unbound [115,120]. The huge variety of Zn im- and
exporters and the existence of metalloproteins tightly regulated by cellular Zn levels highlight
the importance of adequate Zn supply and distribution [113]. In 2017 Maret introduced a three-
tiered system for the homeostasis of cellular Zn. He considers im- and export of Zn through
the plasma membrane also including cytosolic proteins such as MT and the Zn sensor metal
regulatory transcription factor 1 (MTF1), intracellular storage in vesicles often referred to as
zincosomes, and release and generation of transient Zn and lastly Zn re-uptake [113]. Especially
MT and MTF1 have been shown to play a main role in intercellular Zn homeostasis. MT are
low molecular proteins, which are rich in cysteine residues. This makes them a good target
scavenging ROS. In humans 11 functional isoforms are expressed in various organs and tissues
and 5 — 15 % of the cytosolic Zn pool is bound to MT [106,121]. Moreover, within cells they serve
to buffer excess intracellular Zn levels by chelation [122]. Furthermore, MTs are regulated by

MTF1, a Zn finger transcription factor mainly involved in regulating metal-responsive gene
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expression. It has been suggested that MTF1 has only a low intrinsic affinity for Zn ions, which
is only increased in case of excess Zn, specifically if the Zn level reaches the nM to sub-uM
range [122,123]. On the other hand, MTs can also be targeted by agents leading to Zn release,
activation of MTF1, and subsequent induction of gene expression. In this case MT is serving as
a signal transducer, using Zn signals in response to redox processes [113]. MTF1’s role in Zn
homeostasis can further be highlighted by mentioning its role as a Zn-responsive transcription

factor involved in the regulation of several Zn transporters such as ZnT1 and ZnT2 [122].

However, a disturbed Zn homeostasis due to an imbalanced Zn status can result in detrimental
health issues. With two billion people affected worldwide, Zn deficiency has been an emerging
global health issue. It is highly prevalent in developing and poor countries. Moreover, vegans,
vegetarians, and the elderly are also at increased risk for Zn deficiency [124-126]. In these people,
deficiency is mainly initiated due to inadequate Zn supply caused by high dietary phytate
content, malabsorption, or increased loss because of intestinal disorders. Deficiency can also
be caused by inherited disorders such as acrodermatitis enteropathica, associated with a
mutation in the intestinal ZIP4 transporter [115,126-128]. Nonetheless, the assessment of Zn
deficiency is difficult due to the lack of adequate biomarkers and the wide range of symptoms
from none to clinical manifestations such as growth retardation, systemic inflammation, skin

changes, or mental lethargy [128,129].

Besides deficiency, Zn overexposure is a potential concern, especially in industrial and military
settings. The widespread use of Zn oxide and Zn chloride in smoke bombs increases the risk
of inhalative Zn overexposure for soldiers. Several clinical cases of adult respiratory distress
syndrome have been reported, which were mainly associated with exposure to Zn chloride-
containing smoke bombs [128,130]. Furthermore, the most known industrial disease of Zn
overexposure is metal fume fever. The disease pathology is caused due to acute overexposure
to Zn oxide-containing metal fumes, which has often been observed in welders and smelters.
The symptoms include fever, painful muscles, nausea, chest pain, and cough. However, this
syndrome is reversible within 4 days, without life-threatening consequences [131]. Dietary Zn
overload has been discussed in the context of Zn-induced Cu deficiency. High dietary Zn
induced the upregulation of MTs, which have a higher binding affinity to Cu. This in turn leads
to an enhanced Cu excretion [119,128]. A disturbed Zn homeostasis in the brain has also been
discussed in the pathology of neurodegenerative diseases such as AD and PD potentially due

to high extracellular Zn levels and enhanced protein aggregation [5,132].
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2.1.3.3. Biomarkers of Zn status

Especially for Zn, many biomarkers have been established. A review by Lowe ef al addresses
32 potential different markers discussed for the assessment of Zn status in humans [133]. While
plasma, serum, and urinary Zn levels are responsive to nutritional Zn intake, other biomarkers
are not well established and the lack of data limits their validity for the assessment of the
clinical Zn status. Therefore, this paragraph will concentrate on the biomarkers widely
established in the clinical setting but will also introduce novel biomarkers discussed in the last

years (table 3).

The most applied biomarkers to determine Zn status in humans with well-established reference
ranges are plasma or serum Zn levels, measured using AAS, ICP-OES, or ICP-MS/MS. In
patients with a low or moderately low baseline, but also in adults (sex-independent), elderly,
pregnant, and lactating women it is responsive to Zn supplementation but only in short periods
due to the efficient homeostatic control maintaining plasma Zn concentrations [4,133,134]. Since
plasma or serum Zn represents systemic Zn status it is affected by a variety of other factors
such as inflammation, fasting, eating and pregnancy [133,135,136]. Furthermore, King et al
mention low sensitivity and a lack of specificity in disease pathologies resulting in or affected
by more moderate Zn deficiency, and it does not unconditionally reflect individual Zn status
[4,137,138]. Another limitation consists of the increased risk of external contamination from

blood tubes as an example [135].

In healthy individuals, 15 % of daily Zn losses are attributed to urinary excretion. Both Zn
supplementation and low dietary Zn intake are represented by the amount of Zn, excreted by
urine [4,133]. However, this correlation is only reliable in patients with a moderate Zn status
baseline. Additionally, the availability of data regarding urinary Zn is scarce, therefore its

validity as an indicator for Zn status is still under discussion [135,139].

Stunting, a low height-for-age phenotype in children under 5 years of age has been postulated
as an indirect biomarker of Zn deficiency in a specific population reflecting pre- and postnatal
Zn supply. The WHO considered stunting prevalence greater than 20 % as a public health
concern for Zn deficiency [135,140]. Additionally, epidemiological studies by Brown et al have
shown increased weight gain and linear growth in children, positively correlating with reduced
stunting prevalence [140,141]. However, growth is not only affected by Zn deficiency, other
factors contributing to decreased growth are inadequate supply of proteins and carbohydrates,

and deficiencies in other micronutrients such as magnesium or phosphor [135].
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Recently, other discussed Zn biomarkers include the determination of readily bioavailable
labile Zn as well as MT and Zn transporter expression. Labile Zn can be determined in serum
and intracellularly potentially reflecting the activity status of circulating Zn levels. This can be
realized by using low molecular fluorescence probes [120,134,142]. Leukocyte-specific MT
expression has also been assumed a reliable and sensitive indicator of Zn status. Studies have
shown that MT expression is sensitive toward dietary Zn in a dose-dependent manner even if
Zn levels are lower than the recommended dietary allowances. Due to the tightly controlled
Zn homeostasis, plasma and serum Zn levels are insensitive toward small changes in Zn, which
is not the case for MT expression [143]. However, the determination of labile Zn, as well as MT
expression, is not well established and still needs to be validated. In 2021 Cheng et al
introduced the Zinc Status Index (ZSI), combining three different endpoints for the assessment
of the Zn status. Due to the complexity of Zn homeostasis, a panel of biochemical assays are
developed including the linolenic acid:dihomo-y-linolenic acid ratio (LA:DGLA), mRNA gene
expression of Zn-associated proteins, and fecal microbiome profiling. All three indices are
affected by nutritional and clinical Zn status. Reed ef a/ have shown that the enterocyte-
specific LA:DGLA ratio negatively correlates with dietary Zn, meaning the elevation of
LA:DGLA ratio in the Zn-adequate group [144,145]. Additionally, while plasma Zn
measurements did not find a correlation between nutritional Zn and Zn status, the LA:DGLA
ratio was inversely correlated. This highlights the higher sensitivity of the LA:DGLA ratio
compared to plasma Zn detecting early changes in physiological Zn status [144,145]. The second
index, the mRNA expression of Zn-associated genes defines the investigation of changes in Zn
transporter expression and also genes encoding other proteins of Zn metabolism such as
hepatic A6-desaturase [144,145]. However, data on changes in mRNA expression are rather
inconsistent, since Zn metabolism is tightly regulated [143]. Lastly, gut microbiome
composition showed to be affected by dietary Zn status. This is in accordance with the
increased production of short-chain fatty acids, which influence luminal pH. Furthermore,
different bacterial biosynthetic pathways are affected in Zn deficient conditions such as
cytochrome P450 activity, or bile acid production [145,146]. This is in turn another evidence for
decreased Zn bioavailability and Zn status. However, more data has to be assessed to establish
the ZSI as a more precise biomarker [145]. Currently, the assessment of the Zn status is limited
by the lack of standardized methods, accepted guidelines specifying the best suitable biomarker

but also data interpretation for diagnosis, which is often inconclusive [133,138,145].
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Table 3: Overview and characteristics of Zn biomarkers (based on [4,133,135,136,140,143,145]).

Biomarker

Advantages

Limitations

Plasma Zn/

serum Zn [135]

Responds to Zn supplementation

Affected by inflammation,
pregnancy, fasting, and eating
Lacks sensitivity and
specificity in more moderate
Zn deficiency

External contamination

Urinary Zn [135]

Correlates with Zn uptake

Correlates only in patients
with moderate Zn baseline
Not validated so far due to

limited data availability

Stunting [140]

Non-invasive method

Require simple equipment

Biomarker restricted to
children
High individual errors due to

unstandardized protocols

Labile Zn [142] | ¢ Labile Zn = readily bioavailable Zn Not validated
e Plasma labile Zn and intracellular
labile Zn
MT expression | e Expression changes dose-dependent Not validated

[143]

Responsive for small alterations in Zn

status

Not established for
adolescents and children

The expression is also
affected by inflammation, free

radicals
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Continuation table 3

Zinc Status e LA:DGLA ratio detects early changes | e Response of Zn transporter

Index [145] in Zn status mRNA expression
e Mild Zn deficiency can affect Zn inconsistent across studies
transporter gene expression and e Lack of data
activity

e Microbiome composition is altered

according to dietary Zn intake

2.1.4.Trace Element Interactions

Consequences of disturbed homeostasis have been widely investigated highlighting the
importance of several regulatory processes within different tissues and cells. To date, the range
of studies also considering potential alterations due to the presence of a variety of TEs in the
environment has increased. Nevertheless, because of the dynamic nature of TE regulations in
deficiency and overexposure, the identification of definite pathways and regulatory co-factors
is still under discussion. Therefore, this paragraph will focus on interactions between the three

TEs investigated in the context of this thesis.
2.1.4.1. Iron and Manganese

In the early 1990s, Finley and colleagues observed increased gastrointestinal Mn in women
compared to men, which was associated with the Fe status and lower serum ferritin levels in
men [147]. In recent years, substantial evidence has shown that Mn and Fe interactions
predominantly rely on their similarities in uptake and transport mechanisms. This is feasible
since they share physiological oxidation states and therefore are able to transition between the
divalent and trivalent states. This makes a variety of proteins involved in Fe metabolism also
a likely target for Mn. Regarding Fe uptake and distribution, studies have shown that both
Fe(Ill) binding sites in Tf can be occupied by Mn (III) but the affinity is discussed to be higher
for Fe than for Mn [148,149]. Furthermore, several im- and exporters like DMT1, TfR, and FPN
have been discussed in Mn and Fe metabolism, which are differentially affected by either Mn
or Fe exposure or in case of deficiency. DMT1 expression in the intestine has been observed to

be upregulated during Fe deficiency resulting in increased basal Mn levels in several tissues
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including the brain [27]. In the brain, Fe deficiency has been associated with increased Mn
accumulation in the caudate putamen and globus pallidus, which may also be explained by
increased DAMT1 expression [27,150]. In neuronal rat PC12 cells Mn exposure significantly
increased the mRNA expression of 7/R which was accompanied by elevated Fe levels [151]. This
observation could be confirmed by a study in neuroblastoma SHSY5Y cells where it has been
shown, that Tf-bound Mn was internalized into TfR to the same extent as Tf-bound Fe [152,153].
Therefore, DMT1 and TfR are affected by Mn altering systemic and tissue Fe levels. /n vivo
studies in a rat model of Mn-induced parkinsonism, Mn exposure resulted in increased DMT1
and decreased FPN expression leading to Fe overload in the substantia nigra [154]. Coupled
with FPN expression increased hepcidin levels in liver tissue upon Mn treatment have been
observed, which can be detrimental in an already Fe deficient state. Moreover, higher Mn levels
in biosamples have been found in Fe deficient infants and occupational Mn exposed welders

and smelters [155,156].

Besides transporter competition, Mn may also have an effect on the IRP/IRE machinery,
involved in DMT1, TfR, and FPN regulation, leading to decreased Fe-binding affinity upon
moderate Mn exposure and the opposite effect in case of Mn overexposure. It has been shown
that translational regulation of FTH for example has been disturbed upon Mn treatment. It has
been postulated that Mn may block the 5’ -untranslated region of the FTH mRNA by increased
binding of IRP1 to the IRE, which may result in the increased accumulation of Fe(I) able to

generate ROS [153,157].

Nevertheless, comparing in vitro, in vivo and human studies still show controversial results
considering Mn and Fe interactions in different tissues and cells, and further studies are needed

to reveal the exact pathways of regulating combined Mn and Fe homeostasis [10].
2.1.4.2. Iron and Zinc

Considering pathologies of inadequate nutrient supply, Fe and Zn deficiency is most prevalent
among populations. Interestingly, patients diagnosed with Fe deficiency or Fe deficiency
anemia have also shown low serum Zn levels. This observation was one of the first indications
that Zn status might be associated with Fe metabolism in clinical human studies. The same
outcome could be observed in humans suffering from the inherited form of Zn deficiency,
acrodermatitis enteropathica, which concurrently developed Fe deficiency. Regarding
intestinal Zn uptake, several studies have shown an inhibitory effect of Zn on Fe uptake and

vice versa, which was only the case after administration of Fe and Zn-containing aqueous
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solutions but not in complex food matrices [158,159]. Fe/Zn interactions have long been assumed
to rely on competition on the DMT1 binding sites. To date, several studies could reveal that Zn
is not transported by DMT1 due to the absence of protons, which are needed for the proton-
coupled DMT1 metal transport [82,160]. However, mRNA and protein expression of DMT1 was
increased in Zn-treated intestinal Caco-2 TC7 cells, which was accompanied by increased Fe
absorption [161]. Zn has been shown to play a role in the regulation of DMT1 via the IRP2
pathway requiring activation of PI3K a phosphoinositide-3-kinase, which is mediated by MTF1
[9,138]. Contradictory to this Iyengar ef al described the involvement of the IRP/IRE machinery
while Sharp ef al and Frazer ef al rather proposed post-translational regulation of DMT1 by
Zn affecting Fe uptake. Therefore, data on DMT1 regulation is inconsistent and exact pathways
need to be elucidated in further studies [82,162-164]. Alterations in Fe transporter regulation by
Zn have also been discussed in Fe export by FPN. The study by Yamaji et al. additionally
showed that F/PN1 mRNA expression was altered by Zn in human intestinal Caco-2 TC7 cells
and Fe export increased potentially mediated by MTF1. On the contrary, Fe treatment did not
lead to significant alterations in FPN7 mRNA expression, even if FPN1 is the only known
mammalian exporter of Fe [82,161]. At present, exact mechanisms regarding FPN1 regulation
by Zn are still unclear. While it is discussed to be mainly regulated by hepcidin, it also possesses
an IRE in the 5’-untranslated region and therefore a binding site for the IRP. Evidence suggests,
that Zn is involved in the activation of an enzyme part of the BMP6/SMAD signaling pathway,
which is particularly involved in hepcidin regulation [82,165,166]. Currently, several studies
attempted to explain the cross-talk between Zn and intestinal absorption and utilization and
mobilization of Fe. However, exact mechanisms regarding the influence of Zn status on Fe
absorption, hepcidin levels, and therefore regulation of hepatic Fe metabolism by Zn are still

unknown [167].
2.1.4.3. Manganese and Zinc

While Mn/Fe and Fe/Zn interactions have been investigated in more detail, interactions of Mn
and Zn are rarely characterized. Transporters involved in either Mn and Zn uptake and
distribution are ZIP8 and ZIP14. While both ZIPs were initially discussed to predominantly
transport Zn, Liu ef al assumed that Mn is a likely physiological substrate for ZIP8 due to the
underlying Michaelis-Menten constants [168]. This hypothesis could be supported by Kambe e
al. reporting aspartic acid and asparagine residues in the ZIP binding sites as a preferential

target for Mn-binding compared to Zn-binding [169]. This may also account for ZIP14 since
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they are phylogenetically related [170]. Additionally, as already discussed for Fe, Zn may also
affect gene and protein expression of TfR1 and DMT1, which in general are rather discussed
in Mn homeostasis and do not play a role in Zn metabolism [82,160]. However, to which extent
Zn is altering Mn transport by DMT1 and TfR1 is still unclear. Currently, underlying
mechanisms can only be discussed based on evidence obtained from single TE studies, due to
the lack of data regarding Mn and Zn interactions. Therefore, potential underlying mechanisms
of Mn/Zn interactions are revisited in chapter 5 — The impact of Zinc on Manganese

Bioavailability and Cytotoxicity in HepG2 cells.
2.2. The role of trace elements in the target organ liver

For all three TEs discussed in the context of this thesis, the liver serves as the main regulatory
organ to maintain homeostasis. As the liver is also dependent on adequate TE supply for proper
function, it is a presumed target for TE overexposure or deficiency. Therefore, disruption of
either Mn, Zn, or Fe homeostasis may have different outcomes on hepatic function and TE
metabolism. While Mn and Zn levels are regulated by hepatic distribution and partial
hepatobiliary excretion, the liver is the main storage organ for Fe [8,171-173]. In a healthy
individual’s liver tissue TE amounts differ distinctly. Mn amounts in the liver range between
1.2 - 1.3 mg Mn/ kg wet weight, Zn amounts between 142 — 369 mg Zn/ kg dry weight, and Fe
amounts between 200 — 2000 mg Fe/ kg dry weight. This is due to the fact, that the majority of
liver Fe is occurring in form of heme Fe and Zn is widely allocated as a component of proteins
and enzymes [105,174-177]. Among the many transport pathways discussed in Mn, Fe, and Zn
homeostasis, carriers mediating intestinal absorption are also present in hepatic tissue.
Expressed are several ZIPs, ZnTs but also DMT1 and the TfR. Different from intestinal Fe
transport, Tf-bound Fe can also be taken up by hepatocytes via endocytosis. This process is
mediated by the TfR and DMT1 since it has been shown that hepatic-specific inactivation of
DMT1 led to a decrease in Fe uptake of 40 % [178]. However, TfR1-mediated Fe uptake is rather
minimal since it is highly dependent on Fe status. Therefore, hepatic NTBI uptake by ZIP14 is
regarded as the major pathway [179]. Apart from that Mn, Fe, and Zn uptake and distribution
in hepatocytes follow the already discussed pathways whereas the role of ZIP8 and ZIP14 in
Zn transport is higher in the liver compared to the intestine. The metalloprotein MT appears
as apo-MT, the unbound protein with 7 Zn binding sites [106,180]. FPN, the predominant Mn
and Fe exporter, plays also a role in hepatocytes since it has been shown that mice with hepatic-

specific FPN deletion develop disruption of hepatic Fe mobilization and anemia [181]. The liver
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is the predominant organ of hepcidin synthesis regulating the Fe storage in hepatocytes [177].
This regulation is perturbed in inherited hemochromatosis, a genetic disorder leading to
increased FPN expression under low hepcidin levels in hepatocytes accompanied by NTBI
accumulation. In case of inflammation, hepcidin is overexpressed resulting in Fe deficiency
[177]. Rare genetic variants in ZIP14 and ZnT10, which have been discussed in the context of
Mn homeostasis in the brain, have been shown to elevate several liver enzymes such as the
alanine transaminase (ALT) potentially due to hepatic inflammation [182,183]. The same could
be observed in blood samples of mine workers also including increased aspartate transaminase
(AST) and acid phosphatase (ACP) levels. However, common hepatic disease pathologies
associated with Mn exposure are hepatic encephalopathy and liver fibrosis in the cirrhotic liver
[183]. Mn-induced hepatotoxic modes of action include among others inflammation,
mitochondrial dysfunction by inhibiting complex I and IV of the respiratory chain, and calcium
efflux, leading to enhanced oxidative stress and apoptosis [183]. For Zn, the liver is a fast-
exchangeable Zn pool, which is not only important for Zn homeostasis [173]. While some tissue
Zn levels remain unaffected in dietary Zn-deficient states, the liver is one of those showing
decreased Zn levels also including decreased MT synthesis mediated by MTF1 [173,184]. Further,
a reduction in Zn levels has been associated with impaired liver function including defective
regeneration [185]. Regarding impaired liver function and in vivo animal studies indicating an
influence on decreased hepatic and serum Zn levels in acute and chronic liver injury and
hepatocellular carcinomas the role of Zn deficiency is not completely understood [173].
However, this highlights that disruption of TE homeostasis is not always the cause but the
consequence of impaired liver function [173]. This can be underlined by the fact that alterations
in transporter expression and regulatory proteins from single TEs discussed in this paragraph
do not only have an impact on one element but on all those who are somehow related or

affected by their regulation.

To investigate hepatic function and metabolism in vitro, 40 hepatic tumor cell lines have been
established. Among others, HepG2 cells are commonly applied in scientific research as they
exhibit key characteristics of hepatocytes, such as metabolic functions. HepG2 cells are derived
from the liver tissue of a 15-year-old Caucasian boy, however, the histological liver tumor type
is still under discussion. While HepG2 cells have been proposed to originate from
hepatocarcinoma, Lopez-Terrada et al identified them as hepatoblastoma cells. In scientific
research, HepGz2 cells are utilized to study the effects of heavy metals, nanoparticles, and drugs.

Additionally, many transporters involved in hepatic TE uptake and distribution are expressed
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in HepG2 cells while the metalloprotein ceruloplasmin can only be determined in trace
amounts. The role of TE transporters in HepG2 cells is discussed in further detail in chapter 5

— The Impact of Zinc on Manganese bioavailability and cytotoxicity in HepG2 cells [186-188].
2.3. The role of trace elements in the target organ brain

Maintaining homeostasis of Mn, Fe, and Zn is fundamental for proper brain function and
adequate cellular brain TE supply. With inhalation as one of the major pathways of Mn, Fe,
and Zn exposure, the brain is the initial target for TE-induced detriments, due to the bypass of
the efficient regulation of the BBB typically avoiding excess TE supply. Disturbance of this
homeostasis in the human brain has shown to induce damage in the central nervous system
(CNS) in the form of neurodegeneration or neuroinflammation potentially leading to several

pathologies referred to as neurodegenerative diseases [5,189].

The hallmarks of neurodegenerative diseases are continuous neuronal dysfunction and loss of
neurons [190]. In the pathologies of PD and AD, these hallmarks are accompanied by the
deposition of aggregated proteins. Discussed in this context are pathways including chronic
exposure to excitotoxicants, which induce, among others, neuroinflammation, and
autoimmunity but also the generation of increased RONS, which can be the cause or
consequence of mitochondrial dysfunction [5]. Metal-induced neurotoxicity, which is
associated with excessive metal accumulation may therefore initiate a cascade of compartment
and protein detriments. Brain structures are more vulnerable to oxidative insults due to the
high metabolic turnover and energy utilization. Therefore, a variety of enzymes are expressed
in several organs of the human body balancing the redox homeostasis by maintaining
antioxidative defense mechanisms such as superoxide dismutase (SOD), catalase (CAT), and
glutathione. Since TEs like Mn and Zn are also important co-factors for the enzyme function
of the SOD, disrupted metal homeostasis in both directions can lead to the opposite effect and

the disturbance of the redox homeostasis [5,191,192].

In general, the brain is one of the organs with the highest Zn concentrations of about 150 pM
[193]. Zn is essential for synaptic transmission and the modulation of post-synaptic receptors
since it is released from the presynaptic vesicles of glutaminergic neurons. It is often associated
with neuroprotection due to its involvement in the regulation of acute immune defense.
Intracellularly, Zn occurs in different forms, protein-bound and free cytosolic Zn or
extracellular in the vesicles. Studies have shown alterations in the CNS and its immune defense

associated with changes in plasma Zn levels discussed in the context of multiple sclerosis.
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While deficient but also excess cytosolic Zn has been implicated in the pathogenesis of AD
[5,122,194]. Therefore, intracellular Zn levels are tightly regulated to avoid adverse effects [5]. Fe
is important in the CNS for oxygen transportation, oxidative phosphorylation, and the
synthesis and metabolism of neurotransmitters [195]. However, Fe-induced oxidative stress can
result in Fe release from ferritin leading to interactions with macromolecules such as lipids and
DNA which in turn may elicit neurodegeneration. On the other side, neurodegenerative
diseases can be the cause of disturbed Fe homeostasis, especially of inadequate Fe distribution
[5,196]. Mn predominantly maintains the function of the manganoprotein glutamine synthetase,
pyruvate decarboxylase, serine/ threonine-protein phosphatase I, MnSOD, and arginase, which
are important for neurotransmitter synthesis, metabolism, and neuronal function. In
conditions of low brain Mn levels, the activity of the glutamate synthesis is decreased inducing
excitotoxic effects as glutamate accumulation at the synapses. The transition of Mn(Il) to
Mn(III) triggers autoxidation of dopamine, which is one of the proposed mechanisms of Mn-
induced neurotoxicity. Potential target brain regions are the basal ganglia, globus pallidus,
cerebellum, and thalamus. Furthermore, the accumulation of Mn in mitochondria affects
oxidative phosphorylation and ATP synthesis leading to mitochondrial dysfunction potentially
due to an increase in oxidative stress and loss of mitochondrial membrane potential [5,27,35].
While physiological brain Mn concentrations range between 5.32 — 14.03 ng Mn/ mg protein,
corresponding to 20.0 - 52.8 uM Mn, Mn concentrations in case of aberrant brain function are

3-fold higher with 14.96 - 42.09 ng Mn/ mg protein, corresponding to 60.1 — 158.4 pM Mn [197].

Mn, Fe, and Zn uptake take place across the BBB and B-CSF-B. The BBB separates interstitial
brain fluid from the blood by a cellular structure, which is mainly composed of capillary
endothelial cells. Contributing to the stability of the BBB are astrocytes, pericytes, and
neuronal cells. The B-CSF-B is mainly composed of epithelial cells of the choroid plexus,
accompanied by fenestrated capillaries, which separate blood from the CSF. Transporters
involved in brain Mn, Fe, and Zn homeostasis are the same already discussed for the liver, and
intestine with endocytosis via TfR, DMT1, ZIP8, ZIP14, and ZnT10. Additionally, the calcium-
permeable AMPA channel ((-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid)/ kainate
channel) has been discussed to play a role in brain Zn homeostasis, while SPCA1 is important
for brain Mn homeostasis [68,128,198-201]. Inherited mutations in the gene associated with
ZnT10 already discussed in chapter 2.1 result in Mn accumulation in the brain. This can be
explained by ZnT10 mRNA expression, which is generally high in brain tissue and shows a
higher response to Mn than Zn [46].
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As partly mentioned before, all three TEs have been discussed in the pathogenesis of AD and
PD. Intracellular accumulation of AP, the main hallmark of AD, can be caused by increased
oxidative stress and sequestration of Zn within the amyloid plaques. While intracellular Zn in
the pM range has been shown to lead to the suppression of AP, higher Zn amounts enhanced
AP formation and aggregation. The formation of these senile plaques was further associated
with decreased mitochondrial MnSOD activity in the brains of AD patients. A similar

phenotype has been observed for Fe, which may be able to accumulate in the amyloid plaques.

With symptoms similar to PD, manganism has been associated with Mn accumulation in the
basal ganglia. However, as already mentioned, the pathologic phenotype is distinct from
idiopathic PD. Regarding PD pathology, decreased Zn levels have been observed in PD patients
compared to healthy individuals. Moreover, it has also been discussed to be involved in the

formation of Lewy bodies and aggregation of a-synuclein [5,132,202,203].

To model PD in vitro, SH-SY5Y cells and PC12 cells have been proven to facilitate high-
throughput screening due to simple culture procedures. However, their exact dopaminergic
phenotype has been discussed until today. A cellular system ensuring physiological relevance
is represented by the Lund human mesencephalic (LUHMES) cell line. They are derived from
an embryonic human mesencephalon and are further immortalized by the introduction of a
tetracyclin-responsive v-myc gene (TET-off). Differentiation with tetracyclin, cyclic AMP
(cAMP), and glial-derived neurotrophic factor leads to the cell-cycle exit and development of
dopaminergic-like neurons. These express dopaminergic-neuron-specific markers like tyrosin
hydroxylase and B-tubulin and are able to develop an extensive neurite system, which offers
several advantages regarding investigating the role of Mn, Fe, and Zn in dopaminergic

neurotoxicity [204,205].
2.4. The role of trace elements in pregnancy
2.4.1. Formation and structure of the human placenta

The placenta is a transient, highly specialized organ promoting normal fetal development and
growth. Alterations in placental developmental programming, including structure and
function, have detrimental effects on fetal development, such as fetal growth restriction or
preeclampsia or even miscarriage and stillbirth [206]. Not only the fetal development but the
placental growth is a tightly regulated process of interactions between the maternal

endometrium and fetal-derived cells of the implanting blastocyst [207].
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The inception of placentation is taking place 5 — 6 days post-fertilization by the attachment of
the blastocyst to the maternal endometrial epithelium [208]. For this, trophoblasts surrounding
the blastocyst proliferate and invade the surface epithelium of the endometrium. Subsequently,
the trophectoderm (trophoblasts) differentiates into an outer invasive syncytiotrophoblast
mass and an inner cytotrophoblast layer immediately after the attachment (6 — 8 days post-
fertilization) [207-209]. After the formation of a primary syncytium, syncytiotrophoblasts
further invade the connective tissue of the endometrium forming the decidua [210,211]. Within
the syncytial mass, fluid-filled areas termed lacunae, appear [210]. In this lacunae stage of
placental development, lacunae coalesce to form the intervillous space, and
syncytiotrophoblasts form columns, referred to as trabeculae, reaching from the maternal
decidua to the embryonic part of the placenta [212]. Approximately 14 days post-fertilization,
implantation is completed and the blastocyst is embedded in the decidua, surrounded by

surface epithelium [207,210].

As placentation progresses, cytotrophoblasts of the inner cell mass penetrate the layer of
syncytiotrophoblast trabeculae forming columns of extravillous cytotrophoblasts. These
extravillous trophoblasts represent the primary villi of the villous tree (12 - 14 days post-
fertilization) [207,208,212]. In case cytotrophoblasts penetrate the primary syncytium, they
merge at the lateral side developing a cytotrophoblast shell to surround the conceptus. The
cytotrophoblast shell is then in direct proximity to the endometrium, able to anchor the
placenta to the decidua [208,210]. 17 — 18 days post-fertilization, extraembryonic mesenchymal
cells invade the villous core, forming secondary villi. Within the core fetal capillaries develop,
starting the progress of vascularization by the formation of tertiary villi [208,210]. By
progressive branching, the villous tree extends from the chorionic plate multiplying into a
complete system of villous trees. On the maternal-fetal interface, where the cytotrophoblast
core meets the decidua, several cytotrophoblasts leave the shell and migrate into the decidua
forming extravillous cytotrophoblasts. This process is resembling characteristics of epithelial-
mesenchymal transition and is of central importance for later spiral artery transformation
[208,210]. At the end of the first trimester with the formation of the extravillous
cytotrophoblasts, the main structure of the placenta is specified and the process of placentation
is finalized [210]. Despite the placental structure, the primary functions are developed by the
second trimester [209]. However, as pregnancy progresses, the placenta develops further
according to the increasing demands and metabolism of the fetus even until term [209]. This is

realized especially by elaborating the complex structures of fetal vasculature and blood vessel
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formation, facilitating the exchange of oxygen and nutrients across the maternal-fetal interface
[207]. In that case, the mature placenta is separated into vascular units, represented by certain
cotyledons. These cotyledons include the villous trees, which are separated from the maternal
blood in the intervillous space by an epithelium-like layer often referred to as the placental
barrier [213]. The formation of the human placenta from the implanting blastocyst to the

definite placenta is depicted in the following fig. 4.
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Figure 4: Formation of the placenta from implantation to the definite structure (adapted and modified from
[209,214]).

2.4.2. The placental barrier

The placental barrier or blood-placental barrier is structured by four different cell types early
in pregnancy (50 — 100 pm thickness), whereby the development occurs over the entire course
of placentation [215,216]. Hereby, all cell types present in the placental barrier are derived from
the blastocyst and are therefore of fetal origin [210]. Already three weeks post-fertilization, the
surface of the recently developed villi is coated with two trophoblast layers (cytotrophoblasts,
syncytiotrophoblasts), anchored to the basal lamina [213,217,218]. Under the trophoblast layer,
extraembryonic mesenchyme (fibroblasts) can be found containing basic elements of
vasculature like fetal vessels [217,218]. During the process of placentation, the layer of
cytotrophoblasts becomes discontinuous, probably due to extensive proliferation and

differentiation of the cytotrophoblasts resulting in the formation of multinuclear
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syncytiotrophoblasts [215,217]. However, the total number and volume of the cytotrophoblast
layer do not change, since they extend across the whole basal lamina [215,217]. It is assumed
that asymmetrical cell division, differentiation, and fusion of the villous cytotrophoblast with
the early syncytium is leading to the formation of the syncytiotrophoblast layer. By conversion
of the syncytiotrophoblast to the syncytial state, the trophoblast phenotype is changing,
resulting in the production of important pregnancy hormones like human chorionic
gonadotropin (hCG) and placental lactogen, both of which are indispensable for placental
development and maintenance of pregnancy [219-221]. Moreover, as pregnancy proceeds the
syncytium is locally thinned, due to the rapid expansion of the surface area without the
adaption of the cell volume. In this part of the so-called vasculo-syncytial membrane, the
syncytium is in direct proximity to the fetal vessels [213,217]. At this stage of placental
development, the placental barrier is composed of mainly syncytiotrophoblasts, a thin layer of
cytotrophoblasts, and fetal endothelium of about 2 — 5 pm thickness [218,222,223]. At term,
around 44 % of the basal lamina is covered by remaining cytotrophoblasts, however not affect
nutrient transport across the syncytiotrophoblasts [215,222]. The structure of the human

placental barrier is depicted in fig. 5.

One of the many functions of the placenta is the protection of the fetus against several
xenobiotics or infections. Hereby, the placental barrier serves as the maternal-fetal interface
regulating the passage of compounds negatively affecting fetal development. Besides the
protection of the fetus as a gatekeeper, the placental barrier can also be a target of a compound-
or xenobiotic-induced toxicity [213]. In the syncytiotrophoblasts isoforms of several phase I,
and phase II enzymes of the xenobiotic metabolism are expressed (cytochrome P450, uridine
diphosphate glucuronyltransferases, glutathione-S-transferases, and sulfotransferases among
others) but also ABC (ATP binding cassette) transporters like breast cancer resistance protein,
multidrug resistance-associated protein, and P-glycoprotein [221,224,225]. However further
details on maternal-fetal drug metabolism exceed the scope of this thesis but are reviewed

elsewhere [224,225].

To maintain fetal development, the placental barrier and especially the syncytiotrophoblasts
are the key player in fetal nutrient supply. Nutrient transport processes across the
syncytiotrophoblasts can be separated into three different groups such as transcellular,
paracellular, and active modes of transport. Here the transport across the tight junctions of

adjacent cells is referred to as paracellular transport, while transcellular transport includes
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simple and facilitated diffusion [226,227]. Active modes of transport are primarily represented
by transporter-mediated processes, which are accompanied by proton symport, transport
against a concentration gradient, or ATP utilization [116,228-230]. The following paragraph 2.4.3
will give further information on maternal-fetal nutrient transfer mechanisms from early to late

pregnancy including TE-assumed transport.
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Figure 5: Structure of the human placental barrier (adapted and modified from [231]).

2.4.3. Transport of nutrients during gestation

During pregnancy, placental fetal nutrient supply is provided by villi bathing in maternal blood
in the intervillous space. However, until 6 — 7 weeks of gestation, early spiral arterioles are
plugged by endovascular cytotrophoblasts restricting maternal blood flow [207,219,232,233]. To
maintain fetal development, the fetus is supplied with histotrophic nutrition [207,232].
Histotrophic nutrition means the phagocytosis of endometrial glandular secretions by the
trophoblasts. Those secretions of the uterine gland are composed of glycogen, lipid droplets,
and a variety of glycoproteins possibly transferred through the yolk sac [234]. During the first
9 weeks of pregnancy, anaerobic processes are important for proper organogenesis in the
human embryo [235]. To satisfy the metabolic demands of the developing embryo, anaerobic
glycolysis proceeds from glycogen, which accumulated in the syncytiotrophoblast [235].
Besides carbohydrates, proteins, and lipids, evidence suggests that the uterine secretions also
contain glycodelin A, an enzyme, which is involved in immunosuppression, angiogenesis, and
apoptosis but also cytokines, like TNF-o (tumor necrosis factor o), uteroglobin, epidermal
growth factor, colony-stimulating factor and vascular endothelial growth factor. All of which

are important for the proliferation and migration of trophoblasts in vitro [235-239].
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Furthermore, after 10 — 12 weeks of gestation trophoblast plugs rupture, and maternal blood
flows into the intervillous space begins [219,233]. Then maternal blood is in direct contact with
the fetal villi resulting in nutrient transfer across the placental barrier, often referred to as
hemotrophic nutrition [207,234]. In the syncytiotrophoblasts, the transporting endothelium of
the placental barrier, nutrients have to cross two different polarized membranes until reaching
fetal capillaries. While the microvillous plasma membrane is facing maternal blood, the basal
plasma membrane is directed towards fetal capillaries [240]. Nutrient transport across those
membranes is often referred to as vectorial transport, which means unidirectional from mother
to child [241]. One of the many transport processes occurring in placental transport is diffusion,
which is mostly driven by the concentration or electrochemical differences between maternal
and fetal circulation [241]. Whereby diffusion is directly proportional to the exchange surface
area but inversely proportional to the diffusion distance of the considered circulations
(according to Fick’s law) [241,242]. Despite the influence of placental structure, studies have
shown electrical alternating gradients during gestation. While in mid-gestation a potential
difference of -2.7 £ 0.4 mV has been determined, it is reduced to almost zero at term [242-244].
For small, hydrophobic molecules such as oxygen or carbon dioxide, transport proceeds rather
across a concentration gradient than dependent on surface area or barrier thickness.
Nevertheless, this concentration gradient is dependent on the rate of blood flow across the
placental membranes and therefore oxygen and carbon dioxide supply are flow-limited [242].
However, this does not account for hydrophilic molecules since they are less affected by
concentration gradients and do therefore not readily cross placental membranes [241,245]. It has
been suggested that diffusion of these substances occurs through water-filled pores. Since the
syncytiotrophoblast layer is a true syncytium, lateral intercellular pores are absent and the
aqueous pores seem to be transcellular [246,247]. However, despite the controversy about
placental structure, it has been suggested, that this yet rather paracellular route can potentially
be formed during the denudation of the syncytiotrophoblasts [241,247,248]. Recently, 3D
visualization of human syncytiotrophoblasts by Lewis et al (2022) revealed non-selective
trans-syncytial nanopores providing diffusion processes [249]. The structure of these nanopores
is heterogeneous and those directed toward the basal lamina provide nutrients in the most
direct way to the fetus [249,250]. However, the role of nanopores is still under discussion also

in relation to nutrient transporters expressed on these foldings [249,250].

In order to provide fetal supply to hydrophilic or charged molecules, transporter proteins are

expressed across the plasma and basal membrane. In general, the transport proteins share
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several characteristics such as substrate specificity, saturation, or competitive inhibition [242].
A variety of proteins involved in macronutrient transport are expressed in the
syncytiotrophoblasts like several isoforms of the GLUT family facilitating glucose transport or
the energy-consuming active transport of amino acids by 20 different transport proteins like
L-type transporters as an example [208,213,242]. Besides macronutrient transport, several trace
metal-associated transporters are expressed in the placental tissue. According to the function
of the respective transporter, they are localized on the plasma membrane or the basal
membrane of the syncytiotrophoblasts [251]. Additionally, the role of other cell types like
mesenchymal, Hofbauer, or endothelial cells in fetal TE supply across the placental barrier is
still unknown [252]. Among the variety of metal-associated transporters, expression patterns
of those involved in Fe transport are widely characterized. The Fe importer TFR1 is highly
expressed in the human placenta and localized to the apical, maternal-facing side of the
syncytiotrophoblasts, while DMT1 can be found intracellularly and at the basal membrane,
facing fetal capillaries [251-255]. ZIP8 and ZIP14, both of which were initially assumed to be
specific to transport Zn, are also expressed in the syncytiotrophoblasts [256]. However, ZIP8
mRNA expression is more abundant compared to ZIP14 mRNA expression [75,252]. Due to the
pH dependence of the metal transport by DMT1, and ZIP8, it is assumed that both are expressed
intracellularly on the membrane of endosomes [75,160,252,255,257]. Metal export is provided by

FPN1, which can be found on the basal membrane, facing fetal capillaries [251].

Among the carrier-mediated transport, molecules like immunoglobulin G but also Fe are
transferred across the syncytiotrophoblast via endocytosis. Endocytosis is defined as the
regulated active transport mechanism of molecules incorporated into vesicles, which can be
separated into clathrin-mediated, caveolae-mediated, or clathrin/caveolae-independent
processes [258]. Furthermore, immunoelectron microscopy has shown that Tf and TfR1 are
expressed on the membrane of intracellular vesicles and invaginations, which are also clathrin-
coated [259,260]. These clathrin-coated pits can also be found on invaginations of the
syncytiotrophoblast microvillous membrane highlighting the role of endocytosis in the context

of Fe transfer [258,261].
2.4.4. Maternal-fetal micronutrient requirements and trace element interactions

Fetal but also placental development is dependent on adequate nutrient supply, which is
ensured by maternal nutrition. During gestation, fetal micronutrient demands are rising,

potentially increasing the risk of maternal micronutrient deficiency. Maternal malnutrition in
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turn may also have an immense impact on fetal development by increasing the risk of diseases,
among others related to congenital heart defects or neurodevelopment [262]. Additionally, the
outcome of pregnancy can also be negatively affected, potentially leading to preterm labor or
preeclampsia [263,264]. To avoid maternal micronutrient deficiency, several formulations of
micronutrient supplements are commercially available, to increase nutrient supply which
could not be ensured by balanced nutrition due to highly processed food or depleted TE
amounts in soils [265]. Additionally, the micronutrient status of the majority of pregnant
women is not monitored during gestation and the number of women using prenatal
supplements is increasing. However, concerns are rising that the relation of an increased risk
for adverse pregnancy outcomes such as preterm birth or small-for-gestational-age may be
strongest for women regularly using supplementation [263,265]. Institutions like the DGE or
EFSA revised data on micronutrient-related studies in order to assess recommendations for the
general population but also sensitive populations like pregnant women [1-4]. However, data
related to this is limited, since pregnant women are mainly excluded from nutrition studies,
and data provided by animal models or in vitro data do not represent the complex structure of
the human placenta in vivo or the process of pregnancy [7,266]. The Institute of Medicine from
the United States on the contrary, also considers different body-related factors like the increase
in body weight or hemoglobin mass as pregnancy progresses [267,268]. However, apart from
the influence of maternal nutrient status in general, endocrine function and hormone
metabolism of the mother and the fetus have an impact on fetal nutrient supply but exceeds
the scope of this thesis (reviewed exemplarily in [269-271]). Despite the other micronutrients
important for fetal development and placental homeostasis, the next paragraphs will focus on

maternal-fetal micronutrient requirements of the three TEs Fe, Zn, and Mn.

Next to many functions within the metabolism of adults, Fe is also important for fetal
development, serving as a co-factor in long-term neurodevelopment and erythropoiesis but
also maintenance of placental homeostasis [272,273]. A total of 1040 mg of Fe are required for a
healthy singleton pregnancy, with approximately 300 mg for the fetus, 50 mg for the placenta,
450 mg for the increasing maternal red cell mass, and 240 mg for basal iron losses. In
consideration of sufficient iron stores, the net iron requirement in pregnancy is about 840 mg
[2,274]. Since the mass of red blood cells is increasing immensely and fetal Fe supply is ensured
only from the transfer across the placental barrier, women, in particular, are at risk for Fe
deficiency with a prevalence of about 30 - 50 % affecting about 32 million pregnant women

worldwide [264,272,275,276]. Severe Fe deficiency during gestation has been associated among
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other pregnancy or disease-related outcomes with increased perinatal death, preterm birth,
low birth weight, maternal mortality, impaired immune function, and long-term cognitive
defects in newborns and infants [273,277,278]. Based on several studies showing that Fe
supplementation alleviates the risk of Fe deficiency and resulting adverse pregnancy outcomes,
the WHO recommends Fe supplementation of about 30 — 60 mg of elemental Fe for pregnant
women [277,279]. In contrast to this, the Preventive Services Task Force of the United States
stated, that data availability is insufficient to assess the balance between the benefits and harms
of Fe supplementation during pregnancy [280,281]. Potential negative alterations of placental
development and pregnancy in humans by Fe overexposure are still not well characterized
[281]. However, it has been shown that especially preterm infants are more susceptible to
oxidative stress induced by excess non-Tf-bound Fe due to their immature antioxidant system.
Additionally, since Fe is not eliminated actively, ROS generated by the Fenton reaction may
accumulate in the tissue leading to cytotoxicity [282]. This is particularly difficult in the
developing immature brain, where antioxidative enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase have a decreased activity [283-285]. In pregnancies with
higher risks of inflammation, placental cells are more sensitized by Fe-induced oxidative stress
resulting in increased embryotoxicity [281]. Considering TE homeostasis of the developing
placenta, Fe in excess may also interfere with Zn and Cu metabolism leading to an altered Zn
and Cu availability and homeostasis [286]. Mn and Fe homeostasis in the placenta and across
placental barrier-building cells is further discussed in chapter 4 — Differences and Interactions
in Placental Manganese and Iron Transfer across an /n Vitro Model of Human Villous

Trophoblasts.

Since Zn is a component of a plethora of enzymes involved in human metabolism it plays an
important role in several processes of fetal development. It is a determinant in chromatin
biochemistry by affecting chromatin structure and function, which in turn may have an impact
on gene expression of embryogenesis-associated genes [287,288]. Additionally, it has been
shown that Zn deficiency during pregnancy may lead to reduced placental weight, trophoblast
volume, and barrier thickness but also maternal blood pressure, potentially resulting in
insufficient Zn supply to the fetus. It is affecting fetal programming of cardiovascular and renal
diseases, which may result in an increased risk later in life [289-291]. Zn requirements during
pregnancy were assessed by the EFSA in 2014. Considered data is based on the weight of tissue
formed during gestation and their Zn concentration, which was measured by Widdowson and

Dickerson et al (1964) and added by calculations from Shaw et al (1979) regarding Zn
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accumulation by the growing, developing fetus. Regarding both studies, the total Zn
requirement during pregnancy has been calculated to be about 100 mg, where 60 % accounts
for the fetus and the rest for the placenta and other tissues. However, data regarding Zn
requirements during pregnancy are inconsistent to modify those additional estimated daily
increments. Therefore, the EFSA proposes a PRI of 1.6 mg Zn/ day including the additional

physiological requirement of 0.4 mg/ day [4,292,293].

Due to placental Zn transport and Zn-binding MTs, the fetal Zn levels are higher compared to
the maternal Zn levels [110]. Interestingly, an affinity for Zn and Zn uptake capacity in human
placentae is affected by gestational age and low levels of maternal serum Zn even if both
conditions do not alter [264,294,295]. Nonetheless, in case of insufficient Zn supply, maternal Zn
deficiency affects placental and fetal development and has been associated with adverse
pregnancy outcomes such as abortion, preterm delivery, stillbirth but also growth retardation
and malformations like fetal neural tube defects [119,296]. Furthermore, the occurrence of other
pathological conditions is affected by the Zn status in the first weeks of the neonate. Especially
in the case of Zn deficiency, neonates have an increased risk for dermatitis, growth retardation,
neurological damage (specifically in case of hypoxia), and infections [288]. Several studies have
shown that Zn supplementation during pregnancy minimizes the risk of premature birth and
has positive effects on fetal neurobehavioral development and birth length [119]. However,
exceeding the required Zn amount by supplementation may have an impact on Cu homeostasis
by increasing Cu excretion leading to Cu deficiency [119]. Additionally, it has been shown that
combined exposure to Fe has a negative effect on Zn absorption. While a mass ratio of 1:1
Fe/Zn slightly reduces Zn absorption, increasing Fe amounts (2:1 or 3:1 Fe/Zn) limit Zn

absorption, which in turn may lead to Zn deficiency [119,297].

According to Fe and Zn, Mn is also a co-factor critical for normal fetal neurodevelopment,
growth, and cellular homeostasis and enzymes involved in carbohydrate metabolism and
antioxidative defense [298,299]. Nonetheless, the availability of data on observed Mn intakes in
pregnancy is limited mainly due to a lack of sensitive biomarkers of maternal/ fetal Mn status
or Mn exposure despite some estimates based on blood concentrations [300]. While the Institute
of Medicine from the USA proposed an Al of 2 mg/ day, which included the involvement of
median weight gain during pregnancy, the EFSA derived an Al of 3 mg/ day, which is in
accordance with the Al of non-pregnant women. Due to the homeostatic control of Mn, the

EFSA did not include pregnancy-associated weight gain. However, Mn requirements in
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pregnancy are still under discussion [3,267]. In comparison to other micronutrients, positive as
well as negative effects of Mn on fetal development are not well characterized [301]. Few
epidemiological studies exist where it has been shown that higher levels of Mn exposure
In utero (measured as maternal blood and/ or cord blood concentrations) were inversely
associated with neonatal neurodevelopment, including decreased psychomotor or mental
development [66,302,303]. Since Mn crosses and accumulates in the placenta it is suggested, that
enhanced Mn in placental tissue has a higher impact on fetal health than maternal Mn levels
[304,305]. However, higher umbilical cord blood compared to maternal Mn levels have been
positively correlated with intrauterine growth restriction and lower birth weight [306].
Moreover, Liu et al suggested a dose-dependent correlation between higher Mn levels in
placentas and the risk for neural tube defects, which is increased 4-fold [299]. In consideration
of detrimental health issues later in life, an epigenetic approach by Maccani ef a/ provided first
evidence on DNA methylation patterns in the placenta, which can be associated with prenatal
Mn exposure. This may in turn contribute to neurodevelopmental problems during childhood
and cancer later in life [305]. On the contrary, little is known about Mn deficiency in humans.
Some animal studies have shown an association of Mn deficiency with impaired growth,
skeletal defects, and abnormal glucose and lipid metabolism [301]. In contrast to Fe, the extent
of fetal Mn exposure is not well understood, since Mn transfer across the syncytiotrophoblast
is based on rodent data or measurements of maternal and umbilical cord blood [307]. An in vitro
study in perfused placental lobules hinted at an active transport mechanism, however, as
shown in chapter 4, Mn transfer may be more complex [306,308]. With regard to Fe and Zn,
combined exposure of Mn with both TEs alters uptake, respectively, potentially due to the

unspecificity of the transport systems [19,27,299].

Nevertheless, there is a lack of knowledge about the exact modes of transport and interactions
of Mn, Fe, and Zn across placental tissue, which are urgently needed to also understand the
homeostatic control of combined TEs. In general, studies focusing on health effects due to
micronutrient supplementation do not include pregnant women. In a recently published
research article by Smith et al, the lack of data regarding micronutrient requirements during
pregnancy is addressed, highlighting the difficulty of micronutrient requirement assessment

[7].
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2.4.5. Modeling the placental barrier — advantages and limitations

Understanding the structure and functionality of the placenta and the placental barrier is
important for investigating fetal nutrient supply. For this several studies focused on suitable
models recapitulating most of the functions in vivo. These studies include ex vivo placental

perfusion, animal models as well as in vitro cell culture approaches [208].

Ex vivoplacental perfusion has been an established gold standard method in regarding nutrient
transfer studies. It was first implemented by Panigel ef al in 1962 and further developed by
Schneider ef al and Miller et al [309-311]. To date, lots of progress has been made in optimizing
perfusion conditions and methods also regarding the experimental outcome. Perfusion
methods used today can be separated into non-circulating (open/ single-pass) or recirculating
(closed) perfusion systems [312]. They are realized mainly on term placentae, independent if
delivered by vaginal birth or cesarean section [313]. However, methods used for the perfusion
of placentas collected directly after delivery, are not standardized and differ across laboratories
[312]. Nevertheless, perfusion experiments represent the complexity of the placenta as a whole
organ also including placental metabolism [312,314]. On the other hand, since the placenta is
not only highly species-specific but also shows high donor-to-donor variations, reproducibility
is difficult to obtain. Furthermore, shortly after delivery, placental tissue starts to degenerate,
limiting perfusion duration and is therefore disadvantageous regarding experimental

throughput and success rate [220,222,315,316].

The utilization of animal models represents pregnancy in a whole organism, including
fertilization, implantation of the blastocyst, and placental and fetal development [317,318]. Due
to large litter sizes and short gestation periods, they have been demonstrated as a useful tool
with relatively low costs in housing and maintenance [317]. Nevertheless, many studies
highlighted distinct differences between the stages of pregnancy, formation of the placenta,
and underlying placental tissue, making it difficult to extrapolate results to potential outcomes
in humans [266,319]. In general, humans and mice develop the same type of placenta, the
haemochorial type, where fetal villi are bathing in maternal blood [320]. However, the placental
structure in mice is organized in a junctional and a labyrinthine zone, with the labyrinthine
zone as the maternal-fetal exchange layer [234,266]. On the contrary, the human placenta has a
more villi-like structure. One major difference regarding maternal-fetal nutrient transfer is the
composition of the placental barrier. While the mouse placental barrier is hemotrichorial

(consisting of three different trophoblast layers) the human placental barrier is
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hemomonochorial, meaning the occurrence of one syncytiotrophoblast layer [266,317]. These
interspecies differences are disadvantageous regarding substance-specific effects in human
pregnancy. However, according to the 3R principle (Refinement, Reduction, Replacement), the
choice of animal models should be refined, reduced, or replaced. Therefore, many in vitro
approaches were established trying to represent the complex structure of the placental barrier
but also models of early stages of pregnancy like early blastocyst implantation and trophoblast

invasion [209,266,318,319,321].

Starting from trophoblast invasion lots of progress has been made in combining organoids of
first trimester trophoblasts and the endometrium. Here, cells for those organoids are derived
from unused blastocysts of in vitro fertilization, first trimester placentae, or the endometrium
of non-pregnant women [321-324]. These isolated multipotent trophoblast stem cells or first
trimester trophoblasts can further differentiate from villous cytotrophoblasts into
syncytiotrophoblasts and extravillous trophoblasts. It has been proven, that organoids
differentiated to syncytiotrophoblasts are able to release hCG and among other
syncytiotrophoblast-specific markers express CD46 and CD71 (integrin a-IIb and TfR) [324].
Furthermore, they can be cultivated for up to 6 months with continuous passaging and can
also be cryopreserved, convenient for the establishment of biobanks [318,321-324]. These models
highly promote trophoblast research. However, since first trimester placentae are obtained
from elective pregnancy terminations, tissue availability is limited and studies need to be

justified from an ethical point of view and approved by the local ethics committees [321,324].

Next to investigations of the early stages of placental development, a variety of in vitro model
systems focused on the maternal-fetal interface, the placental barrier. To represent the villous
and extravillous structure of the placental barrier, cells derived from gestational
choriocarcinoma or immobilized trophoblasts are applied. Depending on the stage of
pregnancy and the underlying cellular structure of the placental barrier, a variety of cell lines
are well established. Among the widely used BeWo subclone b30, other cell lines include Jeg-3,
JAR, ACH-3P, HTR-8/Svneo, and Swan-71. Hereby, BeWo b30, Jeg-3, and JAR cells are derived
from the gestational choriocarcinoma, while ACH-3, HTR-8/Svneo, and Swan-71 cells are
virus-transfected primary trophoblasts derived from villous explants or fused with a
choriocarcinoma cell line (ACH-3P) [325-328]. Using trophoblast cell lines is beneficial regarding
handling, availability, and long-term culture since they are highly proliferative [222,329,330].

However, due to their malignancy, they have an abnormal number of chromosomes, and not

48



Chapter 2 - General Background Information

all of them showed syncytiotrophoblast-, or barrier-like characteristics, and proliferate without
transfection or subcloning [318,331,332]. Additionally, gene expression or metabolic processes
may be altered because of their tumor characteristics [329]. To overcome these limitations,
primary trophoblasts are used, which can be applied to investigating early trophoblast invasion
if isolated from first-trimester placentae [219]. Using primary trophoblasts, which rather
resemble 7in vivo conditions (compared to cell lines) is also challenging, since isolated first-
trimester trophoblasts either exit the cell cycle, differentiate to syncytiotrophoblasts, or
degenerate because of the induction of apoptosis, limiting the lifespan immensely [326,333,334].
In addition, contaminating maternal epithelial, and fetal mesenchymal cells, which are not
separated carefully, can outgrow the freshly isolated trophoblast population [210,324]. However,
spontaneous syncytiotrophoblast formation of primary cytotrophoblasts can be advantageous

regarding investigations on syncytialization [219,329].

Especially trophoblast cell lines are often cultured on semipermeable membranes, facilitating
the investigation of the transfer of nutrients, environmental pollutants, toxicants, or hormone
secretion due to a compartmentalized approach [209]. In order to get primary indications on
substance-specific transfer and the role of the trophoblast, monolayer models are applied.
Despite their simplicity, this model allows an efficient analysis and high throughput of
experiments focusing on mechanisms and properties of the trophoblast layer of the placental
barrier. However, the monolayer insufficiently represents the complex structure and
microenvironment of the placental barrier [209]. Furthermore, the microporous membrane
interferes with cellular crosstalk of villous and extravillous trophoblasts and does not allow
the investigation of gene programming involved in the formation of complex cellular
structures such as trophoblast vesicles [329,335]. The absence of physiological complexity can
be addressed by including components of the cellular microenvironment like fibroblasts and
endothelial cells. Kreuder et al applied a bioprinted methacrylated gelatin membrane
mimicking features of extracellular matrix but also villous stroma by including primary
placental fibroblasts [336]. Furthermore, BeWo b30 trophoblasts and primary human
endothelial cells can be cultured on either side, additionally increasing the complexity of this
model [336]. Moreover, the Transwell® system can also be upgraded by seeding laminin- and
collagen-coated trophoblasts (BeWo or primary cytotrophoblasts) onto self-assembled
capillary networks from human umbilical vein endothelial cells (HUVEC) in a fibrin hydrogel,
which have also been shown to interact, even if the vessels modelled were not perfused

[209,337].
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Another advanced model of the placental barrier is the “placenta-on-a-chip”. This technique
includes a co-culture of trophoblast (BeWo b30) and human placental vascular endothelial cells
(HPVEC) or HUVECs. According to the model established by Blundell et al cells are seeded on
a polydimethylsiloxane device with two channels, separated by a thin porous membrane. Cells
are then constantly perfused, increasing fluid flow, mimicking the hemodynamic shear stress
in maternal and fetal compartments. Furthermore, trophoblast syncytialization can be induced
in BeWo b30 cells, which have already formed a monolayer on the surface of the microchannel.
Contrary to the Transwell® system, which models nutrient transfer in a static condition,
applied fluid flow leads to the formation of cellular phenotypes, the trophoblast microvilli
[338,339]. Especially in the case of maternal-fetal glucose transport, the mainly involved GLUT1
transporter is expressed in higher abundance on the apical microvillous membrane, directed
to the maternal intervillous space in vivo [340]. Additionally, transfer rates of glucose are
comparable to ex vivo placental perfusion. Therefore, this system is a useful model for
recapitulating the microenvironment of the placental barrier, fluid flow, and nutrient
transporter expression patterns, which can be compared to the in vivo conditions.
Nevertheless, as BeWo b30 cells are used as trophoblast cells in this model, limitations

regarding cancer cell lines have also to be considered in this context [339].
2.4.6. BeWo b30 as a model system for nutrient transfer

Regarding studies on nutrient transfer across the placental barrier, BeWo b30 cells are
commonly used, since they resemble most trophoblast characteristics and are a suitable in vitro
model of trophoblast metabolism. Early studies in the primordial cell line BeWo have identified
that 96 — 99 % of cells consist of cytotrophoblast-like cells, while the rest of the population
recapitulates mononuclear syncytiotrophoblast-like characteristics [341]. However, it is unclear
which stage of pregnancy is represented by the BeWo b30 trophoblasts, and whether the
molecular mechanism of cell fusion and differentiation is altered compared to villous
trophoblasts in vivo [329]. Treatment with forskolin, a potent activator of adenylate cyclase,
has been shown to induce the differentiation of BeWo b30 cells to multinuclear
syncytiotrophoblasts via the cyclic AMP pathway [342,343]. While it has been postulated that
among BeWo cells, Jeg-3 and JAR cells are able to form a syncytium, a study by Borges et al
has shown, that only BeWo cells can fuse among forskolin treatment [344]. As BeWo cells were
tirst isolated and duplicated by Hertz ef al in 1959, their widespread use led to the development

of several strains, which were formed due to genetic drifts. Therefore, especially regarding
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fusion efficiencies of syncytium formation, varying results were obtained by different
laboratories [329,330,345]. However, investigating syncytialization in the context of nutrient
transfer is important, since trophoblast differentiation has also been shown to impact nutrient
transporter mRNA expression in the BeWo trophoblast and primary cytotrophoblasts [346].
Those studies have highlighted, that the majority of nutrient transporters are altered in similar
expression patterns comparing BeWo cells and primary cytotrophoblasts. Thus, prior to the
investigation of nutrient transfer across the syncytium, the suitability of BeWo cells should be
considered regarding altered expression patterns compared to primary cytotrophoblasts

[346,347].

As semipermeable inserts are mainly used for the investigation of a unidirectional transfer of
nutrients in vitro, using primary cytotrophoblasts is disadvantageous, since they are not able
to form a tight-junctioned monolayer. They rather form aggregates including large
intercellular spaces. Therefore, using the BeWo b30 cell lines compares the advantage of the
formation of a confluent monolayer and the ability of trophoblast fusion [331]. Additionally,
the morphology of BeWo cells is similar compared to primary trophoblast cultures, including
close cell-cell contacts and the development of the microvillous structure [331,348].
Furthermore, BeWo cells appear polarized, which has been shown by the expression of apical
and basolateral marker enzymes and transporters, also in agreement with the patterns in
primary trophoblasts [331,349]. These features cover transcellular processes, but also endocytic
and transcytotic pathways like TfR-mediated endocytosis are conserved in BeWo b30 cells
[217,350]. Also important for transfer studies is that the relative transfer rate of small molecules
of the BeWo monolayer is consistent with transfer rates in ex vivo placental perfusions

[226,351].

Besides the many advantages of using BeWo b30 cells for the investigation of nutrient transfer
across the trophoblast layer, one of the main limitations is represented by the malignancy of
the cancer cell line. As already mentioned, the malignancy of those cells results in an abnormal
chromosome amount and therefore, gene expression patterns and responses may be altered
[209,318,329]. Additionally, since BeWo b30 cells are subcloned, they are not contact inhibited,
which is another challenge regarding the establishment of the in vitro system and further
discussed in chapter 3 [352]. Contact inhibition is a process involved in fundamental tissue
physiology in epithelial cells, which is equivalent to the inhibition of cell proliferation due to

a decrease in mitotic rate and cell mobility in conditions of high cell density [353]. Nevertheless,
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the simplicity of the cultivation of BeWo b30 cells and their rapid cell cycle facilitated the

efficient high-throughput screening of substances and nutrient transfer [222].
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Abstract

The placenta is a transient organ, which is responsible for nutrient and oxygen supply for the
developing fetus. For this, maternal and fetal circulations are connected by a thin cellular
structure referred to as the placental barrier. On one hand, the placental barrier is serving as
the main regulatory interface but on the other hand, it may be also the target of several
chemicals and xenobiotics. While effects of xenobiotics are partly characterized, exact
pathways underlying micronutrient supply in pregnancy are rarely clarified. However, studies
are needed for an adequate assessment of micronutrient requirements in pregnancy, which are

nowadays rather based on data extrapolation.

To date, established testing strategies are standardized for mouse models. However, lots of
progress has been made to develop in vitro and in vivo alternatives. One of the in vitro systems
includes the BeWo b30 Transwell® system, which is also developed in the present study to
investigate maternal-fetal nutrient transfer. This model represents the transfer across the
trophoblast layer of the placental barrier in a compartmentalized approach since the apical and

basolateral compartments are separated.

For the model development, optimal culture conditions and seeding cell count of the BeWo b30
trophoblasts were determined. Barrier tightness was monitored by measuring the
transepithelial electrical resistance using the cellZscope® device and barrier integrity was
verified by sodium fluorescein exclusion and immunocytochemical staining of the tight

junction proteins y-catenin and tubulin.

The BeWo b30 cell layer has been shown to form a confluent monolayer after cultivating 85,000
— 150,000 cells/ insert in EC medium for three days. However, BeWo b30 cell proliferation
patterns have to be considered and monitored to avoid the formation of a multilayer. This is of
central importance since the multilayer does not represent the physiological structure of the

placental barrier in vivo and is therefore disadvantageous for micronutrient transfer studies.
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Figure 6: Graphical Abstract: Development of an in vitro model of human placental villous trophoblasts (adapted
and modified from [231]).

3.1. Introduction

The placenta is a highly species-specific organ, which mediates fetal oxygen and nutrient
supply and is involved in fetal metabolism. Nutrients or oxygen available in the maternal blood
can reach the fetus by crossing a thin cellular structure of 2 — 4 um thickness, called the
placental barrier. It separates maternal and fetal circulation and is located at the branching
villi, which extend into maternal blood in the ambient intervillous space [207]. In the early
stages of pregnancy, the placental barrier comprises four different cell structures. While
cytotrophoblasts and syncytiotrophoblasts are assigned to the maternal side, fetal stroma and
fetal endothelial cells belong to the fetal side [226]. During pregnancy, precursor
cytotrophoblast cells exit the cell cycle and differentiate into multinuclear
syncytiotrophoblasts, which leads to the formation of a thinner structure referred to as
syncytium [218]. The thinning of the syncytium allows a higher permeability for nutrients and
oxygen needed to satisfy the increasing demands of the developing fetus [207,224]. Besides
nutrient supply, the placental barrier is also serving as a protective interface preventing fetal
exposure to xenobiotics such as environmental pollutants or drugs but it is not completely
impenetrable for certain substances, which was emphasized by the thalidomide debacle in the
1960s. Since then research on maternal-fetal drug transfer has been augmented to identify

potential harms to the developing fetus. Therefore, in basic chemical and pharmaceutical
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testing harmonized guidelines for Developmental and Reproductive Toxicity (DART) were
established by the Organization for Economic Co-operation and Development (OECD)

[222,230,354].

Established testing strategies of DART rely on rodent models with large numbers of animals
as parent and offspring populations have to be considered [266,355]. The application of rodent
models like mouse models is advantageous since they develop the same type of placenta
compared to humans — the hemochorial type (fetal-derived cells are in direct contact with
maternal blood). However, the placental morphology and the structure of the placental barrier
differ distinctly [266]. One of the main differences between mice and humans is the formation
of a second placental structure, namely the choriovitelline placenta. The choriovitelline
placenta, also called inverted yolk sac placenta, is essential in mouse pregnancy and therefore
rather the target of many chemicals and pharmaceuticals [266]. Since it is not formed during
human pregnancy, extrapolating adverse effects observed in mouse toxicity tests to humans
may lead to false-positive outcomes [266,319]. Additionally, the mouse placenta is constituted
in two different zones with the labyrinth zone as a comparable maternal-fetal exchange layer
[234,266]. It is composed of three layers of trophoblasts with the syncytium in the middle, while

the human placenta is organized in villi with only one syncytial trophoblast layer [317].

To date, lots of progress has been made to support the humane and ethical use of animals in
scientific research. To refine or reduce animal studies (according to the Refinement, Reduction,
and Replacement (3R) principle first described in 1959 [356]) but also due to evolutionary
species differences, various studies focused on the development of a model of the human
placental barrier in vitro [209,355]. For this, models using microporous inserts were applied
[209,222]. The placenta and also the placental barrier are developing on morphological as well
as functional levels throughout pregnancy [220]. Thereby defining the stage of placentation and
gestation by the choice of cell lines or primary cells is of central importance. While in early
gestation, the trophoblast layer of the placental barrier is mainly composed of
cytotrophoblasts, in late gestation, the majority of trophoblasts occur as syncytiotrophoblasts

[219]. Both of which can be modeled in vitro.

To investigate placental function and trophoblast biology, several trophoblast cell lines were
applied. Widely used are those derived from choriocarcinoma, which includes BeWo, Jeg-3,
and JAR cells [331]. Besides cancer cell lines, where it has to be considered that they are highly

malignant and contain abnormal chromosome complements. Modified isolated primary
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trophoblasts are also used to investigate placental function [318]. These include ACH-3P cells,
which are established by fusion of first-trimester trophoblasts, and the choriocarcinoma cell
line AC1-1 or HTR-8/Svneo, which are simian virus 40 large T antigen transfected cells isolated
from the chorionic villi of first-trimester placentae [326,327]. Since transfection in HTR-8/Svneo
cells has shown to induce abnormal phenotype and karyotype, Swan-71 cells were
immortalized by human telomerase reverse transcriptase transfection showing characteristics
of first-trimester trophoblasts even after subculture [328]. Regarding the cellular and
physiological complexity of the placenta, primary cells isolated from first-trimester or term
placentae rather represent in vivo conditions [209]. However, it has to be considered, that
primary cytotrophoblasts, originating from first-trimester placentae are not able to divide, and
spontaneously exit the mitotic cell cycle and fuse to syncytiotrophoblasts, modeling late and
not early gestation [327,334]. Furthermore, the availability of tissue from first-trimester
placentae is limited due to ethical reasons, because they can only be obtained in case of early
termination of pregnancy [220,357,358]. On the other hand, primary cells of term placentae are
mainly used to investigate the formation of syncytiotrophoblasts, since processes involved in

trophoblast invasion are reduced [219].

The widely used in vitro system for xenobiotic and chemical transfer across the placental
trophoblasts is the BeWo b30 Transwell® model. After subcloning, the cancer cell line BeWo
develops barrier-like functions, such as the formation of a polarized confluent monolayer
(BeWo b30 cells) [331]. Additionally, they resemble the morphology of third-trimester
trophoblasts and express a variety of transporters involved in macro- as well as micronutrient
metabolism in expression patterns resembling late gestation [341,359]. In this model, transfer
rates of small reference substances like antipyrine but also caffeine and benzoic acid are
comparable to ex vivo placental perfusion experiments, the “gold standard” method for
placental transport, established by Panigel ef al [226,310,351,360,361]. Since perfusion of human
placentae, collected shortly after delivery, is challenging due to quick tissue degeneration and
high biological variations, using in vitro translocation models is beneficial regarding handling
and experimental throughput [220,222]. Nevertheless, it has to be considered, that cancer cell
lines of placental trophoblast do not fully share the physiological structure of trophoblasts

present in the placental barrier in vivo [222].

Xenobiotic testing is well-established due to its importance for pregnancy maintenance and

outcome. However, the investigation of the fundamentals of micronutrient transport and
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potential negative outcomes of disrupted micronutrient homeostasis is needed, since the
mother and fetus are exposed to micronutrients every day by dietary consumption. Nutrients
like TEs are rather discussed due to their essentiality and the regulation of several
micronutrient supplementations recommended for pregnant women is not well established
[362,363]. Therefore, investigating the effects of several food components is critical since
inadequate nutrition may have an adverse impact on fetal development [269]. For this,
understanding the mechanisms involved in the nutrient transfer is crucial for the assessment
of micronutrient requirements during pregnancy to preserve a healthy life for the unborn child
[7]. Various studies already focused on the transport of individual macro- and micronutrients
but data on the complex mixture of nutrients as they occur in food is scarce [252,308,364,365]. In
order to protect the fetus from potential negative outcomes, pregnant women are excluded
from nutrition studies [7]. Therefore, developing a model of the maternal-fetal interface in vitro
may reveal the fundamentals of combined micronutrient transport but also important

processes involved in fetal nutrient supply.
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3.2. Materials and Methods
3.2.1. Cultivation of BeWo b30 cells and cell seeding

The human choriocarcinoma cell line BeWo b30 was cultured as described in [308]. Briefly,
BeWo b30 cells were cultured in Ham’s F-12K medium (Gibco, Thermo Fisher Scientific,
Waltham, USA) supplemented with 10 % fetal calf serum (FCS; Biochrom GmbH, Berlin.
Germany), 1 % penicillin/streptomycin and 2 mM L-glutamine (Sigma Aldrich, Steinheim,
Germany) in a humidified incubator at 37°C and 5 % CO2 with a medium change every two
days. During sub-culturing, cells were detached using 0.05 % trypsin-EDTA (Sigma Aldrich).
For transfer experiments, the cell medium was changed to the endothelial growth medium (EC)
supplemented with 1 vial SupplementMix (PromoCell, Heidelberg, Germany) and 1 %
penicillin/streptomycin according to the manufacturer’s protocol. For an optimal attachment
of 2 x 10* - 1.5 x 10° cells on microporous inserts (Transwell® with a polycarbonate membrane,
0.4 uM pore size, 1.12 cm? growth area (Corning Life Sciences, Amsterdam, Netherlands)),
inserts were coated before cell seeding using a solution of 50 pug/mL human placental collagen
(Sigma Aldrich) in phosphate-buffered saline (PBS) for 1 h at 37°C. The established workflow
for the BeWo b30 in vitro system is depicted in fig. 7.
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start of experiment
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¢1h
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Figure 7: Workflow from cell seeding until treatment of the BeWo b30 in vitro system.

3.2.2. Transepithelial electrical resistance measurement
Barrier integrity was monitored by measuring the transepithelial electrical resistance (TEER),
which describes the ionic conductivity of the tight junctions present in the cellular monolayer

following Ohm’s law [366]. For this, the cellZscope® device (nanoAnalytics, Miinster, Germany)

was used, whose measurement principle is based on impedance spectroscopy [367].
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3.2.3. Sodium fluorescein exclusion assay

For barrier permeability studies, exclusion of sodium fluorescein (NaFlu) was determined in
cells 3 days after seeding as described by Aengenheister et al [222]. Therefore 0.5 mL of 5 pM
NaFlu (Sigma Aldrich) diluted in phenol red-free Roswell Park Memorial Institute (RPMI) 1640
medium (Sigma Aldrich) supplemented with 10 % FCS and 1 % penicillin/streptomycin was
added to the apical and 1.5 mL of RPMI 1640 without NaFlu on the basolateral compartment of
the insert. 3 h after incubation, samples of each chamber were transferred into a 96-well plate.
Fluorescence was measured using a Tecan® plate reader (Tecan® Infinite Pro M200, Tecan®,
Crailsheim, Germany) at an excitation of 490 nm and an emission of 530 nm. The NaFlu amount
was determined using an external calibration and calculated as a ratio to the starting

concentration.
3.2.4. Immunocytochemical staining of BeWo b30 cells

The immunocytochemical staining of tight junction and microtubule proteins was performed
as described in Aengenheister et al [222]. For this, cells were fixed using 4 % PFA and 0.2 %
Triton™ X-100 for 10 min at room temperature (RT). After washing with PBS, inserts were
blocked with 5 % goat serum in PBS (Invitrogen, Thermo Fisher Scientific) for 30 min at 37°C.
Afterward, a 1:1000 dilution of rat anti-tubulin (Abcam, Cambridge, United Kingdom) in 0.5 %
BSA/PBS and a 1:500 dilution of mouse anti-(y)-catenin (BD Biosciences, Heidelberg, Germany)
in 0.5 % BSA/PBS was applied for 1 h at RT. A 488 goat anti-mouse and A 555 goat anti-rat
(Invitrogen, Thermo Fisher Scientific) antibody diluted 1:400 in 0.5 % BSA/PBS were used for
2nd antibody staining for 1 h at RT. Before mounting, the nucleus was stained using 1 %
Bisbenzimide H 33258 (Hoechst, Calbiochem, Sigma Aldrich) in methanol for 30 s at RT. To
ensure an even surface, whole insert membranes were embedded in Mowiol 4-88 (Sigma
Aldrich) at 40°C over night. Immunocytochemical analysis was performed with inserts 1, 2,
and 3 days after seeding as well as for different cell densities. Immunostaining was captured
with a Leica DMB6 fluorescence microscope (Leica Camera AG, Wetzlar, Germany) using an
overlay of L5 (Ex: 460 — 500 nm; Em: 512 — 542 nm), 405 (Ex: 375 — 435 nm; Em: 450 - 490 nm),
and TxR (Ex: 540 — 580 nm; Em: 592 - 668 nm) filters and 20- or 60-fold magnification objects.
Images were processed using the Leica Thunder to extract overlaying fluorescence intensity

from the mounting medium.
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3.3. Results and Discussion of the Method Development
3.3.1 BeWo b30 barrier formation is dependent on culture medium

In order to develop the in vitro system of human villous trophoblasts, various BeWo b30 cell
numbers (45,000 cells/ insert — 150,000 cells/ insert) were seeded on the apical side of the
placental collagen-coated inserts. 24 h after seeding, inserts were placed in the cellZscope®
device to monitor the formation of a confluent monolayer. The choice of culture medium was
thereby supported by literature, which suggested the cultivation of BeWo b30 cells in either
Ham’s F-12K medium or a mixture of F-12K and high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) [222,352]. In the following, starting conditions of the TEER measurement are

defined as the first measured TEER value of the experiment.

TEER values were decreased in all tested conditions (alternating cell numbers), which might
be explained by cells habituating to their new environment and the applied voltage. Afterward,
TEER values of 100,000 cells cultivated on inserts, decreased independent of the culture
medium. Additionally, seeding higher cell numbers (125,000 — 150,000 cells/ insert) resulted in
a marginal increase, in the same range as the starting condition. However, about 35 h after
seeding TEER values reached a constant level, although not clear if cells formed a tight barrier
or if TEER values were not increasing due to reduced cell proliferation (fig. 8A, B). In contrast
to other cell lines used for barrier studies [199,368], BeWo b30 cell proliferation is not inhibited
by cell contact, and cell differentiation is not necessary for barrier formation. Therefore,
obtaining reproducible and intact cell layers is more difficult, and more precise monitoring is

required [352].
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Figure 8: TEER values of the BeWo b30 cell layer cultivated in two different culture medium compositions (F-12K/
F-12K + DMEM (50:50)) on the apical side of the Transwell® insert 24 h after seeding. Shown is the progression
of the TEER values for about 48 h in (A) Q*cm?® and (B) relative to starting conditions of one representative
experiment. Starting conditions are defined as the first measured TEER value. Graphs are assigned to the
following: ( == ) 100,000 cells/ insert (F-12K), ( == ) 100,000 cells/ insert (F-12K/DMEM), (== ) 125,000 cells/ insert
(F-12K), ( =) 125,000 cells/ insert (F-12K/DMEM), ( == ) 150,000 cells/ insert (F-12K), (==) 150,000 cells/ insert
(F-12K/DMEM).

To investigate if TEER values determined are low due to an insufficient cell number, inserts
with cell numbers ranging from 45,000 cells/ insert - 90,000 cells/ insert were applied. Due to
the fact, that BeWo b30 cells do not develop well in high glucose DMEM (fig. S1), also observed
by Crowe ef al using the BeWo subclone b24, cells were cultivated using F-12K [369]. However,
TEER values obtained were indistinguishable compared to higher cell counts, which hints that

the barrier formation was not successful (fig. 9A, B).
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Figure 9: TEER values of the BeWo b30 cell layer cultivated in F-12K on the apical side of the Transwell® insert
24 h after seeding. Shown is the progression of the TEER values for about 70 h in (A) Q*cm? and (B) relative to
starting conditions of one representative experiment. Starting conditions are defined as the first measured TEER
value. Graphs are assigned to the following: ( == ) 45,000 cells/ insert (F-12K), ( ==) 60,000 cells/ insert (F-12K),
(=) 75,000 cells/ insert (F-12K), ( =) 90,000 cells/ insert (F-12K).
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In consideration of this, TEER measurement of inserts without cells revealed that the intrinsic
resistance was not exceeding 30 Q*cm?, verifying that cells seeded on inserts did not form a
barrier-like cell layer. Furthermore, seeding cells in barrier-like conditions in 12-well culture
dishes showed that in case of immense vibration or movement during cultivation, floating
adherent cells cluster in the middle of the culture dish (data not shown). This phenomenon
was described by Szaraz et al as secondary flow, which is associated with uneven
sedimentation and adherence, negatively affecting cell culture quality [370]. Therefore, after
cell seeding, inserts were moved as little as possible and TEER measurements were not
conducted until cells reached a confluent monolayer. For this, cell numbers, as well as the time
post-seeding, were defined according to protocols of already published BeWo b30 in vitro
systems. Optimal cell concentrations described in the literature suggested cell numbers of
1.0 x 10> - 1.5x 10° cells/ insert with a cultivation time of 3 days post-seeding before

performing transfer studies [222,314,371].

Using the Transwell® system offers the opportunity to not only investigate the transfer of
substances across a monolayer but allows a co-culture of different cell lines. In the case of the
placental barrier, many studies combined the epithelial BeWo b30 cells with macrovascular
cells like HUVEC or microvascular human venous endothelial cells (HPEC-A2) [222,372]. In
order to establish adequate culture conditions for both cell lines, the right type of culture
medium needs to be selected. As described by Aengenheister et al, BeWo b30 cells can also be
cultivated in EC medium, initially used for the cultivation of endothelial cells [222].
Nevertheless, the cultivation of BeWo b30 cells in the EC medium resulted in a strong increase
of the TEER values of about 80 — 300 Q*cm? (fig. 10), possibly due to the growth factors added
to the supplement mix of the EC medium. According to the manufacturer’s protocol, the
supplement mix is composed of FCS, endothelial cell growth supplement, epidermal growth
factor, basic fibroblast growth factor, insulin-like growth factor, vascular endothelial growth
factor 165, ascorbic acid, heparin and hydrocortisone [373]. Especially, the insulin-like growth
factor is involved in cytotrophoblast proliferation, and the epidermal growth factor has shown
to induce cell proliferation of BeWo b24 cells without enhanced aggregation, leading to the
hypothesis that barrier formation is ameliorated in EC medium compared to F-12K medium

[369,374].
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Figure 10: TEER values of the BeWo b30 cell layer cultivated in EC medium on the apical side of the Transwell®
insert 3 days after seeding. Shown is the progression of the TEER values for an additional 24 h in (A) Q*cm? and
(B) relative to starting conditions of one representative experiment. Starting conditions are defined as the first
measured TEER value. Graphs are assigned to the following: () 115,000 cells/ insert (EC), ( =) 125,000 cells/
insert (EC), (== ) 150,000 cells/ insert (EC).

3.3.2 Verification of barrier integrity using sodium fluorescein exclusion assay and

immunocytochemistry

To investigate the integrity of the BeWo b30 cell layer, NaFlu exclusion and the staining of the
adherens and tight junction proteins y-catenin or zonula occludens-1 (ZO-1), and the
microtubule protein tubulin via immunocytochemistry was used. In order to get first
indications of the BeWo b30 cell proliferation behavior during barrier formation, inserts with
115,000 or 125,000 cells were stained 1, 2, or 3 days after seeding. As depicted in fig. 11 and 12
BeWo b30 cells have grown from the edge to the middle of the insert, closing the remaining

holes in the cell layer until day 3.
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Day 1 Day 2 Day 3
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Figure 11: Staining of the tight junction protein y-catenin (green), the microtubule protein tubulin (red), and the
nucleus using Hoechst staining (blue) via immunocytochemistry. Shown are the pictures of a proliferation
timeline of 115,00 cells/ inserts 1, 2, and 3 days after seeding depicted as overlays of the respective filter of one

representative section of the membrane at a 20-fold magnification.
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Figure 12: Staining of the tight junction protein y-catenin (green), the microtubule protein tubulin (red), and the
nucleus using Hoechst staining (blue) via immunocytochemistry. Shown are the pictures of a proliferation
timeline of 125,000 cells/ inserts 1, 2, and 3 days after seeding depicted as overlays of the respective filter of one

representative section of the membrane at a 20-fold magnification.

Additionally, after 3 days of culture, the basolateral NaFlu amounts ranged between 6.5 %
(seeding 115,000 cells) and 15.2 % (seeding 125,000 cells), indicative of an apparent confluent
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cell layer (fig. 13). In contrast to this, staining of the tight junctions revealed remaining holes,
which showed clearly that NaFlu retention of 93.5 % and 84.8 % is too low for defining a
confluent cell layer. Furthermore, contradictory to expectations, an increase in cell number
resulted in an increase in NaFlu permeability, which could not be explained yet, but possibly
emphasizes that reproducibility of confluent cell layer formation is more challenging due to

the secondary flow mentioned before [370].

257

204

basolateral NaFlu amount
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Figure 13: Basolateral NaFlu amount [%] of 115,000 and 125,000 cells/ insert 3 days after seeding. Shown are the
means + SD of one representative experiment with two technical replicates.

In order to avoid the secondary flow in microporous inserts, 115,000; 125,000; and 150,000 cells
were seeded for 3 days before the performance of the NaFlu exclusion assay and
immunocytochemistry. Staining of the tight junction proteins revealed that the cell layer could
be considered confluent if cultivating 150,000 cells/ insert for 3 days (fig. 14). Different from
the barrier formation observed before, the number of holes across the cell layer was lower with

higher cell numbers (fig. 11, 12, 14).
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Figure 14: Staining of the tight junction protein y-catenin (green), the microtubule protein tubulin (red), and the
nucleus using Hoechst staining (blue) via immunocytochemistry. Shown are the pictures of cell layers of 115,000;
125,000; and 150,000 cells/ insert 3 days after seeding. Depicted are overlays of the respective filter of one
representative section of the membrane at a 20-fold magnification.

Furthermore, seeding higher cell numbers on inserts led to decreased NaFlu permeability with
basolateral NaFlu amounts ranging from 5 % (115,000 cells/ insert) to 1.5 % (150,000 cells/ insert)
(fig. 15). This observation was in accordance with the staining of the tight junction protein
y-catenin. In consideration of the TEER measurement, the cell layer can be considered

confluent at TEER values higher than 100 Q*cm? (fig. 10).
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Figure 15: Basolateral NaFlu amount [%] of 115,000; 125,000; and 150,000 cells/ insert 3 days after seeding. Shown
are the means of one representative experiment.
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Adequate barrier formation could therefore be reached by seeding 150,000 cells/ insert in EC
medium for 3 days before treatment with TEER values higher than 100 Q*cm?®. Regarding
current literature, the culture conditions of the BeWo b30 cell layer are diverse in terms of
culture medium, cell densities, and times post-seeding. The model has therefore to be optimized
according to the respective application and laboratory environment [222,352,371]. While the
results obtained from the integrity assays are individually different, the dimensions are
comparable. One example is the study by Cartwright ef a/, which used a cell density of
100,000 cells/ insert, cultivated in a mixture of DMEM and F-12K. NaFlu exclusion was minimal
5 days post-seeding with about 6 % regarding the initial dose [371]. In the present study,
immunocytochemistry revealed remaining holes in the cell layer, although only 6.5 % of the
initial NaFlu dose reached the basolateral compartment (fig. 11, 13). In order to increase
experimental throughput due to shorter cultivation times, Aengenheister ef al applied a
slightly increased cell number of 1.5 x 10° b30 cells/ insert cultivated in EC medium for 3 days
until reaching adequate barrier-like morphology [222]. This corroborates the results obtained

in the present study.

Besides y-catenin as a marker for adherens junctions [222], ZO-1 was also postulated as a
marker for tight junctions in epithelial cells and is expressed in the BeWo b30 cell line [220,375].
BeWo b30 cells developed sharp cell boundaries, ZO-1 expression was evenly distributed across
the cell layer, and the subsequent visualization of the cell nuclei showed the formation of a

consistent barrier (fig. 16).

Figure 16: Staining of the tight junction protein ZO-1 (green), and the nucleus using Hoechst staining (blue) via
immunocytochemistry. Shown is a picture of the cell layer after seeding 150,000 cells/ insert for 3 days. Depicted
is the overlay of the respective filter of one representative section of the membrane at a 20-fold magnification.
The picture was processed by a Leica Thunder imager extracting the fluorescence of the mounting medium.
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The application of the developed BeWo b30 Transwell® model for nutrient transfer revealed
further difficulties in reproducibility. TE transfer was compromised if TEER values of cell
layers, formed after seeding 150,000 cells/ insert, exceeded 330 Q*cm? This indicated the
formation of a BeWo b30 multilayer, which cannot be avoided due to the absence of contact
inhibition (see chapter 4 — Differences and Interactions in Placental Manganese and Iron
Transfer across an /n Vitro Model of Human Villous Trophoblasts). Under physiological
conditions 7n vivo, this cell layer is composed of only one layer, whereby the formation of the
monolayer is crucial for relevant study results [314]. Nevertheless, a few studies were
deliberately done on a BeWo multilayer, in order to avoid adverse effects of barrier leakage
caused by cytotoxicity [376] or because cells formed a multilayer before they reached
confluence [352]. However, this was not the intention of this study but highlighted that growing
consistent and intact BeWo monolayers is challenging [352,376]. To overcome the difficulties of
cell seeding, barrier formation was monitored from cell numbers ranging from 20,000 to
150,000 cells 3 days post-seeding. Subsequently, TEER values and NaFlu exclusion were
measured, and the presence of tight junctions was investigated. For this TEER values were
measured daily until 3 days post-seeding. They demonstrated that seeding 85,000 cells/ insert
is sufficient to reach comparable TEER values in regard to those obtained during method
development in general. Furthermore, cell densities of 20,000 and 45,000 cells/ inserts were too

low, because TEER values did not exceed the intrinsic resistance of the insert (fig. 17).
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Figure 17: TEER values of the BeWo b30 cell layer cultivated in EC medium on the apical side of the Transwell®
insert. Shown is the progression of the TEER values [Q*cm?] + SD for 1, 2, and 3 days after seeding of one
representative experiment with 4 technical replicates. Graphs are assigned to the following: ( - ) 20,000 cells/
insert (EC), ( ==) 45,000 cells/ insert (EC), ( == ) 85,000 cells/ insert (EC), ( ==) 120,000 cells/ insert (EC), ( mm)
150,000 cells/ insert (EC).
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The staining of the tight junction proteins corroborated this hypothesis since the cultivation
of 85,000 cells/ inserts led to the formation of an even cell layer with an adequate distribution
of cell-cell boundaries (fig. 18). Additionally, also seeding of 150,000 cells/ insert resulted in the

formation of a consistent BeWo b30 barrier.

Figure 18: Staining of the tight junction protein y-catenin (green), the microtubule protein tubulin (red), and the
nucleus using Hoechst staining (blue) via immunocytochemistry. Shown are pictures of one representative
segment (A — C) and the whole cell layer (D - F) after seeding 45,000 cells; 85,000 cells, and 150,000 cells/ insert
for 3 days, respectively. Depicted is the overlay of three filters at a 20-fold magnification. The pictures were
processed by a Leica Thunder imager extracting the fluorescence of the mounting medium.

According to the immunohistochemistry and measurement of the TEER values, also NaFlu
exclusion was minimal after seeding 85,000 and 150,000 cells/ insert. Additionally, basolateral

NaFlu amount was indistinguishable between those cell densities (fig. 19).
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Figure 19: Basolateral NaFlu amount [%] of 20,000; 45,000; 85,000 and 150,000 cells/insert 3 days after seeding.
Shown are the means + SD of at least one representative experiment with two technical replicates.

Different from the optimized culture conditions postulated before, seeding 85,000 cells/ insert
was already sufficient to reach barrier-like morphology and adequate barrier integrity.
However, due to the fact, that inserts of 150,000 cells/ insert showed comparable barrier
integrity, it can be defined that seeding cells ranging between 85,000 cells/ insert to
150,000 cells/ insert led to the formation of a BeWo b30 cell layer with adequate integrity.
Nevertheless, it is not clear why the cells show different proliferation behavior. One possible
explanation may be the lot dependence of the FCS, which is included in the supplement mix of
the EC medium, possibly leading to compromised or enhanced proliferation behavior.
However, the exact reason remains to be elucidated in future studies, and barrier formation

needs to be monitored precisely before treatment.
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3.4. Limitations and future opportunities

The BeWo b30 Transwell® model is an adequate tool to model trophoblasts of the placental
barrier in vitro. They resemble most of the functions of trophoblasts and express a variety of
transporters involved in nutrient transfer. Different from cell lines used for the investigation
of other physiological barriers, BeWo b30 cells are not contact inhibited and do not need to be
differentiated to form a confluent cell layer. This behavior makes it difficult to obtain a
reproducible and consistent model system. Therefore, the development of the culture

conditions has to be done precisely and has to be adapted to each desired application.

As BeWo b30 cells are derived from choriocarcinoma, they represent a specific differentiation
pattern of trophoblasts and may show a different response to several stimuli compared to in
vivo conditions [209]. Instead of cancer cell lines, primary trophoblasts can be isolated from
first-trimester or term placentae without changing their morphology and function in vitro.
However, using primary cells for long-term experiments is limited due to the induction of
senescence processes leading to reduced proliferation or complete cell cycle arrest [209]. To
overcome this limitation, human embryonic or human pluripotent stem cells can be applied.
Furthermore, stem cells can be differentiated into either extravillous as well as villous

trophoblasts, also resembling in vivo conditions of placental function and structure [209].

The model established in this study represents one single cell layer of the placental barrier.
The Transwell® insert system allows the combination of several cell lines and their
compartmentalization (apical or basolateral affinity) due to polarization [339]. By applying the
BeWo b30 cells on the apical compartment of the insert, the maternal facing side of the
placental barrier is covered. However, this monolayer does not represent the complex
microstructure and heterogeneity of cell layers of the placental barrier. Furthermore, as
pregnancy progresses, the fetal endothelium is gaining more importance due to increased
angiogenesis and vascularization. Fetal programming and regulation will then be adopted by
fetal endothelial cells, which also affect the regulation of fetal nutrient supply [231,377].
Additionally, since the formation of the vascular system is dependent on trophoblast signaling,
interactions of epithelial (trophoblasts) and endothelial cells are important to consider.
Therefore, the development of an in vitro co-culture system would facilitate the investigation
of nutrient transfer across associated cell layers not only in regard to maternal and fetal

circulations [378].
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In order to model fetal endothelium, several studies used HUVECs [379-381]. They can be
isolated from the umbilical vein directly after delivery but are also commercially available
[372,382]. In consideration of the underlying cell type, HUVECs represent macrovascular cells,
while the majority of endothelial cells, present in the human placenta, are microvascular cells
(HPMECsS). They can be isolated from fetal chorionic arteries of term placentae [372]. In
addition, HPMECs can also be transfected by simian virus 40 to facilitate cultivation (HPEC-
A2 cells). However, HUVECs, as well as HPMECs differ regarding phenotype (morphology)
and physiological function [222,372,378]. Studies have shown distinct differences in the
expression of several homeobox genes (important in embryogenesis), as well as the release of
vasoactive substances and endothelial mitogen response [372,378]. Due to the heterogeneity of
fetal endothelial cells, effects obtained in macrovascular cells cannot be extrapolated to
microvascular cells. The choice of fetal endothelial cells for the in vitro system has, therefore
to be made in regard to the desired point of view since fetal microvascular cells are in direct
proximity and part of the placental barrier, while macrovascular cells of the umbilical vein are

involved after nutrients have reached fetal capillaries [222,372,383].

Besides the choice of cell lines used for Transwell® experiments, progress has been made to
substitute the polycarbonate membrane by bioprinting a methacrylated gelatin membrane
modeling extracellular matrix. In order to additionally mimic fetal stroma, primary fetal
fibroblasts are included. In combination with trophoblasts (BeWo) and fetal endothelium
(primary cells), this system represents a more complex model of the placental barrier [336].
Furthermore, Nishiguchi ef al had a similar approach to a 3D culture system. They seeded
laminin- and collagen-coated trophoblasts on a layer of the capillary network, which was
formed in advance from primary fibroblasts and HUVECs in a hydrogel containing fibrin,
therefore covering the trophoblast layer, connective tissue, and vascular endothelium of the

placental barrier [337].

Using the BeWo b30 monolayer, however, is a useful tool for the investigation of nutrient
transfer across the villous trophoblasts. The simplicity of the monolayer facilitates
experimental throughput in order to gain first insights into fetal nutrient supply and
underlying mechanisms, which have to be elucidated in future studies. Extending the in vitro
system by adding fetal endothelium and extracellular matrix will represent a more complex
model of the placental barrier and will cover alterations due to interactions of maternal

trophoblasts and fetal endothelium.
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Abstract

Manganese (Mn), as well as iron (Fe), are essential trace elements (TE) important for the
maintenance of physiological functions including fetal development. However, in the case of
Mn, evidence suggests that excess levels of intrauterine Mn are associated with adverse
pregnancy outcomes. Although Mn is known to cross the placenta, the fundamentals of Mn
transfer kinetics and mechanisms are largely unknown. Moreover, exposure to combinations
of TEs should be considered in mechanistic transfer studies, in particular for TEs expected to
share similar transfer pathways. Here, we performed a mechanistic in vitro study on the
placental transfer of Mn across a BeWo b30 trophoblast layer. Our data revealed distinct
differences in the placental transfer of Mn and Fe. While placental permeability to Fe showed
a clear inverse dose-dependency, Mn transfer was largely independent of the applied doses.
Concurrent exposure of Mn and Fe revealed transfer interactions of Fe and Mn, indicating that
they share common transfer mechanisms. In general, mRNA and protein expression of
discussed transporters like DMT1, TfR, or FPN were only marginally altered in BeWo cells
despite the different exposure scenarios highlighting that Mn transfer across the trophoblast

layer likely involves a combination of active and passive transport processes.
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Figure 20: Graphical Abstract: Differences and Interactions in Placental Manganese and Iron Transfer across an
In Vitro Model of Human Villous Trophoblasts.

4.1. Introduction

Although trace elements (TE) like manganese (Mn) and iron (Fe) are essential to sustain
physiological processes, many studies have shown that excessive metal uptake could lead to
health issues such as neurodegenerative diseases with metal-induced oxidative stress as a
potential underlying pathway [5,384]. Mn and Fe may cause oxidative stress directly induced
by Fenton and Fenton-like reactions or indirectly by inhibition of mitochondrial respiratory
chain complexes [70,385]. This adverse outcome of excessive Mn and Fe exposure is presently
established for adults, but may be of particular concern for sensitive populations like expecting
mothers and their unborn children. In early stages of neurodevelopment, the neuronal network
is highly susceptible to oxidative damage due to a not fully developed antioxidant system and
a high oxygen consumption rate [386]. Therefore, an efficient TE homeostasis has to be
maintained to avoid accumulation of metal species or reactive oxygen species (ROS) and ensure
optimal fetal (neuro)development [387]. Maternal-fetal TE transfer is tightly regulated by the
placenta, a highly species-specific organ performing a variety of essential functions including
the exchange of nutrients in order to sustain fetal development. Among the many cell types
forming the placental barrier, the syncytiotrophoblast facing the maternal blood stream is the

key barrier layer, which performs most pregnancy-relevant functions and expresses a wealth
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of enzymes and transporters. Early in pregnancy, cytotrophoblast precursor cells expand and
differentiate from a bilayer to a thin multinuclear syncytiotrophoblast (2 — 4 um thickness),
which leads to an increased placental permeability in later stages of pregnancy [207,224]. While
the transfer of Fe across placental barrier building cells has already been addressed in

numerous studies (reviewed in [252,261]), little is known about the transfer of Mn.

Mn is involved in several processes of fetal development like growth, bone formation, immune
function, or neurodevelopment [8,388]. Since Mn appears ubiquitously in nutrition (e.g. nuts,
grains, rice, and tea) but also in the environment through anthropogenic pollution of air or
drinking water, Mn deficiency has not been observed in humans so far [3,28]. However, excess
levels of Mn in utero (measured as maternal blood and/ or cord blood concentrations) have
been associated with adverse pregnancy outcomes such as a higher risk for intrauterine growth
restriction or neural tube defects, lower birth weight, or an altered neurodevelopment in terms
of psychomotor and mental skills [66,299,302,306]. The underlying toxicity mechanisms are still
unknown [389,390]. For adults including pregnant or lactating women, the European Food
Safety Authority (EFSA) proposed an adequate Mn intake (AI) of 3 mg/ day (2013), which relies
on extrapolated data from the Institute of Medicine, Panel on Micronutrients on weight gain
during pregnancy (2001) [3,267]. Nonetheless, Mn requirement in pregnancy is still under

discussion.

To identify possible placental TE transfer mechanisms, Duck et al reviewed Fe transfer across
different physiological barriers including the placenta [68]. Different from Fe transfer in the
gut, placental Fe transfer is described as a unidirectional (from mother to child only) transferrin
(Tf) mediated endocytosis including active transport mechanisms. In more detail, Tf-bound
trivalent Fe(IlI) (Tf-Fe) is transported to the endosome where it is pH-dependently released and
subsequently transported into the cytosol through the divalent metal transporter 1 (DMT1).
Once in the cytosol, it can be stored in the storage proteins ferritin light and heavy chain (FTL,
FTH) or exported to the fetal side through ferroportin (FPN) [68]. The limited data available on
placental Mn transfer suggest that Mn is transported actively since the Mn amount was
significantly higher in umbilical cord blood than in maternal serum [307]. In addition, the Mn
transfer rate across a perfused human placental lobule was reduced compared to the passive
diffusion marker antipyrine [306]. Nevertheless, further mechanistic studies on placental Mn
transfer and safety, including transfer kinetics as well as underlying translocation and toxicity

mechanisms are urgently needed to understand micronutrient requirements in pregnancy [7].
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Therefore, we investigated placental Mn transfer and cytotoxicity at the villous trophoblast
barrier using an in vitro BeWo b30 transfer model. In particular, we focused on elucidating Mn
transfer kinetics and underlying translocation pathways like the involvement of relevant
transporters (DMT1, TfR, and FPN) and regulatory proteins (metallothioneins (MT), FTH, FTL).
As previously described for other tissues, Mn and Fe might share the same transport
mechanisms because they both occur in two physiological relevant species ((+II) and (+III))
[19,27]. Hence, we included Fe in our study for comparison. This study helps to fill the
knowledge gaps in the transfer of single TEs but also emphasizes the importance of TE

interactions in order to maintain a balanced TE homeostasis.
4.2. Materials and Methods
4.2.1. Cultivation of BeWo b30 cells

The human placental choriocarcinoma cell line BeWo subclone b30 was cultivated as described
previously [222]. Briefly BeWo b30 cells were cultured using Ham’s F-12K medium (Thermo
Fisher Scientific (Gibco), Schwerte, Germany) supplemented with 1 % fetal calf serum (FCS;
Biochrom GmbH, Berlin, Germany), 1% penicillin/ streptomycin and 2 mM L-glutamine (Sigma
Aldrich, Steinheim, Germany). Cells were sub-cultured twice a week using 0.05 % trypsin-
EDTA solution (Sigma Aldrich, Steinheim, Germany) with a medium change every two days
and cultured in a humidified incubator at 37°C with 5 % COs..

4.2.2. Cytotoxicity Testing for Dosage Regimen

Stock solutions of MnClz (MnClo-4H20, 99.9 % trace element basis, Honeywell™, Morristown,
NJ, USA) and FeCl; (FeCl2-4H20, 99.9 % trace element basis, Merck Millipore, Darmstadt,
Germany) were prepared freshly before the experiment using sterile purified water (18 MQ).
The abbreviations Mn and Fe used in this study refer to both metals in the divalent form (Mn(II)
and Fe(II)). For cytotoxicity testing via Hoechst Assay, 31,000 cells/cm? were seeded in 96-well
plates in order to reach confluency after three days [222]. One hour after medium change, cells
were incubated with different concentrations of MnCl: and FeCl; ranging from 100 — 1000 pM
for up to 24 h. In short, Hoechst assay was carried out by fixing cells using 4% formaldehyde
followed by a permeabilization step with Triton™ X-100 (Sigma Aldrich, Steinheim, Germany)
to allow Hoechst staining (Bisbenzimide H 33258, Calbiochem, Sigma Aldrich, Steinheim,
Germany) to interact with the DNA of living cells [391].
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4.2.3. Mn and Fe Transfer across the BeWo b30 cell Layer

For transfer experiments, 8.5 x 10* cells were seeded in endothelial growth medium MV (EC)
supplemented with 1 vial SupplementMix according to the manufacture’s manual (PromoCell,
Heidelberg, Germany) and 1 % penicillin/ streptomycin on the apical side of microporous
inserts (Transwells® with a polycarbonate membrane, 0.4 um pore size, 1.12 cm? growth area,
Corning Life Sciences, Amsterdam, Netherlands). Before cell seeding, inserts were coated using
a 50 pg/mL solution of human placental collagen for 1 h at 37°C (Sigma Aldrich, Steinheim,
Germany). Three days after seeding, the medium was changed 2 h before TE treatment. Barrier
tightness was monitored right before and during an experiment by measuring transepithelial
electrical resistance (TEER) using the cellZscope® device (nanoAnalytics, Miinster, Germany).
Additionally, barrier integrity was proven by sodium fluorescein translocation and staining of
the tight junction and microtubule proteins y-catenin and tubulin as described elsewhere [222].
For transfer studies, cells were treated with non-cytotoxic concentrations of MnCl
(100 — 1000 uM) and FeClz (10 — 500 uM) on the apical side. Samples were taken from the apical
and basolateral compartment 6, 24, and 48 h after treatment. Permeability coefficients were

calculated as followed:

AQ [ng]

A [cm?] * ¢, [C;llg_3] * At [s]

p =

with the permeability (P; cm s!) determined as the quotient of the basolateral amount (AQ; ug;
normalized to sample volume) and the product of the area of the microporous insert (A; cm?),

the apical concentration at the start of the incubation (co; pg cm) and the respective time point

(t;s)

To quantify the TE content in cells grown on inserts, the membrane was cut out with a scalpel
and washed in ice-cold PBS to remove remaining medium. Cells were stored at 20°C until lysis.
For cell lysis, cells were digested using a lysis buffer consisting of 1 mM TRIS (Roth, Karlsruhe,
Germany), 0.1 M NaCl (Roth, Karlsruhe, Germany), 1 mM EDTA disodium salt (VWR,
Darmstadt, Germany) and 0.1 % Triton™ X-100. Lysates diluted in 2 % HNO3 were measured
using an inductively coupled plasma-optical emission spectrometer (ICP-OES; Spectro, Krefeld,
Germany) or Agilent ICP-MS/MS Triple Quad system (ICP-QQQ-MS 8800, Agilent, Waldbronn,

Germany). Measurement parameters can be found in the supplementary information (table S3,
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S4). TE amounts were validated by measuring acid-assisted digested certified reference
material BCR®-274 (Single Cell Protein, Institute for Reference Materials and Measurement of
the European Comission, Geel, Belgium) and SRM®-1640a (Trace Elements in Natural Water,
National Institute of Standards & Technology, Gaithersburg, MD, USA). The cellular TE

concentration was normalized to the protein amount determined by BCA-assay.
4.2.4. Transporter Inhibition Study

Transporter inhibition was determined according to single or combined TE incubation as
described in 4.2.3. Furthermore, Hepcidin/ LEAP-1 (Human) (Axxora-Enzo Life Sciences,
Lorrach, Germany) was incubated 1 h before and Ferristatin II (NSC 8679, NCI Developmental
Therapeutic Program) simultaneously in combination with MnCl or FeCl; on the apical side
of the microporous insert. After 6 and 24 h samples were taken from the apical as well as
basolateral compartment and quantified using ICP-OES. Cellular Mn and Fe uptake was also

assessed after cell lysis.
4.2.5. Quantitative Real-time PCR Analysis

Expression of human metal transport- and storage-associated genes was investigated from TE-
exposed cells cultivated on microporous insert. Total RNA was isolated using NucleoSpin®
extraction kit (Marcherey-Nagel GmbH & Co. KG, Diiren, Germany) and RNA yield was
determined with Nano Drop One Spectrometer (Thermo Fisher Scientific, Waltham, USA).
RNA with absorption ratios A260/A280 and A260/A230 between 1.8 — 2.2 were considered as
pure. For cDNA synthesis, 1 pg RNA was transcribed with High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™, Thermo Fischer Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. Prior to RT-qPCR analysis with iQ™ SYBR® Green
Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA) as fluorescence probe, primer
efficiency was validated by a cDNA concentration curve and primer concentrations ranging
from 0.2 — 0.6 uM and product purity was verified by gel electrophoresis. Only primers with
an efficiency between 90 % — 120 % were used (table S5). The applied temperature program
carried out on the AriaMx Real-Time PCR System (Agilent, Waldbronn, Germany) included a
polymerase activation step at 95°C for 3 min, DNA denaturation at 95°C for 30 s, primer
annealing at 56°C for 1 min, and extension phase at 72°C for 15s. The cycle from DNA
denaturation to extension was repeated 37 times. After each extension phase, fluorescence
intensity was measured. For melting curve analysis DNA was denaturized at 95°C for 1 min

with a subsequent increment from 60 — 95°C within a minute.
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values determined were normalized to B-actin as the housekeeping gene and evaluated in

consideration of the primer efficiency.
4.2.6. Western Blot Analysis

For Western Blot analysis cell pellets, pelletized from culture dishes, were lysed in ice-cold
RIPA buffer in combination with sonification using an ultrasonic probe (6 s, amplitude: 100 %,
cycle 0.5). Protein amounts from 10 - 30 pg denaturated with 5x Laemmli buffer (12.5 %
B-mercaptoethanol (v/v), 10 % SDS (w/v), 50 % Glycerol (v/v), 0.2 M Tris (pH 6.8), 0.625 %
Bromphenol blue) were applied for SDS-PAGE. Protein transfer on a nitrocellulose blotting
membrane (0.2 pm pore size, Amersham™ Protran™, Merck, Darmstadt, Germany) via tank
blotting (Bio-Rad Laboratories Inc., Hercules, CA, USA) was verified using 0.2 % Ponceau
staining. After blocking membranes in 3 % (w/v) non-fat dry milk in 1x Tris buffered saline
containing 0.1 % (v/v) Tween® 20 (T-TBS) for 1 h at RT, primary antibodies diluted in blocking
solution were incubated at 4°C over night. Recombinant anti-f-actin (1:2500, ab115777, Abcam,
Cambridge, United Kingdom), anti-Metallothionein (1:500, UC1Mt, Invitrogen, Thermo Fischer
Scientific, Waltham, MA, USA), anti-DMT1 (1:500, ab55735, Abcam, Cambridge, United
Kingdom), anti TFRC (1:1000, D7G9X, Cell Signalling, Danvers, US), anti-FTH1 (1:500, D1D4,
Cell Signalling, Danvers, US) and anti-FTL (1:500, ab69090, Abcam, Cambridge, United
Kingdom) were used as primary antibodies. Horseradish peroxidase (HRP)-conjugated goat
anti-mouse or goat anti-rabbit antibodies (1:10000, Bio-Rad Laboratories Inc., Hercules, CA,
USA) were incubated as secondary antibodies for 1 h at RT. Since the primary anti-bodies
against TfR, FTH and FTL are very potent and belong to the same species as the first antibody
against P-actin, the secondary HRP goat anti-rabbit antibody was diluted 1:2500.
Chemiluminescence detected with Amersham Imager 600 (GE Healthcare, Chicago, IL, USA)
was achieved by incubation of immunoblots with Clarity™ Western ECL Substrate (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Protein bands were quantified using Image] software

and normalized to -actin as loading control.
4.2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 Software (GraphPad Software, La
Jolla, CA, USA). Unless otherwise stated data are shown as mean + SD and significance values

are depicted as * p< 0.05, ** p< 0.01, and *** p<0.005 compared to untreated control.
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4.3. Results
4.3.1. Mn and Fe Cytotoxicity in Confluent BeWo b30 Cells

The cytotoxicity of MnCl, and FeCl; was assessed in confluent BeWo b30 cells to determine
nontoxic concentration ranges for transfer experiments. Indirect determination of the cell
number via Hoechst assay after 24 h showed no effect for concentrations up to 1000 uM of
either MnCl; or FeCl; (fig. S2). Therefore, concentrations between 100 — 1000 pM MnCl; or
10 - 500 uM FeCl; were applied for single element transfer and 100 uM MnCl; and 10 - 100 pM

FeCl; for combination studies.
4.3.2. Mn and Fe Transfer across the BeWo b30 Cell Layer

Growing BeWo b30 cells to a confluent and polarized layer on microporous inserts allows the
investigation of Mn and Fe transfer across two chambers where the apical chamber refers to

the maternal side and the basolateral chamber to the fetal side of the placental barrier.

BeWo barrier integrity and tightness was verified by measuring the transepithelial electrical
resistance (TEER), sodium fluorescein exclusion and immunocytochemical staining of
adherence junction (y-catenin) and microtubule proteins (tubulin) as described in
Aengenheister ef al [222]. TEER reached values of 300 + 30 Q*cm? and capacitance values of
2.8 + 1.1 pF/cm? after 3 days of cultivation on inserts and remained at this level throughout the
duration of the transfer experiment. Transwells® with TEER values exceeding 330 Q*cm?® were
not used for transfer experiments since BeWo b30 cells do not undergo contact inhibition of
growth and formed a multilayer already within the 24 h of TE exposure, which led to a

compromised TE transfer (data not shown) [352].

Applying Mn to the apical side and quantifying the basolateral Mn amount revealed a time-
and concentration-dependent Mn transfer across the BeWo b30 cell layer (fig. 21A, C).
Interestingly, normalization to the applied dose (fig. 21A) showed that Mn transfer amounts
are comparable in all applied doses in the range of 8 % + 3 % after 6 h and 21 % + 5 % after 24 h.
However, applying Fe to the apical side, the basolateral Fe amount normalized to the applied
dose (fig. 21B) decreased from 24 % + 5 % (10 pM FeClz, 24 h) to 4 % + 2 % (500 uM FeCls, 24 h)
with increasing FeClz incubation concentration. Concentrations higher than 100 pM lead to a
plateau with only 4 % + 1 % of applied FeCly, indicating a different transfer mechanism

compared to Mn.
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Figure 21: Basolateral Mn and Fe amounts 6 h and 24 h after MnCl; or FeCl; treatment of confluent BeWo b30
cells. Data are presented as mean * SD of three independent experiments with two replicates each. Figures (A, B)
show the basolateral Mn and Fe amount [%] normalized to the applied dose after 6 h and 24 h. Tables (C, D) show
the respective basolateral amount [uM] exemplarily after 24 h.

To get a better understanding of the underlying transfer kinetics, the permeability of Mn as
well as Fe was determined. The permeability coefficient allows comparing Mn and Fe transfer
to other marker substances such as antipyrine as carried out by Aengenheister et al [222] or
other in vitro and ex vivo models [351]. Incubating 100 pM MnCl; for 24 h on the apical side
resulted in a total crossover of 21.4 % + 4.6 % to the basolateral side with a defined permeability
of 1.2 x 10° + 3.8 x 107 cm/s. Since percental Mn crossover was concentration independent
(fig. 21A), similar permeability coefficients were obtained for all applied Mn concentrations
(fig. 22A). Incubating 100 pM FeCl: resulted in a crossover to the basolateral side of only 3.7 %
+ 0.8 % and a permeability of 9.5 x 10% + 7.4 x 108 cm/s (fig. 22C), which is less compared to
Mn transfer rates. In comparison, FeClz permeability was higher for the incubation of lower
concentrations like 50 uM FeCl3 (1.3 x 10° + 6.7 x 10”7) and lower at higher FeCl; concentrations
like 500 uM FeClz (3.0 x 107 + 1.1 x 107) (fig. 22B).
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Figure 22: Mn and Fe permeability coefficients across the confluent BeWo b30 cell layer. Permeability was
determined in regards to apical Mn or Fe treatment after 6 h and 24 h. Shown is the mean + SD of at least three
replicates each. (A) Mn permeability, (B) Fe permeability, (C) enlarged section of permeability coefficients of
100 pM FeCl, and 500 uM FeCl; after 24 h.

4.3.3. Mn and Fe Transfer Interactions

To further characterize Mn transfer in terms of transporter involvement and a potential
competition with Fe, Mn and Fe were concurrently incubated on the apical side of the BeWo
b30 layer for 24 h. Therefore, the concentration of MnCl; was set to 100 uM while various FeCl
concentrations ranging from 10 pM — 500 uM were applied. Simultaneous incubation with
100 uM MnCl; and 10 uM FeCl; for 24 h significantly decreased Mn transfer. While without Fe,
the basolateral Mn amount was 21.4 % * 4.6 % normalized to the applied dose; only 14.2 % *
1.9 % were transferred to the basolateral side in combination with 10 uM FeCl: (fig. 23A).
However, co-exposing BeWo b30 cells with either 50 uM FeClz or 100 pM FeCl; and 100 pM

MnCl: showed no impact on the transferred Mn amounts.

Mn transfer and also Fe transfer were both altered by combined Mn and Fe exposure.
Incubating 50 pM FeCl: or 100 pM FeCl> with 100 pM MnCl: resulted in a significantly
increased Fe transfer of 18.6 % + 11.1 % vs. 8.0 % + 2.4 % (Fe only) and 11.1 % + 7.2 % vs. 3.7 % *
0.8 % (Fe only), respectively (fig. 23B). Since Fe exhibited an impact on Mn transfer and also
Mn affected the Fe transfer, it could be assumed that they share similar transport systems in

trophoblast cells.
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Figure 23: Basolateral Mn and Fe amounts after concurrent treatment after 24 h. Shown is the mean + SD of at
least three independent experiments with two replicates each. (A) Basolateral Mn amount [%] normalized to the
applied dose. (B) Basolateral Fe amount [%] normalized to the applied dose. Statistical analysis is based on an
unpaired t test with Welch’s correction compared to single TE treatment. Statistical analysis is indicated as
followed: *: compared to single TE treatment.

4.3.4. Cellular Amount of Mn and Fe

Alongside the transferred amounts of Mn and Fe, we quantified the cellular amount of these
TEs in the BeWo b30 cells. Single exposure to MnCl: or FeCl; resulted in an increased cellular
content indicating that Mn and Fe are taken up by the cells (fig 24A, B). Cellular Mn levels
were not considerably altered by combinational incubation with FeCl,. However, the trend of
a slight decrease in the cellular Mn content was observed at all FeClz concentrations, which
may be a first indication that Mn bioavailability could be compromised in the presence of high
Fe levels (fig. 24A). In contrast, Fe uptake was significantly increased in cells treated with
100 pM FeClz + 100 pM MnCl; compared to single Fe treatment (fig. 24B) but in the other

combinations the cellular concentrations were indistinguishable from single Fe exposure.
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Figure 24: Mn and Fe bioavailability in BeWo b30 cells grown on inserts. BeWo b30 cells were incubated with
MnCl; and/ or FeCl; for 48 h respectively. Total Mn or Fe amount was determined analytically using ICP-OES or
ICP-MS/MS. (A) Mn amount [pg Mn/ ug protein], (B) Fe amount [pg Fe/ pg protein]. Shown is the mean + SD of
three independent experiments with two replicates each. Statistical analysis which is based on an unpaired t test
is indicated as followed: *: compared to single TE treatment.

4.3.5. mRNA and Protein Expression of Mn and Fe Associated Genes and Related Proteins

mRNA as well as protein expression was determined in BeWo b30 cells after 24 h of TE
exposure to specify which Mn and Fe transporters may be involved in single placental Mn and
Fe transfer and in case of combined exposure (fig. 25). Considered transporters in this study
were TfR, DMT1, ZIP14, and FPN and the transport and storage proteins MT isoforms 1A and
2A (MT1A, MT2A), FTH, and FTL. These are all discussed to be involved in Mn as well as Fe
transfer and expressed in placental tissue [251,346,392,393]. For reasons of clarity and
comprehensibility, F7H, FTL, and ZIP14 gene expression is shown in the supplementary
information (fig. S3) since they were not regulated on the transcriptional level by Mn and/ or
Fe treatment in this study, as well as M/77A gene expression, which showed the same trend as

MT2A.

Relative gene expression of DMT7 and FPNI as well as FTL protein expression was
significantly downregulated by 100 uM MnCl: exposure of BeWo b30 cells for 24 h (fig. 25C,
25F and 25I). All other transporter-associated genes and proteins were not affected by MnCl,
incubation. FeClz exposure of BeWo b30 cells resulted in a significant downregulation of TfR
on a transcriptional (100 uM FeCl) and translational level (10 uM and 100 uM FeCly) (fig. 25A
and 25B) and DAMT1 gene expression was also downregulated after incubation with 100 uM
FeCl; (fig. 25C). Relative mRNA expression of M72A was significantly upregulated by 100 uM
FeCl: (fig. 25G) and FPNI expression was significantly downregulated after 10 and 100 pM

FeCl; exposure (fig. 25I). As opposed to relative gene expression levels translational regulation
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of FTH and FTL was strongly affected by Fe treatment. FTH and FTL protein expression was
significantly increased 24 h after treatment with 10 pM or 100 uM FeCls. Interestingly, the
combination of 10 pM FeCl; or 100 pM FeCl; with 100 uM MnCl; reduced FTH and FTL protein
levels compared to single FeCl; treatment (fig. 25E and 25F). Concurrent incubation of MnCl;
and FeCl; also resulted in a significant downregulation of TfR on mRNA level (100 uM FeCl; +
100 pM MnClz) and protein level (10 uM FeClz + 100 pM MnCly) as well as in DMT7 mRNA
expression (100 pM FeClz + 100 pM MnCly) (fig. 25A, 25B and 25C). DMT1 protein expression
showed a similar trend of downregulation for exposures to the combinations of both TEs (10
or 100 uM FeClz + 100 pM MnCly) (fig. 25D). Additionally, protein expression of MT1/2 (fig.
25H) was significantly reduced by exposure to 100 pM FeCl2 + 100 uM MnCl: while M72A gene
expression for 100 uM FeClz + 100 uM MnCl: was significantly less affected compared to single
Fe treatment (fig. 25G). FPN1 mRNA expression (fig. 25I) was altered by 100 uM FeCl + 100 pM
MnCl; showing a significant downregulation compared to untreated cells. Compared to single
FeCl; treatment, TfR protein expression was significantly less affected by incubating 10 uM
FeClz + 100 uM MnCl; (fig. 25B). The same effect was observed in M72A gene expression,
where the combination of 100 pM FeClz + 100 uM MnCl: resulted in a significantly lower
upregulation compared to single FeCl; treatment (fig. 25G).
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Figure 25: Relative mRNA and protein levels of Mn and Fe transport- and storage-associated genes and their
respective proteins. (A) 7fRI relative gene expression, (B) TR relative protein expression, (C) DMT1 relative gene
expression, (D) DMT1 relative protein expression, (E) FTH relative protein expression, (F) FTL relative protein
expression, (G) M72A relative gene expression, (H) MT1/2 relative protein expression, (I) FPNI relative gene
expression. Confluent BeWo b30 cells were incubated with MnCl; and/ or FeCl; for 24 h. Relative gene expression
was determined using RT-qPCR and normalized to ACTB (B-actin) as the housekeeping gene. Protein
quantification via Western Blot was realized after -actin normalization of determined protein levels. Bars are
assigned to (left to right): untreated control, 100 pM MnCl,, 500 pM MnCly, 10 uM FeCly, 100 puM FeCly, 10 pM
FeCl; + 100 pM MnCly, 100 uM FeCl; + 100 pM FeCl,. Shown is the mean + SD of at least three biological replicates.
Statistical analysis was performed via unpaired t test with Welch’s correction and indicated as followed:
*: compared to untreated control, §: compared to single Fe treatment.
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4.4. Discussion

While Mn is known to be essential for fetal development, concerns are rising about
consequences for the developing fetus in the case of Mn overexposure in utero. Although it is
known that Mn is able to cross the placenta and excess intrauterine Mn may lead to adverse
pregnancy outcomes, it is surprising that underlying mechanisms of Mn transfer in placental
barrier-building cells have not been established yet. This key gap was addressed in this study
using human BeWo b30 cells. BeWo b30 cells cultivated on microporous inserts are widely
used as a model for the placental barrier because they form a confluent polarized monolayer
resembling the structure and function of trophoblast cells in vivo [222,394]. Additionally, the
relative transfer rates of small substances determined in the BeWo b30 monolayer correlate
well with transfer indices from ex vivo placenta perfusions. BeWo cells further exhibit
transcellular transport processes which are involved in placental nutrient transfer [226,348,395].
While data regarding Mn transfer across the placental barrier are rare, Mn translocation across
the blood-brain, the blood-cerebrospinal fluid (blood-CSF) or the intestinal barrier has already
been elucidated in several studies [199,396]. It appears that multiple transfer pathways are
involved, including facilitated diffusion and active transfer processes. The intestinal but also
blood-brain barrier studies highlight an involvement of DMT1 and TfR in metal import and
FPN for metal export [396,397]. Additionally, they have shown a competition for metal binding
sites in metal transporters with Fe [199,396,398]. Therefore, we hypothesized that these transport
pathways as well as competitive uptake between Mn and Fe would also occur in placental
tissue. Fe transfer kinetics across the placental barrier and placental Fe homeostasis is already

clarified in more detail in literature [251,392,393].

Fe is transported through TfR-mediated endocytosis which is only unidirectional from mother
to child. Once in the endosome, Fe is released from the Tf-Fe complex and subsequently
transported into the cytosol from DMTT1. If not stored in FTH or FTL it can be transported to
the fetus through FPN [68]. For placental Mn transfer, active transport mechanisms have been
suggested mainly based on extrapolations from other TE transport or from rodent data [399]
but a distinct proof of active transport and the involved transporters in humans is still lacking.
Therefore, the comparison of Mn and Fe transfer and transfer interactions further help to

clarify Mn transfer across the human villous trophoblast layer.

First data presented in this work showed that the barrier integrity of the BeWo b30 cell layer
was not perturbed by MnCl; and FeCl; treatment for up to 1000 pM since TEER values as well
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as capacitance values were not affected by TE treatment. In contrast, Bornhorst ef al showed
that barrier building cells of the blood-CSF barrier for example are more susceptible to MnCl>
treatment with 200 uM MnCl; being sufficient to cause barrier leakage [199]. Similarly,
incubation of differentiated Caco-2 with 15 — 50 uM Fe(II)/ascorbate lead to disruption of the
barrier after 2 h [400]. Barrier leakage or complete disruption was not reached in BeWo b30
cells with either MnCl: or FeCl; treatment, which hints that BeWo b30 trophoblasts may have
adapted to relatively high levels of metal exposure. Since the placenta possesses lots of
mitochondria, ROS accumulation is a constant condition which increases during gestation.
Therefore, the placenta is provided with a high antioxidant capacity which allows efficient
retention of metal-induced ROS [401,402]. The ability of BeWo b30 cells to survive high metal
yields facilitates screening the transfer across a wide concentration range to show possible
alterations in case cells are overexposed and to reveal a potential risk of an impaired fetal
development because of high metal amounts reaching the fetal circulation. However, it has to
be considered that concentrations from 100 uM MnCl: applied in this study are not obtained
under physiological relevant conditions in maternal serum or umbilical cord blood but in

placental tissue with Mn amounts ranging from 62 ng/ g to 89 ng/ g dry weight [403-407].

In food but also in food supplements, the most important oxidation state of Mn is the divalent
form. According to the Directive 2002/46/EC of the European Parliament relating to food
supplements, MnCl; is one of the used species for supplementation [408]. Since pregnant
women are mainly exposed to divalent Mn through nutrition and drinking water, Fe was also

applied in its divalent form in order to compare transfer mechanisms.

Transfer experiments conducted in this study pointed out distinct crossover kinetics for Mn or
Fe, respectively (fig. 21). Expressing the data as percent of the applied dose revealed a constant
Mn transfer that was independent of the applied concentrations but showed a time dependency
with a higher transfer for longer exposure duration. A previous study on Mn transfer
conducted in a perfused human placental lobule observed a restricted Mn transfer presumably
following an active transport mechanism [306]. This mechanism was also proposed for other
physiological barriers like the blood-brain or blood-CSF barrier [199,409]. However, Bornhorst
et al. concluded that DMT1 is not the only involved transporter for Mn transfer at the blood-
CSF barrier since incubation with a DMT1 inhibitor did not result in a restricted transfer [199].
In addition, previous rodent data or measurement of maternal serum or cord blood further

corroborated the hypothesis of an active transfer of Mn across biological barriers [307,399,410].
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However, for the placental trophoblast barrier, our data did not support a transport exclusively
based on active pathways since no transfer restriction or concentration-dependency could be
observed. Consequently, transcellular or paracellular transport mechanisms involving passive
diffusion or transfer across the tight junctions should be considered as well in this context
[348]. For first indications of transporter-mediated Mn transfer we also incubated inhibitors for
DMT1 and TfR (Ferristatin II) and FPN (Hepcidin) in combination with Mn [78,411,412]. Mn
transfer and Mn bioavailability were not affected by inhibitor treatment (fig. S4A, B) and in
general mRNA and protein expression of TfR1, DMT1, and FPN1 was only slightly altered by
Mn treatment. This is also underlining the hypothesis that Mn transfer is not only transporter-
mediated but likely involves a combination of active, transcellular and paracellular transfer

mechanisms, which needs to be further elucidated in future studies.

This can also be confirmed focusing on Mn bioavailability. Cellular Mn concentration does not
increase over time, indicating that Mn homeostasis is maintained through effective import and
export mechanisms within the cells. However, while the BeWo b30 trophoblast transfer model
is recapitulating the most relevant barrier layer for nutrient transfer to the fetus, further studies
should be performed using a co-culture model of trophoblasts and endothelial cells to
understand the contribution of the endothelial barrier to maternal-fetal Mn transfer

[222,306,413].

Interestingly, different from Mn transfer, Fe transport was highly concentration-dependent
until reaching a plateau at 100 uM FeClz. The 100 uM FeClz might be a critical concentration
above which the Fe transfer is more tightly regulated to maintain Fe homeostasis and avoid
toxicity from excess metal exposure. Additionally, cellular Fe uptake was affected by inhibitor
treatment, leading to a significant decreased Fe uptake after inhibition of TfR1 and DMT1 by
Ferristatin II and also a trend for a slight increase in cellular Fe in combination of 100 uM FeCl>
with hepcidin, which is involved in FPN regulation (fig. S4C, D) [78]. This is well in line with
previous work showing that Fe transfer is a tightly regulated transporter-mediated process in
many cells and tissues [81,414]. Heaton ef al proposed a passive diffusion for non-transferrin-
bound Fe in BeWo b30 cells. Since passive diffusion is limited by molecular size, only unbound
Fe can be transferred. It is therefore likely that in our study, Fe was also bound to Tf present
in the cell culture medium to restrict the transfer across the BeWo b30 layer at high FeCl;
exposure concentrations but this has to be verified by further studies focusing on Fe speciation

[352,415].
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Instead of focusing on isolated TEs, the more realistic exposure scenario for the population is
the consumption of mixtures of TEs in the normal diet where Mn occurs mainly in cereal-based
products or nuts, which are also rich in Fe [2,3]. This underlines the necessity to consider the
entirety of all dietary ingredients. Additionally, Mn and Fe are typically added as
micronutrients to food and supplements. Especially food supplements are taken in pregnancy
in order to preserve a healthy future for the fetus and the pregnant woman [363] and it has also
been postulated that dietary Mn absorption rate is also affected by Fe [416]. Therefore,
combinations of different TEs and their effect on BeWo b30 trophoblasts were elucidated in

this study.

Concurrent Mn and Fe exposure of BeWo b30 cells showed that Mn and Fe transfer is
influenced by the respective other TE. 10 uM FeCl; significantly decreased transfer of 100 uM
MnCl; while 100 pkM MnCl; significantly increased Fe transfer (50 uM and 100 uM FeClz). To
understand if shared use of transporters is one possible mechanisms of transfer interaction, we
determined mRNA and protein expression of different transporter-, transport proteins- and
storage-associated proteins involved in TE transfer and homeostasis. In general, incubation of
either Mn or Fe or the combination of both, affected mRNA and protein expression only
marginally except for protein expression of FTH and FTL. TfR protein expression was
significantly downregulated by all tested single Fe conditions and adding 10 pM FeCl: to
100 uM MnCl: led to a decreased TfR downregulation compared to the single TE treatments.
The same trend was also seen for DM77 mRNA expression, which was decreased in all
conditions except 500 uM MnCl; and the combination of 10 pM FeCl> + 100 uM MnCl..
Together, these results indicate that BeWo cells responded to the increased Fe and Mn
exposure in order to prevent intracellular accumulation of excess TE. However, quantifying
the cellular amount, the cellular Fe concentration following 100 pM FeClz was significantly
increased in combination with 100 uM MnCl; (fig. 24). This observation can be explained by
the decreased FPNI gene expression leading to a decreased Fe export. However,
downregulation of FPN1 gene expression was not distinguishable from single Fe treatment. It
could be assumed that translational FPN1 regulation plays a bigger role, but data conducted in
this study do not allow a clear explanation of the underlying mechanisms yet, since mRNA as
well as protein expression of importers were not altered by concurrent Mn and Fe treatment
compared to single Fe treatment as well. The cellular Mn content was slightly decreased in
combination with 10 and 50 pM FeCl,, which indicates that Mn uptake is slightly compromised

in combination with Fe. This is consistent with mRNA and protein expression data, which
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showed TfR1 and DMT1 downregulation for the combination but also for certain single TE
treatments. Therefore, Mn import was restricted in combination with low Fe concentrations.
Crucial for this observation may be the lower binding affinity of Mn to Tf which is not as high
compared to the competing Fe present in the medium and therefore inhibiting Mn transfer by
the TfR [148]. It is still unclear why this effect was not observed with higher Fe concentrations

investigated in this study.

Several studies have shown that in case of high metal exposure, importers like DA77 and 71R1
are downregulated and the export by FPNT is upregulated on mRNA level in order to avoid
metal accumulation [417,418]. However, in this study, mRNA expression of the exporter FPNI
was downregulated by Fe treatment which is observed in other studies in case of Fe deficiency
[419]. Li et al also observed FPNI downregulation in BeWo cells after treatment with human
holo-transferrin but the underlying mechanism cannot be explained yet [420]. One possible
hypothesis may be that trophoblast cells are preventing an influx of excess metal to avoid
oxidative stress, but simultaneously decrease export to store Fe which is left in the cell to
prevent Fe deficiency and maintain proper cell function. On the other hand, it could also be
that the export is reduced to avoid overexposure of the sensitive developing fetus. FPN1
downregulation was previously observed in studies from Sangkhae ef a/ which showed that
under severe maternal Fe deficiency the placenta downregulates Fe export to maintain Fe
homeostasis and to ensure fetal development [277]. Since Fe transfer was enhanced in the
presence of Mn while PN7 mRNA expression was downregulated, it can be suggested that Fe
transfer across the trophoblast layer is not exclusively mediated by Fe exporters but involves

other mechanism like passive diffusion.

Focusing on Fe treatment, FTH and FTL protein expression was strongly upregulated in both
Fe conditions which additionally indicates that Fe is incorporated into FTH and FTL subunits
to prevent Fe accumulation [421,422]. On the contrary, FTL protein expression was significantly
decreased after treatment with 100 pM MnClz. In comparison with single Fe treatment, FTH
and FTL protein expression was less affected in combination with Mn. However, it is not
obvious if Fe storage is decreased due to the presence of Mn or if Fe is released from FTH/FTL
through lysosomal degradation [421]. Fe is stored in FTH or FTL by Fe binding to the iron
regulatory protein (IRP), resulting in a release from the 5’ untranslated region (5’-UTR) from
FTH/FTL mRNA [414]. Venkataramani ef al observed FTH downregulation in neuronal SH-
SY5Y cells after Mn treatment which is in line with the results in this study [157]. The authors
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concluded that the 5°-UTR of the F7TH mRNA transcript was blocked by Mn, thereby inhibiting
FTH protein expression [157]. Tai ef al also revealed that low Mn doses were sufficient to
increase autophagic ferritin degradation and free Fe pool in SH-SY5Y cells, which in turn might
lead to increased ROS formation [153,423,424]. This supports also the higher Fe bioavailability in
the trophoblasts measured in this study. Interestingly, //72A gene expression is highly induced
after treatment with 100 uM FeCl; but not in the presence of Mn. Since MTs are metal-binding
proteins able to scavenge ROS, because they are rich in cysteine, it could be assumed that
incubating two TEs would cause a higher induction because there is a higher potential for ROS
formation [121]. However, there was no clear evidence why A/72A gene expression was less

affected in the presence of Mn.
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Figure 26: Schematic overview of placental transfer processes of Mn and/or Fe and their effect on transporter
expression in the BeWo b30 trophoblast. While Fe seems to be transferred transporter-mediated, Mn transfer
appears to follow several transfer mechanisms like paracellular, transcellular, and transporter-mediated
pathways.

4.5. Conclusions and Outlook

Although many studies already discussed Mn and Fe transfer across physiological barriers this
study is to our knowledge the first to investigate Mn transfer in comparison to the already
clarified Fe transfer in human trophoblasts. Since interaction of these TEs in regard of shared
transport systems has been elucidated in different tissues and cell types before, this study
highlighted the role of Mn and Fe transfer interactions in BeWo b30 cells as well. By applying

the widely used BeWo b30 Transwell® model, we were able to show that Mn transfer differs
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from Fe since it is not a restricted, concentration-dependent mechanism. Analysis of mRNA as
well as protein expression of discussed transporters and storage proteins did not reveal one
single mechanism that contributes to Mn transfer across the trophoblast. However, we found
that placental Mn transfer involves a combination of transcellular, paracellular and active
transport mechanisms including metal transporters (fig. 26). Since we focused on active
transfer mechanisms in BeWo b30 cells, transcellular and paracellular processes should be the
focus of future transfer studies as well as Mn and Fe speciation analysis and further
mechanistic studies on adverse effects. Additionally, we could show that Mn and Fe
interactions are also taking place in trophoblast cells which is a crucial observation
highlighting that it is important to consider not only one single TE. This can also be underlined
by our single TE transfer studies which put an emphasis on the fact that not every TE is
transferred the same way and extrapolation of mechanisms from single TE on other TEs should
be avoided. Since placental Mn transfer data are scarce putting Fe transfer in relation was
necessary to get ideas for possible mechanisms and also revealed important interactional
processes. TE interactions in pregnancy should be a major part of future research studies to
understand homeostatic alterations caused by TE mixtures in order to improve the assessment

of micronutrient requirements during pregnancy.
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Further work — Metal-induced oxidative stress in BeWo b30
cells

4.8. Introduction

The process of pregnancy is predestined to oxidative stress due to the high metabolic turnover
to satisfy the metabolic needs of the mother, the developing fetus, and the placenta [425].
However, due to restricted maternal blood flow by trophoblast plugs early in pregnancy, the
fetal nutrient supply is provided by histotrophic nutrition and oxygen is reaching the embryo
only through small intercellular pores leading to a low oxygen environment (~ 20 mmHg,
equivalent to ~ 2.5 % Og2) [426,427]. This is important to protect the developing fetus from
oxidative stress, resulting from oxygen radicals present in the placenta, which can negatively
affect organogenesis, the formation of the cytotrophoblast shell, and the villous tree
[208,428,429]. However, this is not a hypoxic period, since there are no differences in the
ATP/ADP ratio, levels of ADP, NAD+, lactate, or glucose as gestation progresses showing that
the placenta is not energetically compromised in the first trimester [208]. By 10 — 12 weeks of
gestation and beginning hemotrophic nutrition, oxygen-rich maternal blood is flooding the
villous trees resulting in a strong increase of oxidative stress in placental tissue [430]. Oz tension
is then rising to 60 mmHg (equivalent to ~ 8.5 % O2) however promoting trophoblast

differentiation and maturation [427].

In the syncytiotrophoblast, accompanied by rising nutrient demands, increased oxygen levels
lead to the stimulation of the mitochondrial metabolic activity, which in turn may generate
RONS. Since syncytiotrophoblasts have abundant unsaturated fatty acids in their plasma
membrane these are preferably targeted by RONS compared to cytotrophoblasts. In addition,
concentrations of antioxidative enzymes such as MnSOD are decreased [431,432]. In case
syncytiotrophoblasts degenerate due to an imbalance in RONS and the antioxidative enzymes
and proteins, underlying cytotrophoblasts differentiate and fuse to a new generation of
syncytiotrophoblasts, which are morphologically equivalent [430]. However, controlled
production of RONS is also important for signaling transduction, the activation of
proangiogenic genes, promotion of vasodilation, and anti-inflammatory processes [433,434].
Furthermore, redox-sensitive transcription factors and protein kinases are activated. The
redox-sensitive transcription factors like p53, nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) or activator protein 1 (AP-1) are then available for regulating pro-
inflammatory cytokines, cell differentiation, and apoptosis [433]. In the placenta, several

antioxidative enzymes are expressed providing an adequate RONS balance. These enzymes
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include CuZnSOD (SOD1), MnSOD (SOD2), and CAT. Furthermore, the RONS detoxifying
GSH/GSSG redox cycling machinery can also be found in placental tissue. Involved are
enzymes of the glutathione-S-transferase family (highest prevalence of isoenzymes pi and T2-
2) and glutathione peroxidases, where 80 % of placental GPx activity can be attributed to GPx1,
while GPx3 and GPx4 are also expressed [431,435-437]. Placental antioxidant status is also
maintained by the abundance of RONS scavengers and metal chelators among others, MTs,

ceruloplasmin, albumin, and ferritin [431,438,439].

Oxidative stress has been shown to play a main role in the pathogenesis of preeclampsia (PE),
a hypertensive gestational disease, and fetal growth restriction (FGR) often caused by PE [440].
Among the many sources of RONS, studies have shown an association between mitochondrial-
derived RONS in PE pathology due to increased oxidative stress markers like isoprostanes, or
decreased SOD activity in mitochondria of PE placentas [441-443]. Excessive RONS formation
in the mitochondria results from placental implantation defects and the impaired remodeling
of the maternal spiral arteries by the extravillous trophoblasts. Then placental perfusion is
insufficient leading to irregular arterial blood flow, oxidative stress, and inflammation
[431,440,444]. FGR is a common consequence of PE. As a result of placental insufficiency,
impaired blood flow, and intrauterine hypoxia, fetal nutrient and oxygen supply is
compromised leading to decreased fetal growth [434]. In consideration of maternal TE status,
studies have shown decreased levels of Fe, Zn, Mn, and Cu in the serum of women with
preeclamptic pregnancies. However, to date, it is not clear if decreased levels result from

insufficient nutrient supply or other circumstances [445,446].

In comparison to Fe deficiency, the role of Fe-induced oxidative stress during pregnancy is
widely under-investigated. While several studies exist discussing adverse pregnancy outcomes
in case of deficiency, data on effects upon overexposure are limited. However, the availability
of free Fe can be increased due to alterations in TfR1 and ferritin expression and ferritinophagy,
a process that leads to the release of lysosomal Fe(Il) and enhanced lysosomal RONS. Excess
Fe can also be absorbed due to unnecessary Fe supplementation in Fe-replete mothers. This
may enhance the formation of RONS, which can result in lipid peroxidation or DNA damage
in placental cells [6,401]. Potential events of increased risk for Fe overexposure are high Fe
content, hypoxia, or reperfusion. These events are naturally occurring in placental physiology
and can trigger oxidative stress in susceptible trophoblasts [447]. Increased clinical markers for
Fe such as serum Fe, ferritin, or Tf saturation are higher in placental tissue of PE pregnancies,

which is may be attributed to downregulation of FPN1, highlighting the role of metal
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homeostasis in the redox machinery. Involved in placental stress signaling are the Nrf2 and
the MAPK (mitogen-activated protein kinase) signaling pathways, which are also involved in
villous trophoblast differentiation and associated with the pathology of PE. Therefore,
impaired regulation of these pathways might contribute to severe pregnancy complications
due to dysfunction in proliferation, differentiation, inflammation, and apoptosis. Moreover,
data on Mn-induced oxidative stress in the placenta and during pregnancy is lacking but
several studies indicate a role in the activation of the MAPK and Nrf2 pathway [6,448-452]. Thus,
this study aims to elucidate cellular alterations in oxidative stress-related pathways upon single
Mn, single Fe, and combined Mn and Fe exposure to reveal if oxidative stress induced by either

Mn, Fe, or the combination of both is a potential concern in BeWo b30 trophoblasts.
4.9. Materials and Methods
4.9.1. qPCR analysis of oxidative stress-associated genes

The gPCR analysis was conducted as described in 4.2.5 Quantitative Real-time PCR Analysis

[308].
4.9.2. Carboxy-DCFH-DA measurement for RONS analysis

RONS  measurement with  5-(&6)-carboxy-2’,7’-dichloro-dihydrofluorescein-diacetate
(carboxy-DCFH-DA) was carried out as described in [453]. Briefly, cells were seeded in a
96-well plate and incubated with MnCl: for 24 h after reaching confluency 3 days after seeding.
Post-incubation cells were treated with a solution of 25 puM carboxy-DCFH-DA in EC (37 °C)
and incubated for an additional 20 min (37°C, 5 % COz). To investigate long-term effects on
RONS generation by Mn, 24 h treated cells were continuously incubated with Mn in the
respective concentration scenarios and hydrogen peroxide (H20z, 200 pM) as a positive control.
For short-term RONS measurement, untreated cells were incubated with the dye and
subsequently treated with MnClz or H20:. Afterward, fluorescence was measured every hour

with a microplate reader (Tecan®, Ex: 485 nm, Em: 520 nm).
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4.10. Results and Discussion

While several studies are focusing on the effects of TE deficient mothers and potential
outcomes for the developing focus, the role of Mn- and/ or Fe-induced oxidative stress upon
overexposure is under-investigated. Nevertheless, various studies have shown that Mn- and/
or Fe-induced oxidative stress may lead to mitochondrial dysfunction, impaired lipid
membranes, and DNA damage up to the induction of cell death pathways in other tissues and
cells [6,41]. Therefore, this study aims to elucidate first indications on the capability of Mn-
and/or Fe-induced oxidative stress and transcriptional oxidative stress response in the BeWo
b30 trophoblasts. Determination of RONS by the Carboxy-DCFH-DA is based on the hydrolysis
of the dye by intracellular esterases and the subsequent reaction of the remaining DCHF with
RONS [454]. The reliability of the test system was verified by 200 uM H20: as a positive control,
which showed significant induction of RONS compared to control (fig. 27A, B). Short-term as
well as long-term exposure to a wide range of MnClz concentrations did not result in the
induction of RONS in BeWo b30 cells (fig. 27A, B). While various studies on Mn in the context
of placental development or several pregnancy outcomes are based on maternal and cord blood
measurements or epidemiological studies, data could not be related to the direct effects of Mn
on placental cells [66,299,389]. In an astrocyte cell line, Bornhorst et al have observed a
significant but moderate induction of RONS, due to incubation with 10 pM MnCl; after 24 h of
preincubation and an additional 4 h post-treatment. Compared to this, porcine brain capillary
endothelial cells (PBCEC) were more sensitive toward Mn-induced oxidative stress, with a
significant induction after 30 min post-treatment with 0.5 uM MnCl,. The incubation with
500 uM MnCl; led to a decreased RONS induction, which could be explained by cytotoxicity
[453]. Nevertheless, MnCl; treatment up to 1500 uM did not show any cytotoxic effects in BeWo
b30 cells (fig. S2).
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Figure 27: RONS induction after (A) short-term and (B) long-term MnCl; treatment. BeWo b30 cells were (A)
treated with MnCl; after dye treatment and (B) incubated with MnCl; for 24 h, which was continued after dye
treatment. H,O, was implemented as the positive control. Shown is the mean + SD of one representative
experiment. Statistical analysis is based on an unpaired t test with Welch’s correction and indicated as followed:
*p < 0.05, ™ p< 0.01, ™ p< 0.001, compared to untreated control.
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Since RONS induction by Mn could not be observed in BeWo b30 trophoblasts, the
investigation of oxidative stress-associated genes potentially reveals transcriptional activation
of the oxidative stress response, which would further indicate if RONS are already detoxified
by the antioxidative defense. Due to the fact that metal homeostasis and the antioxidative
defense are strongly related, potential alterations may also explain changes in transporter

expression discussed in 4.4.

In general, gene expression of those genes investigated in this study was altered marginally
from single MnClz, single FeClz, and combined MnCl; and FeCl: treatment. While GS7P7
expression was significantly reduced after treatment with 500 uM MnCls, GSTAI gene
expression was unaffected (fig. 28A, B). However, the standard deviation of GSTAI gene
expression had a wide range, and the data obtained was less reliable compared to GS7P7 gene
expression (fig. 28B). Generally, GSTA1 is expressed in placental tissue but to a lesser extent
compared to other GST isoforms like GST Theta 1 (GSTT1) [455,456]. This may also be verified
by the Cq values, which were only slightly below the no-template control (data not shown).
The no-template control serves as a quality control to detect potential contamination of cDNA
and genomic DNA in the individual reaction components. Alterations in GSTPI gene
expression may be explained by DNA methylation, which has shown to be involved in GSTP1
downregulation. DNA methylation changes in the placenta in turn have been associated with
fetal Mn exposure. This may hint at potential DNA methylation changes in BeWo b30 cells

upon Mn exposure [305,457-459].
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Figure 28: Relative mRNA expression of oxidative stress-associated genes (A) GSTPI, (B) GSTA1. Confluent BeWo
b30 cells were incubated with MnCl; and/or FeCl; for 24 h. Relative mRNA expression was determined using RT-
gPCR and normalized to ACTB (B-actin) as the housekeeping gene. Bars are assigned to (left to right): untreated
control, 100 pM MnCly, 500 uM MnCly, 10 puM FeCly, 100 pM FeCl,, 10 uM FeCl, + 100 pM MnCly, 100 uM FeCl, +
100 uM MnCl,. Shown is the mean + SD of at least three biological replicates. Statistical analysis was performed
via unpaired t test with Welch’s correction and indicates as followed: *p< 0.05 compared to untreated control.
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Moreover, mRNA expression of the CuZn-dependent SOD (SODI) was significantly
downregulated by treatment with 100 uM FeClz, which was not the case after incubation with
10 uM FeCl: for 24 h (fig. 29A). A study by Lim et al has identified a conformational and
dynamic change in the Zn(II)-binding site of CuZnSOD by Fe(II). Due to the incorporation of
Fe instead of Zn, Cu loading and formation of the disulfide bridge, which is crucial for proper
enzyme function is impaired. This may lead to the complete disruption of the SOD system
leading to downregulation, which has also been observed in case of cellular apoptosis.
Furthermore, Danzeisen ef al have reported that decreased SODI mRNA expression is
correlating with decreased 7fRI mRNA expression, which verifies the data obtained in our
study. However, underlying mechanisms are still under discussion. Milczarek ef al assume the
involvement of IRP in this regulatory process [460-463]. Surprisingly Mn-dependent SOD
(50D2) expression was not altered by Mn treatment (fig. 29B). A study by Lee ef al has shown
intraperitoneal Mn supplementation in wild-type mice led to increased MnSOD activity
without an increase in MnSOD protein level. This was potentially achieved due to the higher
metalation of MnSOD. In a previous study, it was shown, that cytosolic Fe levels negatively
affected MnSOD activity because of altered mitochondrial Mn availability in a mouse model of
hemochromatosis (disturbed Fe homeostasis) [464,465]. However, in the present study, neither
single Mn, single Fe nor combined Mn and Fe exposure led to alterations in transcriptional
MnSOD expression. In this context, it has to be highlighted, that the relationship between
transcriptional regulation and enzyme activity is very complex since the response can be
triggered by several cellular pathways [466]. It has been shown that p53 is involved in
transcriptional A/nSOD expression in a bidirectional manner. Low p53 levels increased MnSOD
protein expression, while p53 overexpression results in increased MnSOD protein expression.
The same pattern could be observed on the transcriptional level. The authors suggest, that this
bi-directional regulation may be the adaption to the stress levels and execution of cell death
mechanisms in case of excess stress [467]. The role of p53 has also been discussed in the context
of Mn-induced neurotoxicity with increased p53 expression in Mn-exposed brain regions,
which would, combining these two studies, lead to decreased MnSOD expression and induction
of cell death. Due to the absence of cytotoxicity and unaffected mRNA expression in SOD2,
this may not be the case in the BeWo b30 trophoblasts [467,468]. Additionally, p53 is also
involved in ZIP14 expression, but it was also not affected by single Mn, Fe, and combined Mn

and Fe exposure in BeWo b30 cells (fig. S3) [469].
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Figure 29: Relative mRNA expression of oxidative stress-associated genes (A) SODI (CuZnSOD), (B) SOD2
(MnSOD). Confluent BeWo b30 cells were incubated with MnCl; and/or FeCl, for 24 h. Relative mRNA expression
was determined using RT-gPCR and normalized to AC7B (B-actin) as the housekeeping gene. Bars are assigned
to (left to right): untreated control, 100 uM MnCl,, 500 pM MnCly, 10 pM FeCly, 100 uM FeCl,, 10 pM FeCl; +
100 pM MnCly, 100 uM FeCl; + 100 pM FeClz. Shown is the mean + SD of at least three biological replicates.
Statistical analysis was performed via unpaired t test with Welch’s correction and indicates as followed:
***p<0.001 compared to untreated control.

Several isoforms of SOD and GST are downstream targets of the transcription factor Nrf2
(encoded by NFEZL2). Besides its role in the transcriptional regulation of these antioxidative
defense enzymes, it is also maintaining intracellular Fe homeostasis by interfering in
transcriptional F7H, FTL, and FPN regulation [470-472]. Nrf2 regulation is dependent on the
Kelch-like ECH-associated protein 1-nuclear factor (KEAP1). In case of oxidative stress, the
conformation of the KEAP1 binding site is changed and KEAP1 is not able to interact with
Nrf2, leading to Nrf2 activation. In Fe homeostasis, Nrf2 activation may result in transcriptional
upregulation of F7H and F7L, decreasing the labile Fe pool. It is assumed that the underlying
mechanism includes the binding of Nrf2 to the ARE (antioxidant response element) present in
the FTHand FTL mRNA [471]. Additionally, Nrf2 is also involved in the modulation of the labile
Fe pool by interfering in Fe efflux processes. Hereby, Nrf2 is able to bind to the ARE region in
the mRNA of FPN, promoting its transcription. In our study, single Fe and combined Mn and
Fe exposure did not result in an induction of Nrf2, FTH, and FTL mRNA (fig. 30A, S3A, S3B).
Therefore, FTH and FTL are rather regulated translationally by Fe than by Nrf2. FPN7 mRNA
was significantly reduced after exposure to 10 uM Fe, however, it has been shown that Nrf2
rather targets FPN1 upregulation (fig. 25I). Thus, discussed FPN1 downregulation in 4.4 cannot
be explained by Nrf2 activation because of metal-induced oxidative stress [471,473]. It is also
possible that the labile Fe pool is still under homeostatic control and therefore Nrf2 is not
activated. Regarding Mn, studies have shown that Nrf2 protein expression was increased in

the cytoplasm and the nucleus of Mn exposed neuronal PC12 cells, which was inhibited by
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pretreatment of N-acetyl cysteine (NAC) a precursor needed for glutathione synthesis.
However, this is not comparable in the context of our study, since we only investigated Nrf2
mRNA but not protein expression or translocation. Nguyen ef al reported, that Nrf2 mRNA
was also not affected by the treatment of HepG2 cells with fert-butylhydroquinone, which is
known to induce oxidative stress. Authors suggest that Nrf2 regulation may rather rely on
post-transcriptional processes. In general, Nrf2 is regulated post-transcriptionally by the
mRNA binding protein HuR. However, data on the role of Mn and Fe in post-transcriptional

regulation by HuR is lacking [448,474-476].

Another target of ARE-dependent Nrf2 activation of transcription is heme oxidase 1 (HMOX1).
In the human body, HMOX1 catalyzes the decomposition of heme molecules, releasing divalent
Fe ions, which are under homeostatic control and utilized for heme production. In states of
enhanced oxidative stress, HMOX1 is transcriptionally upregulated by Nrf2, which in turn can
prevent proteasomal degradation of Nrf2. This allows Nrf2 to induce other phase II detoxifying
enzymes [477]. HMOXI mRNA expression was slightly but significantly upregulated by
combined Mn and Fe exposure in BeWo b30 cells (fig. 30B), which may be attributed to
increased oxidative stress due to high amounts of metal present in the cell culture medium. Li
et al have shown an Nrf2-dependent upregulation in AMOXI gene expression in PC12 cells,
which they also attributed to increased Mn-induced oxidative stress rather mediated by the
ubiquitin-proteasome pathway than Nrf2 phosphorylation by MAPK [448]. The role of HMOX1
in Fe metabolism has been investigated for heme-bound Fe(IIl) where it has been shown, that
induction of HMOX1 expression by hemin resulted in ferroptosis. Ferroptosis is a form of
necrotic cell death associated with the accumulation of membrane lipid peroxides due to Fe
accumulation. Increased HMOX1 protein expression after hemin treatment was also observed
in colonocytes. Interestingly, they also found out that this effect was not present after
treatment with inorganic Fe(Ill) species. These in turn were also not able to induce RONS,
which was assessed by flow cytometry. However, these studies are only partly comparable
with this study, since there are differences in incubated Fe species and HMOX1 expression was
only investigated at the transcriptional and not translational level [478-480]. Therefore, further
studies are needed to explain, why AMOX1 mRNA expression was induced transcriptionally

by combined Mn and Fe exposure in BeWo b30 cells.

Despite the Nrf2-associated pathway, c-Jun (Jun proto-oncogene) is an important protein
involved in the signaling cascade of the JNK (c-Jun terminal kinase) and ERK (extracellular

signal-regulated kinase), part of the MAPK pathway often associated in the context of
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inflammation [481,482]. Hereby, c-Jun is a subunit of the transcription factor AP-1, involved in
apoptotic processes [481]. Several studies have also shown a contribution of c-Jun in the
regulation of Fe homeostasis since hepcidin and FTH expression can be altered potentially by
promotor transactivation [483,484]. Hepcidin in turn is involved in the regulation of FPN. In our
study we observed a significant decrease in FPN7 mRNA expression, after incubation of 100 pM
MnClz, 10 pM, and 100 uM FeClz, but not in JUN (encoding c-Jun) mRNA expression (fig. 251,
30C). The influence of c-Jun on HAAMP mRNA expression (HAMP encoding human hepcidin)
has only been associated with an increase in c-Jun protein expression. Therefore, the role of c-
Jun in the downregulation of FPN after Mn and Fe treatment cannot be ruled out completely,

since Hirata ef al also revealed an increased c-Jun protein expression in Mn-exposed neuronal

PC12 cells [450].
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Figure 30: Relative mRNA expression of oxidative stress-associated genes (A) NFE2L2 (Nrf2), (B) HMOX1, (C) JUN.
Confluent BeWo b30 cells were incubated with MnCl; and/or FeCl; for 24 h. Relative mRNA expression was
determined using RT-qPCR and normalized to ACTB (f-actin) as the housekeeping gene. Bars are assigned to (left
to right): untreated control, 100 pM MnCl;, 500 uM MnClz, 10 pM FeCly, 100 pM FeCl;, 10 uM FeCl; + 100 pM
MnCl, 100 uM FeCl; + 100 uM FeCl,. Shown is the mean + SD of at least three biological replicates. Statistical
analysis was performed via unpaired t test with Welch’s correction and indicates as followed: *p< 0.05 compared
to untreated control.
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4.11. Conclusion and future directions

Due to their redox activity, Mn and Fe have often been shown to induce oxidative stress in
case of overexposure. Due to the high metabolic turnover in the placenta oxidative stress is a
present concern in placental tissue, shown to result in impaired placental function and adverse
pregnancy outcomes. However, data on the role of Mn- and/or Fe-induced oxidative stress in
pregnancy and potential effects on placental tissue and cells of the placental barrier is lacking.
Therefore, this study should help to elucidate alterations of metal-induced oxidative stress and
potential activation of the oxidative stress response in BeWo b30 cells. Single Mn, single Fe,
and combined Mn and Fe exposure showed no clear evidence for increased RONS in BeWo b30
trophoblasts. Either short- or long-term exposure to a variety of MnClz concentrations did not
induce RONS, and gene expression of oxidative stress-associated genes was only altered
marginally. Slightly, but significant alterations in GS7TP1, SOD1, and HMOX1 gene expression
could be observed. This may hint at an apparent stress response to both metals present in the
medium. However, data on potential mechanisms is inconsistent. It is not clear to which extent
oxidative stress is occurring in BeWo b30 cells and which pathways are either activated or
repressed. Therefore, future studies should focus on the investigation of alterations in the
GSH/GSSH ratio, revealing a potential role of the GSTs and antioxidative capacity, or
endpoints regarding inflammatory insults and subunits of the MAPK pathway. Furthermore,
as Nrf2 translocates and accumulates in the nucleus of oxidatively stressed cells, leading to the
activation of inducible Nrf2 target genes, determining Nrf2 expression in the nucleus would be
another interesting oxidative stress response marker. Regarding oxidative stress-associated
genes evaluated in this study, the assessment of the protein expression would also contribute
to a better understanding of the role of Mn- and/or Fe- induced oxidative stress in BeWo b30

trophoblasts.
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Abstract

Manganese (Mn) and zinc (Zn) are essential trace elements involved in a plethora of metabolic
processes. The general population is adequately supplied with balanced nutrition. However, a
substantial number of people tend to add supplements to their diets. Although essential, several
studies have shown that either Mn or Zn overexposure might lead to detrimental health effects.
Both rely on similar transport systems and yet the role of Zn in Mn transfer and toxicity is still

unknown.

Total cellular Mn and Zn amounts were determined analytically using inductively coupled
plasma-based spectrometry and labile Zn was assessed using the fluorescent probe
FluoZin™-3. mRNA expression of genes involved in metal homeostasis and potential
underlying mechanistic endpoints in terms of Mn cytotoxicity and cell death mechanism are
addressed in this study. Data suggest that Zn has an impact on Mn-induced cytotoxicity and
Mn bioavailability in HepG2 cells including a decreased activation of caspase-3 as well as

lactate dehydrogenase (LDH) release.

Zn protects against Mn cytotoxicity in HepG2 cells possibly due to decreased Mn
bioavailability in the presence of Zn. Additionally, the mRNA expression of metal homeostasis-
related genes indicates possible underlying pathways that need to be focused on in future

studies.
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Figure 31: Graphical Abstract: The Impact of Zinc and Manganese Bioavailability and Cytotoxicity in HepG2 cells.

5.1. Introduction

A balanced diet is substantial in order to preserve a healthy life while aging. Although intake
recommendations for trace elements (TE) that are proposed by different authorities like the
German Nutrition Society (DGE) or the European Food Safety Authority (EFSA) can be reached
through balanced nutrition, a substantial number of people tend to add supplements to their
diets in order to optimize TE supply [485]. Despite the essentiality of the TEs manganese (Mn)
and zinc (Zn), overexposure may also lead to detrimental health issues, among others, caused

by unbalanced metal homeostasis [486,487].

In general, Mn is involved in several physiological processes in the human body such as
antioxidative defense or carbohydrate metabolism [8]. The EFSA proposed in 2013 an adequate
intake of 3 mg/ day for adults, which can easily be attained by drinking water and diet, for
example by consuming rice, grains, or tea [3]. Due to its plentiful dietary sources, Mn deficiency
is rarely observed in humans [28]. However, studies could show that exceeding the homeostatic
range to a great extent may lead to adverse effects. Cellular and molecular modes of action of
Mn-induced toxicity include, among others, mitochondrial dysfunction, induction of protein
aggregation, glutamate excitotoxicity, disturbed DNA repair, and impaired homeostasis of

other TEs. Additionally, especially oxidative stress has been identified as a sensitive endpoint
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of Mn toxicity with the formation of reactive oxygen species (ROS), either formed by Fenton

chemistry or inhibition of complexes of the mitochondrial respiratory chain [8,28].

In contrast, Zn, which is involved in cell cycle regulation, DNA replication, and apoptosis, is a
redox-inert TE with antioxidative, anti-inflammatory, and anti-apoptotic functions [105].
However, the antioxidative characteristics of Zn are dependent on certain dynamic conditions
of the amount of labile and protein-bound Zn present in the cells [106,488]. Nevertheless, Zn
intake drastically exceeding or falling below the reference intake values of
7.0 — 10.0 mg Zn/ day for women and 11.0 — 16.0 mg Zn/ day for men, (recently revised by the
Nutrition Societies of Germany, Austria, and Switzerland (2020) in regard of absorbed, excreted
and phytate-bound Zn [106,109,488]) has an impact on metal homeostasis and maintenance of
the cellular metabolism [128,489]. For example, high dietary Zn intake may result in copper (Cu)
deficiency, because metallothioneins (MT), primarily Zn-binding proteins, have a higher
binding affinity compared to Zn leading to enhanced Cu binding with subsequent excretion
[490]. On the other hand, it has been shown that Zn deficiency may result in oxidative stress or
induction of apoptosis by disrupting ERK and AKT, two kinases involved in growth factor
signaling [491]. Therefore, maintaining Mn as well as Zn homeostasis is needed to sustain

health.

The liver is centrally involved in Mn and Zn metabolism of the human body. It tightly regulates
Mn and Zn distribution to other tissues as well as hepatobiliary excretion of Mn [8,172].
Compared to other tissues and organs, the highest Mn amounts of 1.2 - 1.3 mg/ kg wet weight
[174] can be found in the liver while it contains about 142 — 369 mg Zn/ kg dry weight [175]. On
the cellular level, transporters involved in Mn and Zn transport into hepatocytes are, among
others, the divalent metal transporter 1 (DMT1) and transporters of the ZRT/IRT-like protein
(Z1P) family, namely ZIP8 and ZIP14, but also Zn-binding proteins like MTs [23,492-494].
Transport mechanisms and distribution are well understood for single TEs [8,106]. However,
TE interactions and homeostatic alterations caused by metal mixtures are rarely characterized.
Studies revealed an influence of Mn on Fe uptake because both TEs compete for metal binding
sites of the transporters mentioned before, but also for the transferrin-bound transport by the
transferrin receptor (TfR) [27,149,495]. Additionally, Zn is affecting the regulation of Fe
homeostasis mainly during deficiency since Zn increases DMT1 as well as ferroportin (FPN)
mRNA expression leading to enhanced Fe efflux [10,82,162]. Those studies show that TE

transport is highly dependent on metal homeostasis, which may be altered by the induction of

113



Chapter 5 — The Impact of Zinc on Manganese Bioavailability and Cytotoxicity in HepG2 cells

regulatory processes caused by other TEs taken up from the environment. Therefore, this study
aims to elucidate further mechanisms of metal homeostasis focusing on Mn and Zn in HepG2
cells in order to reveal alterations that may have an influence on metal intake and distribution

in human hepatocytes.
5.2. Materials and Methods
5.2.1. Cultivation of HepG2 cells

The human hepatoma cell line HepG2 was cultivated as described previously [496]. Briefly,
HepG2 cells were cultured in Eagle’s Minimum Essential Medium (MEM; Sigma Aldrich,
Steinheim, Germany) supplemented with 10 % fetal calf serum (FCS; Biochrom GmbH, Berlin,
Germany), 2 % (v/v) penicillin/ streptomycin (Sigma Aldrich, Steinheim, Germany) and 1 %
(v/v) non-essential amino acid solution (NEA; Sigma Aldrich) in a humidified incubator at 37°C
with 5 % COz. Cells were sub-cultured every second day using a 0.25 % trypsin-EDTA solution
(Sigma Aldrich, Steinheim, Germany).

5.2.2. Exposure scenarios and dosage regimen

Unless otherwise stated, the abbreviations Mn and Zn refer to both metals in the divalent form
(Mn(Il) and Zn(Il)). To investigate the effect of short- and long-term Zn exposure on Mn
transfer and cytotoxicity in HepG2 cells two scenarios were applied. For short-term exposure,
cells were preincubated with 50 pM or 100 uM ZnSOyq for 2 h (24 h after seeding) followed by
24 h incubation with MnCl,. For long-term exposure, cells were preincubated with 50 pM or
100 uM ZnSOy for 24 h (24 h after seeding) followed by a 24 h incubation with MnCl». In
consideration of the cell cycle of HepG2 cells, single MnCl; treatment was carried out for 26 h
(corresponding to 2 h Zn preincubation) and 48 h (corresponding to 24 h Zn preincubation)
after seeding. Accordingly, single Zn treatment was realized for 26 h of incubation
(corresponding to 2 h pretreatment + 24 h MnCl; treatment) and 48 h (corresponding to 24 h
pretreatment + 24 h MnCl; treatment).

5.2.3. Cytotoxicity testing

Stock solutions of MnClz (MnCl.-4H30, 99.9 % trace element basis, Honeywell™, Morristown,
NJ, USA) and ZnSO4 (ZnSO47H20, 99.9 % trace element basis, Sigma Aldrich, Steinheim,
Germany) were prepared freshly before the experiment in sterile purified water (18 MQ). For

the assessment of the cytotoxicity 15,000 cells/cm? were seeded in 96-well plates. The
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cytotoxicity of MnCl; and ZnSO4 was determined after 24 h and 48 h of incubation and for the

combined exposures described in 5.2.2.
5.2.3.1.Hoechst Assay

For the indirect determination of the cell number by Hoechst staining, cells were fixed using
4 % formaldehyde in PBS followed by permeabilization of the membrane using a solution of
0.2 % Triton™ X-100 in PBS (Sigma Aldrich, Steinheim, Germany). After permeabilization,
Hoechst dye (Bisbenzimide H 33258, Calbiochem, Sigma Aldrich, Steinheim, Germany)
interacted with the DNA of living cells [391]. Subsequently, fluorescence was detected using a
microplate reader (Tecan® Infinite Pro M200, Tecan, Crailsheim, Germany; Ex: 355 nm; Em:

460 nm).
5.2.4. Mn and Zn bioavailability

For the determination of Mn and Zn bioavailability cells were seeded in 6 cm diameter cell
culture dishes (growth area 22.1 cm?) and incubated with Mn and/ or Zn, respectively (see
5.2.2). After incubation, cells were pelletized by detaching from the culture dish using 0.25 %
trypsin-EDTA (Sigma Aldrich, Steinheim, Germany) and washing with ice-cold PBS containing
5 % FCS (Biochrom GmbH). The cell suspension was centrifuged at 340 x g, 4°C for 5 min. The
supernatant was removed and the cell pellet was resuspended in ice-cold PBS to remove the
remaining FCS. After another centrifugation (3750 x g, 4°C, 5 min) and removal of the
supernatant, cell pellets were stored at -20°C until further analysis. For the preparation of the
TE measurement, cells were digested using a mixture of 65 % HNO3 (Suprapur®, VWR,
Darmstadt, Germany) and 30 % hydrogen peroxide (Sigma Aldrich, Steinheim, Germany) at
95°C over night. Ashes diluted in 2 % HNO3 were measured using an inductively coupled
plasma-optical emission spectrometer (ICP-OES; Spectro, Krefeld, Germany) or Agilent ICP-
MS/MS Triple Quad system (ICP-QQQ-MS 8800, Agilent, Waldbronn, Germany). Measurement
parameters can be found in the supplementary information (table S6, S7). ICP measurements
were validated using certified reference material BCR® (single cell protein, Institute for
Reference Materials and Measurement of the European Commission, Geel, Belgium), which
was digested according to the protocol for cells. The cellular TE amount was normalized to cell
volume, which was determined using an automated cell counter (CASY®TTC, OMNI Life

Science GmbH, Bremen, Germany).
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5.2.5. Determination of labile Zinc [Zn?*] using FluoZin™-3

Labile Zn was determined using the FluoZin™-3 AM dye (Invitrogen, Thermo Fischer
Scientific, Waltham, USA). In brief, cells seeded in a 96-well plate were incubated with Mn and/
or Zn, respectively (see 5.2.2). After the incubation period, the cell medium was replaced by a
solution of 2.5 pM FluoZin™-3 in incubation buffer (IB), consisting of measurement buffer (MB;
120 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1 mM MgCl,, 1 mM NaH2PO4, 10 mM HEPES, pH
7.35) and 0.3 % bovine serum albumin for 30 min at 37°C. Subsequently, the dye solution was
removed and cells were washed twice with MB. The determination of labile Zn is based on an
equilibrium reaction depending on the maximal (Fimax) and minimal fluorescence (Fmin) [497]. In
order to reach maximal fluorescence, a combination of 0.5 mM ZnSO4 + 50 pM sodium
pyrithione (Sigma Aldrich), serving as an ionophore, was incubated. 50 uM TPEN (N,N,N’,N’-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine) were applied as a Zn chelator, yielding the
minimal fluorescence. To determine the fluorescence of labile Zn in cells (F), cells were treated
with MB and incubated for 2 h at 37°C before fluorescence measurement using a microplate
reader (Tecan® Infinite Pro M200, Tecan, Crailsheim, Germany; Ex: 490 nm, Em: 525 nm) every
30 min until the equilibrium is reached. Labile Zn concentration [nM] was calculated as follows
with a Kp value of 8.9 nM [498]:

(F_ Fmin)

[z M) = Ko =

(1)

5.2.6. Caspase-3 activity and Lactate Dehydrogenase Assay

Both caspase-3 activity, as well as the measurement of lactate dehydrogenase (LDH) release,
are assays serving as an endpoint for the cell death mechanism. While caspase-3 is activated

during apoptosis, LDH is released in case of necrotic cell death [499,500].
5.2.6.1.Caspase-3 activity

Caspase-3 activity was determined by cleavage of the substrate N-acetyl-asp-glu-val-asp-7-
amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC) into the fluorescent residue 7-amino-4-
trifluoromethylcoumarin (AFC). For this, 18,000 cells/cm? were seeded in a 24-well plate and
incubated according to the exposure scenarios (see 5.2.2). After incubation, cells were washed
with PBS to remove the remaining medium. Afterward, cells were lysed using a lysis buffer

(1 mM Tris, 0.1 M NaCl, 1 mM EDTA disodium salt, and 0.1 % Triton™ X-100) for 15 min on

116



Chapter 5 — The Impact of Zinc on Manganese Bioavailability and Cytotoxicity in HepG2 cells

ice. Cells were scraped from the culture dish and transferred into a reaction tube. The cell
suspension was centrifuged for 10 min at 16,000 x g, and 4°C. An aliquot of the supernatant
was transferred into a black 96-well plate. The substrate AFC (7.3 uM) was added to the
supernatant, diluted in a reaction buffer consisting of caspase buffer (41 mM PIPES, 10 mM
EDTA disodium salt, 8 mM CHAPS, pH 7.4) and 1 mM dithiothreitol and the solution was
incubated at 37°C for 1 h. Subsequently, fluorescence intensity was measured every hour using
a microplate reader (Tecan® Infinite Pro M200, Tecan, Crailsheim, Germany; Ex: 405 nm, Em:
510 nm). AFC content was quantified via external calibration and normalized to protein
amount determined by BCA assay. Additionally, the assay was validated beforehand using

staurosporine as a positive control [501].
5.2.6.2.Lactate Dehydrogenase Assay

In case of necrotic cell death, LDH is released into the cell culture medium because of an
impaired cell membrane. For the assessment of released LDH, the conversion of pyruvic acid
to lactate was used. Available LDH reduces NADH to NAD*, resulting in a measurable change
in absorption [502]. After incubation (see 5.2.2) an aliquot of the cell culture medium was
transferred into a black 96-well plate. Cells were lysed as described in 5.2.6.1 and the resulting
supernatant was transferred as well. The LDH reaction buffer consisting of 0.2 mM NADH
disodium salt (Roth, Karlsruhe, Germany), 10 mM pyruvic acid (Roth, Karlsruhe, Germany),
and LDH buffer (100 mM HEPES buffer, pH 7.0) was added to start the reaction. Absorption at
355 nm was measured every 54 s for 50 cycles with a microplate reader (Tecan® Infinite Pro
M200, Tecan, Crailsheim, Germany). LDH release was normalized to the protein amount

determined by the BCA assay.
5.2.6.3.Determination of the protein amount via BCA assay

The determination of the protein amount is based on the formation of a colored chromophore
after the complexation of Cu(I)-ions with bicinchoninic acid (BCA) in the presence of protein
[503]. Briefly, after cell rupture, the supernatant was mixed with a solution of BCA (Sigma
Aldrich, Steinheim, Germany) and Cu(Il)sulfate (Sigma Aldrich, Steinheim, Germany) in a 1:50
ratio and incubated at 37°C for 30 minutes. Thereafter, the mixture was further incubated for
1 h at RT, and absorbance was measured at 560 nm using a microplate reader (Tecan® Infinite

Pro M200, Tecan, Crailsheim, Germany).
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5.2.7. RT-qPCR analysis of transport-associated genes

For the determination of the mRNA expression of metal transport-associated genes, HepG2
cells were pelletized from culture dishes according to 5.2.4. RNA isolation was achieved using
the NucleoSpin® extraction kit (Marcherey-Nagel GmbH & Co. KG, Diiren, Germany) and the
RNA amount was quantified using a NanoDrop One Spectrometer (Thermo Fischer Scientific,
Waltham, MA, USA). RNA with absorption ratios higher than 2.0 (A260/A280; A260/A230)
were used for cDNA transcription using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems™, Thermo Fischer Scientific) according to the manufacturer’s protocol.
RT-qPCR analysis was realized by the SYBR green method using iQ™ SYBR® Green Supermix
(Bio-Rad Laboratories Inc., Hercules, California, USA) as the fluorescent probe. Before analysis,
primer efficiencies were determined and product purity was verified via gel electrophoresis.
Primers with efficiencies ranging from 100 — 120 % were used (table S8). The temperature
program with polymerase activation at 95°C for 3 min, DNA denaturation at 95°C for 30 s,
primer annealing at 56°C for 1 min, and extension at 72°C for 15 s (repeated 37 times) was
carried out on the Agilent AriaMx Real-time PCR System (Agilent, Waldbronn, Germany). For
MTFI gene expression analysis, the annealing temperature was adjusted to 54°C. For every
measurement, a melting curve analysis was performed with a DNA denaturation at 95°C for
1 min and a subsequent increment from 60°C — 95°C within one minute. Relative gene
expression was normalized to the housekeeping gene ACTB (f-actin) and was calculated in

consideration of the primer efficiency.
5.2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 Software (GraphPad Software, La
Jolla, CA, USA). Data are shown as means * SD and significance values are depicted as

* p< 0.05, ** p< 0.01, and *** p< 0.005 compared to untreated control unless otherwise stated.
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5.3. Results
5.3.1. Zn preincubation results in reduced Mn cytotoxicity

In order to investigate the impact of a combined incubation with Zn on Mn cytotoxicity, single
Mn cytotoxicity in HepG2 cells (also shown in comparison to Zn alone in fig. S5, S6) was
compared to the incubation with Mn and Zn in combination after Zn pretreatment. While cell
survival was significantly affected after treatment with 200 uM Mn and higher for 24 h
(79.1 £ 9.5 % of cell number relative to untreated control) neither a preincubation with 50 uM
ZnSOq for 2 h nor 24 h led to a decrease in cytotoxicity compared to Mn treatment alone (fig.
32A). Increasing the concentration of ZnSO4 to 100 pM showed significant alleviation of Mn
cytotoxicity from 75 pM — 1000 uM MnCl; after 24 h pretreatment, but not for 2 h pretreatment
(65.7 = 11.5 % rel. to untreated control for 500 uM MnCl; vs. 94.2 + 10.5 % rel. to untreated
control for the combination of 100 uM ZnSO4 (24 h) + 500 uM MnCl; (24 h)) (fig. 32B).
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Figure 32: Mn cytotoxicity and the effect of Zn on Mn cytotoxicity in HepG2 cells. Cytotoxicity was determined
after 2 h or 24 h Zn preincubation and subsequent Mn treatment for 24 h in comparison with Mn treatment alone
for 24 h via Hoechst assay with (A) time-dependent comparison of 50 uM Zn (2 h (@) or 24 h (7&~)) + Mn (24 h)
with Mn treatment alone (-8-) (B) time-dependent comparison of 100 uM Zn (2 h () or 24 h (7&~)) + Mn (24 h)
with Mn treatment alone (-8-). Shown are the means * SD of at least three independent experiments. Significance
is depicted as **p< 0.01: Mn treatment alone compared to untreated control (unpaired t-test), $5p< 0.01:
Combination of preincubation of 100 uM ZnSOy4 for 24 h and MnCl; treatment for additional 24 h compared to
Mn treatment alone (two-way ANOVA (Sidak’s multiple comparisons)).
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5.3.2. Zn preincubation influences protein amount, caspase-3 activity, and LDH release

induced by Mn

Additional to cytotoxicity testing via Hoechst assay, caspase-3 activity, LDH release, and
protein amount was measured to get further insights into possible cytotoxicity pathways and
mechanisms. Therefore, HepG2 cells were treated with 200 uM MnCl; (start of the cytotoxic
range), 400 pM MnCl: (cytotoxic), and 800 uM MnCl: (cytotoxic) alone or in combination with
2 h or 24 h pretreatment with 100 uM ZnSOs. Single Mn treatment (200 pM - 800 pM) resulted
in significantly reduced protein amounts compared to untreated control 24 h (fig. 33A) as well
as 48 h after seeding (fig. 33B). In contrast, ZnSO4 treatment alone led to a significantly
increased protein amount (modulating 2 h of pretreatment) (fig. 33A) and additionally in the
combination with 200 uM and 400 pM MnCl; after 24 h of pretreatment (fig. 33B). Caspase-3
activity was significantly decreased in the combinations of 100 uM ZnSO4 + 400 pM or 800 pM
MnCl; for 2 h of pretreatment compared to untreated control (fig. 33C). In comparison,
caspase-3 activity was induced by incubation with 400 pM and 800 uM MnCl;, which was
reversed by pretreatment of 100 pM ZnSO4 for 24 h (fig. 33D). Furthermore, LDH release was
significantly increased incubating 400 pM and 800 pM MnCl; 24 h after seeding (fig. 33E) and
even significant for 200 pM MnCl: 48 h after seeding (fig. 33F). Concurrent incubation of
200 uM and 400 pM MnCl; with 100 uM ZnSOys (2 h pretreatment) resulted in a significantly
decreased LDH release compared to untreated control and single Mn treatment (fig. 33E). The
same could be observed after 24 h pretreatment with 100 pM ZnSO4 in combination with

400 pM MnCl: (fig. 33F).

120



Chapter 5 — The Impact of Zinc on Manganese Bioavailability and Cytotoxicity in HepGz2 cells

A B 588
*%k
800 1000 * T Kk
*g 600 -] -T- L *g‘ 8007 sk % K T § %
3= ok T § 1 £ 3 600~ T \ \
rE SN # R
§ R RN
= o NS N
NN NN
o N N N N N
MnCl, [uM] 0 200 400 800 [} 200 400 800 MnCl; [uM] 200 400 800 0 200 400 800
Zn80, [uM] 0 0 0 0 100 100 100 100 ZnSO, [uM] 0 0 0 100 100 100 100
C D
0.8+ 2.0= *k
% g 0.6 .l_ % g 1.5 .
> © * 3%
%’?:E&OA- T 1 T '%"’?:5310- T §
(7] w
NN & ’ s o N
S 021 § § S 054 % §
0.0- & & 0.0- & &
MnCl, [;IM] (1] 200 400 800 0 200 400 800 MnCl, [;.lM] 200 400 800 1] 200 400 800
ZnS0, [uM] 0 0 0 0 100 100 100 100 ZnSO, [uM] 0 0 0 100 100 100 100
E F
200= 250 %k %k k
T 150+ — 5 2007
§ s -
$° T 88 -L o g 1507 T *
2 o 100 T \ % o §
= T T = T
|\ i N
1 N N _ NN
MnCl; [pM] [} 200 400 800 0 200 400 800 MnCl, [uM] 200 400 800 0 200 400 800
ZnSO, [uM] 1] 0 0 0 100 100 100 100 ZnS0O, [uM] 0 0 1] 100 100 100 100

Figure 33: The effects of Zn and/or Mn treatment on protein amount, caspase-3 activity (AFC cleavage), and LDH
release after 2 h or 24 h preincubation of 100 uM ZnSO4 and subsequent Mn treatment for additional 24 h. Shown
are the means + SD of at least two independent experiments of (A) protein amount [pug/mL] of cells treated with
2 h ZnSOy before 24 h MnCl; treatment, (B) protein amount [pg/mL] of cells treated with 24 h ZnSO4 before 24 h
MnCl; treatment, (C) AFC cleavage [uM] of cells treated with 2 h ZnSO4 before 24 h MnCl, treatment, (D) AFC
cleavage [uM] of cells treated with 24 h ZnSO4 before 24 h MnCl; treatment, (E) LDH release of cells treated with
2 h ZnSO4 before 24 h MnCl; treatment, (F) LDH release [uM] of cells treated with 24 h ZnSO4 before 24 h MnCl,
treatment. Significance provided by an unpaired t-test with Welch’s correction is depicted as *p< 0.05, **p< 0.01,
***p< 0.005: compared to untreated control, Sp< 0.05 $5p<0.01: compared to Mn treatment alone.
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5.3.3. Effect of Mn and Zn on TE bioavailability

To investigate if altered uptake of Mn, as well as Zn, is one possible mechanism of attenuated
Mn cytotoxicity in HepG2 cells, cellular Mn as well as Zn amounts were measured using
ICP-OES or -MS/MS and normalized to cell volume in order to compare incubated
concentrations with resulting cellular concentrations. Untreated control cells contained
20.5 UM #+ 9.2 pM Mn and 286.3 uM # 83.7 uM Zn. Overall, single MnCl; treatment resulted in
an increased Mn concentration between 664.2 uM + 323.2 uM (200 uM MnCl;) and 3,388.1 uM
+987.0 uM Mn (800 pM MnClz) in HepG2 cells regardless if cells were treated 24 h or 48 h after
seeding (fig. 34A, B). The combined exposure to 800 pM MnCl; together with 50 uM or 100 pM
ZnSOq significantly decreased Mn uptake after 2 h preincubation and also the uptake of 400 pM
and 800 pM MnCl; after 24 h preincubation with ZnSO4 (fig. 34A, B). Similar to MnCl;
treatment alone, application of ZnSO4 in the absence of Mn resulted in a concentration-
dependent significant increase of the Zn concentration compared to untreated cells
(fig. 34C, D). In combination, adding 200 pM, 400 pM, and 800 pM MnCl; 2 h after ZnSO4
treatment for additional 24 h showed a significant decrease of cellular Zn compared to 50 pM
ZnSOy treatment alone and also for 100 uM ZnSO4 + 800 pM MnCl; (fig. 34C). 24 h of ZnSO4
preincubation further significantly influenced Zn uptake in the combination of 100 pM ZnSO4
+ 400 uM MnCl; and 100 uM ZnSO4 + 800 pM MnCl,. However, all other dose combinations
showed a slight trend for decreased Zn uptake (fig. 34C, D).
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Figure 34: Mn and Zn bioavailability in HepG2 cells. HepG2 cells were preincubated with either 2 h or 24 h ZnSO4
and subsequently incubated with MnCl; for additional 24 h.Total Mn and Zn amounts were measured with
ICP-MS/MS or ICP-OES and normalized to cell volume. Shown are the means + SD of at least 3 independent
experiments from Mn concentration [pM] of cells (A) preincubated with Zn for 2 h and/ or Mn treatment for 24 h,
(B) preincubated with Zn for 24 h and or Mn treatment for 24 h, and Zn concentration [uM] of cells (C)
preincubated with Zn for 2 h and/ or Mn treatment for 24 h, (D) preincubated with Zn for 24 h and/ or Mn
treatment for 24 h. Significance provided by one-way ANOVA with Tukey’s multiple comparison is depicted as
*p< 0.05, ***p< 0.005: compared to untreated control, Sp< 0.05, $p< 0.01, $8p< 0.005: compared to single TE
treatment respectively.

5.3.4. Labile Zinc [Zn?*] Measurement

In order to specify the amount of labile Zn, which is crucial for Zn activity in HepGz2 cells [504],
the FluoZin™-3 dye was used. Incubation with 100 uM ZnSO4 showed a strong increase of
labile Zn with concentrations up to 46.4 nM and 30.5 nM according to 2 h and 24 h of
preincubation, respectively (fig. 35A, B). On the contrary single Mn treatment significantly
decreased labile Zn compared to untreated control independent of preincubation time
(fig. 35A, B). Concurrent incubation of 100 pM ZnSO4 together with either 200 uM or 400 pM
MnClz, had no additional effect on labile Zn compared to Zn treatment alone (fig. 35A, B).
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Figure 35: Labile Zn [Zn?"] [nM] measurement via FluoZin™-3 dye. HepG2 cells were preincubated with either
(A) 2h or (B) 24 h ZnSO4 and subsequently incubated with MnCl; for additional 24 h. Labile Zn amount was
determined after reaching the equilibrium. Shown are the means + SD of at least 3 independent experiments.
Significance provided by unpaired t-test with Welch’s correction is depicted as *p< 0.05, **p< 0.01, ***p< 0.005:
compared to untreated control, *p< 0.05: compared to Mn treatment alone.

5.3.5. gPCR analysis of transporter-associated and transport protein-related genes

involved in Mn and Zn transport

Since Mn and Zn uptake was decreased after combined incubation with ZnSO4 and MnCl; in
all exposure scenarios, the RT-qPCR analysis of transporters involved in Mn and Zn transport
should give an insight into possible affected transport mechanisms. MnCl: treatment alone
resulted in decreased mRNA expression of DMT1, ZIP8, and ZIP14, while MT1A, MT2A, and
also TfR1 (for 400 pM MnCl2) gene expression was significantly increased (fig. 36A-F). While
ZnSOq treatment alone significantly decreased Z/P714 mRNA expression, ZIP8 gene expression
was significantly upregulated in all exposure scenarios and additionally showed strong
induction of M7T1A and MT2A gene expression up to 45-fold compared to the untreated control
(fig. 36C, D, 37E, F). According to single TE treatment DM77 mRNA expression was
significantly downregulated in combination of 100 pM ZnSO4 + 200 pM MnCl: (after 2 h and
24 h preincubation) and 100 pM ZnSO4 + 400 pM MnCl; (after 2 h preincubation) compared to
untreated control. In comparison to single Mn treatment, DM77 mRNA expression was
significantly less affected in both combinations with 100 pM ZnSO4 with a preincubation time
of 2 h (fig. 36A). TfR1 and ZIP14 gene expression were significantly downregulated in the
combinations as well, whereas preincubation with 100 pM ZnSO4 for either 2 h or 24 h

ameliorated the decrease of ZIP14 mRNA expression compared to treatment with MnCl; alone
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(fig. 36B, D). Interestingly, MT1A and MT2A gene expressions were also strongly upregulated
in the respective combinations independent from preincubation time, but in comparison to
ZnSO4 treatment alone, the effect of a time-dependent higher induction of M71A gene
expression (24 h preincubation) was completely counterbalanced in combination with 400 pM
MnCl; (fig. 37E, F). The mRNA expression of metal regulatory transcription factor 1 (MTF1),
which is involved in MT regulation, was significantly upregulated by incubation with 400 uM
MnCl; alone and significantly downregulated in combination with 100 uM ZnSO4 with a
preincubation time of 24 h (fig. 37G).
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Figure 36 A — D: Relative mRNA expression of Zn and Mn transporters and transport proteins in HepG2 cells
preincubated with 100 uM ZnSOj for either 2 h (mm) or 24 h (mm) following 24 h MnCl; treatment. Relative mRNA
expression was assessed using RT-qPCR and normalized to ACTB (B-actin) as the housekeeping gene. Shown are
the means + SD of at least three independent experiments with two technical replicates each for (A) DMT1, (B)
TfR1, (C) ZIPS, (D) ZIP14, respectively. Significance provided by an unpaired t-test with Welch’s correction is
depicted as *p< 0.05, **p< 0.01, ***p< 0.005: compared to untreated control, Sp< 0.05, $5p< 0.01, $55p< 0.05: compared
to Zn treatment alone, *p< 0.05, *#p< 0.01, #**p< 0.05: compared to Mn treatment alone.
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Figure 37 E — G: Relative mRNA expression of Zn and Mn transporters and transport proteins in HepG2 cells
preincubated with 100 uM ZnSOy for either 2 h (mm) or 24 h (mm) following 24 h MnCl; treatment. Relative mRNA
expression was assessed using RT-qPCR and normalized to AC7B (B-actin) as the housekeeping gene. Shown are
the means + SD of at least three independent experiments with two technical replicates each for (E) MT1A, (F)
MT2A, and (G) MTFIrespectively. Significance provided by an unpaired t-test with Welch’s correction is depicted
as *p< 0.05, **p< 0.01, ***p< 0.005: compared to untreated control, Sp< 0.05, $5p< 0.01, $88p< 0.05: compared to Zn
treatment alone, *p< 0.05, #p< 0.01, ***p< 0.05: compared to Mn treatment alone.

5.4. Discussion

Mn and Zn are indispensable for a plethora of processes involved in human metabolism to
sustain health [8,105]. In order to optimize TE supply, a substantial number of people tend to
resort to supplements even if they are adequately supplied by nutrition [485]. While many
studies already focused on the effects of either Mn or Zn overexposure, data on Mn and Zn
interactions is limited [28,128]. However, this is a more realistic exposure scenario, because
nutrition is composed of more than one micronutrient. For example, grain-based products are
rich in Mn and Zn, as well as supplements often contain both [3,4,485]. Physiological TE
resorption is tightly regulated in the intestine [505]. However, patients with liver dysfunctions

or in case of administration of total parenteral nutrition (PN) are more vulnerable to metal
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overdosing, because Mn and Zn are not excreted properly, or the efficient homeostasis of the
intestine is bypassed and high amounts of Mn and Zn reach the liver due to bioavailability of

almost 100 % [8,34].

This study addresses the gap of knowledge regarding Mn and Zn interactions upon overdosing
using the human hepatoma cell line HepG2, which is widely used in pharmaco-toxicological
research resembling most functions of hepatocytes [188]. Furthermore, HepG2 cells express a
variety of metal transporters also involved in Mn and Zn transport such as DMT1, TfR, ZIP8,
and ZIP14 as well as several MT isoforms [494,506-508]. Recently, studies have shown that ZIP8
and ZIP14, initially associated with Zn transport, are also playing an essential role in systemic
Mn homeostasis [509]. Even though the Mn and Zn concentrations applied in this study are not
physiologically relevant because they cannot result in serum from dietary Mn and Zn intake,
administration of PN, as well as liver dysfunction may lead to Mn and Zn accumulation in liver

tissue [34,510].

With a focus on cytotoxicity, incubation with 200 puM MnCl; was sufficient to significantly
reduce the cell viability of HepG2 cells after 24 h of incubation. Investigation of the cell death
mechanism revealed induction of either caspase-3 as well as LDH release, however, dependent
on seeding time. Surprisingly, a significant induction of caspase-3 activity was only observed
in cells incubated with MnCl; 48 h after seeding (corresponding to the scenario of 24 h
preincubation with ZnSO4) while LDH release was constantly present independent of seeding
time. Mn cytotoxicity has often been associated with apoptosis (reviewed in [40]), which is in
line with enhanced caspase-3 activity observed in this study. Simultaneous induction of LDH
release, however, may also hint at a combination of apoptosis and necrosis, defined as
regulated necrosis or parthanatos, which has already been postulated by Porte Alcon ef al in
the context of Mn-induced murine microglial cell death [511]. Additionally, the absence of
caspase-3 activation in cells incubated 24 h after seeding with Mn might be indicative of the
initiation of cellular senescence and subsequent cell cycle arrest, which is associated in the
literature with Mn-induced DNA damage and dysregulated DNA repair [468,512,513].
Interestingly, preincubation with 100 pM ZnSO4 24 h before Mn treatment for additional 24 h
decreased caspase-3 activation and LDH release, which results in increased cell survival of
HepG2 cells in comparison to single Mn treatment. However, it is not obvious if Zn is
preventing the induction of oxidative stress, which in turn would lead, among others, to

decreased induction of cell death, or if it is interfering by regulating factors involved in anti-
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apoptotic or anti-necrotic pathways [514]. Zn is involved in the regulation of apoptotic as well
as anti-apoptotic factors such as Bax and Bcl-2. A study conducted in HepG2 cells exposed to
10 pg/ mL aflatoxin B1 (AFB1) showed that concurrent incubation with 50 uM ZnSOj4 lead to
decreased Bax and increased Bcl-2 induction, therefore, alleviating AFB1-induced apoptosis
[515]. The exact role and mechanism behind Zn-induced HepG2 cell survival after MnCl:
treatment needs to be elucidated in further studies focusing on oxidative stress endpoints
including gene and protein expression of senescence, oxidative stress, and DNA damage-

associated genes.

Nevertheless, alleviation of Mn-induced cytotoxicity by Zn may also be explained by focusing
on Mn and Zn bioavailability and alterations in gene expression of transport-associated genes.
Quantifying the cellular TE concentrations in this study revealed that Zn is strongly affecting
Mn uptake in HepG2 cells, leading to a prominent decrease in cellular Mn upon exposure in
combination with Zn. Furthermore, the effect of Mn on Zn uptake is not as strong, but with an
apparent Mn dose-dependency (fig. 34C, D). This effect was not observed in the study by Liu
et al, which investigated the protective effect of Zn in cultured rat primary hepatocytes in
comparable dose regimes [516]. Since Mn uptake is significantly decreased by the combination
of 50 uM and 100 pM ZnSO4 + 400 uM MnCl; within 24 h of preincubation, but not after 2 h of
preincubation, an impact of Zn on transport regulation on a translational level seems plausible.
Fujishiro et al revealed that after inhibition of ZIP8 and ZIP14 using siRNA transfection in
mouse cells of the proximal tubule, Mn uptake was reduced to about 70 % and 50 % respectively
[517]. Xin et al corroborated this hypothesis by investigating Mn homeostasis in hepatocyte-
specific ZIP14-knockout mice. Upon consuming a high Mn diet these mice had increased Mn
levels in the brain and pancreas, but not in the liver [45]. Lately, several studies have focused
on the metal binding affinity of ZIP8 and ZIP14 both involved in either Mn or Zn transport.
They have shown that divalent metal transport by ZIP8 and ZIP14 can be described by
Michaelis-Menten kinetics with Vmax factors of 2.0 uM for Mn(II) in HepG2 cells [492] and
0.26 uM for Zn(Il) determined in Xenopus oocytes, leading to the hypothesis that Mn may be
one of the physiological substrates for ZIP8 [168]. This could be explained by studies by Kambe
et al investigating the amino acid composition in the active site of various ZIPs. Higher affinity
of Mn(Il) to ZIPs in comparison to Zn(Il) is attributed to the preferential binding of Mn(II) to
aspartic acid and asparagine residues prevalent in the ZIP metal-binding site [169]. Regarding
metal transporters present in cells, transport by ZIPs may not be the main pathway involved

in Mn and Zn transport. DMT1, as well as TfR1, are also discussed mainly for Mn but not Zn
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transport, due to the physiologically relevant trivalent oxidation state (relevant for metal
transport via TfR) and pH dependency during uptake, important for divalent metal transport
by DMTT1 [27,518]. Although Zn is involved in mRNA regulation of both DMT1 and TfR1 with
the iron responsible element (IRE) as a possible target [519]. Therefore, focusing on alterations

in gene expression of involved transporters may clarify their role in Mn and Zn interactions.

In general, DMTI, ZIPS, and ZIP14 mRNA expression were downregulated by single Mn
treatment. In the case of Mn overexposure, metal importers are downregulated in order to
avoid the accumulation of metal species that might otherwise lead to the formation of ROS
[520]. One exception is the increased mRNA expression of 7fR7 in the scenario according to
24 h of preincubation, after exposure to 400 puM MnCl: (fig. 36B). Upregulation of metal
importers is often associated with TE requirements in case of deficiency [27]. However, TfR1
upregulation may rather be associated with impaired Fe homeostasis. A study by Herbison ef
al. has shown that 77R1 gene expression was upregulated in order to compensate reduced Fe

uptake in presence of transferrin-bound Mn, but is not the focus of this study [521].

Interestingly, although ZIP8 and ZIP14 are phylogenetically related but distinct from the other
12 ZIPs [170], ZIP8 and ZIP14 mRNA expression showed a different response to single Zn
treatment. While Z/P8 was significantly upregulated after exposure to 100 uM ZnSQO4, ZIP14
gene expression was downregulated, independent of the exposure duration. Especially in the
case of ZIP8 and ZIP14, it is not obvious if altered mRNA expression is the cause or
consequence of excess metal in cultured HepG2 cells. Transcriptional ZIP8 upregulation has
recently been shown as part of the anti-inflammatory pathway involving NF-kB [522]. In case
of inflammation, ZIP8 provides a NF-xB binding site, increasing the sequestration of cytosolic
Zn. In turn, cytosolic Zn, negatively regulates NF-«B activation by inhibition of the IxB kinase,
leading to decreased induction of inflammation [522]. This hypothesis may be underlined by a
study from Foligne et al showing a Zn-dependent inhibition of intestinal inflammation caused
by experimentally induced mouse models of colitis. They postulated an induction of A¢7 and
Mt2 gene expression in the colon of healthy mice after administration of a dietary high-dose
Zn supplementation as a possible reason for preventing gut inflammation [523]. The same effect
might be observed in the present study because treatment with 100 pM ZnSOg4 also led to
increased ZIP8 and MT1A and MT2A mRNA expression. In addition, treatment with 200 pM
and 400 pM MnCl: in the absence of ZnSOg also increased M7T1A and MT2A gene expression

in HepGz2 cells, however not as strong as Zn treatment alone. Since MTs themselves do not
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bind Mn, as shown by Waalkes et a/ and others, MTs induced by Mn treatment are binding Zn
ions, which is in line with the decreased labile Zn amounts in HepG2 cells after Mn treatment
alone observed in our study [524,525]. Furthermore, Kobayashi ef al associated a dose-
dependent MT induction by Mn administration in ICR mice liver with a rapid increase in
interleukin-6 in the serum of these mice which would also contribute to inflammation [525].
Contrary to our study, they observed an upregulation in ZZP74 mRNA [525]. Mn treatment
alone leads to a decrease in Z/P74 mRNA in HepG2 cells. On the one hand, this could be the
response to excess Mn present in the medium in order to avoid metal accumulation, on the
other hand a study by Zhao ef al has shown a contribution of p53 in ZZP714 mRNA regulation
that also underlines the hypothesis discussed regarding Mn cytotoxicity and the induction of
cellular senescence [469]. Additionally, in the case of cellular senescence NF-kB is also involved
as a master regulator for the immune survival of senescent cells, therefore also contributing to

the hypotheses postulated before [526].

To summarize, data obtained in this study showed that Zn is alleviating Mn cytotoxicity,
possibly due to decreased Mn bioavailability in the presence of Zn. However, underlying
mechanisms cannot yet be explained by the mRNA expression of assumed transporters
involved in both Mn and Zn uptake. In addition, the mechanisms proposed in this study remain
to be elucidated in further studies to reveal the exact mechanisms of Zn and Mn interactions
in HepG2 cells. Nevertheless, this study provides a closer look at the combined exposure of Zn
and Mn and emphasizes that Zn as well as Mn homeostasis, and corresponding regulatory
processes are dependent on the respective other TE taken up from the environment. To date,
mechanisms involved in metal homeostasis are not completely understood and need to be

focused on in future studies.
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Abstract

Manganese (Mn) is an essential trace element, but overexposure is associated with toxicity and
neurological dysfunction. Accumulation of Mn can be observed in dopamine-rich regions of
the brain in vivo and Mn-induced oxidative stress has been discussed extensively.
Nevertheless, Mn-induced DNA damage, adverse effects of DNA repair, and possible resulting
consequences for the neurite network are not yet characterized. For this, LUHMES cells were
used, as they differentiate into dopaminergic-like neurons and form extensive neurite
networks. Experiments were conducted to analyze Mn bioavailability and cytotoxicity of
MnClz, indicating a dose-dependent uptake and substantial cytotoxic effects. DNA damage,
analyzed by means of 8-oxo-7,8-dihydro-2’-guanine (80xodG) and single DNA strand break
formation, showed significant dose- and time-dependent increases of DNA damage upon 48 h
Mn exposure. Furthermore, the DNA damage response was increased which was assessed by
analytical quantification of poly(ADP-ribosyl)ation (PARylation). Gene expression of the
respective DNA repair genes was not significantly affected. Degradation of the neuronal
network is significantly altered by 48 h Mn exposure. Altogether, this study contributes to the
characterization of Mn-induced neurotoxicity, by analyzing the adverse effects of Mn on

genome integrity in dopaminergic-like neurons and respective outcomes.
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6.1. Introduction

Manganese (Mn) is an essential trace element required as a co-factor for many cellular systems
involved in growth, metabolism, neuronal functions, and cellular homeostasis [8,527]. The
ubiquitous divalent metal is naturally occurring in food (nuts, grains, vegetables) and drinking
water in varying concentrations and a deficiency in humans has therefore not been observed
[416,528]. Due to the increasing industrial use of Mn and its mining, environmental exposure
has been rising immensely in some regions, causing risks of adverse health effects to exposed
humans. Countries with a high environmental Mn burden include Brazil, South Africa, Russia,
Gabon and Australia [529]. Chronic Mn overexposure is associated with neurodegeneration,
and epidemiological studies link the overexposure of the trace element to various neurological
effects in children and adults all over the world [530,531] and reviewed by Bjgrklund et al [532].
Recent results from Michalke ef al 2021 indicate, that the neural barriers in general strictly
control the passage of transition metals into the cerebrospinal fluid, but less so for Mn [533].
This finding elevates the problematic nature of rising environmental Mn levels. Physiological
concentrations of Mn in the human brain are estimated to be between 5.32 — 14.03 ng Mn/ mg
protein (corresponding to 20.0 — 52.8 uM Mn) [197], but bioavailability studies showed that Mn
can accumulate strongly upon overexposure. Concentrations vary greatly between different
brain regions, whereby the accumulation is especially high in mitochondria of the dopamine-
rich region of the basal ganglia, particularly the substantia nigra [534-536]. The primary target
cells in Mn-induced neurotoxicity are discussed to be astrocytes and neuronal cells [537-539].
While the association between Mn and neurodegeneration is avowed, little is known about the
mechanistic pathways behind the adverse effects of Mn on movement, cognition, emotion, and
behavioral responses, with severe neurological dysfunctions similar to Parkinson’s disease [540-
542]. A better understanding of the neurotoxic mechanism is therefore of highest importance.
Mn, as a transition metal, can induce increased formation of reactive oxygen and nitrogen
species (RONS), either directly by Fenton-like reactions or indirectly by inhibiting the
respiratory chain in mitochondria [453,543]. Especially neurons are enriched in mitochondria
and possess a rather high metabolic turn-over [192]. Increased RONS in turn might increasingly
interact with macromolecules, such as proteins, lipids, and DNA; potentially causing DNA
damage and/ or impairment of the DNA damage response [544-546]. It has been shown before,
that Mn overexposure causes oxidative stress in vifro and in vivo and an increase of DNA
damage and disturbed DNA damage response under high Mn conditions [541,547,548].

Nevertheless, results regarding the genotoxic potential are inchoate and the fate of neurotoxic
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endpoints is still unclear. Especially to safeguard the cellular genome from (oxidative) damage
in post-mitotic neurons which incur DNA damage, the DNA damage response is of central
importance [549]. Therefore, we decided to focus the investigations on Mn-induced DNA
damage and cellular DNA damage response in neuronal cells and the consequences on the
neuronal network. For that reason, the Lund human mesencephalic (LUHMES) cell line was
chosen for experimental investigations. Once differentiated, which is achieved by treatment of
the neurons with tetracycline, cyclic AMP (cAMP), and glial-derived neurotrophic factor
(GDNF), the cells exit the cell cycle and develop into dopaminergic-like neurons within one
week. At this point, they express dopaminergic neuron-specific biochemical markers and
develop an extensive neurite network [204,205]. LUHMES are TET-off immortalized cells and
are derived from embryonic human mesencephalons. This cellular system offers a high
physiological relevance, acceptable culture procedures, and a large culture scale, needed for
efficient and meaningful investigations of the mechanisms underlying Mn-induced

neurotoxicity.
6.2. Materials and Methods
6.2.1. Cell culture of human neurons

LUHMES were cultivated and differentiated as described previously [550,551]. In short,
undifferentiated LUHMES cells were seeded on pre-coated dishes (50 pg/ mL poly-L-ornithine
hydrobromide (Sigma Aldrich, USA), 1 pg/ mL fibronectin from bovine plasma (Sigma
Aldrich)). For proliferation medium, advanced DMEM/F12 (Life Technologies GmbH, USA) was
supplemented with N2 supplement (Life Technologies GmbH), 2 mM L-glutamine (Biochrom,
Germany), and 40 ng/ mL recombinant human basic fibroblast growth factor (FGF, R&D
Systems, USA). The differentiation process was initiated after 24 h of cultivation by changing
the proliferation medium to differentiation medium (Advanced DMEM/F12, supplemented
with N2, 2 mM L glutamine, tetracycline (Sigma Aldrich), dibutyryl cyclic adenosine
monophosphate sodium salt (cAMP, Sigma Aldrich), recombinant human cell-derived
neurotrophic factor (GDNF, R&D Systems)). Two days later, cells were seeded on pre-coated
culture dishes with a defined cell density of 150,000 cells/cm?. The medium was replaced 48 h

after seeding. Cells are completely differentiated and qualified for treatment after six days.
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6.2.2. Incubation with MnCl;, preparation of the stock solution, dosage

information/regimen

Cells were exposed to MnCl; for 24 h or 48 h with 10 — 1000 uM MnCl: for cytotoxicity assays
and bioavailability studies were performed at 25 — 300 pM MnCl, as this concentration span
proved to be most relevant for cytotoxicity. The genotoxic potential of Mn was assessed after
48 h at various sub-toxic concentrations (around the most sensitive effective concentration of

30% (EC30) in cytotoxicity assessment) or in a time-dependent manner.

Stock solutions of MnClz (> 99.9 % purity, Sigma Aldrich) were prepared in sterile dHz0,
filtered and diluted shortly before the experiment.

6.2.3. Bioavailability of Mn, and other trace elements

For assessment of the bioavailability of Mn, copper (Cu), magnesium (Mg), calcium (Ca), iron
(Fe), zinc (Zn), and selenium (Se) cells were differentiated and seeded in pre-coated 24-well cell
culture plates. After Mn exposure, cells were pelletized on ice using RIPA (NaCl, Tris (pH 7.6),
EDTA (pH 7.6), sodium-deoxycholate (Sigma Aldrich), Triton™ X-100, and 10 % sodium
dodecyl sulfate (Roth, Germany)). To ensure complete cell rupture, cells were sonicated
(UP100H ultrasonic processor (Hielscher, Germany), 6 sec, 100 % amplitude, cycle 0.5) and
centrifuged at 15,500 x g for 20 min at 4°C. The protein level of the supernatant was measured
via the Bradford assay (Bio-Rad Laboratories, USA) for normalization. For acid-assisted
digestion, the cell suspensions were firstly dried overnight at 60°C. Afterward, 500 pL digestion
solution (35 % H202, 65 % HNOs3, 1:1) were added to the cell pellets, mixed well and finally
digested overnight at 95°C. For analysis, digested pellets were resuspended in 1 mL 10 % HNO3
and 10 pg/L Rhodium as internal standard and mixed well before diluting the analytes 1:1 in
10 % HNO:s.

The analytical quantification was conducted by inductively-coupled plasma coupled to tandem
mass spectrometry (ICP-MS/MS, Agilent ICP-QQQ 8800 system, Agilent, Germany) using the
following parameters: plasma RF power 1550 W, plasma gas flow 15 L/ min, auxiliary gas flow:
0.9 L/ min, nebulizer gas (argon) flow 4.3 mL/ min, and collision cell gas (helium) type
MicroMist®. The certified reference material NIST Trace Elements in Natural Water 1640A
(LGC Standards GmbH, UK) were used for internal quality control. The following mass to

charge (m/z) ratios were used for trace element and internal standard (IS) identification and
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quantification: Mn m/z 55 - 55, Fe m/z56 - 56, Cu m/z63 - 63, Zn m/z66 - 66, and rhodium
m/z103 - 103.

For comparison of Mn uptake to other cell lines described in literature, results of cellular Mn
content were related to the cell volume and number, respectively, to calculate the molar Mn
concentration. The cellular volume was determined by the cell number per well (300,000 cells)
and the peak volume of LUHMES (690.6 fL) estimated from the measurements by using an
automatic cell counter (CASY®TTC, OMNI Life Science GmbH, Bremen, Germany).

6.2.4. Cytotoxicity testing

Cytotoxicity was assessed by investigating the dehydrogenase activity, mitochondrial
membrane potential, and cell number. For this, cells were differentiated and seeded in pre-

coated 96-well cell culture plates.
6.2.4.1. Dehydrogenase activity

Dehydrogenase activity was measured by the resazurin reduction assay as described before
[550]. The method is based on the reduction of the blue non-fluorescent redox dye resazurin to
the pink fluorescent resorufin by intracellular dehydrogenases. NADH is used as the co-factor.
After incubation with MnCly, the medium was replaced with a 5 ug/ mL resazurin solution (7-
hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt (Sigma Aldrich), differentiation medium).
Incubation lasted for 3 h at 37°C before measuring the fluorescence (Tecan® Infinite Pro M200,

Tecan, Switzerland) with excitation: 530 nm and emission: 590 nm.
6.2.4.2. Mitochondrial membrane potential normalized to cell number

Mitochondrial membrane potential and cell number were determined simultaneously using
MitoTracker®Orange CMTMRos (Invitrogen, USA) [552,553] and Hoechst 33258 (Merck,
Germany) staining [554]. After incubation with MnClz, the medium was replaced with 300 nM
MitoTracker®Orange CMTMRos in assay buffer (80 mM NaCl, 75 mM KCl, 25 mM D-glucose,
25 mM HEPES pH 7.4) for 30 min at 37°C. After incubation, cells were fixed with 3.7 %
formaldehyde in assay buffer for 10 min at 37°C. After replacing the formaldehyde with assay
buffer, fluorescence was measured at excitation: 544 nm and emission: 590 nm. Thereupon, cell
membranes were permeabilized using 2.2 % Triton™ X-100 (Sigma Aldrich) for 10 min at 37°C
to allow Hoechst 33258 staining. For this, 6 uM Hoechst 33258 in PBS was incubated at 37°C

for 30 min, before replacing the solution once again with assay buffer. Fluorescence was
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measured with the fluorescence plate reader (ex: 355 nm, em: 460 nm). The mitochondrial

membrane potential was calculated and normalized to the cell number.
6.2.5. Detection of 80oxodG using HPLC-MS/MS

The oxidative DNA damage 8-oxo-7,8-dihydro-2’-guanine (8oxodG) was quantified
analytically by high-performance liquid chromatography coupled to tandem-mass
spectrometry (HPLC-MS/MS). For this, cells were differentiated and seeded into 25 cm? flasks
and incubated with MnCl,. Cells were pelletized and the DNA was isolated using the Qiagen
Tissue and Blood DNA extraction kit (Qiagen, Germany), following the manufacturer’s
instructions. After vacuum drying the DNA samples, enzymatic hydrolysis was used to obtain
mononucleotides, which is based on methods by Greer ef al and Finke ef al [555,556]. Dried
DNA samples were dissolved in 10 pL dH20 and 6.5 mM butylated hydroxytoluene (BHT) was
added to each sample. Then, dsDNA was separated into single DNA strands by incubating all
samples for 3 min at 100°C while shaking. Immediate cooling on ice for another 2 min allows
the DNA to re-form double helixes, but more loosely than before. At this point, isotope-labeled
internal standards (IS) for 8oxodG and deoxycytidine (dC) were added to each analyte for later
normalization. 5 pL sodium-succinate/ CaClz (100 mmol/ 50mmol/l, pH 6) buffer were added
before pipetting 1.6 pL 0.556 U/uL micrococcus nuclease to each sample. The mixture was
vortexed thoroughly before adding 2.5 pL 0.001 U/pL phosphodiesterase. All samples were
vortexed thoroughly for enzyme incubation overnight at 37°C. Afterward, 2 pL. 1U/pL alkaline
phosphatase were added for an incubation of 2 h at 37°C. All enzymes were obtained from
Sigma-Aldrich. Lastly, samples were filtered using a 10 kDa cut-off filter (Nanosep 10K, Pall,
USA), and samples were centrifuged for 20 min at 13,000 rpm at RT. HPLC-MS/MS was
conducted using an Agilent HPLC system (Agilent 1260 Infinity II) coupled to a Sciex triple
quadrupole-mass spectrometer (Sciex QTrap 6500+, Sciex, USA). Separation was conducted
using a YMC Triart-PFP column (reversed-phase; hybrid silica material modified with
pentafluorophenyl propyl; 3 x 150 mm; 3 um; 120 A, YMC, Japan) and a corresponding pre-
column of the same material. Samples were separated at a flow rate of 0.3 mL/min, using a
15 min mobile phase gradient with 5 mM ammonium formate in dH20 (pH 4.2) and 5 mM
ammonium formate in MeOH as eluents. Electrospray ionization in positive ion mode (ESI+)
was used for ionization. Quantifier mass transition of 8oxodG (m/z 284—168) was used in
relation to the mass transition of 8-ox0-dG-13C,-’N3 (m/z 287—171). For normalization, dC

was measured in samples diluted 1:200 in dH20. All analyzed mass m/z transitions (table S9),
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MS parameter (table S10), and the LC mobile phase gradient (table S11) can be found in the

supplementary.
6.2.6. Determination of DNA single-strand breaks by alkaline unwinding

Quantification of DNA strand breaks was realized by alkaline unwinding, a method described
before [557,558], and adapted for LUHMES cells. Briefly, cells were incubated with MnCl; in 12-
well cell culture plates and washed with ice-cold PBS. An alkaline solution (0.03 M NaOH,
0.02 M NapHPOy, and 0.9 M NaCl) was added to each sample and incubated in the dark for
30 min. After neutralizing, transfer of the cell pellets into glass tubes, sonification of the cell
mixtures, and addition of sodium dodecyl sulfate (SDS), single- and double-stranded DNA
(ssDNA/ dsDNA) were separated using 60°C tempered hydroxyapatite columns. The ssDNA
and dsDNA were eluted using 0.15 M and 0.35 M potassium phosphate buffers, respectively.
By adding Hoechst dye to the obtained DNA solutions and measuring the fluorescence using
a microplate fluorescence reader (Tecan®, SPECTRA Fluor), relative DNA fractions can be
determined. The calculation of DNA strand breaks is based on calibrations with X-ray

irradiations as described by Hartwig et al [559].
6.2.7. Quantification of poly(ADP-ribosyl)ation (PAR) levels

For analysis of PAR levels, an isotope-diluted LC-MS/MS method was adapted from a
previously published method [547,560,561]. Cells were differentiated and seeded in 12-well cell
culture plates. After Mn exposure cells were washed with 1.5 mL ice-cold PBS before adding
1.5 mL of ice-cold 20 % (w/v) TCA for cell lysis and precipitation of macromolecules. Afterward,
cells were placed on ice and acid-insoluble materials were scraped from the cell culture dish
using a cell scraper before transferring the cell suspension into a 2 mL reaction tube. Cell
culture dishes were washed with another 0.5 mL ice-cold 20 % (w/v) TCA to ensure complete
transferal. The samples were centrifuged (3000 x g at 4°C for 5 min) and pellets were washed
twice with 500 pL ice-cold 70 % EtOH. After the last washing step, samples were air-dried at
37°C. The alkaline treatment was initiated by adding 255 pL 0.5 M KOH to detach protein-
bound PAR. Pellets were resolved at 37°C while shaking (600 U/min) constantly until no pellet
was visible. This may take up to 70 min (depending on cell number used) and vortexing was
done for 30 s every 20 min. When the solution was clear, 50 puL 4.8 M MOPS were added and
mixed in for neutralization. 30 pL of the solution were stored at -80°C for determination of

DNA concentration by the Hoechst method [547].
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2.5 pmol of 13C,15N labeled-PAR were added to each sample, before adding 6.25 pL 2 M MgCls,
2.5puL 100 mM CaClz, 15.5 pL 2 mg/mL DNAse (Qiagen) and 2.5 pL 10 mg/mL RNAse
(ThermoFisher Scientific, USA) for nucleic acid digestion. The mixture was incubated at 37°C
on a shaker (400 U/min). After a 3 h incubation, 1.25 mL 40 mg/mL protein kinase K were
added, mixed well, and samples were further incubated overnight. To enrich samples for PAR,
a High Pure miRNA kit (Roche, Switzerland) was used. 624 pL binding buffer were added to
each sample before adding 400 pL binding enhancer. The solutions were resuspended until
completely clear and 700 pL were transferred onto a high pure column and centrifuged at
15,700 x g for 30 s. The flow-through was discarded and the last centrifugation step was
repeated until the entire mixture was filtered. The filter was washed with 200 pL washing
buffer (15,700 x g for 30 s) and dried by centrifuging at 15,700 x g for 1 min. The columns were
placed into new reaction tubes and 100 pL. dH20 were added for another centrifugation step
(15,700 x g for 1 min). Columns were discarded and the digestion of the purified PAR was
initiated by adding 342 pL of digestion master mix (60 uL. 10 mM MgAc, 60 pL 250 mM NH4Ac,
220 pL dH>0, 1 pL 10 U/ pL alkaline phosphatase, 1 pL 0.5 U/ uL. PDE). Samples were vortexed
and incubated for 3 h at 37°C while shaking (400 U/ min). After incubation, samples were
transferred to Nanosep Omega 10K filter and filtered at 13,000 x g for 10 min to remove the
enzymes. Samples were then vacuum-dried and pellets resuspended in 25 pL Millipore dH20
for HPLC-MS/MS measurements. Quantification of PAR was conducted using an Agilent 1260
Infinity LC system coupled with an Agilent 6490 triple quadrupole-mass spectrometer (LC-
MS/MS) (both Agilent) interfaced with an electron-ion source operating in the positive ion

mode (ESI+) which is described in detail by Neumann et al [547].
6.2.8. Gene expression screening of DNA repair-associated genes

Relative mRNA expressions of genes involved in the relevant repair pathways were analyzed
using the qPCR-based method. Cells were differentiated and seeded in 25 cm? cell culture
flasks. After Mn exposure (20 puM, 48 h (EC30)) cells were trypsinized, centrifuged, washed with
ice-cold PBS, and pellets were stored at —20°C. Using the “NucleoSpin RNA II kit” (Machery-
Nagel, Germany), RNA was isolated and the concentration was measured using a Nanodrop
(ThermoFisher Scientific). 1 pg RNA was used for reverse-transcribed to cDNA by using the
“gScript Kit” (Quanta Biosciences, USA). Primer sequences and efficiencies, thermal cycling
programs and calculations of relative gene expressions for the 96-well based RT-qPCR method

were described in Ebert ef al 2016 [562]. Actin serves as the housekeeping gene.
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6.2.9. Assessment of neurite toxicity via tubulin staining

For the assessment of Mn toxicity on the neurite network, immunofluorescence staining of the
neuronal cytoskeleton protein PIII-tubulin was conducted, followed by a semi-automatic
quantification of the neurite mass as described by Witt ef al 2017 [563]. Briefly, differentiated
LUHMES cells were seeded on pre-coated 18 mm glass coverslips and cells were incubated with
MnCl; for 48 h. Afterward, cells were fixed with PBS containing 1 % formaldehyde (Roth),
washed with PBS containing 0.05 % Tween® 20 solution, permeabilized with PBS containing
0.2 % Triton™ X-100, washed again, and incubated with 1 % bovine albumin in PBS for 30 min
at RT. The primary antibody (anti-tubulin $3 [TUBB3], Clone: Tuj1, BioLegend GmbH, USA)
was incubated overnight at 4°C before incubating the secondary antibody (Alexa Fluor® 488
goat anti-mouse IgG, Invitrogen, USA) for 1 h at RT, both in blocking buffer (PBS, 1 % bovine
albumin). For low background signaling, several washing steps with washing buffer were
carried out after each antibody incubation. Lastly, cells were mounted in Vectashield mounting
medium containing DAPI (Vector Laboratories, USA), and the neuronal network was assessed
on a Leica DM6 B wide-field fluorescence microscope, equipped with a microscope lens HC
Plan APO 10X and 20X/0.70, a CTR6 LED lamp and a cooled Leica DFC 365 FX CCD camera
(Leica, Germany). For quantification of the neurite mass, the LAS X Core 2D Analyse imaging
software (Leica) was used. The relative fluorescence of the intensity of neuronal network
surrounding the nuclei (identification via DAPI staining), was measured. A minimum of 20

images per sample was evaluated for neurite mass.
6.3. Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, USA). If not
otherwise stated, one- or two-way ANOVA with Dunnett’s post-hoc test for group comparison
have been used. Statistical tests performed are listed in the respective figure captions and
significance is depicted as *: p<0.05, **: p<0.01, and ***: p<0.005 compared to respective

untreated control.

141



Chapter 6 — Mechanistic studies on effects of Mn overexposure in differentiated LUHMES cells

6.4. Results and Discussion

6.4.1. Cellular bioavailability, cytotoxicity, and adverse effects of Mn on the

mitochondrial membrane potential

For investigations of Mn uptake by neurons, differentiated LUHMES cells were incubated with
MnCl: for 24 h and 48 h with various concentrations of up to 300 pM MnCls, and 50 puM MnCl;
respectively. The cellular Mn concentrations increased in a dose- and time-dependent manner
in both incubation periods (fig. 38A, B) for up to the highest tested concentrations each. Cells
incubated with 300 pM MnCl: for 24 h showed a total Mn content of ~0.56 pg Mn/ mg protein.
A 48 h incubation with 50 pM MnCl; resulted in a total Mn concentration of ~0.12 pg Mn/ mg
protein. The same concentration of MnCl; after only 24 h incubation caused an increase of the
cellular concentration to 0.078 pg Mn/ mg protein, indicating that the Mn uptake is almost
directly proportional to the incubation time. This effect is less distinct when looking at 25 pM
MnClz. Here the uptake after 48 h is only slightly higher compared to a 24 h exposure.
Currently, we cannot explain the observed data and clarification of the underlying transport
mechanisms are needed. A linear uptake of Mn after 24 h and 48 h incubations has not been
observed in earlier studies using different human cell lines (CCF-STTG1 (CCL-185™), A549 or
HeLa cells) [453,557,564]. Studies by Bornhorst et al 2012 for example show that astrocytes do
not show significant differences in Mn uptake after either 24 h or 48 h exposure to the same
MnCl; concentration. In addition, comparing the cellular Mn concentrations of astrocytes and
neurons, Mn bioavailability is 15 — 20 times higher in LUHMES cells [564]. The effect of
excessive Mn uptake on the status of other trace elements was also investigated in LUHMES,
as other studies suggest an interrelation of other trace elements in uptake and homeostases
[565]. Analysis of Cu, Mg, Ca, Fe, Zn, and Se indicated that the overexposure of differentiated
LUHMES cells with up to 40 uM Mn for 48 h does not significantly affect the homeostasis of
these trace elements (fig S7). The cytotoxicity assessment was likewise conducted for cells
exposed to MnCl: for 24 h and 48 h. The metabolic activity was determined using the resazurin
assay, which measures the dehydrogenase activity. Concentrations of > 50 pM MnCl; caused
a highly significant decrease of the metabolic activity for both incubation times (fig. 39A, B),
which is dose- and time-dependent. The ECs is estimated to be ~150 pM MnCl> and 40 pM
MnCl; after a 24 h incubation and 48 h, respectively (fig. 39C). The decrease of the cell number
yielded more sensitive cytotoxic concentrations of MnCl: in the differentiated neurons

compared to the resazurin assay. Highly significant decreases of cell numbers after 24 h and
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48 h incubation were reached at concentrations of > 25 pM MnCl,. The approximated ECso
values are at 58 pM MnCl; for 24 h Mn exposure and > 25 pM MnCl: after 48 h Mn exposure.
These results indicate that neurons are a highly important target for Mn-induced toxicity as
they are much more sensitive than other brain-associated cell lines. Astrocytes incipient

cytotoxic effects at incubation concentrations of 1000 uM for 24 h [564].

Measuring the mitochondrial membrane potential using MitoTracker® Orange allowed us to
draw conclusions regarding the effect of Mn on mitochondrial function. Excessive levels of
free radicals can disturb the mitochondrial integrity, which in turn can cause further formation
of RONS. Additionally, Mn ions showed to induce H20: generation at the binding site of the
complex II of the respiratory chain in mitochondria [566]. Mitochondrial membrane potential
is therefore a likely target of Mn-induced oxidative stress. Exposing differentiated LUHMES
cells for 24 h affected the potential already at low concentrations (< 50 uM MnCl;) and a 50%
reduction can be seen at 75 uM MnCl: (fig 40A). Even higher concentrations (= 200 uM MnCly)
lead to a constant low level of ~ 15% compared to non-exposed cells. Incubation with Mn for
48 h showed an ECs3o of 25 uM MnCl; (fig 40B), which is, likewise to the 24 h incubation,
marginally under the EC3p cytotoxicity values. The disturbance of the membrane potential by
Mn shown in this study can correlate with oxidative stress, as the endpoint is both, an indicator
for a cause and consequence of increases in RONS. This is in line with previous studies (in
vitro and in vivo) that have shown before that Mn causes an increase in oxidative stress
[547,548,557]. The analyzed cytotoxicity endpoints showed different sensitivities towards Mn-
induced effects/toxicity. The deviating sensitivities (time- and dose-dependency) might be
explained by the underlying cellular toxic mode of action and cellular mechanisms (e.g.
saturation processes, counter regulations, target organelles), that need to be investigated
further. Both metabolic activity and mitochondrial membrane potential are strongly linked to
mitochondrial function which is further involved in oxidative stress and induction of ROS.
Consequences of oxidative stress, especially in neurons, are of great concern, due to the
inability of self-replenishment of post-mitotic cells. On account of the almost linear cellular
bioavailability and estimated EC3o values, we decided to conduct all following mechanistic
studies after a 48 h Mn exposure with 0 pM, 20 pM, and 40 pM MnCl,. This allowed the
investigation of genotoxic endpoints at concentrations of sub-toxic (10 pM and 20 uM MnCly)

and toxic concentrations (40 pM MnCly).
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Figure 38: Mn bioavailability in LUHMES cells after Mn overexposure. Results show dose- and time-depended Mn uptake

[ng Mn/ mg protein] in differentiated LUHMES cells following a (A) 24 h and (B) 48 h incubation. Bioavailability was measured

analytically via ICP-MS/MS. Data are expressed as means + SD of at least six independent experiments. For statistical analysis,

the one-way ANOVA with Dunnett’s multiple comparisons test was performed.
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6.4.2. Mn overexposure reduces the DNA integrity of post-mitotic neurons

Oxidative DNA damage is a major adverse outcome of oxidative stress, causing genomic
integrity to be in jeopardy. An imbalance of antioxidant systems and oxidative stress can
induce increased interactions of RONS with macromolecules such as DNA, causing DNA
damage [567,568]. While genomic stability is immensely important in cells that still undergo
mitosis and meiosis (e. g. germline cells), it is equally important in post-mitotic cells, which are
irreversibly withdrawn from the cell cycle [549,569]. DNA damage can occur in the nuclei and
even more in mitochondrial DNA. The latter is especially important for neuronal cells, due to
their high mitochondrial mass and great energy dependence [570,571]. A slow build-up of DNA
damage in the genome causes loss of information that transfers from DNA to proteins. This
could increase the transcription of defective proteins, their accumulation, cell death, and
eventually neurodegeneration and disease [570,572]. For this study, we decided to investigate
DNA damage in the entirety of the neurons, not only mitochondrial DNA modifications, to
elucidate the effect of Mn on the DNA integrity of the whole post-mitotic cell. For this,
differentiated LUHMES cells were again exposed to Mn for 48 h at sub-toxic and toxic
concentrations. First, 8oxodG was analytically quantified by HPLC-MS/MS, after isolating and
hydrolyzing the DNA of MnCl: incubated cells. The simultaneous quantification of the
cytosine content allowed normalization to the respective hydrolysis rate as well as the actual
DNA content. 8oxodG is the most investigated and likely the most frequently occurring
oxidative DNA base modification, due to the low oxidation potential of guanine [573]. The

interaction of singlet oxygen with guanine leads to the formation of 8oxodG and
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8-hydroxyguanosine (80HdG), which are in equilibrium with each other and are equally used
as biomarkers in both in vitro and in vivo studies [574-576]. The results of the analytical
quantification show that exposure of differentiated LUHMES cells to Mn caused a linear
increase of the DNA damage, which is significantly different at 40 pM MnCl; compared to non-
incubated cells (fig 41). At this concentration, the level of oxidative DNA damage is three times
higher as compared to control cells. If repaired, 8oxodG, and other oxidative DNA
modifications, are repaired mainly via base excision repair (BER), which causes single-strand
breaks as repair intermediates [577]. The damaged bases are excised by glycosylases, leaving
apurinic/ apyrimidinic (AP) sites, which are then processed further by endonucleases to DNA
single-strand breaks before being repaired by further BER repair enzymes [578-580]. Apart from
DNA repair, strand breaks can be caused directly by exogenous or endogenous sources and
can lead to loss of information and mutations, DNA-protein crosslinks, and alterations of the
secondary DNA structure [581-583]. Quantifying the percentage of double-stranded DNA
(dsDNA) and thereby strand breaks per cell using the alkaline unwinding assay allows us to
draw conclusions regarding the overall genomic integrity. In Mn-incubated cells, again for
48 h, a high increase of DNA strand breaks is detectable compared to control cells, already
starting at 10 pM MnCl (fig 42A). Exposure to 20 uM MnCl; caused a further increase to 4 x 103
strand breaks per cell. Doubling the incubation concentration does not further increase the
damage and a plateau is reached with 50 % dsDNA. When looking at the time-dependent effect
of Mn exposure, a coherence is visible between the amount of strand breaks and exposure time.
The neurons were incubated with 20 uyM MnCl; for 0 h, 2 h, 4 h, 8 h, 24 h, or 48 h and the data
suggest a consistent increase of DNA strand breaks and decrease of dsDNA (fig 42B). The
results of both genotoxicity endpoints indicate significant induction of DNA strand breaks and
oxidative DNA damage 80xodG. These results are in line with other in vitro [41,548,549] and in
vivo [584] studies that investigated DNA damage (DNA strand breaks and DNA base
modifications) after Mn exposure, employing the alkaline COMET assay or analytical and

immunohistochemical analysis of oxidative base modification.
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Figure 41: Induction of 80xodG formation in LUHMES cells after 48 h Mn exposure. The increased formation of 8oxodG was
measured analytically via HPLC-MS/MS. Sub-toxic (10 uM - 20 uM MnClz) and toxic (40 pM MnClz) concentrations of Mn
cause a dose-depend increase of oxidative DNA damage that is significantly higher at 40 uM MnCl2 compared to control cells.
Data are expressed as means + SD of at least six independent experiments. For statistical analysis, the ordinary one-way
ANOVA with Dunnett’s multiple comparisons test was performed.
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LUHMES cells were incubated with 20 uM MnCl for different exposure times (0 h, 2 h, 4 h, 8 h, 24 h, and 48 h). Data are
expressed as means + SD of at least nine independent experiments. For statistical analysis, the 2way ANOVA with Dunnett’s

multiple comparisons test was performed.
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6.4.3. Induction of the DNA damage response and increased DNA repair gene expression

are results of Mn overexposure

Unrepaired DNA damage may trigger cell death, making an effective DNA repair crucial for
neuronal survival. The DNA damage response involves different pathways and genes
responsible for sensing and responding to DNA damage and therefore initializing DNA repair,
apoptosis, and in case of proliferating cells cell cycle regulation [585]. Poly(ADP-ribose) (PAR)
signaling is one of the first activated pathways upon DNA damage and is needed to ensure
access of repair protein to the DNA lesion in the otherwise tightly packed DNA double-helix
[586,587]. The PAR polymerase (mainly PARP1) recognizes and binds to DNA lesions, and then
catalyzes the formation of PAR chains on close-by histones and itself [588-590]. These PAR
chains can act as binding platforms for downstream pathway proteins, e.g. XRCC1, which
initializes the DNA repair [591]. Relative PAR levels can be analytically quantified as a measure
of the onset of the early DNA damage response. Results of this study showed that PARylation
in 10 pM and 40 pM MnCl,-treated differentiated LUHMES cells were significantly higher
compared to non-incubated cells, indicating a response to DNA damage (fig 43A). PARylation
has also been identified as a sensitive endpoint in other brain cells. Previous studies in
astrocytes identified an efficient disturbance of PARylation upon Mn exposure [453]. Gene
expression studies allow the conclusion that the increased levels of PARylation in Mn-exposed
LUHMES might be regulated by enzyme activity or protein translation; not on RNA level. The
gene expression analysis of PARPI and genes involved in base and nucleotide excision repair
showed no significant changes in Mn-exposed cells compared to controls (fig 43B). A slight
increase in gene expression can be detected for OGGI, which encodes for the bifunctional
8-oxoguanine DNA glycosylase. This glycosylase removes 8oxodG and initializes the base
excision repair by nicking the DNA backbone [592]. There is evidence that OGG1 is involved
in the repair of oxidative damage in neurons and high gene expression levels were found in
the substantia nigra of patients suffering from neurodegenerative diseases [593]. The results of
this study indicate that Mn does not have a strong effect on OGGI but further studies are

needed to confirm the results on a protein and enzyme activity level.
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Figure 43: Analysis of DNA damage response and DNA repair in differentiated LUHMES cells upon Mn exposure. (A)
Analytical measurement of relative PAR induction after 48 h MnClz (10 pM - 40 uM) exposure via HPLC-MS/MS. (B)
Measurement of relative gene expression of DNA damage response and BER-involved genes after 48 h incubation with 20 pM
MnClz. Data are expressed as means + SD of at least four (A) or three (B) independent experiments. For statistical analysis, the
unpaired t-test was performed.

6.4.4. Decreased tubulin expression indicates Mn caused neurodegeneration

Immunofluorescence staining of the neuronal cytoskeleton protein BIII-tubulin was used to
investigate the adverse effects of Mn on the neurite network. Maintenance of the long
intercellular synaptic connections is required for the propagation of electrochemical signals
across vast cellular distances [594]. Changes in the synaptic morphology are linked to
neurodegeneration and adverse changes can be observed in patients with Parkinson’s disease
[595,596]. Differentiated LUHMES cells are well suitable for neurite toxicity testing, as they form
extensive dendrite outgrowth and neuronal networks [204,205]. The immunofluorescence
staining of cells incubated with 20 pM or 40 pM MnCl; for 48 h showed a significant decrease
compared to non-incubated cells (fig 44A). Both concentrations caused a relative decrease of
around 20%. The degradation of the neurite network is also visible in the exemplary
microscopic pictures shown in fig 44B. The results indicate an adverse effect of Mn on the
tubulin expression and therefore neuronal network. These results are in line with observations
by Stanwood et al that showed that acute Mn exposure induces early and profound changes
in neurite length and integrity of primary mesencephalic culture cells at sub-toxic Mn

concentrations (100 uM MnCly) [597].
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Figure 44: Immunofluorescence staining of BIII-tubulin for assessment of neurite mass. (A) Semi-automatic measurement of
the relative BIII-tubulin expression in immunofluorescence-stained differentiated cells. LUHMES were incubated for 48 h with
0 uM, 10 uM 20 pM or 40 uM MnClz. Data are expressed as means + SD of at least 2 independent experiments. For statistical
analysis, the ordinary one-way ANOVA with Dunnett’s multiple comparisons test was performed. (B) Representative
microscopic images of the neuronal network of LUHMES cells after 48 h Mn exposure with 0 uM (I + II), 20 uM (III + IV), and
40 uM (V + VI) MnClz. BIII-tubulin was stained with TUBB3 and Alexa Fluor® 488 (portrayed in green) and nuclei using DAPI
(portrayed in blue). 10 x and 20 x objectives were used.

6.5. Conclusion

Mn is a ubiquitous trace element and due to increased industrial use, rising exposure to the
transition metal is unavoidable. While Mn overexposure has been linked to neurodegeneration
before, understanding the underlying neurotoxic mechanisms is imperative. Utilizing the
LUHMES cell line allowed us to investigate the adverse effects of Mn on dopaminergic-like
neurons. Determination of bioavailability and cytotoxicity of MnCl: allowed us to find the right
dosing regimen for investigations of Mn-induced DNA damage and DNA damage response/
DNA repair. Additionally, the results indicate that mitochondria function is disturbed, which
can be both a consequence and cause of RONS. An increase of 80xodG and a decrease of the
dsDNA in Mn-exposed cells indicate a loss of genomic integrity. While the DNA damage
response was triggered by Mn exposure, gene expression studies revealed only minor
alterations in BER-involved genes. The neurite network, assessed via immunofluorescence
staining of tubulin, on the other hand, showed significant adverse changes induced by Mn.
Altogether, the results of this study are shedding more light on the underlying mechanisms of
Mn-induced neurotoxicity. The outcome of the investigations confirms the hypothesis that Mn
at high exposure leads to increased genomic instability. Future studies of specific endpoints of
oxidative stress could help to understand the nature of Mn-induced RONS. For a deeper insight,
studies of repair enzyme expression and activity levels are required. Especially the link

between genomic instability and the degradation of the neurite network is of high interest and
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will be the focus of follow-up repair studies to understand the persistence and consequences

of DNA damage in more detail.
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7.1. Final discussion and Outlook

Mn, Fe and Zn are essential for a plethora of metabolic processes sustaining human health. To
ensure adequate TE supply in the general population several institutions like the EFSA and
DGE estimated Al amounts based on TE uptake, distribution, excretion, and food constituents.
Even if the minimum adequate amounts are easily attained by balanced nutrition, an increasing
number of individuals use TE supplementation to improve TE supply in order to preserve
health. However, people excessively consuming supplements and patients receiving PN are at
increased risk of Mn, Fe, and Zn overexposure, which has been discussed to play a role in
impaired liver function and neurodegeneration. This concern does not only account for the
general population but also sensitive populations like pregnant women since the developing
fetus is highly susceptible and fetal development vulnerable to metal overexposure [1-4,34,485].
Since all three TEs share similar cellular transport routes for uptake, distribution, and
excretion, interrelations in their respective metal homeostasis are likely. However, a shift in
these interrelations and metal homeostasis may result in adverse effects, which can
consequently lead to insufficient nutrient supply and complete disruption of metal homeostasis
in the three pivotal organs the placenta, the liver, and the brain. Nevertheless, exact pathways
of placental TE transfer, competition on transporter binding sites, regulatory interferences, and

effects on the integrity of the organs and the developing fetus are rarely characterized [10].

Therefore, studies conducted in this thesis have focused on the fundamentals of TE transport
and Mn/Fe interactions across the trophoblast layer of the placental barrier, which is mainly
involved in the nutrient transfer to the fetus. With Fe as one of the most investigated TEs in
pregnancy, comparing Fe transfer kinetics with the rarely characterized Mn transfer facilitated
the choice of an underlying pathway of nutrient transfer across the placental trophoblasts. For
this, the BeWo b30 Transwell® model was applied, which allows investigating nutrient transfer
in a compartmentalized approach modeling maternal- and fetal-facing side, as well as cellular
uptake in the BeWo b30 trophoblasts. This model was established beforehand to achieve
adequate culture conditions as closest as possible to physiological barrier function. Aside from
metal transfer and bioavailability in the BeWo b30 cells, transporter expression on the
transcriptional and translational levels was investigated. This was further focused on HepG2
cells revealing the role of Zn in liver Mn homeostasis and vice versa, which is largely unknown

by now. In a more mechanistic approach, adverse effects of Mn exposure in human
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mesencephalon cells (LUHMES) were investigated, focusing on the role of Mn-induced

alterations in neuronal genomic integrity and neural outgrowth.
7.2. Establishing a model of the placental barrier for nutrient transfer studies

With the placental barrier as the main regulatory interface between maternal and fetal
circulation, the trophoblast layer (one of the many underlying cellular structures) acts as the
key player in oxygen, nutrient, and xenobiotic transfer. Within the range of already established
in vivo, ex vivo, and in vitro approaches to model nutrient transfer across the placental barrier,
the BeWo b30 monolayer Transwell® system has been proven to allow transfer studies with
high experimental throughput due to simplified handling [222]. BeWo b30 cells are widely used
since subcloning of the parent cell line BeWo enabled the formation of the confluent and
polarized monolayer, sharing the coarse physiological structure of trophoblast in vivo [331].
Additionally, BeWo b30 cells resemble the morphology of third-trimester trophoblasts and
express a variety of transporters involved in micronutrient metabolism, in expression patterns
of late gestation [341,359]. Due to their polarized behavior, transporters are located according
to their function as in- and exporters [331]. In comparison to ex vivo placental perfusion
experiments, BeWo b30 cells showed similar transfer rates of small reference substances like
antipyrine, caffeine, and benzoic acid making them a useful tool for the investigation of the
fundamentals of micronutrient transfer [226,310,351,360,361]. Seeding BeWo b30 cells on
Transwell® inserts facilitates the investigation of maternal-fetal micronutrient transfer in a
compartmentalized approach, and additionally allows BeWo b30 cells to follow their polarized
phenotype. However, different from other barrier building cells like PBCECs (BBB) and Caco-2
(intestinal barrier), BeWo b30 cells do not have to be differentiated to achieve barrier function
[9,199,209]. This is beneficial since the time of differentiation has not to be considered in the
general culture time of the in vitro system. Therefore, short culture times until reaching

confluency is one advantage regarding experimental throughput.

On the contrary, the absence of contact inhibition in BeWo b30 cells leads to the quick
formation of a multilayer, which does not represent in vivo conditions. While Heaton et al
deliberately use the BeWo b30 cells in multilayers, as they observed a multilayered structure
before the formation of a confluent monolayer, we tried to establish a monolayer model nearest
to in vivo conditions [314,352]. For this, barrier properties have to be monitored precisely in
every experiment to detect potential alterations in the proliferation behavior of BeWo b30 cells.

Even if optimal culture conditions were developed beforehand, using the system for nutrient
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studies revealed, that these conditions can potentially be altered due to the use of different FCS
batches or dependent on environmental influences such as vibrations, or increased incubator
use, discussed in 3.3.1 [370]. To overcome these difficulties in reproducibility results from
studies using the BeWo b30 Transwell® system have to be monitored and documented
accurately to recognize alterations in trophoblast transfer. In our studies, we observed
decreased micronutrient transfer rates, which were found in cell layers exceeding TEER values
of 330 Q*cm?. In case of this test substance-independent effect, culture conditions had to be
evaluated again to adjust these according to the proliferation behavior. Besides the simplicity
of the monolayer, established in the BeWo b30 in vifro system, it sparsely represents the
complete physiology and structure of the placental barrier 7in vivo. During gestation,
endothelial cells of fetal vessels are gaining more importance since they are also playing an
important role in maternal-fetal nutrient transfer as the villous trees are developed sufficiently.
Moreover, the formation of the vascular system is dependent on trophoblast signaling
highlighting the importance of interactions between epithelial trophoblasts with endothelial
vascular cells [378]. By applying the Transwell® system, epithelial and endothelial cells can be
co-cultured in the same insert allowing the investigation of vectorial micronutrient transfer
across both cellular structures. However, as the same medium has to be used, culture
conditions have to be adjusted to the needs of both cell types. Since BeWo b30 cells in the
established in vitro system are already cultured in the endothelial growth medium, developing
a co-culture with endothelial HUVECs, for example, can be implemented without further
studies on medium suitability [598]. Another interesting approach would be a co-culture with
pericytes (located between the syncytiotrophoblasts and fetal endothelium), which are among
stabilization of the blood vessels, and trophoblast differentiation involved in nutrient transfer
[599]. To further enhance the in vitromodel according to the microenvironment of the placental
barrier in vivo, Kreuder et al developed a co-culture model of BeWo b30 trophoblasts and
endothelial HPVEC cells, which are cultivated on a bioprinted methacrylated gelatin matrix
including fetal fibroblasts simulating extracellular matrix and villous stroma. This is a clear
advantage since an artificial polycarbonate membrane, as it is implemented in the Transwells®,
can be avoided [336]. Moreover, with the Transwell® system, BeWo b30 cells are cultivated
under static conditions, which does not represent the in vivo situation. Among other cell types
present in the placental barrier, trophoblasts are able to sense fluid sheer stress induced by
continuous blood flow through mechanotransduction. One possible adaption to this is the

formation of the trophoblast microvilli, which is crucial to model physiological transporter
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localization [339,600]. This in turn can influence metabolic turnover immensely since studies
could already show increased glucose uptake in BeWo b30 cells due to increased GLUT1 mRNA
expression under constant flow conditions [338,600]. Besides investigations under fluid flow
combining these with a low oxygen environment, another critical parameter in the regulation
of trophoblast and placenta development would also consider first-trimester conditions
[337,600]. Nevertheless, alterations in Mn, Fe, and Zn transport due to fluid flow or the
involvement of other placental barrier-building cells was not investigated so far offering new

opportunities for future studies to fill the lack of knowledge in fetal nutrient supply.

7.3. Investigation of single Mn, single Fe, and combined Mn and Fe transfer across an in vitro

model of human villous trophoblasts (BeWo b30)

Adequate Mn and Fe supply are crucial for fetal development in terms of fetal growth,
neurodevelopment, erythropoiesis, and cellular and placental homeostasis due to their
involvement as co-factors needed for proper enzyme function in human metabolism and
maintenance of pregnancy [272,273,298,299]. Since women, in particular, are more susceptible to
Fe deficiency, the role of Fe supply during pregnancy and the transfer of Fe across the placental
barrier is extensively investigated and reviewed elsewhere [68,85]. Furthermore, several studies
in other tissues and cells have reported effects of Mn on Fe homeostasis and vice versa due to
their similar physiological appearance in the divalent or trivalent oxidation state and therefore,
the potential competition on transporter binding sites [19,27]. However, data on Mn transport
across the placental barrier is mainly based on rodent data, studies in a perfused placental
lobule, and modeling approaches where all of which are proposing an active mode of transport.
Exact Mn transport pathways have not been elucidated so far and additionally, active transport
was not verified by further investigations on transporter involvement and ATP utilization but
extrapolated from Fe transfer [306,307,410]. Therefore, the studies conducted in this thesis should
concentrate on mechanistic investigations on Mn transfer across the placental barrier-building
trophoblasts, and potentially highlight similarities or differences compared to Fe transfer. For
this, the already developed BeWo b30 Transwell® system was used, allowing for a simplified
investigation of Mn and/or Fe transfer across the trophoblast layer getting primary insights on
direct effects on the trophoblast cells. Contrary to expectations and general underlying data,
this study clearly showed that Mn transfer across the BeWo b30 trophoblasts is more complex
and does not only include active modes of transport. Mn transfer normalized to the applied

dose was independent of the incubated MnCl; concentrations but showed a time-dependency,
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suggesting that Mn transfer across the trophoblast layer is constant. In our study active
transport was investigated by the applied mRNA and protein expression analysis of metal
transporters expressed in placental tissue. Transporter involvement could be verified since
mRNA and protein expression of the main discussed in- and exporters like DMT1, TfR1, ZIP8,
ZIP14, and FPN showed a slight response to Mn treatment. On the contrary, Mn transfer was
not affected by treatment with Ferristatin II or hepcidin, postulated to inhibit DMT1, TfR1, or
FPN, respectively, in combination with Mn [78,411,412]. Thus, Mn transport may be facilitated
by other routes such as tight junctional transport or diffusion processes. In comparison,
treatment of BeWo b30 cells with FeCl; showed concentration-dependent decreased transfer
kinetics (normalized to the applied dose) with 100 uM FeCl; as critical concentration lowering
Fe transfer to 2 — 6 %. This may hint at a more restricted Fe transfer across the BeWo b30
trophoblast layer. This could also be supported by significant alterations in TfR1 protein
expression, decreased transfer amounts, and enhanced cellular Fe after concurrent treatment
with the DMT1, TfR1, and FPN inhibitors. In accordance with studies in other tissues and cells,
Mn and Fe transport were altered by combined MnCl: and FeClz exposure revealing potential
interactions of Mn and Fe on their respective homeostasis, especially in the regulation of
protein expression of the Fe storage proteins FTH and FTL [27,157]. This observation is
important to consider to ensure adequate Mn and Fe supply to the fetus to maintain fetal

development.

Nevertheless, the applied i vitromodel has several limitations, which have to be contemplated
in the context of Mn and Fe nutrient supply across the trophoblast layer. Among the limitations
of static culture in the Transwell® system and the limited modulation of the placental barrier
microenvironment and complex cellular structure discussed in 7.2, using the cancer cell line
BeWo b30 limits the comparability to trophoblasts inz vivo. Kallol et al have performed an
analysis of expression patterns of different nutrient-associated genes and showed that
differentiated and undifferentiated BeWo b30 cells show different patterns compared to
differentiated and undifferentiated primary human trophoblasts. Especially alterations in lipid
metabolism have been observed, which was assumed due to their effect on cell membrane
composition and syncytialization [346]. Furthermore, in regard to different metal species, we
only investigated the role of divalent Fe in placental transfer, however not clarified in which
oxidation state Fe is occurring in the cell culture medium upon incubation. Therefore, Fe
speciation measurements via capillary electrophoresis coupled to inductively coupled plasma

mass spectrometry (CE-ICP-MS) or size exclusion chromatography-inductively coupled
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plasma-dynamic reaction cell-mass spectrometry (SEC-DRC-ICP-MS) will potentially reveal
the species predominantly taken up by BeWo b30 cells but will also give an overview of the
Fe(Il)/Fe(III) ratio, as well as Fe, bound to ferritins, which will additionally hint at potential
oxidative stress potential within BeWo b30 cells [415,533]. In summary, this study highlighted
that every TE has to be evaluated individually and the effects of one TE cannot be extrapolated
to the other even if they share many similarities. Additionally, results obtained in this study
revealed the complexity of Mn and/ or Fe transfer, but exact underlying pathways and

regulatory targets have still to be elucidated.

Aside from transcriptional and translational regulation, over 100,000 post-translational
modifications have been identified in the human proteome leading to a subsequent response
to cellular and systemic signals to maintain homeostatic regulation. In case of Mn and Fe
transport ubiquitination has shown to be the predominant form involved in the degradation of
TE transporters [601]. Therefore, the assessment of transporter ubiquitination will potentially
reveal further alterations in Mn and/or Fe transport across the BeWo b30 cell layer.
Furthermore, the involvement of tight junction-associated transport in Mn and/or Fe transfer
can be investigated among others by measuring tight junction conductance, the flux of
molecular tracers, or via protein expression of tight junction proteins like different claudin
isoforms, which are mainly involved in tight junctional ion permeability [602]. We investigated
immunocytochemical staining of tight junction and microtubule proteins described in 3.2.4 in
Mn and/or Fe exposed cells (data not shown). However, there were no alterations in either
y-catenin, tubulin, or Hoechst staining upon Mn and/or Fe treatment such as cleaved cell-cell
boundaries. An interesting approach would be the analysis of the fluorescence intensity of the
tight junction proteins, which can also be analyzed and quantified by use of the analysis tool
of the microscope software, after establishing an adequate protocol. Additionally, protein
expression analysis of the tight junction protein claudin, for example, may also indicate if tight
junction integrity is perturbed by Mn and/or Fe treatment even if cytotoxicity testing and
measurement of the BeWo b30 barrier integrity via TEER did not show any effects (fig. S2 and
also discussed in 4.4). Decreased expression of tight junction proteins upon Mn overexposure
has been discussed in the context of enterocyte toxicity leading to increased permeability [603].
Expression of claudins 1, 3, and 5 was also diminished in placentas from preeclamptic

pregnancies, hinting at more leaky tight junctions due to decreased vessel perfusion [604].
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Moreover, Karahoda ef al have shown that trophoblast differentiation positively affects the
protein expression and activity of TfR1. Therefore, it would be interesting if the differentiation
of BeWo b30 cells with forskolin results in altered transfer kinetics compared to
undifferentiated BeWo b30 cells [342,343,347]. Forskolin is a potent activator of adenylate
cyclase, activating the cyclic AMP pathway and leading to the differentiation of BeWo b30 cells
to multinuclear syncytiotrophoblasts. However, forskolin treatment has to be established
beforehand in consideration of the fact that differentiation efficiency has great variability
ranging from 10 — 80 % comparing several laboratories. This may be attributed to the variety
of BeWo b30 strains, which were developed due to their wide and long-term use since they

were isolated in 1959 [330,345].

Since it has been postulated that inherited mutations in ZIP8, ZIP14, and ZnT10 may lead to a
perturbed Mn homeostasis, it would be of particular interest to investigate changes in
maternal-fetal Mn transfer and interactions across placental-barrier forming trophoblasts with
ZIP8, ZIP14, and ZnT10 dysfunction. While adverse effects caused by these mutations are
already discussed in the context of Mn-induced neurotoxicity and the pathologies of
neurodegenerative diseases, the role in pregnancy is largely unknown [42,43,46]. This could be
realized by inhibition experiments using siRNA transfection in BeWo b30 cells. Additionally,
after collecting several specimens from mothers carrying these mutations such as maternal
blood, cord blood as well as placental and umbilical cord tissue, investigating altered TE levels
as well as mRNA and protein expression patterns of different potentially affected metal
transporters would be important to reveal alterations in TE homeostasis. Furthermore,
perfusion of ZIPS, ZIP14, and ZnTI10-defective placental tissue with mixed metal solutions
would contribute to the knowledge of TE homeostasis in conditions of impaired transport

systems.

Since data obtained in the Mn and Fe transfer study is inconclusive a non-targeted approach,
RNA sequencing can help to further clarify Mn and Fe interactions and to find pathways, which
are predominantly targeted by Mn and/or Fe exposure in BeWo b30 cells. To date, considering
measurements of RONS induction via Carboxy-DCFH-DA assay and qPCR analysis of
oxidative stress-associated genes, Fe-, or Mn-induced oxidative stress is not a present concern
in BeWo b30 cells. However, as protein expression and post-translational protein modifications
of oxidative stress-associated proteins in BeWo b30 cells upon Mn and Fe treatment have not

been investigated so far experiments such as western blot and MALDI-ToF-MS analysis may
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rather hint at potentially involved pathways. Therefore, protein expression and modification
need to be investigated in future studies to identify the role of oxidative stress responses. This
can further be addressed by measuring protein carbonyls, the result of oxidatively damaged
proteins among others via enzyme-linked immunosorbent assay (ELISA). In order to
distinguish primarily formed protein carbonyls from those derived during lipid peroxidation,
the subsequent measurement of malondialdehyde and 4-hydroxy-2-nonenal via an HPLC-FLD
method is necessary [605,606]. Conceivably, quantification of the GSH/GSSH ratio via
LC-MS/MS may reveal the antioxidative capacity of BeWo b30 cells, which may is presumably

high as we observed no cytotoxic effects upon high Mn and Fe loads [547].
7.3.1.Future directions for placenta studies

Despite the enhancement of the BeWo b30 in vitro system already discussed in 7.2 and 7.3,
another approach would be the investigation of changes in metal transfer and transfer kinetics
across a layer of primary human trophoblasts, since they show other expression patterns of
macro- and micronutrient transfer compared to BeWo b30 cells [346]. Primary human
trophoblasts can be isolated from term placentae collected subsequently after delivery and
therefore represent non-invasive trophoblasts of late gestation. They spontaneously fuse to
syncytiotrophoblasts, which can be both an advantage and disadvantage regarding the
modeling of the cytotrophoblast or syncytiotrophoblast layer, respectively. Additionally, a
recent study by Karahoda ef al has also shown that among five key proteins of Fe transfer
(SLC11A2 - DMT1, SLC40A1 - FPN1, SLC39A8 — ZIP8, SLC39A14 — ZIP14, and TfR1), FPN1
and 77R1 mRNA were significantly downregulated upon differentiation of primary
cytotrophoblasts to syncytiotrophoblasts [347]. Aside from primary human trophoblasts, using
induced pluripotent stem cells can be helpful to investigate different placental cellular
structures (villous and extravillous trophoblasts) without elaborate isolation protocols as their
development can be induced by following different differentiation procedures. Induced
pluripotent stem cells from mothers suffering from pregnancy disorders such as PE can further
be advantageous as these cells are already exhibiting PE phenotypes and therefore display a

suitable model without further manipulation [209,607].

The pathogenesis of PE, in general, may also be an interesting objective, as in silico studies of
the human placenta showed the disturbance in nutrient transporter genes in cases of
intrauterine growth restriction and PE [608]. These findings could be verified in a mice study,

where deletion of specific transporters of amino acid, lipid, and carbohydrate metabolism
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showed impaired fetal growth. In this study transporters involved in macro- and micronutrient
transport were investigated but regarding transport studies in this thesis, only ZIP8 and DMT1
were covered [208,609-611]. Women, which developed early onset PE and/ or fetal growth
restriction also showed reductions in the mitochondrial respiratory capacity, which may be
attributed to a secondary effect due to suppressed PI3K-AKT and mTOR (mammalian target of
rapamycin) signaling in the placenta. In regard to nutrient acquisition, activation of PI3K is
involved in the regulation of DMT1 via the IRP2 pathway and Zn deficiency has shown to
disrupt AKT signaling [9,138,491]. Therefore, PE-induced suppression of these signaling proteins
may also influence micronutrient distribution. With oxidative stress as a discussed hallmark of
the PE pathology and reduced mitochondrial respiratory capacity in PE placentae, these may
be particularly susceptible to metal-induced oxidative stress. Several studies have shown an
involvement of Zn, magnesium (Mg), Fe, Ca, and Cu in PE, all of which are also involved in
antioxidative defense as important co-factors or structural components. In a prospective pre-
birth cohort study Mn levels in red blood cells were inversely correlated with PE showing that
higher Mn levels are associated with decreased risk of PE. This may be assumed since enhanced
Mn levels may lead to increased levels of MnSOD scavenging excess ROS present in the
circulation. However, associations of Mn overexposure with PE pathology and exact

underlying pathways have not been elucidated so far [440,446,612].

Regarding metal transfer studies, the comparison of in vitro with ex vivo placental perfusion
data would further enhance the knowledge of nutrient transfer across the placenta and
placental barrier-building cells. Besides the measurement of the transferred metal amounts, it
would be interesting to investigate mRNA as well as protein expression of transporters
associated with nutrient transfer isolated from freshly perfused tissue. For this, it would also
be of particular interest to separate the maternal basal plate from the fetal chorionic plate
beforehand. Additionally, laser ablation-inductively coupled plasma-spectrometry
measurements in a perfused placental lobule would potentially reveal the localization and
accumulation sites of different TEs like Mn and Fe in the treated lobule. This has already been
done in a proof-of-principle study, visualizing multi-metal mixtures via LA-ICP-MS and

colocalization with inflammation markers in human placental tissue [613].

In a recent study in cooperation with the working group of Prof. Dr. Uwe Karst and his co-
workers Helena Friedrich, Catharina Erbacher, Alexander Kohrer, and Matthias Elinkmann

from the University of Miinster, we investigated the uptake of inorganic and organic mercury
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(Hg) species, (inorganic Hg, methyl Hg (MeHg), ethyl Hg (EtHg)) in BeWo b30 cells measured
in a single cell ICP-MS/MS (SC-ICP-MS/MS) approach. The analysis of the metal content in
individual cells considers overall cell variances among others due to their heterogeneity in size,
metabolic activity, and physiological status, which may lead to differences in metal uptake
rates and cellular concentrations. This metal uptake distribution across the investigated cell
population, which can be determined via SC-ICP-MS/MS is not covered in the conventional
bulk metal analysis [614]. Furthermore, the underlying research interest regarding Hg
treatment in BeWo b30 cells is based on the increased risk of perturbed fetal
(neuro)development due to increased Hg transferred from maternal to fetal circulations and its
direct effect on the trophoblast cells since pregnant women are exposed to environmental Hg
pollution among others due to coal combustion or consumption of MeHg-contaminated
seafood. EtHg is mainly formed in the metabolism of thiomersal, which is still added as a
preservative in vaccines like a meningococcal or tetanus-toxoid vaccine in the USA and
childhood-administered vaccines in developing countries [615-619]. To date, we were able to
develop a suitable SC-ICP-MS/MS method to detect alterations in the uptake of all three Hg
species in BeWo b30 cells and could show comparable Hg amounts in BeWo b30 cells
quantified from the most abundant Hg concentration from single cell measurements and bulk
Hg determination (data not shown but described elsewhere [620]). In a further approach via
TIMS-ToF-MS (trapped ion mobility spectrometry-time of flight mass spectrometry) analysis
we try to detect proteins, which are the main target for Hg in the BeWo b30 cells but this is
still under evaluation. Recently, Ganapathy ef al investigated the transport and toxicity of
cysteine-bound MeHg in BeWo cells and found that MeHg may predominantly be transported
by sodium-dependent amino acid and organic anion transporters. Additionally, MeHg
perturbed mitochondrial function, and viability and was involved in the induction of oxidative
stress. The main limitation of this study is the use of culture dishes instead of Transwell®
inserts, which limits the cells to follow their physiological, polarized phenotype. Regarding the
induction of oxidative stress, measuring the GSH/GSSG ratio in Hg treated BeWo b30 cells
would be interesting since glutathione is one main target for Hg because of its thiol groups. It
has also been shown to negatively affect GPx and thioredoxin reductase (TrxR) activity since
it has a very high Se affinity. Hg binding Se can also lead to the disruption of Se homeostasis.
As already mentioned before, the determination of nuclear Nrf2 translocation would further
represent another oxidative stress response pathway. Potential neurotoxicity due to Hg-

dependent alterations in neurotransmitter metabolism may also be of interest in BeWo b30
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cells since they are expressing enzymes and receptors important in neurotransmitter
metabolism such as 5-hydroxytryptamine (5-HT), a serotonin receptor, and L-dopa
decarboxylase, converting the precursor L-dopa into dopamine [621-625]. 5-HT has been shown
to play a critical role in a variety of neurodevelopmental processes. Thus, alterations in the
5-HT system may have detrimental effects on fetal development and brain function, which
may result in the development of neuropsychiatric disorders later in life. However, the effects
of Mn on the serotonergic system are inconsistent. While adverse effects of Mn on the 5-HT
levels could be observed in children, this was not the case in utero [626-628]. The effect of Mn
on the serotonergic system in BeWo b30 cells can therefore be determined by analyzing the
mRNA and protein expression of the 5-HT receptor and serotonin transporter as well as its
activity including recaptured and titrated 5-HT [629]. Moreover, as Maccani ef al suggest
altered DNA methylation patterns in the placenta, which can be associated with prenatal Mn
exposure it would be of particular interest to investigate Mn-induced methylation patterns in
BeWo b30 cells by determining cytosine methylation (5-methylcytosine, 5-
hydroxymethylcytosine) via an established LC-MS/MS approach using isotopic dilution
analysis. Since Fogarty et al revealed epigenetic changes between cytotrophoblasts and
syncytiotrophoblasts, DNA methylation analysis can be performed additionally in
differentiated BeWo b30 cells [630,631]. To further concentrate on regulatory mechanisms
involved in epigenetic changes, small non-coding RNA can be determined. Small non-coding

RNA is involved in the regulation of epigenetic mechanisms of gene expression control [632].
7.4. Effects of Zn on Mn cytotoxicity and bioavailability in human hepatoma cells (HepG2)

The liver is predominantly involved in TE distribution, storage, and excretion and therefore
serves as one of the main regulatory organs of TE homeostasis and metabolism in the human
body. Besides gastrointestinal regulation, where TE uptake into the systemic circulation is
tightly controlled, this efficient homeostasis can also be bypassed in case of administration of
PN. However, PN formulations do rarely contain single TEs but mixtures, where present TEs
potentially interact in terms of hepatocellular uptake, and distribution to other organs as well
as systemic TE enrichment [8,34,108,172]. While interactions of Mn and Zn with Fe are
investigated in more detail, the role of Mn on Zn homeostasis and vice versa is rarely
characterized in liver tissue [10,633]. As already discussed in the introduction, Mn and Zn share
a variety of transporters, and Zn is also involved in the regulation of TfR1 and DMT1, which

generally do not have a high Zn binding affinity. Therefore, the study conducted in this thesis
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should reveal the potential interrelation of Mn and Zn transport as well as its effects on Mn-
induced cytotoxicity in human hepatoma (HepG2) cells. HepG2 cells resemble several
characteristics of human hepatocytes and additionally express transporters involved in both
Mn and Zn transport [188,494,506,508]. Surprisingly, comparing Mn-induced cytotoxicity across
different cell types, and cell lines introduced in this thesis, HepG2 cells showed a significant
reduction in cell number after treatment of 200 uM MnCl; for 24 h, while BeWo b30 cells were
not affected by Mn in concentrations up to 1500 pM MnCl; (fig. S6 vs. fig. S2). Both organs are
involved in TE metabolism and the main target of several xenobiotics and substances.
However, even if the activities of xenobiotic metabolizing enzymes in the liver are higher
compared to the placenta, BeWo b30 cells are more robust upon Mn exposure than HepG2
cells. This may potentially be attributed to the confluent monolayer, whereby the distribution
of high metal loads is higher compared to HepG2 cells. As Mn treatment did not result in the
induction of RONS, determined via Carboxy-DCFH-DA assay in either BeWo b30 and HepG2
cells (BeWo b30: fig. 27A, B, HepG2: data not shown, described elsewhere [634]), acute RONS
formation leading to unbalanced antioxidative defense homeostasis does not appear to play a
major role. Furthermore, MnCl; treatment also resulted in caspase-3 activation in HepG2 cells,
which was only observed, after cells were incubated 48 h after seeding compared to 24 h (fig.
33D). This has been discussed in the context of senescence (see 5.4), which is associated with
the induction of persistent DNA damage and the involvement of p53. However, after
performing the alkaline unwinding assay in HepG2 cells, no DNA strand breaks could be
observed upon Mn exposure, though not clarified if HepG2 cells exhibit efficient DNA damage
response and DNA repair mechanisms (data not shown, described elsewhere [635]). A potential
contribution of p53 in the mechanism of Mn-induced cytotoxicity in HepG2 cells cannot be
ruled out completely, since it also plays a role in the regulation of ZIP14 protein expression.
Induction of p53 has been shown to depress ZIP14 protein expression, while a lack of p53
resulted in ZIP14 upregulation. Activation of p53 in turn might be associated with DNA
damage, which would contribute to the induction of cellular senescence. Therefore, it would
be interesting to determine p53 mRNA and protein and ZIP14 protein expression, to reveal a
potential involvement of p53 in the regulation of ZIP14 due to Mn treatment. However, this
translational regulation may not correlate with alterations in Z/P74 mRNA expression

[468,469,512,513,636].

Moreover, combined exposure of HepG2 cells with Mn and Zn resulted in increased cellular

viability and reduction of apoptosis and necrosis markers such as caspase-3 and LDH. This was
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associated with decreased Mn bioavailability in HepG2 cells, after combined Zn exposure in
both incubation scenarios. However, alterations in mRNA expression due to combined Mn and
Zn exposure could not be attributed to one single TE affecting the homeostasis of the respective
other. In a study regarding TE concentrations in plasma and tissue of Zn-fed rats, a semi-
quantitative metallomics approach via ICP-MS measurements revealed a reduction of liver Mn
in a concentration-dependent manner upon single dietary Zn exposure and significantly
reduced liver ZIP8 mRNA expression. Despite this, we observed significant induction of ZIP8
upon single Zn treatment in HepG2 cells (fig. 36C), but results obtained in both studies are
difficult to compare, since exposure dimensions may differ and therefore show different Z/P8
responses upon Zn treatment [633]. As already mentioned in 5.4 upregulation of ZIP8 has
shown to be potentially induced by NF-kB, a transcription factor involved in acute phase
response to inflammation [522]. This was in line with the induction of MTs, which was observed
after single Mn, Zn, and combined Mn and Zn exposure in HepG2 cells (fig. 37E, F).
Contradictory to this, several studies have reported ZIP14 upregulation in case of
inflammation, to facilitate Zn influx and therefore the induction of an anti-inflammatory
response. It would be of particular interest to investigate the role of inflammation in the

context of attenuated Mn cytotoxicity due to additional Zn exposure.

Using the fluorescence probe FluoZin™-3 allows us to sensitively measure the labile Zn
fraction apart from total Zn levels after single Mn, Zn, or combined Mn and Zn exposure in
HepG?2 cells. Among other fluorescence probes, such as ZinPyr-1, using FluoZin™-3 is more
advantageous, since single Mn exposure resulted in ZinPyr-1 quenching and therefore
interfering with labile Zn measurements (data not shown, described elsewhere [637]), which
may be attributed to a higher dissociation constant of the Mn-ZinPyr-1 complex compared to
Zn, even if this was not observed in human serum [498,638]. Interestingly, decreased labile Zn
levels are in accordance with the transcriptional upregulation of //77A4 and MT2A after single
Mn exposure (fig. 35, 37E, F), indicative of MTs binding available labile Zn as a response to Mn-
induced radicals. This may also suggest, that the Carboxy-DCFH-DA assay was not able to
show any induction of RONS, since the cellular antioxidant system was already able to
scavenge RONS present in the cytosol. Since MTs can bind up to 7 Zn ions and not all MTs are
occurring in a saturated state, it would be interesting to investigate if the number of Zn ions
bound to MT would increase due to single Mn treatment in HepG2 cells. This might be realized
by using ion mobility mass spectrometry [639,640]. Furthermore, determining oxidative stress-

associated genes and proteins, GSH/GSSH ratios as well as isoprostanes as additional oxidative

166



Chapter 7 - Final discussion and Outlook

stress markers may reveal alterations in the antioxidant system, potentially shifting to an

increased response to present RONS.

Compared to the transcriptional regulation of Mn transfer in BeWo b30 cells, HepG2 cells
showed clear responses to Mn treatment in DMT1, ZIPS, ZIP14, and MTI1A/ MT2A mRNA
expression. This may suggest, that Mn transfer is more tightly regulated in terms of active
transport processes in HepG2 cells compared to placental BeWo b30 trophoblasts. However,
this can also be attributed to the confluent monolayer, where higher metal yields potentially
result in transcriptional transporter regulation. However, another possible assumption is that
transcriptional regulation is already adapted to the present circumstances in BeWo b30 cells
and therefore, alterations are rather observed on the translational level. Since translational
transporter expression, as well as TE export, has not been determined in HepG2 cells this
cannot be elucidated further, yet. In general, determining translational transporter expression
as well as investigations on metal exporters such as ZnT10 and FPN1 would further support
broadening the understanding of potential mechanisms of Mn and Zn interaction in HepG2

cells and potential regulatory targets.

7.5. Alterations of genome integrity and neurite outgrowth in LUHMES cells upon Mn

overexposure

Mn is an important co-factor involved in neurodevelopment and neuronal antioxidative
defense. However, Mn has also been discussed as a neurotoxicant and its role in dopaminergic
neurotoxicity, one of the hallmarks of PD [5,190]. Several studies have shown preferential Mn
accumulation in dopamine-rich areas of the basal ganglia and especially in the substantia nigra
of PD patients, leading to persistent oxidative stress due to increased generation of RONS,
which could be identified in various in vitro and in vivo studies [534-536,548,557]. RONS in turn
can interact with macromolecules like DNA resulting in oxidative DNA damage with 8-oxodG
as one of the most prominent lesions. However, the exact mechanisms of Mn-induced DNA
damage, underlying DNA damage response, and effects on neurite outgrowth are still not
clarified [548,573]. Utilizing post-mitotic LUHMES cells, resembling dopaminergic neurons upon
differentiation, should therefore serve to investigate underlying mechanisms, which were
further presented and discussed in [641]. Besides alterations in DNA damage, DNA damage
response, and neurite outgrowth (fig. 41 — 44), Mn cytotoxicity regarding cell number,
metabolic activity, and mitochondrial membrane potential was addressed (fig. 39, 40). Total

cell number significantly decreased concentration- but not time-dependently upon MnCl;
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treatment (fig. 39B). Moreover, the significant concentration-dependent decrease of metabolic
activity could be explained by a decrease in the mitochondrial membrane potential observed
in the present study (fig. 39A, 40). The impairment of the mitochondrial membrane potential
can be associated with the induction or as a result of oxidative stress and the increased
generation of RONS, corroborated by previous in vitro and in vivo studies [547,548,557]. In
comparison to HepGz2 cells, resembling human hepatocytes and BeWo b30 cells, resembling
placental trophoblasts, differentiated LUHMES cells showed higher sensitivity upon MnCl2
treatment with 25 pM MnCl; sufficient to significantly reduce cell viability followed by HepG2
cells (significantly decreased cell viability at 200 pM MnClz) and BeWo b30 cells, which did not
show any cytotoxic effects up to 1000 uyM MnCl: (fig. 39B, 32, S2). While disturbed
mitochondrial membrane potential may be one underlying pathway of Mn-induced LUHMES
cell death, RONS induction could not be observed in HepG2 cells and BeWo b30 trophoblasts
(HepG2: data not shown, BeWo b30: fig. 27). However, as many pathways are involved in
antioxidative defense mechanisms, the role of RONS in Mn-induced cytotoxicity in HepG2 cells
needs still to be elucidated. Regarding localization and function of these cells within the
respective organs, hepatocytes and placental trophoblasts are mainly involved in nutrient
transfer and are the initial targets of micronutrients, while neurons are protected by the
epithelial cell layer, pericytes, and astrocytes of the BBB. Therefore, in healthy individuals with
balanced metal homeostasis neurons are exposed to micronutrients only at physiological
levels. Studies by Bornhorst ef al revealed that astrocytes showed incipient cytotoxic effects
upon treatment of 1000 pM MnClz, which may be explained by their role in controlling ion
balance within the BBB [8,199,226,453,642]. Nevertheless, differences in Mn-induced cytotoxicity

can potentially be explained by focusing on Mn bioavailability.

Comparing cellular Mn uptake in differentiated LUHMES cells with HepG2 cells utilized in this
thesis, Mn uptake was highest in differentiated LUHMES cells with 1812 pM Mn compared to
1439 uM Mn in HepG2 cells after 24 h of exposure (fig. 34 A, B, data for LUHMES not shown).
Treatment of BeWo b30 cells with 100 pM MnCl; for 48 h resulted in cellular uptake of 0.171 pg
Mn/ mg protein (fig. 24A). However, since bioavailability measurements of 100 uM MnCl; after
48 h of exposure were not realized in differentiated LUHMES cells, following the indicated
almost direct proportional Mn uptake to incubation time observed for 50 pM MnCls,
differentiated LUHMES cells are expected to take up about twice as much Mn as BeWo b30
cells. Interestingly, exposing differentiated LUHMES cells to 100 pM MnCl; for 24 h can
directly be compared to Mn amount in BeWo b30 cells after 48 h of exposure (0.178 ug Mn/ mg
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protein in LUHMES cells (fig. 38A) vs. 0.171 ug Mn/ mg protein in BeWo b30 cells (fig. 24A)).
In consideration of Mn cytotoxicity, differentiated LUHMES are most sensitive towards Mn
exposure potentially due to a higher bioavailability compared to HepG2 and BeWo b30 cells
and potential differences in homeostatic Mn regulation by transport proteins. It would
therefore be of particular interest to investigate alterations in transcriptional and translational
transporter expression, to reveal if the higher sensitivity is leading to decreased Mn influx and
increased efflux or to which extent regulatory processes are induced or depressed compared
to Mn transporter expression in HepG2 and BeWo b30 cells. While dopaminergic neurons do
also express TE-associated transporters, such as DMT1, TfR1, and FPN, studies have shown the
main role of the citrate transporter and PARK9 contributing to neuronal Mn homeostasis.
Furthermore, PARKY expression is highest in the dopamine-rich substantia nigra, hinting at a
potential correlation with Mn-induced neurotoxicity [643-646]. Furthermore, as differentiated
LUHMES cells showed an increased number of DNA strand breaks upon MnCl; treatment a
potential involvement of p53 seems likely. This in turn can affect ZIP14 protein expression and
lead to potential alterations in Mn homeostasis [469]. Since the study in HepG2 cells showed
MTIA and MT2A mRNA transcription response upon Mn treatment, it would be interesting to
include MT3, which is brain-specifically expressed [647]. Discussed adverse effects due to
inherited mutations in SLC30A14 (ZIP14), SLC30A10(ZnT10), and ATP13A2 (PARK9) showed
clearly, that these transporters are needed to maintain brain Mn homeostasis, avoiding metal
accumulation and resulting neurodegeneration [43,46,132]. Michalke et. a/ identified an Mn
carrier switch from TfR-bound Mn to citrate-bound Mn in human serum at concentrations
between 1.5 pg/mL — 1.7 ug/mL. Further accompanied by a positive linear association of CSF
Mn and serum Mn levels to Mn-citrate levels (at serum Mn levels higher than 1.6 pg/L). In
concentrations ranges lower than 1.6 pg/L this positive correlation was rather associated with
serum Mn-TfR levels. Since CSF sampling is highly invasive, measuring Mn-citrate levels in
serum can be used to reveal an increased risk of higher internal Mn exposure in the brain [648].
Therefore, it would be of particular interest to perform Mn speciation analysis in LUHME:s cells
and the cell culture medium to investigate if the carrier switch is also relevant to cellular Mn
bioavailability, and can be associated with increased neurotoxicity. Comparison with the other
cell lines utilized in this thesis would further contribute to reveal organ-specific preferred Mn

species.

Studies conducted in PARK9-deficient hOHS cells (termed olfactory neurosphere-derived cells)

showed increased extracellular Zn sensitivity and altered Zn transporter expression [649].
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Therefore, besides Mn-induced neurotoxicity, excess extracellular Zn may lead to the induction
of oxidative stress in dopaminergic neurons by activation of NADPH oxidase and depletion of
GSH, which has been shown in a rat study by Kumar ef al in patterns comparable to the
neurotoxicant paraquat [650,651]. Chronic Zn treatment in rats did result in dopaminergic
neurodegeneration accompanied by the induction of inflammatory mediators such as TNF-o
and interleukins [651,652]. Neuroinflammation has also been discussed in the context of Mn-
induced neurotoxicity, which might contribute to the demise of dopaminergic neurons [5,189].
It would be interesting to try concurrent Mn and Zn treatment in differentiated LUHMES cells,
to reveal, if underlying mechanisms can be compared to results obtained in HepGz2 cells. The
role of Mn and Zn interactions in neuronal cells, especially in terms of increased cell viability
due to concurrent Mn and Zn treatment, would contribute to understanding fundamentals in

neuronal metal homeostasis, which are largely unknown yet.

Maintaining TE homeostasis is important for the immature brain to sustain further
development. Regarding fetal neurodevelopment, epidemiological studies could associate TE
overexposure with neurological effects in children [66,303]. Adverse effects on
neurodevelopment due to Mn, Fe, and Zn overexposure are rarely clarified. Therefore, it would
be interesting to investigate the effect of transferred metal yields across placental barrier-
building cells on neuronal cells to reveal potential adverse effects on neurodevelopment. For
this, Nishiguchi et al established a 3D-vascularized placental barrier in vitro model including
primary cytotrophoblasts and fibroblasts to model the maternal interface and fetal capillaries.
After treatment with the respective substance basolateral medium was collected and incubated
on rat cerebral cortices to assess damage signaling in neurons [337]. In consideration of the
used cell types applied in this thesis, the basolateral medium from Mn, Fe, and Zn as well as
concurrent exposures in the BeWo b30 Transwell® model can be collected and subsequently
incubated in differentiated LUHMES cells to investigate alterations in neuronal integrity and
neurite outgrowth. However, a suitable protocol has to be established beforehand, since
medium change can also lead to impaired neuron development 7n vitro. Due to Mn-induced
dopaminergic neurotoxicity, the measurement of neurotransmitters in BeWo b30 cells as well
as exposed differentiated LUHMES cells would be promising to reveal fundamental TE-induced
alterations in neurodevelopment. Additionally, it would be of particular interest to investigate
Mn speciation across the BeWo b30 trophoblast layer to reveal if the conversion of Mn-

transferrin to Mn-citrate is taking place at the placental barrier and if the increased formation
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of Mn-citrate would result in an increased risk of perturbed neurodevelopment since Mn-

citrate is presumed to be the predominant Mn-transport form in the brain [653].
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Figure S1: Growth curve of BeWo b30 cells cultivated in F-12K and DMEM high glucose, respectively. Cells were seeded at a
density of 100,000 cells/ well in a 6-well cell culture dish in either F-12K or DMEM high glucose medium. Cell count was
assessed every other day via the Neubauer counting chamber, and related to the starting cell count of 100,000 cells.
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Figure S2: MnClz and FeCl2 cytotoxicity in confluent BeWo b30 cells after 24 h assessed using Hoechst Assay. Shown is the

mean + SD of three independent experiments.
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Table S1: Bioavailability of MnCl: after 24 and 48 h in BeWo b30 cells. Data show the mean + SD of at least three independent

experiments with two replicates each.

Incubated MaCls [uM] Mn bioavailability [pg/ pg protein]
24h 48 h
0 29.2+9.5 63.4 £ 6.1
100 121.0 £ 33.7 143.7 + 48.9
500 - 343.7 + 50.9
750 - 541.2 £ 130.8
1000 - 705.0 + 280.4

Table S2: Bioavailability of FeCl: after 48 h in BeWo b30 cells. Data show the mean # SD of at least three independent

experiments with two replicates each.

Fe bioavailability [pg/ pg protein]
Incubated FeCl; [uM] &1
48 h
0 64.1 £12.0
10 82.5+ 234
50 185.1 + 67.2
100 2904 + 294
500 1092.6 + 180.6
Table S3: ICP-OES parameters.
Parameter Working conditions
Plasma power [W] 1400
Cooling gas flow [L/min] 12.00
Auxiliary gas flow [L/min] 1.00
Nebulizer flow [L/min] 1.00
Nebulizer type MicroMist®
Torch alignment Axial

Basic settings: 0.2 mm horizontal
3.8 mm vertical
3.0 mm distance
Element wavelengths Mn: 257.611/ 259.373
Fe: 259.940 / 238.204
Cu: 324.754 / 224.700
Zn: 202.548 / 213.856
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Table S4: ICP-MS/MS parameters.

Parameter Working conditions
Plasma power [W] 1550
Cooling gas flow [L/min] 15.00
Auxiliary gas flow [L/min] 0.90
Nebulizer flow [L/min] 1.00
Nebulizer type MicroMist®
Spray chamber Scott-type
Spray chamber temperature [°C] 2
Makeup Gas flow [L/min] 0.26
Torch alignment Axial
Gas mode He (CRC-mode)
He gas flow [mL/min] 3
Transitions Mn: 55 — 55
Fe: 56 — 56
Cu: 63 — 63
Zn: 66 — 66
Internal Standard (IS)
Ge: 72 — 72
Rh: 103 — 103

Table S5: Primer sequences of human metal transport- and storage-associated genes.

Amplicon

Gene name Association Primer sequences (5° — 3’) length Efﬁf;eincy
(bp)
Forw.:
ACTB B-actin CATCCGC ReSACCTGTACG 86 103.4
TCTCCTTCTGCATCCTGTCG
Forw.:
DMT1 divalent metal AGTTGGCTATCATCGGCTCA 115 106.8
transporter 1 Rev.:
TCTGCAATGGTGATGAGAACG
Forw.:
TR transferrin TGAGAGGTACAACAGCCAACT 107 108.1
receptor 1 Rev.:
CACGAGCAGAATACAGCCAC
Forw.:
SLC40A1 . TCGCCTAGTGTCATGACCAG
(FPN) ferroportin 1 Rev - 85 104.6
TTGCAGAGGTCAGGTAGTCG
Forw.:
SLC39A14  zrt-, irt-related CAGTCACCATGAAGCTGCTG 20 113.3
(ZIP14) protein 14 Rev.: ’

GGTTCTCCATAAGCCAAGCAG
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Continuation table S5

Forw.:
MTIA metallothionein GCAAAGGGGCATCAGAGAAG 119 118.9
1A Rev.:
TGGGTCAGGGTTGTATGGAA
Forw.:
MT2A4 metallothionein GTTGCCTCCTCAGTGATCCT 77 105.3
2A Rev.:
GGCGGCAGAGATGAGTACTA
Forw.:
FTHI ferritin‘ heavy  CATCAACCGCCAGATCAACC 82 1117
chain 1 Rev.:
CACATCATCGCGGTCAAAGT
Forw.:
FTL ferritin‘ light ATCTTCTCGGCCATCTCCTG 70 103.2
chain Rev.:
TGGTTGGCAAGAAGGAGCTA
Forw.:
glutathione S- CCCAAGTTCCAGGACGGAGA
GSTPI transferase pi 1 Rev.: 186 101.0
GCCCGCCTCATAGTTGGTGT
glutathione S- GGCTGACAI;‘OTrgATCTGGTGG
GSTAI transferase Rev.: 141 115.5
alpha 1 CTGCCAGGCTGTAGAAACTTC
Forw.:
NFEzLz ~ Dudlearfactor o) poGaGAGCCCAGTCTTC
(Nt£2) erythroid 2- Rev.: 125 111.9
related factor 2
TAGCTCCTCCCAAACTTGCT
Forw.:
SOD1 superoxide GGAGACTTGGGCAATGTGAC 147 108.0
(Cu/ZnSOD) dismutase 1 Rev.: '
TCCACCTTTGCCCAAGTCAT
Forw.:
SOD2 superoxide CTGGAACCTCACATCAACGC 100 1171
(MnSOD) dismutase 2 Rev.: '
CCTGGTACTTCTCCTCGGTG
Forw.:
HMOX1 heme oxidase 1 CAGGGCCA?S?_ACTTTGTCC 128 110.6
CCAGAGAGAGGGACACAGTG
Forw.:
JUN Jun proto- GAGTGACCGCGACTTTTCAA 23 119.2
oncogene Rev.:

AGGGAGCGCAGGGTTAATTA
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Figure S3: Relative mRNA levels of (A) FTH, (B) FTL, (C) MT1A, (D) ZIP14. Confluent BeWo b30 cells were incubated with
MnCl; and/ or FeCl: for 24 h. Relative gene expression was determined using RT-qPCR and normalized to ACTB (B-actin) as
the housekeeping gene. Shown is the mean + SD of at least three biological replicates.
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Figure S4: Basolateral (A) Mn or (C) Fe amount after 6 and 24 h and cellular (B) Mn or (D) Fe amount after 24 h of BeWo b30
cells incubated with inhibitors for DMT1 and TfR (Ferristatin II) and FPN (Hepcidin) in combination with MnClz or FeCl..
Shown is the mean + SD of at least three independent experiments with two biological replicates each. Statistical analysis
based on an unpaired t test with Welch’s correction is depicted as followed: *: compared to untreated control.
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Supplementary Material Chapter 5

Materials and Methods — Cytotoxicity testing

Dehydrogenase activity

Dehydrogenase activity was determined by the Resazurin reduction assay, which is based on
the reduction of the non-fluorescent resazurin to the fluorescent resorufin by intracellular
dehydrogenases using NADH as a co-factor [654]. Briefly, after removal of the medium, cells
were incubated with a 5 pg/ mL solution of resazurin (7-Hydroxy-3H-phenoxazin-3-one-10-
oxide sodium salt, Sigma Aldrich) for 3 h at 37 °C and 5 % COz. Subsequently, fluorescence was

detected using a microplate reader (Tecan® Infinite Pro M200; Ex: 530 nm; Em: 590 nm).

Results
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Figure S5: Mn and Zn cytotoxicity regarding cell number in HepG2 cells. Cytotoxicity was determined via Hoechst assay after
24 h or 48 h of incubation. (A) MnCl treatment for 24 h, (B) MnCl: treatment for 48 h, (C) ZnSO4 treatment for 24 h. (D) ZnSO4
treatment for 48 h. Shown are the means + SD of at least two independent experiments each. Significance values provided by
one-way ANOVA with Tukey’s multiple comparisons are depicted as ***p< 0.005: compared to untreated control.
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Figure S6: Mn and Zn cytotoxicity regarding metabolic activity in HepG2 cells. Cytotoxicity was determined via Resazurin
Assay after 24 h or 48 h of incubation. (A) MnCl: treatment for 24 h, (B) MnCl: treatment for 48 h, (C) ZnSO4 treatment for
24 h. (D) ZnSO4 treatment for 48 h. Shown are the means + SD of at least three independent experiments. Significance values
provided by one-way ANOVA with Tukey’s multiple comparisons are depicted as “*p< 0.01, ***p< 0.005: compared to untreated
control.

Table S6: ICP-OES parameters.

Parameter Working conditions
Plasma power [W] 1400
Cooling gas flow [L/min] 12.00
Auxiliary gas flow [L/min] 1.00
Nebulizer flow [L/min] 1.00
Nebulizer type MicroMist®
Torch alignment Axial

Basic settings: 0.2 mm horizontal
3.8 mm vertical
3.0 mm distance
Element wavelengths Mn: 257.611/ 259.373
Fe: 259.940 / 238.204
Cu: 324.754 / 224.700
Zn: 202.548 / 213.856
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Table S7: ICP-MS/MS parameters.

Parameter Working conditions
Plasma power [W] 1550
Cooling gas flow [L/min] 15.00
Auxiliary gas flow [L/min] 0.90
Nebulizer flow [L/min] 1.00
Nebulizer type MicroMist®
Spray chamber Scott-type
Torch alignment Axial
Gas mode He (CRC-mode)
He gas flow [L/min] 3
Transitions Mn: 55 — 55
Fe: 56 — 56
Cu: 63 — 63
Zn: 66 — 66
Internal Standard (IS)
Rh: 103 — 103

Table S8: Primer sequences of human metal transport- and storage-associated genes.

Amplicon

Gene name  Association Primer sequences (5 — 3’) length Efﬁf;eincy
(bp) ’
Forw.:
ACTB B-actin CATCCGCA}E:SACCTGTACG 86 112.6
TCTCCTTCTGCATCCTGTCG
Forw.:
DMT1 divalent metal AGTTGGCTATCATCGGCTCA 115 1014
transporter 1 Rev.:
TCTGCAATGGTGATGAGAACG
Forw.:
TR transferrin TGAGAGGTACAACAGCCAACT 107 110.6
receptor 1 Rev.:
CACGAGCAGAATACAGCCAC
. Forw.:
SLc39As Aot TCCTGCACCTTGTCTCTCCT
related 124 104.7
(ZIP8) protein 8 Rev.:
AGGCTTGTCGAGTGCTCATC
Forw.:
SLC39A1  zrt-, irt-related CAGTCACCATGAAGCTGCTG %0 1115
4 (ZIP14) protein 14 Rev.: ’
GGTTCTCCATAAGCCAAGCAG
Forw.:
MTIA metallothionein ~ GCAAAGGGGCATCAGAGAAG 119 102.1
1A Rev.:
TGGGTCAGGGTTGTATGGAA
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Continuation table S8

Forw.:
MT2A metallothionein GTTGCCTCCTCAGTGATCCT - 113.4
2A Rev.:
GGCGGCAGAGATGAGTACTA
Forw.:
metal TCAGTCAGTGATGTTCCGCC
MTFI transcription 87 103.2
Rev.:
factor 1

AGGTAGTAGAGGCTGGGGTG

Supplementary Material Chapter 6

Table S9: Overview of the m/z transitions used for molecule identification and quantification in MRM modus of the HPLC-
MS/MS method.

Analyte o1 m/z o2 rt [min]

168"

8oxodG 284 139 6.6
112
171*

8ox0dG-13C,-1°N, 287 142 6.6
115
112*

dC 128 o5 5.5
: 115*

dC-15Nj3 131 08 5.5

“used as quantifier

Table S10: MS method parameters for the analytical quantification of 8oxodG/ dC via HPLC-MS/MS method.

Parameter Parameter
CUR 35 CAD Medium
IN] 5500 DP 70
TEM 450 EP 10
GAS1 50 CXP 10
GAS2 50
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Table S11: HPLC gradient flow used for the separation of 8oxodG/ dC.

time flow Max pressure
. A% B[% .
[min] (%] (%] [L/ min] (bar]
0 95 5 0.3 400
5 40 60 0.3 400
6.9 30 70 0.3 400
7 20 80 0.3 400
8 20 80 0.3 400
11.2 95 5 0.3 400
14.3 95 5 0.3 400
2004 M 0 uM MnCl,
= 10 yM MnCl,
_ T ) = 20 M MnCl,
% 150+ | = 40 pM MnCl,
8 )
o
= ;
> 100 . T
g
W 50
0.
Cu Mg Ca Fe Zn Se

Figure S7: Comparison of the TE bioavailability after Mn exposure in differentiated LUHMES cells. Results indicate no changes
in the bioavailability of copper, magnesium, calcium, iron, zinc, or selenium after 48 h exposure to 10 uM, 20 pM, or 40 pM
MnClz. Data are expressed as means + SD of at least two independent experiments.
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