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Abstract
Many commercial and household products such as lubricants, cosmetics, plastics, and paint
contain phthalates, in particular bis-(2-ethyhexyl)- phthalate (DEHP). As a consequence,
phthalates have been found in a number of locations and foods (streambeds, household dust,
bottled water and dairy products). Epidemiological and animal studies analysing phthalate
exposure in males provide evidence of degradation in sperm quality, associated to an increase in
the incidence of genital birth defects and testicular cancers. In the testis, spermatogenesis is
maintained throughout life by a small number of spermatogonial stem cells (SSCs) that self-renew
or differentiate to produce adequate numbers of spermatozoa. Disruption or alteration of SSC self-
renewal induce decreased sperm count and sperm quality, or may potentially lead to testicular
cancer. GDNF, or glial cell-line-derived neurotrophic factor, is a growth factor that is essential for
the self- renewal of SSCs and continuous spermatogenesis. In the present study, the SSC-derived
cell line C18-4 was used as a model for preliminary assessment of the effects of mono-(2-
ethylhexyl)- phthalate (MEHP, main metabolite of DEHP) on spermatogonial stem cells. Our data
demonstrate that MEHP disrupts one of the known GDNF signalling pathways in these cells.
MEHP induced a decrease of C18-4 cell viability in a time- and dose-dependent manner, as well
as a disruption of ERK1/2 activation but not of SRC signalling. As a result, we observed a
decrease of expression of the transcription factor FOS, which is downstream of the GDNF/
ERK1/2 axis in these cells. Taken together, our data suggest that MEHP exposure affects SSC
proliferation through inhibition of specific signalling molecules.
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1. INTRODUCTION
Phthalates such as DEHP (bis-(2-ethylhexyl) phthalate) are chemicals widely used as
plasticizers for PVC and other plastics, to which they confer flexibility. In fact they can
make up to 40 to 50 percent of the volume of bendable products such as medical tubing.
Phthalates are also used in paints and nail polish to create thin and flexible films. Today
these compounds are found in virtually everything, from food packaging and insect
repellants to bath and teething toys. Unfortunately, phthalates easily leach into the
environment because they are not covalently bound to their plastic matrix. Therefore, as a
result of their wide use in industrial applications, phthalates are found in water, dust, infant
formula, or even in fruit jellies (Latini et al., 2006). The average total exposure to DEHP
(food, dermal, and inhalation) has been estimated at 1 mg/kg/day and 2 mg/kg/day for a
European adult or child respectively (Wormuth et al., 2006). Several studies have
demonstrated a toxic effect of phthalates on liver and other organs, but because these
compounds are classified as endocrine disruptors, most studies have focused on their effects
on the reproductive tract. For example, urinary concentration of phthalate metabolites can be
used as a bio-monitoring tool for reproductive fitness, and studies in young adults
demonstrated a link between urinary metabolites and low semen quality (Duty et al., 2004).
Major cellular targets of phthalates in the male reproductive organs are Sertoli and Leydig
cells of the testis (for a review see: Martino-Andrade and Chahoud, 2010). Within the
seminiferous epithelium, increasing expression of FAS ligand by Sertoli cells will activate
apoptosis in Fas-positive germ cells such as spermatocytes and round spermatids (Richburg
et al, 1999). Reports also indicate that in the rat, early exposure to phthalates in utero
(E13.5–E15.5) leads to 30–50% reduction in the number of gonocytes and might affect
spermatogonial stem cell proliferation at post-natal day 6 (Ferrara et al, 2006; Jobling et al,
2011). Therefore, because spermatogonial stem cells of the testis, or SSCs, are at the origin
of spermatogenesis in the neonate and adult animal, studying their sensitivity to
environmental toxicants directly is of paramount importance to gather a complete
understanding of the effects of these compounds on testis function. In addition, until now
few suitable models for SSC behaviour were available for in vitro investigations. The C18-4
cell line, previously established from stem-progenitor spermatogonia (Hofmann et al.,
2005a), allows us now to test the direct effects of reproductive toxicants on these cells at the
molecular level.

In the mammalian testis, the seminiferous epithelium is composed of somatic Sertoli cells
and germ cells at different stages of maturation. Cells of the germ-line are continuously
generated by a small population of spermatogonial stem cells (SSCs) that self-renew,
differentiate and ultimately produce spermatozoa. Without a healthy population of SSCs,
spermatogenesis would be durably compromised. Homeostasis and fate of SSCs are
regulated by a number of signalling molecules, supporting cells and the extracellular
microenvironment, which together form the stem cell niche (Shetty and Meistrich, 2007;
Xie, 2008). Germ cell differentiation starts when a SSC (or Asingle spermatogonium) divides
into 2 daughter cells linked by an intercellular bridge (Apaired spermatogonia). The cells then
continue to proliferate while differentiating into chains of Aaligned spermatogonia (De Rooij,
1998). However, recent progress in characterizing SSCs through transplantation assays have
indicated that all early type A spermatogonia (Asingle, Apaired and Aaligned) might have stem
cell potential, and can be referred as stem-progenitor spermatogonia (Kokkinaki et al., 2009;
Orwig et al., 2008). Aaligned spermatogonia further differentiate into A1-A4, B and
Intermediate spermatogonia, which become spermatocytes that will undergo meiosis. After
meiosis, the haploid spermatids enter a phase of terminal differentiation called
spermiogenesis. During spermiogenesis, profound morphologic modifications occur that
lead to the shaping of spermatozoa.
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The SSC microenvironment, or niche, is composed of factors produced by the Sertoli cells,
the basement membrane, interstitial cells between the seminiferous tubules, and the
microcirculation. One critical factor produced by Sertoli cells is glial cell line-derived
neurotrophic factor (GDNF), which controls maintenance and self-renewal of the SSCs and
is essential in maintaining permanent spermatogenesis (Meng et al., 2000). GDNF is a
protein belonging to the transforming growth factor beta (TGFβ) family, which binds to a
receptor/co-receptor complex formed by RET (REarranged during Transfection) and
GFRA1 (GDNF family receptor alpha-1) at the surface of SSCs. Binding of the receptor
complex by GDNF activates different cellular responses leading to self-renewal of SSCs and
proliferation of undifferentiated spermatogonia (Braydich-Stolle et al., 2005). Mice
homozygous for the Gdnf, Gfra1 and Ret targeted mutations lack SSCs in their seminiferous
epithelium (Naughton et al., 2006), while Gdnf over-expression leads to the development of
germ cell tumours (Sariola and Meng, 2003). GDNF regulates self-renewal through
successive phosphorylations of RET and SRC-kinase family proteins (SKFs) (Braydich-
Stolle et al., 2007; Oatley et al., 2007). Their activation triggers the phosphorylation of
phosphatidylinositol 3-kinase (PI3K), which in turn activates AKT (Lee et al., 2007) and
increases the expression of the transcription factor MYCN (Braydich-Stolle et al., 2007).
Binding of GDNF to its receptor complex also activates the RAS-ERK pathway, which
regulates SSC proliferation through the successive activation of SHC/GRB2 and RAS. This
leads to the phosphorylation of ERK, which triggers the transcription of Fos and expression
of its protein (He et al., 2008). FOS is a transcription factor that controls the expression of
CCNA2 (Cyclin A2) and therefore has a role in the regulation of the cell cycle in premeiotic
germ cells.

Studying the effects of chemical toxicants on SSCs is of paramount importance to
understand increases in reproductive disorders such as low sperm counts and certain forms
of testicular cancers. In a meta-analysis, Carlsen and colleagues (Carlsen et al., 1992;
Carlsen et al., 1993) have suggested that the quality of human semen has been decreasing
between 1938 and 1991, and additional studies performed by several other laboratories in
Europe (Auger et al., 1995) and the United States (Swan et al., 1997) have confirmed this
trend. More recent studies showed a relation between location and semen quality,
highlighting the effects of environmental factors. In addition, exposure of perinatal or young
adult rodents to phthalates, including mono-(2-ethylhexyl)-phthalate (MEHP), a metabolite
of DEHP, is able to reduce sperm count (Andrade et al. 2006; Kwack et al., 2009).

Given the importance of GDNF signalling in SSCs, we have hypothesized that alterations of
this pathway by an environmental pollutant such as MEHP might ultimately have a negative
effect on sperm output. Additionally, the inhibiting effects that MEHP exerts on ERK1/2
activity in Sertoli and liver cells suggest that the GDNF pathway might be a target of MEHP
in SSCs (Bhattacharya et al., 2005). Indeed, we report here that MEHP impairs GDNF
signalling through inhibition of ERK1/2 phosphorylation, but not SRC, in spermatogonial
stem cells. This study is the first to assess the effects of a phthalate ester on SSC behaviour
and GDNF signalling.

2. MATERIALS AND METHODS
2.1 Tissue culture

The C18-4 cell line was used as a model of SSCs. The cells are stem-progenitor
spermatogonia from BALB/c mice immortalized with the large T antigen (Hofmann et al.,
2005a). These cells express known markers for SSCs and are responsive to GDNF
stimulation (He et al., 2008; Hofmann et al., 2005a). The cells were cultured using DMEM
(Hyclone, Logan, UT) supplemented with 10% FCS (Hyclone, Logan, UT), 2 mM
glutamine (Invitrogen, Carlsbad, CA) and 1% penicillin-streptomycin (100x stock,
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Invitrogen, Carlsbad, CA). The cells were maintained at 33°C and 5% CO2 in 96- or 12-well
plates or in 100 mm dishes (Falcon; Fisher Scientific, Pittsburgh, PA). Twenty-four hours
prior to the experiments, Nu-serum (BD Biosciences, San Jose, CA) was used to replace
FCS in culture in order to maintain a basal environment.

2.2 Dosage of MEHP
Many studies have measured the concentration of diverse phthalate metabolites in human
urine, and they have indicated that MEHP metabolites are frequently detected at
concentrations up to the micro-molar (Blount et al., 2000; Tranfo et al., 2011; Wittassek et
al., 2007). Fewer studies have measured phthalate concentrations in other fluids. Frederiksen
and colleagues assessed phthalate concentrations in serum, seminal plasma and urine of 60
men (Blount et al., 2000; Frederiksen et al., 2010). They detected an average of 110 ng/mL,
10 ng/mL and 1 ng/mL of DEHP and metabolites in urine, serum and seminal plasma
respectively. Additionally there was a significant correlation between urine and serum
concentrations for MEHP and other metabolites. Other studies have shown that the
concentrations of DEHP and its metabolites in semen varied between 0.6 and 3 μg/mL, with
average around 1μg/mL (Han et al., 2009). Serum concentrations were reported ranging
from 2 μg/mL (Hines et al., 2009) to 5 μg/mL (Durmaz et al., 2010). The concentrations of
MEHP used in the present study were determined using a dose response curve. Briefly,
C18-4 cells were exposed for 10 hours to increasing concentrations of MEHP (from 0.0 μM
to 50 μM, with 1 μM of MEHP equivalent to 0.3 μg/mL). The next day, cells were stained
with propidium iodide and dead cells counted with the image-based cytometer TALI™

(Invitrogen, Carlsbad, CA). Figure 1 shows that for this time of exposure, concentrations of
MEHP above 5 μM significantly decreased the percentage of live cells in the population,
and many cell debris were detected at concentrations of 10 μM and 50 μM (Supplemental
Figure S2). Therefore, for most experiments, we chose concentrations of MEHP ranging
from 0 to 5 μM. MEHP was graciously provided by Dr J. Flaws, University of Illinois,
Urbana, USA. MEHP was synthesized using standard procedures (Kashahara et al., 2002)
by Dr. Lalji Gediya, Thomas Jefferson University, Philadelphia, PA, and its purity was >
98% based on NMR and TLC.

2.3 MTS assay
Cells were exposed to MEHP at concentrations ranging from from 0 μM to 0.75 μM for 6h
to 48h. Viability was assessed using the CellTiter 96 AQueous One Solution according to
the manufacturer (Promega Corp., Madison, WI). Cells were seeded in 96-well dishes (5000
cells per well) and grown until reaching a sufficient confluence for the time of exposure as
previously described (Braydich-Stolle et al., 2010). For instance, the cells where allowed to
reach 80% confluence for a 6h exposure and 50 % confluence for a 48h exposure to MEHP.
To ease dispersion, MEHP was first dissolved in DMSO (Sigma-Aldrich, St Louis, MO),
then in DMEM-Nu-serum, and increasing concentrations of MEHP were added to the cells,
which were incubated for another 6 to 72 hours. For each condition, the final concentration
of DMSO was inferior to 0.1%. MTS (3-(4,5,dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium) is a molecule that is reduced
by mitochondrial succinate dehydrogenase into a red-coloured dye. According to the
manufacturer, the quantity of reduced MTS is strongly related to cell number. Viability was
defined as the ratio of optical densities at 490 nm after addition of the MTS reagent (20% in
DMEM without phenol red) and incubation at 33°C (until coloration developed, usually 2h
to 3h). For each experiment, measurements were done in triplicates and the data shown are
the average of 3–4 independent experiments. Data were reported in graphs which each data
point representing the averages with SEM.
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2.4 ROS assay
Cells were cultured in 12-well plates in DMEM-FCS Nu-Serum until they reached 70%
confluence as previously described (Braydich-Stolle et al., 2010). After 10 h incubation with
0.0, 0.5, 5.0, 10 and 50 μM MEHP in DMEM-Nu-serum, the cells were washed with warm
PBS, trypsinized and collected by centrifugation for 5 min at 300g at room temperature.
Cells were incubated with 25 μM Carboxy-H2DCFDA (Image IT Live Green Reactive
Oxygen Species Detection Kit; Molecular Probe/Invitrogen, Carlbad, CA) for 30 min at
33°C. The nonfluorescent 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(carboxy- H2DCFDA) enters live cells and is deacetylated by nonspecific intracellular
esterases into carboxy-DCFH. In the presence of ROS, the reduced fluorescein compound is
oxidized into carboxy-DCF and emits in the green range (520 nm). For each sample, 25 μL
of cell suspension was loaded into one Tali™ Cellular Analysis Slide’s chamber (Invitrogen,
Carlsbad, CA) and the slide was read in the Tali™ Image-Based Cytometer (Invitrogen,
Carlsbad, CA). For each sample, 20 fields were analyzed. Counting parameters were set at
0.6 for sensitivity and 8 for circularity to reduce the background of cell debris. These
settings led to an average of 5000 cells analysed per sample. The percentage of cells positive
for ROS was expressed over the total counted population. The experiment was repeated
three times, and the data are represented as the mean between 3 independent experiments ±
SEM.

2.5 Apoptosis/Necrosis
Cells were cultured in 12-well plates (Falcon; BD Biosciences) and exposed to MEHP as
above (section 2.4, ROS assay), or to 0.1 μM Staurosporine as positive control. The cells
were then washed with ice-cold PBS and collected as above (ROS assay) but cell collection
was carried out on ice. The Vybrant Apoptosis Assay Kit #4 (Molecular Probes/Invitrogen,
Carlsbad, CA) was used to evaluate cell apoptosis versus necrosis. This kit contains 2 dyes:
Yo-Pro, which stains the DNA of apoptotic cells (Idziorek et al., 1995), and propidium
iodide (PI), which stains the DNA of cells displaying damaged membranes. The cells were
stained for 20 min on ice in cold PBS containing 100 nM of Yo-Pro and 1.5 μM of PI.
Again, for each sample 25 μL of cell suspension was loaded into one Tali™Cellular
Analysis Slide’s chamber and analysed in the Tali™ Image-Based Cytometer using the
above settings (ROS assay). For each experimental condition, 20 fields were analysed and
around 5000 cells were counted. The cells were classified into two groups: cells staining for
both PI and YoPro (membrane integrity compromised, sign of necrosis), or strong YoPro
staining and low PI staining (apoptosis). The percentage of PI-/YoPro+ and PI+/YoPro+
cells was calculated over the total cell population. The experiment was repeated three times,
and the data were represented as the mean between three independent experiments ± SEM.

To confirm the results obtained with the Vybrant Apoptosis Assay Kit #4 (Molecular
Probes/Invitrogen, Carlsbad, CA), we investigated the occurrence of DNA laddering. After
10 h exposure to the above range of concentrations of MEHP or 0.1 μM Staurosporine, the
cells were washed with PBS, the non-adherent cells were collected by centrifugation (300g,
5 minutes) and returned to the corresponding dish in 500 μl of lysis buffer (100 mM
HEPES, pH 7.5/8, 10 mM EDTA, 0.2% SDS, 200mM NaCl, 0.5 g/ml Proteinase K). The
lysates were collected into 2 mL centrifuge tubes and incubated at 37 °C for 3 h. Then 1.5
mL of 100% ice cold ethanol was added and the samples were incubated overnight at −70
°C to precipitate DNA. The DNA was pelleted by centrifugation at 20,000 g and 4 °C for 30
min, and the supernatant discarded. After a wash with 75% ethanol, the pellet was vacuum-
dried for 5 minutes. Finally the DNA was dissolved overnight in 200 μL of TE buffer. The
following day, 10 μg of the DNA samples were run in 2% agarose gels containing ethidium
bromide in Tris–borate–EDTA buffer. The experiment was repeated three times, and the
gels where photographed. A representative gel in presented in the result section 3.1.3.
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2.6 Western Blotting
Activity of the GDNF/MYCN pathway was evaluated by Western blotting for SRC and
phospho-SRC (Calbiochem/EMD Biosciences, Gibbstown, NJ) as well as for MYCN
(Abcam, Cambridge, MA). The activity of the GDNF/FOS pathway was evaluated using
antibodies for ERK1/2, phospho-ERK1/2 and FOS (Cell Signaling, Boston, MA). The cells
were seeded in 100 mm dishes (Falcon, Fisher Scientific, Pittsburgh, PA) and allowed to
reach 70% confluence in DMEM-10% Nu-serum. The cells were then pre-exposed to MEHP
(0, 0.5, 5 μM) for 10h. Next, they were stimulated with GDNF and harvested after 20
minutes for phospho-SRC and phospho- ERK1/2 analysis. For MYCN and FOS protein
expression analysis, the cells were harvested after 18h. Given the proportion of necrotic cells
observed at exposures above 5μM MEHP, we did not investigate higher concentrations.
Monolayers were washed with PBS (Hyclone, Logan, UT) and 0.1% Tween (Fisher-
Scientific, Rockford, IL), and then lysed using a non-denaturing lysis buffer complemented
with 1% PMSF, 1% Halt Phosphatase Inhibitor and 1% Halt Protease Inhibitor (Pierce;
Fisher-Scientific, Rockford, IL). The cleared lysates were run on a 10% SDS-PAGE
(Biorad, Hercules, CA) gel and transferred onto nitrocellulose membranes (Biorad,
Hercules, CA). After blocking the membranes with a 4% BSA solution (Sigma-Aldrich, St
Louis, MO) in PBS-0.1% Tween, the membranes were incubated with anti-SRC, anti-
phospho-SRC and anti-MYCN antibodies or anti ERK1/2, anti-phospo-ERK1/2 and anti-
FOS antibodies. Beta-actin was used as loading control. Bands were revealed using the
horseradish peroxidase system with a standard chemiluminescence substrate and
chemiluminescent film (Pierce, Rockford, IL). Once developed, the films were scanned and
protein band intensities (I) were computed using the Image J software (NIH, Wayne
Rasband, Bethesda, MD). The results were expressed using the formula:

Each Western blot intensity value was obtained by averaging three independent experiments
± SEM. Each experiment was done in duplicate.

2.8 Quantitative PCR
The cells were grown in 6-well plates until cell density reached 80%. Quantitative RT-PCR
was performed after pre-exposure to MEHP for 10 hours and stimulation with GDNF for 12
h. Next, the RNeasy Mini Kit (Qiagen, Valencia, CA) was used to harvest RNA from the
cells. The cells were rinsed with 500μL of ice cold PBS. 350 μL of lysis buffer was added,
and the cells were scraped using a clean RNAse-free pipet tip. For each sample, the cell
suspension was transferred in a Qiashredder (Qiagen, Valencia, CA) spin column for
homogenization, and centrifuged for 2 min at max speed (Eppendorf Centrifuge 5415 C,
Hauppauge, NY). One volume of 70% ethanol was added to the flow-through, which was
then transferred into the RNeasy spin column. After 15 sec of centrifugation at maximum
speed, the flow-through was discarded, and 350 μL of wash buffer was added to wash the
column by centrifugation at maximum speed for 15 seconds. After each washing step, the
flow-through was discarded. Genomic DNA was digested using RNase-free DNase (Qiagen,
Valencia, CA). Ten μL of DNAse and 70 μL of digestion buffer were added to each
column, and the columns were incubated for 15 minutes at room temperature. After another
3 washes, the columns were centrifuged for 1 minute, transferred into a clean collection tube
and centrifuged for another 2 minutes. Finally, the columns were eluted into clean RNAse-
free 1.5 mL tubes by adding 30 μL of RNAse-free water. A minute later the columns were
centrifuged at maximum speed for 1 minute. RNA concentration was measured using a
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nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) and the quality of the
RNA assessed by agarose gel electrophoresis.

Complementary DNA was synthesized using Superscript III (Invitrogen, Carlsbad, CA) and
1 μg of RNA as a template. One μg of RNA was mixed with 1μl of random primer, 1μL of
DNTP solution and RNAse free water up to 10μL. The mix was incubated at 65°C for 5
minutes to anneal and then placed on ice. Ten μL of cDNA synthesis mix was prepared per
reaction (2μL of 10X RT buffer, 4μL of MgCl2 solution, 2μL of DTT solution, 1μL of
RnaseOUT, 1μL of SuperScript III RT enzyme) and distributed into the tubes containing the
annealed RNA. Complementary DNA was synthesized by incubating the samples for 10 min
at 25°C, followed by 50 min at 50°C. The reaction was terminated by incubating for 5 min
at 85°C and placed on ice. Remaining RNA was digested by incubating the samples at 37°C
for 20 min with 1 μL of RNase H.

Fos and Mycn expression levels were evaluated using Taqman technology (Applied
Biosystems, Foster City, CA). For each reaction 2 μL of cDNA was mixed with 8 μL of
PCR mix (0.5μL of Taqman assay mix, 5μL of 2X Taqman Gene Expression Master Mix,
and 2.5μL of RNAse-free water). The housekeeping gene Rps3 was used as reference. The
experiment was independently repeated twice in duplicates and analysis was carried on
using the ∂∂Ct method.

2.9 Statistics
Results were graphically presented as averages of 2 to 4 independent experiments in
duplicates or triplicates, with error bars representing standard error of the mean. The results
form the Tali™ Image-Based Cytometer where analyzed using Excel. The R statistical
analysis software was used to perform one-way ANOVA on the results using an alpha of
5%. Whenever the ANOVA’s p-value was <10%, we performed pairwise t tests but we
considered them not significant. When the ANOVA’s p-values were < 5%, p-values below
10% were considered borderline significant, and p-values < 5% were considered statistically
significant.

3 RESULTS
3.1 Cytotoxicity studies

3.1.1 MEHP affects cell viability and rate of proliferation of the C18-4 cells—To
first evaluate the possibility of a direct effect of MEHP on the C18-4 cells, we exposed the
cell line to MEHP for 6 to 48 hours in 96 well plates using DMEM complemented with 10%
Nu-Serum IV. We assessed viability as a function of MEHP concentration and time of
exposure (rate of proliferation). This assay revealed that MEHP has a dose-dependent and
time-dependent effect on the C18-4 spermatogonial stem cell line viability (Figure 2). Both
effects were statistically significant for MEHP concentrations higher than 0.5 M and 12h of
exposure or more. Figures 2A and 2B show that the lower concentration (0.1 μM) and
shortest time (6h) of incubation did not significantly affect C18-4 viability. After 12 hours of
exposure, the highest dose produced a slight, but not statistically significant, decrease in cell
viability. After 24 hours of exposure, only the 2 highest doses significantly reduced cell
viability (p-value<0.005). After 48 hours of exposure, all doses significantly reduced cell
viability (p-value<0.005). Figure 3 shows that each concentration decreases viability in a
time-dependent manner.

3.1.2 MEHP does not increase ROS production in C18-4 cells—Because recent
studies have demonstrated that phthalates can increase ROS production in a number of cell
types, including liver cells, prostate adenocarcinoma cells (Erkekoglu et al., 2010) and

Lucas et al. Page 7

Toxicology. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Leydig cells (Zhang et al., 2007), we assessed whether the decrease of cell viability that we
observed with the C18-4 cells was being triggered by a direct effect of MEHP on the cellular
oxidative status. We measured ROS production using standard assays, and data obtained are
shown in Fig. 4. Interestingly, no increase of ROS was statistically detectable at any dose of
MEHP. These results confirm previous data obtained by counting a total of 300 cells with a
standard fluorescent microscope (Supplemental Figure 1A). However, for the higher doses
of 10 μM and 50 μM MEHP, a reduced number of 500 cells per sample was available for
Tali™ image-based cytometry. Additionally, a large number of cell debris was present in
these two conditions (Supplemental Figure S2). This suggests that cell death massively
occurs at these doses, which was further confirmed by apoptosis/necrosis analysis, as seen
below.

3.1.3 MEHP alters membrane integrity at higher doses in the C18-4 cells and
does not induce apoptosis—In order to evaluate whether a decrease in cell viability
and rate of proliferation is due to apoptosis or necrosis, we used the Vybrant apoptosis kit
assay. Apoptotic cells become permeable to Yo-Pro but not to propidium iodide. Apoptosis
can be induced in the C18-4 cells by Staurosporine, a non-specific ATP-competitive kinase
inhibitor, which we used as a positive control (Figures 5A and 5C). Staurosporine did not
induce necrosis since the cell membranes were not permeable to propidium iodide (Figure
5B). None of the MEHP concentrations significantly increased the number of apoptotic cells
stained with Yo-Pro (Figure 5A). Also, lower concentrations of MEHP (0.5–5 μM) did not
trigger cell necrosis. However, necrosis was significantly induced at MEHP concentrations
of 10 and 50 μM, as seen by a 9x-11x increase in the number of Yo-Pro/PI double-stained
cells (Figure 5B). Taken together these results suggest that MEHP does not induce apoptosis
in the C18-4 cells and that membrane integrity is altered only at higher doses (10 and 50
μM). These results support previous results obtained by counting a total of 300 cells with a
standard fluorescent microscope (Supplemental Figure 1B). Similarly to the ROS assay, for
the higher doses of 10 μM and 50μM MEHP, a reduced number of 500 cells per sample was
available for Tali™ image-based cytometry. Supplemental data S2 indicates that the
measured cell diameter was greatly reduced for these higher concentrations of MEHP and
the positive control. This suggests that cell death occurs, and what the TALI™ recognises is
mostly cell debris, which is compatible with necrosis.

In order to confirm that MEHP does not induce apoptosis, we isolated and purified DNA
from the treated cells, then visualized it on a 2% agarose gel to detect the DNA ladder
classically observed during apoptosis. Figure 5C shows a typical gel that presents no
laddering after exposure to MEHP (0 to 50 μM). In comparison, the positive control
(exposure to 0.1 μM Staurosporine) shows a well-defined DNA ladder. This data confirms
that MEHP does not induce apoptosis in the C18-4 cells at any concentration used. The
DNA smears observed at higher doses are compatible with cell necrosis.

3.2 GDNF signalling studies
Because we observed a decrease in cell viability not fully explained by an increase in ROS
or apoptosis, and because we know that GDNF triggers 2 major signalling pathways
regulating spermatogonial stem cells in vitro (Braydich-Stolle et al., 2007; He et al.;
Kanatsu-Shinohara et al., 2003) and in vivo (Lee et al., 2007; Oatley et al., 2007), we
investigated the effects of MEHP on the activity of certain GDNF signalling components.
Previous research has shown that GDNF signals though SRC kinase activation and MYCN
expression (Braydich-Stolle et al., 2007), and/or through the canonical RAS pathway and
FOS induction (He et al.). Therefore we investigated the effects of MEHP on the activation
and regulation of the GNDF signalling pathway effectors SRC, MYCN, ERK1/2 and FOS.
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3.2.1 MEHP does not affect SRC phosphorylation or MYCN expression—
Previous studies have shown that environmental toxicants may specifically affect SRC
family kinases in germ cells (Braydich-Stolle et al., 2010). We therefore assessed if MEHP
also alters the GDNF-dependent activation and phosphorylation of SRC. Figures 6A and 6B
indicate that MEHP did not significantly affect SRC expression or GDNF-dependent SRC
phosphorylation. Further, the GDNF-dependent expression of MYCN was not altered by the
presence of MEHP regardless of its concentration (Figure 6A and 6C). We conclude that
MEHP does not alter the GDNF-RET-SRC-MYCN axis in the C18-4 spermatogonial stem
cell line.

3.2.2 MEHP affects Erk1/2 phosphorylation and FOS protein expression—We
then assessed if other critical components of cell signalling in the C18-4 cells were altered.
We recently demonstrated that GDNF also triggers an increase of FOS expression through
the activation by phosphorylation of ERK1/2 in spermatogonial stem cells (He et al., 2008).
Therefore we assessed if MEHP alters ERK1/2 phosphorylation. We observed that GDNF-
dependent phosphorylation of ERK1/2 is significantly affected by exposure to MEHP (p-
value<0.005, Figures 7A and 7B). Downstream of ERK1/2, expression of the FOS
transcription factor is also significantly down-regulated by exposure to MEHP (p-
value<0.005, Figures 7A and 7C).

3.2.3 MEHP down-regulates Fos but not Mycn mRNA expression—To confirm
that FOS expression is down-regulated, but not MYCN, we performed qPCR using the
standard Taqman assay and the ∂∂Ct method with Rps3 as housekeeping gene. The results
obtained confirmed the protein data. Figure 8 shows that exposure to 0.5 or 5 μM MEHP for
10 h and stimulation with 100 ng of GDNF for 12 h did not affect Mycn mRNA expression,
while GDNF dependent Fos expression was significantly reduced in presence of MEHP at
both concentrations.

Taken together these results suggest that MEHP affects spermatogonial stem cells
proliferation by down-regulating ERK1/2 activation and Fos expression, but does not affect
SRC activation and Mycn expression.

4. DISCUSSION
Numerous monitoring studies have shown the presence of phthalates and their metabolites in
virtually every possible environment, such as surface and tap water, household dust, milk,
dairy products, infant formula, and cosmetics (Becker et al., 2004; Petersenand Breindahl,
2000). Constant exposure of humans to phthalates is revealed by the presence of related
metabolites in their urine, irrespectively of the age of the population studied (Barr et al.,
2003; Becker et al., 2004). Phthalates have a variety of effects on different organs: they are
known as endocrine disruptors (Parks et al., 2000), peroxisome proliferators (Edlund et al.,
1987), and have also been linked to behavioural and sensitizing effects (Bornehagand
Nanberg, 2010).

Over the past 15–20 years a number of studies have suggested that sperm counts in man are
on the decline (Auger et al., 1995; Carlsen et al.; Swan et al., 2000). These changes are
recent and vary with the location, therefore they might reflect adverse effects due to
environmental factors rather than genetic changes in susceptibility (Jørgensen et al., 2006).
The link between sperm count and environmental toxicants is not straightforward, but past
observations made on different organisms have unequivocally shown a relationship between
disorders of sex organs development and exposure to certain chemicals such as tributilin
(TBT) (Bryan et al., 1986) and diethylstilbestrol (Herbst and Bern, 1981). Furthermore,
more recent epidemiological studies established a correlation between the increase of
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endocrine disruptors within the environment and a rising incidence of infertility in men due
to testicular cancer, declining semen quality, undescended testis and hypospadias
(Skakkebaek et al., 2001). Phthalates are among the chemicals pointed out by these studies,
and experimental exposure of rats and mice to DEHP/MEHP is now an accepted model
system to study testicular dysgenesis syndrome (Fisher et al., 2003). Data obtained from
adult men have also suggested a direct link between urinary MEHP concentrations and
sperm counts (Duty et al., 2004). Additionally, exposure of perinatal or young adult rodents
to MEHP and other phthalate esters reduces sperm count (Andrade et al. 2006; Kwack et al.,
2009). For instance, a 28-day exposure of young rats to 250 mg/kg of MEHP reduced sperm
count by nearly 60% (Kwack et al., 2009).

Many studies investigating the effects of phthalates on testicular cells in vivo and in vitro
have reported a direct effect on somatic cells (Li et al., 1998; Richburg and Boekelheide,
1996). Insulin-like 3 (INSL3), which is produced by Leydig cells and is up-regulated by
testosterone, influences testicular descent and is a survival factor for germ cells (Anand-Ivell
et al., 2009; Zimmermann et al., 1999). Interestingly, MEHP partly inhibits testosterone
action on Insl3 expression in a Leydig cell line (MA-10) and primary cultures of rat Leydig
cells (Laguë and Tremblay, 2008). This effect could potentially explain occurrences of
cryptorchidism after exposure to MEHP in utero (Ge et al., 2007). Other changes induced by
phthalates and affecting fetal Leydig cells include a decrease of testosterone production by
interfering with the expression of Cyp17a1, P450scc, SR-B1 and StAR, and an increase of
their rate of proliferation possibly as a compensation mechanism for the reduced
testosterone (Clewell et al., 2010; Parks et al., 2000; Shultz et al., 2001). Abnormal fetal
Leydig cells aggregation was also reported (Mahood et al., 2005). In Sertoli cells, MEHP
interferes with the synthesis of vimentin filaments, which destroys the cytoskeleton
(Richburg and Boekelheide, 1996). MEHP also disrupts junctional complexes, which is seen
as the primary cause of premature loss of spermatocytes and spermatids from the
seminiferous epithelium (Yao et al., 2010). Sertoli cell injury caused by MEHP leads to
increased levels of FASL in vivo, which accounts for induction of apoptosis in
spermatocytes and round spermatids through FAS signalling (Richburg et al, 1999; Yao et
al., 2007). Finally, MEHP inhibits both basal and FSH-stimulated Sertoli cell proliferation
(Li et al., 1998) and inhibits ERK1/2 phosphorylation in these cells after 5 min to 20
minutes exposure. However, the affected signalling pathway is not known (Bhattacharya et
al., 2005). Because Leydig and Sertoli cells are of paramount importance for the
development of germ cells before birth, and maintenance of spermatogenesis after birth, it is
likely that changes in their morphology or physiology will indirectly impair germ cell
development, in particular spermatocytes and round spermatids. However, it is also possible
that MEHP directly affects spermatogonial stem cells, independently of somatic cells. For
example, DEHP metabolites have been found in germ cells, a finding consistent with direct
effects (Ono et al, 2004). In addition, in vivo studies have demonstrated that there is a
significant decrease in the proliferation index of rat spermatogonia at day 6 after birth (P6)
following in utero exposure to phthalates from E13.5 to birth (Ferrara et al., 2006; Jobling et
al., 2011). This reduction of the proliferation index (down to 30% of the control) was seen in
germ cells located in the basal part of the seminiferous epithelium, which at this age are
mostly spermatogonial stem cells. Interestingly, the authors did not observe apoptosis in
these cells, and there is so far no published evidence that phthalates significantly alter
GDNF expression by Sertoli cells. GDNF expression pattern from a genome-wide
microarray performed by Lahousse and colleagues is inconclusive in this respect (Lahousse
et al, 2006). Therefore, a decrease of proliferation and number of stem/progenitor
spermatogonia could be explained by an alteration of the intrinsic GDNF signaling pathway
by MEHP.

Lucas et al. Page 10

Toxicology. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For a preliminary assessment of a possible direct effect of MEHP on spermatogonial stem
cells, we used the C18-4 cell line as a model. We observed that MEHP decreases cell
viability and rate of proliferation in a dose-and time-dependent manner at bioequivalent
concentrations (Figures 1–3). These effects could have been due to an increase in ROS
production in the germ cells, since Pant and colleagues recently demonstrated that ROS
concentration in sperm correlates with phthalate esters concentration in semen (Pant et al.,
2008). Several investigators have detected ROS in cultured germ cells after exposures to
MEHP ranging from 30 minutes to 24 hours (Kashahara et l, 2002; Onorato et al, 2007).
However, the germ cells investigated were in both cases spermatocytes, tested either in
primary cultures (Kashahara et al, 2002) or as a cell line (Onorato et al., 2007). Our results
did not confirm any increase in ROS production in the C18-4 cells (Figure 4). This feature
could be explained by the fact that the C18-4 cells are at a different stage of differentiation,
and therefore their behaviour might be different. In addition, the doses used on the
spermatocytes were 100 times higher than the doses that we used on the C18-4 cells, which
we believe are closer to bioequivalent concentrations.

Since we did not demonstrate an increase in cellular ROS, we tested the possibility that the
observed decrease in cell viability might be due to apoptosis. While the mechanisms that
regulate normal germ cell apoptosis during development are not completely understood, up-
regulation of FASL expression by Sertoli cells after exposure to MEHP, and subsequent
germ cell apoptosis through FAS signalling, has been well documented (Lee et al., 1997;
Yao et al., 2007). Further, in a FASL knockout model, a single dose of 1 mg/kg of MEHP
was unable to significantly increase TUNEL- positive germ cells or caspase cleavage (Lin et
al., 2010), confirming that MEHP-induced germ cell apoptosis is dependent of FAS-FASL
signalling. Other investigations have indicated that exposure of 30-day-old mice to DEHP
promotes apoptosis of germ cells located close to the basement membrane within the
seminiferous epithelium, probably type A spermatogonia (Bhartiya et al., 2010). We did not
detect a significant increase in apoptosis at any of the MEHP concentrations used (Figure
5A), which is similar to the data obtained by Onorato and colleagues with the GC-2spd cells
(Onorato et al., 2007). Since in both in vitro models the germ cells were not associated to
Sertoli cells, it is evident that the FAS pathway could not be activated. However, neither the
FAS pathway nor the intrinsic apoptosis pathway, which is activated by MEHP in other cell
types (Yokoyama et al., 2003), was initiated in the C18-4 cells. This confirms the data of
Jobling and colleagues, who observed that decrease of gonocyte and spermatogonial stem
cell numbers was not caused by apoptosis in mice exposed to MEHP from E13.5 until birth
(Jobling et al, 2011).

The lack of formation of reactive oxygen species and the absence of apoptosis suggests that
another mechanism could be responsible for the decrease in C18-4 cell viability and rate of
proliferation induced by MEHP. Our group recently reported that spermatogonial stem cell
proliferation is impaired by toxicants such as silver nanoparticles. These nanoparticles
disrupt GDNF signalling by targeting intracellular kinases like SRC family kinases (SFKs)
(Braydich-Stolle et al., 2010). However, in the present study, we could not demonstrate any
effect of MEHP on SFKs in spermatogonial stem cells (Figures 6A and 6B). Additionally,
we can infer from this observation that, since SRC phosphorylation is not affected, RET
phosphorylation or GDNF binding to the receptor/co-receptor complex are not impaired by
MEHP either.

Since GDNF also signals through ERK1/2 (He et al., 2008), we investigated a possible
effect of MEHP on this signalling pathway. Our results demonstrate a significant decrease of
ERK1/2 phosphorylation (Figures 7A and 7B) in the C18-4 cells after treatment with
MEHP. The target of MEHP could be ERK1/2 itself, or a protein interacting with ERK1/2,
or a protein upstream of ERK1/2. Interestingly, ERK1/2 phosphorylation is also reduced in
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rat primary Sertoli cells in presence of MEHP, but is increased in liver cells (Bhattacharya et
al., 2005). Therefore, the effects of MEHP on signalling pathways might be cell type- and
kinase-dependant. Importantly, we also demonstrated a down-regulation of FOS both at the
protein (Figures 7A and 7C) and RNA levels (Figure 8). FOS is a transcription factor that is
often induced by the activation of ERK1/2, and controls the expression of cell cycle-related
proteins by dimerizing with c-JUN to form the AP-1 transcription factor. FOS is essential
for the regulation of SSC and undifferentiated germ cell proliferation (He et al., 2008).
Therefore, taken together our data imply that MEHP affects the GDNF-ERK1/2-FOS
pathway, but not the GDNF-SRC-MYCN pathway in undifferentiated spermatogonia.

GDNF is crucial for self-renewal and maintenance of SSCs (Braydich-Stolle et al., 2005;
Meng et al., 2001; Naughton et al., 2006), but might also play a role in the proliferation /
differentiation of these cells into Apaired and Aaligned spermatogonia, since the latter also
express the receptor complex (Hofmann et al., 2005b; Phillips et al., 2010). Therefore, the
two pathways triggered by GDNF might mediate different functions. Since MYCN is linked
to maintenance and self-renewal in many stem cell types, (Braydich-Stolle et al., 2007;
Knoepfler et al., 2002; Laurenti et al., 2008; Okubo et al., 2005), and has been used to
produce induced pluripotent stem cells (iPS cells) (Knoepfler et al., 2008), the GDNF-SRC-
MYCN signalling pathway might be mainly responsible for stem cell maintenance and/or
their self-renewal. On the other side, the GDNF-ERK1/2-FOS pathway might be used for
germ cell proliferation associated with differentiation because FOS expression is ubiquitous
and leads to proliferation and differentiation of many cell types (Durchdewald et al., 2009).
Also, the cascade ERK1/2/FOS is involved in the proliferation of a model of type B
spermatogonia (Sirianni et al., 2008). Taken together, since only the pathway leading to FOS
expression is affected by MEHP, this compound might shift the balance between SSC self-
renewal and differentiation toward self-renewal. In conclusion our results indicate that
MEHP triggers a reduction of stem-progenitor spermatogonia proliferation in vitro by down-
regulating ERK1/2 phosphorylation and specifically affecting the GDNF/ERK1/2/FOS
signalling pathway.
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Highlights

• MEHP affects SSC proliferation in a dose- and time- dependent manner

• MEHP does not increase apoptosis, necrosis or the production of ROS in SSCs

• MEHP reduces the activity of the GDNF/ERK1/2/FOS signalling pathway in
SSCs

• MEHP does not affect the GDNF/SRC/MYCN signalling pathway in SSCs
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Figure 1. Effect of MEHP on C18-4 cells viability
C18-4 cells were exposed to increased concentrations of MEHP or vehicle control for 10
hours. They were then harvested, stained for 20 min with propidium iodide, and the
percentage of live cells evaluated using TALI™ cytometry. Results indicate that for this
length of exposure MEHP exerts a dose-dependent decrease of viability that becomes
significant at doses ≥10 μM. (** indicates a p-value <0.005).
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Figure 2. Effects of low doses of MEHP on C18-4 cell viability
MTS assay (Invitrogen) was performed after exposure to increasing doses of MEHP (0, 0.1,
0.5, 0.75 μM) for different lengths of time (6h to 48h). Results indicated that MEHP
decreased C18-4 cells viability in a time- and dose-dependent manner. A and B: Exposure
for 6 and 12h to low doses of MEHP did not exerted any significant effects. C: After 24h of
exposure the effects were significant for the highest doses (p<0.005). D: After 48h of
exposure each dose significantly decreased cell viability. Optical density was standardized
over the vehicle control (0 μM MEHP). Data are expressed as the means of 3 to 4
experiments in triplicates, and error bars represent the standard error to the mean. Asterisks
represent a significant difference from the vehicle control. * indicates a p-value <0.01, **
indicates a p-value <0.005.
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Figure 3. Effects of low doses of MEHP on C18-4 cells rate of proliferation
MTS assay (Invitrogen) was performed after exposure to increasing doses of MEHP (0, 0.1,
0.5, 0.75 μM) for different lengths of time (6h to 48h). Results of Figure 2 were here
represented as number of viable cells in function of time, showing that MEHP impairs the
rate of cell proliferation. Optical density was standardized over the vehicle control (0 μM
MEHP). Data are expressed as the means of 3 to 4 experiments, and error bars represent the
standard error to the mean. Asterisks represent a significant difference from the vehicle
control. A: 0.1 μM MEHP. B: 0.5 μM MEHP. C: 0.75 μM MEHP.
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Figure 4. Effects of MEHP on ROS production
ROS assay (Invitrogen) was performed after exposure to increasing doses of MEHP (0, 0.5,
5.0, 10, 50 μM) for 10 h. Following treatment, the cells positively stained for ROS were
counted using Tali™ image-based cytometer. Hydrogen peroxide (0.18 mM for 90 minutes)
was used as positive control. Results indicated that there was no significant production of
ROS induced by MEHP in the C18-4 cells. The counts were standardized over the vehicle
control. Data are expressed as the means of 3 experiments in duplicates, and error bars
represent the standard error to the mean. ** indicates a p-value <0.005.
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Figure 5. Effects of MEHP on cell death
Apoptosis/necrosis assay (Invitrogen/Molecular Probes) was performed after exposure to
increasing doses of MEHP (0, 0.5, 5, 10, 50 μM) for 10 h or to 0.1 μM Staurospaurine
(positive control ST0.1). Following treatment, cells positively stained by Yo-Pro and/or
propidium iodide (PI) were counted using Tali™ image based cytometer. Cells positive for
Yo-Pro only were apoptotic (A), while PI positive cells were considered necrotic (B).
TALI™ counts were standardized over the vehicle control. Data are expressed as the means
of 3 experiments in duplicates, and error bars represent the standard error to the mean. *
indicates a p-value <0.01, ** indicates a p-value <0.005. C: apoptosis was evaluated by
assessing the presence of DNA laddering by gel electrophoresis. Results indicated that
MEHP did not significantly trigger an increase of apoptosis, but significantly increased
necrosis for the highest doses (10 and 50 μM). Staurosporine (0.1μM) triggered significant
apoptosis, which is shown by DNA laddering.
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Figure 6. Influence of MEHP on GDNF-SRC signalling
Western Blot analysis of SRC protein phosphorylation and MYCN protein expression was
performed after 10 h exposure to MEHP (0, 0.5 and 5μM), followed by stimulation with
GDNF for 20 min (phospho-SRC analysis) or 18 h (MYCN analysis). Beta-actin was used
as loading control, and band intensities where standardized over the vehicle control as
reference. Figure A represents a typical Western blot, and Figures B and C represent
quantification of the band intensities. Neither GDNF-dependent SRC phosphorylation (A
and B), nor GDNF-dependent MYCN protein expression (A and C) were significantly
impaired by the presence of MEHP.
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Figure 7. Influence of MEHP on GDNF-ERK1/2 signalling
Western Blot analysis of ERK protein phosphorylation and FOS protein expression was
performed after 10h exposure to MEHP (0, 0.5 and 5μM), followed by stimulation with
GDNF for 20 min (phospho-ERK1/2 analysis) or 18 h (FOS analysis). Beta-actin was used
as loading control, and band intensities where standardized over the vehicle control as
reference. Figure A represents a typical Western blot, and Figures B and C represent
quantification of the band intensities. GDNF-dependent ERK1/2 phosphorylation was
significantly impaired by MEHP at both concentrations. GDNF-dependent FOS expression
is also significantly reduced by MEHP.
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Figure 8. Influence of MEHP on Mycn and Fos mRNA expression
Quantitative PCR analysis of the level of expression of Mycn and Fos was performed after
10 h exposure to MEHP (0, 0.5 and 5μM) followed by stimulation with GDNF for 12 h.
Rps3 was used as housekeeping gene, and signals standardized over the vehicle control
reference. Results indicate that GDNF-dependent Mycn mRNA expression was not
significantly impaired by MEHP. In contrast, GDNF-dependent Fos mRNA expression was
significantly reduced by incubation with MEHP.
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