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Human placental cell line HTR-8/SVneo
accumulates cadmium by divalent metal
transporters DMT1 and ZIP14†

Raimund Widhalm, ab Isabella Ellinger, c Sebastian Granitzer,ab

Martin Forsthuber, b Robert Bajtela,ab Katharina Gelles,c Pia-Yael Hartig,c

Markus Hengstschläger,b Harald Zeisler, d Hans Salzerae and
Claudia Gundacker *b

Cadmium (Cd) is a global pollutant that accumulates in the placenta and can cause placental dysfunction.

Although iron transporters have been suggested to participate in placental Cd uptake, it is still unknown

which transporters are actually involved in this process. We specifically aimed to study the role of three iron

transporters in the uptake of Cd into the placental cell line HTR-8/SVneo. For this purpose, Divalent Metal

Transporter (DMT)1 and ZRT/IRT like protein (ZIP)8 and ZIP14 were downregulated and changes in cellular

Cd levels analysed in relation to controls. As clearly shown by the reduction of the Cd content by B60% in

DMT1- and ZIP14-downregulated cells, the two proteins are essential for Cd accumulation in HTR-8/SVneo

cells. Using a validated antibody, we show DMT1 to be localised in situ in trophoblast and stromal cells. We

further wanted to investigate how placental cells cope with Cd loading and which metallothionein (MT)

isoforms they express. Cd-exposed cells accumulate Cd in a dose-dependent manner and upregulate MT2A

accordingly (up to 15-fold induction upon 5 mM CdCl2 treatment for 72 h). 5 mM Cd exposure for 72 h

decreased cell number to 60%, an effect that was aggravated by MT2A depletion (cell number reduced to 30%)

indicating additive effects. In conclusion, our data suggest that DMT1 and ZIP14 are required for Cd uptake into

human placental cells that upregulate MT2A to store and detoxify the metal. Cd storage in the placenta reduces

Cd transport to the fetus, which, however, could impair placental functions and fetal development.

Significance to metallomics
Cd accumulates in the human placenta, which can be harmful to the organ. Our knowledge about placental Cd transport is very fragmentary. We have attempted to
clarify crucial points, namely which transporters mediate the uptake of Cd into the placental cells and how the cells retain Cd. We show that iron/zinc transporters are
involved and that placental cells upregulate metallothionein (MT)2A to detoxify the metal. Iron and/or zinc deficiency during pregnancy in combination with
increased Cd exposure and genetically reduced placental MT2A function are risk factors for adverse pregnancy outcomes that should be further investigated.

1. Introduction

The heavy metal cadmium (Cd) is a ubiquitous pollutant of
great importance to public health and has been identified as a
priority substance by regulatory authorities and public health

authorities worldwide,1–3 a large-scale research initiative in
Europe,4 and the World Health Organization.5

Since its discovery in the beginning of the 19th century, Cd
toxicity became apparent in exposed workers, but it took over
100 years to investigate its toxicological properties. In the early
20th century, it was discovered that Cd affects tissues differ-
ently (with first reports from Cd damaged lungs in the 1930s,
while reports on the placenta emerged in the 1960s), and about
20 years later its major interaction partner, metallothionein
(MT), was identified. However, only recent advancements in
biomedical research over the last three decades led to the
identification of transporters that may help our understanding
of how Cd enters these tissues (in our case the placenta) and
exerts its harmful properties (Fig. 1A).6–13
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During pregnancy, the developing child is protected from Cd
exposure by the placenta. The human placenta is a transient

organ providing the interchange of gases and nutrients
between mother and child. The placental barrier, the placental

Fig. 1 Involvement of DMT1, ZIP14 and ZIP8 in cellular Cd accumulation. (A) Timeline of major scientific discoveries in the field. (B) Knockdown
efficiency was confirmed for each target and treatment condition by qPCR. (C) Mean cell number was determined for each target and treatment by
CASYs cell counter. (D) Cellular Cd levels are given for DMT1, ZIP14 and ZIP8 depleted cells and control cells both treated with 0.1 or 1 mM CdCl2 for 24 h.
Control cells (si ctrl) treated with 0 mM CdCl2 was set to 1. The data represent mean values � SD from three independent experiments made in six
technical replicates. The letters a and b denote homogeneous subgroups derived from one-way ANOVA and S–N–K posthoc test ( p o 0.05); *p o 0.05,
**p o 0.01, ***p o 0.001, n.s. = non-significant from students t-test.
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exchange surface over which substance transfer takes place,
consists of the outlying syncytiotrophoblast (STB) that is in direct
contact with the maternal blood, the underlying cytotrophoblast
(CTB) that becomes discontinuous in later pregnancy, and the
placental fetal endothelial cells (pFECs).14 In contrast to other
heavy metals like mercury, which can readily cross the placenta,
Cd is efficiently retained in the placenta.15 However, the major
storage sites for Cd are still kidney and liver (up to 84 mg g�1 and
13 mg g�1 in comparison to up to 0.053 mg g�1 found in
placenta).16–19 It has been proposed that Cd induces placental
expression of MTs that scavenge Cd and thereby reduce its
transfer to the fetal side.20,21 Thereby, continuous Cd exposure
during pregnancy leads to Cd accumulation in placental tissue
causing structural and functional abnormalities including
reduced trophoblast proliferation rates,22 sex-specific alteration
of DNA methylation patterns23 and changes of (micro)nutrient
transport.21 Although placental retention of Cd protects the fetus
from Cd-associated developmental toxicity,23 the metal can impair
placental function and thus indirectly have negative effects on
offspring. Consequently, prenatal Cd exposure has been reported
to be associated with increased risk for preterm birth,24 reduced
birth weight25 and pre-eclampsia.26

How Cd enters the human placenta is not known and
specific transporters for the non-essential metal do not exist.
Iron transporters that also transport other divalent metal ions
are likely candidates for the placental transport of Cd15,27 and
an inverse relationship between Cd and iron transport has been
suggested.11,28,29 The candidate transporters with high affinity
to Cd include the Divalent-Metal Transporter (DMT)1
(SLC11A2),30 the ZRT/IRT-like Protein (ZIP)8 (SLC39A8)31 and
ZIP14 (SLC39A14).32 While it seems clear that DMT1 mediates
the intestinal uptake of Cd,11,33–37 ZIP8 and ZIP14 have been
reported for Cd transport in kidney, testis and liver.38 Regard-
ing the human placenta, information on cellular influx/efflux of
Cd through iron transporters is virtually non-existing. Only an
upregulation of DMT1 and ZIP14 mRNA in placentas of Cd
exposed rat dams and DMT1 mRNA in placentas of highly Cd
exposed women has been described so far.13,39

In view of the many gaps in knowledge, the aims of the present
study were (1) to investigate the role of iron transporters DMT1, ZIP8
and ZIP14 in Cd uptake of placental cell line HTR-8/SVneo.40 We
hypothesized that upon siRNA-mediated knockdown of the
respective transporter, cellular Cd levels should be decreased
in comparison to control cells. (2) We also wanted to address the
in situ localisation of the involved transporters in placental sections
by immunofluorescence microscopy. After establishing which trans-
porters mediate placental Cd uptake and where they are localised in
the tissue, our aim was (3) to determine how cells can cope with Cd
burdens, probably by MT241 to bind and detoxify the metal.

2. Materials and methods
Cell culture

HTR-8/SVneo cells (ATCC, CRL-3271t, Lot# 64275781) were
cultured at 37 1C and 95% air/5% CO2 in RPMI 1640 medium

(Gibco) that contained 5% fetal bovine serum (FBS; PanBiotech)
and 1% GlutaMax (Gibco). When they had reached confluence,
cells were dissociated from the culture dish using Accutase
(Sigma). The cell number was determined with a CASY cell
counter and analyzer (CASYs Model TTC 45/60/150, Innovatis
Technologies Inc.). All cells were periodically checked for
Mycoplasma contamination (MycoAlert; Lonza). HTR-8/SVneo
cells from passages 90 to 100 were used in the experiments.

Cd dosages

Aqueous Cd stock solutions were made from Cd(II)–chloride
(CdCl2) (Merck). The selection of the concentrations 0.1, 1 and
5 mM CdCl2 were based on previous reports on cytotoxic effects
of Cd42,43 and further selected for methodological reasons,
i.e., to ensure detectability of cellular Cd after 24 h treatment.
In preparatory experiments as well as for the determination of
lethal concentration (LC)50, also higher Cd concentrations up
to 20 mM were used.

Knockdown experiments

Cells were seeded in 6-well plates (1 � 105 cells per well) or 12-
well plates (5 � 104 cells per well) and upon reaching 25–35%
confluence transiently transfected with non-targeting siRNA
(control cells) and siRNA specifically targeting MT2A, SLC11A2,
SLC39A8 and SLC39A14 (encoding MT2A, DMT1, ZIP8, and
ZIP14 respectively) (GE Dharmacon) using Lipofectamine
RNAimax (Life Technologies) as described previously.44 Upon
knockdown cells were cultured for 48 h and then incubated
with standard medium containing 0.1, 1 and 5 mM CdCl2 for
up to 72 h.

Cd dependent MT2A expression

Cells were seeded in 6-well plates (1 � 105 cells per well), upon
reaching B70% confluence treated with 0, 0.1, 0.25, 0.5, 0.75, 1,
2.5, 5 mM CdCl2 and harvested after 24, 48 and 72 h.

RNA isolation, cDNA synthesis and quantitative PCR (qPCR)

Total RNA was isolated with TRI Reagents(Sigma), following
manufacturer’s instructions and reversely transcribed with Go-
Script Reverse Transcription System (Promega) using random
hexamer primers. The cDNA was diluted 1 : 10, and 2 mL were
used as a template in a 15 mL reaction to assay gene expression
in an Applied Biosystems StepOnePlust Real-Time PCR Sys-
tem, according to the manufacturer’s protocol. The employed
primers are listed in Table S1 (ESI†).

Protein extraction and immunoblotting

Placental tissue (Department of Obstetrics and Gynecology,
Medical University Vienna; EK 724/2010) was lysed in Tissue
Protein Extraction Reagent (Thermo Scientific) buffer containing
1% proteinase inhibitor (Thermo Scientific) and 1% EDTA
(Thermo Scientific).

Cells were lysed in RIPA Buffer (Thermo Scientific) supple-
mented with 0.5 M EDTA solution (Thermo Scientific) and Haltt
Protease and Phosphatase Inhibitor (Thermo Scientific). 10–15 mg
total protein was separated via 10 and 12.5% SDS-PAGE and

Metallomics Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 7
:2

4:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0mt00199f


This journal is©The Royal Society of Chemistry 2020 Metallomics, 2020, 12, 1822--1833 | 1825

transferred onto nitrocellulose membranes. Blots were blocked
for 1 h in Odyssey Blocking Buffer (TBS) (LI-COR), followed by
incubation with Odyssey Blocking Buffer (TBS) containing 0.1%
Tween and the primary antibody over night at 4 1C. On the next
day, blots were washed and incubated with the corresponding
fluorophore-conjugated antibody for 1 h at room temperature.
Near-Infrared Fluorescence (NIR) was detected with the Odys-
sey CLx imager (LI-COR) using Image Studio Lite 5.2 software.
Total protein was stained using REVERTt Total Protein
Stain (LI-COR). Employed primary antibodies for DMT1 (Cell
Signaling, 15083), ZIP14 (Invitrogen, PA5-87880) and a-tubulin
(Sigma Aldrich, CP06) were diluted 1:1000 if not stated other-
wise. Fluorophore-conjugated antibodies for NIR (IRDyes

800CW Goat anti-Mouse IgG1-Specific, LI-COR, 926-32350;
IRDyes 800CW Goat anti-Rabbit IgG Secondary Antibody,
LI-COR, 926-32211) were diluted 1 : 20000 if not stated otherwise.

Cd analysis with graphite furnace atomic absorption
spectroscopy (GF-AAS)

Cell pellets and reference material (Seronorm Trace Elements
Whole Blood L-2; Lot#1702825) were acid-digested with nitric
acid (69%; Suprapurs, Carl Roth) in a microwave oven (MARS6,
CEM Corporation) and analysed by GF-AAS (Zeenit 700P, Analytik
Jena). The mean level of the reference material (5.2 � 0.8 mg L�1;
N = 10) lay well within the certified range (4.1–6.1 mg L�1). The
limit of detection (LOD) was 0.0426 mg L�1. All samples were
measured three times by the working curve method (RSD o 15%).

Immunofluorescence microscopy (IFM)

Human placental tissue (N = 5) was obtained within 15 minutes
after caesarian sections of healthy pregnancies at 38–40 weeks
of gestation (Department of Obstetrics and Gynecology,
Medical University Vienna; EK 724/2010). The tissues were
transferred to the laboratory at room temperature within 15 min.
For IFM, chorionic tissue was immediately processed by
HOPE-fixation (DCS Innovative Diagnostik-Systeme) and
paraffin-embedding. 4 mm tissue sections were de-waxed and
rehydrated. Antigen retrieval was done with 0.05% (v/v) citraconic
anhydride solution, pH 7.4, for 20 min. Sections were incubated
with 5% (v/v) goat serum (Jackson ImmunoResearch Laboratories)
in PBS containing 0.05% (w/v) saponin (Sigma) for 1 h at room
temperature (blocking buffer). Primary antibodies and corres-
ponding Alexa-Fluors-conjugated secondary antibodies, diluted
in blocking buffer, were applied overnight at 4 1C or for 2 h at
room temperature, respectively. In negative control incubations,
primary antibodies were omitted. Nuclei were stained with
DRAQ5 (Thermo Scientific; 25 mM in PBS). After each incubation
step, sections were washed intensively with PBS. Antibodies were
added consecutively. Fluoromount-G (SouthernBiotech) was used
as mounting medium. Images were acquired using an automated
wide-field fluorescence microscope (Axio Imager Z1, Zeiss),
equipped with an 63�/1.4 oil objective (Plan-Apochromat,
Zeiss) and the following filter sets (Chroma Technology Corp.):
49002 ET-FITC/Cy2, 49008 ET-mCherry, TxRed and 49006 ET-Cy5
in combination with TissueFAXS Image Acquisition and Manage-
ment Software (Version 4.2; TissueGnostics GmbH). Using a

monochrome camera (Hamamatsu), grayscale images of
individual fluorescence channels were acquired. Thereafter,
pseudocolors were assigned to the channels and individual
combinations of channels were merged. Images were further
processed by Adobe Photoshop.

Primary antibodies used were rabbit anti-DMT1 (Cell Signal-
ing, 15083S, IFM dilution 1:50), mouse anti-CD31 (Dako, M0823,
clone JC70A, IFM dilution 1:200); mouse anti-Cytokeratin 7 (CK7),
(Dako, M7018, clone OV-TL 12/30, IFM dilution 1:200), and
mouse anti-CD68 (Dako, M0876, clone PG-M1, IFM dilution
1:100). Secondary antibodies used were Alexa Fluor 568
(A-11011)-conjugated goat anti rabbit IgG and Alexa Fluor 488
(A-11001)-conjugated goat anti-mouse IgG (all Life Technologies-
Molecular Probes, IFM dilution 1:2000).

Phase contrast microscopy

Photographs were taken 24, 48 and 72 h after indicated treat-
ment with an inverted fluorescence and phase contrast tissue
culture microscope (OLYMPUS IX51) equipped with an Olym-
pus UPlanFLN 4�/0.13 Phl/N/-/FN 26.5 objective. Pictures were
processed using Olympus cellSens Standard 2.2 software.

Statistics

Data represent mean values � standard deviation (SD) from
three independent experiments (different passages of HTR-8/
SVneo cells) made in three to six technical replicates. Two
group comparisons were done by two-sided unpaired t-test.
For the comparison of group differences between more than
two groups, data were ranked, and One-way ANOVA was
applied, followed by Student–Newman–Keuls (S–N–K) post hoc
test to correct for multiple testing. Spearman correlation ana-
lysis was used to determine the relationships between cellular
Cd and MT2A levels. We used GraphPad Prism 6, MS Excel
and IBM SPSS 21 software. The critical significance level was set
at a = 0.05.

3. Results and discussion
DMT1 and ZIP14, but not ZIP8 mediate Cd uptake in
HTR-8/SVneo cells

To verify their function, the candidate proteins DMT1, ZIP14
and ZIP8 were depleted in HTR-8/SVneo cells by siRNA-
mediated gene knockdown. The efficiency of the respective
gene knockdown, which resulted in a reduction of mRNA levels
to 20–30%, was verified by qPCR (Fig. 1B). The mRNA levels of
the transporters (Fig. 1B) as well as the cell number (Fig. 1C)
were unaffected by Cd exposure of 0.1 and 1 mM within 24 h.
This is consistent with previous reports that showed Cd to
induce DMT1, ZIP8 and ZIP14 mRNA expression as well as causing
antiproliferative effects only at doses greater than 5 mM.45,46

Cellular Cd levels decreased upon DMT1 and ZIP14 knock-
down to about 40% respectively, an effect not seen for ZIP8
depleted cells (Fig. 1D). It was obvious that DMT1 could also be
a candidate for Cd transport at the human placental barrier.13,40

Although we expected DMT1 to be the most important Cd
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transporter, ZIP14 depletion brought similar results concerning
Cd uptake into placental cells. As mentioned above, ZIP14 can
transport Cd efficiently, but for the placenta we only know so
far that it is expressed in rat13 and human,47 but not what
function it has. While it is likely that the function of ZIP14 in
the placenta is iron or zinc transport,48 to our knowledge we
are the first to demonstrate a Cd transporting role of ZIP14 for
placental cells.

Regarding ZIP8, the results came as a surprise. Among
20 different human tissues and right after the lung, it was
described that the placenta has the highest mRNA expression
of ZIP8.31 The irrelevance of ZIP8 for Cd uptake into placental
cells was unexpected in that the transporter has been shown
to have the highest substrate affinity for Cd.31 In addition,
Cd-resistant lung epithelial cells adapt to Cd cytotoxicity by
downregulating ZIP8 to reduce its uptake.49 Apart from the fact
that Cd can have different effects on certain cell types, it is
possible that the lack of ZIP8 can be compensated by another
transporter like ZIP14 or DMT1.50

In situ localisation of DMT1

To relate the observed function of iron transporters in our cell
culture model with their role in the placenta, we wanted to
validate antibodies for ZIP14 and DMT1 that could be further
used for in situ localisation of the proteins in the human term
placenta. While a commercial ZIP14 antibody was deemed
unsuitable for the proper detection of the protein (Fig. S1,
ESI†), we could validate another antibody to specifically detect
DMT1 (Fig. S2, ESI†).

It has been reported that DMT1 expression in the apical
membrane of the STB is absent51 or very low.52 To our surprise,
yet in well accordance with a previous53 and a very recent DMT1
localisation study,40 we found the transporter to be highly
expressed throughout the STB (Fig. 2a and d) and moderately
in placental macrophages (Hofbauer cells) (Fig. 2b and e) and
pFECs (Fig. 2c and f). The presence of DMT1 in the STB at the
apical membrane, in the pFECs and macrophages actually
speaks for the involvement of the transporter in Cd uptake
into these cells. The proteins that transport Cd out of the STB
and then out of pFECs into fetal blood remain to be elucidated.
The zinc transporter (ZnT)4 and ZnT5 that are expressed in the
human placenta54 and various other transporters including
ABC transporters are plausible candidates.55

Cd reaches the fetal blood in comparably small amounts15

indicating efficient retaining of the metal in placental
tissue. One of the most likely intracellular binding partners
of Cd is MT2A.41,56 Previous observations on Cd-induced
MT2A expression in the human placenta revealed that it
predominantly occurs in the stroma of the villous core.57

Together with the finding that DMT1 is expressed in tropho-
blast and stromal cells of the placenta, this may well explain
why Cd accumulates in this part of the human placenta and
why only small amounts of Cd are transported into fetal blood.
Overall, it must be taken into account that Cd storage in
the placenta (as Cd-MT complex) reduces Cd transport to
the fetus, but could impair placental functions and thus
fetal development for example through reduced zinc transfer
across the placenta.21,41

Fig. 2 Localisation of DMT1 in human term placenta. 4 mm sections of HOPE-fixed and paraffin-embedded placentas were stained with specific primary
and fluorescence-conjugated secondary antibodies. Localisation is shown either alone for DMT1 (red arrowhead; (a)–(c) or as a co-staining with (d) STB-
specific marker Cytokeratin (CK)7 (e) macrophage-specific marker Cluster of Differentiation (CD)68 and (f) pFEC-specific marker CD31, which are shown
in green, respectively). Nuclei were labelled with DRAQ5 and are shown in blue. Bars represent 30 mm.
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Fig. 3 MT2A expression in Cd exposed HTR-8/SVneo cells. (A) Comparison of MT1A, MT1E, MT1X expression relative to MT2A levels. (B) Cd
concentration in cells treated with indicated Cd concentrations for 24, 48 and 72 h was determined by GF-AAS. Mean cellular Cd increase was 0.10,
0.24, 0.48, 0.79, 2.8 and 3.7 relative to 1 mM CdCl2 treatment for cells exposed to 0.1, 0.25, 0.5, 0.75, 2.5 and 5 mM CdCl2. (C) MT2A expression in cells
treated with indicated Cd concentrations for 24, 48 and 72 h was monitored by qPCR. Mean MT2A increase was 0.21, 0.34, 0.52, 0.73, 1.81 and 2.36
relative to 1 mM CdCl2 treatment for cells exposed to 0.1, 0.25, 0.5, 0.75, 2.5 and 5 mM CdCl2 (D) Correlation of MT2A expression and intracellular Cd levels
(Spearman correlation, p o 0.01). Spearman R2 of 0.913, 0.932 and 0.977 at 24 h, 48 h and 72 h. The trend curve was adapted to a polynomial equation (E)
mRNA levels of MT2A in HTR-8/SVneo cells cultured for 24 h in presence of 1 mM CdCl2 in controls and cells depleted for DMT1, ZIP14 or ZIP8. The data
represent mean values � SD from three independent experiments made in triplicate (A) or six technical replicates (B)–(E). The letters a–h denote
homogeneous subgroups derived from one-way ANOVA and S–N–K posthoc test ( p o 0.05) (E) Students t-test.**p o 0.01. n.s. = non-significant.
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Fig. 4 Effects of Cd and MT2A depletion on cell number and Cd accumulation of HTR-8/SVneo cells. (A) Representative phase contrast images of
control and MT2A knockdown cells treated with indicated Cd concentrations for 72 h. (B) Control and MT2A depleted cells were treated with indicated
Cd concentrations for 24, 48 and 72 h and cell number was measured by Casys Cell Counter. (C) Cellular Cd levels of control and MT2A depleted cells
that were treated 24, 48 and 72 h with indicated Cd concentrations was determined by GF-AAS. The data represent mean values � SD from three
independent experiments each made in six technical replicates. The letters a–e denote homogeneous subgroups derived from one-way ANOVA and
S–N–K posthoc test ( p o 0.05). Bar represents 500 mm.
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MT2A protects HTR-8/SVneo cells from Cd toxicity

MTs are cysteine-rich proteins that preferably bind divalent
metal cations and thus regulate metal (predominantly zinc and
copper) homeostasis in cells. Cd has a high binding affinity to
MT, replacing zinc, which then activates Metal-Transcription
Factor (MTF)1 to induce its downstream targets. These include
MTs that in turn bind Cd and can thus detoxify the metal.58

From the 10 functional MT genes described in humans, MT1
(further subdivided into MT1A, -1B, -1E, -1F, -1G, -1H and -1X)
and MT2 (synonymous to MT2A) are the major groups.59 MT
synthesis, which can be induced by several metals including
Cd, is essential for metal detoxification and the reduction of
metal-induced oxidative stress.60 The susceptibility to Cd toxi-
city largely depends on the cell type,61,62 respectively on the
ability of cells to induce MT expression.63

According to our data MT2A has by far the highest expres-
sion in HTR-8/SVneo cells among the MT isoforms studied
(Fig. 3A). This finding is in very good agreement with a previous
report64 in which MT1X, MT1A and MT1E levels were identified
at 8.5%, 0.001% and 0.01% of MT2A levels (we found 2.5%, 0.015%
and 0.021% respectively) and other studies in HeLa cells,64 human
urothelial cells65 and various endothelial cells66 showing that MT2A
is the constitutively most strongly expressed MT form.

To prove the strong inducibility of MT2A by Cd in placental
cells, we analysed cellular Cd concentrations and corres-
ponding MT2A levels of Cd-treated HTR-8/SVneo. Intracellular
Cd increased in a dose-dependent linear manner up to 2.5 mM
Cd treatment (Fig. 3B). MT2A expression showed a similar
linear response up to 1 mM Cd treatment (Fig. 3C). Accordingly,
cellular Cd levels and MT2A levels correlate exceptionally well
(Fig. 3D).

Another question was whether the knockdown of DMT1,
ZIP8 and ZIP14 would change MT2A expression. In HTR-8/
SVneo cells treated with 1 mM CdCl2, MT2A levels were reduced
to B40–50% in ZIP14- and DMT1-, respectively, but not ZIP8-
knockdown cells (Fig. 3E). This finding corresponds well with
the Cd levels that were lowered only in DMT1- and ZIP14- but
not ZIP8-down-regulated cells (Fig. 1D) further demonstrating
that the amount of internalized Cd determines MT2A expres-
sion levels. Overall, our findings confirm the inducibility of
MT2A by Cd in HTR-8/SVneo cells as was previously reported
for primary trophoblasts.57

In a next step, we wanted to determine whether other MT
isoforms can compensate for MT2A depletion. MT1X, the second
most common MT isoform in HTR-8/SVneo cells (Fig. 3A) also is
inducible by Cd (Fig. S3, ESI†). However, due to its a priori low
constitutive expression, even after Cd treatment MT1X expression
does not even reach basal MT2A expression. Overall, none of the
analysed MT isoforms seems to be able to compensate for the loss
of MT2A (Fig. S3, ESI†). This leaves MT2A as the most potent MT
form in defending against Cd toxicity to placental cells.

To verify a protective role of MT2A in placental cells, we analysed
cell numbers of Cd-exposed controls and MT2A-knockdown cells
(Fig. 4A, B and Fig. S5, ESI†). 5 mM Cd exposure for 72 h decreased
cell number to 60%, which corresponds well to findings from
a previous report.43 The effect was worsened by MT2A depletion,

Fig. 5 Model of placental Cd transport. (A) Maternal blood flows from
maternal uterine blood vessels into the intervillous space of the human
placenta, where it comes in direct contact with the chorionic villi. At this
site an exchange of gases and nutrients occurs. Oxygenated, nutrient-rich
blood (shown in red) comes over the umbilical vein (branches at junction
of umbilical cord and placenta to form fetal veins) from the placenta to the
fetus. Deoxygenated, nutrient-depleted blood (shown in blue) goes from
the fetus over the two umbilical arteries (branches at junction of umbilical
cord and placenta to form fetal arteries) to the placenta.72 (B) Horizontal
cross-section of a chorionic villus. The maternal blood is in direct contact
with the syncytiotrophoblast (STB), which is adjacent to a layer of cyto-
trophoblasts (CTBs) that becomes discontinuous in later pregnancy. In the
villous stroma fibroblasts (not shown), Hofbauer cells (HFBs) and placental
fetal endothelial cells (pFECs) reside. (C) Based on our results from in vitro
experiments and in situ localisation, we conclude that Cd is taken up at
the apical site of the STB by DMT1 (and probably also by ZIP14) and
either stored in MT2A-complexes or effluxed at the basal membrane
by unknown transporter(s). In the placental stroma Cd uses the same
transporters to enter HFBs and pFECS and accumulates there bound to
MT2A. Yet unknown transporter(s) mediate the Cd efflux from pFECs into
the fetal blood.
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i.e. the cell number became further reduced to 30%. Importantly,
the cytotoxic effect of Cd always was aggravated by MT2A deple-
tion (38%, 30% and 50% lower cell numbers when treated with
0.1, 1, and 5 mM CdCl2, relative to controls). That loss of MT2A
affects cell counts (here: 35% reduction in comparison to unex-
posed control cells) has also been reported for human prostatic
adenocarcinoma67 and endothelial cells.66 Next to its role in metal
homeostasis and detoxification, MT2A also regulates cell type
specific oxidative stress, angiogenesis and cell proliferation as
well as cell differentiation, which explains why it is associated
with many diseases independent of Cd exposure.68 The findings
together indicate additive effects of Cd exposure and MT2A
function on placental cell numbers. This is also indicated by the
LC50 (72 h post treatment) that is 4.04 mM Cd (about 454 mg L�1) in
control cells but 2.91 mM (327 mg L�1) in MT2A downregulated
cells. It should be noted that the Cd concentrations in maternal
blood are in a 1000-fold lower concentration range, i.e. they are
about 0.23 mg L�1 (2 nM) according to a recent review.69 However,
chronic Cd accumulation in the human placenta occurs in vivo
over a period of nine months, which could generate Cd levels70

able to enhance MT expression.
From the correlation analysis (Fig. 3D) one could also expect

that less Cd is accumulated when MT2A expression is reduced.
Cells with downregulated MT2A expression, however, show more
or less the same Cd content as the control cells (Fig. 4C). This
suggests that Cd determines cellular MT2A levels, but MT2A does
not affect Cd levels. A possible explanation could be that Cd in
lack of MT2A binds to other ligands such as glutathione.71

4. Conclusion

In the present study, we show for the first time that DMT1 and
ZIP14 are required for the uptake of Cd into human placental
cells. The in situ localisation of DMT1 in the human term
placenta, as investigated with a validated antibody, revealed
that the protein is localised in the STB as well as in the stromal
cells of the chorionic tissue. Our data show that MT2A deple-
tion has little or no effect on cellular Cd levels. However, it is
clearly shown that intracellular Cd levels increase MT2A gene
expression in HTR-8/SVneo cells in a dose-dependent manner,
which protects the cells from the toxicity of the metal. Based on
our results from in vitro experiments and in situ localisation we
suggest a working model (Fig. 5) and conclude that Cd is taken up
at the apical site of the STB by DMT1 and probably ZIP14 and
retained as either MT2A-complex or effluxed at the basal
membrane by yet unknown transporter(s). In the placental stroma
Cd may use the same transporters to enter HFBs and pFECS and
accumulate there bound to MT2A. Yet unknown transporter(s)
mediate the Cd efflux from pFECs into the fetal blood.
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