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Di-(2-ethylhexyl) phthalate (DEHP) inhibits
steroidogenesis and induces mitochondria-ROS
mediated apoptosis in rat ovarian granulosa cells
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Increased oxidative stress (OS) due to ubiquitous exposure to di-(2-ethylhexyl) phthalate (DEHP) can
affect the quality of oocytes by inducing apoptosis and hampering granulosa cell mediated steroidogen-
esis. This study was carried out to investigate whether DEHP induced OS affects steroidogenesis and
induces apoptosis in rat ovarian granulosa cells. OS was induced by exposing granulosa cells to various
concentrations of DEHP (0.0, 100, 200, 400 and 800 pM) for 72 h in vitro. Intracellular reactive oxygen
species (ROS), oxidative stress (OS), mitochondrial membrane potential, cellular senescence, apoptosis,
steroid hormones (estradiol & progesterone) and gene expression were analyzed. The results showed that
an effective dose of DEHP (400 pg) significantly increased OS by elevating the ROS level, mitochondrial
membrane potential, and B-galactosidase activity with higher mRNA expression levels of apoptotic genes
(Bax, cytochrome-c and caspase3) and a lower level of an anti-apoptotic gene (Bcl,) as compared to the
control. Further, DEHP significantly (P > 0.05) decreased the level of steroid hormones (estradiol and pro-
gesterone) in a conditioned medium and this effect was reciprocated with a lower expression (P > 0.05) of
steroidogenic responsive genes (Cypllal, Cyp19A1, Star, ERB1) in treated granulosa cells. Furthermore,
co-treatment with N-Acetyl-Cysteine (NAC) rescues the effects of DEHP on OS, ROS, B-galactosidase
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levels and gene expression activities. Altogether, these results suggest that DEHP induces oxidative stress
via ROS generation and inhibits steroid synthesis via modulating steroidogenic responsive genes, which
leads to the induction of apoptosis through the activation of Bax/Bcl-2-cytochrome-c and the caspase-

rsc.li/toxicology-research 3-mediated mitochondrial apoptotic pathway in rat granulosa cells.

years, several reports on the cytotoxicity of DEHP in mammals
were published. Because of its estrogenic activity, DEHP could

Introduction

Di-(2-ethylhexyl) phthalate (DEHP) is one of the most common
endocrine-disrupting chemicals (EDCs), and widely used to
make vinyl plastics softer and more flexible."* DEHP is one of
the highest volume chemicals produced with an estimated 5%
annual growth due to its increasing manufacturing demand
worldwide.®” 1t is believed that heat and either acidic or basic
conditions accelerate the hydrolysis of DEHP monomers,
leading to their release into food and liquid that gets inte-
grated as a part of the food chain of humans. In the past few
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cause several reproductive disorders in humans. It is reported
that women are more prone to phthalate exposure than men,
because of the presence of phthalates in their personal care
products.®” Therefore, DEHP can be found in developmental
and reproductive organs of women.® Recent studies have
demonstrated the presence of DEHP metabolites, mono-(2-
ethylhexyl) phthalate (MEHP) in human urine samples,”"°
amniotic fluid,'* breast milk'> and ovarian follicular fluid"?
indicating that even little exposure to DEHP in daily life from
any sources may reflect a potential risk factor for ovarian
physiology.

The mammalian ovaries are metabolically active organs
consisting of oocytes, granulosa and theca cells. Growth and
development of follicles is directly associated with steroid
hormones which is produced by granulosa cells during folliculo-
genesis. In addition, steroids are essential for maintaining
normal ovarian physiology.'* The first stage of steroidogenesis
is steroidogenic acute regulatory protein (STAR)-mediated
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transportation of cholesterol into the mitochondria. In
mammals, steroid hormones are synthesized from
cholesterol by luteinizing hormone (LH) responsive theca cells,
and then converted into estrogens by granulosa cells in
the presence of follicle stimulating hormone (FSH) with the
help of 19a-hydroxylase (CYP19A1).">'® During this process,
any functional disruption could induce apoptosis in granulosa
cells as a result of disrupting ovarian steroidogenesis.
Previous studies reported that the exposure to DEHP leads to
the depletion of the primordial follicle pool, affects oocyte
maturation, decreases sex steroid hormone production,
changes the DNA methylation status of imprinted genes
and induces transgenerational effects on female
reproduction.’’ !

Oxidative stress is caused by an imbalance between the
generation and removal of ROS in the system, leading to DNA
damage and oxidative modification of proteins. It is reported
that DEHP induces apoptosis and increases the ROS level in
cumulus cells (CCs) without affecting oocyte maturation in
horse and GC-2spd cells."”** Further, it has been shown that
excess ROS affects angiogenesis, which is critical for follicular
growth, oocyte maturation and corpus luteum formation.>***
However, it is not clear that whether DEHP induced apoptosis
is mediated by the increased ROS level in granulosa cells.
Therefore, a possibility exists that DEHP through the mito-
chondria could induce generation of ROS in granulosa cells,
which induces apoptosis and modulates steroid responsive
gene expression thereby hampering steroid production.
However, there is no evidence to support this possibility.
Therefore, this study was designed to examine whether the
in vitro treatment of DEHP induces the generation of ROS and
if so, whether DEHP-induced apoptosis is mediated through
the mitochondrial pathway as a result of the disruption of
ovarian steroidogenesis. For this purpose, in vitro studies were
carried out to analyze morphological apoptotic changes, intra-
cellular ROS, OS, p-galactosidase (SA-fgal) levels, mitochon-
drial membrane potential, gene expression, apoptosis and the
level of steroid hormones (estradiol & progesterone) in DEHP
exposed granulosa cells.

Materials and methods
Chemicals

Chemicals used in this study were procured from Sigma
Chemical Co. (St Louis, MO) unless stated otherwise. Di-(2-
ethylhexyl) phthalate (DEHP; cat no. 36735; 1G) was purchased
from Sigma-Aldrich (St Louis, MO). The stock solution of
DEHP (2.56 mM) was prepared by diluting 1 mg of DEHP
powder in 1.0 ml of dimethyl sulfoxide (DMSO). The stock
solution was immediately aliquoted and kept at —20 °C until
use.

Experimental animals

Sexually mature female rats (100 + 5 g body weight) of the
Charles-Foster strain were purchased from the Central Animal
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House, Institute of Medical Science, Banaras Hindu University,
Varanasi and housed in air-conditioned, light controlled
rooms, with food and water ad libitum. The animal experi-
ments were carried out as per the regulations provided by the
Animal Ethical Committee of the Banaras Hindu University,
Varanasi. This study was approved by the Institutional Animal
Ethical Committee of the University (vide letter No. Dean/2015/
CAEC/1517 dated 21/12/2015).

Preparation of the culture medium and DEHP working
concentrations

The culture medium (TCM-199) was prepared as per a pub-
lished protocol.>* The culture medium-199 was supplemented
with sodium bicarbonate (0.035% w/v), penicillin (100 TU m1™")
and streptomycin (100 mg ml™") and pH was adjusted to
7.2 + 0.10. The working concentrations (0, 100, 200, 400 and
800 pM) of DEHP were prepared by diluting the stock solution
(2.56 mM) with a freshly prepared working culture medium.
The final concentrations of DEHP did not alter the osmolarity
(290 + 5 mOsmol) and pH 7.2 + 0.10 of the culture medium.
Since DMSO was used as a solvent for DEHP, DMSO (0.01%
v/v), representing the final DMSO without DEHP was used in
the control group. N-Acetyl Cysteine (NAC) (Sigma, St Louis,
MO) was used at a concentration of 5 mM, which is reported
to be an effective antioxidant and free-radical scavenger pro-
tecting against oxidative damage in mouse oocytes and other
cell types.”>?*® The impact of NAC was analyzed against only
the effective dose of DEHP (400 pm) in all the experimental
setup.

Collection and culture of granulosa cells from preovulatory
COCs

The granulosa cells (mural as well as cumulus cells) were iso-
lated from preovulatory COCs using 0.01% hyaluronidase in
culture medium as per the established protocol.>* In detail,
granulosa cells were washed 3 times in fresh culture medium
by centrifugation at 300g for 5 min to remove enzyme activity
and blood cells. The washed granulosa cells were cultured in
TCM-199 supplemented with 10% FBS and 1% antibiotic-anti-
mycotic solution (HiMedia, Pvt. Ltd, India) in a humidified
incubator with 5% CO, (Model; Galaxy 170 R, New Brunswick,
Eppendorf AG, Hamburg, Germany) at 37 °C. The cells were
sub-cultured every 5-6 days using trypsin-EDTA solution
(0.25%) and periodically evaluated using a phase contrast
microscope (EVOS-FL, Life Technologies).

MTT assay

To determine the cellular cytotoxicity of DHEP, the colori-
metric MTT metabolic activity assay was performed. In detail,
second passage granulosa cells (1 x 10° cells) were cultured in
TCM-199 supplemented with different concentrations of DEHP
(0.0, 100, 200, 400, and 800 pM), NAC (5 mM) and DEHP
(400 pM) + NAC (5 mM) for 72 h in a CO, incubator as per the
established protocol.”” The cells that were cultured with
medium (TCM-199) only served as a control. After the incu-
bation period, the cells were washed twice with PBS and then
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20 ul of MTT solution (5 mg ml™" in PBS) along with 100 ul of
culture medium were added in each well and incubated for 4 h
in the CO, incubator. After 4 h of incubation, DMSO (100 pl)
was added to dissolve formazan crystals and then the absor-
bance intensity was measured using a microplate reader (Bio-
RAD 680, USA) at 590 nm. All experiments were performed in
triplicate, and the relative cell viability (%) was expressed as a
percentage. EC;, values (50% effective concentration) were
obtained with the help of GraphPad prism 4.0 (GraphPad soft-
ware, USA) using non-linear regression analysis.

In vitro effects of DEHP on the morphological changes in
granulosa cells

Based on the result of the MTT assay, we selected 400 uM
DEHP dose and 72 h of incubation time to conduct further
experiments as per the established procedure.”® Second
passage granulosa cells (1 x 10° cells) were cultured in
TCM-199 with or without an optimum effective dose of DEHP
(400 pM) and with a combination of DEHP (400 pM) + NAC
(5 mM) for 72 h in the CO, incubator. After 72 h of incubation,
granulosa cells were analyzed for morphological changes, oxi-
dative stress/hypoxia, ROS level, p-galactosidase activity (cellu-
lar senescence), mitochondrial membrane potential (JC1 stain-
ing), apoptosis, gene expression and steroid hormone (estra-
diol & progesterone) levels.

Acridine orange/propidium iodide nuclear staining

Acridine orange (AO) and propidium iodide (PI) staining was
performed to confirm the cellular viability as a result of the
morphological changes in the DEHP treated granulosa cells. In
brief, second passage granulosa cells (1 x 10° cells) were cul-
tured in TCM-199 supplemented with an optimum effective
dose of DEHP (400 pM) and a combination of DEHP (400 pM)
+ NAC (5 mM) for 72 h in a CO, incubator. Cells that were cul-
tured with medium (TCM-199) only served as a control. Cells
from all groups were rinsed with PBS and fixed with 3.7% for-
maldehyde in PBS (pH 7.4) at room temperature for 20 min.
Then the cells were stained with AO/PI (10 pg ml™" in PBS) for
10 min in triplicate. The photographs were taken at 200x mag-
nification under an inverted fluorescence microscope (EVOS
FL, Life Technologies). Experiments were performed in
triplicate.

Oxidative stress and hypoxia detection

The redox status of the control as well as the DEHP treated
granulosa cells was assessed using an oxidative stress/hypoxia
(ENZ-51042; Enzo Life Sciences, NY, USA) assay kit according
to the manufacturer’s instructions. In brief, after 72 h of treat-
ment, cells with alone DEHP (400 pM) and in combination
(DEHP 400 pM + NAC 5 mM) were washed with PBS and incu-
bated with a hypoxia/oxidative stress detection mix for 30 min
at 37 °C in a CO, incubator. After incubation, the cells were
washed with PBS and observed under a fluorescence micro-
scope (EVOS FL, Life Technologies). As per the manufacturer’s
instructions, oxidative stress was detected using a FITC filter at
490/525 nm while hypoxia was detected using a Texas red filter
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at a 596/670 nm wavelength using an inverted fluorescence
microscope (EVOS FL, Life Technologies). The ROS inducer
(pyocyanin) and hypoxia inducer (deferoxamine, DFO) were
used as a positive control and a sample without a detection
mix is used as a negative control. All experiments were per-
formed in triplicate.

Analysis of the ROS level

After 72 h of treatment, granulosa cells with alone DEHP
(400 pM) and in combination (DEHP 400 pM + NAC 5 mM),
including the control group were trypsinized and collected in a
1.5 ml Eppendorf tube separately. Further, the cells were incu-
bated with 10 uM dichlorofluorescein diacetate (DCFH-DA,
Beyotime, Nantong, China) at 37 °C for 30 min. After washing
3 times using serum-free culture medium, the cells were ana-
lyzed under a fluorescence microscope (EVOS FL, Life
Technologies) as per the manufacturer’s instructions. DCF
fluorescence was detected at an excitation wavelength of
488 nm and an emission wavelength of 525 nm using an
inverted  fluorescence  microscope (EVOS FL, Life
Technologies). The experiment was repeated three times to
confirm the results.

Cellular senescence assay (f-galactosidase activity)

The identification of senescent cells is based on an increased
level of lysosomal p-galactosidase activity. The cellular senes-
cence assay was performed as per the manufacturer’s protocol
(ENZ-129; Enzo Life Sciences, NY, USA) with little modifi-
cations. In brief, after 72 h of treatment, cells with alone
DEHP (400 pM) and in combination (DEHP 400 pM + NAC
5 mM) were washed with pre-chilled PBS and lysed in lysis
buffer, and centrifuged at 3000x for 10 min. 50 pl of super-
natant (cell lysate) from DEHP treated and control groups were
transferred to a 96-well plate in triplicate. 50 pl of 2x assay
buffer were added in each well and incubated for 3 h at room
temperature. Finally, 100 pl of stop solution were added and
the intensity of fluorescence was measured using a fluo-
rescence plate reader (Micro Scan MS5608A, ECIL, Hyderabad,
India) at a 360/465 nm wavelength. The value of
B-galactosidase activity was evaluated from three independent
experiments.

Assessment of the mitochondrial membrane potential

The DEHP treated and control group granulosa cells were
stained with an inner mitochondrial membrane potential
reporter JC-1 (1 pM) dye (5,5,6,6-tetra-chloro-1,1,3,3-tetra-ethyl-
benz-imidazolo-carbocyanine iodide (BD Bioscience) to
analyze the membrane potential as per the manufacturer’s
instructions. In brief, after 72 h of treatment, granulosa cells
with alone DEHP (400 pM) and in combination (DEHP 400 pM
+ NAC 5 mM) were fixed with 3.7% formaldehyde and stained
with the JC-1 dye prepared in JC-1 buffer for 10 min. Images
were captured using an inverted fluorescence microscope
(EVOS FL, Life Technologies) and analyzed for the mitochon-
drial membrane potential. The mean value of fluorescence was
normalized to the area of measurement using the corrected
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total cell fluorescence (CTCF) method.*® Values are expressed
as total red CTCF from three replicates.

Apoptosis assay

After 72 h of treatment, granulosa cells with alone DEHP
(400 pM) and in combination (DEHP 400 pM + NAC 5 mM)
were evaluated for apoptosis using an annexin V-FITC/PI apop-
tosis detection kit. The treated granulosa cells were harvested
and incubated with 200 pl of binding buffer (HEPES buffered
PBS supplemented with 2.5 mM CacCl,), 2 pl of annexin V-FITC
and 5 pl of PI at room temperature for 15 min in the dark, fol-
lowing the manufacturer’s instructions. After a final wash in
PBS, samples were excited by a light wavelength of 488 nm
with barrier filters of 525 nm and 575 nm for FITC fluo-
rescence and PI detection, respectively. Data were analyzed
and plotted for annexin V-FITC using appropriate software.

Estimation of estradiol-17f and progesterone by ELISA

The conditioned medium from all treatment groups DEHP
(400 pM) and in combination (DEHP 400 uM + NAC 5 mM)
were collected after 72 h of treatment. The estradiol 17p and
progesterone concentrations were evaluated using the ELISA kit
purchased from Elabscience, MD, USA, and followed the
instruction as per the kit protocol. In brief, 50 pl of standards
and samples were added to pre-coated microwell plates in
duplicate. Thereafter, 50 pl of a 17p estradiol-HRP and pro-
gesterone conjugate was added to each well, mixed well and
then incubated for 2 h at 37 °C separately. At the end of the
incubation period, the respective microplates were rinsed and
flicked 5 times with wash buffer. After washing, 100 pl of
3,3',5,5"-tetramethylbenzidine (TMB) substrate was added to
each well and incubated for 30 min at room temperature in the
dark. Thereafter, 50 pl of stop solution was added to each well,
mixed for 30 s and the absorbance was read at 450 nm using a
microplate reader (Micro Scan, ECIL, India) within 15 min. All
samples were run in one assay to avoid inter-assay variation
and the intra-assay variation was 1.4%. The data of estradiol
17B and progesterone concentration were presented in pg ml™*
and ng m1™" respectively and repeated at least three times.

Gene expression analysis by PCR

After 72 h of treatment, granulosa cells with alone DEHP
(400 pM) and in combination (DEHP 400 uM + NAC 5 mM)

Table 1 Sequences of primer sets used for the gene expression analysis

Toxicology Research

were harvested to evaluate the mRNA expression. mRNA
was isolated from all treatment groups using the Trizol
reagent (Invitrogen, Carlsbad, CA), and then reversed tran-
scribed using the cDNA synthesis kit (Thermo Scientific
Inc.). RT-PCR for different genes including Bax, caspase-3,
Bcl,, Cyplla, Cyp19A1, ER-B, and GAPDH were performed
using the Maxima hot start Green master mix (Thermo
Scientific, Rockford, IL) in a thermal cycler (Applied
Biosystems). The gene sequences of the primers are pre-
sented in Table 1.

Semi-quantitative RT-PCR was chosen to estimate the tran-
script level of analyzed genes according to Dubey et al
(2012).*° To control the variation in the efficiencies of the RT
step among different experimental samples, mRNA concen-
trations of GAPDH, a housekeeping gene, presumed to be
expressed at constant amounts in all samples, were also calcu-
lated, along with the mRNA concentrations of targeted genes,
by densitometry analysis using Image] 1.43U software (NIH,
Bethesda, Maryland). Relative expression was determined as
arbitrary units, defined as the ratio of the mRNA level to the
corresponding GAPDH mRNA level after the subtraction of the
background intensity [value = (intensity; gene of interest-inten-
sity; background)/(intensity; GAPDH intensity; background)].
The mean values of three measurements for each gene in each
sample band were taken for analysis.

Statistical analysis

All data were analyzed using SPSS statistical software (SPSS,
Inc., Chicago, IL). Data were expressed as means + SEM from
at least three separate experiments. Multiple comparisons
between treatment groups were made using ANOVA followed
by Tukey’s post hoc comparison. Comparison between two
groups was done using Student’s ¢-test. A probability of p <
0.05 was considered to be statistically significant.

The fluorescence intensity was analyzed using Image]
software (version 1.44 from the National Institute of
Health, Bethesda, USA). For this purpose, minimum three
different areas of each figure as well as its corresponding
background were selected. Relative expression was deter-
mined as arbitrary units, defined as the ratio of the mRNA
level to the corresponding GAPDH mRNA level after the
subtraction of the background intensity using the estab-
lished procedure.*®

Gene Forward primer Reverse primer

GAPDH GGGTGGTCCAGGGTTTCTTACT AGGTTGTCTCCTGCGACTTCA
Bax AGGATGCGTCCACCAAGAA CAAAGTAGAAGAGGGCAACCAC
Bcl-2 CACCCCTGGCATCTTCTCCTT AGCGTCTTCAGAGACAGCCAG
Cyt-c GAGGCAAGCATAAGACTGGA TACTCCTCAGGGTATCCTC
Caspase-3 TGACTGGAAAGCCGAAACTC GCAAGCCATCTCCTCATCAG
Cyp11A1 CGATACTCTTCTCATGCGAG CTTTCTTCCAGGCATCTGAAC
Cyp19A1 GACACATCATGCTGGACACC CAAGTCCTTGACGGATCGTT
Star CTTGGCTGCTCAGTATTGAC TGGTGGACAGTCCTTAACAC
ER-f1 TAGGCACCCAGGTCTGCAAT ACCAAGGACTCTTTTGAGGT
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Results
MTT assay

To assess the impact of DEHP exposure on cell viability, an
MTT assay was carried out using granulosa cells treated with
various concentrations of DEHP (100, 200, 400, and 800 pM)
for 72 h. The viability of granulosa cells was significantly (p <
0.05) reduced in the treatments with 200, 400 and 800 uM
DEHP as compared to the control. In 800 pM DEHP, the cellu-
lar viability was less than 20% as compared to the control.
However, 400 pM DEHP was the optimal effective concen-
tration to study the effects of DEHP on apoptosis and steroido-
genesis in granulosa cells and was used in the following
experiments. Further, the combination of DEHP (400 pM) +
NAC (5 mM) reduced the DEHP induced cell death (Fig. 1).

Acridine orange/propidium iodide nuclear staining

As shown in Fig. 2, DEHP (400 uM) induced cellular toxicity in
granulosa cells as evidenced by more red fluorescence inten-
sity of nuclear dye propidium iodide (PI) while this effect is
protected when granulosa cells were cultured in combination
with DEHP (400 pM) + NAC (5 mM) as evident by less red fluo-
rescence intensity of PI staining. Our data suggest that NAC
protects the granulosa cells against DEHP induced cellular
toxicity.

p-Galactosidase assay (SA-p-gal)

Cellular senescence is an event of cell aging, which can be
detected by monitoring senescence associated p-galactosidase
activity (SA-p-gal). In this study, we performed colorimetric
quantitative estimation of f-galactosidase activity in DEHP
(400 uM) treated and untreated cells. Higher (p < 0.05) SA-B-gal
activity was found in DEHP treated granulosa cells (76.4 =+

120 -
100
80
60
40

Cell viability (%)

20

DEHP (uM)

Fig. 1 The representative bar diagram showing the cell viability of gran-
ulosa cells after treatment with 0.0, 100, 200, 400, and 800 pM DEHP,
NAC (5 mM) and DEHP (400 puM) + NAC (5 mM) for 72 h. Data are
obtained from the MTT assay (mean + SEM) and are normalized with the
control group (medium only). Statistical significance was analyzed by
one-way ANOVA. Significant difference: (*) P < 0.05.
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9.95%) and in combination of DEHP + NAC (39.8 + 1.75%) as
compared to the control (36.0 + 9.97%) indicating that DEHP
induced cell aging by increasing the SA-p-gal activity (Fig. 3).

DEHP exposure induced oxidative stress and hypoxic condition

In order to explore whether DEHP induced apoptosis in granu-
losa cells is mediated by oxidative stress and hypoxia gene-
ration, DEHP treated and untreated cells were incubated with
a hypoxia/oxidative stress detection mix. As shown in Fig. 4,
DEHP (400 pM) treated cells were associated with an increased
level of oxidative stress (higher green fluorescence intensity) as
well as hypoxia (higher red fluorescence intensity) as com-
pared with the negative control group and the positive control
(ROS inducer: pyocyanin and hypoxia inducer: DFO) respect-
ively. Such effects of DEHP were partly abolished by the con-
temporaneous addition of 5 mM NAC, an antioxidant. A
decreased fluorescence intensity was observed in combination
with NAC + DEHP as compared to DEHP alone.

DEHP increased intracellular ROS levels in granulosa cells

Based on the result of oxidative stress, we hypothesized that
the treatment of DEHP might have increased the ROS level and
thereby apoptosis in granulosa cells. Hence, the intracellular
ROS level was analyzed in DEHP treated and untreated cells
using a fluorescent probe DCFH-DA. DEHP (400 uM) showed
significantly higher values of DCFDA fluorescence intensity,
indicative of the intracellular ROS levels, than the control and
NAC treated groups (Fig. 5; P < 0.05). Addition of NAC partly
reduced the ROS level in DEHP treated granulosa cells (Fig. 5).

Assessment of the mitochondrial membrane potential

To assess the influence of DEHP induced OS and ROS levels
on the mitochondrial membrane potential, we measured mito-
chondrial activity in DEHP treated and untreated cells. Active
mitochondria emit more red fluorescence by readily accumu-
lating JC-1 dye in mitochondria as compared to less active
mitochondria that emit green fluorescence and the ratio of
red/green fluorescence is indicative of mitochondrial activity
in a cell as described earlier.”®*° Our results show that DEHP
induced mitochondrial depolarization and increased mito-
chondria-derived ROS production in granulosa cells in the
present study. In addition, we observed that NAC, a ROS sca-
venger, inhibits the DEHP-induced mitochondrial-ROS pro-
duction but not to a significant level. As shown in Fig. 6,
DEHP (400 pM) induces depolarization of the mitochondria
(higher JC1 green florescence) as compared to the control and
NAC treated granulosa cells. Our data support the hypothesis
that DEHP induces oxidative stress by modulating the mito-
chondrial membrane potential.

DEHP treatment inhibited the secretion of estradiol-17f and
progesterone

As shown in Fig. 7, DEHP (400 pM) significantly (p < 0.05)
inhibited the production of estradiol-17p and progesterone as
compared to the control and NAC treated granulosa cells.
However, elevated levels of estradiol and progesterone were
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Fig. 2 Representative photographs showing acridine orange (AO)/propidium iodide (PI) staining for the analysis of cell viability after the control
(medium only), DEHP (400 pyM) and DEHP + NAC (5 mM) treatment in granulosa cells. DEHP (400 pM) treatment induced morphological apoptotic
changes in granulosa cells as evidenced by the increased intensity of Pl staining and the reduced intensity of AO staining as compared to the control
group. Supplementation of NAC along with DEHP protected granulosa cells against DEHP-induced apoptotic changes as evidenced by the increased
intensity of AO staining compared to DEHP alone. Three independent experiments were conducted to confirm the results. (Bar = 200 pm).
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Fig. 3 Effect of DEHP exposure on SA-B-galactosidase activity in gran-
ulosa cells. Granulosa cells were exposed in vitro to the control (medium
only), DEHP (400 pM) and DEHP + NAC (5 mM) for 72 h and subjected to
an enzymatic activity assay for analysis of p-galactosidase activity. DEHP
(400 pM) treatment induced cellular senescence in cultured granulosa
cells as evidenced by increased p-galactosidase activity as compared to
the control and the DEHP + NAC treated group. All values were normal-
ized with the control and the values are shown in percentage. The graph
represents means + SEMs from at least 3 separate experiments. The
asterisk (*) indicates a significant p value from the controls at the same
time point via ANOVA, post hoc Tukey's HSD (p < 0.05).

observed in the NAC + DEHP treatment group, suggesting that
NAC partly abolished the inhibitory action of DEHP on
hormone production.

386 | Toxicol Res., 2019, 8, 381-394

DEHP treatment decreased the expression of steroidogenic
genes in granulosa cells

Because DEHP inhibits steroid hormone (estradiol and pro-
gesterone) production in cultured granulosa cells, studies were
conducted to determine if it did so by altering the expression
of steroidogenic responsive genes. The results showed signifi-
cant down-regulation of steroid responsive genes cypllA,
cyp19A1 and Star in DEHP (400 pM) treated granulosa cells as
compared to the control and NAC treated granulosa cells
(Fig. 8). The estrogen receptor-p1 (ERf1) transcript was also
found significantly down-regulated in DEHP treated granulosa
cells (Fig. 8). The results of down-regulation of steroidogenic
genes were reciprocated with low levels of estradiol and pro-
gesterone production after DEHP treatment. In all treatment
groups, the house keeping gene GAPDH was consistently
expressed throughout the culture.

DEHP treatment increased the expression of pro-apoptotic
genes in granulosa cells

We were interested to find out whether DEHP induced mor-
phological apoptotic changes in granulosa cells are associated
with the altered expression of apoptotic genes. We performed
semi quantitative RT-PCR to evaluate the expression of apopto-
sis genes in DEHP treated and untreated granulosa cells. The
results showed that the mRNA expression of pro-apoptotic
genes Bax, cytochrome-c and caspase-3 were significantly

This journal is © The Royal Society of Chemistry 2019
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(p < 0.05) higher in DEHP (400 pM) treated as compared to the
control and NAC treated granulosa cells (Fig. 9). In addition,
the mRNA expression of the anti-apoptotic gene Bcl, was
found reduced in DEHP treated cells as compared to the
control and NAC treated granulosa cells (Fig. 9). In all treat-
ment groups, the house keeping gene GAPDH was consistently
expressed throughout the culture.

Overall impact of DEHP on steroidogenesis and apoptosis in
rat ovarian granulosa cells

Overall, our experimental data revealed that DEHP is toxic to
granulosa cells, resulting in their decreasing cellular viability
and inducing oxidative stress-ROS-mediated apoptosis.
Furthermore, DEHP induced oxidative stress and ROS might
play critical roles in modulating the expression of pro-apopto-
tic (Bax, cytochrome c and caspase-3) and steroidogenic
responsive genes in granulosa cells (Fig. 10).

Discussion

This study was conducted to investigate whether DEHP-
induced OS affects the quality of oocytes by inducing apoptosis
and hampering steroidogenesis in granulosa cells. Our main
findings indicated that DEHP exposure induced OS and ROS
production and thereby increased the expression of pro-apop-
totic genes and also modulated steroidogenic responsive genes
in granulosa cells resulting in inhibited steroid production. In
animal experiments, DEHP has been evaluated for develop-

This journal is © The Royal Society of Chemistry 2019
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mental and reproductive toxicity for several decades. Most of
the studies were focused on DEHP exposure via inhalation,
ingestion or oral administration wherein only a vague concen-
tration reaches the target organ or the associated area.
However, no such in vitro studies have been conducted using
ovarian granulosa cells to examine whether the in vitro treat-
ment of DEHP induces the generation of ROS and if so,
whether DEHP-induced apoptosis is mediated through the
mitochondrial pathway as a result of disrupted ovarian steroido-
genesis. Moreover, it has been demonstrated that the cyto-
toxicity and the genotoxic potential of DEHP and its metab-
olites decreased the cell viability and steroidogenic potential
in various animal models including humans. Recently it has
been shown that prenatal exposure to DEHP has multigenera-
tional and transgenerational effects on female reproduction
and it may accelerate reproductive aging.”®*'
reports have provided evidence for a negative association
between the urinary concentrations of certain phthalate
metabolites and serum INHB levels,”'® suggesting an adverse
effect of phthalate exposure on growing human antral follicles.
It has also shown that the exposure of phthalate is associated
with the alterations of reproductive hormone levels in girls.’

Further, few

This journal is © The Royal Society of Chemistry 2019

an in vitro study it is demonstrated that DEHP affects oocyte
maturation and the embryogenesis process.'” Further, it is
reported that the addition of MEHP, during bovine oocyte
in vitro maturation, inhibits meiotic maturation in a dose-
dependent manner.*"
subsequent study performed in mouse oocytes,’”
effect was noticed by adding DEHP in an IVM culture of pig
oocytes. In this study, we have conducted an MTT assay to
determine the optimum effective dose of DEHP on granulosa
cells and found that 400 uM DEHP was the optimum effective
dose that exerted a negative effect via increasing the OS and
intracellular ROS level which ultimately caused apoptosis in
granulosa cells. Although it is now clear that DEHP exerts
negative effects on the female reproductive system, their
effects on female germ cell physiology still remains poorly
understood.

Oxidative stress is caused by an imbalance between pro-
oxidant and antioxidants, which results in damage to cellular
components including proteins, lipids and DNA.*° Induction
of oxidative stress leads to the generation of ROS which have
both physiological and pathological roles during various repro-
ductive functions.*® Several studies have shown that oxidative

This result was further confirmed in a
where no
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2334739 and low

stress is directly associated with cellular aging
success rates in assistant reproductive techniques.*” It has
been shown that the oral administration of DEHP in rats
increased the generation of ROS such as the superoxide radical
and H,0,.*>* Further, it is also demonstrated that DEHP alters
the expression of antioxidant enzymes and induces oxidative
stress in the male reproductive system.’*™*> MEHP, an active
metabolite of DEHP is also reported to selectively induce oxi-
dative stress and is responsible for the release of cytochrome c
from mitochondria, thereby inducing apoptosis in germ
cells.** Recently, in a study it is reported that the exposure of
benzyl butyl phthalate (BBP), a widespread EDC, increased adi-
pogenesis and metabolic dysregulation via impairing vital epi-
genetic regulators.”’ This study shows that the exposure of
DEHP increases the OS, ROS and p-galactosidase levels in gran-
ulosa cells as compared to control cells. This result indicates
that the exposure of DEHP causes an increase in superoxide
radicals in the granulosa cells, which further induces oxidative
stress and ROS production and thereby causes DNA damage in
cultured granulosa cells.

In this study, we have demonstrated that DEHP (400
pg ml™") increases the ROS level, the expression of pro-apoptotic

390 | Toxicol. Res., 2019, 8, 381-394

genes (Bax, cytochrome-c and caspase-3) and decreases the
expression of the anti-apoptotic Bcl, gene in cultured granu-
losa cells. In addition, we have found that co-treatment with
NAC, a known antioxidant, rescues the granulosa cells from
DEHP-induced ROS generation and restores the expression of
the Bcl, gene. It is reported that DEHP even at lower concen-
trations (50-100 uM) alters the gene expression profiles, which
suggests that little exposure of DEHP may alter the expression
of important developmental genes.** Further, it is reported
that NAC acts as a free radical scavenger and glutathione pre-
cursor in reproductive and non-reproductive tissues and pro-
tects them from oxidative stress induced apoptosis.*”™*’
However, the mechanism by which NAC works to prevent
DEHP-induced toxicity is not known. In this study, we have
shown that supplementation of NAC along with DEHP rescues
the effects of DEHP on the OS, ROS, f-galactosidase levels and
gene expression activities but not to a significant level.
Altogether, these results suggest that NAC acts as a ROS sca-
venger and at least partially rescues the DEHP induced toxicity
in ovarian granulosa cells. In another experiment, we have
found an increased level of p-galactosidase, which is an indi-
cator of cellular aging, in DEHP (400 pug ml™") treated granu-

This journal is © The Royal Society of Chemistry 2019
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losa cells compared to the control, which suggests that DEHP
increased cell aging through increasing p-galactosidase
activity. These two sets of data suggest that DEHP might work
through the mitochondrial oxidative stress pathway which
induces ROS generation and thereby a higher expression of
pro-apoptotic genes, which leads to apoptosis in ovarian gran-
ulosa cells. To our knowledge, this is the first study to show
that DEHP induces oxidative stress and ROS production by dis-
rupting the expression of anti- and pro-apoptotic genes in
ovarian granulosa cells.

Mammalian ovaries perform two important processes like
folliculogenesis and steroidogenesis which are essential for
maintenance of an appropriately timed reproductive cycle,
senescence and fertility. It has been shown that DEHP
represses granulosa cell estradiol production with consequent
alterations of the gonadal-hypothalamic feedback, modifi-
cations of follicle stimulating hormone (FSH) and luteinizing
hormone (LH) levels.*® It is also demonstrated that in-utero
and lactational DEHP exposure alters estrogen synthesis via
dysregulation of the pituitary-gonadal feedback and impairs
the reproductive performance of exposed animals.*>™ It is
demonstrated that DEHP inhibits follicle growth by inducing

This journal is © The Royal Society of Chemistry 2019

the production of ROS and by decreasing the expression and
activity of SOD1. We have also shown that DEHP treatment
decreases the expression and activity of steroid responsive
genes (cypl1A, cyp19A1 and Star) and the effect of DEHP was
normalized by supplementation of NAC. Thus, it is quite poss-
ible that DEHP-induced oxidative stress alters the activity of
steroid responsive genes as a result of inhibition of steroid syn-
thesis while NAC prevents these processes. It is believed that
DEHP may induce its toxicity in two ways; either by disturbing
the levels of some hormones like estrogen or progesterone,
thus reducing fertility or probably by inducing oxidative stress
via ROS generation, hence leading to granulosa cell apoptosis.

Conclusion

On the basis of our research findings and available literature,
it is logical to state that DEHP might be one of the factors that
are responsible for early puberty, disturbance in the menstrual
cycle, amenorrhea, and recurrent abortion. It can be argued
that reproductive health is one of the most prevalent health
care problems in India especially in rural areas because of the

Toxicol. Res., 2019, 8, 381-394 | 391
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lack of adequate primary healthcare facilities, unhygienic con-
ditions and direct exposure to various kinds of endocrine dis-
ruptors. In conclusion, this study revealed that DEHP causes
oxidative stress via ROS production and inhibition of steroid
synthesis via modulation of steroidogenic responsive genes in
granulosa cells that finally lead to the induction of apoptosis
through the activation of Bax/Bcl-2-cytochrome-c and the
caspase3-mediated mitochondrial apoptotic pathway. Further,
molecular studies are necessary to evaluate the impact of
DEHP on the reproductive health of humans considering the
substantial use of plastic products for wider applications. In
addition, we should reduce environmental exposure of DEHP
and spread awareness among women to protect against DEHP-
induced reproductive toxicity.
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