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Abstract

The aims of this study were to examine the effects of CdCl> on the viability, migration and
cytoskeleton of cultured mouse TM4 Sertoli cells. Time- and concentration-dependent
changes were exhibited by the cells but 1 uM CdCl, was sub-cytotoxic at all time-points.
Exposure to 1 and 12 pM CdCl, for 4 h resulted in disruption of the leading edge, as
determined by chemical staining. Cell migration was inhibited by both 1 and 12 uM CdClzin
a scratch assay monitored by live cell imaging, although exposure to the higher concentration
was associated with cell death. Western blotting and immunofluorescence staining indicated
that CdCl, caused a concentration dependent reduction in actin and tubulin levels. Exposure
to Cd?* also resulted in significant changes in the levels and/or phosphorylation status of the
microtubule and microfilament destabilising proteins cofilin and stathmin, suggesting
disruption of cytoskeletal dynamics. Given that 1-12 uM Cd?* is attainable in vivo, our
findings are consistent with the possibility that Cd?* induced impairment of testicular
development and reproductive health may involve a combination of reduced Sertoli cell
migration and impaired Sertoli cell viability depending on the timing, level and duration of
exposure.

Key words: Cadmium chloride; Sertoli cells; reproductive toxicity; cytoskeleton; cell

migration; testicular development.

Abbreviations: AIDA, Advanced Image Data Analyser; BSA, bovine serum albumin; CdCly,
cadmium chloride; CFSE, carboxyfluorescein diacetate succinimidyl ester; DAPI, 4'6-
diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; H
and E, haematoxylin and eosin; ICso, inhibiting concentration (50 %); LDH, lactate
dehydrogenase; MFs, microfilaments; MTs, microtubules; MTT, 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide; PBS, phosphate buffered saline; SDS, sodium dodecyl

sulphate; TBS, Tris-buffered saline; 5-FU, 5-fluorouracil



1. INTRODUCTION

Heavy metals are environmental pollutants of great concern because of their persistent
occurrence, arising from increasing industrialisation and other anthropogenic activities
(Borrego et al., 2002). A primary concern regarding exposure to heavy metals centres on their
deleterious effects on human health including metabolic, neurodegenerative, reproductive and
developmental disorders (Godt et al., 2006; Bernard, 2008). Exposure to metal compounds
including arsenic, cadmium and mercury has long been known to cause damage to
mammalian testes (Parizek, 1957; Marettov et al., 2015), potentially contributing to the
decline in male reproductive health that has occurred over the last 60 years (Huyghe et al.,
2003; Bray et al.,, 2006). Cadmium is of particular concern due to its increasing
environmental levels, caused by pollution from a variety of sources (IPCS, 1992; Jarup et al.,
1998; WHO, 2007, ATSDR, 2011; Six and Smolders 2014; Van Assche et al., 2014; CCC,
2014). To date, cadmium has no known biological function in mammals and prolonged
exposure to it has been associated with developmental and functional changes within tissues
including testicular tissue (Marettov et al., 2015; Prozialeck et al., 2006; Siu et al., 2009;
Sarkar et al., 2013).

The mammalian testis consists of germ cells and somatic cells (Svingen and Koopman,
2013). The somatic cells comprise two major lineages, known as Sertoli cells and Leydig
cells. Sertoli cells play key role in testicular development and functions (Mruk and Cheng,
2003). The early stage of gonadal development is associated with the migration of supporting
cells from the coelomic epithelium of the early embryo, which contribute to the population of
Sertoli cell precursors (Wilhelm et al., 2007). Furthermore, changes in cell shape, formation
of adhesion and cytoplasmic protrusion in somatic gonadal precursors (SGPs) enhances
ensheathment of primordial germ cells (PGCs) and the formation of compacted gonads in the

developing embryo (Martineau et al., 1997). Hence, the migration and proliferation of Sertoli



cells is therefore an essential part of testis development (Mruk and Cheng, 2003; Martineau et

al., 1997).

In this respect, the cytoskeleton and its regulatory proteins play important roles in cell
proliferation, cell shape and motility (Artvinli, 1987; Vogl et al., 1993; Vogl et al., 2008). For
instance, cell migration is dependent on the actin network and its dynamics, which are
regulated by a number of proteins such as cofilin (Pollard and Borisy, 2003; Dos Remedios et
al., 2002). Actin regulator protein enables (ena) plays an important role in the spacio
temporal organisation of somatic gonadal precursors (SGPs) in the formation of the
compacted gonad (Bear et al., 2000; Sano et al., 2012). These cellular processes are important
targets for environmental disrupting compounds such as heavy metals (Waisberg et al., 2003;
Rani et al., 2013). Several in vivo and in vitro studies have reported cadmium toxicity in
mammalian testes and their cellular components (Siu et al., 2009; Jin et al., 2004; Xiao et al.,

2014).

Reduced Sertoli cell number in sheep foetuses was observed in two in vivo studies following
sewage sludge exposure during early stages of development (Rhind et al., 2005; Egbowon,
2010). The cause of this reduction was associated with suppressed levels of testosterone,
suggesting that testosterone may play a key role in Sertoli cell proliferation (Johnston et al.,
2003), and raising the possibility that treatment-induced suppression of testosterone levels
could have contributed to the reduction in Sertoli cell number. However, it is possible that
exposure to environmental pollutants may have direct effects on the population of the
migrating and proliferating cells occupying the gonadal ridge of the early embryo. In vivo
studies on testicular cells are numerous; however, effective cell lines can greatly facilitate
research on testicular development and functions by providing a readily available supply of

cells with consistent and predictable properties.



There are several Sertoli cell lines, some of which were created to retain properties from the
parent cell type required for specific studies (Robert, 2004; Guttenbach et al., 2001). For
example, TM4 cells are an established cell line of Sertoli cell origin, derived from the normal
testes of a prepubertal 11 — 13 day old BALB/c mouse (Mather et al., 1982; Mather, 1980).
Many studies in which this cell line was used as a model of Sertoli cell function have shown
that it maintains many of the characteristics of immature and differentiated native Sertoli

cells (Guttenbach et al., 2001; Catalano et al., 2003; Shaban et al., 1995).

The current study has used the TM4 cell line to evaluate the toxicity of cadmium on Sertoli
cell migration with respect to the effects on cell survival, cell morphology, cytoskeletal

organization and the underlying molecular events associated with cell migration.

2. MATERIALS AND METHODS

2.1 Cell Culture

The mouse Sertoli cell line TM4 (ATCC number: CRL-1715) was purchased from the
American Type Culture Collection (Manassas, VA, USA). Cells were cultured in growth
medium, consisting of Dulbecco’s modified Eagle’s medium (DMEM) containing Ham’s F-
12 in a 1:1 mix (DMEM/HAMs F-12) with 15 mM 4-(2-hydroxyethyl)-1-piperazine ethane
sulfonic acid (HEPES), 2.5 mM glutamine, 0.5 mM sodium pyruvate and 1.2 g/L sodium
bicarbonate (Bio-Whittaker, Lonza, UK), supplemented with 5 % v/v horse serum (HS) and
2.5 % vlv fetal bovine serum (FBS) (Sigma Aldrich Co. Ltd., Poole, UK), in a humidified
atmosphere containing 5 % CO2/95 % air at 37°C. All experiments were performed using
plastic tissue culture flasks and dishes or microplates (Sarstedt, Leicester, UK). Cell culture
growth medium was changed twice weekly and cells were sub-cultured before reaching

confluence.



2.2 Measurement of Cell Metabolism by Methyl Blue Tetrazolium Reduction Assay

Cell viability was monitored via the reduction of 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide (MTT) by cellular dehydrogenases. Cells were plated in
Corning 24-well plates at 25,000 cells/ml in 0.5 ml growth medium and left for 24 h to
recover. Growth medium was carefully aspirated from the wells and replaced with fresh
medium containing a range of concentrations (up to 25 uM) of CdCl. for 3 exposure times (4
h, 24 h, and 48 h). A volume of 50 pl of MTT (5 mg/ml in phosphate buffered saline (PBS:
137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 2 mM KH2PO4) was added to each well 1 h
prior to the end of the experimental incubation time and cells incubated for a further 60 min
at 37°C. Growth medium was then carefully aspirated, 0.5 ml DMSO added per well and the
plates were gently agitated to dissolve the reduced formazan product. The absorbance of the
solubilised reduced MTT was then measured in a standard microtitre plate reader at a
wavelength of 570 nm. Where appropriate, indicative concentrations causing 50% inhibition
of MTT reduction compared to the control (ICsg) were estimated from individual
concentration response curves from at least 4 independent experiments and are expressed as

mean + SEM.

2.3 Measurement of Membrane Leakage by Lactate Dehydrogenase Release Assay

Cell viability was also monitored in Sertoli cells by measuring lactate dehydrogenase (LDH)
release. Cells were plated in 96-well flat bottom plates, at 25,000 cells/ml in 0.2 ml growth
medium and left for 24 h to recover. Growth medium was carefully aspirated from the wells
and replaced with fresh medium containing a range of concentrations (up to 25 uM) of CdCl,
for 3 exposure times (4 h, 24 h, and 48 h). Cell viability assays were performed by measuring
the amount of LDH released into the medium, which was detected colorimetrically using the

CytoTox 96® Non-Radioactive Cytotoxicity LDH assay kit (Promega, Southampton, UK).
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2.4 Measurement of Viable Cell Counts by Trypan Blue Exclusion Assay

Viable cell counts were determined using an automated cell counter (Bio-Rad Laboratories
Inc., Hemel Hempstead, UK). This was achieved by using the TC20™ Trypan Blue
exclusion assay procedure (Bio-Rad Laboratories Inc., Hemel Hempstead, UK). Briefly, cells
were plated in T25 culture flasks at 25,000 cells/ml in 10 ml growth medium and left for 24 h
for recovery. They were then treated with (1 uM and 12 uM) or without CdCl; for 4, 24 and
48 h. After the incubation period, the cell monolayers were detached with cell scrapers,
pelleted by centrifugation and washed twice by centrifugation with PBS. Each cell pellet was

then resuspended in 2 ml serum free medium prior to the assessment of cell viability.
2.5 Analysis of Cell Morphology

Morphological effects of CdCl, were determined on Sertoli cells stained either with

Coomassie blue or haematoxylin and eosin (H and E) dyes after 4 h exposure.
2.5.1 Coomassie Blue Staining

Cells were plated in 24-well plates at 25,000 cells/ml in 0.5 ml growth medium per well and
left for 24 h to recover, after which they were exposed to lethal and sub-lethal concentrations
of the test compounds for 4 h. Cells were then fixed with 90 % v/v methanol for 10 min at
minus 20 °C and subsequently stained with Coomassie Blue, (0.1 % w/v Coomassie Brilliant
Blue R-250, 50 % v/v methanol and 10 % v/v glacial acetic acid) which was added to each
well at 300 pl per well for 5 min. The staining solution was then removed, the monolayers

rinsed 3 times with distilled water and left overnight to air-dry.
2.5.2 H and E staining

Alternatively, 0.5 ml of cell suspension were plated on poly-L-lysine coated coverslips at

25,000 cell/ml in 24-well plates and then incubated for 24 h for recovery. The medium was
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discarded and the cells were re-incubated in the absence and presence of CdCl, (1 uM and 12
M) for 4 h. Cells were fixed with 90 % v/v methanol for 10 min at -20°C and washed three
times with PBS, after which the cell monolayers were rinsed in water. This was then placed
in single strength Gill’s Haematoxylin (haematoxylin 0.6 % wi/v, aluminium sulphate 0.42 %
wlv, citric acid 0.14 %, w/v sodium iodate 0.06 % w/v, ethylene glycol 26.9 % v/v: Scientific
Laboratories Supplies, Nottingham UK) for 90 seconds and washed in tap water. For cell
blueing, coverslips were immersed in 1 % (w/v) lithium carbonate and then washed in
distilled water. For cytoplasm staining, the coverslips were immersed in 1 % wi/v eosin for 10
seconds after which they were washed in distilled water. This was then followed by placing
the coverslips in an ascending ethanol series (i.e. 3 min each in 50 v/v % ethanol, 70 % v/v
ethanol and absolute ethanol). The cover slips were placed in xylene for 5 minutes and
allowed to air dry for 10 seconds. They were mounted on glass slides using XAM mounting

medium (Merck Darmstadt, Germany).

2.6 Image Processing

The slides were examined with the aid of fluorescence microscope (Olympus BX51TF) using
bright field optics at a final magnification of x 200 and images were randomly captured from
nine fields of view per slide for each treatment. The captured images were processed by using
Adobe Photoshop C56 (64 Bit) to quantify the proportions of Sertoli cells with a discernible
leading edge and rounded or compact cell bodies. The morphological feature of a crescent
shape rosette-like continuous cytoplasmic extension was identified as a discernible leading
edge. The total number of parameters counted was averaged for each set of experiments and

the values were expressed as total count/100 cells + SEM for 4 independent experiments.

2.7 Indirect Immunofluorescence Staining



For immunofluorescence staining, cells were plated in 8-well p-slide (ibiTreat) chamber
slides (Thistle Scientific, Glasgow, UK) at 25,000 cells/ml in 0.2 ml growth medium and left
for 24 h to recover, after which they were exposed to 1 uM and 12 uM CdCl; for 4 h. Cells
were then fixed with pre-warmed formalin at 37 °C for 10 min and washed three times with
PBS. Permeabilization was performed by incubating the cells for 15 min at room temperature
with 0.05 % (v/v) Tween-20 in PBS after which cells were washed 3 times for 5 min with
PBS. Non-specific binding was prevented by blocking with 3 % (w/v) bovine serum albumin
(BSA) in PBS for 1 h at room temperature. Cells were then incubated overnight at 4°C in
humidified chamber with primary antibodies to cytoskeletal proteins, as indicated in Table 1.
After washing 3 times for 5 min with PBS, the cells were incubated for 2 h at 37°C in a
humidified chamber with Alexa Fluor 488 rabbit anti mouse 1gG (Life Technologies Ltd,
Paisley, UK) diluted 1:500 in blocking buffer, after which a second series of PBS washes was
performed. Fluorescence images were acquired using a Leica laser-scanning confocal

microscope (Leica SP5 11).
2.8 Sertoli Cell Migration Assays

In order to monitor the effects of CdCl. on cell migration, a monolayer ‘scratch’ assay was
performed to mimic the wound healing process in migrating cells such as fibroblasts. In a
conventional wound healing process, it has been suggested that the generated wound closes
by migration and proliferation of the cells (Menon et al., 2009; Mertens-Walker et al., 2010).
Therefore cell proliferation was stopped prior to CdCl, treatment. In brief, cells were seeded
in black 96-well microplates at 25,000 cells/ml in 0.2 ml growth medium and incubated at
37°C. When the cell monolayer reached 90 % confluence, growth medium was replaced with
fresh growth medium containing 5 pug/ml 5-fluorouracil (5-FU), which was not toxic to the
cells as determined by MTT assay after 24 h. The monolayer was rinsed with serum free

growth medium and the cells were incubated with 10 uM carboxyfluorescein diacetate
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Dilution:

Antibody Type Source
WB/IF
Anti-actin (AC40) Mouse IgG Sigma-Aldrich, UK 1:1000 (1:100)
Anti-tubulin (B512) Mouse IgG Sigma-Aldrich, UK 1:500 (1:100)
Anti-intermediate Mouse 1gG ATCC 1:200 (1:100)
filament antigen
Anti-cofilin Rabbit 19G abcam Biochemicals 1:1000
Anti-phospho cofilin Rabbit 1gG abcam Biochemicals 1:1000
Anti-oncoprotein 18 Goat 1gG Santa Cruz Biotechnology 1:500
Anti-phospho Rabbit IgG Santa Cruz Biotechnology 1:500

oncoprotein 18

Table 1 Antibodies used for western blotting and indirect immunofluorescence analysis. WB = Western
blotting; IF = Indirect immunofluorescence.

succinimidyl ester (CFSE) dye for green fluorescence. This was followed by scratching of
monolayers with a p20 pipette tip to create an extended and definite scratch in the centre of
the well. The detached cells were removed by washing with serum free growth medium,
which was then replaced with fresh growth medium with or without 1 uM or 12 uM CdCl;
and incubated for a further 24 h. Fluorescence images of live cells of the scratch closure areas
were monitored and acquired using a HC PL APO 10x%/0.40 objective lens on a Leica-TCS-
SP5 Il laser scanning confocal microscope (Leica Microsystems), equipped with a
humidified, temperature and CO controlled live cell chamber. For imaging, CFSE was
excited with a 488 nm laser-line for typically between 100-500 ms/image with laser intensity
set to 25 % maximum. Confocal image z-stacks of living cells were recorded with a frame

size of 512 x 512 pixels, a pixel size of 100 nm and a z-step size of 400 nm every 30 min.

The representative images are maximum intensity Z-projections of 10 slices of 1 micron

thickness at 4, 12 and 24 h. The captured images were processed using Adobe Photoshop C56
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(64 Bit) to quantify the invading cells in the scratch area at each time point, as previously
described (Camp et al., 2010; Stewart et al., 2012; Ling et al., 2013). Data were obtained

from at least four separate experiments.

2.9 Gel Electrophoresis and Western Blotting Analysis

Sertoli cell lysates were prepared to determine changes in protein levels. In brief, cells were
plated in T75 culture flasks at 25,000 cells/ml in 40 ml growth medium and left for 24 h to
recover, after which they were exposed to 1 uM and 12 uM CdCl; for two exposure times (4
and 24 h). The growth medium was removed and monolayers rinsed gently with ice-cold
PBS. Cells were then detached in ice-cold 0.02 % (w/v) ethylenediaminetetraacetic acid
(EDTA) in Tris-buffered saline (TBS: 10 mM Tris, 140 mM NaCl, pH 7.4) using a cell
scraper. Cells were pelleted by centrifugation and the pellets were lysed in pre-heated 0.5 %
(w/v) sodium dodecyl sulphate (SDS) (w/v) in TBS and then incubated at 100 °C for 5 min.
Protein concentration of cell extracts was determined by the bicinchoninic acid assay using

BSA as the standard (Walker, 1996).

After protein assay, lysates were boiled in electrophoresis sample buffer (62.5 mM TRIS, 2 %
w/v SDS, 10 % v/v glycerol, 0.002 % w/v bromophenol blue, 5 % v/v B-mercaptoethanol,
pH 6.8) for 5 min (Laemmli, 1970). Approximately 10 pg of protein from each sample from
at least 4 independent experiments were separated by polyacrylamide gel electrophoresis in
the presence of SDS (SDS-PAGE) in a 10 % w/v polyacrylamide resolving gel overlaid with
a 4 % w/v polyacrylamide stacking gel (Laemmli, 1970), after which they were
electrophoretically transferred onto nitrocellulose membrane filters as previously described
(Towbin et al., 1989). Membranes were blocked for 1 h at room temperature with 3 % w/v
BSA in TBS, and then probed overnight at 4°C with a variety of primary antibodies, diluted

as indicated in Table 1. Membranes were then washed thoroughly with 0.05 % v/v Tween20
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in TBS (typically six 10-min washes) and incubated for 2 h at room temperature with
horseradish peroxidase-conjugated anti-mouse, anti-rabbit or anti-goat immunoglobulin G
diluted 1:1000 in 3 % w/v BSA in TBS, as appropriate. After extensive washing with 0.05 %
w/v Tween20 in TBS, antibody binding was revealed with the enhanced chemiluminescence
western blotting detection reagent ECL plus (GE Healthcare, Hatfield UK). Digital images
were captured using a G:BOX imager (Syngene, Cambridge, UK), and band intensity was
quantified using Advanced Image Data Analyser (AIDA) software (Raytest GmbH,

Straubenhardt, Germany).

2.10 Statistical Analysis

Graph Pad Prism 6 (GraphPad Software, Inc., San Diego, CA, USA) was used for all
statistical analysis. The significance of differences between more than 2 sets of data were
determined by one-way analysis of variance (ANOVA) and comparison between means was
analysed by the Bonferroni Multiple Comparison Post-hoc Test. Differences were deemed to
be significant when p<0.05 and are highlighted with asterisks. All data are presented as mean

+ SEM.

3. RESULTS

3.1 Effects of CdCl2 on Cell Viability in Sertoli Cells

The effects of CdCl> on cell viability were assessed by MTT reduction assays, lactate
dehydrogenase (LDH) release into the growth medium and Trypan Blue exclusion assay
(Figure 1). Exposure of Sertoli cells to different CdCI> concentrations (1 - 25 uM) for up to

48 h resulted in a dose and time dependent fall in the level of MTT reduction.
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Cells exposed to concentrations from 6 - 25 pM exhibited statistically significant decreases in
MTT reduction after 24 h exposure (approximately 25 — 50 % inhibition; p<0.05) (Figure 1).
Increasing incubation time to 48 h resulted in increased toxicity being observed between 3 -
25 UM (approximately 50 - 80 % inhibition of control values; p<0.05). However, CdCl> did
not affect MTT reduction by Sertoli cells after 4 h of incubation at any of the concentrations
tested and 1 puM CdCl> had no effect on MTT reduction at any of the time points. The toxic
effects of CdClI> on Sertoli cells at different exposure times were further compared in terms of
ICso value at each time point, which is defined as the concentration required to inhibit the
level of MTT reduction by 50 % compared to the non-exposed control. The ICso value was
not reached at 4 h exposure but was estimated to be 12 uM and 4 pM after 24 and 48 h
exposure, respectively.

In agreement with this data, the results from LDH release assays showed that exposure of
Sertoli cells to different concentrations (1-25 uM) of CdCl. resulted in a dose and time-
dependent increase in LDH leakage. Concentrations from 6 - 25 pM exhibited statistically
significant (p<0.05) cytotoxic effects on Sertoli cells following 24 h exposure, and increasing
incubation time to 48 h resulted in increased LDH release being observed between 3 - 25 uM
at 48 h (Figure 1). As was the case for MTT reduction assay, 1 uM CdCl, had no significant
cytotoxic effects at any time point. The results from Trypan Blue exclusion assays showed
that cell proliferation (total viable cell count) was slightly but not significantly increased by 1
MM CdCl, exposure up to 24 h. However, cell proliferation was significantly reduced by

exposure to 12 uM CdCl, from 24 to 48 h (Figure 1).
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Figure 1: Effects of CdCl2 on cultured Sertoli cell viability measured by MTT reduction, LDH release and
Trypan Blue exclusion assay. Cells were incubated in the absence (0) or presence of 1-25 uM CdCl; at
different time points, and cell viability assessed by (A) MTT reduction, (B) LDH release and (C) Trypan Blue
exclusion assays as described in Materials and Methods. Data in A and B represent means of four independent
experiments + SEM and the results are presented as percentage relative to the corresponding control (=100 %)
and data for the latter represent means of four independent experiments + SEM. Asterisks * indicate p<0.05.

3.2 Effects of CdClI2 on Sertoli Cell Morphology

In order to assess changes in the morphology of Sertoli cells after CdCl, treatment, cells were
incubated for 4 h in the absence and presence of 1 UM or 12 uM CdCl.. Cells were fixed and
stained with either Coomassie blue or H & E dyes (Figure 2). By using light microscopy, the
morphological features that were studied included 1) leading edges (cytoplasmic protrusion)

of migrating cells.
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Figure 2: Effects of CdCl2 on the morphology of cultured Sertoli cells. Sertoli cell monolayers were
incubated for 4 h in the absence (0) and presence (1 uM or 12 uM) of CdCl,. They were then fixed in 90 % v/v
methanol before staining with Coomassie blue or haematoxylin and eosin dyes (H and E) and analysed as
described in Materials and Methods. Indicated are typical examples of leading edges (upward arrows) and round
cells (downward arrow). Scale bar = 100 pum.

This represents formation of a continuous smooth curved rosette shaped feature that is equal
to or wider than the width of cell body 2) rounded or compact cell shape in other cells. The
proportion of Sertoli cells exhibiting a clearly discernible leading edge was significantly
reduced in the presence of 1 pM and 12 pM CdCl; (Figure 3). The formation of rosette like
nature of leading edge was disrupted and became shorter and truncated with the higher
concentration (Figure 2). The population of rounded or compact cells increased significantly
following exposure to 1 puM concentrations of CdCl. (Figure 3). As microfilament (MF)
assembly at the leading edge is known to play an important role in cell migration, we next
investigated whether CdCl, treatment affected the Sertoli cell cytoskeleton, by indirect

immunofluorescence staining.
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Figure 3: Quantification of morphological changes in Sertoli cells after CdCl. treatment. Shown are the
morphological data from both Coomassie blue (CBB) and H and E stained Sertoli cells. Histogram data
represent mean count of each parameter per 100 cells for each treatment from four independent experiments +
SEM. Asterisk indicates a significant change (p<0.05) compared to the untreated control.

3.3 Effect of CdClI2 on the Organisation of Cytoskeletal Components in Cultured Sertoli

Cells

The morphological changes induced by 4 h exposure to CdCl in Sertoli cells were further
examined by indirect immunofluorescence microscopy of fixed cell monolayers using
monoclonal antibodies against the cytoskeletal proteins actin, tubulin and intermediate
filaments (Figure 4). Reduced staining intensity and possible disorganization of actin and
tubulin networks appeared to be induced by CdCl> treatments. For instance, actin staining at
the leading edge in CdCl, treated cells appeared to be relatively weak compared to the control
(Upward arrows in Figure 4). By contrast, the staining showed no major effect on the cellular
distribution of intermediate filament networks with CdCl, treatment. The possibility that the
morphological changes consistent with cytoskeletal disruption by cadmium exposure reflect

an effect on cytoskeletal protein levels or filament dynamics was next investigated.
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Figures 4: Effects of CdClz on cytoskeletal networks in cultured Sertoli cells. Shown are monolayers of
Sertoli cells cultured for 4 h in the absence (0) or presence (1uM or 12 uM) of CdCl,, before being fixed,
permeabilised and incubated with anti-actin, anti-tubulin and anti-IF antibodies. This was followed by
incubation with Alexa Fluor 488 rabbit anti mouse 1gG, as described in Materials and Methods. Scale bar = 100
um. The intensity of actin and tubulin staining was reduced with CdCl, treatments. Indicated are the typical
leading edges (upward arrows) of CdCl; treated and untreated Sertoli cells. Actin staining at the leading edges
was reduced and/or disrupted with CdCl, treatments.
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3.4 Effects of CdCl2 on the Levels and Phosphorylation Status of Cytoskeletal Proteins

in Sertoli Cells

In order to examine the effects of CdClI, on cytoskeletal proteins and their regulatory proteins
in Sertoli cells, Western blotting analysis was used to determine the levels of actin, total
cofilin and phosphorylated cofilin (p-cofilin) following exposure to 1 uM and 12 uM CdCl..
A comparative panel of probed blots is shown in figure 5. The levels of reactivity of anti-

actin with cell lysates showed a consistent dose dependent decrease at all-time points (Figure

6).
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Figure 5: Cytoskeletal protein detection on Western blots of Sertoli cell lysates. Cells were incubated
without (0) or withl uM and 12 pM CdCl; at the time points indicated. They were then lysed and protein
extracts analysed by SDS-PAGE and Western blotting, as described in Materials and Methods. Shown are
images of representative blots (from 4 independent experiments) probed with antibodies to actin, tubulin, cofilin,
p-cofilin, OP18 and p-OP18, as indicated.
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Figure 6: Densitometric analysis of probed Western blots of Sertoli cell lysates. Reactive bands on images
of Western blots were quantified using AIDA software as described in Materials and Methods. Data represent
means from four separate independent experiments and results are presented as percentage of control
(normalised to GAPDH - data not shown) + SEM. Asterisks indicate changes that were significant (*p<0.05,
**p<0.01) compared to the corresponding non treated control.

The role of cofilin in the regulation of MF dynamics and in relation to the modulation of cell
migration is well established (Sumi et al., 1999; Gerthoffer, 2007; Zhang et al., 2011). When

cofilin binds to polymerised actin it can destabilise MFs and its interaction with actin is
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blocked when phosphorylated by specific protein kinases, such as LIM (Linl11/Isl-1/Mec3)
kinase (LIMK1), which target members of the ADF/cofilin family of actin binding and
filament severing proteins (Sumi et al., 1999). Western blots were therefore probed with
antibodies available to total cofilin and LIMK phosphorylated cofilin, to study the effects of
Cd2+ exposure on the phosphorylation status of cofilin. Using this approach, a biphasic effect
was observed in the case of reactivity with anti-total cofilin in cells exposed to both
concentrations of CdCly, with significant increases at 4 h followed by decreases at 24 h
exposure relative to the corresponding controls (Figure 6). Anti-p-cofilin reactivity with
whole cell lysates was reduced on exposure to 1 uM CdCl; at 4 h and 24 h. By contrast, in
the presence of 12 uM CdCly, reactivity of anti-p-cofilin was increased relative to the control

at all-time points (Figure 6).

To analyse possible effects of the CdCl, treatments on the expression of other cytoskeletal
proteins, the reactivity of antibodies to MT proteins such as tubulin was also determined by
Western blotting analysis (Figure 5). The results showed that anti-tubulin reactivity was

significantly reduced in a time and dose dependent manner in response to CdCl> treatments.

Since MTs play important roles not only in mitosis but also in cell motility (Cole and
Lippincott, 1995; Larsson et al., 1999), it was of further interest to determine whether CdCl>
was capable of interfering with regulation of MT dynamics by affecting the levels and
phosphorylation status of regulatory proteins such as oncoprotein18 (OP18)/stathmin, which
can destabilise MTs (Belmont and Mitchison, 1996; Andersen, 2000; Cassimeris, 2002).
Continuous exposure of Sertoli cells to 1 puM CdCl> significantly reduced reactivity of anti-
OP18 after 24 h exposure but there was a slight but not statistically significant transient
increase at 4 h and decline at 24 h in the presence of 12 uM CdCl> (Figure 6). However, both
concentrations of CdCl> induced a significant increase in the reactivity of anti-p-OP18 under

all conditions tested.
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Since exposure of Sertoli cells to CdCl> results in disruption of structures resembling the
leading edge, disruption of cytoskeletal networks and their regulatory proteins, the possibility
that exposure to this agent may reflect an effect on the regulation of cell migration was

investigated

3.5 Inhibition of Sertoli Cell Migration by CdCl. Detected by Live Cell Imaging

In order to determine whether the morphological and cytoskeletal changes observed in Cd?*
exposed Sertoli cells might reflect altered ability of cells to migrate, scratch assays were

performed in the absence and presence of 1 uM and 12 uM CdCl> (Figure 7). Since in a

Sertoli cell

CdCl, (uM)

4h

24h

Figure 7: Typical images showing the effects of CdClz on Sertoli cell migration. After 5-FU treatment and
CFSE labelling of the cells, a scratch application was made and live cell migration was monitored in the absence
and presence of CdCl, by confocal fluorescence microscopy as described in Materials and Methods. Shown are
typical images of CFSE labelled Sertoli cells at 4, 12 and 24 h after scratching. Scale bar represents 100 pm.
Vertical white lines delineate areas in which cell migration was assessed.

conventional wound healing process, the generated wound closes by migration and
proliferation of the cells, it was necessary to block cell proliferation prior to the scratch assay

in this study. For this, Sertoli cells were treated for 24 h prior to CdCl; treatment with 5-FU.
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Figure 8: Morphological analysis of the effects of CdClz on Sertoli cell migration. Cell migration into the
scratch area was assessed as described in Materials and Methods. Data represent mean values for each treatment
from four separate independent experiments + SEM and results are presented as percentage of control at 24 h.
Asterisk indicates changes that were significant compared to the non Cd?'-treated control (p<0.05). Cell
migration was reduced with CdCl, treatments in Sertoli cells though cell death is likely to have contributed to
the effect at 12 uM.

In non Cd?* treated cells, the population of migrating cells in the scratch area progressively
increased after scratch application and the scratch region was 90 % closed after 24 h. The
data shown in figure 8 indicate a concentration dependent inhibitory effect of CdCl. on the
invasion of the scratch area by Sertoli cells compared to the non CdCl. treated control.
Movies with time lapse images are available in supporting information files online (Figure

S1).

4. DISCUSSION

Data obtained from a series of viability assays in the present study have demonstrated that
Cd?* is cytotoxic to TM4 Mouse Sertoli cells in a time and concentration-dependent manner,
but that 1 uM CdCl> is sub cytotoxic at all of the time points studied. Using MTT reduction

as the main end point, Jiang et al. (2009) suggested that CdCl, had a biphasic effect on the
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proliferation of human embryo lung fibroblasts inducing an increase at low concentrations

(i.e. 1 uM) and a decrease at higher concentrations (i.e. 10 uM).

Cd?* concentrations higher than 1 uM inhibit DNA synthesis but as low as 100 pM has been
found to stimulate DNA synthesis and cell proliferation significantly in three mammalian cell
types, namely L6J1 rat myoblasts, LLC-PK1 porcine renal epithelial cells, and a primary rat
chondrocyte culture (Zglinicki et al., 1992; Misra et al., 2002). The data from the present
study demonstrate that cell proliferation is slightly but not significantly increased by exposure
to 1 uM CdCl up to 24 h, but that the level of cell proliferation is significantly reduced by

exposure to 12 uM CdCl; at later time points.

Thus, accumulated evidence suggests that, under certain conditions, CdCl, exposure can
induce cell proliferation or reduce cell viability, consistent with the possibility that transient
changes in cell proliferation may occur at lower CdCl, concentrations. Inconsistencies with
the data obtained in the present study for 1 uM CdCl,, may be due to differences in cell type
and culture conditions. The data obtained in the present study with 12 uM CdCl,, however,
are consistent with previous reports that cadmium concentrations ranging from 10 uM to 40

MM reduce Sertoli cell viability and proliferation in piglets (Zhang et al., 2010).

The ICso values for Sertoli cells exposed for 24 h and 48 h to CdCl; in the current study were
12 uM and 4 pM respectively, as determined by MTT reduction assay, indicating a
progressive increase in toxicity over time. A number of previous studies have demonstrated
cytotoxic effects of cadmium in various animal and cell models; such data are summarised in
Table 2. Compared to the data shown for other cell lines, the relatively low ICso value for
CdCl; toxicity towards Sertoli cells in culture indicates a relatively high sensitivity of this cell

type to the cytotoxic effects of CdCl,. This is consistent with the fact that testicular tissue is a
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Chemical Cell line AT ECso/ICs0  ET Reference
form (M) (h)
CdCl, HTC (hepatoma cells) MTT 100 24 Fotakis and Timbrell, 2006
CdcCl, HepG2 (hepatoma cells) MTT 15 24 Fotakis and Timbrell, 2006
Cd(CH3COy), REF (rat embryo fibroblasts CA 15 24 Linetal., 1995
CdcCl, WRL (human fetal liver) TB 4.7 24 Bucio et al., 1995
CdCl; CHO (hamster ovary cells) NR 8.3 24 Garcia-Femandez et al., 2002
Cd(CH3COy); HFW (human skin fibroblasts) CA 25 24 Linetal., 1995
CdCl, 1407 (human intestinal NR 53 48 Keogh et al., 1994
epithelium)
CdCl, LLC-PK1(Porcine renal NR 40 24 Olabarrieta et al., 2001
epithelium)
CdCl, C6 (rat glioma cells) NR 1 48 Waitjen et al., 2002
CdcCl, C6 (rat glioma cells) NR 0.7 24 Witjen et al., 2002
CdCl; E367 (rat neuroblastoma cells) NR 10 48 Waitjen et al., 2002
CdcCl, A549( human lung NR 160 48 Witjen et al., 2002
adenocarcinoma cells
CdCl; Primary rat mid-brain neuron-glia ~ MTT 25 24 Yang et al., 2007

Table 2 Published ECso/ICso values for Cd?* towards cultured mammalian cells. Shown are pM effective or
inhibitory concentrations (ECso/ICso) after exposure to cadmium in different in vitro cell cultures. AT = Assay
type, ET = Exposure time, MTT = Methylblue tetrazolium test, CA = Clonogenic assay, TB = Trypan Blue, NR
= Neutral Red.

known target of Cd?* toxicity in vivo and strongly supports the view that the TM4 cell line

represents a useful model for mechanistic studies of cadmium toxicity in testicular cells (Jin

et al., 2004; Zhang et al., 2010).
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The morphological changes induced by 4 h exposure to CdCl> were consistent with the
possibility that exposure to this agent might affect the formation of the leading edge in
migrating cells and that sub-lethal concentrations of this heavy metal might be capable of
disrupting cell migration in Sertoli cell cultures. The appearance of increasing numbers of
compact or rounded cells with CdClI> treatment could be indicative of increased rounding up

of cells prior to cell division or cell death, and/or disruption of cytoskeletal networks.

Changes to the morphology of other cell types and cell organelles could also be involved in
the cytotoxicity of CdCl,. For instance, disruption of axons and dendrites has been noted in
neuronal cells (Lopez et al., 2003). Sub-lethal concentrations of CdCl, disrupted
mitochondria and endoplasmic reticulum in human foetal hepatic cells and buffalo green
monkey (BGM) renal cell lines, as observed by transmission electron microscopy (Bucio et
al., 1995; Romero et al., 2003). The rounding up of cells as a result of exposure to sub-lethal
concentrations of CdCl> was also observed in sponge cells (Cebrian and Uriz, 2007), BGM
cell lines (Romero et al., 2003), human lens epithelial cells (Song and Koh, 2012), and
cortical neurons (Lopez et al., 2003), suggesting that it is likely to be a common effect of

Cd?* in a wide range of cell types.

The morphological changes in CdCl, treated Sertoli cells observed in the current study
suggested that exposure to this heavy metal compound involved cytoskeletal disruption.
Analysis of images of fixed cell monolayers stained by indirect immunofluorescence using
anti-actin antibodies confirmed that there was a major change in the distribution of MFs. The
staining pattern suggested that the amount of polymerised actin in the cytoplasm was reduced
by CdCl, treatments. Exposure of human Sertoli cells to CdCl, at doses considered non-
cytotoxic (0.5 - 20 uM) caused disorganisation of actin microfilaments and induced
relocation of adhesion proteins including N-cadherin and B-catenin at the cell-cell interface

(Xiao et al., 2014). The perturbation was shown to be mediated via changes in F-actin
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organization in which microfilaments became truncated and fragmented, retracting from
areas near the cell-cell interface. Consequently, cell adhesion protein complexes failed to
anchor onto the actin based cytoskeleton. Of particular interest was the fact that comparison
of the staining intensity of this antibody with control cells suggested that the amount of actin
polymer at the tip of the leading edge was reduced in Cd?* treated cells. As lamellipodia
formation is dependent on MF assembly at the leading edge (Pollard and Borisy, 2003), this
finding suggests that disruption of MF assembly and/or dynamics might underlie the reduced
formation of the leading edge, which could reflect a potential impact on cell migration and

cytoplasmic protrusion in premature Sertoli cells.

Cadmium treatment has been found to disrupt actin filaments in cultured MDCK cells (Mills
and Ferm, 1989), and LLC-PK cells, causing a breakdown in tight junctions of the latter
(Prozialeck and Niewenhuis, 1991). Studies of transepithelial electrical resistance in a
cellular model of the blood-testis barrier, suggested that Cd?* also disrupted Sertoli cell tight
junctions in vitro (Janecki et al., 1992). This may at least in part involve cytoskeletal damage,
as disruption of tight junction-associated MFs in rat Sertoli cells was linked to Cd?* toxicity
(Hew et al., 1993). The apparent lack of effect on overall distribution of IFs observed by
indirect immunofluorescence in the current work suggests that the organisation of the MF

network is more sensitive than the IF arrays to disruption by CdCl; in Sertoli cells.

Since the observation that exposure to 1 uM CdCl. impaired the formation of the leading
edge and MF distribution at the leading edge suggested possible interference with cell
movement, we then examined the effects of CdClI> on Sertoli cell migration. The results from
live cell imaging of scratched monolayers indicated that both concentrations of CdCl, had an

inhibitory effect on Sertoli cell migration compared to non Cd?* treated controls. Since actin
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is directly involved in cell movement, we then determined the effect of CdCl> on the level of
actin by Western blotting. Analysis of densitometric data suggested that CdCl, induced a
concentration dependent reduction in the levels of anti-actin reactivity, suggesting that total

actin levels were depleted during the course of cell migration experiments.

The observed effects on cell migration in the current study are in agreement with the ability
of similar (0.5-1 uM) sub-cytotoxic levels CdCl; to interfere with trophoblast cell migration
by disrupting the actin cytoskeleton (Alvarez and Chakraborty, 2011). The current study has
shown that exposure to 1 uM CdCl> has no effect on Sertoli cell proliferation or viability but
inhibits Sertoli cell migration, and that this is consistent with disruption of actin filaments.
However, the data from cytotoxicity assays following 24 h exposure suggest that cell death

may contribute to the impaired migration observed at the higher Cd?* concentration.

Analysis of anti-cofilin and anti-p-cofilin probed blots suggested a significant increase and
decrease in reactivity, respectively, after 4 h exposure to 1 uM CdCl; followed by a slight but
significant decrease in the levels of both after 24 h. These effects are consistent with a
transient increase in the availability of cofilin and a reduction in its phosphorylation state in
the early stages of the cell migration assay in the presence of 1 uM CdCl, compared to the
control. Given the known role of cofilin in the regulation of MF dynamics, increased levels of
active cofilin could be indicative of increased actin turnover, resulting in shorter actin
filaments and thus shorter or less stable protrusions (Zhang et al., 2011). Our data therefore
suggest that the inhibition of cell migration by 1 uM CdCl; involves disruption of MF
dynamics through interference with the expression pattern and phosphorylation state of

cofilin.
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The data obtained from Western blots of Sertoli cells exposed to 12 uM CdCl; suggest that,
although 4 h treatment lead to a rise in the levels of cofilin compared to the control, there was
a similar increase in the level of p-cofilin, followed by a fall in the levels of total cofilin but
not its phosphorylation state after 24 h. Western blotting analysis also suggested that
enhanced cofilin phosphorylation occurs as a late event with 1 uM CdCl: but as an early
event with the higher concentration. Although any change in the levels of total or p-cofilin
could potentially disrupt the normal regulation of MF dynamics, the observed differences in
these parameters in lysates from cultures exposed to the two concentrations of CdCl», suggest

that they are likely to reflect a different impact on MF dynamics and organisation.

In vitro studies on CdCl> induced changes to cofilin are scarce; nevertheless, a number of
studies on heat shock have described overexpression of cofilin being compensated by
increased cofilin phosphorylation, which would reduce its binding to actin (Yang et al., 1998;
Aizawa et al., 2001), an effect which was only observed with 12 uM CdCl; in the present
study. Other reports are documented in different cell lines especially in relation to cell
migration studies. In lymphocytes, overexpression of HSP70 prevented the heat-induced
phosphorylation of cofilin by reducing the extent of aggregation of the temperature dependent
cofilin phosphatase slingshot. As a consequence, this led to improved cellular distribution of

cofilin and hence increased chemotaxis (Simard et al., 2011; Zhang et al., 2011).

The current study also shows an effect on the distribution of MTs, which appear to be
depleted as shown by indirect immunofluorescence after 4 h exposure to CdCl,,. Therefore,
the possibility that this toxin might affect MT dynamics at this and later time points was also
investigated at a molecular level by western blotting analysis. This part of the study focused
on the MT core protein tubulin and the MT binding protein OP18. A number of reports have

associated OP18 with sequestering of tubulin heterodimers or promotion of MT catastrophes
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in the regulation of MT dynamics (Larsson et al., 1997; Howell et al., 1999; Larsson et al.,
1999). These activities are dependent on the availability of specific sequences at the C and N
terminal region of OP18, which determine the interaction between OP18 and tubulin (Howell
et al., 1999). Other studies have reported that phosphorylation of OP18 is cell cycle regulated

by cyclin-dependent kinases (Deacon et al., 1999).

Densitometric analysis of Western blots probed with antibodies to tubulin indicated that
there was a dose dependent decrease in the levels of tubulin at a the two time points, though
levels did not fall below approximately 70 % of control values in probed lysates from 1 uM
CdCl; treated cells. Further analysis of blots probed with antibodies to OP18, indicated that
continuous exposure to 1 uM CdCl> led to slight reductions in the levels of total OP18 after
24 h, whereas 12 uM CdCl> treatment caused a transient rise at 4 h followed by reduced
levels compared to the control at 24 h. By contrast, the data were consistent with significant

increases in OP18 phosphorylation for both CdCl» treatments at 4 and 24 h.

These findings suggest a consistent increase in the phosphorylation state of OP18 at the early
time point for both concentrations of CdCl, which could result in increased MT stability as a
result of reduced binding of OP18 to tubulin. This effect would be accentuated at 24 h, where

the total levels of OP18 but not the levels of phospho-OP18 drop significantly.

With respect to the clinical relevance of the data presented in the current work, the levels of
CdCl, used in the current study are consistent with those of Cd?* detected in various human
reproductive tissues including testes (0.56 ug/g dry weight: 1.3 uM ), epididymis (0.97 pg/g
dry weight: 2.2 uM), prostate glands (0.63 pg/g dry weight:1.4 pM) and seminal vesicle
(0.71 pg/g dry weight:1.6 pM) (Oldereid et al.,, 1993). Seminal plasma cadmium
concentrations in infertile males range from of 0.28 pg/l (2.5 nM) to 1.57 mg/l (14 uM) was

associated with abnormal sperm number and motility in infertile men, while up to
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approximately 0.9 ng/mg dry weight (2 uM) was detected in testicular tissue from infertile
men with varicoceles, suggesting that much larger amounts accumulate in tissues than body
fluids (Benoff et al., 2005; Akinloye et al., 2005; Benoff et al., 2009). Similar concentrations
of CdCl, were also observed in other mammals such as rats, mice, and bank voles. For
example, increased testicular cadmium concentration of 0.64 pg/g dry weight (1.4 puM),
consistent with testicular dysfunctions such as decreased epididymal sperm concentration was
observed in rats fed with cadmium-polluted radish bulbs for 12 weeks (Haouem et al., 2008).
Cadmium contaminated diet resulted in increased testicular cadmium concentrations of 2.14
nmol/g (4.8 puM) and 4.00 nmol/g (8.9 uM) in 1 month and 5 month old bank voles,
respectively, after six weeks (Bonda et al., 2004). This was associated with testicular injuries
such as haemorrhage in the interstitium, necrosis and apoptosis in seminiferous tubule

epithelium of the young bank voles.

In conclusion, this study has demonstrated for the first time that the inhibition of TM4 Sertoli
cell migration by a clinically relevant sub-lethal concentration of CdCl, is associated with
altered distribution and dynamics of the MF network. Results also suggest that such exposure
may affect stability of the MT network. This study thus provides novel insights into the

potential mechanism of toxicity of cadmium on male reproductive health.

Funding/Acknowledgments
BFE was a self-funded PhD student.
Notes

The authors declare no conflict of interest.

31



8. REFERENCES

Aizawa, H., Wakatsuki, S., Ishii, A., Moriyama, K., Sasaki, Y., Ohashi, K., Sekine-Aizawa,
Y., Sehara-Fujisawa, A., Mizuno, K., Goshima, Y., Yahara, I., 2001. Phosphorylation of
cofilin by LIM kinase is necessary for semaphorin 3A-induced growth cone collapse. Nature
Neurosci 4, 367-373.

Akinloye, O., Arowojolu, A.O., Shittu, O.B., Anetor, J.I., 2006. Cadmium toxicity: a possible
cause of male infertility in Nigeria. Reprod Biol, 6 (1), 17-30.

Alvarez, M.M., Chakraborty, C., 2011. Cadmium inhibits motility factor-dependent
migration of human trophoblast cells. Toxicol In vitro 25 (8), 1926-1933. Andersen, S. S. L.
(2000) Spindle assembly and the art of regulating microtubule dynamics by MAPs and
Stathmin/Op18. Trends Cell Biol 10 (7), 261-267.

Artvinli, S., 1987. Cytoskeleton, microtubules, tubulin and colchicine - a review. Cytologia
(Tokyo) 52, 189-198.

ATSDR - Agency for Toxic Substances and Disease Registry: Potential for human exposure.
Toxicological profile for cadmium, 2011. 277-331. Available:

http://www.atsdr.cdc.qgov/toxprofiles/tp5-c6.pdf.

Bear J.E., Loureiro J.J., Libova, I., Fassler, R., Wehland, J., Gertler, F.B., 2000. Negative
regulation of fibroblast motility by Ena/\VVASP proteins. Cell 101, 717-728.

Belmont, L.D., Mitchison, T.J., 1996. Identification of a protein that interacts with tubulin
dimers and increases the catastrophe rate of microtubules. Cell 84, 623-631.

Benoff, S., Goodwin, L.O., Millan, C., Hurley, I.R. Pergolizzi, R.G., Marmar, J.L., 2005.
Deletions in L-type calcium channel al subunit testicular transcripts correlate with testicular
cadmium and apoptosis in infertile men with varicoceles. Fert Steril 83 (3), 622-633.

Benoff, S., Hauser, R., Marmar, J.L., Hurley, I.R., Napolitano, B., Centola, G.M., 2009.

Cadmium Concentrations in Blood and Seminal Plasma: Correlations with Sperm Number

32


http://www.atsdr.cdc.gov/toxprofiles/tp5-c6.pdf

and Motility in Three Male Populations (Infertility Patients, Artificial Insemination Donors,
and Unselected Volunteers). Mol Med 15 (7-8), 248-262.

Benoff, S.H., Millan, C., Hurley, I.R., Napolitano, B., Marmar, J.L., 2004. Bilateral increased
apoptosis and bilateral accumulation of cadmium in infertile men with left varicocele. Human
Reprod 19 (3), 616-627.

Bernard, A., 2008. Cadmium and its adverse effects on human health. Indian J Med Res 128,
557-564.

Bonda, E., Wtostowski, T., Krasowska, A., 2004. Testicular toxicity induced by dietary
cadmium is associated with decreased testicular zinc and increased hepatic and renal
metallothionein and zinc in the bank vole (Clethrionomys glareolus) BioMetals 17, 615-624.
Borrego, J., Morales, J.A., Torre, M.L., Grande, J.A., 2002. Geochemical characteristics of
heavy metal pollution in surface sediments of the Tinto and Odiel river estuary. Environ Geol
41, 785-961.

Bray, F., Ferlay, J., Devesa, S.S., McGlynn, K.A., Moller, H., 2006. Interpreting the
international trends in testicular seminoma and nonseminoma incidence. Nature Clin Pract
Urol 3, 532-543.

Bucio, L., Souza, V., Albores, A., Sierra, A., Chaa Vez, E., Carabez, A., Gutied Rrez-Ruiaz,
M.C., 1995. Cadmium and mercury toxicity in a human foetal hepatic cell line (WRL-68
cells). Toxicol 102, 285-299.

Camp, T.J., Elloumi, F., Roman-Perez, E., Rein, J., Stewart, D.A., Harrell, J.C., Perou, C.M.,
Troester, M.A., 2010. Interactions with fibroblasts are distinct in basal-like and luminal
breast cancers. Mol Cancer Res 9 (1), 3-13.

Cassimeris, L., 2002. The Oncoprotein18/Stathmin family of microtubule destabilizers. Curr

Opin Cell Biol 14 (1), 18-24.

33



Catalano, S., Pezzi, V., Chimento, A., Giordano, C., Carpino, A., Young, M., McPhaul, M.J.,
Ando, S., 2003. Triiodothyronine decreases the activity of the proximal promoter (PII) of the
aromatase gene in the mouse Sertoli cell line, TM4. Mol Endocrinol 17(5), 923-934.

CCC, Committee on Carcinogenicity of Chemicals in Food, Consumer Products and the
Environment; Public Health England. Cadmium: general information. In: Guidance,
Cadmium: health effects, incident management and toxicology, 2014. Awvailable:
https://www.gov.uk/government/publications/cadmium-properties-incident-management-and-
toxicology.

Cebrian, E., Uriz, M.J., 2007. Contrasting effects of heavy metals on sponge cell behavior.
Arch Env Contam Toxicol 53 (4), 552.

Cole, N.B. Lippincott, S.J., 1995. Organization of organelles and membrane traffic by
microtubules. Curr Opin Cell Biol 7, 55-64.

Deacon, H.W., Mitchison, T.J., Gullberg, M., 1999. Op18/stathmin. In T. Kreis and R. Vale,
Guidebook to the cytoskeletal and motor proteins. Oxford University Press, Oxford, United
Kingdom.

Dos Remedios, C.G., Chhabra, D., Kekic, M., Dedova, 1.V., Tsubakihara, M Berry, D.A.,
Nosworthy, N.J., 2002. Actin Binding Proteins: Regulation of Cytoskeletal Microfilaments.
Physiol Rev 83, 433-473.

Egbowon, B.F., 2010. Sewage sludge exposure affects sheep foetal testis development at
different periods of gestation. Thesis submitted to the University of Nottingham for the
degree of Master of Philosophy.

Fotakis, G., Timbrell, J.A., 2006. In vitro cytotoxicity assays: comparison of LDH, neutral
red, MTT and protein assay in hepatoma cell lines following exposure to cadmium chloride.

Toxicol Lett 160, 171-177.

34



Garcia-Fernandez, A.J., Bayoumi, A.E., Perez-Pertejo, Y., Motas, M., Reguera, R.M.,
Ordonez, C., Balana-Fouce, R., Ordonez, D., 2002. Alterations of the glutathione-redox
balance induced by metals in CHO-K1 cells. Com. Biochem Physiol C Toxicol Pharmacol
132 (3), 365-73.

Gerthoffer, W. T., 2007. Mechanisms of vascular smooth muscle cell migration. Circul Res.
100, 607-621.

Godt, J., Scheidig, F., Grosse-Siestrup, C., Esche, V., Brandenburg, P., Reich, A., Groneberg,
D.A., 2006. The toxicity of cadmium and resulting hazards for human health. J Occup Med
Toxicol 1, 22.

Guttenbach, M., Steinlein, C., Engel, W., Schmid, M., 2001. Cytogenetic characterization of
the TM4 mouse Sertoli cell line. 1. Conventional banding techniques, FISH and SKY.
Cytogenet Cell Genet 94, 71-78.

Habib, F.K., Hammond, G.L., Lee, I.R., Dawson, J.B., Mason, M.K., Smith, P.H., Stitch,
S.R., 1976. Metal-androgen interrelationships in carcinoma and hyperplasia of the human
prostate. J Endocrinol 71, 133-141.

Haouem, S., Najjarb, M.F., El Hania, A., Sakly, R., 2008. Accumulation of cadmium and its
effects on testis function in rats given diet containing cadmium-polluted radish bulb Exp
Toxicol Pathol 59, 307-311.

Hew, K.W., Heath, G.L., Jiwa, A.H., Welsh, M.J., 1993. Cadmium in vivo causes disruption
of tight junction-associated microfilaments in rat Sertoli cells. Biol Reprod 49, 840-9.

Howell, B., Larsson, N., Gullberg, M., Cassimeris, L., 1999. Dissociation of the tubulin
sequestering and microtubule catastrophe-promoting activities of oncoprotein 18/stathmin.
Mol Biol Cell 10, 105-118.

Huyghe, E., Matsuda, T., Thonneau, P., 2003. Increasing incidence of testicular cancer

worldwide: a review. J Urol 170, 5-11.

35



IPCS, 1992. Cadmium-Environmental aspects. Geneva, World Health Organization,
International Programme on Chemical Safety (Environmental Health Criteria 135;
http://www.inchem.org/documents/ehc/ehc/ehc135.htm).

Janecki, A., Jakubowiak, A., Steinberger, A., 1992. Effect of cadmium chloride on
transepithelial electrical resistance of Sertoli cell monolayers in two-compartment cultures-a
new model for toxicological investigations of the "blood-testis™ barrier in vitro. Toxicol Appl
Pharmacol 112, 51-57.

Jarup, L., Berglund, M., Elinder, C.G., Nordberg, G., Vahter, M., 1998. Health effects of
cadmium exposure - a review of the literature and risk estimate. Scand J Work Environ
Health 24(1), 1-52.

Jiang, G., Duan, W., Xu, L., Song, S., Zhu, C., Wu, L., 2009. Biphasic effect of cadmium on
cell proliferation in human embryo lung fibroblast cells and its molecular mechanism.
Toxicol In Vitro 23, 973-978.

Jin, L.J., Lou, Z.F., Dong, J.Y., 2004. Effects of cadmium and mercury on DNA damage of
mice bone marrow cell and testicle germ cell in vitro. Carcinog Teratog Mutagen 16 (2), 94-
97.

Johnston, H., Baker, P.J., Abel, M., Charlton, H.M., Jackson, G., Fleming, L., Kumar, T.R.,
O'Shaughnessy, P.J., 2003. Regulation of Sertoli cell number and activity by follicle
stimulating hormone and androgen during postnatal development in the mouse. Endocrinol
145 (1), 318-29.

Keogh, J.P., Steffen, B., Siegers, C.P., 1994. Cytotoxicity of heavy metals in the human small
intestinal epithelial cell line 1-407: The role of glutathione. J Toxicol Environ Health 43, 351-
359.

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the head of

bacteriophage T4. Nature 227, 680-685.

36



Larsson, N., Marklund, U., Gradin, H.M., Brattsand, G., Gullberg, M., 1997. Control of
Microtubule Dynamics by Oncoprotein 18: Dissection of the Regulatory Role of Multisite
Phosphorylation during Mitosis. Mol Cell Biol 17, 5530-5539.

Larsson, N., Segerman, B., Howell, B., Fridell, K., Cassimeris, L., Gullberg, M., 1999.
Op18/stathmin mediates multiple region-specific tubulin and microtubule regulating
activities. J Cell Biol 146 (6), 1289-1302.

Larsson, N., Segerman, B., Howell, B., Fridell, K., Cassimeris, L., Gullberg, M., 1999.
Op18/stathmin mediates multiple region-specific tubulin and microtubule regulating
activities. J Cell Biol 146 (6), 1289-1302.

Lin, Y.Z., Yao, S.Y., Veach, R.A., Torgerson, T.R., Hawiger, J., 1995. Inhibition of nuclear
translocation of transcription factor NF-kappa B by a synthetic peptide containing a cell
membrane-permeable motif and nuclear localization sequence. J Biol Chem 270, 14255-
14258.

Ling, M., Gu, J., Lei, Z., Li, M., Zhao, J., Zhang, H., Li, X., 2013. microRNA-155 regulates
cell proliferation and invasion by targeting FOXO3a in glioma. Oncol Rep 30, 2111-2118.
Lopez, E., Figueroa, S., Oset-Gasque, M.J., Gonzalez, M.P., 2003. Apoptosis and necrosis:
two distinct events induced by cadmium in cortical neurons in culture. Brit J Pharmacol 138
(5), 901-911.

Marettov, E., Maretta, M., Legath, J., 2015. Toxic effects of cadmium on testis of birds and
mammals: A review. Anim Reprod Sci 155, 1-10.

Martineau, J., Nordqvist, K., Tilmann, C., Lovell-Badge, R., Capel, B., 1997. Male specific
cell migration into the developing gonad. Curr Biol 7, 958-968.

Mather, J.P., 1980. Establishment and characterisation of two distinct mouse testicular

epithelial cell lines. Biol Reprod 23, 243-252.

37



Mather, J.P., Gunsalus, G.L., Musto, N.A., Cheng, C.Y., Parvinen, M., Wright, W., Perez-
Infante, V., Margioris, A., Liotta, A., Becker, R., Krieger, D.T., Bardin, C.W., 1982. The
hormonal and cellular control of Sertoli cell secretion. J Steroid Biochem 19, 41-51.

Menon, M.B., Ronkina, N., Schwermann, J., Kotlyarov, A., Gaestel, M., 2009. Fluorescence-
based quantitative scratch wound healing assay demonstrating the role of MAPKAPK-2/3 in
fibroblast migration. Cell Motil Cytoskel 66 (12), 1041-7.

Mertens-Walker, 1., Bolitho, C., Baxter, R.C., Marsh, D.J., 2010. Gonadotropin induced
ovarian cancer cell migration and proliferation require extracellular signal-regulated kinase
1/2 activation regulated by calcium and protein kinase Co. Endocrine-Related Cancer 17,
335-349.

Mills, J.W., Ferm, V.H., 1989. Effect of cadmium on F-actin and microtubules of Madin-
Darby canine kidney cells. Toxicol Appl Pharmacol 101, 245-254.

Misra, U.K., Gawdi, G., Akabani, G., Pizzo, S.V., 2002. Cadmium-induced DNA synthesis
and cell proliferation in macrophages: the role of intracellular calcium and signal transduction
mechanisms. Cellular Signalling 14 (4), 327-40.

Mruk, D.D., Cheng, C.Y., 2003. Sertoli-Sertoli and Sertoli-germ cell interactions and their
significance in germ cell movement in the seminiferous epithelium during spermatogenesis.
Endocrine Rev 25(5), 747-806.

Olabarrieta, 1., L’Azou, B., Yuric, S., Cambar, J., Cajaraville, M.P., 2001. In vitro effects of
cadmium on two different animal cell models. Toxicol In Vitro 15, 511-517.

Oldereid, N.B., Thomassen, Y., Attramadal, A., Olaisen, B., Purvis, K., 1993. Concentrations
of lead, cadmium and zinc in the tissues of reproductive organs of men. J Reprod Fert 99,
421-425.

Parizek, J., 1957. The destructive effect of cadmium ion on testicular tissue and its prevention

by zinc. J Endocrinol 15, 56-63.

38



Pollard, T.D., Borisy, G.G., 2003. Cellular motility driven by assembly and disassembly of
actin filaments. Cell 112, 453-465.

Prozialeck, W.C., Niewenhuis, R.J., 1991. Cadmium (Cd?") disrupts intercellular junctions
and actin filaments in LLC-PK, cells. Toxicol Appl Pharmacol 107, 81-97.

Prozialeck, W.C., Edwards, J.R., Woods, J.M., 2006. Review: The vascular endothelium as a
target of cadmium toxicity. Life Sci 79 (16), 1493-506.

Rani, A., Kumar, A., Lal, A.,, Pant, M., 2013. Cellular mechanisms of cadmium-induced
toxicity: a review Int J Env Health Res 24 (4), 378-399.

Rhind, S.M., Kyle, C.E., Telfer, G., Duff, E.l., Smith, A., 2005. Alkyl phenols and
diethylhexyl phthalate in tissues of sheep grazing pastures fertilized with sewage sludge or
inorganic fertilizer. Environ Health Perspect 113, 447-453.

Robert, K.P., 2004. Sertoli cell lines. In Sertoli Cell Biology (Skinner, M.K., Griswold, M.D.,
eds.) 19, 329-341.

Romero, D., Gomez-Zapata, M., Luna, A., Garcia-Fernandez, J.A., 2003. Morphological
characterization of BGM (Buffalo Green Monkey) cell line exposed to low doses of cadmium
chloride. Toxicol In Vitro 17, 293-299.

Sano, H., Kunwar, P.S., Renault, A.D., Barbosa, V., Clark, I.B.N., Ishihara, S., Sugimura, K.,
Lehmann, R., 2012. The Drosophila Actin Regulator ENABLED Regulates Cell Shape and
Orientation  during Gonad Morphogenesis. PLoS ONE 7 (12), €52649.
doi:10.1371/journal.pone.0052649.

Sarkar, A., Ravindran, G., Krishnamurthy, V.A., 2013. A brief review on the effect of
cadmium toxicity: From cellular to organ level. Int J Bio-Technol Res 3(1), 17-36.

Shaban, M., Smith, R.A., Stone, T.W., 1995. Purine suppression of proliferation of Sertoli-

like TM4 cells in culture. Cell Prolif 28 (12), 673-682.

39



Simard, J.P., Reynolds, D.N., Kraguljac, A.P., Smith, G.S., Mosser, D.D., 2011.
Overexpression of HSP70 inhibits cofilin phosphorylation and promotes lymphocyte
migration in heat-stressed cells. J Cell Sci 124 (14), 2367-74.

Siu, E.R., Mruk, D.D., Porto, C.S., Cheng, C.Y., 2009. Cadmium induced testicular injury.
Toxicol Appl Pharmacol 238, 240-9.

Six, L., Smolders, E., 2014. Future trends in soil cadmium concentration under current
cadmium fluxes to European agricultural soils. Sci Total Environ 485-486, 319-328.

Song, N.H., and Koh, J.W., 2012. Effects of cadmium chloride on the cultured human lens
epithelial cells. Molecular Vision 18, 983-988.

Stewart, J.D., Marchan, R., Lesjak, M.S., Lambert, J., Hergenroeder, R., Ellis, J.K., Lau, C.,
Keun, H.C., Schmitz, G., Schiller, J., Eibisch, M., Hedberg, C., Waldmann, H., Lausch, E.,
Tanner, B., Sehouli, J., Sagemueller, J., Staude, H., Steiner, E., Hengstler, J.G., 2012.
Choline-releasing glycerophosphodiesterase EDI3 drives tumor cell migration and metastasis.
Proc Natl Acad Sci USA 109 (21), 8155-8160.

Sumi, T., Matsumoto, K., Takai, Y., Nakamura, T., 1999. Cofilin phosphorylation and actin
cytoskeletal dynamics regulated by rho- and Cdc42-activated LIM-kinase 2. J Cell Biol 147,
1519-1532.

Svingen, T., Koopman, P., 2013. Building the mammalian testis: origins, differentiation, and
assembly of the component cell populations. Genes Dev. 27, 2409-2426.

Towbin, H. Staehelin, T., Gordon, J., 1989. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc Natl
Acad Sci USA 76, 4350-4354.

Van Assche, F., Winbow, H., Canoo C., Lombaert N., 2014. "Stability aspects of cadmium in

cadmium pigments and their applications”, International Cadmium Association.

40



Vogl, AW., Pfeiffer, D.C., Redenbach, D.M., Grove, B.D., 1993. Sertoli cell cytoskeleton. In
The Sertoli Cell (Russell, L.D. and Griswold, M.D., eds.) pp 39-86, Cache River Press,
Clearwater.

Vogl, AW., Vaid, K.S., Guttman, J., 2008. The Sertoli cell cytoskeleton. Adv Exp Med Biol.
636, 186-211.

Waisberg, M., Joseph, P., Hale, B. Beyersmann, D., 2003. Molecular and cellular
mechanisms of cadmium carcinogenesis. Toxicol 192, 95-117.

Walker, J.M., 1996. The Bicinchoninic acid (BCA) assay for protein quantification. In The
protein protocol handbook (Walker J. M. eds) pp11-1,. Humana Press.

Watjen, W., Haase, H., Biagioli, M., Beyersmann, D., 2002. Induction of apoptosis in
mammalian cells by cadmium and zinc. Environ Health Perspect 110 (5), 865-867.

WHO, 2007. Health risks of heavy metals from long-range transboundary air pollution.
Copenhagen, World Health Organization Regional Office.

Wilhelm, D., Palmer, S., Koopman, P., 2007. Sex Determination and Gonadal Development
in Mammals. Physiol Rev 87, 1-28.

Xiao, X., Mruk, D.D., Tang, E.l., Wong, C.K.C., Lee, W.M., John, C.M., Turek, P.J.,
Silvestrini, B., Cheng, C.Y., 2014. Environmental toxicants perturb human Sertoli cell
adhesive function via changes in F-actin organization mediated by actin regulatory proteins.
Human Reprod 79, 1279-1291.

Yang, N., Higuchi, O., Ohashi, K., Nagata, K., Wada, A., Kangawa, K., Nishida, E., Mizuno,
K., 1998. Cofilin phosphorylation by LIM-kinase 1 and its role in Rac mediated actin
reorganization. Nature 393, 809-812.

Yang, Z., Yang, S., Qian, S.Y., Hong, J., Kadiiska, M.B., Tennant, R.W., Waalkes, M.P., Liu,
J., 2007. Cadmium-induced toxicity in rat primary mid-brain neuroglia cultures: Role of

oxidative stress from microglia. Toxicol Sci 98 (2), 488-494.

41



Zglinicki, T.V., Edwall, C., Ostlund, E., Lind, B., Nordberg, M., Ringertz, N.R., Wroblewski,
J., 1992. Very low cadmium concentrations stimulate DNA synthesis and cell Growth. J Cell
Sci 103, 1073-1081.

Zhang, L., Luo, J., Wan, P., Wu, J., Laski, F., Chen, J., 2011. Regulation of cofilin
phosphorylation and asymmetry in collective cell migration during morphogenesis.
Development 138 (3), 455-64.

Zhang, M., He, Z., Wen, L., Wu, J.,, Yuan, L., Lu, Y., Guo, C., Zhu, L., Deng, S., Yuan, H.,
2010. Cadmium suppresses the proliferation of piglet Sertoli cells and causes their DNA

damage, cell apoptosis and aberrant ultrastructure. Reprod Biol Endocrinol 8, 97.

42



	In non Cd2+ treated cells, the population of migrating cells in the scratch area progressively increased after scratch application and the scratch region was 90 % closed after 24 h. The data shown in figure 8 indicate a concentration dependent inhibi...

