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Estrogen is neuroprotective against hypoglycemic
injury in murine N38 hypothalamic cells
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Abstract. Estrogen (E2) has been demonstrated to possess
protective effects from hypoglycemic toxicity, particularly
in the pancreas. In the central nervous system, several brain
regions, such as the hypothalamus, are highly vulnerable to
hypoglycemic injuries that may lead to seizures, coma, and
mortality. The present study performed a novel in vitro assay
of hypoglycemic injury to hypothalamic cells, and is the first
study, to the best of our knowledge, to demonstrate that E2
protects hypothalamic cells from hypoglycemic toxicity. The
toxic effects of hypoglycemia on hypothalamic cells in vitro
was determined by performing cell counts, together with
MTT and lactate dehydrogenase assays, using the N38 murine
hypothalamic cell line. Following 24 and 48 h in hypogly-
cemic conditions, a 60 and 75% reduction in cell number and
mitochondrial function was observed, which reached 80 and
~100% by 72 and 96 h, respectively. E2 treatment prevented
the hypoglycemia-induced loss in cell number and mito-
chondrial toxicity at 24 and 48 h. However at 72 and 96 h of
hypoglycemic conditions, the neuroprotective effects of E2 on
cell number or mitochondrial function was not significant or
not present at all. In order to determine whether E2 exerted
its effects through the AKT signaling pathway, the expres-
sion of proline-rich AKT substrate of 40 kDa (PRAS40) was
analyzed. No alterations in PRAS40 expression were observed
when N38 cells were exposed to hypoglycemic shock. From
the biochemical and molecular data obtained, the authors
speculated that E2 exhibits neuroprotective effects against
hypoglycemic shock in hypothalamic cells, which dissipates
with time. Despite demonstrating no significant effect on
total AKT/PRS40 activity, it is possible that E2 may mediate
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these neuroprotective effects by upregulating the phosphor-
ylated-AKT/pPRAS40 signaling pathway. The present study
presented, to the best of our knowledge, the first in vitro model
for hypoglycemic toxicity to hypothalamic cells, and provided
evidence to suggest that E2 may protect hypothalamic cells
from the damaging effects of hypoglycemia.

Introduction

Glucose is the primary metabolic fuel of the brain, and its
availability is directly associated with neuronal activity (1).
Recurrent episodes of hypoglycemia; a condition where blood
glucose level decrease to below normal levels as a result of
the administration of an incorrect insulin dosage, prolonged
fasting or strenuous exercise, may result in the loss of neurons,
impaired intelligence quotient and may ultimately lead to
morbidity (2). Hernandez-Fonseca et al (3) demonstrated that
the cerebral cortex and hippocampus, which are critically
important for cognition, are vulnerable to injury as a result
of hypoglycemia. Very little is known about the effects of
hypoglycemia on the function of the hypothalamus, which is
a region of the brain that is critically important for regulating
feeding and energy balance, and is rich in glucose-sensing
neurons (4).

Previously, ovarian steroid hormones have been demon-
strated to exhibit important effects in the maintenance of
brain function (5). Estrogen (E2) has been demonstrated
to possess anti-apoptotic effects (6,7), and neuroprotective
effects against stroke (ischemic injury) (8), memory-associated
behavioral tasks (9) and hypertension (10). Postmenopausal
women taking hormone replacement therapy demonstrate a
reduction in counter-regulatory responses to hypoglycemia
when compared with women not taking E2 (11). The actions
of E2 are mediated through: i) The increased synthesis and
activity of growth factors (12); ii) a reduction in the activity of
apoptotic factors (13); iii) protection from several neurotoxic
agents (14-16); iv) potential antioxidant effects, leading to a
reduction in neuronal nitric oxide synthase in brain homog-
enates (6); and iv) a reduction in glutamate receptors (17).

A number of previous studies have reported the neuro-
trophic and neuroprotective effects of E2 (6,16,18-20). For
instance, E2 has been demonstrated to stimulate the growth
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of hypothalamic explants, as well as those in the preoptic
area of the basal diencephalons (18). In addition, E2 protects
neuroblastoma cells from serum deprivation (19), increases
the mRNA expression levels of the gene encoding the
anti-apoptotic NEPI-interacting protein in neuroblastoma (16),
completely attenuates hemoglobin neurotoxicity in cortical
cultures (20), and protects primary cerebrocortical neurons
from hypoglycemia (6).

It has been suggested that E2 affects cell viability, survival
and proliferation, and regulates the expression of target genes
through two mechanisms: i) By binding to and activating the
estrogen receptor (ER)-a and ER-f receptors, which belong
to the steroid/thyroid hormone superfamily of transcription
factors (21,22), and are responsible for mediating the classical
or genomic pathways of E2 to regulate gene transcription; and
ii) by mediating intracellular signaling of membrane recep-
tors [e.g. G-protein, Ca**, cyclic adenosine monophosphate
(cAMP) and protein kinase C] (23,24), which are located in
the cytoplasm or the plasma membrane and are involved in
the non-genomic or membrane-initiated steroid signaling
pathways of E2.

Survival stimuli generally activate transmembrane recep-
tors through G-protein coupled receptors located in the plasma
membrane (25,26). As a result, phosphotidylinositol-3-OH
kinase (PI3K) is activated, which subsequently activates a
cascade of signaling molecules leading to alterations in the
AKT/protein kinase B signaling pathway (27); a key regulator
of neuronal cell death. AKT is a proto-oncogene, which is
activated by a variety of substrates and has numerous effects,
including regulating cell survival, proliferation and protein
synthesis. The first step in the AKT pathway is the activation
of the receptor tyrosine kinase (RTK). RTK activates PI3K,
which phosphorylates phosphatidylinositol phosphate (PIP)-2
to PIP3. PIP3 then phosphorylates and activates AKT (28)
at threonine 308 and serine 473 residues. Transfection of
granule cells with a dominant-negative AKT allele abolished
the ability of insulin-like growth factor-1 to promote cell
survival (29). By contrast, transfecting granule cells with
wild-type AKT alleles promoted cell survival (29). A previous
study suggested that AKT inhibits apoptosis induced by death
stimuli, and its activity is required for growth factor-induced
survival (30). PRAS40 is a substrate of AKT, and due to this
functional association, PRAS40 expression is considered to be
a marker of AKT activity. PRAS40 is phosphorylated by AKT
and binds to 14-3-3 family proteins (30,31).

While a number of in vitro and in vivo models exist to
study the toxicity of hypoglycemia and investigate the protec-
tive effects of E2 (7,32) to the best of our knowledge, the
present study is the first to report hypoglycemic damage to
hypothalamic cells and demonstrate that E2 protects hypotha-
lamic cells from hypoglycemic conditions. Using this system,
E2 was observed to protect hypothalamic cells from hypogly-
cemic shock. The authors hypothesize that the neuroprotective
effects of E2 under hypoglycemic conditions may be mediated
through the AKT signaling pathway.

Materials and methods

Cell culture and glucopenic insult. The N38 murine hypotha-
lamic cell line (Cedarlane, Cellutions Biosystems, Burlington,
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Ontario, Canada) was cultured in Dulbecco's modified Eagle's
medium (DMEM, consisting of 4.5 g/l glucose, L-glutamine,
sodium pyruvate and phenol red; 1X; Mediatech; Corning Life
Sciences, Corning, NY, USA) containing 0.5% fetal bovine
serum (FBS, Mediatech; Corning Life Sciences) and 1%
penicillin-streptomycin (Mediatech; Corning Life Sciences)
until the cells reached 70% confluence. N38 cells were
subsequently washed with DMEM, trypsinized with trypsin
EDTA (1X; Mediatech; Corning Life Sciences) and divided
into the following groups based on different media formula-
tions: i) DMEM group, consisting of DMEM plus 0.5% FBS;
ii) DMEM-G group, cultured in DMEM (1X; Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) with sodium pyru-
vate plus 5% FBS in the absence of glucose; iii) DMEM-PR
group, cultured in DMEM (1X; Mediatech; Corning Life
Sciences) with sodium pyruvate plus glucose and 5% FBS
in the absence of phenol red; iv) DMEM+E2 group, cultured
in DMEM plus 1 mM E2 (beta-estradiol; Sigma-Aldrich;
Merck Millipore, Darmstadt, Germany) and 5% FBS;
v) DMEM-G+E2 group, cultured in DMEM plus 1 mM E2
and 5% FBS in the absence of glucose; and vi) DMEM-PR+E2
group, cultured in DMEM in absence of phenol red, with 1 mM
E2 and 5% FBS. These media formulations were selected
in order to assess cell growth and proliferation under the
following conditions: i) normal; ii) hypoglycemic; iii) in the
absence of phenol red, as phenol red is known to exhibit mild
estrogenic effects, but is commonly used as an indicator of pH
in cell growth medium (33); iv) in the presence of estrogen
only; v) in hypoglycemic conditions plus estrogen; vi) in the
absence of phenol red and the presence of estrogen.

Assessment of cell morphology and number. Cells were
cultured in 6-well plates (~1x10*-1x10° cells/well) and main-
tained in the different media formulations for 24, 48, 72 and
96 h at 37°C and a relative humidity of 95%. At each time
point, the cells were trypsinized and counted with a hemo-
cytometer. Under the microscope N38 cells were oval-shaped
cell bodies connected to extensions. Rounded cells with no
extensions were considered to be dead. Preliminary experi-
ments were conducted using trypan blue in order to determine
the viability of cells. Photomicrographs of cells cultured in
DMEM, DMEM without glucose and DMEM plus 1 mM E2
in the absence of glucose at 24 and 72 h were obtained in order
to detect morphological changes in the cells.

Assessment of mitochondrial activity using the 3-(4,5-dime
thyl-2-thiazolyl)-2,5-diphrenyltetrazolium bromide (MTT)
assay. The MTT assay provides a quantitative measure of
mitochondrial activity and is an indicator of cell viability.
The assay is based on the conversion of a tetrazolium salt to
the colored product formazan by dehydrogenase enzymes,
which can be detected spectrophotometrically (34). Under
glucopenic stress, cells may exhibit altered mitochondrial
activity, which can be detected using the MTT assay. For
the purposes of the present study, cell viability was assessed
using the MTT Cell Proliferation assay kit (cat. no. 30-1010K;
American Type Culture Collection, Manassas, VA, USA)
according to the manufacturer's instructions. N38 cells were
cultured in 6-well plates (10,000 cells/well) and maintained in
the different media formulations for 24, 48, 72 and 96 h before
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Figure 1. N38 cell numbers cultured in different media formulations for 24, 48, 72 and 96 h. Cells cultured in DMEM, DMEM+E2 and DMEM-PR demon-
strated no significant alterations in cell number across all time points. Cells in the DMEM-G group exhibited a significant reduction in cell number within 24 h
when compared with the other experimental groups. At 48 h, the effect was similar when compared with the 24 h time-point. The significance level gradually
decreased when exposed to hypoglycemic conditions in the presence of estrogen (DMEM-G+E2) at 72 and 96 h when compared to the DMEM-G group.
“P<0.0001 vs. other groups at all time points (except DMEM-G+E2 at 72 and 96 h); *P<0.05 vs. DMEM-G+E2 at 72 h; **P<0.0001 vs. all groups at all time
points (except DMEM-G at 72 and 96 h). DMEM; Dulbecco's modified Eagle's medium plus phenol red; DMEM-G, DMEM without glucose; DMEM-PR,
DMEM without phenol red; DMEM+E2, DMEM plus 1 mM estrogen; DMEM-G+E2, DMEM plus 1 mM E2 without glucose; DMEM-PR+E2, DMEM plus

1 mM E2 without phenol red.

MTT reagent was added. The absorbance was read at 570 nm.
Since, no significant alterations in cell viability were observed
at 48 and 96 h, cells cultured for 24 and 72 h were used for
further analyses.

Assessment of cell injury by lactate dehydrogenase (LDH)
activity. Cell injury was assessed using the Cytotoxicity
Detection kit"™" (LDH; cat. no. 04 744 926 001, Roche
Diagnostics, Indianapolis, IN, USA), which measures LDH
activity released from cells with damaged plasma membranes,
according to the methods described previously by Regan and
Panter (35). Briefly, the cells were cultured in 6-well plates
(1x10° cells/ml/well) and in the different media formulations
for 24 and 72 h. For each experimental condition one well was
designated as a high control (maximum LDH activity produced
in cells=maximum LDH release) and one as a low control (LDH

activity produced by untreated normal cells=spontaneous
LDH release). Prior to the addition of lysis buffer to the high
control all cells were incubated for ~15 min at 37°C, 5% CO,
and 95% humidity. A mixture of catalyst and dye was then
added to each of the wells and incubated for 20 min at 25°C
in the dark, before the stop solution was added. The optical
density (OD) was determined at 490 nm and the level of
cytotoxicity was calculated using the following formula:
Cytotoxicity (%)=[(sample OD-low control OD)/(high control
OD-low control OD)]x100.

Assessment of the non-genomic pathway of neuroprotection
by E2 using a PRAS40 enzyme-linked immunosorbent assay
(ELISA). N38 cells were first exposed to glucopenic stress for
24 h, using the aforementioned methods. As the neuroprotec-
tive effect of E2 was most pronounced at 24 h, the mechanism
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Figure 2. Qualitative analysis of N38 cell number in DMEM, DMEM-G and DMEM-G+E2 groups at 24 and 72 h (magnification, x32). In the absence of
glucose a marked increase in the number of non-viable cells (rounded cells with no extensions) was observed at 24 and 72 h compared with cells in DMEM.
In the presence of E2, the number of non-viable cells in the DMEM-G+E2 decreased when compared with the DMEM-G group at 24 h. A greater number of
non-viable cells was observed in the DMEM-G and DMEM-G+E2 groups at 72 h compared with 24 h. DMEM; Dulbecco's modified Eagle's medium plus
phenol red; DMEM-G, DMEM without glucose; DMEM-G+E2, DMEM plus 1 mM estrogen without glucose.

of action of E2 was studied only at that time point. Using the
PRAS40 STAR ELISA kit (cat. no. 17-477; EMD Millipore,
Billerica, MA, USA), the cells were treated according to the
manufacturer's protocol and the supernatants were extracted.
Using the anti-PRAS40 antibody (cat. no. 17-477B) and the
horseradish peroxidase-conjugated anti-rabbit immunoglob-
ulin G secondary antibody (cat. no. 17-477E) included in the
ELISA kit, PRAS40 expression was detected, according to the
manufacturer's protocol.

Statistical analysis. The data obtained from the cell count,
MTT, LDH and PRAS40 ELISA assays were expressed as
the mean + standard deviation. Statistical differences among
groups were analyzed using one-way analysis of variance with
a post-hoc Tukey test (JMP software, version 7; SAS Institute,
Inc., Cary, NC, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Microscopic and quantitative analysis of the neuroprotec-
tive effects of E2 on cell survival following hypoglycemic
injury. N38 cells in different groups were cultured in their
respective media formulations for 24, 48, 72 and 96 h prior
to visualization under a light microscope. As shown in Figs. 1
and 2, a qualitative and quantitative decrease in cell number
under hypoglycemic conditions was observed. A significant
increase in cell number was observed following exposure to
E2 under hypoglycemic conditions at 24 h when compared
with untreated cells under hypoglycemic conditions (42.8x10*
vs. 98.5x10% cells; P<0.0001). Within 72 h the effect dissipated
and there was no significant difference in in cell number
between cells exposed to hypoglycemic conditions in pres-
ence or absence of E2. The optimum concentration of E2 on
reversing the effects of hypoglycemia in N38 cells was deter-
mined in preliminary experiments, by testing three different

concentrations (0.1, 1 and 10 mM) of E2 (data not shown).
At 0.1 mM E2 the number of cells was significantly lower
compared with 1 mM E2 (P=0.0096), and a 10-fold increase
in the concentration of E2 did not have any significant effect
on cell number (data not shown). Therefore, the optimum
concentration of E2 used in the present study was 1 mM. Cells
in the DMEM-PR group exhibited no significant alterations in
cell number when compared with cells in the DMEM group at
all time points, which indicated that phenol red had no effect
on cell number. No additive effects were observed following
exposure of cells to DMEM+E2 when compared with cells
exposed to DMEM-PR+E2 at all-time points (Fig. 1). The
small decrease in cell number observed between cells exposed
to DMEM-PR+E2 and DMEM+E2 did not reach statistical
significance, which suggests that phenol red demonstrated no
significant effect on the experimental results.

Assessing the effects of E2 on mitochondrial function in
N38 cells under hypoglycemic conditions. Mitochondrial
function was used to assess the viability of cells in each
treatment group, as shown in Fig. 3. At 24 h, a significant
reduction in mitochondrial function was observed in cells that
were exposed to hypoglycemic conditions when compared
with cells cultured in control media (DMEM vs. DMEM-G,
P<0.0001). By contrast, a ~80% increase in mitochondrial
function was observed in cells in the presence of E2 under
hypoglycemic conditions when compared with cells exposed to
hypoglycemic conditions alone (DMEM-G vs. DMEM-G+E2,
P<0.0001). The neuroprotective effects of E2 were gradually
lost within 72 h of treatment, and cells exhibited a reduction
in mitochondrial function even in the presence of E2 (Fig. 3,
P<0.0001). However, the restoration of mitochondrial func-
tion by E2 did not prevent cell death but may have prolonged
cellular survival, since mitochondrial function and cell
viability were observed to decrease gradually over time in the
presence of E2. A small population of cells was able to survive
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Figure 3. Mitochondrial function in N38 cells. The mitochondrial function of N38 cells under hypoglycemic conditions following exposure to E2 at 24, 48, 72
and 96 h was determined using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphrenyltetrazolium bromide assay. Minimal mitochondrial function was observed in the
DMEM-G group, which resulted in extensive cell death when compared with the other experimental groups at all time points (DMEM-G vs. DMEM, DMEM-PR,
DMEM+E2, DMEM-G+E2, DMEM-PR+E2). Exposure to E2 demonstrated the highest mitochondrial function at 24 h (P<0.0001). Exposure of cells under
hypoglycemic conditions to E2 demonstrated a significant increase in mitochondrial function when compared with untreated cells under hypoglycemic conditions
at 24 h. The effect was similar at 48 h. However, within 72 h, a significant reduction in mitochondrial function was observed in DMEM-G+E2 cells when compared
with DMEM-G cells. A similar effect was observed at 96 h. ““P<0.0001 vs. all other groups at all time points; **P<0.0001 vs. all other groups at all time points.
DMEM; Dulbecco's modified Eagle's medium plus phenol red; DMEM-G, DMEM without glucose; DMEM-PR, DMEM without phenol red; DMEM+E2, DMEM
plus 1 mM estrogen; DMEM-G+E2, DMEM plus 1 mM E2 without glucose; DMEM-PR+E2, DMEM plus 1 mM E2 without phenol red.

in the absence of glucose for 72 h (Fig. 3). A gradual decrease  observed, likely due to the gradual depletion of growth factors
in cell viability in the majority of experimental conditions was  in the media. Similar to E2-treated cells under hypoglycemic
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Figure 4. Effect of E2 on hypoglycemia-induced cytotoxicity in N38 cells. The effect of E2 on hypoglycemia-induced cytotoxicity in N38 cells at 24 and 72 h as
determined using a lactate dehydrogenase assay. Negative values indicate no toxicity in cells. At 24 h, a marked decrease in cytotoxicity was observed in cells
under hypoglycemic conditions in and the presence of | mM E2 compared with untreated cells under hypoglycemic conditions. A similar effect was observed
when cells were cultured in DMEM, which indicates that E2 exhibits neuroprotective effects against cytotoxicity (P<0.0001). However, the level of cytotoxicity
was significantly higher in cells exposed to E2 at 72 h compared with those at 24 h. ““P<0.0001 vs. DMEM; *P<0.01 vs. DMEM-G+E2. Dulbecco's modified
Eagle's medium plus phenol red; DMEM-G, DMEM without glucose; DMEM-G+E2, DMEM plus 1 mM estrogen without glucose.
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Figure 5. The effect of E2 on PRAS40 expression in N38 cells under hypo-
glycemic conditions after 24 h, as determined using an enzyme-linked
immunosorbent assay. No significant alterations in PRAS40 expression were
observed among all treatment groups. PRAS40, proline-rich AKT substrate
of 40 kDa; DMEM; Dulbecco's modified Eagle's medium plus phenol red;
DMEM-G, DMEM without glucose; DMEM-G+E2, DMEM plus 1| mM
estrogen without glucose.

conditions, the number of viable cells in the DMEM-PR+E2
group decreased over the 72 h period, which indicated that
phenol red had no additive effects on cell viability. Similar to
72 h, no neuroprotective effects of estrogen on cell viability
were observed at 96 h.

Assessing the effects of E2 on hypoglycemia-induced cyto-
toxicity in N38 cells. Consistent with the MTT assay at 24 h,
an increase in the release of LDH (% cytotoxicity) from dead
cells was observed in N38 cells cultured under hypoglycemic
conditions when compared with those cultured under normal
conditions (Fig. 4). A significant decrease (P<0.0001) in LDH
activity was observed in cells under hypoglycemic condi-
tions following exposure to E2, at 24 h when compared with
untreated cells under hypoglycemic conditions. However, the
protective effects of E2 on hypoglycemic shock were reduced
within 72 h. A marked increase in LDH activity was observed
between cells exposed to E2 at 24 h compared with cells
exposed to E2 for 72 h, whereas the level of cytotoxicity was
consistent in cells cultured under normal or hypoglycemic
conditions at these time points (Fig. 4). These results suggested
that E2 may prolong the viability of cells under hypoglycemic
conditions.

Effect of E2 on PRAS40 expression in N38 cells under hypo-
glycemic conditions. The AKT protein is a critical regulator
of cell survival, the levels of which may be affected by E2 in
the absence of glucose availability, and can be assessed by the
level of PRAS40 expression. At 24 h, no significant alterations
in PRAS40 expression were observed in cells under hypogly-
cemic conditions following exposure to E2 when compared
with untreated cells under hypoglycemic conditions. In addi-
tion, a slight decrease in PRAS40 expression was observed
in cells under hypoglycemic conditions compared with those
cultured under normal conditions. These results suggest that
additional signaling pathways may mediate the effects of E2
under hypoglycemic conditions.

Discussion

The present study is the first, to the best of our knowledge,
to report the neuroprotective effects of E2 on hypoglycemic
injury in a hypothalamic cell line. The results indicated three
novel observations: i) E2 exhibits neuroprotective effects,
which dissipate over time; ii) a subset of neuronal cell exist that
can resist hypoglycemic insult even after 72 h; and iii) E2 may
not exert the neuroprotective effects through AKT/PRAS40
signaling pathway.

In the present study, the neuronal viability and neurotox-
icity analyses demonstrated that E2 exhibited neuroprotective
effects in N38 cells under hypoglycemic conditions within
24 h of exposure. In the absence of glucose, multiple death
stimuli activate different neuronal death pathways (6,36,37).
In the present study, the gradual reduction in neuronal cell
number in the absence of glucose, correlated with the observed
decrease in mitochondrial function. Mitochondrial dysfunc-
tion serves a critical role in necrotic cell death and apoptosis.
The high demand for adenosine triphosphate (ATP) in neurons
is dependent on ATP production by the mitochondria (38,39).
Damage to mitochondria leads to the disruption of ATP
production and a concomitant increase in reactive oxygen
species, which can lead to cell death (38,39). In the current
study, the observed increase in mitochondrial function in the
presence of E2 under hypoglycemic conditions may have been
due to the stabilization of mitochondria under Ca** loading,
which maintains the mitochondrial membrane potential and
preserves mitochondrial function (40). Whether the observed
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increase in cell death under glucopenic stress was due to
mitochondrial dysfunction or activation of apoptotic path-
ways (or both) remains unknown. However, E2 may facilitate
mitochondrial membrane stabilization and may delay the
activation of cell death signaling pathways. In the present
study, the attenuation in the hypoglycemia-induced reduction
in cell number was only observed within 24 h of E2 exposure
and gradually decreased within 72 h, which indicated that
E2 exhibits short-term neuroprotective effects. A previous
study demonstrated that E2 may facilitate cell survival rather
than cellular proliferation (11), and following activation of
the apoptotic signaling cascade, E2 demonstrated no effect
on cell viability. In the present study, a small population of
cells was unexpectedly observed to survive for >72 h in the
absence of glucose. Previous studies have demonstrated that
astrocytes present in primary hippocampal cultures possess
glycogen stores that provide a buffer to alterations in glucose
reserves (41,42). However, the hypothalamic model used in the
present study consisted of immortalized hypothalamic neurons
and no supporting cells. Therefore, additional pathways that
facilitate the survival of these cells during hypoglycemic
shock may have been activated.

The classical signaling pathway by which E2 modulates the
expression of downstream target genes, involves the binding of
E2 to the nuclear ER, which subsequently activates a signaling
cascade and the transcription of a number of genes (16).
However, several reports have indicated that E2 exhibits
antiapoptotic effects in number of cell systems (5,43-45),
via non-genomic signaling pathways. A previous study
demonstrated that alterations in blood glucose levels led to
fluctuations in the phosphorylation states of members of the
AKT pathway in the cerebral cortex and hippocampus (46).
Therefore, alterations in AKT protein levels following E2
exposure under hypoglycemic conditions in the present study
were investigated by assessing PRAS40 expression. Cell
survival in the presence of E2 under hypoglycemic conditions,
may have been due to activation of the AKT signaling pathway
involving PRAS40, or the inhibition of apoptotic pathways
or additional pathways by caveolin. Several studies have
demonstrated that E2 activates multiple kinases in various
types of brain cells within min, including ERK, AKT and the
cAMP response element binding protein (47-49). In addition,
it has been reported that AKT is activated in the presence of
E2 in rat adrenal medulla pheochromocytoma PC12 cells,
which protects neurons against 3-amyloid-induced apoptosis
by upregulating telomerase activity (50). Preconditioning of
neuronal cells by exposure to compounds, such as growth
factors, E2 and free radicles, is an effective neuroprotective
strategy against stroke (51), hypothermia (52), hypoxia (53) and
involves the AKT signaling pathway. In the cerebral cortex and
the hippocampus, AKT-glycogen synthase kinase 33 (GSK3f)
coupling is influenced by fluctuations in blood glucose concen-
trations (46). Therefore, the authors speculate that E2 may be
able to affect cell survival by upregulating pAKT/pPRAS40,
but may have a limited effect on total AKT/PRAS40 activity,
since the role of AKT in signal transduction is the amplifica-
tion of signals induced by RTK (54). However, an increase in
PAKT levels may serve a more significant role in determining
the actual physiological effects of E2, which requires further
investigation.
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Taking into account the biochemical and molecular results
obtained in in the present and in previous studies, it is possible
that one of the mechanisms by which E2 demonstrates neuro-
protective effects against hypoglycemic injury may be through
activation of the pAKT signaling pathway. This would lead to
the phosphorylation and inactivation of the BCL2 associated
agonist of cell death protein, which prevents BCL2 associated
X-mediated release of cytochrome ¢ from the mitochondria,
thus protecting it from mitochondrial dysfunction and cell
death. In order to elucidate the precise mechanisms of action
by E2, future studies should aim to confirm whether E2 acti-
vates this signaling pathway, potentially by inhibiting distinct
AKT-GSK3p pathway members using the LY294002 PI3K
inhibitor.

In conclusion, the present data indicate that E2 exhibits
significant neuroprotective effects under glucopenic stress
conditions in hypothalamic cells, and demonstrates that the
neuroprotective efficacy of E2 is time-dependent. The precise
mechanisms by which E2 mediates these neuroprotective
effects remains to be explored in future studies. The present
study raises the possibility of novel pharmacological interven-
tions against hypoglycemia and the use of E2 against neuronal
deficits. In addition, the results support the role of this ovarian
steroid hormone in modulating the response to recurring
glucodeprivation in the central nervous system, and its mecha-
nism of action through membrane receptors.
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