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Abstract An increase of stroke incidence occurs in

women with the decline of estrogen levels following

menopause. This ischemic damage may recur, especially

soon after the first insult has occurred. We evaluated the

effects of estrogen and phytoestrogen treatment on an

in vitro recurrent stroke model using the HT22 neuronal

cell line. HT22 cells were treated with 17b-estradiol or

genistein 1 h after the beginning of the first of two oxygen

and glucose deprivation/reoxygenation (OGD/R) cycles.

During the second OGD, there was a deterioration of some

components of the electron transport chain, such as cyto-

chrome c oxidase subunit 1 with a subsequent increase of

reactive oxygen species (ROS) production. Accordingly,

there was also an increase of apoptotic phenomena

demonstrated by poly(ADP-ribose) polymerase 1 cleavage,

Caspase-3 activity, and Annexin V levels. The recurrent

ischemic injury also raised the hypoxia-inducible factor 1a
and glucose transporter 1 levels, as well as the ratio

between the lipidated and cytosolic forms of microtubule-

associated protein 1A/1B-light chain 3 (LC3-II/LC3-I). We

found a positive effect of estradiol and genistein treatment

by partially preserving the impaired cell viability after the

recurrent ischemic injury; however, this positive effect

does not seem to be mediated neither by blocking apoptosis

processes nor by decreasing ROS production. This work

contribute to the better understanding of the molecular

mechanisms triggered by recurrent ischemic damage in

neuronal cells and, therefore, could help with the
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development of an effective treatment to minimize the

consequences of this pathology.

Keywords Recurrent stroke � Genistein � 17b-estradiol �
Apoptosis � Oxidative metabolism � HT22 cells

Abbreviations

OGD/R Oxygen and glucose deprivation/reoxygenation

OGD Oxygen and glucose deprivation

CO-1 Cytochrome c oxidase subunit 1

ROS Reactive oxygen species

PARP-1 Poly(ADP-ribose) polymerase 1

HIF-1a Hypoxia-inducible factor 1a
GLUT Glucose transporter

LC3 Microtubule-associated protein 1A/1B-light

chain 3

I/R Ischemia/reperfusion

ETC Electron transport chain

PH Prolyl hydroxylase

HRE Hypoxia response element

ER Estrogen receptor

SERM Selective estrogen receptor modulator

DMEM Dulbecco’s Modified Eagle’s Medium

FBS Fetal bovine serum

N Cells cultured in complete medium under

normoxia

V Cells subjected to OGD or OGD/R and treated

with vehicle

E Cells subjected to OGD or OGD/R and treated

with estradiol

G Cells subjected to OGD or OGD/R and treated

with genistein

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium

TBS-T Tris-HCL 20 mM pH 7.5, NaCl 150 mM,

Tween-20 0,1 % v/v

HRP Horseradish peroxidase

ECL Enhanced chemiluminescence

DCFDA 20,70-Dichlorofluorescein diacetate

PI Propidium iodide

AV Annexin V

CNS Central nervous system

Introduction

Stroke is one of the leading causes of death worldwide.

During ischemic damage, there is a reduction in cerebral

blood flow, and the resulting lack of oxygen and nutrients

can lead to cell death (Malagelada et al. 2005). Ischemia/

reperfusion (I/R) injury triggers malfunction of the electron

transport chain (ETC) and excessive production of reactive

oxygen species (ROS) (Huttemann et al. 2012). These ROS

induce DNA fragmentation, leading to overactivation of

nuclear poly(ADP-ribose) polymerase 1 (PARP-1),

involving excess demand for energy metabolism, which

can lead to cell death (van Wijk et al. 2005).

Furthermore, ischemic damage can activate autophagic

mechanisms (Qin et al. 2010), which are involved in the

regulation of multiple cellular processes, including survival

in a stress situation (Lopez-Alonso et al. 2013). The

complex molecular machinery of autophagy leads to the

lipidation of microtubule-associated protein 1A/1B light

chain 3 (LC3) (Lopez-Alonso et al. 2013). Cytosolic LC3

(LC3-I) is conjugated with phosphatidylethanolamine,

resulting in the lipidated form (LC3-II), which is a specific

element of the autophagosomal membrane (Kabeya et al.

2000) and whose increase corresponds to an increase of

autophagic activity (Marino et al. 2008).

Hypoxia-inducible factor 1 (HIF-1) is a highly con-

served transcription factor consisting of a and b subunits

(Wang et al. 1995). The expression and stability of HIF-1a
is negatively regulated by oxygen levels (Adamcio et al.

2010). In normoxia, a subunits are hydroxylated in proline

residues by prolyl hydroxylases (PHs), allowing their

recognition and ubiquitination by ubiquitin ligases for

subsequent degradation by the proteasome (Maxwell et al.

1999). However, under hypoxic conditions, HIF-PHs are

inhibited because they need oxygen to carry out their action

(Semenza 2004). Therefore, the heterodimer is stable under

low oxygen levels and it is translocated into the nucleus,

where it binds with hypoxia response elements (HREs) of

promoter regions enhancing the transcription of several

genes that counteract the effects of hypoxia (Adamcio et al.

2010). Some of the proteins that are under HIF-1 control

are glucose transporters (GLUTs) (Sandau et al. 2000).

Specifically, glucose transporter 1 (GLUT1) and GLUT3

are widely expressed in the cerebral tissue, and they are

responsible for the majority of glucose utilization and

uptake in the brain (Duelli and Kuschinsky 2001; McEwen

and Reagan 2004).

Regarding stroke etiology, there is a strong increase in

stroke incidence in postmenopausal women, which makes

them more susceptible than men to stroke during aging

(Towfighi et al. 2007). Studies in rodents have shown that

ovariectomy breaks the protection against brain ischemic

insult of intact female rats, which in turn may be reversed

with estrogen replacement (Simpkins et al. 1997). Like-

wise, physiological doses of estradiol improve vasodilation

capacity and increased cerebral blood flow in ovariec-

tomized rats exposed to ischemic injury (Pelligrino et al.

1998). However, sometimes medium and long-term estro-

gen treatment can act as promoter of breast cancer (Colditz

1999) and venous thromboembolism (Daly et al. 1996).
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There is therefore a growing interest in the study of alter-

native compounds, such as phytoestrogen derived from

plants. These molecules have structural similarities to 17b-
estradiol, so they can bind with estrogen receptors leading

to estrogenic or antiestrogenic effects (Kuiper et al. 1998).

Phytoestrogen are natural selective estrogen receptor

modulators (SERMs) (Baker et al. 2000), which are able to

act as ER agonists or antagonists depending on the tissue

(Beck et al. 2005). In this sense, genistein, one of the best

known phytoestrogens, has antioxidant properties (Liang

et al. 2008), effects on the circulatory function (Cortina

et al. 2013) and anti-apoptotic actions (Schreihofer and

Redmond 2009), which has led it to become a potential

treatment against ischemic damage.

Despite many studies reporting the beneficial effects of

estrogens and phytoestrogens against ischemic injury dur-

ing female aging, little is known about their effects in

consecutive stroke situations. It is worth noting that

sometimes stroke can be recurrent, especially soon after the

first insult has occurred (Kaplan et al. 2005). Therefore, the

aim of this work was to study the potential neuroprotective

role of estrogens and genistein in an in vitro model of

recurrent stroke.

Experimental

Cell Culture

HT22 neuronal line of mouse hippocampus was kindly

provided by Dr. Juan Carlos Mayo from the University of

Oviedo, Spain. HT22 cells were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) with fetal bovine

serum (FBS) 10 % v/v, glucose 4.5 g/l, glutamine 0.86 g/l,

pyruvate 0.11 g/l, penicillin 100 IU/ml, streptomycin

100 lg/ml, at 37 �C in a fully humidified 5 % CO2 atmo-

sphere. Culture medium was renewed every three days.

Seeding density is specified at each experiment.

Oxygen and Glucose Deprivation/Reoxygenation

Protocol

Oxygen and glucose deprivation/reoxygenation (OGD/R)

is a well-established in vitro model to study the pathology

and pharmacology of ischemic damage, since it allows

mimicking the conditions occurring in an ischemic/reper-

fusion damage (Gu et al. 2013; Guo et al. 2013). There are

already published a number of works about the effects of

different drugs on the outcome of an ischemic injury;

however, little is known about consecutive stroke situa-

tions. In this regard, it is worth noting that sometimes

stroke can be recurrent, especially soon after the first insult

has occurred (Kaplan et al. 2005). In order to study the

potential neuroprotective role of estrogens and genistein in

an in vitro model of recurrent stroke, we generated two

OGD/R successive situations. First of all, cells were

washed three times with Dulbecco’s PBS (Gentaur, Bel-

gium). Then, cells were incubated in culture medium

without FBS and with low glucose (DMEM with glucose

1 g/l, glutamine 2 mM, pyruvate 0.11 g/l, penicillin

100 IU/ml, streptomycin 100 lg/ml) in a hypoxic chamber

(TEB1000 Flow Bioreactor, EBERS Medical Technology,

Spain) at 1 % O2, 5 % CO2, and 37 �C for 18 h. After the

OGD period, cells were washed three times with PBS and

incubated with complete culture medium under normoxic

conditions for 24 h. Once finished the reoxygenation phase,

surviving cells were subjected to a new OGD/R cycle

under the same conditions. These OGD/R protocol times

were chosen according to the literature (Gu et al. 2013). In

addition, cells were treated with 17b-estradiol 10 nM,

genistein 1 lM, or vehicle (DMSO) from 1 h after starting

first OGD period until the end of first reoxygenation.

Furthermore, during first reoxygenation FBS was replaced

by FBS treated with active carbon to remove serum sex

hormones and to avoid potential interference with treat-

ments. This 17b-estradiol concentration is considered as a

physiological dose (Garrido et al. 2013), and it has been

used previously by other authors in this cellular model

(Sheldahl et al. 2008). Moreover, this genistein dose cor-

responds to circulating phytoestrogen levels in humans,

and it has been previously shown to be neuroprotective in

in vitro models of ischemic injury (Schreihofer and Red-

mond 2009). Throughout the experiment, a cell control

group has been subjected to the same washing and medium

changes, but it has been always maintained in complete

culture medium and normoxia. These cells have been also

treated for the same time with vehicle (DMSO). Therefore,

the experiment consisted of four treatment groups: cells

under normoxia and treated with DMSO (N); and cells

subjected to recurrent OGD/R damage and treated with

DMSO (V), 17b-estradiol (E), or genistein (G).

Cell Viability Assay

The reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) was carried out to evaluate cell

viability (Gu et al. 2013). Cells were seeded at 5 9 103

seeding density in 96-well plates and incubated with cul-

ture medium containing MTT reagent 0.5 mg/ml for 4 h

incubation under normal growth conditions (37 �C, 5 %

CO2). Then, cells were lysed at room temperature by

adding a solution containing SDS 20 % w/v and N,N-

Dimethylformamide 50 % v/v for 24 h. Finally, the

reduced reagent was quantified by optical density at

540 nm in a microplate reader (KC junior, BioTek, USA).

Each treatment was assayed in octuplicate, and data were
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represented as the percentage of normoxic group mean

value. MTT assays were performed at the end of the second

reoxygenation period, in order to study the effect of a

recurrent OGD/R injury on cell viability.

Cell Crude Extracts Collection and Western Blot

Analysis

Cells were seeded at 2 9 105 seeding density in 6-well

plates in order to carry out protein studies by Western blot.

Cell lysates were obtained at two different times, at the end

of the second OGD and at the end of the second reoxy-

genation period, in order to evaluate the molecular mech-

anisms underlying a recurrent OGD/R injury. For this

purpose, cells were washed three times with PBS and lysed

in 10 ll/cm2 RIPA buffer containing Tris–HCl 50 mM pH

7.4, NaCl 150 mM, Nonidet P-40 0.5 % v/v, sodium

deoxycholate 0.5 % w/v, SDS 0.1 % w/v, EDTA 1 mM,

PMSF 1 mM, sodium orthovanadate 1 mM, sodium glyc-

erophosphate 1 mM, and pyrophosphate 1 mM. Then,

samples were sonicated and centrifuged at 12,0009g for

30 min at 4 �C to remove non-soluble fractions. Finally,

samples were stored at -20 �C until protein content

determination by the Bradford dye-binding method

(Bradford 1976).

To carry out Western blot analysis, equal amounts of

protein (30 lg) were resolved by 8–13 % SDS-PAGE gel

and electro-transferred from the gel to PVDF membranes

(Immobilon-P Transfer Membrane, Millipore, USA) by the

Towbin’s method (Towbin et al. 1979). Non-specific pro-

tein binding to the PVDF membranes was decreased by

incubation for 1 h at room temperature (RT) with blocking

buffer containing BSA 5 % w/v diluted in Tris–HCL

20 mM pH 7.5, NaCl 150 mM, Tween-20 0.1 % v/v (TBS-

T). Then, membranes were incubated overnight at 4 �C
with a primary antibody against the target protein: PARP-1

(diluted 1:1000, #9542, Cell Signaling, USA), LC3 (diluted

1:200, 0260S, Nanotools, Germany), cytochrome c oxidase

subunit 1 (CO-1) (diluted 1:3000, Invitrogen, USA), HIF-

1a (diluted 1:2000, AF1935, R&D Systems, USA), GLUT3

(diluted 1:2000, sc-7582, Santa Cruz, USA), and GLUT1

(diluted 1:1000, sc-7903, Santa Cruz, USA). After incu-

bation with the primary antibody, membranes were washed

with TBS-T and incubated for 1 h at RT with their

respective horseradish peroxidase (HRP) coupled sec-

ondary antibody (diluted 1:20000 in TBS-T). The

immunoreactive band of each protein was detected using

an enhanced chemiluminescence (ECL) system (Chemilu-

minescent HRP Substrate, Millipore, USA) in a chemilu-

minescence revealed device (Chemic Doc-It Imaging

System, UVP, USA). The densitometric values of each

band area were quantified using the analysis and image

processing program Quantity One 4.6.6. (Bio-Rad, USA).

Later, membranes were incubated for 35 min at 65 �C with

stripping buffer containing glycine 1.5 % w/v, Tween 20

0.5 % v/v, sodium dodecyl sulfate 0.1 % w/v, and pH 2.5,

and probed with a HRP coupled anti-b-actin antibody

(diluted 1:15000, sc-1616, Santa Cruz, USA). Then, all

values were normalized with its respective loading control

(b-actin), and they were represented as the percentage of

normoxic group mean value to standardize all data. Each

treatment was assayed in triplicate in two independent

experiments.

Reactive Oxygen Species (ROS) Detection

Cells were seeded at 1 9 105 seeding density in 12-well

plates, and cellular ROS were detected by using the cell

permeant reagent 20,70-dichlorofluorescein diacetate

(DCFDA), a fluorogenic dye that measures hydroxyl, per-

oxyl, and other ROS activity within the cell (Abcam,

United Kingdom). At the end of the second OGD, cells

were harvested and stained with 20 lM DCFDA for

30 min at 37 �C before analysis on flow cytometer. Sig-

naling was detected with an excitation wavelength at

488 nm and emission wavelength at 535 nm. Each treat-

ment was assayed in octuplicate. Data were represented as

the percentage of viable cells with DCFDA fluorescence.

Apoptosis Assay

Cells were seeded at 1 9 105 seeding density in 12-well

plates and apoptotic cells were detected by measuring both

Annexin V and activated Caspase-3 levels. Annexin V is a

calcium-dependent phospholipids binding protein that has

a high affinity for phosphatidylserine (PS). Changes in PS

asymmetry, which is analyzed by measuring Annexin V

binding to the cell membrane, are detected before apop-

tosis-related morphological changes have occurred, and

membrane integrity has been lost. At the end of the second

OGD, cells were harvested, washed twice in PBS, and re-

suspended in Annexin-binding buffer. Then, Annexin V

labeled with DY-634 and the non-vital dye propidium

iodide (PI) (Immunostep, Spain) were added to cell sus-

pension and incubated for 15 min at RT in the dark. After

the incubation period, Annexin-binding buffer was added,

and the cell suspension was analyzed by flow cytometry

within one hour. The simultaneous staining of cells with

Annexin V and PI allows the discrimination of intact cells

(Annexin V- and PI-), early apoptotic (Annexin V? and

PI-), and late apoptotic or necrotic cells (Annexin V? and

PI?). Each treatment was assayed in octuplicate. Data

were represented as the percentage of Annexin V? PI-

cells.

In addition, the Caspase-3 inhibitor DEVD-FMK con-

jugated to FITC (Abcam, United Kingdom) was used as a
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marker to detect activated Caspase-3 in living cells, which

plays a central role in apoptosis. FITC-DEVD-FMK is cell

permeable, is non-toxic, and irreversibly binds to activated

Caspase-3 in apoptotic cells. At the end of the second

OGD, cells were harvested and re-suspended at 1 9 106

cells/ml. Then, cells were incubated with FITC-DEVD-

FMK for 1 h at 37 �C and 5 % CO2. After this, cells were

centrifuged at 3000 rpm for 5 min, and the supernatant was

removed. Finally, cells were washed twice with 500 ll
wash buffer and finally re-suspended in 300 ll of wash

buffer and kept on ice until flow cytometry analysis. Each

treatment was assayed in octuplicate, and data were repre-

sented as the percentage of cells with activated Caspase-3.

Statistical Analysis

First of all, the Gaussian distribution of our data was

checked through a Kolmogorov–Smirnov test, as well as

the variance homogeneity was studied by a Levene Test.

Secondly, One Way Analysis of Variance (ANOVA) was

carried out to compare the different treatment groups.

Moreover, a Tukey Test has been done to carry out all

pairwise multiple comparisons. A non-parametric Kruskal–

Wallis Test followed by the Dunn’s Method was performed

when normality or equal variances failed. Data were

expressed as mean ± SEM. A p value\0.05 was consid-

ered statistically significant. Data were analyzed with

Sigma-Stat 3.5 (Systat Software, USA) and GraphPad

Prism 5.03 (GraphPad Software Inc., USA).

Results

Cell Viability and HIF-1a Levels

Cell viability was significantly reduced after two consec-

utive cycles of OGD/R in comparison to N group. How-

ever, both estradiol and genistein-treated cells showed

significantly higher viability values than V group (Fig. 1a).

HIF-1a was studied as a marker of cells going through a

hypoxic situation. This protein was significantly overex-

pressed in all groups exposed to the second OGD compared

to the N group. Moreover, the levels of this protein also

remained significantly higher in all groups compared to N

cells after the second reoxygenation period (Fig. 1b).

Apoptosis Analysis

PARP-1 cleavage was evaluated as a marker of cells

undergoing apoptosis. A significantly higher PARP-1

cleavage compared to normoxic group was observed at the

end of the second OGD. However, both estradiol and

genistein-treated cells showed a significant decrease of

PARP-1 cleavage in comparison to the V group. When

cells were reoxygenated, the PARP-1 cleavage decreased

in all groups to the normoxic group levels (Fig. 2a).

Moreover, apoptotic phenomena after the second cycle

of OGD were studied by measuring both activated Cas-

pase-3 and Annexin V levels. A significant increase of

activated Caspase-3 (Fig. 2b) and Annexin V (Fig. 2c)

positive cells was found in all groups compared to N group.

No significant differences between treatments were found

in any case.

LC3-II / LC3-I Ratio

LC3-II/LC3-I ratio was studied as a marker of cells

undergoing autophagy. A significant increase of LC3-II/

LC3-I ratio after the second cycle of OGD was found in all

groups compared to N group. However, after the subse-

quent reoxygenation, the ratio decreased in all groups until

the N group value (Fig. 3).

Oxidative Metabolism Study

The main and catalytic subunit of cytochrome c oxidase

(CO-1) was evaluated in order to detect possible changes of

neuronal oxidative metabolism in response to the two

consecutive OGD/R cycles. The levels of this protein

decreased significantly below the N group value in all

groups exposed to this second OGD. However, treatment

with estradiol or genistein partially prevented this decrease

compared to the V group. The subsequent reoxygenation

increased CO-1 expression, reaching all groups a value

close to that N group (Fig. 4a).

Cellular ROS production was evaluated to complement

the analysis of oxidative metabolism and as an indicator of

the ETC viability. A significant increase of DCFDA posi-

tive cells after the second cycle of OGD was found in all

groups compared to N group. No differences were found

between treatments (Fig. 4b).

GLUT3 and GLUT1 Levels

The influence of two consecutive OGD/R cycles on

GLUT3 levels, the main glucose transporter in neurons,

was also evaluated. However, the expression of this protein

was kept constant throughout the experiment, without

showing statistically significant differences compared to N

group, neither in groups subjected to a second OGD nor in

those which were then reoxygenated. Similarly, no differ-

ences were found between the treatments assayed in any

condition tested (Fig. 5a).

The protein levels of another major glucose transporter

in the CNS, GLUT1, were also checked. This transporter is
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found mostly in glial cells. Nevertheless, although in a very

low amount, it is also expressed in neurons as shown by the

normoxic group data. However, a second exposure to an

OGD caused a statistically significant increase of GLUT1

amount in all groups compared to N group. After that,

GLUT1 levels decreased during the reoxygenation period
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but remained significantly higher in all groups in compar-

ison to the N group value (Fig. 5b).

Discussion

There is a marked increase in stroke incidence in women

after menopause, who are more susceptible than men to

stroke during aging (Towfighi et al. 2007). In fact, the

protective effects of estrogen and phytoestrogen on several

parameters deteriorated by an ischemic damage have been

previously reported (Liang et al. 2008; Pelligrino et al.

1998; Simpkins et al. 1997). However, little is known about

their roles in consecutive stroke situations. Taking into

account that stroke can be recurrent, especially soon after

once the first insult has occurred (Kaplan et al. 2005), we

evaluated the potential protective role of estrogens and

genistein in an in vitro model of recurrent stroke.

First, we evaluated cell viability after generating a

recurrent oxygen and glucose deprivation/reoxygenation

(OGD/R) injury. In agreement with other authors who have

used different in vitro protocols of ischemia/reperfusion

(I/R) (Mehta et al. 2012; Shimada et al. 2010), we found

that the recurrent OGD/R caused a decrease in cell via-

bility. The cascade of events leading to neuronal damage

and death in I/R injury may include release of cytokines

and free radicals, inflammatory processes, apoptosis, and

excitotoxicity (Kuroda and Siesjo 1997). However, either

treatment with estradiol or genistein was able to enhance

cell viability in comparison to the vehicle group. Similarly,

other authors found an increase in cell viability in response

to acute treatment with estradiol, when administered

shortly after generating an ischemic injury in ovariec-

tomized female rats (Gulinello et al. 2006), as well as a

beneficial role of genistein against ischemic damage has

been previously found (Qian et al. 2012; Wang et al.

2014b). In this regard, it is known that estrogen can exert

neuroprotective actions by inhibiting or activating pro- or

anti-apoptotic pathways (Bagetta et al. 2004; Chiueh et al.

2003), decreasing excitotoxicity (Singer et al. 1996),

interacting with growth factors (Azcoitia et al. 1999), or

reducing inflammatory parameters (Suzuki et al. 2009).

In addition, crude cell extracts were obtained at the end

of the second OGD, as well as at the end of subsequent

reoxygenation, in order to analyze some molecular

parameters underlying in vitro recurrent ischemic damage.

First, we analyzed the expression of HIF-1a, which binds

with the promoter regions of several genes to counteract

the effects of oxygen deprivation, thereby promoting cell

survival under hypoxic conditions (Sharp et al. 2001). HIF-

1a levels remained low in normoxia, probably due to the

action of prolyl hydroxylases (PHs), since it is known that

their action allows the recognition and ubiquitination of

HIF-1a by ubiquitin ligases for subsequent degradation by

the proteasome (Maxwell et al. 1999). On the contrary,

HIF-1a expression was enhanced during OGD, consistent

with the previously described induction of this factor by

hypoxia (Huang et al. 2012). Nevertheless, it is interesting

that during reoxygenation, in which oxygen levels return to

normality, HIF-1a is maintained at higher levels than under

normoxia. This result is intriguing, because it is known that

the presence of oxygen downregulates HIF-1a expression

(Maxwell et al. 1999). This fact raises the question about

whether factors other than oxygen may be involved in HIF-

1a stabilization during reoxygenation. It has been sug-

gested that PI3 K/Akt signaling can activate HIF-1a by

direct phosphorylation or through prolyl hydroxylase 2

(PH2) inhibition (Jiang et al. 2001; Spinella et al. 2010).

Thus, as previously suggested, signaling pathways

inhibiting PHs activity could upregulate HIF-1a in spite of

the presence of oxygen (Sun et al. 2013). Further studies

about the involvement of the PI3 K/Akt pathway during
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reoxygenation following OGD are needed to understand

better the potential regulatory role on HIF-1a.
PARP cleavage is a well-established marker of cells

undergoing apoptosis (Oliver et al. 1998). PARP-1

cleavage increased because of the second OGD but

decreased again to values close to that of the normoxic

group during subsequent reoxygenation. Our data are

therefore consistent with previous studies that showed
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induction of apoptosis due to oxygen/glucose deprivation

in cortical neurons (Wang et al. 2014a). However, although

the reoxygenation phase may also contribute to the damage

by increasing ROS and the inflammatory response (van

Wijk and Hageman 2005), we did not find increased

apoptosis, at least at the level of PARP-1 cleavage.

Moreover, we found a decrease of PARP-1 cleavage in

estradiol- and genistein-treated groups after the second

OGD period, suggesting a positive effect of both drugs. To

further analyze these changes in apoptosis activity noticed

after the second OGD, Caspase-3 activation has been

detected by cytometry flow analysis. An increase of acti-

vated Caspase-3 positive cells was found in all treatment

groups but, to our surprise, there were no differences

between DMSO and estradiol- or genistein-treated cells.

This means that estradiol and genistein do not seem to be

mediating the decrease of PARP-1 cleavage through the

blocking of one of its main upstream effectors such as

Caspase-3. In this regard, it has been found that other

caspases, such as Caspase-7, can also mediate PARP-1

cleavage during the apoptosis process (Cohen 1997).

Moreover, Annexin V positive cells were also detected

after this second OGD period, showing exactly the same

pattern that Caspase-3 activation, i.e., an increase of

apoptosis in response to the recurrent ischemic damage but

any significant effect of the treatments. Taken all together,

our data concerning apoptosis phenomena show that

independently of the pathway used by estradiol and

genistein to decrease PARP-1 cleavage, these treatments

are not able to significantly decrease the elevated apoptosis

rate after a recurrent ischemic injury.

We also analyzed the ratio between the lipidated and

cytosolic forms of LC3 as a marker of autophagy. When

cells activate the autophagic machinery, the cytosolic LC3

(LC3-I) is conjugated to phosphatidylethanolamine result-

ing in the lipidated form (LC3-II), which is a specific

element of the autophagosomal membrane (Kabeya et al.

2000). LC3-II/LC3-I ratio increased during the second

OGD and then decreased to the values of the normoxic

group during reoxygenation. Neither estradiol nor genistein

seemed to be involved in the autophagy activation/deacti-

vation at any phase. This result agrees with previous works

showing induction of autophagy by ischemic damage (Tian

et al. 2010; Qin et al. 2010). In general, autophagy is

considered as a survival mechanism, which provides cells

with alternative energy sources under low-nutrient condi-

tions, as well as helping them to eliminate deteriorated

proteins or molecular waste (Aguirre et al. 2014). In con-

trast, there are also authors supporting the theory that

autophagy can promote cell death, through both excessive

self-digestion and degradation of essential cellular com-

ponents (Reggiori and Klionsky 2002). This excessively

increased autophagy could be involved in increasing

neuronal death following cerebral ischemic damage (Ginet

et al. 2009). This theory would fit with our data showing a

similar pattern between apoptotic and autophagic activities.

Some studies have shown a remarkable overlap between

autophagy and apoptotic cell death, which may succeed

each other or even coexist in the same cell (Bursch 2001;

Canu et al. 2005). Therefore, the role of autophagy during

recurrent brain ischemic damage seems ambiguous, and its

pro-survival or pro-cell death potential remains to be

elucidated.

The next step was to analyze the main and catalytic

subunit (subunit 1) of cytochrome c oxidase (CO) as a

marker of oxidative metabolism. CO is a key mitochondrial

enzyme involved in cellular respiration that catalyzes the

final step in the ETC (Moran et al. 2013). The brain con-

sumes a lot of oxygen and glucose for the maintenance of

neuronal activity (Bolanos et al. 1994). These substrates

are mainly used by the aerobic metabolism to satisfy most

brain energy requirements (Schurr and Rigor 1998). Neu-

rons contain many mitochondria, suggesting high oxidative

phosphorylation activity, and they have limited ability to

metabolize substrates other than glucose (Fornazari et al.

2011). This indicates the importance of oxidative meta-

bolism in neurons, and it largely explains the neuronal

death occurring after ischemic damage. Our data show a

strong decline in CO-1 levels after the second OGD period,

suggesting a decrease of neuronal oxidative metabolism

following the recurrent ischemic damage. However, both

estradiol and genistein were able to partially prevent this

decline. Moreover, cellular ROS production was evaluated

at the end of the second OGD to further study the oxidative

metabolism modulation by the recurrent ischemic injury.

We found a high increase in cellular ROS production in all

treatment groups with respect to the normoxic control cells,

suggesting that although estradiol and genistein are able to

raise the levels of CO-1, they are not able to compensate

the general deterioration of the ETC function after the

recurrent ischemic damage. Some studies regarding the

effects of estradiol and genistein on lactate production by

glial cells could be also advisable under this low-oxygen

condition, because it has been shown that lactate may also

be important for certain neuronal processes, such as dif-

ferentiation, which requires a shift from oxidative to fer-

mentative metabolism (Fornazari et al. 2011). Indeed, there

is a hypothesis supporting the existence of a lactate shuttle

between glial cells and neurons that could be important for

post-ischemic neuronal survival (Schurr and Rigor 1998).

We finally studied the fluctuation of GLUT1 and

GLUT3, which are the main glucose transporters in the

central nervous system (Duelli and Kuschinsky 2001;

McEwen and Reagan 2004), during the second OGD/R.

Although both transporters have been detected in neuronal

processes as well as in the neuronal cell body (Maher et al.
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1991), GLUT3 is the main agent responsible for mediating

glucose transport in neurons, whereas GLUT1 seems to

play a more important role in glial cells (Maher et al.

1994). In spite of the fact that GLUT3 may increase its

expression in response to hypoxia and hypoglycemia (Yu

et al. 2012), our data showed high homogeneity of GLUT3

levels throughout the study, which were not modified by

OGD or subsequent reoxygenation. In contrast, GLUT1

levels were low under normoxic conditions, agreeing with

other studies supporting that this transporter is more

expressed in glial cells, whereas glucose transport in neu-

rons is primarily mediated by GLUT3 (Maher et al. 1991).

However, during both the OGD and the reoxygenation

phase GLUT1 expression was strongly increased. This

result could suggest that these neurons, in order to optimize

the limited supply of glucose received, are overexpressing

a glucose transporter that has a secondary role under nor-

mal conditions. It is known that GLUT1 expression can be

positively regulated by HIF-1a (Huang et al. 2012), which

agrees with our data regarding the expression pattern of

these proteins. It is also known that besides hypoxia, HIF-

1a is sensitive to glucose levels. Thus, it has been observed

that hyperglycemia leads to decreased HIF-1a transcrip-

tional activity and levels (Catrina et al. 2004), as well as

that the absence of glucose leads to transcription of several

genes controlled by HIF-1a (Ryan et al. 1998). Neverthe-

less, GLUT3 upregulation by HIF-1a in response to I/R

damage has also been demonstrated (Zhang et al. 2014),

which suggests that cells have complex regulatory mech-

anisms to face a recurrent ischemic damage that are not

exactly the same as those triggered by an isolated ischemic

injury.

Taken all together, our data show that after a recurrent

ischemic damage, there is a deterioration of some com-

ponents of the ETC with a subsequent increase of ROS

production. This excessive ROS partially mediate an

increase of apoptotic phenomena leading to cell death. We

found a positive effect of estradiol and genistein treatment

by partially preserving the impaired cell viability after the

recurrent ischemic injury; however, this positive effect

does not seem to be mediated neither by blocking apoptosis

processes nor by decreasing ROS production. Therefore, it

would be advisable to assess the potential impact of

estradiol and genistein on other important components of

the I/R damage, such as excitotoxicity and inflammation. In

addition, we must not forget that in vitro cultures have

certain limitations. For example, repetitive ischemic injury

not only selectively affects neurons, and it does not happen

necessarily in the same brain area. Therefore, further

studies with glial cells and in vivo models would help us to

shed light on the molecular mechanisms involved in

recurrent stroke, as well as to check the effectiveness of

these treatments.

Conclusions

In summary, our results showed a protective role of 17b-
estradiol and genistein in an in vitro model of recurrent

stroke, by partially preserving the cell viability decrease

generated as a result of the recurrent ischemic injury.

However, more studies are needed to elucidate the

molecular pathways involved in these neuroprotective

effects, since neuronal cells seem to have complex regu-

latory mechanisms after a recurrent ischemic damage that

partially differ from those triggered by an isolated ischemic

injury. These data contribute to the better understanding of

the molecular mechanisms triggered by recurrent ischemic

damage in neuronal cells, and therefore, this work could

help with the development of an effective treatment to

minimize the consequences of this pathology.
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