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Abstract

Sulforaphane (SFN) has been considered as an indirect antioxidant and potential inducer of the Nrf2-ARE pathway. This study
was conducted to investigate the protective role of SFN against oxidative stress in bovine granulosa cells (GCs). GCs were
collected from antral follicles (4-8 mm) and cultured according to the experimental design where group 1 = control, group 2 =
treated with SFN, group 3 =treated with hydrogen peroxide (H,O,), group 4 =pretreated with SFN and then with H,O,
(protective) and group 5 = treated with H,O, followed by SFN treatment (rescuing). Results showed that SFN pretreatment
significantly increases cell viability and reduces cytotoxicity in GCs under oxidative stress. Following H,O, exposure, expres-
sion of NRF2 was found to be significantly increased (p < 0.05) in SFN-pretreated cells, while no significant differences were
observed between group 3 and group 5, although the expression was significantly increased compared to the control group.
Moreover, the relative abundance of the NRF2 downstream target antioxidant genes (CAT, PRDX1, SODI and TXN1) were
higher (fold change ranged from 7 to 14, p <0.05) in sulforaphane pretreated GCs. Low level of ROS and lipid accumu-
lation and higher mitochondrial activity were observed in GCs pretreated with SFN, whereas no such changes were
observed in GCs treated with SFN after exposure to oxidative stress (group 5). Thus, we suggest that SFN pretreatment
effectively protects GCs against oxidative damage through the activation of the NRF2-ARE pathway, whereas addition of
SFN during oxidative insult failed to rescue GCs.
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Introduction

Oxidative stress mediated by oxygen-derived free radicals (al-
so known as reactive oxygen species or ROS) is a common
state affecting nearly all living organisms due to suboptimal
environmental conditions. In homeostatic condition, there is a
balance between the generation of ROS and ROS scavenging
ability of cells through the cellular antioxidant system.
However, when the production of ROS overwhelms the cel-
lular antioxidant capability, it potentially leads to a condition
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known as oxidative stress (Agarwal et al. 2005). The ROS
level can be raised endogenously during many physiological
processes including ovulation (Agarwal et al. 2005).
Moreover, the use of oxygen as a respiratory substrate was
reported to develop oxidative stress during aerobic metabolism
and energy production (Frisard and Ravussin 2006). In addi-
tion, other endogenous sources (mitochondria, inflammatory
cell activations, plasma membrane NADPH oxidase, endoplas-
mic reticulum, lysosomes and peroxisomes) can influence the
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production of ROS in mammalian cells (Klaunig et al. 2010).
Recently, showed that moderate to low levels of oxidative stress
induced by hydrogen peroxide (H,O,) in GC could trigger the
release of the RNA molecule as a defense mechanism into the
extracellular space mediated by exosomes (Saeed-Zidane et al.
2017).

Despite its essential role in the ovulatory process, ROS-
mediated oxidative stress was found to have a detrimental role
in female reproduction, particularly on ovarian function and a
number of reproductive diseases including endometriosis,
polycystic ovarian syndrome and unexplained infertility
(Agarwal et al. 2012). Ovarian GCs, the major cellular con-
stituent in a follicle, have two pivotal roles in female repro-
duction: steroid production and protect the oocyte during ovu-
lation (Yada et al. 1999; Sohel and Cinar 2015). At the end of
follicular growth, GCs in the dominant follicle are differenti-
ated into luteal cells by an ovulatory luteinizing hormone (LH)
surge (Duffy and Stouffer 2003). This process is crucial for a
successful ovulation and subsequent formation of corpus
luteum to maintain pregnancy. On the other hand, during ovu-
lation after the preovulatory surge of LH, inflammatory cells
especially neutrophils and macrophages are massively recruit-
ed to produce ROS to facilitate follicular rupture and the re-
lease of the oocyte (Shkolnik et al. 2011), indicating exposure
of GCs to some sort of oxidative stress during ovulation. In
addition to an endogenous source, environmental sources of
ROS could make the situation more complex.

During the evolutionary process, mammalian cells have
developed incredible defense mechanisms against harmful en-
vironmental insults including oxidative stress. One of the ma-
jor mechanisms is the production of different phase II antiox-
idant enzymes via activation of the nuclear factor erythroid 2-
related factor 2 (Nrf2) signaling pathway, which is considered
as an innate cellular defense mechanism against oxidative
stress (Zhang et al. 2013). It has recently been shown that
sulforaphane (SFN) triggers the induction of phase II antiox-
idant enzymes via activation of the Nrf2-ARE pathway in
GCs (Sohel et al. 2017). Sulforaphane is a natural dietary
isothiocyanate found in cruciferous vegetables such as cab-
bage, brussel and broccoli sprouts (Guerrero-Beltran et al.
2012). By reacting with thiol groups of KEAP1, SFN forms
thionoacyl adducts and promotes the disruption of NRF2-
KEAPI interaction leading to Nrf2-ARE pathway activation
(Hong et al. 2005) and enhances the abundance of phase II
enzymes. As a result, cells acquire an enhanced ability to
handle oxidative insults and survive under suboptimal envi-
ronmental conditions (Zhang et al. 2013). Recently, we
showed that the survival ability of preimplantation embryos
under oxidative stress is associated with the activation of the
Nrf2-ARE oxidative stress response pathway (Amin et al.
2014). However, the effect of oxidative stress on bovine
GCs and the use of SFN as a potent antioxidant in order to
activate the Nrf2 pathway have not been investigated yet. The
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aims of this study were to investigate whether SFN supple-
mentation is able to activate the NRF2-ARE antioxidant
mechanism and protect and/or rescue bovine GCs under
oxidative stress conditions. For this, we used the primary
culture of GCs as a model and H,O, as an inducer of oxi-
dative stress to determine the protective and/or rescuing
ability of SFN.

Materials and methods
Experimental groups

To determine the protective or rescuing effects of SFN sup-
plementation on bovine GCs under oxidative stress condition,
primary cultures of GCs were grown in five groups, where
group 1: untreated control, group 2: treated only with 10 uM
SFN (Sigma-Aldrich, S4441-5MG, St. Louis, MO), group 3:
treated only with 500 uM H,0, (Sigma-Aldrich, 216,763,
Steinheim, Germany) for 40 min, group 4: first pretreated with
10 uM SFN and then treated with 500 uM H,O, 40 min and
group 5: no pretreatment but 10 uM SFN added after 500-uM
H,0, exposure. Before classified into the different treatment
groups, recovered cells were grown until they reached up to
40-50% confluency.

Collection of ovaries and GCs

GCs were collected and cultured according to the procedure
described in our previous work (Sohel et al. 2013). In brief, a
total of 120 ovaries were obtained from a local slaughterhouse
and transported in 0.9% saline solution at 38 °C within 2 h of
collection. GCs from a minimum of 10 ovaries were used in
each replicate in order to obtain a sufficient number of cells for
different experiments. Following washing with new saline
solution and 70% ethanol, follicular materials (follicular fluid
containing GCs and cumulus-oocyte complex) were aspirated
from antral follicles of 4-8 mm in diameter by an 18-gauge
needle attached to a 5-mL syringe and placed in a 50-mL
sterile falcon tube containing 10-mL Media 199 (Sigma-
Aldrich, M5017, Steinheim, Germany). After collection, tubes
were left for 15 min at 37 °C to allow the oocyte cumulus
complex and cellular debris to settle at the bottom. The upper
liquid containing GCs was then collected in a 15-mL tube and
centrifuged at 500xg for 5 min to obtain the GCs in the form
of pellets. GC pellets were washed once in calcium-
magnesium free PBS (CMF) followed by centrifugation at
500xg for 5 min and resuspended in 1 mL of red blood cell
(RBC) lysis buffer (8.26 g/LL NH4Cl) for 1 min to remove
erythrocytes. Isotonicity was restored by adding 5 mL of
DMEM/F-12 medium supplemented with 10% FBS (Pan-
Biotech GmbH, P30-8500, Aidenbach, Germany). The purity
of isolated GCs was determined by the presence of FSHR
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(GC-specific marker) and the absence of CYPI7AI (Theca
cell-specific marker), and the results are presented in
Electronic Supplementary Material Fig. S1.

Culture and treatment of GCs

Approximately 50,000, 1.5 x 10> and 6 x 10° viable cells were
seeded in a 8-well chamber slide, 24-well and 6-well culture
plate (Corning Incorporated, Kennebunk, ME, USA), respec-
tively and cultured in DMEM/F-12 medium (Sigma-Aldrich,
D6046, Steinheim, Germany) supplemented with 10% FBS,
penicillin (100 U/mL) and streptomycin (100 pg/mL) (Sigma-
Aldrich, P4333, Steinheim, Germany) at 37 °C in a humidified
atmosphere of 5% CO, until 40-50% confluency. To investi-
gate the effects of SFN during oxidative stress, primary cultures
of GCs were exposed to 10 uM SFN and 500 uM H,0, and
culture according to the experimental design. The concentra-
tions of SFN and H,0, were chosen based on our previous
experiences (Sohel et al. 2016, 2017). A time-course experi-
ment was performed in order to find out the appropriate expo-
sure time of 10 uM SFN against GCs. Based on the time-course
result, we decided to expose the GCs to SFN for 24 h which is
presented in Electronic Supplementary Material Fig. S2. A
simplified experimental design is presented in Fig. 1.
Following the treatments, cells were either investigated for
different morphological characterization or harvested using
trypsin EDTA (Biological Industries, catalog no. 03—052-1B,
Kibbutz Beit Haemek, Israel) and stored at — 80 °C for further
genetic analysis.

Cell morphology and viability

After each treatment, GCs from different treatment groups were
observed using inverted microscopy in a Nikon Eclipse TS100
microscope (Nikon, Tokyo, Japan) for confluency and changes
in morphology. The viability of cells was determined using the
trypan blue exclusion test as previously described (Strober 2001)
with some modifications. Briefly, after the treatment, both adher-
ent and floating cells from each treatment group were collected
and resuspended in 1 mL of complete medium. Following that,
100 uL of cell suspension and 100 pL of 0.4% trypan blue were
mixed into a micro-centrifuge tube and allowed to incubate for
1-2 min at room temperature. Ten microliters of cell mixture/
trypan blue was applied to the hemocytometer and placed under
a microscope for counting live and dead cells. GC viability was
calculated as a percentage of viable cells from the total cell count.

Cytotoxicity assay

Damaging effects of H,O, or protective/rescuing ability of
SFN on preventing cytotoxicity were determined using a col-
orimetric assay (WST-1-based) for nonradioactive quantifica-
tion of cell proliferation, cell viability and cytotoxicity kit

(Roche Diagnostics GmbH, Mannheim, Germany) according
to the manufacturer’s protocol. Briefly, 1 x 10* viable GCs
were plated in each well of the 96-well microplate (Clear,
Flat Bottom TC-Treated, Corning Incorporated) containing
100 uL/well culture media until 40-50% confluency in a hu-
midified atmosphere (37 °C and 5% CO,). Cells were treated
according to the experimental plan (Fig. 1). Following the
culture period, 10 uL WST-1 reagent was added to each well
of'the microplate and incubated for 5 h at 37 °C in the presence
of 5% CO,. Finally, the microplate was shaken for 1 min and
absorbance was measured using a microplate (ELISA) reader
(Glomax Multi Detection System, Promega BioSystems
Sunnyvale, CA, USA) with a wavelength of 460 nm.

RNA isolation and complementary DNA synthesis

Total RNA was isolated from GCs using the miRNeasy Mini
Kit (Qiagen, Hilden, Germany) according to manufacturer’s
instruction. An on-column DNase digestion step using
RNase-Free DNase set (catalog no. 79254, Qiagen, Hilden,
Germany) was performed during total RNA isolation in order
to remove any additional DNA contamination. Total RNA con-
centration and purity were determined using a NanoDrop ND-
1000 spectrophotometer. Approximately, 1 pg of total RNA
was then reverse transcribed to complementary DNA (cDNA)
using oligo (dT)-25 and random primers (Promega, Madison,
WI) and Superscript II reverse transcriptase (Invitrogen,
Karlsruhe, Germany). The cDNA synthesis reaction contains
4-ul 5x first-strand buffer (375 mM KCI, 15 mM MgCl,,
250 mM Tris—HCI, pH 8.3), 2 uL dithiothreitol (Promega),
1 uL. dNTP, 0.7 uL Superscript I reverse transcriptase and
0.3-uL RNase inhibitor (Promega) and was incubated at
42 °C for 90 min and then denatured at 70 °C for 15 min.

Real-time quantitative PCR

An ABI PRISM® 7000 sequence detection system (Applied
Biosystems, Foster City, CA) instrument was used to quantify
the transcript abundance of NRF2-ARE pathway genes in-
cluding NRF?2 and KEAPI; antioxidant genes, namely, super-
oxide dismutase-1 (SODI), peroxiredoxin-1 (PRDX1),
thioredoxin-1 (TXNT) and catalase (CAT); and the endogenous
control gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The primer sequences of genes used in this exper-
iment were designed via Primer3 online software v.0.4.0
(http://frodo.wi.mit.edu/primer3/) and listed in
Supplementary Table S1. Before performing the quantitative
RT-PCR reaction, the suitability of the endogenous control
was confirmed by investigating the consistency of GAPDH
expression among the experimental samples. The gRT-PCR
reactions were set up in 20 uL using 2-pL first-strand cDNA
template, 7.4 uL deionized H,0, 0.3 uM of forward and re-
verse gene specific primers and 10 uL 1x Power SYBR Green
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Fig. 1 Simplified experimental groups. Cells in all groups were grown to
40-50% confluence and continued different treatments under optimum
culture conditions. Group 1: no treatment, cells were grown with
complete medium; group 2: cells were treated with 10 pM SFN; group
3: cells were continued with complete medium up to 40-50% confluence

I master mix with ROX as a reference dye (Bio-Rad
Laboratories, 10032041, CA, USA). The thermal cycling con-
ditions were 3 min at 95 °C, followed by 40 cycles of 15 s at
95 °C and 1 min at 60 °C. Relative expressions of each mes-
senger RNA (mRNA) were analyzed using a comparative CT
(224CTy method.

Immunocytochemical analysis of NRF2 protein

Cells in each group were processed for immunocytochemistry
according to the protocol described previously (Amin et al.
2014) with some modifications. Briefly, cells from each cate-
gory were washed three times with warm DPBS and fixed in
4% paraformaldehyde at 4 °C overnight. Following that, cells
were washed three times with DPBS and permeabilized using
0.2% Triton X-100 (Sigma-Aldrich) in PBS at room temper-
ature for 1 h. After blocking with 3% normal donkey serum in
DPBS for 1 h at room temperature, cells were incubated with
specific primary antibody against NRF2 (1:100 dilution, SC-
722; Santa Cruz Biotechnology, Dallas, TX) overnight at
4 °C. The next day, cells were washed twice with 0.05%
Tween 20 (P9416, Sigma) in DPBS and incubated further with
FITC conjugated donkey anti-rabbit secondary antibody
(1:200 dilution, SC-2090, Santa Cruz Biotechnology, Dallas,
TX) for 1 h at 37 °C in the dark. After washing twice with
DPBS, cells were incubated with 5 ng/mL 4',6'-diamidino-2-
phenylindole (DAPI; Vector Laboratories) in DPBS to stain
the nucleus for 5 min in the dark and fluorescence microscopy
was performed with a Nikon Eclipse Ti-S microscope (Nikon
Instruments Inc., Tokyo, Japan) using a green and blue-
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followed by an incubation with 500 uM H,O, for 40 min and continued
with complete medium; group 4: cells were treated with 10 uM SFN for
24 h followed by 40-min incubation with 500 uM H,0,; group 5: cells
were continued with complete medium followed by an incubation with
10 uM SEN + 500 M H,0, for 40 min and continued with 10 pM SFN

fluorescence filter and images were acquired by NIS
Elements software.

Intracellular ROS detection

Intracellular ROS accumulation in different treated and con-
trol groups was assessed by 6-carboxy-2',7'-
dichlorodihydrofluorescin diacetate (H,DCFDA; Sigma-
Aldrich) according to the protocol described elsewhere
(Sohel etal. 2017). Briefly, following the treatments according
to Fig. 1, GCs from each group were incubated with 400 1L of
15 uM H2DCFDA for 20 min in the dark at 37 °C. Cells were
then washed twice with PBS and images were immediately
captured with a Nikon Eclipse Ti-S microscope (Nikon
Instruments Inc., Tokyo, Japan) using a green-fluorescence
filter and images were acquired by NIS Elements software.
For quantitative analysis, the mean fluorescence intensity of
five nonoverlapping fields in each well was measured using
Image] software. Data are presented as mean + SD.

Assessment of lipid accumulation

Accumulation of lipid droplets in GCs of different groups was
assessed using Oil Red O stain (Sigma-Aldrich, O1391, St.
Louis, MO) using previously described protocol (Prastowo et
al. 2016). Briefly, approximately 1 x 10> viable GCs were
added to each well of a 24-well culture plate and treated ac-
cording to the experimental design (Fig. 1). Following the
incubation period, media was completely removed and GCs
were washed twice with PBS and fixed in 10% formalin for
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30 min at room temperature. Immediately prior to the staining,
Oil Red working solution was prepared and then incubated
with cells for 40 min at room temperature. Following staining,
cells were washed three to four times with distilled water and
visualized by a Leica DMIL LED inverted microscope (Leica
Microsystem Ltd., Germany).

Mitochondrial activity
Mitochondrial activity in bovine GCs was determined using

MitoTracker] Red CMXRos (M7512, Invitrogen) according
to the previous protocol (Prastowo et al. 2016) with small
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Fig. 2 Effects of different treatments on cellular morphology, viability
and cytotoxicity. a—e Representative micrographs of different treatments
(n=3), scale bar 200 um. f Cells were subjected to trypan blue dye
exclusion test and were counted using a hemocytometer for cell
viability. g Cytotoxicity of different treatments was determined using
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modifications. GCs from each group were incubated with
200-nM MitoTracker red dye for 45 min, followed by two
washings with PBS and were then fixed overnight at4 °C with
4% formaldehyde. The next day, fixed cells were mounted
with Vectashield (H-1200) containing DAPI (Vector
Laboratories). The mitochondrial activity of GC samples
was visualized under a laser scanning confocal microscope
(LSM 710; Carl Zeiss) using specific excitation lasers (579—
599 nm). A constant level of laser gain (master gain = 700),
pinhole (I wm) and pixel size (1024 x 1024) were applied
during image acquisition aim to allow image fluorescence
signal comparison. Resulted images were then processed
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WST-1 kit using an ELISA reader. Data are presented as mean +SEM
(n=13) of three independent experiments. Different superscript letters
(a, b) denote a significant difference between groups, such that groups

not sharing a similar letter are significantly different from each other
(»<0.001)
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using ZEN 2011 software (Carl Zeiss). For quantitative anal-
ysis, the mean fluorescence intensity of five nonoverlapping
fields in each well was measured using ImagelJ software. Data
are presented as mean + SD.

Statistical analysis

Minimum of three biological replicates were used in each ex-
periment. Normal distribution of data was analyzed and results
are presented in Electronic Supplementary Material Fig. S3.
Statistical differences between treatment group means (quanti-
tative variables) were analyzed by one-way ANOVA, followed
by multiple pairwise comparisons (Tukey test, cc=0.05). For
statistical analyses and graphs, Microsoft Excel 2016 was used.
Data are expressed as mean + SD of three biological replicates.
Differences were considered as significant at p < 0.05.

Results

Pretreatment with SFN increased cell viability
and reduced cytotoxicity during oxidative stress

GCs from both treated and control groups were examined
using the inverted microscope for their morphological chang-
es after each treatment. Based on microscopic observation,
there were no visible differences between the cells of group
1 and group 2 in terms of growth and confluence (Fig. 2a—e). It
clearly showed that 10 uM of SFN was not detrimental to cells
in terms of growth and proliferation (Fig. 2b). However, treat-
ment with 500 uM H,0, caused oxidative damage to the cells,
which was characterized by a higher number of dead cells in
group 3 (Fig. 2¢). Preincubation with SFN clearly protects the
cells from oxidative stress, which is evidenced by apparently
healthy cells and presence of a lower number of dead cells in
group 4 (Fig. 2d). On the other hand, upon exposure to H,O,,
administration of SFN did not appear to be beneficial to the
protection of GCs from oxidative damage in group 5 (Fig. 2¢).

Analysis of cell viability using the trypan blue dye exclu-
sion test revealed that treatment of cells with 10 uM SFN had
no significant effects on the viability of GCs in group 2,
whereas oxidative stress induced by H,O, caused a significant
reduction of viability (<40%) of GCs in group 3. However,
more than 80% cell viability was observed in GCs when
pretreated with SFN in group 4 and an almost similar via-
bility as group 3 was observed when SFN was added along
with H,O, in group 5 (Fig. 2f). Therefore, these results
indicated that pretreatment of GCs with SFN protects them
from H,0O, induced cytotoxicity.

Moreover, the protecting and/or rescuing ability of SFN
from H,O, induced cytotoxicity on GCs was determined
using WST-1 reagent and results are presented in Fig. 2g.
Accordingly, results revealed that 10 uM SFN was not toxic
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to GCs, whereas 500 uM H,O, appeared to be extremely
cytotoxic. While SFN pretreatment effectively decreases
H,0, induced cytotoxicity in group 4, co-incubation of SFN
could not reduce H,0O, induced cytotoxicity in group 5. Both
the viability and cytotoxicity tests suggest that SFN pretreat-
ment effectively protects GCs from H,0, induced oxidative
stress; however, SFN cannot rescue GCs from already existing
oxidative stress.

Expression of NRF2 and KEAP1 in relation to SFN
and H,0, treatment

To understand whether the protective effect of SFN against
H,0, induced oxidative insult is associated with activation of
the Nrf2-ARE antioxidant pathway, we first investigated the
expression levels of NRF2 and its negative regulator KEAP1
at the mRNA level under different treatment conditions.
Analysis of qRT-PCR data revealed that, compared to untreat-
ed control, expression of NRF2 was significantly increased in
the cells of group 2 or group 3 (Fig. 3a). The highest expres-
sion of NRF2 was observed in the cells when they were
pretreated with SFN and subjected to oxidative stress (group
4). Surprisingly, no differences were observed in the expres-
sion of NRF2 mRNA levels between group 3 and group 5
(Fig. 3a).

As expected, the expression of KEAPI significantly de-
creased in all treatment groups compared to untreated control,
i.e., group 1 (Fig. 3b). However, no significant difference in
KEAP1 expression was found within SFN, H,O, and SFN-
resc groups. Moreover, significantly lower KEAP1 expression
was observed in the SFN-pretreated group compared to any
other groups (Fig. 3b).

Expression of antioxidant genes

A significant increase in the expression and nuclear transloca-
tion of NRF2 strongly suggests the activation of the Nrf2-
ARE pathway including the activation of antioxidant en-
zymes. Therefore, we investigated the expression of selected
antioxidant genes, namely, PRDX1, CAT, TXNI and SOD] as
the downstream genes of NRF2 activation. Interestingly, al-
most similar expression patterns were observed for all candi-
date genes (Fig. 3c—f). Significantly higher expression of all
candidate genes was observed in group 4 compared to any
other groups (Fig. 3c—f). Although the expression of candidate
genes was found to be significantly increased in groups 3 and
5 in comparison to group 1, no expression differences were
observed between groups 3 and 5 (Fig. 3c—f). These results
also demonstrated that the protective effects of SFN against
oxidative stress are firmly associated with the activation of the
Nrf2-ARE pathway.
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Nuclear translocation of Nrf2 during SFN and H,0,
treatment

Immunofluorescence staining and fluorescence microscopy
revealed that under the basal condition, in group 1, NRF2
was predominantly localized in the cytoplasm (Fig. 4a, a’, a
"). Interestingly, in group 2, NRF2 was found to be evenly
localized in both the cytoplasm and nuclear fraction (Fig.
4b, b’, b"). In contrast, NRF2 was almost absent in the
cytoplasm and translocated into the nucleus in the presence
of H,O, (Fig. 4c, ¢, c", e, ¢, ¢"). Although, NRF2 was
predominantly localized in the nucleus in group 4, plenty
of NRF2 was localized in the cytoplasm as well (Fig. 4d, d’,
d"). This is perhaps due to the fact that pretreatment with
SFN helped cells to promote their NRF2 activity against
oxidative stress and hence, they recovered quicker than
the cells of other groups (group 3 and group 5) within a
given period of time.

Preincubation with SFN decreases ROS and lipid
accumulation in GCs

Here, we next investigated the accumulation of ROS in the
GCs of different treatment groups (Fig. Sa—e). A low level

PRI SPA
RN RN RN R\ N
& & & & &

N o9 5% & 9
X N R LR

& & & & &

of ROS was detected in the cells of group 1 (Fig. 5a). When
GCs were treated with 10 pM SFN, it slightly increased the
accumulation of ROS in group 2. However, exposure to
500 uM H,0, significantly increased ROS accumulation
in the GCs of group 3, which is evidenced by a higher
intensity of the fluorescence signal (Fig. 5¢) and mean fluo-
rescence signal quantified by ImagelJ (Fig. 5k). Compared
to group 3, accumulation of ROS was significantly de-
creased in group 4 (Fig. 5d), but no such decrease was
observed in group 5 (Fig. Se).

Accumulation of lipid droplets is the hallmark of cellular
stress. Considering the results of ROS accumulation, we next
investigated whether pretreatment of GCs with SFN can in-
hibit the formation of lipid droplets upon oxidative stress. In
agreement with the ROS accumulation results, considerable
differences were found in lipid accumulation when the cells
were pretreated with SFN (Fig. 5f). The lowest level of lipid
droplets was observed in cells of groups 1 and 2. Exposure to
H,0, considerably enhanced the lipid droplet formation in
group 3 (Fig. 5h), while pretreatment with SFN reduced the
formation of lipid droplet accumulation in group 4 (Fig. 5i).
However, administration of SFN at the time of H,O, exposure
could not reduce the level of lipid droplet accumulation in
group 5 (Fig. 5j).
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Fig. 4 Nuclear translocation of
NREF2. Following different
treatments, GCs were subjected to
immunocytochemistry to localize
NRF2 proteins. Images were
acquired with a fluorescence
microscope using a green
fluorescence filter. Representative
images showing the location of
NRF2 proteins in green (a—e),
while nuclear staining with DAPI
(a'—e’) and merged image of
NRF2 protein and DAPI (a""—e").
Scale bar 100 um. White arrows
indicate NRF2 in the cytoplasm,
while red arrows represent the
translocated NRF2 in the nucleus

Pretreatment of GCs with SFN enhances
mitochondrial activity upon exposure to H,0,

While the mitochondrial electron transport chain is the major
source of cellular ROS, mitochondria are one of the major
targets of ROS-induced oxidative damage. Therefore, we in-
vestigated the activity of mitochondria in GCs of different
groups and results are shown in Fig. 6a—e. High mitochondrial
activity was observed in groups 1 and 2 as evidenced by
higher fluorescence signal intensity detected by confocal mi-
croscopy (Fig. 6a, b) and mean fluorescence signals quantified
by ImagelJ (Fig. 6f) compared to other groups. Cells exposed
to H,O, exhibited lower mitochondrial activity in group 3,
while pretreatment of GCs with SFN increased the activity
of mitochondria in group 4 (Fig. 6¢, d). However, SFN had
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no effects on enhancing mitochondrial activity when admin-
istrated along with H,O, in group 5 (Fig. 6e).

Discussion

In a follicular microenvironment, GCs are the major cellular
component and perform several important functions during fol-
licular growth and ovulation (Yada et al. 1999). Shortly before
ovulation, after the LH surge, massive recruitment of inflamma-
tory cells (endothelial cells, macrophages and neutrophils) at the
site of follicular rupture results in overproduction of ROS and
acute inflammation, which facilitate follicular rupture, indicating
that GCs are also exposed to a higher concentration of ROS and
face oxidative stress during the ovulatory process. On the other
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Fig. 5 ROS and lipid droplet Group 1

accumulation in GCs after
different treatments according to
Fig. 1. GCs were (a—e) washed
and loaded with H2DCFDA

(15 uM for 20 min) and
visualized under a fluorescent
microscope, scale bar 100 um. f—j
Following treatments, GCs were
loaded with Oil Red O stain
working solution (for 40 min),
washed several times and
visualized with an inverted
microscope (n=3). Scale bar
100 um. k Mean fluorescence
intensity was quantified by
Imagel software from five
nonoverlapping fields per well;
experiments were performed in
triplicate, ***p < 0.001. Data are
presented as mean + SD
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hand, overproduction of ROS is the major cause of GC apoptosis
in follicular atresia (Agarwal et al. 2012). It appears that there is
an existence of a complex relationship between GCs and oxida-
tive stress. Antioxidants, both enzymatic and nonenzymatic, play
a crucial role in survival and maintaining function and integrity
of GCs under oxidative stress. Several chemical compounds in-
cluding SFN and melatonin have been found to be effective in
resulting the induction of phase II antioxidant enzymes to exert
protective effects against oxidative insult in different cell types
(Guerrero-Beltran et al. 2012). Among them, SNF has been
studied intensively not only because of its extraordinary ability
to induce phase II antioxidant responsive element (ARE) genes
but also because it shows anticarcinogenic properties. Numerous
studies have suggested that a certain concentration of SFN is
cytotoxic to cancer cells (Chaudhuri et al. 2007; Chuang et al.
2007) but not in normal cells (Nair et al. 2007). Most important-
ly, SFN exerts protective effects in several normal cells against
different stressors including oxidative stress-induced damages
(Liu et al. 2013; He et al. 2014; Li et al. 2015).

In the present study, we investigated the protective effects of
SFN pretreatment in GCs before induction of oxidative stress
induced by H,0,. To the best of our knowledge, this is the first
study to report SFN modulation of the Nrf2-ARE pathway un-
der oxidative stress in ovarian GCs. Our results indicated that a
specific concentration of SFN (10 uM) is noncytotoxic to GCs;
however, 500 uM of H,O, was extremely cytotoxic and causes
oxidative stress-induced cell death. Cytotoxic effects due to ox-
idative stress induced by H,O, in different cell types were found
to be dose and cell type dependent. Furthermore, the working
concentration of both chemicals largely depends on the experi-
mental setup and the objectives of the study. For instance, a wide
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range of concentrations, starting from 1 up to 50 M, of SFN
has been used in different cell types to induce the protective
effects in vitro (Gamet-Payrastre et al. 2000; Kim et al. 2016;
Juengel et al. 2016; Sohel et al. 2017; Visalli et al. 2017). We
used 10 uM SFN to induce protective effects against oxidative
stress in vitro. The protective effects of SFN against vestibular
Schwannoma have been shown in both in vitro and in vivo
experiments (Kim et al. 2016), in which 10 uM SFN was used
in in vitro and intraperitoneal administration of 25 mg/kg SFN
in mice. It is important to note that the in vivo concentration of
SFN primarily depends on the experimental setup and model
organisms. Existing literature suggests that it may range from 5
to 500 mg/kg (Fuentes et al. 2015). It has been shown that a
standard serving of broccoli sprout contains 7.5 mg of SFN,
which is sufficient to modulate inflammatory and vascular pros-
tanoid responses in healthy humans (Medina et al. 2015).

We found that 10 uM SFN can effectively protect the GCs
from oxidative stress induced by H,O, as supported by the
results of different genetic, phenotypic and stress marker pa-
rameters. It is important to note that SFN exerts positive ef-
fects against oxidative stress only when GCs were pretreated
with it before exertion of oxidative stress. However, admin-
istration of SFN at the time of oxidative stress cannot res-
cue GCs from oxidative damage. This protective effect
seems to be mediated via activation of the Nrf2-ARE oxi-
dative stress response pathway, which is evident by a sig-
nificant higher expression of both NRF2 mRNA and its
downstream antioxidant genes in SFN-treated cells com-
pared to control. In addition, translocation of NRF2 into
the nucleus after SFN treatment strongly suggests the acti-
vation of the Nrf2-ARE antioxidant pathway.
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Fig. 6 Mitochondrial activity in
GCs of different treatment
groups. GCs were treated
according to the experimental
plan and 100 nM Mito Tracker
red dye was added and incubated
for 45 min at 37 °C. Images were
acquired with a fluorescence
microscope using a red filter. a—e
show active mitochondria in red,
while a’—e’ show nuclear staining
with DAPI in blue and a"—e"
show merged image of active
mitochondria and nucleus
staining. Scale bar 50 um, n=3
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During evolution, the cell has developed an inherent
defense mechanism against different stress or stimuli, i.e.,
activation of the Nrf2-ARE signaling pathway to produce a
wide range of antioxidant enzymes (Poljsak et al. 2013),
where NRF2 orchestrates the whole process. In our study,
expression of NRF2 was significantly increased (5-fold) in
cells treated with SFN compared to control. However, a
sharp increase in the expression of NRF2 (15-20-fold)
and loss of expression of KEAPI was observed in cells
exposed to H,O, and notably, the highest expression of
NRF2 was observed when the cells were pretreated with
SFN and then exposed to H,O, (Fig. 3a). The dramatic
shift in the abundance of NRF2 and KEAPI transcripts
upon H,O, exposure strongly suggests the disassociation
of Nrf2-Keap! interaction and release of NRF2 due to the
existence of oxidative stress. It has been proposed that SFN
seems to have both direct and indirect actions on the ex-
pression of NRF2 at the transcriptome level. An indirect
way of NRF?2 upregulation by SFN could be the mecha-
nism of positive autoregulation of NRF2 (NRF2 protein
upregulates its own transcript) (Kwak et al. 2002). A direct
action of SFN on NRF?2 was suggested by Su et al. (2014),
where increased NRF2 mRNA expression was evident by
decreasing the methylation ratio of the NRF2 gene promot-
er. SFN-mediated upregulation of NRF2 is consistent with
our results, where we showed that SFN treatment signifi-
cantly increases the expression of NRF2 in GCs, although
this increase was significantly lower when cells were in a
stressed condition, i.e., exposed to H,O,.

The endogenous antioxidant defense mechanism com-
prises a wide range of phase II detoxification enzymes such
as glutathione transferase, superoxide dismutase (SOD),
catalase (CAT) and heme oxygenase (HO-1). Expression
of these antioxidant enzymes is regulated by a promoter
sequence known as ARE, which is modulated by Nrf2
transcription factor (Petri et al. 2012; Ma 2013). The anti-
oxidant potential of SFN is related to its free radicals scav-
enging abilities through increasing the levels and activities
of these cellular noncatalytic antioxidant proteins. Thus,
we examined gene expression of several major
antioxidant/detoxificant enzymes, including PRDXI,
CAT, TXN and SODI, involved in cytoprotection against
oxidative stress. Among the phase II antioxidant enzymes,
SOD and CAT are considered as first-line cellular antioxi-
dant defense enzymes. Under oxidative stress condition,
SOD first reacts with highly reactive superoxide anion
(O,7) to generate either ordinary molecule O, or H,O,,
which is later catalyzed to H,O by CAT (Hemachandra et
al. 2016). We found the expression of all phase II antiox-
idant genes that we investigated were higher in SFN-
pretreated cells, whereas co-incubation of SFN with H,O,
could not enhance the expression of these genes when
there was no SFN pretreatment.

In order to start the transcription of phase II antioxidant
enzymes, NRF2 has to be translocated into the nucleus and
interact with small MAF proteins to form a bonding with the
ARE (Itoh et al. 1997). A hallmark of oxidative stress is the
translocation of cytosolic NRF2 into the nucleus (Ma 2013).
In addition, accumulation and translocation of NRF2 would
also indicate the activation of NRF2 and induction of the
Nrf2-ARE pathway induced by SFN (Liu et al. 2013). It is
therefore of interest to examine the pattern of distribution of
NRF?2 in cells in response to SFN and H,O, treatment. Our
data confirm that nuclear translocation of NRF2 does occur in
GCs; however, it showed an interesting pattern of NRF2 dis-
tribution and translocation into the nucleus in response to SFN
and H,0, exposure. For instance, when the cells were treated
with 10 uM SFN, NRF2 was evenly distributed in both the
cytoplasm and nucleus, which indicates that nuclear translo-
cation occurred to a limited extent and activation of the Nrf2-
ARE pathway as well. On the other hand, complete accumu-
lation and translocation of NRF2 into the nucleus were ob-
served when the cells were exposed to H,O, (Fig. 4c, ¢, ¢"),
which is the indicative parameter of oxidative stress in differ-
ent cell types (Buckley et al. 2003; Peng et al. 2015; Dou et al.
2016; Jin et al. 2016). However, oxidative stress induced by
H,0, in SFN-pretreated cells showed an interesting NRF2
distribution pattern; i.e., most of the NRF2 localized into
the nucleus, while others started to relocalize into the cy-
toplasm, which may indicate that these cells are well
equipped to handle oxidative stress and did not face similar
stress like other groups (groups 3 and 5) did. It is perhaps
due to the protective effects mediated via partial activation
of the Nrf2-ARE pathway that has been reported in many
cell types (Liu et al. 2013; Li et al. 2015; Dong et al. 2016;
Qin et al. 2016). In contrast, when there was no SFN pre-
treatment (group 5), administration of SFN at the time of
H,0,-induced oxidative stress could not create any differ-
ence compared to H,O, in terms of localization of the
NREF2 protein. These results clearly indicate that the degree
of nuclear translocation of NRF2 is closely related to the
extent of cellular stress faced by GCs during H,O, expo-
sure and the ability to activate survival pathways to handle
oxidative stress.

Excessive production of intracellular ROS is considered as
one of the major stress markers in oxidative stress. Indeed, the
modulation of intracellular ROS is crucial to maintaining cel-
lular homeostasis, as different ROS levels can initiate a differ-
ent biological response (Gorrini et al. 2013). At the low or
moderate level, ROS may act as a signaling molecule that
modulates cell differentiation and proliferation and can acti-
vate stress-responsive survival pathways (Janssen-Heininger
et al. 2008; Saeed-Zidane et al. 2017). However, excessive
production of ROS damages major cellular components in-
cluding DNA, protein and lipid, which ultimately cause cell
death (Gorrini et al. 2013). In our study, we observed a slightly
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higher accumulation of ROS in SFN-treated cells than the
cells in the control group. This slight alteration of redox status
may induce the activation of the Nrf2-ARE pathway in GCs
that eventually started the transcription of phase II antioxidant
enzymes and subsequently, cells acquired an enhanced ability
to maintain redox status and finally protect the cells against
H,0,-induced oxidative stress in the SFN-pretreated group.
On the other hand, a significantly higher accumulation of ROS
was observed in cells of only H,O,- and SFN-post-treated
groups, which a perhaps the main reason for higher cell death
in these groups. Elevated ROS level can induce lipogenesis by
activating SREBPs in cells under culture condition resulting in
a higher accumulation of lipid droplets (Lee et al. 2015).
Similar results were reported previously by our group, where
we showed that excess generation of ROS, due to serum ad-
dition, resulted in a higher lipid accumulation in bovine em-
bryos (Prastowo et al. 2016). Therefore, it is not surprising that
we found an elevated accumulation of lipid droplets in H,O,-
and SFN-post-treated groups. However, in this study, we did
not check the underlying mechanism of lipid accumulation in
GCs in response to SFN and H,0, treatment, which warrants
further experimental attention. In addition, higher mitochon-
drial activity in SFN-pretreated cells and comparatively lower
mitochondrial activity in SFN-post-treated cells were ob-
served. In an active mitochondrion, mitochondrial antioxidant
defense enzymes such as glutathione peroxidase and manga-
nese SOD scavenge ROS produced during ATP synthesis
(Drose and Brandt 2012). However, under stress conditions,
excessive generation of ROS can impair the capacity of this
defense system, resulting in mitochondrial damage.
Importantly, damaged mitochondria can produce even more
ROS due to an impaired electron transportation chain (Drose
and Brandt 2012). Subsequently, excessive ROS can decrease
the mitochondrial membrane potential and facilitate the re-
lease of cytochrome C and apoptosis inducing factors that
eventually activate the pro-apoptotic cascade resulting in cell
death through apoptosis. It seems that SEN pretreatment ef-
fectively protects the integrity of mitochondrial membrane
potential in GCs through scavenging of excessive ROS by
inducing the production of antioxidant enzymes during oxida-
tive stress induced by H,O,.

In summary, pretreatment of GCs with a low concentration
of SFN maintains the cellular redox homeostasis during oxi-
dative stress via modulating the antioxidant defense system by
activating the Nrf2-ARE pathway. Hence, GCs acquired an
enhanced ability to handle oxidative stress during ovula-
tion, which ultimately maintains the integrity and function
of GCs. By contrast, the addition of SFN at the time of
oxidative stress failed to maintain redox homeostasis in
GCs and proved to be useless. Therefore, it is speculated
that SFN preincubation effectively protects GCs from ox-
idative insult but cannot rescue when added at the time of
H,0,-induced oxidative stress.
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