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SUMMARY

Introduction: Ischemic stroke leads adult’s mortality and long-term disability. Thus, new therapeutic approaches are needed. Estra-
diol (E2) and progesterone (P4) protect a variety of neuronal cells under stroke-like conditions in vitro; and the rodent brain against
injury in vivo when administered prior to the ischemic insult, namely middle cerebral artery occlusion (MCAO). But, their therapeu-
tic value after MCAO has been hardly studied. Less is known when coadministered under this paradigm. E2 and P4 also protect the
neuronal cell death in vitro from ischemic-like injury, by reducing apoptotic cell death and enhancing cell survival signals. Here, we
assessed the effect of combined E2 and P4 treatment in rats after permanent MCAO (pMCAO), which best mimics human ischemic
stroke, analyzing the phosphatidylinositol 3-kinase (PI3-K)/Akt/glycogen synthase kinase 3 (GSK3)/B-catenin signal pathway and
the activation status of stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JINK) in the infarct core (i.e., the ipsilateral
frontoparietal cortex, ipsi-Ctx). Materials and Methods: Age-matched male Wistar rats (n=48) underwent pMCAO or sham ope-
ration and received either vehicle (ethanol 1% in saline) or combined E2 and P4 (0.04 mg/kg and 4 mg/kg, respectively) treatment
at 6, 24, and 48 hrs after surgery. All animals were sacrificed 6 hrs after the last treatment dose and ipsi-Ctx homogenates were
analyzed by immunoblotting. Results: p MCAO downregulated the PI3-K/Akt/GSK3/B-catenin survival pathway and activated the
proapoptotic protein SAPK/JNK in the ipsi-Ctx, effects which were reversed by E2 and P4 coadministration. Conclusions: Our data
show that combined E2 and P4 treatment exerts a neuroprotective effect against brain injury when administered after the ischemic
insult, which is mediated by modification of the activity of PI3-K/Akt/GSK3/B-catenin signal pathway and that of SAPK/JNK.
Hence, we provide experimental evidence that combined E2 and P4 comprise a potentially valuable therapeutic treatment for hu-
man ischemic stroke.

KEY WORDS: Estradiol, Progesterone, pMCAO, Ischemic stroke, Brain, Neuroprotection, Frontoparietal cortex, Immunoblotting,
Akt, SAPK/JNK.

Combinacion de estradiol y progesterona: un tratamiento potencialmente valioso para el ictus isquémico en humanos

RESUMEN

Introduccion: El ictus isquémico es una principal causa de muerte y discapacidad a largo plazo en adultos. Por tanto, es necesario
desarrollar nuevas terapias. El estradiol (E2) y la progesterona (P4) protegen a distintas neuronas bajo condiciones que simulan el
ictus isquémico in vitro; asi como el cerebro de roedores cuando se administran antes del dano isquémico in vivo, en concreto antes de
la oclusion de la arteria cerebral media (MCAO). Sin embargo, su valor terapéutico tras la MCAO ha sido poco estudiado. Menos se
sabe atin acerca de su efecto cuando se coadministran en esta circunstancia. Ademas, el E2 y la P4 previenen la muerte neuronal por
dafio isquémico in vitro, disminuyendo la apoptosis y aumentando las senales de supervivencia. En este estudio, evaluamos en ratas
el efecto del tratamiento combinado de E2 y P4 tras la MCAO permanente (pMCAO), ya que es el modelo que mejor simula el ictus
isquémico humano, analizando la via de sefializacion fosfatidilinositol 3-kinasa (PI3-K)/Akt/glicogeno sintasa kinasa 3 (GSK3)/6-
catenina y la activacion de la proteina kinasa activada por estrés/kinasa c-Jun N-terminal (SAPK/JNK) en el nucleo del infarto (es
decir, el cortex ipsilateral frontoparietal, ipsi-Ctx). Materiales y Métodos: Ratas Wistar macho de edad similar (n=48) se sometieron
a pMCAO u operacion sham y recibieron vehiculo (etanol 1% en salino) o tratamiento combinado de E2 y P4 (0.04 mg/kg y 4 mg/
kg, respectivamente) a las 6, 24, y 48 h de la cirugia. Todos los animales se sacrificaron 6 h después de la ultima dosis y los lisados
de ipsi-Ctx se analizaron por immunoblot. Resultados: La pMCAO disminuyo¢ la actividad de la via de supervivencia PI3-K/Akt/
GSK3/B-catenina y activo la proteina proapoptotica SAPK/JINK en el ipsi-Ctx, efectos que fueron revertidos por la coadministra-
cién de E2 y P4. Conclusiones: Nuestros datos muestran que el tratamiento combinado de E2 y P4 ejerce un efecto neuroprotector en
el cerebro cuando se administra tras el dano isquémico, que esta mediado por la modificacion de la actividad de la via PI3-K/Akt/
GSK3/B-catenina y de la de SAPK/JINK. Por tanto, ofrecemos
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la prueba experimental de que la combinacion de E2 y P4 es
una terapia potencialmente valiosa para el tratamiento del ictus
isquémico en humanos.

PALABRAS CLAVE: Estradiol, Progesterona, pMCAO, Ictus
isquémico, Cerebro, Neuroproteccion, Cortex frontoparietal,
Immunoblot, Akt, SAPK/JNK.
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INTRODUCTION

Ischemic stroke is one of the leading causes of death and
long-term disability in adults from industrialized countries’.
Currently, only one FDA-approved therapy to treat this condi-
tion exists, the thrombolytic tissue plasminogen activator (tPA);
which effects are constrained by therapeutic limitations?. Thus,
novel therapeutic strategies that represent an alternative to tPA
are needed.

Estradiol (E2) and progesterone (P4) play potent neuro-
trophic and neuroprotective roles in the brain®*. E2 and P4 have
been shown to regulate dendritic spine density in hippocampal
cells both in vitro®, and in vivo®. Also, a large body of evidence
indicates that E2 and P4 protect against brain injury and sev-
eral neurodegenerative conditions’. Clinical studies have shown
that E2 reduces the incidence and progression of Alzheimer’s
disease and Parkinson’s disease®’, and ameliorates aging-related
cognitive decline!®. E2 has been further implicated as a neuro-
protective factor in animal models of epilepsy'!, and multiple
sclerosis'?. Likewise, P4 has been proven beneficial after exper-
imental traumatic brain injury'3, diabetic neuropathies'#, and
spinal cord injury’s. In addition, both E2 and P4 are believed to
reduce the risk or severity of stroke!'®!7. Premenopausal women
have indeed a lower risk of stroke relative to men of the same
age'®; but the incidence in women increases after menopause!'®.
Similarly, female animals sustain less brain injury from middle
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Figure 1. Bar graph showing the mean neuroscore of each expe-
rimental group for the modified Yrjinheikki neurobehavioral test
attained 6 hrs after surgery. 6 correspond to the lowest neurological
involvement and 0 to the highest in the 7-point grading scale. A
significant and consistent reduction in the neuroscore was observed
in pMCAO-treated animals compared to sham-operated animals.
Data (n=24 per group ) are expressed as meantSEM. ** p<0.001
by t-test.

cerebral artery occlusion (MCAO) than age-matched males, with
loss of protection after ovariectomy®. E2 and P4 have also been
reported to exert protection in vitro under stroke-like conditions
in hippocampal, cortical, and cerebellar cells’->*. Moreover,
previous studies have proved that E2 reduces cortical, but not
striatal, infarct size in rodent models of ischemic stroke when
administered prior to transient”, or permanent**> MCAO. P4
pretreatment has been shown to exert similar neuroprotective
effects2¢-2,. However, few studies to date have assessed the ther-
apeutic value of both steroids after MCAO»-¥. Less is known
about their protective effects when coadministered under this
paradigm. Recently, combined steroid treatment (E2 and P4)
but not the application of single steroids abrogated cell death of
cortical neurons by stroke-like injury in vitro’'. Also, the com-
bined treatment with both steroids but not the individual appli-
cation of E2 and P4 counteracted the process of demyelination
in an experimental multiple sclerosis animal model’?; suggesting
both steroids attain their fullest protective effect only in concert.
Hence, evaluate whether combined E2 and P4 treatment can pro-
tect against brain injury when administered after the ischemic
insult is essential.

E2 and P4 inhibit cell death as a response to a variety of
neuronal stimuli, including excitotoxic amino acids, oxidative
stress, and B-amyloid toxicity**-¥. Also, numerous studies have
demonstrated that E2 and P4 inhibit cell death caused by stroke-
like ischemic injury, by decreasing the extent of apoptotic cell
death and enhancing cell survival signals®>?*36. The phosphati-
dylinositol 3-kinase (PI3-K)/Akt signal pathway inhibits apop-
tosis and supports cell survival®’. In the presence of survival
factors, activated Akt phosphorylates proapoptotic proteins,
such as, Bad, forkhead transcription factor (FKHR), and gly-
cogen synthase kinase 3 (GSK3), leading to suppression of their
apoptotic activity, thereby promoting cell survival®-4, GSK3 is
one of the downstream targets of Akt, and its activity is inhib-
ited upon phosphorylation®. Phosphorylation of GSK3 by Akt
leads to inhibition of caspase-3 activation and thus attenuation
of cell death, and reduces apoptosis*'. Further, inhibited GSK3
promotes the stabilization of B-catenin, a transcription factor
playing key roles in cell survival*>. However, in the survival fac-
tors withdrawal, GSK3 induces apoptosis through activation of
caspase-3 and phosphorylation of B-catenin, which is degrad-
ed*. E2 and P4 have been reported to simultaneously activate
the prosurvival Akt pathway in cortical explants®. Activation of
Akt by both steroids has been further associated with increase
neuronal survival®. Moreover, activation of the PI3-K/Akt
pathway in cultured cerebellar cells has been shown to prevent
neuronal cell death by suppressing stress-activated protein ki-
nase/c-Jun N-terminal kinase (SAPK/JNK) activation®, which
is related to apoptosis*. Although alteration in the PI3-K/Akt
signal pathway and in SAPK/JNK expression and/or activa-
tion is assumed to contribute to ischemic injury*#, it remains
unclear whether cotreatment with E2 and P4 can modify these
changes after the ischemic insult and ameliorate the damage in
the in vivo brain.

Since most cases of human ischemic stroke are caused by per-
manent MCAO (pMCAO)*, we tested the impact of combined
E2 and P4 treatment in rats after pMCAO, analyzing the PI13-K/
Akt/GSK3/B-catenin signal pathway and the activation status of
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SAPK/JNK in the infarct core (i.e., the ipsilateral frontoparietal
cortex, ipsi-Ctx). Our results herein indicate that pMCAO down-
regulated the PI3-K/Akt/GSK3/B-catenin survival pathway and
activated the proapoptotic protein SAPK/JINK in the ipsi-Ctx,
effects which were reversed by E2 and P4 coadministration.

MATERIALS AND METHODS
Animals

Age-matched male Wistar rats (2-3 months, 250-310 g, n=48;
CBMSO, UAM-CSIC, Madrid, Spain) were used throughout
this study. Animals were housed in a light controlled room un-
der a 12-hrs light-dark cycle and kept at a temperature of 25°C.
Animals were given unrestricted access to food and water. All
experimental and animal care procedures were in accordance
with the appropiate national legislation (decree 1201/2005; BOE
n0.252) and the Council of European Communities guidelines
(86/609/CEE).

Permanent middle cerebral artery occlusion

PMCAO was carried out as previously described*, with
slight modifications. Briefly, rats were anesthetized by intraperi-
toneal injection of ketamine (75 mg/kg) and medetomidine (250
pg/kg), and subcutaneously injected atropine (100 pg/kg). Rectal
temperature was monitored and maintained at 37.0£0.5°C dur-
ing the surgical procedure by a Homeothermic Blanket System
(Harvard Apparatus, Holliston, MA, USA). The right common
carotid artery (CCA), external carotid artery (ECA), and inter-
nal carotid artery (ICA) were exposed through a midline neck
incision and ligated with a 6/0 polypropylene suture (Premilene®;
B/Braun Aesculap AG, Tuttlingen, Germany). The occipital ar-
tery and the pterygopalatine artery were isolated and cauterized.
A poly-L-lysine (0.1%, weight volume')-coated 4/0 monofila-
ment polyamide suture (Dafilon®; B/Braun Aesculap AG) with
a heat-blunted tip was inserted through the ICA via the ECA
lumen and advanced until mild resistance was felt (approximate-
ly 20 mm beyond the CCA bifurcation) at the point where the
monofilament occludes the middle cerebral artery, thus blocking
blood flow primarily to the ipsi-Ctx and striatum*. The suture
was secured in place until sacrifice. Sham-operated animals un-
derwent identical surgical procedure but no suture was inserted.

Neurobehavioral testing

A 7-point neuroscore test modified from Yrjanheikki e al. >,
which records neurological deficits and behavioral disturbances
caused by MCAO in rats, was used to corroborate the induction
of pMCAO. The neurobehavioral test was conducted in all rats
before and 6 hrs after surgery, just before administration of the
first treatment dose. The 7-point grading scale (6 being the low-
est neurological involvement and 0 the highest) was as follows:
6, normal extension of both forelimbs towards the floor when
lifted; 5, consistent flexion of the forelimb contralateral to the
injured hemisphere; 4, consistently reduced resistance to lateral
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push towards the paretic side; 3, circling towards the paretic side
if pulled and lifted by the tail; 2, circling towards the paretic
side if pulled by the tail; 1, circling spontaneously towards the
paretic side; 0, no spontaneous motion. Other neurobehavioral
abnormalities not included in the grading scale (e.g., alteration
in balance, sensorial perception, proprioception, and/or reflex
response) were also recorded.

Drug administration

Animals were randomly assigned to receive either vehicle
(ethanol 1% in saline) or combined E2 and P4 (0.04 mg/kg and
4 mg/kg, ref. E8875-250MG and P7556-100MG, respectively;
Sigma-Aldrich, St. Louis, MO, USA) treatment. Animals were
grouped as follows (n=12 per group): sham-operated rats treat-
ed with vehicle (Sham+Veh), sham-operated rats cotreated with
E2 and P4 (Sham+E2/P4), ischemic rats treated with vehicle (Is-
c+Veh), and ischemic rats cotreated with E2 and P4 (Isc+E2/P4).
Drugs were administered by a single intraperitoneal injection of
500 pl at 6, 24, and 48 hrs after surgery. All animals were sacri-
ficed 6 hrs after the last treatment dose.

Immunoblotting

Immunoblotting was performed according to standard meth-
0d?*?, In brief, animals were decapitated and brains removed.
The ipsi-Ctx were dissected and frozen at —80°C until later anal-
ysis. Tissue samples were placed on ice and homogenized in lysis
buffer [20 mM HEPES (pH 7.4), 100 mM NaCl, 100 mM NaF,
1% Triton® X-100, I mM Na,VO,, 5 mM EDTA, and the Com-
plete™ Protease Inhibitor Cocktail (Roche Diagnostics, Barce-
lona, Spain)]. Tissue lysates were clarified by centrifugation for
15 min at 14,000Xg and the supernatant was saved for protein
analysis and immunoblotting. Total protein concentration was
determined by using the DC™ Protein Assay (BioRad, Hercules,
CA, USA) and bovine serum albumin standards. Equal amounts
of proteins were fractioned by 8% SDS-polyacrylamide gel elec-
trophoresis under reducing conditions and transferred to nitro-
cellulose membranes (Protran®; Whatman, Dassel, Germany), at
30 V overnight. Membranes were blocked in a 5% solution of
nonfat dried milk in phosphate buffered saline-0.2% Tween® 20
(PBST) for 1 hr, and incubated at 4°C overnight with the follow-
ing monoclonal primary antibodies diluted in 10% fetal bovine
serum (Gibco®; Invitrogen, Carlsbad, CA, USA)-PBST: anti-Akt
(1:1,000, n0.9272; Cell Signaling Technology, Beverly, MA,
USA), anti-phospho-Akt (Serd473, 1:500, n0.9271; Cell Signal-
ing Technology), anti-phospho-Akt (Thr308, 1:1,000, no.2965;
Cell Signaling Technology), anti-GSK3a/p (1:1,000, no.44-610;
Invitrogen), anti-phospho-GSK3o/f (Ser21/9, 1:1,000, n0.9331;
Cell Signaling Technology), anti-p-catenin (1:800, n0.610153;
BD Transduction Laboratories, Lexington, KY, USA), an-
ti-SAPK/INK (1:1,000, n0.9252; Cell Signaling Technology),
anti-phospho-SAPK/JNK (Thr183/Tyr185, 1:1,000, no.9251;
Cell Signaling Technology), anti--tubulin (1:1,000, no.T4026;
Sigma-Aldrich), and anti-B-actin (1:1,000, no.A5441; Sig-
ma-Aldrich). After overnight incubation, blots were washed
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three times with PBST and incubated at room temperature for 1
hr with the appropriate horseradish peroxidase-conjugated goat
anti-mouse IgG (1:1,000, no.32430; Thermo Scientific, Rock-
ford, IL, USA) or goat anti-rabbit IgG (1:5,000, no.sc-2004;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) secondary
antibodies, and washed again. Detection was carried out using
the Enhanced Chemiluminescence Detection System (ECL™;
Amersham, Little Chalfont, Buckinghamshire, UK) followed
by autoradiography on Curix™ RP2 Plus films (Agfa-Gevaert,
Mortsel, Belgium). Band intensity was analyzed by an Imaging
Densitometer (model GS-700™; BioRad) and Quantity One®
software v.4.6.3 (BioRad). The results were the mean of 3-5 in-
dependent experiments.

Statistical analysis

All data were expressed as meantstandard error of the mean
(SEM). Differences between groups were evaluated by z-test.
<0.05 was considered statistically significant.

RESULTS
Neurological impairment 6 hrs after pMCAO

To assess whether pMCAO was induced properly, we ex-
amined the neurobehavioral status of all rats before and 6 hrs
after surgery using a 7-point neuroscore test, as described in
Materials and Methods. Prior to surgery, all rats attained the
fullest neuroscore (data not shown); however, 6 hrs after surgery
pMCAO-treated animals had a significant and consistent lower
neuroscore (3.2£0.3) than the sham-operated animals (5.6+0.3,
p<0.001; fig. 1), confirming their neurological impairment. Thus,
these data reveal that ischemic injury actually occurred.

Combined E2 and P4 treatment modifies the activity of PI3-K/
AKkt/GSK3/f-catenin signal pathway and that of SAPK/JNK in
the ipsi-Ctx 54 hrs after pMCAO

To determine the effect of combined E2 and P4 treatment on
PI3-K/Akt/GSK3/B-catenin signal pathway after pMCAO, sh-
am-operated and ischemic animals received either vehicle (etha-
nol 1% in saline) or combined E2 and P4 (0.04 mg/kg and 4 mg/
kg, respectively) treatment at 6, 24, and 48 hrs after surgery. All
animals were sacrificed 6 hrs after the last treatment dose and
ipsi-Ctx tissue lysates were then analyzed by immunoblotting.
No changes in total Akt and GSK3a/B levels were found be-
tween experimental groups in the ipsi-Ctx 54 hrs after surgery
(fig. 2a,d); however, immunoblot showed that pMCAO markedly
decreased Akt activity, as measured by its phosphorylation lev-
els at both Serd73 (64.8£8.0% lower in Isc+Veh vs. Sham+Veh
group, p<0.0001) and Thr308 (45.0£11.8% lower in Isc+Veh vs.
Sham+Veh group, p<0.05), and combined E2 and P4 treatment
significantly reversed injury-induced downregulation of Akt
activity (24.0£11.2% and 24.8%£14.2% higher in Isc+E2/P4 vs.
Isc+Veh group for phospho-Akt Ser473 and Thr308 levels, re-

spectively, p<0.05 in each case; fig. 2b,c). Also, E2 and P4 coad-
ministration significantly reversed pMCAO-induced decline of
GSK3o/p phosphorylation levels at Ser21/9 (60.7£14.1% lesser
in Isc+Veh vs. Sham+Veh group, and 41.6+£10.1% greater in Is-
c+E2/P4 vs. Isc+Veh group, p<0.001 and p<0.05, respectively;
fig. 2e) and total B-catenin levels (19.2£7.6% lesser in Isc+Veh
vs. Sham+Veh group, and 25.4+6.0% greater in Isc+E2/P4 vs.
Isc+Veh group, p<0.05 in each case; fig. 2f).

Given the changes in PI3-K/Akt/GSK3/B-catenin pathway
caused by E2 and P4 coadministration, we then evaluated the
impact of both steroids on the activation status of SAPK/JINK
after pMCAO . To address this, ipsi-Ctx tissue lysates from sh-
am-operated and ischemic animals treated with either vehicle
(ethanol 1% in saline) or combined E2 and P4 (0.04 mg/kg and
4 mg/kg, respectively) at 6, 24, and 48 hrs after surgery were
also analyzed by immunoblotting 6 hrs after the last treatment
dose, when all animals were sacrificed. While no changes in total
SAPK/INK levels were detected between experimental groups
in the ipsi-Ctx 54 hrs after surgery (fig. 3a), immunoblot showed
that pMCAO markedly increased SAPK/JNK activity, as meas-
ured by its phosphorylation levels at Thr183/Tyr185 (39.2£5.6%
higher in Isc+Veh vs. Sham+Veh group, p<0.05), and combined
E2 and P4 treatment significantly reversed injury-induced upreg-
ulation of SAPK/INK activity (51.1£9.4% lower in Isc+E2/P4
vs. Isc+Veh group, p<0.05; fig. 3b). Together, all these findings
indicate that pMCAO downregulated the PI3-K/Akt/GSK3/p-
catenin survival pathway and activated the proapoptotic protein
SAPK/INK in the ipsi-Ctx, effects which were reversed by E2
and P4 coadministration.

DISCUSSION

There is broad evidence from clinical and experimental
data that E2 and P4 protect against brain injury and several
neurodegenerative disorders’, including ischemic stroke!¢:!”.
It is well-known that stroke risk is lower in premenopausal
women than in men of the same age'$; but after menopause,
the incidence of stroke in women rapidly increases'. Like-
wise, it has been shown that female animals sustain less brain
injury from MCAO than age-matched males, and that this
advantage is abolished with ovariectomy?’. Previous reports
have also demonstrated that E2 and P4 exert potent neuro-
protective effects in hippocampal, cortical, and cerebellar
cells under stroke-like conditions in vitro?-*; and protect
the rodent brain against ischemic damage by reducing corti-
cal, but not striatal, infarct size when administered prior to
transient?%?728 or permanent’*2* MCAO. However, the ther-
apeutic value of both steroids after MCAO has been barely
studied to date?3; even though it represents a more clinical-
ly-relevant therapeutic strategy for stroke treatment in hu-
mans. Much less is known about the protective effects of E2
and P4 when coadministered under this paradigm. Both in
vitro®!, and in vivo*?, E2 and P4 have been recently suggest-
ed to attain their fullest protective effect acting in concert.
Hence, evaluate whether combined E2 and P4 treatment can
protect against brain injury when administered after the is-
chemic insult is essential.
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Figure 2. Representative immunoblots of ipsi-Ctx homogenates from sham-operated and ischemic animals treated with either vehicle
or combined E2 and P4 showing total Akt (a), phospho-Akt (Ser473; b), phospho-Akt (Thr308; c), total GSK3o/p (d), phospho-
GSK3alp (Ser2ll9; e), and total B-catenin (f) levels 54 hrs after surgery. Bar graphs show quantitative analysis of total Akt (a),
phospho-Akt (Ser473; b), phospho-Akt (Thr308; c), total GSK30/p (d), phospho-GSK3alp (Ser21/9; e), and total B-catenin (f) levels
by densitometry in each experimental group. No changes in total Akt and GSK30/p levels were observed in any of the experimental groups
(a,d); however, a marked reduction in Akt activity, as measured by its phosphorylation levels at both Ser473 and Thr308, was observed
after pMCAO (Isc+Veh vs. Sham+Veh group); an effect which was significantly reversed by combined E2 and P4 treatment (Isc+Veh vs.
Isc+E2/P4 group, b,c). Also, the reduction in GSK3 phosphorylation levels at Ser21/9 and total B-catenin levels observed after pMCAO
(Isc+Veh vs. Sham+Veh group) was significantly reversed by E2 and P4 coadministration (Isc+Veh vs. Isc+E2/P4 group, e,f). Data are
expressed as percentage of Sham+Veh group set at 100%, normalized by B-tubulin or B-actin as loading controls. All results (n=12 per
group) are the meantSEM of 3-5 independent experiments. * p<0.05, ** p<0.001, # p<0.0001 by t-test. Sham+ Veh indicates sham-
operated rats treated with vehicle; Sham+E2/P4, sham-operated rats cotreated with E2 and P4, Isc+Veh, ischemic rats treated with

vehicle; Isc+E2/P4, ischemic rats cotreated with E2 and P4.

A growing body of evidence from in vitro studies have shown
that E2 and P4 protect neuronal cells from a variety of cytotoxic
insults that typically result in cell death?3-%. Moreover, numer-
ous other studies have suggested that E2 and P4 protect the neu-
ronal cell death against stroke-like ischemic injury, by reducing
the extent of apoptotic cell death and enhancing cell survival
signals?>?33, The PI3-K/Akt signal pathway is important for
inhibiting apoptosis and promoting cell survival’’. It has been
demonstrated that E2 and P4 can simultaneously activate Akt
in cortical explants and increase neuronal survival®. Also, acti-
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vation of the PI3-K/Akt pathway in cultured cerebellar cells has
been shown to prevent neuronal cell death by suppressing SAPK/
JNK activation®, which is related to apoptosis*. Although ab-
normality in the regulation of PI3-K/Akt signal pathway and in
SAPK/INK expression and/or activation is assumed to contrib-
ute to ischemic injury**¢, it remains to be determined whether
cotreatment with E2 and P4 can modify these changes after the
ischemic insult and ameliorate the damage in the in vivo brain.
In the present study, we explored the effect of combined
E2 and P4 treatment in rats after pMCAOQO; which more closely
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Figure 3. Representative immunoblots of ipsi-Ctx homogenates from sham-operated and ischemic animals treated with either vehicle
or combined E2 and P4 showing total SAPKIJNK (a), and phospho-SAPKIJNK (Thri183/Tyr185; b) levels 54 hrs after surgery. Bar
graphs show quantitative analysis of total SAPKIJNK (a), and phospho-SAPKIJNK ( Thr183/Tyr185; b) levels by densitometry in each
experimental group. No changes in total SAPKIJNK levels were observed in any of the experimental groups (a); however, a marked
increase in SAPKIJNK activity, as measured by its phosphorylation levels at Thri183/Tyr185, was observed after pMCAO (Isc+ Veh vs.
Sham+Veh group ), an effect which was significantly reversed by combined E2 and P4 treatment (Isc+Veh vs. Isc+E2/P4 group; b). Data
are expressed as percentage of Sham+Veh group set at 1002, normalized by B-tubulin or B-actin as loading controls. The results (n=12
per group) are the meantSEM of 3-5 independent experiments. * p<0.05 by t-test. Sham+ Veh indicates sham-operated rats treated with
vehicle; Sham+E2/P4, sham-operated rats cotreated with E2 and P4, Isc+Veh, ischemic rats treated with vehicle, Isc+E2/P4, ischemic

rats cotreated with E2 and P4.

mimics human ischemic stroke*’. Our results reveal, for the first
time to our knowledge, a potentially important clinical effect of
combined E2 and P4 treatment: combined E2 and P4 treatment
exerts a neuroprotective effect against brain injury when admin-
istered after the ischemic insult, which is mediated by modifica-
tion of the activity of PI3-K/Akt/GSK3/p-catenin signal path-
way and that of SAPK/JNK. Actually, we proved that pMCAO
downregulated the PI3-K/Akt/GSK3/B-catenin survival path-
way and activated the proapoptotic protein SAPK/JNK in the
infarct core (i.e., the ipsi-Ctx), effects which were reversed by E2
and P4 coadministration.

We showed that pMCAO markedly decreased Akt phospho-
rylation levels at both Ser473 and Thr308, and combined E2 and
P4 treatment significantly reversed injury-induced downregula-
tion of Akt. Also, combined E2 and P4 treatment significantly
reversed pMCAO-induced decline of GSK3a/p phosphoryla-
tion levels at Ser21/9 and total p-catenin levels. Phosphorylation
of both Serd73 and Thr308 is required for Akt activity’’. Ac-
tivated Akt phosphorylates a variety of proapoptotic proteins,
such as, Bad, FKHR, and GSK3, leading to suppression of their
apoptotic activity**4°, GSK3 is one of the downstream targets
of Akt, and phosphorylation of GSK3a at Ser21 and GSK3p3
at Ser9 inhibits its activity via Akt*. The decrease in Akt phos-
phorylation levels at Ser473 and Thr308, and in GSK3a/p at

Ser21/9 observed in the ipsi-Ctx after pMCAO, thus correlates
with both reduced Akt activity and enhanced GSK3a/f activi-
ty; which may have contributed to apoptotic cell death. Indeed,
dephosphorylation of GSK3 leads to its activation, which in-
duces apoptosis through activation of caspase-34!. Further, the
concomitant decline in total B-catenin levels seen after pMCAO
1s in accordance with this notion, since activated GSK3 has been
previously suggested to induce apoptosis through phosphoryla-
tion of B-catenin, thus marking it for degradation*'; f-catenin is
a transcription factor that plays key roles in cell survival*>. Our
results are consistent with those observed by others: downregu-
lation of the PI3-K/Akt signal pathway has been described up
to 24 hrs after pMCAO?!*4, Conversely, in the presence of E2
and P4, we detected an increase in Akt phosphorylation levels
at Ser473 and Thr308, and in GSK3a/p at Ser21/9 in the ip-
si-Ctx, correlating with both enhanced Akt activity and reduced
GSK3o/p activity. This may have contributed to cell survival,
because phosphorylation of GSK3 by Akt leads to inhibition of
caspase-3 activation and thus attenuation of apoptosis*. That is
also consistent with the concomitant increase in total B-catenin
levels observed in the presence of E2 and P4, given that inhibited
GSK3 stabilizes -catenin®?, thereby promoting cell survival. In
support of our data, previous studies have demonstrated that the
neuroprotective effect of E2 and P4 against ischemic damage is
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mediated through activation of Akt. Indeed, activation of Akt
by both steroids diminished the number of apoptotic nuclei and
increased neuronal survival in cortical®®*’, and hippocampal>
explants after an ischemic-like insult. Interestingly, the inhibi-
tion of Akt with LY294002 abrogated this protective effect?¢-5,

In addition, we showed in our study that pMCAO markedly
increased SAPK/JNK phosphorylation levels at Thr183/Tyr185,
and combined E2 and P4 treatment significantly reversed inju-
ry-induced upregulation of SAPK/JNK. Phosphorylation of
SAPK/INK at Thr183/Tyr185 correlates with its activation in
response to different stimuli, such as, environmental stresses and
inflammatory cytokines”, and is associated with apoptosis*.
Thus, alternatively to the dysfunction of the prosurvival Akt
pathway, the increase in SAPK/JNK phosphorylation levels at
Thr183/Tyr185, which suggests activation of SAPK/JNK, may
also have contributed to apoptotic cell death in the ipsi-Ctx after
pMCAO. Indeed, activated SAPK/INK phosphorylates antia-
poptotic Bcl-2, suppressing its prosurvival function, or the tran-
scription factor c-Jun, which is an important mediator of cell
death, apoptosis®®*°. This finding accords with previous studies
in which the activation of SAPK/JNK throughout different
time-points occurred after p MCAQO-¢2, Likewise, the protective
effect of combined E2 and P4 treatment on cell survival through
activation of the Akt pathway may be alternatively explained by
inhibition of SAPK/JNK, since combined E2 and P4 treatment
reduces SAPK/JNK phosphorylation levels at Thr183/Tyr185
and thus its proapoptotic activity. Furthermore, inhibition of
SAPK/INK with D-JNKII1 has been shown to prevent neuronal
cell death caused by stroke-like ischemic injury in hippocampal
explant cultures®,

As a whole, our data suggest that combined E2 and P4 treat-
ment exerts a prosurvival effect in the brain; which is specifical-
ly mediated by activation of the Akt pathway and inhibition
of SAPK/JNK after the ischemic insult. However, the exact
mechanism underlying this neuroprotective effect is unknown.
Typically, upon stimulation with E2 and P4, the estrogen and
progesterone receptors (ER and PR, respectively) enhance gene
transcription®*. But, given that total Akt, GSK3a/p, and SAPK/
JNK levels do not changed after pMCAO, in contrast to their
phosphorylation levels, it is unlikely that combined E2 and P4
treatment regulates their protein levels through transcription.
This rather suggests that kinase activation/deactivation is an im-
portant component in E2- and P4-induced neuroprotection af-
ter pMCAO and that rapid, nontranscriptional mechanisms also
contribute to the protective effect of E2 and P4 in the brain. It
has indeed been reported that ERa physically interacts with the
p85 regulatory subunit of PI3-K%. Moreover, it has been recent-
ly demonstrated that ERa is linked to PI3-K-associated cyto-
plasmic signaling in the brain an in primary neurons; where E2
can stimulate the interaction between PI3-K and ERa and acti-
vate the PI3-K/Akt signal pathway®%, promoting neuronal sur-
vival®. Further, previous work by Wang ez al.” revealed that, in
addition to activation of the PI3-K/Akt pathway, the interaction
between PI3-K and ERa in response to E2 treatment causes the
inhibition of SAPK/JNK by activated Akt, protecting neurons
from cell death. Interestingly, this effect was blocked by applica-
tion of the PI3-K inhibitor LY294002 or the ERa agonist ICI
182,780. But, the protective effect of combined E2 and P4 treat-

172 Sanid. mil. 2013; 69 (3)

ment cannot be solely attributable to E2. Indeed, P4, like E2, has
been proven to be equally capable of activate Akt in neurons*®.
It is also known the effect of P4 on SAPK/JNK and the control
of cell death’!. However how P4 binding to PR exerts these ef-
fects has not so far been elucidated. Thus, further work is needed
to unravel the particular mechanism whereby both steroids act-
ing in concert provide the observed neuroprotective effect in the
brain after pMCAO.

CONCLUSIONS

Regardless the precise mechanism involved, here we showed
that combined E2 and P4 treatment exerts a neuroprotective ef-
fect against brain injury when administered after the ischemic in-
sult, which is mediated by modification of the activity of PI3-K/
Akt/GSK3/B-catenin signal pathway and that of SAPK/JNK.
Although our results are limited, thus we provide experimental
evidence that combined E2 and P4 comprise a potentially valua-
ble therapeutic treatment for human ischemic stroke.

ACKNOWLEDGEMENTS

This work was supported in part by DGCyT grants SAF2009-
12249-C02-01, EU-FP7-2009-CT222887.

REFERENCES

1. Thom T, Haase N, Rosamond W, Howard VJ, Rumsfeld J, Manolio T, et al.
Heart disease and stroke statistics — 2006 update: a report from the Ameri-
can Heart Association Statistics Committee and Stroke Statistics Subcom-
mittee. Circulation 2006;113(6):e85-e151. Erratum in Circulation. 2006 Apr
11;113(14):¢696. Circulation. 2006 Dec 5;114(23):¢630.

2. Kwiatkowski TG, Libman RB, Frankel M, Tilley BC, Morgenstern LB, Lu
M, et al. Effects of tissue plasminogen activator for acute ischemic stroke at
one year. National Institute of Neurological Disorders and Stroke Recom-
binant Tissue Plasminogen Activator Stroke Study Group. N Engl J Med
1999;340(23):1781-1787. Comment in ACP J Club. 2000 Jan-Feb;132(1):11.
Tissue plasminogen activator for acute ischemic stroke. N Engl J Med. 1999
Oct 14;341(16):1240-1241.

3. Brann DW, Dhandapani K, Wakade C, Mahesh VB, Khan MM. Neurotro-
phic and neuroprotective actions of estrogen: basic mechanisms and clinical
implications. Steroids 2007;72(5):381-405.

4. Brinton RD, Thompson RF, Foy MR, Baudry M, Wang J, Finch CE, et al.
Progesterone receptors: form and function in brain. Front Neuroendocrinol
2008;29(2):313-339.

5. Murphy DD, Segal M. Regulation of dendritic spine density in cultured rat
hippocampal neurons by steroid hormones. J Neurosci 1996;16(13):4059-4068.

6. Woolley CS, McEwen BS. Roles of estradiol and progesterone in regulation
of hippocampal dendritic spine density during the estrous cycle in the rat. J
Comp Neurol 1993;336(2):293-306.

7. Hoffman GE, Merchenthaler I, Zup SL. Neuroprotection by ovarian hormo-
nes in animal models of neurological disease. Endocrine 2006;29(2):217-231.

8. Paganini-Hill A, Henderson VW. Estrogen replacement therapy and risk of
Alzheimer disease. Arch Intern Med 1996;156(19):2213-2217.

9. Shepherd JE. Effects of estrogen on cognition mood, and degenerative brain
diseases. J Am Pharm Assoc (Wash) 2001;41(2):221-228.

10. Matthews K, Cauley J, Yaffe K, Zmuda JM. Estrogen replacement the-
rapy and cognitive decline in older community women. J Am Geriatr Soc
1999:47(5):518-523. Comment in ERT and cognitive decline. J Am Geriatr
Soc. 2000 Mar;48(3):345-346.



1.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Combined estradiol and progesterone: a potentially valuable therapeutic treatment for human...

Veliskova J, Velisek L, Galanopoulou AS, Sperber EF. Neuroprotective
effects of estrogens on hippocampal cells in adult female rats after status epi-
lepticus. Epilepsia 2000;41(6):S30-S35.

. Bebo BE, Fyfe-Johnson A, Adlard K, Beam AG, Vandenbark AA, Offner H. Low-

dose estrogen therapy ameliorates experimental autoimmune encephalomyelitis in
two different inbred mouse strains. J Immunol 2001;166(3):2080-2089.

Shear DA, Galani R, Hoffman SW, Stein DG. Progesterone protects against
necrotic damage and behavioral abnormalities caused by traumatic brain in-
jury. Exp Neurol 2002;178(1):59-67.

Leonelli E, Bianchi R, Cavaletti G, Caruso D, Crippa D, Garcia-Segura
LM, et al. Progesterone and its derivates are neuroprotective agents in ex-
perimental diabetic neuropathy: a multimodal analysis. Neuroscience
2007;144(4):1293-1304.

Gonzalez Deniselle MC, Lopez-Costa JJ, Saavedra JP, Pietranera L, Gon-
zalez SL, Garay L, et al. Progesterone neuroprotection in the Wobbler mou-
se, a genetic model of spinal cord motor neuron disease. Neurobiol Dis
2002;11(3):457-468.

Paganini-Hill A. Estrogen replacement therapy and stroke. Prog Cardiovasc
Dis 1995;38(3):223-242.

Stein DG. The case for progesterone. Ann N Y Acad Sci 2005;1052:152-169.
Sacco RL, Benjamin EJ, Broderick JP, Dyken M, Easton JD, Feinberg WM,
et al. American Heart Association Prevention Conference. IV. Prevention and
Rehabilitation of Stroke. Risk factors. Stroke 1997;28(7):1507-1517. Com-
ment in Migraine: a risk factor for ischemic stroke in young women. Stroke.
1997 Dec;28(12):2569-2570.

Wenger NK, Speroff L, Packard B. Cardiovascular health and disease in wo-
men. N Engl J Med 1993;329(4):247-256. Comment in Caring for women’s
health — what is the problem?. N Engl J Med. 1993 Jul 22;329(4):271-272.
Alkayed NJ, Harukuni I, Kimes AS, London ED, Traystman RJ, Hurn PD.
Gender-linked brain injury in experimental stroke. Stroke 1998;29(1):159-166.
Behl C, Widmann M, Trapp T, Holsboer F. 17-f estradiol protects neurons
from oxidative stress-induced cell death in vitro. Biochem Biophys Res Com-
mun 1995;216(2):473-482.

Wilson ME, Dubal DB, Wise PM. Estradiol protects against injury-induced
cell death in cortical explant cultures: a role for estrogen receptors. Brain Res
2000;873(2):235-242.

Ardeshiri A, Kelley MH, Korner IP, Hurn PD, Herson PS. Mechanism
of progesterone neuroprotection of rat cerebellar Purkinje cells following
oxygen-glucose deprivation. Eur J Neurosci 2006;24(9):2567-2574.

Dubal DB, Kashon ML, Pettigrew LC, Ren JM, Finklestein SP, Rau SW,
et al. Estradiol protects against ischemic injury. J Cereb Blood Flow Metab
1998;18(11):1253-1258.

Won CK, Ji HH, Koh PO. Estradiol prevents the focal cerebral ischemic
injury-induced decrease of forkhead transcription factors phosphorylation.
Neurosci Lett 2006;398(1-2):39-43. Erratum in Neurosci Lett. 2012 Sep
6;525(1):82.

Betz AL, Coester HC. Effect of steroids on edema and sodium uptake of the
brain during focal ischemia in rats. Stroke 1990;21(8):1199-1204.

Murphy SJ, Littleton-Kearney MT, Hurn PD. Progesterone administration
during reperfusion, but not preischemia alone, reduces injury in ovariectomi-
zed rats. J Cereb Blood Flow Metab 2002;22(10):1181-1188.

Cai W, Zhu Y, Furuya K, Li Z, Sokabe M, Chen L. Two different molecular
mechanisms underlying progesterone neuroprotection against ischemic brain
damage. Neuropharmacology 2008;55(2):127-138.

Yang SH, Shi J, Day AL, Simpkins JW. Estradiol exerts neuroprotective
effects when administered after ischemic insult. Stroke 2000;31(3):745-750.
Gibson CL, Murphy SP. Progesterone enhances functional recovery after
middle cerebral artery occlusion in male mice. J Cereb Blood Flow Metab
2004;24(7):805-813.

Lorenz L, Dang J, Misiak M, Tameh Abolfazl A, Beyer C, Kipp M. Combi-
ned 17p-oestradiol and progesterone treatment prevents neuronal cell injury
in cortical but not midbrain neurones or neuroblastoma cells. J Neuroendo-
crinol 2009;21(10):841-849.

Acs P, Kipp M, Norkute A, Johann S, Clarner T, Braun A, et al. 1 7beta-estra-
diol and progesterone prevent cuprizone provoked demyelination of corpus
callosum in male mice. Glia 2009;57(8):807-814.

Goodman Y, Bruce AJ, Cheng B, Mattson MP. Estrogens attenuate and corti-
costerone exacerbates excitotoxicity, oxidative injury, and amyloid beta-pep-
tide toxicity in hippocampal neurons. J Neurochem 1996;66(5):1836-1844.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

53.

54.

55.

56.

Roof RL, Hoffman SW, Stein DG. Progesterone protects against lipid pe-
roxidation following traumatic brain injury in rats. Mol Chem Neuropathol
1997;31(1):1-11.

Lockhart EM, Warner DS, Pearlstein RD, Penning DH, Mehrabani S, Bous-
tany RM. Allopregnanolone attenuates N-methyl-D-aspartate-induced exci-
totoxicity and apoptosis in the human NT2 cell line in culture. Neurosci Lett
2002;328(1):33-36.

Singh M. Ovarian hormones elicit phosphorylation of Akt and extrace-
llular-signal related kinase in explants of the cerebral cortex. Endocrine
2001;14(3):407-415.

Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in three Akts.
Genes Dev 1999;13(22):2905-2927.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt phospho-
rylation of Bad couples survival signals to the cell-intrinsic death machinery.
Cell 1997;91(2):231-241.

. Pap M, Cooper GM. Role of glycogen synthase kinase-3 in the phosphatidylino-

sitol 3-kinase/Akt cell survival pathway. J Biol Chem 1998;273(32):19929-19932.
Rena G, Guo S, Cichy SC, Unterman TG, Cohen P. Phosphorylation of the
transcription factor forkhead family member FKHR by protein kinase B. J
Biol Chem 1999;274(24):17179-17183.

Brywe KG, Mallard C, Gustavsson M, Hedtjarn M, Leverin AL, Wang X,
et al. IGF-I neuroprotection in the immature brain after hypoxia-ischemia,
involvement of Akt and GSK3beta?. Eur J Neurosci 2005;21(6):1489-1502.
Nusse R. Wnts and hedgehogs: lipid-modified proteins and similarities in sig-
naling mechanisms at the cell surface. Development 2003;130(22):5297-5305.
Shimoke K, Yamagishi S, Yamada M, Ikeuchi T, Hatanaka H. Inhibition of
phosphatidylinositol 3-kinase activity elevates c-Jun N-terminal kinase acti-
vity in apoptosis of cultured cerebellar granule neurons. Brain Res Dev Brain
Res 1999;112(2):245-253.

Verheij M, Bose R, Lin XH, Yao B, Jarvis WD, Grant S, et al. Requirement
for ceramide-initiated SAPK/JNK signalling in stress-induced apoptosis. Na-
ture 1996;380(6569):75-79.

Irving EA, Bamford M. Role of mitogen- and stress-activated kinases in is-
chemic injury. J Cereb Blood Flow Metab 2002;22(6):631-647.

Zhao H, Sapolsky RM, Steinberg GK. Phosphoinositide-3-kinase/Akt sur-
vival signal pathways are implicated in neuronal survival after stroke. Mol
Neurobiol 2006;34(3):249-270.

Mohr JP, Gautier JC, Hier DB, Stein RW. Middle cerebral artery. In: Barnett
HIM, Stein BM, Mohr JP, Yatsu FM (eds). Stroke. Pathophysiology, Diag-
nosis, and Management. Vol I. New York: Churchill Livingstone, 1986:377-
450.

Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible middle cerebral
artery occlusion without craniectomy in rats. Stroke 1989;20(1):84-91.

Popp A, Jaenisch N, Witte OW, Frahm C. Identification of ischemic regions
in a rat model of stroke. PLoS ONE 2009;4(3):e4764-¢4771.

Yrjénheikki J, Koistinaho J, Kettunen M, Kauppinen RA, Appel K, Hiill M,
et al. Long-term protective effects of atorvastatin in permanent focal cerebral
ischemia. Brain Res 2005;1052(2):174-179.

. Kitagawa H, Warita H, Sasaki C, Zhang WR, Sakai K, Shiro Y, et al. Im-

munoreactive Akt, PI3-K and ERK protein kinase expression in ischemic rat
brain. Neurosci Lett 1999;274(1):45-48.

. Zhao H, Shimohata T, Wang JQ, Sun G, Schaal DW, Sapolsky RM, et al. Akt

contributes to neuroprotection by hypothermia against cerebral ischemia in
rats. J Neurosci 2005;25(42):9794-9806.

Amantea D, Fratto V, Maida S, Rotiroti D, Ragusa S, Nappi G, et al. Pre-
vention of glutamate accumulation and upregulation of phospho-Akt may
account for neuroprotection afforded by bergamot essential oil against
brain injury induced by focal cerebral ischemia in rat. Int Rev Neurobiol
2009:85:389-405.

Rau TF, Kothiwal A, Zhang L, Ulatowski S, Jacobson S, Brooks DM, et al.
Low dose methamphetamine mediates neuroprotection through a PI3K-Akt
pathway. Neuropharmacology 2011;61(4):677-686.

Wilson ME, Liu Y, Wise PM. Estradiol enhances Akt activation in corti-
cal explant cultures following neuronal injury. Brain Res Mol Brain Res
2002;102(1-2):48-54.

Cimarosti H, Zamin LL, Frozza R, Nassif M, Horn AP, Tavares A, et al.
Estradiol protects against oxygen and glucose deprivation in rat hippocampal
organotypic cultures and activates Akt and inactivates GSK-3beta. Neuro-
chem Res 2005;30(2):191-199.

Sanid. mil. 2013; 69 (3) 173



A. Olmos Alonso

57.

58.

59.

60.

61.

62.

63.

64.

65.

174

Davis RJ. The mitogen-activated protein kinase signal transduction pathway.
J Biol Chem 1993;268(20):14553-14556.

Behrens A, Sibilia M, Wagner EF. Amino-terminal phosphorylation of c-
Jun regulates stress-induced apoptosis and cellular proliferation. Nat Genet
1999;21(3):326-329.

Yamamoto K, Ichijo H, Korsmeyer SJ. Bcl-2 is phosphorylated and inactiva-
ted by an ASK1/Jun N-terminal protein kinase pathway normally activated
at G(2)/M. Mol Cell Biol 1999;19(12):8469-8478.

Shioda S, Ozawa H, Dohi K, Mizushima H, Matsumoto K, Nakajo S, et
al. PACAP protects hippocampal neurons against apoptosis: involvement of
JNK/SAPK signaling pathway. Ann N'Y Acad Sci 1998:865:111-117.

Wu DC, Ye W, Che XM, Yang GY. Activation of mitogen-activated protein
kinases after permanent cerebral artery occlusion in mouse brain. J Cereb
Blood Flow Metab 2000;20(9):1320-1330.

Lennmyr F, Karlsson S, Gerwins P, Ata KA, Terént A. Activation of mito-
gen-activated protein kinases in experimental cerebral ischemia. Acta Neurol
Scand 2002;106(6):333-340.

Hirt L, Badaut J, Thevenet J, Granziera C, Regli L, Maurer F, et al. D-JN-
K11, a cell-penetrating c-Jun-N-terminal kinase inhibitor, protects against
cell death in severe cerebral ischemia. Stroke 2004;35(7):1738-1743.
Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK.
Interaction of oestrogen receptor with the regulatory subunit of phosphatid-
ylinositol-3-OH kinase. Nature 2000;407(6803):538-541.

Simoncini T, Fornari L, Mannella P, Varone G, Caruso A, Liao JK, et al.
Novel non-transcriptional mechanisms for estrogen receptor interaction

Sanid. mil. 2013; 69 (3)

66.

67.

68.

69.

70.

71.

of estrogen receptor a with phosphatidylinositol 3-OH kinase. Steroids
2002;67(12):935-939.

Mendez P, Azcoitia I, Garcia-Segura LM. Estrogen receptor alpha forms es-
trogen-dependent multimolecular complexes with insulin-like growth factor
receptor and phosphatidylinositol 3-kinase in the adult rat brain. Brain Res
Mol Brain Res 2003;112(1-2):170-176.

Cardona-Gomez P, Perez M, Avila J, Garcia-Segura LM, Wandosell F.
Estradiol inhibits GSK3 and regulates interaction of estrogen recep-
tors, GSK3, and beta-catenin in the hippocampus. Mol Cell Neurosci
2004;25(3):363-373.

Varea O, Garrido JJ, Dopazo A, Mendez P, Garcia-Segura LM, Wandosell
F. Estradiol activates beta-catenin dependent transcription in neurons. PLoS
ONE 2009;4(4):e5153-e5176.

Garcia-Segura LM, Diz-Chaves Y, Perez-Martin M, Darnaudéry M. Estra-
diol, insuline-like growth factor-I and brain aging. Psychoneuroendocrinolo-
gy 2007;32(1):S57-S61.

Wang R, Zhang QG, Han D, Xu J, Lii Q, Zhang GY. Inhibition of MLK3-
MKK4/7-JNK1/2 pathway by Aktl in exogenous estrogen-induced neuro-
protection against transient global cerebral ischemia by a non-genomic me-
chanism in male rats. J Neurochem 2006;99(6):1543-1554.

Powazniak Y, Kempfer AC, de la Paz Dominguez M, Farias C, Ke-
ller L, Calderazzo JC, et al. Effect of estradiol, progesterone and
testosterone on apoptosis- and proliferation-induced MAPK sig-
naling in human umbilical vein endothelial cells. Mol Med Rep
2009;2(3):441-447.



