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17-beta estradiol inhibits oxidative stress-induced accumulation of AIF
into nucleolus and PARP1-dependent cell death via estrogen receptor
alpha
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H I G H L I G H T S

� Estrogen inhibits H2O2-induced PARP1 activation and nuclear fragmentation.
� Estrogen blocks H2O2-induced AIF translocation to nucleoli.
� Estrogen protects MCF-7 cells from H2O2-induced cell death.
� Estrogen receptor alpha mediates the protective role of estrogen.
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A B S T R A C T

Oxidative stress-induced DNA damage results in over-activation of poly(ADP-ribose) polymerase 1
(PARP1), leading to parthanatos, a newly discovered cell elimination pathway. Inhibition of PARP1-
dependent cell death has shown to improve the outcome of diseases, including stroke, heart ischemia,
and neurodegenerative diseases. In the present study we aimed to detect whether estrogen plays a
protective role in inhibiting parthanatos. We utilized human mammary adenocarcinoma cells (MCF7)
that abundantly express the estrogen receptor alpha and beta (ERa and ERb). Parthanatos was induced
by challenging the cells with hydrogen peroxide (H2O2). Microscopic imaging and molecular biological
techniques, such as Western blot analysis and RNA interference, were performed. The results showed 17b
estradiol (E2) protected MCF7 cells from PARP1-dependent cell death by decreasing protein PARylation,
and AIF translocation into nuclei/nucleoli. Down-regulation of ERa expression by siRNA before
E2 addition resulted in the failure of the E2-mediated inhibition of H2O2-induced protein PARylation and
AIF nucleolar translocation. Together these data suggest that estrogen via its alpha-type receptor inhibits
oxidative stress-induced, PARP1-dependent cell death. The present study provided us insight into how to
apply hormone therapy in intervention of parthanatos-implicated ischemic and degenerative diseases.
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1. Introduction

Reactive oxygen species (ROS) derived from normal metabo-
lism, pathophysiological processes and environmental exposures
inflict oxidative damage on genomic DNA (Schieber and Chandel,
2014; Storr et al., 2013). Oxidative DNA base lesions and single- and
double-strand breaks (SSBs and DSBs) are implicated in the
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pathogenesis of degenerative diseases and represent important
features of aging processes (Schieber and Chandel 2014; Hegde
et al., 2012).

PARP1, a nuclear enzyme that acts as a DNA damage sensor, can
be activated via binding to both SSBs and DSBs as well as to
apurinic/apyrimidinic (AP) sites generated as the intermediates of
base excision repair (Wang et al., 2012; Khodyreva et al., 2010).
Activated PARP1 catalyzes protein modification named Poly(ADP-
ribosyl) ation (PARylation), which results in the formation of
polymerized ADP-ribose (PAR) from donor NAD+ molecules, and
subsequently the covalent attachment of PAR polymers to glutamic
acid, aspartic acid or, less commonly, lysine of proteins (Suzuki
et al., 1986). Protein PARylation plays crucial roles in DNA repair,
cell cycle progression, transcriptional regulation, as well as in cell
death (Burzio et al., 1979; Riquelme et al., 1979; Suzuki et al., 1986).

Activation of PARP1 by mild DNA damage facilitates DNA repair
and cell survival, while severe DNA damage triggers different types
of cell death (Virag and Szabo, 2002). Overwhelming activation of
PARP1 via multitudinous DNA breakage consumes excess NAD+ to
form PAR, which slows the rate of glycolysis, electron transport,
and ATP formation, eventually leading to the loss of cellular energy
and impeling cells undergoing necrosis (Pacher and Szabo, 2008).
Recently, Dawson’s group has demonstrated a new mode of cell
death (namely, parthanatos) distinct from apoptosis, necrosis and
autophagy, which is PARP1-dependent, apoptosis inducing factor
(AIF)-mediated and caspase-independent (Yu et al., 2006; Yu et al.,
2009; Wang et al., 2011). In the case of parthanatos, severe DNA
strand damages lead to formation of long, branched poly(ADP-
ribose) polymers, which are, in turn, removed from the target
proteins by PAR glycohydrolase (PARG). An excessive amount of
free PAR is released from the nuclei into the cytosol and then to the
mitochondria, where the PAR polymers interact with AIF (Yu et al.,
2009; Wang et al., 2011). Binding of PAR with AIF is critical for AIF
release from mitochondria into the cytosol (Yu et al., 2009).
Thereafter, AIF translocates into the nuclei leading to chromatin
condensation, nuclear shrinkage, large-scale DNA fragmentation
and cell death (Cregan et al., 2004; David et al., 2009).

It has been well acknowledged that PARP1-mediated cell death
plays a vital role in the pathophysiology of circulatory diseases and
others, including stroke, Parkinson's disease, heart attack, diabetes,
and ischemia reperfusion injury (Wang et al., 2003; Pacher and
Szabo, 2007). Intriguingly, the toxicity of PARP1 activation has been
reported as manifesting a gender differential (Mabley et al., 2005;
Vagnerova et al., 2010; Sharma et al., 2011). For example, female
mice produce less tumor necrosis factor alpha (TNF-a) and
macrophage inflammatory protein 1 alpha (MIP-1a) than do male
Fig. 1. Increase in protein PARylation, chromatin condensation and fragmentation in H
(A) H2O2 exposure increases levels of PARylated proteins in MCF7 cells. Cells were incuba
30 min, and then harvested. Whole cell lysates were prepared, and a Western blotting as
condensation and fragmentation are induced by H2O2 treatment. MCF7 cells were incuba
were stained with DAPI. Magnification: 60�.
mice in response to systemic inflammation induced by endotoxin
and are more resistant to endotoxin-induced mortality (Mabley
et al., 2005). A study utilizing primary cerebellar granule neurons
showed oxygen-glucose deprivation/reoxygenation induces the
death of male neurons via a PARP1-AIF-dependent pathway, but
that of female neurons through the depletion of ATP and delayed
activation of caspases (Sharma et al., 2011). Additionally, PARP1-
mediated cell death participates in ischemic damage in the male
brain, but not the female brain. PARP-mediated neuronal cell death
in the male brain requires intact androgen-to-androgen receptor
signaling (Vagnerova et al., 2010). Moreover, it has been
demonstrated that PARP1 activity was higher in men than women
in healthy volunteers. Additionally, male mice had higher
PARP1 activity than female ones (Zaremba et al., 2011).

While a growing list of evidence has indicated that hormone
and hormone receptor signaling affects PARP1 activation, the
molecular mechanism and signal pathways of the hormones
impacting PARP1-mediated cell death still remain undiscovered.
Herein, we hypothesized that under oxidative stress (generally
taken as the conditions of cardiovascular and neurodegenerative
diseases), estrogen impacts PARP activation, thereby haltering cell
death progress. To address estrogen's cytoprotective role, we
utilized human mammary adenocarcinoma breast cancer cells
(MCF7), in which estrogen receptor alpha and beta (ERa and ERb)
are abundantly expressed. We showed hydrogen peroxide-induced
cell death was significantly attenuated by addition of 17 beta
estradiol, which was abrogated when ERa was knocked down.

2. Methods

2.1. Reagents and antibodies

Hydrogen peroxide (H2O2), 17b-estradiol (E2) and PARP-
1 inhibitor PJ34 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Rabbit polyclonal AIF antibody (Ab) (H-300), mouse
monoclonal AIF (B-9) Ab, mouse monoclonal ERa Ab (F10), rabbit
polyclonal ERb Ab (H-150), rabbit polyclonal nucleolin Ab (H-250)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Mouse monoclonal Ab against polyADP-ribose (PAR) (ALX-
804-220) was purchased from Alexis (San Diego, CA, USA).

2.2. Cell culture and treatments

MCF7 (Human breast adenocarcinoma cell line) cells that highly
express estrogen receptor alpha and beta were cultured in RPMI
1640 medium (Gibco, Grand Island, NY, USA) containing 10% fetal
2O2-exposed MCF7 cells.
ted with increasing concentrations (0, 200, 400, 600, 800, and 1000 mM) of H2O2 for
say was performed to show the changes in protein PARylation levels. (B) Chromatin
ted with 800 mM H2O2 for the times indicated. Then the cells were fixed and nuclei
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bovine serum. Cells were incubated with H2O2 at concentrations of
0, 200, 400, 600, 800 and 1000 mM for 30 min, or with 800 mM
H2O2 for 0, 3, 6, 12 and 24 h. For inhibition experiments, cells were
incubated with H2O2 for 30 min or 12 h in the presence or absence
of the following inhibitors (alone or in combination): PJ34 (2.5 mM)
and E2 (1, 10, 50 and 100 nM). Human breast adenocarcinoma
MDA-MB-231 cells that lack the expression of estrogen receptors
were used as a control and were maintained in L15 medium
containing 10% fetal bovine serum in the absence of CO2.

2.3. Microscopic imaging

MCF7 cells were cultured on cover slips in 12-well plates and
incubated with H2O2 at 800 mM for 30 min or 12 h in the presence
or absence of E2 at different concentrations (1, 10, 50 and 100 nM),
along with or without PARP inhibitor. Then the cells were fixed
with 10% formaldehyde for 20 min, permeabilized with 0.5% Triton
X-100 for 30 min, and blocked by incubation with 2% fetal bovine
serum for 30 min. For the detection of AIF, cells were sequentially
incubated for 1 h each with anti-AIF rabbit polyclonal Ab
(1:100 dilution) and TRITC-conjugated secondary Ab (1:200 dilu-
tion). For the detection of protein PARylation, cells were incubated
with anti-PAR monoclonal mouse Ab (1:100 dilution) and TRITC-
conjugated secondary Ab (1:200 dilution) for 1 h each. The nuclei
of the cells were stained with DAPI dye for 15 min, and cells were
visualized by using a confocal microscope (Nikon, Tokyo, Japan).

For immunofluorescent dual staining, cells were incubated with
primary rabbit polyclonal anti-nucleolin Ab (1:100) for 1 h, washed
with PBST three times, and incubated with FITC-conjugated
secondary Ab (1:200) for 40 min, followed by primary mouse
monoclonal Ab against AIF (1:100) for 1 h, and TRITC-conjugated
Fig. 2. Estrogen treatment attenuates H2O2-induced activation of PARP1 and chromati
(A) E2 decreases H2O2-induced protein PARylation. MCF7 cells were incubated with 800
harvested, and whole cell lysates were prepared. Results of Western blotting showed th
shown (lower panel). Values of optical density were quantified by using Image J software
assessment of protein PARylation. MCF7 cells were incubated with or without 800 mM H2

microscopy was performed to visualize PARylated signals. Nuclei were counter-stained
incubated with or without 800 mM H2O2 for 12 h � E2; nuclei were stained with DAPI. Sho
(B) and (C): 60�.
mouse secondary Ab (1:200) for another 40 min. Cells were
visualized by using a confocal microscope.

2.4. Isolation of nuclear and nucleolar fractions

MCF cells were cultured until they reached 80–90% confluence
in 10- � 15-cm dishes and incubated with 800 mM H2O2 for 0, 3, 6,
12 and 24 h. Nuclear extractions were prepared by using a
CelLyticTM NuCLEARTM Extraction Kit (Sigma) and following the
manufacturer’s instructions. Nucleolus fractions were isolated
according to a previously described protocol (Boyd et al., 2011).
Briefly, cells were homogenized in hypotonic buffer (10 mM Hepes,
10 mM KCl, 1.5 mM MgCl2, and 0.5 mM dithiothreitol, pH 7.9) by
using a Potter homogenizer, and the cytoplasmic fraction was
removed by centrifugation (1000 � g for 5 min). The nuclear pellet
was re-suspended in 0.25 M sucrose (plus 10 mM MgCl2) and
cleared by centrifugation over a cushion of S2 solution (0.35 M
sucrose and 0.5 mM MgCl2). Nuclei were re-suspended in
S2 solution and sonicated by using a sonicator with a microtip
(GEX600; Sonics & Materials, Ltd.) at 20% amplitude in 10-s
intervals, 5 times. The sonicated sample was layered onto a cushion
of 0.88 M sucrose and 0.5 mM MgCl2, and the nucleoplasmic upper
phase and nucleolar pellet were recovered after centrifugation
(3000 � g for 10 min). All steps were performed at 4 �C. After
fractionation, purified nucleoli were lysed with RIPA buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40,
2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM
Na3VO4, 1 mM NaF, and 20 mg/mL aprotin/leupeptin/PMSF) for
25 min on ice, and lysates were centrifuged at 4 �C, 13,000 rpm for
30 min. Total protein was quantitated by using protein reagent
(Bradford Protein Assay; Bio-Rad Laboratories). Nucleolus protein
nolysis.
 mM H2O2 for 30 min in the presence of E2 at increasing concentrations. Cells were
e levels of PARylated proteins (top panels). Quantification of protein PARylation is
, and the data were normalized to H2O2-induced protein PARylation. (B) Microscopic
O2 for 30 min in the presence or absence of E2, then fixed, and immunofluorescence

 with DAPI. (C) E2 prevents H2O2-induced nuclear fragmentation. MCF7 cells were
wn are representative results from three independent experiments. Magnification in
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was added in SDS-PAGE loading buffer and analyzed by Western
blotting.

2.5. Western blotting

MCF7 cells (1 �107 per sample) were stimulated as described
above, and lysed in lysis buffer (150 mM Tris, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 2.5 mM sodium
pyrophosphate, 1 mM glycerophosphate, 1 mM Na3VO4, 1 mM
NaF and 20 mg/mL aprotin/leupeptin/PMSF). Lysates were centri-
fuged at 4 �C, 13,000 rpm for 30 min, and the supernatants were
resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). After the proteins were transferred (60–
90 min) to nitrocellulose membranes, the membranes were
washed with TBST (20 mM Tris, 500 mM NaCl, 0.05% Tween-20,
pH 7.5) and blocked with 5% non-fat dry milk and then incubated
for 1 h each with indicated primary Ab and horseradish peroxi-
dase-conjugated secondary Ab. The signals were detected by using
ECL plus a chemiluminescence detection system (Amersham
Bioscince).

2.6. Flow cytometry

MCF7 cells were incubated with 800 mM H2O2 and MDA-MB-
231 cells with 600 mM H2O2 for 30 min in the presence or absence
of 1 nM E2 for 12 h, and then the cell apoptosis rate was detected by
flow cytometry and using an Annexin V-APC Apoptosis Analysis Kit
(Tianjin Sungene Bioteach Co., Ltd.,Tianjin, China). Cells were
collected, washed with ice-cold PBS, and then re-suspended in
500 mL of binding buffer at a concentration of 1 �105 cells/mL.
Fig. 3. Nuclear translocation and nucleolar accumulation of AIF in oxidatively stressed
(A and B) Accumulation of AIF in nucleus after H2O2 exposure. MCF7 cells were incubat
harvested and nuclear fractions were prepared. FollowingWestern blotting, AIF levels we
the cells were fixed and immuno-stained with antibody against AIF, and the nuclei were
oxidative stress exposure. (C) MCF7 cells were incubated with or without H2O2 (800 mM)
to visualize AIF and nucleolin in cells after different treatments. (D) The cells were harve
were found in the nucleolar fractions. Nucleolin was taken as the internal control. Mag
Subsequently, 5 mL of Annexin V-APC was added for 10 min of
incubation at room temperature. After adding 5 mL of propidium
iodide (PI), we analyzed the cells on a FACSCCantoTM flow
cytometer (BD, San Jose, CA95131, USA).

2.7. Small interfering RNA knock-down of gene expression

The small interfering RNAs (siRNAs) (GenePharm, China)
targeting human estrogen receptor alpha and beta were synthe-
sized by reference to the sequence used in the previous study
(Pedram et al., 2006), siERa: 50-AAGCCCAAAUGUGUUGUGGCC-30,
and siERb: 50-AAGGUGGGAUACGAAAAGACC-30. MCF7 cells were
seeded in 24-well plates and incubated in growth medium without
antibiotics overnight. Cells were transfected with 100 nM of siRNA
or negative control, respectively. Six hours later, cells were
replaced with complete medium. Twenty-four hours later, the
transfected MCF7 cells were incubated with H2O2 (800 mM) in the
presence or absence of 1 nM of E2 for 30 min or 12 h, and then
analyzed by immunofluorescence staining for visualizing PAR or
AIF.

3. Results

3.1. Estrogen inhibits H2O2-induced PARP1 activation and nuclear
fragmentation

The pathophysiologically relevant oxidants capable of
PARP1 activation include superoxide anion, hydrogen peroxide,
hydroxyl radical, hypochlorous acid, nitric oxide, peroxynitrite, and
nitroxonium anion, among which, hydrogen peroxide and nitroxil
 cells.
ed with H2O2 (800 mM) for increasing lengths of time, and then (A) the cells were
re revealed in the nuclear fractions. Histon H1 was taken as the internal control; (B)

 counter-stained with DAPI. (C and D) AIF accumulated in the nucleoli of cells after
 for 12 h. Then the cells were fixed and immuno-stained. Microscopy was performed
sted, and nucleolar fractions were prepared. Following Western blotting, AIF levels
nification in (B) and (C): 60�.
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anion are most efficacious (Virag and Szabo, 2002). Thus, we used
hydrogen peroxide (H2O2) as an oxidative stress source to activate
PARP1 in MCF7 cells. Incubation of MCF7 cells with H2O2 for 30 min
induced protein PARylation in a dose-dependent manner, and
800 mM H2O2 resulted in an excessive amount of PARylated
proteins (Fig. 1A). Exposure of cells to H2O2 (800 mM) for various
lengths of time (0, 3, 6, 8, 12 and 24 h) induced an apparent nuclear
fragmentation from 8 h onward, as shown by DAPI staining
(Fig. 1B).

To examine the effect of estrogen on H2O2-induced protein
PARylation, we utilized increasing doses of 17 beta estradiol (E2) (1,
10, 50 and 100 nM), according to methods in previous studies
(Andrade et al., 2013; Caliceti et al., 2013). The results of Western
blotting showed that at 1 and 10 nM, E2 markedly decreased H2O2-
induced protein PARylation, but somehow lost the inhibitory effect
at 50 nM or higher (Fig. 2A). The results of immune-blot analysis
were confirmed by immuno-fluorescence staining of cells to detect
Fig. 4. Estrogen treatment blocks nucleolar accumulation of AIF.
Nuclear translocation of AIF is inhibited by E2, and PJ34. MCF7 cells were incubated with o
fixed and immunofluorescence microscopy was performed by using antibody against AIF,
different conditions. Shown are representative images of three independent experimen
PAR signals in nuclei. Exposure of cells to 800 mM H2O2 for 30 min
resulted in a strong increase in PAR signals within nuclei, implying
PARP1 activation, which was markedly reversed by the addition of
1 nM E2 (Fig. 2B). Next, we tested the capability of estrogen to
prevent H2O2-induced nuclear fragmentation, finding that 1 nM
E2 effectively attenuated the nuclear fragmentation induced by
12 h of H2O2 incubation (Fig. 2C).

3.2. Estrogen treatment prevents H2O2-induced AIF translocation to
nucleoli

Thus far, AIF is the only known mediator for parthanatos that
causes chromatinolysis (Yu et al., 2006). Thus, we prepared nuclear
fractions from cells subjected to H2O2 exposure for various lengths
of time. Western blotting results showed nuclear AIF levels peaked
at 12 h after addition of H2O2 and gradually decreased thereafter
(Fig. 3A). AIF nuclear accumulation was further confirmed by
r without H2O2 (800 mM) for 12 h in the presence or absence of E2 or PJ 34. Cells were
 and the nuclei were counter-stained with DAPI to show the distribution of AIF under
ts. Magnification: 60�.
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immuno-fluorescence staining (Fig. 3B). Intriguingly, the data
(note 12 h time point) revealed that AIF accumulated primarily in
nucleoli. To verify this observation, the cells (mock- or H2O2-
treated) were subjected to immunofluorescence dual labeling
against AIF and the nucleoli marker nucleolin. The result showed
H2O2 induced the co-localization of proteins AIF and nucleolin
(Fig. 3C). We prepared nucleolar fractions according to the method
described previously (Boyd et al., 2011). Western blot analysis
showed the presence of AIF in the nucleolar fraction. Time course
experiments showed that AIF translocation into the nucleolar
fraction reached a maximum at 12 h after addition of H2O2

(Fig. 3D).
To address whether PARP1 activation is involved in AIF

nucleolar accumulation and if estrogen blocks this process, 1 nM
E2 and 2.5 mM PJ34 (PARP-specific inhibitor) were administered
when cells were challenged with H2O2. The results showed that
both E2 and PJ34 markedly blocked H2O2-induced AIF transloca-
tion (Fig. 4). Moreover, the adjunctive administration of two
reagents achieved a synergistic effect (Fig. 4).

3.3. Estrogen treatment protects MCF-7 cells from H2O2-induced cell
death

To translate the effect of estrogen on H2O2-induced protein
PARylation and AIF translocation to its protective role, we further
examined the cell death of MCF-7 and MDA-MB-231 cells induced
by H2O2. MCF-7 cells apparently underwent two types of cell death,
necrosis (48.5%) and apoptosis (37.1%), after 12 h of H2O2 exposure
as shown by flow cytometry. E2 treatment significantly inhibited
both types of cell death, but, nevertheless, was more effective in
blocking apoptosis (decreased to 7.86%) than necrosis (decreased
Fig. 5. Estrogen treatment attenuates hydrogen peroxide-induced apoptosis in MCF7, b
MCF7 cells (upper panels) and MDA-MB-231 (lower panels) were exposed to H2O2 for 12 

was utilized to observe the induction and inhibition of apoptosis. The lower left quadra
apoptotic cells (AV+/PI�), the upper right quadrants contain the late apoptotic cells (A
to 21.9%) (Fig. 5, upper panel). In controls, 600 mM H2O2 induced
excessive levels of PARylated proteins in MDA-MB-231 cells (data
not shown). 1 nM E2 had no protective effect on H2O2-induced
apoptosis of MDA-MB-231 cells (Fig. 5 lower panel) in line with
lack of ERs expression Fig. 6.

3.4. Estrogen receptor alpha mediates the protective role of estrogen

A previous study demonstrated that estrogen does not directly
inhibit the enzymatic activity of PARP1 (Mabley et al., 2005), and
thus we questioned whether estrogen plays protective roles via its
receptor alpha or beta (ERa or ERb). First we determined the
distribution of two receptors in MCF7 cells. Microscopic imaging
revealed that ERa was mainly located in the nuclei, whereas the
majority of ERb was distributed in the cytoplasm (Fig. 5A). To sort
out the roles of ERa and ERb in preventing oxidative stress-
induced parthanatos, we respectively downregulated their expres-
sion by using siRNA. MCF7 cells were transfected with siRNA for
48 h, and then incubated with H2O2 (800 mM) for 30 min in the
presence or absence of 1 nM E2. The efficiency of siRNA in knocking
down ERa and ERb is shown in Fig. 5B. Western blotting assay was
used to detect changes in protein PARylation levels in cells. Results
showed that that ERa, but not ERb, mediates estrogen's inhibitory
role, because in ERa-silenced cells, E2 did not inhibit the H2O2-
induced increase in PARylation (Fig. 5C). In contrast, in ERb-
silenced cells protein PARylation remained at a lower level in the
presence of E2 (Fig. 5C). Immunofluorescence staining of PAR
signals confirmed the mediating role of ERa (Fig. 5D). Because
E2 could prevent H2O2-induced AIF translocation into the nucleus
(Fig. 4), we next asked which receptor is involved in estrogen's
inhibitory effect on AIF translocation. As we expected from the
ut not in MDA-MB-231.
h in the presence or absence of 1 nM E2. FACs analysis via Annexin V-APC/PI staining
nts contain the viable cells (AV�/PI�), the lower right quadrants contain the early
V+/PI+), and the upper left quadrants contain the necrotic cells (AV�/PI+).



Fig. 6. Down-regulation of ERa, but not ERb, impaired the inhibitory effects of estrogen on protein PARylation and AIF nucleolar accumulation induced by H2O2.
(A) Sub-cellular distribution of ERa and ERb. MCF7 cells were fixed, and immunofluorescence microscopy was performed using antibody against ERa and ERb. Nuclei were
counter-stained with DAPI to show the distribution of two proteins. (B) siRNAs downregulated the expression of ERa and ERb. MCF7 cells were transfected with siRNA to ERa
and ERb, and cell lysates were prepared at 48 h post transfection. Expression of ERa and ERb is shown by Western blotting. (C–E) ERa, but not ERb, mediates protective effects
of E2. MCF7 cells were transfected with siRNA targeting ERa and ERb for 48 h, and then the cells were exposed to H2O2 (800 mM) for 30 min in the presence of E2. (C) Whole
cell lysates were prepared, and western blotting was performed to show the levels of PARylated proteins. (D) The cells were fixed and immunofluorescence microscopy was
performed by using antibody against PAR to detect PARylation signals. Nuclei were counter-stained with DAPI; (E) the cells were incubated with H2O2 (800 mM) for 12 h in the
presence of E2, and then fixed. Next immunofluorescence microscopy was performed by using antibody against AIF, and the nuclei were counter-stained with DAPI. Shown are
representative images from three independent experiments. Magnification in (A), (D) and (E): 60�.
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above results, in ERa-silenced cells E2 failed to block AIF nucleolar
translocation induced by H2O2 (Fig. 5E); whereas, ERb siRNA did
not abrogate E2’s inhibitory role in this process (Fig. 5E).

4. Discussion

The generation of excessive quantities of reactive oxygen
species (ROS) and resultant cell death is considered an important
mechanism underlying ischemic injury and degenerative alter-
ations (Gorenkova et al., 2013). Pathanatos is a PARP1 activation-
triggered, AIF-mediated, and caspase-independent apoptotic cell
death, observed in various pathological processes, such as heart
ischemia, stroke, and other vascular and neurodegenerative
diseases (Xu et al., 2013; Moroni, 2008 Moroni, 2008). Inhibition
of parthanatos by PARP1 inhibitors is shown to improve disease
outcomes. Similarly, estrogen decreases cell death; however, the
molecular mechanism is not fully elucidated. To explore biochem-
ical pathways that would prevent parthanatos, we examined the
effect of 17b Estradiol and role of its receptors in parthanatos
induced by oxidative stress. We found that 17b estradiol via its
receptor a prevents protein PARylation and translocation of AIF
into the nucleus and nucleoli, and thereby decreases parthanatos
of cells. Results from the present study could serve as the basis for
utilization of E2 in the prevention of cell death in stroke, heart
ischemia, and neurodegenerative and other diseases.

Our results demonstrated that H2O2 treatment of MCF7 cells led
to excessive protein PARylation and AIF translocation into the
nuclei. DAPI staining showed that the morphological changes of
nuclei manifested characteristics similar to those of parthanatos
such as nuclear shrinkage and large-scale DNA fragmentation.
Results from a cell death assay revealed cells underwent both
necrosis and apoptosis after H2O2 exposure. Interestingly, we
found that nuclear AIF was localized in the nucleoli upon oxidative
stress exposure. Our observations are in line with Vahsen et al.
reported that AIF has a high affinity to bind to a class of
heterogenous nuclear ribonucleoproteins, nucleolin and ribosomal
proteins (Vahsen et al., 2006). A direct interaction of AIF
contributes to the compaction and condensation of nucleic acid
within apoptotic cells (Vahsen et al., 2006). Whether the
localization of AIF in nucleoli accounts for its role in the nucleus
undergoing chromatinolysis is an intriguing question and urges us
to explore further in future studies. The nucleolus is the center of
RNA biogenesis and ribosome assembly. A recent study revealed
that a correlation between stress-induced nucleolar distribution of
p53 and abrogated degradation is evident after a wide variety of
cellular stresses (Boyd et al., 2011). Furthermore, Rancourt and
Satoh indicated that approximately 40% of PARP1 can be found in
the nucleolus and nucleolar PARP1 de-localized to the nucleoplasm
in cells exposed to DNA damage agents (Rancourt and Satoh, 2009).
Even though the functional role of the sub-cellular localization of
these cell death- and DNA repair-related proteins is not well
understood, the nucleolar translocation of AIF shown in the
present study suggested the importance of this phenomenon in
mediating cell death.

Inhibition of PARP1-dependent cell death is highly recom-
mended for treating stroke, heart ischemia and neurodegenerative
diseases. Recent studies have shown beneficial effects of estrogen
on inflammation, ischemic injury, and other conditions
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(Deschamps et al., 2010; Arevalo et al., 2012). The present study
shows the protective role of 17 b estradiol against parthanatos
induced by H2O2. We showed that 1–10 nM of E2 decreased protein
PARylation, blocked AIF translocation into nuclei, and attenuated
nuclear fragmentation, while exhibiting a protective effect on
PARP1-dependent cell death. While the concentration was applied
at 50–100 nM, E2 failed to manifest its inhibitory role on
PARP1 activation. Others also reported the pro-apoptositic effect
of E2 at 50 nM in MCF7 cells by introducing apurinic/apyrimidinic
(AP) sites to DNA (Krishnamurthy et al., 2011).

Apoptosis inducing factor (AIF) is a flavin adenine dinucleotide-
containing, NADH-dependent oxidoreductase residing in the
mitochondrial intermembrane space, where the specific enzymat-
ic activity of AIF remains unknown (Sevrioukova, 2011). Recent
studies indicate that translocation of AIF from the mitochondria to
nuclei depends on PARP activation and plays an important role in
oxidative stress- or excitotoxicity-induced cell death (Wang et al.,
2003,b; Xu et al., 2013a,b). It is interesting that adjunctive
administration of PJ34 with E2 nearly eliminated nucleolar
accumulation of AIF. These results suggest that estrogen inhibits
PARP1 activation, consequently decreases protein PARylation, and,
thereby, prevent the release of AIF from mitochondria, thus there
might be other mechanisms mediating the inhibitory effect of
estrogen on AIF's subsequent nucleolar accumulation. For instance,
estrogen might regulate degradation of the nucleolus-resided AIF
because of the high relevance between protein nucleolar localiza-
tion and their exportation and degradation (Boyd et al., 2011). The
latter possibility is supported by the finding that PAR formation
and release of AIF do not mediate ischemic injury in the female
brain (Yuan et al., 2009).

The biological effects of estrogens are mediated by the specific
receptors ERa and ERb. The actions of estrogen have traditionally
been thought to activate the transcription of genes whose protein
products lead to the biological action of the sex steroid through
binding of nuclear receptors (Jensen et al., 1972). Recently much
evidence has demonstrated that a second pool of estrogen
receptors (a and b) is localized with the plasma membrane in
the cytoplasm and mitochondria (Yang et al., 2004; Yang et al.,
2004), where they execute transcription-independent functions.
Razmara et al. proposed the suppressive effect of estrogen on
mitochondrial superoxide production in cultured human brain
endothelial cells through ERa (Razmara et al., 2008). Moreover, the
data from Pedram et al. (2006a,b); Pedram et al. (2006a,b) showed
some amount of estrogen receptor a and b localize in the
mitochondria of MCF7 cells, potentially impacting the survival of
breast cancer cells through upregulation of MnSOD, preventing
release of cytochrome C from mitochondrial respiratory com-
plexes, and thereby protecting cells from UV light-induced cell
death.

In the present study, application of siRNA depletion of estrogen
receptors (ER a and b) showed that a protective effect of
E2 involves ERa, but not ERb. In ERa-depleted cells,
E2 treatment failed to rescue cells from the increase in protein
PARylation and AIF nucleolar translocation induced by H2O2.
However, silencing ERb did not appear to mediate the protective
effect of E2. Our results are in agreement with the report showing
that E2 protects brain endothelial cells by enhancing the efficiency
of energy production and suppressing mitochondrial oxidative
stress through ERa (Razmara et al., 2008).

The toxicity of PARP1 and roles of estrogen in cell death display
gender differences (Mabley et al., 2005; Jog and Caricchio, 2013);
accordingly, dosing with estrogen should be done with caution,
Another consideration is that ERa or ERb varies in different
cellular processes, which adds complexity to understanding
estrogen’s effect. Our present study provides an insight into the
mechanism by which estrogen affects PARP1-dependent cell
death, and it is hoped that these results will improve our
understanding of how to apply hormone therapy in then
intervention of PARP1 activation-associated diseases.
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